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SUMMARY: Aiming at the safety response problem of integrated fast reactor under 

unprotected flow loss accident, this paper established a core-main-loop and accident residual 

heat discharge system coupling calculation model based on SAS4A/SASSYS-1 program, and 

analyzed the transient thermo-hydraulic behavior and natural circulation ability under ULOF 

condition. The calculation results show that the core flow decays rapidly after the main pump 

is idle, and the power to flow ratio reaches 2.52 in 30.4 s. The peak temperatures of fuel, 

cladding and coolant are 858.0 ℃, 837.6 ℃ and 837.2 ℃, respectively. Subsequently, under 

the effect of negative reactive feedback, the reactor power continued to decline, and the 

system did not appear shell failure and sodium boiling. The further parameter analysis shows 

that the increase of the resistance of the primary circuit will weaken the natural circulation 

ability, and the appropriate increase of the elevation of the independent heat exchanger will 

enhance the waste heat export ability in the later stage of the accident. At 1800 s, the natural 

circulation flow of the core reaches 532.1 kg/s. The results show that the integrated fast 

reactor has good inherent safety and passive heat removal potential, which can provide a 

calculation basis for the optimization design and safety evaluation of related systems. 
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1 Introduction 

As the new nuclear energy system continues to evolve in the direction of high safety, high 

resource utilization and closed fuel cycle, sodium-cooled fast reactor has become a key 

candidate in the fourth generation of advanced nuclear energy technology system due to its 

characteristics of proliferation, evolution and high thermal efficiency. Compared with 

traditional hot reactors, its engineering advantages are not only reflected in the level of fuel 

utilization and waste reduction, but also reflected in the transformation of system-level safety 

design concept, that is, relying as much as possible on the intrinsic physical feedback of the 

core and passive heat removal path to maintain an acceptable thermal state under complex 

disturbance and even protection failure conditions [1]. The integrated fast reactor integrates 

the reactor body, the main heat transport circuit, and the related fuel cycle facilities into a 

unified design framework. This highly coupled system configuration improves the overall 

synergy and makes the interaction between flow, heat transfer, and reactive feedback under 

accident conditions closer. 

In the safety analysis of this kind of system, the unprotected loss of flow accident (ULOF) 

is always an unavoidable representative condition. This accident means that the main pump 
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flow attenuation has occurred, and the protective shutdown has not been carried out as 

expected, and the core will undergo a dynamic transition from forced circulation to natural 

circulation [2]. This process has short duration, strong parameter coupling and obvious 

nonlinear characteristics, which not only relates to the peak time of the temperature of fuel, 

cladding and coolant, but also directly determines whether the residual heat can be stably 

derived in the later stage of the accident. Previous studies have shown that sodian-cooled fast 

reactors usually have a certain inherent safety potential under ULOF conditions, but the 

difference in fuel type, circuit resistance distribution, cold source layout elevation, and access 

mode of waste heat removal system can significantly change the transient response path [3]. 

Especially for the integrated fast reactor with metal fuel, the coupling behavior of 

thermophysical properties, reactive feedback and flow attenuation phase is different from that 

of the oxide fuel core, so the general conclusion cannot be simply followed. 

For this reason, it is far from enough to draw conclusions based on empirical judgment or 

static safety margin, and system-level numerical analysis oriented to the whole process must 

be carried out with the help of computer programs [4]. The fast reactor safety analysis 

program represented by SAS4A/SASSYS-1 can deal with the coupling relationship between 

the thermal hydraulic, neutron dynamics, fuel behavior of the core channel and the primary 

and secondary circuits and the accident waste heat removal system under the unified 

computing framework, providing traceable, comparable and parameterized analysis means for 

the ULOF accident research [5]. By establishing a calculation model suitable for the 

structural characteristics of the integrated fast reactor, it can not only capture the timing 

changes of temperature, flow rate and power after the main pump is idle, but also further 

identify the key nodes of the natural cycle establishment and evaluate the influence range of 

different design parameters on the passive heat removal capacity. In other words, 

computational simulation is not a simple result generation tool here, but an important method 

to reveal the accident evolution mechanism, test design margin and support engineering 

optimization [6]. 

Based on the above understanding, this paper takes the integrated fast reactor as the object 

to study the transient thermal-hydraulic response and natural circulation ability under 

unprotected flow loss accident. In this paper, SAS4A/SASSYS-1 is used to establish a 

core-loop coupling model, and the evolution law of key parameters under ULOF operating 

condition is analyzed based on steady state check. Furthermore, the influence of primary 

circuit resistance change and independent heat exchanger elevation adjustment on natural 

circulation capacity is further investigated. It is expected to provide a more targeted 

calculation basis for the passive safety design, parameter optimization and subsequent safety 

review of the integrated fast reactor. The structure of this paper is as follows: Section 2 

reviews the related research progress; The third part introduces the modeling and calculation 

method. Section 4 presents the results and analysis. Section 5 opens the discussion; Section 6 

concludes the paper. 

2 Related Research 

In recent years, the research on transient safety and natural cycle heat removal of 

sodium-cooled fast reactor has gradually formed several parallel technical routes, such as 

system program analysis, multi-physics coupling calculation, experimental verification of key 

components, and data-driven rapid prediction. Different from general thermo-hydraulic 

problems, the core response under ULOF is not a single flow attenuation process, but a result 

of the combined effect of power, reactive feedback, channel resistance, thermal stratification 
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in the pool, and accident waste heat discharge capacity [7]. Therefore, the value of related 

research is not only reflected in the fitting accuracy of a certain local parameter, but also 

reflected in whether the core, loop and cold source side processes can be described in a 

unified framework with computer programs as the core. For comparison purposes, Table 1 

summarizes representative studies that are closely related to the topic of this paper. 

