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HEAT TRtWS:FER WITH CQ\1BUSTION

94720

......~ ..... A A, Heperkan

Energy and Environment Division~ Berkeley I~boratory

and Department .Mech':lIlJi,C<1,l Engineering
University of , Berkeley ~ ,,,,G.b,k,',V',U4,'"

ABSTRACT

For internal combustion engines, a knowledge of the heat

tr,am;:te:r to the walls is important determining quenching

wall reactions leading to high carbon emissions, the durability

engine components the of energy from the com-

bustion chamber. This work is COllC€~rn,ed with the determination of

the heat trams:ter during COlllbwst

A number experiments were performed a shock tube to

determine the at wall. A combustible mi:x:ttlre

gas was ignited bytest2HZ + 02 + 27Ar, was used as

a reflected shock wave. A del:onatJLOn wave was formed which """',,"-'''''

away from zone difftlsed slowly to\\lar'd

the wall. The wall

surement of the wall

was determined by .... "'JC.,L.!b,;,.u15

with respect to

mea-

a thin film platinum es:isl:anlce thermometer. a det:ennina-

tion the flux was also made by solving conservation

equations the boundary near the wall.



reluajille:d at a constant

as a qUEmc.turlgcan

combustion zone

tion zone as a

slowly toward

away from

distance

a constant

the prE~se]lCe

A methane-air mixture at

was ignited by a

A set of eJq:Jer'IDsnt:s was

volume heat was ""U.J<,,,,,,,,,,,,,,,,,,,,,,"

of a flame propagating towards the wall.

an equivalence of 1 was

spark plug mounted on wall.
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Symbols

p

t

x

n

NOMENCLA'I1JRE

density

specific heat at constant pressure

density of platinum

thermal conductivity

film thickness

temperature

time variable

thermal diffusivity

space variable

heat flux

dummy integration variable

specific heat of the solid

velocity

transformed space variable

non~dimensional temperature

non-dimensional thermal conductivity

similarity variable

a power thermal conductivity relation

C constant

s dimensionless difference between qwg and qws

hs heat transfer coefficient based on ~s

hg heat transfer coefficient based on qwg



~yols (continued)

U non diInensional temperature for pre~ ignition

tJt time increment

L'l1V space increment

M stability factor

h enthalpy

y mass fraction

V diffusion velocity

D diffusion coefficient

1 0
TIi - enthalpy of formation

<5 gas boundary layer thickness

p pressure

y ratio of the specific heats

v non dimensional temperature for the combustion period

T transformed time variable

F(~) - initial t~r~erature distribution the combustion period

~B gas boundary layer thickness in the transformed coordinates

In transformed time increment

A coefficient in the evaluation of the Duhamel integral

B coefficient in evaluation the Duhamel integral

Tp temperature at point P

a1 speed of sound in the test section

v speed of the incident shock waves

Ms Mach number of the incident shock wave

R ideal gas const~nt



Cv specIfic heat at constant volume

MW molecular weight

F initial non dimensional temperature

¢ non dimensional temperature

A(t), BCt), C(t)

A('r), BeeL C('r)

f(T), geT)

coefficients in the temperature distributions

coefficients in the temperature distributions

non dimensional temperature

h(T)- derivative of the tra~sformed temperature

~p value of ~B at ignition

C- average specific heatp

I.e Lewis number



w at

l

s solid

g in the gas

00 Dlfinity

j space

k time indice

i

I

c5

species

at ignition

at the gas boundary layer

ill last space indice

n last time indice

1

2

5

o

conditions the test

conditions behind the
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I. IN1RODUCTION

For internal cOITbustion engines, a knowledge of the heat

transfer to the walls important for determining the quenching of

wall reactions leading to high hydrocarbon emissions, the durability

engine components and the loss of energy from the gases the

combl~tion chamber which plays a dominant role in decreasing the

efficiency. Most previous study in the presence of combustion have

considered only space and time averaged heat fluxes and heat transfer

coefficients. The present work provides results for the time

ation of these quantities.

In this study a number of experiments were performed in a

shock tube to determine the heat flux at the wall. Argon and also

a combustible mixture, ZHZ + O2 + Z7 Ar, were used as the test gases.

The gas in the end wall region lmdergoes a rapid increase in temper-'

ature due to shock wave heating from both the incident and reflected

shock waves. After the reflection of the shock wave off the end wall,

the temperature is large enough to self ignite the mixture. The

ignition starts in a region'close to wall. A detonation wave is

then formed which moves away from the end wall, while the combustion

zone diffuses slowly towards the wall.

To determine the wall flux, a thin film resistance ther-

mometer was used at the end wall which provided the variation of the

temperature with respect to tL'1le. Then, from this measurement, the
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heat flux was obtained using a conduction analysis in the thennally

semi-infinite solid, The gauges were prepared by painting a thin

platinum film on a glass-like base, Macor.

The speed of the incident shock wave was also determined

from measurements of the time interval between two signals obtained

from pressure transducers mounted on the shock tube, The temperature

and pressure in front of the shock wave were also measured,

Another determination of the wall heat flux was obtained by

solving the conservation equations in the gas boundary layer near the

wall, To solve these equations the location of the combustion zone

has to be specified. Several trajectories were chosen for the com

bustion zone and the results for the heat flux were compared with the

previous calculation. The results show that the combustion zone

diffuses toward the end wall and then stops at a certain distance

away from the wall, This distance is similar to a quenching distance.

In addition the terr~erature distributions in the gas boundary

layer, the heat transfer coefficients and the heat flux from the combus

tion zone at the edge of the gas boundary layer were calculated,

In combustion engines the knowledge of the heat transfer with

the presence of a flame propagating toward the wall is also important.

For this purpose experiments were performed in a constant volume

chamber, A methane-air mixture at an equivalence ratio close to 1 was

used as the test gas. The mixture was ignited at the wall by a spark

plug. The wall temperature variation with respect to time was recorded



1at

The variation of pressurethermometer,

was

us ing a thin film

with respect to

was then calculated from measurements,



I I. EXPERIMENTAL APPARATUS AND MEASUREMENTS IN THE SHJCK 'IUBE

Experiments were perf(nTlled a shock tube in order to obtain

the end wall heat flux from a gas heated by an incident and reflected

shock wave, The flux was determined from measurements of the end wall

temperature. The temperature and pressure of the gas outside the wall

bOlmdary layers were based on measured values of the

speed of the incident shock wave,

2,1. Shock Tube

The experiments were performed in an aluminum shock tube of

rectan~11ar cross-section, 1/2 . (3.84 em) by 1-3/4 in. (4,48 em).

The tube has two optical windows on each side that are 18.00 in. (46.08

ern) long and l/Z (3,84 enl) thick. FOT the runs with combllStion a

mixture of 27 AI' + 2HZ + 0z was used as the test or driven gas on the

low pressure side of the diaphragm, The driver gas, on the high pres~'

sure side, was helium.

Two Kistler pressure transducers (SIN 52036) were mounted on the

top of the test section. 111ey were used to detect the of the

shock wave at their respective locations. Figure Z,l shows the ",u,,e,J,,knu

curve for the pressure transducer, The same curve was obtained for

both tr&~sducers. The indicates an output of 1.0 volts per 9.95

psi (6,8 x 104 Pa). The transducers were placed 4.00 in. (10,16 em)

apart, The resulting signals were recorded on a Textronix dual bean!

oscilloscope (Model'S51), The travel time of the incident shock wave



m0111nl:ed on top

front of the other two

electronic equipment.

the shock tube at a

was used to

between the was measured

tronic digital counter which an "',~I~·.,"!'<:>r·v

An additional transducer was

sian section

transducers.

2,2, Heat Transfer

To measure wall temperature, a

Fig. 2.2, was designed. a head, . 2.3, and .''''.J·UB'-,",U

at the end wall of shock gauges are placed flush to

the surface so that they do not distllrb the flow, Macor , a ceramic

material manufactuTed by Works was used for the

the gauge, Macor has is with con~

ventional metal-w()r1;:in.g equipment. does not to be

heat treated or fired machining,

The gauge made by painting a fiL'1l of liquid platinum on

the surface of the Macor. The placed an oven to cure,

This painting and heating the electric resistance of

the film approximately 110 or~s, thin film platinum

gauges have a of a microsecond.

The thickness of film is much less than the thermal

diffusion depth so the temperature gradient in the film cm1 be

neglected. Under the film senses the instan~

tm1eous surface temperature of the substrate. A response exists

relative to a hypothetical film of zero thid.l1ess because of the small ~

but finite, heat of 1m. For a Hnite gauge thickness,



the substrate stlrface temperature attains 94% of the ideal temperature

change in a time T '" 100 Tr where [1]:

Pg density of platinum

Pw density of substrate

Cpg specific heat of platinum

Cpw specific heat of ceramic

kw thermal conductivity of ceramic

t g film thickness

-11A representative value of 'Ir is 7,1 x 10 sec [ 3

typical values of the dimensions

microns x 1.8 em x 0,3 em.

the platinum film are:

], while
"Z

5.5 x 10-J

The connection through the gauge is made with platinum wire

0,020 inch (0,051 em) in diameter, 1wo copper-constantan thermocouples

are also attached to the gauge surface for the callbratiQn procedure.

The locations of these thermocouples on the substrate are sufficiently

far from the platinum film so that they do not disturb the measurement.

The thermocouple wires are almost flush with the surface of the Macor

facing the end wall region and are passed through two axial holes in

the gauge. An a-ring

section.

also used to maintain the vacuum in the test



The gauge a

temperature the

an unbalance in bridge. A priJpClrtiOIlal

can be obtained at the ends of

recorded on a storage 'fe:Kt]:onLix

this in v-v -"C'~...il_

For calibration purposes~ gauge placed an enclosure

that is thermally controlled. the temperature are

measured by the thermocouples on the the gauge and are plot~

ted as a function of the corresponding voltage output of the system.

Figure 2.5 shows a typical calibration curve. The temperature

of the test gas mixture measured by one of the thermocouples

on the surface of gauge.

A schematic picture of the experimental set-up is presented in

Figure 2.6.

2.3. Measurements the Shock Tube

Measurements were made a tube to detennine the speed

of the incident shock wave which eTh'lble temperature and the pressure

in the gas behind the wave to be calculated.

The passage of the shock wave determined from the two pressure

transducers placed on the top of the shock tube. The resulting two

signals are recorded as the shock wave irrfront of pressure

transducers. An electronic counter gives the time between these two

signals. The distance between the pressure transducers is known, so



that the speed of the incident shock wave can be calculated. The speed

of sound may be calculated from the measured temperature of the gas .in

front of the shock wave. The resulting value of the Mach number with

the initial values of the temperature and the pressure permit the cal

culation of the temperature and pressure behind the blcident and the

reflected shock waves [3J, These values correspond to the temperatllre

and pressure of the gas in front of the end wall at the beginning of

the pre-ignition period.

In the remaining paTt of this chapter two runs with combustion

are consideTed, These aTe designated 214 and 219. The first set of

numbers will correspond to

run 219,

values for run 214 and the second for

The high pressure side of the diaphragm is filled with helium

to 53 psia (274 em Hg) for run 214 and 54 psia (279.2 em Hg) for run

219, The low pressure s~de is fiTst evacuated by a vacuum pump and then

filled with the mixture (27 AI' + 2HZ + 02) to 1. 84 psia (95,2 unn Hg)

and 1,845 psia (95.4 mm Hg). The pressure was measured by a V-tube

manometer. The diaphragm is burst by a hydraulic plunger instantaneously

using the electronic contTol panel, The shock wave passing the first

pressure transducer triggers the electronic equipment. The signals from

the second and third pressure transducers are recorded on an oscilloscope

and the time between the two signals are obtained from a digital coun

ter. The Tecorded times were 132 vsec and 130 vsec, The initial tem

perature in the gas was 534.5°R (296.9°K) and 535.1 oR (297.3°K). This

gives incident Mach numbers of Z.35 and 2,39 respectively. The incident



shock wave reflects 1 the behind the

reflected shock wave to 2407. oR (1 0 K). A J~l~~.~

calculation is given in Appendix B. incident shock wave produced

a strong ignition assuring a one-dimensional flow structure in the blast

wave, generated by the exothermic reactions (4]. resulting pressure

signals are presented in Figures 2.7 2.8 where each increment on

the horizontal scale is 10 The corresponds

to the pressure and each increment is 0.2 volts. multiplied

by the pressure constant to give the pressure. The curve on the bottom

is the signal from the second and the curve on the top from the third

pressure transducer.

The measurements discussed above are used to calculate the

wall heat transfer as presented in Chapter IV, We present the

end wall heat transfer results based only on the conduction analysis

in the thin f iIm gauge.
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XBB805 6642

Figure 2.7. Pressure measurement, run 214.

Time scale: 10 jJsec/cm, Pressure scale: 0.2 v/cm.
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Figure 2,8. Pressure measurement, Run 219.

Time scale: 10 jlsec, pressure scale: 0.2 v/cm.
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I I I . MEASUREMENTS AND HEAT TRANSFER IN THE SOLID

Experiments were perfonned in a shock tube to pennit the deter

mination of the heat flux at the end wall. This was accomplished by

two procedures. The present chapter cons iders the method which was

based on the conduction analysis in the solid (thin film heat transfer

gauge as described in Chapter II).

3.1. Measurements

The temporal variation of the temperature at the end wall, TW9

was recorded on an oscilloscope. The signal on this oscilloscope

changed from the initial value of 534.5°R (296.9°K) to 542.8°R (301.6°K)

for run 214 and from 535.1°R (297.3°K) to 543.1°R (301.7°K) for run 219.

The signal remained constant at the new value for about 20 llsec. Then

ignition occurred and the signal increased again.

The wall temperature signals for the two runs are shown in

Figures 3.1 and 3.2. The horizontal time scale is 4 llsec for each

increment; the vertical scale corresponds to temperature and each incre

ment is 0.04 volts. This, multiplied by the calibration constant gives

us the temperature.

3.2. Heat Transfer in the Solid

For the small times of interest for the experiment~ the wall

heat flux can be determined by considering the Macor solid to be a

thermally infinite medium since the thermal penetration depth is much

smaller than the characterlstic dimensions of the gauge. The ceramic
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initially at the room temperature 9 . After reflection

shock wave the end wall, the wall temperature 1nr~A~ to a higher

value (Figures 3.1 and 3,2), The one-dimensional conduction equation

for a solid is given by:

(3.2.1)

where ex is the thermal diffusivity of the solid.s

(3.2.2)

The initial and boundary conditions are:

0) -
T{O,t) -

,t) -

(3.2.La)

(3.2.Lb)

(3.2.Lc)

For the pre~ignition case both T. and T are constant. The solution
IS w

is given by [5]:

- e (3.2.3)

and the heat flux at the end wall by:
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or

k -Tis
9ws == s J."~t "1

(3.2.4)

(3.2.5)

For the combustion period, t> 20 ]lsec, the wall temperature changes con-

tinually with time so that:

?;; (+J (3.2.6)

The solution in this case can be found using the Duhamel Integral

Theorem [4, 5] and the temperature distribution is given by:

tiT;; ({) dE
dt

The heat flux at the wall is then given by:

i

-~J I?ws -r-n:-- J(t-f)
o

or

(3.2.8)



(3.2.9)

The second form (3.2.9) is more convenient to use 1.11 numerical calcula-

tions since it does not require the 'wu. •.<,'wu....U. ... .L\./U of the time derivative

the temperature. Equations (3.2.5) m1d (3.2.9) yield the

for the wall heat flux that are independent m1Y assumptions

to the gas. The results depend merely on (t)~ the wall temperature

variation, m1d the properties of Macor, ks ? Ps' cs • These values are

[6] :

ks "" 0.968 Btu/hr OR (1,675 W/m OK)

Ps "" 146.85 lb /ft3 (2352.28 kg/m3)m

c ~ 0.11 Btu/Ibm OR (0.46 KJ/kg OK)s

The numerical method used to VaJlUO'b~ the integral Equation

(3.2.9) presented in detail Appendix A. A sample calculation is

given in Appendix B for inert gas runs where the wall temperature a

constm1t. Note that this

where the wall temperature

also applicable to the pre-i~lition period

also a constm1t. The heat fluxes at the

end wall calculated from the solid for runs 214 m1d 219 for the

time of the experiments are presented Figures 3.3 m1d 3.4. In the

following chapters comparisons are made of the heat flux, as determined

from the solid, with the heat flux as determined from solving the con-

servation equations in the gas.
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Figure 3,1. Surface temperature measurements.
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IV. AN INERT GAS

Experiments were pe:rfcrrmled '~V""••"., an to provide a

simple basis for the and pro-

cedure, For purpose was test gas Experiments

made previously [7] wen, repeated. wall was

culated based on CIllipter III. addition

wall from a solution of con-

servation equations in

4.1.

