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Dynamic I n v e s t i g a t i o n s  o f  Centr i fugal  
Pump Dr iven  ky Rotary C-ultixratcr. 

ABSTRACT : 

This  work desc r ibes  an dynamic i n v e s t i g a t i o n s  of Centr i fu-  
g a l  pump dr iven  by r o t a r y  c u l t i v a t o r .  I t  i s  necessary t o  s tudy 
the  dynamic of t h i s  system a f t e r  the wide a p p l i c a t i o n  of agr icu-  
l t u r a l  mechanization i n  Egypt. The dynanic behavioour of the  
system c a l c u l a t e d  by two methods, the f i r s t  i s  s imula t ing  the  
r e a l  system i n t o  two degrees of freedom and i n  t h e  second i t ' s  
ca lcu la ted  f o r  the r e a l  system of s i x  degrees of freedom. 
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Dynamics, Design, Applicat ion of matr ix  theory to  vibra- t ion,  

1. Theore t i ca l  Analysis  : 

I n  o r d e r  t o  e s t ima te  the  dynamic c h a r a c t e r i s t i c s  of c e n t r i -  
fugal  pump r o t a t e d  by r o t a r y  c u l t i v a t o r ,  The fol lowing assumptions 
w i l l  be taken i n t o  c o n ~ i d e r a t i o n ~ t h e  system i s  assumed t o  pmform 
s m a l l  t o r s i o n a l  v i b r a t i o n ,  s h a f t s  on which the gea* d i s k s  and 
flywheel a r e  assumed l i g h t  of uniform m a s s  and uniform s t i f f n e s s ,  
the  coupling and t h e  mesh gea r s  a r e  i d e a l  without s l ippir .g ,  the  
i n t e r n a l  damping and f r i c t i o n  a t  bear ing and contac t  su r faces  
a rene&,k ib la  . ro tary  c u l t i v a t o r  c lu tch  &-stem i s  considered of 
high r i g i d i t y  and of l a r g e  mass and the e x c i t a t i o n  i s  assumed 
of pe r iod ic  na tu re  while the r e s s i s t a n c e  of impe l l e r  i s  assumed 
n e a r l y  cons tant .  

1.1- Ca lcu la t ion  f o r  a Simulat ing System : 

T h e o r e t i c a l  c a l c u l a t i o n s  i n  the  f i r s t  were determined by 
s imula t ing  t h e  a c t u a l  system shown i n  Fig. ( 1) i n t o  equiva lent  
m a s s  system shown i n  F'ig. (2), The equive lent  m a s s  moment of 
i n e r t i a  bes ides  t h  equiva lent  s t i f f n e s s  of the  simulated system 
a r e  tabula ted  i n  Table ( 1 ) .  

Table ( 1) . 

A 

w Professor ,  w w  Ass.Frof.,  w w n  Lecturer ,  wwww A s s .  Lec turer ,  
Dept. of  Production Engineering and Machine Design, Facul ty of 
Engineering and Technology, Menoufia Univers i ty .  
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I 

No. 

1  

2 

Moment of I n e r  i a  ( J )  d Kg.Cm. Sec 

72.3 

275 . 75 

Torsional  S t i f f n e s s  ( c )  
Kg. Cm/rad. 

1.6 x l o 5  
5.1 105 



1 . 1 . 1 -  Equation of motion : 

Equation of  motion of the s i m u l ~ . t e d  system cari be determ- 
ined by us ing  ' l a g r a n g e O s  equat ions 1 , 2 , 3  which can b wri t ten  
i n  t h e  fol lowing matr ix  form : 

2.1.1- The n a t u r a l  f requencies  ; 

To determined the  n a t u r a l  f requencies  of the system, we must 
c a l c u l a t e  t h e  inver se  of the  dynamic matrix : 

d 
The c h a r a c t e r i s t i c  equat ion i s  

2 ...................... 
[[Y]-' -. r1 11 - - 0 . .  ( 3 )  