Table 1: Summary of related studies 

Reference Research Objective Method / Object Main Conclusion Limitation 

Wang et 
al. [8] 

Analyze the 
thermal-hydraulic 

behavior of the core in 
a pool-type 

sodium-cooled fast 
reactor 

Numerical simulation, 
pool-type SFR core 

Revealed the 
characteristics of core 
flow and temperature 

distribution 

Focused mainly on 
steady-state and local 

thermal-hydraulic 
behavior, with 

insufficient coverage of 
accident processes 

Zhou et al. 
[9] 

Evaluate the inherent 
safety-related 

thermal-hydraulic 
characteristics of a 

pool-type 
sodium-cooled fast 

reactor 

System-level 
thermal-hydraulic 

analysis 

Confirmed that 
negative feedback 
plays an important 

role in accident 
mitigation 

Insufficient analysis of 
the natural circulation 
establishment process 

Narendran 
et al. [10] 

Investigate the ULOF 
response of a 

sodium-cooled fast 
reactor 

Thermal-hydraulics–
neutronics coupled 

ASTRA code 

Provided the transient 
variation patterns of 

key ULOF 
parameters 

Focused on a specific 
reactor object and is 
difficult to directly 

extrapolate to 
integrated fast reactors 

Billo et al. 
[11] 

Develop a multiphysics 
coupling method for 
fast reactor accident 

analysis 

Multi-code coupled 
accident simulation 

Improved the 
capability for solving 

complex transient 
processes 

Engineering parameter 
sensitivity analysis 
remains relatively 

limited 

Liu et al. 
[12] 

Study the effect of 
thermal stratification 
on natural circulation 

heat removal 

Natural circulation 
decay heat removal 

analysis 

Showed that thermal 
stratification can alter 

natural circulation 
capability 

Focused more on the 
heat removal stage, 

with limited 
involvement in the 
early response of 

ULOF 

Yang et al. 
[13] 

Investigate the friction 
characteristics of 

wire-wrapped bundles 
under low-flow 

conditions 

Experimental study 

Obtained resistance 
characteristics under 
natural circulation 

conditions 

Results mainly serve 
the subchannel scale, 

and system-level 
mapping still needs 

strengthening 

Lee et al. 
[14] 

Study the natural 
convection 

characteristics of 
sodium–air heat 

exchangers 

Heat exchanger 
experiment 

Verified the 
feasibility of natural 

convection in 
air-cooled heat 

removal components 

Lacks coupled analysis 
with the whole-reactor 

accident process 

Lu et al. 
[15] 

Investigate the natural 
circulation 

characteristics of 
passive decay heat 

removal in fast reactors 

“1-D system + 3-D 
CFD” coupling 

Improved the 
resolution of loop 

flow and local heat 
transfer 

Computational cost is 
high, making it 
unsuitable for 

large-scale parametric 
scanning 

Li et al. 
[16] 

Predict temperature 
and velocity 

distributions in 
wire-wrapped fuel 

assemblies 

Deep learning method 

Improved the 
efficiency of 

thermal-hydraulic 
parameter 

reconstruction 

More suitable as a 
surrogate model and 
cannot yet replace 
system-level safety 

codes 

 

According to the existing research, the system level analysis for ULOF has a good method 

foundation. Focusing on the thermal behavior, inherent safety characteristics and unprotected 
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flow loss accident process of the pool sodium-cooled fast reactor core, researchers have used 

the thermo-hydraulic program or the neutron coupling program to more clearly characterize 

the dynamic relationship between flow decline, temperature rise and negative reactive 

feedback [8-11]. This kind of work establishes the backbone framework of accident analysis, 

and also shows that procedural calculation has become an irreplaceable technical means for 

safety evaluation of fast reactors. At the same time, the research on the direction of natural 

circulation waste heat discharge has further extended the focus from the inner core to the 

system circuit, and thermal stratification, low flow velocity resistance characteristics, 

performance of air-cooled heat exchanger, and coupling method of one-dimensional system 

program and three-dimensional CFD have provided more detailed basis for understanding the 

passive heat discharge capacity [12-15]. 

However, there are still several obvious gaps in the existing research. First, many works 

focus on general pool sod-cooled fast reactors, and there is still insufficient discussion on the 

special thermal response of metal fuel reactor cores in accidents and the coupling relationship 

with system-level negative feedback [16, 17]. Second, there is still a gap between the 

component scale research and the whole reactor transient analysis: Although the resistance 

around the wire bundle, the natural convection of the heat exchanger and the thermal 

stratification in the pool have been verified respectively, how these factors jointly change the 

natural cycle establishment process of the integrated fast reactor under the ULOF is still 

lacking of a comparative study under a unified computational framework [18, 19]. Third, 

with the development of deep learning and high-fidelity coupling calculation methods, the 

efficiency of local parameter prediction has been improved, but in engineering safety 

assessment, system analysis procedures that are stable, interpretable and suitable for 

parameter sensitivity scanning are still more practical [20]. 

Based on the above understanding, SAS4A/SASSYS-1 is used as the core computing 

platform, the core channel model, the primary circuit and the accident waste heat removal 

system are incorporated into the unified model, the transient evolution of key thermal and 

hydraulic parameters is analyzed under the ULOF condition, and the influence of the primary 

circuit resistance and the elevation of the independent heat exchanger on the natural 

circulation capacity is further investigated. Such a process is not a simple repetition of the 

existing work, but attempts to establish a more direct correspondence between "accident 

transient, system heat removal and design parameters", so as to provide a more engineering 

specific calculation basis for the passive safety design of integrated fast reactor. 