The gas iIi the end wall region undergoes a in

temperature due to shock wave heating from the incident and re-

flected shock waves. A the:rmal boundary formed at the end

wall which propagates into the The gas temperature outside the

boundary layer remains constant. An analysis based on one-dimensional

transport nonnal to the end wall therefore appropriate. The unsteady

one-dimensional equations of continuity and energy applied to the end

wall are:

f (4. L 1)

[ u ( (4.1.2)



-29-

The initial and boundary conditions are:

Tex, 0) '"

T(O, t) "" Tw

T(oo, t) "" T.
19

TIle momentum equation yields that the pressure can

stant normal to the end wall. A stream function 1jJ

to:

(4.1.2.a)

(4,1. 2.b)

(4.1.2.c)

taken to be con-

defined according

(4.1. 3)

(4.1,4)

where Pw is the constant gas density at the walL The wall temperature

remains constant after the shock wave reflects. Making a transformation

from x, t to1jJ, t coordinates, the derivatives can be expressed as:

d j d
CJX -

Ix ==
t

(4.1.5)

(4.1.6)

The stream satisfies the continuity equation. The energy

equation in the new coordinates becomes:

(4.1. 7)

Defining a non-dimensional temperature e, non-dimensional thermal con

ductivity A and a thermal diffusivity a according to:
w



(4.1.8)

(4.1.

(4,1.10)

[ (4.1.

For

constant the

this case for an

COfl.'5tant.

wave off

I

end wall.

,1.

the energy eQtlat:i.on bec:om~;;s

[ ] (4.1.13)

Since are no time

similarity solution . A .;>JW1L-L"'-''''.!.

acc:or,dlllg to:

The derivatives can be expressed as:

the problem, a

ncan

(4. L 14)

! (4.1.15)

(4,1.
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Substituting into the energy equation yields:

The boundary conditions are:

f}(O) _ I

e( 00) =

(4. L 17)

(4,L17,a)

(4,L17.b)

A power law variation is used for the dependence of the the·rmal

conductivity on the temperature.

=·~=~[E)
For the special case of a ~ 1.0, the energy equation reduces to:

(4.1.18)

1 (4.1.19)

(0) - (4.L19,a)

e(oo)
-~ - em (4,L19,b)

T;;
The solution of this ordinary differential equation is:

) I (4.1. 20)

The heat flux at the wall is given by:

w

(4.1.21)



the

) (4.1.22)

gases where a not the energy can numer-

ically [ 7 ], A sample calculation presented Appendix B.

On the basis of pr,eC(;JdJLl1g work ~ two

for the end solid (Chapter

3) Clwg ~ based on the (Chapter 4).

variations for an gas, are 4,1 and

<LF~'~fl. "oJ 4 2 and 4,3 runs 104 108. at

end wall increases rapidly to a Hkl:;H~;L value when shock wave

off the wall and constant at value. From

the heat flux at wall can be calculated as rI",,,,,-,,,,,

and qws' for a change in the

(4.2.1)

'the flux can also be calculated from the solution of the

conservation equations

is given by:

the gas, q \'lg' as described in chapter

o
(4.2.2)
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The derivative at n :::: 0 is obtained from arrrmierical solution of

Equation (4.1.17) [7]. The free stream temperature of the gas, outside

the end wall boundary layer is calculated from the shock relations [3].

A sample calculation is given in Appendix B. The two heat fluxes have

the same functional form, a constant divided by the square root of time.

9. (wlf1l) = -0" 0 C (4.2.3)
W ~t(sec)

The constant is determined by the variables of the specific run. Prop-

erty values for the solid were given in Chapter 2. For run 104 this

constant was 32.3 in q and 29.8 in q . 81 units are used such thatwg ws

if the time is substituted in seconds, the heat flux will be W/m2
• For

run 108 the constant was calculated as 29.4 in q and 28.8 in q .wg ws

These results are presented in Figures 4.4 and 4.5.

The dimensionless difference between qwg and qws is given by:

(4.2.4)

(4.2.5)

This difference is independent of time and depends only on the property

values and the wal1 temperature. The difference was 802% for run 104 and

2.6% for run 108. Thus the results from the solid side analysis and

the results from the gas side analysis are in good agreement.



A heat trcUls:ter COlj!:11cwrlt CCL"1 ern

at the are

that

(4.2.6)

o

(4.2.7)

(4.2.8)

T
eo stream of

behind the reflected shock wave. The two

are shown in Figures 4.6 arld 4.7.

(Chap'l:er 5) the arlalysis is ext:enlied to

mixtures arld in ('h'cw.,.t'o"," 6 to reacting gases. a gas I111:lCttrre

same analysis Carl be applied but

be used.

appropriate property values should
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Figure 4.1. Surface temperature measurement, inert gas, argon.
Run 104 and Run 108
Time scale: 20 ~sec/cm.
Temperature scale: 0.1 v/cm (104)

0.05 v/cm (108)
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v. HEAT TRANSFF~. THE PRE-IGNITION PERIOD

A mixtlrre corrrposed hydrogen and oxygen diluted argon

considered. ignition period

mixture a non-reacting gas and since SpC3CJ"es present are

fm:mly distributed there are no ............ A.\..<J.A.~a effec:ts gas in the

end wall region undergoes a rapid increase temperature to

wave heating from both the incident and the et..lec:t:e:C!. shock waves. All

analysis is made based on one-d1~ensional transport normal to tile end

walL The results are compared in tenns of the heat flux.

5.1.

The unsteady one-dimensional equations of continuity and energy

as applied to the end wall are:

[
.Ll)

.1.2)

and boundary conditions are:

T(x,o) "" T. (5.1.2.a)
~g

TCo,t) T (S.L2.b)w

Tem,t) ~. T (5.1.2,c)



The momentum UU'~-i.'''''JL yields

-4

",Yr,'" """ ''''''(~ may be to con-

stant. A stream IUllct:ion l/J according to:

where p. is the constant density
~g

transformation from x~ t to 'l/J, t coordinates

can be expressed as:

(5,1.

(5.1.4)

gas ~ PS. Making a

partial de1rlV'ativE~S

,1.5)

(5.1.6)

stream fllnction satisfies the continuity equation and the energy

equation is then given by:

A number of assumptions have been made to solve Equation (5.1.2). The

specific heat L~e gas is taken to be constant equal to mass

averaged value the m:t:ntrre The gas treated The thermal

conductivity of the is assumed to have a power law dependence with

temperattrre according to:

(5.1.8)



an ideal , at constant prics;su!'e we have

(5.1.9)

Using t~quations (5.1,8) and (5.1,9) the "'.... ,YI"",'J equation becomes

t

where,

( I

r:
(5.1.10)

(5.1.11)

Defining a new no:n-<1JJIlenSll::mcll

yields

temperature U~ according to:

a.-

(5. L 12)

(5.1.13)

The boundary and initial conditions are given by:

(

I
J

r (5.L .a)

(5.Ll3.b)

(5.1. 13.c)

Since the change in the wall temperature 1S small, 11(0, t) is taken to

be constant to simplify the calculations. The heat flux at the wall

is given by:



o
(5, L 14)

A penetration can .1.4) as

eXl'lained in Amlen<iiX

S. 2. Numerical Method

An finite dtjeferellce me1thod

Equation (5,1.13). The difference eqlifltion given by:

to

(5.2.1)

which can be rearranged as follows:

( k (1-

UVJ.~t~tb the stability factor M as

(5.2.

, k+1



subject to the following

• I kl'
)

(j.::m)k 1)~J'Jn)::= I
(j ;;:; I)" ".)m) I, J) == t

(5.2.4.a)

(5.2.4.b)

(5.2.4.c)

The location j "" m as point at which. the temperature has

.99 T.•Ig
The st.ability criteria

or

(5.2.

(5.2.6)

U. k assumes its smallest value at the wall. which is:
h '

(5.2, 7)

Therefore the stability condition is

I
a.)

(5.2.8)

The heat flux at the wall requires the derivative to be evaluated at

1j; "" O. The different expressions have been used

of this derivative [8].

the evaluation



(5.2,9)

o
.2,10)

o
rnis fOlJmulation been used until ignition takes place. Wh.en igni-

tion begins the combustion period analysis, presented the next

chapter, used. For special case a "" 1, tra:nsfoTIaed energy

Equation (5. L 1:5) becomes the difflL5ion equation and has the well knoWl':l

error flUlction solution [5]

5,3, Results and Discussion

This case presented in Appendix E.

In this chapter we are only considering the pre-igftition period

which corresponds to the 20 llseC the shock wave has reflected

off the end wall, During this time ignition has not yet occurred and

there no reaction, The work presented in Chapter 4 applicable

to this tliae period with property values for the mixture being used,

The evaluation of these are presented Appendix C,

Tne complete temporal variations of the temperature of the end

wall for nms 214 and 219 were shown in Pigure :5,1 and were plotted in

Figures 3.2a and 3.2b. The flux from the solid analysis, , was

also presented in Chapter 3, NOWlAie can compare this result with the

heat flux, qwg' obtained from solving the conservation equations in the

gas, Equation (5,1.14) gives this heat flux, q!Ng' The two heat fluxes
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are corapared in Figure 5.1 for run and in Figure 5.2 for nm 219.

The results are good agreement with errors 4% and 6% at T ~ 20

Also shown on these figures are the fluxes obtained with

the approximation a "" LO which permits an exact solution as presented

Appendix E. The mixture contains 90% kr by volume and the

conductivity dependence on teMperature argon to the O. 7 power

[10, 11]. Hence the heat flux curve corresponding to a "" 0.7 ~"MJ~~.~

to the experimental heat flux curve, 'lws.

A heat transfer coefficient, h, can be defined similar to

ter 4 based on the heat flux, q .w

.4.

These results are presented in Figure 5.3 for run 214 and in Figure 5.4

for run 219. The free stream gas temperature, Too' and the

ature, T , do not depend on time for period. Therefore thew

ation of the heat transfer coefficient curves and the heat flux curves

are sirtlilar.

The importance of the work presented in this cn:mt:er

it yields the temperature distribution the gas boundary layer next

to the end wall and a "penetration depth" at the time of ignition

(t '" 20 jJsec). This information is es:serltl.al for the analysis

combustion period. At 20 llsec this is the initial temperature distribu-

tion for the combustion period. Also the penetration depth at 20 llsec

used as the initial location of the combustion zone. This will

discussed in the next chapter.



In Figures 5.6
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temperature profiles are

t 5 ysec, 10 ysec, 20 noted above one

the initial temperature the combustion period.

temperatures are obtained from the

(5.1013) .

solution of Equation

The penetration defined as from the end

wall where the temperature of The variation

of the untransformed penetration depth ()B' shown

Figure 5. 7 for nm 214 cmd :lIl run 219, In order to

obtain this penetration depth a transformation back from the ljJ cooTdi-

Ilate necessary. is pT'esen.ted. detail in

Appendix H. th.e cons tant for period

the trm1sformation em1 be in terms temperature only.

next chapter the temperatuure .LLJUl.-.l.V.Ll and the

penetration depth at ignition win be used to evaluate the heat transfer

the gas during combustion period.
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Ex riment

-N

15

o

2 + 27 n214

Figure 5.1. Heat flux variation.
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OUT

correspond-

.!,.J,'~'-'_.!,vu, The

he,itJng from

('h'"ni"AY' V we -"<>'''+'11"';and

considerations to

ing to the

;;>!J';;i-..JU. .1,"" volume

UflIDm:'nea gases.

ignition starts a to end

burned gases from the Dlitial deflagration have a

of the order 5

Since one end of an

which acts a waves the

end wall. Thus a wave moves down the the lmlbm:ned

ahead of the flame. The succeeding waves travel at higher speeds

to preheating by the previous waves with one.

Thus a shock a detonation wave fonned which cOJnt:imres

to ignite the gas and sustain [9]. detonation wave

moves away from the zone slO\'I)'ly

primarily by diffusion the end The region ,",o'I"",<>""n

end wall and combustion zone not heat (}PlnA'r~1-1

An analysis in this region Iuade based on one"'dimensional

nonna1 to wall.
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and mass no or spe:Cl€~S generation as applied to

the wall region are:

(

(k ) ( .L2)

) == Q) ,1.3)

enthalpy of "'Y"''-.lI.~;'" i,

"L
.1.4)

The diffusion the end wall

products to the end

wall. Ap]:>enliix G. In

the analysis last term

are:

energy equation

T(x, 0) "" TgCX)

T(o~ =Tw

T(o, ~ (t)

(6.1.2.a)

(6.L2.b)

.1.2.c)

The momentum eqtlat:lOn pn:~SSlllre may taken to be

constant in a time.



A stream function 1jJ to:

.1.5)

(> 1. Q

Pig

transformation from x~ t to 1jJ t coordinates

Making a

derivatives can

.1 7)

.1.8)

stream f-unction continuity equation and the ""TIt;~rn,v

by:

.1. 9)

A nurnber of assumptions have been made in solving the eq1ua1;ic~s

specific heat of the gas taken constant equal to the mass averaged

value the mixture, are neglected. The change

of the wall temperature is small compared to change of the temper~

ature at the combustion zone and assumed to constant. The

.1.10)=[k

gas we have

is assumed to p~ve a power law dependence on temperature.
a.

For an

(6.1.11)



'Then Equations ,1.10) and (6,1. ""TI'''"""r" equation becom€:s

( .10

From the law and we have:

(6.1.1

The pressure only a function of

(6, L 14)

, so that

p(x, t) "" pCt)

The following form of the energy equation is obtained:

"1.15)

(6,1.16)

is convenient to introduce the following non-dimensiorm1 variable,
0.\1-'<)

~
(6. L 17)

The partial derivatives the new variable are given by:

(6.1.18)

(6,1.19)

The energy equation can then be written as:

(6.1.20)



Defining a new variable

[

(6@1.22)

are:

(Vi} I)-' ( (6.1.

where cS

The heat

a specified of

at the wall can be evaluated from:

.1. ,b)

,1.

In the same way flux at the combustion zone can be fotID.d as:

Using Equation (6. L 10) this becomes:

¥J I

I

(6.1.

(6.L25)



based on the work of

equal tocombustion period

Values for pCt) and ToCt) are ~U4~~'C~

[12] ~ Appendix The ~""~~,',d,~ ..... temperature distribution Tg

~u.JC""U,U,"'_'"'u. temperature

tion at the end the pre-ignition period. A penetration

to pre-ignition period can also be evaluated

Equation (6, L 5) as explained in Appendix H.

