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ABSTRACT

Experimental and computational thermal-hydraulic
research is underway to support the liquid mercury target
designfor the Spallation Neutron Source (SNS) facility. The
SNS target will be subjected to internal nuclear heat
generation that results from pulsed proton beam collisions
with themercury nuclei. Recirculation and stagnation zones
within the target are of particular concern because of the
likelihood that they will result in local hot spots and
diminished heat removal from the target structure.
Computational fluid dynamics (CFD) models are being used
as a part of this research. Recent improvements to the 3D
target model include the addition of the flow adapter which
joinstheinlet/outlet coolant pipes to the target body and an
updated heat load distribution at the new baseline proton
beam power level of 2 MW. Two thermal-hydraulic
experiments are planned to validate the CFD model.

[. INTRODUCTION

The Spallation Neutron Source (SNS) will have a2-MW
pulsed proton beam with a pulse duration of 0.5us, pulse
frequency of 60 Hz, and elliptical beam cross section of 7 x
20 cm. This beam will impinge on a liquid mercury target
contained within a stainless steel vessel. About 60% of the
beam power is deposited in the mercury target.* Figure 1
shows a schematic for the target body design. In addition to
thermal shock and materials compatibility, key feasibility
issues for the target are related to its thermal-hydraulic
performance.
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Because the liquid mercury isin a steady flow condition
during operation of the SNS, it does not require an
additional cooling system as would be necessary for a solid
target. However, the mercury must also serve asthe coolant
for the stainless steel target containment vessel. It is
necessary to ensure that the temperatures and thermal
gradients remain acceptably low, especially in the stainless
steel containment. The target pressure drop must also be
considered because it directly affects structural loading and
required pumping power.

The proton beam is parallel to the predominant direction
of flow. The portion of the stainless steel containment which
is impacted by the beam is called the target window. The
highest heat loads are located in this window, so a
supplemental exterior (mercury) coolant flow isprovided by
a jacket that wraps around the target lengthwise. This will
bereferred to asthe window coolant flow channel. Themain
part of the flow, which is separated from this window
coolant flow has amuch more complex flow pattern with the
two inlet streams turning 90°around the flow baffles,
impacting one another, then joining into a single return
channel. Flow separation occurs at the baffles, and the
combined return flow reattaches to the back side of both
baffles.

Computational fluid dynamics (CFD) is being used to
assess the thermal -hydraulic performance of the SNS target
by providing flow visualization and quantifying critical
parameters. The simplest approach to the fluid dynamics
analysis is to time-average the problem. This averaging is
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accomplished by spreading the pulse energy evenly
throughout the entire pulse period of 0.01667s, thus
allowing the simulation to be performed as asteady state. An
additional level of averaging isassumed in order to apply the
Reynolds-averaged two-equation turbulence model. The
steady-state solution should provide a reasonable estimate
for the overall flow pattern and temperature distribution
within the target enclosure. Also of concern, however, are
transient effects which occur on the microsecond time scale
and which impact the target performance. These effects
include small spatial and temporal variations in the flow
field and pressure wavesinduced by rapid thermal expansion
(density decrease) of the heated liquid. This CFD model is
useful for looking at compressibility effects such as these
transient pressure waves. However, the fluid/structure
interaction at the wall, which is crucial, cannot be
represented without additional code devel opment.

The model from which the present results were produced
uses a 2-MW-beam heat generation profile based on an
updated understanding of the neutron transport within the
target. The model is a full three-dimensiona (3-D)
representation of theliquid mercury and stainlesssteel inthe
target body (Fig. 2). Also, along transition piece that joins
the target body to the inlet/outlet pipes has been added. The
stainless steel structure of thetransition pieceisnot included
in the model sincethe heat load is negligible. Previous CFD
analyses>® were performed for a1 MW beam, with half of
the current target flow rate, and without the transition piece
included.

CFD support has also been provided to the experiments
that are planned for assessing the feasibility of the target
design. One of these experiments, the Mercury Thermal-
Hydraulic Loop (MTHL), will be used to measure heat
transfer coefficientsto liquid mercury inalong thin channel,
directly applicable to the window flow channel geometry.
Another experiment, the Water Thermal Hydraulic Loop
(WTHL), will be used for full scaletarget flow visualization
and measurements. This experiment will be used to directly
validate the CFD model. CFD analysis has been used to
design the MTHL test section for uniform flow distribution
and minimal pressure losses. A model has also been used to
scale the WTHL such that the water flowswill yield results
relevant to the mercury flow in the actual target.

