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As a key component in Accelerator Driven System (ADS), the spallation target is exposed to high irradi-
ation intensity radiation, and a larger amount of heat is deposited on it. Therefore, the cooling of the tar-
get is a challenging task in the target design. Integrated target module with a solid beam window, and
cooled by reactor primary coolant is a good contender for ADS system. The numerical analysis of two tar-
get modules was performed by using finite element code to assess the target cooling capacity. It was
found that with uniform inlet velocity, the geometry modification of the inlet could improve the heat
transfer effectively. But with non-uniform inlet velocity, the geometry modification of the inlet had little
effect on cooling capacity.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction ence target material for ADS application (OECD, 2005; Bauer,
In Accelerator Driven System (ADS), a high-energy proton beam
impinges on target materials to produce spallation neutrons, and
these neutrons are multiplied by subcritical core to transmute
long-lived fission products (LLFP) or miner actinide (MA)
(Nifenecker et al., 2003). The ADS is being considered as a promising
solution to transmute long-lived nuclear wastes (Cho et al., 2008).
In most nuclear power stations, lager program associated with
ADS R&D is been actively pursued: XADS (Cinotti and Gherardi,
2002) andMYRRHA (Abderrahim et al., 2012) in the European com-
mission, ATW (DOE, 1999) in the USA, OMEGA (Mukaiyama et al.,
2001) in Japan, and HYPER (Park et al., 2000) in Korean.

Chinese Academy of Sciences (CAS) is conducting research and
development (R&D) on the Accelerator Driven System (ADS)
(Zhan and Xu, 2012; Wu, 2016a). Based on years of the research
in the field of advanced neutronics software (Wu et al., 2015),
low radioactivity material (Huang et al., 2014), and advanced
nuclear system design (Qiu et al., 2000; Wu et al., 2011), Institute
of Nuclear Energy Safety Technology (INEST), CAS undertakes the
R&D of the lead-bismuth eutectic (LBE) cooled reactor design and
technology (Wu, 2016b; Wu et al., 2016c).

In previous studies, many projects put forward their target
design, like JAEA-ADS (Kikuchi, 2009), HYPER (Song and Tak,
2003), FASTEF (Abderrahim et al., 2012), THREE BEAM CONCEPT
(Knebel et al., 2000), XADS (Coors et al., 2004) and MYRRHA
(Class et al., 2011). In these contributions, LBE is today the refer-
2010). And the target unit with a solid beam window cooled by
reactor primary coolant, has the stable target material surface
and the radioactivity production containment. It will simplify a tar-
get system that increase the neutron economy and reduce the
investment cost. And there have been intensive studies on the
material (Alamo, 2003), thermal hydraulics, configuration and
safety analysis (Song and Tak, 2003; Coors et al., 2004; Saito
et al., 2006; Tak et al., 2005).

A proton beam enters the target unit from the top, penetrates
the beam window and impinges on the upward flowing LBE. In
spallation region, about 60–70% of the beam power is deposited
as heat in the target materials (Cho et al., 2008; Cinotti et al.,
2003). It is necessary to demonstrate that the target would be
cooled adequately. The beam window is a thin barrier to separate
the vacuum space from the liquid LBE. Exposed to the proton beam,
the window undergoes a high temperature and irradiation. From
the thermal-hydraulic point of view, the main issue of the window
target is the cooling capability of the window.

In this paper, the Newton’s law of cooling and the Fourier law is
applied to evaluate the temperature on the window. And this paper
presents the numerical studies on the target systems. Two target
schemes with different geometry configurations are compared by
using a commercial code CFX (ANSYS Inc., 2011).
2. Description of target system

Several design concepts have been developed for the target sys-
tem. One of the typical designs (Cho et al., 2008) is shown in Fig. 1.
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Fig. 1. Schematic view of the typical target design.

