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ABSTRACT

Shuai et al. [7, 8] confirmed the beneficial effects that
can be obtained by shaped substrates.

This study examines the effect of pulsating flow on the
flow distribution through contoured substrates. Three
ceramic contoured substrates of equal volume were
assessed. Two of the substrates were cone shaped with
different cone angles and one had a dome shaped front
face. The flow distribution was measured for a range of
flow rates and pulsation frequencies. Computational
Fluid Dynamics (CFD) simulations were also performed.
It is shown how a contoured substrate can provide
improvements in flow uniformity and that they are less
sensitive to changes in flow rate and pulsation frequency
when compared to the case of a standard substrate.
Improvements in the prediction of flow distribution are
reported when substrate “entrance effects” are
accounted for.

Figure 1 Contura substrate with diffuser

INTRODUCTION
Maldistributed flow due to separation caused by wideangle diffusers is often encountered in standard
automotive exhaust catalyst systems. This can have an
adverse affect on conversion efficiency, catalyst
durability and pressure loss [1, 2]. One possible method
of improving the flow distribution is by shaping the
substrate. This was shown by Wollin et al. in a previous
report [3]. An example of a shaped substrate can be
seen in figure 1. The previous study was undertaken
using steady flow, however pulsating flow is clearly of
interest in exhaust systems.
Several steady flow studies were reported in the
previous study [3] such as Heibel et al. [4], Schönfelder
[5] and Holmgren et al. [6].
Two further investigations have since been published on
the steady flow performance of shaped substrates.

The objective of this study was to investigate the effect
of pulsating flow on shaped substrates. To achieve this
four different substrates have been studied at different
flow rates and pulsation frequencies. A standard
substrate, for reference is compared to two cone shaped
substrates according to the Corning Contura concept
and to one dome shaped substrate according to the
Coventry University AeroCat concept.

EXPERIMENTAL METHOD
SUBSTRATE DESCRIPTION - All substrates were
unwashcoated and taken from the same batch to
minimise manufacturing variance. The volumes of the
substrates were as close as the manufacturing process
3
allowed (~1.11 dm ). The substrates were of circular
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section of diameter 118 mm and cell density of
approximately 390 cells per square inch (cpsi). A
microscope was used to measure the cell width and wall
thickness, which were found to be approximately 1.08
and 0.161 mm respectively. The dimensions of the
substrates as received are given in table 1.

measures in mm

Total length
Length shaped part
Length cylindrical part
Tip diameter
Front angle (degrees)

Table 1

Contura 1
122.8
33.6
89.2
14.7
33.0

Contura 2
126.6
40.0
86.6
14.7
37.8

AeroCat
114.4
27.0
87.4
N/A
N/A

Standard
102.2
N/A
N/A
N/A
N/A

Summary of external dimensions
Figure 3 Exploded schematic of pulse generator

TEST RIG - A schematic layout of the iso-thermal test

Figure 2 Schematic of iso-thermal flow rig

Figure 4 shows a typical inlet velocity pulse. As can be
seen the pulse shape was approximately sinusoidal with
velocity amplitude approximately equal to the mean.
45
40
35

Velocity [m/s]

rig used in this study can be seen in figure 2. The test rig
was supplied with compressed air from two receivers via
a main valve (1). A pressure gauge (2) monitors the
supply pressure, which was reduced from ~100 psi to
~20 psi by a valve (3). A second pressure gauge
monitors the up-stream rig pressure (4). A filter (5) was
used to avoid oil contamination. The mass flow rate was
controlled by an adjustment valve (6). A safety relief
valve rated at 80 psi was used to avoid damage to the
rig (7). Rig pressure was monitored by a pressure gauge
(8). Flow rate was measured using a viscous flow meter
(VFM) (10). Up-stream of the VFM was a 50 mm flow
straightener (9) used to ensure a smooth inlet to the
VFM. The viscous flow meter was connected to a digital
manometer FCO16 from Furness Controls. A plenum
incorporating a flow straightner (11) was used to avoid
swirl components in the flow and a contracting nozzle
(12) produced a uniform velocity profile at the diffuser
inlet under steady flow conditions. The pulsations were
achieved using a pulse generator (13) of which a
schematic can be seen in figure 3. A tube (14) was used
to hold flow straighteners to achieve uniform flow as
described below. A 60 degree (15) total angle axially
symmetric diffuser was used in the experiments. The
length of the diffuser was 61.5 mm and it featured a 20
mm inlet section prior to the diffuser throat. The inlet
pipe diameter, on which all Reynolds numbers were
based, was 48 mm. On the test substrate (16) an outlet
sleeve (17) was used to avoid entrainment of
surrounding air.
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Figure 4 Typical inlet velocity profile

