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Abstract 

In order to assess the hazards involved in the handling 

of nitrous oxide, the flammability limits of the gas were 

investigated in the temperature range 298K to 473K, at 

pressures up to 10.3 bar (g), using an exploding wire 

ignition source. The internal volume to surface area ratio 

of the experimental pressure vessel was also varied, by 

inserting suitable liners. 

To provide additional data for the safe design of pressure 

systems to contain nitrous oxide, the maximum explosion 

pressure and maximum rate of pressure rise were also measured 

at a variety of initial conditions of temperature and pressure. 

The use of nitrogen, as an inert diluent, to suppress the 

explosive decomposition of nitrous oxide was studied in the 

temperature range 323K to 398K, at initial total pressures 

up to 13.8 bar (g). From these results, it is possible, in 

some cases, to reduce the risk of thermal decomposition to such 

an extent that additional precautions in the design of 

pressure systems for nitrous oxide are rendered unnecessary. 

The products of decomposition were analysed both for the 

decomposition of pure nitrous oxide and for mixtures of 

nitrogen and nitrous oxide, over the whole experimental range. 

This enabled some conclusions to be drawn about the mechanism 

of the decomposition of nitrous oxide. 
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Nomenclature 

A 	Arrhenius Constant 

a 	Reactant concentration 	kg ir177   

C 
P 	

Specific heat at constant pressure 	MJ kmol-1  K -3" 
-1 -1 

-e Mean specific heat at constant pressure MJ kmol K 
P 
Cv 	

Specific heat at constant volume 	MJ kmol-1  K -1  

1.6'.v 	 MJ kmol -1 Mean specific heat at constant volume 	-1 -1 

CPf 	
Specific heat at constant pressure at -1 -1 the flame temperature 	MJ kmol K 

D Vessel diameter 	 m 

D Molecular diffusivity 	m2 s-1  

E Activation energy 	 MJ kmol-1 

HD 	Heat of decomposition at constant 
pressure 	 MJ kmol-1 

k 	Reaction rate constant 	s-1  

K Heat transfer coefficient 	MJ m-2 s-1 K  -1  

L Vessel length 

L Sensible heat 	 MJ kmol-1 

M 	Mass flux 	 kg m-2 s-1 

no 	Total moles at initial conditions 	kmol 

ne 	Total moles after explosion 	kmol 

Total moles of final products 	kmol 

n 	Total moles of ith  species 	kmol 

nq 

i 

Moles N20 undecomposed 
	kmol 

Po 	Initial pressure 	 bar 

Maximum explosion pressure 
	

bar 

Maximum explosion pressure corrected 
for heat losses 
	 bar 

Pe 

Pi  e 



Pec 	
Calculated explosion pressure 	bar 

eco 	Calculated explosion pressure for total 

Pf 	
Final pressure 	 bar 

P Explosion pressure limit at a given 
cr 	temperature 	 bar 

Q Heat loss 	 MJ s-1  

Heat of combustion 	 MJ kmol
-1 

Thickness of N20 undecomposed Q 
R 	Gas constant -1  -1 MJ kmol K 

Ro 	Radius of sphere equivalent in volume 
to the vessel 

r. 	Initial radius of element of unburnt 1 gas 

rb 	Radius of equivalent spherical flame 

S Surface area of vessel 	m
2 

To 	Initial temperature 	K 

Tf 	Flame temperature 	 K 

Tfi 	Critical flame temperature at the 
ignition limit 	 K 

Tig Ignition temperature 

Tu 	Temperature of the unburnt gas 	K 

Te 	Temperature at the maximum explosion 
pressure 	 K  

Tcr 	Explosion temperature limit at a  given pressure 	 K  

TW 
	Wall temperature 	 K 

t Time 	 s 

tm 	Time to maximum rate of pressure rise 	s 

tt 	Time to maximum explosion pressure 	s 

decomposition 	 bar 
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' Heat of formation at constant volume 
fTo at the initial temperature 	MJ kmo1-1  

UST 	
th . 

Internal energy of 3 species at 
temperature T 	 MJ kmol  

Ub 	Burning velocity 	 m s-1  

Uo 	Velocity of unburnt gas 	m s-1 

V 	Vessel volume 	 m
3 

Vq 	Volume N20 undecomposed 	m3 

W 	Chemical source function 	kg m 3 s-1 

molar excess of inert diluent i 

lw 	ratio of specific heats of unburnt gas 

E) 	Dimensionless temperature 

Thermal conductivity 	MJ s-I  IC 1 
m
-1 

€10 	Initial density 	 kg m-3  

Density of combustion products at 
equilibrium 	 kg m 

Density of products of combustion 	kg m3 

Dimensionless concentration 

'7 	
Fraction of heat of combustion available 
to promote further reaction 
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CHAPTER 1 	INTRODUCTION 

	

1.1 	Nitrous oxide is a colourless gas,isosteric with 

carbon dioxide, with which it has closely comparable 

physical properties. It may be prepared by the reduction 

of nitrates or nitrites, by the thermal decomposition of 

hydroxylamine and, most commonly, by the slow thermal 

decomposition of ammonium nitrate or the catalytic 

oxidation of ammonia. Its major uses are as an 

anaesthetic, an aerosol propellant and as a dispersing 

agent in cream whippers. It is classed by the Department 

of the Environment as a non-flammable gas
(1)  and in 1964 

the world sales were £15 million(2). Inorganic chemistry 

texts typically(3) describe nitrous oxide as stable and 

unireactive,at or near ambient temperatures, and suggest 

that decomposition to nitrogen and oxygen occurs only at 

temperatures above 870K. Nitrous oxide is also known to 

support combustion at elevated temperatures and to oxidize 

certain organic compounds, hydrogen and the alkali metals. 

	

1.2 	The main purpose of the present research was to 

investigate the hazards involved in the safe handling of 

nitrous oxide. This was prompted mainly by an unexpected 

decomposition that occurred when the author was studying 

the solubility of nitrous oxide in heptane at pressures 

up to 200 bar. 

Pure, dry, nitrous oxide was being compressed in 

a mercury-lute compressor, at room temperature (a diagram 



of the compressor appears in Appendix IV). Internal, 

stainless steel probes connected to a six-volt source, 

were designed to detect the mercury level in the compressor. 

As the mercury level approached the bottom probe, 

some arcing occurred and decomposition of the nitrous 

oxide was initiated. Although the initial pressure in 

the compressor was less than 25 bar, the decomposition 

propagated and the pressure was sufficient to rupture the 

joint in a 1/16 inch N.B., instrument line, rated for 

pressure in excess of 200 bar. A hole, 50mm in diameter, 

was burnt through the 45mm thick, stainless steel walls 

of the compressor,  Fortunately, the safety cabinet around 

the compressor restricted the blast but the author suffered 

extensive flash burns. 

Since nitrous oxide had been thought to be stable 

at low temperatures, the event was completely unexpected. 

A subsequent literature review yielded little evidence of 

the precautions needed to ensure safe handling and what 

references could be found (5,6) were for specific experi-

mental conditions, not applicable to the explosion 

in the compressor. Furthermore, it was thought possible 

that since the decomposition of nitrous oxide is highly 

exothermic, complete decomposition could occur, once a 

reaction was initiated locally, even though the bulk of 

the gas was initially far from its autoignition limits. 

Knowledge of the hazards involved in the safe 

handling of nitrous oxide is important in many applications. 
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The use of the gas as an anaesthetic means that 

it is intimately connected with human safety and, indeed 

there are many reports in the literature of fires 

involving nitrous oxide mixed with other anaesthetics
(4). 

In all cases 	nitrous oxide is classed only as an 

oxidant and its 	decomposition is discounted. 

The use of nitrous oxide as a propellant in 

aerosols means that there are many, widely dispersed, 

pressurised containers of the gas which may be subjected 

to conditions for which they were not designed. This 

provides a potential hazard in both 	home and industry. 

Nitrous oxide also occurs as a bi-product in 

many industrial processes involving ammonia, nitrates or 

nitrites. This presents another undefined, potential 

hazard. 

1.3 	In order to investigate the hazards involved in 

the safe handling of N20, the effect of the initial temperature, 

and pressure on the ignition of nitrous oxide was measured 

in vessels with various internal geometry. This served 

to outline the nature of the problem but by itself it was not . 

sufficient to enable protection systems to be designed. 

The rate of pressure rise and the maximum 

explosion pressure were also measured at a variety of 

initial temperatures and pressures. From these data, it 

should be possible to design pressure vessels to contain 

the explosion or to provide adequate protection in the 

form of rupture discs or relief valves. 
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Additional experiments were carried out to 

determine the effect of nitrogen as an inert diluent. 

From these results, it is possible, is some circumstances, 

to reduce the risk of thermal decomposition to such an 

extent that overdesign of vessels and the provision of 

safety devices is rendered unnecessary. 

1.4 	The products of decomposition were analysed to 

allow comments to be made on the known theories of 

decomposition. In addition, measurements of the burning 

velocities give some indication of the mechanism and 

kinetics of the reaction. 
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CHAPTER 2 	REVIEW OF PREVIOUS WORK  

2.1 	Explosive Decomposition of Pure Nitrous Oxide  

Most work on nitrous oxide has been concerned 

with slow thermal decomposition and the kinetics of the 

reaction. It was not until 1960 that Brandt and 

Rozlovskii first attempted to measure the limit pressure 

for ignition at ambient temperature(5). A stainless 

steel, cylindrical bomb, 61mm I.D. and 545mm long, with 

5 windows at equal intervals along the length of the 

bomb, was used. The nitrous oxide was ignited by short-

circuiting the current from a 220/12v transformer across 

a 0.2-0.3mm diameter copper wire, placed at one end of 

the bomb. They found an ignition limit of 2.63+0.08 bar 

(abs), at an initial temperature of 290K, when the bomb 

was placed vertically, for bottom ignition. This value 

was unaffected by an increase in ignition energy by a 

factor of ten or by creating isobaric conditions, using 

a ballast vessel, filled with nitrogen. When ignition 

was made to occur at the top end of the vertically placed 

bomb, the value of the ignition limit increased to 11.1 bar 

(abs). The authors also noted that early experiments at 

high initial pressure of 50 bar (abs) resulted in the 

destruction of their experimental equipment. 
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In 1962, Krisjansens et al
(6) 

embarked on a 

more comprehensive study of the explosion limits of 

pure nitrous oxide at temperatures between ambient and 

1000K and at pressures up to 200 bar (abs). Their 

apparatus consisted of stainless steel pressure vessel, 

11/2 inches I.D. by 41/16 inches, internal length, with 

2 inch thick walls. The vessel was electrically heated, 

with manual temperature control. Samples were ignited 

using either a 0.005 inch (0.13mm) diameter, copper wire, 

short circuited across a 31 v DC source, or a platinum 

glow wire, connected to the AC mains via a "Variac", 

variable transformer. Initially, pressure measurements 

were made using Bourdon-type pressure gauges, but 

subsequently a quartz, pressure transducer was employed 

together with a high-frequency oscilloscope and a camera. 

Using the exploding-wire ignition source, the 

ignition limits were found to lie on an exponental 

curve joining the points 2.0 bar (abs), 623 K and 47.7 

bar (abs), 298 K. No pressure-time records were made 

during experiments using exploding wire ignition. 

Using the glowing platinum wire, 0.020 inches 

(0.5 mm) diameter, dissipating 210 watts (nominal power) 

from an AC source, the ingition limits were found to lie 

on an exponential curve between 3.0 bar (abs), 993 _ K and 

25.9 bar (abs), 663 K. 
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The pressure-time histories of the experiments 

using the glow-wire ignitor were studied and it was found 

that the maximum explosion pressure was two to three 

times the initial pressure. It was also noted that the 

interval between ignition and maximum explosion pressure 

could be divided into several time intervals. During the 

first interval, which varied from 

0.1 to 1.5 seconds, no reaction was observed. This was 

followed by three time intervals containing a rapid 

pressure rise, a slow pressure rise and a further rapid 

pressure rise. The authors noted that at higher pressures 

and temperatures the third time interval containing the 

slow pressure rise tended to disappear. 

2.2 	The Explosive Decomposition of Nitrous Oxide and 

Nitrogen Mixtures  

Little work has been carried out to investigate 

the explosive decomposition of nitrous oxide in the 

presence of inert diluents, such as nitrogen. Brandt and 

Rozlovskii(5)  did some additional work using nitrogen and 

found that 4.5% and 10% nitrogen resulted in higher limit 

pressures of 3.19. bar (abs) and 5 .57 bar (abs) respectively, 

both at 290 K. 

Krisjansens et al
(6) investigated the explosion 

limits of nitrous oxide mixed with air, nitrogen or air 

and nitrogen. The experimental work was carried out in 

the apparatus described in 2.1, using a 0.02 inch (0.5mm) 

diameter, platinum glow-wire. 

Two sets of experiments conducted with N20 + 0.88 N2 

and N20 + 0.88 N2 
+ 0.5 air, showed no explosions or slow 
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reactions at pressures up to 200 bar (abs) and temperatures 

up to 1000K. Experiments carried out with N20 + 0.25 air 

produced only slow decomposition or no decomposition. The 

limits of ignition were found to lie on an exponential curve 

between about 62 bar (abs), 623K and 4.4 bar (abs) 887K. 

The authors noted that the reaction rates during 

these explosions were much slower, although the pressure-time 

record was divided into the same intervals as those described 

in 2.1, however, the maximum explosion pressure was lower, 

with a maximum value of twice the initial pressure. 

2.3 	The Slow Thermal Decomposition of Nitrous Oxide  

Kinetic studies on the slow thermal decomposition 

of nitrous oxide were carried out as early as 1905 by 

M.A. Hunter(7), who streamed the gas through a porcelain 

bulb in a furnace, at temperatures between 873K and 1023K. 

The experiments were carried out at atmospheric pressure and 

bimolecular constants were obtained. The activation energy 

of the bimolecular reaction was 62040 cal/gm mol 

(259;7 MJ kmol-1). . 

The reaction was more thoroughly investigated in 1924 

by Hinshelwood and Burk
(8), who measured the rate of reaction 

by following the pressure change at constant volume, in a 

silica bulb. The reaction was said to be homogeneous. Starting 

with initial pressures between 50mm and 500mm mercury (67- mbar 

(abs) and 667 Inbar (abs)) it was found that a plot of reciprocal 

half-lives against initial pressure gave a straight line. 

Although this showed a small intercept on the reciprocal time 

axis, the reaction was still stated to be bimolecular. The 

variation of the bimolecular constants for initial temperatures 

between 838K and 1125K gave an activation energy of 58,450 cal/gr 

-1 mole (244.7 MJ kmol ) and the rate of reaction at 1000K gave a 
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value for the activation energy of 55000 cal/gm mol 

(230.3 MJ }•mol-1). This further confirmed that the 

reaction was bimolecular. 

Volmer et al(9) came to the conclusion that 

the reaction was quasi-unimolecular except at very low 

pressures and that at pressures above 6.6 bar (abs) 

the unimolecular constants were independent of pressure. 

The activation energy was 53,000 cal/gm mol 

(221.9 MJ kmol-1). E. Hunter(1°), in 1934, studied 

the reaction at temperatures between 113 K and 1272 K 

and pressures between 0.10 and 40.6 bar (abs), by 

measuring the rate of increase in pressure at constant 

temperature and volume, in a silica bulb. Taking his 

results with those of Hinsheiwood and Musgrave(11) 

Hunter concluded that the observed reactions were the 

result of three separate quasi-unimolecular reactions 

which become independant of pressure at 0.08, 5.1 and 

30.4 bar (abs), respectively. The activation energy 

was found to rise rapidly from 50500 cal/gm mole 

• (211.4 MJ kmo1-1), at very low pressures, to about 

63000 cal/gm mole (263.8 MJ kmol-1  ) at 6.08 bar (abs). 

As the pressure rose above 6.08 bar (abs), it became 

less dependant on pressure and was practically 

independant above 30.4 bar (abs). A review of the 

previous work was carried out by Johnson(12)  in 1951. 

Replotting the results of all other authors on a log 

rate-constant vs log concentration curve removed many of 

the anomalies found by other workers. The reaction was 

shown to be heterogeneous with a low activation energy 

at low concentrations. The energy of activation was shown 

to be 59000 cal/gm mole (247.0 MJ kmol-1) and the reaction 

was shown to be unimolecular. 
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The following reaction steps were proposed. 

N20 	N2 	
+ 0 - 39.5 k cal (-164.5 MJ) 

Followed by 

O + 6 + M  	0
2 
+ m 

3 + N20 	N2 
+ 0

2 

O + N20 	NO + NO 

Subsequent workers have generally agreed that 

the initial step is as specified and most of the recent 

work has been concerned with the importance of the 

secondary reactions and the effect of reaction products, 

such as nitric oxide, on the reaction. 

Kaufman et 
al(13) studied the role of nitric 

oxide in the decomposition and found that although initial 

yields of nitric oxide were as high as 50-60%, the 

nitric oxide quickly inhibited its own formation by the 

step, 

NO +(70 + M 	> 	NO2  + M 

and that the NO2 
is removed in the step. 

NO2 + N2
0 	> N2 + 02 

+ NO 

The step 

0 + wall 	02 

was also thought to be of significance. 

Fennimore and Jones(14)  studied the reaction 

0 + N20 	2N0 

and concluded that its reverse was important in the 

decomposition of N20. Subsequently Roz1ovskii(15) 

showed that the original series of reactions postulated 
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by Kaufman et al were correct. Rozlovskii also 

calculated the theoretical concentration of nitric 

oxide in the reaction products. He also showed that 

the reaction 

0 + N2
0  	N2 + 02 

took place to a negligible extent in the'overall 

reaction. 

2.4 	Other Work Involving Nitrous Oxide  

Kinetic studies of mixtures of flammable gases 

with nitrous oxide were carried out in 1933-34 by 

Melville(15) using hydrogen; in 1952, by Robinson and 

Smith
(16) using methane and subsequently by other 

authors(17) 

Melville postulated that hydrogen was not 

oxidized until the thermal dissociation of nitrous 

oxide occurred and that, once started, the rate of 

oxygen consumption was greater than that provided by 

dissociation; this indicated a direct participation of 

the nitrous oxide molecules. He postulated the sequence. 

N20 * 

-6 + H2 

  

N
2 
+ 0 

OH + 

  

  

followed by the chain 

H + N
2
0 

6111 + H2 

   

OH + N2 

H2O + 

   

   

This sequence was confirmed by later workers and similar 

chains were postulated for most hydrocarbons(16,17) 



- 21 - 

The terminating step for these reactions is the 

formation of HO2 
which is inert(15'16'17) 

Although many of the earlier workers 

including E. Hunter
(10) 

and Melville(15) experienced 

violent explosions, the first work on the limits of 

explosion of flammable gases with nitrous oxide was 

not carried out until 1949, when Fennimore and Kelso
(18) 

investigated hydrogen - nitrous oxide. The work was 

mainly concerned with the lower explosion limit and 

experiments were carried out at high temperatures and 

low pressures. In the same year, Jones and Kerr
(19) 

investigated the spark-ignition, flamm&bility limits 

of ammonia in nitrous oxide, at atmospheric pressure 

and temperatures of 293 K, 423 K and 523 K. They found 

that the range of flammability was greater in nitrous 

oxide than in air. Surprisingly, they also found that 

violent explosions occurred with mixtures which appeared 

to be below the limiting ammonia concentration for 

normal flame propagation. They concluded that the ammonia 

sensitized the explosive decomposition of the nitrous 

oxide present. However, they did not follow this up with 

further experiments. 

Since then, several workers have investigated 

the limits of explosion of various combustible gases 

using nitrous oxide as an oxidizer, but they have been 

mainly concerned with the lower limits of auto-ignition 

at high temperatures. 
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Destraiu
(20) carried out a systematic 

investigation using hydrogen, ammonia and several 

hydrocarbons. The work was carried out at temperatures 

between 1023 K and 1273 K, at pressures up to 1 atm. 

The studies were concerned with the dependance of the 

lower pressure limit on temperature and nitrous oxide 

concentration. The effect of nitric oxide on the 

(21,22) 
reactions was also studied 	. From the studies 

it was clear that, in all cases, auto-ignition temperature 

increased as pressure decreased. 

Brandt et al(23) have studied the spark 

ignition of mixtures of hydrocarbons with nitrous 

oxide at temperatures of 373 K and pressures of I to 8 

bar (abs). They found much lower threshold concentrations 

in nitrous oxide than in air. Some work was also done 

on C6 H12 + N2
0 + N2 NO mixtures. 
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CHAPTER 3 	THEORY 

3.1 	Methods of Determining Explosive( Limits  

The determination of limits of flammability 

for a gas mixture may be made in many ways and a 

general summary is given by Jost(25) and Lewis and 

von Elbe(26). It is clear that the appearance of 

ignition in a gas mixture or gas depends not only on 

its temperature and pressure, but on a number of factors 

such as the geometry of the experimental vessel and the 

ignition source. The criterion for the appearance of 

an explosion is that more heat is liberated than 

is lost to the surroundings. A typical method for 

determining 'standard' limits of flammability is that 

using_the apparatus developed by the US Bureau of 

Mines(27)  . The apparatus consists of a vertical tube 

of dimensions 50mm )internal diameter, by 1500mm llong. 

The gas mixture is introduced into the tube, together 

with any inert diluents and is thoroughly mixed. The 

gas mixture is ignited at the bottom end of the tube 

and if the flame fails to propagate all the way up the 

tube, the mixture is said to be non-flammable. The 

use of this apparatus is confined to conditions near 

atmospheric temperature and pressure. 

Another method of determining flammability limits 

is the use of a flat flame burner, such as Egerton and 

(28) Powlings 
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The burner can be preheated to any temperature 

and the mixture of gases, including inert diluents, can 

be regulated to any desired pressure. By gradually 

increasing the amount of inert diluent or changing 

the composition of the mixture the limit of flammability 

can be found. Howerever, the flow of flammable 

mixtures at high temperatures and pressures would render 

the method hazardous. The most common method for 

determining flammability limits is to attempt to ignite 

the gas in a closed vessel. This has the advantage 

that the material of construction of the vessel can be 

chosen to suit the pressure and temperature ranges 

required. In addition, by inserting suitable liners, 

the shape and size of the reaction chamber can be altered. 

The main limitations of a closed vessel are that after 

the initiation of an explosion, the rest of the gas in 

the vessel does not burn under the initial conditions 

of temperature and pressure. This is due to the 

compression caused by the expanding gas. In addition, 

the burning velocities of slow burning fuels cannot be 

measured in a closed vessel with any degree of accuracy, 

since convection causes early contact of the flame with 

the wall of the vessel, giving rise to excessive heat 

loss and the distortion of the flame front. 

3.2 	Flame Propagation Theory  

A number of theories of flame propagation have 

been put forward and the early ones have been reviewed by 
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M. W. Evans(28). The theory of Zeldovich, 

Frank-Kamenetsky and Semanov
(36) 

has been shown to 

apply to the decomposition flames of hydrazine(29)  

ethylene oxide
(30) and ethyl nitrate(31)  

. The theory 

has subsequently been developed both by the original 

authors and others
(32,33,34,35) to include, types of 

reaction, vessel shapes and ignition sources. 

The theory of flame propogation developed by 

Zeldovich, Frank-Kamenetsky and Semanov
(36) 

makes the 

following assumptions. 

1) The reaction is controlled by a singlemierall 

reaction of the type 

04  A 	€03 + 	 3 (1) 

for which the reaction order may be zero, first or 

second with respect to A. 

2) Pressure is constant 

3) The specific heat (c p) and thermal conductivity 

(›■ ) of the reactants and the products are constant. 

4) The thermal diffusivity (c Q 	
) is equal to the 

P 
molecular diffusivity, D. 

5) A temperature T exists above which all reaction 

occurs at the flame temperature Tf  and below which no 

reaction occurs. 

In addition, it is necessary to define lq, the 

chemical source function, which represents the rate of 

production of a particular species in kgm
3s
-1 The 

equations of energy continuity and mass can be written 
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d )% dT 	c u edT 	+ 	WQ = o 	3 (2) 
dx dx P dx 

d D da - M 	da 	+ 	W 	= 0 	3 (3) 
dx 	dx 	a 	dx 

ouo = b ub 	= M 	 3 (4) 

Where 	u = velocity 	s-1)  

a = concentration (kg m-3) 

M = mass flux 	(kg m-2 s-1) 

By employing a dimensionless temperaturei ejand a 

dimensionless concentrationthe equations can be 

expressed in similar form 

Where 

e 	 (Tf  - To) 
	

3 (5) 

ao 	a 	 3 (6) 
o 

Hence 

d A 	de 	M d9 + W = 0 	3 (7) 

	

dx c dx 	dx 
P 

and 

d De dIf 
dx 	dx 

M 	+ W = 0 	3 (8) 
dx 

Since A/c has been assumed to be the same as DR 

equations 3 (7) and 3 (8) are identical. Equation 3 (7) 

is solved for u by integrating over the preheat and the 

reaction zone separately. The boundary condition x = xi  

r,e  at T = Tig is common to the two zones and -c  
d-1-  has the 

same value. This assumes that the quantity of heat 
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expended in raising the temperature of the reacting 

substance itself to the combustion temperature is 

negligible in the reaction zone. 

