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ABSTRACT 

A thermal-hydraulic (T-H) analysis is conducted to 
determine the feasibility and limitations of a water- 
cooled tungsten-rod target at powers of 1 MW and 
above. The target evaluated has a 10-cm x IO-cm cross 
section perpendicular to the beam axis, which is typical 
of an experimental spallation neutron source-both for a 
short-pulse spallation source and long-pulse spallation 
source. This report describes the T-H model and 
assumptions that are used to evaluate the target. A 
1-MW baseline target is examined, and the results 
indicate that this target should easily handle the T-H 
requirements. The possibility of operating at powers 
>1 MW is also examined. The T-H design is limited 
by the condition that the coolant does not boil (actual 
limits are on surface subcooling and wall heat flux); 
material temperature limits are not approached. Three 
possible methods of enhancing the target power 
capability are presented reducing peak power density, 
altering pin dimensions, and improving coolant 
conditions (pressure and temperature). Based on simple 
calculations, it appears that this target concept should 
have little trouble reaching the 2-MW range @om a 
purely T-H standpoint), and possibly much higher 
powers. However, we must keep in mind that these 
conclusions are based solely on thermal-hydraulics. It is 
possible, and perhaps likely, that target performance 
could be limited by structural issues at higher powers, 
particularly for a short-pulse spallation source because of 
thermal shock issues. 

1. INTRODUCTION 

Water-cooled tungsten-rod targets are currently 
being considered for use as high-power (>1 MW) 
spallation neutron sources. This study examines the 
thermal-hydraulic (T-H) issues and limitations of a 
tungsten-rod target for use as a compact experimental 

spallation neutron source. A methodology is developed 
to analyze the thermal-hydraulics of a water-cooled rod 
target, and a baseline target design is evaluated at a 
beam power of 1 MW. The T-H model is then used to 
predict the T-H limits of a water-cooled tungsten-rod 
target and to estimate the theoretical maximum power 
based on these limits. 

2. TARGET DESCRIPTION 

The target evaluated contains Inconel-clad tungsten 
rods within an Inconel vessel; a schematic of the target 
is shown in Fig. 1. The target has a 10-cm x 10-cm 
cross section perpendicular to the beam axis, which is 
typical for an experimental spallation neutron source. 
The baseline target is cooled with heavy water @O) 
and is split into two sections-the upstream and 
downstream targets. The region between the upstream 
and downstream targets is referred to as the flux trap gap. 
The upstream target is further divided into three tiers, 
which are separated by flow dividers; as a result, the 
coolant makes four passes through the target. The tiers 
are connected by rectangular plena on the top and 
bottom of the target. The flux trap gap has no effect on 
thermal-hydraulics except for a slight additional pressure 
drop as the coolant travels l?om the upstream to the 
downstream target. Therefore, this analysis applies 
equally to single- or split-target designs. Also, the 
number of flow passes within the target is not fured. 
Four passes are simply the optimal number of passes for 
the baseline target evaluated in this study. The baseline 
pins are 4 mm in diameter (3.5-mm diameter W with 
0.25-mm Inconel clad) in the upstream target and 8 mm 
in diameter (7.5-mm diameter W with 
0.25-mm Inconel clad) in the downstream target. The 
pins are placed in a triangular pitch with a pitch-to- 
diameter ratio (PD) of 1.1. There are tapered Inconel 
end caps on both ends of the rods, and they are 
positioned by holes in the supportlorifice plates. 



DECLAIMER 



DISCLAIMER 

This report was prepared as an account of work spowred by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or implied, or assumes any legal Eabili- 
ty or mponsibility for the accuracy, completeness, or usefulwss of any information, appa- 
ratus, product, or process disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 



3. THERMAL-HYDRAULIC METHODOLOGY 

3.1. General Approach 

The majority of the target thermal-hydradic (T-H) 
design work has been done with a spreadsheet model. 
Considerable effort has been made to identify the m c t  
flow and heat transfer correlations and to incorporate the 
latest experimental results. Two more detailed models 
are used to analyze local effects, such as azimuthal heat ' 
flux variations, variable gap conductance, blocked 
channels, etc. Results fiom the more detailed 
calculations are then applied to the spreadsheet model in 
the form of simple corrective factors. A significant 
portion of the T-H methodology was developed by 
J. Elson of the Los Alamos National Laboratory (LANL) 
in support of the Los Alamos Next-Generation 
Spallation Source.' 

