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Combustion cells are used to study ignition processes and
flame growth under a variety of initial conditions. One goal
of these studies is to develop models of flame growth so that
burning velocities can be predicted knowing the initial
conditions. Most models assume adiabetic conditions which
leads to erronesous predictions of burning speeds. In order to
correct a model for heat losses, measurements ¢? the heat
transfer to the combustion cell walls are necessary.

In this study, experimental measurements of pressure,
wvall temperature, and vall heat flux vere obtained for laminar
and turbulent explosions of premixed methane-air mixtures in
a cubical comb. :tion cell. A thin platinua film resistance
thermoneter heat flux gauge was used to measure the transient
wall temperature from vhich the wall heat fluxes wvere
calculated using Duhamel’s theorem. Turbulence in the cel) vas
generated by pulling a 60% solid, perforated plate across the
chamber prior to the spark discharge. The turbulence intensity
wvas controlled by varying the plate speed and the time delay
before spark ignition. Turbulence intensity at ignition wvas up
to Im/s vith a integral scale of 4mam. The experiments were
performed over a range of equivalence ratios from 0.6 to 1.0.

Results from the experimsents show that: 1) The heat flux



to the wall iner s~ wa: y be ore flame contact; then
increases sharp! lame reaches the wall. 2) The peak
value of the hea flux - aries considerably with equivalence
ratio and the ‘.a  turbulence intensity. The higher the
egquivalence rar -~ and -:1ti1al turbulence intensity, the higher
the peak value. :; -~ sesasurements of burning velocities are
underpredicted when heat losses are not taken into account.
Based on the measurements, correlations were developed
for heat transfer to the wvall before flame arrival. The heat
transfer was found to be depandent on the turbulent intensity

at the time of spark discharge.
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Combustion cells are used to study ignition processes and
flame propagation rates in quiescent mixtures and those with
turbulence. Burning velocities in homogeneocus mixtures in
cells can be determined by using high speed photography,
fonization probes and pressure based diagnostics. The latter
is most common because of its ease of application. Calculating
the burning velecity from the pressure data is not straight
forwvard because the tamperature of the burned gases as a
function of time must be ocalculated. Assuming adiabatic
conditions wvill lead to erroneous results because heat losses
ooccur from the compressed unburned gases and the flame to the
valls of the cell. This suggests the need for basic experimen-
tal heat transfer studies in combustion cells.

Experimental heat transfer measurements in coambustion
chambers have been made for many years (e.¢g. Nussslt, 192)).
Because of complexities of combustion arising from variable
pressure and tesperature, chemical reactions, complex flow
patterns and high tesperatures, the heat transfer to the walls
of a oombustion chamber depends upon aany factors, some of
vhich are still not thoroughly “ﬁﬂiﬁtaa@. A detailed mode) of
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the heat transfer in a combustion chamber based on a knowledge
of the physical process involved would require a fundamental
understanding of some of the following complicated phenomena:
the ignition process, the dynamics of turbulent flames, and
the interaction of the coaprassed unburned gases and the flase
with the cold walls.

Nany of the aforementioned phenomena have been studied
separately in order to obtain a basic understanding
[AfganiBesr, 1974; Hoult, Hamiroune, and Keck, 198¢; Vosen,
1983). The purpose of this work was to conduct heat flux
measurements and to develop correlations to predict the heat
transfer during the compressed unburnt gas - wall interactions
in a turbulent combustion cell. The results are to be used for
correcting burning velocity predictions for heat losses.

1.1 Experimeatal Study of Wall Heat Transfer

The interactions of the end gas and the flame with cold
walls have been studied in an attempt to understand internal
combustion engines as well as other systems. Experimental data
for combustion from the end walls of shock tubes, in fired
internal combustion engines, and in constant volume combustion
chambers are available. Neperkan(1980) performed an experimen-
tal and theoretical study of wvall heat transfer for combustion
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in a shock tube. This was done to examine the effects of
kinetics and nonequilibrium conditions on the heat transfer.
Overbye, at 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 diesel sngine, which studied the effect
of the inlat jet flow. Alkidas and Cole (1981) investigated
the transient heat flux and heat rejection to the coolant in
a divided chamber diesel engine. Nost of the data from engines
include many of the complexities relating to overall effects
and performance of the system. It is therefore difficult to
utilize these data to study the specific, localized phenomena;
e.g. flame wall interactions, etc. Isshiki & Nishiwaki(1974)
and Vosen(1983) measured and correlated the unsteady heat
transfer in a constant volume combustion chamber. In both
studies, heat tranafer measurements wvere made for one dimen-
sional flames for a variety of pressures. In Woodard’s study
(Woodard, 1982], measurements of the heat transfer wvere made
in a tvo dimensional system, and were related to tha flame
positions(from photographs) and the pressure in the systea.

Fev data are available for heat transfer in turbulent
ocombustion oslls. Noult, Namirouns, and Keck(1987) measured
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and correlated the heat transfer in a turbulent combustion
bomb for one eguivalence ratio and three levels of initial
turbulence. There is a preseing need for more data, in par-
ticular, data on end gas - vall and flame - wall interactions
for different levels of initial turbulence and different
equivalence ratios.

In this study, simultanecus data on prassure, wall
temperature, and vall heat flux for explosions of homogeneous
air-methane mixtures in a cubical cell are obtained. In
particular, the dependence of the wvall heat flux on egquivalen-
ce ratio and initial turbulence intensity is analysed.
Combustion near the lean limit is compared with stoichiometric
results. The experimental apparatus used in thnis work is
described in Chapter 2 and Chapter 3. The experimental
neasurements and the heat flux results are provided and

discussed in Chapter 4.

1.2 The Develepueat of Reat Tramsfer Correlations
Correlations of heat transfer in internal oombustion
engines have axisted for some years. A number of authors have
tackled this probles "Wusselt,1923; Briling,1931; Eiohelbery,
1939; Pflaus,1962; Annand,1963], and these theoretical and -
experimental investigations have produced various formulae for
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the heat transfer coefficient in the engines as listed in
Table 1.1:

Table 1.1

Formulas for the heat transfer coefficients in engines

Fornmula Proposed by
h=0.991+1.24 ¢ )(VP'T) Nusselt
h = 0.99(3.5 +0.185 x em )( V/P?T) Briling
h = 2.1 Yem)(VPT) Eichelberg
h gfi(?) x fa(em) x V/PT Pflaun

0.7 IG5)* - (f=)]
h = 0.49(= )Re +0.91 x =l = T..n Annand
where: h = heat transfer coefficient

Cm = mean piston speed

pP= gas pressure

T = local mean gas temperature

k = thermal conductivity

d = cylinder bore
T, = wall temperature

Hovever, as pointed out by Woschni (1967), when being applied
to a given engine, these formulas give results that differ as
much as 200%. Woschni proposed a universally applicable

equation for the instantanecus heat transfer coefficient in



the internal combustion Engines as following:
—0.2,0.8 =083/ VT
h = 110402 T2 (Crem + Ca=tirn(p = o).
R4

or
N, = 0.035R%*

wvhere: C,,C, = constant

V, = cylinder volume

V) = instantaneous cylinder volume

pi1,T, = known state of the working gas related to vy
po = 938 prassure in the cylinder of the
corresponding motored engine

N, = Nusselt number

Re = Reynolds number
I* contains two convective terms. One of them takes into
account the piston motion, and the other the convection due
to combustion. Using a power of 0.8 for Reynolds number and
taking radiation as part of the convective term made it
deficient in scientific approach, as pointed out by Sitkei and
Ramanaiah (1972). Sitkei and Ramanaiah (1972) proposed a haver
equation for calculating instantanecus heat transfer in
engines as following:

Q=0Q.+R, .
ﬁzﬂm (14 b) s o:f:: AT-T,)t + ZeﬂoA[(%)'-(%)‘lt



where: Q.= heat transferred dus to convection
Qr = heat transferred dus to radiation
b = constant that takes into account type of

combustion chamber

de = squivalent diameter of cylinder
A = heat absorbing area

t= time

¢ = emissivity of radiating agent

Stefan-Boltzmann constant

%0

The equation constitutes expressions of heat transfer due to

convection, and gas and flame radiation. Explicit considera-

tion of gas radiation and using data cbtained on flame
radiation measuresents make this equation more complate.

Nusselt (1923) found a heat transfer coefficient formula

for a spherical bomb:

h=0.99 \/'a PZT

Isshiki & Nishiwaki (1974) correlated the unsteady heat
transfer in a constant volume combustion chamber in an
empirical manner. In their study, heat transfer measuresents
vere made for hydrogen-oxygen-nitrogen flames for adifferent
initial pressures. Based on a rough argument on the evolution

of the turbulence proposed by Hoult and Nguyen (1985), Hoult,



s
Hamiroune and Keck (1987) found a correlation betwaen the heat
transfer from the end gas (gas ahead of the flame) to the wall
and the local turbulence intensity in a turbulent combustion
bomb:

Nu = 13.7Re}!" = 13.7(%B)117

Turbulent Reynolds numbaer

whers: Re,

ul

R
v = Kinematic viscosity

Turbulence intensity

Bomb radius

In their study, wvall temperature and pressure Reasurements

were mac for three levels of initial turbulence. All tests

the wall before the flame strikes it and the initial tur-
bulence intensity are developed for turbulent combustion of
lean and stoichiometric mixtures. Results, together with a
comparison of the present results with those of Hoult,
Hamiroune and Keck (1987), are given in Chapter 4. Conclusions



CEAPTER 2
THRIN FILM REAT FLUX TRAMNSDUCER DRSIGN, THEEORY AND CALIBRATION

The wall heat flux was determined from the transient wall
temperature measurements made in a cubical turbulent combus-
tion cell with a single fast response heat flux gauge. A
detailed discussion of the design and calibration of the heat
flux gauge as wvell as the theory of determination of the heat
flux from the wall temperature measurements is given in this

chapter.

2.1 Design of The Neat Flux Gauge

The heat flux gauge shown in Figure 2.1 consists of a
thin platinum film, vacuum deposited on a ceramic substrate
(Macor, Corning Glass Works). The Macor substrate is fitted
into a metal housing for mounting and is held in place by
epoxy on the inside of the metal housing as well as an end
¢cap. The cap is held in place by four screws. These sCrevs
vere chosen to vithstand the forces produced by pressurs up to
2.03 MPa [Torvi,1991]. The thin platinum film, shown in detail
in Figure 2.2, is joined to copper leads by very fine gold
vires wvhich pass through the Nacor base. The leads are placed
in an electrical circuit (see Figure 2.3), which



—. CAP WITH (4) SCREWS

- 18 mm SPARK PLUG THREAD

Figure 2.1

THIN-FILM PLATINUM RESISTANCE

THERMOMETER ON MACOR SUBSTRATE
~ (SEE FIGURE 2.2 FOR DETAILS)

Thin films platinua resistance thermometer
heat flux gauge.
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1.5 mm
2 mm ¥
4 mm
- X
3mm 1

\— (2) 0.5 mm HOLES THROUGH

DIA = 9mm (3/8 ") MACOR FOR COPPER WIRES

— GOLD OR ALUMINUM WIRE

Figure 2.2 Detail of the thin film platinum resistance
thermometer.
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(RESISTANCE OF WIRE)

| PLATINUM
OUTPUT VOLTAGE RESISTANCE
E =R R, THERMOMETER
ANAN—

R.
/ — NN ~—
CONSTANT

CURRENT
SOURCE

Figure 2.3 [Electrical circuit for the heat flux gauge.
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consists of two basic components: an amplifier for the output
voltage and a constant current source. The output wvas racorded
on a 4 channel RACAL FM tape recorder.

As shown in rigure 2.2, the thin film is of serpentine
pattern, which was produced by placing a template made of
stainless steel shim stock on top of the ceramic substrate
during vacuum deposition of the platinum. The length of the
film is about 16mm and the width is about imm. The resistance
of the film is related to its size by the following equation.

AL
k=7

wl
= Resistivity of platinum

vhere: ¢
L = Langth of the film

L
I

Cross-sectional area of the film

Width of the film

[
e
!

= Thickness of the fila

L

The film was made as a serpentine pattern to maximize the
length, and hence the thickness which affects the result ot
the deposition technically, for a given resistance. The
thickness of the film is about 40 na. Its resistance at roos

temperature is 110 ohms.
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The thin platinua film was chosen because of its rapid
response and high sensitivity to temperature changes. Accord-
ing to Hall & Hertzberg(19358), the characteristic time
parameter for s thin film can be determined by the following
equation
2,212

T ok (2.1-2)

wvhere 27/, c; are density and specific heat of tha thin film,
Py + € are those of the backing material. [ is the thickness
of the film. For the gauge used in this study, 7 is calcul-
ated to be about 0.01 us, which is extremely fast. The actual
Tr of the complste system vas measured as discussed in section

2.3.

2.2 The Theory of Nsat Plux Determisatioa

The wall heat flux is determined from the transient wall
temperature measurenents. The temperature changes are msasured
by changes in resistance of the platinum film. The timsa
duration of the combustion experiments in the cell is usually
less than 100 ma. PFor these short time durations, the heat
transfer into the gauge can be modelled as that into a semi-
infinite plane initially at uniform temperature. The one
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dimensional heat conduction equation is

8T  &T
¥l v § (2.2-1)

whera: I = distance (direction) perpendicular to the wall
@ = thermal diffusivity (= k/pc)
The initial and boundary conditions are

T(z,0) =1, (2.2-2a)
T(0,t) = T,(t) (2.2-2b)
T(co,t) = T; (2.2=2¢)

The solution to this problem with variable wall temperature,
T,(t), can be found using the solution for constant wvall
temperature and the Duhamel integral theorem [Carslav and
Jaeger, 1978). The solution for constant vall temperature, T,

is given by

- b
T(z.t)-T, = (Te =T )1 - %/ expl =% )dy)
v " J0

_ _ ko _ _
=(Iy =Tl —ert(—=)) = N (2.2=3
(Te - T )1 gﬂ?\/ﬁ” F(z,¢) (2 )

Note that vhen 7T.-T, =1, F(z,t) is the complementary error
_ , . ) ) _ X ) F 4

14 i*'*‘ m 1- '] | 'Y = bl - § - 7, ic - y
function t is, F(z,t)=1 erﬂm)feﬁc(m)
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Duhamel’s theorem states that if u;(z,¢) is the response of
a linear homogeneous system (initially at zero) to a single
unit step input, the response, g,(z,t) , Of the system to a

time varying , continuous input, f(t)» is given by

uy(z, t):/ f(r )'9"’(“ ™) dr (2.2-4)

Using the Duhamel integral theorem, the solution for the

transient wall temperature problem can then be written as

T(z,t)~-T; = /:(T..,(r) - T‘)gg'F(:‘t - r)dr

or

T(z,t) - T, = (Tu(0) - T)(1 - erf(7;-))

/(1‘“{(7?)) dTu(7 )df (2.2-5)

Therefore, the wall heat flux given by

= /2 e 771 ﬂ'(r)d
® Jo 3“—7 dr (

By integrating by parts, the following convenient result for
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numerical calculation is obtained:

koc To(®)=T, 1 [*Tu(t)-T, , -
qu(t) = |/ ;"l‘f}; +3 . ((,)_,)uf)dfl (2.27)

The bulk value for thermal absorptivity, \/Z;Z , of Macor
is 1395 w.s2.m’%.x' (Woodard, 1982]. The actual value was
determined by calibration as described in section 2.3. The
thermal absorptivity is approximately constant for the
temperature range considered. As shown in equation (2.2-7),
the wall heat flux depends only on tha wall temperature
variation and the thermal absorptivity. Once the thermal
absorptivity and experimental neasurements of wall temperature
variations are obtained, a numerical calculation of the wall
heat flux can be made with equation (2.2-7) (Dale, ot al.,1992
and Leung, 1991). The equation (2.2~7) was numerically
integrated using the Trapezoidal rule in this study. The
computer program used for heat flux calculation is given in

Appendix A (part 2).

