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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 NUHOMSO 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 NUHOMSt 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 shields. 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 heat shield.

2.0 DESCRIPTION OF THE NUHOMS' SYSTEM WN'ITH 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 shield 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 NUHOMSO 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 I shows the air flow path in the internal cavity of the
HSM-H design.
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3.0 TEST SETUP

3.1 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
simuilated wallk and rnnf nf the- I-1M-H modile.

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.

M ~ ~ l ~1.

The emissivities of the insulation materials Thermafibere and Spin-Glase 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 structure 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.

3.1.2 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 Thermafibert
insulation boards, 4 inch from the outer surface. One thermocouple measures the ambient tem erature
as a redundant value for the entering air temperature and to calculate the heat losses.s

]. 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 di itall on the anel. An indicator shows the total electrical load su lied to the
heaters.|

3.3 Instrument Calibration, Accuracy and Uncertainty Estimates

Temperature measurement uncertainty is produced by the thermocouples, extension wires, and data
acquisition system. Each component in the temperature 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 temperature measurement uncertainty is:
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The accuracy of the power controller panel is of the full scale. For the maximum heat load of 44
kW in the test, the maximum uncertainty of the power panel is:

3.4 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 by 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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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 shield 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. .
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4.0 Test Results

4.1 Results of the Uniform Heat Verification Test

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 ±1F, with the greatest variation being ±31F.
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 ±10F and the fact that
their recorded slopes are only slightly higher than the criteria of +10F, 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 shields and DSC support structures are listed in
APPENDIX A Tables A-I through A-7.
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5.0 DESCRIPTION OF DESIGN BASIS THERMAL ANALYSIS METHODOLOGY FOR
NUHOMIS' 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 NUHOMSO system [I and 2]. The methodology used is similar
to that used for the standardized NUHOMSO 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 NUHOMSO 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 NUHOMSO 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 NUHOMSO 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 = nZE Cp (Tm, - TD) = n1 E Cp ATHSAI Energy Balance

AP,= (pg -= ( g (Ap) (Ah) Stack Pressure (Buoyancy)

2 g2 gcgp AE
AP0S E(K*2 *~ P*)=E(;*2*-. E2 )-DnmcLs

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 NUHOMSe HD system and Amendment 8 of the standardized
NUHOMS6 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
/AUX 12 processor via super element MATRIX50 [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 NUHOMSO HD system and Amendment 8 of the standardized NUHOMSe
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 are 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 redicted
temperatures submitted to NRC were generated prior to finalizing! the test setun. F

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.

2. 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.

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

4. The convection correlation used for the top 22.50 segment of the DSC shell is for a heated flat-
plate-facing-up to account for turbulence.

5. 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 coefficient
corresponding to the direction change after the discharge of flow to HSM-H cavity is also
added to second region.

6. 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 (To to T8) are replaced
by entering air temperature (Tab), or exit air temperature (Texjt), or average air temperature
(T.ean) as applicable. The average air temperature is the arithmetic average of T¢xit 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 - 2700 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:

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

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

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

See Figure 7 for orientation



A
TRANSNUCLEAR

AN AREVA COMPANY

PROJECT NO: 10494 REVISION: 0

DOCUMENT NO: E-21625-NP PAGE: 19 of 81

_ I] the predicted temperatures at the ceiling of the HSM-H are [ ] higher
than the measured values.

* The predicted HSM-H sidewall temperatures are [ ] higher than the measured values.

* The predicted temperatures for the front and backwalls are [_ F] higher than the measured
values.

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

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

* 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 prediction 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 with 8 1F ambient vs. Table 10 data with 61.51F 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 [i] 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 DSC 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 temperature at the bottom by approximately [ and the temperatures at the DSC top,
side walls, top portion, front and back wall top portions decrease slightly. Temperatures at other
locations had insignificant impact. Therefore, it can be concluded that plugging the slots in the DSC
support rail does ndt 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 shield reduced the HSM ceiling
temperatures by approximately 11 when compared with the louvered top heat shield 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 U] 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.



