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ABSTRALCT

For internal combustion enginé55 a knowledge of the heat
transfer to the walls is important for determining the quenching of
wall r@acti@né leading to high carbon emissions, the durability of
engine components and the loss of energy from the gases in the com-
bustion chambereb This work is concerned with the determination of
the heat transfer during combustion.

A number of experiments weve performed in a shock tube to
determine the heat flux at the wall. A combustible mixture,

ZHZ + OZ + 27 Ar, was used as the test gas. The gas was ignited by

a reflected shock wave. A detonation wave was formed which moved
away from the wall while the combustion zone diffused slowly toward
the wall. The wall heat flux was determined by utilizing the mea-
surement of the wall temperature variation with respect to time using
a thin film platinum resistance thermometer. In addition a determina-
tion of the heat flux was also made by solving the conservation

equations in the gas boundary layer near the wall.
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The results Vi&ldg@ values for the location of the combus-
tion zone as a function of time. The combustion zone diffused
slowly toward the end wall and then remained at a constant distance
away from the wall, This distance can be considered as a quenching
distance for the combustion zone.

A set of experiments was also performed in a constant
volune vessel. The wall heat flux was calculated in the presence
of a flame propagating towards the wall. A methane-air mixture at
an equivalence ratio of 1 was used. The gas was ignited by a

spark plug mounted on the wall.
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NOMENCLATURE

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 teﬁperature
non-dimensional thermal conductivity
similarity variable

power in thermal conductivity relation
constant

dimensionless difference between qwg and Uy
heat transfer coefficient based on Uys

heat transfer coefficient based on qwg
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Symbols (aontinued}

U
At

Ay

i

non dimensional temperature for pre-ignition

time increment

space increment

stability factor

enthalpy

mass fraction

diffusion velocity

diffusion coefficient

enthalpy of formation

gas boundary layer thickness

pressure

ratio of the specific heats

non dimensional temperature for the combustion period
transformed time variable

initial temperature distribution for the combustion period
gas boundary layer thickness in the transformed coordinates
transformed time increment

coefficient in the evaluation of the Duhamel integral
coefficient in the evaluation of the Duhamel integral
temperature at point P

speed of sound in the test section

speed of the incident shock wave

Mach number of the incident shock wave

ideal gas constant



Symbols (continued)

Cv_ - specific heat at constant volume

MV - molecular weight

F - initial non dimensional temperature

¢ - non dimensional temperature

A{t), B(t), C(t) =~ coefficients in the temperature distributions
A(t), B(t), C(r) -~ coefficients in the temperature distributions
(1), glv) - mnon dimensional temperature |
h(t)- derivative of the transformed temperature

wp - value of by at ignition

C;ﬁ - average specific heat

Le - Lewis number
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Subscripts

w - at the wall

i - initial

s = solid

g - in the gas

o - infinity

j - space indice

k - time indice

i - species indice

I - at ignition

§ - at the edge of the gas boundary layer

m - last space indice

n - last time indice

1 - conditions in the test sections

2 - conditions behind the incident shock wave
5 - conditions behind the reflected shock wave

0 - initial






I. INTRODUCTION

For internal combustion engines, a knowledge of the heat
transfer to the walls is important for determining the quenching of
wall reactions leading to high hydrocarbon emissions, the durability
of engine components and the loss of energy from the gases in the
combustion Chambér which plays é dominant role in decreasing the
efficiency. Most previous study in the presencé of combustion have
considered only space and time averaged heat fluxes and heat transfer
coefficients. The present work provides results for the time vari-
ation of these quantities.

In this study a ﬁumber of experiments were performed in a -
shock tube to determine the heat flux at the wall. Argon and also
a combustible mixture, ZHZ + OZ + 27 Ar, were used as the test gases.
The gas in the end wall region undergoes a rapid increase in temper-
ature due to shock wave heating from both the incident and %éflected
shock waves. After the reflection of the shock wave off the end wall,
the temperature is large enough to self ignite the ﬁixtureg The
ignition starts in a region -close to the 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 heat flux, a thin film resistance ther-
mometer was used at the end wall which provided the variation of the

temperature with respect to time. Then, from this measurement, the



heat flux was obtained using a conduction analysis in the thermally
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 temperature 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 wés ignited at the wall by a spark

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



using a thin film resistance thermometer. The variation of pressure
with respect to time was also recorded. The heat flux at the wall

was then calculated from the temperature measurements.



II. EXPERIMENTAL APPARATUS AND MEASUREMENTS IN THE SHOCK TUBE

Experiments were performed in 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
boundary layers were calculated based on the measuvred values of the

speed of the incident shock wave.

2.1, Shock Tube

The experiments were performed in an aluminum shock tube of
rectangular cross-section, 1-1/2 in. (3.84 cm) by 1-3/4 in. (4.48 cm).
The tube has two optical windows on each side that are 18.00 in. (46.08
cm) long and 1-1/2 in. (3.84 cm) thick. For the runs with combustion a
mixture of 27 Ar + ZHZ + O2 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.heliumq

Two Kistler pressure transducers (S/N 52036) were moumted on the
top of the test section. They were used to detect the arrival of the
shock wave at their respective locations. Figure 2.1 shows the calibra-
tion curve for the pressure transducer. The same curve was obtained for
both transducers. The result 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 cm)
apart. The resulting signals were recorded on a Textronix dual beam

oscilloscope GWodelgssi)g The travel time of the incident shock wave



between the pressure transducers was measured by a Hewlett-Packard elec-
tronic digital counter which has an accuracy of the order of 0.1 usec.
An additional pressure transducer was also mounted on top of the expan-
sion section of the shock tube at a location in front of the other two

transducers. It was used to trigger the electronic equipment.

2.2. Heat Transfer Gauge

To measure the wall temperature, a thin film platinum gauge,
Fig. 2.2, was designed. It was fitted in a head, Fig. 2.3, and mounted
at the end wall of the shock tube. These gauges are placed flush to
the surface so that they do not disturb the flow. Macor, a ceramic
material manufactured by Corning Glass Works, was used for the base of
the gauge. Macor has glass-like properties and is machinable with con-
ventional metal-working tools and eguipment. It does not have to be
heat treated or fired after machining.

The gauge is made by painting a thin film of liquid platinum on
the surface of the Macor. The gauge is then placed in an oven to cure.
This painting and heating is repeated until the electric resistance of
the film reaches approximately 110 ohms. These thin film platinum
gauges have a time response of the order of a microsecond.

The thickness of the platinum film is much less than the thermal
diffusion depth so that the temperature gradient in the film can be
neglected. Under this condition the platinum film senses the instan-
taneous surface temperature of the substrate. A response lag exists
relative to a hypothetical film of zero thickness because of the small,

but finite, heat capacity of the film. For a finite gauge thickness,
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the substrate surface temperature attains 94% of the ideal temperature

change in a time T = 100 T, where [1]:

N 2 .2, 2
o= (g €y £/ (o Cpy k)

pg : density of platinum
U density of substrate
Cpg ¢ specific heat of platinum
pr : specific heat of ceramic
kw thermal conductivity of ceramic
tg film thickness

A representative value of T, is 7.1 x 10611

sec [ 3 ], while
typical values of the dimensions of the platinum,fiim are: 5.5 x 1077
microns x 1.8 cm x 0.3 cm.

The connection through the gauge is made with platinum wire
0.020 inch (0.051 cm) in diameter. Two copper-constantan thermocouples
are also attached to the gauge surface for the calibration 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 O-ring is also used to maintain the vacuum in the test

section.,



The gauge is a part of a Wheatstone bridge. The increase in
temperature changes the resistance of the platinum film which causes
an wunbalance in the bridge. A proportional voltage difference, then
can be obtained at the ends of the bridge which is then amplified and
recorded on a storage Textronix 549 oscilloscope. Figure 2.4 shows
this circuit in detail.

For calibration purposes, the gauge is placed in an enclosure
that is thermally controlled. Gradual changes in the temperature are
measured by the thermocouples on the surface of 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 initial temperature
of the test gas mixture is measured by using one of the thermocouples
on the surface of the gauge.

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

Figure 2.6.

2.3, Measurements in the Shock Tube

Measurements were made in a shock-tube to determine the speed
of the incident shock wave which enable the temperature and the pressure
in the gas behind the reflected shock wave to be calculated.

The passage of the shock wave is determined from the two pressure
transducers placed on the top of the shock tube. The resulting two
signals are recorded as the shock wave passes infront of the 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 temperéture and the pressure permit the cal-
culation of the temperature and pressure behind the incident and the
reflected shock waves [3]. These values correspond to the temperature
and pressure of the gas in front of the end wall at the beginning of
the pre-ignition period.

In the remaining part of this chapter two runs with combustion
are considered. These are designated 214 and 219. The first set of
numbers will correspond to the values for run 214 and the second for
run 219.

The high pressure side of the diaphragm is filled with helium
to 53 psia (274 cm Hg) for run 214 and 54 psia (279.2 cm Hg) for run
219. The low pressure side is first evacuated by a vacuum pump and then
filled with the mixture (27 Ar + ZHZ + OZ) to 1.84 psia (95.2 mm Hg)
and 1.845 psia (95.4 nm Hg). The pressure was measured by a U-tube
manometer. The diaphragm is burst by a hydraulic plunger instantaneously
using the electronic control 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 recorded times were 132 usec and 130 usec. The initial tem-
perature in the gas wés 534,5°R (296.9°K) and 535.1°R (297.3°K). This

gives incident Mach numbers of 2.35 and 2.39 respectively. The incident



shock wave reflects @ff the end wall and the gas temperature behind the
reflected shock wave is calculated to be 2407.23°R (1337.35°K). A sample
calculation is given in Appendix B. The incident shock wave produced
a strong ignition assuring a one-dimensicnal flow structure in the blast
wave, generated by the exothermic reactions [4]. The resulting pressure
signals are presented in Figures 2.7 and Z.8 where each increment on
the h@rizonfal time scale is 10 psec. The vertical scale corresponds
to.the pressure and each increment is 0.2 volts. This is 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 end
wall heat transfer as presented in Chapter IV. We first present the
end wall heat transfer results based only on the conduction analysis

in the thin film gauge.
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Figure 2.7. Pressure measurement, run 214,

Time scale: 10 usec/cm, Pressure scale: 0.2 v/cm.
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Figure 2.8. Pressure measurement, Run 219.

Time scale: 10 psec, pressure scale: 0.2 v/cm.
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MENTS AND HEAT TRANSFER IN THE SOLID

Experiments were performed in a shock tube to permit the deter-
mination of the heat flux at the end wall. This was accomplished by
two procedures. The present chapter considers the method which was
based on the gondugtionranalysis 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, T,
was recorded on an oscilloscopéa The signallon 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 rum 219.
’The signal remained constant at the new value for about 20 usec. Then
ignition occurred and the signal increasadbagains

The wall temperature signals for the two rums are shéwn in
Figures 3.1 and 3.2. The horizontal time scale is 4 usec 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.

3325 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 characteristic dimensions of the gauge. The ceramic
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is initially at the room temperature, Tise After the reflection of the
shock wave of the end wall, the wall temperature increases to a higher
value (Figures 3.1 and 3.2). The one-dimensional conduction equation

for a solid is given by:

ol *T
Wgt o § EEE (3: Z s 1)
where o is the thermal diffusivity of the solid.
AL = ﬁiim (3.2.2)

i G

The initial and boundary conditions are:

7(x,0) = Tx (3.2.1.2)
77’@‘,%} = T (3.2.1.b)
77/@90%) == ?g (3.2.1.¢c)

For the pre-ignition case both Tis and Tw are constant. The solution

is given by [5]:

T=tw 5 x

and the heat flux at the end wall by:

(3.2.3)
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(3.2.4)

r=p

or

To—Tis (3.2.5)

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

tinually with time so that:
T(D,t) — Ly (i} (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:

+
dT o (3.2.7)
E%( 1@{_ >g’§ ok

Tlxt) =T = (T -T)() - er: g

The heat flux at the wall is then given by:

(3.2.8)

or
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The second form (3.2.9) is more convenient to use in numerical calcula-
tions since it does not require the calculation of the time derivative
of the temperature. Equations (3.2.5) and (3.2.9) yield the results
for the wall heat flux that are independent of any assumptions related
to the gas. The results depend merely on Tw(tjg the wall temperature

‘variation, and the properties of Macor, ksg Pgs Cge These values are
[6]:

0.968 Btu/hr £t °R (1.675 W/m °K)

k =

S

o, = 146.85 1b /ft” (2352.25 ke/m")
c, = 0.11 Btu/lb °R (0.46 KJ/kg °K)

The numerical method used to evaluate the integral in Equation
(3.2.9) is presented in detail in Appendix A. A sample calculation is
given in Appendix B for inert gas runs where the wall temperature is a
constant., Note that this is also applicable to the pre-ignition period
where the wall temperature is also a constant. The heat fluxes at the
end wall calculated from the solid for runs 214 and 219 for the entive
time of the experiments are presented in Figures 3.3 and 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. HEAT TRANSFER IN AN INERT GAS

Experiments were performed using an inert gas to provide a
simple basis for assessing the accuracy of the experiments and the pro-
cedure. For this purpose argon was used as the test gas. Experiments
made previously [7] were repeated. The @ﬁd wall heat transfer was cal-
culated based on the analysis discussed in Chapter IIL. In addition
the end wall heat traﬂﬁfer was calculated from a solution of the con-

servation equations in the gas.

4.1, Analysis

The gas in the end wall region undergoes a rapid increase in
temperature due to shock wave heating from both the incident and re-
flected shock waves. A thermal boundary layer is formed at the end
wall which propagates into the gas. The gas‘temperature outside the
boundary layer remains constant. An analysis based on one-dimensional
transport normal to the end wall is therefore appropriate. The unsteady
one-dimensional eguations of continuity and energy applied to the end

wall region are:

(4.1.1)

(4.1.2)
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The initial and boundary conditions are:

T(x, o) = Tig (4.1.2.8)
TO, t) = Tw (4.1.2.0)
Tleo, t) = Tig (4.1.2.¢c)

The momentum equation yields that the pressure can be taken to be con-

stant normal to the end wall. A stream function ¢ is defined according

to:
ov - L (4.1.3)
oX R
oy _ _ fu - (4.1.4)
ot £ |

where Pu is the constant gas density at the wall. The wall temperature
remains constant after the shock wave reflects. Making a transformation

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

B — i é‘”? (4.1.5)
ax + @f; £9¥” t

9 | = _fu 9 9

ST |,= " F o + Ew (4.1.6)

t
The stream function satisfies the continuity equation. The energy
equation in the new coordinates becomes:

oT _ 1 & f o7
s ﬁ/% 5 Ek T, g (4.1.7)

Defining a non-dimensional temperature 6, non-dimensional thermal con-

ductivity A and a thermal diffusivity o according to:



G = (4.1.8)

_ Kk (4.1.9)

o = K (4.1.10)

vields

o6 _ F 36 1.1
Eﬁ? %,@@ {}é% §w? (4.1.11)

For argon the specific heat is constant. The pressure remains
constant after the reflection of the shock wave off the end wall. In

this case for an ideal gas,

:§:~ = mzié; = A (4.1.12)
S A ©
Thus the energy equation becomes:

96 o 2 [ 28]
oF T W gy q & 3V |

Since there are no time and length scales in the problem, a

(4.1.1%)

similarity solution is sought. A similarity variable n can be defined

according to:

(4.1.14)

(4.1.15)

(4.1.16)




Sﬁbstituting into the energy equation yields:

d_ (ﬁ, ﬁi@] + a6 _ 0 (4.1.17)

Jd7 | B I J7
The boundary conditions are:
G(0) == | (4.1.17.a)
o(o0) — o (4.1.17.b)
Tw

A power law variation is used for the dependence of the thermal

conductivity on the temperature.

