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Abstract.7KHQDWXUDOFLUFXODWLRQKHOLXPORRSLVDQH[SHULPHQWDOIDFLOLW\
GHVLJQHGIRUWKHUHVHDUFKRIWKHSRVVLELOLW\RIXWLOL]LQJQDWXUDOFRQYHFWLRQ
FRROLQJ IRU WKH FDVH RI GHFD\ KHDW UHPRYDO IURP D IDVW QXFOHDU UHDFWRU
7KLVFRQFHSWZRXOGEULQJDQLPSURYHGDXWRPDWHGVDIHW\V\VWHPIRUIXWXUH
QXFOHDUSRZHUSODQWVRSHUDWLQJDJDVFRROHGUHDFWRU7KHDUWLFOHSUHVHQWVD
QHZ SRVVLELOLW\ RI GLUHFW XVH RI HQHUJ\ FRQVHUYDWLRQ ODZV LQ D '
VLPXODWLRQRIQDWXUDOFLUFXODWLRQORRSV7KHFDOFXODWLRQLVSHUIRUPHGE\ D
WULSOH LWHUDWLRQ SURFHVV QHVWHG LQWR HDFK RWKHU 7KH UHVXOWV RI WKH
FDOFXODWLRQV VKRZHG JRRG DJUHHPHQW ZLWK WKH PHDVXUHPHQWV DW VWHDG\
VWDWH $ FDOFXODWLRQ ZLWK WKH SURSRVHG PRGHO DW XQVWHDG\ VWDWH LV QRW \HW
SRVVLEOHHVSHFLDOO\EHFDXVHRIWKHH[FOXVLRQRIKHDWDFFXPXODWLRQLQWRWKH
PDWHULDO

1 Introduction
Despite great efforts pointed towards the transition to renewable sources of energy, it is
becoming increasingly clear that nuclear energy must remain part of the optimal structure
of energy sources. However, to ensure its competitiveness and social acceptability, it is
necessary to renew intensive research and development works on reactors that meet current
and future safety and economic criteria. The existing level of technological solutions has
led to the dominant use of reactor types, where fission is utilised by thermal neutrons, with
very low use of nuclear fuel. After years of stagnation in the development of nuclear
technologies, around 2010 Slovak research teams became involved in research and
development projects aimed at developing a gas-cooled reactor, where the fission is done
mostly by fast neutrons. One of the basic characteristics of a fourth-generation reactor is the
maximisation of the use of inherent safety systems, particularly the use of passive safety
components. The ALLEGRO concept thus combines the advantages of better utilisation of
nuclear fuel in fission reactors using fast neutrons, higher efficiency of thermal energy
conversion at high temperatures in the primary circuit and safety characteristics of IV.
generation reactors [1]. The use of passive safety systems eliminates the costs associated
with the installation, maintenance, and operation of active safety systems, which require
multiple independent and redundant pump systems. One of the most important planned
safety elements is the concept of decay heat removal using natural circulation loops.
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2 The concept of natural circulation helium loop
,Q JHQHUDO D QDWXUDO FLUFXODWLRQ V\VWHP DOVR NQRZQ DV D WKHUPRVLSKRQ RU QDWXUDO
FRQYHFWLRQFRROLQJ FRQVLVWVRIDKHDWVRXUFHDFRQGHQVHUDQGWXEHVWKDWFRQQHFWLWLQVXFK
D ZD\ WKDW LW IRUPV D FRQWLQXRXV FLUFXODWLQJ V\VWHP ZLWK WKH ZRUNLQJ IOXLG   ,Q VXFK
DV\VWHP WKH IOXLG IORZ VWDUWV DXWRPDWLFDOO\ ZKHQ WKH KHDW VRXUFH LV DFWLYDWHG
6WHDG\FLUFXODWLRQ LV H[SHFWHG WR EH DFKLHYHG LI FRQVWDQW KHDW LV VXSSOLHG ZLWK VXIILFLHQW
FRROLQJ >@ 7KH IOXLG IORZ LV FDXVHG E\ EXR\DQF\ IRUFHV ZKLFK DUH WKH UHVXOW RI GHQVLW\
GLIIHUHQFHVEHWZHHQKRWDQGFROGSDUW ρcb!ρhb WKHZKROHSURFHVVWDNHVSODFHEHFDXVHWKH
K\GURVWDWLF SUHVVXUH LV KLJKHU LQ WKH FROG SLSLQJ EUDQFK WKDQ LQ WKH KRW EUDQFK $ ODUJH
SRUWLRQRIWKHHQHUJ\QHHGHGWRIORZLVREWDLQHGGLUHFWO\IURPWKHKHDWRIWKHUHDFWRU>@



