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SUMMARY

4 rheoretical and experimental investigation of cvylindrieal

detonation waves have been carried ocut.

In the theoretical phase of this Investigation, the dynamics
of the combustion preducts behind a cylindrical detonation wave is analysed
by extending the Taylor-Zeldovich model of the spherical case. Based on
the congervation of mass, it is shown that when the reaction zome thickness
is not small compared to the radius, a steady detonation wave camnot
exist. A study of the inttiatrion mechanisms of a ¢vlindrical detonationm
wave shows that it must bhe initfally over-driven and for large'radius,

the Chapman-Jouguet hypothesis is satisfied.

In the experimental phase of this investigatiom, the detonmation
velocities in acerylene-oxygen mixtures  with different chemical composi-
tions (20% - 60% acetylene by volume) are determined by using fonization
probes. The critieczl energy for spark ignition is alse determined. Vertical
glit streak photographs and pressure measurements are taken at different
radii from the ignitiom source to verify that the cylindrical detomation
wave ig initially over-driven. FPressure measurements of the combustion
products are alac taken and compared with the theoretical values based on
the similarity solution, The problem of trangition from cylindrical
deflagration to detonation, and the phenomena of spinning and pulsations

are alsgo 'investigated.
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HOMENCLATURE

Constant

Humber of moles of remctant
Humber of moles of product
dpeed of sound

Detonation velocity
Internal enerpgy

Initiation energy

Total energy

‘Heet of formation

Specific enthalpy

Scele factor

Thermal conductivity

Momentum vector

Mach Humber

Mass

Extent of chemicsal reaction that has been completed
Unit normel vector

Fressure

Heat of reaction per unit mass of resctants
Telocity vector

Distance of ¢ylindrical detomation wave from lgnition source
Universal Gas Constant

Reaction zome thickness

Radius

Temperature

Time

Yelocity component fin X-divection

Film veloclty |

Bpecific wvolume

Molecular weight

Average moleculer weight of mixture

Similarity parameter (*/¢)

Pressure ratio
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Greel letters

B Concentration by weight of reactants which iz free
to Teact

Ratio of especifie hests
Density ratio

P Density

E,“kTL Non«dimensional parameters

Eij ‘Kronecker delta

ij A tensor gquantity

CP Digsipation function

o Mepnification factor
Subscripts

+] Inreacted state

Conditicons at Chapman-Jouguet plane
i ith component of the mixture

B Conditions insilde reaction zone



CHAPTER E
INTRODUCT ION

¥ The complexity of the detonation process and the experimental

difficulties (a large volume of gas is required for a relatively short

for the lack of any satisfactory theory that predicte the behaviour of a

detonation wave propagating into an umconfined medium. The literature on

|
|
I
time under which the process can be observed) are, perhaps, the reasons ‘
|
unconfined detomations 1z Ffew, and the validity of the Teylor-Zeldovich !
model of a spherical detonation has not been critleally exaamined. It is :
not surprising that this problem has received relatively little attention
since plane detonation and its allied phenomena are still net fully
understood yet., However, it seems that a better Ineight teo some of the
propoged postulates for plane detonations may be obtained by considering

detonation waves of other geometrical configurationa.

' ' The possibilitis - cecurrence and propagation of unconfined
detonations are not only of acedemic interest buot are of great importance
from the point of view of explosion safety. One of the early applications
iz the prevention of explosions in coal mines, In recent vears; this .
fguestion of explosion safety has become more important inm connection with
the desizn of safety devices to prevent fire hazards due teo accidental

spillace of liquid hydrogzen and oxygen in Tockets.

; ?. The ¢ylindrical detonation wave is of specisl interest in the

understanding of unconfivied detonatlons since it reteins the characteristics

of the plane and aspherical cazes and yet it can be studied experimentally
without any difficulties. It is believed that previous contradictions and
uncertainties in unconfined detonations can be clarified by uveing 3 two-

dimensicnal madel since it facilitstes better photographit cbservations

the transition phencmenon and the gazdynamics of the cowmbustion producta,

PN _ as to the nature of stebility and astructure of unconfined detonation waves,




CHAPTER IT

DISCUSSION OF THE PROBLEM

2.1 REVIEW OF EXISTING WORK

The possibility of a spherical detonation wave having the same
velocity as a plane wave wasg first comsidered by Jouguet {Refereuce 1) in
1906. His analysis showed that the density behind the wave front changes
with time, and hence Jouguet comncluded that a spherical detomation with
constant gpeed iz not possible sinece the wave depends on the conditions
behind it. Laffitte (Reference £) first experimented with spherical
detonations in mixtures of CSz + %0o and 2HpO) + Op, but the true nature
nf the waves observed was doubtful, and hence no conclusions can be drawn
from his experiments.

Taylor (Reference 3) and independently Zeldovich {Reference L}

- proposed a theoretical model that predicts the conditions of the gesdynamics
of the burnt gas that have to be setizfied in order that a steady sphericsai
detonation can exist. Manson and Ferrie (Reference 5) messured the velocities
of spherical detonations in different fuel-oxygen miztures and found them

-to agree with thase of plane detonations, Hence, they concluded that the
Taylor-Zeldovich theory is satisfactory. But this theory iz developed based
on some physically unrealistic aszumptions, such az, an infinfitely thip
reaction zone, the existence of a rarefaction shock, and a steady wave can
propagate out radially from the centre at the Chapman-Jouguet velocity,

Ueing a aspherical geometry, it is not possible to verify the Taylor-Zeldovich
theory experimentally since only the wave velocity can be measured and this

is the most insensitive parameter in the studies of detonation WAVEE .,

After the investigations of Taylor, Zeldovich and Manson, no
further significent experimental nor theoretical work hes been performed
towards a better understanding of the problem of unconfined detonations,
Moat of the recent work done 15 of an experimental nature. Crest effor:s is
devoted in the study of the critiecal energies necessary for the initistion
of detonations in different fuel-oxyzen miztures, and also the effgcts of
additives on the formetion of detonations under unconfined conditions., AIl
‘these investigations are reported in References (6 to 10). The conclusions

that can be drawn are: Self-sustained spherical detonation waves cam be
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initiated in a large variety of fuel-oxygen mixtures provided that
sufficiently strong igrition. sources are uged, and that the iimits.cf
detonability are narrower than those for Plane deétonations in tubes.

The problem of transition from deflagration to detonation under
unconfined conditions has not been fully understood Yet. Contredietions
exist. among numerous investizators as to whether transition ean actually
oceur. Chu (Reference 11) considered the problem of a spherical flame
propageting Into a combustihle £8%. He zalved the tydrodynanic equations
governing the flow ineide the Flame, Ne then extended Taylor'a (Reference.12)
golution of an expanding sphere to the flow field outside the spherical flame.
The conciusion that can be drawn from this aualysié is that trausition under
unconfined conditions is nﬂﬁ*pcssible since an unrealistic high rate
of heat release iz required. However, firom the Teaults of Manson and
Ferrie (Referemce 5) and Fretwald and Roch {Reference 8), pre-detonatios
deflagration waves were observed. The true naturs of these pre~detonation
deflagration waves is douﬁtful because their structures cannot be elearly
recorded by photographic toegns,

2.2 QUTLINE OF THE PEOBLEM

The aim of the present investigation ie to further understand
the problem of unconfined detonations. 4 two=dimenzional cvlindrical
geometry iy uzed since ir faeilitates better rhotographic observaticns,
Also, the gasdynamics of the combustion products cgn be studied experimenta]-

Yy which is not possible in three-dimensionsl modele,
The outline of the Investigation ig:

(&) The gasdynamics of g eylindricel detomation wave is gnalysed by
extending the Teylor=-Zeldovich model for the thrEEwdimgnsinnal CEER.

(b} The distributions of fluid properties behind a evlindrical detonation
wave are solved numerically on a digital computer.

(e) The rate of fnergy release per unit surface asrea of & ecylindricsl

detanétiun wave is celeuliated,

e



(e)
(£)
(g)

(h)

(1)
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The guestion whethet a steady cylindrical detonation wave exists

is inveatigated,
The initiation mechenisms of cvlindrical detonaetions are diseussed,
The walidity of the similerity solation iz exemined.

The dynemies of the comubation produects are studied esperimentally

by teking speed and pressure measurements,

The transiticon vhemomencn is studied experimentally by uszing
different ignition wmetheds. The mechaniasms thet prowmote transition

are isoleted and examined individually.

The .stabilitv and spinning phenomena ere investigated.
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CHAPTER ITT

THEQRETICAL BACEKGROUND OF PIANE DETONATTON WAVES

3.1 ONE-DYMENS TONAL THEORY OF STATIONARY DETOWATION WAVES

4 detonation wave iz zimply a shoek wave followed by a repgion.
where chemical reaction tekes place, The theory is based on the Rankine-
Bugoniot equations of & shoek wave which are derived from the congideration

of the conservation lawe of masgs, momentum and energy.

Imagine that the detonation weve . is confined within solid
boundaries and all motions connected with the detonetion take place in
the dirsction uf.the x-gxis, thet is, the problem is considered as one-
dimensional, Furthermore, it Is assumed that the detomation weve has
reached its statiunarf stage, so that its structure is Independent of
. time, and its velocity is constant (Figure la}. Choosing a new coordinate
system that moves along with the wave front, the process can be looked
upon as stationary (Figure 1b). ILet the origiﬁ of the g-doordinate be at
the wave front. The unburnt mixture occupies the space %30, The chemical

reaction starts &t ¥ = § and occurs in successive stages in the space ¥¢07.

