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FOREWORD

This book is closely related to the previously published books Statisticheskiye
Matody rascheta termodinamichesiikh velichin (Stati.sticai Methods of Computation of
Thermodynamic Quantities) by V. M. Gryaznov and A. V. Frost, and Svobodnyye energil
organicheskikh soyedineniy (The Free Energies of 'Organic Compounds) by V. V. Korobov
and A. V. Frost. ‘It is a result of the great theoretical and pedagogic work con-
ducted in the Department of Physical Chemistry of MGU (Moscow-State University)
under the guidance of Professor ‘A. V. Frost. Regrettably, the untimely death of
A. V. Frost made it impossible for him to narticipate in the preparation of this
book which was written after his de§th. The book contains an outline of the methods
of computation of the characteristics of combustlon processes on the basis of thermo-

dynamic functions and equilibrium constanté, the computation procedures for which

were analyzed in the two above-mentioned books. At the same time, the book is so
compiled that the knowledge acquired within the scope of the physical chemistry cur-
ricula for university students in departments of chemistry is sufficient for its
understanding and no preliminary perusal is required of the books by Gryazr;ov and
Frost or Xorobov and Frost. For this purpose, in particular, Appendix I was incor-
porated at the end of this book; there we find a brief review of the statistical
methods of computation for thermodynamic quantities (to the approximation of har-
monic oscillator - - rigid rotator), as well as a calculation of equilibrium con-
stants.
‘The fundamental principles of the computation methods outlined in the book are
described in the monographs by 2el'dovich and Polyarny, Vanichev, and Lewis and Elbe.

The authors introduced a series of improvements into these methods, consolidated the

computation procedures for constant volume and constant pressure, and made an effort
to present them formally and at the same time sufficiently graphically. The deriva-

tions of a considerable number of formulas recorded in the book constitute something
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oz;lgi.nal. Several simple formulas were developed to facilitate a check on the ac-
curacy of the initial stages of calculation, in the course of which -~ as it is
evidenced in practice - errors are often committed which nullify a'.L'L the s’ubséquent
highly laborious wark. ) Chapter II contains the methods developed by the authors for
the calculation of the correction pertaining to the maximum explosion pressure for
‘the temperature gradient in the products of combustlon. and for the co-putation of

temperature distribution in the mixture of combustion products dependlng con the dis-

’:|‘,V., e s
iR aa

tance from the center of the explosion vessel. . . ', T s

A simple method is also given for the con.puiation‘ of themalcapacities o.i“ the
combustion products according to experimental values of max:\mum explosion press{nre.
A1l calculations related to themodynamic research by method of explosion are
brought into conformance with the consolidated ﬁe:thods of computation of combustion
at constant volume and at constant pressure, as outlined ' . napters V and VI.

The examples of thermodynamic research by the methcd of explusion and the calcu-
lations connected therewith -- which are analyzed in Chapter IX on the basis of all
the mterial contained in the preceding chapters and in the appendixes -- are de-
signed. apart from their direct object, to facilitate a more critical approach by
the reader to the evaluation of the accuracy of calculations required in every given
case, in particular, with respect to the reguired precision for calculation of the
thermcdynamic functions of substances by statistical methods, which is a matter of

’ special importance in view of the labor-consuming character of this operation.

The methods and computation procedures incorporated in the book are 31lustrated-
by means of a considerable number of examples. The reader will easily perceive a
dei‘inite gystem in the selection of these examples and the relationship of some of
then to each other.. All examples are computed by the authors.

The methods of calculation are presented in such a manner as to facilitate
their utilization by a wide circle oi‘ research workers and professional engineers

" engaged in work involving combustion processes. This fact constitutes the great
practical significance of this book. Ya. I. Gerasimov
Corresponding Member

Academy of Sciences, USSR
STAT .
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Chapter I
INTRODUCTION

Very high temperatures develop as a result of combustion of gaseous explosive
mixtures. It is natural to assume that, in view of the great progress rate of re-
actions under these conditions, the system arrives at a state of chemical equilibrium
by the moment combustion is terminated. Owlng to the speed of burning, the heat
losses into the ambient space are, as a rule, small., These circumstances make pos-
sible the application of thermodynamics to calculations of such quantities as maxi-
mum pressure of explosion, degree of expansion, combustion temperature, and so on.

Through a .corresponding expez;imental setup, heat losses, as a matter of fact,
may be reduced to insighificantly small values. In this manner, it becomes possible
ux;der definite conditions to obtain good agreement between the experimental values
of the combustion characteristics and their values calculated on the basis of the
application of thermodynamic laws. But in this case the experiment in turn makes
1t possible to calculate the unknown thermodynamic quantities included in the calcu-
lation scheme of this or that quantity observed experimentally. For this purpose,
use is ordinarily mgde of the method of explosion in a closed spherical vessel
(bomb) with central ignition. In such a vessel, the flame comes into contact with
the walls of the bomb simultaneously over their entire surface as a result of total

combustion of the explosive mixture. Up to this moment, vwhich coincides with maxi-

mum pressure in the vessel, the heat losses for rapidly burning mixtures are negli =
i g’ibla.‘ The maximum explosion pressure is measured by means of special pressure indi-
" cators.” This method, initially suggested by Bunsen, was employed after a number of
tecimical difficulties were ov‘ercome by Pier (52, 53) --by a number of researchers
for the determination of the mean specific heat of gases and for other purposes. It
is possible to record a considerable number of examples in which this method was

successfully used for the determination of thermody;amic quantities at high tempera-
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tures (61, 47), to define more precisely the cata on the structure of molecules (46),
for the study of the combustion process itself (63, 21, 62) and the determination of
the possible degree of useful utilization of the energy contained in explosive mixe

tures. Other experimental methods of thermodyramic research, though so;netimes even

more accurate than the method of explosion, do not permit research to be conducted-

at high temperatures on the order of the combustion temperature of explosive gas

mixtures.-

we refrain entirely from dealing here with the matter of the feesibility of
quantitative thermodynamic investigations vased on m;e comparison of the measured
detonation rates with those calculated theoretically. Such investigations were car-
ried out by Zel'dovich and Ratner (17) and a few other researchers. computatiocn in
this case is similar to that for adiabatic explosion in a closed vessel. This meth-
od allows us to study the thermodynamic properties of gases at even higher tempera-
tares than this is possible by the method of explosion in a bomb,

For the study of combustion at constant pressure, a method is applied which
roughly consists of the follo\d.ng. An explosive mixture is ignited by a spark in
the center of a soap bubble (57) or a spherical film of thin transparent rubber (54).
The flame, while travelling in such a "constant pressure bomb", retains its spheri-
cal form with the change of diameter being registered on a moving photographic filnm,

In this manner one can determine the degree of expansion, i.e., the ratio be-
tween the ultimate volume of combustion products at constant pressure and the initial

volure of the original mixture.

The most reliable method of the flame temperature measurement is the reversal
of spectral lines (21). The light from an incandescent wire passes through the
flame, colored by traces of sodium. With the rise of the wire temperature, the
bright lines of sodium radiation change into black absorption lines at the moment
when the ten;perature of the wire becomes equal to that of the flame.

The satisfactory coincidence of the experimental values of combustion character-

jstics obtained, by the mentioned methods, with the theoretical values confirms the
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validity of the basic postulates and the initial data supporting thermodynamic cal-
culations. Thus, we have a fairly reliable method of computation of combustion
processes for industrial purposes. Selection of fuel (37) and material for the

namfacture of equipment (3) evaluation of the effect which the composition of the

il o o

initial mixture may produce on these by other characteristics of various processes

(37, 26), determination of the possible degree of utilization of the chemical energy

. e

of fuel for the performance of certain work (26), calculation of the technical char-
acteristics of all types of engines (16, 2, 41, 42), solution of various problems in
metallurgy (23), in the field of welding and in processes of fuel ;ugificatici --
all this constitutes a far from complete list of the fielde of possible application
of thermodynamic computation of combustion processes.

For these calculations, use is made of thermodynamic quantities computed t the
statistical method on the basis of data on molecular and at;mic structure obtaiiied
i mainly by means of spectroscopic and electron diffréction studies. It is in this

? manner that a "mathematical bridge" is built from experiments pertaining to tae de-
| .
& termination of microscopic quantities to experiments intended to define the macro-

scopic quantities providing direct characteristics of the real processes.

-

v " - ;'~L'.' ! & K - e ;
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Chapter II

EXPERIMENTAL DETERMINATION OF MAXTMUM EXPLOSION PRESSURE - -

et ¢

The problem or'mgasuri'ng' lthe maximum explosion pressure with accuracy satis-
factory for scientii;;;c'p;lxlpoées is'quite complex. The experimental equipment used
will be described briefly here in order to furnish a real physical .basis for the
thermodynamic calculations of combﬁstion processes, the methods i:or which are ana-

lyzed in detail below.

o pemai e et easan

\J

Figure 1a. Diagram of spherical bomb and auxiliary equipment.

(1) To oscillograph; (2) gas from flask or
gasmeter; (3) to vacuum pump.

Such an assembly (Figure 1a) consists of an explosion vessel -- a bomb with
equipment for its evacuation, inlet of gases and vapors, and the ignition of the
mixturgs - énd a diaphragm pressure indicator * to register‘ the change in pressure
during explosion in relation to ti;zxe. The unit may be also provided with other de-

vices and apparatuses in accordance with the research objectives.

* Indicators of the piston type cannot be used for accurate measurements because of
high inertia.

The history of pressure indicator development for thermodynamic research by the
nethod of explosion in a bomb is to be found in the book by Eone and Townend(27).
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Section 1. The Bomb

The bomb (Figure 1b) constitutes a steel vessel whose inner hollow space has a

strictly spherical shape. It consists of two sectlons fastened together by means
of massive bolts and a gasket of soft metal. This arrangement assures the possi-

bility of inspection and cleaning of the bomb and at the same time provides for

sufficiently tight sealing.

The spark electrodes are S0 mounted as to make sure that the gap between them

e e e e = —

is right in the center of the sphere.

4

AR

. Figure 1b. Cross-section of the ‘spherical bomb.

(1) two-point spark plug; (2) quartz window; (3 gasket;
(4) condenser pickup; (5) bomb body; (6) window for
photographing of flame propagation.

To permit photographing of the flame propagation-—-which, in particular, is im-
portant to check that the flame reaches the walls of the vessel simultaneously at

all points -~ the bomb is provided with a window in the form of a narrow slit cov=~
ered by thick glass. The flame is photographed on a motion picture film fixed on a
rotating drum whose axis runs parallel to the slit. A typical recording of the
flame propagatior is shown in Figure 2.

Different researchers used bombs with volumes ranging from 3.5 to 35 liters
(53, 47). Bombs of small size are disadvantageous because the eccentricity of the
spark gap in them may be relatively large (47). Besides, the larger the bomb, the
smaller is the surface-volume ratio and the smaller, therefore, are the heat losses

through the walls. However, an increase of the explosion vessel radius facilitates

STAT
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detonation, which entails a narrowing of the range of the initial mixture concentra:

tions that may be utilized for thermodynamic research by the method of explosion in

a bomb.
The fuel mixture 1s prepared either in the bomb itself (53, 62) by means of

alternate introduction of gases, OF in special mixing containers (37) sufficiently

large to permit the preparation of a mixture for a number of experiments. On their

way to the bomb, the gases pass through a drying system. To assure a complete mix-

ing of the mixture components, and in order to communicate to them the temperature

of the atmosphere surrounding the bomb, a certain period of time mst be permitted

to elapse between the £illing of the bomb and the explosion. This period depends on

the density of the mixture gases and the order of their introduction into the bomb

or the mixing container.

L

et

LCla rad e S ¢

_Figure 2. Photorecording of flame propaggfion ;_n a spherical
vessel with central ignition (Fiok and King).

e T T
S vk
v e

To in&oducé t}ater vapor into the explosion vessel, a corresponding amount of

-

water "is vaporized in a special test tube (37), oT, alternatively, prior to the in-

-

let of gases into the bomb, the gases are saturated by water vapor at a definite

temperature. If experiments are to be conducted with 2 considerable content of HZO

~ ittt

in the initial mixture, then use is made of an explosion vessel with a steam jacket

—dednrt

* (37, 31). Since at constant volume and constant temperature, the molar cencentra-

. e

Sr—

e p— -

(RTIR— Y

!
) R —
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1ons of gases are proport:\.onal to. their partial pressures. 11: sufricos, for . th w

‘prepa.ration of a mixture of a given composition to measure the parti.al pressnrcs s
during the alternate introduction of the mﬁxtnre cOmponents. ) For the measurement of - -

pressuré , use is made of a mercury manometer with cathebometer.. Whenever tne initi-

al pressure exceeds 1 atm, 2 reference manometer of the 02 class may pe utilized.

For gases with a relatively high critical temperature, such as HCl1 or c12 the

deviation from the ideal gas state should be calculated while determination is being

made of their jpitial quantities on the basis of partial pressures. From the Van .

der Waals equation we derive:

S

et i - L I

b — (bp + RT)v*+-av —ab =0, (12.1)
e

,

where v is the volume of one mole of gas and p is its partial pressure,

-—

R Tk, a_ﬂR‘T’
b" 'px =%

o et

(11.2)

In working out equation (II 1) by the aopro;d.matlon method with application of
graphicinterpo" 1ation (22), we find the volume v of one mole of the given gas.
From the Clapeyron equation, we calculate the partial gas pressure p* which it

should have had, had it conformed to the Jaw of ideal gases

e e

PSS e

B ST TG Lo IR e e

T . )i
== : (11.3)

e - ey T -

In summing up the partial pressures of the 1nitlal nixture components reduced to the

state of jdeal gases, we obtain & corrected initial pressure of the mixwre P{.

Example. The partial pressure of chlorine p = 663,9 mm Hg, the temperature of

the mixture T = 291° K, the critical temperature of chlorine T . = 4517,2° K, the

critical pressure P, = 76,1 atm,
From equation (11.2), we de;t:ermine
b = 0,05623 C 2= 6,496

By substituting the numerical values of p (in atm), a,b,R (m tm ) and T in equa-

tion (II.1), we find

[
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0,8738 v3 - 23,9257 V2 + 6,496 v - 0,37 = 0

On solving this equation by the approximation method, we determine that
v=27,41 1t

whence

p* = 0,8806 atm = 669;3 m Hg.

For p = 21,0 mm, we find p* = 241,7 mm bty similar proceduré.

D

Analogous considerations exist also for water vapor. If a considerable quan-

tity of water vapor is to be introduced into the mixture, then experimental data on

e —

its compressibility should be utilized.

Sectionlz. Pressure Indicators

The pressure indicators consist of two basic parts: the sensitive element
(pickup) receiving pressure, and the recording unit. The existing indicators may
be divided into three groups: mechanical, optical, and electric indicators. The two
latfer groups are most suitable for precise measurenents.

In optical and electric indicators, thefmain pickup element 15 the diaphragm
which responds directly to pressure. The derlection of the optical indicator dia-
phragm causes the mirror, which is connected thereto, to turn, entailing a deviation
of the reflected light beam vhich is registered on a moving photofilm. In electric

indicators, the shifting of the diaphragm is translated into a change of one or an=-

other parameter of the electric circuit registered by the oscillograph.

Of a number of different types (&, 14) of electric indicators, we shall con-

sider the two most suitable ones for accurate measurement: the condenser and piezo-
electric indicators.

A pressure indicator used for thermodynamic investigations by the method of ex-
plosion must record rapid changes in pressure with the greatest possible precision
and the least possible delay. For this purpose, it should be characterized by small
inertia and small hysteresis, while being sufficiently stable in operation and de-

pending as little as possible on temperature in its recordings. To obviate the

8

e
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possibility of a resonance with the fluctuations of the measured pressure, the dia-
phragm must have its own high frequency. The indicator diaphragm must be at one

level with the inner surface of the bomb.

(1) Optical Pressure Indicators

Vs " mas type of indicator is widely used in theriodynanic research by the explosion
/ , method, since it 33 relatively simple and assures considerable accurac‘y of meas=
urement. 'ﬁxe diaphragm of the optical indicator 15 connected to the mirror by means
of a flexible system. A voltalc arc serves 2s the source of illumination. The beam
of light reflected by the mirror 1is focused by the objective of the photographic re-
corder onto a sensitive film fixed to a rotating drum, and shifts proportionally to
the magnitude.of the diaphragm geflection (Aif it is not too large), while tracing
the pressure-time curve, j.e., the indicator diagram (Figure 9a). This gives us
more than 1,000-fold magnification. By measuring the height of the sharp maximum on

the indicator diagram, the corresponding pressure jncrement O P 1s determined (data

on the calibration of indicators will be found below). BY adding A P to the initial
pressure Py, we get the maximum value of explosion pressure P (experiment) =P, +

ap.

Figure 3 illustrates the diaphragm indicator proposed by Iewi:s and Elbe (45).
The characteristic feature of this jndicator is that the diaphragn is not clamped in
the supporting frame (as this is the case with most diaphragm indicators). but con-
stitutes one solid piece with it. This insures the stability of the diaphragm's
zero position and the absence of an apparent hysteresis caused by the inelastic

nature of its a_ttachn-lent. The measurement accuracy exceeds 0.1% of the magnitude

of maximum pressure (26). Optical indicators used by other investigators showed an

accuracy of the order of 0,1 - 0,2% (61). Discrepancies between the results of

individual measurements range within the limits of 0,2 - 0,8% (U6, 47, 61).
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Figur ;wjmgf’ optical pressure indicator developed :
by Lewls and Eibe.

_  (2) Condenser Pressure Indicators

_ The diaphragm of a condenser indicator is one of the plates of the adjustable

capacitor-condenser pickup (Figure 1), whose second plate is insulated from the in-

[

o

dicator body and connected with an ampli{ig_?,.,_r“—~w- -

3
Figure 4. Condenser pickup.

1- diaphragm; 2- mica gasket; 3~ fixed lining; 4- rod;
5. washer; 6- nut; 7- conductor; 8- terminal block;

9 - conductor seal-in; 10- shaped nut; 11- packing block;
12- insulating bush; 13- housing; 1l4- thread for housing
fitting; 15- ebonite sleeve; 16- support bush.

The small capacitance variations of the pickup resulting from diaphragm deforme
ation under the influence of pressure cause almost linear changes of the voltage
supplied after amplification to the vertical scanning plates of the cathode-ray

STAT
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oscillograph. Saw-tooth voltage is @elivered to the plates of horizontal scanning.
During explosion, the luminous point on the electron-ray tube screen traces a pres-

sure-time curve which may be photographe‘d.
The response of the pickup to pressure variations increases as the superficial

area of the diaphragm (and the fixed 1ining) increases; it decreases 33 the distance

between the pickup linings decreases. At the same time, this distance must be large

in comparison to its changes under the influence of pressure, so as to assure the

linearity of the pickup characteristics*. This may be achieved through the use of

a relatively thick diaphragm, characteristic for small values of deflection, which

in turn enables the pickup linings to be placed close to each other. A thick mem-

brane is more advantageous than a thin diaphragm, in that its zero position has

The diaphragm 1s made

e TS T

greater stability and that it has 2 smaller hysteresis (60).

445

of stainless steel or special alloys (elinvar, mnimonica).

,\‘

i
i
¢
g
M

Figure 5e Single-contact pickup.

{. separator, lower; 2. separator, upper; 3- packing block;

4. perforated insulator; 5- packing block; 6~ gas inlet tube;

7- contact gulde; 8- cap nut; 9- contact washer; 10- insulat-

ing washer; 14- upper housing; 12. water inlet pipe; 13- lower
housing; 14- packing sleeve; 15~ regulated contact; 16- water

jacket; 17 - packing washer; 18- diaphragm.

* Tt should be borme jn mind that condenser pressure indicators are usually charac-

terized by a linear relationship between the point displacement on the diagram and

the pressure only over a relatively narrow range (#9). -
STAT
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" For the determination of the indicator diagram scale --‘provided the indlcator
characteristic, which is checked by calibration, is linear -- it is sufficient to '

have two points on the curve for which the corresponding pressure values are known.

One of these points is the point of ignition -- the basis of the rising branch of

pressure curve. This point corresponds to the initial pressure of the mixture., The

second calibration point may be plotted on the indicator diagram with the aid of a

single-contact pickup (Figure 5), which, when a definite bressnre is reached in the
bomb, produces a pip in the form of a bright point on the steep left-hand branch of
the diagram. The single-contact pickup (26) has a diaphragm and a contact screw be-
tween which there is a small gap, if pressure on both sides of the diaphragm is
equal. The difference in pressure required to press the membrane to the contact is
being measured before each test ("correction for back pressure" -4 p back). Prior
to the explosion, a definite pressure ("back pressure™ - p p..p) is applied to the
pickup diagram from the side of the contact screw. When the pressure in the bomb,
affectiﬁé the inner face of the diaphragm, exceeds back pressure by the quantity

A Ppack? the circuit closes and a bright point appears on the indicator diagram.

Time is plotted on the diagram by means of a special devi 2. The entire system

of instruments is synckronized, ignition of the mixture, reg’ iration of pressure,
and, whenever needed, the photographing of flame propagation, are affected by a

single depression of the push-button.

(3) Piezoelectric Pressure Indicators (5).

The diaphragm of a piezoelectric indicator activates a quartz crystal on whose
surface there appears an electric charge during compression (this is known as the
piezoelectric effect). The charge magnitude is proportional to crystal deformation.
Through an eleciric converter, the pickup is connected with the oscillograph, by
means of which the pressure-time variation is registered.

The advantages of the piezoelectric indicator are the absence of hysteresis and

independence of registration from temperature. The short-comings of this type %§TAT

R
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indicators, as of any electric pressure indicators in general, are the relative con-

plexity of their construction and of their o%eration.

(4) Calibration of Pressure Indicators.

There are two types of pressure-indicator calibration. We have static calibra-
tion, in the process of which a known pressure is applied to tne diaphragm gradually,
and we have dynamic calibration, when the diaphragm is subjected to rapid loading.
Dynamic calibration corresponds to the unit's operating conditions during explosion
and should therefore be given preference. However, in case of total absence of

hysteresis, both methods should produce coinciding results,

| U
) 1, Brd 2asa
"2e K mannsiempy

-— ===

3

=

3

Figure 6. Instrument for dynamic calibration of optical pressure
indicator (Lewis and Elbe).

(1) Gas inlet; (2) to manometer.

During static calibration (37, 59) the bomb is filled with air or any other gas,
for instance, nitrogen or carbon dioxide, up to different values ol pressure meas-
ured by manometer so as to assure the greatest possible precisioa.

For dynamic calibration, use is made of special cylinders or flasks filled with
gas. One of such units is shown in Figure 6 (45). The calibration cylinder is
placed inside the bomb. Between it and the diaphragm of the pickup, screwed into
the opening in the explosion vessel, there is a small space isolated from the re-
maining bomb space by a rubber ring. Pressure is applied to the diaphragm by means
of a swift turn of the screw. The time of pressure growth comprises approximately

0,01 sec. ' STAT
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On the basis of the indicator calibration data, a diagram is constructed for

the dependence of the height of the indicator dlagram on pressure. If the character-
istic of the indicator is linear, the graph has the form of a ;traight line.

In summing up this short description of the equipment fsor the méasﬁrement of
maximum explosion pressure, it should be m':ted that these measurements may be suf-
ficiently reliable for Athe detex;minétiori' of thermodynamic quantities by the method
of explosion (47) --'if use is made of carefully calibrated pressure indicators of
good design and capable of satisfying the above mentioned requirements; i:f the inner
surface of the bomb has a strictly spherical shape and there are no "dead spaces"”
outside of this surface; if the bomb volume is sufficiently large to assure a pre-
cise central position of the spark gap; and if the experimental unit permits us to
reduce the heat losses to a minimum before the flame has reached the walls of ‘the
bomb. If all these requirements are duly observed when use is made of rapidly burn-
ing mixtures, indicator diagrams with a sharp maximum may be produced. This maximum
corresponds to the moment when the spherical flame makes contact with the inner sur-

face of the bomb.

SO Y G 1R
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Chapter IIT

HEAT LOSSES AND THE DEGREE 70 WHICH EQUILIBRIUM IS AGHIE]“ED DURING
EXPLOSIONS IN SPHERICAL VESSELS WITH CENTRAL IGNITION

1. Phenomena Arising in the Bomb during Explosion

During ignition of an explosive mixture of gases in the bomb, the flame travels
from the spark gap in all directions. The transformation of the initial mixture in-
to combustion products takes place in the reaction zone which constituies a thin
spherical layer whose surface is called the flame front. The reaction sone sepa-
rates the dark region of the unburned mixture from the luminous region of combustion
products which are in a state of chemical equilibrium., The spherical shape of the
vessel with central ignition assures the preservation of the sphericity of the flame
front and its simultaneous reaching of the bomb walls at all points, provided the
rate of combustion is sufficiently high (see Figure 7).

Figure 7. Instantaneous photos of the flame propagating in
a spherical glass vessel with central ignition
(Ellis).

At the expense of heat released during combustion, the transformation products
remaining behind the reaction zone expand due to strong heating and compress the un-
burned gas. As a result of this, pressure increases contimuously. Moreover, in
view of the fact that flame velocity is low as compared to the speed of sound, it is

possible to consider, without too much of an error, that pressure is even within *S‘h'IPAT

15
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whole volume ‘of the vessel at any moment in time, with the exception of those cases

when the combustion rate is very high (29, 56). At the same time, t.hé flame fails
to heat up the unbirned mixture in any .appreciable way, SO that, before it reaches
the walls of the bomb, the latter are in contact only with the gases faintly heated
in consequence of compression. This assures the almost totallx’adiabatic character
of combustion. ' - Co e

Experiments show (40, 31+) that at the moment when the maximum explosion pres--
sure is reached, the temperature at the center of the bomb, near the ignition point,
exceeds the gas temperature at its walls by several hundred degrees. This fact can
be explained as follows (13, 18, 21, 38, Lo, 50), Let the volume of the vessel be
mentally divided into a nimber of thin spherical layers with a conmon center at the
ignition point. In practice, each such elementary layer, whose volume comprises but
an insignificant part of the total gas volume, burns up at constant pressure. . Thus,
the volume element situated at the center burns at initial pressure Pi' whereby the
pressure performs the work of expar_xsion. Later on, it is compressed almost to its
initial volume* by pressure which rises continuously from Pi to maximum pressure Pg
grad, i.e., on an average, by a pressure considerably greater than Pi' as a result
of which fact it initially releases less energy than is reabsorbed by it at a later
time., As to the volume element which burns the last, i.e., practically at Pg grad.
pressure, the situation is reversed. Consequently, at the moment when the maximum
explosion pressure is reached, the temperature at the center of the vessel turns
out to be higher than at the walls,

Since the specific heat of gases grow"s with rising temperature, it is reason-
able to expect that, during temperature. equalization without heat losses, the pres-
sure of the mixture of combustion products must increase. Let us assume, for ex-

ample, that the vessel is divided into two parts, containing equal masses of gas at

* At the same time we must bear in mind that the described effect constitutes a
secondary effect as compared with the thermal effect of combustion which is the
primary factor responsible for the general increase of temperature.

Let it be noted that, in the qualitative explanations provided herein, the dis-
sociation of combustion products has so far not been taken into account.

STAT
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dirferent temperatufes. With the establishment of an even temperature distribution,
one part would have absorbed the same amount of energy as was lost by the other, but
its temperature, at the same time, would have grown in a higher measure than would
have been the drop of temperature in the other part. In the absence of dissociation
of combustion products, pressure is directly proportional to temperature. Hence, in
the first part of the vessel it would also have grown to a greater extent than it
would have slackened in the second part. Consequently, during its equalization, a
higher pressure would have been registered than that which corresponds to the
initial, uneven distribution of temperature.

The dissociation of gases, which increases with rising temperature, accelerates
the growth of pressure with temperature. Therefore, in jts presence the mentioned
effect of pressure growth with temperature equalization will be somewhat leveled
down.

In addition to this, dissociation as an endothermic process should reduce the

temperature grédient (in comparison with what it would have been in the absence of

dissociation). Figure 8 shows the distribution of temperature and pressure in the
bomb for three time instants: before the commericement of burning, at moment t1.
when the flame attains the sphere with radius ry, and at the moment when combustion
ends t,. Throughout the entire process of combustion, the temperature at the ig-
nition point is at the maximum. In the reaction zone it drops sharply. In the re-
gion of unburned mixture, it is uniform though rising somewhat with time.

The increase in steepness of the rising branch of the indicator diagram (Figure

9a) as the maximum is approached evidences the growth of the rate of transformation.

However, since the flame surface grows proportionally to the square of the radius,
_the speed at which the flame front moves in the direction of the normal to its sur-
face (the so-called, spatial flame velocity), not only fails to increase as the
flame approaches the walls of the bamb, but even diminishes somewhat. This may be
seen from the generatrix of the cone on photographs of flame propagation in spheri-

cal vessels (Figure 2).

o
o ke
ot
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Figure 8. Variation of pressure and temperature during explosion
in a spherical vessel

(1) Temperature; (2) pressure; (3) radius;

After the flame has come in contact with the bomb walls, the cooling of the

mixture of combustion products begins, as a result of which a drop in pressure is
to be registered. Minor cambers, which sometimes may be observed on the drooping
> branch of the pressure diagram (Figure 9b), are to be attributed to temporary re-
tardation of cooling in consequence of heat influx from the bomb center (21, 47).
In the case of rapidly burning mixtures, pressure sometimes fails to equalize

and compression waves -- shock waves -- are being formed. This provokes powerful

diaphragm vibrations which usually arise toward the end of the combustion process
when the transformation rate reaches the minimum, The indicabor‘diagrams resulting

therefrom are-unsuitable for purposes of thermodynamic research. Consequently, such

| mixtures are being exposed to flegmatization through dilution by one of their prin-

ciple components taking part in the reaction, or by some inert gas. Dilution with J |

inert gas allows us to maintain the required proportion among the reacting sub- y
: stances, and at the same time permits us to shift the region of experiments, capable
of being processed, toward higher temperatures than those registered in a case where E .

we have an excess of one of the principal components (63).
STAT
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Figure 9. (a) Indicator diagram. (b) Effect of the temperature gradient
on the ‘shape of the curve of cooling (Lewis and Elbe).

(1) Absolute pressure in atm; (2)time in sec; (3) pressure;
{4) time.

Apart from\ compression Waves, several researchers were able to observe also
other types of vgl;ations in rapidly burning mixtures, for example, fluctuations in
certain slowly burning mixtures arising long before the maximum pressure is attained,
irregular fluctuations in hydrogen-oxygen mixtures at low temperatures (63), and
other types. The causes of these phenomena are not in all cases sufficiently firmly
established.

Section 2. Degree of Equilibrium Attained during Explosions.

In computations of combustion processes connected with thermodynamic research
by means of explosion and in other cases, as well as in general calculations of

parameters‘characteri‘zing any physical phenomena, it is customary to proceed from

some definite simplifying a:_;sumptions which are apt to idealize somewhat the true

conditions of experimentation. To assure correct deductions made on the basis of

these calculations and comparisons of the computed quantities with those observed,

STAT
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it is important to know to what extent do these assumptions correspond to reality.

First of all, our calculations will be based on the supposition that combustion

leads to the establishment of equilibrium in the mixture of combustion products be-

hind the reaction zone. The high development rate of reactions thermodynamically
possible in gases af high temperatures provides a ﬁasis for such assumptions. The
fact that combustion,in case of sufficiently rapidly burning mixtures, stops instan-
taneously and completély is evidenced by a sharp break in the indicator graph at the
point of transition from ihe pressure growth curve to the curve of cooling. Had the
chemical changes no£ been termin;aed by that moment, the maximum of the pressure
diagram would have been roﬁnded off. Some investigators (26, 3%, 35) are inclined
to interpret the secondary glow at the ignition point -- observed by a number of
authors ;t the end of the combustion process -- as a proof that the processes'do
not reach equilibrium in the reaction zone, However, this point of view runs into
a number of objections (18, 21, 47). In particular, it is believed that this phe-
nomenon may be attributed to the existence of a temperature gradient.