—Aa=[L]" |
= | = (4.1.18)
K*’ [ 7;/] |
For the special case of a = 1.0, the energy equation reduces to:
+ = (4.1.19)
C;w?z, ??
6(0) = f  (4.1.19.2)
Oloo) — to _ . (4.1.19.b)
Jw ,

The solution of this ordinary differential equation is:

(M) = (60— | >er:£ 7/F>%~ (4.1.20)

The heat flux at the wall is given by:

: L 9Tl JI 28 T &
=k - B F ¥
— A% (4.1.21)




For the special case of a = 1.0 the heat flux simplifies to:

9, = %?%fw%n (1 - i@} (4.1.22)

For gases where a is not unity the energy equation can be solved numer-
ically [ 7 ]. A sample calculation is presented in Appendix B.

4.2. Results and Discussion:

On the basis of the preceding work, two results are obtained
for the end wall heat £iux& Qs based on the solid analysis (Chapter
3) and‘qwgg based on the gas analysis (Chapter 4). The wall temperature
variations for an inert gas, argon, are shown in Figure 4.1 and plotted
in Figures 4.2 and 4.3 for runs 104 and 108. The temperature at the
end wall increases rapidly to a higher value when the shock wave reflects
off the wall and stays constant at this value. From this information
the heat flux at the wall can be calculated as described in Chapter 3

aﬁd.qhgg for a step change in the surface temperature is given by:

T — 7
?ws == 5%5 @
ex:

The heat flux can also be calculated from the solution of the

(4.2.1)

conservation equations in the gas, q__, as described in this chapter

Wg

and is given by:

g =
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The derivative at n = 0 is obtained from a nunerical 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.

q, (w/m2> _ (4.2.%)

% (se¢)

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 qwg and 29.8 in Qs * ST units are used such that
if the time is substituted in seconds, the heat flux will be W/mze For
run 108 the constant was calculated as 29.4 in g

Wg
These results are presented in Figures 4.4 and 4.5.

and 28.8 in Uys®
The dimensionless difference between qwg and Uy is given by:

£ = ?’WQ“& P (4.2.4)
Dus

£ =/ — 77 kv S Cp 35 Ty (4.2.5)
o 2 ks 5 Cs 59?? .?“gﬁkraﬂiﬁé

This difference is independent of time and depends only on the property
values and the wall temperature. The difference was 8.2% 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.



- Bl

A heat transfer coefficient can also be defined based on the
heat flux at the wall in the solid, th and in the gas, hge They are
given by:

%ﬁ}; (4.2.6)

I
’%m?;?f’

such that

kBCs ' -
77t A
k. mj kw iy Cp I Jé | (4.2.8)

T, is the free stream temperature of the gas which is the temperature

s (4.2.7)
I

behind the reflected shock wave. The two heat transfer coefficients
arekshcwn in Figures 4.6 and 4.7.

In the next chapter (Chapter 5) the analysis is extended to gas
mixtures and in Chapter 6 to veacting gases. For a gas mixture the
same analysis can be applied but the appropriate property values should

be used.
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Figure 4.1. Surface temperature measurement, inert gas, argon.
Run 104 and Run 108
Time scale: 20 usec/cm.
Temperature scale: C.1 v/cm (104)
0.05 v/cm (108)
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Figure 4.4, Heat flux variation.
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V. HEAT TRANSFER IN THE GAS: PRE-IGNITION PERIOD

A mixture composed of hydrogen and oxygen diluted in argon
(2 HZ + QZ + 27 Ar) is considered. During the prgwignition period the
mixture is a non-reacting gas and since the species present are uni-
formly distributed there are no diffusion effects. The gas in the
end wall region undergoes a rapid increase in temperature due to shock
wave heating from both the incident and the reflected shock waves. An

analysis is made based on one-dimensional transport normal to the end

wall. The results are compared in terms of the heat flux.

5.1. Analysis
The unsteady one-dimensional equations of continuity and energy

as applied to the end wall region are:

9L 4 2 (pu) = 0 (5.1.1)

d
f % g gg gx{k é}?} (5.1.2)

The initial and boundary conditions are:

T(x,0) = Tig {(5.1.2.a)
T{o,t) = Tw (5.1.2.b)
T{o,t) = T, {5.1.2.¢)

g



The momentum equation yields that the pressure may be taken to be con-

stant. A stream function ¢ is

¥
oX

a¥
ot

where pig is the initial constant

defined according to:

f

S

£
I fu
Sy

density of the gas, Py - Making a

(5.1.3)

(5.1.4)

transformation from x, t to Y, t coordinates the partial derivatives

can be expressed as:

o] - £ ig (5.1.5)
Ix + .52 el d t g

Q| - _ fuo |, 9 .
SE|,= R, aw%j‘” 3ty 510

The stream function satisfies the continuity equation and the energy

equation is then given by:

3T _ I
9t GJ

A mumber of assumptions have been made to solve BEguation (5.1.2).

3 [k £ ar] N
3% @i% o

The

specific heat of the gas is taken to be constant equal to the mass

averaged value for the mixture.

The gas is treated ideal.

The thermal

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

temperature according to:

(5.1.8)



For an ideal gas, at constant pressure we have

Ll

J T

Using Bquations (5.1.8) and (5.1.9) the energy equation becomes

(5.1.9)

AT _ . 799 { e 9T] 10
(§f§ . C<ag vﬁg é§§? | 7M é%%y
where,
@4;;5 e @éﬁzgﬁw (5.1.11)
Jg G

Defining a new non-dimensional temperature U, according to:
T 1 €L
UJ mfwf j (5.1.12)
L g

yields
g%%iﬁ é?zif
olU . (. gt
ot T %'?‘Elj EVES (5.1.13)

The boundary and initial conditions are given by:

, T @
éi(f@t) = | -t (5.1.13.2)
LT
(e, t) = | (5.1.13.b)
Uy 0) = I (5.1.13.¢)
Since the change in the wall temperature is small, U{o, t) is taken to
be constant to simplify the calculations. The heat flux at the wall

is given by:



-5

g wmé%‘?‘gw ¢ T él]a?ﬁf;
W

Twi . WOU ov ax
{a+1)
. ke Ty QU
a  TE oY Yoo (5.1.14)

A penetration depth can also be evaluated using Bquation (5.1.4) as

explained in Appendix H.

5.2. Numerical Method

An explicit finite difference method has been used to solve
Bquation (5.1.13). The difference equation 1is given by:
? Y @ 5
EZIE k) Z%séf - %[Z]ﬂ‘ !{ J@ +

AL iy Ui

(5.2.1)

&“m«wmd

(Av)

which can be rearranged as follows:

a-|

@4§ &t ; e& » ‘
= awr Uik é%ﬁ%k * Ui}@g

E%}!(%é

Defining the stability factor M as

M = olig At (5.2.3)
o (av)"
yields
a-) a-|



subject to the following initial and boundary conditions:

7 a ¢ y & - A

éf{fﬁgggisg; é>ﬁ> 422§~2ém (5.2.4.a)
L 79

U{J:fﬁ)k: 3),,,‘.J;"’;i) — § (5.2.4.b)

Zlf (jif?;w;m} k::ﬁ ::::é (5.2.4.c)

The location j = m is taken as the point at which the temperature has

the vajue .99 Tj .

g
The stability criteria for Equation (5.24) is
a-f

/| —2M Z{?;s > 0 (5.2.5)

or

2 (5.2.6)

Uj i dssumes its smallest value at the wall, which is:

f T o
( Z’EI:’* k >m?n = [% (5.2.7)
LY

Therefore the stability condition is

L (1-a)
Iﬁ] (5.2.8)

o

M< g |

E

The heat flux at the wall requires the derivative to be evaluated at
Y = 0. The different expressions have been used for the evaluation

of this derivative [8].
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WQEB’ . Ui;kw m)}ﬁi m
JY Yoo AW (5.2.9)
oU g _ Us 4 Uy y=3U (5.2.10)
{‘}U . 4.2(“[@» K’“‘”?Ug}g “}”jgijizgw;iéfhé& e a4
ET g == 4 A (5.2.11)

This formulation bas been used until ignition takes place. When igni-
tion begins the combustion period analysis, presented in the next
chapter, is used. For the special case of a = 1, the transformed energy
Equation (5.1.13) becomes the diffusion equation and has the well known

error function solution [57]. This case is presented in Appendix E.

5.3. Results and Discussion

In this chapter we are only considering the pre-ignition period
which corresponds to the first 20 usec after the shock wave has reflected
off the end wall. During this time ignition has not yet occurred and
there is no reaction. The work presented in Chapter 4 is applicable
to this time period with the property values for the mixture being used.
The evaluation of these values are presented in Appendix C.

The complete temporal variations of the temperature of the end
“wall for runs 214 and 219 were shown in Figure 3.1 and were plotted in

Figures 3.Za and 3.Zb. The heat flux from the solid analysis, q

ws? V45

also presented in Chapter 3. Now we can compare this result with the
heat flux, qwg
gas. Equation (5.1.14) gives this heat flux, q . The two heat fluxes

, obtained from solving the conservation equations in the

Wg
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are compared in Figure 5.1 for run 214 and in Figure 5.2 for rum 219.
The results are in good agreement with errors of 4% and 6% at ¢ = 20
usec. Also shown on these figures are the heat fluxes obtained with
the approximation a = 1.0 which permits an exact solution as presented
in Appendix E. The mixture contains 90% Ar by volume and the thermal
conductivity dependence on temperature for argon is to the 0.7 power
{10, 11]. Hence the heat flux curve corresponding to a = 0.7 should
be closer to the experimental heat flux curve, Qs *
A heat transfer coefficient, h, can be defined similar to Chap-
ter 4 based on the heat flux, 9,
% — @”%W? e A
P “giii:*?z:” (5.4.1)
These results are presented in Figure 5.3 for run 214 and in Figure 5.4
for run 219. The free stream gas temperature, T , and the wall temper-
ature, T_ws do not depend on time for this period. Therefore the vari-
ation of the heat transfer coefficient curves and the heat flux curves
are similar.
The importance of the work presented in this chapter is that
it yields the temperature distribution in the gas boundary layer next
to the end wall and a "penetration depth” at the time of ignition
(t = 20 pusec). This information is essential for the analysis of the
combustion period, At 20 usec this is the initial temperature distribu-
tion for the combustion period. Also the penetration depth at 20 usec
is used as the initial location of the combustion zone. This will be

discussed in the next chapter.
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In Figures 5.5 and 5.6 three temperature profiles are given
for t = 5 usec, 10 usec, and 20 usec. As noted sbove the last one is
the initial temperature distribution for the combustion period. The
temperatures are obtained from the numerical solution of Equation
(5.1.13).

The penetration depth is defined as the distance from the end
wall where the temperature of the gas reaches 0.99 T . The variation
of the untransformed penetration depth, 839 with time is shown in
Figure 5.7 for run 214 and in Figure 5.8 for run 219. In order to
obtain this penetration depth a transformation back from the ¢ coordi-
nate is necessary. This transformation is presented in detail in
Appendix H. Since the pressure in the gas is constant for this period
the transformation can be ekpfessed in terms of the temperature only.

In the next chapter the temperatuure distribution and the

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

in the gas during the combustion period.
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VI. HEAT TRANSFER IN THE GAS: COMBUSTION PERIOD

The gas mixture in the end wall region undergoes a rapid
increase in temperature due to shock wave heating from both the inci-
dent and the reflected shock waves. In Chapter V we restricted our
considerations to the pre-ignition, non-reacting interval correspond-
ing to the first 20 microseconds after the shock wave reflection. The
present chapter considers the combustion interval.

The ignition starts in a plane close to the end wall. The
burned gases from the initial deflagration have a specific volume that
is of the order of 5 to 15 times the values of the unburned gases.
Since one end of the tube is closed there is an increasing pressure
which acts like a gas piston generating compression waves away from the
end wall. Thus 2 wave moves down the tube through the unburned gases
ahead of the flame. The succeeding waves travel at higher speeds due
to preheating by the previous waves and catch up with the initial one.
Thus a shock front called a detonation wave is formed which continues
to ignite the gas mixture and sustain itself [9]. This detonation wave
~moves away from the wall while the combustion zone penetrates slowly
primarily by diffusion towards the end wall. The region betweén the
end wall and the Qcmbustion‘zane does not have heat generation in it.
An analysis in this region is made based on one-dimensional transport

normal to the end wall.



6.1. Analysis
The unsteady, one-dimensional equations of continuity, energy
and mass diffusion with no heat or species generation as applied to

the end wall region are:

(6.1.3)

t dXx
where Y% is the mass fraction and hi is the enthalpy of species i,

= [ dT +h; (6.1.4)

hg being the enthalpy of formation. The diffusion in the end wall
region arises from the combustion products which diffuse to the end
wall., This effect will be discussed in Appendix G. In this section
the analysis will be carried ocut omitting the last term in the energy

equation. The initial and boundary conditions for the energy equation

are:
T(x, 0) = Tgﬂx) (6.1.2.8)
Tlo, t) = T, (6.1.2.b)
T(6, t) = TS(t) (6.1.2.¢)

The momentum equation yields that the pressure may be taken to be

constant in space. Thus the pressure will only be a function of time.
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A stream fimction ¢ is defined according to:

v L

5% == ggz (6.1.5)

Qv . fu -

é§ﬁ jig 1.6}
where pig is the initial constant density of the gas, Pge Making 3

transformation from x, t coordinates to ¥, t coordinates the partial

derivatives can be expressed as:

o . F 3 o
-—~«§ ff C%/? | (6.1.7)
@mgm P

ot

=B, e
x ﬁ@ (6.1.8)

The stream functicon satisfies the continuity equation and the energy

equation is given in texrms of temperature by:

P 9 f T
sl =&+ 5[5 5]

A number of assumptions have been made in solving the equations. The

(6.1.9)

specific heat of the gas is taken constant equal to the mass averaged
value for the mixture. Radiation effects are neglected. The change
of the wall temperature is small compared to the change of the temper-
ature at the combustion zone and is assumed to be constant. The gas

is assumed to have a power law dependence on temperature.

