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a b s t r a c t

The small PWR has been paid more and more attention due to its diversity of application and flexibility in
the site selection. However, the large core power density, the small containment space and the rapid
accident progress characteristics make it difficult to control the containment pressure like the traditional
PWR during the LOCA. The pressure suppression system has been used by the BWR since the early
design, which is a suitable technique that can be applied to the small PWR. Since the configuration and
operating conditions are different from the BWR, the pressure suppression system should be redesigned
for the small PWR. Conducting the experiments on the scale down test facility is a good choice to
reproduce the prototypical phenomena in the test facility, which is both economical and reasonable. A
systematic scaling method referring to the H2TS method was proposed to determine the geometrical and
thermohydraulic parameters of the pressure suppression containment response test facility for the small
PWR conceptual design. The containment and the pressure suppression system related thermohydraulic
phenomena were analyzed with top-down and bottom-up scaling methods. A set of the scaling criteria
were obtained, through which the main parameters of the test facility can be determined.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the large-scale application of the nuclear energy, the nu-
clear safety has attracted more and more attention, especially after
the Fukushima nuclear power plant accident in Japan. As the last
barrier to prevent the leakage of the radioactive materials, the
containment is of great importance to the nuclear power plant,
inside which the pressure and the temperature must be controlled
below the allowable limit to ensure its integrity during the
accident.

When the loss of coolant accident (LOCA) or the main steam line
rupture accident (MSLB) occurs, a large amount of high-
temperature and high-pressure water released from the reactor
primary loop will flash evaporate, leading to the pressure rapidly
rising in the containment. In order to deal with this kind of over-
pressure problem, the large PWR nuclear power plants usually
adopt the large volume containment design to slow down the
pressure rise rate. Besides, the containment spray system (EAS) and
the passive containment cooling system (PCS) are responsible for
Meng).

by Elsevier Korea LLC. This is an
controlling the long-term pressure of the containment.
The small PWR has been paidmore andmore attention due to its

diversity of application and flexibility in the site selection. Different
from the traditional large PWR nuclear power plant, the small PWR
generally has the characteristics of large core power density, small
containment space, and rapid accident progress. Once the LOCA or
the MSLB occurs, it is difficult to use the volume of the containment
to quickly relieve the rising pressure. Besides, the EAS and the PCS
are too late to play their role due to the limits of the start-up
conditions and the response time. According to the numerical
research of Quan et al. [1], the pressure came up to the peak value
(0.75 MPa) after 40 s of a postulated design-basis LOCA accident
without any pressure control measures in a 100 MWe reactor
containment, which is beyond the design safety limit value.

Comparing to the traditional large PWR containment, the
containment volume used in the BWR is very small. It is obvious
that the small PWR and BWR both have the similar restrictions that
the containment pressure should be controlled under the limit
value in such a relatively small volume. In the BWR, the passive
pressure suppression system is used to deal with the short-term
overpressure problem of the containment after the accident. Once
the pressure difference between the containment and the sup-
pression pool exceed the blow down pipe hydrostatic head, the
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steam and air mixture in the containment will be driven to the
suppression pool. The process is totally passive and requires no
external start signal. The large amount of steam will be condensed
in the pool through direct contact condensation, which is highly
efficient. The non-condensable gas will be contained in the sup-
pression pool gas space after the water filtering process. It is a
mature technique that has been adopted since the early BWR
design. Comprehensively considering the existing post-accident
containment pressure relief technology, the containment passive
suppression technology is undoubtedly the best choice for the
design of the small PWR pressure suppression systems.

Due to the complex thermal hydrodynamic phenomena of the
suppression pool system, the containment pressure response is
influenced by many factors. The experiments should be conducted
to verify whether the pressure suppression containment can meet
the demand for the small PWR containment peak pressure sup-
pression in the early stage of the LOCA. Besides, the configuration
and the operation condition between the BWR and the small PWR
are different, it is inappropriate to directly apply the BWR pressure
suppression system design to the small PWR. For this reason, the
experiments should be specially designed for the small PWR to
evaluate the pressure suppression system effect.

As for the BWR research, a lot of experimental investigation
work in different scales on the pressure suppression containment
have been carried out. The Marviken power plant in Sweden was
originally designed and built as a boiling heavy water reactor [2,3].
Instead of being operated, the Marviken pressure suppression
containment was used in performing full scale blow down exper-
iments to study the containment response. JAERI had built a test
facility to study the containment response during the LOCA [4], of
which the lower portion of the test containment is a full-scale
replica of one of the 20� sectors in the annular wetwell of a
typical MARK II containment. The test facility features seven full
size vent pipes. The drywell and the primary system are repre-
sented in the same volumetric scale ratio (1:18) as the wetwell. LUT
in Finland had conducted a series of experiments in PPOOLEX
program to investigate the suppression pool related thermal hy-
draulic phenomena [5e7]. The PPOOLEX test facility is a scaled
down test facility of Nordic type BWR containment. The 31 m3

stainless steel containment consists of two main parts, i.e. the
drywell compartment and the wetwell compartment, separated by
an intermediate floor. The volume of the two parts and the diam-
eter of the blow down pipe were just linearly scaled according to
the Olkiluoto nuclear power plant prototype parameters, while
more scaling parameters was not given in their reports.

