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Abstract

This paper presents the validation of one- and three-dimensional thermalhydraulic models to be used to evaluate
the thermal performance of AECL's MACSTOR^ and CANSTOR^ spent fuel dry storage modules. For this purpose,
we compared analytical results to results of experiments conducted at AECL's Whiteshell Laboratories where mock-
ups of the MACSTOR module and of a CANDU fuel storage basket were tested.

The paper shows improvements to a simple one-dimensional model of the MACSTOR mock-up used previously. The
replacement of constant heat transfer coefficients by free convection correlations, the addition of a storage cylinder
model, and the addition of a radiation heat transfer model improved the predictions of concrete and storage
cylinder temperatures.

The paper also presents a new three-dimensional model for flow and heat transfer in the MACSTOR mock-up
developed using CFDS-FLOW3D and -RAD3D computer programs. CFDS-FLOW3D code can estimate loss
coefficients in complex geometry to an accuracy better than standard engineering correlations. The flow and
temperature fields predicted using CFDS-FL0W3D are consistent with the measurements made during MACSTOR
mock-up experiments.

1. INTRODUCTION

Dissipation of the residual heat generated by the spent fuel is a major factor in the design of spent fuel dry storage
and one of the key elements for its licensing. Heat dissipation is important to maintain the integrity of the fuel and of
the concrete.

Following the success of the concrete canister dry storage programs, AECL developed the more advanced, high
performance MACSTOR1 technology. The concept applies to dry storage of CANDU spent fuel under the name of
CANSTOR2. Figure 1-1 shows the MACSTOR module (the CANSTOR module is similar). The higher thermal
performance of the MACTOR and CANSTOR modules is achieved by using a continuous passive convection
process to cool the fuel storage cylinders inside the concrete vault. The cooling circuit consists of air entrances at the
bottom of the module, the main internal vault where the storage cylinders are located and where the air is heated and
develops the buoyancy head driving the natural circulation, and the air outlets located in the upper portion of the side
walls, from where the warm air is released to the atmosphere. The air inlets and outlets form a labyrinth to ensure
shielding against nuclear radiation and to prevent direct impact of tornado missiles on the storage cylinders. The
external side of the air inlets is located well above the ground to prevent their blockage by accumulation of debris or
snow, and the internal side of the inlets is designed to supply the cooling air to the bottom of the storage cylinders.
Both inlets and outlets are equipped with protective screens for security reasons.
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To evaluate the thermal performance of the CANSTOR and MACSTOR modules, AECL undertook the testing of a
full-scale mock-up of the MACSTOR module and of a storage basket at Whiteshell Laboratories. The test program
covered unimpaired and impaired flow conditions over a wide range of power levels.

This paper describes one- and three-dimensional analytical models of the MACSTOR mock-up. It is shown that
these models are conservative for the prediction of concrete and storage-cylinder temperatures. The one-dimensional
models are very flexible. They allow parametric or design assist studies, like the evaluation of sensitivity to
geometry, boundary conditions, material properlies, and engineered features to be completed quickly. The three-
dimensional analyses provide a level of visualization of the flow field and of the temperature distribution in three
dimensions that cannot be achieved by experiments or one-dimensional models. They are also impressive tools for
the evaluation of the loss coefficients and of thermal radiation in complex geometry.

2. DESCRIPTION OF MACSTOR MOCK-UP AND EXPERIMENTS

A full-scale mock-up of the MACSTOR module was assembled at AECL's Whiteshell Laboratories and a series of
tests was performed to evaluate its behavior when subject to various heat loads and flow impairments. The heat
loads applied during the experiments varied from 9 to 36 kW for the group of four cylinders (2.25 to 9 kW per
storage cylinder). This range covers the decay heat starting from the average burnup CANDU fuel bundles cooled
for 6 years to the expected higher decay heat of LWR fuel. Flow impairments included partial blockage of all inlets
and outlets, total blockage of inlets and outlets on one side, and total blockage of all inlets. The tests were
performed indoor under constant temperature conditions.

