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ABSTRACT

The.Stndy of the heat transfer to the cyiinder(and piston surfaces
in an internal combustion engine is of both practical and iundamentai
'intenest., Heat transfer processes are critical to the designhand
development of engines with respect to emissions, engine efifciency,

“and thermal stress in-engine materials. In addition, expenimental heat

"’,‘

transfer data along with flame propagation results are needed to study

and appraise anaiyses‘of the processes in engines. In this work, two
" studies of heat transfer phenomena are made. First an analysis of an
observed reversal in the direction of the wall heat flux is presented.

Then, an experimental study is.reported in which simultaneous wall heat



flux, pressure, and flame propagation data are obtainéd. In
particuiar, the interaction of the flame propagation and wall heat
transfer is discussed.

In the first part of this study, an analytical solution for the
‘reversal in direction of the wall heat flux during compression and
expansion is derived. The results are in good agreement with
experimental measurements. From the solution to the finite difference
formulation of this problem, temperature profiles were calculated.
From these temperature profiles and the analyticai solution of the wall
heat flux, a physical explanation for the heat transfer reversal is
deterhined.

In the experimental portion of this work, simultaneous
measurements of pressure, wall temperatufe, wall heat flux, and flame
location and shape are obtained for combustion in constant volume,
expansion, and compression-expansion systems. The experimental
apparatus used in the study, simulates the compression-expansion
strokes of an internal combustion engine while allowing full optical
access to the combustion process with high-speed schiieren movies. The
measuremehts showed that the wall temperature and heat flux rise
rapid1y_when theaf1amespasses. The flame speed, and correspondingly
the time .of the sharp rise in wall temperatufetand heat flux were found
to vary considerably with equiva]enéetratio. For lean constant volume
combustion, buoyancy was found to have a significant éffect on the
shape of the flame and on the corresponding wall temperature and heat

" flux variations.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The development of a capability to predict the phenomena in an
internal combustion engine has proven to be difficult. This entails
the complexities of combustion and variable vo1Ume, thus encompassing
variable pressure and temperature, chemical reactions, complex flow
patterns, and high temperatures. This level of compiexity which
includes the interactioh of these phenomena, is considerable, and
suggests the need for basic experimental studies. Experimental heat
transfer measurements in engines have been made for many years (e.g.

Eichelberg, 1939). Most of these studies have concentrated on

~obtaining experimental data relative to the overall effects and

performance of the system, although several recent studies have focused
on specific phenomena.
The heat transfer to the cylinder walls and piston has received

particular attention. Heat transfer data are used in assessing

temperature and induced thermal stress distributions in the engine .

walls, which is useful for the design and development of internal
combustion engines. The data are.also important in studying the
influence of thermal boundary layers on combustion processes near the

chamber surface. In addition, heat transfer data are important for

'improvihg the modeling and simulation of internal combustion engine

performance.

In this work, two studies of heat transfer phenomena are



presented. First an analysis of an observed directional reversal in
heat transfer is discussed. Then an experimental study of wall heat
transfer, flame propagation and their interaction is presented.

1.2 Wall Heat Transfer During Compression and Expansion in the Absence N

of Combustion

The complexity of the phenomena in an internal combustion engine -
has led investigators to study particular aspects of the problem
including the heat transfer during compression and expansion in the
absence of combustion. Early work in this area presented temperature
variations with time at points below the inner surface of the cylinder
wall (Eichelberg, 1939). From this information, heat transfer rates
were calculated including the heat transfer to the cooling liquid.
These same experimental measurements weré reexamined by Annand (1963)
who found some defects in the existing empirical relations and proposed
another formulation. Ahnand also briefly reviewed some of the
analytical work on this problem that has been presented (Oguri, 1960)
and found that even though the predicted variations of heat transfer
rates agreed with experimental obseryations, the assumptions to some
extent seemed arbitrary. Annand and Ma (1970) measured the
instantaneous heat transfer rates-at five different locations-on the
cylinder head of a small compression—ighition engine. The heat flux
magnitudes  and variations during the cycle were found to vary greatly A
with  Tocation. Analyses of the phenomena increased in complexity, for
example, by including the effects of turbulence in the work by Gosman
and Watkins (1976). This particular work predicted heat transfer
magnitudes that were lower than experimental engine data, but followed

similar trends. The-higher. values of the engine heat flux data are:



attributable to higher turbulence levels caused by flow through the

valves. An experimental and theoretical study of the heat transfer

'during piston compression was presented by Nikanjam (1977). This study

developed an analytical prediction of the heat transfer variation
during compreésién, and found good agreement with experimental data.
Keck (1981) presented an analysis of the thermal boundary layer in a
gas subject to time dependent pressure. In his work, both heat
transfer rates and displacement thickness were calculated.

One important result of the experimental studies of these
phenomena is an observed directional reversal in the wall heat transfer
during compression and expansion. This has been observed in
measurements of instantaneous heat fluxes in a diesel engine (Le

Feuvre, et al., 1969) and in measurements in a spark ignition engine

© (Alkidas, 1979). The heat transfer which initially is in the

direction from the gas to the walls, is observed to change so that the
gas is now heated by the walls. This occurs even though the free -
stream or bulk gas temperature is greater than the wall temperature.

This reversal of the heat transfer was also measured by Dao (1972) who

did some computational work using a finite difference formulation.

Annand and Pinfold (1980) presented even more detailed data on this
phenomena. |

In Chapter 2 an analytical solution for the heat transfer reversal
during compression and expansion is obtained. Heat transfer rates are
predicted which are compared to experimental measurements. A finite
difference formulation is used to predict the variation in tenperaturé
profiles. From the anqutica] solution and the tempekature profiles, a

physica] explanation of the phenomena is then developed.



1.3 Experimental Study of Wall Heat Transfer, Flame Propagation, and

Their Interaction

The interaction of a flame with a cold wall has been studied in an
attemptvto understand internal combustion engines as well as other
systems. Mathematical models have been proposed for Various aspects of
the phenomena.. Kurkov and Mirsky (1969) presented an analysis of
laminar flame extinction at a parallel cold wall assuming a
one-dimensional process and using one-step chemical kinetics. Hock,
Peters, and Adomeit (1981) obtained a solution.using two-step chemical
kinetics for the one-dimensional problem and found significant
differences from the results using one-step kinetics. Carrier,
Fendell, and Feldman (1980i present an analysis of a flame passing a
pefpendicular wall. Heperkan (1980) performed both an experimental and
theoretical study of wall heat transfer for combustion in a shock
tube. . Unfortunate]y, the experfmenta] data that would be useful to
appraisevmost of these analytical models and solutions are often
incdmp]ete and inappropriate as Ferguson and Keck (1977) point out.

Experimental data in fired internal combustion engines are
available. Overbye, et al. (1961) obtained wall heat flux data in -
spark ignition engines including a study of the effect of deposits on
the combustion chamber wall. Yoshida, Harigaya, and Miyazaki (1980)
obtained heat flux measurements to the piston of a pre-chamber type
diéSel engine. The efféét of the inlet jet flow was studied. Alkidas:
and Cole (1981) studied the transient heat flux and heat rejection to
'the coolant in a divided chamber diesel engine. Mﬁch of the data from

engines include many of the complexities relating to overall engine

L]
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operation. It is therefore difficult to utilize these data to study
the specific, localized phenomena; e.g. ffame wall interactions, etc.
Some data are available fok fhe one-dfmensiana1 propagation of a flame
in a constant volume chamber (Isshiki and Nishiwaki, 19]4), and for the
steady staté problem of a flame on a burner (Yamazaki and Ikai, 1971).
However, there is a pressing need for more data as pointed out by
Ferguson and Keck (1977), and Alkidas and Myers (1981); in particu1ar;

simu1taneous data on flame propagation and flame wall interaction for

- the same conditidns are needed.

In this study simujtaneous data on flame propagation, pressure, .
and wall heat flux are obtained. In particular the dependence of the
wall heat flux on the propagation of the flame inc1uqing Tocation. and
shape is analyzed. Combustion near the lean limit is studied and.
compared with stoichiometric results. . The experimental apparatus used
in this work is described in Chapter 3. In Chaptgr 4 the determination
of the wall heat flux from the surface temperature measurements is
described. The experimental measurements are presented in Chapter 5,
and the heat flux results are presented and discussed in Chapter 6.

The work is then summarized in Chapter 7.



CHAPTER 2

UNSTEADY HEAT TRANSFER DURING COMPRESSION
AND EXPANSION IN THE ABSENCE OF COMBUSTION

2.1 Introduction

Experimental results for the wall heat flux in reciprocating in-
ternal combustion engines reveal the complexity of the physical

proceSses that occur in these systems. One important result is an

observed directional reversal in the wall heat transfer (Le Feuvre, et =

al., 1969 and Alkidas, 1979) in unfired engines. That is, the heat
transfer which initially is in the direction from the gas to the walls,
changes- to the direction from the walls to the gas. This occdrs even
though the free stream or bulk temperature of the gas is greater than
the wall temperature. Thus the application of Newton's law of cooling
q=nT, - Twa11)'is not useful sfnce a negative heat transfer
coefficient, h, would arise. This reversal of the heat transfer was
also observed by Dao, (1972) who did some computational work predicting
the reverse in heat transfer using a finite difference formu1ation;

Annand and Pinfold (1980) obtained data on this phenomena.

In this work an._analytical solution to this problem is developed.

This solution agrees well with experimental data and with the finite
difference formulation of the problem. This ané]ytical,solution is
especially useful and provides the unsteady wall heat flux solely as a
function of the instantaneous volume of the cylinder. A theory of the
physical mechanism is proposed and temperature profiles ére obtained

which provide supporting evidence for this theory.
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2.2 Ana]ysi;

The determination of the heat flux at the wall is based on the
solution of the conduction equation in the solid and the conservation
equations of continuity, moméntum and energy in the gas. The two
solutions are joined by requiring the temperature and the heat flux to _
be continuous at the interface. It is assumed that the gradients in
the gas are restricted to a small boundary layer and that outside this
region the gas is compressed isentropica11y. The gas and solid are
therma11y semi-infinite with only one spatial dimension of interest,
the dimension perpendicular to the plane wall boundary. The
temperature rise in the gas is large such that it can be assumed that
mechanical contributions to the energy and momentum balances can be:
neglected. The viscous stress and body force terms are also
neglected. At the temperature of interest, the gas, air, does not emit
or absorb radiant energy.

On the solid side of the interface, the conduction equation is

2 -
_Bl = a 8_'1_'_ '(2.2-1)
at 9 X

where ag = kg/psCs. The initial and boundary conditions are: |
T(x,0) = Tj - (2.2-2a)

T(O,t) = Tw(t) ) (2.2"2b)



T(e,t) = T4 (2.2-2¢)

The solution to this problem which is given in Carslaw and Jaeger
(1978), obviously requires the knowledge of Ty,(t) and T;. Since

the wall temperature variation Ty,(t) is not known, the gas side pro-
blem must be considered. In detail, continuity of temperature and heat
flux at the interface between the gas and the solid, is assumed. This
will provide the necessary condition to compléte]y specify the problem.

The equations in the gas are:

¥ + 3 (ou) =0 (2.2-3)
ot IX ,
o U 4oy M o _ 3P (2.2-4)
ot aX. X
oc. DT - DP L3 3T, (2.2-5)

P bt Dt 39X X

Note that the velocity, u, is in the direction perpendicular to the

wall. The initial and boundary conditions are:

=T at t =0 (2.2-6a)
T = T,(t) at x = 0 (2.2-6b)
T = T (t) _ at X » = (2.2-6¢)

An order of magnitude analysis is presented in Appendix A and
shows that the energy and momentum equations can be simplified with the
pressure being only a function of time, that is, P = P,(t). The con-

servation equations.to be solved are therefore given by:



% 4 2 (puw) =0 | (2.2-7)
ax

L N VAl  (2.2-8)

p Dt dt X X

- A method similar to that used by Isshiki and Nishiwaki (1974) is
used to obtain the gas heat flux at the wall. The Eulerian coordinates

X, t are transformed to the Lagrangian coordinates y, t according to:

¥ = ° ¥ . U (2.2-9)

These transformations satisfy the equation of continuity, Equation

(2.2-7). Applying the transformation gives

S =Ry a2 ity L2 L2 (2.2-10)
at 'x a3y 't 3t 'x ot 'y at 'x a3t 'y Py 3 t -
J =P 3 -
whomh wlorwl il @

so. that the energy equation in w,rt coordinates becomes:

dP
¢ T . = 4
°p

|'O

aT
i

3 (x (2.2-12)
3y

©

To proceed further it is convenient (but not necessary) to assume a
linear variation of the thermal conductivity of an ideal gas. This

gives:



T P
k 2=k, — P_=k, _=k, =2
Vo, P ! Tp,
5 i i i i
which yields:
pC 3T . ¥ + Pk, P“ Gl
P 5t dt oy | Pi oy

Pﬂ
dr = __— dt
Pi
so that:
3 _ 93 dt _ P 2
3 o ® Py v
yields:
L S S L
at Y P, dt ! ap?

10

(2.2-13)

(2.2-14)

(2.2-15)

(2.2-16)

(2.2-17)

Outside the thermal boundary layer the.compression is isentropic as

shown in Nikanjam (1977), and for constant specific heats:

v/ {y-1)

(2.2-18)

‘-
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Thus
| dT,, 2 _
L A TR ' . (2.2-19)
at T, dt 3y
If we now 1et'¢ = ;;. -1 wé‘obtain the diffusion equation
. ) , |
¥ -a X0 (2.2-20)
T aq;z

subject to the following initial and boundary conditions:

¢ (v,0) =0 | (2.2-21a)
T, _

¢ (07 = = -1 (2.2-21b)

¢ (=) =0 (2.2-21c)

Two alternative methods of obtaining the wall heat flux in this
problem are available and used here. One is a numerical solution using
the finite difference technique. From this method; temperature
profiles as well as heat flux are obtainable. 'This method is described
in Appendix C.

