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The use of supercritical water as coolant/moderator may induce oscillations in the supercritical light
water reactor similar to the density wave oscillations observed in boiling water reactors (BWRs). In order
to experimentally investigate the stability of supercritical reactors, a fluid-to-fluid downscaled facility is
proposed. It is found that with an appropriate mixture of refrigerants R-125 and R-32, the dimensionless
enthalpy and density of the supercritical water can be accurately matched for all relevant operational
conditions of the reactor. Moreover, the inertia distribution, the friction factor distribution and the heat
transfer mechanism are taken into account in the modeling. As a result of the proposed downscaling, the
operational pressure, temperature and power are considerably smaller than those of a water-based sys-
tem, which in turn helps reducing the construction and operational costs of a test facility. Finally, it is
found that the often used modeling fluid supercritical CO2 cannot accurately represent supercritical
water at reactor conditions.

� 2009 Published by Elsevier Ltd.
1. Introduction

The supercritical light water reactor belongs to the group of the
most promising reactor designs selected in the Generation-IV
international advanced nuclear reactor development program [1].
This reactor design is characterized by its inherently high thermo-
dynamic efficiency (�45%) and the fact it uses water in supercriti-
cal state as a coolant.

In nuclear reactors, great attention has to be paid to the charac-
terization of the stability performance since instabilities may
strongly degrade the safety of the plant. In the case of the super-
critical water reactor, little is known regarding the physical mech-
anisms that may affect the stability. For instance, the density
change in supercritical water systems exceeds that in typical
BWR cores: in a typical supercritical water reactor core, the coolant
density changes from 780 to 90 kg m�3 while in typical Boling
Water Reactors (BWRs) the coolant density changes from 750 to
198 kg m�3. Therefore, density wave oscillations [2] can play an
important role in determining the thermal-hydraulic stability of
such systems. Thorough fundamental investigations are needed
on the stability performance of nuclear reactors working with
supercritical water as a coolant.

In this work, the European High Performance Light Water
Nuclear Reactor (HPLWR) [3] is taken as the reference supercritical
Elsevier Ltd.
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rgentina.
water reactor design. The first attempts to numerically investigate
the thermal-hydraulic stability of the HPLWR have shown contra-
dictory results which are not yet fully understood. In particular, the
near-peak stability margin region (in the steady state flow–power
curve), see Chatoorgoon [4], has not been observed by other
authors and it is proposed to be caused by dissipative and disper-
sive effects in the numerical model (see Jain [5] and Ortega Gómez
et al. [6]). Benchmarking the numerical results for conditions rele-
vant to the HPLWR is difficult since accurate experimental data are
lacking. New experimental campaigns need to be performed. Such
experiments, however, are difficult to assess because of the severe
conditions involving supercritical water, leading to considerable
construction and operational costs of a water-based test facility.
For this reason, a fluid-to-fluid modeling approach is proposed in
this work. Fluid-to-fluid downscaling has been applied in the past
for simulating boiling processes such as those occurring in BWRs
(see, for instance, Lahey and Moody [7] or Van de Graaf and Van
der Hagen [8]). For stability investigations of boiling systems,
Marcel et al. [9] have derived rules that need to be fulfilled in order
to have a proper similarity between the original water system and
its downscaled version. To the authors’ knowledge, in the case of
supercritical systems, a fluid-to-fluid downscaling approach has
never been applied, nor have scaling rules been derived.

In this work the scaling rules that need to be used to model the
stability of systems operating with supercritical water are derived.
Additionally a mixture of fluids capable to simulate supercritical
water is proposed. The main differences between the downscaling
of supercritical water loops and the downscaling of boiling loops
are discussed in the last section of the paper.
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Fig. 1. Block diagram of the scaling procedure.