Iet £ Dbe the concentration by weight of the reactants which is
free to react in the given mixture, and n be the extent of the chemical
reaction that has been completed. . P and n are related by the expression

B = 1 « n ' sooss (L}
and n i3 equal to one when the reaction is completed,

In Figure {1b), let the reaction zone be of finite thickness,

Writing the conservation laws at any value of p one hes,

Mass Conzervation:

ceiee (2)

f.D = £(b-u)

Momentum Conseyvation:

2 -
P, + fGD" =P + f(D-u) | viass (B}




"

e e R o TR TP, T e e e

TR

Energy Conservation:

mEL . [31 i 2 .
S N AR D e

Combining Equations (2) and (3) gives:

2
b-p — __% (V- V) cseen (5}

and

TS IC T e 10

where v 13 the specifie volume,

When FEquatione (5} and () aré substituted in the energy equation,
one obtaing,

-;‘:—lpu + (f?;-r)Q = {1J+U¢) {EEEE! coese (T)

vhere Q is the heat of reaction per unit mass of Ygactaogts, ;; - Lot

CakrEp

3inca FLis small compared to P ; 1t can be neglected. 'The specific
volume ean then be expressed fs:

V-——'_‘?.P'*'Uo ceacs (B)

Substituting Equation (8) into Equation (7) and after simplification yields:

P=-—D?:—-— | + T._&(T’-:)hQ ceves ($)
Vo (F+1) D

and ceses (10)

V= Ve iy = .' - ol
5T (*J' 2(f53”Q
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For different values of n, a family of Hugoniot curves can be
draws using Equations (9) and {10). The.positive. and negative signs in
the two equations represent the intersectionsg of the Raylelgh line p = Jaitﬂb‘Uj

with the Hugoniot adiabatic of any given n, _ ©

Consider the czce when reaction is completed, that is,n =1
x
{(Figure 2), The Rayleigh 1ine can intersest the Hugonlot curve at three
pointe {A, B, or C). In the next section, it is shown that only the

tangent point C-is permissible, Under this conditlon, the detomation wave
velocity 1a,

D= u+c vener (11)

and corresponds to the minimum propagation velocity.

From Mess Conzervation,

40083 12
o o | (12}
D m
where }l — i;
Yo
Eubstituting-ﬁquatféﬁéJ{il}?én&:IiE} iﬁtgxfﬁ)lgiveég' S

| . 2 o . (15)
BI =+ %(I - _;]',_) : |

P
Pe

3.2 THE CHAPMAN-JOUGUET HYPOTHESIS

where tjl

The Chapmen-Jouguet hypothesis is based on the postulate that for
2 stable detomation wave te exist, the Rayleigh Iine Is tangent to the Hugoniot
curve. The following arguments that the intersection polnts A snd B (Figure 2)




(14
X

do not exist are based on the work of won Neumang atnd Zeldovich, "4 more
detailed analysis can be found in References (15) and (4},

The variation of the fluid properties can depend on the ¢nhcentn&h

tion 5 alone, Differentiating Equations (7) and (8) with respect to B, one
obtsins,

ety oty de o yel 4y -0
2{¢-1) 2 dp 2(f-1) dp | cenee (14)

and QE - ﬂ =0 soave {15)
d _%‘ dg

Eliminating Jifi. in Equations (ik) and (15), and

8
T

substitating the valve of p in Equation (8) gzive. the following expression:

dv _ oz(Ta'—')Q ceven (16)
A ((RPVINTA

The value of B decreases from one nt the wave front to zero when the regciion
is completeé, s0 thet dp«0. Dye to combustion, the temperature increases and
the dendity decreases, Therefore dvd0. EﬁL iz then

negative. Therefore (‘( o+ i’) - TV, = 0 3 or

U-c} Y '}: J}{— seans (1T}

From Equation (8),

5 2 : .
D' = _Pv, ceeos (18)

Substituting Equation (17} into (18), the following Inequality holds:

"Lr Fbawo {:19]
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and the speed of sound can be exvressed as

¢c=v|Ip ceces (21)
1

-On combiniag equations {19}, (20} and (21} one obtains:
D—u < ¢

ow D=€u+rc

When reaction is completed, T]=_f ; the inequality i= then

D= u+¢ ceens (22)
- For [){LUp+C,, the peint of intersection of the Rayleigh ling and : ?
the Hugoniot curve lg at A (Figure 2). For end states that fall on this
branch of the Hugoniot curve above the tangaent point C, they are called
stromg detonations, Yronm the consideration of the chemical process fpside
the reaztion zome, it is seen that point B (weak detonation) is not possible.
The next prnblem is to show that a strong detonation does hot exist, -

and thz only possible cage is D= Uy+¢y »

in Bectlon 3.1, it is assumed that the écmhustible gas is enclosed by solid
boundaries, hence it is logical to assume a back wall behind it, say Q
{Figu*e 16}. If a moving coordinate system is chosen, the back wall must
move at a velucity D in order that the boundary cun&itiuns are satisfiad,
The burnt gas now lies between the planesP and G, and since they move at

different velocities, they have to be commecred by & rarefaction wave, P is

the head of the rarefacgion wave which moves at a velocity — ([}* u,) +
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™

Hence - RD=-0)+ & 2O or < W+

implies that the rarefaction wave wonld enter the resction zone {D,P} and
disturb {te statiomarity, Therefore D must be greater tham -+ &,
But from the consideration of thae reaction process inside the reaction zone
fD,P}y D cannot be greater than U+ ¢, . The auly ﬁossible solution
is then D = 4, + &, since D & U, + ¢, iz not possible, This 1s the

Chapman~Jouguet hypothesis for stasble detonations.

%,% THEORETICAL CAICULATION OF DETONATION VELOCITIES

In this section, the theoretical calculation of detonatien
velocities for hydrocarbon-oxygen mixtures is given. Omly the non-~disscciative
case is considered, and 2 more detailed procedure cam be found in Reference
(1), '

Consider thé'clasa of resctlons:
GQC): H:j- T Gloz — b, COL + b,,_HZO T bSOz -+ [34(:0 veoes (23)

vhere af i& the numbér of moles of the ith reactant and by is the number of

moles of the ith product. Sinece a, is arbitrary, it can be chosen as one,

The total number of moles ¢f each species remains constant and is

expressed by the following equations:

o= b]ﬁ% b4

y = by soses (2l)

a, = b *‘_b&_ + bg + J&L
2 2

where b5 or blL iz equal to zerc depending on whether the mizture iIs fuel

rich or oxygen rich,
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For ong-dimensional steady flow of a homogeneous mixture of gases,
the comservation of energy is expressed by:

- 2 Gy D'+ 3 a; hi(T,)
(?z ) Z.

L=h L16

|

(% i bwi ) (D~ u*)i + E; b hi(Ti)

E."i L':‘ avaaa {E5j

uhere hi is the specific enthalpy of the ith species and w; 18 the molecular

weight of the ith species. D is the velocity of the unburnt mixture and

{D - u;} 1s the veloeity of the burnt mixture (see Figure .1b). Subscripts

! T

¢’ and "1' denote the unburnt and burnt gas respectively,

since (yx Hy + (x+49)0, — % (0, +‘5_‘9H20 ;

-the heat of reaction of. the hydrocarbon AHG;Hy can be written zg:

Ay = hﬁng + (xedy)hy - tha_égh”:a veee (26)

where .&H(_- H >0 for exothermic resctlon, - ~ %5
Ay

Define ﬂht::. hL (T') — hL(Tn)

and the heat of formation of the ith product by £i¥4g § where { = Iﬂ¢.‘4

The energy equaficn can be rewritten in the form:




- IE:-

i A |
é{ Dg %‘a;wt - (D‘“J)EZ bi wi } — b, '{LHC%_ b, ﬂh”ao

L=}
...b &L‘I ]3 Neo + ﬂ'foHg (Te) +( y-b, )4 HH;.D(.];)
N (x-b})ﬂHc%(Tu) - by aHeo Ty + (@i-bs- X~ 24)AH, (T)

— O corses (27)

The mess and momentum conservation laws in Section 3,1 can be arranged Im a

form that {s useful for the calculation of the detomation velocities. Let 5r

be the average molecular weight of the mixture and T the ratio of the

specific heats. Using the frozen sound speed, the Mach Ro. Y3 and M, can be
cxpressed as;

M = (D- “')/(L%IL)JE seaoe (26)
Mu = D (faﬁ?.'ﬂ) raeve (29)

where R tg the Universal Gas Constant. The continuity and momentum

equations can be written as:

D-uw _ ¥ b T
5 R Y cases (30)




B _ |+ M,
P* I + YO Mgﬂ

aevas (31)

"For given Py, and T . and 2n assumed value of D, there are three un~
knovms py, Ty, u,in the Bquations {27), (30) and (31). The Newton-Raphson
method 1s often used for the solution of these equations, and for a given set
of initial data, the squations generally give two solutions that correspond
to weak and strong detomations, To find the Chapman-Jouguet velocity, I is

varied untll the two solutions coslesce,

5.4  CONFINED PLANE DETONATION WAVES

The theoretical calculation of the Chapman-Jouguet detonation
velocities 15 bazed on the asgumpption that the wave is plane and unccnfinedu_
In actual cases, confining boundaries ara Present, and precise mezsursments
of detonation veloeities have been found to be less than the theurétically -
predicted values. Two theories for this velocity defdeit are discussed,

(1) VELOCITY REFICTT

- Fay (Referenze 15) proposed a model for gaseous detonations in finite
diameter tubes. The flow is viewed in a coordinate oyaten fixed at the wave
front {Figure 3}, so that the tube wall hag a velocity D. In this cosrdi-ate
system, the wall has a velocity higher than the bulk of the gag. The
velocity in the boundery layer is greater than that of the main gtream, znd
the density is also greater because of the conduction of heat through the
wall. The mass flow per ynit areafia,the boundary laver is therefore largar
than the rest of the gas stream, Thig\can bé looked upon as a negativa
digplacement thickness which causes a gradual divergense of the stream lises.
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Fay assumed a turbulent boundary laver and used an approximate
expression for the boundary laver thickness based on experimental measurementa.
The flow in the reaction zone is steady. and subsomic,. It 45 .soniec at the.. .
Chapman-Jouguek plane and becomes supersonic as the strveamlines continue .to
diverge. For superagnic flow behind the Chdpman-Jouguet plane, the Bayleizh line inter-
sects the Hugonlot curve on the weak detonation branch of the curxve, and hence

the detonation velecity is less than the Chapman~Jouguet velecity.

. (2) TURBULENT STRUCTURE OF GASEQUS DETONAT IONS

From the interferograms of both Chapman~Joupuet and siightily overe
driven detonations, White (Reference 16) obgerved that the flow in and behind
the reaction zone iz turbulent. White's analysis assumed isotropic turbulence
and & mean gas velocity parallel to the axis of the tube. The transverse
derivatives of any time averaged quantity vanish and the fluctunating quantitiés
are superimposed on the time-ayeraped velocity, pressure et¢. . The Chapman-
Jouguet hypothesldy i modified by taking it as the minimum propagatiom
velocity for which the conszervation laws for turbulent flow are satisfied at
the rear of the reaction zone, The solution of the equations for turbulent.
motion leads to the comclusion that the final state behind a self-sustaining
detonation with furbulent reaction zone lies on the weak branch of the
Hugoniot cutve, and hence the detomation velocity is less than that when

turbulence iz absent,.