2.3 Calibration
To calculate the wall heat flux, the exact value of the
thermal absorptivity of the Macor substrate is needed. The

calibration procedure consists of three steps.
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The primary step vas the determination of the temperature
coafficient of resistance of the thin platinum film. The
temperature coefficient of resistance was calibrated quasi-
steadily in a calibration bath( Model 910AC, Rosemount
Engineering Company). It was done by wrapping the gauge with
thin plastic film before putting it into the liquid tank. The
leads from the thin film were connected with an ohm mater
wvhich gave a measure of the resistance while a thermometer
immersed in the liquid tank gave a temperature reading. The
result, as shown in Figure 2.4, is 0.19 chms/°C.

The second step was the determination of the output of
the electrical circuit as a function of the temperature change
of the ceramic surfasce. Again, the sensor-amplifier combina-
tion vas calibrated using thc aforementioned calibration bath.
specially built bridge amplifier called the RTD (Resistance
Temperature Detector) signal conditioner, the detailed
schematic of which is presented in Figure 2.5. The temperature
reading of the ceramic surface of the heat flux gauge (i.e.
RTD) was then compared to the bridge amplifier output. The
rasult is shown in Pigure 2.6. A calibration constant, in
degrees Celsius per Volt output, was thus obtained for this
gauge and amplifier circuit. For this system it is 9.64 mv/C
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or 103.7 *C/V.
The final stage vas to calibrate the thermal properties
of the substrate. It can be shown (Carslav and Jaeger, 1959)
that for a semi-infinite solid, such as the Macor substrate,
with constant initial temperature and thermal physical
properties subjected to a constant heat flux on its surface,

that the temperature rise at any point in time and space is

given by

p2 . .
T(r.t)~ T, = 20V op(= 2 ) - B g 2m)  (2.3-2)

where ¢o is the constant heat flux (W/w'), t is the time
elapsed(s), and z is the depth into the solid(m).
For the surface of the Macor substrate, (i.e. z = 0),

Equation (2.3-1) reduces to

2q0v/at/® 2
AT = T(:.r)—n=ﬂ7ﬂ12%=p‘f; (2.3-2)

Equation (2.3-2) wvas used for determination of the actual
value of the thermal absorptivity of the Macor subetrate. It
was done by exposing the ceramic surface of the heat flux
gauge to a known constant radiant heat flux. The heat flux was

produced by using a projector bulb for a very short period of



2)
time (about 500ms) and measuring the surface temperature rise
2T versus time t. The result vas recorded on a Hewlett-Packard
71008 strip chart recorder (see Figure 2.7), from which five
points were picked and applied into Equation (2.3-2). As shown
in PFPigure 2.8, the value of 290 in Equation (2.3-2) was

vkpen

found to be §.79. The constant heat flux generated by the

projector bulb at 100V wvas checked with three specially made
copper slug calorimeters and was found to be 11084 W/m!'. The
value of the thermal absorptivity \/Zz wvas found to be 1423
W.s'?.m2.K!, which is in good agreement with the bulk value
which Woodard (1982) used in her study.

To check the characteristic time of the thin film gauge,
a shock tube (Figure 2.9) was used. The gauge was placed at
one end of the shock tube (see Figure 2.9). When the shock
tube drive perssure, P,, is greater than 1.55 times the
measurement section pressure, P,, a shock wave will occur when
the separating diaphragm is broken. The shock speed was
measured using shock wave detectors. The shock wvave was at a
speed close to M = 1.0. The response of the heat flux gauge
after a shock wave hits is presented in Figure 2.10, froa
which, a response time of 2 us was found for the gauge -
amplifier system. This result is much longer than the 0.0lus
characteristic time estimated for the thin platinum film alone
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from Equation 2.1-2. It could be that the electronic amplifier
is not fast enough to detect the true response time of the
thin platinum film gauge. However, a 2us response time is
adequate for an experiment with characteristic time scales

measured in ms.
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EXPERIMENTAL SYSTEM AND PROCEDURE

3.1 Apparatus

3.1.1 Turbuleat Combustion Chamber and Iastrumentation
The experiments were performed in a constant volume
turbulent combustion chamber. The chamber used here was based
on the original design by Checkel and Thomas [Chackel, 1981;
Checkel and Thomas, 1983). The details of this chamber are
described by McDonell (1988), Modien (1990), and Ting (1992).
The 125sm cubic chamber, shown in Pigure 3.1, is made of 6066~
Té aluminum alloy wvhich is machined and polished. All walls of
the chamber are 25am thick. Two circular PK=7 optical glass
vindows are mounted on the opposing side (front and back) of
the chamber. These windows are 3JOomm thick. The cell |is
squipped with platinum tipped central spark electrodes, one of
which is mounted on a micromater head for spark gap adjust-
ment. The spark electrodes pass through the centre of the
chamber. A spark gap of 5.00ms was used throughout this study.
Turbulence in the cell was generated by quickly moving a
parforated plate across the cell. The plate finishing position
is shown in rigure 3.1. A variety of perforated plates are
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available to produce turbulence in the cell. They have holes
of diameter D, ranging from Smm to 20mm, placed on alternate
intersections of a grid with spacing D to ensure that each
plate has 608 solid area. The plate used in this study wvas the
10 mn diameter plate. A similar 20ma perforated plate is shown
in Pigure 3.2. Details of the plate movement mechanism are
given by MNcDonell (1988) and Modien (1990). Pigure 3.3 shows
the entire plate movement mechanisam.

The combustion cell vas instrumented with a pressure
transducer, a heat flux gaugs and one flame jonisation probe
(see Pigure 3.1). Three measurements vere made during an
exparimental run: the chamber pressure, the wvall heat flux at
one point, and the ionization probe output signal. A schematic
of the experimental setup is shown in Figure J.4.

The pressure transducer used in this study vas a Norwvood
model III four-active-ara strain gauge type with a response
frequency of 45KHz. The pressure gauge amplifier had variable
off set and multiple amplification factors of 100, 1300, 500,
800 and 1000. The amplification factor was set at 500 in this
study. The pressure transducer wvas located on the wall of the
combustion cell as shown in Figure 3.1. The amplified ocutput
of the pressure transducer was recorded on an 4 Channel RACAL

FN Tape Recorder. The pressure transducer and amplifier were
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3.2 The 20 mm diameter perforated plate.

Figure
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calibrated periodically on a dead weight tester.

The thin £ilm platinum resistance thermometer vas used to
measure the transient wvall temperature. Details of the design
and calibration of the heat flux gauge, and the determination
of the heat flux from the wall temperature measurements have
been presented in Chapter 2.

An ionisation probe was used to detect the arrival of the
flame front. As shown in Pigure 3.5, a constant d.c. voltage
potential of 50 V was held across the exposed tips of 22 ga.
platinum wire which wvere separated by 0.1 to 0.5 mm. When the
flame front reaches the gap between the wire tips, current
flows between the tips carried by the ions in the flame front.
Then the current amplifier produces a spike in the ionisation
probe output signal. The probe was located in the center of
the top vall of the cell (tips are 6é0mm from the spark gap,
2.5am from the top wall) as shown in Figure 3.1.

3.1.2 Gas Neteriang and Nizmer System

The oxidizer (air) and fuel (99.9% pure methane) wvere
obtained from high pressure bottles. Each gas passed through
critical flow orifices before being mixed. With known flow
rates of both the oxidizer and the fuel, the two gases passed

through a mixer to produce a homogenous mixture of known
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equivalence ratio. As shown in Figure 3.6, the critical flow
orifice gas metering and mixer system consists of pressure
gauges, critical flow orifices, and a mixer.

The pressure gauges measure the upstream and downstreasm
pressures of the orifices. The upstream pressura from the gas
cylinder is regulated using a pressure requlator, vhile the
downstream pressure is that of the atmosphere or that of the
combustion chamber. For constant upstream temperature, the
volumetric flow rate through a critical flow orifice is a
function of only the upstream pressure. For critical flow, the
upstrean pressure has to satisfy the following condition:

2 V_E—'

Be 5[ = 3.1-1)
pa |7+ (

where: p, = upstream pressure

pd = downstream (ambient) pressure

4 = specific heat ratio
Table 3.1 lists the minimum upstream pressures for a down-
strear pressures of 1 atm in order to have choked flow in the
orifices. For convenience, methane gas pressure was held
constant at 220kPa for a downstream pressure of 1 atm while

air pressure was varied to obtain the required equivalence

ratios. The upstream air flow rate wvas calibrated using a
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rotameter. The methane flow rate was calibrated by the soap
bubble method. The original calibration of the choked orifice
flow was done by McDonell (1988). The detailed re-calibration

of air and methane flow rate was given by Ting (1992).

Table 3.1 Minimsum upstreanm pressures for critical flow

Gas Pu (fOr pg = 1 atm)
Air 1.893 atm
Methane 1.832 atm

3.1.3 Igaition
An ignition system can play an important role in early
flame developaent, the burning duration and the burning velo-
city of a mixture. The ignition system used in this study vas
the high energy capacitance discharge unit which was also used
by McDonell (1988), Modien (1990), and Ting (1992). Ignition
of the unburnt gases was accomplished by means of a discharge
across a Smm spark gap using 312mJ of stored energy. A sche-
matic of the ignition systeam circuit is shown in Figure 3.7.
A high voltage DC supply unit, capable of supplying up
to 2000 V, was used to supply the required voltage. This vol-
tage charges the capacitor bank of variable capacitance (1},
1.5, 2, and 2.5 ul). When the SCR is activated by the electric
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trigger, the current discharges through the primary windings
of a standard automotive coil to produce the spark. The 2,5ufF
of capacitance was charged to 500V in this study.

3.2 Procedurs

3.2.1 Quiesceat rlane Tests

For laminar burning tests, equivalence ratios of 0.6,
0.7%, 0.85, 1.0 were studied, using three different initial
pressures (0.5, 1.0, 1.5 atm). Four or five runs vere repeated
for every single test condition. Between runs, the combustion
chamber was evacuated and flushed with air once, and then with
the supply gas mixture twice to ensure that the dead volume
left in the manifold or the combustion chamber had the same

composition as the supply gas.

3.2.2 Turbuleace Neasuremeants and Turbuleant Combustion Tests

Pre-ignition turbulence in the cell was generated by
gquickly moving a perforated plate across the cell. The
turbulence characteristics produced by perforated plates have
been documented previously by Checkel (1986) and Mcdonell
(1988). They used conventional hot wire anemometry to measure

the decaying turbulence behind the perforated plates.
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Neasurements vere performed downstream of similar, stationary
perforated plates in a small wind tunnel. Limited similar
neasurenents in the combustion cell were done and compared
with those in the wind tunnel. The results are comparable
according to them [Checksl, 1986; Ncdonell, 1988).

A simple turbulence decay model is expressed as

-2 X
—J— =cn(-D-)°’ (3.2=1)

vhere: ./;2 = RMS intensity (= u')
X = distance downstream of the plate
D = hole diarmeter
U’ = mean component of velocity

and

A ooy
wvhere: A = turbulence integral length scale

Decay/Growth coefficients and exponents ¢,, ¢, ¢, and c, are
listed in Table 3.2 and Table 3.3. The turbulence within the
cell is homogeneous after a time, t = X/U, following the plate
passage such that X/D > 10. Only X/D values great than 10 were
used. Othervise the jetting action of the airflow through the
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holes may result in inhomogeneous turbulence. Here, a tur-
bulence integral length scale wvas about 4mm. The perforated
plate speed vas the mean coaponent of velocity, U, and delay
time before ignition was determined by X/U. The turbulence

scale and intensity were set for the time of spark discharge.

Table 3.2 RMS intensity decay constants

" Region e, eé
"X/D < 10 10.96 -1.812
10<xp<20 | 26227 | -1.101
20 < X/D <40 | 0.173 -0.783

Table 3.3 Integral scale growth constants

Region Cy Cy
XD < 14.3 0.38 o
~X/D > 14.3 0.1 . 0.5

For turbulent burning tests, an initial pressure of only
1.0 atmosphere wvas used, vhile the equivalence ratjo vas set
at either 0.6, 0.75, 0.85 or 1.0. The perforated plate with
10mm dianeter holes vas used throughout this study. Turbulence
intensity at the time of spark ignition varied from 0.5 m/s to

3.0 m/s. This was controlled by setting different speeds of
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speeds of the flywheel which moves the plate (see Figure 3.3)
and different time delays before ignition. The actual plate
speed and time delay before ignition were recorded in conjunc-
tion with the pressure trace. As with the quiescent flame
tests, a calibration of the pressure transducer was done prior
to each series of tests. Each test condition was repeated four
to five times. The coabustion chamber was evacuated and
flushed with the air once and the supply gas mixture twice

betwveen two consecutive runs.

3.3 Data Acquisition

A 4 channel RACAL N tape recorder was used to record all
experimental data. The data were then digitized using a
Metrabyte DASH16é board for storage and analysis on an IBM
compatible 486 computer. The input range on each of the four
channels was selected to provide a maximum signal-to-noise
ratio and the best measurement resolution for the signal being

recorded.

3.3.1 Quiesceat Ruas
The path of data collection for gquiescent runs is shown
in rigur~ 3.8. The four channels used in gquiescent tests are
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quiescent runs.
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listed in Table 3.4. Using a Metrabyte DASH1§ board and a 486
computer, the signals recorded on the FM tape were digitized
at a frequency of 4kHz, 4kHz, 3kHz, 1kHz respectively for bur-
ning mixtures of equivalence ratio 1.0, 0.85, 0.75, and 0.6.
The method of determination of the heat flux from the
recorded wall temperature variations was given in Chapter 2.
The analysis used for predicting the temperature of the
compressed unburnt mixtures from the pressure trace was the
sulti-sone model which presumes adiabatic compression of an
ideal gas mixture as described in Modien (1990) and Ting

(1992).

Table ).4 FM tape recorder channel inputs for quiescent runs.

;tpgnnn; ] tmgi(v) unipolar ] “function )
T 1 - _T_ 0 to 47 | high resolution ?Ell!;l_‘?
2 0 to 10 | waximum pressure |
3 ) ) 7 0 t;: 10 | T ip;fk / ionization

4 77 | 0 teri | 7 heat f_lui o

3.3.2 Turbuleat Rums

Figure 3.9 shows the path of data oellection for the
turbulent runs. The actual plate motion vas recorded. As shown
in Pigure 3.3, the plate vas attached to a stirrup marked with
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Pigure 3.9 Schematic of the data acquisition system for
turbulent runs.
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black and white striped scales. Optical sensors wvere used to
monitor the plate speed by focusing on the alternating black
and white markers. Table 3.5 lists the function of the four
channels on the FM tape recorder. The stored analog data fronm
the FM tape vere then digitized using a DASH16 board with a
486 computer at 4kHz. The turbulence intensities at the time
of spark discharge can be calculated from the actual plate
speed and the actual spark delay time measured from the FM
tape record. More variables were involved in turbulent
combustion tests. In order to prevent the inclusion of any
wild data due to noise, runs vhere the actual plate speed was
more than # 5% from the required average vere not used. This

resulted in using twve to five runs for averaging any data

point.