6.2, Method

An explicit forward finite difference scheme has been

Equation (6.L22) can be written in finite difference form as:

(6.2.1)

where

.2.2)

The initial and bOUIldary conditions are:

~~m)L I) .",,,) ~= [T~J" [p
L7&J P,fj

For stability the following condition should be satisfied:

(6.2.2.a)

(6.2,2.b)

,2.2.c)

1- M .2,3)



or

minimulTI at

¢ 20

The at "Wall can \Tal.ua1ted from .ld\1'lA<h '_.LU'U

and at ....H ••• ..J..A.U.. Equation (6,1,24), requires the evalu.<:rtion

of V "With res;pec:~ to Wat W~ 0

different to ,..u._o........ ""',","'''0 der:Lvatl"'\Tes [8],

(6,2,7)

(6.2,

(6,2,10)

(6,2,9)

I=~~~~~~
. 0

I

lfl~"'$

I\f~b
I
I~",s

When (6.201), the temperature distribution at

the ccmiliustion zone location are

..J..l)U~.LLlll as discussed 5 obt:a:Uled from



at the

the COJr!lblls1:j to

llsec, Z011e

zone was

mined to

zone an

Append:ix K.

F.

ature, runs 214

3.2.b. same cru3,p1:er a was, 'Ws'

5, 'l'laS cOln:p,rred

from gas

this rh"n~1'PY" extended to the TIP"!"'1 (',n

(t 20 jlsec). , p

are now no constants to

The tenlpOJra of



temperature were calculated from a

P TIm

6.1 6,2. nm 9 pare

6.3 604.

Chapter 59

penetration

Note

are defined diff(~r(~nt

stant arid

During

t and 1,

of

9 L1~) must

be chosen conjtmtion with the the time

stability is chosen to be same for as

explained no between t and T at f
"

0,:

ignition. Therefore nc:rerlleIlts 9 L1u,), at

are

at

plotted as a

1jJ in 6.5 run 214 and 6.6 run 219.

the at T

psec

combustion zone tial1y assumed to at

tion was calculated during zone



toward zone un-

VC<·rCVUJ':;ll•.LV".CY were made for

with (6,2.1) to d.etejrmj_ne qwg

diffusion from the zone to wall pr<)(:eedE~d in the

same marmer for the cases considered; the difference was

the at final from the

were

at the same t1.AIO conSieclltjLve

run 21.4, to OK were applied at

196 1.1 for two COnSeCll1tl.\ time

applied at 181 1.1 next two tj~le steps, etc, {

to some an

method was Appendix K, was

attwo

to be equal. The variation of

end wall, CLws and qwg ~

location of the combustion zone

shmvn Figtlre 6.7. It can seen from figure that the penetra-'

tion depth increases beginning combustion

decreases rapidly,} CI obtain(~d, wg' -

6,8 for nl"1. and

flux at

th a in'wscompared

in run 219, From comparison of the heat fluxes

seen the best match for case WBF ~ 6 ~W, which means

combusti.on zone dlttused +-rn"",r'd end wall until reached a

final distance to 6~W from the end wall, This distance may be

considered to a lIquenching distance!? the flame does not come

them to end wall, For emphasis the



calculated from the solution of the conservation equations in gas

for the case of <iJ
BF

:;,: 6l:!.<iJ is plotted

from the analysis in Figure 6.10

with the

run and

obtained

Figure 6.

for run 219. Also shown on these are curves for the heat

obtained from the approximation a '" 1.0. As discussed in Appendix E p

this yields an exact solution. The heat flux curve a :;,: 0.7

closer to the heat curve obtaL~ed from the solid ,analysis because

the thermal conductivity of which constitutes 90% by volume of

the mixture p depends on temperature to the 0.7 power approximately

[10 p The two heat fluxes qws and qwg are in good agreement with

max:iJnum errors of 5% for both cases, Comparisons are made until b""

jlsec. At this instant the detonation wave overtakes the reflected

shock wave and we can no longer calculate To p. [12].

A penetration depth p 0B' as defined in Chapter 5 (T:;,: 0.99 To)

was calculated for each traj ectory by a back transformation from the \1)

coordinate to the real space coordinate x. This transformation is dis-

cussed in Appendix H. TIle variation of <iJ with x is plotted T "" 20

j.lsec and 40 j.lsec in this appendix. The relation between <iJ and x

different for every time step due to the character the trrolsformation.

The penetration depths are shown

Figure 6.13 for run 219.

Figure 6.12 for run 214 rold in

Temperature in the gas boundary layer next to the end

wall for different times, T '" 5 jlsec, 20 jlsec, 35 j.lsec and 45 jlsec are

given in Figure 6.14 for run 214 and in Figure 6. for run 219.



A heat transfer cO\~ff:ic.ie:rlt ca."'} be de:tirled

on the wall

period too

.3.1)

not have similar Sh'3·PE~S

For the combustion period, T6

COl~t1:1Clerlt, h, and the heat

a function time and

co~~ffic:iel1lt curves are 6.16 for run 214

Soll11ti<:m of Equation (6.2,1)

Figure 6,17 for run 219,

From the slopes at the of

the layer can be evaluated and the heat flux can be calculated. Th.e

flux related to the heat release

heat flux curve, Q6'

6.19 for TUrl 219.

shown in Figure 6.18 run 214 and in

combustion zone at the edge of the gas layer.

In order to obtain more accurate heat fluxes, heat

in the gas was considered in the evaluation the derivative of

temperature with respect to distance. This is discussed in Appendix I.

The results showed that the contribution was small.
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Figure 6.1. Temperature variation for the gas.
Run 214



Figure 602. Pressure variation for the gas. Run
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- 87

I~

J
:

~··i ..: - .. o.

j
! i

:

;
I

1

_...;.-

;

,
,

; :

J()t)O ,. '" J

~~-,-l-._~ ~~,·t--~'T-"'i··_··-+-,,+--+·_-t-----i-··-"+---+~_L ... +-_:,_.~ '---i

:.'; ..

.. J.

: .

::

Figure 6.17. Heat tr;an:;fE~r coefficient.

,
:



",88-

--',- --', '--' •... _- -

:

\

I.d I"l

..:·3.0

: .

..

.:

: .;: :
: .;.

:£;w'Ii 12J~
:

~tct ItZitJ '7 rn~
i

J"l nr~t/~'" I J .4illj '!Ii-

; :

". :

: :

j

_.
:

_. .; .

.. .

.

!
I

I

I

Heat

40
<~ (f\,tC.)

flux at the edge of

60

gas layer.

'0



- 89-

:

:

:

J
I

1/

; :
;

_.-

.,
-- .. - . ; '--

r "".- ... _-,_ ....,
L - . ..__ ..

i

_.
F-"=r~~F···.·

..

!=C.• ~ '.:

!J,() ~:. ..:::.: ..

... _--. .;:.

.: . I

o -::'.:.c.-

()

r

!

: }

o

Figure 6.19. Heat flux at edge of the gas layer,



-90-

VII. DETERMINATION OF mE HEAT FLUX IN A

CONSTANT VOLlJME CHflJv1BER

The determinati.on of the heat flux to wall presence

a flmne propagating towards the wall is of lllterest combustion

chambers. The study previous chapters considered the trans-

fer from a combustion zone behind a detonation wave with the diffusion

of combustion zone towards the The flame was moving away

rh'~n1'o~ a set of experiments which was performedfrom the wall. In this

in a constant volurne chamber discussed. A methane, mixture at

an equivalence ratio unity was used,

7.L and Measurements

Experiments were performed L, a cylindrical, stainless steel

explosion vessel, fitted with optical glass windows suitable for schlie

ren photography, [22J, Figure 7.1. The total volume of the vessel was

530.6 cm3. Four instrument plugs were fitted on the sides of the vessel.

One of them was used to purge the gases out of the chamber after

the experiment was completed. The two plugs on sides were used to

hold the plug, Figure 7.2, was used to ignite the mixture

and to hold the thin film 7.3. The top

plug held a KIstler Nr. 601 pressure transducer, Figure 7.4, to record

.!.a'".!.'-'!! with time. A schematic diagram of the exper-'

imental apparatus

the instruments.

shawn in Figure 70 5 which shows locations of
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The heat transfer gauge was designed mid prepared in a manner

similar to tllat described in Chapter II, An additional hole is n~,oct~n~

in the gauge which was used to fill the vessel with the test gas,

Figure 7.6. Only one thermocouple junction was placed on the surface

of the gauge. This was used for recording the inItial temperature of the

gas. The calibration curve of the gauge is shown in Figure 7.7. The

signal from the gauge was arrv1ified and recorded on the screen of a

Tektronix dual beam oscilloscope CModel 551), The signal has first a

gradual increase which is followed by a very sharp increase correspond

ing to the time when the flame is very close to the wall. To more ac

curately analyze the high heat flux interval the same signal was de

layed and recorded on the screen of a second oscIlloscope, Tektronix

Nr. 549 storage oscilloscope, which was set to a higher sweep speed.

This eA1)mlded the signal over the range where there was a rapid change

in the temperature.

The signal from the pressure transducer was amplified through a

charge amplifier and recorded on the screen of the dua,l beanl oscilloscope

using its second chanrlel. The calibration constant for the pressure

transducer was 9.95 psi (6.8 x 104 Pa.) per volt. The si~lals from the

heat transfer gauge and the pressure transducer are shown in Fi~lre 7,8

for I1111 7 and in Figure 7.9 for I1lll 10. The oscillogram on top the

delayed temperature signal with a 0.5 msec/cm sweep speed. sensi-

tivity is 0,5 v/cm. lbe picture at the bottom contains two signals.

The one on top is the temperature signal with a sensitivity of lv/ern,



other one 15 pressure with a 2 vlan,

speed 10 msec signals.

The ve:SSE~l was an

equivalence of 1 at room temperature~ 74>2"F a11.d atmospheric

sure, 14,80 TIle mixture was ignited by a at the

spark also triggered instruments. The flame that formed~ propa~

gated toward the thermometers as the surface tem-

perature the Macor the came

to the surface. At rapid increase in surface tem-

perature was the mixture was completely burned the

temperature

the ve:5SE~1

to decrease to the cooling of the hot gases in

Using the from the oscilloscope and the calibration

curves, the variation the wall teJffiP(;;Y(ltLlre with respect to time and

the pressure of the vessel as a function time were obtained. The

wall temperatures are plotted Figure 7.10 for run 7 and Figure

7. for run 10. The pr,eS~SU1'e variation is plotted in Figures 7,12 and

7.13 rUl1s 7 10 respectively.

Using a conduction illlalysis in the thermally semi-~LL~l~',w

as described in Chapter III, the heat flux at the wall, qws' was calcu-

lated, Ine heat fl~~ variations q ,are shownws 7,14 and

7. for lunS 7 and 10. The heat flux increases slowly at first due to

the compression of unburned gases resulting from the burning
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gases. The heat transfer gauge is placed on the wall opposite the

spark plug, hence it gives us the heat flux from the unburned gases

until the flame comes close to the wall. At this time the heat flux

starts to increase rapidly due to the proximity of the flame. The h.eat

flux reaches a maximum and then decreases due to the cooling of the hot

gases near the wall [23]. These variations can be seen in Figures 7.14

and 7.15.

Further work should analyze the phenomena in the gas. .t\n analysis

should be made which would yield the heat flux at the wall. The lcnowledge

of the temperature of the unburned gases is very important for the study.

The experiments should be modified to include the direct measurement of

the unburned gas temperature.
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XBB80S 6250

Figure 7,1, Constant volume bomb,
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LAWRENCE BERKELEY LABORATORY. UNIVERSITY OF CALIFORNIA

ENGINEERING NOTE

SPARK PlUG

Figure 7.2. Spark plug holder.
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Figure 7.3. Temperature gauge holder.
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LOCATION

Figure 7.6. Thin film heat transfer gauge.
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XBB805 6644

Figure 7.8. Surface temperature and pressure measurement, Run 7.
Time scale: 0.5 msec/em and 10 msec/on.
Vertical scale: O.Sv/em and lv/em (temp,), 2v/em (press).
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Figure 7.9. Surface temperature and pressure measurements. Run 10
Time scale: 0.5 msec/cm and 10 msec/cm,
Vertical scale: O,5v/cm and 2v/cm (temp.), 2v/cm (press),



-103-

,
I',

,

!

!

(-. . ~ -.- ---,---.----+~-__+'--:·-__t~____4~,_____1f--,__-,__~-,___----1---:': :"-i---._,~--__L -L

55 '~, ~_c_+___"-~~--~+~~+"'-~-+-~:+-,-----!'----_--L-,----__C__~~,__,_ _'_,~,___L~__',,_"'__,-~~___4'-,

1 :-," :

:

: :
,

:

"

--- ---

:'

"

- "

,

--

, ;

-

,:i,, ",:,,;,

"':

',: " ,',

,

!to

,---

~

::---""

"

+=Ce:-

Q';'>

.' I

10 .10 40

Figure 7,10, Wall terr~erature,



• "C

"···'·"1'

.c

f···

c

....

•' .c f

..

c .. :
.. .....

c:: .,
.. ..

.c=: 'cc

:
=-

: ...

: ...

.

:

: " .. :

:

i
. ... ..c...... . ... --.~

; :

;

c
.: :

:

.

;
:

--c:-

.:' ; , . :

:

.: :

. : ..

t
.:.:: .. ' "

t? 1,..;7 1'1

:::~:::+.::c,::c .

. :

.

::. :

.:::.

.:'

I·

;.. t;··c

.

I ..

.

:

.
..;

.......;

..

. . ... :.'
c:

. ..:

• . ..

.:

.;

. ; ."
j'

".

40

;1.'

/ .:.:..

: ::;. c.: ::.;. .. : : •• . 'I,J.,

.. .:../ '-::J
./ .;

;;,v .....

I'c

.--; ...

.:. ..c:

.}

: :.'" ::: ::. . ..
.. : ... ;:

., ::'·::::'·1'·

.

1/

. ..,..
..

::..

c...

I···

+-

..

.:: ;.. :: '.' ::.:
...;: •... j:. '.; •..

::::
-_ ..• -

:

:::: ... :c:

:

.. j:: ... ;.c

...

.. :

c.

..... ::.,j=-j:::~::: •. ::::.1.,::
. iC: ,"::':: ."T.'.

;'.

~

::::£..
g'-,::=

~.,.:.

.::;..

.::'.

7011. Wall temperature,



-105-

i i
.. c

: ...
.c

:

.• V

F=:.. ·c.:.. ..... f····· -; 7 ..

::

.:;. ..:

40

- ·:cc.-

.i ..

. ..

:ecec .. ,

.... ,.:... : ....

c.. ! •.. v

. )

c:: ..- 1./

:..: yc

. .:

.. ; ./
.. y ..

.. :

I

.. . ...
-.- .

Figure 7.12. Pressure of the gas.



-106--

::::

-. ,',

60 ,Co; •.

,--'_ 0-

,

;

,

.

--;

<I ,; J i

,; ,
"'.,,, '-' ' ..

" ..

-~~7

':7
"

" •,; , /' :

; - ,.
... ". ,. - -- -. i

/ : i i
7

:,.-

,; ,

,
','

..

-'

,

-
--

'cc

&J~o

,cc

'-- :

, ':
-, "~

; ,
.. ,,' ,',:

, .'

:", ': ",
;,; ..:., ','C :

"
", ,.,

,

: ::,' '" :,:: ::::

-

30
~

;-

:',:, b' ,--

10

,;::;::::1 ;:'

J ""'J .'.

