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ABSTRACT ' D
DESIGN OF CENTRIFUGAL PUMPS.

. . - _ \
: ‘/ A Fitgz Ahmad

’.f.' - \ . !
. ”A‘practica1 approach to the design oficentrifugal pumps is illustrated.
4 * » M

‘ The general features of centrifugal pumps are reviewed and a brief

.diScuséion of the design procedure is‘outlined. .Equations necé

~ T to determine the dimemsjbns of the imperer and casing are 'present d.

' Emp\irjical’ relationships based on experimental‘data are mention 'v)mer-
ever ava$1able. The origin.of the unbalanced 'for?:es deve]opéd— in the .

pump casing is identified and methods_ to cal'g/u1ate the magnitude of T

¢

~such forces are gliven. Basic mechanical componentﬁs of centrifugal pumps

\

are summarised and a design example ﬂlustrating‘ the approach and

'd
1

* ‘ A p?oc ure outlined in this report is presenté'd.
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CHAPTER 1
INTRODUCTION

4

1.1, Principal Features of Centrifugal Pumps . ‘ .

Simplicity, economy and reliability are the primary reasons why
centrifugal pumps are selected for most liquid transfer app]ications

1nvo]v1ng low to moderate heads and viscosities less than T, 000 centi-

poise.

In these pumps, the liquid enters the impeller at the centre and
'is fﬁuhg outwards‘ynder the action of centrifugal forces set ﬁp by the
rotation of the impeller, The imheller action causes an 1ncrease in the
liquid velocity and pressure. The imparted velocity is partly converted
into pressure by the pump casing before it 1eave§‘the pump through the
discharge nozzle. This eonversion may be accemplished either in a vol-

8] - -

ute casing or in a diffuser casing.

In a volute casing, the impeller discharges into a channel of
gradually increasing area‘designatedaé the Yolute.This.arrangement is
illsutrated in Figure 1.1, The.major part 0% the velocity conversion 19
volute casings, takes place in the conical discharge nozzle section
Figure 1.2 shows a typical diffuser castng. In such a design, the
impeller discharges into a channel provided with va;es. The codtoun of

the vanes determines to a-large extent the degree of velocity to press‘ure'~

. transformation achiev ven desiyn, o , ' -
. ¢ - ’ ] * .,

° B
N 3
[ , . o -
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1.2 Performance Variables

The performance of a centrifugal pump is generally measured.in

terms of the following parameters: ’ ' L

Rate of flow or capacity (Q) measured in gallons per minﬁte'

(metre3/sec), increase of energy level in the liquid pumped or head (H)

. ')
measured in feet (metre), input power (P) expressed as brake horsepower

in HP (KN) efficiency (n) defined as the ratio of useful work performed-

to pgyer 1nput and lastly, rotating speed: (N) expressed 1n rpm. Since

these parameters are mutua]]y interdependent, it is customary to re-

a

present the performance of a centrifugal pump by means of character-

'i

istic curves for each generic type Figure 1.3 is such a typical curve

depicting the Head-Capacity (H-Q), BHP-Capacity and the Effic1ency-

* Capacity for a particular model of a volute casing centrifugal pump.

1.3 Operational and Design Consider;tions

The most important operating characteristics are the capacity, head,

power and efficiency. It is customéry to plotJthe head, power and

efficiency as functions of capacity for a given operating speed, Pumps

are selected to operate at the maximum effic1ency point. The head, power

and capacity which correspond to the maximum efficiency point are deSig-

nated as the normal values and 3dre denoted as Qn, Hn and Pn respectively.

At times, a pump may be operated continuotsly at a capacity slightly'
above or below-the best efficiency point. In these cases the actual

operating point is called the rated or guaranteed point.
! 4

It should be pointed out that a variety of operating requirements

—— c?n be met_fnom the same pump model by changing the outside diameter of

"
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P

h thrust, etc. ) wil] be developed. Current industrial practice will be

- 5~

the impeller. The principal requirement‘in the design of centrifugal
pumps is the determination of the impeller and casing dimensions which
will produce the specified conditions of capacity and head, In the
following sections, the parameters and equations governing the design

of volute type centrifugal pumps (impeller, casing. radial and axial

N
{1lsutrated by means of an actual design exampie for a typical volute
“type centrifugal pump application. | _ h
1.4 Procedure for the Design of Centrifugal Pump . )
1.4 Design Criteria ’ 1
The basic purpose of a centrifugal pump is to add energy to the ' i
f1uid§ Since this is a dynamic process, the pump depends entire]y on ’
changes .in the veiocity relationships to achieve the required changes . o
_in the energy level. Changes in the energy ]eve] of the fiuid are _ ////
detected‘largely through measurements of static,pFESsure.

Many investigators have attempted to develop improved centrifu;aI b ////
pump design methods through analytical caicuiations of twoe and three-//// ;
dimensional velocity distributions within the fluid passages [1]. ‘
However, it has been;shown that the most useful application of integn;/-

/

velocity calculations is limited to the .analysis of a large number/of
. e 4 /1
impeller/casing combinations for high and low efficiency. Thi;’semi-

empirical approach is the #ost 1ikely to identify optimum velocity o
y

.

schedules which. can be used for new designs: : /

: 1 ) . ! ~
. : /

The actual velocity reiationships existing unthin a cen&rifuga\

pump are extremely complex and to-a substantial degree remain’unknown.

*




‘1¥istrate the basic concepts and indeed has ‘served as the basis of design

l

‘/for virtually all centrifugal pumps manufactured to date.-

. / 1.4.2 Désign Data . }

»

Considerable use of published experimental data is made in pump

desjgn work. These data are normalized in terms of tﬁe specific speed' o

A

parameter which’ is defined as [2]:

- . ¢ Ns'= MY . (1.1)
' ’ Ha/l’~ R |

b !

’
[

where N,5 is specific speed, N is revolutions per minute, Q is flow in

gallons per minute (metre3/sec) and H is head me}isured in feet (:metre).

-~ ’

~ For a pump with a specific speed NS,\with an impeller .of diameter
‘ ‘ b, pumpi ng Q qg'l'lons per minult.e at a'speed of N rpm against 5 head .of ,
H feNet':,t the specific speed Ns is equal to the ‘:speed of a geometrically
similar pump with an impeller of djametei‘ d which wou'l"d have a discharge

6'f’ one gallon per minute against a head of one foot.

oo This correlation is based on the premise tﬁat; geometrically simﬂar :

ﬁ“ /;’/ pumps, operatéed at the same specific speed have geometrically similar
./ velocity triangles. Consequently, the ratio of the flow velocity to the
-/ , , ‘
'/,/ " impeller peripheral speed is the same for geometrically similar units and

. " were it not for the scale effects, their relative losses would be the

[
. o

same.

Thé specific sp"eed is always based,fon the optimum operating\cor\dh
S ¥ tions or peak point of pump performance. Figure 1@4 is typical illustra-

i
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..

later sections of the report.

\\\ 0
\\1 \ B &‘ -
tion of performance data presented i:\Wermé of specific speed, where '
efficiency n is plotted versus specifiz\

izee& NS with Q as a parameter.
Knowing the head and caﬁacity which are nhoa1]y derived &irect]y‘frbm |

phe'desired service conditions, the efficieﬁby may be found for any pump
rpm from Equation ).1.

¥

ﬂSimi]iar'cprrelations,1’vo1ving other pufp oper-

] L}

ting parameters have been developed-‘and these wil

be illustrated in

.




‘
1
’ »
j .
.
'
.
!> f
~
»
it
1
!
.
v
Lo
‘
. .
wa”
i Kl
'
L
. .
\
. . )
. .
.
\
"

‘
e',)
- \
o ’
.
-
°
&
v
N
[ .
.
. .
2 :
t
“
, L4
* . 2
f
"
a

1 “
<
. '
o
L. ’
v
. .
o
I
1
) .
.
N -
'
.t
P
L
. o . T
. ra‘l
o
-
. . *
4
‘
v
' 4
'
LN ! )
.

‘ . ~ s r ‘
’ . . r o=
| .
) .
| | | | ‘ . A
. ‘l‘ ’ ) ‘
. o
J w . o« e
| ‘. . .
-
) .
KX ol : .
. \ ‘ ‘
.o
. * <
. ‘ ‘ |
.
| s
; | oo
i B
’ \
°
.
;

'
’ * ‘
\ >
. he ’ | ‘
| " B
1 ! )
. . . |
. ) h ) | |
.
.
| .
il ’ )
A
. ‘ I3 ! ' N
5 i v ' ) -
. . N a
. -
i “ 1 | | |
. .
1 * .
. . . ' |
.4
. ‘ ‘
' .
, ' A | |
: : SRS | t |
« " ’ ‘
-~ b ) ' -
. wta ". ‘
\ ¥ o ’
' ‘0, . ‘ '
. . ‘. " )
N ' .‘
1 ' - ’ ' | 7 h
3 h ' ‘
v - ’
" e ’ | | |
- ' ’
v 2 ' ‘ ’ |
N - \ \ | |
| . , . .
- . : ‘ ' | |
| .
* - ' . ! \ “
N / . ‘ " | m~ |
- ‘ ‘ |
N PN N ’ | | l/\\’
J : ’ i ; L ¢
) . _/ Te : ’
B ' .
N N ) ' ‘r ’
L ) . . . . v




7 .CHAPTER 2
IMPELLER DESIGN

'2.1 Introduction

" o

In centrifugal pqﬁb&. fluid movement is ach1eved by’ 1ncreas1ng the
_level of pressure energju(ﬁead) utilizing an impeller with appropriate]y
shaped blqdes. The partic]es of liquid in the impel]er passages are
accelerated from the suction towards the delivery side of the pump as a
result of the impeller rotation‘ The amount of pressure energy 1mparted
to the fluid depends on the velocity developed by the impe11er and the

char rist1cs of the casing.