The degree to which fhe postulates, on which calculations are based, corre -
spond to the actual conditions of experimentation is often checked by comparison of
the observed data on maximum explosion pressure with those calculated on the basis
of thermochemical, spectroscopic, and thermodynamic constants whose certainty is
beyond question. The underrated experimental values of maximum explosion pressure
as compared with those obtained by calculation are usually attributed to heat losses,
whose sources will be discussed in Section é (some authors (26) explain them by the
incompleteness of chemical changes; see above). The (sometimes by a few percent)
overrated experimental values of maximum pressure ~- which are to be observed, for
instance, in mixtures of hydrocarbons and H2 with oxygen, with excess of the latter
-- are ascribed to a delay in excitation of vibrational energy levels of certain
molecules (21, 63). As a result of this, the energy initially is distributed mostly
according to the progressive and rotary degrees of freedom, and the thus arising

excess of forward-motion energy leads to a rise in pressure as compared to that
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which would have been registered in case of equilibrium distribution of energy ac-

cording to the degrees of freedom. It should be observed here that this is not an
unquestionable explanation.

Section 3. Heat losses in Explosions in Bombs with Central
Ignition

Since it is’ﬁimpossible to determine the precise magnitude of heat losses, ex-

periments are carried out ypder such conditions when the losses of heat during the
period of pressure rise are insignificantly small,

The most important source of heat losses, which may not be disregarded in case
of slowly burning mixtures, is constituted by the convective upward motion of the
hot combustion products (Figure 10). As a result of this, the flame initially comes
in contact with the upper section of the bomb wall, which results in strong losses
of heat even before the maximum explosion pressure has been reached. In this case,

heat losses make the burning of the last portion of gas ineffective and the maximum

of the indicator diagram therefore becomes smoother,

Figure 10. Convective
upwerd motion of a
slow flame (Z1llis)e

Heat losses through the wall, resulting from the heating of unburned mixture
owing to adiabatic compression, are minor -- first of all, because the rise of tem-
perature of gases at the wall is consequently small (see Table 17, Chapter IX), and,
second, because it occurs mainly ;t the end of the process of combtustion (37).

During the period of pressure growth, the surface of {ihe spark electrodes (of
the plug) -- which right from the moment of ignition remains in direct contact with

the burning gases -- may become a substantial source of heat losses. Consequently,

the ignition device should have the least possible surface and be manufactured from S AT !
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a material with the least possible heat conductivity. It should be mentioned in

passing that the margin of the spark energy is too small to produce a substantial
effect on the maximum pressure of explosion. ‘ )

Finally, radiatlon constitutes an important source of heat losses. .In order, to-
reduce heat losses caused by rad:.amon to the ninimum, the internal surface of the
bomb should possess & good reflectmg power. Wohl and Elbe (62) explain the reduc-
tion in heat 1osses - observable after the mtroduction of a small quantity (<1.3
mm Hg) of water vapors into the initial m:.xture -- by the suppress:.on of luminescent
radiation of such molecules as HZO and OH during collisions with the unexcited

molecules of water vapor. An increase of the initial pressure of the original mix-

ture also facilitates radiation suppression.

Another explanation for the reduction of heat losses upon introduction of steam
into the original mixture is based on the assumption (49) that the film of water,
which may form on the inner surface of the wall in consequence of unburned gas com-
pression, hinders a rapid recombination of hydrogen atoms which diffuse in consider-
able quantities from the reaction zone into the unburned gas.

Practical conclusions from the experimental material reviewed here will be

drawn in Chapter IX.
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Chapter IV

o i P e e e gy

GENERAL PRINCIPLES OF THERMODYNAMIC COMPUTATION OF COMBUSTION

PROCESSES .

Let the state of the 4nitial fuel-oxidizer mixtu;: be set. Under the definite

conditions (precisely those which interest us now) there will deyelop reactions in
the system leading it to a state of equilibrium. Our task is to define this equilib-
rium state of the -system, i.e., its chemical composition, temperaturet and pressure
(if combustion takes place at constant volume), or volume (if the pressure is con-
stant), We shall set aside the question as to the manner in which this final state
or that pertaining to the mechanism of combustion may be arrived at., Important is
only the fact that the syst;m i3 conservative and that equilibri;; in it was fully
established. In other words, we assume that the system is thermally totally insu-
Jated, that the distribution of temperature and pressure in the mixture of the com-
bustion products is uniform, and that chemical equilibrium, as well as an equilib-
riun distribution of energy according to the degrees of freedom, are fully attained.
In our calculations we shall consider also that the gaseous products of combustion
behave 1ike ideal gases. The validity of this assumption is confirmed by the
analysis of equation (1I.1) for T values of the order of temperatures of combustion
for explosive gaseous mixtures, and for P values not exceeding 200 atm. {Calcu-
lations of explosions in which higher pressures are achieved are not discussed here. )
In this case, the laws of matter conservation, energy conservation, and mass action
fully determine the state of the system. The temperature calculated on the basis
of these assumptions will be referred to as maximum theoretical temperature of com-
bustion products (or briefly, combustion temperature), while pressure calculated on
the same basis will be called the maximum explosion pressure.

The conditions enumerated above, in case of combustion at a constant volume, -

are best fulfilled in a spherical vessel with central ignition at the moment when
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the flame reaclies the walls of .the vessel, after 'the mixture has already burned out
tut has not yet engaged in appreciable quantities in heat exchange with the sur-
rounding space (see Chapter‘III) -In case of combustion at constant pressure, these
conditions are observed best of all during explosions in soap bubbles. Consequently,
it is precisely t‘nese methods that are being used in themodynamic research.. The
computed combustion charactera.stic of the rapidly turning mixtures closely approach
the real ones. Thus, 3f we are far from the ignitability 1imit, the calculations
for assumed adiabatic burning usually amount to a sufficiently good appro:d.mation.
If the combustion temperature does not exceed 1,600-1,800° K, which in the case
of ordinary fuel burning may occur under conditions of strong dilution by air or in-
ert gas, then dissociatiqn may be disregarded. In the simplest instance, when 150~
molecular exchange reactions of the type of water vapor reaction are absent, all the
heat released during burning is used for the heating of conbustion products. Their
composition is thereby easily determined by stoichiometric equation, i.€., on the
basis.of the law of matter conservation, while the temperature may be computed from
the heat balance equation, which in the case of bturning at constant volume has the

form

e o e = e o,

(——.\117-) T U — ° ' (Iv.1)

———p— ——

o )
where (-aU Ti) comb. " heat liberated during combustion'

(U°Te -1° T, )x - heat of inner energy of one mole of the k-th product of
combustion during its heating from temperature Ts of the
initial mixture to combustion temperature Tes
the number of moies of the k-th component in that quantity

of mixture for which the calculation is made (for example,

in 1 kg).
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Since

-

—Ta = . .
where C, e- N - average molar thermal capacity over the range from T; to Te at con-

stant volume, the heat balance equation may be written also in the form resolved

with respect to temperature

(— U7 comba
N e T (Iv.2)
,‘c

2Lk
|

T,=T;

-‘/

But since average specific heats are functions of temperature, the magnitude of Tg
should be found by the method of selection. The" combustion temperature in the
analyzed simplest case is determined by analogous equations in which the inner
energy is replaced by enthalpy. .

The requirement that dissociation bte calculated for temperatures above 1.600-
1,800°K, and the requirement for exchange reactions of the water vapor type greatly
complicates computations. In this case the composition of the combustion products
mixture is determined not only by the law of matter conservation alone, but simul-
taneously also by the law of mass action and the law of energy conservation, and de-
pends on temperature, whereas in the absence of dissoclation and exchange reactions
it is independent of temperature. The mixture compositlon obtained in the presence
of dissoclation of pure carbon dioxide and water vapor at 1 atm pressure is repre-
sented in Figures 11 and 12*, respectively. The volume or pressure thus increases
at high temperatures not only owing to the heating of gases, but also due to dis-

sociation.

J—

* Tt should be noted that, contrary to the previously held views, dissociation of
water into hydrogen and oxygen is not at all predominant as compared with dis-
sociation with hydroxyl formation. From the very beginning, hydrogen and hydroxyl
are present in the gas almost in equal quantities.
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Figure 11. Gomposition-of COp dissociation products (Fehling)
(1) Volume growth in %.
Since dissociation is an endothermic process, the quantity of chemical energy
changing into thermal energy decreases and the energy balance equation for the case

of combustion at constant volume will assume the aspect of:

e T T et
(=AU comb. F e Uz, — Uyt :':: 3 AUT) qies 5 (Iv.3)

where (OU%i) diss § ~ heat of the j-th dissociation reaction or exchange reaction,
while ot j 1s the coefficient determining the degree of its progress. In future we
shall use a heat-balance equation of another type more convenient for calculations,
but formulas (IV.1), @V.2), and (IV.3) illustrate the principle of calculation in a
more graphic waye

The substances which compose the gaseous mixture of combustion products will
henceforth be referred to as mixture components. To determine the state of such a
mixture of n components means to determine n+l unknown cuantities: the combustion
temperature T, the pressure (or volume), and n-1 unknown partisl pressures (or
concentrations).

Hence, it is necessary to produce a system of n+l eguations. In view of the

complexity of this system, it is more convenient to solve it by the method of
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selection, in setting different temperature values and seeking that value which

satisfies the energy balance equation. )

% 2e.
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Figure 12. Composition of H20 dissociation proaﬁcts (Fehling).

(1) Volume growth in %; (2) maximum 200%.

The calculation for each set temperature is made in two stages: (1) calculation

of the composition, which for the given temperature is determined by equilibrium

constants and equations of material balance for each element, and (2) caleulation

of intrinsic energy (or enthalpy) of the combustion products mixture. It is in this

plane that analysis will be made below of the computation methods in the case of

constant volume and constant pressure.

Here we should emphasize the jmportance of a rough preliminary evaluation of

the composition of the combustion products with 2 view to ascertaining what compo-

nents of the mixture should be taken into consideration in precise calculations.

Such preliminary'balculations may be made, for example, by the method of successive

approximations (see Chapter VIII, Section i) for all substances, whose heats of

formation and the thermodynamic functions are ¥known, or may be computed, from molec-

ular constants (see Appendix 1).

The freely expanding flames perform work against external pressure, whereby a

proportion of heat is being additionally consumed. Consequently, combustion temper-

STAT
27

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R0040002001 7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 1 4/06/12 . CIA-RDP81-01043R004000220011-7

ature at ;:onstant pressure must be lower than combustion temperature at constant
volume of the same initial mixture if all other initial conditions are identical.
let it be noted, that thermodynamic calculation of combustion at constant pressure

is more complex than computation of combustion at constant volume.
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Chapter V

CALCULATION OF COMBUSTION PROCESSES AT CONSTANT VOLUME

Iet the composition of the initial mixture, its pressure, and temperature T;
be set. Our task is to determine the equilibrium state of the given system which
will be attained by it at constant volume. For reasons previously given, it is more
expedient first to consider the problem pertaining to the determination of the state
of mixture at the fixed temperature. For this purpose it suffices to determine only

n unknown quantities: n-l partial pressures (or concentrations) and the total pres-

sure of the system. From now on we shall consider the n partial pressures as in-

v

n
dependent variables, while total pressure P = X p, 'will be assumed as a dependent
° k=1

quantity. b

i
.-

Section 1. Determination of the Composition of the Mixture of Combustion

Products at a Given Temperature

(1) Chemical Equilibrium Constants

Ya. B. Zel'dovich was able to prove in a general form that for a mixture of
reacting gases the system of equations ensuing from the law of mass action, together
with superimposed conditions of matter conservation, when the values of T and V or
T and P are given, always has only one positive material solution 715). In other
words, the composition of the mixture, i.e., the n partial pressures (or n concen-
trations) of its components are unambi.guously determined by the law of matter con-

servation and the law of mass action. If the mixture is formed bty m chemical ele-

ments, the law of ‘matter conservation produces m equations of material balance for
each of the elements. Moreover, the quantity of each of them is determined by the
composition of the initial mixture, The remaining n-m equations, necessary for the
determination of the n unknown quantities, may be produced on the basis of the law

of mass action in the form of equilibrium equations. Consequently, it is necessary

, STAT
29 :
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to know n-m unknown equilibrium constants. It is obvious, too. that on their basis . h
any other equilibrium co;stants may be found for the determination of the ratio be-
tween the partial presséres (or concentrations) of the mixture components. But this
is tantamount to an assertion that there exist but n-m equations of reactions which

in the thermodynamical sense may be regarded as independent. Equations for any other
reactions* imaginable for this system may be derived from these n-m independent
equations. This, in turn, means that it suffices to know the heat content changes

in n-m reactions in order to be able to calculate the thermal effect of any conceiv-

able reaction in the system formed by these elements. Thus, we obtain a simple rule.

The number of independent reaction equations in a closed system remaining in
the state of chemical equilibrium, equal to the number of independent equilibrium
constants and equal to the number of independent thermal effects of reactions, is
equal to the number of components, less the number of elements composing this sys-
tem**,

let us, for example, assume that we have a system‘formed by two elements -- hy-
drogen and oxygen. We shall write down all the possible reactions, wnich are con-
ceivable for the state of equilibrium, and their corresponding chemical equilibrium

constants***, while maintaining the designations adopted by us:

PRSSSEE
e

() L0 H, 4450, K —_:"‘_';)_‘-/ﬂ
1.0

]

T @ U020H4 g H, K — PV P,

Puo

E—

- ) . Pi i
‘ (3) Hy, 2 2H K =po

* We are not going into the question as to the extent to which these or other re-
actions are realistic from the point of view of their mechanism.

**+ An exception to this rule is constituted by the case when two elements making
part of the one and same component are not included in any other component of the
systen. However, such exceptions are fairly seldom encountered in combustion cal-
culations.

**% The numerical values of equilibrium constants and their iogarithms are to be
found in Appendix IV (tables IT and I1I).

T SR
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(4) 0, 20

(5) O H,+ 0

1
T

(6) H,0 2 2H -5 O,

(7)y'H,0 2 OH 4-Hi
(8) H0 2 2H4-0
(9) Hy0 -+ 0,72 20H Ko =

9= " —
Py, VPu,

(10) OH 2 0-}-H K= 200
Pou

t

We have two elements -- hydrogen and oxygen -- and six components: HZO, Hz. 02,
OH, H, 0. Consequently, only 6-2 = 4 reactioﬂ-equations are independent. Of course,
none of the four equations of the recorded series form a system of independent equa-
tions. For instance, among equations (2), (3), (4) and (7), equation (7) is a con-
sequence of (2) and (3), whereas equation (4) is composed of components which are
not included in any of the remaining equations. At the same time (1), (2), 3),
) (1), (@), (3), ) (1), (3), (&), (7) constitute systems of independent equa-
tions. Assuming as independent the equilibrium constants of reactions (1), (2), (3),
and (%) -- K5, Kq, Ky, and Kg -- we may derive from them the equilibrium constants
for all the remaining reactions

X

K= K;- Ko K= e

e KaV Ky Kz
~ Ko KoV Ky K R EE

Thus, on the basis of thermocbma;nic ~J‘.‘u.r‘lctions and—;.h;'mal effects only, n-m
independent equilibrium constants should be calculated. The selection of equilib-
rium constants for the computation of the composition of the mixture of combustion
products is determined by considerations of mathematical expediency and may be

changed from case to case.
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Normally, the state of ideal gas at {-atm pressure is taken for standard state
and in conformance therewith the equilibrium constants are expressed through partial

pressures. It is, of course, possible to assume for standard state the state of

ideal gas with 1 mole/ em? concentration, and calculate K c instead of K o’ but this is-

less convenient. Henceforward, we shall exclusively use constants expressed through

partial pressure and denote them simply by the letter K.

(2) Material-Balance Equations

The number of atoms (gram-atons) of a2 given element 1, contained in any sub-
stance forming part of a closed system, is equal to the number of its atoms in a
molecule of this substance, rultiplied by the number of molecules (gram-rnolecules)
of substance k in the given systen. The number of gram-atoms of an element in the
systenm, (m) , is equal to the sum of the number of its gram-ators in all substances
constituting the system:

{m], = I?..J[kmk- '. (v.1)

where-ek is the number of atoms of thed -th element in the k-th component, my, is the
number of moles of the k-th component in the system.
If, for instance, H20, COs: Hp, Op, OH, H, 0, CO are the components of the sys-

tem, then

S
[m)y = mco,'i‘mcu;
[mly = 2’”1{,0’{' mex.ﬂ_ my -y
fml, = mn,o"}'zmcu,’*' 2’"0,”{""01: My T My

In a closed system, the number of atoms of each of the elexments composing the
systen and, consequently, also the number of its gram-atoms, remains unaltered dur-
ing all chemical changes (1aw of conservation of nmatter).

By virtue of this we haves

W . Ny
< hme, = %llj”‘i:i'

=
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whex'efk and € j are the numbers of atoms of the? -th element in the k-th component
of the combustion product mixture, and in the j-th component of the initial mixture,
respectively; o and’mi j are the numbers of moles of the k-th component of the
equilibrium mixture and of the j-th component of the initial mixture, respectively.
It is convenient to pass from molar concentrations to partial pressures, since
it is precisely tﬁrough them that we express the equilibrium constants used, and,
in addition to this, the composition of the initial mixture is also given in partial
pressures of the substances of which it is composed. If instead of the number of
moles of the components it is desired to record their partial pressures in the left-

hand side of equation (V. 3) a factor i_- must be introduced, where P is the total

pressure in the system at state of equilibrium, whileZ:me is the total number of

moles of all components. This gives us:

Z ll\‘l’k = -\:i:—:: zlJmij.
k i

Since the volume of system V = const,

P _ A
. ~ .

and insofar as

we finally produce (25):

; ZIkp,k ¥ Z i (V.6)
- J

-

Thus, equations of material balance expressed through partial pressures are
composed according to the same rule as the equations expressed through molecular
concentrations, with the sole difference that the partial pressures of the initial
substances are multiplied by ratio % , where Te is the temperature at which the
composition of the combustion products mixture is calculated.

let, for example, the initial mixture be composed of methane and oxygen in

quantities of T4 CHy, and m30, moles, respectively. In this case: STAT

33
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- b
O N
S T3

PRELIRT JRNEOR ...._..._._.»___,_:. e st 4 - .- - - PR
i [mlc=mgn; [mln= 4meon [m]o = 2mp,. - (V.?)

—

If, while burning, this mixture comes into the state of equilibrium, . then, as

we can see from the comparison of equations (V.7) and (v.2), we will ha.ve the follow-

ing relationships:

. T Mo, Moo= Mo b
: 2"‘1!,0+ 2m1|,+ Moy —-my = 4""4@!5 €
Myo —+-2m co,+ 2mo,+ Moy—-mo—t-m o= 2m o,

o

In passing on to partial pressure, we produce by the method described above:

I

T -

Pco, l Pco=p4§ﬂ4' 7': ’

T, .

21’11,0"{' 2py, b Pou—tPa = 4Pson, * 7-; H

T,
pn,o+2pco,+2po,+pon —+Po—tPoo =20, ° ?:' .

!
H

- e e it
o e | e s A == o ¢

x

This expression may be readily obtained on the basis of egquation (v.6).

Let us introduce the following designations:

T,
pion+ =
T ; V.10)
41’,011. . T:' = {P} H? (

To oy
21’{0.’ ?3’—': {p}o’

in general

Te \ _
—ﬁ )j‘ljl’u = {pp» (V.11)

!

i i ressures of atomic
and call { p) c’ {p} g {p) 0 {p}{ the conditional partial p
components. The meaning of these expressions may be grasped from the following con-
initi .mixture become decome
siderations. Let the substances, which compose the initial "B » ‘
posed totally down to the atoms. Since V = const, T = constEnm = const, ile., in

the process of dissociation the pressure pertaining to one gram-molecule, or one

3
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gram-atom, does not change. Hence, from equation (V.7) for pressures of atomic
gases in case of total dissociation at temperature T;, we shall obtain the following

expressions:

(Ple=Peons (Pily=4pcus (Pily = 2P0,

e

If the gas dissociated to atoms should be now heated up to temperature Te, the
atomic components of the mixture would have pressures determinable by formulas(v.10).
Hence, tP} c’ {p} " {p}o are the pressures whi:ch the atomic gases C, H, and O
would have at temperature T,, if all the substances of the system had been decom-

posed to atoms.

(3) Calculation of the Partial Pressures of the Products of Combustion

To calculate the partial pressures of n components formed by m elements, it is
necessary to solve a system of n equations: m equations of material balance, and
n-m equilibrium equations. If, by way of successive exclusion of the unknown quanti-
ties, the system is reduced to one equation, we would get a high-degree equation
whose solution in general form is impossible (see Chapter VIII, Section L), Itis
often possible -- by means of arbitrary setting of partial pressure of one of the
components -- to break the system of equations up into a series of "subsystems"”
which, upon successive solution, lead to equations of a degree not higher than sec-
ond. By changing the partial pressure set, we may select those of its value at
which all equations of the system will be satisfied with required precision¥*.

We shall analyze this method by taking a system formed by carbon, hydrogen, and
oxygen as an example. Iet some hydrocarbon, or, say, a mixture of hydrocarbons,
buarn in oxygen. The following eight gases *%, COZ' co, H20, Hy, 0z, OH, H and O
would then constitute the products of combustion forming an equilibrium mixture at

high temperature.

* Other methods of solution of this type of system of equations are considered in
Chapter VIII.

** Here, and fur<ner on, we shall restrict our analysis to the case when (m)g)(m)c.
When (m)o<(m)c, account should be taken of the formation of compounds of the CyuH, type
and of free carbon. Incidentally, if at the same time the upper limit of ignition
turns out to be close, additional difficulties arise which are connected, as certain
investigators believe (44), with the low rate of carbon condensation, but which very

ssibly also be related to other phenomena which hinder the establishment of a gyTaT
hermodynamic equilibrium. 35
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Hence, to detfemir'lé‘the partial pressures of the mixture components it is nec-

essary to con;poée a system of eight equations. We have three equations of material -

balance:

Poy,FPeo= {ric ' (v.12)

2Py + épni,+7’l»u+l’|| =lply (v.13)

\‘ - e ’, B e e R ammen A& e\ '
2”00,+pcd—‘—pu,u + 2]’0. +'I’ou"}']’u = lpio' . (v. 14)

For 211 cases, with the exception of that when there is a great excess of oxy-

gen, it is most convenient to select as independent equilibrium constants the follow-
ing five. T X " Peo, - Pu:'
6= 5 —3

Pcu " Puy -
K, = Pii,"Po, " (v.16)

O - ?

P
— e
K,= Poul¥ Py, , 4 . {van)
Py
Pu

1v.15)

(v.18)
(v.19)

)

F’COJ POy | X

2 K3. Ky, and K5 are calculated on the basis of
Pco
thermodynamic functions and Zhermal effects (see above), Ké. K7. K8, and K, may be

If constants K1 =

determined from formulas:

If we set the value of the partial pressure of one of the eight components, only
seven equations will be required for the determination of the remaining unknown. The
eighth, for example (V.14) -- the most cumbersome of the balance equations -- could

be used to check the accuracy of selection of the arbitrarily set value of partial

36 STAT
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pressure.

We shall fix the magnitude of PH Then

= KB Vp" (V.21 )

Furthermore, in solving the system composed of equations (Vv.13) and (V.17), we ob-

tain:

{P}y l’u -2py, | (v.22)

2+ —=
Vpu,
— Py 20y, 2Py

o=

We further have

Pio
) :K o 3l
Po Py, ’

Pu,o
Py, )

Po,= 85

Finally, in solving the system of equations (v.12) and (V.15), we find:

{P}c

1 14 Ke- Pi0
Py,

i Pu,n
Pco =(KB' Peo= “’}c'—'l’cg'
* Py,

= e o o ey ©

; T (v.26)

[ (v.27)

The value of pHz is varied in such a manner that the difference between the right-

hand side and the left-hand side of equation (v.10)

D,= (21’co +pcu +Pu,o‘1‘2po, + Pou+po) (v.28)

should tend to zero. At the same time it is advisable that a D, to PH, curve be
constructed which would permit ‘a more rapid approach to the true value of py > by

means of interpolation. In most cases it suffices to fllifill the condition:

'i
g [ D,

<0,001 {p},,. Co (v.29)

*The calculation scheme of partial pressures reviewed here was borrowed from the
work bty Zel'dovich and Polyarny (16).

37
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For technical caiculétionéigf combustion at high temperature, such accuracy is often
even superfluous.

The accuracy up to three to four decimals is usually sufficient for partial
pressures of components when P is of the order of 10-20 atm. ‘Tt should, however,
be noted that excessive rounding off of figures in the process of calculation of
partial fressures may lead to irregular fluctuations which will prevent us from at-
taining the precision determined by condition (V.29). If we use the same scheme in
case of a large excess of oxygen, the accuracy of the intermediate operations should
be greater, since D, becomes very sensitive to the changes of sz'

In those cases when -~ apart from ¢, H, and O -~ nitrogen is also present in -
the system, three more components -~ Ny, NO, and N -- must be added to the said .
eight components if the temperatures are high. Correspondingly, the system of equa;

tions must be supplemented by three new equations: the balance equation for nitrogen

2px.+pxo +ry={plx H
- I

and two equilibrium equations. By way of the latter, in cases when the system of

egquations is to be solved by method of pH2 selection, it is convenient to take

Px ,
—_—— = K“.

¥y, |

- —- e

Besides, in the balance équation for 6xygéh. there will appear a new member, i.e.,

Pynoe

The partial pressures of Ny, NO, and N are determined by formulas:

s'%)z-f-g{P}N-—(Ku-i-K:ﬂ%:——)),. :

4

=

Since Pro and py are usually small as compared with pNZ, the method of successive

approximations, outlined in Chapter VIII, Section 1, may also be applied for their

determination.

L.l
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When there is an excess of oxygen, it is often convenient to make use of an-
i 1lowin
other scheme, in arbitrarily fixing the value. of p02 and in utilizing the following

equilibrium constants to compose the system of equations.

' e PV, (v.30)
. K =—3

Pco,
LAY
=

| S »

K, (v.31)

Poxr
Kw =

Va7, ' (V.32)

[
K, :‘p—:’%"‘ (v.33)

Kpu= 7-@;: . , (V.34)

————————

ma\; be calculated from constants Kz, K3, Kl&' and K5 on

the basis of formulas:

Ig Ko =1g Ky — 512 Kii
g Ky = -;— (g K,11g K\ (v.35)
Ig Kia = % g K;.

—— e =

The partial pressures of the products of combustion may be calculated as follows:

(v.36)
po:KlaVP—o.;
—_ {P}c
AL (v.37)
2 o

¢ ]

Co,

(v.38)

'pco’ = =p:c’_’pco.;

V4 {p}y —f)"
’ (v.39)

(v.40)

STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

The accuracy of pO value selection is checked by equation (v.28).
If nitrogen is present -- and if the system of equations is handled on the

basis of the method of po selection -~ the following equat:.ons must be added to the

five independent equilibrium eouations (V 30) to (V.}l&)

P -
1 - e ——— e

. p\'O — I<’| Ph — r.- ”'{;’

— =K. :
§ Vo, Voo, - ¥y, “‘ (RN

The partial pressures Nz, NO and N can be determined by the fomulas.

- e et b N _..-A.a.»_‘___‘-_‘.,__,_.a.w-—-————-——*

(V(K,J Po,+K ) 8{}1}\ (Kia 1 Po, 4 Ku)) .

P

N, T

Pey =K "" Vp\‘; .
I) "‘KHV,’\ )

t
i
1
1

~- -

Although this scheme is more cumbersome 'than the m'ecechng one, it permits us

to select immediate]y a value for p02 fairiy closely approaching to the final value

in the case where we have a considerable excess of oxygen. If, for instance, hydro-
carbon CnHm burns in excess oxygen with excess coefficient «(constituting the ratio

of the quantity of oxygen taken to stoichiometric oxygen), the reaction equation

might be written in the form ’

CuHm_}—a(u'*"_") _.:"-IICO +”' HO (2- 1) "+ ) (v"'}1) -

(withed1).
It follows that, had there been no dissociation, the partial pressure of oxygen

in the mixture of combustion products at temperature Te would have been

H 1 T. ! .
Py, = E_a TP T (v.42)

This value actually may be assumed as initial for calculations when there is a con-

siderable excess of oxygen.
Besides, D, proves to be considerably less sensitive to the changes in poz.

than to those of pHZ.

Section 2. Determination of Combustion Temperature and Maximum Pressure

of Explosion
We can visualize that the initial mixture may burn up at starting temperature

STAT
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Ti‘ Thereupon dissociation of combustion products takes place and exchange reac-

tions develop which lead the system to a composition corresponding to equilibrium

at combustion temperature T,, whereby part of the heat released in combustion is
being consumed. After this the mixture is heated to temperature T,. The correspond-
ing thermal-balance equation looks like equation (IvV.3). Moreover, the coefficient
« ;. determining the degree of the j-th reaction development, may be computed if the
equilibrium composition of the combustion products is known.

Yet, a separate consideration of physical heat and chemical energy is incon-
venient in computations. To consider simultaneously the entire energy, it is neces-

sary to stipulate the beginning of the scale for its recording. - -

(1) Selecting the origin of the scale for reading energy

For calculation of thermodynamic quantities, the zero level of the molecule of

a given substance is taken as the zero of enérgy level, The increment of intrinsic
energy or enthalpy is calculated for different temperatures in relafion to this
level. The experimental values of thermal effects of reactioﬁs permit us to compute
the difference between the zero-level energies of-different types of molecules, or,
in other words, the difference between the values of intrinsic energy of different
substances. The variation of the intrinsic energy of a system in the process of
reaction, extrapolated to absolute zero, is in essence the difference in chemical
energy reserves between the products of reaction and the initial substance.

As was shown previously, when n components formed by m chemical elements, are
present in the system, there are but n-m independent equations and n-m independent
heats of reactions accordingly. We can therefore, compose only n-m equations to
determirie the absolute values of the intrinsic energy or enthalpy of n substances,
Consequently, the values of imner energy or enthalpy of m components must be fixed
arbitrarily. The enthalpy of the m elements themselves is often set equal to zero
at the temperature of 298.16° K. Then the "absolute" enthalpy of any substance at

this temperature will be equal to the heat of formation of this substance from the

STAT
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element at constant pressure and the same temperature. But for our purposes it is
more convenient (16) to take for the beginning of the energy scale the energy at
absolute zero of the m most "exothermic" substances, i.e., the m-number of those com-
ponents whose formation from the other components of the given system proceeds with
liberation of heat and, consequent}y, toward.the formation of which a shift is to be
registered of chemical equilih;‘i;xm.":dur:'tix‘;é the cooling of the éas mix‘tur.e containing
an excess of oxygen. Owing to thi;"selection of the energy scaleh zero, the "abso-
lute" values of intrinsic ;nergies and enthalpies of all substances forming a given
' systen turn out to be not negative at any temperature.

By way of an example, we shall consider a system made up of carbon, hydrogen,
and oxygen. As we stated above, such a system at a high-temperature equilibrium is
composed of eight components. Pursuant to the adopted rule for the selection of the
energy scale zero, the intrinsic energy at 0° K (Ug = H?)) of gaseous water, carbon
dioxide, and oxygen will be set equal to zero. The inner energy c;.t‘ the remaining
five components at o° K is calculated on the basis of the thermal effect vqlues of
the five "independent" reactions* extrapolated to absolute zero.

