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VELOCITY PREDICTIONS FROM A COUPLED 1D/3D CFD SIMULATION COMPARED
WITH MEASUREMENTS IN THE CATALYST SYSTEM OF A FIRING ENGINE
S. F. Benjamin, W. Disdale, Z. Liu, C. A. Roberts and H. Zhao
School of Engineering, Coventry University, UK

Abstract
Velocity measurements were made in the catalyst system of a firing engine using a one component
LDV system. The 1.4 litre engine was operated at 2000 rpm and 88% full load condition. Velocity
pulsations were observed in one of the runners supplying the catalyst and downstream of the catalyst.
The velocity pulsations measured downstream of the catalyst enabled the mean velocity profile to be
found. Observations were compared with simulations obtained from a coupling of the Star-CD CFD
code, which modelled the catalyst as a 3D component, with the Ricardo WAVE 1D engine-cycle
simulation code. The velocities in the runners were predicted to fluctuate between —65 m/s and 240
m/s. The observed velocity showed a similar pulse shape but a smaller magnitude of reversed flow. The
velocities downstream of the catalyst were predicted to fluctuate between -5 and 22 m/s. The observed
velocities showed smaller amplitude pulsations and significantly lower magnitudes of reversed flow,
consistent with the input runner observations. The coupled simulation was shown to give good
qualitative agreement with measurements, with quantitative predictions being most accurate near to the

catalyst centre but less accurate at locations closer to the outer wall.

Nomenclature

fs frequency shift between beams of LDA system (Hz)
F fringe spacing (m)

L monolith length (m)

Ap pressure loss (Pa)

u superficial velocity in channel axis direction (m/s)
V| superficial velocity magnitude (m/s)

a, fp permeability coefficients

0 angle between beams of LDA system (°)

A wavelength of laser light (m)

Vp magnitude of effective fringe drift velocity (m/s)



1.0 Introduction

Automotive catalyst performance is highly dependent upon the flow distribution. When the catalyst is
close-coupled to the engine, the flow distribution changes markedly during the two revolutions of the
engine that comprise the engine cycle in a four-cylinder engine. The individual runners that duct the
exhaust gases from the engine supply high velocity jets to parts of the catalyst in turn, dependent upon
the design of the diffuser upstream of the catalyst. If this process can be successfully modelled, then
design of the diffuser and catalyst system can be achieved without the need for prototyping. Often, the
design is constrained by the requirements of the component manufacturing process and by space in the
engine compartment. Alternative designs can be assessed and compared much more cheaply if a

reliable model for performance prediction is available.

In the last ten years there have been a number of studies published attempting to model the flow in a
close-coupled catalyst. An early study [ 1 ] of the CFD prediction of pulsating flow in a catalytic
converter was carried out by Bressler et al. in 1996. Cho et al. reported a similar study [ 2] in 1998. In
both of these studies the flow was provided by a pulse generator rather than an engine. Some recent
work has shown [ 3, 4 ] that the behaviour of the engine under motoring conditions is significantly
different from that under firing conditions. Many recent studies have concentrated on firing engines.
There is work in the literature by Zhao et al., [ 5] that suggests that pulsations from an engine do not
pass through a catalyst monolith mounted in an under floor configuration. Measurements made here
previously by hot-wire anemometry [ 6 ] have, however, demonstrated that even modest pulsations
from a cold flow test rig do pass through monolith substrates and clearly in the case of a close-coupled
catalyst on a firing engine, where velocity pulsations are of much higher amplitude, the pulsations will
be transmitted by the catalyst. The work reported in [ 5 ] was extended by Bai et al., [ 7] to close-
coupled catalysts, and pulses were measured at the catalyst exit under firing conditions. These authors
discussed the non-uniformity of the velocity distribution in their paper and attempted to identify the
most suitable location for the oxygen sensor in their particular exhaust geometry. Park etal. [ 8]
reported some similar measurements on a dual brick system and additionally presented CFD
predictions for their particular geometry. They concluded that the primary flow of the blow down

process governs the overall flow characteristics of the exhaust.



A coupled model has been developed that can make predictions of velocity in the catalyst system for
both motored and firing engine conditions [ 9 ]. The coupled model links the engine cycle simulation
code Ricardo WAVE with the CFD code Star-CD. The coupled model should provide advantages over
conventional CFD because the input to the runners in the CFD model, which controls the exhaust flow,
is simulated. This avoids the need to arbitrarily specify the inputs to the runners at the model inlet

boundary.