A
TRANSNUCLEAR

AN AREVA COMPANY

PROJECT NO: 10494 |REVISION: 0

DOCUMENT NO: E-21625-NP |PAGE: 21 of 81

7.0 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 IISM-H Design
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Table 2 Measured Values for the Vertical Verification Test, 32 kNN Heat Load
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Table 3 Measure Values for the Vertical Verification Test, 40 kNI' Heat Load
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Table 4 Measured Values for the Horizontal Verification Test, 32 MNW Heat Load
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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 Shields
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Table 6 Comparison of the Measured and Predicted Temperatures for 32 kW Heat Load with
Finned Side Heat Shields (Concluded)
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Table 7 Comparison of the Measured and Predicted Temperatures for 36 kM' Heat Load with
Finned Side Heat Shields
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Table 7 Comparison of the Measured and Predicted Temperatures for 36 kWI' Heat Load with
Finned Side Heat Shields (Concluded)
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Table 8 Comparison of the Measured and Predicted Temperatures for 40 kWNA Heat Load with
Finned Side Heat Shields
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Table 8 Comparison of the Measured and Predicted Temperatures for 40 kWI Heat Load with
Finned Side Heat Shields (Concluded)
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Table 9 Comparison of the Measured and Predicted Temperaturcs for 44 kW1 Heat Load with
Finned Side Heat Shields
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Table 9 Comparison of the Measured and Predicted Temperatures for 44 kW Heat Load with
Finned Side Heat Shields (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 kWN 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 kWIV Heat Load with
Un-finned Side and Louvered Top Heat Shields and Slots in the Slotted Plate Fully Plugged
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Table 11 Comparison of the Measured and Predicted Temperatures for 32 k' Heat Load with
Un-finned Side and Louvered Top Heat Shields and Slots in the Slotted Plate Fully Plugged

(Concluded)
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Table 12 Comparison of the Measured and Predicted Temperatures for 32 kWI 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 Shield and vith Slots in Slotted Plate Fully Plugged

(Concluded)
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OUTLET VENT COVER
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Figure 1 Air Flow in HSM-H Cavity
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Figure 2 Dimensions of the HSM-11 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
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Figure 7 Photo of the Constructed
DSC Alockup
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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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Figure 13 Typical Measured Temperature Curves for Test with Finned Heat Shields
32 kW and 36 kW Heat Loads
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40kW test with Fins
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Figure 14 Typical Measured Temperature Curves for Test with Finned Heat Shields
40 kW and 44 kWN' Heat Loads
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APPENDIX A

MEASURED DATA
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Table A-1 Measured Temperatures at Steady State Condition for 32 k' Heat Load with Finned
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Table A-2 Measured Temperatures at Steady State Condition for 36kW Heat Load with Finned
Side Heat Shield
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Table A-3 Measured Temperatures at Steady State Condition for 40kWA' Heat Load with Finned
Side Heat Shield
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Table A-4 Measured Temperatures at Steady State Condition for 44kWN' 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 To Heat Shield
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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 To Heat Shield, and Fully Plug ged Slots
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APPENDIX B

PREDICTED TEMPERATURES USING ANSYS MODEL AND

DESIGN BASIS METHODOLOGY
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Table B-i Predicted Temperatures from ANSYS Model for 32 kW Heat Load wvith Finned Side
Heat Shicld

TC Predicted TC Predicted TC Predicted
Number Value (0F) Number Value (F) Number Value (,F)

1 322 46 152 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 90 111
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Table B-2 Predicted Temperatures from ANSYS Model for 36 kNN' Heat Load with Finned Side

TC
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Predicted
Value (OF)

339
326
318
308
323
308
318
326
392
366
358
348
376
393
368
360
351
377
351
360
368
391
367
359
348
377
340
326
317
306
322
306
317
326
157
153
149
127
117
157
153
149
127
117
153

