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: Summary '

The ¢computational fluid dynamlcs (CFD) code CFDS-FLOW3D (versmn 3.3) has been
utilized to model a three-dimensional thermal analysis of the spent nuclear fuel dry
storage mockup test. The Experimental Thermal-Fluids (ETF) group obtained
experimental data to benchmark computer codes for venfymg the dry storage of

~ aluminum-clad spent nuclear fuel. ,

' ThlS report prov1des CFDS-FLOW3D detaﬂed predictions and benchmarks against the
test data. Close comparison of the computational results with the experimental data
provide verification that the code can be used to predict reasonably accurate convective
flow and thermal behavior of a typical foreign research reactor fuel, such as the Material
and Testing Reactor (MTR) design tested, while stored in a dry storage facility.

Intg'oduction

The Experimental Thermal-Fluids (ETF) Laboratory has conducted a full-scale heat
‘transfer experiment! for dry storage canister of aluminum-clad spent nuclear fuel to
obtain an experimental database for the verification of computer codes. In the
experiment, the instrumented fuel canister with imbedded electrical heater is surrounded
by five unheated dummy canisters, and it is located inside a wind tunnel. Radial and
axial heat flux/temperature profiles inside the fuel canister, air velocity outside the
canister, and ambient temperature were measured. The canister diameter and height are
- 16" and 36", respectively. The canister will be filled with helium or nitrogen gas
depending on the experiment. The sealed fuel can is located inside the canister and is
designed to store four fuel assemblies. Each fuel assembly is separated by the stainless
steel grid, and the natural convective flow induced by the buoyancy effect within each
- compartment of the four fuel assemblies can be communicated with each other only
~ through the top and bottom slot holes inside the canister. The detailed descriptions for
the internal geometry modeling of the fuel canister will be provided in next section.

The objective of this study is to perform thermal analysis calculations and benchmarks

against the ETF test data for a given boundary condition using the computational fluid

dynamics (CFD) code, CFDS-FLOW3D. These simulation results will provide -

~ verification that the. CFD code can predict reasonably accurate thermal and gas flow

- behavior within a dry storage canister of a typical foreign research reactor fuel assembly,
such as the Material and Testing Reactor (MTR). It is expected that CFDS-FLOW3D can
be used to accurately predlct temperatures of similar fuels in various storage ~ °

. configurations. :
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Description of CFDS-FLOWS3D Solution Method and Model

CFDS‘FLOW3D (version 3.3) CFD code has been used to model the 3-dimensional
convective velocity and temperature distributions within a single dry storage canister of
MTR fuel elements. _

The ana1y31s was mainly made for the temperature distributions and the buoyancy-driven
flow field induced by the temperature gradient within an enclosed canister. Typ1cal flow
and temperature profiles under a natural convection mechanism are illustrated in Fig. 1.
Temperature decreases rapidly due to the convective cooling effect within a boundary
layer region, as shown in the illustration. The boundary layer flow is a buoyancy-induced
motion resulting from body forces acting on density gradients which, in turn, arise from
temperature gradients in the fluid. The gravitational body force is oriented in the
negative z-direction for the present analysis. The governing equations for natural
convection employed in CFDS FLOW3D under the Cartesmn coordinate system are

' shown below.

y

For the mass continuity, -

o, Apy) , Apv) , Apw) _,

ot ox dy oz

1)

For the momentum equation in tensor notation,

Ju. Ju: aou
Buches § s § X. -
p{ ot T Y. ax : ] 0x; + !

where the variables w1th the subscnpt i (or J» k) =1,2,0r3, correspond to those of the X-,
_ y-, or z-direction, respectively. oy is the stress tensor and Xj the body force term.

2 auk aU' au'
P+ = Sy + | — + =2
%= ( 3'“axl\(]‘J “(ax- axJ
5. = 1 for i=jY}

710 for i#j _
Xj = X3 =0 for the present model.

