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Advanced Direct-Design Procedure for Centrifugal Impellers

Sarim N. J. Al-Zubaidy*
UAE University, Al-Ain, United Arab Emirates

The design of centrifugal impellers usually starts with a preliminary design making use of one-dimensional
flow analysis thus enabling the skeletal dimensions of the impeller to be determined. This is followed by a
detailed design that requires the complete description of the three-dimensional geometry which is subsequently
modified by means of successive aerodynamic analysis (indirect approach). The initial description of the blade
geometry relies heavily on the experience and the engineering judgement of the designer. This article will present
a method that will replace this arbitrary stage of the design sequence by a design procedure that will effectively
generate the three-dimensional coordinate of impellers designed for a prescribed velocity schedule (direct-design
approach). The study suggests that the degree of blade wrapping could—and was controlled by—adjusting the
magnitude and the distribution characteristics of the relative pressure loading parameter. The leaning of the
mean streamline forward is caused by increasing the loading distribution while a backward lean is achieved by
decreasing the blade loading. The rate at which the radial relative velocity accelerates was used to eliminate
undesirable blade curvatures during the design procedure.

Nomenclature
= blockage factor due to blade thickness
= width
= absolute velocity
= blade loading coefficient
= specific heat at constant pressure
diffusion ratio
= diameter
= inducer-to-tip diameter ratio
= function of . . . [Eq. (8b})]
= hub-to-tip diameter ratio
Mach number
= mass flow rate, length along streamline
= rotational speed
= number of blades
= pressure
= radius
= temperature
= relative velocity
= distance along axis of rotation
= angle between tangent to meridonal streamline and
Z axis (measured from tangential)
relative flow angle, blade angle (measured from
tangential)
= ratio of specific heats
= efficiency
= relative angular coordinate
density
= slip factor
= angular speed of rotation
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Subscripts

= curvature

= inducer tip condition

= meridional

pressure

= radial direction

= suction

= component in the direction of perpherial velocity
= axial direction
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= tangential direction
= stagnation condition
impeller inlet condition
impeller exit condition
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Introduction

N order for the design process of radial flow centrifugal

impellers to progress beyond the preliminary design stage,
a detailed description of the blade geometry is required. The
quasi-three-dimensional or three-dimensional flow analysis
procedures are basically intended to evaluate the loading dis-
tribution and fluid properties within the specified geometry.
In general, the great majority of procedures used for the
design of radial turbomachinery relies on the indirect ap-
proach. In this approach, a preliminary shape of the impelier
is arbitrarily specified and the flow within the rotating chan-
nels is then analyzed. The velocity profiles obtained will be
examined for any irregularities and the initial geometry will
be successively modified until an acceptable loading distri-
bution is achieved. The process of continually refining the
blade shape is not only time-consuming and expensive in terms
of computational cost, but could be very laborious. The al-
ternative approach (which is designing the impeller using a
direct procedure) assumes that the acceptable loading distri-
bution is known as a starting point and the aim would be to
produce an impeller geometry that would produce the initially
prescribed distribution. The resulting geometrical description
in this case would be defined by arrays of discrete coordinate
points, and therefore, have to be fitted by a suitable three-
dimensional curve in order to automate the overall design
procedure. The relative merits of employing the direct ap-
proach over the indirect approach is shown in Fig. 1. The
abscissa represents six impellers (A—F) that have been de-
signed to meet the same performance requirements and to
have a similar diffusion schedule. The ordinate represents the
time ratio taken by an IBM, series 4331 mainframe computer
to achieve the design objectives. It can be deduced from the
figure that on average the direct approach requires one sev-
enth the time taken by the indirect approach. Further details
may be found in Ref. 1. In spite of the many attractive features
of the direct approach, the design sequence of radial turbine
rotors and compressor impellers still relies heavily on arbitrary
description of blading geometry (indirect-design approach).
The purpose of this article is to present a comprehensive
aerothermodynamic direct-design procedure for centrifugal
impellers. The proposed procedure produced an example de-
sign that incorporated indirectly the basic important mecha-
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Fig. 1 Saving in computer time when using the direct approach com-
pared with the indirect approach.’

