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Heat flow calorimeters are used to determine the mass of nuclear materials within a scale container
by measuring the heat generated by the decay of radioactive isotopes within the sample. This non-
destructive assay (NDA) technique can be used with a wide range of sample sizes, measuring
accurately thermal powers from 0.5 mW to 1000 W, Several standard calorimeter designs, such as
the twin heat flow calorimeter, are widely used throughout the DOE complex. These designs are
based on years of experience and laboratory experimentation and have performed well, providing
accurate and reliable measurements of thermal power. Computational analyses of the heat and fluid
flow within a calorimeter can now be performed to assist in the calorimeter design process, using
commercially available CFD (Computational Fluid Dynamics) codes. In particular, parametric
studies can be performed to determine efficiently ways to reduce calorimeter size, expense, and
operation times. In the present study, a twin heat flow calorimeter is modeled. Computational
results are presented showing the effects of varying the calorimeter geometry, component materials,
and sample size and positioning within the calorimeter on
measurements.

INTRODUCTION AND COMPUTATIONAL MODEL

The heat flow calorimeters used throughout the DOE complex

the accuracy of the thermal power

are based on nickel wire temperature
sensors connected in a Wheatstone bridge configuration, which can be calibrated to provide highly
accurate power output measurements from heat producing nuclear materials. A water bath is used to
provide a constant reference temperature and infinite heat sink. New heat flow calorimeters are
currently being developed; the design of the calorimeter is determined by the size and heat output of
the items to be measured and the required accuracy of the measurements. There are several basic
calorimeter designs; see Ref. [1] for a general discussion. The twin heat flow calorimeter operated
in an equilibration mode offers the highest degree of accuracy for NDA measurements. A schematic
model of the interior of a twin heat flow calorimeter chamber is shown in Fig. 1. Under equilibrium
conditions, the thermal conductivity, k, of the calorimeter components is the only thermophysical
property affecting ~he resulting heat flow through the system. Typical values of k are given in Table
1. The combination of k and the component thickness determines the thermal resistance (resistance
to heat flow) imposed by any given component. “Thermal gaps” or layers of materials having
relatively high thermal resistances between the sensor wires and the water bath determine the
sensitivity of the calorimeter. Air and epoxy layers are commonly used to provide these thermal
gaps. Various insulating materials are used at both ends of the calorimeter to ensure a radially
outward heat flow.
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The computational analysis reported in this paper is performed to investigate possible design
modifications to determine efficiently ways to reduce calorimeter size, expense, and operation
times. A similar study [2] was performed earlier using the general purpose Finite Element Analysis
(FEA) software package ABAQUS (Hibbitt, Karlsson, and Sorensen, Inc., Pawtucket, RI). This
current study extends the results previously reported in Ref. [2], and also investigates the feasibility
of using commercial CFD software to perform the heat and fluid flow analysis, The use of CFD
software may allow the recirculating water bath flow to be modeled as well as the heat transfer
through the calorimeter components, and in doing so may allow novel calorimeter designs to be
explored. This paper is the first in a series to investigate these issues. Table 2 provides a summary
of the cases examined in this initial parametric study, in which only the equilibrium operation of the
calorimeters is considered. All cases consider a uniformly distributed 1.0 W heat source (contained
in a 6 inch long sample can) unless otherwise noted.

The specific computational model considered in this study is shown in Fig. 1, with dimensions
given in Tables 3 and 4. The base case configuration used for comparison and to evaluate potential
design changes (corresponding to Case II in Table 2) is an 18 inch long calorimeter consisting of a 6
inch long sample can covered by a 6 inch long Styrofoam cap on one end and a 6 inch long PVC
cap on the other end, the so-called 6-6-6 model. This model follows a rule-of-thumb for the design
of such calorimeters, which prescribes the height of the sample-can to be one third of the overall
height of the calorimeter, and its location to be in the middle third portion of the calorimeter. To
evaluate this design guideline, calorimeters with different overaIl lengths were considered, ranging
from 16 inches (Case I in Table 2) to 26 inches (Case VI in Table 2). The effects of the use of
different end insulation materials and different thermal gaps are also considered, as seen in Table 2,
to evaluate the possibility of reducing the overall size of the calorimeter.