Figure 2-1 shows a plan and elevation view of the test module. This module represents a full-scale mock-up of a
group of four storage cylinders in an end-section of the originally proposed MACSTOR facility. In the original
design, this group was repeated to form structures of variable capacity in increments of four. In this design,
partitions were used between groups of four storage cylinders and the end-section had provision for ventilation on
the three external walls. During the test sequence, it became apparent that ventilation from two opposing sides
would provide adequate cooling for the module. Consequently, the ventilation ducts on the end-wall were removed,
and the duct penetration was covered with metal sheet and insulated. The external walls of the test module were
constructed of 102 mm (4") thick concrete slabs. The roof and walls were insulated appropriately to simulate the
concrete thickness anticipated for shielding of fuel in the proposed facility. Ventilation ducts were constructed of
sheet metal with a labyrinth type design that would be required to provide shielding in a facility that contained
irradiated fuel. When these tests were completed, improvements in the design of the inlet and outlet ports were
incorporated in the CANSTOR and MACSTOR designs to further enhance natural circulation (see Figure 1-1).
Screening over the ducts was provided to ensure accurate simulation of an actual facility. Heaters were placed in
four steel pipes that simulated the fuel storage cylinders. Instrumentation consisted of power meters, velocity probes
in the inlet ports and thermocouples located at various positions: on the storage cylinders, in the air, on the inner and
outer surfaces of the roof, on the inner surface of the internal wall, on the outer surface of the external walls, and in
the inlet and outlet ducts.

3. ONE-DIMENSIONAL THERMALHYDRAULIC ANALYSIS

A simple ID model presented at the CNS Annual Conference of 1994 showed adequate capabilities for reproducing
the concrete and air circuit behavior of the MACSTOR mock-up but was limited by the use of constant heat transfer
coefficients, lack of a thermal radiation heat transfer model, and lack of a storage cylinder model (Reference 1). A
new model with these capabilities added was therefore built, as illustrated in Figure 2-1, and is described in the
following sections.



3.1. Governing Equations

The momentum and energy conservation equations were solved simultaneously to determine the natural circulation
flow rate, the air outlet temperature, and the average temperatures at the surface of the storage cylinder and on both
sides of the walls and roof.

The conservation of momentum for the air circuit was:
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The conservation of energy for the air circuit was:
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The conservation of energy at the surface of the storage cylinder was:
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Similar equations apply for the internal and external surfaces of the walls and roof. The average density in the
momentum balance was found by integration assuming a linear variation of air temperature with elevation inside the
module; the inlet and outlet air densities were simply given by the equation of state:
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3.2. Convection Heat Transfer

Examination of the MACSTOR mock-up experimental results showed that turbulent free convection occurs over

more than 80% of the heat transfer area of the storage cylinder and concrete surfaces, where Gr t>10'-10^, for the

whole range of power considered. The convection heat transfer rate is given by QC0NV = h- A- AT, where the heat

transfer coefficient is related to the Nusselt number.

For the vertical walls and cylinders, which can also be treated as vertical walls since (D/ L)>3SGrL

(Reference 3), the following free convection correlation for turbulent flow is used (Reference 4):

NuL = (-)(0.508)-r___,/4
[0.957+ Pr]1/4 1.08

where Grrra,,5=108-

For the internal and external faces of the roof, the following correlation applicable to turbulent free convection over
a cooled downward facing horizontal surface, or turbulent free convection over a heated upward facing horizontal
surface, is taken (Reference 5):



NuL =0.14-(GrL Pr):/- forGrLPr> l()9

3.3. Thermal Radiation Heat Transfer

The heat transfer by thermal radiation heat transfer was modeled assuming two gray surfaces. The radiative heat flow
rate was therefore calculated as:
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Strictly, the above formula applies only to radiation heat transfer when two surfaces are involved. When three or
more surfaces are involved, the equations are more complex. Expecting that most of the radiation heat transfer within
the module is between the storage cylinder and the side walls and noting that these two surfaces nearly form an
enclosure, the above equation is used to approximate the heat transfer between them. It is also used to approximate
the heat transfer between the cylinder and the internal surface of the roof where the temperature would be the
highest. For conservatism, radiative heat transfer with the floor is neglected because the door would only serve as a
heat sink. Similarly, heat transfer between the walls and the roof is also neglected, as the wall would act as a heat
sink for the roof.

