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Abstract
Research reactors with neutron fluxes higher than  1014 n  cm−2  s−1 are widely used in nuclear fuel and material irradiation, 
neutron-based scientific research, and medical and industrial isotope production. Such high flux research reactors are not only 
important scientific research facilities for the development of nuclear energy but also represent the national comprehensive 
technical capability. China has several high flux research reactors that do not satisfy the requirements of nuclear energy 
development. A high flux research reactor has the following features: a compact core arrangement, high power density, 
plate-type fuel elements, a short refueling cycle, and high coolant velocity in the core. These characteristics make it difficult 
to simultaneously realize high neutron flux and optimal safety margin. A new multi-mission high flux research reactor was 
designed by the Institute of Nuclear and New Energy Technology at Tsinghua University in China; the reactor can simul-
taneously realize an average neutron flux higher than 2.0 ×  1015 n  cm−2  s−1 and fulfill the current safety criterion. This high 
flux research reactor features advanced design concepts and has sufficient safety margins according to the preliminary safety 
analysis. Based on the analysis of the station blackout accident, loss of coolant accident, and reactivity accident of a single-
control drum rotating out accidently, the maximum temperature of the cladding surface, minimum departure from nucleate 
boiling ratio, and temperature difference to the onset of nucleate boiling temperature satisfy the design limits.

Keywords High flux research reactor · Neutron flux · Safety analysis · Maximum temperature of cladding surface · 
Departure from nucleate boiling ratio
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Tw  Wall temperature, K
Ts  Saturation temperature, K
P  Pressure, MPa
Re  Reynolds number
Pr  Prandtl number
ṁ  Mass flow rate of natural circulation, kg  s–1

ΔPd  The driving head, Pa
ΔPel  Elevation pressure drop, Pa
F  Drag loss coefficient along the path
ξ  Local drag loss coefficient
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ξtol  Total drag loss coefficient
De  Equivalent diameter, m
Qnc  Decay heat, MW
Rf  The fuel fission reaction rate, n  cm–3  s–1

Σf  Macroscopic fission cross section,  cm–1

σf  Microscopic fission cross section,  cm2

N  The number density,  cm–3

ϕ  The neutron flux, n  cm–2  s–1

Pd  The average power density, W  cm–3

Qy  The irradiation ability per year, cm  a–1

Qd  The irradiation ability per day, cm  a–1

V  The volume of irradiation space,  cm3

t  The irradiation time, d

1 Introduction

Commercial water reactors can usually reach a neutron flux 
level of  1014 n  cm–2  s–1. Neutron-based scientific research, 
isotope production, and material and fuel irradiation typi-
cally require a neutron flux of at least  1014 n  cm–2  s–1. 
Therefore, high flux research reactors that can supply fast 
or thermal neutron fluxes of at least  1014 n  cm–2  s–1 are in 
high demand worldwide. The high flux research reactor is 
not only an important experimental research facility for the 
development of nuclear energy but also a representative of 
the national comprehensive technical capability. High flux 
research reactors can supply, for example, sufficient neutron 
flux for fuel and material testing and efficient production 
of industrial and medical isotopes. Although some other 
researched reactors [1, 2] have also been studied to yield 
radioisotopes or for other uses, high flux research reactors 
continue to play an important role in the development of 
nuclear energy.

The USA has two important high flux research reactors: a 
high flux isotope reactor (HFIR) and an advanced test reac-
tor (ATR). The HFIR is in the Oak Ridge National Labora-
tory, with a maximum design thermal power of 100 MW [3], 
which reached the first criticality on August 25, 1965. The 
maximum neutron flux in the center channel of the HFIR is 
higher than  1015 n  cm–2  s–1 [3]. The original goal of HFIR 
was heavy isotope production. However, owing to the spa-
tially varying neutron energy distribution, its application 
has expanded to neutron-focused scientific research, such 
as studies on matter structure, neutron damage to materials, 
and neutron activation analysis. One large flux trap is in the 
center core that can be configured to suit various tests and 
several reflector irradiation channels for additional material 
or fuel element irradiation [4].

The ATR is in Idaho National Laboratory (INL), and the 
designed thermal reactor power is 250 MW. The peak ther-
mal neutron flux can reach 1.0 ×  1015 n  cm–2  s–1 in the core 
[5, 6]. The ATR is currently operated at approximately 

110  MW and can provide a thermal neutron flux of 
4.4 ×  1014 n  cm–2  s–1 and maximum fast (E > 1.0 MeV) 
neutron fluxes of 2.2 ×  1014 n  cm–2  s–1 [7]. The ATR is the 
only research reactor in the USA that can provide large-
volume, high-flux neutron irradiation in a prototype envi-
ronment. The ATR makes studying the effects of intense 
neutron and gamma radiation on reactor materials and 
fuels possible. The ATR can provide high flux irradia-
tion test capabilities similar to those of the HFIR, but the 
former has more irradiation channels than the latter does.

Japan has several high flux research reactors, among 
which the Japan Material Testing Reactor (JMTR) has the 
highest thermal power level (50 MW). The maximum neu-
tron flux of the JMTR is approximately 4 ×  1014 n  cm–2  s–1 
[8, 9]. The JMTR features a tank in a pool-type reactor 
with light water cooling. The JMTR reached criticality 
for the first time in March 1968 and was mainly applied 
to fuel and material irradiation tests for light water reac-
tors, high-temperature gas-cooled reactors, and radioactive 
isotope production [10].

