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Abstract Demands for accurate temperature measurement and calibration are
increasing along with the wider use of radiation thermometry in industry. However, the
deviation of a ‘blackbody’ radiator emissivity from the emissivity of an ideal black-
body remains one of the main uncertainty contributions in the calibration of radiation
thermometers, although the performance of blackbody radiators has been continually
improving. Nevertheless, the influence of this deviation was often ignored due to the
complexity of the correction. In this paper, general methods to evaluate the influence
of the emissivity deviation of a blackbody radiator from unity for typical radiation
thermometer models are described. An approximate practical method for wide-band
radiation thermometers is proposed. Moreover, the concept of equivalent wavelength
and the corresponding calculation method are introduced to simplify the mathemat-
ical model. The calculation result and a mathematical expression for the equivalent
wavelength applicable to most popular radiation thermometers with a spectral range of
8—14 um are given. The analysis and calculation show that the influence of blackbody
radiator emissivity on longer working-wavelength radiation thermometer calibrations
at mid or high temperatures cannot be ignored.

Keywords Blackbody radiator - Correction - Effective wavelength - Emissivity -
Equivalent wavelength - Radiation thermometer - Uncertainty

1 Introduction

Demands for accurate temperature measurement and calibration are increasing more
and more along with the widespread use of radiation thermometry in industry.
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Blackbody radiators (BRs) play an important role in radiation thermometry and
radiometry. The deviation of the blackbody radiator emissivity (BRE) from the emis-
sivity of an ideal blackbody remains one of the main uncertainty sources [1,2] influenc-
ing the measurements and the calibrations of radiation thermometers (RTs), although
the performance of BRs has been continually improving.

Nevertheless, the influence of non-ideal emissivity is sometimes ignored, especially
in the calibration of wide-band radiation thermometers (WBRT), due to the complex-
ity of the correction, which often leads to an error that, unfortunately, is not negligible.
However, the necessary spectral responsivity information may only be given in a spec-
ification sheet as the nominal spectral range of a WBRT or the working wavelength
of a narrow-band RT, is costly and complicated to measure for most industrial users
of radiation thermometers, and is impractical for thermometers that read directly the
temperature. Simple methods to characterize the spectral responsivity were presented
by Saunders [3]. With these methods, the radiation thermometer function can be ade-
quately expressed by two spectral responsivity parameters, the mean wavelength and
variance, and these two parameters for the low-temperature direct-reading thermom-
eter with adjustable emissivity can be determined.

In this paper, a general method to evaluate and correct the influences of the deviation
of the BRE from unity on measurement and calibration is described. The correction
is usually complicated in the classical model for a WBRT; therefore, an approximate
practical model is proposed to make it feasible. The concept of equivalent wavelength,
which is different from that of effective wavelength but can be used in more complex
cases, was introduced to simplify the mathematical model and calculation procedure
for WBRTSs. The calculation results and the mathematical expressions for the equiva-
lent wavelength of the most popular WBRTSs with a spectral range of 8 to 14 um are
given. These have been applied to the WBRT calibration at the National Institute of
Metrology (NIM), China.

2 Calibration of Radiation Thermometers

The blackbody radiation laws provide the basis for radiation thermometry. There are
two calibration methods for RTs: (a) measurements of BRs whose true temperature is
known and (b) measurements of BRs whose radiance temperature is determined by a
reference RT. In method (a), the BRs can be fixed-point BRs or variable-temperature
BRs for which a platinum resistance thermometer, thermocouple, or other contact
thermometer is employed as the reference thermometer. In method (b), the radiance
temperature measured by the reference RT is different from the true BR temperature,
as is the radiance temperature measured by the RT under calibration for both methods
(a) and (b). The radiance temperature depends on the BRE deviation from unity and
on the spectral responsivity of the RT. In method (a), corrections must be applied to
the BR temperature in order to compare it with the radiance temperature measured by
the RT under calibration, while in method (b), if both RTs have the same or similar
spectral responsivity, the radiance temperatures can be compared directly, otherwise
individual corrections must be applied.
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Method (a) with variable temperature BRs is widely used and contact thermometers
are employed to measure the BR temperature in most cases. However, the reading of
a calibrated RT is different from the true BR temperature during the calibration, even
when using an accurate RT. The influence of BRE deviation from unity is an important
uncertainty factor for calibration and is sometimes dominant for precision calibrations.

3 Influence of BRE and Its Correction

The non-ideal BRE affects the calibration of RTs in two ways. First, the radiation from
a BR will be less than that from an ideal blackbody radiator. Second, the reflection of
ambient radiation from the BR adds to the radiation emitted by the BR. Both these
effects need to be treated together because for an isothermal blackbody cavity they
are completely correlated, and for a non-isothermal cavity, they are highly correlated.