Nomenclature

Normal alphabet
A cross-sectional area (m2)
Cp heat capacity at constant pressure (kJ kg�1 K�1)
D diameter (m)
K local pressure drop coefficient (–)
L length (m)
f frictional factor (–)
g gravitational acceleration (m s�2)
G mass flux density (kg m�2 s�1)
h enthalpy (kJ kg�1)
⁄ heat transfer coefficient (kW m�2 K �1)
k thermal conductivity (kW m�1 K�1)
p pressure (kg m�1 s�2)
q0 linear power transferred from fuel to coolant (J s�1 m�1)
q0 0 surface heat flux (J s�1 m�2)
r radius (m)
t time (s)
T temperature (�C)
X scaling factor
Z axial position (m)

Greek letters
q density (kg m�3)
l viscosity (Pa s)
m dynamic viscosity (m2 s�1)

Non-dimensional numbers
NPCH pseudo phase change number NPCH �

q0tot LC

G0h0AC

NFr Froude number NFr � G2
0

q2
0gDh

NNu Nusselt number NNu � �hD
k

NPr Prandtl number NPr � lCP
k

NNu Reynolds number NRe � G0D
l

Subscripts and superscripts
� dimensionless
0 characteristic value
A area
C core
g geometry
h hydraulic (diameter)
G mass flux
m bulk
Pow power
Press pressure
rod regarding one fuel pin rod
s surface
t time
tot relative to the whole facility
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2. Fluid-to-fluid scaling procedure for supercritical water loops

Fluid-to-fluid scaling is based on the fact that two systems,
represented by analogous differential equations and boundary con-
ditions, have to show the same physical behavior. Based on this
idea, the mass, momentum and energy conservation differential
equations are mathematically manipulated in order to find the
intrinsic parameters that define the problem. By selecting a fluid
different than water, while keeping all those parameters the same,
may help to reduce, for instance, the power and the pressure
required to run a loop representing the reactor.

Fig. 1 shows a schematic view of the scaling procedure pro-
posed in this work. This figure has to be read from top to bottom
and from left to right.

The whole scaling process starts with the linear momentum,
energy and mass balance equations. The dimensionless form of
the differential balance equation for the linear momentum of a
fluid flowing through a channel can be expressed by
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where h is the angle of the section with respect to the vertical direc-
tion and the dimensionless quantities, denoted by the superindex
‘*’, are defined as

t� ¼ t
LCq0

G0

; q� ¼ q
q0
; h� ¼ h

h0
; G� ¼ G

G0
; NFr ¼

G0

q0

� �2 1
LCg

;

p� ¼ p
G2

0
q0

; A� ¼ A

L2
C

; z� ¼ z
LC

and D�h ¼
Dh

LC
ð2Þ

where t stands for the time, Lc for the core length, G for the mass
flux density, q for the fluid density, h for the enthalpy, NFr for the
Froude number, g for the gravitational acceleration, p for the pres-
sure, A for the cross-sectional area, z for the axial variable, Dh for
the hydraulic diameter, f for the friction coefficient and Ki for the
friction coefficients of the local restrictions placed at z = zi. The sub-
index ‘0’ refers to the reference quantities, which in this work cor-
respond to the core inlet.

Similarly, the dimensionless differential mass and energy bal-
ance equations are given by
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Fig. 2. Variation of q and h occurring in the HPLWR core.
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where the (pseudo) phase change number is defined as

NPCH ¼
q0LC

G0h0A
ð5Þ

q’ being the linear power.
Note that the axial dependency of the fluid properties has to be

maintained in the equations.
The heat transfer mechanism taking place when the supercriti-

cal water fluid cools the reactor fuel rods may affect the stability of
the system. For that reason, the heat transfer mechanism in the
facility has to be analogous to that occurring in the reactor core.
In this way a similar core radial (dimensionless) temperature pro-
file in the reactor and in the downscaled system will be obtained.
By using the dimensionless form of the Fourier’s law and the defi-
nition of the heat transfer coefficient, the following relation can be
written (see Appendix for the derivation).

@T�ðz�Þ
@r�

����
r¼r0

1
ðT�sðz�Þ � T�mðz�ÞÞ

¼
NNuðz�Þ

2
ð6Þ

where r is the radial coordinate, T the temperature and NNu is the
Nusselt number defined as

NNu �
�hD
k

ð7Þ

⁄ being the heat transfer coefficient and k the fluid thermal
conductivity.

Eq. (6) shows that, in order to have the same radial temperature
profile, the two systems have to have the same NNu at any location
in terms of the dimensionless axial position.

