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Abstract

Because of the impact that melt relocation and vessel failure has on subsequent progression and associated consequences of a light
water reactor (LWR) accident, it is important to accurately predict the heatup and relocation of materials within the reactor vessel and
heat transfer to and from the reactor vessel. Accurate predictions of such heat transfer phenomena require high temperature thermal
properties. However, a review of vessel and structural steel material properties in severe accident analysis codes reveals that the required
high temperature material properties are extrapolated with little, if any, data above 700 �C. To reduce uncertainties in predictions relying
upon this extrapolated high temperature data, INL obtained data using laser-flash thermal diffusivity techniques for two metals used in
LWR vessels: SA 533 Grade B, Class 1 (SA533B1) low alloy steel, which is used to fabricate most US LWR reactor vessels; and Type 304
Stainless Steel SS304, which is used in LWR vessel piping, penetration tubes, and internal structures. This paper summarizes the new
data, compares it to existing data in the literature, and provides recommended correlations for thermal properties based on this data.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Melt relocation and vessel failure impacts the subse-
quent progression and associated consequences of a light
water reactor (LWR) accident. Hence, it is important to
accurately predict the heatup and relocation of materials
within the reactor vessel and heat transfer to and from
the reactor vessel. However, a review of vessel and struc-
tural steel material properties used to predict such phenom-
ena in severe accident analysis codes, such as SCDAP/
RELAP5-3D� [1], MELCOR [2], and MAAP [3], reveals
that the required high temperature material properties are
extrapolated with little, if any, data above 700 �C. To
reduce uncertainties in predictions relying upon this extrap-
olated high temperature data, INL obtained data using
laser-flash thermal diffusivity techniques for two metals
used in LWR vessels: SA533 Grade B Class 1 (SA533B1)
low alloy steel, which is used to fabricate most US LWR
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reactor vessels; and Type 304 Stainless Steel (SS304), which
is used in LWR vessel piping, penetration tubes, and inter-
nal structures.

Prior to obtaining new high temperature data, existing
thermal property data for these materials were reviewed,
so that new data could be compared with data available
in the literature. Results from this review are found in Sec-
tion 2 of this paper. New high temperature data obtained
in this effort and comparisons of the new data with avail-
able data in the literature are reported in Section 3. Section
4 summarizes insights from this study.
1.1. Method

The effort reported in this paper relied upon pulsed ther-
mal diffusivity methods (TDMs) to obtain high tempera-
ture material thermal properties. TDMs are based on the
material’s thermal diffusivity, a; the thermophysical prop-
erty that best determines the speed of heat propagation
by conduction during changes of temperature with time.
The thermal diffusivity, a, is defined by
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Fig. 1. Flash method (a) geometry and (b) temperature increases for
various experimental conditions.

Fig. 2. Laser-flash thermal property analyzer (Anter FL5000) installed at
HTTL.
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a ¼ k=qcp; ð1Þ
1 Thermitus, Marc–Antoine, Thermal Diffusivity and the Flash Method,
personal communication.
where k represents the thermal conductivity, cp represents
the specific heat capacity, and q represents the density.
As indicated in this definition, the thermal diffusivity affects
any conductive transient heat transfer process within the
medium. The higher the thermal diffusivity, the faster the
heat propagation.

Since its introduction by Parker et al. [4] the flash
method has become popular among thermal diffusivity
measuring methods because of its speed (commercial sys-
tems may go from room temperature to 1600 �C in less
than a day), accuracy (commercial systems are reporting
accuracies of ±3% or better), and reproducibility (commer-
cial systems are reporting reproducibilities of ±2% or bet-
ter). After the sample is stabilized at a desired temperature,
T0, a nearly instantaneous pulse of energy (usually from a
laser or other discharge source) is deposited on its front
face, and the temperature increase, T(t), on the rear face
of the sample is recorded as a function of time (see
Fig. 1(a)). The thermal diffusivity is then determined from
the resulting thermogram (see Fig. 1(b)). If no heat loss is
involved, the rear face temperature will rise to a maximum
and remain at that level indefinitely (curve A). However,
with increasing heat losses, the temperature on the rear face
decreases after reaching a maximum value (curves B and
C).

