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The analysis of well-known studies in modelling conditions for
water hammers in equipment and components of pipeline systems has
revealed that definition of conditions and parameters of water hammers
in the transonic modes of single- and two-phase flows (at a speed
of propagation of acoustic disturbances) is the least studied problem.

The original method is proposed for determining the conditions
and parameters of water hammers in transonic flow modes subject
to the transition of the kinetic energy of the flow stagnation into the energy
of the water hammer pulse.

It was found that the simulated hydrodynamic loads in transonic modes
can significantly exceed the corresponding known recommendations
of N. Zhukovsky.

The proposed method of equations computer modelling served
to determine the criteria range for water hammers due to aperiodic
thermohydrodynamic instability in transonic flow modes.
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sually the water hammer (WH) means pulse high-
amplitude hydrodynamic impact on equipment/
elements of pipeline systems. WHs can significantly
affect reliability, operability, a vibration state and
wear of the equipment of nuclear power plants (NPP).

A lot of research is devoted to definition of the reasons,
conditions and consequences of WH in the single-phase flow
modes (for example, [1 — 10], etc.). The accelerated closing
of armature, inertia of the head-flow characteristic of pumps,
resonant effects, etc. is considered as basic reasons of WHs.
Generally, WH in single-phase flows is a result of different
kinds of high-amplitude oscillatory or aperiodic hydrodynamic
instability (for example, [9, 10]).

Inhomogeneity of a flow structure, intensive processes
of an interphase heat and mass exchange and other factors
(for example, [11 — 16], etc.) that are a result of different kinds
of oscillatory and aperiodic thermohydrodynamic instability
of two-phase flows are basic reasons of WHSs in two-phase flows.

The problem of WHs in two-phase transonic flows at the speed
close to sonic speed (or the speed of propagation of acoustic
disturbances) is the least studied. Feature of this phenomenon
is that under certain conditions sonic speed in the steam-
liquid medium can be much less than in a steam (for example,
[12, 15]). When flow rate exceeds sonic speed there is a sharp
stagnation of flow and kinetic energy of a flow transfers into
WH pulse energy — “condensation shock”. The transonic flow
modes can be in the minimum throat areas of the equipment
and elements of pipeline systems at NPP. Therefore modelling
of WH conditions in transonic flows is an actual problem.

Basic provisions and results of modelling
of water hammers in transonic flows

The pipeline system with the local hydrodynamic resistance
(armature, throttle devices, pumps/compressors, etc.) with
the variable throat area of a two-phase steam-liquid flow is
modelled (Fig. 1). The adiabatic flashing flow in setting
of the local hydrodynamic resistance (LHR) is modelled
in one-dimensional and quasi-stationary approximation.
Frictional pressure drops of a flow into LHR are negligible.
The two-phase flow into LHR has homogeneous equilibrium
structure. The single-phase medium (steam) is a special case
of the considered model.

0 1 Z

Figure 1 — Conditions for water
hammers in the transonic modes

of a two-phase steam-liquid flow:
1 — Pipeline, 2 — Local hydrodynamic resistance
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The following systems of NPP can be analogues of such
design model:

Armature of passive part of an emergency core cooling system,

Pipeline system “steam-generator — main steam isolation
valve” in emergency operation,

Pilot-operated relief valve of the pressurizer of a nuclear
reactor in emergency operation,

Steam dump devices of the turbine plant in emergency
operation,

Turbine plant drainage systems for saturated condensate, etc.

Under the accepted assumptions, the fundamental equations
of conservation laws of a two-phase flow are [12]:
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where v, P are speed and pressure of a two-phase homogeneous
flow, respectively, p (R, x) is density of a two-phase flow, i(R, x)
is specific enthalpy of a two-phase flow, and x is mass steam
content of a two-phase flow.

After transformations, the decisions (1) — (6) in a criteria
format:
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where P = P/P,, z = z/L (L is length of convergent section

of LHR), p = p/py, v = v/vy, I = i/i, IT = I1y/I1.
Criteria of flow transonic modes:
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where @=, =5 +5 o0 op ) 1S sonic speed in a two-
phase homogeneous equilibrium flow, and r = i, — i; is latent
heat of steam generation.

The found decisions (7) — (10) are resulted in followings:
pressure and steam content of a flow decrease longwise
the channel, and flow rate increases in convergent section
of LHR (K < 0). When flow rate reaches transonic values
(M — 1), modules of flow rate gradients increase sharply;
and when flow rate reaches transonic mode (M = 1), there
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is the subsequent sharp stagnation of a flow (v — 0) and
the local pulse growth of pressure and condensation of a steam-
liquid flow (“condensation shock” as a result of aperiodic
thermohydrodynamic instability of the transonic modes
of steam-liquid flows). Thus, a necessary condition for WH
on the equipment of pipeline systems in the transonic modes
of two-phase flows is:
M=1. (12)
For modelling the WH parameters (a hydrodynamic load
APg, rates of change of P and v), it is reputed that when
stagnation Kinetic energy of a two-phase flow transfers into
energy of “condensation shock”. Then the balance equations
of mass, pressure pulse and energy into “condensation shock”:
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where 7 is time, v, is LHR output flow rate, L is channel length
before the section of the transonic mode, and APg(t) is amplitude
of a hydrodynamic load for WH.
Initial conditions for WH (M = 1):
v(it=10) = a. (16)
Assumed conservatively (i.e. reliability margin) that WH
processes are isothermal, steam condensation is “instantaneous”,
and a flow rate after “condensation shock” against a LHR

