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ABSTRACT

In this work an attempt is made to achieve characteristics
curve needed for Tehran Research Reactor (TRR) during
stopping. The TRR pump speed during the event is time
dependent. Use is made of pump speed variation and rate of
pump speed which during stopping time is not constant to
obtain velocity component, flow rate, and head as a function of
time. This is done for the TRR first quadrant operating
characteristics. The obtained results indicate that the time
needed for the coolant flow rate to reach zero is greater than the
time necessary for pump to come into complete stoppage. This
feature is attributed to coolant inertia in the TRR primary

piping.
INTRODUCTION

The characteristics of a pump under unsteady operational
conditions have usually been thought to follow along its steady-
state characteristics curves [1]. This assumption, called
hereafter quasi-steady change, is obviously acceptable in the
situation where the change in operational condition is slow.
When the rate of change of the operating point exceeds a
certain limit, however, the centrifugal pump cannot respond
quickly enough to traverse its steady-state characteristics
curves, thus resulting in a significant change of the actual
characteristics curves. There has been, therefore, a need for
understanding the dynamics of the centrifugal pump
characteristics. Another aspect of unsteady characteristics
involves the transient ones with a large shift of the operating
point in cases such as starting or stopping, and the quick
closure or opening of the discharge valve. From the viewpoint
of the theoretical treatment, these cases offer far more
difficulties than the previous ones; this is because the
linearization of the problem is fundamentally impossible.
Pressure response during quick opening or closure of the
discharge wvalve was studied by [2]; while transient
characteristics during quick startup were reported by [3], and
[4]. An analytical model was developed in that an effective
energy ratio replaces centrifugal pump characteristics curve [5].
The authors determined the retarding torque which replaces
motor torque during coastdown transient. In a separate study,
the effect of system inertia on the acceleration head was
investigated [6]. However, a few studies on the transient
characteristics during the stopping period have been reported to

date. Consequently it is interesting to have some knowledge of
how the dynamic characteristics deviate from the quasi-steady
ones as the rotational speed decreases. The aim of this study is
to try to explain the nature of pumping action during stopping
transient. In order to find a stopping characteristic curve for the
TRR beyond which the assumption of the quasi-steady change
becomes unacceptable, retarding torque for the TRR induction
motor were measured. During stopping pump the retarding
torque acts as an effective torque. Another aim is to establish
the method by which the transient characteristics of a
centrifugal pump during the stopping period can be predicted
theoretically.

NOMENCLATURE

A [m?] Fluid flow cross-section

B [m] Baffle spacing of heat exchanger

C [m] Clearance of tubes of heat exchanger
d [m] Orifice diameter

dy [m] Inlet diameter of tube

D [m] Diameter

E [volts] Input voltage to motor

f [-] Friction factor

g [m/s?] Gravity acceleration

h [m] Pump head

L, [kg.m?] Pump moment of inertia

I¢ [m™] Fluid inertia

K [-] Loss coetficient

Kueen [~ Experimental constant of windage torque loss
L [m] Length of flow path

n [rad/s] Pump rotational speed

Ny [-] Number of baffle in heat exchanger
P; [m] Pitch of tubes of heat exchanger

P [W] Power loss in stator

q [kg/sec] Flow rate

Ie [Q] Effective resistance

Iy [Q] Stator resistance

I'm [9Q] Rotor resistance

t [sec] Time

T [kg.m] Torque

u [m/sec] Fluid velocity

V [m*] Volume
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present work is shown in Figure 1.
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All components shown in Figure 1 offer resistance change
in the primary cooling system and must be considered for a
transient analysis such as pump stopping. The basic flow
equation for a system involving i loop associated with a reactor
which acts as a common flow path is given by

1 LY dg, 1 LY d

—| ST L Y| (g, +¢, +.tg, )= AP, —AP, —AP,

g(ZAl‘ di g ZA Rdt(% q, qi) P R wj
()

This general equation could be further simplified when
considering the primary cooling loop of the TRR

L
1 > L @+APL=AP,,
g A; )dt

(2)

where M = APx +AP,

The first term on the left hand side of Eq. (2) represents
pressure drop caused by inertial of the fluid in the primary
cooling system while the second term accounts for the entire
pressure drop arising in the system. Head losses due to change
in pipe diameter, pipe bends, and valves...ctc. may also be
included in the second term. The centrifugal pump must
provide enough head to compensate for the entire head and
inertial losses in the system. Technical specifications of the
TRR primary pump and piping are given in Table 1.

