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Abstract

Gravity driven flows may induce oscillations influencing the stability of natural circulation nuclear boiling water reactors. To exper-
imentally study such phenomenon, a facility based on fluid-to-fluid downscaling modeling is proposed. New design criteria are developed
for that purpose. It is found that a unique geometrical scale has to be used for all radial and axial dimensions. Moreover, the geometry
and the time scaling are not independent each other. A Freon-based downscaled version of the economical simplified boiling water reac-
tor (ESBWR) is designed and constructed based on the derived scaling rules. Experimental results show good agreement with numerical
simulations regarding the static behavior and also the stability performance.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to guarantee the safety of the next generation of
nuclear reactors, special emphasis has been set to replace
active systems by passive ones. In such line is the economic
simplified boiling water reactor (ESBWR), which is a gen-
eration III+ nuclear reactor according to the generation IV
classification. The ESBWR design eliminates the need for
circulation pumps and associated piping and systems. Fur-
thermore, the reactor was designed to provide large mar-
gins to instabilities [1]. This type of reactor however, has
not been built yet and, therefore, its thermal–hydraulic sta-
bility was never demonstrated experimentally.

The knowledge regarding the interaction between the
two-phase flow present in the reactor and the heat produced
is still not complete. One of the most important reasons is
that the calculations of the two-phase flow are still beyond
current computational capabilities (see, for instance [2]). To
fill this gap, a well instrumented system, designed to have a
similar stability behavior to the ESBWR, was developed.
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Real reactor conditions, however, involve high power, high
pressure and, particularly in the ESBWR case, large dimen-
sions. To deal with this constraint, a fluid-to-fluid scaling
approach was therefore followed. The work of Van de
Graaf and Van der Hagen [3] was used as a starting point.

It needs to be emphasized that Van de Graaf and Van der
Hagen [3] focused on the proper downscaling of the reactor
core bundle. To achieve a successful similarity of the ther-
mal–hydraulic stability performance of the reactor how-
ever, more attention has to be paid to the proper scaling
of the facility in terms of the inertia and the friction distri-
bution in the whole loop. For this reason, the work of
Van de Graaf and Van der Hagen [3] is extended to cover
a global fluid-to-fluid downscaling design (i.e. scaling each
relevant section) that guarantees a similar stability perfor-
mance for the original and downscaled system. Since
dynamic similarity has to be achieved, the time scaling
was analyzed in depth. Moreover, the main distortions
caused by the use of fluid-to-fluid downscaling for stabil-
ity studies are discussed and a way of diminishing their
effect is also presented and tested numerically. Finally, the
sensitivity of the geometrical downscaling to the opera-
tional pressure was also investigated.
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Nomenclature

Normal alphabet

A cross sectional area (m2)
C0 distribution parameter (–)
cp heat capacity (kJ/kg K)
D diameter (m)
K local pressure drop coefficient (–)
L length (m)
f frictional factor (–)
g gravitational acceleration (m s�2)
Gm mass flux density (kg m�2 s�1)
h enthalpy (kJ kg�1)
N number (–)
M mass flow rate (kg s�1)
p pressure (kg m�1 s�2)
q power transferred from fuel to coolant

(J s�1 m�1)
s variable in the Laplace domain (s�1)
t time (s)
�#gj weighted mean drift velocity (m s�1)
T temperature (�C)
X scaling factor

Non-dimensional variables

Nzu Zuber number number NPCH � qtot

ACoreGm;0hfg

ql�qv

qv

Nq density ratio number Nq � qv

ql

Nsub subcooling number N sub � hl;sat�hl;inlet

hfg

ql�qv

qv

NP�e Péclet number NP�e � Gm;0cP;lDh

kl

Ng geometry number Ng � Dh

LCore

Nf Friction number N f � f Dh

L0

NFr Froude number based on DhNFr �
G2

m;0

q2
v;0

g�Dh

Nwe Weber number based on DhNWe � ðGm;0Þ2�Dh

ql�r

Greek symbols

a void-fraction (–)
� absolute friction factor (–)
k thermal conductivity (J/m K)

q density (kg m�3)
r surface tension (N m�1)
s time constant (s)
v vapor quality (–)

Subscripts and superscripts
* dimensionlessb Laplace transformed variable
< > spatial average