~-

,:C, '::,Co- I' ,,' '" ;',

.:1····

;;:

, '", "',"
" ~:c; '" " ,,'

J:!, ~ ICC, Utii:' e"VA R IA-T ! {);"'~
c.,

"" ~'-l_'- I"..,

::

,,:

o

20~~__ t:':ij--'~t:,--:-' '-~#r-':1' --'=., ",'r''s:':;-:'.·±i-~:'-j~~,"J,,_~.~j:~'~"':'~~:~:~~~~=~~=~=~;~=,::~::::;-::~~~='-'~-_:=_'~_-~
.i'1'::: :: ,: " " ,,;



.. :-::: ..

50~:-r-'--:-:-t~-~C1.. lr..""-;Tj.--;.. --'-~1~~~~~1~~~-~~~~~"---'-"---

: '1 :"1 i

1 "

.

~.' .: ;

.
.

. .:.

:

•

•

" .:'

:: .;..-'

:..::i:.,:

- =.~: .... '.:. :::::1 - 10
30 ..--.:-. .',/- ·....;.~ill W '" ..: 1-:f).1 .....::::: .: ill :: ..

E--4;:~L:L>·j· ... ... :.: ...:J ... ;:·:;/::':·, I: ..

.: ::- ..- :~.::: -::,. co::

: .

.--:'" :5

o

:: :" "

j:,'
i·~

'- ::

.:j

.: .:

.:. : , .

.. :

·:·1'·::.;:·,.:".

:.

..

.... --. --.,
. 'J
,so

:J
1

., .. : .J
II

":. ,~:: ·:".,·:r:··Cc--:·,,· L. ".:;c.:.1-,,::.
: .

::::.i :::

:.::;,:..:: .. I.:: : f
. . ::: --;1 .....

....'_V''',....'-.__
;:.Y'
;•. :I;j,

1--

:.

:.';:::" .:.

10

.: .. '-C:

~'''''''-'A

Figure 7,14, Wall heat flux,



~ 108·,

••

:

0
! '\~:

4\.. ..
!

....

..: ...

I~~.
.': .. . ......••• • ·C :::...

.:
~

...:

: ..

..

. .. : ..... : ..:i'.,:'C

.::··c· .
:

.c.:.'
C..

.
.-'-

?I .: .. ,
:

...:..
. 'J , ..

! ..

.::I ,.,
.:: ...•........ :.: .

i·:·

, .

...

:

,

,.
'.:: .

.....

; :

, .

. ;.

.. ::

..

:.
......

.•. I': I··

..

:'. I"

..~
:..... " ..:

--'-
i: ::

_c

<L
.'

3J
0".•..

:c:~ ..

i~~

I:
!.

: ...

~ 0".

::...

,to

'.: : .' ."it',

~.J4:..·C··'

:...=
"'1 '

0 10 ~ro

7,15, 1

.. .: .



109-

APPENDIX A

NUMERICAl. CALCULATION OF lliE DUHAMEL INTEGRAL

Chapter 3 the heat flux at the end wall, qws' was calculated

based on an analysis in the solid. 'lws was given by:

i

[ ~(t2-T:'s +..iJ ~(t -It 2 (-t~

o

dt] CA. 1)

The numerical evaluation of the last integral shows some difficulty

since at ; ~ t the integrand is undefined.

~(i)

J .JH ()

Let us assume that the temperature varies linearly between j and j + 1.

Then the temperature at point P can be expressed as:

(A. 2)

and from comparing the two slopes,

CA. 3)
-T([ ~j)

- f(j)



or

'1
~,J~~':;::"J"~,:L_,~_~':'~~':.~:;~, I 4)

J

1ne coefficients~ Aj ,j+l and Bj j+1 can

Equations CA,2) and CA, 4) ,

[

are by:

6)

The tenn in L4ual~..t'-'H not presEmt

second term v.rhich an integra1 can

or

7)

All the terms the SUllrrrnaticm Equation 8) have the same fonn

except the undefined, 'rhe common
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terms can be evaluated as follows:

dE (A. 9)

or

(A.IO)

The quantities T(~ ~ j), A. ·+l s B. ·+1 and ~(j) are known quantities.
J ,J J ,J

Therefore the integrals can easily be evaluated. To fUld the last in~

tegral we can express Tet; ~ j) and T(t;;) in the form given in Equation

(A.2). 1nis yields:

fl I

(A. H)



or

n n

J d

11'~ I ~""n-I

11m Equ:ltion CA,12) CaIl now be evaluated.

to

The

aboveonA computer code was

the temporal wall terrrpE~rannthe

was developed by M, Nikanjam [18], A computer 1 of

is given at of this Appendix,
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PRGGPA~ ENGINE(lNPU1.0UTPUT&
DU'IEf\SlON H9".<) , V(99)9 IH9919 1:H99). 0(991 9 H(99h ,.(99.1. OV(99)
REAL K

C T*Y IME
C \!"'ACTUAl TEMPERATURE
(. U"'TE'~PERATURE - INITIAL TEMPERATURE
C B",SlDPE OF THE TE~P. PROFilE AT THE BOUNDARY FOR A SMALL INCREMENT
C Q'" HEAT HUX AT TIME T
C "''''THERMAL CONDIiCHVITV
C RHC"CENSITV
C Cp" SPECIFIC HEAT OF MACeR
(. TTH"NLJ"IHR OF TEETH
C Vn."'VOlU~E AT Hi'll" 1
r IIIN'" INITIA l VOLUME

1\1,,1,4
T1H"70
V Hi" 12.8059
PI"'4.0*AT A'IIU.O 1
Rli (;" 146. <;
cp", 0.11
1\"0.00026897
GA~A"'1.4

Gl"'GAMA-l.0
Cr f\ ST'" SQRTHU~C'I' CP* 1'./ PI)
PR INT4

4 FOP 1\1I AT I'5X • *T I"'!E*. 1 ox, >l<TlI'I *, lOX. >l<Q*, lOX. *V{} I SP"'9 10X,*0 lSI''''. 10X.* VOL'"
1 • lOX. '" TG* • lOX .* H* , /I

PRINTS
'5 fORMAT (5)(. *s n*. 11X. *1"*. 5X. *BTU IlI1R-fT 2) *. '5X, *\fDl ill<. 11X9'" I Ill: H* • <1X.

1$ I NeH 3>1< • ~)(.* 10$ • '+ X.il<8 lUI{ HR-FTl-F) $< .111 i
REt'D I, lit II, l"'l.NI
FCPI'JAi 18 F1 0.61
READ 2. (\lIn. 1"'I.NI

2 FORMAT HlFlO .51
REll 06. ID \! I II. 1 '"1 • N1

6 fflRMATll0F8.S)
fR",nHI 011 INI ,wI
DC 10 1"'I.N

10 !.II I 1"'\1'11 &-\1'111
DO 20 J"'2,N
AI I 1 '" UI 1~ 11 ~ TI I ~11 '" I U( I »~UI 1- U I I nil) -'" n -1 & ,

2C en l"'IUIII-LJIl!-IH/ITI [l-TU~lH
Til )"'0.
'llll"'O.
0IN"0.
\l'Cl"'\IIN
TG"'\l1 1 &

HT"'O @O
PRY NT 3 • Till • \lUI. au». OVIlI. DIN, VOL • TG. HI

;; fORMA H lX.f 10.6.4)(,1' 9.4.]X ,I" 12" 4,3 x.F! C.4 .5)( .1"1 0.5.6)( ,1"10.'5.2)( w1"9"
13.3X.FlO.4./1

QI 21 ",CON5T* lUll» ISQRT! HZI» HH2 »*S'lRT n (2 &-T n! II
Q ( ,2 »'" :3 60 0 @ "'0 ( Z t
0(2) '" QI21"'3.1546
DIN"'OVIZI*FR$ 0645
OHV"'Z .25 "'D IN
ilCL:o\lIN-DEllI
TG"'I \fIN/VOU "'*G 1'" (VI 11 +460. »-460.
Hl'" C I 2 1/ IT (i-\I l;2 I ,
PI<IN1:3. HZI. V(2l, Q(2). 1)\1(21. OIN. VOL. TG. Hl
HI 1 t:o 0. 0
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DC 40 1"'3,N
11"'1-1
OC 30 J"'Z, II
DD"'UIII~AIJ»~2.0*B«JI*T«I»

AA=D1HBI JI*HJI
n"'l.O/SQRT IT iI I~HJ»)
BB=DD+B« J I*TI J=ll
T:z,. 1. 0 I SQR n TI I 1- H J'~ 11 1

30 H«JI=H«J~ll+AA"'T1-BB*T2

CC=Bl I 1* SQRT« TI I l-n I~ll»

HlIl"'HI!-ll
QIII"'CONST*« Il/SQRHTl n H'HI U»
01 I I 360C.il<QI!»
ell I'" 0.1 Il~3.1546

DI~"'DVIII*FR*.0645

DEl V"2.25*lHN
VOl"'V iN-Delli
TG"'IVIN/VCLI**Glil<IV(1)+460.1-460.
Wf"QI I III TG- Ifl I II
PRINT3. Till. IInl. onl, D\flIh DlI\!9 VOl, TG. liT

40 c(~n NUF
STrp
END



APPENDIX B

SAMPLE CALCULATION FOR ARGON

In this Appendix the evallk'1tion the reference values for

pressure and t~nperature presented, 1he procedure is the same for

the pre- ignition period 8.lld the argon run. To help understanding, the

details for nm 108 with argon considered, In the pre-ignition

period the property values for the mixture will

values for argon.

used instead of

FOT this run the increase in the wall temperature was 4.1 OF or

L28°C. The initial temperature of the gas was 536,8°R or 292.2°K, the

initial pressure on the low pressure side, PI' was 0.775 psia. The

high pressure side was He, P4' at 15 psia.

diaghragm

T1 '" 298.2°K

PI '" 0.053 atm.

P4
::::: 1.020 atm.

The speed of sound in the low pressure side which is filled with argon

[14J:

a './ yr~.T- '" 321. 6 m/sec
1 1



y "" 5/3 for argon which an inert gas and R is the con-

stant, The speed of the incident shock wave me:a"

sured tinle between the two pressure transducers as explained

71005 m/sec

The mach nnmber of incident shock wave is ,. 14]:

:= 2021,M
s a1

Then from the shock wave equations [13, 14] the following can be

calculated:

5.88

"" 20.46

4.13

,
,

4 3
,

2 c,.
\ J,,

rarefaction wave reflected shock wave

Thus the pressure and temperature behind the reflected shock wave can

calculated,

P5
1,079 atm

T f• 123L6°K
J
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The thennal conductivity and specific heat at

ature for argon is [15];

k -, 4,
w

"l

X lO~J cal/crn sec oK

c "" 0,1242 cal/gmOKpw

The density~ Pw~ can found from the ideal

Using these values in Equation (4. L 21), the heat at the

end wall can calculated,

qwg ~- ", T
de

1"11=0

1
w dn

t

0,044
,- -,

In the above equation the heat flux is obtained 2cal/ em sec the

time in seconds, The slope the non-dimensional

at n ~ 0 is evaluated for eoo "" 4.1 as [7]:

de I
dn In""O

2.



APPENDIX C

EVALUATION OF THE PROPERrY VALUES FOR TIlE MIXTURE

In calculating the reference pressure temperature which are

the pressure and temperature behind the reflected shock wave, property

for the mixture needed. They are obtained by assuming

mixture is an ideal gas mixture [16],

At T
].s

are [15J:

,4 oR "" 298.3 oK the specific heats for

C 0 -- 6,94 Btu/mole oR
~02

~ 4.95 Btu/mole oR
p 2

C H ~ 6.93 Btu/mole oR eVH
.~ 4,95 Btu/mole oR

p 2 2

CpAr "" 4,97 Btu/mole oR CyAr ~ 2,98 Btu/mole oR

The gas mixture corr~osed of 27 AI' + 2H2 + O2, thus:

~ "" 6, 93 (·3~ ) + 6, 94 (3~) + 4097 C~6-)

"" 5, Btu/mole OR

( 2') - (1) . ( 27 'Cv '" 4,95 30 + 4,9;:' .... 30- + 2,98 . 31r)
~ 3,18 Btu/mole OR

C
Y -, l- "" 1.625

v



The molecular weight of the mixture is:

02Ib/lb 1mo e

At To := Z407 °R~" 1337 oK the specific heats for the components of the

mixture are [ ]:

~O2
_. 8064 Btu/mole oR

C
pHZ

:= 7.55 Btu/mole oR

CpAI'
:= 4.97 Btu/mole oR

Thus the specific heat of the mixture is:

C 8064 ( 1) + 7.
P \ 30

C ~ 0,141 Btu/lb oR
p m

C -- 0,141 cal/gm °C
p

C '" 0059 joules/gmOK
p

The thermal conductivities of HZ' 02 and Argon at the wall temperature

are [15]:

kAr
:= 3,95 x 10- 5 cal/cm sec oK

'/ := 42,29 x 10- 5 cal/cm sec oKKH2

ka '" 6.35 x 10- 5 cal / em sec oK
Z



'The sarne values at T "" TS =

-120-

are [15]:

,07 x 10- 5 cal/em sec

128. x 10- 5 calion secOK

,14 x 10- 5 cal/em sec oK

Thus the thermal COlldulCt.i.Vj of the mixture at the

k 6. 10-
5(to) + 42,29 x -5 ( 2 ) 3. 5 )"" x 10 301 + x

k "" 6,58 x 10- 5 calIon sec oK

k 2,75 -5
~ x 10 " w/m oK

at L
19

k 21. -5 ( 1 ) 128. x 10- 5 (io) .07. x 5 ( 27 )"" >< 10 "3D -+ +

k ~ 20.12 x 10- 5 cal/em sec OK

k "" 8.42 x 10- 2 w/m OK,
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APPENDIX D

OF THE PRESSURE AND TEMPERATURE
OUTSIDE THE LAYER

the gas was calcu-

from a COIUpllte:r nrr\,rr"lm BLSlW developed by Cohen [4 ~ 12 ~ 17, 19,

20~ 21]. at the end of Appendix.

The to this prograllI ~~'~""J~., of the coefficients of the

chemical rate "'fl"""-"

components of

thermodYllallIical properties of the

and temperature of the

mixture, the

From

and reflected shock waves,

and density distributions as

functions of are obtained, For every time step the pressure and

to cr"nrA are plotted, By extrapola-

tion the

which is

of pressure and density at the edge of the gas layer

••UA.~.L;"';U are obtained. Then using the ideal gas law the

associated te]mp~?'r<ittlrE:s at SallIe location were calculated.



