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STIOPSIS

A spherlical, constant-volume pLond method was used to
reter :ire Laminar burning velocitles of stoichlometric acetylene-
air mixtures. The mixture was centrally ignited by means of an
eloctric spark. Photographs of the growing sphere of flame and
conti-uvous nressure records werc obtained simultaneously. The
oht tograghic recording of the luminous flame front was accomplished
by tiac use of a rotatlng drum camera in which an 1mage of the
horizontal diameter of the growing spherical flame was continuously
recorded on a film moving in a vertical direction at a Xnown speed.
Tho pressurc-time behaviour during explosion was photographed by
usin: a pressure-transducer-oscilloscope instrumentation equipped

vith an oscillograph record camera.

The burning velocities were calculated by twc <niiaxds [som
the independently observed recorids of pressure and 11~ prowtih.
“ino wurning velocity data in the pressure range 30 o 130 C1.Hg.

N tcﬁperaturc range 300 to 450° X are reported. Th» offsei of
nrraneters sucih as pressure and temperaturc on bura.._ o ocliy wvas
ex~rinad. A correlation vas deduced to nradict the buep.a_

volocities in the rance of pressures and t{o.;araturss mcntloned

abcv2.

The results of this investigatlol are qualivatively lu
acreoont vith those of otior lavestipators uslag the spharical
bont rotioe.  The lack of arrcemeat of pres.urc-dejendenc. of
“burnlag veloeity reasuvrnd by the =jheifcal Loub wethud ang by cthes

antiiods 1 ploo cascusced.
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To a combustion Engineer, the study of flames and the
mechanism of their propagation are the centre of interest. With
a knowledge of progressive flames and the chemical kinetics of
flame reactions, problems of combustion chamber design and engine
performance can be approached with greater confidence.' The
studies of combustion processes are usually conducted in terms of
Laminar burning velocity, flammability limits and quenching dis-

tance etc.

The purpose of the present inyestigation was to examine
the use of the spherical Bomb method for determining the burning
velocity of non-turbulent, stoichlometric Acetylene-Air mixtures
at varlious pressures and temperatures. This method was origlnally
devised by Flock (Ref. 14) and has been extended more recently by
Lewis and Von Elbe (Ref. 17). This method, though believed to be
an accurate method of determining burning velocity, has not be

tested over a wider range of substances.

A review of the spherical bomb method including a set of
data for stoichiometric mixtures of air with ethylene, methane
and propane has been given by Manton, Von Elbe and Lewis (Ref. 16)|
An analysls of Ozone exploslon in a spherical bomb and set of data
for burning velocity of CO-0o mixtures with water vapour content

1s reported in Ref. 17.

In reference 21, (p. 158), Dugger, Simon and Gerstein
have pointed out that the maximum flame velocities of all hydro-
carbons with alr at 25° C and 1 atmosphere fall in the range
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30 to 80 cm./sec., with the exception of acetylene at 142 cu./se

In the present investigation, the constant volume bomb
method was empioyed. Stolchiometric acetylene-ailr mixtures
vere contalined in a spherical-Glass-Bomb at sub-atmospheric
pressures and ignited at the centre. Photographs of the grou-
ing sphere of flame and continuous pressure records were
cbtained by using a retating drum camera and pressure trans-
ducer-oscilloscope instrumentation equipped with an oscillograph
record camera. Burning veloclities at various pressures and
temperatures are reported. The experimental advantages of this
method are that 1t allows good control over the initlal pressure

and requires only small amount of gases.

A single explosion yields information on flame
velocitles in an explosive mixture at.a series of pressures and

temperatures connected by an isentropic path.

\ T2




1. REVIEW OF LITERATURE

Laminar Burning Velocity is a fundamental property of
combustible mixtures. Due to an increased interest in the
characteristics of flames and mechanism of their propagation, the
accurate determination of burning velocitles in non-turbulent gas
mixtures has become important. The first attempt to measure the

burning velocity was made by Bunsen (Ref. 1).

At the present time several methods are in use for the
determination of burning velocity. The methods that have been
used may be summarised under the following headings:

i) The Egerton-Powling Flat Flame Method (Ref. 2 & 3)
i1) The constant Pressure-Bomb Method (The Soap Bubble
Technique) (Refs. 5 thru 13)
111) The constant volume-Bomb Method (Refs. 14 thru 17)
iv) The Cylindrical Tube Method (Refs. 18 thru 20)
v) The Burner Methods (Refs. 21 thru 23)

The above methods are listed in order of increasing
complexity of the flame shape from flat in (i) through Spherical
in (i11) and (411) to complex conical in (v).

The Egerton-Powling Flat flame method (Ref. 2 & 3) is
only applicable to mixtures having burning velocities less than
15 or 20 c¢m. per sec. It is difficult to obtain flat flames with
any mixture having a higher burning velocity. Therefore, this
method is of little interest for studying flame structure and the
method may be useful in defining lean flammability limits.
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In Reference 4, Linnett pointed out that the Soap Bubble

method can be used satisfactorily to measure burning velocitlies for
those mixtures for which the soap film is satisfactory to enclose
the gas. The soap-bubble method originally deviged by Stevens
(Ref. 5), used by Flock and Roeder (Refs. 6, 7 & 8) and recently
improved by Pickering and Linnett (Ref. 9) and Strehlow (Ref. 10)
is essentially a constant-pressure bomb method. With the view to
overcome the inherent disadvantages of the soap bubble method and
at the same time retaining the advantages of the constant pressure
bomb method, T.W.Price and J.H.Potter (Ref. 11) employed a spheri-
cal, transparent Rubber baloon in their investigation. Dorothy M.
Simon énd Edgar L. Wond (Ref. 12 & 13) have re-examined the use of
the Soap-Bubble Technique for fast burning flames and to compare
burning velocities measured by this method with those of other

“metheds reported in the literature.

The constant volume bomb method 1s probably most satis-
factory but it has not been suffic;gntly tested. This method was
developed initially by Fiock (Ref. 14), improved further by Fiock,
Marvin, Caldwell and Roeder (Ref. 15) and has been extended more
recently by Manton, Von Elbe and Lewis (Ref. 16 & 17).

The cylindrical tube method can be used with fast flames
but with slow moving flames, cooling by walls causes the values to
be slightly low. This method was introduced by Coward and Hartwell
(Ref. 18), examined by Hoare and Linnett (Ref. 19) and modified by
Gerstein, Levine and VWong (Ref. 20).

The Bunsen Burner method (Refs. 21, 22 & 23) is most
difficult to use accurately, and 1t can lead to very erroneous

results. The reason for this lies in the complicated shape of the




flame surface.

In a recent review of the methods of measuring burning
velocity (Ref. 24), Gordon L. Dugger, Dorothy M. Simon, and Melvin
Gerstein have pointed out that there are large differences in
flame velocities reported by varlous investigators for the same
fuel oxidant mixtures at the same conditions. However, from the
data reported in References 4, 12 & 24, it appears that the
measured Laminar burning velocities for hydrocarbons in air are in
better agreement among the various methods than for hydrocarbons

in Oxygen.

In case of faster burning flames, the variation of
measured burning velocities reported in the Literature is much
greater, for example, for Methane-Oxygen flames, a burner method
(total cone height) gives 330 cms./sec. (Ref. 17 p. 465), another
burner mefhod (frustum) gives 445 cms./sec. (Ref. 17 p. 467) while

the soap bubble method measurement was 620 cms./sec. (Ref. S5).

Of the various methods of measuring burning velocity the
constant volume bomb method (using the pressure record only) may
prove to be most precise ( ~ 1%). The numerical calculations of
Manton, Von Elbe & Lewis (Ref. 16) have shown that a remarkably
good agreement exists for the values obtained by the two methods
of calculation. Their results are self consistent. A comparison
vith data obtained by the soap bubble Technique (Ref. 12) and the
Slot-Burner method (Ref. 25) for Stoichiometric Ethylene-Air
mixtures (6.51% Ethylene) corroborates the above conclusion.

0

S —




CQOMPARISON BURNING VELOCITIES FOR STOICHIO! c E

LAMES D METHODS
I Burning ]
Ethylene percent { Velocity { Method Reference
em. per Sec. |
6.51% 63.0 Spherical Bomp 16
Method
6.51% 62.3 Soap Bubble Method 12

6.51% 64,0 Slot Burner Method 25




II. THEORETICAL BACK GROUND
2.1 GENERAL

Our interest here is directed to the propagation of an
explosion of a combustible mixture centrally ignited in a spherical
bomb by means of an electric spark. Before we gain an insight into
the mechanism underlying flame propagation in such a container, it

is worthvwhile to consider fevw definitions:

Combugtible Mixture: A combusitible mixture is defined as one
capable of propagating flame indefinitely away from, and in the
absence of a source of ignition within certain limits of Fuel-Air
Ratio, Known as Lean and rich limits (Ref. 26).

Flame: A flame is a therma% wave accompanied by exothermic
chemical reactions which travels with Subsonic velocities. (Ref.27)
Luminosity in a flame is not essential, but it is almost always
present. The flame propagation at subsonic speeds is termed a
Deflagration Wave while that travelling at supersonic speeds is
termed a Detonation wave. A detonation wave is a steady state wave
in vhich an exothermic chemical reaction supplies the energy to

maintain the stationary conditions.

The velocity of Detonation is determined by the equations
of conservation of mass, momentum and energy (alongwith the Chapman-
Jouguet conditions) where as the velocity of flame propagation
depends upon the detailed chemical kinetics and the coefficients of
diffusion and thermal conductivity. The velocity of propagation of
these vaves ranges from about 20 cms./sec. to 10,000 times this

velocity.




|
lame Quenching: In a burning gas, any heat which 1s lost by 7

conduction from hot gases is compensated by gain of fuel and
Oxygen by diffusion. Solid boundaries on the other hand cause
heat to be absorbed from the gas without giving the gas any fresh
reactants in return. (Ref. 28). Therefore, if a flame 1s forced
to propagate through some constrictiony, i1t will be extinguished,
although the mixture may be well within the flammable range. This
is due to the fact that the walls act as a sink for the chain
carriers and exert repressive influence on the flame. The effect
of walls on the flame propagation 1s termed quenching. And the
minimum diameter or rectangular opening through which a flame will

propagate is known as the Quenching Distance (Ref. 26).

2.2 BURNING VELOCITY
An explosion introduced into a sufficlently large section

of an explosive mixture propagates in the unburned mixture at a
definite velocity. It is, therefore, essential to understand the
meaning of the term "Burning Veloclity".

For an infinite plane flame the burning velocity is

defined as the Linear Velocity of the flame front normal to itself

and relative to unburnt gas. More generally. Flame Velocity 1s

defined as the volume of the unburnt gas consumed per unit time
divided by the area of the flame front in which that volume is
consuned (Ref. 18, p., 2676 & Ref. 29).

dav
Symbolically: 8 = 4L = dt ... (2.1
y y a . A (2.1)

Applying the general definition to the case of a flame
propagating radially with spherical symmetry about the ignition

point, we have:




vhere Sy
dav

A =

dr =

18
- dx
av
E: 4 v (2.2)

Flame Velocity relative to burned gases.

Volume burned in time dt

%)‘r[(r +dr)e - r3] o awr.dr.

o o Sb =

Area of Flame Surface = 4Trr2

Distance travelled in time dt

dr

d LI I} (203)

This equation was originally derived by R.J.Dery.

From contiﬁuity Equation:

Sy Cn

Sy =

b= Sueu se e (2.4)
combining Equations (2.3) & (2.4), ve get:
S o.oar e (2.5)
Ry dt

For example, in view of the above equation, Burning velocity, as

measured by the Soap Bubble Technique, ﬁay be calculated from the

follovwing equation:

Su =
vhere Sb =
E =
Thus B =
Since

Sp ... (2.6
-3 (2.6)

Spatial velocity, or change in Flame sphere radius
with time.
Expansion Ratio
Ratio of volumes of Burned gas to unburned gas.
)
b :SAL:(H)
Ty

., and §, are in lnverse relatlion to the corres-

ponding volumes and the latter according to the third power of
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(3~

the radii of the sphere.
3
Ty

This is the situation, in a "Constant Pressure Bomb" but
of variable volume which has been experimentally realised for
purposes of measurements by enclosing the explosive mixture in a
soap bubble (Refs. 5, 10 & 12) or a spherical, transparent Rubber
Baloon (Ref. 11) and igniting it in the centre by a spark.

In the case of a solid container, the pressure must rise
and the progress of the explosion 1s complicated by the compre-
ssion of the fresh charge by means of combustion gases. The
mechanism of flame propagation and the correlation of the rate of
pressure rise with the Burning velocity in a constant volume Bomb
will be discussed in some detail according to Lewls and Von Elbe

(Ref. 16 & 17), in sections 2.3.1 & 2.3.2.

In reference 4, Linnett has mentioned that it is almost
impossible to give a precise definition for Burning velocity which
will be equally applicable to plane and spherical flames so that
exactly the same value may be expected for the burning veloelty
from experiments on both systems. However, 1f a suitable flame
area is divided into a volume flow rate, the same value, within
the inevitable experimental error will be obtained for the burning
velocity using both plane and spherical flames.

Other systems, such as a cylindrical flame, may be
considered in the same way. Systems like the Bunsen flame are

even more complicated.




20
In general, it has been experimentally observed that to

reduce the difference between the "Burning Veloclities" measured in
different systems and to ensure that the values are close to the

true burning velocity for a plane flame, it 1s important to divide
the volume of the unburnt gas by an area measured as near the low

temperature side of the flame as possible.

2.3 THEQRY OF THE SPHERICAL BOMB METHOD

The flame propagation in closed chambers is complicated
by the fact that there is change of pressure during combustion
vhich brings into play not merely one value for the Burning Velo-
city but rather a multiplicity of Burning velocities at various
pressures and temperatures. The phenomenon is of considerable
importance for its practical application and merits explanation in

some detail.

The method was developed initially by Flock (Ref. 14) and
has been extended more recently by Lewis and Von Elbe (Ref. 17).
The combustible mixture is contained in a spherical bomb and is
centrally ignited by an electric spark. Thermal conduction and
diffusion of chain carriers initiate chemical reaction in adjacent
layers of gas mixture and the flame tends to spread through the
whole mass of the combustible_mixture. The unburned fresh charge
i1s adiabatically compressed by the expanding burning gases and thus
heated. The compression of the fresh charge by the expanding
burning gases and the compression of the charge burned at first by
the gas burning later also causes the temperature of the gas burned
at first (the inside of spherical bomb) to be higher (at complete
combustion) than the part burned last by several hundreds of

degrees (upto 900° C) (Ref. 17 & 30). As a result of this
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temperature gradient, the maximum pressure during an explosion in

a spherical bomb is 1litkle lower than that theoretically possible
at an evenly distributed temperature. Moreover, there 1is re-
1llumination of the gas around the point of ignition which is alsoc
known as "After Burning" because 1t was at first considered that
another reaction took place (Ref. 1. p. 137).

