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Three-Dimensional Finite-Element Analysis

of High-Speed (Millisecond) Measurements!

E. Kaschnitz>> and P. Supancic*

Millisecond pulse heating has become an established method to obtain
accurate thermophysical property data for solid metallic materials at high
temperatures. This technique is based on rapid resistive heating of a
tubular- or rod-shaped specimen by an electrical current and simultaneously
measuring the pertinent quantities with, at least, millisecond resolution. The
temperature development during heating and subsequent cooling is usually
measured by a high-speed pyrometer. For the case of a tubular specimen,
the pyrometer is focused on a blackbody hole in the center part of the spec-
imen. A three-dimensional finite-element analysis was used to investigate the
limitations of the method used. A commercial program (ANSYS) was used
for a highly nonlinear finite-element analysis taking into account temperature-
dependent material properties as well as heat transport by radiation. Results
of the simulated temperature and current density distributions are presented
and discussed.

KEY WORDS: finite-element method; high temperature; millisecond pulse-
heating; modeling; numerical simulation.

1. INTRODUCTION

In the late 1960s, millisecond pulse-heating experiments were developed by
a research group led by A. Cezairliyan at the National Institute of Stan-
dards and Technology (NIST), Gaithersburg, Maryland, U.S.A. (at that
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time the National Bureau of Standards (NBS), Washington, DC, U.S.A.)
to measure multiple thermophysical properties [1, 2]. The method leads to
an unsurpassed accuracy for selected properties at very high temperatures
and is even suitable to characterize reference materials. However, due to
the self-heating by an electrical current, the method is restricted to electri-
cally conducting materials, generally metals and alloys.

Several research groups have adapted the methodology to properties
such as electrical resistivity, heat capacity, melting temperature, normal
spectral and hemispherical total emissivity, thermal expansion, and others.
A review on pulse calorimetry is given by Righini et al. [3]; more recent
work is described by our research group [4] and by Dai et al. [5].

The original technique is based on rapid resistive heating of a tubu-
lar specimen by an electrical current and simultaneously measuring the
pertinent quantities with at least millisecond resolution. The temperature
development during heating and subsequent cooling is measured by a
high-speed pyrometer. It is focused on a blackbody hole in the center part
of the specimen. In order to achieve a uniform cross section along the
entire specimen, a flat section is machined on the surface of the specimen
next to the blackbody hole (Fig. 1).

However, the method assumes no significant temperature gradients
along the cross section of the specimen (long thin-rod approximation),
as diffusive heat transfer to the surface is not considered. This influence

Fig. 1. Geometry of the three different models: (a) simple tubular specimen; (b) tubu-
lar specimen with flat; (c) tubular specimen with blackbody hole and flat (dimensions of
Refs. 7 and 8: length, 80 mm; outer diameter, 6.35 mm; inner diameter, 5.33 mm; rectangu-
lar hole, 1.06 x 0.56 mm?).
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of the surface radiation on temperature loss at the surface of a tungsten
specimen including the diffusive heat transport from the inside towards the
surface was simulated by Spisiak et al. [6] with a one-dimensional model
of cylindrical cross section.

Also, the cross section of the specimen is not exactly uniform as a
result of (a) the flat along almost the entire specimen and (b) the opening
hole used as a blackbody source causing a distortion of the electrical cur-
rent density in that region. This leads to a nonuniform temperature distri-
bution especially in the region of the blackbody hole. In order to simulate
this influence, a full three-dimensional finite-element analysis was made
to investigate these limitations of the millisecond pulse-heating technique.
A commercial program (ANSYS) has been used for a highly nonlinear
finite-element analysis taking into account temperature-dependent mate-
rial properties as well as heat transport by radiation. The geometry of the
specimens refers to the work of Cezairliyan and McClure on tungsten [7]
and Cezairliyan and Miiller on titanium [8]. Tungsten was selected because
of the extended temperature range up to 3600 K (high temperature radia-
tion losses) and titanium because of its relative low thermal conductivity
(low diffusive heat transport).

2. MODEL

Three different geometries are considered in order to introduce step-
wise the effect of different geometrical disturbances (Fig. 1):

(a) simple tubular specimen (outer diameter, 6.35 mm; inner diameter,
5.33 mm; length, 80 mm)

(b) tubular specimen with a flat (the cross section is reduced by
0.299 mm?; the wall thickness has a minimum value of 0.31 mm)

(c) tubular specimen with a blackbody hole (width, 0.56 mm; height,
1.09 mm; rectangular shape) and with flats outside the blackbody
region to maintain uniform cross section along the entire speci-
men.

