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The dual exposure-time thermophoretic sampling (DTTS) method had successfully realized multi- 

parameter measurements for flame synthesis TiO 2 nanoparticles (Xu and Zhao, 2015), which was fur- 

ther researched and developed to apply to sooting flame diagnosis in this study. However, the traditional 

sampling probe (TEM grid) cannot satisfy the assumption of convection dominant for heat transfer be- 

tween probe and flame when moving to a sooting flame that radiation would affect the temperature 

of the probe dramatically owing to very high emissivity of soot particles. After a comprehensive inves- 

tigation, we found that the radiative heat transfer between the sampling probe and the sooting flame 

can be effectively eliminated when tailor-made ultrathin quartz glass slices (UQGSs) were used as novel 

sampling probes due to a very low emissivity of UQGSs (high radiative transparency). Thereby the in- 

teraction between the flame and the UQGS probe conformed to an experiential convective heat transfer 

- thermophoresis coupling mechanism. As the amount of particles deposited on the probe surface by 

thermophoresis was a function of soot volume fraction, probe exposure time, gas temperature and flow 

velocity, two thermophoresis samplings with different exposure time (one is far less than the time con- 

stant τ of the UQGS and another is close to τ ) in a same position were conducted to simultaneously 

measure soot volume fraction and flow velocity in the location. The collections of particles with tunable 

exposure time of probes in the flame were observed and analyzed by a field-emission scanning elec- 

tron microscope (FESEM) and FESEM-image processing for soot particle size. The novel sampling probe 

as well as the DTTS technique provided a practical way to perform multivariate measurements of soot 

volume fraction, flow velocity, and soot particle size distribution. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Soot, which is a serious environmental pollutant, also affects

dramatically heat transfer characteristics of most practical hydro-

carbon/air combustion occasions, such as internal combustion en-

gines, gas turbines, boilers, and fires [1-3] . Consequently, it is im-

portant to gain a fundamental understanding of the complex soot-

ing processes in flames. Soot particles produced in hydrocarbon

flames as results of complicated physical–chemical processes in

which gas-to-particle conversion occurs within a very short time

scale, of the order of few milliseconds [2,4] . The chemical kinetics

are coupled with particle dynamics for sooting processes from mi-

cro atomic scale to mesoscopic particulate scale, considering PAH-

based inception and surface chemistry (growth and oxidation), co-

agulation, and fragmentation [5-8] . The experimental and numer-
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cal investigations of the fundamental soot evolution, including

he soot precursor chemistry, particle nucleation, mass/size growth

nd ablation, are undoubtedly the mainstream scientific attempts

9-14] . Although many considerable knowledge of the soot phe-

omenon was obtained over the last two decades, the complete

nderstanding of the chemical and physical mechanisms of the en-

ire process has not been accomplished yet. 

The study of soot formation and destruction mechanisms re-

uires reliable measurements of local soot concentrations and par-

icle/aggregate sizes as well as the temperature-time history of

oot particles in flames. The properties of soot history include, but

re not limited to, temperature, velocity, exposure time, and size

istribution of particles. Soot concentrations and particle/aggregate

izes have been investigated extensively in the past decades. In

ractice, measurements of distributions of temperature and soot

olume fraction in flames are essential for the understanding of

oot formation. There is a vast literature related to measurements

f temperature and soot volume fraction, particularly with non-

ntrusive in-situ optical diagnostic methods. Light extinction is a
. 

http://dx.doi.org/10.1016/j.combustflame.2017.03.003
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3  

t  
ath-integrated or line-of-sight technique, which provides field-

ntegrated values of the soot volume fraction [15,16] . Two-color

nalysis of soot radiative emission is a typical kind of emission

echnique, which has been used to estimate the average values of

oot volume fraction and temperature [17] . Laser-induced incan-

escence (LII) of soot provides spatially and temporally resolved

easurements of soot distribution [18-21] . Multi-wavelength emis-

ion measurements have also been employed to measure the spa-

ial distributions of soot temperature and volume fraction [22,23] .

owever, optical diagnostic techniques, almost without exception,

ake use of a large number of sophisticated equipment that inte-

rate highly specialized skills and instruments in signal detection,

ata inversion, information representation [24,25] . These make us

ave to consider the costs and experimental conditions of research

orks. Additionally, a calibration procedure, often based on extinc-

ion measurements or gravimetric analysis, is normally required. 

