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Abstract

To understand the dynamical system scaling (DSS) analysis theory, the applicability of DSS f- and w-strain transformation
methods for the scaling analysis of complex loops was explored. A simplified model consisting of two loops was established
based on the primary and secondary sides of a nuclear reactor, and - and ®-strain transformation methods were used to ana-
lyze the single-phase natural circulation in the primary circuit. For comparison with the traditional method, simplified DSS
- and w-strain methods were developed based on the standard scaling criterion. The strain parameters in these four methods
were modified to form multiple groups of scaled-down cases. The transient process of the natural circulation was simulated
using the Relap5 code, and the variation in the dynamic flow characteristics with the strain numbers was obtained using
different scaling methods. The results show that both the simplified and standard DSS methods can simulate the dynamic
characteristics of natural circulation in the primary circuit. The scaled-down cases in the simplified method exhibit the same
geometric scaling and correspond to small core power ratios. By contrast, different scaled-down cases in the standard DSS
method correspond to different geometric scaling criteria and require more power. The dynamic process of natural circula-
tion can be simulated more accurately using the standard DSS method.
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Superscripts
w Mass flow rate
T Fluid temperature

1 Introduction

Scaling analysis is an important method for the safety analysis
of nuclear power plants. In most cases, using full-scale experi-
mental facilities is unnecessary. It is typically used in engineer-
ing to obtain a set of scaling criteria and establish experimental
facilities based on these criteria. Several experimental facilities
have been designed and utilized for this purpose [1]. Examples
include the loss of fluid test (LOFT)[2, 3], Purdue University
multidimensional integral test assembly (PUMA)[4—6], Simu-
latore per Esperienze di Sicurezza (SPES) [7], and advanced
core-cooling mechanism experiment (ACME)[8, 9] facilities.
To continuously improve thermal-hydraulic experimental
facilities, scaling analysis methods have also been developed,
including linear scaling [10], power—volume [11, 12], and three-
level scaling analysis [5] methods. Zuber et al. [13] proposed
the H2TS analysis method to analyze more complex fluid sys-
tems, particularly, the comprehensive multiphase flow systems.
The scaling analysis of each component of the model system
was performed using the phenomena identification and rank-
ing table (PIRT) [14—16]. To obtain various scaling analysis
methods, there are a series of treatments for the system balance
equations [8, 17, 18]. Ishii et al. [19-21] obtained the scaling
criteria for single- and two-phase natural circulations based on
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Fig. 1 Single-phase natural circulation loop
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Table 1 Scaling methods based on two-parameter transformations

Coordinate Transformations Combinations of Scale Factors

Identity r=1lwg=1

[3-Strain Pr=Apr=A wg =g =1
o-Strain Pr=Ay=1lwg=Ag =41
Dilation Pr=Ay=Awg=Ag=4
2-2 Affine Pr = Ay, wp = A

the natural circulation in rectangular loops by dimensionless
processing of the governing equations. Lu et al. [22, 23] further
discussed natural circulation on this basis, and a set of scaling
criteria applicable to both single- and two-phase systems was
summarized.

The transient condition of the reactors is an important
research direction [24, 25]. In recent years, a series of new
methods have been proposed to measure the dynamic pro-
cess of thermal fluid phenomena [26, 27]. Zuber et al. [28]
developed a fractional scaling analysis (FSA) method, in
which the time process was expressed using the geometric
size and flow properties of the model. This method can be
used to study relatively complex accident transient states
[29]. Based on the H2TS and FSA methods, Reyes proposed
a new dynamic scaling analysis theory [30]. Five scaling
criteria were obtained by expressing the physical process
as a two-parameter affine transformation in a normalized
coordinate system. Compared to traditional methods, the
DSS method can optimize the simulation of dynamic pro-
cesses. Li et al. [31] used the DSS method to analyze the
gravity-driven drainage process. On this basis, the single-
phase natural circulation in a simple rectangular loop was
studied using DSS identity transformation[32, 33]. Liu et al.
[34] used the dynamic scaling analysis method to analyze
the single-phase integral effect test facility and obtained the
corresponding scaling criteria from the system, component,
and process levels. The applicability of the DSS method
to the design of integral effect test facilities was evaluated.
Similarly, Yoshiura et al. [35] applied this method to the
energy distribution component of a thermocline thermal
energy storage system in the Dynamic Energy Transport
and Integration Laboratory (DETAIL).