P~OGRAM eLST~AVI!NPUT,OUTPUT.PUNCHI

(OMMeN I Al:tRAV' S IR I :::. 1Oed! • UI 2, 10e 11 • PI 2. 100 II • ill Z , 1')011 .0 I Z , LelO 11 ,!, \
@2 ,1 0 ell. )( lion 11 • PS 1 I 110 Cll J. PS IE)( 11 00 1 h Pi! 11 00 II • UU I 10011 ,001 10(11 i
@ • AI 1 CO 1 I ,C I 10:H1 • AI~ I 100 11 ,S:I I 1 .J ell • cell ::l J 11
tOM~rN/Tl~E/TERMIN.T.OT,OTl

tOMMCN/PARA~/NSTEPS.N.J.G,CL~CO,BTA

1000 fORMATl3151
2001 FORMAT(lHO •• CO~PUTER TIME IS AOPPCACHING DESIGNATED MAXIMU~.1

2002 ~nRMATIIHO,.~IM~NSI0N-lIMIT ST~P.I

2003 FORMATll~o•• rlM= STEPS EQUAL DESIC,N~TEO MAXIMUM*I
2006 FCR~A~ll~Jv.~ON-P05ITIV~ TIM! STEP-.

C-~~~~OETE~MINE 1~ITIAL OR RESTART CONDITIONS
CUl SEceNO I'fA I
INDEX'" C
READ lOOO~l5rART~NCYClEw~PUNCH

IFIUiArn."lE.OI CO TO 1
tALL INITIALIINDEX.NCVCLE~~FINAltlSTtRT.NNI

GO TC 6
1 CALL RESTA~TIINDEx.lSTART.NCVCLE.NFINAL.NNI

6 LSTART "'lS'!'A;n <!o 1
C-----521' INDEX NU~BER

2 INDEX'" INJEX + 1
NCYClE g NCYClE~l

C-----CHECK C~~TP.~L PR~CESSCR ELA~SED TIME
C,I\Ll SECCNDIT91
lC "" 1.2"'{TS-iAI
TO "" TEFl:<lIN-T9
Til. '" 1'6
IfITC.GE$TOI PRINT ZOO 1

C--~CHECK NUMBER OF TIME STEPS
IFII~DEX.GT.NST!PSI PP!NT 2103
tfITC.GE.TD.aR.INDEX.GT.NSTE~SI GO TO 3

C~---CH:CK FOR DIMENSICN-llMIT ST~@ CR ~ESH EXPENSICN
DVABS ~ ABSIVlleN-ll-l.1
IF (CVABS.GT.w.OOII GO TO 3
IF(N@GTeNFJNALl PRINT 2002
JfIN$GT0N~!NALI GO TO 3

C~--'-OET~~~INE P~ODE~TIES hi N~W TIME
tALL F!D!FIIN~~X.NCVCLE9~NI

IF(Oi.GT@00' GO TO 4
PRHH zeal,
GO TC !:

C-----OETE~MINE NEXT TSTEP.TIME~AND REINITIAL P~OPERTleS

it CALL lSTEP
C-RECYCLE

GO TC 2
C-~PUNCH RESTA~T AND TERMINATE

3 IFIN.GT.100IJ N $ 1001
IFINPUNCH.L:@OI GO yo 5
CALL RESTART(!NDEX.lSTART9NCYCLE.N~INAL~NN»

5 CAU EXn
END
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SUBRCUTINE J~ITI~l!XN~EX.~CYCLE,NF!NAL.tSTAKT.~NI

CCp'i'4nU ARR A'l' 5/1(,( 2, 10011 • U! 2:. 1OC 11 ,P i 2:, I. CO 1) vV! 2 .1 00 11 ,012 v 1001 • ~ I
,,2ij lOCH I ~ XII0011, PS I I! 10011 PS 1::)(1 HjOll. 1'\1110011 .T~U! lOOll,OOI Oll

.AIIOOU .Cllevll ,;l,AII0Jll,E!'H1)::U ,CCllOOll
t')1'i~(N/f41DV(\LU!CI1000I.SllJOOI

tOMMCN/TIM:!T:~M!~.T,DT.OTL

COMMCN/PAR~~/N3T~PS,N.J,G.CL.CO.BTA

COM~CN/=xC/C~,Pl.El.C2,P2.E2,C3.P3.~3.4.P4.E4.CHI,PS!F.EXITM~~

1000 fORM~T!3I~.=lO 41
1001 fOR~ATI215,4=lO.~1

10)2 FOR~ATII5.5~15.9»

lOO~ fOR~Aile=lO.41

2000 FORMAT !lH .*~ECMETRY $~I3J~ lSi TIME STEP ~~~e12.6f$ GAMM4 ~ $,E
~lZ.6/fl

2001 FQRMArllHl,$TIME 3~~e12.6,jX.$nT ~ •• :ll.6.5X.$INDEX ~*.!5.8X.~VT!M

@! ~$.e12.©97x.*CYCLE w~.!5/1

2002 FC~MATllH .x. .x,.:E~T!~ D!§Te,ZX,-CENTER VEl*,3X ••CENTER DDES
.S•• 3X,*CELL SP ·,2X,-CELL VISC •• 4X,.C~LL E~ERGY•• ~X,.C~.i

2003 FQ;:t"'lATlHI d4,91:?X,Ell.511
2004 FORM~TllH ~.RESTA~T NUMB~~ -.IZI
2005 FO~M'T!lH ,-D:SIGNATEO ~AX tPT!~~ g-.EID.4,- SECO~DS-'. NUMBER ~F

@TIME STEPS $,15/)
2006 FO~~ATIIH ,$LI A~ ARTIFICIAL VISCOSITY COeFcICJE~T 2*,E12.6/. QUA

.ORATle ~RT!FICI VISCOSITY COEFFICIENT ~•• r12.61!1
2001 FQRMAT(lH .6IE12.6,2Xll

IF(L~TART.NE@O! GO iC ~

'f '" o.
on. '" o.

C'""-~~RE:AO Hll'L;T
~EAO lOOOgNSTEPS,NFINAl,NN.T:RMIN
IFHm.u: DJ N'~ '" 1
READ lOOl.N.J,Cl,Cw,G,EXITMN:
nEAO 1~03.CHI.VZF.Cl,Pl,ElIC2,D2IEl

REAQ l003.C3,P3,E3,C4iP4,E4
C-----CALCULATE PRQGRA~ CONSTA~TS

~rA '" IG-l.I!IG+l.)
~SIF '" Il.~~TAI$IVZF-oYAI

4 VTIME T-.S-OTl
NI. "" N-l
IFllSTART.~~.Jl G~ TO 6

C-----DEFI~E l~ITIAl ~ESH POINTS AND CEll pa~AMETERS

DO 1 M ,., l.l0n
DO 3 1 '" 1.2
RIIQ~I ~~-l}/b~.O

ml~'~) "" 0.0
Ii'U~f>'1 "" 1.0
VU wf1) ~ 1.0
QUQMI '" 0.:1

'3 EU.I4) .. P(l"\H'2!\fn.YI4J1(G~l.)

AOO ~ 0.0
tHO 0.0
UOO '" 0.0
l!BHU '" 0.0
CC(II'!» '" c.o
PStIlI'l» 0.0



PS!EllIMI '" J.O
PVl1<l I '" C.O
TAUHU "" 0.0
OQpq '" 0.0
Ifl~.EQ.l! GD TO 1

«M-ll '" I Ril ~ .'1.1**! J+1J~R 110 !'II~U$*LJ I Jill! l~M-lIl(,)+u
1 INLJE

XI M! ",' o.
(~----DETERMI~E INITIAL TIME SlED

I::T '" 1.0
UUill '" DTlClIEXPiElI

6 IFiL!TART.E~.OI GO TO 7
C~~-P~INTING INST~UCTIONS

PRINT 2004 9 LSTART
7 PRINT 2D05,TERMIN,NSTEPS

PRI~T 2000,J,DT.G
PRINT 2006.CL,CO
PRINT 2007,EXITMND.CHI,V2F
PRINT 2007.Cl.Pl.El,C2~P2.E2

P~INi .C3,P3.E3.C~.P4.E4

11 PRINT 2 1.T,DTL.INDEx,VTIME,NCVCLE
PRINT 2002
DO 5 M '" 1, NL
DPO'" IRll,MI+Rll.M+l)IIZ.
SHU'" IIJll.MI+U( 1.M+U 1/2.
CM '" IR«1~M<pU>t*(J~11~RU.MI"'*IJ+IJI/VI1.Ml/«J.U/XI~J

PRI NT :2 (j C3 9 ~~ tD« ~ I • SI foil • P11 .1<1! • \Ill • "II • Q ( 1. Ml • E11 • MI. eM
5 CONTINUE

,. '" hDT
RHUIP~

END
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SUB~~U~INE RESTA~T!INDEX,LSTART~~CYCLEtNfINAl.NNI

CD'1MC ,'U ARRA YSf R12,10011 • U!:; • 100 1 h PI 2.11''1011 ,v I 2 • 100 U • Q I 2, 1DC' U ,:: \
.2. DC U • X« 1() 0 11 oF'S I I I 10(1) • PS1: XI 10:J 11 • PV ( 10011 • TAU 11 ao II • [) Q! 100 II
•• A« 1co 1 I, C\ 10011. AlA.( 1 CO 11 • B" 11 0 ell. CC ( 1 COli
CO~MCN/TIME/T~R~IN.T.CT.OTL

COMHCN/P~~~M'~ST~PS,N.J.G.CL.C~I!TA

CC~~C~/EXO'~1.P11~1.C2.P2.EZ.C~,P3,S3.C4,P4,E4.[HJ.PSIF.EXITM~~

1000 FORMATI!J5.~lC.41

1001 FDR"1!'JTDl!:1
1002 FO~MA~12I!:.3E12.61

1003 FORMtJTI13,1::11.51
1004 F~R~!'J~(SEIO.4i

1005 FO~MATI4E1Z.~1

IF(I~DEX.EQ.OI GO TO 1
C~-~~~~UNCH RESTART CA~DS

NOUNCH '" 1
NCVClE ~ NCYCLE-l
PU~CH lOC1.LSTART,NCYCLE.NDUNCH
,. "" T-DT
PUNC~ lC02,N.J,T.DT,OTL
PUNCr l005.CL,CO,G,EXITMNO
PUNCH 1004,CHI,PSIF,Cl,Pl,El,C2. D2.E2
PUNCH l004,C3,o3,E3.C4,P4.E4.BTA
DO 2 M '" LiN '
PUNCH lOOk,AI~J,CIMI.AAIMI.e~IMJ.CCIMI.DVIMI,DSIII~I,PSIEXIMI

:2 P UN CHI O~)3 , M, Q. I 1, ~ll • D{ 1 , MI. V! 1, fJ I • UI 1 • 14 J • Q I 1 , MI. XI r~ I , TAU I MI
GO Te 4

C~--~REAO R SHin C4RC$
1 READ 1000.NSTEPS,~jFI'ML.NN,TE~MIN

READ 1?02.N,J,T,CT,OTL
READ IJD5.CL,CG,G.EXITMNO
READ 1)04~CHI.PSIF,Cl.P1.~1.C2.P2,E2

REA) 10J4.C3,P3~E3.t4.P4.E4;9TA

DO :3 M '" 1. 10·n
DQIMa "" 0.0
tF(M@~T.NI G~ TO 5
READ la04.AIMJ.CI~I.AAIMI.~B«~I,C[IMI.PVI~I.PSJII~I,P5IEXI~J

R:; AD 'I. 'J 1J:3 , K• j:l.Il "'0, P«:h IV I •VI 1 , MJ • U11 •MI. QI b ~ I • )( U~ I , T AU I~ I
GO 1'C 6

5 RI1,MJ ~ ~ll.N)~IM~NI~l~ll,~I~RI1.N-111

PlhMI'" 1.
V(l,fI) ~ IG
un will) ,g O.
ClU.MI .~ O.
All'll'" 0.0
coo 0 0
£AIMI '" 0.0
8!HMI ~ 0.0
te(l\ll 0.0
PSII 1,"'0 '" 0.0
P51F.XIMI '" ::l.O
TAUIMI '" 0.0
PVIMI '" C.O
Xll'l'~ll '" IRI1.MluIJ~1l-IU l,M-U$>!iIJ+U 1I\1«l.M~UIIJ+lI

6 EI1,MI '" Pll.MI$VI1,M)/IG-1.1
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IH2,Ml '" ~n.~n

lH2,I>I1 '" Ul1,MI
P(2.~1 '" 1'11."11
V«2 • "Ig VI 1 , MI
Q(''2.~1 '" Oll,t'l1
E(2,~l '" Ell,1"11

3 COl\lnNUE
XHO '" o.
tF(IN~EX.EC.OI CALL INXTIALIINOEX.NCYCLE.NFINAL.LSTART,NNI

"" RHUIlI\l
END
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SUBRCUTINE FIOIF(INwEX~NCVCL:,N~»

C,Qf~MC:U.A R~A '( SII: « :2, 1 ')0 U 9 U1:2, IO::J 11 • ::> 1:2. I 0011 ,V« :2.100 II .0 1:2 • 1001 I ,':' (
.2dOC11.Xl100lI 9 PS I I 110011. PSI!:lIllOOll, ;>VI10DU ,nUl 10011,::>011COll
Q.allCOl).CI10vll.AAllOOII.~311001),CCI10011

tDMMCN/MIDVALU/DIIOOO).SllJO~1

CQ~~C~'TJM!:'TERM:N.T.C:TIDTL

tOMMCN/PA'A~'NSTEPS,N~J,G.CL,CO,BTA

tO~MC~'EXG/Cl.Pl,El.tZ,P:2.EZ,tj.P3,E3,C4,P4,E4~rHI,PSIF,EXJT~N'

2001 fORMA;llH .~TIME ~*.E12.6,3x,*OT ~$~r.12.6,5X.*INDEX ~$,15.~X,~VT!~

.E ~*,EIZ.6.7x,*Cyt~E g~.I5.5Xo*RSHOCK ~ *,E12.6/1
200Z FOR~aTI1H ~X,·NNN •• XI.C!NTE~ DIST~12x,.CENTE~ VEL*.3X,.CENTE~ pDes

QS-,3X,.CELL SP VOL*,2x,-CELL VISC*,4X,.CELL ENERGy •• 2K ••CM~.11x,·T
@AU>:$1,l\lX,>I<PSI"'1

2003 FORMAT(lH ,14,9tzx,Ell.511
20~4 FORMATIIHO.*Rl*,12X,-RZ*,lZX,-OVOR1-,9X,*OVDRZ*/X,4(ElZ@e.ZXl'
3000 fOR!I>1AT I UH I

VTPP.E '" T-.5*OT
C-~~-MO~E~TUM CONSERVATION

CAn "lOMENTA
C-----tONTl~UITY CONS~RVATION

CAll CCNi!NU
C---~-ARTI~ICIAL VISCOSITY

CALL ARYllIst
C-~---ENE~GY CCNSERVATION

CAlL ENEfl.GV
C-~-MiI)( I j\JU~ CENS lTV ';;RAOHNTS

CALL DVORIRl.R2.0VDRlIDVD~21

C--~-~FIELC ~XTENSI0N CR!TE~10N

NOLO '" N
CAL.l $HGCKISSTAI
NI ~ INCYCLE'N~I'~N

IFINX.NE.NtytLE) RETURN
t--~-P~INT HEADERS

PRINT 3(1:)0
PRINT 2001 i T.Di q INDEXwVTIME,NCYClE.SSTA
PIHI\!'T Z002

C,-----CAlCUlATE CURRENT PROPERTIES
Nl ., ",\-1
DO 4 III '" 1. NL
DU'!1 "" (RI2.MI+RI2uM"U~I2.