Recently, a thermocouple thermometer and a thermophoretic

robe have been widely used as a calibration-independent tech-

ique for absolute flame temperature and particle volume fraction

easurements due to less uncertainty. Thermocouple particle den-

itometry method (TPD) is mainly used in measurement of temper-

ture and soot volume fraction in laminar diffusion flames [26,27] .

lthough the probe contacts with the flame in the measurement,

his method obtains information through the variation of temper-

ture in the probe because of soot deposition. A novel technique

s proposed for improvement of the traditional thermocouple mea-

urement recently reported by the current research group [28,29] .

he key point of the newly-proposed method is to tailor-make

 thermocouple junction that can realize accurate "balance com-

ensation" for heat conduction from the wires, radiation heat loss

rom the bead, variations of specific heat capacity. There was a

ime window to maintain invariable thermal inertia coefficient dur-

ng the initial phase of the thermocouple response. 

Measurement and analytical techniques using thermophoretic

ampling and transmission electron microscopy (TEM) have greatly

mproved the knowledge about the properties of soot particles

30] . Thermophoretic sampling is also the most common and eas-

ly realized way of collecting particles out of flames, introduced by

eorge et al. [31] and further improved by Dobbins et al . [32] for

easuring the size and morphology of soot particles. Köylü et

l. [33] proposed the thermophoretic sampling particle diagnostic

TSPD) method based on the theory of particle deposition rate by

isner and Rosner [27] , which can be used to determine not only

article/aggregate size distribution and microstructure but also ab-

olute soot volume fraction. However, the TSPD technique was sub-

ect to the following assumptions and restrictions [33] : the gas

ow velocity and the probe wall temperature are known constant.

n fact, there is spatial distribution of gas flow velocity even in a

teady flame, with exact numbers not known in advance, and the

emperature of the probe changes over the exposure time in the

ame due to heat transfer. 

The exposure time of soot particle is directly dependent on

tream velocity. The increased stream velocity in the normal flame

ay reduce the exposure time for soot formation in coflow flames,

esulting in a reduction of soot emissions [34] . Therefore, flow ve-

ocity is critical to soot dynamic evolution and offers the possi-

ility of studying the fate of soot particles. As known, there is

ot currently an available measurement solution for flow veloc-

ty in sooting flames because most well-developed flow velocity

easurements depend on micron-sized tracer particles, such as

article image velocimetry (PIV) [35] and laser Doppler velocime-

ry (LDV) [34,36] . However, laser-based techniques need expensive

edicated equipment and strongly depend on the tracer particles.

n our previous work, multiple internal and external properties of

iO 2 nanoparticles in flame were measured and characterized si-

ultaneously by the dual exposure-time thermophoretic sampling
DTTS) method that used molybdenum TEM grids as thermophore-

is probe [28,37] . The DTTS technique is well-established for the

nalysis of flow velocity. 

In this work, the DTTS technique using ultrathin quartz glass

lices (UQGSs) as thermophoresis probes to collect soot particles

ithin two different time intervals at one position of flame is

roposed, followed by field-emission scanning electron microscope

FESEM) characterization and FESEM-image processing. It should

e noted that TEM is not applicable to observe soot particles on

he UQGSs, whereas FESEM is a fairly applicable instrument. Since

he electron beam passes through the sample that is being ex-

mined by TEM, the sample and holder must be sufficiently thin.

sually, samples are supported on a wafer-thin foil (dozens of

anometres thick) of a TEM grid before being loaded into the

EM. Actually UQGS possesses a thickness of 30 μm and there-

ore electron beams fail to pass through in a TEM. FESEM fo-

uses on the sample’s surface and morphology, thereby meeting

he requirement of characterizing soot particles on UQGSs. The

ovel thermophoretic sampling method is a development of TSPD

echnique to explore the relationship between soot thermophore-

is deposition and convection heat transfer of probes, which can

imultaneously detect soot volume fraction and flow velocity. The

ailor-made DTTS method for multivariate measurement of sooting

ame is examined in a benchmark ethylene/air laminar diffusion

ame. The experimental measurements of soot volume fraction

nd stream velocity at different heights above the burner (HABs)

re compared with past measurement results as well as the simu-

ation results using a soot model. 