3)  BOME EXPERTMENTAL OBSERVATTIONS

The effect of tube Jiameter on rthe detonation velocities was carried
put’ by Edwards' et, al, {References 17 and 18) for hydrogen-oxvgen mixtures
initially at atmospheric pressure., Two tubes (1.5 cm and L0 em diameter) were
used, znd zll observed detenation velocities were lower than the calculated
values. The lack of agreement was the least at thé stoichiometric composition,
The results obtained from the 1.6 em dlameter tube were comsistently below
those from the 10 cm diameter tube. The deviation from theory for 2H, + GE

mixture being -1% and -%% for the 10 cm and 1.6 cm diameter tube respectively.
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Attempts were made to establish the wvalidity of the von Neumann medel.
Static wall pressures and reflected pressures from the closed end of the tube
were recorded by use of piezoelectric gauges. Due to the limitations of the
gauges, no quantitative results of the peak pressure behind the shock were
obtained, but they servel to Lllustrate the von Heumann médél gqualitatively.

Pregsute fluctuations were obgserved behind the reaction zoneg
indicating the presence of oblique shocks, This was later confirmed from
Schlieren streak pheotographs. The Mach number of the flow with respect to
the detonation front was calculated from the average slope of the oblique

shocks, and was found to be in agreement with Fay's model (Section Z.L.1}.
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CHAPTER IV

THEORETICAL ANALYSTIS OF CYLINDRICAL DETONATION WAVES

4,1 BASIC EQUATIONS

The generalized derivaticn of the equations of fluid motion is

given in Appendix I. They are written ast

Maas:ﬂonSErvation"“

T
E + ¥ f% =0 . coner (32}

Momentum Censervation -

PdT . PF _ v | |
= f P veees (33)

If the body fnrcedfbis neglected and the fluid motion is
gymmetrical, the welocity vector § will then have only one compenent u,
The operator YVis defined as:

?_—‘i‘_&...;._gé + 2z
or Y 38 a2
SEhericgl_




The mass and momentum conservation laws can then be written as:

43 Py +jfu =0 ceeee (34)
3t or- r -

and
QU uéu . 1 3P =0 eeesa (35)
A Y S

where j = 0  for the plane case
i =1 for the cylindrical case
j =2 for the spherical cage

L.2 STATEMENT OF THE PROBLEM

Tha pfoblem is to determine whether a steady Chapman-.Jouguet

cylindricai detonation wave exists or not.

Existing theories on plane detonation waves have shown that
the conservation equations of mzag, momentum and energy arse not sufficient
to determing the flow behind the detonation front. An extra conditisn iz
required and thie is obta2ined by making the hypothesis that gma2ll diz-
turhances in the gas immediately behind the detonmation fromt travel at the
same velocity, D, as the front itself. This condition is commenly known
a3 the Chapman~Jouguet hypothesis and is represented by the equation
D= a1 + ¢y, where uj and ¢y are the particle velocity and speed of sound
of the gas immediately behind the front.

The dynawmics of the burnt gas behind g detomation wave confiped
in a rigid tube has been solved by using Riemann's amalysis (Referemce %,),



It has been shown that a progressive wave of finite amplicnda bahind a
detonation can exist provided that the Chapman-Jouguet condition {3
satisfied and the conditions behind the detopation front remsins sonatant
23 the detonation progresees, If a cylindrical detonation wave can be
initiated instantaneously, it will satisfy the Chapman-Jougnet condition
if the solution of the hydrodynamis equations for eylindrical motion
satisfies the boundary condition D = u; t+ ey ‘at a cylinder of radins

R = Dt. The cylindrical detonstion wave velocity D will be identical
with that for the plane case. The fluid properties immsdiately behind
the detonation front will be the same ez those derermined in Equations
(12 and 13} for a plane detonation, but the radial distzribution of
velecity, pressure, denafty apd temperaturs will be different from the

plane case,

L.% THE ASSUMPTIONS

The following assumptiona for a cylisdvical detonation wave

are made:

(2) The fluid motion is symmetrical, and all £luid propertiss depend
oen the radius and tims only.

(b) The flow is faentropic.

{e) The combustion preducts behave ac a perfect gas with constant
specific heats.

() A steady detonation wave is formed immediately after initiation at

r =.-{}¢

(e} The detonation wave propagates outwards at a constant veloaity which

corresponds to the Chapman-~Jougust velocity for & plane wave.




(£)  The chemical reaction and transfer of mass, momentum and smergy. are

confined in a very narrow zone which can be treated asz a discontinuity.,

4.+ THE SIMILARITY SOLUTION

For self-similar soluticns to exist, it is necessary that the
solutions In the radial coordinate at one value of time to he similar to
the golutions at any other wvalue of timé. This enables & decrease in the
number of independent variables from two to one, and the set of partial
differential equations of Ffluid motion can be changed to a set of
ordinary differential equations,

The gagdynamic: equations for cylindricalesymmetry are:

of 3P ou _ |

8+ ugf 4 f’[?f %) =0 veres (36)
and

o4 L udu L1 3k - o | sasee (37)

ot T P

R T o oo

The initial conditions at time t=t, are: usity, and r=ry.

At any other value of time, t, let u = K, W, r = K, T, f= KPEE s

p = Rp'ﬁ and ¢ = Kt-E} where ¥, Koo Kp, KF ; 283 Ky are some constant
geale factors and the bar quantitiea are fora. self-preserving system.

Equations.{ﬁéj and {37) can be written as:

Ke 3P | Kuite §3F o Keks F(_@;+ O weree ()
t

ST P
I3



- Kuzﬁéﬁ - Kp _I_B___ = O esnsa (3G)
Kr  aF Kettr ¢ 2F

After siﬁplifications, Eguations (38} and (39).take the form:

I-_:[

f___
Ke &

.;__ K K- j | K Kt _};E _U__ !
a“E + KP aF KI,. \P( -';- F) eoans (LO)

t2ewa E'E"‘]-}

The solotions are self similar if

5 _
Ky

and
R =1
Kp

Since = perfezt gas is considered the condition that EE ~ 1 13 automatically
Kp
setisfied. In order to satisfy the boundary conditions, K,u = L Hence

Ku=1'

Therefore K, must be equal to unity, end the similarity parameter for this set
Ke
of hydrodynamic equations is r/t.

 Lb.5 GCAS-DYNAMIC EQUATIONS FOR CYLINDRICAL DETONATICN WAVES

(1) GOVERNING EQUATIONS

The fundamental equations governing the flow behdnd & eylindrical -
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dalonallon wave can oe obralned rrom kEquarlons o4 ) amdd {55} by gselting ] = l.

They

arel

Mass Conservation}

<L u2e *P(%J"tf’) =0

Momentum Conservatlons

ot

Using the similarity parameter derived inm Section L.k,

U+U.&_+?- = O

-1g

and define it as x = r

r,
o

then the mass and momentum conservation laws can be combined to glve the

following eguation:

au
ax

non-dinensional form by defining € = u/x, 7] = fx?

2
LY} - -4

o

sncas (L2)

The'maws and momentum conservation laws can also be expressed in a

The resulting equations are:

d

M

o

§

and

an
dg

" where

{=

m - (1-§)

=__r..[
s Lan-0-¢)

om =2 (1-¢) + £€{1-¢)

{-1

"
{

2 = (-%)°

|

J

and £ =

I x

]

eesee (B3}

LN {Ll'h)
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Equations (43%) and (44} are further traunsformed so that they can be
; o \ '
used in a computer. Define 4;= u  so that ql = § fﬂfz » the twoieguations
: o

can bé wrirten asrluoe. 2

L
3
:
]
x

_ef 28 - -6y
7 (f'ﬁ)z’\l’z- §2 vaana (85}

1

LW

d¥v - § (28 - (-8)
dz 2 { (1-g)H* - §*

AN =Pl L PR T B

ceves (RE)

E
1

+» The complete derivation of Equations {45) and (44) is given in Appendix II,

The radius of the detonmation wave at any lnstant of time t 1z R = Dt

£

E : where D is the wave velocity. Therefore, = = D {r/R}, and since only Increments
i of Z are consildered in equations (45} and (45), one can write 2 = In {r/R}).

% From the expressions g =1 and.qP= u, the particle veloclty and speed of sound
P;-: X [

can be written as:

ceaes (4T)

and -Sa{E}.
 (®) - covss (48)

=1~

(2) BOUNDARY CONDITICONS: !
The boundary conditfons that have to be satisfied are:

{a) Zero velocity at the centre (fie. u =0 at r = ¢}, and

(b) The, detonetion wave velocity is constant and correspnnﬂs to
that for a Chapman-Jougnet plans detonation.
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Under conditien (b), the following equations from Chapter IIT must

hold immedistely behind the wave front, They are!

-
[ M n ‘
Lj = | + 'Fn D (l -- ....l_)
! Ps M
The valuas of § and &Pat the wave front (i.e. r = E) that have to
satisfy Equations (47) and {48) are:

§' 1= —}JLI ceeee (49)

It

and
ST eses (30)

(3) FLUID PROPERTIES OF THE PRQDUCTS OF COMBUSTION

€,

£
From Equation (LB), since -EJT =% the speed of sound ratio
i

-%-.- = %‘-(—E—-) . The pressure, density and temperature when expressed

in terms of §, v-.Pand (r) ares
R

Fregsure Ratio

21/ 1|

2/t-)
-% N (%) - % (T;\)} | {5_1)

E = [I-r%(i— 'FJ"T)} {% (ﬁ-) v veeae (52)

Dengity Batio |

2/1- RC R |
- - (BE) =
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ot

i = }Jl -gl—‘t%—(%) sassn {(54)

Temperature Rafio

o) B

o T bl B2 (e f Sy
™ =T |+f‘D—0 JLI ﬁp_(%) vases (56)

4,5 HUMERICAL SOLUTION OF THE GABDYNAMIC EQUATIONS FOR CYLINDRICAL DETONATION
WAVES ' ’

2/r-1

wavas (55)

In the numerical solution, the values of the specific heats ratio

. (¥) and the density ratio f))|} for G+ Op mixture are taken as 1,13 and

1.7 respectively. These values have taken into account the disscclation
sgnd variation in specific heats at the temperature of the detonation front,
and are obtained from Reference (19), Using { = 1.13, and M= 1.87, the
values of f and ')# at the wave front are: f* = D.UE5 and '\P. = 0.870.