For the energy equation, . '

Dh 0|, oT 0|, dT d | dT| - DP

— - —Hk=—}t—- —_k=—}t - dk—}t- =—-—P-q =0 3
P ax{ ax} ay{ By} Bz{ az} Dt q - | )

where @ is viscous dissipation term, h thermodynamic enthalpy, and q" heat generation
source term. The viscous dissipation term is not included in the present model.

e
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Boundary layer

Core region

X

Flow due to bubyanc_y effect

Figure 1. Typical tempeérature and velocity profiles in natural convective flow.

For the present analysis, the Boussinesq approx1mat10n was used for the consideration of
‘buoyancy-driven natural convection. It is a two-part approxxmatlon It neglects all
variable property effects in the governmg equations and it approximates the density
difference term with'a 31mp11f1ed equation of state, that is, the gravity term in the z-

- direction, X3 = - pgz, ineq. (2) is replaced by the following relation;

Pz, = pfl - BT - T.)le, o T O
_where B is thermal expansion coefficient.
 Natural convective flow regimes for each’ of the two cases in Table 1 'may be estimated
based on the non-dimensional quantity, Grashof number (Gr), Wthh is the parameter

describing the ratio of buoyancy to viscous forces:

" For He-cooled canister (Case-I),

o 13(T, —T. . - o : N
~140 x 10’ < 1.0 x 10° (laminar flow)

. where L = characteristic length parameter, ' .
B = thermal expansion coefficient (= 2.85 x 10 S KD,

T = ambient temperature, -

V= kmematlc viscosity (= 1.593 x 104 mz/sec)
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Table 1. CFDS-FLOW3D model conditions for the present ahalysis. :

Items _Casel _Case-IT__
' Coolant - Hegas N, gas
- Canister S . ‘
internal ' Identical - Identical

structure

, Canister outer | _ / Variable (see Fig. 6)
| Boundary | wall surface h=681W/mK | (8510 13.2 W/mK)
| conditions \ : ’
| Top and bottom Adiabatic Adiabatic
surfaces .
Ambient temperature 9500 | 9300
outside the canister - : S
Internal heat source | 1 100 W/bundle - 100 W/bundle

Comparison of code o 1
predictions with - N/A Done
. experimental data ' \
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For Ng-cobled canister (Case-II), Grashof number (Gr,) is
~ Gr, = 3.60 x 108

where B =2.50x 103 K-,
'v=2.594x 10‘5 m2lsec

This corresponds to the near-transition flow. For the prcsent analysis, natural convection
regime within the canister is assumed to be laminar.

The 3 dimensional geometry file was created usmg the multl-block preprocessor of the -
CFDS-FLOW3D code under the body-fitted coordinate system, which allows the
 treatment of non-orthogonal geometry. Initially, an attempt was made to build the non-
uniform fine meshing with progressive change of grid size near the conduction- '
convection interface to capture detailed temperature and velocity boundary layer =
behavior. The program could no longer be run on IBM RISC6000 because of the large
memory requirements for larger than 105 grid cells. For the present analysis, optimum
~ “grids of 89632 were established from the gnd sensmwty analysis under IBM RISC600()
environment.

The segregated solution techmque was selected for the efficient run of the conduction-
convection coupled problem with internal heat source. The linearized equations in each -
control volume were derived by integrating transport equations for mass, momentum, and
energy at the center of each cell volume on the computational domain. The hybrid
scheme of the Peclet number weighted central-forward differencing was used to obtain -
the finite difference approximations of continuity, momentum, and energy conservation
‘equations for the fluid region. All variables such as u, v, w, P, and T are computed at the
center of each node cell. CFDS-FLOW3D code used the non-staggered grid approach to

* obtain the velocity components on control volume faces from those on control volume
centers by using the Rhie-Chow interpolation method since the staggered grid approach
prohibitively requires large storage of geometric information to describe a fully non-
orthogonal grid. The steady-state solution is desired, and this can be achieved either by
advancing the governing equation set through a sequence of time steps or by dropping the
transient term completely from the equations and using a purely iterative’ approach. For
the present analysis, the first approach, that is, the quasi-steady approach was used by
solving the transient equations. This approach was proven to be efficient method in the
V&V test of the code?. . _

