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ASSESSMENT OF STABILITY OF NATURAL CIRCULATION
IN THE FIRST CIRCUIT OF SMALL MODULAR REACTORS

B. Kosanvuyx, 1. Kosnos, O. Yyaxin, K. Kapues, B. Mines. Oninka cTilikocTi IpUpPOIHOT HUPKYJISLil y IIepIIoMy KOHTYPi MaIuX
MOJYJIbHUX peakTopiB. Po6oTa MICTUTh pe3ysibTaTH DOCIIUKCHHS MUTAHHS BIUIMBY apXiTEKTYpH Ta PoOOYMX MapamMeTpiB BOJOBOISHOL
MOJIyJbHOI PEaKTOPHOi YCTaHOBKM Ha il ()YHKIIOHyBaHHA B PEXHMi HPUPOAHOI LMPKYIALIl TEIJIOHOCIS MEPIIOro KOHTYpy. Meroro
JOCJTIKSHHSI € OL[IHKa MOKJIMBOCTI OpraHi3allii pexuMy MPUPOAHOI HUPKYISLIl B MEPIIOMY KOHTYPI MOIYJIBHOTO PEaKTOpa i3 3aJaHUMH
CTPYKTYPOIO, TEOMETPI€I0 Ta TEINIOBUMHU MOKa3HUKAaMH. Y CBITI Ha Pi3HUX eTamax po3poOku mnepedyBae nmoHaa S0 MpOeKTiB peakTopiB Mayoi
HOTY)XHOCTI, MPU3HAYCHHUX IS 33J0BOJICHHSI CHEPreTHYHHUX HOTped PerioHiB pi3HOro piBHA pecypco3abesnedeHocTi. Jlo mepenbadyBaHux
nepeBar MOAYJIbHUX KOHCTPYKIiH, HOPSA 3 MOXIIMBICTIO IXHBOTO CEPiHHOrO0 BUPOOHHIITBA, BiTHOCATH THYYKICTh PEXUMIB €KCILTyaTalil Ta
miZBUIIEHY Oe3neKy, oOyMOBJIEHY 3aCTOCYBAaHHSM MPUPOJHOI LUPKYISLIl TEIUIOHOCIS B MEpIIOMY KOHTYpi. MeTomosoris 6a3yeTbcst Ha
KJIaCHYHMX MPUHIMIAX OajaHCy CHJI, IIO JIiI0Th Ha CHCTEMY, B CTAIlIOHAPHOMY CTaHI, SIKOI0 € 3aMKHYTHH KOHTYp PEaKTOPHOI YCTaHOBKHU B
npoueci ekcrutyaranii. HeoOXizHI XapaKTepUCTUKM KOMIIOHEHTIB KOHTYpY (peakTopa Ta IaporeHepaTopa) OTPUMaHI B pe3yibTaTi ix
PO3paxyHKiB CTOCOBHO BHOpaHoro 0a3zoBoro Moaymiss SMR 160. TexHonoriuHa cTpyKTypa €HEpreTHYHOro 00'€KTa OTpUMaHa MacCIITaOHUM
aHaJIi30M iMocTpaTHBHUX MatepiainiB. [TopiBHSIHHS po3paxyHKOBHX 3Ha4eHb pymriiiHoro Hamopy (19412 Ila) Ta cymapHHX BTpar y KOHTYpI
(27302 Ila) mokasano, mo A OpraHizalii CTIHKOro pexXuMy MpUPOTHOI HUPKYIALIT HEOOXiTHO IUIIXOM CHUIBLHOI Bapialii mapamerpis
apXITEKTYpH Ta PESKUMHUX XapaKTEPUCTHK KOHTYPY ONTUMI3yBaTH CTPYKTYPY YCTaHOBKH, IO 3a0e3nedye THy4YKi PeKUMH EKCILTyaTarlii.
PesympraTn JOCTIIKEHHS IIATBEPAMIM JOLIJIBHICTH 3aCTOCYBaHHS INPUHLMITY OajaHCy IiIOYMX CHWJI 3 METOI0 OLIHKH MOJMIIMBOCTI
oprasizauii MPUPOAHOI LMPKYJIALIl y 3aMKHYTOMY KOHTYpi. Y pPOOOTI 3ampoOINOHOBaHO METOAMKY IMEPENIPOEKTHOrO CIIIBHOTO aHAIi3y
apXITEKTYpH EHEPreTMYHOr0 MOAYJS Ta HOro poOOuYMX mapameTpiB [yl 3a0es3neueHHs HaAidHOI Ta Oe3MmeyHOl eKCIuTyaTtalii saepHoi
YCTaHOBKH B aBTOHOMHHX yMOBaX.
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V. Kovalchuk, I. Kozlov, O. Chulkin, K. Karchev, V. Miliev. Assessment of stability of natural circulation in the first circuit of
small modular reactors. The work contains the results of the study of the influence of the architecture and operating parameters of the
water-based modular reactor plant on its functioning in the mode of natural circulation of the coolant of the first circuit. The purpose of the
study is to assess the possibility of organizing a natural circulation regime in the first circuit of a modular reactor with the given structure,
geometry and thermal parameters. In the world, there are more than 50 low-power reactor projects at various stages of development,
designed to meet the energy needs of regions with different levels of resource availability. The expected advantages of modular designs,
along with the possibility of their serial production, include the flexibility of operating modes and increased safety due to the use of natural
circulation of the coolant in the first circuit. The methodology is based on the classical principles of the balance of forces acting on the
system in a steady state, which is the closed loop of the reactor plant during operation. The necessary characteristics of the circuit
components (reactor and steam generator) were obtained as a result of their calculations for the selected basic module SMR 160. The
technological structure of the energy facility was obtained by a large-scale analysis of illustrative materials. Comparison of the calculated
values of the driving pressure (19412 Pa) and total losses in the circuit (27302 Pa) showed that to organize a stable natural circulation mode,
it is necessary to optimize the structure of the installation by jointly varying the parameters of the architecture and the operating
characteristics of the circuit, which ensures flexible operating modes. The results of the study confirmed the feasibility of applying the
principle of balance of forces to assess the possibility of organizing natural circulation in a closed loop. The paper proposes a methodology
for pre-design joint analysis of the architecture of the power module and its operating parameters to ensure reliable and safe operation of a
nuclear facility in autonomous conditions.