1 !
>:<Eutterﬂ\>:<

Valve

Haat
e aL

Exchanger

Pump ]

Flow meter

Holdup
Tank

Figure 1 Primary cooling system of Tehran Research
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Reactor

Physical Arker | Yokomura | Groverand | Tehran
quantitics and (1969) Koranne Research
Lewis (1981) Reactor
(1956) (1986)
NR (RPM) | 3580 1470 Unknown 1450
HR (m) 14.49 41.9 57.79 30.480
QR (m’/s) 0.436 | a0.1259 0.01572 0.1387
b 0.0290
c0.1256
d 0.0279
Ul (%) 86 75.6 83 83
Ip (kgm?) | 0.8 3.7 a0.2 0.2
b 0.5
c1.0
L, _\| 38.56 | 959 d 6916 1717
2 1 (m™) e 13832
f 27664
& 0.342 0.1131 a(e) 0.3250 | 0.947
b(e) 0.1300
c(e) 0.0650
d(a) 0.0161
e(a) 0.3250
f(a) 0.6506

Table 1 represents design data of some of stopping transient




The centrifugal pump head will vary according to the
product of the square of the impeller speed and a function
depending on the ratio of flow to impeller speed so that

AP, = nzf] (g]
" (3)

The primary cooling loop pressure drop as a function of
flow must be determined for the specific geometry involved.
Therefore

AP, =AP +AP, +AP, +AF,, , FAF,  +AP

vl hex bvl pool (4)

+AP , HAB , +AP +AFP, + AP, AP

orifice ht piping bends

The total pressure drop in the primary loop is sum of the
pressure drop of the individual components which offer
resistance change in the fluid system. Pressure drop due to
check valve is calculated by

2
AP, =K, L(i}
20g\ 4, 3)

This is a general equation and can be equally used for
orifice, gate valve, check valve...ctc.

Pressure drop caused by the gate valves before and after the
heat exchanger is given by

1 (n \2
AP =K_ —— 2
S 2pgl| A

&

(6)

Pressure drop due to heat exchanger is given by

_f(, +1)DS( 4P, ]2

T 2pgD.¢ |\ D.CB

For triangular tube arrangement

P> o’
8 V3 -

e ﬂda

g 0.14
{
5 - [L]
4

f =exp(0.576—0.191n(Re))

The butterfly valve before the pool is fully opened and
consequently offers least resistance.
Nevertheless its pressure drop is given by

APbH:Kbvl 1 ( 1 j
2pg \ A,
bvl (8)

Nuclear

The pool pressure drop is modelled as

AP = flp q : _ Kpuu/ q :
poos 2 2
D, 2pg A 2pg 4 9)

£ =0.004(Re) "'

For the analysis presented in this paper, the total pressure
drop across a fuel element consists of losses in the upper and
lower end boxes of the element and the pressure drop across the
fuel plates. The pressure drop across the fuel plates includes the
pressure loss at the entrance to the fuel element, the friction
loss in the fuel element, and the pressure loss at the exit of the
fuel element, respectively. Alternatively

AP, =AP, +AP, + AP,

Juel

The entrance, friction, and exit pressure losses for single-
phase flow can be calculated from the following standard
formulae (McAdams, 1954)

K 2
AR, ==
g 0]
410 pu’
ap, = Lt
2D.g (if)
u—u
ap, = Plu=u)
2g (iii)
Assuming constant coolant density, it is possible to write
u, A,
u A (iv)
A . . ,
Where ¢ the total cooling channel cross-sectional area in

the fuel element and 4, is the cross-sectional area of the end
box immediately beyond the channel exit. Combining relations
(i) through (iv) results in an expression for the pressure losses
across the fuel plates (IAEA-TECDOC-233, 1980)

APfuel pu JK +4fL ( iWL
7 A4

Az,'L D, oy | &9

24
A

U=
Assuming ¢ represents average vclocity throughout
the core, relation (v) can be written as

: 2

fuel = qu Kcn = 4fLC + 1 A_C

: 2pgA,; D, A, ,
(10)

Head losses due to presence of orifice just before the hold-
up tank is given by
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)
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FARY=05050200312R2% _0 184 RB®
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Pressure drop in the hold-up tank is given by

oy

— Kle qL

_ .thz o 2
2pg A’ (12)

