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SEISMIC QUALIFICATION OF MODERATOR SYSTEM PUMP-MOTOR UNITS

FOR RAPP-3,4 AND KAIGA-1,2 235 MWe PHWRs

BY

A.Neelwarne, R.S.Sorti, H.S.Kushwaha
S.C.Mahajan, A.Kakodkar

Reactor Design and Development Group
Bhabha Atomic Reseai-ch Centre

Trombay, Bombay - 400085.

1.0 INTRODUCTION:

Structures and components in a Nuclear Power1 Plant

(NPP) can be classified as being either active or passive. There

have been considerable advances in the • seismic analysis of

passive structural systems and equipments housed in an NPP in the

past few years all over the world. However, there is a growing?

concern regarding the perfox'mance of active components housed in

the structural systems in the event of a seismic activity, for

example, a rotating machine like turbine or a pump which must

remain functional during and after an earthquake strikes that

area. Tlie design of such active components -calls for a

satiafactory seismic analysis of these active components. This is

important to the safety of NPPs because a designated number of

these components must remain functional during and after the

seismic event.



The seismic analysis of rotating systems differs

from the seismic analysis of stationary structural systems in two

major aspects:

(i) rotor - bearing interaction effects, and

(ii) gyroscopic effects.

In many cases, testing of such equipments on

shake table for seismic qualification is not feasible because

of their excessive weight and large sise. Consequently, one may

have to necessarily resort to an analytical investigation. In the

seismic analysis, the rotor - bearing system is modelled suitably

and the base is excited to a motion that simulates an earthquake.

From the response of the rotor - bearing system to such an

excitation, the designer is interested in checking whether:

(i) the lubricant fluid-film preserves a minimum thickness at

all times so that the rotor and the bearing surfaces do not

rub against each other,

(ii) the bearing reaction forces can be adequately withstood by

the supporting structures and

(iii) the dynamic stresses induced in the rotor stay within

allowable limits.

The present report highlights the work carried

out on the seismic qualification of moderator system pump-motor

units of RAPP-3,4 and KAIGA-1,2 235 MWe PHWR plants. The

objective of this work is to assess the:

(1) Integrity of pump-motor structural parts and

, (2) Functional operability of the pump-motor unit



through analytical means during and after

the occurrence of Safe Shutdown Earthquake (SSE) and the

Operating Basis Earthquake (OBE).

The integrity of structural parts has been

determined by evaluating the seismic response of pump-motor unit

by Response Spectrum method and by ensuring that the stresses

induced are below the ASHE Code Section III-NC allowables. This

code, however, does not &ive any guidelines regarding the

assessment of the operability of pump-rootor unit even though

stresswise it may qualify. The assessment of operability of pump-

motor unit is performed by ensuring that there will be no rubbing

betweeii the rotating shaft and the stationary bearing during the

occurrence of sii SSE / OBE event. If the operating clearance

between the shaft and the bearing element is more than the

relative displacement between them during SSE / OBE, i.e. no-

rubbing condition is ensured during SSE / OBE, the pump-motor

unit is assumed to have passed the operability criterion. Thus it

is important that the unit is manufactured within the tolerances

specified in design drawings.

The procedures for the assessment of adequacy of

structural parts during seismic motion are well established

(Ref.l). However, the assessment of operability of purop-motor

units through analytical means is a complex task. The structural

integrity as well as operability of pump-motor units is assessed

by carrying out a detailed Finite Element analysis in which all

the important internal parts of pump-motor assembly are



represented. Increased emphasis is given on the modelling of

rolling element antifriction bearings (in the motor) and the

journal bearings (in the pump) for evaluating the seismic

response of integrated model of pump-motor assembly.

2.0 SYSTEM DESCRIPTION:

The main moderator circulation system for RAPP-3,4

and Kaiga-1,2 consists of five circulation pumps (four normally

operating and one standby), two heat exchangers and associated

valves and piping. The five circulation pumps are vertically

mounted single stage centrifugal pumps. Each unit is an assembly

of various parts namely pump stool, pump casing, stuffing box,

motor stool, motor frame and pump and motor shafts. All the

pump-motor units are identical in terms of their structural

details. The flow rate in each of the pump is 440.0 M*#3/hour at

10.0 Kgf/em**2 . All parts of the pumps which are in contact

with heavy water are made of stainless steel. The pumps have

rotating mechanical shaft- seals backed up by labyrinth bushing

with air injection. One bank of pumps can be isolated from the

other by means of isolating valves provided on the suction and

discharge headers. The driving motors are 130 KW, 415 Volts, 2

pole, 3000 BPM, squirrel cage vertical induction motors directly

connected to the impeller shaft through muff coupling.

The volute casing, impeller and stuffing box are

made of ASTM A-351 Gr B whereas the casing wear rings, impeller

wear rings, air labyrinth bush housing and shaft sleeves are made

of ASTM A-296 Gr CF8 material. The air labyrinth bushing is made



of bronze material IS 318 Gr 5 and the pump ehaft is made of ASTM

A-276 Type 316. The muff coupling is made of carbon steel IS 2073

type C40 and the bearing bush is made of carbon graphite grade

CNFJ.

These pump-motor units are critical from the

safety point of view since they circulate the heavy water

moderator from calandria vessel to the. heat exchangers for

cooling the moderator. The functional operability and structural

integrity of these units is essential to ensure the moderator

flow and therefore moderator cooling, during all the operating

conditions and abnormal events like an SSE.

The moderator system pumps are located in

moderator room at floor EL.95.1M. The schematic of a pump-motor

unit is shown in Fig.1.0. The moderator pump under analysis

consists of three general areas: the pump proper, the seals and

the motor. The pump proper is essentially the hydraulic parts

and these ais the impeller, diffuser assembly, pump casing and

the pump shaft. The pump casing is welded to the loop piping at

the suction and discharge nossles. The heavy water flows from the

suction nossle through the diffuser adapter and into the eye of

the impeller. As the fluid travels through the passage between

the impeller vanes, a velocity head is imparted to it. At exit

from the impeller, the coolant is directed to the diffuser

assembly where the velocity head is converted to a pressure head.

The pump casing is of end suction and side discharge type in

•which the moderator inlet nossle is at the bottom and the outlet



ie through the discharge nozzle provided on the circumeference of

casi2ig.

The motor eits on a support stand called the

"motor stool" which is bolted to the main flange closure of the

casing. A muff coupling connects the pump shaft to the motor

shaft. This scheme conveniently allows for the servicing of the

seals without removal of the motor and saves realignment time and

effort.The pump casing is supported from bottom by the pump

stool. Motor stool and pump stool are structural members which

are fabricated from channels, angles and plates. The cross-

section of the pump stool in the horizontal, plane is not a closed

geometry (Fig.1.0). This kind of geometry is preferred so that

the inlet, nosale and inlet piping can be located at the bottom of

the pump casing- As a result the pump stool has an opening in the

direction of inlet piping. The overall assembly is secured to the

foundation by foundation bolts. The overall length and weight"of

the pump-motor assembly are 3570.0 mm and 3148.5 Kgf

respectively.

The cross-sectional view of the pump - motor

assembly is as shown in Fig.2.0. Two antifriction rolling element

bearings are provided on the motor shaft. These bearings are

provided in the motor frame. The upper bearing is a four point QJ

2224 ball bearing. This bearing takes radial loads as well us

shaft axial thrust loads. The lower bearing is NU 222 MC3 roller

bearing and takes only radial loads. Both of these bearings are

provided with oil bath for lubrication and cooling o? the

bearings. In addition to these two bearings provided on the motor

G



shaft, two journal beai'ings are also provided on the pump shaft

juet above the impellei". These two journal bearings are sepersted

by a lantern ring. These journal bearings serve the purpose of

guiding the shaft and minimising the D20 leakage from the pump

casing. An arrangement of mechanical seals is provided over the

journal bearings to avoid the escape of journal leakage flow out

of pump assembly. The journal bearings utilise the operating

fluid, i.e. D20, for Lhe purpose of lubrication. The impeller is

also provided with the top and bottom wear rings to avoid

recirculation of pressurised flow.

3.0 MODELLING CONSIDERATIONS:

Mathematical modelling of active components such

as the pump-«r»otor assembly is rather a difficult task due to the

presence of a large number of static and rotating parts and the

bearings. The stiffness and mass properties and their

distribution along the height of the assembly, therefore, needs

careful evaluation for determining the realistic seismic response

of the assembly. For optimally evaluating the response of such a

system, the stator, the rotor and the beai'ings have to be

conceived as a part of this model.

An important aspect of dynamic simulation of the

system under study is to make the model only as complicated as

necessary to include the features essential to the type of

analysis being performed. The advantages to be gained in doing eo

include the reduction in computational time and cost, relative



ease in interpreting the results and lessening of the possibility

of computational or numerical errors.

The general area of pump - motor modelling for

dynamic analysis is broadly divided into a number of specific

tasks devoted to a particular step in the analysis process viz:

(i) modelling of shafts ©.* individual machines in the system

i.e. pump and motor shafts,

(ii) modelling of antifriction and hydrodynamic bearings,

(iii) modelling of pump casing and stuffing box,

(iv) modelling of motor frame and fan cover and

(v) modelling of mounting structures i.e. pump and motor stools.

Each step in the modelling includes features in

the pump model and system component representations designed to

obtain certain types of information on the performance of the

pump - motor system.

The Finite Element modelling of the assembly is

carried out by using beam, pipe and truss elements. The finite

element representation of the D20 pump is developed from the

detail drawings together with the general assembly drawing. Since

most component parts of the pump are axi-symmetric, the pipe

element was selected as the principal element of the model. The

three dimensional pipe element is a uniaxial element with

tension, compression, torsion, bending and shearing capabilities.

In effect, it is a Timoshenko beam of standard geometry but of an

axi-symmetic cross-section.



Mass distribution has been represented in the form

of concentrated lumped masses at the nodes. Anof-er finite

element in the model is the linear spring element. It is used to

represent the bearing stiffnesses. This element has a

longitudinal capability in the three translational directions. It

is a uniaxial tension - compression massless element with no

bending or torsion considered.