On exgmining Equations {45) and (45), a§ /dz. and d'\P‘HZ are infinite
at the wave front {r = R} since the denominator (I-"S'}:'f.P"-'- fg' is equal to
zero when ilt'“!}:n and "\{J,‘:}u.-l .

In order to find 4 solution, it was necessary to work backwards
from the wave f_rcnt,' §| ami'tl!l were taken to be 0.465 and 0.870 respectively
when r-= 0.9999, Equations (45} and (46) where programmed on the IBM 1410
digit&l computar, and the Runge-Xutta method was used to find E gnd 'WPfur
different values of r/R, The interval AZ was taken to he 0.0001.

Equations (47), (48}, {s1), (53) and (55) were alsc computed as
functions of r and the solutions are given in Teble I and Figures (4 and 5}.
The partiecle %elocitiea for the plane and spherical cases are plotted in

Figure (i) for comparison purposes. A brief description of the Runge-Kutta

method is given in Appendix III.
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.7 INITIATION OF CYLINDRICAL DETONAT IONS
For the initiation of unconfined detonations, sufficiently large

energies (approximately 10 joulea} are required {References 6 to” 10). .
Uniike the plamne case, unconfined detonations have to be initiated instantr .

. aneously within 2 very short Induction fime since transitioms from deflagrations
i to detonations are not possible.

L : In Chapter III, a detonstion has been considered az a shock wave
3 followed by a region where chemicel reaction occurs, The reaction takes
place in the gas compreszed by the shock wave and the thickness of the
feaction zone dependa on the rate of reactiom, It is thus logical to
relate the initiation mechanisms of a detonation wave by conaldering the

?_ propagation of a atreng shock or blast wave in & reactive mixture,

The instantaneous release of emergy from the ignition source
generates 8 strong blast wave which decays rapldly as it propagates into
the reactive mixture, The criterion for instantaneous Initiation of a
detonation by the blast wave ip that the time taken for the high pressure
behind the blast wave to decay to the Chapmap~Jouguetr pressure must be _
larger than the induction time., This is similar to the role played by the
ghock in a detonation wave where the reactants are compressed to a high
temperatﬁre and pressure so that autonignitiun.occurs and resction is
completed Iin a thin region hehiﬂd the shock front., For & weak blast wave,
‘the time taken for the wave to decay from a high pressure to the Chapman-
E__ Jouguet pressure iE.shﬂrter than the induction time. A deflagration wave
results since transition to det@nation under unconfined conditions is not
possible,

£ _ Denoting the regicﬁ where chemical reaction is completed as the
b . reaction zone thickness, the pressure at the end of reaction depends
initially on the strength of the blast wave since the chemical energy

released is small compared to the ignitionm energy. The large energy required

f- overdrives the detonation at ike early stages. Simce the reaction zone

a3
-

thickness depends on the stremgth of the preceeding shock (a stronger sheck




AT

compresses. the reactive mixture more apd hence a.shorter reaction time), it
will become larger. as the wave decays until atr large radius, it 15 constant
and. equivalent to that for 4 plane detonation, The fact that the resction
zone thickness ig thinner for an overdriven detonation as compared to that far
ISElf—sustained.detunatiun ¢an be observed from the Interferograms of White
(Reference 15},

It is possible to predict the behaviour of g ¢ylindrical detopation
wave qualitatively by a consideration of the Eneregy enclosed inside the
wave, Ler Es be the initiation énergy and at any instant of tige the wave
has travelled a distance R From the centre, Assuming that the chemlaz]
energy Inside the reaction zone is completely Hberated, the total energy is

therefora:

2
: ET -_-Es + -ﬂ-R Pan sasap fﬁ?)
where @ is the chemical energy per unit masz of the reactive mixture,

For very small radius R, the chemical energy is smali compared
to the initfatian energy and can be neglected, The detonation wave is
essentially a blast wave and according to Lin's (Reference 21} analysis of
a eylindrical blast, the pressure behind the wave front decays inversely
Praoportionz] ta the gquare of the radius,

2 _~
When the radiys 1s large, then _[T'R ?an"? t:s 2. The pressure
behind the detonarion wave 13 constant and corresponds to that behind g plane
detonation, This can be seen from Egns. (h,), (8), (9) and (10).1n Section
Z+«1 that the pressure {plj behind the frone wave is:

where & ig a proportionality-fantor, The pressure is constant g2ince for g
glven reactive uixture, the chemical energy Q and the initial dengity 'T% are

constant,




L= pi it

- 27 =

Tt i3 not possible to predict how does the pressure decay when
the initiation enerzy and the chemical energy are of thé game order of
magnitude, . Since there can be no pressﬁre discontinuities in this region,
2 well hehaved curve is suspected. This will be verified later by measuring

the prezsures experimentally,

Summarizing, the following model of initiation of 2 cylindrical
detonation wave ir proposed: 4 sufficiently large energy is required to
generate a blast wave so that the time taken for the high_frEBSUIE'behind the
blast to decay to the Chapman-Jonguet pressure iz graeter than the induction
time. TFor small radiusz, the pressure decays inversely proportiomal to the
equatre of the radius, and for large radius, it corresponds to that for 2

plane Chapman-Jouguet detcnation.

4.8 THE ENERCY LAW

Let Eg be the energy required to initiate a cylindrical detcmation
wave, and Q the heat of resction per unit mass. Consider the wave to be of

unit thickness, then the total energy at any time will be

R
Fro= ke + J?.‘:TF‘PQdV veres (59)
&
The integral [ 3
f 2MrPQar = EﬂQ\oaJ%rdr
5 o |
From Equation {54}, 4

afr-1

f;. §p?

Therefore,
R R 2/1-|

ZT!‘T'FQC}F = ZTTQﬁ}J: _\-%))L (%} rdpr

Ly

]
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By changing dr. to d (ﬁ') , and the limits of integration from 0 to 1 instead
of from Q0 to B, the intezral '

R
} 2rrPadr = 2wR'QY, pix

&

vrees (E0)

whete I

.2;1*-: &
X = G{%} (LY 3R renee (61)

Since r varles from O te 1, and the values ufg and'\lf as functions of r are
R .

knowr, the value of of can be found by numericsl integration of Equation (61).
The irntegration was carried out on the IBM 1410 digital computer, and
Simpson's Rule was used, The value ofok was found to be 0.285.

The total energy at any time is:
Er = E:1 + 27 Ri (0-266 Q ﬂ}m)

and dl’.fferentiat_ing ET with respect to time one obtains:

dE; - 2w (0264Qf,p) 2R 4R
= 2nR {0532 €, @)D
) | voron (62)

The rate of energy released from chemical reaction per unit surface avea
of the wave is G:.Sﬁefa (&0, and is & constant., This shows that a self-
sustained cylindrical detenation wave can propagate with a constant velocity

- and satisfies the Chapman~Jouguet hypothesis.
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CHAPTER V

HON-EXISTENCE OF STEADY GH&EHEH—JGUGUET CYLINDRICAL DETONATION WAVES

5.1 DISCUSSION OF THE GASDYNAMIC EQUATIONS FOR CYLINDRICAL DETONATION WAVES

In {Ihaﬁt‘er ITJ,' Section 4.5, it is found that when the values of f
and‘qglat the wave front are subsituted into Fguation (45} that is,

4 o {28 (=Y
az (=) - £*

the dencminateor is equal to zero so that‘dﬁ_evaluated at the wave front is

dZ
infinite,
But dg = d (u/x) T— _"CI u — _U LI [65}
di dlnx X ge
and at the wave front x=D, and u is finite. Therefore,
D .
clu
My =
i (61)
From Equation (L2},
. fiEL | - A=l ¢ == —'_EL
ax ¢ rd ,
. A
4t the wave front, du 1z infinite, and the relation -{[ -LE;%lii) } =0 1is
dx ' |

abtained. This simply means D = u; + ¢1. Thus, it is observed that the
unreéliatic infinite slope of the velocity, pressure etc., is not a consequence
of the similarity solution, but due to the assumption D = uy + ¢, which is
inttially imposed as a boundary condition in order that the hydrodfnamic

equations can be solved,
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At large time, the detomation wave radius (Dt) tends to infinity,
and the plane detonation iz approached. The derivations of the fluid pro-

perties are finite, and from Equation .(4Z),

du _ ~uf%
7 T T

From the computed solution . of the particle velocity, it is seen

that du is positive. In order for du to be finite ahd positive, |~ (E*‘_U)ﬂ
dxz : dx <
evaluated at the wave front must be less than zero, but greater than = o |

Hence it iz seen thar [ =2 Ua+c, .

This analysis shows that D = u; + cg 18 not possible, and in’
order not to vioclate any physical law, the detonation wave must either be over -
or under-driven. A study of the initiation mechanisms in Section k.7 shows
that a large energy has to be supplied to generate a blast wave. Initially,
the pressure drops inversely proportiomal to the square of the tadius and
at large radiuve 1t 12 equal to the Chapman-Jouguet pressure. In_ﬂtﬁer
words, the detonation wave has to be initially overdriven and thervefoxe
D<u+e -
5.2 THE MASS CONSERVATION APPROACH

It has been shown that a eylindrical detonation wawe cannot
propagate at a velocity D = u; + ¢1. The next problem iz to determine
whether Lt iz possible for 2 steady detonation wave to propagate outwards

from the centre at the instant when it 12 initiated.

In Figure (7}, consider at time equal to zero, z detomation wave

is5 formed at the centre having a reaction zone of finite thickness jﬁi? .

Iﬂt\f; be the average demsity inside the reaction zone. Tor a steady
wave, AR, ﬁl s Dy g andﬂ are Independent of time,

At any time t, the wave traversed a dis;anﬂe R = Db,
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The - mass engulfed by the wave front

=0 {(ot + 887~ (6R)'}

The mase in the resction zone
' % 2
- 7 (0t + 2R - (1)}
The initial mass

| = T[ﬁ{ (‘aR)z

From the mass comservation,
. Mase engulfed by the wave fromt + initial wass = mass in the reaction zome +

mass behind the reaction zone (m, ).

