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ABSTRACT

Small and medium integral-type reactors are expected for future use as a district heating
system, seawater desalination, small-scale power generation, and ship propulsion. In this
study, to investigate the thermal-hydraulic characteristics during natural circulation in an
integral reactor, basic single phase natural circulation experiments were done using scaled
test facilities of SMART (System-Integrated Modular Advanced ReacTor). Flow distribution
through eight steam generator (SG) modules and flow mixing phenomena in downcomer
regions were observed. In case of a half-loss of heat sink in 4 out of 8 SG modules, core heat
was removed sufficiently by natural circulation and the temperature distribution at core inlet
was uniform. The results were compared with the analysis results using moditied RETRAN-
03 code. Because these kinds of reactors can be used for nuclear ship reactors, the flow
patterns and temperature distributions at inclined conditions were observed. The results show
the typical flow characteristics according to the inclined angle. Analytical and experimental
results of natural circulation characteristics in this study are expected to provide the important
and fundamental design features for the future small and medium integral reactors.

INTRODUCTION

Considering the limitation of estimated amount, the local maldistribution of fossil fuel
deposits, and its environmental loads such as the green house effect and the acid rain, the
alternative energy source is urgently needed. In addition, the increase of electrical demand is
expected according to the prospect of economical growth, Consequently, the use of nuclear
power plant will be certainly expanded if the significant enhancement of the safety is
guaraniteed. For this, IAEA takes the lead in the development of small-scale power plant with
high safety features [1]. And Korea established an ambitious plan to construct next generation
reactors, which is expected fo be safer than the existing plants. In addition, KAERI (Korea
Atomic Energy Research Institute) is developing an integral-type small reactor SMART for
the extension of peaceful use of nuclear energy in the future. Its use can be diversified to a
district heating system, secawater desalination, small-scale power generatior, ship propulsion,
etc.

These kinds of small reactors require much enhanced safety by naturally and physically
passive mechanisms compared to the existing power generation reactors. In addition, tahey
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have many different design features from present nuclear power plants, such as in-vessel type
pressurizer, main coolant pumps, and stearn generator modules with helical coil tubes. Thus,
the performance of such passive safety systems should be studied and their applicability to
the small and medium integral reactors should be evaluated.

The objective of this study is to understand the natural circulation characteristics of
integral type reactors. In particular this study is focused on the 3-dimensional features of
integral reactors. Natural circulation experiments were done using small-scale facilities of
integral reactor SMART. Asymmetric flow patterns and temperature distribution at SG
module exits were observed during the half loss of feedwater flows in 4 out of § SG modules.
In addition, the effects of inclination on the natural circulation of ship reactors were observed.

RETRAN-03 2] was modified for the integral reactor analysis and the results were
compared with experimental results. Analytical and experimental results of natural
circulation characteristics shown in this study will provide the important and fundamental
design features for the future small and medium integral reactors.

NATURAL CIRCULATION EXPERIMENT

Experimental Facilities

The experimental facilities used in this study are scaled models of integral reactor
SMART using the scaling method suggested by Ishii et al. [3,4]. In this experimental
facilities shown in Table 1, the length and the flow area are scaled down to approximately
1/2.5 and 1/100, respectively. Maximum core power is decided to be 72 kW considering the
decay heat, volume and heat capacity of experimental facilities. Because this study focuses
on the single-phase natural circulation in the primary loop, the secondary coolant inside the
SG tubes is maintained in single-phase condition. Pressure of experimental facilities is
maintained in atmospheric condition, due to its little effect on the single-phase natural
circulation.

Experimental facilities consist of the vessel containing 8 SG modules, electrically heated
core and the secondary side having valve devices for the control of secondary feedwater
flows. The total height of experimental facilities is 3,190 mm and O.D of vessel is 355.2 mm.
The diameter of core barrel is 165.2 mm and 12 heaters are located in it. The schematic
diagram of experimental facilities is shown in Fig. 1. There are eight SG modules that use
two 3/8inch helical coil copper tubes, The flow path of primary coolant is as follows. It goes
through core, 4 hotlegs, upper pressure header designed to make uniform flow into G, SG
modules, and downcomer in sequence.

Natural circulation flows were measured by turbine flowmeter by FIP Co. at 4 hotlegs.
They were calibrated at the test loop and have 1% full-scale error band. Temperatures were
measured at core exit, hotleg, SG exits and core inlets. Thermocouples were calibrated in the
thermostat using a platinum thermo-sensor which has £0.02 C error band in the range of §
~100°C. Pressure drops were measured between hotleg inlet, 15e¢m below SG bottom, and
core inlet using pressure difference gauge(DP103, Validyne, 0~225mmH,0, 0.25%).
Measuring points are shown in Fig. 1.

