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1.0 INTRODUCTION
1.1 Background

Recent demand for high heat load dry storage systems for nuclear spent fuel has led to the development
of a new NUHOMS® Horizontal Storage Module (HSM) design, referred herein as the HSM Model H
(HSM-H). The HSM-H has been developed for storage of high heat load spent fuel assemblies loaded
in a Dry Shielded Canister (DSC) with decay heat loads of up to 40.8 kW. This HSM-H design is based
on the proven design and extensive operational experience of the standardized NUHOMS® system HSM
[3). The principal components of the NUHOMS® system design consist of a reinforced concrete
horizontal storage module (HSM) that contains a single stainless steel DSC. The DSC contains an
internal basket structure that contains and supports the spent fuel assemblies. The HSM-H design
incorporates design features and other improvements to provide enhanced heat rejection capability.

The HSM-H design is the basis for submittal to the NRC of a new license application and an amendment
to an existing license for a high-heat load storage system [1] [2]. The predicted thermal performance of
the HSM-H design for those license submittals is based on benchmarking of the models against test
results for the standardized HSM module with a total heat load of 7 kW. The test results for the
standardized HSM module are documented in the Pacific National Northwest Laboratory report PNL-
7327 [4). The tests demonstrated the conservatism in the HSM design analysis. However, since those
tests are based on a total heat load of 7 kW, whereas the heat load for the recent license submittals are
up to 40.8 kW, and since the design of the HSM-H incorporates new features and improvements that
were not part of the testing on the standardized HSM, a new test program was undertaken. This report
documents the thermal testing conducted on a full size mockup of the HSM-H for heat loads of up to 44
kw.

The main purpose of the test program conducted on the HSM-H design is to validate the thermal
analysis methodology employed in the design basis analysis of the HSM-H, as documented in [1] and
[2]. The analysis methodology consists of calculating the bulk temperatures in the HSM-H cavity and
applying these bulk temperatures to an ANSYS model of the HSM-H to define convection boundary
conditions to calculate DSC shell, HSM concrete, heat-shield and DSC support structure temperature.

The validity of the design methodology is evaluated based on a comparison of the measured
temperatures from the DSC and HSM-H mockup with the temperatures predicted using the design basis
methodology. The methodology to predict the temperatures of the mockup is the same as that used for
the HSM-H design, except that appropriate differences with the test article are captured. The details of
the mockup construction are provided in Section 3.1, while Section 3.2 describes the test
instrumentation setup, Section 3.3 includes instrument calibration, accuracy and uncertainty estimates,
Section 3.4 discusses the test conditions, and Section 3.5 presents the test plan and test sequence. The
test results are presented in Section 4. A brief description of the design methodology and the predicted
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temperatures are presented in Section 5 and Section 6, respectively. The comparison between the
measured and the predicted temperatures, and conclusions are discussed in Section 7.

The test was conducted by IONICS Inc. [13] at the Canonsburg facility in Pennsylvania. The testing
included pre-testing of the DSC shell mockup by itself to verify that the strip heaters used to simulate
the spent fuel decay heat were uniformly heating the circumference of the DSC shell mockup. The
testing of the combined HSM-H and DSC mockups involved four runs at heat loads varying from 32 to
44 kW and with the design basis finned side heat shiclds. An additional three tests were run with flat,
galvanized steel side heat shields to investigate the effectiveness of the fins, investigate the effectiveness
of the slots in the support rail structure and the louvered top hcat shield.

2.0 DESCRIPTION OF THE NUHOMS® SYSTEM WITH HSM-H

The NUHOMS® HSM-H is a free standing reinforced concrete structure designed to provide
environmental protection, radiation shielding, and heat removal capability to ensure safe storage of
spent fuel assemblies in a DSC.

The HSM-H design utilizes dual, independent inlet and outlet openings to allow buoyancy driven air to
flow through its cavity. The concrete at the ceiling and the sidewalls are protected from direct radiation
heat transfer from the hot surfaces of the DSC by heat shields. In the optional design for high heat loads,
the side heat shields are finned and anodized. The top heat shicld consists of louvers formed by angled
aluminum plates. The louvered top heat shield permits air flow to pass through with little resistance,
while blocking the majority of the radiated heat transfer from the DSC from reaching the concrete
ceiling of the HSM-H.

The decay heat load from the stored canister is removed via a combination of radiation, free convection
and conduction heat transfer. Buoyancy driven air flow within the HSM-H cavity is created by the
temperature difference between the ambient air surrounding the HSM-H module and the DSC surface,
and the height difference between the HSM-H inlet/outlet openings on the sidewalls. The airflow path
through the HSM-H starts by the air being drawn in through the two screened openings at the bottom of
the front face of the module and traveling along both sides of the module. See References [1] and [2]
for more details on the NUHOMS® system with HSM-H. The air flow enters the HSM-H cavity by
turning and passing under the module’s side walls. Once in the cavity, the air flows upward around the
DSC and the side heat shields before passing through the louvered heat shield at the top of the cavity.
After exiting the louvered heat shield, the air flow turns horizontal and flows under the roof slab and
over the top of the side walls, turns vertical to flow along the sides of the roof before finally exiting the
module at the screened outlet vent opening. Figure 1 shows the air flow path in the internal cavity of the
HSM-H design.
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3.0 TESTSETUP
31 Test Mockup Hardware

The test mockup structure is designed to closely capture the geometry and flow resistance present for the
flow of air through the HSM-H design, while conservatively bounding the heat losses through the
simulated walls and roof of the HSM-H module.

Ny we.

