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Scalar Field Measurements in Reciprocating Engines

H. G. Green* and J. H. Whitelaw*
Imperial College of Science and Technology, London, England

Rayleigh scattering has been used to measure the mixing processes, resulting from the transient injection of
freon gas, to simulate fuel, in a four-stroke model engine motored at 200 rpm with a compression ratio of 3.5.
The effects of injector nozzle geometry have been investigated in detail and quantify the greater mixing achieved
with a spray type nozzle than with diverging geometries.

Introduction

T HE high-pressure, high-momentum, two-phase fuel injec-
tion process found in direct-injection diesel or stratified-

charge engines is difficult to quantify even with the use of op-
tical probes. Attempts to study the mixing of fuel and air have
been limited and have usually made use of simulations of
engine-flow environments, for example, Melton,1 Witze,2
Tanabe et al. ,3 and Tanaka,4 or by injecting heavy gas jets into
noncompressing low-speed engines, as in Arcoumanis et al.5
The characterization of liquid sprays, and their atomization,
has also been attempted, for example, by Kamimoto et al.,6
Sinnamon et al.,7 and Reitz and Bracco.8

In the present paper, a fuel spray has been simulated by a
transient jet of freon-12 vapor injected through an axisym-
metric valve into a model diesel engine motored at 200 rpm.
The injection takes place near the end of the compression
stroke and the subsequent mean and rms distributions of the
freon concentration have been quantified using laser-induced
Rayleigh scattering: the velocity characteristics of the flow, in
the absence of the fuel jet, are known from the measurements
of Vafidis.9

The experimental system and flow configurations are
described in the next section. The third section discusses the
results, and the more important conclusions are reported in the
final section.

Experimental System
Flow Configuration

The operating characteristics of the plexiglass model en-
gine are summarized in Table 1 and described in greater
detail by Vafidis.9 Freon-12 was chosen to simulate fuel
because of its high density relative to air (Pfre0n/Pair ~4.2)
and the large Rayleigh scattering cross section of freon-12
molecules relative to air (afreon/aair = 17.9); its density is
similar to that of vaporized diesel oil. It was injected through
a nozzle inserted in the center of a single axisymmetric valve,
which was operated by a dual cam and rocker mechanism
and used for both the intake and exhaust flow during the
four-stroke engine cycle. Measurements were obtained with
the three nozzles shown in Fig. 1. Control of the fuel injec-
tion and synchronization of all real-time information was
carried out in the manner described by Green.10

Fuel injection and measurement were carried out in every
second four-stroke cycle so as to avoid accumulation of
freon-12 vapor. The injection characteristics are summarized
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in Table 2 and are similar to those of previous studies, e.g.,
those of Johnston11 and Arcoumanis et al.5 The injector
system comprised a solenoid valve (Angar Model 008), a
3.2-mm-diam hole along the axis of the valve stem, and one
of the three nozzles mounted flush with the valve face. The
backpressure was maintained constant at 0.55 MPa and the
injection time at 16.7 ms, corresponding to approximately 20
deg of crank angle. A gated laser velocimeter was used to
determine the exit-plane velocities which, with injection into
atmospheric air, were 37.7, 30.9, and 57.0 m/s with nozzles
A, B, and C, respectively, and imply Reynolds numbers of
52,600, 48,200, and 23,400. With injection into the com-
pressing engine, these values were reduced to approximately
17.5, 14.0, and 38.0 m/s, with corresponding Reynolds
numbers of 81,800, 74,400, and 53,100; the in-cylinder mass
of freon injected for nozzles A, B, and C was 45.6, 45.6, and
8.57 mg. Since the acoustic velocity for the freon was around
150 m/s, the nozzles did not choke.

