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Abstract The paper presents a basis for teaching centrifugal pump characteristics in an
undergraduate course in turbomachinery. It is shown how the shock and frictional loss coefficients, key
factors in the determination of pump characteristics, can be appropriately obtained. The first
coefficient is obtained from the difference between the drag at a reference incidence and that at zero
incidence, while the second is obtained from correlations for frictional loss in a spiral. The coefficients
so obtained were used to obtain the real characteristics of a centrifugal pump impeller.
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Notation

A constant (m)

A, constant depending on the angle subtended by the blade
B constant (sm7)

constant depending on the ratio r,,/D,

chord length of an aerofoil (m)

constant (s’m™)

constant depending on the ratio #/D,

drag coefficient

diameter (m)

acceleration due to gravity (ms™)

component head loss (m)

head loss (m)

angle of incidence (degrees)

curvature (m™)

loss coefficient

length of the spine of an impeller passage (m)
rotational speed (rpm)

pressure (Pa)

stagnation pressure (Pa)

flow rate (m®/s)

radius of a point on an impeller (m)

Reynolds number

pitch of a cascade (distance between 2 successive blade elements) (m)
axial width of an impeller passage (m)

tangential velocity of a point on a pump impeller (m/s)
absolute flow velocity at a point in an impeller (m/s)
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W relative velocity of flow (m/s)

Z number of vanes in the impeller passage

a expansion angle in diffuser (degrees)

B flow angle measured relative to the radial direction (degrees)
o angle of deviation (degrees)

0 angle of bend (degrees)

n hydraulic efficiency

A friction factor

w blade angle subtended at the centre of a rotor (degrees)
p  density of fluid (kg/m?)

0 angle (0 < ¢ < ) in radians

Subscripts

0 nominal conditions

1 inlet to an impeller or other passage

2 outlet from an impeller or other passage

av  average

cv closed valve

d diffuser

f friction

h hydraulic

m mean value

max maximum value

min minimun value

r radial component

R real value

S value due to shock

sp spiral

t tangential component

th theoretical value

Superscripts

’

value for the blade or vane

Introduction

Shock and the frictional loss coefficients are parameters used to determine the char-
acteristics of a centrifugal pump. However, while correlations abound for deter-
mining the frictional loss coefficient [1], the same is not true for the shock loss
coefficient. In an undergraduate course in turbomachinery, the nature and order of
magnitude of the shock loss coefficient, especially, is often not apparent to students.
It is also not apparent to students how these coefficients can be obtained. It is there-
fore the purpose of this paper to present procedures which are appropriate to the
level considered, not only for explaining the nature of the shock loss coefficient but
also for calculating the values of the two loss coefficients in order to obtain the real
characteristics of a centrifugal pump impeller.
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The method for determining the shock loss coefficient is based on the application
of the principles of superposition to aerofoil drag. In the present application of the
principle, the drag coefficient of a turbomachine blade at any incidence is consid-
ered to be the sum of the drag at the zero incidence which is responsible for the
profile loss [2] and the contribution due to the shock loss. Exploiting this idea and
the relationship between the drag coefficient and stagnation pressure loss [2], an
expression is obtained for calculating the shock loss coefficient.

Also, to calculate the frictional loss coefficient, the impeller passage was
modelled using equivalent simple geometries. The model therefore considered an
impeller passage to be geometrically and kinematically equivalent to a rough dif-
fuser and a smooth spiral. The rough diffuser takes care of the frictional and diffu-
sion losses in the impeller, while the spiral takes care of the losses due to change of
direction of the flow. The head loss coefficient is then given by the sum of the coef-
ficients of equivalent simple geometries of the model. Students should not have any
difficulty accepting the model, as shock and frictional losses would already have
been seen in an earlier course in fluid mechanics (incompressible flow).

Expression for the characteristic of a centrifugal pump

The real characteristic of a pump is obtained by subtracting shock and frictional
losses from the Euler head of a pump. It is then given in the form:

Hy = A+BQ+CQ? (1)

In the above, A, B and C are constants; Hy is the real head and Q the flow rate. The
constants are defined by:

ND, )’
A= (77'-—2) _ Kng
3600 g
— _Nta—nﬁz_’_ZKYQO
60 gt
C=-K,-K; )

where N is the impeller rotational speed (rpm), D, the impeller diameter, 3, the outlet
angle, ¢ the axial width of the impeller at the periphery and Q, the nominal flow rate.