The second method is an analytical solution*. The wall heat flux

is given by:

*In addition td the analytical solution developed here, it is also
possible to obtain the wall heat flux using the Duhamel integral
(Carsltaw and Jaeger, 1978).

11



_ oT _ p oT - P+ 3
q =k | gk — =] 4=k T | _ -
w,g = | x=0 oy '\p 0 oy - 'q; 0. (2.2-22)

Substituting Equations (2.2-13) and (2.2-18) into this relation yields:

(y/y-1)

= 3¢
q = -k — — T, = (2.2-23)
w.9 "\t T, L G

A solution may be readily obtained f’or a polynomial variation of ¢,
i.e., for:

0 = - 1 = Ag + Ajt + At + Agt® + Ayt (2.2-24)

(Note that variations in both T, and T, may be incorporated in this
polynomial). In detail, for:

2

3¢ 3¢
L= 2 (2.2-25)

aT ap?
o (¥,0) =0 (2.2-26a)

oy = m '
*m (0,7) = Ap T - : (2.2-26b)
by (®,7) =0 (2.2-26¢)
the solution, for any positive integer m is:

o= Ay T (n+ 1) (40)" 12" erfe (y/2/a7T) (2.2-27)

where n = ___ .

12



Since the partial differential equation and the boundary conditions are

1inear, solutions may be superposed. Therefore, for the_founth.onder

polynomial of Equation (2.2-24), we obtain the following temperature

distribution:

o{y,7) = Ag erfc z + A T(2) (4x) i% erfc z + Ay T(3) (47)2 i* erfc z

+ A; r(4) (47)3 15 erfc z + A, r(5) (4T)“ i8 erfc z (2.2-28)
where z = _}L_ . For the heat flux we have:
AZR L
3% - 3% 9z _ 1 % . 1 ” [. 2 A e-22
e 32 3 2agt 3z 2/?.?1.—1 )

-4 A tierfcz-32A, t21i% erfc z - 384 Ay 13 i° erfc z
- 6144 A, * q7 erfc z] o (2.2-29)

The wall heat flux is therefore given by:

T\ T,

ax X T rEy

]
l<
-

[+ V]
ik
i
o

"
=

g 0.564 Ag. t-1/%

1

+

1,128 Ap t1/2 + 1.508 Ay t3/2 + 1.805 A5 13/2

+

2.06 A, t/2{ - » . (2.2-30)
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Since the variation in T, is so much greater than that in Ty, it is

permissible to assume that T, is a constant as follows:

T (1) T
LA T (2.2-31)

(1) =
P T T (<) T (1)

The wall heat flux therefore. is given by:

T, \ (v/y-1) 12
1
+ 1.128°A; 2/2 + 1,508 A, t3/2 + 1.805 A5 5/2

.+

2.06 A, 17/2" | (2.2-32)

Thus the wall heat flux is given solely in terms of engine parameters.
That is, from rod length, crank radius etc. the piston displacement may
be calculated (see Appendix D). From this the pressure, bulk gas
- temperature T, (1), and the coefficients Ay, A;, A2, etc. are readily
obtained. A description of the program to calculate the wall heat flux
and a sample calculation are given in Appendix B.

For the comparison of this analytical solution with experimental
data, lower as well as higher order po]ynomia]é for ¢ were also
considered. For higher order polyndmia]s additional terms are

necessary. The solution for the sixth order polynomial is:



o(y,7) = Ag erfc z + A} T(2) (41) iZerfc z + Ay T(3) (47)? i“”erfc z

4+ Ay T(4) (40)F i erfc z + A, T(5) (4r)" i® erfc z

+ As T(6) (41)° il erfc z + Ag T(7) (41)® i'2 erfc 2

- where z = v
2/TT

Thé expression for the wall heat flux is giveh by: '

T\ (v/y-1) ; ‘
sp:C . —— ' o .
TRAL l

/K 0.564 Ay t~1/2

Y, ~

(2.2-33)

+1.128 A} ©'/? +1.504 A, /% + 1.805 A3 /% +2.06 A, /%

+2.292 As /% + 2.50 Ag rl?/zj (2.2-34)
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2.3 Results and Discussion

The analytical solution for the unsteady wall heat flux, Ow,g>
was obtained from the boundary layer equations in the gas using the
approximation that Ty,(t)/Te(t) = T,/Tu(t). This is a very good
approximation because the free stream gas temperature, T,, undergoes
a large change in contrast to the surface temperature, T, which only
experiences a small change. A comparison of these results wfth the
experimental data of Dao (1972) is shown in Figure-2.3-1. The
agreement is seen to be very good. Note that the experimental data -
shows some irregularity at the beginning and at the end of the cycle.
This is due, ip part, to the fact.that these data are from a
recompression cycle that occurs between two cycles with the normal
opening and closing of valves, etc.

The results from the ana]ytica1 solution for the heat flux Iw,g>
shown in Figure 2.3-1, are based on the fourth order polynomial
function for (T,/T.) - 1, as given in Equation 2.2-32. A third
order polynomial was found to be inadequate, while the results from the
fifth and sixth order polynomials (cf. Equation 2.2-34) were virtually
identical to the fourth order polynomial. o

A determination of the wall heat flux employing a numerical finite.
difference method was also carried out. This_consisted of a numerical
ca]cu1ation in the gas and in the solid subject to the requirement that
the unknown temperature and heat flux be equal at the gas-so]id:inter—

face. The details are presented in Appendix C. A comparison of the

Ca
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result from the analytical solution, w,g» with that from the finite
difference calculation is shown in Figure 2.3-2. Good agreement is
found. |

An investigation of the effect on the finite difference results of
using'sma11er increments in time and space was made. The results were
found to be virtually identical with the present calculations which
used a time increment of one crank angle degree (at = 2.17 x 10-* sec)
and spatial increments of ax = 7.67 x 10=> m in the solid. Because of
the nature of the transformations used dn the gas side equations and
the stability constraints of the problem, the spatial increment in the
gas varies with time. (See Appendix C).

In Figure 2.3-1 it is seen that the wall heat flux decreases
rapidly after the top-dead-center‘position (180 degrees) is reached and:
indeed turns negative. Thué, there is a transfer of energy from the
wall to the gas even though the free stream gas temperature, T,, is
always greater than (or equal to) the wall temperature,va; This
phenomenon can be explained by referring to the calcu1a£ed temperature
profiles shown in Figure 2.3-3. Oniy the gas température profile is
shown but recall that the results did require a simultaneous
calculation of conduction in the wall and convection in the gas with a.
matching‘of»theftemperature-and the heat flux at the interface. During .
the compression and expansion process, the free stream gas temperature,
Tw, undergoes large changes which is in contrast to the very small
changes in the‘temperature-of the surface of the cylinder, T,. This

is clearly shown in Figure 2.3-3.
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Again, referring to Figure 2.3-3 the curve labeled "160 degrees"
exhibits the anticipated temperature profile of a compressed gas with a
monotonic de;;eese from the hot free stream gas, Tes to the co]d
‘wall, T,. At 190 degrees the compression has been completed and the
expansion has begun (cf. Figure 2.3-2 for the heat flux). As the
expansion continues, the gas temperature decreases substantially while
the wall temperature changes slightly. (It is emphasized that the wall
temperature is not assumed constent here; rather, the calculations
yield very little change for T,.) Note that for the 218 degree case
the tehpefature gradient at the wall is almost zero even though the
free stream temperature is considerably greater than the surface
1 temperature. As the expahsion continues the gas temperature decreases
further with (stil1) little change in the Wa]] temperature. As shown
in the relatedvanalysis in Appendix H, this results from fhe large
value of the parameter kpc for can iron in cemparison to the small
- value for air{ the that the large value of the heat capacity pc of
the cast iron keeps the temperatufe change small and the large value of
the thermal conductivity minimizes the temperature gradient.

N _ For the 240 degree case, the temperatufe profile is no longer
monotonic, but exhibits a minimum (zero heat flux), as is shown in
Figure 2.3-3. ‘It is seen that the expansion has cooled in the gas in
the regidn near the surfaee to a value less than the wall temperature.
Thus, the cold wall transfers energy to the colder adjoining gas even
though the free stream value, T,, is mueh greater than the wall

va]ﬁe, Twe

21



22 .

CHAPTER '3

. EXPERIMENTAL SYSTEM FOR THE STUDY OF
HEAT TRANSFER AND FLAME PROPAGATION

3.1 Introduction

Experiments were performed in a combustion system to study heat
transfer, flame prOpagation, and their interaction. To study these
phenomeha, data for the wall temperature variation, chamber pkessure
variation, and flame location are needed. The wall temperature varia-
tion was obtained using a thin film resistance thermometer, the pres-
sure measurement made using a piezioelectric transducer,fand the flame
location obtained from high speed séh]feren movies.. The thin film re-
sistance thermometer was chosen for fts fast response time (~1 micro-
second); similarly the piezioelectric pressure transducer was!used fof
its fast response characteristics. Photographic detection of the flame
front location was chosen in order to detect the shape of the flame |
front as well as location. |

The data on temporal wa]l'temperéture variation provide sufficient
information to determine the unsteady wall heat flux. The methodology
is diScussed in Chapter 4. Therpressure'data.provide;infbrmation need-
ed for modeling of “the heat transfer phenomena. The photographic re-
cords of the flame fFont lﬁcation are-used in explaining the observed
variations in heat transfer, and are needed for modeling purposes. In
addition, the pressure data and flame front location data provide suf-
ficient information to caléu]ate the flame speed with respect to the
unburnt gases. This calculation is described and results are reported

by Woodard, et al. (1981).
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3.2 System Description

The experimental system used in this study provides for the simul-
taneous acquisition of pressure measurements, wall temperature measure-
ments, and schlieren movies. The system consists of the compression -
expansion apparatus (CE-1) which creates the environment for the com-
bustion event, the instrumentation for the measurement of the desired
quantities, and the computer system for conversion and storage of the
data. The system is shown in Figure 3.2-1. The apparatus and instru-
mentation are described in the next sections.

The control of the event starts with the schlieren camera, Hycam,
which sends a trigger to the control panel when the camera has attained
the.desired film speed. The control panel then simultaneouﬁ]y triggers
the computer system for acquisition of the measurements, the CE-ll

driver section if needed, and the ignition source.

3.3 Experimental Apparatus

The compression expansion apparatus (CE;l) (Oppenheim, 1976) was
designed to simulate, as c1ose1y.as possible, thelenvironment inside
the cy1inder of an internal combustion engine while allowing full
optical acceﬁs to the combustion event.. The CE-1 consists of three
parts: the test section, the driver section, and the snubber section.
The test section consists of a horizontally mounted duct of square
cross section (3.8 cm x 3.8 cm). The duct is enclosed on the two
ve}tical sides with optical quality borosilicate glass windows. The
horizontal sides have two access ports each, in which are 1ocated the
pressure transducer and the temperature gauge, as w¢11 as the inlet and

outlet valves. On one endwall of the duct is a moveable aluminum . -
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piston. On the opposite endwall is the igniter. The igniter is a line

25

ignition system consjsting of a horizontal row of fifteen 0.0508 cm__.

spark gaps formed by brass electrodes, filed to a knife edge. The line
of spark gaps runs from window to window at the midpoint of the
endwall. The ignition system and its location were designed to obtain,
as closely as possible, flame hniformity in the direction perpendicular
to the windows. The igniter was driven by a high voltage discharge
system operated at 46 kV with an 1gn1t1on energy of approximately 265
mJ The timing of the igniter is var1ab1e and is controlled at the
system control panel.

The CE-1 piston can be operated in four modes: (1) constant vol-
ume, (2) ignition expansion, (3) compression ignition, and (4) compres-
sion ignition expansion. - The movement of the piston required for the
last three modes is accomplished by the driver sectfon. The piston in
the test section is connected to a piston in the driver section. Force
on the driver piston by means of compressed air moves both pistons. |
The flow of compressed air from a Eeservoir at 725 kPa is.controlled by
solenoid valves.  The response time and variability of the valves
negated the sysfematic execution of experiments. The timing of igni-
tion relative to the fully compressed position of the piston (top dead
center, t.d.c.) was found to be variable.. Therefore; 1imited experi-
ménta] work was conducted for these modes of 0peratiqn.

The trajectory of the test piston is controlled by the snubber
section. In the snubber section a piston is attached to the same rod
as the driver and test section pi§£ons.' The snubber piston moves
through an enclosure of varying diameter. Flowing arodnd the snubber

piston is a 1ight o0il, SAE 10, which creates varying hydraulic forces



on the piston. These forces contro1vthe piston trajectory. Because of

the inertia of the three pistons and connecting rods, the pisﬁon velo-
city is slightly lower than desired in the initial part of the event.

| However, the agreement with the approximately sine wave variation for

an engine piston position is still very good (Smith, 1977).