Keywords: modular reactors, natural circulation, operating mode, driving pressure, hydraulic resistance, circulation circuit

Introduction

The last two decades have been characterized by close attention to the development of new tech-
nologies that contribute to overcoming the problems of optimal supply of regions with vital resources.
An important position in this direction is nuclear energy. Developers of new reactor technologies
claim that the future of nuclear power lies in small modular reactors (SMR), which have a number of
advantages over large-capacity power units. More than 50 projects of low-power reactors are in vari-
ous stages of development in the world [1].

Interest in them is due to a number of expected advantages: modular design, serial production of
power units, operational flexibility and increased safety. This is due to the use of natural circulation of
the coolant in the first circuit.
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Analysis of the state of the problem

In water-water type reactors, the circulation of the coolant is usually carried out forcibly. Of great
practical interest is the possibility of reactor operation with natural coolant circulation (NCC), which is
especially important for emergency (in case of cessation of coolant supply to the active zone by the
pump) and regular cooling modes, as well as power increase [2, 3].

In some SMR projects, the principle of natural circulation is expected to be applied. For example,
in the CAREM-25 (Argentina) and NuScale (USA) projects, in normal operation mode, full natural
circulation of the coolant of the first circuit is used in the absence of main circulation pumps [4].

Natural circulation is understood as the ability of the liquid to circulate continuously in the sys-
tem under the action of a single driving force — “thermal pressure”, which occurs when the density of
the heat carrier changes under the influence of the introduction and removal of thermal energy in the
circuit. A liquid system intended for natural circulation must have a heat source and a heat sink, which
can be used as an active zone and a steam generator, respectively.

In reactors operating on the principle of natural circulation, the combination of neutron-physical
and thermo-hydraulic phenomena is important. As part of the joint efforts of the IAEA to promote in-
ternational cooperation aimed at improving the safety of nuclear power plants, a program was imple-
mented to develop methods for evaluating the operation of the passive safety system in advanced reac-
tors, which notes the advantages and disadvantages of natural circulation systems (Table 1), [5].