The theory yields the general formula for the 

burning velocity. 

T 

u6=  QoL 	2>1 fS 
Q dt 

0 

3 (9) 

For reactions obeying the simple Arrhenius expression 

w = A an e 
-E/

RTf  

Where n is the order, 3 (9) becomes 

2) 2 
1 	To 

	) ) (no  ( ) A(RTf extE u6= toL  2 X cp eo  
n Pc E 	RTf  
f 

3 (10) 

1  12Xao  cp 	7.(T 2)3. 

	

e  OAro\frioN 	R f 	exp( -E 
u6= 	L 	Tf  it nfl 	RT 

3 (11) 

for first and second order reactions resp. 

Where L = c Pf 	- To) 

3.3 	Activation Energy  

It is apparent that the conditions assumed by 

the flame propagation theory do not exist in a closed, 

constant volume pressure vessel, nevertheless, in the 

early stages of the reaction, the pressure is approximately 

constant and the burning velocity can be calculated using 
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the method of Lewis von Elbe
(26)(q.v.). By comparing 

this measured burning velocity with the burning velocity 

predicted by equations 3 (10) or 3 (11), it is possible 

to determine the activation energy, provided certain 

other physical quantities are known: 

1) The values of A and E are assumed to be independent 

of temperature as is no 
of 

2) cp is the mean specific heat of the combustant 

between the initial temperature and the flame temperature. 

3) The thermal conductivity, Xf, of the products of 

the decomposition is proportional to temperature and can 

be found from X at any other temperature 

(e.g. Af  =X 	Tf  
° 273.15 

4) The .density of the combustantis inversely propor- 

tional to temperature and ef 	273.15  a 
ko 	T

f 

5) The flame temperature Tf  can be calculated from 

thermochemical data(37) 

It is then possible to rearrange equation 3 (10) 

for a first order reaction as 

2 2) TLE; T2  
b _(2 o 2 	cpf 	R 	f o  

273
A 	A 

-.15 	Zp2 nf E2 (Tf  - To)
2 E/ 
e-RT

f  

3 (13) 
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That is 

2 lnub  = lnX + 21nTo + 4 1nTf  - 21n (Tf-T0) -E 
RTf  

Where X = 2 >to 1 	A 	c 	n
o 	

R2  
273.154' Ko Tr 	nf 

-2 

3(14) 

This can be expressed as 

RTf 

	lnX =;lnT0 + 4 1nTf  - 21n(Tf-T0) - 2 lnub  

3 (15) 

and a plot of the RHS against 
1/Tf will yield the 

activation energy from the slope. It is also possible to 

make use of the change in burning velocity and flame 

temperature when inert diluents are added, but in this 

case X is no longer constant and the RHS of equation 

3 (15) - lnX must be plotted against 
1/Tf. 

3.4 	Burning Velocity from Closed Vessel Explosions  

The method of determining the burning velocity 

from the pressure-time record of an explosion in a closed 

vessel described by Lewis and von Elbe
(26) 

has been used 

successfully by several workers(38,30)  

If a spherical vessel filled with an explosive gas 

is ignited at the centre, a combustion wave propagates 

spherically from the centre to-the wall. 

The volume of an element of gas before ignition 

= 41T r.
2 dr. 	 3 (16) 



The volume of an element after ignition 

41r 	r.2  dr. 	Tu 	Po 3 (17)  

To 	P 

The thickness of the element = ubdt 3 (18)  

The volume of the element 

= 4Tt rb2 	ub 	dt 3 (19)  

Since 

Tu. =(1) 	(Xu-1) 
To o --I--  

Where r u is the ratio of the specific heats at 

constant pressure and at constant volume the following 

expression for the burning velocity is obtained. 

ub  = dri  ri  2 	p 

	

1/am u  
dt 	rb 	 3 (20) 

Theratioofthevolurneofradiusr.,to the total 

vessel volume of radius Ro' represents the fraction of the 

burnt gas. 
3 

ie n =( ri 	 3 (21) 
Ro 

using this relationship equation 3 (20) may be 

rewritten. 

1 do ER27  (r, P 

	

ub 3 	4  U 

	

b 3 	rb  P--2-  

3 (22) 

from the equation relating the residual unburned 

gas volumes in terms of rb and r. 



4/3 IT IR 3  - 31  
o  ' 

4/3  117 (R03  -- 	27. 21) Po  

P 

Tu 	
3 (23) 

T 
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the relation between n and rb  may be obtained 

n  . 1  _ (14 )1/ / u 	r 3/R  - b 	 3 	3 (24) 
0 	0 

 

and hence 

P 

b = 	1 -( c)/  )?;4 • • (1 - n) 1/3 3 (25) 

a combination of 3 (22) and the differential of 

3 (24) yields 

ub = drb 
- R

o
3 - r

b
3 

dP 
dt 	3P 2r u rb 	dt

. 
dt 

3 (26) 

Inspection of equation 3 (26) reveals that ub  is 

generated by two terms which are of very similar magnitude 

throughout most of the explosion and thus a small error 

in either term leads to a large error in ub. In addition 

a knowledge of rb  is required. Lewis and von Elbe overcame 

this difficulty by assuming that the ratio of the specific 

heats and the change in the number of molecules during the 

reaction, remained constant. On this basis, the fraction 

of burnt gas is equal to the fraction of the total 

pressure rise. 

n = P - Po 
	 3 (27) 

P
e 
- P

o 

R" 
0 
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for small values of n. This equation combined with 

3 (21) and 3 (25) enables values of 	 , 
r. r and 

dri 
1 b dt 

to be found. Hence, from 3 (20)the burning velocity ub  

can be found. 

The method assumes that the initial explosion 

occurs under adiabatic conditions, but in fact, there 

is heat loss to the walls of the vessel, the electrodes 

etc., even during the earliest stages of the explosion. 

In order to make a more accurate calculation of the 

burning velocity, the effect of heat loss on pressure 

must be allowed for and this is fully discussed in 

Chapter 6. 

3.5 	Flammability Limits  

Because the limits of flammability depend on 

numerous parameters, there exists no theory based only 

on the basic physical and chemical properties of the 

gas or gas mixture. Thermal theories such as Peshkims
(39) 

have attempted to determine the trends of flammability 

limits with temperature and pressure. 

The propagation of a flame front will only occur 

if the heat or chemical reaction emitted in the reaction 

zone is sufficient to heat the unburnt gas in the next 

layer to some ignition temperature. For any flame with 

no heat loss to the surroundings 
.... 

(Tf  - To)   (c 
	p

) = AHD  3 (28) 



hence Tf 3 (29) 
+QHD  
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Where 

cp  = equivalent mean molar specific heat 

of the products per mole of the 

stoichiometric mixture 

/ 
C 	= mean molar specific heat of inert gas 

ope. = molar excess of inert gas to the 

stoichiometric mixture 

If allowance is made for heat loss 

Tf = (T 4AHD  
• 'e +me. / p p 

3 (30) 

If we define some critical flame temperature, 

T
fi, 

corresponding to the ignition limit temperature 

".

p

1 
then Tfi = (To +AH / (c p  +oz1c ) 	3 (31) 

Since we have assumed that the ignition limit 

is determined only by the ignition temperature (at constant 

pressure) we may define another value of Tfi  for another 

initial temperature. 

1 A Tfi  = To  +LaH 	
47 D/ (cp  -I- oc2 c ) 3 (32) 

by combining equations 3 (31) and 3 (32), we may 

eliminate T to obtain 
fi 
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oc 2 

 

1 
3 (33) ".. 

1 	c _2, 	
(T

1
-T0 ) o  

P +021 AHD 
t
P/ 
 1 

   

     

This equation has been used successfully by 

(4 1) Peshkin1(39) Egerton and Powling , Zabetakis et al(42) 

and Lee(40) in comparing limit processes with experimental 

observations. It can be seen that, since the heat of 

decomposition increases with increasing pressure, equation 

3 (33) indicates that the amount of inert diluent required 

will increase with increasing initial pressure, at constant 

initial temperature. In addition, Zabetakis et al(42) have 

shown that for many gas mixtures, the adiabatic flame 

temperature falls with increasing pressure, thus increasing 

the effect. There is, however, no established simple 

relationship for the effect of pressure on explosion limits. 
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CHAPTER 4 	EXPERIMENTAL 

	

4.1 	Introduction  

The work was carried out to investigate the 

conditions under which nitrous oxide undergoes explosive 

decomposition so as to assess the hazards -involved in its 

handling and use. In order to do this, the varix on of 

the ignition limit with temperature and pressure was 

investigated, using a suitable ignition source. These. 

investigations were made for initial temperatures 

in the range 298 K - 473 K at pressures up to 

10.3 bar (g). In addition, measurements were made of the 

pressures developed during the explosion and a study was 

made of the effect of vessel dimensions on the explosion. 

Finally, the amount of nitrogen needed to suppress the 

decomposition was measured for various initial conditions 

of temperature and pressure. 

	

4.2 	The Vessel 

The explosion vessel, which was previously used 

) by Burgoyne at al 3  and Lee (40)in  their studies on 

ethylene oxide, was completely refurbished and is shown in 

figure 1. 

The vessel was cylindrical in shape with an 

internal volume of 2.522 x 10-3 m3 and an internal 

diameter of 4.5 inches (114.3 mm). It was constructed of 

stainless steel, type EN58B and was designed to withstand 
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FIGURE 1  

EXPERIMENTAL VESSEL 

SCALE 1 2.5 
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dynamic pressures of up to 105 bar (obs). The end cover, 

A, was attached to the screwed flange,B, by eight 

high-tensile steel bolts. A semi-confined, fully annealed, 

copper gasket,C, provided the seal between the cover and 

the end of the vessel. The firing plug, D, was provided 

with two stainless steel electrodes, one of which, E, was 

completely insulated electrically, by two cone-shaped 

fluon bushes. The other, F, provided an earth return. 

The electrode, E, was also sheathed, inside the vessel, 

by ceramic heads to prevent an accidental short circuit. 

Atthe ends of these electrodes were two "small stainless 

steel bushes between which the nichrome wire ignition 

source was clamped. A stainless steel sheathed 

thermocouple, H, was welded into the firing plug so that 

its tip (1 mm dia.) was near the ignition source. The 

pressure seal between the firing plug and the end plug 

was provided by a flat,FTFE joint ring, K. 

The dynamic pressure measurements were made by 

a quartz pressure transducer, L, which was fitted into 

the base of the vessel via a collar, K. A semi-confined, 

fully annealed, copper gasket, N, provided a seal between 

the transducer and the collar, and a lead gasket, 0, 

provided a seal between the collar and the vessel. The 

transducer was protected from the flame front by a double 

layer of 30 mesh, stainless steel gauze. 
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The vessel was emptied and filled via two pipe 

connections, P and Q, the latter being provided with a 

pipe extension inside the vessel to promote. mixing when 

nitrogen was added to the nitrous oxide. This pipe 

extension was removed when liners were being used. The 

liners are shown in figure 2; these were made of stainless-

steel of the same type as that used for the main vessel. 

The dimensions of the vessel are given below in 

table 1. 

Table 1 	Dimensions of Vessel and Liners  

Vessel 
	

Liner I 	Liner II 

Internal 

Volume 

1n3(m3) 

Ratio v/S 

in
3
/ 
a  n 	(
2  m

3
/

rn
2

) 

Ratio L/D  

153.9(2.522x10-3) 

0.928(2.357x10-2) 

2.25 

89.0(1.458x10 3) 

0.718(1.824x10-2) 

2.25 

18.34(3.005x10- ) 

0.353(8.966x10-3) 

6.75 

4.3 	Dynamic Pressure Measurements  

The main requirements for the pressure transducer in 

these experiments were that it should be capable of operating 

continuously at temperatures of up to 473K and have a linear 

output over the range 0 to 104 bars(g). It should also have 

a rapid response time and a low rate of signal drift. As a 
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result of Lee's(40)  work on the comparison between 

capicitance and piezo-electric transducers, it was decided 

to use the latter. The transducer used in the work was 

a type 701A supplied by Kistler Instruments Ltd. The 

manufacturers specifications are shown in table 2. 

When pressure was applied to the transducer, the 

charge generated across the face of the piezo-electric 

crystal. was led,  via a low-loss cable, to a calibrated 

condenser which supplied the grid voltage to an electrometer 

valve in an amplifier, SLM type PV 17. 

Table 2  

Manufacturers technical data for Pressure Transducer 701A 

Max. measuring range 	at* 	0 - 250 

Calibrated partial ranges 	10% at* 	0 - 25 

1% at 	0 - 2.5 

Resolution 	at* 	0.0004 

Maximum Pressure 	at* 	400 

Sensitivity 	pC/at* 	80 

Rise Time 	}is 	6 

Linearity (max errors for 	+% 	0.5 
each calibrated range) 

Temperature coefficient 	
-1,./(Dc 0.01 

Working temperature range 	°C 	-150 to + 240 

Insulation resistance 	1014 ..cl. 

1 at* 	 psi 	14.22 
(bar) 	(0.981) 
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The input impedance of the electrometer valve was of the 

order of 10
14 ohms, so that the charge in the transducer 

did not decrease by more than 1% in 20 seconds. The signal 

output from the electrometer valve was amplified by a 

DC amplifier, Cosser type 1440, and then displayed on 

a cathode ray oscilloscope. The limit of performance was 

the drift in the DC amplifier and C.R.O., which was of 

the order of 1% in 15 seconds. The general layout of the 

equipment is shown in figure 3. 

The preamplifier had a reference dial by means 

of which measured charges could be fed into the electrometer 

valve in order to calibrate the output signal from the 

transducer or to measure a static pressure directly. The 

transducer used in this work was calibrated against a 

Bourdon tube gauge which was in turn calibrated against 

a dead-weight tester. 

This was done by applying a series of known 

pressures to the transducerand noting the reference signal 

necessary to reduce the output signal to zero. The 

manufacturers supplied a calibration chart with each pressure 

tranducer and the observed calibrations were all found to 

lie within the + 0.5% stated by the manufacturer. 

The most likely source of inaccuracy in the use of 

a transducer is damage by the impingement of the hot flame 

front. To prevent this, two layers of stainless steel wire 

gauze, 30 mesh, were fixed in front of the tranducer to 

act as flame arresters. Lee's
(40) 

work on ethylene oxide 
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showed that this resulted in a rise of less than 25K at 

the face of the transducer which would obviously cause no 

damage. 

The effect of a sudden temperature rise on the 

transducer was evaluated by holding a lighter flame to the 

face for a few seconds. Although this was about 750K, 

the resulting deflection was less than 1% of full scale 

and when a finger (310K) was placed gently on the 

diaphragm (290K), no deflection was observed. It was 

concluded that the flame front (duration less than 2 

seconds) would have no effect on the response on the 

transducer. 

Earlier models of this type of transducer were 

tested dynamically by the Royal Aircraft Establishment, 

Farnborough(40), using shock-tube techniques and were 

found to have linear characteristics to within +1.0%. 

In view of this,the manufacturees .claim of +0.5% was 

accepted, and it was assumed that it responded to dynamic 

pressures to within the manufacturerb specifications. 

During the experiments, the trace on the C.R.O., 

was photographed by a drum camera which had a variable 

paper speed of between 4 and 1200 inches per second 

(0.10 to 30.5ms1). A stroboscope within the camera 

provided timing marks at intervals of 5, 10, 50 or 100 

milliseconds. 

4.4 	The Ignition Source  

The ignition limits of a particular gaseous system 
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are a function of many variables and the values are 

only meaningful, in so far as the exact experimental 

conditions are defined. For a gaseous mixture in a 

particular apparatus, the values are conditioned by 

the fact that, outside certain limits of composition, 

combustion initiated by a very powerful local source 

is unable to propagate through the gas outside the 

region of influence of that source. Even these limits 

may be dependent on initial pressure and temperature and 

direction of propagation of the combustion wave. In the 

case of the thermal decomposition of a pure gas, the 

limits are obviously not a function of composition, 

In a closed vessel, it is virtually impossible 

(unless the vessel is extremely large) for the gas in 

one part of the vessel not to be influenced by the 

initiation of combustion in another part. It is 

apparent that as the gas reacts it will cause a change 

in the state of the surrounding gas. Thus during the 

propagation of the combustion wave, the state of the 

unreacted as will never correspond to the initial state. 

Various attempts have been made to define 

"ignition limits" under these conditions. 

Krisjansens tt al(6) define them as "the state 

of the gas where the addition of an .infinitely small 

amount of energy will just cause a combustion wave to 

propagate". This definition, by its very nature, suggests 

that these limits tend towards those for autoignition and 
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are of little use in evaluating the hazards involved 

in the normal use of the gas. Mullins and Penner(44) 

have defined them as "the state of the gas at which the 

application of a strong external ignition source is 

only just capable of producing  flammability in a given 

test apparatus". A "strong" ignition source is defined 

as "being so strong that an increase in strength has a 

negligible effect on the ignition limits". This 

definition does not stand up to detailed examination since, 

in a closed vessel, a strong enough source could change the 

state of the whole of the unburnt gas to such an extent that 

autoignition would take place. Neither definition is 

satisfactory, and ideally, the ignition limits should be 

found for various types of ignition source, in several 

diffent types of apparatus and,for each source, the energy 

input should be varied over a wide range. Obviously, the 

number of parameters, involved rendered this impossible 

within the time scale of this work. It seemed that the most 

useful approach might be to use an ignition source of the 

type that might be encountered during the normal handling 

of the gas and to estimate its energy. 

The choice of the type of ignition source was 

severely limited by the experimental conditions. Spark 

ignition would have provided a source in which the energy 

dissipated is most easily measured, but since the voltage 

required to generate an electrical spark in a gaseous medium 

is proportional to the initial pressure, insulation 

requirements would have presented great difficulties in a 
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high pressure apparatus. Having excluded the more violent 

sources, such as percussion caps and gunpowder, the choice 

rested between a glowing or an exploding wire. Here again, 

the glowing wire seems to offer the easiest calculation 

of the energy supplied to the gas, but, because the energy 

is supplied slowly, the resulting convection means that 

much of it is dissipated away from the wire. In addition, 

the depletion of the combustible gases near the wire 

surface leads to the method being unreliable near the 

ignition limits. In view of this, it was decided to use 

an exploding wire as the ignition source. Recent work at 

SMRE Sheffield(45), has shown that, except in the case of 

aluminium, exploding wires do not provide multiple point 

ignitions but rather, a concentrated energy source. 

Furthermore, this energy can be predicted with reasonable 

accuracy if the exact electrical circuit of the ignition 

source is known. The circuit diagram for the ignition 

source is shown in figure 4. 

The use of silicon control rectifiers enabled the 

ignition source and the time marker to be turned on virtually 

simultaneously. A 12 volt, 45 amp-hour car battery was 

used to provide a very stable source for fusing a nichrome 

wire. Nichrome was chosen because of the stability of 

its resistance over a wide temperature range, and a series 

of experiments was carried out to find the most suitable 

wire length and diameter. 
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The variation of the pressure ignition limit, 

for a temperature of 323K, with wire length and diameter 

is shown in figures 5,6 and 7. The work of the SMRE(45) 

showed that the energy supplied to a gas by an exploding 

wire is between Li2 and Li
2 depending on the voltage of 

the source and the type of wire. 

Where L is the total inductance of the circuit 

and i is the current at fusion. 

Other factors such as the distance of the electrode holders 

and the time taken to raise the wire to its melting point 

obviously play a part in the effectiveness of the transfer 

of this energy to the gas. 

Short lengths of wire tend to allow conduction to 

the electrodes. Long lengths of wire increase the 

resistance and the volume of wire for a given diameter, 

and hence slow depletion of reactant occurs. Small wire 

diameters have a higher resistance and thus provide less 

energy whereas large wire diameters lower the resistance 

but increase the volume of metal and hence again the 

time of fusion. If the wire were long enough and thick 

enough, it would not melt with the voltage source used 

in this work. Bearing all the above aspects in mind and 

after inspection of the test results, it was decided that 

1.4 inches of 24 SWG Nichrome was most likely to provide 

a reliable ignition source. This was tested and found 

to give reproducible results near the ignition limit. 

(Hereafter the exploding-wire, ignition source is referred 

to as the fuse). 
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4.5 	Oven. Design 

The cylindrical vessel used in this work was 

mounted with its long axis vertical. The main problem in 

designing an oven, for such a vessel, is that natural 

convection currents tend to cause irregular heating of the 

vessel and hence a temperature gradient within it. To 

avoid this problem, an oven was designed in which heating 

was provided by a forced flow of hot air in the opposite 

sense to natural convection. The oven in shown in 

figure 8. 

The heating coil, A, was coupled with a variable 

transformer, B, and could provide an input power 

up to.3.O Kilowatts. 	The baffle, C, promoted 

turbulence and prevented uneven heating of one side of 

the vessel. Temperature control was provided by a 

thermostatic switch, D, which turned the heater on and 

off by means of an electronic relay, E. The blower, F, 

ran continuously to promote uniform heating. Thermal 

insulation was provided by aluminium-foil-laminated, 

asbestos sheeting. The side of the oven could be easily 

removed to withdraw the firing plug and thus caused little 

inconvenience. 

When in operation, five thermocouples at various 

points on the explosion vessel measured the temperature 

distribution. The oven took longer to heat up than a 

comparable electrically wound oven, but, at equilibrium, 

the outside temperature was within + 1% of the temperature 



FIGURE 8 	THE OVEN (NOT TO SCALE) 
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inside the vessel. This is better than for electrically 

wound ovens. Another advantage of this oven was that 

the pipework connected to the explosion vessel was partly 

within the oven and no further heating was required. 

(The internal diameter of such pipes was only 1/4" and so 

flame propagation in them was unlikely in any case). 

	

4.6 	Ancillary Equipment  

All pressure gauges, valves and pipes used in this 

work were of stainless steel. Nitrous oxide and nitrogen 

were used directly from their storage cylinders. The high 

pressure system was enclosed in a specially designed steel 

safety cabinet. (q.v.) 

	

4.7 	Safety Equipment  

In view of the damage caused by the accidental 

decomposition of nitrous oxide in the gas compressor, it 

was decided that adequate safety screens should be provided. 

These were designed by calculating the T.N.T. equivalent 

of the contents of the explosion vessel in their most 

energetic state and then using the data of Hoffman and Mills(46) 

and Christopherson(47) to find the shockwave pressure at 

various distances from the vessel, should it rupture in 

a brittle manner. In addition, the possible velocity of 

a projectile from the vessel was calculated. From these 

values, a safety cabinet was designed and full calculations 

are given in Appendix V. 
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The cabinet was 04" (6mm) plate steel box 

4' x 4' x 6'6" (1.22m x 1.22m x 1.98m), open at the 

rear and having a door in one side. The cabinet was 

positioned with the open side three inches (75mm) from 

the laboratory wall, thus providing relief in the event 

of the vessel failing. 

All valves were mounted behind the front plate 

with only the spindles protruding through the plate. 

This meant that, in the event of failure, the spindles 

could not blow out in the direction of the operator. 

All gauges were mounted above eye-level and in addition, 

each gauge had a removable plug which prevented the 

gauge being accidentally over-pressurised when not in 

use. 

The experimental vessel was protected by a 

bursting disc set to relieve at 138 bar (g) into an 

overhead duct. The waste gases after the explosion were 

vented via the same overhead duct to the atmosphere 

outside,thus avoiding contamination of the laboratory 

by nitrogen dioxide. 

4.8 	Procedure  

A flow diagram of the apparatus is shown in 

figure 9. 

4.8.1 The vessel was first heated to the desired 

temperature and then all the valves except 1, 2, 8 and 

two of 4 to 7 were closed (4 and 5 for high pressures, 

5 and 6 for medium pressures and 6 and 7 for low pressures). 
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The vessel was then evacuated by a rotary pump, R until 

the pressure recorded by the pirani gauge, V, was less 

than 0.13 mbar (abs). Valve 8 was then closed and nitrous 

oxide admitted via valves 9 and 12 until the gauges 

G. (i = two of 1,2,3,4) recorded a pressure just above 

atmospheric, the vessel was then re-evacuated. Nitrous 

oxide was then admitted until the required pressure, Po  

was registered by gauges Gi. When equilibrium had been 

established, valves 1 and 2 were closed. 

4.8.2 The ignition circuit was then completed and the 

pressure-time trace recorded by a drum camera. When 

the vessel contents had cooled to the original temperature, 

the final pressure Pfi  was recorded by the gauges Gi  by 

opening valve 1. Valve 1 was then closed again and 

valve 3 opened until the gauges Gi, recorded the initial 

pressure, Po  once more. Valve 3 was closed, valve 1 

opened and the pressure Pf2  recorded. Some of the products 

were then passed via valve 10, to sampling bottles for 

subsequent analysis. The remaining products were vented 

via valve 3. 