2pgD,

L

q’
AZ

/ =0.04(Re)™*

Pressure drop in the piping is given by

1 q i
AP =K . —
piping piping ng { Ap[pmg ]

Also pressure drop caused by bends is given by

1 q 2
A}D/wm/s = K!wm!x 2pg ( A J
bends

Substituting relations (3) through (14) into equation (2)
results in

2 2
L ] i
L[Z_,]d_q_,(m;[ij %1;(1} "
g A, ) dt 2pg\ A, 2pg\ 4,

2 2 3
(N, +1)D,
f( » ) | 4B +K,, 1 9q + Ko 71 4 +
2pgD4, \ D.CB “2pg| 4, 2pg\ A,

. A
K+ ‘/’+
D

(13)

(14)

Ki & & . S (-p)
R . [ q J ) N
2pg A, 24 (]7 A'_J l 2pg\ 4,

A,

K, & 1 ’ 1 Y o,
7/:1‘1'7’,_'_ K piping ~ 4 + Kbcml\ pr—— 4 ‘ = an; (i
2pg 4w " 2pg | Apping 208\ Appa ) n

(15)

Time dependent values of 9 must be known in order to
know how flow rate varies with time. Instantaneous values of
flow rate depend on speed and torque. Therefore motor and
pump speed distributions arc needed. For obtaining the
imparted speed and torque to the coolant use is made of
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conservation of energy which results in the following
equations. Figure 2 shows total head versus flow coefficient of
the TRR centrifugal pump.

The equation of motion for the primary pump rotational
speed is given by

1 dn
_IPEZT _Thyd._T

elec. mech.

g (16)

The authenticity of the basic flow equation as well as pump
equation of motion results is depend on the accurate modelling
of individual terms which constitute these equations. Therefore
like equation of motion for coolant flow in the primary loop,
each term in this equation is treated in detail. Torque-speed
characteristic of the TRR canned induction motor is not
available. Several attempts were made by the author to obtain it
from its motor manufacturcr. The manufacturer does not
support this motor anymore. Since in the present work only
pump stopping for the TRR is attempted to be analysed

therefore its functional form &2 (") is used. Instead, electrical
torque during pump stopping must be analysed in a greater
detail.

The electrical torque developed during pump stopping
necessitates a cumbersome method for evaluation. The losses or
retardation torque must be evaluated as accurately as possible
during the pump stopping. This is because during the event this
is the only torque available in the system for accelerating
mechanical load (circulating the coolant).

In general, skin effect is characterized by a reduction of the
effective area of cross-section of the rotor cage. This is caused
by the current flows through the least impedance path of the
rotor bar surface. During pump stopping, slip frequency
increases. This in turn increases the impedance of each motor
phase. As a consequence the effective eclectrical torque
decreases. Moreover, at high slips and (currents), reduction of
the leakage flux path saturation causes a reduction of stator and
rotor leakage inductance. The influence of magnetizing
saturation for higher slips is negligible. Nevertheless the effect
of decaying magnetic flux and angular velocity is included in
Equation (18). Stray losses (eddy current) are already included
in the core loss.

When the power is cut-off from the motor the current
reduces. This current produces a magnetic flux instantaneously.
As a consequence the induced magnetic field in the rotor
changes direction with the current frequency. Due to hysteresis
in rotor, the iron core lags the new direction which prevents
rotor to attain actual speed relative to frequency. The induced
current in the rotor opposes the motion of the rotor and
consequently reduces the effective rotor torque.

Standard test are conducted on the motor test stands to
determine constant and variable losses. Total electrical power
losses were measured by two wattmeters (Blondel’s theorem).
Resistance of each motor phase is determined by applying a
direct voltage to terminal of the motor. The effective resistance
of each phase is obtained as

r, =1.257,



The total stator copper loss is given by

"

PC:!S = Erll

€

(Emanuel, 1985)

In the no-load test slip is very low (rotor low copper loss)
and therefore part of input power is consumed by constant
losses (stator core loss and total mechanical loss) and some
dissipated into heat in the stator. From this test total mechanical
loss (friction and windage) can be extracted. In the rated-load
test a tachometer is used to monitor the motor speed. A
multimeter is employed to measure input current once rated
current is attained by the motor. In this test stator copper loss
and slip can be calculated. The measured values of the motor
parameters during the tests are

P, =9%kW .