In the paper [ 9 ] where the coupled model was described, predictions were compared with velocity
data measured in the catalyst system downstream of a motored engine. Both temporal pulse shapes and
spatial velocity profiles were measured and compared. Agreement was found to be quite good. One
single point measurement in a firing engine was presented in that paper. It thus remains necessary to
more fully validate the coupled simulation model against data obtained under firing engine conditions.
This work is reported here, with particular emphasis on the gathering of the experimental data. A
simple laser Doppler velocimetry (LDV) system was used to make measurements of the velocity
pulsations in a runner leading from the engine port to the catalyst diffuser, and also downstream of the
catalyst monolith. The mean velocity profile was also obtained downstream of the catalyst brick across
the catalyst outlet face. The LDV technique [ 10 ] is the technique of choice for velocity measurements
in firing engine work as it is not intrusive and the problems associated with velocity measurements at
high temperatures are minimised. The LDV technique is also useful where significant reverse flows

are encountered.

This paper reports measurements that were carried out specifically to provide data for model validation.
The work described here extends the validation of the coupled model to firing engine conditions, with

measurements being made for a typical engine operating condition.

2.0 Test rig and experimental technique

The geometry of the experimental set up is fully described elsewhere [ 4 ]. Figure 1 shows
schematically a plan view that indicates the location of the engine, runners and measurement axes
relative to the catalyst monolith. Figure 2 shows a photograph of the experimental test rig. Four
runners supplied the flow to the catalyst system. Each had an approximately oval cross section with 36

mm major axis and 24 mm minor axis. A block containing flow straighteners and optical windows was



present in the engine test rig between the engine outlet ports and the manifold. The runners from the
manifold entered a small diffuser upstream of the catalyst. The catalyst monolith was 120 mm in
diameter and 120 mm in length. A chamber was fitted downstream of the catalyst monolith, between
the brick and the exhaust duct, that was 126 mm diameter and was fitted with viewing windows 6 mm
thick of polished fused quartz. The measuring plane through the windows was approximately 30 mm

from the catalyst brick exit, i.e. far enough to avoid jets from the individual channels [ 11 ].

The engine used for the experiments was a 1.4 litre 4-cylinder 16 valve gasoline-fired automotive
engine. The condition for the velocity measurements was 2000 rpm, 88% of full load, with 70 Nm
torque approx. The engine was mounted on a test bed and linked to a Froude-Consine eddy current

dynamometer controlled with a Texcel V4 control system.

The flow velocities were measured with an LDV system probe of the fibre optic type. It had 120 mm
focal length and 16 mm beam spacing. Allowing for the geometry of the test rig, this could measure up
to a maximum of 93 mm away from the inside of the viewing window. It was thus not possible to
measure fully across the diameter but it was possible to probe well beyond the central axis. The half
angle of the 514 nm argon-ion laser beam intersection was 3.81°. The LDV measuring volume was
estimated to have length of about 2.2 mm. A water-cooled jacket support allowed the probe to be
rigidly attached to the catalyst system without overheating the LDV probe. This was necessary because

significant engine vibration was transmitted to the exhaust and catalyst system.

For an LDV system, the basic equation is,

F sin( 8/2)=1/2

For this system, the half angle ( 8/ 2 ) between the beams is 3.81° and wavelength A is 514 nm so that
fringe spacing F is 3.868 um. Furthermore,

Vp =Ffs

For this system, the frequency shift fs between the two beams is 10 MHz so that the effective fringe
drift velocity Vp is 38.68 m/s. The velocities downstream of the catalyst (predicted to pulse between -5
and 22 m/s) can be readily measured with the normal signal filter settings for this system of 5 to 30

MHz. The velocities upstream of the catalyst in the runners, however, are predicted to pulse between



—65 and 240 m/s. This required an upper filter limit of 90 Hz for measurements of the main peak and
additional measurements with other filter settings and the probe reversed relative to the flow direction
to measure the high reverse flows. Table 1 indicates the velocity measuring capabilities of this system,

which are dependent upon signal filter settings.

The signal processing system was a TSI IFA 750; the rotating machinery resolver was also supplied by
TSI. This system, together with a shaft rotary encoder, enabled the 720° of crank angle per two engine
revolutions to be divided into 124 spans, each of 5.8 *, into which the velocity data were assigned. At
2000 rpm, 5.8° change in crank angle corresponds to a time interval of 0.48 ms. Temporal pulse shapes
were measurable from ensemble averages of velocity measurements collected over multiple cycles. In
excess of 3k data points were obtained at each measurement location within a few seconds. The

maximum amount of data recorded at any one location in one test was 16k data points.