Test Conditions and Results

During natural circulation, asymmetric J-dimensional flow conditions can be occurred by
different heat removal capabilities of each SG module and by the inclined conditions,
Experimental conditions are normal operation of all SGs and partial loss of heat removal
capability in 4 out of 8 SG modules by the isolation of feedwater flow, which is corresponds
10 1/4 steam generator section isolation in SMART. And the inclination angles are 0, 30, 45
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degrees. The experimental conditions and results are summarized in Table 2. Experimental
procedures are as follows. Before each experiment, the secondary flowrates were adjusted
uniformly, and then a constant power was supplied to the heating rods. After the temperatures
and flowrates reached the steady state, 1/2 secondary feedwater flows in 4 out of 8 SG
modules were isolated.

Temperatures and flowrates during normal operation of all SG modules with 72kW core
power and 48lpm of total secondary flow are shown in Figs. 2 and 4. After about half an hour,
system reached steady state. Comparing the results of experiment 1, 2, and 3, flowrates are
decreased as the inclination angle increases because the elevation difference between core
and SG center, which determines the natural circulation driving force, is decreased.
Comparing the flowrates between 4 hotlegs, flowrates through hotleg 1 decreased less than
those of the others’. Because of gravity, coolant tends to flow more through hotleg 1 that is
located lower by inclination than through the other hotlegs that are located higher. Total
flowrates are not affected by SG 1/4 section isolation and the core heat is removed
sufficiently by natural circulation.

The differences of elevation between lower and higher SG modules are 3.5¢m and 8.5cm
respectively by 30 and 45 degree of inclination. Temperatures at SG exit located higher were
measured higher than those of the others’ by thermal stratification. But the core inlet
temperature distribution was almost uniform with less than 2°C difference.

After the feedwater isolation, the system temperatures increased about 4°C because of the
decrease in heat removal rate and system reached another steady state after an hour as shown
in Figs. 3 and 5. However, the temperature difference between core inlet and exit was not
changed. Considering the secondary side flowrate and temperature difference between inlet
and exit, heat removal rate of SG modules with the half of feedwater isolation is about 63%
of normal SG modules. Moreover, it can be said that with the same core power and same
pressurc drop, system has the same temperature difference and flowrate regardless of the
secondary feedwater flowrate. Detail explanation about flowrates and exit temperature
difference between normal and failed SG modules will be given in next chapter using
RETRAN-03 analysis results,

The measured pressure drops during natural circulation are shown in Table 3. The
pressure drops have an important effect on the natural circulation characteristics. The total
pressure drop determines the natural circulation flowrate and the flow distributions into SG
modules are influenced by the pressure drop between SG inlet and exit [5]. Pressure drops
measured in this experiment are used as inputs for RETRAN-03 analysis. Pressure drops are
not exactly consistent with those of SMART because of the lack of information during the
design stage of our experimental facilities. More study should be done for the application of
our experimental results to natural circulation phenomena of SMART,

NATURAL CIRCULATION ANALYSIS

RETRAN-03 Code Modification

For the development of integral reactor natural circulation analysis code and for the
verification of experimental results, RETRAN-03 code was used. RETRAN-03 was modified
because several models in RETRAN-03 are not suitable for integral reactor analysis.

First, for the analysis of experimental loop under low pressure and low temperature
conditions, steam tables in RETRAN-03 were modified.

Second, heat conductor model is modified. In RETRAN-03, heat is removed from the
primary side located inside to the secondary side located outside of the tube. Because helical
coil steam generator has primary coolant outside of the tube and secondary coolant inside of
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the tube, heat is removed from outside to inside. We modified the corduction model that heat
can be transferred to both directions,

Third, heat transfer coefficients for helical coil steam generator were added. As the
primary side cross flow heat transfer coefficients, Miheev [1] and Zukauskas [6] heat transfer
model were added. After the test calculation, Zukauskas heat transfer coefficient was chosen
for the analysis of our experiment. As the secondary side single-phase heat transfer
coefficients inside the tube, Kutatelaze [1], Mori-Nakayama [7], Modified Bishop [8], and
Seban-McLaughlin [8] heat transfer coefficients were added. As the secondary side two-
phase heat transfer coefficients, Miheev, Chen [9], Thom [10], and Kozeki [11] heat transfer
coefficients were added. User options were added for the selection of heat transfer
cocefficients for each heat transfer regime,

Analysis Results and Discussion

Analysis was done for experiments 1 and 1-f with 72kW heater power and steam
generator 1/4 section was isolated at 5,600seconds. As shown in Fig. 6, 8 SG modules and
two heat transfer coils of each SG were modeled. The core and the SG were divided into
three and four contrel volumes respectively in the z direction. We made the 3-dimensional
analysis model for upper pressure header and downcomer region for future use as in Fig. 6,
but we did not use 3-dimensional model in this stage. Upper pressure header and downcomer
are modeled as single volume.