3.1.1 Description of the HSM-H Mockup

The mockup used to simulate the HSM-H module is a carbon steel structure which mimics the internal
geometry of the HSM-H design with only a few changes (see Table 1), such as the distance between the
inlet channels at the lower part of the HSM-H cavity. The inlet channels with the long cutouts are
moved inwards, relative to the HSM-H design, to create a continuous and stable mockup sidewall.

N

The emissivities of the insulation materials Thermafiber® and Spin-Glas® have been measured for use in
the analysis of the mockup [7 and 8, respectively]. The average of the measured emissivity values for
the temperature range of interest is 0.85 for both materials.

The mockup of the top heat shield has the exact dimensions and shape as the design heat shield. Two
types of side heat shields are utilized for testing. The first type is an aluminum backing plate supporting
anodized aluminum fins. Only the heat shield surface facing the DSC (fins and backing plate) is
anodized and the opposite surface facing the HSM-H walls remains as plain aluminum. The second type
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of side heat shield used in the test is fabricated from flat galvanized steel plates with the dimensions of
the backing plate of the first type.

].

The support rails of the mockup, including the slotted bar and the round holes in the beams, are identical
in geometry to the design support rails. The rail structure is supported by two cross beam assemblies that
are independent of the mockup structure because the thin wall structure of the HSM-H mockup is not
intended to carry the heavy weight of the support structure and the DSC mockup. In the actual HSM-H
design, the support rails rest directly on the concrete structurc of the HSM-H. Although the cross beam
assemblies will present an additional resistance to the airflow within the HSM-H mockup, the location
of the assemblies at the front and back of the cavity is such that the adverse impact is minimal.

].

The inlet and outlet vents of the HSM-H mockup are equipped with bird screens in the same manner as
the HSM-H design. The geometry of the outlet vents matches that found in the HSM-H design for a
stand-alone module.

312 Description of the DSC Mockup

The shell of the DSC mockup is fabricated of stainless steel and has the same inner and outer diameters,
and the same cavity length as the NUHOMS®-32PTH DSC [2]. Since the thick shield plugs are not
necessary for the DSC mockup, two thin, double disc, stainless steel plugs are constructed to cover the
front and back of the DSC shell. The hollow space between the plug discs is filled with Thermafiber®
insulation to reduce the direct axial heat transfer from the inner DSC cavity to the outer surface of the
plugs. The back cover plug is welded to the DSC shell and the front cover plug is bolted to the DSC
shell using a welded flange to provide access to the inner DSC cavity. The overall length of the DSC
mockup is shorter than the designed NUHOMS®-32PTH DSC due to shorter cover plugs.
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3.2 Test Instrumentation

A total of 108 thermocouples are used in the test, with 99 thermocouples installed in the interior of the
mockup to capture the temperature profile of the DSC outer surface and the HSM-H inner surfaces.
Instrumentation redundancy is provided by the symmetric placement of the thermocouples on the DSC
and HSM-H surfaces and the expected symmetrical temperature profile about the vertical centerline.
The opposite is also true in that the symmetric placement of the thermocouples can be used to verify the
expected symmetry in the temperature profile.
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Two thermocouples are installed outside the inlet vent screen, one inch from the center point to measure
entering air temperature. The average measured temperature from these thermocouples is used as the
assumed ambient temperature for the computational analysis of the mockup. Another 2 thermocouples
are installed at the center point of the outlet screens and one inch inside the outlet vent to measure the
exiting air temperature. This measurement is made to complete the heat balance and to verify the
accuracy the flow resistance calculation. The calculation of the air flow resistance is the initiating part of
the computational analysis.

Four thermocouples are located at the outer surface of the HSM-H mockup in order to calculate the heat
loss through the mockup walls and roof. These thermocouples are located between the Thermafiber®
insulation boards, 4 inch from the outer surface. One thermocouple measures the ambient temperature
as a redundant value for the entering air temperature and to calculate the heat losses. *
]. The calculation of heat losses through mockup outer surfaces is presented in

APPENDIX E.

A control panel provides uniform electric load to the strip heaters installed within the DSC shell. The
required load is set digitally on the panel. An indicator shows the total electrical load supplied to the
heaters.

33 Instrument Calibration, Accuracy and Uncertainty Estimates

Temperature measurement uncertainty is produced by the thermocouples, extension wires, and data
acquisition system. Each component in the temperaturc measurement chain adds to the overall
uncertainty. The overall uncertainty is equal to the square root of the sum of the squares of the
individual temperature measurement uncertainties. The individual uncertainties are:

Max. Measured Temperature = 409°F
Thermocouple:
Extension wire:

Data Acquisition System:

The total temierature measurement uncertainty is:
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The accuracy of the power controller panel is [JJJli] of the full scale. For the maximum heat load of 44
kW in the test, the maximum uncertainty of the power panel is:

- 34 Test Conditions and Location

The mockup is located indoor in a large fabrication hall, approximately 78 ft wide, 80 ft high, and 1,000
ft long. The inlet vents are about 10 ft away from the closest wall. No extra heat source was present
close to the mockup during the test. Since all the outer surfaces of the mockup are insulated, the effect
of surrounding objects on the test is minimal.

3.5 Test Plan
3.5.1 Uniform Heat Verification Test of the DSC Shell

A primary assumption in the computational analysis of the HSM-H mockup is that the heating from the
electrical strip heaters is uniformly distributed over the inner surface of the DSC shell. The electro-
mechanical setup of the heaters theoretically provides a uniform heat distribution.

The uniformity of the heat load generated b / the strip heaters was verified via the pre-testing of the DSC
shell mockup.