. Experimental 

.1. Apparatus description 

In the present experiment, the Gülder burner flame is chosen

or the measurement, which is one of three target flames defined

y the LII workshop [20] . There is a standardized flame condition

f Gülder burner, which can be used for validation and calibration

xperiments. The burner consists of a fuel nozzle with a 10.9-mm

nner diameter, centered in an air tube 100-mm in diameter, and

he annulus air region packs with glass beads and porous metal

isks to prevent flame instabilities. The ethylene fuel flow rate is

et to the smoke point, 0.194 L/min, and the air coflow is 284 L/min

38,39] . 

The thermophoretic sampler is composed of a double acting

igh-speed pneumatic cylinder (Festo, DSNU), a programmable

ogic controller (PLC), a self-closing tweezers, a well-designed sam-

ling probe — ultrathin quartz glass slice (UQGS, presented in

ig. S1 of the supplementary material (SM)) and other auxiliaries.

igure 1 shows a sketch of this thermophoresis sampler. The pneu-

atic rod end of the double acting cylinder is connected with the

elf-closing tweezers, carrying the UQGS to the intended sampling

ositions for an intended exposure time ( t e ). When an UQGS is

apidly inserted into the pre-specified sampling position by the

igh-speed pneumatic cylinder, nearby soot particles will deposit

n the UQGS surface due to thermophoresis, meanwhile the tem-

erature of UQGS will increase due to heat transfer from the flame.

he timer function of the PLC is used to determine and control the

xposure time at the sampling locations, which can ensure repre-

entative sampling and avoid overlapping aggregates on the UQGS

The discussion is presented in SM Section 1 ). After this sampling

rocess, the central zone of the UQGS with an area less than 0.01

m 

2 is observed by FESEM to separate the soot samples at the

arget point, same as the authors’ previous method [28] . 

The UQGS possesses ultrathin structure with a diameter of

 mm and a thickness of 30 μm, which benefits minimizing the dis-

urbance to sooting flame. The manufacture of the UQGSs is based
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Fig. 1. Schematic of experimental equipment: thermophoretic sampler (a); flame photo and measuring positions (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o  

c  

t  

p  

a  

a  

e  

a  

s  

t  

s

 

k  

o  

m

a  

p  

l  

a  

i  

w  

h  

p  

t

 

i  

s  

s  

t

 

w

a  

s  

r  

U  

χ  

h  

t

 

i  

c  

N  

n  

m  

t  
on laser processing: a fused quartz rod is cut into uniform slices

and then the slices are polished. The 3-mm diameter depends on

the diameter of the perform rod. If necessary, we can use cotton

buds drenched by alcohol to wipe the tip of the tweezers. The

UQGSs are very suitable for recycling. Used ones can be put into

ethanol and cleaned by ultrasonic for 5 min, then dried in an oven.

2.2. Flame temperature measurement 

The primary objective of this work is to use thermophoretic

sampling technique to measure the soot volume fraction and flame

velocity simultaneously. As known, soot thermophoresis is deter-

mined by the distribution of temperature, velocity, and particle

concentration in the flow boundary layer of thermophoretic probe.

The flame temperature is first measured using the tailor-made

thermocouple and the dynamic transient method proposed previ-

ously by our group [20,28,37] . An uncoated B-type (Pt/Rh 70%/30%

- Pt/Rh 94%/6%) fine-wire thermocouple is used to measure the

flame temperatures in these intended sampling positions. The

junction diameter is 0.7 mm, and the wire diameter is 0.3 mm. The

initial short-exposure period of the thermocouple that is well de-

signed to meet the first-order response curve for high-temperature

transient measurements. The temperature profiles along the axial

line of sooting flame at six specified measuring positions ( i.e., r = 0,

z = 10, 20, …, 60 mm in Fig. 1 ) were obtained in our previous work

[28] . In this work, we further measure the radial temperatures ( i.e.,

r = 0, 2, 4 mm) at six HABs and then attain two-dimensional tem-

perature profiles of the flame using the dynamic transient method.