Heat Shield
TC Predicted

Number Value (OF)
46 153
47 147
48 125
49 122
50 153
51 153
52 147
53 125
54 122
55 149
56 149
57 141
58 124
59 116
60 149
61 149
62 141
63 124
64 116
65 176
66 157
67 143
68 131
69 173
70 154
71 141
72 130
73 176
74 115
75 176
76 105
77 108
78 105
79 187
80 191
81 187
82 115
83 115
84 179
85 173
86 179
87 173
88 109
89 109
90 109

TC
Number

91
92
93
94
95
96
97
98
99
100
101
102
103

Predicted
Value (OF)

179
191
207
152
152
167
167
149
149
76
76
168
168
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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 (OF) Number Value (OF) Number Value (OF)

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 55 153 100 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
45 157 _ 90 109
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Table B-4 Predicted Temperatures from ANSYS Model for 44 kWN' Heat Load with Finned Side
Heat Shield

TC Predicted TC Predicted TC Predicted
Number Value (OF) Number Value (OF) Number Value (OF)

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
11 399 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-S Predicted Temperatures from ANSYS Model for 32 kIW Heat Load with Un-finned
Side Heat Shield and Louvered Top Heat Shield

TC Predicted] TC Predicted TC Predicted
Number I Value (OF) [Number I Value (OF) Number I Value (OF)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

312
313
311
285
291
285
311
313
365
363
365
334
343
368
367
370
338
344
338
370
367
365
363
366
335
343
313
314
314
285
291
285
314
314
142
139
135
113
103
142
139
135
113
103
140

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

142
137
112
108
140
142
137
112
108
135
136
129
110
102
135
136
129
110
102
163
145
127
116
161

.142
127

.116
167
102

.167
91

.94

184
180
184
102
102
167
166
1 66
1 66
95
95
95

91
92
93
94
95
96
97
98
99

100
101
102
103

156
170
191
145
145
164
164
141
141
62
62
144
144
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Table B-6 Predicted Temperatures from ANSYS Model for 32 kW NHeat Load with Un-finned
Side Heat Shield, Louvered Top Heat Shield, and with Slots in Slotted Plate Fully Plugged

I TC I Predicted I ITC I Predicted |I |TC I Predicted I
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Value (°F)
310
312
310
287
307
287
310
312
364
362
364
336
366
367
366
369
341
368
341
369
366
364
362
365
337
367
311
312
313
287
307
287
313
312
140
137
134
113
103
140
137
134
113

103
1 38

Number
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Value (OF)
140
136
112
109
138
140
136
112
109
134
135
128

110

102
1 134

135
128
110
102

1' 162
1431
126

117
159
141

T 126 1

165
1 105 1
| 165 |

92
95
92
182
178
182
105
104
165
164
164
164
97
96
97

Number
91
92
93
94
95
96
97
98
99
100
101
102
103

Value (OF)
154
168
189
143
143
162
162
139
139
60
60

142
142
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Table B-7 Predicted Temperatures from ANSYS Model for 32 kWN' Heat Load with Un-finned
Side Heat Shield, Flat Top Heat Shield, and with Slots in Slotted Plate Fully Plugged

TC Predicted TC Predicted TC Predicted
Number Value (OF) Number Value (OF) Number Value (OF)

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 61 145
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 79 164
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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MEASURED INSULATION EMISSIVITY
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'Table C-1 Summary of the Emissivity M~easurements for Insulation Materials

Emissivitv Measurement for Thermafiber (Mineral Wool)

Temp (OF) c Temp (°F) c Temp (OF) c Temp (F) c Tern
81.8 0.866 85.7 0.886 82.2 0.864 80.8 0.870 82
180.97 0.86 183.4 0.872 180 0.866 174.7 0.856 179
253.23 0.851 248.6 0.863 249.1 0.862 251.5 0.843 251

