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CHAPTER 1

INTRODUCTION

1.1 General Introductioc.

The amechanisa of the formation of a detonatiou
wave in a combustible gas mixture has been studied
extensively in the past, both theoretically and
experimentally. Whereas many aspects of the transitiowu
process are still not fully understood,.the process of
the stable detonation wave has been fully clarified.

The transition of deflagration to detonatiou is a
fairly rapid and rather complex process. Its duration
is affected in part by the temperature, pressure ana
composition of the initial reactants and by both the
amount of turbLulence present tefore igniticn and the
amount generated hy the flame. Another izgortant
factor is the shape of the vessel in which the
combustion takes place. Burning gas aixtures is long
cylindrical tubes is a coumon method for investigatiag
detonation phenosena.

From profiles of the average vave velocity aloang
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the leugth of a coambustion tube, the detnnation

induction distance can be determined. The induction
distance is ordinarily defined as the distance from the
ignitor to the point where a detonation wave forms.
This distance varies from one gas mixture to another,
and is affected by the initial conditioans.

#hen a combustible gas mixtare contained in a4
cylindrical tube of coanstant diameter is ignited at oae
end, a flame front is produced which propagates into
the uaburat mixture. Because of the temperature rise
bebind the flaae front, the pressure of tue kburant gas
increases. This increase in pressure leads to the
formation of a shock wave at some distance ahead of the
flaae. The zoue between the front of the shock wave
and the tail of the combustiou wave constitutes the
detonation wave during the transition period.

Behind the shcck wave, the unburned gas is
compr2ssed. The forsation of the shock wave Ly tae
propagation of the flame froant is similar to that
produced by a moving pistosn.

Because of the‘heating of the unburned gas tehird
the shock wvave, the flame speed increases. In acalojy
to the piston, the expanding coabustion gas does vork

on the unburned gas behind the shock wvave and, thereliy,
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g produces detonation temperatures vhich are bhigber than L_

g the corresponding adiabatic flaae tesperatures at Eg,

& copstant voluse. ECecause of tkis tepperature rise the té

= flaze froat continually accelerates and thus produces i»

- additional pressure waves vhich iuciedse the streagth ;3

. of the shock vave. At some point, the flame frout is ?2

N travelling fast enough to catch up with the tail of the E;

; " shock wave. The resulting structure of a shock wave ;&

- and adjacent coasbustion wave is called an overdriven ?é

r detonation wave, o

_ﬁ Eg In this state the detonation wave is unstable EE
‘f because it has not attained its final speed. The Nich '\

\ E nusber of the tail of this detonation wvave (vith ‘ ,

;E = respect to the burned gas) is less than one. The . 'ﬁ‘
EE = detonation wave is considered stable after the tail §§

- Q Mach number reaches unity. The wave is thern called a
E; = Chapran-Jouguet detonation wave. g;

‘;% Ei An overshoot in combustion gas pressure and shock g?
3 - wvave velocity occurs as the flase front rushes up to t
A the tail of the shock wave. The magnitudc of this ;i
R . pressure overshoot depends on the volume of the heated 32

but unburned gas in the region between the shock vave

(0
~eme
v _ 8

Vs

and the flaae front at the time of merging. The

- - -
TS,
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merging process is fast enough that the unturned gas in
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‘ this region explodes almost instantaneously.

A region of low pressure exists at thé ignitor eanl
of the tubke as a result of the forwvard aomentun
imparted to the combustion gas by the passage of the
shock wvave. This low pressure region propagates
rarefaction waves upstream which catch up to and reduce
the streagth of the overdriven detonatiovn save. These
vaves reduce the speed of the detomation wave oY
reducing the gas pressures within it. The net result
is a continual inctrease in the Mach number of the tail
of tie detonation wave.

Eventually, the tail Mach nuaber becoses equal to
one, and the expansion waves no louger weakem the
detonation wave. At this point, the detcnatioa wave is
considered stable and proceeds down the rest ot the

length of the tube at a constant rate.
1.2 Statemeut Of The Problen.

The yuestion of whether induction distance is
affected more by changes in initial pressure or
temperature has never been counpletely resolved.
Furtheraore, the role ot the speed of sound in the

unburned gas mixture and how it affects the leangth of

T o
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the induction distance has yet to be fully undecrstood.
A study is undertaken here to provide Lketter
insight into the relative importance of the initial

pressure and teaperatdre on the induction distance.

This is done py calculating the relative energy

transfer to the stable detonation wave in severai

A A

hydrogen/oxygea/diluent gas mixtures. The induction

e g

distances for these gas mixtures are experimentally

determined by buianing them in a cylindrical cosbustion

& tube at initial conditions of room temperature and
H atmospheric pressure.
By studying the initial flase froat Mach number,

more insight into the concept of detonatipoan inductiou
due to flame front acceleratioa is obtainmed. The
initial flame froant Mach anusber is calculated for the
various mixtures in this study based on experimentally
determined flame speeds. The investigation of this

N parameter results in a conclusion as to whetkher

. relatively high initial Mach numbers correspond to low

induction distancese.
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CHAPIER 2

LITERATURE SURVEY

There is much literature concerping the traasition
fros deflagration to detonation, but the majority of it
deals with the process occurring in solid exglosives
rather than in gaseous mixtures (referemces 1, 2 and 3
for exasple). The main literature availatle conceruiag
trapsition in coabustible gas mixtures still have not
yet resolved the guestion of what mechanisr causes the
detonation induction distance to change (either
lengthen or shorten) as the initial congitioas of the
mixtuce ate chactged.

Experineats have verified many times that the
detonation induction distance is atffected by changes iu
initial gas aixture pressure, tesmperature, composition,
vessel configuration (i.e. length and aiameter) and the
amount of turbulence present tefore and after ignition.
Barly vork by Sokolik and Schelkin (ref. 4) showed that
initial pressure changes the length of the induction

distance. 1These investigators performed experiments

using hydrogen and oxygen mixtures as vell as various
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hydrocarbon fuels and oxygen. The inital pressure
ranged from 30 to 300 aa of mercury (.04 to &
atnospheres). The results clearly shoved that
induction distance decreases as initial gas gixture
pressure iancredses. This effect of initial pressure
has been confirsed many times since then (referecuces 8,
26, 27, 28, 29 and 30).

