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Measurements of

Hydrocarbon Concentrations

THE REDUCTION OF HYDROCARBON (HC) in the exhaust '
of automotive engines to comply with Federal
regulations is an important problem in automotive
engine design. Among the potential sources of
such hydrocarbons are (1) quench layers on the
cylinder walls [1], (2) crevice volumes into
which flames can not propagate [2], (3) oil lay-
ers containing absorbed fuel [3] and (4) bulk
quenching in the burned gas due to fast expan-
sion [4].

The detailed investigations of these pro-
cesses in actual engines is difficult due to the
complicated geometry and time-dependent turbu-
lent flows involved. For this reason, an inves-
tigation of HC in the combustion products of a
heated spherical combustion bomb has been made.

‘Total hydrocarbon concentrations in the
exhaust products from a constant volume heated
spherical combustion bomb have been measured
using a flame ionization detector. Results
were obtained for methane-air and propane-air
mixtures as a function of equivalence ratio,
initial pressure, wall temperature and inert
gas diluent fraction. Although an effort was
made to eliminate all crevice volumes and wall
contamination, the results indicate that at
initial pressures greater than 1 atmosphere,
most of the hydrocarbon came from a crevice
which was not perfectly sealed. At initial
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Similar experiments recently reported by Bergner,
et al [5] and Adamczyk, et al [6] have identified
crevice volumes as the most important source of
HC in bombs. Fast sampling experiments by
LoRusso, et al [7] show this is also the case in
engines. The present experiments confirm these
conclusions, but also show a small contribution
from non-crevice sources, most probably an oxi-
dized quench layer as suggested by Adamczyk and
Lavoie [8] and Westbrook, et al [9].

EXPERIMENTAL APPARATUS AND PROCEDURE
The spherical combustion bomh_used to

measure quench layer hydrocarbon concentrations
is shown in Fig. 1. The bomb was assembled from

pressures less than 1 atmosphere, it was pos-
sible to correct for this and obtain an estimate
of the hydrocarbon mass in the quench layer.

For an equivalence ratio of unity and no diluent,
the hydrocar%on mass per unit wall area was

< 0.02 ug/em”. This is only 2% of the value
predicted by a theorectical model used to
correlate standoff distances on a flat flame
burner and suggests virtually complete post-
quench oxidation of the quench layer as suggested
by Lavoie and co-workers. For nonzero diluent
fractions, the wall hydrocarbon concentration
increased substantially.
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flanged 4150 alloy steel halves and fastened by
12 grade 8 steel bolts. The bomb diameter, in-
terior wall area and volume are 152.4 mm, 765 cm’
and 1854 cm® respectively, corresponding to a
surface-to-volume ratio of 0.39 em™'. Nickel
plating on all bomb surfaces provided corrosion
resistance and a smooth, glossy surface for
flame quenching. A Whitey iVM4 stainless steel
valve, threaded into the bomb wall, was used for
charging and exhausting.

Special precautions were taken to seal any
crevice volumes that might store unburned fuel.
The flange interface, which had the largest
crevice volume, was sealed by a thin, soft metal
gasket that under compression extruded across
the flange (see Fig. 1). All other crevice vol-
umes, including threads and metal-to-metal joints
were sealed with SN63 solder (M.P. = 493 K).
Initially the two halves of the bomb were joined
by 6 bolts and structural flexing of the bomb
wall was found to increase the residual hydro-
carbon concentration. This effect was elim-
inated by doubling the number of flange bolts to
12, and thereby doubling the overall bolt stiff-
ness constant. Maximum preload was achieved by
using high-strength grade 8 steel bolts and
torquing them each to 30,000 psi. Contamination
by vacuum grease and RTV sealants was found to
contribute to exhaust hydrocarbons and these
materials were excluded from use. To minimize
contamination from other residual material, the
bomb was regularly cleaned with trichlorcethylene
and rinsed with freon MF solvent.