Table 3.5 FM tape recorder channel inputs for turbulent runs.

channel ﬁifiénqéjv) @nipqiég ) iuhg;iénfi )
1 1 0 to 10 — pégliﬁéi_ - ]
2 | o¢to10 | spark / ionization
[ 3 0 to 1 heat flﬁx 77777
4 0 to 10 plate motion
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CEAPTER ¢
EXPERIMENTAL NEASUREKENTS, RESULTS AND AMALYSIS

To study the effects of equivalence ratio and initial
turbulence intensity on heat flux, simultaneous pressure and
wall temperature data, and ionization probe signals wvere
obtained over the range of test conditions shown in Table 4.1.
The theoretical methods presented in Chapter 2 were then
applied to each set of wall temperature data to obtain wall
heat flux variations before and during the interaction of
laminar and turbulent mathane/air (tlames with the celd
combustion chamber walls. The heat transfer coefficients for
the unburned gas ahesad of the flame vere also calculated for
every sat of experimental data.

In this chapter, sample experimental measuremsents are
presented along with calculated heat fluxes. The remainder of
the experimental data and results are presented in Appendix B
and Appendix C. A detailed discussion of the heat transfer
correlations, comparison with other experimental results as
well as the effects of heat flux on burning velocity are also

given in this chapter.




Table 4.1

Experimental Conditions

Fuel/Oxidizer: Methane/Air

Laminar Flame Growth

Equivalence Ratio

0.6 [ 0.75 | 0.85 | 1.0
0.5 x x
(atm) 1.5 x X
Turbulent Flame Growth
Equivalence Ratio
0.6 | 0.75 | 0.85 1.0
. , , ,
g_ 0.5 x X % b 4
) : — R
%"; 1.0 x X x X
S» 1.5 «x x x X
o4
-:g 2.0 *, x z; x
- @
o 2.5 X X x
€ - — f - -
o 3.0 x x X

4.1 Experiaeantal Neasuremeats
For laminar combustion,

the temporal variation

80

of
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pressure at an equivalence ratio of 1.0 is presented in Figure
4.1. Measurable pressure rise starts at approximately 10 ms
after spark discharge. The maximua value of pressure occurs at
approximately 60 ms. In Pigure 4.2 the pressure variation for
an equivalence ratio of 0.60 is shown. Here the duration of
combustion is much longer, taking about 600 ms to complete.

The simultansous wall temperature variation for an
equivalence ratio of 1.0 is presented in Figure ¢.3. The flame
reaches the gauge at about 40 ms after ignition, as indicated
by the steep temperature rise shown in Figure 4.3. This is
followed by a small gradual increase to a maximum value due to
the continuous burning of the remaining unburned mixtures. The
same general results are also found for an equivalence ratio
of 0.6. Here the flame speed is much slower so the sharp rise
in temperature as the flame reaches the gauge, occurs much
later, at approximately 300 ms ( see PFigure 4.4).

The wall temperature variations and ionization probe
signals for an equivalence ratio of 1.0, with initial pressure
0.5 atm and 1.5 atm are shown in Figure 4.5 and ¢.6. It is
emphasized that the ionization probe signal proves that the
steep temperature rise begins wvhen the flame reaches the
vicinity of the gauge (see Figure 4.5 and 4.6 of ionization
probe signal coabined with wall temperature variations). As
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shown in Figure 3.1 and 3.5, the ionization probe is at the
center of the top vall and its tips are 2.5mm awvay from the
cell wall. Thus a symmetrical flame would reach the probe
before the heat flux gauge. This is shown in PFigure 4.5 and
4.6,

For turbulent combustion, with an initial turbulence
intensity 3.0 m/s, the pressurs traces in Figure 4.7 and
Figure 4.8 were obtained for equivalence ratio of 1.0 and 0.6,
respectively, PFor both eguivalence ratios, the maximum
pressures occur such soonar than without initial turbulence
due to the effect of turbulence on burning velocity (Ting,
1992). The wall temperature variations wvere also obtained. The
results for the combustion with initial turbulence intensity
of 3.0 m/s are shown in Figure 4.9 and Figure 4.10 for
equivalence ratio of 1.0 and 0.6 respectively.

4.2. Wall beat flux results

From the wall temperature Bmeasuremsents, heat flux
variations were calculated. PFor laminar combustion, all of
the results show similar trends as shown in Figure 4.11 -
rigure 4.14. During the period before the flame reaches the
gauge (e.g9. before 40 ms after spark discharge for an
egquivalence ratio of 1.0, P, = 1atm), the relatively cool
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unburnt gases are being compressed by the combustion. This
compression of the unburnt gas causes an increase in pressure
and teaperature, therefore, there is gradually increasing heat
transfer from the unburnt gas to the wall. As the flame nears
the gauge, the heat flux rises sharply to a maximum value.
Then the heat flux starts to decreass with time due to the
establishment of a thermal boundary layer and completion of
the combustion. In Pigure 4.12 the heat flux shows a sharp
rise to a maximum value at a much later time than the stoichi-
ometric case because of the much lower flame speed. The
effects of initial pressure on peak heat flux are presented in
FPigure 4.18.

For the turbulent combustion cases, generally one proami-
nent maxisum value was found in the heat flux for most cases
studied. More than one peak was also observed infrequently for
cases with high turbulence intensity at the time of spark dis-
charge. This second or third peak appeared because the high
turbulence in the flame front sheers and distorts the flame
front, and eddies of rapid motion transport burning and un-
burnt gases to the gauge surface. The heat flux results for
equivalence ratio 1.0 and 0.6 with initial turbulence inten-
sity of 3.0 m/s are presented in Figure 4.16 and Figure 4.17
respectively. By comparing thes wvith laminar ones, it is seen
that the peak wall heat flux is higher in turbulent coabustion.
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4.3 Repeatability
To assess the repeatability of the experiment, several
tests were made for identical experimental conditions and one
set of laminar runs was repeasted after doing the turbulent
runs. The repeatabjility of the wvall temperature variations for
an equivalence ratio of 0.75, laminar combustion is presented
in Figure 4.18. The run to run variation in the temperature
rise is very small. The variation between runs made befors and
repeated after doing turbulent runs is of tha order of seven
percent. For corresponding heat flux results, the variation
betwveen runs made before and repeated after doing turbulent

runs is of the order of nine percent (see Figure 4.19).

4.4 The Reat Transfer Coefficieat
An average heat transfer coefficient for the unburned gas

ahead of the flame was calculated for each set of experisental
data using the measured vall temperature and the following
equation

h=¢q/(Ty - T) (4.4-1)

Nere 4 is the wall heat flux, 7, is the temperature of the
unburnt gas, and 7, is the vall temperature. The multi-zone
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thermodynamic equilibrium model [Modien, 1990; Ting, 1992) vas
used to calculate the unburnt gas temperature, T,.

The values of the heat transfer coefficient for all of
the experimental conditions listed in Table 4.1 are presented
in Table 4.2. These are the average value of 2 to 5 consistent
runs. The computer prngrass for calculations of the unburnt
gas tempesratures and the averaged heat transfer coefficients

are given in Appendix A (partsl and 4).

Table 4.2
Calculated heat transfer coefficients
for laminar and turbulent combustion
from unburnt mixtures ahead of the flame front

) Equivalence ratio
h(W/m2.K) 0.6 0.7% 0.85 1.0
0 155 244 326 451
@ — - - — — -
g _ o0.% 190 356 533 570
on N _ N i -
—t e B o o
ZE 1.0 255 472 461 506
h —_——— — — — — = e—— - — — ——— — _ ——
20 1.5 299 545 513 558
cmd —_— —_— - - - _ - _ —— — _ __
22 o0 131 653 536 586
—~ Q. ) _ i
Y — -
-e 2.5 350 - 582 610
L~
€ _
1.0 414 - 668 643
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4.5 The Neat Traasfer Correlatiea
In forced ¢turbulent fluid flow, the convective heat
transfer is correlated in dimensionless groupings usually {n
the foras
N, =CRe™
vhere C and m are constants. A turbulent Reynolds Number can

be defined as

uglL
I

Re ==

where: U, = initial turbulence intensity
L = the characteristic unit of length
¥ = kinematic viscosity
The measurements of heat transfer before the flame contacts
vwith the wall, written as a Nusselt number,
. L
N, = T
vere correlated with this turbulent Reynolds number for all
four equivalence ratios with six levels of turbulent
intensity. The correlations are listed in Table 4.3. The

characteristic unit of lenqgqth L was defined as the distance

from the center of the heat flux gauge surface to the centre
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of the cell. Figure 4.20 and Figure 4.21 show the correlation
for an eguivalence ratio 1.0 and 0,6 respectively. The

remaining results are presented in Appendix D.

Table 4.1
Heat transfer correlations for combustion in a cubical cell

befora the flame strikes the wall

Correlation Equivalence ratio
Ny = 146.9R¢%% 1.0
Ny == 94. TR0 0.85
Ny = 35.0R:O43 0.75
No = 19.5RA4? 0.60
4.6 Compariseon with Other Experimeatal Results

The variation in peak heat flux with equivalence ratio
for laminar combustion is shown in Figure 4.22. The variations
in heat flux with equivalence ratio observed in this study
show the ssme trends as previous observations by Woodard
(1982). In Woodard’s study for constant volume combustion, the
peak wall heat flux measurements were approximately 0.5 times
lower than the values presented here, and the peak heat flux
was observed to reach a maximum near stoichiometric condi-

tions. The combustion chamber used by Woodard was not cubical.
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Its length to cross section area vas about 1/76mm compared
with 1/125am in this study. Flase initiation vas at the center
of one end of the chamber with heat flux mesasuresents made at
upper port far from the igniter vhere the flame wvas approxi-
mately perpendicular to the wall when passing the gauge.

The calculated heat transfer cosfficients for unburnt gas
ahead of the flame front agrea wvall wvith Woschni’s result
found by repeating Nusselt’s experiments in a spherical boab
with quiescent mixtures (Woschni, 1967]). In his experiments,
the heat transfer coefficients were in the range of 0 to 400
kcal/m?.h.°C, vhich is 0 to 460 W/W'.K. Table 4.2 shows the
heat tranafer coefficients for quiescert amixtures in this
study were within the same range (155 to 451 W/m'.K).

Hoult, Hamiroune, and Keck (1987) found a rough heat
transfer correlation betveen the heat transfer to the wvall and
the initial turbulence intensity for the end gas (i.e. the gas
ahead of the flame) in a turbulent combustion bomb, as shown
in Pigure 4.2). It wvas based on the wall temperature and
pressure Bessuresents made for three lavels of initial turbu-~
lence and performed vith an equivalence ratio of 1.0. In this
study, correlations of a forms similar to those Equations shown
in Figure 4.23 vere found, as given in Table 4.3. The results

froa this study vere based on ssasurenents made for six levels
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of initial turbulence and four different equivalence ratios.

4.7 The Bffects of Heat Plux oa Buraing Veleocity Measureseats

The burning velocity is defined as the velocity of the
flame relative to the unburned gas ahead of the flame in the
direction norma. to the flame surface (Ting, 1992). From a
pressure trace, the burning velocity is calculated as the
consuming rate of the unburnt gas between measurement points
using multi-szsone thermodynamic equilibrium model which assumes
an adiabatic combustion wave propagating isotropically in the
radial direction from the point of ignition ([Modien, 1990;
Ting, 1992). This calculation ignores heat loss.

By applying experimental heat flux data directly, the
burning velocity was calculated using a modified programme
which takes the heat loes into consideration. Pigures 4.24 and
4.25 respectively show the calculations of burning velocities
vith and without the measured heat loss being taken into
consideration for the quiescent mixture of an equivalence
ratio of 0.85. These preliminary results praedict that the
burning velocity is under predicted by 20% and 4% when the
Cell pressure is 115 kPa and 1)5 kPa respectively. Por tur-
bulent growing premixed flames, there are similar under-
predictions by 2-5%, as shown in Figure ¢.26 and 4.27 for
pressure at 125kPa and 110kPa respectively.
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Figure 4.26 cCalculated burning velocity without heat losses;

initial turbulence intensity 3.0 m/s;
Pinit = ] atm; equivalence ratio 0.85.

Su = -1.7M66E o X @ 2.10699%8-03_—— r = 9933973
D P=1100Pa, 'Sus0.542n/s, I lameRoe] 170,42 , Tex1949. 1K
P=126kPa, Sus®.B6Bn’s, I lans/Rosli1s9.56 , T=2813.3K
p—
o W 1 1 L
108 128 7 %8 100 200
Pressure (hPa)

Figure 4.27 cCalculated burning velocity with heat losses;
initial turbulence intensity 3.0 wm/s;
Pinit = 1 ats; equivalence ratio 0.85.
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CEAPTER $
CONCLUSIONS AND RICOMMENDATIONS

3.1 Coaclusions

Experimental measurements and results of pressure, vall
temperature, and vall heat flux were obtained for laminar and
turbulent explosions of premixed methane-air mixtures in a
cubical bomb. The experiments were performed over a range of
equivalence ratios from 0.6 to 1.0. Based on the experiments
performed in this study, it wvas found that:
1) The combustion cell wvall temperature and the heat flux to
the vall increase gradually before the flame strikes the wall,
and then increase sharply vhen the flame reaches the heat flux
gauge. The higher the equivalence ratio and initisl turbulence
intensity are, the sooner the sharp rises of the vall tespera-
ture and the heat flux occur.
2) The peak value of the heat flux varies considersbly with
equivalence ratio and the initial turbulence intensity. The
higher the equivalence ratio and initial turbulence intensity,
the higher the peak value. More than one heat flux peak may
appear with a high initial turbulence intensity.
3) By defining a turbulent Reynolds number, the correlatjions
between the heat transfer to the wvall before the (flame

contacts vith the wall and the initial turbulence intensity
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for different equivalence ratios are as following:
N. = 146.9Re??* , equivalence ratio = 1.0
N, =94.7Re°Y , equivalence ratio = 0.85
N, = 35.0Re°4® , equivalence ratio = 0.75
N, = 19.5Re*4? . equivalence ratio = 0.60
4) When taking the heat 1loss into account, the burning
velocities would be higher than predictions without considera~
tion of heat loss. Preliminary results show the effect will be
2 to 20 § with most effect on very slow burning mixture

(quiescient, very lean mixtures).

5.2.1 Recommendations for Further Research

Experiments performsed over wide range of initial pressure
are necessary in order to sea the pressure effects on heat
flux.

More heat flux gauges in different locations should be
used so that a more complete view of heat fluxes for this cell
and the effects of the gauge locations will be obtained,

To see how significant the effects of heat loss on
burning velocity are, more work may be done using the correla-
tions presanted in Chapter 4 in order to eliminate the side
effects of using the experimertal data directly.

The same study may be conducted in the cylindrical cell
and in the cubical cell vith side ignition, where heat losses



are considerably more important.
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APPENDIX A

The main computer programs used in this study are listed
in this appendix. There are four parts:

1) the programs, 4ChPltP.bas and 4ChP1ltT.bas, which read
and plot the digitized pressure and temperature data file and
convert the original voltage input into pressure in kPa and
temperature °C.