3.4 Wall Temperature Instrumentation

The wall temperature gauge shown in Figure 3.4-1 consists of a
thin platinum film deposited on a glass ceramic base, Macor, which is
manufactured by Corning Glass Works (Corning, 1978). The film acts as
a resistance which is part of a Wheatstone bridge circuit. The plati-
nun film resistance varies with changes in the film temperature, i.e.,
with the wall temperature. The wall temperature gauge was located in
the upper access port nearest the line igniter as seen in Figure 3.2-1,
except in those experimental cases where noted otherwise. The response
characteristic of the thin film gauge and the bridge circuit is of the
order of one microsecond. For calibration purposes and initial temper-
ature measurement, a copper - constantan thermocouple is mounted on the
surface. The relationship between the platinum film resistance and the
surface temperature is determined by heating the gauge in an oven. The

bridge output and thermocouple temperature determine . the calibration.

The gauge calibration was found to be linear to within 1% over the tem-

perature range of -interest.

3.5 Pressure Instrumentation

The pressure in the test section during combustion was measured
with a piezioelectric transducer manufactured by AVL, model 12 QP300

CVK. The transducer was located in the lower access port nearest

26



27

Figure 3.4-1: Wall temperature gauge.
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the 1ine igniter. The calibration of the transducer signal was
dynamically verified in a shock tube. The shock tube tests showed a
rise time for the transducer of approximately ten microseconds, which
is more than sufficient for the combustion events being investigéted.

3.6 Schlieren Movie Equipment

To determine the flame 1dcation and flame shape during the
combustion events, high speed schiieren moVies were taken
simultaneously with the preséure and wall temperature data. The
schlieren equipment is shown in Figure 3.6-1. The camera is a Hycam
model 41-0004 operated at approximately 5400 frames per second. The
1ight source is a Oriel Xenon lamp collimated through a 2.0 mm hole.
Parallel light is provided from the 1ight source through the test
section, and to the camera by use of tﬁo sperical mirrors each with a
focal 1en§th of 3.94 meters. Between the spherical mirror and camera
is a vertical knife edge schlieren stop. The movies were recorded on
Kodak Tri-X Reversal film. -

3.7 Gas Mixing Apparatus

The test section was filled with a premixed fue]/air mixture by
use of a flow-through purging system. The fuel/air mixture is
introduced through the inlet valve. The mixture displaces the burnt
product gases which then flow out the outlet valve.. The mixture flows
into the test section for a sufficiently long time to allow a complete
purge. The equiva]encé ratio of the combustible mixture is controlled
by flow rotometers. The gas mixihg apparatus was calibrated using a
Hewlett Packard Model 5750 Gés Chromatograph with a thermal

conductivity detector and a flame ionization detector. The results
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were directly analyzed on an Autolab System IV integrator. Both the
calibration and the repeatability of the mfxing device were assessed
using the gas chromatograph, and the error in the delivered equivalence
ratio was found to be approximately 1%.

3.8 Data Acquisition

The pressure and wall temperature data were sampled by a PDP 11/34
| minicomputer using an AR-11 analog to digital converter. The software
written for the data acquisition permits samples to be taken from both
the pressure and wall temperature signals every 200 microseconds. This
system provides much greater resolution of the data both in magnftude
.and temporal variation, as compared to the previous methods which used
analog oscilloscopes. |

The use of the minicomputer introduced the possfbiiity of damagé
to the computer from ground loops and current surges. To prevent such
damage the instrumentaton was connectéd'to.thé power outiet through a
15 amp isolation transformer. The uée of‘the,tfanéformer however,
added a Tow 1eve1_noise to the sampled data. The noise béing a very

low level, was easy to remove as described in Appendix F.



CHAPTER 4
DETERMINATION OF WALL HEAT FLUX

4.1 Assumptions

The wall heat flux is determined from the‘fransient wall
temperature measurements. The time duration of the experiments is
sufficiently small and the Macor tempefature gauge of sufficignt
thickness that the temperature gauge can be cqnéidgred thermally
infinite; that is, the Fourier number (= ot/S2) is found to'be.0.0009
which is much 1ess than one. The one dimensibné] heat conduction
equation is:

aT

i | (4.1-1)
where x is the direction perpendicular to the wall surface, and the

thermal diffusivity, a = k/pc. The initial and boundary conditions

are:
T(x,0) = T; (4-1.2a)
T(0,t) = T,(t) | (4-1.2b)
Tle,t) = Tj (4-1.2¢)

4.2 Solution

The solution for this problem with variable wall temperature,
Tu(t), can be found using the solution'for constant wall temperature
and the Duhamel integral theorem as in Carslaw and Jaeger (1978). - The

solution for constant wall temperature, T, is given by :
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X
. ) 2/at 2
(Tt) - T) = (1, - T 1-2 [ e™ | an
/n
= (1, - T,) [1- erf = Flx,t) (4.2-1)
2/at

Using the Duhamel integral theorem, the solution for the transient wall

temperature problem can then be written as:

(Thx,t) =T ) = ¥ (T () -T) 2 Flx,t-2)da
. 1 0 w 1 3t _

or

(TOx,t) - T,) = (T (0) - T.) [l-erf [ X +
2/at
dr.(x)
[8 (1-erf at z d (4.2-2)
| alt-n) J] . R
The wall heat flux is given by:
dr_(a)
k'”' = et 1 Y @ (4.2-3)




By integrating by parts, the following convenient result for numerical

calculation is obtained:

- T (t)-T, T (t)-T. (x) o
q(t) = oFC ¥ T . % f; A BN Y (4.2-4)
N T /T (t-2)3/2

The values for the properties of the gaugé material, Macor, are:

k = 1.676 W/m K
o = 2520.02 kg/m®
¢ = 460.55 J/kg K

The properties are approximately constant for the temperature range

considered.

Thus the wall heat flux depends only on the wall temperature vari-

ation and the properties k, p, and c. With Equation (2.2-4), these
property values, and the experimental measurements, a numerical

calculation of the wall heat flux can be made: The methodology for

‘this calculation and a description of the computer program is given in .

Appendix . G.
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CHAPTER 5
EXPERIMENTAL MEASUREMENTS

5.1 Introduction

The interaction of a flame with a cold wall involves a complex
interplay of fluid mechanics, heat transfer, thermodynamics and
chemical processes. The .importance of'the problem, e.g. for efficiency
and emissions considerations, dictates the need to achieve an
understanding of the phenomena (Ferguson and Keck, 1977). Mathematical
models, and related analytical and numerical results, have been
presented for various aspects of the phénomena. These works have
~ addressed both the one-dimensional problem of a flame impinging on a
parallel wall, e.g. Kurkov and Mursky (1969) who used one step chemical
kinetics and Hocks, Peters, and Adomeit (1981) who used two step
kinetics, and the two dimensional case of a flame passing a
pérpendicu]ar wall, e.g. Carrier;_Fende11, and Feldman .(1980).
Unfortuhatejy, experimental data on the interaction of a flame with a
cold wall are limited as has been pointed out by Ferguson and Keck
(1977). Isshiki and Nishiwaki (1974) present some temperature and
pressure data for one-dimensional flame-propagation in constant volume -
chambers. HoweVer, much of the available data are from engines as in
Alkidas and Myers (1981) or for the problem of a steady state flame on
a burner (Yamazaki and Ikai, 1971). Ferguson and Keck (1977) and
Alkidas and Myers (1981) both indicate a need for data on flame
propagation and flamé-wall interaction (i.e. fiame quenching) for the
same conditions. In this study, simultaneous data on flame propagation

and wall heat transfer during the combustion of gaseous mixtures are-
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obtained.

The experimental apparatus describ d_in_ChapIen,34wasgused—in—this?4’

study. This apparatus was operated in three distinct modes with

independent parameters of equivalence ratio and wall temperature gauge
location. Table 5.1-1 summarizes the combinations of factors
investigated. Note that repeatabi]ity was tested for only the constant

volume mode.

- Table 5.1-1

Mode of Operation Equivalence Ratio Temperature -  Repeatability
_ v ‘ Gauge Location

Constant Volume
Expansion
Compression-Expansion

X X-

> X X

The constant volume mode of operation was used primarily because of a
problem with repeatable ignitidn timing as discussed in Chapter 3. To
study the effect of equivalence ratio for each mode of operation,
simultaneous pressure and wall temperature data, and schlieren movies
were obtained. Data were obtained for equivalence ratios varying from
1.1 to 0.6 in increments of 0.1, except where noted. For temperature
gauge location and repeatability tests, only pressure and wall
temperature data. were obtained. The conditions for each experimental
run are listed in Table 5.1-2. The combustible mixture was methane and

air which was ignited with a constant ignition energy of 265 mJ for all

~cases. This energy level was necessary to ignite the lean mixtures.

The pressure and -wall temperature data were sampled every 200 ps with
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"TABLE 5.1-2: Experimental Conditions

‘Fuel/Oxidizer: Gaseous Premixed Methane/Air
Ignition Energy: 265 mJ
Data Sampling Rate: 200 us
Initial Pressure: Atmospheric

- Initial Tgmperature:. Ambienf
Film: Kodak Tri-X Reversal
Schlieren Stop:  Vertical Knife Edge

Camera Speed: 5400 frames per second
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with the initial values at ambient conditions. The schlieren effect
for the high speed movies was created by a vertical knife edge stop.
The images were recorded on Tri-X Reversal film at a speed of 5400
frames per second.

In this chapter a sample of the experimental measurements are
presented with an embhasis on the extremes of the variations.‘ The
remainder of the experimenta1 data are presented in Appendix I. The
actual experimental measurements, which include the Tow level noise
introduced by the isolation transformer, are presented here. The heat
flux results as well as a detailed discussion are presented in
Chapter 6.

5.2 ‘COnstant Volume Measurements

The temporal variation of pressure for constant volume combustion
at an equivalence ratio of 1.0 is presented in Figure'5.2-1. The
pressure rises to a maximum with a éhange in slope occurring at
approximately 20 ms. The maximum value of pressure occurs at
approximately 60 ms which corresponds fairly well with the conclusion
of the combustion event. In Figure 5.2-2 the pressure variatioﬁ for an
equivalence ratio of 0.6 is shown. Here the change in the slope of the
pressure variation occurs slightly later, at approximately 70 ms; For
this case, the combustion event is much longer in duration, taking
approximately 320 ms to complete.

From the sch1ieren hovies taken sfmultaneous]y with the pressure
and temperature data, the location and shape of the flame front during
the combustion event weré obtained. Thése data, for an equivalence
ratio of 1.0, are shown in Figure 5.2-3. Initially the flame front is

elongated with a correspondingly large surface area. As the flame
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.Flame front location datae  Equivalence ratio = 1.0  Consiont volume

Figure 5.2-3:

Figure 5.2-4:

Flame front location from schlieren movies for time
steps of 3.74 ms starting at ignition; total elapsed
time to last location shown in 56.1 ms, constant vo1ume
combustion; equivalence ratio 1.0. :

Flame front location from schlieren movies for time
steps of 14.17 ms starting at ignition; total elapsed
time to last location shown is 283.4 ms; equivalence
ratio 0.6; constant volume combustion.
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comes in contact with the side walls, the surface area of the flame
decreases substantially and the flame assumes é more vertical, planar
shape. The time when the flame changes to the vertical shape attached
‘to the sidé walls, corresponds to the change in slope in the pressure
variations. This indicates that this phenomena is related to the
quenching of the large flame surface area od the side walls. It is
important to emphasize that this correspondence was found for all
equivalence ratios studied, i.e. from 0.6 to 1.1. As the flame
progresses down the chamber, an instability arises near the
centeriine. Also noticeable is an effect due to buoyancy which causes
the upper portion of the flame to appeaf to .progress more rapidly. The
burnt gases behind the flame are at a mﬁch higher temperature than the
unburnt gases in front of.the flame, and tend to rise due to buoyancy.-
The flame thus assumes a more horizontal profile whfch is clearly seenv
in Figure 5.2-4 for the case of an equivalence ratio of 0.6. The
combustion event for'thfs case is much longer allowing the buoyant
forces to produce a much greater effect. |
The-simu1taneou§ wall temperature variation‘for an equivalence
ratio of 1.0 is pfesented in Figure 5.2-5. These data were obtained
from a gauge located fn the instrumentation port on the top surface.
near the igniter (see Figure 3.2-1). The flame passes the gauge very
early in the combustion»event; and this is accompanied by a steep
temperature rise as seen in Figure 5.2-5. This is followed by a more
gradual increase to a maximum value which occurs at the conclusion of
the combustion event. It is emphasized that the time when the steep
temperature rise begins; namely, at 10 ms, corresponds well with the

time the flame passes in the vicinity of the gauge (cf. Figure 5.2-3).
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The same general results are also found for an equivalence ratio of
0.6. Here the flame is much slower so the rise in temperature as the
flame passes, occurs much later, at approximately 50 ms (cf. Figures
5.2-4 and 5.2-6). These temperature measurements were made without a
voltage follower which resulted in an impedance imbalance in the data
acquisition system. A discussion of this error is included in Section
5.4.

