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THE DISPOSAL OF INDUSTRIAL AND
TRANSPORTATION VEHICLE WASTE poses a serious
threat to the enviromnment. Increasing
concern for improved air quality has directed
our attention towards understanding the
mechanisms of formation and behavior of
the toxic components of the exhaust from
spark ignited engines. One such component
is unburned hydrocarbon. Tt was first
suggested by W. A. Daniel [1 - 3] that
flame quenching on the relatively cool
combustion chamber walls is a source of
exhaust hydrocarbon. Other sources which
have been suggested are crevice volumes
into which a flame cannot propagate [4,5],
0il layers [6], and bulk quenching [7].

Many measurements of flame quenching
distances at cool surfaces have been made
[8 — 11] and models for correlating the
results have been developed [12 - 15].
Exhaust hydrocarbons from combustion bombs
[16] and engines [17,18] have also been

A time resolved study of the unburned
hydrocarbons in the cylinder of a spark ignition
engine has been made. A fast acting needle
value was used to sample the gas near the
cylinder wall opposite the spark plug. The
volume sampled was measured by water displace-
ment and the total hydrocarbon mole fraction
was measured with a flame ionization detector.
Measurements were made as a function of crank
angle over the entire engine cycle for a range
of equivalence ratios, inlet pressures, spark
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measured and analysis of the data has tended
to support the conclusion that quench layers
were a major source of exhaust hydrocarbon
from engines [19]. Although this conclusion
has been generally accepted for many years,
recent theoretical calculations [20,21]

have predicted virtually complete oxidation
of the quench layer hydrocarbons as a result
of diffusion into the hot combustion products.
This prediction has since received strong
support from in-cylinder sampling experiments
[22] and from measurements of exhaust hydro-
carbons from bombs having very small crevice
volumes [23 - 25]. ‘

To procure further information regarding
the source of exhaust hydrocarbons from
engines, a parametric study of both exhaust
and in-cylinder hydrocarbons has been carried
out in a CFR engine operating at 1000 RPM
on isooctane. Samples of the gas near
the cylinder wall of the engine were taken
over a complete engine cycle using a rapid

advances, inlet temperatures, and EGR fractions.
Average hydrocarbon concentrations in the
exhaust were also measured. Two possible
sources of post combustiom hydrocarbon in

the cylinder were considered: thin wall

quench layers and fine crevices into which

a flame cannot propagate. The results suggest
that crevices were the source of the hydrocarbon.
Models for predicting hydrocarbon from both
quench layers and crevices were developed

and are presented.
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acting sample valve. These samples as

well as samples from the exhaust were analyzed
for total hydrocarbon using a flame ionization
detector. The procedure and results are
presented in the following sections.

EXPERIMENTAL FACILITY

CFR TEST ENGINE - A schematic diagram of
the test engine and associated equipment is
shown in Fig. 1. Table 1 gives the relevant
CFR specifications., The engine used in this
investigation was coupled to a D.C. dynamometer
to provide free motoring and firing capabilities.
The fueling system used a heated mixing tank
to supply a fully vaporized fuel-air charge.

A high pressure burner nozzle atomized the fuel
entering the mixing tank., Fuel flow rates were
measured and regulated using a rotometer. The
nitrogen propelled fuel was cooled upstream

of the rotometer to prevent cavitation and thus
facilitate accurate metering. Air was delivered
to the mixing tank from a large surge tank.
Engine load was controlled with a throttle valve
and air flow rates were measured using a sharp
edged orifice. The exhaust system consisted

of an exhaust pipe which fed a surge tank which
in turn was connected to the laboratory exhaust
trench. The exhaust surge tank was equipped
with a tap for withdrawing gas for emissions
analysis. Exhaust gas recirculation, EGR, was
accomplished by a heated pipe connecting the
exhaust pipe with the mixing tank. EGR flow
rates were regulated by a throttle value and
metered with a sharp edged orifice. External
pumps and heat exchangers were employed by the
lubricating and cooling systems. A breakerless
solid state ignition system was used.
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Table 1 - CFR Specifications
Parameter Value
Bore 8.3 em
Stroke 11.4 cm
Connecting Rod Length 25.4 cm
Clearance Volume @ C.R. 98 cm®
= 7.3:1
Clearance Height @ C.R. 1.6 cm
= 7.3:1
Radius from Cylinder
Centerline to Spark Plug 4.1 cm
Intake Valve - opens 10 deg. a.t.d.c.
- closes 34 deg. a.b.d.c.
Exhaust Valve - opens 40 deg. b.b.d.c.
- closes 15 deg. a.t.d.c.
Valve Lift 0.79 cm
Piston Crevice Volume 0.74 cm®
Displacement Volume 617 cm®