The cylinder pressure associated with the 3.5 compression
ratio reduces the jet exit momentum to around 0.55 of that
at atmospheric pressure. The implications of reduced mom-
entum for similar operating conditions (backpressure and in-
jection timing as used at atmospheric conditions) are in-
creases in mixing and spread of the jet equivalent to an
upstream shift in its virtual origin. Reitz and Bracco8 have
reported similar effects with their injection of liquid jets into
pressurized gas environments. The momentum of the present
jets is slightly lower than that reported by Arcoumanis et
al.,5 but still higher than that of Johnston.11

Optical and Signal Processing Systems
A line diagram of the optical arrangement and signal in-

strumentation is shown in Fig. 2. An argon-ion laser was
operated at 1 W and 488 nm and provided a beam that was
vertically polarized with an exit diameter of approximately
1.5 mm. The beam was first expanded by a factor of three
and passed through a half-wave retardation plate to rotate
the plane of polarization to horizontal, and focused to a
beam waist diameter of about 100 ^m over a length of 1 mm
with a 200-mm focal length lens LI. The scattered light was
collected with a 300-mm focal length lens L2 over a solid
angle of 0.071 sr normal to the observation volume and
plane of polarization. The collected light was passed through
a rectangular slit arrangement at the entrance to the photo-
multiplier (EMI 9816B); the dimensions of the slit defined an
observation volume of 0.005 mm3 based on the half-intensity
diameter of the incident beam. Prior to entering the
photomultiplier (PM) the light was optically filtered by a
10-nm interference filter and focused with a 25.4-mm-diam
lens L3 through a 50-/im pinhole. The anode current was
converted to a voltage and input to a bandpass filter set at
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4-KHz cutoff. The signal was digitized at 30 KHz and sampled
at a variable frequency (16 KHz max) with a microcom-
puter. The signal from a pressure transducer (Kistler In-
struments 6121A1) was also input to the digitizing system
and sampled simultaneously with the photomultiplier output.
The uncertainty in the simultaneous measurement times was
determined to be less than 2 jus. A third signal was obtained
from an optical encoder, driven by the crank shaft, and was
provided in the form of 1000 pulses per revolution with a
marker pulse at top-dead-center (TDC) of compression.

Care was taken to ensure that the in-cylinder pressure at
the start of injection, the engine speed, and the peak-cycle
pressure were within predetermined tolerances for each cycle;
the pressure tolerance was 0.001 MPa and the speed 1%.
The ensemble averages were formed from around 4000 data
at each measured location.

Sources of Error and Uncertainties
The sources of error in laser Rayleigh scattering (LRS)

measurements have been documented in detail by Pitts and
Kashiwagi;12 additional sources in this application include
variations in cylinder pressure and gas temperature. In addi-
tion, particles or droplets may give rise to scattered light
which has to be distinguished from the molecular Rayleigh-
scattered light.

For a binary mixture at constant temperature and pres-
sure, a Rayleigh signal is based on variations in the effective
(i.e., total mixture) Rayleigh scattering cross section and,
thus, mole fraction. In the engine, the time-vary ing pressure
requires that the signal be analyzed at the pressure at which
scattering occurs. Calibration measurements under both
static and time-varying conditions made with concentrations
of freon-12 and air of 20, 40, 60, and 80% confirmed the ex-
pected linearity between pressure and intensity.

The static measurements were made with a pressure vessel
having optical access while the time-varying results were ob-
tained with the engine running. For the latter, the head was
covered with a polyethylene bag and provision made for the
intake gas to be varied. To ensure that the mixture concen-
tration did not change, the scatter intensities before and after
the running of the engine were determined and were found
to be within ±0.5% of the expected values. Comparison of
the static and time-varying results showed rms deviations of
less than 1.5% and these were attributed to the sudden rise
in gas temperature during compression which was small in
the present case but may become important at higher com-
pression ratios. An example of the time-varying calibration
results is shown in Fig. 3.

Systematic checks were 'made during the measurements to
ensure that the scatter intensity ratio between pure freon and
air remained constant (16 ±0.05). This ratio is slightly lower

1.8 R

10.5

than the commonly reported value of 17.9 and due to im-
purities in the freon; note that /freon/4ir = <Tfreon/<7air where 7y
is the detected Rayleigh-scatter intensity of the respective
gases deconvoluted from noise.

