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Abstract: To measure transient and extremely high tem-
peratures of explosion processes, a high-speed multi-spec-
tral temperature measurement system was developed. By
measuring spectral radiant exitance corresponding to six
wavelengths by six fast photodetectors, transient explosion
temperature can be extracted in realtime through a linear
correlation algorithm accelerated by the golden-section
method. Real explosion experiments with the energetic
material polymer-bonded explosive demonstrated that the
method could rapidly and accurately determine explosion
temperatures. Peak explosion temperature up to 3,560 K has
been successfully extracted. The proposed method may find
applications in explosive evaluations.

Keywords: multi-spectral pyrometer, emissivity, golden-
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1 Introduction

Temperature is an important parameter for industrial
manufacture, chemical synthesis, agriculture, and so on
[1–7]. In military and civil engineering applications, to
evaluate the performance of explosives, explosion experi-
ments are usually conducted, in which, explosion tempera-
ture, is also one of the most important parameters for
evaluation. Explosion temperature greatly affects perfor-
mances of explosives in demolition, mining, or defense

systems. However, because of the violent, destructive,
and rapidly changing characteristics of the explosion pro-
cess, temperature measurements are generally extremely
challenging.

Explosion temperature measurements are conducted
using two types of methods, i.e., contact and noncontact
methods. Thermocouples [8] and fiber optical probes [9]
have been proposed for the direct measurement of high
temperatures in explosive fireballs, with capabilities to
measure high temperatures exceeding 1,900 K. However,
these devices are limited by poor repeatability and a rela-
tively low upper limit for the measurement range. More-
over, as direct contact is necessary for heat transfer, the
response speed is too low for transient high temperature
measurements. Furthermore, these sensors lacked the
robustness needed to withstand the extreme conditions of
explosive fireballs.

In comparison to the contact method, without using the
slow heat transfer mechanism, and the sensing part does not
need direct withstand extremely high temperature, noncon-
tact approaches can more accurately and quickly obtain the
transient temperature, and the upper measurement limit
can be considerably expanded to much higher temperature
value. The most widely used noncontact method is radiation
thermometry, which determines the temperature of a sur-
face or volume by measuring the emitted electromagnetic
radiation [10–13]. Various types of radiation pyrometers
have been developed, including two color pyrometers
[14,15], multiwavelength pyrometers [16–19], and polariza-
tion pyrometers [20,21]. Multiwavelength pyrometers are
widely used because they can obtain accurate temperatures
over a large measurement range by effectively overcoming
the influence of varying emissivity on the measured results.
The multiwavelength pyrometer samples spectral radiant
exitance at several different wavelengths (more than two)
and determines the temperature by fitting through radia-
tion curve of a standard blackbody source. The most widely
used technique is the emissivity construction method pro-
posed by Gebbie et al. and Svet [22,23], in which an assumed
model of spectral emissivity is considered, and the least
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squares method is commonly used for temperature calcula-
tion [24,25]. However, this method is limited owing to the
lack of a priori knowledge of spectral emissivity. In many
cases, a simple assumed emissivity model can result in a
relatively large uncertainty in the calculated temperature.
Particularly for temperature measurements in explosion
processes, accurate determination of the spectral emissivity
consistent with the actual case is rather difficult, as a result,
the fast and accurate estimation of temperature is
challenging.

To solve the aforementioned problem, in this study, we
built a fast response six wavelength fiber-type multi-spec-
tral pyrometer, and inspired by new development of
numerical and semi-analytical methods [26–28], we pro-
posed a Pearson correlation algorithm accelerated by the
golden-section method for high-speed temperature extrac-
tion without using the emissivity model. By directly cali-
brating the measurement system to a blackbody source,
the explosion temperature measurement result can be
more accurate. With the usage of the golden-section accel-
eration, the extracting efficiency of the temperature extrac-
tion can be greatly improved to satisfy the realtime high-
speed output requirement. We performed simulations and
experiments, which demonstrated that the temperature
change process is consistent with actual results; the uncer-
tainty of the calculated temperature could also be effec-
tively reduced.

