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Conditions for Prevention of Water Hammers at Start-Up of Emergency Feed-Pumps
with a Steam-Driver of Nuclear Power Plants
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Abstract. The initial event of severe accidents and devastating explosions at Fukushima-Daiichi NPP in 2011 was the complete
loss of long-term power supply due to the combined effects of beyond-design tsunamis and an earthquake. Lessons from the
Fukushima accident identified the need for further development of safety systems for nuclear power plants that do not require
power. A promising approach to managing accidents with complete loss of long-term power supply is the development of
emergency feed-pumps with a steam-driver from a steam-generator.

The main advantages of this approach in relation to the known systems of passive heat removal with natural circulation are
the fundamental possibility of fully compensating for the failure of design safety systems with electric pumps, as well as the
absence of the need to remove the safety system elements to a greater height beyond the containment. However, the use
of steam-driven emergency pumps requires a deep study of their reliability. One such issue is the qualification of reliability
when starting an emergency pump with a steam-driver.

An original method for modeling the conditions for the occurrence of a water hammer when starting a steam-driven pump
is proposed. The conditions for the prevention of water hammer and pressure amplitudes due to the inertia of the pressure
characteristics of emergency feed pumps with a steam-driver from a steam-generator of a nuclear power plant are deter-
mined. The pressure amplitude of the water hammer is determined by the conditions for the transition of the kinetic energy
of the flow deceleration into the energy of the water hammer pulse.

The results obtained can be used in the design of emergency feed pumps with a steam-driver from a steam-generator subject

to additional experimental qualifications.
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1 Introduction

The initial event of severe accidents and destructive ex-
plosions at Fukushima-Daiichi NPPs in 2011 was the com-
plete loss of long-term power supply (CLFTPS) due to the
combined effects of beyond-design tsunamis and an earth-
quake [1, 2]. Lessons from the Fukushima accident identi-
fied the need for further development of safety systems for
nuclear power plants (NPPs) that do not require electrical
power.

A promising approach to managing accidents with CLFTPS
is the development of emergency feed pumps with a
steam-driver from a steam generator (EFPSDSG) [3]. A
schematic diagram of the EFPSDSG connection is shown
in Figure 1. Steam from the steam generator enters the
steam-driver of the central pump, which feeds the feed-
water from the hydraulic containers of the design emer-
gency electric pumps directly to the steam-generator. Ex-
haust steam enters the deaerator.

The main advantages of this approach in relation to the
known systems of passive heat removal, based on the prin-
ciple of natural circulation, are as follows:

e The principal possibility of fully compensating for
the failure of the design of emergency electro-

pumps to perform safety functions for the removal
of heat from the reactor and maintain the required
level in the steam-generator.

e No need to locate security system elements at high
altitude outside the containment of the reactor.

However, the design and implementation of EFPSDSG re-
quires a deep study of their performance and reliability.
One of these questions is the analysis of the conditions for
the occurrence of water hammer (WH) during the launch
of the EFPSDSG.

The occurrence of WH is accompanied by a pulsed high-
amplitude hydrodynamic effect and can significantly af-
fect the performance and reliability of the safety systems
of nuclear power plants. A lot of research has been devoted
to the issues of studying the State University in heat engi-
neering equipment and pipelines (for example, [4-10] and
others). However, the issues of causes and effects of WH
caused by the operation of pumping equipment have not
been studied enough.

Using the example of reciprocating electric pumps, the
authors of [11] showed that the inertia of the pressure-
flow characteristics of pumps, which leads to aperiodic or
oscillatory hydrodynamic instability in the system, can be
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Figure 1. The feed water system (circuit diagram): 1 — steam gen-
erator; 2, 4 — parts of high and low pressure turbines; 3 — steam
super heaters; 5 — steam condenser; 6 — condensate pump; 7 —
low pressure heater; 8 — deaerator; 9 — feed pump with a turbo
drive; 10 - high pressure heaters; 11 — BRU SN; 12 - own needs
steam collector; 13 — Main Steam Isolation Valve (MSIV).

a possible cause of the hydraulic pump. The authors of [12]
showed that the determining mechanism of WH is the oc-
currence of oscillatory hydrodynamic flow instability in
the system caused by the inertia of the pressure-flow char-
acteristic of pumps. With vibrational instability, the os-
cillation amplitudes of hydrodynamic parameters also in-
crease significantly and contribute to the emergence of
WHs for equipment and elements of pipeline systems.

