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CRITERION METHOD FOR MODELLING
THERMODYNAMIC INSTABILITY IN MIXING HEATERS
OF TURBO INSTALLATIONS

B. Ckanoszyoos, O. [oposc, O. Bepinos, I. Bepouno, A. Kaniseyv, €. Anexceenrxo. KpurepiaibHuii MeToJ MoJe/l0OBaHHS
TepMOAMHAMIYHOI HecTiliKoCTi B 3MillyBaJbHUX MHigirpiBayax TypOOYCTAHOBOK. AKTYajJbHICTh NMUTAaHHA MOJICIIOBAaHHS YMOB Ta
HACJIKIB TEPMOJMHAMIYHOI HECTAOUIBHOCTI Y 3MIIyBaIbHUX ITiAIrpiBaYax MiATBEpDKEHA aHAII30M J0CBiAYy eKCIUTyaTalil TypOoycTaHOBOK
Ta mpoOjeMu NpH BUHUKHEHHI TiJpOAMHAMIYHUX yHapiB Ta iX BIUIMBY Ha (pyHKIiOHyBaHHS oOnaaHaHHS. Po3poOneHa TepMoaMHaMidHa
MaTeMaTHYHa MOJENb TEIIOMacOOOMIHHUX NpOLECiB B 00’€Mi 3MilllyBaJbHUX MiAirpiBadviB, siKa, Ha BiAMIHY BiJl BiJIOMHX IiJIXOJiB,
BpaxoBy€ BIUIMB (IyKTyalifHUX BIIXWJICHb TEPMOAMHAMIYHUX MAapaMeTPiB Bil PIBHOBOXHOTO CTaHy Ha YMOBH TEPMOAWHAMIYHOI
HecTiiikocTi. BUukoHaHuit aHami3 OTpUMaHUX KPUTEPIiB Ta YMOB TEPMOIMHAMIUHOI HECTaOUILHOCTI Ta riipoauHaMivyHuX ynapiB. Ha ocHoBi
PpO3po0IeHOT MOAeNi MPEACTABICHUH OpPUTiHAJIBHHIM METOJ BH3HAYEHHS YMOB Ta HACTIJIKIB TEPMOJMHAMIYHOI HECTIMKOCTI B 00’emi
3MilllyBaJIbHUX MiJirpiBadiB. Kpurepiem TepMoanHaMiuHOI HECTIHKOCTI B po3po0I€HOMY METO/Ii BU3HAUEHI yMOBHU OJJHOYACHOI 3MIHU THCKY
Ta Macu B JBO(a3HOMY 00’ €Mi 3MIllIyBaJILHOTO MijirpiBaya. Bu3HaueHi yMOBH BUHUKHEHHS TEPMOJMHAMIYHOT HECTIHKOCTI B 3MilllyBaTbHUX
migirpiBagax, ki CyIT€BO 3aleXaTh Bijl CIIIBBIIHOIICHHS BHTPATH NAapH Ta KoHAeHcaTy. OTpuMaHi B poOOTi pe3ylbTaTd MOXYTh OyTd
3aCTOCOBaHI JUIs: PO3POOKH CHCTEM [iarHOCTHKHM CTaHy 3MIIIYBaJIbHHX MiAIrpiBavyiB 3a IUTaTHO KOHTPOJIbOBAaHMMH MapamMeTpamu
TypOOYCTaHOBKH, OOIPYHTYBAaHHS TEXHIYHHX DIlICHb MONEPEIKCHHS TEPMOJMHAMIYHOI HECTIHKOCTI Ta TiAPONMHAMIYHHMX «yHapiB» Ha
KOHCTPYKLII MigirpiBadiB, OOIPYHTYBaHHS TEXHIYHMX pIlIEHb MO MOJEpHi3alii cucteM TypOOyCTaHOBOK. lli NuTaHHA BH3HAYAIOThH
HEOOXITHICTh MOAANIBLIOTO aHAIIi3y 0O0IPYHTOBAHOCTI MOJEPHI3aLli METO/IB MOJICIIOBAHHS TEPMOJMHAMIYHOI HECTIHKOCTI B 3MIlIyBaJIbHUX
mipirpiBagax Typ6oycranoBok AEC.
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V. Skalozubov, O. Dorozh, O. Vierinov, I. Verbylo, 4. Kanivets, Y. Alieksieienko. Criterion method for modelling thermodynamic
instability in mixing heaters of turbo installations. The relevance of the issue of modelling the conditions and consequences of
thermodynamic instability in mixing heaters is confirmed by the analysis of the experience of operating turbo installations and the problem
of hydrodynamic shocks and their impact on the functioning of the equipment. A thermodynamic mathematical model of heat and mass
transfer processes in the volume of mixing heaters has been developed, which, unlike known approaches, takes into account the influence of
fluctuating deviations of thermodynamic parameters from the equilibrium state on the conditions of thermodynamic instability. The analysis
of the obtained criteria and conditions of thermodynamic instability and hydrodynamic shocks was carried out. Based on the developed
model, an original method of determining the conditions and consequences of thermodynamic instability in the volume of mixing heaters is
presented. The criterion of thermodynamic instability in the developed method defines the conditions of simultaneous change of pressure and
mass in the two-phase volume of the mixing heater. The conditions for the occurrence of thermodynamic instability in mixing heaters are
determined, which significantly depend on the ratio of steam and condensate flow rates. The results obtained in the work can be applied for:
development of systems for diagnosing the state of mixing heaters based on the regularly controlled parameters of the turbo installation,
substantiating technical solutions for preventing thermodynamic instability and hydrodynamic “shocks” on the design of heaters,
substantiating technical solutions for modernization of turbo installation systems. These issues determine the need for further analysis of the
feasibility of modernizing thermodynamic instability modelling methods in mixing heaters of NPP turbo-installations.
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Introduction