The performance of a given pump design is determined by plotting the

head, power and efficiency as a function of capacity at a constant'spegd.

This-is a function of the 54 metrical dimensions and speed for a specific
pump. Analytical investigations of fluid movement in an impeller are
usually limited to axi-éymmetrfc flow models. This analysis is valid for

Egpellers with a large number of vanes of infinitesimal thickness and

4§£§§Zequent1y, modification must be introdﬁéed before extending these

results to the design of actual impellers. In order to achieve correct
results, it is necessary to distinguish between idealised and real

ve]ocitfes. This is accomplished by introducing a number of design

factors, such as slip and ﬁferotat1on.' ) .

(P
For axi-symmetric flows, the flow characteristics depend on the rad-

"ius and the axial co-ordinate measured along the axis of ~symmetry.
Thus, the absolute (referred to the stationary pump casing) and relative

g - . ’
: e
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(referred to the impeliler) ve1oc1t1es are functions of the co—ordinates

'r! and '2' alone and do not depend on the angle 8. '

Referring to Figure 2.1, it can be seen fﬁat the absolute velocity

‘c can be resdlved-1nto two flow components: meridional flow in which the

Tiquid particles move with velocity c ’1n planes passing through the
1mpe11er axis, and circumfereq\1a1 flow, in which the liqu1d particles-
move with velocity c, on circles centered on the impeller a§1§and lying

in planes perpendicular to it.

2.1.1 Velocity Components

A\

Fighre 2.1 represents the inlet and qgtiet ideal velocity triangles,

- where u" is the peripheral velocity of any point d; a vane and w is the

< .
velocity of a fluid particle relative %%%the jmpeller. The absolute .

velocity ¢ of a fluid partic]e is the vector sum of u and w. The

“absotute veloc1ty vector ¢ may be reso]ved into mer1d10nal or radial

velo ity Cn and peripheral velocity e .The subscripts ]- and 2 refer
to the inlet and outlet cross-section of the flow passages.

e,

-~ ~

2.1.2 Angles : ‘ S |
Figure 2.1 indicates the angles between differen; velocity vedtors.
ay is the angle at yhich flow entgrs the impeiler and ap is the angle aé
which flow leaves the impeller. Angles 51 and 8, are the inlet and out-
let vane anqles and 8 1is the angle made by a tangént to the impeller
vane and a 1ine in the direction of mbiion of the véne. Angles Bl.and By

define the.vhnescurvature and establish the vane geometry. a, gives the

N ;
direction with which the fluid enters the casing and it also establishes -

-

by
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the casing tongue angle. : - )
2.1.3 Prerotation of 4luid . : o

- -

For design purposes, it is assumed that tﬁ% flow enters the<impeller
' at an ang]e a; equal to 90° and that the peripheral component of the
absofyte ve\pcity cul is zeyo. This implies that there is no prerotation
of the fluig before entering « the blades. In real cases, this is not
“true and experimentally, it has geen confirmed' that there is a discre ‘
,pancy between the flow ca1culateduon the above éssumption fmd the meg
sure&»f}ow. '?his suggests that there is prerotation o?’f]uid before
. entry snto the vanei‘eten at the best efficiency toint. In orde; to
attain the required discharge Qn’ it 1§$found°nece§sary to increase the

blade angle 8; by an appropriate amount. The 1n1et velocity triangle,

Coe taking into account the above, can be represented as.showi in Figure 2 2,

Figure 2.2 - Inlet Velocity Triangle Without Prerotation
214.1_2 ,
T P The 1de€1 case 1s based on the assumption of -an 1nf1:::e\;\\ber of

vanes having 1nf1nitesimal thickness. But in rea]ity. the impeller has
a finite ‘number of blades having finite thickness This alters the flow

patteng;within the 1mpe11er passagés farmed by. the impeller vanes and .

LAl TR !
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+

the shrouds. Due to the rotation of the impeller, there will be a
through-flow or meridional flow through the passages and gl1so a forced
,vortex'SEt-up wi}hin the passages due %o the inertia of the liquid
. tending to rotate 1n“the;opposite dirEction relative to the impe]lpr.
The resultant .effect for a given flow is to cause the fluid to leave the
impeller at an \angle less than the vane angle B, at which .the-‘ fluid
,leaves the impeller. Figure 2.3 shows the ve]ocity distr1bution in the
impeller passages of a centr1fuga1 pump taking into account the 1nf1uence
o of the forced vortex of the liquid in the passages. This phenomenon 1s

often called/slip. ' .

. From figure 2.3, it will be seen that the actual perxphera1 com-
ponénﬁ of absolute velocity is c and npt cu2 as assumed in the-ideal
case. This velo;ity deviation causes & reduction in the total head of
-the liquid. So the ideal perjpheral Eomponent of absolute velocity cu2
has to be corrected in order to arrive at the design head. Since thé
- actual velocity diStr{bution‘over the ‘discharge cross-section is not
known, it is impossible fgidetermine the true effective value of cu;“
analytically. For practical calculations, an empirical coeff1c1ent

called slip factor p has been deve]oped to account for the actual flow

deviations. The slip factor is defined as:

- ’ v /
C
U2,
HE e ’ o (2)
v 2 :
L] Y

. 2.2 Impeller Dimensions

¥

The standard centrifugal pump can be divided into three sections.

The inlet section which'is characterised by the shaf;'d{ameter, hub
A
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diameter, impeiler eye diameter, inlet vane angle and the inlet width,.
The outlet section is specified by the impeller outlet diameter and the
outlet,widtﬁ. The third section encompasses the impe]lef vanes and this

is described by defining the vane curvature.
' 4 e R . 2

2.2,1 Inlet Section

\

- —

The design of the inlet section involves the specification of the
shaft diameter, hub diameter, impeller eye diameter, 1n1et‘angle‘hnd
inlet width. A typical inlet section configuration is illustrated in

Figure 2.4, along with the corresponding inlet vélocity diagram.

The shaft diameter is determined by considering the power to be

transmitted, the critical gpeed and the maximum.permissible deflection

for the given mode df operation. Initially, the shaft diameter'is esti-
mated on the basis of gorque requirements alone [4]. The torque may be

found from: .
T = 63000 x BHP

!

N
" - 9.55 x 10° x BHP ) o
T = 2= N — . (2.2A)

3

where T is the torque measured in 1b-in (Newton-mm), BHP is the brake

horsepower, as defined below, measured ih HP (Ku)‘and N is the ﬁev;}u??

" ‘tions perﬂtjﬂg}é. ] . E . .

Brake horsepower is defined by

- (2.2)

© - QxHxSE . - o “
P = g S Lo, ke

RN
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\ophp = LA G QXM - © o (2.38)

where Q is the flow measured in galléns per minufe (ma/sec), His the

head measured in fert (metre), n is the overall efficienc&, S.G. is the
specific gravity, y is the density in K§7a® and g is the acceleration due
to gravity It shou]d be noted that all the terms appear1ng on the right-

hand side.of equation (2.3) are either given or obtainab]eAfrom Figure

1.5, Finally, the shaft diameter, based qn shear stress considerations

o

alone, may be found from:

- (% e “(2.4)

S :

where D is the shaft diameter in 1nches/(mm). T 1s the torque measured
in 1b-in (N.nim) apd 5; is the allowablé shear stress in psic(N/mm%) for -~
a givenymaterial. The shaft diameter, as calculated from Equation 2.4,
must be increased to account for the presence of bending moments arising
from the impeller reaction and the shaft mass, The impeller bending ~-

moments are caused by unbalance forces ang the net radial thrust deve1q-.

' ped. If these quantities are known, the'exgct correction to the diame-

N

impeller are still ubknown.

ter may bé calculated, However, initially an arbitrary increase based

“on past exp@rdence 15 used, and once the critical speed analysis of the '

shaft has been comoleted, these dimensigns are adjusted accordingly.
At this stage, it is not possible to determine the weight of the impelier
and the correpsonding rgdial thrust since the overall dimensions of the

Al

Good design practice requires that the hdb(dianeter on the inlet
side be made as small ds practical so that -the tﬁflow inta the impeller
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‘ﬂeye encounters the least resistance pdssible This condition is attained )

by choosing a\hub diameter which is 30% - 43% greater ‘than the shaft ﬁ~:
diameter In cases where the impeller hub does not extend into the eye,
the hub diameter can be” taken as zero

LY

The inlet eye diameter can be calculated using the continuity N

equation [5]: f7 9
/ R ] ’ N * ’, A4 I
.. r1.28 2.1/2
‘[—_anv +0, 10 I
. 3 ! -
;;. .. \\[ . -
:i‘ N 60 , -' v
. 2 lm_ . . N
0 = LT e
ve . \ L oo

3

where Q Hs the flow measured in gallons/minute (m /sec), Ve 1s the-eye
velocity in ft/sec (m/sec), D is the impeller’ eye diamgter in inchés
(mm), Dy is the hub diameter in inches {mm) and,nv,is the volumetric
efficiencty which is defined as: ' ‘ .
£ R (1)
N C ' \

. . * . 3 .
where Q is the leakage flow measured in gallons/min (m /sec). The eye
velocity Ve is usuali} chasen in the rdnge of 5 to 20 ft/sec (1.5 to 6.6
metres/sec) [6]. To calculate the leakage flow QL* the details of the

R ~ |
individual pump design must be known, For an approximate prediction-of

n, at the design point *Figure 2.5 which shows the volumetric efficiency :

as.a function of specific speed and flow for standard pumps may be used.
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‘The inlet angle s defined as the ratio of meridionaT velocity cml
to the .peripheral velocity’ul shown in Figure 2.1(B). Therefore,

<

n
Tan B, = -EL (2.
1 . .

