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BURNING VELOCITIES OF THE HYDRGE.I& PEROXIDE

DECOMPOSITION FLAME

by

Charles N. Satterfield

and

Ephraim Kehat

Abstract

Burning velocities of the hydrogen peroxide de-

composition fl9me have been measured by the bunsen

burner method at pressures between 0.5 and 1 atmo-

sphere. The flame reaction follows approximately

first order kinetics with an activation energy of

35 koal/mole, and shows general agreement with the

mechanism and kinetics of the homogenous non-flame

reaction. A single plot of the logarithm of the

product of the square of the burning velocity and

the pressure versus the reciprocal flame tempera-

ture correlated the data obtained here at all

pressures sad also burning velocities above liquid

solutions of H202. This covers a 200-fold range of

burning velocity. The burning velocity was also co-

related with quenching distance and some approximate

blow-off and flash-back limits are also given.



The object of this investigation was to measure

burning velocities of decomposition flames of hydrogen per-

oxide-water vapor mixtures, as a function of concentration

and pressure, as a means of studying the mechanism of this

reaotiot in the flame and comparing it to the mechanism of

the non-flame reaction. The homogenous decomposition re-

action has become much better understood recently (9, 19)

and it was hoped that because of the relative simplicity

of this reaction compared to those occurring in #lmost

any other flame, it would be possible to relate burning

velocity theories to the homogenous reaction mechanism

and actual burning velocity measurements.

The burning rates and other characteristics of the

decomposition flame above aqueous hydrogen peroxide solu-

tions have been recently published (32). The only other

study of flame velocities in hydrogen peroxide vapor was

that reported in the Sc.D. thesis by Ceckler (4) who did

the pioneering work and obtained some preliminary data.

PROCED•E

Flame velocities were determined by the bunsen

burner method, using shadow photography. Since hydrogen

peroxide solutions and vapor decompose to some extent on

all surfaces, particular care must be taken to choose

proper materials of construction and methods of cleaning

(34, 36). At one atmosphere pressure, temperatures of



130-1500 C and above and concentrations above about 70 wt %

for the liquid and over 26 mole % for the vapor, spontaneous

Ignition of a flame in the vapor or above the solution can

readily occur.

In the present apparatus the hydrogen peroxide sol-

ution and vapor were allowed to come In contaot only with

specially treated Pyrex surfaces. The equipment was soaked

In boiling detergent solution for an hour or more, rinsed

with tap water and then with distilled water and soaked In

a hot solution of concentrated 3:1 sulfuric and nitric aod

mixture for 24 hours. This treatment Is believed to leach

moot of the heavy metal ione from the surfae. The equip-

ment was then rinsed In conductivity water, great oar•e

being taken to exclude dust and dirt in this stage. All

openings were securely covered in aluminum foil and the

equipment was placed In an annealing oven. The termperature

of the oven was raised to 5100 and kept there Tor five min-

utes. The furnace was then shut off and the equipment was

allowed to cool slowly in it for three hours. Five minutes

was considered an optimal period, long enough to allow some

closing of the pores created in the leaching process, and

yet not long enough for appreciable diffusion of heavy metal

ions from the Interior of the glass to the surface.

The equipment thus cleaned could be used for two or

three runs. If a flame ooourred in the equipment, It had

to be retreated before reuse, beoause the flame temperatures
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of about 100000 chang the nature of the surface. After

fifteen to twenty treatments glassware had to be replaced

V due to overetohing of the treated surfaces or partial de-

vitrification from the many annealings.

The apparatus is shown in Figure 1. The hydrogen

peroxide vapor was generated from a batch evaporator,

initially containing 750 co of concentrated Hg02 solution.

