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Computer Simulation of Dynamic Behaviour of a Pump Rotor Assembly
with a Balancing Disc :

The paper presents preliminary results of computer simulation of dynamic behaviour of a multistage

in response to a stepwise change of axial thrust.

ments as well as the flowing liquid pressures and

velocities at the inlet to axial clearance were analyzed as related to the rotating mass and geometric features

of the rotor assembly. The computation was carried o
‘oped for solution of ordinary differential equations,

ut using the UNISIM simulation program deve-

Nomenclaiure

& — diameter ratio, g = d,.jd,,
— mean velocity of liquid in clearancs 5;s
“= — mean velocity of liquid at the inlet to
clearance s,
£.dy, d,. — diameters, as shown in Fig. 1,
— modulus of elasticity of the liquid,
4 — Totor assembly displacement counter-force,
F

™

o ]

— axial thrust,
¥, — disc vibration driving force,
* — width of chamber I between clearances
s, and s,,
!5 — length dimensions of clearances as shown
in Fig! 1,
= — mass of the rotor assembly of the pump,
% P1s P2, p3 — respective pressures upstream
- and downstream of the clearan-
ces as shown in Fig. 1,
“» — total drop of pressure in the balancing
device, p = py—p,

4p,, 4p,, Ap; — drops of pressure in specific
: clearances,
4p;,; — drop of pressure at the inlet to clea-
rance s,,
Ap: wid APz—APi.z
51, 52, $3 — widths of clearances as shown in Fig..1,
t — time, © -
Vi — volume of chamber I (Fig. 1),
X, X, x — displacement, velocity and acceleration
of balancing disc,
Lints Cina — coefficients of pressure drops at the
inlets to clearances s, and Sa;
4y — loss coefficient along clearance Sty
¥ — stiffness of the balancing system,
¢ — density of liquid, \
@ — angular speed of the rotor assemory.
Index ,,0” relates to the steady-state condition,
before the driving force 4F,, has been applied.

1. Introduction

In large size rotodynamic multista
wwer by balancing devices which cons

ge pumps the axial thrust is usually taken
ist of a balancing disc or a balancing disc

W8 2 balancing drum (Fig. 1). Computerized analytical methods were developed
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and implemented in the Institute of Thermal Engineering of Warsaw University of
Science and Technology during the last decade to provide means of correct design of
such balancing devices. These methods make it possible to design correctly the
devices which could operate at the minimum [1] or almost minimum energy losses.
In the last case the maximum stiffness ¥ = JF, /s, or the best stability to an increase
in the axial thrust F,, or to a wrong estimation of the axial thrust can be guaranteed
at the same time [2]. The computations are applicable to the steady-state operating
conditions of the pump.

The full evaluation of the design of such a balancing device would still require
the assessment of its properties related to the non-steady conditions: start-up, shut-
-down or sudden changes of the pump operating parameters. This would provide
a range of sets of dimensions to select the best configuration of the device to achieve
the best compromise between the efficiency and operating conditions.

Dynamic behaviour of balancing devices under transient operating conditions
has not been analyzed to a great extent so far. A few paper$ exist which deal with
these problems in relation to behaviour of hydrostatic thrust bearings [3] and to
the pumps [4], but they give approximate and qualitative solutions only. They pro-
vide means to classify a system as being stable or not, but lack in determination
of the degree of stability (high, medium or low damping capacity). The solutions
published so far, which have been developed basing on a very roughly simplified
pattern of pressure distribution p(r) in the axial clearance, assume linear relationéhip
between the variables and the disc displacement x.

Following the above, an attempt has been made to determine numerically ‘the
axial displacement x = x(f) and other dynamic properties of a balancing device
which are brought to effect by a stepwise change AF = F,,—F,, of the axial thrust.

2. Basic System of Dynamic Equations

Dynamic characteristics of a balancing device at the moment t'=0, when the
driving force AF (t) of any nature (which may be stepwise or sinusoidal) begins
to act, can be described by the following system of differential equations [5,6]:

ms+ Fyp = AF,(0)

V -
nd; 5,y +§'(di2n _dlz)x—fkﬁl = Ttd;(520— X)Cin

1
o (1

; L)
04l +e 5 (Cm +}°12—;1) = Ap—p,+P3

din cizn ‘
2lna+0—"Ci,+4p; = D1 —p3—4ps

QCin 2
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where: ;
X = 8590—35; )
de = fl (-’-Czs xs xcim Xy cinz) - (3)
Aps =5 fZ(x29 X, xcim X, cinz) (4)

For explanation of geometric dimensions appearing in the above equations see
Fig. 1. In addition to x and x there are the following variables: pressure p, within
chamber I and velocities ¢, and c;, within radial and axial clearances s, and s,,
respectively.