According to Lewls and Von Elbe, the qualitative
explanation for this temperature gradient may be understood as

follows:

The combustion of every thin layer of gas can be regarded
as taking place at practlcally constant pressure i.e.‘the brevail—
ing pressure at which the layer of gas expands from an initial
volume to a terminal volume. That 1s to say, a volume of gas at
the point of ignition will burn under the initial pressure and the
volume in the immediate proximity to the wall will burn under the
terminal pressure Pa. The volume in the centre berforms work on
the surrounding gas mass during its expansion at pressure Py,
Thereafter, it is re-compressed to approximately its initial
volume by a pressure rise from Py to Py , as a result of combustion

of the rest of the charge in the vessel.

Thus, for the first portion of charge, the later work of
compression is greater than the former work of expansion. As a
result, the volume element gives off less energy to the remaining
gas mass than it later takes up again. It must, therefore, be

hotter at the end than the average temperature of the entire gas

mass.

Conversely, a volume element near the edge is compressed
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at pressures between P4 and Pg , but 1t expands again at the high-

ust pressure Pg. Thus, for the last portion of charge; the latter
work of expansion is greater than the former work of compression.
As a result, it gives off more energy at expansion than it has
taken up during compression. It will, therefore, be colder at the

conclusion than 1ts average temperature.

In short, we may say that the gas that burns last loses
some of its energy while the gas that burns first gains energy in
excess of the chemical energy released within it. The result is
the establishment of a temperature gradient which rises from the
portion burned last to the portion burned first. Similar consi-
derations apply to the volume of burned gas at any stage of the

process when only a fraction of the contents has burned.

2.3.1 THEORY OF PRESSURE RISE AND TEMPrRATURE GRADIENT IN BOMB
EXPLOSIONS, ACCORDING TO FLAMM AND MACﬂ

A more exact theory of pressure rise and temperature
distribution in bomb explosions according to Flamm and Mache

(Ref. 31) and Lewis and Von Elbe (Ref. 17) 1s presented hers.

The conditions of an elementary layer of gas mixture
before and after the flame overtakes 1t, may conveniently be
represented by means of figures (1 & 2). This gives us a quali-
tative picture at different time intervals. The figures are self-
explanatory. 1In them are shown the variations of temperature and
radius of a thin layer of gas mixture as a function of time as the
vave progresses from centre to the wall. The same analysis would
be true for every other layer, but the initial conditions may be
different. Further, there is graphed the position of the flame
front at different time intervals.
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At any given instant of time, the pressure 1s constant

over the entire chamber. In the unburned mixture the temperature
is spatially constant but increases with time. In the burned
portion, there is a moderate negative temperature gradient, where
as in the burning zone this gradient is very steep. Figure 3
shows the variations 4n pressure and temperature during explosion

in a spherical bomb (Schematic).

We must consider the changes in condition that appear in
the combustion of a thin layer of gas (sSpherical shell) in the un-
burned as well as in the burned mixtures. The combustion of a very
thin spherical layer can be regarded as taking place at constant

pressure, P.

Due to the expansion of the burning layer, both the fresh
gas and the burned gas are adiabatically compressed. Thus, the
state of the unburned gas at any time, is determined by 1its
initial state and its rise in presse}e, vhen compression 1s

assumed isentropiec.

The situation is somewhat more complicated in the burned
gas. Here each succeeding elementary layer is burned at a higher
initlal temperature (Ty) and pressure P due to its adiabatic
compression by the previously burning gases. A more detalled
consideration is, therefore, required in determining the condition

of the burned gases.

In the bomb volume V = %Tra?’, let my moles of initial
mixture be present. Let the initial pressure and temperature be
Py and Ti . 'Let the maximum pressure reached at complete

combustion be Pg. The pressure and temperature of unburned gas
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.11l e uesignated by P and T, which, of course, are different

from Py and Ty except for the time t = O.

If a layer of gas burns at constant pressure, P, T, rises
to a value Ty. Ty depends on Ty and P, thus making it different
for each layer. 1In each burned layer of gas, pressure and |
temperature continue to rise‘until the end of the combustion to
the terminal value P, independent of the place and to a terminal

T which like T,, varies from layer to layer.

Since the condition P, T, of the fresh gas arises by
means of adliabatic compression from the condition Py, T;, the

following is valid if v, and v4 are the corresponding volumes.

VY, Y,
Py vy = P vy
J:YLL 1"‘\,“
or P, ™+ RTy = P™ RT. = F ' ... (2.8)
i i u u

vhere F, is an abbreviation for the expression (2.8).

-

Applied to the burned gas, an analogous adlabatic
relation is obtained.

15\5
22 ‘yb Rpr -— @ (r) X (2-9)

mj

In this, the ratio Be appears at the left because the
mole-number in this relation ﬁés been changed. We can apply no
general expression here as explained above since the initial
condition is different from layer to layer. For that reason, the
expréssion on the left side of Equation (2.9) is not a constant

but changes from layer to layer i.e. ﬂ@(r) is a function of r.
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The temperature in the elemental layer after it has burned is

denoted by Ty,. As the element 1s subsequently further compressed
adlabatically, T, rises to some temperature Tpp corresponding to

the subsequent pressure.

For an exact calculation, we should take into account
the fact that the reaction does not generally take a complete
course and that the reaction products are partly dissociated.
Further the specific heats and thus also GY = %R) are not
independent of the temperature. In order to avon complicating
the derivations too much, we shall first disregard dissociation.
Seccondly, we shall assume for the fresh gas and for the burned gas
in the temperature interval considered a constant average value

for Cp and Cy. By the cholce of suitable average values, an

error ‘introduced in this manner could be kept quite small.

We must now scek a further relatlion for the burned gases

that permits us to determine ¢ in the equation (2.9).

If Cy(u) is the average specific heat per mole of un-

burned gas, then the adiabatic compression work done on my g-

moles of reactants is:

mi cv(u)(Tu - Ti) . Y (2.10)

The central volume element (at the point of ignition)
burns to the lowest possible combustion temperature Tbi' Every
other gas layer that has been precompressed burns to a higher
temperature Ty (At the wave surface Typ equals Ty,) If Cy(b) is
the average specific heat (per g-mole of the burned gas) then the

excess energy referred to the volume element in the centre, is:
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Now the excess energy that the second volume element, with
the initial temperature T, has over the first volume element, is
determined by the adiabatic work done conducted to it before, in

other words: '

E—?: CV(b) (Tb - Tbi) = Cv(u) (Tu - Ti) e e (2012)

To repeat once more: In this equation T, and T, are the
temperatures varying from concentric layer to layer; immediately
before and after combustion. T4 and T4 have fixed values. The
first is the initial temperature, the second the combustion
temperature of the very first layer to be computed from the initial
temperature and heat of combustion. If equation (2.12) is changed
around in such a way that only these fixed values appear on one
sldey, the resulting expression for given initial conditions must be
a constant whose value can be given as:

28 cop) Twi - Coryy Ty = D Ty = Cy(g) Ty =
my “v(b) *bi v(u) 41 oy Cv(p) b v(u) *u K

| ... (2.13)

Since no great error can occur 1if Cp i1s substituted for
Cy in equation (2.12) (Ref. l. p. 151), we shall continue to use
the substitution. Instead, therefore, of starting from equation
(2.13), we shall use the analogous from equation (2.13) which uses
cp. It will be found that the succeeding expressions will be more
easily integrated.

Thus: D¢ Ty s - = I
mg O b7 Cpy T1= oy Ty - Coqu)Tu

ve. (2.13)
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This equation 1is to be regarded as an approximation.

By means of this relation, we shall now obtain the function
from equation (2.9). By inserting equations (2.8) and (2.9) into
equation (2.13), we obtain:

m, T me 1D W Yy
i '-——mi TY% R P Yo R
Since Cp _ CE 'y
R Cp = Cy V=1

this becomes

v, Nl Tt
'Tb:%—— 4} P ‘Yb — 3,4—1 FI.LP '\’IL - K ‘ s (2015)
w
and from this \
Vy-1 Vo4 4% -
(%) ={K+ W:A Fvo |k, ~%; P .. (2.16)

We are now Interested in the condition of the burned
gas at radlus r or for a volume element that is burned after a
known fraction of the total volume has been converted. So far
this element 1s characterized only by the pressure P that pre-.
valled at combustion. We shall obtain a relation between 'P' and
'n' 1f we impose the condition that the total volume must remain
constantly equal to the volume of the bomb even though the volumes
of the fresh gas and the burned gases change. To begin with, we
can apply the equation of i1deal gases for the total volume of the
Bomb:

V - P}L%—T-é e e (2017)
1

If the portion'n'of the total gas is burned and if Tu
1s the temperature of the fresh gas at the pressure Py then the
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If we insert the value of ¢ from equation (2.16), we

have a differential equation for the degree of conversion 'n' as

a function of the momentary pressure P:

Tt
v YooY
K(‘\rb‘1>— ———r\(——-f ]9 w4 %—— ~uh F P *(1- n)].__.
u W ~ LN 4 (2024)
w1 .
Y g dP |4 (Tu P”ﬁ’)
Since ryu- dn = Jn ry 1
Equation (2.24) can be converted into:
RT, 4P _ d ) )(\“'3"’ F ‘pmfl ]
- - -_.._"— ———— 1"'n . w
]< (wb 1) - n CLYL Wu-l W

... (2.24")
which can be integrated without difficulty.

If we integrate between the limits 'a' and 1 for 'n', we obtain
(taking into consideration that for n = 1, the pressure becomes
P = Py)

RT, Y et
K- (1) = = (R r>+——- F (P

L2 3 Y (2025)
This equation represents with the above assumptions the
exact relation between momentary pressure 'P' and degree of

conversion 'n':

Solved according to (1-n), we get:

rr, Sl o !
Ci-n> - 1 Pi K(‘Yb 1)_ "F}b RTu, 'V i cee (2.26)
-
in which according to equation (2.8) E,P " 1s replaced by R T,.
If we introduce numerical values, it is clear that T%fi%L RT is
-

always small in relation to X ((\L - 1). We, therefore, make no
great error in substituting Ty for T, ;
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equation (2.17) Is valid for the volume of the fresh gas V(y_,y:

1-n)RT
Vien = m ¢ P") u ee (2.18)

For a small fraction 'dn' of the burned gas, the gas equation is

like wise valid: ¢

av = e’ dnp' R Ty ... (2.19)

Since pr changes from element to element, the entire
volume of the burned gases can be obtained only by integration

over the ranges of variable temperature:

R n :
V, = .
n me ? f pr . dn e e e (2-20)

o]

and the condition for the constancy of the total volume:

v(1--n) + Vy = \

becomes

mi RT R n
.A-?i—l- = P me f pr . dn + mi Tu (l"n)
(o]

... (2.21)

Since we donot have at our command an explicit relation
between Tpp and n, this expression is not very convenlient. The
temperatures Tu and pr in equation (2.21) can be expressed by

equations (2.8) and (2.9) and we obtain:
A .

n N oY
. v
j?an‘:ﬂ‘P b‘-‘Fu_-_P . (1““) ve e (2022)
o ¥

From this equation, we obtain by differentiation for 'n'

Sty e ‘”1'4" dp
Yo Yo Rri__l__,],wb_ > w
&=FKT +[——-Pi Y, (1-n) In

... (2.23)
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If we insert the value of ¢ from equation (2.16), we
have a differential equation for the degree of conversion 'n' as

a function of the momentary pressure P:

Tt YoV
K(‘qu): W E, P "u 4 —R%}-— “uh, k. P (in)’-——~
Tt N (2.24)
-4 :
YV g 4P _ 4 ((Yule pi5r
Since Wu. dn Jn _1
Equation (2.24) can be converted into:
R, dP | d [ttt p Pwi]
_ - 1 e 2 i-n . w
J<<wbi> P dn dn Yot ®
t ... (2.24")

vwhich can be integrated without difficulty.

If we integrate between the limits 'n' and 1 for 'n', we obtain

(taking into consideration that for n = 1, the pressure becomes

= Py)
'y. ‘\/ -1
KOy (e = 22 (7 SONICLE HEELE
ees (2.25)

This equation represents with the above assumptions the
exact relation between momentary pressure ‘P! and degree of

conversion 'n':

Solved according to (1-n), we get:

oy FT 1
(1_71) - 1 Pl K(‘Yb_1>‘ "‘wlo RTu. 'V 1 ceoe (2-26)
-
in which according to equation (2 8)y F,P Y 1s replaced by R T,.
If we introduce numerical values, it is clear that htY \f RT is
-

always small in relation to X ( wL - 1). We, therefore, make no
great error in substituting Ty for T, ;
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Otherwise equation (2.26) ylelds, for n = 0O

Y-y Fe-F:
K1) - 5= T = rTy =5 cen (2.27)

If we substitute Ty for T, in equation (2.26) and make

use of equation (2.27) we obtain the approximation equation:

1“n"_:’__pe-Porn P———::—fi-
Pe = Py Pe = Py

¢

... (2.28)

wvhich states that the fraction of gas burned is equal to the

fraction of the total pressure rise.

(P =P, when n=1 and P =P; when n =0)

The equation (2.28) is sufficiently accurate for an
analysis of the combustion process 1ln Bombs. It 1s strictly valld
for small pressure rise in the early stages of the brocess. The
value of the pressure Py is not taken as the true maximun pressure
of the explosion but is calculated thermodynamically under the
assumption that the heat capacities and dissociation equilibria of
the burned gas in the early stages remgin unchanged during the

course of the combustion process.

The temperature in any given mass element rises by
adiabatic compression from T4 to T, which is the temperature Just
prior to arrival of the combustion wave. As the wave passes over
the mass element the temperature rises to Tp which is calculable
from thermechemical data, and later to Ty, owing to further

adiabatic compression.

In reference 16, Manton, Von Elbe and Lewis have indicat-
ed the way to calculate the "Fitlcious" temperature T, correspond-

ing to Pg from the following enthalpy relétion:
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Where Tb = 1s flame temperature computed for combustion at

constant pressure Pi with due regard to the values
of speclfic heats and dissociation equilibria -
applicable to the exploslive gas.

my = 41s number of moles formed by combustion of my

moles of explosive gas.

Cy(p) and Cpb = Cv(b) +R = are the molar specific heats of
the burned gas at constant volume
and pressure

& R = 1s the gas constant.
Cy(p) may wvith sufficient accuracy be identified with:

Cy(p) = = £ Cy .+ (2.30)

vhere f = denotes the mole fraction and Cy the molar
specific heat of any constituent present in the
burned gas at thermodynamic equilibrium corres-
ponding to Tb and Py.

The pressure Pg 1s found from the equation:

Pe - Pi — _T_g_ s o0 (2-31)

The use of Thermodynamically calculated pressure P, can
be made in determining the burning velocity from pressure record
along. The expression for burning velocity using pressure record

alone will also be indicated in the succeeding paragraphs.
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2.3.2. CORRELATION OF RATE OF PRESSURE RISE WITH BURNING VELOCITY,

As a result of ignition by spark at the centre of a
combustible mixture in a spherical Bomb, a combustion wave pro-
pagates sphericaily from centre to the wall. The area of the
burning surface increases as the explosion proceeds. Hence a
pressure-time curve of a Bomb explosion may take the course as

shown in the following figure.

