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Abstract Delayed neutron loss is an important parameter

in the safety analysis of molten salt reactors. In this study,

to obtain the effective delayed neutron fraction under flow

condition, a delayed neutron precursor transport was

implemented in the Monte Carlo code MCNP. The molten-

salt reactor experiment (MSRE) model was used to analyze

the reliability of this method. The obtained flow losses of

reactivity for 235U and 233U fuels in the MSRE are

223 pcm and 100.8 pcm, respectively, which are in good

agreement with the experimental values (212 pcm and

100.5 pcm, respectively). Then, six groups of effective

delayed neutron fractions in a small molten salt reactor

were calculated under different mass flow rates. The flow

loss of reactivity at full power operation is approximately

105.6 pcm, which is significantly lower than that of the

MSRE due to the longer residence time inside the active

core. The sensitivity of the reactivity loss to other factors,

such as the residence time inside or outside the core and

flow distribution, was evaluated as well. As a conclusion,

the sensitivity of the reactivity loss to the residence time

inside the core is greater than to other parameters.

Keywords Monte Carlo � Effective delayed neutron

fraction � Molten salt reactor

1 Introduction

The effective delayed neutron fraction (DNF) describes

the fission fraction from delayed neutrons, and it is an

important parameter of reactor safety analysis, typically

given in the basic unit of the reactivity ($). Several efforts

have been devoted to the measurement [1, 2] and calcu-

lation [3, 4] of the effective DNF. In general, the effective

DNF is determined by the type of fissioning nuclides, the

forward flux, and the adjoint flux. In molten salt reactors

(MSRs), the flow of fuel salt can result in the redistribution

of delayed neutrons; hence, it affects the effective DNF.

The delayed neutron loss has already been an important

issue in the MSR safety analysis [5–7].

Until now, a variety of calculation methods of the

effective DNF in MSRs have been developed [8–10]. An

analytical algorithm for the bare cylinder reactor model

was introduced by Oak Ridge National Laboratory (ORNL)

under steady-state neutron distribution to obtain the

effective DNF [11]. However, several uncertainty factors

are present in this method, such as the effect of the molten

salt plenum, the velocity difference in the radial direction,

and the uncertainty of the processed nuclear data. Since the

beginning of the twenty-first century, significant progress

has been achieved in two-dimensional and three-dimen-

sional neutronic–thermohydraulic coupling simulations

[12–14]. In these models, the flow behavior of the delayed

neutron precursors (DNPs) has been considered, and the

reactivity losses at different flow rates can be calculated

more accurately. At the same time, a Monte Carlo method

combined with a fluid model of DNP has been developed

[15, 16]. The basic principle of the method is that if the

startup particle is identified as a delayed neutron, then a

DNP transport is performed to generate a redistribution of
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the delayed neutron source. The Monte Carlo method,

which is a more accurate treatment containing less

approximations and has strong adaptability in geometry, is

especially suitable for nuclear design of novel reactor

types.

We developed a direct statistics method in the Monte

Carlo N-Particles Transportation code (MCNP) [17] to

calculate the effective DNF of a molten salt reactor with

solid fuel [18] and validated it using several benchmarks

from the International Criticality Safety Benchmark Eval-

uation Project (ICSBEP). In this paper, the implementation

of the DNP flow model within the MCNP code is pre-

sented. In this work, first, the accuracy of this method was

validated using the measurement data from the molten-salt

reactor experiment (MSRE). Then, the three-dimensional

Monte Carlo simulation of the effective DNF in a small

molten salt reactor (SMSR) was performed. At the same

time, the sensitivity to factors, such as the flow velocity

distribution in the radial direction, the DNP distribution in

the upper plenum, and the residence time inside or outside

the reactor, was analyzed. Following the sensitivity anal-

ysis, a reliable effective DNF in the SMSR was recom-

mended for the next transient safety analysis.

2 Calculation method

In this section, the two proposed approaches to calculate

the effective DNF are described.