For these geometries, the heat equation including the following phys-
ical phenomena are considered: (a) heat generation by the electrical cur-
rent, (b) diffusive heat transport in the specimen, and (c) radiative heat
transport at all (outer and inner) surfaces of the specimen. The heat equa-
tion is coupled with the Maxwell equation describing the electrical field
and current density. The thermal expansion of the specimen, and the
related change in geometry of approximately 2%, are not considered. The
initial skin effect and the Seebeck effect are assumed to be negligible.
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The geometry, as well as the boundary and initial conditions, were
chosen to match as close as possible the experiments of Refs. 7 and 8.
The temperature-dependent material properties of tungsten (heat capacity,
electrical resistivity, thermal conductivity, and hemispherical total emissiv-
ity) are taken from different sources [7, 9, 10]; the corresponding prop-
erties of titanium originate from Refs. 8 and 10-14. The outer surfaces
and those parts of the inner surfaces with a view to the outside are radi-
ating against a surrounding temperature of 20°C. Since thermal expan-
sion is not considered in the model, the temperature dependence of the
density is not taken into account. The room temperature value of density
used here is taken from Ref. 10. With a constant current of 2200 A for
tungsten and a current of 800 A for titanium, a realistic heating time of
slightly more than 500 ms from room temperature to a state close to melt-
ing was obtained. After the heating period, the current is switched off and
the specimen cools due to the heat loss by radiation for another 200 ms.

3. MESH OF THE GEOMETRY

The geometry was meshed with linear brick elements with two degrees
of freedom (temperature and voltage). The two models of (a) the simple
tube and (b) the tube with a flat have approximately 20,000 elements; the
model (¢) with the blackbody hole and flats was refined in the region of
the hole, leading to more than 100,000 elements.

Figure 2 shows the mesh of the geometry of the tubular specimen
with the blackbody hole and flat. The diameter of the tube is divided in
60 sections and 12 layers. In the axial direction, the tube is divided in 30
sections. The mesh in the region of the blackbody hole is refined by a fac-
tor of 2-6. When meshing with brick elements, the curved surface of the
tube is replaced by plane surfaces. In order to compensate for this mesh-
ing effect, the cross sections in the region of the flat and the blackbody
hole were exactly matched by slightly changing the dimensions of the flat,
keeping the cross section constant along the entire mesh.

4. NUMERICAL SIMULATION

The approximation of the descriptive system of equations was done
by commercial finite-element software. Time-dependent results are tem-
perature and voltage at each node of the mesh. The program ANSYS
Multi-physics Version 8.0 running on a PC with an Intel Xeon proces-
sor (2.4 GHz) and 2GB RAM and Windows XP as the operating system
was used to calculate the solution. Due to the algorithm of the radiation
solver, no symmetry of the geometry could be used. The simulations of the
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Fig. 2. Mesh of the tubular specimen with blackbody hole and flat: (a) entire model; (b)
cross section of the model; (c) close-up to the blackbody hole.

simple tube and the tube with a flat took approximately 10h; the simula-
tion of the model with the blackbody hole and flats took more than 200 h.

Deviations of the simulation results from physical reality are due to
different reasons: (a) simplifications of physical phenomena (e. g., thermal
expansion, Lorentz force); (b) simplifications of initial and boundary con-
ditions (e. g., constant electrical current, material properties); (¢) simpli-
fications of the geometry by meshing (approximation of curved surfaces
by flat surfaces); and (d) approximation by a numerical solution (residu-
als and rounding). In order to check the principal validity of the model,
our three-dimensional model has been calculated with the same dimen-
sions and very similar boundary conditions as the one-dimensional model
of Spisiak et al. [6], leading to very similar results.

5. RESULTS

The temperature distribution of the simple tungsten tube at a heating
time of 560 ms (close to melting) is shown in Fig. 3. There is a temperature
difference of approximately 5°C between the inner and outer surfaces of
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Fig. 3. Temperature distribution of a simple-tube tungsten specimen at a heating time of
approximately 500 ms at high temperature close to melting.

the tube. A gradient of approximately 50°C develops along the axial direc-
tion, but this is outside the measurement region, which is defined in a
real experiment by the voltage probes. Figure 4 shows the temperature dis-
tribution in the tungsten tube with a flat at a similar time, the gradient
along the cross section increases to 10°C due to the different wall thick-
ness along the diameter.

The temperature distribution becomes increasingly more inhomoge-
neous with the additional blackbody hole. Figure 5 shows the tempera-
ture distribution in the vicinity of the blackbody hole at a heating time of
540ms. A temperature gradient on the order of 130°C has developed with
a hot spot at one side of the hole and a cold spot at the opposite side.