In order to find the actual burning velocity, we must
compute the position of the burning surface using the pressure,
the fraction of gas burned 'n', and the known dimension of the
Bomb (Radius R). For this purpose we proceed in the following
manner, according to Lewls and Von Elbe (Refs. 16, 17 & 32) and
Flock and Marvin (Ref. 33). |

The fraction 'n' of the gas which, on burning, gives rise

to a pressure P, occupies, before ignition, a éphere of radius

! ry ' so that P
A
r N P - P4
n = _L = -
(3)= = 3 v (2.32)
: 4
. %=<P'P1 ... (2.33)
Pe= Py t

Ry being the radius of the Bomb.
The volume occupied by the fraction 'n' when burned is a sphere

of radius 'rb‘. The relation between 'rb' and 'n' is obtained

from the equation for the volume of the residual unburned gas:

vy, = V-m (1-n)RTy oo (2.34
b i — ( )
where V = volume of the Bomb = M1 R Ty

Py
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I, = Temperature of the unburned gas when adiabatically

compressed from temperature T4 and pressure Py

T1<P1> 1

4 “
Whence (—Y]—’-> P T’* -PQ'P > ... (2.35)
v R P.-P;

To obtain Burning velocities it is necessary to plot

i

values of rj corresponding to any given pressure on the pressure
time record as a function of time and determine the slopes 22; .
If during the travel of the flame through the vessel, the a
burned gas had not expanded, then an element dry on this curve
would represent the thickness of a shell at the temperature T;
and the pressure Py about to be traversed by the wave in the time

element dt. Its volume would have been:
4Tr 1‘12_ dl‘i s o e (2.36)

However, as a result of the thermal expansion of the
burned gas, the pressure in the vessel is increased from Py to P
and the unburned gas is adiabatically compressed so that its
temperature is increased from Ti to T,. Hence the volume of the

shell corresponding to the actual state of the unburned gas is:
2 T ?ﬁ-)
4*rr’zi-3”i(»ri - ce. (2.37)

Since the thickness of the shell 1s equal to s, . dt,

its volume is also equal to:

4t S, 3t . (2.38)

By equating the terms of equations (2.37) and (2.38) and

substituting the value of %E y we obtain the expression for the
LS
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_Burning velocity: ;
2 Z4
Jodu (Y (B
Su = d\t Qb P _ 3 s e (2.39)
Using equation (2.32) viz. {n = E%J, equation (2.39) may

R
be written as:

{
3 /Y
_1_..4.*.&_,__]‘(.__]3) b
Su = 3 T 2z U | .o. (2.40)

Equation (2.35) may be re-written as:

() -+ (?)“‘ (- e aton)
or n = 1‘(%_)7“. (1—%) eo. (2.41)

By differentiatiné equation (2.41), we obtain-

3(]7)%&" f;tb‘w(?>< %"'ﬁl

oo (2.42)
Combination of equation§ (2.40) and (2.42) yields:
S, = St _ R-1 _ dP ‘ oo (2.43)
gt 3PV, ’z"‘ dt ‘
[ Su= (1- 3;:"%1 %1, %%‘ oo (2.4)

The above expression for Burning velocity has also been derived by
Fiock, Earvin, Caldwell and Roeder (Ref. 15) from the differential

form of the equation of adiabatic compression of the unburned gas:

dP v 9%

—
==

P 1&u

1l

where dvu differential volume change due to adiabatic

compression
2

= Tr(‘}{z., ’z_:))

<
=
il
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In either procedure, Su is obtained as a difference of two

quantities.

If Synchronous experimental records of the pressure rise

and flame growth are taken, the quantities 23% , gg y Ty and P
a
are the measured data. The value of '»h can usually be determined

with high accuraecy from available information on specific heats,
so 1t 1s possible to calculate s, from equation (2.44).

Closeeto the centre, 2%%. = Sy and since §_ is the
density ratio b y the bracketted term is small composed to
unity. Equatio;L2.44 ylelds S, as a difference of two terms of
comparable magnitude except in the late stage of the process where
the combustion wave approaches the wall of the Bomb. So any error
in the differential quotients and the other data would be greatly

magnified and the results may be expected to scatter widely.

Lewls and Von Elbe, (Ref. 16 & 17) recommend the method of
utilizing simultaneous records of ry and P together with the

thermodynamically calculated value of Pe. Fractionn ( =P - p1)
Pe" Pi

can be computed with precision from pressure P by means of

Thermodynamic relations, assuming that thermodynamic equilibrium

1s established in the flame. This appears to be an excellent ///

agsumption which ecan be verified by computing Iy from equation
(2.40a) (using the thermodynamically calculated value of 'n') //
and comparing the calculated value of ry, with the experimental
valus. From the experimental curve (P, t) the curve n, t) can"
obtained pernitting the deternination of the burning velocit !

by means of equation (2.40) from the pressure record alone g;

To obtain an equation for S; in which the flams’
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III. DESCRIPTION OF APPARATUS
The general arrangement of the set up (including

instrumentation) is shown in figure 20 and the photographie view
in figure 21. The equipment consisted of:

1., A Spherical Bomb

2. A Rotating Drum Camera

3. A Mixture Proportioning System

4. An Ignition System, and

5. A Pressure Recording System

The detailed description of the systems mentioned above fcllow:

3.1. THE SPHERICAL BOMB
The spherical bomb shown with dimensions in Figure 4

was a pyrex glass round bottom, wide mouth and short neck flask of
1 litre capacity. The inside diameter of the bomb was 12.7 cms.
and the thickness of the wall 2.38 mm. Keeping in view the safety
of the bomb, it was tested with compressed air to a pressure of
100 psig. The actual final combustion pressures realised during
the explosions were not generally very much over this limit.

Since the explosive gas mixture chosen for burning
velocity measurements was Acetylene-Air in which the rate of
pressure rise due to combustion was very rapld, it vas decided to

keep the initial pressures of the mixture sub-atmospheric.

In order to give a complete spherical shape to the flask,
to malntain vacuum inside and to lncorporate the pipe-fittings,
pressure transducer and steel electrodes the connections shown in
Figures 5, 6 & 7 were designed and fabricated. The assembled view
of the spherical bomb with its neck connections is shown in Fig. 8.
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In either procedure, Su is obtalned as a difference of two

quantities.

If Synchronous experimental records of the pressure rise

and flame growth are taken, the quantities dfp ,'Q% y 'y and P
dt 4
are the measured data. The value of '»h can usually be determined

wvith high accuracy from available information on specific heats,
so it 1s possible to calculate s, from equation (2.44).

Close to the centre, Egh = S,, and since Su is the
S t b S
density ratio ;?* s the bracketted term is small composed to
w .

unity. Equation 2.44 yields S; as a difference of two terms of
comparable magnitude except in the late-stage of the proecess where
the combustion wave approaches the wall of the Bomb. So any error
in the differential quotients and the other data would be greatly

magnified and the results may be expected to scatter widely.

Levis and Von Elbe, (Ref. 16 & 17) recommend the method of
utilizing simultaneous records of Iy and P together with the
thermodynamically calculated value of Pe. Fractionn ( = 2= Pi)

Pe= Py
can be computed with precision from pressure P by means of

Thermodynamic relations, assuming that thermodynamie equilibrium
1s established in the flame. This appears to be an excellent
assumption which can be verified by computing ry, from equation
(2.402) (using the thermodynamically calculated value of 'n')

and comparing the calculated value of Iy with the experimental
value. From the experimental curve (P, t) the curve n, t) can be
obtained permitting the determination of the burning velocity Sy

by means of equation (2.40) from the pressure record alone.

To obtain an equation for S, in which the flame trace
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2%% is the only time derivative, the term dP in equation (2.42)

1s replaced by (P, - P). %Q (since n = P-¥; )y the
t R-F;
equation is solved for g% and the solution is substituted in
d

equation (2.40). By introducing n from Equation (2.41) 1into the
last term of equation (2.42) and eliminating n by means of

equation (2.28), we obtain finally:

C"IL
dt

- H(;;%_O/h' | | .er (2.45)

This equation may be used as a further test of the

w

self consistency of the Bomb method by utilizing the experimental
flame trace for the determination of'burning velocity.
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ITI. DESCRIPTION OF APPARATUS
The general arrangement of the set up (including

instrumentation) is shown in figure 20 and the photographic view
in figure 21. The equipment consisted of:

1. A Spherical Bomb

2. A Rotating Drum Camera

3. A Mixture Proportioning System

4, An Ignition System, and

5. A Pressure Recording System

The detailed description of the systems mentioned above follow:

3.1. THE SPHERICAL BOMB
The spherical bomb shown with dimensions in Figure 4

was a pyrex glass round bottom, wide mouth and short neck flask of
1 litre capacity. The inside diameter of the bomb was 12.7 cms.
and the thickness of the wall 2.38 mm. Keeping in view the safety
of the bomb, it was tested with compressed alr to a pressure of
100 psig. The actual final combustion pressures reallsed during
the explosions were not generally very much over this limit.

Since the explosive gas mixture chosen for burning
velocity measurements was Acetylene-Air in which the rate of
pressuie rise due to combustion was very rapld, it was decided to

keep the initial pressures of the mixture sub-atmospheric.

In order to give a complete spherical shape to the flask,
to maintain vacuum inside and to lncorporate the pipe-fittings,
pressure transducer and steel electrodes the connections shown in

Figures 5, 6 & 7 were designed and fabricated. The assembled view

af t+ha enharinal hamh with {+e nanlr annnantiane 46 chaun in Wi R
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First the aluminium ring (Figure 7) was screwed over the lower half

To assemble the components of the spherical bomb:

of the Prespex-Ring (Figure 6) which embraced the neck of the bomb.
Then the Aluminium-plug (Figure 5) with a Rubber-0-Ring in the
groove of its flange as shown was screwed on the other half of the
prespex ring. The O-Ring fitted tightly on the top of the neck and
wvas mainly responsible to make the bomb air-tight. The curved-
surface on the bottom of the plug gave complete spherical shape to

the vessel.

As shown in Figure 5, a vertical hole of 1/8" dia. vas
drilled centrally and 14 mm. x 1.25 mm. pitch spark plug threads
cut up to a depth of 3/4" in the aluminium casting for mounting the
pressure transducer. The diaphragm of the pressure transducer was
in communication with the spherical bomb through 1/8" dia. hole,
The combustible mixture was introduced through a second hole
(1/8" dia.) with 1/4" Threads (18 T.P.I.; 0.540" 0.D.) in the
casting for an adopter for the pipe fittings. Since the bomb was
to be centrally ignited, the spark gap (about 2 mm.) formed by
2.54 mm. (the largest dia.) mild steel electrodes was accurately
arranged in the centre. The electrodes were pointed like needles
at the spark gap. One of the electrodes was electrically insulated
from the aluminium plug by passing it through a pyrex glass tube
(3/16" 0.D.) which itself passed through a third hole in the cast-
ing inclined at an angle of 8° with the vertical. The axis of the
hole was intersecting the centre of the bomb. An adhesive (suchas
Araldite) was used to fix the electrode and the tube and the tube
to the aluminium plug at places shown in the figure. The other

electrode was mounted‘in the plug it self as shown. A good
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electrical contact between the plug and the second electrode was
obtained by providing a force fit between the two. During com=-
bustion, the wall of the glass bomb was likely to get heated up
momentarily due to high combustion temperatures. Hence to avolid
any direct contact between metal and glass wall, a little quantity

of Freezer Tape was wraped round the aluminium plug.

The spherical bomb was fitted inslide the Light-tight box

by means of screws.

3.2. THE DRUM CAMERA

The principle of working of a Drum Camera may be explain-
ed with the help of Figure 9. An image of the line AB is formed
on the film at CD. As the drum rotates, any bright object which
moves along the line AB will trace out a diagonal the inclination
of which is determined by the rate of movement of the phenomenon

along the line AB,

Based upon this simple principle, a drum camera was
developed in which the image of a horizontal diameter of the
growing spherical flame was continuously recorded on a moving film.
The Figure 20 shows the sectional plan-view of the drum camera
including the spherical bomb and Flgure 23 glves the pictorial

view,

Figure 10 shows the secticnal view of a hollow Aluminium
Drum 3" 0.D., wall thickness 3/8" and 3" length directly driven by
a 1/15 H.P. D.C. Motor with speed regulating device. The motor
vas mounted in a light tight box (Figure 11) and covered from out-
side by a cylindrical cover of thin metallic sheet and properly
sealed by the plaétic black tape.
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The 1light tight box (Figure 11) was a 28" x 8" x 8"

vooden chamber with wall thickness 3/4". The top of the box could
opened like any ordinary box; but it had a wooden strip 3/4" x 1/2"
on all the four sides of the top cover which made the box light
tight. 1In order to permit the operator to load and unlocad the
film, two holes nearly elliptical in size (4" x 3%") were cut

in the top and side of the box as shown. Two rings of sheet

metal of nearly the same size as holes were screwed outside these
holes and carried black sleeves with rubber bands. The sleeves
vere perfectly light proof and were interjoined so as to permit the
operator to move his hand from one to the other to transfer the
film into the developing tank. The film storage can was also

placed in one of the sleeves.

The spherical bomb was serewed to an ebonite plate "
thick, as shown in Figure 20. An aluminium plate 1/16" thick whieH
holds the camera lens was fitted in a groove cut in the wooden
box. A horizontal slit of width 1/16" was formed closc to the film
surface. It was important to centre the image of the spark gap
in the slit. 1In order to protect the camera lens, a clean glass

1/4" thick was interposed between the spherical bomb and the lens.

The motor rotating the Aluminium Drum was equipped with
A Vnriac Motor Speed control and a variac autotransformer. A
Strobometer was used to measure the speed of the drum. A brief

deseription 6f each of these instruments follows:

3.2.1. VARIAC MOTOR SPEED CONTROL

The motor used to drive the Aluminium Drum was a 1/15

H.P. D=C shunt Motor equipped with a Variac Speed Control Type
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1701-AK and a 220/110 V, 0.5 KVA, 50 Transformer Type 1  Dw.

Variac Motor Speed control provides adjustable constant-
speed operation of the D.C. Motor from A.C. Lines. The range of
control is wide and the speed can be adjusted smoothly from the
rated value down to zero with constant torque over the entire

range.

'Variac Motor speed control has selenlum rectifiers which
supply the field and armature power (Ref. 36). A variac adjustable
transformer, ahead of the armature rectifier, makes it possible to
vary the armature voltage from the rated value down to zero smooth-
ly and with good regulation. The superior performance of
armature-voltage control is thus provided with particularly simple
and reliable equipment. Outstanding characteristics are wide
speed range at constant output torque, abllity to start and stop
heavy loads quickly, very low torque pulsation and long 1life with

pminimum maintenance.

Since no electronic tubes are employed, the motor can be
started instantly without any warmup time. This characteristic
of the variac speed control vas very valuable for the present work
where the motor was used intermittently and was not left turned on

throughout the time.

“Provislion 1s made for operating the motor with weakened
field to raise the maximum motor speed above its base speed. The
permissible ingrease in speed in the Type 1701-AK control,
rated 1/15 H.P. is 100%. Thus there are two speed ranges 0-1725
RPM, and 0-3450 RPM. On the high speed range, (Viz. 0-3450 RPM)
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field excltation 1s reduced with corresponding reduction in

maximum torque. The armature current for a given load is doubled
for this range. The horse powér output is unchanged with reduced
field, but the maximum torque is reduced in porportion to the
increase in speed. The speed of the motor varies with variations
in the line voltage. In the operating Instruction Book (Ref. 36)
for the Variac Speed Control, 1t is reported that the change in
speed 1s approximately the same in percentage as the change in
Line voltage. During the time of experiment, ‘it was essential
that the motor speed should remain constant. For this purpose, a
Varlac AutotransformerL Type: W20H described in sectlon 3.2.2 was
included in the circuit to supply a constant voltage by regulating

the pointer-setting of the autotransformer.