Scattering from solid particles (e.g., room dust), was
readily identified and removed when the intensity values
were greater than that of pure freon. When particle scatter
intensities fell below this maximum, the digital filtering tech-

Table 1 Characteristics of the model engine

Engine speed, rpm
Bore, mm
Stroke, mm
Connecting rod length, mm
Intake-exhaust valve

Diameter, mm
Seat angle, deg

Flat piston
Diameter, mm
Clearance at TDC, mm
Compression ratio

Piston bowl configuration
Diameter, mm
Depth, mm
Compression ratio

200
75.8
94
363.5

33
45

75
36
3.5

49
23
3.2

Table 2 Injection characteristics

Injection pressure, MPa
Injection timing, deg BTDC
Injection duraction, deg

0.55
38
24

*• laJnT

all dimensions in mm 3.2 1.0

Fig. 1 Valve and freon jet arrangements. Fig. 2 Optical and signal processing arrangements.
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Table 3 Influence of nozzle
geometry on jet spread

Nozzle

A

B

C

x, mm

5
10
15

5
15

5
10
15

rV2/d

0.411
0.867
1.02

0.449
1.03

0.650
1.60
1.85

360 9 (deg)

0 0.3 fime(s) 0.6
Fig. 3 Scattered light intensity as a function of pressure, concentra-
tion, and time.

D nozzle A
A nozzle B
o nozzle C

322 330 340 350 360 9(deg)

Fig. 4 Variations of ensembled-freon concentration reduced to at-
mospheric pressure (actual mole fraction): jc = 5mm, r/cf=0, flat
piston.

344

— x=7 mm
—— x=15mm
— - x-25/77/7?

322 330 340 350 360 Gldeg)

Fig. 5 Variations of ensembled-freon concentration for nozzle A:
flat piston.

temperature effects are negligible. The more general form
for the scatter intensity of the fuel/air mixture is given by

(2)

(e.g., see Graham et al.14) where K is an experimental system
constant, P and T the absolute pressure and temperature, Xt
the mole fraction of the rth species, and a/ the respective
Rayleigh scattering cross sections. The ratio P/T defines the
total number density TV of molecules in the measurement
volume, assuming ideal gas behavior or N- ENj = P/T.

The photon count rate Np can be estimated from Eq. (2)
(see, for example, Pitts and Kaskiwagi12) and results in the
present case in 2xl07 photons/s for air and 4.4xl08

photons/s for freon-12. These values, along with the cutoff
frequency A/=4 KHz, define a signal-to-noise ratio
(SNR) = (A^/2A/)1/2 of about 233 or a relative uncertainty
given by 1/(SNR) of 0.45%. For the pure air signal the
relative uncertainty is about 2% and the corresponding SNR
is 51. At the pressures of the measurements, the SNR values
are improved by a factor of about (P)!/2 and follow from
Eq. (2) and the definition of the SNR; thus, the effects of
photon statistics on higher statistical moments (i.e., vari-
ance, skewness, and kurtosis) are very small. Moreover, elec-
tronic shot-noise effects at pressures as found in the engine
should be about 1%, but since the mole fractions are defined
relative to atmospheric conditions [Eq. (1)], shot-noise
uncertainty is more likely to be about 2%. Having obtained
the corrected signal values for the Rayleigh scattering inten-
sities [Ig(6)]> the mean mole fraction is related to the
ensemble of the signal intensities by

X
(3)

niques described by Green13 were used and resulted in a mean
uncertainty of around 1.5% and about 3% for the rms.

The measured pressure-influenced signal intensities were
corrected to atmospheric value according to the equation

(1)

where I g ( 0 ) is the equivalent instantaneous gas mixture scat-
ter intensity at 1 atm, IB the averaged optical background at
the measurement location (detected using helium), and P the
absolute pressure at the crank angle 6. It was possible in
most instances to set IB = 0. The transient temperature error,
introduced into the measured pressure, is around 0.005 bar
and can be combined with the overall uncertainty in the
pressure measurements to give a maximum error in .the quan-
tified mole fraction of-less than 1%, assuming that in-cycle

where the subscript o refers to a reference state and the nor-
malized rms intensity is given by

(4)

with (Ig2)l/2 representing the rms of the signal after decon-
volution of shot-noise effects and photon statistics (see Refs.
12 and 13). The results of the next section, as represented by
Eqs. (3) and (4), have an estimated uncertainty in mean con-
centration of less than 3% in Eq. (3) with a maximum uncer-
tainty in the rms of the concentration fluctuations of 1% in
Eq. (4).