0 characteristic
a axial
Bundle core bundle
Core core
CHF critical heat flux
DC downcomer
driv buoyancy driving force
exit chimney exit
fg difference between (saturated) vapor and liquid

properties
g geometry
h hydraulic (diameter)
inlet core inlet
l liquid
loss regarding drag forces
m00 mass flux
P power
Press pressure
r radial
R-134 Freon R-134a
Chimney chimney
rod regarding fuel pin rod
sat saturation
SV separation vessel
TP two-phase
t time
tot relative to the whole facility
v vapor
water water
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As result of the scaling approach developed in this
paper, the natural circulation GENESIS facility, which is
a downscaled version of the ESBWR, was constructed.
Finally, the GENESIS facility was used to test the scaling
criteria shown in this work. The experimental results are
compared with those performed with the ATHLET com-
puter code and to some extent with results obtained with
the TRACG code.

2. Scaling of the assembly

According to the characteristics of the specific problem,
there are different scaling criteria for modeling the various
two-phase systems characteristics, such as the average
void-fraction, pressure drop and critical heat flux (see for
instance the overview of Kakac� and Mayinger [4]). By
non-dimensionalising the balance equations governing the
problem, a number of dimensionless similarity groups
can be found. This number, however, is larger than the
number of parameters that can be adjusted in the design
of the facility. This means a selection of the most important
parameters (which in turn control the physics that is
desired to be preserved) must be addressed.

In the present work, the so-called fluid-to-fluid scaling
approach was used. This means that a fluid different from
the original one was used in the downscaled system. A cor-
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rect choice of such a fluid may allow a great reduction in
power, pressure and temperature.

The flow inside a BWR assembly may vary from unsat-
urated single-phase flow to annular two-phase flow. In
order to be able to design a scaled version of the ESBWR
with a coolant different than water, scaling criteria are
therefore necessary that cover all flow regimes present in
the assembly. In the lower part of the assembly the coolant
is not in thermal equilibrium. The development of the flow
quality in this subcooled boiling regime and the required
inlet enthalpy of the liquid can be scaled properly if the
phase change number and the subcooling number are used
as scaling parameters. Consequently, these parameters fix
the development of the quality in the upper part of the
assembly, where the coolant is in thermal equilibrium.
Van de Graaf and Van der Hagen [3] found that the Fro-
ude number and a Weber number as given by Ishii and
Jones [5], should be used as scaling parameters to ensure
proper scaling of all flow regimes. It needs to be pointed
out here that, by selecting a specific coolant, it is not pos-
sible to define externally the system set-up parameters such
as scaling factors, pressure, temperature and power. The
scaling simply fixes these parameters.

It has to be stressed that the approach recommended by
Van de Graaf and Van der Hagen [3] shows results that are
in agreement with those of Symolon [6], who performed a
simulation of the slip ratios as a function of the void-
fraction using a one-dimensional fully developed two-fluid
model. In such analysis the similarity in the predicted
slip ratios is excellent, except for the viscous bubbly regime.
He also experimentally demonstrated that similar flow
regime transition boundaries occur in Freon as in steam/
water if the Weber and Froude numbers are kept the
same.
3. Scaling procedure proposed for stability investigations

The scaling is based on the fact that two systems which
can be represented by analogous differential equations
should have the same type of solution, and thus the same
physical behavior. Based on this idea, the mass, momentum
and energy conservation differential equations together,
with two more equations derived from the drift-flux model
[3], are mathematically manipulated in order to find the
intrinsic parameters and variables that define the problem.

The whole scaling procedure is summarized in Fig. 1,
showing the most important steps that need to be followed.

From the manipulation of the balance equations, a
number of dimensionless numbers were found. These
dimensionless numbers are the density ratio Nq; the subco-
oling number NSub; the friction number Nf; the geometry
number Ng; and the phase change number NPCH [7,3,8].

These numbers need to be the same in both the facility
and the reactor if similarity is to be achieved.

The drift-flux model parameters C0 and �#gj (the distribu-
tion parameter and the weighted mean drift velocity,
respectively) are assumed to correctly describe the flow
transitions in the reactor and were therefore used to char-
acterize the flow pattern [3]. To assure the same flow pat-
tern in the facility as in the reactor (which is of great
importance for a correct scaling) the equations describing
the C0 and the �#gj were therefore converted into their
dimensionless form. In this way, two more scaling param-
eters arise, being the Froude dimensionless number, NFr,
and the Weber dimensionless number, NWe [3].