Fig. 1.$QLOOXVWUDWLRQRIDYHUWLFDOKHDWHUDQGYHUWLFDOFRROHU 9+9& W\SHQDWXUDOFLUFXODWLRQORRS

3 Experimental facility
The experimental helium loop is located in the area of Energomont s.r.o. in Trnava.
The heater has a maximum installed power output of 500 kW by electrical rods, but the
adjustable power is only 220 kW. The designed cooling of the DHR cooler is 220 kW
with possible regulation [1]. During the experiment, many properties are continuously
measured like the absolute pressure, the pressure difference between inlets and outlets
of separate parts, and the temperature at several points across the loop. The helium flow
rates in the hot and cold branches are measured using a Pitot probe. The compressibility
of helium during flow can be neglected due to relatively small pressure changes (maximum
hundreds of pascals), between hot and cold branch [3]. The implemented circuit provides
possibilities of verification and research of thermodynamic and hydraulic properties
of a real-scale, high-pressure, natural circulation helium loop. Figure 2 shows the geometry
of the loop and the locations of measuring elements. The device contains an advanced
system of automated harnessing and evaluation of measured data. Concerning this article,
the most important measurement data are from the sensors behind the heater (tHe1, pHe1),
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in front of the cooler (tHe4, pHe3), behind the cooler (tHe8, pHe8), and in front of the heater
(tHe11, pHe11).





































Fig. 2.'LDJUDPRIWKHH[SHULPHQWDOGHYLFH

4 Mathematical model
In the case of natural circulation loops, which operate on the basis of free convection, it is
important to calculate the mass flow that results from the temperature difference in the two
pipe branches. The most common method of calculation is to use the dimensionless
numbers given in [4]. The disadvantage of this method is the necessity to know the density
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at a certain point on the loop, based on which it is then possible to calculate the remaining
parameters, in other words, it is necessary to know the temperature and pressure at a given
point, which cyclically depends on the mass flow. Therefore, this method is not suitable
for designing a new natural circulation loop and cannot be used to simulate the flow in a
loop in which the density is not previously measured, or at least precisely estimated.
Simulation of flow in natural circulation systems using standard CFD programs has proven
to be lengthy and difficult [5]. This article describes the basis of a mathematical model
formed on nested iterative calculations. The presented mathematical model assumes
achieved steady state flow, but a model is being developed to also encompass calculation
of unsteady flow. The simulation of steady flow is carried out with the application of the
law of conservation for momentum, mass, and energy, calculated in three nested cycles.
4.1 The law of conservation of momentum (internal cycle with index k)
'XULQJVWHDG\VWDWHIORZWKHVXPRIDOOSUHVVXUHFKDQJHVDORQJWKHORRSLV]HUR>@
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The mass flow Qm and the pressure at the point pk + 1 are interdependent, which means
that equation (2) can only be calculated iteratively [3]. First, the pressure pk + 1 is calculated
using equation (2) from the pressure at the previous point. For this purpose, the initial value
of the mass flow is selected to be close to the expected value. An initial operating pressure
p1,meas is also required, which is selected either as the initial condition under which we want
to calculate the mass flow or as the measured pressure at point 1. Equation (2) is then used
several times to calculate the pressures at the control points along the loop. The last
pressure is calculated at the starting point 1 with the designation p1,calc.