The current density (derived from the voltage distribution, taking into
account the temperature dependence of the resistivity) in the vicinity of
the blackbody hole at the heating time of 540 ms is shown in Fig. 6. Steep
gradients of the current density can be seen; the absolute values differ by
a factor of approximately 7. These gradients in current density cause the
non-uniform temperature distribution.
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Fig. 4. Temperature distribution of a flattened-tube tungsten specimen at a heating time
of approximately 500 ms at high temperature close to melting.

In order to test the influence of the temperature gradients on the
obtained results of a real millisecond pulse-heating experiment, the mea-
surement procedure was also simulated. The voltage difference between
two defined nodes along a portion of the specimen and the temperature
at a node at the opposite side of the blackbody hole were time-resolved
(Fig. 7). With this data, the specific heat capacity and electrical resistiv-
ity read were calculated using the equations for power balance and Ohm’s
law [4, 14]. Comparisons of the resulting specific heat capacity and electri-
cal resistivity with the simulation input show a small difference of 0.1% in
electrical resistivity and a deviation of 1% in specific heat capacity (Fig. 8).
The temperature measurement spot at the opposite side of the blackbody
hole is somewhat arbitrary, but it is a necessary assumption as the simu-
lation (at the present stage) cannot calculate the averaged temperature as
seen by a pyrometer.

In a real experiment, the temperature, measured by a radiation
pyrometer, is determined by a local surface temperature and the effec-
tive emissivity. Thermal radiation measured by a pyrometer will consist of
the self-radiation of the surface (defined by the temperature and spectral
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Fig. 5. Temperature distribution of a tube-shaped tungsten specimen with blackbody hole
and flats at a heating time of approximately 500 ms at high temperature close to melting.

emissivity of the metal—the latter is, usually, in the range of 0.3-0.4
depending on the wavelength and the metal) and the reflected light emitted
by the inner surface of the tube. Thus, the effective emissivity is, actually,
the reflected light emitted by the inner surface of the tube. As the effec-
tive emissivity is close to one, it is obvious that 2/3 of the radiation enter-
ing the pyrometer optics is the reflected light emitted by the surface of the
wall, having a higher mean temperature than the measuring point. Due to
this effect, the actually measured temperature is higher and, therefore, one
can presume that the deviations between real measurements and simulated
measurements are much smaller.

All the deviations in temperature and current density are very similar
but smaller for the titanium specimens. In general, the effect of the dis-
turbance of the uniformity of the cross section in the vicinity of the black-
body hole contributes more to the distortion of the temperature field than
the effect of the radiation loss at the surface and the lack of heat trans-
port by a finite thermal conductivity.
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Fig. 6. Current density distribution of a tube-shaped tungsten specimen with blackbody
hole and flats at a heating time of approximately 500 ms at high temperature close to
melting (detail in the vicinity of the blackbody hole).

6. DISCUSSION AND OUTLOOK

The performed three-dimensional finite-element analysis of a mil-
lisecond pulse-heating experiment shows significant deviations from the
assumption of a uniform temperature field along and across the specimen.
The distortion of the current density field can cause temperature differ-
ences in the range of 100°C and steep temperature gradients. A high qual-
ity pyrometer with a very small viewing spot and a limited size-of-source
effect is necessary to avoid radiation pick-up from the hottest and cold-
est spots close to the blackbody hole. However, due to the relative small
region of major disturbances in the current distribution and the tempera-
ture field, the influence on the obtained results in the (simulated) measure-
ment is limited.

Well balanced geometrical dimensions (inner and outer diameter, size
of blackbody hole, and flat) seem to be crucial to obtain a relative uniform
temperature distribution. If the wall thickness of the specimen is too large,
the necessary heat transport to the radiating surface is too low, and a tem-
perature gradient between the inner and outer surfaces develops. However,
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Fig. 7. Simulated temperature of a node at the opposite side of the blackbody hole of
the tungsten specimen, voltage drop along a defined portion of the specimen, and current
through the specimen as a function of time at heating and cooling.
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Fig. 8. Simulation input values of specific heat capacity and electrical resistivity as a
function of temperature compared with results of a simulated measurement.
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if the wall thickness is lowered too far, the influence of the flat increases
and the temperature gradient increases around the circular cross section.

In order to continue this work, temperature measurements with a
thermo-camera (to obtain time and spatial resolution) on pulse-heated
specimens are planned and subsequently compared to the results of sim-
ulations. Another important question is the actual view of the pyrome-
ter pointing at the blackbody hole. Future simulations could take into
account the temperature radiation pick-up of different regions of the spec-
imen by the pyrometer.
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