3

&

where g, is the vane inlet angle, c“Il fs the meridional velocity at the
inlet in ft/sec (metfe/sec) and u; is the peripheral velocity in ft/sec

o
w

(metre/sec). Also:

o
720 . m . (2.8)

=-‘,DN . ‘ .o ‘ ‘.
“1' 6;?5” . | (2.8A)

- The inlet vane angle affecfs the su;tion performance of the pump. )
Lower values are selected when Tow net positive suction head is required '
as in the case of boiler:feed and condensate pumps. Net poﬁitive suc-
tion head is defined as the pressure aQailable at the 1mpeller’eye
above Vapor pressure at the specified temperature. The vane ang]e‘is
generall& se1eéted between 10°to 25°, 1n§ép[

ndent of specific speed.

A comprdmise between efficiency and cavitation results in a vane angle g *

of 17° [8]. :

—

Measurements have shown that the discharge Qn at the best efficiency
point 1s‘ﬁht achieved due to the prerotation effects occuring prior to

# / : |
entering the blades [9]. In-order to achieve the required discharge, it

"is found necessary to increase the blade angle By. The increase in

angle B; can be calculate& from the following eﬁdition [10]:
o ’ ' “(- .oh K

v "

“)/\ o) ‘ o . | ’ " ’#‘




.21 -

° a8
3 . B (
Tan 8)(r) = Jan ‘ T (2.9)
2nr§insl (r;

14

where g, 1s the vane ,angle in degrgés, g} 1s the modified vane angle'in

degrees, Z is the number of vanes, t is the thicknesirgf the vane in _

iﬁqhes (mit) and r 'is the radius in inthes (mm),

Some iterations are required to find a solution to the gbo&e

Y

' equation. The number of vanes in the in1t1a1‘stage§‘pf the design can

be assumed., There should be enough vanes to assd?%:proper guidance of

the 1iquid. Too many vanes will result in excessive frictional losses.

- The number of vanes generally used is between § and 12 [11]

.
{ L

‘The inlet width can be calculated from the following equation [12]:

‘ b, = 3221 - a . (2.10)
. nv em, €] .
or T ‘

. 4 N 6 - )

10 :

bl = "‘—-D—'g—m . . , (2.}0’\)
v © _ﬂ|1 - \ )

where €; is thecontracfionfactor.. The value of €; is.generally chosen

between 0.8 and 0,9 [12] in the preliminary calculation of the impeller

inlet width, After the number of vanes and-their inlet thicknesses have

- finally been determined, the exact value of ¢; may be found from [13]:

Zt '
L s Lo (2.11)

o

s
\

T et
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[

This codbletes the design of the inlet section. It should be pointed out
that the number of vanes may be altered at the latter stages of the

.+ design and this will necessitate reconsideration of the parameter;
f/FAéffected by this change.

AN

2.2.2 Outlet Section

The outlet section is characterised by the"impé11er outlet diameter

D, and the outlet width b,. Figure 2.6 illsutrates a typicai outlet

sectiop.

W

- In order to arrive at the impeller outlet diameter 'Dz, the value
of the periphergl velocity G, has to be Ealculated. The equation for
calculating u, can be developed. from the outlet velocity triangle

(Fig. 2.3) as fo]lpws?

v . cuz = Uy - cmZ“Cot B2 ‘ ”(2.1‘2)

where cu2 is the theoretical component-of the periphera1’velocify in.
ft/sec (m/sec), u, is the peripheral velocity in ft/sec (m/sec), cmzlis
the outlet meridional velocity in ft/sec (m/sec) and B2 1is the outlet

L
vane angle. ' v

- N ~

From equation (2.1)

—

LY

. 2 ' c
CHo= won, s (- _%2. Cot 8,)
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The pump h;id H, ag defined by Equation 2.14, can be made'dimensidnless
by dividing with % resulting in the head coefficient ({14]:

' 2

 The terms on the right-hand side of Equation 2.15.are either known or

. C
obtainable. Values of the ratio —'l'lc\an be read from Figure 2.7 for
2 u . .

“ ' 2
different value‘s of specific speed. Also, angle 8, can be chosen from

Figure ilywc%n of specific speed. The hydraulic efficiency
can be_cdiculated from the following equation [15]: E

S e v o (2as)

?

Numerous formulas have been proposed to compute the slip. factor ou. ’
Often, empirical coefficients are employed to bring the results 1n;o

agreement with the available test data, as for example [17]:

“

Y c s . ' )
v - é&*} = 2un, 1 - ..'% Cots,] * o (2.18)

w=1 - 2108 S R  (2a7)

o

Equation 2.17 was proposed b} Stodola for the case of zero - flow, and
it is frequently used in American p;lmp “desigr!'practice. Another form-
ulation has been proposed by Pfleiderier [18]:

o
u = 1
X a 8 2 - .
. ﬁ!+z[1+3&]ﬂmz' ’

(2.18)

e

! M ¢ . ]

where a is a coefficient, R; is the inlet radius in inches (mm) and R,

is the dutlet radius in inches (m). N
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The sJiplfacter is affected not only by the impelier cdnfigur tion,
N

but.glso by the interaction Pf the diffusing system with the impeller,

Pfleiderier. on the basis of a series of tests, defines the coefficient

a 1in Equation 2.18 in terms of the casing design.

0.75. for radial -type of impe]]ers [19].

The outlet diameter of impeller can be calculated from:

.. 120u2
- D, = o
“or
B : ’ C 6 x 10
. X u
e' } D2 = ._._N.__lﬂ ]
o’ f ’ N

-

For volutes, = ,65

Corresponding,values of the slip factor vary between 0,65 and

,

(2.19)

i
(2<A9A)

The outlet width b, is calculated-in a way similar to the inlet

width.
[20]; ]
‘- o "ha -
A AQQ ‘0 32] '
C R ™ ch €2
. . ) ‘
. ” :‘yx o . ] ((
or 4;?0' ENR
. . o < 6 :
r s b, = —0Q -
v 2 ™ ch €2
“ N v Mo

2*@

where ez s fhe outiet contraction factor.

T;

The value of by, can be calculated from the following equation ™

»

(2.20)

(2.20A)

The outlet contraction

fhctor is assumed in the preliminary calculation subject to a correction

f

after the actual thickness and the number of vanes have been determined
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: . , ( ,
The factor e, is usually between 0.90 to 0.95 [20]. The exact value

of ¢, may be found from the equation [21] \

v el it (2.21)
, “m D, Sin B, S '

¢

2.2.3 \Vanes ‘ ' .. [
» — \P ) .
The number of vanes can be verified with the following equation '

+ , .
Z = 6.5 _D.Z__'f__DS__ Sin _...Bl__f‘i . (2.22) Y
D, - De 2‘ ,

/ N
The number of vanes generally used is between 5 and(l? [22]. .A smaller

- number of vanes is employed to give a steeper falling curve or a smaller,

output from the same casing [23].

The vane angles and diamgters having‘béén established, the next
A ; ' v "o, L \

for determining the vane shape Circylar arc, point-by-point and con-

o sfep is to construct the vape shape.lK;Dgre are three principal methods .

formal representation. The details of the point by-point method and the
confornal representation method are detailed in [24]. Circular arc . &
method [25] will be outlined here in order to provide a brief outline

of the steps involved,

»
In this method, the impeller is divided into a number of assumed e

concentric rings not necessarily equally spaced between R and Rz. The

. radius & of the circular arc obtained in any ring is

~ Rb2 - R.IZ

— (2.23) -
2(RyCos B, - R,Cos aa.)

L =¥

‘where Ry is the radius of the 1nnen;njng, Ry, is the radius 6f—ﬁhe
M \ . ’.. ',f

¢

-




< - ?9 -

!

outerbcing,'eb is tﬁe angle at radius Rb and Ba is the angle at radius
Ra' Inlet and outlet angle B is known and a curve is drawn between angle
g and the r;dii. The.vane angles at Ra and Rb are taken ﬁybm the curve.
. Since adjacent arcs are t;ngent to each ;ther, both their centres will

7

be on the same line through the point of tangency.
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CHAPTER 3 -

CASING DESIGN
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3.1 Casing-Volute Type .

¥ . i

* CHAPTER 3
rly

CASING DESTGN

i
’

[pe purpose of the volute is to convert the kinetic energy:of gﬁé
water ieaVing the‘impel]ﬁr into the corresponding pressure head, There
are several design elqunts of the volute casing which determine its

hydraulic characteristics namely, volute area, volute width, tongua_'

" angle and base circle. The base circte is the circle described by the

' impeller outlet radius R, and 1s-the reference circle from which volute

areas are measured. Lo

o | l

“The first step in the design of the volute invo]ves:thé détermfﬁ;*”““

ation of thé throat area. This is calcuiated from the continuity equa-

tion as
0.321Q i
gt = » (3.1)
. th ‘ '
r \
or : B
6 .
10° q L .
Ath - -'——E:.,—: L @ : (3.]A)
th : .