SAMPLING SYSTEM - Fig. 2 shows a drawing
of the sample valve. The valve was of the
magnetically driven inward opening needle type.
Needle 1lift and sample duration were monitored
using a proximity probe. Needle 1lift was regu-—
lated by adjusting the gap between the valve
coil and needle assembly. The original General
Motors Research Laboratory design employed a
stainless steel needle and titanium alloy seat.
This combination resulted in an unacceptable
leak rate for sampling in-cylinder hydrocarbon.
At low engine speeds, a ccpper seat reduced
the sample valve leak rate to acceptable levels.

A schematic of the sampling system is
shown in Fig. 3. The sample valve was located
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in the clearance volume flush with the cylinder
wall and opposite the spark plug. Sampled

gas was delivered to a heated total hydrocarbon
analyzer through a heated stainless steel line.
A water displacement meter was used to measure
sample flow rates. A throttle valve was located
on the upstream side of the hydrocarben analyzer.

ELECTRONIC AND CONTROL SYSTEM - Fig. 4
shows a block diagram of the electronic and
control systems. A piezoelectric pressure
transducer was used to monitor instantaneous
cylinder pressure. The cylinder pressure signal
was displayed on an oscilloscope and was also
digitized and filed with the aid of a computer
and analog to digital converter. A rotary
generator supplied a voltage pulse for each
degree of rotation. Every tenth pulse was
displayed on the oscilloscope to provide 10°
crank angle markers, The output of the rotary
generator was also processed to provide an
oscilloscope sweep trigger and a digital engine
speed display. Sample valve phasing was accom-
plished using the delayed trigger from the os-
cilloscope. The sample valve controller was ca-
pable of adjusting sample phasing and duration.

EXPERIMENTAL PROCEDURE AND RESULTS

Sampling System Operation - The sampling
system was brought on line by turning on the
hydrocarbon analyzer pump and heating the
sample line and hydrocarbon analyzer flame
ionization detector to their stable operating
temperature of approximately 450° K. Sample
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Fig. U - Block diagram of electronic and control
systems
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valve parameters (i.e., needle 1ift, sample
duration, and return spring force) were also
adjusted at this time. Sampling was then
initiated at peak pressure in a motored engine.
The sample flow was throttled in order to
pressurize the sample line and liquid leak
detector was used to check for leaks at the
sample fittings. Next, the sample valve

was switched off and the sample valve leak
rate was measured by completely closing the
sample line throttle valve and timing the
change in pressure of the sample line,

When satisfactory system performance
was achieved for motoring conditions, sampling
in a firing engine was the next step. After
stable engine operation was achieved, the
hydrocarbon analyzer was calibrated and the
sample valve was switched on., Sample valve
parameters were readjusted to compensate
for the needle assembly elongation that resulted
from sampling hot combustion gases. After
an initial leak rate measurement had been
completed, sampling began. The sample flow
rate was measured by timing the water elevation
change in the displacement meter. Sample
hydrocarbon mole fractions were measured by
selecting the appropriate scale on the hydro-
carbon analyzer electrometer and directly
reading the indicated value. After the sample
measurements were completed, the leak rate was
measured again., The sample phasing was then
readjusted and the sampling process was repeated.
Initially, leak rates were measured before and
after each sampling run. If the leak rate
remained relatively constant for a long period
of time, leak measurements were made less
frequently..

TYPICAL OSCILLOGRAM -~ Fig. 5 shows a typical
oscillogram. Cylinder pressure, valve lift
profile, crank angle markers, and spark timing
were displayed. By observing the usual varia-
tions in the cylinder pressure trace, it is
evident that the oscillogram shows four con-
secutive cycles. - Note that variations in
valve lift profile were negligible indicating
reproducible sample valve operation. The
valve closing time of .5 ms is consistent
with the closing time calculated from the
sample valve specifications, Oscillations
in the valve lift profile after closing were
due to bending of the needle shaft.

MASS AND VOLUME SAMPLED - The mass sampled
per cycle, &ms, is given by the relationship

&ms = Pga ﬁva =3 Vd (2/w) (1)
where p is the sample density at ambient
conditions, AV is the volume sampled per
cycle at ambiefit conditions, V, is the sample
flow rate measured by the dispiacement meter
and @ is the engine speed. It should be

noted that the flow through the ionization
gauge was negligible and has been omitted

in this calculation.