The motor stand has decided unsymwetry because of

the structural cut-outs for access to the seal area. Similar is

the case with the pump stool. Both of them are represented by

three dimensional elastic beam element which is not unlike the

pipe element except that it can have any cross- sectional shape

• for which the geometrical properties like moment of inertia and

shear area can be computed.

Fig.3.0 shows the overall finite element model of

the pump-motor assembly wherein the various finite elements are

laid side-by-side with the pump sections they represent.. The

entire assembly has been modelled by a linear discrete parametei-

eyetem. Only a selected few nodes have been shown in this figure

for the sake of clearity. The finite element model 'consists of

103 number of nodes, 74 number of pipe elements, 27 number of

beam elements and 5 number of truss elements. The mathematical

model as shown in Fig.3.0 is a lumped mass stick model

consisting of three seperate sticks as follows:

1st stick : Represents the stationary parts i.e.

Pump stool, pump casing, raotor stool, motor frame



and fan cover.

2nd stick : Represents the stationary parts of

stuffing box

3rd stick : Represents the rotating parts i.e.,

Pump and motor shafts, impeller, fan, ratchet pin

holder, motor x-otor, muff coupling and rotating

parts of the bearings etc.

Seperate sticks have been provided for the stuffing

box and other stationary parts of the pump motor unit due to the

physical eeper&tion between them. Thus, this equivalance connotes

the quantitative preservation of the mass and stiffness of the

system including their distribution in the parts .to be modelled.

The static and dynamic analysis ox the assembly

ha6 been carried out by using the Finite Element computer code

SAP-IV (Ref.2). The mathematical modelling of the pump - motor

assembly for the Finite Element analysis can be broadly divided

into two parts:

a) Modelling of structural parts and

b) Modelling of bearings.

3.1 MODELLING OF STRUCTURAL PARTS:

All the significant structural elements have been

duly represented in the finite element model. The stiffness

distribution of the various parts of the assembly has been

modelled by using 3-D beam and pipe elements. The structural

parts having axisymmetric or nearly axisyiumetric cross-section

10



about the vertical axis have been modelled by pipe elements

whereas those parts which are not axisymmetric have been modelled

by using the beam elements. The distribution of mass along the

height of the equipment is well represented by lumping the masses

at discrete number of mass points in such a way that all the

modes upto the frequency corresponding to the ZPA of the

applicable floox* response spectrum get excited (Kef.21).

Modelling of various structural parts is highlighted below.

3.1.1 MODELLING OF POMP STOOL:

The mathematical model of pump stool alongwith its

sectional geometry is shown in Fig.4.0. The pump stool is

fabricated using various structural parts such as channels,

angles, plates etc. (Ref.3). The Finite Element modelling of pump

stool has been carried out by discretising it using 8 number of

beam elements between nodes 1 and 9 . The pump stool is

assumed to be r'igidly fixed at the bottom, i.e., no floor

stiffness has been considered in the analysis. Weight of the pump

etool, as calculated, works out to be 650.0 kgs.

3.1.2 MODELLING OF PUMP CASING, STUFFING BOX,MOTOR STOOL AND

PUMP SHAFT:.

Finite element model for pump casing, stuffing box

and motor stool alongwith the pump shaft is as shown in the

Fig.5.0. The mathematical model has been shown alongwith the

sectional view of the above assembly. This model represents

11



the segment of overall pump-motor assembly which spans between

the top of pump stool and th-3 top of motor stool. Pump casing

(Bef.4) has been represented by 3 number of beam elements between

node numbers 9 and 12. The mass of D20 in the casing has been

appropriately lumped at these nodes. The motor stool (Ref.5) has

been modelled by 8 number of beam elements between nodes 13

and 19 . The stuffing box (Kef.6), gland plate and labyrinth

(Ref.7) have been modelled by using 11 number of pipe elements.

The pump shaft (Ref.8) and muff coupling (Eef.9) have been

modelled by using 16 number of pipe elements between nodes 49

and 103 . The reassess of the stationary and the rotating parts

have been adequately lumped at the respective nodes.

Fig.5.0 consists of a three stick model. The stick

at the left of sectional geometry represents the rotating parts

namely the pump shaft, muff coupling and the mounting provided on

the pump shaft called the impeller, shaft sleeve and rotating

parts of the mechanical seal. Since the impeller is a heavy and

rigid structural member, it has been taken as a heavy mass in the

model and that its stiffness effect has not been modelled.

The second stick spanning between the. node number

9 at the bottom and the node number 19 at the top represents

the stationary parts of the pump casing and motor stool.

The third stick spanning between the node number

21 at the bottom and node number 29 at the top represents

the stuffing box. These are stationary parts and are connected at

the interface of top of pump casing and bottom of motor stool at

12



node numbers 12 and 13.

Following are the weights lumped in this segment

of model:

Rotating parts stick, i.e.,

Weight of (Shaft + impeller nut + impeller + shaft sleeve +
mechanical seal rotating parts + muff coupling)

= 9.95 + 0.36 + 20. Cl + 2.86 + 1.79 + 30.0

= 65.46 Kgf

Stuffing box stick (stationary parts) ;

' Weight of (Stuffing box + gland plate + spacer plate +
labyrinth)

= 105.4 Kgf

Pump casing + motor stool stick (Stationary)

Weight of ( pump casing + D20 + motor stool )

= 290.0 + 40.0 + 223.OS

= 553.06 Kgf

3.1.3 MODELLING OF MOTOR AND MOTOR SHAFT:

The mathematical model of motor and motor shaft

alongwith the sectional view of motor is shown in Fig.6.0. The

stick on the left spanning between node number 43 at the bottom

and node number 84 at the top represents rotating parts of the

motor, namely motor shaft, bearing sleeves, rotor core, ratchet

pin holdei" and external cooling fan. The stick on the right

spanning between node number 19 at the bottom and riou.z number 47

at the top represents stationary parts of motor, namely driving

' 13



•2nd endehieiUl, motor barrel and external, fan cover. The stiffness

contribution of core and motor wrap has been neglected whereas

mass contribution of these parts have been duly considered in the

modelling. The additional atick at tho top right position

spanning between node numbers 43 and 48 represents the Non-

Driving End li'ndshield and its connection with the upper bearing

sleeve. Mathematical modelling of this portion of the assembly ie

based on the input, datci supplied by H/S Cronspton Greaves Ltd.

(Refs.lt), 11,12,13,14 and 15).

Following are the weights lumped in this segment of

model:

Upper bearing assembly:

Fan cover

Won-Driv ing;- End Endsh ieId

Fan

Bearing sleeve

Ratchet pin holder

Motor Cor* Reftion:

Stator frame

Stater core

Kotor + rotor core

45.0

170.0

17.0

7.0

39.0

Stationary =

Rotating •-

215

63

.0

.0

Kgf

Kgf

- 540.0 1

- 431>.O ! Stationary ~ 1025.0 Kgf

= 222.0 ! Rotating = 222.0 Kgf

Lower bearing assembly:

Driving-End Endshield = 128.0 ! Stationary = 12S.0 Kgf



Bearing sleeve ' = 7.0 J Rotating - 7.0 Kgf

Shaft:

Motor Shaft = 114.6 1 Rotating = 114.6 Kef

From the above break-up:

Total weight of stationary parts = 215. Cl + 1025.0 + 123.0

= 1363.0' Kgf

Total weight of rotating parts = 63.0 + 222.0 + 7.0 + 114.6

= 406.S Kgf

Therefore,

Total weights lumped in this segment of model.

= (Total stationary + total rotating) weights

= 1368.0 + 406.6

= 1774.6 Kgf (Total Weight of motor)

3.2 MODELLING OF BEARINGS:

Bearings seperate the rotating and stationary

parts of a x*otating machine. Bearings play a vital role in the

dynamic behaviour of rotating machinery. They influence the

occurrence of critical speeds, the onset of dynamic instability

and the magnitude of vibrations in response to external forces.

Also, bearings may act as a source of rotor excitation. Since

bearings deflect when subjected to loads and thereby increase the

shaft deflections, it ie important to know the bearing

stiffenesses if the dynamic behaviour of rotating machinery is to

be analysed accurately. An attention was, therefore, focussed on

15



the available literature to Understand the behaviour of bearings.

It was observed that very little information is available in the

literature concerning the itodelling of bearings in vertical

rotating machinery although there is lot of information available

for horaiontal machines. Further, discussions were also held with

the tribology experts at Indian Institute of Technology, Delhi

regarding the modelling of bearings for the case of a vertical

pump (Ref.23).

Since the shaft for a vertical pump - motor unit

is supported/guided by only bearings, realistic modelling of

bearings is very important for evaluating the .true response of

the shaft. There are two antifriction rolling element bearings in

the motor and two journal bearings (separated by a lantern ring)

in the pump. The antifriction bearings derive their stiffness

from the structural elements such as balls or rollers in the

bearings. However, in case of journal bearings, the stiffness is

attributed to the pressure distribution in the fluid film during

the pump operation.

One of the important parameters in the evaluation

of stiffness properties of the bearings, both antifriction and

journal, is the load sustained by *them during the normal

operation. The various loads that are acting on the pump-motor

shaft are weight of the shaft and its mountings, magnetic pull at

the motor shaft and axial and radial thrust forces on the

impeller. The static radial force on the impeller is due to a

combination of static pressure around the impeller and a force

due to change in momentum of the fluid. These two forces must be

16



added vectorially to give the. resultant radial static force.The

various forces acting on the shaft are as follows:

Self weight of shaft and its mountings = 472.0 Kgf

Other operating loads (Ref.14 and 16):

Magnetic pull (radial on shaft) = 150.0 Kgf

Impeller thrust forces:

Axial (along the shaft axis) - downward = 370.0 Kgf + 50%
- 20%

- upward = 136.0 Kgf •>- 50%
- 20%

Radial = 225.0 Kgf + 20%
- 20%

All the above force combinations acting on the

shaft have been considered for evaluating the reactions at the

bearing locations.

3.2.1 MODELLING OF ANTIFRICTION BEARINGS:

These bearings ar-2 provided in the motor. The

bearing at the top ,i.e. at the non-driving end is a 4-point QJ

224 type ball bearing and takes radial as well as thrust loads.

