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Abstract 

Traditional dynamic method for temperature measurement is generally based on the assumption that the 
thermal inertia coefficient of a thermocouple junction is invariable (time constant) within the whole measur- 
ing process. Furthermore, the effect of heat conduction and heat radiation on the temperature response of 
the thermocouple is simply neglected under certain conditions. In this study, a new concept is proposed for 
improvement of the traditional dynamic method. The key point of the newly-proposed method is to tailor- 
make a thermocouple junction diameter to realize accurate compensation for radiation heat loss and specific 
heat capacity rising with the heat conduction from wires to the junction, which eventually makes the temper- 
ature response curve of the thermocouple still comply with the first-order response equation. The proposed 

method can be used for temperature measurement of high temperature flame, fine particle-laden flame as well 
as lab-scale small flame. Heat sink at the thermocouple junction due to heat conduction from neighboring 
wires to the junction is observed via numerical calculation, which can compensate the temperature rise lag 
of the junction caused by the radiation heat loss and the increase of specific heat capacity. Thus, there is no 

need to neglect the effect of heat conduction, heat radiation and thermal inertia coefficient variation on tem- 
perature measurement as in the traditional dynamic method. A thermocouple with the junction diameter of 
0.7 mm can retain relatively long time ( ca. 2 s) of steady apparent thermal inertia coefficient. The tailor-made 
thermocouple is applied to measure the temperature of TiO 2 aerosol flame and sooting flame. The tempera- 
ture measurement results agree well with both simulation results and benchmark experimental results, which 

indicates that the improved dynamic method and the tailor-made thermocouple can be employed to measure 
the temperature of fine particle-laden flame in a relatively straightforward manner. 
© 2016 by The Combustion Institute. Published by Elsevier Inc. 
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1. Introduction 

A fine-wire thermocouple is widely used in flame 
temperature measurement, which transfers thermal 
signal into electric potential signal, easy for signal 
lsevier Inc. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proci.2016.08.071&domain=pdf
http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.proci.2016.08.071
http://www.elsevier.com/locate/proci
mailto:hzhao@mail.hust.edu.cn
http://dx.doi.org/10.1016/j.proci.2016.08.071


4444 Z. Xu et al. / Proceedings of the Combustion Institute 36 (2017) 4443–4451 

r  

h  

a  

s  

e  

j

 

w  

h  

b  

d  

i  

s  

a  

p  

c
a  

s  

t  

c  

r  

m  

e  

(  

t  

m  

s
 

a  

∂  

o  

p  

l  

s  

a
t  

c  

t  

a  

t  

r  

v  

a  

c  

s  

r  

t  

t  

t  

o  

fl  

p  

m  

c  

m  

s  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

emote transmission and conversion. Moreover, it
as the merits of simple structure, high reliability
nd cost efficiency. Generally, for temperature mea-
urement of an optically thin flame, the unsteady
nergy differential equation of the thermocouple
unction can be written as [1] 

∂T 

∂t 
=a 

∂ 2 T 

∂ x 

2 
+ 

h ( T g − T ) 
ρc 

d A 

d V 

+ 

εσ

ρc 
( T ∞ 

4 −T 

4 ) 
d A 

d V 

(1)

here the three terms on the right side represent
eat conduction along the wire, heat convection
etween the thermocouple and the flame, heat ra-
iation between the thermocouple and surround-

ng, respectively. In Eq. (1) , T, T g and T ∞ 

repre-
ent the thermocouple junction temperature, the
ctual flame temperature and the surrounding tem-
erature, respectively; a is the thermal diffusion
oefficient of the thermocouple, a = λ/( ρc ), λ, ρ
nd c are the thermal conductivity, density and
pecific heat capacity of the thermocouple ma-
erial (wire and junction), respectively; h is the
onvective heat transfer coefficient; d A and d V rep-
esent the heat exchange area element and ther-
ocouple volume element, respectively; ε is the

missivity; σ is the Stefan-Boltzmann constant
5.67 ×10 −8 W m 

−2 K 

−4 ). Generally, the applica-
ion of a thermocouple in temperature measure-
ent varies in steady-state method, quasi-steady-