From equat ion ( 3 )  i t  can be obtz in  the  n a t u r a l  frequency h ,  

Where : h - 4  = 3 6 . 3  rad/sec . 
2.  The Mathematical Model f o r  the Real System : 

I n  t h e  P r a c t i c a l  engineering the  a c t u a l  continuous system 
i s  fe rquen t ly  aPProximated by the  behavior of the  d i s c r e t e  
model. The system i s  s imulated a s  s i x  degrees of freedom c los -  
ed coupled system. The equiva lent  i s  formed from massless e l -  
a s t i c  s h a f t s  with two f r e e  ends. m e  i n e r t i a  of 
the  s h a f t s  is  measured a t  s i x  s t a t i o n s  through t h e  system as 
shown i n  ~ i g . ( 3 ) .  Also t h e  e l z s t i c i t y  of the  t o r s i o n a l  cha f t  
a r e  modeled by a s e t  of t o r s i o n a l  sp r ings .  

1.2- Determination of the  Equivalent  S t i f f n e s s  : 

The equiva lent  s t i f f n e s s  of each segment i s  given by : 

K .  = G .  JL 
1 l e i  

Where : G : Shear modulus of e l a s t i c i t y ,  
Jp : Pola r  moment of i n e r t i a  f o r  esch segment, 
Li : Length of each segment i n  Cm. 

The fol lowing t a b l e  ( 2 )  r e p r e s e n t s  the  ca lcu l&ted  s t i f f n e s s  
f o r  each segment of the  system. 



B a r t  E q u i  ka l  e r l t  C;t i f ' f t ~ ~ s c  I 

f = der rs i  t~ of  hii if t mar c r i a  l , 
J p  = P o l h r  momer:t of lncltla of s h a f t s ,  
S\. = Length o f  each s h a f t .  
1 

the equiva l  en t mass of  each  d i s k  i s  g i v e r ,  as  f o l  lo\ .  : 

Where : Di = moment of i c e r t i a  of  tht! d i s k s .  

The fo l lowing  t a b l e  ( 4 )  r e p r e s e n t s  the  e q u i v a l e n t  m a s s  
o f  each d i s k  of  t h e  system : 



Table ( 4 )  

The fol lowing equat ion rep resen t s  the k i n a t i c  energy o f  
the system a s  shown; 

P a r t  

1  
2  
3 
4 
5  
6  
7 
8 
9 

We cons ider  the  value o f  equivelent mass I1 as a r i g i d  body 
with i n f i n i t y  mass moment o f  i n e r t i a .  

Equivalent Mass 
2 

Kg. Cm. 'I t 

3526 x 10 6 
4367.28 

57.52 
29.84 
11.10 

295.13 
295 * 13 

19.53 
32587 7 

From the  Previous equat ion the m a s s  matrix can be w i r t t e n  i f i  

the following form : 

0 0 0 C 

- 0 - 3 0 0 

0 l4 
rAr 

0 C 

0 0 I ~ + I ~ ( ~ ~ ~ ) ~  0 
o o o I +I (i l 2  
0 7  08 78 0 0 0 

mere : - - ---- z7 
i56 i7B % 

3.2- Determination of k i n a t i c  and P o t e n t i a l  Engergy of  the  
s y s  tern : 

* 2 
K i n a t i c E n e r g y  = K.E. = 4 4 1 qi i =.I 
Where q = vec to r  of v i r t u a l  genera l ized  c0ordir.ate8~ 



r 
From lagrang ' s  equat ions the  P o t e n t i a l  energy of the system 

can be writken a s  fol lows : 

From the  Previous equat ion t h e  s t i f f n e s s  matr ix  can be 
w r i t t e n  i n  the  fol lowing form : 

4.2- Equation of motion o f  the system : 

The equat ion of motion f o r  t h e  f r e e  undamped system can 
be w r i t t e n  i n  the  fol lowing matrix form : 

C m l E i 3  + Ck] [q] - - C o I  
Where a r e  the  vec to r s  of genera l ized  a c c e l e r a t i o n s .  