The following will be considered as such** -

'
—

(1) COy < CO+45 05  AHZ=G66760;

i

@ HO2H++05 AHZ, =57,113;
(3) H,0 2 OH-Hy; AH = 63,000;

@ FH 2@ H: AHjp=51,241;

) 5032 O; AH, = 58,680.

N e o e G e e T -

* Namely the reactions whose gross equations are independent. The method of extra-
polation of the experimentally observed thermal effects to absolute zero is outlined
in Appendix I,

** We adopted the same values of thermal effects here as those on the basis of which
the tables of equilibrium constants and enthalpies were prepared; see Appendix IV.

| S
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. . l .
AHg = Hgeo +"‘ Hgyo,— Heo,

and since it was agreed that H002 = 0 and Hoco?_ =0,

Hico= AH°1 = 66,760.

N
AHp=Hg,+ 5’”00.‘—]'1;3,0.

pe—

and because

‘ L]
-Hog‘o-— s TO hcgl.—-.\Hog—57ll3

—t
—

We further have:

e S a st =

~ e — - am——

* L] L] l L] .
AH}s = Hyou—+ Hyu,— Honor

Hion= AH(s— Hys, = 34:444.
/

In a similar way we get:

e n Hg=AHp-}+ Hy,=T19,797; '

’ Hjo= AH}» = 58,680. L

. RN

While having the “absolute" enthalpy values of the components at 0° K at out dis-

posal, we may calculate their absolute enthalpies at any given temperature according
to formula:

| Q.

; HT—H.+<HT—H0) (V.43)

e e !

mantities HT Ho are calculated by the methods of statistical thermodynamics (see
Append.‘ix I). Tables of "absolute” molar enthalpies of certain substances composed
in this manner are to te found in Appendix IV.

The enthalpy of initial substances is calculated in a similar way from the same
gero. For enthalpy calculation of fuel we may use either the data on the heat of
combustion or the data on the heat of its formation from the elements. The values
of these quantities, as recorded in manuals, are as a rule related to 25° ¢

" (298.16° Kj with the heat of combustion being usually given in terms of liquid water

formation whose enthalpy may be computed in the following manner:

k3
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' 20
— . - Keal™"
HO(13q) < HO(gas)’ AR o ¢ Steaming = 10,520 “ 50

Whereupons

ey e O I e T

. Hgo a0 20 = Hogg 80 @ — AH? = 2—365“—‘ 10~5—20 =
298, u‘S’fBam __L
S ——g,55Ked /
T= : ' mole”

If we use this quantity and the data of Table 1 and Appendix IV, we can deter-

mine the enthalpy at temperature T of any fuel composed of elements C, H, O, and N

by solving equation (v.44) in relation to the enthalpy of the corresponding substance:

1

- meaine .- A

)/ * . - == -
) (—OHp)puel = SH 7y — D : (V. 1)

t

St -2 3

3

Here ¥ - stoichiometric coefficients; index j refers to the initial substances

~f e \;

o
and index k refers to products of combustion, Values of (-BHP) comb, for hydro-

carbons may be found, for instance, in symposium (19).

Table 1

Enthalpy at
Substance 298.16° K

Carbon ({s-graphite) 94,220
Hydrogen, Ho (gas) 59,128
Oxygen, 02 (gas) 2,070
Nitrogen, N (gas) 2,072

Cargon dioxide, CO2 2,238
Water vapor, H20 2,365

For the calculation of the enthalpy of a substance according to the heat of its

formation from elements, use should be made of equation (V.llv5)

———

Hpcybst = Z verlre17t3H 2 orm, (v.45)

The values of H el for T= 298.16 K are recorded in Table 1. The enthalpy

v

of P-grapmte is calculated on the basis of its heat of combustion at 298.16° X
(20 ). The values of H298 16 = HO' used for the calculation of the data, and re-

corded in Table 1, are borrowed from the article by Wagman, Kilpatrick, et al. (58).

STAT
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The values of intrinsic energy may be computed from formula - RT.

T o
However, the use of the enthalpy table may be considered as quite sufficient.

(2) Energy-Balance Equation

Having selected the energy-scale zero point by arbitrarily fixing the intrinsic
energy values for a definite number of components, equal to the number of elements
forming the given system, we obtain, for the case of combustion at constant value,

an energy-balance equation of the type (compare with IV.3) of:

| Up pro&=Urinit. | _ (V.46)

where UTe prod is the-intrinsic energy of the mixture of combustion products at com-
bustion temperature Tg, UTiinit is the intrinsic energy of the initial mixture at
starting temperature Ti.' let it bte noted that UTi init includes the heat of combus-
tion of the initial mixture, while UTe prod includes the heat of the combustion
products heating to T, and the energies of dissociation reactions and endothermic
exchange reactions.

The inner energy of a definite quantity of a mixture of substances may be found
by several methods.

(a) Let us calculate the inner energy of G grams of mixture. We have:

~

~ - ——

Up=Zmlie S (V.47)

Up=N muHy— (A m)RT,
, S (v.48)

where U?rk and H;k - fMabgolute™ value of the molar intrinsic energy, or , respec-
tively, of the k-th substance enthalpy, my - number of the k-th substance moles in
"G grams of mixture (this quantity will from now on also be referred to as molar
concentrat;ion),z nm - total number of moles of all substances forming a given system
in G grams of mixture.

The molar composition of a given quantity of fuel mixture is calculated on the

basis of the following considerations. Let the mixture be composed of substances

STAT
k5
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11, Az. 13. coses An. Tt is necessary to determine their molar concentrations lli. ,

in G grams of mixture. We shall introduce designations: :

- n, , n eee I
A2 A3’ An - :
m".'-.-". m‘_!‘_‘.—a E_{ﬂ-—a u ':‘\
. my U omy TR my T ner - (V.49) L.

The magnitude of these ratlos may be easily computed from the initial condi='. -

tions. For example, if hydrocarbon CnHm is the fuel, then, at excess oxygen coef-

!

l ficient o , N |
. N . s SOOI :, N '

{

el ) B " (v.50)

2l
-
S
=

|

i

The number of such ratios is one unit smaller than the number of the unknown \
- |

!

molar concentrations. Besides, we have the condition:

(= e e e e o |

) R\ Mk ‘—‘ Mg m +efmy PJ“:G}I | 3 (¥.51)
‘ Wherej‘A1 ’ /‘Az' -/‘AB' .......}An - molecular weights of substances Aq, Az, 43,
T W ‘
) In solving (V.51) together with equatlons (V.49) recorded above, we obtain
e = r—
| Ma T e, Tig LT *a (v.52)

. b .
! : {
'

The molar concentrations of the remaining substances are computed from equations

(Vv.49).
(b) Let us now replace the molar concentrations in the formula for intrinsic

energy of mixture by partial pressures. We have:

¢ Z mk"'k - G i‘

It follows from equation (v. 14.7) that

‘‘‘‘‘ > m Uk ;
Up=6G-5—. : (v.53)
: myiy

-~ - ~———— - -

my
Since py =< P, where P is the pressure of the mixture of combustion products,
k =&m

we shall —- in order to pass on to partial pressure -- multiply the numerator and °
7

STAT
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the denominator of the right-hand side of equation (v.53) by Z-l—i—' Finally, this

yields - ’ g

Zk.PkU'.}-k ]
Urp=0C-t
ZP&P& (V-Sl")

Up=G=X

Do o (V.55)

) R

Inasmuch as /"k are expressed in n_xgis , G should be taken in grams. The UT
values will be expressed in the units of the same system as H‘?Ik, for example, in
Kcal
Keal, if HTk values are taken in === .

Below we shall often make our calculations per 1 kg of mixture (G = 1000).

(e) Det us now derive still another equation for the intrinsic energy of a
mixture of substances, which in a number of cases proves to be the most convenient.

Since

4
mk __P;T )

therefore

T L mkUTt——R—f -‘Pqu-&,

3

whence, for the inner energy of unit volume of mixture, we obtain:

e e ——— e =

1 °
Ur=37 ;Pkuf“- (V.57)

r

e e

b

- e e e

In view of the fact that it is not the increment of intrinsic energy from
‘r_’l_,—————'w,/‘—f—ﬂ—f
o° K to the given temperature, but rather the mcrement of enthalpy that is computed

q:lrectly in statistical calculations, it is more convenient to express U through

wabsolute® molar enthalpies. Thus, we have: .

Ur=pr Epk(H%x—RTn
. (v.58)
UT:-ETTZP‘HT*——P.

——— ...-.--.-... aer ~

where P Epk. The gas constant R and molar enthalpies must be expressed in the

47 STAT

De _ g ‘
classified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release

® 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

Keal Keal
units of the same system, for instance, in Zole deg. and ncle respectively. Then

the value of Up will be in {;atm . In order to express Up in 5%‘-]-‘

, the right-
nand side of equation (V.58) should be multiplied bty 24,2°1072,

For the calculation of the intrinsic energy of the initial mixture,. we shall
use mainly equations (V.58) and (V.48), while for computations of the intrinsic en=
ergy of the mixture of combustion products use will be made of expressions (V.58)
and (V.55).

The problem here is this: we must find the kind of temperature T at which
equation (V.46) can be satisfied.

Tt should not be forgotten that under the term of "combustion temperature® we
understand the maximum theoretical temperature of the combustion products and that,
in the case of burning at constant volume, this quantity is to a certain degree con-
ditional in view of what was sai& in Section 1, Chapter III (see also Section 2,
Chapter IX).

(3) Determination of Combustion Temperature and Maximum Explosion Pressure

Thus we obtain the following scheme for the calculation of combustion tempera-
ture Tq. For temperature T, which is supposedly close to T, we calculate the com-
position of equilibrium mixture of combustion products, as was described in Section
1, and its pressure P. From formula (v.58) we determine the inner energy UTprod.
of the unit volume of this mixture and compare it with the value of intrinsic en-
ergy U init. of the initial mixture, calculated on the basis of an analogous form-
ula. If UTprod.<:UTiinit-' the computation must be repeated for a higher tempera-
ture, and vice versa. UTDrod.Sh°“ld be calculated no less than three times, for
three temperature values with an interval of 200° ¢, in such a way as to assure
that Upipgt, will be located between the extreme values of UTprod.' Thereafter the
combustion temperature is determined graphically (see Figure 13) or by analytical
interpolation proceeding from the condition (V.U46).

Analytical interpolation may be best accomplished through the use of the

u8
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parabolic interpolating function.

Let Ugy Uy, U3 be the intrinsic energy values of a unit volume of equilibrium
mixture of the combustion products, corresponding to the equidistant (with intervals
AT) temperature values Ty, Tp, T3. Ue is the intrinsic energy of a unit volume of
this mixture at combustion temperature Te eq:al to the inner energy of a unit volume
of the initial mixture at temperature Ty, calculated by formula (V.58).

Let us prepare a table of differences for U and T according to the following

scheme;

U, AU
U, Tt
. v, AU,

e — -

AU,

where 4 Un =Upyq - Un - differences of the first order, or first differences,

A ZUn = AUn+1 - AU, - differences of the second order, or second differences, and

S0 On.

It is assumed that the dependence of the imner energy of the equilibrium mix-

ture of the combustion products on the temperature may be expressed by a polynomial

of the second degree of the type of

U—at bl o (v.59)

domer i s ey >

Coefficients a, b, and c¢ are determined from the following system of equations:

(l—-’l—le——“L‘Tf: U‘. }
a--bT,-cTe=U,, (V.60)
\ a —}-—bT:,—}-—cTi =U,.

b s - e e . -

In solving this system (while considering the equalities AT1 and ATZ). we obtain:

[l

B TR o (v.61)

e v e e o

v MU,

e e i e

- h_—)g} c"\(Tf) . (V.62)

\ - -\Tl ?
! Ca=U— bT, — T (v.63)

e g =
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Iet us note that

s AT

AU =U,—2U, Ui Y (V.64)

E(rh=2075% (V.65)

oy .

AMTH=Q@T,--ADAT. V. (V.66)

The value of combustion temperature Te may be found from equation

CapebT-eTi=U,
as per formula ¢ ¢

7o b VE—T@=U)
r‘_‘__,:,_._.—-——,_ % - -
e . (v.67)

The maximum explosion pressure may now be calculated on the basis of the known

combustion temperature T, also by means of graphic (Figure 13) or analytical interpo-

lation, while using one of the following four formulas 92 which we cut short with

the third terw:

1) Newtonian formula for forward interpolation:

/ SS=1 yp 1

P.=P +9.§P+ -

| vhere §= ‘g7

(2) Newtonian formula for back mterpolation:
syttt -
SE=1 yp,

" pP,=P,—sap,-22 1}
Ty—To

| vhere $= 57

(3) Gaussian formula for forward interpolation- -

L

[ - - 7
SIS 1) g B Pl !
P.=P, -T-e.w L ’A P, + e herd = TET 4 (v.70)

) Gaussian i‘ormula for back interpolation:

PR

P, _.P..—{ SAP, SADS yop, - wthereS = L 0. 71)

The ratio of the number of moles < me in the mixture of combustion products at

combustion temperature to the number of moles Sm; in the initial mixture is deter=-

mined by the laws of ideal gases
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a
'

T TP T (v.72)
. The number of moles in a unit volume of the initial mixture is caleulated according X

to formulas

. Zme=a

U |

Similarly:

E m,= RP'IG'. .

On the basis of combustion equation (see, for example (v.41), and also Section 2,

Chapter VII), it is easy to caleculate the number of moles Em of combustion products
i.n the assumption that there is no dissociation. Thereupon, it be:comes possible to
compute the value ofc e = gf—%’%—]——n— , which characterizes the growth of the num-

o ber of moles as a result of dissociation of combustion products at Tg, and the cor-

responding growth of pressure.

. Example 1. A mixture of methane with oxygen burns at constant volume in an en-
closed space; & = 0.8, initial pressure P3 = 1 atm, initial temperature Tj = 259C =
298.16° K. Calculate the maximum pressure of explosion.

We shall write dowm the equation for methane combustion

© e o b e e e e St

CH,-}-20, == CO,-{-2H,0. (v.73)

' Since« = 0.8, the ratio of the number of oxygen moles to the number of methane

moles in the initial mixture is not equal to two, but to 1.6. Hence:

SRS S |

1 1,6 .
A Pci, =35 atm  P,0,= 358 am . I

Let us now calculate the intrinsic energy of a unit volume of the initial mixture.

The heat of combustion of methane at 25°C (- O H398.16 )comb = 212.798 % (19). |

From equations (V.4%4) and (v.73) it follows that

o e claass

; AH'T‘,; st = Hpoo F-2H 000 — Hypon—2Hzos

STAT
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Whence, in using the data in Section .2, we obtain:

:ss.mcu. = 194,586 - Iéga:é

H :
i -

From formula (V.58) we shall find

u ;, e = 127,464 e:z.tm 2

Supposing the temperature of combustion is equal to 3,600 K, then according to

formilas (V.10), we shall have:

(Pla=4.6430; [ply=18,5758; lpl,=14,8603. |

- e

Let is be a;;uﬁed %ﬁathihe partial pressﬂfe of Hy in :;Qghstion products is
equal to 2 atm*.
The partial pressures of other components will be computed from formulas (V.21)
- (V.27). If ccmputations are made with a calculating machine, it is more conven=
ient to use the expanded working‘taﬁle (see Table 2). The results of calculations
-~ based on the assumption that pH2 = 2,0 =~ are recorded in the second column of

Table 2. Further, while making pHZ = 2.1, we complete a second series of computa-

tions. The next value of PH2 is computed on the basis of the first two in the as-
sumption that there is a linear relationship between pHZ and Dy. In the given case
this leads to satisfactory result; right away, since the first two values of pH2
were close to its true value. (In less fortunate cases, this process must be con-
tinued until condition (V.29) is fulfilled. FHowever an experienced calculator sel-
dom needs to repeat computations according to the scheme in Section {1 more than four
to five times,)

Assuming the values of partial pressures of the third approximation to be iden-

tical to the true values, we calculate P = 16.543 atn. On the basis of formula

(V.58) we find the value of the intrinsic energy of a unit volume of the mixture of

* For the determination of the order of magnitude of the varying partial pressure,
one could use the method of successive approximations (Chapter VIII, Section 1).

STAT
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combustion products*. We obtain:

- Jit - atm
Uprod. = 137.205 T a

Table 2

1st 2na 3rd
Approxi- | Approxi-| Approxi g‘i’s‘u% ¢
mation mation mation

2,0000 2,1000 2,0900 2,090

1,4142 1,4491 1,4457
1,0902 1,171 1,1145 1,115

- 13,258 13,2813
) M:@:-Q{,“’ 13:”’856 13,2587 3

— 0,4421 0,4314 0,4325
Kof V P, , |
{P}y— Pu— 2Py,

Pao= 2: (K,/HV Py) 5,5221 5,4531 5,4599

8 pog=Puo (G/V ) | 2243 2,3525 | 2,364

AY

5) PuolPs,
p=K, (Pu,_o/l?u,)

2,76105 2,5967 2,6124

0,4589 0,4316 0,4342

6) (PP 7,6234 6,7429 | 6,8246
H,0/ P1,

_Po=RaBuolPel g ugoo | 0,433 | 0,4386

7) Ks (P 0/ Py, I
B V.0
Poo=TFK, (Pu0/Pu,) ‘

0,3206 0,3015 0,3033

3,5165 3,5681 3,5632

,080
8) pco, = Peu*Ks (Pu,o/Pu), 1,1274 . 14,0758 1 7

9 PaptPontrot - | 15,4736 - | 14,8237 | 14,8573
+2po,+Pco+ 2Pco, =10 |
Dy=%0—{r} +0,3133 |- 0,0366 |- 0,0030

e e -

(* Footnote on bottom of mext page)
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Since U ro a> Uryinit. the same calculations should be made as for 3,400° XK. Cal-
cwlation results for three temperature values are to be found in Table Jee,
In carrying out an interpolation with the aid of formulas (V.61) - (V.67) we
find
To = 3,520.6° K.

Table 3
3400°K 3600°K 3800°K

4,3859 |- 46439 l, 902
17,5438 18,5758 19,608
14,0347 14,8603 15,686

14,659 16,363 18,351

(lit-atm)

t-atm)i1p,085 | 134,863 | 155453

Uprod

To calculate the maximum explosion pressure, use will be made of the Newtonian form-
ula for forward interpolation (v.68). This ylields
Pe = 15.65 atm.

(The same result could be obtained directly with the help of the parabolic function
of the (V.59) type. Graphic interpolation (Figure 13) also permits us to determine

Te and Pg with sufficient accuracy.)

* Tn calculating enthalpy and entropy and in a number of other cases, we encounter
expressions of the type of £ ajbj. Such addition of pair-by-pair products may be
most easily accomplished with the help of 2 computer in one single operation, with-
out copying each product separately. To do so, it is only necessary that inter-
mediate results not be cancelled. Then each successive product will be added to the
preceding one. If the product has a minus sign, the computer handle should be ro-
tated in the inverse direction ("megative multiplication"). To avoid any confusion
in the order of figures, it is expedient to take all the a; and also all the bj
values with the same number of decimals. .

+% Here -- as in other examples of methane-oxygen mixtures, with the exception of
example 7 -- we used the data from (7, 20, 58, 1), which differ somewhat from those
recorded in Appendix IV. Exemples 2, 4, 6, 7, 9, 10, 11, 12 and 13 were calculated
entirely on the basis of the tables contained in Appendix Iv.

STAT
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7500 5774

I— e

Figure 13. On the determination of combustion temperature
and maximum explosion pressure on the basis of
curves O(T) and P(T).

We shall now calculate the growth of the number of moles as a result of dis-

sociation. According to formula (V.72)

Ime _ 1395
_2”1‘_1,3206. o

X

Let us write down the equation _for methane combustion in oxygen with « = 0.8, while
assuming that the composition of the combustion products corresponds to equilibrium

of the system at low temperatures (see Section 2, Chapter VIiI):
- _’ - -

1

" CH 1,60, = €O, 1.2H,0 1-0,8H,.

e v e

It may be seen from this that

e
_—— H

7 _30
26

i e

=1,1538 *.
Consequently
Eme _ 1328 1140,
wm L1338
r =M __1=0,149.
mn .

Example 2. In a bomb with central ignition a burning mixture is characterized

by the following values of partial pressures: pjHp = 0.2015 atm, p30p = 0.1197 atm,

* Below, pp. 70-74%, formulas common for hydrocarbon CnHnmixtures with oxygen will
be derived for the calculation of Sm vmtr

== om0t
Sm; L™

55 STAT
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pllip0 = 0.0272 atm, pyfle= 0,542 atm, P = 0.8926 ata**. The initial temperature
of the starting mixture T; = 302. 80 K. Determine the theoretical value of the maxi-
mum pressure of explosion.

The calculation will be made for 1 kg of the initial mixture.

By linear interpolation according to the data in Table IV, Appendix IV, we get

Mo n ahmre et e = - etmaa s

H:uml* _59 168; Hmso,_-2 102;
Hw,,n.o__2 410 H_,,,..;ue = 1,504 #%%,

Upon subst:.tution of the determ:.ned values oi‘ m:LJ and HT 3 in equation (v. 55)

L

ve find: Upinsg, = 1,813.35 Kcal - -

From fornmla (V 11) we_ obt.ain

. - ———— - s

Py = @, ~+ 2jm0) T2 7 = 1,51057 - 10'3. T (V.74)

© T. . -3 {
Wio = (2P0, tPio) 7= 0-33045 (1077 Tt (v.75)

b=

Phje = Paie 77.‘ =1,79723-107*. T,. (v.76)

e s o o —_——————

'

The balance equations have the aspect

5= T T o . . v.77)
2:"11,«)‘*‘ 2py,+ Pout+ Py = Piw (v.7
/'u:o+2/’o,+ Pt ro =My . (v.78)

Y
I’“l' - lp’ﬂl:'

Pl e (v.79)
The partisl pressure of helium py, is determined right from equation (V.79).
For the determination of partial pressures of the remaining six components of the
mixture of combustion products Hy , H, Hy0, OE, G and Oy, 2 system of six equations
is composed: two balance equations, i.e., v.77) 'and (v.78), and four equilibrium

equations, i.e., (V.16), (v.17), (V.18), and (V.19). To solve this system, we shall
use formulas (v.21) - (V.25).

#* Asterisks denote pressures corrected for deviations from the ideal gas state (see
L] 7).
g** The enthalpy of helium and two other inert gases is equal to g RT.
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The results of calculation of the composition of the mixture of combustion

products for three temperatures, 2,600, 2,800, and 3,000° X are recorded in Table 4,

Table 4

Component

Partial Pressures

2600°K

2800°K

3000°K

Hy
H
Hy0
oH
0
02
He

0,04800
0,00904
1,83500
0,15243
0,00929
0,14615
L,67280

0,10900
0,02892
1,86241
0,25785
0,02266
0,16057
5,03224

0,20700
0,07657
1,81996
0,40121
0,05071
0,18544
5,39169

Do

- 0,00015

0,00120

+ 0,00144

P

6,87271

7,47365

8,13258

13 -—
Y ke
_ Kk

59,2884

63,8324

68,4350

Kecal

Ugprod ( g

)

1539,13

1799, 96

2136,70

For the same temperature values, using equation (V. 55), we calculate UTprod
and on the basis of formula (V.67) find T, = 2,808,9° X, Here, by way of interpo-
lation with the help of equation (V.70), we determine:

P, =7.502
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Chapter VI

.. COMPUTATION OF COMBUSTION PROCESSES AT CONSTANT PRESSURE --

DIRECT METHOD OF CALCULATION

Iet us assume that we have the composition of the initial mixture, its starting

temperature Ty, and the pressure P, at which combustion is taking place. The problem
is to calculate the equilibrium state of the system which is attained by it at con-
stant pressure, Let it be mentioned here that the rule for the determination of the
nuntber of unknown reaction equations and all ensuing consequences, considered in
Sections 1 and 2 of the preceding chapter, remain in force for this case.

The principles of the computation method reviewed here are outlined by A. P.

Vanichev in his monograph (2).

Section 1. Determination of the Composition of the Mixture

of Combustion Products at Given Temperaturs

(1) Equations of Material Balance

The equations of material balance -- expressed through molecular concentrations--
of the type of equations (V.1) - (V.2), naturally remain the same as in the case of
combustion at constant pressure, since they express the law of conservation of matter
in a closed system in which there are no nuclear transformations. Since in this case
the pressure which is applied to one gram-molecule does not remain unchanged in the
system in the process of transformation at constant temperature, we get -- in vassing
on from molecular concentrations to partial pressures -- more complicated balance
equations than for a system in which combustion develops at constant volume. For
example, in order to pass from molar concentrations of components to their partial

pressures in the left-hand part of the first of the three (V.2) equations, it is

P
necessary to multiply both parts of this equation by iﬁfl"' . We obtain:
. e

P, T
Pco,+l’co =M Sh, p
Pt SU — : ¢

o= -

58
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But the magnitude of Eme is unknown; the magnitude of ratio Zmelzmi‘ is also un-
known.

We therefore proceed as follows. We divide the second of the three (V.2) equa-
tions by the first:

2m“‘o+2mu’+ mo“-}-mu _ [ml"
‘ mco,+ Mco = Imlg (VI.1)

Upoa multiplication of the numerator and denominator of the left part of equation

Fo
(VI.1) by -—E—E‘:— we get:

2pyu o + 2Py, + Pon+ Py ___ [mly
Pco,t Pco = mle” (VI.Z)

-

In a similar manner we derives

Py 2pco, 2P0, Poo 4+ poutpo _ Imlo
Pco,+ Pco =Tmic" (VI.3)

/

The third balance equation is produced from the condition of pressure constancy:

| P 00.+pco+pu,o+Pﬁ,+Po,+f’ou+PH+po =P, ) (VI.L)
—_— o |

e eim e mpr———w— == S S S ememeeae

We introduce the designations:

- T .
=% e

- — e <
= e e e e o

After simple transformations, we obtain from equations (vI.2) and (VI.3), respec;

tively:

BRSSP

e et ———————— e

" , 2pu,0+2Py ~+Pou Py — %Pco,— ®Pco = 0. (VI.5)
p 11,0+2p0,+pou+1’o —(6—2)pgy, — O —Dpey = 0.

e (VI.6)

. e 3 - — o T W e -

Tt is the balance-equations (vI.k), (VI. 5).’and (VI.6) that we shall use hence-
forward for the calculation of equilibriunm in the system formed by carbon, hydrogen,
and oxygen.

Knowing the initial mixture composition, it is easy to calculate the values of

* The same difficulty 1is also encountered when, on leaving the balance equations
(v.1)-(V.3) unchanged, we replace partial pressures by molar concentrations in
expressions for equilibrium constant KP (21).

59
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a and b. For example, the left side of the equation for hydrocarbon CpH,. combustion
in oxygen has the form ‘

FUNPR Y PR

.o

“ CHp-a (n +%) 0,

i
l .
| a =-’%; b=2———a‘(nj%) . ) (v1.7)

‘ Everything we have said so far about the composition of balance equations in a
system i‘o;r;med by carbon, hydrogen, and oxygen illustrates in a sufficient measure
the general rule for the composition of such equations: if the number of elements is
equal to m, then out of m equations of material balance, expressed through molecular
concentrations, m-1 relationships may be composed. Moreover, the molecular concen=
trations of components are replaced by their partial pressures. The m-e balance
equation expresses the cc;nstancy condition of the system's total pressure which is

equal to the sum of partial pressures of its constituent components.

(2) Calculation of partial pressures of the Combustion Products

Balance equations for constant pressure -- such as (VI.4)=(VI.6) =-- include a
greater number of terms than balance equations for constant pressure as, for in-
stance, (V.12)-(V.14). Consequently, the solutions of the system of equations for
the determination of partial pressures of combustion products in this case turns out
to be more complicated. Generally speaking, various methods of approximaﬁe solution
may be applied here (see Chapter VIII). In this chapter we shall hnalyze the method
of selection of the value for one'of the unknown partial pressures by using the ex-
ample of an equilibrium system composed by carbon, hydrogen, and oxygen. We used
this example in Section 1, Chapter V, in application to a similar system at constant
pressure. If the partial pressure of hydrogen pHZ is selected as the arbitrarily
fixed quantity, then, in the given case, the task of solving an equation of an order
higher than the second becomes inevitable. We shall therefore, fix the value of

both for the case of excess of oxygen as well as for the case of its shortage.

.P02

STAT
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To serve as five independent equilibrium constants, we select those constants
which were used to construct the system of equations for the case of hydrocarbon
combustion in considerable oxygen excess at constant volume.

Thus the system of equations which must be solved to determine the partial pres-
sures of combustion products consists of equations (VI.%)-(VI.6) and (V.30)-(V.34).

If we arbitrarily fix the value of p02 and substitute the values of Poor pHZ'
Poy+ Pge 2nd Py from equations (V‘?O)-(V.%) in balance equations (VI.5 and VI.6),
we shall obtain a system of equations with two unknowns, i.e., szo and pCO s in

2
solving these equatmns by the ordinary method, we get:

(-—r—-y'r.t__.qu_)'

IS
t

pu,o

-

TJ \
+K1K.) (2—26) -—+(4 ~-a—20);

=K, (-0 —20) 1 Ky(d— 2y] L

..__.a—.._..

“ "—Km("T'“'—h”'I’ +|K1K10(1-1 "*b) i

T K 2—d)l5 KKy (1—b) ——; ¢
un m,‘i 1Ky ( ) 0) (VL.8b)

Vs =2apo,4-a (Kiy-2K) Vo, 4-aKipky. . (VI.8c)

Ks i
, g, == —==- o} .
‘ P Vre, Mo : (V1.9)

- —— =
} Pon= Ko V ro, V puo: (v1.10)
__ I\

(v1.11)

; o= = I\,._. } 7o (vI.12)

Pew. = 2Py 225, — Pon i Pu
0, — - ’
a (| K . (v1.13)
VP,

R e et

T pen= ,—lﬂ_ - Pro, ’ (VI.14)
(1N

—————

-

B s

—_—r ] r-—lqs

* For the solution to acquire a physical meaning, condition: Vpup-- %

must be fulfilted. The analysis, whose details will be omitted here, shows that
only that of the two values of 'y7p,, satisfies this condition in which a minus
sign stands in front of } 7%~ igs

o,
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The correctness of pozvalue selection is checked on the basis of equation (VI.%),
in a way similar to the one in the case of earlier partial pressure calculations for
combustion products at constant volume. In most cases it suffices to fulfill condi-

tion

|Dy| =1 Zpe—Pol 0001 Py,

(VI.15)

In the case of excess fuel, the quantity po2 becomes small as compared with partial
pressures of other components, while the difference Dp turns out to be quite sensi-

tive to changes of poz. Consequently, the accuracy requirements should be increased.

Section 2. Determination of Combustion Temperature and the Degree

of Expansion

1 Energy-Belance Equation.

By analogy with equation (V.46) we obtain for the case of combustion at con-

stant volume:
'

Hyp prod ,=H, init (VI.16)

The enthalpy of G grams of substance mixture may be determined by formulas:

-— H
i

HT’—_-%mkH;'k (VI.17)

(v1.18)

1 . I
which are perfectly similar to formulas (v.47) and (V.54) for intrinsic energy.

Equation (V.57) cannot be applied because, in consequence of expansion, the quantity
of substance per unit volume does not remain constant.

In the future we shall use formula (VI.17) for calculations of enthalpy of the
initial mixture and formula (VI.18) mainly for enthalpy calculations of the mixture
of combustion products.