. - 6.1.10
Kig Ty ( )
For an ideal gas we have ’
T
Soolhp (6.1.11)

B T B
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Then using Equations (6.1.10) and (6.1.11} the energy equation becomes

] é@ ‘
o _ 1 dp Krg %?? n
&é ECP ﬁi (%W j} {a }& i g %E (6 @ 1 ° }VZ}

From the ideal gas law and the definition of the specific heat we have:

& P
pCp = T F (6.1.13)
ol @f? ) (6.1.14)
350G

The pressure is only a function of time, so that
px, t} =p(t) (6.1.15)

The following form of the energy equation is obtained:

aor 5;95 T J P (= Q?é} (@a:§§y§t
A ?gf%@{ ?; 57& (6.1.16)

It is convenient to introduce the following non-dimensional variable.

%j mg;g J E @3 M (6.1.17)

The partial derivatives in temms of the new variable are given by:

(1-0)
T _ Th g T
ot a 7;*1? )
oT _ T [T e
v =% |7 |7

The energy equation can then be written as:
ad—-a+|

é%@w 2
N __ o ? 1Y T 2V
gt — YR | Sy (6.1.20)
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Defining a new time variable

af-oa+l
p it
d6 = E?SWE dt (6.1.21)
9

yields,

a=-1 _.
AV LY,
= = @% LV f%gz (6.1.22)

The initial and boundary conditions are:

vIiv,e,) = FIW) (6.1.22.a)
all-¥)
. a0 ¥
V(0,8) = E;WE g’@ E (6.1.22.5)
| ;?i,,& ‘%j all=¥)
, X
V(§,5) == l gj Eﬁw (6.1.22.¢)
Tl Ll |
. where § is a specified function of time.
The heat flux at the wall can be evaluated from:
— i; o/ oV ég
Q= —K - kSr Sy 5
v W W
(a+1) a(¥-}
ke (T) Fﬁ ot oy
a 7w % § (@ 1.2%)

In the same way the heat flux at the combustion zone can be found as:

(o.+1) alg-=1) |

9 = % I l%“f ’ 4@;‘{’95 (6.1.24)
§ i LA ¥ ly_s
Using Equation (6.1.10) this becomes: ‘
al¥=1)

. . Qv
%= E‘gs%[%j EY2 Ve Vo (6.1.25)
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Values for p(t) and Té(t} are calculated based on the work of Cohen
[12], (See Appendix D). The initial temperature distribution ?EZ for

the combustion period is equal to the calculated temperature distribu-
tion at the end of the pre-ignition period. A penetration depth similar

to the pre-ignition period can also be evaluated for this period using

HEguation (6.1.5) as explained in Appendix H.

6.2. Numerical Method

An explicit forward finite difference scheme has been used.

Equation (6.1.22) can be written in finite difference form as:
a-| a-1

S v a
Vikn = MVl (Vb Vid +# (-2MVie I Vik 621

where
M = Ly L6 (6.2.2)
2.
(AW)
The initial and boundary conditions are:
V(Jz%p”)m J km g) == Flgy) (6e2929a)
i o ;wyng;ﬁ
ijzﬁgkzé,m,ﬁ — | F&] (6.2.2.5)
7o) Ify
o all~X)
: { d (6.2.2.
V(‘J:m)kzﬁj,‘,,}n) — %% F‘i (6.2.2.¢)
| ] [
For stability the following condition should be satisfied:
o

[-NS. W

a,
[=2MV;, >0 (6.2.3)



or
i—a

Ve,
M < W%Zg ~ (6.2.4)

V. X takes the minimum value at the wall, therefore the stability

(i-o)(1-%)
RS

condition is:

] 721? P .
M < [“%;J E‘E‘”E (6.2.5)

The heat flux at the end wall can be evaluated from Equation (6.1.23),
and at infinity from Bquation (6.1.24). This requires the evaluation
of the derivative of V with respect to ¢ at ¥ = 0 and ¢ = 6., Three

different relations have been used to obtain these derivatives [8],

o %%/g — \/!Z;ia' W\V/bk

;@ig = Ve 4 Vo1 =3 Vi 6.2.7)
oY lye 25V

§iﬁé g e ZV4,kW§V\g,&d§ﬂj§ Vl;k - jj v},é{ (69298)
O lywo 6AV

@g — %ﬂ“%k w\vyi’ﬂ;ki _ .
Wy AV | (6.2.9)
V] “Vmepiie ¥4 Vot i =3 Vin k

¥ s 2AY |
| 2Vi3k =IVorzk 18 Vo = M Ve (0210
O¥|y.g 6HLY

When solving Equation (6.2.1), the initial temperature distribution at
the time of ignition and the combustion zone location are required.

The temperature distribution as discussed in Chapter 5 is obtained from



the results at the end of the pre-ignition period. The location of
the combustion zone is assumed to be at the penetration depth at 20
usec, the end of the pre-ignition period. The combustion zone then
diffuses toward the end wall. The trajectory of the zone was deter-
mined by reassuring the two calculated heat fluxes at the end wall to
be equal. This will be discussed in more detail in Section 6.3.

An approximate solution can also be found for the location of
the combustion zone using an integral method. This procedure is dis-
cussed in Appendix K.

The computer listing for the solution of Equation (6.2.1) is

given in Appendix F.

6.%. Results and Discussion

In Chapter 3 the experimental variation of the end wall temper-
ature, including pre-ignition and ignition, was given for rums 214 and
219 in Figure 3.1, These values were plotted in Figures 3.2.a8 and
3.2.b. Also, in the same chapter, the heat flux, Qg s WAS calculated
using the wall temperature, based on an analysis in the solid.

Then, in Chapter 5, Qs WaS compared with the heat flux obtained
from solving the conservation equations in the gas during the pre-ignition
period, that is for the first 20 usec.

In this chapter the analysis is extended to the period after
ignition has occurred (t 2 20 usec). The pressure, p and the temperature,
Tég at the gas boundary layer are now no longer constants due to the

effects of combusion. The temporal variations of the pressure and the



temperature were calculated from a study of the chemical kinetics and
thermodynamics of the combustion zone by Cohen [12]. This study is dis-

cussed in Appendix D. The computer listing is also given in

The values for T§ and p for rum 214 are plotted as a function of time
n Figures 6.1 and 6.2. For run 219 T5 and p arve plotted in Figures
6.3 and 6.4.

At the end of Chapter 5, the temperature distribution and the
penetration depth at the time of ignition, 1= 20 ysec, were calculated.
Note that the time variable, 1, used in the pre and past-ignition periods
are defined differently. During the pre-ignition period, p= P ig = Con-

)
stant and there is also no difference between t and t. At the initia-
tion of the combustion period, TE Ty, the pressure 1s p;, from the pre-
L8
ignition period,

For stability, the increment of the space variable, Ay, must
b@ chosen in conjuntion with the increment of the time variable, At.

The stability factor is chosen to be ihe same for both periods and as
explained above there is no difference between t and v at the time of
ignition. Therefore the space increments, AY, at the time of ignitisﬁ
are also identical. The temperature distribution and the penetration
depth from the pre-ignition period can be directly used at the time of
ignition, TE Ty This temperature distribution is plotted as a function
of ¥ in Figure 6.5 for run 214 and in Fi igure 6.6 for run 219, Also
shown on the figures is the value of the penetration depth at 1 = 20
usec for that specific rum.

The combustion zone is initially assumed to be at the penetra-

tion depth which was calculated during the pre-ignition period. This zone



¥

&
Co
1
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then diffuses toward the end wall. The trajectory of the zone is un-
known. Calculations were made for four different trajectories in con-
Junction with Equation (6.2.1) in order to determine qwg numerically.
The diffusion from the combustion zone to the wall proceeded in the
same manner for all the cases considered; the difference was solely
that the propagation was stopped at different final distances from the
end wall. The calculations were carried out with the temperature T@
at the same location for two consecutive time increments. In detail,
for run 214, values of T

5 equal to 1338°K and 1339 °K were applied at

196 y for twe consecutive time steps; T, = 1342°K and 1343°K were

§
applied at 181 u for the next two consecutive time steps, etc. {Inorder

to obtain some information about the shape of the trajectories an
integral method was used as descyibed in Appendix K. This was done by
requiring the two calculated heat fluxes at the end wall, Us and qwgs
to be equal., The variation of the location of the combustion zone is
shown in Figure 6.7. It can be seen from this figure that the penetra-
tion depth increases slightly at the beginning of the combustion period
and then decreases rapidly.} The heat flux at the wall, Gy obtained
from each trajectory is Compared.with.qws in Figure 6.8 for run 214 and
in Figure 6.9 for run 219. From the comparison of the heat fluxes it is
seen that the best match is for the case wBE = § AP, which means that
the combustion zone diffused toward the end wall until it reached a
final distance equal to OAy from the end wall. This distance may be

considered to be a 'quenching distance' since the flame does not come

closer than this distance to the end wall., For emphasis the heat flux
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calculated from the solution of the conservation equations in the gas
for the case of bpp = 6 Ay is plotted again with the heat flux obtained
from the solid analysis in Figure 6.10 for run 214 and in Figure 6.11
for run 219. Also shown on these figures are curves for the heat flux
obtained from the approximation a = 1,0. As discussed in Appendix B,
this yields an exact solution. The heat flux curve for a = 0.7 is
closer to the heat flux curve cbtained from the solid analysis because
the thermal conductivity of argon, which constitutes 90% by volume of
the mixture, depends on temperature to the 0.7 power approximately
[10, 11]. The two heat fluxes Uy and q

Wwg
maximum errors of 5% for both cases. Comparisons are made until 1= 45

are in good agreement with

usec. At this instant the detonation wave overtakes the reflected
shock wave and we can no longer calculate‘TS and p. [12].

A penetration depth, 639 as defined in Chapter 5 (T=0.99 T8)
was calculated for each trajectory by a back transformation from the P
coordinate to the real space coordinate x. This transformation is dis-
cussed in Appendix H. The variation of ¢ with x is plotted for t = 20
usec and 40 psec in this appendix. ?he relation between ¢ and x is
different for every time step due to the character of the transformation.
The penetration depths are shown in Figure 6.12 for run 214 and in
Figure 6.13 for run 219,

Temperature profiles in the gas boundary layer next to the end
wall for different times, T = 5 usec, 20 uysec, 35 usec and 45 usec are

given in Figure 6.14 for run 214 and in Figure 6.15 for run 219.
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A heat transfer coefficient can be defined for this period too,

based on the wall heat flux by:

h = Ts =l

For the combustion period?T6 is a function of time and the heat transfer

(6.3.1)

coefficient, h, and the heat flux do not have similar shapes. Heat
transfer coefficient curves are given in Figure 6.16 for rum 214 and in
Figure 6.17 for run 219.

From the solution of Equation (6.2.1) the slopes at the edge of
the gas layer can be evaluated and the heat flux can be calculated. The
heat flux curve, Ao is shown in Figure 6.18 for run 214 and in Figure
6.19 for run 219, This heat flux is related to the heat release in the
combustion zone at the edge of the gas layer.

In order to obtain more accurate heat fluxes, the heat storage
in the gas was considered in the evaluation of the derivative of the
temperature with respect to distance. This is discussed in Appendix 1.

The results showed that the contribution was small.
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VII. DETERMINATION OF THE HEAT FLUX IN A

CONSTANT VOLUME CHAMBER

The determination of the heat flux to the wall in the presence
of a flame propagating towards the wall is of interest in combustion
chambers. The study in the previous chapters considered the heat trans-
fer from a combustion zone behind a detonation wave with the diffusion
of the combustion zone towards the wall. The flame was moving away
from the wall. In this chapter a set of experiments which was performed
in a constant volume chamber is discussed. A methane, air mixture at

an equivalence ratio of unity was used.

7.1. Experimental Apparatus and Measurements

Experiments were performed in a cylindrical, stainless steel
explosion vessel, fitted with optical glass windows suitable for schlie-
ren photography, [22], Figure 7.1. The total volume of the vessel was
530.6 cm®. Four instrument plugs were fitted on the sides of the vessel.
One of them was used to purge the burnt gases out of the chamber after
the experiment was completed. The two plugs on the sides were used to
hold the spark plug, Figure 7.2, which was used to ignite the mixture
and to hold the thin film resistance thermometer, Figure 7.3. The top
plug held a Kistler Nr. 601 p?essuré transducer, Figure 7.4, to record
the pressure variation with time. A schematic diagram of the exper-
imental apparatus is shown in Figure 7.5 which shows the locations of

the instruments,



The heat transfer gauge was designed and prepared in a mammer
similar to that described in Chapter II. An additional hole is present
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 amplified and recorded on the screen of a
Tektronix dual beam oscilloscope (Model 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 expanded 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 dual beam oécilloscope
using its second channel. The calibration constant for the pressure

4 Pa.) per volt. The signals from the

transducer was 9.95 psi (6.8x 10
heat transfer gauge and the pressure transducer are shown in Figure 7.8
for run 7 and in Figure 7.9 for run 10. The oscillogram on top is the
delayed temperature signal with a 0.5 msec/cm sweep speed. The sensi-

tivity is 0.5 v/cm. The picture at the bottom contains two signals.

The one on top is the temperature signal with a sensitivity of 1v/cm,
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the other one is for the pressure with a sensitivity of Zv/cm. The
sweep speed is 10 msec for both signals.

The vessel was filled with a methane (CH,)-air mixture with an
equivalence ratio of 1 at room temperature, 74.2°F and atmospheric pres-
sure, 14.80 psia. The mixture was ignited by a spark at the wall. The
spark also triggered the instruments. The flame that formed, propa-
gated toward the thin film resistance thermometers as the surface tem-
perature of the Macor gauge increased slowly until the flame came close
to the surface. At that time a very rapid increase in the surface tem-
perature was recorded., After the mixture was completely burned the
temperature started to decrease due to the cooling of the hot gases in

the vessel.

7.2. Results, Discussion and Recommendations

Using the signals from the oscilloscope and the calibration
curves, the variation of the wall temperature with respect to time and
the pressure of the vessel as a function of time were obtained. The
wall temperatures are plotted in Figure 7.10 for run 7 and in Figure
7.11 for run 10. The pressure variation is plotted in Figures 7.12 and
7.13 for runs 7 and 10 respectively.