2 Methods

2.1 Multi-spectral explosion temperature
measurement principle

All objects above absolute zero continuously emit thermal
radiation. The thermal radiation has a specific spectral
distribution, and the amount of thermal radiation at a
specific wavelength depends only on the temperature of
the object and is not related to any other properties, which
renders noncontact temperature acquisition through
radiation measurement possible.

The radiation characteristics of a thermally radiating
object can be described by a quantity called the spectral
radiant exitance, i.e., the radiation flux per unit wave-
length interval emitted per unit area from the surface of
the thermally radiating object. The spectral radiant exi-
tance is related to temperature and has a certain distribu-
tion form in the wavelength domain. For most cases, the

blackbody radiation model can be used, the spectral radia-
tion exitance can be given by Planck’s law [11]:
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the spectral radiant exitance, λ is the wavelength, and T

is the temperature.
From Eq. (1), the spectral radiant exitance corresponds

to the temperature at a specific wavelength. The maximum
of the spectral radiant exitance gradually shifts to the
shorter wavelength with the increase in temperature,
and the spectral radiant exitance distribution only depends
on the temperature, so if the distribution in wavelength
domain can be obtained, the temperature can be extracted
accordingly, which constitutes the theoretical foundation
of radiation thermometry.

For this purpose, an optical spectrum analyzer may be
the best choice. However, optical spectrum analyzers gen-
erally operate at a relatively low speed, which cannot
satisfy fast temperature measurement requirements of
explosion tests. In an actual fast measurement of explosion
temperature, several optical filters with specific wave-
lengths are used to separately filter out radiation at dif-
ferent wavelengths, and several photodetectors with fast
response times are used to simultaneously monitor the
filtered radiation. This is the basic concept in which
multi-spectral radiation thermometry is grounded.

When photodetectors with optical filters are used as
measurement devices in the linear working region, the
relationships between output voltages of photodetectors
and spectral radiant exitance at different wavelengths
can be expressed as

= ∕ =M K V λ i NΔ , 1, 2, 3,…, ,i i i i0
(2)

where λi is the wavelength of the ith measurement channel,
and Ki is the calibration coefficient of the ith channel, which
needs to be predetermined before temperature measure-
ments; Vi is the output voltage of the ith channel obtained
from the corresponding photodetector; λΔ i is the bandwidth
of the ith measurement channel; and N is the total number of
monitored wavelength channels. The spectral radiant exi-
tances M i0

at each channel can be obtained based on the
calibration coefficient Ki, output voltage Vi , and bandwidth

λΔ i at each channel. The calibration coefficients Ki generally
have some uncertainties, which will result in errors in each
monochromatic radiant exitances of Mi, and finally affect the
accuracy of the temperature measurement. However, in our
case, the temperature is extracted through a correlation
method, the monochromatic radiant exitances of Mi are all
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viewed as random variables with some errors, the calculation
method has very strong robustness. With the increase in
errors in Mi, the correlation coefficient may deviate from
the ideal value of 1; however, the maximum can still work
well for temperature extraction.

Using a well-designed calculation algorithm, the tem-
perature T of the explosion fireball can be determined by
determining the best matching curve of blackbody radi-
ance. The matching degree of the measured data with the
spectral radiant exitance curve of a blackbody with tem-
perature T can be evaluated using the Pearson correlation
coefficient [29]
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where ( )R TMM j
0

is the Pearson correlation coefficient of the
radiant exitances between the measured explosion fireball
and blackbody at temperatureTj. M i0

is the measured spectral
radiant exitance of the ith wavelength channel, and ( )M λ T,i j

is the calculated spectral radiant exitance from Eq. (1) with the
ith wavelength λi under the jth temperature Tj.

From our actual temperature measurements and calcu-
lations, the relationship between the correlation coefficient
and temperature is a simple curve with only one maximum
(Figure 1). The maximum temperature corresponds to the
actual temperature. Thus, different temperatures were
tested in a specific range. The actual temperature of the
object could be determined by comparing the correlation
coefficients and searching for the maximum value.