tate method and dynamic transient method. 
Steady-state method is a means to achieve or

pproximately approach thermal equilibrium ( i.e.
T / ∂t = 0 ) among the thermocouple, measured
bject and surrounding with a relatively long ex-
osure time in flame. Due to the melting point

imitation of thermocouple material, the steady-
tate method is not suitable for very high temper-
ture measurement. Besides, the temperature of 
he thermocouple junction will be affected by heat
onduction along the thermocouple wire, radia-
ion heating or radiation heat loss, which eventu-
lly leads to significant measurement error. The
hermocouple measurement errors are to be cor-
ected which otherwise would lead to serious de-
iation in measured temperature value from the
ctual value. At present, there are mainly two
orrection methodologies available in literature: in-
trumental correction method and numerical cor-
ection method. In the first method, aspirated
hermocouple [2] , rotated thermocouple [3] , two-
hermocouple (two junctions of different diame-
ers) [4] or multi-thermocouple (multiple junctions
f different diameters) [5] were used to measure the
ame temperature. For the aspirated thermocou-
le and rotated thermocouple, radiation-derived
easurement error was reduced by enhancing heat

onvection around the bead; while the two or
ulti-thermocouple was based on the hypothe-

is that radiation loss is negligible for a zero di-
ension diameter wire, and temperature at zero
diameter could be obtained by extrapolating the
measured temperature at different wire diameters.
However, the conduction losses were not corrected
in the first method. Conduction error is signifi-
cant especially for larger wire diameters and shorter
lead wire lengths as demonstrated by Bradley and
Matthews [6] . Numerical correction method com-
putes the conduction error as well and is there-
fore the more appropriate method [7–9] . Gener-
ally, multiple empirical formulas with uncertain-
ties that are difficult to quantify were required for
the radiation correction method [2,10,11] . Even so,
the steady-state method is still impossible for ac-
curate temperature measurement of particle-laden
flame or highly sooting flame. It is because the
deposition of fine particle on the surface of the
thermocouple will constantly change its heat trans-
fer characteristics (such as surface thermal resis-
tance, surface emissivity, junction volume, etc.), re-
sulting in continuously time-varying thermocouple
temperature. 

The quasi-steady-state method, named as ther-
mocouple particle densitometry (TPD), was first
proposed by Eisner and Rosner [12] then improved
by McEnally et al . [13] to measure the flame tem-
perature and soot volume fraction simultaneously
based on the quasi-steady-state process of ther-
mocouple temperature variation in sooting flame.
This diagnostic relies on measuring the junction
temperature history of a thermocouple rapidly in-
serted into a sooting flame, then optimizing the fit
between this history and one calculated from the
principles of thermophoresis mass transfer [13] . Lu
and Zhou [14] considered the enthalpy increment
caused by radiation heat transfer of soot particle
onto the junction surface and junction temperature
change, and improved the energy balance equa-
tion in the traditional TPD method. This modifi-
cation does not require the assumption of particle
thermophoretic deposition any more. However, due
to the complex influence of particle deposition on
thermocouple heat transfer, some simplified treat-
ments and numerical computation were required in
practical application, which eventually makes in-
convenient operation and insufficient accuracy for
the TPD method. 

With respect to the dynamic transient method,
the thermocouple probe is rapidly inserted into the
flame, and the temperature response curve of the
thermocouple is recorded. Due to relatively short
residence time in flame, the temperature of the ther-
mocouple junction can be considerably low when
compared with the actual flame temperature, and
then the radiation loss can also be ignored. On
the other side, if the thermocouple with a rela-
tively long wire is inserted deeply into the flame, the
heat conduction loss (for junction diameter as same
as wire diameter) of the junction along the wire
can also be neglected. When the dominant mech-
anism of heat transfer is pure convection, the non-
steady heat transfer Eq. (1) of the thermocouple is
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simplified as 

d T 

d t 
= 

hA ( T g − T ) 
ρcV 

(2)

Define the thermal inertia coefficient of the
thermocouple junction 

τ = 

ρcV 

hA 

(3)

If c and h remain constant, τ can be regarded
as the time constant of the thermocouple junction.
With the initial thermocouple temperature T 0 at
time t = 0, the solution of Eq. (2) conforms to the
first-order response equation [15] 

T = T g − ( T g − T 0 ) e −t/τ (4)

The flame temperature T g and τ can be ob-
tained by using the least square method with the
first-order equation to fit the temperature response
curve of the thermocouple. 