Although the full-scale experiment can predict the real pressure
evolution with the most limited deviation, such experiments are
both costly and hard to operate. Therefore, the most acceptable
methods of predicting the pressure response in the containment
are through the scale models and simulation experiments, using
the scaling laws to extrapolate the simulation results to full scale
prototype transients. However, it is necessary that the scaling
rationale be logical and reasonable. Scaling laws and scaling criteria
thus become the most important issue for designing, performing,
and analyzing simulation experiments using a scale model. Unfor-
tunately, there are no systematic and specific scaling methods for
the experimental work mentioned above in the public literature.
Beyond that, the scaling analysis aiming at the pressure suppres-
sion system is also rare. Therefore, it is necessary to analyze the
thermohydraulic phenomena in the pressure suppression system of
the small PWR and propose the scaling methods suitable for the
test facility design.

In this paper, a systematic scaling method referring to the H2TS
method was proposed to determine the geometrical and thermal
hydraulic parameters of the pressure suppression containment
response test facility for the small PWR conceptual design. The
general scaling method was introduced firstly, therewith the
dominant phenomena identification, and then the top-down
scaling analysis focused on the systematic response and the
bottom-up scaling analysis focused on the local phenomena. At last,
the dimensionless similarity criteria were developed to determine
the geometrical dimensions and experimental conditions of the
test facility.

2. Scaling methods

The scaling analysis is a method developed to establish a scale-
down experimental facility that can simulate the process of the
prototype accidents. Its essence is to simplify the reference proto-
type into an experimental model by reducing the geometric size
and changing the fluid properties according to the similarity theory
but still ensure that the phenomena concerned is reproduced well
in the experiment.

There are various scaling methods according to different scaling
logic. The linear scaling is a kind of simple method, in which all the
linear dimensions are reduced by the same proportion. Although it
is suitable for some single-phase flow situations, the linear scaling
also brings about the thermal and flow distribution distortions
when it comes to the two-phase flow conditions, [8,9]. Besides, the
acceleration scale has to be reduced by 1/LR, which is difficult to
satisfy for the vertical gravity acceleration. For these reasons, the
power/volume scaling is developed based on the linear scaling. The
velocity ratio, the time ratio, the length ratio and the power ratio in
the power/volume scaling is equal to 1, therefore, the test data can
be used directly to analyze and predict the important transients in
the prototype. The weakness of the power/volume scaling is that
the scaled test facility is usually tall and thin, which results in a
remarkable increased resistance due to the reduced cross-sectional
area. In addition, the rather large surface area/volume ratio leads to
the system heat loss larger than the scaled value, resulting in
distortion of the slow transients. Both linear and power/volume
scaling methods described above are developed based on single-
phase flow conservation equations. However, extending these
methods to investigate phenomena associated with two-phase
flow, particularly for non-homogeneous flows, is certainly incor-
rect. Zuber et al. [10] proposed the hierarchical two-tiered scaling
(H2TS) method, which is a structured scaling analysis method for
analyzing the complex multiphase flow systems. The conduction of
the H2TS method mainly consists of four parts: the system
decomposition, the scale identification, the top-down scaling
analysis and the bottom-up scaling analysis. It can ensure both the
similarity of the whole system and the similarity of the local
important phenomena. The top-down approach provides non-
dimensional scaling groups (P-groups) in terms of time ratios
that characterize system response to a given transfer process, while
the bottom-up approach focuses on the important processes to
maintain applicability of the data by addressing order of progres-
sion and process bifurcations. And it provides the closure relations
for the characteristic time ratios given by the top-down scaling
analysis. H2TS is an advanced method that is suitable for integral
facility scaling. It has been successfully applied to a series of scale-
down modeling of nuclear safety related experiments [11,12],
especially the experiments related to the containment.

The main purpose of the construction of the scale down test
facility is to verify whether the pressure suppression capability of
the designed containment passive pressure suppression system
meets the demand of the prototype small PWR. The containment
pressure response characteristic is the most important physical
phenomena that the scale down experiment needs to reproduce.
Therefore, the dominant phenomena occurred in the related
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system should be identified at first, and then the top-down
modeling analysis of the pressure response characteristics of the
containment and suppression system should be performed at the
system level to obtain the corresponding characteristic time ratio
and the similarity criterion. Built on this, the bottom-up modeling
analysis of important local physical parameters of the containment
and suppression system is also needed to obtain similarity criteria
to ensure that these physical processes are reproduced in the
experiment. Hence, for the design of the experimental facility of the
passive containment pressure suppression system, it is planned to
carry out the scaling analysis by means of the H2TS method. The
procedure of the scaling analysis conducting is shown in Fig. 1.
3. Scaling analysis

3.1. Dominant phenomena identification

The exact similitude between the test facility and the prototype
is not allowed due to the nature of the scaling, thus the dominant
and most important phenomena should be picked out among all
related thermohydraulic phenomena and analyzed with the scaling
methods. Sawant et al. [13] came up with the phenomena identi-
fication ranking table (PIRT) applicable to advanced boiling water
reactor (ABWR) containment pressure-temperature and suppres-
sion pool swell response during the design basis accidents, which is
a suitable reference to the dominant phenomena identification in
this paper.

From the systematic aspect, containment pressure response is
the most concerned phenomenon, which is determined by the
mass and energy release, transfer and transportation process in the
containment. Therefore, the reactor primary loop coolant inventory
is of great importance, which should also be scaled to match the
mass and energy released to the containment. Meanwhile, as the
steam and non-condensable gas heat and mass sink, the pressure
suppression system plays a role in the system pressure response as
well. All these three terms will be properly scaled to provide the
initial form of the similarity criteria.