NNu can be interpreted as the dimensionless temperature gradi-
ent of the fluid at the cooled surface. Although no clear advantages
exist between the different correlations for estimating the NNu for
fluids working beyond the critical point, two non-dimensional
quantities are known to be of great relevance for determining the
heat transfer mechanism: the Prandtl number NPr and the Reynolds
number NRe which are defined as

NPr �
lCP

k
and NRe ¼

GDh

l
; respectively; ð8Þ

where l is the viscosity, CP is the heat capacity at constant pressure,
k the thermal conductivity.

The NPr and NRe are therefore required to be the same in order to
have a similar heat transfer mechanism (at any location) in the
reactor and in the downscaled system.

From manipulating the balance equations (1), (3) and (4) a
number of dimensionless numbers can be found which determine
the constrains in the scaling fluid, the geometrical design and the
operational conditions (see Fig. 1). These dimensionless numbers,
which have to be kept the same for each relevant section of the
loop, are the dimensionless density q�ðzÞ and the dimensionless
enthalpy h�ðzÞ, the friction factor f, the Froude number NFr, the
dimensionless hydraulic diameter D�h, the local friction factors Ki,
the dimensionless axial length z*, the dimensionless cross-sec-
tional area A*, the dimensionless time t* and the pseudo phase
change number NPCH (only relevant for the core section since the
rest of the sections are adiabatic). From the preservation of the
heat transfer mechanism, two more dimensionless numbers arise:
NPr and NRe. From all these dimensionless quantities q�ðzÞ, h�ðzÞ and
NPr are used to define the scaling fluid and its operational condi-
tions (see Fig. 1, left-hand side branch).
2.1. Fluid selection and definition of the operational conditions

The fluid will be chosen such that a great reduction in power,
pressure and temperature is achieved. In boiling systems it can
be assumed that the fluid properties are constant since the fluid
is operated roughly at the saturation point, i.e. at the same point
in the phase plane. In supercritical systems, however, the fluid
properties strongly change when the critical region is crossed. In
order to illustrate this effect for water at 25 MPa (the HPLWR nom-
inal pressure) Fig. 2 is constructed.

Water experiences a drastic change in the physical properties
such as the density and the enthalpy as the supercritical water is
heated from 280 to 500 �C in a HPLWR core. Since the scaling fluid
has to behave similarly as water for the whole operational range,
the selection of such a fluid and its working conditions is not a
straightforward task. An extensive study has been carried out by
using the REFPROP v8.0 software package from NIST [10] which
allows finding the physical properties of different fluids for a wide
range of conditions. Mixture models explicit in Helmholtz energy
are implemented in such a program for estimating the physical
properties of fluids with mixed components.

As a result, it is found that the combination of refrigerants
R-125 and R-32 (22.5/77.5% in mass fraction) at the supercritical
pressure of 6.23 MPa can be used to accurately represent supercrit-
ical water at the HPLWR working conditions i.e. at P = 25 MPa and
between TCore,in = 280 �C and TCore,out = 500 �C. A brief comparison
between water and the Freon mixture can be found in Table 3 from
Appendix. Note that the large database existing for R-32/R-125
mixtures used to create the mixing models implemented in REF-
PROP, gives a large confidence on the predicting capabilities of this
program. For instance, the uncertainties of the calculated mixture
density and heat capacity are estimated to be 0.1% and 0.5%,
respectively [11].

From the steady state version of Eq. (4) it can be seen that if the
same NPCH (z*) is applied in the reactor and in the downscaled facility,
the resulting axial dimensionless enthalpy is also the same. Thus,

@

@z�
ðh�ðzÞÞ ¼ NPCHðzÞ ð9Þ

In the case a flat power profile is used in both systems, the dimen-
sionless enthalpy will develop linearly in the core. This result is
shown in Fig. 3.

The resulting dimensionless density for water and the proposed
mixture plotted in terms of the dimensionless core length are com-
pared in Fig. 4.

In order to show the reduction in temperature obtained by
using the proposed mixture of Freons, Fig. 5 is constructed. Clearly,
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the proposed mixture of Freons provides a very good representa-
tion of the dimensionless water density and enthalpy.