The temperature measuring range of the dy-
namic transient method is not limited by the melt-
ing point of thermocouple material any more. This
method can measure flame of 2000–3500 °C and
even much higher in, e.g. , rocket engines and jet en-
gines [16] . Moreover, the quite short exposure dura-
tion of the thermocouple in flame can significantly
reduce particle deposition on the thermocouple
surface, therefore the dynamic transient method
has obvious superiority on measuring particle-
laden flame [17] . However, as the thermo-physical
properties of the thermocouple (particularly, the
specific heat capacity of the thermocouple) vary
a lot with temperatures, the assumption of con-
stant thermal inertia coefficient will bring signif-
icant calculation error [18] . Chen et al. [18] cor-
rected the thermal inertia coefficient τ as the func-
tion of temperature T, τ= τ 0 (1 + αT ), according to
the relationship of T and specific heat capacity c
of the thermocouple ( c = c 0 (1 + αT )), where c 0 and
τ 0 represent the specific heat capacity and thermal
inertia coefficient of the thermocouple at 0 °C, re-
spectively; α is the temperature constant; T is with
dimension of °C here. On the other side, it is noted
that the heat conduction along the thermocouple
wire should not be neglected if the thermocouple
wire inserting the flame is short or the gas velocity
is relatively low, and radiation loss is also not neg-
ligible when the heat convection is not very intense.
This situation usually appears in laboratory-scale
small flames. From this perspective, numerical cal-
culation is required for inversion of the flame tem-
perature, which greatly increases the complexity of 
the temperature measurement process. 

Factually, since the junction diameter is usually
larger than the wire diamater, the thermal inertia
of the junction is also larger than that of the wire.
Consequently, the temperature rising rate of the
wire near the junction is faster than that of the junc-
tion during the dynamic response. It means that
the wire temperature around the junction is higher
than that of the junction, which contributes to heat 
conduction from thermocouple wires to the junc- 
tion. This eventually results in a heat sink formed 

in the thermocouple. If the heat conduction into 

the junction can perfectly offset the radiation loss 
out the junction and the effect of the temperature 
lag caused by the increase of specific heat capac- 
ity, it is possible that the temperature evolution of 
the junction satisfies the first-order response equa- 
tion without ignoring the heat conduction and ra- 
diation loss as in the conventional dynamic tran- 
sient method. In such a way, a simple numerical fit- 
ting to the first-order response curve is available for 
flame temperature inversion, which exhibits the ad- 
vantages of simplified data analyzing and improved 

measurement precision. The objective of this work 

is to tailor-make the junction diameter (which in- 
fluences the heat conduction most significantly) to 

attain perfect “balance compensation” among heat 
conduction inwards, radiation loss outwards and 

increasing specific heat capacity of materials so as 
to achieve the first-order response within sufficient 
time. Numerical calculation is conducted to inves- 
tigate the effect of thermocouple junction diam- 
eter on temperature response characteristic of a 
B-type thermocouple. The optimal junction diam- 
eter and exposure duration of the thermocouple in 

flame are determined, and the temperature profiles 
of two typical flames, one TiO 2 aerosol flame and 

another highly sooting flame, are measured by the 
tailor-made thermocouple based on the improved 

dynamic transient method. The experimental mea- 
surements are compared with numerical results or 
available benchmarkdata. 