In previous studies, simple rectangular loops were typically
used to study scaling analysis methods [36, 37]. Examples
include the primary reactor circuit or core makeup tank [38].
To accurately simulate the actual situation and better reflect the
coupling effect between the primary and secondary circuits, the
reactor can be simplified into a model formed by the coupling
of the two circuits. Li et al. [39] designed a full-pressure natu-
ral circulation experimental device (FITY) based on pressur-
ized water reactors. A simplified model was established using
Relap5 code to verify whether the program could effectively
simulate the natural circulation process in the experimental
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facility. Based on the simplified primary and secondary reac-
tor circuits, Li et al. [40] used the DSS identity transforma-
tion method and obtained a set of simplified scaling criteria
based on an actual situation. The Relap5 code was used to set
the cases for the numerical calculation, and a natural circula-
tion dynamic process corresponding to the scaling cases was
obtained.

In this study, the scaling analysis criteria were derived by
applying the DSS - and w-strain transformations. In addi-
tion, a group of simplified B- and w-strain scaling criteria
were obtained for comparison with previous studies. Vari-
ous cases were set for each scaling criterion by varying the
strain parameters. Taking the FITY experimental facilities
as a reference, we constructed a model using the Relap5
code to analyze the changes in natural circulation dynamic
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Fig.2 a Scaling number curve based on - and w-strain transforma-
tions, b Power scaling of the DSS method

characteristics with the corresponding variables under each
scaling case and subsequently evaluated the differences.

2 DSS scaling analysis based on primary
and secondary reactor circuits

2.1 Natural circulation model

Natural circulation is a key technology that can be used in
passive systems [41]. Based on the full-pressure natural cir-
culation experimental facility, a natural circulation model
that includes the primary and secondary reactor circuits was
established [39, 40]. The model is illustrated in Fig. 1. The
primary circuit is primarily composed of a reactor core sim-
ulator, steam generator, pressurizer, reactor coolant pump,
pipes, and valves. The secondary circuit primarily consists
of the secondary side of the steam generator, a C-type heat
exchanger, pressurizer, horizontal pipes, and vertical pipes.
In the primary circuit, the core simulator provides heat to
the coolant, and the steam generator is used for cold sink
simulation to cool the fluid through a heat exchange process
with the secondary side. Finally, the single-phase natural
circulation is formed in the primary loop.

To simplify the analysis, the Boussinesq approximation
hypothesis was adopted for the entire natural circulation
loop. In addition, the fluid in the pipe was considered to be
one-dimensional, the core heating was regarded as the point
heat source, and the heat loss through the pipe was ignored.

2.2 DSS scaling criteria based on strain
transformation

As described in previous research, an affine transformation
in f-o coordinate phase plane was applied to the DSS scal-
ing analysis theory, and two strain parameters A, and Ay
were used to perform the coordinate transformation [30]:

B = AnDPps 1)

Wy = Ag@p. )

Five different transformation methods were obtained as
follows (Table 1):

These five scaling methods are subsets of the two-param-
eter affine transformation. f- and w-strain transformations
are essentially unidirectional dilation transformations. The
f-strain transformation applies a constant scale factor 1, to
the p coordinate while leaving the o coordinate unchanged.
Conversely, the ®-strain transformation applies a constant
scale factor A to the o coordinate while leaving the p coor-
dinate unchanged.
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Fig.3 Nodalization of the primary and secondary reactor circuits

In this study, p- and o-strain transformations were used
to derive their respective scaling standards. The treatment of
momentum and energy equations has been comprehensively
discussed in a previous study [32]; only the key steps are
described here.

The momentum integral equation of the loop is as

follows:

ow | w2 ([

——= AT, — —|=+k).

5 2 PigpATly, 202 ( p ) 3)
Similarly, the energy equation is
oT or ¢

pcy Y + peyu Py aq. “)

Dimensionless transformation of each item is expressed

as
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<2 + k)R, )
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Table 2 Cases with different dynamic processes

Case Primary Initial Final Power Power change
circuit pres- power power change rate MW
sure (MPa) (MW) (MW) mode min)