Bog A4 d
APig2| Ao | B ]
7,
~
/ ; Api.’lo APSo
& APz
' aps
F s
B |
0 P Po /’1 Pto ‘ . 0

Fig. 1. Geometric features of the balancing device. Pressure distribution and pressure drops are
indicated in specific clearances at the moment ¢ < 0 (solid line) and t > 0 (dashed line)

The relationships (3) and (4) — for full development see [6] — have been received
+om the formulae describing distribution of pressure within the axial clearance with
sme wall displacing in the axial direction [7]. To develop these relationships the
fow of liquid within the clearance s, with one of its walls moving in the axial
firection with constant velocity x = v is assumed to be quasi-stationary.

The system of equations (1) with damping force F,, expressed as a complicated
son-linear function (3) has been found too complex for the UNISIM program uti-
iz=d on a rather small PDP computer. Thus, relationship (3) had to be substantially
wmplified by application of the partial damping coefficient b;.

3. Partial Damping Coefficient

As the disc moves in the axial direction, pressure p, will change with resulting
smange in pressure drop 4p, and hence a change in velocity c;, and a change in
aressure distribution within the clearance s,. All these add up to the axial vibration
gamping force: .

Fop = F(X)+ 4Fpq(x) = F1(0) + F5(X) + 4F (%)
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Due to the very close relationship of the variables as expressed by equations (1)
this force cannot be practjcally resolved into component F(X) related exclusively
to the disc displacement velocity v = % (proper damping force) and component F,,(x)
related exclusively to the displacement. Instead, there can be quite easily estimated
two approximate values: the value of component F,(x) of the damping force which is
connected with the damping effect in the clearance s, and the value of the partial
damping coefficient b, = F,(%)/%. This should be done at several selected values of
v when x = 0 and 4p, = Ap,, = idem (which is the case of a balancing device without
damping clearance s, and with p, == p, = idem and p, = idem). This rather simple
computation procedure is explained in [6]. ‘

The remaining part of force F,,, which is related to compressibility of the liquid
within chamber I and to reactions of clearances s, and s,, and includes the proper
balancing force, can be then described by an approximate expression:

s 2
Fy(X)+ 4Fpq(x) = %dinz(l’l —P1o) [1 “(‘3‘1‘) ]X(az —1) (6)
where x is a factor representing the effect of the pressure distribution p(r) within
clearance s, on the balancing force. The value of x can be determined for a parti-
cular configuration of the balancing device by calculating its static characteristic
curve s,(F,) by means of existing programs [2]. A computation procedure for an
exemplary layout is given in [6].

, 4. Results of Computation

The correct performance of the balancing device in response to a stepwise driving
force AF,, can be considered as a proof of its proper operation at any smalier load
variations practically met under operating conditions. Numerical simulation was
carried out [6] for the said kind of driving force with the values of the ratio 4F,, e
equal to 0.05 and 0.10, since more severe changes are very rarely expected in practice.

Figures 2 and 3 show computation results as obtained for a particular configura-
t10n of balancing device used in the 15728 feed pump (Q = 275 m*/b, H = 1820 m,

Ap= 155MRE, = M sy L the digensious (Fig, Wid, = 320 mm, di = 200 mm.
=120 mm, 1, =20 mm, =024 ™, = 30 mm, 5, = 047 mm, For t < (’):
Fwo = 393.2 kN, 5,0 = 81.2 pm, Y, = 5.6 kN/um, p;o = 10.2 MPa, ¢;o = 30.6 mys,
Cino = 4.7 m/s. Intitial values (¢ = 0) were as follows: X = 0, x =0, AF o =005 F .

