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Abstract

Experiments were performed to determine the mean velocity field in two three-dimensional (3D) diffusers with the same fully-develo-
ped channel inlet but slightly different expansion geometries. Magnetic resonance velocimetry was used to collect velocity data. Both
diffuser flows exhibited 3D boundary layer separation but the size and shape of the separation bubble exhibited a high degree of geo-

metric sensitivity dependent on the dimensions of the diffuser.
Published by Elsevier Inc.
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1. Background

Computational fluid dynamics (CFD) has evolved to the
point where flow simulation plays a major role in the
design of many high Reynolds number systems. This is par-
ticularly true for devices where pressure gradients are
favorable, resulting in thin boundary layers and generally
accurate predictions. However, the situation is different
for flows containing regions of strong adverse pressure gra-
dient where rapid boundary layer growth, flow separation,
and associated unsteadiness can play an important role in
determining overall device performance. In such flows,
even the most advanced CFD codes are not reliable enough
to make design decisions without corroborating experimen-
tal data. For example, a recent collaborative effort (Mellen
et al., 2003) compared large-eddy simulation results from
multiple groups to a two-dimensional (2D) airfoil experi-
ment with mild trailing edge separation. There was consid-
erable variation between the predictions of different codes,
and no one method showed consistently good agreement
with experimental data in the separated flow region.
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Turbulence modeling continues to be a major issue in
separated flow prediction, probably because the mean flow
characteristics change very rapidly from attached bound-
ary layer, to incipient separation with an inflectional
boundary layer profile, to a fully separated flow, and pos-
sibly through reattachment. As a result, the turbulence has
highly non-equilibrium characteristics that are difficult to
predict, even when the models do not assume equilibrium
structure. Song and Eaton (2004) examined the Reynolds
number scaling of a simple 2D separated flow with
smooth-wall separation from a curved ramp. They identi-
fied five different regions in the flow that each had its
own scaling behavior. While there are continuing efforts
to find universal models (Temmerman et al., 2005), it is
likely that carefully calibrated models for specific classes
of separated flows will be required for some time to come.

We believe that significant advances in separated flow
prediction can only be achieved by careful comparison of
CFD calculations with a range of separated flow data.
The range of validity of various turbulence models and
numerical implementations must be established, before
they can be used for design purposes. A critical point in
considering test cases is that almost all practical separated
flows are three-dimensional (3D), even in the mean. Model
developers and experimenters both prefer 2D flows because
of the savings in computational resources and experimental
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effort. However, even nominally 2D flows may be strongly
affected by three dimensionality. For example, the widely
used 10° plane diffuser studied by Obi et al. (1993) and later
by Buice and Eaton (2000) required an extremely high
aspect ratio and complex endwall separation control sys-
tems to force the flow to be 2D. One must question if the
calculations and experiments can be compared without
accounting for this separation control.

A further issue with many previous experiments in sep-
arated flows is that the boundary conditions are not fully
defined or are difficult to exactly mimic in simulation.
The seminal separation bubble study done by Simpson
and co-workers (c.f. Simpson, 1981) had a complex oppo-
site wall including multiple suction and blowing slots to
insure 2D separation on a flat wall. The European collab-
orative airfoil experiment described in Mellen et al. (2003)
used the same airfoil model in two different large wind tun-
nels and found different drag coefficients, probably due to
wind-tunnel interference effects. The experiment of Song
and Eaton (2004) used a curved ramp installed on the bot-
tom wall of a wind-tunnel leaving open the question of the
appropriate outer-layer boundary condition. Separation
behavior may be very sensitive to small changes in bound-
ary conditions, so it is not possible to fully test a turbulence
model if discrepancies between experiment and computa-
tion may be caused by incorrect or imprecise boundary
condition prescription.

The overall goal of the present research is to develop 3D
separated flow test cases that can be directly compared to
CFD computations. In our opinion, such experiments
should be conducted in fully 3D geometries allowing spec-
ification of simple boundary conditions (no-slip and imper-
meability) on all bounding surfaces. The widespread
availability of parallel computers and new 3D measure-
ment techniques means that it is now practical to conduct
both the experiments and computations on the full 3D
geometry. Furthermore, following the lead of Obi et al.
(1993), Buice and Eaton (2000) and Gullman-Strand
et al. (2004) we chose to use fully-developed channel-flow
inlet conditions. Thus, it is relatively simple for a modeler
to obtain inlet conditions at any level of fidelity using
well-qualified simulation techniques for fully-developed
flows.