Many years of experience in the operation of mixing heaters of the regenerative system of tur-
bines of nuclear power plants with VVER reactors has established the possibility of powerful hydro-
dynamic “shocks” in the volume of mixing heaters, which can lead to an increased vibration state and
destruction of the internal structures of mixing heaters.

One of the reasons for such phenomena may be the occurrence of conditions of thermodynamic
instability in mixing heaters. Conditions of thermodynamic instability are accompanied by high-
amplitude periodic fluctuations of thermodynamic parameters (pressure, flow rate, and feed water lev-
el). The consequences of thermodynamic instability can be water hammers on the internal structures of
mixing heaters and corresponding negative events.
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Therefore, the development of methods for modeling the conditions and consequences of ther-
modynamic instability in mixing heaters is an urgent issue.

Analysis of literary sources and formulation of the problem

In work [1], an overview analysis of the current issues of improving the reliability and efficiency
of operation of nuclear power plants is given. In particular, this work discusses issues related to the
violation of the conditions of normal operation of NPP equipment due to thermodynamic instability
and hydrodynamic shock.

In the review article [2], an analysis of known developments in modeling the consequences of
hydrodynamic impact is carried out. But the causes and conditions of hydrodynamic shocks in various
heat engineering systems and equipment (including mixing heaters) have not been sufficiently studied.
The paper [3] presents an overview analysis of current developments in modeling thermal effects on
the reactor body due to pulsed thermodynamic instability. But the conditions and consequences of
thermodynamic instability in mixing heaters do not correspond to the results [3].

In work [4], the effects of hydrodynamic shocks on the body of the pressure compensator in tran-
sient modes are experimentally determined. But these results cannot be extrapolated to the operating
conditions of the mixing heaters of the NPP turbine. In work [5] the conditions and consequences of
hydrodynamic shocks as a result of low-frequency thermodynamic instability in the pressure compen-
sator VVER-1000 are defined. But the results obtained in [5] also do not correspond to the operating
levels of the mixing heaters of the turbo installation. The analysis of the conditions and consequences
of hydrodynamic shocks as a result of impulse thermodynamic instability was carried out in [6]. But
the obtained results also do not correspond to the conditions of operation of the mixing heaters of the
turbo installation.

In work [7], a method of modeling the conditions and consequences of hydrodynamic shocks at
low-frequency thermodynamic instability as a result of the inertia of the response of the pressure-flow
(hydraulic) characteristics of pumps in transient modes was developed; and in work [8] this method is
implemented for active safety systems of nuclear power plants with VVVER-1000. But the causes and
consequences of thermodynamic instability in mixing heaters are significantly different from the con-
ditions of thermodynamic instability and hydrodynamic shocks in active safety systems.

Recently, many studies, including those performed by domestic researchers [9, 10], have been
devoted to the problems of thermal physics of accidents at nuclear power plants and the use of com-
puter thermohydraulic codes, in particular ANSYS and RELAP CODE, as well as to increasing the
reliability indicators of the calculated determination of the heat transfer crisis analysis of serious acci-
dents, their causes and consequences, conducted by foreign researchers [11, 12].

The works [13, 14] present the results of the application of a complex approach with the help of
coupled calculations in thermohydraulic and strength codes, which make it possible to assess the cur-
rent technical condition of equipment and pipelines.

Criterion methods for determining the conditions and consequences of hydrodynamic and ther-
mal shocks due to thermodynamic instability are being developed for the main and auxiliary equip-
ment of NPPs, in particular, steam generator units and turbo-units with the occurrence of high-
amplitude periodic hydrodynamic and thermal “shocks” and, as a result, possible violations of the in-
tegrity of NPP equipment structures.

