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SUMMARY

Numerical solutions (obtained using the method of Part I) for incompressible viscous swirling flows through annular
diffusers are discussed. Separation of the boundary layer and vortex breakdown are predicted. The prime interest is
devoted to investigating the type of separation and the effects on separation of inlet swirl and Reynolds number. Pres-
sure distributions have been calculated and performance parameters evaluated. The effect of separation on performance
is also clearly shown.

1. Introduction

In practice, most diffusers operate under turbulent flow conditions. Many experimental studies
have been made for the more simple geometries (particularly straight walled two-dimensional
diffusers) and much has been achieved in the understanding of the basic flow features. The work
here is based on the laminar flow model set up in Part I, [ 1], of this series of papers and the
notation and diagrams will be used without explanation. The approach used does allow more
detailed study of separation and flow recirculation than is possible with the well established
boundary layer techniques. Turbulence modelling is achieving a high degree of sophistication
and it is thought that an extension of the present method to include turbulent flows is now
feasible.

Four different flow régimes have been observed in experimental studies of diffuser flow
behaviour of which three have steady or reasonably steady flow. For two-dimensional diffusers,
charts have been prepared [2], [3] from experimental data defining lines separating these
régimes on a diffuser angle versus diffuser length graph. The dividing lines do not represent
sharp transitions and their definition involves a certain amount of arbitrariness and subjectivity.
Complete charts for annular and conical units do not seem to be available though it is suggested
on the basis of the experiments that have been performed, that they would be very similar.
Of course, diffuser angle and length are not the only factors affecting the flow régime. Inlet
boundary layer thickness and velocity profile, for example, also have a large influence [4].

For annular and conical units, the important case of swirling flows can be considered. In
practice, swirling flows in diffusers are very common, for example, behind blade rows of turbines

and compressors. It has been demonstrated experimentally ([5], [6], [7]) and predicted

numerically ([8], [9]) that swirl can cause separation and vortex breakdown, both of which
are detrimental to performance. However, experimental evidence suggests that in diffusers,
certain swirl conditions can in fact lead to improved performance ([10], [11]).

For the class of diffusers under study, among the many parameters that may be varied are:
Reynolds number, diffuser angle, diffuser length, inlet swirl velocity profile, inlet radial velocity
profile, hub diameter, hub rotation and exit boundary conditions. The convergence of the
computational method is relatively slow, and to investigate fully the effects of all the above
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parameters would require a prohibitive amount of computer time. Most of the work has there-
fore been centered on a single geometry with a fixed inlet radial profile for different switl con-
ditions and a range of Reynolds numbers (0 <R < 2500). For all the computations reported
here, the transverse velocity, V,, has been taken as zero at inlet.

Experimental results for a diffuser of similar geometry to those considered here have been
obtained by Hoadley in [ 10]. The work consists of measuring the pressure and velocity compo-
nets in the diffuser at a single Reynolds number for three inlet swirl conditions. The present
theoretical results cannot be compared directly with these experimental results for the follow-
ing reasons:

(i) the Reynolds number of the flow was extremely high ~ 106,

(ii) the flow had turbulent boundary layers, and

(iii) the exit boundary conditions in the experiments differ considerably from those used

here. Hoadley’s apparatus was fitted with a converging section at the diffuser exit which
tends to inhibit separation and in fact promotes reattachment for already separated
flows.

However, the inlet radial velocity profile (curve (a) of fig. 1) and some of the inlet swirl profiles
of this study (curves (1), (4) and (5) of fig. 1) are taken from Hoadley’s data.
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Figure 1. Inlet velocity profiles. Curve (a) is the radial velocity profile and curves (1)—(5) are the swirl velocity profiles.

The non-dimensionalisation of the inlet velocities is taken to be the same as that used by
Hoadley. He non-dimensionalised with respect to a typical velocity of 50 ft./sec. and this leads
to an average inlet radial velocity (direction r) of 1.265. This, of course, results in a rather lower
Reynolds number than a more usual non-dimensionalisation would give. The inlet swirl
profiles (1), (4) and (5) of fig. 1 correspond to swirl blade angles of 10°, 20° and 30° in Hoadley’s
experiments.