Fig. 3. Thermal hydraulic schematic view of the integrated target.
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In contrast to the proposed target, the target channel surrounded
by assemblies which is nearly cylinder. The target channel diame-
ter is set at 260 mm. LBE at about 300 �C driven by the main pri-
mary pump from the flow distribution, rises in the space
between the sleeve and the beam tube to remove the deposited
heat. Then, the hot LBE is pumped from the hot pool, through the
main heat exchange and down over pump to complete the LBE cir-
cuit. An injection tube is placed at the inlet of the target channel
and divides the inlet into two zones. The velocity in the central
zones is larger than that of the outer zones. The injection tube
diameter and thickness are 168 mm and 10 mm, respectively. In
the channel, the beam tube with a hemi-spherical window is
adopted for the target. A thickness of the window about 2 mm is
chosen in this scheme, and the inner diameter is about 150 mm.

Schematic view of the proposed integrated target unit is shown
in Fig. 2. It is demonstrated that the target is horizontally located in
the center of the reactor core, and vertically hung on the reactor
cover at the top. In general, the target module consists of a cylin-
drical steel sleeve from outside and a co-axis cylindrical beam tube
with a suitable spacing for LBE flowing. The beam tube closed by a
hemi-spherical window is adopted for the target.

A uniform proton beam with radius of 50 mm is selected to per-
form the spallation process. Assuming the proton beam with
250 MeV power and 5 mA intensity penetrates the beam window,
deposited energy as heat in spallation region is about 1.2 MW. As
shown in Fig. 3, the coolant flows into the gap between the beam
tube and the sleeve, and removes the deposited heat. And then,
it runs out at the orifices on the sleeve side wall and mixed with
the reactor coolant in the hot pool. The vertical section of the spal-
Fig. 2. Overall views of the integrated target design.
lation area is inverted cone sharp. It allows minimizing the inactive
volume of LBE in the target flow channel and increasing the win-
dow surface heat transfer.

The modified 9Cr1Mo ferritic–martensitic steel (T91) is the ref-
erence window material for the present study (Tak et al., 2005).
And other structure parts are made of stainless steel 316 L.

3. Theoretical methodology

The temperature of the target window can be analyzed by the
Newton’s law of cooling and the Fourier law. The structure of the
window can be seen in the Fig. 4. r1, r2 is the radius of the inner
and outer window surface.
Fig. 4. The structure of the target window.



Fig. 5. Computational domain and boundary conditions.
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3.1. Heat transfer between fluid and window surface

To express the overall effect of convection, we use Newton’s law
of cooling:

; ¼ hAðtw � tf Þ ð1Þ
where, ; is the total power of the heat that deposited in the window,
h is called the convection heat-transfer coefficient, A is the area of
the region passed by the proton beam in the wet window surface,
tw and tf is the temperature of the windowwet surface and LBE bulk.
Here the heat transfer rate is related to the overall temperature dif-
ference between the window and coolant and the surface area A.

For the constant heat flux case, the convection heat transfer
coefficient is given by

h ¼ NukLBE
l

ð2Þ
where, Nu is the Nusslet number that represents the intensity of
convective heat transfer, l is the characteristic length, and kLBE is
the thermal conductivity of the stationary LBE.

From the experiment results, Nusselt number can be described
by the following equation (Tsujimoto et al., 2007):

Nu ¼ 0:6852P0:6626
e ð3Þ

where, Pe is the Peclet number relevant in the study of transport
phenomena in a continuum.

Before arrived at window, the fluid is heated by the heat depos-
ited in the coolant bulk. The equation that relates the heat with
temperature is:

q ¼ CpqvAchannelðtf � tinletÞ ð4Þ
where, q is the power of the heat deposited in the LBE bulk, v is the
average coolant velocity, Achannel is the area of the flow channel, and
tinlet is the temperature of the coolant inlet.

3.2. Heat conduction through the window

The heat conduction in the window can be described by the
Fourier law:

q ¼ �k
@T
@n

¼ �krT ð5Þ
where, q is the heat flux, k is the thermal conductivity of the win-
dow material.

