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1. INTRODUCTION

1.1 Objective

The FLUENT™ [6.2] and ICEPAK™ [6.3] codes are used in combination with each other to setup,
analyze, and post-process thermal-hydraulic based problems using computational fluid dynamics
(CFD) modeling. The objective of this calculation is to calculate the heat transfer within a generic
enclosure for a variety of conditions using the FLUENT™/ ICEPAK™ suite of software codes. The
input and output from these analyses are compared to textbook solutions for the same type of problem
to validate the FLUENT™/ ICEPAK™ codes for computing the heat transfer within an enclosure.

1.2 Purpose

It is proposed to use the FLUENT™/ ICEPAK™ codes for evaluating the effective thermal
conductivity within the various enclosures that make up the neutron shield of the OS197 transfer
cask. The FLUENT™/ ICEPAK™ codes are to be used as project specific category 2 (limited
application) software programs for this purpose. The purpose of this calculation is to provide the
project specific validation of these codes for that application.

1.3 Scope

The scope of this calculation is limited to natural convection heat transfer within an enclosure using
the FLUENT™ code, Version 5.6 [6.2] with the ICEPAK™ module, Version 4.08 [6.3]. The source
code for these software packages are not modified for this application. They are the same as were

- provided via References [6.2] and [6.3].

2. VALIDATION CASES

A validation test geometry consisting of a horizontal enclosure with an aspect ratio of 1.0 is used.
This geometry is selected since analytical and experimental data exists for this geometry for wide
range of Rayleigh and Prandtl number fluids. By evaluating the convective heat transfer within the
enclosure for a range of Rayleigh and Prandtl numbers, the general applicability of the FLUENT™/
ICEPAK™ codes for evaluating heat transfer in an enclosure can be validated. The validation testing
was conducted for a Dell workstation computer with dual Xeon processors and the Windows XP
Professional operating system.

Figure 1 illustrates the test geometry used for this analysis. The test geometry consists of a 6-inch
high (i..e., y-axis) and 6-inch long (i..e., x-axis) enclosure. Since the enclosure is assumed to be
extensive in depth, the depth (i..e., z-axis) is immaterial to the problem. However, for the purposes of
this modeling, a 1.2-inch deep enclosure is utilized. Symmetry boundary conditions are imposed at
the z = 0.0 and z =1.2” boundaries. The wall at the minimum x-axis position (i.e., the ‘Hot Wall’) has
a fixed heat flux boundary condition, while the wall at the maximum x-axis position (i.e., the ‘Cold
Wall’) is held at a fixed temperature. The top and bottom boundaries (i.e., y =6 and y =07,
respectively) are assumed to be adiabatic, non-conducting boundaries.
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The solution to the heat transfer within this type of cavity has been addressed by numerous
investigators. Figure 4 presents a table from [6.1] which tabulates the numerically computed Nusselt
numbers from a variety of sources for vertical enclosures of the type modeled for this validation. As
seen, the table presents the textbook or reference Nusselt numbers for a range of Rayleigh number
(Ra) and Prandtl number (Pr). Figure 5, also from [6.1], illustrates the variation of Nusselt number
vs. cavity aspect ratio and Rayleigh number. This validation evaluates four (4) combinations of
Rayleigh number, Prandtl number and aspect ratio for comparison with the Figure 4 reference
solutions.

For the purposes of this analysis, the fluid filling the enclosure can be an arbitrary fluid since the
results will be correlated using Rayleigh number (Ra). The Rayleigh number for an enclosure is
computed as follows:

Ra, = -‘M x Pr
B
where:
gc = gravitational acceleration p= coefficient of thermal expansion
Pr = Prandtl number AT = temperature difference across enclosure
p = density of fluid p = dynamic viscosity of fluid

L = characteristic length (i.e., distance between the vertical boundary walls)

For the purposes of this validation, four (4) simulated fluids are used to generate a range of Rayleigh
numbers. The properties chosen for three (3) of these fluids simulate a Pr = 0.7 fluid that are similar
to those for air, but whose properties have been adjusted to yield a Rayleigh number within a desired
range for the specific validation case. The specific thermo-physical properties used are as follows:

Fluid #1
g. = 32.174 ft/sec’ £=0.0012925/°R
L=05ft AT = temperature difference obtained from model results
p =0.075 lbm/f® 4= 1.59¢-4 lbm/sec-ft
k = 5.738e-5 Btu/sec-ft-F° cp =0.24 BTU/Ibm-F°
Pr=cp/k=0.67
Fluid #2
ge = 32.174 ft/sec’ B=0.0012925/°R
L=05ft AT = temperature difference obtained from model results
p =0.075 lbm/f® 4= 1.59¢-5 lbm/sec-ft
Kk = 5.738e-6 Btu/sec-fi-F° ¢, = 0.24 BTU/Ibm-F°

