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SUMMARY

An analytic method of subsonic radial diffuser design is
proposed and investigated, wherein the passages are designed
to yield a fixed eguivalent diffuser angle or rate of area
increase. It is demonstrated in the two dimensional case
that much more rapid diffusion can.be achieved than with a
vanelegs diffuser.

Existing correlations of acceptable diffusion limits
of straight-walled diffusers are combined with this purely
geometric design method to generate optimum diffusers,
assuming that the slight curvature of the passages does not

appreciably affect the diffuser performance.
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1.0 TNTRODUCTION

In certain applications of the centrifugal compressor,
notably in VTOL lifting schemes (Ref. 1. ), the outside
diameter of the installed compressor is of critical importance.
In order to achieve reasonable diffusion, it is desirable to
use a relatively large diffuser, but this is not compatible
with a compact installation.

This has forced a re-examination of an old question --
for a specified diameter ratio (outside diameter over inside
diameter), how should a radial diffuser be designed to achieve
a maximum stall-free diffusion within this geometry. The
problem specifically examined is, given the radial and
tangential velocity components of the flow from a centrifugal
compressor, by how much may the velocity be decreased in a
radial diffuser, assuming typically that the flow discharges
into an outlet plenum and that hence only the magnitude of
the emerging stream velocity is signifiicant.

It is recognized that the acceptable diffusion limit
is not an absolute limit, but represents experience gathered
from a number of different investigations; a detailed diffuser
design would be expected to involve a re-examination of

applicable data complemented by an experimental verification.
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2.0 ANALYSIS

The basis for the following analysis is that the
passages of a radial diffuser, such as is shown in the sketch
below, have a radius of curvature which is large relative to
a typical passage width. Hence the passage design may be
guided by experience appropriate to straight-sided diffusers

for incompressible flows.

In particular, it is possible to so arrange the
geometry of the passages, that a "constant equivalent
diffuser angle™ is achieved, i.e., the ratio of passage
width increase to passage length increase remains constanf,
just as in the case of a straight-sided diffuser. The
differential equation of the passage so defined is derived

below.
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2.1 Diffuser Passage Differential Equation

Consider an elemental portion of streamtube, extending
from radius R to (R + dR), making an angle © with the inner
circle, and an angle (0 + d6) with the larger circle.

See Figure _1 .

If there are N streamtubes comprising the entire
periphery of the diffuser, each streamtube intercepts an
arclength of (R%E) on a circle. Since the streamtube makes

an angle O with the circle, the streamtube width at any given

radius is w = R%E sin @ (%.)
The increase in streamtube width is found formally as
dw = %ﬂ sin@ dR + R%E cosb d© (R.)
The arc length of the streamtube element, by trigonometry, is
_ drR
da = sin® (3')

These two quantities together defline the equivalent

diffuser angle, 28, thus

28 = %g = &1 5in6 dr + RET cosO df (%.)

dR/sin®

Re-arranging

2n 2 21 RAO

T sin 0 «+ N sinb cosb ar - 2R
And separating variables
dR , sind cos® dB =0 {5 )
R sin26 _ 2BN

21
This differential equation sets out the relation

between the local radius R, and the local angle with the
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tangential direction 6, which must be fulfilled to achieve
"constant angle™ diffusion. This equation is readily inte-
grated (the numerator of the second term being proportional

to the derivative of its denominator), yielding the following

(oY
= \g (6. )

It will be seen that, in addition to specifying the

relation

v
we)
=

. R
sin~V —

Ed

sin26 — 21
i

inlet angle and radius, one must also specify a dimensionless

diffusion parameter,

pp = BRN _ 2R
2T /N
_ Equivalent Diffuser Angle (7.)

treamtube Pitch Angle

One piece of significant information is available
immediately, once the local angle has been determined --
this is the geometrical expansion which has taken place.
The geometrical expansion is defined as follows:

. : _ . Local Passage Width
Geometrical Expanmsion = Tnlet Passage Width

R sin0
R,sinb,

=i <
/R "/ sinb ™

kﬁi/<g§;§i/ (8.)
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&.2. STREAMTUBE SPACE CURVE

While the integrated form of the diffuser equation (6)

correlates the local angle, 0, with the local radius, R, it

is convenient to define a space angle, a., which is the angular

co-ordinate of any pecint under consideration, relative to its

initial wvalue.