Bomb heating was provided by a 1.4 kw heated
conduction band strapped to the bomb flange.
Additionally, a glass wool oven (400 x 400 x
460 mm), fitted with electrical heating coils,
enclosed the bomb. An oven fan mounted above the
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bomb assured temperature uniformity of the oven
gases. Four iron-constantan thermocouples dis-
tributed within the oven were used to measure
temperature. The accuracy of an individual mea-
surement was *3 K and the bomb temperature was
uniform within 10 K.

Two tapered stainless steel electrodes,
shown in Fig. 2, projected to the bomb center
and served to ignite the fuel-air mixture. The
spark gap was varied between 0.020 and 0.045
inches to achieve ignition for a variety of com-
bustible mixtures. A conventional capacitive
discharge ignition system with variable voltage
and capacitance, served to generate the spark.

During preliminary experiments, it was found
that capacitive loading of the high voltage elec-
trode caused surface tracking and spark jumping
at the bomb wall. To prevent this and to insure
central ignition, the original spark plug in-
sulator was extended by cementing a thin alumina
sleeve over the electrode.

Spherically symmetric flames propagated
outward from the spark gap and were quenched at
the bomb wall. Three ionization probes, two of
which were diametrically opposite, were mounted
flush with the wall. TFlame arrival times were
recorded with three high-speed electronic clocks
to provide an accurate check of spherical
symmetry.

The main features of the apparatus are
shown in Fig. 3. The bomb was connected to a
15.3 liter constructed from 316 stainless steel.
All connecting plumbing was made of stainless
steel, nylon or teflon tubing to preclude cata-
lytic reactions or oxidation in the lines.
Neither the storage reservoir nor the connecting
plumbing was heated because condensation of
either fuel or water was calculated to be negli-
gible.
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Fig. 1 - Schematic diagram of combustion bomb
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Fig. 2 - Detail of electrodes used for central
ignition of the homb fuel-air mixture charge

The fuel~air mixture was prepared within
the bomb using the method of partial pressures.
Initially the bomb was evacuated to 20 to 50
millitorrs. For gaseous fuels, the fuel partial
pressure was read directly on a pressure guage
(accuracy, .077% FSD). For liquid fuels, an esti-
mated volume of fuel was injected into the bomb
and the partial pressure accurately measured
utilizing a balance pressure indicator. Finally,
air was added until the required total pressure
was reached. The propane was Matheson CP grade
(99% stated purity); the methane, Matheson tech-
nical grade (98% stated purity); and the air was
Matheson zero gas.

After charging with reactant gases the
bomb contents were allowed to mix for 3 to 5
minutes while the storage reservoir and the con~
necting plumbing were evacuated. Following ig-
nition and flame propagation, 2 minutes were
allowed for cooling and mixing of the bomb gases,
after which time, they were blown down to the
evacuated storage reservoir. This process cooled
the bulk gases and expanded any quench layer on
the bomb wall. During this time, gases could
also discharge from any unsealed crevice volumes.
A jet of nitrogen zero gas (C <0.5ppm) was then
simultaneously introduced into the bomb and
reservoir, raising the pressure to approximately
2 atmospheres. Finally, after a waiting time of
5 minutes, the well-mixed gases in each vessel
were individually sampled by a Perkin-Elmer model
F-11 flame ionization detector (FID) and analyzed
for total hydrocarbon concentration. The FID was
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Fig. 3 - Schematic diagram of the apparatus
showing gas handling manifold and flame
ionization detector

calibrated with propane-N; and methane-N, mix-
tures and the output was found to be proportional
to carbon atom mole fraction.

A typical strip chart record of the sampling
procedure is shown in Fig. 4. Before each test,
the FID was calibrated using prepared calibra-
tion and zero gases. Hydrocarbon mole fractions
in the reservoir and bomb, fCR and fCB , were
measured next, with attenuation factors indi-
cated. After measurements, calibration was
checked again.