The bearing at the motor bottom, i.e. at the driving end ia NU

222. HC3 type roller bearing and takes only radial loads. The

rotating elements of both of these bearings are placed on the

bearing sleeves which in turn are mounted on the shaft. The

bearxng sleeves, for upper and lower bearings are represented by

node nos. 79 and 87, and 56 and 36 respectively.

Modelling of these bearings require/.; the



evaluation of their stiffnees properties. Unfortunately, bearing

stiffness data usually are not given in the product literature

and that the stiffenesses must be calculated either using complex

time consuming equations or by experimental means through

generation of load deflection curves for the bearings. However,

exact data on these things are very scanty in the literature in

terms of the applicable geometry and types of bearings. Recently

there have been published literature available which provide

certain emperical relations for evaluating such stiffnesses. It

is these relations which have been used in our case also for

modelling the bearings.

These relations assume that the total load on a

rolling element bearing is the sum of the forces on individual

rolling elements. If the bearing rings are assumed to act as

rigid bodies, the rolling elements deflect like a spring .when a

radial load is applied to the bearing. The load carried b.r each

rolling element is actually distributed over a localised region

known as Hertaian contact. In such localised contacts, pressures

can exceed hundreds of bars. The spring stiffenesses associated

with such contacts are highly non-linear.

The most elementary analysis of bearing deflection

is attributed to Palmgren who presented deflection equations in

the lorm (Bef.17):

p A * Qmax

r D * Cos 0

18



A * Qmax
and g =

**• D * Sin O

where V<- and fc>/a a r e *'"ie radial and axial bearing deflections

respectively. The parameter Qioax is the load on the most

heavily loaded element and CC is the contact angle of the

element. In such a caee, the.maximum loads on the elements may be

approximated for radial loading as:

5 Fr
Qmax =

Z * CoetfC

and for axial loading as:

Fa
Qmax =

Z * Sin

where, Z is the number of rolling elements in the bearing.

These approximate equations for bearing deflection

and for load Qmax on the most heavily loaded rolling element

can be used %o derive simplified equations for radial bearing

stiffness, Kr and axial bearing stiffness, Ka . Bearing

stiffness is determined from the relation:

dF
Kb =

dS

Using these relations, the bearing stiffness

equations for the cases when the radial external load Fr or

axial external load Fa are known, turn out to be of the

19



following emperical forms (Ref.17):

Stiffness of upper bearing (QJ 222 4-point bearing):

Radial Stiffness, Kr,

= ( 0.0325E06) * { D*Fr*Z**2 ( cos oC )**5 }**0.333

Where,

D = Ball diameter = 0.9"
Fr = Radial force on bearing = 58 Kgf = 127.8 lbs.
Z = Number of balls = 15

0C = Contact angle = 35 degrees

so, Kr = 6.9E05 lb/inch

or Kr = 1.23E04 Kgf/ram

Axial Stiffness, Ka, •

= 0.0949E06 { D*Fa*Z**2 ( Sin<*)**2 }**0.5

Where D, Z and oC. are same as in Kr evaluation above and

Fa = 268.0 Kgf = 591.0 lbs

eo, Ka = 1.88E07 lb/inch

or Ka = 3.36E05 Kgf/mm

Stiffness of lower bearing;

Radial Stiffness, Kr,

= ( 0.03E06) * ( Fr**0.1) * ( 2**0.9 ) (L**0.3) * (CoaaC**1.9)

Where,

Fr '= Radial force on bearing =9.0 Kgf = 19.9 lbs.
Z = Number of rollers = 16
OC - Contact angle = 0 degree
L = Length of roller = 0.906"

so, Kr = 4.3E06 lb/inch

or Kr = 8.1E04 Kgf/mm
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3.2.2 MODELLING OF JOURNAL BEARINGS:

Journal bearings are fluid-film type of bearings.

Static and dynamic characteristics of fluid films in journal

bearings used in high speed rotating machinery exert a

fundamental influence on the vibration and stability of these

systems. Journal bearings used in the pump - motor assembly are

radial type 360 degree cylindrical hydrodynamic bearings with

fixed sliding surfaces. The sliding surfaces of such bearings

usually consist of a set of cylindrical surfaces. • The various

dimensions used to characterise such bearings are inner bearing

radius (R) or diameter,, radius of journal (r), machined and

assembled cleai'ance Cb (= R-r), length to diameter ratio (L/D)

etc. Depending on these dimensions, the limiting space is

obtained in which the center of journal can move freely. This

space i$ called the "Clearance Circle" and is in- fact a circle

with radius Cb in case of a 360 degree cylindrical bearing as

shown in Fig.7(a).

With the origin at the center 0« of the bearing,

rectangular coordinates on axes X- and Y- are defined for the

center 0 of the journal as shown in Fig.7(b). The distance

e = 0^0 is called the eccentricity and the ratio of e to Cb

is called the eccentricity ratio:

e

6 =
Cb

In order to decide the equilibrium position of

journal center, let us assume the case of a horizontal journal
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for the purpose of explanation. The treatment would be similar

for a vertical journal except that in that case the bearing fluid

pressure is balanced by other loads such as magnetic pull and the

fluid thrust. As shown in Fig.7(b), a journal rotating at speed

N is assumed to be loaded vertically downwards by an external

load of magnitude W . Then, the center 0_- of the loaded

journal shifts from the center 0- of the bearing so that a
o

convergent clearance is formed between the journal and the

bearing surface, into which the fluid is forced by its viscosity

• and adhesion, 30 that hydi-odynamic pressure p is generated in

the fluid-film. This pressure in called the "Wedge film

pressure". In the remaining divergent clearance space, the fluid

pressure is close to the pressure in the surrounding enviornment

under normal operating conditions The resultant force P of the

pressure b is balanced with the external load W . Because of

asymmetrical distribution of pressure against the line C) 0

the center of journal does not move vertically or in the

direction of load, but shifts as shown in Fig.7(b) along a sort

of semi-circle when the load or the rotational speed is changed.

In case of vertical pump-motor unit, the

centerline of the shaft and bearing are not coincident during

normal operating conditions. This is because the snaft is acted

upon by the radial forces, arising out of magnetic pull and the

impeller thrust forces. As a result the shaft follows an orbital

path under the action of these forces. The eccentric orbit of the

shaft in the journal develops the pressure distribution in the

fluid-film in such a way that the resultant of pressure force
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balances the force.acting on the shaft at the bearing location

(Fig.7.0(b). However, any deviation of the shaft centre line,

from the orbital path followed by the shaft which may take place

during the event of an earthquake, gives rise to a redistribution

of fluid-film pressure and thus provides the radial stiffness

against the shaft displacement.

Therefore, an important element in the seismic

analysis of such rotating systems is the proper inclusion of

these kinds of rotor - bearing interaction effects. The nature of

this interaction is complicated by the fact that the restoring

force acting on the rotor in a fluid-film is not collinear with

the perturbing force. Thus a perturbing force in X- direction

gives rise to restoring forces in both X- and Y- directions and

vice versa. Therefore, it is necessary to use at least four

stiffness and damping coefficients, two collinear and two cross-

coupled in each case, to describe the dynamic characteristics of

a fluid-film journal bearing.

Therefore, if we consider vertical and horisontal

components of these restoring forces, we shall have:

Fx = Fx(X,X,Y,Y)

•Fy = Fy(X,X,Y,Y)

The functions Fx and Fy depend on the bearing

design, the static force, the angular velocity etc. Expanding

them in Taylor's series, we obtain:

- Fx = Kxx.X + Kxy.Y,+ Cxx.X + Cxy.Y + O(X,Y,X,Y)

23



- Fy = Kyy.Y + Kyx.X + Cyy.Y + Cyx.X + O(X,Y,X,Y)

where K's and C's are called spring and damping

coefficients respectively and they are functions of rotational

speed, 6tatic force and bearing design, but they are independent

of the coordinates X, Y, X and Y . As a first order

approximation, we can neglect the higher order terms in these

equations and thus the bearing can be represented by four

stiffness and four damping coefficients. The terms Kxy, Kyx, Cxy

and Cyx relate forces to the displacements perpendicular to

them and are called cross - coupling terms. These terms alone can

couple the vertical and horizontal vibrations of the shaft.

Following assumptions are generally made for evaluating these

bearing coefficients:

(i) The bearing operates under fluid-film lubrication,

(ii) The lubricant is incompressible and Newtonian.'

(iii) No deformation of the bearing or the journal takes place

and that their axes remain parallel,

(iv) The flow of liquid is assumed to be isothermal, isoviscous,

laminar and free of inertia.

(v) Vibration of the journal takes place in the vicinity of its

equilibrium, and its amplitude is sufficiently small compared

with the bearing clearance for the fluid-film force to be

linear.

The coefficients of the fluid-film can be obtained

both by analytical and experimental means. However, there are

numerous difficulties in evaluating them by analytical method
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using Reynold's equation where the proper simulation of boundary

conditions is not possible because they are not fully known.

Therefore, in most of the cases results obtained from

experimental means are used for the analysis which are available

in the form of tables and graphs. As per these tables / graphs,

for a given set of geometrical parameters, including L / D and

Cb , the bearing coefficients are function of eccentricity ratio

and a dimensionless parameter called the "Sororoerfield Number",

defined as follows:

m.N.L.D
Sommerfield Number, S =

G.G.W

Where,

m = Viscosity of fluid = 3.752E-05 Kgf-s/M**2
N = Rotating speed of the shaft = 3000 RPM = 50 RPS
L = Length of the journal bearing = 0.055 M
W = Load sustained by the bearing = 100.0 Kgf
D = Dia of bearing = 0.0755 M
G = Clearance ratio = Cb/R
Cb = Bearing radial clearance = 0.075 mm

Therefore, S = 0.01974

Thus from Ref.18, for bearing L/D = 0.733, the

bearing coefficients have been found out which are as shown in

Table 1.0(a). It, can be observed from this table that the various

bearing stiffness coefficients are much smaller as compared to

the stiffness of various structural parts. Therefore, it was felt

that the cross-terms like Kxy and Kyx would no longer be able

to couple the vibrations in the two horiaontal directions and so

they have not been considered in the analysis. Out of the

remaining two stiffness coefficients Kxx and Kyy , analysis
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hae been performed only with the use of lower stiffness

coefficient i.e. Kyy such that it gives rise to lower frequency

and higher seismic induced deflections at the bearing locations.