‘To ensure the correctness of the heaters’ setup, a verification test was conducted on the DSC mockup
prior to its installation inside the HSM-H mockup. The verification test consisted of two test runs in
both vertical and horizontal DSC orientations. The DSC was supported off the concrete floor using two
sections of 4”°x4” square tubing. The bolted cover plate was facing the floor during the vertical test. At
each orientation a test run was conducted at heat loadings of 32 and 40 kW heat loads.
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e
]

3.5.2 Verification Tests of Modeling Methodology

After the uniform heat verification testing of the DSC mockup, a series of thermal tests were conducted
to obtain data by which to verify the modeling methodology used to simulate the combined thermal
performance of the DSC and HSM-H module. The tests were conducted with the finned side heat
shields at four heat loads, 32, 36, 40, and 44 kW. Three additional tests were conducted to investigate
the effectiveness of some of the specific features of HSM-H heat shields and DSC support structure.
One test was with the un-finned side heat shields at 32 kW to evaluate the effect of the finned verses un-
finned side heat shicld on the thermal performance of the HSM-H. Another test was conducted to
investigate the effectiveness of the slots in the DSC support rail structure. A third test was conducted to
investigate the effectiveness of the louvered top heat shield versus a flat plate for the top heat shield. .

-Each test is run to steady state conditions.
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4.0 Test Results
4.1 Results of the Uniform Heat Verification Test

- The thermocouple readings measured during the uniform heat verification testing are shown in Table 2
through Table 5.

].

In conclusion, based on the data adjustments presented above, the heat load has been shown to be
uniform over the inner shell of the DSC mockup to within an acceptable range. Therefore, it is valid to
assume that uniform heat loading is also present during for the combined DSC and HSM-H mockup
testing,

4.2 Results of the Mockup Testing

The tests are run to steady state conditions, where a steady state condition is defined as being reached
when the slopes of the temperature curves are less than £1°F over a two hour period. This steady state
criterion was achieved during each of the test runs by all but 3 or 4 of 108 thermocouples. Only four
thermocouples in the 32 kW test (TC# 18, 26, 103, and 107) and three thermocouples in the 40 kW test
(TC# 18, 26, and 107) show curve slopes larger than +1°F, with the greatest variation being £3°F.
Because thermocouples 103 and 107 are located outside the HSM-H mockup cavity, the slightly larger
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temperature slope of these thermocouples is suspected of being caused by the variation in the ambient
temperature during the data recording period.

Given the small number of thermocouples with temperature slopes larger than £1°F and the fact that
their recorded slopes are only slightly higher than the criteria of +1°F, it is valid to conclude that steady
state conditions were indeed achieved during the recording periods. '

Typical recorded temperature curves are shown in Figure 13 and Figure 14 for the various heat loads
tested. The measured temperatures of each thermocouple during a two hour period at steady state
conditions are averaged to rectify the small fluctuations in the temperature readings. These average
temperatures are reported as the steady state temperatures. The steady state temperatures for the mockup
testing conducted at 32, 36, 40, and 44 kW heat loads, and for three additional tests which investigated
the effectiveness of some geometry features of heat shiclds and DSC support structures are listed in
APPENDIX A Tables A-1 through A-7.
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5.0 DESCRIPTION OF DESIGN BASIS THERMAL ANALYSIS METHODOLOGY FOR
NUHOMS® SYSTEM WITH HSM-H

The thermal performance of the HSM-H storage modules is based on a computational methodology
described in detail in the SARs for the NUHOMS® system [1 and 2]. The methodology used is similar
to that used for the standardized NUHOMS® HSM system [3], which is a proven design with extensive
operational experience. Since the basic heat transfer mechanism involved with both designs are the
same, the basic methodology, with the appropriate modifications to reflect the design changes, should be
applicable to each design. This is true even though the heat loading associated with the HSM-H design
could be 70% or greater than the current heat load for the standardized NUHOMS® design since the
methodology is based on first principles of heat transfer that scale with temperature level and heat loads.

However, because the heat loads associated with the HSM-H design represent a substantial increase
over the heat loads for which the standardized NUHOMS® HSM system has been validated, it is
desirable to evaluate the computational design methodology and demonstrate its validity at higher heat
loads via physical testing. A full scale mockup of the HSM-H and the NUHOMS® 32PTH DSC are
utilized in the thermal test. The mockup represents the inner dimensions of the HSM-H design in a 1:1
scale.

5.1 Description of the Analysis Methodology

The computational analysis consists of two steps. In the first step, the energy balance and hydraulic
equations are combined to calculate the bulk air temperatures in the HSM-H cavity. In the second step,
the calculated bulk air temperatures are applied in an ANSYS model of the combined DSC and HSM-H
module to define the convection boundary conditions.

The energy balance and hydraulic equations used in the first step are:

Q=m;C, (T, —T,)=m;C,6 ATy, Energy Balance
AP, = (i) (p.—p,)(AR)= (i) (Ap)(Ah) Stack Pressure (Buoyancy)
8¢ &
1 P 1 1 iy
AP, =) (K-=-p-—)=) (K -=———-—£-) * Dynamic Loss
I 2( 2 d gc) Z 52 ge-p A£i2)

The entering air temperature and the total heat load (Q) are inputs to the equations. Assuming a linear,
progressive temperature rise around the DSC shell, an iterative solution of the above equations is
employed to determine the bulk temperatures within the HSM-H cavity which satisfies all three
equations simultaneously. '
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The convection coefficients for the HSM-H mockup are calculated using the same correlations and
macros described in the SARs of the NUHOMS® HD system and Amendment 8 of the standardized
NUHOMS® system [7] [1]. Since the HSM-H mockup is located indoors, no solar heat load is
considered in the analysis.