The divisions marked on the dial of the variac speed
control were calibrated in terms of the shaft speed of the motor
by means of a storcbometer described in Section 3.2.3 so that
no time was actually lost in finding out the spead at the time

of experiment.

3.2.2. See p-53-
3.2.3. SIROBOMETER

In order to measure the speed of the rotating drum, a
Strobometer was used. The usual speedometer would not give
correct results because as soon as 1t is pushed on to the shaft

end, the speed of the shaft drops down depending upon the pressure

exerted.

The worxing principle of the Strobometer, type E 102
(India Make) may be explained as follows (Figure 13).

When a flash light of adjustable frequency 1s thrown on
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a rotating object with one distinguishing mark, the mark appears

vo be stationary when the rotational speed of the object 1s the
same as the frequency of the flash light. A light source
developing the flashes at variable frequencles which can be
measured is called a Strobotac and this principle is known as
Stroboscopic principle. The reading of the rate of flashing
which can be read on the Strobometer gives the speed of the rotat-
ing object.

Wwhen the flashing rate is a whole multiple of the speed
of the rotating object, multiple stand still marks will appear
e.g. with a flashing light on frequency double the shaft speed

there will appear two marks at 180° apart and so on.

The circult of the Strobometer (Type E 102) consists of
a multivibrator whose output is applied to a discharge lamp,
causing a series of short duration flashes. The frequency of the
multivibrator and therefore the flashing rate is controlled by the
setting of a potentiometer. A printed scale covers threg speed
ranges corresponding to the three sets of coupling condensers

selected by a rotary switch (Ref. 38).

The rotary selector switeh (Lower Centre, front panel)
selects easily the desired condition of operation. The first
posiiion 'Low' 1s for speeds 250 to 1125 r.p.m. The ‘medium'
covers ra:.g,z four times higher, 1000 to 4500 r.p.m. In the third
position 'High' the range covered is four times the 'medium' range
in from 4000 to 18000 r.p.m. In the fourth position 'Line or
Trigger' the flash lamp is controlled by the frequency of the
mains supply.
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The illuminated scale 1s read through a window on the top

of the instrument. To provide large and more easily readable
figures, the scale readings have been divided by 100; thus the
calibration 30 1s 3000 rpm.

3.3. THE MIXTURE PROPCRTIONING SYSTEM

The mixture selected for burning velocity measurements
was Acetylene-Alr in Stoichiometric quantities. To proportion the
mixture inside the spherical bomb itself, a number of Brass~-pipe-
fittings and needle valves were used. Figure 23 gives the idea of
the fittings and the valves' arrangement. An adopter (1/4" to
1/8") was used to connect the pipe fittings and the hole in the
aluminium plug leading to the spherical bomb.

As already pointed out that the initial pressures of the
acetylene~air mixture were kept subatmospheric. To achieve this
a vacuum pump of the rotary type driven by an electric motor was
used. Leading through the pipe fittings were three tube
connections from the vacuum pump, 0-30" Hg vacuum gauge and the
Acetylene cylinder. A separate inlet was provided for atmospheric
air. Each of these tubes and the air inlet pipe was fitted with

a needle valve.

From the well-known -Dalton's Law of partial pressures we
know that the total pressure of the mixture is the sum of the
partial pressures of the individual gases. Also from the equation
of state: pv = nRT, the partial pressure of each of the consti-
tuents is proportional to the no. of moles present. Making use
of these two basic facts, Stoichiometric acetylene-air mixtures

vere prepared knowing the partial pressures of acetylene and air
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in the mixture. The spherical bomb was an air-tight vessel and was

initially completely evacuated. Then the calculated number of
moles (proportional to the partial pressures) of acetylene and air
were put in and total initial pressure of the mixture was read on

the vacuum gauge.

3.4. GNITION SYS
Figure 14 shows the circuit diagram of the Ignition

System which consisted of an Induction Coll, a 6 V Battery, a

condenser and a Switeh to make and break the circuit.

Closing the ignition switch causes the current to flow
‘through the primary circuit which consisted of the battery, switch
primary winding of the induction coil and condenser. A magnetic

field is build up through and around the soft iron coll core.

The breaking of the primary circuit causes the magnetic
field to start to collapse. The collapsing magnetic field Induces
current which continues to flow in the same directlion in the
primary circuit and charges the condenser plates. The condense{
builds up a potential opposing flow and discharges very huickly
back through the primary circuit. This causes a sudden collapse
of the remaining magnetic field inducing a high voltage in the
secondary winding of the induction coil (Ref. 31).

The secondary circuit of the ignition system consisted
of the secondary coil winding, the high-tension lead and the
electrodes. One of the electrodes was grounded through the
Aluminium plug and the other was well insulated with a glass tube.
The voltage attained in the secondary winding is high enough to

cause the spark to jump across the gapbformed by the electrodes.




46
The spark so produced ignited the combustible mixture in the

spherical bomb.

3.5. THE _PRESSURE RECORDING SYSTEM

As in the soap bubble Technique it is necessary to measure
the expansion ratio to calculate the Burning Velocity from the
flame speed, so also in the Bomb Method to convert the flame speed
to Burning Velocity it is necessary to follow the pressure during
the course of explosion. In the present work, the pressure
recording system included:

1. A Pressure Transducer

2. An Electrostatic Charge Amplifier.

3. A Dual-Beam Oscilloscope and

4. An Oscilloscope Camera

The Pressure Transducer mounted in its adopter was
screwed to the Aluminium Plug and was communicating with the
spherical bomb through a 1/8" dia. hole. Due to the practical
difficulty it was not possible to mount the pressure transducer
such that its diaphragm was flush with the inside wall of the
bomb, Therefore, a little pressure drop might take place, as the
combustion gases would flow through the hole, before exerting
pressure on the diaphragm of the pressure transducer. However,

we ignored this insignificant pressure drop in our calculations.

Leading from the pressure transducer were the cable
connections to the charge amplifier and the oscilloscope. Each of
these instruments merits brief description here as regards its

working principle and the operating procedure:

L]
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3.5.1. IHE PRESSURE SDUCE

The pressure transducer used in the set up was a Kistler

Quartz Pressure Transducer, Model 401.

Pressure applied to the diaphragm of the transducer is
converted to a force acting on the transducer crystals, which
generate an electrical charge output proportional to the pressure
input. The phenomencn is known as "Piezo-Electric Effect". The
basic sensitivity of the instrument is "Unit Charge per unit
Pressure" and is expressed as pico coulombs per psi (pCb/psi)
(Ref. 32 & 33) (pCb = Micro-micro coulombs = 1072 coulombs)

Quartz crystal pressure transducers are uniquely adopted
to applications which require measurement of an extremely wide
range of pressures in very high or very low temperature senviron-
ments. They also permit display and measurement of small dynamic
pressure variations, including transients. In this application,
the component due to static pressure is removed from the output

signal and the dynamic signal is displayed on an expanded scale.

Initial preload on the transducer elements 1s greater than
the equivalent of one atmosphere, permitting measurement of negati-
ve pressures to absolute zero., Usually quartz crystal pressure
transducers are restricted to dynamic heasurements. But when
these are used with Kistler electrostatic charge amplifiers, they
are also capable of near-static response under favourable condl-
tions. Static Calibration at working levels 1s readlly accomplish-+
ed and short-term static measurements are obtalned without

difficulty.
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The pressure transducer was mounted in an adopter
(Model 427) (Figure 15) to provide thermal protection to the

transducer and to facilitate installation.

Calibration of the pressure transducer is the exact
defermination of the electric charge output of the instrument in
response to & specific pressure lnput. The charge sensitivity is
expressed as the ratio of output to input or plco coulombs per
psi (pCb/psi.) The specific procedure for calibration will be
described in the next chapter. The Kistler Quartz pressure
transducer features high linearity and repeatability over an
extremely wide range of pressures and uniform charge sensitivity
from very low to very high temperatures. The high natural
frequency vwhich results from the use of rigid quartz transducer
elements allows measurement of high frequency pressure variations
and the fast rise-time components of explosion and internal

combustion engine pressures.

3.5.2, THE ELECTROSTATIC CHARGE AMPLIFIER

An amplifier is required to convert the high impedance
charge signal from the transducer to a2 low impedance voltage or
current signal which can be displayed on a oscllloscope or

recorder,

The amplifier employed in the set up for Burning veloclty
determination was a multl-range, line powered feed back amplifiery
Model 566. This was a d.c. voltage amplifier with a capacitive
feed back path from the Low-impedance output cirecuit to the high-
vimpedéhce“iﬁbut circuit. The output vdltage which results from

a charge signal input is returned to the input circuit through
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the feed back capacitor, in the direction to maintain the input

circuit voltage at or near zero. The net charge from the input
circult is stored in the feed back capacitor, producing a poten-
tial difference across it equal to the value of the charge divided
by the value of capacitance and this potential difference determines
the relatinship of the output voltage to the input charge signal.
(Ref. 33). The 'gain' of the amplifier 15 dependent only on the
value of the feed back capacitor and is unaffected by time,

temperature or line voltage variations.

Referring to the 'Panel Layout'! (Figure 16) of the Model
566 Charge Amplifier, we see that the eleven ranges are calibrated
in milli%ott output per picocoulomb input, when the output is
multiplied by the sensitivity of the transducer (picocuulombs per
psiy g or 1b.) the product is the output sensitivity in millivotts
per psi, g or lb. Any plezo-electric transducer can be used, the
Operate-Calibrate switch permits seleetion of extremely high input
resistance, for short-term static response when calibrating with
quartz crystal transducers, or of low input resistance for drift-free
dynamic operation with quartz crystal transducers. A pushbutton
GND Switch quickly removes any residual signal from the measuring

system and restores the output to zero.

3.5.3. THE DUAL BEAM 0SCILLOSCOPE

The charge signal from the pressure transducer is converted
to a voltage signal in the charge amplifier. The output signal from
the amplifier is displayed on an oscilloscope and can be photographed
by means of an oseilloscope camera. The charge amplifier or the

oscilloscope have rather complex electronic circuits to understand;

but i1t 1s not very difficult to use these instruments even without
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understanding their complex circuits. However, some knowledge of

the principles of working of these instruments is helpful in using
them.

The Oscilloscope used in the present work was a Dual-Beam
Oscilloscope, type 502. It is a high-sensitivity fast response
voltmeter with visible display. This 1s a voltage-sensitive
instrument and has inertia-less electron beam falling on the

fluorescent screen (Ref. 34).

The main part of the osdilloscdpe is a Cathode~Ray Tube
shown in Figure 17. This is a vacuum tube in which a stream of
electrons is emitted from cathode, when it 1is heated and is
focussed sharply on the fluorescent screen. The electron beam
impringes on the screen and shows off as spot of light. Two
horizontal and two vertical deflection plates control the direc-
tion of the electron beam and hence the positlon of the bright spot
on the screen. If a voltage is applied to any of the deflection
plates it will deflect the beam either in horizontal or vertical
direction proportional to its magnitude.

Few controls in the cperation of the cathode ray tube
are: Intensity, Focus, Vertical Positioning and Horizontal Position;
ing.

The intensity control decreases or increases the blas
on the grid, so that the number of electrons passing out of the
grid is controlled. The focus control in an electrostatic cathode
ray tube changeé the voltage on the focussing electrode and thus

changes the restricting force on the beam.

r

v




51
The horizontal and vertical positioning controls are

varlable reslstors provided to move the beam to any desired posi-

tion in horizontal or vertical direction.

A Dual Beam Oscilloscope has two sets of vertical
deflection plates and hence two vertical channels. Upper Beam and
Lower Beam‘Channel. Figure 18 shows the functions of controls on
the front panel of the 502 Type: Dual-Beam Oscilloscope, Tektronix
make. Since the scope is a Dual Beam Type there are two identical

input panels for the two beams.

3.5.4. O0SCILLOSCOPE CAMERA
The pressure variation in the spherical bomb explosion
was displayed on the screen of the Dual Beam Oscillosconpe and

photographed simultaneously by an oscillograph-record camera.

The camera employed in the present work was the Du Mont
Type 299 Camera equipped with a special £/1.9 Lens which enables
recording of vefy high writing rates (upto 200 inches per micro-
second with E.K. Super XX Film.) and uses a Graflex Roll film
holder with number 120 film. (Ref. 35).

The Dumont Type 299 is a specially designed Oscillograph-
record camera used for photographing Cathode~ray Tube phenomena
vhere Single-frame recordings of stationary patterns or single
transients are required. The camera consists of the following
major components: Housing, Mounting Plate, Data-recording
facility, Sliding adapters and film holders, and optical system.

A rubber eye-shield is provided for binocular viewing. A

photographic view of the camera with identification of components
1s shown in the Figure 22.
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The housing 1s the basic plece of the camera assembly and

houses the optical and data-record systems. The right side of the
housing contains the Lens access door through which the Lens,
irisdiaphragm and shutter may be adjusted. The housing 1s provid-
ed with an adopter clemp ring for attachment to the oscillograph.

The mounting plate is grooved to accommodate the sliding adapter.

The Data recording facility contains two lamps, a push
buttom switch, a data recording surface and a dry cell located at
the top of the camera housing just above the eyeshield. A window
in the data~recording assembly is fitted with a spring return
door which is covered on the inner side with a white plastic
surface, A ground-glass llght diffusing plate covers the opening

under the door.

*

The optical system of the Du Mont Type 2990 Camera with
Lenses and other components is shown in Fig. 19. All air-to-
glass surfaces of the Lens elements are coated tov;inimize

reflections.

The dichroic mirror is of the interference type
vhich consists of a number of transparent dielectriec films of
precisely controlled thickness deposited on flat glass. When the
films are properly arranged with regard to their number, thickness
and reflactive index, a chromatic selection takes place in which
a certain portion of the spectrum is reflected and the remainder

is transmitted. (Thus the name "dichtoic" is given to this beam
splitter.)

The dichroic beam splitter used 1is designed to reflect
actinic light (Blue) and transmit yellow light when the rays are




54
incident at 45°. The optical system of the camera is designed

only for a 45° incidence angle. By use of this mirror,

simultaneous direct binocular viewing and recording 1s possible.

3.2,2. THZ VARJAC AUTOTRANSFQRM

The speed of the motor which rotates the Aluminium Drum
fluctuates due to variations in the line voltage.. The film on the
drum should move at a known speed for the analysis of the photo-
graphic rocords. Therefore, Q variac autotransformer was included
in tho motor~-spced regulating system to siu_,y a constant voltage
tc the motor through the variac motor speed control. During the
experiment, the supply voltage was maintained constant b& operat-
ing the pointer setting of the aﬁtotransformer. This oporation

also permitted the correct calibration of the variac motor speed

control.