810149

8atm {Cylinder Pressure)

-« Spark timing

-—— Cylinder pressure

-—— Valve lift

- _f <« 10° Crank Angle
f Markers
|
O8mm | HfH)
Eng§r£ Operoting Conditon
g o= .9 Pi = lagtm w =1000 rpm @Bsp =-28 atc

Fig. 5 - Typical oscillograph record

Fig. 6 shows a plot of Am_ as a function
of crank angle, 6, for a few operating con-
ditions. Although the sampling valve parameters
were not fixed, the dominating effect of
cylinder pressure on Am_ 1is seen.

The in-cylinder voTume occupied by the

sampled mass was computed using the equation

&VC - ﬂmsf'{}sﬂ - 'ﬂvapsa'ipsc (2)

where p is the in-cylinder density when the

sample was taken. During compression or expan-

sion, @ was determined by mass conservation
S0 . %

of the ¢éylinder contents using the equation

psc N O:'L (Vifvs) (3)

where Py is the gas density at inlet valve
close, V. is the cylinder volume at inlet
‘walve cl%se, and V_ is the cylinder volume
when sampling. Fof samples taken during
blowdown and exhaust, isentropic expansion
with an effective burned gas specific heat
ratio vy, = 1.28 was assumed.

Because the flow through the valve was
choked under most sampling conditions§ the
in-cylinder sample volume AV~ ~50 mm” was
very nearly constant throughgut the entire
engine cycle for fixed sample valve parameters.

As a first approximation, the flow into
the sample valve was assumed to be radial
and inviscid. Under these conditions, the
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Fig. 6 - Typical data showing mass sampled per
eycle as a function of crank angle
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in-cylinder gas sample will occupy a hemi-
spherical region of radius

_ 1/3
i . (3 &Vc/2w) (4)

concentric with the valve orifice, For all

the data presented, r_ was in the range 5-6 mm.
SAMPLE HYDROCARBBN MOLE FRACTIONS - Some

typical measurements of sample hydrocarbon

mole fraction, fyp, , are shown in Fig. 7. The

bar through each measured value indicates the

sample duration. Total hydrocarbon was measured

in mole fractions of carbon atoms. Fluctuations

in hydrocarbon mole fraction readings limited

the 'accuracy to + 10%. Hydrocarbon mole frac-

tions were observed to rise from early intake

values of 10" parts per million of carbon

(ppmec) to approximately 10° ppmc during com-—

pression. The smooth increase suggests that

the incoming charge was rapidly mixing with

the residuals. Sample hydrocarbon was constant

during compression indicating. that mixing

had been completed. The measured values

agree well with those calculated for 15%

residual gas. After the flame arrived at

the sampling location, measured sample hydro-

carbon mole fractions dropped to less than

10° ppmc. Expansion was characterized by

increasing sample hydrocarbon mole fractions.
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Fig. 7 - Hydrocarbon mole fractions in the
sample gas as a function of crank angle for runs

in Fig, 6. Also shown are average exhaust hydro-

carbon mole fractions for these runs
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This increase could be due either to an
expanding quench layer on the cylinder wall or
the discharge of unburned gas from crevice
volumes as the pressure drops during the
expansion stroke. As will be seen later,

the results strongly suggest that the latter
explanation is correct under the conditions

of the present experiment.

Hydrocarbon concentrations immediately
after exhaust valve opening were consistently
higher than those measured later in the exhaust
stroke., This is probably due to a puff of
unburned gas discharged drom the sample valve
thread crevice volume during cylinder blowdown.
This puff would subsequently mix with the com-
bustion products to produce the relatively
constant levels observed later. Although not
apparent in the data shown, hydrocarbon mole
fractions at 300° ATC were generally about
10% higher than those at 240° ATC giving some
evidence for the arrival of a hydrocarbon-rich
wall-vortex at the sample valve location late
in the cycle. The effect was much smaller
than anticipated, however, probably due to
in-cylinder oxidation of a large fraction
of the unburned gas discharged from the piston
ring crevice volume early in the expansion
stroke. It may also be noted at this point
that the hydrocarbon mole fractions at 120°
ATC just prior to exhaust valve opening were
approximately 25% of those measured during
the latter part of the exhaust stroke. This
fact will enter into the discussion later.

Fig. 7 also gives the average hydrocarbon
concentrations measured in the exhaust products
for the sample runs shown. It can be seen
that they are approximately a factor 2 lower
than the in-cylinder values at the end of
the exhaust stroke.