4.8.3 When nitrogen was being used as an inert diluent 

the procedure was the same as far as the end of paragraph 

4.8.1. The system was then evacuated via valve 8. Valve 

8 was closed and nitrogen admitted via valves 13, 11 and 

9 until the pressure recorded by gauges, Gi, was just above 

the pressure inside the vessel Po. Valve 1 was then opened 

and further nitrogen admitted rapidly (to promote mixing) 
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until the desired total pressure was indicated by 

the gauges Gi. Valves 1,9,11 and 13 were then closed 

and the mixture allowed to mix for at least one hour. 

The total pressure was then checked and finally the 

ignition circuit completed. The remaining procedure 

was the same as 4.8.2. After every run, the firing 

plug was removed and the fuse renewed. The inside of 

the vessel was inspected regularly for corrosion damage 

(every 50 runs) and the flame-arrestor gauzes renewed 

at the first sign of damage. 

4.9 	Analysis of the Reaction Products  

The main products of combusion are nitrogen, 

oxygen, nitrogen dioxide (in equilibrium with N204) and 

residual nitrous oxide. Nitrogen, oxnen and nitrous 

oxide were determined by chromatographic analysis and 

nitrogen dioxide spectrophotometrically. 

4.9.1 Quantative analysis of nitrogen, oxygen and 

nitrous oxide was made with a standard Beckmann G.C.2 

gas chromatograph (figure 10). 

The carrier gas (helium) was divided into two 

streams and each stream passed through a similar capillary 

orifice, which restricted the flow to the required rate..  

One stream flowed directly to the reference side of the 

detector cell, and then left the instrument via the 

exhaust line. Samples from a Toeppler pump were introduced 

to the other stream via a sampling valve which had two 

fixed loops of 5 ml. The samples were carried by this 
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stream to one of two parallel columns selected by a 

dual column valve. After separation, the components 

passed through the sample side of the detected cell and 

then left the instrument via the exhaust line. The 

detector cell was of the thermal conductivity type and 

could be operated in the range 293K-473K. The change in 

temperature of the sampling side filaments, caused by 

the difference in thermal conductivity of gases other 

than the carrier gas, resulted in a voltage differential 

across the bridge. This was recorded via an attenuator, 

on a Honeywell chart recorder. The amount of each 

component was proportional to the area under the recorder 

curve and this was measured both by a digital integrator 

and by hand. 

The columns were - 

1) Molecular sieve 5A, 1.2m xVii." I.D. which separated 

N2 and O2. 2 
2) Porapak Q, 1.8m x 	I.D. which separated N20 and 

(N2 + 02). 

Both columns were used at 313K with an inlet carrier gas 

pressure of 1.72 bar (g) and a filament current of 250 mA. 

5 ml samples of the combustion products were analysed. 

Standard samples, supplied by BOC, containing 

various accurately known mixtures of N2, N.70, NO2  with 02  or NO 

were used to calibrate the chromatograph. NO2  was completely 

absorbed by the columns or'at least was never present in the 

outlet gas in detectable amounts. Repeated analysis of the 

standard samples showed that the accuracy of the method was . 

+1% of the total mixture. 
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4.9.2 Nitrogen dioxide was determined by visible light 

spectrophotometry. Since it was the only combustion prodcut 

that absorbed visible light, this was a relatively simple 

process. The main problem was caused by the nitrogen 

dioxide/dinitrogen tetroxide equilibrium. This was 

overcome by heating the 100 mm gas cell using heating 

tapes. The amount of heat required (i.e. the setting of 

the variable transformer supplying the power) was determined 

by analysing two different standard mixture samples until 

the result was consistent. When analysing the combustion 

products, it was known that the absorbence at a particular 

wavelength was proportional to the amount of NO
2 
 present. 

The results were found to be accurate to within + 1% of 

the amount of NO2 present. 

4.9.3 	Sensitivity  

Under the stated conditions the minimum detectable 

percentage of each component was - 

Nitrogen (N2) 	 0.1 Vol % 

Oxygen 	(02) 	 0.1 Vol % 

Nitrous Oxide (N20) 	0.1 Vol % 

Nitroged Dioxide (NO2) 	0.05 Vol % 
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CHAPTER 5 	RESULTS 

5.1 	The Explosive Decomposition of Pure N70 

5.1.1 	Flammability Limits 

The flammability limits for pure nitrous oxide 

have been studied over the temperature range 298K to 473K 

and at least at-initial pressures up to 10.3 bar (g). 

In addition, the internal volume to surface area ratio 

of the pressure vessel was varied by the use of suitable 

liners. 

The flammability limit in the vessel with the 

highest internal volume to surface area ratio 
3 

2.357 x 10
-2 m

m
2 is shown in figure 11. 

The ignition limit varied from 7.93 bar (g), at 

298K, to 2.41 bar (g), at 473K, on an exponential curve. 

The limit was well defined over the whole range and the 

results were fully reproducible. No ignition took place 

if the pressure was 345 mbar below the limit pressure, at 

a particular temperature, and always Look place i.flhe 

pressure was 345 mbar above the limit pressure. Only one 

case of partial decomuosition was observed. 

The flammability limit for the first liner, with 
3 

an internal volume to surface ratio of 1.824 x 10-2 m/m2 , 

is shown in figure 12. 

The ignition limit varied from 7.93 bar' (g), at 

298K, to 2.97 bar (a), at 448K, on an exponential curve. 

In this case, the ignition limits were not so well defined 
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and partial decomposition VIas extremely conunon. The 

ignition limit given, is that for which no decomposition 

vias ever observed 345 mbar below the limit pressure at 

a particular temperature. 

'rhe £ ~ammabi Ii ty limi t for the second 1 iner, \,,1 th 

an internal volume to surface area ratio of 

_3 m3/ 2 
8.97 x.lO m, is shown in figure 13. 

In this case, only partial decompositions were 

observed suggesting that the internal dimensions of the 

vessel Vlere such that the explosion could not propagate. 

The limits varied from 8.97 bar (g) at 298K to G.OO bar (g) 

at 348K. Again, the limit is defined by no decomposit:ion 

taking place 345 mbar below the limit at a particular 

t.emperature~ 

5.1.2 

The var:iation of maximum explosion pressure with 

initial pressure and temperature was studied in the region 

from the flammability limit to 10.34 bar (g) and 473K for 

·the three internal volume to surface area ratios. 

The highest recorded explosion pressures occurred 

in the vessel with the highest internal volume to surface 

are n rat i 0 • 'r hey 0 C cur red a t hi g h In i t I alp res sur e s cJ n c1 

low initIal temperatures; ie when the pressure vessel 

contained the greatest initial mass of nitrous oxide. 

In the range studied, the maximum observed 

explos~8n pressure in no case exceeded 50.0 bar (g) and 
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the ratio of the maximum explosion pressure to the 

initial pressure never exceeded 8.5. 

A full set of results is given in appendix III. 

5.1.3 Rate of Pressure Rise 

In all cases, the rate of pressure rise could 

be divided into three distinct time intervals. 

During the first time interval, which varied 

from 0.2 seconds, at conditions \'lell away from the 

explosion limits, to as much as 1.5 seconds, near the 

explosion limit, the pressure rose very slowly. This 

time interval was longest for the vessel with the 

highest surface area to internal volume ratio and 

probably corresponds to slow thermal decompos·ition, 

rather than explosive decomposition. In the second 

timeinterva~ which varied from 0.05 to 0.2 seconds, 

the rate of pressure rise was very rapid and could·truly 

be described as explosive decomposition. 

During the third time interval, which lasted 

from 0.0 to 0.5 seconds, the pressure rose very S10\,11y 

to the maximum explosion pressure or remained constant 

at the maximum explosion pressure. Since the pressure 

vessel was basically cylindrical, the second time 

interval probably corresponded to the flame front 

expanding spherically, with relatively low heat losses, 

and the third time ~nterval corresponded to the flame 

front propagating along the cylinder with the 

consequent high heat losses. 
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The maximum rate of pressure rise was 610 bar s-1 

which occurred at 9.55 bar (g) and 298K in the vessel 

with the highest volume to surface area ratio. 

5.1.4 Products of Decomposition 

The products of decomposition were nitrogen, 

oxygen and nitrogen dioxide. In the vessel with the 

highest internal volume to surface area ratio, the 

products of decomposition were found to be virtually 

invariant with initial temperature and pressure, at 

conditions away from the explosion limits. The variation 

of the products of decomposition with initial pressure 

is shown in figure 14 and with initial temperature in 

figure 15. In all cases, there is a slight oxygen 

product deficit which can be accounted for by the 

burning of the fuse and corrosion of the pressure vessel. 

In the case of the liner of intermediate internal 

volume to surface area ratio, the products of-decomposition are 

similar to the previous case, but the nitrogen dioxide 

increases slowly with increasing initial temperature to 

a constant value, which corresponds to the steady va~ue 

obtained in all experiments using the highest surface 

area to internal volume ratio liner. The results are 

discussed fully in chapter 6. 

5.2 -The Explosive Decompos:ition of N20 + N2 

5.2.1 Flammability Limits 

The flammability limits for mixtures of nitrous 

oxide and nitrogen were studied over the initial 
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FIGURE 15 
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temperature range 323K to 398K and at ~nitial total 

pressures up to 13.8 bar (g) • 

. The results are given in figure 16 and show the 

variation of the amount of nitrogen required to suppress 

explosive decomposition, with pressure, at temperatures 

of 323K, 348K, 373K and 423K. It can be seen that the 

amount of nitrogen required increases with increasing 

initial pressure and also with increasing initial 

temperature. 

5.2.2 Maximum Explosion Pressure 

The variation of the·maximum explosion pressure 

with initial temperature, initial total pressure and 

mole fraction of nitrog.en was studied in the region from 

zero mole fraction of nitrogen to the suppression mole 

fraction. 

In runs where good mixing had been ensured, the 

highest explosion pressure, 75.24 bar (g~ occurred when 

pnre nitrous oxide decomposed at the lowest initial 

temperature, 323K and at the highest initial pressure, 

9.55 bar (g). In some earlier work, where insufficient 

care had been taken to promote good mixing, some higher 

explosion pressures were recorded, at least one of which 

corresponded to the extrapolated explosion pressure~ 

82.14 bar (g), for the pure substance at the same initial 

pressure as the initial total pressure of 10.69 bar (g). 
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The ratio of the maximum explosion pressure 

to the total initial pressure fell gradually, with. 

increasing nitrogen content, until the suppression 

limit was reached when it dropped rapidly to unity. 

Figure 17 shows typical results for an ini~ial 

temperature of 323K, for partial pressures of 

nitrous oxide of 7.48 bar (g), 8.52 bar (g) and 

9.55 bar (g). Some pOints have been included where 

poor mixing is known to have occurred, in the light 

of subsequent work. It can be se~n that poor mixing 

can have two effects. In cases where the gas mixhure 

near the ignition source contained less nitrogen than 

the bulk average, the explosion resembled that for a 

higher partial pressure of nitrous oxide. In cases 

where the gas mixture near the ignition source 

contained more nitrogen than the bulk average, the 

explosion was often suppressed completely. This 

emphasises the need for good mixing, when using inert 

diluents, since their addition by calculation or 

by sampling and analysis could lead to an unsafe mixture. 

5.2.3 Rate of Pressure Rise 

~he rate of pressure rise during the decomposition 

followed a similar pattern to that of the pure substance. 

With increasing amounts of inert diluent, the rates·. of 

pressure rise fell and, except when'poor mixing occurred, 

the madmum rate of pressure rise was lower than for the 

pure substance, at a pressure equal to the partial 
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pressure of nitrous oxide in the mixture. 

5.2.4 Products of Decomposition 

The products of decomposition were oxygen, 

nitrogen and nitrous oxide. The mole fractions of 

product (excluding inert diluent> per mole of nitrous 

oxide decomposed are shown in figure 18 for partial 

pressure of nitrous oxide of 9.55 bar (g) and an 

initial temperature of 323K. It can be seen that the 

amount of nitrogen dioxide increases with increasing 

mole fraction of nitrogen diluent in the original gas 

mixture. At nitrogen mole fractions near the suppression 

limit, the amount of nitrogen dioxide formed approaches 

that for the decomposition of pure nitrous oxide in the 

vessel with the lowest internal volume to surface area 

ratio, at the same initial temperature and pressure. 
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FIGURE 18 
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CHAPTER 6 DISCUSSION OF·EXPERIMENTAL RESULTS 

6.1 

6.1.1 

The Results for Pure Nitrous Oxide 

Interpretation of Results from Closed Vessel 
Experiments 

The propagation of a flame front in a closed vessel 

is far more complex than in an open tube. In addition 

to changes in pressure, which cause changes _in the 

burning vel~city and temperature of the flame front, the 

walls of the vessel also affect the free movement of the 

flame front. 

The simplest situation to analyse(25,26) is that of 

an explosive mixture contained in a sphere and ignited at 

the centre. The heat losses during the inital stages of 

the explosion are small because the combustion products 

do not touch the wall until most of the combustion is 

complete and heat conduction from the centre does not 

travel faster than the flame front. 

Immediately after ignition, a spherical flame-front 

travels out towards the walls. The gas nearest the centre 

burns at almost constant initial pressure, Po. As it does 

so, it expands, compressing the unburnt gas adiabatically, 

so causing a rise in its temperature. Thus the first layer 

of gas does work at a pressure-P • o 

Any gas microlayer between the centre and the 

walls can also be considered tOo burn at a constant pressure 

between Po and Pe and in doing 50, it expands and- compresses 

----------._-----
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the gas on either side of it. Finally, the last layer 

of gas burns at P and does work on the gas nearer the e 

centre. It is apparant that gas layers which burn first 

absorb more energy than they give out, similarly, that 

gas which burns last absorbs less energy than it gives 

out. This results in a temperature gradient rising 

towards the centre of the vessel, which has· been reported(2S) 

to be as high as 900K. The effect of this temperature 

gradient on the value of Pe ' compared with Pe for a 

uniform temperature, is small because of the increase in 

the specific heat of the gases wi th temperat·ure. One 

result of this temperature gradient is the phenomenon 

kno'rlln as .. after burning"; that is, if any unburnt gas 

remains at the centre, it rekindles causing a reduction 

in the rate of pressure fall due· to heat losses, immediately 

after the maximum explosion pressuretP. This is shown 
e 

by a plateau in the p~essure-time record, figure 19. 

Because of this the pressure at any time up to the maximum 

explosion pressure is lower than the theoretically calculated 

pressure, this is also shown in figure 19. 

In the case of an explosive mixt~re contained in 

a cylinder with an ignition source placed centrally, near 

one end, the flame front initially expands spherically with 

small heat loss and the pressure at any time is only slightly 

below the theoretically calculated pressure. As the flame 

front travels along the axis of the cylinder, the heat 

losses become larger, the rate of pressure rise is reduced 

and the maximum explosion pressure is significantly lower 

than that for a sphere of equivalent volume. 
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It is difficult to make a quantitive estimate ,of the 

heat losses which occur by convection, conduction and 

radiation in a cylindrical vessel. Convective heat 

losses can be shown by dimensional analysis(48) to depend 

on the temperature difference between the gas and the 

walls, the thermal conductivity of the gas, the shape 

of the vessel and in the case of forced convection on the 

Reynolds and Prandtl groups. The Prandtl group is 

substantially constant for most gases under a wide range 

of conditions of temperature and pressure, thus the rate 

of heat transfer depends only on the variation of the 

Reynolds Group i.e. on variation of pressure, the degree 

of turbulence and the shape of the vessel. 

Conduction effects are small in comparison with 

convection in the gas phase. Conduct,i ve heat transfer 

through the walls of the vessel is large, in comparison 

with heat transfer to the walls and has little effect on 

the overall heat transfer coefficient. 

Radiation effects are even more complex. Although 

it is known from Stefan's Law that the rate of heat loss 

from a black body is proportional to the fourth power of 

the absolute temperature difference between the body and 

its surroundings, it is also known that gaseous combustion 

products emit radiation in defined frequency bands and the 

variation with temperature is unknown. 

------ ----- - .. -----~-------- --~- ---------------, 
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6.1.2 The Explosion Limits 

The variation of the explosion limits of nitrous 

oxide with temperature and pressure are shown in figures 

11, 12 and 13. 

The first experimental runs were carried out in the 

vessel with the lowest surface area to internal volume ratio 

at a temperature of 298K. The initial pressure was varied 

from atmospheric to a pressure well into the explosive 

region and then the runs were repeated for initial preasures 

on either side of the limit pressure to ensure that a true 

limit pressure had been obtained. The initial temperature 

was then raised and a new limit pressure found. 

It can be shown(25) that for thermal decomposition, 

the limit for auto-ignition occurs when the rate of heat 

liberation is equal to the heat absorbed by the surroundings. 

QVw = S]( (T - Tw) (6) 1 

The rate/w, is a function of the mechanism of the 

reaction, is a function of temperature and usually of 

pressure. 

For the thermal decomposition to become a thermal 

explosion, the rate of heat liberation must be greater 

than the rate of heat loss to the surroundings, so that 

equation 6(1) has no real solution in temperature. Under 

these conditions the gas temperature rises and this in turn 

causes an increase in the rate of reaction and hence gas 

temperature rise. For reactions where the rate, w, is 

dependent on pressure, the relationship between ignition 

temperature and pressure may be expressed in the form -



Ln 
p 
cr 
~ cr 

= 
E 
~ + 

cr 
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A. f (T ) 
cr 6 (2) 

t~ere A is a coefficient that is a function of reaction order 

and vessel dimensions and is nearly constant 

In the case of ignition at a source (as opposed to raising 

thebulk temperature of the gas) it can be argued that the 

limit curve should be of the same general form as equation 

6 (2). 

The results for the initial limit curve are .shown 

plotted in figure 20, in the form In Pcr and In P cr vs Tl 
Tcr (Tcrf cr 

. The latter gives marginally the better straight 

line, which sugge~ts the reaction is first order and, 

although this does not definitely establish the reaction 

as being purely thermal, it does suggest that it is not 

a chain branching reaction. 

The ignition limit pressures obtained at temperatures 

of 298K, 323K and 348K are plotted against 5/V in figure 

21 and, for comparison, the results of Krisjansens et'al(6) 

and Brandt(5) are superimposed. 

It can be seen that the ignition limit pressure 

increases with increasing S/V at constant initial 

temperature, and that for S/v = 0 at 298K the ignition 

limit pressure would reduce to 7.5 bar (g). The results 

of Krisjansens et al give values which are much less 

conservative, from a safety viewpoint, than the 

extrapolated results of the present work. When the ignition 



- 83 -

FIGURE 20 
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FIGURE 21 
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source used by Krisjansens et al is compared with 

the ignition source used in this work, it is obvious that 

the energy input to the system was much lower in their 

case. Although they do not state the length of the fuse 

used in their work or the ignition circuit, the earlier 

experiments carried out in this work, to select a 

suitable fuse, can probably be used as a guide. Figure 

22 shows the variation of the e~plosive limit with SWG, 

for 1" of nichrome fuse. It can be seen that the limit 

pressure increases rapidly as th~ fuse diameter decreases 

from 26 to 34 SWG. The fuse diameter used by Krisjansens 

et al was 0.005" which is half that of 34 SWG. 

The results of Brandt and Roziovskii(5) for pure 

nitr.ous oxide lie on either side of those obtained in 

the present work. Their limit pressure for upward 

propagation is much lower than would be predicted by 

the present vlork whilst the limi t pressure for downward 

propagation is somewhat higher. 

Since the ignition source used in the present 

work was at the bottom of the experimental vessel, it 

would be reasonable to expect that ignition limits 

obtained would correspond to those for upward propagation 

in the Russian work. The main difference between the 

two methods seems to be in the choice of voltage source 

and fuse materials. Brandt and Rozlovskii used a 220. 12 

volt transformer to fuse a 0.3mrn dia copper wire of 

unspecified length. 

-- -_ . ...-- ._- --~-----.. ---~ - ._-._------.... ---------.--.. --....... --------~-- :-------- ... ------ -------- -----,------------:--.. ----.-~------- - -. --
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FIGURE 22 
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In Chapter 4, the work of the SHRE(lS) was 

discussed in which it was established' that the energy 

of an exploding wire ignition source lies between 

~Li2 and Li 2 depending upon the type of fuse. It is 

probable that the inductance of a circuit containing the 

secondary coil of a transformer would be much larger 

than a similar circuit using a battery as the voltage 

source. 

On this basis alone, it is likely that the 

energy input of the Russian ignition source was much 

larger than the 30 mJ provided by the source used in 

this work. Indeed, the statement that "a 10-times-as 

powerful" transformer had no effect on the ignition 

limit pressure supports this view. It is not felt 

that these differences in the ignition limit pressure 

in anyway invalidate the present work; they merely 

emphasise the need to define the experimental ~ethod 

used. It is interesting to note that in some initial 

experiments, explosions occurred at very low initial 

pressures, at 298K, because of contamination of the 

ignition source with small amounts of hydrocarbons and 

in one case by the combustion of a plastic insulating 

bead on the electrode. The pressure-time records for 

these experiments showed a much slower initial pressure 

rise than later uncontaminated experiments. No 

measurements were made of the amount of hydrocarbon versus 

---~'''----'''-'' .. _ .. ---------_. 
--------------~-----~----
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the reduction of the limit pressure, since this was 

outside the scope of the present work, but the necessity 

for degreasing pressure vessels that are to contain 

nitrous oxide is obvious. 

6.1.3 The ~laximum Explosion Pressure 

The Effect of Heat Losses 

The theoretical maximum explosion pressure can 

be predicted from a knowledge of the thermodynamic 

properties of the nitrous oxide and the reaction products. 

If it is assumed that the reaction products behave as a 

perfect gas mixture, the explosion pressure can be 

determined by calculation of the average maximum explosion 

temperature T and a knowledge of the products of the e 

reaction. For a perfect gas -
p T ne e = e 
p To no 0 

T can be determined by applying an energy 
e 

6 (3). 

balance before and after the explosion. Any calculation 

route may be used from the initial conditions to the 

final conditions, provided the appropriate energy changes 

are used at each stage. For convenience, the explosion 

is considered to occur in two stages. Firstly, the 

nitrous oxide decomposes at the initial temperature into 

the combustion products, whose concentrations correspond 

to those at the equilibrium temperature T and pressure P , e e 

liberating ene~gy E:~J10L1ufTo· Secondly, the decomposition 

0<.0 
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products are raised from the initial temperature to the 

mean maximum explosion temperature, T. These energy 
e 

changes are expressed in the following equation. 

~ c(. n Llu 
Goo fTo 
0<.0 

- u ) 
T 

o 

This equation assumes that no heat is lost 

6 (4) 

during the reaction and that the decomposition products 

are known, including the amount of nitrous oxide undecompos·ed. 

During the experimental work, the products of decomposition 

were analysed after they had returned to the initial 

temperature T. Although this differs from the decomposition 
o 

products at the explosion temperature, it is thought· to be 

a reasonable approximation. 

The most important difference between the observed 

rraximum explosion pressure and the theoretical maximum 

explosion pressure arises from the heat losses during 

the reaction. 

The major contribution to the heat losses during 

the explosion is provided by convection, and it is possible 

to make an estimate of the heat loss from the pressure-

time curve after the maximum explosion pressure. If it 

is assumed that this is a true cooling curve, and that 

the rate of pressure fall due to heat losses is represented 

by its slope, (-~~ ) , the maximum rate of fall of pressure 

will correspond to the conditions at the maximum explosion 

pressure, P. This assumption makes no allowance for any 
e 

"after burning" that may occur ircimediately after P has 
e 

been reached and the consequent reduction in the rate of. 

cooling. 



- 90 -

The heat loss during the cooling process can 

be expressed as 

Q = 6 (S) 

The heat loss rate can also be expressed in 

terms of the fall in the heat content of the gas in the 

vessel. 

Q = n e 

IV 

'"'\I 
C 

V 
dT 
dt 

6 (6) 

\mere C is the mean molar specific heat of the v 

products. By combining equations 6 (5) and 6 (6), we 

obtain -
N 

n C e v 
S 

dT 
dt 

= K(T - T ) a 

If it is assumed that the perfect gas law 

6 (7) 

may be applied to the combustion products" and that there 

is no furth~r reaction during cooling, T may be replaced 

by P and ne by n f , so that 

dP 
(1t 

Integrating equation 6 (8) we obtain -

KS 
= 

6 (8) 

6 (9) 

The LHS of equation 6 (9) is shown plotted against 

(t-t ), for various initial conditions and vessel parameters, e 

in figures 23 and 24. In all cases, the plot produced a 

straight line over the major part of the cooling curve 

'" and from a knowledge of n
f

, C
v 

and S, the value of the 

overall heat transfer coefficie~ts, K, for each explosion 

~ __ -.. ____ ~ ______ ..... __ .... _ ... -._ .. _._ ---,;---_._-_<0.----- _ _ _____ ..... _. __ .--- ________ .. _________ ._. __ ,. __ ~ _~_. ~ _ _..._ ..... '~ _________ .. ;_._ ... ____ ~._._._ 
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FIGURE 24 
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could be ·:calculated. The values of K ?re shown plotted 

against the maximum explosion pressure for each liner 

in figures 25, 26 and 27. 