Using a conduction analysis in the thermally semi-infinite solid,
as described in Chapter III, the heat flux at the wall, Qg WAS calcu-
lated. The heat flux variations Qes ATE shown in Figures 7.14 and
7.15 for runs 7 and 10. The heat flux increases slowly at first due to

the compression of the unburned gases resulting from the burning



-97%..

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 heat
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. An analysis
should be made whiﬁh would yield the heat flux at the wall. The knowledge
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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Figure 7.1. Constant volume bomb.
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XBBBOS 6644

Figure 7.8. Surface temperature and pressure measurement, Run 7,
Time scale: 0.5 msec/cm and 10 msec/cm.
Vertical scale: 0.5v/cm and lv/cm (temp.), 2v/cm (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: 0.5v/cm and 2v/cm (temp.), 2v/cm (press).
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APPENDIX A

NUMERICAL CALCULATION OF THE DUHAMEL INTEGRAL

In Chapter 3 the heat flux at the end wall, Qs> WaS calculated

based on an analysis in the solid. Qs WS given by:

+
ks B¢ | T =T bl ) =T, (6
- [ (5 4 | B0 0] o
| b

The numerical evaluation of the last integral shows some difficulty

since at £ = t the integrand is undefined.

P_—
T (t)

L 234 i g1 n €

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

Then the temperature at point P can be expressed as:

e (A.2)
?;{é} = Aj,j%% + SJ,JH E
and from comparing the two slopes,
T-Tle=j) _ T(E-j+) =T(E=5) )

g@giﬁ o E(j#)mg(ﬁ



oo
Y
L]

or

?;({g}i nggj}w gggﬁgﬁgi@ 7?(%:%;% ? &%{ 7[%:{%? { {ggﬁ; g é (A.4)
g(ff%) - %(J} j L £ 3%} - §(§} R
The coefficients, A, . and B. . . can be obtained by comparing

3,31 J,J+l
Equations (A.2) and (A.4). The coefficients are given by:

A%jf»@ = T{8=})— EQ}E T{E=]1) MT{%&’J} j (A.5)
J

J TR —E()
Bjjjer = T§.at) M’T(&Q (A.6)
E(j+) ~E(])

The first term in Bquation (A.1) does not present any difficulty. The

second term which is an integral can be expressed as a summation of

integrals.
+ E=n
Ty ~T(&) df = Té(é:?j} ’“T{g} dE (A.7)
j{ (%i@* g)B?L (éq‘)mgéélz
) Fel
or
n E=(+l
7 (t) “’“T(té:} AE = T(gigl) mw’%{g} dg .
(ﬁmé}:g;g; | {E{j)%é}gm (A.8)
o J= Es]

All the terms in the sumation in Equation (A.8) have the same form

except the last term where the integrand is undefined. The common
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terms can be evaluated as follows:
gzj%g g«;a%%
(E(j-£g)>=

T(§=;) “Aﬁﬂjﬂ ”%i}%ﬁg JdE (8.9
(EG)-2) ™

or
E=j+l £l
(E=j) —T (%) : dé
. ) dg = (T(s=3)-A; -, -
-y DAl (E()-£)¥2
§5$j E=]
Exzjel
Ca gdg (A.10)
DI (gGy-E) W2
E=|
The quantities T(E = j), Aj,j+19 Bj$j+l and £(j) afe known quantities.

Therefore the integrals can easily be evaluated. To find the last in-
tegral we can express T(§ = j) and T(£) in the form given in Equation

(A.2). This yields:

E=n V F=n
T{gf—? ﬁ> MT{%) dg — Aﬁw§§ﬁ "’%’““ gf)mi;ﬁ g(ﬁB ‘W’A ﬂ*ﬁ)ﬂswgﬁ“hm g
(£(n)-E )3 (E(n) - )%

gﬁﬁmg E=n-~|

(A.11)

dE.
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or

ég‘ﬁ g:::ﬁ

f&

Jﬁ ?7§gﬂ§@7z§) dE = j 5@@#&§§<ﬁ>%§} dg

(E(n)-€)3/2 (En)—E )™
g:’;’ﬁwg Ezn-i

Ewn
™ dJE
Tohn ) (E(n)-E) Y2 (A.12)
E=n-l

The integral in Equation (A.12) can now be evaluated.

A computer code was used based on the above analysis to obtain
the heat flux from the temporal wall temperature variation. The code
was developed by M. Nikanjam [18]. A computer listing of this program

is given at the end of this Appendix.
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PROGRAM ENGINEC INPUT.DUTPUT Y

DIMEASION TU99) e V99, UI99), B{99), G{99), HII9): A(99). DV{99)
REAL K

T=T IHME

¥=AC TUAL TEMPERATURE

U=TEMPERATURE - INITIAL TVEMPERATURE

B=5L0PE OF THE TEMP., PROFILE AT THE BOUNDARY FDOR A SMALL INCREMENT
Q= HEAT FLUX AT TIME Y

K=THERMAL CONDULTIVITY

RHC=CENS ITY

CP= SPECIFIC HEAT OF MACCGR

TTH=NUMBER OF TEETH

YOL=sYOLUME AT TIME ¥

ViN= ENITIAL YOLUME

N=d4 b

TIH=T0

ViN=12,8089

Pl=e 0% AT AN(L .0 )

RHC=146.9

CP=0.11

K=0.00026897

GAMA=1,4

Gl=GAMA=-1 .0

CUAST=SQORTIRHC=CPEK/PL}

PRINTS

FORMAT (5K o %7 IMES, 10X, 3TH %, 10K 20 %, LOX, #VDISP%B, 10X, %D SP%, LOX % VOLE
Lol0Xe® TG% LOR B8 HE G /)

PRINTS

FORMAT (SH o %S ECH, LUK o %F %, S) o SBTU/{HR=FT 28 SX #VDOL T, LA N = INIHE . 9X,
T INCHI% g GX % Fh o4 N 2B TU/{HR=FT2=F ) %,//77 )

READ 1o {7{T)s I=1eN}

FURMATIBFLIO .6 )

READ 2, (W10, I=leN)}

FORMAT (8F10.5)

READG, (DV{Ll), I=1oN}

FORMAT( 10F 8. 5)

FR=TTH/ DV (N}

DT 10 I=1¢N

YLl i=v{id)=vi1}

DO 20 [=2¢N

BTl T b=Tel=1 0 QU =UlT=00 3 /ET LRV {1=011})
BLId=(ULEI=-Ul =10 070T 0 E)=TEI=1})

761 3=0.

Qi 13=0.

DIN=0 .

YCL=VIN

TG6=¥{ 1)

HY =0 -0

PRINT 3¢ T(1), VELlbe Q{1be OVIL 3¢ DINe ¥OLe T6s HT
@ORMAT@lXeFl@eégéggFga@9%%@?EZa%egﬁeﬁigs%egxegiOsg@6%9?3@@5923@§@e
13¢3XsF1 0%, 7}

{2 =CONSTRLUCL} /SORT(T(2)1¢BL2)%SQRT{T (2T (L2} }
0l21=3600.%0{ 2}

iz = Ql21%3,1546

DIN=DV( 2)2FR%, 0645

DELY=2.25eDIN

YCL=VI N=DELY

Te={VIN/VOLI2$G 1 { VI 1} ¢+ 460. ) =460,
HT=C(217{TG=V¥ {2})

PRINT3, Ti2)y V{20, 0Q(2%, DV(20)¢ DINe VOLe TGe HT
H{13=0.0
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DC 40 I=3,N

Ii=i-1

oC 30 4=2,11
D0=ULLI~ALJ)=2.0%B{J)eT (1)
AASDDeBLJIIZTLI)
Ti=1.0/5QRT(TLLI-TIJ}])
BB=0D+B{JIeT{J=1)
T221.0/50RT{TLLI=-T{J~11}
HEJdi=H{J=1]¢AART]1-BB%T2
CC=BIIIeSORTLTEII=TEI=11})
HETl=H{I-1)¢CC

QUIV=CONSTS (UITI/SQRTITILI&HIID)
Q{I=360C.%Q(1)

QiI) = Q(1123.1546
DIn=DY{L)8FR%.0645

DELV=2.254DIN

VYOL =V IN=DELY
Te=lVIN/VOLISRGI# (VL) 44601460,
HT=Q( I /{TG-vil}}

PRINT3y THI}, VEIDy Q€I DVII}o DIN,
CCATEINUE

SICP

END

YOL 5

T6s HY



APPENDIX B

SAMPLE CALCULATION FOR ARGON

In this Appendix the evaluation of the reference values for
pressure and temperature is presented. The procedure is the same for
the préwignition period and the argon rim. To help understanding, the
details for run 108 with argon is considered. In the pre-ignition
period the property values for the mixture will be used instead of
values for argon.

For this run the increase in the wall temperature was 4.1 °F or
2.28°C. The initial temperature of the gas was 53%6.8°R or 292.2°K, the
initial pressure on the low pressure side, Dy, Was 0.775 psia. The

high pressure side was He, Pys at 15 psia.

® | O

diaghragm

= 7 oK
T1 298.2°K
py = 0.053 atm.

Py = 1.020 atm.

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

is [14]:

a, = gf;ﬁfl = 321.6 m/sec
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vy = 5/3 for argon which is an inert gas and R is the universal gas con-
stant. The speed of the incident shock wave is calculated from the mea-
sured time between the two pressure transducers as explained in Chapter

2.
vy ® 710.5 m/sec.

The mach mumber of the incident shock wave is [13. 14]:
v
S
M o= === 7,21,
S a.
1

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

£ = 5,88

20.46

It

]
;
I

4.153

[
AAAANNAIANN,
LA

|
%4?3
|

rarefaction wave reflected shock wave

Thus the pressure and temperature behind the reflected shock wave can be

calculated,

pg = 1,079 atm
T. = 1231.6°K
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The thermal conductivity and specific heat at the wall temper-

ature for argon is [15]:

k, = 4.26 x 1077 cal/em sec °K
1 e [s]
wa = 00,1242 cal/gm°K

The density, p , can be found from the ideal gas law:
W

D 3
o, =R T 0.60175 gm/cm’

Using these values in Bquation (4.1.21), the heat flux at the

end wall can be calculated.

== s PEN—— B cememea «m;ﬁi:wxh
qwg 2 Tw dn ln:O ﬁfzm

In the above equation the heat flux is obtained in cal/cm”sec if the
time is used in seconds. The slope of the non-dimensional temperature
at n = 0 is evaluated for 6_ = 4.1 as [71:

do |



APPENDIX C

EVALUATION OF THE PROPERTY VALUES FOR THE MIXTURE

In calculating the reference pressure and temperature which are
the pressure and temperature behind the reflected shock wave, property
values for the mixture is needed. They are obtained by assuming that
the mixture is an ideal gas mixture [16].

At T:is = 537.4 °R = 298.3 °K the specific heats for Ar, H,, O

2
are [15]:
o ») 3 7 ] Q A o . O
CpoZ 6.94 Btu/mole °R CVOZ 4,95 Btu/mole °R
- 4 T O =/ T O
CPHZ = 6,93 Btu/mole °R C.m? 4,95 Btu/mole °R
CpAr = 4,97 Btu/mole °R CvAr’ = 2.98 Btu/mole °R
The gas mixture is composed of 27 Ar + ZHIZ + OZi thus:

1]

oos(p) + () + ()

5.16 Btu/mole °R

5 (2. 4 5 (L , 277
o= oaos () ¢ aes () v 2.98( 4 )

3.18 Btu/mole °R

%

i

J
}

it
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The molecular weight of the mixture is:

(i = (o, () = (i, () + ) ()

2

i

1

37.2 1b/1b_ .

At T 5 = 2407 °R = 1337 °K the specific heats for the components of the

mixture are [15]:

8.64 Btu/mole °R

S
[
B

e
it

7.55 Btu/mole °R

o
i

4.97 Btu/mole °R
Thus the specific heat of the mixture is:

e (1 Do (2 ) : <@%4>
Cp 8@64 \"%‘D‘) + /953 ("g’@“ + 4‘99/ 30

C_ = 0.141 Btu/lb_°R
D m
Cp = 0,141 cal/gm °C
Cp = (.59 joules/gm°K

The thermal conductivities of st OZ and Argon at the wall temperature

are [15]:

- “5 - o)
kAr = 3,95 x 10 cal/cm sec °K
k= 42.29 x 107° cal/cn sec °K

2
ko = 6,35 x 1025 cal/cm sec °K
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The same values at T = TS = Tig are [15]:

Ky, = 12.07 x 107 cal/cm sec °K

ky = 128.33 x 1077 cal/cm sec®K
2

kg = 2114 x 1077 cal/am sec °K
2

Thus the themmal conductivity of the mixture at the wall temperature is:

o) et (B)e nmew? ()
k 6.35 x 10 3?5 + 42,29 x 10 30’}% 3.95 x 10 0

kK = 6.58 x 107°

cal/cm sec °K
kK = 2.75 x 1077 w/m°K

and at T. it is:
ig

o 501y L -5 i) %(zl\
k = 21.14 x 10 <§§> + 128.33 x 10 (30 + 12,07 % 107> ( 4] )
kK o= 20.12 x 107° cal/cm sec °K

k = 8.42 x 10°% w/m°K.
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APPENDIX D

EVALUATION OF THE PRESSURE AND TEMPERATURE
OUTSIDE THE GAS LAYER

The temperature and pressure outside the gas layer was calcu-
lated from a computer program BLSTW developed by Cohen [4, 12, 17, 19,
20, 211. A 1isting of the program is given at the end of this Appendix.

The input to this program consists of the coefficients of the
chemical rate equations, chemical and thermodynamical properties of the
components of the mixture, the initial pressure and temperature of the
mixture, the Mach numbers of the incident and reflected shock waves.