Lafitte (ref. 5) did various early experisents
with hydrogen/oxygyen mixtures at different initial
tenperatures. The results of his work (which are
discussed ia ref. 9) showed that induction distance
increased as initial temperature iucreased. The
experiments by Lafitte involved inital teamferatures
ranging from 15 to 350 degress centigrade ( 288 to 623
degrees Kelvin).

Edse and Lawrence (ref. 6) did similar experizents
only to obtain the same trend in induction distance
with 1nitial tesperature. These authors used initial
terperatures ranging frog 123 to 300 deyrees Keavin.
They concluded that the reason tor the change in lengjth
of the induction distance in a coatustitle gas mixture
depends primarily on the acceleration of the flaze
front as vell as on the rate at which the fressure of

the combusted gases increases. 1This conclusion was
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supported by use of an eapirical eguation that

bt o Tt :
+ .
O LSO TR

-

inversely related the detonation induction distance to

"y

oy
B

an espirical factor whose disensions were that of an

.
'l

v
.

o
g

4
.

acceleratios. 1t wvas therefore rpostulated that this
factor vas some unkrovn function of the acceleration of
the flame front.

Bolliager, Foang, Laughrey and Edse (ref. 7)
concluded that tutbulence is an important mechanisnm Ly
measuring the detonation induction distance in
hydrogen/oxygen mixtures wvhere longitudinal rod ianserts
of various diameters were placed in the cosmbustion tube

before ignition. 1IThe mixtures wvere ignited at a

teaperature of approxirately 313 degrees Kelvin and
bothk rod diazeter and initial fressure was varied.
They further concluded that as both initial fressure
and rod diameter increased, detonation induction
decreased. A final conclusion was that turbulence
increases both due to the pressure waves generated and
the resulting interactions as the comtustion wave
encounters area discontinuities.

Bollinger and Edse (ref. 8) also gave another
insight into the effect of turbulemce on the detonation
induction distance. Ttis conclusion represeats a

contradiction to some previous views which is
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“' illustrative of the problems inherent in descritinj the
complicated combustion process of tramsition.

o Briefly, it is known (from the work by Shchelkia

m discussed in ref. 9) that as tube diaaseter decreases,

the detonation induction distance iaccreases. If the

- asount of turbulence per unit voluae of gas mixture is

considered, this ratio decreases as tute diameter
:f increases. 1lheretfore, it should he expected that
I detonation induction distance sbould increase. This
(& behaviour would be expected because the flase
- propagation rate decreasas as the amount of tucbulence
| decreases and the detonatiou process should therefore
. occur in a longer period of time. Hovever, as statead
above, induct;on'distance has been experisentally
é observed to decrease as tube diameter decreases.
. The same type of contradiction is oLtaiped when
the Beynolds nazber of the unkurnt gas asixture set in
o motion by the passage of the shock wave is considered.

If this ratio is based on tube didmeter, it is

;? proportional to the diaseter and decreases as tule
. diameter decreases. Since tbhe Eeynolds numkter is in
;& turn proportional to the amouast of turbuleuce, frop
. this reasoning we souyld also expect the induction

distance to increase as tube diaseter decreases. 0Once
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i again, the expected result is in disagreement with t__,_

. experimentally observed behaviour. These conclusious ~:

: exenmplify the need for a better understanding of the :::

= tole of turbulence in the induction process. V.

- Lafitte and Shchelkin have shown that detonation

wvave velocities in toug'h tutes are only 40 to 59
- - perceant that of those oLserved in tubes with smooth '.:
valls. Rybanin (ref. 10) sussarizes the reason for :
these results as beiny due tu the gas mixture 'being ‘
- r ignited at the points of wave reflection from the wall ' 3
= roughness. 7The temperature at these reflection points ‘
- has Leen shour to be bigher titan the temperature behind j"
" E the shock wvave. Combustion propagates toward the
__ ceater of the tube and fills the cross section. Thus, .:
}' the coambustion occurs befora the amixture has tiame to ::
. Q igaite as a result of the cospression process behiud ~
:‘ 2 the shock wave. \
'2 o The question of whether the unbucnt but shocked :_
gases between the shock wave and the flame front ignite '
~ spontdaneously or by a less rapid process wherety the
flame front merges with the tail of the shock wave, bas _‘
-.. been investigated quite thoroughly. Oppenheia, Sterao :
'-, :i'- and Urtiev (ref. 11) have analyzed in detail the :
:\_-;' b results of experiments by Schmidt, Steianick€and Neukert :
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(ref. 12) using propane and air eixtures and Schleiren
photographs of the combustion process. 7The idea of
pre-ignition due to the formation of high teaperature
areas cliose to the shock vave causing ignition of the
gas mixture between the shock vave and the flame front
3 vas investigated. oOppepheinm, Stern and Urtiew

concluded that the phenopeaon cf pre-ignition does

cause, but is not neccessary for the formatiou of a
detonation wvave. 1Un either case, it vas further
concluded, an overshoot in both detonation wave
pressure aud velocity would Le otserved.