In the cases of the vessel with no liner and 

with the liner with the smallest surface area to internal 

volume ratio, the plots provide very good straight lines. 

In the case of'the liner with the large~t surface area to 

internal volume ratio, the points are more scattered, 
,......, 

probably due to difficulty in estimating C and poor heat v 

distribution because of the large amount of nitrous oxide 

that remained undecomposed when using this liner. 

The correlations obtained were -

K = (9.26 + 0.42) P 0.6 
e for no liner 6 (10) 

K = (11.63 + 1.25) P 0.6 for liner I 6 (11) - e 

K = (25.33 + 4.15) P 0.6 for liner II 6 (12) - e 

It is interesting to note that these show the same dependence 

on pressure as Lee's results (40) for ethylene oxide in the 

same vessel, and the coefficients are of the same order. 

It was noticed that the coefficients could be expressed as 

KV :!: 0.218 
S 

p 0.6 
e 

as shown in figure "2·8. 

6 (13) 

By combining equations 6(9) and 6(13), the maximum rate of 

heat loss, corresponding to the'maximum explosion pressure 

can be found: 
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6 (14) 

by inspection of equation 6 (14), it can be seen that the 

maximum rate of heat loss is a function of (~)2. If a 

fixed volume cylinder is considered so that 

6 (15) 

then 

S = 
D 
4V 6 (16) 

which has a minimum value when LID = 1 

This means that the heat losses will be greatest 

in a cylinder where ~ is much greater than one or where 

L D tends to zero. In view of the fact that the flame front reaches 

the walls more rapidly in vessels in large ~ ratio, the heat 

losses would become more important at a much earlier stage. 

in the explosion and the maximum explosion pressure will 

be further reduced. The relationship also indicates that, for 

L a given value of D' the maximum rate of heat losses decreases 

with a reduction of the surface area to internal volume 

ratio. This means that the maximum explosion pressures 

will occur in vessels of large volume and this is 

reinforced by the fact that the flame front reaches the 

walls at a later stage in the explosion. Thus heat losses 

represent a smal.:Er fraction of the heat generated in a vessel 

with a large volume, than in a vessel with a small volume 

and the same L 
D 

__ .-- -" .• --- ... ----.• --.... _ .• ,_._ .••.• ___ • ____ • __ •. _ ,'-'.'0 ... __ . _._. __ • - .... ___ -. __ ._.0 _____ -_._. __ .•. _____ ~ __ • ___ • _________ . __ 
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The quantitive estimation of the heat losses is difficult. 

Initially, at the moment of ignition, they are effectively 

zero and at the end of the explosion, they reach a 

maximum. During the initial part of the explosion, the 

flame front expands spherically and if it is assumed that 

the heat loss to the surrounding gas, and hence to the 

walls, is prop'ortiona1 to the surface area of the flame 

front, then 

-dP oc 
dt 

6 (17) 

The radius of the equivalent spherical flame r b , can be 

calculated from the pressure-time record with the aid of 

r2 
equations 3 (25) and 3 (27) a plot of b against time is 

R2 

shown in figure 29 for a variety of conditions of initial 

t t o °to 1 d s empera ure, lnl la pressure an -. v It can be seen that 

the increase in the area of the flame front with time is 

nearly linear during the initial part of the explosion 

period and is approximately constant during the final part. 

Thus we can divide the correction for heat losses into two 

distinct parts; during the initial time interval. 

6 (18) 

and during the final time interval 

constant 6 (l9) 

by combining equation 6 (17) with 6 (18) and 6 (19), the 

following relationships can be obtained: 

-dP oG t 
dt 

6 (20) 

----------- ---------- .-._-- ---~- ------- -_. -------------------_._--------
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and 

-dP 
dt 0( constant 6 (21) 

If these are integrated over the time interval from 

ignition to the end of the reaction the total pressure loss 

is given bx-

c1P = (ls~~) 
Pe 

(dP) (t 
ttl + dt t2 

Pe 

6 (22) 

In some cases, especially at low initial pressures and in 

vessels with a high surface area to internal volume ratio, 

the second term in equation 6 (22) is negligible because 

of rapid quenching and a simplified equation resul ts, vlhich 

has been used successfully by other workers(40,26). 

In this work, the second time interval was usually 

significant since reaction continued after the maximum explosion 

pressure had ~een reached. During this time interval, the 

heat generated and the hea~ losses were balanced so that 

the pressure remained constant. The end of the time 

interval was clearly marked by the fall in pressure on the 

pressure-time record. 

.... Equation 6 (22) still contains several approximations, 
:.1. i. 

which may lead to errors, when it is applied to a cylindrical 

vessel, under certain initial conditions of temperature, 

pressure and v~ssel geometry .. 

1.' During the initial part of the explosion, and 

especially at high initial gas densities, the bulk of the 

heat from the reaction ~one is transmitted only to the next 
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layer of gas. Wall heat losses are due only to radiation 

from the flame front and the adiabatic temperature rise 

in the gas due to compression. Since at this stage the 

temperature throughout the system is, on average, lower 

than it will be subsequently the assumption of heat losses 

proportional to a sphericaL surface is probably an 

overestimate. The time interval is, however, quite short 

and corresponds only to the initial non-linear portion 

of the plot of rb
2 

versus time. 
R2 

2. During the next time interval, the £l~me front expands. 

uniformly, corresponding to the linear portion of the plot 

of rb
2 

versus time. Heat transfer to the walls occurs 
R2 

mainly by convection with radiation and conduction playing 

a minor part. During this time interval, the assumption of 

heat losses proportional to an equivalent spherical surface 

is probably right or at worst a slight overestimate 

3. During the final time interval, the flame front 

reaches the walls; initially at the bottom of the vessel and 

finally reaching the top after travelling along the axis of 

the vessel. Some "afterburning" almost certainly occurs 

s especially in vessels with a low v. Heat transfer is a 

combination of all possible mechanisms, but it would seem 

reasonable to assume that convection plays ,the major role, 

with some radiation from the flame front. During this 

interval, the bulk of the hot gas is in contact with the 

walls and the assumption of heat losses proportional to a 
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spherical surface is likely to be an underestimate. The 

fact that the gases are likely to be turbulent, thus 

enhancing the overall heat transfer coeffici~nt, is also 

likely to result in greater heat losses than ~redicted. 

The effect of applying equation 6 (22) to a typical pressure 

time record is shown in figure 30. It can be seen that the 

corrected curve is consistent with a simple model of an 

explosion in a cylinder, in which the flame front 

initially expands spherically and then along the axis of the 

vessel. That is, initially, there is an adequate supply of 

fuel and the pressure rises rapidly. Subsequently, the 

fuel exists in one direction only and the rate of pressure 

rise is slower. 

In order to evaluate further the accurac~ of the heat loss, 

I correction, plots were made of P IP and P Ip , compared 
e 0 e 0 

with the values of P IP, generated from equation 6 ('4), ec 0 

against Po in figures 31 and 32. It can be seen that the 

experimental values of P IP are, on average, 57% lower than 
e 0 

the calculated value of P IP. After applying the ec 0 

corrections to obtain pIIP , this margin is reduced to 
e 0 

25% at low initial temperatures and 3% at high initial 

temperatures. The margin is greatest in vessels with a high 

This general discrepancy is partly accounted for by the 

arguments outlined above and in addition, there are a number 

of other sources of error. 

Firstly, no correction has been made for radiation losses. 



- 104 -

0 
M a:: 
W W a:: Z 
:J ~ 
~ --1 

4- 0 
M 
N 

Z M 

---,-

I I 

, I 

I, 

I ' , I 

, , 
i'~ 

I' 
U_ . ' .. ~ 

I 

=t: J 
I, 

~ ~~~~----+-----------~--~-r--~-r~--~-----+-----~------t-----~--.--~-----

~--~-r--~~------~~--~--~~--~--4-----~------r-~---r-----,------i·------~----~----~ 

~--~-r.~,r.,'--+------+------t~~--~~--4-~---T------~-----r----~------+------+------------~ 

~~~---~\~--~r---~~-7-~-'r-~-----r~--~----~----r-----~--~------------J 
~~~~~~_\~4-----~------Y------r----~----------~~----~~----4------+--~--~-----r---~ + I 

~--~---1t~~~~~~r-~~----'r---~----+---------~----'~--~--'--------i 

,, ' 'I~ 

~ I I 
-~ 

.+-. I 

~~~-r~--~-~"~=r--+------H----~~----~-----r------~-----~:~--~------~-----r------------~ 
i ----..J 

I 

\ I 

~ 
1 "1." 

\ ----j 
, ' ! \ 

I ,,, u . 
=i 

I 

J r-----~----~------~'~~~--~~~.~~ ---------~----~------~----------~------~------------------~ 
" " 

r-----~----~------------_r---~,~~' ~:~I------------~------------.~-----------l------------ .~ ~ ~ I ! 

'-, -- :-- ' 

"..--

V1 

!.lJ 
2: 
/-

lO 

N 

LO 
d 

-t- ==J 
~~~----~------~----~--~---~ -~~ . ~ 
r-----~----~------~----~----~--~--+_----_r----~------~-----~~---=~~~-----4-----.--- ~ ! ~.=± . - ---1 (:) 
~----+------r----~----~------~----;----~------Ir __ ~-__ ~-_-_~_-_~~-_~r::---___ . -~~~, ! ::::j 

. ' > . ...... I ' 
~--+-~+----~--~~~-----+-------~·--------~I ----·~r~! ~ 

~--~~~~----~---r----~--~-----r----+~--+ . .i.\ ~ 
~~-r--~~--~--~--------~---------~~ ~~~ j 

! ' i ~.r=~ 
~-~--~~~--~~~~ .~~-~-~ ~----'-+------+----------i-------"---=+= 1 =r I ----_ ~~--~ 
r---~~~--~----.~~--+----~l --+---~--~------L-------+----~~ c) 

o 
to 

000 000 
r...o "" f") f'1 

('5 .J oq ) 



.. 

'J

ll
t 11 • IJ"I'lltW ~ II ~f-' ~ r: t·~m±I. 9 04-- M-r 1I111l fI JJ" ~ - __ - : - = - . _ 1)tn1m111mttni]:ttttHlil H III 

- 1 - - - - - ~ - t - - - , - Icrj j LU IJI LlL!~llj:l:t L. __ 
~ I -
1"1 v ~ ... ~ 

:+' I II ~v , - <) __ _ ~ _ 
7 

J; . 4 . - . - •• - _ . - . -t:-
~IT I r-! Iff 

_0-1 II ~ v<; . ~ - 40Jl 

(LO - I - I f ITITI -II1r~ ~ / t v - l' -I \ .-

- 51-lit --t -rttihtHll/ ' ~- .~--~.-~- . - -~-tl- I- ~'~~~_Ij: :J:m~~ lj~~jjrmt~IOOrnf] 
0... I -. - . - . -~~ .-_ . . 1--1-[- n-t ]'-j-l[[i[fltIttt II t=t_~ - . ~ .-

31t!- -- I -lit 111 i r-I - II tr -1- --' jl-l-HI~ l~m:L - - -J --1- ~k lJJJJJJ 

1 Jl_- li_ I t +1) __ 1-- -nil ---_ I _ ~~ '-lr---+f .I' _f _.-:T rITllil 
1'.11111-1 - [Tl - -I ci -I -l -llr --- 1]-1 "'ll1l1 f - -IJ : - '-I: ~- 11}-t+tR+ _ ~ Ll]l1 _. 1_ LJ _ ] _ _ J i~ U_ ~J l j _ _ U i _ JL. lilllJ ., 

I 8 9 
Ir) 1-) t oo;, .. a b. c , 

0 ' ,~L ( .J J 

10 11 

... ___ ....... -......_ . .. ~ _ _ .w· •. __ ~ ....:;.~ ...... --.~----~P---- ... 

FIGURE 31 

NO L1NER 
323K 

G ~(. / Po 

o pcz' I P ~ 

• Pe / Po 

f-J 
o 
Ul 



.. 

8 

7 

P 6 
Po 

5 

4 

3 

2 

I I 

I I 

, I I 

- 106 -

FI GURE 32 

~. 

T 
-" 

1: I I 
I I 

I I 

I I 

I I 
I 

I 

-:0:- ' 

~+-~~~ __ +-____ ~~ __ ~~~~~c __ -+~ __ -+ ____ -+ __________ ~ ______ ~ ____ ~ ____ ~ ____ ~ 

r+~~~--~~------+_~---r--~~------4-~----~~~~----~-----+------~-----i------~----.--

! J 

, I 
_.l..-___~ 

~----+-----~----~ 

~------~-----~ 



- 107 -

Secondly, it was assumed in equat~on 6 (24) that ne could 

be replaced by n f • In fact, some dissociation of the 

reaction products probably occurs at the ~flame temperature 

and, since most such dissociations are endothermic, the 

actual temperature (and hence pressure) would be slightly 

lower than the calculated value th~oughout the reaction. 

Thirdly, another reason for the discrepancy, especially . 
in vessels with a high s, is that during the period when v 
the flame front is travelling along the axis of the vessel, 

not only is the surface area greater than that of an 

equivalent sphere, but also the heatrransfer coefficients 

are likely to be enhanced by turbulence and 'hence the heat 

losses are greater than predicted by equation 6 (22). 

s Forthly, in vessels with a high -, the amount of nitrous v 
oxide undecomposed is greatest. This means that the 

estimates of the mean specific heat of the reaction products 

are most likely to be in error. 

The reason for the difference in the discrepancy between 

high initial temperatures and low initial temperatures 

cannot be explained so easily. One possible reason is that 

at low initial temperatures, the fuel content of the 

experimental vessel is greatest, the total heat released 

by the reaction and consequently the potential heat losses 

are greatest. Further, it can be seen from the theoretical 

calculation of isochoric flame temperatures that, for a 

change in initial temperature from 298K to 473K, the 
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theoretical' flame temperature changes only from 2420K 

to 2550K. Any error in the heat transfer coefficient at 

low initial temperatures is thus magnified by a greater 

mean temperature-difference. In spite of the discrepancy, 

the method provides a useful tool for correcting the 

heat losses during the reaction, especially during the 

initial stages. The method is used later when calculating 

burning velocities. 

Brandt and Rozlovkii did not measure the explosionopressures 

developed during their work and so no comparison can be made. 

Krisjansen et al(6) did measure the maximum explosion 

pressure but made no attempt to estimate their heat losses. 

The maximum explosion pressure that they measured was never 

more than four times the initial pressure. This is 

consistent with the present work since their vessel has a 

higher surface area to internal volume ratio than any used 

in the present work and, even at similar. initial conditions 

of temperature and pressure, their heat losses \llould be 

greater. - \. 

In addition, the initial pressures 

used in their investigations were higher, so that it would 

be difficult to correct their-results for heat losses using 

the present work as a basis for the correction. 

- .' 
The Effect of Initial Temoerature 

+ 

The effect of initial temperature on the maximum explosion 

pressure can be predicted from theory using equation 6(4). 

This indicates that the theoretical explosion pressure is 
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a maximum at low initial temperatures, for any particular 

pressure, provided only that it is remote from the 

explosion limits. The e~fect is seen even more clearly 

when the decomposition products are corrected for the 

undecomposed nitrous oxide and the pressure and temperature 

for total decomposition calculated. Figure 33 shows a plot 

of P /P and P /p against initial temperature, for an e 0 eco 0 

initial pressure of 9.5~ bar (g). It can be seen that the 

variation of the experimental values, with temperature, 

is less marked than the theoretical values. This is to be 

expected since heat losses have already been shown to be 

highest at high ~xplosion pressures (equation 6 (14)) ·for 

the "reasons given : in the previous section. Figure 34 

shows a similar plot for the same initial pressure, but in 

a vessel with a higher surface area to internal volume ratio. 

In this case, there is a higher residual amount of nitrous 

oxide and·so the results are more scattered. The general 

trend is still a reduction in P /P with increasing temperature, e 0 

but the heat losses are even higher in this vessel and 

consequently the curve is flatter. The corrected curve 

Peco/Po against temperature is exactly the same shape as 

that in figure 33, but the values are a little lower due 

to differences in the reaction products (q.v.). This 

reduction in trend and ~ncieas~d scatter is consistent ~~ the 

results of Krisjansen et al(6). For an initial pressure 

of about 21.7 bar (abs) and temperatures between 502K and 

887K, there is a slight downward ·trend in the value of 

Pe/Po with temperature, fig 35. With the high surface 
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area to internal volume ratio of Krisjansens experimental 

vessel and the higher initial pressurffi, the heat losses 

would be large enough to account for their results. 

The Effect of Initial Pressure 

The effect of initial pressure on the maximum explosion 

pressure can also be predicted from theory using equation 

6 (4). At pressures away from the limit pressures 

assuming constant decomposition products, there is little 

variation in P IP. Using the actual decomposition products, ec 0 
a gradual increase in P IP with P is predicted, at ec 0 0 
pressures away from the limit pressure,with a more rapid 

increase near the limit pressure. 

A plot of P IP which is corrected for undecomposed ecO 0 

nitrous oxide, shows little variation with pressure. In 

figure 36, the experimental values of P Ip are plotted 
e 0 

against Po' together with the theoretically calculated 
, 

values, for an initial temperature of 398K. The 

experimental values show a gradual increase in P Ip with e 0 

pressure, but at pressure ratios significantly lower than 

theory. This appears to be a result of the slow increase in 

the amount of nitrous oxide decomposed with increasing 

pressure, which more than compensates _for the enhanced heat 

losses due to increasing maximum explosion pressure. At 

low initial temperatures and with higher surface area to 

internal volume ratios, the heat losses are much greater 

and no obvious trend exists in the values of P Ip with 
e 0 

p .' 
o 

I 
J-

I 
I 
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i 
! 
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It is difficult to compare the results with those of 

Krisjansens et al(6} since the number of experiments 

performed by them was usually limited to three at moderate 

initial temperatures and six at high initial temperatures. 

A plot of their results at 887K is shown in figure 37. 

These also show a slight increase in P /P with P , but e 0 0 

i~ should be remembered that these values were extracted 

from P-t diagrams inthe literature and are subject to a 

margin of error similar in magnitude to the apparent trend. 

6.1.4 The Maximum Rate of Pressure Rise 

The Effect of the Surface Area to Internal Volume Ratio 

The maximum rate of pressure rise is shown plotted against 
S 
V for an initial temperature of 323K and an initial pressure 

of 8.52 bar (g) in figure 38. This shows a decrease in the 
'S 

rate of pressure rise with increasing values of V. 

Because the results for other initial temperatures and 

pressures show some scatter, the mean maximum rate of pressure 

rise for similar pressures, away from the limit pressure, 

for an initial temperature of 348K is also plotted. Both 

h " "th d " S If "d th curves s ow a r1se W1 re uC1ng V~ we conS1 er e 

effect that ~ can have on the rate of pressure.rise, from 

a theoretical point of view, the major influence would 

appear to be on the rate of heat loss, which equation 

6 (14) predicts to increase, with increasing ~. This 

appears to be fully justified by the experimental results. 

It is difficult to compare the results of Krisjansens 

et al(6) with the results from this work, since all their 
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work was carried' out at higher pressures and/or higher 

temperatures which, as will be seen, has a significant 

effect on the maximum rate of pressure rise. However, 

at 568K and 23.32 bar (g) , the maximum rate of pressure 

rise of about 60 bar s-l is very much lower than would 

~e expected at a similar temperature and pressure with vessels 

_having a similar ~ ratio to that used in this ~orkand confirms 

the trend shown in figure 38. Thus it can be 

predicted that at given initial conditions of temperature, 

pressure and vessel volume, the maximum rate of pressure 

rise will be greatest in vessels with the lowest surface 

area to internal volume ratio. 

The Effect of Heat Transfer Losses and their Correction 

In section 6.1. 3, the variation of ~-~i ) with time was 

discussed and the equation 6 (22) postulated 

6 (22) 

It was shown that for the initial part of the explosion 

in most cases -(~!) DC t 6 (24) 

So that it is possible to correct the early part of the 

explosion at any time by an amount ~p' where 

/ (dP) 
Llp = ~ dt p • 

e 

6 (25) 

this equation was used to correct the pressure time record 

shown in figure 30. This resulted in an increase in the 

maximum rate of pressure rise (calculated from the slope 
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of the p-t record) from 376 bar s-l to 414 bar s-1, for 

an initial temperature of 323K and an initial pressure of 

S 748 bar(g), in the vessel with the lowest values of V. 

However, since the maximum rate of pressure rise is of 

short duration, the value generated may be inaccurate. 

If equation 6 (20) is used and boundary conditions 

applied for the first part of the explosion, it can be 

written 

= 6 (26) 

so that if the time, t , for the maximum rate of pressure m 

rise is known 

(dP) I 

dt max 
+ 6 (27) 

In the case of the pressure time record shown in figure 

30, the maximum rate of pressure rise occurs at t = 0.45s 

and since tt = 0.55, the maximum rate of pressure rise 

corrected for heat losses becomes 388 bar s-l. The 

correction is small compared with the differences in the 

maximum rate of pressure rise, for different values of 

~, and it will be shown later that other factors such as 

vessels volume and diameter have a major effect. In 

addition, the example shows that since the maximum rate 

of pressure rise occurs just before the maximum rate of 

pressure 1055, it would seem reasonable to use(~iL as 

the basis of a more general correction. e 

---- ----.-.-----~- ---- ------.. __ .----------
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The prediction of the maximum rate of pressure rise from 

theory can be made by applying rate equations to the 

decompos~tion, but this involves a knowledge of the 

temperature, pressure and the undecomposed N
2

0 at every 

stage. During the initial stages of the reaction, when 

the reaction is essentially at constant pressure, the 

temperature of the reaction zone is fairly easy to 

calculate based on the so-called adiabatic flame 

temperature. From this temperature and using a first 

order reaction constant 

( 
11 

. kca = 1.2 x 10 exp 60900 
R'r 

f 

(12) ) 

it is possible to calculate the rate of reaction and hence 

a rate of press~re change. However, these values do not 

represent the true rate of pressure rise since, for the 

reasons given in chapter 3, the reaction rate is limited 

by the diffusion of reactants to the flame front and by 

heat transfer. For thi~ reason, a comparison of calculated 

values with experimental values has not been attempted, 

instead a compariso~ of calculated (36) and experimental 

burning velocities will be made in chapter 7. 

Effect of Initial Temperature 

Plots of the maximum rate of pressure rise against temperature 

are shown in figure 39. The results relate to an initial 

pressure of 9.55 bar(g) to the average maximum rate, in the 

S vessel with the lowest value of V and also to the average 

maximum rate in the vessel with the intermediate value of 

s V. The plots show an exponential 



(bar s-l) 

• • I 

-I' 

I 

- 121 -

FIGURE 39 

i' 

I 
; ,-... 

, . 
t 

I . 
• • I 

.. 

,. • p-

• ,. • L 
~,. 

\y . 

'" 
. "'. , '" . ,', '" , '" 
I." '" . ,. ., .... 

" ..... 

,. 
" " " . 

.\ I '''I: . " 

. " 
'\. 

" I .. -
" 1II 

'" ., 

• I 

..... 

...... 

-, 

........ ....... , 
" 

~ 
......: 

.......... 
........ ---

...... 
, ....... 

......... 
r-.... 

•• I 

I 

I 
, t 

I 

"" ....... 
....... 

........ 
:...... 

I 
r -

.... 
~ -- I --. 

.' . 

• I 

" , I 

I . 

· I 

· I 

I 
• t 

• I 

__ r 

--...... -........... 

I I 

I.' 

• I· 

t 

I 
I 

. , 
I· 

t: 

....... , 

- . I- I -- --- -, I -I -
i 

29.8 348 398 446 

To (K) 

• NO LINER 9.55 bar g . 
8 NO ~INER AVERAGES t 

• Ll NER 1 AVERAGES . . 

--_.------------------------_ ....... ..--

i 

..... 

-



- .. ~---- .--•. -~-

- 122 -

decrease in the maximum rate of pressure rise. with 

increasing inital temperature. At first, this would 

appear contrary to previous experience, since the 

heat losses have been shown to have more effect on the 

~aximum explosion pressure at low temperatures. In 

addition, since the reaction rate increases with 

increasing temperature, an increase in the maximum rate 

of pressure rise might be forecast. However, because 

the maximum rate of pressure rise occurs before the 

flame front reaches the walls, the effect of heat losses 

is probably less significant during the first part of 

the reaction, especially when the concentration of 

nitrous oxide is high, as at high initial pressures 

and low initial temperatures. 