From this record and measurements of the
gas pressure and temperature in each vessel, the
moles of unburned carbon were computed using the
expression

NC = NB fCB + NR fCR (1)
where N_ and N, are the moles of gas in the bomb
and reservoir and fpg and fgp are the corre-
sponding measured mole fractions of HC in the
sampled gas. Using the ideal gas equation of
state

pV = NRT (2)
Equation (1) becomes

P v v
R B R
_— —t +
NC R TB f CB 'I‘R fCR 3)

where Tp and T, are the temperatures of the bomb
and reservoir and P, is the final pressure in the
system after charging with Nz.




The number of moles of products in the bomb
after combustion is given by

W W |P.V
N = _.E N E— _U ib
b Wyl u . W, | RT,

where W/ W, is the molecular weight ratio for
unburneH and burned gases, N, is the number of
moles of unburned charge initially in the bomb
and Py is the initial pressure. Taking the ratio
of Equations (3) and (4), we obtain the mole
fraction of carbon in the bomb products

Wb) PR

(4)

£+ RB
CB CR V Ty

W | P, 3
ul "1

If mixing of the bomb gases were complete
prior to blowdown to the reservoir and there
were not crevice volumes, fC should have been
equal to f At pressures less than one atmo-
sphere the ratio of £ B / £ did in fact
approach unity. At hggher pressure f., / for
was found to be an increasing function of
pressure indicating both incomplete mixing and
crevice volumes. In all cases, however, the
major contribution to N, came from the reser-
voir due to the large value of the volume
ratio Vp A

As an overall check on the accuracy of
the measurement technique, the same procedures
were followed with the bomb initially filled
with propane-air mixtures having carbon con-

Ny Zero Gas
Calibration Gos
Nz Zero Gos
Bomb
Amplification
Factor =5
N5 Zero Gos
Reservoir
Amplification
Factor = 20
Np Zero Gas
TIME L
Calibration Gas
———= HC CONCENTRATION

Fig. 4 - Typical strip chart record of the
sampling procedure including calibration
checkpoints
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centrations in the range of those measured for
the combustion products. The standard devi-
ation of the measured and known values was less
than 27%

EXPERIMENTAL RESULTS

Experiments were conducted using propane-
air and methane-air mixtures for an initial pres-
sure range of 0.4 to 5.0 atmospheres at wall
temperatures of 300, 360 and 410 K. Data at an
initial pressure of 1 atm and a wall temperature
of 360 K was also collected for a range of equiv-
alence ratios from 0.8 to 1.2 and a range of
diluent mass fractions from 0 to 30 percent.

Preliminary measurements with stoichio-
metric mixtures and no diluent were performed
at 1 atm and 300 K while systematically reducing
crevice volumes and wall contaminants. Ini-
tially, crevices were filled with silicon seal-
ants and vacuum grease. Under these conditioms
the mole fraction of HC in the bomb products was
of the order of 3000 ppmC. Removing these
materials reduced the HC levels by a factor of
approximately 3. By sealing the crevices with
SN63 solder and cleaning the bomb walls with
Freon MF solvent, the mole fraction of HC was
reduced by another factor of 20 to a value of
the order of 20 ppmC

The final results are summarized in Figs.
5 - 7. Fig. 5 shows the HC concentrations,
[NC] = NCXVB , in the bomb after combustion as
a function of the initial unburned charge con-
centration, [N,] = Nu/VB . The values have
been multiplied by the molar volume of STP,

Vo = 22,400 em® to make a convenient plot. The
results for stoichiometric propane-air mixtures
at initial temperatures of 300, 360, and 410 K
are shown in the upper part of the figure and
the results for methane-air mixtures are shown
in the lower part. Note that the mole fraction
of HC in the products in ppmC is the ratio of
ordinate and the abscissa. It can be seen that
the HC concentration increases linearly with
initial unburned gas concentration at a rate
which is independent of temperature within the
accuracy of the data. This strongly suggests
that a major fraction of the measured HC came
from a crevice volume.