5.3 Effect of Gauge Location on Wall Temperature Variation

Wall temperature variations were also obtained for temperature
gauges located in the upper and lower instrunentat{on ports far from
the igniter. The flame passes these locations much later in the
combustion event. With the gauge located in the port in the top
surface, the results in Figure 5.3-1 and 5.3-2 were obtained for
eduivalence ratios of 1.0 and 0.6, respectively. As previously
discussed, for both equivalence ratioé, the rise in temperature due to
the flame passage occurs much later than that for a gauge near the
igniter. Results for the gauge located in the Tower port far from the
igniter, are presented in Figure 5.3-3 and 5.3-4 for equivalence ratios
of 1.1 and 0.6 respectively. The time of the temperature rise for the
near stoichiometric-éases (Figure 5.3-1 and 5.3-3) do not differ
substantially fdr the upper and lower ports. However, for the lean
case, the effect of buoyancy observed in the high speed schlieren
movies, has a significant effect on the temperature variation (Figures
5.3-2 and 5.3-4). The rapid temperature rise for the upper port occurs
at 225 ms which is much shorter than the 425 ms that was observed for

the lower port.
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5.4 'Assessment of Repeatability and Error

To assess the repeatability of the experiment, several tests for
identical experimental conditions were made. In Figure 5.4-1, the
repeatability of the wall temperature variation for an'equivalence
ratio of 1.0 is presented. During combustion, the run to run variation
in the temperature variation is of the order of 10 percent. The
general shapes of the curves are similar as is the time of the initial
temperature rise. The effect of this run to run variation on the wall
heat flux is discussed in Chapter 6. |

During the initial stages of this experimental study, a mismatch
in the impedance in the wall temperature data acquisition sysfem was
found. This was corrected by the inclusion of a voltage following
circuit. The measurements taken withodt the'vo1tage fol]ower,.howe;ér,
include an error. To assess the magnitude of this error, measurements
fof identical conditions without the voltage follower were made (see
Figure 5.4-2). By comparing Figure 5.4-1 and 5.4-2, it is seen that
the shape of the temperature variation is not affected, but the
_ measured changes in temperature without the voltage follower, are
approximately 10 to 15 percent Tower than the temperéture changes'with'
the fo]]ower. The effect of the impedahce imbalance on heat flux is
discussed in Chapter 6.

5.5  Expansion and Compression-Expansion Measurements

Tests were also carried out in this study for variable volume
conditions. For the expansion mode of operation, equivalence ratios
from 1.1 to 0.7 were considered. The pressure variation for combustion
~during eXpansion for an equivalence ratio of 1.0 is presented ih Figure

5.5-1. The pressure'is constant for the first 30 ms”unti1 the
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apparatus driver section initiates the piston motion. The volume
starts to expand accompanied by a decrease in pressure. Ignition takes
place at approkimate]y 35 ms, approximately 5 ms after the expansion
has begun. As the combustion process develops, the pressure riseé to a
max {mum va]ue.at about 50 ms. Further expansion and cooling then
causes a pressure decrease. The flame front location and piston face
location from the schlieren movies taken simultaneously with these
data, are presented in Figure 5.5-2. Corresponding to each flame front
is a dotted line representing the piston face as it moves away from the
igniter endall. The wall temperature variation at the port near the
igniter is shown in Figure 5.5-3. The sharp spike at approximately 35
ms denotes the time of ignition. The tempefature rises sharply to a
peak at approximately 50 ms and then decreases as the gas expands and |
cools.

Tests were also carried out for combustion in a compression-
expansion mode for equivalence ratios ranging from 1.0 to 0.7. The
pressure variation for this mode is shown in Figure 5.5-4 for an
equivalence ratio'of unity. The first spiked peak in pressure
corresponds to a piston rebound at the fully compressed postion. This
is caused by the relatively slow solenoid valves in the driver section
of the experimental appratus. This is then followed by an increaée in.
pressure resulting from the combustion of the compressed gas. The
subsequent expansion and cooling yields the observed decrease in
pressure. The wall temperature variation during compression-
combustionQexpansion is presented in Figure 5.5-5. The temperature
first rises gradually as a result of the compression. Ignition is

marked by the sharp spike. Combustion then yields a rapid rise in wall
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temperature to its maximum, which is then followed by a temperature

decrease resulting from the expansion and cooling.
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CHAPTER 6
RESULTS AND DISCUSSION

6.1 Introduction

The variations of wall heat flux with respect to time were
obtained from each set of experimental data. The theoretical methods
presented in Chapter 4 were applied to each set of wall temperature
data presented in Chapter 5 and Appendix I; _

The wall heat f1ux variations are useful in understanding the
interaction of a flame with a cold wall. In addition, these results
along with flame propagation data adds particular insight into the
integral phenomena. The wall heat flux variations are important in
studying the mathematical models and the analytical and numerical
results which have been obtained by various authors (see Chapter 1 and
5 for a more detailed discussion). Using experimental measureménts of
pressure, and flame shape and 1ocation,'many of these models yield the
| species concentrations and the temperature gradients (and thus the wall
héat flux). The experimental wall heat flux variations may therefore
be used in evaluating the applicability of these models and the
assuﬁpfions used.

In this chapter, the heat flux results for the cases presented in
_Chapteh 5 are discussed. The remaining results are.presented in
Appendix 1. |

6.2 Constant Volume Measurements .

The temporal variation of the wall heat flux for constant volume
combustion at an equivalence ratio of 1.0 is presented in Figure

6.2-1. These results are for the upper port near the igniter. At this
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location the flame, which is approximately prependicular to the wall
here, passes early during the combustion event causing initially a
sharp rise in the heat flux to a maximum. The heat flux decreases
briefly and then rises to.a second major peak occurring at the
conclusion of the combustion event. During the second rise in the heat
flux, the relatively hot burht gases behind the flame experience
additional compression due to continued combustion. In general, two
prominent maximum values were found in the heat flux variations for
most of the equivalence ratios studied. A less pronounced third peak
has also been observed infrequently. This third peak appeared only for
- a few equivalence ratios and was not repeatable for identical
experimental conditions.

These séme general results are also found for an‘equiva1ence ratio
of 0.6 as presented in Figure 6.2-2. The heat flux shows a steep rise
to a maximum value at approximate1y 60 ms. This is much later than the
stoichiometric case because of the much lower flame speed. These |
results were calculated from temperature measurements made without a
voltage follower, as discqssed in Chapter 5. A discussion of this
effect is included in Section 6.4.

6.3 Effect of.Temperature'Gauge;Locatiqnh

From the wall temperature measurements obtained for gauges located
in the upper-and lower instrumentation ports far from the igniter, heat
flux variations were calculated. At these locations the flame passes
at a much later time during the combustion event. For the upper port
far froh the igniter, the heat flux variations presented in Figure
6.3-1 and 6.3-2 were obtained for equivalence ratios of 1.0 and 0.6,

respectively. During the period before:the flame passes the.gauge
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(i.e. before 45 ms for an equivalence ratio of 1.0 and before 225 ms
for an equivalence ratio of 0.6), the re]ative]y cool unburnt gases
near the gauge are being compressed by the combustion. This
compression of the unburnt gases causes a slight increase in pressure,
temperature, and héat flux. Then, as the flame passes the gauge the
heat flux rises sharply. For all the equivaience ratios studied, only
one maximum value in the heat flux variations was observed. For this
gauge location the subsequent compression of the burnt gases after the
flame passes the gauge has a much smaller effect than for the case of
the gauge near the igniter (cf. Figure 6.2-1).

With the gauge located in the lower port far from the igniter, the
results shown in Figures 6.3-3 and 6.3-4 were obtained for equivalence
ratios of 1.1 and 0.6. For the near stoichiometric case, Figure 6.3-3,
the heat flux variation does'ndt differ significantly from the case of
-the gauge in the upper port far from the ignitef (Figure 6.3-1). The
cpmpression of the unburnt gases first causes a slight rise in heat
flux‘unti1'approximate1y 50 ms. The f1ahe then passes the gauge
ﬁCausing.avvéry sharp rise to the maximum value at the conclusion of the
combustion. = For both of these near stoichiometric cases, i.e. at both
theiuﬁper and 1owér borts; thé flame..is approximately perpendicular to
the wall ‘as its passes the gauge. This is in contrast to the results
for the lean condition. For an equivalence ratio of 0.6, the heat flux
variation at the lower port far from the -igniter (Figure 6.3-4) differs
markedly from that at the upper port far from the igniter (Figure
6.3-2). Recall that fo; the lean cases the flame shape approaches a
more horizontal profile near the conclusion of the combustion event due

to the effect of buoyancy (see Figure 5.2-4). Thus the flame does not
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pass the lower port far from the igniter until some time after it has
passed the upper port. For the lower port the steep rise in heat flux
occurs at 420 ms while the corresponding time at the upper port is 220
ms. Also, the flame shape data obtained from the schlieren movies
shows that at the lower port far from the igniter, for the lean case
the flame is approximately parallel to the horizontal wall as it
approaches the end of the chamber. This is in contrast to all the
other cases where the flame remains perpendicular to the wall as it
traverses the chamber. |

6.4 Assessment of Repeatability and Error

In Figure 6.4-1, the repeatability of the wall heat flux variation
for an equivalence ratio of 1.0 is presented. The run to run variation
in the heat flux during the first steep rise and the maximum value is
_very small. During the second rise to a maximum, significant

variations of the order of 15 percent are found. Note that the less
pronounced third peak is not repeatable, occurring during approximately
“half the measurements. _

As discussed in Chapter 5, during the initial.stages of these
measurements, a mismatch in the impedance in the wall temperature data
achisition system was found. The measurements taken during this time
without the voltage follower, include this error. To determine this -
error in the heat flux, results for identical conditions without the
voltage follower were obtained and are presented in Figure 6.4-2. The
same general run to run variability observed in the measurements with
the voltage follower is also found here. A comparison of these results
with those in Figure 6.4-1 show that the heat flux results without the

follower are.approximately 15 to 20 percent: lower than ‘the results with
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the follower.

- 6.5 Expansion and Compression-Expansion Results

Wall heat flux variations were also obtained from the experimental

data for variable volume conditions. The wall heat flux variation for
combustion during expansion with an equivalence ratio of 1.0 is
presented in Figure 6.5-1. Durfng the first 40 ms the expansion is
occurring with no significant effect on the heat flux. The gas is then
ignited, and the passage of the flame near the gauge results in a rapid
increase in the heat flux. As the combusfion process concludes,
further expansion and cooling causes a rapid decrease in the heat
flux. Note that the expansion case yields a lTower maximum value than
the constant volume_caée. |

Tests were also carried out for a compression-combustion-expansion
sequence. Results for the heat flux for an equivalence ratio of 1.0
are présented in Figure 6.5-2. The compression results in a small rise
in the heat flux at approximately 50 ms. The piston rebound.discussed
in Chapter 5 then causes the heat flux to decrease. This phenomena is
related to the analysis in Chapter 2. Combustion has started, however,
and when the flame passes the gauge, the heat flux rises rapidly to a
maximum.as. in the previous cases. The combustion process concludes .as-
the expansion continues with a sharp decrease in the heat flux. Note:
that the combustion of the compressed gases yields a much higher heat
flux than that observed for combustion of gases at atmospheric pressure
in a constant Volume.
6.6 Summary

For constant volume combustion with the temperature gauge located

near the igniter, the wall heat flux rises ‘rapidly as the flame passes
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this location. The relatively hot burnt gases then continue to
compress the colder gases until combustion is completed. A second
maximum value observed in the heat flux coincides with the peak
pressure as seenvin Figure 6.6-1.

The variations in pressure and heat flux with equivalence ratio
observed in this study agree well with previous observations by Alkidas
and Myers, 1981. In their work in engines, the measured peak pressures
were approximately four times higher than the measurements here for
constant volume combustion, and the peak pressure was observed to be
higheét near stoichiometric conditions. Their peak wall heat'f1ﬁx
measdrements_in engines were approximately six times higher than the
consﬁant volume combustion measurements presented here, and again the
peak heat flux was observed to reach a maximum near stoichiometric
conditions. The variation in peak pressure with equivalence ratio for
constant volume combustion is shown in Figure 6.6-2. The pressure
peaks approximately at stoichiometric conditions. For the same
constant vo}ume condition, the variation with equivalence ratio of the
peak heat flux near the igniter is shown in Figure 6.6-3. Both the
first and second peaks in the heat f1ux reach a maximum near
stoichiometficrconditions.- |

From the results obtained'atfthe upper port far from the igniter,
the variation qf the peak heat flux with equivalence ratio is similar
to that obtained near the igniter (see Figure 6.6-4).

An overall Comparison of the constant volume heat flux variation
with time for all three gauge locations and two equivalence ratios is
shown in Figure 6.6-5. This comparison sunmarizes the effect of flame

propagation on the wall heat flux. First, comparing.the results for an
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équiva]ence ratio of 1.0, the results for the port near the igniter,
labeled A in the figure, show an increase in heat flux as the flame
passes ét approximately 10 ms. For the upper port far from the
igniter, labeled B, the corresponding rise due to the passage of the
flame occurs much later at approximately 45 ms. For the lower port far
from the igniter, the_results, not shown here, are similar to those
obtained at the upper port. For an equivalence ratio of 0.6 there is a
strong variation of the heat flux with respect to location. Near the
igniter, the dotted curve labeled A exhibits an increase in the heat
flux from the passing flame at approximately 50 ms. At the upper port
far from‘the igniter, labeled B, the corresponding increase occurs>at
approximately 225 ms. The flame for the lean case is much slower than
in the stoichiometric. case. Finally, for the lower instrumentation
port far from the igniter, the.shape of the flame is altered due to
buoyancy. With a lean mixture, the flame has a more horizontal profile
due to buoyant forces. Thus.the rise in heat flux at the Tower port

due to the flame occurs much later, at approximately 420 ms.



| CHAPTER 7
© CONCLUSIONS AND RECOMMENDATIONS

7.1 Unsteady Heat Transfer During Compression and Expansion in the

Absence of Combustion

An analytical solution for the directional reversal in wall heat

flux during compression and expansion. in the absence of combustion was:

~derived. The results are in good agreement with experiméntal

measurements. From the solution to the finite difference formulation

to this problem, temperature profiles were calculated.. From these

temperéture profiles and the analytica]vso1ution,-a physical

explanation for the heat transfer reversal was determined.