Therefore,

me = TFh {(Dt+ aR)"- (ﬂR)i} + T (2R)
- m"R {(Dt-:-ﬂ.R)2 . (Dt)“}

After simplification

e = T (f’th (Dt + 24R) - fz (101::&.*2)} ceeen (65)
and

1 |
drc Tf {2t +20R0} - TH (2048) )

For a steady wave, the mass £lux acroszs the plane where reaction is completed is

2t £ (D~ UJJ . (67)




Since mass iz conserved, one can write:

%‘“%s; = 27 fipt (D-u)

2mfD (DL+ 4R) —'2wﬁa DaR =2TT Dt (D-u)

Simplifying, one obtains the equation

£(0-u)=fD _ 4R . 4R
D(ﬂ:"ﬁ?) ot R eeeen (68)

The right hand side of Equation (68) depends on time. The
azgumption that the velocitles and densitfes ate time inddpendent are
violated unless R i3 5o large that E%E is egual to zero. Thus, for small
times t '“E ie finite and camnot be neglected. Under such circumstances,

a steady wave propagating outwards is mot. possible.
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CHAPTER VI

EXPERIMEWTAL INVESTIGATION

6.1 APPARATUS

For the experimental investigation of the various phenomena in
cylindrical detonations, a pill box of 50 cm diameter and of ad justable
width was used. .The fromt plate of the pill box was transparent to enable
photographic observations. A 1-1/2" thick plexi-glass was found to be most
suitable for this purpose. Four {three 1" thick apd one 1/2" fhick] steel
rings with inside diameter of SO cm and outside diazmeter of A0 cm were
bolted together and sealed by '0' rings to give a pill box 3-1/2" wide,
Different combinations of the four steel rings gave different widths. The
minimum width being 1/2" and the maximum 3-1/2", in. increments of 1/2",
The back plate of the pill box was made of a 1/2" thick steel plate, 4
3/0" diameter hole was drilled and tapped for the installation of an ignitor.
Holes were alse drilled in the plate for installation of ionization rrobes
and pressure transducers. A sketch of the pill box is showm in Figure {8).
The main contrels for the cylindrical detonation experiments are shown in
Figure (9). Commercial acetylene and oxygen weré used without further
purlfication, Mixtures of acetylene and oxvgen were prepared in a 100-litre
tank, and the compositions were determined by the partial pressures of the
irdividual gas. To ensure the mixture was homegenous, a stesm ecoll inside
the 100-litre tank was used to induce a natural cenvection current, and

hence promote better wmixing.

. The ignitor was designed so that it could be used for different
methods of ignition. A4 schematic diagram of it is shown in Flgure (10}.
For ignition by explading wire, a .00L" diameter copper wire was soldered
across AB., 4 ﬁériable DaC: power supply {0 - & KV ) and a variable capacitor

‘bank ( 0.5 = 30pf )} were used, Different energies required to explode the

copper wire could be obtained within an accuracy of + .01 joules. The
electrical leads were carefully selected to reduce the resiétance and induc-
tance of the cireuit te a minimum. For spark dgnition, A high voltage

wag applied across 4B, and the spark gap could ke ad justed by moving the -
central electrode. Tgnition by hot wire was carried out by use of a 0.1 mm
diameter NL - Cf resistance wire heated to white hot in less than 1 second

by a 36 Volts D.C. power supply.
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5.2 INSTRUMENTATION

{1) IONIZATYON PROBES

Figure (11) shows the details of the ionization probe used, Tt
consisted of two steel npeedles placed in a ceramic insulator and spaced Zmm
apart. The gssociated probe circuit is shown in Figure (12). The 0.005), £
capaciter was charged to a potential of 200 ¥ through a 22 M ohms charging
resistor. Initially the probe was open-circuited, but as szoon as the
detonation wave traversed it, the ionlzed gas behind the wave front
completed the circuit, and the capacitor discharged through a 47K ohm

resistor. The pulse ohtained was dizplayed on an oscilloscope zcteen,
(2} PROTO-TUBES

The highly luminous detonation Front will cause Photo-emfssion
in a photo-senaitive element, The rhoto-tube circult was desizned to give
& fast-response and decay pulse. The 3uuf capacitor was ianitially chavped
to 200V and discharged through the 1 K ohms resfstor as soon as photo-
emizsion took place, thus displaying a pulze on the oscilloscope screen,
Two slits, &" apart were placed in front of the rhote-tube to ensure that
no photo-enission would cccur when the detonation wave was not directly
in front of it. RCA 929 tubes were used and the eircuit 1s shown in Figure
(13}. Independent units were built and as many of them could be used at
the same time as desired.

(3) STREAK CAMERA

A high speed 35 sm rotating drum camera was dezigned and
constructed for detonation wave studfes, The outer rim of the 2.9V
aluminum drum had fifteen milled buckets of the simple Pelton wheel de-
sign, and compressed air at 30 peig wag uzed to drive the drum, The camera
hed a maximum speed of 15,000 rpm. A schematic diagram of the camera is
shown in Figure (14), f '

In figure (15), an illustration of a typical streak photograph
of a cylindrical detonation is shown. Yet

¥ = Peripheral velocity of the £ilm




I = Detonation wave velocity
.=  Angle between detonation wave and film velocity vector

@ = Magnification factor = Length recorded on film
Actual length

then the detonation wave velocity is given Ey the equation

~ Vtang
E> g

sress LBG)



CHAPTER VII

RESULTS AND DISCUSSIONS

T.1 VELOCITY MEASUREMENTS

Tonfzation probes, photo-tubes and stresk camera were used .
to determine the detonation velocities experimentally. The accuracy of

each device iz discussed bealow,

{1) ACCURAGIES OF SPEED MEASUREMENT DEVIGES
The ionization probes used had a rise time of 1.5 u seconds,

They were installed on the back plate of the eylindrical vessel. The
distance between each probe was 2 em and there was a possible alignment

error of = 0.1 mm (or + 0.5%).

Photo~tubes with a rise time of 2 K seeonds were placed in
front of the transparent plate of the cylindrical vessel. Each rhoto-
tube had 2 2 mm wide slit in front of it and the maximum error was + 104

when they were spaced 2 em apart.

Using the camers described inm Section £.2, the streak recorded
on the film was approximately 30° to the horizonral {(Figures 17 and 18).
4 difference of + 1/4 © in the measurement of the angle corresponded to
an error of + 2% in the evaluation of tan o in Equation (£0). The speed
of the camera was recorded from an oscilloscope and there was an une

certainty of + 5%. The total expected errot of the streak camera was
+ 7%

(2} RESULTS FROM IONIZATTON PROBES
In view of the fact that fonization probes gave the most

accurate results, they were used to measure the cylindrical detonation

wave velocities of oxygen-acetylens mixtures with different chemical
compositions (804 - 60% acetylene by volume), The initfal temperature

and pressure of the wmixtunres were kept at 200 ¥ and 100 mm Hg respectively.
The results are shown in Table TI apnd in Figure (19), and the veloclties

@f plane detonations confined in a ome inch diameter tube are also included.

They are consistently bélow Bollinger's (Reference £2) theorstical cal-
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culations of the Chapman-Jouguet plane detonation velocities which
were based on an inltial pressure and temperature of 1 atmosphere and
313° X respectively. The deviations in velocities are expected since
a decrease In the initial pressure results in a decrease in velocity |
because of the increased dissocciation of the combustion products. .The
difference in velocity at different inmftial pressures have not been
caleulated for an acetylene-oxygen mixture, To show an idea of the
dependence of velocity on initial preasure, comsider the case of
hydrogen-oxygen (Hn + Op) detonations, There is a difference of as
mach as 130 metres/second between ©.1 and 1 atwmosphere initial pressure
at 2068° K (Referemce 23).

In Section 4.7, it has bHeen shown that & cylindrical detonation
wave ig initially overdriven and decays to a plane detonation at large ra-
dius from the ignition source. An attempt had been made to measure the
velocities at small radii from the centre, and 1t waz found that within
the experimental error of + 0.5%, the small change in velocity obaerved
was not reliable. A typical oscillogram Ls shown in Figure (20), and it
can be geen that the time taken for the detonation wave to traverse each
probe is mearly constant. Similarly, streak photographs have not been
able to detect any change in velocity at all (Figurss 17 and 18).

On examination of the Hugoniot curve (Figure 2}, it is seen
that the Chapman-Jouguet state iz at the point of tangency of z line
drawn.thruugh the infrial state tangant te the equilibriuvm Huponiot.
Therefore, relatively large changes In the location of the Chapman-Jouguet
pofint on the equilibriem Hugondot make only second order changes in the
detonation velocity because the velocity Ls directly related to the square
rocot of the negative elope of the line hetween the Chapman-Jouguet state
and the initiai state, Thig iz readily seen from Equation (5) in Section
5.1, In determining the states in the eguilibrium Hugoniot near the
Chapman-Jouguet state, wore sensitive parametars such as the pressure

have to be usged.
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fe SREoQUAD MEASURANCNLS

In the study of the ignition mechanisms {Section %.7),.
1t has been pointed out that in the reglon where the initiation Ener gy
and the chemical energy are of the same order of magnitude, the behaviour
of the pressure cannot be predicted theoretically, It iz suspected that
the pressure decay is well behaved and attempts to verify this by velocity
@easuremeﬁts have proved to be unsuccessful. Tt i3 pot surprising to
know why the velocity hardly changes in this region since it lies on the
equilibrium Hugoniot ¢dme to the Chapman-Jouguet state {Figure 2). The
velocity depends on the slope of the Rayleigh line which hardly changes
at all. However, there is quite a significant change in pressure cotres-

ponding te a small change in the slepe of the Ravleigh line.

A Kistler Model £03 pressure transducer was used to measure
pressutes near the 1gnition source, The transducer was calibrated in a
one inch diameter detonation tube. 50% - 50% acetylene-oxygen mixtures
were used and the reactive mixtures were detonated at different initial
pressures. The peak voltage output from the transducer was recorded from
a Tektronix 555 Oscilloscope. The corresponding pressure was calculated
based on a theoretical pressure rise of 51,5 (Reference 19). A calibration

curve uvp to a pressure of 320 psi is shown in Figure {22).