=

O/ SACE AvEle
¥

/

Referring back to Figure 1, it may be seen that for

an incremental length of streamtube, the corresponding

increment in the space angle, a, is

da

Tangential Increment

tan® _ _dR

Local Radius

dR

R ~  Rtan®
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2.3 COMPUTER FORMULATION OF PROBLEM

In order to explore rapidly a large variety of diffuser
configurations, the equations developed above were set up for
computer evaluation. The problem as solved consisted of the
following equations: -

dR,
sin®

dR sinfcosfdb _
R . 2,288 0O (5.)
sin™0-5=

dR
o = Rtanb (9.)

ds =

Subject to the initial conditions

o = 6
R = R, = 1.0
1
& a = d, = 0° |
1

These equations have deliberately been left in the
differential form, since that for the space angle is not
convenient to integrate directly. They have been solved
using the NRC IBM 1620 Mk II computer, using the Runge-
Kutta-Gill method for solving simultaneous first order
differential equations. A typical computer output sheet is
shown as figure 2, for radius ratios between 1.0 & 4.0,
fluid inlet angle of 20° and a diffusion parameter %%E of
0.5. The computed values of € have been compared with

those generated by the integrated relation (Eqn 6), and

agree to at least 5 significant figures.




NATIONAL RESEARCH COUNCIL NRC-Eng-L46
DIVISION OF MECHANICAL ENGINEERING ~ © 282 11

LABORATORY MEMORANDUM

It will be noted that the computer output sheste also

contain the geometrical expansion, as defined above, viz

N A3 ;
= _ (R_\/ginG
DIFNET = GE = (—“Ri)CSinei) (8.)

Because the diffusdr has béen designed to yield a
constant equivalent angle, 28, the geometrical expansion may

be correlated with the dimensionless passage length (% ), thus
1

W
L

i)
|

4

W (e —1)
i oI
_—
ﬁzsinﬁ = "1 (GE-1) -
2L
or (&)= gB-1 (10.)
Wl) 2P

This in turn may be correlated with the arc length,

s, since .
/L -
5 = |5
\wl) 1
— GE-1 . =1 —
= ~§§— Ri N 51nbi
s = Ry (GE-1) 2 sin6. (11.)

2BN




NATIONAL RESEARCH COUNCIL NRC-Eng-46
DivisiON OF MECHANICAL ENGINEERING Page 12

LABORATORY MEMORANDUM

Again the arc length as computed by finite difference
integration has been found to agree to five significant
figures with the value derived from the exact integrated

result.
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3.0 CALCULATED DIFFUSER GEOMETRIES

3.1 DATUM CASE

The computer results tabulated on Figure 2 =are
plotted in polar co-ordinates (R-a) in Figure 3; it will
be noted that the diffusion parameter of 0.5 has been
assumed to correspond to a value of 2R of 10°, and 18
passages (pitch angle of 20°). It could with equal accuracy
be assumed to correspond to a value of 2R of 5° and 36
passages (pitch angle of 10°).

One point of particular interest is the relatively
large radius of curvature of the diffuser passages defined
by this analytic method - the correspondence to a straight-
walled diffuser is hence very close.

The strongest curvature and highest expansion rates
are found near the diffuser inlet, and hence this region
sees the maximum departure from straight-wall diffuser
experience.

A second point of some interest is that the local
angle (6) approaches a constant value of about 45° after

changing rather rapidly at low radius ratios from its

initial value of 20°. This may be seen from equation (6),
R,
where as Ei -+ 0
. R 2RN ;
sin® - e i.e, 0.5

whence 0 - 45°

When this angle becomes constant, the curve becomes a
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logarithmic spiral, and the expansion proceeds at a rate
given by the radius ratio -- corresponding exactly to the
vaneless diffuser case with free vortex flow.