Emissivity Measurement for Spin-Glas _

Sample E Sample F Sample G_ Sample H Avei

Temp (OF) £: Ternp (F) £ Temp (OF) c Temp (Ff) £ Tern
86.4 0.870 85.8 0.869 84.9 0.887 84.2 0.898 85
182.2 0.829 179.8 0.836 181 0.840 182.9 0.837 182
253 0.818 251.3 0.833 249.9 0.836 249.5 0.830 251

Emissivity measurement for Thermafiber
0.95
0.9sample A

sample B
sample C

0.90 - -+-- sample D
> . -- -uAverage

3n

Ew 0.85

50 100 150 200 250 300

Temperature (F)

Emissivity measurement for Spin-Gals
0.95 -

| sample E
| sample F|

2~ 0.90 - --sample G
_> w sample HI

E 0.85-
Lu

0.80 -

50 100 150 200 250 300

Temperature (F)
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APPENDIX D

TECHNICAL DATA FOR INSULATION MATERIALS, SPIN-GLAS' AND THERMAFIBER'
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Johns Manville

I . - -----

.BOO Series Spin-Glas° -
Fiber Glass Duct and Equipmient Insulation

Description
800 Series Spon-las duct end equp mncnt insulation is manufxac.
tured from Inorganic glass fibers bonded together with thermo-
setting reshi O0 Series Spin-Glas Is available plain or faced In
a variety of densities for usc on systems which operate up to
450F (32WC. For taced products, surface temperature should
not exceed 10F (66Q. AP or FSK vapor retirder faced
material meets the reqtirements or NFPA90A ond 90B. Types
B13. 8l4. 815 and B17 provIde ncat squarecornersforan
excellent finished appearance on duct and equipment systems.
Spin-Gas can be readily cut with an ordinary knife and secured
utilizing mechanical fasteners and/or adhesives.

Uses
BOO Series Spin-Glas can be used In plain or laced form to
Insulate heating ducts end equipment. Faced 8oa Series Spin-
Gas is designed for systems which operate below ambient
temperatures where vapor barrier protection Is required. 500
Series Spin-Gas Is Ideal for application on commercial and
Industrial heating. air conditioning, power and process ..
equioment. These products are not designed for use Inside air
distribution duct work or equipment where the insulation will be
directly exposed to an air stream. On systems operating below
ambient temperaturcs, all seams should be lightly sealed with
quality ASJ. Foil, or FSK tapes depending on the desired finish.

-'' '

Operating Temperarture Umit Up to 450F WC)

Thermal Conductivity (W) -- - W

II.2
Specilication CompIlance
Type 512 813 814- 815 817
ASIMC612Type[A X X X X
ASTMC612TypeIB X X - X X
ASTM C 553, Typo lll X
(Plain material only)

NH-I-558C (Replaces
HH-1-558B)
Form B.Typel.aass7 X X X X

Mean Temperature
50 75 100 150 200 250 300(-F)
10 24 38 68 93 121 149( C)

Type 812 '813 814 815 817
Vk- 75V1n ean .24 .23 .23 .22 .22

k 24C mean s.035 .033 .033 '.032 .032

Physical Properties
ASM L 04. UL 723. NI A 55

-CANIJLCS102-M68 .
FHC 25/50,
Surface Burring

'Characteristics

Temperature limit (maximum)
Unlaced I - -
Faced-unface.d sidc:

-1 .-- faced side
Moisture sorption

. . (Composite) x X X X :X
NRC 1.36
MIL-1-24244C
ASTM C795
(Clezurne Material Only) X X X X X
S-tate-5 ClTU ri. -

rTide20 x x x x x

CGSBS1.GP.1OM Ac -x x x

Type l. AP &FSK faclng
(Replaces HH-B-100B Type I & II)

Alkalinity
I

450°F 232q
4501 (23M
1501 06C)
Less than S 0% by
weight-

-Less than 0.6%
expressed as Na O
Does not accelerate
None
None
Does not breed
or promote
0.02 perms max

Corrosivity
Odor
Shrinkage - I -
Resistance to lungi -

and bacteria
Moisture vapor . .
- transmisslon-FSK & AP

-NFPA90A & 90B. FHC 25sr & Lthited Comstxitylit
- ISO 9000 (ANSIIASCC 90) Certification
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ijW7Johns Manville

Pinn or AP Facing

: HeatTransferTables
814 Series Spin.GlasG Board
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Jaoatruse l and 11e811-ts
For use In continuous service ,p to 1200. (649T).