The computation results can be concluded as follows:. . : .

a) Axial vibrations of the rotor assembly deviate severely from a linear fum_nog.
b) A new balance conditions stabilize within ¢ = (0.5, .., 1.2) 10~ 2% s which ind-
cates very fast damping action. However, the damping is milder than that shows
in case of idealized linear systems .[5,6] in spite of rather high values of coefficient b,

(four to six times than that found according to [41). 5 -
¢) Transient state is very strongly. _inﬂuenced by dimension A, ie. the width af
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Fig. 2. Time charaéteristics: x(8), pi(®), ci(t), %(t) as plotted for one of the configurations of balancing devices in the 15Z28 feed pump.
These are solutions to the system of equations (1) in response to a stepwise driving force AF,/F,,, = 0.05. Curves 2 and 3 correspond to the
rotor assemblies of 200 kg and 300 kg mass, respectively
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_chamber I between the disc and the counterdisc (Fig. 1) considered as a measure of
%(d,-,,z—dlz) has been varied within
1 &

(3’ i 2) Vip» Where ¥, , is volume of the chamber of basic width h = 30 mm. V, is the
value through which the influence of the liquid compressibility on dynamic prope-
rties of the balancing device will manifest as results from the second equation
in the equation system (1). In Fig. 3, there are shown time characteggstics x(t) referred

volume of this chamber. The volume ¥, =

8 ——————+——1—r—+———1——1———t——7——T T

~

(9]

-
L

) 1 i L L 1 L 3y | 1 1 s 1 s ] 1 { 1
o 001 002 .,003 .004 005 .006 .007 .008 .008 010

—e t[g]

Fig. 3. Effect of the width h of chamber I between the disc ana the counterdisc on time characteristics x{i
with configuration of balancing device as considered in Fig. 2 and the mass of rotor assembly equal 300 kg

Curve 1: h = 10 mm, curve 2: h = 20 mm, curve 3: h = 60 mm, curve 4: h = 30 mm

to different values of width h. It can be clearly seen that the increase in h is followed
by an increase in the highest value x,,,, of instantaneous displacement at the begin=
ning of the response movement. At & = 60 mm it is twice as large as that at x, = AF /g
which would stabilize at the new steady-state operating conditions. This indica
that displacements x,,,, may in certain cases exceed permissible values Design
should then avoid chambers of too big volumes.

d) The mass of rotor assembly m has no significant influence on the vibratior
(Fig. 2). With the rotor mass increased by 50 per cent the amplitudes rise by 5 to 10
cent and complete damping occurs within a litile longer period. It will then be s
ficient to estimate rotor assembly mass at the design stage within 20 to 30 per
accuracy. :

e) Other results indicate [6] that length [, of the axial annulus has much 1
effect on the dynamics of the balancing device than it could be expected.

{
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S. Remarks and Final Conclusions

1. These computations are the first published that provide quantitative description
o the time characteristics in relation to all variables of balancing system, i.e. displa-
s=ment, velocity and pressure.

2. The results obtained enable the estimation of such properties of balancing
devices as stability, degree of vibration damping, maximum vibration amplitude and
suration of transient operating condition.

3. Severe non-linearity of transient phenomena indicates that the linearization
+ the motion equations, generally used in such cases, may yield solutions of insuf-
fiment accuracy. ;

4. A test stand has been constructed in the Institute of Thermal Engmeermg
wnd research work commenced to verify the values of coefficient b; responsible
i>r damping in the axial clearance. Further computer simulations are being planned.
Zxperimental tests on dynamic behaviour of rotor assembly of feed pumps used
@ 200 MW or 360 MW power units are intended as well.
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Numeryczna symulacja dynamiki zespolu wirujacego pompy z tarcza odcigzajaca
Streszczenie

W pracy przedstawiono wstepne wyniki numerycznej symulacji dynamiki zespoh: wirujacego wielo-
stopmowel pompy odsrodkowe;j z tarcza odciazajaca. Wiasnosci dynamiczne urzadzenia odciaZajacego
(rys. 1) opisuje nieliniowy uktad rownan rozniczkowych (1). Celem uproszczenia rozwiazania réwnan (1)
przedstawiono sile tlumiaca F,, (3) w postaci (5), gdzie F,(%) jest sila tlumiaca drgania osiowe tylko
w szczelinie osiowej s,. Wspolczynnik tlumienia b, = F,(%)/x mozna oszacowa¢ w przyblizeniu zgodnie
z [6,7]. Pozostala czgs¢ F,, mozna oceni¢ na podstawie (6) stosujac charakterystyke statyczna s,(F,)
rozwazanego urzadzenia.

