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The heat transfer analysis of the calorimeter test article required
thermal properties for 1010/1020 mild steel and Cera-blanket . The
recommended properties are given in Tables A.l1 and A.2 and Figures A.l1 through
A.3. Since thermal properties for the 1010/1020 mild steel were not )
available, the properties of A517 mild steel were used. The thermal

properties of A517 were obtained experimentally.

Thermal Conductivity Measurements of A517 Mild Steel

The thermal conductivity of A517 mild steel was measured as a function of
temperature in the Dynatech thermal comparator [A-1,A-2] Table A.l1 and Figure

A.1l give the thermal conductivity as a function of temperature.

Specific Heat Measurement of AS517 Mild Steel

The specific heat of A517 mild steel was measured as a function of
temperature using differential scanning calorimetry (DSC) [A-3]. The measured
specific heat values are shown in Table A.l and Figure A.3. Since inverse
heat transfer calculations are fairly sensitive to specific heat at
temperatures near the curie point, detailed resolution was used in obtaining

specific heat values.
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TABLE A.1l
Thermophysical Properties of A517 Mild Steel(a)

Density = 8,020. (kg/m3)

T Thermal Conductivity Specific Heat
(°C) (W/m-"°C) (J/kg-°C)

21.9 (295.1 K) (b) 431.

51.9 (325.1 K) (b) 469.
101.9 (375.1 K) (b) 486.
139.0 (412.2 K) 45.8 (b)
149.0 (422.2 K) 45.7 (b)
151.9 (425.1 K) (b) 502.
199.0 (472.2 K) 45.3 (b)
201.9 (475.1 K) (b) 528,
249.0 (522.2 K) 44,7 (b)
251.9 (525.1 K) (b) 548.
299.0 (572.2 K) 44 .0 (b)
301.9 (575.1 K) (b) 565.
349.0 (622.2 K) 43.2 (b)
351.9 (625.1 K) (b) 582.
399.0 (672.2 K) 42.2 (b)
401.9 (675.1 K) (b) 611.
449.0 (722.2 K) 41.1 (b)
451.9 (725.1 K) (b) 641,
499.0 (772.2 K) 39.9 (b)
501.9 (775.1 K) (b) 662.
549.0 (822.2 K) 38.6 (b)
551.9 (825.1 K) (b) 703.
599.0 (872.2 K) 37.2 (b)
601.9 (875.1 K) (b) 758.
649.0 (922.2 K) 35.6 (b)
650.9 (924.1 K) (b) 833.
684.9 (958.1 K) (b) 904.
699.0 (972.2 K) 34.0 (b)
730.0 (1003.2 K) (b) 1097.
740.0 (1013.2 K) (b) 1294,
749.0 (1022.2 K) 32.3 (b)
750.0 (1023.2 K) (b) 1457.

760.0 (1033.2 K) (b) 1499, Curie Point

770.0 (1043.2 K) (b) 1415.
780.0 (1053.2 K) (b) 1231.
790.0 (1063.2 K) (b) 1063.
799.0 (1072.2 K) 30.5 (b)
800.0 (1073.2 K) b) 934.
825.0 (1098.2 K) (b) 749,
850.0 (1123.2 K) (b) 662.
850.9 (1124.1 K) 28.5 (b)
900.0 (1173.2 K) (b) 603.
900.9 (1174.1 K) 27.7 (b)

(a) Data taken from Reference A-4
(b) Data not available in Ref. A-4



TABLE A.2

Thermophysical Properties of Cera-BlanketR
Density x Specific Heat = 144,757 (J/m3-°C)

T Thermal Conductivity
(°C) (W/m-°C)
-17.8 (255.4 K) 0.026
93.3 (366.5 K) 0.032
204.4  (570.9 K) 0.045
315.6  (588.8 K) 0.064
426.7  (699.9 K) 0.087
546.8  (820.0 K) 0.113
648.9  (922.1 K) 0.144
760.0 (1033.2 K) 0.176
871.1 (1144.3 K) 0.210
982.2 (1255.4 K) 0.249

R Registered trademark of CERABLANKET, Manville Refractory
Products Department, Denver, Colorado.
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Figure A.1 Thermal Conductivity of A517 Mild Steel [A-4].
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Figure A.2 Thermal Conductivity of Cera-Blanket [A-5].
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APPENDIX B