The high flux reactor (HFR) in Petten, the Netherlands, 
is also a poop-type test reactor with a thermal power of 
45 MW [11, 12]. The HFR has been operating steadily 
since September 1960 and has been widely used in nuclear 
fuel irradiation tests and medical isotope production. The 
HFR has already reached its designed life, and its decom-
missioning is in the planning stage.

The Jules Horowitz Reactor (JHR) is now under con-
struction at the Cadarache Research Center in the south of 
France, and the plan is for it to maintain fission research 
capacity in Europe after 2020. The JHR is also a tank 
pool-type reactor with a thermal power of 100 MW and 
can reach a high fast neutron flux level in the core (~  1015 
n  cm–2  s–1, E ≥ 0.1 MeV) and a high thermal flux level in 
the reflector (~ 4.5 ×  014 n  cm–2  s–1, E ≤ 0.625 eV) [13]. 
The JHR has been designed with high flexibility to satisfy 
the requirements of fuel or material irradiation tests and 
medical isotope production.

The SM-3 reactor in Russia is a pressurized water reac-
tor with a thermal power of 100 MW, and the neutron flux 
in the irradiation channels can reach (3–5) ×  1015 n  cm–2 
 s–1 [14]. The missions of SM-3, such as testing nuclear 
fuel and material irradiation and producing radioactive 
isotopes, are similar to those of other high flux research 
reactors.

China has three high flux research reactors in operation: 
the High Flux Engineering Test Reactor (HFETR) [15], 
the China Advanced Research Reactor (CARR) [16], and 
the China Mianyang Research Reactor (CMRR) [17]. The 
HFETR can provide the highest neutron flux level among 
the three research reactors.

The main parameters of these typical high flux reactors 
are listed in Table 1.
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As shown in Table 1, most high flux research reactors 
are pool-type tanks because the primary coolant system 
needs to be pressurized to increase the saturation tem-
perature. This measure can avoid primary coolant boil-
ing in the outlet. These high flux research reactors have 
adopted a compact core arrangement with plate-type fuel 
elements, whose average power densities are usually 
higher than those of commercial pressurized water reac-
tors. The reactor core arrangements of several typical high 
flux research reactors are illustrated in Fig. 1 [4, 6, 12, 15]. 
The diameter and height of these high flux research reactor 
active cores are typically no longer than 1 m. The average 
power density is usually hundreds of kilowatts per liter. 
The features of high safety and high neutron flux cannot 

be achieved simultaneously in the early high flux research 
reactors. For example, the neutron flux of the HFIR is the 
highest in the USA, but the safety feature cannot fulfill 
current requirements. Therefore, high flux research reac-
tors that can simultaneously fulfill multiple requirements 
are necessary for advancing the nuclear industry.

These high flux research reactors are the cornerstone 
in the development of nuclear technologies. As demon-
strated, the missions of current high flux research reactors 
can generally be summarized as follows:

1. Conduct nuclear fuels and materials behavior research 
under real irradiation conditions.

Table 1  Main parameters of typical high flux reactors worldwide

Parameters ATR HFIR SM-3 JMTR HFR JHR HFETR

Country USA USA Russia Japan Netherlands France China
Design power 

(MWt)
250 100 100 50 45 100 125

Average power 
density (kW 
 L–1)

1000 1930 1927 425 310 800 1000

Fuel element Parallel curved 
plates,  U3O8–
Al

Involute curved 
fuel plates, 
 U3O8–A1

Rod fuel ele-
ment

Flat plates, 
 U3Si2–Al

Flat plates, 
 U3Si2–Al

Concentric 
curved fuel 
plates,  U3Si2–
Al

Concentric 
curved 
fuel plates, 
 U3Si2–Al

Type Tank Tank Pressure vessel Tank Tank Tank Tank
Status Operational Operational Temporary 

shutdown
Temporary 

shutdown
Permanent 

shutdown
Under construc-

tion
Operational

Fig. 1  (Color online) Reactor 
core cross-sectional schematics 
for several high flux reactors. a 
Cross-sectional view of HFIR 
core; b schematic of HFR core; 
c cross-sectional view of ATR 
core; d reactor core diagram of 
HFETR
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2. Produce radioactive isotopes for medical and industrial 
purposes.

3. Conduct neutron scientific research, for example, neu-
tron scattering, neutron imaging, and neutron activation.

4. Supply a platform to the nuclear industry for education 
and training for scientists, engineers, students, and com-
panies.

China currently has three high flux research reactors, 
which do not satisfy the requirements of the nuclear indus-
try and nuclear technology applications. Therefore, an 
innovative multi-mission high flux research reactor, as one 
of the national major scientific research infrastructures, is 
being designed by Tsinghua University. This paper mainly 
focuses on the characteristics and safety performance of 
this new multi-mission high flux research reactor designed 
by Tsinghua University (hereafter, MHFRR). The main 
design objectives of this MHFRR are as follows:

1. Both the average thermal and fast neutron flux will be 
higher than 1.5 ×  1015 n  cm–2  s–1 to satisfy the various 
irradiation and scientific missions.

2. The length of a single-fuel cycle must be longer than 
25 days to reduce the frequency of refueling operations 
and improve the reactor economy.

3. The safety performance must satisfy the current nuclear 
safety requirements and standards of the National 
Nuclear Safety Administration.