3 Modeling and calculation method of unprotected flow loss 

accident for integrated fast reactor 

3.1 Reactor system parameters and definition of analysis objects 

For system-level analysis of unprotected current loss accidents, the research object should not 

be treated as a single core or a single loop, but should be defined as a coupled 

thermo-hydraulic system composed of core heat release, main loop transport, intermediate 

heat transfer and accident waste heat discharge. Based on this, this paper abstracts the 

integrated fast reactor as a four-layer calculation object of "core power source -- pool type 

primary loop -- second-loop heat transfer branch -- independent residual heat discharge 

branch", and further maps it into a solvable parameter set in SAS4A/SASSYS-1. The analysis 

object and parameter mapping relationship are shown in Figure 1. 
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Figure 1: Schematic diagram of analysis object and parameter mapping of integrated fast 

reactor 

The thermal power and electric power of the integrated fast reactor are 2800 MW and 

1200 MW respectively, and the fuel is U-Pu-Zr metal fuel. The main heat transmission system 

adopts a three-circuit scheme of sodium sodium water, the first circuit is a pool structure, 

including four parallel main circuits, each of which is equipped with a main circulation pump 

and an intermediate heat exchanger, and each branch of the second circuit is equipped with 

two steam generators. At the same time, an independent accident waste heat discharge system 

is set up for long-term passive heat discharge after the main pump is shut down. In order to 

transform the engineering object into a computational domain that can be recognized by the 

program, this paper uses four kinds of characteristic quantities to describe the system in a 

unified way: total flow, channel power allocation, temperature rise level and power-flow 

matching relationship. Between thermal power and electric power: 

η =
Pe
Pth

(1) 

For the main heat transfer process of the core, the energy conservation relationship is 

established between the sodium mass flow rate of the primary loop and the temperature 

difference between the inlet and outlet: 

Pth = ṁccp,Na(Tout − Tin) (2) 

For the conservation of mass flow after channel partition, it can be written as: 

ṁc =∑ṁ

n

i=1 i

(3) 

In order to identify the computing unit that is most likely to reach the temperature extreme 

value in the accident, the channel power flow ratio is further defined: 

Ψi =
Pi
ṁi

(4) 
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Moreover, the corresponding channel of the component with the largest Ψi is defined as 

the hottest channel, which is the focus object of the transient peak parameter monitoring. 

Combined with the existing design parameters, the fuel assembly area is discursed into 13 

channels, including one hottest channel and 12 representative flow areas, corresponding to 

456 assembly boxes with a total flow of 14515.7 kg/s. Such parameterization is not a simple 

compression of geometric details, but a reduced-order model that can be used to solve the 

accident while preserving the characteristics of radial power difference and flow distribution. 

This definition is particularly critical for the ULOF case. In the early stage of the accident, 

the idle of the main pump is dominant, and in the middle and late stage of the accident, the 

natural circulation stage is gradually determined by the floating boost head, loop resistance 

and cold source arrangement. If the analysis object is defined too loosely, it is difficult to 

explain the evolution of local peak and system heat removal capacity at the same time. 

3.2 SAS4A/SASSYS-1 program setup and initial condition processing 

For accidents such as ULOF, in which the forced cycle suddenly falls into passive heat 

removal, the key of program setting is not only "whether the calculation can be started", but 

also whether the steady-state initial field is credible, whether the accident boundary is 

properly imposed, and whether the core and loop variables can be consistently updated on the 

same time axis during the transient solution. Based on this understanding, this paper divides 

the calculation process into four steps in SAS4A/SASSYS-1: steady-state convergence, initial 

value inheritance, accident trigger and transient advance, and its processing logic is shown in 

Figure 2. SAS4A is responsible for the thermal response and reactive feedback calculation of 

the core channel, fuel and cladding, and SASSYS-1 is responsible for the thermal and 

hydraulic solution of the primary loop, secondary loop and accident waste heat removal 

system. The two parts exchange information at each time step through flow, temperature and 

power signals, thus forming a unified calculation chain for ULOF conditions. 

 

Figure 2: SAS4A/SASSYS-1 program setup and initial condition processing flow 
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The steady-state initial field is calculated from the rated operating condition, and the total 

flow rate of the fuel assembly, the inlet temperature of the core coolant, the outlet temperature 

of the core coolant and the secondary circuit flow rate are selected as the check parameters. 

To measure the degree of agreement between the initial field and the designed value, the 

parameter relative deviation is defined as: 

δk =
|Xk,cal − Xk,des|

Xk,des
× 100% (5) 

where, Xk,cal are the calculated values of the KTH parameter and Xk,des are the designed 

values. The calculation results show that the above key quantities are in good agreement with 

the design values, and the maximum deviation is 0.25% of the secondary loop flow, which 

indicates that the steady-state solution has the reliability as the transient initial value. The 

accident calculation starts from the state of 100% rated power, and assumes that the protection 

system and DAS shutdown function fail, the emergency shutdown system does not operate, 

and all primary circuit main pumps start to idle from the accident starting point. 

In this paper, the main pump flow attenuation function is used to describe the flow loss 

process. The total core inlet flow as a function of time is written as: 

W(t) =
W0

1 + t/th
(6) 

where, W0 is the initial flow before the accident, th is the flow attenuation half time, and 

th = 10 s in this paper. When t = 74 s, the pump speed decreases to zero, and the system 

changes from the idle control phase to the natural cycle establishment phase. To facilitate the 

program to identify the driving mechanism of different stages, a normalized pump condition 

function can be defined: 

ϕp(t) = {
1 −

t

74
, 0 ≤ t ≤ 74

0, t > 74
(7) 

This function does not replace the flow boundary of Equation (6), but is used to 

distinguish the dominant interval of the external pump drive and the subsequent floating boost 

head drive, so that the solution control in the early and later stages of the accident is clearer. 

At the same time, the passive rod does not fall to highlight the actual contribution of the 

intrinsic negative feedback of the core and the natural circulation ability of the system in the 

accident mitigation. 

3.3 Core thermo-hydraulic model construction 

In order to correctly capture the radial power difference, flow redistribution effect and local 

temperature rise process in the core under unprotected flow loss accident, this paper does not 

simplify the whole core into a single average channel, but uses the representative channel 

discretization method in SAS4A/SASSYS-1 to map the physical core into a calculable 

thermal-hydraulic network. The basic idea is to merge the fuel assemblies with similar power 

density, flow level and structural characteristics into the same calculation channel, and extract 

the component with the highest power to flow ratio as the hottest channel, so as to 

continuously track the peak response of fuel, cladding and coolant in the ULOF transient. The 

relationship between core partition and solution interface is shown in Figure 3. 
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Figure 3: Schematic diagram of core thermo-hydraulic channel division and solution 

For the ith channel, the axial line power distribution is denoted by: 

qi′(z) = qi,avg′ ϕi(z) (8) 

where q
i,avg

′ is the average line power of the channel, ϕ
i
(z) is the normalized axial power 

shape function. From the channel energy conservation relation, the temperature rise after the 

coolant passes through the core along the axial direction can be written as: 