input flow rate is negligible, after transformation (13) — (16)
in a criteria form are:
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pp» a; are density and sonic speed of a fluid phase, respectively.
Scales of WH parameters follow from transformations
of the equations (16) — (18) to a criteria form:
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The current and maximum relative amplitudes of
a hydrodynamic load in steam-liquid flow transonic modes
follow from the solution of combined equations (17) — (21):

AP, (t) = ':[v (tMdr, 22
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23
dt 2 Py (23)

Sufficient condition for WH
of a two-phase steam-liquid flow is:

in the transonic modes

AP, (t=1)21. @4

Against traditional approach for definition of hydrodynamic
WH loads due to increase in local hydrodynamic resistances
(for example, Zhukovskiy formula [1]), the found decisions
consider:

Necessary and sufficient conditions for WH (12), (24)
and the corresponding amplitudes of hydrodynamic loads
on the equipment and elements of pipeline systems in case
of two-phase steam-liquid flows,

Transfer of kinetic energy of a flow stagnation to WH pulse
energy.

The latter provision determines much greater estimated
hydrodynamic WH loads against Zhukovskiy formula [1].

Generally, numerical methods of modelling are useful
to decide (7) — (10), (22), (23) for definition of conditions
and consequences of WH in the two-phase steam-liquid
modes. Results of numerical integration of combined equations
(7) — (10), (22), (23) by Runge-Kutta method are given
as an example in Fig. 1. The figure shows results for the transonic
mode of a two-phase steam-liquid flow at K, = 1, a convergent
section of LHR with IT_; /TI, = 0.5 and L = 0.25 m (K = 4).
Disclosure of uncertainty of integration of the equations (7) —
(10) was carried out at M = 1 based on [’Hospital rule.

Consequently, we found that flow rate and steam content
increase longwise a convergent section, and pressure decreases.
When flow rate reaches transonic values (M — 1), modules
of gradients of flow rate and pressure increase significantly;
and when transonic mode is reached in the minimum section
of LHRTII . (M = 1), there is “condensation shock” followed by

min

I'(v \

Figure 2 — Range of criteria for water
hammers because of aperiodic instability
in the transonic two-phase steam-liquid flows:
1 — Area of water hammers, 2 — Rated mode at Ky = 1,
Ky = 4, T,;,/TT, = 0,5, L = 0,25 M (see Fig. 1),

3 — Area of no water hammers
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the local pulse growth of pressure and a flow stagnation. Thus,
a necessary condition for WH is generated because of aperiodic
instability in transonic two-phase (steam-liquid) flows.

Fig. 2 presents the rated range of the initial key modelling
criteria and K; met necessary and sufficient conditions for
WH (12), (24) because of aperiodic instability in transonic
adiabatic flashing steam-liquid flows.

Conclusions

1. The analysis of well-known studies in modelling of conditions
for water hammers in equipment and elements of pipeline systems has
found that definition of conditions and parameters of water hammers
in the transonic modes of single- and two-phase flows (at a speed
of propagation of acoustic disturbances) is the least studied problem.

2. The original method is proposed for determining the conditions
and parameters of water hammers in transonic flow modes subject
to the transition of the kinetic energy of the flow stagnation into
the energy of the water hammer pulse.

3. It is found the simulated hydrodynamic loads in transonic modes
can significantly exceed the corresponding known recommendations
of N. Zhukovskiy.

4. The computational modelling of the equations of the proposed
method has determined the range of the criteria for water hammers due
to aperiodic thermohydrodynamic instability in transonic flow modes.
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FippoauHamiuyHi ypapu B oOnapgHaHHi 9OepHUX eHep-
royCTaHOBOK MNpU TPaHC3BYKOBUX peXxumax Teuir
napopiaAuHHNX NOTOKIB

Ckanoay6os B.l., Binoyc H.B., NMipkoeckuin A,.C., Kosnoe I.J1.,
Komapos 10.A., YynkiH O.A.