1 11.7 20.1 16.8 Linear 0.467

2 11.7 16.8 20.1 Linear 0.467

3 11.7 20.1 16.8 Step 0.467

4 11.7 16.8 20.1 Step 0.467
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Fig.4 (Color online) a Normalized mass flow in the primary loop
under different cases, b Normalized temperature difference in the pri-
mary loop under different cases
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DSS transformation criteria is as follows:
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Awa = TsRPWR> (¥
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The fuel grid spacing and heat pipe diameter for the reac-
tor core and steam generator were considered equal [36, 40].
By substituting the strain parameters 4, and Ag, the follow-
ing set of scaling criteria can be obtained:

dy = 2P0 ug = Al qg = A7 Bl (10)

The corresponding scaling standard can be determined by
varying the strain parameters. Let the length scale [ =0.25
and the strain parameters vary between 0.5 and 1.5; the simi-
larity criterion can be obtained. As shown in Fig. 2a, the
scaling criterion varies with the strain parameters.

The two scaling criteria demonstrate different trends
with changes in A. For fB-strain transformation, the scal-
ing ratio of the diameters increases with an increase in the
strain numbers. Meanwhile, the geometric dimension of
the loop for w-strain transformation only slightly changes
with the strain numbers. Owing to the differences in geo-
metric dimensions, significant differences between the dif-
ferent scaling methods in terms of heat flux exist. The two
different methods show similar and relatively small scal-
ing ratios for the power Q required by the core simulator
assembly, which is conducive to actual situations.

In a previous study, the H2TS method was used to
obtain the scaling criteria of natural circulation [39]. For
comparison, Li et al. [40] used a simplified DSS identity
transformation method to analyze the scaling cases. The
scaling method was simplified to be consistent with the
H2TS method on a geometric scale; further details were
presented in [40]. Therefore, to better reflect reality and
comprehensively evaluate DSS methods, simplified - and
®-strain criteria were obtained in the same manner:

Table3 Scaling criterion based on the simplified DSS f-strain
method

Scaling method A dg qr Or

Identity 1.0 0.138 0.25 0.000398

[-strain 0.5 0.138 0.5 0.000796
0.75 0.138 0.333 0.000531
1.25 0.138 0.2 0.000318
1.5 0.138 0.167 0.000265

dg = 0.1383, up = Agly, qg = A Alg. (an

By contrast, the simplified DSS scaling criteria can
determine the geometric dimensions of all scaled-down
cases after the length ratio is selected. In the model cases,
different strain numbers will affect the power ratio. Owing
to the difference in the geometric scale of the core simula-
tor, the power scaling based on the simplified DSS method
is different from that of the standard one. As shown in
Fig. 2b, simplified DSS methods require minimal core
power in scaled-down cases, which can be beneficial for
optimizing the design of thermal experimental facilities.

3 Numerical model

3.1 Node model

The dynamic process of natural circulation in the loops
shown in Fig. 1 was simulated using the Relap5 code. A
node diagram is shown in Fig. 3. The reactor core was
simulated using pipe structures 102, 104, 106, 108, and
110, which reflect the coolant path in the pressure vessel.
Similarly, the pipe components were used to simulate the
primary and secondary sides of the steam generator and
represent the heat transfer process between the two loops.
The heat of the secondary circuit was released by the heat
exchanger components represented by pipes 216 and 217.
To realize the pressure environment, time-dependent con-
trol volumes TDV300 and TDV600 were set for the two
loops.

The discrete method was used to solve continuous
processes in the Relap5 code. In this case, the number
of nodes has a certain impact on the calculation results
[42]. Therefore, conducting a node sensitivity analysis of
the key components is necessary [43]. The reactor core
and steam generator were analyzed, and their nodes were
determined to be 11 and 9, respectively.

3.2 Dynamic cases of natural circulation

The single-phase natural circulation was simulated in the
primary loop until the steady state was reached, after which
the heating power was adjusted. The loop entered a dynamic
process until the next steady state was formed. To compare
the flow characteristic parameters for different scaling
cases, the dynamic process must be dimensionless. First,
it is necessary to evaluate the effect of the power change
mode on the dynamic process. Therefore, a series of differ-
ent dynamic cases are listed in Table 2.

In cases 1, 2 and cases 3, 4, the increase and decrease in
power were compared, and different power change modes

@ Springer
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Fig.5 (Color online) Transient curve in the primary loop based on »
the simplified DSS p-strain method. a Normalized mass flow rate, b
Normalized temperature of the hot section, ¢ Normalized temperature
of the cold section, d Normalized temperature difference

were set for cases 1, 3 and cases 2, 4. In general, all cases
exhibit the same power change rate. The effect of the power
change rate was discussed in previous studies [39, 40], con-
cluding that the effect of the power change rate on the nor-
malized curve is not significant when the initial power and
final power of several cases are similar.