The feed water system provides a reliable supply of the
required amount of feed water to the steam generators
from high-pressure deaerators through pipe systems of
low-pressure heat exchangers. The feed water system
(FWS) operates during starts from various thermal states
and shutdowns of the power unit as a whole (planned and
emergency). In addition, FWS operates in the mode of
scheduled or emergency cooling of the unit, serves to pre-
heat and fill the second circuit, as well as to remove resid-
ual heat from the reactor when NPP unit stopped or main-
tained in hot standby.

The feed water system includes:

e two deaerators of high pressure;

e two main feed pumps with a turbo drive (TPN) and
two auxiliary feed pumps (VPN);

e high pressure regeneration system (heat exchang-
ers);

e main lines of feed water supply to the steam gener-
ator and bypass feed water supply lines to the steam
generator with shut-off valves on these lines;

e pipelines and fittings.

A turbine drive with a condensing drive turbine with its
own condenser and condensate supply from it to the
main condenser is provided for VVER-1000 nuclear power
plants. The turbine is fed with steam taken after the inter-
mediate super heater of the main turbine (260°; 1.44 MPa),

but the supply of reduced fresh steam through the auxil-
iary steam collector is also provided. In addition, two more
starting feed pumps are installed with a feed of 150 m3/h,
performed with an electric drive.

Unlike electrically driven pumps, in which the developed
pressure head depends on the flow rate in the system, the
pressure characteristic of the EFPSDSG is determined by
the steam pressure in the steam-generator. These differ-
ences determine the characteristics of the conditions for
the occurrence of WH. The goal of the proposed work is to
analyze the conditions for the occurrence of a WH when an
EFPSDSG is launched, which determines its relevance.

2 The Main Provisions of the Method of Modeling
a Water Hammer When Starting an Emergency
Feed-Pump with a Steam-Driver

The equations of motion and energy conservation of feed
water during the start-up of EFPSD
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where G - the mass flow rate; ¢t — the time, L, II -
the length and area of the bore of the EFPSDSG pipeline;
APyg = Py — Pg - the pressure drops in the steam
generator and hydraulic tanks of feed water; ¢ — the coef-
ficient of total hydraulic resistance of the system; p — the
density of feed water; ¢ — the specific feed water enthalpy
(per mass unit).

Pressure head developed by EFPSDSG,

t
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where pressure characteristics of EFPSDSG
dP
I

p = @(PV) with 7> Ar. (5)

The pressure characteristic of the EFPSDSG can be deter-
mined on the basis of operational tests and/or data of oper-
ating experience of similar pumps with a steam driver (for
example, a turbo feed pump of a steam generator) and/or
experiments on installations that meet the criteria for hy-
drodynamic similarity [12].

In the steady state (operating) mode of the EFPSDSG with
the flow rate (G, the necessary pressure head

2
APpy = APyg + pgﬁG . 6)
0

The condition for the occurrence of WH when starting EF-
PSDSG
AP, (t) > APp, . (7

Under condition (7), the system with EFPSDSG is in a non-
equilibrium unstable state. This leads to pulsed flow de-
celeration (aperiodic hydrodynamic instability).



V. Skalozubov, D. Pirkovskiy, N. Bilous, I. Kozloy, V. Kolyhanoy, O. Sedova

The maximum amplitude of the impulse of pressure of the
main pump is determined by the conditions for the tran-
sition of the kinetic energy of the flow deceleration to the
energy of the impulse of pressure of the main pump APy4.
From equation (2) it follows:
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where tg — the start time of the EFPSDSG.

In the general case, the conditions for the occurrence and
amplitude of WH (7), (8) can be solved by numerical meth-
ods of equations (1), (3)-(5) for certain values of I, and
to.

3 Conclusions

1. A promising approach for managing accidents on nu-
clear power plants with a complete loss of long-term power
supply is the use of an emergency feed pump with a steam-
driver from a steam-generator. The main advantages of
this approach in relation to the known systems of passive
heat removal with natural circulation are the fundamen-
tal possibility of fully compensating for the failure of de-
sign safety systems with electric pumps, as well as the ab-
sence of the need to remove the safety system elements
to a greater height beyond the containment / container.
However, the use of steam-driven emergency pumps re-
quires a study of their reliability. One of such issues is the
qualification for water hammer during the start-up of an
emergency pump with a steam-driver.

2. An original method for modeling the conditions for
the occurrence of a water hammer when starting a steam-
driven pump is proposed. The conditions for the preven-
tion of water hammer and pressure amplitudes due to the
inertia of the pressure characteristics when starting emer-
gency feed pumps with a steam-driver from the steam-
generator are determined.

3. The obtained results can be used in the design of
emergency feed pumps with a steam-driver from a steam-
generator subject to additional experimental qualifica-
tions.
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