2. Numerical calculations and analysis for the 
design of junction diameter 

2.1. Dynamic heat transfer of a thermocouple 

The investigated object is a B-type fine-wire 
thermocouple (PtRh30 (70 wt% Pt/30 wt% Rh as 
positive wire) - PtRh6 (94 wt% Pt/6 wt% Rh as neg- 
ative wire), Omega Engineering), and the diame- 
ter of both lead wires is d = 0.3 mm. While for the 
junction (with the shape of a spherical segment 
that can be described as a melt-bonding bead am- 
putating the lead wires), eight different diameters 
( D ) are considered, i.e. , 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 
0.9, 1.0 mm. The length of the positive and nega- 
tive wires are both 50 mm, and the thermocouple 
junction is located in the middle of two alumina in- 
sulating tubes, as shown in Fig. S1 of the supple- 
mental material (SM). Assuming that a represen- 
tative homogenous and cylindrical flame is vertical 
upward with a diameter of 20 mm, the gas compo- 
sition contains H 2 O, CO 2 and Ar (with the mole ra- 
tio of 2:1:1), the gas flow velocity is u g = 1 m/s and 

the flame temperature is T g = 1800 K. The thermo- 
couple is horizontally inserted into the flame for 
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Fig. 1. One-dimensional grid representation of wire and 
junction of the thermocouple. 
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emperature measurement and the junction is lo-
ated at the flame axis. Setting the junction center
s the origin of coordinate and the positive wire
s the positive half axis, the one-dimensional grid
long the two wire directions (with total length
f 2 L = 100 mm) is uniform, with the grid spacing
x = 0.5 mm, as shown in Fig. 1. 

The finite difference method is employed to
olve Eq. (1) of the thermocouple, in which both
onvection and radiation are regarded as source
erms. The explicit difference form of Eq. (1) at i th
rid and k th time step can be written as 

T i,k+1 − T i,k 

	t 
= a 

T i+1 ,k − 2 T i,k + T i−1 ,k 

(	x ) 2 
+ S( x i , t k ) 

(5)

n which, source terms read 

 ( x i , t k ) 

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

h 
(
T g − T i,k 

)
ρc 

d A 

d V 

+ 

εσ

ρc 

(
T 

4 
∞ 

− T 

4 
i,k 

) d A 

d V 

, 

−10 ≤ x ≤ 10 

h ( T ∞ 

− T i,k ) 
ρc 

d A 

d V 

+ 

εσ

ρc 

(
T 

4 
∞ 

− T 

4 
i,k 

) d A 

d V 

, 

−50 < x < −10 , 10 < x < 50 

(6)

here 	t is time step. 
For spherical junction, the dimensionless

eat transfer coefficient and the ratio of heat
xchange area and volume can be expressed
s Nu = hl / λg = 2 + 0 . 6 Re 1 / 2 Pr 1 / 3 [8] and

d A 
d V = 

πD 

2 

πD 

3 / 6 
= 

12 D 

2 D 

2 + d 2 , respectively. For cylindrical

ire, Nu = hl / λg = 0 . 42 Pr 1 / 5 + 0 . 57 Re 1 / 2 Pr 1 / 3

8] is applied to forced convection inside of the
ame (within −10 ≤x ≤10), and Nu = hl / λg =
 . 48 ( Gr · Pr ) 1 / 4 [19] is applied to natural con-
ection in the air (within −50 ≤x ≤−10 and
0 ≤x ≤50), d A 

d V = 

πd	x 
πd 2 	x / 4 

= 

4 
d , where l is the char-

cteristic length (for junction bead l = D and for
wire l = d ), the Reynolds number Re = u g l / νg , the
Prandtl number Pr = c g νg / λg , the Grashof number
Gr = (gαg δT d 3 ) /v 2 g , c g , ρg , νg , λg , and αg represent
the specific heat capacity, density, kinematic viscos-
ity, thermal conductivity coefficient and volume
expansion coefficient of gas, respectively. δT is
the temperature difference between the wire and
air. For more details about the thermal physical
properties, see Section 2 of SM. 

Boundary condition for thermocouple heat
transfer calculation is the Dirichlet boundary con-
dition, in which the temperatures at the connec-
tion of thermocouple wires and insulating tubes
( x = ±50 mm) are fixed at 300 K and the initial
thermocouple temperature is 300 K, uniformly dis-
tributed. To guarantee the stability and conver-
gence of the numerical calculation, the iterative
time step is limited to 	t ≤ ( 	x ) 2 /(4 a ), where a is
the thermal diffusion coefficient of the thermocou-
ple. Finally 	t is determined as 0.0002 s and the
time window is 0–10 s. 

