Flow structures in large-angle conical diffusers measured by PIV
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ABSTRACT
Flow in two different conical diffusers with large opening angles (30° and 18°) have been measured with stereoscopic
Particle Image Velocimetry (PIV). The measurements were done in a cross section just after the exit of the diffuser. The
Reynolds number was 100000 based on upstream diameter and mean velocity. The inlet condition was a straight pipe
with a fully developed velocity profile. The diffuser with opening angle of 18° was also investigated with an inlet pipe
with a 30° pipe bend shortly upstream of the diffuser. In general the flows show very high turbulence intensities, of the
order of 100%. The cases with straight pipe inlet seem to have a high velocity core that moves to different positions in
the cross section of the diffuser. Other parts of the cross section have flow separation. The time scale of these motions is
an order of magnitude larger than the largest turbulent time scale found in fully developed flow in the downstream pipe,
suggesting precession of the high speed core. For the inlet with a bent pipe, the high velocity regions and region with
flow separation are found at more fixed positions and the time scale is similar to time scales in fully developed flows.

Fig. 1. Sketch of the experimental flow rig. The straight inlet is shown as a grey pipe (marked “inlet”) and different
positions of the inlet with a bent pipe are indicated as three yellow pipes.
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1. INTRODUCTION
Conical diffusers are used in many industrial flow systems. Most research on conical diffusers has been made on small
angle diffusers (opening angle about 7°) where the absence of separation leads to high pressure recovery (Azad, 1996).
Small angle diffusers are quite long and for many applications the construction costs and space requirements are not
justified by the gain in pressure recovery. Instead, large angle diffusers (20°-30° opening angle) are often used. Here, the
flow distribution is of considerable importance for downstream processes such as heat exchange or catalytic reaction.
The example of special interest to the present study is a gas conditioning tower for dusty gas from, for example, a
cement plant. The gas is cooled by injection of water spray just after the diffuser. After the conditioning tower, the gas
enters an electrostatic precipitator or a fabric filter. Both the mean and instantaneous flow distributions are important for
the design of injection points and for the general performance. Potential problems include non-uniform cooling of the
gas and the fact that wet dust may be transported to the walls where it builds up. An understanding of the dynamic
behavior and the typical flow structures are thus important for the design of the conditioning tower.
Only few measurements of large angle diffuser are available in the literature. It is known (Idelchik, 1994) that increasing
the diffuser angle above 10°-14°, the diffuser can have large non-developed flow separation where the size and intensity
of separation change in time. Increasing the opening angle further, a large zone of reverse circulation appears. For even
higher angles, a jet without contact to the walls is formed. If the inlet velocity profile is asymmetric (e.g. due to the
presence of an upstream pipe bend), a recirculation zone tends to be at a fixed position. In the case of a symmetric inlet
profile (e.g. fully developed pipe flow), the position of the recirculation zone appears to move at random to different
sides of the diffuser, which leads to substantial oscillations. Measurements on diffusers have mainly reported wall
pressure, which relates to the performance of the diffuser to recover pressure with increasing cross section. The local
flow distribution and its variation in time is much more difficult to measure and have therefore received little attention.
However, the flow distribution is usually the most important parameter when large angle diffusers are used to distribute
flow for downstream processes. The purpose of the present study is to provide experimental results that give insight into
the dynamic flow distribution in conical diffusers with large opening angle.
Since the flow has velocity reversal and high turbulence intensity, traditional measurements with intrusive velocity
probes will have high uncertainties and might disturb the flow. Optical flow measurements are the only reliable methods
for this type of flow. In the present study, stereoscopic PIV was chosen of two reasons. The first is that a large amount
of measuring points can be covered in relatively short time. The second reason is that the method provides “snapshots”
of the flow giving an insight into the type of flow structures that are present in the flow.
The conditioning towers of interest typically have a tower diameter of 4 to 9 m and a height of 20 to 35 m. The inlet
temperature of the gas is between 300°C and 400°C and the gas contains particles with diameters between 0.1 and
50 µm. It is not possible to perform detailed measurements in the full-scale tower and the present investigation was
therefore carried out in a scale model with air at room temperature. The Reynolds number (based on diffuser inlet
diameter and mean velocity) in the full-scale tower is about 1500000. In the present experiment the same Reynolds
number was 100000. Furthermore, the measurements were done isothermally at room temperature. Earlier
measurements in the same scale model have been compared to data from a full-scale tower, and it was found that the
difference in Reynolds number and thermal conditions did change the behavior of the velocity field (Nielsen and Lind,
2002).