However, in the zone where the flow rate is lower than the nominal value, we
propose to take into account the losses due to recirculation. The following expres-
sion for the head loss due to recirculation is proposed:

h =2K (0~ Q) 3)

The basis of the expression is that recirculation results in flow going through the
impeller twice. The new expressions of the coefficients A, B and C in equation 1 for
that zone are then the following:

(ND, )

A=—""——-K.0,*-2K,;0Q}
3600 g % /&
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N tan 3,
B=————4+2K,Q, +4K
60 g1 sQo Qo
C=-K,-3K; o))

Equations 4 are new and are used only in the zone where the flow rate is lower
than the nominal value to account for losses due to recirculation.

The shock loss coefficient

Theoretical basis

The nominal flow rate, Q,, for the shock-free flow corresponds to the pump flow
rate at zero incidence (when the fluid relative flow angle, f3;, is equal to the blade
angle, 7). Hence when the flow rate changes about that value and the incidence
changes, there is loss of energy due to the misalignment of the flow direction and
the camber line of the impeller vanes. The difference between the drag coefficient
at any other incidence and that at zero incidence is attributed to shock loss. This
means that the drag coefficient at any incidence has both a profile loss (at zero inci-
dence) and shock loss components and that the two are additive.

Expression for the shock loss coefficient, K
The head loss, £, in a turbomachine blade-to-blade passage is related [2] to the stag-
nation pressure loss, AP, as follows:

_ AR
P8

where p is the fluid density. The expression linking the drag coefficient, Cp, to the
stagnation pressure loss in a cascade [2] was then reformulated as follows:
AP, cosf3,,
W, = (s/c)AR, cosp (6)
1/2pCp
where s/c is the solidity, 3, is the mean relative flow angle, which is measured rel-
ative to the radial direction, and W, is the mean relative flow velocity, which is also
given by:

h &)

_ Ve _ 0 _ 20
" cos B.. "~ mD, cos B.. ~ (D, + Dy)cos B..

(N

m

where ¢ is the axial thickness of the impeller, D the diameter and V, the radial
velocity.

The case of a simple impeller of constant axial width is considered. Hence equa-
tions 6 and 7 give:

V2(c/s)Q  [cos® B, AR, ®)
mD+D) \ G | p
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Using equation 8, the following expression for the shock loss is obtained:

2 Ae/s)0-0) ! ©
' glm(D + D)) \/cos3 B cos’ B0 APy
Cp Cp, AR
Since the shock loss coefficient is also defined by ki, = K, (Q — Q,)?, the following
expression for the shock loss coefficient, K, is obtained:
_ 2c/s)sec’ B, 1

" g[m(D, + Do) 1 [c0"Buo Co ARy ’
cos® B,, Cp, AR

(10)

where f3,.., the mean vane angle, is the average of the inlet and outlet vane angles.
The parameters in equation 10 need to be defined so that the average value of the
shock loss coefficient can be calculated. The following simplifications are proposed.

Stagnation pressure loss
The following approximation for the ratio of stagnation pressure loss is used:
APOO hf min 1- rlmax

= = 11
A}JO hf l_nav ( )

where 7 is the head loss due to friction and 7 the efficiency.

Mean blade angle, B,
For a centrifugal pump impeller, 3, is give by:

R
tan ﬁ] + tan ﬁz(Rl)
tan B3, = R 2 (12)
1

For blades in the form of a logarithmic spiral, it will easily be seen that the mean
blade angle is the same as the inlet or outlet blade angle.

The flow angles, 3; and f3,
These are defined by:

ﬁl :ﬁf—i
ﬁz :Bﬁ—(s

where the angles of incidence and deviation, i and &, respectively, are assumed to
have the same order of magnitude for normal operation. Then, for a simple impeller
with vanes in the form of a logarithmic spiral of vane angle 67°, and on the assump-
tion that the maximum pump flow rate is equal to twice the nominal flow rate, say,
the maximum and minimum incidences, i, and i,;,, are:

13)
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Imax =23°

imin =-19° (14)

The above then yields an average incidence, i,,, of 2°, which, we assume, has the
same order of magnitude as the average deflection, J,.

Average efficiency
The average efficiency is obtained on the assumption that the variation of the
hydraulic efficiency with flow rate approximates a sine function. The average value
can then be computed as follows:
Mo = 12 [ sin @D ~ 2 (15)
T b4

0

where an acceptable value of 1,,,,, the maximum efficiency, is 85%.