Boiling rates were 2 - 4.5 gn/mmn, and were controlled by

the heat input to the vaporizer flask. The vapor was super-

heated by 2 - 3 degreas Centigrade and then passed into a

5 mm, i.d. 30 cm. long Pyrex burner tube that was kept at a

constant temperature. During start-up, the top of the

burner tube was connooted to a condenser and samples of the

vapor were taken by oondensing all the generated vapor into

a series of sample beakers placed on a revolving tray. After

equilibrium was established, the connecting tube was removed

and a hot wire was positioned over the burner tube to ignite

the vapor. The last twQ or three samples, obtained after

equilibrium had been achieved, were weighed and analyzed.

From a knowledge of the time during which each beaker's

contents were collected and the analysis, the flow rate

and composition were calculated.

The concentration of the vapor increased 0.1 -

0.2 weight percent per minute as the vaporization proceeded.

Only a few minutes elapsed in most runs from the last

sample to the blowing out of the flame. Therefore extra-

polation of the concentration from the last sample to the

r
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time the pictures were taken involved only a small correction.

Pour thermocouples were used for temperature control,

located as shown in Figure 1. In a number of calibrating

runs, temporary thermocouples were placed in one inch long

Pyrex Inserts Inside the bottom and top of the burner tube,

In order to establish the proper heating rates and perman-

ent thermocouple settings to insure that the vapor was kept

at the same temperature at the bottom and top of the burner

tube.

The evaporator flask was heated by a 400 watt

Thermowell shell heater, the superheaters by Electro-

thermal heating tapes. The burner tube was heated by

surrounding it with a copper tube wound with Chromel A

resistance wire. All connections were made with ball and

socket clamped joints. The top of the burner tube was also

a ball joint ground down to eliminate the lip originally
present.

The evaporator was connected through a reflux

condenser to a manometer and surge tank, both of which

were used only at atmospheric pressure. Helium was fed

into the evaporator and the rest of the system during warm-

up to help distribute heat to the Pyrex walls more evenly,

and at the end of a run to blow off the flame. No helium

was used during sampling or establishment of the flame.

The whole assembly was contained in a large pressure-

tight box, equipped with windows and a detachable back plate,



In which a partial vacuum could be maintained. The optical

system was a two watt concentrated arc lamp, a lens that

changed the light into a parallel, slightly divergent beam,

and a ground glass plate on which the image was cast. This

wan photographed by a reflex camera with a close-up lens

attachment. The best usable pictures were obtained with

underexposed fine grain film and high contrast developing.

REUT

Studies were made at I, 0.72 and 0.3 atmospheres.

Experimental and calculated results are shown in Table II

(Appendix) and the burning velocities are plotted as a

function of vapor concentration In Figure 2.

The vapor temperature in each case was 2-30C above

the boiling temperature of the solution in equilibrium with

the vapor concentration. The flame temperature was taken

to be equal to the adiabatic decomposition temperature.

As a test of this assumption Mendes (27) found with a thermo-

couple probe only a l10C difference between calculated and

measured flame temperatures In one of her runs. Molal beat

capacities of the products were taken from Perry (29 p 222).

The heat of decomposition of hydrogen peroxide in the tem.

perature range in this work, i.e. 390-420oC is 25250 ± 5

oal/mole (36 p. 251).

The vapor velocity was calculated from the mass

evaporating rate measured by the last three samples In
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each run and the concentration of the vapor, assuming

ideal gas behaviour at these temperatures. Vapor velocities

ranged from 245 to 613 em/sec. The useful range for any

comoposition was determined by the flashback and. blow-off

limits.

The burning velocity is defined at the inner bound-

ary of the flame, which is represented by the outer boundary

of the flame shadow (12, 17). The burning velocity was cal-

oulated from measurements of the outer boundaries of the

flame shadow by the method of Clingman and Pease (5). This

method gives a single average value for the burning YeloOity

over most of the flame front by taking into consideration

the laminar distribution of vapor velocity.

A careful check of each point in Figure 2 showed no

correlation whatsoever between vapor velocity end burning

velocity. This is consistent with the general behaViour of

bunsen burner flames (6, 11, 14).