Pr=cy/ k= 0.67

o~
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Fluid #3

g = 32.174 f/sec? B=0.00006/°R

L=05ft AT = temperature difference obtained from model results

p =0.075 Ibm/ft> 4= 1.59¢-6 Ibm/sec-ft

k = 5.738e-7 Btu/sec-ft-F° ¢, = 0.24 BTU/lbm-F°

Pr=cp/ k= 0.67

The properties chosen for the fourth fluid simulates a Pr= 2 fluid that is similar to water. However,
for the purposes of this calculation, specific properties have been adjusted to yield a Rayleigh number
within a desired range. The specific thermo-physical properties used are as follows:

Fluid #4
g. = 32.174 ft/sec? [=2.0e-9°R
L=05ft AT = temperature difference obtained from model results
p = 62.0 Ibm/ft> 4 =2.0e-4 Ibm/sec-ft
k =1.0079¢-4 Btu/sec-ft-F° cp = 1.0 BTU/lbm-F°
Pr=cp/x=1.98

The Nusselt number (Nu) for an enclosure is defined as follows:

Nu = h,xL
K

where:
h. = heat transfer coefficient between the ‘Hot’ and ‘Cold’ walls
L = length of enclosure
k = thermal conductivity of fluid

The heat transfer coefTicient, he, in turn is calculated as:

h = 4 Model
¢ AxAT
where:
qmodet = heat flow between the ‘Hot’ and ‘Cold’ walls
A = area of the ‘Hot’ or ‘Cold’ walls of enclosure
AT = temperature difference between the ‘Hot’ and ‘Cold’ walls

G3
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3. FLUENT™/ICEPAK™ MODEL

The standard modeling functions within the FLUENT™/ ICEPAK™ codes are used to generate a
thermal-hydraulic model of the Figure 1 geometry. The computational mesh is generated using an
unstructured hexahedra mesh. Figure 2 illustrates the mesh arrangement for the FLUENT™/
ICEPAK™ model at the typical X-Y plane of the enclosure geometry. The mesh is generated using
maximum mesh dimension of 0.05 inches in the X and Y directions and a maximum mesh dimension
of 0.25 inches in the Z direction. Figure 3 presents the view of the mesh at the typical Y-Z plane.

The analysis is conducted for steady-state conditions for laminar flows.

The gzravity vector for the model points in the negative Y axis direction and has a value of 32.174
ft/sec”.
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Figure 1 - Layout Of Enclosure Geometry For Validation Cases
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Figure 2 - Computational Mesh, View At Typical X-Y Plane




TRANSNUCLEAR

0

REVISION
PAGE

11 0f33

NUH 32PT

PROJECT NO

: NUH 32PT.0414

CALCULATION NO

A T
N

7

AR

1 Y-Z Plane

Figure 3 - Computational Mesh, View At Typica

s



A

TRANSNUCLEAR

PROJECT NO:

NUH 32PT

REVISION:

0

CALCULATION NO: NUH 32PT.0414

PAGE:

12 of 33

N

TABLE4.11 Tabulzfion 6f Numerically Computed Nusselt Number
‘Tor Vertical (6 =90%] Rectangular Parallelepiped Cavities

‘Having W/L 2 § and 0.5 H/L ¢5.
03 1 2 3.
Prandt] number . 07 o 0.7 07
‘Reference 35 176, 230 35 230 230
Perfertly eondutting walls
Ra=10* 1.00 1.05 1.05 111 105
3x10° 1.01 12§ —_ 142 128
10* 107 175 1.77 197 1.81
3x10¢ 148 241 250 251 245
iot 251 340 3.66 353 330
3x10° 364 447 —_ — —
Adiabatic walls .
Ra=10° 1.00 112 112 149 1.09.
3x10° 1.0 150 — 154 139
10¢ 130 224 224 234 2.00
. 3%100 218 314 3.6 312 272
10° 35 451 4.5 426 368
1t — 883 — —_ —
1 - 2 - = -
10* — 8022 — — —
ISee Fig 425 for meaning of symbels

Figure 4 - Re-creation of Table 4.11 from Ref. [6.1]
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Figure 5 - Typical Nusselt Number For Vertical Cavity, Pr=0.7 from Ref. [6.1]
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4. CALCULATIONS

Using the thermal model described in Section 3, the thermal-hydraulic environment within the
enclosure was computed for the four test fluids. Since the Rayleigh number is a function of AT, the
input heat to the model was varied between the four validation cases in order to yield a range of
Rayleigh numbers for comparison with the reference solutions [6.1]. The heat flow and temperature
difference between the ‘Hot Wall’ and the ‘Cold Wall’ are extracted from the model output results for
each validation case. The Rayleigh number, convective heat transfer rate, and the effective Nusselt
numbers are then computed using the model results, together with the fluid properties and the
equations presented in Section 3.

Table 4-1 presents the model results and the computed Nusselt number, together with the reference
Nusselt numbers from [6.1], for the selected validation cases. As seen from the table, the results
compare favorably with the reference Nusselt numbers. The difference between the Nusselt numbers
computed under this calculation and those from [6.1] for the four evaluated enclosure fluids are -
2.6%, -1.7%, +2.0%, and -0.5%, respectively.