In the present work Freon R-134a (CH2FCF3) was
selected for the downscaling of the ESBWR, since its phys-
ical properties allow a great reduction in both the power
and the pressure. Consequently, by selecting the liquid,
all scaling parameters are quantified.

Looking further downwards in Fig. 1, three main
branches arise from the scaling rules: in the first branch
the operational point of the fluid (in the saturation line)
is defined, in the second branch the geometrical scaling is
shown, and in the last branch the scaling of the operational
conditions is presented.

3.1. Defining the operational point

The starting point of the whole scaling procedure is the
matching of the so-called density number Nq from which
the operational point (namely nominal saturation pressure,
Psat and the nominal saturation temperature, Tsat) can be
determined (see Fig. 1 left-hand branch). This matching
gives a unique solution since the density number is a mono-
tonical function of the pressure (along the saturation line).
Thus, the dimensionless density number is

Nq;R-134a

N q;water

¼ 1! N q ¼
qv

ql

¼ 5:03� 10�2; ð1Þ

where the subindexes R-134a and water, refer to Freon
R-134a and water, respectively.

As result it was found that the ESBWR operational
nominal pressure of 7.1 MPa can be reduced to 1.14 MPa
in the downscaled facility. Hence, the pressure scaling fac-
tor XPress, is found to be

X Press ¼
P R-134ajfacility

P waterjESBWR

¼ 0:16 ðfor water at 7:1 MPaÞ: ð2Þ

Once the pressure is found, all the Freon fluid properties
are known. A comparison between the water and the Freon
fluid properties is shown in Table 1.

3.2. Scaling the geometry

In order to achieve the same flow pattern in the down-
scaled facility as in the ESBWR, the Weber and the Froude
numbers need to be kept the same (see Fig. 1, second
branch). From this requirement the core radial geometry
scaling factor XCore,r,g can be derived,



Fig. 1. Basic block diagram of the scaling procedure.
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X Core;r;g ¼
Dh;R-134

Dh;water

¼
rR-134ql;water

rwaterql;R-134

� �1=2

¼ 0:46: ð3Þ

From the dimensionless form of the momentum balance
equation of the flow in the core, it can be seen that the
radial and axial dimensions are related by the geometry
number, Ng which needs to be kept the same for a proper
scaling. Thus, the core axial and radial geometry scaling
factors XCore,a,g and XCore,r,g, respectively, also need to be
the same. Consequently,
M�2 ¼
L�

DC

NFr
� L�

Core

NFr
½Nqaþ ð1� aÞ� � L�

Chimney

NFr

1
2A�2

Core

N f ;Core;TP þ
P

jKj;Core;TP

� �
þ A�2

Core

A�2
Chimney

L�ChimneyN f;Chimn

��
X Core;r;g ¼ X Core;a;g ¼
LCore;R-134

LCore;water

: ð4Þ

In the downscaled facility the same balance of buoyancy-
to-drag forces has to be achieved as in the reactor. Such
balance can be found by integrating the steady state
momentum balance equations within the loop. As a result
of that, the following relation for the square of the dimen-
sionless total mass flow rate, M*2, which needs to be equal
for the two systems, is found.
½N qaþ ð1� aÞ�

ey;TP þ
P

jKj;Riser;TP

�
þ A�2

Core

A�2
DC

N f;DCL�DC

� ð5Þ



Table 1
Physical properties of saturated Freon R-134a and water at the opera-
tional pressure

Property Freon R-134aa Waterb

Liquid density, ql/kg m�3 1128.3 738.23
Vapour density, qv/kg m�3 56.49 37.117
Saturation temperature, Tsat/�C 44.27 286.6
Latent heat, hfg/kJ kg�1 158.39 1499
Surface tension, r � 103/N m�1 5.6 17.3

a Properties calculated at 1.14 MPa.
b Properties calculated at 7.1 MPa.
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In the numerator, the Froude and density numbers,
together with the void-fraction (determined by the phase
change and subcooling numbers), are already kept the
same in the downscaled facility and the reactor. In
addition, the dimensionless lengths of all the sections need
to be matched. This means that all lengths in the facility
need to be downscaled following the same rule. Conse-
quently, Eq. (3) has to be applied to all parts present in
the downscaled facility. Especially the chimney section
needs to be properly scaled since both the core and the
chimney (and therefore the downcomer also) determine
the driving head. The axial geometry scaling factor Xa,g,
is therefore the same for all sections (see Fig. 1),