2.1 Point kinetics equations under fuel flow state

The point kinetics equations are commonly used in

system analysis programs, such as RELAP5. The flow

effect can be included in the DNP transport equation,

which can be written as follows [10]:

dNðtÞ
dt

¼
qðtÞ � bflow

K
NðtÞ þ

X6

i¼1

kiCiðtÞ ð1Þ

dCiðtÞ
dt

¼
bi;static
K

NðtÞ � kiCiðtÞ �
1

sc
CiðtÞ

þ expð�kisLÞ
sc

Ciðt � sLÞ: ð2Þ

The first and second terms on the right-hand side of Eq. (2)

are the fission generation rate and decay disappearance rate

of precursors, respectively. The third term describes the

flow disappearance rate, and the fourth term represents the

recurrence rate. The residence time inside the reactor core

is denoted by sc, while sL is the residence time outside the

reactor core. The DNP concentration in the reactor core is

denoted by Ci. The bi;static value is the effective DNF under

static state, which can be calculated by our previous

method [18], while bflow is the effective DNF under sta-

tionary flow state.

In a stationary state, Eq. (1) becomes

0 ¼
bi;flow
K

N � kiCi ð3Þ

and Eq. (2) can be written as

0 ¼
bi;static
K

N � kiCi �
1

sc
C þ expð�kisLÞ

sc
C ð4Þ

Combining Eq. (3) with Eq. (4), the effective DNF under

stationary flow can be defined as:

bi;flow ¼ bi;static
ki

ki þ 1
sc
ð1� expð�kisLÞÞ

: ð5Þ

Although it is assumed that the DNPs have identical

flow behavior and fission contribution in the point kinetics

model in the equations above, the precursors at different

positions and groups have different residence times and

fission values. Typically, sc is regarded as the flow time

from the inlet to the outlet, which is larger than the average

residence time from the reactor core to the outlet. In

addition, when the DNPs return to the reactor core, most of

the delayed neutrons are located far from the central region

with low fission value. For these reasons, the flow disap-

pearance rate and the recurrence rate in the point kinetics

model are underestimated. Furthermore, there is no clear

boundary between the inside and outside of the reactor

core. The commonly accepted treatment that considers the

upper and lower plena as the outside of the core overstates

the reactivity loss. The above discussion presented certain

limitations of the point kinetics model, and therefore in the

following section, its combination with the MSRE model is

described.

2.2 Monte Carlo method with DNP transport

The Monte Carlo method can realistically simulate the

particle transport and tally all information at any point.

Nevertheless, the primary aim of Monte Carlo codes, such

as MCNP, is to obtain an eigenvalue solution within one

neutron generation, and less attention is paid on the

information transmitted between neutron generations. The

effective DNF exactly describes the fission contribution

from the last neutron generation (see Fig. 1). To calculate

the effective DNF of the MSR, three steps need to be

performed in the MCNP code.

In step one, the information on the type of fission neu-

tron needs to be transmitted between neutron generations.

In the MCNP code, the type of fission neutron (prompt or

any group of delayed), can be obtained at the time of the

sampling of the fission reaction. The particle information,
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such as coordinates, energy, cell number, and particle serial

number, is stored in the one-dimensional vector fso and

used in the next generation. The length of the fso vector can

be expanded to store additional types of fission neutrons.

In step two, if the fission source point, whose informa-

tion is obtained from the fso vector in the previous gen-

eration, is produced by a delayed neutron, the DNP

transport needs to be performed before the neutron trans-

port, to generate a new neutron source point. This transport

depends on the velocity field of the molten salt. In this

study, fitting field functions are used to replace the velocity

field calculated with a fine mesh in the computational fluid

dynamics (CFD) code, because velocity field calculations

require significant memory and computing time. There is

one field function for every reactor component. First, the

transport time T of each DNP is sampled according to the

half-life of delayed neutron groups. Then, the positions of

the DNP and the reactor component where it is located are

found to determine which fitting field function needs to be

called. Next, the residence time t in the component is

calculated. If T is less than t, the final location of the

delayed neutron in this component can be obtained.

Otherwise, the transport time T needs to be set as T - t,

and the previous steps need to be repeated in the next

component, until T is less than zero. It should be noted, that

after finding the new neutron source point, the cell number

needs to be adjusted accordingly, or a fatal error of neutron

loss arises in the neutron transport.

In step three, the fission contribution from different

types of neutron sources needs to be classified and counted.