7.2 Expérimenta] Results for Wall Heat Flux and Flame Propagation and

.Their Interaction:

Experimental méasureménts of pressure, wall temperature, heat
flux, and flame location and shape were obtained for combustion in
constant volume, expansion, and compression-expansion systems. From

the;e measurements, an understanding Qf_the interaction of flame

. propagation and wall heat flux has been obtained. In addition, this

study has provided a complete set 6f experimental data which are
especially useful in appraising analytical and numerical models of the
interaction of a flame with a wall.

Specifically, the rapid‘increase in the wall temperature and the

- heat flux due'to'f1ame passage was presented. The flame speed and,

correspondingly, the time of the sharp rise in wall temperature and
heat flux were found to vary considerably with equivalence ratio. For

lean constant volume combustion, buoyancy was found to have a
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significant effect on the shape of the flame and on the wall

temperature and heat flux variations.
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Appendix A

Uniform Pressure Assumption

From the analysis and assumptions in Chapter 2, the conservation

equations in the gas are:

4 2 (o =0 (A-1)
at X
) _3_9. + pu ﬂj. = - a_P - (A=2)
at X X
e 0T o DP 3 g 3Ty (A-3)
P Dt v Dt ax X

An order of magnitude analysis of the terms in these équatiqns is
now considered. From experimental data on wall heat transfer in
engines (Alkidas, 1979 and Dao, 1972) the maximum rate of heat transfer

~at the gas wall interface is typically:

(k ﬂ) = 1000 KkW/m? (A-4)
ax - x=0, max _

The heat transfer far from the interface is zero, so the typical order
of magnitude is taken to be 500 kW/m?. The typical rise.time to this
heat flux value is t = 4.2 x 10-% sec. The gas temperature far from
the wall rises from 25°C to 500°C. An average value of the conducti-
vity of air in the range of interest is 44x10°% kW/m°C, so the tempera-
ture gradient is of the order of: 1.1x107°C/m. Since the variation in
the gas temperature from the interface to a distance far from the in-
terface is of the same order as Te, (Te - Ty = Tw), we can

calculate a typical length scale as:



T :

x= _= = _ %00 . 4x10-nm (A-5)
aT 500/44x10-6 :
TX . .

From this result the order of magnitude of the velocity is obtained:

-6
u=0 (X )= _407m = 1.1x10-2m/sec  (A-6)
T 4.17x10-3sec :

With this information the magnitude of the terms in the energy
balance can be compared. First consider the energy transport by
convection: |

T ®
pC. u - = =0{pc. U {A-7)
P X pv X v
With values of .64 kg/m3 and 1.04 kJ/kg°C for density and specific
heat, the energy transport is of order 8x10“ kW/m?. The ratio of

‘energy transport by conduction to that by convection is:

> T ) T
X X X% ) ’
= 0 — =0 1= 1.6x10- (A-8)
c a7 c. U S PCpT
p U — P S
p 3% P

Thus, the dominant energy transport is by convection. The pressure

spatial gradient and pressure rate of change will be compared to this.

To evaluate the ratio of spatial pressure gradients to energy

transport by convection, it is necessary to assume that the terms in

the momentum equation, %E“ pu %!” o %%g are of the same order. Then
o X X

the ratio can be calculated:
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] du
u u (pu ) 3
_iﬁ - ___’g__ . _"_”_/l‘ﬁ = 2.1x10°7  (A-9)
pC_ U pC. U __ pc_ U _—_
P ax P ax P 5x

For calculation of the ratio of pressure rate of change to energy
transport by convection, the pressure rise is of the order of 40 bars.

The ratio then is:

aP. o P
La‘f = __T___a_T_ =6.0 (A-10)
pC_u pc_ U '

P 5x P ax

From Equations (A-9) and (A-10) it is seen that u,%% << .%% and the

pressure can be taken as a function of time. - The momentum equation

becomes simply P = Po(t). The final governing equations are:

% 4+ 2 (pu) =0 , (A=11)-
ot X
oc. o De 3 3T (A-12)

P 5? dt X X
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Appendix B

Analytical Solution of Diffusion Equation

The analytical solution for the}wall_heat flux reduces to:

LY err vy - ?/Yfi T 10.564 Ay 1/2
9 Pi\T - l (8-1)

I .

1,128 Ap <M/% + 1,508 A, T3/% + 1.805 Ay t5/% + 2.06 A, 17/2‘

i

The calculation of this heat. . flux first'ihvo1ves thé determination of

the transformed time, t(t). This function is defined as:
S O S (8-2)

lThe pfessUre data, Po(t), is calculated from the experimental engine
geometry using the isentropic relation PVY = constant. (See
B .Appendix D). The'integrand of the equation (B-2) can be repreSented as

a series of straight line segments of the form:

P\ -
. o = An,n+1 * Bn,n+1 t - (B-3)
n,n+1
~where Ay 41 and By p41 are calculated from:
Poo Poo . .poo;' Pco :
P, o w T e ~ (B-4)
! VA - 1 1 1 /n
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S0:

| o
- ] 8

t LY

An’n+1 ' (B-S)

Bn~,n+1 :
(See Figure B-1). The integrand of Equation (B-2) can then be written:

359

tn+1 .
T =Z / (An,n+1 + Bn,n+1 t) dt
v n=1 tn

359

| t§+1 ti
T =Z A.n,n+1 (tn+1'- tn) + Bn,n+1 — - 3/ (B-6) .

n=1

The next step is the determination of the coefficients Ay, A;,

etc. of the polynomial curve fit to the function ¢ = IW - 1. Using
»(t)

the isentropic relation, this can be written:



%

Figure B-1: Representation of pressure data as a series of straight
line segments.
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Tw

b = - 1.0 (B-7)

W (y-1)/
T. (P_)Y Y
"\ p.

1

From the pressure data calculated as in Appendix D, the function ¢,
can then be evaluated for each value of . A polynomial of desired
order is then fit to ¢y(t) using the mathematical 1ibrary routine

" TIMAR (Haskell .and Vandevender, 1980) yielding values for the
coefficienis Ag, Ay, etc. With these coefficients and values for r and

To, the heat flux can be calculated from Equation (B-1).

A 1isting of the cbmputer program is shown in Figure B-2.



Figure B-2: Computer program to calculate the analytmal so1ut1on for
: unsteady wall heat flux.

PRUGRAM J0UGASLINPUT,OUTAUT, TARPEE=QUTPUT,TAPET=INRUT,
e ATAPES,PSESS. 1APT2xPRESS, WK, TAPEQ=TLTF O, TAUD, TAPESSTAUDs
. v 106D, TASE18067) —

¢ THIS PRIGRAY CALCULATES THE wALL HEAT TRANSFER BASED ON GAS
¢ SIDE AMALYSTS,A POLYNGMIAL CURVE FIT, AND CLOSED FORM SOLUTION
< OF THE DUHAMEL [NKTEGRATION OF THE TRANSFORMED CONSERVATION
¢ ECUATIONS
- N OIMENSION COEF(71,TWIF(20C00 TAUCR00O) . .
. REWIND 2 B R h

CALL POLYFITU(COEFsTWIF,Tau) . L oL e
CALL QGAS(COSF»TWTF,TAU)
STOP ) o o
ENo e e
__SUBRCUTINE POLYFITI(C,TWIF,TAU) e o
DIMENSION P(200303,C(T7),TWTFI200C),TAU(ZU0CY,A120007,8120001,7 12000
1)
T DIMENSINN WORK(6S),LINCL6)sXIN(S),IB(Y) ~ oo T

[+
c THIS RMITINE ODES A FIFTH GROER POLYNGMIAL FIT TO
c TW/TINF=1, T4 IS ASSUMED TO 9E CONSTaNTs EQUAL TO TINITIAL
¢ AND TINF IS CALCULATED, USING ISENTRGPIC RELATIQONSy FROM ™ "7~ 777
¢ NORMALIZED PRESSURE OATA. LEAST SOQUARES fIT IS
c CALCULATED USING A SANDIA MATH LIBRARY ROUTINE

C | CALLED TJMary, o o
EXTSRNAL FUNAT ;

. ._Ne=360 e e e e S
GAMMA®1.38 -

o READIZ2,200(P(T)sTel,N) o L
1C FORMATIII(1IXsEh,31)
3 00 20 Tsl,N ) L
TUTELI)e(1.0/1P{T)ea{(GANMA~1.0)/GANMA)) =140 -
20 CONTINue o o o :
WRITE(%e30) (TWTE{T),Twi,N)’ T ’ : -
30 FORMATIGIIX,F15.9)) ) L L
Till26lo/tt16,%35C,) ' .
) A(l)el.> L
BUl)=(P(1)=1,0¥/{T(1)=C.0) )
. B0_%0 1=2,N e e
IHel=1
TUI) o607 (616,%36C,) *FLOAT(I) e
MDY e (T ((FITI=P(IMII/(TCII=TCIMI )T (IN)
BOII= (IO 1=PL{IM)IZETLII=T(INY)) ) S o
40 CONTINYE o . : .
TAU(1 =801 )®T(1)¢B(1)72,0%(T(1)402,0)
TTT DT 56 Te25N T -
!H-[‘L - - . P - /,___._A e e = e
TAUCT ) eTAUCTM +ALT)#(T()=TUINM) e 77 o
13CII 2,08 (T(LIO82,u=-T(IM)*82,0) o N o

B 59 COUNTINUT oo T e ’ -
WEETE(5:40) (TAULTI,Isi,N)

TT UG FORMAT(LITYLFLESEYY : - ’ -
LINCLY=5 L Lo e i S
LIN(Z) =N
LING3 )2 O e -

LIN(&)®) -
Lo LINGS)eLl I e R
LIN(61s2
LIN(T)=3 .
- LIN{g )2
LIN(91=)
LINCLO)=?

LIN(11)=)
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Figure B-2:

60
490

79

80

continued

Linaiziens
LIN(LGYa=1
XINCLYw-110,
AINE2)=13C,
FIN{3 ) =-1,
XIM{a)e=],
XIN(S)s=1,
XIN(t)==1,
XIN(7Ve-1,
XIN(E)e-1,
XIN(9)e=l,
I8(1) 20

CC ¢ Tels?
C(X)-l.
CONTINUE
Catl TUvARTI(CHLINGSXIN,wORKoTAU TWTF, xa.runcr DERIVY T T
WRITE (5301 (UORKIT)»I=1eb)
FOKMAT(ALTIX,F15.9))
FRRMATEIXeF?29.10)

WRITE (5,92)(C(IV,oLaks?)
ReTURN

END

SUBRCUTINE FUNCT (I, XDATAsY,28»FyeRES,PRNT)
DIMENSION XNATAU2ECC)»Y(1)o8(7),PRNT(T)

T FRB(l)e{2)0XDATA(])

[a X2l

" B(3)mZ,06%A(F)

¢

70 FCRMATIIC,F20,5)
60 CONTINUE

W

S ELXNATALT ) x%2,0)
AL (ADATA(L)®*3,.5)
CALSIHIYDATA( ) *%4,y)
RESsY(I1=5
RETUPH
€80
SUBROUTINE 234S5(8, TwlF,TAY)
THUS P7UTINE CALCULATES waLL HEAT TRANSFER FROM GAS SIDE
ANALYSIS USING THE OGUYNOHMIAL CURVE FIT TGO TW/TINF=i.
CIMENSTTIN 3G(2CM0), T (20001 o8(7),TAUL2GCO)» THTF(2000)
Nes3ial ’
CENSG=1.4723
COHDUG 2, 121 %
SPECHGRYI0E .25
TINIT«263,73
CoNS e (NENSIHCANDUGESPECHGI*®,5)*TINIT
GAMMAel 18
EEPIN '(u\""ﬁ/(Gl""ﬂ‘lcu))’l Q
3lidz.5660RL]
slz)-l.lzs*ﬂtz!'
313)micsosea(dy
2{q)el.RI5¢2(4)

GO 50 T=leN.

T{I)mbCer (OLes2AC ) RFLIATHL)

CONTINUR

00 Al fei,N

TRKATIGCsYL, FITWTRIT)el,)

CGUI) =Rl )*(TAU({)v¢(=,5))
AT )TN ) es,5)
303V {TAL{T)e%3,5)
+A(LILTIN(T)*e2,5)

T e(EIA(TAYC I 047,5)

Colf)mCGiT)®{1RAT TUseEXxPONI*CONS

COlTImimLo)*OnLT)

WRITE(3,72) QGLI)




Figure B-2: continued

90
80

JENO

J ) e h
DLlsT(1)/713C0. "
D2eTAU(T) /1020,

03s36(I11/1¢00.

WRTITE(6+390) TI,01»02,03
FORMATILIX9I592(F1549+5X)9F12.3)
CONTINUE

RETURN
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Appendix C

Finite Difference Formulation of Diffusion Equation

The finite difference formulation for wall heat flux requires that
both the conduction equation in the solid and the transformed equation

in the gas be put in finite difference form.

For the solid:

5 2T

LR (c-1)
ot x>
The finite difference formulation in explicit form is:
k+1 - k Tk k k
- T T - - T - T
To P = 4 ( ptl p) ( P p-l)
At 5. (ax)%
or
+1  _ At k - k k _
™ 0 =7 (Tp+1 + TS ZTP) + T8 (C-2)

where k is the time index and p is the spatial index. }Defining

M = o ﬁ%i., and normalizing to the initial temperature T;j, the
equation becomes:

P =m (2 + P2} v ey R (c-3)
T T T

Stability considerations require that Mg < 1/2.