The seeding of the fuel was achieved using the method described by Zhao et al. [ 12 ], who suggested
titanium isopropoxide, 5 — 8 %, mixed into the fuel to generate titanium dioxide particles on
combustion. In this work it was found that the lower end of this range, 5 — 6 % by volume, was most
satisfactory. The measured amount of titanium isopropoxide was simply poured into the fresh fuel
prior to an experiment. The engine was run until the water outlet temperature reached 80° C. The
engine was then turned off and the viewing window was replaced with a fresh quartz glass. The engine
was restarted and measurements were made and continued until failure to obtain data, usually due to
fouling of the window. The window was then replaced again, the engine was restarted and experiments
were continued unless the engine showed signs of running roughly, which was sometimes noticed after
extended periods of experimentation. In that case, the tests were suspended and the engine was allowed
to cool thoroughly before tests proceeded. The spark plugs, which became coated on one side with
titanium dioxide deposits after extended tests, were cleaned periodically. The engine was purged for
several minutes with undoped clean fuel after each batch of tests. It was also necessary periodically to
clean the engine fuel injectors. There was no visual evidence of blocking of the catalyst itself, even

after long periods of testing.



3.0 Coupled model and model predictions

3.1 Coupled model

The coupled model was first described by Liu etal. [ 9]. Figure 3 shows a schematic diagram of the
1D WAVE model and Figure 4 shows the mesh for the 3D CFD model. These are the two components
of the coupled simulation. WAVE is linked to the Star-CD CFD model at five boundaries. These are
the four runner inlets and the exit from the outlet pipe. WAVE was the controlling programme in the

coupled simulation, where the procedure was as follows:

(a) WAVE calculates its own time step size, sub-stepping if required within the fixed Star-CD time
step size.

(b)) WAVE solves explicitly the governing equations in its piping system up to the end of a Star-CD
time step.

(¢) WAVE provides the boundary conditions, time-averaged over the Star-CD time step. These
boundary conditions are the flux at the WAVE/Star-CD interface and the state boundary conditions, i.e.
density and temperature of the discretisation volume adjacent to the interface. They are provided to
Star-CD via user subroutines.

(d) Using both the flux and state boundary conditions that have been provided by WAVE for the end
of the Star-CD time step, Star-CD then solves the 3D flow field.

(e) Star CD spatially averages the revised boundary conditions and passes them back to WAVE via
RSimlink coding.

(f) Steps (b) to (e) are repeated for each time step through the co-simulation until the specified

completion time is reached.

The connecting interface between the two models at each of the five boundaries referred to above
(indicated in Figures 3 and 4) was assumed to be a flat plane normal to approximately 1D flow. In the
WAVE model shown in Figure 3 the 1D network linking the five junctions is termed a ‘shadow
network’ and it was this that was replaced by the 3D CFD model in the second phase of the co-
simulation. The purpose of the shadow network was to reduce the cpu time required to obtain a
converged coupled solution. In the coupled simulation, WAVE modelled two cases. Case 1 used the

shadow network and was run for 20 engine cycles to obtain a converged solution. The flow field at the



end of this provided the initial field for Case 2. In Case 2, the 3D CFD model replaced the shadow
network and the two codes performed the coupled simulation, as outlined above. Case 2 was run for
only 3 engine cycles, of which only the third was analysed. The simulations took two to three weeks on

an SGI Octane workstation with a single R12000 processor and 2GB of RAM.

The 3D CFD model shown in Figure 4 contained about 220,000 cells. The cell layer in the mesh
adjacent to the interface between WAVE and Star CD was increased in the axial direction to avoid
numerical instability in the coupled simulation. All the surfaces of the mesh, except for the five plane
boundaries, were defined as ‘non-slip” adiabatic walls. The effect of chemical reaction on monolith
temperature was not included in the model. The PI1SO algorithm [ 13 ] was used for the transient
analysis. The time step was equal to 0.5° crank angle at 2000 RPM (i.e. 4.17x10°° s approx.). The
second order differencing scheme MARS (monotone advection and reconstruction scheme) [ 14 ] was
used for momentum variables. The MARS scheme operates in two steps: reconstruction, which uses a
TVD (total variation diminishing) scheme, and advection. First order upwind differencing was the
chosen scheme for turbulence variables and enthalpy. The compressible high Reynolds k-¢ model was
used as the turbulence scheme [ 14 ] and the ‘log wall function’ was used to treat the flow in the wall
boundary layer. The catalyst monolith was modelled as a porous medium with appropriate prescribed

flow resistance of the form

Ap= (a VI+p)u
L

The transverse permeability coefficients were assigned values of 10 ® whilst in the direction of the
channel the pressure loss was described by the Hagen-Poiseuille equation and hence permeability g

was temperature dependent.

