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RELATIONSHIPS BETWEEN THE CONDITIONS THAT DETERMINE
THE SHAPE OF THE FLOW AND POWER CONSUMPTION
CHARACTERISTICS AND THE PUMP DESIGN
AND PERFORMANCE PARAMETERS

The relationships between the conditions that describe the shape of the flow and
power consumption characteristics and the pump design and performance parameters
are described.

These relations concern:

— flow characteristics (throttling curves) described with a fourth-order polynomial,
— non-overloading power consumption characteristics of the pump.

The pumps that have to exhibit such characteristics are these designed to operate in
an arbitrary installation. These pumps must also be characterised by cavitation-free
operation in the whole range of discharge variability. In the relations presented, the
condition of cavitation-free operation is considered as well.

NOMENCLATURE

— flow cross-sectional area,

— width,

— absolute velocity,

— diameter,

total head,

— value of the function derivative,

— dimensionless power at the pump shaft,

— dimensionless friction power at the impeller shrouds,
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P — dimensionless friction power in bearings and glands,

n — rotational speed,

n, - kinematic specific speed,

u — transport velocity,

0 — discharge, volume flow rate,

w — relative velocity,

B — relative flow angle,

B - slope angle of the blade camber line,

Bo — angle between # and w at the flow around the blade with a zero load
discharge,

u — coefficient of the blocking area,

T: — dimensionless factor of the circumferential component of the

absolute fluid velocity,
Q — pump discharge coefficient,
@, — impeller discharge coefficient,
¥  — head coefficient,
¥, - impeller head coefficient.

All quantities are expressed in the fundamental units of the SI system.
Indices

M - point of the maximum power consumption,
max - maximum,

N — nominal,

s — losses,

1 — blade leading edge,

% — blade trailing edge.

1. Introduction

The development of the design methods of impeller pumps that are based
on the one-dimensional theory consists in a more precise expression of
empirical formulas that describe the relations between hydraulic and
geometrical parameters of centrifugal pump hydraulic components.

In the case of pumps that operate in stationary installations in the
neighbourhood of the nominal point (Hy, O), these relations are the
relations between hydraulic and geometrical parameters occurring in
the nominal point.

Pumps operating in an arbitrary installation are often required to have
a specified shape of the flow and power consumption characteristics and to be
characterised by cavitation-free operation in the whole range of discharge.
Then, the algorithms of design methods should take into account relationships
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between the conditions that determine the flow and power consumption
characteristics and the pump design and hydraulic parameters in the whole
range of discharge variability.

The empirical formulas of the design method of pumps characterised by
special performance requirements are presented below.

2. Conditions that determine the shape of the flow and power
consumption characteristics and cavitation-free operation
of the pump

2.1. General remarks

Pumps designed for operation under various installation conditions are
required to have the required shape of:

— stable flow characteristics that fulfils the condition %} <0for 0< @< @ maxo

— non-overloading power consumption characteristics that satisfies the
.. dP _ _ . _ ,

conditions Ep =0, P(¢) < Psrinthe range 0 < @< @ ax, Where Pge—electric

motor rated power,
and to be characterised by cavitation-free operation in the whole range of the
discharge variability.

2.2. Conditions determining the shape of the flow characteristics ¥ (@)

On the basis of the results of experimental investigations presented in [3],
[7], it has been established that the flow characteristics of pumps with the
specific speeds nq = 10 + 60 can be described in the best way by the following
fourth-order polynomial:

¥=a,+ a0+ a@* + as@> + a,p* (2.1)

where: ay + a4 — constants related to the shape of the flow characteristics.
In order to define the shape of the curve described by Eq. (2.1), it has been
assumed that the following conditions are sufficient:

V= T for p =0 (2.2.a)
¥Y=0 for @ = @ max (2.2.b)
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Y= % for ¢ = @n (2.2.c)
d¥
F = Ky for ¢ = @n (2.2.d)
d¥
E?p =Ky<0 for p =0 2.2.e)
Conditions (2.2.a2)+(2.2.e) are illustrated graphically in Fig. 1.
il ‘ T (d¥
Ymax /—\(aa)(p:() :KO:tg Ya
¥=a+ 2,0+ 2,0+ a0+ ag
Wy e ‘
; (ﬂ) =K N=tg v.
; do / =9,
1
‘ —
Pn (Pmax (p

