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V. 1. SKALOZUBOYV, V. M. SPINOV, D. V. SPINOV, D. S. PIRKOVSKIY, T. V. GABLAYA

CONDITIONS FOR PREVENTION OF WATER HAMMERS AT START-UP OF EMERGENCY FEED
PUMPS WITH A STEAM DRIVER OF NUCLEAR POWER PLANTS

A promising approach to accident management in nuclear power plants with a complete loss of long-term power supply is 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 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 / container. 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 due to the inertia of the pressure-flow characteristics of emergency feed pumps with a steam
driver from the steam generator are determined. 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.
Key words: emergency feed pump with steam driver; water hammer; nuclear power plant

B. 1. CKAJIO3YBOB, B. M. CIIIHOB, /I. B. CIIIHOB, JI. C. HIPK'OBCLKI/II/VI,M T. B. TABJIAA
YMOBHU 3AINIOBITAHHA TITAPOYJAPAM IIPU IIYCKY ABAPIMHUX I[MOXXHUBHUX HACOCIB 3
MMAPOIIPUBOJAOM AJEPHUX EHEPTOYCTAHOBOK

BuxigHoro momiero BaxkuxX aBapiii i pyHHiBHEX BuHOyxiB Ha AEC Fukushima-Daiichi B 2011 poui Oymo moBHa BTpaTa TPHUBAIOr0
@IEKTPOIIOCTAYaHHsI BHACHINOK CIIIIBHOI'O BILIMBY ITO3AIPOEKTHUX IyHaMi i 3emuerpycy. Ypoku DykyciMchKkoi aBapil BU3HAUMIM HEOOXiJHICTH
[OJANIBIIOr0 PO3BUTKY CHCTEM OE3IEKH SICPHHX CHEPrOyCTaHOBOK, sKi HE MOTPEOYIOTH EIEKTPOXKHUBICHHS. I[IepCEKTHBHUM MiX00M
YIpaBIIiHHS aBapisMH 3 ITOBHOK BTPAaTOK TPHBAJIOrO CICKTPOIOCTAYaHHS € Po3poOKa aBapiifiHMX >KMBHIBHHX HACOCIB 3 IApOINPUBOIOM Bil
naporeHepaTopa. OCHOBHI IlepeBard TaKOro MiAXOAY IIOJNO BiIOMHUX CHCTEM IIaCHBHOTO BiJIBE[CHHS TeIUIa, 3aCHOBAaHHUX HA IMPHHIUII IPUPOIHOI
LMPKYJISLIT, TIOJIAraloTh B HACTYITHOMY: iCHYE NMPHHIMIIOBA MOXJIMBICTh IIOBHOI KOMIICHCALIT BI/IMOBH IIPOCKTHHX aBapifiHNUX EIEKTPOHACOCIB UL
BUKOHAHHS (pyHKIH Oe3neKu 00 BiIBEIEHHS TeIJia BiJl peakTopa i MiATPUMKH HEOOXiJHOrO piBHS B IaporeHepaTopi; BiICYTHs HEOOXiIHICTh
