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Background
• This thermal-hydraulic analyses were performed to demonstrate 

that the current cylinder and tube moderator designs can 
meet the following requirements.

• Requirements
– Pressure drop < 0.05 bar

• Low pressure drop allows flexibility for CMS design
– Maximum hydrogen temperature < 32K

• Hydrogen density starts to change quickly over 32K
– Average hydrogen density > 72.9 kg/m3

• This density was assumed by neutronic calculations, but neutronics team thinks 
small deviations from this value will not cause significant loss of performance

– Residence time > 0.2s, No regions of much longer residence time
• Residence time >0.2s indicates the hydrogen will be in the moderator for greater 

than 3 beam pulses at 15 Hz which helps validate the steady state assumption
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Background
• Previous MRA analysis (2020) done by Elvis (Elvis E Dominguez-

Ontiveros) applied bounding curves for the heating. Bounding 
curve is a more conservative method, and the heating was 
overestimated by about a factor of 2.

• MRA geometry has been updated by Jim Janney and Ken 
Gawne since 2020. 

• New heat sources were obtained from the MCNP energy 
deposition calculations done by Lukas Zavorka.

• The new MCNP calculations with Attila4MC unstructured mesh 
provides higher fidelity of heating results.

• Additional heating from 27Al(n,g)28Al reaction is also included 
in the new MCNP heating calculations.
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Vacuum
Lower moderator (para-H2)
Lower Al for moderator

Vacuum
Upper moderator (para-H2)
Upper Al for moderator

Geometry of MRA

Exterior aluminum vessel walls are 
assumed to be adiabatic (radiation 
heat transfer not included). 

Upper MRA

Lower MRA

https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%
2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F99%5FSANDBO
X%2FKAO%2F2023%2FCFD%5FSTS%5FMRA%2F0%5FSummary%2FPreliminary%5FSTS%5FModerator%5FThermal
%5FHydraulic%5FAnalysis%2FCAD%5FModel%2FUse%5Fthis%5Fone&viewid=9be9bc88%2D5a13%2D48c7%2D
9fff%2Dd22f94ffdeb5

Link to the CAD
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Upper MRA

Lower MRA

Cylinder Moderator

Tube Moderator

ParaH2 Al

Cylinder and Tube Moderators
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Inlet (0.0369 kg/s, 19 K H2)
Outlet (1.45MPa = 14.5 bar)

Steady State Heat Transfer Analysis for Cylinder Moderator, Geometry
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Steady State Heat Transfer Analysis for Tube Moderator, Geometry

ParaH2ParaH2

Inlet (0.0369 kg/s, 19 K H2)
Outlet (1.45MPa = 14.5 bar)

ParaH2Al
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Steady State Heat Transfer Analysis for Cylinder Moderator, Mesh Configuration

H2

Al

Cylinder Moderator
Al

Mesh Type Polyhedral mesh
Base Size (m) 0.001
Target Surface Size (m) 3.60E-04
Minimum Surface Size (m) 1.00E-04
Number of Prism Layers 3
Prism Layer Stretching 2
Prism Layer Total Thickness (m) 2.00E-04
Number of Cells 3.31E+06

H2
Mesh Type Polyhedral mesh
Base Size (m) 0.001
Target Surface Size (m) 5.00E-04
Minimum Surface Size (m) 1.00E-04
Number of Prism Layers 7
Prism Layer Stretching 1.5
Prism Layer Total Thickness (m) 2.00E-04
Number of Cells 1.74E+06
Total Cells (Al+H2) 5.04E+06
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Steady State Heat Transfer Analysis for Tube Moderator, Mesh Configuration

Al

H2

Tube Moderator
Al

Mesh Type Polyhedral mesh
Base Size (m) 0.0025
Target Surface Size (m) 9.00E-04
Minimum Surface Size (m) 2.50E-04
Number of Prism Layers 4
Prism Layer Stretching 1.5
Prism Layer Total Thickness (m) 2.50E-04
Number of Cells 9.87E+05

H2
Mesh Type Polyhedral mesh
Base Size (m) 0.0025
Target Surface Size (m) 9.00E-04
Minimum Surface Size (m) 2.50E-04
Number of Prism Layers 8
Prism Layer Stretching 1.5
Prism Layer Total Thickness (m) 3.50E-04
Number of Cells 9.12E+05
Total Cells (Al+H2) 1.90E+06
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CFD Modeling Details