From the local phenomena aspect, various individual processes
contribute to the overall response respectively:
Fig. 1. Scaling analysis flow chart.
(1) Break blow down process. During the accident, the primary
loop coolant blow down from the break is the mainmass and
energy source entering into the containment. The fluid flow
state (such as the fluid velocity) at the break will influence
the mass and energy transport rate, which has an effect on
the containment pressure rise rate. Thus, the fluid flow state
at the break is a key parameter needs to be preserved.

(2) Reactor primary loop resistance and the safety injection pipe
resistance. When the break accident occurs, the resistance
characteristics of the primary loop directly affects the pres-
sure of the fluid at the break, which in turn affects the flow
state of the fluid, and indirectly affects the thermohydraulic
state in the containment after the accident. The resistance
characteristics of the safety injection system directly affects
the safety injection flow rate and has an impact on the ac-
cident process.

(3) Thermal stratification in the containment. The discharge of a
large amount of steam after the accident will affect the
temperature in the containment and the stratification of the
non-condensable gases. The temperature in the containment
and the stratification of the non-condensable gas will affect
the dynamic response characteristics and the suppression
capability of the suppression system. Therefore, it is neces-
sary to model the thermal stratification in the containment
so that the thermal stratification phenomena can be pre-
served in the experiment.

(4) Containment wall surface convection and condensation.
During the accident, the mixed hot gas flows in the
containment space and contacts with the cold containment
wall, thus the heat transfer and steam condensation occurs.
These processes act as the mass and energy sink, contrib-
uting to the containment depressurization.

(5) Containment wall and in-containment component heat
storage. There are a variety of metal structures and non-
metal structures in the prototype containment. In the break
accident, these structures will act as the short-term heat
sinks (e.g., metal) or the long-term heat sinks (e.g., concrete)
to directly absorb the energy in the containment, which in
turn affects the thermal hydraulic conditions in the
containment after the accident.

(6) Thermal stratification in the suppression pool. Thermal
stratification and mixing phenomena have been investigated
by many researchers [14,15]. Based on the research of
Gamble et al. [16], the long-term post-accident containment
pressure is determined by the combination of non-
condensable gas pressure and steam pressure in the wet
well gas space. The suppression pool surface temperature,
which determines the vapor partial pressure, is especially
important to overall containment performance. According to
the heat balance, when the total volume of the water in the
suppression pool is known, the homogenous temperature
increase of the water can be calculated. However, if the
thermal stratification appears in the water space, the actual
pool surface temperature will be higher than the calculated
value. In the Fukushima accident, Unit 3 had a rapid pressure
rise in the containment in the early accident due to the
thermal stratification in the water space of the suppression
pool, which resulted in the reduction of the suppression
capability of the suppression system [17]. Therefore, it is
necessary to model the thermal stratification phenomena in
the suppression pool, so that the similar thermal stratifica-
tion to the prototype can be preserved in the experiment.

(7) Suppression pipe resistance. The suppression pipe is a key
component connecting the containment and the suppression
pool. Higher pressure drop of the suppression pipe leads to
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higher containment pressure and lower vent flow rate.
Therefore, in order to ensure that the pressure response of
the containment and the suppression system is similar after
the accident, the pressure drop of the suppression pipe in the
prototype and the experiment should be equal.

(8) Vent clearing process. The suppression pipe is immersed in
the pressure suppression pool. When the accident occurred,
the water column in the suppression pipe must be
completely extruded before the steam start to discharge,
which means the direct contact condensation with the sub-
cooled water in the suppression pool can occur only after the
vent clearing phase stops. Based on boiling water reactor
research experience, the vent clearing phase time is usually
between 0.8 and 2s. The length of the vent clearing phase
time is related to the pressure response characteristics of the
containment after the accident. Therefore, it is necessary to
model the vent clearing process in the experiment.

The specific processes considered above provide the closure
relations for the initial form systematic scaling criteria to be
completed to the final form ones.
Fig. 2. Schematic diagram of the conceptual small PWR: (1) break blow down energy;
(2) energy transported to the suppression pool; (3) condensation heat transfer; (4)
convection heat transfer inside the containment.
3.2. Assumptions

In order to make the derivation of the scaling analysis clear and
easy to conduct, some reasonable and conservative assumptions
are presented below:

(1) The gas volume of the containment is assumed to be con-
stant, which means dV/dt z 0. Although the liquid coolant
and the condensate water will be released to the contain-
ment, the total amount of the liquid is negligible comparing
to the containment volume.

(2) The containment atmosphere is considered as an air-steam,
ideal gas mixture.

(3) The same working fluid is used with the prototypical ther-
modynamic conditions in the test facility, which both sim-
plifies the scaling ratios and avoids some scaling of the
internal energy partial derivates terms.

(4) The primary energy transfer mechanisms in the containment
consist of condensation, convection and the energy trans-
portation to the pressure suppression system. The outside
wall of the containment is assumed to be adiabatic only in
the early stage due to the fast transient, while the heat
convection between the outside wall and the environment
atmosphere should be considered in the long-term accident.

(5) The temperature gradient of the containment wall is
assumed to be 0, which means the containment wall outside
and inside temperature is equal.