Thermal Radiative Properties of
Pyromark Series 2500 Black Paint
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In order to more accurately model the thermal characteristics of
various metal components coated with Pyromark Series 2500 high
temperature black paint, detailed optical properties of the painted
surface were necessary. The various testing conditions, which are
described in the main body of this appendix, were implemented as part of
the Sandia National Laboratory contract with the Department of
Transportation - Federal Railroad Administration (DOT-FRA) to study the
thermal environment during simulated fire conditions. Historically,
Pyromark high temperature paints (manufactured by Tempil, a division of
Big Three Industries) have been utilized by thermal testing groups, as
well as the space, nuclear, and solar industries because of both high
temperature stability and desirable optical characteristics. Pyromark
black paint, as an example, exhibits both a high solar absorptance
(~0.97) and a high emissivity (~0.88) when properly applied to Inconel
substrates and operated at temperatures < 550° C. The specific Pyromark
paint that will be addressed in this appendix is Series 2500 black paint
(manufacturer recommended maximum operating temperature of 1300° C (2500°
F) and will be referred to as Pyromark paint throughout the text that
follows.

For the particular application addressed by this article, the paint
was applied to a variety of metal components to retain a uniform, highly
emissive surface (> 0.80) during the extreme temperatures (> 700° C)
encountered during either fire testing or under simulated conditionms.
Historically, testing personnel have assumed that the Pyromark coating
exhibited high emittance characteristics (> 0.80) even though significant
visual color changes have occurred. In the section that follows, both

field and laboratory optical measurement and data analysis techniques
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that were used to characterize the paint will be described. During field
measurements, significant paint color changes (from black to blue) were
observed for Pyromark applied to a mild steel substrate and subjected to
temperatures > 600° C. The observed color change was accompanied by a
decrease in both the solar averaged absorptance (from 0.97 to 0.84) and
emissivity at 600° C ( from 0.88 to 0.85). In addition to the color
change, subsequent laboratory measurements on similar Pyromark samples,
removed from a fire site at SNLA, indicated that the paint spectral
reflectance properties had been dramatically altered, as expected. As a
result of this and other similar solar related observations, the author
will address the following Pyromark issues: 1) the significance of the
visual appearance upon the emittance characteristics, 2) the expected
optical properties as a function of the two substrate types (Inconel and
mild steel) investigated, and 3) suggest possible mechanisms for the

coating color change observed on the mild steel substrates.

INSTRUMENTATION AND DATA AVERAGING

Field Measurements

Since the Pyromark painted components were too large to easily
measure with laboratory equipment, two types of portable instruments were
used to characterize the optical properties in the field. One portable
instrument was used to obtain the solar average hemispherical reflectance
values, R, (D&S), while the other instrument determined the normal
emittance values, Ey.g (100 °C or 300 °C), for black body temperatures of
100 °C and 300 °C. Both field and laboratory determined values are
listed in Tables B-1 and B-2. The field measured values provided the
necessary data points to compare to our Pyromark data base values
determined using spectral reflectance properties obtained from laboratory
instrumentation. The spectral properties were needed to determine the
temperature dependent normal emittance characteristics, see explanation

in the Data Analysis section below.
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The portable instrument used to measure R, (D&S) was a Solar
Spectrum Reflectometer (SSR), manufactured by Devices & Services Company,
Dallas, TX. This reflectometer is designed to measure the solar averaged
(Air Mass 2.0) hemispherical reflectance of flat opaque materials. Note
that because the Pyromark coated components measured were both large
cylinders (~ 24 in. diameter), no correction for the non-flat geometry
was necessary. The SSR measures the hemispherical reflectance by
diffusely illuminating a sample placed over the measurement port and
viewing the sample surface with a detector assembly consisting of four
separate detectors [B-1]. To approximate the solar (Air Mass 2.0)
distribution, the output of the four separately filtered (to tailor
spectral response) detectors are electronically weighted and summed. The
wavelength range encompassed by the detection system is from 0.300um to
2.500pm. When properly calibrated, the reflectometer has a measurement
uncertainty of * 0.015 reflectance units for these types of samples [B-
2].