7 2) the heat flux calculation program using the Duhamel's
formula and the trapezoidal rule - QGAUGEBM.bas.

3) the multi-zone thermodynamic equilibrium modelling
program for the calculation of the unburnt gas temperatures -
EBMBFPR2.bas.

4) the averaged heat transfer coefficient calculation
program - htCoef.bas.
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DECLARE SUB Filter (il!(), f!(), n%, COVY)

4ChP1tP.bas
IITTTITIL Y

Oct 15 1992 DSK TING

' This program reads, plots and saves pressure data generated
' by digitizatijon.
]

REM S$INCLUDE: 'C:\QB\LIB\PLOTCOM.BAS'
REM SINCLUDE: 'C:\QB\LIB\COLORCHC.BAS'
REM SDYNAMIC
' Dimension some arrays.
REDIM dcom$(20), dpar$(20), dpar!(20), dd! (20, 20)
' Set up the graphics screen.
SCRNS = 9
' Get the data file.
DFNS = "1*
GETFILE:
DF$ = "C:\QB\DAS16\DATA\" + DFN$ + ".dat"
CLS : PRINT "Enter file name. (Enter= "; DF$; ") >%;
INPUT DF1$
IF DF1$ <> "" THEN
DFN$ = DF1$
GOTO GETFILE
END IF
GOSUB YESFILE
' Set # rows and /7 columns
NROWS = DNR$
NCOLS% = DNC%
PLOTWHAT:
CLS : INPUT "Enter column # for Y. (Enter=3) > "; coly
IF coly = O THEN coly = )
IF coly <> 0 THEN coly = coly
' Search the starting (SPARK) point
FOR 1 = 2 TO DNRS
IF ad! (i, 4) > 500 THEN
Ifirst = { + 4 'avoid the spark interference
GOTO STARTLOOP
END IF
NEXT |
STARTLOOP:
' Read Y and X data.
Nt = DNRY - Ifirst - 1
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REDIM X(n%), Y(n%)
FOR i = 1 TO n%
X(i) = dd!(i + Ifirst, 1) - ' 1tir - )
Y(i) = dda! (i + Ifirst, coly
NEXT i
]
IF coly > 3 THEN GOTO Plotting
' Filter Y(i) to smooth it out.
[}
REDIM XYF(ni%)
NUMFILT = O
NCOVY = 3
FILTER2:
IF NUMFILT < 2 THEN
CALL Filt-r(!(), XYF(), n%, NCOV%)
FOR | = 4 TO n%
Y(i) = XYF(i)
NEXT 1
NUMFILT = NUMFILT + 1
NCOVE = NCOVY = 1
GOTO FI1LTER2
END IF

¥ iitétiiitiiiiiﬂhaﬁgi to Bultesnadtsdbbhddhad
' Convert pressure to V and then to kPa
IF coly < 3 THEN
FOR { = 1 TO n}%
Y(i) = .001964 * Y(i) - .001677
NEXT i
ELSE
FOR i = 1 TO n%
Y(i) = .004945 * Y(i) ~ .04835
NEXT 1
END IF

PRINT "Initial pressure (V) = "; Y(5); " v»
INPUT “Okay ? (Enter = Yes/Continue, 2 = No/Stop)"; okt
IF ok% <> 0 THEN STOP
PRINT “Y(kPa) = a # Y(V) + b"
INPUT ¥%a =%; 4|
INPUT "Initial pressure (kPa) = *; Pinit!
b! = Pinit! - al » (Y(4) + Y(5) + Y(6)) / 3
PRINT “b =%; b!
FOR { = 1 TO n%

Y(i) = al « Y(i) + b!
NEXT i
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Pjk = (Y(4) + Y(5)) / 2!
PRINT "Initial pressure (kPa) = "; Pjk; " kpa"
INPUT "Okay ? (Enter = Yes/Continue, 2 = No/Stop)%; ok2%

IF ok2% <> 0 THEN STOP
' Maximum pressure rise (kPa)
IF coly = 3 THEN
Pmax = 0
FOR { = 2 TO nt - 3 _
Yavg = (Y(1i - 1) + Y(i) + Y(i + 1)) /7 3!
IF Yavg > Pmax THEN .

Pmax = Yavg ' Pmax (kPa)
tPmax = X(1i) ' Time at Pmax (ms)
iPmaxt = {
END IF
NEXT i
ELSEIF coly = 2 THEN
Pmax = O
FOR i = 2 TO ﬁ% -3
Yavg = (Y(i 1) + ¥Y(i) + ¥Y(i + 1)) / 3!
IF Yavg > x THEN
Pmax = Y vg ' Pmax (kPa)
tPmax = X(1) ' Time at Pmax (ms)
iPmaxy = {
END IF
NEXT i
END IF
Plettinq*

' Data platting i-ctinn
PLOTSECTION:
XLB$ = "Ti: . (msec)"
YLBS = *p (kPa)"
SCREEN 0: WIDTH 80: COLOR 15, 1
CLS : PRINT "Plotting”
INDAXY = O0: XSUBY = 0: YSUBY = 0
CALL AXES(X(), Y(), n%, X8UB%, YSUBS, Xmn, Xmx, Xdv, NXSS,
Yan, Ymx, ¥Ydv, NYS8%)
¥YBan = 100: Ydv = 100
. Xmn = 0!: Xdv = 10: Xmx = 200
LINETYPE:
LINS = ]
CHARS = 0
CALL PINI(SCRNY, 1): c% = ngct
CALL YAXIS(Ymn, Ymx, Ydv, YSUBS, NYSUBDS, YLBS$, Y2$%, Y3$,
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c%)
CALL XAXIS(Xmn, Xmx, Xdv, XSUB%Y, NXSUBDY, XLBS, ci)
]
PLOTMORE::
CALL LINPLT(X(), Y(), n%, CHARY, 1, 6!, c¥%)
LOCATE 3, 15: PRINT " File " + DF$
LOCATE 5, 14: PRINT USING " Pmax =##¢## kPa"; Pmax
LOCATE S, 34: PRINT USING " at ##4/ ms after spark"; tPmax
’ L L ¥ X ¥ ¥ ¥ ¥ ¥ ¥ J ¥ ¥ ¥F N ¥ F ¥ F T ¥ ¥ ¥ Py ¥ ]
' Finished plots, now wh;t?
[}
OPTIONS:

LOCATE 1, 1

INPUT " O=hard copy, 1=quit, 2=restart, 3I=change Y,
4=save >"; opt

IF opt = 4 THEN GOTO SAVE

IF opt = 3 THEN GOTC PLOTWHAT

IF opt = 2 THEN GOTC GETFILE

IF opt = 1 THEN SCREEN 0: COLOR 15, 1: CLS : END
F 0 THEN CALL PHCOPY (xyz$)

IF opt

AVE:
SFN$ = DPN$ + "p"
, SF$ = "C:\QB\MING\MSC\PDATA\" + SFNS$ + ".dat"
filename:
CL8 : PRINT "ABOUT TO WRITE TO "; SF$
SIHPUT "ENTER = GO ON, ELSE ENTER A NEW FILE NAME.>";
8FN1
IF SFN1$ <> "% THEN
SFN§ = BFN1$
S8F$ = "C:\QB\MING\MSC\PDATA\" + SFN$ + ".dat"
GOTO filename
END IF

npty = iPmaxs§ -

INPUT "Input # paiﬂtl (Enter = Auto)"; pt%

IF pty > 0 THEN npt} = ptd

fuel$ = "Methane*

INPUT "Fuel (Enter = Methane)”; fuell$

IF fuell$ <> "% THEN fuel$ = fuell$

at = X(11) - X(10)

PRINT ®"t(n+l) - €t(n) = "; dt; " msec "; % 4t =%;
dpar! (4); "msec"

INPUT "Okay ? (Enter = Yes/Continue, 2 = No/Stop)"; ok}



89

IF ok3% <> 0 THEN STOP
REDIM com$(6), d! (npt%, 2), pari(11), par$(11), colis(2),

col2$(2)
FOR {| = 1 TO npty
at (i, 1) = X(1) ‘time in msec
at (i, 2) = Y(1i) ‘P in kPa
NEXT i
com$(1) = "RECORDING THE EXPERIMENTAL PRESSURE TRACE"
com$(2) = "DSK TING " + DATES + " AT " + TIMES
com$(3) = "DATA ACQUIRED BY 4ChPlt.BAs®
com$(4) = "FILENANE = * + SF$
com$(5) = "Fuel = " + fuel$

com$(6) = "%

par! (1) = dpar!(1): par$(1) = " FREQUENCY (Hz) *

par!(2) = dpar!(2): par$(2) = " Gain "

par!(3) = dpar!(3): par$(3) = " Reduction Factor for
Replay "

par!{(4) = dpari(4): par$(4)

par! (S) = dpar!(S): par$(5)

par!(6) = dpar!(6): par$(6) Plate Diameter (mm) *

par!(7) = dpar!(7): par$(7) Plate Spesd (m/s) *

par! (8) = dpar!(8): par$(s) ' Spark Delay (ms) *

pari{(9) = dpar!(9): pnr'(s) = " Turbulence Intensity

(m/s) "
par!(10) = Pmax: par$(10) = " Maximum Pressure (kPa) *

dt (msec) "
Equivalence Ratio *

par!(11) = tPmax: par$(ll) = ® Time at Pmax (ms) *

coll$(l) = * TIME": col2$(1) = " (msec)"

coll$(2) = " PRESS": col2$(2) = * KkPa"

CALL dwrite(npts, 2, 6, 11, SF$, com$(), 4d!(), pari(),
pars(). cont(). cola$())

CLS GOTO OPTIONS

' Subroutine YESFILE
[}

: File reading subroutine.

YESPILE:

CALL DDIN(DNRS, DNCS, DNCONY, dnpart, DF$, TITLES)

REDIN dcom$(DNCOMS), dpar§(dnpart), dpar! (dnpary),
dd! (DNRS, DNCY)

REDIN DCOL1$(DNCS), DCOL2$(DNCS)

CALL DREAD(DWRS, DNCS, DNCONS, dnpark, DF$, dcom$(),
dadi (), dpari(), dvlrs(). DCOL1$(), DCOL2%())
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REM $STATIC 7
SUB Filter (i(), f£(), n%, COV%)
L}

[}

' THIS 18 A SIMPLE AVERAGING LOW PASS FILTER.

' It makes each point of F equal to an average of all points
within +/- covt

' of the same point in the input array, I.

IF COVS <= 0 THEN COV% = 4

FOR i = 1 TO n%

SUM = i(1i%)
FOR % =

ELSE
P=2%*{il(n%) - i(n% + nt - PY)
END IF
SUM = SUM + m + P
NEXT 3%
£(i%) = SUM / (2 * COVS + 1)
NEXT 1%

END SUB
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4CHP1tT.bas
ARRAAERND

Nov 1992 Ming Jiang

This program is modified from DSK TING's 4CPlt.bas .
It reads, plots and saves temperature-time data from '

digitization.
(]

DECLARE SUB Filter (i(), f(), n%, covy)

REM $INCLUDE: ‘'C:\QB\LIB\PLOTCOM.BAS'
REM $INCLUDE: 'C:\QB\LIB\COLORCHC.BAS'
REM $DYNAMIC

' Dimension some arrays.

REDIM dcom$ (20), dpar$(20), dpar! (20), d4d! (20, 20)

¢* Set up the graphics screen.

SCRNS = 9

' Get the data file.

DFN§ = "1»

GETFILE:

DF$ = "C:\QB\dasi6\data\" + DFN$ + " . dat"
CLS : PRINT "Enter file name. (Enter= "; DF$; ") >%;
INPUT DF1$
IF DF1$ <> "* THEN
DFN§ = DF1§
GOTO GETFILE
END IF
GOSUB YESFILE

' Set # rows and # columns

NROWS = DNR%
NCOLS = DNC%

PLOTWHAT:

CLS : INPUT "Enter column # for Y. (Enter=3%) > "; coly
IF coly = O THEN coly = S

' Search the starting (SPARK) point

FOR i = 2 TO DNRY
IF 44l (4, 4) > 500 THEN
Ifirst = { + 4
GOTO STARTLOOP
END IF
NEXT §

STARTLOOP:
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' Read Y and X data.
nt = DNRY ~ Ifirst - 1
REDIM X(n%), Y(n%)
FOR i = 1 TO n%
X(i) = dd! (i + Ifirst, 1) - dd! (Ifirst, 1)
Y(i) = dd! (i + Ifirst, coly)
NEXT |
' Filter Y(i) to smooth it out.

REDIM XYF(n%)

NUMFILT = 0

NCOVS = 3

FILTER2:

IF NUMFILT < 2 THEN
CALL Filter(¥(), XYF(), n%, NCOVS)
FOR { = 4 TO nt

Y(1) = XYF(i)
NEXT {
NUMFILT = NUMFILT + 1
NCOVE = NCOVS - 1
GOTO FILTER2
END IF

IF coly > 5 THEN GOTO Plotting
! aenadddsdassseChange to sSuitwesdensassanandn
' Convert temperature to V and then to DegreeC
IF coly < 3 THEN
FOR { = 1 TO N} _
Y(i) = .001964 * dda!(i + Ifirst, coly) -
.001677
NEXT i
ELSEIF coly = $ THEN
FOR { = 1 TO n%
Y(i) = .0004945 * dd!(i + Ifirst, coly) +
.00192
NEXT §
ELSE
FOR 1 =1 T0On% ,
Y(i) = .004945 » dd! (i + Ifirst, coly) - .04815

NEXT §
END 1F

PRINT "Initial Temperature (V) = ®; Y(5); * V"
INPUT "Okay ? (BEnter = Yes/Continue, 2 = No/Stop)®™; ok\
IF ok§ <> 0O THEN STOP
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PRINT "Y(degC) = a * Y(V) + b"
INPUT "a ="; al 'a=102.4 for 5+¢.dat only,
else 2=103,.6317
INPUT "Initial temperature (degC) = “; Tinit!
b! = Tinitl - al * (Y(4) + Y(5) + ¥(6)) / 3
PRINT "b ="; bl
FOR { = 1 TO nt
Y(i) = a! * Y(i) + b!
NEXT {
Pik = (Y(4) + Y(5)) / 2!
PRINT "Initial pressure (kPa) = "; Pjk; " kPa" ,
INPUT "Okay ? (Enter = Yea/Continue, 2 = No/Stop)"; ok2%

IF ok2% <> 0 THEN STOP
' Maximum temperature rise (degC)
IF coly = 5 THEN
Tmax = 0
FOR { = 2 TO Ny - 3
Yavg = (Y(i - 1) + ¥Y(i) + ¥Y(i + 1)) / 3!
IF Yavg > Tmax THEN

Tmax = Yavg ' Tmax (degC)
tTeax = X(1) ' Time at Tmax (ms)
iTmaxs = §
END IF
NEXT |
END IF
Plottinq.
¢ Dlta plbttinq i;:tinn.
PLOTSECTION:

XLP$ = "Time (msec)"
YLBS = "7 (degC)*
SCREEN 0: WIDTH 80: COLOR 15, 1
CLS : PRINT "Plotting"
INDAXY = 0; XSUBS = 0: YSUB&k = 0O
CALL AXES(X(), Y(), n%, XsSuB%, YSUBL, Xmn, Xmx, Xdv,
NXS8%, ¥Ymn, Ymx, Ydv, NYS8S%)
YRn = 10: Ydv = 5
Xan = 0i: Xdv = 10
[
LINETYPE;
LINS = )
CHARS = O
CALL PINI(SCRNS, 1): ct = ngct
. CALL YAXIS(Ymn, Ymx, Ydv, YSUBS, NYSUBDS, YLBS, Y28, Y3§,
c
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CALL XAXIS(Xmn, Xmx, Xdv, XSUB%, NXSUBDS, XLBS$, c\®)
]
PLOTMORE:
CALL LINPLT(X(), Y(), n§, CHARSY, 1, 6!, c%)
LOCATE 3, 15: PRINT " rile " + Drs¢
LOCATE 5, 14: PRINT USING " Tmax =###7.¢ degC"; Tmax
LOCATE 5, 34: PRINT USING " at ##7.47 ms after spark®;
tTmax

.-------------------------- ----------------- - Eh Eh ob b T O T O . S oS W VD T o -

' Finished plots, now what?
[}
OPTIONS:
LOCATE 1, 1
INPUT " O=hard copy, 1=quit, 2=restart, 3=change Y,
4=gave >"; opt
IF opt = 4 THEN GOTO SAVE
IF opt = 3 THEN GOTO PLOTWHAT

IF opt = 2 THEN GOTO GETFILE
IF opt = 1 THEN SCREEN 0: COLOR 15, 1: CLS : END
IF opt = 0 THEN CALL PHCOPY (xyz$)

’

S8AVE:

SFN$ = DFN$ + "T»
SF$ = "C:\QB\ming\msc\tdata\" + SFN$ + ".dat"
filename:
CLS : PRINT "ABOUT TO WRITE TO “; SF$
sINPU’I’ ®ENTER = GO ON, ELSE ENTER A NEW FILE NAME.>";
SFN1
IF 8SFN1$ <> "" THEN
SPFN$ = SFN1$
SF$ = "C:\QB\ming\msc\tdata\" + SFN$ + *.dat"
GOTO filename
END IF

npts = iTmaxt - 1

INPUT "Input # points (Enter = Auto)”; ptt
IF ptt > 0 THEN npt% = pt\

fuel$ = "Methane"

INPUT "Fuel (Enter = Methane)"; fuell$

IF fuell$ <> "* THEN fuel$ = fuell$

REDIM com$(6), 4! (npts, 2), par!(11), par$(11), colls(2),
colas(2)

dt = X(11) - X(10)

PRINT "t(n+l) - t(n) = *; dt; " mgec ¥; " dt =%;
dpar! (4); "msec”
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INPUT "Okay ? (Enter = Yes/Continue, 2 = No/Stop)"; ok3%

IF ok3% <> 0 THEN STOP
FPOR i = 1 TO nptd

aj(i, 1) = X(1) ‘time in msec

di(i, 2) = Y(4) 'T in degC
NEXT {
com$(1) = "RECORDING THE EXPERIMENTAL TEMPERATURE TRACE"
com$(2) = “MING JIANG " + DATES + ™ AT " + TIMES
com$(3) = “DATA ACQUIRED BY 4ACPLT.BAS"
comn$(4) = "FILENAME = * + Sr$
com$(5) = "Fuel = * + fuel$
COm$§(6) = "™
par! (1) = dparl(1): par$(1) = * FREQUENCY (Hz) *
par!(2) = dparl(2): par$(2) = " Gain * 7
par!(3) = dpari(3): par$(3) = * Reduction Factor for

Replay * ] 7

par!(4) = dpar|(4): par$(4) = ¥ 4t (msec) " 7
par! (5) = dpar!(5): par$(5) = " Equivalence Ratio "
parl(6) = dpar!(6): par$(6) = * Plate Diameter (mm) "
pari(7) = dpar!(7): par$(7) = " Plate Speed (m/s) "
pari(8) = dpar!(8): par$(8) = " Spark Delay (ms) "

par!(9) = dpar!(9): par$(9) = ® Turbulence Intensity

(m/s) P
par! (10) = Tmax: par$(10) = ¥ Maximum Tempesrature (degC)

par! (11) = tTmax: par$(ll) = * Time at Tmax (ms) *
collf(l) = * TIME": col2$(l) = "(l:m:)'
colig(2) = " TEMP “: col2$(2) = "

DegC

CALL DWRITE(nptS, 2, 6, 11, srs, com$(), di(), pari(),
par$(), colis(), eolzu))
. CLS : GOTO OPTIONS
' Subtontlm YESFILE
: File reading subroutine.
YESFILE:

CALL ddim(DNRS, DNCY, DNCOMS, dnpart, DF§, TITLES)

 REDIN dcom$ (DNCOWS), dpar$(dnpart), dpar! (dnpart),

dd! (DNRS, DNCS)

REDIN DCOL1§(DNCS), DCOL2$(DNCS)

CALL dread(DNRS, DNCS, DNCONS, dnpars, Drs, dcom$(),
dﬂln. dpar! (), dpar$(), ncnmt(). DCOL2$() )
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REM $STATIC
SUB Filter (i(), £(), n%, covy)
[ ]

' THIS I8 A SIMPLE AVERAGING LOW PASS FILTER.

' It makes each point of F equal to an average of all points
within +/- cov$

' of the same point in the input array, I.

IF cov§ <= 0 THEN cov} = ¢
FOR it = 1 TO n%
BUM = {(1i%)
FOR j§& = 1 TO cov$
ms = % - j%
IF m8 > 0 THEN
n = {i(n})
ELSE
m= {(1)
END IF
Pt = i + I%
IF PS8 <= n% THEN
P= {(PY)
ELSE
P=2*il(ny) - {i(n% + n% - PY¥)
END IF
SUN = SUN + m + P
NEXT 3%
£(i%) = S8UM / (2 * cov§ + 1)
NEXT 1%

END SUB
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' QGAUGEBM. BAS
' T IIITTIT I L)
' DEC 1992 MING JIANG

'This program calculates, plots and saves hesatflux data from
'a measurad temperature datl file generated by 4CP1tT.bas.
‘Based on Leung's QSENSOR.BAS (Leung, 1991)

DECLARE SUB TRAPZ (IP, LP, w(), z(), O)
DECLARE SUB SLFILT (i(), P(), n§, covi)
REM $INCLUDE: ‘C:\QB\LIB\PLOTCOM.BAS'
REM $INCLUDE: 'C:\QB\LIB\COLORCHC.BAS'
REM $DYNAMIC

' Dimension some arrays.
REDIM dcom$(20), dpar$(20), dpar!(20), dD! (20, 20)
'Set up the graphics screen.
SCRNg = 9
' Get the data file.
DFN§ = »1»
GETFILE: 7
DF§ = "“C:\QB\ming\msc\tdata\" + DFN$ + *.dat"
CLS : PRINT "Enter file name. (Enter= "; DF$§; ") >%;

INPUT DF1$
IF DF1$ <> "* THEN
DFN$ = DFig
GOTO GETFILE
END IF

GOSUB YESFILE

‘this program uses the duhamel's integral method to calculate
‘the surface heat flux (q) of the sensors based on the
'measured surface temperatures (ts) from the followving files:

' c:\gb\ming\msc\tdat:\.Dat

n% = DNR%
REDINM T8(nS%), TT(n%), X(nk), Y(n¥), DTK(n%), dt(n})

REDIN Q(n%), =z(n%), t(nk), SUNQ(Nn%), F(n%)

FOR { = 1 TO DNRS

t(i) = dD!I (4, 1)

T8(1) = dD! (4, 23)

t(i) = t(i) 7/ 1000 ‘convert t's unit to sec.



TS(1) = TS(i)
NEXT {

‘the duhamel's integral method is done as follows:

'‘at sach point in time i, if the number of time interval NI
‘within the period from the beginning of ignition to i is less
‘than 80, each time interval will be subdivided into 1ID
'divi-ian: 80 that the total number of divisions within the
‘period is 80. The temperatures at points between the time
'intervals are then linearly interpolated so that the heat
‘flux at time i can be obtained by integrating the duhamel's
‘function of temperature and time over the 80 divisions using
‘the trapezoidal rule. If NI is greater than 80, no sub-

'division is required.

FOR { = 1 TO n% _
NI =ji-1 ) ‘number of interval.

IF (NI > 80) THEN ID = 1}

'ID=interval divisions
IF (NI <= 80) THEN ID = INT(80 / NI)
il = NI = ID + 1

n=1
FORJ = 1 TO i1 STEP ID
X(J) = t(n)
Y(J) = T8(n)
h=n+1
NEXT J
FOR J = 1 TO i1 STEP ID
IF (J = i1) THEN TT(J) = 0!
IF (J = i1) THEN GOTO 312
Kl =J
K2 = J +1ID -1
POR K = K1 TO K2
X(K) = (X(J + ID) - X(J)) * (K - J) / (ID) + X(J)
¥(K) = (Y(J + ID) = ¥(J)) * (K - J) / (ID) + ¥(J)
THK) = (T8(4) = ¥(K)) / (E(}) - X(K)) * 2.3
DTK(K) = (X(J + ID) = X(J)) /7 ID
NEXT K
NEXT J
100 CALL TRAPZ(1, i1, DTK(), TT(), ©OQ)

SQRKPC! = 1390
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Q(i) =« (SQRKPC! / 1.772) * (0Q / 2! +
(TS(i) - TS(1)) / t(i é¢_ .

END IF
NEXT i

S)
1) = ¢(4i) - (i - 1)

' Filter Q(i) to smooth it out,
[ ]

REDIM F(n%)

NUMFILT = O

NCOVE = 5

FILTER2:

IF NUMFILT < 2 THEN
CALL SLFILT(Q(), F(), n%, NCOV3)
FOR i = 1 TO n}§

Q(i) = r(i)

NEXT i
NUMFILT = NUMFILT + 1
NCOVS = NCOVS - 1
GOTO FILTER2

END IF

'Read Y and X data. 7
REDIM X(n%), Y(nS§)
FOR i = 1 TO n%
X(i) = ¢(i) *# 1000 ‘convert time's unit to ms.

~Y(i) = Q(i)
NEXT |
Qmax = 0
FOR {1 = 2 TONn% -3 ,
favg = (Y(i - 1) + Y(i) + Y(i + 1)) /7 3}
IF Yavg > Qmax THEN
Qmax = Yav ‘Omax(W/K°2)
tomax = X(1) ‘Time at Qumax(ms)
iQmaxs = |
END IF
NEXT 1
Plottinq:
' Data plottiﬁq i::tian
PLOTSECTION: -
XLB$ = "Time (msec)®
YLBS = "Heat"®
¥2¢8 = "Flux"
¥3$ = "(w/m"2)"
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SCREEN 0: WIDTH 80: COLOR 15, 1
CLS : PRINT *"Plotting"
INDAXS = 0: XSUBY = 0: YSUBS = 0
CALL AXES(X(), Y(), n%, XS8UBY, YSUBX, Xmn, Xmx, Xdv,
NXS%, Ymn, Ymx, Ydv, NYS%)
Yan = 0!
Xan = 0!: Xdv = 100
[
LINETYPE:
LINY = )]
CHARY = 0
CALL PINI(SCRN%, 1): ct = ngc$
. CALL YAXIS(Ymn, Ymx, Ydv, YSUBS, NYSUBDS, YLBS, Y2§,
Y3$, c¥%)
CALL XAXIS(Xmn, Xmx, Xdv, XSUBS, NXSUBDY, XLBS$, c%)

PLOTMORE:
CALL LINPLT(X(), Y(), n%, CHARY, 1, 6!, c¥%)
LOCATE 3, 15: PRINT " File " + DF§
LOCATE 5, 14: PRINT USING " Qmax = ###4#47.# w/m"2"; Qmax
LOCATE 5, 3)8: PRINT USING " at ##7.4#7 ms after spark™; tQmax

' Finished plots, now what?
]

OPTIONS:
LOCATE 1, 1
INPUT * O=hard copy, 1=quit, 2=restart, 4=save >"; opt

IF opt = 4 THEN GOTO SAVE
J IF opt = 3 THEN GOTO PLOTWHAT
IF opt = 2 THEN GOTO GETFILE
IF opt = 1 THEN SCREEN O: COLOR 15, 1: CLS : END
IF opt = 0 THEN CALL PHCOPY (xyz$)

SAVE:
SFN$ = DFN$ + "Q"
SF$ = “C:\QB\NING\NSC\QDATA\" + SFN$ + " .dat"
filename:
CLS : PRINT “ABOUT TO WRITE TO “; Sr$
ar1s INPUT “"ENTER = GO ON, ELSE ENTER A NEW FILE NAME.>";
IF SFN1$ <> *" THEN
SFNS = SPN1S$
" aat® Sr$ = "C:\QB\MING\MSC\QDATA\"™ + SPN$ +

GOTO filename
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END IF

npts = n§ - 1
INPUT *Input # points (Enter = Auto)"; ptt
IF pt% > 0 THEN npt% = pts
fuel$ = "Methane"
INPUT "Fuel (Enter = Methane)®; fuell$
IF fuell$ <> "" THEN fuel$ = fuell$
' REM $DYNAMIC
~ REDIM com$(6), d!(npts, 2), par!{(11), par$(11),
coll$(2), col2$(2)
dt = X(11) = X(10)
PRINT "t(n+l) =- ¢t(n) = "; dt; " msec "; " dat
dpar! (4); "msec"
INPUT "Okay ? (Enter = Yes/Continue, 2 = No/Btop)"; okl

IF ok3% <> O THEN STOP
FOR i = 1 TO npts

di(i, 1) = X(1) ‘time in msec
at (i, 2) = Y(1) 'Q in W/NK"2
NEXT {

com$(1l) = "RECORDING THE HEATFLUX TRACE" ,

com$(2) = "MING JIANG " + DATES$ + " AT " + TIMES

com$(3) = "DATA ACQUIRED BY QSENSORB.BAS"

com$(4) = "FILENAME = * + SF§

com$(5) = "Fuel = * + fuel$

com$(6) = "

par!(1) = dpar!(1): par$(1) = * FREQUENCY (Mz) "

par!(2) = dpar!(2): par$(2) = * Gain *

par!(3) = dpar! (3): par$(3) = ®* Reduction Factor for Replay"

par!(4) = dpar!(4): par§(4) = " dt (msec) "

par! (5) = dpar!(5): par$(5) = " Equivalence Ratio *

par!(6) = dpar!(6): par$(6) = " Plate Diameter (mm) *

par! (?) = dpar!(7): par$(7) = " Plate Speed (m/s) *

par!{ (8) = dpar!(8): par§(s) = " Spark Delay (ms) *

par! (9) = dpar! (9): par$(9) = * Turbulence Intensity (m/s) "

par! (10) = Omax: par$(10) = ® Maximum HEATFLUX (HIH*Z) "
par!(11) = tOmax: par$(l1) = " Time at Q-ix (ms) ¥

colli$(l) = * TIME": col2$(l) = "(msec)”

coll$(2) = * HETFLX": col2g$(2) = * w/n- 2"

CALL dwrite(npts, 2, 6, 11, 8P$, com$(), di(), pari(), par$(),
coli$(), cola$())

CLE : GOTO OPTIONS

END
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' Subroutine YESFILE
* File reading subroutine.
[ ]
YESPILE: ,
CALL DDIM(DNRS, DNCS, DNCOMY, dnpart, DF$, titles)

REDIM dcom$(DNCOMS), dpar$(dnpart), dpar!(danpars),
dD! (DNR%, DNC%)

REDIM DCOL1$(DNCS), DCOL2$(DNC%)

CALL DREAD(DNRS, DNCS, DNCOMS, dnpar$, DF$, dcom$(),
dB!(); dpar! (), dpar$(), DCOL1$(), DCOL2%())

REM $8STATIC

SUB SLFILT (i(), F(), n%, covl)
:(((!(((((((((((((((((((((((((((((((((((((((((((((((((((((((
' SUBROUTINE SLFILT IS A SIMPLE AVERAGING LOW PASS FILTER.