CORRECTION FOR VALVE LEAKAGE = Because
of the high mole fraction of hydrocarbon in
the unburned charge, f_ . , prior to arrival
of the flame at the valve orifice, it was
necessary that the valve have a very small
leak rate to avoid large corrections to the
measurements. In runs made with the-valve
closed, it was observed that the leak rate
was proportional to the cylinder pressure,
P . It was therefore assumed that the fraction
of the hydrocarbon in the sample due to leakage,
fHCQ’ could be calculated from the €quation

f =g f (5)

HCL Heu 8my/ fycg Omg

where Am, is the mass leaked per cycle, € is
the fraction of the mass leaked in an unburned
condition and we have neglected the small differ-
ence in the molecular weights of various gas
mixtures involved. The fraction € was estimated
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by numerical integration of the pressure data
using the expression

eFAV {
e = p (e~ P_o) de;“‘ (PC - Psﬂ) de (6)
V0
where © and 6 are angles for inlet valve

opening and flamgAgrrival at the valve and

P is the pressure in the sample line. The
value of was approximately 0.3 for all engine
conditions.

For the leaked hydrocarbon fraction to be
less than 10%, Equation (5) requires

ﬂmgfﬂms < 0.3 EHCS!fHCu A7)
Originally, the sample valve had a stainless
steel needle and a titanium alloy seat and
condition (7) was very difficult to meet for
typical values of f__ /f after flame arrival.
Replacing the titanium seat with copper reduced
the leakage to negligible values for all
operating conditions reported.

SUMMARY OF MEASUREMENTS - The engine
operating conditions investigated are sum-
marized in Table 2 and the corresponding
measured hydrocarbon mole fractions are shown
in Fig. 7.  All runs were made at an engine
speed of 1000 RPM using isooctane as the
fuel. The first five columns of Table 2
give the fuel/air equivalence ratio, ¢,
inlet pressure, P,, spark angle after top
center, 6 , recirculated exhaust mole fraction,
EGR, and 8stimated inlet gas temperature,

Ti' The sixth and seventh columns give the
measured mean-effective~pressure, IMEP, and

the pressure at exhaust value opening, P_.

The eighth column gives the cylinder temperature
at exhaust valve opening, T , calculated from
the ideal gas equation of state

P, =T (wb/wu) P vx/Pi Vs (8)

where W and W are the molecular weights of
burned and unburned gas and P and V_ are the
cylinder pressure and volume it exhatist valve
opening. Finally, the ninth column gives the
cylinder temperature after blowdown calculated
from the equation

Oy = D/,
Tf - Tx (Pofo) )
for isentropic expansion of the burned gas
to atmospheric pressure Po'

The in-cylinder and exhaust hydrocarbon
mole fractions, f. . and fE , in parts per
thousand carbon arée shown %n the lower part
of Fig..8 as a function of ¢, P_., O , EGR,
and T,, fIC is the average of the fiydrocarbon
mole fractigns at 240 and 300° ATC and TEX

Table 2 - Experimental Test Matrix

Fixed Parameters: Fuel = iso-octane
CR = 7.3
w = 1000 RPM

Parameter Pi. ;] EGR Ty IMEP Px TE Te
Varied b atn L r 4 K atm atm ° K
0.8  1.00 =25 o 375 95 3.35 1200 921

L3 1.0 1.00 =25 0o 375 103 1.60 1270 960
1.2 1.00  -25 0 375 103 3.60 1270 960

1.0 0.50 =12 0 375 50 1.70 1200 1050

P, % Lo 072 -l 0 375 72 2.50 1230 1010
1.0 1.00 _ -15 0 375 105 3.80 1350 1010

1 1.0 0.2 -5 o a1 70 2.45 1200 590

4 ¥ Lo 072 -1 o 375 72 2.50 1230 1010

) 1.0 0.72 =25 0 375 72 2.50 1230 1010
T 1.0 0.72  -11 6 375 72 2.50 1230 1010
EGR *| 1.0 0.78 -16 6 375 67 2.35 1130 937
1.0 0.78 =16 11 375 63 - 1220 973 890

- 1.0 0.72 =11 0 350 76 2.63 1210 976
1, *| 1o o072 -l 0 375 72 2.50 1230 1010
1.0 0.72 =11 0 405 68 2.37 1260 1040

*HReference Condition

is the average hydrocarbon mole fraction

in the exhaust stream. The values of the
ratio EE lfI are shown in the upper part

of Fig. g. Ehe solid symbol denotes the
common reference condition. The curves will
be discussed in the next section.