Because of the fuzzy definition of the outer edge of

the shadow, it was necessary occasionally to make more than

one tracing of the edge of the shadow from the same picture.

Each point in Figure 2 represents the average of measure-

ments of three to six pictures from the same run. The

scatter In the data is due mostly to the subjective Inac.

ouracies In tracing the outer outline of the shadow, Inherent

in the shadow method. Only 2/5 to 2/3 of the flame periphery

was used In each picture, as the shape of the flame is



distorted at the base of the flame from the quenching effect

of the burner tube rim. The shape of the flame tip is also

distorted by the thermal effects from the increased ratio of

flame area to vapor volume in that region, and by minute

fluctuations of the vapor flow, which are exaggerated at the

tip*

Runs where the vapor flow had not reached steady

state, where analysis of subsequent samples showed a decrease

instead of a slight increase in concentration and where the

pictures showed the arc lamp was not in the same horizontal

plane as the top Or the tube, were discarded. In some low

pressure runs the flames were not stable because of slight

pressure variations. The flame passed through a cycle

lasting from ten seconds to five minutes. At the lowest

vapor velocity the flame stabilized, then it inoreased

slightly in size and fluctuated mildly for most of the cycle.

Finally it increased greatly in size and blew off. Only

pictures from the middle of the cycle were used in such oases.

The ratio of length to diameter of the burner tubes

was sixty. The temperature of the vapor flowing in the tube

was kept constant within 10C. The Reynolds numbers ranged

between 700 and 1400. It seems reasonable to assume that a

laminar flow was established at the exit of the burner tube.

In the flame cone the flow pattern is distorted and local

vapor velocities are changed by 5 - 15% (39). However,

Fristrom (11) and Lewis and Von Elbe (23) have shown that

this does not appreciably affect the measured burning velocity.

& .



This is also Indicated by the usually straight lines obtained

in this work by the Clingman and Pease correlation. This

correlation assumes a laminar flow distribution and would

have been affected by a change in the flow pattern.

The lower limit of concentration that could be

studied at each pressure was dictated by quenching effects

and by the narrow range of velocities between flashback and

blow-off. The upper limit of concentrations was enforced

by the invariable adventitious ignition of the solution in

the vaporizer flask at liquid concentrations of about 90%

wt. or above.

Physical properties were calculated from the fol-

lowing sources:

Thermal conductivity: Only properties of the

final products, HgO and 0, were used in the correlations.

For water, the equation of Keyes (22) is valid up to 8230K.

It checked with the Bureau of Standards value (18) at 8000K

and was used up to 16004K. For oxygen, the eQuation of

Keyes (21) is valid up to 3750 K. It checked within 2% at

10000K and within 8% at 2000K with the values calculated

by Baulknight (2) and was used up to 1600K. For mixtures,

the method of Bromley as outlined in Reid and Sherwood (31)

"was used for the calculation of thermal conductivity of

mixtures.

Molal Heat Capacity: Molal heat capacities were

taken from the National Bureau of Standards tables (18)



and the values for mixtures were combined on a molar basis.

Viscosity: Viscosity data for HgO and Ov were taken

from the Ngtional Bureau of Standards tables (18). Vi-.

oosities of HgOs / HgO mixtures were calculated from the

experimental results of Satterfield and co-workers (35).

The Homofeneous Decomyosition Reaction

The decomposition of hydrogen peroxide vapor is oat-

alyzed by most •urfaoes. Even in the most inert reactors,

it is necessary1 to go to substentially elevated temperatures

(above A00*C) bWtore the rate of the homogeneous reaction

exceeds that on the reactor surface at partial pressures of

the order of 1 - 10 mm. of mercury.