Beyer, Urtiew and Oppenheim (ref. 13) have
concluded that the gasdynanmic process of compression
Letween the shock save and the flame front contrilbute,
at most, only 4 perceat to the eahancemect of che
transition process in hydrogen/air mixtures. Thus, tie
: phenosenon of transition to detonation must te
associated with heat or mass transfer fros the flaue
front although the effects of the unsteady boundary
layer should also be considered. 1These authors®
conclusipns are based on the results of the calculated
value of the fractional progress of the induction
process which takes the value ocmne when detonation

y occurs. Values that they calculated for this fracticn
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s vere at most egual to .04 . 1This means that a particle
in the shocked but uanbuint gas mixture would have only

achieved a pressure and tesperature of 4 percent the

- value that it has at detonation if the traasition
& process were the result of gasdynamic coapressican only.
Stehlow, Crooker and Cusey (ref. 14) have :
concluded by both theory and experiment that the l”;t
-~ accelerating shock wave preceding the comktustion
process can lead to the forsation of 'hot svots?! (gre- E ?
t ignition points) near the shock save which initiates an e
explosion and produces a detcmation wave. 2oth

Strehlov et al. and Meyer et al. conclude that the

. transition process can be rodelled once the complicated
kinetics betwveen the shock wave and flame froat are

fully understood.

| . Atkinson, Bull and Shuff (ref. 15) have ‘
- investigated the formation of spherical detonatior ;;?ki
vaves in hydrojensuxygen mixtures. They introduced a ;?55
relatior. for calculating the detomation induction

distance, [ ], as a function of the induction time, t,

and the velocity, u, of particles traasaittinyg tne

- coakbustion wvave just prior to detonatiocs, [] = ut. A
. plot of t versus #, the stoichiosetric ratio of

hydrogea to air ip the aixture, wvas sade after t had
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been calculted for various values of the induction
distance obtained from measurements and u vas assused
to equal the speed of the stalLle C-~J wave for each
sixture. Apother coaclusion wvas that the most
detovnatle mixture of hydrogensair occurred whea # was
approximately equal to 1.2 .

Work in the area concerning the developsent of
relations for the the speed of the flame front as it
accelerates into a combustitle gas mixture has aot
progressed much further than analysis of the flasme
front immediately after iguition. Studies Ly Urtiew,
Laderman and Oppenheina (ref. 16i have produced
relations that are based on the francipal that the
pacrticle velocity of the shocked Lut upkurat gases,
prior to when the flame front reaches the 4alls ot the
detonation tube, is a linear function of the flamefront
area. In their investigation, these authors have
cousidered cases in which the flame front initially
propagates avay froa the ignitor in a hemispkerical
shape and where it propagates in the shape of a
proiate spheroad. The justification for using such
shapes is that they are based on photographic records
of the combustioun process. Use of their method is

dependent on the experimentally deterained values of
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the initial area of the flame front and its initial
averaye velocity. What is important atout this
research is the emphasis on the importance of the
initial Mach number of the flame front.

Other work by Edse and Strauss (referemnces 17, 18,
19 and 20) has produced data concerning the flame
speeds of vacrious carbun monoxidesaic wixtuczs at hiajh
ambient pressures. The data obtained by these authors

has shown that flame speeds for cacbcn monoxideyair

mixtures decrease with pressure, whereds tne flaase
speeds of hydrogensoxygen mixtures incredase with

pressure. A major problea ian exfperiamentally

deteraining the flame speeds of mixtures thaut Lebhave
like the carbon mounoxidesair systea is controlling

: flashback. 1In othar words, higher asbtient pressures .ﬁ§135§

| require hijher gas speeds which, coufpled with the lover “

' flane speeds, can make it impossible to maintain a R

: flame. Empirically derived relations for the flame
speed can tluerefore not be applied to pressuces aand

. teaperatures that are much higher than those at which
the experiaents were conducted.

) Since it is possible to apply the energy,

: continuity and Hugoniot eguations to the coabustion

process within a stable detonation wvave, several

-
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i methods exist in the literature for calculatioa of C-J l.{
detonation wave parameters. 4An early metbhod used by \
; Levis and Priauf (ref. 21) calculates values based on :_r
= the frozen speed of sound in the comkusted gases at the .
- tail of the detonation wave. This sethod, which is
- grnerally considered to be the tirst develoged, does .
. not include the presence of atomic oxygen ir the '_
- combusted gases. 1Ibe authors Ltelieved that the amount |
of atosic oxygen formed was not enough to affect the
l" results of their calculations. However, if one wishes b
- to obtain a coaplete description of the state of the
- combusted gases, atomic oxygen should be taken in to {
':' account since in mpixtures involving oaly hydroyeu ana _ '
oxygen, the mole fraction of atomic oxygeu is usually
.. on the order of .02 which is not negligitle.
c Berets, Greeme and Kistiakousky (zef. 22) aad Dunn '
and Wolfson (ref. 23) Lase their methods ou the frozen
speed of sound in the coabusted gases and thecetore
obtaizn values of the teaperature at the tail of the o
— detonation wave which is less than actual. Cosgarison "'
‘ of temperatures calculated by the atove authocs has . :
:_: shovn differences as much as 130 degrees Kelvin. The w:’
Fe reason for these differences is genecally attributed to \
y their use of thersmodynamic functious which are not of |
b Zi-;:-
o A
%




' the same accuracy.
Eisen, Gross and Rivlin (ref. 24) introduced a
-~ method that bases results on toth the frozen and
- equiliktriua speed of sound in the combusted gases.
Bollinger and Edse (ref. 25) introduced a sisplified
o metkod for calculating stakle detonation wave
parameters in hydrogen/oxygen zmixtures in which tue
i% Hugoniot equation for a chemically reacting gas mixture
is sulved for the ratio of the pressure of the uaturnt
- to burnt gases at the tail of the detonation wave.
This iterative procedure calculates the partial
pressures of cach specie present in the combustion gas
. and produces correct results which are obtained without

having to calculate either the frozen or eguilitrium

v

.
.
.

speed of sound.

. The procedure presented in chapter three of this
paper iterates uatil the C-J conditior a2t the tail of

- the detonation wave 1s obtained. Equaticans fotr
calculation of parameters in gases containing u; to

eleven species is presented.
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CHAPIER THREE
THEORETICAL ANALYSIS
8 This chapter deals with the calculation of statle

detonation wave patam:ators in combustible gas mixtures.