Using this technique, the measurement results need not to be cor-

rected for radiation and conduction losses of the thermocouple

junction, and the effect of soot deposition on thermocouple can

be minimized within a short exposure time. 

2.3. Soot volume fraction and flame velocity measurement 

The soot volume fraction is calculated as [33] : 

f v = 

2 r F V p 

D T Nu A i t e 

[ 

1 −
(

T u 

T g 

)2 
] −1 

(1)

in which r F is the radius of UQGS corresponding to the FESEM

survey area located in the center of UQGS (here r F =0.0015 m),

V p is the total volume of particles in this survey area ( V p char-

acterization is based on the method detailed in SM Section 3 ),

and D T = 

3 
4 ( 1 + 

π
8 αmom 

) −1 υg is the thermophoresis diffusivity, Nu

is Nusselt number in the flow boundary layer of UQGS, A i is the

size of the observing area, T u is the temperature of the UQGS, T g is

flame temperature in the sampling position, t e is the exposure time
f UQGS in flame, αmom 

is the momentum accommodation coeffi-

ient (1 in this study), υg is gas kinematic viscosity. The maximum

emperature of the UQGS is approximately 10 0 0 K during sampling

rocess, and the thermal accommodation coefficient of the oxygen-

toms-on-quartz is 0.9 at 10 0 0 K based on the experimental values

nd numerical values presented by Balat-Pichelin et al . [40] How-

ver, the data of the thermal accommodation coefficient is absent

t 30 0–10 0 0 K, and can be inferred in the range of 1.0–0.9. An as-

umption that the thermal accommodation coefficient is 1.0 leads

o the maximum error of 2.8% for soot volume fraction. In this

ense, thermal accommodation coefficient of unity is acceptable. 

The difficulty of this measurement is how to determine un-

nown parameters in Eq. (1) : Nusselt number Nu and temperature

f probe T u . As mentioned in Introduction, the traditional ther-

ophoretic sampling method is based on earlier works by Köylü

nd coworkers [33,41] . A copper TEM grid acted as the sampling

robe, and a very short exposure time was chosen to prevent over-

apping of the soot aggregates. In order to attain Nusselt number

nd temperature of probe, two assumptions ( i.e. , the flow veloc-

ty of 1 m/s and the steady TEM grid temperature of 350 K [33] )

ere adopted. Actually, the presence of convection and radiation

eat transfer has a significant effect on the temperature of sam-

ling probe, and the flow velocities with spatial non-uniform dis-

ribution need to be measured. 

It should be noted that conduction is very weak and can be

gnored due to high thermal contact resistance between UQGS and

elf-closing tweezers. When only convection and radiation are con-

idered, the analytical expressions of the unsteady heat balance for

he UQGS is given in Eq. (2) 

∂ T u 
∂t 

= 

h ( T g − T u ) 

ρu c u 

A 

V ︸ ︷︷ ︸ 
convection 

+ 

σ ( 1 − χt − χr ) 

ρu c u 

(
ε p T 

4 
g + T 4 0 − 2 T 4 u 

) A 

V ︸ ︷︷ ︸ 
radiation 

(2)

here t is time, h is the convection heat transfer coefficient; ρu 

nd c u are the density and specific heat capacity of quartz glass, re-

pectively; A and V are the heat transfer area and volume of UQGS,

espectively, here A / V = 2/ δ for a UQGS, δ is the thickness of the

QGS ( δ= 3 ×10 −5 m); σ is the Stefan-Boltzmann constant; χ t and

r are the transmittance and reflectance of the UQGS respectively,

ere being approximated to transparent; εp are the emissivity of

he soot particles. 