(2) Determination of Combustion Temperature and the Degree

of Expansion
Combustion temperature may be determined from condition (VI.16) by way of
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intorl;olation in the same way as this was done in the case of combustion at constant
volume,

In order to determine the degree of expansion E, it is necessary to compute the
total number of moles (Eme) of combustion pi‘oducts in a definite amount of mixture

G which is adopted as a unit for calculation. We shall refer to

(7]
=g (vI.19
p=3 ) )

as apparent.molecular weight of the system. Since G = 2 Mk

my —_
P71 el e

P 3P =
) k

From formula (VI.19) it follows that

2m,=!%. (VI.21)

Since% p‘}“‘k results from enthalpy calculation of combustion products, there
‘is no difficulty in determining/; from formula (VI.20).

Knowing the values of /u. for three temperatures, and having determined combustion
temperature To, We can, on the basis of interpolation formulas (v.68)-(V.71), calcu=
late the apparent molecular weight/;e of the mixture of combustion'products at.Te. At
the same time, the number of moles of combustion products in G grams of mixture may
be found from formula, (VI.21). Knowing the number of moles of the initial substance
Sny in the same quantity of their mixture, we can calculate the ratio §:§ and
find from it also the degree of expansion

(vI.22)

1
The quantity (; e which characterizes the grdwth of the number of moles in conse-
quence of dissociation, and the corresponding volume increment may be calculated in
the same way as in the case of combustion at constant volume.

Example 3. A mixture of methane and oxygen burns at constant pressure Po =1

atm; o¢ = 0.8; initial temperature T; = 298.16° K. Calculate the combustion tempera-

STAT
63 .
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ture and the degree of expansion,

Wé have: m
- %16
Mo,

On the basis of formula (V.52), assuming G =1, 000, we get:

m o, = 14,8717 "-%5 .

Consequently, 0, == 23,7947 Bl .

According to formula (VI.17) we shall determine
Bp, init =
Further, on the basis of (VI.7) we find
a=U b= 3.2

These values are now introduced into equations (vi.8a)-(VI.8¢):

q_ls—(o41q+24k,)V0 ,,41(,;(‘%\- . (v1.8a*)

Dt T At el
- - = e T

. 5 .
r=2,8K P po,+(1.8K K — 1,2Kyy) ¢ —2.2K\ Ky, ¢ I’ﬂ.‘ \ «(VI.8b*)
| t m }

l L s=8po,+4 (Kig+2K)VPo4-4Kske: ' . (VI.8e*)

We shall first determine the state of the equilibrium mixture of combustion products
at 3,000° X, while assuming this temperature to be close to that of combustion. In
using formulas (VI.Ba')-(VI.Bc')‘according t0 the scheme contained in Section 1 of

this chapter, we determine the mixture composition. On the basis of formula (VI.18)

. e}

we calculate the enthalpy of the mixture of combustion products at 3,000" and obtain:
H3’ooopr0d = 2,870.9.

On comparing this quantity with the value of HTi init , V€ come to the conclusion

that the combustion temperature lies above 3,000° K, We then repeat the calculation
along the same pattern for 3,200 and 2,800° K and incorporate the results in Table 5.

After interpolation with the aid of formulas (V.61 )=(V.67), we find:

STAT
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Te = 3,023.7° K

Table 5

2800° X 3000° X 32000 K

/‘ 21,0902 19,8487 18,0891

Boroa (S25) | 239%0.6 2870,9 3582, 1

Since Po = { atm, /c =% pk /‘k; this quantity was calculated in computing the en-
thalpy of combustion products. Its values for three temperatures are recorded in
Table 5. In using the Gaussian formula for back interpolation (V.71), we obtain

S = 19.667%.
From this, according to formula (VI.21), we get

X Sm, =199 _ 50,8456
At the same time . * ™ 19,667

b m;=mcu,——m;u,= 38,6664,

Hence = .
’ ‘ l Le — 1,3150.
I it

On the basis of formula (VI.22), we calculate the degree of expansion:

E = 13,335
Let us now determine the growth of the number of moles owing tc dissbciation. Here,

Sm 30

Smg 26

as in Example 1, we have

=1,1538.

Hence,

1,3150
2 g l,l. O
11538 397

and(; e= 0.1397.

Tt should be noted here that, for purposes of comparison of the calculation re-
sults for constant volume and constant pressure, the initial mixture we took in

Examples 1 and 3 had the same composition for the same initial conditions (T.1 and Pi)'

65 STAT
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Example 4, A mixture of the same composition as in Example 2, i.e., whose com-

ponent molar concentrations in %—9 comprise:

g, = 29,1815;
my, = 17,3338;
maun== 3,9395;
gy, = 73,8192,
— e e =Y
burns at constant pressure Py = 2,674.25 mm Hg (3.51876 atm). The starting tempera-
ture of the mixture, T; = 484° K. Determine the combustion temperature.

By numerical interpolation on the basis of the data of Table IV, Appendix IV,

we find: e e . ——

. II;.U‘-"—‘- bU,‘l-jU; 1‘[;“0”_‘7 3,404; I'l;."‘o = 3,895; H.ull. - 2'403_I
' ¢ —_—— i

e e o= e eemw meeen - - o e e e R .

From formula (VI.17) we determine

Keal
By antt = 2:027.9 Tig

(the same value of HTi init would have been produced had we used a formula similar
to (VI.18).
The balance equations look something like this:

—

2Pup + 2Pt Pou o Imly
P +2pg,+ P +p0 " Imlg T @

Pite _ Mue b
Py +2pg, 4+ Pyy - Py T mly T

;I’k =P,

U T VU e —-

H ¢
i

! '

Computation formulas for partial pressures at given temperature are derived in
the same way as was done above for the system formed by carbon, hydrogen, and oxygen.
We fixed the value of po2 arbitrarily.

Further,

—r— YA}
Pyy= ( 27 ) .
K:

2K2 o )
=a—2——2% =—(0,28432--2 __),
4 V po, ( }/ Po,
— — K
r=(a—"1)KaoV p,— 4Kl = 0,71568K0 V' py — 52—
Py, Vpu,
s = 2ap,, -|-aK,,V p, = 3,43136p, - 1,71568p,,

. e e A

- e =
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The values of poy, Pyr Py,, Py Will be found according to formulas (VI.9)-(VI.12),

T Py = b(2po.+l'0+l)“’,,—}— Puy) = 2,04126 (2/’o,+l’u“!’/’u,o'%"l’uu)~'

——— - . - ps

Table 6

ist 2nd Final
Approximation | Approximation results

1 )

Py 0,077100 0,078950 0078997
Po 0,000790 0,00074%9 0,000799
Pio 0,971376 0,991599 0995185
Pon 0,0269-+ 0,027426 0027138
Pu 0,000402 0,000 105 0,000105
P 0,001306 0,001357 0,00135%
¥ :.’ g 3 P

Pio 2,354206 2,110165 2,111578

£ Pk 3,435124 3,516701 3,518760

Nox—Pa - - 0,083636 — 0,002039 0, (0000 _

The correctness of selection of p02 values is checked by conditionxk pk =P,
Partial pressure calculation for combustion products in this case is facilitated by

the existence of an almost linear relationship between their values corresponding to

the given values of p, and the respective values of S p, or = px - Pn. This allows
0, k k Pk = %0

the use of linear interpolation and extrapolation. A calculation of the composition
of the mixture of combustion products at 2,200° K (Table 6), whose final result is
produced by extrapolation, is given here as an jllustration. The fulfillment of
condition f Pk = Py with a preécision exceeding 10'1‘% P, bears witness to the high
accuracy of this extrapolation.

Table 7 contains the results of calculations of the composition and enthalpy of
the mixture of comtustion products at 2,200, 2,400, and 2,600° XK. By interpclation
from condition (VI.16), we find T, = 2,491° K.
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2400°K
Partial Pres

Component

i

4,00136 0,01364 0,03315
000040 00201 4,00779
0.99518 0,96820 09191
0097 1 0,05359 0,09147
V.08 0,00253 0,00668
0,07900 0,07632 0,07551
211158 210247 2,38475

PORSE .
SISV -

3,51876 351876 351876

- l
1681,14 11907,41 i2181,37
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Chapter VII

COMPUTATION OF COMBUSTION PROCESSES AT CONSTANT PRESSURE -~

APPROXIMATION METHOD OF CALCULATION (16)

The above discussions show us that the calculation of the composition of an
equilibrium mixture of gases presents the most laborious operation in computing the
processes of adiabatic combustion. Moreover, in the case of combustion at constant
pressure, it is more complex than in cases when changes occur at constant vclume.

It is so even for relatively simple system.-: formed by three chemical elements carbon,
hydrogen, and oxygen. For more complex systems, it often becomes impossible to
apply the method of partial-pressures-value selection for one of 1:,he products of
coabustion at constant pressure. If the combustion temperature is high, it is also
impossible to use the method of succéssive approximations shich is outlined in Sec-
tion %, Chapter VIIL. Meanwhile, the selection of partial-pressure values for more
than-one component is a highly cumbersome operation in a general case.

Very often a substantial simplification may be achieved through application of
the Zel'dovich - Polyarny method of approximation. This method makes possible the
application of the scheme of computation of partial pressures of combustion products
at constant volume to calculations for the case of constant pressures.

The temperature of combustion is determined as above (Chapter VI) by selection
of the system's enthalpy from the condition of constancy (VI.16). For the calcu-
lation of enthalpy for each given temperature value, use is made of the procedure --
widely utilized in the field of thermodynamics -- which consists of the arbitrary
selection of the method whereby the system is brought into the state of equilibrium.
Let us assume that this state may be attained in three stages. (1) First of all,
the system is brought into a state at which its composition and eathalpy correspond
to equilibrium at high pressure totally suppressing dissociation, and to the given

temperature T (this state is taken as the first approximation for calculations of

STAT
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the actual state of the system). (2) Thereafter, the pressure is reduced to Py,

whereupon the mixture is exposed to dissociatlon at constant volume and given ten-

perature T, until such time as that equilibrium state is reached which corresponds
to these conditions (second approximation). The equilibrium pressure of the systenm,
P', will thereby be greater than Py. (3) Finally, the mixture is reversibly and
jsothermically expanded until pressure is reduced to Py. In this process, dissocia~
tion will increase. The equilibrium state of the system at pressure P0 and the
given temperature T is precisely the state for which we must calculate the enthalpy
of combustion products.

For purposes of conparison of the Zel'dovich-Polyarny method with the direct
method of calculation, an analysis will be made of the three stages of calculations
corresponding to the adopted conditional mechanism. For this operation, we will use
a model system formed by carbon, hydrogen, and oxygen, although no obvious advantages
are to be derived from the application of the approximation methoC to this relatively

simple case.

Section 1. Calculation cf the State of Combustion Products in the Assumed

Absence of Dissociation

The first stage of computations consists in calculation of the final state which
the mixture of combustion products tends to attain when pressure is indefinitely in-
creased. In cases where it is impossible to develop jsomolecular reactions of the
water-vapor type in the system, the composition of the mixture of combustion products
at high pressure and any given temperature coincides with its equilibrium composition
at low temperatures. We shall therefore begin with an analysis of calculations per-

taining to the composition corresponding to the low temperatures.

(1) Calculztion of Composition Corresponding to low Temperatures

The equation of C,Hj hydrocarbon combustion in oxygen when = 1 looks like this:

Calim-! (""":)()-.a:'lcoz‘i'% H0. (Vi1.1)
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to the composition of an equilibe

de of this equation corresponds

The right-hand si
The molar concentrations

rium mixture of combustion products at low temperatures.

case will be designated by ntt,
nunber of moles of combustion P

for this
roducts to the number of moles

The ratio of the

of the jnitial substences is:
m

Ymt nty

Em 1+n+%'

(VII.2)

If o1, the products of combustion must contain excess oxygen:
my 04.(1_1)(:: +2 ) (VII.3)

CH -—z(n—-———)O ——uCO,—T— 5 L

The ratio of the number of moles of combustion products to the number of moles of

the jnitial substances is:
m , m
T+°("”"T)

— —————

4 Tmit
Ve
- =mi l+a(n T !':)

equilibrium “of water vauor

CO-;-H,0 == CO, +H,—~-.) 647 E_é.l. (VII.5)

At low temperatures the

is shlfted in the direction of €Oy and Hp
e carbon oxidation CO is greater th

formation (the heat of combustion of a

an that of Hy); therefore,

product of incomplet
ure of combustion products at equilibrium at a

at «<1, the composition of the mixt

low ignperature (telow 5000 K) will be determined by equatlons:

_C.H,‘-{- (n-.-—)o,_-nco -|—[a. _—vu—a)"lu 0-3-
(1 —2)(20-;-F ) Ha-

_.%"_<a<|
.n+—

- — e a— = o ——— PUSERESE S

_ (u—l— O -—l(’d -Dn—-a2- l(,(), i
+[2(l—a)n -—z—JC()- ~—H
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n

2n -

The ratio of the number of moles of combustion products to the number of moles
of the initial substances in both cases amounts to:

m
. n4—
. Lmit + 2

(VII.8)

i L l+a(n+-'-:-) '

i.e., 1t grows as o decreases *,

The fact that the products of incomplete hydrocarbon combustion, as a rule, con-
tain a considerable proportion of CO is to be attributed to the following cause, The.
equilibrium of water vapor, which at high temperatures shifts considerably in the
direction of CO and Hzo formation, is "inhibitedn during cooling of combustion pro-
ducts, so that the composition of the gases analyzed at low temperature does not
correspond to the state of true equilibrium,

The composition of combustion products may be computed on the basis of formula
(V.52) while determining the relationships between the molar concentrations of the
combustion products according to combustion equations (VII.1), (VII.3), (VII.6), and
(VII.7).

Another method may also be indicated which does not call for a preliminary con-
struction of combustion equations. On the basis of f9mulas (v11.7), computations are
made of a = .g:%% and b = %;% i (m)g 1is calculated from formula (V. 52) which in

this case has the form of:

< - - [R———

)
= G- Po-
e = oy (vIz.9)

e —— © e e - - - R

[mly=almle;  [m)y,=b[m..

* In proceeding from equation(VII.8) it is possible to draw certain preliminary con-
clusions regarding the position of the maximum on the curves, reflecting the depend-
ence of combustion temperature and the maxinum explosion pressure upon the composition
of the initial mixture in a sealed vessel.

STAT
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.

The composition of the initial mixture can be determined from formulas:

1 :
mem, =4 [ml; my, == % [m]y. (VII.10)

Inasmuch as the mixture of combustion products for all «¢'s is composed only of three
substances, between which no reactions whatever are taking place, it suffices to
have three balance equations for each of the three elements to calculate the compo-

sition of such a mixture. For &) 1:

My, = Im],
s Imly
Bo— 92

2l - iy 2m = I,

m

—— e — s - -

gk
o Imlo—2meo,—Mup

= s (VII.12)

mi, = Imlc, l
2mgf i = Imlo,

om gy~ 2mi = Imly.

Having determined m"c'gz from the equation of balance for oxygen, we obtain:

— - — -

My = mlg — 2meg : (VII.1k)

and further, from balance equation for p;{dio_genz

_Imly—2mgy

we have

N |
mH: = —2_ [m]“y
mrf;,-*— mZ{, = [m]c,

2m, ;,'-{— mis = [m],.
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Subtracting the third equation from the second, we obtain

mé&: [mlo_‘mlcn (VII.17)

and further:

1

me, = lmlc— ’"co, ' (VII.18)

- e -

Let it be mentioned here that this entire calculation is meaningful only when
applied to further discussions and computations; we shall therefore disregard the

formation of solid carbon after Boudoir's formula

DV - had “'

2CO z: Co, +c+39 356 Kcal (VII.19)

as a result of a process which progresses slowly at low temperatures -- as this is
common for most processes with new-phase formation -- and fails totally to conform

with equilibrium conditions at high te-;xperatures (avove 1,000 - 1,200° X)*.

(2) Calculation of the State of Combustion Products Corresponding to

High Pressures

In taking advantage of the fact that the equilibrium state of the system does
not depend on the method by which this state was achieved, let us assume that, fro
the beginning, the initial stage has reached equilibrium at the starting temperature,
say, of 25° C, so that its composition 335 determined by equations (VII.1), (VII.3),
(VII.6), or (VII.7). Thereafter, the mixture was heated to some definite tempera-
ture T. At the same time, only such reactions were developing in it which do not
lead to an increase of the number of moles. In a system formed by carbon, hydrogen,
and oxygen, such a reaction is the reaction of water vapor**. It will be readily.
seen from equation (VII.5) that this reaction can occur only if there is a shortage
of oxygen, i.e., when (1. If £ 1, the composition, which corresponds to high

pressures at any temperature, colncides with the composition corresponding to

* see footnote on page 35.

** Tf nitrogen is present, then, apart from the water-vapor reaction, we should also
take into account reaction Np + 0p & 2NO which, with rising temperatures, shifts
in the direction of NO formation.
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equilibrium at low temperatures (equation VII.3). When %<1, the mixture -- in
view of the progress of reaction (VII.5) -- is composed of four components: COp,
co, H0, and Hy. Tts composition is determined by three balance squations and the

equilibrium constant

-p 7}(- “m . . Mg
K, = Poos P _ Mcu,’ My (Since pv= Sm P).
Pen P meo - Mo -

where Ti - molar concentrations of combustion products in a system whose composition

corresponds to high pressures. We have a system of four equations:

———— . e e -

Meo,+ Mco = [m]c,
2my 0 2my, = [mi,

e e —
2meu,-{-mey-1-mi = [mlo,

(VII.20)

Mooy M, __ g
=3 = — 6.

Mgy * My

We introduce the designations:

(VII.21)

(VII.22)

(VII1.23)

- (VII.24)

(VII.25)

(V1I.26)

mco, = 1Ml — Mo, (VII.27)

e s =0

myo =1 —+-mco,

;11,.—:3——;00. (m'zg)

(v11.28)

If both roots of equation (VII.26) are positive, then the selection of the correct
root value is effected after substitution in equations (VII.27) to (VII.29).

The values of @ , and F\H may also be determined on the basis of
2

VR, &
co' Cop' Hp0

75
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the following considerations. From equation (VII.5) it follows that, if one proceeds

from the composition corresponding to the low temperatures, the loss in COZ’ as a

result of the reaction of water vapor, will be equal to the loss in H2' the growth of

2n .
C0,and the growth of H,0. Consequently, when — L2 L1
. opa
24
(migy,— mey) (myg — M)
Ko = — Pr —
mgy, (g —+ meg)

In making simple transformations we prod{zcé:

/ e .

(11— Kc) ;("0 - (m;'u,-'l—m.l’{.:—}— Kﬁmiyfo)ﬁm—}—m&'&mﬁf =0. '

After comparison of the coefficients of the last equation with expressions (VII.21)

to (VII.25) and (VII.13) to (VII.15), we arrive at the conclusion that

! - - — —

mpt-mi - Kmity =0, (VIL.31)

- -
——r————

VT T g e =t (VII.32)

moreover, in the above scheme,

V=M d=mp.
Finally we return to the very same scheme of computation. Besides, it is obvious
that this scheme includes the preliminary calculation of the composition correspond-

ing to the low temperatures.

When . .
n 2n
T S &K , h‘{ .
2n + “2“ 2n 1 9
- T+ -
(Mg, — M) (Mg, — Mya) = K;.
(mey+ mye) Mo

In solving this equation for EH o we obtain:
2

— hx ViB—aE (VII.3H)*

My = ——5g—— 1

1

— it ++ i
A= mm’—[— my’ Kgmg.

* See remarks in the text pertaining to equation (VII.26).
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An identical result would have been produced, had the system of equations (VII.20)

been solved for ﬁk o Furthermore,
2

;CO, = ”‘::3, —_ -ﬁ_!g,o- (viI. 35)

p— -4 —_— '
my, = My, — mu,o (VII.36)
‘mco = mco -+ My

P : (VIL.37)

Let it be noted that in the previously recorded scheme (Equations (VII.21) to

(VII.29)) at
S 2nm :
2"'*'—2— 2n+-2-

- ——— +r D gt .r
T Mege.  S=mytt-myl.

It is evident that Sm=Nm |and T

4

—Z-E—= Eﬂl ‘ VII. )
s (VIL.36)

The enthalpy of the mixture, whose composition corresponds to equilibrium at

high pressure, may be determined for the given temperature T on the basis of formula:

- ~ - - - 1

.,—,,w;(_lr—_' ;;;,,H:,: . (V1I.39)

Section 2. Calculation of the State of Combustion Products In Case

of Powerful Dissociation

In Section 1 we analyzed the first stage of computations of the state of com-
bustion products bty the approximation method. Here we shall consider the second and
the third stages.

The Second Stage. Let it be assumed that a mixture, composed of undissociated

combustion products and having a starting pressure PO’ is brought into equilibrium
state by means of dissociation of its components at constant volume and constant
temperature T. As we showed in Chapter V, the composition of a mixture formed by m
elements and n components is determined by m balance equations and n-m independent

equilibrium constants. For a system consisting of three elements -- C, H, and 0 =~
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s e s o

the material-balance equations Jook like this:
u o g L
om0t 2my, 1 e (VII.40)
my o 2o 2mo, -+ ”’83'*""’3""”‘60 =[mly

(211 quantities getermined during tre second stage of computations will be primed).
In order to pass from molar concentrations of the components on to their pai'tial

pressures, it is necessary to multiply beth parts of equations (VII.k0) by :—2% ,

where P! -- pressure of equilibrium mixture, S0’ == total number of moles in it.

But since dissociation occurs at constant tempera%:ure end constant volume -- that

volume which was occupied by the undissociated combustion products at pressure P 0"

———

P Po
s’ Em
Consequently, ’

e e | Am—S e

- P,
’ — 0
pco,"l" Poo= [’"lc?;'

’ U P
2p u,o+2p n,+p¢'m+l';( =[mly ’;’% . (VII.H)
Py

p;m—{r-?p&o'—{— Qp;,,-—{-pau-}—pg-{—péo ={m), ="-

i sm

when we introduce designations:

Py Py B Po ’
lm]cE—g:lP}'ci imly 5= = P ™oy = Plo (VII.42)
we obtain balance equations of the same type as eguations (v.12) to (v.14). Hence,
the composition of an equilitrium mixture may be calculated rollowing the scheme
recorded for the case of combustion at constant volume (Chapter V, S;action 1), This
actually constitutes the simplification introduced by 7eltdovich and Polyarny into
the calculation of combustiion processes at constant pressure.

Ffrom the preceding discussion, including the considerations contained in Section
{, Chapter V, 4t is clear that [p} & , {P}ﬁ , and {p}b , are those partial pressures
wnich the atomic components should have had, had the mixture of undissociated come

bustion products, taken at starting pressure PO' been dissociated at constant volume

and constant temperature to the level of atoms. Therefore, 25 before, We shall treat

STAT
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{p} é , {piﬁ » and {p}(’) as conditional partial pressures of atomic components. How-
ever, it should be noted, that in contrast with the quantities -similar to them, which
we have used during calculations of the composition of combustion products at con-
stant volume, and which can be determined by equations (V.10), the quantities that
can be determined by equations (VII.42) will be the same for all temperatures for
which computation is made, since we postulate that at all temperatures the mixture
of undissociated products has the pressure Po.

The quantity EE =zm++ is calculated either on the basis of composition de-
termined in the st computation stage, or according to formulas(VII.2), (VII.b),
(VII.8) and the kmown value of Zmi.

It is advantageous to derive more general formulas for the calculation of {p} ’C'

(g ana fo} ¢ -

When«x:>

/1, while using equation (VII.3), we obtain

meh = (mlg, (VII.L3)

; m
m;:o = -2_’; [mlcl

ooz (VII.u4)

(VII.45)

In summing up, we find

(compare with(VII.4))

Further, from formulas (VI.7), we get

[m]y = % {m]g (VII.&7)

2a (n -+ -?)
—Imlg (VII.48)

im}, =

Substituting equations (VII.46), (VII.47), (VII.48) in formulas (VII.42) we obtain:

o= ——T—— (VII.49)
. +

STAT
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(VII.50)

(VII.51)

For 0661 we get in the same manner

. ntg
Smt=Fn=—im, . (VII.52)

(compare with (VII.8)).
Substituting equations (VII.52), (VII.47) and (VII.48) into formulas (VII.42) we

have:

(VI1.53)

(VII.5)

(VII.55)

Thus, if gt o<>1 all three quantities --{p}é , {p};i , and {p}(') : -~ depend on & ,

then at o(< 1 only {p}(’) depends on £ and it changes in direct proportion to &« ,

This should be borne in mind when calculation is made for a number of different ini-
tial mixture compositions in the face of oxygen shortage*,
The composition, determined from equations (VII.41) and the corresponding five

_equilibrium constants, corresponds to pressure P* > Po. Cn the basis of the known

* Although the calculations reviewed so far in this chapter are simple enough, we
nevertheless record a large number of ready formulas which will facilitate the check-
ing of the accuracy of the calculated results at ihis initial stage of computations.
This is important since on these results depends the correctness of further calcu-
lations. Besides, these formulas permit us to discern certain regularities, which
not only facilitate calculations but also enable us to predict certain results of
the complete computation of the state of combustion products.
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PS> Vot e (A S ] g :"'f ,._'._ . - r 2P
ﬁ%‘@«w""“‘“ U e '%“ ?ﬁ@?’a -

partial pressures p' it is nct difficult to calculate the enthalpy of the mixture.

H’,m};‘_—_— g it Hog. (VII.56)

At the same time Y S
pk—' k S'm",'—mk “a .

Consequently,

! s m -
. H;'prodF 7)?' ZP,,HTL'-
. k .

(VII.57)

The Third Stage. Let the mixture, whose composition and enthalpy were calcu-

lated in the course of the second stage, be permitted to expand reversibly and
isothermically to such an extent as to assure a reduction in pressure to P,., Dis-
sociation will grow thereby. But we shall not determine the change of composition.
Instead, we shall right away determine the change of enthalpy and volume of the mix-
ture with diminishing pressure from ¥' to P,. From the type of the equations of
equilibrium dissociation reactions, Zel'dovich and Polyarny were able to conclude
that the effects connected with dissociation -- for example, the increase of enthalpy
and the growth of volume -~ are proportional to a negative fractional power of pres-

gure, In conformity therewith we have:

where nH-a certain proper fraction.

We shall take a logarithm of (VII.58):

I (H o App=lgA—nglgP’.
Let us now assume that, with the drop of pressure from P' to Po, the composition of
the mixture initially did not change. We shall denote by V' that volume which the
composition mixture, calculated during the second stage, would have had at pressure
PO' and by V the volume of this mixture at pressure P', which is equal to the volume

of the undissociated products at pressure Po. In conformity with the law of ideal
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gases we have:

. et en . bae s

—_‘_’=- P’—Po =§m’—2;¢'_.c,
P, m

(V1I.59)

where t ¥ a quantity which characterizes the effect of dissociation on the volume if

the pressure is constant, or on pressure if the vclume is constant..

In.a way similar to (VII.58), we write - .

:, — P'—.:- (VII. 60)

Taking the logarithm, we obtain’

P gU=IgB—migP. .. . (VII.61)

1

In setting a number of values for initial pressure P0

3 ] ’ 5 U -
of them the mixture composition, pressure P', enthalpy Hpro d’ difference Hpro d

: [ ]
prod ~ Hprod) and 1¢ §

versus 1g P* (see Figure 14)*, It appears that these curves are very close to

, we shall calculate for each
Eprod' and the quantity C . We construct the curves of 1lg (H'

straight lines, which fact evidences the constancy of n and ng over a wide range of

H
pressures. This permits us to write the following:

N Alg (Hored—Hprod) |+ ' (V11.62)
ny~>— AlgP’ =1

e A — “,l v, i . | (VII.63)

Exponents n_ and ng may now be calculated in the following manner. After we

H
have picked three random values for initial pressure Po -~ of which one coincides

with the given value, while of the remaining two, one is greater (say, double), and
the other is smaller (say, by half) than the given value -- we calculate the com-
position, pressure P', enthalpy Hz')rod' difference an'o a- Hpro g @nd the quentity &,

which correspond to these three values of initial pressure, as well as lg P',

-H ), and lgt '. Then, on the basis of formulas (VII.62) and (VII.63)
rod prod

we determine the average values of n, and n & for the interval between the highest

1g (H!
g(p

2nd lowest values of P'.,

* The curves in Figure 1l are plotted on the basis of th: data in Example 5 (see
below).

8 STAT
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3w =@ 0 +G0 010 G0
yr—=

Figure 14. Curve of 1lg (H'-H) and lg €', versus 1g P'.

To deten;ine Hprod of the equilibrium mixture of combustion vroducts at pressure
PO' we shall proceed as follows. In conformity with the assumptions made earlier
and in view of the constancy of ny over a wide range of pressures, we have:

, Hproa— Horoa= AP,™"E,
H'pnod'— T’,oro.-£= AP ""m,

We shall divide one of these eduations by the other:

“"-'}_l;:ot.—ﬁ ‘E= i‘;)-m

Hence,

" |
Y Hprod=Tlpvaict(Hpros— Bprod (7)™ (VII.64)

Having determined Epro 4 in the first stage of calculations and H;aro d in the second

stage, and having found the value of ny, We can now, on the basis of formula (VII.GE4),

determine the enthalpy Hprod of the mixture of combustion products at pressure Po.
The values of ﬁpro q’ H;'w od? and Hprod should be calculated for no less than

three temperatures, so as to assure that HTi prod, calculated as formerly according

to formula (VI.17), will be located between the extreme values of Hpr Thereafter,

od’

Hyp proa= Hop i
T.pm& T‘lnlt

It must be mentioned here that the exponent ny (like n ¢ ) may be determined only
once, since its values, calculated for different temperatures over a range from 200-

4009, gdiffer little one from another.

STAT |
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The expansio;x degree may be determined in the following manner. By a methed,

perfectly analogous to that of the derivation of formula (VII.64), we produce

t= ﬁ(%)"‘ . (VIL.65)

Calculating & * from formula
(V11.66)

.and €, from formula (VII.65) for those temperatures for which Hpro g is to be calcu-
lated, and knowing combustion temperature T,, we find on the basis of one of the
interpolation formulas (V.68) to (V.71), the value of &, i.e., that relative incre-
ment of volume, equal to the relative growth of the number of moles, which is caused
by dissociation that brings the system into equilibrium state at given pressure Po

and temperature of combustion Ta?

o o o —

- V—i;_}]m,—});_ Sm, 1
o — — —_ -— —_— T 1.

Hence, ) v m 'm

Zm=0+)Zm (VIL.67)

The degree of expansion may now bte calculated with the help of formula (VI,22),
Example 5, Solve the problem formulated in Example 3 (page 63) by the
Zelt'dovich-Polyarny approximation method.

On the basis of formulas (VII.9) we find

— USSP U S
. - 2 e ~ d
- RS

Iae e - . - -
-
On the basis of formula (VII.10) o
— 14.8717 _ mole
m‘cu.—14.871.7. m‘o,—_23,.7947 e 1

~——

and from formula (VI.17)

Kcal
HTi init = 2,943,1 Tg-

First stage. From formulas (VII.13), (VII.14), and (VII.15) we find:

mes = 14,8717;  myl, = 17,8459; mg=11,8974‘2§2}g£ :
By summation we get _—

3 mtt = D m = 44,6150 ’3';(—3&5 T

Further calculations will be made for the temperature of 3,200° K. With the help of
formulas (VIL.31), (VII.32), (VII.26) to (VII.29), we find the mixture composition
STAT
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of combustion products valid for high pressure.

| —

\‘ 1=29,2229; &= 176,9346.

Mg, = 7,8937,

My, = M — mg, = 6,9780,
My o = my,—~mg, = 25,7396,

my = miF —mg, = 4,0037.