From the program the pressure and density distributions as
functions of time ave obtained. For every time step the pressure and
density variations with respect to distance are plotted. By extrapola-
tion the values of pressure and density at the edge of the gas layer
which is being studied are obtained. Then using the ideal gas law the

associated temperatures at the same location were calculated.
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PROGRAM BLSTWAVIINPUT DUTPUT BUNCH]
COMMON/ARRAYS/RTI 2, 10010,U82,1001) P 8220013 4¥8202030180.9(2,10001,5¢
02o10CL o XU1001)oPSITLIO0L)PSIEX(I001)PVILODL)oTAULL0DL),0Q0100QL)
e BILC01S,CE10213.8A00001).83013CL)CCELODLE
COMMON/TIME/TERMIN.T,DTDTL
COMMOUN/PARAM/HNSTEPS oo J oG Lo COVBTA
1000 PORMAT(315})
T2001 FORMAT{1HO,#LOMPUTER TIME 1§ APPROACHING DESIGNATED MAXIMUM=E)
2002 EORMAT{IHO =DIMENSTION=LIMIT §TOP%}
2003 FORMAT(IHO,#TIME STEPS EQUAL DESIGNATED MAXIMUMS)
2006 FORMATLIHI,#NON=POSITIVE TIME §TEPw)
Lo DETERMINE IVITIAL DR RESTART CUONDITIONS
CALL SECONDIYA)
INDEX = €
READ 1000, L3TART (NCYCLEyNPUNCH
IFILSTARTSNELO) GO TO ¢
CALL INITVIALUINDEX NCYCLLESNFINAL,LSTZRY oNN)
G TC &
1 CALL BRESTARTIINDEX LSTART (NCYCLE,NFINAL NN}
& LSTART = LSTART ¢ }
Lommos SET INDEX NUMBER
2 INDEX = INDEX ¢ 1
NCYCLE = MLYCLEL
Cowwee(HECK CEATRAL PRCCESSOR ELAPSED TIME
CALL SECUNDITS)
T = 1.2%{T8-TA}
TO = TERMIN=TH
T4 = TB
IF{TC.GE.TD) PRINT 2001
CHECK NUMBER OF TIME STEPS
IF{INDEX.GT.NSTEPRS) PRINT 2303
IFITCoGE-TDORLINDEXGTNSTEPSY 60 70 3
Co—==eCHICK FOR DIMENSICN-LIMIT STCP LR MESH EXPENSION
DYABS = ABSIVILI,N-1ll=lo}
IF {OVABS.6T.0.001% GO 73 3
IFINGT-NFINALY PRINT 2802
IFINLGT-NFINALY GO TO 3
Comw=rwaDETERMINE PROPERTIES AT NEW TIME
CALL FIDIF{INDEXNCYCLE NN}
fFIDT.6T=0.8 GO TO &
PRINT 2004
60 TC &
Luoee=DETERMINE NEXT TSTEP,TIME-.AND REINITIAL PROPERTIES
& CALL TSTEP
RECYCLE
GO 7C 2
Co=—=PUNCH RESTARY AND TERMINATE
3 JFIN.GT.1001) N = 1001
TEINPUNCH.LELD) GO YO 5
CALL RESTARVLINDEX,LSTART NCYCLE,NFINAL oNNI
S CALL EXEY
END

¢

€
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SUBRCUTINE INITIALLINDEXs NCYCLENFINAL LSTART ¢ NN}
COMMEN/ARRAYS/R{Z, 10011 {21001 P I2,0C0L1 3VI2,1001),082510013 8¢
229001 X100 ) o PRTLL1001 S, PSISHILIO01},PVILIO0LS ,TAULI00LDOLL0OLY
ssALID01Y o, CLI0O0L 1 AATLOD1) BACLO0Y}LCL100LY
COMMIN/MIDVYALYZ0(10003. 811300
COMMON/ZTIME/TERMINGT DT ,0TL
COMMOMN/PRRAM/NITEPS (NodeGCLeCO,BTA
COMPONSERLIC s PLleELl o029 P2 e03¢P39C3,04:P4 ,ELCHI(PSTIF BN TMND
1000 FORMATIAIS 210,41
1001 FORWAT(215,4E10,.,%1%
1602 FORMATIIS,5215,9)
1003 FORMAT(RE10.4)
2030 FORMAT {In o#GELHMETRY ®,13/% I1ST TIME STEP e%,E12.6/% GAMMA = #,f
0328677}
2001 PORMAT{IHL 2TIME 5% E12.06,3%:%0T =%,812. 654 %INDEX =5,5,8X,2VTEn
o8 ®2FE12,60 TAy#CYLLE =%,15/} .
2002 FORMATOLM o X SNNN% o o BTENTER DISTH 2R = LENTER VEL® 3N #{ENTER ©RES
o SFe BN HLELL 5P VOLZ 2% 2LELL VISCHo4x%LELL ENERGVY®, 2N (M%)
2003 FORMATIIN o1%09{2XsEL1.50)
2004 FORMATELIH o BRESTART NUMBER %,712%
2005 FOAMATLIH =DESICNATED MAX CPTIME =%,B10.6,% SECONDS®/% NUMBER 9F
sTIME S5TEPS =%,15/)
2006 FOAMATIIH (=LINTAR ARTIFICIAL VISCOSITY COEFEICYIENT =2,E12,4/% QuA
SORATIC ARTIFICIAL VISCOSITY CUSFFICIENT =%,F12.6/7)
2007 FURMATILIHM 61iE12.602X%))
FFPLLETART.NEaDY GO TC &
? & @6
D7L = 0.
CuemmeanB EAD INPUT
READ 1000, NSTEPSsNFINAL oNN, TERHIN
IF{NNaLE.D) NY = 1
READ 1001 ¢NodslLCUGEXITHNT
READ 1003,CHIV2F,C1lsP1ELsL2:P2:,E2
HEAD L003:03:P3,E83:044,P4054
Loo=e=CALLULATE PRIGRANM CONSTAMTS
BYA = (G=1.3/71G¢1s13
BSIF = (1.68TA)®{V2F=-BTA)
& YTIHE = T=,.53DTL e
ML = Nl
FFILSTARTNELO) GO TO &
LomemaDGEE I RE IRITIAL MESH POINTS AND CBLL PARAMETERS
DO 1 M = L,1001
00 3 1 = 1q2
REioM) = (M=10/60.0
Ulla¥l = 0.0
BPlie¥l = 1.0
Yiie¥) = 1.0
Gli.Mh = 0,92
3 ElTo4) = PllovinyliieMI/iG=1:1
&My = 0
e

CimM} =
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BSIERIM) = 3.0
PVI{M) = C.0
TaULHM) = 0.0
poin) = 0.0
FFiM.EQ.L1) GO TO 1
HE¥=1) = (R{)eMima{Jel]=RIloM-10%2{Jel) J/VILeHM-1)70Jd¢1}
1 CONTINUE
KEMY =0,
[ DETERMINE INITIAL TIME STEP
CY = 1.9
Tautl) = DY/CL/7EXP{ELY
& JFILETART.Z0.0) GO 7O 7
Cre=—ewPRINTING INSTRUCTIONS
PRINT 2004,LSTART
T PRINT 2005, TERMIN,NSTEPS
PRINY 2000,J:07,86
PRINT 2006,CL.C0
PRINT 2007, SXITMNDCHEI, V2F
PRINT 2007¢C1oPLsEL,02,P2,E2
PRINT 2@979C39P3953@CQ§P%9§4
Bl PRINT Z001¢T .DTL,INDEX;VTIMENCYCLE
PRINT 2602
B0 58 M = L,NL
OiM) = (R{1 M)eR{1 Mel}}/2,
S{M) = (U leMI®UlLloMeld /2
CM = (R{L MellnsiJel I=R{1 MI=S{Jeld/VILIMIZLJI+LI/NIM)
PRINT 2003 ¢MsDUP)oSIMIoPLLloMbeViloM)oQULoMIELIL MioCH
§ CONTINUE
T = 1¢DT
RETURN
END -



1000
1001
1002
1002
1004
1005
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SUBRDCUTINE RESTARTUINDEX LSTARTMCYLLE, NFINAL (NN}
COMMONZARRAYS/RE2.10011,U(2:,10010:P{2,10011¢viZ2,10013.,0(02,10010,3¢

62 LOCL XL L1001 PSYITLI00L)oPSTEXRII02L,PVILCOL) TAULLO0L)LR11001L

seATLCOL I, CL1001,AAC1IC0L1,B3L10C1)CCLL0OL)

COMMON/TIME/TERMIMTo LT «DTL

COMMON/PARAM/NETEPS yNeJ o BoCLLD:BTA

COMMUN/ERD/T1 oPY g1 C2eP26829030P39E3s044PaoEeCHIPRIFEXTTMAD
ORMATE2]54%1C.8)

EDRMAT 38

FOSMATL Z1843E12.60

FORMATII3,TZL1.51)

FARMBT{BELD . &}

FORMATI4EL L 40

IPTINDEX.EQ.D) GO TO 1}

Loomew PUNCH RESTART CARDS

2

NOUNCH = }

NOYCLE = NCYCLE~]

PUNCH 13001eLSTART NCYCLENBUNLH

T = 1-07

PUNCH 1C02,NodsToDTDTL

PUNCF 1005.CL.CO,G.EXITHMND

PUNCH 1006, CHIPSIF,C1,PlEL,C2,P2,E2

PUNCH 1004,03y23,E83,04,P%:E4,8TA

DO 2 M = L¢N

PUNCH 1006, 8{MI CIMIsAAIMIGBIIMICOIMIOPYIMI PSTTIMI,PSIEXLN)
PUNCH 1003, MeRTUL MIoB{ L Mo ViLoF)sU{LoM)oQULoMy oXTM) ,TAUIM)
53 TC &

Com—==READ RZSTART CARCS

i

E

&

READ LO00 NSTEPSMFINAL NN, TERMIN

READ 17902:NodeT,CT90DTL

READ 1005.0LCUeGoEXITHMND

READ 1J)04eCHIPSIFeL1ePlyELlesL2,P2sE2

READ 1004,C3¢P3,E3:C4:P4sE4,87TA

DO 3 ¥ = 1,1001

DEtMY = G.0

IF{M5TNY GO TO 5

READ 1006A1MIoC{MIARIMIBBIM)COUMIPYIM)OSTTINI PSTEXIM)
READ L0030 KeREL oM oPLEeMIoVILoM)oULL oMY pQ{LeMI o X{MITAUINM)
GO TC 6

REloM) = RUL NI elM-n)={RIL N)=R{LoH=1}])
PlloMl = 1.
YiloW) = 1.
UlLle¥) = Do
Qil.#) = 0.
&{M} = 0.0
C{M) = 0.0
AB(M) = 0.0
BBIM) = 0.0
CCIMY = G0
PSIIEMY = 0.0
PSIEXIM) = 3.0
TAUIM) s 0.0
PYi{M) = .0

KAM=1) = (R{L MIEn(Jel)=R{L M-L1)o8ldel} /VIieM=1]70J>1}
E{loM) = Pl MIBVILloM)Z{G-101
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RIZ2:M) = RE{LM)
UlZo¥) = Ul1leM)
Pl2om) = P{1.M)
VE2o¥) = YI1eM}
@l2.8) = QL1.M}
E82e¥) = E{l,%}
3 CONTINUE
My = O,

EF{INDEX.EO.0) CALL INITIAL{INDEX.NCYCLE-NFINAL (LSTARTNN)
% RETURN
END
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SUBRCUTINE FIDIFLINOEX,NCYCLE NN

COMMUN/ZARRAYS/E(2,1208)0UL25100001,282,1001),V(2:10013,0(2,1001,%¢(
0291001 ¢ X{10013,PS5TI110013,PSIEX{L00LIPVILODL)TAUILO00L),,DQLC0O)

oo AL1ICO13.CLL00LI 28082001 ,33020013.LC11001)
COMMOCN/MIDVALU/ZDILDO00)«S11230

COMMON/TIME/TERMINGT BT, DTL

COMMON/PARAM/NSETEPS ¢NodoBelLoCDBTA

COMMUN/EXG/CL s PLoELC20P2sE29C3:P3,23:0 & P6eE4THIPSIFEXITUNY

2001 FORMABTIIH (BTIME s24E12.6,3Xe¥0T7 =8, E12:.6.5X,%INDEX =%, 15,3%,8UTIY

of =% ,E12.0¢TH®CYCLLE =% 15,85 #REHOCK = #,E12.56/)

2002 FORMAT{LH X *NNN® ¢ Mo #CENTER DIST®, X, CENTER VEL®¢3X,%CENTER PRES
e 5% 3XHCELL 5P VYOL% 2% ¢%LELL VISC®, 0% %CELL ENERGY®o 2K 20M=, 11X, =T

SAUYER 9N, ePSIn)
2003 PORMATIIH ¢16,9{2%,E11.81)
2004 FORMAT( 1HO,#R 1% e12%73R?$9??XQ$EVQRL$qu9$DVDg2$/Ev%§EEZ9692X§3
300D FORMATILLIHL)

YTIME = Y=, 55D7

Cor=—==MOMENTUM CONSERVATION
CALL MOMENTA

Commwe CONTINUITY CSNSgﬁvéT?QN
Catt CONTINU

CommewpRTIEICTAL VISCOSITY
Catl ARTVISC

R ENERGY CUNSERVATION
CALL ENEARGY

Coe=—=MAX I PUM DENSITY GRADIENTS
CALL DVDRIRL.R2.DVDRL.DVDR2)

Loowe=FlELL EZXTENSION CRITERION
NOLD = N

CALL SHOCK({SSTA}
NX = [NCYCLE/NN) NN
FEINHNE.NCYCLEY RETURN
Loe-—=PRINT HEADERS
PRINT 3030
PRINT 2001 TeDTV INDEXVTIME NCVCLESSTA
PRINY 2002
Loe=—=0ALCULATE CURRENT PROPERTIES
ML, = N}
DO & & = 1.NL
DIMY = QRIZ.M)+R{2,M1010/2.
SIMY = {U(2,M)eUl2,M¢1)372-
£y = €?§3@ﬁ$1§$ﬁ€é@‘§ RIZMime{Jel ) ) /VI2., M) 70Je L8/ XLHY
PSI = 0.0
IFITAUIM)LELL1.00 GO YO 1
PSIC = (Pl MY eBTAIS{VILI M)=BTA)
PSSl =& (PSIC~PEYBINEI/(PEIF-PSTIT M)
1 CONTINUE
C®@®@$9RZNT CURRENT PROPERTIES
PRINT 2003, MDIPISIM)oPI2.MIoVI2,M) 01 2M) BL2,M)oCM,TAUCHMI PST
& CONTINUE
IF{NCLD,LE.2) RETURN
PRINY 2004,R1,R2,0VDR].DVYDR2
RETUAN
END



SUBROUTINE MLMENTA
COMMON/ARRAYS/RI12, 10010 4U(2,1001),P 12,1008 ¥I2,1001).,0{2.L0000,E¢
02910813 o X{L0D0L2,PSITIEI001)sPSIEXLIO0LI,PYIL1001),TAULLO0LDQILI0Y)
seB{L0D1),CE10010 44110010 3B{12CL),CCELODL}
COMMON/TIME/TERMING,ToDT,DTL

COMMENT PARAM/NSTEPS NodoGsCLLELBTA

DIN = -52{DT<DTL)

DO 1 ¥ = 14N

EF{M.NE.L) 50 VC 2

Cm=e==LEFT BOUNDARY CONDITION
Ut251) = 0.0
Comm==1ST SIGMA FORWARD
SIGHMAF = ~P{1,1)-Q{1¢1)
Commn=1ST F
FL s (RE1,23=RI1s113/VELs1)
60 TC &
2 IF{Y.NENI 60 TO 3
Comwm—=RIGHT BCUNDARY CONDITION
UL2,N1 = 0,0
60 TC &
Emmw==VELOCITY &T GENERAL PCINT
Crm===NTERMEDTATE SIGMA VALUES