ΔTi =
Pi

mi̇ cp
(9) 

where Pi is the channel power, mi̇  is the channel mass flow rate and cp is the specific heat 

capacity of sodium coolant at constant pressure. For flow resistance, the program updates the 

pressure drop according to the channel hydraulic characteristics at each time step, which is 

equivalent to: 

Δpi = (fi
Li
Dh,i

+∑ξi)
ρiui

2

2
(10) 

Here, fi  is the friction coefficient, Li  is the characteristic flow length, Dh,i  is the 
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hydraulic diameter, and ∑ ξ
i
 is the sum of the local drag coefficients. To distinguish between 

different flow regimes, the Reynolds number is written as: 

Rei =
ρiuiDh,i

μi
(11) 

Based on this, the program determines the resistance change and the flow characteristics 

of the low flow velocity stage, thus providing the channel-level input for the natural 

circulation ability evaluation in the later stage of the accident. 

Structurally, in this paper, the core is divided into 13 calculation channels, including one 

hottest channel, and 12 representative flow zones corresponding to the inner, middle and outer 

zones of the fuel assembly. This process is not only to reduce the calculation scale, but more 

importantly to preserve the real non-uniformity in the core: the inner zone has high power and 

dense flow, the middle zone bears the main heat transfer load, and the outer zone has different 

characteristics in the total resistance and temperature rise distribution. If this difference is 

ignored in the ULOF analysis, the peak temperature, the envelope thermal margin, and the 

natural cycle establishment time obtained by the program may be averaged, and it is difficult 

to reflect the true response of the most unfavorable location of the accident. Table 2 shows the 

number of component boxes and the total flow of each channel, which constitutes the basic 

input for the subsequent transient solution. 

Table 2: Core channel partition parameters of integrated fast reactor 

Component Region Flow Zone Channel 
Number of 

Assemblies 

Total Flow 

Rate (kg/s) 

Hottest Channel Flow Zone 1 1 1 29.95 

Inner Fuel Assembly Region Flow Zone 1 2 73 2471.05 

Inner Fuel Assembly Region Flow Zone 2 3 54 1728 

Inner Fuel Assembly Region Flow Zone 3 4 88 2719.2 

Inner Fuel Assembly Region Flow Zone 4 5 19 569.05 

Middle Fuel Assembly Region Flow Zone 5 6 49 1739.5 

Middle Fuel Assembly Region Flow Zone 6 7 25 800 

Middle Fuel Assembly Region Flow Zone 7 8 43 1287.85 

Middle Fuel Assembly Region Flow Zone 8 9 27 769.5 

Outer Fuel Assembly Region Flow Zone 9 10 25 912.5 

Outer Fuel Assembly Region Flow Zone 10 11 14 448 

Outer Fuel Assembly Region Flow Zone 11 12 24 684 

Outer Fuel Assembly Region Flow Zone 12 13 15 387 

Total   456 14515.7 

 

As can be seen from Table 2, the channel division already covers the main traffic 

characteristics of different radial regions, and the total traffic is consistent with the whole 

heap design input. The model not only preserves the local sensitivity of the hottest position, 

but also controls the calculation scale of the system-level transient analysis, so that the 

program can solve the temperature rise, flow attenuation, pressure drop evolution and the 

coupling with the loop system in the same framework. 

3.4 Loop system and accident waste heat discharge model construction 

In the ULOF analysis of integrated fast reactor, whether the transient response of the core can 
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be correctly interpreted depends not only on the fineness of the internal channel model of the 

core, but also on whether the coupling relationship between the primary loop, the secondary 

loop and the accident waste heat removal system is integrated into the computational domain. 

Based on this consideration, in SASSYS-1, the loop system is constructed as an overall 

thermo-hydraulic network composed of cold pool, main circulating pump, reactor core, heat 

pool, intermediate heat exchanger, secondary loop branch and independent waste heat 

discharge loop. The first loop is set up with four parallel branches, and each branch is 

equipped with a main circulating pump and an intermediate heat exchanger. The second loop 

is also set up 4 loops, each loop is equipped with 2 integrated steam generators; The accident 

waste heat discharge system is composed of four independent loops. The independent heat 

exchangers are arranged through the hot and cold pools, and the outlet is connected with the 

grid box through the special pipe, so that the natural circulating cooling flow can directly 

enter the reactor core and take away waste heat under the accident condition. The overall 

structure is shown in Figure 4. 

 

Figure 4: Schematic diagram of the loop modeling 

After the loop model is established, the program simultaneously solves for the 

conservation of mass, momentum and energy at each time step. For any closed branch, the 

system pressure balance relation can be written: 

Δppump + Δpbuo − Δpfr − Δploc = 0 (12) 

Among them, Δp
pump

 is the pressure head provided by the main pump, Δp
buo

 is the 

floating pressure boosting head formed by the density difference between the cold and hot 

segments, Δp
fr

 and Δp
loc

 represent the along resistance and local resistance, respectively. 

After the accident, the idle of the main pump disappears, and the driving force of the system 

is gradually transferred to the natural circulation. The floating boost head can be expressed as: 
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Δpbuo = g∫ (ρcold − ρhot)
z2

z1

 dz (13) 

This term directly reflects the combined effect of the temperature difference between the 

cold and hot pools, the height difference of the loop and the elevation of the cold source 

layout on the natural circulation ability. For intermediate heat exchangers or independent heat 

exchangers, the heat balance type can be used: 

Qhx = UAΔTlm (14) 

Here, U is the total heat transfer coefficient, A is the heat transfer area, and ΔTlm is the 

log-average temperature difference. Equations (12) - (14) jointly determine the evolution of 

the loop flow redistribution, the temperature rise of the hot and cold pools, and the waste heat 

export path during the accident process. The purpose of this system model is not to describe 

the local performance of a single device, but to put the time relationship of the core power 

reduction process, the intermediate heat transfer attenuation and the independent heat 

exchanger intervention into the same solution framework. The circuit modeling diagram 

shown in Figure 4 is an intuitive expression of this calculation structure: in the early stage of 

the accident, the primary circuit flow is still controlled by the main pump idle; With the 

attenuation of the pump head, the flow capacity of the main circuit decreases, and the 

temperature difference and height difference between the cold and hot pools begin to 

dominate the establishment of the floating boost head, and the accident waste heat discharge 

system gradually assumes the long-term heat discharge function. Such a model provides a 

unified program interface and physical basis for analyzing the effects of primary resistance 

variation and elevation adjustment of independent heat exchangers on natural circulation 

capacity. 