1.1. Diffuser dimensions

Most of the present results have been obtained for a diffuser having in the notation of [1]:
(i) an outer casing angle of #=0.1 radians,
(ii) a cylindrical hub with radius R=0.5,
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(iif) an inlet specified by r=10.0 so that R at inlet at the outer casing is given by R==1.5,

(iv) an exit specified by r=20.0 so that R at exit is given by R=2.5.

The area ratio is then almost exactly 3. A number of results have been obtained for different
angles and lengths. In all cases 7, is varied so that the inlet area is kept constant with the same
mass flow rate of fluid into the diffuser. Unless otherwise specified, however, the dimensions of
the diffuser will be assumed as specified in (i)~(iv) above.

In the discussion of the results, three different types of pressure will be mentioned.

(i) Static pressure. This is often called simply the pressure and was denoted by P in part L.

(i) Stagnation pressure. This is sometimes called the total pressure. In part I it was denoted

H and in non-dimensional terms is related to P by H=P+1V 2,
(iii) Dynamic pressure. This is the difference between stagnation and static pressure ie.

Dynamic pressure=H —P=3V?2.
2. Flow regimes and separation
2.1. Separation: definitions and detection

Difficulties are involved in the definition of separation since in three dimensions, separation
can occur without the usual flow reversal and reduction of the wall shear stress to zero. Two-
dimensional definitions of separation which usually depend on these factors are useless for
three-dimensional flow. Although the flow under consideration here is axially symmetric and
hence essentially two-dimensional, the presence of swirl gives a three-dimensional character
to the boundary layer. A rigorous and more general definition of separation that is meaningful
in three dimensions has been developed in [12] and subsequently reported in more readily
accessible literature [ 13]. A point where a limiting stream-line leaves a surface is called a sepa-
ration point. Within this context there are two types of separation called ordinary and singular.
For singular points there is no shear at the wall and the inclination of the limiting streamline in
a plane perpendicular to the wall is indeterminate. At ordinary points, on the other hand, there
is a shear stress component in the plane of the wall and the limiting streamline is therefore
tangential to the wall. In terms of the present situation

. 0V,y/00 { 0 at ordinary points
tan T, = lim—2 =
0 9—0 0q/00

where Tj, is the inclination of the limiting streamline to the wall at the point of separation and
q*=Vg+ V2

With the present axially symmetric model dV,/060=0 at a separation point. Since dV,/or
is very small in the boundary layer and in fact zero on the boundary, it follows that £, and hence
Q, must vanish at a separation point. The criterion used for detection of a separation point
was therefore a change in sign of the wall vorticity. The validity of the criterion was verified by
separation of the limiting streamline, but in general, tests based on the stream function proved
much less sensitive.

. . . . 2.1
indeterminate at singular points @1)

2.2.The types of separation predicted.

‘Investigation of the shear stresses in the plane of the wall at separation enables the type of
separation to be determined. It should perhaps be mentioned that at the boundary itself,
Vy=0 and by continuity,

av,
lim =2=0. (2.2)

0-0poundary 00 '

The shear stress normal to the wall must therefore be zero. Since at separation dV,/80 is also
zero, it follows from (2.1) that separation is singular or ordinary according as 8V,/06 is zero or
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non-zero. Thus in the absence of swirl, the separation will automatically be singular. Detailed
examination of the swirt velocity profiles at the location of separation shows them to be almost
exactly linear so that there is a non-zero azimuthal shear stress. Separation in the presence of
swirl 1s therefore usually ordinary. However, it does scem possible that under certain freak
combinations of inlet swirl and hub/wall rotation, 8¥,/06 could be made to vanish at separation.
This, of course, would result in a singular separation line.