7KHZKROHSURFHVVFDQEHGHVFULEHGDVIROORZV


Hot Branch

Cold Branch

p1,meas  p3 DHR

 p8  p11 Heater
 p1,calc   


3DUWLFXODUDWWHQWLRQKDGWREHSDLGWRORFDOSUHVVXUHORVVHVLQVLGHWKH FRROHUDQGKHDWHU
7KHHYDOXDWLRQ RI WKH ORFDO ORVV FRHIILFLHQW LV JLYHQ LQ WKH SUHYLRXV SXEOLFDWLRQ >@
$VDOUHDG\ PHQWLRQHG WKH SUHVVXUH ORVVHV LQ WKH VWHDG\ IORZ PXVW EH FRPSHQVDWHG E\
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WKHDYDLODEOH SRWHQWLDO HQHUJ\ 6LQFH p1,calc LV D IXQFWLRQ RI WKH PDVV IORZ Qm ZLWK
FRQVLGHUDWLRQWRHTXDWLRQ  ZHFDQZULWH



f  Qm   p1,calc  p1,meas 0   

Thanks to this condition, which must be met, we can iteratively calculate the mass flow
and thus the flow rate. Equation (5) can be calculated iteratively by the Newton's method.
As can be seen, this cycle requires as input an operating pressure and a temperature
distribution along the entire loop. The two following outer cycles will be used to obtain
these values.
4.2 The law of conservation of mass (intermediate cycle with index j)
The middle cycle takes advantage of the law of mass conservation and is responsible
for determining what pressure is in the loop. This pressure is needed to calculate the
densities and as an input to the internal cycle. In condition (6), the calculated mass Mcalc (8)
is compared to the predicted value M of the medium in the loop. Regarding the detected
leakages of helium from the experimental equipment, the predicted mass in the loop (7)
is calculated from measurements. The actual mass present in the loop was evaluated as
a linear function of time, starting from Mstart, the mass present before the heating
and cooling started. In the case of no leakages, the mass would be a constant with the value
of Mstart. If a general equation would be discovered, which would describe the measured
leakages, it would be also used at evaluating the condition to stop the iterative process
in (6). The temperatures across the loop are also calculated in this cycle, the calculation of
which are indicated as a function of input quantities in relations (9) to (11). The calculated
temperatures also include heat exchange with the environment in the pipe branches.

M  M calc, j  0.001  




M  M start  kt   


M calc   hb,avgVhb +  DHR,avgVDHR +  cb ,avgVcb +  heater,avgVheater   


t He8

t He4  f(t He1, p He , Qm )   

 f(t He4 , p He , Q m , t i n,H2O, q H2O )   

t He11  f(t He8 , p He , Q m )   


where M – mass (kg), Vxx – volume in the given part (m3), qH2O – flow rate of water (l.s-1),
tin,H2O – temperature of water at inlet (°C), xx – density in the given part (kg.m-3), k – the
slope of a linear function describing the mass leakage (-).
If the intermediate cycle condition is not met, it may be due to the following reasons:
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(a) The difference in masses M – Mcalc,j is negative, the model will decrease the input
value of pressure pHe by a small decrement and continues at iterative calculation.
(b) The difference in masses M – Mcalc,j is positive, the model will increase the input value
of pressure pHe by a small increment and continues at iterative calculation.
4.3 The law of conservation of energy (external cycle with index i)
The external cycle, which calculates the temperature at point 1 (behind the heater), is based
on the physical assumption that during steady state, the supplied electrical energy Pel must
be equal to the thermal energy carried away by the helium flow. From experimental
measurements, it was observed that the efficiency of this energy transfer is 99 %, during
steady state. The condition to stop the iterative process (12) has an allowance of 100 W
to speed up the calculation and to achieve convergency faster. The value of 100 W was
chosen as sufficient accuracy compared to the heating power input during measurements at
steady state (above 100 kW).