Fig. 6 shows the (normalized) Cp plotted in terms of the core
axial position. As can be seen the agreement in the location of
the transcritical region is excellent.

The Prandtl number for the two fluids is compared in Fig. 7.
2.1.1. Thermal stability of the proposed mixture
In the past, when chlorine-containing refrigerants such as R-11

were in use, the maximum power cycle temperatures had to be
limited to 110–120 �C because of the modest molecular stability
of the fluids [12]. Nowadays, the phase-out of chlorofluorocarbons
has led to large scale availability of HFCs and intense development
of fluorinated ethers and other halocarbons. These new, zero ODP
chlorine-free hydro-fluorocarbons have the potential of an excel-
lent thermal stability owing to the very strong C–F bond, stronger
than both that between C and Cl and between C and H [13]. In par-
ticular, several tests done with different hydro-fluorocarbons (HFC)
have shown that these type of refrigerants have an excellent ther-
mal stability with a maximum temperature (at which no decompo-
sition signs were detectable) above 300 �C [13].

2.1.2. Comments on the use of CO2 as scaling fluid of supercritical
water

It has to be recalled that some authors have proposed the use of
supercritical CO2 to investigate the stability characteristics of
supercritical water systems (see, for instance, Lomperski et al.
[14] and Jain [5]). If suitable, CO2 would be an interesting coolant
since it is environmentally friendly, cheap, low risk and its critical
point can be reached at low pressures and temperatures. In order
to test the suitability of CO2 for supercritical water stability inves-
tigations, Fig. 8 is constructed for this fluid. The CO2 conditions
chosen in Fig. 8 correspond to the operational conditions of the test
loop developed by and operated at ANL [5].
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Clearly, CO2 is not a proper model fluid for simulating supercrit-
ical water at reactor conditions: the CO2 q*(z) and h*(z) do not
match those from water. Consequently, a different temperature
axial profile is to be expected if the same non-dimensional axial
power distribution is applied to the two systems (see Eq. (32) from
Appendix). In other words, if the same power profile (in terms of
the dimensionless length) would be used for both fluids, the trans-
critical region will be found at a different location and will have a
different shape. This difference may influence the stability of the
system. Uncertainties may therefore appear when trying to
‘upscale’ the CO2 stability results to water.

2.2. Derivation of the scaling rules from the dimensionless parameters

The loop design derived from the scaling rules is presented in
the second and third branch presented in Fig. 1.

2.2.1. Core section
As in the case of BWRs, keeping the same reactor axial frictional

pressure drop in the downscaled facility is of importance to keep
the same stability performance in both systems. As it will be
shown in this section, such a similarity can be achieved with a
proper geometrical design of the test facility.

The core geometrical scaling is represented in the second
branch of the block diagram of Fig. 1.

In general, the pressure drop caused by fluid flowing at steady
state consists of four components: friction, local obstructions,
acceleration and gravity. The total pressure drop at supercritical
conditions can be estimated by using general correlations devel-
oped at subcritical conditions with corrections for the variations
in the thermophysical properties and the presence of high heat
fluxes [15]. The last effect increases the steep property variations
in the channel. The following correlation developed by Filonenko
[16] and recommended by Pioro et al. [15] is used for estimating
the friction factor

fðzÞ ¼ ð1:82log10ðNReÞ � 1:64Þ�2:0 ð10Þ

which is recommended for 4� 103 < NRe < 1012: ð11Þ

It has to be pointed out that the NRe varies along the channel
according to axial changes in the dynamic viscosity (the mass flux
and the hydraulic diameter remain constant). Therefore, a different
axial friction distribution can be found for water and the Freon mix-
ture since the dynamic viscosity was not used in the selection of the
scaling fluid.

In order to preserve the axial friction distribution in the core for
the two systems as much as possible, core hydraulic diameter in
the facility is chosen such that the same dimensionless total fric-
tion is created in the core facility and in the reactor core:Z 1

0
fðz�Þdz�

����
facility;Core

¼
Z 1

0
fðz�Þdz�

����
HPLWR;Core

ð12Þ

The resulting axial Reynolds number and the friction factor pro-
file for the reactor and the test facility case are shown in Fig. 9.