The heat loading for the DSC mockup is applied as a uniform heat flux over the radial inner surface of
the DSC mockup. The radiation heat transfer within the HSM-H cavity is modeled using the ANSYS
/AUX12 processor via super element MATRIXS0 [9].

5.2 Prediction of the Mockup Temperatures

A finite element model of the mockup was developed using the ANSYS computer code [9]. The model
simulates one-half of the test setup with symmetry conditions assumed about the vertical centerline of
the mockup. The model captures the exact geometry of the mockup as defined in the mockup
fabrication drawings [10]. Where possible, the nodes of the ANSYS model were placed at the same
location as the thermocouple placement so that the predicted thermocouple temperatures could be
retrieved directly from the model. In the few instances where no model node was available at a specific
thermocouple location, linear interpolation using neighboring nodes was used to establish the equivalent
temperature at the thermocouple location.

The thermal properties for the stainless steel, carbon steel, and aluminum used in the mockup fabrication
are taken from the ASME code [11]. The emissivity values for plain aluminum, anodized aluminum, and
stainless steel are 0.1, 0.8, and 0.46, respectively. An emissivity value of 0.587 is used for the DSC
“shell to be consistent with Reference [1]. These values are identical to values used in the design basis
analysis. An emissivity of 0.25 is assumed for the galvanized steel plate. The emissivities of the
insulation materials are measured independently from representative material samples using a
hemispherical directional reflectance (HDR) method. The emissivity measurements were conducted by
Surface Optic Corporation located in San Diego, CA. [7 and 8] and the results are summarized in
APPENDIX C.

The methodology used to define the boundary conditions of the finite element model is identical to that
described in the SARs of the NUHOMS® HD system and Amendment 8 of the standardized NUHOMS®
system [1] and [2]. This methodology is described briefly in Section 5.1. The results obtained from the
ANSYS mockup model for the various test conditions arc summarized in APPENDIX B.

It should be noted that the results presented in APPENDIX B differ from the pre-test predictions
submitted to NRC for their review and use [12]. The differences arise from the fact that the predicted

]. Further, the calculations in [12]
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assumed an ambient temperature of 70°F. In contrast, the temperatures shown in APPENDIX B are
predicted based on the final placement of the thermocouples and the actual ambient temperature as
measured at the time of the test.

The APPENDIX B results also include the following modifications to the assumptions and methodology
used in Reference [12]. These modifications are described in detail in [1]:

1.

The assumption of flat plate for modeling the top louvered heat shield has been revised to model
the actual geometry of the louvered top heat shield.

Stack height is now set equal to the HSM-H cavity height. Stack height was previously the height
difference between the inlet and outlet vents.

The emissivity of 0.587 is used for the DSC shell instead of 0.46 used in Reference [12].

The convection correlation used for the top 22.5° segment of the DSC shell is for a heated flat-
plate-facing-up to account for turbulence.

The following loss coefficients which were neglected in Reference [12] analysis for calculation of
exit air temperature are now added to the model:

A second contraction and a change of flow direction including the resulting friction losses
are added to the inlet channel (first region) after the v-shape channel. A loss cocfficient
corresponding to the direction change after the discharge of flow to HSM-H cavity is also
added to second region.

The convection boundary conditions around the DSC shell now use the following air temperature
for convection:

Various bulk temperatures around DSC and within HSM-H cavity (T, to Tg) are replaced
by entering air temperature (Tamp), or exit air temperature (Texit), Or average air temperature
(Tmean) as applicable. The average air temperature is the arithmetic average of Te;: and
Tamb-
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6.0 TEST AND ANALYSIS RESULTS COMPARISON

The measured and the predicted temperatures are compared in Table 6 through Table 13, based on the
location of the thermocouples. Where ever a redundant thermocouple location exists, an average
temperature value is computed and reported. The redundant thermocouples are those located on opposite
sides of the HSM-H vertical symmetry plane (i.e., between the 90 - 270° locations as illustrated in
Figure 8).

The results presented in the tables show that, generally, the DSC shell temperatures are predicted with
considerable conservatism, with the conservatism in the HSM-H wall temperature predictions less than
the conservatism involved in DSC shell temperature predictions. There is generally good agreement
between the measured and predicted side heat shield temperatures.

The following summarizes the differences observed between the measured and the predicted values with
a brief discussion where needed:

e  The predicted shell temperatures at the top of the DSC are [-] higher than the measured
values.

o  The difference between the predicted and the measured DSC shell temperatures are[_] at
the 225 or 315 degree locations’.

e  The HSM-H floor temperatures are over-predicted by [-] from the measured values.

-The predicted temperatures at the ceiling of the HSM-H are igher than the measured
values.

* See Figure 7 for orientation
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_ -] the predicted temperatures at the ceiling of the HSM-H are [—] higher

than the measured values.
o  The predicted HSM-H sidewall temperatures arc [—] higher than the measured values.

e  The predicted temperatures for the front and backwalls are [JJJJ]lF) higher than the measured
values.

»  The predicted temperatures for the side heat shicld are [_] higher than the measured
values.

o  The predicted temperatures at the top heat shicld are approximately _] higher than the
measured values. See the reason given for the negative values for the HSM-H ceiling above.

o  The predicted exit air temperature is within close agreement with the measured values (TC 102 &
TC 103).

The assumptions used for convective heat transfer from the DSC surface results in conservative
prediction of DSC shell temperatures at the top and bottom portions of the DSC as shown in Table 6
through Table 13. This over prediction on the DSC shell temperature occurs because credit is not taken
for all of the turbulent heat transfer at the top of the DSC shell. At the bottom of the DSC shell, the
amount of over prediction is because the support rails provide a better conduction path than that
captured in the analysis model. This also explains the over predlctlon in the HSM concrete and the heat
shield temperatures.