It is also worth noting that for a radius ratio of
2.0, a geometric expansion of 3.72 is achieved. Providing
this does not exceed the acceptable limits of diffusion,
this represents a considerable gain over the geometric
expansion of 2.0, which would be achieved with a logarithmic

spiral or with a vaneless diffuser.
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3.2 EFFECTS OF DIFFUSION PARAMETER

In Figure 4, the results of changing the value of
the diffusion parameter are illustrated. If the passage
spacing is held constant at 20°, the values shown corres-
pond to dififfuser angles of 20° and 5° respectively. With
the diffuser angle of 20°, a straight diffuser passage
results, yielding a geometric expansion of over 5, for a
radius ratio of 2. With the diffuser angle of 5°, a long
spiral-shaped passage results, yielding a geometric
expansion of only 2.72 for a radius ratio of 2.

It is clear that the low diffuser angle is only
marginally better than a log spiral passage -- the local
angle O converging towards a value of 30° at large radius
ratios, as forecast by equation (6). The configuration
with the large diffuser angle has a high expansion rate;
it achieves a local angle approaching 90°, albeit rather

slowly.
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3.3 EFFECTS OF FLOW INLET ANGLE

In Figure 5, the effects of changing the diffuser
inlet angle on the passage geometry are examined -- the
upper curves being for an angle of 30° and the lower
curves for an angle of 10°, both with an equivalent
diffuser angle of 10°. With the higher inlet angle, the
local angle is relatively constant, and the geometric
expansion is not notably better than that with a
logarithmic spiral. With the lower inlet angle, large
amounts of expansion are achieved, typically a value
of 7.12 being obtained with a radius ratio of 2.0. The
tabulated values for this latter case are included as
Figure 6., because they emphasize the extremely rapid
expansion taking place near the start of the passage --
between R = 1 and R = 1.1 the local angle is approximately
doubled and the geometric expansion is in excess of 2.
Unless extremely close passage spacing is adopted, the

flow may be inadequately constrained in this region.
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4.0 QPTIMUM DIFFUSER DESIGN

4.1 PERFORMANCE CRITERION

In the foregoing, no attempt has been made to
quantitatively Jjustify the choice of diffusion parameter,
and the component diffuser angle and passage pitch which
comprise it. In this section, collective results of
experimental investigations by various experimenters on
straight diffusers are incorporated.

The basic piece of information is a curve of
diffuser angle versus dimensionless diffuser passage length,
GJWI), providing an acceptable diffusion limit. This curve
has been plotted in Figure 7, on logarithmic co-ordinates,
and is derived from reference 2, being applicable to flows
of high turbulence.

As has been shown in equation (10), for a given
diffuser angle specifying the non-dimensional passage
length is the same as specifying the geometrical expansion
so in the same Figure 7 is shown the limiting relation
between diffuser angle and geometrical expansion.

Two points require emphasis. One is that the curves
shown are applicable to straight diffusers, and their
suitability to the curved diffusers considered here has not
been demonstrated. The second point is that the curve in
fact separates a flow regime of no appreciable stall from a
flow regime of large transitory stall; clearly this only

qualitatively defines an acceptable diffusion limit.
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L.2 OPTIMUM DIFFUSER - FIXED RADTIUS RATIO

The problem considered in this section is as follows:
if the inside and outside radii are specified, and if the
diffuser inlet angle is specified, what combination of
passage number and diffuser angle will yield an optimum
diffuser. Here the definition of an optimum diffuser is
that arrangement which will produce a maximum geometrical
expansion while falling within the acceptable diffusion
limit.

Using equations (6) & (8), the geometrical expansion
is readily computed as a function of the diffusion parameter.
If, then, the number of passages is specified, a family of
curves is generated relating diffuser angle with geometrical
expansion - as is seen, in logarithmic co-ordinates, in
Figure 8. To complete the examination, the diffusion limit
as discussed in section 4.1 above is plotted on the same
graph, and thus cases of large transitory stall can be
separated out.

For the 20° inlet angle and 2.0 radius ratio selected,
it is seen that a combination of high passage number and low
diffuser angle will yield the highest geometrical expansion -
with 18 passages, a maximum diffuser angle of 8° may be
specified, yielding expansion of 3.35; alternately with 36
passages a maximum diffuser angle of 6° may be specified,
yielding an expansion of 4.