In the CFDS-FLOW3D code, the complete set of governing equations is not solved
‘simultaneously, namely, by a direct method since the direct method requires excessive -
computational effort. The CFDS-FLOW3D solution method ignores the non-linearity of
the ongmal differential equations. Thus, two levels of iteration are used: an inner
iteration to solve for the spatial coupling for each variable and an outer iteration to solve
for the coupling between variables. Each variable is taken in sequence with all other
- variables fixed so that a discretized transport equation for that variable is formed for
every cell in the flow domain and the problem is handed over to a lin€ar equation solver
which returns the updated values of the variable. The non-linearity of the original
equations is simulated by reforming the coefficients of the discrete equations, using the
most recently computed values of the variables, before each inner iteration. However, the
treatment of pressure is different from the foregoing description since it does not obey an
original transport equation. Instead simplified versions of the discrete momentum
equations are used to derive a functional relatlonshlp between a correction to the pressure:
and corrections to the veloc1ty components in €ach cell. Subsutuuon of this expression
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into the continuity equation leads to an equation linking the pressure correction with the
continuity error in each cell. The solution is used both to update pressure and to correct

the velocity field through the pressure-velocity functional relationship in order to check

~ the mass conservation. This numerical algorithm is known as the Semi-Implicit Method
for Pressure-Linked Equations (SIMPLE) in the literature. The residual continuity error

(€m) is obtained by substituting three pressure-corrected velocity components into the
mass continuity equation for the cell control volume of Fig. 2. The resulting equanon for

€m becomes ‘

e ={ (pr° - pr ) AxAyAz} N {(p“*)w ~ (pu;)e}A_yAZ =

[ =) e fo) o )y @

where superscnpt * denotes the velocity field based on a guessed pressure f1eld p*, and
pp° is the densrty at grid point P evaluated at old time step. -

The residual term of the mass continuity, €n, in eg. (6) serves as an indicator of the
convergence of the flow field solution in the CFDS-FLOW3D code. The iterations are

- continued until the &, values for every cell are within a tolerance, which is provided by

the user input. It is noted that &, is a dimensional quantity (default unit: kg/sec). For the
present analysis, the value of &, was used as 1.0 x 10-6 kg/sec for a convergence check

The natural convection and conduction conjugate computatlonal domain for the CFDS-
FLOW3D 3-dimensional model is shown in Figure 3. Thermal radiation effect is -
- assumed to be negligible compared to conduction and convection heat transfer
mechanism since average temperature in the present analysis is generally low3 and
- benchmarking results based on the conduction-convection model are in good agreement
- with the test data. Due to the computer resources limitation, only 90° sector of the test
geometry was modeled using symmetrical condition of internal geometry for a single
canister. Two symmetrical planes were taken through the center of the x- and y- planes
(see Fig. 3). The dimensions of the canister, as modeled in CFDS-FLOW3D, are
presented in Figs. 3 and 4. - The narrow gas space (gap distance = (0.33") between the
inner and outer eanister walls is assumed to be conduction—dominant; The interior of the'
- canister-in the model is filled with helium or nitrogen gas. The canister consists of 8 -
different layers and 32 mesh grids along the z-direction as illustrated in Fig. 4. Non-
uniform mesh grids on the x-y plane of the present model are illustrated in Fig. 5. Figure
6 presents 3-dimensional grid meshes (89632 meshes) as is modeled in the code. The
two different cases are studied here as shownin Table 1. They are He-gas filled spent
fuel canister with constant wall heat transfer coefficient and N, gas-filled canister with
variable wall heat transfer coefficient boundary condition. Figure 7 shows variable heat
transfer coefficient as a function of azimuthal position around the canister wall to provide
the wall boundary condition to the FLOW3D model for Case-Il. CFDS-FLOW3D
- actually used the discretized wall boundary for computational efficiency. Top and .
bottom surfaces of the canister are assumed to be adiabatic. The thermal properues used
in' the'code predlctlons for each case are presented in Tables 2 and 3. :
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S | ‘ . :\ : ‘ comioi volume
1 .8 T ' ) . interface

7

,,,,,

3-dimensional control volume - : 2-dimensional control volume

Figure 2. Control volume and its n'eighBoring points for a single cell. |
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Canister wall

e .

