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SENSITIVITY ANALYSIS FOR POWER PLANT PUMPING
SYSTEMS IN BREAKDOWN

The small number of available complete modern pump characteristics makes the
safety analysis of nuclear and conventional power plants based on the characteristics
made over half a century ago of specific speeds nq = 24.6, 147.1 and 261.4. The aim
of the paper is to check sensitivity of the power plant system response for different
complete pump characteristics – modern and available from older tests for nq = 24.6,
147.1 and 261.4. It has been shown that Suter’s characteristics for modern pumps give
a different response to the pumping system of a power plant in breakdown than those
used so far.

Nomenclature
List of basic symbols
h dimensionless head h = H/Hn

q dimensionless flow rate q = Q/Qn

m dimensionless torque m = M/Mn

α dimensionless rotational speed α = n/nn
WH Suter’s head coefficient
WB Suter’s torque coefficient
X Suter’s flow/speed coefficient

nq specific speed nq =
n
√

Q
(H/stage)0.75

δWH relative uncertainty of extrapolated WH δWH = ∆WH/WH
δWM relative uncertainty of extrapolated WM δWM = ∆WM/WM

Subscripts
n nominal value
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1. Introduction

In coal-fired stations, nuclear power stations and industrial power plants operate
many pumps including feed water, condensate, cooling water pumps and secondary
pumps.

During power failure, start-up or other unusual state the pumps can operate
outside the normal area of operation [1–9].

Availability of such characteristic is very low. Mostly they come from non-
industry tests. Pumpmanufactures deliver only basic characteristics (Q > 0, H > 0,
M > 0, n > 0).

In [10] Suter characteristics were published for three specific speeds nq = 24.6,
147.1 and 261.4. They are used for transient analysis by industry codes eg. RELAP
Code. If pumpswith other specific speeds are analyzed, such codes use extrapolated
or interpolated values based on these three basic specific speeds.

Two kinds of uncertainty can be identified for characteristics so obtained.
Firstly, they are based on the tests of pumps designed half a century ago, secondly
due to the use of interpolation or extrapolation.

The 15Z33x8 feed water pump power failure was analyzed to check the in-
fluence of the characteristics uncertainty. The pump operated in typical pumping
system between feed water tank and boiler for 200 MW unit.

Two kinds of Suter characteristics of modern pumps were used from [11]
and [12]. They were compared to characteristic extrapolated from nq = 24.6,
147.1 [10].

It was assumed that initial pumping system parameters change because of feed
water control valve and motor power supply failures and pressure in feed water
tank and boiler are constant.

2. Experimental characteristics

In the study [11] complete pump characteristics were measured for single stage
pump of specific speed nq = 16. The results were compared with measurements
[12] for specific speed nq = 20. Characteristics were represented in Suter form:

WH(X ) =
h

α2 + q2 ,

WM(X ) =
m

α2 + q2 ,
(1)

where:

X = i π + arctan
q
α
, i =




0 for 0 6 X 6
π

2
1 for

π

2
< X 6

3π
2

2 for
3π
2
< X 6 2π

(2)
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h =
H
Hn

, q =
Q
Qn

, m =
M
Mn

, α =
ω

ωn
.

Fig. 1 shows the measured values ofWH(X) andWM(X) for nq = 16 and 20 in
the whole range of X ∈ 〈0, 2π〉.

Fig. 1. WH and WM experimental data for specific speeds nq = 16 and 20

The specific speeds are close to each other so one could expect WH and WM
characteristics to be also close. There are some differences however for WH in the
range of

• 0 < X <∼ 0.5 dissipation zone – pump is driven in opposite direction,
high static head makes negative flow – the case absent in the scope of the
presented simulation;

• π/2 < X < π dissipation zone – positive rotational speed and torque of
pump with the negative flow;

• 3π/2 < X <∼ (9/5)π dissipation zone – pump is driven in opposite direction
with negative head – the case absent in the scope of the presented simulation.

Some differences for WM mainly occur in dissipation zone 5 < X < 5.5 for
negative rotational speed and head but that zone is absent in the simulation.
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3. Feed water system

The feed water system shown schematically in Fig. 2 is the feed pump 15Z33x8
that pumps water from the tank 1 through the heater 4 to the boiler 5.