As an example, for one delayed neutron source of type tp1
(group 1) in generation N ? 1 (as shown in Fig. 1), there

are four collisions during the transport history. It should be

noted that the collision is based on the non-analog Monte

Carlo model, in which the neutron does not disappear, but

reduces the statistical weight until it is below a certain

value. When an absorption collision occurs, the MCNP

code further determines whether it is a fission reaction. As

shown in Fig. 1, three fission reactions occur with

statistical weights of (wtl,0 - wtl,1), (wtl,1 - wtl,2), and

(wtl,3 - wtl,4). The fission contribution from group 1 is the

sum of these statistical weights. Finally, the effective DNF

in one generation can be calculated as

bi;eff ¼
P15

k¼1

P
l

P
j ðwtl;j � wtl;jþ1Þjf ;tpiP6

i¼0

P15
k¼1

P
l

P
j ðwtl;j � wtl;jþ1Þjf ;tpi

; ð6Þ

where index i indicates the type of the fission neutron

source, with prompt neutrons denoted by ‘‘0’’, j indexes the

number of collisions in one neutron history, l is the neutron

number in one generation, and jf ;tpi indicates that all

statistics results only from fission collision and the i-type of

fission neutron source. Owing to the dependency between

neutron generations (as shown in Fig. 1, tp4 not only results

from tp1, but also from tp3), for each fission reaction, 15

generations of neutron sources are tracked.

3 MSRE model and verification

3.1 MSRE model

The MSRE was an experimental molten salt reac-

tor went critical in 1965 and operated until 1969, and

significant operational data were obtained from it. These

data are widely used as benchmark to verify the accuracy

of newly developed MSR codes. The reactor model of the

MSRE is shown in Fig. 2. An equivalent cylindrical

treatment is performed on the upper and lower plena, and

further geometric parameters are taken from the design

report [19] of ORNL. Certain geometric values and mate-

rial parameters used in this model are shown in Tables 1

and 2. In this section, the effective DNFs of both U-235-

Fig. 1 Monte Carlo neutron

transport between generations
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based fuel and U-233-based fuel are calculated using the

two methods explained above (Sect. 2) and compared with

the experimental values.

The flow time in each component of the MSRE is taken

from the literature [20], as shown in Table 3. The velocity

of the fuel salt is assumed uniform in each component. To

study the effect of the upper and lower plena on the

effective DNF, two cases are considered in the MCNP

model. Case one, labeled as the MC Core model, assumes

that the neutron importance is zero if the delayed neutron is

outside the core, and case two, labeled as the MC Reactor

model, assumes that the neutron importance is zero if the

delayed neutron is outside the reactor model.

The flow velocity in the radial direction is not constant,

as discovered in the MSRE [21]. The flow velocity in the

central region is faster than that in the marginal region by

10–20%. The distribution function of the velocity in the

radial direction is described by

vðrÞ ¼ 25� r � 0:092; ð7Þ

the average velocity is 21.3 cm/s [12, 14], and the shortest,

longest, and average residence times inside the core are

6.4 s, 8.65 s, and 7.8 s, respectively, which are all lower

than 9.4 s, as described in the design report. There were no

direct fluid measuring probes of any kind (velocity, pres-

sure drop, etc.) installed in the MSRE core, and the flow

rate was an inferred quantity, obtained from the measured

temperature differences in the fuel and coolant loops.

It is necessary to determine the actual velocity in the

MSRE core, because the residence time inside the active

core has a significant influence on the effective DNF. The

Fig. 2 MCNP model of MSRE

Table 1 Geometry and parameters of the MSRE model

Parameters Value

Active cylinder Height: 166.4 cm

Diameter: 142 cm

Side length of element 5.08 cm

Height of upper/lower plenum 20 cm

Thickness of annular plenum 2.54 cm

Thickness of vessel 1.42 cm

Table 2 Materials of the

MSRE model
Materials Value

Fuel salt (1) 65% LiF: 29.1% BeF2: 5.0% ZrF4: 0.9% UF4

(2) 64.5% LiF: 30.3% BeF2: 5.0% ZrF4: 0.13% UF4

Fuel enrichment: 35% 235 U; 91.5%233 U

Lithium-7 enrichment: 99.995%

Density: 2.27 g/cm3

Graphite Density: 1.86 g/cm3

Control rods Proportion: 70% Gd2O3: 30% Al2O3

Density: 5.87 g/cm3

Nickel base alloy Density: 8.86 g/cm3

Temperature 920 K

Table 3 Flow time in each MSRE component

Component ORNL (s) MC Core (s) MC Reactor (s)