The initial thermal inertia coefficient is calcu-
lated based on thermal-physical property of the
material and heat convection at t = 0, τinitial = 

ρcV 
hA | t=0 .

And the apparent thermal inertia coefficient, which
characterizes the evolution of thermal inertia coef-
ficient as time t or junction temperature T , is de-
fined as τ a = t /ln[( T g −T 0 )/( T g −T )]. 

2.2. Numerical results 

Calculations are conducted for eight differ-
ent junction diameters, D = 0.3, 0.4,…,1.0 mm. The
junction temperature evolution as a function of 
time is shown in Fig. 2 . The first-order tempera-
ture response curves based on the initial thermal in-
ertia coefficient, T = 1800 − 1500 e −t/ τinitial , are also
shown for comparison (solid lines in Fig. 2 ). Ob-
viously, all of the calculated junction temperature
curves only approach to the first-order response
equation within a short time range. Serious devia-
tion occurs when the junction reaching higher tem-
peratures, however the initial deviation tempera-
tures are varied. Among which, the initial devia-
tion temperature of the junction with D = 0.7 mm
was the highest, nearly 1500 K, and the duration
satisfying the first-order response equation was the
longest. As seen, the temperature curve of 0.7 mm
junction during the first 2 s agrees well with the
first-order response curve. 

As shown in Fig. 3 , all of τ a remain stable first
and then rapidly increase as time. The apparent
thermal inertia coefficient of 0.7 mm junction re-
mains the longest stable time, which is 10 times
longer than that of other junctions with various di-
ameters. 

Figure 4 shows the time-varying temperature
profiles of the thermocouples with four typical
junction diameters. The temperature of the posi-
tive wire (PtRh30) is slightly higher than that of 
the negative wire (PtRh6). This is because both
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Fig. 2. Temperature response curves of junctions with different diameters (hollow square points) and prediction results 
by the first-order response equation T = 1800 − 1500 e −t/ τinitial (solid lines). 

Fig. 3. Evolution of the apparent thermal inertia coeffi- 
cient of junctions with different diameters as a function 
of time. 

 

 

 

 

 

 

 

the heat conductivity coefficient and emissivity of 
PtRh30 are lower than those of PtRh6, resulting
in lower heat conduction inwards and radiation
loss outwards for the positive wire and then higher
temperatures. As seen, when the junction diame-
ter is equal to the wire diameter ( D = d = 0.3 mm, as
shown in Fig. 4 a), the temperatures of the junction
and neighboring wires increase synchronously with
time. However, with the increase of the junction 

diameter, the temperature difference between the 
junction and neighboring wires increases gradually. 
This is because a larger junction diameter having 
a greater thermal inertia coefficient leads to that 
the temperature of the junction lags behind that 
of the neighboring wires. In fact, the heat sink is 
formed in the thermocouple and heat conduction 

occurs from wires to the junction. As mentioned 

above, the junction temperature response is affected 

by heat conduction, radiation and varying thermal 
inertia coefficient. If without compensation to ther- 
mal inertia coefficient variation and radiation loss 
by heat conduction inwards, the junction tempera- 
ture response curve will naturally deviate from the 
first-order response equation, as seen in Fig. 4 a 
of 0.3 mm junction. For the junctions with diam- 
eter of D = 0.4 mm and D = 1.0 mm, the compensa- 
tion effect from heat conduction is available, how- 
ever the heat compensation is not able to perfectly 
balance the influence of thermal inertia coefficient 
variation and radiation loss because the tempera- 
ture gradient between the junction and neighbor- 
ing wires is relatively small for 0.4 mm junction 

( Fig. 4 b) or the specific heat capacity of 1.0 mm 

junction was quite large ( Fig. 4 d). Instead, the 
most appropriate “balance compensation” for the 
0.7 mm junction ( Fig. 4 c) makes the junction tem- 
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Fig. 4. Time-varying temperature profiles of thermocouples with four typical junction diameters. 