According to formula (VII.39):

= - Kecal
Bprod = 2,262,3 kg

Second stage. From formulas (VII 1&2) we calculate-

(P}, =0,33333; (), =1,33333; [p}] = 1,06667 "atm.

By the method of selection of the vaiue of ph , according to the scheme in Section' 1,
Hp

éhapter V (equations (V.21) to (V.28)), we calculate the partial pressures of com-

bustion products in the assumption that dissociation takes place at constant volunme,

i.e., that volume which the undissociated combustion products would have occupied at
pressure Po.
On the basis of formula (VII.57) we find the enthalpy H}prod of the mixture of

the calculated composition at 3.2oo° K:

Ssoprog= 3468,7

Kcal
Kg

Third stage. In the assumption that ng = i, we calculate, on the basis of for-

mula (VII.64): _ .

Hw,.“_ 2262,3-}-(3468,7 — 2262,3) |/ 1,2188 = 3594,1 F;{‘; .

On comparing this value of H L rod with the value of HTiprod » we arrive at the con-

clusion that the combustion temperature is below 3,2000 K,
In repeating the calculation for 3,000° K on the same assumption that ny = 3, we
find: e e .

Keal.
Hmned-— 287‘1 J7 Ke

|

After comparison of H3 200prod and H

3, oooprod with H Ty init® We conclude that the

85
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temperature of combustion lies between 3,000° and 3,200° X, though closer to 3,000°

.
P i i i

K.

We shall now define the value of exponent ny with greater precision, and deter-

mine Ng. For this purpose we calculate the composition, P, H;'n'od and &' at 3,000°
K for two mofe values of initial pressure Po: 0.5 atm and 2 atm.

The calculation results for all the three values of P, are incorporated in
.Table 8,

Py

P’
:I

H?

H —H=H' — 2262,3

[
i

Further calculation is made according to formulas (VII.62) and (VII.63) for two )
intervals: (1) between Py = 0.5 atm and P = 1 atm, (2) between P, =1 atm and

Po = 2 atm -~ and the average result is taken thereof. The process of computation
is clear from Table 9.

[ Table 9

v

Alg P’ |ig(H'— H) [Alg(H'—H) Alg¥ | ng| n;

2,97107
0,28312 —0,13836 —0,142460,489/0,503
2,83271
028717 —0,14646 —0,14835
2,68625 _

Finally we obtaln:

3 U PN I oy

ng= 0,500; n,=10,510.

~

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

It should be noted that exponent ng, .calculated for 3,200° K, amounts to 0.459.
This value refers to enthalpy H 3, 200PTod = 3,583.4, which differs only negligibly
from }13' 200Prod corresponding to n, = 1. Therefore, for the whole temperature range
under consideration (2.800-3,2006 X), g may be assumed equal to its value for the
temperature which most closely approaches combustion temperature, i.e., a value equal
to 4. Since this value of ny does not differ from the one we adopted earlier, we do
not recalculate enthalpy Hprod for 3,000 and 3,200° K. Exponent n, may also be as-
sumed to be equal to i- without a substantial error.

We now calculate -}iprod' H}')rod' Byrod for 2,800° K, The computation result, to-
gether with the results of calculations for two other temperatures, is to be found
in Table 10,

Table 10

Calculation | gepnerature 3000°K 3200°K
Stage

7,8031 | -
7,0686
25,6490
4,0913

2151,2

1,1217
2831,5

2871,7
0,1289

By interpolation from condition H;reprod = HTiinit we find

T, = 3,022,8° K

Let us now compute the degree of expansion. For this purpose we shall determine § '
¥

according to formula (VIT.66) and € according to formula (VII.65) for all three

87
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temperatures. By means of the Gaussian interpolation formula (V.71) we find:

—0,1306; 2o — 1,136,

G =0,1396; =*=1,

Further: )
Im 30 __

Sm, ; .
—= —=1,1396 - 1,1538 = 1,3149.
3 1,139

Finally, according to formula (VI;:22), 3

R s —— ——

-

E =13,33
Let .us compare the results of this problem's solution by the direct and the approxi-

mation methods. For this purpose we shall incorporate them in Table 11.

Table 11

Approximate
Characteristic Method

| sum28°K
' 13,330
0139%

=

From this comparison it appears that both methods produce practically coincid-

ing results.
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Chapter VIII

ON THE METHEODS OF COMPOSITION CALCULATION FOR MIXTURES
OF COMBUSTION PRODUCTS

In our earlier computations of the composition of a mixture of combustion prod-
ucts, we used the method of the selection of values for the partial pressure of one
of the components. This method is relatively simple but it cannot always be applied.
This chapter will deal with other methods of computation.

Section 1.' Method of Successive Approximations in Case of Weak
Dissociation

If the contents of certain components in a mixture are small compared to the
contents of other substances -- a case characteristic for weak dissociation -~ then
the mixture composition is usually determined in the following manner.

Let the mixture formed by m elements consist of n components. By methods pre-
viously outlined, we campose n equations for the determination of their partial
pressures., Further, in the first approximation we set the values of those 4 partial
pressures equal to zero, which under given conditions are small in comparison to the
partial pressures of other components. To determine the remaining n - ¢ partial
pressures, we use the balance equations which are always linéar. In those cases
when n -'€>m. we use balance equations composed of those partial pressures which are
not e_qual to zero. In the sécond approximation, tke determined values of n-¥ partial
pressures are introduced into th;e unutilized € equations and determine the values of
the ¢ partial pressures which in the first approximation were assumed to be equal to
gzero. These values are then introduced into the n-{¥ equations, which were used in
the first approximation, and the new values of the remaining n-Z partial pressures
are thus defined. In the third and subsequent approximations, we proceed in a simi- -

lar way, continuing the calculations until we attain, with set precision,a colnci-

STAT

89

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified i - iti
ified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R0040002200
- : - 11-7

dence of the values of partial pressures in two successive approximations.

In the first apprﬁximation, one should not equate to zero the partial pressures
of those components whose concentration in the mixture is considerable. This would
lead to a divergent sequence of values of the partial pressures to be determined.

Tn those cases when the nunmber of partial pressures, which may not be equated to
zero in the first approximation, considerably exceeds the pumber of balance equa-
tions, the method of successive approximations usuzlly fails to Jead to an Easily
solvable system of equations and may be used under definite conditions only in con-
junction with other methods.

Example 6. A mixture is exploded in a spherical vessel with central ignition.
The composition of this mixture is characterized by the following values of its
components'’ partial pressures: piﬂz = 2,693 atm; pioz = 0,285 atm; p; HZO = 0.022
atm; p{ = 3,000 atm. Initial temperature Ti = 2919 X. Determine the theoretical
value of the maximum explosion pressure.

According to formulas (V.74) and (v.75), we find (p)H = 18.6598’10'3T; {;# 0=
2,03&36°10'3T. To determine the six unknown partial pressures -- PHZO’ sz, poz'
Pour Po* and Py == we set up a systemnpomposed of two balance equations (v.77) and
(v.78) and four equilitrium equations (V.16) to (V.19). Since a considerable excess
of hydrogen was taken, we shall first postulate that the mixture of combustion prod-
ucts is composed only of water vapor and hydrogen. From the balance equations we

obtain.in -this case: e _—.__~__~——E;3————m
pii.():{p}O' p;t,=—§_n'_l/g'o-

Substituting the determined values of p; 0 and p! into equations (v.16) to (V.19),
2

H

we find the seccnd approximation for partial pressures of the remaining components,

p; . pSH . pg , and ps . Introducing these into the balance eguation, we find
2

Pﬁzo, and pﬁz +, The third approximation, determined in a similar manner for 2,400°

K yields results which practically coincide with those obtained in the second approxi-

mation (see Table 12). For partial pressures at 2,200 and 2,0000K, it is all the

!
;
i
i
!
i * Indexes ', ™» (n-1), and (n) refer to the first, second, (n-1)th, and n-th
\ approximations, respectively.

ﬁ
\,

Sy
b o«
e = - po

STAT
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more sufficient to calculate the second approximation, and this makes the operation
both very simple and rapid.

Table 12

First Second Third
Approximation Approximation Approximation

* ’ N H L

. . V=" ' ‘o720 00719

=KV ri,
—_— 0,0075

A= K (P5YV A7) ;
P =Ky (PlE5Y P .
£ =Ka (A5 P70
Fh = 1Yo — POY— P50 — 206

1 (n)
P = Kptu— AP — POR— 2P0
1 ] .

J R

Making further calculations according to the scheme from Chapter V, we obtain:
lit-atm
IIT1 init = 273.M15 =g
and by graphic interpolation on the basis of data from Table 13, we find

Te = 2,236° Ky Py = 20,88 atm.

Table 13
2,000° X | 2,200° K 2,400° K

Components Partial Pressures

)

. \
) 174771
e 00719
44736 48749
0,0020 0,0075

.

1

o 205! 224314’

272,168 219,580

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

Example 7. Calculate the composition of combustion products of a methane-

oxygen mixture at constant volume, if « = 6, P; =1atm, Ty = 298.16° K, in the
sumption that T, = 2,400° K.

According to the combustion reaction of methane we have

Mo _ e o1,
e

)

1
At the same time pio +Pp CH.u. = 1 atm, hence.

. 1 12 N
, pici, =7z ame, Ppio, =13 atm
By formulas (V.10) we 'obtains o '

-1

— P

{p,c_061918 [p},,._247o72 {p,o=1486032 atm

As before, we shall assume that in the state of equilibrium the mixture of combus-
tion products of methane-oxygen composition consists of eight components. We.shall
make our calculation with precision up to the fifth decimal until coincidence cf
partial pressure values in two successive approximations is achieved up to the
fourth decimal. *

In the first approximation we assum.e the values of pl‘12 , pl'{ , p(')H p', and p&o
to be equal to zero. To determine the remaining three unknowns, we will use balance
equations (V.12) to (V.14). The result is:

. Poo,= (P )c=0,61918;
[ Pio =5 {pjn=123836;
p6.=%(lp}o-—2p'co,—p§.o)=6.19189

Tn the second approximation -- with the aid of five independent equilibrium

\ ] \ ] s s . Y
constants and the values of p002’ P H,0! p(') s determined in the first approximation --

we find:

=K, V_p—:); = 0,02275; . (VIIL.1)
" Pn‘ 0
o= Ky 2% — 0,00194;
Vpo, (VIII.2)
”n ‘/ Pu’o

=Ky ¢ = 0,00076;

A (VIIL.3)

* Tn calculations £ STAT
superflous, S tor pr actical purposes, such precision, as a rule, appears to be
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—_—
pon="KyoV puoV po. =0,18186; (VIIL.4)
4

Poo,
\ peo =K, L = 0,00560.
e o V Po, (VIIL.S5)

—~—

Further we have:

. .6
pco,= { P }Jc— pco=0,61358; (Vrre.6)

p;.0=._;_({plu—pgg——p§—2pﬁ.)=1,14511; . (VIII.7)
! po,= 5 ({ P Jo— Piio —Po— Pon— 2pCo, — PEo)==6,13892.

(VIII.8)

These values of p"  , p" _ , and p we shall now use to determine the partial

pressures of 0, H,, H, OH, and CO in the third approximation, and so on (see Table
14).

Table 14

v

=]

[}
o
-g

5

<)
rox
<

Approximetion

Fifth
Approximation

Approximation -

Third
Approximation

' Fourth

%
A
=

!

PP =KV P50 a 0,02265(0,02265(0,02265
P = Ky (A V 57D 0,00180(0,00180{0,00180
) Ky (T ,00076{0,00073{0,00073(0,00073
pgx =K VEOVIT 0,181860,17450]0,17481/0,17480
P = K (P V p8 D) 0 [0,0560/0,00557{0,00557/0,00557
P = (g} — P 0,619180,6135810,61361/0,61361(0,61361
’ ¢ ]
rifh= _;.({,}u — P — pIi — 2p{17)] 12383611, 14511{1,148951, L4879, 14879
1 . X
P =7 ((PYo— pifh — p§P—  16,19180(6,1389216,1407216,1406:4/6,14061
— P — 23, — A%
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In this manner, if efforts are made to assure that the divergence between two
successive approximations should not exceed unity in the fourth decimal, then in
Example 6 already the second approximation and here only the fourth approximation
will yield a satisfactory result, This is to be attributed to the fact that excess
H, suppresses H,0 di_ssqgiation‘ in both directions, whereas an excess of 0, suppresses

only in one direction.

Section 2. On the Method of the Selection of Values for Partial

Pressures of Combustion Products

Chapters V-VII contain examples of the application of the method pertaining to
the selection of values for one of the unknown partial pressures. Though the arbi-
trary fixing of value for partial pressure of one component appears to make it im-
possible to eliminate the need for dealing with an equation of an order higher than
the second, this goal n;ay very often be achieved by fixing partial pressure values
for two components. This method is complicated, yet in dealing with multi-component
systems in the face of strong dissociation, it still proves to be the least cumber-
some.

For example, let us consider the computation scheme pertaining to this method
for partial pressures of combustion products of, hydrocarbon in oXygen if the pres-
sure is constant. We have eight components and three elements. We form a system of

three balance equations (VI.4) to (VI.€) -and five independent equilibrium equations:

—— e

PV Po, _ g, PrVPou _ k.
Pco, ! Puo

PonV?g,__:K; L p—on Po_ k..
P10 * Vb, ¥ Vo, “

L aaihan 2 S Chal
s .

We fix the values of Py and p, arbitrarily. In this case the partial pressure
2 2

values of the rest of the components may be calculated following the scheme:

= P V—’t -
Puo=""p+ Pu=KeV Py’ :
2py,0 + Pou + 2Py, +Pu .
K '
a l+—_—_-
(1+72)

3
, Pu= Voa Pyt Pco, =
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— - K
Po==KuV Poj  Pgo= V—;%— * Peo, -

. I

It is convenient to vary the values of pH2 and poz alternately while using the

following equations for purposes of checking:

p&0+2po,+Pon+Po—(b— 2)170(,'—(0—— D pgo =0; (VI.6)
Pco, ~+PootPuo ~+Po,FPo+ Py, tPutPor=Po: (VI.b)

N TS
Comparing this scheme to the calculation scheme for the same system of equations as

recorded in Section 1, Chapter VI, we notice that the mathematical operat'ions are
being strongly reduced with each approximation. However, the number of approximations
increases sharply. It is expedient to pre-evaluate roughly, by one method or another,

the order of magnitude of those partial pressures which are to be varied.

Section 3. Method of Mixture Composition Computation on the Basis

of Partial-Press'ure Values of Its Components*

If the approximate partial-pressure values of components are known, the follow-

ing procedure may be envisaged for their precise determination. Using the method
described above, we shall construct a system of equations for the determination of
partial pressures. We shall then introduce therein the more precisely defined values
of the unknown partial pressures in the form of a sum of their approximate values

and corresponding corrections, py = p]" + Apk. If the squares and higher degrees

of corrections as well as their products are disregarded, the equations may be re-
duced to linear ones in relation to corrections A py. This system of linear equa-
tions mey be solved in the usual manner**,

Using this procedure, we may, for example, construct a computation scheme for

the composition of a mixture of combustion products at constant pressure in the

*The principle of this method is outlined by A. P. Vanichev in his monograph (2).

*»The method of equilibrium calculation described by Huff, Cordon, and Morrell (42)
is also based on the reduction of the problem to the solution of a system of linear
equations in relation to the corrections for the approximate values of unknown
quantities (partial pressures and temperature).

95
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following way. With the help of the method described in the preceding chapter, we
£ind a composition whose mixture would be in equilibrium if this could be achieved
by dissociation, at constant volume, of undissociated combustion products with
initial pressure equal to the set constant pressure at which combustion is taking
place. In this manner, we shall obtain the approximate values of the true parfial
pressures of combustion products at constant pressure. On the average they will,
evidently, be somewhat overrated, while the composition, 6n the whole, will corre=-
spond to a somewhat underrated degree of dissociation. Corrections for these ap-
proximate values may be found by the method outlined above.

We shall apply this method to determine the composition of combustion products
for mixtures of hydrocarbons with oxygen at constant pressure.

Let us construct a system of eight equations:

! PeoV Po, =K; (VII1.9)

Pco,

Ps,V Po, _ Kq

oro (VIII.10)

Pox 1'/7’;, =.Ks;
7Px,o (VIII.11)

(VIII1.12)

(VIII.13)

2Py, 2y, Pog P — 8P, — 3o = 0; (VIII.14)
" P20, PoutPo— (0 — D) Pog, ~ (0 —1) oo = 0; (VITI.15)

Pco.+lf co+Pa,0+Po,~Po—tPy,Pu—tPor =Py- (VIII.16)

The following designations will be introduced as corrections for the epproximate

values of partial pressures:

- -- NSRS —

’ APGU’Z—Z, Apo.z—x. Apn’():—v' Apo;—_-....t".
J Wge=—y, bpy=—m, Apg=—u, bdpg=--s.!

— I
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Substituting in equations (VIII.12) and (VIII.13) the expressions:
Py=py—s p,,;—n., w, py=py—t, po,=p{, —X,

and after extracting the square root from the differences p!

-wand p* - x, on
L) 02

the basis of binominal series, we obtain
pa—s=KY pu. Ky——=

_'t"'Kub po. /I

and since Po,

Pa=KV 7P,
Po= K,V

V'Z'

°“K°2yp (VIII.17)

t= Ky —=——.
12 2v‘po'

(VIII.18)

In thus expressing s by w and t by x, we can change over from a system of eight to

a system of six eguations.

After substitution expressn.ons in equation (VIII.9)

. pco, Pco,— 2
Poo="Pio—Y:
"~ Py, =Py, —x,
and upon extracting the square root from the difference pé - X on the basis of bi-

nominal. series, we obtain:

(;’co ‘)’)( ‘ 0,—

X
2V p'

] =K1;

7
Pco,— 2
X
Pco )' K

2 VPO. Veo,

PV —y Vo Pooy— Kz

Disregarding the term contalning the product of correctlons xy we finally get:

e - -

" Pl - x+2po -y—2K, Vpo z=2péo-p6’—2K1péo’Vl7;.- (VIII.19)

Equations /VIII.10) and (VIII.11) may be transf'omed in exactly the same way

Py, x+2p) - w—2K, VP, - v=20};, - Py, — 2’(:/’;[,0 l/p{,'- (VIII.20)
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Pon" w275, - u— —2K V”H. v=2pgy - /’u. Pnonx (VIII.21)

The balance equations may be transformed into the follow:mg expressions:
(2+ )w+2o+u—az—ay-— o ’
Vi
= 2y, + P2}, Pow — 8PGo, — 8P (vIiI.z2)
(2+ K"_,)x—]—v-{-u—(b.—mz-—(b—l)y:
2VP0, :
=20, Po Pl Pou— (6 — 2) peo,— (6 —1) Pl
K
(1 +2V )w+(1+ Yen )x+z+y+v+a—~- -
‘ —1’11 +/’u+f’o.+po +pg +f’co+l’u.o+pou - 0'

Thus we produce a system of six linear equations. Such a system may be solved in a

(VIII.23)

(VIII.24)

general form by means of determinants, but in practice it is more convenient to work
it out by the method of elimination, after substitution of the values of equilibrium
constants and the approximaie values of partial pressures.

Example 8., Determine the composition and enthalpy of a mixture of combustion
products for a methane-oxygen mixture at constant pressure Pp=1atm, £ = 0.8, and
T = 3,400° K,

On the basis of generalized formulas (VII.53) to (VII.55), we calculate*

{p)s=0,33333, (p);=1,33333, (p); =1,06667.

~

By method of selection of the pﬁ values following the scheme in Section 1, Chapter
2

V (equations (V.21) to (V.28)), we determine the partial pressures of combustion
products in the assumption of dissociation at constant volume, i.e., the volume
which would be occupied by undissociated combustion products at 1 atm pressure,

This yields:

r—— =

p,,’ = 0,1856, P}, =0,0949,
Py =0,2047, p"l.= 0,0562,
Ply.o = 0,2850, Pl == 0,2779,
Pog = 0,1873, Pgo, = 0,0555,

* The generalized formulas (VII.53) to (VII.55) help us avoid completely the first
calculation stage of the Zel'dovich-Polyarny method.

STAT
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Substituting these values together with the values of equilibrium constants in equa-
tions (VIII.19) to (VIII.24), we produce a system which may be conveniently written

in the form of a table of coefficients:

’

z y x o u
(H]—-0562 40,112 277 0 0
0 18,0185 0

..g-
-~
F-S

(@ o 40,112 —0,073
@] o 0 +0,187 —0244 -+0,370

4)|—12 —22 42846 +1 +1
‘ (5)] —4 —4 0 42552 42 +1
b (6) ] 1 +1 +1,846 1,552 41 +1

il
=

|ununuu

E

After dividing equation (1) by the coefficient for z, we have:
(1*)z = 0.19% - 0.493x = - 0,000203

We multiply (1') by -1.2 and subtract it from equation (4), then we multiply (1') by
-4 and subtract from (5). Finally, we subtract (1') from (6). In this manner we
get rid of z in all equations, except the first one. As a result of this, we obtain

a system of five equations with five unknown quantities

Yy X ’ w u
M 0 0185 40,112 073 . 0
%3'; 0 o 40,187 40,370
()| —2439  +2251 0 +1 0,002356
(5| —479%6  —1972 42,552 +1 0,002188
(601 +1199 42339 +1,552 0,347203 ‘

0,000085
—0,001090
00!

pounn

:
i

Thus, successively eliminating the unknowns one by one, we arrive at an equation

with a single unknown*:

7.560u 0.329373,

u 0.043568.

Now, successively proceeding from equation.(1'), from the end to the beginning,

find the remaining unknown quantities:

v 0.108227, x = 0.012533,
w = 0.049188, v 0.074782,
z = 0,021040.

* The operation may be greatly simplified through use of a calculating machine (22),
STAT
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Section 4. Ranges of Applicability of Different Computation

Methods

Certain typical methods for approximate calculation of the composition of com-
bustion products, permitting us to solve a large number of diverse problems, were
di;cussed above. The procedure by which these problems may be treated are of course
not restricted to those recorded in this book. Their number, as a matter of fact,
may be quite large¥*.

The most common is the method by which a system of equations may be reduced to
a single equation with one unknown quantity through successive elimination of all
the remaining unknown quantities. A system of linear equations, such as balance
equations, is therety reduced to an equation of the first degree. More complex
systems, consisting of several equilibrium equations, are usually brought to a high«
degree equation which may be solved by methods of approximation as described in

special manuals (see, for instance, Numerical Analysis by W. E. Milne). If such an

equation has several real positive roots, we select the one which, upon substitution

into the equation for the determination of the remaining unknown quantities, produces

positive real values for same. There can be only one such root in view of the
uniqueness of the state of chemical equilibrium (15).

However, not only the solution, but also the construction of such high-degree
equations constitutes a highly laborious operation. Consequently, this method of
mixture composition determination, as a rule, is impracticable regardless of its
universal applicability.

In making calculations, one should select the kind of method which assures the
required accuracy and at the same time proves to be the simplest. Since the deter-

mination of the mixture composition of combustion products is the most cumbersome

* See, for exanple, (2, 3, 6, 16, 21, 36, 42, 49). At the present time, high-speed
computers are more and more often being used for extensive computations.
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The s and t values are found from equations (VIII.17) and (VIII.18);

$=0,027151, ¢=0,010603.
These corrections are subtracted from the corresponding appro-ad.mate values of partial

pressures. The calculation results are recorded in Table 15, where they are compared ‘3:

with the results of the more accurate calculation method of P, value selection.
2 ;

Table 15

Results of Composition Results of Computation
calculation by approxi- by method of p02 value
mate partial-pressure

values selection

The determined partial-pressure values are used for the calculation of enthalpy
by formula (VI.18). Here is the result;

_ Keal
H3'4O0prod = b4k mole °

The direct method produces the value of 4, 521 ggfi . Let it be said here that
by way of an example we have selected a relatively unfavorable case, since the ap-
proximate values exceed the accurate values by 35% on the average. Nevertheless,
the final result is totally satisfactory, As a matter t;f fact, here we have still
another method of approxinmate computation of the state of combustion products at

constant pressure*,
* Repeated application of the method outlined herein, makes it possible to produce
the values of partial pressure with any desired precision.

' " CIA- - 4000220011-7
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operation in computations of combustion processes, it is obvious that the smaller is :

the number of mixture components to be calculated, the simpler is the computation. .
It is therefore thought useful to delineate tentatively the temperature boundaries
for the calculation of various reactions, mostly those of dissociation which augment
the number of mixture components. The progress of this or that reaction does not
depend only on temperature, but also upon pressure and the initial composition of
the mixture. Yet, temperature constitutes the principal factof. If the initial
composition of a mixture of hydrocarbons with oxygen or air is approaching stolchio-
metric composition, then, for pressures on the order of-1-25 atm, one may assume
that dissoclation below 1,600-1,800° K is insignificantiy small and only the reac-
tion of water vapor (at¢{<:1) should be calculated. At temperatures lower than
2,600-2,800° K dissociation of HZ' 02, NZ’ and the formation of NO, whenot—~1, de-
velop only to a negligible degrée (incidentally, N, dissociation may be disregarded
even at higher temperatures). The effect of the excess of one or another component
of the initial mixture upon dissociation of combustion products is determined by the
Le Chatelier rule,

When dissociation is weak, it is advisable to use the method of successive ap-
proximations, as outlined in Section 1 of this chapter; if dissociation is strong,
the method of selection of partial-pressure values of one of the components, or
other methods (Chapter VIII, Section 2, 3), should be used. For orientation purposes
it is useful to record theAcurves of the dependence of the composition of combustion
gases upon temperature. In figures 11 and 12 (pages 26 znd 27) curves are repre-
sented which show the dependence of the composition of pure gaseous CO2 and H20
upon tempé}ature at 1 atm pressure (36). The same curves are represented in Figure
15 for the products of octane combustion with air at « = 0.7, 1.0, 1.3 and 1 atm
pressure (16). In Figure 16, similar curves are reproduced for combustion products

of coal gas ate¢ = 1 and for different nitrogen contents (36)
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Figure 16. Equilibrium composition of the products of coal gas
combustion in ambient atmosphere, in air enriched
up to 60% by oxygen, and in pure oxygen (x=1)

(Fehling)

(1) Pure oxygen; (2) 60% oxygen;(3) air.
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Chapter IX

THERMODYNAMIC RESEARCH BY THE METHOD OF EXPLOSION

Section 1. General Principles

The comparison of the experimental data on maximum explosion pressure with the
results of theoretical computations enables us to draw a conclusion on the accuracy
of the data taken as a basis for the calculation; it also permits us to determine
individual unknown quantities. The explosion method used to be applied most fre-
quently in the past and is still used in the present (see, for instance, (59) to de-
termine the specific heats and the heats of dissociation of the products of combus-
tion, although the progress of statistical physics and experimental research in the
field of molecular structures has somewhat changed the character of this method's
application. At the same time this has given deeper insight into the nature of the
phenomena occuring during explosion in a sealed vessel and it has permitted us to
specify the conditions necessary for the application of the method of explosion; as
a result of this, a number of errors committed by reasearchers in the past can now
be successfully avoided.

It is a matter of primary importance to make sure that the postulates on which
the computation is based (see Chapter (IV) should sufficiently accurately correspond
to the actual progress of the process. The degree of this correspondence may be
esﬁablished by comparing the experimental and theoretical values of the maximum
pressure of explosion in conditions in which it is a priori possible to dis-
regard the effect of the uninown quantities (heat capacities, heats of dissociation)
upon the magnitude of the explosion pressure; the degree of correspondence may also
be established by means of analysis of indicator diagrams.

The composition of the initial mixture is determined by the problems facing the

resea}cher. At the same time due consideration should be ziven to the limits of

105
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ignitability and the rate of turning, which should neither be itoo high, nor too low.
When the explosions are highly intensive, pressure often cannot be determined from
the indicator diagram due to the ensuing irregular diaphragm vibrations. In order
to reduce the intensity of the explosion, the initial mixture is being diluted by
one of the principal substances (participating in the reaction) or by inert gases,
if it is_desired to maintain the ratio between the basic mixture components un-
changed. Since this reduces the upper limit of the temperature range over which the
thermodynamic properties of the combustion products may be determined, it is desir-
able that other methods for the prevention of irregular fiuctuations-of gas be de-
vised. Moreover, these new methods should not diminish the precision in the deter-
mination of the maximum explosion pressure due to increased heat losses, for ex-
ample, Certain steps have already been taken in this direction. In particular,
positive results were produced through replacement of oxygen as oxidizer by N0, the
decrease of initial pressure (63), and the reduction of the distance between the
ignition point and the walls of the explosion vessel,

In slow explosions, we can notice convection which leads to considerable heat

losses. Attempts were made to calculate these heat losses (30,37); however, no
sufficiently reliable method for their determination is available so far, HMoreover,
it has been demonstrated by experimental data that, in cases of low-velocity explo-
sions, the postulates -~ which form the basis for maximum explosion pressure calcu-
lations and the pertinent corrections for temperature gradient (see Section 2 of
this chapter) -- no longer correspond to the actual development of the process,
which in this case turns out to be irregular (37, 50). Thermodynamic investigations
by method of explosion should therefore be conducted in such conditions when the
explosion rate is sufficiently high to permit us to ignore the convection of com-
bustion products. An increase in combustion velocity may be achieved by adding
small quantities of substances which contribute to the formation of radicals assuring
the rapid progress of the chain reaction. Thus, for example, explosions of mixtures

of carbon monoxide with oxygen are accelerated by the addition of small quantities

STAT
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of hydrogen (37,63).

Apart from convection, other sources of heat losses referred to in Chapter III

should alsoc be taken into account. A rigorous centering of the spark-gap is impera-
tive. The explosion vessel should not be too small, lest it become difficult to
avoid a considerable eccentricity of the spark-gap (47). The surface of ignition
electrodes must be as small as possible (63). In certain mixtures -- for instance,
in mixtures of hydrogen with oxygen containing excess hydrogen -~ heat losses may
be reduced to nil through addition of a small proportion of water vapors. A rise in
starting pressure of the initial mixture also contributes to a reduction of heat
losses. )

A serious complication is constituted by the transcendence of the experimental
values of maximum explosion pressure over those obtained theoretlcally under the
postulates referred to above. For example, in the case of oxyacetylene mixture
with an excess of 05, this phenomenon attains a value of 5% (21). In view of the
fact that this phenomenon is little known and, at any rate, cannot be quantitatively
accounted for or regulated in any possible way, one should avoid making experiments
under conditions in which this phenomenon may occur, for example, in case of 0,
excess in oxyhydrogen, methane-oxygen, and oxyacetylene mixtures,

In the calculation of maximum explosion pressure in closed volume, recorded in
Chapter V, it was assumed that there is an éven distribution of temperature in com-
bustion products at the moment when the flame reaches the walls of the vessel. This
simplifying premise is fundamentally wrong, but in most cases it does not lead to

considerable errors. When these errors assume a substantial significance, a cor-

rection for the temperature gradient in combustion products should be introduced in-
C to thevvélue of maximum explosion pressure, The methods of computation of this cor-
rection will be discussed in the next section.
The initial mixture composition and other conditions of the experiment are

selected in conformity with the research objectives, If the aim is to determine a
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certain quantity, the experimental conditions must be such as to assure that the
proportion of the unknown quantity in the total heat contents of the mixture be
sufficiently large. For example, if the value of the thermal effect is to be found,
then efforts should be made to make the experiment in such a manner as to contribute
to the maximum development of the corrssponding process. For the héat—capacity de-
termination of one or another reaction product, it is necessary that its concentra-
tion at the moment of realization of itz maximum explosion préssure be 1arg;, while
the degree of its dissociation and the degree of reaction develgpment between this
and the other components of the mixture be small enough. These requirements will be
defined below in a more concrete form during the discussion of various examples of

thermodynamic research by the method of explosion.