The Reynolds number for the Freon mixture deviates from the
one corresponding to the water case (see left-hand side plot),
which is translated into a slightly different axial distribution of
the friction factor (see right-hand side plot). From investigations
on density wave oscillations occurring in boiling systems, it is
known that such a difference can affect the stability similarity
between the original system and its downscaled version. In order
to compensate for such a difference, the local restrictions Ki (repre-
senting the spacers, which also have to be included in the core sec-
tion) can be used to adjust the profile and to diminish the
differences with the reactor.

Once the hydraulic diameter in the test facility core is fixed, the
preservation of the Froude number NFr can be used to determine
the core length of the facility.

NFrjfacility;C ¼ NFrjHPLWR;C ¼
G2

0

q2
0Lcg

�����
HPLWR;C

ð13Þ

By using the Reynolds number at core inlet conditions and the
dimensionless hydraulic diameter D�h, we can rewrite Eq. (13) as

NFrjHPLWR;C ¼
D�hðNRelÞ2

���
facility;C;i

q2
0D3

hg
ð14Þ

which is transformed into

Dhjfacility;C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�hðNRelÞ2

���
facility;C;i

NFrjHPLWRq2
0g

3

vuut
ð15Þ

By selecting the reference point to be at the core inlet, the geomet-
rical scaling factor Xg relating the core geometrical dimensions of
the reactor and the downscaled system can be found thus as

Xg ¼
LC jfacility

LC jHPLWR
¼

Dhjfacility;C

DhjHPLWR;C
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNRelÞ2D�h

NFrq2
0
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���
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3

r
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���
HPLWR;C;i

3

r

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNRel=qÞ2jfacility;C;i

ðNRel=qÞ2jHPLWR;C;i

3

vuut ¼
NRemjfacility;C;i
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 !2=3

¼ 0:78 ð16Þ
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Note that the second equality holds from the preservation of the
dimensionless hydraulic diameter of the core.

When comparing the resulting geometrical scaling rule given by
Eq. (16) with the scaling rule for boiling systems, substantial differ-
ences can be noted. In the latter case, the preservation of the flow
pattern characteristics (described by the Drift-flux model) was
chosen to determine the geometrical scaling, while friction effects
(which are considered to be less important) could not be scaled [9].
Since there is no flow pattern to preserve in supercritical loops, the
friction and the heat transfer mechanism can be properly scaled.

Due to the fact it is not clear which correlation is best for esti-
mating the heat transfer mechanism in the case of supercritical flu-
ids, the well known Dittus–Boelter (developed for boiling systems),
expressed in Eq. (17) is used to estimate the Nusselt number NNu.
The comparison of NNu for the two systems is presented in Fig. 10

NNu ¼ 0:023N0:8
Re N0:4

Pr ð17Þ

Clearly, a good representation of NNu is achieved for the downscal-
ing fluid in the whole core.

From Eqs. (13) and (16), the following relation for the mass flux
scaling XG can be found. This derivation is depicted in the second
branch of the block diagram of Fig. 1.

XG ¼
G0jfacility;C

G0jHPLWR;C
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

0Lcjfacility

q2
0LcjHPLWR

s
¼

q0jfacility

q0jHPLWR
X1=2

g ¼ 0:88 ð18Þ

From the preservation of the (pseudo) phase change number,
the following equation relating the power applied in the original
and in the downscaled system can be written
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Fig. 10. Evolution of NNu along the core for water and the proposed mixture of
Freons at the corresponding operational conditions.
NPCHjHPLWR ¼ NPCHjfacility ¼
qtot

v0q0h0Ac

����
HPLWR

ð19Þ

where qtot is the total power applied in the system. Therefore,

1 ¼
qtot

G0h0Ac

���
facility

qtot
G0h0Ac

���
HPLWR

¼
qtotjfacility

qtotjHPLWR

G0jHPLWR

G0jfacility

h0jHPLWR

h0jfacility

AcjHPLWR

Acjfacility
ð20Þ

The power scaling factor XPow is given by

XPow ¼
qtotjfacility

qtotjHPLWR
¼

G0jfacility

G0jHPLWR

h0jfacility

h0jHPLWR

Acjfacility

AcjHPLWR
¼ XG

h0jfacility

h0jHPLWR
XA ð21Þ

where the cross-sectional area ratio is

XA ¼
Acjfacility

AcjHPLWR
¼ X2

g ¼ 0:61 ð22Þ

Thus,

XPow ¼ 0:089 ð23Þ

The (nominal) power per rod that has to be used in the facility
can thus be calculated by using Eq. (23).