Figure 6 shows the dependence of HC con-
centrations on fuel-air equivalence ratio, ¢,
for methane-air and propane-air mixtures at an
initial pressure of one atmosphere and bomb
temperature of 360 K. The results are essen-
tially independent of fuel type and increase
roughly linearly with equivalence ratio. This
again suggests a crevice volume as the major
source of HC.

Fig. 7 shows the dependence of HC con-
centrations on the mass fraction, EI, of simu-
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lated combustion products added to the un-
burned gas mixture for propane-air mixtures at
an initial pressure of one atmosphere and bomb
temperature of 300 K. Combustion products were
simulated by diluent mixture of 15% CO; and

85% N2 by volume which was chosen to approxi-
mately match the specific heat of real combus-
tion products. It can be seen that the HC con-

centrations rise rapidly for diluent fractions in

excess of 107 by mass. This effect can not be
simply explained in terms of HC from crevices
and suggests a significant contribution from
other sources under these conditions.
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Fig. 5 - HC concentrations [N 1, in the
combustion products as a funcfion of initial
charge concentration, [N ] for propane-air (a)
and Methane-air (b). The straight lines are
least square fits to the data. V , P , T
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Fig. 6 - HC concentrations [N ] for propane-air
and methane-air as a function®of fuel-air
equivalence ratio, ¢. The dashed line is
the estimated HC concentration from a 60 mm
crevice. Bars represent spread in data
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ANALYSIS OF RESULTS

Hydrocarbons from Crevices - The results
presented in the previous section strongly
suggest a crevice volume as a major source of the
HC measured in these experiments. Careful in-
spection of the bomb after the measurements were
completed revealed a crevice in the form of a
cylindrical hollow annulus having a volume of




approximately 60 mm®. The crevice was located

behind the ceramic insulator cemented over the
high voltage electrode as shown in Fig. 2. The
entrance passage to this crevice appears to have
been a fine crack in the cement seal created by
differential expansion between the metal elec-
trode and ceramic insulator.

Estimates indicate that during the time
intervals involved in filling and emptying the
bémb, the pressure inside this crevice would
equilibrate with that in the bomb. Whether
equilibration would occur during the short com—
bustion time of ~40 milliseconds is uncertain.
In any case an approximate upper bound to the
number of moles of HC stored in crevice follow-
ing combustion is given by the expression

Neo = £y vac{RTB (6)
where V. is the volume of the crevice, P, is
the peak pressure in the bomb at the end of
combustion and f 1is the mole fraction of
carbon in the initial mixture.

For a fuel-air mixture containing a diluent
fraction f, and a fuel having the chemical

formula Ch Hm A

fCu = n¢(l—f1) / (b + 4.76 (n + m/4)) i3

Dividing Equation 6 by the volume VB , we

obtain the concentration of HC produced by dis-
charge of the crevice into the bomb during cool-
ing of the combustion products,

‘Mgl = PV /) ] (8)

This equation predicts that; if HC from other
sources is negligible compared to that from
crevices, the HC concentration in the bomb prod-
ucts should be proportional to the initial un-
burned gas concentration. This is in good
agreement with. the data in Fig. 5.

The value of the factor fg,V.P,/P; ob-
tained from the slopes of the best fit lines

in Fig. 5 is 70 mm® for both propane and methane.