To evaluate the effectiveness of the finned side heat shield, the results of the finned side heat shield,
(Table 6), are compared with the un-finned side heat shield, (Table 10), for the same 32 kW heat load.
The evaluation, when accounting for the difference in ambient temperature during test conditions,
(Table 6 data w1th 81°F ambient vs. Table 10 data with 61.5°F ambient) shows that the finned side heat
shields decrease the DSC shell temperatures by approximately -]. Similarly, the HSM side
wall, front and back walls, and the HSM ceiling temperatures decrease by less than [-] side heat
shields is an acceptable alternative.

To evaluate the effectiveness of the slots in the slotted DSC support rails, the measured temperatures
with the slotted DSlC support rails (Table 10) are compared with the slots fully plugged in DSC support
rails (Table 12), for the same 32 kW heat load and same side heat shield (un-finned) geometry and same
top heat shield (louvered) geometry. The evaluation shows that as expected, plugging the slots increases
the DSC shell temp'erature at the bottom by approximately [-] and the temperatures at the DSC top,
side walls, top pomon front and back wall top portions decrease slightly. Temperatures at other
locations had msrgmﬁcant impact. Therefore, it can be concluded that plugging the slots in the DSC
support rail does ncit alter the thermal performance of the HSM-H module.
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To evaluate the effectiveness of the louvered top heat shield, the measured temperatures with the
louvered top heat shield (Table ) are compared with the flat top heat shield (Table ), for the same 32 kW
heat load and same side heat shield (un-finned) geometry and plugged slots in the slotted DSC support
rails. The evaluation shows that as expected, the flat top heat shicld reduced the HSM ceiling
temperatures by approximately [i] when compared with the louvered top heat shicld after
accounting for the difference in ambient temperature during test conditions. The effect on the side, front
and back wall top portions was an increase of [-] and the DSC shell temperatures had even smaller
effect than concrete. Therefore it can be concluded that the thermal performance of the HSM-H is .
approximately equal with both the flat top heat shield and louvered top heat shield while the flat top heat
shield is slightly better than the louvered top heat shield for ceiling temperature.
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70  CONCLUSIONS

The results presented in Section 6.0 demonstrate that the revised analytical methodology described in
[1] conservatively predicts the peak DSC temperatures, the peak HSM-H concrete, and the top and side
heat shield temperatures.

]

Since the predicted DSC shell temperatures from the HSM-H ANSYS model are used to evaluate the
DSC basket components and fuel cladding temperature in the DSC detail model, a large conservatism in
the DSC shell temperatures translates in a large conservatism in predicting the DSC basket components
-and fuel cladding temperatures.
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Table 1

Comparison of the Mockup and the HSM-H Design
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Table 2 Measured Values for the Vertical Verification Test, 32 kW Heat Load
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Table 3 Measure Values for the Vertical Verification Test, 40 kW Heat Load
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Table 4 Measured Values for the Horizontal Verification Test, 32 kW Heat Load

!
l

1

RRREN] "ririiihihihhiihrhhh-hhhhhhh-hhhb.

L

-|||| llrlillllllllllllillllllllllllllll
RERRE] -r----------------

m
Bl




AN

TRANSNUCLEAR

AN AREVA COMPANY

PROJECT NO: 10494

REVISION:

0

DOCUMENT NO: E-21625-NP

PAGE:

27 of 81

Table 5 Measured Values for the Horizontal Verification Test, 40 kW Heat Load
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Table 6 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
- Finned Side Heat Shiclds

|
|
|

ig
T

NN




AN

TRANSNUCLEAR

AN AREVA COMPANY

PROJECT NO: 10494 REVISION: 0

DOCUMENT NO: E-21625-NP PAGE: 29 of 81

Table 6 Cdmparison of the Measured and Predicted Temperatures for 32 kW Heat Load with

Finned Side Heat Shiclds (Concluded)
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Table 7 Cbmparison of the Measured and Predicted Temperatures for 36 kW Heat Load with
Finned Side Heat Shields
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Finned Side Heat Shields (Concluded)
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Table 7 Comparison of the Measured and Predicted Temperatures for 36 kW Heat Load with
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Table 8 Cbmparison of the Measured and Predicted Temperatures for 40 kW Heat Load with

Finned Side Heat Shieclds
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Table 8 Comparison of the Measured and Predicted Temperatures for 40 kW Heat Load with
Finned Side Heat Shiclds (Concluded)
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Table 9 Cdmparison of the Measured and Predicted Temperatures for 44 kW Heat Load with
Finned Side Heat Shiclds
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Table 9 Companson of the Measured and Predicted Temperatures for 44 kW Heat Load with

Finned Side Heat Shiclds (Concluded)
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Table 10 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side and Louvered Top Heat Shields
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Table 10 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side and Louvered Top Heat Shields (Concluded)
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Table 11 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side and Louvered Top Heat Shiclds and Slots in the Slotted Plate Fully Plugged
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Table 11 Cbmparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side and Louvered Top Heat Shieclds and Slots in the Slotted Plate Fully Plugged

(Concluded)
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Table 12 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side Heat Shields, Flat Top Heat Shield and with Slots in Slotted Plate Fully Plugged
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Table 12 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Un-finned Side Heat Shields, Flat Top Heat Shicld and with Slots in Slotted Plate Fully Plugged

(Concluded)
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Figure 1 Air Flow in HSM-H Cavity
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Figure 2 Dimensions of the HSM-H Mockup
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Figure 3 Dimensions of the HSM-H Mockup, Details
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Figure 4 Dimensions of the HSM-H Mockup, Heat Shields and Support Structure
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Figure 5 Dimensions of the DSC Mockup
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Exterior View