This is conservative also.

As .regards the use of various damping

coefficients, it was observed from the dynamic characteristics of

the system that the strain energy stored-in the bearing element

is hardly one percent of the total strain enez-gy of the entire

system. This means that the damping coefficients of the bearing

have no effect on the overall structural damping in a particular

mode of vibration. Therefore, explicit use-of these damping

coefficients of the bearings was not made in the analysis. This

too is conservative from the point of view of response

calculations.

4.0 METHOD OF ANALYSIS AND RESULTS:

Finite Element analysis of the assembly has been

performed for self weight loading and fox- the seismic loading.

The load transferred to the pump nossles from the piping have

been considered for the qualification of pump-stool. This is

because piping loads get transferred to the pump-motor foundation

through pump casing and pump stool only and have no effect on the

segment of pump assembly above the pump casing.

The effect of stiffness of piping at the suction

and discharge nozzles of pump has been neglected in the analysis

since these stiffnesses are too small in comparison to the
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stiffness of pump-motor assembly to have any significant effect

on the seismic response characterstics of the pump-motor

assembly. This is conservative also as it would induce higher

forces in the pump - motor assembly due to seismic event.

4.1 ANALYSIS FOR SELF WEIGHT:

The analysis for self weight is performed by

lumping the weights of individual segments at appropriate

locations in the mathematical model. The induced a.xial forces in

the individual elements due to self weight are as shown in Table

4.2 SEISMIC ANALYSIS:

Seismic analysis of the assembly has been

performed with a view:

1) To generate the loads at various locations along the

height of pump-motor assembly which can be subsequently

used for the qualification of individual structural

elements.

2) To assess the operability of the pump-motor assembly

during the seismic event.

3) To generate the loads at the top of pump casiug which

can be subsequently used for the detailed finite element

analysis of pump casing.

Seismic analysis of the assembly is performed in

two steps, namely evaluation of frequencies and mode shapes of
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the structural system and the response calculations for the given

floor response spectra. The analysis technique adopted is linear

in nature in that the equations describing the rotor, casing and

other structural elements pertinent to the system under study are

linearised by assuming the deflections of these components to be

small i.e. linearly elastic deformation or motion. The models

used to describe non-structural components such as bearings,

seals, couplings etc. are also linearised and represented by

displacement, velocity and accleration dependent forces. In

addition, since the clerances at bearing locations are very small

and also that the structural members supporting the pump as well

as the motor are stiff enough, any kind of external forces such

as those induced by • an earthquake would excite only the

translational modes and not the rotationaal modes. Therefore,

gyroscopic induced forces would be insignificant and so they have

not been considered in the analysis.

There are five identical pump-motor units in the

moderator system. Since the stiffness of the assembly about the

two horizontal axes is different, the response of a particular

pump-motor unit will depend upon its orientation with respect

to the reactor building NS or EW directions. For example, the

resonse of pump-motor assembly when the unit is oriented in such

a way that the pump stool opening is in NS direction will be

different than the case when the pump stool opening is in EW

direction. This is because the floor response spectra as well as

the stiffness properties of the unit are different in the two

orthogonal directions. This implies that theoretically seperate
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eeismic analyses shall be performed for all the five pump-motor

units. To avoid analysing completely all the cases of interest, a

way of eliminating the non-controlling cases was devised. This

was accomplished by performing the analysis of only one puiap-

motor unit in such a way that the results of seismic analysis are

upper bound for all the five pump-motor units of the moderator

eystem. In view of this, although two- orthogonal sets in

horziontal direction and one set in vertical direction comprised

the full excitation, the analysis for horizontal direction has

been done by enveloping the spectra of NS and EW direction and

by assuming that this envelope spectra acts in both the principal

directions (horizontal) .of vibration. Additionally, the

qualification has been carried out for both BAPP-3,4 and KAIGA-

1,2 sites by using the envelope of the applicable floor response

spectra for both the sites.

Response spectrum analysis of the pump-motor

assembly has been carried out for the SSE event only. This is

because the SSE spectra for 3% damping are higher than the OBE

spectra for 2% damping and, therefore, the assembly would be

subjected to higher stresses in case of SSE. Qualification of the

unit for SSE would, thus, ensure its qualification during OBE

also. So the results of analysis quoted in this report are for

SSE excitation with 3% critical damping ratio (Ref.19). The

unflattened spectra as well as the flattened spectra obtained

after 15% peak broadening (Ref.19) for both RAPP-3,4 and KAIGA-

1,2 are as shown in Figs.8.0 through 13.0. For the purpose of

analysis, the plane of vibration has been identified with respect
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to the orientation of pump stool opening. The direction which

contains the opening in the pump stool is referred here as

"flexible direction" whereas the one which does not have this

opening is referred 'as "rigid direction".

The first five frequencies and the modal masses

for the vibration in flexible and rigid directions and for first

fundamental mode in vertical direction are as shown in Tables

2.0, 3.0 and 4.0 respectively. It can be seen that the first

horizontal frequency in the flexible direction is 11.4 Hz

whereas the first frequency in the rigid direction is 22.58 Hz.

Similarly the first frequency in vertical direction is 168.7 Hz.

Thus, the assembly is quite flexible in one direction having its

fundamental frequency as 11.4 Hs which is near to the peak in

the applicable floor response spectra. This would mean higher

seismic induced forces and deflections in the assembly.

Therefore, it is necessary to stiffen the unit in this direction

by modifying the design of pump stool suitably. This would jack

up the frequency of the unit in its flexible direction also and

thus reduce the.seismic forces and deflections. As such, the

spectral accelerations attracted at various frequencies of the

pump-motor unit for NS, EW and Vertical directions for both the

RAPP-3,4 and KAIGA-1,2 sites are as shown in the Table 8.0.

The response of the pump-motor assembly, in the

flexible direction, under the horizontal excitation is carried

out in two steps. In the first step, the response spectrum

analysis is carried out for one mode only since the second mode
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frequency falls on the. ZPA region of floor response spectrum. The

upper bound spectral accelerations of NS and EW spectra of RAPP-

3,4 and KAIGA-1,2 are used in evaluating the modal response. In

the second step the effect of missing mass is evaluated by

carrying out a pseudo-static analysis (using Full ZPA method,

, Ref.20) in which the assembly is subjected to the horizontal

nodal forces obtained by multiplying nodal masses with the ZPA of

the floor response spectra. The results of response spectrum

analysis and the pseudo-static analysis are combined by Square

Root of Sum of Squares (SRSS) method using a post-run subroutine

which calculates the response quantities at each node. The

element forces thus calculated are as shown in Table 5.0. These

forces are shown graphically in the stationary as well as the

rotating parts in the form of shear force and bending moment

diagrams in Figs.14.0 and 15.0 respectively.

Response calculation of the assembly in the rigid

direction is carried out by pseudo-static analysis. This is

because first mode frequency of 22.58 Hz falls in the ZPA region

of the applicable floor response spectra. The upper bound

spectral accelerations of NS and EW directions for RAPP-3,4 and

KAIGA-1,2 are used in evaluating the nodal forces for the pseudo-

static analysis. The forces and moments in different elements of

the pump-motor unit are as shown in Table 6.0. The results in the

stationary as well as the rotating parts are also shown

graphically in the form of shear force and bending moment, diagram

along the height of equipment in Figs.16.0 and 17.0

l-espectively.
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It is obvious from the Table 4.0 that the vertical

frequency of the system is very high and falls in the Zero Period

Acceleration (ZPA) region of the floor response spectrum and

hence the response in the vertical direction also has been

calculated by pseudo-static analysis. The nodal forces are

evaluated by multiplying the nodal masses with the upper bound of

ZPA of the SSE floor response spectra for NS and EW and for RAPP-

3,4 and KAIGA-1,2. The axial forces along the centre line of

each element for the vertical vibration are as shown in Table

7.0. The reactions induced at the upper and lower bearings due to

SSE excitation are as shown in Table 9.0. In addition, the upper

bearing will also see a vertical thrust force of 472 Kgf due to

the self weight of the pump-motor unit.

4.3 QUALIFICATION OF PUMP AND MOTOR STOOLS:

Pump and motor stools are major load carrying

structural parts and are fabricated from beams, angles and

platee.

The results of self weight and seismic analysis

have been used to evaluate the stresses in the structural parts

of motor stool. The maximum stress developed in the motor stool

is found to be only 2.0 Kgf/mm**2 which is less than the

allowable value of 16*5* Kgf/mm**2 and hence the motor stool

is safe from the structural integrity point of view.

The results of self weight,. SSE and- the piping

reactions are considered for the qualification of pump stool. The

32



stresses in the pump stool are found to be 12.0 Xg/mm*2 which is

less than the allowable value of d.6'5 Kgf/jam**2 and hence the

pump stool is safe from stress point of view. The maximum

stresses in the foun(?«tion bolts due to various loadings an 5.2

Kgf/mm**2 which is less than the allowable value. However, in

order to reduce the seismic forces and deflections in the

flexible direction, it is necessary to increase the frequency of

the pump-motor unit by stiffening the pump stool in the following

ways:

(1) Thickness of the main channel ISMC-300 shall be increased

by a factor of 1.8 - 2.0.

(2) Width of the channel along the direction of cut-out shall

be increased upto yOO mm at the bottom.

These changes would ensure the increase in

frequency of the unit in its flexible direction to around 21 Hz

and the consequent reduction in the seismic forces and

deflections. Feasibility of incorporating these changes have been

already confirmed by M/S BFCL as well as by NPC.

4.4 ASSESSMENT OF OPERABILITY OF PUMP-MOTOR ONIT:

The assessment of functional operability of pump-

motor unit during an SSE event is performed by ensuring that

there is no rubbing between the rotating ehaft and the journal

bearing.