*Exceptional thermal perlormance and reslifency.
:Dimensionally stable it elevated te m'ratures ,ith ve

low llneal shrnkage.
Excellent fire performance, noncombust-lie.
Wi not wick moisture, promote corrosion or -
'electricity.
Lh ght and eay It le. -,

- Sc- - rusc in onl~inousericu o120F64>. '

THERFISR kiu~ti Bard isuallo b vatble fin lhye
nom-ia* densities. 4 UVoL 12 bAOL a meet or exceed 1,
- 'e-rDerim nts4ofaST'Utb a 612-e0ivate4d eatrd oicts rery

'J axilabl frir van lous U necs frnombusto ble. .i :. . 'e .t
- s o ikrosutpomt oolno odc

. . .. ..

, -.- -, � -.- ,I-: .. I ..... - - I .: 7 - i, , E . I I .

.. - , , . - . . . . t

Industrial Board Insulation

For thermal and acoustical
performance In commercial and -
i'ndustrlal applications.
Desortiatan.- -- .- :;

: THERMF ER hiut Board Is an econrsical emigd.
ve&ormed m 6riaaber 'crwton consisnirg d ehainialrext
-n..ral ibers bonded *ih a high lmpe'abue.U t osettin-g
binder. usian Board bi available hI nominal densities kom 4 ID
12 Ibile fL ard sutble for temneratrxes i4 bo 1200' (650C).

! THERMAFIBER 1n.ssal Board Isulation olters excellent the
and acoustical peforlamca hi both hot VWd old applcatons lo
- .new energy. mintain rowess tenmeeratures Provide
perso rerl proleCtion. pevent ndenation and reduce noise
-ernission an .--aninion.

-- dusti' Board lrwuaitcln may be d to huldt pklarteqtipmnt :
- :such as boilers. furnaces,ovensduct&, precpators, anks and

o-tier mnedaical equixent operating at wntnuouss erwice
! ,'mperatures from suwbmbient lo 120bF.

-. .lMax uess .- sJFe:
eniance Wabash rinm) Aana mv.l- Nomnendabse I

I Norrinal

YXsInIUIM W= U 4 ,-.AIMr ,k4Jtype u a
ksjndslrtallBoard 60 6 ATCt4~Tpfi6 .'

k6srioadOA ' ASTMC612-00,TypehlV 53

fIndustriail oardl00 :%10 M-111 C 612-CO.-type IA&B 4 2
fIndustrtai board 120 12 ASTM C 12-00.ypV4 N/A

iHtnndardwd &zes available

Thual Pedwrnance .7Thermal Conducviftt (k)

aoe -

I I

P-W.~o~ c
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I , I . . . . I - - II I..-~-~;

Industrial Board Ifis'ulation
r .t..4..

I �
Dowle Itwomaflon MoisbtreResslAirce Adsoita less N-i 1% by~weogt perASTM 0-653

S"es Cormokn, CorpiissutthASTM C-795 MUL 24244A
ilear st~lt: % at 12007 (649T)

Melt Ploint '-2000'F (1093,C3
Comixistibity Rate njorncwnibust~blo as defined by NF 2 tenlse

'ASTM E-136

.i �

4.,

Suwjam&JrrirvCharadter~litcs

IHERMAAFIBER kdistW Bonrd products camply tow
k~awoingsundardtsan pecfifcaris:ASTM E44,ASTUE.136'
(rated noncombstible as define by NFPA Standard 220 wtlen
tewsteoacordningloASTM E136J.ASTM 0-177;ASTMC-411;

~ASTM4C-518.ASTMC-553WFederaSpecH4-558B);
ASTM C-61Z ASTM C.1338; ASThI C-165.