3.2. Power Deposition 

Peak and average power densities are obtained with 
the LAHEP code system. Results used in this analysis 
were calculated by E. Pitcher of LANL in support of the 
LANL Long-Pulse Spallation Source (LPSS) design3 
It is assumed that all power deposited in the target is 
transferred to the coolant. The average W, Inconel, and 
DzO power densities are used to calculate the bulk 
coolant temperatures. The peak W and Inconel power 
densities are used to calculate the peak temperatures and 
heat flux given the local coolant temperature, which is 
conservatively defined as the bulk coolant temperature at 
the tier exit. It is also assumed that all of the energy OF 
each beam pulse creates an instantaneous periodic AT 
that is conservatively added to the steady-state value. 

3.3. Conduction 

The spreadsheet model uses the steady-state energy 
equation in its one-dimensional (1D) form in radial 
coordinates. The following expressions are used for heat 
flux and A T  (the equations assume that the inner 
diameter of the clad is the same as the outer diameter of 
the tungsten: gap size << pin radius). 

The model assumes no axial conduction along the 
rods. This adds conservatism because axial conduction 
can serve as a mechanism to redistribute the energy firm 
the peak power regions. However, three-dimensional 
(3D) calculations have shown the e& of axial 
conduction to be small because the conduction path 
axially is much longer than it is radially. The 
spreadsheet model also assumes azimuthal symmetry. 
Azimuthal heat transfer is important if there is significant 
variation in the gap conductance or wall heat transfer 
coefficient around the circumference of the rod. The 
modeling of these phenomena are done separately in 3D 
models, leaving the spreadsheet model able to easily 
perform design trade-off studies. 

The gap conductance is determined by the equation4 

and 

Reference 4 describes 8jump, hrad, and hcontact. The 
radiation term is based on temperatures and emissivities, 
and the contact term is based on contact pressure, 
conductivity, hardness, and roughness. In general, the 
radiation and contact terms are several orders of 
magnitude lower that the conduction term if a gas 
(especially helium) is present in the gap. However, if 
hipping or another cladrod bonding technique is used, 
then the contact term can become dominant. 

3.4. Coolant Flow 

To calculate the fluid flow through the target, the 
flow passages in each tier are separated into five separate 
subchannel types. The dimensions of these subchannels 
are based on rod diameter, pitch-to-diameter ratio (P/D), 
and boundary spacing, including the e fk t  of vessel 
expansion due to pressurization. The velocities and 
flow rates through each type of passage are balanced to 
obtain an equal pressure drop across the tier. 



Several correlations are available for friction factor 
and Nusselt number for rods in a triangular pitch. The 
baseline target uses a P/D of 1.1, and the Reynolds 
number ranges from 10 000 to 30 000, depending on the 
subchannel. Experimental data have shown that hIIy 
turbulent flow occurs abo:e Reynolds numbers d 
-5 000, given P/D = 1.1. Of the fiction factor 
correlations considered, the two most applicable far 
baseline target conditions are Presser and Cheng- 
Todreas.' The spreadsheet model uses whichever 
correlation gives the worst case (i.e., highest fiction 
factor), which in all cases has been the Cheng-Todreas 
model. 

Loss coefficients for the orifice plates and the rod 
bundle inlet and cptlet are based on correlations from the 
Crane Handbook (multiplied by a conservative factor of 
1.2). The flow between the orifice plate and the rod 
bundle is conservatively assumed to fully expand. The 
Inconel end caps on the tips of the rods are tapered to 
reduce pressure drop. 

3.5. Convective Heat Transfer 

The bulk temperature rise of the coolant is 
determined by the mass flow rate and the average 
material power densities. The local peak temperatures 
are determined by the peak power densities and the 
equations listed in the conduction section above. The 
wall heat transfer coefficient is determined h m  Nusselt 
number correlations for triangular pitch rod bundles. 
The two correlations found that are most applicable t? 
the baseline target conditions are Presser and Markoczy. 
Both of these correlations provide corrective factors to 
the standard Dittus-Boelter correlation." As done Ex 
the fiction factor, the correlation that produces the 
worst-case Nusselt number is chosen. For the baseline 
target, Markoczy gives the lowest Nu, about 75% of the 
value of Dittus-Boelter. To add conservatism, the heat 
transfer coefficient is further reduced by a factor of 0.8 
before being applied to the solution. This factor is 
applied primarily because of the uncertainty of the 
Nusselt number correlations that are used. 