The machined dimensions of bearing and the shaft

sleeve are 75.5 + - mm and 75-<3JS«. ***" mm respectively.
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Therefore, the minimum design radial clearance between the

bearing and the shaft sleeve is 75.0 Microns. However, during

the pump operation the centreline of the shaft and the bearing do

not remain coincident due to the action of radial forces such as

impeller thrust forces and magnetic pull on the motor shaft. Ac a

result, under the action of these forces, the shaft follows an

orbit in the bearing which reduces the available clearance by

70.545 Microns. This eccentricity of 70.545 Microns between

the shaft centerline and the bearing centerline has been arrived

at by using the empirical relations for the analysis of bearings

based on the Sommerf ield number (Ref.l-S). The net clearance

available to avoid rubbing between the shaft and the bearing

during the seismic loading is therefore ( 75.0 - 70.545 ) = 4.455

Microns only. The clearance thus available for the seismic

loading and the induced relative deflection between the shaft and

the bearing during SSE are as follows:

Bearing Clearance available for Induced
Location Seismic loading Relative deflection

(Microns) under SSE (Microns)

Lower journal 4.455 2.34

Upper journal 4.455 3.54

In terms of total radial clearance available and

the induced relative deflection between the 3haft and the bearing

due to operational and SSE loadings, • the picture emerges as

follows:



Bearing
Location

Lower Journal

Upper journal

Total design
clearance
(Microns)

75.0

• 75.0.

Total relative
deflection
(Microns)

72.885

74.085

Excess clearance
available
(Microns)

2.115

O.ll5

Thus, it is evident that the clearance available

is more than the relative deflection between the shaft and the

bearing and, therefore, there will be no rubbing between the

shaft and the bearing during an SSE event if the •. assembly is

manufactured and assembled truely as per the design drawings.

However, a slight misalignment of shaft or other components

during manufacturing and assembly may give rise to a possibility

of rubbing during an SSE event because the excess clearance

available is less than one micron for the lower journal bearing.

In view of this little margin available on clearance, it is felt

that the design clearance shall be suitably maintained during the

manufacturing and assembly of the unit.

Similarly, it has been found that the design

clearance of 1.5 mm between the motor rotor and the motor

stator is'more than the induced relative displacement of 0.04 mm

between them and hence there will be no rubbing between these

two parts in the motor during an SSE event.

5.0 CONCLUSIONS:

(1) Stress analysis of the integrated model of pump-motor

assembly has been carried out to qualify it under self
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weight and SSE / OBE conditions for RAPP-3,4 and KAIGA-1,2.

The analysis has been performed to assess the adequacy of

structural parts as well as to assess the functional

operability of pump- motor units during an SSE event. The

qualification is based on the finite element analysis of a

detailed model of pump-motor assembly in which all the

structural parts, stationary as well as rotating, have been

adequately represented for accounting their stiffness and

mass distribution in the overall assembly. Proper modelling

of bearings plays a vital role in this kind of analysis

because of rotor-bearing interaction effects.. Therefore,

due credence has been given to this aspect in the above

analysis work.

(2) Qualification of motor stool has been carried out by

calculating the stresses as per ASME code guidelines. It

has been found that the maximum stress in the motor stool

is 2.0 Kg£/mm**2 which is well below the allowable

stress value of i&«5" Kgf/mm**2 .

(3) The maximum stress in the pump stool is 12.0 Kgf/ram**2

which is below the allowable value of j-6'S Kgf/mm**2 .

However, it is recommended that the pump stool, shall be

stiffened in the direction of opening provided for the

suction nosale. This is because the pump stool is the

highest stressed part in the assembly and it is not equally

stiff in both the horizontal directions. In particular, it

is quite flexible in the direction of opening (having
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fundamental frequency of 11.4 Hs) and hence additional

stiffening will help in increasing the frequency . of the

pump-motor assembly which in turn would lead to the

reduction of seismic stresses and deflections. Maximum

6tress in the foundation bolts is 5.2 Kgf/mm**2 which

is less than the allowable value of l&'S Kgf/rom**2 .

(4) Operability of the pump-motor unit has been assessed by

ensuring that there is no rubbing between the shaft

(rotating part) and the journal bearing (stationary part).

Detailed mathematical modelling of the journal bearing and

antifriction bearings have been carried out for this

purpose. The initial eccentricity of shaft in the journal

bearing, due to the action of radial forces on the shaft,

alongwith the relative displacement between the shaft and

bearing during SSE have been used to ensure the

operability of the pump motor unit. It has been found that

the total (operational + seismic SSE induced) relative

displacement between the shaft and the bearing is

marginally less than the assembled clearance between them

and hence the functional operability of the pump motor unit

is ensured during and SSE event only if the assembly is

manufactured and assembled strictly as per the design

drawings.

(5) The seismically induced relative deflection between the

motor stator and motor rotor is 0.04 mm which is less

than the available design clearance of 1.5 mm between

them. Hence, there will be no rubbing between the motor

37



stator and the motor rotor during an SSE event.

6.0 RECOMMENDATIONS:

It has been demonstrated here as to how the seismic

analysis of- active components like 'pimp-motor unit can be

incorporated into the design. Based on the above analysis work,

following recommendations are made:

(1) In order to reduce the seismic stresses and the deflections

in the pump-motor unit in its flexible direction, the pump

stool shall be stiffened in the following ways:

(i) Thickness of the main channel ISHC-300 shall be

increased by a factor of 1.8 - 2.0 .

(ii) Width of the channel along the direction of cut-out

shall be increased upto 900 mm at the bottom.

These corrective actions are intended to

increase the frequency of the puaip-motox* unit in its

flexible direction from 11.4 Hs to around 21.0 Hs . This

would, therefore, control the seismic, response

significantly. Feasibility of incorporating these design

modifications -have been already checked with M/S EPCL and

NPC .

(2) The design code (i.e. ASME Code Section III, Division 1,

Sub-section NC) of the puinp-motor unit does not give any
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guidelines for checking it for its operability. This task

was, therefore, performed by detailed analysis and

modelling of stationary and rotating parts of the unit

including the modelling of rotor-bearing interaction

effects. It is obvious from the results of this analysis

that the total (operating + SSE induced) relative

displacement between the shaft and the journal bearing ie

marginally less than the available design clearance between

them and, therefore, the functional operability of the unit

is ensured only if the assembly is manufactured and

assembled strictly as per the design drawings. Since the

excess clearance available for lower journal bearing is

less than even one micron, it is recommended to have better

quality control during fabrication and assembly of the unit.

(3) Although all the component stresses are within the

applicable faulted criteria and the relative movements

between the closely mated parts fall just inside their

design clearance limits, it can be definitely concluded

that this type of theoretical analysis may be of use for

comparative judgement to give a rough measure of the

assessment about the operability of the pump-motor

assembly, but cannot be used to give a guranteecl assurance

regarding its functionality during an earthquake event.

This is because it depends on so many parameters such as

the quality control, the frequency characteristics of

various bearings in the pump-motor assembly, the exact

nature of mass and stiffness distribution in the as
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manufactured and installed condition of the assembly etc.

Therefore, it is deemed necessary to carry out shake table

testing of such active components wherever it is feasible.

Moreocer, it appears likely that a substantial effort in

this area is warranted.

(4) It is worth mentioning here that the dynamic analysis of

active components like the pump-motor assembly bringe

together a number of engineering disciplines such as

dynamics, structural mechanics and fluid mechanics.

Therefore, although the analysis carried out is pegged to

produce the minimum level of acceptable results to fulfill

a particular design criterion, it becomes more difficult

to obtain the results that coincide exactly with ite>

physical behaviour as the system under study becomes

larger and includes more component items in it. This is

particularly true when it is recognised that the

theoretical description of some components such as the

bearings in the system may be inexact or incomplete. A

major difficulty In determining the bearing properties for

pumps is the specification of loads at the bearings. For

vertical pumps, these loads are due to impeller - fluid

interaction and are presently difficult to evaluate and

specify correctly. Since bearing force coefficients are

generally very sensitive to these static loads, it is

important that these loads should be known fairly

accurately otherwise a wide band of dynamic simulation

results may be obtained due to the uncertainty in the
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bearing operating characteristics. This is particularly

important to improve the operating performance of the

system and to eliminate the problems.
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3CP 10210 of M/S BPCL.

8) "Shaft VN 440 * 75", Drg. No. 1CP 10124 of M/S BPCL.
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9) "Huff GY.ui->:i.L»M i In Two Halves), Pump Tvpe VH 440 * 75", Drg.
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Hr.A.K.Asuiuli of MPCIL.
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20) Uso-o.C Full ZF'A method for the Seismic l;l«spouse from Kigid
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TABLE 1.0 (a) JOURNAL BEARING STIFFNESS AND
DAMPING COEFFICIENTS

STIFFNESS
COEFFICIENT

Kxx

Kxy

Kyx

Kyy

STIFFNESS VALUE
(Kgf /mm)

2. 82 x 104

9. 47 x 103

2.93 x 103

2. 53 x 10

DAMPING

COEFFICIENT

Cxx

Cxy.

cyx

Cyy

DAMPING

VALUE

(Kgf sec/mm)

56.03

9.89

9.89

3.65



TABLE .1.0 (l>) : ELEMENT FORCES IN VERTICAL DIRECTION FOE SELF

WEIGHT LOADING

BEAK ELEMENTS (Group-1)

ELEMENT NODES AXIAL FORCE (K.G)

NO.
I J MODE-I ' NODE-J

1 1 2 2966.0 2966.0
2 2 3 2794. Cl 2794.0
3 3 4 2761.0 2761.0
4 '] 5 2709.0 2709.0
C> 5 6 2658.0 2658.0
6 6 7 2611.0 2611.0
7 7 3 2569.0 2569.0
8 8 9 2524.0 2524.0
9 9 10 2426.0 2426.0
10 10 11 2334.0 2334.0
11 11 12 2241.0 2241.0
12 13 14 •. 2053.0 2053.0
13 14 15 2035.0 2035.0
14 15 16 2006.0 2006.0
15 16 17 1946.0 1946.0
16 17 13 1905.0 1905.0
17 18 19 1871.0 1871.0

PIPE ELEMENTS (Group-1)

ELEMENT MODES AXIAL FORCE (K.G)
NO.