X a;g ¼ X Core;a;g: ð6Þ

In a natural circulation loop, the mass flow rate M can be
described by the loop momentum equation, which (in its
dimensionless form) can be written as

dM�ðtÞ
dt�

¼ DP �drivðtÞ � DP �lossðtÞP
i

l�i
A�i

; ð7Þ

with DP �drivðtÞ being the driving force of the flow and
DP �lossðtÞ the pressure losses [9]. From Eq. (7) it is clear that
the inertia of the loop (playing an important role in the
dynamics of the system) is determined by the summation
in the denominator of all dimensionless length-to-area
ratios present in the loop. Hence, to get the same dynamic
response in the downscaled system as in the ESBWR,
all radial dimensions in the facility have to be scaled by
the same rule as the lengths [16]. Hence, a unique geo-
metrical scaling factor Xg, exists for all dimensions of the
facility.

X g ¼ X a;g ¼ X r;g ¼
rR-134ql;water

rwaterql;R-134

� �1=2

: ð8Þ

Another result of the matching of the Weber and the Fro-
ude numbers is the scaling rule for the mass flux (expressed
by the mass flux scaling factor X _m00)

X _m00 ¼
G0;R�134

G0;water

¼ rR�134

rwater

� �1=4 ql;R-134

ql;water

� �3=4

¼ 1:007: ð9Þ
3.3. Scaling the operational conditions

To properly scale the quality profile in the heated sec-
tion, the subcooling number NSub, and the phase change
number NPCH, need to be matched. The phase change num-
ber defines the power to be applied per rod (by means of
the power scaling factor, XP) and the subcooling number
defines the Freon inlet temperature Tin (see the right-hand
branch of Fig. 1). From these requirements, together with
Eqs. (8) and (9) these dimensionless numbers are
NSubjfacility ¼ N SubjESBWR

¼ hinlet � hsat

hfg

ql � qv

qv

¼ 0:95! T inletjfacility ¼ 39:8 �C
���
R-134a

:

ð10Þ
N PCHjfacility

N PCHjESBWR

¼ 1! X P ¼
qfacility=rod

qESBWR=rod

¼
ql;water

ql;R-134a

 !1=4
rR-134a

rwater

� �5=4 hfg;R-134a

hfg;water

� �
¼ 0:023:

ð11Þ
The phase change number together with the subcooling
number defines the operational point in the stability plane
[10], hence stability comparisons can be made between the
downscaled facility and the ESBWR when these two num-
bers are the same.

As can be noted from Eq. (11), the scaling relation refers
to the power per rod. Another external constraint, however,
exists (related to the maximum available power for the
experimental facility) which fixes the number of heating
rods, Nrod, in the core section of the scaled facility (see
Fig. 1, third branch). As can be seen from Eqs. (2), (9)
and (11), the scaling rules do not define absolute quantities
but relative quantities (e.g. hydraulic diameter of the core
bundle, mass flux and power per rod). Moreover, the final
radial dimensions of the sections (e.g. the bundle area,
ACore, the chimney diameter DChimney, and the downcomer
diameter DDC) and the mass flow rate are determined by
the number of heating rods that can be used to operate
the facility (see Fig. 1). In the particular case presented in
this paper, the available power allowed to have a maximum
of 25 downscaled ESBWR heating rods which were
arranged in a 5 � 5 square lattice.

Other requirements that need to be fulfilled by the facil-
ity are: the critical heat flux, CHF phenomenon (see [11])
needs to be absent (condition 2 in Fig. 1) and vapor sepa-
ration without the introduction of carry-under has to be
achieved (condition 5 in Fig. 1). Furthermore, the Péclet
number NP�e, has to be larger than 7 � 104 in the facility
(condition 1 in Fig. 1) in order to assure that the Weber
and the Froude numbers correctly describe the flow. This
requirement assures the void ejection is hydrodynamically
controlled [12].
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3.4. Time scaling

From the scaling equations, it follows that time is not a
scaled parameter in the facility. Since we are interested in
the dynamics of the reactor, the determination of the cor-
respondence between the two times becomes an important
issue. In this section, perturbation theory is used to derive
the time scaling rule from the linearized momentum equa-
tions (LME).