In line with these goals, we have conducted experiments
on two geometrically-simple, 3D diffusers with fully-devel-
oped channel inlets. Diffuser flows have been used to study
separated flows for many years, although in most cases the
flows have been nominally 2D. Ashjace and Johnson (1980)
collected detailed velocity, pressure, and separation loca-
tion data for symmetric, 2D, straight-walled diffusers of
opening angles between 8° and 24°. For high angle diffus-
ers, they found stall switch in which the separated region
would move back and forth between the two diverging
walls, often with a period measured in hours. The experi-
ment was symmetric within manufacturing tolerances,
and it was impossible to predict where the stall would
develop initially. Clearly this phenomenon is more relevant

to idealized experiments than practical applications. In the
present experiments, we specifically avoided any symme-
tries to eliminate this problem.

Recently, three 2D diffuser experiments have been
widely used for comparison to CFD predictions. Obi
et al. (1993) examined an asymmetric diffuser with an
expansion ratio of 4.7 and an expansion angle of 10°. This
flow geometry was simulated using LES techniques by Kal-
tenbach et al. (1999). They noted that the Obi et al. data
did not satisfy 2D mass conservation-the mean velocity
profiles on the centerline indicated a 15% gain in mass flow
rate near reattachment. This suggested the presence of
strong mean flow three dimensionality. Buice and Eaton
(2000) attempted to replicate the Obi et al. experiment with
an even larger aspect ratio (40:1). They found strongly 3D
flow with the separation bubble growing from one end wall
of the diffuser instead of from the diverging wall. This 3D
separation was controlled using both suction and splitter
plates on the end walls. Gullman-Strand et al. (2004) used
a similar high aspect ratio apparatus to examine an asym-
metric 8.5° diffuser. They used endwall suction to control
three dimensionality and cross-stream LDA measurements
to show that the flow near the centerplane was 2D. The
experiment included detailed turbulence data allowing
direct comparison to some of the terms modeled in CFD
calculations.

The specific goals of the present experiment are to pro-
vide highly detailed three component mean velocity data in
a simple, but fully 3D diffuser. Magnetic resonance veloci-
metry (Elkins et al., 2003) is used to provide three-compo-
nent velocity data throughout the flow field. In order to
investigate the sensitivity of the separated flow to relatively
small geometric changes, diffusers with two slightly differ-
ent geometries are examined.

2. Experiment

The working fluid for all of the experiments was water.
Gadolinium-based contrast agent (Omniscan, Nycomed,
Inc.) was added to the water in a concentration of 0.5%.
A schematic of the recirculating flow loop is shown in
Fig. 1. A centrifugal pump (Little Giant model no. TE-
6MD-HC) circulated water at a flow rate of 20.3 L/min.
The average volume flow rate was measured using a Signet
Scientific MK315.P90 paddle wheel flow meter, which was
calibrated using the bucket and stopwatch method with an
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Fig. 1. Flow system schematic.
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estimated uncertainty of 5%. The pump was placed approx-
imately 3 m from the MRI scanner, and no other metallic
parts were used in the loop to avoid influencing the MR
signal. The Little Giant pump was tested for RF interfer-
ence and was found to produce a minimal amount of noise
in MR images. Flexible plastic tubing with an inner diam-
eter of 1in. swas used to complete the flow loop.

The diffuser itself was preceded by three inlet parts made
of Plexiglas and stereo lithography (SLA) resin. The SLA
pieces were fabricated with layer thickness of 0.1 mm by
Mr. Frank Medina of the Keck Laboratory at the Univer-
sity of Texas El Paso. The upstream transition piece was
designed to smoothly morph the cross-section of the flow
from a 1 in.-diameter circle to a rectangle with the same
dimensions as the development channel. This section
included three sets of grids with 2 mm square holes and a
60% open area to keep the flow from separating and pro-
vide uniform mean flow and turbulence at the development
section inlet. The 60-cm-long development channel had a
constant rectangular cross-section of height 1cm and
aspect ratio 1:3.33. Three grids were included at the
upstream end of the development section to achieve greater
flow uniformity. Velocity data a few centimeters upstream
of the diffuser inlet showed that the flow was fully-devel-
oped by the end of this channel.