In this paper, the second section introduces the general 
design of the MHFRR, including the design of the reactor 
core and thermal hydraulic. The third section analyzes the 
irradiation ability of the MHFRR. Some typical accidents 
that reflect the safety characteristics of the MHFRR will 
be analyzed in detail. The thermal hydraulic computational 
model of the MHFRR was simulated using RELAP5. The 
correlations for predicting the critical heat flux were writ-
ten as a control component type card in the RELAP5 input 
files.

2  General design

2.1  Design of reactor core

As discussed, the purpose of high flux research reactors 
is to conduct various irradiation tests and neutron-related 
studies. Therefore, a high fast and thermal neutron flux is 
the key target of the core design. Some methods can be 
applied to improve the neutron flux, and the main methods 
are discussed as follows.

2.1.1  Methods of improving neutron flux

The goal of a commercial nuclear power plant is to generate 
electricity and make the output power as high as possible. 
However, high flux research reactors must have sufficient 
irradiation space and high thermal or fast neutron flux in 
the irradiation channels to promote safety and reduce costs. 
Without the restriction of output power and high efficiency, 
high power density can become the key factor in improving 
the neutron flux.

According to reactor physics, the neutron flux is related 
to the power density and fission cross section, which can be 
expressed by the following equation [18, 19]:

where Rf is the fuel fission reaction rate,  cm–3  s–1; Pd is the 
average power density, W  cm–3; Σf is the macroscopic fis-
sion cross section,  cm–1; σf is the microscopic fission cross 
section,  cm2; N is the nuclide number density,  cm–3; and ϕ 
is the neutron flux, n  cm–2  s–1.

The aforementioned equations show that the neutron flux 
ϕ is directly proportional to the average power density Pd 
and inversely proportional to the macroscopic fission cross 
section Σf. Therefore, the following two methods can be con-
sidered to improve the neutron flux: improve the fuel power 
density and reduce the macroscopic fission cross section Σf.

The neutron flux can be effectively increased by improv-
ing the core power density. As shown in Table 1, the power 
density of current high flux research reactors is significantly 
higher than that of commercial pressurized water reactors. 
For example, the power density of HFIR or SM-3 is approxi-
mately 17 times that of the typical pressurized water reactor 
AP1000 [20]. For obtaining reactor criticality and increas-
ing power densities simultaneously, highly enriched uranium 
fuel is usually required. However, a high power density also 
means a short continuous core operation time for the same 
fuel loading; thus, the length of the fuel cycle is usually only 
a few tens of days. For example, for the HFIR core, the neu-
tron flux of the irradiation channel in the core center and the 
single length of the fuel cycle at different power densities are 
shown in Table 2. The maximum neutron flux with a power 
of 150 MW is approximately two times that with 85 MW, 
and the single-fuel cycle length is only 13.9 days when the 
power is 150 MW. Therefore, the neutron flux cannot be 
improved limitlessly by increasing the reactor power density.

As aforementioned, decreasing the average fission cross 
section can also improve the neutron flux, which can be real-
ized by making the core area undermoderated and the energy 
spectrum hard. In this manner, the core area can reach a high 
fast neutron flux. Materials such as heavy water, beryllium, 
or graphite can be used as reflectors and arranged surround 

(1)� =
Rf

Σf

=
Rf

N ⋅ �f
∝

Pd

N ⋅ �f
,
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the core. Thus, the fast neutrons that leak from the core are 
fully moderated in the reflector and mostly become thermal 
neutrons. Therefore, the thermal neutron flux in the reflector 
can reach a high level. By means of this design idea, the fast 
neutron irradiation channels are arranged in the core area, 
and the thermal neutron irradiation channels are arranged in 
the reflector area, which can realize the space separation of 
fast neutrons and thermal neutrons. This design is a typical 
“anti-neutron trap-type” core design.

2.1.2  Core design

The MHFRR is a pressure vessel-type research reactor with 
concentric fuel plate elements, heavy water as the coolant 
and moderator, and beryllium as the reflector, and the entire 
reactor pressure vessel is located in a light water pool. The 
core is composed of seven fuel assemblies and surrounded 
by a beryllium reflector, which provides efficient neutron 
moderation and reflection. The fuel assembly comprises a 
series of concentric regions. Each fuel plate contains fuel 
meat in the form of  U3Si2–Al dispersion encapsulated in the 
aluminum alloy matrix. The fuel plate thickness is 2 mm. 
The fuel meat is 1 mm, and the outer cladding is 0.5 mm. 
The channel gap between the two plates of the inner fuel 
assemblies is 2 mm, and that of outer fuel assemblies is 
4 mm. Six control drums are arranged in the reflector. The 
active core is compact: 50 cm high and an equivalent active 
diameter of approximately 60 cm. The in-core irradiation 
channel is in the center of the fuel assembly. In addition, 
irradiation channels are arranged in the beryllium reflector 
and outside the reactor for thermal neutron utility. Horizon-
tal neutron beam channels can also be set for neutron scat-
tering experiments. The MHFRR can be used to support, for 
example, radioactive isotope production, fuel and material 
irradiation tests, cold and thermal neutron scattering exper-
iments, and neutron activation analysis. The main design 
parameters of the MHFRR are shown in Table 3. The core 
cross section is shown in Figs. 2 and 3.