3.4. Conduction Heat Transfer

The conduction model assumed steady-state conduction through the walls and the roof. Therefore,

U™ ' ' ' INT ~ ' EXT ' •

3.5. Results

The results of the old and new models were compared to the experimental results in Tables 3.5-1 and -2,
respectively. In general, the inclusion of heat transfer correlations and a radiation model improved the predictions of
(he air and concrete temperatures. In addition, the new model enabled predictions of the storage cylinder
temperature. Most importantly, the recent results are also conservative. The new model predicts flows and
temperatures that are in good agreement with the experimental values. The calculated mass flows are within 4% of
those measured in the experiments except for test S1C-36 for which the difference is 6.3%. The calculated outlet
temperatures are within 2.1°C of the measured values except for test T1C-36 for which the calculated temperature is
overestimated by 7.9°C.

The concrete maximum temperature is overestimated by 0.2 to 4.9CC depending on the test. The average cylinder
temperature, at the mid-elevation of the cylinder, is only overestimated by less than 3°C at low power and by less
than 9°C at high power. The maximum cylinder temperature, at the top of the cylinder, is overestimated by less than
6°C at low power and normal conditions (S1D-9), less than 16°C at high power with normal conditions (S1C-36),
and less than 24°C at high power with all inlets and outlets blocked on one side (T1C-36). The greater conservatism
at the top of the cylinder is due to the assumption that the bottom-up temperature difference of the cylinder is equal
to that of the air. This assumption neglects the effects of conduction and radiation at the ends of the cylinder, both of
which would tend to decrease the temperature at the extremities of the cylinder. The energy distribution inside the
module is predicted more realistically in the new model than in the old one, because the thermal radiation is
accounted for. In test S1D-9, the energy distribution is as follows:



• On the cylinder surface: about 33% of the energy is dissipated by thermal radiation and 67% by convection to
the cooling air.

• On the wall internal surface: 100% of the energy input is from radiation from the cylinders; about half is
dissipated by conduction to the outside and half back to the cooling air by convection through the concrete.

• On the roof internal surface: about 25% of the energy input is by convection from the heated air, 75% by
radiation from the cylinders; all this energy is dissipated by conduction through the concrete.

4. THREE-DIMENSIONAL THERMALHYDRAULIC ANALYSIS

The CFDS-FLOW3D code was used to calculate the temperature, velocity and pressure distribution in the
MACSTOR mock-up. FLOW3D is a general purpose commercial computational fluid dynamic computer program
distributed by AEA Technology. It can be coupled to the RAD3D thermal radiation program. Figure 4-1 shows an
outline of FLOW3D model representing one quarter of the MACSTOR mock-up. The model includes the outside
atmosphere near the inlet and outlet ports, the divider plates separating the inlet and outlet ducts into three sections,
the blockage of the central section, and the heated and unheated sections of the storage cylinder. With this
arrangement, the heat losses to the ambient atmosphere through the side walls of the module were accounted for
(roof losses were not included). Figure 4-2 shows the finite-volume mesh of the model. A total of about 38000
control volumes were used to represent the storage cylinder, the air circuit inside the module and the outside
atmosphere. The standard two-equation k-e turbulence model with its default parameters is used to model turbulence.