3.5 ULOF working condition setting and natural circulation ability 

analysis method 

In the analysis of unprotected flow loss accidents, the key to determine whether the 

calculation results have engineering interpretation power is not only the name of the accident 

itself, but also the way of removing the accident boundary, the transformation of the dominant 

mechanism in the time advance, and the index of the natural circulation ability. Based on this 

understanding, this paper defines the ULOF working condition as follows: the reactor starts 

from 100% rated power steady state operation state, the protection system and DAS shutdown 

function fail, the emergency shutdown system does not operate, all primary circuit main 

pumps start to idle from the initial time of the accident, and the passive rod does not fall. The 

purpose of this treatment is to attribute the accident mitigation process mainly to the intrinsic 

negative feedback of the core and the natural circulation heat removal ability of the system, 

rather than the external protection action. The process of accident application and evaluation 

is shown in Figure 5. The program synchronously updates flow, power, reactivity and 

temperature fields at each time step, and accordingly determines when the system transitions 

from the forced cycle control phase to the natural cycle dominant phase. 
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Figure 5: ULOF working condition setting and natural cycle capacity analysis process 

For the idle process of the main pump, this paper applies the ULOF accident input by 

using the flow attenuation boundary given in Section 3.2, where the initial core flow before 

the accident is denoted as W0, and the half time of flow attenuation is taken as th = 10 s. At 

t=74 s, the pump speed drops to zero, after which the system no longer depends on the 

external pressure head, and turns into a natural cycle phase driven by the density difference 

between the hot and cold sections. To facilitate the comparison of flow capacity changes in 

different stages, the normalized flow rate is introduced: 

ω(t) =
W(t)

W0
(15) 

Its physical meaning is not only the flow ratio, but also the real-time attenuation degree of 

core cooling capacity in an accident. At the same time, to identify the direct impact of power 

and flow mismatch on thermal safety, the power to flow ratio is defined: 

Π(t) =
P(t)/P0
W(t)/W0

(16) 
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Here, P(t) is the instantaneous heap power and P0 is the initial rated power. When Π(t) 

increases rapidly, it means that the heat release load per unit flow rate increases, and the 

temperature of fuel, cladding and coolant will enter a more sensitive rise interval. Therefore, 

this quantity is used as one of the core indicators for early response interpretation of 

accidents. 

The natural circulation capacity is not suitable to be judged only by "whether there is 

flow". It is also necessary to investigate whether the system can maintain stable heat 

discharge and form a sustainable waste heat export path after the accident. Based on this, in 

this paper, the natural circulation capacity is defined as the ratio of the natural circulation flow 

in the later period of the accident to the initial core rated flow, i.e: 

Λ =
WNC

W0
(17) 

Here, WNC represents the core flow rate after the system enters the quasi-stable natural 

cycle phase. In addition to Λ, the peak temperature of fuel, the peak temperature of cladding, 

the peak temperature of coolant, the peak value of power flow ratio and its occurrence time 

are also jointly investigated to determine the thermal margin change of the system during the 

whole process of the accident. The reason for this is that natural circulation capacity is 

essentially a "build-up process" rather than a single end-point value: in the early stages of an 

accident, it is dominated by pump idle, in the middle stage by negative feedback induced 

power reduction, and in the late stage by a combination of floating boost head and loop 

resistance to determine the stable flow level. If only taking the flow value at a certain time, it 

is often difficult to completely reflect the real accident mitigation ability of the system. As can 

be seen from Figure 5, the treatment of ULOF in this paper does not regard the accident as a 

single boundary disturbance, but as a dynamic process continuously composed of "pump 

idling -- power decline -- natural cycle establishment". Because of this, the subsequent result 

analysis not only focuses on the temperature peak and peak time, but also pays attention to the 

natural circulation flow and system heat removal stability in the later period of the accident, 

so as to provide a unified analysis benchmark for the sensitivity study of the primary circuit 

resistance and the elevation of the independent heat exchanger. 

4 Results 

4.1 Steady-state verification results 

Before entering the ULOF transient calculation, it must be confirmed that the program can 

stably reconstruct the reference operation state of the integrated fast reactor under the rated 

operating conditions. For such strongly coupled systems, steady-state verification is not a 

formal pre-step, but a numerical basis for subsequent accident analysis. If the initial flow field, 

temperature field and heat transfer equilibrium deviate significantly, the power drop, 

temperature peak and natural cycle establishment process in the transient phase may be mixed 

with non-physical disturbances, which will weaken the engineering interpretation power of 

the results. Based on this consideration, SAS4A/SASSYS-1 is used to solve the steady-state 

of the whole reactor under the full power condition, and the total fuel assembly flow rate, core 

coolant inlet temperature, core coolant outlet temperature and secondary loop flow rate are 

selected as the check indexes to compare the calculated results with the design value item by 

item. 

Table 3 shows that high agreement is maintained between the four key parameters and the 
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design inputs. The designed value of the total flow of fuel assembly is 14515.9 kg/s, and the 

calculated value is 14531.3 kg/s, with a relative deviation of 0.11%. The inlet temperature of 

core coolant is calculated from the design value of 360 ℃ to 359.6 ℃, with a deviation of 

-0.11%. The outlet temperature of core coolant is 510 ℃ and the calculated value is 509.9 ℃, 

and the deviation is only -0.02%. The relative deviation of the secondary loop flow is slightly 

higher than the rest of the parameters, but it is also only 0.25%, which is still within the 

acceptable range. This shows that the program maintains good convergence in the flow 

distribution of the main loop, the heat absorption process of the core and the reconstruction of 

the coupling relationship between the first loop and the second loop, and there is no 

systematic drift caused by parameter mismatch. 