This MHFRR adopts heavy water as the coolant because 
of its excellent moderated performance. The core fuel 
zone is radially divided into one central fuel zone and 
six peripheral fuel zones. The inner fuel zone is 90 wt% 

high-enriched uranium, and the outer six fuel zones are 
20 wt% low-enriched uranium. Therefore, the fuel content 
per unit volume in the central fuel zone is much higher 
than that in the peripheral fuel zone, and the difference 
in the water-to-uranium ratio between these two regions 
could reach more than 20 times. Thus, the neutron energy 
spectra are very different. Figure 4 shows the normalized 
neutron energy spectra of the inner and outer irradiation 
channels for the MHFRR. The inner irradiation channel is 
a fast neutron (E > 100 eV) spectrum area, and the outer 
irradiation channel is a thermal neutron (E < 1 eV) spec-
trum area. Thus, the space separation of fast and thermal 
neutrons in the active region of the core is realized. In 
practical applications, only fast neutrons or thermal neu-
trons in the irradiation channel are typically used, and 
obtaining high fast and thermal neutron fluxes at the same 
location is unnecessary. If both fast and thermal neutrons 
reach a high neutron flux in the same irradiation channel, 
the total neutron flux at this location would be too large, 
which requires the surrounding fuel to reach a very high 
power density. The space separation of fast and thermal 
neutrons in the active region of the core can significantly 
reduce the average power density and increase the number 
and volume of irradiation channels. In addition, the power 
density in the central fuel area is significantly higher than 
that in the peripheral fuel area, which makes fission neu-
trons concentrate in the central fuel region. Taking full 
advantage of the long average free path length of neutrons 
in heavy water, fast neutrons in the central fuel area can 
enter the central channel, and most of the leaked neutrons 
can also enter the irradiation channel around the core. This 
design increases the number of fission neutrons to reach 
the irradiation channel and improves their utilization rate 
of fission neutrons.

With the characteristics of a long diffusion length and a 
large leakage of heavy water, fission neutrons in the core 
would leak into the beryllium reflector. Therefore, irradia-
tion channels can also be set in the reflector. In order to avoid 
the power shape distortion caused by the insertion of the 
control rod, the control requirements can be fulfilled only 
by the control drum set in the reflector, which can greatly 
reduce the maximum power density and improve safety.

Table 2  Maximum neutron flux 
in irradiation channel and cycle 
length of HFIR

Aforementioned parameters were calculated based on the cycle 400 input file for HFIR [21];
The maximum perturbed neutron flux is given in the table

Power (MW) Maximum neutron flux (n  cm−2  s−1) Single cycle 
length (day)

E < 0.625 eV E > 100 eV Total neutron flux

85 2.30 ×  1015 2.20 ×  1015 4.64 ×  1015 24.6
100 2.71 ×  1015 2.59 ×  1015 5.46 ×  1015 20.9
120 3.25 ×  1015 3.11 ×  1015 6.55 ×  1015 17.4
150 4.06 ×  1015 3.88 ×  1015 8.19 ×  1015 13.9
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2.2  Design of thermal hydraulic

As shown in Fig. 5, the primary coolant system has four 
loops under operation with one-loop spare set. Four primary 
coolant pumps, connected in parallel, circulate 2000 kg  s–1 
under nominal conditions. The pressurized water enters 
the reactor vessel, approximately 50% of the coolant flows 
through the fuel elements, and the remainder is used to cool 
the reactor internals and auxiliary experimental facilities. 
The basic premise of thermal hydraulic analysis is that the 
maximum temperature of the fuel plate cladding surface 
should be no higher than the temperature design limit and 

no nucleate boiling will commence on the plate surface. 
In order to achieve these goals, some design concepts are 
adopted in the MHFRR.

2.2.1  Plate‑type fuels

Because of the high reactor power density and large fuel 
loading capacity, the plate-type fuel element is usually used 
to efficiently transfer the heat generated by the fuel. As 
Fig. 6 shows, the uranium-containing fuel is dispersed in the 
aluminum matrix, and the fuel plates can be machined into 
different shapes, such as involute plates, flat plates, folding 

Table 3  Main design 
parameters of the MHFRR at 
steady-state condition

Parameters Value

Thermal power (MW) 70
Pressure of the primary coolant system (MPa) 2
Reactor core height (cm) 50
Equivalent diameter of reactor core active region (cm) 60.0
Reflector material/thickness (cm) Be/30
Radius of inner/outer fuel assembly (cm) 10.5/10.5
Radius of inner/outer irradiation channel (cm) 5.5/4.0
Average coolant temperature of reactor inlet (°C) 50
Average coolant temperature of reactor outlet (°C) 60
Coolant flow rate between fuel plates (m·s–1) 10.0
Maximum temperature of cladding surface (°C) 178
Minimum departure from nucleate boiling ratio (MDNBR) 3.2
Multiplication factor (keff) with all the control drums out/in 1.1693/0.8396
Moderator/fuel temperature coefficient (pcm·K–1) –17.6/–1.79
Initial uranium loading/235U loading (kg) 67/12.4
The length of fuel cycle (d) 27.5
Average power density (MW  m–3) 680
Average power density of inner/outer fuel region (MW  m–3) 1551/567
Maximum surface heat flux (MW  m–2) 3.5
The average value of neutron flux in the center channel (n  cm–2  s–1) Thermal (E < 1 eV) 2.0 ×  1015

Fast (E > 100 eV) 2.9 ×  1015

Fig. 2  (Color online) Schematic 
cross section of the reactor core
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plate types, and concentric circular rings [22]. A thin fuel 
plate can have a larger heat transfer area with the same vol-
ume of fuel than other types, but the temperature limit of 
this thin fuel plate is relatively low. Usually, the temperature 
design limit of the fuel plate cladding surface is not more 
than 250 °C to prevent cladding blisters, and the maximum 
temperature of the fuel meat is not more than 500 °C. The 
temperature design limit of the cladding surface limits the 
maximum power density. As shown in Fig. 2, the fuel plates 
of the MHFRR are similar to those of the HFETR and ATR, 
and the temperature design limit is 234 °C according to the 
HFETR [15]. The maximum temperature of the cladding 
surface at the nominal operating condition is only 178 °C, 
which still has a margin of approximately 56 °C.