To simplify the model used to analyze the influence of BRE on calibration, the fol-
lowing conditions were assumed: an isothermal blackbody cavity, a given temperature
and emissivity for the blackbody cavity, and a known ambient temperature.

Three typical distributions of the spectral responsivities of the RTs were consid-
ered: (a) monochromatic, (b) neutral (total radiation type), and (c) bandpass. Multi-
band RTs are not considered in this paper. When calibrating, both the emitted and the
reflected radiations from a BR are measured by a RT. According to Planck’s law and the
Stefan-Boltzmann law, the relationships between the radiance temperature (the indi-
cated temperature for an accurate RT), Ti,q, for the three spectral responsivity dis-
tributions mentioned above and the true BR temperature, Typ, are, respectively, the
following:

Ly(A, Trag) = €Lp (X, Top) + (1 — &) Lp(A, Tam) (D

Taa=¢eTop + (1 — )T, @)
o0 o0

/ Ly (X, Trag) R(1)dA =/ eLp(A, Top) R(X)dA

0 0

+ / (1 = &)Ly (. Tam) ROVAA 3)
0

Ly (X, T) is the spectral radiance of a blackbody at temperature 7', A is the wavelength
in vacuum, ¢ is the BRE, Ty, is the ambient temperature, and R()) is the relative
spectral responsivity of the RT. For the RTs with monochromatic or neutral spectral
responsivity, the radiance temperature of the BR can be expressed as a direct analytical
function of &, Ty, and Ty,

Trad = F (e, Tob, Tam) @

@ Springer



Int J Thermophys (2009) 30:220-226 223

For a WBRT, the relationship also depends on the variable R(}),
Traa = F (g, Tob, Tam, R(A)) ©)

In general, this cannot be expressed in a simple analytical form, but a method for its
calculation is described later.

The difference AT between the radiance temperature and the true temperature of
a BR caused by the BRE and the RT’s spectral responsivity is

AT = Traqg — Tob (6)

where the reading of the RT, T4, indicates the radiance temperature of a measured
BR for a monochromatic or bandpass RT or the radiation temperature of a measured
BR for a total radiation RT.

4 Influence of BRE for WBRT
4.1 Integral Calculation Method

To calculate the radiance temperature, 71,4, of a WBRT according to Eq. 3, the spectral
responsivity of a WBRT, R()), should be known, although it is costly and complicated
to measure.

An approximate practical method is proposed to calculate the reading of a WBRT
during its calibration to make the calculation feasible. Assuming that the spectral
responsivity of a WBRT can be represented by a rectangular distribution, Eq.3 can be
simplified to

A2 X2 A2
/ Ly(X, Trag)dX = / eLy (A, Top)dA + (1 =&)Ly (A, Tam)dr (7)
A Al Al

where A1 and A, are the lower and upper limiting wavelengths of the rectangular spec-
tral responsivity, respectively. According to Eq.7, Traq can be solved by an iterative
process using numerical integration. Thus, the deviation AT caused by non-ideal BRE
can be calculated by Eq. 6.

WBRTSs with an 8 to 14 um spectral range are the most popular WBRTs. Table
1 shows the calculated deviation AT of a WBRT of 8 to 14 um rectangular spectral
responsivity for a BRE of 0.99 and an ambient temperature of 20°C. For a BRE other
than 0.99, the deviation AT is given by

1—c¢

AT (s) ~ AT(0.99)—
©) 099099

®)
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Table 1 Calculation of the

Sati Sati o
deviation AT of an 8 to 14j1m Blackbody Deviation,  Blackbody Deviation, At(°C)

.. radiator At(°C) radiator

rectangular spectral responsivity {emperature temperature

WBRT with a BRE of 0.99 and 155 (°C) ’ 155 (°C) ’

an ambient temperature of 20°C bb bb
—50 1.20 300 —-1.92
—25 0.60 400 —2.61
0 0.22 500 —3.35
20 0.00 600 —4.12
60 —0.34 800 —5.74
100 —0.63 1, 000 —7.44
200 —-1.27 1,200 —9.21

4.2 Equivalent Wavelength Method

For frequent or real-time calculation, Eq.7 and Table 1 are not convenient for use. An
intermediate value was introduced, based on the integral intermediate value theorem
(integral mean-value theorem) [4], which we will refer to as the equivalent wavelength,
Ae, in this paper. Ae € (A1, A2). The equivalent wavelength is defined by