2. EXPERIMENTAL METHOD
2.1 Flow rig
The 1:16 scale model of the conditioning tower is shown in fig. 1. The tower was placed horizontally to ease the
measurements. It was manufactured in 5 mm thick Plexiglas to provide optical access. The main tower section was a
pipe with an inner diameter of D = 490 mm and a length of 1805 mm. Upstream, the tower section was connected to a
diffuser with an inlet diameter of 240 mm. Two diffusers were used: one with an opening angle of 30.4° (diffuser length
460 mm) and one with an opening angle of 18.3° (diffuser length 778 mm). An inlet piece with a length of 160 mm, an
inner diameter of 240 mm and an outer diameter of 250 mm was used to connect the inlet pipe to the diffuser. This gave
a small jump in diameter and was not an ideal solution. However, it was judged that this disturbance did not change the
nature of the flow. Two different inlet pipes were used, both made of ventilation pipe. The first one was a straight pipe
with a diameter of 250 mm and a length of 35 diameters. The inlet to this pipe had a grid to increase mixing of the added
seeding. This pipe provided a fully developed pipe flow. The second pipe had a 30° sharp pipe bend 2 diameters
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upstream of the diffuser. Upstream of the pipe bend, 10 diameters of pipe created an almost fully developed flow. This
second pipe provided a skewed velocity profile and simulated a typical flow arrangement used in a conditioning tower.
The inlet to this pipe had sharp edges and no grid. Both inlets sucked air from the laboratory mixed with seeding
particles. The seeding particles were glycerin droplets with a diameter of 2-3 µm.
Downstream of the tower section, a contraction and additional pipes conducted the air to a fan. From the fan, the air
went through a standard orifice flow meter consisting of 121 mm diameter pipe with a length of 3 m with a 90 mm
diameter orifice. The pressure difference over the orifice was measured with a micro manometer (Furness, FC0510).
Due to drift of the fan, the accuracy of the flow rate was about 4%. All studies were carried out at a flow rate of
0.283 m3/s corresponding to a mean velocity of Um = 1.5 m/s in the tower section.
2.2 PIV system
The cylindrical wall in the tower section acts as a lens and therefore distorts the image recorded by the cameras. In
principle, it is possible to correct for this distortion during the calibration performed for stereoscopic PIV. However, the
optical quality of the Plexiglas pipe used for the tower section was not satisfactory. Instead, two plane glass windows
were inserted in holes in the tower section pipe wall.
The PIV system consisted of a Nd:YAG double cavity laser delivering 100 mJ light pulses through a light guide arm.
The light sheet thickness was approximately 2.5 mm. The recordings were done with two Kodak MegaPlus ES 1.0
cameras fitted with Nikkor AF micro 60 mm lenses and 532 nm narrow band optical filters. The lenses were set to an Fnumber of 2.8. The lenses were mounted in Scheimpflug condition. The data used for the transformation from camera
2D PIV images to three-component velocity field were found using a calibration target with black dots in a rectangular
pattern with a spacing of 5 mm. Images of the target were taken at 5 different position with 1 mm spacing in flow
direction and with the central positions inside the laser sheet. The recordings were performed using a Dantec PIV 2100
controller and the data processing including, calibration for stereo PIV, were performed with Dantec FlowManager ver.
4.20.
A small pixel error was present in one of the cameras. This shows up in the three velocity component PIV images as a
small region of 3 by 2 velocity vectors that differ consistently from the other vectors (see e.g. fig. 4). The region is
located about 10% of image height down from the image top, centred in the horizontal direction. For plots that involve a
rotated coordinate system, this error follows the rotation.