Active core 9.4 9.4 9.4

Upper plenum 3.9

15.8

3.9

Hot leg 0.8

4.5

Pump 0.3

Hot leg 0.3

Heat exchanger 2.3

Cold leg 0.8

Annular plenum 3.6 3.6

Lower plenum 3.8 3.8

Total 25.2 25.2 25.2
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residence time of 9.4 s is obtained from ORNL report [20],

and it was calculated using the fuel salt volume (25 ft3

u 0.708 m3) and the flow rate (1200 GPM u 0.0757 m3/

s). However, the fuel salt volume of the active core in this

study is obtained as 0.59 m3 (1.664�0.71�0.71�p�22.4%).

The difference can be attributed to the difference in heights

used in different models. The height in ORNL report [20] is

possibly the effective core height (78 in. u 198 cm), based

on the extrapolation of thermal neutron flux. Therefore, the

9.4 s value is possibly the residence time inside the

effective core, and it is expected to be suitable for the point

kinetics model, while it is possibly not applicable in the

Monte Carlo model. In addition, from the results of the

literature [12, 14], it can be concluded that the average

residence time of 7.8 s inside the core is closer to actual

value of the MSRE. The model with constant speed is

defined as MC Reactor (7.8 s)-1, and the model with

velocity distribution in Eq. (7) is defined as MC Reactor

(7.8 s)-2.

3.2 MSRE results and analysis

In this section, the results obtained using the point

kinetics model (Sect. 2.1) and the Monte Carlo method

(Sect. 2.2) are compared with the measurement data of the

MSRE and the deterministic results from the literature [22].

In the kcode mode, 450 generations and 100,000 particles

in each generation were used, with the nuclear data library

ENDF/B-VII.0.

First, the effective DNFs of U-235 fuel were calculated.

As shown in Table 4, the effective DNF under static con-

ditions is 690 pcm, calculated with the direct statistical

method [18] without DNP transport. With the point kinetics

model, the reactivity loss with a residence time of 9.4 s

inside the core is 217 pcm, close to the measured value

[21], 212 pcm. Nevertheless, with a residence time of

7.8 s, the reactivity loss increases to 241 pcm, and the

increase in the loss mostly results from group 4, group 3,

and group 2. With the Monte Carlo method, the reactivity

loss of the model considering the core only with a resi-

dence time of 9.4 s is 204 pcm. If the upper and lower

plena are included in the model, the reactivity loss

decreases to 157 pcm. This implies that the delayed neu-

trons in upper and lower plena also have a non-negligible

contribution to the effective DNF. However, the reactivity

loss significantly differs from the measured value. When

the residence time is 7.8 s, the reactivity loss is 218 pcm

and 223 pcm with a non-constant velocity profile, close to

the measured value, 212 pcm. The reactivity losses were

also calculated with different deterministic methods in the

framework of the EU project, MOST [12]. The calculation

condition was nearly the same to that of the MC Reactor

(7.8 s)-2, with 21.3 cm/s average core velocity of fuel salt.

The axial height was 166.37 cm for core and 17.15 cm for

the upper and lower plena. A number of results approxi-

mate the experimental value, while others are

overestimated.

The effective DNFs with U-233 fuel are shown in

Table 5. The reactivity loss using the Monte Carlo method

is 100.8 pcm, which is in good agreement with the

experimental value [21] of 100.5 pcm, which further con-

firms that the Monte Carlo method for calculating the

effective DNF under flow conditions is reliable. In the

Table 4 Effective delayed neutron fraction in the MSRE with different methods (235U fuel)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity loss

Decay constant 0.0127 0.0317 0.1155 0.3106 1.3966 3.8760

Static 21.6 ± 0.7 115.1 ± 1.6 113.8 ± 1.5 314.8 ± 2.6 93.1 ± 1.5 32.5 ± 0.8 690.0 ± 3.8