• Simulation software: Simcenter STAR-CCM+
• Computer resource: Libby cluster at ORNL

 Compute node:
 Processors: two 16-core Intel Xeon E5-2683v4 
 512 GB RAM

 1-3 nodes used
• Solution time: 2-3 days
• Flow and Energy model: Segregated solver
• Turbulence model: Realizable k-ε
• Wall treatment: Two-layer all y+
• H2 Volumetric flow rate: 0.5 l/s
• Unirradiated material properties
• Steady state simulation
• H2 inlet temperature: 19 K
• H2 outlet pressure: 14.5 bar
• Heat sources: MCNP Neutronics (Lukas Zavorka) 

Wall Y+ of cylinder moderator Wall Y+ of tube moderator

Mesh-Independent Study: 
Mesh-independent studies were performed for earlier 
moderator concepts. The maximum temperature variations 
for Al and H2 were less than 0.4°C. Similar mesh settings were 
adopted for the current moderator designs. The wall y+ 
values in the cylinder and tube moderators are also kept 
below 5 to ensure the mesh configurations are appropriate 
for the usage of the two-layer all y+ wall treatment model in 
the CFD simulations.
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Thermal Properties

Thermal properties of Para-H2 can be found on https://webbook.nist.gov/chemistry/fluid/
Thermal properties of Al6061-T6 can be found on https://trc.nist.gov/cryogenics/materials/6061%20Aluminum/6061_T6Aluminum_rev.htm

Material Thermal Conductivity, k (W/m-K) Density, ρ (kg/m3) Specific Heat, Cp (J/kg-K)
Al (T = 20K) 28.43 2800 8.85
Para-H2 Table(T) Polynomial in T Table(T)

𝑘𝑘𝐴𝐴𝐴𝐴 𝑇𝑇 = 10𝑎𝑎+𝑏𝑏 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 + 𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 2 + 𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 3 + 𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 4 + 𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 5 + 𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 6 + ℎ 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 7 + 𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 8

𝐶𝐶𝑝𝑝𝐴𝐴𝐴𝐴 𝑇𝑇 = 10𝑎𝑎+𝑏𝑏 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 + 𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 2 + 𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 3 + 𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 4 + 𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 5 + 𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 6 + ℎ 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 7 + 𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙10 𝑇𝑇 8

ρ𝐻𝐻2 𝑇𝑇 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑇𝑇2 + 𝑑𝑑𝑇𝑇3

Coefficient ρ𝐻𝐻2  (kg/m3) 𝑘𝑘𝐴𝐴𝐴𝐴 (W/m-K) 𝐶𝐶𝑝𝑝𝐴𝐴𝐴𝐴 (J/kg-K)
a 138.907 0.07918 46.6467
b -8.23187 1.0957 -314.292
c 0.370104 -0.07277 866.662
d -0.00621765 0.08084 -1298.3
e 0.02803 1162.27
f -0.09464 -637.795
g 0.04179 210.351
h -0.00571 -38.3094
i 0 2.96344

Thermal properties of Al6061-T6 can be found on 
https://trc.nist.gov/cryogenics/materials/6061%20
Aluminum/6061_T6Aluminum_rev.htm
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Thermal Properties of Para-H2 @1.45 MPa (14.5 bar) 
https://webbook.nist.gov/cgi/fluid.cgi?Action=Load&ID=B5000001&Type=IsoBar&Digits=5&P=1.45&THigh=40&TLow=15&TInc=1&RefState=DEF&TUnit=K&PUnit=MPa&DUnit=kg%2Fm3&HUnit=kJ%2Fkg&WUnit=m%2Fs&VisUnit=Pa*s&STUnit=N%2Fm
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Thermal Properties of Para-H2 @1.45 MPa (14.5 bar) 
https://webbook.nist.gov/cgi/fluid.cgi?Action=Load&ID=B5000001&Type=IsoBar&Digits=5&P=1.45&THigh=40&TLow=15&TInc=1&RefState=DEF&TUnit=K&PUnit=MPa&DUnit=kg%2Fm3&HUnit=kJ%2Fkg&WUnit=m%2Fs&VisUnit=Pa*s&STUnit=N%2Fm

Inlet mass flow rate
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Energy Deposition from Neutronics Calculation (from Lukas Zavorka)

https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsy
stems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%2
0MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5

https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2
Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%
2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5

energy deposition data for MRA Additional heating in MRA aluminum due to 27Al(n,g)28Al
Additional heating from the 27Al(n,g)28Al reaction 
and b-decay in MRA hydrogen and reflector vessel. 