A2
/,\ [Lo(A, Trad) — €Lv (A, Tob) — (1 — &) Lp(A, Tam)]dA

1

= [Ly(Ae, Trad) — €Lp(Re, Top) — (1 — &) Lp(Ae, Tam)] (A2 — A1) ©)]

Combining this expression with Eq.7, an equation whose mathematical form is the
same as that of Eq. 1 can be deduced,

Ly(Ae, Trad) = €Lp(he, Tob) + (1 — &) Ly (Ae, Tam) (10)

The equivalent wavelength A can be calculated from Eq. 7 by numerical integration
using an iterative process. The results of calculating the equivalent wavelength for an
8 to 14 um rectangular spectral responsivity WBRT for a BRE equal to 0.99 and an
ambient temperature of 20°C are shown in Table 2. Using the equivalent wavelength,
Eq. 10 can replace Eq.7 when calculating the deviation AT.

Fitting the data in Table 2, the equivalent wavelength can be expressed by

6
he 2 D aitly, (11)

i=0
where g = +10.418m, a; = —3.0945 x 1073 pum -° C~L, ap = 49.2370 x
107 pm°C2 a3 = —18313 x 1072 um °C3, ay = +21.606 x 10712

um-°C~4 a5 = —13.415x 107> pum-°C—5,andae = +3.3437x 10718 um-cC~6.
Simplified further, the equivalent wavelength can be approximated as

de ~ 10 pm (12)
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Table 2 Calculation of A for

Blackbody Equivalent Blackbody Equivalent
an 8 to 14 wm rectangular . .
.. radiator wavelength, radiator wavelength,
spectral responsivity WBRT at
an ambient temperature of 20°C temperature, he (wm) temperature, ke (Wm)
P 16p(°C) 16 (°C)
-50 10.598 200 10.053
-25 10.499 250 10.007
0 10.420 300 9.970
25 10.340 400 9.914
40 10.310 500 9.875
60 10.265 600 9.846
80 10.220 800 9.807
100 10.185 1, 000 9.783
150 10.112 1,200 9.767

When the BRE is 0.99, the differences of the equivalent wavelengths calculated by
Eq. 11 from the data in Table?2 are negligible. The propagation of the differences to
BR radiance temperatures for WBRTS, #44, is less than 0.01°C in the BR tempera-
ture range from O to 300°C and less than 0.1°C from —50 to 1,200°C Analysis and
calculation show that the equivalent wavelength is not sensitive to the BRE.

By introducing the equivalent wavelength, Eq. 10, which has the same mathemat-
ical form as Eq. 1, the formula can be rearranged to give Ty,q directly as an analytic
function of ¢, Typ, Tam, and A.. When the equivalent wavelength is known, the reading
of a WBRT can be calculated directly from

2
Trad = (13)

e ln ! +1

£ 1—¢
+ c
c 2 )\
exp(le%bb)—l eXP(keTam) !

Equation 13 should be computed using double-precision arithmetic to avoid
non-negligible errors that may arise from the computation.

5 Influence of BRE on WBRT Calibration

The influence of a BRE of 0.99 on the calibrations of several typical RTs was cal-
culated and the results are shown in Fig. 1. The legend identifies the wavelengths,
spectral ranges, or pattern of spectral responsivity of the corresponding RTs.

6 Conclusion

General methods to evaluate and correct the influences of the deviation of the BRE
from unity on RT calibrations and measurements were described. An approximate
practical model was proposed to make corrections for a WBRT feasible. The equiv-
alent wavelength can be introduced to simplify the mathematical model and calcula-
tion procedure for WBRTs. Mathematical expressions for the equivalent wavelength
of the most popular WBRTSs with a spectral range of 8 to 14 um were given and the
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Deviation AT of RTs, °C

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Blackbody radiator temperature, °C

Fig. 1 Influence of BRE on the calibration of typical RTs for a BRE of 0.99 and an ambient temperature
of 20°C. The legend identifies the spectral responsivity (in jum) of the corresponding RTs

equivalent wavelength was shown to be approximately 10pm. The difference AT
between the radiance temperature and the true temperature of a BR depends on the
BRE and the RT’s spectral responsivity.

For longer-wavelength RTs, the influence of a BRE of 0.99 or 0.995 on the calibra-
tion at middle or high temperatures is not negligible, may be the dominant uncertainty
component for precision calibrations, and should be corrected. In the middle or high
temperature range, a BR with a nominal emissivity of 0.995 is not ideal enough for a
long-wavelength RT of 1% accuracy if correction for the influence of BRE deviation
from unity is omitted.
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