Stability considerations require that Mg < 1/2.
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On—the-gas—side-the-transformed-energy—equation-results—in-a

diffusion equation (Equation 2.2-20)

3 _ . 8% | o (elay
e G — . (C-4)

3T oy

This equation is first transformed back to the same time base as the

equation for the solid side. Since

9 e .9
a3t P, 3T

the equation becomes:

P,
g i‘b_ = a, Ez_q’ (C-5)
P - at ap?

o«

In finite difference form :

R L C T I Ch ey
at ) ;;- H (ay)?
or
k+1 PE At k k .k K
A o ICCRE-SRLE) AL

k=

k .
L P
where s is the spatial index in the gas. Defining Mg =
. i

At
(ap)?

@ gives



ktl _ uk k K k k
bg = Mg (¢s+1 + ¢s-1) + (1-2 Mg) bg (C-7)

Stability requires that Mg < 1/2, but note that M; varies with P_.
Thus.Mz reaches a maximum at pzax. So,
pmax _
. A L V- © (C-8)
g P A¢?
Then, Mg for every time step is calculated as:
) PX /P, |
Mg = 1/2 (C-9)
ma x
P, /Pi

The equation for the gas-solid interface ié determined from the
boundary conditions at the interface; i.e., equal heat flux and equal

temperature. Denote the interface nodes as shown:

Solid ' Gas

— — — pt— qub
vt St G — —

The heat flux to the solid in time step k is:

k

- aT -
%o19d = = Ks fyeg = = kg ———— (C-10)

ax AX
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The heat flux from the gas in time step k is:

k - T
9as = Kg ;;'|x=o
=k P 3Ty
g p. aw w-
i
T » T
= k. - = '
ig v=0
T‘i D.i Y
ig 5 . Ty=0
Pi 2
B SR
= k1 — (C-11)
9 »p, AY
i .
The equal flux boundany condition, q§o1id = qgas’ gives:
™ - A B
kS = ki (C-12)
AX g Pi Ay
o or
k
Tk . AX kig P. Tk
-1 — T & 1
k &y ks Pi
To = - % (C-13)
AX ki P. '
1+ 19 =
M ks Pi

Next an expression relating Ax and Ay is needed. Recall
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- and M =

k 1/2
AX

SO X =S5 9 1 (C-14)
AY ,

aig MS .

Substituting this expression into Equation (C-13) gives:

k k
T T
k _
T0 = (C-15)
Define
(C-16)
SO
¢ T oM ‘ |
T0 = : (C-17)
1+ MI ' :
and finally normalizing to the-initial temperature yields:
K (k [k,
T T /T.>+ M {T/T.)
0 2\ LAY i) (c-18)

From these equations (C-3), (C-7), and (C-18) the temperature at
each node in the gas and solid can be calculated. The wall heat
transfer can then be calculated from the equation for either the solid

side or the gas side. For the solid side:



SRR T (c-19)
solid s X
For the gas side, recall:
K w To- T (6-20)
q = ki S o C-20
gas ig
From Equation (C-14),
o= X | (c-21)
ag Mg P'i .
%ig Ms PE x
0]
kK k
4 S |
k 0 1
= k. . -
9as ig — (c-22)
ax [ 8. '1?‘
a
M
S 9

To calculate the temperature profiles aﬁd heat flux (Equations
c-3, C-7, C-Q, C317, C-18, and C-22), pressure data as a function of
time is needed. This data is calculated from the engine geometry as
discussed in Appendix D. The computer program written to calculate the

temperature profiles and heat flux is shown in Figure C-1.



Figure C-1:

heat flux and temperature profiles.

Computer program for finite difference solution for

PROGRAH COMPEYP(PRESSoQUTPUT,QF ILE,) TAPE2«PRESS, TAPEICTUTPUT,
11aPEGoOFILEy TFILE,TAPEGRTF (LESTINFIL,TAPET=TINFIL)

EXFANSTUN,

INTO A OTFFUSION TYPE EQUATION,

PERFECT GAS LAW APPLIES;
ISENTRNPIC_RELATIONS APPLY.

nnhnonnnhnnnnw

DIMENSINN TSOLIDC1CG1)»TGAS(L121),PRESS(365),0wWALL(360)

THIS PROGWAM CALCULATES THE UNSTEADY
HEAT FLUX FRCM A GAS (AIR) UNDERGUING COMPRESSION AND

TTEXPLICIT FINITE DIFFERENCE FORM IS USED.

WALL

FORM IS USED,

ON THE SOLID SINF, A ONE DIMENSIONAL UNSTEADY OIFFUSION
EQUATION TN FINTT: OLFFERENCE (FXPLICIT)
"ON THE GAS SIDE, THE ENERGY EQUATION IS TRANSFORMED
(THUS SATISFYING CONTINULTY ANC MOMENTUM EQUATIONS)™
IT IS ASSUMED THATs
SPATIAL PRESSURE GRADIENTS ARE NEGLIGIBLE;
CONDUCTIVITY IS LINEAF IN TEMPERATURE;

DIMENSINN TINFIN(36C),TSOLIDM(1ICL)»TGASM(1OL) _
DIMENSION T1(1C01),T2¢1GL2sT3(101),T4(10L)

REWIND 2
REWIMD 4
REWINO #
REWIND 7

C
C  MATERIAL PRNPERTY VALUES:
€ _ SOLID=-=CAST IRAN
€ CONDUCTIVITY W/M=K
CONDUS 64,99
€ DENSITY KG/M#s3
DENSS=7208,3 _
€ SPECIFIC HEAT J/XG=K
. . SPECHS=640455 o
€ TTHERMAL DIFFUSIVITY Kee2/§
ALPHASSCIKDUS/INENSS®SPECHS)
Ceaxsttsrertrechbbrrrsned

¢ GAS-~=A[2 AT 248,78 X
c COMDUCTIVITY W/MN=X

— .cwwus-v.021a o
¢ T DENSITY HIveel

DENSG= 1.4721

SPECIFIC H3AT J4/KG=K
 SPECHG=1)nE,2t

THERMAL CIFFUSIVITY M%e2/5

ALPHAGRCONDIIG/ (DENSG*SPECHSG)

¢

¢

4 "nArxu OF SPRECIFIC HEATS=—=AIR
GAMMAR] 3R

CEIRTRTIEEEEIINPOCRTOEE

¢

¢

"SEY THE TIMF STEP {CONVERTED TQ SECONOS)

DILTAT#AY /(616.%3604)

TTOUTUSET INITIAT TEMeRRA TUP eSSKELVINT T

TINIT#24D,78

. C SET VALUE IF CAEFFICLENTS [N SOUID FINITE
< BUST 3E ¢ IR = TO 1/2 FOR STABILITY

XMSeQ,.%

€ CALCULATE THE SPATTAL INCREMENT IN SOLID _

DEL A (ALOHASHDILTAT/XNS) ##D,5

OIFFERENCE EQUATION -

C . CALCULATE THE SECNNDAKY COEFFICIENT FOR THE INYERFACE COEFFICIENT
CistCONIYG/CONDUSHI*( TALPHAS)/(ALPHAGSXMS ))**0.5 -
C. SET THE NUYRER NF T1ImMe AND SPACE INCREMENTS

NTIME®36)
NSPACE=131

wall
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Figure C-1: continued.

et v b len
nG»SM(()-I 0
1S CONTINUF
c PEAD IN THME PREISURE DATA(NGRMALIZED TO THE INITIAU PRESSURE) "~ 77
REBD(2527) (OGESS(1),1al,NTIME)
26 FORMATULIL1X,Fo.3 )
wRITE(2,25)
25 FORMAT(1Y .2 [NPUT==NORMALTIZ2ED PRESSURE 2}
WRITE(3,20) (PRESS(I},Inl,ATINE) e
T0 CALZYLATE THE CURFFICIENT FOR GAS FINITE OIFFERENCE”
FQUATIONY NEFD TD DETERMINE THE MAX PRESSURE
PRAX=(,D .
OC 45 I[=1,NT[ME
IF(PRLSSII)IWGTPMAX) PMAXSPRESSI(I)

45 CONTINUF o .
CALCULATE 7OP FACH TIME STEP, THE TEMPERATURE IN THE SOLID,
THE GAS, AND THE INTcRFACE, AND THE HEAT FLUX. -

BC 30 I=2,NTIME :
IMsf{-1
TlNFIV(tvtrtNFIN(IH)‘(PiESS(I)/PRESS(IH))“((GAHHA-X.)I
16aMmA) .
€ 7 CALCULATE TEMPERATURE [N SOLID &~ T T eme—om s
NSPENSPLIE~]
00 40 J=2,NSP
JPeje+l
RLERES '
TSOLID(J) =xMSo(TSCLIDM(JPISTSALIDMIIN}) ¢ (1.0-2, 0‘XHS)°7SOLIDH
1 :
4G CONTINUS
TSCLIGINSPACEY o TSOLIDMINSFACE)
C CALCULATE TZwoZRTH4E (N GAS
NG5 SeUPEFSSUT) /PMAX)
DO 50 Ke=24NSP o . o i
KPenol ! . . e e e e
KMeK=] )
TGASIKI=(PPESSIT) /PRESSIIM)I®¢( (GAMMA=1.C)/ GAMMA) 6 (XMGSTGASM(KP
LISXMGH T A<"(K")'(I-L-Z.J‘XN()‘TGASN(K))
56 CONTINUE .
TGAS(NSDACE)-TCABH(N;PACE)‘(PPESS(I)IPRESS(lH))“((GAHHA-I o:/
1CanmA)

c © CALCULLATE INTFOFACE VimPERATURE. AND HEAT FLUX o

XM aC IR OXMA®ed SHO(PRESS T Ive0,.5) )

TSOLICOU @ {TSOLID(2) +XMIATGAS(2) )/ (a0 eXNE)

TGAS(L)=TSOLIN(Y}

Qwall (I1)==1,0¢CONDPL#(PRESS( LI @G, 5)¢(rGAS(1| ~TGAS(2))/7(DELX"
TLOCUALPHAGRYMS) F(ALPHASEXNG I #4Go5)) T T

o QWALL (T3 =2WiLL (Y #TINTT )

o wR[TE NIT TEwPIRATURE PROFILES. FOR PLOTTING PURPOSES ™

CIF(ILES.IA0) GO TR
IF(1.EQ.19C) 6 TO 1
[Fil.t2.218)G60 T3 2 . .

TIF(ILEQ.25C) 6D TU 3 o )

Go Ty & . R D
1 CONTINUF :
DC 5 J=l,NSPACE i o o L
TI{J)=T545 ()

.5 CONTLNUE SR
[ £ R R T :

2 CONTINUE B
DG o Jel,NSPACE

o T203VeTRAS ()
6 CONTINUE

60 TO &

an

‘
o0

ool
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Figure C-1:

» 0

3¢

75

90

continued

LooTC 4

CONTIMGE

D2 9 4=1.nSPACE’
Talgy=TA350d)

CONTLAGF

CONTLaYF .
4PDATE TSOLIDM AND TGASM FOR. NEAT CALCULATION
0T 7C JstensoACT

TSOLICMtI)eTSOLID ()
TGASM () TGAS(Y)

CONTINUS

CONTIKUE

. L
€ SRINT THE TEMPERATUPES IN GAS AND SGLID FOR LAST TIME STEP
¢

T6 CHECK THAT THE INFINITY BOUNDARY CONDITION IS MET
WRITE (3,75)
FORNAT(#1 891X, #TIPE STEP#,1CX» #SOLID#»LUXs 2GASE)
LeNTINME
DD &0 Kal,NSPACE

CWRITEL(3,790) T, TSALID(KI,TGASIX)

7790 FORMATILIX.TB+5XeF15.1C,5X,F15.100) 7
3¢ CONTINUE

c PRINT HEAT FLUY AT EACH TIME STEP

wRITE(3,162)

l4¢

160

1e4
161
150

163
152

_ 1s5Xe#TIMEINITY NORMALIZED®)

FOPMAT(ILX,#HEAT FLUX  W/SQ M CUT OF GAS AND OUT 3F SOLID»

03 150G U=2,NTIME

WRITE(3+16C) ToQWALLID), TINFINII)
FORMAT(SXo15,2%9715.5530K5F15.5)
WRITE(4y161) QuaALL(I)
WRITE(7,1h4}) TINFIN(])
FORMATI1X,F15,5)
FORMAT(1X»F12,3)
CONTINUE

D0 152 Jel,M5PACE
WRITE(ASLH3) TU(IDNT20J)»T3(J)»TEUJ)
FORMAT(1Xs4F12,3)

CONTINGE
sTOP

(END



Appendix D

~-Calculation of Pressure from Engine Data

91

To calculate the pressdre in a cylinder during compression and

expansion, the displacement of the piston as a function of time must

first be determined. ‘A formulation for piston displacement for an
engine can be obtained from the geometry of the design as follows.
Figure D-1 shows the basic dimensions involved. Denoting the piston
displacement as S, it is easy to see:

S=r+g - (oc+ac) (D-1)

and from basic trigonometry,

" S=r+g-(rcose+2cos¢)

But 22 = (cb)? + (ac)?
=r? sin® ¢ + 22 cos? ¢
50 g cos ¢ = Va2 - r? sin o
and S=r+4 -rcos -~ Va2 - r? sin® o
L 2
or S=r|{l-cos 8} +=[1-4/1-__ sin (D-2)
: r - 22

An excellent approximation to the exact result is very often used and

yields a much simpler form. The approximation is found by

4
completing the square, adding _fn.sin“ o to obtain:
4g7



Cylinder head
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¢, Clearance

Rod length

Figure D-1: Engine geometry.
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w
R

r Bl-cos ) + I sin? e]
- -

or 'S r Bl—cos 8) + %Z (1-cos 29)] | (D-3)

With this result, the volume as a function of crank angle can be
expressed as: |

V = %c»+ r Bl-cos o) + EE.(I-cos-Zeﬂi A ~ (D-4)
‘where ¢ is the clearance at TDC, and A is the piston area.