e e

35 AOAATRIA 228
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Can OD: 14.96"
~ CanID: 14.69"

Figure 3. CroSs-sectional viéw of the CFDS-FLOW3D 90° sector model (slot is open
: only near top and bottom regions). : :
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Layer #in (No. of z-grids ' Thermocouple’ Elevation of each -
FLOW3D for each layer Position Top S. S. plate Layer in Mockup
model in FLOW3D) ; ) . _Test Rig
—_- - — — z=36.01"
Layes 8 2) 23S — s | 2= 3551"
Layer. 1 (2) 3 . ; slot region 3496
Layer 6 (3) : ; - ’
= : _ - z=32.88"
2=29.63"—
; Fuel region
. o . Layer 5 (15) - z=2063""" . ith internal [ o .
. B ' ’ : : - ‘ heat source 5 ' » -
z=1163"——
—- — z=825"
Layer ,4 (3) ' ‘
Layez 3: (2) = z=35.25"
o T . z=45"
: z=35"— ‘
- Layer 2 = (3) )
‘ : z=10""" 05
—_—— IS =05"
Layer_ 1. 2) ; ="

z=0" — 2
’ Bottom S. S. plate

Figure 4. Expenmental thermocouple posmons and elevatlon haghts of 8 layers in
“the CFDS FLOW3D model :
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Figure 5. Mesh grids in the x-y plane of the CFDS-FLOW3D model.
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- Figure 6. 3-dimensional mesh grids in the CFDS-FLOW3D model.
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T T T T T T T T T T T

[ |— _Wall boundary condition in FLOW3D model

®  Testdata.

12}

30 40 S50 60 70 80

Azimuthal‘ anglé, 6

90

Flgure 7. Heat transfer coefﬁclents around the' SNF (Spent Nuclear Fuel) canister wall

(Case-II).
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Table 2. Thermal properties for heat conduction regions within a canister

in3 dlmensmnal heat transfer model (Case-I).

Layer # Structural Material Region Thermal Conductivity
within a canister _ - __(WmK)
Layer1 Bottom s. s. plate ~ 17.30.

Inner and outer wall regions (s. s)| 17.30
o Gas region (He gas) 0.173
Layer2 Grid region near wall - 0.865
Main grid region 17.30
Extended fuel region . -17.30
Inner and outer wall regions (s. st 17.30
o - Gas region (He gas) : 0.173
Layer 3 Grid region near wall - 0.865
Main grid region 17.30
Extended fuel region _ 24.739
Inner and outer wall regions (s. s.) 1730
Gasregion (He gas) - 0.173
Layer 4 . Grid region near wall 0.865
Main grid region - 17.30
Extended fuel region - 20.760
‘ In'n¢r and outer wall regions (s.s) ‘17.30
Layer 5 - Gas region (He gas) 10173
A - Grid region near wall 0.865
Main grid region - -17.30
Main fuel region with heat source 34.600
Inner and outer wall reglons (s. s.) 1730
S Gas region (He gas) ' 0.173
- Layer 6. Grid region near wall 0.865
‘ ' Main grid region 17.30
Extended fuel rcgion 24.739
Inner and outer wall regions (s. s. ) ; 117.(30 ‘
Layer 7 Gas region (He gas) 0.173
~ | Grid region near wall - 0.865
Main grid region 17.30
N Extended fuel region - 0519
Layer 8 po s. s. plate 17.30

Note: Layer # within a canister is shown in Fig. 4.
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Table 3. Thermal properties for heat conduction regions w1th1n a camster
in 3-dimensional heat transfer model (Case-II). _