Fig. 1. Conditions describing the pump flow characteristics ¥ (¢)

The relation between conditions (2.2.a+2.2.e) and the coefficients of the
polynomial a, + a4 are presented in the form of Egs. (2.3.a+2.3.e):

ao = Whax (2.3.a)
a; = Ko (2.3.b)
s = =3 (T — W) — —— (K + Ko) — — Ko +
2 3 max N qu N 0 qDN 0
s Pt ( wmﬂx)
+ Z 5" l{jmax - 'IUV 3—2 - lIUmax'l“ 2.3¢c
(pm“:lx ((pN - (pmax)' { QOI%I ( 1\) (pN ( )

§0 m%lx (P max (0 max (0 m.’lx~
P g~ K| 1= Em 4 | L [ 32 P ) _ g |,
i 0)( coj = Lw( qox) }O}

N N N
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3=2 — (Vo — PN) + — (Kn + Kp) — 7 - 5
% wi( ¥ ﬁ( N+ Ko) Ouix (Ox — Omax)’
{““i“ (Poor — «)(3—2%] Y+ 2.3.d)
(3N N
P

qomax ¢mﬂx (omax
Kn—Kpy)| 1 - + P 3-2—| -1]|K
P~ - 0)( (PN) v [(DN ( CDN) J 0}

1 q)m%x ( (pmax)
as = ;- W — F)| 3-2 — W +
¢ Cam%x (CON_(pmax)~ { (pl’%l ( N) (pN

(2.3.¢)

O o ( ¢mﬂ wm“( ¢mq
— Bio— K| 1= 4 [ —1|%;
(N (Kx ) ()N ¢ {Q)N (N .

In the case when the values of five coefficients a, + a4 of polynomial (2.1)
are the input data in the designing process, the conditions (2.2.a+2.2.e)
assume the form of the following equations:

Yox=ao+a; - 0+a,  0+as;-0+as-0 (2.4.2)
0=ap+ a1 Puax+ a1 QPuox + A3 * P + Qs * Proex (2.4.b)
Y=ao+a - Pxn+a, QF+as- QF+as- @ (2.4.c)
Ki=a, +2a,  ¢x+3as- @i+ 4a,- @3 (2.4.d)
Ko=a,+2a, - 0+3a;-0+4a,-0 (2.4.e)

The known quantities ao, + a4 and the assumed quantity @y allow
for calculating the values of conditions (2.2.a+2.2.e) from Egs. (2.4.a+2.4.¢).
Design methods applicable to the type of pumps described here are
based on the relationships between the values of conditions (2.2.a+2.2.e)
and the hydraulic and geometrical parameters of hydraulic systems of
these machines.
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2.3. Conditions determining the shape of the pump non-overloading
power consumption characteristics

The dimensionless equation of the pump power consumption characteris-
tics expressed as:

~i
1l
)
+
~
+
~
3

(2.5)
can be written in the form:
P =[¥(p)]" @2+ P + Py (2.6)

Taking into account Eq. (2.6) in (2.7) (relations describing the pump
non-overloading power consumption characteristics):

%)
_— :0
(dCD ¢=¢M

[F(¢)]max < FSE

(2.7)

|

e
¢ = (DM (pmax

Fig. 2. Pump non-overloading power consumption characteristics
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we obtain formula (2.8):

ar _ (d[(h"u((pz) : %)]) ~0 (2.8)
P3r=@om

de, d,

The condition L 0 is equivalent to the condition L 0".
do, dg

Figure 2 presents graphically the system of Egs. (2.7).

2.4. Conditions determining the pump cavitation-free operation

The pumps under analysis should be also characterised by cavitation-free
operation in the whole range of discharge variability (0 < ¢< @ ax). The main
parameters that decide about the cavitation at the impeller inlet are the inlet
blade diameter D, and the blade width b,.