The test diffuser was attached directly to the develop-
ment channel exit. Fig. 2 shows detailed diagrams of the
two diffusers and Table 1 summarizes their dimensions.
Diffuser 1 had a rectangular inlet of height 1 cm and aspect
ratio 1:3.33 and a 4 cm square outlet, giving an area expan-
sion ratio of 4.8. The diffuser was 15 cm long. One side wall
expanded at an angle of 2.56°, and the top wall expanded
at an angle of 11.3°. The other two walls were straight. Dif-
fuser 2 was also 15 cm long and had the same inlet as Dif-
fuser 1, but its outlet was 4.51 x 3.37 cm, giving an area
expansion ratio of 4.56. The top wall of Diffuser 2
expanded at an angle of 9° and its side wall expanded at

Top Diffuser 1
R=6.00 cm

4 cm

Side
R=6.00 cm

Diffuser 1
4 cm

yI +— 15cm —

X

Table 1
Geometric features of Diffusers 1 and 2
Dimension Diffuser Diffuser
1 2
Inlet channel height 1 cm 1cm
Inlet channel width 333cm  3.33cm
Diffuser length 15 cm 15cm
Side wall angle of expansion 2.56° 40°
Top wall angle of expansion 11.3° 90°
Outlet channel height 4 cm 337 cm
Outlet channel width 4 cm 4.51 cm
Radius of curvature at corners 6.0cm 2.8cm
Bulk inlet velocity 1.0m/s 1.0m/s
Inlet Reynolds number (based on half channel height 5000 5000

and bulk velocity)

an angle of 4°. The corners between the straight and angled
walls were smoothed with a fillet of radius 6 cm. The Rey-
nolds number of both diffusers based on the height of the
inlet channel was set to approximately 10,000. Different
outlet transition sections were used for the two diffusers
because it was necessary to match the dimensions of the
diffuser outlet. Both outlet transitions had 10 cm of con-
stant-cross-section channel followed by a 10 cm contrac-
tion into a circular outlet 1 in. in diameter.

Velocity data were collected using the method of mag-
netic resonance velocimetry (MRYV) described by Elkins
et al. (2003). MRV makes use of a technique very similar
to that used in conventional medical magnetic resonance
imaging (MRI). MRI generates spatially resolved images
inside an object utilizing static and gradient magnetic fields
and radio frequency pulses. Hydrogen nuclei in a constant
magnetic field tend to align their magnetic moments with
the field. As this alignment takes place, the net spin vector
of each hydrogen atom precesses around the direction of
the magnetic field at the Larmor frequency, which is pro-
portional to the external field strength. By applying a con-
stant magnetic field and then applying radio frequency

Diffuser 2
R=2.80 cm
4.0° 4.51 cm
3.33 cm—éir/—
I Flow
—>
Diffuser 2
R=2.80 cm 9.0° 3.37 cm
1cm
—>
€—— 15cm —¥

Fig. 2. Detailed diffuser designs.
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Fig. 3. Time-averaged velocity data 1.3 cm upstream of the inlet of
Diffuser 1. (a) Streamwise velocity contour plot, up, = 1.0 m/s, central
contour is 1.1 X upyy. Contour interval is 0.1 m/s. (b) In-plane velocities
normalized by the bulk velocity and (c) streamwise velocity profile along
the center plane averaged over ten columns of data and filtered with a
three-point Gaussian filter.

pulses for a short time, it is possible to perturb the spins of
hydrogen atoms away from their initial alignment with the
external magnetic field and then detect the radiation these
atoms emit as the spins relax back into their original align-
ment. Because the Larmor frequency is proportional to the
magnitude of the external magnetic field, the locations of
spins can be encoded in their frequencies by spatially vary-
ing the magnetic field across an object.

The acquired magnetic resonance (MR) signals are the
Fourier transform of the spin density distribution. Because
it is impossible to generate a 3D magnetic field that
uniquely identifies every point in space with a different pre-
cession frequency, 2D or 3D MR images must be built up
one slice at a time with sequential repetitions of the excita-
tion and signal reception process. Quantitative assessment
of flow can be obtained due to the sensitivity of the phase
of the MR signal to motion. This can be used to measure
the local velocities of moving spins. The procedure for this
data acquisition technique is described by Pelc et al. (1994).
For more detains on the process of MRV data acquisition,
see Elkins et al. (2003).