Results and Discussion
Results for the freon concentration field are presented in

Figs. 4-11 in the form of concentration distributions and
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eenterline and radial profiles. The ensemble averaged in-
cycle fuel concentrations for the three nozzles are shown in
Fig. 4. These concentrations were obtained at the same axial
location (x=5 mm) on the eenterline and indicate the faster
decay and mixing expected with the initially lower mass of
injected fuel of nozzle C and the greater mixing of nozzle B
relative to nozzle A, resulting from the increased diffusion
angle of nozzle B. The decay in eenterline concentration
distributions with downstream distance is represented by Fig.
5. The results of Figs. 4 and 5 are based on instantaneous
fuel-injection signals over 104 engine cycles, and examples for
nozzle A at a eenterline location of x/d=2Al (x=SA mm)
are shown in Fig. 6; both the pressure-influenced signal (Fig.
6a) and corrected signal (Fig. 6b) are shown. The start time
of injection is consistent for each cycle, and the measured in-
jection duration is effectively constant (1.6.7 ms).

The results of Fig. 6 may be compared with the noncom-
pressing results of Fig. 7 and confirm that the penetration of
the jet into compressed air is less than that in atmospheric
air with increased jet decay and spread, as is expected from
steady-flow results such as those of Green and Whitelaw.15

The spatial distributions of the mean and rms of the con-
centration fluctuations of Figs. 8-11 are based on ensemble
averages over a 10-deg crank angle window A0 centered at 21
deg before TDC. As can be seen from the downstream
results indicated by Fig. 5, this averaging window consis-
tently defines a region of characteristic behavior for the fuel-
injection process. Averaging was also carried out with a
5-deg window centered at 21 deg before TDC, and com-
parison with the 10-deg results showed no differences. The
choice of a 10-deg window improved the data acquisition
rate and permitted more statistically accurate results to be
obtained.

Centerline Characteristics
In Fig. 8, results are presented for the mean and rms mole

fraction concentration corresponding to the three nozzles
with a flat piston and for nozzle A with a bowled-piston
geometry; the mean values are normalized by the exit con-
centration X/X09 where X0 = 1 is the exit mole fraction. The
mean concentration characteristics of Fig. 8a indicate results
similar to those of free steady jets, where rapid initial decay
of concentration is followed by a more gradual decay rate.
The large distance represented by the ratio of piston clearance
to nozzle diameter partly predicts that eenterline concentration
decay behavior similar to that found for free jets should ex-
ist. Similar observations have been made for the eenterline
velocity field of impinging jets as reported, for example, by
Gutmark et al.16 and Amano and Brandt.17 Analysis of the
results of Fig. 8a show that the initial decay of concentration
for nozzle C is greatest, and that when the penetration
distance is increased, as results with a bowled-piston, the in-
itial decay is decreased, as indicated by the comparison of
the results for nozzle A with a flat and bowled piston. Thus,
a decrease in piston clearance leads to faster decay because
of faster jet impingement onto the piston face. Further
analysis shows that the downstream decay of the mean con-
centration is greater for the larger diffusing nozzles A and B
than that which results for the convergent nozzle C* Com-
parison of these centerline results has been made by con-
sidering the reciprocal of the mean concentration of Fig. 8a,
which can be described in terms of the well-known decay law
X0/X=k(x^x0)/r0 where k is a constant, x0 the virtual
origin of the mole fraction, and r0 the nozzle radius. Often
the effective nozzle radius is used to account for density dif-
ferences when considering the mass fractions instead of mole
fraction, for instance as in Refs. 12 and 15. Using the value
of k determined for each case as a relative indication of the
centerline decay rate, the values for nozzles A, B, and C
(when a flat piston is used) are £^=0.120, A:B = 0.114, and
kc — 0.049, and when the bowled-piston results are con^
sidered for nozzles A, kA =0.179. Here, the larger the value

42

wim^
time 28 msec

a) Unconnected for pressure.