2.2 Temperature extraction by golden-
section accelerated Pearson correlation
algorithm

To guarantee the maximum value of the correlation coeffi-
cient, according to the empirical value of the maximum
explosion temperature of the explosives, a temperature
of 2,000–5,000 K can be used as the temperature seeking
range. If the temperature resolution is set to 1 K, 3,001 one
by one calculations are required. Evidently, the number of
calculations is too large, and the time required to obtain
the temperature is relatively long. Several different
searching algorithms have been considered, such as binary
search, gradient descent, and golden-section algorithms.
The binary search is proper for the searching of a result
in a monotonic sequence. In our case, the relationship
between the correlation coefficient and the temperature
is not monotonic, so the binary search is not suitable.
The gradient descent algorithm is generally suitable for
the peak searching of functions or sequences with multiple
variables. For cases with a single variable, whether with a
fixed or variable searching step, multiple rounds of
searching are needed. The efficiency cannot be guaranteed
for the fast extraction of temperature. In comparison, the
golden-section algorithm [30] is simple, direct, and effi-
cient; thus, we introduce the golden-section algorithm for
the maximum correlation coefficient search to significantly
reduce the amount of computation.

To extract the temperature of the measured object, an
algorithm based on the Pearson correlation with the
golden-section algorithm was proposed. The flowchart is
shown in Figure 2, and the program flow is described
below.

Step 1: We obtain the output voltage Vi at all wavelength
channels and calculate the spectral radiant exitance Mi

using Eq. (2) at these channels.
Step 2: We set the lower and upper values TL and TU of
the temperature searching range (where the lower tem-
perature value is 2,000 K and the upper temperature
value is 5,000 K), and ( )′ = + −T T T T0.382L L U L and

( )′ = + −T T T T0.618U L U L as the first two lower and upper
testing values of the measured temperature. The two
numbers 0.618 and 0.382 come from the gold-section ratio,
i.e., ( )− ∕ ≈5 1 2 0.618, and 0.382 = 1–0.618.
Step 3: Using Eq. (1), we calculate the spectral radiant
exitance corresponding to the wavelength channels of
the measurement system at these two temperatures,
and determine the correlation coefficients for these two
temperatures using Eq. (3).Figure 1: Relationship between correlation coefficient and temperature.

High-speed multi-spectral explosion temperature measurement  3



Step 4: If ( ) ( )′ > ′R T R TMM L MM U0 0

, we let = ′T TU U and keep TL

unchanged; if ( ) ( )′ < ′R T R TMM L MM U0 0

, we let = ′T TL L and
keep TU unchanged. If ( ) ( )′ = ′R T R TMM L MM U0 0

, we let
= ′T TL L and = ′T TU U .

Step 5: We repeat Steps 3 and 4 with the updated para-
meters until the searching range is smaller than 1 K.
Subsequently, we compare the correlation coefficients
atTU andTL, where the temperature with a larger correla-
tion coefficient is determined as the measured tempera-
ture of the object.

According to the golden-section algorithm, for the tem-
perature range of 2,000–5,000 K, at most 18 calculations
can yield the final result, which significantly increases
the efficiency of explosion temperature extraction.

3 Explosion temperature
simulation

After explosive denotation, an explosion fireball will be gen-
erated that will expand outward rapidly. Theoretically,
describing the entire fireball expansion and the temperature
distribution changing process will be relatively difficult
because of the complicated fluid and chemical reaction
dynamic processes. However, the temperature at the initial
stage of the firewall can be estimated relatively accurately by
simulation.