From the definition of total-to-total adiabatic efficiency
Too = To{l + (Un)[(Po/Poy)~> — 1]} 4

with the help of the outlet velocity triangle, the following
relation could be obtained: ]
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Finally, the tip-width to tip-diameter ratio can be shown to
be given by the following equation:
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nisms that effect the flow turbulence structure. This was
achieved by modifying the blade curvature distribution and
the flow rate of turning from inlet to outlet such that the
required overall diffusion ratio was achieved.

Evaluation of Overall Dimensions

For a given set of performance requirements, the impeller
design problem entails the calculation of the complete geo-
metrical dimensions. It is also necessary to identify the con-
straints such as stress and temperature or the inducer tip Mach
number limits. The geometrical shape of a typical radial fiow
impeller and the inlet and outlet velocity triangles in addition
to the actual compression process are shown in Fig. 2.

By assuming that the whirl inlet absolute velocity to be zero
and the whirl outlet velocity component to be equal to (¢,U.)
(for radial-bladed impeller), the well-known Euler’s equation
C,. U, — C,,U, = C,AT,, can be written as follows (further
details could be found in Ref. 2):

AN 1 1 P\
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The following expression for the relative Mach number at
the inducer tip can be derived from the inlet velocity vector
diagram:
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The application of the continuity and energy equations to the

inducer section produces the following equation for the mass
flow parameter:
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The slip factor (in the above equation) could be expressed in
terms of selected design parameters and can be written as

2
d
1= \/1 — sec’a, [l - (—llv-zsec&) ]
2 1

¢ = sec’a, (82)

or generally as
d, W
¢, =f (az’ d—:’ WT’ sec ﬁl) (8b)
The principal dimensions of the impeller, with the exception

of the impeller axial length along its axis of rotation, can be
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Fig. 2 Three views of centrifugal impeller, inlet and outlet velocity
diagrams and description of the compression process.
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found by solving Eqs. (1-8) for the principal dimensions and
flow boundary conditions (i.e., d, b,, d,, d,,, B., B>, @, etc.)
but it is necessary to know the following: 1) design specifi-
cations consisting of Py,/P,, m and in some cases N; 2) con-
straints defined by the permissible ranges of M,, 8., k, b,/d,,
and n,; and 3) initially assumed quantities including ¢, 7,
B,, B,, and W,/W, (or DR).

The evaluation of the impeller principal dimensions is
achieved by solving the above-mentioned governing Eqs. (1-
8) for the specified design requirements. In this study, the
optimum value of the inducer-tip to the impeller-tip diameter
ratio was calculated by combining the continuity equation
together with Eqgs. (2) and (3) and then optimizing the re-
sulting expression for the condition of minimum entry relative
Mach number. This condition is described by the following
expression which is given in terms of some important selected
dimensionless quantities:

2/3
- m\VC, Ty,
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Figure 3 shows a comparison between values of parameter
“e” calculated using the condition described by Eq. (9) with
data from existing designs that have known inlet flow con-
ditions, geometries, and design requirements. Thirteen in-
dividual design cases have been considered (data obtained
from Refs. 3—10), it can be seen in only one example in all
the examined cases in which the value of the parameter e is
below the optimum value suggested by the above expression.
This particular impeller (case marked no. 1) has a design point
rotational speed of 50,000 rpm and an exceptionally high total-
to-total pressure ratio of approximately 12:1, whereas in all
other examined designs the value of the inducer-to-tip di-
ameter ratio is higher than what the above expression sug-
gests. Two regression polynomials have been fitted through
the data [points obtained from the application of Eq. (9) and
from readily available data). It does generally seem that at
lower dimensionless mass flow parameter, data from available
designs do approximate the suggested optimum value of pa-
rameter e which is specified by Eq. (9). However, as the mass
flow parameter increases, the deviation from the suggested
optimum value increases.
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Point (2), Ref. (4)
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Point (4), Ref. (6)
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Point (8), Ref.(8)
Point (9)s Ref.(4)
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Fig.3 Comparison between optimum value of e [calculated using Eq.
(9)] and of existing designs.
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Fig. 4 Effect of rotational speed on the inducer tip diameter and
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Fig. 5 Possible impeller design chart for specified requirements.