In case of normal operation of all SG modules, the flowrate of primary loop was about
0.451kg/sec and temperature difference between core inlet and exit was about 31.5°C after
reaching the steady state. Comparing with the results of experiment 1 with the flow of
0.454kg/sec and temperature difference of 31.54°C, the results show very good agreement.

After the 1/4 steam generator section jsolation, natural circulation flowrates through
normal SG modules 2, 4, 6, and 8§ increased from 0.0564kg/sec to (.0827ks/sec because of
the increase of buoyancy head compared with those of the other SG modules. And through
the half isolated 8G modules 1, 3, 5, and 7, flowrates decreased to 0.0337kg/sec. SG exit
temperatures of normal SG modules and half isolated SG modules by feedwater isolation are
25.3°C and 28.5°C respectively. There is 3.2°C temperature difference at SG exit. Comparing
with the experimental results, it can be concluded that the temperature distribution at core
inlet is uniform by thermal mixing in downcomer. The partial isolation of SG secondary side
feedwater flow can make nonuniform temperature distribution at SG module exit but the
temperature difference between SG meodules are not so much as to bring nonuniform core
inlet temperature distribution.

In this analysis, 3-dimensional effects between SG modules are not included. But it may
be the most important factor for integral reactor analysis. Now we are developing 3-
dimensional model for upper pressure header and downcomer region using RETRAN-03.
Asymmetric natural circulation flow distribution through SG modules and mixing
phenomena in downcomer can be estimated using this model and it is remained as future
work.

CONCLUSIONS

Integral reactors have typical natural circulation characteristics different from current
land based reactors because of their different design features. In this study, basic experiments
and analysis using modified RETRAN-03 were done to investigate the thermal-hydraulic
characteristics during natural circulation of small and medium integral-type reactor, SMART.

In case of the steam generator 1/4 section isolation, core power was removed sufficiently
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by natural circulation as in normal operation of all SG modules. In this case, natural
circulation flow through half-isolated SG modules are decreased and SG exit temperature
distribution is nonuniform. Nevertheless, the temperature difference is not so much as to
bring nonuniform temperature distribution at core inlet.

Flowrates are decreased as the inclination angle increases because of the decrease in
thermal driving head by the elevation difference between core and SG center. Flowrates
through hotleg 1 is biggest. Because of gravity, coolant tends to flow more through hotleg 1
which is located lower by inclination than through the other hotlegs which is located higher.
However, core inlet temperature distribution remained uniform.

Our goal is the development of the natural circulation analysis code for integral reactors
including 3-dimensional analysis capability. As future work, 3-dimensional analysis model
for upper pressure header and downcomer region should be developed. In addition,
comparison with the results of experiments and 3-dimensional analysis using flow field
analysis code such as CFX[12] should be done for the verification and validation of the 3-
dimensional analysis model using RETRAN.
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Table 1 Scaling Ratio
SMART Experimental Sca!ipg
Loop Ratio
Core Length 2,000 mm 800 mm 1/2.25
8G Length 2,800 mm 760 mm 1/3.7
Hot Leg Length 1,470 mm 694 mm 1/2.1
Difference between core 3,270 mm £,307 mm 1/1.25
and SG
Core Diameter 2,062 mm 165.2 mm 1/125
Core Flow area 1,402 m* 0.01667 m* 1/84
Vessel Diameter 3,593 mm 3552 mm 1/101
SG flow area 1.2648 m? 0.0392 m?* 1/45
. 16.5 MWt Max 72Kw
Residual Heat (5% of 330Mwt) 28.4 kw (12.7%)

Table 2 Experimental Conditions and Results

Inclined | Secondary Temperature(°C) Flow Rate(lpm}
Angle Side | Hotleg ‘l:n‘;; ¢| AT | HLI | HL2 | HL3 | Total
Exp 1 0 Normal 50.6 19.1 315 | 617 | 734 | 656 | 2741
Exp I-f 0 li:oslsggﬁ“ 532 | 236 | 296 | 620 | 636 | 625 | 2517
Exp2 30 Normal 493 | 195 | 298 | 605 | 52 | 527 | 2172
Exp2f | 30 VASection | s34 | 250 | 283 | 611 | 508 | 526 | 2183
Exp3 as Normal 497 | 180 | 317 | 568 | 450 { 269 | 1737
Exp 3-f 4s VASection | sa6 | 220 | 325 | 612 | 492 | 281 | 187
Table 3 Measured Pressure Drop Data
Hotleg — SG (mmH,0) Downecomer {(mmH,0)
Exp 1 29.9 73
Exp I 329 8.64
Exp 2 25.49 8.31
Exp 2-f 31.78 9.38
Exp 3 20.3 7.7
Exp 3-f 26.08 7.96
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