One phenomenon associated with rod bundles is 
azimuthal heat-flux peaking. For a triangular pitch, the 
flow velocity is lower in the narrow gap where two pins 
come together than it is out in the relatively spacious 
portion of the cusp formed by three rods. Thus, the heat 
transfer coefficient varies along the circumference of the 
rod, and this peaking increases as P/D decreases. 
Analytical and experimental efforts are in progress to 
attempt to better quantify this effect. For laminar flow 
the peaking can be quite large, whereas for turbulent flow 
the peaking is much lower, but still significant. The 
baseline target flow is fully turbulent, and P/D = 1.1, 

Based on these conditions, the azimuthal heat-flux 
peaking factor used in this analysis is 1.2. 

The critical heat flux that is used to determine 
DNBR (departure fiom nucleate boiliyF ratio) is based 
on the Bowring-MacSeth correlation (it has not yet 
been determined if this is the best correlation for the 
baseline target). The BowringMacBeth correlation 
calculates the critical heat flux assuming that the peak 
heat flux occurs over the entire length of the rod. This 
is conservative, and the level of conservatism depends 
on the power density profile and the length of unheated 
rod. 

3.6. Material Properties 

The Inconel and tungsten properties are input as 
constant values (the temperature range of the materials is 
small enough so that the properties do not vary 
significantly). For the D20, all properties are based on 
the Atomic Energy of Canada Limited (AECL) tabulated 
values." The DzO properties are interpolated h m  the 
AECL tables based on the average temperature and 
pressure that are found in each respective tier (except fir 
certain boiling parameters that are defined by the inlet or 
outlet conditions). 

3.7. Multidimensional Models 

As mentioned earlier, most of the target design and 
analysis has been done with the spreadsheet model 
described above. To analyze multidimensional effects, 
two other models have been used. A 3D FORTRAN 
code was written to calculate heat transfer when axial 
andor azimuthal asymmetries are present. Calculations 
have been done for variable gap resistance (for example if 
the rod is touching one side of the clad), variable wall 
heat transfer coefficient (due to the flow field arising from 
the triangular pitch), and a blocked flow channel. The 
model has also been used to look at the effects of axial 
power peaking and conduction. The other model is a 
detailed T-H model using the IDEASESC code 
pa~kage.'~ This model has been generated and used by 
J. Elson of LANL to look primarily at the effect of P/D 
on the flow and heat transfer in the LANL Accelerator 
Production of Tritium (APT) target. One of the primary 
purposes of these more detailed calculations is to obtain 
simple corrections to be applied to the Spreadsheet 
model. 

3.8. Summary of Assumptions Used in the 
Thermal-Hydraulic Analysis 

Conservative Assumptions: 

1. The system is adiabatic, all energy is transferred to 
the coolant. 



2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

9. 

Peak heat generation and peak heat fluxes m 
applied at the maximum bulk coolant temperature 
and minimum coolant pressure (properties at tier 
exit). 
Axial conduction along rods away h m  peak zones 
is not modeled. 
Periodic temperature swing is calculated by 
assuming that the entire energy of pulse is 
instantaneously converted to thermal energy; this 
entire AT is added to the average steady-state 
temperatures. 
Turbulent and transition Reynolds numbers are set 
above the high end of experimental values. 
Several models are used for triangular-pitch rod- 
bundle pressure drop (Presser, Cheng-Todreas) and 
heat transfer coefficient (Presser, Markoczy). The 
model that represents the worst case is used. 
The heat transfer coefficient is multiplied by 0.8 to 
account for uncertainties and add conservatism. 
The effect of P/D on azimuthal heat flux peaking is 
conservative based on our current best estimate. 
The critical heat flux calculation assumes the peak 
heat flux occurs over the entire length of the rod. 

10. Form loss coefficients are conservative for the 
supports plates and rod bundle. 

11. Flow between support plate and rod bundle is 
assumed to fully expand (worst case for loss 
coefficients). 

12. Flow maldistribution along the periphery due to 
vessel expansion is conservatively modeled (given 
that the input magnitude of the expansion is 
correct). 