Table 1
Advantages and disadvantages of natural circulation systems
Advantages Disadvantages
The lowest cost due to simplicity Low driving force
Lack of pumps Lower maximum power in each channel
The possibility of_ improving the current distribution Potential instability
in the active zone
The best two-phase characteristics depending Low critical heat flux
on the power
Great thermal inertia The need for complex start-up procedures

The possibility of providing several passive systems based on the principle of natural circulation,
in addition to active systems, is considered in the operated nuclear reactors. This will not only increase
the operational safety of reactors, but also prevent hypothetical severe accidents.

One of the possible emergency situations that can occur during the operation of NPP power units
is the main circulation pumps (MCP). In such situations, emergency shutdown of the reactor and clo-
sure of the turbine stop-control valves are required. The reactor itself is then transferred to the natural
coolant circulation mode (NCC) in the primary circuit, which will ensure the release of excess energy
during the process of refrigeration. With normal parameters of the coolant at the entrance to the reactor
after shutdown (t;,=288 °C), it is possible to ensure the removal of thermal power from the reactor
plant, which does not exceed 7...10% of the nominal one, which is quite enough to ensure reliable
cooling of the reactor [3]. It is expedient to increase the heat output from the reactor in the mode of
natural circulation of the coolant in order to ensure the operation of the power unit when the main cir-
culation pump is de-energized in the energy mode (albeit at a reduced power level) with the delivery
of electricity to the network [3].

The April 2023 agreement between Energoatom NAEC and Holtec International (USA) envisag-
es the construction of up to 20 nuclear power units with SMR-160 reactors in Ukraine, with the im-
plementation of the first pilot project and reaching the minimum regulated power of the reactor and
connecting to the grid by March 2029 year. Therefore, the above-mentioned module was chosen as the
object of research.

The purpose and objectives of the research

The purpose of the presented material is to assess the possibility of organizing a natural circula-
tion regime in the first circuit of a modular reactor with the given structure and thermal parameters.

To achieve the goal, it is necessary to solve the following tasks:

— Obtaining the geometric structure of the first contour of the selected module;
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— Obtaining the calculated structural and technological indicators of the elements of the first cir-
cuit of the selected module;

— Calculation of thermohydraulic parameters of the coolant in the circuit.

Object and method of research

The Holtec SMR-160 modular reactor is a non-boiling, pressurized light water (PWR) system.
Electric power 160 MW, thermal power — 525 MW [6].

The first circuit is supposed to be implemented in the form of a monoblock, which includes a rig-
idly connected reactor and a steam generator. A lead is made from the space above the active zone,
which runs along the axis of the steam generator to its upper inlet chamber, where the flow is expand-
ed and distributed through the heat exchange pipes. Further, the flow is collected in the lower chamber
of the steam generator and enters the space around the active zone through the annular pipeline
(Fig. 1). The natural circulation of the coolant is carried out under the influence of thermal pressure
between the rising and lowering channels of the circuit.

The characteristics of the reactor and steam generator necessary for the analysis were obtained in
previously performed thermohydraulic calculations (Tables 2, 3, 4) [7, 8, 9].

A large-scale analysis of the illustrations accompanying the available descriptions of the module
created a table of heights of individual elements of the module (Table 2).

e L= Table 2

Limit heights of monoblock elements

=] Ne Levels Height, m
W 1 [The lower limit of the 9.9
_ o | 5N collecting chamber )
AT 2 [The lower grill of the | 4 o
> 1111 steam generator )
- i 3 |Border economizer- 133
evaporator )
{ 4 |The upper grid of the 33
4 steam generator
f 5 |Compensator mem- 35
| ; 5 branes
| H‘fﬂ . 6 [The upper limit of the 13.8
4 ) 1 'l | supra reactor space )
s ||| e 3, 1 7 |Discharge to the riser
T W Ui zi.lh area, which is not 9.9
e s —) — heated
ST Ny : 8  [The upper limit of the
3 s 6 active zone 2.7
| i 9 [The lower limitofthe |
2 p 7 active zone '
1
L] L)
{ | 8 In order to assess the possibility of
1RRINY S implementing circulation, as well as the
[ ] S | 9 safety and reliability of the module opera-

tion, a comparison of the calculated ther-
mohydraulic modes and the spatial struc-
ture of the circuit was made.