1. DESCRIPTION OF MODEL

The general-purpose CFD code CFX4.2,* which uses a
finite-volume, pressure-correction method, is being used to
compute the temperature and velocity distribution in the
liquid-mercury/stainless-steel target. The model includes
solid conducting regions that represent the stainless steel
target walls and internal baffle. Heat generation is modeled

in both of these regions. A renormalization-group (RNG)
isotropic, two-equation turbulence model provided by CFX
is used in combination with the standard law-of-the-wall
boundary condition for imposing wall heat fluxes in the
energy equation and shear stress in the momentum
equations.

The boundary conditions include no-dlip a the walls
(simulated by turbulence wall functions), specified velocity
at theinlets, and specified pressure at the outlet boundaries.
The density is assumed to be constant, but the viscosity and
thermal conductivity are alowed to vary with temperature.

Only one-half of thetarget is modeled, assuming bilateral
symmetry. Computational and experimental investigations
into the adequacy of this symmetry assumption have shown
that it does not strictly hold due to a flow instability.
However, near the target window, where the highest heat
loads exist, the symmetry assumption is good. Asymmetry
occurs only downstream in the return duct. Although the
main flow through the target has an additional (horizontal)
geometric plane of symmetry, the cooling-jacket flow is not
symmetric about this plane since it flows from the bottom to
the top.

The discretization used for the CFD model of the target
with transition piece includes 1.4 million computational
cells. Without the transition piece, only 0.7 million cellsare
used. Computational cell dimensions vary from 0.001 m
near the tip of the flow baffle up to 0.100 m in the
streamwise direction at the end of the model furthest from
the window. The grid was carefully selected to keep
transitions in grid size smooth and to place the near wall
nodes at a distance from the wall that would satisfy the
reguirement of theturbulent law-of-the-wall condition. This
requirement is that the node next to the wall must be located
outside of the laminar sublayer (30 <y* < 200).

Liquid mercury enters the window cooling channel from
seven subchannel s (three and one-half of which are modeled
due to symmetry) located on the bottom of the target, then
returns to another seven subchannels on the top of the
target. Atthenoseg, al of thewindow-coolant mercury flows
together in acommon plenum region that gradually narrows
in thickness from 3mm down to 1 mm at the horizontal
midplane (Fig. 3). All of the subchannel detailsand channel
geometry were closely approximated.

The assumptions include an inlet temperature of 353 K
and atotal target heat loading of 1.2 MW, corresponding to
the 2-MW proton beam (60% of the energy is deposited in
the target). An elliptic beam cross section is assumed with
a parabolic power distribution, as shown for the horizontal
midplanein Fig. 4. The mass flow rate is assumed to be 293



kg/s, corresponding to an average velocity of 1.43 m/sinthe
two inlet channels of the main target body.

Steady-state convergence from a zero initial condition
required a few weeks of CPU time on a 466 MHz DEC
ALPHAserver 4100. A level of convergence was obtained
such that the cumulative mass conservation error was less
than 0.3% of the total target mass flow rate.

1. COMPUTATIONAL RESULTS

Two simulations were performed: one with the transition
piece, and one without. Speed contours on four dices
through the computational domain are shown in Fig. 5 for
the case with the transition piece. The computed speed
contours for both cases on the horizontal midplane are
shown in Fig. 6. The results are very different when the
piping transition piece is included. Both simulations (with
and without the transition piece) show alarge recirculation
zone downstream of the flow baffle around which the liquid
mercury makes the U-turn. This large zone obstructs about
one-half of the cross-sectional areainthecentral rectangular
channel. Results are very different, however, in the inlet
channel of the main target body. The abrupt area change
formed by the transition piece and the main target body at
the inlet produces a jet which separates from the wall and
generates a lot of turbulent energy in the “shadow” of the
area change (Fig. 7). Without the transition piece, an
additional small recirculation zone was predicted on the
centerline near the window where the heat load is the
highest. However, the greater turbulent energy in the
simulation with the transition piece leads to higher eddy
diffusivity (proportional to the sgquare of turbulent kinetic
energy) and the elimination of this recirculation pattern.