PO3TaIlyBaHHSI €IEMEHTIB CHCTEM Oe3IIeKH Ha BEIHKii BHCOTI 32 MeXaMH IepMOOOONOHKH peakTopa. IIepCreKTUBHUM MifXOJOM YyIPaBIIiHHS
aBapisiIMU Ha SICPHUX CHEProyCTaHOBKAX 3 IIOBHOK BTPATON TPUBAJIOTO EIEKTPOIIOCTAYAHHS € aBapiiiHUil )UBIIBHUM HACOC 3 HAapOIPUBOJIOM Bij
naporeHepaTopa. OCHOBHI IlepeBard TaKOro IIiAXOAY IO BiTHOIICHHIO JO BIJOMHX CHCTEM IACHBHOIO BiIBEJCHHS TeIUIa 3 IIPUPOLHOIO
IUPKYJAII€I0 — IPUHIUIIOBA MOXIIMBICTh IOBHOI KOMIIEHcANil BiMOBU HPOEKTHUX CHCTEM Oe3IeKH 3 eIeKTPOHACOCAMH, a TaKOX BiJICYTHICTh
HEOOXITHOCTI BHHECCHHS €JIEMEHTIB CHCTEM Oe3IIeKH Ha BEJIHKY BHCOTY 32 MEXi repM0o000I0UKH/KOHTeHHMeHTa. OIHAK, 3aCTOCYBaHHS aBapilfHUX
HACOCIB 3 MapONPHUBOIOM BUMAarae IIuOOKOro BUBUEHHS X HafiliHocTi. OMHEM 3 TaKHX IUTaHb € KBaridikanis HaJiHHOCTI IpH MyCKy aBapitHOro
Hacoca 3 MapoIPHBOAOM. 3aIIPOIIOHOBAHO OPHTiHAIBHHUN METOJ MOJEIIIOBAHHS YMOB BHHHKHEHHS Tipoyaapy IpH MyCcKy Hacoca 3 MapOIPHBOIOM.
BusHaueHO yMOBH 3am100iraHHs riipoyAapis i aMIDTITYl TUCKY BHACIIOK iHEpIiIHHOCT] HAaIlipHOI XapaKTepUCTHKU aBapiiHUX KUBHIBHUX HACOCIB 3
[IapoIpHBOJOM BiJl IaporeHepaTopa siepHoi eHeproycraHoBkd. Hamip THcky B TpyOOHpOBiIHIll cucTeMi aBapiffHOro >XKMBHIIBHOIO Hacoca 3
[apOIPHBOJOM 3aJIeKUTH Bil THCKY B IaporeHepaTopi. YMOBH BHHUKHEHHS TifpOyZAapiB BilIIOBiJalOTh HEPEBHINEHHIO HAINOPY THCKY IIO
PO3BUBAETHCS IIPH ITYCKY aBapiifHOro XKUBHIBHOI'O HACOCA 3 MAPOIPHBOAOM HEOOXIJHOr0 HAIOPY HPH CTAIoMy (poOOUOMY) peXHMi. AMILTITYIa
THCKY TiIpOyZHapiB BH3HAYAEThCS YMOBAMH IEPEXOAY KiHETHYHOI eHeprii raabMyBaHHS IIOTOKY B €HEprilo iMmymbcy rinpoynapy. Otpumani
pe3ysbTaTi MOXYTh OyTH BHKOPHCTAHI IIPH IPOCKTYBAaHHI aBapilHMX J>XMBUJIBHMX HAcOCIB 3 MAapOIPHBOJOM BiJ IaporeHeparopa 3a yMOBH
JIOJIATKOBOI eKCIIepHUMEHTaNIbHOT KBaiikartii..
Kiro4oBi ciioBa: aBapiiiHuii )KUBUIIBHUI HACOC 3 TAPOIIPHBOJIOM; IAPOYAApH; sIEpPHA CHEProyCTaHOBKa