It will be shown later (Chapter 7) that if the 

decomposition is a first order reaction, the theory of 

Zeldovich and Semanov (36) gives the dependence of the 

burning velocity, Ub , on initial pressure and temperature 

as 

6 (28) 

which would suggest that ~t constant pressure, 

increas~ng initial temperature should yield an increased 

rate of decomposition and hence pressure rise, due to an 

increasedburning velocity. However, as has been shown 

previously; increasing initial temperature has two other 

effects, firstly the ~verage temperature rise during the 

reaction decreases, thus the average burning velocity does 

not increase as strongly with initial temperature 

--~---:----.. -~-~--------:-----------~--



- 123 -

as 6 (28) seems to suggest. Secondly, the 

concentration of reactants decreases. In order to see 

if this could explain the exponential decay in the 

maximum rate of pressure rise with temperature, it 

is necessary to define the rate of pressure rise in 

terms of burning velocity. The relation between pressure 

and the number of moles of reactant decomposed has been 

shown to be of the following form (25,26) 

n 
n e 

If we arrange this,then 

P = (Pe - Po) n 
n e 

+ p 
o 

6 (29) 

6 (30) 

which, when differentiated with time for constant Po and 

T yields a 

dP 
dt = (P - P ) 

e 0 
n 

e 

dn 6 (31) 
• dt 

since (P - P ) and n are functions mainly of the initial e a e 

pressure and temperature. 

Similarly, at any time t, 

dn oC (U . r2b . p ) 
dt \' b \ U t 6 (32) 
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Where fu is the molar density of the unburnt gas. 

If all the terms on the right hand side were independent 

of .!-' l..lme, then the solution would be simple, however, 

they are all time dependent and interdependent. 

It has already been shown that, during the 

initial part of the experiment, rb
2 

is a linear function 

of time, in Ylhich case, since e u represents a mass of 

gas contained in an ever decreasing volume bounded by 

rb and the vessel walls, fu is also a function of time 

and the degree of conversion. Hence, we may rewrite 

equations 6 (31) and 6(32) as 

dP P P Ubt 
-2 t e ut 

n 
6 (33 ) OC - R e 

Lit e 0 oJ-
'-t n n 0 e 

Nhere R is the radius of an equivalent sphere, based on 

the volume that reacts before the flame front reaches th8 

walls which reduces to 

dP ~ (p - p \ • U
bt Cit \J eo) ~ 

n o 

6 (34) 

n is a function only of initial temperature and pressure, 
o 

but ~ is a time dependent function of ini tial pressure and 
u 

temperature and of the pressure, at time t f so that the 

equation reduces to -
I \-'- ji2 t l{T 

(p \«_.,!} 2.2 -0 dP 0..-: (P e - p 0)( ~ r R3 
f P :"0 ' 

p 2 6 (35) 

dt \ 0 tt ~ 0 \ 0 / _J \ J 
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"dP 
if we now examine the general .effect of Tu on dt we 

] t dP " "th . . fl t t can see t 1a dt lllcreases vl1 l.nCreaslng arne empera -ure 

and maximwn explosion pressure. Since during the initial 

part of the reaction, the heat losses are least 

important, the ratio of flame tempera-ture to initial 

temperature is a maximum at low initial temperatures, as 

is the theoretical value of P and P. Hence an increase 
e 

in the initial temperature could be expected to reduce 

the maximum rate of pressure rise. At higher initial 

temperatures, the heat losses become a significant part 

of the rate of pressure rise. It would therefore be 

expected that since heat losses gradually decrease 

with increasing temperature, at some point, the effect of 

temperaturE rise might lead to an increase in the maximum 

rate of pressure rise. 

Another proposition that emerges from equation 

6 (35) is that the maximum values should occur in the 

*-'-2 vessel with the greatest value of R for any given 
R3 

initial conditions of temperature and pressure. This means 

that if the effect of heat losses vlere neglected, the maximum 

rate of pressure rise would occu~ in the vessel with the 

L smallest volume, the value of D nearest one and hence 

S the highest value of~. However, as discussed earlier, 

in a vessel of small volume, and high ~ heat losses vlould 

be more significant throughout the explosion and would 
-2 R 

reduce --3 and other te~TIS in equation 6 (35) and hence the 
R' -

maximum rate of pressure rise. It is for this reason 

that the rate of pressure ~ise increases with decreasing 
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;~ figure 38. 

comparison with the work of Krisjansens et al(6) 

is difficult since all their experiments were carried 

out in a vessel with different dimensions and at much 

higher temperatures. Inspection of their results shows 

that at low initial pressures, there is a gradual increase 

in the maximum rate of pressure rise witn temp~rature whilst 

at high initial pressures (40-50 atmos) either there.is no obvious 

trend or there is a decrease. Thus it would seem that ·the 

effect of concentration and hence total available energy 

of decomposition, can outweigh other effects of temperature 

on the maximum rate-of-pressure-rise. 

The Effect of Pressure on the Maximum Rate of Pressure Rise 

The effect of increasing pressure on the maximum 

rate of pressure rise is shown in figure 40, for an initial 

temperature of 323K, in the vessel with the lowest surface 

area to internal volume ratio. (The largest number of 

results, with the greatest pressure range, being at 

these conditions). It can be seen that although there is 

a good deal of scatter, the general trend is an increase in 

the maximum rate of pressure rise with increasing initial 

pressure. 

Inspection of results for other initial temperatures 

and pressure shows that this trend ·is always present. This 

would seem totally consistent with the effect of pressure on 

the maximum rate of pressure rise predicted by equation 

6 (35). If the result~ of Krisjanseri et al(6) are inspected 
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they also show that the maximum rate of pressure rise 

increases with initial pressure "for all initial temperatures. 

6.1.5 The Products of Decomposition 

The Effect of Vessel Geometry on the Products of Decomposition 

In order to compare the products of decomposition, 

under various initial conditions of pressure, temperature 

and vessel geometry, the effect of undecomposed nitrous 

oxide was eliminated and the products of decomposition per 

mole of decomposed nitrous oxide were calculated. Because 

of the scatter in the results, the mean of the products of 

decomposition for four sets of initial conditions was taken 

in order the determine the general trend. The results are 

shown in figure 41 from which it can be seen that the general 

trend is to higher concentrations of nitrogen dio~ide at 

S higher values of V. This must lead to a reduction in the 

amount of oxygen and a slight reduction in the amount of 

nitrogen. In order to understand the reason for the 

increase in the yield of nitrogen dioxide with increasing 

S 't' t 'd th h 1 f h V' 1 1S necessary 0 conS1 er e ot er resu ts 0 suc an 

increase. S Firstly, increasing V leads to increased amounts 

of nitrous oxide remaining undecomposed. This can be partly 

accounted for by increased heat losses due solely to ~ and 

partly due to wall quenching, which occurs earlier in vessels 

with a high ~, since in this work "increasing ~ corresponds 

to a reduction in diameter. Secondly, the amount of nitrous 

oxide available for decomposition is 
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S 
less)since in this work increasing V is equivalent ~o 

a reduced volume. 

To fully understand these effects, it is 
,1, 

necessary to consider thermal theory and the effect of 

heat losses and nitrous oxide concentration on the 

formation of nitric oxide (which is finally present in 

the reaction products as nitrogen dioxide). Kaufmann 

et al(13) found that during the initial stages of slow 

decomposition the yield of NO was as high as 60%, but 

that nitric oxide rapidly inhibited its own formation. 

Brandt and RozlovskilS) showed that nitric oxide was 

formed in the rapid decomposition of nitrous oxide and, 

on the basis for their work, Rozlovskii 24 ) attempted to 

formulate the relationship between the amount of nitric 

oxide generated during a closed vessel explosion and 

the initial and temporal condition of the nitrous oxide. 

His first conclusion was that the final amount of nitric 

-~ oxide was proportiona~ to Po 2'but since the results of 

Brandt and Rozlovskii 5 ) indicated that the final amount 

-1 
of NO was proportional to Po he modified this. The 

reasoning (which is similar to that used in this work 

for the dependence of the rate of pressure rise on 

various parameters) was that although the flame temperature, T
f

, 

increases as the flame moves along the tube, the yield 

of NO decreases since the influence of the increase in 

pressure is greater than the influence of the increase 

in T
f

. Where the heat losses are larger, the increase in 
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~n T
f 

and P is smaller than the calculated value, the 

reaction products cool more quickly and thus the yield 

of NO increases. He also showed that the yield of NO 
.p, 

decreased with decreasing residual nitrous oxide. On this 

basis, it is possible to forecast that because heat losses 

will be greatest in vessels of small diameter and low ~, 

(and hence the amount of nitrous oxide undecomposed) 

the y~eld of nitrogen dioxide in the final products will 

. S . 
~ncrease as V ~ncreases. 

'Comparison with the work of Brandt and Rozlovskii 

is difficult because their vessel was of different 

dimensions and no analysis was carried out of the total 

products of decomposition. Their experimental vessel had 

S 2 3 
an V of 69.2m 1m which is similar to the intermediate 

liner used in the present work and an internal diameter 

of 61mm which is also similar. The tot~ volume of their 

vessel was four times greater. The stated yields of nitric 

oxide for similar initial pressures are a little lower 

than in the present work, at low initial pressures and 

much lower at high initial pressures, but it is not stated 

whether these were corrected for undecornposed nitrous oxide. 

However, if allowance is made for the fact that their 

observed pressure limit for decomposition was also lower, then 

the residual nitrous oxide and heat losses would 

necessarily be lower and hence the amount of nitric oxide 

formed would also be less. 

.. " 
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The effect of initial pressure 

The effect of initial pressure on the products of 

decomposition can be predicted from the work of 

Rozlovskii(24). This would indicate that increasing 

initial pressure would lead to lower yields of nitric 

oxide provided heat losses were negligible. The composition 
I 

of the products of decomposition (corrected for "undecom~<?sed ni t"rous 

oxide) for an initial temperature of 448K and the vessel 

with the intermediate value of ~ are plotted in figure 44e 

It can "be seen that, as predicted, the amount of nitrogen 

dioxide decreases with increasing pressure. The rate of 

decrease is similar to that predicted by theory lying 

-"- -1 between p ~ and p . Inspection of "the results for 

other initial conditions of temperature, pressure and 

vessel geometry shows that this trend is generally present, 

hOvlever frequently heat loss effects and the amount of 

nitrous oxide undecomposed lead to a considerable scatter 

of the result.s. 

The effect of the initial temperature 

It is possible to predict the effect of initial 

temperature on the amount of N02 in the final products 

of decomposition from the theory at Rozlovskii and a 

knowledge of the general effect of heat lossese For 

given initial conditions of vessel geometry and pressure, 

the ~lount of nitrogen dioxide can be expected to increase 

slightly due to increasing initial temperature and to 

increase slightly due to a reduction in the heat losses 
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with increasing temperature, In fact, when the results 
I 

are inspected, the variation with temperature is less 

marked probably due to the reduction in the molar density 

of the nitrous oxide. Figure 43 shows, a plot df the 

products of decomposition per mole of nitrous oxide 

decomposed for initial conditions of 9.55 bar(g} in 

the vessel with the lowest value of ~. It can be seen 

that the products of decomposition are virtually constant 

with increasing temperature. 

6.1.6 The Amount of Nitrous Oxide Undecomposed 

General- _ 

Whenever an explosion takes place in a closed 

vessel, there is always a small layer of gas at the wall 

surface that remains unburnt due to heat losses. The 

thickness of the layer depends on many factors such 

as the reactant mixture, the vessel temperature, the 

maximum e~plosion pressure and the vessel geometry. In 

many cases, there can also be condensation at the walls 

if they are below the critical temperature of one of the 

components in the mixture and the explosion pressure 

exceeds its vapour pressure. It should also be born in 

mind that the flame front reaches the wall earlier in 

some parts of the vessel than in others, so that the quenched 

layer will not be of uniform thickness. Since "afterburning" 

may take place, the amount of residual reactant may not be 

a measure of the mean thickness of the quenching zone. 

..... 
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In order to determine the effect of all parameters 

on the amount of nitrous oxide undecomposed, the thickness 
, 

of the quenched zone,Q ,was calculated using the following z 
,I, 

assumptions 

1. All residual nitrous oxide is spread evenly over 

the inside surface of the reaction vessel. 

2. The walls apd·- the q~enched zone remain at To 

3. No "afterburning" occurs. 

First the following relationship between the vessel 

volume and the residual nitrous oxide, V , exists q 

-~ = 
V 

-s 
~v 6 (36) 

Secondly the relative volumes of the.quenched zone _ and the 

vessel may be expressed in terms of pressures and.moles 'by 

use of the-perfect gas law. 

Thus 

Po 
p 

no e 

V 
S 

:6 : (37) 

Hence the thickness of the quenched zone may be easily 

calculated from the analysis of the decompos~~ion products 

and the pressure record. 

The effect of ~ 

The amount of nitrous oxide remaining undecomposed 

for the mean of a variety of i~itial conditions is shown 

plotted against ~ in figure 44 .. -. This indicates that 

the general trend is that the amount of nitrous oxide 

undecomposed increases with increasing ~. If the results 
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for specific initial conditions of temperature and pressure 

are inspected the scatter is too great to show a definite 

trend. This is probably because at the low initial 

temperatures at which the results were obtained for 

varying ~, the pressures were near enough to the limit 

pressure for minor variations in ignition to have an 

appreciable effect on the amount of nitrous oxide 

·undec6mposed •. Anqther possible -reason: is that ·the 

S results for the vessel with the highest value of V 

(and the lowest internal diameter) show extremely high 

residual nitrous oxide for all conditions. 

The effect of initial temperatures 

The results for the amount of nitrous oxide 

undecomposed at various temperatures for any given initial 

conditions of pressure and vessel geometry show no 

significant trend with temperature at pressures away from 

the limit pressures. This is not really surprising since 

the critical temperature of nitrous oxide is 30B.4K so 

that only at an initial temperature of 298K could the 

effect of condensation on the walls be seen and then only 

if the pressure exceeded the vapour pressure of 75 bar(g} 

which is unlikely except at very high initi'al press!-1res. 

The effect of initial pressure 

Inspection of the result-so shows that the amount of nitrous 

oxide undecomposed falls with increasing initial pressure 

for a particular vessel geometry and initial temperature. 

This is consistent with the general trend of increasing 
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maximum explosion pressure with initial pressure. The 

results for an initial temperature of 448K in the vessel 

with the S value are plotted in figure 45. 
V 

This shows that the amount of nitrous oxide undecomposed 

tends to 100% at the flammability limit and towards a 

con~'tant value at .~igh P.ie.ssu.r~ ... 

The effect of the maximum explosion pressure on the 

thickrless of the quenched zone 

The effect of maximum explosion pressure on the 

thickness of the quenched zone is shown in figure 46 

for a variety of initial temperatures in the liner with 

the intermediate ~ value. The plot is of interest since 

at initial temperatures up to 373K the results lie on 

the same curve (within the normal limits of accuracy). 

The general form of the results is that the quenching 
-

zone thickness is inversely proportional to the 

absolute pressure. A similar set of results was 

obtained by Lee(40} in his study of the decomposition 

of ethylene oxide in a closed vessel. By analogy with 

the work of Gottonberg et al(49) on the amount of 

unreacted hYdrocarbons ~fter the cbmbustiori of hydroca~bons 

in closed chamber engines, Lee was able to demonstrate 

a relationship between the quenching zone thickness and 

quenching distance. 

The work.of Gottenburg·et al(49) shows that 

the amount of unreacted hydrocarbons was inversely 

proportional.to ; and independent of temperature (except 
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where condensation occurred) which is very similar 

to the results for nitrous oxide. It is therefore 

reasonable to assume that the relationship between 

quenching distance and maximum explosion pressure 

would be similar to that for quenching zone thickness. 

Th!:i" absolute values of quenching zone thickness 

obtained are probably much smaller than the true 

values of quenching distance bec'ause of turbulance 

and afterburning. Since no work has been found on 

the quenching distance of nitrous oxide, no 

comparison can be, made. However, the q~enching zone 

thickness in the present work provides a conservative 

estimate. 

6.2 

6.2.1 

THE RESULTS FOR ,NITROUS OXIDE AND NITROGEN 

The effect of inert diluents on the flammability limits, 

The propagation of a flame depends on the transfer 

of sufficient energy from the products of reaction to the 

unreacted gas. The ignition limit occurs when the energy 

transferred is just sufficient to heat the neighbouring 

gas to its ignition temperature. , 

The principle effect of a well mixed inert 

diluent is to absorb energy liberated from the reaction 

products without subsequently liberating energy during 

the reaction. Obviously, it is important to differentiate 

between'the addition of inert diluents and any other 
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effect that reduce the available energy. For this 

reason, all observations should be made in vessels with 

dimensions that minimise wall cooling effects. In this 

work, the vessel with the largest internal diameter 

(and lowest value of ~ ) was used to determine the 
V 

eft,~ct of the inert diluent on the flammability 

limits. 

'06.2.20 "The eff'ect of ° toemperature on 'flanirnabili ty limits 

Figure 16 shows that the amount of nitrogen 

required to suppress the decomposition of nitrous oxide 

increases as the initial temperature increases. It is 

not possible to compare tre~ results with the work of 

Brandt (5) or Krisjansen et al(6) since'neither attempted 

to investigate the effect of initial temperature on the 

amount of nitrogen req~ired to suppress the decomposition 

of,nitrousoxide. Krisjansens investiga~ed the 

flammability limits, using a glowing 0.02 inch diameter 

platinum wire, for various fixed molar mixtures of nitrous 

oxide with air and/or nitrogen and obtained reactions only 

in the case of the lowest diluent fraction N20 +'0.25 air. 

A limit curve was obtained which showed that no explosion 

occurred below 600K. This in itself implies some temperature 

dependance and comparison with resultso~or pure nitrous 

oxide, under the same experimental conditions, would 

normally have confirmed this. Unfortunately, Krisjansens 

earlier experiments with pure nitrous oxide were inconclusive 

and no limit curve was obtained. For this reason, it is 

more profitable to compare the results obtained \'lith 

thermal theory and in 
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particular equation 3 (33). 

1 
1 = ,.., 

~I + 0(, 

(T, , - T ) 
o 0 

-SEl ,." I 
Cp 

J 
the derivation of which was described in chapter 3. 

f"J , 

The values of Cp and LlH D were cal,culat,ed from 

an analysis of the decomposition products at the 

flammability limit for' 323K and an initial partial 

pressure of nitrous oxide of 8.53 bar (g) which gave 

f'J _I -1 A 
Cp = 46.93 l(J K ~ .. (k mol N20 decomposed) and ~H» 

== 78. 78, , -MJ k mol- l • By substituting in equation 

3(33} for~l = 0.0973, values of~2 were obtained. 

These are shown plotted in figure 47, together with 

the experimental results. It can be seen that there 

is a reasonable agreement but that the calculated values 

of 0<2 are slightly_ lower than ,the observed values apd 

the difference increases with increasing temperature. 

,There ,are many reasons for this discrepancy. ,Firstly, 

the equation 3 (33) is based on a constant total initial 

pressure, whereas the experimental results are based on 

a constant partial pressure of nitrous oxide. If a 

correction is made for this and the experimental results 

for a constant initial pressure of 9.46 'bar {g} are' 

plotted,the agreement is very close, certainly within 

the limits of experimental error. Secondly, in equation 

3 (33) the limit flame temperature was assumed to be 
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constant whereas in fact, increasing initial pressure 

reduces the limit flame temperature slightly and thus 

more nitrogen is required to suppress the decomposition; see 

figure 48. However, equation 3 (33), still provides a 

reasonable estimate of the limit composition at a 

specified temperature and pressure if the limit . 
'. ' 

compositio~ is known at ,another temperature for the 

same initial pressure. The method has been used 

successfully by pechkim(39) , zabetakis·(42) and Lee(40) • 

6.2.3 The effect of pressure on the flammability limits 

Figure 16 shows that the amount of nitrogen 

required to suppress the decomposition of nitrous 

oxide increases with increasing initial pressure of 

nitrous oxide. This result agrees with the work of 

Brandt (5) which showed that the pressure limit for' 

ignition at 290K increased from 0.82 bar (g) for pure 

nitrous oxide to 1.17 (g) with 4.5% nitrogen and 

3.55 bar (g)' with 10% nitrogen~ 

There are several reasons for this increase, 

firstly, the increase in initial pressure leads to 

an increase in the concentration of reactants at the 

flame front. The theory of Sernanov and Zeldovich(26) 

shows for a first order reaction that the burning 

-~ velocity (Ub ) is proportional ~~Po 2, thus the 

combustion mass velocity (Ub €) is proportional to 

~ P • This means that, with increasing pressure, the o 
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heat transfer to the reaction zone, from the decomposition 

products, is less influenced by the radiation losses, 

which are independent of pressure. Secondly, the 

values of the adiabatic limit flame temperature, figure 

48, (obtained from an enthalpy balance similar to the 

energy balance 6 (4) but excluding undecomposed nitrous 

oxide) decrease with increasing pressure. This effect 

is expected because of the reduced significance of 

radiation losses. The adiabatic limit flame temperature 

also appears to be independent of initial temperature 

and this can be accommodated within the theory of 

Semanov and Zeldovich(36)  since the burning velocity 

is a function of Tf1
2  the density a function of 

Tfl
-1. However, as discussed earlier, increase in the 

initial temperature leads to a reduction in the difference 

between the flame temperature and the undecomposed 

nitrous oxide. This means that the increase in the 

burning velocity is counteracted by a reduction in heat 

transfer due to temperature difference so that the 

limit flame temperature is virtually independant of 

initial temperature. Similar results were obtained 

by Zabetakis(42)  for natural gas-air mixtures and Lee(40) 

for ethylene oxide. 

Thus the increase in the amount of nitrogen 

required to suppress the decomposition of nitrous oxide 

as the initial pressure increases is reasonable. 
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Unfortunately, no simple method exists for relating to 

the amount of inert diluent required at one initial 

pressure to the amount required at another. Inspection of 

figure 16 shows that the auantity of inert diluent varies 

approximately as Poi  and this may be used as a guide. 

6.2.4 The products of decomposition  

The products of decomposition for mixtures of 

nitrogen and nitrous oxide i figure 18, are similar to-

the products of decomposition for pure nitrous oxide 

under conditions where heat losses to the surroundings 

cause a significant reduction in the maximum explosion 

pressure. In general, the yield of nitrogen dioxide 

is slightly higher than for pure nitrous oxide at the 

same partial pressure or pure nitrous oxide at the same 

total pressure. This can be explained in two ways, 

firstly, the addition of nitrogen causes a larger 

amount of nitrous oxide to remain undecomposed 

because heat losses to the walls are more significant 

when an inert diluent is also absorbing energy. 

Secondly, the maximum explosion pressure developed 

during the decomposition is lower and this effect on 

the yield of NO2  has already been seen (6.1.5) to be 

more significant than the reduction in flame temperature. 

6.2.5 The maximum rate of pressure rise  

The addition of inert diluent to nitrous oxide 

caused the maximum rate of pressure rise to fall below 

that for pure nitrous oxide at the same partial pressure, 
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except in some earlier experiments where insufficient 

time for mixing had been allowed. In these cases, the 

maximum rate of pressure rise was similar to that for 

pure nitrous oxide at the same total pressure, this 

emphasises the need for adequate mixing if nitrogen 

is used as an inert diluent to reduce the hazards in 
ti 

handling nitrous oxide. As the concentration of 

well mixed nitrogen was increased, the 

maximum rate of pressure rise fell until, at 

conditions just away from the flammability limit, 

the value was similar to that in the vessel with the 

highest surface area to internal volume ratio at 

the same partial pressure of nitrous oxide. This 

effect is to be expected, since the inert diluent 

reduces the heat transfer to the undecomposed nitrous 

oxide in the reaction zone land thus the acceleration 

of the decomposition ibeccw.se of increased pressure and 

reaction rate willbe less. In addition, heat losses 

to the surroundings will be more significant, hence 

the maximum rate of pressure rise will be reduced. 

• 
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CHAPTER 7 	MECHANISM OF THE EXPLOSIVE DECOMPOSITION 

OF NITROUS OXIDE  

7.1 	Determination of the burning velocity  

The method of Lewis and von Elbe for calculating 

the burning velocity of a gas mixture in a closed vessel 

froiri the pressure-time record is described in chapter 3. 

This method has been shown by other workers to give good 

results(34,38,40),  particularly during the early stages 

of an explosion provided a correction is made for heat 

losses. In chapter 6, it was shown that during the 

initial part of the explosion the rate of reduction in 

pressure due to heat losses was proportional to time 

and the final explosion pressure. 

The procedure used for calculating the burning 

velocity was firstly to correct the pressure-time record 

for heat losses using equation 6(22). 

2  

(dP) AP = 	t )1D  	 (t 	) d e ttl 	dt Pe 	t2 ttl 

which at any
` 
 time up to ttl  becomes 

AP/  = qdP 	t2 

- 2 dt
Pe 
 ' ttl 

6 (22) 

then to calculate and plot values of ri  obtained from 

equation 3 (21) and 3 (27), 

r. 	P - Po 	3  
1 

- Pe 
 

7 (2) 

as a function of time so that the slope dri  could be 

dt obtained. 
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Next by combining equations 3 (25) and 3 (27) 

we obtain 

Fe 	 P- 	3 	7 (3) ]\ rb = [1 4 
1 

Po 	. 
Pe - Po 

so .ihat the radius of burning and hence from equation 

3 (20)1the burning velocity, Ub7 can be determined 

U 	dri  (ri)2 (Po ?Su
di 	k ) 
	3 (20) 

a specimen calculation is given in Appendix II. 