qrodjfacility ¼ XPowqrodjHPLWR ¼ 4:136 kW ð24Þ

Note that the number of rods that can be used in the test facility
depends on the total available power and not on the geometrical
design because, in the scaling rules, all the relations are in terms of
normalized quantities as the hydraulic diameter and the mass flux
(see the third branch of the block diagram depicted in Fig. 1). It has
to be pointed out that, in practice, only a limited number of heating
rods can be simulated in the facility because power limitations. This
creates so-called distortions which effect has to be analyzed.

2.2.2. Steam plenum and downcomer
The scaling of the steam plenum (SP) and the downcomer (DC)

section is similar to the scaling for the core section (see the third
branch of the block diagram of Fig. 1). The only difference is the
fact the fluid properties are not varying in these adiabatic sections.
The dimensionless density at the core inlet and outlet is the same
for water and the mixture of Freons (see Fig. 4) which automati-
cally assures that the densities will also be the same for the SP
and the DC sections of the two systems.

The radial scaling of the SP and the DC sections is given by the core
cross-sectional area (which depends on the total number of heating
rods representing the reactor core). In other words, the ratio
between the core sectional area and those from the SP and the DC
is kept exactly the same as in the reactor. In this way, the inertia dis-
tribution in the reactor is properly simulated by the test facility.
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Regarding the friction losses, differences exist in the friction fac-
tor at the core inlet (+10%) and outlet (�5%) (see Fig. 9). In the case
of the core section, the design of the spacers and the local restric-
tions can be used to reduce this discrepancy. The aforementioned
differences are estimated to cause small deviations for the SP and
the DC since the typical hydraulic diameters of these sections are
large compared to the one from the core. For this reason, their
influence in the total friction is usually not of great relevance in
the case of nuclear reactor designs.

Like in the case of boiling loops, it can be shown that by inte-
grating the differential momentum balance equation along the
axial direction, the inertia distribution is correctly scaled in the
facility if the same geometrical scaling factor is used in the SP,
the DC and in the core sections. Moreover, when Eq. (16) is used
for the scaling of all dimensions of the loop, the scaling of the time
is univocally determined. This characteristic is of importance for
keeping the dynamical behavior in the two systems the same [9].

2.2.3. Time scaling from the dimensionless time
From the non-dimensionalizing procedure, the same dimen-

sionless time is found from the three balance equations (mass,
momentum and energy) and for all the sections (see the right-hand
side branch of the block diagram of Fig. 1). This dimensionless time
is expressed as

t� � t
LCq0

G0

ð25Þ

By equalling the dimensionless time for the downscaled system and
the reactor, the following relation is obtained for the time ratio {t,

tjfacility

tjHPLWR
¼ G0

LCq0

����
HPLWR

LCq0

G0

����
facility

¼ G0;HPLWR

G0;facility

LC;facility

LC;HPLWR

q0;facility

q0;HPLWR
ð26Þ

And thus,

Xt ¼
tjfacility

tjHPLWR
¼ X�1

G Xg
q0;facility

q0;HPLWR
¼ 1:2 ð27Þ

which shows that the time in the facility runs at a different speed
than in the reactor. Note that Eq. (27) has to be used to convert
all time-related experimental results to the water time frame.

Table 1 summarizes the scaling procedure by presenting the
dimensionless quantities that need to be preserved in each rele-
vant section of the loop.

2.2.4. Margin to the onset of deteriorated heat transfer
At certain high heat flux and low mass flux conditions, a sharp

increase in the wall temperature can occur due to the changes in
the heat transfer mechanism. This large increase in the wall tem-
perature is referred to ‘heat transfer deterioration’ [17]. In the liter-
ature there is still no unique definition for the onset of heat
transfer deterioration. This is because the reduction in the heat
transfer coefficient, or the increase in the wall temperature,
behaves rather smoothly compared to the behavior of the boiling
crisis at which a much sharper increase in the wall temperature
takes place [18]. Up to now, no correlation can accurately predict
the onset of deteriorated heat transfer (ODHT). Many authors,
however, have found that the ODHT occurs when the ratio given
by the heat over the mass flux is larger than a certain value [19].
The following relation is usually used in practice
Table 1
Dimensionless quantities to be preserved in each relevant section of the system.