H An iterative methocd is preseunted for determining the
& pressure and temperature of a cosbustion gas at tte
tail of a stable detonation vave, and the associated

vave velocities and gas speeds. Egquations for

L 8. 0¢

A

calculating the combustion gas composition in severul
hydrojen/oxygen/diluent mixtures are presented where
the diluent gas is either nitrogen, carton dioxide or

some ipnert species.
3.1 General Method.

1he Hugoniot equations, the energy aand coantinuity
equations, and the equation of state are useful in
describing the kinetic and gasdynamic processes that
occur 4S a stable detonation wave passes through a

coabustible gas mixture. The fact that we calculate

oL " IR
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h parameters for stakle detonation wvaves enatles us to
check the accuracy of tne results since we know that
; the velocity of the tail cf a stable wvave is egual to
the equilibrium speed of sound in the gases tehind it.

gince the thermodywanic functioas of the

combustion gas are complex functions of teasperature,
and the composition is uependent on Loth temperature
and pressure, an iterative proceduie is reqyuired. Tne
procedure begins by specifying initial estimates of the
temperature and pressure of tke combustion gas. These
- estimates are continually improved until the calculaced
value of the tail Mach number is unity. Also, it is
assumed that the ccumbustion process occurs in toth
thernél and cherical egquilibrium.
Since this study deals with hydrogens/oxygen Lased
pixtures that have a third gas additive of either
carbon dioxide, nitrogen or anm amett yas, the fcllowiug

eguilibria are considered:

pom0  avi®ay
pH,=H avifl. gy

R — aviM. 3

20, + dH,=on Av(®. g
20, + N, T=N0 AviM. g
20, + cog=co, avi®0%2l. 4
$0,+ H,s=H,0 AviH0.
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In the calculation of the overall mole number
change,

V(l) = (1)
A 29 [P S

- vhere nmole nuabers on the left side of the reactioas
j: are considered negative, and the mole nunkers ou the
right side are cousidered positive. Also, i sums over
ﬁf all of the species in the particular reaction.
For instance, if tue gas mixture in consideration
C vas 0, + H, + CO, , we might order the eguilitria in

the followving manner,

(1) #0,+ 4 K, T=OH 1=0H
s (2) %0,=0 1=0

- (3) % H,T=H L=H
. (#) 40, + COT=CO, 1=C0,
- (5) %0, + HyCTZ HO0 1=H,0

e Nusbering the eguilibria will make thes easier to

X -;.-_:.r,'.- v
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’ reference while calculating the elements of several

subsequent matrices.

] An ipitial estimate of the fressucre at the tail of

the detonation vave can Lte okttained Lty consideriang the

effect of heat addition to a supersonic flow of a

calorically perfect gas. 1In particular, when 4y Joules

of heat are added to one kilograa of the moving gas,

the pressure ratio across the resultang thersal vave

p3 '"3' ! ¥9 2;‘7¢1 !
= 1 + c T 1+ 1+ (s} T (3'1‘2)
p1 1

P

q
The diameusionless heat release tactor, ‘E‘TI v
. P
. can be expressed .n terms of the comkustiocn enthalgpy of

the fuel ard the dimensionless specific heat of the

combustion gas as follows,

Ty
q lan 1 (3.1-3)
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vhere IA%mﬁmg is the absolute value of the

coabustion enthalpy of one mole of the fuel at the

unbuznt gas temperature T1 - The Vi o are the mole
9

nusbers of the constitucuts of the uudissociated

combustion gas obtained froa the stoichiometric

c

equation for the reaction. igi is the dimensiorless

specific heat of species i1 Lhetween the teaperatures T3
and T1 - The eppirical correction factor O takes
dissociation into consideraticn and is equal to
approximately .5 . A reasonaltle estimate for Y is
approximately 1.3 .

Next, the specific volume of the corbusticrt gas

cah be estimated froz the fcllowing relatior,

M =1
AR 1+ 23 1- 1+ 2 ] (3.1-4)
= + - + i~
vy T [ Cplt 3

Finally, the ipitial estimate of the conmlusted gas

teaperature is obtained,

)
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In equations (3.1-2) to (3.1-5), the sulscript 1
refers to the conditions of the uaburnt, uashocked gds
. mixture. The subscript 3 refers to the conditions at
the tail of the detonatiou wave. In suksequeant
equations, the superscript EST refers to an estimated
value of a quantity which will equal the actual value
. at the end of the iteration.
EST
With thesiﬁﬁ?itial estimates of tewperature,T3 R
and ptessute,P3 s the eguilibriun constants tor the
dissociation equilibria are calculated. Taule {3-1)
lists the K-relations for the equilitria of page 18.
Tka2 ag is the coefficient of the equililiriuz constant
of species i at temperature T and is intergolated from
Tables (3~2) and (3-3).
Following calcuiation of the equilikriua

constants, the mole fractions of the species in the

costustion gas are calculated. Since the equations wor

calculating the composition are uniyue to the auwount
and types of species present in the combustion gas for
particular ainitial gas mixtures, it will suftice'at the
present time to refer to the composition egquations of

. section 3.2 for the mixtures considered in this stuay.

These composition calculation grocedures reguire at

. . . K [P SPCC S S S JC  SC C NS S} - T et et e
Y RN .";.'.-.‘:.' R S
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. least an initial estisate of the mole fraction of
diatoaic oxyygen in the combustion gas. Gas mixtures

. containing nitroger and carbon (as well as hydrogen and

- oxygen) require initial estimates of both diatoaic

- oxygen and diatomic nitrogen.