Figure 4 shows the dynamic process of the normalized
mass flow rate and temperature difference between the cold
and hot sections in the primary loop in the above cases. Fig-
ure 4a shows the mass flow rates of the four cases, with the
small figure at the lower-right portion showing the curves of
the first three cycles. The horizontal ordinate in the figures
represents #*, which is defined as t* = t/%,. t, is the time
required for the fluid to complete a cycle. The dynamic
process of increasing power is slightly faster than that of
decreasing power. In all cases, the power change modes have
minimal effect on the dynamic process. A similar conclusion
can be drawn regarding the normalized dynamic change in
the temperature difference between the cold and hot legs of
the primary circuit, as shown in Fig. 4b.

In summary, Relap5 was used to set such a dynamic pro-
cess. That is, the power begins to decrease linearly when
the single-phase natural circulation reaches the first steady
state. Before the circulation reaches the second steady state,
the loop presents a dynamic process, and the DSS p- and
o-strain methods are used to set corresponding dynamic
scaled cases based on different scaling criteria.

4 Results and discussion

4.1 Results based on the simplified DSS scaling
method

First, the simplified methods were used for the simulation by
selecting a common length scale /; = 0.25. The scaling cases
corresponding to the f-strain method are listed in Table 3:

Using this transformation method, each case has the same
geometric scale. The selection of the strain numbers is the
main difference between the scaling methods. Furthermore,
the results show that the p-strain transformation becomes the
identity transformation when A = 1.

The single-phase natural circulation in the primary loop
is discussed below. Figure 5a shows the dynamic process of
the normalized mass flow rate for each scaled-down case.
The ordinate was defined as fy, = (W1 - W)/ (Wl - WO).
In general, there are similar dynamic processes between the
prototype and each scaled-down model. The same oscillation
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Fig.6 (Color online) Relative error based on the simplified DSS »

f-strain method. a Normalized mass flow rate, b Normalized temper-
ature of the hot section, ¢ Normalized temperature of the cold section,
d Normalized temperature difference

process occurred at the beginning of power reduction. For
example, the normalized flow rate curve rapidly reached
0.8-0.85 and subsequently decreased by approximately
0.6. This process was completed in the first cycle of power
changes. Subsequently, the normalized flow curve gradually
increased until the second steady state was reached. Note
that the change in the curve from O to 1 in the figures repre-
sents the degree of the dynamic process. When the curves
reach 1, the dynamic process is considered complete.

For all scaled-down cases corresponding to the simplified
DSS p-strain method, the process of reaching the steady state
is obviously slower than that of the prototype case. Moreo-
ver, with an increase in strain number, the speed of reaching
the steady state of the scaled-down model is slowed down.
When the geometric dimensions of the models are similar,
smaller strain numbers correspond to larger power scaling;
thus, the steady state can be reached faster. In approximately
20 cycles, the normalized mass flow rate under all scaled-
down cases reaches the steady state.

Figures 5b and ¢ show the normalized temperature
changes in the hot and cold sections of the model loop in
the dynamic process. The temperature at the outlet of the
reactor pressure vessel was used to represent the hot sec-
tion, whereas that at the inlet represents the cold section.
The ordinate represents the change in the normalized tem-
perature, which is defined as pr = (T, = T)/ (T, — T,),
where T}y and T represent the initial and final temperatures,
respectively. This reflects the cooling process after the power
reduction in each case. Figure 5b shows the change in the
normalized temperature at the outlet of the pressure ves-
sel. When the power drops, the temperature curve rapidly
reaches approximately 0.35 for the prototype case and gradu-
ally reaches a steady state. It is slower for all scaled-down
cases than the prototype in the entire cycle, and the initial
step change is also less than that of the prototype. Com-
pared with the process of the normalized flow rate, the nor-
malized temperature changes more smoothly with no large
oscillations. Furthermore, the relationship between the strain
numbers of the dynamic process is similar to that of the
normalized flow rate, and all operating cases reach stability
after approximately 20 cycles. Figure Sc shows the tempera-
ture changes in the cold section at the inlet of the pressure
vessel. The difference between the cold and hot sections is
mainly reflected in the initial stage. The dynamic process in
the cold section becomes significantly slower than that in
the hot section. It can be easily explained that the change in
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Fig.7 (Color online) Transient curve in the primary loop based on »
the simplified DSS w-strain method. a Normalized mass flow rate, b
Normalized temperature of the hot section, ¢ Normalized temperature
of the cold section, d Normalized temperature difference

core power first acts on the flow characteristics of the fluid
at the core outlet and subsequently at the core inlet at the
end of the loop.