In the past eleven years five studies have been

published on the homogeneous, non flame, decomposition of

hydrogen peroxide vapor (9, 15, 19, 26, 33). Early un-

certainties over the meohaism of the reaction seem to have

been resolved by the similar results of the two recent ex-

tensive independent studies by Hoare and co-workers (19) and

Forst (9). At oonooentrations of the order of 0.1 to 22 mil-

limeters of mercury and temperatures of 400 to 6000C, the

mechanism is apparently as follows:

Initiation HeO + MH - 2 OH + MI (1)

Propagation GH + H08--)HZO + HO3  (2)

Termination HO + HO - )H902 + 0 (3)

or HO + OH-- gHo +00 (O)

I
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I. The overall rate expression fits the form:
V-

d(HO0e) . k(1.0.)(M,)

dO

Here (M') is a combination of concentrations and

effioienoies of collision in the initiating step for all

species presenA. The collision efficiencies reported by

Hoare and oo-workers (19), relative to a collision effi-

oenoy of uuitr for H.0g, are 0.73 for HsO and 0.12 for

02. Mr. R. Yeung of these laboratories has recently re-

calculated the data from all the reported studies of the

homogenous decomposition of HO03 and found that the beat

value for the activation energy from all the data is

44 Kcal/mole.

To illustrate the significance of the M' term,

Table I shows how the value of (MI) is calculated to

change as the decomposition reaction proceeds. This is

based on (M') = 1 for yj = 1, and shows values for initial

Hg0a mole fractions of 0.45 and 0.60.

Table I

Chanue in (M') With Dearee of Decomposition

Initial Mole Moles HeOu Present
Fraction of Degree of. Per One Mole of
Ha*a(yj) DecomDosition Initial Mixture, n (MN)

0.45 initial .45 .852
half reacted .225 .723
fully reacted 0.0 .618

Oi Initial .60 .892
half reacted •30 .721
fully reacted 0.0 .590

I
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Table I shows that for a 100% change in concentra-

tion of HgOg, i.e. over the complete reaotion, (M') changes

by loes than 35% and the per cent change is only slightly

affected over the initial oonoentratibn range of 0.45 mole

fraction H909 to 0.60. This in effect means that the over-

all reaction rate is more nearly first order than second

order with respect to hydrogen peroxide eonoentration.

LANE PROPAGATION THEORIES

From the formulation of the equations of flame

propagation by von Karman and Penner (41) for similar

boundary conditions, the following relationship Is ob-

tained:

SOP Cp P (6)

The derivation of equwtion 6 is based on an eigenvalue

which is oonstant if the preflame conditions are not

vm-M&A fM 'on in not met by the deta of this work

and the correlation, as expected, was not successful. How-

ever, this expression can be written for an explicit reaction

order thus:

n_1_sop ___ (7)
T 2 Tf

2 soTf - ! (8)

Where a and b are constants.

i
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Table III (in appendix) presents the flame velocity

data calculated in the forms of equations ? and 8. Equa-

tion 7 gave the correlation in Figure 3. Equation 8 gave

no correlation whatsoever.

The significance of Figure 3 is not in the linear

relationship which may be partly due to the scatter in the

data, but lJ the fact that flame velocities at both 0.5

and 1 atmosphere fell on the same curve.

For systems where concentrations and temperatures

are held constant equation 6 is simplified to:

sok, (I/21-l (9)

However, since most flame reactions do not have a

precise first or second order relationship, attempts to use

this expression to predict the order of flame renctions,

with the notable exception of the hydrazine decomposition

flame (16), have not been successful. In general the

pressure exponent has been found to vary between +0.2 and

-0.5. Manton and Millikan (24) in their study of a large

variety of hydrocarbons, found that the pressure exponent

was a function of the burning velocity. The form of equa-

tion ? indicates that for the hydrogen peroxide deoomposi-

tion flame, the pressure dependence is approximately that

predicted by equation 9 for a first order reaction.

The most widely used of the flame propegation

theories Is Semenov's thermal theory (37), principally

because of the integrated form of his equations which

is easy to apply in the correlation of burning velocity
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data with any other property of the oombustible system.