In spite of the assumption of axial symmetry, the presence of swirl gives a three-dimensional
character to the boundary layer (it becomes skewed). The limiting streamlines in the plane of the
wall meet in a cusp which defines the separation line (i.e. a circle of constant r on the boundary).
In practical situations, ordinary separation is the usual type encountered. but points of singular
separation do occur. Lines of singular separation, however, have never been observed though
there is no theoretical reason why they should not exist. It seems likely that a line of singular
separation would constitute a highly unstable configuration.
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Figure 2. Contours for Reynolds number 25 and inlet swirl profile (1).

00
MA}O&
010

0.20-~ 045
0.275..... 020

03522 e ————— |

Swirl velocity contours 010

ez 1275
1.260., 1266, e — 1%

1:200.. . 1305
0300 -0.600
0.300-" ~0.100
"0.020

Stream function contours

L e—— - .0-00
5.00, 075
10.09 = 200
=0.00,
2100
:]000"%‘

Vorticity contours =500

Figure 3. Contours for Reynolds number 2000 and inlet swirl profile {1).
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2.3. The flow régimes

In the absence of swirl, four basic flow régimes have been observed [11] for two dimensional
diffusers. These are: _
(i} No appreciable stall régime where at most small regions of separation are observed.
(ii} Large transitory stall régime characterised by gross fluctuations of the whole flow pattern.
Relatively large separated regions form and are then washed out of the diffuser. Since the
flow is unsteady, this régime cannot be predicted using the present steady-state flow
model.
(iit) Fully developed stall régime where the flow is essentially steady and separated from one
wall.
(iv) Jet flow régime where separation occurs very near the inlet or throat of the diffuser
~ from both walls. Again this is a relatively steady flow.
For swirling flows in conical diffusers a fifth régime in the form of vortex breakdown is pos-
sible provided swirl gradients are sufficiently large. Experimental observations have detected
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Figure 4. Contours for Reynotds number 200 and inlet swirl profile (5).
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Figure 5. Contours for Reynolds number 1000 and inlet swirl profile (2).
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vortex breakdown where a separation bubble forms at the axis (e.g. [6], [ 7] and [11]). With the
presence of a hub, this type of vortex breakdown is not possible, but instead, separation from
the hub has been observed [10]. The numerical results obtained in the present investigation
have indicated (see figs. 2-5) the presence of four flow régimes:

() no separation and essentially uniform flow

(ii) separation from the outer wall

(iii) separation from the hub, and

(iv) separation from the hub and outer wall simultaneously. The contour plots have been

obtained using [14]

3. Factors influencing separation

Some of the effects of Reynolds number and swirl on separation are shown for a fixed geometry
in figs. 6-9. It can be seen that in general, for any given inlet swirl profile, the larger the Reynolds
number, the more extensive the separation.
(a) No swirl. Separation occurs from the outer casing only and onset of separation extends
further and further upstream with increasing Reynolds number. The curve for inlet swirl profile
(1) is virtually identical to this curve. Any discernable differences indicate marginally earlier
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Figure 6. Pressure recovery and location of separation for the case of no swirl (results for inlet swirl profile (1) virtually
identical).
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Figure 7. Pressue recovery and location of separation for the case of inlet swirl profile (2).

Journal of Engineering Math., Vol. 8 (1974) 193-207



Viscous swirling flow through annular diffusers. IT 199

0.0 3 T 1.0

\_\' -,
separation .
from outer wall ~o G ; F0.7%

3
T

separation
from hub

&
w
PRESSURE —>

DISTANCE FROM INLET —
~N (8]
o &

- Ve L0.25

T T 1
1 2 3 4 5 6 78 20 25
REYNOLDS NUMBER X 10

Figure 8. Pressure recovery and location of separation for the case of inlet swirl profile (3).
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Figure 9. Pressure recovery and location of separation for the case of inlet swirl profile (4).

separation. This is a little surprising since the general effect of inlet switl is to delay and reduce
separation at the outer casing.