Figure 5d shows the normalized temperature differ-
ence between the hot and cold sections in the dynamic
process. As shown on the ordinate, AT* represents the
normalized temperature difference, which is calculated as
AT* = (AT - ATO)/ (AT1 — AT,). Similar to the tempera-
ture changes, subscripts 0 and 1 represent the temperature
differences corresponding to the initial and stable stages,
respectively. In the initial stage of the dynamic process, the
normalized value also shows an obvious oscillation, and its
amplitude is greater than that of the mass flow. This can be
observed from the dynamic curve of the normalized tem-
perature of the cold and hot sections. In the initial stage,
the temperature change in the cold section has a hysteresis
effect, while the fluid temperature at the outlet of the pres-
sure vessel changes immediately. This causes a large distor-
tion in the initial temperature difference. In the following 1
to 2 cycles, the normalized temperature difference reaches
a normal value and gradually changes until a steady state
is reached. Under the simplified B-strain transformation
method, the corresponding scaled-down cases with differ-
ent strain numbers exhibit similar oscillating processes.
The temperature difference reaches the steady state earlier
than the normalized flow rate and temperature by approxi-
mately 15 cycles. This is because the temperature differ-
ence between the hot and cold sections is an important
factor causing natural circulation. Therefore, a change in
temperature difference causes other flow characteristics to
change.

Figure 6 shows the relative errors in the normalized mass
flow rate, temperature, and temperature difference between
the hot and cold sections. Figure 6a shows the dynamic
process of the flow errors over the entire cycle. After the
initial oscillation, the deviation begins to increase. In the

Table4 Scaling criterion based on the simplified DSS ®-strain
method

Scaling method A dp qr Or

Identity 1.0 0.138 0.250 0.000398

o-strain 0.5 0.138 0.03125 0.00004976
0.75 0.138 0.1055 0.0001679
1.25 0.138 0.4883 0.0007775
1.5 0.138 0.8438 0.001344
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Fig.8 (Color online) Relative error based on the simplified DSS »

®-strain method. a Normalized mass flow rate, b Normalized temper-
ature of the hot section, ¢ Normalized temperature of the cold section,
d Normalized temperature difference

third to fourth cycles, the dynamic deviation reaches a maxi-
mum value between 10 and 20% and subsequently begins to
decline steadily. After the fifth cycle, the dynamic deviation
in all cases is less than 15%, the errors tend to zero after 20
cycles. Except for the initial stage, the dynamic deviation
in each case also decreases with decreasing strain numbers.
The scaled-down case with a strain number of 0.5 has the
minimum dynamic deviation with a maximum value of 10%.
Figures 6b and c show the normalized temperature dynamic
deviations at the outlet and inlet of the reactor core during
natural circulation. When the power changes, the tempera-
ture errors increase rapidly. In addition, they are larger than
the errors in the flow rate. The maximum error for the hot
section is between 25 and 50%, whereas that for the cold
section is slightly larger — at 30% to 60%. They also decrease
rapidly with the number of cycles and finally approach zero.
Compared with the mass flow rate, the cycle corresponding
to the error peak of the temperature occurs relatively earlier,
which can be explained by Figs. 5 a—c. There is an obvious
oscillation phenomenon during the initial moment, while
the normalized parameters of each scaled-down case begin
to change steadily at the end of the first cycle. The errors in
the flow rate shown in Fig. 6a exhibit an irregular oscillation
in the first cycle. For the temperature, there is little oscilla-
tion in the initial stage of the dynamic process in all cases.
Therefore, the curves in Figs. 6b and ¢ show the regularity
of each case more rapidly.

Figure 6d shows the dynamic errors in the temperature
difference between the cold and hot sections. They have
a similar variation range, with a flow rate of 10% to 20%.
The errors decrease as the strain numbers increase. A more
evident oscillation can be observed at the beginning of
the dynamic process, which is equivalent to that shown in
Fig. 5d. The errors in the temperature difference tend to zero
faster than those in the mass flow rate.