3 SIGMAR = SIGHMAF
SIGHMAF = =P(1l,M}=Q(1.M}
=== PH] PARAMETER
FO = F1
Fl s {R{leMell=RIL s MII/VIL, M)
PHI = 58(F1l¢F0)
Lomea=YELOCITY
Ul2e¥) = ULLoMIGIDTN/PHIIH({SIGMAF-SIGMAR]
4 CONTINUE
Low=w=TRAJECTORY
RE{2sM) = B{1 MIeU{2,R)=DT
i CONTINUE
RETURN
END



SUBRCUTINE CONTINU
COMMOIN/ARRAYS/RIZ,10011Ul2.10010,P82,10018VI2,10013:012,100%)55¢
02 l0CLI o XILO0 I PSTILI00LI.PSIEX{L00L o PVELIO0L)TAU(LODL},2001001)
oAL1C015.C110013,AA010018.8B110033,LC(10011
COMMON/TIME/TERMINGT 0T 4D TL

COMMON/PAPAM/NSTEPS oNodyGLLeCOBTA

NL = N=1
B0 1 M s 1gNL
Loeme=CH] PARAMETER

IF{JI.NEL2Z) GO TO 3
IFEML.NELT) G2 TO 8

ULl3 = Uf2:10=UWi2192U(2,1)
8 U03 = U13
Ul3 = U2, MelisUl2,MeliBU(2,Me1)
CHl = DI#RDT*{UL3-U031/12.
60 7C &
3 CHI = C.
& IF(J.E0.0) GO 7O &
PFIM.NZ.1) GO YC @
Fl = 2,107 0. 5% R12:,11¢R{Lo1)IE%RS}
9 FO = Fl
Bl = Ul2,Mel )2l {52 RIZ MelIeRIToMe1)Dhn%g)
G Y0 7 .
6 Fl = Jl2,Me1}
EO = U2, M)
T WE2:M) = VEL MISDTRIFI=FO+CHI I/ XM}
1 CONTINUE
RETURN

END
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SUBRCUT INE ARTVISC

COMMONZARRAYS/RIZ91001 1 ,U{2+10015,P02,1001),Vi2-,00008.,002,10013 51
029 LOCLI o XL 10013 .PSITLI001)-PSIEXL1COL )e9V€1©Qi§eTQdﬁiCOiEvOQ(iﬁgl5
eeBl10013,CL10013.A4¢1C010+BBLI00LI,CCEL001)

COMMUN/TIME/TERMING T DTLDTL

COMMON/PARAM/NSTEPS oNoJ oGy CLCOBTA

NL = N-l
DO 1 M = 1.NL
Qoo EX{STENCE CRITERIA

IFICLLE-De o 8NDCOLELD.Y GO TO 2
FFLUL2.Me11.CE-Ul2:M)) GO TO 2
IF{VI2.MIabBaV{lM}) GO TO 2
CoweweCOMPLETELY CENTERED PARAMETERS
AL = SORTE5%P{leMI%{V{2,M)eVi1,M)8)
HETAC = 850 (1./VI2oMIDello/ViLloM}})
Loeee=] [NEAR TERM
gL = CL=ACHHETAC=ABSIUL2 MeL)=U(2, M)}
Loro==eQUADRATIC YERM
G0 = CORCOSHETACH{UT2:Meli-U{2, M) )a{U{2,M¢1)=UT2M)}
Qoo =TOTAL ARTIFICIAL VISCLSITY FOR L/2 POSITICN FDRWARD
Gl2+M) = QL<+CQ
60 7€ 1
2 9l2,M) =
1 CONTINUE
RETURN
END

Dé
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SUBRCUTINE ENERGY
COMMON/ARRAYS/RIZ, 10011 ,UL2:,10010P(2-,1001),V82:1001),0Q182,10081,E1
eZ2e L0CL oML 1001 PSYTILI001,PRIEXILICOL)PVILIEOLITAULLOOL)YDOLLDOLS
ooAL1IC0LT CL1I001)8AL1D01)  BBLIC0LICCELCOLY

COMMON/PARAMINSTEPS yNoJ oG oCL,CO,BTA

NL = N-

BO 1 M
GBaR
ENUM
EDEM
EL2 M)
Pl2.¥y

o ®

I

= §yNL

«BHLO(2:,M+Q{1,H})

EL1loM)~1 5Pl MIeQ2ARIHIVIZMI=-V{L, M1 )2DAHM)
1,9.5%10=1. B Lo=V{LeM}/V{2,H})

= ENUM/EDEM

= {G-loiBEL2,MI/VI2oM)

CONT INUE

RETURY
END



SUBRTUTINE TSYEP
COMMON/ARRAYS/RIZ10CLI oU(2.1001),P{2,10013,v{2,1001),082,10011,%¢
62s10CL o X1 100D PSTI(1001),PSIEXII00L),PVILI00L) TAULLO0L),DQGIL00LY
osBE1COL)CILO01) AATID0L)BR(10C1LICCLI00L}
COMMOCM/TIMEZTERMINGT DT ¢DTL
COMRCN/PARANM/NSTEPS oNoJoGeLLoCUoBTA
oTL = DY
NL = N=1l
Co=m=e=STABILITY CRITERIA
BO 1 M4 = J,NL
£52 = P2, MIBV{2,MI%(0
YOOTR 5 2.8(V{2:M)=VIL1,MII/{VI2,M)eV L, MII/DTL
IFE(VEITN.GE.D.) GO YO 3 .
BS2 = 864.3L0%CO#{RI2:M+li=RIZsMIIBFIR{Z,)M¢L]=RI2,M)I=VDOTNSVDOTN
63 7O 4
3 BS2 = 0.
& DEM = 3,2SORT{ASZ¢852)
DT = 2.8{R{2.,Mel})=R{2,M})/DEHN
EF{M.EQ-1) DTMIN = DT
IF(DTLTOTMING DTHIN = DY
1 CONTINUE
07 = DTMIN
Coemea LIMITING CONSTRAINT
IEIDTLGTo0ec AND.DTo6Ta1o4%DTL) DT = 1.4%0TL
CALL EXCREAT
T = T¢DY
Co—===REIMITIAL PROPERTIES
DO & M = 1,N
UlleM) = UL2Z2,M)
REleMI = R{2.M)}
IF{M.E0.N} GD 7O 5
Y{loM) 8 V{2,M}
BlisM) = QL2.M)
Plile¥l = PL2,M)
Elle¥M) s E{2:M)
& CONTINUE
RETURN
END
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SUBRCUTINE EACHEAT
COMMON/ARRAYS/RI2:10011,U(2,1001)P12,1001)o¥(2,10011.002,10014,%¢
02010CL) oXLL0Q01)PSTIICI001 ) . PSIEXIIOOL) . OVIIO0T §TAULLI001),DAL1001Y
osALLI0313,CL L0011 ,A881001),BB(I1201),CCLL001)
COMMOUN/TIME/TERMIN,T. DT DTL
COMMIN/PARAM/NSTEPS oNed oG CL,C0,874
COMMUN/ERD/CLoPLoEl o L2eP2eE2e0 3P 3:E3:06:P4oB& CHIPSIF,EXTTHUND
Nl = N-3

1= ¢

B0 2 4 = LML

IFLTAUIMY.0T.1.0) GO TO 3

PYIHM] = U2 MIsV(2,M)

TIND = VI{2.Mi=C12{PVIM)2aPL)sEXPI{EL/PVINI)

TAUIH) = TAULIMI+DT/TIND

IFITAULH) . LEL .0} GO YO 2

BDOTVAX = C2%{PV(M)eeP2 InEXP{E2/7PVIM})

PSIEXIM) = C32({PVIMI=2P3)%BXP{EI/PVIM))

PSIHW = (o2 {PVIV=sPLIsEXPIELG/PVIM]Y

psii PSIEX{HM)®{1.=S0RT {1 a/2./711c=CHIN})

Psiz2 PSTL+PSIHN

Ra = PSI2-PSIEX(M)

AB = 1.=-PSIEX{M]}

® oo

ALM) = [CHI-1,i=CDOTMAX/BSIEXEM)/PSIENIM)
CiM) = QDOTHMAX

BBIM) = {(XB2XB=2.%XA%XA}/KA/XA/KB/XB
ABIM) = GDOTHMAX/{lo=1o/(1.0B3{HIBXB2XB))
CLMY = QDOTMAX=BA(M)

PSYIT MY = (PL2,PMI+BTAIXIV{Z,MI~BTA)
PEIC = (PE2.MI+BTAIRIVIZ2.MI=BTA)
PST = (PSIC-PSII(MID/4PSIF=-PSITIM}}
IF(PSI.GE.1.0) GO TO ¢

Z = FES51=PSIEX{M)

IFLZ.GE.0.00 GO YO 58

ODOT = AiMIsZzg (M)

DPST = QDOTHPYIMI=2 . 2ETA

DTHT = Q.2%PSIEXIMIS{PSIF=-PSILIIM}/OPSE
60 70 6

Q00T = AAIM)/Z(1.+BBIMIFI=TI+CCHW)
CPST = QDOT#PYI{M}%2,%BTA

DTHY = Do2%{l.~-PSIEXIM) I=dPSIF=-PSIIqM]II/OPSI
60 74 &

anoy = 0.0

DOl = (PSIF-PSIC)/2./BTA

DQ2 = QDOT=DT=PVIM)

DaAimM) = AMINILDEL,D021)
[F{DOIMILE.C.O) DOIM) = 0.0
IFIDLIMILELQ.O) GO TO 2

I = Jel

OTMI = BMINLIDTDTHT?

IE{1.EQ.1) DTHIN = DTHI

DTMIN = AMINIIDYMILDTPIND

CONT INUE

IFLIEC.0) RETURN

IF(DT.LE.DTHING RETURN

DO B8 M s 1.NL
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PSIC = (Pl2,M}eBTAJR(VI2,4)-BTA}
IFIARSEFSIC~-PSITIME)6T:0.0) 50 TO 8

TIND = V(L MI®CLR{PVIMI=s3])REXPI{EL/PVIM}}
TAULM) = TAU(MI=CT/TIND

CONTINUE

07 = OTHIN

60 TC€ 1

END
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SUBRCUTINE SHOCLK{SSTAY
COMMON/ARRAYS/R{2,10013 68210010 ¢P{2,10013oVI2,10013,0{2:30010,%4
029 0CL)XKELOCL:PSTTEI00LIPSTEXLIOCOLPYIICOL) TAULLIO0LIcDRIICOLY
eeALICOTI I C(L0DL§,AA03007),B3450018.CC11001)

COMMEN/ TIME/TERMIN YDV oDTL

COMMON/PARAM/NSTEPS yNoJ s G CL,LOBTA
COMMON/EXD/CLoPLoEL L2982, E2003¢P3:E3,040PL0E4 CHIPSIFGEXNTTMNT
NOLD = N

KNOLD = NOLD

§5Ta = T&SQRTIGI®EXITMND

FSTA = 1.5%R{2,N)=0.5%R(2,N=11}

IF{SSTALLT.FSTAY GO TO 2

M o= Nel

IFINLGT.1001) CALL BXIT

60 7€ 1

IF{NEQ.NOLDY RETURN

TIND = CisEXPIEL)

NL = N-l

XNL = NL

D0 3 M = NOLDoNL

KM = ¥

TAULP) = CLUUARNL-XM)/7 {XRL-XNCLD+138%DT/T IND

RETURN

END



i
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SUBRCUTINE DVOR(R1,R2,DVDR1I.CVDRZ)
COMMUN/ARRAYS/R(2,1001)oul2,10010,2¢2,10013,¥82:10010,912,1038.%1
22910CL) o X{10015,PSTITLI00L),PSIEXILI00L)sPVILO00L) o TAULLD0LI.DQIL1D0L)
evALY10013,C{1001).,84(1001),8B120011,CC(1001)
COMMCN/PARAM/NSTEPS oo sGolLoC5,BTA

IFINLE.2] RETURN

NL = N~}
iPCs = O
INEG = O

D3 1L M = 2¢NL

XL o= (RUZ2:M}eR(2,M=2)13/72,
AR = (RE2.MIsRI2:MeLY )/ 2,
Z = (V{2:M}=-V{2,M=13)/0AR=XL}
IF{Z.LT7.0.0) GO T0O 2

i{P0S = [POSel
IFEIFOS.EQ.1) DVIRY = 2
IF{IFOS.EQ-1F R1 = RI2,M)
IF{DVORLI.LT .2} RLI = R{2.M)
IFIDVIR].LT.Z) DVDRL = Z
GO T0 1 .

INEG = INEGel
IFLINZEG.BQ.1) DVDRZ = 2
IFIINEG.EQ.1) 82 = B{2., M)
IF(OVDR2.6Y.2) B2 = R{2,M}
IF{DVDR2.6Y.2) CVDRZ = 2
CONTINUE

IF(IFDS -EQ.0) RY = Q0.0
IFLIECS.ER.0) DVERY = 0.0
IFIINEG.EQ.0) RZ = 0.0
IF{INEG.EQ D) DVLRZ = 0.0
RETURN

END
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APPENDIX E

APPROXIMATE SOLUTIONS

E.1. Pre-Ignition Period

When the thermal conductivity of the gas varies linearly with

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

(E.1.1)
The boundary and initial conditions are given by:
Zj{G)f> e 3,& — constant. (E.1.1.a)
7%
U (ot) = | (E.1.1.b)
U(w,0) = | (E.1.1.¢)

The above equation, which is now linear, with the boundary and initial
conditions is identical to a heat diffusion problem in a semi-infinite
medium. The medium temperature is1 initially and the wall temperature is

changed to TW/Tigs [5]. The solution to this problem is:

U~To / Ty

— | (E.1.2)
=hty [ Zf@éegt el

or using the definition of U, Equation (5.1.12):
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(E.1.3)

The heat flux at the end wall can be evaluated using Equation (5.1.14)

with a = 1.0.