The original method proposed by Parker assumes an
isotropic and adiabatic sample (e.g., no heat loss). Several
analytical methods, such as that proposed by Clark and
Taylor [5], have been introduced over the years to enhance
the Parker method by considering heat losses, finite pulse
duration, and non-uniform pulse heating. In a study per-
formed by Thermitus,1 it was concluded that the accuracy
of these various methods is similar, provided that certain
test criteria are met, such as the sampling frequency, the
signal to noise ratio, etc.

The thermal conductivity may be calculated from ther-
mal diffusivity measurements using Eq. (1). However, the
density and specific heat capacity must be determined by
other methods before the thermal conductivity can be cal-
culated. Commercial software, which can determine the
heat capacity by a comparative method with a reference
sample that has similar properties, is often provided with
TDM systems.
1.2. Approach

In this project, TDM data were obtained using an Anter
thermal properties analyzer (FL 5000) system (see Fig. 2)
installed at INL’s high temperature test laboratory
(HTTL). This system uniformly heats a small disk-shaped
sample (typically, 12 mm in diameter and 2–4 mm thick)
over its front face with a very short pulse of energy from
a laser in a temperature-controlled furnace. The time-tem-
perature history of the rear face of the sample is recorded
through high-speed data acquisition from a solid-state
optical sensor with very fast thermal response. Thermal dif-
fusivity is determined from the time interval after the flash
for the rear face to increase in temperature (using the Clark
and Taylor method). Specific heat capacity and thermal



Fig. 3. Comparison of selected reference information for stainless steel material properties.
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conductivity data were estimated using comparative tech-
niques with software provided by Anter.
2. Existing data

As part of this effort, test data are compared to available
data in the literature. Additionally, reference sample mate-
rial properties are required to estimate test sample thermal
conductivity and specific heat capacity using comparative
techniques associated with pulse diffusivity methods. In this
section, selected literature data are compared; and the ‘pre-
ferred’ or ‘recommended’ values for the density, specific
heat capacity, thermal conductivity, and thermal diffusivity
are presented for test and reference materials considered in
this study. As documented in this section, all data for these
metals are extrapolated for temperatures above 1000 �C
(and in some references, are actually extrapolated at tem-
peratures above 700 �C).
2 D.L. Hagrman, Consultant, email to J. Rempe, INL, July 6, 2005.
2.1. Stainless steel

Fig. 3 compares curves based on stainless steel material
property data (diffusivity, thermal conductivity, specific
heat capacity and density) found in Touloukian [6], the
MATPRO library used in the SCDAP/RELAP5-3D� [1]
and MELCOR [2] state-of-the-art severe accident analysis
codes, and the thermal diffusivity information provided
by Anter for the reference stainless steel sample [7]. Note
that Touloukian and MATPRO curves are extrapolated
for temperatures above 1000 �C. It is also interesting to
note that large differences exist in values from these refer-
ences. Thermal diffusivity values provided by Touloukian
and Anter are as much as 60% lower than values recom-
mended in the MATPRO material data library. MATPRO
stainless steel 304 data are based on information in Peckner
and Berstein [8]. Information from the analyst who devel-
oped this MATPRO correlation indicates that the data
were very limited and the highest temperature data point
was below 730 �C.2 These discussions and new thermal dif-
fusivity data obtained with the FL5000 led to the recom-
mendation that information provided by Touloukian be
adopted for this study.
2.2. Iron

The reference iron sample provided by Anter is often
used as a comparison material because its thermal diffusiv-
ity is similar to carbon steel. Fig. 4 compares curves based
on iron material property data (diffusivity, thermal conduc-
tivity, density, and diffusivity) found in Touloukian [7] and
the reference sample thermal diffusivity information pro-
vided by Anter [8]. Because information for all the material
properties of interest is available in Touloukian (and
because the Touloukian data are consistent with informa-



Fig. 4. Comparison of selected reference information for iron material properties.