K

~

&

o 3 -
where A, 1s the thraat area in square inches (imm ), Q is the flow in

%

. S ,
gallols per minute (metre /sekg and Cth.is the throat velocity in ft/sec.

) (metrﬁ#ﬁgilf The throat velocity'cth is.selected from Figure 3.1 which
.. is a plot ff empivical findings versus specjfic speed.

/ )

[
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3.2 - Volufe Ccasing
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Referring to Figure 3.2, it i§ apparent that the total pump

capacity Q must be ‘accomodated through the volute throat. The" flow

le past any sectipn of the volute is

b . |
= ¥ '
W 360 % ¢

where ¢v‘1s the angle 1n.&Egrees measured from the’ zero point of. the
volute.( Assuming constant mean velocity of flow for all volute gtctions,

the volute areas are proportional to the central angle ¢¢ [26]. There-
' d
fore - ~ *

¢
2 et
AV 360 X Ath . (3.2)

. 2 :. .
where Av is the volute area in square inches (mm ). After establishing

“the volute area Av' the dimensions of the volute section can be deter-

mined once the shape of the volute section has been selected. The volute
secgioncshape can be circular, rectangular or trapezoida1.~l;;e choice
of shape does not greatTy influence the pump perfgrmance“[zaj. ,The

most commonly used shapeEis a trapezoidal one, siﬁce it is claimed to

be slightly more efficient than the other two shapes. The rectangular
shape is employed in cases re.thé flexibility of us{ng the same cas-
ing with different impellers Jhaving different outlet widths 1s 8 prerequi- .
site. For {llustrative purposes, the procedure of establfshing the

volute section dimensions for a rectangular shape is as follows:

ASE CimeLE

DIAMETER

T
. 4
S S

Figure 3.3 .- Volute Shape Section

. v .
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e
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Referring to Figure 3.3, the volute width b3<is two to three timés the

impeller discharge width [29]. After choosing the volute width by, the
volute height h is found from .

oA ' (3,3)

' . b3 . 5

The tongue angle ¢ . (E@gure 3.2) may be found by assuming that the

flow %o]lows a logarithmic spiral the contour of which is defined by [30]

) - 4
R =. Rze tan 024’ (3-4)

where ¢ is the angle measured in‘radians and e is the base of natural

logarithms, Taking log of _both sides of the above equation and for
* the tongue radius Rt’
© . 132 Log;gRe/Ry 2 - .
¢t Tanué ‘8 (3.5)

!

‘Tb av?id:turbulence, excessive.noise and to allow the velocities of the

water leaving the impeller to stabilize before coming into contact with
he topgue, the radius Rt is 5 to 10% greater than the 1mpelier outside
radius R, [30]. [

Finally, the volute terminates in a divergent diffuser shown

schematicallyiriFigure 3.4, with a taper angle a3 in the 6° to 10° range

. 'Figure 3.4 - Volute Diffuser

A
v
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The taper éngle,aa is defined by

a
Tan 3
. 2

= DQ - Dth

2L

‘@

7

3

(3.6)

where Do is the outlet diameter of the diffuser, Dth is the throat dia-

meter and L is the length of the-diffuser. Typical values of aj ag'a

function of the throat ve]bcity are given in Figure 3.5, .

- &
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u ™  CHAPTER 4° :
“, - 7 UNBALANCED FORCES Y
w » . S » ' - ) l
9 e ' ° 5 * ”~
. 4.1 \Unbalanced .Forces Developed in Pump Casing . N

Two types of forces develop around the impeller in a centrifugaf
pump casing, One force acts radially on the 1mpe11ercper1phery and
causes’ the pump.shaft to deflect. The other acts axially on the sides
of the imbe]]er and puts the pump shaft in compression or tensio - The
radial force arises from the unbalanced pressure distribution ;round the
periphery of the impeller. The axial force is due to the difference ‘ s
‘between the force resultants act1ng on e1ther side of the impeller. ’

* *The direction of the net axia] force depéﬁds on' the design of the im-

peller and the pressure at the pump suction.

.

1.7 Radial Thrust ’ ' - . ‘ -
" The pressure on the inlet circupference of the volute casing is
not uniform everywhere, even at the normal discharge of. the pump; This
" " "leads to an unbalanced radial force which acts on the pump shaft. - L S
" force.is called fhe"radiel thrust and attains a miniuum in thevregion

of the normal operating point. It wdries with the'discharde‘ratio'and -

atteins a maximuu value w:en the discharge Q'is ierol Radial thrust ' i
< Q:/causes -additional” deflect1on of the shaft in a horizontal pump in ‘

addition to that due to the ‘dead weight of the elements mounted on it., . _

¢ ¥

The” presence of radial thrust leads to rapid wear of bearings, leakage N

_from the gland and eventyal faiiure of the shaft due to fatigue, 'The R

L
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magnitude of radial thrust can be calculated from the following

equation [32]: ™ L . .
« ’ N ¥ ' b ‘ N
© o Fow KpDoBy Laa) ‘

v’

where _F';.is radial thrust in uuunds (Newton), Kr is experimental co-
. effiéient, pq is préssure genefated by’ the pump in pounds per square
L + % .inch (N/mm ) and B, is outlet breadth of impeller including shrouds in

inchés (mm). The value of K, can be read from Figure 4.1, &

e

4.1.‘2 Axial Thrust “ 3 ®

-

<

3

. . Axial loads are developed as a result of the pressure variat‘lons

existing in the pump casing and its effect on the exposed areas of the

' h:peller and shaft. Axial thrust is the summation of uhbalanced forces

k . on an impeller acting 11; the axtal 'directi,onh. Figure 4.2 illustrates f
v the axial thrust qualitatively. ‘ “
. * e !

. ‘ The axial forces acting on a double suction 1mpeﬂer are'balanoed
. 6o i due to the symetrical construction - Theoreticany, a double suction
e | 1mpe1'ler is in hydraulic balance’ (Fique 4, 2) In a@gle -suction

1mpeller with the shaft paSsing through the 1mpeller eye (ngre 4.3), R

[
“

‘the axial thrust develops as a result of the pressure acting on the

Fe S

. " back shroud being higher than the pressure on the other side.‘ The 4
'a'xi-a‘l force acts towards_the suct’lon"band is equ'el to the product:ef the
\Z;' B ' . net pressure, ueneratgd hy the 1upeller ah,c_l the unbalanced }ﬁgular area -

V . (Figure 4.3). The magnitude of the suction pressure in these pumps does ,\
‘ _ not affect the resulting axfal-thrust. ‘But in an overhung,single suction

e " ’ 1;peller {Figure G.Wforces are definitely uftectéd by the




vt

s
3 N
N «
. . .
., -39 .
“ e 5
. .
. o + '
@
.
- i 3 .
) €
B .
, L. w
'
/ ~ 7 ¢
B
»
v
o -
‘ o \
- + '
7 1
¢ -
f
"
.
r” . -
< -
P .
Lo -
. .
’ .- N ~J e
N s
- - 3 K -
.
.
.
* .
L4 ,
P
. «
°
‘
%
\ g
\). o '.m W w -
'
-
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. Figure 4.1 J’Kr as a Function of Specific Speed and

Capacity for Single Volute Pump [33].
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suction preSsure. In addition to the unba]anced'forcé foﬁyd in a single
sucfion impeller with the shaft through the impeller eye (Figure 4.3),
‘there 1s an ;xia] force equi;alent to the product of the ghpft area
;"N“\\\ throdgh the stuffing box and the difference between suction and qtmo-'

\ ;}heric pressure, This force acts towards the imﬁel]er suction when

: é%e suction pressure is leég than atmosgheric or in the opposite direc-

& tion"when it is higher than atmospheric.

K\j". The axial thrust in a single suctioq 1ﬁpe11en-is ba]ancgd by

< providiﬁg front and baék wearing rings of equal dia@gters and .drilling
balancing holes in the impeller shroud (Figure 4.5)%3.fﬂﬁese holes
offset_the pressure in spaces 1 and 2. The dth;r alternative is to
connect sﬁace 2 with space 1 by meangs¥.an exférnai‘pipe. This is
sometimes used in large pumps in order ;g pvoid~lbca1 leakhge flow
which opposés the main flow in impeller ;u;tion. In pumps handling
vgr;tty liquids, the pump out vanes or radial ribs fitting closeiy to the
casing (Figure 4.6) , are cast on to the back shroud. The effect of

these vanes is to reduce the piessure acting on the back shroud of the

impeller.




\1.
Figure 4.5

vy
277 TR

Balgncing Axial Thrust of Single-Siction
Impeller by Means of Wearing Ring on Back

Side and galancing Holes [37]. "
» ' *
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5.2 Imggller

x’/

;o . CHAPTER 5

1 o .. MECHANIEAL DETAILS

i 4 i

5.1 Casing

Ay

In small pumps, the casing thickness is dictated by the limitations

"of the metal casting process and not by strength consider§t10n. The

situation is completely different, however, for large pumps. In this
case the calculations are quite cumbersome in view of-the complicated

shapes of the various elements,

Excessive wall thickness unnecessarily increases the weight and cost.