* It makes each point of F equal to an average of all points
wvithin +/= cov$

' of the same point in the input array, I.
[}

' The routine requires points on either side of the point
being calculated
' so at the start and end of the array, extra points must be
created.
' In creating these points, some assumptions are necessary and
the ones
' used are that the slope is zero at the start of the array
and constant
' at the end of the array.
' As the slope is assumed to be zero at the start of the
array, any required
’ ;nluq- before the tirst point are set equal to the first
po nt.

* At the end of the array, the slope is forced to be constant

by replacing
' values after the last point with values greater than the

last point by
' an amount equal to the difference between the last point and
a point the
: same distance prior to the last point.
IF covs <= 0 THEN cov8 = §
FOR i = 1 TO n}
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SUM = { (%)
FOR J§¢ = 1 TO covh
nt = i%§ - J%
IF m% > 0 THEN
m = {(m§)
ELSE
7 m= (1)
END IF
P = {% + J%
IF P§ <= n% THEN
P = j(P%)
ELSE
P=2+%4i(n}) - i(n% + n% - PY})
END IF
SUM = SUM + m + P
NEXT J%
F(is) = 8UM / (2 » covk + 1)
NEXT i%
END SUB

sug TRAPZ (IP, LP, w(), 2(), O)

subroutine to perforam numerical integration using
' trapezoidal rule. The function z is integrated from
' IP (initial point) to LP (last point) with interval
’ :qual to wv. The solution of integration is stored
' no

,) THEN GOTO 4
i Ta K2
+ (3(K) + (X +1)) /2 *wK)
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DECLARE SUB dwrite (RS, c$, cmt, P&, F$, cm$(), dd!(), P!(),
P$(), C18(), C2%())

DECLARE SUB PINI (scgm, bcgu) _
aal%)

DECLARE SUB YAXIS (YMIN!, YMAX!, YDIV!, a%, nsubdy, ylbil§,
y1lb2$, ylb3$, coll)

DECLARE SUB LINPLT (xdat! (), ydat!(), NPNTS%, char$, liny,
siz!, col$)

chggnz SUB inscrn (N%, cl%, T&(), P$(), L8(), ds8(), {1%(),
ic%(), i%(), i8(), R! (), a#(), F$)

DECLARE SUB EQCONST ()

DECLARE SUB FLAME (INDV!, HEAT!, work!, PE!, FCA!, FHA!, FMu!,
8!, TR!, T!, MWRI, WWP!, FLAG%Y)

DECLARE SUB PROPCOEFF ()

DECLARE SUB REACTPROP (stoic!, FCA!, FHA!, FMW!, mf!, moxy/,
Rn2#, MWR!)

' EBMBPR2.BAS

' P YT

' ND CHECKEL

'25 NOVEMBER, 1988 was original BMBPR2.BAS program made from
prior BMBPRESS.

11 may 89: updated to account for RECALSY9 and more moderate
early filtering.

'26 may 89: simplified early filtering a little more (sparkfi-
x4) .

'2 aug 89: fixed defaults for 2 and 3 atm runs (sparkfix4 and
input section)

126 sep 989: fixed way it reads CEL equivalence ratios.

'12 Jul 91: fixed to use modified CHNBSUB (fixed FLANE sub-
routine) .~==Ming

‘18 Jul 91: lgdc ¢ .teration in the burnt gas compression wvork
part.---Ming

‘26 Dec 92: data reading part being changed to read data file
q-nitltid by 4chpltP.bas.---Ming

‘31 Jan 93: renamed with "E™ to indicate only experimental
data being used.--=Ning

' BMBPR2 is BMPPRESS.BAS modified to include propane or
methane explosions.

' Converted back from BMBPRSN on 23 November, 1988.

' Based on BDOMB.BAS per Alun Thomas's BOMB.BAS with correc-
tions re units, etc

' Uses thermodynaaic properties and methods as described in
' Rowland 8. Benson, "Advanced Engineering Thermodynamics®
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Pergammon Press, 1977, 2nd Edition (eg pg 153, Appendix A)

NOTE REGARDING UNITS! The basic thermodynamic property
relations in CMBSUB give properties of single components in
the units J/kmol.k. The way REACTPROP subroutine does
mixtures is to consider 1 mole of fuel + the associated
oxygen and nitrogen. The property coefficients for mixtures
are the sum of coefficients for components so the units for
properties of mixtures are J/(1 kmol of fuel + associated
air) .k.

Each (1 kmol of fuel) has several kmol of air (21% oxygen,
79% nitrogen) associated with it so to get J/kmol.k for the
mixture, you would divide through by the number of (kmol of
mixture) per (1 kmol of fuel). This is calculated by
REACTPROP and stored as variable "molR" in the common
Plock (defined by CMBCOM.BAS). Later, after combustion,
molR moles of reactants turns to "molP" moles of products
for the same (1 kmol of fuel). ,

The way this works is that you are generally dealling with
units of so many joules per kmol of fuel and its associated
air. That way, even wvhen the number of moles changes from
reactants to products, (molR to molP), you are still
dealling with the same quantity of matter and can just match
the number of J for a 1st lav energy balance.

The complication comes when you start dealling with work or
heat transferred out of an element during combustion. Now,
you have an absolute energy loss which must be added into
the J/(1 kmol of fuel + air) energy balance. To do so, the
absolute energy quantity has to be converted to an energy
loss in J/(1 kmol of fuel + associated air)

In BNBPR2, the following variables are important:

videlts = volume of the element just before it burns (m"3)
Mhc = kmol of fuel in the currently burning element (kmol)
ROIR = total kmol of reactants per 1 kmol of fuel
Therefore, if you take an absolute energy loss,

Q (J/element), you would convert it to the appropriate units
by multiplying: _

Q@ (J/(1 kmol fuel + ? air) ) = Q (J/element) / Mhc (kmol
fuel /elemant)

This program calculates fates of elements of lean

propane-air mixtures at specified starting conditions,

burning in a constant volume bomb, based on the recorded

pressure trace from the bomb.

CEELEEEEEELELEEELELEEELELELEEEEELELELLELLELELLLLELEELELELEE
REM SINCLUDE: ‘'c:\gb\ming\msc\cmbcom.bas'
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REM $INCLUDE: 'c:\gb\lib\plotcom.bas'

REM $INCLUDE: ‘c:\gb\lib\colorset.bas'

REM $DYNAMIC

REDIM ic(8, 7), 1$(8), cc(6), ew(6), R(7), P(7), mi(6),
H(e)

REDIM TIME! (1201), fuel$(2)

REM $DYNAMIC

REDIM Res (1201, 9)

NPARY = 18: NCOMS = 6: NCS = 9

REDIM com$ (NCOMt), Par! (NPARY), Par$(NPARSY), Ci$(NCS),
C2$ (NCY)

Xt = 6
REDIM d$(x%), TH(x%), PS(x%), lg¥(x¥), LS$(x%), ch(x})
REDIM ip$(x%), ipt(xt), ip!(x8), ipf#(x%)

YEERGELEELALELEALEEOEEREELEELEELLLLELLALELLLLELLLLLLLLLGELLLE
VERDATS = “JAN, 1993* 7
'set up some basic constants
rmol = 8314.) ‘ideal gas constant in J/kmol.k
PN = 101325 ‘'standard atmosphere in Pa (for Go and 80)
CALL PROPCOEFr
CALL EQCONST
REM $INCLUDE: ‘c:\gb\ming\msc\cmbfN-RP.bas'
'CEbE L LR L L L LR L LG LG EEGLLLELLLELEELLLELLELLLLLLALLLLES
' set up arrays and open a file to read from
' Read the experimental data file.
EF§ = » 1 *
getrun:
EFP$ = "C:\QB\ming\msc\pdata\" + EF$ + ",DAT"
CLS8 : PRINT "Enter the experimental data file.( Enter=";
EFPS; ") >%;
INPUT s Era2s¢
IF Er2$ <> "" THEN

Er$ = EFas$
GOTO getrun
END IF

: rili reading routiul
RFILE:

REDIM ED! (20, 20), EPR!(20), EPR$(20), ECN$(20),
ECL1§(20), ECL2%(20)

CALL DDIM(NRRS, NCCY, NCMY, NPRY, ErP$, ETITLES)

REDIM ECH$ (NCMS) , EPRS (NPRY), EPR! (NPRY), ED(NRRS, NCCH)
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REDIM ECL1$(NCCS), ECL2$(NCCS)

CALL DREAD(NRRS, NCCS, NCM&, NPR, EFP$, ECMS$(), ED(),
EPR{ (), EPR$(), ECL1IS$(), lCL?‘())
NS = NRRY + 1 o
REDIM pri!(N%), FI(N%), TIME! (N%)
FOR { = 1 TO NRRS
pri(i) = ED(i, 2)
pri(i) = 1000 * pr! (i)
TIHB!(l) = ED(i, 1)
NEXT
) o R O EE o e o s e o me o e oo e S -
'The maximum fpoints
NPS = NRRS$
IF NPS > 1200 THEN NPY = 1300

V# = .001882¢ ' Bomd va;unc 1n m°3 (Alberta cubs)

L= 062
fuel$ = 2: PRINT : PRINT

' Pspk is pressure at time of spark (in kPa)
Pspk! = pri(1) / 1000
‘plot the pressure trace.

700000: YMIN = 100000

YHAX =

¥YDIV = 10: NYS = 10
XMAX = 200: XMIN = O
XDIV = 10: NXSUB = §

SCRNS = 9
CALL PINI(SCRNS, 1)

Xloc = pgxc ¢+ 10
CALL XAXIS(XMIN, XMAX, XDIV, O, NXSUBS, "TIME /(ms)®, 18)

. .'CILI.YAXIS(YHII, YMAX, YDIV, O, NYS, "PRESSURE", * /(KkPa)
e "%, 18)
CALL LINPLT(TINEI(), pri(), NPY, O, 2, 8, 2)
LOCATE 1, 1: PRINT SPACE$(79); & LOCATE 1, 1
INPUT "Enter (0=0.K., -vesre-start >"; tend
IV tend = 0 THEN GOTO 500

'iii&l&l&&l&&iiii&&l&lill&i&tillilllllllil&lliﬁilllliliillll

work on
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500 bal.'bi = "EBMBPR2 EBMBPR2 EBMBPR2 EBMBPR2 EBMBPR2 EBMBPR2
EBMBPR2 *

bomb$ = LEFT$(bomb$ + bomb$, 79) ,

Tinit = 293,18 ' pre-combustion temperature in k

POf = pr!(1) ! pre~combustion pressure in P2

equiv = EPR! (5) ' squivalence ratio

IF equiv > .9999 THEN equiv = .9999

feul$ = "CH4"
INPUTSECTION: |

COLOR NFCY, NBC&: CLS : PRINT bomb$: PRINT

PRINT "“BOMB COMBUSTION EFFECTS CALCULATION PROGRAM:
EBMBPR2"

PRINT

PRINT "MING version of "; VERDATS; %, run at ";

PRINT TIMES; " on "; DATES$

P$(1) = "Enter volume of bomb in ml (0=" + STR$(VF) + ")

d$(1) = STRE(VA): TH(1) = 3: 1g¥(1) = 9: L8(1) = 7: c%(1)
= 10

P$(2) = "Enter initial temperature (0=" + STR$(Tinit)
+-, }'

~ d8(2) = STR$(Tinit): TH(2) = 1: 1gh(2) = 7: L¥(2) = 9;

ct(2) = 10 7 , 7
P&(l) = "Enter initial pressure in Pa (0=" + STR$(PO/)
>

';.ﬁ

+ ")
~ d$(3) = BTR$(POS): TH(I) = 2: 1g8(3) = 1%5: L&(3) = 11:
c8$(3) = 10 |

P$(4) = "Enter equivalence ratio (0<E<0.9999), (0=" +
STRS (equiv) + %) >¢

;3?4; = STR$(equiv): TR(4) » 1: 1g8(4) = 7: LY (4) = 13:
cs(4) = 10

Pmax = EPR!(10)

~ P$(S) = “Enter maximum pressure to analyze, (0=" +

STR$ (Pmax) + " kPa) >* o

a$(3%) = STRS(Pmax): TH(5) = 1: lg%(5) = 5: LY(5) = 18:
ck(3) = 10

P$(6) =~ "Enter FULL code (1=propane, 2=methane; default="

PE(6) = P§(6) + fuel§(fuels) + ®) >
“"di(:g = STRE(fuell): TH(€) = O0: 1g8(6) = 3: LA(6) = 21;
c ) -
CALL inscrn(6, 1, T8(), P8(), 198(), A$(), L¥(), o%(), ip8(),
1ps(), ipt(), ipf(), fx$) o i . -
CLS : PRINT boab§: PRINT : PRINT "INPUT VALUES:": PRINT
IF ipf(1) > O THEN VF# = ipf(1)
PRINT “Bomb Volume, Ve="; V¢
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Rbomb = (.75 % V# / 3.141592654F) - (1! / 3!)
IF ip!(2) > 0 THEN Tinit = ipl(2)

PRINT "Initial Temperature, T=%; Tinit
IF ip#(3) > 0 THEN PO# = {p#(3)
PRINT "Initial Pressure, P="; PO#

IF ipl(4) > O AND ipi(4) < .99991 THEN equiv = ipl(4)
IF fuelS = 1 THEN AFRSTOIC = 15.5797 ELSE AFRSTOIC =
17.12
AFR = AFRSTOIC / equiv: stoic = equiv _
PRINT UBING " EQUIV=#.###, ATR=#44.4"; equiv; AFR
MAXP = EPR! (10) 7
PRINT *"maximum pressure to analyze is MAXP="; MAXP
N = NPS: nb = NP%
TRELLELLLLLALLALLLLLALES
GOSUD fueslsort
"EEGEEEEEL L L E LG L LR L L L L L ELELERLLELLLLLELEEELS
PRINT
PRINT “USE <Ctrl> <PrtSc> to get HARD OUTPUT ON TNE
PRINTER" 7 , -
INPUT "then hit <Enter>s=continue (-1=new run)®; JUNK
IF JUNK = -1 THEN GOTO getrun
[ ]

* print out headings

4
PRINT bomb$
PRINT : PRINT SPACE$(14);
PRINT “BOMB COMBUSTION EFFECTS CALCULATION PROGRANM:
EBMBPR2*
PRINT : PRINT SPACES$(8); _
PRINT "MING version of "; VERDATS$; ", run at "}
PRINT TINES$; " on “; DATES
PRINT |
CEmS = SPACES(10) + “Va.20800080n"3, Re.$00000n,
Pi=#fs.#00xPa o
fra$ = fra$ + * Ti=ffd.ssx"
;%:lr USING frm$; VF/; Rbomb; PO#; Tinit
INT
PRINT SPACE$(20); "Fuel = "; 1§(7); ,
PRINT USING ®, A/P=#f.4F (£.44F oquiv)™; AFR; equiv
fra§ = * p Pr/kPa Tu/k T™/k  Tbi/k*"
frag = fra§ + * r/mm /R ro/R  m/N*
EXR2S = “000:00000.00 0000.00 0000.00 $000.09 .
LXm28 = L£xm2$ + “OPP. 0000 C.00000 £.00000 $.00000000"
PRINT s PRINT fra$: PRINT
'GEEEEEEELLALLEALELEELELELELEELEELLEELEEELEELELEEEELELLEEEES
' NAIN LOOP: ' SELECT ELENENT FOR PROCESSING - will burn NB
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elements or until pressure exceeds MAXP
' first, get reactant properties prior to combustion
CALL REACTPROP(stoic, FCA, FHA, MW, mf, moxys, mn2#, MWR)
gaR = fngamR(Tinit) ' specific hl!t ratio of reactants
passf = MWR = PO# * V# / Tinit / rmol ' total mass in
cell (kg)
mburnt = 0: Vburntef = 0: flagl§ = 0: Vuesd = V#
MAXP = MAXP * 1000: PE = PO/
TR = Tinit
Pmax = 0: tbl = 0

nb = NP}

tstart = TIMER
SUMQ = 0
SUMW = 0
TOTALW = 0

FOR i = 1 TO nb
Pl = PE ' Pi is pressure and Tlast is temperature
Tlast = TR ' of Reactants after last element burned.
' in pascals and kelvin.