Fig. 2. Feed water pumping system: 1 – feed water tank, 2 – feed
water pump, 3 – check valve, 4 – feed water heaters, 5 – boiler

Parameters of the pump set:
• rated flow Qn = 400 m3/h = 0.111 m3/s,
• rated head Hn = 2040 m,
• rated head per stage H = 256.25 m,
• rated rotational speed nn = 3920 rpm→ ωn = 410.5 rad/s,
• rated torque Mn = 6333 Nm,
• motor rated power Ps = 3150 kW,
• motor rated torque Mn = 7674 Nm,
• moment of inertia of rotating masses I = 25.5 kgm2,
• specific speed resulting from the pump manufacturer’s test nq = 19.5.
Characteristics of the pumping system adopted on the basis of data for PKN

Orlen:
Hsys = Hstat + aQ2, (3)

where: Hstat = 1810 m, a = 18630 s2/m5 for Q in m3/s.
The length of the pipeline from the feed pump to the boiler is l1 = 70 m and

the pipeline diameter is D1 = 250 mm. The length of the pipeline from the water
tank to the pump is l2 = 40 m and the pipeline diameter is D2 = 300 mm.

Total length of the pipeline l = l1 + l2 = 110 m.

Equivalent diameter of the pipeline Dn =

√
4An

π
= 269 mm, where

An =
A1l1 + A2l2

l1 + l2
= 5.694 · 10−2 m2.
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4. Basic equations and numerical model

The parameters of the pump operation during the breakdown are described by
the equations

H (Q, ω) = Hstat + aQ |Q | +
l
gA

dQ
dt

, (4)

Ms (Q, ω) = I
dω
dt
+ Mt + Mp , (5)

where: Ms – motor torque, Mt – the sum of the friction moments in the gland
and the bearings of the pump and motor, Mp – the moment passing to the liquid
through the impeller of the pump (hydraulic torque).

The work of this moment is used to overcome the flow resistances of the
pipeline and the inertia of the accelerated liquid mass m = ρl An, where the liquid
acceleration a =

dc
dt
=

1
A

dQ
dt

.
Initial conditions for the pump are set down by its nominal parameters: Q(0) =

Qn, ω(0) = ωn, H (0) = Hn and Mp (0) = Mn, and for the motor by: Ms = 0.
For calculating the breakdownWH(X) andWM(X) characteristics are required

(Fig. 3) in three zones:
• D (the first quadrant) for π 6 X 6∼ 1.38π (so-called normal operating area
of the pump H > 0, Q > 0, n > 0, M > 0),

• C for 0.5π 6 X < π, where, due to the predominance of the gravity of the
water column above the force transmitted by the impeller (ω > 0), backflow
appears (H > 0, Q < 0, n > 0, M > 0),

• B for ∼ 0.6 6 X < 0.5π, where for Q < 0 the pump starts to rotate in the
opposite direction (H > 0, Q < 0, n < 0, M > 0).
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Fig. 3. Zones of pump operation after the power supply failure
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In case of the first quadrant, the WH and WM could be achieved from flow
characteristics for different speeds with torque calculated from

M = Mp =
P
ω
=
ρgQH
ωη

. (6)

Usually such data is rarely available so one has to rely on the published
characteristics of WH and WM.

5. Results of simulation of power supply failure

The simulation was performed for a relatively short time of about 1s to be
assumed that the system parameters did not change.

The variable X being a function of the flow rate Q(t) and the rotational speed
ω(t) and therefore the function of time decreases from the value of X = 5/4π to
about 2.2. The range of X covered by the simulation was contained in zones D and
C (Fig. 3).

The characteristics of the functions WH(X) and WM(X) for experimental and
extrapolated data based on nq = 24.6 and 147.1 according to [10] are shown in
Figs. 4a and 4b.
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Fig. 4. Comparison of experimental and extrapolatedWH and WM characteristics for nq = 16 and
20 in the range of X

For both specific speeds in the range of X covered by the simulation, the WH
and WM extrapolated characteristics differ largely from the experimental values.

Fig. 5 shows the relative uncertainties of WH and WM coefficients for extrap-
olated values based on Wylie and Streeter data [10].
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Fig. 5. Relative uncertainties δWH and δWM of extrapolated WH and WM characteristics for
nq = 16 and 20 in the X range covered by the simulation

The uncertainties are particularly large in the case of WM coefficient and
exceed 30% locally.