(6) The radiation heat exchange of the in-containment struc-
tures and the containment wall is neglected.
3.3. Top-down scaling analysis

3.3.1. Containment pressure response scaling
Taking the free volume inside the containment as the control

body, as shown in Fig. 2, there are four primary items that affect the
containment pressure, which are the break blow down energy, the
steam condensation, the heat convection through the solid surface
(the containment wall and the in-containment heat structure), and
the energy transported to the suppression pool. Therefore, the rate
of pressure change (RPC) equation of the containment control
volume is derived as:
V
g� 1

dp
dt

¼ _mbrkibrk � _ministm � _m}
condAcondistm

� hconvAconv

�
Ts � Tsrf

�
(1)

By normalizing with appropriate reference values (i.e. Xþ ¼
X=Xref , see in Table 1), the variables in the above dimensional form
of the RPC equation can be put into non-dimensional form as:

Vþ

g� 1
dpþ

dtþ
¼
�

_mbrk;0ibrk;0
V0p0

tcv

�
_mþ
brki

þ
brk �

�
_min;0istm;0

V0p0
tcv

�
_mþ
ini

þ
stm

�
(

_m}
cond;0Acond;0istm;0

V0P0
tcv

)
_m}þ
condA

þ
condi

þ
stm

�
(
hconv;0Aconv;0

�
T � Tsrf

�
0

V0p0
tcv

)
hþconvA

þ
convDT

þ
srf (2)

The four coefficient terms on Eq. (2) right-hand side represent
the characteristic time ratios, which characterize the time ratio of
the system response time tcv to the specific transfer process time. In
this way, all transfer processes can be evaluated in terms of the
system response time only [10]. To make the prototype contain-
ment pressure response process resemble the experimental pres-
sure response process, these four characteristic time ratios of the
test facility to the prototype must equal to 1:

Y
p;Co;brk;R

¼
�

_mbrk;0ibrk;0
V0p0

tcv

�
R
¼1 (3)



Table 1
RPC equation variables nondimensionalization.

Parameters Nondimensionalized variables

Containment free volume
Vþ ¼ V

V0
Containment pressure pþ ¼ p

p0
Time tþ ¼ t

tcv
¼ t

V0

,
_Qbrk;0

Break steam mass flow rate
_mþ
brk ¼ _mbrk

_mbrk;0

Break steam enthalpy
iþbrk ¼ ibrk

ibrk;0
Seam mass flow rate transported to the pressure suppression system

_mþ
in ¼ _min

_min;0

Solid surface steam condensation mass transfer flux
m

00þ
cond ¼ _m

00
cond

_m
00
cond;0

Solid surface steam condensation area
Aþ
cond ¼ Acond

Acond;0

Containment steam enthalpy
iþstm ¼ istm

istm;0

Solid surface convection heat transfer coefficient
hþconv ¼ hconv

hconv;0
Solid surface convection heat transfer area

Aþ
conv ¼ Aconv

Aconv;0

Temperature difference between the solid surface and the containment atmosphere
DTþsrf ¼ ðTs � Tsrf Þ

ðTs � Tsrf Þ0
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Y
p;Co;in;R

¼
�

_min;0istm;0

V0p0
tcv

�
R
¼1 (4)

Y
p;Co;cond;R

¼
(

_m}
cond;0Acond;0istm;0

V0p0
tcv

)
R

¼1 (5)

Y
p;Co;conv;R

¼
(
hconv;0Aconv;0

�
T � Tsrf

�
0

V0p0
tcv

)
R

¼1 (6)

Because the same fluid (water vapor and air) are both used in
the test facility and the prototype, and that the containment
pressure response similarity between the prototype and the test
facility is the aim of the scaling analysis, the thermal physical
properties of the gas in the test facility remain the same as the
prototype. In addition, since condensation and convection heat
exchange occur on the same solid surface, the condensation area is
equal to the convective area. When the characteristic time is pre-
served in the scaled down test facility, that is,

tcv;R ¼1 (7)

Then, the above Eqs. (3)e(6) can be simplified as:

Y
p;Co;brk;R

¼
�

_mbrk;0ibrk;0
V0

�
R
¼1 (8)

Y
p;Co;in;R

¼
�

_min;0

V0

�
R
¼1 (9)

Y
p;Co;cond;R

¼
(

_m}
cond;0Aw

V0

)
R

¼1 (10)
Y
p;Co;conv;R

¼
�
hconv;0Aw

V0

�
R
¼1 (11)

where Aw is the containment wall surface area, which is equal to
the solid surface steam condensation area and the convection heat
transfer area.

Based on Eqs. (8) and (9), the ratio of the break blow down
energy and the steam mass flow rate from the containment to the
suppression pool can be obtained when the scale ratio of the
containment volume is determined. The ratio of the containment
wall surface area will be discussed in the bottom-up scaling anal-
ysis when the related local phenomena are analyzed.

3.3.2. The pressure response in the suppression system scaling
According to the principle of the energy conservation, one part

of the energy entering the suppression system is absorbed by the
subcooled water in the suppression pool and the heat structures of
the suppression systemwall, another part is stored in the gas space.
Then the relations of these energy can be expressed as Eq. (12),

_ministm ¼ _mpool;lcp;pool;lDTpool;l þ _mpool;gipool;g þmstlcp;stlDTstl

(12)

Taking the atmosphere volume inside the suppression system as
the control body, the main effect that influence the pressure of the
suppression system is the energy entering the suppression system
atmosphere volume. The rate of pressure change equation is
derived as:

Vpool;g

g� 1
dppool;g

dt
¼ _mpool;gipool;g (13)

Substitute Eq. (12), then

Vpool;g

g� 1
dppool;g

dt
¼ _ministm �mpool;lcp;pool;lDTpool;l �mstlcp;stlDTstl

(14)
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By normalizing with the samemethod in Table 1, the variables in
the above dimensional form of the RPC equation can be put in non-
dimensional form as:

Vþ
pool;g

g� 1

dpþpool;g
dt

¼
(

_min;0istm;0

Vpool;g;0ppool;g;0
tcv

)
_mþ
ini

þ
stm

�
(
mpool;l;0cp;pool;DTpool;l;0

Vpool;g;0ppool;g;0
tcv

)
mþ

pool;lc
þ
p;pool;lDT

þ
pool;l

�
(
mstl;0cp;stl;0DTstl;0
Vpool;g;0ppool;g;0

tcv

)
mþ

stlc
þ
p;stlDT

þ
stl (15)

Since the same working fluid (steam, air and water) and mate-
rial (stainless steel) as the prototype are used in the experimental
facility, the thermal physical properties of the gas/liquid/stainless
steel in the experiment and the prototype are the same. To
resemble the suppression system pressure response of the exper-
iment with the prototype, the following simplified dimensionless
similarity criteria must be met:

Y
p;Sp;in;R

¼
(

_min;0

Vpool;g;0

)
R

¼1 (16)

Y
p;Sp;pool;R

¼
(
mpool;l;0DTpool;l;0

Vpool;g;0

)
R

¼1 (17)

Y
p;Sp;stl;R

¼
(
mstl;0DTstl;0
Vpool;g;0

)
R

¼1 (18)

Substitute Eq. (9), Eq. 16e18 are simplified as:

Y
p;Sp;in;R

¼
(

V0

Vpool;g;0

)
R

¼1 (19)

Y
p;Sp;pool;R

¼
�
mpool;l;0DTpool;l;0

V0

�
R
¼1 (20)

Y
p;Sp;stl;R

¼
�
mstl;0DTstl;0

V0

�
R
¼ 1 (21)

According to Eq. 19e21, the scale ratio of the pressure sup-
pression system gas volume, water volume and themass of the heat
structure in the test facility are determined.
3.3.3. Primary loop energy scaling
The break energy released to the containment mainly comes

from the flash evaporation process of the high pressure, high
temperaturewater in the primary loop. The process is influenced by
the core decay heat and the safety injection water flow rate. The
primary loop energy balance equation is expressed as:

d
�
mloopiloop

�
dt

¼Qdecay þ _mecciecc � _mbrkibrk (22)

where on the equation left-hand side is the primary loop energy
change rate, the first term on the equation right-hand side is the
core decay heat power, the second term is the safety injectionwater
energy flow, and the third term is the released break energy flow.
By normalizing Eq. (22) with appropriate reference values, the
energy balance equation can be generalized as:
d
�
mþ

loopi
þ
loop

�
dt

¼
(

Qdecay;0

mloop;0iloop;0
tcv

)
Qþ
decay þ

(
_mecc;0iecc;0

mloop;0iloop;0
tcv

)

_mþ
ecci

þ
ecc �

(
_mbrk;0ibrk;0

mloop;0iloop;0
tcv

)
_mþ
brki

þ
brk

(23)

If the break energy release in the experiment resembles the
prototype, the following non-dimensional similarity criteria must
be met:

Y
p;Pr;brk;R

¼
(

_mbrk;0ibrk;0
mloop;0iloop;0

)
R

¼1 (24)

Y
p;Pr;ecc;R

¼
(

_mecc;0iecc;0
mloop;0iloop;0

)
R

¼1 (25)

Y
p;Pr;decay;R

¼
(

Qdecay;0

mloop;0iloop;0

)
R

¼1 (26)

According to Eq. (8), the break energy release should be scaled
based on the containment volume ratio, then equation (24) is
simplified as:

Y
p;Pr;brk;R

¼
(

V0

mloopiloop

)
R

¼1 (27)

Similarly, Eq. (25)-(26) is simplified as:

Y
p;Pr;ecc;R

¼
�

_mecc;0iecc;0
V0

�
R
¼1 (28)

Y
p;Pr;decay;R

¼
�
Qdecay;0

V0

�
R
¼1 (29)

Based on Eq. 27e29, when the containment volume scale ratio is
determined, the scale ratio of the primary loop water inventory, the
core decay heat and the safety injection water flow rate can also be
determined.

3.4. Bottom-up scaling analysis

3.4.1. Break blow down scaling
The fluid flow state at the break is a key parameter that de-

termines the thermodynamic properties of the containment during
an accident. According to different accidents and different stages of
the blow down process, the blow down may be based on steam-
water two phase discharge or saturated steam discharge.

In the early stage of the accident, the pressure in the reactor is
much higher than the pressure in the containment, so the critical
flow condition can be assumed. The critical mass flow is calculated
as [18]:

_mbrk ¼GcAbrk (30)

For the saturated steam critical discharge, Eq. (31) can be ob-
tained according to Moody’s relation [19].

Gc ¼
�

2
gþ 1

� gþ1
2ðg�1Þ�

grg;0p0
	1=2 (31)

For the steam-water two phase discharge [20], Eq. (32) can be
obtained.
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Gc ¼
"�

vg;brk � vf

� xbrk
0:14sfg;brk

�
dsf
dp

�
brk

#�0:5

(32)

Substitute Eq. (8), the similarity ratio of the critical discharge
process is

 
V0

GcAbrkibrk;0

!
R

¼1 (33)

In themiddle and late stages of the accident, the break discharge
process conforms to the hypothesis of the isentropic flow for short-
pipe, and then the following energy balance equation can be
obtained:

dhþ d
u2

2
¼ 0 (34)

For the subcritical flow whose flow rate changes with the back
pressure, Eq. (34) shows that under this condition, the conversion
process from pressure potential energy to kinetic energy is
considered, while the external heat transfer process of the flow is
ignored. Therefore, the flow equation in the tube can be obtained
as:

dðrudÞ
dt

¼D
�
ru2
�
þ Dp� ru2

�
Ksrk þ K exp

	
2

(35)

Ignoring the effect of the fluid flow velocity in the break, and
taking the break form loss coefficient as Ksrk þ Kexp ¼ 0.5, Eq. (35) is
simplified as:

3ru2

4
� rud

t
þDp ¼ 0 (36)

where t is the time required for the fluid to pass through the
thickness of the break.