In the measurements it was desirable to cover a large area and to have this area close to the wall. However, there were
several limitations in the selection of measurement area. With the available cameras and laser energy, it was possible to
cover an area of up to 200 by 200 mm, but a smaller area would increase the quality of the particle images. At the same
time there were several geometrical constraints. The angle between the cameras should preferably be close to 90°, the
width of the plane glass windows should be small to cause little deviation from the circular cross section and the
distance between the windows should be large enough to let the laser sheet pass. Furthermore, the complete PIV system
(two cameras and light sheet optics) were to be mounted on the same traversing platform to enable easy measurement at
several cross sections based on a single calibration. These constraints resulted in the selection of a measurement area of
160 by 160 mm measuring through two plane windows of width 180 mm and length 1200 mm. The windows are shown
in fig. 1. More details on the experimental setup can be found in Nielsen (2003).
The angle between the cameras was 42°. This is less than the ideal angle of 90° and according to Prasad (2002) the error
of the out-of-plane velocity component will therefore be about twice the error for the ideal angle. The individual PIV
images also are not recording in ideal conditions. The large out-of-plane velocities limited the particle displacements to
about 3.5 camera pixels. The particle image size was, due to the low F-number, of the order of 0.5 camera pixels, which
is smaller than the typical recommended values of 2 pixels (e.g. Raffel et al, 1998). Based on data presented by Raffel et
al, the total uncertainty of an instantaneous velocity vector was estimated to be about 6% of the maximum velocity
corresponding to 0.24Um. For the mean velocity field the uncertainty is about 4% with the largest uncertainty being the
drift on the flow rate.

3. RESULTS AND DISCUSSION
Three different flow cases were investigated. The two first cases are the two different diffusers with opening angle of
30° and 18°, respectively, in both cases with the straight pipe inlet (fully developed pipe flow). The last case used the
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18° opening angle diffuser together with the inlet pipe with a 30° bend causing a skewed inlet velocity profile. The first
two cases are geometrically symmetrical and measurements taken in the measurement region were therefore assumed to
be representative of the full geometry. In the last case, the inlet profile is asymmetrical, and measurements were
therefore taken at three different positions. Since it was difficult move cameras and laser sheet to new positions within
the cross section, the three positions were therefore instead established by rotating the inlet pipe as indicated in fig. 1.
The largest time scale present in a turbulent flow is often estimated as a characteristic length divided with a
characteristic velocity. Using the tower diameter and mean velocity in the tower will give the largest estimate (largest
diameter and lowest mean velocity) and this gives D/Um=0.33 s. Most measurements were taken at 1 Hz, which based on
this traditional estimate, should ensure statistically independent samples. A few data series were taken at 10 Hz to
investigate the largest flow structures. For the flow case with the 30° angle diffuser, statistics were based on 1000
samples (PIV image sets). For the other flow cases, statistics were based on 500 samples.

Fig. 2. Coordinate system
The coordinate system is shown in fig. 2. The origo was at the center of the diffuser outlet with the z-axis in the main
flow direction, the x-axis pointing in the direction of the laser light (away from laser optics) and the y-axis pointing
upwards. In the last flow case, the position with the pipe bend pointing towards the laser, i.e. in negative x-direction, was
used as reference position. For the two other pipe bend positions, the coordinate system was rotated to keep the pipe
bend in the negative x-direction. On the plots, all velocity components have been normalized with Um=1.5 m/s and the
coordinates have been normalized with the tower section radius R=D/2=0.245 m. On plots of velocity fields, the inplane velocity components u an v have been shown as velocity vectors. The velocity vectors have a fixed scale where a
velocity of Um corresponds to 0.1R. The out-of-plane velocity component w has been shown as color scale plot with blue
colors indicating negative values. All the plots shown are taken at the cross section at z/R=0.32, i.e. shortly after the
diffuser outlet. The turbulence kinetic energy is evaluated as k=0.5(urms2+ vrms2+ wrms2) and is presented in the plots as k /
Um2. Since k is dominated by the out-of-plane component w, the turbulence intensity was defined as Tu = (k / Um2)0.5.
The position of the wall is shown as a thick blue line in the plots.
3.1 Mean fields
The first flow case with the 30° angle diffuser and straight inlet is shown in fig. 3. The mean velocity field is not
symmetrical in the y-direction, but has be highest positive w velocity components for positive values of y. The in-plane
velocity components shown as velocity vectors are an order of magnitude lower that the velocity component in the main
flow direction and they point towards the high positive velocity region. About half of the area has steady reversed flow,
which indicates flow separation. It is clearly seen that the average flow in the main flow direction is less than the mean
bulk flow Um. This indicates that the main part of the total flow passes through other parts of the cross section, probably
near the wall in the region with positive values of both x and y. The plot of the turbulence kinetic energy k is quite
symmetrical and shows very high values corresponding to turbulence intensities above 100%. To test if the asymmetric
velocity profile was a random feature of the flow, the flow was stopped completely and after a short break, the
measurement with 1000 samples was repeated. The result was that the flow was qualitatively identical, but in the second
measurement there was a slightly larger region with flow reversal and a lower and more asymmetrical distribution of k.