SCM! g (UI/!.MI+UIZ,M+ll)'Z.
eM ~ (RI2wM+l)~~IJ~1»-RI2.Mlm.(J"111'VI2.MI/(J+1'/X(MI

1l'SI ., 0,,0
IFITAUIMJ.L5.1.DJ GO TO 1
PSIC ~ (P(l.MI"B:A!~IVll.MI-eTAI

PSI" IPSIC-PSUHHIIIPSIF-PSIIIMU
1. CONTINUe

C-----PRINT C,U~~E~T PROPERTIES
PRINT ZOD3,M.DI~I.SHO.P(2.M).V«:2.MI.QI2.MI.EI2.MI.tM,TAUI"lI,PSI

4 tONTH-me
IFINCLD.LE.21 ~F.TU~N

PRINT 2004.Rl,R2.0VD~I.0VDR2

RETURN
END
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SUBROUTINE MCM:NTA
CO'lM C~ I A~R AYSIR I :2, 1OJ U ,U I Z. 10011 • P i :2, 100 U ,V i :2 ,1::J:) U .01 Z, 10011 , E i
.2.10CIJ,XII0011.PSllilOOlJ,PSIExllOOll,PVllOOll.TAUilOOll.~QIIOO~1

•• AI 1 r<> u •ell 00 11 • At. i 100 U ,sa 11 :C11 • CC 11 O(HI
C~MMCN/TIMEflERMIN,T,Dr,DTl

COMMCN!PA~~M/NSTEPS.N,J,G.Cl,CC,BTA

DTN & eS$IDT+DTll
DO 1 'il .. I.N
fFIM.NE.U JO rc :2

C-~~lEFT 60UNDARY CONDITION
UI2,U '" 0.0

C~---lST SIGMA FQRwARD
SIGMAF '" -Pll,II-CII.I)

C----~lST Fl
H "' i RU, :2 l-R 11. 1 ) II Vi I, U
GO TC 4

:2 IFl~.NE.NI GO TO 3
C--~-RIGHT BCUNDAKY CCNDITION

lH2,1I:1 '" 0.0
CO TC 4 .

C-~---VElCCITY aT GEN~~AL PCINi
C-----INTE~~ED!ATE SIGMA VALues

3 SIG~A9 & SIGMAF
SI':>MAF '" ~Pll.MI-Q(l.MJ

C-----PHI PA~A~ET:R

FO '" Fl
Fl .. CR«l,M+lI-R«l,M))/Vil,Ml
PH! '" Q5l!«Fl+FOj

C-~~--VELOCITV
UI:2,~1 '" Ull.M)+!DT~!PHI)$iSIGMAF-SIGMAB)

It CONTINUE
C---~-T~AJECTORV

RCZ,Ml & ~(1.MI+UC2.MI$DT

1 CONTINUE
RETUIlN
END
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SUBRCUiiNE CONilNU
COMM(N/ARKAvS/RI2.10011.U!Z.lOOllfPI2.10011.V[2.10~11.OI2.10011.~(

@ 2. 10 CU. )( 11;) () U • PS I 1« lO 011, PSI::)( I 10011. PV! 100 U .' AU i 10011 ,:JQ ( 1() 0 ~ I
@@AilC~lJ.C«lOOll.AAI10011.e6110011,CCllOOll

CO~~CN/jlM~/TERMXN.I,CT,OTL

COMMCN/PAPAM/NSTEPS,N,J,G,CL,CD,BTA
NL '" '\1-1
00 1 M '" 1.NL

C~~=~CHI PARA~ETER

IF(J.~:;.21 GO ro :3
IFIM.NE.l! G: iD B
U13 8 UI2.11*UI2.11*UI2.11

S lIO:;' '" U 13
U13 '" UI2,M+11*UI2.M+ll*U(2,M~11

CHI '" OT*DT*IU1~U03IJ12.

GO 1C ".
:3 CHI a
4 IFIJ.EQ.OI GO TO 6

H'll'l.N;: 11 GD TC 9
1"1 ,. ~12tll.II.5.IRI211J+RI1,1111••JI

t;l FO '" Fl
~l • UI2.M+ll.[I@~.IR!2IM+ll+Rllt~+1)11 ••JI
GO TO 7

61"1" 'JI2&"1+!»
iF\) "" U12.1.11

i '\112."1) \l111''I)+DT>!lIFl~'FO+CHIl!l«MI

1 CONT WUE
I'I'i:TURN
END



SUBRCVTINE ARTVISC
CQ~MCN/~~RAYS/RI:~lOOll.UI2.100II.PI2.IOOll.VI2.10011.OI2.IOOll.~1

0;2. 10 C11 • XI 10 \) U • PSI I I 100 l.l • PSI:: xI ICO 11 • PI/ ( 1 0011 .f 6\U 110011 • f)Q 11:::,) 1 I
6' t\ 11 :011 •ClIO 01 I • AA I 1 CO 11 • B8 I 10 (j 11 •CC110011
CO~MCN/TIME/TERM!N.T.OT.OiL

COMMCN/PA~AM/NSi:PS.N.J.G.Cl.tO.BTA

III!. '"' N~l

00 1 111 .. I.Nt
t~---EXISTeNCE CRITERIA

IFICL.l:.O•• AND.CO.LE.O.1 GO TO 2
IfIUI2.M+ll.GE.UI2.~11 GO TO 2
IF«VI2.M'@G~.Vll.Ml I GO TO 2

t-~--CDMPLET=LY CENTERED PARA~ETERS

At .. SQRT(.5*Pll.M!*IVI2.MI+Vll.MIJJ
HETAe '" 5*(l1.1\lIZ"'III~Il./VU,"'j}1

C-----liNeb~ TE~~

Ql '" CL~ACMHETACMABSIU{2,M+II-U(2,MI I
C---QUAOPATle TEfH1

QQ '" CO~CO$H~AC*IUI2,M~11-U(:,MII$IU(2,~+1!~UI2,~11

t------TOTAl ARTIfICIAL VlSCCSITY FOR 1/2 POSIT!CN FORWA~O

QI2,~1 '" Ql+CQ
GO TC 1

2 QL2~"l1 '" Oe
1 CONTI~UE

Sl.HUR\l
EIIIO
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SU9RC~T!NE ~NE~GV

tOMMeNI A~R AYS! R1:? 10011 • U12. 10:) U • P12.10011 ,V 12.10011 • Q12. 10011 , EI
.. 2. 1 0 ell ,x 1 1 0 ell , PSI 1 ! 1C' (n I , PSI E XI 1 C' 0 U • PVI 1 CO 1 I • H UI 1 00 1 I • DQI 1 0 \) 11
• ,AllC01l.e IlOOII.UIIOOll oS!? I1C01I. CCIICOll
C~MMCN/PARAM/N£iEPS.N.J.~.CL.CJ.B:~

Nt '" N~l

DO 1 M '" 1. NL
QBA~ '" e5$IQI2.MI+Qll.MII
ENUM g Ell.MI~I.~$PI1.MI+Q~ARI$IVI2.MI-VI1.MII+D~I~1

EOE~ '" 1.+ 5$IG~1.1$ll.-Vll.MI/V!2~Mll

ECh!"ll '" ENUf'/EDEM
PI2.~) '" 1~-1.I~EI2.MI/VI2.MI

1 CONTINUE
f:l.ETUR'l
END
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SUB~WTINE HHP
tOM"1( 'Ill ARR AYS IR« Z. 101: U • U12.10011 • p« 2.10(1) ,II 1.2.10011. Q 12, 10011 , :: I

.2.10 en I ,X 11 0ell, PSI I I 10(1), PSII: XI 1OC 1h 1>1/ 1100 U •HU 11 00 11 ,D ClIO ell I
0,411COll.CllOOll.AA110011,a3110Cll.CCiIOOll
COM~CN/TIME/TERNJN.T,DT.DTL

COMMC'llfP4R~M/NST:PS.N.J~G.tL.CO.BTA

on " or
Nl ,. Ill-I

C~----STA~ILITY CRITeRlt
DO 1 M .. bNl
AS2 ,. PIZ,MI*VI2.M)*G
VOOT~ ,. 2.$(VIZ.MI~VII,Ml)/(VI2.M)+V(1,MI)/DTL

IFII/CJTN.GE@O.1 GO TO 3
IS2 ,. 64.-CO*CO-IRI2.M+II-RI2.MII.IRI2.M+11-RI2,MII-VDOTN-VDorN
G:J TO ..

:3 BS2 ,. O•
.. DE~ " 3.'"SQRTIAS2+BSZ)

DT ,. 2.~IRI2.M+l)-~12.MI)/~EM

I!'(M.EQ.ll OHHN '" or
IF(D,.LT~OTMIN) DT~IN '" DT

1 CONTINUE
Dr '" OTMIN

C-----lI~ITING CONST~AI~T

IF1DiL.GT.O •• ANO.OT.GT.l.4*0:L) or '" 1.4$QTL
CALL EXOf-EAT
T "" T+OT

C--~--REINITIAL PROPERTIes
OD 5 M w. I.N
UIl~MI '" UIZ,M)
FU1.M) '" 1<12.1"1)
IFIM.EQ.~) GO TO 5
Vll.MI I/IZ.M)
QIl,!\Il1 '" Q(Z.MI
PH."') ,. PIZ~MI

Ell."'l" EI2.MI
5 CONTINUE

RETURN
END
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SUoRCUTINc EXCHEAT
CO"lM CN I ARR AY S11'12. 1O,ll I ~U I .2 ~ 1CO 11 • P I .2. 10011 • V12.100 U • (,) 1.2. Hl'J 11 ,E I

• .2, I 0(,:1» .)( 11 COli. PSI I I !.Q en .I • PSI EX 1100 U , DV 11 001 I ,T e.u 11 00 11 , Dc,) I HHJll
•• AIIOJlI,C lCOll.A.\llOOU.8Bll~Oll.CCI100ll

COMMCN/TJME'TER~!N.T.DT~DTL

(OM~C~/FARAM/NSTE?S.~.J.G,C,CO.9~A

CDMMCN/EX~/tl.Pl,EI.C2.P2~E.C3.P3,E3~C4IP4IE4.CHI,PSIF.EXJ1M~J

NL '" :\l-~,

1 r '" c
DO .2 '4 '" 1. Nl
IFITAUI~).GT.l$OI GO TO 3
PVIMl '" PI2,MI*VI.2,MI
liND ~ VI2.MI*Cl$IPVIMI$$Pll$EXPIEl/PVIMI!
lAUIMI '" TAUI~I+Dl/T!~D

IFITAUI~I.l:@l.OI GO TO .2
gOOT~AX • C2.IPVI~I •• P21.EXPI52'PVIMIJ
PSIEXIMI % C3.IPVIMI~.P31.~XPI5~/PVIMII

PSIHW m C4.IPVI~I•• P41.EXPIE4/?VIMI i
PSIl '" PSIEX!MI"'n.-SCPHl.I2./(1.~CHIIlI

PS12 '" PSll+PSIHW
XA '" PSI2-PSIEXIMI
xa· 1.~PSI!:xUH

AIMl '" ICHl-l.I~CDaT~AX/PSIEXIMI/PSlEXIMI

elMI '" QDC'T1'<\AX
861MI '" IXS*XB-2 •• XAffiXAI/XA/XA/XB/xB
AAIMI '" CD~TMAX/(1.-1./ll.+5~IMI.xa.XBI I
CCI~1 '" QDOTMAX~AAIMI

PSII 1;>11 '" I P 1:2 • f" l+ aTIl. I "t I VI 2 ~ MI - 21 AI
3 PSIC '" IPI2,M)+BTAI.IVI2.M!-BTAI

PSI'" IPSIC-PS11IMIIJIPSIF-PSIYIMIJ
IFIPSI.GE.l.OI GO TO 4
1. '" FS 1-1'5 JElW'11
IfIZ.~E 0.01 GO TO 5
QOOT '" AIMI.Z$Z+CI~1

OPSI '" QDOT.PVIMJ~2.$~TA

DTHT '" O@2MP$IEXIMI$IPSIF~PSIIIMI)/OPSI

GO TO 6
5 QOOT & AA!M!/(l.+BBIMI*l*ZI+CCI~1

CPSI m QDOT$PV(~)$2.$eTA

DTHT ~ 002$11@~PSIEX(MII~(PS!F-PSII(MII/OPSI

GO TO l!l
4 QOOT '" Cl@O
6 OCl ~ IPSIF~PSICI/2./8TA

002 ~ QDwT$OT$PVIMI
D~(MI '" AMINllOCl t D021
IFIDQIMI.lE.Covl DQI~1 ~ 0.0
IFID~(MI@lEwO@OI GO TO .2
I '" 14>1
DIMI ~ A~INIIDTeDTHTI

IFII.EColl DTMt~ ~ DTMl
OTMI~ ~ A~INIIOT~I,DT~INI

2 CONTII\IU;:
If I I .EO .01 RnU~N

IFID1.LE0DT~INI ~ETURN

00 !l M '" 1. f~l



PSIC g (PI2,Ml+8TAI*IVI2.~1~8TAl

IFIAeSIFSIC-FSIIIMll.GT.OeOI ~J TO 8
TIND & VlltMI~Cl~(PVIMI~$'l)$EXPIEl/PVIMII

TAUIMI g TAUIMI~CT/TIND

S CONTINUE
Dr g OT~l"!

GO lC 1
END



SUBRCUiINE SHOCKISSTA}
COMM(~/ARRAVS/RI2.1001'.UIZ.I0011.PI2.1001'.VI2.1~Oll.OI2.10011.~1

.2.11) ell • XII 0 C11 • PS I I ! 10011. P S IE)( lIen I • PV 11 CO II • TAU I Hl 0 U • Di;H 1C' 0 11

... ,HI rOll. C 110011 • U 11 00 1 I • Bi:\( ~ ')011 • CC 11 OO! J
COM~rN/TIME/TEKMIN.T.DT.DTL

CO~M~~/PA~~M/NSiEPS.N.J.r..Cl.CO.~iA

taMMCN/Exa/Cl.PlIEl.t2ID2.E2.C3.P3.E3.C4.D4.E4.C~I,PSIF,EXITMN1

NOLO " N
XI\IOlO " NOLD
SST A g I$SQRTIGI~EX!I~NO

1 FSTA g le5~~12,NI~O.5$KI2.N~lJ

IFISSTAeLT.FSTAl GO TO 2
ill '" 1Il'>1
I~IN®GT.I0011 tALL EXIT
GO TC 1

Z IF!N.EQ.NOLDI RETURN
lIND ~ Cl~EXPIE1)

NL '" 1\1-1
XNl ""
00 3 M "" NOLD.NL
XM '" ~

3 TAU!~1 '" «!X~L-X~I!!X~l~XNCLD+l#I)$DT/iINO

RETURN
END
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SUSRCUiINE OVJ~«RI9P2.DVCRl.CVDRZI

COMMCN/ARq'YS/RI2.10011.uI2.1DOll.D«2.IDOII.VI2.1~Cll.Q!2.I0011.~1

QZ.lOCII.X« lOOlhPSI I IIOCH hP51Eid 10011. PVIIOOU ,TAiJI IOOU .001 FlOll
.,AIIOOlf,Cll0011,AAllCDll.881100119CCIIOOlJ
COMMCN/PARAM/N5TEP5 9 N.J.G.CL.C:.BTA
IFIN.LE.21 RETURN
NL "" 1\1··1
I PCS '" 0
INEG '" 0
OJ I ,'1 "" 2. Nt
XL g IRI2.MI+~12.M~ll)/2.

XR "" HU2''''I';'RI2.~H1)1/2.