Interior View from
Below Support
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Figure 6 Photos of the
\’.""' ucteaHS -H
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Figure 7 Photo of the Constructed
DSC Mockup
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Figure 8 Locations of the Thermocouples on the DSC Mockup
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Figure 9 Locations of the Thermocouples on the HSM-H Mockup
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Figure 10 Locations of the Thermocouples on the Heat Shields
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Figure 11 Locations of the External Thermocouples
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Figure 12 "Schematic Setup of the Test Equipment
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APPENDIX A

MEASURED DATA
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Table A-1 Measured Temperatures at Steady State Condition for 32 kW Heat Load with Finned

Side Heat Shield
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Table A-2 Measured Temperatures at Steady State Condition for 36kW Heat Load with Finned

‘ Side Heat Shicld
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Table A-3 Measured Temperatures at Steady State Condition for 40kW Heat Load with Finned
Side Heat Shield
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Table A-4 Measured Temperatures at Steady State Condition for 44kW Heat Load with Finned

Side Heat Shield |
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Table A-5 Measured Temperatures at Steady State Condition for 32 kW Heat Load with Un-
finned Side Heat Shields and Louvered Top Heat Shield
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Table A-6 Measured Temperatures at Steady State Condition for 32 kW Heat Load with Un-

finned Side Heat Shields, Louvered Toi Heat Shield, and Fully Pluiied Slots
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Table A-7 Measured Temperatures at Steady State Condition for 32 kW Heat Load with Un-

finned Side Heat Shields, Flat Toi Heat Shield, and Fulli Pluggled Slots
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APPENDIX B
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DESIGN BASIS METHODOLOGY
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Table B-1 Predicted Temperatures from ANSYS Model for 32 kW Heat Load with Finned Side

Heat Shicld
TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)

1 322 46 1652 91 176
2 310 47 146 92 187
3 302 48 126 93 201
4 293 49 123 94 150
5 306 50 152 95 150
6 293 51 152 96 164
7 302 52 146 97 164
8 310 - 53 126 98 148
9 371 54 123 99 148
10 348 55 148 100 81
11 340 56 148 101 81
12 331 57 141 102 167
13 357 58 125 103 167
14 373 59 118

15 350 60 148

16 342 61 148

17 333 62 141

18 357 63 125

19 333 64 118

20 342 65 173

21 350 66 156

22 371 67 143

23 348 68 131

24 341 69 170

25 331 70 153

26 357 71 142

27 323 72 131

28 310 73 173

29 302 74 117

30 292 75 173

31 306 76 107

32 292 77 111

33 302 78 107

34 310 79 182

35 155 80 186

36 151 81 182

37 148 82 117

38 128 83 117

39 119 84 176

40 155 85 170

41 151 86 175

42 148 87 170

43 128 88 111

44 119 89 111

45 152 a0 111
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Table B-2 Predicted Temperatures from ANSYS Model for 36 kW Heat Load with Finned Side

Heat Shield
TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)

1 339 46 163 91 179
2 326 47 147 92 191
3 318 48 125 93 207
4 308 49 122 94 162
5 323 50 153 95 162
6 308 51 153 96 167
7 318 52 147 97 167
8 326 53 125 98 149
9 392 54 122 99 149
10 366 55 149 100 76
11 358 56 149 ~ 101 76
12 348 57 141 102 168
13 376 58 124 103 168
14 393 59 116

15 368 60 149

16 360 61 149

17 351 62 141

18 377 63 124

19 351 64 116

20 360 65 176

21 368 66 157

22 391 67 143

23 367 68 131

24 359 69 173

25 348 70 154

26 377 71 141

27 340 72 130

28 326 73 176

- 29 317 74 115

30 306 75 176

31 322 76 105

32 306 77 108

33 317 78 105

34 326 79 187

35 157 80 191

36 153 81 187

37 149 82 115

38 127 83 115

39 117 84 179

40 157 85 173

41 1563 86 179

42 149 87 173

43 127 88 109

44 117 89 109

45 163 90 109
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Table B-3 Predicted Temperatures from ANSYS Model for 40 kW Heat Load with Finned Side

Heat Shield
TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)

1 358 46 158 91 183
2 343 47 151 92 197
3 334 48 127 93 215
4 324 49 123 94 155
5 340 50 157 95 155
6 324 51 158 96 173
7 334 52 151 97 173
8 343 53 127 98 152
9 414 54 123 99 152
10 385 65 153 100 73
11 376 56 153 101 73
12 367 57 144 102 171
13 397 58 125 103 171
14 415 59 116

15 387 60 153

16 378 61 153

17 370 62 144

18 398 63 125

19 - 370 64 116

20 378 65 181

21 387 66 161

22 413 67 145

23 385 68 132

24 377 69 178

25 367 70 158

26 398 71 143

27 358 72 132

28 342 73 181

29 333 74 116

30 322 75 181

31 340 76 104

32 322 77 108

33 333 78 104

34 342 79 193

35 160 80 198

36 156 81 193

37 152 82 116

38 128 83 116

39 118 84 - 185

40 160 85 179

41 156 86 184

42 152 87 179

43 128 88 109

44 118 89 109

45 167 90 109
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Table B-4 Predicted Temperatures from ANSYS Model for 44 kW Heat Load with Finned Side

Heat Shicld
TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)

1 382 46 171 91 196
2 365 47 163 92 212
3 356 48 136 93 231
4 346 49 132 94 168
5 364 50 170 95 168
6 346 51 171 96 187
7 356 52 163 97 187
8 365 53 136 98 164
9 442 54 132 99 164
10 409 55 165 100 77
1 399 56 165 101 77
12 390 57 156 102 183
13 423 58 134 103 183
14 443 59 125