3.2 Model predictions

Figure 5 shows the mean (cycle-averaged) velocity at the catalyst exit predicted from the coupled
model. The profiles for axes 1, 2 and 3 are compared. The locations of the 3 axes are shown in Figure
1. The predicted mean velocity distribution can be seen in Figure 5 to be spatially non uniform, i.e.,

maldistributed, but approximately axially symmetric.



Figure 6, from A to P, shows the predicted velocity distribution at the catalyst exit at various times over
the 720° corresponding to two engine rotations. The engine firing order was 1-3-4-2 and the engine
ports and runners are numbered as in Figure 1. For reference, Table 2 gives complete timing data for
the engine. The exhaust valve closes 23° after exhaust TDC, the inlet valve closes 62° after BDC, the

exhaust valve opens 39° before BDC and the inlet valve opens 22° before exhaust TDC.

Figures 6A to 6D show the evolution of the pulse supplied from runner 4. This occurs at a time just
after compression TDC of cylinder 2. There is swirl of flow from runner R4 evident from 6A to 6B.
Figures 6E to 6H show the evolution of the pulse from runner 2. The peak occurs at a time just after
compression TDC of cylinder 1. Figures 61 to 6L show the evolution of the pulse from runner 1. This
occurs at a time just after compression TDC of cylinder 3. There is swirl of flow from runner R1
evident from 61 to 6J. Finally, Figures 6M to 6P show the evolution of the pulse from runner 3. This
pulse occurs at a time just after compression TDC of cylinder 4. The angles stated on the figures are
defined such that 360° corresponds to top dead centre of cylinder 1, as shown in Table 2. The predicted
peak velocities from runners 1 and 4 spread over a crescent shaped area of the catalyst, due to the angle
at which the jets from the runners impinge on the opposite diffuser wall and the catalyst inlet face.
Runners 1 and 4 are the outside runners, see Figure 1, and perform similarly due to symmetry. The
peak velocities from runners 2 and 3 are more highly localised, again due to the angle at which they
enter the diffuser upstream of the catalyst. Runners 2 and 3 are the inside runners and again perform

similarly due to symmetry.

Figure 7 shows the predicted cycle-averaged overall velocity distribution from all four runners. This
shows a non-uniform velocity distribution and an annular area of catalyst that experiences higher mass
flow rates. The average flow at the central axis is less than 3.5 m/s whereas the maximum average flow
is in excess of 6.5 m/s. Although the diffuser and runners were production components for the 1.4 litre
engine under test, it is clear that the velocity distribution achieved in the catalyst is far from ideal. The
purpose of this work, however, was not to re-design the system, but to see how well the model could

predict observations of velocity in this practical close-coupled system.



4.0 Comparison of measurements with predictions
All tests were performed for approximately 88% of full load at 2000 rpm. The airflow rate to the
engine was measured to be 16.34 g/s, and assuming 1.12 g/s of fuel for stoichiometric combustion, the

mean exhaust flow velocity at exit from the catalyst should be about 4.0 m/s at 900K.

4.1 Measurements of temporal pulse shapes in runners

The pulse shape was measured in the centre of runner R1 using the LDV system. The measurement is
compared with the prediction in Figure 8. On the scale on the abscissa of Figure 8, TDC of cylinder 1
lies at crank angle 360°. It can be seen that the magnitude of the peak velocity is well predicted. Three
much smaller peaks are predicted to follow the major peak, but only two are observed. There is
agreement, however, in the magnitude of the smaller peaks. The magnitude of the negative flow that
follows the major peak is not well predicted. Due to the limitations of the LDV system being used,
multiple measurements were made of this negative flow with different filter settings and reversal of the

LDV probe. These all confirmed the result presented in Figure 8.

The source of the negative flow that follows the main peak was believed to be caused by reflection
from the closed ends of neighbouring runners [ 9 ]. The delay between the positive peak and the
negative flow, however, is about 40 degrees of crank angle, i.e. 3.3 ms, which corresponds to a pipe
length between 1.5 and 2 m, dependent upon temperature. It is likely that reflections are the source of

the negative flow but that these are complex and dependent upon the geometry of the system.