The non-dimensionless version of Eq. (7) derived from
the momentum balance equation of the whole loop is

dMðtÞ
dt
¼ DP drivðtÞ � DP lossðtÞP

i
li
Ai

; ð12Þ

where the driving forces can be estimated by considering
the void-fraction in the core plus the chimney section. This
leads to

DP drivðtÞ ¼ haiLtotDq � g; ð13Þ

where hai represents the average void-fraction over the
assembly plus chimney sections and Ltot is the correspon-
dent total length. The frictional pressure drop is modeled
as DPloss(t) = a �M2 where the parameter a originates from
the requirement that dM/dt = 0 at the stable operating
point.

The loop momentum balance equation is linearized by
making use of the following set of equations.

haiðtÞ ¼ hai0 þ dhaiðtÞ
M ðtÞ ¼ M0 þ dM ðtÞ

ð14Þ

and the steady state momentum balance can be written as

a �M2
0 ¼ hai0LtotDq � g: ð15Þ

By Laplace transforming, the transfer function from void-
fraction fluctuations to flow rate fluctuations can be de-
rived. As result of this, the transfer function is found as

d bM
dba ¼ M0

2hai0
1

1þ ss
; ð16Þ

where bM and ba are the Laplace transforms of M and a,
respectively, and s the Laplace variable. The time constant
of this transfer function is thus

s ¼
M0

P
i

li
Ai

2hai0LtotDq � g : ð17Þ

The time scaling, Xt, can now be determined by taking the
ratio of the time constants, expressed in Eq. (17), for the
facility and the reactor, thus

X t ¼
sjfacility

sjESBWR

¼
ACore

Ltot

P
i

li
Ai

���
facility

ACore

Ltot

P
i

li
Ai

���
ESBWR

264
375 Gm;0jfacility

Gm;0jESBWR

2hai0Dq � g
��
ESBWR

2hai0Dq � g
��
facility

:

ð18Þ
The term within brackets cancels out due to the geometri-
cal scaling rules (see Eq. (8)). The mean void-fraction terms
also cancel out since in the downscaled facility the void
profile is kept the same as in the ESBWR (since this is
one of the most important requirements of the scaling).
By using the definition of the mass flux scaling factor
Xm00, Eq. (18) can be expressed as

sjfacility

sjESBWR

¼ X _m00
Dqwater

DqR-134a

¼ X _m00
qwater;l

qR-134;l

ð1� Nq;waterÞ
ð1� Nq;R-134Þ

: ð19Þ

The operational point of the facility was chosen so the den-
sity number Nq is kept the same as in the ESBWR (see Eq.
(1)). By using Eq. (9), the time scaling factor Xt, is therefore
found as

X t ¼
sjfacility

sjESBWR

¼ rR-134

rwater

ql;water

ql;R-134

� �1=4

¼ 0:68: ð20Þ

The last result can also be found by comparing the dimen-
sionless time arising from the differential equations and
from comparing the transit times defined as indicated by
Zboray [13]. It can be concluded that for the scaling per-
formed as described in this paper, a unique time scaling ex-
ists. Furthermore, the time scaling is independent of
operational parameters (such as the power and the inlet
temperature) defined by merely the physical properties of
the two fluids. Moreover, Eq. (20) shows that the time is
not scaled 1:1 but runs 1/0.68 = 1.45 times faster in the
downscaled facility than in the ESBWR.

By calculating the break frequency associated to the
ESBWR time constant of the void-to-flow transfer function
at nominal conditions, as expressed by Eq. (17), the follow-
ing result is obtained

sjESBWR ¼
M0

P
i

li
Ai

2hai0LtotDq � g ¼
12; 000 kg

s
3:2 1

m

2� 0:7� Ltot � Dq � g
¼ 0:23 s! f jESBWR 	 0:7 Hz: ð21Þ

This frequency is in the order of magnitude for the typical
frequencies of BWRs type II oscillations (
1 Hz) and
therefore cannot be neglected as other authors recom-
mended (see [14]). Furthermore, the downcomer section
contributes with roughly two thirds of the summation in
the numerator, which means the preservation of inertia is
important in order to achieve a correct scaling of the
dynamical behavior.