Table 1 
The increase ratio of integrative heat transfer coefficient and specific heat capacity for typical junction di- 
ameters. 

t [s] 0.05 0.10 0.50 1.00 2.00 5.00 10.00 

D = 0.3 mm η −0 .012 −0 .031 −0 .046 −0 .116 −0 .218 −0 .362 −0 .558 
χ 0 .031 0 .052 0 .161 0 .233 0 .305 0 .347 0 .350 

D = 0.4 mm η 0 .009 0 .026 −0 .035 −0 .122 −0 .175 −0 .313 −0 .467 
χ 0 .029 0 .049 0 .155 0 .228 0 .298 0 .342 0 .344 

D = 0.7 mm η 0 .017 0 .029 0 .106 0 .215 0 .268 0 .015 -0 .121 
χ 0 .018 0 .029 0 .106 0 .216 0 .269 0 .322 0 .332 

D = 1.0 mm η 0 .008 0 .010 0 .034 0 .081 0 .132 0 .257 0 .183 
χ 0 .013 0 .019 0 .062 0 .108 0 .176 0 .272 0 .308 
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erature response curve comply with the first-order
esponse equation. 

The integrative heat transfer coefficient
etween junction and flame is defined as
 i = ( q Cond + q Rad + q Conv )/( T g -T ), where q Cond , q Rad
nd q Conv are the conduction, radiation and con-
ection heat fluxes of junction, respectively. The
ncrease ratio of h i and c (specific heat capacity)
re respectively defined as η= ( h i - h i0 )/ h i0 and χ= ( c -
 0 )/ c 0 , where the subscript 0 denotes initial state.
s shown in Table 1 , for the 0.7 mm junction, η can

eep pace with χ during the first 2 s, whereas other
hree junctions fail to maintain the synchroniza-
ion relationship. Therefore, the thermal inertia
oefficient of 0.7 mm junction is invariable within
–2 s according to Eq. (3) . 

For the temperature response curve ob-
ained by the thermocouple with junction di-
meter D = 0.7 mm within 0–2 s, the function
y = P 1 + P 2 exp( −x / P 3 ) is employed for nonlinear
fitting, as shown in Fig. 5 . Three parameters,
P 1 = 1743.7, P 2 = 1445.2 and P 3 = 1.518, are at-
tained, where P 1 is the flame temperature, ( P 1 –P 2 )
represents the initial temperature of the ther-
mocouple and P 3 is the time constant. When
compared P 1 , ( P 1 –P 2 ) and P 3 with known flame
temperature 1800 K, initial temperature 300 K and
initial time constant 1.549 s, the relative deviations
are only 3.13%, 0.5% and 2%, respectively. 

Therefore, the diameter of the B-type thermo-
couple junction is optimized as 0.7 mm. For the
investigated flame with a temperature of 1800 K
and gas velocity of 1 m/s, the time constant is
about 1.5 s and it can keep stable within 0–2 s (see
Fig. 3 ). The time constant and stable response inter-
val are also appropriate for temperature measure-
ment of particle-laden flame, which can not only
guarantee sufficient response signal but also reduce
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Fig. 5. Temperature response of the optimized junction 
( D = 0.7 mm) and the fitting curve within the time range 
of 0–2 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the adverse effect of particle deposition on the ther-
mocouple. Some uncertainties are associated with
the temperature response fitting of the optimized
junction ( D = 0.7 mm), particularly with the ambi-
ent temperature ( T ∞ 

) and gas composition varia-
tions. An analysis about uncertainties of the nu-
merical optimization is provided in Section 4 of 
SM. In general, when the ambient temperature is
less than 400 K, the relative error is limited to 5%;
the effect of gas composition variation on the tem-
perature measurement is not obvious (uncertainty
below 4%). 

3. Experimental 

3.1. Nanoparticle-laden flame 

In order to verify the temperature measure-
ment accuracy of the improved dynamic transient
method, two typical particle-laden flames, a TiO 2 -
laden flame and a sooting flame, are measured us-
ing the tailor-made thermocouple ( d = 0.3 mm and
D = 0.7 mm). 