Fig. 5. Recommended SA533B1 material properties.
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tion provided by Anter data), the Touloukian data are rec-
ommended for use in this effort.
2.3. SA533 B1

Fig. 5 contains curves based on material property data
found in MATPRO for SA533B1 vessel steel. MATPRO
SA533B1 data are based on information from Spanner
et al. [9]. Because no additional data for this material were
found, the MATPRO data are recommended.
3. Results

As noted in Section 1, TDM data were obtained in this
project using an Anter FL5000 system installed at INL’s
HTTL. Although this system is capable of obtaining data
up to 1600 �C, tests were limited to 1400 �C or lower in
order to preclude sample melting. Test samples were
approximately 12 mm in diameter and ranged from 2 to
4 mm thick. Test samples were designated by a test number
(e.g., 400–430), their approximate thickness (e.g., 2–4), a
numeric letter (e.g., A–C to denote the first through third
Fig. 6. SS304 thermal diffusivity data.

Fig. 7. Comparison of SS304 and reference stainless steel thermal
diffusivity data with values provided in the literature (literature curves
extrapolated above 1000 �C).
sample of a particular thickness), their coating (e.g, ‘C’
for graphite sprayed, ‘BN’ for boron nitride sprayed, or
‘GB’ for grit blasted), and the voltage at which samples
were tested (e.g., 1200–1500 V).

Thermal diffusivity data were calculated using the Clark
and Taylor method [5], which is encoded into software pro-
vided by Anter for the FL5000 system. Specific heat capac-
ity and thermal conductivity data were estimated using
comparative techniques with software and reference sam-
ples provided by Anter. However, peak temperatures for
which specific heat capacity and thermal conductivity data
could be estimated were constrained to peak test tempera-
tures for these reference samples (due to concerns about
variations in data if samples were subjected to tempera-
tures at or above where they experience a phase transition).

3.1. Stainless steel

Thermal diffusivity data for stainless steel samples
(SS304) are plotted in Fig. 6. As indicated by the legend
in this figure, SS304 data were obtained from testing 13
samples with thicknesses varying from 2 to 4 mm, laser
powers varying from 1000 to 1500 V, and various types
of sample coatings (graphite, boron nitride, and grit
blasted). Data in this figure suggest that variations in test
parameters did not produce any discernible trend in the test
data. Fig. 7 compares this new SS304 data with data
obtained from the Anter reference stainless steel sample,
Anter reference sample thermal diffusivity data, and the
recommended diffusivity (based on Touloukian data) from
Fig. 3. As noted in Section 2, Fig. 3 recommended values
for stainless steel are extrapolated above 1000 �C. As
shown in Fig. 7, the SS304 data agree fairly well with ref-
erence sample data. Values for the SS304 and reference
samples also agree fairly well with Fig. 3 recommended val-
ues at lower temperatures. More scatter occurs in data
obtained at higher temperatures. However, high tempera-
ture data appear lower than the recommended Touloukian
values at temperatures above 600 �C.
Fig. 8. Comparison of SS304 specific heat capacity data derived from
FL5000 with data published in Touloukian.



Fig. 9. Comparison of SS304 thermal conductivity data derived from
FL5000 with data published in Touloukian.

Fig. 11. Comparison of INL SA533B1 thermal diffusivity data, reference
iron sample data, and values provided in the literature.
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Using software provided by Anter, the specific heat
capacity and thermal conductivity of the SS304 samples
were estimated using comparative techniques and data
for a similar sample (in this case, the reference stainless
steel sample provided by Anter). Figs. 8 and 9 illustrate
results obtained using these techniques. Recommended
curves (the curves from Fig. 3, which are based on Toulou-
kian data) are also plotted in these figures.

Curve fits from data estimated with the Anter compara-
tive software are similar to the recommended values from
Fig. 3. However, there is considerable scatter in the data.
More testing is recommended to reduce the uncertainty
in the specific heat capacity and the thermal conductivity
of this material (especially at higher temperatures).
Fig. 12. Comparison of INL SA533 specific heat capacity data and
MATPRO data.
3.2. SA533 B1 data

Thermal diffusivity data for SA533B1 samples tested at
INL are plotted in Fig. 10. The SA533B1 data were
obtained from testing nine samples with thicknesses vary-
ing from 2 to 4 mm, laser powers varying from 1000 to
1500 V, and various types of coatings (graphite, boron
nitride, and grit blasted). Data suggest that variations in
test parameters did not significantly affect test data. As in
Fig. 10. INL SA533B1 thermal diffusivity data.
SS304 tests, there is more scatter in higher temperatures
SA533B1 data. However, a change in the behavior of the
SA533B1 diffusivity occurs at temperature above 730 �C,
which is the temperature where this material starts to expe-
rience a transformation (from ferritic to austenitic steel)
Fig. 13. Comparison of INL SA533B1 thermal conductivity data and
MATPRO data.