Similar families of curves are shown for the same
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radius ratio of 2.0, but for inlet angles of 10° and 30°, in
Figures 9 and 10 respectively. With the 10° inlet angle,
very large amounts of geometrical expansion are possible, but
at very low diffuser angles - typically an expansion of L.85
with a diffuser angle of 4 1/2°. This already represents
some extrapolation of the available diffuser data, and does
require some caution. With the 30° inlet angle, on the other
hand, large numbers of passages are required to achieve any
significant improvement over a simple legarithmic spiral -
typically a geometrical expansion of only 2.77 is obtained

with 18 passages and a diffuser angle of 11°.
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4.3 OPTIMUM DIFEUSER - FIXED GEOMETRICAL EXPANSION

The problem considered in this section complements
that considered above in 4.2: if a fixed expansion is to be
produced by a diffuser and if the diffuser inlet angle is specified,
what combination of passage number and equivalent diffuser angle
will yield an optimum diffuser. The definition of an optimum
diffuser in this case is the smallest radius ratio ( most
compact geometry) which can be used within the acceptable
diffusion limit. Equations (6) & (8) may again be solved
simultaneously for a fixed geometrical expansion, yielding

the radius ratio as a function of the diffusion parameter:

From (6) Cg_ sine\)2 _ (=¥ 28N
R3 / \Rj T 1
singe, ___ 2BxN
o 21
From (8) (GE)sinB, = R_ sin@
&L Ri
whence
2 (R_\2 28N
(6E sming )" =\g:] 2q )
sin“0, — 2BW
+ 21
M 2 2 2RN
(ﬁ"‘) = sin Oy (GE™-1) + o
1/
o 2BN
hi (1=2.)

If the number of passages is specified, it is now
of
possible to produce a curve/radius ratio as a function of
equivalent diffuser angle -- one for each number of passages

specified} this is done in Figure 11 for a geometric expansion of 4.0.
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However, in Figure 7, it has been shown that the diffuser
angle must be kept below 6° with this expansion, this limit
is therefore superimposed on the curves generated by equation
(12.)

As will be seen, with 18 passages, a radius ratio
of at least 2.6 is required to keep the diffuser angle
below 6°, By increaging to 36 passages, the radius ratio
may be reduced 2.0, still achieving the geometrical expansion
of 4.

A gimilar plot is shown in Figure 12 for an expansion
of 3.0, with the inlet angle held constant at 20°. In this
case the limiting diffuser angle is higher (9 1/2°) and the
radius ratios from equation (12) are lower, with the result
that much smaller diffusers are possible. Typically with

18 passages a radius ratio as low as 1.75 is permitted.
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5. CONCLUSTIONS

1. By using carefully chosen sets of parameters,
much more rapid expansion can be achieved in a radial diffuser
than would be possible in a vaneless diffuser.

2. The most rapid expansion rates, with respect to
radius, occur near the diffuser inlet, so that it may be
desirable to have an inner vaned portion with an outer vaneless
annulus.

3. Studies of optimum diffusers indicate the extreme
importance of maximum passage number, as the controlling

variable in establising the limiting performance.
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6. EXPERIMENTAL PROGRAMME

Should it appear desirable to verify and extend the
analysis herein, the following comments are offered on an
experimental programme.

It would be proposed to test a full annulus (rather
than one or two passages), and to schedule removable vanes
so that, typically, 9-18-36-vaned arrangements could be run.
It would further be proposed to make the vanes in several
discrete segments, so that the radius ratio could be changed
over several values.

The flow would be provided by a conventional impeller,
at low speed since compressibility is not of interest, with
throttling used to adjust the diffuser inlet angle. Screens
and/or a vaneless region might be desirable between the
impeller and the test diffuser.