Due to the difficulties im mounting the preasure transducers on
the back plate of the cylindrical vesgel, it was not’ possible to take
measurements at radili less tﬁan 2 em Irom the ignition source. Within this
2 cm radius, another transducer {(Atlantic Reseavch Corporation Model BD-25 )
was installed for trigeering the beam on the gscilloscope. The prassure
measurements Ffor radii greater tham 2 cm are shown in Figure (23), S0%-504
acetylene-dxygen mizxtures are used at an infitial temperaéure and pressure
of #00° K and 200 mm He respectively. The pressure decay iz a smooth
curve and at approximately 5 or & em from the centra, it remalns constant
at & pressure of 211 psi which is exactly the same as the Chapman- Jougiet
pressure. It iz not possible from the experimental resclts to determine

exactly the region wheré the .initiation energy and the chemical energy are



of Lhne s5dme Order Oorf magnicude, bBeEEldes, nls Teglon changes Lor
different initiation energies, But it can be said that the pressure
decays in a well behaved manner in this region. The results also .
show that the detonation wave is initially over-driven and decays to
a Chapman-Jouguet detonation im less than 254 the diaméter of the
cylindrical vesgel. |

At rédii greater than § cm from the centre, it is seen
that the Chapman-Jouguet condition is satisfied across the cylindrieal
detonation wave. The similarity solution in Section L.4 reguires that
the distributions of the £luid properties of the burnt gas have similar
profiles. ot any instant of time. FPressure messurements of the burnt
gas have been taken and compared with the thecoretical values hased on

the similarity solution.

Four Atlantic Research Corporation Model BD-25 pressure
transducers were mounted on the back plate nf.the evlindrical wvessel.
The transducetrs mounted at 5 cm and 9 cm from the iguitiom source were
uzed to trigger the beams on the oscilloscope while the two transducers
at 8 and 12 ¢m from the centre were used to register the pressures of the
burnt gas; Again, 50%-50% acetylene-oxygen miztures at anlinitial
temperatire and preésure of =00 K and 200 mm Hg were used. A typical
pressure record is shown in Figure (20). The transducers were calibrated
and found to be linear within the ranée of G=-350 psei,

The pressure at any instant of time wasz non-dimensiconalized
with respect te the peak pressure. Figures (24%) and (25) show the
experimental values of the pressures of the burnt gas at different
times at § and 12 em from the ignition source; and the resulta are ta-
bulated in Table III;. The experimental errors are aleo shown, and
the results were obtained from twenty different runs, In Figure (28},
the pressures from Figures (2L} and (35) are replotted as a functilon
of (*fg). The results indicate that the pressure profiles are similar
and the analyais in Section k.5 does predict the dynamics of the |
cembustion products quite satisfactory at sufficiently large radius
from the ignition source where the Chapman-Jouguet hypothesls iz sa-
tisfied. '
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On exemining Figure (26), it is noted that the deviations
of the pressure measurements from the theoretical values are greatest
when rfR iz between 0.5 and ¢.7. This may be due to the boundary Lavers
developed on the two confining side plates of the eylindrical wvessel
ot it may due to the existence of weak compression waves trailing behind
the detonation fromt. At this stage, it is not possible ta Expiain
the peculiarity of the pressures recorded in this region until further
investigations are made. BSchlieren streak photographs of the detonation
wave will reveal the possibility of any weak compression waves, For r}R
iess than 0.3 the pressures drop below the theoretical value of 0.32,
ard this is due to the heat loss through the metal side plate.uf the

evlindrical veszzel.

T.% VERTICAL SLIT STREAK PHOTOGRAPHS
In taking vertical slit streak photographs, the transparent

front plate of the éylindrical vessel was covered with black tape except’
for s alit (lmm wide and 2 cm long) perpendicular to the vertical axis
of the fromt plate (Figure 16). The detonation wave and the film both
moved in the same direction, The effects of filwm spesd and slit width

are discussed below with special reference to Figure {27},

Case (a): Fi¥% movés with the same vélecity as the wave

If the film moves at the same velocity as fhe wave, the trace
recorded on the film represents the true thickness of the reaction zons.
The width of the slit is unimportant since the result is the same with
or without the presgnce of the slit.

Gase {b): Film. is.statiodary-
The trace recorded on a stationary film is the width of the

glit itself, If the reactiom zone is exactly the width of the slir, the
true thickness of the reaction zone.is recorded, |
Case (e}: Pilm movés fastér than the wave

If the film moves faster than the wave, then dvuring the time

the reaction zone takes to traverse the width of the slit, the film has

moved a diztance greater than the reaction zone thickness. This is true
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for the three cases where the slit width Is greater, less or egual

to the reaction zone.

Case {d): Film moves slower than the wave

If the alir is wider or equal to the reaction zone, then
the trace recorded is always gredter than the reaction zome thickness.
However, if the slit is slightly or very much swaller than the reaction

zone, the trace can be greater or-leas than the reaction zone thickness.

(1} EXPERIMENTAL ERRORS

A camera speed of 220 cycles/second corresponds to a Film
velocity of £7.5 metree/second, On the time axis of the film, lmm is
equivalent to 0,148 y second. An uncertainty of + 5% in the f£ilm
velacity is therefore equal to an error of + 2.1% on the film, The
slit may not be truly lmm wide and there Is a possible error of + G.05 mm.
As the reaction zone thiékness decreases, this error becomes more severe.
Taking the case where the reaction zone thickness to be lmm and the
detonation velocity to be 2820métresfesee the ervor on the film is + 2.82%.

Other errors such as the slit not being truly perpendicular to
the vertical awxis, the effect of the thickness of the front plate of the
cylindrical vesszsel, three-dimensional effects near the ignition source
etec,, are either verf gmall or cannot ' be estimated,  The major errors
that can be calculated are those due to the film velocity and the slit
width, and they contribute a total error of approximately + 5% of the
thickness of the trace recorded on the filw,

(2) INTERPRETATION OF THE RESULTS

The luminous trace recorded on g vertilical streak photograph
cannot be interpretated as the true reaction zone thickness. It can
only be taken as a gualitative compariscen of the reattien gone thickness

of detonation waves uﬁd&r the same initial conditions.

tigure (28) shows the vertical slit streak photographs of a
cylindrical detonation wave taken at different radii from the ignition




gource, S0%50% acetylene-oxygen mixtures were used at an iInitial

. temperature and pressure of 300° K and 50 mm Hg vespectively. At .

1l em from the ignition source, the streak is not well defined as it

iz too close to the spark discharge. At 2 and 3 cm, it can be seen
that. the streak thickness incteases, and from L om onwardas, it remains
constant, The thickness of the streak for cylindrical and plane
detonations are compared In Figure (29), For the plane detonation,
the streak Ls constant at % and 20 com from the ignition source znd

equals to the cylindrical case at 20 em, but greater than that at 3 cm.

The thickness of the streak ar different radii for the
cylindrical detonation is divided by that for a plane detomation.
. Denoting this ratie by ¢, it is plotted as a function of radius in Figure
(23), The results show that at small radius, the cylindrical detonation
wave Is overdriven and the reaction zone is thinmer (hence a thinner
streak) than that for a Chapman-Jouguet plane detonation. As the radius
increases, ¢ alaso increasges until at approzimately & cm from the ignition
source, it is equal to one, In other words, the reaction zone thickness
iz the same as that for a plane detonation., The results agree very
well with the pressure measurements in Section 7.2 and <onfirm the

igniticn mechanisms proposed in Sectiom 4.7.

Tolt  SYMMETRICAL -WAVE SHAPE

In Chapter IV, it 1s assumed that the detonation wave is
perfectly symmetrical. In order to justify this assumption, the
instantaneous wave shapes were determined for 50%-50% acetylene-oxyzen
mizture at an inltial pressure of 100 om Hg, Ilonization probes were
installed at differeunt raﬁii from the ignition source. The solid lines
An Figure {30) are the theoretical wave shapes at different times after
igaition. The theoretical values are based on a2 detonation velocity
of 2820 metressecond, Within the +.5% accuracy of the iomization -
probes, it can be =aid that the cylindrical detomation wave iz perfectly
symmetrical about the centre, '
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T«.5 THE TRAMNSITION PHENODMENON

The problem of transition from deflagration to detonation
in constant area ducts haa in recent years been critically studied
{References2l to 28), Unfortunately, the problem is extremely compli-
cated 1n the seﬁse that too many mechanisms are involved and it is not
knoyn which mechanism is predominsnt since they are coupled. So far,
no theoretical.ncr phyzical model which links together the shock wave
before the flame fromt, turbulence and boundary la?er effecta has
explained the transition phencmenon in a satisfactory mauner. Further
inslpht into the problem wmay be obtalned by atudying transition under
unconfined conditions. The mechanisms that promote transition can

be isclated and examined {ndividually.

To investigate the possibility of transition from deflagra-
tion to detonation without the benefit of the wall effects, an electric
spark {30,1 W capacitor charged to 4000V and discharged through a
2 mm gap} was used, and the width of the pill box was 3-1/2 inches, The
mixture used was 50%-50% acetylene and oxygen, Within the initial
pressure range of 5 - 200 mm Hg, no detenation was observed, A typical
streak photograph fs shown in Figure (%1}, On disgharging the capacitor,
a deflagration wave was formed which accelerated to a constant speed of
180 metres per second. Wear the inner rim of the cylindrical vessel,
the reflection of the pressure waves generated by the flame front in-
teracted with the flame and caused a deceleration of the deflagration
wave. This was followed by an instantaneous explosion in the unburnt
mizture. Similar results of a violenrt explozion near the container
wall were reported by Cassutt (Reference 9) who detected a sudden
pressure tise at the wall of a & ft. dilameter latex ballon. 'The fact
that transition is not possible has been indicated by the theoretical

work of Chu {Reference 11). He extended Taylor's (Reference 12) analysis

of an expanding sphere to the case of a spherical fiame, and frem his
numerical data, transition from deflagration to detonation is not pos-

sible since an unrealistically high reaction rate is required to produce

2 shock of sufficient strength to cause auto-ignition behind it.




Results similar to spark ignitlon were obtained by using
2 hot wire (0.1 mm diameter, 3~1/2 inches long Hi-Crresistance wire).
The wire wae heated to white hot in less tham a second by a 36 volts
D,C. power supply. Contrary to Friewald's resultz {Refersnce 8), no
detonation was observed. A streak photograph of the deflagration

wave at an initial presaure of 100 mm Heg is shown in Figure (32).

To study the effects of the side walls on transition,
the width of the pill box was reduced to 1/2". . 8park and hot wire
were used to ignite the mizture. Results similar to those for a
F.1/2" wide pill box were observed.

The effect of turbulence on the transition from cylindricasl
deflagration to detonation was investigated by placing a L/D" dia-
meter wire in a apirzl maoner on the inner sorface of one of the side
walls. The width of the cylindrical vesael was *-1/2" so that boundary
layer effects could be neglected, Hot wire and spark ignitiﬁn were
again uged.. All experiments were carried out for 50%-50% acetylene
and cxygen mizture at an initial pressure ranpge of 5 - 200 mm Hg,

4 typical streak photograph ia shown in Pigure (%3%). Transition to
detonation was chserved nesar the inner rim of the pill box. This

illuatrates the importance of turbulence in the transition phenomencn.