Table 3: Comparison between steady-state calculation results and design values 

Design Parameter 
Design 

Value 

Calculated 

Value 

Relative 

Deviation / % 

Total Flow Rate of Fuel Assemblies / kg·s⁻¹ 14515.9 14531.3 0.11 

Core Coolant Inlet Temperature / ℃ 360.0 359.6 -0.11 

Core Coolant Outlet Temperature / ℃ 510.0 509.9 -0.02 

Secondary Circuit Flow Rate / kg·s⁻¹ 12867.7 12899.5 0.25 

 

From a computational point of view, this set of results has a more important implication. 

The inlet and outlet temperatures are consistent with the design values, indicating that there is 

no obvious imbalance between the core power loading, channel energy conservation and the 

physical properties of sodium coolant. The total flow and the flow of the second loop 

approach the design target at the same time, which indicates that the drive of the first loop, the 

resistance of the loop and the heat transfer capacity of the intermediate heat exchanger have 

formed a self-consistent match in the program. The current steady-state solution can not only 

be used as a unified initial field for subsequent ULOF accidents, but also indicate that the 

core-circuit-residual heat discharge coupling model established in this paper has a reliable 

premise for further transient deduction. It is also because this baseline has been calibrated that 

the subsequent analyses of jumps in power-to-flow ratios, peak fuel to envelope temperatures, 

and changes in natural circulation capacity are comparable and credible. 

4.2 Transient response analysis of unprotected flow loss accident 

After the steady-state verification, the transient response of the integrated fast reactor under 

unprotected flow loss accident is further analyzed. The essential feature of this condition is 

that the rapid attenuation of the primary circuit flow caused by the main pump idle occurs 

before the power decline, so that the power-flow mismatch is obvious in the early stage of the 

accident, and the thermal state of the core enters a short and steep rise process. Then, as a 

variety of negative feedbacks are gradually established, the power decline speed exceeds the 

speed of temperature accumulation, and the system begins to transfer from the rapid mismatch 

phase to the self-stable adjustment phase. The temporal order of the critical events with the 

peak parameters is shown in Table 4. 
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Table 4: Critical event time series of ULOF accident 

Event Time (s) 

All primary and secondary circuit main pumps begin coastdown 0.0 

Power-to-flow ratio reaches its peak of 2.52 30.4 

Fuel temperature reaches its peak of 858.0 ℃ 31.5 

Cladding temperature reaches its peak of 837.6 ℃ 35.5 

Coolant temperature reaches its peak of 837.2 ℃ 36.0 

Core natural circulation flow rate reaches 532.1 kg/s 1800 

 

As shown in Figure 6, the relative power did not drop to a very low level immediately 

after the accident began, but experienced a rapid first and then slow attenuation process. 

Correspondingly, the core flow rate decreases rapidly under the control of the main pump idle, 

and the decrease is the most dramatic in the first tens of seconds. It is at this stage that the 

heat release load per unit flow rate is significantly enlarged, and the power to flow ratio 

reaches a peak of 2.52 at 30.4 s, indicating that the core cooling capacity has been 

significantly weaker than the initial working condition. Under this influence, the temperature 

of the hottest fuel rises first and reaches 858.0 ℃ in 31.5 s. The temperature of cladding and 

coolant reached the peak at 837.6 ℃ and 837.2 ℃ respectively, and the peak time appeared at 

35.5 s and 36.0 s respectively. The peak sequence shows a clear heat transfer chain: the core 

power is first applied to the fuel body, and then transferred to the coolant through the cladding, 

so the extreme values of the fuel, cladding and coolant have a short-time lag relationship, 

rather than reaching the maximum value synchronously. 
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Figure 6: Variation of key parameters over time 

From the perspective of reactivity evolution, the total reactivity quickly turns negative in 

the early stage of the accident, and the radial expansion feedback and the control rod drive 

mechanism feedback occupy the dominant position in the establishment of net negative 

reactivity, while the Doppler feedback mainly appears in the earlier short-time temperature 

rise stage. This result indicates that the safety of the integrated fast reactor under ULOF is not 

solely dependent on the external shutdown signal, but can achieve automatic power reduction 

through the structural expansion and reactive self-inhibition induced by the core temperature 

rise. Because of this, although the temperature in the initial stage of the accident rose rapidly, 

the relative power soon dropped to a low level and entered a slow decay interval after about 

several hundred seconds. Subsequently, the thermal parameters gradually turned into a 

long-term process controlled by natural circulation and waste heat export. 

The later changes in the temperature field are equally representative. The three peak 

temperature curves fell obviously after experiencing the early peak, and stabilized around 

700 ℃ in the subsequent stage, without the secondary temperature runaway phenomenon. At 

the same time, the temperature of the hot pool continued to rise from about 510 ℃ to nearly 

590 ℃, and the temperature of the cold pool decreased slightly from about 360 ℃ to about 

350 ℃, and then slowly rose to about 370 ℃. This combination of "continuous rise of hot 

pool -- first drop and then rise of cold pool" reflects the process of heat redistribution and heat 

transfer path reconstruction in the pool in the middle and late stages of the accident: after the 

main pump is withdrawn, the heat transfer capacity of the intermediate heat exchanger is 

weakened, and the heat is re-accumulated in the pool system, and the independent residual 

heat discharge system is gradually involved, so that the temperature on the cold source side 

does not continue to rise out of control. 

More importantly, despite the significant flow collapse and temperature spikes 

experienced during the accident, the system eventually established a stable natural circulation. 