FLOW DISTRIBUTION MEASUREMENTS - The
flow distribution was determined by measuring velocity
profiles at the rear of the substrate. For the velocity
measurements a TSI IFA 300 Constant Temperature Hot
Wire Anemometry (HWA) system was used, as seen in
figure 5. The system comprises of a main unit with the
HWA bridges, a 2D traverse and the ThermalPro
software to control and acquire data. The probes were 5
µm Tungsten/Platinum wires, calibrated using a TSI
1129 fully automatic calibration rig. The velocity profiles
were measured in the outlet sleeve 30 mm downstream
of the substrate. Previous work [9] showed that this
distance was necessary in order to avoid jets from
individual channels.
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Figure 5 Overview of the IFA 300 System (Courtesy of TSI) [10]
Figure 6 Schematics of substrates in baseline position

The flow distribution was measured along two
perpendicular axes, X and Y for all four substrates. The
inlet tube diameter that coincides with the plate edge
when the duct hole is half open was defined as the xaxis (horizontally). The diameter at right angles to this
was defined as the y-axis (vertically).
Initial experiments found distorted flow symmetry,
especially at low frequencies along the Y-axis. This was
found to be caused by pressure build-up behind the
pulse generator. The problem was solved by locating
150 mm of flow straightener 40 mm downstream of the
pulse generator. The flow straightener was made from
400 cpsi ceramic substrate and was divided into three 50
mm lengths separated by 20 mm gaps and finishing 20
mm up-steam of the diffuser throat.
Measurements were taken at four different flow rates,
ranging from 20000 to 110000 and four different
pulsation frequencies. The pulsation frequencies used
were 16, 32, 64 and 100 Hz +/- 3 Hz. These flow rates
and frequencies are representative of typical conditions
found in firing engines. During all experiments the
substrates were positioned in their base line position as
seen in figure 6.
In this study because the substrate length varies radially
space velocity was considered as the preferred measure
of flow performance. Hence a non-uniformity index was
devised to compare the performance of the substrates
and was calculated using the mass flow weighted
difference between the local and mean space velocity
integrated over the substrate face. The local space
velocity and the mean space velocity are defined as in
equation 1 and 2 respectively.

Vi
Li

Vspi =
−

Vsp =

1
•

1

•

∫ Vspiδ m

2

mA

The variation of the space velocity, σVsp, was defined
according to equation 3.

1

σ Vsp =

•

−

•

∫ Vspi − V sp δ m

3

mA
This results in the non-uniformity index over the cross
section of the substrate according to equation 4. A nonuniformity index of zero means that the space velocity is
uniform across the substrate.

ψ =

σ Vsp
−

× 100

4

Vsp

EXPERIMENTAL RESULTS
The non-uniformity index plotted against Reynolds
number can be seen in figures 7 to 10. The solid lines
are second order polynomials fitted for improved
visualisation. It is clear that the contoured substrates are
less sensitive to changes in flow rate and pulsation
frequency compared to the standard substrate and
provided a much more uniform flow distribution.
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Figure 10 Non-uniformity against Reynolds number for the AeroCat
substrate

The flow distribution measured at the rear of the
substrates for the highest Re numbers is shown in
figures 11 to 15. For the comparison nondimensionalised space velocity was used, which is
defined as local space velocity (eq. 1) divided by the
mean space velocity (eq. 2). The non-dimensionalised
space velocity was used to reduce any effects due to
mass flow variations under which the experiments were
undertaken.
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Figure 7 Non-uniformity against Reynolds number for the Standard
substrate
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Good flow symmetry was achieved for both steady and
pulsating conditions, therefore for clarity only the nondimensionalised space velocities along the x-axis have
been plotted in the figures.

Reynolds number

Figure 8 Non-uniformity against Reynolds number for the Contura 1
substrate

The contoured substrates force the flow towards the
outer radius producing a pronounced secondary
maximum. This results in a lower non-uniformity index at
all the frequencies.
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Figures 11 to 15 also show the effect of substrate shape
for different pulsation frequencies starting with steady
flow. The results of the Contura 1 and Contura 2
experiments were very similar with Contura 1 achieving
a better flow uniformity. The Contura 2 results were
therefore not presented in the figures.

Figures 16 to 18 show the effect of different frequencies
for the Standard substrate, Contura 1 and AeroCat
substrates. It can be seen that the flow distributions at
16 and 32 Hz were similar to the steady state cases.
However as the frequency reaches 64 and 100 Hz
significantly more uniform velocity profiles can be seen
for all substrates.
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Figure 9 Non-uniformity against Reynolds number for the Contura 2
substrate

These beneficial effects were believed by Zhao et al.
[11] to be caused by pulsations acting similarly to largescale turbulence, enhancing mixing.
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Figure 14 Non-dimensionalised space velocity profiles along the x-axis
for the Standard, Contura 1 and AeroCat substrate at 64 Hz
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Figure 11 Non-dimensionalised space velocity profiles along the x-axis
for the Standard, Contura 1 and AeroCat substrate at steady flow
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Figure 15 Non-dimensionalised space velocity profiles along the x-axis
for the Standard, Contura 1 and AeroCat substrate at 100 Hz