28 msectime
b) Reduced to atmospheric pressure.

Fig. 6 Time-resolved variations of freon concentration: */rf=2.47,
r/cf=0, nozzle A, flat piston.

X ( t )

———^ time

Fig. 7 Single traces of freon concentration: nozzle A in noncom-
pressing engine.

of k, the larger the downstream decay rate implied. Toward
the downstream region near the piston, the mean concentra-
tion levels for nozzles A and B become less dependent on
upstream conditions. The concentration levels, however, re-
main higher for nozzles A and B because of the greater mass
of fuel initially injected over nozzle C.

The rms distributions of Fig. 8b are presented in terms of
the local rms divided by the local mean concentration X/X;
and this is referred to as "unmixedness."12 As can be seen,
the initial rise in X/X tends, with respect to the amount of
mixing achieved, to an asymptotic behavior. The distance
from the nozzle at which the asymptotic behavior begins to
occur is influenced by the degree of mixing and the
associated rate of concentration decay. It is observed that
with nozzle C the lower mass of injected fuel, which is con-
sequently more rapidly mixed with surrounding air, results in
the fastest achievement of asymptotic behavior and lowest
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1.0

0.5-

nozzle d(mm) piston
D A 3.4 bowled
O A 3.4 flat
V B 3.8 flat
O C 1.0 flat

10 x(mm)15orx/lN0
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z
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n
25 30 35

NOZZLE C
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/Q NOZZLE A
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X/U NOZZLE B
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7 8 9

30-

1-%
X

20H

10- nozzle d(mm) piston
• A 3.4 bowled
• A 3.4 flat
T B 3-8 flat
• C 1.0 flat

30 35

3 4 5 w /J 6 7 8 9 1 0x/d NOZZLE A

1 2 4 , 5 6
x/d,

6
b) A/U NOZZLE B

Fig. 8 Centerline distributions of ensemble-averaged mean and rms concentration.

levels of X/X. In contrast, the case of nozzle A with the
bowled piston (which results in the slowest mixing due in
part by the increased penetration distance) indicates a slower
growth toward asymptotic behavior in the characteristics of
X/X. Moreover, the increased spread and thus mixing of the
fuel jet from nozzle B over nozzle A, resulting from the in-
creased diffusing angle of nozzle B, also shows a consistent
trend in the resulting behavior of X/X. Normalizing the
local values of the rms X by the exit mean mole fraction
(i.e., X0 = l.O) shows, as expected, that values of X/X0
decrease with distance from the nozzle with values for
nozzles A and B tending toward 9% rms and those for noz-
zle C to around 3%. These values suggest, when compared
to similar results obtained in a noncompressing engine (Ref.
5), that the effect of compression through .the increase of the

in-cylinder air density results in decreased penetration of the
fuel jet and increased mixing, particularly as lower values of
X/X0 resulting near the piston indicate a more homogeneous
air/fuel mixture.

Radial Characteristics
Radial profiles of mean and rms concentration for nozzles

A, B, and C, obtained with a flat piston, are shown in Figs.
9-1.1, respectively. The mean radial distributions are normal-
ized by the center line value of concentration. These radial pro-
files show that the rate of decay dX/dr decreases with down-
stream distance, as indicated by the broadening of mean pro-
files, and is consistent with the variations in the mole fraction
close to the cylinder axis. The rms quantities tend toward a
maximum and then decrease with the ratio XmSLK/XCL not ex-
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nozzle-A
flat piston O x/d=U7

v x/d = 2-35
D x/d =2-94
A x/d =4.41
O x/d =7-94

6 r(mm)

0-5 1-0 r/d 1.5 2-0

1.0

4 r(mm) 5

0-5 r/d 1.0 1-5

x/d =1-4 7
x/d =2-3 5

• x/d -2-94
A x/d = 4.41

x/d - 7-94

6 r(mm)