In [2], the way of determination of the boundary dimensions of the
diameter D; and the width b, for the pump type under consideration has been
given. The empirical formulas for determination of the values of D, and b,
are given below:

(&)}

.
¥ 7

. . [ P max -~ us - by U2 2.9)
lgr —

Cp

where: cp < 13.2 m/s, ¢, < 79.2 m?/s? constant coefficients.
The condition for cavitation-free operation of the pump in the whole range
of discharge variability is as follows:

D, € Dy
(2.10)
by < by
0 dP  dP do, do, dn, an, dpP dp
—-=( & q)":nu+(p—n—>0,as—n>0;thus,if—=0,thenalso—=0
de d¢, do do do do dg, do

where 77, is pump volumetric efficiency.
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3. Relationships between the conditions that determine the shape of the
flow characteristics ¥ (¢) and the power consumption
characteristics P(¢) of the pump and the geometrical

and hydraulic parameters of the impeller

3.1. General remarks

The basic quantities that decide about the shapes of the characteristics

() and P () are the geometrical and hydraulic parameters of the impeller.

The flow of the working medium through the pump hydraulic system is of
the three-dimensional nature. In the calculations of flow parameters, CFD
methods are used to investigate the flow structure in the pump channels
designed with the methods based on simplified models. A one-dimensional
model is commonly used in these methods. It is assumed in it that:

— flow through passages is referred to the mean streamline,

— averaged velocities along the areas of selected cross-sections of passages
and related to the central streamline can be depicted in the form of velocity
triangles, (Fig. 3),

— equations of mass and energy conservation hold in the conventional control
cross-sections,

— displacement of the velocity triangle vertex at the impeller outlet takes
place along the line that corresponds to the hypothesis of the impeller
operation under variable conditions 3, = const [5] or B = const [1], [3], [7],
in a wide range of discharge variability.

N — nominal point
W2
_ — C2m
uz2 , =z
ﬁ = C2u
“Tu2
—__ €2
N C= 02
______________________________ , B=const — _ W2
A i W2 Uz
I
i — u2
I e it
i Uz Uz =1
Tez c2 E B2=const
i
=
02 (Q2max

Fig. 3. Changes in the position of the outlet velocity triangle vertex during variations
in discharge for the hypothesis assuming that B = const and 3, = const
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The hypothesis that B = const has been assumed. According to it, the angle
between the blade design angle and the medium flow angle at the impeller
outlet ¥, is equal to:

8, =81~ B (3.1)

where: 3; — blade design angle at the impeller outlet,
[, — medium flow angle at the impeller outlet,

or ¥,=8 (,B; - ,302) (3~2)

where: ¢, — medium flow angle at the blade outlet with a zero load discharge
(the pump for which H = 0),
B — impeller shape coefficient, which is a function of geometrical
parameters of the impeller,

Uy brD, b, 1
B=k —" . C— 3.3
U1 biDy D, — D \/TL' 3-3)
where: k — coefficient in Kuczewski’s method [6],

M2 and p, — coefficients of the blocking area at the impeller outlet
and inlet, respectively,

D, — 1mpeller outlet diameter,

b, — impeller width at the outlet,

D, — 1mpeller blade inlet diameter,

b, — impeller blade inlet width,

T — density of the impeller blade cascade, solidity.

According to the hypothesis that B = const, the vertex of the medium
velocity triangle at the impeller outlet displaces with changes in discharge
along the curve shown in Fig. 3.

The relations resulting from the assumption of the hypothesis that
B = const, which relate the conditions determining the pump flow and power
consumption characteristics to the hydraulic and geometrical parameters, are
presented below.

In Fig. 4, the main geometrical dimensions of the impeller are presented
schematically. The notations applied are used in the subsequent sections of
the present paper.
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Fig. 4. Main geometrical dimensions of the impeller

3.2. Head coefficient ¥,,,, for ¢ = 0

As it can be seen in Fig. 1, the maximum value of the head coefficient

occurs at @ = 0. According to [1], [3], it is calculated from the following
relationship:

')Umax =4ag = 2 kH (34)

'},max
llUu max‘

For the value of ky known from the diagram ky (D,) shown in Fig. S5a, we
can read the value of the diameter D,, and from the diagram ky(b./D),
Fig. 5b, the value of the ratio b,/D?, from which b, is determined for the
known diameter D,.

where: ky — coefficient of the relative head, ky =

3.3. Maximum discharge coefficient

The second boundary parameter of the flow characteristics that corres-
ponds to ¥ =0 is the maximum discharge coefficient ¢ . (condition 2.2.b)
determined from Eq. (2.4.b). On the basis of experimental investigations [1],
[3],[7], it has been established that for the type of pumps under consideration,
the following relationship holds:

(pmax = tgﬁZN — ﬁZN = arc tgqomax (35)

where: [,y — medium outlet angle at the impeller outlet for the nominal flow
through the impeller.
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Figs 5a and b. Coefficients of the relative head ky (D,) and ky (b+/D,)
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3.4. Impeller shape coefficient B

The subsequent relationships between the impeller geometry and hy-
draulic parameters result from Eq. (2.8). This equation can be also
written as follows:

dP_dQr, - )
d@z d@z

(3.6)

where: 7., — dimensionless circumferential component of the absolute fluid

|
El}ju.