Core

Quantities to be preserved q�, h�, f, NFr, Dh�, A�, Ki, z�, NPCH, NNu

a Although there is no steam in the HPLWR, the section above the core is referred in
q00

G
jODHT � 0:4 ð28Þ

where q0 0 is expressed in kW m�2 and G in kg m�2 s�1.
In order to estimate the ODHT for the reactor and the test facil-

ity, the scaling factors derived previously can be used. Thus,

q00

G

���
ODHT;facility

q00

G

��
ODHT;HPLWR

¼ XPowX�2
q X�1

G ¼ 0:16 ð29Þ

This result shows that a much larger margin to ODHT is found when
the Freon mixture is used instead of water, which enhances the
safety of the proposed design.

2.2.5. Scaling of supercritical loops vs. scaling of boiling loops
In this section, a brief comparison is assessed between the fluid-

to-fluid scaling of natural circulation supercritical loops and the scal-
ing of natural circulation boiling loops. Details regarding the last
approach can be found in Marcel et al. [9]. To clarify the differences
between the two downscaling methods, Table 2 summarizes the
phenomena which are preserved and the resulting scaling factors
obtained for typical values corresponding to reactor nominal condi-
tions. The proposed mixture of Freons is used to scale the HPLWR and
Freon R-134a is used in the case of the boiling water reactor.

The main differences and analogies between the two scaling ap-
proaches are listed below.

In boiling loops almost any fluid can be used as scaling fluid (as
far as the desired density ratio is matched).
In the supercritical case, however, the constraints on the fluid
are more difficult to satisfy (namely the shape of the dimen-
sionless density and enthalpy along the loop) and therefore, a
limited number (or combination) of fluids can be used from
which only few may be useful in practice.
Another difference refers to the geometrical scaling. In boiling
loops the focus is on the proper simulation of the flow pattern
and its transitions, in which the key fluid parameter is the sur-
face tension. A correct simulation of the flow pattern deter-
mines the geometrical scaling which is not present in the case
of supercritical loops.
Since there is no flow pattern to preserve in a supercritical fluid,
more attention can be given to the proper simulation of the fric-
tion distribution in the loop and the heat transfer mechanism.
In both systems a unique geometrical scaling factor has to be
used for all sections which assures the inertia distribution in
the reactor will be preserved in the loop.
3. Conclusions

The aim of this work was to develop scaling rules allowing
downscaling of a water loop with supercritical water by using
fluid-to-fluid modeling. Those rules were used to design a test
facility suitable for investigations on the dynamics of the supercrit-
ical light water reactor. The High Performance Light Water Reactor
is therefore taken as the reference reactor in this paper. Aim is to
select a proper fluid that allows simulating the HPLWR by using
much less severe conditions.

Scaling rules were derived from the dimensionless mass,
momentum and energy balance equations and their boundary
Steam plenuma Downcomer

f, NFr, Dh�, A�, Ki, z� f, NFr, Ki, Dh�, A�, z�

literature as steam plenum.



Table 2
Differences between the fluid-to-fluid scaling method for simulating supercritical loops and boiling loops.

Item NC – supercritical loops (R-32/R-125) NC – boiling loops (R-134a)

Fluid selection Given by the evolution of q�(z*), h�(z*) XPress � 0.25 Given by the density number; Nq XP � 0.017
Flow pattern – – Scaled by the drift-flux parameters and thus NWe and NFr –
Core radial geometry Given by the friction in the core; f(NRe) Xg � 0.78 Given by the flow pattern preservation; NWe, NFr, NPe Xg � 0.46
Axial geometry Scaled the buoyancy forces; NFr Scales the buoyancy forces; NFr