When a sampling probe immerged in the flame, the similar-

ty solution of heat convection conforms to parallel flow empiri-

al correlation, and Nusselt number Nu can be expressed as [42] :

u = 0 . 332 R e 1 / 2 P r 1 / 3 , where Reynold number Re = u g r F / υg , Prandtl

umber P r = υg / a g , u g is gas flow velocity, and a g is gas ther-

al diffusivity. In addition, the non-dimensional convective heat

ransfer coefficient Nu is given by Nu = h r F / λg , where λg is gas
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Fig. 2. Spectrum of sooting flame (at a typical height above burner, z = 40 mm) and 

transmission of quartz glass. 
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Fig. 3. The ratio of radiation heat flux to total heat flux in the initial state and 

steady state. 
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hermal conductivity coefficient. Therefore, the convection heat

ransfer coefficient h of the UQGS is calculated as: 

 = 0 . 332 λg P r 
1 / 3 R e 1 / 2 / r F (3)

The finite difference technique [43] can be applied to solve Eq.

2) , and one of the results is the variables of heat flux by convec-

ion and radiation, q Conv and q Rad , respectively. The proportion of

adiation heat flux to total heat flux is 

Rad = 

q Rad 

q Conv + q Rad 

× 100% (4) 

As known, quartz glass was often used as optical windows of

ame chamber due to its excellent transmittance. With this inspi-

ation, optical quartz glass is used here to make sampling probe,

hich can provide effective insulation for heat radiation. The spec-

ra of the sooting flame and the transmittance of the UQGS are

etected by an optical fiber spectrometer (AvaSpec-2048) with an

vailable wavelength range of 20 0–110 0 nm (cannot be extended

urther into infrared at present), which is corrected by a black-

ody furnace when the temperature of the furnace is at 10 0 0 °C.

s shown in Fig. 2 , the spectrum of flame is mainly in the visi-

le and infrared light region, in which the intensity increases with

he increase of the wavelength. The transmittance of UQGS is up

o 93% over the wide spectral region of flame radiation, indicating

hat the optical quartz glass has a high transparency for visible and

nfrared light. 

As shown in Fig. 3 , the calculation results indicate that radia-

ion heat transfer between UQGS and flame can be neglected, not

xceeds 5%, and consequently convection heat transfer between

QGS and flame is dominant owing to good radiation transparency

f quartz glass from infrared to ultraviolet spectral bands. This re-

ult is just pre-estimate before experiment. In this way, we would

ike to know what the approximate fraction of radiation is and to

emonstrate the feasibility of the UQGS method. 

Therefore under the condition of ignoring radiation heat trans-

er and being the dominant mechanism of heat exchange as pure

onvection, the unsteady energy equation for UQGS is predigested

s 

∂T 

∂t 
= 

h ( T g − T ) 

ρu c u 

A 

V 

(5) 

The solution to Eq. (5) conforms to the first-order response

quation 

 u = T 0 + ( T g −T 0 ) [ 1 − exp ( −t e /τ ) ] (6) 

here T 0 is the initial temperature (ambient temperature) of the

QGS and τ is the time constant of the UQGS, τ = 

ρu c u δ
2 h 

, the con-
ection heat transfer coefficient h is the function of flow velocity

 g in Eq. (3) . This means we can determine the temperature of

robe in a simple way when the time constant τ is known. In ad-

ition, pure convection facilitates the analysis of flow field thereby

o implement velocity measurement. 

Soot particle deposition in unit area, ˙ V p = V p / A i , is, based on

q. (1) , expressed as 

˙ 
 p = 

D T Nu f v t e 

2 r F 

[
1 − ( T u / T g ) 

2 
]

(7) 

The partial differential form of ˙ V p with respect to the exposure

ime t e follows 

 ̇

 V p = 

D T Nu f v d t e 

2 r F 

[
1 − ( T u / T g ) 

2 
]

(8) 

The integral form is 

˙ 
 p = 

∫ t e 

0 

d ̇

 V p = 

D T Nu f v 

2 r F 

∫ t e 

0 

[
1 − ( T u / T g ) 

2 
]
d t e (9) 

alculated by substituting T u with Eq. (6) : 

˙ 
 p = 

D T Nu f v τ

2 r F 

[ 

2 

T g − T 0 
T g 

(
1 − e −t e /τ

)
+ 

1 

2 

(
T g − T 0 

T g 

)2 (
e −2 t e /τ − 1 

)] 

(10) 