The autotransformer used in the set up wvas a W20H Varlac
Autotransformer. The line and load connectlons to the variac

autotransformer are shown in Figure (12).
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IV. EXPERIMENTAL TECHNIQUE
The diagrammatic sketch of the experimental apparatus is

shown in Figure 20. The experimental procedure included:
1. The Calibration of Pressure Transducer
2. The callbration of Variac Motor Speed Control
3. The method of conducting tests:
1) Proportioning the combustible mixture
11) oOscilloscope and Drum Camera Adjustments
111) Firing the combustible mixture.

The operational procedures follow:

4.1. CALIBRATION OF PRESSURE TRilSDUCER

The measuring system consisted of: the pilezo-electiric
quartz crystal transducer with adapter, the clectrostatic charge
amplifier, the oscilloscope and the dead weight gage tester; as
shown in Figure 24, Callbration was readily accomplished by
applying a known input to the transducer and observing the value

of the output signal of the amplifier on the oscilloscope screen.

The transducer (and the adapter) was mounted on the dead-
welgiht gage tester and connected to its amplifier. The output
ccnnector of the amplifier was connected to the input of
oscilloscope. The system was operated for about 30 minutes before
caliuration. The Zerco-setting of the amplifier was chccked and
ths operate-Calibrate switch was set to. Calibrate (Long). The
required output sensitivity was determined and amplifier
"range switch" was set accordingly. Since, here advantage was
taken of the short-term static response of the system, the input

sclector knob of the oscilloscope was set on D.C. and the
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werminal used for input A or B or (A-B). Then GND button of the

amplifier was depressed and released. The calibrated weights were
placed on the dead-weight gage tester and the oil pressure was
applied on the diaphragm of the pressure transducer by moving the
hand wheel gradually till the plunger of the gage tester Jjust
started floating. Then the output signal was promptly read on
the oscilloscope corresponding to the pressure input. The test
pressures applied with the gage tester produce outyut voltage
signals from the amplifier. Various test pressurec were applied
and the output voltage signals were measured and correlated with
the applied pressures. The data obtained are shown in Table (3 )
and the curves shown inlfigure (37 ) were plotted for ready

reference.

Note: The quartz erystal transducers need calibratirn each time
before use. It is because the insulation resistance of the trans-
ducer changes from time to time owing to permeation of moisture.
Whe insulation resistance is extremely high, normally in tke order
o 1014 ohms vhich should be checked before use, If The insulation
resistance decreases, then extremely low frequency response is
attenuated and the static callbration capability of the measuring

system 1s lost.

4.2, CALIBRATION OF VARIAC MOTOR SPEED CONTROL

It was essential to know the speed of the Drum Came:a motor
befforo lgniting the combustible mixture. This speed would corres-

pond to the speed of the film on the drum. With the view to save the

time in actually finding out the drum speed at the time of experi-

ment, the variac motor speed control was calibrated before hand by

J
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means of a Strobometer. The following procedure was adopted:

The assembled measuring system consisted of a D.C.Motor
vith drum mounted on its shaft, a variac motor speed control, a
220V/110V single phase transformer, a variac autotransformer and
a strobometer (Figure 25). The deseription of these instruments

is given in the preceding chapter.

A distinguishing mark (chalk mark) was made on the end
of the Aluminium Drum. The Strobometer was placed near the Light
tight box such that the flash 1light from the Lamp would fall on
the end of the aluminium drum through the side hole in the box.
The 11d of the box was kept open so that the number of marks
apearlng on the drum could be visualised. The motor was started
and the polnter setting on the variac mctor speed control vas
increased in succession from Lower division %o hegker Jdivision
marks on the dial. Selector Switch was set to 'Lovu', '“odium'
or 'High' depending upon the rate of speed o0 be measured. The
light from the lamp was directed upon the end of the rotnting drum
and the speed control was adjusted until a single stationary image
of the moving part was seen. Then the frequency of flashes was
doubled and the speed control adjusted until two stand still marks
appearedvon the end of the rotating drum. Then the speed of the
roctating drum was half the frequency of flashes. This procedure
vos repeatoc to find the speed of the drum corresponding to each
divlsicy warked on the dial of the variac speed control. During
the tine of caliboration the voltage supply was kept constant by
operating the pointer setting of the Variac Autotransformer. The

data recorded is shown in Table ( 4 ). A graph was plotted with

Div. on Varlac Speed Control as abscissa and the Drum Speed (RPM)
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an ordinate. The calibration curve obtalned for ready reforsnce
is siaovn in Flgure (38 ). The check was done rany times in the
course of testing to ensure that the calibration remained correct

at all times.

4.3. IHZ METHOD OF CONDUCTING TESTS
4.3.1 PROPORTIONING THE COMBUSTIBLE MIXTURE

The spherlcal bomb was first evacuated by means of the
vacuum pump. When the pointer of the vacuum gauge indicated
30" Hg. vacuum, the needle valve connecting the passage between
the spherical bomb and the vacuum nump was closed. Calculatlions
were made before hand (Appendi~ A ) for partial pre-sures of
acetylene and air in stoichiometric acetylenc-air .ixturc:.
Acetylene was drawn into the bomb from the Acetylenz~Cylinder and
its supply was turned off quickly after tic des’red amouat of
Acetylene had becn intrcduced. Then atrosproarle air was lntro-
cduced by opening the air-inlet valve, Yhen the vacuum gauge show-
¢ that the stoiciloumetric quantitics of Acetylene and air had been
Litroduced, che air supply was turned off. The total voluwefric
coeportion of Acetylene was always 7.75 percenrt, the remalning
©2.80 percent being air. Thus Acetylens and air were homogene-

ously ulzed inside the spherical bomb itself.

A4.3.2. CSCITT.CSCOPE AITD DRUM CAMFR LY ADJUSTMENTS

The pressure transducer, auplifer and oscllloscope were
cunnected nnd the systiem vas operated ifor some time Ifos initlal
wora ug. At first, it was essential to balance the amplifiers. of
the cselilloscope by means of tae D.C. Balance Knob. The Sweep was
triggerced from the external source (the G V Battery in the present

wori). .2 bhattery wac connected to the Trigger input teradnal
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and the iri;gser selector switch was set at "Ixternal". When the

Trlg_er Level Knc was turred counter-clock vise, the beam dis-
appearcd ‘roa the screca. (Sut wien the lpnition-switch would be
c’nsed a1t the cireuit again broken, the wave form wonld trigger
or start its sweep. Slaulianerusly, tie spark would also jwap
across the electrodes wilecu would lpalte the acetylene air mixture
nlready iniroduced into the spherical bomb. This operation -sas
regerved till all the adjustuents on the 6scilloscope and drum
canera werc made to reccrd the pressure variations and flamo growth
sinuliancously) The sensitivity of the oscillcscone and the svweep
rate vere adjusted so that the entire screcn was utiliz-d. ror
dynodale pressure varlations i:e input selector knob was set at 2.C!
and the coerate-Calibrate Switch of the charpe amplifier was sct
at Operate (Short). The position Knob in the horizontal display
»118) vas adjustied so that the sweep started exacily from the left
end grajuations of the scresn. This served as a chees: in determin+

1

. the tiue required for complete coumb.otion.

T

~:t the opcs~ilens o the (run camera ineluded loading

oo Lile oo the druwe, ou,esilann vl J. o -speed by the v~riac motor

-

g,eed contucd apd tle op0ly o Tlue i tke varlac aulctransformer.
“he file: vsed were cut-films (P 3, Il vrd, 400 4.5,4) of size
1" x L ", The film war attached to the camera druvam by a trans-

~~zront "Scotci Tape".

70 receordia; tae pressure variatlen in t'~ heb
2 lesica, .i2 oscllloscupe camera was atiached to the oscilloscope
scrcen by tishterin; the serew of its adayter clamp ring. The roll

fila hcider containlug no. 120 Tri-X Pan ilm, 400 ASA was »laced

on tie lidlng agdapter. The Lens access door was open and the
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chatier speed vas set at B (Bulb) by rotating the Knurled ring. Thc

7! number was set at £/0.0 by sliding pointc:. over iris diaphragm
scale. Then the Lens acces: door was closed ailter making adjiuste

mants.

4.3.3. ISV THE COMBUSTIBLE VINTUL

»s an lllustrationy the varlcus adjustaents on the
Oscilloscone 2nd drum camera are indicated ou the Scheuniie viagram
nf the eiperimental set up for cae set cf cbservationz. Defore
the combustible miziure (Stoichivactrlic Acetylene - .ir lldxicure at
initial nressure: say, 15" Hp Abs.) was Iignited, the scnpa sensiti-
vity was 5 mV/em., swoon rate 2 u.sce./cm., exteranaliy trigpered;
amnlifier sensitlvity at 17 aV/.Ch., tlms coastant: Shert; nolnter
setting of varlae s-ecd control at 7.0 (drw1 speed Tiom calibration
corve 1720 3715, supply voltage: 200 V (lre v ecnstant Ly varlae

svtotrarsfcr-or).

Then the "Viewing Door" of the Oscllliscens camera was
«.cned and tiie beam intensity vwas lncrsassd to obt:iin = Zow
cYeture. “he Irrigzer level knol was turned counter eluckwise so
th~% the bea. disay;§ared frow the screca. The vicving door was
Ol pornri‘y'closed. The Cark slids fronm the Tila solder was
reseved., T eyes were sel on the eye-shield and viewing door was

n;n2dn enenand,  With one hand, the shutter release cable was nressed

at

en allomd n o mosure.  and with the other hand the ignition
switeh vme elonsed 224 toen elrcuit broken agaln., Thie aection
Toplted £ dxiure L0 the bomb and at the same tine trigpered the
mezep.e T chtlas v elosed YWy releest!ng the Shv¥trr-Release
Cnhle. "r 5 Lhe prees-vro varistion vag recorded i tho Oscilloscope

crasra 27 tho flame prowth in tie drum cenera slpuliaacously .
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V. RESULTS AND DISCUSSION

The purpose of the present investigation was to examine
the use of the spherical bomb method for determining the burning
velocity of Stoichiometric Acetylene-Air Mixtures and to deduce

the dependence of burning velocity upon pressure and temperature.

In a glven exploslon the pressure varies with time from
initial pressure Py to the final explosion pressure P,. The
temperature at the flame front varies in time as a result of
compression of the unbufned mixture. Consequently, since burning
velocity may be dependent upon both pressure and temperature, a
eingle measurement of flame and pressure record will not provide
data to determine the variation of burning velocity with pressure
at constant temperature or with temperature at constant pressure.
Hence, a series of simultaneous flame rscord and pressure measure-:
ments were made for stoichiometrlc mixtures at several initial

sub~-atmospheric pressures.

From the data recorded, burning velocities at various
pressures and temperatures were calculated according to Lewis and
Von Elbe msthod. The calculations were :ade on the basis of the

following assumptlons:

ASSUMPTION Ss

L. The gases are ideal and the mixtures arc ideal

nixtures.

. The heat capacities are independent of pressure and

A

temperature.

3. The compositlion of burned gas is fixed.
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4, The pressure is wiform at all times, and

5. No heat transfer takes place within the gas or from

the gas to the wall.

Gaudry (Hef. 42) has analysed the probable error caused
by the assumptions of constant composition of burned gas (no
dissociation) and of no heat transfer within the burned gas. He
concluded that, for an initial pressure of one at@osphere the
arror was sufficiently small and that the assumptigns are valid
if high precision is not demanded. At low pressures and high
temperature reached during burning an assumption of ideal beha-
viour of the gases is admissible. However, at high pressure this

assumptiocn becomes questionable.

A sel of Flame Reccrds and Pressuré-Time Curves four
stoichiometric Acetylene Air Mixtuces (7.75% Acetylene) at initial
pressures of 6", 10", 15" and 20" Hg.Abs. and the room temperature
arc shown in Figs. (28 thru 35). Tnc calculaied and tae observed
data are shown plotted in figurcs (36 thru 44). The method of
analysling the Flame and Pressure records witi saunle calculations
is civen in Anpeadices A, B and C. The resulits are summarisecd in

Tatles (£ thru 8).

For datermining the burning velocltizs both methods of
calculations vere used i.e. by using pressure record alone as
wecll as the experimental flame trace Qg% in conjunction with

the thermodynamically calculated value of Pg,

In dctermining the burning veloclty fror pressure record
alone it was essential to check independently the validity of the

thermodynamic data and the procedure for calculating Pe, For this




purposey uslng the pressure record, values of ry and ry werc 62
were calculated from equations (2.33) and (2.35). Then the cal-
culated radil ry were comvared with the experimental radil. Dis-
crepancies of 6-127 were observed in the calculated values of ry
in comparison to those of experimental values. However, this
snggests that withia the lnevitable experimental error, the two
methods of calculating burning velocities are probably correct and
the recsults are therefcre self-consistent. Discrepancies may
arise from several causes. In reference (43), Lewis hac pointed
out that since the calculetion is based cn the acsumption that the
combustion wave is a mathematical siarface, there arises the
problem of selecting an experimentally deterunlnakle r:"crence
surface in the actual combustion. Furtheraose; tae flame may not

he an ideal sphere. A nossible taird cause may bYe a laz pericd in

1.ae 2stablishment of thermodynamic equilitrir ip the borned gas.

1p autho» concludes that at comnnratively hehior 1 7 [»7 prescure,
ion iiscr .u.cles in the observed and calerlated red ' 'Th' are

>

itial

Ine 5085 o7, because of short ignitlon T-¢ 2% g L!-"ar .

»r~egypre i thu mixture. In the present worsir, the initial Jress-

v vere sww-almospheric. There 1s sone evidence r” ¢ lar,c
Corliion Liiiy «u a lower inltlal pressure. This efr Y2 secn frono

At

' flare ai G pressure recorus.

TGS CF PUOSSURE AND TEMPERATURE O BURNING VELOCITY

The effects of physical varlables such as nres-ure ani
i~ o w.ntus. ua burning velocity have also been examined. The data
arc plotted in figs. (43 and 44) to show the variation of burning
velocity with teuperature (T,) of the unburned mixturs at constant

pressure and wiilh gicecsdare at coasvant temporature respectively.
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“hae range ol aava, anoweves, is linmited. Therefore. the curves havd
been extrapolated to deduce a correlation which may enable to |

dotermine the burning velocity at various pressures and tempera~
tures. |

|
|

Burning veloclity varies Linearly with pressure and temperature. It

From the curves (Figs. 43 and 44) it appears that

is also evident that the effect of temperature on burning velocity
is more predominant than the effect of pressure. At room tempera-
ture (say, 300° K), the effect of pressure oan burning velecity is

hardly of any significance. It may, therefore, be concluded that

burning velocity has small prassure desendence at room tempera-

ture; but lncreases wlth lncrease in pressure and teancrature.

Contradictory data regarding pressure~dependence of burn-
ing velocity are repcrted in the Literature It is worthwihile to :
discuss the resclts cf other investigatcrs  Bernard Lewils .
(Pef 44) has stown that flame velocitles of Stolctiometric i
methane, proyane, and atiiane-air mixtures are independent of
rressure whether measured by the constant-vclume bomb method or
ihie slot-burner method. Table XVII (Ref 24, p 145) indicates
that flame velocities of Stoichiometric Acotylene-Air Mix%ures
(Pressure range C,01-1.0 atm.) are independent of pressure. The
flane veloclties were measured by VWolfhard using Luminous-cone
angle method. Experiments conducted by Pickering and Linnett

(Ref. 45) using a Burner method showed pressure-dependence of

burning velocity. The same investigators found the flame velocity

to be independent of pressure by using the scap bubble method.
Cullen (Ref. 46) has shown that flame velocifties of, propane-air

and ethane-air mixtures were inversely proportional to the
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Logarithm of pressure in the range 1/3 to 1 atmosphere. Many

other investigators also report pressure effects.