2.2.2  Pressurized coolant with high velocity

Owing to the high power density, the enthalpy rise of the 
coolant is relatively large. In order to prevent coolant boiling 
at the outlet, methods such as reducing the coolant tempera-
ture at the inlet or increasing the coolant saturation tempera-
ture by increasing the pressure of the primary coolant system 
are typically adopted. Therefore, current high flux research 
reactors are mostly pressurized, and the inlet temperature 
of the coolant is significantly lower than that of commercial 
power plants. The pressure of the primary coolant system is 
2 MPa, and the reactor coolant inlet temperature is 50 °C for 
the MHFRR. In addition, owing to the high power density, 
the coolant flow velocity between the thin plates is usually 
relatively high to prevent the departure from nucleate boiling 
(DNB). The coolant velocity through fuel is usually approxi-
mately 10 m  s–1. For example, the mean velocity through 
fuel is 12 m  s–1 for the HFIR [4], 14 m  s–1 for the ATR [5], 
15 m  s–1 for the JHR [13], and 10 m  s–1 for the HFETR [15] 

Fig. 3  (Color online) Schematic of the longitudinal section of the 
reactor core
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but only 4.8 m  s–1 for the AP1000 [20]. High velocity may 
cause plate vibration and result in high requirements for the 
structural performance of fuel plates. Therefore, the design 
average coolant velocity between fuel plates is 10 m  s–1 for 
the MHFRR.

2.2.3  Downward flow in the reactor core

Compared with commercial nuclear power plants, high flux 
research reactors have a shorter fuel cycle, usually tens of 
days. Frequent refueling operation means that the top cover 
of the tank or vessel needs to be opened frequently. For easy 
refueling operation, the structure of the top of the reactor 
core needs to be as simple as possible, and the fuel assem-
blies are usually simply placed on the support component. 
If the coolant flows from bottom to top through the core, 
it may wash away the fuel assemblies; thus, the coolant of 
most high flux reactors flows from top to bottom through 
the core. Therefore, the flow direction is also designed to be 
downward in the reactor core for this MHFRR.

However, this downward flow may create a new problem: 
In the case of a station blackout (SBO) accident, the forced 
circulation of the residual heat removal system is stopped 

when the emergency accumulator battery stops the power 
supply. A natural circulation between the reactor core and 
the emergency heat exchanger will occur owing to the tem-
perature difference. This natural circulation flows from bot-
tom to top in the core, contrary to the forced flow direction 
in normal operation. When the forced flow stops and decay 
heat release remains in the core, a transition process from 
forced flow to natural circulation occurs, called “flow inver-
sion.” This situation inevitably occurs after an SBO accident 
if the forced flow direction is from top to bottom in the core. 
Therefore, the decay heat and natural circulation capacity 
should be considered in reactor design. A detailed analysis 
of natural circulation capacity is given in Sect. 4.2.

3  Irradiation ability analysis

The primary role of the MHFRR is to conduct irradiation 
tests of advanced fuels and structural materials and pro-
duce radioactive isotopes. Therefore, irradiation ability is 
an important technical index for high flux research reac-
tors. The HFETR is the only research reactor that can supply 
neutron flux with a  1015 n  cm–2  s–1 level and has the best 

Fig. 6  (Color online) Schematic 
of plate fuel elements used in 
the research reactors. a The flat 
fuel plates in JMTR and JRRS; 
b the concentric fuel plates in 
HFETR; c the cylindrical fuel 
plates in ATR; d the involute 
fuel plates in HFIR and ANSR; 
and e the folded fuel plates
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irradiation ability among those in China. Therefore, this sec-
tion presents a detailed irradiation ability comparison with 
HFETR on the premise of reactor safety.

The safety characteristics of a high flux research reactor 
can be reflected by safety margins. The safety margin of 
the high flux research reactor is the difference or the ratio 
between the limiting threshold value and the actual value. 
Exceeding the limiting threshold value leads to the failure of 
a component or system in the reactor [23]. The safety mar-
gins of these research reactors include the maximum tem-
perature of the cladding surface and the minimum departure 
of the nucleate boiling ratio (MDNBR). The safety margins 
of the HFETR and MHFRR at steady-state conditions are 
shown in Fig. 7.

The irradiation ability is a comprehensive reflection of 
the neutron flux, irradiation space, and irradiation time pro-
vided by the high flux research reactor. The irradiation time 
is dependent on the operation time of the research reactor. 
For the current core design, a large irradiation volume and 
high neutron flux are required. The irradiation ability can be 
calculated using Eqs. (2) and (3) [24]:

where Qy is the irradiation ability per year, cm·a–1; Qd is the 
irradiation ability per day, cm  d–1; � is the average neutron 
flux at design power, n  cm–2  s–1; and V is the volume of the 
irradiation space,  cm3. t is the irradiation time, d. A com-
parison of the irradiation ability of the HFETR and MHFRR 
is shown in Table 4.