(b) Inlet swirl profile (2). This is a most interesting case since at certain Reynolds numbers,
separation can occur from the outer casing, the hub or both. As can be seen from the diagram,
separation from the outer casing occurs first and extends upstream with increasing Reynolds
number for R < 1000. For Reynolds numbers above 1000, hub separation becomes dominant
and the separated region at the outer casing diminishes and quickly disappears.

(c) Inlet swirl profile (3). A similar pattern to (b) is displayed but the separation at the outer
casing never becomes quite so extensive and the hub separation becomes dominant for R > 300.

(d) Inlet swirl profile (4). Separation was first detected at the hub for a Reynolds number of 150.
As before, increasing the Reynolds number increased the extent of the separation. No separation
at the outer casing was observed.

(e) Inlet swirl profile (5). The trend of earlier and more dominant hub separation with increas-
ing swirl, was observed to continue. The onset of separation for this case was below R =100
but above R =75. Combining inlet swirl profile (5) with a hub rotation that produces a swirl
value of 1.0 at the hub surface results in slightly delayed separation throughout the Reynolds
number range.

On the basis of these resuits for separation, the following comments are particularly relevant :
(i) The numerical procedure predicts separation but the nature of the exit boundary conditions
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(similar to free slip radially directed guide vanes at the exit) restricts the type of recirculating
region that can occur.

(ii) Increasing the Reynolds number results in more extensive separation. Experiments show
that for turbulent flow with R > 10* any variation in Reynolds number has minimal effect. At
very low R, viscous effects are large and in fact a favourable pressure gradient is needed to drive
the flow. For this situation, in the absence of swirl, separation will not occur. As the Reynolds
number is raised, viscous interactions have less effect and in fact some of the energy lost by the
diffusing process is converted to pressure energy and a pressure rise through the diffuser takes
place. With further increases in R, the now adverse pressure gradient can become sufficiently
strong to drive a reverse flow near the boundaries and hence separation occurs.

(iii) Swirling flows tend to reduce separation at the outer wall but cause separation at the
hub. This tendency is linked to the vortex breakdown phenomenon discussed in [9]. It was
shown there that strong negative axial swirl gradients can produce reverse flow at the axis. In
the present situation, the axis is not included but the tendency is the same. In fact, it is easier to
cause separation at the hub than it would be to produce reverse flow at the axis were the hub
removed. This is because the dynamic pressure close to the hub surface in the absence of swirl
is much smaller than the dynamic pressure at the axis of symmetry would be. In [ 9] it was found
that a smaller swirl ratio was required to cause flow reversal at high R than at low R. This effect
is again predicted here since, for cases (2) and (3) of fig. 1, at lower R the swirl is insufficient to
cause hub separation whereas at high R not only does hub separation occur, but also, separa-
tion at the outer casing is prevented.

(iv) It should be noted that profile (a) offig. 1 is not fully developed. Therefore, for different R,
it will represent a different stage of development. In fact, this means that for higher R, the flow
is closer to separation as it enters the diffuser. Hence, there are two reasons for the predicted
earlier separation at higher R: firstly, and most fundamentally, viscous losses are smaller
making possible a static pressure rise (i.e. an adverse pressure gradient) and secondly, the inlet
flow is somewhat closer to the separation condition.

(v) The exit boundary conditions are partly responsible for the steepness of the separation
curve when separation occurs close to the exit.

3.1. Diffuser length (constant angle)
A number of results have been obtained where the length is altered for a diffuser in which separa-

tion has already occurred. These results, recorded in table 1, are for a Reynolds number of 250
and a diffuser angle of 0.1 radians.