In a same position, twice samplings using two fresh UQGS with

ifferent exposure time intervals ( t e1 and t e2 ) follow Eq. (10) , in

hich the ratio of particle deposition is defined as θ= ̇

 V p2 / ̇ V p1 . Be-

ause Nu, f v and τ are constant in a same sampling position, a cru-

ial relationship between two samplings is derived: 

= 

˙ V p2 

˙ V p1 

= 

2 

T g −T 0 
T g 

(
1 − e −t e2 /τ

)
+ 

1 
2 

(
T g −T 0 

T g 

)2 (
e −2 t e2 /τ − 1 

)
2 

T g −T 0 
T g 

( 1 − e −t e1 /τ ) + 

1 
2 

(
T g −T 0 

T g 

)2 (
e −2 t e1 /τ − 1 

) (11) 

here the time constant τ of the UQGS is the only unknown pa-

ameter and can be obtained by solving this equation. 

When relating the time constant τ and the convection heat

ransfer coefficient h in Eq. (3) , an explicit formula of flow velocity

s available: 

 g = r F 

(
ρu c u δ

0 . 664 τ

)2 

3 

√ 

υg 

ρ2 
g c 

2 
g λ

4 
g 

(12) 

here the material properties of gas compositions are functions

f temperature. For most properties of each species (C H , O ,
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Fig. 4. The measured axial temperature profiles at r = 0 mm, 2 mm and 4 mm for 

the sooting flame. Error bars are calculated based on five independent measure- 

ments. 

Table 1 

The ratio of particle deposition and time constant for each exposure time. 

t e n / ms 30 50 80 100 120 150 

θn — 1.57 2.32 2.75 3.04 3.39 

τ n / ms — 109 114 116 110 105 

�τ n / % — 1.63 2.89 4.69 0.72 5.24 
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N 2 , CO 2 , H 2 O (g), etc.), we define a polynomial, piecewise-linear,

or piecewise-polynomial function of temperature using the mate-

rial databases in Fluent software [26] . For properties of gas mix-

ture, these were composition- and temperature-dependent func-

tions, which can be extracted from the CFD simulation as needed.

Finally, the soot volume fraction f v can be determined according to

Eq. (10) : 

f v = 

2 r F ̇ V p 

D T Nuτ

[ 

2 

T g − T 0 
T g 

(
1 − e −t e /τ

)
+ 

1 

2 

(
T g − T 0 

T g 

)2 (
e −2 t e /τ − 1 

)] −1 

(13)

3. Numerical simulations for flow velocity comparison 

Since most of the techniques used to study sooting flames do

not well suit for flow velocity measurement, no data is avail-

able to compare with the flow velocity measured by DTTS ap-

proach. Therefore, we conduct numerical simulations using a de-

tailed gas-phase reaction mechanism and complex thermal and

transport properties to validate mainly flow velocity measurement.

The governing equations of mass, momentum, energy and species

in axisymmetric cylindrical coordinates ( r, z ) given in Ref. [44] are

solved in this study. The gravitational term is included in the mo-

mentum equation. Correction velocities are used to ensure that the

mass fractions sum to unity. The thermophoretic velocities of soot

are included in the calculation of the correction velocities. A semi-

empirical two-equation formulation is employed to model soot nu-

cleation, growth and oxidation [45] , in which C 2 H 2 is the only

component to manage the inception and growth of the soot. At the

same time, soot oxidation by OH radical, O radical and O 2 are con-

sidered in the present simulation. SNBCK based wide band model

developed by Liu et al . [46] is employed to obtain the absorption

coefficients of the combustion products containing CO, CO 2 and

H 2 O at each wide band. The spectral absorption coefficient of soot

is assumed to be 5.5 f v / λ with f v being the soot volume fraction

and λ the wavelength. The wide bands considered in the calcula-

tions are formed by lumping 10 successive uniform narrow bands

of 25 cm 

−1 , giving a bandwidth of 250 cm 

−1 for each wide band.

The blackbody intensity at each wide band is evaluated at the band

center. The radiation source term is calculated by summing up con-

tributions of all the 36 wide bands (from 150 to 9150 cm 

−1 ) con-

sidered in the calculation. 