A closeup of the results with the transition piece reveals
flow details near the front window and within the window
cooling channel (Fig. 8). Here it can be seen that no
separation from thewall ispredicted in thisregion. Speedin
the window coolant channel, which is the same for both
cases, can also be seen in thisfigure.

A comparison of the temperature distribution with and
without the transition piece is shown in Fig. 9. A k-e RNG
turbulence model was employed for these two simulations.
This model uses a turbulent Prandtl number (0.9 was
assumed here) to scale the thermal diffusivity with the eddy
diffusivity based on Reynolds analogy. The elevated
turbulence intensity when the transition piece is modeled
leads to the elimination of the hot spot in the main flow due
toincreased thermal diffusion. The peak temperature, which
is predicted on the outer wall of the window cooling jacket,
is 27°C lower than the results without the transition piece.
Since the large recirculation zone on the back side of the

flow baffle lay directly in the proton beam path where the
heat is deposited, a secondary maximum occurs in the
temperature distribution at this location. A comparison for
the two cases of the predicted maximum temperatures is
shown in Table 1.

Thetotal irreversible pressurelossin the main flow where
the transition piece is not included is 9 kPa, most of which
is due to the separating flow around the baffle. With the
transition piece represented, the predicted loss is a much
higher 60 kPa, due to the abrupt expansion at the inlet.

Table 1. Predicted peak temperatures for CFX
simulations of SNS tar get.

Without With
Transition Piece | Transition Piece
Peak mercury
temperature 198°C 138°C
near window
Peak mercury
temperature in 144°C 147°C
recirculation
zone
Peak stainless
sted| 191°C 171°C
temperature

IV.CONCLUSIONS

The predicted thermal -hydraulic performance of the SNS
target for 2-MW operation with a parabolic beam profile has
been presented based on 3-D CFD caculations. The
assumed thermal limit of the target due to material-strength
considerationsis 200°C. The predicted target temperatures
are acceptably low (peak temperature of 173°C). The abrupt
expansion that occurs between the inlet transition piece and
the inlet channelsin the main target body is very beneficial
to cooling of the target. This sudden expansion (1.8 area
ratio) produces turbulent kinetic energy that results in
improved thermal mixing (turbulent diffusion) inside the
window at the front of the target, reducing the peak
temperature in the structure by 20°C. However this
improved thermal result comes at a cost to the target
pressure drop, which is 6.5 times higher than without the
area change.

Due to concern regarding the accuracy of the turbulence
model, parametric investigations of the sensitivity of the
resultsto the selection of turbulence model, inlet turbulence,



and turbulent Prandtl number are currently underway. Also,
experimentally obtained values will be available from the
WTHL for turbulence intensity for comparison to the CFD
results.

Because of the large variations in speed within the beam
path, the peak temperatures are strongly dependent on beam
power distribution. Therefore, parametric studies are also
planned that investigate the sendtivity of the peak
temperatures and temperature gradients to beam alignment
and characterization. Future data from a full-scale water
experiment and aseparate effect experiment for heat transfer
to liquid mercury will be used to validate the computational
model.
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Fig. 1. Diagram of SNStarget design.



Fig. 2. Rear view of computational domain,
which assumesbilateral symmetry,including
the piping inlet/outlet transition pieces.
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Fig. 3. Window coolant channel geometry. Only stainless steel is shown (one half of
the target has been removed).



Fig. 4. Heat generation on horizontal midplane.

Fig. 5. Computed flow field (speed) on four dlicesthrough the computational domain.



Fig 6. Comparison of speed distribution on horizontal midplane for
analysis without (top) and with (bottom) the transition piece.

Fig. 7. Turbulent intensity computed on the horizontal midplane for
two simulations.
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Fig. 8. Close-up near the front window of the target showing speed
and streamlines.

T —— " 1
|

™ |

|

|

= |

= |

|

|

L J— ]

Fig. 9. Comparisons of peak temperatures near front window for analysis with and without the
transition piece.