Ignoring the effect of fluid flow velocity and assuming the break
flow is a uniformly accelerated motion that starts from rest, and
then the relationship between the motion time, the fluid acceler-
ation and the break thickness is shown as follow:

u2 ¼2ad (37)

d¼ at2

2
(38)

Combine Eqs. (36)e(38), then

ru2

4
þDp ¼ 0 (39)

The break flow velocity and the flow rate can be calculated as:

u¼2

ffiffiffiffiffiffiffiffiffi
jDpj
r

s
(40)

Gnon�c ¼2
ffiffiffiffiffiffiffiffiffiffiffiffi
jDpjr

q
(41)

Substitute Eq. (8), the similarity condition for subcritical
discharge is

 
V0

Gnon�cAbrkibrk;0

!
R

¼ 1 (42)

Based on Eq. (33) and Eq. (42), the break area scale ratio can be
determined.

3.4.2. Primary loop resistance and the safety injection pipe
resistance scaling

To keep the resistance characteristics of the prototype and the
experiment to be similar, the equation below should be met,( 

fili
di

þ
X
i

Ki

!
_m2
i

2rA2
i

)
R

¼1 (43)

where, f and K represent the resistance coefficient and the form loss
coefficient separately. In order to satisfy Eq. (43), the pipe length
and the pipe diameter should be adjusted during the experimental
facility construction, even the orifice should be added to the pipe
system to make the resistance in the experiment resemble the
prototype.

3.4.3. Thermal stratification in the containment scaling
Peterson et al. [21] reported the equation of the jet entering a

large space, and defined the conditions for the stability of the large
space stratification:

�ðra � roÞgdo
rau2o

�1=3HCo

do

"
1þ do

4
ffiffiffi
2

p
aHCo

#2=3
>1 (44)

The volume Froude number FrV is defined as Eq. (45),

FrV ¼
ra _m2

brk

r2ogðra � roÞH3
Cod

2
o

�
p
4

�2 (45)

Therefore, the conditions for the stability of the large space
stratification can also be expressed as:

FrV <

"
1þ do

4
ffiffiffi
2

p
aHCo

#2
(46)

From Peterson’s theory, the volume Froude number FrV is a
characteristic parameter that evaluates the degree of break fluid
mixing in a large space, so the volume Froude number FrV of the
prototype and the experiment is equal, that is, {FrV}R ¼ 1, is the
necessary condition to ensure that the thermal stratification state is
similar in the prototype and the experimental containment in the
accident.

The fluid properties of the break and the gas properties of the
containment are all the same in the prototype and the experiment,
so the similar conditions of thermal stratification in the contain-
ment can be further simplified as

fFrVgR ¼
(

_m2
brk

H3
Cod

2
0

)
R

¼
(

_m2
brk

H3
CoAbrk

)
R

¼1 (47)

fHCogR ¼
8<
:ðAbrkÞ�

1
3

9=
;

R

�
_m
2
3
brk

�
R

(48)

When the break area scale ratio and the breakmass flow rate are
known, the break site axial position can be determined from Eq.
(48).

3.4.4. Containment wall surface convection and condensation
scaling

The heat transfer process near the containment wall surface is
shown in Fig. 3, which mainly includes three heat transfer



Fig. 3. Schematic diagram of film heat transfer.
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mechanisms: condensate film heat conduction, mixed gas con-
vection heat transfer and condensation heat transfer. Because the
heat transfer coefficient of the liquid film heat conduction is far
greater than the other two heat transfer coefficients, the heat
transfer process of the liquid film heat conduction can be ignored.
Under the postulated accident, the gas flow in the containment
during the initial stage of the discharge is usually dominated by
forced convection, while in the long-term stage of the discharge by
the turbulent natural convection. In the containment analysis
programs, such as WGOTHIC, all the gas convections on the wall
surface are considered as turbulent natural convections for con-
servative considerations. Therefore, the same considerations are
also preserved in this part.

In WGOTHIC, the McAdams relation [22] is used to calculate the
convective heat transfer of the mixed gas:

hconv ¼0:13
k
L

 
gbDTL3

v2
Pr

!1=3

(49)

The condensation heat transfer is calculated by Kreith relation
[23]:

_m}
cond¼

hconvrstmDV

k
Dpstm
p1m;a

�
Sc
Pr

�1=3
(50)

hcond ¼
_m
00
condifg

Ts � Tsat
(51)

It can be seen from Eqs. (49) and (50) that hconv and _m}
cond are

related to the physical property parameters, but not related to the
geometric parameters. Because the same fluid (water vapor, air, and
water) as the prototype is used in the test facility, the thermo-
physical properties of the gas/liquid in the experiment and the

prototype are the same, so hconv and _m}
cond can be considered as the

same.
3.4.5. Containment wall and in-containment component heat
storage scaling

For the containment wall, the energy balance equation is as
follow:

Vwrwcp;w
dTw
dt

¼hcAwðTs� TwÞ � hconv;oAwðTw� TaÞ (52)

where the left-hand side represents the energy absorbed by the
containment wall per unit time, the right-hand side represents the
heat transfer power through the containment inside wall and
outside wall respectively. As described in section 3.4.4, the heat
transfer on the solid surface mainly composed of the condensation
heat transfer and the convection heat transfer, then

ðTs � TwÞ¼ q
00 ðhcond þ hconvÞ�1 ¼ q

00
h�1
t (53)

The equivalent heat transfer coefficient between the contain-
ment atmosphere and the containment inside wall is:

ht ¼ hcond þ hconv (54)

From Eqs. (49) and (51), ht and hconv,o are only related to the
physical properties, but not related to the geometrical parameters.
Therefore, ht and hconv,o are equal between the experiment and the
prototype.