Flow visualization equipment would be highly desirable
for these experiments. Velocities should however be made
high enough to permit reasonably accurate pressure loss

measurements.
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Appendix A

On the Design of Subsonic Diffusers with

Consideration of Observed Fluid Dynamic Phenomena

1. On Inlet Conditionq

1.1 Boundary Layver at Entrance

The type of entrance boundary layer flow, while
apparently not influencing the flow regime, affects critically
both the pressure recovery and losses. Laminar inlet boundary
layers separate easily when subjected to small pressure rises,
and in the absence of re-attachment, cannot support satisfactory
diffusion. Turbulent boundary layers can support considerable
pressure rises because of their mass transfer properties (slow
or backward moving fluid masses are either transported into
higher velocity regions or are re-energized by momentum fed
in from the higher mean velocity region. This mass transfer
phenomenon represents a mixing loss - but it is a necessary
agent in pressure recovery and in reducing total pressure loss
from what it would have beeﬁ for a completely stalled flow.

It ténds to decrease the history effect of the boundary
layer (Ref. 2).

Considering turbulent entrance boundary layers, the
stall patterns are only weakly dependent on Reynolds number
(Ref. 3). Reynolds number in the range 6,000 to 300,000, at

least, does not affect flow regime appreciably, but can have
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considerable influence on losses and pressure recovery

(Ref. 2). Thin boundary layers %_(O;Ol\ tend to reduce
diffuser loss and, providing that %he diffuser is not stalled
completely, the potential core (defined as a fluid region
which has zero total pressure loss) extends to the full
length of the diffusing passage (Refs. 2, 4). © here is

the momentum thickness and not the local angle defined in

the main body of the text. There appears to be some evidence
that pressure recovery varies more than total pressure loss
with entry conditions (Ref. 2).

1.2 UVelocity Profile of the Potential Core at the

Entrance.

If a large area of inlet flow near a wall is
deficient in total pressure (steady state or transient),
e.g. a wake, large transitory stall (S. Kline's flow regime 2)
will occur sooner than predicted by Kline's experimental data
method (Ref.2). In the case of the radial diffuser design
method described herein, this condition has to be anticipated
because an impeller will necessarily precede the diffuser.

1.3 Inlet Aspect Ratio

The flow regime is not appreciately influenced by
varying aspect ratio in the range 1/k4< Wi/h<20. Aspect ratio
is thought to be an important variable in pressure recovery

and loss (Ref. R).
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1.4 Mach Number

Raising inlet Mach number has an increasingly adverse
effect on diffuser performance - particularly so with thick
inlet boundary layers (Ref. 4). Increases in inlet Mach
number up to 0.5, or somewhat higher, do not appear to alter
the losses and hence performance - provided the design point
is as much as 5 or 6 degrees below the normally acceptable
diffusion limit at constant L/Wl' However, if the design is
close to the normally accepted diffusion limit the losses
appear to increase steadily with Mach number. The conserva-
tive units show flat performance up to conditions where
shock waves and choking effects are encountered (Ref. 2).
For radidl diffuser designs of the proposed type the inlet
boundary layer should be thin - hence Mach number effects
on performance should be no worse than reported by Kline
(see above) for thin inlet boundary layers.

1.5 Turbulence in the Potential Core

Increasing turbulence level and scale delays
appreciable transitory stall and hence is beneficial for
recovery (Ref. 2), presumably because turbulent mixing is

aided.

2. On Correlating Flow Regime with Performance

Correlation of flow regime does not imply correlation
of recovery value. Reynolds number, aspect ratio, inlet

boundary layer (within limits) do not appreciably affect flow
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regime, but they do affect recovery and losses (Refs. 2, 3).
At large diffuser angles, but in the region of no

appreciable stall, the flow no longer follows the walls.

Area ratio becomes a less significant variable as the diffuser

angle increases (Ref. 2).

3. On Outlet Conditions (for No Transitory Stall Flow)

As the flow leaves the diffuser exit the velocity
profile tends to be quite peaky. Adding some ducting
(approximately 2 to 6 exit diameters would adequately suit
the purpose (Ref. L)), to the downstream end of the diffuser
usually permits some further recovery since the profile
tends to flatten out (Refs 2, 4). If the diffuser flow
is dumped as is proposed in this design method, optimum
pressure recovery will always be less than for the diffuser-
short duct system (excepting cases where the diffuser angle

is less than 7°)(Refs. 2 and 4).