The other portable instrument used for the field measurements was a
portable infrared reflectometer, Model DB-100, manufactured by Gier-
Dunkle, Inc. The reflectometer is designed to measure the normal
infrared emittance, Ey.g (100° C or 300° C), of flat opaque samples
placed over the measurement port for 100 °C and 300° C black body
radiation. Again note that no correction was necessary for the non-flat
sample surface because both painted components were of large cylindrical
geometries. The DB-100 determines the infrared reflectance (emittance =
1.00 - reflectance) by viewing the sample (with a single detector) while
the surface is alternately irradiated with black body radiation from a
rotating slit-cavity at differing temperatures. To obtain a measured
value, the difference in the detector ac signal is integrated and
weighted for either a 100° C or 300° C black body by placing a filter
into the detector optical path. When calibrated to a known standard,
the measurement uncertainty skculd be * 0.035 reflectance units for these

types of samples [B-3].
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Laboratory Measurements

The hemispherical reflectance properties, covering the wavelength
range from 0.265pum to 2.400um, were measured using a Beckman 5270
spectrophotometer equipped with an integrating sphere accessory. All
data obtained using this instrument were referenced to NBS calibrated
standard material and should have a measurement uncertainty of * 0.005
reflectance units (1.000 reflectance units = 100% reflectance). From the
data measured within this wavelength region, the solar averaged
hemispherical reflectance values, Ry, (27#), were calculated using the

following expression:

A
f,\i $,(E) p,(27) dx
R (27) = B-1
fj\\z S, (E)dA
1

where Sy (E) is the solar energy distribution (Air Mass 2.0) value for
wavelength A, py(2x) is the measured hemispherical reflectance value for
wavelength A, and the integration interval is A, = 0.265um to Ay =
2.400,m.

Since the samples measured were opaque, the solar averaged

absorptance value, A,(2x), was calculated using equation (2) below:
A,(2x) = 1.000 - R, (27) B-2

A listing of the various optical properties for a variety of surface
conditions using both the field and laboratory instruments is provided in
Tables B-1 and B-2, as previously mentioned. In order to provide a
correlation between the field, R, (D&S), and laboratory, R, (2x),

measured values, the solar averaged reflectance was used as the
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correlation parameter. This quantity was selected because: 1) the SSR
provided the more accurate measured values of the two portable
instruments, and 2) Pyromark black paint has been well characterized in
this wavelength region [B-4]. Note that properly prepared (i.e. thermal
cured following modified manufacturer recommendations, see Conclusion
IV.) "regular black" Pyromark should exhibit a solar averaged absorptance
of 0.97 when applied to stainless steel alloy substrates. The
absorptance spectra for both the "black" and "blue" Pyromark paint
coatings through the solar wavelength range are provided, for reference,
in Figure B-1. The significance (upon the optical properties) of the
"black" and "blue" Pyromark observed colors will be addressed in the

Discussion section below.

For the optical properties covering the wavelength range from
2.400pm to 20.0pm, a recently developed system was employed. A Perkin-
Elmer Model 1800 FTIR (Fourier Transform Infrared) spectrophotometer has
been modified using an integrating sphere arrangement to enable the
measurement of both hemispherical reflectance and transmittance
properties over the near to mid-infrared wavelength region [B-5]. By
merging the reflectance spectra from the two laboratory instruments, -
material properties can be optically characterized over the combined
wavelength range to within a measurement uncertainty of * 0.010 units.
Using the spectral information obtained by this method, black body
averaged values as a function of temperature were calculated using the

equation below:

A
J:2
A] BB\(T) p,(27) d

RBB(T) - B‘3
J32 BB, (T) ax
1

where Rgy (T) is the calculated black body averaged reflectance value for
temperature T (°K) and an integration interval of A; = 0.265um to A, =
20.0pm, BBy (T) is the Planck distribution value for temperature T (°K)
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and wavelength X, p)(2n) is the measured hemispherical reflectance value

at wavelength g.

Finally, since the samples were opaque, the black body averaged

absorptance value, Az (T), was calculated using equation B-4 below:

ABB(T) - 1.000 - RBB(T) B-4

Note that the Agy (T) values also represent the normal emittance, Ey (T),
since the measurements were taken at near normal incidence for both
spectrophotometers (Beckman [6°]; Perkin-Elmer [15°]). A plot of the
spectral absorptance and black body averaged normal emittance properties
are provided in Figures B-2 and B-3, for both the regular "black" and
"blue" Pyromark coatings. Notice that the normal emittance

characteristics are also listed in Table B-2.