By normalizing Eq. (52) with appropriate reference values (i.e.
Xþ ¼ X=Xref ), the containment wall energy balance equation can be
put in non-dimensional form as:

Vþ
wrþwc

þ
p;w

dTw
dt

¼hc;0Aw;0ðTs � TwÞ0tcv
Vw;0rw;0cp;w;0Tw;0

hþc A
þ
wðTs � TwÞþ

�hconv;o;0Aw;0ðTw � TaÞ0tcv
Vw;0rw;0cp;w;0Tw;0

hþconv;oA
þ
wðTw � TaÞþ (55)

To satisfy the similar containment wall heat storage condition in
the prototype and the experiment, the following nondimensional
similarity criterion can be obtained:

(
hc;0Aw;0ðTs � TwÞ0tcv
Vw;0rw;0cp;w;0Tw;0

)
R

¼1 (56)

(
hconv;o;0Aw;0ðTw � TaÞ0tcv

Vw;0rw;0cp;w;0Tw;0

)
R

¼1 (57)

Due to the same thermal physical properties in the prototype
and the experiment, Eqs. (56) and (57) can be put into Eqs. (58) and
(59), which is

�
Aw;0ðTs � TwÞ0

Vw;0Tw;0

�
R
¼1 (58)

�
Aw;0ðTw � TaÞ0

Vw;0Tw;0

�
R
¼1 (59)

It is important to note that Eq. (59) is used as a criterion only in
long-term accident experiment, because the containment outside
wall is assumed to be adiabatic in short-term transient.

As for the in-containment components, due to complex shape
and various materials composition, it is hard to scale them accu-
rately in the test facility. The current method is adding the same
prototypical material with scaled mass in the test facility to simu-
late the heat absorption of this part. However, this method wastes
both resource and time. Besides, the effectiveness is not guaran-
teed. Therefore, the energy absorption by this part will be consid-
ered from an integral effect in the experiment by means of
decreasing the break down energy or adding the finned heat sink to
increase the heat dissipation. After all the scaling parameters have
been determined, the primary loop energy inventory and the blow
down steam mass flow rate are adjusted by iteration to achieve the
containment pressure response similitude.
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3.4.6. Thermal stratification in the suppression pool scaling
For the thermal stratification caused by the vertical submerged

steam jet, the characteristics of which is usually measured by Ri
number [16]:

Ri¼
�
ra � rjet

ra

�
gdo
u2o

�
HSp

do

�2

(60)

To resemble the thermal stratification/mixing phenomena in
the experiment with the prototype, the Ri should be equal in both
situations, that is, {Ri}R ¼ 1.

Due to the same suppression pipe flow velocity and the material
physical properties, Eq. (60) is simplified into Eq. (61).


HSp
�
R ¼

�
_min

�
R

n
d�3=2
o

o
R

(61)

Thus, the suppression pipe exit position is determined.
3.4.7. Suppression pipe resistance scaling
The resistance characteristics of the suppression pipe can be

expressed as the following equation:

Dp¼ pCo �pSp � rgH¼
X
i

�
fili
di

þKi

�
_m2
i

2rA2
i

(62)

_mi ¼
_min

N
(63)

If the pressure drop of the suppression pipe in the prototype and
the test facility are equal, then the following equation should be
met:

fDpgR ¼
(X

i

�
fili
di

þ Ki

�
_m2
i

2rA2
i

)
R

¼1 (64)

That is,
Table 2
The scaling criteria.

Component phenomena Scaling criteria Scaling p

Containment pressure
�

V
_mbrkibrk

�
R
¼ 1

Mass and

Response
(

_m}
condAw

V

)
R

¼ 1
Effective

(top-down)
�
hconvAw

V

�
R
¼ 1

n _min

V

o
R
¼ 1

Steam m

Pressure suppression
(

V
Vpool;g

)
R

¼ 1
Pressure

system pressure response
�
mstlDTstl

V

�
R
¼ 1

Suppress

(top-down) �
mpool;lDTpool;l

V

�
R
¼ 1

Pressure

Primary loop energy inventory
(

V
mloopiloop

)
R

¼ 1
Primary l

(top-down)
�

_mecciecc
V

�
R
¼ 1

Safety inj

�
Qdecay

V

�
R
¼ 1

Core deca

Break blow down
�

V
GcAbrkibrk

�
R
¼ 1;

Break are

(bottom-up)
(X
i

�
fili
di

þ Ki

�)
R

¼
(
A2
i

_m2
i

)
R

¼

n
d4i
o
R
fNgR

fVgR
(65)

In order to satisfy Eq. (65), the test facility pipe arrangement
should be overall considered. The pipe length and the pipe diam-
eter should be adjusted during the experimental facility construc-
tion, even the orifice should be added to the pipe system to make
the resistance in the test facility resembles the prototype.
3.4.8. Vent clearing phase scaling
The vent clearing process can be expressed as follows [24]:

Dp¼ rlldpt
d2ldpt
dt2

(66)

Due to the same fluid used in the experiment and the similar
pressure response both in the experiment and the prototype, by
normalizing Eq. (66) with appropriate reference values, the equa-
tion can be put in non-dimensional form as:

rþl l
þ
dpt

d2lþdpt
dt2

¼
(

Dp0
rl;0l2dpt;0

)
Dpþ (67)

If the vent clearing process similarity is met, the following
nondimensional similarity criterion should be satisfied,(

Dp0
rl;0l2dpt;0

)
R

¼1 (68)

Based on Eq. (68), the suppression pipe submerged depth can be
determined.