The second positive peak is quite broad and probably corresponds to the piston displacement peak that
occurs at about 630° crank angle. There are higher frequency pulsations due to pressure harmonics in

the system superimposed upon the broad peak.

The discrepancy between the 1D engine simulation and the measured inlet velocity will influence the
agreement between the downstream CFD velocity prediction and measured values. This is referred to

again in section 4.3 below.



4.2 Cycle-average measurements along axis 3 (60° to normal to engine)

Figure 9 shows the predicted mean (cycle-averaged) velocity profile at the rear of the catalyst along
measurement axis 3 compared with measured data. Agreement can be seen to be good near the catalyst
centre (diametral location 60 mm). The large velocity peak predicted at about 18 mm from the catalyst
wall was not seen in the experiments, where a smaller peak was observed at about 30 mm from the
wall. The comparison in Figure 9 is slightly improved on that observed in motored engine experiments
[ 91, where peak displacement was also observed. There is known to be some difficulty in predicting
the exact position of the maximum flow, see [ 15 ], where a similar problem was encountered in cold
flow test rig experiments. Significant swirl from runner R4, mentioned earlier in connection with
Figures 6A and 6B, could have a marked effect on the location of the peak in Figure 9. If the swirl in
practice is different from that predicted then this would explain the discrepancy in Figure 9 between

measurements and predictions.

Another implication of the measurements in Figure 9 is that the mean velocity was higher in the real
system in the parts of the flow field that were beyond the reach of the laser probe, i.e. at diametral
locations greater than 93 mm, or along other diametral axes. This was thought probable because when
the rig was stripped down at the end of the experiments, the staining of the catalyst inlet face was more
noticeable on the side nearest the engine, which is consistent with a generally higher flow rate in that

region.

4.3 Pulse profiles at catalyst exit along axis 3

Figure 10 compares predicted and measured pulse shapes at the catalyst exit in the region up to 33 mm
from the wall. The crank angle scale used in Figures 10 to 12 has 360 ° as TDC of cylinder 1. Both
measured and predicted traces consist of a series of four large peaks, due to the blow down, with
intervening smaller peaks. The smaller magnitude but temporally broader intervening peak following
each blow down peak is the displacement peak, as apparent in the inlet pulse (Figure 8). The large
magnitude peak predicted at about 180° crank angle in Figure 10 at locations close to the wall, 8 to 18
mm, is not seen in the measurements. This suggests that the peak area seen in Figure 6A is not located

as close to the outer wall in practice as predicted. There is some evidence of temporal broadening of the
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peak in the measured trace at 180 ° at 33 mm from the wall, which is consistent with increased net flow
rates occurring farther away from the wall. Measurements were more difficult to obtain at the locations
28 mm and 33 mm, which was attributed to the flow field and the seeding available in this region, and
may have indicated high spatial or temporal velocity gradients. In Figure 10, the temporally broadened
peak at 540° could suggest that the swirl seen in Figure 6J from runner R1 has reached the point 28 mm
from the wall on axis 3 by 570° crank angle. Also, from Figure 10 there appears to be over-prediction
of flow velocity from runner 3 near the wall, i.e. at 8, 13 and 18 mm, for 0° crank angle. It appears that

the model may not be correctly predicting swirl and its effects in locations close to the outer wall.

Figure 11 compares predicted and measured pulse shapes along axis 3 from 38 mm to 68 mm from the
outer wall. Prediction of the peak velocities can be seen to be quite good but the magnitude of the
velocity minima is consistently over predicted. This is consistent with over prediction of the magnitude
of the minimum in the runner inlet, Figure 8. Near the centre of the catalyst (location 60 mm) there is
less fluctuation from location to location in both measurements and predictions, Figure 11, with both

exhibiting similar magnitude for the pulses from all four runners.

Figure 12 compares predicted and measured pulse shapes along axis 3 from 73 mm to 88 mm. The
discrepancy between measurements and predictions increases again as the measurement point moves
further towards the opposite wall of the catalyst The measured traces show no significant changes in
pattern. Some temporal peak broadening at 88 mm might have been expected at 540 ° from inspection
of Figure 61, which shows significant swirl from runner R1, but Figure 12 shows only that a significant
negative velocity is predicted after the peak at 540 ° at location 88 mm. Again, the magnitude of the
negative flow predicted is directly attributable to the large negative flow predicted in the runner, but

not seen in the measurements.