For the TiO 2 -laden flame, a co-flow diffusion
burner is designed, and four concentric tubes are
aerated with TiCl 4 vapor carried by N 2 , CH 4 + Ar
(fuel), O 2 (oxidizer) and N 2 (sheath gas) from
the center to the outside [17] . The gas flow rate
of CH 4 /Ar mixture is 1.80 NL/min, in which the
methane flow rate contributes to 1.20 NL/min. The
vaporizer temperature of precursor TiCl 4 is 65 °C,
with the pressure of 1 atm. The nanoparticles TiO 2
are formed by the oxidation of TiCl 4 vapor at pro-
duction rates of 14.4 g/h. Three different O 2 flow
rates are designed in this work, as Case A-2.40
NL/min, Case B-2.88 NL/min and Case C-3.60
NL/min, in which the O 2 flow rate of Case A is cal-
culated based on the stoichiometric ratio for com-
plete combustion of methane. The excess oxygen
coefficients for Case B and Case C are 1.2 and 1.5,
respectively. Eleven different axial heights of the 
flame (HAB, with the burner outlet as the start- 
ing point), T1-T11 (HAB = 5, 15, 25, 35, 45, 55, 65, 
75, 85, 95, 105 mm), are selected as temperature 
measurement points. More details on the labora- 
tory apparatus for the synthesis of TiO 2 nanopar- 
ticle and experimental conditions can be found in 

Section 1 of SM. 
The axial temperature profiles are measured by 

the tailor-made thermocouple. The residence time 
of the thermocouple in flame is 2 s, controlled by 
the timer function of the PLC (programmable logic 
controller). The thermocouple is rapidly swept into 

the intended sampling position in the flame by the 
three-axis translation stage (the translational speed 

is approximately 0.5 m/s), before being removed af- 
ter two seconds. The travel time (approximately 
0.02 s) is about 1% of the residence time, minimiz- 
ing the disturbance to flame. The signal acquisi- 
tion frequency of the thermocouple is 50 Hz, i.e. , 
recording a data point ( T, t ) every 0.02 s. Generally, 
data is acquired a few seconds before the thermo- 
couple enters into the flame and stopped after the 
thermocouple is removed out of the flame. Thus, 
the obtained ( T, t ) data should be treated to de- 
termine the non-linear fitting starting point of the 
first-order response equation as well as the effective 
fitting interval, detailed in Section 3 of SM. 

Once the non-linear fitting starting point and ef- 
fective interval are determined, the junction tem- 
perature response curves recorded (as shown in Fig. 
S5(a), (b), (c)) are used to obtain flame temperature 
( P 1 ), initial temperature ( P 1 - P 2 ) and thermocouple 
time constant ( P 3 ) via fitting these to the first-order 
response function T = P 1 + P 2 exp( −t / P 3 ). Nonlinear 
least square fitting (NLSF) is employed in this work 

and fitting factor R 

2 is over 0.999 for all the curves. 
Excellent fitting result is obtained, with the error for 
P 1 in the range of ±5.0 °C and the error for P 3 in 

the range of ±0.02 s. The thermocouple time con- 
stant at different sampling points is shown in Fig. 
S5(d). As seen, the time constant slightly fluctuates 
around 1.5 s with the range of ±0.06 s and the rel- 
ative deviation to the initial thermal inertia coeffi- 
cient is about 4%. 

The experimental measurements are compared 

with the computational fluid dynamics (CFD) 
simulation results. The flame model consists of 
the continuity equation, the Navier–Stokes (N–S) 
equations for momentum, the k - ε turbulence equa- 
tions, the species transport equations based on the 
eddy dissipation model (EDM) and the radiation 

transport equation. The reaction rate of methane 
and oxygen combustion in the diffusion flame is ap- 
proximated by a single-step reaction with an Ar- 
rhenius expression. Radiation is taken into account 
by the P-1 model, and a composition-dependent 
absorption coefficient for CO 2 and H 2 O mixtures 
is defined using the weighted sum of gray gases 
model (WSGGM) (Fluent 6.3 User’s Guide). The 
computation is implemented in the commercial 
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Fig. 6. Axial temperature profiles measured and simu- 
lated for three cases in TiO 2 -laden flame, where the mea- 
surement error bar is obtained by fiv e repeated measure- 
ments. 
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Fig. 7. Comparisons of temperature measurements in a 
benchmark sooting flame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FD software Fluent. Section 5 in SM provides
ore details on numerical model and methods of 

he flame simulation. 
The temperature profiles along the axial height

f the flame for three cases are shown in Fig. 6 . The
ame temperature first increases rapidly with the