Therefore, the author is led to belleve that probably

there 1s effect of apparatus on the measurement of pressure-
~denendence of burning velocity. And this effect should be more
clearly resolved before we can accept the finality of pre%sure

'dependence of burning veloclity.

Recent studies for investigating the effect of pressure

on burning velocity for a variety of hydrocarboa fuels in :

mixtures of Oxygen with inert gases such as Nitrogen, helium ang '

argon, in the pressure range below atuospheric (Ranze 1725 - 1 |
atr.) have been carried out by Joha Hanton and ifilltken (Rof. 47)
using the spherical bomb method. Thelr resulis suggest a very
remarkable trend vhereby the prescwre depeadzace le cf variablz
order and primaerily dependcnt uvpon ihe atsolute valrve of the
burning velocity. They founa a decryeasc oi burnirg velcclity with
increasing pressure for mixturce whose turning volceliy at
atmospheric pressure is belew approximately 50 ca./sec. and an
inc:esse for mixtures whose burning velocity at atwostheric
nrassare is higher than 100 cm./sec. and in the range 50 to 100
ca./3ecy a change of burning velocity with pressure is hardly
dzcetable. Strauss and Zdse (Ref. 48) have used both the Burner
~cthed ard 2 modified version of Stevens' Soap Bubble method to
dctorrine burning velocities of various nixtures from one atmos-
niere vpward to 100 aimospneres. They also found independently
that burniig velocity increases with decreasing pressurc for the

mixtures having burning velocities below approximately 50 cn./sec.




and an increase in the burning velocity with increasing press fo
the rixtures having burning velocities greater than 50 ca./sec.
™e results of these investlgators appear to be more reasonable

as they have slown that the pressure depeadence of burning velo-
city is primarily dependent upon the absolute vélue of tvihe burning

velocity.

CrrRULAZION O BURNING VELOCITY WITH PRESSURE # TEMPATIRE

Since witih the ald of the spherical Bombd Metiod, con-

nressure and Flame

»

sistent values of Burning Velocity using beth
r-cords have been obtained, tie effect of Haraneters suach as
pressure and temperature on burning velocliy nas also beca
exailned. Qualitatively, the resulis ars coapurablc with thoss of
ot'.er investigators like Jomn llanton, and lilliken viic lave also
r~nloyed spherleal Bomb Method for lnvesti atlng tle «flect of
prossure on burning veloclty of wvericus hydrocerbicn fusl-air
~lstures #* guih-atuospheric oressuves.  The Lurning velceluy of
~+ofchlumetric Acetylere-Alr wixt.ore at 270% Il and 1 atnosynere is
fowd to be 114 cm.rer sce. Refercence 21 (0.132) 2, cits the
maxloum flame veloclty of acetylere with alir at 28° ¢ and

1 atmosphere to be at 142 cm. ner sec.

A correclation 1s deduced by whicin the bur.lny veloclty of
Stotcilemetric acetylenc~air mixtures at vericus pres:zures ana

v t.atures caa be predleted with an average ccviation of 2 per- |

f
¢¢ . Fron ihe data repcrted here, Linear relatlorships wvere

for: 7 Lelweer tihe bui.l.g veloelty and tempcrature at ccnstant

prassarce ard between tie lturalnp velcecity and . rescure at constant‘
y

temperatura. The followlng correlation is obtained for the
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pressure range 30 Cm.Hg. to L50 Cm.Hg. and the temperatwe range

3000 X to 450° K. (See Appendix D).

su = (5.06 x10"3 1, - 1.41) . (P+70) +o08
Where Sy = Burning Velocity in Ca. per sec.

Ty = Temperature of unburned mixture, K.

P = Pressure, Cm.Hg.

This correlation indicates that the temperature has an
appreciable effect on flame veloecity. For example, in stoichio~
metric mixtures of acetylene and air at 1 atmosphere (76 cm.Hg.)
vhen the temperature is increased from 300° K to 450° K, the burn-

ing velocity increases from 114 cm. per sec. to 225 cm. per sec.

On the other hand, the above correlation also suggests
that at room temperature (say 30C©° K), the pressure dependence of
burning velocity is ha-ily of any significance. For example, at
300° K, when the pressure is lncreased from 30 em.Hg. to 150 ca.Hg.
burning velocity increases from 109 cm.per sec. to 122 cm.per.sec.
But at a temperature of 4500 Ky when the pressure is increased from
30 to 150 cm. Hg.; burning velocity increases from 185 cm./sec. to

220 cm. per sec.

Thus, we see that the above correlation can be satisfac-
torily used to predict the burning velocities in the range of data
reperted here.  The author, however; does not claim that the
corrolation will predict burning velocitics equally'well in other

pressure and temperature ranges.
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CORCLUSIONS d

The results of this study of the spherical Bomb Meth\ld
of Laminar Burning Velocity measurement for Stoichiometric R
Acetylene-~/ir mixtures at various pressures and temperatures are
reported in this thesis. Over the range of pressures ani
temperatures repcrted, the following conclusions appear to be

" justified:-

(L A single explo§ion using the spherical bomb method
nrov. es two sets of values of the burning velocity whi
are obtalned independent of each other from the indepen
dently observed records of pressure and flame growth.

(2) Thé recults shov good agreement of observed and cal-
culated flame diameters and of the burning velocities
obtained from elther the flame trace or the pressure
recora. The we.lod ls, thereforec, self corrotorating.

(3) For stoichiouetiric acoiylene~alr mixtures, the burning
velocity rises nearly linearly with the increase cf
pressure and temperature. |

(4) The weasurement of pressure dependsnce of burning
velocity is qualitatlvely in agreement witi measurement
by other investigators uslang the spherical bomb method
for 2 variety of other hydrocarbon fuel air mixtures at
cub"tncenceric pressuras.

(%) The lack of agrecment between the spherical bomb methos
and cther methods (e.g. the burner method or the Soap
bubble method) reported in the literature is probably ¢
to the effect of apparatus on the measurement of press:

dependence of burning veloclity.
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CORCLUSIONS
The results of this study of the spherical Ical l‘ethod
of Laminar Burning Veloclty measurement for Stoichiometiric
Acetylene~Air mixtures at various pressures and temnaratures are
reported in this thesis. Over the range of pressures ani
temperatures repcrted, the following conclusions appear to be

" justified:-

(1) A single explo%ion using the spheracal bomb method
nroviies two sets of values of the burning velocity which
are obtalned independent of each other from the indepen-
dently observed records of pressure and {lame growth.

(2) Thé results show good agreement of observed and cal-
culated flame dlameters and of the burning velocities
obtained from cither the flame trace or the pressure
record. The me.lou is, therefore, self corrchorating.

(3) For stoichioueiric acciylene~aii mixturec, the huxuing'
velocity rises nearly linearly wita tle lncrease cf
pressure and temperature. |

(4) The measurenment of pressure dependance of buralng
velocity 1ls qualivatively ia agreemecnt wita measurements
by other investigators uslng the spherical bomb method
for s variety of other hydrocarbon fuel air mixtures at
subtncspreric pressures.

() The lack of agrecment between the spherical bomb method

~and cther methods (e.g. the burner method or the Soap
bubhle method) reported in the literature is probably due
to the efiect of ap.aratus on the measurement of pressure

dependence of burning velocily.
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A correlation of burning veloclty with pressure and
temperature is dedured [rom the data reported in this
thesis to predict the burning velocitlies with an average
deviation of 2 percent, in the pressure range 30 to 150
cm.Hg. and the temperature range 300° K to 4500 K. The
following correlation 1s obtalned:

Su = (5.06 x 1073 T, - 1.41) (P + 70) + 98 cm./sec.
vhere T, is in YK and P in Cnm.Hg.

The correlation indicates that the temperature has an
appreciable effect on the burning velcecity. It also
suggests that the pressure dependance of burning velocity
at room temperature is insignificant, but a marked
nressure depeadence 1s observed at higher tzurecratures.
Siace the oxperlacatal precision in this m~tand is
falrly hlgh, it may be regarded as a preclslon nethod
4..d at the saune tlme a siandard aet.od agairst wvidca e

valid.ty of che otue: acoanods may be tested.

It 1s hoped that. the present limited ex-erlirental

development will help toward a further study of burning velocity

data by extending the pressure and temperature range; and will

Pe rf scpe srall assistance in gulding futnrc 2xpericents.
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PARTIAL PRESSURES OF ACETYLENE & AIR

FOL

VARIQUS INITIAL PPRSSURES OF MIXTUPES

Tota. ipicial | Partial Precs- { Partial Proge=-

—
wrassurc of { ure of { ure of f tercent Acety-
__it-ture Acetyl zne { Alr ! lene in
¢ { toicniometric
Ir. . § Cu, Hgol In. Hg.f Cm.Hg.§ InHe.{ Cu.Hg. § © ,2 o = Lir
R 1 { ) ] g Mixture
6 17.2 0.465 1.176  0.535 14.025 7.75%
10 25.4 0.775 1.961 9.225 23.439 "
15 38 1.16 2.94 18.84 35.06 "
20 50.8 1.55 3.922 18.45 46.878 "
TABLE 2

PRESSURE_AND TﬁyPERAzURb RELATION _; R ADIABATIC

COMPRESSICN OF UNSCRILLD LT
15V, EEY

P W T, = F quﬁ 3 c\A/u.‘—'- 14,

L

§ b1
Pi { Ti P P Y Tu = Fu(CO;;St.)
(Cm. Hg.) g ( °% ) g
1r .2 303 132
o, 4 306 121
a3..," ang 1”7
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TABLE 3

CALIBRATION OF PRESSURE-TRANSDUCER

1. OSCILLOSCOPE INPUT SELECTOR KNOB SET ON D,C,.
2. CHARGE AMPLIFIER TIME CONSTANT : LONG;

X 0SCILLOSCOPE OUTPUT (Cms.)

Pressuref {
Input §Scopesensitivity]Scope: 10 mV/Cm.{Scope: {Seope:
(psi.) § 20 mV/Cm. { } S5 nmv/Cm.§ 5 mV/Cnm.
fAmplifier fAmplifier: fAmplifier: {Amplifier:
ISensitivity §  10mV/pcb. { 10 mV/pebf 20 mV/pcb.
{10 mV/neb, ) § g
25 1.2 2.4 4.8 9.6
5C 2.4 4.8 9.6 oo
75 3.6 7.2 LN ) 08
1ee 4.8 9.6 cos ves
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IABLE 4

CALIBRATION OF VARJIAC MQTOR SPEED CONTROL

SPEED: 0-1725 RPM; FORWARD

Divisions g> Motor Speed (RPM)

on Variac |

Speed { {

Control }| 180 Volts | 200 Volts [ 220 Volts

| L

0 0 0 0
2.0 400 450 490
3.0 50 660 730
4.0 800 850 1000
5.0 1020 1050 1160
5.4 1070 1140 . 1260
5.8 1180 1230 1360
6.2 1270 1330 1480
6.6 1360 1430 1570
7.0 1450 1540 1690
7.4 1550 1620 1810
7.8 1640 1700 1910
8.2 1710 1780 2000
8.6 1790 1880 | 2110
2.0 1880 1980 2210

NOTE: (1) Strobometex Range: 250 to 18,000 RFM.

(2) Accuracy: When standardised in terms of a
frequency controlled power line,
+ 1% above 1000 r.p.m. & % 2%
below LOOO r.p.m. as reported in
the Instruction-Book.
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IABLE S

CALCULATED AND OBSERVED DATA

SET NO. 1
Py = 15.2 Cm.Hg. ( = 6" Hg.Abs.)
_ 0
Ti = 303V K
R = 6.35Cms.
wu - 1.40
Pg
3; = 10.75, tg = total time for combustion = 9.1 m.Sec.
Mixture Composition: Acetylene = 7.75%
Mr = 92.25%
2, i d%,/ dt
g . dr (uN PN 3 )
Sl ) <P> Su = 7 (% -D/n
i { ] { I ) R ! drpl &
P {Tme | ry § L. g1, g %g  °  inirrf 2t Su
{ i i 9t § Y fcn./(TATETTOBS | Coosd Ca./
Con.Hg.In.Sec.§ Cms. {Cm./secl X {Sec.i Cm. ICm. § % {JSec.] Sec.
i | £ { ! i ) g & 4

16.37 445'5 1.262 LR N 4 312 * 0 2.34 3.2 ‘?618 s e LR N J

20.0 5.91 2.02 ces 330 ... 3.74 4.5 16.9 ... oo

25.4 6.87 2.60 vee 350 ... 4.40 5.25 16.2 ... oo

30.0 7.37 2.9%4 645 370 147 4.85 5.55 12.6 625 149.5

40.0 8.20 3.50 770 405 169,85 5.28 6.0 12.0 555 173.2

e v e . e e+ .