By comparing Eqs. (20) and (8), it is found that a direct
relation exists between the time scaling factor Xt, and the
geometrical scaling factor Xg. This relation is

X t ¼ X 1=2
g : ð22Þ

An important implication of Eq. (22) is that the geometri-
cal and temporal scaling is not independent in buoyancy
driven systems. Hence, a scaling based on merely the core
and the chimney sections (as performed by Kok et al.
[15]) leads to an erroneous time scaling and therefore, an
erroneous dynamic response.



Fig. 2. Two-phase friction factor for water and Freon R-134a at their
correspondent operational points in the ESBWR and the facility.
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It needs to be emphasized that the difference in the time
speed is not a distortion but a result of the scaling and,
therefore, does not need to be corrected for.

4. Analysis of the distortions

In the previous section, the scaling of the operational
conditions, the geometry and the time was shown. As result
of that scaling, the so-called ‘distortions’, appeared (see
Fig. 1). The most important distortions are due to

– The friction dimensionless number Nf, not being prop-
erly scaled.

– A fuel bundle with a 5 � 5 rods arrangement instead of a
10 � 10 arrangement.

The influence of these distortions on the thermal–
hydraulic stability of the system needs to be analyzed.
Moreover, these distortions may need to be compensated
in order to achieve the desired similarity between the scaled
facility and the ESBWR.

4.1. Friction number not scaled

Using the geometry dimensionless number as scaling
parameter implies that the friction number Nf may be dif-
ferent for the facility and the reactor [16]. This can be
clearly seen when comparing the definitions of the geome-
try and the friction dimensionless numbers

N g ¼
Dh

LCore

and N f ¼ f
Dh

LCore

; ð23Þ

where f is the single-phase friction factor (only the single-
phase friction factor appears in the scaling rules since the
homogeneous equilibrium model was used for describing
the differential balance equations).

To analyze this distortion more accurately, the two-
phase friction factor for the operational conditions, both
for water and Freon, was determined by using the correla-
tions suggested by Zhang and Webb [17] (developed for
Freons) and Müller and Heck [18]. Fig. 2 shows that the
friction factor is indeed not the same in the scaled facility
and in the ESBWR (comparison has to be done at the same
quality value).

As result of this difference, the downscaled facility has
extra friction that plays a role in the stability of the system.

4.2. Smaller core fuel bundle (5 � 5 instead of 10 � 10)

The effect of the reduced number of rods in the bundle
(see Fig. 1) is a higher core friction because of the incre-
ment in the wetted perimeter per rod.

4.3. Compensation of the distortions

The net effect of the aforementioned distortions is that a
larger friction exists in the facility. This extra friction is
particularly important in the core because of the high qual-
ity combined with the relatively small hydraulic diameter.

Marcel [19] showed that the stability of a natural circu-
lation thermal–hydraulic system (in which the local restric-
tions are concentrated at the inlet and outlet of the channel,
Kinlet and Kexit, respectively) is controlled by a dimension-
less friction factor � defined as

� ¼ 2
K inlet þ Kexit

1þ Kexit

: ð24Þ

From the models implemented by these authors it is found
that by preserving the scaling dimensionless factor �, the
stability of the scaled facility and the ESBWR can be made
similar by adjusting the chimney exit friction in such a way
that Eq. (24) is kept the same for both systems.

To check the validity of the proposed correction a
reduced order model [10] was used. In this analysis a value
of 8% of core extra friction was assumed and later on cor-

rected according to Eq. (24). Both results are then com-
pared with the exact solution. The resulting thermal–
hydraulic stability boundaries and their errors are shown
in Fig. 3.

From the results of the reduced order model shown in
Fig. 3, it can thus be concluded that the proposed method
significantly diminishes the distortion caused by the extra
core friction.

Although Eq. (24) was derived from a simplified model
(the core friction located only at the inlet), its application in
the downscaled version of the ESBWR is considered to be
valid since the chimney section is very long and thus the
core friction distribution (for the thermal–hydraulic stabil-
ity) does not play an important role.