IF pr!(i%) <= PI THEN
vUdelts = 0 t* cancel calculations if there is no

vBdelts# = 0 ' pressure rise - assuse no
vef = 0 ' combustion takes place and skip to
T=0 ' naxt pressura data point.
GOTO converyg

ELSEIF pri(1%) > MAXP THEN ' or if the pressure rise
nb=i§ -1 ' takes us past the maximum pressure
GETO gettend ' to analyze, we can quit

END IP

PE = pri(i%) ,

PE! = PE '* CHECK: is this the first pressure rise?

' if 80, set flagld vhich determines vhether we have a
' previous result to use for interpolation
IF £lagit = 0 AND PE > PO/ THEW nqu -]

' BDURNT GAS COMPRESSION WORK:

' if there are previously burned elements, calculate ths '

volume of each before and after compression to new pressure,

* PE. Then calculate the work done to compress each one and

' add it to the wvork sum done by the burning element.
vburnti/ = Vburntef ‘' pravious burnt volume (»°3 for all

eclements)
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vburntef = 0

Wburnt = 0 ' we start at i%>2 because there is no
' combustion at i%=]1 so the first )
' time we could have previously burned
' gas elements is when i%=3

IF 1% > 2 THEN
FORJ = 2 TO i% - 1

‘'vbi# is the volume of element J before compression.
‘vbe# is the volumea of slement J after compression.
'‘Wbj is the compression vork of the Jth element.
‘'res(J,6) is volume of element J after combustion.
‘ras(J,2) is the pressure after combustion of eslement J.
‘res(J,9) is the GAMMA of burned gas mixture.

vbif = Res(J, 6) * (Rea(J, 2) / PI) - (1 / Res(J, 9))
vbefd = Res(J, 6) * (Rea(J, 2) / PE) ~ (1 / Res(J, 9))

Wbj = (PE * vbe# = PI ¢ vbif) / (1 - Res(J, 9))
Vburntef = Vburntef + vbe/s

Wburnt = Wburnt + Wbj

NEXT J

END IPF

Wburnt = =Wburnt

Tlast = TR ' mixture at pressurs Pi are stored here. )
' Guess nev TR (temp of reactants) based on Pressure rise and
' :nmﬂan of constant lpciﬂa heats

TR = Tlast ¢ ((PE / PI) ((gmnR - 1) / gmR))

gaR = fnganR(TR) ' evaluate GAMMATeact at this Tr

;Ilzsi::tn tnc vului- of qns hurning to rlisn pr-ilu:: trn-
' vUdelts is the volume of the burning element before combus-
tion (Tlast,PI1)
' vUdelt# will be iterated until we get the right amount. The
' jteration loops back to the CALCVOLUMES label.

vUdelts = Vi * (PR - PI) I (stodic * ¢ * PI)

flagvs = ‘ flagVe=0 indicates V is



114
first guess

CAI;CVOLUHES $
Mhc is # of kmol of fuel in burning element
Mhc = PI * vUdelt# / rmol / Tlast / molR
Vuif is volume of the remaining unburnt mixture before
combustion but excluding the burning element
Vul#d = V# - Vburntis - vudelts ‘in "3
' Vue# is volume of unburnt mixture after this element burns
Vuefd = Vuif + (PI / PE) (1 / gmR) 'in m°)
Wu is work done on the unburnt mixture, (in absolute joules)

Wu = (PE * Vue/ - PI * Vuif) / (1 - gmR)

Wu = -Wu
total W ON previously burnt and unburnt is Wu+Wburnt in J.
sum these up and convert to CHNBSUB units of J/(1 kmol.fuel
+ associated air)

SUMW = (Wburnt + Wu) / Mhe
use subroutine FLAME to find the flame temperature of the
' burning element knowing its starting conditions and work
output.

CALL FLAME(1!, 0!, sUuMW!, PE, PCA, FHA, FMw, stoic, Tlast, T,
NWR, MWP, FIN)

‘calculate the volume this element would have if it burned
to temperature T at pressure PE. (molP) is number of moles of
products) ) )

vBdelts = vUdelts * PI / PE # T / Tlast * molP /

molR

' compare this with volume left over from unburned gas and
' previously burned elements at this pressure, PE.
ervi = Vburntes + vBdelts + Vues - V¢
' if the error is greater than .001% then make a nev estimate
of burning volume & return to try again.
IF ABS(exrvs) > videlts ¢ ,000001F THEN
IF flagvs > O THEN
VUD3/# = (vUdelts * ERVLS -~ Vudlf * ervd)
VUDIf = VUDIS / (ERVLS -ervf)
Vudls = vUdelts: vUdelts = VUDIS: flagVh =

flagvs + 1
ELSE
Vudls = vudelts * othervise change to a
flagvy = 3 * multiple of initial guess

IF ervf > 0 THEN
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videlts = Vudls / 1.1
ELSE
vUdelt# = Vudls + 1.1
END IF
END IF

Having established nev estimate for BURNT VOLUME after
combustion, record current volume error. Go back to
re=calculate the composition and temperature with the new
volume estimates.

ERVLS = erv/

GOTO CALCVOLUMES

END IF

Once you make it past this END IF, you have estimated the
correct volume burning to raise the pressure from PI to PE
and have evaluated the state of the unburned and previously

burned gases at PE. - ) _ -

CALCULATION OF VOLUMES MAVING CONVERGED, CALCULATE A FEW
OTHER QUANTITIES STORE RESULTS OF COMBUSTION OF ELEMENT I%
INTO THE RESULT ARRAY, RES

convergq:

MDELTA = vUdelts * PI / rmol / Tlast * MWR

mburnt = mburnt + NDELTA

Vburntef = Vburntef + vBdelts

Res(is, 1) = TINE(i8) ' TINE in ms

Res(i%, 2) = pri(iy) ‘punuro after combustion of
‘element

‘RR=relative radius of flame after element burns (assuming a
spherical flame and bomb)

rr = ((Vburntef) / V#) “ (1 / 3)
Res(iS, 3) = pr ' RR is relative radius of flame
' vs bomb radius
sM = mburnt / massf ' mM=mass fraction burned
lil(it 4) = mM * M is mass fraction burned
Res(i8, S5) = vUdelts 'VUDELT is volume of element
| | ~ 'betore combustion |
Res (i, 6) = videlts 'Vbdelt is volume of element after

, ,  ‘oombustion

Res(it, 7) = T 'T is temperature of elemant after
, ‘combustion

Res(il, 8) = TR ‘TR {s unburned gas temperature

‘after combustion
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IFT > 0 THEN

Res(it, 9) = fngamP(T) ' GAMMA of burned gas
' mixture
ELSE
Res(i%, 9) = fngamR(T)
END IF

IF flaglt = 1 THEN
tb0 = T: pb0 = PE ‘conditions of first
gammap0 = fngamP(T) ‘'element to burn are
‘recorded here
flagis = -}
ELSEIF flagl$ = -1 THEN ‘calculate TEMP OF FIRST
'ELEMENT now
tbl = tb0o * (PE / pb0) ~ ((gammapO - 1) / gammapO)

END IF
ror = mM ° (1 / 3!) ' ROR=radius of this element at
' spark time
ram = rr + Rbomb * 1000

PRINT USING frm2$; i%; pr!i(i%) / 1000; TR; T; tbl; rmm;
rr; ror; mM
IF PE > Pmax THEN Pmax = PE

NEXT i§&
' end of main loop
gettend:
timend = TIMER ' note how long it all took.
'QELLLELEELELEEEEEEEEEEEEELLELELLEGEEEEEELELLLLLLELEELEELELS
' CALCULATE THE FINAL TEMPERATURE OF EACH ELEMENT AFTER NB °*
ELENENTS HAVE BURNED AND THE PRESSURE HAS RISEN TO Pmax
POR {$ = 1 TO nd
IF Res(is, 5) > O THEN
g = Res(i8, 9)
tl = Res(i%, 8) * (Pmax / Res(i%, 2)) " ((g - 1) / q)
g2 = fngamP(tl)
g=(g+g2) *.5
Res (i, 9) = Res(is, 8) * (Pmax / Res(iS, 2)) ~ ((g -

1) / 9)
END IF
Iou(it, 2) = Res(i%, 2) / 1000!'convert from Pa to kPa
NEXT 1%
VEEEEEEEEEELEEEELEEEELEEEEELELLELEELELLLEEELELELEELELLEEES
PRINT : tdiff = timend - tstart: mins = INT((timend -
tstart) / 60)
PRINT “elapsed time is®; mins; ® min,"; tdiff - 60 ¢
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mins; " sec”
PRINT , ,
' warble to notify its done
FORJ =1TO0 S5
freq = 200 + 200 * J
SOUND freq, 1

NEXT J

' store the calculated gquantities in an output file
Res§ = EF$ + "NH"
F$ = *C:\QB\ning\Msc\Badata\" + Res$ + ".dat"
[
NAMEFILE: 7
PRINT "ABOUT TO WRITE TO *; F$ )
INPUT “Enter = go on, else enter a nev file. >%; JUNK$

IF JUNK$ <> " THEN
F$ = *C:\QB\ning\msc\bmdata\" + JUNKS$ + ".dat"
PRINT
GOTO NAMEFILE

END IF

INPUT "Fuel ="; FL$
com$§ (1) = "Output of bomb pressure trace analysis.”
com$(2) = "Ming version of " + VERDATS + *, run at " +

TIMES

con$(2) = com$(2) + " on " + DATES$

com$(3) = “FILE = * 4 F§

com$(4) = "FUEL = * + FL$

com$(5) = ow

Parl (1) = EPRI(1): Par$(1) = * rnlquzncv (Hz) *

Par! (2) = EPR!(2): Par$(2) = " Gain *

Par!(3) = EPRI(3): Par$(l) = " Reduction Pactor for
Replay *

Par!{ (4) = EPRI(4): Par§(4) = ® 4t (msec) "

Par!{(5) = EPRI(S): Par$§(5) = * Eguivalence Ratio "

Pari(6) = EPRI(6): Par§(6) = * Plate Diameter (mm) "

Parl (7) = EPRI(7): Par$§(?7) = * Plate Speed (m/s) *

Pari(8) = EPRI(8): Par§(s) = * Spark Delay (ms) "
. Pari(9) = EPR!(9): Par$(9) = * Turbulence Intensity (m/s)
. Pari (10) = EPR! (10): Par$(10) = * Naximum Pressure (kPa)

Par!(11) = EPRI(11): Par$(11) = ® Time at Pmax (ms) "



118

Par!(12) = pri(1) / 1000: Par$(12) = * kPa Initial
Pressure " )
Par!(13) = Tinit: Par$(13) = * K Initial Temperature "

Par! (14) = Rbomb: Par$§(i4) = " m bomb radius "
Par! (15) = massf: Par§(15) = * kg mixture mass *
. Par! (16) = V#: Par$(16) = *" mn"3 cell volume "

Cl$(1) = " TINE *: C24(1) = " ms ™

C1$(2) = " PRESS ": C28(2) = " kPA "

C1§(3) = “"RADIUSDL": C28(3) = * /R ¥

C1$(4) = " MABSD ": C28(4) = * /M

C1$(5) = "AVOLunb®: C28(5) = " m~) *

C1$(6) = "“AVOLbrn": C28(6) = " "3 *

C14(7) = " T burn®: C2$(7) = "deg k"

Ci$(8) = " Tunb ": C2$(8) = “deg k"

C1$(9) = "T final®: C2$(9) = “deg k"
NRS = nb
CALL dwrite(NRS, NCS, NCOMS, NPARS, F§, com$(), Res(),
Pnrl(), Pars$(), cis(). 225())

' finish off program
PRINT
CcLS8
INPUT “enter 0 to read another run, 1 to quit >%; IND
IF IND = 0 THEN GOTO getrun
END
' T A T A A A R O 2 A O O A I N N N A A
' fuelsort is a subroutine which switches the correct fuel
' into the property array and sets up correct fuel molecule
' variables
[}
fuelsort:
IF ip%(6) > O AND ip8%(6) < 3 THEN fuell = ip%(é)
IF fueld = 1 THEN
'fucl-prgpnno
= 3 ‘fuel has FCA carbon atoms per atom
FHA = 8 ‘*fuel has FHA hydrogens per atom
MW = 44.09 ‘fuel molar mass in kg/kgmol
ELSE
'fuel =methane
FCA = )
FHA = 4
me = 16.043
END 1P
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;sit we don't have the current fuel in I$(7) then swap with
(8)

IF fuel$(fuell) <> i$(7) THEN

FOR { = 1 T0 6 ,
temp = ic(7, 1): ic(?7, i) = jc(s, 1)t ic(s, {)

= temp

NEXT i -
:;;psr- 1$(7): 18(7) = i8(8): i$(8) = temp$

I
PRINT "Fuel is " + {$(7) + " and coefficients are:"
FOR { = 1 TO 7: PRINT SPACES$(10); ic(7, 1): NEXT 1

RETURN






' htCoef .bas

' 2322122723

]

L

' March 1993 MING JIANG

[

' This program calculates,plots and saves heat transfer

coefficient data.
DECLARE SUB FILTER (il(), f1(), n%, COV%)

REM $INCLUDE: 'C:\QB\LIB\PLOTCOM.BAS'
REM $INCLUDE: ‘'C:\QB\LIB\COLORCHC.BAS'
REM $DYNAMIC

' Dimension some arrays.
REDIM dcom$(20), dpar$(20), dpar!(20), ddl (20, 20)