> Once the coaposition for the estimated temperature
anl prassure has been deterasined, the molecular mass of

the cosbustion gas is calculated,

TEST
- 3
R’ - T M, (3.1-6)
CcG i
.' Followed by the reduced enthalpy,

ST

> 3 T ST o
(hf) T§S 2'\ (H~E° T‘; . (_%) _::s"T( (3.1-7)
—_— = i
T )1 i
. Q CcG mcc i & 3
“ b the inaividual o2 int lated f
.-‘_ where e 10h0a1vidua tri dre i1nterpoiate tcn

Tables (3-4) to (3-5). The universal gas constaat, & ,

g is equal to 8314.33 J/Ksol K, and the specific gas
constaat is egqual to,

N ; -

~ oBST oEST N

- 3 . QR 3 (3.1-8) :

e RN

o ) ° AN

: 1he apbsolute formation eanthalpires, o are AN
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obtained from Takle (3-6).
From the eguation of state, we deterpmine the ratio
of the specific volume of the cosbustion gas to that of

the upnburnt, unshocked gas mixture to te,

(3.1-9)

/”3) L (T

\" (z, p§ST 'mcc)

from the Hugoniot equation for e chewmicdily
reacting gas, we calculate a value for the pressucre at

the tail of the detonation wave,

5 s [ TG - G ()] o

If the absolute value of the differeuce tetween
the estimated and calculated pressures is large
{greater than .0000001 for instance), we seestimate the
pressure in the following maaner,

EST(n+1) EST(n) cale(n)

!ST(ni -
P3 - P3 + xpa‘ (P3 - 93 ) (3.1-11)

vhere xp is approximately eguai to .5.

3
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The coaposition is recalculated usiung the new
estimate of pressure and the old estimate of
tenperature. If the difference is small, ve proceed by
calculating the dimensionless specific bteat of the

coanbustion gas,
ST ST
% \75 %\%
- ’Z"i vl (3.1-12)

T

c
P

vhere the individual (§)1 are intecpolated Eron

Tables (3-7) to (3-8).

The frozen ratio of specific heats is calculated

next,
. T

(cp)aﬁs

5 ® /cc (3.1-13)

h | = od=

F (c,,)t'ggT
e -1
Q’ CcG

Since the C=J condition is based oc the
equilitrius speed of sound in the combustion gas at the
tail of the detonation vave, the effective ratio of
specific heats must be calculated. This ratio is a
function of the specific heat from equation (3.1-12), a
chermically reacting specific heat ratio acd the effect

of the local mole number changes as sound waves
N\
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traverse the equilibriur combustion gas. The relation

for the effective specific heat ratio is,

c\5 " Aﬂgl)J -1 ( autd
5 e BN Y
v = T §))] €))
oG e e )
- - LY L) -V
ce Rr [1' [ Y

‘ | s (1) -1 (9

. et N I L !

5 * antD) " (3.1-14)
1+ l a: ] '[al.j] . Av(j)!

The quantity in the first set of sguare brackets
is ret ered to as the chemically teacting ratio of

specific heats. It has a value ot,

1.!5'1' TEST TEST
v 3 14 73 < 2 J
off c.r. F

The quantity in the second set of brackets takes into

accouat the amole nusber changes.
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-1
The inverted __ Sgudre ﬂattiCES[ﬁ”J]
-1
and Dﬁ-J] o are defined as the inversions of the

matrices vhose elements are,

W) o W0

ng

(3.1-15)

i) - 21:
['1-3] * [bl.j] - ‘Vgl) . Avgj) (3.1-16)

The letters 1 and j refer to the cheaical chacnje.
For exaaple, 1f the equilibria on fpage 21 are being

considered,
1 = OH,0,H,C0,,H,0 § = CH,0,H,C0,,H,0

Since the reactions are numbtered, the subscripts 1 aad

j can ke written as nusbers, for exasgle,

®1,1%%H,0H ' 1,2"P0n,0 ' By,3%boy,y  *tc:--

. f
The i;zgfnts of the row matrix LIFF_J aand coluaa
matrix are obtained froa Table (3-9Y).
- ° (3=3)

The values of the row and colums matrices,
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and

ax{t)
are easily obtained since the e and avil) are koown.

Likewvise, the column matrix "JJ)‘is easily
determined.
Once the effective ratio of specific heats 1is

calculated, the eguilibriua speed of sound is oktained,

ﬁ?T ;ﬁ
T
 J = Y RCG Tg

.'3 eff (3'1‘17)

and the dugoniot equation for a noreal shock wvave
produces the velocity of the head oZ tke detoratiou

wvave as follows,

A B

The continuity equation produces the velocity of the

!
v
3
(3.1-18)
2)

tail of the detonation wave,

) (3-1’19)

V3
vy - '1'\v1
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If the absolute value of the difference between W3
aad ¥y 3 iz large (greater than .0000001 for instance),
We make a nev estimate of the teaperature froa the

following relaticn,

.rgsr(mz) . Tt;sr(n) . ,13.( vy - v o) (3.1-20)

where Xp is apfroximately eyual to .5 . The cntice
iteratioésroutine is begun again until the magnitude of
the difference Letween w3 and wa’B is very small.
Lastly, the velocity imparted to the comtustion
gas by the passage of the shock wave is obtained as

follows,

uz = oWy - w3 (3.1-21)

The folluwing section 3.2 contains the composition
€ uatiins that are used to cowpute the mole fractious
of the combustion gas. They are presented in an

aljoritha form to demoustrate the iterative nmature of

the calculatione.

* ey -
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A 3.2 Composition Equations.

7’

P To introduce the eguatioans for calculating the

combustion gas comwposition, the case of the
hydrogen/oxygen/carbon dioxide mixture will ke
considered. Pirst, the ratio of the glotal sole nuunker

of diatoaic oxygen to that of diatomic bydrogen is

L calculated,
&
t, = v§ / v& .2-
02 0" "Hy (3.2-2)
This ratio remains constant during the comsbustaon
. process. It is caiculated during each iteration and is

cale
denoted by %, < Cne of the conditioas for ending the

..."-:'.:

composition iteration is the requirement that,

2 2

llext, the ratio of the glotal mcle nuatercs of

carbon to diatomic hydrogyen is catculated,

&

i t. = v&/ vﬁz (3.2-2)

< This ratio is also constant during the cozbustion
- process.
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Adn initial estimate of the¢ mole fraction of
diatoaic oxygen is required and is geperally

initializeéd as,

_EST(0)
", 1

At this point, the mole fraction of atomic oxygen is

calculated,

n = kO ynEST (3.2-3)