Discussion of Optical Properties

It should be noted that the radiative properties of a material can
be determined in the manner described above only if the surface optical
properties remain stable. One mechanism that can significantly alter the
optical characteristics of the material surface is a crystallographic
phase transformation. Evidence now suggests that the optical properties
of Pyromark (Series 2500 high temperature black) paint are both substrate
and temperature dependent. Findings indicate that Pyromark black paint,
when applied to mild steel substrates, apparently undergoes a phase

transformation at ~ 800° C.

The "black-to-blue" paint phase transformation, observed on the mild
steel substrate, significantly altered the spectral absorptance
properties, as shown in Figure B-2. X-ray diffraction data, comparing
the "black" and "blue" coating, indicated a significant paint
crystallographic change. The complete transformation mechanism is not

known at this time, but is probably related to the diffusion of Fe into
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Figure B-3. Calculated Normal Emittance Versus Temperature for "Regular

Black" and "Blue" Pyromark Paint
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the paint matrix (consisting of primarily Fe-Mn oxides) shifting the
balance of the solid solution into a different phase. The temperature
dependent emittance characteristics (calculated using the spectral
absorptance), shown in Figure B-3, exhibited a slight change between the
two phases with emittance values above 0.80 for all temperatures. The
reason for the relative non-sensitivity of the black body averaged
values, especially at elevated temperatures, is due to both the inherent
broad wavelength dependence of the Planck distribution and the limited
spectral difference between the two paint phases for wavelengths below
l4pym.

A comparison of the field and laboratory determined solar averaged
values demonstrated good agreement for both the "black" and "blue"
Pyromark regions. Typical Ag values for the "black" regions (Inconel
substrate) were 0.97, while the "blue" regions (mild steel) ranged from
0.84 to 0.89. A comparison of the field and laboratory determined
emittance values is shown in Figure B-4. Note that the measurement
uncertainty for the portable instrument is also provided in the figure.
Because of the following factors: 1) the relatively large uncertainty in
the portable infrared instrument measured values, 2) the non-uniformity
of the Pyromark coated surfaces measured in the field, and 3) the good
agreement between the field and lab measured solar averaged values; the
laboratory determined emittance values should be taken as typical "best"
(black) and typical "worst" (blue) case values. Clearly, even the "blue”
Pyromark coating exhibited emittance values > 0.80 for above ambient

temperature conditions.
Conclusions

I. The optical properties of Pyromark Series 2500 high-temperature

black paint are both substrate and temperature dependent.

II. Findings indicate that Pyromark black paint, when applied to mild

steel substrates, apparently undergoes a phase transformation at ~
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Figure B-4. Calculated Normal Emittance Versus Temperature for "Regular
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800° C. The "black-to-blue" transformation significantly altered
the spectral absorptance properties of the paint. Typical solar
averaged absorptance values decreased from 0.97 (black) to 0.84
(blue). Calculated normal emittance characteristics were also
effected but remained above 0.80 for above ambient temperature

conditions.

ITI. Other transformations, which could significantly effect the
optical properties, could occur on other substrates and other
temperatures. Studies are continuing on a variety of substrates
and temperatures and will be subsequently published [B-6]. Note,
however, that the limited information that is available suggests
that an irreversible transformation (on the mild steel substrates)
occurs very rapidly at ~ 800° C and that the "blue" Pyromark
coating remains optically stable (after the transformation) within
the operating temperature range of the test article, i.e. ambient
to ~ 870° C,

IV. For Pyromark paint operation temperatures above 540° C (1000 °F),

the following modified curing technique is recommended:

1. Clean substrate as per manufacturer recommendations and
apply paint with either brush or spray (spray gun
preferred).

2. AIR DRY ~ 2 hours or until tack-free (or over night).

w

. All heating rates should be no greater than 10° C per
minute whenever possible.

. Heat to 120° C (250° F), hold for ~ 2 hours.

. Heat to 250° C (480° F), hold for -~ 2 hours.

. Heat to 540° C (1000° F), hold for ~ 1 hour.

. Heat to MAXIMUM OPERATING TEMPERATURE + 50° C, hold for

~ 1 hour.

N oy
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