15 411 60 165

16 402 61 165

17 393 62 156

18 424 63 134

19 393 64 125

20 402 65 195

21 411 66 173

22 441 67 155

23 409 68 142

24 400 69 192

25 390 70 170

26 424 71. 154

27 383 72 142

28 365 - 73 196

29 355 74 125

30 344 75 196

31 363 76 111

32 344 77 116

33 355 78 111

34 365 79 209

35 173 80 214

36 169 81 209

37 165 82 125

38 138 83 124

39 126 84 200

40 173 85 193

41 169 86 199

42 165 87 193

43 138 88 116

44 126 89 116

45 170 90 116
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Table B-5 Predicted Temperatures from ANSYS Model for 32 kW Heat Load with Un-finned
Side Heat Shield and Louvered Top Heat Shield

TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)
1 312 46 142 91 156
2 313 47 137 92 170
3 311 48 112 93 191
4 285 49 108 94 145
5 291 50 140 95 145
6 285 51 142 96 164
7 311 52 137 97 164
8 313 53 112 98 141
9 365 54 108 99 141
10 363 55 135 100 62
1 365 56 136 101 62
12 334 57 129 102 144
13 - 343 58 110 103 144
14 368 59 102
15 367 60 135
16 370 | 61 136
17 338 62 129
18 344 63 110
19 338 64 102
20 370 65 163
21 367 66 145
22 365 67 127
23 363 68 116
24 366 69 161
25 335 70 142
26 343 71 127
27 313 72 116
28 314 - 73 167
29 314 74 102
30 285 75 167
31 291 76 91
32 285 77 - 94
33 314 78 91
34 314 79 184
35 142 80 180
36 - 139 81 184
37 135 82 102
38 113 83 102
39 103 84 167
40 142 85 166
41 139 86 166
42 135 87 166
43 113 88 95
44 103 89 95
45 140 90 95
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Table B-6 Predicted Temperatures from ANSYS Model for 32 KW Heat Load with Un-finned

Side Heat Shicld, Louvered Top Heat Shield, and with Slots in Slotted Plate Fully Plugged
TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)

1 310 46 140 91 154
2 312 47 136 92 168
3 310 48 112 93 189
4 287 49 109 94 143
5 307 50 138 95 143
6 287 51 140 96 162
7 310 52 136 97 162
8 312 53 112 98 139
9 364 54 109 99 139
10 362 55 134 100 60
11 364 56 135 101 60
12 336 57 128 102 142
13 366 58 110 103 142
14 367 59 102

15 366 60 134

16 369 61 135

17 341 62 128

18 368 63 110

19 341 64 102

20 369 65 162

21 366 66 143

22 364 67 126

23 362 68 117

24 365 69 159

25 = 337 70 141

26 367 71 126

27 311 72 117

28 312 73 165

29 313 74 105

30 287 75 165

31 307 76 92

32 287 77 95

33 313 78 92

34 312 79 182

35 140 80 178

36 137 81 182

37 134 82 105

38 113 83 104

39 103 84 165

40 140 85 164

41 137 86 164

42 134 87 164

43 113 88 97

44 103 89 96

45 . 138 90 97
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Table B-7 Predicted Temperatures from ANSYS Model for 32 kW Heat Load with Un-finned
Side Heat Shiceld, Flat Top Heat Shield, and with Slots in Slotted Plate Fully Plugged

TC Predicted TC Predicted TC Predicted
Number | Value (°F) Number | Value (°F) Number | Value (°F)
1 325 46 152 91 170
2 326 47 146 92 175
3 318 48 120 93 169
4 294 49 116 94 153
5 313 - 50 146 95 153
6 294 51 152 96 173
7 318 52 146 97 173
8 326 53 120 98 149
9 382 54 116 99 149
10 380 55 141 100 66
11 373 56 145 101 66
12 343 57 . 137 102 152
13 371 58 118 103 152
14 387 59 109
15 385 60 141
16 379 161 145
17 348 62 137
18 373 63 118
19 348 64 109
20 379 65 169
21 385 66 154
22 382 67 135
23 380 68 124
24 375 69 166
25 344 70 152
26 372 71 135
27 325 72 124
28 326 73 162
29 322 74 112
30 294 75 162
31 313 76 99
32 294 77 102
33 322 78 99
34 326 179 164
35 147 80 156

36 147 - 81 164 -
37 143 82 112
38 121 83 111
39 110 84 159
40 147 85 158
41 147 86 155
42 143 87 158
43 121 88 104
44 110 89 102
45 146 90 104
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-Table C-1 Summary of the Emissivity Measurcments for Insulation Materials
Emissivity Measurement for Thermafiber (Mineral Wool)