Section 2. Calculation of the Haximum Explosion-Pressure Correction for

Irrecularity of Temperature Distribution in

Combustion Products

According to Lewis-Elbe's data, the presence of a temperature gradient reduces
the pressure in the system by 0.1-1.0% in comparison to that which would have been
registered in it had temperature distribution been uniform (47, 48). In the tests
conducted by Fenning and Whiffin, this quantity happened to reach 1.3%. This also
is approximately the order of the greatest deviation of the measured maximum explo-
sion-pressure values from the average.ﬁeasurement figures. Nevertheless, in a
number of cases, particularly during heat-capacity determiqations. the introduction
of a correction for the temperature gradient seems to be advisable. The following
considerations speak in favor of this recommendation. First of all, the error in
an average figure is smaller than the error in an individual measurement figure.
However, when the results of tests -- say, the experimental vazlues of heat capacity

of this or that combustion product -- are represented in the form of functions of

temperature, then these results are subjected to further averaging by the method of

least squares, for instance. At the same time, in consequence of the change of the
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quantitative composition of the initial mixture and the corresponding change of com-
bustion temperature, the magnitude of the correction for temperature gradient changes
considerably (37, 48) and this may substantially affect the shape of the experimental

curve. If this correction is not calculated, then -- according to Fenning and

whiffen -- absurd results may ensue in a number of cases. The specific heats of in-
ert gasesmight grow strongly with temperature, the thermal capacity of carbon monox-
jde might prove to be almost constant, and so on. The following fact also speaks in
favor of the conclusion that caleulation of the correction for the temperature gra-
dient is unquestionably helpful. The variation of this correction with the variation
of the combustion temperature constitutes a considerable percentage of the corre-
sponding growth or drop of the specific heat which occurs mostly at the expense of _
the vibrational component. Thus the introduction of this correction may’ prove to be

very important for a more precise definition of the data which form the basis for the

calculation of thermodynamic functions by statistical methods.

We shall compute the quantity Pe/Pegrad, i.e., the relationship of maximum ex-
plosion pressure -- which corresponds to uniform temperature distribution -- to the
pressure, which corresponds to its true distribution at the moment when the flame
contacts the walls of the bomb., Let us mentally gplit the gas enclosed within the
spherical vessel into a series of small concentric spherical layers, with the center
at the ignition point. In calculating the ratio Pe/P ograd it is assumed; (1) that
convection, as well as heat exchange, between the neighboring layers is insignifi-

cantly small; (2) that the growth of pressure in the bomb is proportional to the

mixture mass burned; (3) that the compression of the unit spherical layers up to
their combustion proceeds adiabatically; (4) that they burn practically at constant
pressure; {5) that subsequent compression of the spherical layers to maximum explo-
sion pressure,dzvelops adiabatically; and (6) that by the moment the flame reaches

the Halls-of the bomb, complete chemical equilibrium and equilibrium energy dis-

tribution according to the degrees of freedom are achieved in all the layers.

D s . _ g : -
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If « is the proportion of burned gas in relation to the initial mixture as a
whole and P is the pressure formed in the bomb by that time, then, according to
postulate (2):

P'=P‘;-I'-¢(P‘gnd—P()' ‘ . (IX.1)

i \
- - - ___,‘—._-—"——"

Although the approximative characfer of this relationship is obvious, a detailed
analysis (18,21) shows that its accuracy is totally acceptable. As to the other as- ‘
sumptions, their validity for cases of not overly slow burning is confirmed by the
fact that calculations made on the basis of these post.,ulates produce a temperature-
drop value of the same order of magnitude as those of the experimentally determined
temperature gradients.

Cn the basis of these assumptions, one may determine the state of the combus-
tion products in a number of elementary layers; now the ratio Pe/ Pograd 1is calcu-
1ated a2ccording to the thus determined temperature distribution, concentrations
(total number of moles), and specific intrinsic energy.

The computation of the state of combustion products in the elementary spherical
layer do at the boundary of the sphere, within which a proportion « of the gas mix-
ture is contained, is composed of three stages: (1) calculation of temperature T,
up to which the mixture 1s heated in consequence of adiabatic compression prior to
combustion, (2) calculation of temperature T, reached by the mixture as a result of
burning at constant pressure P (3) calculation of equilibrium temperature T,
corresponding to pressure Pegrad'

First stage. From the known thermodynamic equation

U e+ — — et e ey

D et |
TP 7 = const (x.2)

it follows that

lg T, =lg TP g,
{3 +

) - R (IX.3)

where P_ is determined from equation (IX.1), andxu is determined by the following
formula:

. Hu _ H{ — zmuHTuj— X m‘jHT{j
Tu — U"-—-U( szUT“f—szUT‘i

S s ey ey —r— T

(IX.4)

STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

(here, to simplify calculations, we use the average specific heats*). Hence,

fu—t _ _ R{Tu—To Emy

Tu EmH. T SmyH T‘j' (IX.47)

Equation (IX.3) may be worked out by trial-and-error method, which does not present

any difficulty, since the right-hand part of the equation depends relatively little

on T.

Second stage. The state of the combustion products of a mixture enclosed in

layer do¢ at constant pressure may be determined by the previously described direct
or approximate methods of calculation for P = const. However, a considerably
simpler and more accurate procedure is the following one (13), which is based on the
. Zel'dovich-Polyarny met};od of approximation outlined in Chapter VII. Let us suppose
that the first to burn at constant pressure is the layer do , whereby pressure P!
is being attained. Thereafter, reversible and isothermic compression or expansion
to pressure P« is assumed to occur. In accordance with this assumption, one should

first determine the state of all the combustion products of layer de¢ for constant

volume. The initial state of the layer immediately before the commencement of burn-
ing is the state which corresponds to T, calculated on the basis of equation (1X.3).

We have

- .
Py=PyT); (IX.5)
The material balance equations for the £-th element at initial temperatures Ty and

y respectively, are:

T -

{P}IT‘ ':-—-‘ (2 IJP‘J) .7_7_;

{ e T
'p: T, = (Z ij"j) 7o
J

u

<

* To attain a greater degree of accuracy in the first stage of the Pe/ Pograd com-
putation, this stage could be broken up into a series of substages in each of which
one could analyze the effect of the small increase of pressure as compared with
that of the preceding substage.
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where -Ej is the number of atoms of the £_th element in the j-th component of the

inpitial me. Substituting the value of p,; from equation (IX. 5) in oqﬁatiori
uj

(IX.7) and comparing 1 the ‘latter 'with (II.6). we ﬁnd RCAPRCES

PR Q- -

(p,xr -—-{Pum- § ' (1%.8)

e e

This detemines the followlng order of calculation. On the basis of the scheme o

recorded in Chapter V. we calculate the composn.t.lon of the mxture of combustion

products and 1’:.5 pressure P' for a series of temperatures T, "1ocated both above and

\ o

below Te whlch was determmed in ‘t.he assumpta.on that temperature dlstribut.ion is
uniform. In addit:.on to this for these T values we calculate enthalpy H* on the

basis of formila (VI.18), Sn* 2 ccord:.ng to formula*

o3 ‘. e ——
1 ‘.__..__._,—-— pa.

(compare with VI.21). 1 from equation (VII. 39), and &' by formuls

— et i T -~

.S P .4 ) .
: , U= s (1x.10)

(compare With VII. 59)L' .

For one o*‘ the temperatures, approximately in the middle of the interval in

question, we determine the same quantities for three values of Pi' for example, for
the given value, for half that value, and for ‘one-quarter that value. The average
values of nyg 2nd ng can be found from formulas (VII.62) and (VII.63).

Further, on the basis of a formula similar 1o (VII.64), we calculate for each

d« layer the enthalpy of combustion products at constant pressure, Hb’ for three

temperatures in such a manner as to assure that enthalpy H; of the layer in the

initial state with respect to burning, which is to be found from expression

R

o e

H,=Zmglrg | (mx.11)

should appear between the two extreme values of Hy. Thereupon, oy jnterpolation

.
3

THere we have assigned the * (prime) mark to quantities which have a conditional -
significance for this calculatlon.
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from condition

. Hy=H, (1X.12)

we can find the values of combustion temperature 'rb of the layer. After having

calculated the magnitude of gb for the same three temperatures on the basis of a

fomula similar to (VII.65), we determine, by means of interpolation the value of

Qb corresponding to the known value of Tb' Knowing Qb' from an equation similar
to (VIL.67) we findEm; then Uy=Ey - (nmp)RTy.

‘!hus, the above simplified method of Ty and Zmb calculation calls for no com-
putation of the mixture composition of combustion products for each of the con-
aidered d« layers, which must be no less than five in number. In accordance with
the statements made in Section {1, Chapter IITI, it should be emphasized here that,
in calculating the ratio P /Pegrad- one should take the dissociation of combustion
products into account to the fullest extent possible.

Third stage. ing adiabatic compression of the mixture of combustion prod-
ucts in layer do, the temperature of the mixture rises to the value of T, which is
determinable by formula

-
gua
| T, -lzT.+~———'g

(IX.13)

- -
—

This formula is analogous to formula (1X.3). But the third stage differs from the
first in that here account must be taken of the degree of dissociation of combustion
products. For this purpose, in calculating Tb and Zmb for the layer contiguous to
the wall of the bomb, i.e., for & = 1, the quantities H, U, and S m, must be com-
puted for four to five temperature values. The highest of them must not be lower
than T, for the elementary volume located in the center of the vessel, i.e., for
= Q.. At the same time it is desirable for H, to Dbe in the lower section of the
Hy versus T curve. It is evident that adiabatic compression of layer dXto the
pressure of P egrad will bring it to a state characterized by definite points on

curves Uy(T) andzmb(T) calenlated for &= 1.
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TR
t
We haves
c R
. T"::—C-f=1+c—.;, (Ix'1u)
whereby C, is determined from the following formula® :
= == | Ue—Us ' . i
Vgt T 0 ‘ (IX.15)
L e [ 1
From the last two equations we obtain
.‘b___ l __:?(Sma""smb)(re"'rb). (Ix.16) \

TAUs—Us *

I e e

Equation (IX.13) may be solved by the method of selection. In practice, the follow-

ing procedure is convenient. We calculate the left- and the rigkt-hand parts of

this equation for several values of Te and, using the same scale, we construct the

curves of their dependence upon lg T, (Figure 17). The point of intersection of

these curves will give the value of the unknown equilibrium temperature Tg of layer

d . On the basis of the known T, value, we determine the values oi‘:;me and U,

by means of jnterpolation.

The described computation must be made at 1east for five values of £: 0, 0.2,

In this manner

0.4, 0.6, and 1.0. we obtain the distribution of temperature Tq, Of |

the products of combustion at

the number of moleszme, and of intrinsic energy Ue in

the moment when the flame rea;:hes the walls of the bomb.

let it be remembered that < represents the proportion of the total gas mass en-

closed within the sphere at the boundary of which the d o« layer in question 1s lo-

cated. Evidently, the volume dVg of such a layer is related to the specific volume

v ©of the mixture of combustion products in this layer by equation:

av,=v,- M- da, (IX.17)

* Here the method to achieve greater accuracy is the same as in the case of the

first computation stage (see footnote on page 111).
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where M is the total gas mass in the vessel and

_(Em,¢) RTee
{ S Pew

The volume of the vessel is

(IX.19)

Upon equalization of temperature, the specific volume of the mixture of com-

bustion products within the vessel as a whole will be the same and equal to v = D!!' .

Consequently,

1
vzfv,da.
0

At the same time

_ RT,Lm.

T P,

(Ix.21)

where quantities Te,zme, and P, are related to the state of thermal equilibriun
between the layers, i.e., to the state of even temperature distribution. From equa-
tions (IX.18), (IX.20), and (IX.21), it follows that

T.zm,
1

(7.2m,.de (mx.22)
(]

Here index « indicates that the corresponding quantity is a function of o .
For specific inner energzy of the mixture of combustion products, after the
leveling of temperature without neat losses, we have an equation similar to (IX.20):

.——-——-‘-""—_—'_1'" - -

U, = f l, dz. . (IX.23)

Having thus determined the value of Ugs we find T, on the basis of curve Ue(’l‘).
calculated according to the scheme from Chapter V in the assumption of uniform

temperature distribution; by way of interpolation, we define the corresponding

1
value ofzm . After calculating integral S Te.ime «{d%, we determine the raznitude
: 0
STAT .
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of P,[Pgrad by formula (X.22).

Knowing the Pe/P ‘grad ratio, we may adjust the experimental value of maximum
explosion pressure and compare the theoretical value of Pg with this adjusted experi-
mental quantity.

let it be noted here that, owing to the inaccuracies admitted in calculation,
the value of Te ~- calculated in terms of even temperature distribution ‘and accord-
ing to curve P(T) produced by the method described in Cnapter V -- will, as a rule,’
differ somewhat from the value of T, computed on the basis of Ug defined from equa=- -
tion (IX.23) and on the basis of curve U(T). This difference between the two values
of T, is small, however, and justifies the pelief (21, 37) that the calculation
inaccuracies which are responsible therefore do not substantially affect the ratio
Pe/Pegrad-

We shall now consider the temperature distribution -- at the moment when the
flame reaches the walls of the bomb -- depending on the distance from the center
(13).

The density of the mixture of combustion products in layer d & is determined

by expression — .

1000: P

- Al

g = (zm“)RI.‘ ° , (Ixozu’)

In a manner similar to (IX.20), we derive 2 formula for the density of the mixture
of combustion products after temperature equalization:
!
(IX.25)
For the mass of gas enclosed within the sphere with radius ry » which contains the

A proportion of the total quantity of gas, we can vrite the following:

(1X.26)
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where r is the bomb radius, gqis the average density of the mixture of combustion
products in the sphere with radius re :

(1x.28)

It follows from equation (IX.27) that

1

L)

The ratio iis determined from equations (IX.24), (IX.25), and (IX.28):

(IX.30)

Example 9. A mixture is burning in a bomb with central ignition. Its compo-
sition and the other initial conditions coincide with those of Example 2 (page 55.)
The experimentally observed maximum explosion pressure Pegrad = 7.458 atm, Calcu- :
late maximum explosion pressure P, corresponding to even temperature distribution.

First stage. Substituting the numerical values of Pegrad and Py in equation

(IX.1) and that of T, in equation (IX.3), we obtain:

-—-—r - o ee v -~ —— - M
' P, —0,8926}-a- 6, 5654 . (a)
i
gT,=2 48116+ *u

He g | (b)

Using the data from Table IV (Appendix V) and formula (IX.4'), we calculate the
value of “‘Y‘ 1 for 400, 600, and 800° K.
n

" Table 16

T:_-“l
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Equation (b) for each 4 is solved by method of selection. For example, for « = 0,2
at 400° K, the right-hand part of equation (b) is equal to 2.61587; at 600° X it
amounts to 2.61485, Consequently, T, = #3° K. After determining the enthalpy
values of the initial mixture components for T, o means of interpolation on the
basis of Table IV (ippendix IV) from formula (IX.11), we find the values of R, _The

results of the first calculation stage are listed in Table 17.

.Table 1

B (atm)

¢
'

Second stage. In order to determine the temperature range over which the calecu-
lations should be effected, we shall first find the so-called “conditional tempera-
ture of explosion,™ Tegrad- i.e., the temperature at which the sum of partial pres-
sures calculated according to the scheme in Cha'pter V is equal to Pegrad' After the
composition and pressure of the mixture of combusticn products was determined for
constant volume at temperatures of 2,600, 2,800, and 3,000° K (see Example 2), we
find by interpolation from condition% Pk = 7,458 that T grad = 2,795° X.

We shall now extend the analyzed temperature interval through additional compu-
tation of the composition of combustion products following the same pattern of com-
putation for 2,200, 2,460, and 3,200° K. For each of the six temperature valueés, we
also calculate P', enthalpy H' by formula (VI,18), and Sm' from equation (IX.9). For
2,600, 2,800, and 3,000° X, in addition to this, we also determine the values of in.

trinsic energy U' (see Example 2) which we shall require for further operations. In
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utilizsing formlas of the (VII.11) and (VII.12) type, we find: ;nzo = 33.1210,

", = 2,731, Q. = 14,6833 222 "°1° From (VII.39) we further compute H, while deter-
mining H'-H ana § ' by formula (11.10). The results of these caloulations will be
found in Table 18.

Table 18

NUCUUEENICEISUREIT P USSR - FR Q.

2200 2400 2600 2800 3000

57822 | 188914 | 213760 | 245103 | 281473
164136 | 180738 | 197497 | 214374 | 231338

36,86 81,76 162,72 531,35
0,00230 | 0,00525 ! 001079 | 0,03622
) :

P p 5.76683 | 6,30984 | 6,872T1 8,13258
v | 1539,13 X 2136,70
j
i

Exactly the same calculation should now be made for 2, 600° K for P; = 0.4463 atm
and Py = 0.22315 ata (Table 19). The values of n, and ng are to be found fronm

formulas (VIT.62) and (VII.63).

Table 19
i .

P ny

- 344811 X X 5 | 0,366
? 022315 | 173169

e e et T R &

The average values are:
nH = 0.3?’ n.g = 0.36.
Purther, on the basis of the data from Table 18 and the formnlas of (VII.6h)
and (VII.65) type, we compute Hy and '; for each of the five values of e(for no less

than three temperature values, and for o =1, 0-Hy,, 'é be and Uy for four temperature

119 . STAT
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{

values: 2,600, 2,800, 3,000, and 3,2000 X (Table 21). By interpolation on the basis
of the data of Table 17, proceeding from condition (IX.12), we determine T); then

e rinc} ;b' Zmb. and U, following the procedure described above, The results of

the second stage of computation are recorded in Table 20.

~ - Table 20 ..

Us

1353,37
141437
1454,59

gT,

341497

Third stage. let us now consider, for example, the cal.culation of T, for -(=().2.|
In setting definite values for T,, we find the values of (Yb-1 Y Y, on the basis of
the data contained in Tables 20 and 21 and formula (IX.16). Thereafter we calculate
the right- and left-hand parts of equation (IX.13) (see Table 22) and plot a graph
of their dependence upon lg_ Te (Figure 17). The intersection point of the lines
produces the value of Tg = 2,950, 5% K. Since the relationship of the ieft-ha.nd part
of equation (IX.13) versus lg T, is expressed by a straight line, and that of the
right-hand part by a curve, which by its shape approaches a straight line, such

graphic interpolation must be accurate enough.

L

a3
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Figure 17. Interpolation graph for values of temperature Te
of the sphericzal layer.

Further, by interpolation on the basis of the data from Table 21, we compute: -

Up = 2,055.94 Xeal 5ng 'n = 118,405 mole
ke e el

The results of the third computation
stage' are incorporated in Table 23, .

Table 22

Bl Pogru
ur [wn+ Bt B

|
344716 34814

347712 3,4664;
3,50515 3,455

Table 23

[
i

Teim, Pously

3,83872. 108
349357 15
331047 . 10%
3,19652- 105
3,01301. 108

nal stage. In calculatmg f Ut on the basis of Table 23, we find U, =

Keal .
1,841.0 kg « Using the data in Table 10, we determine T, and the ccrresponding

121 STAT
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.
-y,

\{Q ‘ - v
values of H, and Z"‘e' Then we compute ITa.Eme,da'
0

~

= 3.29826°107 and, finally,
by formula (IX.22) we obtain

Pe
Pegrad

= 1,00526
The results of r « calculation on the basis of formulas (IX.30) and (IX.29) are to
be found in Table 23. Figure 18 shows the curve of temperature T, distribution as
a function of the distance frem the bomb center.

The results of calculations according to the method outlined are compared in

Tebles 24 and 25 with the results obtained by the direct method, i.e., by computation

of the composition of combustion products for each of the investigated unit layers

separately (compare with Example 4)*,

Table 24

(o)
T K Te K

- t
Simplified Direct Simplified Direct
Method Method fethod ¥Hethod

* In order to avoid any possible divergence between the results of these two calcu-
lations, which may result from intermediate round-offs, the computations recorded
herein are made with grezter precision than normally required.
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Figure 18. Distribution of temperature T, as a function of the
distance from the center of bomb (Gurvich and Shaulov).

The accuracy of Pe/Pegrad magnitude czlculation -iav be improved through increase
of the number of analyzed unit layers. If we use the simplified computation method
outlined hereinbefore, this operation calls for relatively minor additional calcu-
lations.

Table 25

| .
Experimental value of 1+ Bxperimental !

ethod of . :
Haiggla Pe maximun explosion pres- Value of tem-
ie - sure. | perature of |

tion | Pe grad Observed Converted explosion

| P grad Pe

Simplified | 1.00526 7,458 7,457 2807,7
Direct i 1,00540 " 7,498 2807,4

Section 3. Determination of Mean Heat Cavacity (@nthalry Increment) by

the Method of Explosion

In the first approximation we may consider the heat capacity of gas as consist-
ing of four independent components -- progressive, rotational, oscillatory and

electronic (see Appendix 1). Moreover, the first two are independent of the tempera-
STAT
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ture.' According to fhe classical theory the specific heat Cy of a gas resulting

from.progressive and rbtary degrees of freedom comprises about 2 R for diatomic gas
7

and 3 R for monatomic gas; Cp is equal to 2R and 4R, respectively. The variation

of thermal capacity with temperature is caused primarily by the oscillatory come
ponent, as well as by the electronic component and by interaction of oscillatory and

rotary movements of the molecule*. The errors in determination of the frequencies

of normal oscillations,

determinacy

as well as of the position of electron levels, or the in-
of these data may lead to substantial errors in thermal capacity values

calculated by statistical methods for high temperatures. The explosion method con-

Cases are

According to the law of ideal gases,
I"’—\\_-_.....—.——-—. -

| \"m‘ P r‘_.,-'o—.
T, = T, 5L, Le

) .\_‘,ﬂl’ P‘ ° ' (IX.31)

This equation permits us to determine combustion temperature Te on the basis of the

experimental value of maximum explosion pressure Po. Moreover, ratio Zmilzme
may be determined (if dissociation is to be neglected) on the basis of simple

stoichiometric considerations.

For the f-th product of combustion, the change of intrinsic energy during tem-

perature rise from Ty to T may be found from equation (Iv,.1):

*For thermal capacity break-down into components
thermal capacity to enthalpy, see Appendix I.

[

|
#
i

,‘] -
;%""h,,-__!@ SRR
- .

' : - -01043R004000220011-7
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[ ———

g

ae = e e o

all

. Y ° 1 . &3 - .
Wr,— Unr = {— AU ombe ;\: m (U, — Uz, (Ix.32)

where n is the number of substances constituting the mixture of combustion products;
the symbol Lf_ above the symbol of sum indicates that summation is to be effected for
all values of k, with the exception of k = f,

Hereupon. it is easy to detemune

“ C" I ,—Hr),= s, —Uq-‘),—}-R(T —Ty cpth

and, knowing the values of heat contents at Ty, to find (Hfl’, - 8) £ This quantity
e

may be compared directly with the data of statistical calculation.

However, disregard of dissoclation of combustion products at high temperature
may result in substantial errors. The necessity of dissociation computation con-
siderabiy complicate; calculations. To determine the composition of'the mixture of
combustion products in tnis case, we must know the values of.n-m independent equi-
librium constants (see Section 1, Chapter V). The data for equilibrium constant cal-
culation for high temperatures may be obtained by methods of statistical thermo-
dynamics (see Appendix 1); the same causes which lead to errors in computations of
thermal capacity (heat contents) values will theraby also be responsible for errors
in Kp. However, the latter exert a far lssser degree of influence on calculation
results, By selecting special test conditions -- such as conditions which will as-
sure maximum suppression of the corresponding processes -~- these errors may be re-
duced to a negligibiy small quantity. For example, in order to determine hydrogen
thermal capacity, oxyhydrogen mixtures were exploded (37, 63) which contained a con-
sideréble'excess of Hz responsible for the dissociation of water. At the same time,

) this contrituted to a sufficiently high Hé concentration in combustion products and
enabled the curve of explosion pressure to be satisfactorily registered on film.
The relatively high initial pressure observed in these experiments also facilitated
the suppression of dissociation. Meanwhile, this and the addition of small quanti-

ties of water vapor to the initial mixture assured a reduction in heat losses to a

STAT
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practically negligible quantity.

Most of the data obtained by the method of explosion pertain to temperatures -
within the 2,000-3,000° K range. At higher temperatures, dissociation proves to be
too high and it is difficult to produce a satisfaclofy diagran of pressure variation.

Supposing it is required to determine the thermal capacity (imcrement of heat
contents) of the f-th component of a mixture"of combustion products. Subtraétiné
from bc;th parts of equation (V.58) the quantity

s O o e 4
———‘—-..-WM,M i ot ant

—7 Pp(Hr, — Hj
we obtain ! RT Fi .o),.

] o - .
Unerad— g pr(tHz, — Hy)= L ( 2 Petr+pyHor) — P.
kzl'f

(IX.33)

! '

We introduce the designation: . '

TR (—f\;‘rp* mtpth ’) (T 3)

T ——— . o - ——— --

From equation (IX.33) for T, -- bearing in mind that Uz prod = UTiiflit -~ we have

e — 4
RT, (U init—UT prod (1X.35)
Per

(Hy,— Hy),=

720 RUpnit—Uppred)
Cop' = ¢ /s

__ Per R (1.36)

i

The following sequence of thermal capacity calenlation ensues from the above
on the basis of the known maximum explosion pressure Pe (relative to even tempera-
ture distribution in combustion products, i.e., calculated correspondingly in ace
cordance with the scheme outlined in the preceding section, whenever this is re-
quired). We calculate the composition and the pressure of the mixture of combustion
products, as outlined in Chapter V, for no less than three temperature values, and
on the basis of P, and curve P(T) we determine combustion iemperature T,. For each
of these temperatures we determine U"Tprod by formula (IX.34) and by means of

interpolation we find the values of U'I" prod and Per corresponding to T.., After
e

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

having computed the value of U'riinit from formula (V.58), we determine the increment
in heat contents of the f-th component by formula (IX.35) or its thermal capacity
at constant pressure by formula (IX.36).

Example 10. In the progress of experiment, in conditions, for which calcu-
lations were made in Example 6 (page 90) of the theoretical value of maximum ex-
plosion pressure, its observed value (related to uniform temperature distribution)
turned out to be equal to 20.80 atm, Determine the thermal capacity of Hy at com-
bustion temperature T, while assuming the enthalpies of the other components and all
equilibrium constants t» be known and equal to the values recorded in the tables of

Appendix IV,

Having calculated, by means of the method of successive approximations, the

composition and pressure of comi‘:ustion products at 2,000, 2,200, 2,400° K (see Ex=
ample 6), we find T, = 2,228° K by graphic interpolation from condition Ek pk = 20.80
atm, To this temperature corresponds p By = 16.2375 atm, which can also be deter-

- e

mined graphically. By formula (IX.34) we find: U"Z,OOOPI'O 4 = 211.3512, U%.zooprod=

212,2477; U; nooprod = 213.5792 Lt-atn  hence, by interpolation, we find
. .

1lit
- lit-atm

Substituting all these values, including that of U‘riinit' (see Example 6) in

s
%
¥
9
&
I
3
i
b
i
by
»
b

equation (IX.35), we find

! (Han— Ho)y = 16,625 Koal |

Should we, while disregarding combustion products dissociation, use equations

(IX.31) and (IX.32), the result would be: Te = 2,229.4° X, and

. (Huma—HyH,=16,703 Scal

mole *

In those cases when thermal capacities are unknown for mors than one component,
the& sometimes may be determined as a result of explosions, whose number is equal to
the number of the unknown quantities, where the temperature Ty is the same, but where
the composition of the initial mixture is different. Coincidence of combustion tem-

peratures for different initial mixture compositions may be achieved by means of STAT
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placement of diluent;, and through variation of the initial pressure and temperature.
This method was used already by Pier (53) on Nernst's recommendation. In exploding
oxyhydrogen mixtures diluted by argon, he determined, simulataneously with water va-
por thermal capacity, the thermal capacity of argon in order to prove the practici#
bility of the explosion method. This and analogous experiments enabled Pier and
other investigators (37, 61) to draw the conclusion that this method of thermal
capacity determination is free from methodic errors,

Let us assume that thermal capacities of s components of a mixture of combustion

products are unknown, while those of r mixture components are known. As in the

derivation of equation (IX.35), we produce s equations which look like this:

/ 1

é

s ) ]
xgn Pa(Hr --Hy),=RT, (qu‘ini‘t- — Ut proc), ‘ (IX.37)

1 S

where the magnitude of U%é prod’ corresponding to combusticn temperature Ty, which
is the sare for all tests, may be found by interpolation on the basis of curve

U% prod (T). Here U;pr°~ is determined by formula in a manner similar to (IX.34)

‘

ro 8
1 N . . S
‘ TProd= G (}?Jp"HT“—{- EPxHox)'—‘P- ¥ (IX.38)
-1 -1

The sequence of operations is the same as in the case of one unknown thermal
capacity, with the sole difference that the final stage of calculations here is
constituted by the solution of the system of s equations of (IX.37) type.

Example 11, We are required to determine the thermal capacities of H, and H,0.
For this purpose we made two tests in a bomb, with steam heating, under the follow-
ing initial conditions: Test (1) -- Py, = 2.17€, pio2 = 0,34F, p;HZO = 0.9728,

Py = 3.460 atm, Ty = 373.5° K, Test (2) -- psd2 = 3.122, P,0p = 0.298%, P, = 3.430
atm, Ti = 373.5° XK. The oPserved maximum explosion pressure Pe (relative to uniform

temperature distribution) in Test (1) is 17.98 atm; in Test (2) it is 18,05 atm.

* The small amount of water vapor is disregarded in this case since it has no
significance in the illustration of the computation method.
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Using the method of successive approximations, we determine by graphic inter-

polation from condition% P = Pe :

(1)
T =2,159 K, T§2) = 2,151° K

(figures in parentheses denote the test number). The coincidence of combustion
peratures is satisfactory. Hence, the given two tests may produce two equations
quired for the solution of the problem at hand.

After determining the values of p Hy P H,0° and U* corresponding to
e e T

‘prod'

and substituting them in formula (IX.37), we produce a system of two equations:

| 8552 (M} — Hi)y 9,405 (Hy,— Hy),, , = 342,1254,
.1 4595 (M — MYy, —-3,430 (H},,, — Huo = 307,414,

-—- — ——— _— -
— ——————

. s ) 0 _ 0 -
Solving these equations, we find (H 153-H O)H2 = 15.914, and (H2153- HS)HZO = 21,908

2
g—g—ilg, respectively

BURH _ 5 405; TS0 8 188 ca]: ) :
* %40 riole e iegres

’ e

By changing the quantity of diluent and the other initial conditions, we may

determine the values of the thermal capacity (heat contents) increment for a number
of temperatures over a more or less wide range; using the method of least squares,
we can derive an equatlon of the dependence of these quantities upon temperature

within this interval.

Table 26
i.

(o]
(w° - HO)H2 test |

16,285
16,625
18,750
19,580
19,885

Example 12. The values of the heat contents increment recorded in Table 26

determined for a number of temperatures over the 2,184-2,616° K range.

129
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Assuming that the quantity (H° - HS)H2 as function of temperature over this
interval may be expressed by equation ] i
H.——-H;, = ay—}-6,T}a,T3, !

~r—_em—

and finding the values of 3 a1, a, by the method of least squares (22), we obtain

(Hr— Ho)y, = — 1,8490{-8,2882 . 10~ T--1,7.. 10~ 7*
l_(where 2184 < T.< 2616).