The second flow case with the 18° angle diffuser and straight inlet is shown in fig. 4. The velocity profile for this case is
much more symmetrical and has higher values of the w-velocity component with more than half the area having values
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Fig. 3. Normalized mean velocity field (left) and turbulence kinetic energy (right) for the 30° diffuser with straight inlet.

Fig. 4. Normalized mean velocity field (left) and turbulence kinetic energy (right) for the 18° diffuser with straight inlet.
Same color scale as fig. 3. The pixel error is seen as a 3 by 2 region with locally different velocity vectors and
colormap.
larger than Um. The in-plane velocity components point towards the wall and are also an order of magnitude lower than
the w-component. This indicates that other parts of the cross section will have negative velocities as it is observed in the
first flow case in figure 3. For the second flow case, the turbulence kinetic energy shown in figure 4 is less symmetrical
with values slightly lower that the values seen for the first flow case. The magnitude of the turbulence intensity is still in
the order of 100%.
The third flow case with the 18° angle diffuser and the bent pipe inlet is shown in figures 5 and 6. Fig. 5 shows the mean
velocity profile at three different parts of the cross section. The plots indicate that the velocity profile is approximately
symmetric with the x-axis as symmetry line. For y>0 more than half of the area is covered by the measurements and data
therefore seem to cover the features of the flow. The flow has a region close to the wall at 0.7<x/R<0.9 with very high
velocities having values above 3Um. The velocities are almost the same as mean velocity in the inlet to the diffuser. For
negative values of x there is a large region with negative values of the w-velocity component of the order of -Um. This
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Fig. 5. Mean velocity field for the 18° diffuser with bent pipe inlet.
indicates that the inlet flow to the diffuser travels along one side of the diffuser, that there is massive reversed flow, and
almost no diffuser effect. The in-plane secondary flow at the centre is moving towards the high velocity region and then
along the walls towards the low velocity region.
The turbulence kinetic energy for this case (figure 6) shows a significantly lower level of k compared to the two first
flow cases. However the level is still high, with turbulence intensities up to 90%. The highest intensities are at the region
with the largest velocity gradients. The region with the highest velocities has a relatively low turbulence intensity of
about 30%. A turbulence intensity based on local velocity would be about 10 % in this region corresponding to a typical
level in fully developed industrial flows. The low level of k indicates that this flow case is more stable compared to the
two first flow cases.
3.2 Time history
The dynamics of the flow is investigated in terms of time history and velocity distribution. Selected data from the three
different flow cases are shown in figs. 7 and 8. For the last flow case (18° diffuser with bent pipe inlet) the measurement
area with only positive values of y (upper plot in fig. 5) has been chosen since this has the largest variations in mean
velocity. For each of these cases two different variables are investigated. The first is the mean value of all w-velocity
components in each PIV image. This quantity expresses the total flow through the measurement area and is sensitive
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Fig. 6. Turbulence kinetic energy for the 18° diffuser with bent pipe inlet.
only to large scale flow structures. This area mean velocity is compare to the instantaneous w-velocity component at a
point at the center of the measurement area, which is sensitive to both large and small scale flow structures.
Fig. 7 shows the time history of these two variables. For the first flow case (30° diffuser) the area mean velocity shows
large variations with a time scale in the order of 30 second, i.e. the area mean velocity can be negative for 30 second and
then positive for another 30 seconds. Periods with more rapid variations are also seen. The periods with negative mean
area velocity dominates. The instantaneous value of w follows the variations in the area mean velocity, i.e. the difference
between w and the area mean velocity is most of the time significantly less than the long time variation of the area mean
velocity. The second flow case (18° diffuser, straight inlet) has behaviour similar to the first flow case, except that the
periods with positive velocity dominates and that these periods are longer, up to nearly 100 seconds. The last flow case
(18° diffuser, bent inlet) shows a much smaller variation of the area mean velocity and a time variation that is much
more rapid. The instantaneous value of w shows a variation significantly larger than the variation of the area mean
velocity in all cases.