StIaUgo Procedlure'
'on Initial sw-w~ orj. hea rise asolid not euced 1S¶ per
mneie lo WOm binder la dissipele wWtA excssive lenmperAtun
die. -Therma! conc vity Is not affected. Mhen Insulation Is lo.'
be used fi appicatansexsed loNh ir wlo resAdeWiale
prolecdorn must be provided to prevent erosion of kwAta66rn.
Severe vdbeaflon may maus degradatio of Iniuetionunder
ame conciflon CwWac your representative for

tcmeafonen trususl appcaton

,Flame sprea is; Smoke deve~oped 0, perASTU E-84

-Genermil
- .The tomatien presefo neriesi feprse or~~ averaep

values obtained by ASTMJ or othe standard methodi. The values
vii vary due to noral mawthixri vaitos .-n71 P-ro
usin thi product oUt determine Its suttbblity for a pertouliar
B y-lotin

THERMAFIBE&LLC salnot be Sable Ilot Iridental and
consequentidal ages. directl or kindrecty utand& , Wo kit
any los maued by appicatio of ftes goods notI si coordanice
wih c"mmen pirided mistnilon orb Ohew thn Ie fIntended Ms.,
W ~tabif.ty is eapessly kmted lo riplacint of deteciv 9Oods.

Any di bedeemedaidw unless made inwfibng tous
wivtbirUty (30) days komidateiktwAsorreasoiatyshLddhave
'.been ditscovered.

Folkw goci salely W en IL" it~ Vyien rcUcS dWt
hardng and Instatling of aM products and systemse. Take
necssayprecAicufandwear li aprpriatepersonal)
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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 Thermafibero 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 temperature measurements collected from thermocouples
107 through I 10. 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.

(7; , - hie for the walls and roof

h, kThermaflber

ql = (Tflor - 70) . Afloor
qj. .,4for the floort + 'ee/+ tconc + tsoil

kSpin-Glas kC-Steel ksoncrete ksoil

Ti,,,, = Temperature from Thermocouple 107 for Roor (OF)
108 for Sidewall (OF)
109 for Front Wall (0F)
I 10 for Back Wall (`F)

Tambieml = Average Temperature from Thermocouples 100, 101, and 104 (OF)
A =Surface Area (in2)
h, = Total Heat Transfer Coefficient = hind + hO, Considered to be 0.01 Btu/hr-in2-°F for this calculation
tO = Thickness of Thermafibero insulation board between the thermocouple and the outer surface =4"
tj = Thickness of Spin-Glase insulation board between the thermocouple and the steel base plate = I"

= Thickness of the steel base plate = 0.5"
6n, = Thickness of the concrete below the base plate = 12"
tOjj = Assumed thickness of soil to temperature of 70'F= 36"
kem nber= Conductivity of Thermafiber" board = 0.00I736Btu/hr-in 2 -°F [6]
kSpin.as = Conductivity of Spin-Gals4 board = 0.0018 Btu/hr-in2-°F [5]
kcsee, = Conductivity of carbon steel = 35.1 Btu/hr-fW2 -DF [11]

concrete = Conductivity of concrete = 0.096 Btu/hr-in2-°F [I and 2]
kooki= Conductivity of soil = 0.0144 Btu/hr-in2 -°F [I 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 HSIl-H Mockup
32 kW case Tmbi,, Tinsul h, A gl1oss chmi

(°F) (OF) (Btu/hr-in2 -oF) (in2 ) (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 Tjsul h, A gloss 0 los

(°F) (OF) (Btulhrin2-oF) (in2) (Btu/hr) (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 0.3

Total heat loss = 0.7%

40 kW case Tambient Tjnsul h, A gi, _____

(°F) (OF) (Btulhr-in2W-F) (in2) (Btu/hr) (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 Tembient Tjnsul h, A gos gloss
(OF) (°F) (Btu/hr-in 2-°F) (in2) (Btu/hr) (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 0.4

Total heat loss = 0.9%