As can be seen in Fig. 3, ignoring the distortion caused
by the core extra friction leads to a non-conservative
determination of the stability characteristics of the
ESBWR, since the stable region enlarges. By keeping the
dimensionless friction using � the same, it can be assured
that from the thermal–hydraulic stability point of view



Fig. 3. The T–H stability boundaries (SBs) for three loop friction
distributions: ideal case in which the friction is exactly downscaled (solid
line); scaled case with no correction of the distortion (dashed line);
corrected scaled system (dotted line).
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the experimental results performed in the downscaled
system will be slightly conservative.

4.4. Scaling sensitivity to the operational pressure

It may be of importance to study the stability perfor-
mance of the ESBWR at a pressure different than the oper-
ational one, since a new method to control this reactor by
changing the operational pressure is being considered. The
downscaled facility, however, is designed to be operated at
the point in which the density number is correctly matched
(see Eq. (1)). For different pressures, the operational condi-
tions (i.e. power and temperature inlet conditions) and
geometry would need to be modified in order to scale the
reactor in this new situation. The geometry of the facility,
however, cannot be easily adjusted.

In order to investigate how the geometrical scaling,
given by Eq. (8), should be modified when the operational
pressure of the reactor is changed, Fig. 4 was constructed.
Fig. 4. Pressure relation between the ESBWR (water) and the downscaled
facility (Freon R-134a). The resulting change in the geometrical scaling
factor with respect of the original conditions (7.1 MPa in water) is also
shown.
This figure shows the correspondence between the pressure
in the ESBWR and the downscaled pressure in the facility.
The figure has to be interpreted as follows: for a given reac-
tor pressure at the right-hand side scale, the corresponding
downscaled pressure is presented at the bottom scale (via
the dotted line). The downscaled pressure can then be used
to read the change in the geometrical scaling factor Xg,
indicated by the left-hand side scale (via the solid line).

For instance, to investigate the scaling of the reactor at
6.4 MPa, the water-Freon saturation pressure line can be
used to read the correspondent Freon operational pressure
which in turn accounts to 
1.025 MPa. This Freon pres-
sure is thus used to read the normalized scaling factor
which in this example is 
1.0016.

Fig. 4 shows that, for a wide range of pressures, the
change in the geometrical friction factor is less than 0.5%
and therefore can be neglected. In other words, the stability
of the ESBWR can be studied with a Freon R-134a based
facility at a range of pressures without geometrical
changes. Consequently, the change in the time scaling is
also negligible. The new scaling factors defining the mass
flux scaling, the power and the inlet subcooling, however,
must be recalculated with the physical properties at the
new pressure, according to Eqs. (9)–(11), respectively.

5. Results from the proposed scaling design approach

In order to analyze the proposed scaling design, the
GENESIS facility was constructed according to the scaling
rules developed in this paper. Fig. 5 shows a schematic view
of this test facility.

The primary loop consists of a heated section, a chimney
and a downcomer section. The vapor separation is done in
the separation vessel which design assures that no carry-
under occurs. The facility can be operated with natural
or forced circulation. The heated section consists of a fuel
bundle with 5 � 5 rods which represents a complete fuel
bundle of the ESBWR. The core spacers and the tie plates
are also located in the proper place. Numerous sensors
located at different positions (thermocouples, capacitance
void-fraction sensors, magnetic flowmeters and absolute
and differential pressure sensors) allow characterizing the
operational status of the facility (see [19] for a complete
description of the GENESIS facility).

The results, obtained from the GENESIS facility, were
compared with numerical simulations of the ESBWR by
using the ATHLET system code [20] and the TRACG sys-
tem code [21]. The results comprise the mass flux (which is
an independent parameter) and the stability characteristics
of the nominal point. In order to perform such a compar-
ison, the same operational conditions, defined by the
dimensionless phase change number, NPCH, and the subco-
oling number, NSub, were used.

In Fig. 6 the obtained mass fluxes for different power
conditions are shown.

In the ESBWR, core bypass channels are installed which
were also included in the numerical simulation. These



Fig. 6. The power-mass flux map as found in the numerical and
experimental studies. The experimental GENESIS results have been
rescaled to ESBWR scale.