Fig. 8 shows histograms of the variation of the w-velocity component for the three flow cases. The first flow case shows
a velocity distribution that is strongly skewed towards negative velocities. The second flow case show a significant
skewness towards positive velocities. However, it is interesting to note that the total variation of velocities is almost the
same for the two cases. For the last flow case the variation is smaller and the distribution is nearly symmetrical with a

7

Gaussian like shape. The plots shown in figs. 7 and 8 were repeated using different positions of the velocity component
w and different measurement area for the last flow case. The same type of variation was found at these other positions.

Fig. 7. Time history for mean velocity in measurement area (solid blue line) and measuring point at centre of
measurement area (red dots). Upper plot: 30° diffuser, straight inlet. Lower left plot: 18° diffuser, straight inlet. Lower
right plot: 18° diffuser with bent inlet corresponding to top plot in fig. 5.

Fig. 8. Histograms for w-velocity component at centre of measurement area. Left plot: 30° diffuser, straight inlet (top),
18° diffuser. Middle plot: straight inlet. Right plot: 18° diffuser with bent inlet and area corresponding to top plot in
fig. 5.
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The data from figs. 7 and 8 indicate that for the symmetrical inlet velocity profile from a fully developed pipe flow, the
diffuser exit has a region with large velocity, and that this region is moving with a time scale an order of magnitude
larger that the traditional estimate of the largest time scale in a turbulent flow. Both the mean velocities in figs. 3 and 4
and the data from figs. 7 and 8 indicate that the flow has a preference for a certain position. In the first flow case this is
outside the measurement area and in the second flow case the preferred region is probably within the measurement area.
The third flow case with a skewed inlet velocity profile shows a much more stable flow with a fixed position of the high
velocity region. The flow variations are therefore smaller and have statistics similar to fully developed turbulent flows.
3.3 Snapshots
Another way of investigating the flow dynamics is to study the instantaneous velocity field – here called “snapshots”.
For the first flow case, a series of snapshots were taken at 10 Hz. Fig. 9 show a sequence of 12 snapshots selected so
they contain the change from high area mean velocity (first 6 snapshots) to low area mean velocity (last 6 snapshots).
The first snapshots have a core with high velocities (larger than 3Um) at the upper right corner but have at the same time
negative velocity at other edges and quite steep velocity gradients between these two regions of the flow. It is likely that
the flow at this time is a jet-like flow in the center of the cross section with no contact with the walls. For the last 6
snapshots this jet is moving away from the measurement area and the snapshots are instead dominated by massive
separation and reversed flow.
Fig. 10 shows selected snapshots from the 18° diffuser. The first row is from the second flow case with straight inlet.
The left snapshot (t = 210 s in fig. 7, lower left plot) show massive separation; the middle snapshot (t = 412 s in fig. 7,
lower left plot) is an example where the highest velocities are found near the wall; the right snapshots (t = 298 s in fig. 7,
lower left plot) has a high velocity core (larger than 3Um) that is almost filling the complete measurement area. These
snapshots support the assumption that a high velocity core is moving around in the full cross section of the tower,
suggesting precession of the core.
In fig. 10, the rest of the rows are from the third flow case with a bent pipe: second row is the area with negative values
of x, third row is the area with positive values of y and the last row is the area with positive values of x. The columns
represent different values of the area mean velocity: the left column contains snapshots selected from the lowest values,
the middle column contains snapshots with values near the median value and the right column contains snapshots
selected from the highest values. The snapshots in the second row of fig. 10 are from the area where the mean velocities
all have negative w on the average. It is not surprising that all the snapshots have large regions with separation. It is
interesting to note that the lowest level of the area mean velocity has the same value as for the two first flow cases and
that the snapshot for the lowest values of area mean velocity is very similar to the corresponding snapshots for the two
first flow cases (last snapshot in fig. 9 and first snapshot in fig. 10). In the third row, the measurement area is at the
border between high velocity and negative velocity regions for the w-component of the mean velocity field. The
snapshots show that the instantaneous flow can change from having a large region with flow separation to having high
velocity filling the complete measurement area. In the last row, the measurement area is in the high velocity region of
the mean velocity field. The snapshot with the lowest area mean velocity shows that local flow separation can occur in
this region.