This is very close to the value of 60 m® com-
puted for the electrode crevice volume when
charged to the peak pressure and suggests this
crevice as the probable source of most of the
HC measured.
i Non-Crevice Hydrocarbons - It can be seen
in Fig. 5, that the intercepts of the best fit
lines through the data, though small, are not
zero. This fact and the character of the data
in Figs. 6 and 7 suggests a possible source of
HE in addition to the electrode crevice volume.
Using Equations (7)*and (8) and assuming
the crevice volume is charged to the final pres-
sure as implied by the data in Fig. 5, one can
estimate the contribution of the crevice volume
to the HC concentrations plotted in Figs. 6
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and 7. These are shown by the dashed lines.
Subtracting the crevice contribution from the
measured HC concentration gives the HC concen-
tration from non-crevice sources [NCnc]' These
are summarized in the fifth column of Table 1.
The sixth column gives the corresponding carbon
mass per unit wall area obtained from the
equation

mC;AB - wC [NCnc] VBKAB ®

where W, = 12 is the molecular weight of carbon
and A s the bomb wall area. The seventh col-
umn gives the mass of carbon per unit area ob-
tained from the relation

(8]
e / AB = 3.3 8cu Au / su e (10

derived in the Appendix. In this expression g
is the mass fraction of carbon in the unburned
mixture, A, is the thermal conductivity of the
unburned mixture, s is the adiabatic burning
velocity and ¢ is Fhe average specific heat
at constant préssure for burned and unburned
mixture. The laminar burning velacities,so,
measured by Metghalchi and Keck [10] for méthane
and propane were used in the evaluation of
Equation (10). A comparison of the values of
me, /A computed from Equation (10) with those
caTcu?ated by Westbrook et al. [9] using a
detailed chemical kinetic model of flame
quenching is shown in Fig. 8. In the range

of conditions covered by the detailed calcula-
tions, there is good agreement. Equation (10)
may also be used to correlate the available
data on quenching distances measured for:tubes
and parallel plates [11].

The last column in Table 1 gives the ratio
m. /m, . If indeed the wall quench layer is
tge ggurce of the non-crevice HC observed,
then it is clear from the values of m_/m
that the quench layer has been almost coggletely
oxidized. Virtually complete post-quench
oxidation was first predicted by Adamczyk
and Lavoie [8] and confirmed by more recent
calculations of Westbrook et al. [9]. The
fact that m_/m increases with increasing
diluent fractiod is consistent with a reduc-
tion in the oxidation rate due to the lower
temperatures caused by dilution.

A third source of HC which has also been
considered is an adsorbed monolayer of fuel
on the walls. Assuming a surface concentration
of 10'° carbon atoms/cm®, we obtain the value
m. / A ~ 0.02 ug / em’. This could account
for the values at zero diluent fraction but
is inconsistent with the increase in mC / AB
with increasing fI.




Finally there is the possibility of bulk
quenching of HC in the combustion products [4].
However, in view, of the relatively long resi-
dence time of the combustion products in the
bomb at high temperatures, the hydrocarbon
concentrations in the burned gas should be
close to equilibrium and therefore negligible,
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Fig. 8 - Comparison of wall quenched HC calcu-

lated by the Ferguson and Keck model [10] and by

Westbrook et al. [9] at the moment of quenching

DISCUSSION AND CONCLUSIONS

The HC levels measured in the present
experiments are approximately two orders of
magnitude lower than the values reported by
Agnew for a similar bomb [12]. A comparison
with the results reported by Bergner et al. [5]
(DFVLR) and Adamczyk et al. [6] (Ford) is shown
in Fig. 9. The strong increase of HC with
pressure suggests that virtually all the HC
measured in the experiments was due to crevice
volumes. The departure from linearity in the
DFVLR cylinder and Ford sphere data at high
pressures is probably due to a distribution
of crevice sizes. Since the two-wall quench’
distance decreases with increasing pressure,
thicker crevices tend to burn out more com—
pletely at high pressure decreasing the
effective crevice volume.