—————— s - ere—
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TABLE 6
CALCULATED_AND OBSERVED DATA
SET NO, 2
P; = 25.4 Cm.Hg.( = 10" Hg.Abs. )
Ti = 306O K
R = 6.35 Cnms.
Vo = 1.40
Pe
p, = 10.65,
te = total time for combustion = 9.1 m.sec.
Mixture Composition: Acetylene = 7.75%
Alr = 92.25%
1
w- Jt Yy P > w 1+(Ba_{>/W;
' 0 L ap, ¥ 1 i " IDif?er-l 0
P {fmTime § ry §2ZifT, 0 d b fence {41 s
; I S T S P et g
Cm.Hg.[m.Sec.{ Cm. {Cm./{ ®°K {Cm./{Cals.{Obs.] & {Cn./ {§ Cm./
1 1§ Jsec. | isec.l Cm. § Cm.Q Q ec. § 8 e .
30  4.40 1.69 530 330 124 3.3 3.75 12.0 820 122
20 6.10 2.48 570 350 135 4.33 4.85 10.70 685 134
50.8 6.95 2,99 660 372 150 4.90 5.35 8.44 620 156.5
60 7.45 3,32 770 395 173 56.15 5.60 8.05 620 176
76 7.95 3.76 920 420 200 5.45 5.85 6.85 575 203
86 8.19 3.99 1100 435 227 5.66 5.95 4.88 58§75 227
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TABLE 7
CALCULATED AND OBSERVED DATA

SET NO. 3
Py = 38 Cm.Hg.
Ty = 306°K
R = 6.35 Cms.
Y, = 1.4
Pe
e = 10.65;
te = Total time for combustion = 8.2 m.Sec.
Mixture Composition: Acetylene = 7.75%
Alr = 92.25%
i %
S dri '(&a)2'<_7_\_’£_>/”u . _ dte/ dt
wEge Ne/ NP v S (B D%
P {Time | rqy f dry 7. & g, ¢ T ] § dr !
T 10—;%0” wg ™ QDii‘ferQa"ﬁ'hﬁsu
Cm. | ) {Cm./ § { Cm QCalc lobs { ence f{Cn./ { Cm./
Hg. {m.Sec.{ Cm. {Sec. § K {§ Sec.{ Cm m.{ {Sec. { Sec.
[l { i i I § { ) |
AD 2,34 1.12 470 310 116 2.205 2.4 8.11 885 114
5.8 4.30 2.08 550 330 125.8 3.83 4.4 12.95 732 122.5
60 5.06 2.48 610 350 143.5 4.34 4.95 12.31 700 137.2
76 5.74 2.9 732 375 165.5 4.87 5.40 92.81 620 168
86 6.03 3.23 854 39 193 8,07 5.55 8.65 €680 187
100 6,35 3.51 880 400 212 5.32 5.70 6.67 670 210
150 7.21 4.27 1340 450 277 5.7 6.05 4.95 610 275
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TABLE 8
CALCULATED AND OBSERVED DATA

SET NO. 4
Py = 50.8 Cm.Hg. (= 20" Hg.Abs.)
- 0
Ti = 308" K
R = 6.35 Cms.
Y, = 1.40
Pe
$ = 10.60;5 tg = Total time for combustion = 8.2 m.Sec
Mixture Composition: Acetylene = 7.75%
Alr = 92.25%
Su = “‘:y(‘l;) > SLL= (?2 DA
dt 2 P 1+ ir‘i w
{ { 0 gpy 4 I ) r { 0 drn 1,
Pl Time { r; Qg-g-{? borg §sy b ipiffer-1 =% { 8y,
| I 7 { { § { ence { {
Cm. {m.Sec.y Cm. fCm./ § X § Cm./{Calc.fobs.y % 1§ Cm./§ Cm./
He. § 1 § Sec.} | Sec.f Cm. § Cm.{ § Sec.l Sec.
G2 3.2 1.605 6§13 320 123 3,26 3.50 6.85 830 123.5
76 4,42 2.365 610 341 144 4.23 4.55 7.03 755 141
86 4.92 2.645 670 350 153.2 4.59 4.90 6.34 732 150
100 5.41 2.96 784 370 179.0 4.87 5.25 7.24 732 180
1580 6.35 3.74 1100 41C 237 5.48 5,85 6.33 670 234
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N.B.THE Fiaure Gives onLy THE
QUALITATIVE PICTURE

(pant

724 REACTANTS.
LN PRoDUCTS

Fic.1 PosiTion of AN ARBITRARY ELEMENTRY LAYER
AT DIFFERENT TIMES.

INDICES U AND € REFER TO THE POSITION OF LAYER BEFORE CENTR
COMPLETE COMBUSTION.
NDICES UWAND b REFER TO THE LAYER WHE

ADIABAYICALLY COMPRESSED UNBURNED LAYE

ALIGNITION AND AFTER

N THE FLAME HAS JUST REACHED THE
R_AND WHEN }T HAS JUST CROSSED THE LAYER.
INDICES | AND 2 REFER TQ SOME INTERMEDIATE STAGE OF L AYER WHE.

ERMEDIATE ¢ N (1) THE FLAME IS PROGRE SSINg
TOWARDS )T AND (2) AFTER IT HAS OVERTAKEN THAT LAYER

% = INNER RADIUS OF LAYER AT TIME INTERVAL t,
A% = THE THICKNESS OF LAYER.
ZF= FLAME RADIUS,
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EXPLOSION 1N A SPHERICAL BOMB.

Fic.2 TIME VARIATIONS iN TEMPERATURE AND RADIUS OF AN
ELEMENTRY LAYER DURING




Tor P

WPy

Pe

Ti
Py
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F16.3. Iniria INTERMEDIATE AND FinaL SpaTiAL variaTIONS IN PRESSURE
AND TEMPERATURE DURING ExpLOSION IN A SPHERICAL BomB.

INDICES V,7 AND € . REFER TO THE BEGINNING, [NTERMEDIATE CONDITION
AND THE FINAL PROFILES RESPECTIVEL




DIA.
1 DIA.

e — ,_,F_

Fic.4 SPHERICAL Bomp
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i »
L 4 DA -
11/
< 3&” DIA. ARALDITE
“ 2:40 o.b
1/4DIA. TAPER , ~< ' A -E SPACED
THREADS (0.D|A=0:540) | I/4'DIA. TAPPED HOLES
1B TR o

- \N
& [T T
AN N ) J
|2 kN —KJ:
Frg W b
\)‘x’ - : )é
I al”
e 33 DA
< AT
14 M.M.THREADS / O Y
1-25 M.M. P.C.D.

‘&
}l

3/35 DIAHOLE .~ 7
<3

FORCE FiT

_BCFIXED WITH
ARALDITE.

[ H\_STEEL ELECTRODES O+ DIA.

ARALDITE

UNIVERSITY OF ROORKEE
MECH. ENGG. DEPTT..

BURNING VELOCITY SET UP

PLUG
SCALE MATERIAL
FULL SIZE _&"‘B_‘Agummgm
5-10-63 S.P. SHARMA,
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UNIVERSITY OF ROORKEE

MECH. ENGG.DEPTT.

BurninG VELOCITY SeTup

SpLit RiNng

ALE

Z

MATERIAL

PrespEX

5.10.63

S.P. SHARMA
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NIVERSITY OF ROORKEE
teH. ENGG. DEPTT.

Burning VELOCITY SET UP

RiING
SCALE MATERIAL
FuLL Size ALumiNum,

5.10.63 S.P. SHARMA
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PACKING

Vv
ASBESTOS \

——__RUBBER O-RING

Prespex RING
ALuminiom Ring

ALuMinim PLUG

SPHERICAL GLASS BoMB

Fic.8

UNIVERSITY QF ROORKEE
MECH. ENGG, DEPTT.

BURNING VELOCITY SETUR
‘SPHERICAL BOMB ASSEMBLY

MATERIAL

SCALE
fuLk SIZE.
5.10.63 SP. SHARMA
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F1c.9 DiacrAM oF SimeLe Druv CaMERA
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. SPHERICAL BOMB WiTH ITS NECK
CONNECTIONS TO BE FITTED OVER

i » 1 L

| 7% x7%xAGTHICK ALUMINIUM PLATE
v WITH A CENTRAL HOLE TO HOLD THE
CAMERA LENSES,

UNIVERSITY OF §oogkeg;
MeEcH. ENGG. DEPTT.
BuRNING VELOCITY SETUP

LIGHT - TIGHT- BOX

SCALE. MATERIAL
I VA FULL SIZE Teak woob_

9.12.63. S.P. SHARMA




ELupricat Holtes 2nos.,
N ONE ON THE TOP AND THE OTHER ON Sif
R  MAJOR AXis =4 )" MINORAXIS

T 2_8\',

/15 HP D.C.MOTOR WITH
3"DIA.ALUMINIUM DRUM TO
BE MOUNTED OVER HERE

vy
3/4 % Y2 WOODEN STRip.
ON ALL THE FOUR SIDES
OF THE TOP COVER

TO PROTECT THE CAMERA LENSES

: ;/’ | ” " 4
/. / 7% %74 %24 THICK GLASS PLATE

A
4 7% r7
1 WITH ¢
—{gt CAME

€ RONITE SHEET
— m =

DevaiL AT A

L DETAIL AT B

Fic.11
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UNIVERSITY OF ROORKEE
Mech. ENGG. DEPTT.

Burmning VeLociTy Set Up
Arummium Drum

SCALE. MATERIAL
FULL SiZE ALUMINIUM |

5.10.63 S.P. SHARMA




<———— LINE >

I
"lll

LINE: 230V5 50 CPs
LoAD: 0-280 VOLTS

F16.12 Line AND LOAD CONNECTIONS
To THE VARIAC AuTO TRANSFORMER
( SURFACE MOUNTING )

93




OTROBOSCOPIC| |

LIGHT_SOURCE._

RADIAL MARK APPEARS

~ STATIONARY WHEN SPEED

OF BODY EQUALS THE
fREQUENCY OF FLASHES.

Fi6.13 ©  STRoBOSCOPIC PRINCIPLE




o

CONDENSER >

+
; BATTERY.
_] b ga——Dn

—. 7

POINTS

DisT.

BAY. |+
INDUCTION,
Lo

Fic.14 IeNITION SysTeEM
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WATER TUBES
! %‘ D.LA‘“

CABLE

401 (PZ114)
PRESSURE PICK UP '
\\
BooY- 78 HEX
- N NI
j CooLING SPACE
, ,
l_\ !l
SILVER SOLDER , | F/

BN
X A
T

SLEEVE P

e A1 1] L
1

N

- PACK WITH SILICONE
GREASE

4

!4_M—‘4XDI'525 ’ ) 7 o
c i s sl THREADS
‘J_ 5—% = ~———0-875——>

0.732 D

SR Fic15 KisTLER PRESSURE TRANSDUCER
S1eeL ADAPTER anp Cooring ADOPTER

/4 - A
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MODEL 566
CHARGE ® AMPLIFIER
GND POWER_ ’
- Nz
A @
5 © 4 Amp _ ouT PYT
20 _S\o-BlLo_
2
ol 50 .
\] )
05T 100 ’ CALINPUT _’
mV/peb ZERO _ .
o\ =3 220V, 50~/ INPUT
LALIBRATE OFF - @ :
KISTLER SN 101
FrRONT PaNEL Top BACK

Fic. 16 PaneEL Lavout
MODEL 566 CHARGE AMPLIFIER
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GRID FOR CONTROL OF VERTlCAL DEFLECT_[ON___
SPOT INTENSITS PLATES "

=

T

|

HEATER
ACCELERATING HORIZONTAL DEFLECTION.
ANODES PLATES

Fic.17_Cavnope Ray Tuge




SCALE 1LLUMINATION:
CONTROLS Tat \LLUMI-

NATION OF THE GRATICULE
~

Focus: -

FOQGUSES LrPER AND
LOw f GEAM DPSPLAY. -

IMTENSITY

CONTROLS THE INTENDITY
JF UPPCR AND LOWER
BEAMD.

INPUT SELECTOR

T ONNECTS WPUTS FROM
SELECTED INPUT CONiEC-
Tor(s) 70 VERYICAL

TRIGGER S 5E ELECTOR-

TrRigeERING LEVEL.

99

DEY ERMINES wHETER TRIGGERING
OCCURS ON THE RISING PORTION
(# SLOPE) OR FAILING PORTION
(~SLOPE) OF THE TRIGGERING
WAVEFORM, ALSO SELECTS A.C,
ORrR D.C.

( TYPE sgg_IRUAL- BEAM O5CILLOSCOPE

ATIME BASE

SELECTS THE VOLTAGE POINT ON
THE TRIGGERING WAVEF QRM
WHERE THE SWEEP IS TRIGGERED
ALSO SELECTS AUTOMATIC OR
RECURRENT OPERATION

TIME Jem:- SELECTS

©

AMPLIFIER AND ALSO

SELECTS EVTHER AL.0
D.C.COUPLING OF THE

INPUT SIGNAL .

SENSITIVITY: -

L
.
)

Q)

&,
e

©

5

SwEep
M%wm;{""ym

o

HOR\T onL
(M DispLAY

uePEr BEdm
VErricAL
SINLTIVITY

PosmoN Exrhanal

DESIRED SWEEP RATE.

\

HoRIZONTAL DlSPLAY

" SeLects |, 2,5,10AND 20
TIMES HORIZONTAL
MAGNIF|CATION OF THE
DISPLAYED WAVE FORM.
ALSO CONTROLS HORIZON-
TAL SENSITIVITY FOR
EXTERNAL INPUTS APPLIED

AT THE EXTERNAL
CONNECTOR.

6

QUARE WAVE
cﬂLIBRﬂTDR

SeLecTs THE sc‘.n%mw-ry
OF THE VERTICAL AMPLIFIER.

F1G.18 FuncTions oF THE TYPE SO2 FRONT PANEL CONTROLS

PosiTion D.C.BALANCE
POSITIONS TRACE —
VERTICALLY. BALANCES VERTICAL

AMPLIFIER ON HIGH
RANGES OF SENSITIVITY
CONTROL..

SQUARE-WAVE CALIBRATOR

CONTROLS AMPLITUDE OF THE
CAUIBRATOR SQUARE WAVES
AT THE CAL.QUT CONNECTOR.

|
Position -

Positions BotH upper
AND LOWER BEAMS
HORIZONTALLY.




FOCAL PLANE

OBJECTIVE LENS

e \l \ S

\

FRONT SURFACE OF BEAM
) sngTTER MIRROR

FIRST SURFACE
Dara MlRROR

Fi1c.19 OpricaL System of Type 299 Camera

CRY

100




VACUUM GAUGE.

]

230V oo
MAINS.

ACETYLENCE

CYLINDER

—

PRESSURE_
L TRANSDUCER
N

~—— o~ o

Pee FitTiNgs
B NEEDLE VALYES

-
e

INLET FORATM AR >
ﬁ\I

SPHERICAL BoMB

(CENTRALLY IGNITED) ™

.

:

____ e -t
3 n

-~

F16.20 GENERAL ARRANGEME
(SECTIONAL PLAN VIEW OF
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RELEASE LEVER

RELEASE LATCH WINDING EXPOSER
L : ..
KNOB COUNTER ROLL FILM HOLDER

,./mosx MARKING

SLIDING ADAPTER

, FOCUS SET SCREWS

_ _~MOUNTING PLATE
WHITE PLASTIC . =" ;;QLf;;:=ADAPTER
SURFACE \\“‘ oY AT, E

DARK SLIDE ——— ;

CLAMP KNOB

DAT’A~R£60RD .

DOOR : X U IRIS
RUBBER ; oy, = : DIAPHRAGM
EYE SHIELD » 1k o POINTER

L. . N ADAPTER
SHUTTER il CLAMP RING
CONTROL RING / CAMERA HOUSING
P
LENS
ACCESS ~+——— SHUTTER.RELEASE
DOOR . CABLE

VIEWING
DOOR KNOB

FIGe 22,




1e Spherical Bomde 2¢ Pressure Transducer with dapter
;- Pipe fittings md valves. 4 Camera Lens.
Muminivus brums 6. Kight




1e Dead Jeight Tester. 2. Pressure Transducer with
adapter. 3¢ Charge Amplifier. W Oscilloscops.




1s Strobombter. 2. Vgriasc autotransformar. 3eVoltmeter
% 3ingle phase 2/110V transformers 5. Variac motor
spased contral.




FIO. 26 BXLARNAL TRIGGALIG OF 3)330

1» Triggar Levael lmobe 2+ Induction colle 3eBatterye
he Ignition Switche

when the trigger lovel knob{1) 1s turned countar.clogks
wlse, tha beem disuruearse. On closing the Ipnitiom
awiteh(k) and btreaxing ths eircuit again, the sperk
$umps rercss the ~lectrodes to ignite tho mixture and
gipidl € ancorsly the suaep in trig creds




The black slaoves(1) with vnober bands comtain the
film storage cane Tha oporator puts the sloaves on
his hands ond lozAs the £iim on carere drum by fool.
The ®lm 1g gttochad to the drum by ¢ tronsparent
n3eotch tapete On the left is shown thr oscillozeaph
rocord camara (2) attached to tho oscilloscops “arsene
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FI1Ge 28+ ROTATING DRUM RECORDs

Py 1542 omeMg., Ty 3K , Drum Speed 8% RPM,
'f+ number of Drum Camera Lens 240

The vertical axis measures dimensionless time, and the
horizontal axis measures flame radins in oms.