Radial scaling Gives the proper inertia distribution Gives the proper inertia distribution
Friction Scaled; f(NRe) Distortion
Power Scaled; (pseudo) NPCH XPow � 0.09 Scaled; NPCH XPow � 0.02
Heat transfer Scaled; NNu Distortion
Time scaling Scaled; t� Xt � 1.2 Scaled; t� Xt � 0.68

XP being the pressure scaling factor and Nq the density number, NWe the Weber number and NPe the Peclet number.
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conditions, which needed to be similar for both the HPLWR and the
downscaled facility. From those rules it is found that the dimen-
sionless density and enthalpy variations, together with the Prandtl
and Reynolds numbers, need to be the same at any point (in terms
of the dimensionless axial position) in both the original and in the
downscaled system. Such conditions imply hard constrains on the
scaling fluid used for representing supercritical water.

In the case of supercritical water at the HPLWR conditions, it is
found that a mixture of Freons R-32 and R-125 (77.5/22.5% mass
fraction) at 6.23 MPa can accurately simulate the dimensionless
density and enthalpy variations in the reactor core. The proposed
coolant allows a considerable reduction in power, operational
pressure and temperature.

From the balance equations it is found that the radial scaling of
the test facility can be used to adjust the friction distribution in the
loop. As a result, a good representation of the frictional pressure
drops can be obtained. By fixing the radial dimensions, the lengths
are determined by using a unique geometrical scaling rule. By
doing so, exactly the same inertia distribution is obtained in the
HPLWR and its downscaled version.

As in the case of fluid-to-fluid scaling of boiling loops, the time
is not scaled one-to-one in the original system and its downscaled
version but the time in the last case runs faster.

From the boundary condition it arose that to preserve the heat
transfer mechanism, two non-dimensional quantities have to be
preserved: the Reynolds number (already used to model the fric-
tion distribution in the loop) and the Prandtl number (also used
in the selection of the downscaling fluid). It is found that the mix-
ture of fluids with the scaling proposed in this work can simulate
the Nusselt number reasonably well, which assures a good simula-
tion of the heat transfer mechanism.

As a side step, it was found that supercritical CO2 cannot accu-
rately simulate supercritical water at HPLWR conditions. Conse-
quently, care has to be taken when using CO2 experiments to
draw conclusions regarding the stability of supercritical water
based reactors.
Table 3
Reactor and test facility main data and physical properties of water and the proposed
Freon mixture at the corresponding operational conditions.

Water – HPLWR Freon mixture – test facility

Composition (mass fractions) 100% H2O 77.5% R-32; 22.5% R-125
Critical pressure (MPa) 22.06 5.38
Operational pressure (MPa) 25.0 6.23
Inlet temperaturea (�C) 280 17.5
Outlet temperaturea (�C) 500 158.9
Densitya (kg m�3) 777.0 1061.9
Enthalpya (kJ kg�1) 1230.5 229.04
Viscositya (lPa s) 99.114 133.71
Chemical stability Stable Flammable at T > 648 �C

a Regarding the core inlet; estimated by using REFPROP v8.0.
Appendix A

The physical properties of the coolants used in the HPLWR and
in the proposed test facility are given in Table 3.

Dimensionless version of the heat transfer equations.
In a channel, the radial temperature gradient is related to the

heat flux on the surface of the heating rod by the liquid thermal
conductivity as

q00ðz�Þ ¼ kðz�Þ
@Tðz�Þ
@r

����
r¼r0

ð30Þ

The convection heat transfer is given by

q00ðz�Þ ¼ �hðz�ÞðTsðz�Þ � Tmðz�ÞÞ ð31Þ

From Eqs. (30) and (31), the following can be written

kðz�Þ
@Tðz�Þ
@r

����
r¼r0

¼ �hðz�ÞðTsðz�Þ � Tmðz�ÞÞ ð32Þ

Rearranging Eq. (32) we find

@Tðz�Þ
@r=r0

����
r¼r0

1
ðTsðz�Þ � Tmðz�ÞÞ

¼ �hðz�Þ
kðz�Þ

r0 ð33Þ

which in its non-dimensional version is written as

@T�ðz�Þ
@r�

����
r¼r0

1
ðT�sðz�Þ � T�mðz�ÞÞ

¼ Nuðz�Þ
2

ð34Þ
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