0-5 1-0 r/d 1-5 2-0

Fig. 9 Profiles of ensemble-averaged mean and rms concentration:
nozzle A, flat piston.

ceeding 1.15, although in steady jets this ratio can be as high
as 1.35 for jets having a density less than the surroundings and
around 1.07 for jets of heavier density than the surroundings.
The present results indicate that the combined reduction in the
jet to surrounding air density ratio (caused by the compression
process) and the transient characteristics of the fuel jets result
in more intensive mixing for an initially heavy density fuel jet.
In addition, examination of the probability density distribu-
tions (pdf) of the ensembled values of the mole fraction showed
that they were skewed toward the lower values in a manner
consistent with pdf s for the velocity characteristics of steady
jets or the concentration characteristics of the steady jet of *
Green and Whitelaw.15 The larger diffusing angle of nozzle B

4 r(mm) 5

05 r/d 10 15

Fig. 10 Profiles of ensemble-averaged mean and rms concentration:
nozzle B, flat piston.

over nozzle A results in greater spread for nozzle B, which
associates itself with the increased mixing evident in the results
of Fig. 8. Thus, reduced spread rates result downstream as in-
dicated by values of the constant k for nozzles A and B. Note
that with nozzles A and B the same mass of fuel is injected.

When the results for the mean radial concentration of Figs.
9-11 are considered in terms of the radial coordinate r/r,/2,
with r./2 the radial location where the concentration falls to
half of its center line value, all the results tend to collapse on a
single curve, which agrees well with the classical Gaussian
distribution reported for similarity of steady jets, namely,

X/XCL = exp [ - k' (r/r,/2)2 ] (5)

where k' =&i 2. For the radial rms distributions, a similarity
collapse of the data does not result.

When the radial coordinate is made nondimensional by the
nozzle diameter as r/d, the radial profiles of Figs. 9-11 in-
dicate more clearly the extent to which the spreading rate dif-
fers for the different nozzles and the degree of mixing for each
as indicated by levels of X/XCL. These observations are con-
sistent with the discussions of the centerline characteristics.
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nozzle-C
flat piston O x/d:5

A x/d=10
O x/d=15

05

1 2
r(mm) or

1 2 , 3
r (mm) or r/d

Fig. 11 Profiles of ensemble-averaged mean and rms concentration:
nozzle C, flat piston.

An assessment of the influence of nozzle geometry on spread-
ing is summarized in Table 3, which indicates a characteristic
spread parameter ryjd for results obtained at the same axial
locations within the cylinder with the different nozzles. The
results show that the convergent (spray type) nozzle C gives
rise to a characteristic spread rVz/d of the order of 1.8 times
greater than the diverging nozzles A and B and this is consis-
tent with the more uniform air/fuel mixture implied by the
centerline results of nozzle C over those of nozzles A and B.
These relative quantitative features are well represented by the
qualitative studies reported by Reitz and Bracco8 in their
studies of steady liquid jets used to simulate high-pressure
diesel sprays.

Conclusions
The present investigation of the in-cylinder concentration

field of a simulated fuel, in a model diesel engine operated in
a four-stroke cycle with compression and motored a 200
rpm, revealed the following:

1) Injection of fuel into compressed air results in a more
rapid decrease in jet momentum and in faster decay and in-
creased mixing of the transient fuel jet, relative to the injec-
tion into atmospheric, air.

2) The flowfield was found to be strongly dependent on
the nozzle geometry. The convergent (spray type) nozzle
showed a substantial departure from the characteristics of
the diverging nozzles and gave rise to a greater characteristic
spread over the diffusing nozzles.

3) The radial distributions of mean concentration showed
similarity for all the nozzles when the radial coordinate is ap-
propriately scaled.

4) The rate at which asymptotic behavior is approached
for the centerline unmixedness was strongly influenced by
the degree of air/fuel mixing resulting near the nozzle exit.
Rapidly mixed air with injected fuel leads to the fastest
development of asymptotic centerline characteristics in-
dicative of homogeneous mixtures.
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