At the department of nuclear power plants of the Odessa Polytechnic National University under
the leadership of prof. Skalozubova V.I. original and improved known methods of qualification of
modernizations of accident management systems are proposed to prevent thermoacoustic and thermo-
hydrodynamic instability of the coolant in the active zone, thermal shocks in the reactor and in sys-
tems important for ensuring safety, optimal thermophysical and neutron-physical properties of nuclear
fuel are determined to ensure safe and effective operation of nuclear power plants.

Similar methods are being developed to assess the conditions of occurrence and consequences of
hydrodynamic impacts on the functioning of pumps, pipelines, etc.

The criteria and conditions for the occurrence of thermodynamic instability, the conditions for
prevention of the specified processes, the impact on the performance of other systems and the possible
reduction of the reliability and safety of equipment operation in the working, transitional and emer-
gency modes of NPP operation are analyzed.

Thus, the development of a method for modeling the conditions and consequences of thermody-
namic leakage and hydrodynamic shocks in mixing heaters of turbo installations is an urgent issue.
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The purpose and objectives of the research

The purpose of the work is to develop a criterion method for determining the conditions and con-
sequences of thermodynamic instability in mixing heaters to justify practical recommendations for
increasing the reliability of operation.

To achieve it, the following tasks were solved:

1. To develop a mathematical model of the criterion thermodynamic method for determining the
conditions and consequences of thermodynamic instability in mixing heaters.

2. Discussion of research results and development of practical recommendations.

Research methods

Mathematical model of the criterion method for determining the conditions and consequences of
thermodynamic instability in mixing heaters.

Basic provisions and assumptions.

1. The criterion and conditions of thermodynamic instability in mixing heaters are determined on
the basis of the fundamental thermodynamic principle of instability of systems — a simultaneous increase
or decrease of pressure and mass in the system leads to a state of instability (for example, [6, 7, 8].

2. The modeled system consists of: mixing heater; steam pipeline from the turbine; pipeline with
a pump for supplying condensate to the mixing heater.

3. The initial thermodynamic state is equilibrium.

4. Independent fluctuation deviations from the equilibrium state of pressure in mixing heaters and
condensate flow are modeled.

Taking into account the accepted assumptions of the heat balance equation and the condensate
movement equation:

Gviv =G, (i| - im) ) 1)
AP =P +EG/(p,F*)" -P,, (2)
where G,, G, — mass consumption of steam and condensate;
i,,i,,1, — specific enthalpy of steam, condensate at the outlet and inlet to the mixing heater;
AP —the pressure head developed by the pump;
P, P, — pressure in the mixing heater and at the pump inlet;
g,, — total coefficient of hydraulic resistance;

p, —condensate density;

F — cross-sectional area of the pipeline.
In the format of independent fluctuation deviations of pressure 6P<<P and condensate flow rate
0G ;<G of equations (1) and (2):

a,0G, +a,0G, +a,60P =0, (3)
b,6G +b,6P =0, (4)
where a, =i ;
a, :_(il _ilo) ;
di di
BT P

de 2\-1
b1: oG _2E.~G|(p||: ) ;
b, =-1.

2
Taking into account the accepted assumptions and provisions after transforming equations (3),
(4), the criterion of thermodynamic instability in mixing heaters:

8G“v _ azbzbiil - &
5P a '
A necessary condition of thermodynamic stability in mixing heaters:

K= (5)

EHEPI'ETHKA



ISSN 2076-2429 (print) . . . . 53
ISSN 2223-3814 (online) Proceedings of Odessa Polytechnic University, Issue 1(69), 2024
K<0. (6)
The condition of thermodynamic instability in mixing heaters:
K>0. ()

In a state of thermodynamic instability (7) in mixing heaters, fluctuating deviations from equilib-
rium of steam pressure and condensate flow lead to high-amplitude periodic fluctuations of the defin-
ing thermodynamic parameters.

The consequence of high-amplitude periodic fluctuations of thermodynamic parameters can be
hydrodynamic impacts on the internal structures of mixing heaters. The cause of hydrodynamic shocks
in mixing heaters can be pulsed braking of the flow of condensate on internal structures during high-
amplitude periodic fluctuations of condensate flow due to low-frequency thermodynamic instability
(transition of low-frequency thermodynamic instability into pulsed thermodynamic instability). Under
such conditions, the kinetic energy of condensate flow braking is transformed into the internal energy
of the hydrodynamic shock pulse:

plvz = A(p|Ai|) = dd—P(p|i|) APA’ (8)

where AP, —the maximum amplitude of the hydrodynamic shock pressure pulse.
After transformations (8), we get:

AP, = prz(ilVaz+ P S—IF',) ) (9)

where V, = :—P — speed of sound in condensate;
P

V - condensate flow rate before braking.