0.99 Pel  Pel ,calc,i  100   


Pel ,calc  Qm c p , He (t He1  t He11)   

,IWKHH[WHUQDOF\FOHFRQGLWLRQLVQRWPHWLWPD\EHGXHWRWKHIROORZLQJUHDVRQV
D 7KHFDOFXODWHGWKHUPDOSRZHUFDUULHGDZD\LQWKHKHOLXPIORZLVOHVVWKDQWKHVXSSOLHG
HOHFWULFSRZHU,QWKLVFDVHWKHPRGHODVVXPHVWKDWWKHWHPSHUDWXUHtHe,1LVORZHUWKDQ
LW ZRXOG EH GXULQJ WKH UHDO SURFHVV VR LQ WKH QH[W LWHUDWLRQ WKH WHPSHUDWXUH
LVLQFUHDVHGE\DVPDOOLQFUHPHQWDQGFRQWLQXHVDWLWHUDWLYHFDOFXODWLRQ

E 7KH FDOFXODWHG WKHUPDO SRZHU FDUULHG DZD\ LQ WKH KHOLXP IORZ LV JUHDWHU WKDQ WKH
VXSSOLHG HOHFWULF SRZHU ,Q WKLV FDVH WKH PRGHO DVVXPHV WKDW WKH WHPSHUDWXUH tHe,1
LVKLJKHU WKDQ LW ZRXOG EH GXULQJ WKH UHDO SURFHVV VR LQ WKH QH[W LWHUDWLRQ
WKHWHPSHUDWXUH LV GHFUHDVHG E\ D VPDOO GHFUHPHQW DQG FRQWLQXHV DW LWHUDWLYH
FDOFXODWLRQ
4.4 Initial condition
6LQFH WKH FDOFXODWLRQ LV LWHUDWLYH WKH PHWKRG QHHGV VRPH HVWLPDWHG LQLWLDO YDOXHV RI
WHPSHUDWXUHPDVVIORZDQGRSHUDWLQJSUHVVXUHDVLQSXWZKLFKDUHVWDWHGLQ7DEOH7KHVH
YDOXHVVKRXOGEHLQWKHRUGHURIPDJQLWXGHWRWKHH[SHFWHGYDOXHV

Table 1. Initial condition values.
Parameter

Label

Start value

Unit

Hot branch temperature

tHe,1 and tHe,4

520

°C

Cold branch temperature

tHe,8 and tHe,11

120

°C

Mass flow

Qm

0.10

m.s-1

Pressure

pHe

1.00

MPa
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Fig. 3. 5HSUHVHQWDWLRQRILQSXWGDWDWRWKHPDWKHPDWLFDOPRGHODQGUHVXOWVRIFDOFXODWLRQFRPSDUHGZLWKPHDVXUHGYDOXHV
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5 Evaluation
Figure 3 shows the time course of input values and the calculated course of operating
parameters in the loop for measurement no. VII. Also, the comparison of calculation results
with the measured data is presented. At the beginning of measurements, the deviations
of calculation from the measured values are much higher. This discrepancy is caused by
the start-up of the device, during which the flow is not stable, so the conditions for a valid
calculation by a given mathematical model are not met. These results also suggest that
it takes a relatively long time to reach a steady state. For example, in measurement no. VII,
the heating was completed in about 11000 s from the start-up and the steady state was
reached in 14500 s. This can be caused by the large heat capacity of the pipe material.
In the displayed measurement no. VII, helium injection occurred at approximately 9000 s,
which was considered in the calculations but may have contributed to the time required
to reach the steady state.

6 Conclusion
Based on the above mathematical model a software named HELOS was developed, which
can simulate the flow in a natural circulating loop during a steady state. The program
simulates the real experiment as a series of steady states. The article presents a new
possibility of direct use of energy conservation laws in 1D simulation of natural circulation
loops. The calculation is performed by a triple iteration process, nested into each other. The
results of the calculation showed good agreement with the measurements at steady state.
Calculation during unsteady state is not yet possible, especially due to not including the
effect of accumulation of heat into the material. This is best observed after a change of
input parameters, which then manifests itself in the simulation as unrealistic, instantaneous
achievement of steady state and sudden step change of calculated values. The method is
clear enough to be replicable and possibly used for another problem of a similar nature.
This contribution was created on the basis of the project "Research
centre ALLEGRO” (ITMS project code: 26220220198), supported by 
Operational Programme Research and Development funded by the 
European Regional Development Fund. 
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