Link: Link:

Heat Sources for CFD calculations were obtained by multiplying the energy deposition by 15Hz.
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F99%5FSANDBOX%2FKAO%2F2022%2F0%5FCFD%5FSTS%
5FMRA%2FMin%2DTsung%20Kao%5FSTS%5FMRA%5F2022%5F10%5F11%5FCylinder%5Fand%5FTube%5FModerators&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5Link:

https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
https://ornl.sharepoint.com/sites/sts/targetsystems/Shared%20Documents/Forms/AllItems.aspx?id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%20Documents%2FS%2E03%2E02%20Target%20Assembly%2F1%5FCALCULATIONS%2FCALC%2D016%20%2D%20MRA%2FMRA%5FR5%2FNeutronics&viewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd22f94ffdeb5
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From Lukas:
Energy deposition is quite uniform in hydrogen volume, which 
means that we are in the optimal X position along the beam axis 
for cold neutron generation.

On the other hand, an increased energy deposition in aluminum 
at the rear side of the vessel most probably comes from slow and 
thermal neutrons that are generated in the rear portion of the 
tungsten target (as the proton beam slows down and neutron 
energy spectrum changes). This can also be seen on the 
outer/reflector aluminum body – see below.

The energy deposition on Al vessel is not symmetric.
Energy Deposition from Neutronics Calculation (from Lukas Zavorka)
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Results of Upper (Cylinder) H2 Moderator 



1717

Steady State Heat Transfer Analysis for Cylinder Moderator, Heat Source

Uniform heating for H2

Heating peaks on the rear side of Al 
(+x, downstream of proton beam).

Q of Al

Q of H2

https://ornl.sharepoint.com/sites/sts/targetsyste
ms/Shared%20Documents/Forms/AllItems.aspx?
id=%2Fsites%2Fsts%2Ftargetsystems%2FShared%
20Documents%2FS%2E03%2E02%20Target%20As
sembly%2F99%5FSANDBOX%2FKAO%2F2023%2
FCFD%5FSTS%5FMRA%2F0%5FSummary%2FPreli
minary%5FSTS%5FModerator%5FThermal%5FHyd
raulic%5FAnalysis%2FCFD%5FHeat%5FSources%
5Fand%5FNeutronics%5FEnergy%5FDeposition&v
iewid=9be9bc88%2D5a13%2D48c7%2D9fff%2Dd
22f94ffdeb5

Heat source link
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Steady State Heat Transfer Analysis for Cylinder Moderator, Pressure
Δ𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  = 0.023 bar (= 2.3 kPa = 0.33 𝑝𝑝𝑝𝑝𝑝𝑝 = 0.023 𝑎𝑎𝑎𝑎𝑎𝑎)

Outlet
Inlet (0.0369 kg/s, 19 K H2)
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Steady State Heat Transfer Analysis for Cylinder Moderator, Density of H2

Cylinder (upper) Moderator

H2 Density at 19 K (kg/m^3) 73.806
Average H2 Density (kg/m^3) 72.569
Variation (%) 1.68
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Steady State Heat Transfer Analysis for Cylinder Moderator, Temperature of H2

Tin= 19 K
Tout= 20.199 K
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Steady State Heat Transfer Analysis for Cylinder Moderator, Temperature of Al
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Steady State Heat Transfer Analysis for Cylinder Moderator, Temperature for Interfaces between Al & H2
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Steady State Heat Transfer Analysis for Cylinder Moderator, Velocity of H2
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Steady State Heat Transfer Analysis for Cylinder Moderator, Streamlines

Streamlines Streamlines and Temperature of H2

vortex
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Steady State Heat Transfer Analysis for Cylinder Moderator, Streamline Animation

Streamlines Streamlines and Temperature of H2
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Steady State Heat Transfer Analysis for Cylinder Moderator

Q of Al

Velocity of H2

Temperature of AlHeating is higher in 
+x direction (along 
the proton beam, 
rear of the target)

Higher velocity

Lower velocity

Peak Al temperature occurs at 
the top surface in +x direction.
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Steady State Heat Transfer Analysis for Cylinder Moderator
Average Heat Transfer Coefficient = 3,691 W/m^2-K
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Steady State Heat Transfer Analysis for Cylinder Moderator
Residence Time
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Results of Lower (Tube) H2 Moderator 
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Steady State Heat Transfer Analysis for Tube Moderator, Heat Source

Heating peaks on the rear side of Al 
(+x, downstream of proton beam).