Table 1 - Non-Crevice HC, Pi = 1 atm

Ty Wenel¥s melAy  eglAp
Pt ¢ K I ueole  yugle’  uglew®  "c/%q
CH& 0.8 360 o & . 005 37 014
CHQ 1.0 360 o B 010 -45 .022
CHQ 1.2 360 1] 14 .018 .54 .033
C3H8 0.8 360 0 9 .01z .53 .023
C3H8 1.0 360 o 10 013 .65 020
C3H8 1.2 360 i} 9 .012 .79 .015
CoHg 1.0 300 o 12 .016 .81 .020
C3HH 1.0 300 .1 25 .032 1.0 .032
C3H8 1.0 300 .2 65 084 . 1.3 .06
(.‘3“a 1.0 300 «3 145 190 2.3 .08
-] = Equivalence ratio
T = Bomb wall temnerature (K)
£, = Diluent mass fraction (%)
[N ] = HC concentration from non-crevice sources (U moles/em®)

= Molar Volume at STP (cm®)
= Mass of carbon measured in experiments (ug)
= Mass of carbon calculated from Ferguson and Keck model (ug)

= Area of bomb wall (cm®)

Of the measurements shown, only the M.I.T.
data indicate a measurable intercept different
from zero, suggesting a possible source of
HC other than crevices. This possibility is
reinforced by the observation of increasing
levels of HC with increasing diluent fraction
as shown in Fig. 7.

The most likely source of non-crevice
HC is the residue of an incompletely oxidized
quench layer. If this were true, the mass
of carbon per unit wall area for propane and
methane fuel-air mixtures having equivalence
ratios between 0.8 and 1.2 would be of the
order of 0.02 pg/em?. This is less than 5% of the
value predicted for an unoxidized single wall
quench layer [11]. 1In a typical automotive
engine, it would produce in-cylinder HC frac-

. tions less than 10 ppmC. By comparison, a
" crevice volume of only 10 mm3, roughly equiva-

lent to the void volume of one turn of the
thread on a standard spark plug, would produce
100 ppmC in the cylinder.

For large fractions of exhaust gas
recirculation or for non-stoichiometric
operation, the quench layer contribution
could increase significantly but, until
conditions approaching misfire occur, it
is unlikely to compete with that from crevices.
It is also possible that late combustion
followed by rapid expansion could inhibit
quench layer oxidation and increase HC from
this source in engines. Considering the
rapid oxidation rates calculated by Westbrook
et al. :[9], it is unlikely that the increase
would be large except under extreme conditions.
On the other hand, the strong turbulence '
in engines is likely to enhance the oxidation
effect. producing an even smaller contribution
from quench layers than that observed in
bombs under laminar conditionms.
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cylinder)

In conclusion, it appears from the
present measurements and those previously
reported by Adamczyk et al. [6] and Bergner
et al. [5], that quench layers are a negligible
source of HC in engines under practical operating
conditions. At the present time, crevice volumes
are undoubtedly the major source of both bombs
and engines, although bulk quenching or oxidation
of oil layers on walls might become important
as crevice volumes are reduced or eliminated.
These conclusions are supported by the in-
cylinder sampling experiments of LoRusso et al.
[7]1 and Weiss and Keck [13] and the theoretical
calculations of Westbrook et al. [9].
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APPENDIX
LAMINAR FLAME QUENCHING

Following Ferguson and Keck [Al], we assume
that the quenching distance, d , for a flame
propagating toward a cold wall9can be approxi-
mated by the minimum standoff distance for a
flame on a flat burner. To calculate the latter
we begin with the equations for steady state
one-dimensional flame propagation in the form
given by Spalding [A2]

d ., dT
— “A) = = Al
S (pusuCpT ?\dz) puSuqS(z d) (A1)
4 o5 g-ppB) = -5 g8z~ a) (A2
dz pu ug dz u u“u
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in which the burning rate has been approximated
by a delta function §(z — d) at the flame
position d and where z is the distance from
burner, T is the temperature, p is the density,
C_1is the specific heat at constant pressure,
SE is the flame speed, q is the specific
enthalpy of combustion, g is the mass fraction
of hydrocarbon, A is the thermal conductivity,
and D is the diffusion coefficient.