In the initial stage of fireball expansion, the main char-
acteristic of an explosion is outward expansion of the
explosion products. To approximate the real state of the
explosion products, ideal gas equation is inadequate. The fire-
ball temperature can be calculated using the wellknown

Figure 2: Flowchart of golden-section accelerated Pearson correlation algorithm.
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semiempirical Becker–Kistiakowski–Wilson (BKW) state
equation, which viewed the explosion products as a very
dense gas. The BKW state equation [31] is given in the fol-
lowing equation:

[ ( ) ] [ ( ) ]∑= + + ∑ +pV

RT
κ x k V T θ e1 ,

m

i i m
α βκ x k V T θi i m

α (4)

where p is the pressure, Vm is the molar volume of the
explosion products, R is the ideal gas constant, and T is
the thermodynamic temperature of the explosion pro-
ducts; κ, α, β, and θ are all empirical constants, and ki

and xi are the covolume and molar fraction of the ith

material, respectively. In the calculation, the radiation
loss is negelected, because the corresponding heat loss
rate is far lower than the internal energy conversion rate.

For the polymer-bonded explosive (PBX) used in the
experimental test, the explosion and BKW parameters
were calculated using the thermochemical software
EXPLO5 (Tables 1 and 2). In the initial expansion stage,
the temperature of the explosion products decreased
from the temperature of the Chapman-Jouguet (CJ) state
to a specific value. For the PBX, the temperature of the CJ
state, i.e., the explosion temperature, was calculated to be
3559.90 K; when the explosion product expanded to the
initial density, the corresponding temperature was 2,700 K.

From the simulation results in Figure 3, before the
explosion fireball reaches the measurement point, the tem-
perature of the measurement point is the same as that of
the environment; when the explosion fireball reaches the
monitoring point, the temperature rapidly increases to a
peak of 3558.90 K. With further outward expansion of the
explosion fireball, the temperature of the measured point
decreases to the initial value.

To characterize the surface temperature of the explo-
sion fireball, we set a group of measurement points to
obtain the peak temperatures at these points, which could
be used to obtain the equivalent temperature variation in
the fireball surface. The surface temperature gradually
decreases with the outward expansion of the explosion
fireball (Figure 4). Within 0.02 ms, the surface temperature
reduces from a peak temperature of 3,500 K to a tempera-
ture of 2,700 K. The quick decrease in the peak temperature
come from the quick change in the pressure and specific

volume caused by the fast outward expansion of the explo-
sion fireball.

4 Experiments

4.1 Multi-spectral explosion temperature
measurement system

The multi-spectral temperature measurement system com-
prises an optical probe, a long transmission fiber, a ×1 6

optical coupler, six optical filters and photodetectors, a
data acquisition system, and a computer (Figure 5).

The optical probe was in the form of a multi-mode
fiber protected by a stainless steel tube, which pointed to
the measured position of the object. The long transmission
fiber (Shenzhen Optical Communication Co. Ltd, multi-
mode silica fiber with wide passing band, core diameter:
600 μm, NA = 0.37) was used to transmit back the thermal
radiation collected by the optical probe. The thermal radia-
tion was then split into six parts using a ×1 6 optical
coupler (Shenzhen Optical Communication Co. Ltd,
FSMA905-1-6). The six parts of the radiation were coupled
into free space at the six output facets. After passing
through six optical filters with different narrow passing
bands, the thermal radiation was focused onto the photo-
sensitive surfaces of the six fast photodetectors (Guilin
Guangyi Intelligent Technology Co. Ltd, PD12A-100M and
PD12C-100M). The six optical filters (Shanghai Mega-9
Optoelectronic Co., Ltd, BP532/20K, BP700/20K, BP825/20K,
BP1310/20K, BP1450/20K, BP1650/20K) were all narrowband
filters with a passing bandwidth of approximately 20 nm,
and their center wavelengths were 0.532, 0.7, 0.825, 1.31,
1.45, and 1.65 μm, respectively. The wavelengths were
selected to cover both sides of the peak spectral radiation

Table 1: Typical parameter values of explosive

Energetic
material

Density
(g/cm3)

CJ pressure
(Mbar)

Detonation
velocity (cm/s)

Explosion
heat (MJ/kg)

Constant volume
specific heat (MJ/kg/K)

PBX-MY 1.86 34.81 0.8846 0.108 0.792

Table 2: Calculated BKW parameters

α β θ κ

0.5 1.86 34.81 0.8846

High-speed multi-spectral explosion temperature measurement  5



exitance on the radiation curve when the measured object
is with a high temperature of 2,000–4,000 K, which is sui-
table for the high temperature measurement of explosion
process.