SThe Semenov equations for a flame reaction of first or

second order can be written in the forms:

First order 5 2P .i H f (10)

A T C (2+ y')f of

Second order S2 y12 e- (II-ke a -- RTf

T4 To ii fC~p (2+ y

The present data were calculated in the form of

equations 10 and 11 and are presented In Figures 4 and 5.

It can be easily seen that the first order form correlates

the data well, whereas the second order form shows a

distinct trend to form a different line for each pressure.

These facts strongly support the conclusion that the re-

action is effectively first order and that the pressure

effect is that predicted for a first order reaction.

The activation energy calculated from Figure 4

is 35 kcal/mole as compared with 44 kcoal/mole for the

homogeneous reaction at lower temperature.

A simplified expression of the Semenov equation,

by neglecting pure thermal and transport effects, assumes

the form: -E
SaP - k e ATf

Figure 6 is a plot of SaP against the reciprocal

of the flame temperature, This plot shows greater scatter

than Figure 4, but an "apparent" activation energy oalou-
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lated frcm the slope Is also 35 koal/mole. This conforms

with the conclusions of Gerstein and co-workers (13) and

Kaskan (20) that the most important factor in determining

the burning velocity is the rate of reaction end that

thermal and transport properties play a secondary role,

Activation energies for all types of flame re-

actions have been observed to have lower values then ao-

tivation energies reported for the same reactions, be-

lieved to be taking place in the flames, when studied at

much lower temperatures. This has reported for a large

variety of hydrocarbon-oxygen-nitrogen flames (8, 28),

for hydrogen.-itrlo aold flames (40), for the ethylene

oxide decomposition flame (10) and for the hydrazine

decomposition flame (16). There are also theoretical

reasons why the activation energy should decrease with

increase of reaction temperature. For example, Shuler

(38) in his summary on gas phase reactions at high temper-

atures discusses (38) the effect of the non-equilibrium

distribution of energy for exothermic high temperature

reactions. Arrhenius type rate expressions assume an

equilibrium distribution of energy. At high temperature

and high rates of generation of energy, this equilibrium

is not obtained, i.e. some molecules have more energy then

predicted by the Arrhenius theory and consequently require

less "rctivation" energy in order to react.

The change of (MI) as the reaction proceeds, for

different initial concentrations, follows parallel curves.
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A correction factor (NM) for the seocmd order term, based

on initial oonditio8s, should apply throughout the reaction

in the flame, for the effeot of changes in initic.l oonoen-

tration of Ha0s. Such a correction factor (MI) was oa).ou-

lated (Table VI) and the Semenov first order equation 6 as

corrected by the secomd order term (M') is replotted in

Figure 7. The spread of the data is slightly less than in

Figure 4 and the calculated activation energy is 36 kcal/mole,

only slightly changed. It is apparent that burning velocity

is not a sensitive enough parameter for a study of the finer

points of reaction mechanism in the flame.

CORRELATION OF BURNING VELOCITIES

ABOVE LIQUID AND THOAE IN VAPOR

Mendes (27, 32) studied the burning rates of

H30, solutions in tubes of 1.5 and 3.0 om i.d. at concen-

trations of 71 - 97% weight and 0.13 - 1 atmospheres. She

measured the rate of drop of liquid level under the flame

and calculated burning velocities from the mass burning

rates by assuming that the liquid vaporizes at the liquid

temperature and then burns, and that the flame front is

essentially flat.

Mendes' data were recalculated here in the form of

Semanov's first order equation (equation 10) and in the S2P

form (Table IV). A plot of the logarithm of the product of

the square of the burning velocity and the pressure against

the reciprocal flame temperature for these date. is shown in
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Figure 8. The continuation of the line from the similar

plot of the data of this work (Figure 7), which is re-

plotted in this figure, also correlates the data for

burning velocities above liquid H90, solutions.