7.2 	The effect of initial pressure on the burning velocity 

The calculated burning velocities for an initial 

temperature of 323K,in the vessel with the largest 

internal volume to surface area ratio, are shown in figure 

40)39, 49. Although other workers (34,39,40),  have claimed 

that the method gives accurate results, it was found 

that the calculated burning velocity was extremely 

sensitive to minor errors in the interpretation of the 

pressure-time record. The method was also found to be 

sensitive to the heat loss correction 

applied,equally to the correction of the initial 

pressure rise and the final explosion pressure. For 

these reasons, the burning velocities show some scatter, 

especially at pressures near the ignition limit where 

the heat losses are unpredictable. In order to compare 

the results with the theory of Zeldovich and Semanov(36) 
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values of burning velocity were calculated from equation 

3 (10) using a computer programme, details of which are 

given in Appendix I. These values are also shown in 

figure 49. 

Comparison of the calculated values from the 

pressure-time record,.with the computed values shows 

that in general, the former are two to three times the 

latter. There are several possible reasons for this, 

firstly, the theory of Semanov and Zeldovich contains 

numerous assumptions, particularly that the pressure 

is constant. Secondly, to apply the theory, it was 

assumed that the final products of decomposition could 

be used to calculate the adiabatic flame temperature 

and that simple linear relationships for thermal 

conductivity and density variation with temperature could 

be applied. Neither of these assumptions is really valid 

in a closed vessel. A third reason for the discrepancy 

arises from the correction of the pressure-time record 

for heat losses. It has already been shown (chapter 6) 

that even after correction for heat losses, the maximum 

explosion pressure is still up to 25% below the theoretical 

value, the effect being most marked at low initial 

temperatures and high initial pressure. It was also 

suggested that during the initial part of the 

decomposition, there would be a tendancy to overcorrect 

pressure losses at high initial pressures. If equations 

7 (2) and 7 (3) are examined, it can be seen that this 
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results in a substantial increase in the apparent 

	

values of r., and dr. 	and a lesser increase in rb  - 1 	1 	 ' 
dt 

the net result being that the calculated burning 

velocity is larger than it should be. It is possible 

nevertheless to compare the trend" of the burning 

velocities calculated from the pressure-time record 

with theory. Examination of equation 3 (10) shows 

that, if it is assumed that for a constant initial 

temperature, To, the specific heat C , the thermal 

conductivity, Tt, and the flame temperature, Tf, are 

independent of pressure and that the variation of 

the products of decomposition is small, the relationship 

between burning velocity and pressure reduces to 

Ub ot o  2 	 7 (4) 

A plot of Ub  = 0.133 P 2  (which was based on the 

burning velocity at 8.5 bar (g)), is shown superimposed 

on the calculated values. It can be seen that, 

especially at higher initial pressures, the fit is 

quite acceptable. 

Figure 50 shows the calculated values of the 

burning velocity from experiments at an initial temperature 

of 398K, together with values computed from the theory of 

Semanov and Zeldovich. It can he seen that the agreement 

is much improved; both sets of results follow the same 

trend with pressure and the actual values at any pressure 

are much closer together. This demonstrates once more 
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the proposition that the ability to correct the pressure-

time record for heat losses is critical to obtaining 

accurate burning velocities sinceit has already been 

shown (chapter 6) that the heat loss correction improves 

as the initial temperature increases. 

7.3 	The effect of initial temperature on the burning  

velocity  

It has been shown (chapter 3) that the relationship 

between burning velocity and temperature can be expressed 

as 

2 Ub
2 

X . To_ Tf
4 - 

(T
f
-T )2 

7 (5) 

where X is a constant 

Since the specific heat of the combustion products 

increases with temperature, the flame temperature, Tf, 

does not increase linearly with initial temperature 

hence the burning velocity does not increase with initial 

temperature as strongly as is suggested by eauation 7 (5). 

Figure 51 shows the effect of increasing initial 

temperature on the burning velocity for an initial 

pressure of 9.56 bar (g). These results were computed 

using equation 3 (10) based on the actual final 

decomposition products for the experiments carried out 

in the vessel with the smallest surface area to internal 

volume ratio. 

Regression analysis of the points shows that 

they can be represented by the equation: 
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Ub 
= 3.23 x 10

6 
T
o
2.23 	

7 (6) 

(with r
2 = 0.975) 

Thus increasing initial temperature should 

lead to an increased burning velocity at constant 

initial pressure. In fact, when the burning velocities 

are calculated from the pressure-time record for a 

constant initial pressure, they do not demonstrate the 

relationship predicted by equation 7 (6). This is due 

to the effect of heat losses, which tend to enhance the 

calculated burning velocities at lower initial temperature 

but not at high initial temperatures. Inspection of 

figure 51 shows that initially the calculated burning 

velocities fall with increasing temperature to an 

initial temperature of 373K, then remain constant to 

448K, when they become equal to the values computed from 

thermal theory and start to rise again with increasing 

initial temperature. Since the calculated results do 

not show a consistent relationship to initial temperature 

no attempt has been made to estimate the activation energy 

using equation 3 (15). 

7.4 	Conclusions  

Since the aeneml trend of burnina velocity 

calculated from the pressure-time record, with initial 

pressure follows the trend predicted by thermal theory 

for a first order reaction, it is reasonable to assume 

that the decomposition of nitrous oxide is a first order 
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reaction . This is reinforced by the fact that it 

has been shown in chapter 6 that the amount of inert 

diluent required to suppress the decomposition is also 

a function of PI- for a given initial LemperaLure. 



- 161 - 

CHAPTER 8 	CONCLUSIONS 

The following conclusions can be drawn from the results 

of this investigation:- 

8.1 	The explosive decomposition of nitrous oxide 

is greately influenced by the initial conditions 

of temperature and pressure, by heat losses from 

the reaction to the vessel walls and by the choice 

and location of the ignition source. 

8.2 	In the absence of heat losses to the vessel walls, 

pure nitrous oxide will undergo explosive 

decomposition at pressures above 7.5 bar, at 298K 

and further this limit pressure reduces with 

increasing initial temperature. 

8.3 	The maximum explosion pressure during the decomposition 

is greatest at high initial pressures and low initial 

temperatures, but never approaches the value derived 

from theory. 

Even in vessels with high internal volume to surface 

area ratio, it is unlikely that the maximum explosion 

pressure will be greater than nine times the initial 

pressure. 

8.4 	The maximum rate of pressure rise is greatest at low 

initial temperature and high initial pressures, in 

vessels with a low surface area to internal volume 

ratio. Since typical values of the maximum rate of 

pressure rise are in order of 5-600 bar s-,
1 
  it is 

unlikely that rupture discs or relief valves would 

provide adequate protection against explosive 

decomposition of nitrous oxide. 
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8.5 	The products of decomposition are nitrogen, oxygen 

and nitrogen dioxide and their composition is little 

affected by temperature or pressure, at conditions 

away from the ignition limits. At conditions near 

the ignition limits, there is an increase in the 

amount of nitrogen dioxide which is in agreement with 

thermal theory(13) 

	

8.6 	Nitrogen acts as an inert diluent in suppressing the 

explosive decomposition of nitrous oxide. The 

amount of nitrogen required to suppress the decomposition 

is a function of initial temperature and pressure. 

	

8.7 	The maximum rate of pressure rise and the maximum 

explosion pressure for mixtures of nitrous oxide 

and nitrogen are less than those for pure nitrous 

oxide, at the same initial partial pressure and 

temperature, provided good mixing is ensured. Where 

poor mixing occurs, the mixture may behave like pure 

nitrous oxide at the same initial total pressure and 

temperature. 

	

8.8 	The effect of initial pressure on the burning 

velocity, calculated from the P-t record, and the 

effect of initial pressure on the amount of inert 

diluent required to suppress decomposition, indicate 

that the decomposition of nitrous oxide is a first 

order reaction. 



- 163 - 

APPENDIX I 	THE COMPUTER PROGRAMME 

1. Introduction  

It is possible to analyse experimental results 

in many ways, however, most such analyses involve 

complex mathematical calculations, often requiring 

lengthy iteration to reach a solution. In order to 

maximise the number of experimental results that could 

be treated, the computer programme described below was 

written. Representative samples of the derived values 

are tabulated in appendix II, and presented graphically 

and fully discussed in chapters 6 and 7. 

2. The Programme  

2.1 	In the first part of the programme, the 

experimental results are read in together with 

virial data(50,51) for nitrous oxide, nitrogen 

and nitric oxide. 

2.2 	The experimental values of the final pressure 

Pfl' are then corrected for "dead space" in the 

lines from the explosion vessel to the pressure 

gauges and isolation valves. The method used 

is based on the two readings of final pressure, 

PV_ and  Pf2' 
that were taken after each explosion 

as described in chapter 4. 

Using the approximate virial relation 

PV = n(RT + PB) 	 I (1) 
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Before reading the final pressures 

Pf V17 
- P

f 
 o

f 
B
f 

= 
f 

RT
f 	I (2) 

PO VD 
 - PI  ND  B

D  = nD  RTf 	I (3) 

After reading the pressures 

Pfl WIT  + VD) - Pfl 
(n

f
B
f 
+ nD

B
D
) = 

(nf  + n
D
) RTf 	 I (4) 

By combining equations I(2), I(3) and I(4) and 

putting VD/VV  = K, we obtain 

Pf (1 nfBf) = Pfl (1 + K - nfBf + nDBD) 

vv 	 vv  

PI (K - nDBD) 
	

I (5) 
VV  

Inspection of the viral data(50,51) shows that 

n
fBf is very small by comparison with n

DBD 
so 

that I (5) may be rewritten: 

Pf  = Pf  (1 + le) - PI(Kt) 	I (6) 

For the second pressure reading 

Pfl = Pf2 (1 K1) 	PI (e)  

Thus K1  = (Pfl Pf2) / (Pf2 P0) 

vv 	 vv 
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and hence by using equation I (6), Pf  may 

be calculated. The ratio of corrected final 

pressure to initial pressure is calculated for 

each experimental result. 

	

2.3 	The mole fraction of inert diluents is then 

calculated using an iterative solution of a 

viridl equation. Since this method is used 

several times in the programme, it is now given 

in a general form. 

First approximation 

P.3.1 = P./RT 	 I (9) 

Second approximation 

P = P/ (RT (1 + P. B1)) 	I (10) 

the value of Pil  from equation I (9) is then 

substituted in equation 1 (10) and a new value 

P12  generated. The new value is then substituted 

into the RHS of equation I (10) and this is 

repeated until the desired accuracy is achieved. 

	

2.4 	In the next part of theprogramme, the analyses 

of the decomposition products are used to calculate 

the amount of nitrous oxide which underwent the 

following reactions. 

04N
2
0 	N2 + 1/2°,=02 	I (11) 

3 N20 	1/213 NO2  + 4 BN2 I (12) 

N20 -4° 5N2  + (1/2 15.0
2 
removed by wall etc) 

I (13) 
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2.5 	The initial molar density of the system 

_n -0 is then found by an iterative solution 
Vv  

of a 	equation. 

	

2.6 	The amount of each component in the final products 

for the decomposition of one mole of nitrous 

oxide is then found by rearrangement of 

equations I (11), I (12) and I (13). 

	

2.7 	By use of a virial expansion and the results 

from 2.5 and 2.6, the partial pressure of each 

component in the final mixture, at the final 

temperature, is found. From the partial 

pressures, the final total pressure is found 

thus giving a comparison with the measured final 

pressure. The final pressure air total 

decomposition is also found. 

	

2.8 	The number of moles of product per mole of 

nitrous oxide decomposed are then calculated and 

the results stored for later determination of 

the conditions equivalent to total decomposition. 

	

2.9 	Thermodynamic data(52) for nitrous oxide and 

its decomposition products are then read in for 

the temperature range 0-6000K. 

	

2.10 	The initial burning velocities are then calculated 

using the method of Zeldovich and Semanov(36) 

which is discussed fully in chapter 3. 

The assumption is made that initially the nitrous 

oxide undergoes complete decomposition at constant 

pressure and that the initial flame temperature 
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can be calculated using the stored enthalpy data. 

The specific heat of the reaction products at 

constant pressure is found by interpolation of 

the stored data. The initial burning velocity 

of the nitrous oxide is then calculated. 

	

2.11 	The stored enthalpy data is then converted to 

internal energy data for the temperature range 

0-6000K and these valves are stored. 

	

2.12 	In the next part of the programme, the maximum 

flame temperature is calculated based on the 

experimentally observed combustion products. 

This is carried out for both the observed degree 

of decomposition and for total decomposition 

using the stored thermodynamic data and equation 

6 (4). 

	

2.13 	The flame temperature at the observed maximum 

explosion pressure is then calculated. The mean 

specific heats at constant volume for the products 

of combustion and the undecomposed nitrous oxide 

are then calculated over the total experimental 

temperature range. Using these and equation 6 (4) 

the calculated flame temperature is corrected to 

total decomposition. 

	

2.14 	The pressure corresponding to the temperatures 

calculated in 2.12 and 2.13 are then calculated 

using an iterative solution of virial equations. 
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2.15 	The ratio of all measured or calculated explosion 

pressures to the initial pressures are calculated. 

	

2.16 	The experimentally observed maximum explosion 

pressures are then corrected for heat loss using 

equation 6 (22) and the method discussed in 

chapter 6. 

	

2.17 	The equivalent thickness of the quenched zone is 

also found using equation 6 (3). 

	

2.18 	The results are printed out in a suitable form. 
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AN Iv 6 .LEVEL 21 	 MAIN - 	 DATE = 76014 	17/07/15 

DIm(;.NSIONPP-T(2c,- 0).PF1(21-7.0).PE2(PS0).PI(2S01.TI(?90).PPATIO(250). 
1X•r (2S6).X(0).Y(2-)0).Z(20),AtPHA(20).BETA(?S0).xwAT(250),H(4. 
220).xu(4,250).RPATLi(250).P0 ( D).v.4ATX(2F,0).A(250).GA•AYA(250).T(62), 
3TF(250),EN"(62).E00(62).F+:N0(62).FN00(6(,).FFOP,01(62).EFORm?(62). 
4pEAP(2",0).71FRAT(2501.PEx(2501.(pExPT(250)40BUPN(250) .EInT(250) ,,, EFO 
SPm(-250).Xon;1(2s0).voN(2---,0).x00(2501.xONN(2;01.PI2(?!1.70).DELIA(2")019 
f:IPHONNO ( 2501 .PriONN (250) *PPAT1 (2';(1) • TFO (250) .PFxPO (2;) ) .PFPATO (250) 1 - 

- 7 	 P=- PATC (250 ) *PMAl (?50) .F.ON00 ((12) .EONO(A2) .rr)() (62 ) If:000N (62 — --- - --- 
Fi) .EFOi-im3 (62) ,EFot-oAL+ (62) .F_F OP:45 (A?) .EFI)Pm6 (F■P) •PrII (7c0) .csl (250) ,F_ 
QCOON (t1) ,Ern (02) .0 (250) •D (250) .X03 (250) *XI_14 (250) 'AU:5(250) tXU6 (20) 
1.E0(62),Ew)(62) 

DI•oFNSION,- VI(2F0) ,CVJ(250).TEY(250).XPOLN1(250).XmOLN?(250),TEx0(----  
1250),PEx0(2q(j).PEXRT0(250).DPEx(250).CVm(250),AH(250),07(250).TIME 	_____ 
2 (250) , SU (2f) ) ,CP (250) 9011FL (250) ,TFL (250) •cPe ( 250 ) _ _.PEXC (260) * 	- -- - - 	---- 
3 -ELT1(2601 
READ(5.200) -N 	 _ 

POO FowmAT(I3) 	- - 	- 
PEAD(51201)(TI(I),PE1(II.PF2(I),PI(I),X(I).Y(I),Z(I).A(I),I=1,i0 

201 F0RmAT(6F1n,3) 
- 	DEADC6.202)03(1,I)1912,1198(39I),B(4,I),I=1,10) --. - 	-- 

202 FC.4mAT (4F11 .3) 
PEAD(5.1241 (TIME(I),PI2 (1) .PEX.(I) , i-=19N)______—_—_. --------_—_—_—___,-- 

124  FO■emAT ( 3F1 .1 .3) 
D02221=1 ,h1 _ 	 . _.--, 	 ._-

wd I TE (6,P21)TI ( I ) .PF1 (I) *PF2 (1 ) *PI ( I) , X (I)*Y (I) *Z( I) *A (1 / 'TIME (I)--- 
1.P1?(I)sPRY(1) 

! 	 221 FOq•-. AT(11F10.5) - 	 . 
?22 CONTINUE 

C 	THE LAPEPT ,,IENTAL DATA FOR N RUNS HAS PEE" DEAD IN TOGETHEP WITH ___ 
C 1 1 V1PIAL DATA FOP THE PRODUCTS OF COMBUSTION AND NITROUS OXIDE. L___ 
C c— I N.B. ALL wNFSSURES APE IN ATmOSPHERES. • 

READ(5,777)(CP(I),I=1,62) 	 ___ 
777 For;,?4AT(8F1(1.3) 	 • _i • 

C 	THE VALUEc OF THE FINAL PRESSURE' ARE CORRECTED FOD !-JDEAD-SPACEa 
C 	ERROH. 

7 	 0010I=1.N 
3 	 IF(PF2(I).r.0.)G01.01 
) 	 IF(0F2(I).1F.P1(I))G0TO0991 
) 	 YK(I)=- (PF1(1)-PF2(I))/(PE2(I)-PI(I)) 
1 	60T02 
2 	9991 XK(I)=0.0000000000 	-  
3 	 GOTO2 
4 	1 XK(1)=0.05 
5 - 	- 2 PFT(I) 	=PFI(I)*(1.+XK(I))-0I(I)*)(K(I)--  --- 
5 	 3 PRATIO(I)= PFT(I)/PI(I) 

C el 	ALL VALUES OF FF/P1 HAVE PEEN CALCULATED FROM THE PRESSURE REAOT 
C 4 -4 NGc. AND T)-ESE APE NO?' COMPARED WITH VALUES OF PF/PI CALCULATED 
C ' 	FROM THE cHROmATOGPAPHIC ANALYSIS OF THE COMBUSTION PRODUCTS.. 

7 	 P=2?414./213.15 
8 	 x=(TI(1) -?-71.15)/25. +0.100001 
9 	-- 	IF((P1(I)-RI2(I)).LE.0.0001)GOT02006 -- 

C 
 

CALCULATE,: THE NUMH EH OF MOLES OF BOTH- N20 AND N2 IN THE INITIAL--  

0 	
- 

—
23• %1 IXTUqE. 

pHor,No(I)=P12 ( I)/ (R*11 ( I) ) 	- 	 - 
C  

1 	2002 PHO=PHONNO(T) 
2 	 . 	RHONNO(1)=aI2(I)/(P*TI(I)*(1.+RHO*B(1.K))) 	- - 
3 	 IF (ABS (RHONNO(I ) —Pri0) .LE. (0.0001*RHO) ) GOT02003 -- -- 
4 	 00T02002 
5 	-- -2003 RHONN(1)=(0T(I)-PI2(1))/(R*TI(1)) 
6 - -- - 	- 2004 PHO=PHONN(T) 	- - 	• 	_ • __ ___ __ _ _ _ • ______ ____ . 	-- - - 
7 	 PHONN(1)=(DI(I)-PI2(I))/(R*TI(I)*(1.+RHO*(1(200))_ _ 
8 - 	 IF(A8S(RH0-RHOMN(I)).LE.(0,0001*PHO)160702005 :- 	_  9 	 60102004 - 	- 	- 

C 	CALCULATES THE ADDED MOLES OF N2 PER-MOLE OF N20. 
0__: 	2005 XMOLN=HHONI-.1(I)/(RHoNNCII+RHONNO(I)) 
.1 	 DELTA(I)=XMOLN/(1.-XMOLN) 
.2 - 	 001-02007 
.3 — 	2006 DELTA(I)=0.0000------ - - -- ----- 
.4 	2007 CONTINUE 

'--. C 	USING THE ANALYSIS OF THE PRODUCTS. CALCULATES_THE AMOUNT
-  
AOUNTOF,N2 	•___ _ 0_ 	_.= __ __•________ 

- C -eN 	THAT UNDEENT THE FOLLOWING DFACTIONS 	 
C4.

ti.  
	ALPHA.N20 g ALPHA.N2 & 1/2.A1PHA.02 	- 

_C.-- BETA.N20 i . 1/2.BETA.NO2 T. 3/4.BETA.N2 - 
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0RTRAN IV G LEVEL 21 	 MAIN 	DATE = 76014 	17/07/15 

C - - (--AmmA.N20 .i GAmmo.M? k c40? REmOVED BY WALL ETC.< 
0045 	IF0,(1).(,E.(1.99999)7(I)=DELTA(I) 
J046 	ALRHA(1)=(7.0*A(T))/(X(I)+7(1).0.5*Y(I))*(1.+DELTA(I)) 	- 
J047 	PEIA(1)=2.(1*Y(I)/(x(I)+7(I)+0.,--*Y(l))*(1.+nELIA(I)) 
1048 	&ARImA(1)=(7(1)-2.0=A(1)-1.5*Y(I))/(X(I)+Z(I)+0.5*Y(I))*(1.+DELIA(I 

1))-DELTA(I) 
0049 	v,-,ATE(6.223)DELTA(I).ALPHA(I).PETA(I),GAMmA(I) 	

.._ 

D050 	?23 FORmAT(4F11.6) 
< FINDS.THE ORIGINAL MOLAR nENSITY OF THE MIXTURE.- 

J051 	..,)(i=f,T(I)=PI 2(I)/(R*TI(1)) 
D052 	200fi XPATI=xPAT(I) 
)053 	xPAT(I)=RTP(I)/(R*TI(I)*(1.+XPAT1*P(1.K))) 
)054 	IF(AbS(XRAT(I)-XRAT1).LE.(0.0001*XRAT1))GOT02009 
)055 	GOT02008 
)056 	2009 CONTINuE 

C FINDS Tr-(E AMOUNT OF EACH COmPONANT IN THE FINAL PRODUCTS FOR THE DECOMP. OF - 
C ONE MOLE OF INITIAL N?O 	 , 

)057 	xU(1,I)=1.-ALPHA(I)-HETA(I) -OAMMA(I) 

)059 	
,6=H::411Zfl:75*dETA(I) +GAmmA(I)+DELTA(I) )058 

)060 ),U(4,1) = .,Jc- TA(I)/2.00000 
C CALCULATES THE pAPTIAL PRESSURE OF EACH COMPONANT IN THF FINAL MIXTURE..., 

)061 	IENRFT(I1-0.01).5T.PICI).AND.(xU(14I)+0.00001).GE.1.0)GOT0902 
)062 	2 DO4J=1.4 
)063 	_..1.1 Pp(J)=ARAT(I)*R*TI(I)*XU(J.I)+((XRAT(I)*XU(J.I))**?*R(J,K)*R*TI(I) 

1) 
)064 	4 CONTINUE 

C AND HENCE THE TOTAL FINAL PRESSURE 
)065 	PmAx=PP(1)*PH(2)+PP(3)+PP(4) 
)066 	GOTC90J 
)067 	902 P-l0=0.000n0000 
1068 	Q03 CONTINuE 
)069 	pqATA(I)=2...Ax/Pi(T) 
)070 	1.,411(1). 	/PIP(I) 
)071 	IFC(Au(1,I)+0.0(100001).r,F.1.0)YU(1.1)=1.-X(I(1.I) 

C CALCuLATFS THF rINAL P0i7SSUc?E FOR TOTAL DECOMPOSITION 
)072 	PHAI(1)=A-PI(I))/(1.-X(J(1.7))+PI(I) 
)073 	1-- k•AlTh'(1) 	-_-- :',iill ( I ) /P1 ( I ) 
)074 	OHI;JN(I)=nww■(I)i,- 0.5/(1.-X0(1.I)) 

C CALCULAlf-':1 TH.=.- .,uMHE.1 OF NOIS OF EACH PPOOUCT PER MOLT OF NO DECOMPOSED 
)075 	;cw,(1)=P01(?,1)-0FLTA(I))/(1.-xU(1.I)) 
)076 	2 	xoq(1)=xu(1.1)/(1.-xu(1.I)) 
)077 	XODN(i)=XU(=.11)/(1.-AU(1.1)) 
)078 	xoNN(I)=x0(1,I)/(1.-XU(1,1)) 
)079 	oELTI(I)=:-,F1_TA(1)/(1,-x11(1.I)) 
)080 	IF((x0(1,71-0.0000001).LE.0.0)YUCI.I)=1.-)D1(1.I) 
)081 	xrDINI(T)=(Y0(1.1)-4-x0(2.1)+XU( -1,I)+x11(4.I))/(1.+DELTACI) 	) 
)082 	XmOLN2(1)=(YNN(I)+400(I)+XOON(I)+DELT1(I))/(1.+DELTA(I)) 
)083 	10 CONTINUE 
1084 0 q PLAo(5.1001)(T(I).ENN(I),E00(I)+EFOR'41(1).ENNOCI),FNOOMIEFORm2 (I 