At this atage, it Ia posaible to give a qualitative des-
eription of the transition from cylindrical deflagration to detomation
with special emphasis to turbulence and wall effectsa. After the
mixtureia-iginited.ét,the centre of the eylindrical weszszl by a spark
or hot wire, a flame propagates radially outwards, Initially, laminar
Eurning pecurs and since the volume of burnt gas in mény timez greater
than the unburnt mixture, the products of combusticn can be treated
as a hot gas plston sending out compresaion waves shead of the flame.
These pressure waves raise the temperature of the vnburnt mixture
which in turn increasesthe burning velocity, giving an acceleration
to the flame. The compression waves will coaleace to form a shock., The

Roundary layer between the shock znd the flome fromt will be furbulent
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of. the side walls of the pill box, The flame then becomss turbulant and
there iz a further acceleration due to the increase in flame area. - The
large scale turbulence distorts the flame surface zo mech that elementa. of
the flame start to break away and pockets of unburnt mixture are left be-
hind the flame front. Intermittent pressure pulszes are generated due to
the almogt inastantaneous reaction of these pockets of unburnt mixture. The
shock i3 strengthened comtinuously by the pressure pulses generated by the
turbulent flame freont. At the foot of the shock, the temperature will
eventually be high enough to cause auto-ignition. A secondary flame will
propagate along the boundary layer and behind the shock front. A large
volume of wnburnt mixfure is trapped between the flame front and the
secondary flame originated at the foot of the shock, Prior to the onset
of detonaclon, a deflagrative implosion oceurs. A strong shock is formed
due te the instantaneous reaction. This shock will coalesce with the
origiral shock fin £vont of the flame to form a detonatiom, while another

shock alze propagaies back towards the burnt gas as 2 retonation wave.

It should be noted that the above mentioned transition process does
not hold under tiuly unconfined conditions since wall effects and large scale
turbulence are abgent. The aim of the above mentioned ewperiments is to de-
termine the mozi predominant factors in transition to detonation, It is
thus possible to predict the possibility of transition from deflagration
to detonation under different conditions by knowing whether the basic me-

chaniams are preseat or not.

T.0 UNSTABLE PHENCOMENA

The possibility of spinning and pulsaticons in two-dimensional
detonation waves Was investigated. The first series of experiments ware
performed under low pressures (5 - 20 mm Hg), and S50¥-50% acetfleneﬁoxygen
mixtures were used, Oylindrical detonations were Lnitiated by use of explo-
ding wire. The ignition energy was 12.8 Ypules. Ho pulsations nor spinning

were ohserved. Similar experiments carried out in a tube showed spinning
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ard pulsatinné of the detonation wave within this pressure range.

In the second seriez of experiments, the initial pressure range
wag 33 - 50 mm Hg and the mixture composition was the same as the first
serles. However, the nixture was saturated with water wvapour by pazszing
through a water bath before it was bled into the cylindrical vessel. 12.8
Jjoules. from the exploding wire were vsed to ignite the mixture, It was
found that spinning and pulsations phenomena were absent when the initial
pressurz was above 4O mm Hg, Below this pressure, no detonatlon was formed.
The heat of reaction was lowered considerably by the addition of meisture
g0 that it could not sustain a detonsation, and only normal burning was

obgerved,

In the third zeries of experiments, the stability of a cylindrical
deconation wave was inwestigated. 50%—50%.acetylene-uxygen miztures were
used and the initial pressure wmzas 100 mm Heg. 4 kink was introduced in the
wave by a /8" diameter rod placed across its path at a2 position 10 inches
away from the ignition soutrsce. Streak photographs of the cylindrical de-
tonation wave hefore and after it passed the cobstruction did not show any

change of speed, and the cylindrical symmetry of the wave was preserved.

T.T7 INITIATION ENERGY

The critical energy for the instantanecus initiation of a oy-

lindrical detenation wave was determined for a 50%-50% acetylene-oxygen

mixture at an initial temperature and pressure of 300° K and 100 mm Hg

respectively. The spark gap was 2 mm wide and the capacitor bank was
charged to a potential of 4000V, The energy was varied by changing the
value of the capacitors. Streak photopraphs were taken to determine
whether a deflagration or a detonation was formed for each value of initia-
tion energy. For spark ignition, the critical energy was found to ba 11.25
joules. This value 1s higher than the actual critical energy since it s
assumaed the spark to have a IDD% efficiency. There are losses through

the electrical leads and the capacitor may not be fully discharged. This
experimentally determined value of 11.2% joules can only be taken as a
qualitative illustration of the order of magnitude of the energy required

to Initiate a cylindrical detonation wave.
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CHAPTER VITI

CONCLUS IOWS

The following conclusions may be drawn from the theoretilcal

analysis and experimental studies of a ¢ylindrical detonation wave:

(a) 4 sufficiently large amount of enerpy iz required to Initiate
a cylindrical detonation wave. For S50%-50% acetylene-oxygen mixtures at
an initial pressure of 100 mm Hg, the critical spark energy is 11.2% joulas

when a spark efficlency of L00% is asasumed,

(b} For small radius, a cylindrical detonation does not satisfy

the Chapman-Jouguet hypothesis, The wave 48 initizlly over-driven. It
will approach a plane detonation for large radius. The energy law is then
gsatizfied since the ignition energy is negligible compared to the chemical
energy released, and the wave propagates with a velocity that corresponds

to a plane Chapman-Jouguet detomation.

(c) The welocity is a very insenzitive parameter zz it iz not
poszible to detsct any changes near the centre of the wave. Vertical slit

streaak phufugraphs and pressure measurements at different radii from the

ignition sovrce give more Information as to the steadiness of the cylindrical

detonation wave,

{d} Pressure measurements of the combustion products taken at radii
suffieiently far away from the ignition source agree with the theoretical
valites based on the similarity solutien.

fe) Turbulence and boundary laver effects are the predominant me-
chanisms in the transition from deflagration to detonation, Without these
effects, transition is not possible since an unrealistically high reaction
rate is required to produce a shock of sufficient strength to cause aute-
ignition behind 1t.

(£) Spinning and pulsating phenomens in two-dimensional detonation
waves are absent for meoist S0%-50% acetylene-oxygen mixtures between the
initial pressure range of 5 - 20 mm Hg. Similar experiments performed in
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A tube show that the wave apins and pulsates.

{1} The perfect symmetrical wave shape is not distorted by the
introduction of & small obstacle placed across the detonation path.
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CRAPTER IX

RECOMMENDATTOMNS

A4 truly Chapman-Jouguet detonation wave is not realizable
experimentally in a tube because of the presence of wall effects which
causes the flow In and behind the reaction zone to be turbulent. &
cylinérieal detonation wave has the distinct advantage that these effects
are kept to such a minimum that they have hardly any effect on the wave.
Instantaneous spark Schlierens and interfavrngrams of the reaction zone will
reveal more information as to the structure of detonatlon waves than ecould
be obtained from plane detonations confined in tubes. 4 closer agreement
with the preasent theoretical models can therefore be obtained. Future ex-
periments should also include time resolved spectroscopile studies of the
reaction zome in order that the concentration profiles can be determined
and hence a better unﬂérstanding of detonation waves in general can be

achieved.

To further understand the formation of unconfined detonation
waves, the initiation mechanisms should be investigated in more detail..
A theoretical model zhould be formulated by considering the detonation
to be a blast wave initially and decays to z steady self-sustained deto~
nation wave when the chemical energy released becomes dominant as compared
to the initiation energy. 4 relationship between the initiatiom ENErgyY
and chemical energy could be found so that it is possible to predict at
wihat distance from the ignition aource would the everdriven detomation
decay to a Chapman~-Jouguet detomation, Further experimental investiga-
tions should also be carried out to verify the theoretical model by
measuring the distance from the ignition source where a steady Chapman-
Jouguet cylindrical detomation wave ig formed for different fuel-oxygen
reactive mixturés and for different initiation energies.
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AFPENDIX I

DERIVATION OF THE GASDYNAMIC EQUATIONS OF FLUID MOTION

In-the geperalized derlvation of the equations of fluid motion,
vector and tensor notations are uséd,

The Mass Conservation Law

Consider an arbitrary fixed volume V in space strrounded by a
surface S {Figure £}, Then the conservation of mass requires that the net -
flow across 8§ must be equal to the change in mass in V.

Let the velocity at any point on' S8 be @ ; further, let @ be the unit

vector normal te the surface, The mass flux across 3 is

PRg)dS

S

and the rate of change of masz inside § is

RARY
3t
W
Thua mass is conserved if !

——
-|[ ey ds
s | L
Using Gaouss Theorem which relates a surface integral to a volume integral,

[
_
—,
.
|
o
<

i st raves (7O}

the continuity equation becomes:

1,8+ v-pp)av = o

or

af vV«PT = o ceens (71)
Et Peﬁ |
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The Momentum Conservation Fguation

This law is an analytic formulation for a fluid of Newton's
second law. Considering again the control volume V enclozed by the
surface 8, the rate of change of mementum {diﬁﬂdt} i3 equal to the
momentum £lux across the boundary { H‘ -Pdci'{ﬁt_ﬁr) ds )

and the time rate of change of mnmenéum- inside ¥V { HEHETPEEdV }
Y
Thus
Y TRz ([ 292
%%L =”?%(h.%)ds_+ av (72)

g Y
which by Gauss theorem can be written:

9 - [T D GO e e

l'+

Using the mass conservation eguation, this eguation can be written as:

% - ([ (4 - 34ty



Lhe exieinal Lorces actbting on fne rinld are ohe graviiarlonal

forces and the mechanical surface forces. For a Wewtomian fluid, the

: =
gravitational force is I[[f’ F-‘ d U . The mechanical surface
: 4 :
forces imclude the pressure and the viscous forces and can be written
i .. .
as [I L3 dsy ' where U Lj  1s e tensor quantity.
%

From Gauss theorem,

{JTLJ 48y = ”[_.é_'tc_[ 4 L (76)
g . ¢ X .