This is remarkable in view of the quenching effects

and the heat losses typical of flames above liquid solutions

(16). However, such studies have usually used small diameter

tubes in which the flame and the hot liquid are enclosed by,

and close to the tube walls all the time. Heat losses and

quenching of radicals at the walls are considerable. In

bunsen burner type flames for gaseous systems, only a small

area at the base of the flame comes in contact with a wall.

However., Mendes used large diameter tubes in her study

and heated the tubes on the outside while taking the data,

thereby minimizing the quenching effects and heat losses.

The date for all pressures is also correlated by

the line in Figure 8. Two groups of data points deviate

markedly from the average line. One group is at oconoen-

trations of .95 mole fraction and higher. (1O'/T -

about 7.5 on Figure 8. It has been shown previously (32)

that the scatter of these data was associated with veria-

tions in the oroulation pattern of the liquid hydrogen

peroxide solution. For runs at liquid temperatures the

furthest below the boiling point, a sharp interface was

observed about 3 mm below the surface. The top layer

presumably consisted of less dense solution and probably
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lower oonoentration than that reported which was based on

a sample removed from the bottom of the tube.

The second deviating group consists of four points

at the lower right hand portion in which HmOa concentration

was substantially lower than that for other runs at the oOr-

responding pressure and very close to the limiting H90s oon-

oentrations at which flames above the liquid extinguish

themselves. Here liquid temperatures were low and the

burning rate was accelerated by heat transfer from the

hotter walls to the liquid. The actual flame temperatures

for these runs was presumably higher than that calculated

from assumption of adiabaticity, so the points should be

displaced to the left. The over-all correlation enoourages

belief that extrapolation of the correlating line is likely

to be valid beyond the range of data in this work.

The similar plot of Semenov's first order expres-

sion (equation 10) has a slope similar to that of Figure

8. Separate lines are obtained from the liquid and from

the vapor data, as the liquid data are displaced greatly

by the effect of the third power of the flame temperature.

The only reported attempt found in the literature

to correlate liquid with vapor decomposition data was

made by Adam and Stocks (1) for the hydrazine decomposition

flame. They obtained a curve from a Semenov first order

expression for the vapor data and their liquid data fitted

on an extension of this curve. This flame reaction was
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Ceckler's burning velocities are slightly higher at lower

concentrations end lower at higher concentrations.

One possible cause for the variation of Ceckler's

burning velocities with position is that, unlike this work,

his burner tubes also served as superheaters and also vapor-

izers of any entrained liquid drops in the vapor. Conse-
quently some turbulence was probably present although he

assumed laminar distribution of vapor velocity in calcul-

ating the burning velocity. The fact that he usually found

an increase In his calculated burning velocity In the direo-

tion of the tip of the flame strongly suggests that some

turbulence was actually present, which would cause a flatter

velocity profile than that assumed.

Ceackler was able to propagate flames at the tip of

the same size of tubes as were used in this work, at concen-

trations below thome where quenching at the tube top pre-

vented propagation here. This indicates a higher temperature

of the wells of the tube than he reported, which made it

possible to overcome the quenching effect at those conoen-

trations.

2ORELAION W~ITH QUENCHiNG DISTAHCE

Potter and Berlad (30) derived a relationship between

quenching distance and burning velocity based on Semenov's

equations. They found that the product of the burning

velocity and the quenching distance is a complicated function

I
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V, of transport properties.. They also found empirically that

the above product term is a simple function of initial gas

temperature, flame temperature and pressure of the form:

q a' @f(12)

This correlation for a number of hydrocarbon-

oxygen-nitrogen flames is plotted in Figure 9.

Marshall (25) studied the quenching distance of

E200 - HgO vapor mixtures, containing between 35 cmd 50

mole percent HsO, at pressures between 25 and 200 mm Hg.