5.2- Na tu ra l  f r equenc i e s  and n a t u r a l  modes of t h e  s ~ ' s t e m  : 

Sir,ce IK 1 i s  s i n g u l a r  
be w r i t t e n  as follow : 

Using computer Programe f o r  

m e r e  3 = [m]-' 
2 

U i  = wi 

n a t r l x ,  t h e  eiger! Probltm car. 

V 2  . . . . , . . . . . . . .  r . . . ,  

v b  I 
The fo1lowir.g t a b l e  ( 5 )  r e p r e s e n t s  t h e  fiaturs.1 frfiql-c->r.r y 

mid n a t u r a l  modes of the r e a l  cystem : 

Table ( 5 )  

Natura l  

6.2- Response c f  the Systcr,: : 

When the system e x c i t e d  by a h a r n o n i c  e x c i t a t i c n  T s i n n t ,  
0 

t h e  equa t ion  of motion of the system i s  : 

The response  of  t h e  sy-sten car, b c  c a l c u l a t e d  a s  E f o r r e d  
system, then the imPcdencc mat r j  r take ' he fo1lowir.g fo rm:  

The resPonse o f  t he  kystem car. be c.alculat;ed from the  
fol lowir-g ma t r ix  by u s i n g  comEutcr Programe : 

Where r = the v e c t o r  of a m P l i t ~ d ~  resFonsc.  The fo l lowing  
t a b l e  ( 6 )  r e p r e s e n t s  the r ~ s ~ l l ; i . ~ l t  rvsPonse values c' t h e  s j - s t e m  
f o r n ~  t h e  c a l c u l a t i o n s  of tl-~e conPuter Prep-ai-c  ; 

No. '1 '2 r~ r 5  r6 

response  
Y a l u e  0.150581 0.713334 0.78071 2-33964 13.71529 50.3906 

./'rr,/sec. 
L 



3- Experimental I n v e s t i g a t i o n s  : 

Experimental i n v e s t i g a t i o n s  a r e  c a r r i e d  out on the low Press- 
ure  c e n t r i f u g a l  ~ u r a ~ ( 4 / 3  110 11i3,hr) der iven  by r o t a r y  cul t i v a  t o r  
( 1 4  HP.  3000 r.P.rn) shown as bolck digram i n  Fig. ( 4 )  and Photop- 
r aPh ica l ly  i n  Fig.  ( 5 ) .  

1.3- Measuring Instruments : 

The t o r s i o n a l  l - ibra t ion  c h a r a c t e r i s t i c s  can be expressed b), 
the fol lowing measurements 
1  - Tors ional  v i b r a t i o n  measurements (Kg* Cm)  
2- Rotat ing speed measurements ( r . ~ . m )  

The measuring instruments  used i n  t h i s  i n v e s t i g a t i o n  a re  shown lr 

Fig. ( 5 )  

2.3- ExFerimental Procedure : 

Before c a r r i n g  out the  t e s t ,  the s t a t i o n  had been checked 
thoroughly f o r  l e a k s ,  

To study the  (T-R.P.M,Q - R.P.M) of the PwnP, the fol1owic.g Proc- 
edure were c a r r i e d  out a t  (1000 r.P.m.) of the  r o t a r y  c u l t ~ v a t o r  
speed, 

a- S t a r t  o f  t h e  r o t a r y  c u l t i v a t o r ,  
b- S t a r t  the  Pump from the  r o t a r y  c u l t i v a t o r  through i t s  c l ~ t c h ,  
c- The fol lowing readings were recorde : 

i- Torque K m t  
ii- Discharge (Q . . .  m /.hr 

1 1 1 -  R. P. M .  