For steady state heat conduction, Eq. (5) can be simplified into
the following form:

r2T þ qv
k

¼ 0 ð6Þ

Assuming the volumetric heat release rate is constant, the Eq.
(6) can be converted to one dimensional problem. The boundary
conditions of the Eq. (6) is:

r ¼ r1;
dT
dr

¼ 0 ð7Þ

r ¼ r2; T ¼ tw ð8Þ
The functional relationship of the temperature along the win-

dow thickness is:

TðrÞ ¼ tw þ qv
6k

ðr2 � r21Þ þ
qvr

3
1

3k
1
r
� 1
r1

� �
ð9Þ
Fig. 6. Computational meshes of the two targets.
4. Thermal-hydraulic analysis model

It is assumed that the target works under normal, steady-state
operating conditions. The proton beam is at full power, and the
pumps are functioning normally. Thermal-hydraulics simulations
are being undertaken to compare the cooling capability of the typ-
ical target and the integrated target. In addition, due to the LBE cor-
rosion and radiation damage, the design criteria were set: (1) the
flow velocity of LBE should not exceed 2 m/s; (2) the temperature
of the structure material should not exceed 550 �C.

4.1. Computational model

The CFD model of the two target schemes is shown in Fig. 5. The
model used in this study consists of the LBE fluid and the beam
tube. The fluid domain only includes the LBE which flows through
the spallation region. The region of the fluid is from the core sup-
port plate to the LBE free surface. The beam tube located in the
center of the LBE fluid is the solid domain. The interfaces between
the solid and fluid domain can transfer heat flux.

The grid considered for the spallation region is depicted in
Fig. 6. The typical design used in this study consists of 528,171
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fluid cells and 87,126 structure elements. Proposed design (pro-
posed design) consists of 471,340 fluid cells and 101,256 structure
elements. In the vertical direction, a fine mesh is employed near
the walls and a coarse mesh in the center, in order to achieve
appropriate y+ value (in the range 30–100). Fig. 7 shows the y+ dis-
tribution along the outer surface of the window. The main data
used in the calculation is listed in Table 1.
4.2. Boundary conditions

As previously mentioned, the proton beam has a uniform radial
distribution on the beam window. The deposited heat in the both
LBE and target window is calculated by using Monte Carlo method
software, FLUKA. The power deposition profile in the LBE target
material and beam window is shown in Fig. 8. In FLUKA calcula-
tion, fine meshes were adopted near window to satisfy the CFD
Fig. 8. The deposited heat distribution in target.

Fig. 7. y+ profile along the outer surface of the window.

Table 1
Main data used for the calculation.

Boundary conditions LBE inlet temperature 300 �C
Other wall Adiabatic

Material characteristics of LBE Density 10,390 (kg/m3)
Thermal conductivity 11.2 (Wm�1 K�1)
Heat capacity 146.5 (J kg�1 K�1)
Viscosity 0.0020332 (Pa s�1)

Material characteristics of T91 Thermal conductivity 25.2 (Wm�1 K�1)
Solution Turbulence model SST
requirements. The grid size is 0.2 mm. Fig. 9 shows the heat depo-
sition in the window. The heat deposition density in the window is
about 0:34 kW=ðm3 mAÞ in the beam region and out the beam
region it is almost zero. Fig. 10 shows the heat deposition in LBE
bulk. Due to the Bragg peak, the maximum heat deposition density,
0:6 kW=ðm3 mAÞ, is located around 7 cm below the window. The
3D deposited heat data is imported to CFX with CEL.