. { . ] ;
Apart from this, it may lead to fabrication problems. The ideal design

is one in which the material is uniformly ditributed which implies a
-

1 -

very small fluctuation \icﬁseraﬂng stresses,

L The stress distribution in the walls of pump e]eggnts under pressure
is determined Ey various methods based on the measurement o% local strain,
These experimental valqos.are used to equalize the s;resgwdistribution '
1n,subseq;ent elements by reducing the thickness in some placgg and
1nc+easing‘1t in others. Sometimes, stiffening ribs are adde{ to’
increase the strength of the casting in order to keep the thickness to

a minimum value,

i

Impellers are usually cast iron, althougﬁ material éelection depends

on-applications. The shroud of pump impellers of average peripheral




-speeds at which resonanges occur are designated as critical speeds,

- 47 ._ 1\) ‘ !

-

» L

s peeds (u, s 100 ft/sec) do not’requite any special calculations since

. the working stresses do not exceed those which are permissible for.

casting thickness, For higher peéipheral speeds, it is essential to

calculate accurately the dynamic stresses [38].

-

A1l centrifigal pump imbe]lgrs should be balanced statically to
keep ecceﬁtricit{ in the impeller to a minimum and to prevent shaft
whip. Static balancing alone removes unbalanced §tat1c\ momen;s but
does not remove unbalanced dynamic moments. The latfér can be
detected only through the use of a dynamic balancing machine: As a
rule, lqrge S;ZL impellers, especially when operated at higher speeds

L

are balanced dynamically.

N < -
5.3 Shaft | ~ | o e
. ©
, The shaft is subjected to torsional forces due to the-transmitted
torque, bending moments due to dead loads, radial thrust, forces due to
imperfect balancing of the r&tating m;sses (ﬁd lastly, axial thrust,
-

The deflection of the shaft should be kept as small as practical

r

and it /should in fact be less than the clearances allowed between the
stationary and the rotating parts. The shaft must beé checked to assure

that no resonances occur under normal operating speeds. The rotational _

4 ' o
N . . v

LY

5.4 Cri tical Speed ( .

&

. The critical speed for an impeller-shaft assembly is of interest
when it 1s din the range of the operating speed of the pump. . In pump

construction, only the first critical speed is of importance and

.e

u'. . v
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critical speeds of higher orders are not taken jntooaccount: -The shaft-
impeller shoudd be so designed that the operating soqed is not dnAeven ;
fractipn or muTtiple of the puftp's first cri®cal speedi*‘ﬁgaTEEE?nﬁiﬁf’ |
gyroscopjc effects, bearing elasticity and stiffening due to impé]ler"d

-hub and shaft sleeves, the first critfca] speed can be calculated from .
[39]: a T ) -
3 ) :
/2

w (5.1) .

N, = 1875[’3"‘5’]
where NC is thd first critical speed in rpm, W is load in pounds (Kg)
and y is the defiection in inches (mm), For the most part, pumpushafos
" are stepped having variable cross-sections. Graphical methods of
finding the deflectjons in stepped shafts are probably the most widely
used, A numerical method of carrying out the same steps as in the ' .
graphica] method has been proposed by Hopkins [40] The deflection y
appearing.in Equation 5.1 can be found by modelling the shaft as’a

straight beam from:

\ ¢

dy | 5.2
N \q}‘%“n L (8.2)

<[

S

- where M 1s the bending.-moment in pound-inches (Kg—mm), E is the modulus
| of elasticity in pounds per square inch (N/mm ) and,I is the moment of
inertia 1n 1nches (mm ). In applying Equation 5.2, thedintegration
constants are- determined by the ‘type of boundary conditions which apply
to the configuration,co\side?ed
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. 5.5 Bearfhgs “w

.~

e

v’

In order to select the appropriate bearings, the 1o$d'to be.carried .V
lby each bearing must be known. Th1§ 1nv61VQ§,a static anafysis of the
shéft assembly. There are two staqga%d arrangements for supbortipg pump
rotors: lmpel\er.overhung on two bearings and 1mpé11er between: two

bearings. For the overhung case, shgwn in Figuré 5.1, the static analy-
sis yields:

1 (5.3) .

/ 12 VI

. 9* . ' . J:,"a’
g« T'A i ~ N xtl ‘ - N 3 ‘A - K ;l

F2.= 1 ' ’ (5.4)
1, . -
5 . - T e

where F, is the reaction on the inboard bearing in pounds (Kg), F; is S

W4 o
the reaction on the outboard bearing in pounds (Kg), 1, 1s the overhung

‘ lengtﬁnin inches (mm) and 1, is ;he'distance between two bearihgg,in'

inches (mm). W ‘ o - )
‘ L ) L+4 !

ﬁ ' L‘ - ram - (" ‘ »
| " A ; L, . Y
[} N > -
. F ) ) e

] & -
. N ¢ )
Figure 5.10 - Impeller Overhuhg on Two Bearings.
r. . h
For the impeller between two bearings, as shown in Figure §.2, we have: -
Wx o o
. R e —2 C(5.5)
' ]i"“.’ ]2 s . R
* BT H;x'l - ‘ z; |
‘ N L e ] ’ . S (5.6) P
Y ~ 1. 41 . N
' . o . T | 2. ’ £ o \
’ l - .o e e
v ' R ‘




o =50 - .
) o | . , ‘ ’
‘ ' - ' ‘W |
. If 1, = 1,, then F; = F,0\= i . .
. 4 “{9 « !
. W
3 “ : ‘ “ 1 ‘
. & 4 _L A .
. A T
- A - o
¢ : . " Fi‘gure_ 5.2 - Impeller Between a'tTBearings.

3
«

] ©

Since the radial thrust does not act vertically, W is taken as the
vector sum of impeller weight an'd' radial thrust, Axial -loads are also
A taken. into account when selecting bearings. Once the equivalent loads

have been established, blahar'iﬁgs~ can be selected “for any fiumber of

'
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-~ CHAPTER 6
- . ..CONCLUSION -\ )
]
\ o, :
Conclusion : R
T

is based on one dimensional analysis.

' necessary to assume some of the values of these variables.

The practical approach to the design of centrifugal punps presented
Refinements to this approach can
be made.to improve the design.. The same problem can be attacked in a’

number of ways. Each way gives a slightly different‘solution. All of
these solutions may not be of equal merit when considered from the point

of view of efficiengy and production costs

e

One will.notice the large number'of,variables involved, It isl:

l Optimum ’~
results are most likely to be obtained for given operating conditions
when the variables are chosen on the basis of experimental tests on
existing pumps which,h:ve given\high efficiencies Calculations of

the dimensions of the pump may also be based on the results of tests

on model puaps /Consequehtly, the skill and experience of the designer

will provide the optimum desdbn as a €omp ise betueen high.efficiency

. with low running power cost and Tow produ ion costs to secure a job

dgainst severe compétition. , e

1

e
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) 46. Ibid: Number 42, p. 84,
| * 47, - Ibid: Number 40, p. 164,
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APPENDIX .
‘ <
DESIGN EXAMPLE
\g,/' ¢
. Data o ’
The pump will be designed to: develop a head of 130 feet and deliver
500 ga'llons per minute of water at 68°F. It is to be dlireét_l_y connec ted
to a motor operating at 1750 rpm. ¢
' Specific Speed
| E i
. ) N ‘
] N =
o s 3/
9 wf
. 1750/500
. ‘ 13037
= 1016
/
’ \
Inlet Dimensions’ . ‘ '

\

i

The brake ho_rsepowe]' is (Equation 2.3)

. .
( . - BHP ‘= g X HxanG | , ,

. t
’ - .

Value ofﬂn'is read from Figure ¥.5 and is equal to 75%. Thérefore‘. ’

L
-

BHp = 200 xx130 x 1

= 21.9 hp

> B .

Amator {s available with 30 hp. So 30 hp'will be the maximém horse-

-power used. The shaft torque is (Equation 2.2):
N '1‘ PN . . ’

-
. - ! s

-
\"ll
ot e
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T = 63000.x BHP . .
2

‘= 63000 x 30
\ ‘,“M

= 1080

4 ,
The shaft/is made of commercial steel. The allowable shear stress Ss

. for compercial steel is 6000 psi [41]. The shaft diameter {s (Eq. 2.4)

1/3 i ,
D =,5.1T oo : ",
s. [
s . .
- 5.%)(1080 1/3 \
» " - el
s ' = 0.972 inches, or 1.0 inch,

To take care .of bending moments and to keep critical speed high,
increase D, to 1.25 inches. This diameter will be confirmed aftér the

critical speed analysis.

The hyb does not protrude into the eye, so the hub diemater DH

is zero. .The eye diameter can be calculated from (Equation '2,5):

- /2 I
D = ].289 + D“,] - ' . §
e. L v,

/ -

97%.

Ve is taken as' 10 ft/sec._'nv is read from Figure 2.5 and fs equal‘to

N

) - /2
_ 1.28x500 "

- by [0 * 0]

L
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‘ :

The inlet angle B, is (Equation 2.7) 7

©

cm,
tan Bl S ——
1

cm is equal to v,.” Therefore, cm, is 10 ft/sec and \
Sy | ] KD, N .
W77

- ._Kx4.:625x 1750 .
oo L S

?
“1

- ° '\r) o = 3‘5032 ft/sec R ) ¢

Theréfore, tan B, = 3; ¢ 5 .