He correlated the values he found for quenching distance

by the equation:

log 10 dq - 4.362 - 9.360y, + 6.8Oy18-0.835 log 10P (13)

Where P is in mm mercury. Values of quenching distance for

HgOg vapor mixtures, for the range of data in this study,

were extrapolated by means of equation 13 and were used

to correlate the data of this work. The results are given

in Table V and are plotted in Figure 9.

Despite the scatter in the data there is a definite

correlation. The correlating line does mot go through the

origin. A similar plot for hydrogen-air flames (?) had to

introduce a modification in the form of a concentration

term to allow for the large effect of hydrogen concentration

on the transport properties of that system. Similarly for

HsOg - HaO vapor the different effect of concentration on

transport properties and flame properties is likely to
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ranges should be lower, I.e. the slope of the lower part of

the curves should have the same form as the slope of the

upper part of the curves for flashback in Figure 10.

£



E. Table of Nomenclature

Cp - heat capacity of species or mixture (oal/mole K)

- average heat capacity of mixture for To-Tf
(Oal/mole K)

0q - quenching distance (am)

E - apparent activation energy (koal)

k - constant

74 - order of reaction

P - pressure (at)

R - gas constant

S - burning velocity (om/m)

T - temperature (K)s T - flame temperature
y - mole fraction of HaO.

A Ho - heat of decomposition of H0s* vapor (col/mole)

- proportionality symbol

p - density of vapor (mole/cm')

- thermal conductivity (oal/s ormK)

Subsoriptp

e - initial

f -final
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k 11TANA III

Some Theoretoal Correlations of Daming Velocity Data.

ruA Gr-o•p Group Group Group --

.91 21. 32.6 10.67 6.23 1.52 5.44 6.613
208 22:1 32.7 10. 6.34 1.56 5.50 6.667
252 6. 2 8. 1 .61 1.95 07%
251- 8.9 12.7 2.2725 13.5 20. 3: .7125

3. .982
2 19 28.6 8].. 1& 1.30

270 15. 2.1 17.7 Z3 1 3.01 6.83

29434. 21.6 033.3135 1.0 1.16 6 .719

319 9.2 3 100658

2. 358:2 6 n.0 1:51 5.52 :.

385 22.0 37.5 10.21.25 57
38 1216 68.0 5A 3.01 7 .83

B 5 21013.5 10-9 25 oi .729.0 .38 1185 237 1~.3 .9I~.2 .563
387 4' 38'382.75 6.71h2

389 1314. 26 9.5 1 51

39 2769. 13.21 7: 3.7 ..57
32 5 9012:8 2~ 910 -6.0 6. 5

2 25.0 7.32 3.21 6

399 3. 1701.35. 7.55 50.5 1.73 _t 1. 668

38 j59. 7 186 3-

A 34 .1 :5 69
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Calculated Values from Data of Nenden~GRU

, P °_ Tm___

11, .950 1 11N 3323 10.8 23.5 .812 2. 7.56o12 Z8 123320 10.8 23 6 .543 11
131322 10878 1 25.2 390131 3 10.8 23:6 T 2:T

:o 1 4:0 3A• INo 10. 8 3T. 5799 :2
1.5 go10 1193 10.4 21.7 .2 1.160

.855" 1 1 .2 381100 10:3 2.1.3 .2b2 1. 4 8.75
11 39a.2 1 14.25 3012 022. 23105 8
0a, .7 0 191. 405 1013 9.8 19.9 .08 9871

4 097 9.8 20.0 :13
21 . - Ir 131 10.7 23.2 1:120 3.75 7.600

I17 10.7T 1.129 3.17 .L2

9509 1 7: 96 23 10.7 23.0 .193V1.1 1325 10.7 23:j. 1:37:6 73

28171 32.1 387 1326 10.9 23. 1.3 M .i 7.535
.950 . 01 2.1 3913412 10.2 20.8 .61 2.761 15