Point (9.4 s) 8.4 48.6 63.7 234.7 86.5 31.6 473.4 217

Point (7.8 s) 7.4 43.5 58.5 223.2 85.2 31.4 449.0 241

MC core (9.4 s) 4.3 31.5 60.7 264.7 92.4 32.3 485.8 204

MC reactor (9.4 s) 11.6 70.3 67.9 263.0 90.1 30.1 533.0 157

MC reactor (7.8 s)-1 9.0 49.1 57.4 233.7 91.1 31.7 472.0 218

MC reactor (7.8 s)-2 9.2 50.7 56.8 229.4 88.5 32.5 467.1 223

EDF 10.3 67.7 68.4 189.1 73.8 28 437.3 228.8

ENEA 8.3 55.2 59.6 182.4 73.4 27.9 406.8 259.2

FZK (simmer) 8.2 54.9 59.8 180.9 72.5 27.7 404.0 262.2

FZK (simADS) 9.7 68.2 77.9 200.4 71 27.1 454.3 212.2

FZR 8.5 56.5 62.3 185.6 72.7 27.9 413.5 252.6

PoliTO 6.3 45 56.6 180 72.6 27.8 388.3 278.0
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MOST project, several results have obvious differences

with the experimental value.

Based on the analysis of the MSRE benchmark, the

following conclusions can be drawn. (1) The point kinetics

model needs to be used carefully. If the actual average

residence time from inlet to outlet is adopted, the reactivity

loss is overestimated. (2) The upper and lower plena need

to be included in the calculation model for the Monte Carlo

method. (3) The Monte Carlo method introduced in the

MCNP is reliable.

4 SMSR model and analysis

4.1 Reactor model

The SMSR is an experimental MSR with LiF–BeF2–

ZrF4–UF4 fuel salt and graphite moderation. The fuel is

19.75 wt% enriched U-235. The enrichment of lithium-7 is

required to be larger than 99.95%. The volume fraction of

the fuel salt in the active core is 15%. Overall, there are

more than 200 fuel salt, control rod, and test channels in the

active core.

As shown in Fig. 3, the SMSR is an integrated structure.

The primary pump, heat exchanger, and pipelines are

located in the reactor vessel. The heat exchanger is a shell

and tube-type exchanger with fuel salt inside the shell. The

flow order of the fuel salt in the core is from the lower

plenum to upper plenum. A small part of the fuel salt

passes through graphite gaps between graphite blocks.

As the geometry of the SMSR is complicated, it is not

practical to build a complete CFD model for thermal

hydraulic analysis. In this paper, the flow behavior in five

components (active core, upper plenum, pump, heat

exchanger, and lower plenum) is described by flow func-

tions obtained from a CFD model considering a 1/12 sec-

tion of the core, as shown in Fig. 4. The fitting functions

and flow time in different components are described as

follows.

Active core The velocity distribution in the radial

direction can be fitted by equation

vðRÞ ¼ 0:0001R2 � 0:0483Rþ 8:6472; ð8Þ

with cm length unit. The fastest, slowest, and averaged

residence times are 22 s, 36 s (only occurring in a few edge

channels), and 25.5 s, respectively.

Upper plenum The distribution of residence time can be

fitted by equation

t ¼ 2z3

3z20

�
vðRÞ ð9Þ

where v(R) is the flow velocity from channels in radial

position R given by Eq. (8), z0 is the semiminor axis of the

upper plenum, and z is the relative position on the z-axis. If

the z-position is determined, the radial position can be

obtained by the elliptic equation

r ¼ 1� z2

z20

� �1=2

�R: ð10Þ

Table 5 Effective delayed neutron fraction in the MSRE with different methods (233U fuel)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity Loss

Static 27.7 82.9 59.9 124.3 24.2 2.7 321.7

MC reactor (7.8 s)-2 15.0 44.2 36.5 98.7 23.6 2.9 220.9 100.8

ORNL static 23.8 85.8 71.9 82.1 15.8 10.0 289.4

ORNL Flow 11.4 41.9 43.7 66.5 15.4 10.0 188.9 100.5

EDF 11.4 41.7 41.1 62.1 15.3 10.0 181.6 107.8

ENEA 9.4 34.4 37.2 60.6 15.3 10.0 166.8 122.4

FZK (simmer) 9.3 34.1 36.8 59.4 15.0 9.9 164.5 125

FZK (simADS) 10.2 40.7 45.2 63.7 14.5 9.7 183.9 105.4

FZR 9.5 35.6 38.5 61.0 14.4 10.0 169.0 120.4

PoliTO 7.1 28.1 35.6 59.2 15.0 9.9 154.9 134.5

Fig. 3 Layout of the SMRS
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The shortest, longest, and averaged flow times in the upper

plenum are 9.7 s, 16.6 s, and 11.9 s, respectively. It is possible

that Eq. (9) is not accurate. As the flow time in the upper

plenum is non-negligible, as discussed in Sect. 3, it is com-

paredwith a constant velocitymodelwith a flow time of 11.9 s.