ANALYSTIS AND DISCUSSION

QUENCH LAYER ENTRAINMENT MODEL - In a
preliminary analysis of these measurements
[26], it was assumed that wall quench layers
were the major source of hydrocarbon in the
sampled gas. It was also assumed as a first
approximation, that the flow into the sample
valve was radial and invisid and that the
sampled gas came from a hemispherical region
concentric with the valve orifice. Under
these conditions, the hydrocarbon mass per
unit wall area is given by the equation

2 _

2
mHCShTrc - 3'fHCs (wawb)pscrc a9

where W, is the molecular weight of carbon
and p ~and r are given by Equations 3

and 45€ The cfiaracteristic quench layer
thickness, § , can be estimated from the
relation

6q = mHCsf“rc

2 04c(® (1)

where

(0) = £ » WC PCIRTW (12)

PHc HC

is the carbon density in the unburned gas at
the wall, £ is the mole fraction of carbon
in the unburned gas, T 1is the wall temperature
and R is the universal gas constant.
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For Equation 10 to be walid, the quench
layer thickness, § , must be large compared
to the characterisfic thickness of the viscous
boundary layer

§ =+ vt (13)

where vV is the kinematic viscosity and t is the
sampling time. Using Equations 11 and 13, the
ratio

B = quﬁv (14)

was found to be of order 0.1. This showed that
the effects of viscous drag on the quench layer
at the wall could not be neglected. A viscous

model of quench layer entrainment by flow into

a point sink was therefore developed [27].

The details of the viscous flow model are
given in the Appendix and the results are sum-
marized graphically in Figure 9 for uniform,
exponential and Gaussian quench layer hydro-
carbon profiles. The parameter B is defined
by Equation 1l4.

! The function

- 2
F(B) = (mHCSlWrc )KQHC(O)ﬁv (15)

is the ratio of the hydrocarbon mass per unit
area calculated using the inviscid approximation
to the product of the wall density of hydro-
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carbon times the viscous boundary layer thickness
and the function

G(B) = (mH-CfA)/(chSf-nrcz) (16)

is the ratio of the corrected hydrocarbon mass
per unit area to the corresponding inviscid
value.

To make the correction, the value of F(B)
is first calculated from measured quantities.
The corresponding value of B and G_i(ﬂ) can
then be read directly from Fig. 9.

The values of f found in this way for a
Caussian profile ranged from 0.3 at 60° ATC
to 1.0 for the exhaust stroke. The hydrocarbon
mags per unit wall area was approximately
0.5ugC/cm? for all crank angles and engine
operating conditions.

If the quench layer interpretation were
correct, Fig. 7 shows that the side wall quench
layer was not exhausted from the cylinder
since the hydrocarbon mole fractions in the
sample gas were nearly constant during the
exhaust stroke. Thus, the major contribution
to exhaust hydrocarbon must have come from
the headwall and the average mole fraction
of hydrocarbon in the exhaust can be estimated
from the expression

?£Xq = (my/A) ARV, (- xp) (11

where is the cylinder head area and r_ is the
residual fraction of gas in the cylinder at the
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Fig. 9 - Tunctions for calculating quench layer
entrainment by viscous flow into a point sink for
(1) uniform, (2) exponential, and (3) Gaussian
hydrocarbon profiles
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end of the exhaust stroke. The values of fpy
obtained from Equation 19 using the values o

mH /A given by Equation 16 were of the order of
3 6 ppmC. This is less than 107 of the measured
values of f__ shown in Fig. 8 and indicates that
quench layeTrs could not have been the major
source of the exhaust hydrocarbon observed.

This conclusion is supported by a comparison
of the in-cylinder sample hydrocarbon mole frac-
tions measured in the present experiments with
the corresponding values measured by LoRusso
et al. [22] using a faster sampling value but
a similar CFR engine. In the experiments of
LoRusso et al., the mass sampled during the
exhaust stroke was less than 10% of the mass
sampled in the present experiments. Thus, if
quench layers were the source of the hydro--
carbon observed, the hydrocarbon mole fractions
measured by LoRusso et al. should have been
substantially larger than the values of T
shown in Fig. 8. In fact, they were only
one tenth as large.

Finally, theoretical calculations [21]
indicate that, under engine-like conditioms,
the hydrocarbon left at a wall after flame
quenching will be almost completely oxidized
due to diffusion into the hot combustion
products. This has been confirmed by recent
measurements in constant volume bombs [23-25]
which give an upper bound for m, /A of the
order of 0.02 pgC/cm . This is Eess than
5% of the value 0.5 MgC/em deduced from the
sample hydrocarbon mass using the viscous
quench layer model presented.