The o t h e r  c h a r t s  of the  measured ( T-H.P.M), (Q-R.P.M) 
q u a n t i t i e s  were c a r r i e d  out by inc reas ing  the  f ~ i ~ l  r a t e  o f  the 
r o t a r y  c u l t i v a t o r ,  u n t i l  the  maximum speed &as reached(maximum 
speed, 3000 r.  P. m . )  

3 e 3 -  Tors ional  Vibrat ion Measurements : 

Torsional  o s c i l l a t i o n  has been measured by means of the 
mercury e l e c t r i c - s l i p p i n g  torque transducer ( 1 )  which i s  conne- 
c t e d  with the  sp indle  of r o t a r y  c u l t i v a t o r  and the  input  shaft.  
of the  c e n t r i f u g a l  PumP . 

The signal i s  fed i n t o  the  c a r r i e r  frequency bridge ( 2 )  th ro-  
ugh a  low no i se  cable ,  t h e  br idge d i a l  readings  represent ing  the  
measured torque i s  recorded on the  cha r t  cf the  Programmab1.e s t r i p  
cha r t  r ecorde r  ( 5 )  . 
4,3-  Rotat ing Speed Measurements : 

The angular  speed of the  r o t c r  system i s  measured by using 
the  Portable d i g i t a l  multi tachometer ( 6 )  which can be used by 
aPPlyirig i t s  rubber f r i c t i o n  coupl ing at the  a x i a l  cen t re  of the 
r o t o r .  

5.3- CaPacity Measurements : 

Fig. (5 )  i l l u s t r a t e  a  P r a c t i c a l  method f o r  measuring the  
flow r a t e  of the  PumP according t o  Newton's low of g rav i ty .  This  



l a b o r a t o q -  method was used ir. t h i s  i n v e s t i g a t i o n .  
2 

Q =. k . d  .y 
Where 

K = 3 2H - - - 
g 

Q : Discharge cm3, ,PC. 

d : Discharge Pipe d i s m e t ~ r  i n  cm. 
y : The h o r i z a n t a l  d i s t a n c e  ir. cm. 
H : 30 cm. 
g : 980.66 

2 
cm, sec .  

4- Experimental Resul t s  : 
The experimental  r e s u l t s  may be d ic ided  i n t o  two P a r t s  : 

1- Dynamic behaviour of the  r o t a t i n g  P a r t s .  
2- E f f e c t  of speed on t h e  Pump caJ'acity. 

1- Dynamic  behaviour of the Rotat ing P a r t s  : 
The measured torques accordir.g to  t k , e  opera t ing  time of  the 

system a r e  i l l u s t r a t e d  ir,  F i g .  ( 7 )  at 2700 r . F , m .  : Fig .  ( 8 )  
shows the recorded char t  a t  2700 r ,  P ,  rn. 

The dynamic torque a t  each speed and i t s  corresPondir.g s t s t  l c .  
torque a r e  graPhica l ly  P lo t  t.ed ir: Fi  6 . .  ( 9 ) .  

The dynamic f a c t o r  can be computed from the  exFerimenta1 
r e s u l t s  of F ig .  ( 10). 

~ i g . ( l i )  shows the t o r s i o n a l  v ib ra t ion  a m P l i t ~ d e s  during the  
speed range from 1100 t o  3000 r .P .m.  of the  systen;. I t  gix-es a 
l i n e a r  decrement cha rac te r  s t a r t i n g  from 9 i n t o  2 .  3 K g . m t .  

2- E f f e c t  of Speed on the FumF CaPacity : 

The measured discharge a t  each speed a r e  graphical13 111~s- 
t r a t e  i n  Fig.  ( 1 2 )  The PunrP d ischarge  iricrease with the  i r : c r e a s ~  

3 of the  speed u n t i l  i t  reaches i t s  maximum value of 110m / h r  a t  
2000 r. F.  m .  

5- CornParison Eetween Theore t i c a l  znd Experiment a1 R e s u l t s  : 

From t h e  ana1j.si.s of the Previous r e s u l t s ,  i t .  i s  c l e a r  t h a t ,  
the c a l c u l a t i o n s  of the  r e a l  system give a good agreement with 
the  e f l e r i m e n t a l  r e s u l t s ,  t he  dev ia t ion  irA this  r e s u l t s  i s  nearer  
than the  f i r s t  case when s imula t ing  the system i n t o  two degrees 
of freedom. This  dev ia t ion  i s  equal  5% near ly .  This  v a r i a t i o n  P 

of t h e  r e s u l t s  because the  experimental r e s u l t s  depends on the  
accuracy of i n s t u r e x e n t s  a d  i t ' s  c a l i b a r a t i o n .  