Table 2
Thermal–hydraulic stability characteristics for the nominal operational
point

GENESIS ESBWRa ESBWRb

Decay-ratio, DR (–) 0.12 0.11 –
Resonance frequency, fres/Hz 0.11 0.13 0.083–0.17

a Obtained from numerical simulations performed in ATHLET code.
b Estimated from the typical period found for DWO (calculated as 1–2

times the raveling time through the channel) based on results obtained in
TRACG code.

Fig. 5. Schematic view of the GENESIS facility (not to scale).
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bypasses, however, are not included in the facility due to
the fact they do not significantly influence the stability.
Nevertheless, for both cases, with and without the bypass,
the resulting mass fluxes obtained from GENESIS and
ATHLET show a very good agreement for the whole inves-
tigated range. As can be noted, the agreement between
TRACG, ATHLET and GENESIS is also good for the
nominal case.

The absence of experimental points at low power condi-
tions is due to the difficulty to operate the GENESIS facil-
ity at low subcooling temperatures (close to the saturation
point) since limitations exist on the maximum temperature
at which the Freon can be introduced at the feedwater
sparger position.

Besides the relation between the power and the mass
flux, the thermal–hydraulic stability of the GENESIS facil-
ity and the ESBWR was investigated for nominal condi-
tions. The resulting dynamics, obtained by slightly
perturbing the steady state of the GENESIS facility run-
ning at nominal conditions, was used to extract the param-
eters which characterize its thermal–hydraulic stability.
These parameters were the decay ratio DR, and the reso-
nance frequency fres. The same method was used regarding
the numerical experiments performed in ATHLET code
which allowed characterizing the ESBWR thermal–hydrau-
lic stability performance. In addition to the GENESIS and
ESBWR–ATHLET results, the expected natural frequency
for density wave oscillations (DWO) was calculated from
the TRACG results. The results of that study are presented
in Table 2.

It is found that the experimental and numerical results
show a good agreement for both the decay ratio and the
natural frequency. The good agreement between the oscil-
lation frequencies certifies the correct treatment of the time
scaling proposed in Section 3.3. As a matter of complete-
ness it can be mentioned that the resulting frequencies from
both, ESBWR–ATHLET and GENESIS correspond well
with the expected natural frequency estimated from the
traveling time of the fluid through the hot channel (see
[19]). This finding is in accordance with the expectable
behavior of density wave oscillations (DWO).

6. Conclusions

The fluid-to-fluid scaling process for the simulation of
the thermal–hydraulics of a natural circulation BWR has
been revised and discussed in detail. Moreover, the impor-
tance of correctly scaling the inertia and the friction distri-
bution has been shown. For stability investigations with
fluid-to-fluid downscaled systems, the same geometrical
scaling factor has to be used for the axial and radial dimen-
sions of all the sections. If that rule is followed, the time in
the downscaled facility is not scaled 1:1 with the time of the
original system, but an explicit rule applies for that. Fur-
thermore, a simple relation was found between the time
scaling factor and the geometry scaling factor.
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Scaling distortions are also discussed and a way of
diminishing their consequences in the case of larger friction
in the core was also presented. By using the proposed meth-
odology, it was shown that core friction-related distortions
can be sensibly reduced.

The sensitivity of the geometrical scaling factor with the
pressure was also analyzed in order to determine whether
the facility can be used to investigate the stability of the
reactor at pressures far from the nominal pressure. It was
found that the geometrical scaling factor is weakly depen-
dent on the pressure for the Freon R-134a particular case.
This result allows using the same facility for thermal–
hydraulic stability studies in a wide range of pressures
(6.0–8.0 water-MPa).

In order to experimentally validate the rules derived in
this work, the GENESIS facility was designed and con-
structed. Finally, the steady state mass flux for different
power conditions in the GENESIS facility was compared
with results obtained by using a numerical model of the
ESBWR reactor programmed in the ATHLET system code
and in the TRACG system code. Furthermore, the stability
characteristics of the experimental facility and the numeri-
cal models of the reactor at the operational point were
examined. A very good agreement was found. The result
of these investigations seems to confirm the validity of
the downscaling methodology for stability analysis pro-
posed in this paper.

In order to investigate the similarity between the down-
scaled system and the numerical results, a larger number of
cases has to be compared. Moreover, the construction of
complete stability maps is recommended.
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