Onecbkuii HauioHanbHWI noniTexHiyHwui yHiBepceuteTt, M. Oaeca, YkpaiHa

Ha ocHosi aHanisy Binomux gocninxeHes B 061acTi MOAEMOBaHHS YMOB
BUHUKHEHHS rigpoanHaMidHuX yaapis B obnaaHaHHi i enemeHtax Tpy6o-
npoBIAHNX CUCTEM BCTAHOBJ/IEHO, LLIO HAVIMEHLL BUBYEHUM MUTaHHIM € BU-
3Ha4YeHHs1 yMOB i napameTpiB rigpoanHamMivHUX yaapis npu TpaHC3BYyKOBUX
pexnmax Tedii ogHO- Ta ABOGAasHux rnoTokiB (i3 LWBUAKICTIO MOLUNPEHHS
aKyCcTu4YHuX 36yproBaHsb).

3anpornoHoBaHO opuriHaabHWi METOL BU3HAYEHHS yMOB i napameTpis
rigpoanHaMidHUX yaapisB npu TPaHC3BYKOBUX PEXUMAX Tedii, L0 BpaxoBye
nepexif KiHeTUYHOI eHeprii raibMyBaHHS NMOTOKY B €Heprilo iMnynibCy rig-
poanHami4yHoro yaapy. BctaHoBaeHo, Lo MoaeiboBaHi rigpoanHamidHi Ha-
BaHTaXeHHs1 Npu TPaHC3BYKOBUX PEXMMAX MOXYTb 3HA4YHO repeBuLLyBaTn
BianoBiaHi Binomi pekomeraadii M.€. XKykoBcbkoro.

Ha ocHoBi po3paxyHKOBOro MoAestoBaHHs PiBHsIHb 3arnpornoHOBaHOro
meToay Bu3HavYeHa 061acTb 3HAYEHb KPUTEPIiB BUHWKHEHHS riapoavHa-
MIYHUX yAapiB yHacaiaoK anepioanyHoi TerniorigpoanHamMiyHoi HECTIFKOCTI
npu TPaHC3BYKOBUX PEXUMAX Tedii.

KnwoyoBi cnoBa: rigpoyaap, TPaHC3BYKOBI PEXUMU, SAEPHI eHep-
roycTtaHOBKU.

M'mapoauHamunyeckme yaapbl B 060pyA0BaHMU i4EPHbIX
3HEepProycTaHOBOK NPU TPAHC3BYKOBbIX PEXUMaX Te4eHUs
NapoXuAKOCTHbIX MOTOKOB

Ckanosy6os B. U., Bunoyc H. B., Mupkosckuin . C.,
Kosnos WU. J1., Komapos 0. A., YynkuH O. A.

Onecckuii HaLUMOHaIbHBIV MOTIMTEXHUHYECKUIA yHuBepcuTeT, r. Oaecca, YkpavHa
Ha ocHoBe aHanmn3a U3BECTHbIX UCCAEA0BaHWI B 06/1aCT MOAENPO-
BaHWs yCI0BUIi BOSHUKHOBEHWSI TMAPOANHAMNYECKUX yaapoB B 060pyao-

BaHWUN N 371€EMEHTax TPYOOMNPOBOAHbLIX CUCTEM YCTaHOBJIEHO, YTO HauMeHee
U3YyYEeHHbIM BOMPOCOM SIB/ISIETCS OMNPEAESIEHNE YCJI0BWUIE M NapamMeTpoB
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ruapoanHaMnYecknx yaapoB rnpu TPaHC3BYKOBbIX PEXUMax Te4eHUs O4HO-
v OBYyx¢a3HbIX MOTOKOB (CO CKOPOCTbIO PacrpoCTPaHEHUs] aKyCTU4ECKNX
BO3MYLLEHUI).

lMpennoxeH opurnHasibHbIli METOA ONpenesneHvst ycioBuii n napa-
MEeTPOB ruapoANHaAMUYECKUX YAapOB NPy TPaHC3BYKOBbLIX PEXUMax Teqe-
HUSI, YYNTBIBAIOLLMNI NEePexosn KUHETUYECKOM SHEPry TOPMOXEHUSI noToka
B 9HEPruio uMnynabca ruapoanHaMmyeckoro yaapa. YcraHoBiaeHo, 4To MOo-
Aenvpyemble ruapoanHaMmnyeckue Harpy3Kku rnpu TpaHC3BYKOBbIX PEXUMAX
MOryT 3Ha4YUTEJIbHO MPEBbILLIaTh COOTBETCTBYIOLNE U3BECTHbIE PEKOMEH-
aaumn H.E. XKykoBckoro.

Ha ocHoBe pac4eTHOro MoaesupoBaHUsl ypaBHEHWI NpPeasioXeHHOoro
meToga onpeaesneHa 061acTb 3HAYEHUIE KPUTEPUEB BO3HUKHOBEHUS M-
ApoaAvHaMNYeCcKuX yaapoB BC/IEACTBUE arnepuoandeckoi Tenaornapoam-
HamMun4eCcKou HeyCTOMYNBOCTY NPU TPAHC3BYKOBLIX PEXNMAX TEYEHUS.

KnwoyeBble cao0Ba: ruapoyaap, TPaHC3BYKOBLIE PEXUMbI, s4ep-
Hbl€ 3HEepProycTaHOBKMY.
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