13. In addition to all of the above conservatisms, the 
pin surface temperature is required to be 20°C lower 
than the water saturation temperature, and DNBR 
must be >2.5. 

Nonconservative Assumptions: 

14. The variation in heat flux due to the periodic 
heating and cooling of the rods with beam pulse is 
not modeled (unlike for temperature as in 
assumption #4; however, the variation in heat flux 
should be less significant than for temperature). 

15. Coolant temperature rise is based on the average 
power input of the tier, but the channel AT will be 
higher in peak regions (should still be conservative 
in conjunction with assumption #2). 

16. Heat flux peaking due to variable gap resistance is 
not included (significant only if relatively uniform 
contact cannot be established between rod and clad). 

17. The current model does not include plena pressure 
drops (separate calculations show these to be 

relatively small compared with L.e bundle and 
support plates). 

18. The model assumes uniform flow geometry, i.e., 
there is no rod bowing or flow blockage (analysis 
has been done assuming a completely blocked flow 
channel, and t!iere should be sufficient mar& to 
handle this event). 

19. lnconel heat transfer surfaces are assumed to be 
clean. 

4. THERMALHYDRAULIC PERFORMANCE 

The T-H design is limited by the condition that the 
coolant does not boil (the I-MW baseline conditions do 
not approach any significant material temperature 
limits). As a result, the design is generally limited by 
two imposed conditions; that the wall temperature is at 
least 20°C below the coolant bulk saturation 
temperature, and that the DNBR is >2.5. In theory, the 
wall subcooling requirement is the only condition 
required (provided that it is calculated correctly). If the 
peak wall temperature is below the coolant saturation 
temperature, then there is no possibility of boiling. The 
imposed limit of 20°C sdace subcooling is chosen to 
add conservatism; this requirement may be eased when 
uncertainties are better quantified. The DNBR limit is 
imposed to ensure that if for some reason the surhce is 
not subcooled, then there is considerable margin to 
dryout conditiors. For the baseline target, the fmt of 
the four tiers is usually the most difficult location to 
achieve these conditions, but in some instances the 
second or even the fourth tier is limiting (because the 
coolant temperature is higher and the pressure is lower 
in each respective tier). An optimized design would 
have about the same thermal margin in each tier. 
Table 1 lists several T-H parameters for the baseline 
design. Several parametric studies were performed to 
arrive at the baseline design. The peak internal pressure 
of 1.03 MPa (150 psi) was chosen to balance T-H 
performance and the amount of structural material. The 
4-mm rod diameter was chosen to balance T-H and 
mechanical issues. 

4.1. Effect of Pitch-to-Diameter Ratio 

The optimal P/D balances the total flow rate, 
pressure drop, neutronic performance, azimuthal heat flux 
peaking, and flow blockage concerns. Initially it was 
thought that the optimum P/D was rather low (between 
1.02 and 1.05) because the total flow rate became 
excessive at higher P/Ds. However, when the four-tier 
design was adopted, the P/D could be increased to 1.1. 
This is beneficial to the design because it decreases 
azimuthal heat flux peaking, decreases the likelihood of 
blocked channels, decreases pressure drop, and increases 
the ability of the target to handle more flow and thus 
higher powers. Another benefit is that it places the 
design in a regime in which there is more experimental 



. .  
data, thus reducing possible development time and cost. 
Of course the primary drawback of the increased P/D is 
the additional coolant volume fraction; for an infinite 
triangular lattice, P/D=l.O gives -10% DzO volume 
hction and P/D=I.I gives -26%. Boundary eff& 
increase the DzO hction slightly. In some cases half- 
rods or ribs in the vessel can be used to reduce boundary 
flow gaps, but this in turn increases the structure volume 
hction. The impact of boundary effects on the overall 
coolant volume fraction is an inverse function of the 
number of rows and columns of pins in a target section 
(i.e., the more rows and columns, the lower the impact 
boundary effects, and vice-versa). In the baseline target 
design, boundary effects increase the coolant volume 
fhction by -4%. Preliminary physics calculations 
performed in support of the LANL LPSS conceptual 
design found that the penalty of moving from 13% D20 
hction to 26% D20 hction was only about a 3 to 4% 
drop in moderator flux. This is probably a much lower 
penalty than in decoupled systems because the increased 
moderation could cause significant absorption in the 
decoupler. 