02

folloved by,
A= (x°’* ngr x“)-(x + fc/z) (3.2-4)
: 2

Bs= (x“2° Jngz'r . 1)-(1 + fc) (3.2-5)

The moule fraction of diatomic hydrogen is acw

detecrmined,

e (VBT ) ()} e

which allows the mole fractiou of water to fcllow,

- gH20 ‘I EST .
"nzo X M, Mo, (3.2-7)

and the mole fractionm of 0H,

. eyt my cg t, e, w, e, 4 = »
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n as well as atoric hydrogen,

' " m (3.2-9)

;! Now the global mole fraction of diatomic hydrogen

is calculated,

€. -
o "HZ 'IH2 . ﬂuzo + (nOH * nH)/Z (3.2-10)

fcllowed by the glokal mole fraction of car:tow,

.2-11
H, C (3.2-11)

.- Next, the mole fractions of CO aud CO are

octained,

y € co EST )
. Neo = N /(1+x 2 “°z ) (3.2-12)

g
Mo, = c = Mo (3.2-13)

o and finally the glcbal mole fraction of diatcric

- oxygen,

— g EST ) )

Using the above mole fractions that are based on

. .
L

the estimated mole fraction of diatomic oxygen, a

B!_-

calculated value of %, is deterained,

f“lc tl8 /n‘ (3.2
- 0, 0, H, 3.2-15%)
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If the absolute value of %;':“ is large
{(greater than .0000001 for examrle) a nev estisate of
the mole fractiom of diatomic oxygen is made using the
following empircical relation,

al K ]
nzsr(n¢1) nzsr(n) . (fo calc ) (3.2-16)

0, = o, fo,
and the iteration is started again ty returning to
ejuation (3.2-3).

For gas aixtures involving only hydrogen and
oxygen, the above iteration can be used bty specif ying
that % is cqual to zero.

For gas mixtures containing both carbon and
nitrogean (as well as hydrogen and oxygen), the ratio of
the global mole nusbter of diatomié nitrogen to oxygen
is also calculate

[ 4 4
v /v (3.2-17)
N7 70,

£
N,/0,

and an initial estimate of the mole fraction of

diatosic nitrogem is required,

EST{0)
n = .6
N,

These relations are inserted after equation (3.2-2).

The mole fractioans of NO and atomic nitrogem are

4
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calculated froa the following relations,

x"°4n 'Jn .2-18
N, 0, (3.2-18)
n” - KNJ"N (3.2-19)

2

and are inserted after equation (3.2-3).
Thke eguation for the mole fraction of diatomic

hydrogen, egq. (3.2=-6), is replaced by,

EST EST ! A\ (2
. 1"‘:«2 -Mo, - Mo - "‘u)/B ‘(En—)

( 3:2‘20)
aad the equation for the global mole fraction of

diatomic oxygen, eq. (3.2-14), is replaced ty,

€ EST ) )
noz - qcoz + noz + (nCO + "Hzo + "on * nNO + A, /2 (3.2-21)
The global mole fraction of diatomic nitrogeu i3

obtained fronm,

¢ EST
"Nz = nN2¢ (nNO + nN) /2 (3.2-22)

and ig inserted after eyuation (3.2-21). A calculated
value of fhymz is deterained as,

r::j; = n,z / "02 (3.2-23)
which is inserted after eguation (3.2-19).

If the absolute value of 1, ,-14, is latge

- e e . A T AT
'_‘ o '-x' o ’ ' "- * \.".'.‘ """f&' \" .' MR

'fn.' Lo "“*.'_

yy e
AR

* "A\f >




O A AR S Sl e At R SO it N R S o e AR S M N JER = oA i R (L L ) Y R A A S g i e

35

(greater thaa .0000001 for example) then the estimate
of the mole fraction of diatomic nitrogen is imgroved

by the following espirical relation,

EST(n+1) EST(n) calc -8

Ny - Ny, e (fN2/02 / Suyfo; ) (3.2-28)
This relation is placed after equation (3.2-16) which
improves the previous estimate of the mole fractiou of
diatomic oxygen. If the gas mixture contains only
hydrogen, oxygen aund nitrcgen, the value of fbis set
egual to zero.

shen the dilueat compotent of the gas mixture is
an inpert specie;,the composition iteration is started
vith determination of the ratic of the global mole
aumber of the inert gas to that of the diatomic
hydrogen,

1, = v: / v:2 (3.2-25)

This is in tura followed by calculation of sz from
equation (3.2-1) and an initial estimate of the mole
fraction of diatomic oxygen,

EST(o)
n =

.1
0,

The mole fraction of atomic oxygen is determined

froa egaution (3.2-3). This is in turn followed Ly
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!l calcuiation of the following two guantities,
t’,; A= (x°“ "ﬁf + xH ) -(1 + t/z) (3.2-26)
.. B = (tzO‘I;EET_ +1 ) o (1 3 4 ) (3.2-27)
2 X
- The mole fractions of atomic hydrogen, wvater and OH are
’ ottained from equations (3.2-7) to (3.2-9) . 1he
_i glotal mole fraction of diatomic hydrogen is obtained
: from eg. (3.2-10). The global sole fraction of
f; diatomic oxyyen is obtained froa,
": = nzST *(nﬂ o * Moy *+ N )/2 (3.2-28)
2 2 2 0
il The value of %, is determined from ejuation
(3.2-15). A new estimate of the mole fracticn of

2; diatoaic oxygen is made fros eguation (3.2-16). The
cale
p iteration is continued untii foé'foz is sgall.

The procedure described in sectioa 3.1 for

calculation of the detonation parameters of a stable

detonation wave was used to detarmine the fparaceters of M
s the following gas mixtures,
a 0, + Hy +iC0,
.
ey
20, + Hy + N,

PP

iOz + Hz + He

i

ioz + Hz + Ar

NN
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The detonation parameters of T3 . p3 v w3 oW, 4nd the
gas speed u3 were calculated for differeant initial
temperatures of 100, 20¢, 300, 400 and 500 degrees
Kelvin. The initial pressures considered were .1, .5,
1.0, 2.0, and 5.0 atmospheres. 1he results of these

calculations are compiled in lables (3-10) to (3-13).
3.3 Initial Pressure V¥s. Initial Temperature.