TABLE 1
Diffuser length Distance from inlet
of separation
7.436 7.23
8.718 7.06
10.000 7.03
11.282 7.02
- 12.564 7.02
13.846 7.02

These results give some indication of the upstream influence of the exit boundary conditions.
If the exit is well past the onset of separation, any additional increase in length has virtually no
effect. For a shorter diffuser, but just long enough for separation to occur, separation was
delayed slightly. It is the upstream influence of the boundary conditions at exit constraining the
flow to be radially directed that is responsible for this delay.
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3.2. Diffuser angle

The investigation of the variation of separation with diffuser angle was again carried out for
R =250 in the absence of swirl. With increasing angle, as would be expected, the separated
regions become more extensive. Convergence also becomes more difficult to achieve as the
diffuser angle is increased. For the larger diffuser angles (> 0.3 radians), the normal convergence
criterion could not be satisfied (in reasonable computing time) and was relaxed somewhat. In
table 2, the distance from the inlet of the location where separation (both at the outer wall and
at the hub) was first detected is given.

TABLE 2

R Angle in Tinlet Outer casing Hub separation
radians separation

250 0.075 15.0

250 0.085 11.765 8.39

250 0.1 10.0 7.03

250 0.2 5.0 237

250 0.3 3.333 1.42 4.40

250 0.4 25 1.0 2.55

250 0.5 2.0 0.75 232

250 0.6 1.667 0.66 196

250 0.65 1.5395  0.56 1.92

In all cases, the diffuser length was 10 inlet annulus widths. The position of the origin was
altered so that the same mass flow rate (to within 1 %) was achieved for each diffuser.

For diffuser angles < 0.075 radians no separation at all is detected, but as the angle is in-
creased, separation occurs first at the outer casing. Further increases in diffuser angle result in
the separated region spreading further upstream. When the angle exceeds about 0.3 radians,
separation also takes place at the hub and the flow takes the form of an annular jet (jet flow
régime). For angles in excess of 0.7 radians the computer program failed to give intelligible
results.

Results have also been obtained for diffusers having constant area ratio* but different angles
(and hence also different lengths) under varying degrees of swirl. This investigation was primarily
concerned with the relative efficiencies (see section 5) of the different diffusers but the separation
locations are given in table 3.

TABLE 3
Length  Angle Distance from inlet where separation commences
radians .
No swirl Inlet swirl Inlet swirl Inlet swirl Inlet swirl
profile 1 profile 2 profile 3 profile 4
WALL HUB WALL HUB WALL HUB WALL HUB WALL HUB
20.0 0.05 / / / / / / / / / /
16.0 0.0625 14.374 / 14996 / / / / / / 9.939
13.33 0.075 10.28 / 10.55 / 11.01 / 1147 / / 5.05
10.0 0.1 7.03 / 6.93** 7240 / 7341 9.343 / 2.375
8.0 0.125 4.56 / 4.64 / 4.84 / 523 544 / 1.424
6.67 0.15 343 / 3.50 / 3.66 / / 1.78 ? ?

/ indicates “‘separation not detected”
? indicates “‘convergence not achieved”
** obtained by interpolation from results for R of 200, 300 and 400.

* area ratio =area of exit annular surface/area of inlet annular surface
=3 for all these cases.
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3.3. Other factors

ForaReynolds number of 250, the effects of swirl induced by hubrotation have been investigated.
Hub swirl values between 0 and 3.5 were considered. Swirl introduced in this way did not have
as profound an effect as inlet swirl. In general it was found that the stronger the hub swirl the
earlier the separation : for a hub swirl of 3.5 separation occurred approximately 1 inlet annulus
width earlier than in the absence of swirl. Separation at the outer wall boundary only was
detected. It should be noticed that for the case of swirl induced solely by hub rotation there is a
small positive axial swirl gradient and this tends to accelerate the fluid near the hub and conse-
quently retard that near the casing. Thus the predicted result of slightly earlier separation with
increased hub swirl is to be expected.

One very important factor that has not been investigated in great detail is that of variation of
inlet radial velocity profile. The fully developed pipe annulus profile has been considered and
shown to produce earlier separation [9]. Preliminary results for more non-uniform inlet radial
profiles have shown strong effects on separation and the boundary from which it occurs.