B. B. CKAJIO3YEOB, B. M. CIIHHOB, /1. B. CIIHHOB, JI. C. IHPKOBCKHH, T. B. I'AbJIAA
YCJI0BUSA NPEJOTBPAIIEHUS THAPOYJAPOB ITPU ITYCKE ABAPUUHBIX IIUTAIOIUX HACOCOB C
MAPOIIPUBOJAOM SAAEPHBIX DOHEPI'OYCTAHOBOK

ITepcrieKTUBHBIM IIOAXOAOM K YIPAaBICHUIO aBapUsIMH Ha aTOMHBIX JJICKTPOCTAHIMSAX C IOJHOH MOTEepeH OJIrOCPOYHOrO JHEProcHA0XKEHUs
SIBJIICTCS aBapUUHBIN MMUTAIOMUK HACOC ¢ MAPOBBIM IPUBOAOM OT IaporeHepaTopa. OCHOBHBIMH IPEHMYIECTBAMY TOTO MOAXO0/a 0 OTHOIICHUIO
K U3BECTHBIM CHCTEMaM IIaCCHBHOIO OTBOJA TEIUIA C €CTECTBEHHOH MUPKYJIISIHEH ABIIOTCS NPHHINIHAAIBHAS BO3MOXKHOCTD ITOJTHOH KOMIICHCAITHI
OTKa3a KOHCTPYKIIMHM CHCTeM OE30IIaCHOCTH C OJJIEKTPOHACOCAMH, a TakKe OTCYICTBHE HEOOXOAUMOCTH YJAleHUs CHUCTEMBbI 0e30IIacHOCTH
JIIEMEHTH! Ha OOIBIIYIO BBHICOTY 3a IIpeelbl 3alUTHOH 000JI0UKH/KOHTeifHepa. OHAKO HCIIOIb30BaHUE MApPOBEIX aBapHIHBIX HACOCOB TpeOyeT
IIyOOKOTO M3ydeHUs UX HaJeKHOCTH. OIHUM U3 BOIPOCOB SIBJISETCS KBaIM(pHKaIUs HaJe)KHOCTH IIPH 3allyCKe aBapUIHOTO HAacoca C IapoBBIM
npuBonoM. IIpemtoxker OpUrHHATBHBIH METOJ MOJCITHPOBAHUS YCIOBHI BO3HUKHOBEHUS THPABINYECKOrO yjapa IIpH 3allycke IapoBOro Hacoca.
VYenosus Ui HpenoTBpalleH:s THAPABIMIECKOr0o yaapa 3a CueT HHEPIUH XapaKTepPUCTHK JaBIeHUs II0TOKA aBapUHHOTO MUTATEILHOr0 Hacoca ¢
BOJHUTENIEM IIapa U3 HaporeHeparopa ompeneisoTcs. IlomydeHHBIE pe3ynbTaThl MOTYT OBITh HCIOJIB30BAHBI IPH IIPOCKTHPOBAHUY aBAPUHHBIX
MO/IAI0IIUX HACOCOB C IIAPOBBIM IPHBOJOM OT IIapOTr€HEpaTopa IPH yCIOBHH JOIOIHUTEIBHOIN SKCIepUMEHTAIBHOH KBaTH(UKAIIH.
KiroueBble c10Ba: aBapUifHBIH IUTAIONMINI HACOC C TAPOIPHBOLOM; THAPOYIAPEL; SAepHAst SHEPrOyCTAHOBKA.

Relevance.

The initial event of severe accidents and destructive
explosions at Fukushima-Daiichi NPPs in 2011 was the
complete loss of long-term power supply (CLLPS) due to
the combined effects of beyond-design tsunamis and an
earthquake [1, 2]. The lessons of the Fukushima accident
determined the need for further development of the
safety systems of nuclear power plants (NPPs) that do
not require electrical power.

A promising approach to managing accidents with
CLLPS is the development of emergency feed pumps
with a steam driver from a steam generator (EFPSDSG)
[3]. A schematic diagram of the connection EFPSDSG is
shown in Fig. 1.

Steam from the steam generator enters the steam
driver of the central pump, which feeds the feed water
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from the hydraulic containers of the design emergency
electric pumps directly to the steam generator. Exhaust
steam enters the deaerator. The main advantages of this
approach with respect to the known systems of passive
heat removal based on the principle of natural circulation
are as follows:

* The principal possibility of fully compensating for the
failure of the design of emergency electric pumps to
fulfill the safety functions of removing heat from the
reactor and maintaining the required level in the steam
generator.

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

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

The occurrence of WH is accompanied by a pulsed
high-amplitude  hydrodynamic  effect and can
significantly affect the performance and reliability of the
safety systems of nuclear power plants. A lot of research
has been devoted to the study of state-owned facilities in
heat engineering equipment and pipelines (for example,
[4-10] [1, 2] [1, 2] 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 a possible cause of the hydraulic pump.

The purpose of the proposed work is to analyze the
conditions for the occurrence of the WH when the
EFPSDSG is launched due to the inertia of its pressure-
flow characteristics.

i

4

1 ©\3

Fig.1. Connection diagram of the emergency feed pump
with steam driver: 1 — reactor; 2 — steam generator; 3 — the
main circulation pump; 4 — quick-closing check valve of the
turbine; 5 — feed pump with steam driver; 6 — hydraulic
capacity; 7 — deaerator; 8 — valve

Basic provisions of the method of modeling a
water hammer when starting an emergency feed
pump with a steam driver from a steam generator
(EFPSDSG).

At the initial moment of the start-up of the

EFPSDSG(l‘ =0), the feed water mass flow rate is:
G=0 and the pump pressure is maximum: AP=AP,,
(Fig. 2).

In the absence of the influence of the inertia of the
pressure-flow characteristics of the pump (PFC) on the

change of parameters for some time (l‘ ), the EFPSDSG

N

system will turn into a stable steady state with flow G,
and a corresponding pressure of the pump AP (G,). By

inertia of PFC is meant the delay in the response time of
the pump head pressure to the change in the flow rate in
the system: with an increase in flow rate (G), the
corresponding changes in the pump head pressure (AP)
do not occur instantaneously, but with a certain delay
time At (Fig. 2).