COMPUTATIONAL ANALYSIS

In the model heat flow calorimeter, heat is generated volumetrically within the interior sample can
and is conducted outward (in both the radial and axial directions) through the various components
of the calorimeter (Fig, 1). The stainless steel jacket is maintained at a constant temperature by a
recirculating water bath. The heat transfer within the calorimeter under equilibrium conditions is
described mathematically by the steady linear heat diffusion equation [3], assuming constant
thermophysical properties and a constant volumetric heat generation rate from the sample. The
model problem is assumed to be axisymmetric. The commercial finite element code FIDAP,
Version 7.6 (Fluent, Inc., Lebanon, NH; www.fluent.tom) is used to solve the coupled set of heat
diffusion equations describing the heat transfer through each component of the calorimeter. FIDAP
is a Computational Fluid Dynamics (CFD) analysis package based on the finite element method,
and can be used to solve a wide range of heat and fluid flow problems. Details of the particular
implementation of the finite-element method used in FIDAP can be found in the set of users
manuals provided with the code,

The finite element method requires that the problem domain be subdivided into a collection of
elements; 8-node quadratic quadrilateral elements are used in this study. A “grid-independence”
study was performed to determine the number of finite elements needed to obtain accurate
predictions of the temperature and heat flow distributions throughout the calorimeter model. A
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mapped mesh of 10800 elements (corresponding to 90 subdivisions in the axial direction and 120
subdivisions in the radial direction) was found to be adequate for the 6-6-6 or base case calorimeter
(Case II, Table 2), while 15600 elements are needed for the 10-6-10 or largest calorimeter model
studied (Case VI, Table 2). A minimum of 4 radial subdivisions (in the thinnest calorimeter
components) is always maintained. Using these mesh sizes, the total predicted heat flow at the
boundaries of the calorimeter agree to within 0.2% of the volumetric heat generation rate. The
discretized system of linear algebraic equations is solved within FIDAP using a direct Gaussian
elimination equation solver. Isothermal boundary conditions (T = 298 K) are imposed on the outer
boundaries of the model calorimeter. All calculations are performed on IBM RS/6000 workstations,
with processing times typically ranging from 1 to 5 minutes per simulation.

RESULTS

Table 2 provides an overall summary of the key results from the parametric study reported here,
specifically the percentage of the total heat flow leaving the top, bottom, and side of the calorimeter
and the mean sensor wire temperature. The first six cases shown in Table 2 comprise the parametric
study of the effects of the end-cap insulation lengths, as noted earlier. Over the range in lengths
considered, no effect was observed on the mean temperature of the sensor wire. Thus, the sensitivity
of the power measurements is not impacted by adding more insulation beyond that specified by the
“one-third-height” rule-of-thumb. However, reducing the amount of insulation to a 5 inch thick
layer on each end (Case I) results in an increase in the heat loss through the ends. To eliminate any
significant axial heat l.ss, the ~le-of-thumb should be observed.

Thermel epoxy mixed with glass microsphere has a lower thermal conductivity than the standard
epoxy, and how its use affects the sensitivity of the sensor wire is examined in Case VII. It is
observed that the heat 10SSthrough the ends is decreased, with a corresponding increase in the mean
temperature of the sensor wire relative to the base case. This will result in a greater sensitivity and is
thus a desirable change. The temperature profile along the sensor wire is showm in Fig. 2.

The next case considered, Case VIII, examines the possibility of reducing the overall size of the
calorimeter by reducing the thickness of the thermel epoxy gap. In the base case, the thermal gap is
0.291 inches thick. By reducing Dimensions I-K (Table 3) by O.141 inches, the outermost epoxy
layer is reduced in thickness to 0.150 inches. This change, whiIe actually decreasing the axiaI heat
loss, results in a decrease in the mean sensor wire temperature and thus sensitivity relative to the
base case. The temperature profile along the sensor wire for this case is shown in Fig. 3.

In Cases IX and X, the benefits of using Styrofoam (which has a lower thermal conductivity) rather
than PVC for the one end cap are explored relative to the base case, Case II, and the small thermal
gap case, Case VIII. In Table 2, a noticeable decrease in the axial heat loss is observed for both
cases. However, the mean sensor wire temperature in both cases also decreases, and therefore
presents no advantage over the base case. The temperature profiles along the sensor wire (not
shown) are qualitatively similar to those in Figs. 2-3.
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The sensor wire temperature distributions for heat sources greater than 1 W is also studied, to
determine the sensitivity of the measurements over a range of power outputs. The temperature



profiles corresponding to Cases XI-XIV are shown in Fig. 4. Asthe power output increases, the
peak and mean sensor wire temperatures increase proportionally while the axial heat loss remains
small, indicating that over this relatively narrow power output range no loss of sensitivity or
accuracy is observed.