Inaccurate prediction of spatial peak location (Figure 9) and temporal peak duration (Figures 10, 11 and
12) is attributable to poor prediction of the swirl from the runners, which in close-coupled catalyst
systems have compound bends. The effect is that the area that experiences peak flow is slightly
displaced spatially from the predicted location, and in some instances the swirl also affects the length

of time over which the flow rate is raised locally.
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5.0 Conclusions

A coupled model was used to make predictions for a firing engine. A Star-CD 3D CFD catalyst model
and 1D Ricardo WAVE engine cycle simulation model were coupled and predictions were made for a
1.4 litre firing engine at 2000 rpm and 88 % load. Velocities in the range —65 to 240 m/s were predicted
in the inlet runners and in range -5 to 22 m/s were predicted downstream of catalyst. Velocities in the
range —20 to 240 m/s were observed in the runners using an LDV system. Velocities in the range -2 to
12 m/s were observed downstream of catalyst. There was generally good qualitative agreement
between measurements and predictions. The over prediction of the magnitude of the reverse flow in the
inlet runner had a direct effect on the predictions of the flow pulses downstream of the catalyst. The
measured pulses at the catalyst exit had lower magnitudes of flow reversal than predicted. The flow
profile across the exit of the catalyst was well predicted near to the centre of the catalyst but the

predicted high mean velocity near the periphery of the catalyst was not observed in the experiments.

The coupled simulation has produced interesting results for a firing engine and work should continue to
improve the prediction of the flow in the inlet runner and the flow distribution at the exit from the
catalyst. Improve modelling of swirl of flow from runners with compound bends will be required if

predictions are to model measurements more closely.
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TABLES (Captions listed overleaf)

Table 1
Signal frequency (MHz) Velocity (m/s)
5 -19.35
10 0
20 38.7
30 77.4
90 309.6
Table 2
Runner  Exhaust EVC BDC IVC Compress. EVO BDC IVO  Exhaust
No. TDC TDC TDC
1 0 23 180 242 360 501 540 698 720
3 180 203 360 422 540 681 720 158 180
4 360 383 540 602 720 141 180 338 360
2 540 563 720 62 180 321 360 518 540
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CAPTIONS FOR TABLES

Table 1 Velocity and signal frequency for LDV system

Table 2 Valve timing for 1.4 litre engine
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List of Figure Captions

Figure 1
Schematic diagram, showing plan of catalyst monolith as viewed from the exit, with axes of

measurement and relative locations of runner entries (R1 to R4).

Figure 2

Photograph of the test rig.

Figure 3

Schematic of the 1D WAVE model for the coupled 1D/3D simulation, reproduced from [ 9 ].

Figure 4
CFD mesh of the close-coupled catalyst system, showing the four inlet runners (1 to 4) and the outlet

boundary (5); reproduced from [ 9 ].

Figure 5
Predicted mean velocity profiles at catalyst exit. Location is measured from catalyst wall so 60 mm

approx. is centre and 120 mm is far wall.

Figure 6 [A] to [D]
Contour plots of instantaneous velocity predicted for exit of catalyst (direction of view indicated).

Blow down pulse seen above originates from R4 and peaks just after 180 deg.

Figure 6 [E] to [H]
Contour plots of instantaneous velocity predicted for exit of catalyst (direction of view indicated).

Blow down pulse seen above originates from R2 and peaks just after 360 deg.

Figure 6 [I] to [L]
Contour plots of instantaneous velocity predicted for exit of catalyst (direction of view indicated).

Blow down pulse seen above originates from R1 and peaks just after 540 deg.
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Figure 6 [M] to [P]
Contour plots of instantaneous velocity predicted for exit of catalyst (direction of view indicated).

Blow down pulse seen above originates from R3 and peaks just after 720 deg (0 deg).

Figure 7
Simulated cycle-averaged velocity distribution at exit from catalyst. Scale range is 0 to 7 m/s with a
local maximum of 6.9 m/s. Engine operating condition, 2000 rpm and 88% full load. Angle of view

indicated.

Figure 8
Predicted velocity in inlet runner R1 compared with data; compression TDC in the associated cylinder

is at 540 degrees.

Figure 9
Comparison of mean velocity profile predicted for Axis 3 at rear of catalyst compared with measured

data.

Figure 10
Predicted and measured pulses at catalyst exit at diametral locations 8, 13, 18, 28 and 33 mm from

outer wall.

Figure 11
Predicted and measured pulses at catalyst exit at diametral locations 38, 48, 58, 63 and 68 mm from

outer wall.

Figure 12

Predicted and measured pulses at catalyst exit at diametral locations 73, 78, 83 and 88 mm from outer

wall.
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