I J NODE-I NODE-J

1 21 20 13.61 13.61
2 20 12 13.61 13.61
3 12 13 2129.65 2129.65
4 13 22 43.441 43.441
5 22 23 43.441 43.441
6 23 24 28.49 2S.49
7 24 25 21.741 14.046
8 25 26 14.046 6.486
9 26 27 6.076 6.076
10 27 28 5.666 1.10
11 28 29 1.10 0.000
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Table l.O(b) (Contd.)

PIPE ELEMENTS (Group-2)

ELEMENT NODES AXIAL FORCE (K.G)
NO.

I ,J NODE-1 NODE-J

1 19 30 .1317.055 1817.055
2 30 31 1794.055 1794.055
3 31 3K 1734.055 1734.055
4 32 33 1723.055 1723.055
5 43 44 39.15 39.15
G '14 45 27.45 27.45
7 45 4G 17.85 17.05
8 46 47 10.35 10.35
9 43 40 642.055 642.055
10 43 87 1837.50 1837.50

BEAM ELEMENTS (Group-2)

ELEMENT MODES AXIAL FOfiCE (K.G)
NO.

I J MODE-I NODE-J

1 33 34 1682.0 1682.0
2 34 35 1622.0 1622.0
3 35 36 1562.0 1562.0
4 36 37 1444.0 1444.0
5 37 38 1269.0 1269.0
6 33 39 1094.0 1094.0
7 39 40 919.1 919.1
8 40 41 807.1 807.1
9 41 42 759.1 759.1-
10 42 43 711.1 711.1
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Table l.O(b) (Contd.)

PIPE ELEMENTS (Group-3)

ELEMENT NODES AXIAL FORCE (K.G)
NO.

I J NODE-I NODE-J

1 49 50 65.462 66.283
2 50 51 66.283 67.282
3 51 52 67.232 60.392
4 52 53 68.392 69.665
5 53 54 69.665 70.937
6 54 55 70.937 72.185
7 55 56 72.185 72.993
8 56 57 79.993 80.774
9 57 58 80.774 82.722
10 58 59 82.772 88.309
11 59 60. 88.309 93.896
12 60 61 93.896 98.699
13 61 62 98.699 104.559
14 62 63 104.559 110.429
15 63 64 128.929 136.361
16 64 65 173.361 180.792
17 65 66 217.792 225.235
18 66 67 262.235 269.678
19 67 68 , 306.678 314.110
20 6° 69 351.110 358.541
21 69 70 377.041 382.911'
22 70 71 382.911 388.761
23 71 72 388.781 393.574
24 72 73 393.574 399.740
25 73 74 399.740 400.637
26 ' 74 75 400.637 401.979
27 75 76 401.979 403.353
28 76 77 403.353 404.916
29 77 78 404.916 406.479
30 78 79 406.479 406.927
31 79 80 58.123 57.681
32 80 81 38.181 37.563
33 81 82 18.063 17.813
34 82 83 17.813 17.160
35 "83 84 17.160 17.0
36 79 85 7.0 7.0
37 56 86 7.0 7.0
38 49 88 50.462 50.462
39 88 89 35.462 34.432
40 89 90 34.432 33.402
41 90 91 33.402 32.372
42 91 92 32.162 31.407
43 92 • 93 31.037 30.149
44 93 94 28.939 28.584



Table 1.0(b) (Contd.)

45
46
47
48
49
50
51
52
53

94
95
96
97
98
99
100
101
102

95
96
97
98
99
100
101
102
103

27.484 25.863
25.863 25.020
25.020 24.176
24.176 23.710
21.953 21.807
21.807 21.260
1.260 0.860
0.860 0.860
0.860 0.860

TRUSb ELEMENTS

ELEMENT NODES
NO. AXIAL FOECE

I J (KG)

1
2
3
4
5

48
31
79
22
20

85
86
87
95
97

.0000

.0000
472.055

.0000

.0000



TABLE 2.0 FREQUENCIES OF PUMP-MOTOR ASSEMBLY

IN THE FLEXIBLE PUMP STOOL DIRECTION

MODE No.

1

2

3

4

5

FREO.UENCY (HZ)

11.40

74.87

90.61

100.40

113.40

MODAL MASS 1% of TOTAL)

73.357

0.198

4.675

0.226

7.903

TABLE 4.0 FREQUENCIES OF PUMP-MOTOR ASSEMBLY
IN THE VERTICAL DIRECTION

MODE No.

1

FREO.UENCY (HZ)

168.5

MODAL MASS (% of TOTAL)

72.553
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TABLE 3.0 FREQUENCIES OF PUMP-MOTOR ASSEMBLY
IN THE RIGID PUMP STOOL DIRECTION

MODE No.

1

2

3

4

5

FREO.UENCY (HZ)

22.58

75.48

94.95

100.30

127.00

MODAL MASS (% of TOTAL)

66.332

0.118

1.881

0.234

5.028



TABLE 5.0 : ELEMENT FORCES AND MOMENTS IN FLEXIBLE PUMP STOOL

ELEMENT

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

NODES

I

1

3
4
5
6
7
8
9
10
11
13
14
15
16
17
18

J

2
3
4
5
6
7
8
9
10
11
12
14
15
16
17
18
19

DIRECTION FOR S.S.E EVENT

BEAM ELEMENTS (Group-1)

SHEAR FORCE (K.G)

• NODE-I

1496.0479
1480.9495
1478.1389
1473.7672
1468.3974
1462.8365
1455.9914
1447.2048
1427.3678
1407.5499
1384.2758
1327.0507
1322.2730
1313.7971
1293.1904
1275.0603
1259.7715

NODE-J

1496.0479 •
1480.9495
1478.1389
1473.7672
1468.3974
1462.8365
1455.9914
1447.2048 .
1427.3678
1407.5499
1384.2758
1327.0507
1322.2730
1313.7971
1293.1904
1275.0603
1259.7715

BENDING MOMENT (KG-M)

NODE-I

3743.1088
3653.4033

' 3594.2848
3358.2867
3038.5555
2820.1389
2552.9686
2286.4580
2226.1102
2131.9767
1946.3083
1845.4826
1815.1201
1735.4864
1470.4446
1056.7724
1031.2177

NODE-J

3653.4033
3594.2848
3358.2867
3088.5555
2820.1389
2552.9686
2286.4580
2226.1102
2131.9767
1946.3083
1874.6560
1815.1201
1735.4864
1470.4446
1056.7724
1031.2177
993.8131

PIPE ELEMENTS (Group-1)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)'
NO _ _

I J NODE-I NODE-J NODE-I • NODE-J

1 21 20 3.7958 3.7958 .0000 .1347
2 20 12 7.0987 7.0987 .1347 .3900
3 12 13 1353.8985 1353.8985 1874.7436 1847.6575
4 13 22 20.2011 20.2011 2.1541 1.7S03
5 22 23 14.1265 14.1265 1.7603 1.1182
6 23 24 9.5083 9.5033 1.1182 • .5000
7 24 25 6.6337 5.6135 .5000 .2260
8 25 26 4.0999 3.1252 .2260 .0660
9 26 27 2.1210 2.1210 .0660 .0342
10 27 28 1.5345 .9763 .0342 .0103
11 28 29 .2842 .1608 .0103 .0000



Table 5.0 (Contd.)

PIPE ELEMENTS (Group-2)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO.

I J NODE-I NODE-J NODE-I NODE-J

1 19 30 1235.4883 1235.4883 993.8033 944.0629
2 30 31 1224.4915 1224.4915 944.0629 838.6803
3 31 32 1063.3395 1063.3395 838.6803 781.2172
4 32 33 1057.8802 1057.8802 781.2172 751.8173
5 43 44 35.6979 35.6979 10.8505 6.1393
6 44 45 25.652C 25.6526 ' 6.1393 2.7276
7 45 46 17.0032 17.0032 2.7276 1.0100
8 46 47 9.9976 9.9976 1.0100 .0000
9 43 48 323.2770 323.2770 50.1061 .0000
10 48 87 .0000 .0000 .0000 .0000

BEAM ELEMENTS (Group-2)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)

N0.
I J NODE-I NODE-J NODE-I NODE-J

1 33 34 1036.2233 1036.2233 751.8188 644.0373
2 34 35 1003.2665 1003.2665 644.0373 539.7482
3 35 36 968.5299 968.5299 539.7482 439.9806

, 4 36 37 895.6160 895.6160 439.9806 354.9204
5 37 38 782.2181 782.2181 354.9204 280.6023
6 38 39 664.0755 664.0755 280.6023 217.5032
7 39 40 540.3726 540.3726 217.5032 166.2218
8 40 41 457.8824 457.8824 166.2218 127.7365
9 41 42 421.2683 421.2683 127.7365 92.7514
10 42 43 383.3301 383.3301 92.7514 60.9522



Table 5.0 (Contd.)

PIPE ELEMENTS (Group-3)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO.