But T-'-_] conglatz of the pressure and viscous terms and can be

expressed as;

YIS,

TL_‘; = -]:rgtj + Tr.j eaees (TT)

where SLJ is the Eronecksr delta

I

and (SLJ

1 when f = j
=0 when L ¢ j

. wis,
For an inwviscid . fluid, T:;_j = 0 so that

8Ty _ . yp
2%
The general law of momentum conservation for an inviszeid ., com-
pressible £luid iz then

{)d“' _ *F* -V ' aoana (78]




The Energy Conservation Law

The rate at which forces do work on a volume of fluid is equal
to the rate of {increase of the Kinetic energy and internal ererpgy plus the
rate of conduction of heat across the fluid boundary. Again using the
arbitrary volume V and surface 5, the work dome on the fiuid iz through
tranaportation of the body forces and transportation of the internal

s$tress forces,

Rate at which work is done on the fluild volume minus £he rate

of increase of kinetic energy
——lp
- m{-P(%%) + Cl>] dv
W .
where CP is known as the dissipation funetion.
The rate of increase of internal energy is given by the relation

4 |f] pEav

where E 1is the specific internal ENETEY.

The heat conduction across the boundary is given by the

sxpression

- .
[Jag os

S
Thus the erergy equation may be written as:

gefffeeav= {[[{-plr-Dre}av
Y 4 Lj"k% de ceens (79)

Using the continunity equation and the Gauss thecrem, one cbtains,

?d__ = —P(?'-‘%)—;'Clbﬂ* (v.kv)‘[‘ SENCS

2




P | APPENDIX 11

DERIVATION . OF THE GASDYNAMIC EQUATIONS FOR CYLINDRICAL

DETONAT LON WAVES

GOVERNING EQUATIONS

The fundamental eguarions governing the flow behind a cy-
iindrical detonation wave can be obtained from Equatloms (34) amd (35)

by setting 1 = 1. They are:

Mass Conservation

In Seetion 4.4, a similarity paremeter J is derived, Let X = }"ft M

%
then partial differentiation with respect to r and £ can be written asz:

_3_._ - td_ L. (B1)
ar + dx
b =_-x d
5% o (82)

Using Equations {B1) and(82), the conservation laws can be

expressed as:

L-xydf + du M veees (83)
29 S vy -0

(Li-‘x)%y_ +_]!5.§£ = O ceeen (84)
X

"

&
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Since a perfect gas 1z considered, the speed of sound C = GJ.Pfdf,

{
and df?d1can be eliminated from Equations (83) and (8%) to give

2 (- (mzsf ) =y )]
dx C g g
detime: §
§ = _g_c_ ’ 'TL = -:x_i s Zoo= lnX creea (86} :

and substitute inte Equation {85)gives the expression

1 N -F
rA LRV o

Differentiating %, M, and Y. with respect to % , one obtains the

following equationst

g1 .ﬂLﬁ§+1ﬂi een (88) |

d“#21n+xﬁi ceea(89) g

oot 4

.d_zm. i .-..[—... I EEE ] {9&} ;

aXx X |

These % Equations when substituted in Equation {87) and (83) J:

3 give ﬁ
, 2 j
w dzZ - 1 |m-U-§) (D) l
1.

S ¢ 2= G-gY
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and
pe _ ¥ 24w _ i E[j_ ..... (92}
£y 2xX N 4 X L) o= 20 + X
A APAC SR R A
where ]E = I dci
ctdy
For a perfect gas, F’/f’f = gonstant, and after simplification

f=Y-1.
The term'ﬁﬂd__g im Equation {92) i3 simply (;J_i .
chix az

The substitution of Equation (91} into Equatiom ($2) gives the

followlng gupression:

dn o om{am-oe-+f50- 0 (92)
4§ T am - G-g)
In order:to simplify Equations {90 Jand (93}, define '\P?-" UiC
so that T{ = ii/-\l.;i . Substituting the new value of ’[lintu Equation

(91} gives:

4f - g{aﬁ*— a-ov e
4z (-0~ £ )
The derivative of TL

dn . 28 2 d¥

d § ~p2 ¥ 4f

and cnm'bini.ng with Equations {(92) and ob) yields: |
¥ oo S {2l -Gy (59
dZ 2 (L__i)ﬂ\lﬁ__gl :
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APPENDTX TII

THE RUNGE-KUTHA . METHOD

The Runge-Kiatta Method {Reference 23} is a step by step approx-

imation, It has the advantage that no initial values are needed beyond

the prescribed values. Equations (9%) and (95) can be written in the
following form:

ai = £05.9)

= AT e {o8)
B S o
dz

The coefficierts used in this method are defined as:

Cy = &2 (5., %)

Gy =az PO e ot Caf2)

coy =aZ F b +cuf2, bt o)

e =02 F(%.+ ¢, P+ Cx2)

Coa =z:=.z_c;(§“\m ,,,,, (98)

(.o = A7 fj ( ot Cnfz, v lez)
Lzy = AZ 5(& -+ CEI/Z; '\P{,'I:' Can)
Cor = 47 G(§o v G305 Vot Cx1 )

where fﬁ , ’\Pa and Z{:i are the starting values, and AZ 1s the interwval.




- Ak =

For each ipcrement of Z, f and '\-P are given as followst

Eu + é (C” + 20, + 20 Cd.r)

L
H

sevae (99)

2

'\P.a + "é- ( Cz + 2(:32. + 2(:32 + Cq.;i)

The corresponding value of 'I"R iz obtained by taking the anti-

logarithm of .Z + AZ .
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TABUTATION OF RESULTS:

Table 1, Humerical Snlytjqq of the Fluid Properties behind a
Gylindrical Detonation Wave
r/ | u/D e/D v/p, fip, T/T,
L.Q00 | L4650 J5EE0 1.0000 | 'L.0C00 1.0000
2999 | b5 | L5332 | ..9527 9581 99k
£998 [ J4k33 ) .5328 L OH00 JOLET 9929
o997 | JU285 | L5325 - 9300 9378 oH916
56 | LJLBML 5308 .59215 -9302 el
.995 | 4308 <5350 L9140 .9235 9597
950 | L4163 | L5309 .88Ly BT 9859
950 | -3509 L5262 < T569 7815 684
L0 | .20k L5021 6612 6535 G535
L5050 | 2503 5187 . .5809 E2EG . GO
200 | 2081 .5155 45295 « 5EYT - 3254
2750 1 1682 L5185 Wieley 5213 5188
LT00 | L1301 + 5097 L4356 A% » G088
LO50 | 09T L5071 . 3582 iz Naiee
00 | L0552 50kT » 3662 L4111 .Bo08
W550 | 0272 .5025 - 3396 . 3045 -5831
2500 | O .5008 . 3200 - 564E L87TL
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Table 11 Experimental Velecities for Flane and Cylindricasl Detonationa
. in Acetyleme-Oxygen Mixtures. Initial Pressure=100 mm Hg.
Initial Temperature=50D0K

%EEHE by Dplane Dcyl. Dplquﬂcyl.
volume metres/sec) metres/secimetres/sec.,
20 2120 2100 20
an- ity 2160 a0
28.5 2zho 2320 20
35 25000 2500 &

Lo 2610 2560 20
L5 2ThO 2ETO O
a0 =800 2820 =20
55 2800 2650 -50
A0 T, 2550 110
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Table 111 Preszsure Measurements at O cm and 12 cm from dgnirion Source

Time in p{plﬁtrans. Experimental ppr(traps. Experimental
Heeconds & em from Error 12 em from |  Error
centte ) centre)
2 »800 + ,020 .800 + 020
M 650 + 4080 700 + 1030
6 »550 + 030 Bl + .025
8 .5h5 + 025 LE00 + .025
12 515 + .020 555 + 035
15 .500 + 0O .515 + 030
en 465 + 025 G5 T+ L015
2l b + 030 475 + 025
2d L0 + .0ko LAT0 + 030
%2 15 + 0ho 5D + .0%0
36 390 + 2030 130 + 020
Lo > 360 + Olo KO0 + 030
hlt o BTO + .030 ' B95 + 2085
L4 + 370 + 020 + 370 + .020
52 o 550 + 020 < B0 + 020
56 385 + 085 + 360 + .020
£0 315 + 2025 - 355 + .0820
&l - 310 + 030 . 350 + 020
68 « 300 + 2040 . 300 2025
T2 - 300 + 030 «330 + .020
6 275 + 025 0 310 + 020
80 - 270 + 4025 « 505 } 025
Bl 265 + <030 « 300 + ,020
a8 265 + .030 . .
90 . _ 290 + .020
ag 265 + 030
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-FIGURE 7 CYLINDRICAL DETCNATION WAVE WITH FINITE REACTION ZONE
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FIG. 20 IONIZATION PROBE RECORD ( HORIZONTAL
TIME SCALE 5 MICROSEC. PER CM )

FIG. 21 PRESSURE RECURD (HORIZONTAL TIME SCALE
20 MICRUSEC. PER CM)
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FIGURE 27a VERTICAL SLLT STREAK FPHOTOGRAFH WITH SLIT WIDER
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FIGURE 27h VERTICAL SLIT STREAK PHOTOGRAPH WITH SLIT NARROWER
THAME REACTTION. Z20NE



Fig.28 Vertical Slit Streak Photograrhs of Cylindrical

Length of slit =

Width of slit

Camera speed

Camera distance=

A, S1it
B, 81it
C. 8lit
D514k
E. Sl1lit
P, 51i%

NI =

Clll .
Cnm.
CIl.
CIl.

2 Ch.

1 mm,

220 rps.

9 ins.

from ignition
from ignition
from ignition
from ignition

cu.' from ignition

CIl.

from ignition

Detonation Waves

source
source
source
source
source
source




Fig.29

Vertical Slit Streak Photographs of Cylindrical and Flane
Detonation Waves

Length of S1lit = 2 cm.
Width of S1it = 1 mm.
Camera Speed = 220, rps
Camera Dist. = § ins.

A, Cylindrical Detonation-S1it 3 cm. from ignition source

B. Cylindrical Detonation-31it 20 cm. from ignition source

¢, Plane Detonation-Slit 3 cm. from ignition source
D. Plane Detonation-S1lit 20 cm. from ignition source



FIVHE TAYE SNOANYINVIENT

m|
35
=
E
|

Gl e
_.I.I.
2=
=
T
1
P
[
_.I,II.
=

o
1

T~
i

|

o~ =
ol o=

LIl R R BT R TR R T
i




ION WAVE (HOT WIRE IGNITION)
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STREAK PHOTOGRAPH OF DEFLAGRATION WAVE(WITH 1/8" DIA. WIRE
SPIRALLED ON ONE FACE OF THE CYLINDRICAL VESSELe- TRANSITION
OBSERVED)