Obliczenia numeryczne przeprowadzono dla urzadzenia odcigzajacego pompy zasilajacej 15228 pod
wplywem skokowej zmiany F, /F,, = 0,05 naporu osiowego F,. Na rysunku 2 przedstawiono krzywa x(i)
przemieszezenia w funkcji czasu oraz inne charakterystyki czasowe urzadzenia odciazajacego. Maksy-
malna ampiituda wibracji rosnie z h (rys. 3) w wyniku Scisliwosci przeptywajacej cieczy (patrz: drugie
réwnanie ukladu (1), gdzie ¥, jest objetoscia komory I a E, jest modulem sprezystosci cieczy).

Wplyw masy zespotu wirujacego m na charakterystyke czasowa nie ma wielkiego znaczenia (rys. 2).

Duza nieliniowo$é charakterystyk czasowych wskazuje, ze linearyzacja rownan (1) moze w takich
przypadkach prowadzi¢ do rozwiazan o niewystarczajacej doktadnosci. ‘

Yucirennan CHMYJIfIMS JHHAMHUKH BPalIaAlOErocs arperara Hacoca € pasrpy30vHbIM
JHCKOM

Pesome

B paboTe npencTaBicHbl MpeJBAPHTEILHBIC PE3YJIbTATHI YHCICHHOM. CHMYIAMA [MHAMHKH Bpa-
MIAIOErOCs ArperaTa MHOTOCTYIIEHYATOrO HACOCA C PA3rPY304HBIM AMCKOM. JIMHAMHYECKHE CBOMCTBA
Pasrpy30uHOTO YCTPOWCTBA (PHC. 1) ONMMCHIBACT HEIMHEHHAs CHCTEMa JUQQEPEHIMAIBHBIX yPABHCHHE
(1). C uenbto ynpouenus peinenus ypasHenuit (1) nemndupytomas cuna F,, (3) npeacrasieHa B ¢popme
(5), rne F (%) sBasieTcs cwiioit AeMniupyromieil ocesbic konebanns TOJLKO B OCCBOM 3a30DE Sp. Koaddu-
nuenT gemnduposanus b, = F,(%)/% MoxHO ouenuth B npubmbkenuu coraacho ¢ [6, 7]. Ocranbuyie
yacTb F,, MOXHO ONIEHHTL Ha OCHOBE (6), MOBL3YACH CTATHYECKOH XapaKTEPHCTHKOM s,(F,) paccMaTpH-
BaEMOr0 YCTPOMCTBA.

Yyuc/IcHHBIE PACYETHI NPOBOMMIACH sl PA3CPY30YHOrO YCTPOMCTBA MUTATEIbHOro Hacoca 15Z2%
TIOZ BIIMAHKEM Ckaukoobpasuoro usmenenns F,/F, = 0,05 oceBoro Hanopa F,. Ha puc. 2 npe/icTaB/esa
kpuBas x(t) nepemMelienss B QYHKIMH BOEMEHH, 4 TAKXKe JPYIHe BPEMEHHBIC XapaKTEPUCTHKH Pa3rpy-
304HUIL YCTpOHCTBa. MakcumaiibHasi aMIUIMTYAA BUODALMH PACTET BMeCTe C h (puc. 3) BBUAY CXKHME-
€MOCTH TIPOTEKAOMIEH KHUAKOCTH (CM.: BTOpoe ypaBHeHue cuctemsl (1), rae ¥, obosnauaer 061éM Kameps
I, a E, — 3T0 MOAYJIb YIPYrOCTH XKHUAKOCTH).

BiMsHEEe MacChl BPALIAIOUIErOoCs POTOpa m Ha BPEMEHHYIO XapaKTEPHUCTHKY HE MMEET OOJbHIErS
3naucHus (puc. 2).

+ Bonbilias HEJIMHEHHOCTh BPEMEHHBIX XapaKTEPHCTHK NOKA3kIBAET, YTO nnﬂeapnsaxmx ypaeHenuii (1}
MOXET B TAKHX CIy4asiX BECTH K PEIICHHAM HEJOCTATOYHOM TOYHOCTH.