I J NODE-I NODE-J NODE-I NODE-J

1 49 50 14.1843 14.2581 2.0066 2.5218
2 50 51 14.5746 14.6647 2.5218 3.1710
3 51 52 15.0430 15.1435 3.1710 3.9187
4 52 53 15.5893 15.704S 3.9187 A.1212
5 53 54 16.2011 16.3168 4.7272 5.5690
6 54 55 16.8242 16.9377 5.5690 6.4275
7 55 56 17.3716 17.4450 6.4275 6.9636
8 56 57 110.6123 110.5589 1.5206 4.8294
9 57 58 109.9093 109.7765 4.8294 8.6719
10 58 59 108.0050 107.6258 8.6719 14.9267
11 59 60 104.8473 104.4701 14.9267 20.9944
12 60 61 101.8080 101.4860 20.9944 25.6664
13 61 62 98.6459 98.2531 25.6664 30.5917
14 62 63 94.9969 94.6055 30.5917 35.3317
15 63 64 79.1590 78.6711 35.3317 40.3260
16 64 65 50.0931 49.6214 40.3260 43.4807
17 65 66 20.1045 19.6746 43.4807 44.7367
18 66 67 10.8098 11.3915 44.7367 44.0402
19 67 68 42.6393 43.1389 44.0402 41.3264
20 68 69 75.3614 75.8430 41.3264 36.5358
21 69 70 94.4464 94.8211 36.5358 31.8044
22 70 71 98.9857 99.3590 31.8044 ' 26.8522
23 71 72 103.2269 103.5306 26.8522 22.0986
24 72 73 107.5802 107.9690 22.0986 15.2009
25 73 74 110.6473 110.7037 15.2009 13.5440
26 74 75 111.5378 111.6221 13.5440 8.8628
27 75 76 112.6946 112.7808 8.8628 4.0274
28 76 77 113.9131 114.0109 4.0274 2.8746
29 77 78 115.2625 115.3602 2.8746 9.7702
30 78 79 116.1946 116.2225 9.7702 12.5587
31 79 80 53.3990 53.3770 4.2319 2.9508
32 90 81 35.2982 35.2681 2.9508 - 1.6456
33 81 82 17.0316 17.0196 1.6456 1.3046
34 82 83 16.6248 16.5936 1.3046 .3033
35 83 84 16.2289 16.2213 .3083 .0000
36 79 85 169.9609 169.9609 8.3294 .0000
37 56 86 128.2749 128.2749 S.4657 .0000
38 49 88 7.6907 7.6907 2.0066 1.0961
39 88 89 2.1174 2.1776 1.0961 .9516
40 89 90 1.8797 1.9718 .9516 .8372
41 90 91 1.7168 1.8434 .8372 .7575
42 91 92 1.6563 1.7746 .7575 .7329
43 92 93 1.6623 1.8267 .7329 .7304
.44 93 94 1.9159 1.9897 .7304 .7408
45 94 95 2.1793 2.5245 .7408 .8499



Table 5.0 (Contd.)

46
4?
48
49
50
51
52
53

95
96
97
98
99
100
101
102

96
97
98
99

10(1
101
102
103

4.3096
4.0794
6.4846
5.8773
5.8154
.3087
.2203
.2203

TEUSS

ELEMENT
NO.

1
2
3
4
5

I

43
31
79
22
20

4.2339
4.0073
6.4060
5.8531
5.7227
.2384
.2203
.2203

ELEMENTS

NODES

J

85
86
87
95
97

.8499

.6969

.5586

.4233

.3382

.0181

.0070

.0035

AXIAL FORCE
(KG)

176,
131.

6
3,

.0662

.7712

.0000

.0928

.6371

.6969

.5586

. 4233

.3382

.0181

.0070

.0035

.0000

53



TABLE 6

ELEMENT

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

. 0 :

NODES

I

1
2
3
4
5
6
7
8
9
10
11
13
14
15
16
17
18

J

2
3
4
5
6
7
8
9
10
11
12
14
15
16
17
18
19

ELEMENT FORCES AND MOMENTS IN RIGID

DIRECTION FOR S.S.E . EVENT

BEAM ELEMENTS (Group-1)

SHEAR FORCE (K.G)

NODE-I

927.7648
873.9632
863.6408
847.3752
831.4224
816.7208
803.5832
789.5072
758.8528
730.0752
700.9848
630.2920
624.6616
615.5904
596.8224
583.9976
573.3624

NODE-J

927.7648
873.9632
863.6408
847.3752
831.4224
816.7208
803.5832
789.5072
753.8528
730.0752
7 00.9848
630.2920
624.6616
615.5904
596.8224
583.9976
573.3624

i PUMP STOOL

BENDING MOMENT (KG-M)

NODE-I

1875.8616
1820.1832
1875.1496
1646.8920
1491.7432
1339.4096
1189.5784
1042.2496
1009.0928
959.0448
862.7024
811.7160
797.0144
759.4784
635.2968
444.1760
432.6024

NODE-J

1820.1832
1785.1496
1646.8920
1491.7432
1339.4096
1189.5784
1042.2496
1009.0928
959.0448
862.7024
826.4176
797.0144
759.4784
635.2968
444.1760
432.6024
415.3984

PIPE ELEMENTS (Group-1)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO.

I J ' NODE-1 NODE-J NODE-I . NODE-J

1 .21 20 4.2572 4.2572 .0000 .1511
2 20 12 ' 9.5720 9.5720 .1511 .5005
3 12 13 660.8385 660.8385 826.8458 813.6290
4 13 22 20.0696 20.0696 • 2.0439 " 1.6525
5 22 23 13.5883 13.5883 1.6525 1.0342'
6 23 24 8.9120 8.S120 1.0342 .4550
7 24 25 6.8006 4.3936 .4550 .2031
8 25 26 4.3936 2.0288 .2031 .0586
9 26 27 1.9006 1.9006 .0586 .0301
10 27 28 1.7723 .3441 .0301 .0089
11 28 29 .3441 .0000 .0089 .0000



Table 6.0 (Contd.)

PIPE ELEMENTS (Group-2)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO.

I J NODE-I NODE-J NODE-I NODE-J

1 19 30 556.5788 556.5788 415.3477 393.0845
2 30 31 549.3844 549.3844 393.0845 345.8374
3 31 32 465.2021 465.2021 345.8374 320.7165
4 32 33 461.7613 461.7613 320.7165 307.7872
5 43 44 12.2461 12.2461 3.6494 2.0329
6 44 45 8.5864 8.5864 2.0329 .8909
7 45 46 5.5835 5.5835 .8909 .3270
8 46 47 3.2375 3.2375 .3270 .0000
9 43 48 123.6245 123.6245 19.1613 .0000
10 48 87 .0000 .0000 .0000 .0000

BEAM ELEMENTS (Group-2)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO. —

I J NODE-1 NODE-J NODE--I NODE-J

1 33 34 448.8680 448.8680 307.7952 261.0942
2 34 35 430.1000 430.1000 261.0942 216.3638
3 35 36 411.3320 411.3320 216.3638 173.9794
4 36 37 374.4216 374.4216 173.9794 138.4140
5 37 38 319.6816 319.6816 138.4140 108.0411
6 38 39 265.0042 265.0042 108.0411 82.8607
7 39 40 210.2642 210.2642 82.8607 62.8728
8 40 41 175.2306 175.2306 62.8728 48.1712
9 41 42 160.2162 160.2162 48.1712. 34.8772
10 42 43 145.2018 145.2018 34.8772 22.8125

ss



Table 6.0 (Contd.)

PIPE ELEMENTS (Group-3)

ELEMENT NODES SHEAR FORCE (K.G) BENDING MOMENT (KG-M)
NO.

I J NODE-I HODE-J NODE-I NODE-J

1 49 50 8.6805 8.9373 .6040 .9299
2 50 51 8.9373 9.2498 .9299 1.3391
3 51 52 9.2498 9.5970 1.3391 1.8103
4 52 53 9.5970 9.9949 . 1.8103 2.3197
5 53 54 9.9949 10.3931 2.3197 2.8498
6 54 55 10.3931 10.7835 2.8498 3.3898
7 55 56 10.7835 11.0359 3.3898 3.7280
8 56 57 52.1888 51.9442 .4449 2.0069
9 57 58 51.9442 51.3352 2.0069 3.8143
10 58 59 51.3352 49.5876 3.8143 6.7410
11 59 60 49.5876 47.8399 6.7410 9.5664
12 60 61 47.8399 46.3407 9.5664 11.7326
13 61 62 46.3407 44.5046 11.7326 14.0037
14 62 63 44.5046 42.6684 14.0037 16.1830
15 63 64 36.8816 34.5569 16.1830 18.4440
16 64 65 22.9833 20.6589 18.4440 19.8253
17 65 66 9.0853 6.7571 19.8253 20.3275
18 66 67 4.8165 7.1450 20.3275 19.9483
19 67 68 18.7186 21.0430 19.9483 18.6899
20 68 69 32.6166 34.9410 18.6899 16.5517
21 69 70 40.7278 42.5639 16.5517 14.4694
22 70 71 42.5639 44.4001 14.4694 12.2953
23 71 72 44.4001 45.8996 12.2953 10.2184
24 72 73 45.8996 47.8281 10.2184 7.2191
25 73 74 47.8281 48.1086 7.2191 6.4996
26 74 75 48.1086 48.5284 6.4996 4.4702
27 75 76 48.5284 48.9585 4.4702 2.3742
28 76 77 48.9585 49.4474 2.3742 .5780
29 77 78 49.4474 49.9363 .5780 3.5595
30 78 79 49.9363 50.0762 3.5595 4.7596
31 '79 80 18.1824 18.0426 1.4149 .9802
32 80 81 11.9430 11.7497 .9802 ' .5419
33 81 82 5.6501 5.5719 .5419 .4297
34 82 83 5.5719 5.3676 .4297 .1015
35 83 84 .5.3676 5.3176 .1.015 .0000
36 79 85 68.2539 68.2589 3.3447 .0000
37 56 86 63.2247 63.2247 4.1728 .0000
38 49 88 3.9885 3.9885 .6040 .1214
39 88 89 .7035 1.0257 .1214 .1840
40 89 90 1.0257 1.3479 .1840 .2701
41 90 91 1.3479 1.6700 .2701 .3795
42 91 92 1.7357 1.9719 .3795 .4573
43 92 93 2.0876 2.3654 .4573 .5464
44 93 94 2.7439 2.8549 .5464 .5912
45 94 95 3.1990 3.7061 .5912 .8432



Table 6.0 (Contd.)