Primary pump As the pump is far from the active core,

we assume that the delayed neutrons are evenly distributed

in the pump. The averaged flow time in the pump is 2.31 s,

which is obtained from the fuel salt volume in the pump

and the flow rate.

Heat exchanger The relationship between the time and

z-position in the heat exchanger can be simplified to the

function

t ¼ ðz� zhÞ=H � th; ð11Þ

where H is the total shell height of the heat exchanger. The

total flow time th in the heat exchanger is 7.64 s.

Lower plenum The lower plenum is divided into two

parts by a flow baffle. For the lower part, the radial

dependency of the residence time can be calculated from

the volume and the flow rate, as

t ¼ p � r2 � Hl=G; t\p � 912 � Hl=G; ð12Þ

where G is flow rate and Hl is the height of each part. The

averaged flow time in the lower part is 6 s. For the upper

part of the lower plenum, the relationship between time and

radial position is given by equation

t ¼ tl þ
2pHl � 105

9G
ðlnð91þ 25:5Þ � lnðr þ 25:5ÞÞ; t� tl

¼ p � 912 � Hl=G:

ð13Þ

The shortest and longest flowtimes in the upperpart are0 s and

7.7 s. The averaged flow time in the lower plenum is 11.8 s.

4.2 Results and discussion

4.2.1 Convergence

In this section, 800 neutron generations and 500,000

particles in each cycle were used in the MCNP

calculation. The statistical convergence of the effective

DNF under flow is shown in Fig. 5. It can be considered

steady after reaching 100 neutron generations, and the

statistical standard error at the 800th generation is

approximately 2 pcm.

4.2.2 Density distribution of delayed neutron sources

The density distribution of the delayed neutron sources

following the precursor transport can be tallied by the

FMESH card in MCNP. As shown in Fig. 6, the first four

groups have a noticeable flow redistribution in the axial

direction. The retention fraction in the primary pump is

visible for the first three groups. Apparently, the upper

and lower plena have a larger density of delayed neutrons

than the active core, which is because the density of the

delayed neutrons in the active core is averaged among the

graphite and the fuel salt, which typically decreases the

average precursor density to 0.145 times the value in the

plena, containing only fuel salt.

Fig. 4 1/12 active core CFD model of the SMRS

Fig. 5 Statistical convergence of the delayed neutron fraction under

flow in the SMSR
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4.2.3 Effective delayed neutron fraction

As shown in Table 6, the effective delayed neutron

fractions under static and flow state in the SMSR are

661.5 pcm and 562.8 pcm, respectively. The flow loss of

reactivity is 98.7 pcm. If the point kinetics model is used,

the reactivity loss is 126.6 pcm, larger than that obtained

using the Monte Carlo method. Compared to that of the

MSRE, the flow loss in the SMSR is significantly lower

due to the lower power density and longer residence time in

the active core. The contributions to reactivity loss from

groups 1–4 are 10 pcm, 57.5 pcm, 25 pcm, and 8 pcm,

respectively. The loss ratio is significantly larger for groups

1 and 2.

Under real conditions, the SMSR is expected to be

operated at different power levels. As shown in Table 7,

the reactivity loss is approximately proportional with the

flow mass.

4.2.4 Sensitivity to other factors

The flow field of the SMSR is simplified in the calcu-

lations, which introduces several uncertainty factors. One

part of the fuel salt fills the graphite gap of the reactor

body, and its flow rate is significantly slower than in

Fig. 6 Density distribution of the delayed neutron fraction in the SMSR

Table 6 Effective delayed neutron fraction in the SMSR under MCNP and point kinetics model

State Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity loss

Static 20.8 115.3 107.7 297.7 87.3 32.6 661.5

Flow (MCNP) 10.1 57.8 82.8 289.8 90.2 32.1 562.8 98.7

Flow (point model) 9.9 63.1 80.8 264.3 84.9 32.3 535.2 126.6

Table 7 Effective delayed neutron fractions in the SMSR under different flow masses

Flow mass (kg/s) Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity loss

0 20.8 115.3 107.7 297.7 87.3 32.6 661.5 0

12.5 12.65 87.75 105.98 306.12 90.33 32.91 635.75 25.3

25 10.97 69.56 98.17 306.22 91.55 32.34 608.82 52.7

37.5 10.44 61.23 90.91 299.43 90.78 31.82 584.61 76.9

50 10.07 57.83 82.79 289.84 90.19 32.07 562.79 98.7

75 9.55 52.36 71.43 273.11 90.33 32.01 528.79 132.7
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channels, which can change the residence time outside the

active core. As showed in Table 8, the reactivity loss is

insensitive to the residence time outside the active core.