All experiments were performed at the Richard M.
Lucas Center for Magnetic Resonance Spectroscopy and
Imaging at Stanford University. A 1.5-T MR system (GE
Sigma CV/I, Guax =40 mT/m, rise time = 268 ps), with a
single channel, head receive coil was used. Data were col-
lected in a field-of-view (FOV) 24 cm long in the stream-
wise direction and one cross stream direction and 7.4 cm

in the other cross stream direction. Data were acquired
on a uniform grid of (0.9 mm)® voxels throughout the
entire field-of-view. Fiducial marks fabricated directly into
the walls of the flow model allowed the positioning of the
data set relative to the flow geometry to be determined
within 0.5 mm. Four sets of flow-on scans bracketed by
flow-off scans were completed.

One higher resolution scan on Diffuser 1 was also com-
pleted on a 7-T MR system at the Lucas Center. This scan
consisted of six sets of flow-on scans bracketed by three
sets of flow-off scans. These scans had a spatial resolution
of 0.4 mm in all three directions and a field-of-view of
20cm x 5.2cm x 5.2 cm with the longest dimension in
the streamwise direction.

Elkins et al. (2004) estimated the maximum relative
uncertainty of individual mean velocity measurements to
be about 10% of the measured value in a similar highly tur-
bulent flow. However, comparisons to PIV in a backward-
facing step flow (Elkins et al., 2007) show that only a small
percentage of MRV velocity samples deviate by that much
and most are much more accurate. To test this, the stream-
wise velocity component was integrated over 250 cross-sec-
tions of the MRV data and the results were compared to
the known volume flow rate. This indicated an uncertainty
in the integral of less than 2% with a 95% confidence level.

Measurements of turbulent normal stresses in Diffuser 1
were also taken using the MR technique described by Elk-
ins et al. (2007). This method is based on diffusion imaging
principles in which the turbulence causes a loss of net mag-
netization signal from a voxel in the flow. This causes a
decay in signal strength which can be related to turbulent
velocity statistics. Elkins et al found this method to be
accurate within 20% everywhere in the FOV and within
5% in regions of high turbulence. Three turbulence scans
were completed using three different magnetic field gradient
strengths. For each gradient strength, 30 scans were com-
pleted and averaged. The three averaged data sets were
then averaged to obtain a final data set.

Velocity field data were processed using Matlab. The
flow-off scan data were averaged and subtracted from the
averaged flow-on scan data to obtain the final dataset.
The coordinate system was rotated and translated to match
the Cartesian coordinate system of each diffuser. The data
were then averaged in the streamwise direction using a five-
point Gaussian filter. The data were then imported to Tec-
plot 360, which was used to locate the separation bubble
and analyze features of the flow field.

3. Results

All data on Diffuser 1 are publicly available and may be
obtained by contacting the authors.

In order to confirm that our inlet flow was fully-devel-
oped, we examined high-resolution in-plane velocity data
from the 7 Tesla scan upstream of the inlet of Diffuser 1,
expecting to observe patterns of secondary flow characteris-
tic of fully-developed turbulence. Fig. 3. shows a streamwise
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velocity contour plot, a streamwise velocity profile, and a
time-averaged vector plot of in-plane velocities 1.3 cm
upstream of the inlet of Diffuser 1. Jets aimed towards the
walls of the channel bisect each corner and vortices are
apparent on both sides of each jet in a pattern characteristic
of secondary flow generated by Reynolds stress anisotropy.
This flow pattern indicated that the flow was fully-devel-
oped at the inlet of the diffusers.

Few datasets showing secondary flow in rectangular
channels at Reynolds numbers as low as 10,000 are avail-
able, but Gessner and Jones (1965) observed that second-
ary flow patterns similar to those in our flow appear in
fully-developed turbulent channel flows at higher Reynolds
numbers for aspect ratios similar to ours. Gessner and

Diffuser 1

2cm

5cm

8cm

12cm

15¢cm

Jones found average secondary flow velocities of about
2% of the maximum mean flow streamwise velocity. They
also observed a general trend of decreasing secondary flow
velocity magnitude with increasing Reynolds number.
These observations compare well with our data, which
exhibit secondary flow magnitudes up to about 3.5% of
the average streamwise velocity at a Reynolds number
about 1/5 of Gessner and Jones’s experiment.