46
47
48
49
50
51
52
53

95
96
97
98
99
100
101
102

96
97
98
99
100
101
102
103

2.7752
2.5115
7.5623
6.8660
6.8212
.3941
.2690
.2690

2.5115
2.2475
7.4165
6.8212
6.6501
.2690
.2690
.2690

.8432

.7428

.6524

.4951

.3959

.0220

.0086

.0043

.7428

.6524

.4951

.3959

.0220

.0086

.0043

.0000

TRUSS ELEMENTS

ELEMENT NODES
NO. AXIAL FORCE

I J (KG)

1 48 85 70.4485
2 31 86 65.4143
3 79 87 .0000
4 22 95 6.4812
5 20 . 97 5.3148



TABLE 7.0: ELEMENT FORCES IN VEBTICAL DIRECTION FOR S.S.E. EVENT

BEAM ELEMENTS (Group-1)

ELEMENT NODES AXIAL FORCE (K.G)

NO.
I J NODE-I NODE-J

1 1 2 761.9654 761.9654
2 2 3 717.7786 717.7786
3 3 4 709.3009 709.3009
4 4 5 695.9421 695.9421
5 5 6 682.8402 682.§402
6 6 7 670.7659 670.7659
7 7 8 659.9761 659.9761
8 8 9 648.4156 648.4156
9 9 10 623.2394 623.2394
10 10 11 599.6046 599.6046
11 11 12 575.7129 575.7129
12 13 14 527.4157 527.4157
13 14 15 522.7915' 522.7915
14 15 16 515.3414 515.3414
15 16 17 499.9274 499.9274
16 17 18 489.3945 489.3945
17 18 19 480.6599 480.6599

PIPE ELEMENTS (Group-1)

ELEMENT MODES AXIAL FORCE (K.G) •
NO.

I J NODE-I NODE-J

1" 21 20 3.4964 3.4964
2 20 12 3.4964 3.4964
3 12 13 547.1061 547.1061
4 13 22 11.1600 11.1600
5 22 23 11.1600 11.1600
6 23 24 7.3193 7.3193
7 24 25 5.5853 3.6084
8 25 26 3.6084 1.6663
9 26 27 1.5609 1.5609
10 27 28 1.4556 .2826
11 28 29 .2826 .0000



Table 7.0 (Contd.)

PIPE ELEMENTS (Group-2)



Table 7.0 (Contd.)

PIPE ELEMENTS (Group-3)

ELEMENT MODES AXIAL FORCE (K.G)
NO.

I J NODE-I NODE-J

1 49 50 16.8172 17.0281
2 50 51 17.0281 17.2847
3 51 52 17.2847 17.5699
4 52 53 17.5699 • 17.8969
5 53 54 17.8969 18.2237
6 54 55 18.2237 18.5443
7 55 56 18.5443 18.7519
8. 56 57 20.5502 20.7508
9 57 58 20.7508 21.2513
10 50 59 21.2513 22.6866
11 59 60 22.6866 24.1219
12 60 61 24.1219 25.3532
13 61 62 25.3532 26.8612
14 62 63 26.8612 28.3692
15 63 64 33.1219 35.0311
16 64 65 44.5364 46.4455
17 65 66 55.9508 57.8629
18 66 67 67.3682 69.2803
19 67 68 78.7856 80.6949
20 68 69 90.2002 92.1092
21 69 70 96.8618 98.3698
22 7 0 71 98.3698 99.8778
23 71 72 99.8778 101.1092
24 72 73 101.1092 102.6932
25 73 74 102.6932 102.9236
26 74 75 102.9236 103.2684
27 75 76 103.2684 103.6214
28 76 77 103.6214 104.0229
29 77 73 104.0229 104.4245
30 78 79 104.4245 104.5395
31 79 80 14.9331 14.8182
32 30 81 9.8087 9.6499
33 81 82 4.6404 4.5762
34 82 83 4.5762 4.4084
35 ' 83 84 4.4084 4.3673
36 79 85 1.7983 1.7983
37 56 86 1.7983 1.7983
38 49 88 12.9637 12.9637
39 88 89 9.1102 8.8456
40 89 90 8.8456 8.5810
41 90 91 8.5810 8.3164
42 91 92 8.2624 8.0685
43 92 93 7.9734 7.7453
44 93 94 7.4344 7.3432
45 94 95 7.0606 6.6442



Table 7.0 (Contd.)

46
47
48
49
50
51
52
53

95
96
97
98
99
100
101
102

96
97
98
99
100
101
102
103

6.6442
6.4276
6.2108
5.6398
5.6022
.3237
.2209
.2209

6.4276
6.2108
6.0911
5.6022
5.4617
.2209
.2209
.2209

TRUSS ELEMENTS

ELEMENT NODES
NO. AXIAL FORCE

I J (KG)

1
2
3
4
5

48
31
79
22
20

85
86
87
95
97

.0000

.0000
121.2709

.0000

.0000



TABLE 8.0 SPECTRAL ACCELERATIONS AT PUMP-MOTOR FREQUENCIES
AND ZERO PERIOD ACCELERATIONS FOR SSE ( 3 % DAMPING)

FRECLUENCY (HZ)

11.4

(Corresponding to 1st mode in
pump stool flexible direction)

22.58

(Corresponding to 1st mode
in pump sfool rigid condition)

35.0

(ZPA in fables of spectra)

I

EXCITATION
DIRECTION

NS

EW

NS

EW

NS

EW

VTL

SPECTRAL ACCELERATION IN 'g1

RAPP 3 U

0.5245

0.5720

0.3128

0.2842

0.1572

0.1624

0.1620

KAIGA U 2

0.5695

0.6235

0.2469

0.2603

0.2130

0.2037

0.2569

ENVELOPE OF
RAPP 3 U & KAIGA

1 & 2

0.6235

0.3128

0.2130

0.2569

42.



TABLE 9. 0 REACTIONS AT MOTOR BEARINGS
DUE TO SSE LOADING

BEARING

UPPER BEARING

(CU 2224)

LOWER BEARING

INU 222 MC 3)

RADIAL FORCE '

(Kgf)

189

AXIAL FORCE

(Kgf)

122

-



MOTOR

MOTOR STOOL

PUMP DISCHARGE
NOZZLE

-PUMP STOOL

NOTE:-
All dimensions are in mm.

Fig. 1.0 SCHEMATIC DIAGRAM OF MODERATOR SYSTEM
PUMP-MOTOR ASSEMBLY



' \

RACHET PIN HOLDER

MOTOR UPPER
BEARING
(QJ 2224)

CORE (ROTOR).

MOTOR SHAFT

MOTOR LOWER
BEARING (NV 222 MC3J

MUFF COUPLING

PUMP SHAET

LABYRINTH

JOURNAL BEARINGS

IMPELLER

SUCTiON NOZZLE

FAN COVER

FAN

CORE (STATOR)

i'lOTOR WRAP

MOTOR FRAME

MOTOR STOOL

PUMP CASING

* - PUMP STOOL

Fig.2.0 SECTIONAL VIEW OF PUMP-MOTOR ASSEMBLY
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43

SHAFT
(ROTATING)

FAN COVER
(STATIONARY)

7 r i 9 UPPER

BEARING

MOTOR FRAME
(STATIONARY)

LOWER ROLLER
BEARING

MOTOR STOOL
(STATIONARY).

29

22

"20

STUFFING BOX
(STATIONARY)

95,
[JOURNAL
HEARINGS

21 97

PUMP STOOL
(STATIONARY)

FIG. 3.0 FINITE ELEMENT MODEL OF PUMP-MOTOR ASSEMBLY

66



• 9

i f - -

NOTE:- SYMBOL©REPRESENTS BEAM
ELEMENTS IN THE BEAM ELEMENT
GROUP-1

FIG. 4.0 FINITE ELEMENT MODEL OF PUMP STOOL
6?



97

LEGEND:-
ELEMENTS OF PIPE ELEMENT CROUP-1

D ELEMENTS OF PIPE ELEMENT GMJUP-3

ELEMENTS OF BEAM ELEMENT GROUP-1

TRUSS E L E M E N T S

FIG. 5.0 FINITE ELEMENT MODEL OF PUMPCASE, PUMP SHAFT,
MOTOR STOOL AND STUFFING BOX



RAOIAL • THRUST
BEARING

79

-Jib
ROTARY r~

PARTS I

j—I Elements of pipe
•—' element group-3

Elementcof beam
element group- - 2

of pipe
element group-2

Truss elements
) $ •

STATIONARY

PARTS

FIG. 6.0 FINITE ELEMENT MODEL OF MOTOR COMPONENTS



CLEARANCE CIRCLE
JOURNAL

INNER SURFACE
OF BEARING

FIG. 7.0 (a) GEOMETRY AND CLEARANCE CIRCLE
OF 360° . CYLINDRICAL JOURNAL
BEARING



h min

X

FIG. 7 (b ) SHAFT ROTATION INSIDE A JOURNAUBEARING
(PRESSURE DISTRIBUTION)
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Fig. 8.0 FLOOR RESPONSE.SPECTRA FOR RAPP-SSE-3% DAMPING
NS - 95.1 M FLOOR ( N - S)
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FLATTENED SPECTRA
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Fig. 9.0' FLOOR RESPONSE SPECTRA FOR RAPP - SSE - 3 % DAMPING
EW-95.1 M FLOOR (E.-W)



<

<
Q:

. 30 -

RAW SPECTRA
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Fig.10 FLOOR RESPONSE SPECTRA FOR RAPP - SSE - 3 % DAMPING
VTL-9S.1 M FLOOR (VERTICAL)
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RAW SPECTRA

FLATTENED SPECTRA

•i-i i n I i i
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Fig. 11.0 FLOOR RESPONSE SPECTRA FOR KAIGA-SSE-3% DAMPING
NS - 95.1 M FLOOR (N - S)

40.00
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Fig. 12.0 FLOOR RESPONSE SPECTRA FOR KAIGA-SSE-3% DAMPING
EW-95.1 M FLOOR (E-W)
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fig. M3.0 FLOOR RESPONSE SPECTRA FOR KAIGA-SSE-3% DAMPING
VTL-9S.1 M FLOOR (VERTICAL)
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Ftg.14.0 SHEAR FORCE { Kf i } & BINDING MOMENT (KG -M ) DIAGRAM FOR
ROTATING PARTS jN FLEXIBLE DIRECTION {DUE TO SSE)'



4000.0 ~

3200.0-

_ 2400.0-
E
£

O
t—

1600.0 "

800.0 4

SHEAR FORCE

BENDING MOMENT

.00 800.00 1600.00 2400.00 3200.00 4000.00
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