Finally, the effects of the location of the heat source within the sample can on the sensor wire
temperature distribution is investigated by locating the heat source at the lower third, middIe third,
and upper third portions of the sample can. The resulting temperature profiles are shown in Fig. 5.
While the axial location of the peak temperature varies noticeably, the corresponding mean
temperatures range from 298.269 K to 298.287 K and can be expected to have little impact on the
sensitivity of the measurements.

CONCLUS1ON

A computational analysis of the heat flow within a model calorimeter has been performed to assist
in the calorimeter design process, using the FIDAP commercial CFD code. Results are presented
showing the effects of varying the calorimeter geometry, component materials, and sample size and
positioning within the calorimeter on the temperature and heat flow distributions throughout the
calorimeter. Specifically, the temperature distribution along the sensor wire and the resulting mean
temperature are reported, from which the electrical resistance and hence the accuracy and sensitivity
of the thermal power measurements can be deduced. Heat losses from the ends of the calorimeter
are also reported, demonstrating that the “one-third-height” rule-of-thumb for the insulating end-cap
thickness is justifiable. Finally, it is shown that the positioning of the heat source within the sample
can has a small but negligible effect on the temperature of the sensor wire.
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Table 1. Thermal conductivity of model calorimeter components.

Component k, W/m*K
heat source 0.0264

sample can (2024 aluminum) 121.2
air 0.0264

I heater form (2024 aluminum) 121.2
heater wire (mamzanin) 0.5360

epoxy (standard) 0.3942
epoxy (with glass) 0.2078

sensor wire (nickel) 0.5228
jacket (304 stainless steel) 14.68

Styrofoam 0.0289
Pvc 0.1039

polystyrene 0.2555

Table 2. Calorimeter heat flow and mean sensor wire temperatures.

Case Model q, bottom (VO) q, top (?40) q, side (o/o) T, avg (K)
I 5-6-5 0,021 0.050 99.929 298.287
II 6-6-6 0.012 0.055 99.933 298.287
III 7-6-7 0.000 0.001 99.999 298.287
IV 8-6-8 0.000 0.001 99.999 298.287
v 9-6-9 0.000 0.000 100.000 298.287
VI 10-6-10 0.000 0.000 100.000 298.287
VII 6-6-6 0.003 0.015 99.982 298.521

epoxylglass
VIII 6-6-6 0.002 0.012 99.986 298.130

O.15“ epoxy
IX 6-6-6 0.001 0.001 99.998 298.224

Styrofoam
x 6-6-6 0.000 0.000 100.00 298.130

O.15“ epoxy
Styrofoam

XI 6-6-6,2 w 0.001 0.006 99.993 298.573

XII 6-6-6,3 w 0.001 0.006 99.993 298.830

XIII 6-6-6,4 w 0.001 0.006 99.993 299.146
XIV 6-6-6,5 w 0.001 0.006 99.993 299.433

5



.. $4’

Table 3. Dimensions (inches) of model calorimeter components as shown in Fig. 1.

Dim. A B c D E F G H I J K
(in.) Table 4 0.87 0.995 1.0 1.038 1.053 1.075 1.084 1.375 1.376 1.5

Table 4. Dimension A.

calorimeter Model Dimension A (in.) Dimension A (m)
5-6-5 1 0.0254
6-6-6 2 0.0508
7-6-7 3 0.0762
8-6-8 4 0.1016
9-6-9 5 0.1270

10-6-10 6 0.1524
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Fig. 1. Schematic diagram of model calorimeter (not to scale). See Table 3 for actual dimensions.
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Fig. 2. Effect of epoxy material on sensor wire temperature profiles
(Case II and Case VII, Table 4).
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Fig. 3. Effect of outer epoxy layer thickness on sensor wire temperature profiles
(Case II and Case VIII, Table 4).
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Fig. 4. Effect of heat source power on sensor wire temperature profiles
(Case II and Cases XI-XIV, Table 4).
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Fig. 5. Effect of heat source location on sensor wire temperature profiles.
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