The consequences of a hydrodynamic shock with the amplitude of the pressure pulse (9) can be
unacceptable hydrodynamic loads on the structure of the mixing heater, increased vibration and other
negative effects.

Analysis of the received criteria and conditions of thermodynamic instability in mixing
heaters

The analysis of the obtained criteria for conditions of thermodynamic instability and hydrody-
namic shocks in mixing heaters allows a priori to consider:

a,>0,4a,<0,b<0,b,<0. (10)
Then, taking into account (10) the condition of low-frequency thermodynamic instability in the volume of
the mixing heater (7):

a,(0;[a| )|ab, | (11)

Thus, the main cause of thermodynamic instability in a mixing heater may be the incompleteness
of interphase heat and mass exchange processes, which significantly depends on the ratio of steam and
condensate flow rates.

The necessary condition for thermodynamic stability in a mixing heater:

a,>0. (12)
Under conditions (11), hydrodynamic shocks with the maximum amplitude of the pressure pulse
(9) may occur.

It should be noted that traditionally the pressure pulse of a hydrodynamic shock is determined by
a well-known formula (for example, see [6 — 8]:

AP, = pVS(v=V,), (13)
where v, — flow velocity after hydrodynamic shock.
In the received decision (9):
AP, ~ pVV?.
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Thus, the power of the hydrodynamic shock according to (9) can be significantly greater than
predicted by formula (13).

Research results and practical recommendations

In accordance with the set goals and objectives, a mathematical thermodynamic model (1) — (4)
of the mixing heater was developed, which, unlike known models of two-phase media (for example,
[5, 6, 7], takes into account the influence of fluctuating deviations of thermodynamic parameters from
the equilibrium state.

Based on the developed model, an original criterion method for determining the conditions and
consequences of thermodynamic instability in a mixing heater is presented, (5) — (7). The criterion of
thermodynamic instability is the conditions of simultaneous increase (or decrease) of steam pressure
and mass in the volume of the mixing heater.

The presented criterion method, in contrast to the known ones (for example, [2, 4, 6], allows to
assess the state of the mixing heater in relation to the conditions of thermodynamic instability based on
the regularly controlled parameter of the turbine compartment.

The developed model of hydrodynamic shock in the mixing heater (8) — (9) due to low-frequency
thermodynamic instability in the volume of the mixing heater, which, unlike known approaches (for
example, presented in the review article [2], defines the conditions and consequences of hydrodynamic
shock as an impulse thermodynamic instability due to the transition of the kinetic energy of conden-
sate braking on the structures of the mixing heater into the “internal” energy of the hydrodynamic
shock pulse.

The results obtained in the work can be applied to:

— development of systems for diagnosing the state of the mixing heater in relation to thermody-
namic instability and hydrodynamic impact;

— substantiation of technical solutions to increase reliability and prevent hydrodynamic impact in
mixing heaters;

— substantiation of technical solutions for the modernization of the turbo installation.

One of the areas of modernization of the NPP turbine installation with VVER to increase the effi-
ciency of operation is associated with the use of heat pumps to ensure secondary reheating of the con-
densate of low-pressure heaters. The results of the presented work determine additional requirements
for the corresponding heat pumps in terms of ensuring the conditions of thermodynamic stability (12)
in the mixing heater of low-pressure heaters.

The developed model and method are not justified for the conditions of transient modes of opera-
tion of turbo installations, which determines the subject of further research in this direction.

Conclusions

1. The relevance of the work is determined by many years of experience in operating low-type
mixing heaters, as well as the lack of sufficiently substantiated methods for modeling the conditions
and consequences of thermodynamic instability in mixing heaters.

2. A thermodynamic model of heat and mass transfer processes in the volume of mixing heaters was
developed, which, unlike known approaches, takes into account the influence of fluctuating deviations of
thermodynamic parameters from the equilibrium state on the conditions of thermodynamic instability.

3. Based on the developed model, an original method of determining the conditions and conse-
guences of thermodynamic instability in the volume of mixing heaters is presented. The criterion of
thermodynamic instability in the developed method defines the conditions of simultaneous change of
pressure and mass in the two-phase volume of the mixing heater. The conditions for the occurrence of
thermodynamic instability in mixing heaters are determined, which significantly depend on the ratio of
steam and condensate flow rates.

4. The results obtained in the work can be used for: developing systems for diagnosing the state
of mixing heaters based on regularly controlled parameters of the turbo installation, substantiating
technical solutions to prevent thermodynamic instability and hydrodynamic “shocks” on the design of
heaters, substantiating technical solutions for modernization of turbo installation systems.
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