The pressure during compression and expansion is obtained from

isentropic relation:

p o= 11 L | (D-5)

where Pj is the initial pressure and V; is the initial volume,
i.e. Vj = ceA. A listing of the program written to perform this
calculation is given in Figure D-2. A sample result is shown in Figure

D-3.
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Figure D-2: Computer program to calculate pressure from engine
’ geometry.

PROGRAM PRESCALIPPESS,CUTPUT,TAPE22PRESS,TAPE3=QUTPUT)

c THIS RAYTINE CALCULATES PRESSURE VERSUS CRANK ANGLE OR
T 7T TIHE GIRING COMPRESSION AND EXPANSIDN OF A PISTON TN ATTYLINDERT™
€ THE PISTON DISPLACEMENT AND VELOCITY ARE CALCULATED AS
3 INTERMZNTATE RESULTS, R
€ THE REQUIRFO INPUTS INCLUDE: CRANK RADIUS, RUD LENGTH, RPM,
c PISTON AREA, CLEARANCE AT TOC, INITIAL PRESSUREs AND RATIC OF
C___ SPECIFIC HEATS N® EJUIVALENT ISENTROPIC COEFFICIENT,
[4 DIMENSTINS: METERS AND KILOPASCALS ’ -
c < IT IS ASSUMED THAT THIS IS AN ISENTRGPIC PROCESS,.
c IT IS ALSO ASSUMED THAT THE APPROXIMATION VYO PISTON DISPLACEMENT
c FOUND BY COMPLETING THE SQUARE IS ACCURATE FOR QUR PURPOSES.
c
DIMENSION $1(360),52(360)sV(360)sP(360),TSTEP(360),PN{360)
T CRANK =2,05080
) ROD=0,199% o )
Romee it . . L e e
_..PTAREA=Q.0C4948 v U SP
CLEAR®Q,007823
. PRESSI=110,2%50 S 4 L
: CPCVel.33 T T T
c
c THE CRANK ANGLE 1S TAKEN TO 3E ZERO AT BOC, N T
c
PIe3,141593 o - T

 CONSPRESSI*((CLEAR+2 . *CRANK)*PTAREA)®#CPCY L
00 10 I=1,360
TSTEP(II=FLOAT(D) _ ‘
THETA=(FLIATIT)+18C. 1*PT/18C, o ' oo
.. SLUI}eCPANK#({1,0=COS(THETA))*+(ROD/CRANK)*(1,0~{1,0-(CRANK/ROD®
TLSINCTHETA) ) #¥2,3) %%GJ5)) ’
. S2U1)eCPANKS{(1.0=COSITHETA)) +CRANK/(4 O¥ROD)*(1,0-COS(2.04THETA)
in
VEI)=2,0%PT#RPMECRANK/ (604 1*(SIN(THETA}+CRANK/ (2,0%R0OD}®
T1SINC2.*THETA)) )
PLIIeCON/ L({(CLEAR®S2([))*PTAREA)*SCPCV) B o
PN{I) =P (T} /PRESSI T : o
30 FORMATI1XsFB.3s3XsF8.3,3XeFB8.3»3XsF843)
10 CONTINUE
WRITE(2,0014PN(T) 5151,y 360)
4C FORMATILO(1X,F6,3)) T T T T T o mom
CALL TEX14 B )
" CALL TITLE(#PRESSURES#,=100,#CRANK ANGLE DEGREESS#, 106G, AKILOPASCAL
_1534,100.9, 99645
THL GRAFTC.52000 3685 €7 566004060,
CALL CURVE(TSTEP,P»36050) o
CALL ENPPLUNY T -
_ . S1GP
EMD




Absolute pressure, kPa

4000

3000

2000

1000

| Il . L 1 L Il i | | | L

30 60 90 120 150 180 - 210 240 270 300 330 360
Crank angle, degrees from b.d.c.

Figure D-3: Sample results.
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Appendix E

Gas Chromatograph Analysis of the Premixed Fuel

To fi1l the test section with a premixed fuel/air mixture, a gas
mixing apparatus involving flow rotometers was used. The calibration
and assessment of repeatability of the mixing device were determined by
performing a gas analysis using a Hewlett Packard Model 5750 Gas
Chromatograph in conjunction with an Autolab System IV integrator. In
this analysis, heliumn was used as a carrier gas, and a column of
molecular sieve 5A was used for.separation. Both the thermal
conductivity detector (TCD) and the flame ionization detector (FID)
were used. |

Mixtures of unknown concentration of methane and air were
analyzed. The oxygen and nitrogen concentrations were determined from
the TCD while the methane concentration was taken from the FID |
results. The analysis of these gases includes one complication; that
is, the peak produced by oxygen in the TCD also includes drgon which is
at a concentration level which would affect the results. Therefore the
oxygen concentration measurément was corrected as follows. It has been
shown by Mc Nair and Bonelli (1968)vthat the TCD peak area, Ay, of

constituent x, is proportional to the concentration, Cy,

A o (ky = Ky) Cy



where kHe and kx are the thermal conductivities of helium and
the constituent gas. Thus for argoh and the argon/oxygen combined gas

we have:

A Aar + 0

Ar - 2 :
(kHe - kAr) cAr '(kHe - kAr + 02) CAr + 02~

Since the argon is a very small part.of the argon/oxygen gas, a further

simplification is made:

A AAr +0

Ar = 2

2

From this it is simple to calculate the argon area, Appe» Which then
can be subtracted from the combined are AAr + 02, detected by .
the TCD.

To calibrate the mixing device, nine different concentrations
ranging in equivalence ratio from .4 to 1.15 were analyzed. This
ana]ysfs was repeated three time to assess repeatability and the error

was found to be approximately one percent.
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Appendix F

Data - Noise Filtering

| The experimental measurements show a low level noise resulting
‘from the use of an isolation transformer which was used to protect the
minicomputer data acquisition system. This Tow level noise was removed
before'the data was anaiyied. The‘data were processed by a data
smoothing subroutide, PSMTH1 (Haskell and VandeVender, 1980). This
subroutine smooths the data by making a piecewise fit to the
measurements with a least squares polynomial. A comparison of
experimental measurements and smoothed data is shown in Figure F-1.
The results are very good with only a Tow level noise remaining in the

tails of the data.



‘Figure F-1:

data"pressure variation with time.

Comparison of exper1menta1 measurements w1th smoothed
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Appendix G

Determination of Heat Flux from Measured Wall Temperature

The solution for the heat flux in the solid takes the form:

| L (0 =Ty L) =T ()
= [keC d -
. (0,1) \/ ° — ﬁ) | 7 (G-1)

Thus, in order to calculate the heat flux from the wall temperature

measurements, the integral in Equation (G-1) must be computed.

Defining T (t) = T (t) - T; gives:

- . [kec T (t) T (t) -7 (A) -2
a, =\ % + /(') 7 da (6-2)

The measured change in wall temperature, T (t) takes the fofm of

discrete points Tm, m=1l,...N where T is the wall temperature '
change corresponding to time the The integral in Equation (G-2)

“can then be expressed as a sum of N-1 integrals:

: , ) /st .~ o=

T, (t) N-1 mel T, - T(x)
q= kpC N +'}_ Z N . . dxl] (6‘3)
Wy — 2 (t - 1)/2

ltN m=l th N : _

Be tween any two successive data points (tm, Tm) and (tm+1’

Th+1) a straight line variation for T is assumed as shown in Figure

G-1. The temperature can then be expressed as:
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Figure G-1: Representat1on of wa11 temperature data as a ser1es of
successive straight line segments




102

To,mel ¥ Anymel ¥ Bymer 2

where ‘°1n,m+1 and Bm,m+1 are derived from:

"'T

mml " Tm - Twe1 = Tm
A - tm tm+1 - tm
or
) ) T = Ta\ [Ty - 1
Toooof - ML ml ™l m), (G-4)
- — ) —
Am,m+1 = Am+1 Bm,m+1 = Bm+1

For all but the last in the sum of integrals, the integration is

- straight forward:

t (ty - r)3/2

_ t . ot -
S LTSRN jL LS Sy S LS )
N m+l tm (tN - )‘)3/2 ml . tm (tN _.)‘)3/2

Employing the following integrals:

f dr | -2
372
(a +ba)’/ b /3T

Adx
—_r = (23 + bA)
/(a + br)3/%

2

b% va + bx
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Equation (G-5) simplifies to:

o ) tne1 2(2ty - ) |t
(TN"ﬁml) —_— - %&1 .
-2 A=t - A A=t

TN Ame1™ Bren @ty Tpug) Tym Apeg= By (28 %)

=2 (G-6)
Yt -t it -t
- N m+1 N m
For the last integral in the sum:-
TS At Bty A~ By
./' N ~/~ N~ ON m
L (ty - (t, - )32 L - 2)3/2
t
- fN &
N Jt ~ \1/2
o1 (By = A)
=2B v/t -t ' G-7) -
: N N N-1 ( )

Substituting Equations (G-6) and (G-7) into (G-3) yields:

¥ N_—Z T
koo |1 () . Ty~ Ape1™ Boeg 2ty= toey)

N =1 Lo ‘/tN'tm+1.

t =
qw( N)

N ¥

T,-A . .,-B..(2t- t.)
L2 s S L B /T <t (G-8)
.- NN T KAl

V-t )
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The computér program to calculate the wall heat flux using Equation
(G-8) is shown in Figure G-2.
To verify this procedure and test the computer program the special

case of a linear variation in wall temperature was analyzed. Assuming

variation T(t) = Kt, Equation (G-3) simplifies to:

q (t) = keC 2 k /D (6-9)

L

This result is in excellent agreement with the results of the computer

program.
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Figure G-2: Computer program for the determination of wall heat flux
from wall temperature measurements.

PHCGRAM 2SOLIDCINPUT ,OUTPUT,TAPE2=INPUT, TAPEI=QUTPUT,
100ATA,TAPEGeQDATASTDATA)TAPESTOATASPDATALTAPE6GEPDATA)

o 10€20001,(20021,95(2G0C) _
CHO0PE B3RS CNNERR USSR RS FEABINNRRIRISRRIEB RS SESNISAEEL044SRER
C ROUTINE TO CALCULATE THE wall HEAT FLUX IN THE SOLID,6IVEN WALL
C TEMPERATURE DATA,

_C  WYEMP=EXPERIMENTALLY HEASURED WALL TEMPERATURE (K) -
€~ WTEMPN<WALL TEWPERATURE MINUS INITTAL TEPPERATURE

_C

4

C

A AND B = PARAMETERS [N LINEAR INTERPOLATION BETWEEN POINTS
AUGUST 12,1981 J.8.W000ARD
A LI I L L R L L L L Ll L L LSt L it bbbt

PROPERTIES NF THE WALL = MACOR AT 298 K

<

L’ 3
C TCONDUCTIVITY (W7H®K)
¢

¢

<

CONO. .676 I - — . . e e e e —— PO e e ——
DENSITY (KG/Mes3) T T o
DENS=2529,026 e
SPECIFIC HEAT (J/KGeK)
CPe46C.55 L :
YHERMAL DIFFUSIVITY ~(me#2/SEC)
ALPHA=COND/ (DENS®CP)
REWIND &
REWIND §
. REWIND &
€ _CALCULATE cnnsraurs NEEDED3 _
Plee, GOAI’AN(I 0y
€. CALCULATE TYME AT EACW DATA POINT IN SECONOS
00 10 11,2900 . ‘
 TIMECI)(FLNAT(T}=1,3)#0.C002
10 CONTINUE
"€ _CALCULATE CINSTANT FOR MEAT FLUX
CCNS® {(DENS#CP*COND) /PL)**0,5

[
C REALD IN TOTAL NUMBER OF DATA POINTS AND RUNID — 77—~ 77 7~
1 CONTINUE ) ) o o ~
READ(S»5) NMAX,RUNID
.5 FORMATU(IX,T4s49)
IFLEOFISTI 110,15
15 CONTINUE . : o - e
[
C READ IN TEMPERATURE DATA AND NORMALIZE
READ(S5s27) (M, WTEMP(I)oXpIuloNNAX) :
30 FGRMAT(3(1Xs1452F9.3))
£0 40 Isl,NMAXx ' Tt T T - -
) WTEMPN(I)sWTEMP(I )=wTENP (1) . o .
Y CUNTINUF ) .

c .
c CALCULATE A AND B ENR ALL TIME STEPS =~ = =~ T oo
00 50 l#2,NMAX
T Imefer T T
ACI)mWTEMPNC(IM)=TIME (IMV ¢ CUTENPNCI)=WTEMPNCIND) o
L/UTIME(II=-TINEL(INDY) R S
B(I)e (NTEMPNCTI=NTEMPNCIM)I/ZLTINE(T)=TIME(INY)Y -
50 CONTINUE :

4
TC T CALCULATE HEAT FUUX FOR FIRST Time STEPS - T -
Q(1)=0.0 ] B}
Q2)=CONS*(NTEMPN(2) /(TIME(2)%*0e5)¢8(2)%(TIME(2)~
1TINE(1))#40,.5) ) o o
¢ : )

C CALCULATE HEAT FLUX FOR REMAINING TIME STEPS
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Figure G-2: Continued