As shown in Fig. 7, both the safety margin of the maxi-
mum temperature of the cladding surface and the MDNBR 
of the MHFRR are larger than those of the HFETR under 
steady-state conditions. In other words, the MHFRR has 

(2)Qy = 86400t�V ,

(3)Qd = 86400�V ,

better safety performance than the HFETR. Further, as 
shown in Table 4, the neutron flux and irradiation ability of 
the MHFRR are better than those of the HFETR. In conclu-
sion, the MHFRR has an excellent irradiation ability and 
sufficient safety margins.

4  Safety analysis

In the current design of the MHFRR, the pressure of the pri-
mary coolant system is 2 MPa, the coolant velocity between 
the channels of fuel plates is 10 m  s–1, and the coolant inlet 
temperature is 50 °C. Four loops are in operation, and one 
loop is in a standby state under normal operation. For ensur-
ing the removal of reactor decay heat, there is also a resid-
ual heat removal system. The residual heat removal system 
comprises two emergency pumps and two emergency heat 
exchangers. Based on this preliminary design, the tempera-
ture design limit of the cladding surface to prevent cladding 
blister, the MDNBR, and the onset of nucleate boiling to 
prevent heat transfer deterioration are the main safety crite-
ria, specifically,

Fig. 7  (Color online) Safety 
margins at steady-state 
condition. a Safety margin of 
maximum cladding surface 
temperature; b safety margin of 
MDNBR

Table 4  Irradiation ability comparison of HFETR and MHFRR

Parameters HFETR MHFRR

Design power (MW) 125 70
Fast neutron flux
(n  cm–2  s–1)

1.7 ×  1015

(max value)
2.9 ×  1015

(mean value)
Thermal neutron flux
(n  cm–2  s–1)

6.2 ×  1014

(max value)
2.0 ×  1015

(mean value)
Equivalent fuel power days 180 280
Irradiation ability per day (cm  d–1) 1.806 ×  1025 2.11 ×  1025

Irradiation ability per day (cm  a–1) 3.251 ×  1027 5.90 ×  1027
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1. The maximum temperature of cladding surface is 
Tc,max < 234 °C.

2. The minimum DNB ratio is (MDNBR) > 1.5.
3. The wall temperature Tw is less than the onset of nucle-

ate boiling temperature TONB, namely, TONB > Tw.

Under accident conditions, when all three safety criteria 
are satisfied, the safety performance of the MHFRR can be 
acceptable. In order to verify the three safety criteria of the 
MHFRR, typical accidents such as SBO accidents, loss of 
coolant accidents (LOCAs), and reactivity accidents have 
been analyzed by RELAP5/MOD3.2. A nodalization dia-
gram of the primary coolant and heat removal systems is 
shown in Fig. 8. The critical heat flux (CHF) model adopts 
the correlations of Sudo [25, 26]. The Bergles–Rohsenow 
correlation was adopted to predict the onset of nucleate boil-
ing (ONB) [27]. The heat transfer correlation uses the Dit-
tus–Boelter correlation [28].

CHF correlations:

ONB correlation:

(4)q∗
CHF,1

= 0.005|G∗
|

0.611

(

1 +
5000

|G∗
|

ΔT∗

sub,o

)

(5)q∗
CHF,2

=
A

AH

ΔT∗

sub,i
|G∗

|

(6)q∗
CHF,3

= 0.7
A

AH

×

√

W∕�
�

1 +
�

�g∕�l
�0.25

�2

Heat transfer correlation:

4.1  SBO accident analysis

According to the analysis of existing high flux research reac-
tors in China, from 1981 to the end of 1995, more than 40 
unplanned shutdowns were caused by the loss of external 
power supply [29]. Therefore, to ensure the safety of the 
MHFRR, SBO accidents must be analyzed in detail. The 
results of the SBO accident analysis for the MHFRR are 
shown in Fig. 9.

An SBO accident is supposed to occur at 0 s, and the 
emergency shutdown signal will be delayed for 2 s after an 
80% low flow rate signal is detected (2 s for the delay time 
is conservative). The results of the SBO accident analysis 
show that the maximum temperature of the cladding surface 
is 196.7 °C, which is lower than the temperature limit of 
234 °C and still has a margin of 37 °C. The coolant outlet 
temperature of the hot channel is approximately 107.1 °C, 
and the corresponding saturation temperature is approxi-
mately 212 °C. Thus, no coolant boiling phenomenon occurs 
in the core, and the margin remains 105 °C. As shown in 
Fig. 9, there are two danger points in the entire process after 
reactor shutdown. The first point appears at 3 s, and the 
MDNBR is 2.32, which occurs just before the emergency 
reactor shutdown signal is issued. In this period, the coolant 
flow through the core begins to decrease, the reactor power 

(7)qONB = 1.798 × 10−3P1.156
[

1.8
(

Tw − Ts
)]2.828∕P0.0234

(8)Nu = 0.023Re0.8Pr0.4

Fig. 8  (Color online) RELAP5 
nodalization diagram of the 
primary coolant system and the 
heat removal system
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remains at nearly full power, the cooling of the fuel is insuf-
ficient, and the fuel temperature increases. After the reactor 
shutdown signal is triggered, the reactor power decreases 
rapidly, and the MDNBR begins to increase. The second 
danger point occurs at the moment of “flow inversion” 
after the emergency pump stops at 10,800 s. The MDNBR 
decreases rapidly, and the second minimum point, 7.31, of 
the MDNBR appears at 10,826 s. The coolant velocity at 

this moment is zero, and subsequently, the coolant between 
the fuel plates begins to flow upward. This phenomenon is 
“flow inversion.” After the natural circulation between the 
emergency heat exchanger and reactor core is established, 
the MDNBR is increased.