¥

T, =444N m _r, =0.1Q

E =380V .0=153.4rad /s

where £ is the mput voltage of the motor.

During pump stopping the residual magnetic flux
diminishes with time in accordance with inductive circuit
discharge curve given by

t
e
s

where R

This quantity for the rotor circuit is usually available from
the motor designer. Initially the electrical torque for the pump
stopping is given by

(P + Po)

Core

coasidown
Rinitias (17)

Representing ! as any instantancous angular velocity,
the electrical torque can be shown by

2
\2
1 — | n
— et T inst.
Tummdunn - < (PCore + PCuS & nz

initial ” R\

Generally, for a given centrifugal pump, the design point
cfficiency is indcpendent of specd. For this kind of pumps, the
impeller efficiency could be shown as a constant function of the
ratio of flow to speed for the entire range of first quadrant.
However, for the TRR centrifugal pump considered in the
analysis, efficiency diminishes as speed decreasing. Therefore,
the cfficicncy used in the analysis is given by

n=1rf (i)ﬁt (”)
" (19)

Nuclear

The hydraulic torque is expressed as

_gAP
P (20)

The mechanical torque due to friction and windage varies
with speed according to the relationship (Dey et al. 2008)

Tme(’h. = kme(?h. (H )2 (21)

e
The factor™ ¢ is generally calculated from test data on
induction motor test stands. In the present work the value

of T cen, is calculated at the rated rotational speed of the TRR
primary centrifugal pump. With these definitions Eq. (16) can
1 dn

be written as
1 i o5h (q]
7113 T Cf_ (I’I) _7(})(11;5 + P(‘]lj')(EL) %_7’] B k”m(b' (n)h
g dt 5 Flinitiat fi (g)ﬁ(n)p
n

(22)

In the case of pump stopping, the second term on the right
hand side of Eq. (22) becomes positive.

This equation predicts pump speed during pump stopping
transient.

RESULTS AND DISCUSSION
The mathematical model developed in the present work is
used to study the influence of retarding torque on the Tehran
Research Reactor pump stopping transient.
Figure 3 shows pump stopping resulting from the TRR primary
loop pump loss of electric power. Runge-Kutta method is used
to solve equation (15) which predicts time dependent flow rate
with equation (22). This equation represents primary pump in a
transient situation. During the transient, using Figure 3, it is
possible to determine time dependent variations of flow rate
and primary pump speed.
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Figure 3 the TRR pump stopping characteristics curve
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Figure 4 shows the obtained results from flow coefficient and
head coefficient in stopping transient. Flow coefficient begins
from an initial value of less than 0.2 and increases. While head
coefficient from its initial value at t=0, indicates steady-state,
decreases with time. Consequently, in the transient the value of
flow coefficient is greater than the entire flow rate obtained at
steady-state. In the contrary, the head coefficient has its
maximum value at steady-state.
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Figure 4 Variations of head and flow coefficient with time

Figure 5 shows variations of head coefficient versus flow
coefficient. The degree of variations of head and flow
coefficient are seen. These variations appear as a second degree
polynomial which is a dynamic characteristics curve from

0.5 T T T T T T

0.45} - -
04t ~ .

0351 S B

03r ~ ]

Head coefficient

01 1 1 1 Il 1
0.18 02 0.22 0.24 0.26 0.28 0.3 0.32 0.34

Flow coefficient
Figure 5 Variation of head and flow coefficient with time

CONCLUSION
The obtained results, based on theorctical method, indicate

that flow rate and speed in the stopping transient decreases with
time. This decrease in the initial stage soon after stopping pump
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is faster than the later stage. Also speed reduction in
comparison to flow rate reduction is occurring faster and in less
time reaching to its minimum value. In addition to this, pump
dynamic characteristic curve which was obtained based on
theoretical methods. Since most of the obtained results are
based on theoretical method and because the theoretical values
are not available it was not possible to compare the obtained
results from the present study with experimental ones.

Although no test data were available for comparison, it is

haliagad thot a1l G nidnant Loatoree hata lhane aciacidaead  qaad
vClicvou idl dall lllllJUlLallL 1dululy 11dave boull CUlBbluciod, diida

that the results are reasonably accurate.
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