4.2. Single vs Multipass Targets 

Another parameter that has to be optimized in any 
water-cooled target is the number of flow passes through 
the target. In general, the peak power density in a given 
target will exist in a small region near the fiont of the 
target. This power density, in addition to the imposed 
T-H conditions, will dictate a required velocity and flow 
rate through the peak region. If the target is a one-pass 
target, then each interstitial has the same flow rate and 
the nonpeak regions are highly overcooled. This 
“wasted” flow can make the overall target flow rate 
excessive. By splitting the target into a multipass 
target, the flow is utilized more efficiently because the 
peak-to-average power density will be much lower 
within each tier. In a multipass target, each successive 
tier will have a lower inlet pressure and a higher inlet 
temperature, but this is usually not a problem because 
the power density in each tier is generally lower. The 
major drawback of going to a multipass target is the 
increase in pressure drop through the target, although the 
increase in pressure drop is usually less significant than 
the decrease in flow rate. One potential disadvantage of 
a multipass target is that it is not as susceptible to 
natural circulation as a single-pass target. Also, in 
normal operation dissolved gases could be caught in the 
upper flow reversal plena, and in accident conditions 
steam may build up in these plena, thereby choking off 
flow. This problem could be greatly reduced if flow 
though the target were horizontal as opposed to vertical, 
but a horizontal target has two major problems. 
Horizontal flow does not promote natural circulation, 
and in a loss-of-coolant scenario, the top rods can 
become entirely uncovered, whereas for a vertical flow 
geometry, only a portion of each rod would be 

uncovered. A other small disadvantage of going to a 
multipass target is a decrease in overall W volume 
fraction due to the additional divider walls and exterior 
flow channels, although the multipass target can allow 
larger pins and/or lower P/Ds in the lower power density 
tiers, which can offset this penalty. 

4.3. Flow Maldistribution 

Flow maldistribution is one of the most significant 
T-H issues that arise when water flows through very 
small passages. It can be difficult to get the required 
flow to the hot regions of the target if a large path of low 
resistance exists in parallel; therefore, tolerances must be 
very tight to ensure that no paths of lower resistance 
exist. The region where flow maldistribution is most 
likely to occur is around the periphery of the rod bundle. 
The most effective means of controlling flow 
maldistribution is the use of half-rods and slats to reduce 
the hydraulic diameter and flow area around the 
periphery. Another factor that must be considered is the 
deflection of the vessel wall that occurs during 
pressurization. A 1-mm wall deflection causes a 
reduction in the internal target flow velocity fiom 6.8 to 
4.8 m/s; this results in a 25°C drop in wall subcooling 
margin. The baseline target wall deflects > I  mm (given 
the nominal pressure of 150 psi) if no supplemental 
structural support is used. Support ribs, internal or 
external, can be used to reduce this deflection, provided 
that the ribs can be adequately coolcd. Several 
alternatives have been evaluated that reduce the vessel 
wall deflection to <OS mm. A 0.5-mm deflection 
reduces the internal flow velocity to 5.9 m/s and reduces 
the wall subcooling margin by 11°C. This penalty 
would be lower if the wall deflection is taken into 
account when the target is optimized. 

4.4. Blocked Flow Channel 

A detailed two-dimensional model was used to 
evaluate the effect of a completely blocked flow channel. 
The heat transfer coefficient was set to zero over 
onelsixth of the azimuthal perimeter along the entire 
length of the rod. This is meant to be a bounding 
calculation because even if the wall along the blocked 
channel has dried out, there will still be some heat 
transferfiom the surface. The calculations show a peak 
wall temperature of -45OoC, compared with 140°C for 
the nominal case. This is well above coolant saturation 
temperature, so at the very least subcooled boiling can 
be expected. The calculated peak heat flux to thf 
coolant, adjacent to the blocked channel, is 396 W/cm , 
as compared with 216 W/cmZ for the nominal case. 
This is still well below the calculated critical heat flux 
of 690 W/cm2, so it is possible (but by no means 
certain) that the rod could survive this event without 
significant consequences. Certainly, this phenomenon 
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will have to be studied in much more detail in the 
future. 