The condition for the stability of the
stationary mode of natural circulation in a
closed circuit is the equality of the driving
pressure Apm, and the hydraulic resistance
Apy Of the circuit [10, 11].

The moving pressure App, is directly
proportional to the difference in the densities of the heat carrier in the rising (“hot” p, ) and lowering
(“cold” p¢ ) sections of the circulation circuit and the difference AH of the height marks of the sections
with heat supply (active zone) and removal (steam generator):

Fig. 1. Diagram 1 of the circuit of the module: 1 — The lower
limit of the output chamber of the steam generator; 2 — Lower
pipe board; 3 — Border of economizer and evaporation areas;
4 — Upper pipe board; 5 — Pressure compensator membrane;
6 — The upper level of the space above the active zone; 7 — The
level of removal from the space above the active zone to the
steam generator; 8 — Upper level of the active zone; 9 — The
lower level of the active zone
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Apmp zg(pc_ph)AHi (1)
the hydraulic resistance Apn, is proportional to the square of the flow G; of the coolant through the

circuit;

where &; — coefficient of resistance;
p; — Is the density of the heat carrier;
F; is the area of the circuit section.

oSt

)

Taking into account (1, 2), the condition for the stability of the natural circulation regime takes

the form:

9(pc —pn)AH = Z‘i

where g — acceleration of free fall, m/s;

sz’

®)

px, Pg — heat carrier density in the rising and lowering sections of the main circulation circuit

(MCC), kg/m?;

AH — the difference in height between the centers of the heat exchange surface of the steam gen-

erator and the active zone of the reactor, m;

& — coefficient of hydraulic resistance of the ith section of the MCC;

Gi, pi — flow rate (kg/s) and heat carrier density (kg/m°) at the iy, section of the MCC;
F; — the area of the cross-section of the i-th section of the MCC, m?.
Table 3
Calculation characteristics of the active zone
Characteristics Designation Units of Value under load
measurement.

Average specific volumetric load, N, MW/m® 65 85 100
Heat capacity Ny MW 525 525 525
The density of the coolant under operating . kg/m? 7587 | 758.7 | 758.7
parameters
Volume of the active zone Vs, m® 8.6 6.6 5.6
The diameter of the active zone D,, m 2.33 2.13 2.02
The height of the active zone H., m 2.03 1.85 1.76
Speed required for heat removal W,, m/s 0.64 | 0.77 | 0.86
Number of fuel assemblies Nas piece 53 58 61
Leveling component of hydraulic resistance Ap kPa 13.8 | 12.6 11.9
Hydraulic friction losses Aps kPa 0.37 | 0.47 | 0.54
Hydraulic losses from local resistances Apy kPa 0.60 | 0.86 | 0.92
Coolant pressure losses in a medium-loaded cell Aps kP 14.7 | 13.9 13.4

To estimate the maximum driving pressure in the circuit with natural circulation according to the
ratio (1), the difference in height marks between the centers of the heat exchange surface of the steam
generator and the active zone of the reactor is necessary.

Active forces at the entrance to the active zone:

— from the side of the down channel,

I:O = gpggAHsg + gHZ psg ApO , (4)
— from the side of the lifting channel,
FL=0(pAH + (Hs — Hy)pg') + Apy ©)

C
where pg,
erator;

AHg, is the height of the heat exchange surface of the steam generator;