The results obtained by calculating the parametess
of a stable detonation wave describe only the steady
state motion of the wave. It is therefore difficult to
apply them in explicitly calculating the induction
distance. However, it is interesting to nctice that
the pressure ratio, ;% s Bay ke related to the
magnitude of this distance. BEy observing plots
(Pigures (3-1) to (3-4) for example) of this ratio as a
function of the initial gas mixture temperature, T1 0
ve see a relatively sharp increase as the initial
temperature decreases.

From the energy gguatiOn considered tefore and
after the detonation wave, it can be shovn that the

disensionless relative enetgy transfer troa the turmed

gas tehind the detonation wave to the shocked, tut

M
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unburnt gas in the region between the shock wave and

the cosbustion save is,

0
’ An P
* , T, (—pf‘)' 1 (3.3-1)
- A complete decivation of eguation (3.3-1) is given in

the appendix.

k Equation (3.3-1) cshows that the dimensionless

relative energy traasfer is directly proportional to
i the pressure ratio ;% » and iaversely proportional to
. the initial temperature of the gas mixture. This
result is reasonatle since a combustible gas mixture
will generally have a higher enthalpy at a higher
temperature. This in turn lovwers the apount of
relative energy traunsfered frior to tne formaticu of
the stable detonation wave. Furthersore, the
definition of the detonation induction distance is
relative to wvhether ve are considering tae pcint where
the uustatble vave forms, cr the point where it has

tecome stable. Therefore, ¥We can justifiakbly relate

the relative energy transter to this distance.

It is particularly interesting to note that the
P

ratio ;2 s does Lot change substantially as the
1

initial rressure,Pq , is changed. 1This result allows




RANCIYILC Y% 23 DAL N S i e Sl Rofiiied el Wb e &0 ¥t S, A A E AL SRS WIS L g N NE VA i G ity EMARE G i e R G A B L ety iRt - BoeeL

o 39

ll us to coaclude that initial tensperature, rather than

initial pressure has a more isportaut effect ou the

e length of the induction distapce. However, the

- induction distance does change markedly with changes in
initial pressure.

;j It is interesting to observe that by multiplying

both sides of equatioa (3.3-1) by R;T, we obtair,

P
ar° =R;T (—3 - 1) (3.3-2)

Equation (3.3-2) is the relative energy transfer
per unit mass of gas sixture. Of course, a gplot of
this parameter (for differept initial pressures) as a

function of the initial temperature would show tne same

trend as that ia Figures (3-1) to (3-4) acd would aiiow
us to draw the same conclusionse.
However, by multiplying Loth sides of eq. (3.3-2)

by the initial density the rclative energy transfer per

st

unit volume is oktained,

LI
N

1@,
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By observing values of this parameter (Tatle (3-14))
for the hydrogen/oxygen/nitrogea gas aixture for
example, this parameter is otscrved to increase
dramatically Ltoth as initial pressuce is increased aad
initial teamperature decreased. Because the relative
energy transfer per unit volume is inversely
proportional to initial teamperature and proportiondl to
initial pressure, it is therefore proportiomal to the

initial deusity of the gas mixture.
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EXPERIMENIAL ANALYSIS
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In order to determine the effect of the speed of
sound and the initial density on tae induction
distance, several hydrogeasoxygen/dilueut gas mixtures
initially at toor teaperature (approximately 300
degreces K) and atmospheric fpressure were ignited in a
0.4 meter long combustion tulte.

1he proportion and types of dilueant sgecies used
vere pitrogen (N, ), argoa (Ac), heliuas (de) and carkon

dioxide { co, ) The mole nusbers cf the hydrogen aad
oxyyen were one and one half respectively. Crigiaally,
the mole number for the carbon Jdioxide was oune, Lut it
vas lovered to one half after it was discovered that
its detonation induction distance wW2as longer thar the
length of the cosbustion tube for the given initial
conditions.

Also, the hydrogen/oxygeuns/heliun and
hydrogen/oxygens/argon gas mixtures were kucned at

atmospberic pressuie aad anm initial temperature of 140

degrees Kelvin.
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: 4.1 Apparatus. :G;f
"
w R
f: The cylindrical combustion tube in the experimecut &%ﬁg
- had an iapside diameter of five centimeters. Along it !:n

d (see Figure (4-1)) wdas an array of thirteea randomly {

ii spaced holes into which mounts containing piezoelectric

" guartz pressure transducers could be placed. The

E‘ entire tube was encased in a4 steel cooling jacket

- through which liquid nitrogen could ke passed in ocder

Ef to cool the gas mixtures before ignition in the low

;? temperature part of this experinent.

s The gases for the experiment were obtained fronm

ii commercially available cylinders and wvere of industrial

. purity. The individual gases were premixed it 4 reamote

:j mixing chamber before injection into the coabustion

n tube. Injection of the gases was accouplished tnrough

< an orifice in the iganitor asscmbly (see Figure (4=2)).

.2- The maixture ratios were controlled through a series of

- regulators, valves and gauges contained within a

E? control panel (see Figure (4-3)).

- After injection of the gas mixture into the ture,

:s both ends were closed by use of valves. The mixture

;; vas then ignited at one end by passing an electrical

oy

current through a thin piece of nichrope wire wrapped

. CLe e et e we PP P T P R i SN L I S P T LI G ‘
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across two electrodes in the ignitor.
4.2 Dpata Reduction.