' Set up the graphics screen.
_ SCRN% = 9

' Get the unburnt gases temperature data file.
DFN§ = 1"
GETFILE: |
DF$ = *C:\QB\ming\msc\bmDATA\" + DFN$ + ".dat"
CLS : PRINT “Enter file name. (Enter= “; DF§; ") »>%;
INPUT DF1$
IF DF1§ <> "% THEN
DFN$ = Drisg
GOTO GETFILE
END IF
GOSUB YESFILE
REDINM Tul (DNRS), TuTIME! (DNRS), r! (DNR%Y)
FOR { = 1 TO DNRA
T™al(i) = adi(i, 8)
TUTINE! (i) = a4di(i, 1)
ri(i) = aat (i, 3)

MEXT 4
§ AT e e b kb R & o e b | e b ke i e A s e
* Read the experimental vall temperature data file.
EF$ = = 1 ¥
GETRUN:

EFP$ = "C:\QB\ning\mec\tdata\" + EFg§ + ".DAT"

CLS : PRINT "Enter the experimental pressure data file. (
Enter="; EFP$; ®) >»";

INPUT ; EF2$
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IF EFrag <> "% THEN

Er$ = EFa$
GOTO GETRUN
END IF

' File reading routine.
]

RFILE:
REDIM EDI(20, 20), EPR!(20), EPR§(20), ECM$(20),

ECL1$(20), ECL2$(20)
CALL DDIM(NRRS, NCCY, NCMY, NPRS, ErP$, ETITLES)
REDIM ECM$ (NCMS), EPR$(NPRY), EPR! (NPRY), ED(NRRY, NCC%)

REDIM ECL1$(NCCS), ECL2$(NCCS)

CALL DREAD(NRRY, NCCS, NCMS, NPRY, EFP$, ECM$(), ED(),

EPRI (), EPR$(), ECL1$(), ECL2$())

nt = NRRS + 10
REDIM Twi (n8), £!(n%), TWwTIME! (n§)

FOR i = 1 TO NRRS
Twi(i) = ED(4, 2) + 273
TWTINE! (1) = ED(i, 1)
NEXT i

' Read the experimental hcattlux data file.
Qr‘-'l'
getst:

QFP$ = *C:\QB\ming\msc\qdata\" + QF$ + ".DAT"
CLS : PRINT "Enter the experimental heatflux data file.(

Enter="; QFPS5; %) >%;
INPUT ; Qra¢
IF Qras <> """ THEN
Qr¢ = Qras

' Pile reading routino

YFILE:
REDIN QD! (20, 20), QPAR!(20), QPAR$(20), QCON$(20),

QCOL1$(20), QCOL2$(20)
CALL DDIM(QNRS, QNCS, QNCONS, QWPARS, QFP$, QTITLES)
REDIN QCOMS$(QNCONS), QPARS(QNPARS), QPAR! (QNPARS),

QD (QWRS, QuCt)
REDIN QCOL1$(QNCS), QCOL2S$(QNCS)
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CALL DREAD(QNRS, QNCS, QNCOMS, QNPARS, QFP$, QCOMS$(),
QD(), QPAR! (), QPARS(), QCOL1§(), QCOL2%())
nt = QNRS + 10
REDIM gl (n8§), £!(n%), QTINE! (n§)
POR 41 = 1 TO QNRS
ql(i) = QD(1, 2)
orxuz!(i) - 00(1. 1)
NEXT {1
*CCCCCCCCCCeeCeeeeeeeecceeeeeeeeceeeecececececeeceecceececcececcecece
NPS = DNRS
tOmax = QPARI(11)
‘calculate the heat transfer coefficient.
REDIN h!(DNRS), TIME! (DNRS), hF! (DNRS)
FOR §{ = 1 TO NPY

TIME! (1) = QTIME!(4)

hi(i) = qi(i) / (Tul(d) - Twi(i))
Ir rruzs(zy > tomax THEN

NP§ = § -

GOTO 100

END IF

NEXT {
' Pilter h to smooth it out.
[ ]

100 NUNFILT = O
NCOVY = 3
FILTERY:
IF NUNFILT < 2 THEN
CALL FILTER(h(), hF(), WP§, NCOVS)
FOR { = 1 TO NP
h(i) = hr(i)
NEXT §
NUMFILT = NUNPFILT + 1
NCOVS = NCOVS - 1
GOTO FILTER]
END IF

' Read Y and X data.
nt = NPS
REDIN X(n8), Y(n%§)
POR i = 1 TO Nn%
X(i) = r(4)
Y(i) = h(})
NEXT |
' Raxinum heat transfer occefficient.
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hmax = 0

FOR { = 2 TO nt - 3 N
Yavg = (Y(1 = 1) + ¥(i) + ¥Y(4 + 1)) / 3!
Ir Yavg > hnnx THEN

hmax = Yav ' hmax (w/m"2.K)
theax = X(1) ' Time at hmax (wmes)
ihmax$ = §
END IF
NEXT {

Search PFor Keypoints
(2 XX X2 1112232312711 4317]

Input the required radius, then calculate the corresponding

parameters

Rireq = .7

INPUT "Enter required radius. (Enter=.?) >%; Rreql
IF Rreqgl > 0 THEN Rireq = Rreql

INPUT "Enter required radius. (Enter=.8) >%; Rreql
IF Rreql > O THEN Rireq = Rreql

FOR { = 2 TO n%
IF dd(i, 3) < Rireq THEN I3 = |
IF dd(i, 3) < Rireq THEN I4 = §

NEXT 4

Tireq = 4d(I3, 7)

Rireq = d4d(13, 3)

Mbl = 4d(I3, 4)

Tireq = dd(14, 7)

R2req = dd(14, 3)

Mb2 = 4d(I4, 4)

INPUT "Eguation based on r/Rcell or P (Enter=r, 2=P)"; 3k
IF Jk = 2 THER

Ptirst = 125

Plast = 200

INPUT "Pfirst (kPa) = (Enter = 125 kPa)"; P1%
IF P18 > O THEN Pfirst = P13}

INPUT "Plast (kPa) = (Enter = 200 kPa)"; P2\
IF P2% > 0 THEN Plast = P2}

Rfirat = . ¢

Rlast = .93

INPUT "starting Rb/Rcell (Enter=0.6)%; Rdl
IF Rd1 > O THEN Rfirst = Rd1

INPUT "ending Rb/Roell (Enter=0.95)%; Rd2
IP Rd2 > O THEN Rlast = P42
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END 1F
' PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PLOTTING:
' Data plotting section.
PLOTSECTION: .
XLB$ = "r/Rcell”
YLBS = "h (w/m"2.K)"
SCREEN 0: WIDTH 80: COLOR 15, 1
CLS t PRINT "Plotting®
INDAXS = 0: XSUBS = 0: YSUBS = 0
CALL AXES(X(), Y(), n%, XSUBS, YSUBS, Xmn, Xmx, Xdv, NXSS§,
Yan, Ymx, Ydv, NYSS)
Yan = 0: Ydv = 100
Xmn = 04 Xdv = ,}
[ ]
LINETYPE:
LINS = 1
CHARY = 0
CALL PINI(SCRNS, 1): ct¢ = nges
CALL YAXIS(Ymn, Ymx, Ydv, YSUBY, NYSUBDS, YLBS, y2$, Y3§,

cs)
CALL XAXIS(Xmn, Xmx, Xdv, XSUBS, NXSUBDS, XLB$, c8§)

PLOTMORE :
CALL LINPLT(X(), Y(), n%, CHARY, 1, 6!, c%)
' Eguation Of Line
1§ 4 J; > 1 THEN
' Equation from Pfirst to Plast
FOR i = 1 TO n%
IF dd(i, 2) > Pfirst THEN £% = { - 1: GOTO foundlast

NEXT |
foundlast:;
FOR { = 1 TO n%
IF dd(i, 2) > Plast THEN 18 = { - 1: GOTO foundfirst
NEXT §

ELBE
' Equation from Rfirst to Rlast
FOR i = 1 TOnNs
IF dd(i, 3) > Rtirst THEN £8 = { - 1: GOTO fdl
| NEXT |
1 -} §
FOR { = 1 TO N}

'grdil(l. 3J) > Rlast THEN 1% = i - 1: GOTO foundfirst
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END IF
taundfir-t.

REDIM 1sc(2)
CALL li(nt. 0, X(), Y(), 1sc(), r)
ecn$ = " h = " 4 BTRE(1sc(1l)) + " + X * * 4 STRS(1sc(2))

LOCATE 3, 14: PRINT egn$

LOCATE 3, 5%: PRINT " r = %; r

ystart = lsc(l) + lsc(2) * Rtirst

Yl = 1sc(1l) + 1lsc(2) * Rireq

Y2 = 1lsc(1l) + lsc(2) * Rireq

yend = lsc(1) + 1sc(2) * Rlast
CALL pplot(Rfirst, ystart, 0, c%): CALL NGPOINT(5, 6!, ct -
3)
CALL pplot(Rlast, yend, 1, 12): CALL NGPOINT(5, 6!, cV + 1)

LOCATE 5, 40: PRINT USING "h=gf.#fM/N"2. K"- Yl

LOCATE 5, 141 PRINT USING ¥, Rflame/Rcell=f.f##%; Rireq

LOCATE 6, 40: PRINT USING 'h-ll fM/N"2.K"; y2

LOCATE 6, 14: PRINT USING ", Rflame/Rcell=#, ii‘: R2req
CALL pplot(Rireq, yl, 0, c%): CALL NGPOINT(6, 6!, ct - 1)
CALL pplat(ﬂrlq, y? o, ci) CALL IBH)IIT(S, 6!, c§ -~ 1)

' Hnuh.d p:latg. now wnat?
)

OPTIONS:
LOCATE 1, 1 ,
INPUT " O=hard copy, l=quit, 2=restart, 3=save >"; opt

IF opt = 3 THEN GOTO SAVE

IF opt 2 THEN GOTO GETFILE

IF opt 1 THEN SCREEN 0: COLOR 15, 1: CLS : END
_ IF opt = 0 THEN CALL PHCOPY(xyz$)
L}

SAVE:

SPN§ = QF$

Sr§ = “C:\QB\NING\NSC\MDATA\" + SFNS + ".dat"
filename:

CLS : PRINT "ABOUT TO WRITE TO *; S8r¢

‘I!PUT “ENTER = GO OM, ELSE ENTER A NEW PFILE NAME.>";
sl

IF BFN1$ <> "% THEN
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SFNS$ = SFN1§
BFr$ = "C:\QB\Ring\mac\HDATA\" + BFN$ + *.dat"
GOTO filename

END 1F

npts = n% - 1

INPUT 'Input # points (Enter = Auto)"; pts
IF pt% > O THEN nptt = pt%

fuel$ = "Methane* 7

INPUT "Fuel (Enter = Nethane)"; fueli$

IF fuell$ <> "* THEN fuel$ = fuell$

REDIM com$(6), d! (npts, 2), pari(11), par$(11l), coll$(2),
colag(2)

dt = X(11) - X(10) , , | |

PRINT "t(n+l) - ¢(n) = "; dt; ® msec "; " 4t =%,
dpar! (4); “"msec”

INPUT “Okay ? (Enter = Yes/Continue, 2 = No/Stop)"; oki%

IF okl <> 0 THEN STOP
FOR { = 1 TO nptt

a! (1, 1) = X(1) ‘time in msec
dal (i, 2) = Y(1) 'h in w/m"2.K
NEXT i

COm$ (1) = "NEAT TRANSFER COEFFICIENTS BEFORE THE FLAME
TOUCHES CELL WALLS"

com$(2) = "M.JIANG " + DATES + ®" AT * + TIMNES
com§(3) = "DATA ACQUIRED BY HTCOEF.BAS"™

com$(4) = "FILENANE = " + SF§

com$(S) = "Fuel = " 4+ fuel$

com§(6) = **

par! (1) = dpari(l): par$(l) = * FREQUENCY (Nx) *

pari(2) = dpari(2): par$(2) = " Gain *
par!{(3) = dpari(3): par$(3) = " Reduction Pactor for

Replay *
pari(4) = dpar!(4): par§(4) = * 4t (msec) *
pari(S) = dpar!(5): par$(8) = * Bguivalence Ratio *
par!(6) = dpari(€): par$(6) = " Plate Diamster (mm) *
par!(7) = dpar!(?): par§$(7) = * Plate Speed (m/s) *

pari(8) = dpar!(8): par$(8) = ® Spark Delay (ms) *
(n/ ’p:r!(!) = dpar!(9): par$(9®) = * Turbulence Intensity
n/s

par! (10) = hmsax: par$(10) = ®" Naximum h (v/m"2.K) *
peri(11) = thaax: par$(l1l) = * Time at hmax (me) “
col1$(1) = ® TINE®: co0l2$(1l) = "(msec)"

coll$(2) = " NTCOEF": ©00128(2) = * w/m"2.K"
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CALL DWRITE(nptS, 2, 6, 11, 8Fr§, com$(), al(), pari(),
par$(), coli$(), colaé())
CL8 : GOTO OPTIONS

{eneeeeNe S SCESSOASENESE S SRS S SESEEARNSERC 1S 6 500 S N i W

* Subroutine YESFILE

' File reading subroutine.
]

YESPILE:
CALL DDIM(DNRS, DNCS, DNCOMS, dnpar$, DF$, TITLESY)
REDIM dcom$(DNCOMS), dpar$(dnpart), dpar! (dnpars),
da! (DNRS, DNCS)
REDIN DCOL1$(DNCS), DCOL2$ (DNCS) o
CALL DREAD(DNRS, DNCS, DNCOMS, dnpar$, Dr$, dcoa$(),
dadi (), dpari(), dpar$(), DCOL1$(), DCOL2$())

REM $STATIC
?U! FILTER (i(), £(), n%, COVY)

' THIS I8 A SINPLE AVERAGING LOW PASS FILTER. _

' It makes esach point of F equal to an average of all points
within +/- covs

' of the same point in the input array, I.

IP COVE <= 0 THEN COVS = 4
FOR i = 1 TO N8
SUM = {(1i%)
FOR J§ = 1 TO COVS®
mt = {§ - J%
IF m§ > 0 THEN
mn= i(ns)
ELSE
me= (1)
END 1P
Ps = 18 + J%
IF P <= n% THEN
P= {(P%)
ELSE

P=29¢{i(ns) - 4(n% + Nt - PY)
END IPF
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SBUM = SUM + m + P

NEXT J%
£(i%) = SUM / (2 * COVS + 1)
NEXT i%

END SUB
SUB REDUCEBY4 (tfact, itpmax%, pr! (), TIME!()) ,
' This routine compresses the pressure array to 1/4 of its
original length
' with each point being an average of the 5 previously
covered.
Jt = 1
TIME! (1) = 0
pPri(J%) = (pri(1) + pri(2)) + .5
tfact = tfact * 4!
FOR i% = 2 TO itpmaxt + 5 STEP 4
Jt = J% + 1
SUMN = 0
FOR K¢ = 1 TO 4
SUM = SUM + pr!(i% + k%)
NEXT K%
pri(Js) = sUM / 4
TINE! (Jt) = tfact * (J% - 1)
NEXT 1%
itpmaxt = J%

END SUB
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APPENDIX B

, Representative experimental measurements were presented
in Chapter 4. The remaining measurements are presanted in this
appendix to provide a complete record of the data from this
study.
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APPENDIX C
Representative experimental heat flux results vere

presented in Chapter 4. The remaining results are presented
in this appendix.
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APPENDIZX D

The remaining heat transfer correlations.
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