Figures 19 to 21 compare space velocity profiles for a
constant pulsation frequency of 100 Hz for different Re
numbers. It can be seen that the flow maldistribution
increases with increased flow rate even under pulsating
conditions. The rate of increase was however found to
be lower for the contoured substrates when compared to
the standard substrate. This is believed to be due to the
decreased diffuser volume, which helps to suppress flow
separation in the diffuser throat at the higher Re
numbers.
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0
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Figure 12 Non-dimensionalised space velocity profiles along the x-axis
for the Standard, Contura 1 and AeroCat substrate at 16 Hz
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Figure 13 Non-dimensionalised space velocity profiles along the x-axis
for the Standard, Contura 1 and AeroCat substrate at 32 Hz
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Figure 16 Non-dimensionalised space velocity profiles along the x-axis
for the Standard substrate for a range of frequencies
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Figure 19 Space velocity profiles along the x-axis for the Standard
substrate at a pulsation frequency of 100 Hz
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Figure 17 Non-dimensionalised space velocity profiles along the x-axis
for the Contura 1 substrate for a range of frequencies
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Figure 20 Space velocity profiles along the x-axis for the Contura 1
substrate at a pulsation frequency of 100 Hz
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Figure 18 Non-dimensionalised space velocity profiles along the x-axis
for the AeroCat substrate for a range of frequencies
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Figure 21 Space velocity profiles along the x-axis for the AeroCat
substrate at a pulsation frequency of 100 Hz
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In a previous paper [3] the authors presented results of
CFD predictions for the standard and Contura 1
substrates. Although qualitative agreement with
measurements was obtained the predictions produced
flow profiles which where much too flat. The main
problem was believed to be associated with entrance
effects where the flow impinges obliquely on the front
face of the substrate [9]. A method to account for such
effects for standard substrates is described in [12, 13].
The approach is suggested by the early work on heat
exchangers by Küchemann and Weber [14]. They
suggested that an estimate of the extra pressure loss
term may be given by equation 5 where u is the radial
velocity component just up-stream of the substrate.

2.0
1.8
1.6
1.4
1.2
1.0
0.8
Experiment, X-axis

0.6

Experiment, Y-axis

0.4

CFD, without entrance effect

0.2

1 2
ρu
2

5

CFD, with entrance effect

0.0
0

20

40

60

80

100

Radial Distance [mm]

This has been applied to the standard and Contura 1
substrates. CFD predictions were performed using the
commercially available software package Star-CD. To
simulate the substrate, a porous medium approach was
used with the pressure drop prescribed using the Hagen
–Poiseuille equation appropriate for square channels [9]
plus the additional pressure loss term as given in
equation 5. The non-linear k-ε turbulence model was
used in the high Reynolds number regions and the
Norris Reynolds model in the near wall region. All
variables were discretised using a second order
differencing scheme. The flow was assumed to be isothermal, incompressible and axially symmetric. Hence
only a 5-degree wedge was simulated with symmetry
planes defined at the wedge faces. The experimental
results compared to CFD predictions for the Standard
and Contura 1 substrate can be seen in figures 22 and
23.
2.0
Non-dimensionalised space velocity

Incorporating the entrance effect improves predictions
especially within the important central region where high
heat flux leading to rapid light-off occurs. Further
improvements are clearly necessary and these are the
subject of on-going research.

Non-dimensionalised space velocity

CFD PREDICTIONS

Figure 23 Experimental velocity profiles for the Contura 1 substrate
compared to CFD predictions with and without entrance effect,
Re=83900.

CONCLUSION
An investigation of the flow performance of ceramic
contoured substrates under steady and pulsating
conditions has been undertaken. It has been shown that
the flow distribution can be improved by using shaped
substrates.
It was also found that the flow uniformity for shaped
substrates was less sensitive to changes in mass flow
rate and pulsation frequency.

1.8

For the standard substrate the flow distribution was
improved as pulsation frequency increased. For the
contoured substrates it was found that the flow
distribution at pulsation frequencies of 16 and 32 Hz was
similar to the steady state cases. However at the higher
frequencies of 64 and 100 Hz the flow distribution was
found to be more uniform.
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Figure 22 Experimental velocity profiles for the Standard substrate
compared to CFD predictions with and without entrance effect,
Re=83200.

Improved CFD predictions were obtained when entrance
effects were included, especially within the central region
of the substrates.
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NOMENCLATURE
2

A
d
Li

Cross sectional area [m ]
Diameter of inlet pipe [m]
Local channel length [m]

m
Re
Uin
Vi
Vspi
Vsp

Mass flow rate [kg/s]
Reynolds number in inlet pipe
Mean velocity in the inlet pipe [m/s]
Local velocity [m/s]
Local space velocity [1/s]
Mean space velocity [1/s]

µ
ρ
ψ
σVsp

Dynamic viscosity [kg/m s]
3
Air density from ideal gas law [kg/m ]
Non-uniformity index
Variance of non-uniformity [1/s]

Reynolds No.

Re =

•

ρ × Uin × d
µ