From Fig!s (8,13) i t  i s  c l e a r  t h a t ,  t he  devia t ion  between 
t h e o r e t i c a l  and exPerimenta1 d r i v i n g  response can be neglected,  
because i t ' s  has a s m a l l  v a l ~ e  not  exceed 4% and i t s  gitre a 
good agreement with the exPerimenta1 r e s u l t s  i n  the  steady state 
case .  



The mew va lue  of  t he  t o r s i o n a l  v i t ~ r a t l o r i  L F  1 S . 5  K Y . ~ ,  
when the t r a n s i a n t  va lue  i s  5 2 . 4 ~ g . m ,  then the  d y n a m ~ c  f a (  +c.r Kd 
i s  = 2.83, t h a t  must taken i n  c o n s i d e r a t i o n  wher: de s ign  I .  rua- 
ch ine ,  i n  t h e  invornemental  condi t ior l  o f  Egypt.  

Conclusion : 

From t h e  a n a l ~ s i s  o f  t he  P rev ious  r e e ~ ~ l t s , i t  c : a i  U I I I  ! -  
uded t h a t  : 

1- The c a l c u l a t i o n s  o f  t h e  r e a l  system ~ ; i \ e  a good agreenrerlt 
w i th  t h e  exPerimenta1 r e s u l t s  corr,Pai.ing w i t k ,  tr.e cese ( i f  
s i m u l a t i n g  t h e  system. 

C 

2- The c a l c u l a t e d  c r i t c a l  speeds  o f  t h e  system a r e  3 5 O 3 Q 5 0 r . P  .nb. 

3- The optimum o p e r a t i n g  speed i s  2000 r .P.r r . .  which, n ~ o r ~  thar ,  
t h e  two c r i t ' c a l  s p e e d s  g i l - e s  the  nlaxlmunl discharge of the  3 Pump. ( 110 m /hr) . T h i s  d i s cha rge  1: g r e a t e r  thar. ti-,@ n,axlmurn 
d i s c h a r g e  o b t a h e d  by t h e  l a r g e s t  h a t e r  cPera ted  bj a _ l , ~ m a  I s. 

4- Suc t ion  head must be 2.5 m t  w h i c h  i s  e q u i v e l e n t  t o  nlaxlmun! t l l a n ~ -  
e t e r  o f  the wa te r  wheel,  

5- The dynamic f a c t o r  a t  which the  system i s  s a f e l y  oF 'er-~ted 1 s .  
2.77 f o r  t h e  system under  c t ~ d y .  ( F . T . ( ? !  of  t h e  r o t a r ?  c - u l t  1 1 -  
a t o r  sF l inned  j o i n t ,  c e r t . i f ~ g a 1  Pump, s u c t i o n  n ~ b e r  tube,  t h e  
s e t  j o i n t e d  t o  t he  c u l t i v a t o r  a s  ce r l t i l cke l  . 
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FIG4 1 I T H E  PUMP DRIVEN : B Y  

ROTARY CULTIVATOR. 
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1 - Torque Transducer. 

5- Recorder. 

6- RPM Tahomebr 

FIG( 4 )BLOCK DIAGRAM OF THE 
MEASURI NG INS TRUME N TS 

H 30 cm 

F I G 1  6 1 Approximole Capoclty GPM 

For Full Flowing Horizontal 
Pipes. 

1 - Torque Transducer 

2 - 8r1dge. 

3 - Amplifier 

4 - Offsel  

5 - Recorder. 

FIG ( 5 MEASURING SYSTEM 

CN 
( 6  4 8 12 16 20 Tun. k c .  

FIG ( 3 I The measurea Torque occordlng 
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P i g .  (13) : Theoretical and &permiota1 Response Results. 
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