Layer # s : Thermal Conductivity
within a canister Structural Material Region W/mK)
Layer1 . | Bottoms.s. plate . 17.30
Inner and outer wall regions (s.'s. )r : 17.30
Gas region (N, 'gas) 0.03
Layer 2 Grid region near wall 0.865
) Main grid region © 1730
Extended fuel region 1730
Inner and outer wall regions (s. s.)} 17.30
Gas region (N, gas) 0.03
Layer 3 _Grid region near wall 0.865
Main grid region 17.30 |
Extended fuel region 24739
Inner and outer wall regions (s. s.)r ' '17.30
Gas region (N, gas) ' ' 0.03
~ Layer 4 Grid region near wall 0.865
‘Main grid region 17.30
‘Extended fuel region 20.760
Inner and outer wall regions (s. s.) 17.30
Layer 5 Gas region (N, gas) 0.03
‘ | Grid region near wall 0.865
Main grid region 17.30
Main fuel region with heat source 34.600
Inner and outer wall regions (s. s.) 117.30
' Gas region (N, gas) 0.03
Layer 6 ' Grid region near wall 0.865
' ‘Main grid region 17.30
Extended fuel region 24.739
| Inner and outer wall regions-(s. s.) 17.30
Layer 7 Gas region (N, gas) 0.03
Grid region near wall 0.865
Main grid region 17.30
Extended fuel region 0.519
Layer 8 Top s. s. plate 17.30

- Note: Layer # within a canister is shown in Fig. 4.
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Results and Discussions »

* The 3-dimensional analysrs was made for two cases, Case-I and Case-II, wrth q"=100
watts per MTR fuel element (equivalent to 25.410 kW/m?3) and h = 1.8 Btu/hr fi20F (=
10.3 W/m2K) using the same FLOW3D geometry file. The maximum fuel temperature
was computed for the conduction only, assuming that gas flow motion within the canister
s frozen completely, and for the conduction-convection coupled problem. The results are
presented in Table 4. Maximum temperature for Case-1I is higher than that of Case-1
~since He thermal conductivity is about 6 times higher than that of N, gas in Case-IL

Table 4. Max1mum temperature and canister outer wall temperature predicted by the -
CFDS-FLOWBD model for each case. _

Conduction Only. Conduction-ConveCtion \

Cases . Canister wall surface.
" '| Max. Temperature | Max. Temperature| iepperature at fuel

mid-plane and 6 = 45°

| Case-I| . 143 oC ' .136 oC - " about 720C

Case-II 210°C 194 oC “about 47 °C

 The temperature profile predicted by the conduction model is compared with that of the

- conduction-convection conjugate model for Case-I as shown in Fig. 8. The cooling effect
due to the buoyancy-driven flow motion is about 20 °C max. difference at the center of
* fuel canister for this case. For Case-II the conduction results are higher than those of the
conduction-convection case by.45 °C maximum difference at the center of the canister..
The comparisonal results are shown in Flg 9.

Flgure 10 shows the computational results for Case-I and -II along the constant line,
y=0.03175 m, at the fuel mid-height plane. Itis noted that temperature gradient within a
thermal boundary layer near the conduction-convection interface for Case-II is much
larger than that of Case-I. The buoyancy-induced flow velocity proﬁles correspondmg to
these temperature gradients are also shown in Flg 11. i

-The gas near the central region within an enclosed canister is movmg upward like a gas

~ plume, while the gas near the cooler space like the near-wall region is moving downward
due to the gravity effect. The gas flow pattern over the entire flow domain within the
canister 1s illustrated in Fig. 12 from the computatlonal results for Case-1 and -I1. The
results clearly show that there are two main flow circulation loops within the canister.
The hot gas near the central region goes up due to buoyancy and passes through the open
 top slot region (0.75" in slot height) into the near-wall corner of the vacant quadrant, and
it then goes downward along the near-wall corner region. The gas cooled by the .
convective wall boundary condition reaches the bottom slot region, and it is divided into
two gas upstreams. One gas stream goes up through the corner near the empty quadrant
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ad_]acent to the mockup fuel element, and the other goes up along the central region of the
" canister through the open bottom slot _ '

Figures 13 through 17 present flow velocity vector plots near top/bottom slot regions and
for two vertical planes (y = 0.03175 m and y= 0.1294 m in the 90° sector model of Fig. 3)
~ in Case-I. The gas region near the center of the canister is hotter compared with that of

the near-wall boundary region as shown in Fig. 18. Temperature contour plots for the

two vertical planes are shown in Figs. 19 and 20. The results show that maximum fuel -
temperature occurs near the top of the mockup fuel element. :