I m IVI2.MI~VI29M-I)I/IXR-XLI

IFIZ.LT.O.OI GO TO 2
IPOS " IP05+1
IFIIFOS.EQ.!J oveRl " Z
IFIIFDS.EO@U RI '" P.IZo!"ll
IFIOVORI.lT.ZI RI " RI2.MI
IFIDV~ql.LT.Zl eveRI "" Z
G'J TO 1

2 KNEG .,. INEG+l
IFIXN:G.EQ.ll DVDR2 ~ Z
JFI[~2G EO.II ~2 • '12.MI
IFIDVORZ.G?ZI R2 "" RI2.~1

IFIDVD~2.G~011 OVDR2 ~ Z
1 CONTINUE

IF! I FO;; .EQ.OJ R1 '" 000
IF1IFCS@ECeOI OVeR! " 000
IFIINEG0EQ.OI R2 '" 0.0
XFII~EGeEQ.JI DVCR2 '" 0.0
RnURfIj
~ND



APPENDIX E

APPROXIMl\.TE SOLtITIONS

E.L Period

When the thermal conductivity of the gas varies linearly with

temperature, a = 1.0, the transformed energy Equation (5.1.13) becomes:

The boundary and initial conditions are given by:

(E, L 1)

u( 1J ~~
~~ consfaot. (E.L La)

) )
~ I (E.LLb)

( VJ) - J (E,l.Lc)

The above equation, which is now linear, with the boundary and initial

conditions is identical to a heat diffusion problem in a semi-ulfinite

medium, The medium temperature is1 initially and wall temperature is

changed to T /T. , [5], l11e solution to this problem
w 19

(E.l.2)

or using the definition of U, E~lation (5.1.12):



(E.L

The heat flux at the end wall can be evaluated using Equation (5. lo 14)

with a "" 1.0.

VII o
(E.lo 4)

or substituting the partial derivative U at l/J "" 0;

E. 2. Combustion

(E.lo

'When approximation a "" 1. 0 is made for the thermal conduc-

tivity, the transfonned energy Equation .1. 22) becomes:

The initial and boundary conditions are:

(E.2.1)

v(Vi; )

V( 0, )

VI) (E.2.La)

(E.2.1.b)



( (E.2,Lc)

The above equation with the boundary conditions identical to the

one-dimensional heat transfer problem a slab of thickness 0, which

has an initial distribution. F(W) and is ect to time

varying temperatures at both ends [5]. The given a

series form as:

( )~ (
o

(E.2,2)

The heat flux at the end wall can be evaluated from Equation (6.1.23)

with a ~ 1.0, as:

1 o

(E. 2. 3)

or substituting the value of the partial derivatjye of transfonued

ten~erature with respect to the transformed distance at W= 0,
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·V I )]. dfJ (E.2.4)



APPENDIX F

INTEGRAL ~lliTHODS

An approximate solution of the energy equation can be obtained

by integrating the transformed energy Equation (5. L 13) from the wall

tiJ "" a to the combus tion boundary tiJ =: 0(t) . A second ordeT polynomial is

used to approximate the transformed temperature, U ""(i ..T
l.g

(F. L 1)

The boundary conditions to be satisfied are:

(F.LLa)

(F,LLb)

(F,LLc)

Using these conditions the coefficients in Equation (F. L 1) can be

evaluated. The transformed temperature becomes:

( .1. 2)

For simplicity a "" 1.0 is used in Equation (5.1,13).

(F. L 3)
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The initial and boundary conditions are:

(VI,O)::= J

u (0) ) =:

(O'.t) ~I

Integrating Equation (F,1,3) from ~ = 0 to ~ = 6 gives

or

(F.L3.

(F.1. 3, b)

(F.1. 3. c)

(F.L4)

~I{!I 1(F.l.S)
'ftlli<O

Using Equations (F.l.l,b) and (F.I,I.c) yields:

~s
o

(F,L 5)

Evaluating integral, differentiating and substituting value of

the derivative of the transfonned temperature at the wall we obtain:

2
(F.L6)

or

(F.L 7)



Tlle heat flux given in Equation (5.1.14), for this case, becomes:

(F. L 8)

or

(F. 1. 9)

F.Z. Combustion Period

In order to obtajn an idea of the variation. of the location of

the combustion zone with time, the transformed energy equation is

jntegrated from wall, ~ ~ 0, to the combustion zone, ~ = ~B(T). A

second order polynomial is used to approximate the transformed temper

ature, cP, which is given by:

(F.Z,!)

The polynomial is given by:

(F. Z,

The followjng condihons are used to evaluate the coefficients:

( ) f (F, 2.2. a)



(F.2.2

(F, 2. 2.c)

The above three conditions determine the three unknown coefficents.

transformed temperature then becomes:

(F. 2.3)

Differentiation of Equation (F.2,2) with respect to ~ yields

(F. 2.4)

Integrating Equation (6.1,22) with a = 1.0 yields:

J
1I1&

dlf ==
o

or

(F. 2. 5)

?jiBJ(j; dV! - ¢('I!J) ._~ -

to

(F. 2.6)



Evaluating the integral the derivatives at IjJ .- o and IjJ '" IjJ and
B

substituting j~to Eql1ation (F.2. yields:

h

h( (F.207)

or

The initial condition

= 4Jp

(FoZ.S)

(Fo 2. 8. a)

The above order, non-linear, ordinary differential equation

can be solved nunlerically. IjJ is the thickness of the gas layer at the
p

end of the pre-ignition period. The computer listing the solution

is given in Appendix J.
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APPENDIX G

FORMULATION WIrn

Consider the energy Equation (6.1.2) and the spe:C1~~S diffusion

Equation (6.1.3)

;;Y,. + P
at J

dt
(G. 1)

(G.2)

the energy equation becomes:

(G.3)

£h. +fUat •
L

(G.4)

The ethalpy for the mixture is defined as:

differentiatulg Equation (G.S) gives:

(G.5)



i Yt.
(G.

where

(G. 7)

From Equation (G.6) the following derivatives are obtained:

Cp (G.8)

(G.9)

Substituting into the energy equation yields

(G.lO)

or

(G.l1)

f



In the above equation
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coefficient of h.
1.

zero bec:a~;e the

species diff~ion Equation (G.2). Using'FA1~t:ion

equation becomes:

.1.4) energy

- de. i- di: T
(G.12)

or

D Yi (G. B)

We had assumed that Cp was constant, therefore the last terra zero.

TIle energy and species diffusion equations become:

- aT
fjLLC.pax

+JHt g~ =

dE
elt

~D~]

(G.14)

(G.15)

The energy equation is the same as before. The species diffusion

equation can be treated similar to the energy equation. Using the trans-

formations (6.1.5) and (6.1.6) the species diffusion equation becomes:

(G.16)

Using Equation (6.1.11) yields:

[
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(G.17)

(G,18)

Using Equation (6.1.10) for each species with a ~ 1.0 and defining a

new time variable according to:

(G.19)

yields:

tiZl (G,20)

where Lei has been assumed to be constant. The initial and boundary

conditions are:

(G,20.a)

(G.20.b)

(G.20.c)

The gas layer a function of time and is deternlined as

explained in Chapter 6. The transfomed species diffusion equation is

similar to transformed energy C:41,!Q,I-.LVH with a '" LO which was

discussed in Appendix E, The heat flux presence of diffusion
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given by:

ata =~k, . Cix

Using Pick's Law (G.3) yields:

(G. 21)

[
dTq=- k ax +

From Equation (G.9)

(G.22)

(G. 2:5)

Substituting into Equation (G.22) yields:

k ( ] (G. 24)

where Le the Lewis number defined by:

(G. 25)

At the end wall there is no mass flux for any species, thus the concen-

tration gradient is zero at the end wall. The last telm jn Equation

(G.24) is zero. The wall heat flux is therefore given by:

(J - ~ k-Iw -
w

(G. 26)



APPENDIX H

COORDINATE TRJINSFOF<MAT I()N

H,l. - x Transformation

The relation between ~

(5,1.3) as:

x coordinates was defined in Equ~tion

(lL L 1)

Using the ideal gas law, Equation (Ii. 1. 1) can be expressed

temperatures and nr~'C~l

terms of

(H. 1. 2)

The ratio of temperatures can be evaluated terrns of the transformed

ternpe:ra'tm'e, V, which was in Chapter 6. Equatiml (6,1,7)

which yields,

0'10 1. 3)

Substituting Equation 1.4) Equation (H, L 2) yields:
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or

(Ho L 5)

l/CA

V
~ '/~

[ P ]""H
g

d (H. 1.6)

Integration of Equation (Ho1. 6) gives the untrans formed space variable, x,

(p -I/~

=JVlfl1·rLl d+:
L Ptj J

o

In Equation (Ho1. 7) only V is a function of 1);, therefore:

(H.I.7)

(H, 1. 8)

nvo 1); - x curves are plotted for the combustion period at 20 ~sec in

Figure HoI, As seen fr~n Equation (H.I.S), the 1); - x curves will be

different for different times,

The penetration depth, 0, was defined for the pre-ignition period

as the distance where the temperature reached the value 0,99 T, For
00

this period the pressure is a constant, p ::: Pig::: constant, hence

Equation (H.I.S) simplifies to:

t?8

J '/0...d = \I d~1 (H.I.9)

o
This penetration depth was calculated and plotted in Chapter 5 (Figures

5.7 and 5.8).



~lS3~

comblLstion period~ the penetration depth, 013' was

defined as terl1pe:ra-tm'e reached o. To"

Equation (HoLS) 0B can

1/11,
(HoLlO)

was calculated and P.L\~''-<A;'"''

H, 2, t -- T Transformation .

o

Chapter 6 (Figures 6.12 and 6

The relation between t 1: was given Equation 01021) as:

The a known function of time, therefore to C:V,:;1..LlAa\.,.C;

(H,2,1)

T we

must integrate Equation CH. 2.1).

To evaluate t from T the reverse should be done.

(H, 2.2)

t Tare in Table H.I TtLns 214 219,
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Table H,I

Run 219 Run 214

T(~sec) t (~sec) t(~sec)
._--~-~ ---

0 0 0

10 10 10

20 19.9999 19.9999

21 20.9995 20.9995

22 21. 9987 21.9988

23 22.9975 22.9977

24 23.9956 23.9960

25 24.9930 24.9936

26 25.9892 25.9895

27 26.9829 26.9830

28 27.9725 27.9734

29 28.9570 28.9598

30 29.9356 29.9410

31 30.9078 30.9162

32 31.8729 31.8844

33 32.8309 32.8448

34 33.7818 33.7975

35 34.7262 .7432

36 35.6656 35.6828

37 36.6004 .6168

38 37.5309 37.5458

39 38.4569 38.4702

40 39.3783 39.3901

41 40.2950 40.3060

42 41.2068 41. 2172

43 42.1128 42.1225

44 43.0117 43.0206

4S 43.9029 43.9096

44.7885

45.6567
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APPENDIX I

Hi\LF-SLAB IMPROVEMENT

In order to obtain the derivative of the temperature with

respect to distance more accurately the heat storage in the space

elements can be considered. In Figure Ll.A a space element adjacent

to the wall is shown.. A heat balance on the element yields:

(1.

or

(1.2)

The heat coming into the element is given by Equation (6. L 24) as:

(1.3)

The heat storage term, second term, in Equation (1. 2) can be expressed

in terms of temperature and pressure as follows:

(1.4)

RT

The temperature can be evaluated from Equation (6.1.17)

(1.5)
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or

(1.6)

The derivative of the temperature with respect to time can also be eval-

uated from the transformed temperature and the time variable as follows:

Substitution of the partial derivatives yield:

(I, 7)

or

a
Cl

(1, 8)

v
a (1,9)

Substituting Equations (1. 6) and (1. 9) into Equation (1. 4) we obtajn:

Q.
[E_] (1, 10)

Then the heat flux at the elld wall can be calculated from Equation (1,2),

(1.11)
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The time derivative of the transformed temperature was evaluated using

the average of the temperatures at the wall first point.

finite difference form the heat at the wall given by:

(1.12)
I·[i1

The primes in the equation denote the next time step.

A space element at the edge the gas boundary layer is shown

in Figure I.I.B. A heat balance on the element yields:

(1.13)

The storage term can be evaluated in the same way as was done for the

I av
"\lao

element at the end wall. The heat flux is given by:

nOS-I) t-({

[~91 ~
g,({~I)t-'

.[-LJ II (1.14)

or in finite difference form:
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(1.15)

As before the primes denote the temperatures at the next time step.

The results obtained by this method were very close to the

previous results, T11e difference was less than 2%, which is well with

in the range of our accuracy.
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J

LISTINGS FOR !I~SHEAT!I ~AND l'DELTAn PROGRAMS
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PROGRAM GSHE AT U NPUT, WT PiH »
IHMENSION TEMPP( 301
lHIAENS HiN PH 1(60.301.1' EIlIIP (60.30 hP INFC 6CJ), T( 601.PSI« 3CH 11 11 Nf (60)
01 ME NSI (IN. F(60) .G 160 h HEAT n (bO). !'lEATfl (bO), HEAT f3160 I. 11 11 6!H
oIMENS toN H Z( 601 ,H 31 6CI ,C (f I 60» .PH 1 I NI6C» ,HI Nfl «(0) .. HI Nfl «60.
O[~ENSIO~ HINF31601.DElTA«(0).DElI60,30.
01 ME l'\SI ON \1130.301 .1TEMP(3Cl,30 1 • 11TH (30 h HTF2 (30 I. HT nl30 I
DIMENSION HHU301.HHZI 301.111131 301.DDElOO,301 ,DOElTU301
RE.6l KW
READ 100. N,M.PING.TING.STABf,TW .. GAMM&.OTAU.A

100 fORMAT IlI5.7FI0@51
READ 105. KW. ALFAI

105 feRMAT 12Ell.!H
REIlD 106. l"l

106 fORMAT CISI
C TEMPERATURE S ARE IN KE lVI N
C PRESSURES ARE IN ATMOSPHERES
C THERMAl CONDUCTIVITY IS IN WATTS/M "K
C lIME IS IN MICRCSErONDS
C SPACE IS IN &JlET ERS
C AlFAI IS IN ~2/MICR[SEC

C A IS THE P:JWER FOR THERMAl CIJNOIJtTIVITY
REtlO 110.IPINFIKhl<"'1.NI

UOFCRfI1AT «lOFS.51
REAlD 120. lTINFU<1. 1<"'1.1111

120 fORMAH10F8.21
GAM '" I GAM"1A-1" IIG AMMA
U '" hi l,,-GAMMAI/GAQIIMA
AAA "" 1./A
AUf>. '" A+l.
B "" I(W~(TINGUAAAAI/!TW~~AI/A

DPSI "" SQRTCAlfA!>l<DTAU/5TABFI
AB .. «A-I. I/A

e PREIGNITION PROGRAM
FF "" (TW/TING)**A
RUD 9Ch Nil' .M?

<;0 FeRMAT (2151
C SPECIFY INITIAL AND BOUNDARY CONOITI(1'\I5

00500 J"'1.MP
V«J.l. '" 1"

5eQ CONTINUE
00505 1<."'2.1'111»
\In ,10 '" Ff
VIMP,Kt '" 1"

505 ClJNIINU E
C START CALCULATION

MPP '" Mp-l
00520 K'" It NP
D0510 J""2,MPP
II( J.K+U '" Il@-2.*STA8F>l«V(J,KI**ABlt*II(J.IO+«\I«J.K)$$ABUSTABF*11I

lIJ+1.IO+V(J-1.KU
51C (CHI t\UE
520 CONTINUE

C CALCULATE HEAT flUXES AT THE WAll
S "" TI NG~"W
00540 K"'2.NP
OC530 J""l.MP
TTEMPIJdl '" TlNG>I«VlJ.lIuUAI
TTEMP(J.KI"" TlNG$(VI,hIO**AAAI

530 CCNTINUE
HTFl(KI '" O,,-B*(V(Z.KI-Vll.KII/DPSI



HTF2110 '" Oo-S*14.*ViZ.KI-\I'n.i(J-3o*Vll,Kl)l2eJDPSI
HTF 31 KI "" 00 -8* (2.'" II 14,10-9.*\/13 ,I< I 18 • "'V (2.1<)-11 .. *\/ 11. K IIJ6 0 /DP S I

( CALCULATE HEAT TRANSfER COEFFICIENTS
HHIOO'" t1TFlIKUS
HHZIKI HTF21KI/S
1"IH3IKI'" HTF3lKHS
tJDEl-B.IO '" 00
MMP '" K
00535 J'" hlllMP
ODEliJ+l.IO "" DDEUJ,KI+(\I(J.IO+I!IJ+ltKII*DPSIIZ.