As shown in Fig. 5, the inlet of typical design is divided into
three zones. The inlet velocities from inside to outside are v1, v2,
v3, respectively. The predicted inlet velocities of proposed design
are v 0

1, v 0
2. The inlet temperature of two models is 300 �C. The

thermal-hydraulic analysis considered uniform and non-uniform
inlet velocity schemes and geometrical variations. The main inlet
parameters considered are summarized in the Table 2. The flow
of LBE is upwards in the fluid domain over the window and flows
out the sidewall. The outlet in the side is a constant-pressure out-
let. The Reynolds number at the inlet is 3.3 � 106, so the flow is tur-
bulent. To take account of the turbulence effects, the sheer stress
transport (SST) model has been employed. The auto timescale con-
trol is used in this simulation and the timescale factor is 0.5.
4.3. Validation

4.3.1. Influence of grid size
The prediction of turbulent quantities is usually quite sensitive

to the number of grid nodes used in the interface and solution
Fig. 10. Heat deposition distribution in the LBE.

Fig. 9. Heat deposition distribution in the window.



Table 2
The inlet parameters considered in the thermal-hydraulic analysis.

Model Mass flow
rate

Inlet velocity Inlet
temperature

Typical target 193.33 kg/s v1 ¼ v2 ¼ v3 ¼ 0:35 m=s 300 �C
Proposed target 193.33 kg/s v 0

1 ¼ v 0
2 ¼ 0:85 m=s 300 �C

Typical target 193.33 kg/s v1 ¼ 1:8 m=s; v2 ¼ 0:3 m=s;
v3 ¼ 0:01 m=s

300 �C

Proposed target 193.33 kg/s v 0
1 ¼ 1:95 m=s; v 0

2 ¼ 0:23 m=s 300 �C
Proposed target 166.56 kg/s v 0

1 ¼ 1:95 m=s; v 0
2 ¼ 0:05 m=s 300 �C

Fig. 12. The temperature and the velocity for the typical target window with
uniform inlet velocity.

Fig. 11. Influence of grid size of predicted results.

Fig. 13. The temperature and the velocity for the proposed target window with
uniform inlet velocity.
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domain. Thus it is very important to use an adequate number of
computational cells while numerically predicted contour plots
and profiles of solid hold solving the governing equations over
the solution domain. For proposed design, in the present work,
three grid sizes were considered to study the effect of grid size
on prediction of temperature distribution. The chart of the temper-
ature distribution along the window is show in Fig. 11. It can be
seen that the influence of the grid size within the considered range
was very small.

4.3.2. Heat transfer
The validation of CFD codes is still not completed in specific

areas such as turbulent heat transfer in liquid metals. In present
work, the benchmark of the CFD code of the heat transfer is pre-
sented for the proposed target.

The deposited heat in coolant bulk is neglect. With the beam
current 5 mA, the heat deposition in the window is 30.5 kW. The
inlet velocities from inside to outside are 1.95 m/s, 0.05 m/s,
respectively. The inlet temperature is set as 300 �C.

In simulation, the average temperature of the wet window sur-
face in the beam region is about 384 �C. And the average velocity
near the window in beam region is around 0.8 m/s. According to
theoretical formula, the temperature is 390.074 �C. In this calcula-
tion, the characteristic length is set as 0.09 m. The relative errors of
the numerical results and the theoretical correction are within the
range of 7%.

5. Results and discussion

5.1. Uniform inlet velocity

At first, the inlet in the divided zone is the same. In typical
design, v1 equals v2 and v3. And in proposed design, v 0

1 equals
v 0

2. Both of the models have same mass flow rate, 193.33 kg/s.
Fig. 12 shows the temperature and the velocity along the win-
dow surface of the typical target. As expected, flow stagnation near
the center of the window can be clearly seen. In this area, it is dif-
ficult to improve the heat transfer of the beam window. The max-
imum temperature occurs in the center of the inner surface, and is
as high as 1255.5 �C, which is well above the required temperature
limits of the structural material. In the beam region, the tempera-
ture drops gradually. A massive decrease of temperature is
appeared at approximately 40� from the window center. The max-
imum temperature drop across the window thickness is about
132 �C. According to the Eq. (9), the temperature drop across the
window is 132.584 �C. The relative error of the numerical results
and theoretical correction formula is within the range of 0.5%.