SUR3Ivel.
DG 70 M=1l,NN
MPsMel L
SUMSSUMe (WTEMPN(N)=A(NP)=B(MP) S (2, *TIME(NI=TIRE(KP I}/
LO(TIME(NI=TIME(MP ) )840 ,5)=(WTEMPN(N)=A(MP)=B(HP) -
2¥(2 HTIME(NI-TIME (M) II/((TIME(NI=-TIME(M) )50, 5)
70 CONT INUE o
NMesN-]
o SUMaSUMSWTEMPN(N) /(TIME(N)I*%0,5)+B(NIS(TINE(N)=TINE(NM) )#%0,5 )
QIN) sSUMECONS
60 CONTINUF
READ(693I)(KsPLI)pXpIml,NMAK)

<. _
C SMOOTH THE CALCULATED MEAT FLUX

DG 130 U=1l,NmMaX
QstI)=Q(l)
130 CONTINUE
CALL OSMIOT(TIME, 0S,NMAX) FE
C
€ PRINT AND WRITE RESULTS ON FILE . -
WRITE(3,120) RUNIC .
120 FORMAT(#1#,#UN T0#95X5A9) e
WRITE(3,10C)
100 FORMATU//5Xe#TIME STEPA»BX,aTIME MSEC#,8X,#wALL TEMP K2y
15Xs#PRESSURE  KPA#ySXo#RAW HEAT FLUX KW/SQM2y5X,
1#SMODTHED WEAT FLUX KW/SQM&//)
D0 8G Is=l,NmMaX :
D1=TIME(T}*1000.0
02=Q(1}/1000.0
D3=0S(I171C0J.0 » i ) .
KRITE(3+90) 1,01, WTEMP(I),P(I),D2,D3
80 FORMAT(AX»Thy14XsFBa2s12X9F94391CXsF943910XsFe308XsF9.3)
WRITE(493011,01502,03
80 CONTINUE L
GO T0 1 : : .
110 CONTINUE ) . . . o
svQe ’

ENO
SUBROUTINE OSMOOT (X, Y,NTOTAL)
DIMENSION X(2000),Y(20C0)»LPARAM(A)oWCRKI520Y =~
NOERIVsO
WEIGHT=1,0 . o
D0 1G Ial,4

__ LPARAM(I)=0
1C CONTINUE .

_ LPARAM(1) =99 :

CALL PSMTHL(XsYsNTOTALSNDERIVsIWEIGHT,LPARAMIWORK)YP)

. RETURN e e e e e,
END

N



Appendix H

Comparison of Heat Flux for Macor and Metal Walls

The temperature gauges used in this expérimenta] study (see
'Chapter 3 for a detailed description) are made from a glass ceramic
known as Macor. Thus the heat flux calculation from the measured wall
temperature is actually the heat flux into a Macor wall. It would be
useful then to know how the heat flux into a metal wall would compare
to that into a Macor wa11: To make this comparison, the finite
difference formulation for the wall heat transfer problem as descrfbed
in Appendix C was used. With that computer program, the heat flux
between air and a.cést iron wall was calculated (See Figure 2.3-2).

" With the same program, the heat flux between air and a Macor wall was;
also determined. These two are shown in Figure H-1. The comparison is
found to be very good. The peak heat flux shows a difference of
approximately 2%.

This good comparison is primarily explained by the thermal and
physical properties of air compared to_Macor or cast iron. More speci-
fically, consider a simplified problem consisting of two thermally
semifinfinite bodies in contact. One body is a solid, either Macor or
cast'iron; and the other is air for which only conduction heat transfer
will be consfdered. Initié]ly, the temperature of the Macor or cast |
iron is-a constant taken as reference, and the temperature of the air
above the reference is Th‘ To solve fhis problem the température
at the boundary is assumed to be a constant,‘call it Tm, with thfs

assumption to be verified after a solution has been obtained.

107 .
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Figure H-1: Comparison of wall heat flux into a cast iron wall and
into a Macor wall.
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N
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Crank angle, degrees from b.d.c.



The problem to solve for the air is:

—
x
]

The initial temperature here is taken

109

2 O (H-1)

n
—

as reference, giving a solution:

X
T = Th + (T -T ) erfc L S - (H=2)
a m h : Z/EZf
For the so]id side, we have
aT_ 32T
S s o :
— Ta — (H-3)
at s 9Xg
TS (t =0)=0
Ts _(x = p): Tm'
| The solution is:
- Xg _
T =T erfc (H-4)
s m 2/a T ‘



From these solutions it is easy to verify that the temperatures at the
boundary are equal. From the condition of equal heat flux at the

boundary, the boundary temperature can be obtained: -

YK.po.C. T
1. et h (H-5)

kg pgCs = 7K3p5Cs

The properties of air, Macor, and cast iron give the following values

for the constant vkpcC:
“Air 5.6 J/m* K /S
Macor 1394.7 J/m? K /%

Cast Iron 12222.4 J/m® K /3

Thus it is appropriate for both Macor and cast iron to make the

following, simplification.

7K .p ' .
- _"’2 T (H-6)

vkspCo

The heat flux at the boundary from each of these solutions is:

YK, p.C
q =232 (1 -1) (H-7)
a —_ m h .
/nt

110 -



qQ = ——~ T (H-8)

_ Equation (H-6) is now.substituted into the heat flux equations and a
further simplification is made in noting that T, << Ty

\

-/k ) o
q _2. T ‘ (H-9)
a - h
/TE
/k o
q a‘a T (H-10)
S
-

Thus since the value for the constant vkeC is much smaller for air than
for either solid, the heat flux is essentially i‘ndependent of the
properties of the so1'id. The experimental wall heat f'lux results in
this study are-thefefore ess'ential‘ ly the same as would be measured.on a

metal wall.
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Appendix I

Experimental Results

In Chapters 5 and 6, representative measurements and results were
presented. The remaining results are presented in this appendix to

. provide a complete record of the data from this study.
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450 | .

Constant volume J
Equivalence ratio = 0.8
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Figure I-3: Absolute pressure variation with time; constant volume
: combustion; equivalence ratio 0.8. '
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Figure I-4: Absolute pressure variation with time; constant volume
combustion; equivalence ratio 0.7.




Flame front location data  Equivalence ratio = .1 Constant volume

Figure I-5:

Flame front location from schlieren movies for time steps
of 3.76 ms starting at ignition; total elapsed time to
last location shown is 56.4 ms; constant volume combus-
tion; equivalence ratio 1.1.

Fiame front location data . Equivalence fatlo = 0.9 Constant volume

Figure I-6:

Flame front location from schlieren movies for time. steps
of 3.72 ms starting at ignition; total elapsed time to
last location shown is 66.9 ms; constant vo]ume combus-
tion; equivalence ratio 0.9.
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Flame front

Figure I-7: Flame front location from schlieren movies for time steps
of 5.54 ms starting at ignition; total elapsed time to
last location shown is 99.7 ms; constant volume combus-
tion; equivalence ratio 0.8.

Flame front location

Figure~I-8: Flame front location from schlieren movies for time steps
: of 7.44 ms starting at ignition; total elapsed time to
last location shown is 156.2 ms: constant volume combus-
tion; equivalence ratio 0.7.
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Figure I-9: Wall temperature variation near igniter w1th time;
constant volume combustion; equivalence ratio 1.1;

without voltage follower.
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Figure I-10:  Wall temperature variation near 1gn1ter with time;
' - constant volume combustion; equivalence rat1o 0.9;
without voltage follower.
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Figure I-11: Wall temperature variation near igniter with time;
’ constant volume combustion; equivalence ratio 0.8;
without voltage follower.
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Figure I-12: Wall temperature variation near igniter with time;
constant volume combustion; equivalence ratio 0.7;
without voltage follower.
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Figure I-13: Wall temperature variation with time at upper part far
from igniter; constant vo1ume combustion; equivalence

rat1o 1.1.
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Figure I-14: Wall temperature variation with time at upper port far
o from igniter; constant volume combust1on equ1va1ence
~ratio 0.9.
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Figure I-15:

Time, ms
Wall temperature variation with time at upper port far
from igniter; constant vo1ume combustion; equivalence
ratio 0.8.°
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Figure I-16:

Wall temperature. variation with time at upper port far
from igniter; constant volume combust1on equivalence
ratio 0.7.
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- Figure I-17:

Wall temperature variation with time at lower port far

from igniter; constant volume combustion; equivalence
ratio 0.7. . o
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Figure I-18:
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Repeatability of wall temperature variation with time;
three measurements for identical conditions.

340 -

330 +

320

Temperature, K

310 ¢

300

290

T T T T T - T " T

Constant volume

Equivalence ratio = 0.8
Upper port near igniter .
Without voltage follower

L L 1 L L 4 1

Figure I-19:
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Repeatability of wall temperature variation with time
without voltage follower;. three measurements. for

-identica]fconditions;
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Figure 1-20:
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Repeatability of absolute pressure variation with time;
three measurements for identical cond1t1ons, equ1va1ence
rat1o 1.0
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Figure I-21:
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Time, ms :

Repeatability of absolute pressure variation with time;
three measurements for identical conditions; equ1valence
ratio 0.8.
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Figure I-22: Absolute pressure variation with time; combustion in an
expanding volume; equivalence ratio 1.1.
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Figure I-23: Absolute pressure variation with time; combustion in an
expanding volume; equivalence ratio 0.9.
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Figure 1-24: Absolute pressure variationvwith time; combustion in an
expanding volume; equivalence ratio 0.8.
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Figure I-25: Absolute pressure variation with time; combustion in an
expanding volume; equivalence ratio 0.7.
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Flame front location dota Equivalence ratio = 1.1 Expansion

Figure I-26: Flame front location and piston face location from
schlieren movies for time teps of 1.86 ms starting at
ignition; combustion in an expanding volume; equival-
ence ratio 1.1.

Flome front location data Equivalence ratio = 0.9 Expansion

Figure 1-27: Flame front location and piston face loation from
schlieren movies for time steps of 1.86 ms starting at
ignition; combustion in an expanding volume; equivalence
ratio 0.9

Flame front location data’ Equivalence ratio = 0.8 Expansion

Figure I-28: Flame front location and piston face location from
schlieren movies for time steps of 1.1 ms starting at
igniton; combustion in an expanding volume; equivalence
ratio 0.8 '
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Wall temperature variation with time; combustion in an:

expanding volume; equ1va1ence ratio 1 1; without voltage

follower.
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Figure I-30:
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~ Wall temperature variation with time; combustion in an
‘expanding volume; equ1va1ence ratio 0 9; without voltage

follower.
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Figure I-31: Wall temperature variation with time; combustion in an
expanding volume; equivalence ratio 0.8; without voltage

follower.
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Figure I-32: Wall temperature variation with time; combustion in an
' ‘expanding volume; equivalence ratio.0.7; without volitage:
follower.. -
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1-33: Absolute pressure variation with time; combustion during

compress1on-expans1on equivalence ratio 0.9.
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Figure I-34: Absolute pressure variation with t1me combustion during

compression-expansion; equivalence rat1o 0.8.
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Figure I-35:" Absolute pressure variation with time; combustion during
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compression-expansion equivalence ratio 0.7.
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Wall temperature variation with time; combustion during
compression-expansion; equivalence ratio 0.9; without
voltage follower.
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Figure 1-37:
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Time, ms :
Wall temperature variation with time; combustion during.

compression-expansion; equivalence rat1o 0.8; without .
voltage follower.
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Figure I-38:

Wall temperature variation with time; combust1on during
compression-expansion; equivalence rat1o 0.7; without
voltage follower.
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Wall heat flux variation with time near igniter; constant
volume combustion; equivalence ratio 1.1; without voltage
follower.
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Figure I-40: Wall heat flux variation with time near igniter; constant

- volume combustion; equivalence ratio. 0.9; without voltage
follower.
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Figure I-41:
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Wall heat flux variation with time near igniter; constant -
volume combustion; equ1va1ence ratio 0.8; -without vo]tage
follower.
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Wall heat flux variation with time near igniter; constant
volume combustion; equ1va1ence rat1o 0.7; without vo1tage
follower.
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-43: Wall heat f1ux variation with time at upper port far from

igniter; constant volume combustion; equ1va1ence rat1o
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Figure I-45: Wall heat flux variation with time at upper port far from
~ igniter; constant volume combustion; equivalence ratio
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Figure I-46: Wall heat flux variation with time at upper port far from

igniter; constant volume combustion; equivalence ratio
0.7.
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Figure I-47: Wall heat flux var1at1on w1%h time at lower port far from

igniter; constant volume combustion; equ1va1ence ratio
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Figure I-48: Repeatability of wall heat flux variation with time;
three measurements for identical conditions.
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Figure I-49: Repeatability of wall heat flux variation with t1me i
without voltage follower; three measurements for T
identical conditions.
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Figure I-50: Wall heat flux variation with time; combustion in an
expanding volume; equ1va1ence rat1o 1.1; without voltage
fol]ower.
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Wall heat flux variation with time; combustion in an
expanding volume; equivalence ratio 0.9; without voltage
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Wall heat flux variation with time; combustion in an

- expanding volume; equivalence ratio 0.8; without .voltage.
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Figure I-53: Wall heat flux variation with time; combustion in an

' expanding volume equ1va1ence rat1o g. 7 w1thout vo]tage
follower.
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Figure I-54: Wall heat flux variation with time; combustion during
' compression-expansion; equivalence ratio 0.9; without
voltage follower.
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Wall heat flux variation with time; combustion during
compression-expansion; equivalence ratio 0.8; without
voltage follower.
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Wall heat flux variation with time; combustion during

compression-expansion; equivalence. ratio 0.7; without

voltage  follower.
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