Simplified DSS o- and p-strain methods have the same
geometric parameters, which can greatly simplify the setting
of scaled-down cases. In addition, the power variation of the
o-strain scaling method is significantly different from that
of the p-strain method. The detailed parameters are listed
in Table 4.

The analysis presented herein still focuses on the primary
loop. The normalized mass flow rate is shown in Fig. 7a. At
the beginning of the dynamic process, there is an oscilla-
tion similar to that shown in Fig. 5a, reaching 0.8 to 0.85.
The simplified DSS w-strain method differs from the f3-strain
method in the steady ascending stage. As shown in Fig. 7a,
the w-strain scaled-down cases during the first five cycles
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Fig.9 (Color online) Transient curve in the primary loop based on »
the standard DSS p-strain method. a Normalized mass flow rate, b
Normalized temperature of hot section, ¢ Normalized temperature of
cold section, d Normalized temperature difference

exhibit an almost similar curve of the mass flow rate. The
change rate of the flow corresponding to the identity trans-
formation is slightly faster than that of the other cases but
remains slower than that of the prototype. After five cycles,
the flow rate curves tend to stabilize faster with an increase
in strain numbers, which differs from the law corresponding
to the p-strain method. This is probably because the scaled-
down cases corresponding to the two methods have simi-
lar geometric dimensions, whereas the trends of the power
changes with strain numbers are opposite (Fig. 2). In addi-
tion, the rangeability of the normalized mass flow rate for
the simplified DSS strain method caused by the change in
the strain number is less than that of the j-strain method.

Figures 7 b—d show the normalized temperature and tem-
perature difference. For the temperature, the dynamic pro-
cess rapidly approaches the steady state with an increase in
the strain numbers. However, for the temperature difference
between the cold and hot sections, there is a phenomenon
different from that of the p-strain method; that is, the nor-
malized value of case A = 1 (Identity transformation) in the
first 10 cycles should be less than that of the other cases
where the strain number A # 1. When A # 1, the normalized
temperature difference curve gradually approaches that of
the prototype with an increase in the strain numbers.

Figures 8 a—c show the errors in the mass flow rate and
temperature. After the initial oscillation, the errors decrease
with an increase in the strain numbers. For the w-strain
method, the range of dynamic errors between different cases
is smaller when the strain numbers change in the same inter-
val. Figure 8d shows the errors in the temperature difference.
In the first 10 cycles, the errors of cases 4 # 1 are clearly
smaller than that of case A = 1.

4.2 Results based on the standard DSS scaling
method

The corresponding criteria for the simplified DSS method
were based on the relevant parameters of the experimental
facility and the H2TS method. Therefore, the relative scaling
of the geometric parameters obtained using the DSS scaling
criteria was ignored, which is conducive to the design of
experimental facilities. For further comparison, the proto-
type case based on the standard DSS method was analyzed,
and the influence of different strain numbers on the geomet-
ric parameters of the scaled-down cases was retained. Each
scaled-down case has a corresponding diameter ratio.
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Fig. 10 (Color online) Relative error based on the standard DSS f-strain »
method. a Normalized mass flow rate, b Normalized temperature of hot
section, ¢ Normalized temperature of cold section, d Normalized tempera-
ture difference

For comparison purposes, the length ratio [ =0.25 was
still selected. The scaled-down cases based on the standard
DSS B-strain method are summarized in Table 5.

Compared to the simplified method, the standard criterion
has different diameter ratios. Larger diameter ratios indicate
that the reactor core simulator requires more power. Accord-
ing to the design standard of the FITY facility, a fuel assem-
bly was used to provide the power required by the reactor
core simulator [39]. The scaled condition obtained using the
standard DSS method satisfies the maximum power limit.
Therefore, the power scaling criterion obtained by standard
DSS transformation is of practical significance.

Figure 9 shows the dynamic curves of the normalized
flow, temperature, and temperature difference in the primary
loop based on the standard DSS f-strain method. The figures
on the right show an enlarged view of the dynamic process
curves of the 5th to 10th cycles. In contrast to the results
in Fig. 5, there are better agreements between the scaled-
down model and the prototype in all cases. Compared to
the simplified DSS method, the standard DSS method accu-
rately simulates the dynamic process of natural circulation.
All cases reach stability around the 15th cycle for flow and
temperature, whereas the time is advanced to the 10th cycle
for the temperature difference. The time at which all cases
reach the steady state is earlier than that of the simplified
DSS method. The dynamic processes tend to stabilize faster
with a decrease in the strain numbers; however, this trend is
not significantly obvious.