— the density of the heat carrier in the center of the heat exchange surface of the steam gen-
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ps. — the density of the heat carrier at the exit from the steam generator,
AH, — the height of the lower boundary of the heat exchange surface of the steam generator;
Apo — the sum of the hydraulic losses in the lowering channel;
(Hs—Hes) is the height of the section of the lifting channel that is not heated,
Ap is the sum of hydraulic losses in the lifting channel.
Table 4
Calculation characteristics of the steam generator
Characteristics Designation Units of Values at the speed of the coolant
measurement
heat carrier flow through the first
circuit through the steam generator Ghe kgls 1479 1479 1479
heat capacity of the evaporator Nue MW 443.4 443.4 443.4
thermal capacity of the economizer N7z 81.63 81.63 81.63
coolant speed Whc MW 1 1,6 2.6
the number of tubes on the surface NNT m/s 22540 14080 8667
Number Or‘;gfjejlz‘sge”erator Nusc piece 82817 | 81761 | 8/1083
heat exchange surface of the Sey piece 1439 1119 884
evaporator
the length of_the tub(_e of the Loy m? 13.01 16.19 20.78
evaporation section
average speed Wy m 0.89 1.43 2.32
heat exchange sgrface of the Spc m/s 127 101 82
economizer
the length of_ the tub(_e of the Lic m? 103 13 179
economizer section
total calculated heat exchange area She m 1566 1219 965
with a margin ShEm m® 1801 1402 1110
the total length of the tube, taking
into account the margin factor Lem m 16.34 20.36 26.19
hydraulic losses due to friction Aps m 16467 52513 178407
turn 90 degrees 2 Pa 0.2 0.2 0.2
entrance to the tubes from the -
distribution chamber = B 0.5 0.5 0.5
exit to the assembly chamber 2 - 1.0 1.0 1.0
entrance to the outlet pipe from the & 3 05 05 05
collector
hydraulic losses on local supports Apjs - 825 2112 5577
hydraulic reilisrtg:li(;e of the first Apne Pa 17292 54625 183984

Equality of forces in any section of the circuit ensures a stationary mode of natural circulation:
g(ngAHsg + Hzp:;g) - Apl =

(6)
= 9(p;,AH,, + (H; — H)p5,) + Ap, + Apy,,

where p; - the density of the heat carrier in the center of the heat exchange surface of the active

zone;
AH —the height of the heat exchange surface of the active zone;

p? — the density of the heat carrier at the exit from the active zone;

Head loss in the circuit, caused by the switching features of the steam generator and the active
zone, which takes into account the indicator of hydraulic losses due to friction Ap, .

After transforming (6) into form (7):
g(pggHsg + Hzp:gsgg _pzcleaz - (HS _HS)pclez) = Apl + ApO + Al)l“r’ (7)’
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we will get an expression, the left part of which reflects the effective heat pressure, and the right part —
the sum of hydraulic losses in the circuit.

The results of the research

Substitution of data from Tables 2, 3 and 4 allows you to obtain the result of checking the condi-
tion of the existence of a stationary mode of natural circulation:

9.81(758.73(33-13.3) +13.3-825.42 — 758.73(2.7 — 0.6) — (35— 2.7)692.04) =13923.15 + 9949.38;
thrust = 19.412 kPa = total losses = 23.872 kPa.

The calculated driving pressure was 19412 Pa, and the total losses in the circuit reach 27302 Pa.
With the obtained ratio of driving pressure and losses, the occurrence of natural circulation is exclud-
ed. It follows from (7) that with unchanged thermo-hydraulic parameters, the ratio of head and losses
depends on the difference in the height of the average temperatures in the rising and lowering chan-
nels, which are constructively determined by the values of H, and Hs. Variations of their values
showed that an increase in the values accepted in the calculation by 2.7...2.8 m allows to achieve the
necessary balance of driving pressure (27302 Pa) and losses (27302 Pa), and, therefore, to realize the
mode of natural circulation. The size of the variation does not exceed 7% of the total height of the block
and can be attributed to the inaccuracies of the illustrative material used in the large-scale analysis.

Conclusions

— The geometric structure of the first contour of the Holtec SMR-160 module was obtained by
large-scale analysis of existing illustrations;

— The structural and technological indicators of the active zone, steam generator and switching
elements of the first circuit of the Holtec SMR-160 module were obtained;

— The thermal-hydraulic parameters of the coolant in the circuit were calculated and analyzed. It
has been proven that the chosen architecture of the circuit allows to organize a stable mode of natural
circulation in the circuit of the SMR 160 modular reactor.
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