HYDROCARBON FROM CREVICE VOLUMES - The
analysis presented in the previous section
strongly indicates that quench layers could not
have been the major source of the hydrocarbon
observed in these experiments. The most likely
alternative is that unburned gas in fine crevices
into which a flame cannot propagate were the
source and a model for estimating in-cylinder
and exhaust hydrocarbon levels resulting from
the discharge of such crevices has been
developed.

_ The basic assumption of the model is
that exhaust hydrocarbon mole fractions are
controlled primarily by in-cylinder oxidation
rates. Oxidation times, T_, for typical
fuel hydrocarbons have been measured under
engine-like conditions and may be correlated
by an equation of the form [28, 29]

-E/RT (18)

= A(P0 fPO)b e
2

where Pg, is the partial pressure of oxygen.
Unfortunately, there is a great deal of scatter
in the results and the parameters A, b, and E
are not well determined. However, a reasonable

set of values which represents the data in the
neighborhood of 1200 K is A = 2 x 10® sec !,
b = 0.25, and E = 32,000 cal/g mole.

- L e L S EESSSS S LSS SSSESS =

9

Prior to blowdown, in-cylinder temperatures
will generally exceed 1250 K and Equation 18
predicts that T will be less than a millisecond.
Thus, any hydrocarbons entering the cylinder
during the expansion stroke from crevices will
be strongly oxidized leading to relatively low
levels of in-cylinder hydrocarbon at the time
the exhaust valve opens. During blowdown, the
temperature falls rapidly to values typically
less than 1000 K and Equation 18 predicts values
of T_ greater than 50 milliseconds. Under these
cond%tions, a large fraction of the hydrocarbon
discharged from crevices into the cylinder during
blowdown can be expected to survive with little
further oxidation during the exhaust stroke.

This prediction is supported by the data shown
in Fig. 7.

On the basis of the above model, it is
possible to estimate the mole fraction of in-
cylinder hydrocarbon, f__,. We assume that
turbulent mixing is suf%gciently rapid to
produce a reasonably uniform composition
throughout the cylinder in a time somewhat
less than (2w) ‘and that "sudden freezing'"
of oxidation reactions occurs when the tempera-
ture drops below the sudden freezing temperature,
T . At this time, the number of moles of
hggrocarbon in the cylinder will be zero and
the number of moles of gas in the crevices
will be

Ner = Psp VCRIRTw (19)
where PSF is the cylinder pressure at Tgp
and V is the crevice volume. If P ?s less

than EEE pressure at ignition, as issghe case

in practice, then the gas in the crevices will
be pure unburned charge. Assuming the gas in
the crevices expands isothermally to atmospheric
pressure during blowdown, the number of moles

of hydrocarbon discharged into the cylinder
after freezing has occurred will be

N = f

cic HCu YCR a- POXPSF) (20)

where f. . is the mole fraction of carbon in
the unbufned charge. The number of moles of
gas in the cylinder after blowdown will be

® /p) (21)
X 0 X
where
N = (W /W ) PV /RT, (22)
X u b i i
is the number of moles of burned gas in the

cylinder prior to blowdown. Dividing Equation
20 by 21, we obtain

- N NCR Px P0
f_. ="c¢cic=f =) = (1- ) (23)
I¢ 5 HCu "Ny *'P_ Pep
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Finally, using Equations 19 and 22 and the
relations.

Pop/P, = (Tgp/To) (24)
and
Px!Pi = qux/wai (25)
we find
ot Ty
Yy, C Yl

T =f VCRTX{wbPOTi) {(—EE) - 1)(26)
Ic HCu V.,T \ WP.T T
iw u i'x X
The sudden freezing temperature can be
estimated by equating the characteristic
reaction time, T_,, to the blowdown time for
the cylinder, T,. Using Equation 18 and setting

Ty = T ~ 3 msec., we obtain
TSF = 1320/(1 + .02 1n (f02 PiKIOOPo)} (27)
.where T is in °K and fy, is the mole fraction

of 0, in percent. The measured values of fg
in the exhaust for equivalence ratios ¢ = 0.
1.0, and 1.2 were fg, = 6.0, 1.2, and 0.2
percent respectivelys

Substituting Equation 28 into Equation 27
and using the data in Table 2, we obtain the
results shown by the solid curves in the lower
part of Fig. 8. A crevice volume of 6 cm® was
used to fit the data.

Considering the simplicity of the model
and the uncertainty in the value of T_, Equation
17 reproduces the trends in the data remarkably
well. The dominating effects are those of
exhaust temperature and equivalence ratio
which determine the sudden freezing point.