Due to geometrical constraints imposed by the RAD3D program, the effect of thermal radiation was verified using a
simplified (low model in which the inlet and outlet ducts, as well as the outside atmosphere region, were removed. A
source ilow equal to that computed using the full model was applied at the location where the inlet duct penetrates
the vault and an outlet hole was created at the lop of the wall. The effect of thermal radiation has been assessed by
comparing the results of three cases: (1) no thermal radiation, (2) average thermal radiation exchange between the
cylinder and each of the other internal surfaces, and (3) refined radiation model. In the third case, the walls and
cylinder were divided into 18 horizontal slices and the radiation exchange between individual surfaces ((4 walls + 1
cylinder ) x 18 slices + 1 roof + I floor = 92 radiation surfaces) were considered. Thermal radiation was modeled
using the Monte-Carlo algorithm of the RAD3D program, interacting with the FLOW3D fluid flow solver until the
solution converged. Concrete and steel surfaces were assumed to be diffuse gray surfaces with emissivities set to
those measured during the MACSTOR mock-up test program. The symmetry planes between the cylinders were
modeled as specular (mirror-like) surfaces with zero emissivily.

A two-dimensional model of the MACSTOR mock-up was also created before the development of the three-
dimensional model. In this model, the storage cylinder was treated as a heated porous region. The 2D model was
useful for assessing the strategies to optimize the convergence rate of the solution, while using a minimum of
computational resources. However, the heated porous region approach was found to induce highly distorted and
unrealistic How and temperature patterns inside the module.

4.1. Loss Coefficients of Inlet and Outlet Ports

Modeling of the hydraulic losses in the inlets and outlets is critical since it directly affects the natural convection
flow which in turn controls the outlet air temperature. The loss coefficient, K, is defined by the relationship,

AP=K-(pV2)/2.

The pressures upstream and downstream of the inlet and outlet are the average pressures at planes reasonably far on
the two sides of the inlet and outlet. The velocities are those at reference cross-sections for the inlet and outlet. The
density is 1.201 kg/nv1 in the analyses assuming incompressible flow.



Table 4.1-1 compares the inlet and outlet loss coefficients derived from FLOW3D to standard engineering
correlations and best estimate values. The best estimate values were obtained by correcting the standard engineering
value until the calculated flow, using the ID model described above, matches that measured in the experiment. The
results show that the loss coefficients obtained using FL0W3D in this complex geometry agree with the best
estimate value better than classical engineering correlations. Furthermore, it was also verified that the loss
coefficients derived from FLOW3D did not significantly change when the grid density was doubled.

4.2. Natural Convection Mass Flow

Figure 4.2-1 shows the predicted flow pattern inside the module for test S1D-9. FLOW3D simulations successfully
reproduced the expected flow features: contraction at the inlet, splitting of the inlet flow around the cylinder, up flow
along the cylinder, turn of the flow at the top with some swirl, recirculation zones in the outlet port, rising and
expansion of the plume. Three simulations assessed the capabilities of FLOW3D of predicting the magnitude of
natural circulation cooling flow. Table 4.2-1 summarizes the results obtained from these simulations.

4.2.1. S1D-9 Incompressible flow at 101.3 kPaa

Assuming an atmospheric pressure of 101.3 kPa and incompressible flow, the natural convection flow predicted by
FLOW3D at the inlet is 0.123 kg/s. This is 16% higher than that measured in the experiment (0.106 kg/s for a quarter
of the mock-up). The overestimate is partly because the FLOW3D model does not account for the effect of the
screens in the inlet and outlet ports, partly because the analysis assumes incompressible flow at atmospheric pressure
of 101.3 kPaa (density constant at 1.201 kg/m^ instead of 1.15 and 1.08 kg/m^ at the inlet and outlet ports
respectively). The 2% error difference between the inlet and outlet flows is due to the limited number of significant
digits in the FLOW3D output file (lO"-' is of the order 1% of velocities) instead of the lack convergence of the
velocity calculation (10"^ is of the order of 0.1 % of velocities).