Q of Al

Q of H2

Heating peaks on the rear side of Al 
(+x, downstream of proton beam).

https://ornl.sharepoint.com
/sites/sts/targetsystems/Sh
ared%20Documents/Forms
/AllItems.aspx?id=%2Fsites
%2Fsts%2Ftargetsystems%2
FShared%20Documents%2F
S%2E03%2E02%20Target%2
0Assembly%2F99%5FSAND
BOX%2FKAO%2F2023%2FC
FD%5FSTS%5FMRA%2F0%5F
Summary%2FPreliminary%5
FSTS%5FModerator%5FTher
mal%5FHydraulic%5FAnaly
sis%2FCFD%5FHeat%5FSour
ces%5Fand%5FNeutronics
%5FEnergy%5FDeposition&
viewid=9be9bc88%2D5a13
%2D48c7%2D9fff%2Dd22f94
ffdeb5

Heat source link
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Steady State Heat Transfer Analysis for Tube Moderator, Pressure
Δ𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  = 0.0106 bar (= 1.06 kPa = 0.15 𝑝𝑝𝑝𝑝𝑝𝑝 = 0.0105 𝑎𝑎𝑎𝑎𝑎𝑎)

Inlet (0.0369 kg/s, 19 K H2)Outlet

High pressure due to stagnation point

Low pressure due to 
flow acceleration
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Steady State Heat Transfer Analysis for Tube Moderator, Density of H2

Tube (lower) Moderator
H2 Density at 19 K (kg/m^3) 73.806
Average H2 Density (kg/m^3) 72.832
Variation (%) 1.32



3333

Steady State Heat Transfer Analysis for Tube Moderator, Temperature of H2

Tin= 19 KTout= 20.2097 K
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Steady State Heat Transfer Analysis for Tube Moderator, Temperature of Al

Peak heating location is not where 
the peak temperature occurs. 
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Steady State Heat Transfer Analysis for Tube Moderator, Temperature & Velocity

Temperature Velocity of H2

Al H2

Pressure

High pressure due to stagnation point

Low pressure due to flow acceleration
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Steady State Heat Transfer Analysis for Cylinder Moderator, Temperature for Interfaces between Al & H2
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Steady State Heat Transfer Analysis for Tube Moderator, Streamlines
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Steady State Heat Transfer Analysis for Tube Moderator, Streamlines
stagnation

flow acceleration

Vortex
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Steady State Heat Transfer Analysis for Tube Moderator, Streamline Animation
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Steady State Heat Transfer Analysis for Tube Moderator, Location of Peak Al Temperature
Peak heating

Al H2

Q of Al

Q of H2

T of Al Velocity of H2
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Swirling flow (good for mixing and cooling);
The mainstream reaches the Al wall.

The H2 mainstream is away from the Al wall and 
thus Al temperature is higher along this tube.

Steady State Heat Transfer Analysis for Tube Moderator, Location of Peak Al Temperature
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Steady State Heat Transfer Analysis for Tube Moderator
Average Heat Transfer Coefficient = 2309 W/m^2-K
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Residence Time
Steady State Heat Transfer Analysis for Tube Moderator
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Comparison between Requirements and CFD Results

Requirement
CFD Result

Cylinder Moderator Tube Moderator
Pressure drop (bar) < 0.05 0.023 0.0106
Maximum hydrogen temperature (K) < 32 22.9 24.1
Average hydrogen density (kg/m3) > 72.9 72.569 72.832
Residence time (s) > 0.2 0.64 0.93

• Except for average hydrogen density, all requirements are met 
with at least a factor of 2 margin
– High confidence that margins are greater than uncertainties

• Neutronics will evaluate sensitivity to hydrogen density in order 
to develop a new hydrogen density requirement.  We expect 
that the current results will give acceptable neutronic 
performance and the requirement will be updated.
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• Most requirements are met except for the average hydrogen 
density (72.9 kg/m3).
– All other requirements are met with at least a factor of 2 margin

• Neutronics will evaluate sensitivity to hydrogen density and 
will update hydrogen density requirement

• Final moderator analysis will include additional details
– Moderator inlet temperatures updated based on single loop in series 

CMS design
– Inclusion of moderator weld backer geometry
– Inclusion of cylinder moderator transition to concentric flow geometry

Summary
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