Table 1
Comparison of FL5000 TDM results with available literature data

Material Data source Thermal diffusivity (m2/s) Thermal conductivity (W/m2 �C)

20 �C 600 �C 1000 �C 1200 �C 20 �C 600 �C 1000 �C 1200 �C

SS304 Reference 3.7E�6 5.5E�6 6.5E�6 7.2E�6 15 24 29 33
INL 3.7E�6 5.2E�6 5.6E�6 5.8E�6 20 25 27 28

SA533B1 Reference 1.5E�5 5.5E�6 NA NA 52 44 NA NA
INL 1.2E�5 5.2E�6 5.2E�6 5.2E�6 57 38 NA NA

Fig. 14. Comparison of thermal diffusivity data for materials tested.
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[10]. Data also indicate that the general behavior of ther-
mal diffusivity for carbon steel is more similar to that of
iron than the stainless steel reference data. Fig. 11 com-
pares the SA533B1 data with data obtained for an Anter
reference iron sample, Touloukian iron thermal diffusivity
data (from Fig. 4), and the recommended SA533B1 diffu-
sivity data (based on MATPRO data from Fig. 5). As
shown in Fig. 11, the newly obtained iron data are consis-
tent with data found in Touloukian. The new SA533B1
data are similar (but somewhat lower) than data recom-
mended by MATPRO. More scatter occurs in data
obtained at higher temperatures.

Using software provided by Anter, the specific heat
capacity and thermal conductivity of the SA533B1 samples
were estimated using comparative techniques and recom-
mended material property data for reference iron. Figs.
12 and 13 illustrate results obtained using these techniques.
Recommended curves (see Fig. 5 from MATPRO informa-
tion) are also plotted in these figures.

Curvefits from data estimated with the Anter compara-
tive software yield similar values to the recommended val-
ues in Fig. 5. However, there is considerable scatter in the
data. More testing is needed to reduce the uncertainty in
the specific heat capacity and the thermal conductivity of
this material (especially at higher temperatures). Results
from this effort suggest higher specific heat capacities and
lower thermal conductivities for SA533B1 at temperatures
above 500 �C.
Fig. 15. Comparison of thermal conductivity data for materials tested.
4. Summary

Laser-flash thermal diffusivity techniques were applied to
obtain thermal property data up to 1400 �C for metals used
in LWR vessels. Low temperature results (less than
1000 �C), as summarized in Table 1, indicate that the mea-
sured diffusivity data behavior is similar to data available
in the literature (at least for those materials where data were
available in the literature). High temperature diffusivity data
obtained for stainless steel differed from values reported in
the literature (although it should be noted that literature val-
ues were extrapolated for temperatures above 1000 �C).

Figs. 14 and 15 compare curvefits for the newly obtained
thermal diffusivity and thermal conductivity data obtained
for these materials. As shown in Fig. 14, diffusivity values
for the SA533B1 experienced a minimum at temperatures
greater than 700 �C, which corresponds to where a phase
transition occurs in this material. Values for the thermal
diffusivity for these materials at high temperatures (e.g.,
greater than 1000 �C) are similar (ranging from 0.05 to
0.065 cm2/s).

As suggested by lower temperature data in the literature,
curves in Fig. 15 show that the temperature-dependent
behavior of these two materials differs. As temperature
increases, the thermal conductivity for SS304 increases
but the thermal conductivity of SA533B1 decreases.
5. Product disclaimer

References herein to any specific commercial product,
process, or service by trade name, trademark, manufac-
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turer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the US
Government, any agency thereof, or any company affili-
ated with the Idaho National Laboratory.
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