From the velocity triangle shown in Fig. 3, the following relation results:

velocity, 7., =

To=1-— @,ctg B, 3.7
According to the hypothesis assumed B = const
B.= (1 - PS5+ Barctgp, (3.8)
Taking into account relation (3.8) in (3.7), we obtain:
T =1 - @yctg[B3(1 — B) + Barctgg,) (3.9)

If we take into account formula (3.9) in Eq. (3.6) and assume that the first
derivative equals zero for the discharge ¢.u, then we obtain the following
relation:

1+ 201 = 27
B = 3.10
07 + (L = o)’ =10

When we consider (3.3) in (3.10), the following equality can be written:

1 + Qh%d)(l - ZTczM): ',Uzszz_ b, ] i
o+ (1 = 270m)° u1b1Dy D, — D, \/}

(3.11)

Relation (3.11) relates the geometrical parameters of the impeller to the
hydraulic parameters in the maximum power consumption point M.
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3.5. Hydraulic parameters of the maximum power consumption point M

The hydraulic parameters that determine the position of the maximum
power consumption point are, according to [1, 3], ¢,y and 7.,m, described by
the equations:

Qom = (AQVL)M (3.12)
242
Tom =1 — @avctg[B5(1 — B) + Barc tg@ay] (3.13)

On the basis of the investigations carried out [1, 3, 7], it is suggested to
assume the values of ¢,y from the range:

ﬂZN

- < @om S tg fan (3.14)

For the assumed ¢,y and the determined angle B, (3.5), the value of T.om
is calculated from the formula:

tg Ban
—_ i
Team 4o (3.15)
The known values of the co-ordinates of the maximum power consump-
tion @,y and 7oy allow for calculating the flow angle [,y on the peripheral
diameter D;:

®om

Bom = arctg 7 (3.16)

— Tcam

The known value of the angle [,y is employed to determine the design
angle 5. From the transformation of relation (3.8) for ¢, = .y, we obtain:

s = Bom — Barctg@om

P = — (3.17)

3.6. Hydraulic parameters of the impeller nominal point

The dimensionless co-ordinates that describe the position of the impeller
nominal point are ¢,y and ¥n. The relationship defining the impeller
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nominal discharge coefficient as a function of its hydraulic and geometrical
parameters, generated in [1], has the following form:

__ tgBuw - tg[fa(l - B
B{l + tgfon - 1g[f2(1 - B}

@onN (3.18)

1
2
(3.9) for the nominal discharge, we can write:

On the basis of the relation 7.,x = =¥, and taking into account formula

Y =2{1 - gunctg[(1 - B) B3 + Barctgpa]} (3.19)

3.7. Relation between the nominal hydraulic parameters
of the pump and the impeller

Both the pairs of parameters are related to each other by efficiencies. The
head coefficients ¥y and ¥,y are related to each other by the hydraulic
efficiency (77~ (formula (3.20)), and the coefficients @n and @,y by the
volumetric efficiency (77,)y (formula (3.21)).

== TN

(M = 7. (3.20)
_ P~

(Mo = Pan (3:21)

3.8. Derivatives of the flow characteristics of the pump ¥ (¢)
and the impeller ¥, (¢,)

The value of the derivative of the flow characteristics ¥ (@), Ky, (formula
(2.2.d)) is determined from Eq. (2.4.d) for the know value of ¢@y. In the light of
the fact that in the vicinity of the nominal point of the pump operation, the
total flow losses are the least:

(B}, q = (25 (3.22)

min
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the first derivatives of the flow characteristics of the pump ¥(¢) and the
impeller ¥, (@) for this efficiency should satisfy the equation ”:

(Mo~ (ﬁ’j _ (d%) e
(rlh)N d¢ =@ d(ﬂ: @2=@ax Y
(3.23)
(N~ .
- Kn =Ky
e

The graphical illustration of condition (3.23) is presented in Fig. 6.