Higher ignition Lag at lower initial pressure may be
obgserveds Re=1llumination at the centra appears after
about 6.8 me Seo.




N BO XPLOSIONs

Pi 1502 omeHg, T4 303°K, Scope Sensitivity SmV/em,
Time 1 m Sec./cms, Amplifier gensitivity 20mv/pCh,
Oscilloscope Camera Lens '€' number §e0 ‘
ghutter Speed get at Be

The horizontal axis measuraes dimension less time, &
the vertical axisg measures absolute pressure in cm.Hg.




FIG. ¥, RECORD N SPHERICAL GLASS BOMBt

P, 10" Hg. Absj T4 206°K; Drum Speed 1540 RPM
'}' number 200’

The re-illumination at the cmtr'. appears after about
6¢5 m.gea. and persists during the cooling period.




FIG. 31. PHOTOGRAPH ORD_OF PR :

P1 2% emiHgp Tq 6%k, Secope Sensitivity 5 mV/em.
Time 1 m.sec./om., Amplifier Sensitivity 10 mV/pCd
Shutter speed set at Bj 'f' number 8.0







FIGe 32 RECORD Og FLAME SPREAD IN BOMB RXPLOSION ON
UM

P; 38 omeMg; Ty 06°K; Drum Speed 1540 RPM,'f' number 2

Re-illumination occurs affer about 6+0 mesec. Tho vertics
black 1ine at the centre of the fliime record is probably
due to flame quenching near the electrodes.







P1G.3%s FLAME RECORD ON 4 ROTATING DRUMs

0.8 omeHgy Ty P6°K; Drumspeed 100 RPN,
tf* number 2.0

Re-illumination ocours after about 5¢7 mesec. &
persists during the cooling period.

The slight departure from symmetrical flame growth
mght be dus to oscillation of the flame gphere itself
during prograss of the flame.




Py 5.8 emHgy T4 P8OK; Scope Sensitivity 10 ny/em.,
Time 1m.sec./om., Amplifier gensitivity 10mV/pCb,
Shutter speed set at By 'f' number 8.0
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Fi6.36 PRESSURE AND TEMPERATURE RELATIONSHIP FOR ApiaBATiC CoMPRESSION
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APPILDIX A

SAMPLY CATCLATICNS - SET NO. 3

(1) Inltlal conditions of mixture before Ignition

Py = 38 C.Hg. (= 15" Hg.Abs.)
Ty = 306° X

126

(11) Drum Camera Motor Speed: 1540 R.P.M. (from calibration

curve)
(111) Record of Flame Growth (Figure 32)

(iv) Pressure Record (Figure 33)
(v) Radius of Spherical Bomb,R = 6.30 Cas.

The analysis of data follows:

-y

SN

(1) CALCULATIONS FC? PARTIAL PRLSSURES OF CoHo & AIR

The partial pressures of Acetylene and Alr in Stoichio-

metric Acetylene-Air mixtures were calculated irow the follow-

ing combustion equation:

CoHy + 2.5 (0 + 8.76 Ny) — 2 CO, + 11,0 + 9.425 Ty

my = 12,925

Mg
F:A Ratio = 1 : 11.9956

i

12.425

laking the assumption that partial prassures of component

cases are propoiticnal to their respective mole fractions,

e have g vy
0 Yo .
Peglly = + Py = 2.0 Cnm.Mg.
4
- By .

06 cale.

v




(7)

(3)
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Acetylene by Volume = __T§;§§§" x 100 = 7.75%
.. Afr by Volume = 92.25%

BubSURV & TEMPERATURE RELATIONSHIP FOR ADIABATIC COMPRESSION
URNED MIXTURE

From BEquation (2.8)
1-Vu A
P™ T,=F" T =F

w = i

Since Acetylene to Air Ratlo by volume is 1:11.925; the
Stoichiometric Acetylene-Alr mixture is almost pure air.

Hencec)h for thz aixturc may be assumed as 1.4.

I'ovr difforent valuss of P vere chosen and the
correspopding values of T, wers calculated from the above
equation. A plot of P-Vs. T, is shoun in Figure 36 on a

Log-Log paper.

CALCUITATIONS I'CR TIME OF CCIEBUSTION
The effective length of the film on Drum =-7,43" =~ 9.5"
The length Flame Trace on negative = 2.0"

The ".P.1{. of Drum = 1540

.". R.P.S. of Drum = 1540/60 = 25.6

Time for one revolution of Drum = 1/25.6 = 0.039 Sec.

The fraction of revolution which the drum makes vhen the
flame travels from the centre of the bomb to the vessel-wall
= 2/9.5 = 0.21

Hence total time required for travel of flame =

0.039 x 0.21 = 8.2 x 10°° sec. = 8.2 m.Sec.

The pressufe-time record also cenfirms that the above

calculations are corrzct.
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APPENDIX B

THZRMODYIIAMIC CALCULATIONS FOR Pg

(1) Calcudations for Adlabatic Flame Temperature
Reactlions : CO + %0 == COo

OH + %Hz == H2O

ocess: CoHot 2.5 (02 + 3.77 N2)~>~ 2yCo + 2(i-y)002+ ¥0q
+ 2z OH +(1-2)Ho0 +

V4 »
+ '2' Hz + 9-425 1I2

@y. @y
© ¥ o :
— 1~ 24CO
CHo W —t+32C0p * —t— 2({-Y2CO0
R REWEAT Yoz
REACTION | > Hy0 Iy —1—> z OH
|- 925 AIR ZONE. DISSOCLATION "'—“_""(12") Hz0
—— - B— ' — —-H
— | 5 9-425N —3 Z Hp
I D e * — > 425N,
17=25%C j;: 25°¢ Ty 2
Ooverall process 1-3 ls adlabatlic, so that
Ql“3 - 21_2 + Qz_s = C LI (1)
Cleg = (hRP)CBHB’ o50 ¢, = -300, 086 Cal./g~mole C2H2

Thus cquation (1) ylelds: Qo.3 = 300, 086 Cal./g=-mole CZHB

.. (2)

Anplyliag crergy cquation to system 2-3
... (3)
Q23 = 2‘:7; Y'LJ"LJ - 22: ni.LL
vhere

sz‘n = 2(2232) + (2364) + ©.425 (208G) - 26,542 Cal/g-mol|

Equations (2) and (3) yielad:
' 300,086 = Zznjhj — 26,542




or 326,628 = 5% n\-,hj 129
= @5}%0* 2 (- Yheo,, sho, + 2hgy 4 @ ©hye
s Zhy, 19425 hag ) co (4)
The unknovas in tuls equation are Tg , y and 2. Tvo more

irdrendant ecusticns arc requlred:
-~ 1

The equilitrlium contents K7 and KB arc required:

i
xcoz -3
K,? = 1/ * ?‘ oo & (5)
2
Lo Xoy \
xH2° -2— .0 0 (6)
K, = ——2 F
xo}f‘ xl{z

Substituting values of mole fractlons () at state (3);

amiaticns (5) and (€) become: 1
- Z 4 12.-425)2 "2
_ Gy 5 A2 H5)T . (5a)
7 33/2
Zz . 425) -1 .
1414 (12D ( Y+ g +12:4 P 2 ... (62)
272
as a first epnoroximotion, assuming 7 = 0; Fquatlens
(5a) & (6a) beccme: Y 1
7 = .5/2 i
y
K, = °o ve. (6b)

Thus ve have now tvo equations (4) & (5b) and two unknowns
y & Tasfew trials for value of ’5 vere made and by trial and
arror values of 'y' “rem equation (5b) and that of 'z' from (6a)
“cr the value of y found from equation (5b) were obtalned. These
valurs of y and z for the trial temperature T4 shoulo slaultano-
ously satisfy equation (4). The final trial is given here:

Assume a trial temperature Tq = 2600° X.

This ylelds values of "np = 16 and y = ©.35

Substitating K3 - 100 in (Ga), we get o = 0077
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Substitute y = 0.35and z =~ 0.527 in equation (4) (Right-side)

]

vo get:

= n;h;  =0.70 x 37,662 + 1.30 x 32986 + 0.35 x 21734 + 0,029
° X §78€0 + 0.271 » 27412 + 0.014fL x 76820 + 5,420 x
20643 = 3,35,092.
This is nearly equal to 32€,€2C.
Tonce these valnes of T3, y aand z ara fairly satisfactory for

our calculation purposes:

) . ! “» 1 n
(°) Calculations for *n(b), T o Pé

Trea cra h the velue of  olalsseciflc heat at constant

pressure Cp for the products CO, COQ, 02, Hgo, HQ and 1 _

r

are 13, 8, 8.5, 10.5, 7.7 and £.0 Cal./g-mcle, ¥ rospectively
at 2600° X. and the mole fractions of these constituents work

Gl v be L= C.068T, g x 01013, 4, T C.0274,

co co9

r - o = G = 0y
“Ho~ 0.075¢, xH2 = 0.00113 ana . 0,737
2 2
Thvs, for the turned products, the valus of Co(h‘ 1s fcund out
& 2/
by nultiplying the mola) specific heats of the constituents

with their respective nole fractions and summing up, we get:

Cpyy = = Fop = 846 cal/g- mole, K

C R = 346 -199 = 6-47 cal/g-mole,’K

vy = CPad”
Tov from Equation: (2.29) Viz:

' Rt - . . Hete T =T, mp=mg
Cvipy Te + wy BT = Crad Ik > LIz, ™y ’

We get: 6.47 T} + 12.025/12.780 x 1.09 x 306 = 8.46 x 2600

'
t
b
i

= 3300° K |

B




I'rom cquats-on 2.31, we have:

’ 789 Z300
' M Te _(Lotm 427 .
Fe = F m T "<2 ) 12.925 306

Pl .33 Atm.

]

=3

The f-llcving table gives the value ¢f D) and P {or various

l

o

$
jnit-tal nressurcs of the coubustible mixture. It has been
agfiumed tinat compostilon of tiie products of the reactlon

dcoles nct change in the raage of pressures used i the present

wo rlc:
1 " 4 ' ¥ -t
oo 1 P Te
{ o i _ { i)
At ] ¥ i A, 11
1/ Ata. 302 2.13 12.775
1/3 n 306 3.55 10.65
1/2 " 30" £.53 WL

2/3 o 30C 7.0 1Cc.C
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APPHINDIX C

CALCULATIOKS FOR BURKING VELOCITY, Sy

(1) Calculations for 'ry' and 'ry' for Set lo. 3

When P = 76 Cm.Hg.
Ty = 375° X
’e
5; = 10.65 as found in Appendix B.

Applying Equation (2.33)

B _( P-F >1/3
28 Pe-:P[

i
o _ 75-38‘j% _ 336
635 \4o5-38/ 716
« - ry = 2.9 Cos.

Applying Equation (2.35)
p

o Q_.P—a T FeP >3
R\ 7?7 T e/ 4
(g 38 375  405-76
35 <" 76 396 4o5- 3@

I‘b = 4.87 Cms.

From the Drum Camera Record, the value of 'ry' observed was
found to be 5.40 Cms.
. The difference = 5.40 - 4.87 = +0.53 Cms.

of -
and ¢ Difference = 2.28 x 100 = 9.81%

() Calculations for §,

(A) From Pressure Record Alone

From Zguation (2.30), we have:

. N2 PN
SLL::'g%L' gﬁi) (lf?{> T

A plot was obtalned for values of rj corresponding to any glven
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prcssuro onthe pressurc tlme record as a functlon oi time and the I

slopes ﬁ%% vere determired.

Fer

(3)

P = 76 Cm.Hg., ry = 2.06 Cms. at time, t = 5.74 m.sec. ‘,
dry _
i 732 cm./sec.

Substituting'the values in the last equation, we get:
2.9G6
S‘LL" 732 (4_ 7 < = 165:5 cm./sec.

From Flame Record

Also applying equation 2.45, we get:
Cdy/dt -

SuT TN

From observed Flame record, we get at P = 76 Cm.Hg;

ry, = 5.40 Cm. at time 5.74 m.sec.

P

Ly ]
c’
1
!
™
(0} ]

620 cm./sec. ana

wlo
{
A

Substituting the values we gov:
690
i+ ﬁ;g“i>//1"*

~ {68 em. /sec

The values of 8, oltained from nressure record alone and
from experimentally observed flame record in conjunction with
the thermodynamically calculated value of P, are comparable

and hence the self consistency of the method 1s confirmed.
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SPPENDIX D
DERIVATION OF SMPIRICAL CORRELATION FROM BURINING VELQCITY DATA

The curves cf Figure (44) are extrapolated and it is
found that all of them nearly converge ln a single point at whien
the ahsclssa and ordinate read P - =70 Cm.lg. and S; = 98 Cm./Sec.
Tﬁat is, if the abscissa of Figure (44) is changed to (P + 70)
instead of P, then the various curves would diverge from a peint
on the ordinate where S, = 98 Cm./Sec. Since burning veloclty
varigs Linearly with pressure, an empirical cquation may be set up

ag follows:~-

Sy = m(P+70) + 08 e (1)
Where Sy = Burning velocity, Cm./Sec.
‘ P = Pressure, Qu.Hg.; -
m = coefficient which varles with ternpcrature. .

The ccafficient 'm' is determined for one particular temperature by

selecting two points on P Vs. S, curve for that temperature and

applyinz the equation (1)

S“l = m(Pl + 70) + C8
su = m(Po r 70) + 05
2 &
lapneo = Suz—'sui | .ol (2)
P,-F :

Ir ordes to deteriaine the natuce of variation of 'm! witn

17,' tic followinp data arc extracted Cfro. Figure (44).

The last column in the Tabla o the naxt page suggests

tunt the increase ia the value of slope at oqual tewperatwe

1

intervals is nearly constant. That is to say, 'm' 1s also 2

v
;‘

Faad

toar Tunetlon of 'T Y. (See also fic.43)
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X 5 /Se I {
T, § Su (Cno /Sec ) [ § Differenco of two
(0% 0 p. = a0 § P. = 140 | § consecutive 'm' values,
. . {2 ; {
nee 11e 121 0.11
0.26
con 137 174 0.37
0.25
40N 165 227 0.62
0.25
450 193 230 .87
T.erefore we may write m = aT, + b cee ()

vhere 'a' and 'b' are constants which may'be evaluated from

cquation (3):

“2
. Tlag—-mMm
Hence a = —>—- ee. (B)
Ty, - Tu,
in- ™M
and b = m - —*—2 Ty ... (8)
T Tug

Making use of the tabulated data and equations (4) and (5)
wa obtain:

a = 5.06 x 1073

b -1.41

Ccabining equations (1) and (3) we get, iinally
8y = (5.06 x 1073 1, - 1.41) (P + 70) + 98 el (0)

Fer %-ample At T, = 300° K and P = 76 €. Vg, from formule (6>

@ - 114 Cm./Sec. and from Figure (44), at P = 76 Ca.l . & T =
A S, = 114 Cn./Sec. Similarly at T, = 350° K & » = 76 C...
Fg. Frow Eupirical correlation S5; = 182 Cm./Sac. and froa

s ure (44) Sy = 150 Cuw./Sec.
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