% R (E.1.4)
w
or substituting the partial derivative of U at ¢ = 0;
? o= égywz% {E§§fi§%} (E.1.5)
W Tw

%'ngi%gﬁ

E.2. Combustion Period

When the approximation a = 1.0 is made for the thermal conduc-

tivity, the transformed energy Equation (6.1.22) becomes:

2.
%m @iig%g% (E.2.1)

The initial and boundary conditions are:

v@% gg} s F{W} (E.2.1.a)

v(0,3) (E.2.1.b)
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[—%
¥
V(§8) = & |-P (B.2.1.¢)
Ty LA

The above equation with the boundary Canéiticns is identical to the
one~-dimensional heat transfer problem in a slab of thickness §, which
has an initial temperature distribution F(y) and is subject to time
varying temperatures at both ends [5]. The solution is given in a

series form as:

. E\fi@gg}mémé} | (E.2.2)

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

with a = 1.0, as:

(E.2.3)

or substituting the value of the partial derivative of the transformed

temperature with respect to the transformed distance at ¢ = 0,



. E«f (Djé)lwémééﬁg“%(égéﬂ . dE |

(E.2.4)
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APPENDIX F

INTEGRAL METHODS

F.1. Pre-Ignition Period

An approximate solution of the energy equation can be obtained
by integrating the transformed energy Bquation (5.1.13) from the wall

¥ =0 to the combustion boundary ¢ = &(t). A second order polynomial is

a
used to approximate the transformed temperature, LI$CE->
ig

Ut =AM+ B W+CE)W? (F.1.1)

The boundary conditions to be satisfied are:

Ulot) = %%i - F (F.1.1.8)
9

Zf(é}t) ] (F.1.1.b)

§§§§,Qg$t§ .;:; O (F.1.1.0)

Using these conditions the coefficients in Equation (F.1.1) can be

evaluated. The transformed temperature becomes:
. Y
Uiy e) — Fi*i(FﬁﬂQ‘%i«%iFFW}{%é§ (F.1.2)

For simplicity a = 1.0 is used in Equation (5.1.13).

oU _ o 9U (F.1.3)
ot T T Jgwz
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The initial and boundary conditions arve:

Ulvo) - | (F.1.3.a)
Zf(@)'ﬁ} = zéﬁ = F (F.1.3.b)
Ty
7 (§,t) =I (F.1.3.c)
Integrating Equation (F.1.3) from ¢ = 0 to ¢y = § gives
&
U | S (F.1.4)
jmd;ﬁ/ BE &L dy
[
or
d
, dg _ o | 20 _ 8U
Sp | Udv-U@ G = Eazp vl | ey
G Ve & W0

Using Equations (F.1.1.b) and (F.1.1l.c) yields:

-»-EJ Udy — dé o (F.1.5)

Evaluating the integral, differentiating and substituting the value of

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

95 oo (F.1.6)
dt = 3

or
& = (F.1.7)
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The heat flux given in Equation (5.1.14), for this case, becomes:

Z
- e U (F.1.8)

=" kwf QY We0

or

%%g = — Ky ;g? j%g%éiégg (F.1.9)

F.2. Combustion Period

in order to obtain an idea of the variation of the location of
the combustion zone with time, the transformed energy equation is
integrated from the wall, ¢ = 0, to the combustion zone, ¢ = wB(T)B A
second order polynomial is used to approximate the transformed temper-

ature, ¢, which is given by:

o ll-¥)
dvo) = F__Z__T (i} ' (F.2.1)
9 L-?Zg g
The polynomial is given by:
¢ (yz) —A@) +Bla) ¥ +C(5) ¥ (F.2.2)

The following conditions are used to evaluate the coefficients:
afi-¥)

P

b il

¥
$(0,8) — E%%ﬁ tﬁ;} - F(E} (F.2.2.2)
LTl 1R,

iy



(F.2.2.b)

@ a T G . |
5;569%):5 - %wz:j Ti\gﬂﬂ) [;J] == g} é@} (F.2.2.¢)
9

The above three conditions determine the three unknown coefficents. The

transformed temperature then becomes:

¢ (v 3) ;«:g(@)%M@W% [9(62:5@)@ %{élﬁ] W (F.2.3)

Differentiation of Equation (F.2.2) with respect to ¢y yields

20 _ Eﬁ(z—s)-ﬂs) _ A(ﬂ o
V= he) 47 = £ W (F.2.4)

Integrating Equation (6.1.22) with a = 1.0 yields:

(F.2.5)

or

2] d% __

o
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Evaluating the integral and the derivatives at ¢y = 0 and ¢ = Vg and

substituting into Equation (F.2.5) yields:

[ (£(2) - 9) + L o)

-

Qla,
o gmxgi

s | 2(9(x)- @) _
3 B A

- 2y oy diE)_ | g2 dh(E) N
Zh(fé{g 2y ég 4y S8 L yRon®) @)

or

d¥% _ o 6(9(8)-F(5)- 6Ush(c)

d& fg 29 (9(8) - f(a)+ ¥ h(B)
42 L - yraal@ 4y <l (F.2.8)
4%(5@35 @)+ 2 % h(B) e
The initiai condition is:
We(0) = Yp (F-2.8.2)

The above first order, non-linear, ordinary differential equation
can be solved numerically. wp is the thickness of the gas layer at the
end of the pre-ignition period. The computer listing for the solution

is given in Appendix J.
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APPENDIX G

FORMULATION WITH DIFFUSION

Consider the energy Equation (6.1.2) and the species diffusion

Equation (6.1.3)

(G.1)
(G.2)
Using Fick's Law, | |
Pyiviﬁ‘”f@% (6. 3)
the energy equation becomes:
f igf’ +pUSy oh — j& + (G.4)

The ethalpy for the mixture is defined as:
h = Z\/gég (6.5)
H

differentiating Equation (G.5) gives:
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dh =) Yedh + ) hed
| mZy Cp. dT @?‘léx, dY;
- G dT @%Z h; oY: (6.0)
where
Cp = Z;%(;Pi (6-7)

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

= . oY;
% = ;Fa g% A ; }34 9% (G.9)

Substituting into the energy equation yields

P53+ SE = S+ B[k 8H ) [

!
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In the above equation the coefficient of hi is zero because of the
species diffusion Equation (G.2). Using Equation (6.1.4) the energy

equation becomes:

DC% X 9 (6.12)

f C? f@@‘?

or

Pk +pucp 9L = jz % 8@‘}%@ o1 QZ&, 615

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

The energy and species diffusion equations become:

p éQT‘ — dp S 21
+put @x = 9 *ox Eg( @x} (.14
N Y, __ 3 N
F %f@ S = é”i{?@ 332] (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:

8% | E P ay |
F@ ] (G.16)
A1 {9

9

-

Using Equation (6.1.11) yields:

g@;ﬁm . P o ;{;LQTQyﬁ
gtmg%eéai 7

9
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where

C}{‘Lfﬁ _ ke (G.17)
I G
Les o= fﬁgﬁ@ (G.18)
%

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

new time variable according to:

d6 migm dt G.19)
4
yvields:
" | 2\
%ﬁ%g ol Leg g@% - (6-20)

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

conditions are:

Yo OW,0) = Yo (G.20.a)
Vg{@;%} — Yo (G.20.b)
Yi(§,8) = Yie (6.20.¢)

The gas layer thickness, 6§, is a function of time and is determined as
explained in Chapter 6. The transformed species diffusion equation is

similar to the transformed energy equation with a = 1.0 which was

discussed in Appendix E. The heat flux in the presence of diffusion
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is given by:

_—

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

1 == [ 8 o) b ]

From Equation (G.9)

=% 5 Da 3]

Substituting into Equation (G.22) yields:

(G.22)

o
[op]
s
]
N

—

— K 3h Le—| Zj% ;&‘E G
% T e %ig [f;UC ( } L @Xﬁi (u.Z@)
where Le is the Lewis number defined by:
Le = £DCp N G.25)

K

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 term in Hguation

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

dl ,
9y = k % § (G.26)

W



- TE
LA

APPENDIX H

COORDINATE TRANSFORMAT ION

Hol. ¢ - x Transformation

The relation between ¢ and x coordinates was defined in Equation

(5.1.3) as:

v _ P (H.1.1)
SX %

Using the ideal gas law, Bquation (H.1.1) can be expressed in terms of

temperatures and pressures.

2 P g (H.1.2)
X g% T

The ratio of temperatures can be evaluated in terms of the transformed

temperature, V, which was used in Chapter 6. Equation (6.1.7) is:

(H.1.3)

which yields,

N oo
Sy

K

Substituting Equation (H.1.4) into Equation (H.1.2) vields:
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“%&2 \/H/&[‘%] ’ | (H.1.5)
or
\/W o _e—ﬁladw |
de = V[ L] o o

Integration of Equation (H.1.6) gives the untransformed space variable, X.

4 — /¥
oo T p - 1.7
o= | B dy (H1.7)
| iy
O
In Equation (H.1.7) only V is a function of ¢, therefore:
ﬂ“‘”g .}!
= ' o
X == | ﬁmf VAR k'Y (H.1.8)
Lohy
a

Two ¢ - x curves are plotted for the combustion period at 20 usec in
Figure H.1. As seen from Equation (H.1.8), the ¢ - x curves will be
different for different times.

The penetration depth, &, was defined for the pre-ignition period
as the distance where the temperature reached the value 0.99 T . For
this period the pressure is a constant, p = pig = constant, hence
Equation (H.1.8) simplifies to:

Ut
%) :—;J \/6/& A (H.1.9)

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

5.7 and 5.8).



For the combustion period, the penetration depth, SB% was

defined as the distance where the temperature reached 0.99 Tﬁe Using
Equation (H.1.8) éB can be calculated as:
¢ Q%
~1]%
p oo
O = E’ME v JY (H.1.10)
% N
o

8, was calculated and plotted in Chapter 6 (Figures 6.12 and 6.13).

B

H.2. t - T Transformation

The relation between t and T was given in Equation (6.1.21) as:

a¥-a+l :
dz =[2 1 ¥ (1.2.1)
Py

The pressure is a known function of time, therefore to evaluate T we

must integrate Equation (H.2.1).

. T
G mjif;ﬂj Jt (H.2.2)
P
O

To evaluate t from v the reverse should be done.
o-af-1

A '
B a6 (H.2.3)

t and 1 are shown in Table H.1 for runs 214 and 219.



~-154-

Table H.1

Run 219 Run 214
T(usec) t (usec) t (usec)

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 34.7432
36 35,6656 35.6828
37 36.6004 36.6168
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
45 43,9029 43.9096
44.7885

45.6567
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APPENDIX I

HALF-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 I.1.A a space element adjacent

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

= q, +pC S ol L (1.1)

or

{f — % "“fc? @T A\é’ (1.2)

The heat flux coming into the element is given by Equation (6.1.24) as:

oV

R=A4 (I.3)
=14

Y=0

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

in terms of temperature and pressure as follows:

C
pep ol — Plp OL (1.4)

ot = RT ot

The temperature can be evaluated from Equation (6.1.17)

(I.5)
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) ,,%?&
o,
T P

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

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

ol T 9V 34 (1.7)
ot oV JIb6 Jdt

Substitution of the partial derivatives yield:

aly-1 altl-o
87”W7L, Z(/ “}[’“E“] ¥ P & IV (1.8)
ot T o i P(Q F‘i% a5
or
za¥-Za+1
ar W;ZQ =) TP ’ 2V 1.9
ot T a %» BY (1.9)

Substituting Equations (I.6) and (1.9) into Equation (I.4) we obtain:
@ 5“3. +1
. N j o,
c, o0l . P LP P 2Y 1,10
LT ARV 5 | 56 (110

Then the heat flux at the end wall can be calculated from Equation (1.2).

al-n+d

— e l Toav) s e,
W a “ra [ oy Ewo ar
¢ ﬁg@.%ﬁ
[ N =14
[?ﬂ v oG (I.11)
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The time derivative of the transformed temperature was evaluated using
the average of the temperatures at the wall and the first grid point.

In finite differeﬁce form the heat flux at the wall is given by:

The primes in the equation denote the next time step.
A space element at the edge of the gas boundary layer is shown

in Figure I.1.B. A heat balance on the element yields:

QT LY
9% = 9.tPC 56 T —

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

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

_ 5@ T
%= e

(a+)

(I.14)

or in finite difference form:



(I.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. The difference was less than 2%, which is well with-

in the range of our accuracy.
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APPENDIX J