The parameter At is determined by the design and
technical characteristics of the system EFPSDSG and the
pressure in the steam generator (PV). In general, the
parameter At can be determined on the basis of

operational tests and / or on experimental installations
that meet the criteria for hydrodynamic similarity [12].

AP
4
3
AP,
2
1
AP Yo S
G G, G

K m

Fig. 2. Formation of the hydraulic impact conditions at
the start-up of the EFPSDSG: AP ,AP, ,AP_ — current,
G, -
current, maximum, stable mass flow rate of feed water; 1 —
design PFC pump; 2, 3 — changes in the flow rate and pressure

head of the pump, respectively, during the inertial delay of the
PFC reaction; 4 — water hammer conditions.

maximum, stable pressure of the pump pressure; G, G

m?

If Ar>t , then the flow after reaching a stable
value G, continues to increase under the influence of the
maximum pressure AP (Fig. 2). The system EFPSDSG
goes into an unstable hydrodynamic state. When the
maximum possible flow rate is reached (G, ), the system
tends to move to a steady state (Fig. 2). The value G, is
determined by the conditions for achieving the loss of

pressure on the hydraulic resistance (proportional G*)
and the counter-pressure in the steam generator to the
pressure head AP, . As a result, the feed water flow is

braked. The kinetic energy of the flow deceleration is
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transformed into the energy of the pressure impulse of
the water hammer (WH).

The main conservative assumptions in modeling the
conditions for occurrence of WH in the EFPSDSG
system are as follows:

1. It is considered that the time of the inertial lag
of PFC is longer than the time to achieve a stable state:

At >t 1)
2. The characteristic time of pressure change
P, , determined by emergency processes directly in the

steam generator, is much less At:

AP,
At <<P, , 2
d 1 Vo ( )

where P, - the initial pressure in the volume of the

steam generator.

3. Processes rely isothermal.

4. The feed water in the pipeline of the EFPSDSG
system is considered as a concentrated hydrodynamic
system. The effects of the distribution of hydrodynamic
parameters is neglected.

5. When the flow is braked, the kinetic energy is
transferred to the energy of the impulse of pressure PG.
When estimating the maximum amplitude of the pressure
of the PG, it is conservatively assumed that the flow is
completely braked.

Taking into account the accepted assumptions of the
equation of motion and conservation of energy of feed
water during the start-up of EFPSDSG

£d_G=Ap AP, — %.Gﬂ 3)
I dt pIl

2
i(%+l}=0 (4)
de\ “pIl
G(t=0)=0;i(t=0),, (5)

where L, IT - the length and area of the bore of the
pipeline system EFPSDSG; AP, =P, P, - pressure
drops in the steam generator and hydraulic tanks of feed
water; & - coefficient of total hydraulic resistance of the
system; p - density of feed water; i - specific (per unit

mass) feed water enthalpy.
The maximum pressure amplitude at a water
hammer follows from equation (4):

) @ i @ G dG
o, = J a sz =y o a4 ©

where P is the pressure at the pump inlet; ¢, - time of

full flow deceleration.

The maximum possible flow G, follows from the

solution of equation (3) under conditions (5) and
AP = AP, over the time interval #{0,A¢}:

G - [alaP, exp[21/a APm)b At] )
=y i ) )

exp 12\/ a b AtJ

where a=TI-(AP—AP,,)/L; b=& /(pI1-L) (8)
In the general case, the time of complete
deceleration of the flow with WH, taking into account (3)

and AP =AP_, follows from the solution of the

equation:

Gm = a(APS)'to —a(APS). jl exp[2W'T]—l (9)
0 GXPlZX/a(APS ) b - TJ+ 1

Approximate solution (9):
t,~G, a(AP.) (10)

Then, the maximum pressure amplitude WH (6) at
full flow braking:

1 4P
pIT? di '[G

Jp-c? APv,r)—a(APx)]-dr

P, =
- an

Analysis of the above results showed that the
conditions for the absence of WH with the maximum
pressure amplitude in the EFPSDSG system are:

At AP,
—<1u

s s

(12)

The obtained conditions (12) are proposed to be
taken into account when designing EFPSDSG nuclear
power plants.

Conclusions.

1. A promising approach to managing accidents on
nuclear power plants with complete loss of long-term
power supply is 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 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 / container.
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.
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