Figure 4 is obtained by solving the above-mentioned con-
dition and it shows the effect of varying the impeller speed
on the inducer tip Mach number and the inducer tip diameter
for the stated design requirements. It can be seen that the
region of minimum Mach number is independent of the speed
of rotation. The practical region of the inducer-to-tip diameter
ratio is highlighted in Fig. 4. Figure 5 shows a design chart
for radial flow centrifugal impellers. For any required total-
to-total pressure ratio (taken in the present design to be 6:1),
the basic dimensions of the impeller can be evaluated.

Prescribed Mean Streamline Velocity

When the impeller inlet and outlet blade angles are fixed
(from the previous design stage), the vane-detailed profile
will influence the pressure and velocity distribution through-
out the impeller. The arbitrary choice of the geometry of the
blades could be overcome by following a direct-design pro-
cedure, where the passage is designed to accommodate a pre-
scribed diffusion rate. The overall profile of what is considered
to be an acceptable spatial rate of diffusion is beyond the
intended scope of this article, but it is well-documented in
the open literature (e.g., Refs. 11-13). Since the velocity is
initially prescribed along the mean streamline of the impeller,
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the general configuration of this line will be dictated by the
prescribed velocities. In the following section a brief summary
of how the mean streamline was obtained is described. '

The relative velocity vector corresponding to the rms di-
ameter at entry, may be resolved into three components in
the axial, radial, and tangential directions. In the present
design, the radial component at entry has been assigned a
minimum value (chosen to have small positive value) and the
axial component is assumed maximum. At the outlet, in the
case of the example radial flow impeller, the radial component
is assumed to attain the maximum value and the axial com-
ponent attains its minimum value. A mean streamline is de-
fined as a locus of points joining the rms radius at inlet with
a point at the outlet radius which bisects the tip width. The
constraints imposed on the general shape of this line is that
the radial and tangential components must not decelerate to
such an extent that the value of the total relative velocity
drops below that given by the diffusion criterion.

The spatial description of the mean streamline can then be
found by assuming a suitable value for the impeller length
along its axis of rotation and then prescribing the component
velocities and angles. This was achieved in the present study
by an iterative program.

Design Theory

The inviscid equations of motion relative to a rotating im-
peller in which an axial symmetry is assumed could be written
as follows:

2 2 dW
_lg’:Wcoschosa_l_ = W sin « cos B

p or F. dm
WZ
- Te — 0¥ — 20W, (10a)
18P dw, W,W,
=% ZelVr | o
30 " dm + . + 20W, (10b)
10P dw,, W2 cos’g sin @

—=— = Wcos a cos 3

0oz (10c)

dm R
The above equations are simply expressions of Newton’s sec-
ond law and are assumed to hold along any streamline within
the fluid. The equation of the inviscid tangential force [Eq.
(10b)] is regarded as the most significant since it exhibits the
primary effect of the impeller on the fluid in imparting a rotary
motion by means of the tangential pressure gradient between
the blades. This equation can be simplified by assuming that

- (0P/06 = AP/A0), then the distribution of the parameter (AP/
Af) along the mean streamline can be calculated (in a step-
by-step manner) from the prescribed velocity distribution and
the basic geometry of the mean streamline. This corresponds
physically to the assumption of an infinite number of blades.

The present calculations have shown that the detailed blade
shape is highly sensitive to the variation of radial component
of the meridonal velocity. This allowed the meridonal profile
itself to be used as a control to the blade shape for any loading
distribution. The detailed effects of the above-mentioned pa-
rameters will be discussed in the following sections.

The inviscid differential pressure rise along the impeller
mean flow line could be written as follows:

dP = p{[(W3lr) + 2W,w + w’r] dr — W, dW,
+ W, dW.} + (AP/AG) do (11)

The differential pressure in the above equation may be eval-
uated for each interval along the flow path because all quan-
tities are now known. Having found the total pressure rise
from the impeller inlet to outlet by summation of “dP”” from
Eq. (11), the calculated value has to be corrected by including

the loss in stagnation pressure along the chosen flow path.
Experience with analyzing few impellers having known geo-
metrical and flow details has shown that the values of “I dp”
found from the above equation should be multiplied by a
factor of 73—-82% (fudge factor) in order to check test values
[this is because the pressure calculated using Eq. (11) is the
inviscid pressure]. Although more complex expressions for
calculating the actual pressure rise are available (include sur-
face friction, diffusion effects, curvature effects, etc., e.g.,
Refs. 14-16), it was decided in this study however, to depend
directly on the inviscid estimates based upon Eq. (11). This
equation is believed to have the advantages of convenience
and of clearly showing the fundamental design components
which contribute to the pressure rise. For example, the com-
bined term (pW, ., dW, ) is the pressure rise due to the fluid
flow through the impeller neglecting the effects of the blades
(i.e., it represents the impeller as an annular diffusing pas-
sage), and therefore, directly shows the effect of changes in
the shape of the axial-radial cross section. The last term shows
the direct action of the blades in pushing on the fluid and it
is the only term which would exist in a purely axial flow fan
with constant axial velocity.