Fig. 13 shows the temperature and the velocity distribution
along the window surface of the proposed target. The trend of
the temperature change of the proposed target is similar to the
typical target. By the modification of the channel form, the maxi-
mum temperature falls off to 846 �C. But this temperature is still
above the temperature limit. The maximum temperature drop
across the window thickness is 132 �C.

Comparing the peak temperature, obviously, the proposed
design can rapidly reduce the maxim temperature in the window.
This is due to the increasing velocity near the beam window that



Fig. 16. The temperature and the velocity for the proposed target window non-
uniform inlet velocity (1.95 m/s, 0.05 m/s).
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enhanced the heat transfer between the window and the coolant
bulk. The result is performed as expected.

5.2. Non-uniform inlet velocity

From the uniform results, the velocity near the window is an
important design parameter affecting the heat transfer. Referring
to the HYPER design, the typical design inlet is divided into three
zones. The inlet velocities (v1, v2 and v3) are 1.8, 0.3, 0.01 m/s,
respectively.

Fig. 14 shows the temperature and the velocity distribution of
the typical target. The maximum velocity is 1.834 m/s, and is less
than the material limit (2 m/s). Relatively faster LBE stream is
formed in the central region by the strong innermost injection.
The maximum temperature occurs near the beam boundary of
the inner window surface, and is 651.3 �C, which is just above the
required temperature limits of the structural material. The maxi-
mum temperature drop across the window thickness is 132.8 �C.

With the same mass flow rate, the inner inject velocity v 0
1 of the

proposed target is 1.95 m/s, and the outer inject v 0
2 is 0.23 m/s.

Fig. 15 shows the results with the proposed target. The maximum
temperature is 668.3 �C and is above the typical target. The maxi-
mum temperature drop across the window thickness is 132 �C.
Fig. 14. The temperature and the velocity for the typical target window with non-
uniform inlet velocity.

Fig. 15. The temperature and the velocity for the proposed target window non-
uniform inlet velocity (1.95 m/s, 0.23 m/s).

Fig. 17. The velocity distribution on the window of different target models.
To increase the velocity near the center of the window, the
outer inject velocity dropped to 0.05 m/s. In this case, the result
of the temperature and the velocity on the window are shown in
the Fig. 16. The maximum temperature is reduced by 42.9 �C and
lower than the typical design. The maximum temperature drop
across the window thickness is 132.1 �C.

From the heat transfer equations we discussed above, the veloc-
ity on the beam region of the target wet surface and the coolant
temperature is the main effect of the window temperature. The
velocity results of three cases are show in Fig. 17. The average
velocity of three cases is nearly same. The velocity with 1.95 m/s
and 0.23 m/s of the proposed target in the center of the window
is lower than the others. So the heat in this area of the window
is difficult to remove. The velocity distribution of the other cases
is nearly same. So these cases have similar temperature. The tem-
perature drop across the window in all calculations is the same,
that is consistent with the theoretical calculation.
6. Conclusion

Due to the intense heat deposition and the limited space in the
reactor core, the target geometrical configuration and the inlet
flow distribution had been carefully designed to ensure adequate
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coolant velocity for cooling the target material. CFD analyses were
performed to define the velocity and the temperature distribution
in the window and the coolant bulk. The results achieved are sum-
marized as follows:

In the uniform inlet condition, the maximum temperature on
the window of the typical design is 1255.5 �C. With same mass
flow rate, the maximum temperature on the window of the pro-
posed design is reduced to 846 �C. While an increase in the inlet
velocity to about 3 times, the temperature difference has reduced
by 40%.

The inlet flow velocity is an important design parameter affect-
ing the window temperature. The divided inlet schemes can effec-
tively reduce the maximum temperature on the window. The
maximum temperature change on the window in the non-
uniform inlet velocity is complicated. The proposed target can
get same temperature with small mass flow rate. The velocity near
the window is the main influence of the window temperature. And
the maximum temperature on the window reduces with a rise in
the velocity near the window surface. Further, the methods to
increase the velocity on the window are being investigated by
numerical simulation.
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