Figure 6 to Figure 13 present the temperature and velocity distribution for the four analyzed cases.
The figures confirm the nearly isothermal end walls achieved for each analyzed condition. It should
be noted there is a slight variation in temperature (<0.°1F) across the ‘Hot Wall’ due to the modeling
technique employed. For the purposes of the calculations in Table 4-1, the average ‘Hot Wall’
temperature obtained from the model results is used.

The velocity distribution in Figure 7 is typical of a low Rayleigh number buoyancy driven flow in
that the cellular flow is relatively extensive across the enclosure cross-section. As Rayleigh number
increases, the cellular flow intensifies and becomes more concentrated in thin boundary layers
adjoining the side walls (see Figure 9). While the flow profile illustrated in Figure 11 follows this
trend, but the concentration of the flow into thin layers is less than what would normally be expected
due to the low coefficient of the thermal expansion used for fluid #3. Figure 13 again illustrates the
general cellular flow profile typical of a low Rayleigh number condition.
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Table 4-1- Computed Nusselt Number For Aspect Ratio = 1.0 Enclosure
Enclosure Heat Flow, | Wall Temperature,°F | computed | Computed h,, | Computed Reference
Fluid # Bwhe [ Hotwan' | RaYielgh No. | Btu/hrffsF | Nusselt No. ';?3;9:‘6':;’,
1 1.00188 100 119.378 1.490 x10* 1.034 2.50 2.57
2 1.56528 100 156.221 4.323x10° 0.557 13.48 13.72
3 1.4814 100 339.91 8.566 x10’ 0.124 29.89 29.30
4 2.43288 100 120.873 3.202 x10° 2.331 3.21 3.23

Table Notes: (1) Wall temperature is the average across the face

(2) Via logarithmic interpolation from Table 4.11, Reference [6.1] - see Figure 4.
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T;mpenﬂurc

119.392
116.968
114,544
112120
109.696
107.272
104.848
102.424
100.000

0.152538

T 0.133471

0.114403

0.0953361

0.0762689
0.0572017
0.0381344
0.0190672
0.000000

Figure 7 - Velocity Distribution For Enclosure With Fluid #1 (Ra = 1.5x104)
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Temperature
F

156.260
149.227
142.195
135.162
128.130
121.098
114.065
107.033
100.000

Veloci
e ity
0.287105

0.251217
0.215329
0.179441
0.143552
0.107664
0.071776
0.035888
0.000000

Figure 8 - Temperature Distribution For Enclosure With Fluid #2 (Ra = 4.3x106)

Figure 9 - Velocity Distribution For Enclosure With Fluid #2 (Ra = 4.3x106)
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Temperature
F

340.004
310.003
280.003
250.003
220.002
180.001
160.001
130.000
100.000

V;:"Igdly

0.140095
0.122584
0.105072
0.0875597
0.0700477
0.0525358
0.0350239
0.0175118
0.000000

Figure 11 - Velocity Distribution For Enclosure With Fluid #3 (Ra = 8.6x10")
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T}e:mperature

120.909
118.295
115.682
113.068
110.455
107.841
105.227

102.614

100.000

Figure 12 - Temperature Distribution For Enclosure With Fluid #4 (Ra = 3.2x104)
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Figure 13 - Velocity Distribution For Enclosure With Fluid #4 (Ra ~ 3.2x10%)
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5. SUMMARY AND CONCLUSION

An evaluation of the heat transfer within a generic enclosure for four (4) flow conditions has been
accomplished for the purposes of validating the FLUENT™ [6.2] and ICEPAK™ [6.3] codes. These
validation analyses are conducted for the range of Rayleigh numbers expected within the various
enclosures that make up the neutron shield of the OS197 transfer cask. The results of these analyses
demonstrate that the FLUENT™/ ICEPAK™ codes will provide predicted Nusselt numbers that are
within 2.6% of the reference Nusselt numbers for the same conditions, as provide by [6.1].

Based on these results, the FLUENT™/ [CEPAK™ codes are validated for use as project specific
category 2 (limited application) software programs for the purpose of evaluating the heat transfer
within the neutron shield of the OS197 transfer cask.
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7. FLUENT™/ICEPAK™ RUN LOG

The table below lists the computer runs performed for this calculation. The list includes the input,
database, and output files associated with the generated results presented in this calculation. The files

are contained on an optical disk that accompanies this calculation.

FLUENT™ / ICEPAK™ Run Log

Case# | Operating Condition File Name Date

1 Vertical enclosure w/ aspect CAVITY100.model 4/3/2003
ratio = 1.0, Pr= 0.7 & Ra= 10* CAVITY 100.problem s

2 Vertical enclosure w/ aspect CAVITY200.model 4/3/2003
ratio= 1.0, Pr= 0.7 & Ra= 10° CAVITY200.problem “

3 Vertical enclosure w/ aspect CAVITY300.model 4/3/2003
ratio = 1.0, Pr= 0.7 & Ra= 10 CAVITY300.problem “

4 Vertical enclosure w/ aspect CAVITY400.model 4/3/2003
ratio = 1.0, Pr=2.0 & Ra= 10* CAVITY400.problem “
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8. SAMPLE INPUT DECKS

Pages 22 through 33 are proprietary and intentionally removed.