In the equation above and those to follow,
the subscripts u and b denote conditions in
unburned gas at the initial temperature and
the burned gas at the final temperature. The
appropriate boundary conditions for Equations
Al and A2 are

T, ; (dT/dz)_ = 0; T(0) = TLl (A3)

%
0; (dg/dz), = 0 (A4)

T ()
_ g(=)

If we assume that ¢ 1is a constant and
introduce the dimensionlgss coordinate £ by
means of the transformation

dg/dz==pu5ucp/l (A5)

Equations Al and A2 can be writtem in the
dimensionless form

d dt

*E (t - Eg") =G = T.) (A6)
d 1d :
- =~ SE-PR) (A7)
where
o opem (T = Tu)f(Tg - Tu) (A8)

is the dimensionless temperature

y = 8/g, (A9)
is the dimensionless mass fraction
d
P = ’
3 pusucl:l OJ' dz"'/A (A10)

is the Peclet number based on d
L= X/pDcp (A11)
is the Lewis number and
0 =
Tb Iu + q/cp (Al12)
is the adiabatic flame temperature. The

corresponding boundary conditions obtained
from Equations A3 and A4 are

]

T (=)

y (=)

T 3 (dT/dE), = 03 T(0) = 0  (Al3)

0; (dy/d&), =0 © (Al4)

If we further assume that L is a constant,
Equations A6 and A7 can be integrated subject

to the boundary conditions of Equations Al3
and Al4 to give
T (-1 - 1) (A15)
L@, -8
Since T = T at £ = P_, it follows from
Equation Al5 that
Tg - Tu
Pe = -4n(l - Tb) = in (E'T—_'i'-) (A17)
b b
It also follows that
T2 -P
L om R B e 1 (A18)
T P \
u u
Finally if we assume the thermal conductivity
can be approximated by
A=A (T/T) (A19)
u u
then Equation A5 can be integrated to give
' Au IE T
_ z = —— — dg' (A20)
puSucp 0 Tu
and uéing Equation Al8, we obtain
A T® -P
- b _ e b
2= o5t @G - De S(e” -1-8) (a21)
uup u

Using Equations Al6, Al8, and A21, the
temperature and concentration profiles can
be calculated as functions of z using £ as
a parameter. '

Setting £ = P in Equation A21, we obtain
the standoff distafice

J\u T{; —P‘a Pe
PR N R (Pe #m - 1)e (e —1~Pe)) (A22)
uup u

Taken as a function of T, , this expression has
a strong minimum at the point where

BdIBTb = 0. (A23)

For large values of the Peclet number, Equation
A22 can be approximated by

ku TE
d = EJ-_ET (Pe -1+ ?). (A24)
u u’p u

and Equations A23, A24, and Al7 lead to the
relation
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94n Su Tg
(_a-T-_-_ (Tg - Tb) (Pe -1 +T)) . =1 (A25)
b u g

where the sbuscript q is used to denote condi-
tions at the minimum standoff distance which
we have assumed equal to the gquenching distance
d .

q Using the empirical expression [A3]

E
. & o1 1
Su = Su exp(—'§§ Cf— - T°)) (A26)
b b
where S° 1is the adiabatic flame speed and E
is an apparent activation energy we find from
Equations A25 and Al7

EA Tu Tg _Peq
. 7., — —_ 4 == ~
2RT? (1 '{'l‘;)(Peq 1 Tu)e 1 (A27)

where we have used the approximation T? = qu
which is valid for P > 1. The solution of
this equation is showit graphically in Fig. Al
in which P is plotted as a function of the
dimension1&8s activation energy E, /2RT® for
two values of the ratio T°/T in %he rgnge of
interest. It can be seen thit P is a rela-
tively weak function of both E f%ﬁTﬁ and TgIT
and that for the expected range of E,/2RT?
a value of P = 4 is a good approximation.
Substitgﬁing Equation A27 back into
Equation A26 and again using Equation Al7
and assuming 7Y = T

b q
e =
Suq = S; exp((Peq -1+ ¥:) ) (A28)

which in turn may be substituted into Equation
A24 to obtain the quenching distance

lu ' Ta
d = ——7mr(P -1 + =)
q puSucp eq Tu
{53 =2
exp((P_ -1+ ) ) (A29)
eq Tu

The corresponding mass of hydrocarbon
quenched per unit area is given by

d
- q
C_ J opgadx (A30)