The pressure distribution for both bladc surfaces is calcu-
lated using the approximation that the pressure varies linearly
from blade-to-blade, thus-

P, = P = (APR) (12)

where the two values of P, are the surface pressures and AP
represents the pressure calculated as described by Eq. (10b).

As a result of boundary-layer separation on one or several
impeller walls, a zone arises which is dominated by the kind
of flow described by Ref. 17. In this zone a low-loss fast jet
and a slow-flowing area of wake run side-by-side. Several
criteria have been examined for determining the point at which
this wake formation begins. It was found that this main sep-
aration is best defined by a criterion based on experimental
investigations of Ref. 18 and a load coefficient derived in Ref.
19 that have the following form:

¢, =1L 13

" T 2 (pi2yW? (132)
The loading coefficient given by Eq. (13a) is equal to half the
difference of the static pressures on the pressure and suction
sides of the blade; related to the mean dynamic pressure it
can also be written as

W W,
R AT ()

which equals the difference of the relative velocities between
the suction and pressure sides of the blade, related to the
mean velocity. Based on the experimental findings of Ref.
18, it was found that the critical value of this parameter (where
separation is likely to begin) is approximately equal to 0.7,
this condition can be stated mathematically as

(Cn)Limiting = 0'7

The approximate method used to evaluate the relative ve-
locity distribution along the driving and trailing face of the
impeller is based on the fact that zero circulation should exist
around a closed path (not cutting the vanes). Therefore, the
loading coefficient [given by Eq. (13b)] together with the
assumption of zero circulation (of an ideal irrotational flow)
could be used to mathematically describe the zero circulation
condition around an element of the blade passage between
two close radii (assuming the whole passage as consisting of
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mainly two parts) as follows:

w, w, o d
cos B, Y + Uf(tan B, — tan B;) + sin « ™
(U + WsinB)b =0 ’ (14)

Where 8 is the blade angle measured from radial direction
(positive for forward-swept impeller).

The value of angle 8, at any point along the mean stream-
line (of a perfectly guided fluid) could be approximated using
the following simplified relation:

B, =28 — B (15)

The velocity at the pressure and suction sides can now be
evaluated using Egs. (13b) and (14). The last term in Eq. (14)
is found from the slope of the curve [(U + W sin B)b/sin «]
against r. The calculation of the relative velocity distribution
along the vane surfaces will serve to highlight the possible
regions where local deceleration rate is high and boundary-
layer separation may occur. These tendencies could be rem-
edied by the present design procedure (because of its modular
structure) by allowing the violation of some inequality con-
straints in order to delay the areas of possible flow separation
without effecting the overall diffusion ratio of the impeller.

The above-mentioned governing equations combined with
the continuity of flow equation can be used to calculate the
detailed impeller geometry (using a prescribed diffusion rate).
The construction of the design program is based on a step-
by-step calculation procedure.

Results

The findings that were obtained from using the above-
mentioned procedure to design high-pressure ratio centrifugal
impellers will now be presented.

Figure 6 shows the front view of two impellers that can
theoretically fulfill the same design requirements. The blade
shape in the axial view of the initially used velocity schedules
(chosen with highly irregular spatial rate of diffusion) along
the impeller three basic streamlines (hub, mean, and shroud)
has the undesirable effect of having a backward curvature at
the leading edge and impeller exit, and a forward curvature
at the middle portion of the blade element. This sort of blade
curvature in addition to being highly undesirable from the
manufacturing point of view is also unacceptable from the
spatial rate of diffusion of the relative velocity from inlet to
the outlet of the impeller channel. In addition, the blade
wrapping in the initial design is considerably greater than in
the modified design. The degree of blade wrapping and the
detailed shape of the modified design is superimposed on the
initial design, and is also shown in Fig. 6.
W%/ ————— INITIAL
MODIFIED

/

ENTRANCE

Fig. 6 Front view of a blade element at an initial and modified design
stage.