4.2.2. S1D-9 Compressible flow at 98 kPaa

When the analysis accounts for flow compressibility and uses the correct atmospheric pressure, the inlet mass flow is
0.119 kg/s, now only 12% higher than the experimental value instead of 16% when the flow is assumed
incompressible at 101.3 kPa.i. This shows the importance of compressibility and of properly setting the atmospheric
pressure.

4.2.3. S1C-36 Compressible flow at 98 kPaa

The calculated mass flow for test S1C-36 is only 2-4% higher than that measured in the experiment. The better
agreement at high power suggests that flow measurement errors at lower power (and lower now) could explain in
part the difference between the calculated and measured flows in the test S1D-9.

4.3. Temperatures

The air, fuel and concrete temperature fields characterize the thermal behavior of the module. The concrete and fuel
temperatures are key parameters, as they should not exceed 63°C and 160°C, respectively (under normal operating
conditions at the maximum design ambient temperature).

Figures 4.3-1 and -2 illustrate the temperature distribution in the air and in the cylinder for the test S1D-9. FLOW3D
reproduces the expected flow features: hot boundary layer around the cylinder, cold boundary layer on the internal
surface of the walls (radiation was not included in this simulation), null temperature gradient across the symmetry
plane between two cylinders, reduction of the plume temperature due to air entrainment, and radial temperature
distribution in the cylinder.



Figure 4.3-3 compares the calculated and measured values of the air temperaturee at three elevations. The
calculations reproduce the approximately linear variation of temperature with elevation found in experiments. The
measured air temperatures were higher by 2-3°C compared to the calculated values. This could probably be
attributed to the fact that the thermocouples used in the experiment were not shielded against the thermal radiation
from the cylinders. It is believed this discrepancy would be smaller if the thermocouples had been shielded since the
calculated temperature in the outlet duct was in good agreement with the measurement, and the latter was not
affeccted by thermal radiation.

Figure 4.3-4 shows the effect of radiation heat transfer on the variation of the surface temperature of the storage
cylinder with elevation. When radiation is not modeled, FLOW3D over predicts the cylinder surface temperature by
about 20 to 40°C, and predicts a "banana shape" variation of temperature with elevation. With the coarse radiation
model, the temperature overestimate is reduced to 10-20°C, and the variation of temperature with elevation is almost
linear. With the detailed radiation model, the variation of temperature with elevation is, like in the experiment, an
"inverted banana shape", and only 10°C higher than the experimental curve. The less regular temperature variation
obtained with the detailed radiation model is probably due to numerical problems; and needs further investigation.
Nevertheless, it is evident from Figure 4.3-4 that the radiation significantly contributes to the decrease of the
temperature of the storage cylinders and that it needs to be modeled in detail.

5. CONCLUSION

5.1. Conclusion of One-Dimensional Analysis

The one-dimensional model presented in this paper is a simple yet comprehensive tool for conservative predictions
of concrete and storage cylinder temperatures. The model includes all the key physical phenomena involved in the
thermal behavior of the CANSTOR and MACSTOR modules, and provides good agreement with experimental data
for a wide range of power levels, with or without flow impairments. The model's flexibility makes it an invaluable
tool for parametric, design assist and optimization studies.

5.2. Conclusion of Three-Dimensional Analysis

The results of three-dimensional simulations using a FLOW3D model of the MACSTOR mock-up show that:

• Loss coefficients obtained using FLOW3D are in better agreement with best estimate values than classical
engineering correlations. For good results, a 3D model should be preferable to a 2D model and, where
expansions and contractions from/to the outside atmosphere occur, the outside atmosphere must be modeled
to a sufficient extent.

• FLOW3D predicted the natural circulation flow of test S1C-36, a high power (36 kW) test with no flow
blockage, to within 4% of the measured flow. For test SlD-9, a low power (9 kW) test with one third of the
inlets and outlets blocked, the overestimate was 12%. Fluid compressibility and pressure were found to have a
non negligible effect on the predicted mass flow.