The implied crevice volume is quite high but
not excessively so for a well worn test engine
with six threaded ports. The estimated volume
of the piston ring crevice was 0.74 cm®. In
addition, there were two 18 mm spark plug ports
having an estimated thread crevice volume of
0.25 cm® per port and four 25 mm access ports
having an estimated thread crevice volume of
0.5 cm® per port. This gives a total crevice
volume V. = 3.25 cm® which is about half the
value required to fit the measurements. Again
considering the uncertainties involved in the
measurements and the estimates of the crevice
volumes, this is not unreasonable.

We can also use this model to calculate
the ratio of exhaust to in-cylinder hydrocarbon.
We assume that ‘the in-cylinder hydrocarbon
molelfraction'prior to blowdown is small so
that the number of moles of hydrocarbon entering
the exhaust system during blowdown is negligible
and that the number of moles of hydrocarbon
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entering the exhaust system during the exhaust
stroke is given by

NCE = fIC Nf (r - rf) (28)

Dividing N E by the number of moles of gas
entering tﬁe exhaust system per complete engine
cycle,

NE = Nx (1 - rf) (29)

and using Equation 21, we obtain

A

f, =N_./N (30)

EX CE & fIC (POKPX)

E

The ratio

- IKYb

fﬁX!fIC = (POIPK} (31)

is shown by the solid lines in the upper part of
Fig. 8. It can be seen that the dependence of
the data on engine parameters is predicted rea-
sonably well but that the measured values are
about 25% higher than the predicted values. This
is consistent with the data in Fig. 7 which shows
that the in-cylinder hydrocarbon mole fractions
observed at 120° ATC just prior to exhaust valve
opening are about 25% of those measured later'
in the exhaust stroke. This additional hydro-
carbon is probably due to incomplete oxidation
of crevice hydrocarbon discharged late in the
expansion stroke.

It is of considerable interest to note that
the values of £__/f__ observed in these experi-
ments are almosgxidégtical to the value fﬁxffic
~ 0.6 obtained by LoRusso et al. [22] in &
similar CFR engine operating at 1250 RPM on
propane at equivalence ratios of 0.90 and 1.28.
However, due presumably to a very much smaller
crevice volume, the absolute hydrocarbon levels
measured by LoRusso et al. were only one tenth .
the levels measured in the present experiment.
This agrees with the predictions of the simple
crevice volume model proposed, but is completely
inconsistent with the predictions of the quench

layer model.

CONCLUSIONS

It is highly probéble that crevice volumes
were the major source of both the in-cylinder
and exhaust hydrocarbon observed in these
experiments. The upper bound determined for
the quench layer contribution was 0.5 ung’cm2
which is roughly 20 times that expected on
the basis of recent experiments in bombs [25]
and engines [22]. The main general conclusions
which can be drawn, apart from the obvious
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one that experiments of this kind should be
conducted in engines with fewer crevices, are:

1) Mixing processes in engine cylinders
are quite rapid, producing reasconably uniform
composition within a crank angle of ~60°,

2) Prevailing temperatures within the
cylinder prior to blowdown are sufficiently
high to cause virtually complete oxidation of
any hydrocarbon either from crevices or quench
layers which mix with the burned gas. As a
consequence, the burned gases exhausted during
blowdown and early in the exhaust stroke have
relatively low hydrocarbon mole fractions.

3) 1In present engines, the major contribu-
tion to both in-cylinder and exhaust hydrocarbon
comes from unburned gas discharged from crevices
into the cylinder during the expansion stroke
after the cylinder temperature has dropped
sufficiently to freeze oxidation reactioms.

4) A relatively simple "sudden freezing"
model of crevice hydrocarbon based on the above
observations accounts reasonably well for the
magnitude and trends of both in-cylinder and
exhaust hydrocarbon mole fractions.

5) The observed ratio of exhaust to in-—
cylinder hydrocarbon mole fractions indicates
a small contribution to exhaust hydrocarbon
during the blowdown process. This could be
due to the discharge of crevices in close
proximity to the exhaust valve.

6) Substantial reduction of exhaust
hydrocarbon from practical engines should
be possible by elimination or reduction of
crevices such as those associated with spark
plug threads, piston ring, valve seat, and
head gasket.
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APPENDIX

BOUNDARY LAYER ANALYSIS FOR FLOW INTO A POINT
SINK

A similarity solution of the boundary layer
equations for two-dimensional incompressible
flow into a point sink on a plane surface
results in the following expressions for the
velocities u and w parallel and perpendicular
to the wall [Al].

u=-(a/x? £'() (A1)

w = —(av/x) 7 (EM) - 3 £'() (A2)

when £(n) is the solution of the equation

£1'7 - ££" 4+ 4(1-(£M)?) =0 (A3)

which satisfies the boundary conditions: £(0)
= f'(0) = 0 and f'(») =1,

n =z (a/2v x)" (A4)

is the similarity variable, x and z are the
coordinates parallel and perpendicular to the
wall, a is the sink strength, and v is the
kinematic viscosity.