A

Y
Yo

O~ (N Pmax (0] sz
Fig. 6. Pump flow characteristics ¥(¢), impeller flow characteristics ¥, (@1)

*) Yj (ﬂ
¥ AS Vy=—; @, =—; ¢ =@, N,, due to the fact that:

nh nu
do d771,~
d(pz =Nvt @2 do Nous

o)™ "(“’U =™ o)
_ e el g B e
d(ﬂv T do\n,/ dg, dp\ ny

d 1 '1” -1 dn, ] :
| — | = — s ¥ — - d— ; for the maximum of the function 77, (@),
1 4

dg m e \n2

dmn, _ d 1 dy

— =0, thatistosay — | — | =

dg dp\n,) " do’

the exact relationship between the slope of the tangents to the function () pp—
and 'f{,((pz)%wwassumes the form:

I
dQy) ¢,= o2x M dQ) ¢=ox
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The relation that describes the derivative of the impeller flow characteris-
tics, which is to be found in [3, 7] for the nominal flow, has the form:

28 o = 2 #
(dqu) — _2 1 Tc?.N__ 1 Te2N + 1 . B q)Z,I;l :KI; (3'24)
d@g @:=@ox (N (VBN 1+(02N

3.9. Derivatives of the pump flow characteristics & (¢) for ¢ = 0

When condition (2.2.e) and Eq. (2.4.e) are fulfilled, then the pump stable
flow characteristics ¥(¢) is assured.

4. Conclusions

The presented relationships between the conditions that determine the
shape of the pump flow and power consumption characteristics should be
employed in the algorithm of the design method of the pumps that satisfy the
requirements given in section 2.1. The numerical coefficient values in the
relationships have been established on the basis of experimental inves-
tigations.
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Wspélzalezno$é warunkéw okreslajacych ksztalt charakterystyki przeptywu
i poboru mocy z parametrami konstrukcyjnymi i ruchowymi pompy

Streszczenie

W artykule przedstawiono zaleznoSci pomigdzy warunkami opisujacymi ksztatt charakterystyki
przeptywu i poboru mocy z parametrami konstrukcyjnymi i ruchowymi pompy.

Zwiazki te dotycza:
— charakterystyki przeptywu opisanej wielomianem czwartego stopnia,
— nieprzeciazalnej charakterystyki poboru mocy przez pompe.

Zatozono, ze do okreSlenia ksztattu charakterystyki przeptywu opisanej réwnaniem

Y=ay+ta,0+a 0> +a;¢° +a,0*

wystarczajace warunki (2.2.a) + (2.2.e) graficznie przedstawione na Rys. 1.

Uklad réwnari (2.4.a) + (2.4.e) dla zadanych wartosci a, + a4 i przyjetej ¢ pozwala wyznaczy¢
wielko$ci Wz, @mas @n> Kn, Ko, ktére nastepnie wykorzystuje sie w obliczeniach parametrow
geometrycznych kanaléw hydraulicznych pompy (rozdziat 3).

Realizacja nieprzeciazalnej charakterystyki poboru mocy (réwnanie (2.7), Rys. 3) stawia
dodatkowe wymagania w stosunku do geometrii kanaléw hydraulicznych uzgodnione z warunkami
opisujacymi ksztalt charakterystyki przeptywu (rozdziat 3).

Realizacja zadanych ksztattow charakterystyki przeptywu i poboru mocy wymagana jest od
pomp przeznaczonych do wspélpracy z dowolng instalacja, od ktérych wymagana jest tez
bezkawitacyjna praca w catym zakresie zmian wydajnosci. Réwniez i ten warunek jest uwzgled-
niony w omawianych zaleznoS$ciach (rozdziat 2.4, wzér (2.9)).

Przedstawione w artykule zwiazki i zaleznosci pomigczy warunkami okreslajacymi ksztalty
charakterystyki przeptywu i poboru mocy oraz bezkawitacyjna praca pompy powinny by¢é
wykorzystane w algorytmie projektowania pomp przeznaczonych do wspélpracy z dowolna
instalacja.