The thermal radiation was then converted into electric
voltage signals by the six photodetectors. For the three
optical channels with wavelengths of 0.532, 0.7, and 0.825
μm, silicon detectors were used. For the other three chan-
nels of 1.31, 1.45, and 1.65 μm, InGaAs detectors were used.

The response time of these photodetectors was 10 ns, which
satisfied the requirement for transient temperature mea-
surements in explosion processes. The voltage outputs
from the six photodetectors were then collected by the
data acquisition system (Beijing Yixin Tech. Co. Ltd,

- ×M4i 4451 8, six channel bandwidths: 100 MHz, sampling
rate: 500 MSa/s), and transmitted to the computer for tem-
perature calculation using a software program based on
the golden-section accelerated Pearson correlation
method. The response time of the photodetectors and the
bandwidth and sampling rate of the data acquisition
system could also satisfy the fast temperature measure-
ment requirement of the transient explosion process.

4.2 System calibration

A 24 V 150 W quartz halogen tungsten lamp as a blackbody
source was used to calibrate the radiation temperature
measurement system. The optical probe was fixed and
pointed to the quartz halogen tungsten lamp at a distance
of about 3 m, which is the same distance between the
optical probe and the explosive in explosion temperature
measurement. The relationship between the temperature
and driving current/voltage of the tungsten lamp was pre-
viously calibrated by the China Institute of Testing
Technology. The calibration results are listed in Table 3.

Figure 3: Simulated temperature change at a monitoring point in time domain. (a) Temperature distributions before (b), when (c), and after (d) the
fireball surface is arriving.

Figure 4: Simulated temperature change in firewall surface in time
domain.
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At a driving current of 5.12 A, the corresponding tem-
perature TC is 2,600 K. The halogen tungsten lamp operated
smoothly 30 min after turning on and was used to calibrate
the multi-spectral temperature measurement system. The
output voltages for all wavelength channels are listed in
Table 4. Using Eq. (2) and considering the output voltages of
the six wavelength channels, the calibration coefficients Ki

can be determined, as listed in Table 4. With these calibra-
tion coefficients, the spectral radiant exitances at the six
wavelength channels can be calculated using Eq. (2); using
the correlation coefficients given by Eq. (3), the explosion
temperature can be obtained.

4.3 Explosion temperature measurement

A photograph of the explosion test site is presented in
Figure 6. The explosion experiment was conducted in an
open field without any buildings. A section of a 100 m long
silica optical fiber with a wide transmission band was used
to transmit the thermal radiation collected by the optical
probe near the explosion center back to the main

temperature measurement system in a safe testing room,
which was a small shelter that can shield any explosion
products. The optical fibers were sealed in a corrugated
stainless steel tube to prevent damage from the explosion.
The measured data were obtained quickly and recorded
using this system. The energetic material was remote deto-
nated electrically after confirming security.

The energetic material used was a PBX, which con-
sisted of 95% octogen, 4.3% fluorouracil as a binder, and
0.7% graphite as a desensitizing agent. The density was
approximately 1.86 g/cm3. The explosive was cylindrical
with a diameter of 25 mm and a height of 60 mm. It was
placed on an explosive carrier with the optical probe fixed
on a pillar at a distance of 3 m from the explosive. The
optical probe was placed at the same height as the explo-
sive cylinder and pointed toward its center.

4.4 Experimental results and analysis

A system with a golden-section accelerated Pearson corre-
lation algorithm was used to obtain the explosion

Figure 5: Schematic of multi-spectral temperature measurement system.