The differences between extrapolated and measured data in turn, result in
differences in the head H (t) and torque M (t), which affects the variations of the
flow rate Q and speed ω.

Fig. 6 shows the heads for both specific speeds.
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Fig. 6. H/Hn variations for nq = 16 and 20

As a result of the change of flow direction, the head temporarily increases
to start falling again under the influence of speed decreasing. There is a clear
difference between the values of the extrapolated and experimental characteristics.

In the range 2 < X < 4, both experimental curves WH(X) for nq = 16 and
20 lie below the extrapolated curve based on Streeter data [10]. The lowest is the
curve for nq = 20. This affects the nature of H (t) changes. The head falls the fastest
for data nq = 20 slightly slower for nq = 16 and slowest for extrapolated values.
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The local minimum occurs around 0.25 sec and is associated with passing through
the maximum on the curve WH(X).

Fig. 7 shows torque variation in the first second of breakdown.
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Fig. 7. M/Mn variations for nq = 16 and 20

The torque initially drops but after the change of flow direction begins to rise
and does not drop despite a decrease in rotational speed.

In both cases, differences in variations for experimental and extrapolated data
are significant and increasing over time.

The average values ofWM coefficients in the range of 2 < X < 4 areWMav =

0.43 for nq = 16; WMav = 0.47 for extrapolated and WMav = 0.49 for nq = 20.
Consequently, at the end of the simulation, the largest value M is for nq = 20 lower
for extrapolated values and lowest for nq = 16.

Figs. 8a and 8b show results of flow rate predictions after power failure.
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Fig. 8. Q/Qn variations for nq = 16 and 20
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As a result of the drop in the pump head and the dominant influence of the
system static head Hst, the flow begins to decrease and becomes negative.

The variation in flow is different for experimental and extrapolated specific
speeds and that difference increases in time.

The deceleration of the flow depends on the difference between the force
generated by the pump’s impeller and the gravity force and the flow resistance and
results from equation (4).

The slowest decreases the flow for nq = 16 where the forces difference is
the smallest and the fastest for nq = 20 where the forces difference is the largest
one.

Figs. 9a and 9b show the variations in rotational speed during a failure.
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Fig. 9. ω/ωn variations for nq = 16 and 20

Extrapolated and experimental predictions disperse over time. In this case, it
is more significant for nq = 20.

The higher the pump torque which is associated with the higherWM coefficient
the faster slowing down of the flow rate in the system, according to the equation
(5). The final rotational speeds are correlated with the pump torques. The highest
moment and therefore the lowest final speed is for the case nq = 20 and the lowest
final torque and the highest final rotational velocity for the case nq = 16.

Breakdown simulation is performed in the X range in which there are clear
differences between the extrapolated and experimental values. These differences
clearly affect the results of the simulation,which shows that new research onmodern
pumps for different specific speeds is needed. Applying the values published in [10]
based on the tests of non-produced pumps can lead to errors that change the picture
of the brakedown.
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6. Summary

The work compares the complete characteristics of contemporary pumps ob-
tained from the tests for specific speeds nq = 16 and 20 most similar to the specific
speed of the 15Z33x8 pump.

In the area covered by the simulation, the pump characteristics for specific
speeds nq = 16 and 20 differ. They are also different from the characteristics
obtained by extrapolation based on Streeter data.

In order to verify the sensitivity of the system to the differences in the com-
plete characteristics of modern pumps and pumps produced half a century ago,
a simulation of breakdown in power plant feed water system was carried out by
motor power supply failure and the check valve failure.

Simulation shows a clear difference between the results obtained from extrap-
olation based on Streeter data, used in some commercial codes (e.g. RELAP), and
the results based on the current study of the modern pumps.

The impact of the extrapolation error was not taken into account in the analysis
due to the lack of appropriate accurate data.

This study shows that with relatively small differences in the specific speeds,
there may be distinct differences in the corresponding Suter characteristics. These
differences may be partly due to the lack of similarity in the pump parts other than
the impeller (e.g. volute, suction nozzle).

The pump characteristics obtained by extrapolating Streeter data generates
a different dynamics of pump parameters than in case of the characteristics of
modern pumps. The sensitivity of the system to the characteristics is quite large,
which encourages the use of themost accurate data possible to improve the accuracy
of the simulation of the pumping systems in transient state.

Manuscript received by Editorial Board, March 14, 2018;
final version, June 15, 2018.
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