4. Physical flow characteristics

Computed results for annular diffuser flows have been obtained for well over two hundred
different cases. Presentation and detailed description of all the results is therefore clearly
impossible. Brief mention will now be made of some of the more interesting features and general
trends. A sample of results is displayed in figs. 10-12, the curves shown corresponding to the
cases for which contour plots have been given.
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Figure 10. Flux of pressure recovery normalised on inlet dynamic head.

Velocity distribution at exit. For low Reynolds numbers in the absence of strong swirl, the
profile is virtually the same shape as the theoretical axial velocity profile for fully developed
flow through a pipe annulus. Increasing the Reynolds number or swirl produces pressure gra-
dients that cause distortion of this profile and in fact can result in reverse flow in the region of
the outer wall or hub boundaries.
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Pressure recovery. A selection of pressure recovery curves normalised on the inlet dynamic
head is given in fig. 10. For low Reynolds numbers, when viscous interactions are large, pressure
is lost through the diffuser i.e. a favourable pressure gradient is required throughout the length
of the diffuser in order to drive the flow. In all cases, a small pressure loss takes place immediately
following the inlet due to the redistribution of the inlet velocity. When pressure recovery is
possible, it tails off as the separation condition is approached. Separation at the hub induced by
swirl is far more detrimental to pressure recovery than separation at the outer wall.

A small sudden increase in pressure at the exit is apparent and is a result of the exit boundary
conditions. At the exit, the flow is constrained to be radially directed and this prevents separation
zones from extending, thus increasing the efficiency of the diffusion proces..

Angular momentum decay. Fig. 12 shows some angular momentum decay curves considered
from the flux point of view. Swirl momentum is maintained best for high Reynolds numbers
and low inlet swirl.

Kinetic energy decay. Reynolds number and swirl both have a marked effect or kinetic energy
decay. For low Reynolds numbers it is possible for the kinetic energy to increase in the inlet
region. This feature is due to the redistribution of the velocity profile as a result of the thickening
boundary layer and is necessarily accompanied by a large pressure drop. The forming of
separated regions also reduces kinetic energy decay. Ideally a uniform velocity profile is re-
quired so that kinetic energy decay and pressure recovery are both as large as possible.
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Pressure profiles. At inlet the pressure is highly non-uniform, especially when the fluid is
swirling strongly. Large vorticity values near the boundaries lead to very high pressure gradients
in the immediate vicinity of the walls. At exit the pressure is very much more constant even for
highly swirling flows. In regions of flow recirculation the pressure is virtually constant and at
the walls the pressure gradients are negligible.

5. Pressure recovery coefficients and diffuser effectiveness

In addition to variation of separation point with Reynolds number, figs. 6-9 also show the varia-
tion of two quantities Cy,s and Cpy, with Reynolds number. Cp,, is the static pressure recovery
coefficient and this gives a measure of inlet kinetic energy recovered as pressure energy. Cp,
is the normalised total energy recovery or stagnation pressure recovery coefficient. This gives the
proportion of inlet kinetic energy retained as kinetic energy plus the proportion converted to
pressure energy. Both Cpy, and Cy,, have been calculated using mass flow or flux averaging.
Investigation of these recovery coefficients reveals the following:

(i) For low R (i.e. when viscous effects are large) the recovery coefficients are negative.

(ii) The difference between the curves at a given R gives the kinetic energy at exit. As the
Reynolds number is increased, the difference between these curves increases indicating that
more and more kinetic energy is being taken up by the recirculating regions.

(iii) In figs. 7 and 8 a curious feature is observed in that the recovery coefficients take a sudden
dip. Comparison with the separation curves reveals that this dip occurs in the Reynolds number
range where separation from the outer wall is disappearing and separation from the hub begins
to dominate. When hub separation takes over entirely, the cause of the separation is no longer
the adverse pressure gradient produced as a result of the expanding flow passage, but the strength
of the axial swirl gradient. It is interesting to note that maximum pressure recovery occurs when
the outer wall separation starts to reduce.