The reason for this is that the residence time inside the

active core is very long, and therefore, the fraction of the

delayed neutron precursors decaying outside and returning

to the active core is very small.

Furthermore, the bypass flow in the graphite gap

increases the flow mass inside the active core to maintain a

steady power output. The effective DNFs under different

residence time inside the core are compared in Table 9.

The reactivity loss has a noticeable increase at the lower

residence times inside the active core.

Furthermore, the applied fitted flow function can intro-

duce certain uncertainties in the value of the effective

DNF. The results obtained with this model are compared

with the results obtained with homogeneous (flow velocity)

models (Table 10). In the core homogeneous model, the

radial velocity is uniform. It is generally recognized that

the reactivity loss in a homogeneous model is lower than in

a heterogeneous model, because in the core, it results in a

longer residence time of the precursors in the central

channel with high fission value. However, the results in

Table 10 are inverted, which is probably because the actual

average residence time inside core in this heterogeneous

model is larger than the residence time in the homogeneous

model. Therefore, the actual reactivity loss in the SMSR

can be slightly higher than 105.6 pcm. In addition, the

homogeneous models in the upper and lower plena change

the return time; however, this has little effect on the

reactivity loss. From the calculation results of the MSRE,

at the full power operation of the SMSR, we recommend

105.6 pcm for the flow loss of reactivity.

5 Conclusions

Our aim was to perform calculations to determine the

effective delayed neutron fraction under flow conditions

using a technique implemented within a Monte Carlo

method. In this study, the DNP transport was implemented

in the MCNP code. The MSRE model was used to analyze

the reliability of this technique. The obtained flow loss of

reactivity for U-235 and U-233 fuels is 223 pcm and

100.8 pcm, respectively, which are in good agreement with

the experimental values (212 pcm and 100.5 pcm,

respectively).

Then, the same technique was applied to the SMSR

under different flow masses. The flow loss of reactivity at

full power operation is about 105.6 pcm. The sensitivity of

Table 8 Effective delayed neutron fractions in the SMSR under different residence times outside the core

Residence time outside core (s) Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity loss

17.5 10.9 61.4 83.6 291.0 89.1 31.7 567.6 93.8

35 10.1 57.8 82.8 289.8 90.2 32.1 562.8 98.7

52.5 8.3 51.9 83.0 292.3 90.9 31.7 558.1 103.4

Table 9 Effective delayed neutron fractions in the SMSR under different residence time inside the core

Residence time inside core (s) Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 total Reactivity loss

15 7.1 43.8 66.2 259.7 90.7 31.1 498.6 156.0

20 9.4 50.2 73.8 277.3 89.4 32.1 532.2 122.4

25.5 9.6 56.0 80.8 287.9 90.0 31.7 555.9 98.7

30 9.6 60.6 88.2 288.9 90.7 33.1 571.0 83.6

35 11.0 63.1 89.6 300.4 90.8 31.6 586.3 68.3

Table 10 Effective delayed neutron fraction in the SMSR under different flow models

Flow model Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Total Reactivity loss

Core heterogeneous model 10.1 57.8 82.8 289.8 90.2 32.1 562.8 98.7

Core homogeneous model 9.6 56.0 80.8 287.9 90.0 31.7 555.9 105.6

Upper plenum homogeneous model 9.5 56.9 80.3 285.5 87.6 31.8 551.6 109.9

Lower plenum homogeneous model 9.7 56.0 80.0 284.5 91.6 31.6 553.4 108.1
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the reactivity loss to other factors, such as the residence

time inside or outside the core and flow distribution, was

evaluated as well. The sensitivity of the reactivity loss to

the residence time inside the core was found to be greater

than to others parameters.
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