B, = 15.8
Thecangle 8, is increased somewhat to account for prerotation. - This .,
increase can be estimated from (Eq. 2.9) - . ‘
tan Bl
-l - Zt ]\
_ ke sin g, (r)" |

tan ¢ (r) =

- N \ . : 2 . E
Taking vane thickness t to be constant and equal to 3/16", assume number .

of vaneg Zas 5. The number of vanes will be verified later on. -

- tan €. = - tan 15:8 \
‘ 1o - —5x 815 g e
’ A x 4.625 sin By .. )
' After some iterations 8'1_ = 19.4° p ‘Q‘

R B !
The inlé; width 1s (Equation 2.10): ¢ |

b, = 3200

s

)
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” .
Inlet contraction factor e, is assumed initially. The exact value of £

is found later on, after the number of vanes have been verified. Assume

e, as 0.8. Therefore,

\
b .321 x 500

A x 4.625 x 10 x .97 x 0.8

1

: 5
= 0.1423 , say 12 ,
Outlet Dimensions 23 inches say‘la inches

1 The slip factor is (Equation 2.17) ' ’ \
‘ A sin 8,
? u= 1 - __.z.__..... . -

Bz‘= 24° (from Figure 2.8)

" .7 . _sih 24
'u """‘5"—,

= 0.744

1
+ !

The value of u 1ies within 0.65 to 0.75,and ¥s accepted. The head

coefficient ¢y is (Equation 2.15): ¢ , ' po
. . .o, \
p=2u UH(] - ;‘2— cot 52) -
Hhere, r nH = ] “o oiau N ’ —
' : Q

= 0,83

- em, . ., ) .
and : : 7;3-- 0.07 (value read from Figure 2.7)
. 2 /s

. : .
. . I
.

)

. v %2 x0.78 x .83 (1< 0,07 cot 24)

B "

-7

41
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The peripheral velocity u,

. 1/2
u, = [g%ﬂl

[N

p
pj

or— )

89.7 ft/sec
. Thus, fmpeller outlet diameter

Ty
. > = . .
! 720)( U o
. , . D = . 2 - .
SR - Dy =
, . A x N

_ 720 x 89.7
L ' A x 1750

3

= 11.747" say 11 3/4 inches.

The ‘outlet width is (Equation 2.20):

b
- i
o

| \ by = —3200

. A n, cm, 02 €y .
: cm ,
Now, —2=0.07- . - "
. u, .
Y ) | [ '
* Therefore, ’ cm, = .07 x 89.7
B i = 6.279 ft/sec
Outlet contraction factor e, cah be gg;jma;gg_f}qm (Equation 2.?1)
- eyl - z ’
-~ o

K'Dz sin.g,

e . 5x 1875
I'd
S A x 11,75 x sin 28~

-2 32.2 x°130,41/2
ﬁ'

is (Equation 2.i§) '

-~

{

4
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o

’ ' . = .,938 say 0.94

r
3

Value of'e’2 lies between 0.9 and 0.95 and so, above value of. €, . can Rﬁ

used. It must be reipinded that this value will be confirmed after the ”

[ 4

number of vanes @re!verified. Therefore,
b2 = ) .3‘,2]‘ x 500 ) o
Ax .97 x 6.3 x W.75x .94

= = 0,757 inches ‘s"ay 3/4 inches
) . ¢

Final]y, tﬁe number of vanes can be verified so that the assumed values
of 1n1et and outlet contraction factor can#bed;onfirmed The equation
is. (Equation 2.22): . ’ ‘ | ' ; : N
N s ‘ A*_
D, + D v 3 + 8, -
2 e 2
b, - O, sin ('__3?___)

~
-5

v - Z=6.\5

. - 6.5 IS £ 4625 104+ 24,

!

o " = 5.523

If number ®f vanes are taken’ as 6, tﬂen the 'value of €, cilculated by'

- ) ]
-Equation (2.11) does not lie within 0.8 to 0.9. Therefore, the assumed

number of-vanes can be taken as correct. °

Velocity Diagrams

. . B l'
L . o .
A1l the ingredients for.constructing the velocity diagrams are

" known. The inlet and the outlet veloéity triangles can bqigrgwn.a.

Inlet Triangle , ‘ _ _

°
H

= 10 ft/dec, u, = 35.35-ft/fc-and

B, = 15.8°, 8} = 19.4°, ¢




ot
' ot
it

i

o
1

- 6]&-

eml = 12.43 ft/sec. See Fig. A-1(A).

. Outlet Triangle

2

755 Ft/sec, cu

2

Design of Vanes:

The radius of the circular aré is (Equation 2.23).

»

Values of R is selected between Re =2.3125

»

~

. 6.4°. See l-:igurke A-1(B).

'8 =24°, cm_ = 6.3 ft/sec, u, = 89,7 ft/sec, cu

:”ay

L4
” =u, - cm, cot 82 =
2o L -1 My -1 6.3 _
= uxcu, = 56.2 ft/s and ay = tan Eﬁ; = tan 56D -
. L
TN
2 2 = ~
, - Rb - Ra 1 |
2(R, cos'B, - R cO% B )
R2 = 5,875 ‘inches. o

B, and 8, are known at R, and Rz. A curve 1§ drawn of B versus raqius R

and intermediate ﬁlues Of B are read from grapt; (Figure A-2).

¥4

v

i

A7
. ] IS .
R - R2 B oS R cos 8 Ry cos 8 b Ry, - R, 2
' ' . FFR_cosBa
A
|'2.3125 5.35 | -19.4 _} .943 | 2.18 "
- 1.146 7.3¢ | 3.20] -
3.5625 11269 | 21 .934 % 3.327
. . : . , . g
2.043 | 21.83 ['5.34
5.875 | 34.52 | 2 914 | 5370 |
’ Figure‘A-Sl ir'epneseriifs the 1mpeller«drawing.‘ "
. 9. ’ ,‘
, oy . )
4 | o ' ,
. < o ]
f L ““ ] o : ! K s
N l | e L 3 ,

e 5 A g
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-Figure A-3 - Impeller Drawing
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Dimensions of Casing v

" , ] ‘*

. l u ‘ . c [ . )
- | 0 = 0.5 (Value réad from Fig. 3.1)

i

u

2 . N
S0, XG0Sy,
/ L : ~ o |
= 0.5 x 89.7 , {

- ' . 44 .85 ft/sec

\}i'm Equation (G{.l): . / . o '

< . ~
]

| | _ 3 : Ry v LR o

n

- “th ,
_ 321 x 500
B

~ .

. : ‘ 3.58 ins2 . | - -

, . L. A ' . ¢y \

- v v - 360 * "th
\

9 N
- 235 % 3.58 S TN

>
<
n

. S . o= 00y, v ’ . .
. Values of ¢, can be chosen between 0° and 360° and volute areas -Av can be
. determined: ‘m SR ,
3 ) ‘k ‘ § . . ) ‘ f . ‘ , . ':
e ' N C ) ‘ - .¢ | . Av E ‘ ? | E ) N '
N ‘degrees | . 4ns2 T L,
'R ’:?w],.;j'.',%:";. ""‘f«'i«'s:""’;f' S 1 90 0.9 - : .
AT e 0 T 138 1.35 4 g ‘
. “;80 1.85 . c .
Tty 226 2.2 L o
Ve | 2o | 2 — el
e 318 3.15 S
ST S 360 . 3.6 PR

T
. b s



rpam il 3 BT TR HE TR

' And; A -
. . - . h:.rv ; . .
‘ 3 CL '
: g
L A, h h -
ins? ins ins
0.45 0.3 5/16
0.9 0.6. 19/32
- 1.35 0.9 7/8 /
. 1.8 1.2 | 1356 '
z '2.25 1.5 1172 %
' 2.7 1.8 " 113716 .
3.15. 2.1 2 3/32
JPSE 3.6 2.4 2 3/8
. N ’
ey, e ~
" The tongue angle }t is (Equation 3.3) i ‘ /.
132 log,, Re/R,
¢t" ’ J}
. t‘"“z.
Where , & 1.65 R
. R+ 105 R, e
. = 1,05 x 5.875 g e T .
» . . C .
C T . =6.16875 |
. : . - -
", g | ap s 60 e
' - J \ :,_/"‘ ‘
& RN
-t ‘ ‘\ o

&

--56 -
. \
For volufe section, a rectangular shape is chosen havlpg an area
equal to b x h. b, is taken as two times the impeller discharge width.