The aforementioned analysis of SBO accidents shows 
that the safety margins of the MDNBR and maximum 
temperature of the cladding surface remain sufficient. 

Fig. 9  Results of SBO accident for MHFRR. a Normalized power versus time, b cladding surface temperature versus time, c MDNBR versus 
time in beginning period, and d MDNBR versus time after 10,800 s
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As shown in Table 5, the safety margin of the MHFRR 
remains larger than that of the other three high flux 
research reactors in China [30]. The safety margin of the 
maximum temperature of the cladding surface for the 
CMRR is large because of the low coolant inlet tempera-
ture. However, for the MHFRR, the advanced design con-
cept of the space separation of fast and thermal neutrons 
in the active core region can improve the neutron flux and 
increase the safety margin simultaneously.

4.2  Analysis of passive residual heat removal 
capacity

When the emergency accumulator battery stops supply-
ing power to the emergency pump, the decay heat still 
has approximately 1% of the nominal thermal power. In 
order to remove the residual heat, the reactor must have 
a certain natural circulation capacity when the emer-
gency pump stops working. The reactor vessel is placed 
in the reactor pool at normal temperature and pressure. 
The emergency heat exchanger is in another pool, and the 
heat of the pool can be transferred to the outside air by a 
passive mechanism. A natural circulation system is used 
because of the temperature difference between the reactor 
core and the emergency heat exchanger. According to the 
current design, the pool temperature is 25 °C, the average 
core fluid temperature is approximately 35 °C, and the 
height difference between the core and the emergency heat 
exchanger is approximately 12 m. The driving head ΔPd 
of the natural circulation should be equal to the sum of the 
elevation pressure drops ΔPel:

ΔPd can be calculated as follows:

(9)ΔPd = ∮ ΔPel =

L

∫
0

[

�pool − �core
(

Tf
)]

gdz.

(10)ΔPd = 354.0 Pa.

The relationship between ΔPd and the mass flow rate of 
natural circulation is as follows:

According to the design of the entire natural circulation 
loop, the total resistance can be estimated:

The natural circulation flow rate can be calculated to be 
approximately 16.2 kg  s–1 from Eqs. (9) to (12). The temper-
ature difference of the coolant between the inlet and outlet 
was approximately 20 °C. Thus, the decay heat that can be 
removed by natural circulation can be approximated:

The decay heat when the emergency accumulator battery 
stops supplying power is approximately 0.93 MW. Thus, the 
natural circulation can remove the residual heat owing to the 
preliminary design of the MHFRR.

4.3  LOCA analysis

The LOCA is a typical accident type of pressurized water 
reactors. When a break occurs in the primary coolant sys-
tem, the pressure of the system decreases, and the coolant is 
rapidly discharged from the break. The fuel elements may 
melt if the reactor core cannot be cooled in a timely man-
ner. Owing to the compact core design and the high heat 
flux of fuel elements in high flux research reactors, relying 
on forced circulation by the residual heat removal system is 
necessary to remove the residual heat early in the accident. 
At the beginning of the LOCA, water is replenished to the 
core through the injection tanks to delay the pressure drop 
of the primary coolant system. The reactor pressure vessel 
was immersed in the reactor pool, and a check valve was 
arranged between the reactor pool and the reactor pressure 
vessel. When the pressure of the primary coolant system 
drops to the set pressure of the valve, the water in the reactor 
pool can be injected into the reactor pressure vessel to ensure 
that the reactor core is immersed. After natural circulation is 
established, the residual heat of the core can be carried away.

The results of the analysis of the positions and sizes of 
the breaks are shown in Table 6.

As shown in Table 6, both the MDNBR and the margin 
between wall temperature and ONB temperature decrease as 
the break size increases. In other words, the larger the break 
size, the smaller the safety margin. Under the current design, 

(11)

ΔPd =
∑

i

(

f
L

De

1

2𝜌A2
+ 𝜉

1

2𝜌A2

)

× ṁ2 =
𝜉tot

2𝜌A2
× ṁ2.

(12)
�tot

2�A2
≈ 1.35 kg−1 m−1.

(13)

Qnc = CpṁΔT = 4200J kg−1
◦

C−1 × 16.2 kg s−1 × 20
◦

C

= 1.36 MW.

Table 5  Safety margin of high flux research reactors in SBO accident

The MDNBR and maximum temperature of the cladding surface of 
the HFETR are obtained from analysis under steady-state conditions. 
The safety margin in an SBO accident will be less than 0.65–39 °C

Parameters MHFRR HFETR CARR CMRR

Thermal power (MW) 70 125 56.4 20
Safety margin of MDNBR 0.82 0.65 0.36 0.22
Safety margin of maximum 

temperature of cladding 
surface (°C)

37.3 39 11 51
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the integrity of the core can be guaranteed in the event of a 
break below six at any location.