A 0

Using the equation of state pT = constant and
Equations A5, A9, and Al9, Equation A30 can
also be written
Peq
T 8M s yaE (A31)
A
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Finally substituting Equation Al6 into Equation
A31 and integrating, we find

m~ gulu ] "LPeq
T (Peq -7 (1 -e )) (A32)
up
2] =1
(exp ((P -14+=) ) (A33)
eq Tu

in which we have used Equation A28.

Dimensionless plots of Equations A3l and
(A29) are shown in Figure Al as a function of
E, 2 RTY for L = 1 and several values of T /T,
in the fange of interest. Both dq and mqfa
are insensitive to the values of E,/2 RT, and

L, and are well approximated by & B
Ty M
x ) ——= 4
dq x 3+ 7)) 5 Soc (A34)
u uup
and
m~ g A
G u u
My G 5
=~ 3.3 555 (A35)
up
puSuCpdg
Au
|
| I
! I
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Fig. Al - Parametric solutions to Laminar
Flame Quenching Equation
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! APPENDIX REFERENCES [NC] - Bomb HC concentration after combustion
| Al C. R. Ferguson, 'Stand-Off Distance on a [Nu] - Initial unburned charge concentration
I Flat Flame Burner," Combustion and Flame,

34, 1979. Vo - Molar volume at STP

A2 D. B. Spalding, Combustion and Flame, 1, T -~ Standard Temperature (273 K)
296 (1957). °©
P - Standard Pressure (1l atm)

A3 W. T. Kaskan, Sixth Symposium (International)
on Combustion, Baltimore: Williams and ) - Equivalence Ratio
Wilkins, Baltimore 1953 p. 126.
: - Mass fraction of inert gas diluent

LIST OF SYMBOLS N — Number of HC moles stored in crevice
following combustion

fCR - Mole fraction of HC in Reservoir (ppmC)
g v - evice
f,5 - Mole fraction of HC in Bomb (ppmC) ¢ Vilume of wrevio
NC - Number of moles of unburned carbon Pp = Feak Prevoors
after combustion fC - Mole fraction of carbon in initial
¥ mixture
NB - Total moles of gas in Bomb before
sampling
- Bomb H i
N - Total moles of gas in Reservoir before [NCC] on ¢ conc?ntrat ?RS produced by
R . fuel stored in crevices
sampling
PR - Final pressure of system after diluting [NCnc] _ Bomb HC concentrations produced by
with N2' non-crevice sources
f - Bomb volume me - Mass of carbon determined experi-
|
| VR - Reservoir volume mentally
|
[ TB - Bomb wall temperature AB - Bomb interior wall area (cm?)
R - Reservoir wall temperature WC - Molecular weight of carbon
= Univepsal gae-constant m.C — Mass of carbon at moment of quenching
Nb — Number of moles of products in Bomb q proposed by Ferguson and Keck [10]
l after combustion
Au - Thermal conductivity
i u - Molecular weight for unburned gases
" oy . .th —
! W - Molecular weight for burned gases &Cu Hags fra?tlon of eaxhon 29 Sl
! b burned mixture
i — Number of moles of initial unburned .
- mixture in Bomb
° - . 1 i
Pi - Talp¥al pressuse Su Adiabatic burning velocity
L fc - Mole fraction of carbon in the Bomb Cp — Average specific heat at constant

products pressure
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