4.5. Clad vs Unclad Rods 

The baseline target evabted in this report uses 
Inconel clad rods. There are three major advantages of 
using clad rods: reduced corrosion/erosion, increased rod 
strength, and possibly reduced source release during a 
potential accident. Some of the issues involved with 
cladding the rods are listed below in their estimated 
order of importance. 

Potential Advantages of Cladding 
z Less corrosioderosion 

More strength 
Lower source release term 
Less flow-related heat-flux peaking 
Easily allows tapered end-caps (reduced dP) 
Possibly easier system assembly 
Lower probability of flow blockages 

Potential Disadvantages o f Claddiog 
Pin manufacturing more 

diEcult/expensive 
Lower neutron production 
Gap conductance heat-flux peaking 
Higher W temps (issue during accidents?) 
Gas buildup concerns 
Coolant seepage/flashing in gap 

One of the biggest problems associated with 
cladding the rods is the possibility of local heat-flux 
peaking due to a nonuniform gap resistance. The use of 
helium in the gap reduces this problem somewhat, but 
calculations show that heat-flux peaking up to 
1.5 peaklave is still possible if there is local pin/clad 
contact. This peaking is probably lower in reality and 
could be quantified to some extent with experiments. A 
uniform insulation boundary on either or both sides cif 
the gap could help significantly. The best way to reduce 
this problem, and thus increase the potential power of 
the target, is to provide uniform contact between the clad 
and the rod. This could be attempted several ways; one 
option may be the use of a hot isostatic press (HIP) 
bond. Of course the ideal solution to this problem 
would be for a coating to be found that would prevent 
tungsten erosiodcorrosion; or better yet, for a certain 
water chemistry to be found that would allow tungsten 
(or some alloy) to operate in unclad (bare) conditions. 

5. EXTENDING THE TARGET TO HIGHER 
POWERS 

Based on current analytical and experimental 
results, the baseline design should adequately meet all 
thermal requirements for the 1-MW rated power. This 
leads to the question: what are the power limits for a 

water-cooled tungsten-rod target ( h m  a strictly T-H 
perspective)? The key to this question lies in which cf 
the thermal parameters are design-limiting. For the 1- 
MW design, the performance is limited by the 
requirement that the coolant does not boil (material 
temperature limits are not approached). In the 
parametric range of the 1-MW target, the two T-H 
parameters that limit the design are surface subcooling 
and DNBR. If the power becomes significantly higher, 
then other T-H factors can also become design-limiting. 
Although before this point is reached, it is possible that 
issues other than T-H, maybe stress or thermal shock, 
could become limiting. 

There are three major design parameters that 
significantly affect surface subcooling and DNBR: peak 
power density, pin geometry, and coolant conditions. 
By making some of the changes described below in any 
one of these categories, a beam power of 2 MW should 
be achievable. If aspects of all three of the approaches 
could be incorporated, then significantly higher power 
levels (up to 5 MW) could in theory be achieved befoI1: 
other T-H limits were approached. 

5.1. Peak Power Density 

Reducing the peak power density (while 
maintaining the average power density) may be the 
simplest way to increase target power. The peak wall 
temperature and heat flux both vary linearly with the 
peak power density. The current baseline design 
assumes a circular parabolic proton beam distribution. If 
the beam profile is changed to a uniform (not peaked in 
the center because of the parabolic distribution), the peak 
power density drops by a factor of 2. This almost 
instantly increases the target power capability from 1 to 
2 MW, provided that the increase in target stress due to 
the sharper beam gradient is acceptable. The only other 
change required is a decrease in the downstream target 
pin diameter (which is nominally twice the size of the 
upstream pins), because the increase in coolant AT 
(more power) and hp (more flow rate) makes it harder to 
reach T-H limits downstream. The peak power density 
could also be reduced by using a square beam geometry 
(if it is not too big of a technical issue) instead of a 
circular beam geometry. This allows a 27% increase in 
power with only a slight increase in flow rate. The peak 
power density could also be decreased by increasing the 
beam spot. The baseline design has physical 
dimensions of 10 cm and a beam spot of 7 cm, but if 
tight control could be placed in the beam position and 
uniformity, then the beam spot could possibly be 
increased to 8 cm, resulting in a 30% increase in power. 
Once again, the impact on peak stresses due to changing 
the beam profile would have to be considered. Another 
way to decrease peak power density is to increase the 
overall dimensions of the target, but this also decreases 



the average power density, and thus the flux in the 
moderators. 