"---.' 1)91=1,0?) 
)085 	 1001 FoRmAT(7F101.21 
)086 	PFA0(5.5)(FoNOO(I).E0NO(I).E00(I).EFORm3(I),FFORm4(I),EFORm6(I).E0 

1(I),ENO(I).1=1.62) 
)087 	5 FoRmAT(3F1n..9F10.2) 

C PEADS IN ThEW'flYWiIC DATAFOR PRODUCTS FOR THE TEHPERATURE RANGE 
C 0 DEG.-6000 DF(;. K 
C 	THE HU'-.NIN(; VELOCITY IS THEN CALCULATED FROM THEORY 

)088 	leNDO/Ole1=1.N.  
)089 	2 .1w1F((xu(I I T)+0.00000001).Gh.1.0)60T07001 
)090 	1)P1002,J=1.,-2 
)091 	FTOT(J)=XU(39I)*E00(J)+XU(2,I)*ENN(J)+XU(4.1)*EN00(J) 
)092 	FFOPm(J)=(1.-Xii(1.I))*EFORml(J)-XU(4.1)*EFORY2(J) 
)093 _ 	7002 CONTINUE 	 --- 
)094 	LA=1 
)095 	7003 IF(T(LA).0,7.TI(I))GOT07004 
W96- 	LA=LA-1.1 
)097-- 	GOT07003 	 - 	- 

)098 	/004 ETT0T=ETOT(LA-1)*(ETOT(LA)-FTOT(LA-1))*(TI(I)-T(LA-I))/100.0 
M99-- 	.- EFOPM1=FFOnm(LA-1)+(EFORM(LA)-EFORM(LA-1))*(TI(I)-T(LA-1))/100.9 - 
)100 - 	--- EFORMT=EFOom1 4-ETTOT 
U01. - 	. 	OUFL(I)=EFORMI 
)102 	- MC=LA 
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DATE = 76014 
	

17/07/15 

0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 

0112 
0113 
0114 
0115 
0116 
0117 
0118 
0119 
0120 
0121 
u122 
0123 
0124 
0125 
0126 

0127 
0128 
0129 
0130 
0131 

0132 
.0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141 
0142 
0143 
0144 
0145 

0146 

0147 
0148 

0149 

0150 
0151 
0152 
0153 
0154 
0155 
0156 

0157 
0158 
0159 
0160-- - 
0161 
0162 
0163- -  
0164 

7005  IF(ETOT(MC).GE.EFORmT)GOT07006- 
MC=mC+1 
60107005 

7006 TFL(1)=T(mc-1)+100.0*(EF0PHT-ETOTPAC-11)/(ETOT(mC)-ETOTWC-11)--- - 
-- Cb(1)=CP(C-1)+(CH(MC)-CP(mC-1))*(TFL(I)-T(MC-1))/100.0_ _ _ 
R1=8.3143/4.184 

EN=60900.0 
ko=P1(1)*273.15/TI(I)/22414.0 
SU(I)=NRI*TFL(I)**2/EN)**2*CPPI(I)*TI(I)/R0/1860.*6.96*10.**7*ExP(--- 
1-EN/(RI*TF1 (1))))/OUFL(I)**2 
SU(1)=(A8S(sU(I)))**0.5 
GOT07012 

i001 SU(1)=0.0000000000000 
TFL(I)=TI(I) 
IF(HFT(I).GT.(PI(I)+0.001))TFL(I)=0.0 

1012 CONTINuE 
Do9003J=1.6-2 

2.11 FFOoml(J)=FFORml(J) +1.9872*TiJi*O.5 
%1 Pfupp2(J)=FFORm2(J) +1.9872*I(J)*0.5 

=ENN(J)-1.9;-172*T(J)  
FOO(J)= Enr)(J)-1.9872*T(J) 
ENNO(J)=ENNo(J)-1.9872*T(J) 
EI:00(J)=ENfln(J)-1.9F72*T(J) 	

_ • • 	• 	_ _ 	..• _ 

EFDr---m5(J)=;=FoR3(J)-EFoRm4(J)-1.9872*T(J) 
EFORm6(J)=irFORm6(J)-1.972*T(J) 	_ _ 

C CHAN6:-.S Tr-it VAluES OF H TO U US1NGU:tH -PV I.E. 	oHio) - RT FOP MOLAR. 
9003 CONTINUE 	 • 	 _ - 

On90081=10., 
xu4(I)=XU(4.I) 
Au3(I)=XU(1.1) 

900• CONTINUE 
C THF NEAT HART 	THF PROGRAMME IS AN ITERATIVE SOLUTION OF THE FLAME 

P C TEmPFAT0PF. ucTNG THF AvAILAHLE THERmODYNAmIC DATA. THIS Is DONE F6P ROTH 
CINE ACTUhL OEG'.,1--i= OF DECOMPOSITION AND TOTAL DECOmPoSITIoN 	 

hn100osif-i=1.? 
2.CZ-DO10081=1.N, 
I01ef C-,1(1)=0.0 

PH1(1)=0.0 
TF2=0.0 
IFNAU(19I)+0.0000001).GE.1.0) GOT0106 

1013 JA=JA+1 
xu(3,I)=/011(I)*(1.-PHI(I)) 
AU(4.1)=XU:4(1)*(1.0-CSI(I)) 
X(16(I)=XU4(1)*CSI(1) 	

_ . 	. . 

xu5(I)=M1(1)+6AmmA(I)/2.0)*2.0*PHI(I) 
001003J=1.4;? 
IF(JH.,,,T.1)c,OT02012 

1002 PTDT(J)=X11(41)*E00(J)+AU(2,I)*ENN(J)+XU(1.1)*ENNO(J)+Xu(4.1)*Em00 
1(J)+EO(J)*-

1  
,m5(I)+ENO(J)*XU6(1) 

FFOPm(J)=(1.-A0(1,I))*EFORm1(J)-AU(4.1)*EFOPm2(J)-EFORms(J)*XU6(I) 
1-EFORMo(J)*xU5(I)/2.0 
(;0T01003 

2012 LTOT(J)=XU(1,I)*EnO(J)+XU(2,I)*ENN(J)+xU(4.1)*EN00(J)+EO(J)*XU5(I) 
1+ENO(J)*X0c-.(I) 
EFOPM(J)=(1.-A)(1.I))*FFORml(J)-XU(4.1)*EFORm2(J)-FFORMs(J)*XU6( I) 
1-EFORm6(J)-5(I)/2.0 

1003 CONTINUE 
L=1 

1023 IF(T(L).GE.TI(I))GOT01004 

	

- 	L=L+1 - 
G01-01023 

1004ETTOT=ETOT(1-1)+(EToT(L)-ETOT(L 	 --1))*(TI(I)-T(L-1))/(T(L)-T(L1) )  
_ 	_ 

1005 EFORMI=EFOL-11+(EFOR1(L)-EFORm(L-1))*(TI(I)-T(L-1))/(T(L)-T(L-r 
1)) 

	

- - - 	EFORMT=EFOQ,1I+ETTOT 
m=L 

1006 IF (ETOT (M) .GE.EFORmT) GOT01007 
- 10=M+ 1 	- 	 - 

IF(m.E0.63)o0T0107 
GOT01006 

107WRITE(6.10c"))I.JR 
109 FORmAT(28H nVERFLOW TEMPERATURE AT I ft,I39I3) 

TF1=(T(M-1)+TF2)/2.0. 

7 



-172 — 

,ORTRAN IV G LEVEL 21 	MAIN 	DATE = 75014 	17/07/15 

	

0166 	 GoTO108  

	

0167 	1007 TF1 =T(m-))4100.0*(EFOc4mT-ETOT(m-1))/(EToT(m)-ETOT(m-1)) 

	

0168 	IF(uH.ho.1)r;o70121 

	

0169 	Iw(PEx(1).1E.PI(I))00-10119 

	

0170 	
11V- 
CJ(I)=CETIT( A-1)+IETOT(m)-ETOT(H-1))*(TEI-TPA-1))/100.-ETTOT)/(TF 

,,,71(I)) 

	

0171 	2.t3 TFX(I)=PEX(I)/PI(I)*TI(I)/xmOLN1(I) 

	

0178 	Oc120J1=1,4 

	

0179 	;ay+ PP (JZI =XRAT ( I ) i:P*TEXO ( I ) *XU(JZ. I ) + ( (XRAT ( I ) *XU(JZ 9 I ) ) **?*B (JZ,K) *R 
l*TEXO(I)) 

	

0180 	120 CONTINUE 

	

0181 	P6=PP(1)4.0D(2)+PP(3)+PP(4) -  

	

0182 	PXO(I)=PG 

	

0183 	2,15 pEARTompri/pl(I) 

	

0184 	GOT0106 

	

0185 	119 PEXO(I)=0.0 

	

0186 	PFxPTO(I)=1.0 

	

0187 	TEX(I)=0.0 

	

0188 	TEx0(I)=0.0 

	

0189 	CVN1(I)=6.5 -. 

	

0190 	 GOTO10o 	 - 

	

0191 	121 Cvm(I)=(EInT(m-1)+(ETOT(M)-ETOT(M-1)1*(TF1-7(m-1))/100.-ETTOT)/(TF__ 
11-TI(I))/xoLNI(I) 

	

0192 	 108 CONTINUE 

	

0193 	G0T0112 

	

0194 	106 TF1=TI(I) 

	

0195 	CVm(I)=6.51 

	

0196 	PEXO(1)=PI(I) 

	

0197 	PEXkT0(1)=1.0 

	

0198 	TEX(I)=TI(I) 

	

0199 	TEX0(1)=TT(I) 

	

0200 	IF(WFT(I1-fl.01).GT.PI(I))60T0901 

	

0201 	112 K=(TE- 1-271.15)/25.4.0.0000001 

	

0202 	IF(K.bh.10)K=10 
0203 
0204 

0205 
0206 

0207 
0208 
0209 
0210 
0211 
J212 
J213 
)214 
)215 
)216 
)217 
)218 
)219 
1220 
)221 
)222 . 
)223 
)224 
)225 

)226 
)227 — 
)228 - 
)229_ 

- • • 	- • 	. 	. - 	 _ 

001n17J=I.e. 
PP(J)=7PAT(()*P*TF1 *XII(J.I)+((XPAT(1)*XU(J.I))**2*R(J.K)*R*TF1 
1) 

1017 CONTINUE 
PFXP1 =PP(1)*PP(?)+PP(3)+PP(4) 

C THF PATIO OF TI-4E EXPLOSION PRESSURE TO THE INITIAL PRESSURE IS THEN FOUND 
C FOP EACH CASE .. 	 _ -- 

6010906  
901 PEXP1=0.00 

PEx0(I)=0.0 
PFxRTO(I)=0.0 
TEX(I)=0.0 
TEXo(I)=0.11 
TF 1=0.0 

906 CONTINUE 
PERAT1 =PpyP1 /PI(I) 
IF(JH.GT.1)G0 TO 2013 
PFxP(I)=PEYD1 
TF(I)=IF1 
PERAT(I) = PERAT1 
60T01008 

2013 TF0(1)=TF1 
PEXPO(I)=PFXP1 
PEkATO(I)=PERAT1 

1008 CONTINUE 
D01010I=1.m 

C THE PATIO OF TL:r EXPLOSION PRESSURE TO THE INITIAL PRESSURE IS THEN FOUND_ 
PExPT(I)=PFx(I)/PI(I) 	 . 

1010 CONTINUE  

2.1G THiTE141).nR.I.GE.184)AH(I)=0.00389 	- 	-7 
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0230 	IF(I.GE.82.ANO.I.LE.10)AH(I)=0.02761 

	

0231 	IF(I.GE.107.ANN.I.LF.183)4H(1)=0.00599 

	

0232 	IF(PEx(1).1R.PI(I).0P.FIHE(I),IF.0.001)G0T0123 

	

0233 	npEx(1)=2..H(I)*(TImE(I)-.2)*Pf-X(1)**0.*TI( I)*(PFX(I)-PFT(I))/ 
1(Cvm(I)9,1NI(I))/RI(I) 

	

0234 	PEXC(I)=PFY(I)+DPEX(I) 

	

0239 	P•-PATC(I)=m-xC(I)/PI(I) 

	

0236 	IF(I.LE.81.nP.I.GF1184)VOS=2.350 

	

0?37 	IF(I.ut.82.AND.I.LE.106)V0c=0.PR3 

	

J238 	IF(I.6E.10.AND.I.EE.183)VOS=1.F118 

	

1239 	2 Li (4/(I)=xu(1,I)
-7 	

›pI(I)/pEx(i).vos,(1.0.DELTA(1» 	-  

	

J240 	' 0010122 

	

)241 	123 DREx(1)=0.0 

	

)242 	PFXC(I)=PI(I) 

	

)243 	PFRATC(I)=1.0 

	

)244 	01(I)=0.0 

	

)245 	IFC(PFT(I)-0.001).LT.PI(1))GOT0122 	 ____ _ 

	

1246 	PExC(I)=0.1 

	

)247 	PFPATC(I)=0.0 

	

1248 	122 CONTINUE 
C THE VaLUES OF THE FxPERImENTAL EXPLOSION PP,ESSuPE ARE COPPECTED FOR HEAT 
C LOSSES AND THE PATIO OF THE COPPECTFO VALUF OF PF/PI CALCULATED .. _..- 
C THF F,ESULTS ARP wPITTEN OUT IN A SUITA6LI- EOPM 

	

249 	I=1 

	

250 	2,13 mtt=1 

	

251 	NUm2=1 

	

252 	8000 IF(I.LF.31.nR.I.GF.184)(_INFR=1 

	

253 	IF(I.GE.82.aND.I.LE.106)EINER=7 	
_ 

	

254 	IF(I.GL.10 7.ANo.I.LE.183)LINER=3 

	

255 	1-c,ITF(6,91n1ITI(I).LINFq 

	

256 	8001 F0DPIAT(1H1./////////1221-1 INITIAL TEMPEP4TUPE ii,F6.2.7H nEG. K,(DH L•
1INLi.t,12)) 	 f 

	

2S7 	Num=Num2 

	

258 	t-?ITE(0,8012) 

	

259 	8002 FoRmAT(190.(8H 	PI 	PI2 NF/NI 	NFO/NI 	P1- /P1 
1 PFC/PI PFO/PI 	I.// ) 

 

	

260 	DOk0031=MA.N1  

	

261 	N0,11=(1I(I)-273.14)/25.0 

	

262 	IF(NU,11.GT."Um.00.NUI.LT.NUM)c,OTOR004 
263 

	

264 	
14u4=NUY1 
wRITE(6,300S)PI(I),PI2(I),YMOLN1(I),XMOLN2(I),PPATIO(I).PRATX(I),P 
1PATm(I),I 

	

265 	8005 FoRmA1(3X.7c10.3,3)(113) 

	

266 	kn03 CONTINUE 

	

267 	8004 ,% 1-,ITE(6.8nni)TI(MA),LINPR 

	

268 	1,,,, ITE(6780n6) 

	

269 	8006 FOPwAT(IHO. 	//(781-4 	PI 	PE - - 	DP 	PEZ 
1 	PEC 	PEO 	PECO 	I)//) 

	

270 	NUM=NUM2 

	

e71 	noPoo7r=mP,N 

	

?72 	N,J)=(TI (I)-273.14)/25.0 

	

)73 	If (Num1.6T.NU,I.OP.NUM1.LT.NUM)60T08009 - - - -- -- -- 	- 

	

774 	Nu-,=Num) 

	

275 	k.IRITE(6,80,1)..)PI(I),PEX(1),DPEX(I),PEXC(1),PEXP(I),PFX0(I),PEXPO(I) 
1,I 

	

'76 	8008 Frgeoafl3X,/P10.3,2A,I3) 
)77 
)78 
'79 
260 

8007 CONTINUE 
8009 W,=. 1TE(6,8001)TI(MA)9LINER 

01=q1E(6.8010) 
8010 FOqYAT(1H0. // 	(68H 	PI= 	- PE/PI 
_ 1 	PEO/PI 	PECO/PI_ 	_I)//) _  

PE/PI 	PEC/PI 

	

?RI 	NOm=NUM2 

	

82 	0080111=mA.,, I 

	

!83 	NUM1=(II(I)-73.14)/25.0 

	

!84 	IF(NUMI.GT.NUM.OR.NUMI.LT.NUM).G0T08013 

	

?85 	NUm=NUN1 

	

!86 	. 	IvPITE(6,8012)PI(I),PEXPT(I),PEPATC(I),PEPAT(I),PEXPTO(I),PERATO(I) 

	

!87 	8012 FOPmAT(3X,F10.3.?X,I3) 

	

'88 	8011 CONTINUE • 	
_ 	_ _..._______,...=_______._ 	=77  ._....r_r  

	

!89 	8013 WPITE(6,8nn1)TI(MA),LINER - 	-- 
!90 tPITE(b,8014) 

	

'91 	8014. FORNAT(1H0. 	-// (88H- 	- 	- .PI - - -__ DELTA__-____X02._ 	_ -__XN?___:_._ __:___._ 
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- -I 	• ANO2 	OZ • 	()BURN 	SU 	I)//) 
0292 	NWA=NUm2 
0293 	D080151=mA.m 
0294 	Nu11=(TI(I)-273.14)/25.0 
0295 	IF(^,uml.GT.mUm.Or=.wml.LT.NUm)r,0708016 
0296 wpITE(8.8017)P1(1).DELTA(1),x0n(I).XNN(I),x00N(I),OZ(I)10BURN(1),S__ 

1u(I),I 
0297 	W)17 Fo!-emAT(3X.r10.3.6E10.7,F10.5,2x.I3) 
0298 	NUm=NUN1 	 -_-.._-_- 
0299 	5015 CONTINUE 
0300 	ein16 t-PI7E(6.80n1)TI(MA),LINER 
0301 	1,6RITE(6,8019) 
0302 	8019 E0mAT(1H0. 	// (68H 	PI. 

1 	TECO . 	TEL 	I)//) 
0303 	NUM=NUM2 
0304 	008021I=mA,m 
0305 	Num1=(TI(I)-273.14)/25.0 - 
0306 	IF(NUY.GT.um1.0R.NUm.LT.NUml)r,0T08018 
0307 	NUm=Nu'-rl 
0308 	,AJ)ITE(6,0n20)PI(I).TEx(I).TE(I),TEx0(1),TEO(I)9TFL(I),I 
0309 	8020 F04,vAT(3X,,.,:f=10.4,2x.I3) 
0310 	8021 CONTINUE 	___ _ 
0311 	8018 IF(I.GE.N)(7;11T08888 
0312 	NU;.'2=CTI(I)-273.14)/25.0 
0313 	MA=I 
U314 	GOTo800O 
0315 	8888 CONTINUE 
0316 	STOP 
0317 	END 

TEX 
	

TEC 
	

TEX() 



II.1 	Calculations of heat losses. 

In chapter 6, it was shown that the pressure fall due 

to heat losses could be expressed as 

- te3 6 (9) log 
Pe  Pf  K.s {:t 
P - Pf 2.303 of v 
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Appendix II 

Calculations  

By plotting the LHS against (t-te) the slope, Z, can 

be found. 

Now according to the ideal gas law, 

PeV = ne R Te 

thus since 

Z = Ks 

ne v  2.303 

If it is assumed that ne = nf' then 

Z. 	 K 	Te  e • \- - 2.303 Pe 

and by substitution K can be found 

Example II.1 

No Liner 

Initial pressure 	8.52 bar (g) 

Initial temperature 298 K 

Explosion pressure 	76.1 bar abs 

II (1)  

II (2)  

II (3)  
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Final Pressure 14.3 bar abs 

time 
(s) 

P ( 	 - Pe-Pf 	P-Pf log 
PPe -PPf 

f 

0.25 71.68 61.8 57.4 0.032 
0.50 66.2 61.8 51.9 0.076 
1.00 57.8 61.8 43.5 0.150 
1.50 50.5 61.8 36.2 0.233 
2.0 44.9 61.8 30.6 0.305 
2.5 40.1 61.8 25.8 0.379 

• 

from figure 23, Z = 0.160 

from thermochemical data(52) and the experimental results 

- C5 = 0.0251 	MJ kmol-1  le 1  

V = 42.4 m 1 

R = 8.314 x 103 MJ kmol-1 le-1 

Pe = 76.13 x 105 N/M2 

Te = 1664 K 

hence K = 119.7 J m 2  3e-1 s-1 

The results are given in table 3.2 

The maximum rate of pressure loss during the explosion is 

given by equation 6(14). 

dP 	s2 -(dt)  max - 	x (Pe-Pf) 0.218 (Pe
) 0.6 

n 	V f Cv  6 (14) 

and hence the total pressure loss can be found using equation 

6 (22). 

dP 	dP AP = 	(-dt) Pe
t  t1 + (-dt) Pe (tt2 - ttl) 6 (22) 

Typical results are given in table 3.3. 
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11.2 	Calculation of the burning velocity from the 

pressure-time record 

In chapter 7, the method for calculating the burning 

velocity from the pressure-time record was discussed. The 

following example illustrates the calculation method. 

Example 11.2 

No Liner 

Initial pressure 8.52 bar (g) 

Initial temperature 298K 

Total explosion time 1.195 

Time to maximum explosion pressure 0.35 

Maximum explosion pressure 76.1 bar abs 

P - d  max 	= 22.52 bar s-1 dt 

Hence 41P1 	= 	23.42 bar 

time 	p 	P/  P- Po 	r. 	P 	/ 
P rb rb2 

(s) 	(bar (bar 	(bar 	o 	P -  (Bar 

	

abs) abs) abs) R P 	abs) R Rb 

0.05 9.82 9.91 0.38 0.16 0.96 89.87 0.334 0.11 
0.10 10.62 11.00 1.47 0.25 0.87 88.78 0.498 0.25 
0.15 12.79 13.63 4.10 o.36 0.70 86.15 0.661 0.44 
0.20 17.43 18.93 9.40 0.47 0.50 80.85 0.791 0.62 
0.25 31.98 34.32 24.79 0.65 0.28 65.46 0.907 0.82 
0.30 50.55 53.93 44.40 0.79 0.18 45.85 0.957 0.92 
0.35 64.27 68.77 59.24 0.87 0.14 31.01 0.977 0.96 
0.40 68.43 74.06 64.53 0.90 0.13 25.72 0.982 0.97 
0.45 72.08 78.83 69.30 0.92 0.12 20.93 0.986 0.97 
0.50 73.80 81.68 72.15 0.93 0.12 18.10 0.988 0.98 

at t = 0.15s 

dri 	-1 = 0.0235 m s dt 

hence withVu = 1.21 

-1 
Ub 

= 0.0428 m s 
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11.3 Calculation of amount of nitrogen required to 

suppress decomposition at different initial temperatures 

In chapter 6, the use of equation 3(33) was discussed. 

oC I 

  

1 - 
C 3 (33) 

   

- T!' 
-2  (To To) HD 

      

Using values of C and Lk'HD calculated from analysis of 

the decomposition products at the flammability limits at 

323K for an initial pressure of N20 of 8.53 bar (g). 

With 	C 	= 46.93 kJ K-1  (kmol N
2
0 decomposed) 

ZW1D = 78.78 MJ kmol-1  

0C = 0.0973 

the following results are obtained 

To 	%N2 
(K) 

323 
	

9.73 
348 
	

12.19 
373 
	

14.73 
398 
	

17.35 

From the experimental results, the following values 

were obtained. 