The coolant leaks too much from the reactor core, and 
forced circulation cannot be maintained with the double-
ended guillotine break of the primary pump outlet. The fuel 
elements may melt if the coolant cannot be injected into the 
core in a timely manner. Therefore, further evaluation of 
the compensation capacity of the accumulator is required to 
ensure stable forced circulation. For the double-ended guil-
lotine break of the cold leg or hot leg accidents, the loss of 
coolant is increased, the phenomenon change is significant, 
and the integrity of the core cannot be maintained. When 
the pressure of the primary loop is too low, air enters the 
break, which affects the heat transfer of the core and the 
operation of the emergency pump, posing a threat to fuel 
element integrity. Therefore, preventing the pressure of the 
primary circuit from decreasing too low after the LOCA is 
important. Increasing the back pressure of the check valve 
between the reactor pool and the pressure vessel may be a 
feasible compensation measure, and the feasibility needs to 
be analyzed in detail in further research.

4.4  Reactivity accident

In order to avoid distortion of axial power, the MHFRR uses 
six control drums to adjust reactivity. Misoperation, a failure 
of the reactor regulation system, or a failure of the control 
drum system may cause the control drum to rotate out. Posi-
tive reactivity is introduced if the control drum rotates from 
the critical position, which leads to an increase in reactor 
power and fuel temperature. The mismatch of the reactor 
power and primary coolant flow rate may result in the max-
imum surface temperature of the fuel cladding exceeding 
the temperature limit and the MDNBR being lower than the 
safety criteria. Figure 10 shows the reactivity value curve 
of the single control drum. According to the curve of the 
reactivity value for the control drum, the simulation results 
when the control drum is rotated out from the critical posi-
tion under full power operation are shown in Fig. 11.

The simulation results were obtained under the assump-
tion that the control drum can return to its original position, 
which is equivalent to introducing step positive reactivity. 
Additionally, a more conservative assumption is adopted, 
that is, no other protective measures are implemented except 
to make the control drum rotate to its original position.

The analysis results show that when the introduced posi-
tive reactivity is lower than 280 pcm (corresponding to the 
control drum rotation of 3°), the maximum temperature of 
the fuel cladding surface is 230.4 °C, which is lower than 
the temperature limit of 234 °C; the minimum value of 
DNBR is 1.73, which is higher than the limit value of 1.5; 
and the minimum temperature difference between the wall 
temperature and ONB temperature is 5.3 °C. The maximum 
temperature of the fuel cladding surface, the MDNBR, and 
the ONB temperature satisfy the requirements of the safety 
criteria. Moreover, the rotation speed of the control drum 
can be controlled to 0.1°  s–1. Three degrees require 30 s, 
which is sufficient for the protection systems to implement.

Table 6  Results of LOCA 
analysis

Break position Results 2 in 3 in 4 in 5 in 6 in

Primary pump outlet MDNBR 2.80 2.69 2.56 2.16 2.04
T
ONB

− T
w
 (°C) 59.7 54.2 46.8 22.2 7.3

Primary pump inlet MDNBR 2.81 2.75 2.45 2.37 2.30
T
ONB

− T
w
 (°C) 60.6 57 40.8 35.6 31.4

Primary heat transfer inlet MDNBR 2.82 2.75 2.69 2.61 2.36
T
ONB

− T
w
 (°C) 60.8 56.4 52.6 47.8 28.6

Hot leg MDNBR 2.82 2.74 2.59 2.43 2.26
T
ONB

− T
w
 (°C) 60.8 56.1 44.4 34.6 27.2

Cold let MDNBR 2.80 2.78 2.63 2.29 2.09
T
ONB

− T
w
 (°C) 60.5 57.5 49.9 27.9 13.3

Fig. 10  Reactivity value curve of the single control drum
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These results were obtained under the conservative 
assumption that no protective actions were implemented. 
Notably, once the power level reaches a certain level, vari-
ous protective signals are triggered, and the reactor auto-
matically implements protective measures, such as reactor 
shutdown. In this case, the consequences will be much 
lighter than those aforementioned, and the safety margins 
will be sufficient.

5  Conclusion

In conclusion, the MHFRR is designed as a vessel in a pool-
type high flux research reactor with concentric fuel plate 
elements. The primary coolant system is 2 MPa to avoid 
coolant boiling in the reactor core. Heavy water was adopted 
as the coolant and moderator, and beryllium was used as the 
reflector. The average values of thermal and fast neutron flux 
in the irradiation channels are above 2.0 ×  1015 n  cm–2  s–1. 

Fig. 11  Results of the control drum rotating out from the critical position under full power operation. a Total power versus time, b reactivity ver-
sus time, c maximum temperature of cladding surface versus time, and d MDNBR versus time
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This high neutron flux can fulfill the needs of most scientific 
research and medical and industrial isotope production.

Moreover, the space separation of fast and thermal neu-
trons can reduce the total neutron demand of each region. 
In this manner, the average power density can be greatly 
reduced, and the number and volume of irradiation channels 
can be increased. The design of a high neutron flux trap by 
optimizing the arrangement of heavy water and beryllium 
makes the utilization of fuel effective. Control drums are 
adopted to adjust the reactivity, which avoids power shape 
distortion and improves safety features. Based on these 
design principles, the irradiation ability and safety margins 
are significantly improved.

Furthermore, according to the accident analysis of the 
SBO accident, LOCA, and reactivity analysis, the maximum 
temperature of the fuel cladding surface, the MDNBR, and 
the ONB temperature can satisfy the requirements of the 
current safety criteria. These analysis results further prove 
the safety performance of the MHFRR. In addition, owing to 
the rich construction experience of pressurized water reac-
tors, engineering the construction of MHFRR is less difficult 
and highly feasible.
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