At 1800 s, the natural circulation flow of the core reaches 532.1 kg/s, which indicates that the 

system still has the flow capacity to maintain the waste heat export under the strict 

assumption of unprotected shutdown. Combined with the result that none of the temperature 

peaks mentioned above has reached the more serious failure boundary, it can be judged that 

the object of this study shows better inherent safety characteristics under the ULOF condition: 

in the early stage of the accident, the power is rapidly reduced by negative feedback, and in 

the later stage of the accident, the heat is maintained by natural circulation, which together 

constitute the main mechanism of transient mitigation. 
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4.3 Influence of primary resistance on natural circulation ability 

In order to evaluate the influence of the uncertainty of the primary circuit drag on the passive 

heat removal capacity in the later stage of the accident, this paper sets up three groups of 

working conditions of 0.5 times, 1 times and 2 times of the reference friction drag coefficient 

on the premise of keeping the other boundary conditions unchanged, and makes comparative 

calculation of the ULOF process. The resistance change appears to act only on the pressure 

drop term, but it will change the flow attenuation amplitude, the level of natural circulation 

establishment and the strength of negative feedback regulation after the main pump is inert. 

Therefore, its influence is not limited to a single parameter, but throughout the whole response 

chain of power, flow, temperature and heat distribution in the pool. As shown in Figure 7, as 

the primary circuit resistance increases from 0.5 to 2 times the reference value, the overall 

relative power of the reactor moves down, and the core flow curve moves down 

simultaneously, indicating that the system enters the "low flow-low power" late state of the 

accident earlier under the condition of higher resistance. 

 

 

Figure 7: Variation of key parameters with time under different frictional resistance of the 

primary circuit 

From the flow response, the elevated resistance directly compresses the steady flow level 

that can be maintained by the natural cyclic driving force. Around 1800 s in the late period of 

the accident, the core flow rates under 0.5, 1 and 2 times drag conditions were roughly 

maintained at the order of 650 kg/s, 530 kg/s and 420 kg/s, respectively, showing a clear 

stepwise decline relationship. Correspondingly, the relative power also gradually decreases 

from about 0.09 to about 0.08 and 0.06. Such changes indicate that the larger flow resistance 

weakens the sustainable heat transfer capacity of the loop, and the core has to rely on lower 
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power levels to re-match it. In other words, the increase in primary resistance does not cause 

the system to lose self-stability, but it will push the operating equilibrium point to the lower 

flow and lower power side after the accident is alleviated. The correlation results are 

consistent with the original calculation conclusion, that is, the increase of the primary circuit 

resistance will reduce the natural circulation flow and the cooling capacity of the reactor core, 

and the negative reactive feedback will be more significant, and the reactor power level will 

be reduced. 

The temperature response is more sensitive to the resistance change, especially in the peak 

temperature of the cladding and its occurrence time. The peak temperature of the cladding is 

837.6 ℃ under the benchmark resistance condition. When the resistance increases to 2 times 

the reference value, the peak temperature of the cladding rises to 848.1 ℃, an increase of 

about 10.5 ℃, and the peak time is 1.5 s later than that of the reference condition. This result 

has a clear physical meaning: when the resistance increases, the compensation ability of the 

early coolant decreases, and the heat transfer between the cladding and the coolant 

deteriorates, so the temperature peak is further elevated. But at the same time, the stronger 

negative feedback causes the power to fall back faster, so that the temperature rise rate of the 

envelope slows down in the later stage, and the peak time is pushed back. The three envelope 

temperature curves in the figure gradually converged to the plateau area close to 700 ℃ after 

about 100 s, which also indicated from the other side that the primary circuit resistance 

mainly changed the peak risk and the natural cycle establishment level in the accident 

transition stage, rather than the overall stability of the long-term thermal state in the later 

stage. 

Intra-pool temperature variations further demonstrate the transfer path of drag effects at 

the system scale. The results show that when the resistance is small, the temperature of the hot 

pool rises faster and eventually is higher. At about 2500 s, the temperature of the hot pool is 

close to 610 ℃ under the 0.5 times resistance condition, about 600 ℃ under the reference 

condition, and about 585 ℃ under the 2 times resistance condition. The cold pool temperature 

also shows a similar difference, which is roughly 395 ℃, 380 ℃ and 367 ℃ for the three 

working conditions at the same time. This phenomenon shows that the heat transport from the 

core to the pool circuit is more adequate under the condition of lower resistance, and more 

heat can enter the heat pool and be redistributed by the system. However, when the resistance 

increases, the flow rate decreases and the heat transfer efficiency in the main loop is inhibited, 

so that the temperature rise rate of the hot pool and the cold pool is slowed down. 

4.4 Influence of independent heat exchanger elevation on natural 

circulation capacity 

In order to evaluate the adjustment effect of the cold source layout height change on the 

passive heat removal capacity in the later stage of the accident, this paper sets up three 

working conditions of the independent heat exchanger elevation decreasing by 2 m, the 

reference elevation and increasing by 2 m on the premise of maintaining the other boundary 

conditions, and makes comparative calculation of the ULOF process. The elevation of the 

independent heat exchanger does not directly change the idle law of the main pump at the 

initial stage of the accident, but it will change the effective height difference in the natural 

circulation circuit, and then affect the steady flow level after the establishment of the floating 

boost head. Therefore, the effect of this parameter is obviously phased: the impact is weak in 

the early stage of the accident, and the impact is gradually amplified in the middle and late 

stages of the accident. As shown in Figure 8, the differences between the curves of the three 

groups of working conditions were small in the first few tens of seconds, while the 

differentiation of core flow rate, relative power and temperature in the pool became clear 
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gradually after the main pump head disappeared. 

 

 

Figure 8: Variation of key parameters with time at different elevations 

From the perspective of flow evolution, increasing the elevation of the independent heat 

exchanger is beneficial to enhance the natural circulation driving force. It can be seen from 

Figure 8 that in the late period of the accident, around 1800 s, the core flow rate of the 

improved 2 m working condition is the highest, about 600 kg/s. The base condition is about 

530 kg/s. The lowest reduction condition of 2 m is about 470 kg/s. The relative power also 

changes in the same direction, and is about 0.09, 0.08 and 0.07 at the same time. This 

indicates that with the elevation increase, the equivalent gravity pressure between the hot and 

cold sections increases, the loop is easier to maintain a higher natural circulation flow, and the 

core waste heat export ability is correspondingly enhanced. On the contrary, when the position 

of the independent heat exchanger is moved down, the system can still establish a natural 

circulation, but its stable flow ability will be weakened. 