" For Ny gas ~cooled design with vanable convectlve boundary conditions (Case-II), ,
velocity vector plots along the vertical plane at y=0.03175 m and on the horizontal planes
(top/bottom slot regions and middle height of fuel region) are presented in Figs 21 ‘
through 26. It is noted that there are two vortices near the top/bottom open slot region as
'shown in Figs. 21 and 23. This indicates the near-transition regime to the turbulent flow

-in the natural convection flow (Gr, = 109) as described in the previous section.
Temperature contour plots on the fuel mid-plane and the vertical plane of y = 0. 03175 m

~ are also shown in Figs. 27 and 28. Figure 27 shows that temperature for the stainless

steel grid region, which locates very close to the fuel wall surface (gap size between grid

and fuel wall = 0.125"), is hotter than the surrounding gas temperature since natural
convective cooling effect is small compared to conduction effect within the narrow air
gap and nitrogen gas thermal conductivity is very small compared to that of stainless steel

grid. , ,

Finally, the code predictions (Case-II) for the MTR mockup fuel region along the vertical
direction are benchmarked against the ETF test data. The results are shown in Fig. 29. In
addition, the computational results for the temperature distribution along the y= 0.1294 m
- line on the mid-plane of the fuel region are compared with the experimental data as
shown in Fig. 30. Figure 31 shows the velocity profile corresponding to the temperature
distribution presented in Fig. 30. It is shown that large temperature and velocity .
gradients within natural convection boundary are established near the solid boundary.

The benchmarking results for Case-II are shown to be in good agreement with the ETF
test data within less than 10 %.

Conclusions

" CFDS-FLOW3D (version 3.3) predictions of temperature and flow velocity distributions
with the 3-dimensional conduction-convection conjugate models were completed for He-
cooled canister with constant convective boundary (Case-I) and N2-cooled canister with
variable convective boundary (Case-II). The conduction calculations for both cases were
also performed to evaluate the effect of natural convective cooling in the dry storage
design. The computational results are consistent with natural convection phenomena in
- the literature and are validated by the simulation results (Ref. 2). The benchmarking

- results are also shown to-be in good agreement with the ETF test data. '
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Figure 8. Comparison of temperature profiles for the conduction model with those of

. conduction-convection conjugate model along the A-A' line (y=0.03175m) of
the fuel mid-plane in Case-1.
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Figure 9. Comparison of temperature profiles for the conduction model with those of
conduction-convection conjugate model along the A-A' line (y=0.03175m) of
the fuel mid-plane in Case-II.
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Figure 10. Temperature pfoﬁlcs for the conduction-convection model in Case-I and -I1
along the A-A' line (y=0.03175m) of the fuel mid-plane.
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Figure 11. Velocity profiles for the conduction-convection model in Case-I and -II along
the A-A'line (y=0.03175m) of the fuel mid-plane.
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Figure 13. Velocity vector plot at y = 0.03175 m plane for Case-L
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Figure 14. Velocity vector plot at y = 0.1294 m plane for Case-1.
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Figure 15. Velocity vector plot near top open slot region for Case-L.
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Figure 17. Velocity vector plot at the mid-plane of fuel region for Case-1.
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Figure 19. Temperature shaded contour plot at y=0.03175 m plane for Case-1.
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Figure 20. Temperature contour plot at y=0.1294 m plane for Case-1.
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Figure 21. Velocity vector plot near the top region (z = 0.889 m) of y=0.03175 m plane

for Case-II
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plane for Case-II.
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Figure 23. Velocity vector plot near the bottom region of y=0.03175 m plane for Case-IL
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Figure 24. Velocity vector plot near the top open slot plane for Case-IL
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Figure 25. Velocity vector plot at the mid-height plane of the fuel region for Case-II.
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Figure 26. Velocity vector plot near the bottom slot plane for Case-II.
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Figure 27. Temperature shad
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Figure 30. Temperature distributions along the A-A' line (y = 0.1294 m) of the fuel mid-
plane in Case-IL '
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Figure 31. Velocity profile along the A-A'line (y = 0.1294 m) of the fuel mid-plane in
Case-II.
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