• The flow pattern inside and outside the module was, to the maximum extent that we could judge, reasonably
well reproduced by FLOW3D. The calculated flow features were as expected: contraction at the inlet, splitting
of the inlet flow around the cylinder, up flow along the cylinder, turn of the flow at the top with some swirl,
recirculation zones in the outlet port, rising and expansion of the plume.

• Air temperature distribution inside the module was very well reproduced by FLOW3D.

• The effect of thermal radiation is important. If thermal radiation is neglected, FL0W3D over predicts the
storage cylinder temperature by about 20°C and misses the sub-linear cylinder surface temperature variation



with elevation. Coupling FL0W3D and a detailed RAD3D radiation model decreases the temperature
overestimate to about 10-12°C and reproduces the observed sub-linear variation of temperature with elevation.
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Symbols

a
e
P

Stefan-Boltzman constant (5.669X10"" kW/m2K4) Q
Emissivity (-) R
Density (kg/m3)
Surface area or cross-section area (m

A i-A1 F ° r m factor between Al and A2 (-)
Gravitational acceleration (m/s^)
Film heat transfer coefficient
Height (m)
Thermal conductivity (W/m-K)
Pressure loss coefficient (-)
Thickness of material (m)
Pressure (Pa)

Heat rate (W)
a j r Air gas constant (unr/sr-K)

T Temperature (K)
UA Thermal conductance (W/K)
V Velocity (m/s)
W Mass flow (kg/m3)
Gr Grashoff number (-)
Nu Nusselt number (-)
Pr Prandtl number (-)
Re Reynolds number (-)



TABLE 3.5-1
COMPARISON OF OLD ONE-DIMENSIONAL MODEL CALCULATIONS AGAINST MACSTOR TEST

RESULTS

Test

Variable (range measured)

Qf,,Pi. kW

Tin, °C
'nnl> *~
T T- °r
1 nut " * in, w

W, kg/s

Tronf.°C
internal (36.2 - 38.7)
external (27.3 - 28.8)
%Convection

SID-9
9kW

2/3 inlets and outlets
free

Measured Calculated

9.2
22.0

41.3
19.3
0.42

37.5
28.0
88.6

39.3
17.3
0.43

38.7
25.8
80

SID-18
18 kW

2/3 inlets and outlets
free

Measured Calculated

18.2
22.1

53.5
31.4
0.53

48.7
31.6
91.0

50.6
28.5
0.54

49.6
28.4
84

S1D-27
27 kW

2/3 inlets and outlets
free

Measured | Calculated

27.1
23.4

64.4
41.0
0.60

59.0
35.5
90.4

62.1
38.7
0.60

60.6
31.9
85

SIC-36
36 kW

no blockage

Measured Calculated

36.1
24.0

60.4
36.4
0.80

61.9
36.9
80.8

63.4
39.4
0.81

62.0
32.8
88

TABLE 3.5-2
COMPARISON OF NEW ONE-DIMENSIONAL MODEL CALCULATIONS AGAINST MACSTOR TEST

RESULTS

Test

Variable (range measured)

Qfnpl, kW
T- °r
1 in, *~Tnnl, °C
Tout " Tin, C
W, kg/s

lev linden *~
top (58.3-61.7)
middle (51.4-53.6)
bottom (38.3 - 40.2)

internal (36.2 - 38.7)
external (27.3 - 28.8)
1 wall internal' *-
top
middle
bottom