It should be mentioned here that the procedure used to
obtain the wrapping angle (based on the available informa-
tion) was achieved using the following steps: 1) obtain the
meridional profile of the impeller from the known hub and
shroud radius distribution along the axial length; 2) draw a
line at a given radius parallel to the axis of rotation (in r-z
plane); 3) project the meridonal section at that radius; 4)
calculate blade angles at a chosen radius for different values
of the axial length; 5) construct blade centerline profile (mean
streamline); and 6) measure the wrap angle between the two
extreme values of blade angle which is calculated using the
following simple relation:

B = const/radius

where the const in the above expression is defined by the
initial specification of the rms blade angle and radius.

The initial backward curvature was successfully eliminated
in the modified design by proper adjustment of the radial and
axial variation of the components of relative velocity along
the axial length of the impeller (without altering the overall
diffusion ratio). The design procedure also succeeded in re-
ducing the blade wrapping which should in radial impellers
be as small as possible (for the ease of manufacture, stress
considerations, and levels of pressure distribution on the hub
and shroud). A preliminary work on several velocity schedules
has revealed that the radial-axial component of the relative
velocity should have an almost axial entrance and should turn
around gradually as it passes through the impeller channel
(which also serves to avoid high diffusion rate while turning
the flow from axial to the radial direction) and then attains
as radial a direction as possible at the impeller exit. The basic
component distribution of the prescribed relative velocity of
the modified design along the nondimensional mean stream-
line are shown in Fig. 7. The figure reveals that the highest
rate of diffusion was accomplished in the inducer part whereas
the radial portion was relatively lightly loaded. Figure 8 shows
the characteristics of the meridional velocity schedule that
was finally employed so that the undesirable blade curvature
(shown in Fig. 6) was successfully eliminated. The various
trial distributions that were examined during the design se-
quence (satisfying the same boundary values), are also shown
in Fig. 8.

The blade-angle distribution of the modified design is shown
in Fig. 9. The hub, mean, and shroud blade-angle distribution
is shown. The designed, modified blade element is of the
radial type and turns completely radial at approximately 68.7%
of the impeller axial length along its axis of rotation.

Figure 10 shows the pressure loading parameter variation
along the nondimensional axial length ratio of the initial and
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Fig. 7 Prescribed velocity distribution of the modified design along
mean streamline.
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Fig. 10 Loading distribution of the initial and modified design.

the modified designs. It can be seen that for the modified
design that the force on the fluid at entrance is zero, then it
increases to a more or less uniform maximum (at the ap-
proximately middle value of the length along the streamline
under consideration) and then it decreases to a small value
at the impeller exit. In doing so, the objective of a highly
loaded inducer and lightly loaded radial portion has been
achieved; in addition no portion of the blade element has
escaped its proper share of work. This type of loading dis-
tribution has also contributed to the elimination of the un-
desirable shape of the blade which was shown in Fig. 6.
The geometry generated for the design example has been
finally analyzed using the flow analysis program proposed by

1.07
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Fig. 11 Velocity distribution along shroud, mean, and hub (mean
plane) of the example design.

Katsanis and McNally* and is shown in Fig. 11. It can be
observed that the velocity deceleration in the mean plane was
properly controiled to avoid a possible early flow separation.

Conclusions

A direct-design method for centrifugal impeller blading has
been presented. The detailed blade shape is found to be very
sensitive to the distribution characteristics of meridional rel-
ative velocity and subsequently the blade loading. The method
correlates the overall passage contour (as projected in the
axial-radial plane), blade shape and diffusion schedules. The
effect of various parameters such as level of blade loadings,
shape, and the spatial diffusion rate of velocities on a specific
design has been determined. Moreover, upon the comparison
of the obtained shape and velocity distribution of the example
impeller with available geometrical and flow data of impellers
with similar capabilities (design mass flow, total-to-total pres-
sure radio, and rotational speed) the obtained impeller did
fall within the same general category of existing impellers that
are known to have relatively high efficiencies and a satisfac-
tory margin of operating conditions. It was also possible on
some occasions (using the proposed method) to explain dif-
ferences in performance among various impellers which seemed
alike on a careful qualitative inspection.
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