In those cases when there is a systematic divergence between the experimental
and theoretical values of the heat-contents (thermal-capacity) increment, it some-
times becomes possitle -- by way of a detailed analysis of the conditions and results
of the test, celculation postulates, and the shapes of the experimentazl and theoretiw
cal curves of the unknown quantity versus temperature -- to detect the reason for
this divergence and to correct these or the other initial data or, at least, to
formulate the conditions for such adjustment.

The experiments carried out by Lewis and Elbe on determination of the average
thermal capacity of oxygen in ozone-oxygen explosions may be cited as an example of
this (46). In these tests the proportion of the quantity of oxygen to that of ozone

varied from 0.85 to 3.5; initial pressure varied from 300 to 760 mm Hg; combustion

temperature ranged from 1,400 to 2,500° K, It was revealed that the experimental
values of O, thermal capacity were higher than those determined theoretically. DMore-
over this difference increased with temperature. By careful analysis it was possible
to establish that the observed divergence came as a result of the failure to consider
1pof the electron level whose existence was theoretically duly predicted, although
its position remained unknown. Experimental data produced by the method of explosion
permitied us roughly to evaluate the energy of this level. Later on, Johnston and
Davis were able to define it more precisely and to make a corresponding recalculation
of the thermodynamic functions,

In analyzing experimental data, it is well to compare the temperature-dependent

components of the observed and calculated thermal-capacity values, In this mamSTAT
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it becomes easier to determine the cause of the divergence between them, since its
relative value turns out to be greater.

Section 4. Determination of the Heats of Dissociation by the

Method of Explosion

Tests to determine the heat of dissociation are conducted in conditions such as
to assure the development of the corresponding process in a degree required for the
amount of heat absorbed thereby so as to constitute a sufficiently large proportion
of the heat of combusiion. This is being achieved by routine methods by causing a
shift of equilibrium in the desired direction.

By way of an example we shall consider here the case of the determination of
the energy of water-vapor dissociation with hydroxyl formation (21) which develops
according to equation:

H,0 2 OH-#4H,. (IX.39)

Water vapor dissociates also in another direction:

;oHoY H,4- Oy (IX.50)

Apparently, the excess of oxygen shifts equilibrium {ZX.39) to the right, to-
ward greater dissociation, while it displaces equilibriuam (IX.40) to the left, toward
lesser dissociation. Tests carried out with considerable oxygen excess and strong
dilution of the initial mixture -- which reduces combustion temperature to such an
extent that dissociation (IX.38) becomes negligible -- produced higher values of
maximun explosion pressure, as compared to those obtained by theoretical calculations.
This is attributed (21, 63) to the previously mentioned phenomenon of excitation in-
hibition of the oscillatory levels., In view of this fact, the excess of 02 must be
minor to cause oxygen concentrations in combustion producis to be small., At the
same time the initial.mixture should be diluted by inert gzases only to the extent
required to prevent the formation of shock waves. On the basis of the availabgTAT

experimental data (63), we are justified in assuming that, in these conditions, the
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postulates, on which calculations are founded, correspond to the true progress of
the process with sufficient accuracy.

The thermal effect of dissociation Aﬂg diss bay 'be determined by the method of
selection on the basis of the equality condition of the theoretical and experimental

values of maximum explosion pressure.

If we fix, for example, a few (not less than three) values of A Hg diss for this
purpose, we can calculate the corresponding values of hydroxyl enthalpy H..;,OH and
equilibrium constants KD. The latter may be calculated from the formula (App. I1.77)
in Appendix I. For those cases in which the calculator does not know the values of
?lé +°  for all substances which take part in this reaction, the magnitude of ad+°
may be produced by back computation on the basis of the known gquantities Kp and AHOO

by formula

e e

. AHj
AD* = 4,5756 Ig Kp—-—— . (IX.41)

l

In determining maximum explosion pressure P, for each of the arbitrarily fixed
values of AHg diss within the assumed interval of the probable values of this quan-
tity, and in tracing a curve of the theoretical values of P, as a function of
AHS diss » we find the unknown quantity by interpolation on the basis of the ob-
served maximum explosion pressure. As to the correction for temperature gradient,
strictly speaking, a calculation of this quantity should be made for each given
value of A 4o Then the unknown value of AH:;- diss Will be determined by the
%-axis of the point of intersection of the curves of the theoretical and adjusted
experimental maximum explosion pressures VErsus A Hg disse In the majority of cases,
however, such accuracy is uncalled for, and it suffices to calculate the correction
for temperature gradient for any one of the 4 Hg diss values within the selected
range.

The accuracy of this heat-of-dissociation calculation is not too high., Yet, the
method of explosion may be very useful in the cases when spectral and other experi-

STAT
mental data do not provide an opportunity for unambiguous determination of this
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. )
ormation of hydroxy1 (reaction (1x

39)),
is explodeq in a bomb

First we sha1y compute

K3 and
and 3,0000

O
Hog for these A 1° ..
K (Tables 27 and 28), e

OI } as thiS was done in Exa.mple 2- Ih-e Iesults O.f the e Omput thDS are Iea)l ded
e ) C a

values at 2,600, 2,800

we sh i '

shall find the three corresponding value
S

Table 28

L

H =£il,()()0]A _y *
" | K =63000 AH =65,Mx

Velues of Ho
OH
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Table 29

P, (atm)

61,000
63,000
65,000

We shall calculate the temperature gradient correction for AH:B = 63,000 Kcal.

The result is P /P egrad = 1.00526 and Pe = 7,497 atn, ( see Example 9). Finally,’
by graphic interpolation (we can see from Figure 19 that the P, versus AH83 plot

represents an almost straight line) on the basis of Table 29 data, we find the value
(o]
03

0
temperature gradient not been taken into account, the result would have been A HOB =

of AH.., which corresponds to Pe = 7.497 atm. It is equal to 62.830 Kecal. (Had the

61.580 Keal, i.e., 1.250 Keal less,)

e

N le

796}

S oy —=

Figure 19. Interpolation graph for determination of the heat
of dissociation on the basis of maximum expiosion
pressure.

For six such tests, lewis and Elbe found A H83 = 63 : 1 Keal,
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CONCLUSIONS

In the preceding pages, we have reviewed only the most common problems solved

by the method of explosion., It goes without saying that this does not restrict the
uses of this method. It has often been used recently for complex checks on the ac-
curacy of the data selected for thermodynamic calculations of conbustion processes
at high temperatures in their totality. The comparison of the theoretical and ex-
perimental values of maximun explosion pressure, along with the analysis -of test
conditions and the principal computation premises, affords us a deeper insight into
the essence of the phenomena occuring during combustion.

The existence of deviations from the postulates forming the basis of calcula-
tions -- of anomalies which often cannot be taken into account and, moreover, are
not always kmown -- constituted the most serious objection against the application

of the explosion method for thermodynamic research, However, a careful study of the

experimental data permits us to select the kind of experimental conditions under
which the anomalies become insignificantly small or can be accounted for. We can
cite a whole series of examples for the successful use of the explosion method. One
of them -- the determination of oxygen thermal capacity which helped o clarify the -~
question pertaining to the energy levels of the O, molecule -- is recorded above
(Chapter IX, Section 3). By the method of explosion, Wohl (61) was able to deter-
mine the values of the heats of chloride and hydrogen dissociation into atoms, which
are in satisfactory agreement with the values determined later on by spectroscopic
analysise. ‘

The errors in the data produce@ by some investigators who applied this method
are éo be atiributed most frequently (47) either to failure to comply with the pre-
requisites of the tests (Chapter II, Section 2), or to the presence of considerable
"anomalies, whiéh were not duly taken into account, or, finally, to incomplete con-

sideration of dissociation and other high-temperature chemical processes. Thus, for

STAT
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instance, heat losses were talking place (62) in Bierrum's experiments, Pier in his
initial tests failed to consider dissociation (53), and so on. 111 this evidences
the fact that the use of the method of explosion calls for profound, all-round, and
thorough analysis of the test throughout its entire development. For a number of
cases the following research stages may be outlined: (1) qualitative analysis of
the explosions of mixtures with different fuel-oxidizer ratios to ﬁetermine the re-
gion in which experimental data may be successfully processed, and to establish
qualitatively (for example, by type of indicator diagram) the presence of one or an-
other anomaly; (2) quantitative investigation (test and calculation) for the purpose
of precise determination of the effects of various factors on the magnitude of the
maximum explosion pressure, &S well as with the view to collecting data for calcu-
lation of unknovn quantities ; (3) analysis of the cesults produced, for instance,
to expose the reasons leading to a divergence petween the experimental znd theoreti-
cal data, or for the determination of ary given quantity. 411 these cteges may be
‘closely interwoven with each other in the process of investigation.

This book is offered to the reader with the intent of providing only a general
jdea of the method of explosion. Depending on the problems, research by means of
this method mgy assume varying characteristics. The application range of the

explosion method will also depend on the imsgination and jngenuity of the researcher,

The data obtained by the method of explosion or confirmed by it may be used for

the computation of combustion processes in spdustry. One should take into account
the conditions in which a given process develops and their deviation from the con-
ditions of combustion in a spherical vessel with central jgnition. The mastery of
these calculation methods is useful both from the point of view of theory and for
purposes of practical application, since combustion processes at the present time are

being ever more gxtensively used in modern technology.
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Appendix I

ELEMENTARY INFORMATICN OH STATTSTICAL METHODS OF COMPUTATION

OF THERMODYNAMIC QUANTITIES

For calculation of combustion processes, we use thermodynamic functions of gases
calculated by methods of statistical physics on the basis of spectral data. It is
not possible to deal with these methods in detail here. They are complicated and
demand ¥nowledge of the principles of the theory of molecular structure, molecular
spectroscopy, and statistical physics. However, it might be useful for the reader

to have a general idea on these subjects.

1. On the Principal Aspects of Statistieal Physics

Statistical physics permits us +o derive the observed properties of gases from
the properties of the particles constituting these gases. If an attempt were to be
made to solve this problem bty methods of classical mechanics, one would have to
know the coordinates and velocities of an exceedingly great number of particles.

But, in order to calculate theoretically the aggregate effect of the particles
observed in experiment, it is only necessary to ¥now the function showing which
portion of the particles has the coordinates and pulses (or velocities) within a
given small jnterval. The principal task of statistical physics is precisely to
determine the kind of this function, known as the distribution function.

If the temperature and the potential are equal over the entire volume, it is
possible to assume that distribution by coordinates is uniform -- this permits us
{0 exclude it from the analysis -- while distribution according to pulses is
isotropic, i.e., it is the same in all directions. In the absence of a field, this
latter consideration allows us fully to characterize the state of the system by
energy distribution.

Statistical physics deals with systems whose state does not change with time,

i.e., the so=-called equilibrium systenms.

STAT
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The equilibrium state is a 1imit the system tends to arrive at under the gliven

conditions. For statistlcal analysis,such a state is equivalent to the most probable.
Thus, the problem consists in defining the most probable distribution.

Experiment suggests that the definition of uprobability" in statistical physics

must be the following: the probability W of a given distribution is equal to the
number of different possibilities for its realization.

The answer to the guestion as to which possibilities should be considered dif-
ferent is not always the same. Classical statistics, which provides a different

answer to this question than gquantum statistics, yields the following expression for

thermodynamic probability:

. nl
W= my . nd... !’ (App.I.1)

where Ny, DpyeeeeesByyeeees Ay is the number of molecules to be found in the states
with energy 51. 82'"""’ Ei""‘&xh respectively. n is the total number of mole-
cules in the system, which is constant. The value of W is greatest when n1 =n, =
= eeee =D, i.e., when the molecule distribution by levels is even. Ac-

i
cording to the law of the conservation of energy:

3 e, = U = const. (App.I.2)

Using equations (app.I.1) and (App.I.2) it is possible, from the condition of

maximum W

— e o= e 4

SW=0 (App.I.3)

to determine the most probable distribution characterizing the system in the state

of thermal equilibrium:

(2pp.I.4)

(App.I.5)
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From (App.I.t) and (App.I.5), we obtain

.
T

m=n—p
e FT (App.I.6)

For a general case, when degenerated energy levels are to be registered

5y
~xT
ny=n—E2 . (App.I.7)
D ae T

-

where g; is the statistical weight (degeneracy) of the i-th level, This is the
aspect of the law of distribution in classical statistics. For further derivatlons

it is convenient to introduce 2 designation:

i

¢= 2 gie- kT,

-

The quantity Q' is called the sum of states.

2. Expression of Thermodynamic Quantities through the Sum of States

Tt is xnown that the transition of a system from unstable state to that of sta-
bility 1s accompanied by a growth of entropy S. At the same time this process -- if
it is approached from the point of view of statistics -- is a process of transition
from a less probable to a more likely state. A system in equilibrium is charac-
terized by a maximum of entropy and at the same iime by a maximum of thermodynamic
probability. Thus, a definite relationship is to be cbserved between entropy and

probability, which may be expressed by equality:

s=1fw.

From the fact that entropy is an additive and that probability is a multiplicative
property, we may draw the conclusion that entropy is proportional to the logarithm
of thermodynamic probability:

S =k ln W + const.
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.
N
o>
~

R
It may be shown that k is a Boltzmann's constant equal to N « Tt was postulated by °

Planck that the second constant in this equation is equal to zero. Thus,

The (App.I.9) relationship constitutes the cornerstone of statistical themodbrnamiéhs.
It establishes a link between the observed properties of gases and the properties of
their cons‘l".it}lent particles, since -- aS it may be seen from the above -- the thermo-
dynamic probablilty for a gaseous system may be computed if the energy levels of
molecules, which compose it, are known.

Expression (App.I.1), as well as the more general expression for themociynamié
probability used in classical statistics for calculations of the degeneration of

levels,

£
[
4 —;’—‘T’ . (APP.I.10)

RS

=nl
N

is derived in the assumption that all particles are distinguishable -- as though

each of them were provided by its individual number. Yet, actually they cannot be
distinguished from each other in random motion. This fact calls for the introduction
of a correction into the expression for W, by way of its division by nt A rigorous

substantiation for such adjustment may be provided on the basis of quantum mechanics.

‘Making this adjustment and using Stirling formula

lnnl=nlnan—=n, . (App.I.H)
we obtain from (App.I.1)

InW=n—2nlnn \ (App.I.12)

From equation (App.I.6) we find
p

- U I

np=Inn—gk—ng,
-&s

vhere Q' =2e %T. After substitution ol this expression in (App.I.12) while con-

sidering (App.I.2), we obtair

I
InW=n—nln n—}—%-\-—nan’. !

1

5 — . -
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e —

4
S=~knln %—-}- —g.-—i—kn.

For one mole of gas

. 4 H p -
e S=RJn%—-+T. ’ (App.I.13)

Usually, for the zero energy 1evel of molecules of a given type, their eigen zero-

t
level is taken for statistlcal calculations, i.e., the energy of these molecules a .

absolute zero. We have:

Introducing the designat{?n

s (App.I.14)
Q g‘C TET ’

we produce: .

Q =e FTQ.

Substituting this expression in (App.I.13), we find

uo S (App.I.15)

From the elementary thermodynamics course, we know that -

2—H;Ts . (App.I.16)

where Z is the thermodynamic potential. Hence,

.‘ZUn__ __H UO
A

Comparing “this equation with formula (App I 15) and after indroducing the desig-

nation

(App.I1.17)

(App.1.18)

Furthermore, we have 0z
e () ==,
oT P

1

b e et e 1 e e

1
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and since y
SIFpT e e e

!
1 'Z=U°_RTIHQ-N' (App.I.19)

1

1 i

as it transpires from equations (App.I.17) and (App.I.18), we get: -- by differentia-

.

ting (App.I.19) with respect to T -- from the last two expressions

. S=Rin -—+R7‘( );, ' (App.I;éo)

Finally, the average molar heat capacity at constant pressure over the range from

0° X to temperature T will be detemined by formula’

P

— HZU, H=Ha_ o aor—
g, =0zt _Fofos—¢ RT(

(App.I.21)

- v v e o= ~———-—-—-—--——\-

On the basis of formulas (App: I 18), (App.I.20), and (App.I. 21), it is possible to
calculate all the thermodynamic functions of gases, ‘é“, S, and H - Ho' required for
the calculation of combustion processes, if we know quantity Q which can be deter-
mined by equation (App.I.ﬂl»). Thus, the problem is reduced to the computation of
the sum of states G according to the known energy levels of the systen.

Eere we have recorded a simplified derivation of formulas (App.I.18), (App.1.20),
and (App.I.21); we have presented what is essentially only an outline of the reason-
ing on which a more rigorous derivation is based. Yet, the restricted information
contained herein provides ageneral idea of the methods of statistical thermodynamics

useful to anyone who deals with the results of statist;lcal calculations.

3. Calculation of the Sums of States -- Computation Formulas for

Approxination of Barmonic Oscillator-Rigid Rotator

(a) Break-down of the Sums of States

In calculating the sums of states, the molecule energy Emay be conveniently

broken down into two independent constituents, i.e., progressive constituent € t and

- ——

ez} i

jntrinsic component € 3

142

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP801043ROO4000220011 7



D . ge . _ g ] -
eclassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

From the expression for the sum of states it follows that

Q=0QQ ;

.

Consequently, the expressions for @* for the potential (App.I.18) and entropy
(App.I.ZO) may also be broken down into two parts. Moreover, in view of the in-
discernibility of the particles in random motion, and only in this case, the divisor
N -- which appears with the introduction of the above-mentioned correction into the
classical expression for W -- will enter precisely in the expressions for §*t and
Sy which retain the form of (App.I.18), and (App.I.20), whereas for the inner con-

stituents we obtain:

4;=RIng, (App.I.22)

Si=RinQ+RTLLL. (App.1.23)*

(b) Progressive Constituents of Ehemodynamic Functions

Insofar as progressive motion stops at absolute zero, £ ot = 0 and

et 73

Q=€

Using the quantum-mechanics expressio.ﬁ— foz;.r&;,-—ii is possible to show that

- JEUERREREEE R

~ oA /s

\ ‘=—_’l“ ,

N k-
where m is the weight of molecule (or atom), h is the Planck's constant, and V is

the volume of the system. For one mole of gas

ST QamaTy | RT
) Q‘= _(___"E‘___—.._P__ , (App.I.ZLP)

3

where P is the pressure.

On the basis of formula (App.I.18), we obtain

"__ ) (2=mkT) 2 kT}‘
N (DI—R{IH——————":, -—‘D— :

R {% In T—i—% Inw—InP—-In (3;_’5),’" ',,kT} (APP-I-ZS)

—

*Since 4 is independent of pressure, there is nc sense in taking a partial deriva-
. tive.
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where /u. is the molecular weight of the su'bstance.

Substituting the numencal values of the constan’cs and expressing the pressure

in atmospheres, we: produce"

et et e 4
e o s - came i T A —_— e 4 -
'

: " . s W
, ; by Rmr+ S Riny—RIn Py, —7,2836 moTe-degres, (App.I.26)

I AL §
. cal . o
where R must be expressed in leidegree -

It is common for thermodynamic functions to be calculated for the standard

state, i.e., the state of ideal gas when P = 1 atm.

Consequently, to calculate §.*° we use formula:

e -....—-—..-....._..—...._...,.— RS Rt auau s

c|» =.... | —_— ), — _._cé_'l-—-———- . .2
RnT+ - Rin 72836 Fole asEres (App.T.278)

where the index 0 gignifies the appurtenance to standard state. In passing pvei' to
common logarithms and after substitution of the numerical value of R, we finally

produce:

__,___.——-______—-— emim b

St

== 11,43901g T ' - el
6,8634 lg 1 - - 7,2836 Fole-dee degree (App.I.27b)

- - -

, in substituting (App.I.24) in (App.I.21) we find

1

IR S
— —— ~
p s B

(@), =S;— ¥ = 3R (4pp.I1.28)

which is in accord with the classical ideas. Hence,

Sy = - - R == = 4,9679. (#pp.1.29)

* Here and for further calculations it was assumed that {32):
N = 6.02544410%3 mole™1s
2.997902‘1010 cm*sec 1;
= 6.62377~10'27 ergesec;
= 1.38026‘10'16 ergodeg'1;
1.98716 cal'mole’1odeg~'1;
1.43867 cmedeg;

l&. 5756.

Land
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(¢) Thermodynemic Functions of Monatomic Gas

The inner sum of states for monatomic gas may be broken down into two factors,

i.,e,, the electron sum of states Qg and the sum of states of nuclear spin Qn:

t . Q‘ = QOQH’ (App ] I. w )

Since neither the number of atoms in the system, nor the propertles of their
nuclei, vary during chemical changes, the total nuclear-spin constituent of thermo-
dynan;ic functions of the reaction products is equal to the nuclear-spin constituent
of thermodynamic functions of the initial substances. However, since it is not the
absolute magnitude of these functions that usually presents interest, tut their
variations in the process of reaction, the nuclear-spin sum of states, as a rule, is
not taken into account in computations.

The electron sum of states may be ca;lculated by formula

Q=2ge . (App.1.31)

For the lowest state, Ee = 0, Hence, in developing formula (App.I.31), we produce

e T - 0
t .

D Q=g g T g e T (App.I.32)

PR N,

In view of the fact that to every valee of the quantum number J, representing the
total electron momentum of the quantity of atom motilon, there correspond 2J+1 dif-
ferent possible orientations in the magnetic field, which constitute the states of
atom almost indistinguishable from each other by energy, the statistical weight of
each electron state is equal to 2J + 1. Consequently, Q, may be written in the form

of:

L =St

~

(4pp.1.33)

As a rule, one calculates only the principal electron level of the atom and one makes
a summation for all its sublevels. In the first approximation, the difference in

sublevel energies may be disregarded and the assumption can be made that the energy

STAT
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of all sublevels is equal to zero. Then the electron sum of states will be egual

to the statistical weight of the principal electron level;

- s v et e ader .

Qe—g,prlnc =X@/+1). ‘b_' ) ~ (4App.I.34)

e

As it is well known, quantum number J is composed of orbital quantum number L

I e D

and spin guantum number S, and takes all the positive values from L + S toL-35
over one unit,

The number of these values, equal to the number of sublevels and termed as
multiplicity of level, amounts to 25 + 1. It is possible to show that the statisti-
cal weight of the orincipal electron level is equal to the product of the number of
Possible spin orientations (multiplicity of term) multiplied by the number of pos-

sible orientations of orbital monentum

g»pr:u‘c _(28-« 1)(2L--1). (App.I1.35)

The values of S and L may be determined on the basis of term symbols recorded in
reference tables (see, for instance, (7)). The letters 'S, P, and D correspond to
the values of 1, for example L =0, %, 2. Multiciplicity is designated by the fig-
ure located above to ;.he left. For sublevel symbols, the values of J are recorded
below to the right,

The excited levels are considered only in those cases when they are located low
enough., ©One can adopt the following rough rule (10): if h?) 5T, where ¥ is the
energy of electron level in cm‘1, the constituent introduced by this level may be
neglecte§ in the sun of states.

The thermodynamic functions of monatomic gas are calculated by formulas:

e .

W = RIng,; (App.I.3€)

!

Cp=

In cases when it is 2ssumed that Q=2¢

H H din Qc
77—0 —R—,—RT . (App.I.37a)

STAT
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Final]-y' W -
. S° = p* T_C:' (.ﬂpp.l' 37b)

Example App.I. Calculate the standard values of P * - potential entropy S°, and
o
the increment of enthalpy . }{g of atomic oxygen at 2,000° K.

From the term tables (7) for electron levels of oxygen atom, we nave:

-1
Term Symbol Energyy (em™')

5P, :
5P, 997
;8
. D '158‘;3'
, 15, 337

3 3 3
We shall consider only three sublevels Tz, P1. and “Py, telonging to the

e:
principal level 3P. According to formula (app.I.32), we hav

Q.= 5 ‘i_se—l.“whn,‘k‘r_‘_e—;'.'ﬂu-,k‘l': (AchI-.as)

b
As a first approximation, we may consider the energy of all three sublevels to be

: 3
jdentical and equal to zero. Since, as may be seen from the term symbol of “P,

25+1=3 L =1,

we obtain, on the basis of formula (App.I.35),

& Jprinc = 9.
Consequently,

Rln Q=R 1n g princ = k. 3662,

With the help of formulas (App.I.27b) and (App.I.36), we find

EW = 11.4390 1g T + 8.2644 - 7.2836 + 4.3662 = 11.5:390 1g T + 5.3470.

as a function only of temperature.
Thus, é *0 . potential is now expressed v

At 2,000° X:

e it

- — Y 1o __cal
&* = 37,7605-1-5,3470 = 43,107 mole-degree

- v
p——— .

147
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Since we have assumed Q, = g, princ and since consequently EP= 2 R,

——

cal
Cp=4,9679 mole*degree

i —_ —_— _____————
\ =1 —|—4. 48,07 STe*degre

Finally

- - . e e e 0% —_

H — Hy = 2000 - 49679~9q30 93.1. .

ey o

We will get more accurate results ii' we apply expression (App.I.38). - In this.

T e ..,.-\...u-—--A-....._..__ -—

cal -
RinQ, = 4,2500; «*" ==43,000 .m

case, at 2,000° X,

Farthermore,

d‘ﬂo,__ llop —u
AT =0 dT =2,598 - 10

dinQ,. __
RT “dT =0,1033.

e e
Ao b -

cal
Cr=A4, 9079-]—0 1033 =5 071-m

cal l
§ = _| 5,0712 =48 071m .

Finally, - C o m—— L

H — H0=2000 5,0712 = 10142 93_%

-
© e e

Thus, a more precise calculation introduces the greatest adjustment into the value
of average heat capacity (and enthalpy).

(d) Break-down of the Inner Sum of States of Diatomic and Polvatomic Gases.

The internal energy constituent of a molecule, containing two or more atoms, is
composed of the constituents of the rotary and oscillatory motions, as well as of
electron and nuclear-spin constituents. In the first approximation -- that of
harmonic oscillator - rigid rotator -- we may disregard the unharmonic nature of
oscillations, the extension of bonds under the influence of centrifugal force,
and the quantification of rotary energy, and we may consider all the four constit-

uents of the internal sum of states as mutually independent. In this case:

f Q{ thQrothQn' :' (App I 393)

STAT
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vwhere Qvib is the vibrational constituent and Q. 4+ is the rotary constituent of the
sum of states. The nuclear-spin constituent will not be taken into account for
reasons referred to above.

F:om.the form of the expressions for energy constituents of the molecule, as

they result from the quantum theory, it ensues that at 0° K all molecular motion

comes to a standstill, with the exception of vibrational motion. Therefore, in a
breakdown of the internal sum of states, the zero energy will turn out to be en-

tirely included in the expression for the oscillatory sum of states. In conformity

therewith, and considering the fact that Byib = 1, while Q, is disregarded we obtain

I iz
N gme T N ge kT, (App.I.39b)

(e) Thermodynamic Functions of Diatomic Gas

(-]
The electron sum of states Q. is determined by expression (4pp.I1.32). In most

cases, excitation equations may be neglected. In the first approximation, as in the
case of monatomic gases, the energy of sublevels belonging to the principal electron

level may be assumed to be the same and equal to zero. Then,

Q = g princ.

A powerful electricfield is active between the nuclei in a diatomic molecule. There-
- fore, the vector L, which represents the electron orbital momentum, effects a pre-
cession around the molecular axis, with its component along the direction of field
M, remaining constant., Moreover, for values of L# 0, the states, which differ only
by - the sign of ML, have the same energy. Consecuently, the electron states of di-
atomic molecules are classified according to A = l MLI It appears that the staties
with /\# 0 are doubly degenerated (this leads to the spiitting effect of the rota-
ti:onal lines in the spectrum, i.e., to the, so-called, "A- doubling'). The states
chara.cterized by the 'values of/\= 0, 1, 2,... are designated respectively by letters

z,-ﬂ ’ A ... The number of s_ta'tes with almost equal energy pertaining to the

149
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same term -- multiplicity of term -- is equal, just as in the case of the atom, 28
+1, vhere S is the resultant electron spin. For terms with /\:}: 0, each multiplicity

component is twice degenerated. Thus, for Z- states the statistical weight is

equal to multiplicity, and for 211 other states it is equal to doubled multiplicity.

The rotational sum of states is determined by equation:

: ot
Qrot = g T QApp. I.40)

The quantum theory produces the following formula for the rotary energy of diatomic

and linear polyatomic molecules (8):

tror = B A=) e — DS (=12 he - .., " (App.I.M1)

where By, D, are the rotational constants and J is the rotational quantum number.
while neglecting the second and the subsequent terms, and considering the rotational
constant B as independent of the oscillatory quantum number V, we may produce a

simplified formula:

g =BIU)he. (App.I.42)
2J + 1 states with almost identical rotary energy correspond to each value of J.

Consequently, g.,¢ = 29 + 1. Substituting (App.I.42) in (4pp.I.40) and introducing

h
the designation g‘k—,(;. =r , we obtain

er :JE (2./—{-1)e-~’ Jene, (App’I"u'B)
=0

Since the rotary levels are situated close to each other, summation may be replaced

in the first approximation by integration; =

th=f (2’”‘]‘1)8"”‘“'”9 dj:l

";‘
(1]

Taking into account the molecule symmetry, we {inally produce

Qrot='FI;!%‘, (APP-I-M)

where @ - is the symmeiry number, characteristic for each point group and equal to
the number of undiscernible positions of the molecule in the process of its simple

rotation as a solid body. In the case of diatomic molecules, & = 1 for molecules

150 STAT

Declassified in Part - Sanitized Copy Approved for Releas ® 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



004000220011-7
: CIA-RDP81-01043R

Sanitized Copy Approved for Release @ 50-Yr 2014/06/12

Declassified in Part - Sani

Substituting of the numerical valyeg of constants h, e, and k, we obtain by
formula (App.I.22)*,

O =RnrT_

RinB—p, :—0,7228.

(4pp.I.45)
From formula (App.I.23) we fing

Srot = by R, (App.I.46)
whence, according to (App.I.21),

(App.I.47)
in agreement with the ¢la

Ssiecal theory,

The Vibrational Sun of states ig calculated on the basis of formula,
TT—————="12= 5 of states

lv -
ol (App.1.48)
For the energy of nuclear vibration in a diato

mic molecule, the quantum theory pro-
duces the formula,

3 == hcu, (’v ~{~%) —hew x, ('u~;—%)2—i— .

_ ‘ (4pp.TI.49)
whereaé is the zero frequency,

i.e., the Vibration frequency for infinitely small
unharmony constant,

If we disregard the unharmony of oscillations,
up with a simpli.fied formula;

l.e., assuming xe

= 0 we ecan come

—

3. = ‘/zcw; ('0 + 51)

(4pp.1.50)

(App.I.51)

{
004000220011-7
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harmonic oscillator. Let it be noted that the value of zero energy is calculated
here from the level at which the energy of a molecule at rest would be registered
upon total suspeasion of vibrations.

Subtracting (App.I.51) from (App.I.50), we produce

i — % =h€w,,'v. (AppoIojz)

Substituting the value of &€ 4 - 80 from (App.I.52) in formula (App.I.X8), we find:

Mue [
Qup=De T "=3"F", : (App.I.53)

he

where 6 = ” Wee

If we use the formula for the summation of an infinitely decreasing geometric

progression, we get:

3
Qu=01—eT"". (App.T.54)
4
We now introduce the designation T = x. By way of transformation of (App.I.54), we
produce

or
Qriv = z—7

e s

Toi
—-k’-=l“ch="' —in(er—1. (App.I.55)

Further, on the basis of formula (4pp.I.23), we determine

5;3‘2=1n Qeiv +,—={—1- (App.I.56)

—~—

In calculating §;ib and § ., we ordinarily use the tables (11, 19) of values of

vib

. e )
these quantities (or ﬁ;l{b and s‘}'llb ) as functions of x = For of 7.