29b .712 1 21 .9 9 05 990 9.7 19.7 .1O 2.95 10.10

:70 56 19 7 9010.0 18.1 103 .o c.10
82 .526 268 39 10.2 19.8 Q1 2 . 2

.80 .526 141.2 M94 12L4 10.6 21.8 . :98 .17
.955 .5 72.0 391 1330 10.9 239 2.73 7:Z9.2

16 .9140 .526 50.3 38 1307 10.7 23J. 1331M4 14.78 65

11 .90M .265 .0.0 375 1225 10.14 22.1 .658 3.114 8.16
12 .965 .263 b5-5 372 1335 10.7 23.6 1.128 43.19 7.1915 .9514 :263 65. 6 376 1300 10.7 23.3 1.133 14. J44 7A.9

13 .970 .131 93.2 335 1295 10.7 23.3 1.139 5.92 7.72A•• • • oo,.
A•7•



TAMB V

Correlation of H202 Burning Velocities with Quenching Distance.

qq
Run cm/s cm Gm Katmr I
191 103.3 .088 9.0 6-
208 103.- .090 9.3 6.2
252 (o0.5 .125 51 5'91
2J5 81.0 .50

9 92. .06 8 6.21
290 85 .008 8.1. 6.18

85 .096 U8.22 6.22
993.5 .090 8.28319 13;-7 .077 8.86.40

323 88.0 .090 7.93 0.28
S325 104.1 .090 9.19 6.28

327 76.102 1.79 ~ .10

352 91.6 899 :18
358 83.0 .09 8.06 1.20

::9 100.1 W 8.11 6. 22
3 3 115.1. .085 9.78
3 z5 .08 B6o9480 .0

31 .9 .080 3 645

382 115.123 17.81 11.52
38 142 10 1 o.910

15I2 11N 1 7 lE
385 1,2 .109 18.7 12.00
386 16 :11 19.1 11.81
387 15 .11: 917. 11.60
389 1.6 :ll 18.90 11.9
3•90187 .112 20.92 12.:5
391 163 .110 17.92 12.97
3914 161 .119 1913 12.92
397 147 .115 l1.90 12.14

399 102 .1114 11.62 8.22

Values of quenching distance (as) were extrapolated from

data of Narshall



TANS VI

, i I !

Some Caloulated Properties of the Vapor Mixtures.S" •, t x :Lo5 • '• pt _.
S•~__ cal/_m rn*K o•u~X•JL

__Ga a____ CalM~e cal mle"K

191 27.3 9.61 10.81 .868
208 27.2 961 10.80.8
252 25 9.58 10.68

S9.60 10.7629 2. 9.61 10.78
29 2.09.61 10.8 .865

295 27.2 9.61 10.10 .867
319 27.8 9.63 10.86
323 27.2 9.61 10.80
3275 10 .9. §o.80 .86T
335 A7. 9.63 10.86 .8Th
352 .- 10.76 .862
358 10 .863

35 2.7 9. 3 10.85 .873
382 28.5 9.62 10. 84 .879

i 9,05 .8

382 28.0 9.6 818.883.;8 9. 1L 10.82 6

385 28. 9. 10. 91 .889. 10.89s386 28.3 9. 10. .883390 28.3 9.0 10.91 .898
37283 9. 10. .883
3928:9 9. 51.0. 90 .8g;

391 28.9 9.7 10: 9

397 28.Z 9:21. 8

399 27.2 9.59 10.79 .868
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VIII APPENDIX 1

A. T'ables of Data and Calculated Results.

The following groups are from Tables III and IV.

TABUE III

Group A S't;i Vp#'1' 0 . cm3atm1's mole *K2

Group B Ompg /a.o c2 ' mole OX

Grou c 2PY12A 2 Tf3(2+yo)cpr')Ir.jolO cm3atm mole/s oal2IC' -

Group :D 3~rS21 Aj Tf4(2+y')2Cpt2 Xt.lO13 ciu3mole2/s oall'K'

aa

TABME IV

Group V S~p 2A2 of 2x 11 m3atm mole/s Oa1 2eC3

1~0