Fig. 4. shows streamwise velocity data at selected cross-
sections of the two diffusers at various distances from their
inlets. The bold line indicates zero-streamwise-velocity.
Henceforth, we call the corner of the diffuser between the
two diverging walls the “sharp” corner. The sharp corner
is in the upper right for each figure. The flow in Diffuser

Diffuser 2

Fig. 4. Streamwise velocity measurements at diffuser cross-sections various distances downstream of the inlet. Contour lines are spaced 0.1 m/s apart. The

zero-streamwise-velocity contour line is thicker than the others.
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1 separated 0.5 cm downstream of the inlet in the sharp
corner. The separation bubble remained in this corner until
approximately 7 cm downstream of the diffuser inlet and
then started to spread across the top of the diffuser. By
12 cm downstream of the inlet, the flow was almost entirely
2D, with the separation bubble spread evenly across the
top wall. The flow reattached 7 cm downstream of the dif-
fuser outlet. The separation bubble occupied 14.1% of the
total volume of Diffuser 1 and the maximum reverse-flow
velocity was 21% of the bulk velocity at the inlet.

Fig. 5. shows streamwise velocity contours in a plane
parallel to the sloped top walls of Diffusers 1 and 2. It is
clear from these planes that the shapes of the separation
bubbles in the two diffusers were fundamentally different.
The reverse-flow region spread across the top wall halfway
down Diffuser 1 but remained localized near the sharp cor-
ner and side wall in Diffuser 2. The flow in Diffuser 2 sep-
arated 0.6 cm downstream of the diffuser inlet, also in the
sharp corner. This separation bubble never became 2D,
but developed unevenly down the expanding side of the dif-
fuser, covering the entire side wall 6.5 cm downstream of
the inlet and splitting into two disconnected separation
regions 10.7 cm downstream of the inlet. The separation
region that remained in the sharp corner started to separate
across the top of the diffuser near the diffuser outlet but
never became fully 2D. The flow reattached 5.2 cm down-
stream of the diffuser outlet. The separation bubble occu-
pied 10.7% of the total volume of Diffuser 2 and the
maximum reverse-flow velocity was 14.1% of the inlet bulk
velocity. Fig. 6. shows the fractional area occupied by the
reversed flow as a function of distance downstream of the
diffuser inlets. This indicates the strong sensitivity of these
diffusers to relatively small geometric changes. Not only are
the details of flow separation location changed dramati-
cally, but global variables like the size of the separation
bubble are also affected strongly.

0.25

0.2

0.15

0.1

0.05

Area Fraction Separated

Fig. 6. Fraction of cross-sectional area separated.

Although both diffusers had the same inlet cross-sec-
tional area and aspect ratio, the same length, and outlet
areas that differed by less than 6%, their separation bubbles
developed very differently. The geometric sensitivity of this
flow can be explained by the difference in adverse pressure
gradient magnitude and boundary layer momentum thick-
ness along the walls of the two diffusers. The flow in any
asymmetric diffuser with a large angle of expansion tends
to separate along the most sharply angled wall because
the adverse pressure gradient is strongest in this region.
This is an inviscid effect caused by streamline curvature.
In a 3D diffuser, the initial separation usually occurs in a
corner because the boundary layer momentum thickness
is larger in this location than near the center of a diffuser
wall. Therefore, it is not surprising that the initial separa-
tion was in the sharp corner for both diffusers.

Downstream of the separation point, the stall grows into
regions of high adverse pressure gradient and large momen-
tum thickness. Diffuser 1 had a large angle of expansion of
the top wall and a small aspect ratio which caused the
boundary layers to be approximately the same thickness
on all four walls. The significance of the adverse pressure
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Fig. 5. Streamwise velocity contours in the plane parallel to and 2 mm away from the top wall.
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Fig. 7. Centerplane velocity profiles for Diffuser 1. Bulk inlet velocity is 1 m/s. 4 is the inlet channel height and x is measured from the start of the diffuser

expansion.

gradient outweighed any difference in momentum thickness,
so the separation developed across the top expanding wall.
Diffuser 2 had a larger aspect ratio, a larger angle of expan-
sion of the side wall, and a smaller angle of expansion of the
top wall. This caused a larger adverse pressure gradient
along the expanding side wall than in Diffuser 1. This wall
also had a large momentum thickness created by the rela-
tively close proximity of the thick boundary layers in the
top and bottom corners. These features instigated a devel-
opment of the separation bubble down the expanding side
wall instead of across the top wall.