I

So, b y{ equal to 2b,. Therefore,

b, = 2 x 3/4

1 1/2 inches

L

'
o
- \\




s g

. 7

-

132 1og 6. 16875/5.875
tan 6 q

. Therefore, : ¢ =

. = 28.94°, say 25°

-

The volute terminates in a ‘conical diffuser. From Figure 3.5

| ! . oy | C
1
I »

. , s

. a, = 8.2° ‘ ,
i tan a, i D0 - Dth o
. 7?' —r /
et D = 4 inches and Dy, = 2.13 fnches. oy | e
-\\ ' { * ‘ N
”Theréfore,—:‘ L= 5—-:—23—]% _ . ‘ A4
_— 2 tan—5— _ o

= 13.043, say 13 1/16"

The length L seems to be long and in 1‘act,ﬁ,1t~ can be reduced by using the-
angles a, equal to 10°, ‘ o . ~ o

. A4-2.13 :
Thus, . L= 2=52= = 10.687, say 10 11/16"
2 tan—i- 'm s

Figure A-4 represents the casing drawing.

e

Radial Thrust

A

- The radial thrust is (Equation 4.1):.
F. =K. PD,B, Do A

In terms of heﬁd, the equation chinggs to - ' o

ﬂﬂ H h ' .
. Fr ) Kr _§.§| DZ BZ , Y )

. i - . - '\ -
The'radial thrust is cons‘idered at zero flow condition since 1t is- maxj-‘ﬂ

‘ ',;' at this point ‘I’he actua] value of head developed at Q equal to. . |
zero can ermined experimentally, but” for design purpose. the

' 1y be det 0
B . .
. .o” ' s ¢ ) . .
. T * ‘ ¥ (A . . . * .
. v ’ : ’ N l‘ )
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‘head at zero flow is-taken as mmes the head at design point. There-

fore: \
| Hy = 1.2 x 130 - ~
\ = 156 feet .
‘ -
_ And, . . B;= b, + (2 x thickness of shroud)
o ‘ =0.75 + (2 x 1/4)
\ " =1.25 inches} .
Value of . © K. =0.16 (read from Figure 4.1) ‘ {
| I 156
Therefore,: - F.=0.16 x 3531 x 11.75 x 1.25
' ) . =158.7 1b o !
Axial Thrust - . . ' (

The case is ‘ofésingle suction ovehhi;ng \impeﬂer. There are two
- axial forces. 'One is balanced by providing fr"ont and back wearing rings
ofi equal diameters gﬁé drilling baianced holesf, in the impeller shroud~
) (Fig. 4. 5) whereas. the second have to be~ tah}en into consideration. If
¢. the pump operates on suction lim the magnitﬁde of second axial.force
. 1s negligible. But if the same pump operates ungen* suction pressure, a
large amount of the axial thrust is generated. Assume a suotion pressure
of 100 psi the maxmm suction pressure encountered in the field. . Taking

sshaft diameter through the 'stuffjn" box as 1 1/2", shaft area is®

o . K1 k2
. , ¢ .
R i ' - = 1,77 ins? | o R

' Theg';eforal the ‘axial ‘force Fa ‘is equal to the product’of the'shaft area

R through the stuffing "box  and the di.ftenence between the suction and ‘

R T I PR L R

‘

®



R

.
-V

atmospheric pressure.

|- ‘

Therefore, = (100 - 14. 7) x 1,77
_= 151 1bs g
This* farce acts towards the coupling end. - = ;-
Bearings . )

At this point the weight of the impeller should be knéhhxexlﬁe

weight of the ‘impeller can be calculated approximately. The impeller 15
cast ih cast iron having 5 specific gravity of 7.2. The density of cast
iron is specific gravity times density of water at ambient temperature.
Therefore density of cast iron is 449.28 pounds per ft3 The total
volume of impeller can ‘be considered to be made up of the volume of the,
front shroud plus the, volume of the back shroud Hence, the volume of

impeller is 0.033 ft3, s gives an 1mpe11er weight of 14.8 pounds

" but to be safe, the weight will be taken as 20 pounds. The load H

overhangs the two bearings: !
| W '
- -I l 'l = ]8.5“ ] N
o _—- ’-
. - TN
r A
L4 ) \ 1 = ]0"
e .

’ Theliped W is the vecfor sum of impeller weight plus rad1el‘th(ust.

WS Y202 438822 -

. . % 160 pounds 1 '
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X . : / Wax (1, +1,) -
: . - 1 2
NON, ‘ ‘ | .Fl - ]2
. j ' . LI g o )
‘ . . 160 x 18.5 )
S ' 8.5 v
s — : "
= 348.24 1bs )
Wx 1 . .
& And’ , F = \
. h - o 2 ]2 \_
‘ ' 8.5 : . K
= 188.24 1bs | T
The bearing at F, is not subjected to axial load whereas the bearing at .
F2 is acted upon by axial load. Pump duty c.an be intermittent or N .
" continuous. The bearing life is sqlected as 20,000 1ife hours for inter-
mittent duty [42]. - ) . ‘
.Fa, . .
» Check ratio gz~ > e, to determin\'if axial load has to be considered
2, ) .
in selecting the bearing at Fz' The rotation factor' V is one for a
. " : Co ’ ‘ &
bearing with inner rota%ing ring. Therefore, ;
) -t : ' - o \
« P2 7 g | L .o
F, G188
o 1 . . . $
' s B . = 0.8 . ) T
This value of 0.8 is greater than the \;alue of e in Table 1 and..there‘f ‘
‘ xial load has an inflyence on the equivalent bearing load. The‘equatiin-
-  for c‘alfu‘latilné equivalent bearing load P is [43]: . : - —
" '. ' . ' b " ) B o - ta ' T l
e ) - P.= XVF, ¥ Yfa, {

Ba \'v'lh.ere' P 1s'.eq‘uiva1ept bearing load,. X is radial factor of bearing.and y

v X . .- . . . - . . ? .
7-fs. thrust factor of bearing. Select tentatively-values of X and Y from

. s e . B
A wt T et . . RN ' . .
. v, Y- . . co . :
R T oy . N v ‘ . . . '
" Lo N . , . « " oL . v
e g e . . T ‘ s , .
Wt <Y LS . - Y ‘o ' B v’ . o
» e Sy v . s
N LT N, ot - R TS o -1 K . “ H .
D VR R T P B s ' R \
LT T gy cteoe N . - . . A
3 . . . . ' . . k; .
& I . s . A AN f » A "
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’ . TABLE
. ° 0 ¢ il
Facgs ¥, X and Y for Radial Bearings
g —
. In, Relation to Single Row 4
Ll the Load the Bearings 1) Double Row Beasings  2)
Bearing T : Inner Ring is -
nng Lype 1 Scass Y I L .
l::l St::ym- 73 >& 73 ) 7 >e ¢
lr | v | x Y X Y x Y o
»| 5 1
!-.‘ -——’-“— ‘ ) . ©
Radial G | izDl ' .
Countame \ ' .
Groove 0.014 25 2.30 . 0.1
Ball 0.02% 50 1.9 1.9 | ‘o.n
Bearings 0.036 100 1.71 . iL.n | o
0.08¢ 150 : 1.55 158 | 0.2
0.11 200 1 1.2 | 0.56 | 1.48 1 ° 0.56 1.48 0.30
017 | 300 - 1Ly 1.31 9| 0.3¢
018 | .S00 1.18 5.18 0.18
0.4 750 , 1.0 1.0¢ 0.2
0.5 | 1000 1.00 v 1.00 0.44
n 0.4 | .00 . ‘"1 100 Jom | 163 | 057
25° 04 | o8 09 | o® 1.4 o.g.
» " 1 1.2 0.9 0.76 1] 0.7 0.6 1.2¢ Q.
35° 037 | 06 06 | 000 | V@ 0.95
w _ 035 | 057 055 |os7 | o | 1
Sell-Aligning T "1 | 0.40 |0.4cota] 1 |042esta] 0.65 |O0SScata] tScrne
Ball Bearings - b D ‘ o
. Sell-Aligning and - 1 1.2 0.0 |04l 1 |04Semte] 0.6 [0 ota!l 1 Suana
Tannmnluxim . ’ S AN J )
- : N St SKF [44]

L. .
R
f&)
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. Table 1. Choosing X = 0.56 and Y = 2. 3, )
= P =0756x 188.24 + 2.3 x 151
= 452.7 1bs.

L From Table 2, after interpolation, the loading ratio %-equals 12.8, where
= !

. [
C is dynamic basic capaicty of bear}mh.

-

>

| \\\‘(///”\\\\%\There$nre. c=12.8xP - - a

12.8 x 452.7 1bs , ;

i
At - . ' '

" 5794 .56 1bs

.'Cheéﬁing in the Tablex3 for single }ow deep groove ball bearings, the
bearing number 6210 have a dynamic capac1ty C of 6100 1bs and sﬂmt1c .

~

capacity C of 4650 1bs. The next step is to verify whether the values

of ‘the factors X and Y are correctly chosen. Determine the valie of the
., 1 x

\ . . o Fh‘
ratio, Fnzlco. Therefore, e .
Fa ' o
2 _ 151 ‘
T, - aes0 - 0-0%

Values of X = 0.56 and Y = 1.95 are obtained after interpolation from —

Table 1. The new value of equivalent bearing load is:

b , P = 0.56 x 188.24 +1.95 x 151 ' ' :
- s e 399 86 1bs | [f\\' rw
Tﬁe loading ratio for the selected bearing is u ‘ | N
| “ ¢ 6100 ‘
: X P.” 39986 , i
= 15.3

A ' SR . .
&,;:Jbisinﬂﬁ;T::'greater'than\that required (12.8) and therefore, bearing”