%N for 	%N for 
Po =

28.52 bar (g) 	Po a 9.45 bar (g) no 

323 9.73 9.73 
348 13.3 12.7 
373 16.0 14.9 
398 18.7. 17.4 
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APPENDIX III 

Experimental Results  

III.1 	The Results for Nitrous Oxide 

Table 1.1 	No Liner 

P 	" '0 	e 	0 	6/dt may 
(K) 	(bar g) 	(bar g) 	(bar s ) 

298 7.48 7.48 1.00 0 
7.83 7.96 1.01 - 
8.03 73.7 8.26 539 
8.03 64.0 7.18 248 
8.17 65.0 7.19 385 
8.17 66.9 7.39 414 
8.38 69.8 7.53 534 
8.52 75.1 7.99 374 
8.52 80.0 8.50 379 
8.69 77.9 8.13 390 
8.86 74.4 7.64 424 
9.21 75.7 7.51 306 
9.55 69.1 6.64 402 
9.55 79.6 7.63 610 

323 6.42 6.90 1.06 - 
6.62 46.5 6.23 323 
6.72 50.0 6.59 367 
6.76 55.0 7.21 289 
7.14 48.0 6.00 379 
7.48 48.7 5.85 301 
7.48 46.6 5.61 247 
7.86 53.3 6.12 252 
8.17 52.4 5.82 386 
8.52 58.2 6.21 363 
8.52 65.5 6.98 376 
8.83 63.0 6.50 400 
9.21 75.4 7.48 437 
9.52 66.6 6.42 372 
9.55 75.2 7.22 390 
9.93 77.2 7.14 452 

348 5.24 35.4 5.82 213 
5.38 33.2 5.34 243 
6.20 44.1 6.24 316 
6.76 40.5 5.35 206 
7.48 55.6 6.66 205 
8.52 58.6 6.26 243 
9.55 68.3 6.56 273 
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To 
(k) 

Po 

(bar g) 

Pe 

(bar g) 

Pe/ 
Po dP/dt max 

(bar s-1  ) 

373 4.35 30.3 5.85 158 
4.38 4.38 1.00 - 
4.55 30.9 5.74 228 
4.72 30.5 5.50 162 
6.21 42.0 5.95 147 
6.76 48.3 6.34 201 
7.48 49.4 5.93 267 
8.52 54.1 5.79 260 
9.55 65.5 6.29 214 

398 3.35 19.8 4.77 
3.52 3.52 1.00 ■1■11 

3.69 22.1 4.92 94 
4.04 24.9 5.14 96 
6.21 40.4 5.73 186 
6.72 44.0 5.82 156 
7.48 48.4 5.82 196 
9.55 66.9 6.43 223 

423 3.17 21.8 5.45 114 
3.35 20.4 4.91 69 
6.76 44.0 5.79 179 
9.55 63.3 6.08 177 

448 3.17 21.6 5.40 114 
3.35 21.6 5.19 69 
6.76 39.5 5.21 179 
9.55 64.8 6.23 172 

473 2.35 12.0 3.86 59 
2.48 19.0 5.73 106 
2.69 13.5 3.92 - 
2.83 16.7 4.61 96 
6.76 41.5 5.47 99 
9.55 61.4 5.91 143 

r- 
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Table 1.2 
	

Liner 1 

TO 

(K) 

P
o 

(bar g) 

Pe 

(bar g) 

P
e/P 0 dP/dt max 

(bar s-1) 

298 7.83 13.5 1.64 29 
7.83 17.7 2.12 35 
7.86 25.7 3.00 331 
8.00 50.8 5.74 362 
8.21 45.1 5.00 216 
8.86 58.1 5.99 184 
9.55 58.8 5.66 393 

323 6.59 24.5 3.36 59 
6.76 8.2 1.19 - 
6.76 11.8 1.64 17 
7.14 40.9 5.14 182 
7.48 45.0 5.41 340 
7.66 49.9 5.87 306 
8.17 48.8 5.42 413 
8.52 55.5 6.04 321 
8.86 55.7 5.74 239 
9.55 64.7 6.22 281 

348 5.55 32.4 5.10 175 
5.59 5.59 1.00 - 
5.72 23.6 3.66 68 
5.93 37.9 5.60 85 
6.07 35.2 5.11 197 
6.76 39.5 5.22 - 
8.52 50.2 5.37 250 
9.55 47.7 4.61 187 

373 5.07 28.2 4.80 147 
5.21 19.6 3.32 53 
5.38 21.8 3.57 77 
5.59 29.2 4.58 171 
6.07 37.0 5.37 99 
6.76 30.7 4.08 172 
6.76 34.5 4.57 185 
7.48 33.9 4.11 113 
8.52 33.7 3.64 113 
9.55 40.9 3.96 203 

398 4.38 15.8 3.11 18 
4.55 20.8 3.92 78 
4.72 23.6 4.29 125 
5.41 32.6 5.23 134 
6.76 24.9 3.34 87 
6.76 28.6 3.82 115 
8.52 34.0 3.67 113 
8.52 34.2 3.70 119 
8.52 34.7 3.75 125 
9.55 37.5 3.65 144 
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Pe/, 
To Po Pe 'o dP/dt max 
(K) (bar g) (bar g) 

_ 
(bar s-1) 

423 4.03 14.4 3.05 29 
4.38 16.1 3.17 31 
4.71 13.8 2.58 38 
4.72 14.8 2.75 43 
5.38 17.3 2.86 42 
5.38 31.2 5.04 180 
5.38 30.5 4.92 55 
8.52 42.7 4.59 186 
9.55 46.4 4.49 137 

448 3.00 15.44 5.55 76 
3.17 3.17 1.00 -- 
3.17  15.7 4.95 82 
3.34 17.4 5.48 53 
3.69 19.9 5.72 122 
5.38 20.1 4.17 63 
6.79 24.7 4.49 77 
8.52 37.4 5.83 124 
9.55 42.9 5.99 200 

Table 1.3 Liner II 
P 

To Po Pe 
e/p 

o dP/dt max 
(K) (bar g) (bar g) -1  (bar s-1) 

298 8.83 67.5 6.96 323 
8.86 8.86 1.00 .1M=. 

9.03 9.03 1.00 .111.m 

9.14 28.1 2.87 208 
9.14 36.6 3.71 228 
9.90 42.3 3.97 348 

323 7.66 29.9 3.57 156 
7.83 7.83 1.00 IMO 

7.83 29.6 3.46 279 
8.00 31.4 3.60 338 
8.17 31.9 3.59 248 
8.52 30.6 3.32 250 

348 6.07 16.2 2.43 68 
6.45 6.54 1.01 - 
6.45 23.6 3.30 135 
7.52 25.2 3.08 159 
8.21 25.7 2.89 124 
8.83 27.3 2.87 152 
9.55 28.4 2c,7_78 124 
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Table 1.5 	Initial Pressure 	9.55 bar (g) 

Liner 	To 	moles product/mole N20 decomposed 

02 	N2 	NO2 

0 	 298 	.445 	.985 	.030 
298 	.456 	.987 	.027 
323 	.457 	.988 	.025 
348 	.463 	..986 	.029 
373 	.461 	.986 	.028 
398 	.454 	.986 	.029 
423 	.451 	.986 	.027 
448 	.448 	.986 	.028 
473 	.459 	.986 	.027 

1 	 298 	.437 	.987 	.027 
323 	.439 	.987 	.026 
348 	.434 	.972 	.056 
373 	.430 	.979 	.043 
398 	.418 	.975 	.050 
423 	.429 	.974 	.052 
448 	.433 	.977 	.047 

II 
	

298 	.408 	.980 	.039 
323 	.378 	.973 	.055 
348 	.404 	.978 	.044 

Table 1.4 	No Liner 

Initial temperature 498K 

Po 	moles product/mole N20 decomposed 

(bar g) 	02 	N2 	NO2 

	

4.36 
	

0.442 
	

0.982 
	

0.036 

	

4.70 
	

0.431 
	

0.983 
	

0.035 

	

5.05 
	

0.439 
	

0.984 
	

0.032 

	

7.22 
	

0.440 
	

0.981 
	

0.038 

	

7.74 
	

0.449 
	

0.980 
	

0.039 

	

8.50 
	

0.445 
	

0.984 
	

0.033 

	

10.57 
	

0.454 
	

0.986 
	

0.029 
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111.2 
	

The Results for N20 + N2 

Table 2.1 	No Liner (Explosions only) 

To 	Po 	mol N2 	Pe 	

Pe/ Po 
	dP/dt max 

(K) 	(bar g) 	mol N20 	(bar g) 

323 7.48 0 46.6 5.61 340 
7.76 0.031 43.8 5.10 336 
7.93 0.051 56.4 6.41 376 
8.10 0.070 61.3 6.84 248 

8.52 0 65.5 6.98 376 
8.87 0.045 61.6 6.27 372 
9.31 0.080 63.0 6.20 228 
9.48 0.097 46.0 4.48 149 
9.48 0.097 66.4 6.43 193 
9.66 0.115 69.3 6.59 246 

;.9.55 0 64.7 6.22 281 
10.00 0.041 64.6 5.96 282 
10.35 0.072 58.9 5.27 340 
10.69 0.103 82.5 7.13 217 
10.86 0.118 60.5 5.18 239 
10.86 0.118 63.4 5.42 420 
11.03 0.134 67.6 5.69 194 

348 6.21 0 44.1 6.24 173 
6.38 0.023 42.5 5.88 238 

7.48 0 55.6 6.65 205 
8.31 0.093 48.0 5.26 303 
8.62 0.129 42.2 4.49 114 
6.20 0 44.1 6.24 173 
6.38 0.023 42.5 5.88 238 

7.48 0 55.6 6.66 205 
8.31 0.089 48.0 5.26 303 
8.62 0.118 42.2 4.49 114 

8.52 0 58.6 6.26 235 
9.66 0.116 62.4 7.38 268 

10.69 0.113 17.3 1.69 58 

9.55 0 68.3 6.56 273 
10.86 0.120 73.6 6.26 242 
11.03 0.135 68.2 5.75 187 

373 6.21 0 42.0 5.95 147 
6.55 0.047 38.2 5.19 227 
6.72 0.070 42.2 5.58 188 
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To 	P o 
(KY 	(bar g) 

mol N2 
mol N20 

P 

Pe - 
(bar g) 

ep 	dP/dt max o 

7.48 0 49.4 5.93 267 
8.45 0.111 46.7 5.04 332 

8.52 0 54.1 5.79 260 
10.86 0.152 62.6 5.78 277 

9.55 0 65.5 6.29 214 
11.14 0.146 63.6 5.31 215 
11.28 0.155 54.3 4.52 210 

398 	6.21 0 40.4 5.73 186 
6.76 0.075 31.9 4.23 123 
6.21 0.094 12.2 1.67 20 

7.48 0 48.4 5.82 196 
8.62 0.131 44.0 4.68 200 
8.79 0.151 14.3 1.56 19 

8.52 0 52.6 .5.63 165 
10.54 0.188 52.9 4.75 166 

9.55 0 	. 66.9 6.43 22.3 
11.55 0.173 19.3 1.61 

Table 2.2 Products of Decomposition 

Partial pressure 	N20 9.55 bar (g) 
Initial temperature 323K 

mol N moles product/mole N20 decomposed 
mole PI20 02 N2 	NO2 

0.0 0.452 0.987 0.026 
0.0 0.457 0.988 0.025 
0.041 0.448 0.986 0.028 
0.072 0.414 0.983 0.035 
0.103 0.454 0.985 0.030 
0.118 0.446 0.976 0.047 
0.118 0.448 0.980 0.041 
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111.3 	Derived Results for Nitrous Oxide 

Table 

cr 
(bar g) 

3.1 	Ignition Limits 

1 

No Liner 

P cr Pcr Tcr 	TCr 
(K) 	(K -1 ) 

T cr 
", T2  

cr 
7.93 298 	0.00336 -3.506 -9.203 
6.55 323 	0.00310 -3.754 -9.532 
5.17 348 	0.00287 -4.030 -9.882 
4.27 373 	0.00268 -4.256 -10.177 
3.62 398 	0.00251 -4.453 -10.439 
3.21 423 	0.00236 -4.607 -10.655 
3.10 448 	0.00223 -4.690 -10.794 
2.41 473 	0.00211 -4.928 -11.087 

Coefficients of determination 0.9959 0.9971 

Table 3.2 
	

Heat Transfer coefficient, K 

3.2.1 	No Liner 

Pe 
(bar abs) 

K 
-2 	-1 (J m 	K 	s -1) 

I5V/S 
( J m  1  K -1  s-1) 

75.4 127.7 4.67 
78.9 134.0 4.89 
76.1 119.7 4.38 
81.0 126.4 4.62 
70.8 114.3 4.17 
67.9 115.1 4.20 
51.0 102.6 3.75 
49.7 107.2 3.92 
31.5 71.2 2.60 
22.6 57.8 2.11 
22.6 52.3 1.91 
17.7 53.2 1.94 

Liner I 

Pe 
(bar abs) 

K- .  

(J m
-2 

K
-
* s 

KV/S 
) 	(J m-1 K-1 s-1) 

59.1 106.3 3.006 
59.1 139.8 3.95 
65.7 154.5 4.37 
24.6 112.6 3.18 
20.7 69.9 1.97 
38.0 96.7 2.73 
31.7 114.7 3.24 
41.9 97.1 2.74 
48.7 117.4 3.31 
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3.2.3 	Liner II 

Pe 	 KV/S 
2 	m-1 k-1 s-1) (bar abs) 	m-  K 	s-1  ) 

37.6 183.8 2.55 
29.1 240.3 3.34 
43.3 262.5 3.65 
31.6 201.6 2.80 
33.0 211.0 2.93 
24.6 151.5 2.106 
17.2 182.1 2.53 
25.9 154.9 2.153 
29.4 186.3 2.58 

Table 3.3 
	

Comparison of Pe/Po, Pe/Po and Pec/Po 
at an initial temperature of 323K 
No Liner 

Po 
bar Abs 

7.01 
7.43 

Pe/ Po  

1.000 
1.064 

Pe/n 
o 

- 
- 

P ec/n  
o 

1.000 
1.365 

7.63 6.23 7.77 8.96 
7.74 6.59 8.14 9.78 
7.77 7.21 9.44 10.67 
8.15 6.00 7.26 9.44 
8.50 5.85 7.52 9.26 
8.50 5.61 7.02 8.74 
8.88 6.12 7.52 9.83 
9.19 5.82 7.01 9.50 
9.53 6.21 8.17 10.18 
9.53 6.98 9.29 11.30 
9.84 6.50 8.35 10.50 
10.22 7.48 9.42 11.25 
10.53 6.42 8.09 10.58 
10.57 7.22 9.57 11.51 
10.94 7.14 8.97 11.52 
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Table 3.4 

Po 

bar abs 

Comparison of Pe/Po, Pe/Po and Pec/Po 
at an initial temperature of 448K 
No Liner 

e/p 	Pe/p 	Pec/n 

4.05 1.00 1.00 '1.00 
4.19 5.40 7.53 8.16 
4.36 5.19 7.92 7.90 
7.77 5.21 7.34 8.23 
10.57 6.23 8.28 8.26 

Table 3.5 	Comparison of Pe/Po, Pec/Po and Peco/Po 
for an initial pressure of 9.55 bar(g) 

3.5.1 

To 
4K) 

No Liner 

e/n  P er/ 
0 

Peco/n  
0 

298 7.63 12.52 12.708 
298 7.63 12.63 12.85 
323 7.22 11.51 11.65 
348 6.56 10.64 10.76 
373 6.29 9.78 10.00 
398 6.43 9226 9.40 
423 6.08 8.64 8.85 
448 6.23 8.28 8.41 
473 5.91 7.98 8.05 

3.5.2 Einr i 

T  P
e/p ev p  eccip  

- .p 	 0  

(K) 

298 5.66 10.27 12.08 
323 6.22 10.16 11.27 
348 4.61 8.95 10.14 
373 3.96 7.88 9.39 
398 . 3.65 7.42 8.78 
423 4.49 8.01 8.56 
448 4.15 7.53 8.13 
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Table 3.6 	Comparison of Pe/Po, Pec/Po and Peco/Po at 
an initial temperature of 398K' 

No Liner 

Po 

(bar abs) 

e/n  
0 

Pec/ Po  
Peco/ Po 

4.05 1.00 1.00 1.00 
4.19 1.00 1.00 1.00 
4.36 1.00 1.00 1.00 
4.36 4.77 8.31 9.00 
4.53 1.00 1.00 1.00 
4.70 4.92 7.14 8.68 
5.05 5.14 7.22 8.72 
7.22 5.73 8.94 9.20 
7.74 5.82 9.13 9.26 
8.50 5.82 9.20 9.32 

10.56 6.43 9.26 9.40 

Table 3.7 	Comparison of maximum rate of pressure rise 
for different values of S/V.  

3.7.1 	Initial pressure 8.52 bar (g) 
Initial temperature 323K 

dP 	a 
dt max 	V 
bar s-1 	m-1  

363 	42.4 
376 	42.4 
321 	54.8 
250 	111.5 

3.7.2 	Initial temperature 348K 
Average values 

dP 
dt max V 

- bar s-1 	m 1  

243 	42.4 
160 	54.8 
127 	111.5 
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Table 3.8 	The effect of initial temperature on the 
maximum rate of pressure rise 

3.8.1 	No Liner 
Initial pressure 9.55 bar (g) 

dP 
dt max 

(bar s-1) 

610 298 
402 298 
390 323 
273 348 
214 373 
223 398 
177 423 
172 448 
143 473 

3.8.2 	No Liner 
Average Values 

dP T 
 dt max 

(bar s-1) 	
(K) 

 

418 298 
370 323 
243 348 
193 373 
136 398 
133 423 
133 448 
101 473 

3.8.3 	Liner I 
Average Values 

dP 
dt max 

(bar s-1) 

297 298 
240 323 
160 348 
126 373 
106 398 
86 423 
99 448 

To  
(K) 

T
o 

(K) 



191 - 

S 
Table 3.9 
	Effect of v on products of decomposition 

Average values 

S 
V 
-1 m  

Moles. Product per mole N 0 decomposed 

02 	N2 	NO2 

42.4 0.455 0.990 0.026 
54.8 0.422 0.982 0.036 

111.5 0.402 0.977 0.043 

Table 3.10 
	

Effect of initial pressure on products of 
decomposition 
Initial temperature 	448K 
Liner I 

Po 

(bar abs) 

Moles Product per mole N20 

02 	N2 

decomposed 

NO2 

3.00 0.384 0.960 0.083 
3.17 0.379 0.961 0.077 
3.34 0.390 0.958 0.084 
3.69 0.411 0.965 0.070 
5.38 0.401 0.963 0.074 
6.79 0.389 0.967 0.067 
8.52 0.417 0.974 0.052 
9.55 0.433 0.977 0.047 

Table 3.11 
	

Effect of initial temperature on products of 
decomposition 
Initial pressure 	9.55 bar (g) 
No Liner 

To 
	Moles Product' per mole N20 decomposed 

(K) 
	

02 	N2 	NO2 

298 0.445 0.985 0.030 
298 0.457 0.987 0.027 
323 0.458 0.988 0.025 
348 0.463 0.986 0.029 
373 0.461 0.986 0.028 
398 0.454 0.986 0.029 
423 0.451 0.986 0.027 
448 0.448 0.986 0.028 
473 0.459 0.986 0.027 
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Table 3.12 
S.  

Effect of V on amount of N20 Undecomposed 
Average values 

S 	 % N20 
V 
in-1  

	

42.4 
	

1.8 

	

54.8 
	

9.0 

	

111.5 
	

' 30.0 

Table 3:13 Effect of initial pressure on amount of 
N 0 Undecomposed 
In2itial temperature 	448K 
Liner I 

Po 	% N20 

(bar g) 

2.66 	100 
2.83 	100 
3.00 	4.8 
3.17 	100 
3.17 	18.3 
3.34 	9.4 
3.69 	8.2 
5.38 	14.7 
6.79 	13.2 
8.52 	6.8 
9.55 	5.7 

Table 3.14 
	

Effect of maximum explosion pressure on 
thickness of the quenched zone 
Liner I 

To 	Pe 

(K) 	(bar g) 

298 	13.4 
17.7 
25.6 
50.7 
45.1 
58.1 
58.8 

323 
	

24.5 
8.28 
11.8 
40.9 
45.0 
49.9 
48.8 
56.6 
55.7 
64.7 

Qz 

m x 103  

0.65 
0.62 
0.55 
0.47 
0.61 
0.37 
0.36 

1.85 
14.70'  

8.62 
0.47 
0.53 
0.30 
0.51 
0.23 
0.49 
0.30 
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To 	Pe 	Qz 

(K) 	(bar g) 	m x 10
3 

348 
	

32.4 
	

0.67 

	

23.6 
	

1.20 

	

37.9 
	

0.35 

	

35.2 
	

0.62 

	

39.5 
	

0.68 

	

50.2 
	

0.38 

	

47.6 
	

0.50 

373 
	

28.2 
	

0.65 

	

19.6 
	

1.40 

	

21.8 
	

1.32 

	

29.2 
	

0.70 

	

37.0 
	

0.34 

	

30.7 
	

1.17 

	

34.5 
	

0.78 

	

33.9 
	

0.87 

	

33.7 
	

0.98 

	

40.9 
	

0.79 
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Derived Results for N2
0 + N2 

-Table 4.1 	Adiabatic limit flame temperature 
No Liner 

Po 
(bar g) 

Tfl 
(K) 

To 
(K) 

6.21 1915 348 
7.48 1870 348 
8.52 1835 348 
9.55 1829 348 
5.17 (pure N20) 1960 348 

6.21 1904 398 
7.48 1861 398 
8.52 1839 398 
9.55 1827 398 
3.62 (pure N20) 2006 398 
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111.5 	Mechanism 

Table 5.1 
	

Effect of initial pressure on burning 
velocity 

5.1.1 

Po 
(bar abs) 

No Liner 

Initial temperature 

Ub (from P-t) 

m s-1  

323K 

Ub (from thermal theory) 

m s-1  

7.64 0.0496 0.0170 
7.74 0.0469 0.0150 
7.77 0.0393 0.0137 
8.15 0.0455 0.0152 
8.50 0.0309 0.0167/0.0156 
8.88 0.0452 0.0139 
9.19 0.0532 0.0153 
9.53 0.0428 0.0140 
9.53 0.0436 0.0128 
9.84 0.0424 0.0137 
10.22 0.0389 0.0130 
10.53 0.0419 0.0129 
10.56 0.0375 0.0118 
10.95 0.0390 0.0126 

5.1.2 	Initial temperature 398K 

Po 	(from P-t) 	Ub (from thermal theory) 

(bar abs) 	m s-1 	m s-1  

4.70 0.0470 0.0379 
4.98 0.0476 0.0356 
7.22 0.0427 0.0238 
7.74 0.0290 0.0214 
8.50 0.0309 0.0219 

10.56 0.0275 0.0194 
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Table 5.2 
	

EfTect of initial temperature on the burning 
velocity 
No Liner 
Initial pteSsure 9.55 bar (g) 

To 	Ub (from P-t) 	Ub (from thermal theory) 

(K) • 	m s-1 m s-1 

298 0.0445 0.0113 
298 0.0453 0.0106 
298 - 0.0098 
323 0.0419 0.0129 
323 0.0375 0.0118 
348 0.0313 0.0132 
373 0.0274 0.0161 
398 0.0275 0.0194 
423 0.0277 0.0237 
448 0.0276 0.0276 
473 0.0314 0.0303 
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Appendix V 

1. The main purpose of the safety cabinet was to reduce 

the risk of injury to people in the vicinity of the 

experimental apparatus, in the event of the failure of 

the explosion vessel or any of its associated equipment. 

To this end, it was decided that the cabinet should be able 

to withstand the shock pressure wave resulting from the 

brittle failure of the experimental vessel, when its 

contents were in their most energetic state and further 

that the cabinet should prevent projectiles reaching the 

operator. 

2. In order to use the shock-wave pressure data from the 

literature(46 47,52),  the TNT equivalent of the vessel 

contents was first calculated. 

The maximum energy from the explosion is equivalent to 

the isothermal decrease in the Helmholz free energy,A,(45)  

where 	QA = 	- TAS 	V (1) 

A reasonable approximation is to consider the available 

chemical energy in terms of the heat of reaction at the 

lowest initial temperature and the highest initial pressure. 

2.1 Maximum vessel volume 	= 	2.44 x 10-3 m3 

	

Maximum initial pressure = 	10.0 bar (g) 

Minimum initial temp:. 	= 	273K 

Molar density of N20 	= 	0.49.1 kmole m-3 

	

Vessel contents = 	1.199 x 10-3 kmole 

-1 Heat of decomposition at 273K = 81.2 MJ kmole 
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available energy = 9.74 x 10
-2 

MJ 

Energy of lg TNT = 4.688 MJ 

TNT equivalent 	= 2.08 x 10
-2 

kg 

Using the scaled distance based on 

D = Actual Distance from explosion  
(equivalent weight of TNTPA 

the peak shock wave pressure at any distance from 

the explosion could be found from the literature. 

2.2 In addition to the shock wave, the residual pressure 

in safety cabinet was also considered. Based on the 

adiabatic expansion of the vessel contents, it was calculated 

that a safety cabinet volume one thousand times the 

experimental volume would reduce the pressure to an 

acceptable level of 23 mbar. 

2.3 The energy of any projectile was also considered and 

it was assumed that, since the oven was always to be in 

place when the vessel was filled, the most likely 

projectile was part of the oven. The maximum energy of 

such a projectile being 9.74 x 104 J. 

3. 	Considering all the above factors, it was decided 

that a cabinet 4' x 4' x 6.5' (1.22m x 1.22m x 1.98m) made 

of 3/4" mild steel would satisfy all requirements. 

Calculations were made of the loads on the bolts, 

framework and plate in the event of vessel failure and an 

adequate safety factor allowed. 
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Example: 

The pressure shock wave on the face in the event 

of vessel failure has a maximum value of 1.1 bar. 

The surface area of the front face = 2.42 m2 

',load on the front face 	= 2.662 x 105 N 

Using 12mm mild steel bolts, maximum allowable load 

per bolt = 11000 N 

. Number of bolts = 24 

Thus using 30 bolts, gives an adequate margin under 

the worst conditions. 
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