L., Diffuser Performance

L.l Toss Mechanism

Diffuser loss comprises three parts: dissipation
due to wall shear, dissipation due to mixing (the greater of
the two by about an order of magnitude), and a leaving
momentum loss due to velocity peaking at the exit (see abové)

(Ref. R).
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4L.1.1 Wall Shear

Wall shear in adverse pressure gradients, as is
expected from considerations of the mean velocity profiles
of the boundary layer, is found to be much lower than for
equivalent pipe lengths (i.e. the flow regime defined as
"no appreciable stall"™ often experiences a transient three-
dimensional instability giving rise to streaks of back-flow
at even mild pressure gradients); (Ref. 3). The spots of
low energy fluid are confined to the boundary sub-layer
while growing and are periodically swept away into the

buffer and wake regions of the boundary layer. (Ref. 3).

L.1.2 Reynolds Stress

A simple force analysis made by S. Kline demonstrates
the presence and relative importance of the so-called Reynolds
stress which, it turns out, is the only agent in the fluid
stream that drags the boundary layer against the rising
pressure and the wall shear (Ref. 3). The Reynolds stress
becomes increasingly important as the flow approaches large
scale separation (Ref. 2). This shear stress is seen there-

fore to actually aid the flow to diffuse - while acting at

the same time to increase losses (mixing). In a turbulent
boundary layer the dominant shear term is the Reynolds stress-
it is several times the magnitude of the laminar shear term

(Ref. 3). The Reynolds stress is increased by the appearance
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of separation streaks at the wall. These streaks are little
three-dimensional "bubbles" that cause sharp stream curvative
(appearance of %5 terms) which, in turn, increase the Reynolds
stresses at greater distances from the wall (Ref. 3).

4.2 Loss Considerations

As large stalls begin to appear, whether transient or
steady, both the mixing loss (which cannot be predicted
analytically using conventional two-dimensional boundary
layer theory) and the leaving momentum loss will rise sharply.
The optimum pressure recovery is realized just as the large
transient stalls appear - but at this point the diffuser
pressure éffectiveness has already degenerated.

The optimum pressure effectiveness is realized

ac
Cpr _ Cpr . _ Rideal
when o CPR B
ideal '
ac
3
. Cpr _ . _ "Rideal
i) > R

The best pressure effectiveness is at 28 = 7° with L/Wl, =
25 to 30 where the 7° may represent a balance between wall
friction and mixing losses such that their sum is minimized
(Ref. R).

L.3 Pressure Recovery Considerations

The foregoing observations have demonstrated, by

implication, that pressure recovery must always be less than

its corresponding ideal value. Optimum pressure recovery is
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an impractical design goal because the resultant diffuser
flows will pulsate and may stall completely when triggered
by transient inlet conditions, and because the pressure
effectiveness cannot be optimized simultaneously. Maximum
pressure recovery values of 0.83 to 0.91 have been observed
for diffusers with large L/Wl, and small expansion angle
values, but a more reliable design recovery value appears
to be 0.75 (Ref. 2). Furthermore, it appears prudent to
avoid maximum recovery designs if inlet conditions are
unknown, paricularly if diffuser angles greater than 12°

are considered.

5. On Curved Diffusers

In the closure of Ref. 2 R. Dean cites examples
of applying straight wall diffuser design methods to curved
diffusers and diffuse~curved duct combinations - with
excellent results. Particular reference was made of a 10°
L to 1 area ratio conical diffuser followed by a 90° elbow.
Here the pressure recovery was found to be 26% lower than
predicted from straight wall diffuserdata. The proposed
design method features only mild diffuser centerline

curvature and hence to use straight wall diffuser design

rules would appear to be a good first approximation - provided

the configurations are tested experimentally later.
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NOMENCLATURE
A crossectional area
1 3
A f Podf-5 f Byl
2IA, 1JA
& _ = 1
PR actual pressure recovery = T
KJA 1194
1
Al\z
CPR ideal pressure recovery = 1- K_/
ideal N2
h passage height
L wall length
p pressure
W passage width
v co-ordinate normal to wall surface
A diffuser wall angle, or 1/2 expansion angle
ﬂp pressure effectiveness CPR/C
PRideal
0 momentum thickness of boundary layer
SUBSCRIPTS
1s inlet plane of diffuser

2. exit plane of diffuser
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