For r = (x* + z_z);ﬁ << a/2v, the boundary
layer will be thin and the radial velocity
at any point in the flow can be approximated
by the equation
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t =~ —af'(n)/x? (A5)

In this case, the total mass flow rate into the
sink is given by

m/2
mo==2 f o F r? sinddd = 2mp_a (A6)

s sc
0

and the sink strength, a, is given approximately
by

a= meZﬁpSC (A7)

For a constant sink strength, the mass entering
the sink in a time interval t, is

&ms = 2T a Pec tV (A8)

and the radius of a hemispherical volume occupied
by this mass is

/3 /3

r_ = (3ﬁm5/2ﬂpsc)l = (Batv)l (A9)

To determine the hydrocarbon mass flow rate
into a sink on a surface where there is a thin
quench layer, the initial locus of the last fluid
particles to enter the sink must be found. This
may be done by integrating Equation A5 along a
gtreamline [A2]. To a first approximation, f£'(n)
may be assumed constant along a streamline and
we obtain using Equation A9

¥ >33 tvf'(j) = rc3 £1(m) (A10)

.

Numerical results for £'.(n) are given in
reference [Al] and can be very accurately repre-
sented by

£'(M) =1 - exp(- /6 n). (A11)

In the boundary layer, x = r and Equations A4,
AlQ0, and All can be combined to give

< 3/2 e 3
z = —ﬁv (;“) n(l - C;—) ) (A12)
[ C
where
§ = (vt)? (A13)
v v

is the characteristic thickness of the velocity
boundary layer at time t_. Note that Equation
Al2 implies M

z2/8 = (rz’rc)g‘{2 i zfﬁv <1
and

riEg g vazfd =1
c v

A plot of Equation Al2 is shown in Fig. Al.
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Fig. Al - Schematic diagrams showing:
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0) HC puct® M prctO)

(b)

(a) orig-

inal loci of last fluid elements to enter the
gink and (b) assumed hydrocarbon profiles

The mass of hydrocarbon entering the sink
can now be calculated by integrating the initial
hydrocarbon density, p C(z), over the volume
defined by Equation AIE. This gives

r x(z)

FE p...(z) 2m x dx dz
0 0 _HC

™ic

r
an2 Of ¢ Pyc(2) %2 (2) dz (A14)

where we have introduced the dimensionless
coordinate
x(z) = xirc T (AlS)

Introducing a second dimensionless coordi-
nate

= 2z/8 (AL6)
q

where 8§ 1is a characteristic quench layer thick-
ness sulh that p C(z) << p,. (0) for z > § , and
assuming ﬁq < x, Equation Al4 becomes

e T i el '
=B [ p(r) %% (Br) dr = F(R) (Al7)
A OLL 0

where
g = aq;@v (A18)

is the ratio of the quench layer thickness to
the boundary layer thickness,

B(@) = pyc(E8 ) /oy (0) (A19)

is the normalized hydrocarbhon density and X.BZ)
is the solution of the equation

532 3

gL = 2n(1-x") (A20)

The mass of hydrocarbon per unit area is given
by

mHC B oo m~!
= Of DHC(Z) dz = pHC(O) 5q Of pir) dt (A21)

Finally, combining Equations Al7, Al8, and A2l
gives

/A w -
m-:%fr—ﬁ F—(% f B dr = G(B) (A22)
G c 0

The functions F(R) and G(B) have been
numerically evaluated for three hydrocarbon
density profiles,

1 $ T <1

py = (423)
0 . rt>1

B, = exp(-1) | (A24)

o e i 2

Py = exp (-2°)
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These profiles are shown schematically in Fig.
Al. F(R) and G ' (R) are plotted in Fig. 9 and
asymptotic expressions valid for f << 1 and

B >> 1 are given in Table Al.
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Table Al — Asymptotic Expressions for F(B) and G(B)

F(B) = BG 1(B) f B dt

0 A
B << 1 B >> 1
=]
I pdt
Profile 0 G-lﬁ-l';g it

1 Uniform 1 .69 1

2 Exponential 1 .89 1

3 Gaussian .89 .71 1
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