ncrease of the axial height, then decreases slowly
fter a peak temperature is achieved. Generally,
he experimental measurements for the tempera-
ure field, the evolution trend, the maximum tem-
erature and its position agree quite well with the
umerical results. However, the simulated tempera-
ures are generally higher than the measured ones,
specially in the high-temperature section ( ca . 15–
5 mm of HAB). These deviations may arise from
igh-temperature enhancing radiation between the
hermocouple and the surrounding as well as be-
ween TiO 2 particles and the surrounding. Another
xplanation is the temperatures predicted by the
luent simulations typically contain model uncer-

ainties and calculation errors. 

.2. Sooting flame 

The experiment is conducted in an ethylene/air
aminar diffusion flame, in which the burner is
ame as that reported by National Research Coun-
il Canada [20] . The detailed description of the
ülder burner can be found in [21] . A representa-

ive benchmark condition is employed in our soot-
ng flame measurements, in which the flame is gen-
rated with ethylene and air flow rates of 0.194
L/min and 284 NL/min respectively, as shown in
ig. S3. 

In this work, we measure the radial tempera-
ures ( i.e., r = 0, 1, 2, 3, 4 mm) at three HABs ( z = 10,
0, 60 mm) and then attain two-dimensional tem-
erature profiles of the sooting flame by the dy-
amic transient method, using the same thermo-
ouple and same measurement procedure in the
iO 2 -laden flame. The results are compared with
a benchmark experiment by coherent anti-Stokes
Raman scattering (CARS) thermometry [20] , as
shown in Fig. 7 . It can be found that the results
obtained from the dynamic transient measurement
agree well with the laser-based method. The relative
deviation is smaller than 6%. Furthermore, error
bars of fiv e repeated measurements indicate that
the precision of the dynamic transient method can
be limited within ±50 K. A discussion of experi-
mental uncertainties is presented in Section 4 of 
SM. When considering, particle deposition, opti-
cally thin flame assumption and catalytic effects
on the thermocouple surface, the net temperature
measurement uncertainty is about ±5%. 

Moreover, the thermocouple particle densitom-
etry (TPD) method is employed to corroborate the
dynamic transient method, in which a B-type ther-
mocouple is same as the design presented by McE-
nally et al . [13] with wire diameter of 0.075 mm
and bead diameter of 0.3 mm. As seen in Fig. 7 ,
the gas temperature is significantly undervalued be-
cause the TPD method inherently relies on the em-
pirical parameters of soot aggregates ( e.g., the den-
sity) and neglects the heat conduction of wires.
For this reason, the dynamic transient method with
the tailor-made thermocouple is vital to improve
the accuracy and robustness of thermocouple ther-
mometry. 

4. Conclusions 

A new way is proposed in this work for improv-
ing the traditional dynamic method of tempera-
ture measurement. The tailor-made thermocouple
is able to realize accurate compensation for radia-
tion heat loss and thermal inertia coefficient varia-
tion with the heat conduction from the wires to the
junction, which eventually makes the temperature
response curve of the thermocouple still comply
with the first-order response equation. From this
perspective, there is a simple and direct approach
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to characterize the effects of heat conduction, heat
radiation and thermal inertia coefficient variation
on temperature measurement, which are usually
neglected in the traditional dynamic method. It
is clear from numerical calculation that there ex-
ists heat sink at the thermocouple junction by heat
conduction from neighboring wires to the junc-
tion, which can compensate the temperature lag of 
the junction caused by the radiation heat loss and
the increase of specific heat capacity. The tailor-
made thermocouple with the junction diameter
of 0.7 mm can retain relatively long time (about
2 s) of invariable apparent thermal inertia coeffi-
cient and is applied to measure the temperature of 
TiO 2 -laden flame and sooting flame. The measure-
ment results agree well with both simulation results
and benchmark experimental results. For differ-
ent occasions on combustion and flame, appropri-
ate dimensions of thermocouples can be rationally
designed via the simple preliminary numerical cal-
culation, and consequently the accuracy and ro-
bustness of ther mocouple ther mometry will be
effectively improved in nature. 
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