In figs. 9 and 10, the u and v velocity components are shown as velocity vectors. As before, the scaling is such that a
velocity of magnitude Um has a length of 0.1R. To make the vectors easier to see, only every third vector in each
direction are shown. Many of the snapshots have local in-plane velocities with a magnitude on the order of Um. The
instantaneous in-plane velocities are thus much higher than their corresponding mean values shown in figs. 3, 4 and 5.
The snapshots indicate that the typical flow structure is smaller than the measurement area and often has a vortical
structure. There is no evident difference in secondary flow patterns between snapshots with high positive or negative wvelocity components. The in-plane flow structures therefore probably only represent local turbulence.
3.4 Other cross sections
Measurements have been made with the laser sheet at other axial cross sections in the flow rig. Measurements inside the
diffuser have shown basically the same behavior as the measurements in the cross section presented in the present paper.
Measurements at several cross sections downstream of the diffuser were performed to follow the downstream
development of the flow. A measurement at z = 1.8R for the first flow case shows high mean velocities with a magnitude
of about 2Um. The plot is somewhat similar to the mean velocity field in fig. 4. A possible reason is that the flow has
changed due e.g. to small changes in the alignment between inlet and diffuser. For the second flow case, the
measurements at z = 1.8R show a 30% decrease in the maximum velocity, but significant velocity differences still exist
in the measurement area. For the last flow case, the measurements at z = 1.8R still shows a large region with flow sepa-
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Fig. 9. Snapshots taken at 10 Hz for the 30° diffuser with straight inlet. Time running from left to right, then down.
Same colormap as fig. 3, left.
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Fig. 10. Snapshots from 18° diffuser. The upper row are data from the straight pipe inlet and the rest of the rows are
from the three different positions for the bent pipe inlet. Same colormap as fig. 3, left.
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ration. Measurements at other downstream positions for the last flow case show that it is not until the position z = 4R
that the separated region disappears.
4. CONCLUSION
As expected, the two first flow cases with straight pipe inlets (symmetrical inlet velocity profile and diffuser angles 30°
and 18°) produce a very dynamic flows. The turbulence intensities are much higher than “stationary” turbulent flow and
the probable reason is that a high velocity core or region changes position in the diffuser, suggesting precession starting
at some position in the diffuser and extending well into the cylindrical section downstream. Outside the high velocity
core, areas with flow reversal are found. The time scale for the change of position of the high velocity core can be an
order of magnitude larger than “ordinary” turbulent fluctuations. There seems to be a preference of the high velocity
core to certain positions in the cross section. However, the measurements indicate that both periods with high positive
velocity and periods with flow reversal can be found at any position of a cross section. The preference to certain
positions is probably caused by small asymmetries in the flow geometry. It would therefore be interesting to investigate
small deliberate asymmetries in further studies. It would also be valuable to cover a larger part of a cross section in
order to make a better tracking of the high velocity core. The present measurements do not cover enough of the cross
section to show significant differences between the two diffuser angles investigated, which both are large enough to
ensure separation. The large time scale for the high velocity core motion means that much of the data taken in the
present study is not statistically independent. Accurate estimates of the mean velocity field and other statistical variables
therefore need significantly longer measuring time. The measurements with a bent pipe inlet show a more stable flow,
but the flow still has high turbulence intensities. The flow has a large recirculation zone that is fixed to a position in the
direction of the pipe bend.
The present measurements were used to make design decisions for a specific conditioning tower where guide vanes and
similar devices were not wanted. The measurements are also interesting from a more general point of view. They give
details of a flow occurring in many flow systems. The measurements can also be used as a test case for evaluation of
CFD codes and turbulence models. Especially the flow cases with a straight inlet can be expected to be large challenge
for calculations using Reynolds averaged turbulence models, or still better large eddy simulation (LES). As indicated
earlier, it would be interesting with more measurements on conical diffusers. However, there are many geometrical
parameters to vary (diffuser angle, area ratio, inlet conditions etc.). Full details on a flow case require a large amount of
measurement points. It is therefore not realistic to cover all common geometries by measurements. This makes it
important to test which CFD methods that can handle these flows in a reliable way.
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