5.2. Pin Geometry 

The “brute force” approach for increasing the target 
power is to decrease the pin dimensions. The peak heat 
flux and peak surface temperature vary linearly with pin 
diameter (the peak internal temperature goes with 
diameter squared, but the design is not limited by the 
tungsten temperature). The pins in the upstream target 
of the baseline target design are 4 mm in diameter, Le., 
3.5-mm diameter W with 0.25-mm (10-mil) Inconel 
clad (plus gap thickness, if any). There has been some 
experience with pins of these dimensions, most recently 
with the Accelerator Projection of Tritium project at 
LANL. If it were possible to reliably manufacture, 
assemble, and operate 2-mm pins, then the power 
capacity would, in theory, be doubled. However, there 
are several problems related to using smaller pins: pin 
manufacturing, target assembly, threat of channel 
blockage, pressure drop, clad volume hction, and cost 
(more parts, welds, machining operations, etc.). 

5.3. Coolant Conditions 

Target T-H performance can be increased 
significantly by increasing the inlet pressure. Increasing 
the baseline inlet pressure from 150 to 200 psi in itself 
allows the power to increase from 1 to 2 MW. The 
obvious drawback of tnis approach is the additional 
structure required in the vessel. The neutronics penalty 
of increasing pressure would thus have to be weighed 
against the T-H improvements. Decreasing the inlet 
temperature can also buy some margin in terms of 
subcooling. The key is keeping the inlet temperature 
high enough so that heat exchanger design is not 
difficult. Also, the increase in coolant viscosity 
associated with decreasing inlet temperature reduces 
some of the benefit (in rare cases lower inlet temperature 
can actually be worse). Finally, the use of HzO as 
opposed to D20 could improve thermal-hydraulics. In 
general, the T-H properties of a0 are not as favorable as 
HzO: density +IO%, conductivity -5%, viscosity +20%, 
latent heat of vaporization -10%. For the baseline 
design, the use of H20 coolant results in 15% less mass 
flow (5% less volumetric flow) and 21% less pressure 
drop. In addition, the HzO design has more subcooling 
and DNBR margin. However, it is unlikely that the 
increase in attainable power would outweigh the physics 
penalty of changing from DzO to H20 in the target. 

6. CONCLUSIONS 

A model is developed to evaluate the T-H 
performance of a water-cooled tungsten-rod target as a 
experimental spallation neutron source. A 1 -M W 
baseline target is examined, and the results indicate that 
this target should easily handle the T-H requirements. 

The possibility of operating at powers >1 MW is also 
considered. Three possible methods of enhancing the 
target power capability are presented: reducing peak 
power density, altering pin dimensions, and improving 
coolant conditions (pressure and temperature). Based on 
simple calculations, it appem that this target concept 
should have little trouble reaching the 2-MW range 
( h m  a purely T-H standpoint), and possibly much 
higher powers. However, these conclusions are based 
solely on thermal-hydraulics. It is possible, and perhaps 
likely, that target performance could be limited by 
structural issues at higher powers, particularly for an 
short-pulse spallation source because of thermal shock 
issues. 
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Figure 1. Schematic of Baseline Target 
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. TABLE 1: Baseiine 1-MW Target Parameters I 
I I I I 1 

I I I Downstream Upstream 
1 Tier1 I ~ i e r 2  I mer3 I Tier 4 

,Tier power kW 190.5 147.6 99.9 83.9 
I Peak W power density MWll 2.55 2.00 1.28 0.31 
/Tier length cm 5.01 5-01 5.77 17.65 
Number of rows long 13 13 15 23 
Number of rods 306 306 353 265 

I I I 1 

0.5562 1 0.55621 0.5569 0.6283 ' w volume fraction 
Clad volume fraction 0.1 769 I 0.1769 1 0.1783 0.1 162 
Coolant volume fraction 0.26701 0.26701 0.2648 0.2555 

lntemaiveiocity I m/s 6.74 6.75 5.93 2.06 
Reynolds number 18373 19459 1 7769 12705 
Heat transfer coefficient I Wlm2C 27816 28780 26425 9923 

I DNBR I 2.87 I 3.30 I 4.82 1 10.271 