COMPUTER LISTINGS FOR "'GSHEAT'' AND "DELTA' PROGRAMS
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PROGRAM GSHEAT (INPUT,QUYRUT §
DIMENSION TEMPRI30)
DIMENS ION PHI(60,30), TEMP{60:30),PINFIG0)TI60)PSII30):TINFLH0)
DIMENSION F{60) Gl6D I HEATF1 (60 ), HEATF2(60 ), HEATFE3( 60 b, H1{ 60}
DIMENSION H2{60) H3{60) COFL 0] sPHITNIGD) (HINFLIG0) HINF2(601)
DIMENS IOA HINF3{60), DELTA{60)}.DEL(60,301) :
DIMENSION V{30,300 TTEMPI30,:30) HTFLI30D HTF2(30),HTF3I{(30}
DIMENSIDN HHL(30) sHM2( 30),MH3{30) ,O0EL{20,30} ;DDELTAL30)
REAL KW :
READ 100s NoMPING:TING;STABFTHGAMMA,DT AU, A
100 FORMAT (215, 7FL05)
READ 105, . KWe ALFAL
105 FCRMAT {(2EL11.5)
READ 106, LW
106 FORMAT (15)
TEMPERATURES ARE IN KELVIWN
PRESSURES ARE IN ATMOSPHERES
THERMAL CCONDUCTIVITY IS IN WATTS/M oK
TIME IS IN MICRUSECONDS
SPACE IS IN METERS
ALFAY 1S IN MZ/7MICRCSEC
& IS THE PDWER FDOR THFRMAL CONDUCTIVITY
READ 110, (PINFIKIsK=1oN}
110 FCRMAT (10F8.5)
READ 120, {(TINFIK], K=1sN}
120 FORMAT(10FB.2)
. GAM = {(GAMYA= 1.1 /G AMMA
Al = AB{l.-GAMMAJ/GAMMA
AABR = 1./7A
AAAA = A+l.
B = KT INGSSAAAAN/ ITHERA)/A
DPSI = SORT(ALFAI®DTAU/STABF}
AB = (A-1.}/A
PREIGNIT ICN PROGRAM
FF = {TH/TINGI2=A
READ 90, NP .MP
S0 FCRMAT 42151}
SPECIFY INITIAL AND BCUNDARY CONDITICHNS
00500 J=1.MP
YiJel) = 1o
5C0 CONTINUE
00506 K=2,NP
Vil oK} = FF
ViuMP K = 1.
505 CONTINUE
STARY CALCULATICON
BPp = Mp-1
DO520 K=1l, NP
DO51G J=2 ;MPP
ViJoRell = (1lo=2.8STABFE (VI{JoKISSABI ISV JoKIPIVII K} *SABI&STABFS(Y
§lJr1oKieViI=1,KD)
51C CCATINUE
520 COWNYINUE
CALCULATE HEAT FLUXES AT THE HALL
§ = TING-TH
POS540 K=2.NP
BCS30 J=1,MP
TTEMP{ Jol) = TINGH{VIJ.10%%A84)
TTEMPIIGK) = TINGaIVIJ.KIemAhA)
530 CUNTINUE
HIF LK) = 0o=B%{V(2.K)=V{1:K))/DPST
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HTFZIK) 2 Do=B#l& .3V (2K )=V{3:K =38 1, K}1/72./DPSE
HTF 3R] = 0.-B(2.8V(6oK}=9.3V {3, K}+1B .8V {2:8I=11BVW{1cK}I/6./0P51
CALCUL ATE HEAT TRANSFER COEFFICIENTS
HHL (KD = HTEFLIRI/S
HHZ2{K) = HTF2{K} /S
HHZ{K ) = HTF3{R /S
BOELIL.K) = Do
HMP = K
00535 J=1.4HP
DDEL{Jel oK} = DDEL{J o KI#{V{J KISV (IS¢l K} I%DPSE/2,
535 CONTINUE
DDELTALK) = DDELIMMP,K )
540 CONTI NUF
PRINT THE RESULTS
PRINT 600
G600 FORMAT (/7 .5X.2RESULTS FOR THE PREIGNITICN PERICD®)
PRINT 610
610 FORMAT (/75X % INPUT DAT A%}
PRINT 6209 NP MPSTABF DTAUDPSI L¥
820 FORMAY (/75K a8NP= 2, 15,54, %Pz B,]15,5K,25TABF = $EL1.5:5X:#DTVAU= %
LoELL o5 o8 X o%DPEE= &, F11.5,5 2L M= %, I8}
PRINY 630y TING s THFF
530 FORMAT (/75X 8T INGe S FBoZy SHeoTHs %5825 8FF= ®,E11.51)
PRINT 640, GAMMA KW, ALFAL. A
640 FORMATY {(/:S5Ks*GAMMA= % ;T BoS 5K e2Kk= %E L1551 s2ALFALI= %,E11.5:+%¥,
1%4= %,F8,.5})
DOTCC K=1,H8P
DO65% J=leMP
TEMPP{J) = TTEMP(J K}
655 CONTINUE
PRINT 650 KeHTFLIKIHTF2{H}HTFI(K)
650 FORMAT (/75K o TAU= %0158,/ o ¥HTFLle B3 E1 1550 %HTF2s B,811.50 5K %
IHTE 3= %,E811. %)
PRINT 660, HHI{K ) HH2(K T, HHAIK ]
660 FORPAT (/o5 s%HHL=2 % (ELL 55X o2HH22 2,C11.9:5K:2HH3= &, E11.51
PRINT 670
G670 FORMAT (/.5K,2TEMPERATURE DISTRIBUTION IN THE GAS LAVYER®%)
PRINT 680, (TEMPP(J},s J=1 .MP}
680 FORMAT {B8{5X,Fl0.5)1}
TOC CORTI NUE
PREINT 430
PRINT 460, (HTFLIK)oK=1,NPD
PRINTY 440
PRINT 460, (HIFZ2{K) «K=1:NP}
PRINTY 450
PRINT 460, (HTF3{K) sK=] (NP}
PRINT 470
PRINT 680, (DDELTAIK} K=l NP}
= 0
K =0
CCHBUSTICN PERICD PRUGRAM
PRINT 710
TIO FORMAY (/777 .5X, 2RESULTS OF ANALYSIS FOR THE COMBLSTION PERIOD®)
B0 3 #K=1.W '
FIK ) = QUTH/TING)»3A Ju{{PINF (K} /PIRG ] ==AA)
GEKY = {(TINFIRI/TINGIR®2A)S{{PINFIK}/PING)e2AA)
COFLRY = (PINFIKI/PINGI®%{]l,—-AA}
3 CONTINUE
PRINT THE INPUT DATA
PRINT 300
300 FORMAT (5K, 2INPUT DATA®])
PRINY 310, NyM,STABF,DTAU,0PSI
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310 FORMAT (/+5XKe®M= 2,15, 9M= 3,15, 54 %STABF= 2 ,E11:.5:5H,#DTAU= ®,E1l1l.
155X 5DPSI= &,EL1.5)
PRINT 320; PINGTING s TH i
320 FORMAT (/5% 3 INGs 3,FB.5: 5%y 3TING= aF 8, 2,51 o5 Ths 2 ,FB. 2}
PRIANT 330, GAMMA KW, ALFAT, 4
330 FLRMAT [/ o5Xo%GAMMA= % ,;F 85,50 e% K= % ,E11.585X+%ALFATI= &,ELL5,5Xs
Leh= %,FB.5])
PRINT 340
340 EFCRMAT ([ /:5X,2DELTA CONDITION FOR TEMPERATURE® (LOX.8HALL CTNDITION
1FCR TEMPERATURE®)
DCS K=lgA
PRINT 350, GEKDFIK)
350 FORMAT (5XoEL1L.5:34%,E11.5)
& CONTINUE
SPECIFY INITIAL AND BUOUNDARY CONDITICKS
DOL30C J=l M
PHIINGJ) = VI{J.RP)
130 CCNTINJE
DCe J=1.¥
PHI(So 1) = PHIIN(J)
& CUNTINUE
’ DCT K=2,A
PHILIsK) s F{K)
T CCATINUE
LLIN = 28(M=-LM}e+2
NN = LLN=2
DCS K=2 ¢AN,2
MM = M-{K/2}
D08 J=MM.HM
PHI{JoK) = GLK)
B CONTINUE
S CONTINUE
NRA = LLA=]
DOLS5 K=3.NNN, 2
ME = M={{K=1)/2)
DOL4 J=MEM
PHIEJ:K) = GIK)
14 CCANTINUE
15 CONTINUE
D020 K=LLN.N
MM o= LM
DUL19 J=MM.M
PHI(JsK) = GIKD
19 CCNTINUE
20 CONTINUE
DC30 K=1,NW
TEMP{L.K) = Th
30 CONTINUE
START CALCULATION
DG50 K=1,NNN
L= {=1)2e{Ke+l}
IF{L.EQ.1) GO TO &5
GO Y0 46
%5 MM = H=(Kell}/2
46 DLLY J=2,.¥M
PHI{Je€+l) = (Lo=2.%STABER(PHI( JoKI22ABI I PHI (JoRIS(PHI{JoK)22AB]®
TEPHI(Js 1o KD ePHILI~1.K } D ®STABF
4% CONTINUE
50 CONTINUE
MMM s | M=
D060 K=LLANN
BD59 J=2,KMHM
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PHE{S 822 = (Llo=2.2STABFX(PHI(I: K I+sAB) ISPHI{S K I+ {PHI{J K IS2AB )%
MPHI{ S, K ¢PHI{ J~ LR} )% STABF

59 CONTINUE

60 CONTINUE
GAMM = Qo=le /CAMMA

BC70 K=2 4K

D063 J=2.M

TEMP(A, 1) = TING®{{PINFILI/PING)=sGAMYsIPHTI( o1 %5844}

TEMP{ oK) = TINGH{IPINFIKI/ PINGISSCAM IS (PHILI K JE2AAA )
65 CONTINUE

CALCULATE MEAT FLUX AT THE HALL
MEATF 14K} O.-COF (KY% 8% (PHI(2 K)=-PRI(L. K} I/ DPS T
HEATF 21K 3 o= COFTKISBR{ 4, % PHT {2 oK) =PHE {3 oK) =3 2PHT L1 oK} 172 ./ BPS §
HEATF3(K) = 0o=COF(R ISBH(2.2PHI{4 K 1= 0. 9PHII 3o KD 418, ¢PHE 12K} ~11.8
LIPHI (1K) ) /6. FOPST
CALCULATE MEAT TRANSFER COEFFICIENTS
HI(KY = HEATFLIRIZITINE(KI=TW]
H2(KY = HEATFZIKI Z{TINFIKI=THh)
H34K) = HEATEIIK AL TINF(KI-TH)
CALCULATE HEAT FLUX AT DELTS
IF [K.GT.NNN} 60 TO &8
L= {=1i89K
IFIL.EQuL) 6T TC 67
60 TC &8
67 MY = M=K/ 2
6B HINFLIR)
HMEINF 20K )
1./DPS 1 :
HINF3IK) = D.~COF(KISBX(2 . 2PHT{MM=3, K )0 « SPHI(MM=2, K )¢ 1B, 2R HI{H¥= 1
Lok Y=V 1o 2PHI (MMK ) )76, /0P S
DELIL.K) = D,
p06%S J=1,MM
DEL{J41, KD = DEL(JKI®{PHI (S, KIePHILJSL K ISDPST /2,
69 CONTINUE
DELTAIKY = ({PINF(K) /PINGI®RGCANMISDEL (MM K )
70 CONTINGE N
PRI NT THE RESULTS
DOBO K=1N
PRINY 350, KeTINF(K I, HEATFLIK ) HEATEZ2(K J, HEATE 31K}
360 FORMAT {/7:5%e8TAU= %4315,/ 5X8TINF= 2,F00,5,5XsSHEATFI= % E11.5+5X
1, 3MEATF2e 8,E110%¢5X o SHEAR TF 35 %4E 11, 5}
PRINT 3700 HL{KD HZIK),M3{K)
BTC FOPMAT (/5% e®Hls % ,F11.5.5%Xs%H2= ¥ E11.5:50e%MHI= &, ELL .5
PRINT 380, HINEL{K I HINE 21K ) HINF 30K}
BHC FORMAT (/,5KosHINFL= %, E11.5, 5%, SHINE22 %5 Ello5s SXe®HINF3= &,E11.5
1)
PRINT 390
260 FORMAT (/5K TEMPERATURE DISTRIBUTION IN THE GAS LAYERE)
PRINT 200, { TEMP(J oKD, Ju=leM)
400 FORMAT (8(5K, F10.5)}
8¢ CONTINUE
PRINT 410
41C FORMAT (/7,55 %7 INF#®)
PRINT 420, { TINF(K) o K=l o W)
&£20 FORMET (B8(5XeF10.5))
PRINT 430
430 FORMBT (/5% .BHEAT FLUXFIRST CQRDEAR)
PRINT 460, (HEATFIIK I U=1oN)
PRINT 440
440 FORMAT (/95X %HEAT FLUX SECOND ORDER®}
PRINT 260, (HEATFZ{KbeK=1eN)
PRI NT 450

LU

0o =COF (KB (PHI{PM-L (K I=-PHI(MM, K} 3/ DPS I
Qo=COF (KBS PHIT MM L oK) mbo=PHT (HM-2 K} =3 . &PHI (MM K} D/ 2

L
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FORMAT (/054 2HEAT FLUX, THIRD DRDER=)
BRINT 460, IHEATF3 (K)o K=1e ND

FORMAT (BESXELL.50)

PRINY €70

FOPMAT (/5K %GAS LAYER THICKNESS®)
PRINY 480, {DELTALK) oK=1,N}

FORMAT (85X, E11.50)

Syce

END
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PROGRAM DELT (INPUT,OUTPUT)

DIMENSICN PHIM6D o303, TEMP{60,300, PINFIG60), TINFI60) HFUI60]
DIMENSION DELTA{G60) «F (60D oGO0 oHIGD) FF{600GG{60 I HHIGO )
DIMENS ION S{601, T8 603, YI 60),2060)

REAL KW

READ L1009 NoPINGSTING s TH A GANMA,DB

FORMAT (15:6F10.5:EL1.51)

READ 110, MoSTABF KW, ALFAI

FORMAT (15,F1C.5,2E11.5)

READ 120y {(PINFIK), K=1.N}

FOCRMAT (10F8.5)

READ 130s ETINFIK), K=1eN)

FCRMAT (10F8.2)

TEMPERATURES ARE IN KELVIN

PRESSURES ARE IN ATMOSPHERES

THERMAL CONDUCTIEVITY IS INK HATTS/H OK

ALFAT IS IN M2/MICRDSEC

SPACE IS 1IN METERS

TIME IS In MICRCSECONDS

A& IS THE POMER FOR THERMAL CCONDUCTIVITY

B IS THE INITIAL VALUE OF THE ZONE THICKNESS
GAW = As{l.-GAMMA}/GAMMA

COF = A%{{ITH/TINGI®%8) /KH/TING

GAMM = 1 .~(AM

READ 140, (HFRIKD) s K=l oNj

FORMAT (BELC .4}

AL = 1o./74

D0 200 K=1l,N

FIK) = (ITH/TINGI==A)S{(PINF(K)/PINGIS%2GAN}

GERY = LITINFIKI/TINGI=AI= ({PINFIR)/ PINGI®EGAM]
HiK) = HFWIK)ROFX({PING/PINFIK] ) %%GAVHM]

SIKY = GIK)=FIK])

CONTINUE

DELTA(L) = B

START CALCULATION

NN = N-l

B0 300 K=1.NN

TIK) = 2.#DELTAIKISS (KICHIKI®((DELTAK I §%22)

ViKY = (69506 #DELTACKIRHIKI I /TLK)

FEIK] {FIKe1E-FIRII/D

GGIK) = (GIKeLI~GIK}I/D

HHEKD = (HIKe1)-HIR}} /D

ZUK) = (4. 3{DELTA(R 222} #FF{K)e2.2({DELTAIK J 221 2G6IKI #(DELTALIK) 2% 3

1]

ThsHH{K) ) 72, /TEKD

DELTA{R 1) = DELTA(KI¢DEALFAIRYIK)-DHZ{K}

CONTINUE

CALCULATE THE TEMPERATURE DISTRIBUTICHN

DPST = SORTIALFAI®D/STABF}

DO 400 K=i ¥

DC 350 J=1.M

DOPST = (J-109DPSI

PHECJoK) = FLXISH(KI=DOPS T (SIK I/ {DELT A(K J%%2 - H{K } /DEL TALK ) B2{{
iDDPSE®%2)}

TEMP(JoK) = (PHILI KIL({IPINFIK)/PINGIm=2CAN) 2 RAA L= TING

35C COCMTINUE
40C CONTINUE

510

PRINT THE RESULTS

DC 600 K=l,N

PRINT 510¢ Ko VINFIK) DELTAIK?

FORMBY (/7,58 8T AU= %, 15, /5% #TINF= B,F10.5¢5X*0ELTA= %4E11.5)
PRINT 520 )
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FORMAT (/.5%.¢TEMPERATURE DISTRIBUTICR IN THE GAS LAYER#)
PRINT 530, (TEMPIJoK]y J=1,o¥)

FORMAT (B{SK.F10.5}1

CONT INUE

PRINY 610

FCRMAT (75X %GAS LAVER THICKRNESS#}

PRINT 620, (PELTAIKDYy Ks1oN)

FORMAT (815% 211509

syop

END
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