535 CONTINUE
DDELTAlIO '" ODElP'li'l1P,K I

5J~O CCfIIlIl';l/f
C PR HH THE RE S

PRINT 600
6DD FORMAT I/.5K,"'RESULTS FOR THE PREIGNITICN PERICO"'.

PRINT 610
610 FeRMAT 111.5X."'INP'UT DATA*I

PRINT 620, NP.MP,STABF.DTAU.DPSI.L~

1'>20 FORMAT 1I.5X.*JP", 1$.x5.5)(.~P'" *.15.5X,"'STABF", 'l',Ell.'5.5X,*OlAU'" '"'
1.Ell.,.5X."'!')PSX*' "'dEll 5.5X.*lM" "'.151

PR INT 630, TI NG. TW.Ff
fi,30 feRMAT 1/.5X''''TING" *.t"Se2.5X."'TW" :Ii<.f8.1 5X.*FF", "',1"11.51

PRINT 640, GAMMA.KW.AlfAI,A
640 FORMAT 1I,5)(.$G,IIM~4A'" "'.fS.5.5X,*Kk'" *.Ell.5.5X,*AlF/d'" *.Ell.5.5X.

1*,11", "'.F8e I
007CC Kg 1. NFl
00655 J" 1,MP
TEMPPIJI '" rfEMPIJ,KI

655 CONTINUE
PR NT 650. KdffFlIKI,HTF2IKI.HTF3IKl

650 FCOZMAT 1/,5X,*iAU" "d5,1,5X.*HTFl'" *.Ell.5,5X.*HTfZ" *,E:U.5.5X.*
IHTF3" *.1"11.51

PRINT 660, HHllK j, HH21K h 111130U
660 fOR~AT U.5X.*HHl *.Hl.5.5X,>l<HHZ'" >I<.E11.5.5X,*11113'" "',Ell.51

PRINT 610
670 f(iRMAT (1,'5)(9 *TEfilPERATURE DISTR IBUT WN IN THE GAS lAVER*1

PRINT 680, ITEMPPI JI, J"'bMPI
680 fORMAT (815)(.1"10.511
10e COI\TINUE

PRINT 430
PRINT 460. (HTFHK I.K'" 1.1'11' I
PRI NT 440
PRINT 460. (HTf2110.K"'1.NPI
PIUNI 4'50
PRINT 460. (HTf3110.K"'1.NPI
PRINT 470
PRINT 480. H)DHTAIK!.Kg;I.NPI
,I '" 0
K '" 0

C CCMBUSTICN PERICD PReGRAM
PRHlT no

710 fORMAT «111.5X.~RESUlTS Of ANALYSIS fOR THE COMBlSTION PERIOD"I
00 :3 K"'l.N
f(KI"" «nW/HNGllllll'AI1l<IIPINF(KI/PlfI.'GI"''''AAI
GIKI "" (ITINf(KI/TINGI>I<"'AI*IIPINfIKI/PINGI**AAI
CCflKI IPINflKI/PINGI"''''ll.-AAI

3 CONT INU E
C PRINT THE INPUT DATA

PRINT 300
300 fORMAT 1'5)(.'*INPlH DATA ••

PRINT 310~ N,M.STABf.OTAU,OPSI
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:no FO~I\i!AT 1I'95X,>1N'" *,15.""'", llildS.5X,*STABf'" *.Ell.5.SX.llilIHAU'" 'l\!l.Ell.
15.S)(.*OPSI'" *.El1.51

PRINT 320. PING ..UNG.Tk
320 fCR/#,AT U.'5X,,,pING" 'il.FS.'5.'5X,'I<TING'" *fS.2 • .,X.*T\;l", *.f8.2)

PRI~T 330. GAMI\i!A.KW.AlFAI.A
330 feRMAT (/.5X ••GAM~A'" *.F8.S.SX.*KW'" *~Elle5.5X~$AlFAr",*.Ell.5 w5X.

l!lilA'" *.1"8 .. 51
PRY ~T 340

340 fCPfI1AT 1/.5)h*OElTA CIJNIHTlON fOO TEMPERATIJIl:E*.lOX,*!4All CCNIHTHJN
1 feR T EI\IPERATU RE* J

OC5 K"'l.~

PRINT 350. GIKJ.FIKI
350 fORMAT 15Xd':11.5.34)(.I:11.51

5 CONTINuE
( SPECIFY INITIAl AND BOUNDARY CONtHTlCf\S

00130 J"'l.M
PHIINIJI '" VIJ.NPI

no ((NT I NJE
DC6 J"'I. II
PHIl J. 11 '" PH II N1 J I

ib CCNTINUE
DC, K"'2,1\
PH II h K» '" Fon

., ((I\T IIIJUE
LLN '" Z-IM-lM»+2
NN '" UN-2
DC'9 K"'2.f\"l.2
~"'i '" "I-I K121
008 J"'fllM.M
PHil J.IO '" GOO

S CCNTINUE
«;; CONT lNUE

Nf\1\ '" LLf\-1
0015 K"'3.NfIIN, 2
"4'" "" "'~( IK-l)/2»
0(114 J""Mi".M
PHIIJ,KI '" Gno

14 CCI\;TINUE
15 CONTINUE

OOZO K"'LlN.N
14M '" LM
0019 J"'MM.M
PHI( JdO '" 13110

ltJ CCNHNUE
20 CONTINUE

OC30 1<"'1, N
TEMPll.IO '" Tk

30 CONTINUE
C START CALCULATION

0050 K"'l.NNN
l '" I-U**IK+U
IF(l.EQ.l» GO TO 45
GO TO 46

4'5 "1M '" M~U(.l J! 2
46 DC4C1 J"'Z.IIM

PHI(J.<+lJ '" (1.-2@*STAeF~IPHI(J~K)$$A8»$PHIIJwK».(PHICJ.KI$$ABJ$

1 (PH II J+l. KI+PHI IJ-l. K» J$STABf
49 CON Tl III lJE
50 CONTINUE

ll.IMM '" ll'+-l
DOMI K:"'LlN.N
00 '59 J'" 2. MI4M



PHI I J. KH I '" U .-2 .>1l<ST ABF~« PHI IJ. K»**AlH »*1"1'11« J. i(, IH PHI( J.K i uAB »*
11 Ii' HII J + I • 10 HilrH «.r 1 ~ K! »II< STAB f

5'9 teNT! NU E
60 CCt,TI NUE

GAI"IM '" Oo~le IGAMMA
OC70 K"'2.1\
0065 J"'2.M
TEMPIJ. ! '" llNG"'I(PINf(U/PING)"'~IHH$(PHIIJ.U$$UAI

TEMP1J.KI '" TINGiI<IIPINFIKI/PINGI"''''GAMI*IPHIIJ.K!*$AAAi
6'3 CONTINUE

C CALCULATE HEAT FLUX AT THE WALL
HEIHFUIO '" Oe~Cm"!l<l$B*!PHII2.l<l~PHln.IO)lOPSI

HE'!! H 2! KI De-COt' I KI *8* l 4. >l<PIH (.2 .1(1 ~PHI (3 .KI ~3@ *PHI H. 10 112.1 [iPS 1
HEArD I 10 '" 0 .~co!' «1< I *B"'I.2 0 '"'PHI( 4.1'. l-'9 .*PH U 3. KI Ha. '" PHI U. Kl ~H. ~

IPHI 1 1.10 l/e./OPSl
C CALCULATE HEAT TRANSFER ICIEN1S

HI I!O '" i"lEAHUl< II n INfU<l~'lW J
H21Kl '" HEI'TFlUOn NfIlO~'Ttril

H30U HEAH3IKJ/«T ilO-TWI
C C.lIlCUlA'fE ~iEAT fUJ)( AT DEll A

IF lK.GT.NNNI GO 10 68
L g I~ll "'$K
IFH.EQ.U GC TC 67
GO TC 68

67 ~i'9 g ~~1<I2

68 HINFllKI '" O.·-COFIKI$B*IPHI!!'1M~I.K)-PtHI/'lM.KH/DPSI

tHNf 21 KI '" O.~COf 00 *11*! PtH I "'lM-l ~1<11i<4.~PHI I ~"hZ wK) ~3 @",PHI Uill'4& K» )f l
1 I DPS I

HI NF 31i0 '" D. ~CCF I 10 '" 8* 12 @>l<PHI HlM-3.1<)'"'9. "'PHil MI'!-l. KH l!l.*PH HMM- 1
1.K I~H.*PHI (MM~K J 1/6./OPSI
DEUI.t(j '" 00
DD69 1.W4
DElIJ ,,0 '" OEUJ.KH·I?HilJ~KhPIHIJH K )*tlPSII2.

6'9 CONTI NUf
OEL TAl Kl '" I 0'1 NFl 10 11'1 NGI",*GMMI.DH("'M~IO

7 0 CC NT I NU E '
r PRJ N1' THE RESULTS

0080 K'" hN
fiR I NT :~()O. K. T INF II{ 1t HEAT flll< I. HEATf II K h HEA Tf 31 10

360 fORMAT iI.5X.*TAU" '* 015 .1.5X .1$THJF'" >1<01"10",5.5)(. "'HEArn.'" >1<.1:1105.5)(
1. "-'HEATfl" \\jl.Ell.5.5X.'*lEATF3'" ~.E1105)

PRINT 31'0, HlIKhH2UO.1-13i10
37C fOPMAT 1/.5X.'*Hl" ~.Ell@5.5X.,",H2~ *.El105.5X.*H3''' *.1:11.51

PRINT 380. IHNfHKI.HINF2IKI.HINf3UO
JaC fDRM~T U.5X.*H!NFl'" *.Ell.'5.5lhtl<HINF2'" *. EU",5. 5X.*HINf3'" 1$.1:11.5

I.l
PI< I NT ::SliO

3~C FORMAT 1'.5X.*TEMPERATURE DISTRIBUTION IN THE GAS LAVERII<I
PRINT 400. (TEMPIJ.IO. J"'l.MI

400 fORMAT I!H5Xw HO@Sll
ae CONTINUE

PRINT 410
41C FORMAT 1/.5X ••1INf'*l

PRINT 420.«TlNFIfi(I.I\lf"I.NI
420 fOR~~T 1815X.FIOe51)

P"I NT 430
430 FCPMbT 1/.5X.*HEAT fLUX.FIRST CRDE~~i

PRINT 460. (HEArffUIO@K",I.NI
PRI \\1 440

440 feRMAT (/.5X.*HEAT fLUX .SEtONO ORDER~l

PRINT 41'>0. IHEATf2IK).K"1.NI
PRI NT 450
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450 fQ~MAT C/t5X i $HEAT flUXtTHI~D ORDER$)
PRINT 460t(HEATF3(KJtK=1~N.

46C feRMAT (SI5X~Ell.5iJ

PRINT 470
41'0 FCIlMAT (/,5)(,*GI\$ LAYER THICKNESS*J

PR INT 480. UIEl TAl KJ tK"'l ,Ni
480 fORMAT HH5X t EU.5H

STep
lEND



PRQGRA~ DElT (INPUT.OUTPUT)
OIMENSION PHII60.30).TEMP(60.30)~PINFI601.TINFI60).HFWI601

DIMENSION JElTAI601.FI6QI.GII6OI.tH601.fFI601.GGlbOI.HI1(601
DIMENSION SI601'rl601''i'1601.l1601
REAL KW
RE~D 100. N.PING.TING.1W.A.GAMMA.O.8

100 FORMAT IIS.6F10@5,E11@51
READ 110. M.STABF.KW.ALfAI

110 FeRMAT US.FlC.5,2Ell.51
READ 120. IPINFIKh K"I.NI

120 FeRMAT UOf8e51
READ 130. ITINFIKI. K=I.NI

13C' HIH'!.IIT nOf8.21
r TEMPERIITURES ARE IN KELVIN
( PRESSURES ARE IN ATMOSPHERES
( THERMAL CONDUCT II/ITV IS IN WAHS/M 01<
C III FA I IS IN M2/MICRCSH
(' SPACE IS IN "lETtERS
L TIME [S It.. MICRCSECONDS
(' A IS THE POWER FeR THERf"Al CCNlJUCHVlTV
( B IS THE INITIAL VALUE OF THE lONE nm:KNESS

GA~ ~ A~11.-GAMMAI/GA~MA

eel" '" '.IITW/TINGI •• AI/KW/TING
GA"'M '" I .~GAM
REAO 140. IHFWIKI. K"'l~NI

140 FORMAT 18EI0.41
AI>. .. I./A
DO ZOO K"'l.fIi
F IK 1 I (TWIT INCI."'A I.IIP IN flK J If> INCI**GAM 1
G110 = lin NF «10 IT I NG ••• AI.II PIN!" IK II PINGI**GAMI
HIKI '" HFWIKI*CC'f.llflING/PINFIKII**GJll"'l"'1
SUO'" (;«IO-FIKI

ZOO C(NT! NUE
DEL TAl 11 - B

C S1 ART CALeu un ION
NN = N-l
00 300 K= I.NN
TOO ,,2@>!«)ELTAlKI*SIKIHIIIO*UDElTAIKlUU21
'l'IKI = 16.*SIKI-6.*DElTAIKI*HIKIIIHI0
HII\I'" IFlI<.+l)-F(KII/D
GCIK) = (GIKH»-GIKIJ/O
HH( I( I - Oil 1\+ 11-111 Kll 10
1lKI '" (4.~IOElTAIKI*$21~FFIKI+2 •• IDEL lAIK»*$ZI.GGIKI~«DEl1AIKI$*3

1»*HHIKIIIZ./HKI
DELTAI(+ll '" DELTAII(J+D$ALFAI$YIKI~O*l«l(>

300 COil' I E
C CALC THE TEMPERATURE DISTRIBUTIC~

OI'SI" SQRTlAlfAI*O/STABFI
00 400 K-l ~ ~~

DC' :3 '5 0 J'" 1 • M
OOPS I '" IJ- U",OPS I
PHI (J. Kl "' F 110 Hil I( 1*DDPS h« S 11"/ 1DEL'f,lHI( l**:n- HI K »/DEl TAl K11*1«

1ODI'51*"'2»»
TEMPIJ.I< 1 '" (PHIl J. K1$111 PPH'IK I !PING )>l1>:!<GAMI >:!<*AA 1>*11 NG

35C CCt>TlNUE
40C CCN'HNUE

f PI<. Ifill 1 HE ill. ESUlTS
DC 600 1<=1.N
PRINT 5H), K..nNFlKI.DElTAIKI

510 FORMAT 1I.5X.*TAU'" *.15~!.5X.*TINF'" *.FIO.5.5X,*OElTA", liI.Ell.51
PRJ NT 520
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520 fORMAl (/~5Xt.rEMPERATURE DISTRIBUrIC~ I~ THe GAS lAYER*J
PRINT 530, nEMp(J,I<J. J"'l.IlH

5:10 fORMAT «!!« 5X~fl0,,5»»

bOO CaNT ItIIl! E
1'1',11\;1 610

610 FCR~AT (/,5X.*GA5 LAYER THICKNESS-.
PRINT 620, H~fU'AUO. K:l."U

620 F CR MA T HI I, sr.. 11 ~u .5» »
STOP
END
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