Table 3: Characteristic parameters of halogen tungsten lamp

Current (A) Voltage (V) Temperature (K)

3.52 7.74 2,042
3.95 9.54 2,200
4.52 12.16 2,400
5.12 15.23 2,600
5.93 19.86 2,856
6.41 22.84 3,000

Table 4: Output voltages and calibration coefficients at six wavelengths
channels with Tc = 2,600 K

Wavelength (μm) Output
voltage (mV)

Calibration coefficient
( −−10 6, W/V/nm)

0.532 205.6 1.70126
0.70 356.3 1.06891
0.825 645.87 1.36348
1.31 783.91 1.50392
1.45 435.8 1.12508
1.65 693.8 2.03005
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temperature from the real explosion experiments. The PBX
explosion experiments were conducted under the same
condition for two times. The variation curves of the output
voltages of the six wavelength channels in the time domain
were recorded (Figure 7). The optoelectronic signals from
all six wavelength channels changed in a microsecond time
scale, so the response time of the photodetectors, and the
bandwidth, sampling rate of the data acquisition system
are fast enough for the quick extraction of the radiation
temperature. It can be observed that the detailed transient
output voltages of the six channels are different for the two
times of measurement. Because the explosion of explosives
is a drastic dynamic process accompanied by violent che-
mical reactions and physical changes, detailed transient
process will be very different for each time. The results

Figure 6: Photograph of explosion test site.

Figure 7: Output voltages at six wavelength channels in time domain. (a)
First explosion and (b) second explosion.

Figure 8: Temperature change with time of the two explosion processes
obtained by the Pearson correlation and emissivity construction algo-
rithms. (a) First explosion and (b) second explosion.
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show that the temperature measurement system can cor-
rectly respond to the spectral radiant exitances in each
wavelength channel.

The temperatures obtained for the two explosions were
calculated based on the experimental data. The temperature
change curves are shown in Figure 8. Two calculation
methods were used in this study. One was based on the
emissivity construction method, and the other was based
on the Pearson correlation method. The output of the photo-
detectors gradually increased to their peaks in a time scale of
several tens of microsecond. However, the temperature
increased to their peak values in a much short time duration,
maybe, a few nanoseconds. It should be noted that the tem-
perature extracted is directly related to the relative light
intensities received by the photodetectors but not their abso-
lute values. In our case, limited by the sensitivities and
response times of our measurement system, this initial tem-
perature increasing process was failed to be distinguished.
We will try to solve the problem in our further study by
improving the measurement system by using better photo-
detectors and faster data acquisition system.

From the results shown in Figure 8, the maximum
temperatures extracted for the two explosions using the
Pearson correlation method are 3,501 and 3,560 K, respec-
tively, and the maximum temperatures extracted using the
emissivity construction method are 3,400 and 3,420 K,
respectively. The results extracted from the proposed method
were closer to the simulated results, of 3,500 K. The reason for
the large deviation of the emissivity construction method
may come from the uncertainty of the emissivity, which
quickly changes in the explosion process and can hardly be
given precisely. It can also be noted that the peak tempera-
tures extracted for the two cases have a difference of 59 K,
which is normal, because the explosion of explosives is a
rapid, violent chaotic process accompanied by generations
of large amount of heat and gases, and the detailed process
cannot be the same for each case. Furthermore, the uncer-
tainty in the temperature results extracted using the emis-
sivity construction method was considerably larger. In com-
parison, the uncertainty in the temperature results obtained
using the Pearson correlation method was considerably
lower. Thus, the proposed Pearson correlation method per-
formed better than the emissivity construction method for
explosion temperature measurements.

5 Conclusion

In conclusion, for radiation temperature measurement of
explosive explosion, we developed a high-speed fiber-type
six-wavelength multi-spectral pyrometer and proposed a

golden-section accelerated Pearson correlation method
for the fast temperature extraction. After calibrating the
temperature measurement system with a halogen tungsten
lamp, rapid explosion temperature changes in explosion
experiment of PBX, were successfully extracted. Highest
temperature of up to 3,560 K was successfully obtained.
In comparison with the results of the emissivity construc-
tion method, our extracted temperatures were more con-
sistent with the simulation and experimental results, and
the temperature calculation uncertainty was effectively
reduced. The rapid temperature increasing process was
failed to be extracted in our study, which will be focused
to resolve by improving the sensitivity and bandwidth of
the measurement system. The proposed method may find
applications in explosive evaluations.
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