In contrast to flow and power, the maximum temperature of the envelope is not sensitive 

to elevation changes. The peak of cladding temperature in the three groups of working 

conditions appeared in the early stage of the accident, and the peak value was basically 

maintained around 837 ℃, and there were only small differences between the curves. This 

result has clear physical meaning: in the stage when the main pump idle is dominant, the 

change of core flow rate is mainly controlled by the attenuation of the main pump speed, and 

the accident waste heat removal system has not been fully involved, so the elevation of the 

independent heat exchanger is difficult to have a significant impact on the initial temperature 

flushing process. In other words, the elevation parameter mainly determines "how much 
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natural circulation flow can be maintained" in the later period of the accident, rather than 

"whether a higher transient temperature peak occurs" in the early period of the accident. 

The temperature variation in the pool more intuitively reflects the influence of this 

parameter at the system scale. At about 2500 s, the temperature of the hot pool is close to 605 ℃ 

under the condition of increasing 2 m, about 598 ℃ under the condition of reference, and 

about 590 ℃ under the condition of decreasing 2 m. The corresponding cold pool temperature 

is roughly 384 ℃, 378 ℃ and 370 ℃. The temperature rise of the hot pool and the cold pool 

accelerated synchronously with the elevation increase, indicating that the higher independent 

heat exchanger arrangement could enhance the heat transport in the loop in the later stage of 

the accident, so that more heat could be continuously exchanged between the pool system and 

the waste heat discharge branch. On the contrary, after the elevation is reduced, the flow 

driving force is weakened, the heat migration speed is decreased, and the temperature change 

in the pool is also slowed down. 

5 Discussion 

Most of the existing studies on ULOF and natural circulation heat removal of sodian-cooled 

fast reactors are based on accident transient, multi-physical field coupling or single 

characteristics of waste heat removal system, which can show that fast reactors have certain 

inherent safety potential under loss of current conditions. However, the unified description of 

the continuous chain of "core power reduction - main loop flow attenuation - accident waste 

heat discharge intervention" in the integrated system is still insufficient. In this paper, the 

core-loop coupling calculation model is established by SAS4A/SASSYS-1, and the 

temperature, flow rate, reactivity and loop resistance are solved in the same time advance 

framework. The obtained results show that: After the main pump is inert, the power flow ratio 

reaches a peak of 2.52 at 30.4 s, and the peak temperatures of fuel, cladding and coolant 

appear at 31.5 s, 35.5 s and 36.0 s in turn. Then the power continues to decrease under the 

effect of negative feedback, and the system finally establishes a natural circulation. At 1800 s, 

the natural circulation flow of the core reaches 532.1 kg/s. This evolution process shows that 

the accident mitigation of the integrated fast reactor does not rely on a single mechanism, but 

is completed by the intrinsic negative feedback and the subsequent natural cycle. 

From the perspective of parameter sensitivity, the calculation results of this paper also 

reveal the different action modes of the two types of design variables. The primary circuit 

resistance directly affects the flow level and the peak temperature of the envelope in the 

natural cycle stage, and is an important constraint to determine the thermal margin in the later 

stage of the accident. The elevation of the independent heat exchanger mainly changes the 

natural circulation driving force, which has a limited effect on the early peak temperature of 

the accident, but significantly affects the long-term heat removal capacity in the later period. 

In other words, the former is closer to the "system internal block term" and the latter is closer 

to the "external floating boost head enhancement term", which together determine the passive 

safety performance boundary. The results of this paper are consistent with the analysis 

conclusions of the original model, that is, the increase of resistance will weaken the natural 

circulation ability, and the appropriate increase of the elevation of the independent heat 

exchanger will help to improve the accident heat removal ability. However, this paper still 

focuses on the analysis of one-dimensional system programs, and no further research has been 

carried out on the high-fidelity coupling of uncertainty propagation, complex 3D thermal 

stratification in the pool, and local structural details. Based on the existing program 

framework, more detailed resistance model, thermal stratification correction and parameter 

optimization calculation can be introduced in the future to improve the prediction accuracy 
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and engineering applicability of the integrated fast reactor in extreme accident analysis. 

6 Conclusions 

Based on SAS4A/SASSYS-1 program, this paper established a coupling calculation model of 

integrated fast reactor core, main circuit and accident waste heat removal system, and 

analyzed the transient thermal hydraulic response and natural circulation ability under 

unprotected loss of flow accident. The results of steady-state verification show that the 

calculated values of the model are in good agreement with the design values, and the relative 

deviations of the total fuel assembly flow, core inlet temperature, core outlet temperature and 

secondary loop flow are small, which indicates that the model can be used as a reliable basis 

for subsequent accident analysis. The ULOF transient calculation results show that the core 

flow rate decreases rapidly after the main pump is idle, and the power to flow ratio reaches a 

peak of 2.52 at 30.4 s. The peak temperatures of fuel, cladding and coolant are 858.0 ℃, 

837.6 ℃ and 837.2 ℃, respectively, and the corresponding times are 31.5 s, 35.5 s and 36.0 s, 

respectively. With the gradual establishment of negative reactive feedback, the reactor power 

continues to decrease, and the system does not appear shell damage and sodium boiling 

phenomenon, showing good inherent safety characteristics. 

The results of natural circulation analysis show that the integrated fast reactor can 

establish a stable natural circulation in the later stage of the accident, and the natural 

circulation flow of the core reaches 532.1 kg/s at 1800 s, which indicates that the system has 

the ability to export waste heat by passive mechanism. The increase of the primary resistance 

weakens the natural circulation flow, raises the peak temperature of the envelope, and makes 

the peak time delay. The elevation improvement of the independent heat exchanger is helpful 

to enhance the natural circulation driving force and improve the heat removal ability in the 

later stage of the accident, but it has little effect on the temperature peak in the early stage of 

the accident. The comprehensive calculation results show that the integrated fast reactor has 

strong self-adjustment ability and natural circulation heat removal ability under the condition 

of unprotected flow loss accident, and the primary circuit resistance and the elevation of 

independent heat exchanger are the important parameters affecting its passive safety 

performance. The results of this paper can provide reference for system design, parameter 

optimization and safety analysis of integrated fast reactor. 
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