* wall external' *-
middle
%Convection

SID-9
9kW

2/3 inlets and outlets
free

Measured Calculated

9.2
22.0

41.3
19.3
0.42

58.9
52.8
39.2

37.5
28.0

46.2
38.2
30.2

24.3
88.6

40.1
18.1
0.41

64.2
55.1
46.1

37.7
25.4

50.7
41.6
32.6

25.7
81.1

SID-18
18 kW

2/3 inlets and outlets
free

Measured Calculated

18.2
22.1

53.5
31.4
0.53

83.0
74.0
51.5

48.7
31.6

62.8
49.4
35.5

26.3
91.0

51.6
29.5
0.51

103.6
77.6
79.8

49.3
27.8

70.3
55.5
40.8

28.2
83.2

SID-27
27 kW

2/3 inlets and outlets
free

Measured Calculated

27.1
23.4

64.4
41.0
0.60

103.6
92.8
79.8

59.0
35.5

77.7
60.1
40.9

28.3
90.4

62.3
38.9
0.58

117.5
98.1
78.7

61.2
31.0

88.8
69.4
50.0

31.5
83.6

SIC-36
36 kW

no blockage

Measured Calculaled

36.1
24.0

60.4
36.4
0.80

114.3
104.6
71.3

61.9
36.9

82.5
63.4
43.0

29.3
80.8

60.6
36.6
0.85

129.6
111.3
93.0

65.9
32.6

95.1
76.8
58.5

33.4
86.7

T1C-36
36 kW

inlets and outlets on
one side blocked

Measured Calculated

36.4
23.6

74.3
50.7
0.52

127.2
112.9
75.6

73.7
41.2

96.8
73.3
47.7

32.0
72.2

82.2
58.6
0.51

150.8
121.5
92.2

78.6
34.2

117.0
87.7
58.4

34.4
82.6

Notes: 1. The model gives the average temperature at middle elevation; the bottom and top temperatures are
extrapolated from that at the middle elevation temperature assuming a linear bottom-top temperature
variation equal to the air temperature rise in the module.
2. The experimental result is for internal parged wall while the calculation result is for the three other
external walls.



TABLE 4.1-1
COMPARISON OF LOSS COEFFICIENTS

Method

Best Estimate^)

Standard Engineering
Correlations

FLOW3D

Loss Coefficient

Inlet (error*2))

4.09

6.35 (+55%)

4.79 (+17%)

Outlet (error^))

5.35

8.31 (+55%)

7.08 (+32%)

Notes: 1. Value required to reproduce the experimental flow rate in test S1D-9.
2. Difference is with best estimate value.

TABLE 4.2-1
COMPARISON OF MASS FLOWS

Inlet Experiment
FLOW3D
Difference (%)

Outlet Experiment
FLOW3D
Difference (%)

Mass Flows (kg/s)

SI D-9 Incompressible
Flow at !0l.3kPaa

O.I 06
O.I 23

16%

0.106
0.125

18%

SI D-9 Compressible
Flow at 98 kPaa

0.106
0.119

12%

0.106
0.121

14%

SIC-36 Compressible
Flow at 98 kPaa

0.201
0.209
4%

0.201
0.205
2%

10



FIGURE 1-1
MACSTOR MODULE (CANSTOR IS SIMILAR)
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FIGURE 2.1
ONE-DIMENSIONAL HEAT TRANSFER MODEL OF MACSTOR MODULE MOCK-UP
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FIGURE 4-1
BLOCK STRUCTURE OF FLOW3D MODEL OF MACSTOR MOCK-UP

FIGURE 4-2
MESH OF FLOW3D MODEL OF MACSTOR MOCK-UP
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FIGURE 4.2-1
FL0W3D PREDICTED FLOW PATTERN FOR TEST S1D-9
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FIGURE 4.3-1
FL0W3D PREDICTED TEMPERATURE DISTRIBUTION

FOR TEST S1D-9 - COOLING AIR

FIGURE 4.3-2
FL0W3D PREDICTED TEMPERATURE DISTRIBUTION

FOR TEST S1D-9 - STORAGE CYLINDER
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FIGURE 4.3-3
COMPARISON OF EXPERIMENTAL AND FLOW3D CALCULATED AIR TEMPERATURES FOR TEST

S1D-9
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FIGURE 4.3-4
COMPARISON EXPERIMENTAL AND FLOW3D CALCULATED STORAGE CYLINDER SURFACE

TEMPERATURES FOR TEST S1D-9
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