Frictional loss coefficient

Useful parameters

Length of spine of an impeller passage

If D, and D, are the internal and external diameters of an impeller and S the blade
angle measured with respect to the radial direction, the length of the spine of an
impeller passage with blades in the form of a logarithmic spiral is given by:

D, — D
L="2= (16)
2cos B
Mean passage width
The mean width, D,,, of an impeller with Z vanes is given by:
D, = (D, + D,) (17)
m 2Z 1 2

Passage hydraulic diameter
If ¢ is the axial width of an impeller passage, then its hydraulic diameter, Dy, is given
by:

2tD,,

= 18
" 1+D, (18)
Expansion angle of an equivalent flat diffuser
The expansion angle, ¢, of an equivalent flat diffuser is given by:
(04 T
tan_:_(Dz _Dl) (19)

2 2ZL
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The average diameter;, D,, of curvature
It is the arithmetic average of the diameters of curvature at inlet and outlet of an
impeller. It is defined by [4]:
2
D, =— 20
e (20)
where k,,, the average curvature, can be shown to be given by the following
expression:

2 si D
k, = 25nB (D Q1)
D, — D, D,
Flow rate, Q
For the simple impeller considered, the flow rate, Q, is given by:
> D? Nt cot 3,
_ Pr 22
o 0 (22)

where N is the rotational speed in rpm. Hence, Q,, the nominal flow rate, can be
calculated.

Expression for head loss coefficient
For a pump impeller passage modelled as the combination of a diffuser and a duct
of the shape of a spiral, the expression for the head loss, Hy, in the passage is:

H — I{dvvl2 + KspWrr%
T 2 2g

Then using the well known geometries of the inlet and outlet velocity triangles, we
obtain the following expression for the head loss coefficient:

(23)

K, K, (D, + D)
Kf — d . + ;p( 1 2) > (24)
2g(nDitcos B)°  8g(nDyDytcos fB,,)

Frictional loss coefficients for a diffuser (K;) and a spiral (K,)

For the smooth spiral and rough diffuser model used, the two components for the
frictional loss coefficient are obtained using correlations. The loss coefficient, Ky,
for the spiral is given by [4]:

AL
Ksp = AIBICI +— (25)
D,
where A is the coefficient of friction of a smooth surface. The following correlation
for the friction coefficient, A, was used [4]:

0.9
A =0.079Re > +0. 1025(§—h) (26)

av
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where Re is the Reynolds number. A, B, C, are constants whose values depend on
the angle of the elbow, 0, the ratios R,,/D,, and #/D;. On the other hand, the diffuser
head loss coefficient, Ky, is given by [3]:

DY 2 D DY
K;=32 tan <4 tang(l——l j +—= L (1——1 )+0-5 1—(—1 ) (27)
2 2 D, 4Sing D, D, D,
2

Results

Calculations were done for a simple impeller with vanes of negligible thickness.
Table 1 gives the geometry of the impeller and other parameters used in the calcu-
lation and Table 2 the results. The constants A, B and C are given with equation 2
in the zone of the characteristics without recirculation and by equation 4 in the zone
with recirculation. All the calculations were done using the drag coefficients for the
NACA 23012 profile, for which aerofoil data are available. Fig. 1 gives the charac-
teristics obtained. It is noted that the present procedure predicts the head loss at the
closed valve reasonably well [3], that is,

2
H, =062
2g

We then attempted to predict the head flow characteristic of an available cen-
trifugal pump (a PEDROLLO NF130A). The nominal power and impeller diameter
are 2.2kW and 12.4 cm respectively. Table 3 gives the geometry of the impeller and
other parameters and Table 4 the parameters used for obtaining the characteristics.

Fig. 2 shows the theoretical, predicted and manufacturer’s characteristics. We note
that the agreement between the theoretical and the manufacturer’s characteristics is
again good with the valve closed (zero flow rate). In the region of maximum pump

theoretical

o —

predicted

20 - r

0 T T — T T ) “'

0 0.05 01 0.15 0.2 0.25
Q (m’ls)

Fig. 1 Predicted and theoretical characteristics of the pump geometry chosen.
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T _,___/—predicted

H (m)
N

. ~—manufacturer’s

0 10 20 30 40 50 60 70 80 90
Q (m’h)

Fig. 2 Real, theoretical and manufacturer’s characteristics of the PEDROLLO NF130A
pump.

efficiency, the theoretical characteristic lies midway between the ideal and that of
the manufacturer. It is thought that this discrepancy is due to:

(1) scale effects (because of the very small size of the pump impeller);

(2) use of aerodynamic characteristics of the vanes which may be inaccurate;

(3) the fact that the present model has been developed for a centrifugal pump with
purely radial vanes;

(4) volute and entrance losses, which are not considered.

Conclusion

The basis for teaching centrifugal pump characteristics using new procedures for
taking care of shock losses and losses due to recirculation produced realistic results.
The procedure predicts the head at the closed valve reasonably well. This is hardly
surprising because of the dominance of centrifugal effects in the impeller at zero
flow rate. We therefore expect the procedure to predict the characteristics of a purely
radial impeller reasonably well.
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