(iv) For inlet swirls sufficiently strong that separation from the hub only occurs, once the
separation has started, increasing the Reynolds number decreases the static pressure recovery
coefficient.

From these results it can be seen that separation induced by swirling flows can be highly
detrimental. It is worth comparing the trends here with those of the rotating cylindrical pipe
studies in [8] and [9]. It was notices there that the swirl ratio required to produce vortex break-
down is lower at high R than at low R. Here, inlet swirl conditions that do not cause separation
at the hub for low R (but may allow outer wall separation at low R) can cause large reverse flow
regions at the hub for higher R.

5.1. Ideal pressure recovery coefficient

The ideal pressure recovery coefficient for one-dimensional flow is given by
C,4,=1—(AR)~? (where AR denotes the area ratio)
= 0.889 for the geometry of the majority

of the present calculations. Using the mass flow averaged formula given in part I for the ideal
pressure recovery coefficient (based on the actual inlet flow) gives different values depending
on the inlet swirl. These different values are recorded in table 4.

3.2. Performance comparison for diffusers of equal area ratio

The recovery coefficients and effectiveness will now be examined for the cases considered in
table 3. All the results are for a Reynolds number of 250 and a constant area ratio of 3.0. The
values obtained for Cp,, and E,, are given in table 5.

In general, the inlet swirl increases the pressure recovery coefficient and effectiveness unless
the swirl gradient is sufficiently strong to cause substantial separation at the hub. Even for the
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TABLE 4
Inlet swirl Value of
profile Cru,
No swirl 0.884
1 0.865
2 0.847
3 0.834
4 0.797
5 0.716
TABLE 5
(R=250, AR =3.0)
Length Angle No swirl Inlet swirl Inlet swirl Inlet swirl Inlet swirl

radians _ drofile 1 profile 2 profile 3 profile 4

Crw  Eum
Can Eu Cem  Eu Cia  Em Cam Eum

20.0 0.05 0.069 0.078 0.093 0107 0.124 0.146 0.142 0.170 0.178 0224
16.0 0.0625 0.139 0.158 0.160 0.185 0.189 0.223 0.206 0247 0.239 0300
13.33 0.075 0.185 0.209 0203 0.235 0230 0271 0.246 0.295 0241 0302
10.0 0.1 0.253  0.286 0.258 0.298 0.339 0.287 0.300 0.360 0119  0.148
8.0 0.125 0.280 0.316 0.291 0337 0313 0369 0329 0.3% 0.046  0.058
6.67 0.15 0305 0345 0315 0.364 0.335 0396 0206 0.246 ? ?

? indicates convergence not achieved

0.5 angle diffuser where no separation was detected, inlet swirl increases the pressure recovery.
This is because the swirl causes the boundary layer at the outer wall to be thinned thereby
effectively widening the flow passage.

6. Computational details

For most of the calculations a 40 x 19 mesh has been used with 40 uniformly spaced radial
mesh stations and 19 non-uniformly spaced stations in the transverse direction. For the longer
diffusers, as many as 60 radial mesh stations have been used.

Obtaining convergence is relatively difficult for this problem. Several factors play a part in
determining how easily convergence can be achieved. In general, the higher the Reynolds
number and the larger the inlet swirl velocity, the more cycles are required. However, the choice
of relaxation parameters and suitability of the initial guess are also vitally important. The initial
guess was usually taken as the previous most comparable solution. Typical relaxation param-
eters used for this problem are 0.45, 0.7 and 1.2 for vorticity, stream function and swirl velocity
equations respectively. Depending on the conditions, convergence was normally obtained in
somewhere between 100 and 800 iterative cycles. Some cases, however, were particularly stub-
born. For example, for a Reynolds number of 350 with inlet swirl profile 3, approximately 2,500
iterative cycles were required. This case correspnds to the change over point where hub separa-
tion suddenly takes over entirely.