Y woase e
D aaessey
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TABLE 2

’

c/p Va]ug; in Relation to Speed and Life

- ) '
:‘ ) "" .~ 1
' Ball Bearings : - '
_Speed RPM v 5
Life | o5 | 6o | 100 | 200 | 200 | 500 | 600 [ 750 | 900 | 1000 | 1200 | 1800 | 1800 } 2600 | 2600 | sove
© Houm 1 A | : (] s lm
t Léad-Ratio C/P '
' {
100 | = 106] 1.22| 1.44] 3.831 1651 1.78| 1.82] ‘193] 2087 221 uz 28] sl am ‘
' 500 114] 1.¢¢] 182 208| 247] 2627 2.82] 3.00] 3.11| 330] 8.58] 3.78| 4.06] 4.76| &30 S
1000 {1.14 |1.4¢| 282 220 262| 811 | 330 28| 278| 8391| ¢16] 448] 476} 63¢| «00] 0.0
1250 | 123|165} 1.96| 247 | 282| 3.35| 3.56| 383| 4.07| «22| 448] s3] 58] 665| cua] T31]| Sop
1600 1.34[1.69) 2.13] 2.68] 8.07| 5.63| 3.88] 418 ¢.42| 4.58| a87] 524] 5.57] 613] 7.02] 78] 9.8
2000 |144]1.82| 2.25] 2:88 330 391 4.18] 4.48] 476 4.93) B34| S.6B| 600| 6.60| 7.56| 8.43]10.6
. 3500 1.:g 196] 2.47| 811 356! 4.32| 448] 483] 5.18] 631 bes| 6.08| 646| 7.11] 814} 9.00]| 124
3200 [1.69(213] 2.63| 8.37| 3.85| 4.68| 4.83| 624 5:67] 5.77] 18] 660] 7.402| TR} 884] 9.88) 124
4000 11.82|229] 2.83| 3.63| 4.16| 493 5.24| 565 6.00| 621] se0} 7.11| 7.56| 8.32] 9.52]10.8 |13
- 6000 11.96|2.47] 8.11 3.91| «.48| 531 ] 5.65| 6.08] 6.48| 6.69] 7.11| 7.66| 8.14] 8961103 [114 |164.
« . - 6800 [211{266] 8.36) 428! 4.84| 5.7¢] €10| ¢57| 698] 7.28] 7.¢8] 828 s:s %:08]11.1 }&\ 158
8000 |229|283(" 3.68| 458| 524 6.21| 660 T.11]| 7.56| 7.83] 8.3 8.96] 0.42{105 |1x0 1189 / :
0000 |2.47{8.11] 3.91] ¢98| s.65| .09] 7.11] 7.68| 814 se3] 896] 965|108 |123 |129 J1ea |as2
12500 2661338 | 4.22| 631 €08) 7311 1.68| 83| 8.77| 9.09)| 9.43/10.4 (111 |12 |12 168 |16 ]
16000 {2.88 /363 | 4.568| 677| e60| 7.83| €32] a98| 9.s2| 986|108 [113 120 |13% |151 [1ss |28
20000 [8.21891] 493| 621| 7.1 8.43| s96| 065|103 |106 113 |122 [129 {142 |163 [182 229 .
25000 |3.a5|¢.22] 5.31| 6.69] 7.66] 9.09] 9.65]10.4 |20.1 114 |122 [13.1 J139 153 |175 |19.6 m
32000 [8.6314.58) 6.77| 727 8.32| 98612056 [11.3 |1200 [124 [133 |148 |161 [168 |19.0 |13
. 40000 (891]498] ¢21] 7.83| s98{106 |11 {122 |129 1134 |342 |163 [163 |17.9 [208 [229 |28 :
g 50000 (422|531 ] 6.69| s.43| s65{11.4 122 181 |13 {14« [163 [166 [17.5 |198 |s21 |247 |11
63000 |4.5515.74 7.23| 9.11/10.4 [12.4 |18.1 {142 |150 [166 |166 [17.8 |189 |209 |239 |2ss. ‘
80000 30 e21| 733| 986f113 104 142 |183 [163 |169 |179 [193 [20.5 226 [259 |28 ‘
100000 {681 |6.69| 8431106 [122 {184 -]353 [165 |17.5 {182 193 |208 |22.1 |43 |278 {811
200000 |6.69 [8.43|10.6 {134 [163 {182 {193 [208 221 {229 |243 263 |27.3 {807, .
"& ~ - - ~
’ ’ - SKF [45] .
) ‘), | . -
¢ \ . - %\\ .vl L(.
. . ) - 1‘7. 3 ]
~ " ;i I . o
- - "“:“J‘ ‘ [
¢ . : , ' ' o : S ’
2 ) { ) .
. [* 2 ' \ T ol ’
' N v - f .
% i ) N .
LA ' . 1 X
)/ s - o d ‘,‘,“[‘ e .
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6210 1s suitab’l‘lr\ Bearing 't F, 1s selected on he basis of radial load
. . N\ » : r '
only : ! : ) C
, v / (‘:: i .
. P=F, =348.24 Vo B j
. P4 {
The loading ratia‘is ‘the same as before. Therefoﬁe,'
c=12.8xp .
. , . ! '
. . = 12.8 x 348.24

| =4457.541bs. o L.

From Table 3, bearing number 6208 have a dynamic capaicty -C of 5000 1bs,

which 1s greater than what is required (4457, 5)
. do the job. oo

“wt

. P

‘ Critical Speed = . -

“represented, as.shown below, with 'various loads and forcés acting on it

o | - 1 # oo

8 6 and 4 are the shaft weight in pounds

Of

. ted.

The shaft will be checﬁgd for critical speed ~ The .shaft can be

E}é:4f ‘ . " , '

)

)

impeller weight and radia] thrust.
¥ ' .

F, and Es'are the reactions on the bearings that are to be evalua-

Upward forces are considered~positive.

160.pounds js the véctof sum

So, bearing 6208 will



2o Taking moments,

)f. ' , " F.x 8.5 =8.6 x 4.1875 + 4 x 4.375 + 160 x 10

~

F =194.53 1bs - Ce .
o F X 8.5+ 4-x 12.875'+ 160 x 18.5.= 8.6.x 4.3125
C P r-.350Tbs - S

~——

' N

The procedure for ca1cu1ating the shaft deflection is- described and;then ‘

the ca]culat1ons are tabulated. Ty |

Iy . : \

Step-by-Step Procedure for Finding Shaft Deflection [47]

1. Divide shaft into lengths with intervals beginning at each force and
\ change of section. | . ‘
2. Label the ends of intervals with station numbers beginning at the
left-hand reaction. N ° . - '
3. List station numbers on alternate lines ip the first column of
/) i 'calcu1at%on'shee§. i' | , )
4. , List reactions and forces\ﬁn éolumn 2 'on the same lines as the

~—

, station numbers at which they occur. ! , .
5. Calculate the vertical shear at each station,by'summing values in
column 2. Tabulate each §hear valiue in column 3, one station
below the station for which is calculated. The last shear force
should be’numerical]y equa1 to, but opposite 1n sigh to the
last force listed in column 2.
6. In column 4, on the same lin; as th: station numgér,flist the °
' 41stance to préceeding station. \
"~ 7. Calculate bending ;oments at each station and.list the values in

column 5. Value éf'the first station is zero. Values at succeeding




e

T v .. -8 =

,r stations are obtatned by summing prodUcts of . Column 3 and AX

(co]umn 1). | ! ’ N
8. Calculate the moment of inertia I in bending for-each interval.

Place the I values in column 6 on the line between two stations at“ -

whicpythe interval begins and ends.- . \
9. Multiply,each'I value by modulus of elasticity E and insert the :

El values in-column' 7 on-same lines as corresponding I values.

Here value of E° equa]s to 30 x 10° psi,

,

* 10, Divide each’ bending- moment value in column 5 by the EI values in

column 7 which precéddes and follow it.  List these values in
* column 8. ‘
11. @btain the average M/EI value %or eacﬁ interval by averaging the
values on the Tine on which station is listed and the following line.
List the average values on the 1ines'between stations in column 9.
12. Calcqlaté the §lope values in co]umn/lo starting with station 1.
\\Succeeding values are obtafned by summing prodacts of'(M/EI)a[v

from column 9 and the Ax 'value on the next lower line of column

' 4. These values are listed on the same Tines as the stations.
’P’ﬂmf\\\]3‘ Average the slope values in column 10 at the beginning and end of

v each intervaf.“ These values are listed on lines between stations in

“column 11, | ) ‘> .

/

A}

' 14. (Obtain the deflection increment values in column 12 by multiplying

? P .

the average slope value in column 11 and the Ax value from the
-5

next lower 1ine in columh 4.

- )

15. Sum the deflection increments of column-12, only those from sta¥ions

-1 and 5 are included. Thus, Ly equals 446.59. The sign i¢ changed.

¥
So the integration constant 19:51g¢§2

= -52.54 mu in per inch,
j ,



v / _79_ g '. *+ ﬁ,‘ "D.

where 8.5 is the distance bétween the ;eactiong. This constant ¢
his,mulpipl%ed by the Ax values in column 4 to obtain the jntegration ”
constant f&r each interval.n These producés are listed on the same
lines as the average slope\and deflection 1ncrements.d - "
16. In co]uﬁn-14, zeros are placed opposite the stations at which reaé-
tions occur. Next, the deflection increment and 1ptegrat10n con-
B siant va]ueskdgwnward from the left-hand reaction are summ;d
pogether. ‘Finally, the deflection values a}e put on thé same 1ines

.
as the station numbers. .

-
" .
?

Wl y ) WY W Y2
. 1bs ins ‘ 1b-in ' 1b-in2
- 8.6, 2134.23 x 10°% |- 1154.38 x 10°% |.  0.155 x 10°®
4.0 1694.41 x 10°8 6777.64 x 10°%" 11.484 x 10°°
160.0 6142.4 1 107° 9827.84 x 10°° 6036.6 x 10°°
{ 7 ‘ i
.'zwv=0.991” v
IWY2 = 0.006
\/\ .
TWY
Now, o N =187.5 ]
o O ¢ };Hyz .
{ ) . 1/2 N
, - 187.5 (L]
N - »
= 2400 rpm :

So, the critical speed is greater than the operating speed (1750 rpm) and -
hence, the shafy is safely designed. |
s ¥

40
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