Figure 10 shows the corresponding dynamic errors, with
Fig. 10a illustrating the normalized mass flow rate. Except
for the initial numerical oscillation, the deviation in the
entire dynamic process is within 5%. Compared to the cases
using the simplified scaling method, the errors are signifi-
cantly reduced, which are more consistent with the prototype
case. The dynamic process of the prototype during power
reduction is well restored. The temperature errors in the
cold and hot sections are also small. After the fifth cycle,
the errors in all cases are within 10%, and the errors in the
temperature difference can be less than 3%. The reduction in
strain numbers further reduces the deviation; however, the
reduction amplitude is not significant compared with that of
the simplified DSS f-strain transformation method.

Finally, the same method was used to obtain the standard
DSS w-strain transformation scaling criterion (Table 6).

The DSS -strain transformation method was used to
perform the same calculations. As shown in Fig. 11, the
results obtained using the standard DSS w-strain trans-
formation method for the normalized mass flow rate and
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Fig. 11 (Color online) a Transient temperature difference in the pri-
mary loop based on the standard DSS w-strain method, b Relative
error of the temperature difference in the primary loop based on the
standard DSS w-strain method

Table 5 Scaling criterion based the on standard DSS p-strain method

Scaling method A dg qr Or

Identity 1.0 0.435 0.25 0.0119

[-strain 0.5 0.144 0.5 0.018
0.75 0.275 0.333 0.00637
1.25 0.622 0.2 0.0194
1.5 0.833 0.167 0.0289

temperature behave similarly to those obtained using the
standard f-strain transformation method, including the vari-
ation trend and error range of the normalized curves. For the

@ Springer

Table 6 Scaling criterion based on the standard DSS o-strain method

Scaling method A dy qr Or

Identity 1.0 0.435 0.250 0.0119

o-strain 0.5 0.5 0.03125 0.00199
0.75 0.461 0.1055 0.00571
1.25 0.416 0.4883 0.0218
1.5 0.401 0.8438 0.0349

normalized temperature difference, the situation is slightly
different; that is, the errors decrease with an increase in the
strain numbers. However, this phenomenon is not obvious
because all the curves of the scaled-down cases are signifi-
cantly close to those of the prototype case. When the fifth
cycle is reached, the deviation in the temperature difference
among all the cases becomes less than 3%. Generally, the
standard DSS w-strain transformation method can also accu-
rately analyze the dynamic process of the prototype case.

5 Conclusion

A numerical reactor model coupled with two loops was
established based on the FITY experimental facility and
analyzed using DSS p- and o-strain transformation meth-
ods. Moreover, taking the H2TS method as a reference, the
DSS method was idealized, and a group of simplified DSS
B- and w-strain methods were obtained. The scaled-down
cases were set based on the scaling criteria and different
strain parameters, and Relap5 codes were used to analyze the
dynamic process. The following conclusions were drawn:

1. The simplified DSS - and o-strain transformation
methods can be used for the scaling analysis of natural
circulation. Owing to the different scaling criteria, the
reactor core power required for all scaled-down cases
corresponding to the simplified DSS method is signifi-
cantly lower than that of the cases based on the H2TS
method. This can simplify the conditions required for
scaling experiments.

2. For the simplified DSS f-strain transformation, the
speed of reaching the steady state after power change
gradually slows down with an increase in strain num-
bers, whereas it accelerates for the ®-strain method. The
speed of reaching stability in all scaled-down cases is
slower than that of the prototype. When the variation
range of strain numbers is similar, the variation ranges
of the dynamic errors of the simplified @-strain method
are smaller than those of the pB-strain method.

3. According to standard DSS methods, different scaled-
down cases correspond to different geometric scaling
criteria. The pipe diameters in the scaled-down cases
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changes with strain number. Because of the different
scaling criteria, the core power required by the scaled
model is greater than that required by the simplified DSS
method. The cases based on the standard DSS method
accurately reflect that of the prototype. The deviation in
various dynamic parameters is significantly small.

In future work, the research will focus on different length
ratios and two-phase natural circulation, and relevant experi-
ments will be conducted based on the thermal-hydraulic
bench. Thus, the theoretical research on dynamic scaling
analysis methods can be enhanced and improved.
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