Wave speed was measured at each of the thicteen
locations along the tube using the pressure transducers
in conjunction with a dual bteam oscilloscope. 1Ivo
successive transducer locations were mositored per rus.
The transducer closest to the ignitor was used to
trigger the pair of beams oan the oscilloscope. The
wave speed was determined by first measuring the
distance that the second (lower) beam travelled Ltefoire
the wave passed the second transducer. Passage 0of the
wave was accompanied by an abrupt jump in the ;raée due
to the nomentary piessure increase. This distance
corresponded to the wave time between traamducers. ihis
tize was taen divided into the distance betweea the
transducers which yielded the averagé vave speed.

Because the wave passage was on the order of
microseconds, a photogyraph of the oscilloscope beasns
(see Pigure (4—4) for example) traversingy the screen
was required for each run. The tvo transducers were
successively repositioned until a coaplete profile of

the average vave velocity along the tube had Leen
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obtained.

4.3 PExperimental Besults.

The detonation induction distances for each of the
gas mixtures were Jdeteramined by observiug the
approximate (plus or minus 15 cm.) fpositiocn cn the
velocity profiles where the overshoot described in
section 1.1 occurred. #®ave velocities ottainsed are
coapiled in Tables (4-1) to (4~-6) aand these values are
plotted in Figures (4-6) to (4-11).

It is interesting to note that the induction
distance for the hydrogezsoxygzeasnitrogen and the
hydrogens/oxygen/helium gas mixtures are identical for
the inaitial conditions used in this experiment. This
observation is consistent with the data cf Bcllinges,
Fong and Edse (ref. 28) who found that for the sace
initial conditions but only half the amount of dilueut,
the induction distances were the same. The distances
obtained by Bollinger, Fong and EBdse are less than
those found in this experiment which is to Le expected
since, in general, the greater the amount of diluent,
the lomger the induction distance.

To calculate the initial Mach auzbter of the flacze
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front, flame speeds oktained by Jones (ref. 31) for
each of tne mixtures were used. The Mach nuskter

The induction distances, initial flaame frout Mach

nuambers and flame speeds are conmpiled in Tatle (4-7)

where the data of Bolliager, Fong and Edse have also

been included. 1Iable (4—-8) contains the data from the

experiments at low initial temperature.
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CHAPTER FIVE

CONCLUSICHS

{ 2ven though there is much evidence availaktle that
confires the effect of both initial teamperature and

b initial pressure on the induction distance ot a

* conbustible gas sixture, it is inherently difficult to

draw caonclusions as to the relative importance between

s these two parameters. This is pasticularly true if

they are to be bLased solely on experimental data.

Therefore, it would be convenient tu determine a
theoretical relationship that would clearly show which

is the more iaportant factor.

In this study, the dimensionless relative energy
transfer to the gases behind the head of a stacle
detonatiorn wave has been analyzed theoretically in Ii;iyi¥
detail for several hydrogen,soxygen/diluent gas
mixtures. Plots of this guaatity (Figuires (3-1) to (3-
4)) as a function of the initial temgerature for
various initial fpressures shov that the initial
temperature appears to be the more significant factoc

in changing this paraseter.
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In fact, the maxisupm change in the relative emergy
transfer is only on the order of ten percent when the
initial pressure is increased ty a factor of fifty.

The maximum difference cccurs when the initial
temperature is very low (100 degrees Kelvin in this
study) and decreases rapidly as the initial teaperature
is increasgd. These results are based on the yas
sixtures coasidered in this study Ltut there is no
reason to believe that other coabustible gas mixtures
would not beldve in this manner. Considering the
relative ereryy transter ver unit mdass (ejuation
{3.3-2)) results in the same conclusion.

¥hen the relative energy transfter per unit voluae
is plotted as a function of the initial temperature for
various initial fressures (Figucre (3-3) for exasple),
this parameter is observed to change markedly with
initial pressure as well as vith iritial temperature.

Therefore, no insight into the relative importaace

bectveen tesperature acd fpressuyre is obtained,

particularly in describing detomations in fizxed
voluses. This is Lecause in a fixed volume, changes in
density neccessitate changes in mass. This result
leads back to consideration of the dimensionless

relative energy transfer or the relative energy




transfer per unit mass.

As far as applying the relative enacrgy tramsfer to

1 the detonation induction distance, because it is

proportional to initial tempeirature, it is easy to say

-

that it is therefore proportional to the induction
distance. However, there are two major disagreepents
with this couclusiun. The first arises Lecause the
induction distance for tuo different gas mixtures catr

be the same but the relative energy transfer may not.

k The hydrogem/oxygens/heliuz and hydrogen/oxygen/nitrogen
3 systems are an example. The second conflict arises

g

i when two different gas wmixtures with the sarme relative

energy transfer do not have the same induction

distance. The hydrogen/oxygens/heliua aad

hydrogeasoxygensargon systems are examples of this

case.

1t is therefore difficult tc say vhether a

relationship for the length of the induction distance

in a combustible gas mixture can be obtained based oa

the concept of relative energy traasfer to the stalle

detonation wave.

Shen the initial flame front Mach number and its

relatiouship with the induction di=tance is studied,

ong md jor problem arises. The relationship is
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coaplicated by the fact that different gas mixtures can
have the same induction distance but different initial
flame front Mach pumbers. Froa the data obtained in
this study and the data comfpiled by other
investigators, it is seen that gas mixtures with
telatively high flame front Mach nuasbers cam have
either long or short induction distances. The
hydrogen/oxygensargorn and hydrogensoxygens/carkou
dioxide mixtures display this effect.

Therefore, consideration of the relative energy
transfer and the speed of sourd ia the usburnt gas
misture show these parameters to be inadeguate ia
themselves to describe the Ltehaviour of the detoaation
injuction distance in cosbustikle gas mixtures.

The cosbustion tube used in this study did not
have transducer mounts in the region very close to the
ignitor. This presents a problem in judging the
accuracy of the value obtained for the induction
distance in each of the low temperatuie hydroyeun/
oxygen/inert gas mixtures. This is particularly true
in the case uhere'the inert srecies sas argon.

It must be aentioned that the wave sgeeds after
detonation for the low temperature mixtures do not

agree well with the calculated values for the stable
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