Combined formulas (12). If we combine (App.I.45) with (App.I.27a) and (App.I.

46) with (App.I.29), while considering the other constituents of the internal sum of
states, we arrive at the following formulas for computation of thermodynamic func-
tions of gas composed of diatomic or linear i)olyatomic molecules, as an approximation

of harmonic oscillator- rigid rotator:

STAT
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e ad b e 0 e e - e st o -

4 =L RinT4 3 RInp—RINBy—RIns4
4R In g, pri—8,0064+onsi;

[‘ S° = (¢ ,‘o_ .l.:lb)+% R +S'.w- (App.I.58)

Changing over to common 1ogarithms and after substitution of the numerical

(App.I.57)

. cal '
value of R (in T~ deg ), we have

—— VST S )
L TR Lo SN IR SRR A

B = 16,0146 1g T4 6,8634 1gu -~ 4.5756 1g Ba — 4, 5756 Iz 3+ (Lpp.I.59)
4-4,57561g g princ— 8,0064- A-ens T
S° = (1]) — 'l'tib)+ 6,9551 S”.b R (APP.I-&)

"' R + (srlb —_ 'l'tib) =

== 1,9551 —}_ .(H"" ‘THu)rib . (APP' 1061)

he rotational constant B is related to the ﬂoment of inertia I by expression

B= h
= Brdle* (App.I.62)

‘Introducing this expression -- together with the numerical values of constants ¢,

-

h, and ¢ -- in formula {App.I. 59). we obtains

————— - it ot -
p et em— R b = o= —

B - 10,0140 1g T—+— 6,86341g w-;-4,5756 g / -— 4,5756 lg 3~
4 H756 |"g ’n.?l— “)8 3977 'l‘n", (App.I.63)

+

Example App.2. Calculate the standard values of § *-potential, entropy, and
enthalpy increment of gas OH at 2.000 K. The normal state of free hydroxyl is - n
rrequency of vibratlons w, = 3,727.95 cm'1, rotational constants B, = 18.862, «, =
0.693, molecular weight /u. = 17.008,

We shall determine B, (see formula in the footnote on page 151): By = 18.515.
The electron sum of states, at the first approximation is equal to doubled multi-
plicity: Qg = 4. Finally, the symmetry number & =1.

Introducing these values into equation (App.1.59), we obtain

PSS e

B == 16,0146 1 T— 26040~ -4,

t

153
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On the basis of this formula, it is possible to calculate the value of § *. poten-
tial for any given temperature T. At 2,0000 K 16.0146 1g T = 52.8647. From tables

(11,19) we find: L s e -
dip = 0,1420; -

( ’1.7' H:’) vih

= 0,3947.

Consequently,

. m— *

e bt b oot S - .

{

. s

© e = 52,8647 — 2,6049 --0.1426 = 50.402_551—2%%3

-
. HY -Hy - ;
Cp=—5—= 6,9551 -1-0,3947 = 7,350

cal
flole-grad
- _ B e I .- . S,
$° =50,4024-7,350 = 57,752 mole-grad"

H — H.=.7.350 - 2000 = 14700 S2L_
. mole

These data are compared in Table App.I with the results of a more accurate calcu-
lation produced by Johnston and Dawson with due account being taken of unharmony,
interaction of vibrations with rotation, and so on. From this comparison it may be
seen that the most substantial error is introduced into the value of heat contents.

As to the error in the value of § *-potential, it is negligible.

Tatle App.1

Thermodynamic | Approximation of Results of nore Error in the approximation
functions harmonic oscilla- | accurate calcu- of the harmonic oscillator-
tor-rigid rotator | lation by John- rigid rotator

- ston and Dawson

- 0069,
("28“ [1]
L 1.78Y%,

l

(£) Thermodynamic Functions of Polyatomic Gas

For polyatomic molecules the rotary sum of states may be roughly represented ty

15 STAT
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the expression:

G =1 '/-AB(‘ IxC) (App.I.64)

)
where A,B,C are the rotational constants determinable from the spectra.

The combined for'nulas for calculation of thermodynamic functions in this case

have the aspect of 4™ 4T | | Rlnlp—ékln.»lBC——Rlnz—i-Rlng,.pw’.,c—-

72304 |-brin: " (App.I.65)

80 (i — i) |- 4R |- Seare (App.1.66)

T

Changing over to common logarithas, and after substlitution of the numerical
value of R, we obtain

0" = 18,3024 lg T-1-6,8034 Iy u — 2,28781g ABC — 4,5756 1;,; J—;- (Aop.I.67)
—|-4,5756 1g g srime— 7,2304 - 7 ;

6‘0 f— (Glu' _ 1[’;16)_'[‘7.9486“%-8”'_,,_; i (App. 1'68)

4R+(Sr.,, 'l'..n--7 9486+ ‘”_T#_b (App.I.69)

If A, B, and C are replaced by the respective values of the principal moments of the

molecule inertia -- I A\ IB' IC -- then the expression for}: *. potential will look

like this

e $98 amcmt
-...,.__...__._...—_..__..._. e m—

o — 18,3024 Ig 76,8634 Ig n-1-2,2878 g Il —
45756 1g 5+ 4,5756 Ig gp,,,,,.| 2573751+ (#pp.1.70)

The expressions (App.I. 57) and (Ann I.58) are vahd for linear polyatomic molecules.
The values of §*vib and Sgyp may be determined by summation of the constituents

for all oscillatory degrees of freedom:

7 ()
Prip == ) Poit {App.I.71)
I-—i

\M
‘Sl‘lh vl'br

(App.I.72)

wherex = 3n— 5 for linear molecules, and A= 3n — 6 for nonlinear molecules, The

values of i* (;)and S (jl;) may be determined for each i-th frequency from formulas
vi vi

STAT __
125 JRAN

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7



Declassified in Part - Sanitized Copy Approved for Release

@ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

(App.I.55) and (App.I.56) or from the tables. In sunmation these values for degen=
erated frequencies are often multiplied by the degree of degeneratlon.

Tt should be noted that for first-approximation calculations it is more common,
instead of zero frequencies Wy, to utilize the basic ijrequencies )’i which are pro-
duced directly from the spectrum and are related to the zero frequencies by equa-

tion (9):

s e o Pt .

=} -2 k};‘xm"' | (4pp.1.73)

e e

where X4 and Xy are the unhzcmony constants.

Corresponding data are very often lackmg for the calculation of zero frequen=-
cies. Incidentally, the use of )I produces a result closer to that of precise com-
putation, than the one which is obta:med whenw; is used, since Y 5 <w , a fact
which compensates for the failure to consider unharmony e«

Example App.3. Calculate the standard values of ﬁ * _ potential, entropy, and

the enthalpy of water vapor at 2,000° K. Molecular weight /u-_- 18,016; the rotational
constants &, = 27.79, By = 14.508, G, = 9,289; the basic vibration frequencies 9‘1 =
3,651.7, Yo = 1,565.0, 93 = 3,755.8. The statistical weight of the principal elec-

tron level geprinc = {., Symmetry number & = 2.

Substituting the numerical values of/; ’ Ao’ Bo' Co' &, and geprinc in formula

(fpp.I.67), we obtain:

]

a* = 18,3024 1g T — 8,1652}Pors. |
.- 1]

e ————

Here § #0 35 expressed as 2 function of temperature. For 2,000° X
18,3024 1g T = 60.4168

On the basis of the tables (9), we determines

_———.__‘___——-—.-‘-—‘-—- _ -

(‘bvl'b)] = 011509' (cpf,b)l = 0.4101,
(Priv)y = 0,7635, (Cpois), = 1,0636,
(‘1):7")):; == 0v1396| (éﬂrib):; = 0,3893.
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In summing up we find

Consequently,

In Table App.2 these data are compared with the results of more ac
recorded in the article by Wagman, K ilpatrick, Taylor, et al. (58).
also see from this comparison, in this case, too,
error is the one introduced into the value of the enthalpy increment.
§§*°. on the other hand, is comparatively small.
proceeded in the calculation of oscill

from zero vibration frequencies, the errors,

Declassified in Part - Sanitized Copy Approved for Release

Doy = 1,0540;

Cpeit = 1,8630.

“ eal

@ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

4" = 60,4168 — 8,1652 11,0540 == 53,306 757 orad

\

C,= 7,9486--1,8630 = 9,812 'm

§° =53,3064-9,812 =63,118 =323 grad,

“
1

H° — H, = 9,812.2000 = 19624 me

HP - Hg, would have been considerably higher*.

the most considerable relative

Let it be noted here that, had we
atory constituents not from the basic, but

particularly those pertaining to ° and

Table Aop.2

curate calculations

As one can

The error in

Thermodynamic
functions

rirst
approximation

Results of accurate
calculation

Error in the First
approximation

&+
AN
H>—H,

. —a .

pric B 4114 |
63,118 i
19,6214

133,380
63,260
19,760

0,11,
0.23%
0,700/

lations of combustion processes,

* However in comparing the results of prec
computations with the view to determining
errors (due to failure to consider unharmony,
etc.), it is precisely the zero frequencies

calculation.

157

The data, recorded in the tables of Appendix IV, which should be used in calcu-

are produced by means of computations with due con-
ise calculations with those of approximate
the relative importance of the diverse

due to centrifugal extension of bonds,
that should be used for approximate
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]

sideration of uhharmony, centrifugal extension of bonds, interaction of vibration
with rotation, difference in energy between the componeﬁts of the principal electron
ievel, and so on. We shall not dwell on a discussion of such calculations (see (11)).
The short outline of the approximation method of calculation of thermodynamic func-
tions provided in this book clarifies in a sufficient measure the principle of
statistical computations whose understanding is important to any person wishing to
use the method of explosion, calculate the temperature of combustion, or figure any

other characteristics of combustion processes.

4, Calcualtion of Equilibrium Constants

From the elementary course in thermodynamics it is known that
~ RTlr;:kp =-—AZ‘_‘. i ' (App.I.74)
vhere Kp is the equilibrium constant expressed through partial pressures of initial
substances and reaction products and A 2° is the difference between the standard

values of the thermodynamic potential of reaction products and initial substances.

From (App.I.74) we derive:

RInK _\q o2 :
n p U L
L L ) (2pp.I.75)

- . — -

whereAd *© is the difference between the standard values of the §_ % potential of the
reaction products and initial substances and A Hg is the heat-contents variation
(thermal effect of reaction), extrapolated to absolute zero.

From formula (V.43) (page z_&3). we obtain

- e— - —

Dlip=AHa-A(Hp— H).
Whence,

AH;:AH;,_A(H;'_H;) (App.I.76)

On the basis of this formula, it is possible to calculate the value of A Hg, if the

158 STAT
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reaction thiermal ei‘fectAHf; is known at constant pressure and any temperature T. Put-

ting (App.I.75) into a form most convenient for calculation purposes, we produce

c]

A,
Ig K, =0,21855 (30" — 7). (App.I.77)

Let it be noted, that the inaccuracies in thermal effect determination, as a rule, af-
fect far more the magnitude of equilibrium constant, than the inaccuracies 1n§* -

potentisl calculation.

Example Aoo.k. Calculate the equilibrium constant of the dissociation reaction

° he following data*:
of COy (COZ<__..CO + 3 02) for 2,000° K on the basis of the To g

b, =61,850; g, =54,078; Iy =56,103;

.SH.-_..‘ 1 = 67 636 czl g (H"J~ " -—Huh 0, =

ev

(Mo — Hey == 2073%% C (Haes— H o, == 20

We have:

. cal
-\(HWN 1 —‘Hn)-—2073 } ’070——2.’.36 870 m

On the basis of formula (App.I.76) we obtain:

.\Hn = 67635 — 870 == 6GLTHH

- cal
mole

Further, we have

A0 = 54,078 - - 56,103 — 01,850 = 20,280

AH, 66760 4
A — - =20,280 — Sy T 13.103.

According to formula (App.I.77)

ly K, == 0,21855 - 13,108 .= —- 2,8637.
Finally, Ky = 0,001369.

* We are using here the nodern data (20, 58) which differslightly from those used
for the compilation of the tables recorded in Appendix IV.

STAT
159
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Appendix II

ENTROPY CALCULATION OF THE MIXTURE OF COMBUSTION PRCDUCTS

AT CONSTANT PRESSURE

For the computation of certain equilibrium processes, it is important to know

the entropy of the mixture of combustion products at constant pressure.

4. Direct Calculation Method

As is well known, the entropy of a mixture of jdeal gases is equal to the sum
of the entropies of these gases, with the assumption that each of* them occupies the
total volume of the mixture and behaves as if there were no other gases. Conse-

quently, the entropy of a mixture of combustion products is
pmd— =S mS (App.IL.1) -

where m is the molar concentration of ‘the k th combustlon product in that quantity

of mixture for which Sp od is calculated; S5 is its entropy.

The first law of thermodynamics, in application to ideal gases, may be written

in the form of (24): ;
e T - i’

dQ = — tdp {-C,dT. (App.II.2)

J

1 dp
‘-72 =dS=— —(111—r—lIT— -—-R—I——l—(},

Upon integration, we produce

e e e = T LR
e e e e

S=~ Rln p4C,ln l‘+ const.

(App.II.3)

For a given temperature T and pressure p = 1 atm

Sr= C In T--const, (App.II.4)

vhere index® signifies, as previously, the appurtenance to standard state. Comparing

(App,II.4) with (App.II.3), we find that for any pressure p and given temperature T

160 STAT
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_Sp=Sr—Rlnp.

(App.IX.53)

Since the magnitude of the entropy of each of the gases which constitute an equilib~
rium mixture of combustion products, does not depend on the presence of other gases,
then, for the k-th component of the mixture at given temperature T, it may be repre-

sented by the expression:

Spe=Spu—RInp;. : (App.I1I.5b)

e

Substituting (App.II.5b) in (App.II.1), we obtain:

‘ -Sr'prod=%‘- my (Sqie— R Inpy). ‘ (App.II.6)

In all other respects the derivation of the formula for entropy calculation of a
mixture of combustion products does not differ from the formula (V.5%) derivation
for the calculation of its internal energy.

We have
X, =G.
From (App.II.6), it follows that o
}_“ m, (Spk  Rlnpy)

-k
Spprog=l & —g——— — -
P N omg
k

Substituting in this equation the exp}'—es'sio-ﬁ.of molar concentration through partial

pressure -~
m
my=1Ppr

we finally produce:

i s Attt 8t 0

¥ o (S7k - RInpy)

Spproe= 0= jn T (App.II.7) -
> pu : p.II.
I3 .

- m—e e r——

S m eep——

i cal
If Sg:k is expressed in mole-deg * @S in Table V of Appendix IV, then R must be also

expressed in the same units, and x k must be expressed in £ and G in grams (for
xp Ve mole g

cal
deg

example, 1,000g); then sTprod will be expressed in
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Example App.5. Calculate for 3,000° K the entropy of 1 kg of mixture of the
products of methane combustion with oxygen if of = 0.8, Ty = 298,16° K and the pres-
sure, Po = 1 atm, is constant.

Following the pattern outlined in Chapter VI, we determine the composition of

the mixture of combustion products {see Example 3, on page 63). Further, we have

e em memem weee fetas b e tme ____._‘.‘_.

e i o

Zp (Souk—RInp,) = __p (‘Sum.l—'4 5750 Iy p,) == 67, 27330\

o e —

The value of g );}Lk which in the given case is equal to the apparent molecular
weight of the mixture, was calculated by us earlier and is recorded in Table 5,
Chapter VI. On the basis of formula (App.II.7) we find

= cal
S3,0000r0d = 33893 1Glgeg ©

2. Approximate Method of Calculation (16)

In calculation of the state of combustion products at constant pressure by the
Ze1'dovich-FPolyarny approximation method, it is not the actual mixture composition
that is being computed thereby, btut the composition which corresponds to a pressure
somewhat higher than that given. We, therefore, cannot make use of formula (App.II.7)
for entropy calculation.

As we mentioned in Chapter VII, for the caleulation of the state of combustion
products by the 7el'dovich-Polyarny method, that state of the system is adopted as
the first approximation which is attained at high pressure PB that inhibits dis-

sociation. lLet us calculate the entropy S of the mixture of combustion products

under these conditions., We have

m, «
pi=Pp-21.
¢ BSE \
Substituting this expression in formula (App.II.6) (instead of index k we use index
j), we obtain:
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R | K - m;
S= sz,'s,, — R Emjln<l)"¥$>=

R S ' S - - -
‘;‘m;b,——-l(.Zm_,ln 'y -RLm,lnmJ-—; R():‘mj).lu ‘\:‘m; (App.II.8)

- - - - — 2
« S =§mj(h;——lx’lu my b R(Zm)n Tar— R m)in 1y,

v rr——— 4 —

At the same time, applying formula (App.II.5a) to the whole mixture, we may write

:s= S”—R(Z;z)lnpn. s (APP.II.?)

——— —— -

Comparing this latter equation with (App.II.8), we find:

N (S 8T AT T T T
8 --_T,m_,(t?, 4,5756 lgmj)—,—4.57aﬁ(gﬂ)lg‘_¢_m { App.TI.10)

- — -~ S

cal

(Sg are expressed in — == T

Such would be the entropy of a mixture of combustion products at pressure Po =1 atm
and a composition corresponding to high pressure. The latter may be calculated by
the methods described in Section 1. Chapter VII.

Let us now compute the difference between the unknown true value of entropy

Sprod of the mixture of combustion prodacts at given constant pressure Po and the

extreme value of S, corresponding to high pressure PB. yhen temperature is constant,

entropy is a function of pressure:

S=S8(P). '
Consequently,

Iy
Ssrex S =fds. ; (App.ITI.11)
P

L e

i B ‘ 3

We shall make use of the first law of thermodynamics, which this time we shall write

as follows:

dQ=dH— vdpP. '

163
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’ Théreupon,

After substitu't.n.on of this expression in (App.II 11), we obtain

. e mmemm ioe tebme i ewssmeids e ks o o s S
A ™
5 -

V”P } (App.II.12)

We have

f"H" Hprod ‘ o (App.TI.13)

. n e pEeT T T

the guantity '\7, as given in Section 2, Chapter VII. we have

i e e S

~7a + )-—(S‘ m) B+

Te

' VP = RTi’J .P_dp} | (App.II.14)
. :

(App.IT.15)

ng

(VII.60)

C = Bp-n'ﬂ

we haves . ] . .

\ ' )

' P ’l u B (
[%dP:—- Ih‘l""t"'d!’ B———— Sy

e e - -

R o g

- A6k
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Thereupon,

(App.I1.16)

L .1“
After substituting (App.II.15) and (App.II.16) in (App.II.14), and then (App 'II )

and (App.II.13) in (App.11.12), we produce

— Hpored—F
Sproa—3 = f':-.m+

(Za)lnp,,+1e(2 )lnpn (App.TI.17)

Adding up equations (App.II.17) and (App.II.9), we finally obtain

Sprea=S$ +”_f_':‘t’_’_*_R(v—)__ —R(Z)mPo (App.II.18)

cal
where 3 is determlned by formu.la (App.II.10) Here R must be expressed in —Te-dcs’

al gp —c2L |
Hprod - Hin ;ole’ so as to produce Sprod N S e-deg

Example App 6. We shall solve the problem formulated in Example App.5 by the
L3 L

Zel'dovich-Polyarny approximation method, while using the results of calculations

recorded previously in Example 5, Chapter VII (page gh).

We have: ) - ———

- cal
1,5756 (S m)1g (X m) =336.61 g lqeg

Consequently, according to (App.II.‘lO)

e e e

S‘ m,(s,,-— 14,5756 1g m =336 61,

—- e ~

On the basis of this formula., tl;;va_.ues of mJ recorded in Table 10 of Example 5,

1 ; —oonents, we calculate:
and the standard values of entropy Sj of the components,

- M e e

a Shono = 3128,16.

Further we have (Hpr“—‘—’_'l)m= 7?()520 — 24017:
73000 3000

R-"" =177,211;
- "9

Rxm, o —177,211- 10,1280 = 29,84.
n-

e ——

e s o ——

165
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+

'R(E;)lnpo~=0., 'L' "

Finally, from formula (4op.I1.18), we ﬁnd

o
2 ~cak
3,oooF’I'°d 3'391 kgedeg

cal =~ -
Earlier, by direct method, we obtained the value of 3, 389 3 s deg . Such agree

nent is quite satisi‘actory for the maJorit.y of practical purposes.
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Appendix III

METHOD OF RAPID COMPUTATION OF SQUARE ROOTS ON THE BASIS

OF THEIR APPROXIMATE VALUES WITH THE HELP OF THE CALCU-

LATING MACHINE

In dealing with extenslive systematic caleulations requiring 2 considerable pre-
cision, such as, for instance, computations of partial pressures, calculating ma-
chines are often used. If the extraction of a square root with a precision of up
to 5-7 significant digits constitutes a frequently repeated operation, then its per-
formance by the method known from elementary arithmetic or with the aid of logarith-
mic tables turns into a tedious procedure, In these cases, the fastest, most con-
venient method which guarantees against accidental errors is the followinge.

Supposing a square root is to be extracted from a number Q; let

v

Va el (App. TIL.1)

lhl-:’ . . (App.III.2)

e e —

- —_—— e —

Ly ad | 2ab | W ) (App.III.B)

In view of condition (App.III.2), we may disregaré the quantity 2

bl §

.a‘ g rata | 2h). .' (App.III.LP)

If the approximate value of the square root (first approximation) is known, the
following procedure may be followed in order to determine it more precisely.

We set up the number 2 by means of the machine digits; then we square it in
such a manner that on the left-hand carriage-scale, to the right of a, there remain

.2 few free squares, depending on the accuracy with which the sciuare roots are to be

-~
= - —

STAT

- i ¥4 "
AN
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extracted. Thereafter, the machine handle should be turned until there appears a

figure (g +&) on the right-hand scale, which should be as close as possible to q..

The number which will appear thereby on the left-hand scale would be approximately

equal to a + 2h. lLet us assume that it is precisely equal to a + 2h, 1.4

-~ 7

(SN

B R * - 2 .
4 © gd=a (a}20), (App.III.5)

t .~ m———

where, it is evident, h=~h. The quantity § is the smeller, the .great}er is the number -

of figures contained in a and a + 2h.

Subtracting a from a + 2h, an operation which may easily be made mentally®*, and

adding to a one-half of the resulting difference from its sign, we produce a+h,

i.e., the second approximation of V_q.

The whole operation lasts hardly any longer than an ordinary multiplication of

two numbers on a calculating machine.,
Let us evaluate the error of the second approximation.

From equations (App.III.3) and (App.III.5) it follows that

- —— e —— = - 3

2ah = 2ah—h*—-83, (App.II1.6)
whence )
n ., 3
h=h-5+5ze (App.III.7)

Thus, the determined a+h value of the square root differs from its precise a + h

h -
value by quantity 37 + 2%? . The latter is the smaller, the smaller are h and § as

compared with a. If h? } §, quantity S nay be disregarded in comparison with

2a
2
a In this case the error of the second 2pproximation is EE times smaller than

2a

the error of the first approximation. For example, if h = 0.01a, the error of the

second approximation is 200 times smaller than the error of the first approximation.

The approximate a value of the square root may be obtained with the help of

* It is ;gssible to produce the number 2h right on the left-hand scale, if it is

cancelled after the squaring of a.

v
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Declassified in Part - Sanitized Copy Approved for Release

® 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/12 : CIA-RDP81-01043R004000220011-7

square root tables* or a slide rule. Incidentally, it suffices to know the squares
of numbers up to 20, in order to be able, without resorting to anything with the
exception of a computer, to produce in two moves the value of the square root with
the maximum precision characteristic for the machine in use.

Example. Extract the square root with a precision of up to seven significant
digits of the number q = 35314.98, From the tables* we find a = 187.9. By means
of the calculating machine we square a and continue to rotate the computer handle
while selecting a number as close as possible to q. In this case this turns out to
be 35314.97824. At the same time the number 187.9456 will appear on the left-hand
scale of the machine. Hence, 2 = 0.0456 and K= 0.0228. Consequently,ffaE:a + A=
187.9228.

Check: 187.92282 = 35314,9787598k.

By an extra turn of the handle in squaring 187.9228, it is possible to gain
assurance that the determined square root value is correct up to one unit in the
last figure.

The same result may be produced by means of two successive operations, if --

n the absence of square-root tables or a slide rule «- 3 = 190 1is adopted as the

first approximation. In this case a(a+2ﬂ') 35314.996 (i.e.,d = 0.016); a+2i =

190 - 4.1316; whence, H =-2.0658 (thus ot 75) and a + H~ 187.9342, wnile

1 - e m——

B !

| 27"“'_~J3
We can see from this that in the given case the second approximation produces the
square root value with precision up to the first decimal place: 187.9. The third
approximation will be obtained in assuming a = 187.9. It produces, as shown above,
the value of 187.9228.
The error of the second approximation with precision up to the fourth digit

after the period comprises 187.9342 - 187.9228 = ¢.0114. At the sawe time the error

of the first anpromaulon of h = 187.9228 - 190 = -2.0772. Hence

1= +——M+m— 0,01135-1-0,00004 = 0,6114.

*~5es, Lor examnIe, Spravochnik po Matematike (Handbook of ¥a ..hematics) by
I. N. Bronstein and K. A. Semendyayev.
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Appendix IV

INITIAL DATA FOR THERMODYNAMIC COMPUTATIONS

- Table.1

Certain Functions of Temperature {12)

e

- .
‘ - Lvame e e ettt
T eMe e eecrthin dre o it s Ses e e o e e ok S0 ban A B

T (°K) -gmnr -;-mnr 4RINT

208,16 . 28,3052 39,6273 15,2881

300 28,3358 39,6701 45,3372

400 29,7650 11,6710 47,6239

500 30,8735 13,2229 49,3976

600 31,7793 . 14,4910 50,8468

800 33,2084 16,1918 53,1335
1000 31,3170 18,0438 54,9072
1200 35,2227 49,3118 56,3564
1400 35,9886 50,3840 57,5817
1500 36,3313 50.8638 58,1301
1600 36,6519 51,3127 58,6431
1800 37,2370 52,1318 59,5793
2000 37,7605 52,8647 60,1168
2200 38,2339 53,5275 61,1743
2400 38,6662 51,1327 61,8660
2600 39,0638 54,6891 62,5021
2800 39,4321 55,2019 63,0913
3000 30,7748 55,6817 63,6396
3200 40,0054 56,1336 64,1527
3400 40,3066 56,5552 64,6316
3600 40,6805 56,9527 65,0888
3800 10,9191 57,3287 65,5186
4000 41,2040 57,6856 65,9263
1200 11,4164 58,0249 66,3142
4100 11,6774 08,3481 66,6839
1600 11,8983 78,6576 67,0373
1800 12,1007 58,9536 67,3755
5000 12,3125 59,2375 67,7000

S
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T e - -
G e i

Note to Tatle IT

The values of lg K, % 1¢ K, and 1g Kg - K, over the interval 300 - 3,000° K

. 3
are taken from the monograph by Zel'dovich and Polyarny (16). These authors, in

turn, have partly borrowed them from the surmary by Lewis and Eibe (21) and partly
calculated them by the method outlined in Section 1, Chapter V. The values of lg K, ,

1z K5, and 1g K, over the -300-4,000 ok range and the values of lg K1 = 1g K3 in

13
the interval of 3,200-%,000° K are taken from the book by A. P. Vanichev (2). On
the basis of these data, with the help of formulas (W) and (V.35), calculations
were mede of the remaininz constants (with the exception of K1b) for 3,200-4,000° K.
The values of 1lg K14 over the 3,200-4,000° K range wers computed on the basis of

A§ *0 pecorded in the article by Giauque and Clayton (3¢). The thermodynamic
functions and thermodynamic datz, on the basis of which czlculations were made of

the equilibrium constants recorded here, have recently suffered certain changes.

This was reflected in particular, in the new list of chemical equilibrium constants
provided in the second edition of the book by Lewis and Elbe (49) (see also (42)).

In spite of the existence of these new data, we deemed it methodically more advisable
to append hereto a list of those equilibrium constants, enthalpies, and entropies;
which we have used in calculations of the greater part of the examples incorporated
in this book. This was done expecially because these 0ld data differ but little
from the new ones. The most considerable difference came as 2 result of the fact
that the majority of investigators prefer nowadays to use the higher values of the

heat of OF formation than that of (A Hg) ‘o determined by Lewis and Elbe and

rm OH
utilized in the summary recorded herein.

In particular, in the works (49, 42), referred to above, use was made of the

value produced by Dwyer and Oldenberg (33) to which corresponds that of A HOB='6?.107

keal
mole
dissotsiatsii i spekiry dvukhatomnykh molekul (Dissociation Energies and Spectra of

. Gaydon, in the recently published second revised edition of his book Energii

Diatomic Molecules), recommends the value of 4.45 eV for D, (OH) which corresponds

keal
mole

tOAH83=64|7
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The least reliable of all is the value of 1lg K1 ) since the magnitude of the -

energy of N "dissociation has not yet been unambiguousiy established. The values oft
1g K, recorded here are calculated in the assumption that D (NZ) 169.220

According to a different interpretation of the N spectrum, ‘the value for D (N )

amounts to 225 Kcal/mole. Fortunately, both these values ire so high (K1 L being so

small), that the selection oi‘ the one or the other of them will hardly at all affect

the calculations of combust:.on characterlstlcs.
The values of the logarithms of equa.hbrlum constants for amr temperature over

the 300-4,000° X range may be obtained with the aid of Table II and the interpolation
L 3 t too far-
function of type lg Kp = const. T The same function may be used for no o

reaching extrapolation.
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o

Note to Table IV

The enthalpy values over the interval from 0 to 3,000° K were taken from the

monograph by Zel'dovich and Polyarny (16), who calculated them for H,, Hy0, OH, O,
co, CCy, N5, and NO, while utilizing the summary prepared bty Lewis and Elbe (21).
Tne enthalpies for the 3,200-%4,000° K interval were compubedL by the method described
in Section 2, Chapter V, on the basis of the data recorded in Vanichev's btook (2).
he entbhalpies of monatomic gases H, O, and N, borrowed from Zel'dovich and
Polyarny (16) and from Vanichev (2), were calculated without consideration of the
electron constituent. The reader may define them more precisely by independent
calculation on t:he basis of formulas (App.I.32) and (App.I.37a). The value H of
monatomic nitrogen cannot be vouched for, for the same reason for which we cannot
vc;uch for the certainty of K1 5 The values of enthalpies for any temperature T over
the interval 300-11-,0000 K may be calculated on the basis of the data in Table IV

with the aid of interpolation function (V.59) or by means of a function of the type

of (51):

—_—— - t———

HZ,.:aTﬂ-lﬂ?-i—cT”-i-d. ,- (4pp.IV.1)

In a way similar to that described in Chapter V, it may be shown that

gy, (T 38T (T4 28T (T4 ATY Ty (4pp.1V.2)
N =7n

c=—

6Ty

p BH c (App.IV.3)
=3GTH ~ T PN F AN T

AH
o=t — QTe+ AN b+ s (App. IV.4)

o [ N
d=H, —aTy —bT; — —=—.
=hee T (App. IV.5)

The same function may be also used for extrapolation,
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Note to Table Vv

The monatomic nitrogen entropies are calculated on the basis of formula S° =

)
§ *¥ + SR and the values of § *-potential recorded in the article by Giauque and

Clayton (39). Consequently, no account was taken of the derivative in Q, with re- "

spect to T.

The entropies of other Bases are borrowed from A. P. Vanichev's book (2)
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