Diffuser 1 was selected for more detailed measurements
and data analysis, providing a more complete documenta-
tion of the flow field. Fig. 7. shows mean streamwise veloc-
ity profiles on the center plane of Diffuser 1 to give a more
traditional view of the flow development. In this plane, the
maximum reverse-flow velocity was approximately 13 cm/s.

One of the most interesting features of the flow in Dif-
fuser 1 was the similarity in streamwise velocity profiles
taken at a fixed distance upstream of the zero-stream-
wise-velocity line at different spanwise positions. Fig. 8.
shows velocity profiles plotted downward from the top
expanding wall of Diffuser 1. To obtain these profiles, the
zero-streamwise-velocity line was approximated by two
straight line segments shown in Fig. 8. The coordinate x’
measures the distance upstream of this line. Velocity pro-
files at the points A-G indicated in Fig. 8. are shown 2
and 10 mm ahead of these line segments. In both of these
plots, the profiles exhibit the inflectional shape characteris-
tic of profiles upstream of a 2D separation region. Similar-
ity is apparent between profiles taken from different
locations. Profiles A and G are slightly different shapes
than the others. This is probably due to profile A’s close
proximity to the boundary layer along the flat side wall
and profile G’s nearness to the inlet of the diffuser.

Fig. 9. shows sample turbulent velocity fluctuation data
for cross-sections of Diffuser 1 and Fig. 10. shows center
plane turbulence profiles. Near the inlet of the diffuser,
the flow exhibited high turbulence intensity due to stream-
wise velocity fluctuations surrounding, but not filling, the
sharp corner (Fig. 9a and b). When compared with the
mean flow data in this region, we can identify this flow
regime as the shear layer bounding the separation bubble.
This region of high turbulence remained localized near
the sharp corner for approximately the first 7cm down-
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Fig. 8. Velocity profiles measured downward from expanding top wall
upstream of separation. Each profile in a set was measured a fixed distance
upstream of the zero velocity line, (a) 2 mm upstream and (b) 10 mm
upstream.

stream of the inlet of Diffuser 1 but started to spread into
a horizontal region parallel to the top wall as the reverse-
flow region spread across the top wall of the diffuser
(Fig. 9c and d). The velocity fluctuations in this high turbu-
lence region, which reached 22% of the bulk inlet velocity,
indicate instability in the location of the zero-streamwise-
velocity line. The regions of flow near the other corners
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Fig. 9. Sample measurements of streamwise rms velocity ((#yms/Upax) X 100) in cross-sections of Diffuser 1. Slices shown are: (a) 2 cm downstream of
diffuser inlet (upper left), (b) 5 cm downstream of diffuser inlet (lower left), (c) 8 cm downstream of diffuser inlet (center) and (d) 12 cm downstream of
diffuser inlet (right). Small sections of data near the bottom boundary layer have been removed due to an artifact in the measurements.
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Fig. 10. RMS values of streamwise velocity fluctuations in the centerplane of Diffuser 1. / is the inlet channel height, 1 cm, and x is measured from the

start of the diffuser expansion.

but outside the boundary layers exhibited lower velocity
fluctuations, generally between 7% and 15% of the bulk
inlet velocity. This indicates that the diffuser did not exhibit
the phenomenon of “stall switch” observed by Ashjaece and
Johnson (1980) because the streamwise velocity fluctua-
tions in the corners other than the sharp corner would have
been larger if the separation region had jumped from one
corner to another during the scan.

4. Conclusion

Detailed 3D mean velocity data have been acquired for
two 3D diffuser models. The asymmetric, small aspect ratio
diffusers exhibited 3D boundary separation as expected.
These test cases which incorporate simple inlet and wall
boundary conditions comprise a very challenging test case
for turbulence models. The position of the separation line
is critical in determining the overall flow configuration,
and probably determines the overall diffuser pressure
recovery and flow losses.

The diffuser flows exhibited a high degree of geometric
sensitivity. Although both flows initially separated in the
sharp corner of the diffuser, the separation region in Dif-
fuser 1 spread across the top expanding wall of the diffuser
and became nearly 2D, while the separation region in Dif-
fuser 2 spread both across the top and side expanding walls
remaining 3D for the length of the diffuser. Since the inlet
flows to the two diffusers are identical, the difference must

be related to small differences in the pressure gradient his-
tory experienced by the boundary layers in various sections
of the diffuser. It will be interesting to learn if this sensitiv-
ity to small geometric changes can be captured by modern
CFD approaches.
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