4. Scaling criteria summaries

From the above top-down and bottom-up scaling analysis, a set
of the scaling criteria are obtained and presented in Table .2.
arameters

energy release; Containment free volume

heat transfer area of the containment wall

ass flow rate transported to the pressure suppression system

suppression system gas volume

ion pool component heat storage

suppression system water mass

oop water inventory

ection system water inventory

y heat

a

(continued on next page)



Table 2 (continued )

Component phenomena Scaling criteria Scaling parameters�
V

Gnon�cAbrkibrk

�
R
¼ 1

Primary loop resistance and the safety injection
pipe resistance

( 
fili
di

þ
X
i

Ki

!
_m2
i

2rA2
i

)
R

¼

1

Primary loop and safety injection loop geometrical parameters (pipe length/diameter, bend
size/number, orifice size)

(bottom-up)

Thermal stratification in the containment
(bottom-up)

fHCogR ¼8<
:ðAbrkÞ

�
1
3

9=
;

R

n
_m

2
3
brk

o
R

Break axial location

Containment wall surface convection and
condensation

fhconvgR ¼ 1 Convective heat transfer coefficient

(bottom-up) f _m}
condgR ¼ 1 Containment steam condensation rate

Containment wall and in-containment
component heat storage

�
AwðTs � TwÞ

VwTw

�
R
¼ 1

Containment wall and in-containment component volume

(bottom-up)
�
Aw;0ðTw � TaÞ

Vw;0Tw;0

�
R
¼ 1

Thermal stratification in the suppression pool fHSpgR ¼ f _mingRfd�3=2
o gR Suppression pipe exit location

(bottom-up)
Suppression pipe resistance

(P
i

�
fili
di

þ Ki

�)
R

¼

fd4i gRfNgR
fVgR

Suppression loop geometrical parameters (pipe length/diameter, bend size/number, orifice
size)(bottom-up)

Vent clearing
(

Dp
rl l2dpt

)
R

¼ 1
Suppression pipe submerged depth

(bottom-up)
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5. Conclusions

A scaling method that follows the H2TS principles was pro-
posed, bywhich the scaling analysis was conducted on a conceptual
small PWR LOCA transient, aiming to reproduce the important
thermal hydraulic phenomena both in the containment and the
pressure suppression system. The main remarks are concluded
below:

(1) The dominant phenomena that occurred in the system are
identified at first. Under the reasonable assumptions, the
pressure response of the containment and the pressure
suppression system was analyzed through the top-down
scaling method, while the important local phenomena
were analyzed through the bottom-up scaling method. A set
of the scaling criteriawere obtained, throughwhich themain
parameters of the test facility can be determined.

(2) Since the pressure response in the containment and the
steam condensation in the suppression pool are influenced
by many different factors, it turns out to be impossible or
impractical to achieve exact dynamic similarity between a
small-scale system and a full-scale one. The scaling criteria
put forward should be considered overall when applied. The
most important phenomena should be preserved as a first
consideration. Then the maximum similarity between the
prototype and the experiment can be achieved.

(3) Following the scaling criteria proposed in this paper, a scaled
down test facility can be designed and the relevant experi-
mental research on the passive containment pressure sup-
pression system characteristics under the accident scenarios
can be conducted.

(4) The assessment of scaling distortion needs to be accom-
plished in the future to improve the research work.
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Nomenclature

A area, m2

a velocity acceleration, m/s2

cp specific capacity, J/kg
d diameter, m
Dv gas diffusion coefficient, dimensionless
f resistance coefficient, dimensionless
G break mass flux, kg/(m2$s)
h heat transfer coefficient, J/(m2$�C)
HCo length from the break to the containment top, m
HSp length from the pipe exit to the suppression pool

bottom, m
i enthalpy, J/kg
k thermal conductivity, W/(m$K)
K form loss coefficient, dimensionless
L length, m
L characteristic length, m
m mass, kg
_m mass flow rate, kg/s
_m} mass flux, kg/(m2$s)
N pipe number, dimensionless
p pressure, Pa
q

00
heat flux, W/m2

Q decay power, W
s specific entropy, J/(kg$K)
t time, s
T temperature, �C
u velocity, m/s
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V volume, m3

x dryness, dimensionless

Greek letters
a Taylor’s jet entrainment constant
b gas expansion coefficient, dimensionless
g ratio of specific heats, dimensionless
t system response time, s
r density, kg/m3

n specific volume, m3/kg
y kinematic viscosity, m2/s
d pipe outlet thickness, m
Пp universal scale parameters
D difference

Subscripts
a ambient
brk break
c critical
Co containment
cond condensation
conv convection
conv,o outside wall convection
cv control volume
decay decay heat
dpt submerged depth
ecc safety injection
exp expansion
f fluid
fg phase-change parameters
g gas
i sequence number
in flow into the pressure suppression system
jet gas jet
l liquid
lm logarithmic differential
loop reactor primary loop
non-c noncritical
o outlet
pool suppression pool
Pr primary loop
R ratio of the test facility to the prototype
s steam
sat saturation
Sp suppression pool
srf surface
srk shrink
stl steel
stm steam
t total
w containment wall
0 reference value
Superscripts
þ nondimensional variables
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