For most of the calculations, the vorticity boundary weighting parameter, «, was given a
value of 0.5. The convergence criterion tolerance, &, was taken as 5 x 10~ 3. Experience shows
that when this is satisfied the values of Q, ¥ and A are changing by an insignificant amount.
Moreover, the sensitive parameters (e.g. separation location, pressure recovery coefficient etc.)
also show insignificant changes if the iteration is continued further.

When the Reynolds number was large and the inlet swirl or diffuser angle were also large, the
convergence criterion could not always be satisfied. For the inlet swirl profile 5, convergence
was most difficult for R =1500. Contour plots of the unconverged solutions show a very
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unsteady looking behaviour. This may be due to a numerical instability or because the flow in
reality is becoming time dependent. It should be noted that solving the equations by S.O.R.
is equivalent to following the flow development through a distorted time. Convergence diffi-
culties may therefore be due to time-dependent behaviour.

7. Conclusions

[t is not possible to compare the present results directly with those of experiment since experi-
ments are usually concerned with high Reynolds number turbulent flows. For laminar flows,
separation occurs much more easily than for turbulent flows. Furthermore, Reynolds number
has little effect on performance and flow regime for turbulent flows with R > 10*, but for laminar
flows Reynolds number effects are all important. However, trends observed in experimental
studies have been predicted in the present work. Thisis particularly so of the swirl investigations.

Three relevant experimental investigations involving swirling flows in diffusers are known
to the authors. The first two are for conical diffusers and the third for an annular diffuser similar
to the configurations considered in the present work.

(i) So [7] investigates vortex phenomena in a conical diffuser. With certain swirl conditions
he observed vortex breakdown with reverse flows at the axis. His flow visualization shows a
stagnation bubble that moves towards the inlet with increasing swirl.

(if) McDonald, Fox and Van Dewoestine [11] consider the effects of inlet swirl on pressure
recovery and performance for conical diffusers. They found that for badly stalled diffusers, the
introduction of inlet swirl improves performance. They also observed that for a given situation,
there is a definite optimum inlet swirl and that the use of very large inlet swirl can be highly
detrimental to the flow.

(iii) Hoadley [10] examines the effects of swirl in an annular diffuser almost identical to the
one considered in the present study. As previously mentioned, it is from this work that some of
the inlet profiles of fig. 1 are taken. Hoadley observed separation on the outer casing for zero
swirl and on the hub for high inlet swirl. He states that for the largest inlet swirl profile the region
of separation at the hub extends nearly to the diffuser inlet. The flow actually reattaches near the
diffuser exit but this is due to the presence of the converging exit section of his apparatus. A
sharp decrease in pressure recovery for high inlet swirls is also recorded.

Similar trends have been observed in all three studies and the present work predicts similar
behaviour. The qualitative agreement of the present results with [10] is highly encouraging
and it is hoped that the extension of the present method by including a suitable turbulence
model may provide quantitative agreement. If this were possible, it would provide the diffuser
designer with a most powerful tool.

Finally it is worth recording the main features predicted by the present laminar study.

(i) Reynolds number has a significant effect. At low R, no separation occurs and a pressure
head at inlet is required to drive the flow. For high Reynolds numbers, viscous effects are smal-
ler and some of the kinetic energy lost is recovered as pressure energy. Separation limits the
amount of pressure recovery possible.

(ii) When viscous effects are large and a substantial pressure gradient required to drive the
flow, the radial velocity profile at exit is almost identical to that of fully developed pipe annulus
flow.

(iii) The effects of inlet swirl are most significant. Small amounts of swirl can reduce separa-
tion at the outer casing and improve performance. Large inlet swirl results in a very low pressure
region at the hub and separation takes place. Separation of this kind is most detrimental to
pressure recovery.

(iv) Swirl induced by hub rotation causes slightly earlier separation but the results are not
very significant. _

(v) Diffuser angle has a very large effect on performance and flow régime.

(vi) Diffuser length has a minimal effect on the upstream flow with the present boundary
conditions.
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