Sample A Sample B Sample C Sample D Average
Temp (°F) £ Temp (°F) | ¢ Temp (°F) | & Temp (°F) | ¢ Temp (°F) | ¢
81.8 0.866 | 85.7 0.886 | 82.2 0.864 | 80.8 0.870 82 0.87
180.97 0.86 183.4 0.872 | 180 0.866 | 174.7 0.856 179 0.86
253.23 0.851 | 248.6 0.863 | 249.1 0.862 | 251.5 0.843 251 0.85
Emissivity Measurement for Spin-Glas®
Sample E Sample F Sample G Sample H Average
Temp (°F) £ Temp (°F) | ¢ Temp (°F) | € Temp (°F) | € Temp(°F) | ¢
86.4 0.870 | 85.8 0.869 | 849 -  |0.887 |84.2 0.898 85 0.89
182.2 0.829 [179.8 0.836 {181 0.840 | 1829 0.837 182 0.84
253 0.818 | 251.3 0.833 | 249.9 0.836 | 249.5 0.830 251 0.83
Emissivity measurement for Thermafiber
0.95
—e—sample A
—a—sample B
2 sample C
£ 090 —x—sample D H
% —x— Average
w 0.85 2SS —
0.80 T . T r
50 100 150 200 250 300
Temperature (F)
Emissivity measurement for Spin-Gals
0.95
—e—sample E
—n—sample F
2 0.90 s --:- - sample G |—
= —x—sample H
E —»— Average
€ 0.85-
w
0.80 T T T .
50 100 150 200 250 300
Temperature (F)
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TECHNICAL DATA FOR INSULATION MATERIALS, SPIN-GLAS® AND THERMAFIBER®
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APPENDIX E

HEAT LOSSES THROUGH HSM-H MOCKUP OUTER SURFACES
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In the HSM-H design, the heat losses through the concrete walls are minimal. To simulate similar
conditions for the mockup test, the outer surfaces of the HSM-H mockup are insulated with three layers
of 4” thick Thermafiber® boards. In addition, the analytical methodology described in Section 5.1
assumes no heat losses through the HSM-H walls. The heat losses through the mockup walls are
calculated to demonstrate the effectiveness of the insulation.

The calculation of heat losses is based on the temperaturc measurements collected from thermocouples
107 through 110. Theses thermocouples are placed 4 inch deep into the insulation boards at the locations
shown in Figure 11. The following equations are used to calculate the heat loss.

Qe = (T"""' _ T;”""'f"') ‘A for the walls and roof
—+ —_

hl kThennaﬁber

T, —70
Tt = T oo =70) A ooy for the floor
tl + ’sleel + tconc + ’.mil
kSpin—GIas kC-Sleel kconcrele k.mil
Tinsu = Temperature from Thermocouple 107 for Roor (°F)
108 for Sidewall (°F)
109 for Front Wall (°F)
110 for Back Wall (°F)
Tambient = Average Temperature from Thermocouples 100, 101, and 104 (°F)

A =Surface Area (in%)

h, = Total Heat Transfer Coefficient = hpq + heny  Considered to be 0.01 Btw/hr-in%-°F for this calculation
t, = Thickness of Thermafiber® insulation board between the thermocouple and the outer surface = 4
t; = Thickness of Spin-Glas® insulation board between the thermocouple and the steel base plate = 1%
tueet = Thickness of the steel base plate = 0.5*

teone = Thickness of the concrete below the base plate = 12+

tsoin = Assumed thickness of soil to temperature of 70°F= 36"

Kthermafiber = Conductivity of Thermafiber® board = 0.001736Btwhr-in®-°F  [6]

Kspin-Gats = Conductivity of Spin-Gals® board = 0.0018 Btwhr-in®-°F [5]

Kcsieet = Conductivity of carbon steel = 35.1 Bawhr-ft*-°F  [11]

Keoncrere = Conductivity of concrete = 0.096 Btwhr-in>-°F  [1 and 2]

ksoi = Conductivity of soil = 0.0144 Btw/hr-in>-°F [1 and 2]

The calculated heat losses are summarized in Table E. 1. As Table E. 1 shows the total heat loss through
the outer surfaces of the HSM-H mockup is less than 1% of the total heat load. It concludes that the
mockup simulates reasonably the HSM-H thermal function and the assumption of no heat losses in the
analytical methodology is valid.
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Table E. 1 — Heat Losses through HSM-H Mockup

32 kW case Tambient Tineut h, A Qloss Qoss |
(°F) (°F) (Btu/hr-in’-°F) (in%) (Btu/hr) (kW)
Roof 82 95 0.01 28879 162.0 0.047
Sidewall 82 84 0.01 86190 88.5 0.026
Backwall 82 84 0.01 23607 25.8 0.008
Front wall 82 -83 0.01 23607 11.2 0.003
Floor 70 91 - 28879 163.8 0.048
Total 287.5 0.1
Total heat loss = 0.3%
36 kW case Tambient Tinsut h, A Qloss Qoss__|
(°F) (°F) (Btwhr-in®-°F) (in%) (Btwhr) (kW)
Roof 71 79 0.01 28879 96.7 0.028
Sidewall 71 86 0.01 86190 523.3 0.153
Backwall 71 86 0.01 23607 149.2 0.044
Front wall 71 81 0.01 23607 100.0 0.029
Floor 70 89 - 28879 172.6 0.051
Total 869.2 03
Total heat loss = 0.7%
40 kW case Tambient Tinsul h, A Qloss Qloss
(°F) (°F) | (Btwhr-in’-°F) (ind) (Btwhr) (kW)
Roof - 73 81 0.01 28879 103.8 0.030
Sidewall 73 88 0.01 86190 543.7 0.159
Backwall 73 89 0.01 23607 162.2 0.048
Front wall 73 83 0.01 23607 102.2 0.030
Floor 70 91 - 28879 166.1 0.049
Total . 911.8 0.3
Total heat loss = 0.7%
44 KW case Tambient Tinsul h, A Qloss Qloss
(°F) (°F) (Btwhr-in®-°F) (in%) (Btwhr) (kW)
Roof 77 86 0.01 28879 113.5 0.033
Sidewall 77 95 0.01 86190 673.1 0.197
Backwall 77 97 0.01 23607 201.0 0.059
Front wall 77 90 0.01 23607 131.0 0.038
Floor 70 97 -—- 28879 209.5 0.061
Total 1328.1 04

Total heat loss = 0.9%