4. Results and discussion 

4.1. Flame temperature 

Figure 4 compares the measured profiles with a benchmark ex-

periment by coherent anti-Stokes Raman scattering (CARS) ther-

mometry [16] at r = 0 mm, r = 2 mm, and r = 4 mm for the soot-

ing flame. The measured temperature profiles reproduce previously

noninvasive experimental data very well everywhere. The result is

fairly satisfactory on the trend of temperature and agrees well with

the CARS measurement within relative error of less than 10%. The

error bars indicate the precision of the thermocouple measurement

is within ±30–50 K. 

4.2. Flow velocity 

It is well known that insertion of a physical probe into the

flame interferes with the flow field and distorts the streamlines.

This disturbance is one of the major drawbacks of the ther-

mophoretic sampling technique and its influence on the sampling

process is difficult to be quantified [37] . High-speed photographs
an provide a direct dissection for this concern in nature. There-

ore, we record high-speed images of the flame at 10,0 0 0 frames/s

sing a high-frame rate camera (FASTCAM SA4) during the sam-

ling process. As shown in Fig. S3, a series of images thus captured

isplay several key instantaneous stages while the UQGS probe

ouches the flame. Throughout the entire process, the flame main-

ains a relatively stable shape without dramatic distortion, which

hould be attributed mainly to wafer-thin collector (UQGS) and

lender holder (tweezers tip). In addition, Lee et al. [47] recom-

end an aspect ratio (thickness to width ratio) larger than 0.2

o suppress probe vibration when using a probe with single-arm

eam. In this sense, the probe used in the present design employs

 tweezers that have two clamping handles, which can effectively

revent probe vibration. 

The UQGS traveled through other particle containing regions in

he flame before reaching the sampling locations. The travel time

round tripping about 3.0 ms as shown in Fig. S3) was limited to

maller than 10% of the exposure time to minimize the unavoid-

ble contamination during the travel [26,28] . Therefore, the expo-

ure time was not less than 30 ms. Meanwhile, to prevent overlap-

ing of the soot aggregates on the UQGS, 150 ms was almost the

pper limit of the exposure time based on FSEM observation. To

tudy the dynamic evolution of soot particle thermophoretic depo-

ition with exposure time, six samplings are carried out at a well-

haracterized representative location Z40R2 ( z = 40 mm, r = 2 mm)

n this flame within different exposure time ( t e1 , t e2 ,…, t e6 ): 30 ms,

0 ms, 80 ms, 100 ms, 120 ms, 150 ms. Thereinto, the shortest sam-

ling time t e1 =30 ms is viewed as the reference time. The ex-

erimental results of the ratio θn = ̇

 V p , n / ̇ V p1 for these six differ-

nt sampling time intervals are shown in Fig. 5 . When T 0 =300 K,

 g =1712 K (at the sampling point Z40R2), and t e1 =30 ms, t e n and

n are put into Eq. (11) as solved, the time constant τ n is then

btained (shown in Table 1 ). The mean and standard deviation of

ime constant τ n are 〈 τ n 〉 = 110.8 ms and S τn = 4.32, respectively,

hich indicates that time constant almost keep constant in the
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Fig. 5. The ratio of particle deposition at a typical sampling position Z40R2 

( z = 40 mm, r = 2 mm). Error bars are calculated based on five independent tests of 

each exposure time. 
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Fig. 6. Evolution of flow velocity ( u g ) along the flame height. Error bars are calcu- 

lated based on five independent tests at each sampling position. 

Fig. 7. Multi comparisons of soot volume fraction ( f v ) measured by different tech- 

niques. Error bars of DTTS are calculated based on five independent tests at each 

sampling position. 
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ynamic evolution of soot thermophoretic deposition. Furthermore,

he mean time constant 〈 τ n 〉 is used to draw the dynamic curve,

nd the curve conforms with these six experimental plots very

ell. This result demonstrates that particle thermophoretic deposi-

ion on the UQGS is mainly dominated by convective heat transfer

etween the UQGS and flame, and proves the validity and reliabil-

ty of UQGS as thermophoretic probe considerably. 

From the comparison of experimental error bars in Fig. 5 as

ell as relative deviation �τ n ( = τ n / 〈 τ n 〉 × 100%) in Table 1 , we

nd that the net uncertainty values can be minimized when the

xposure time t e2 approximates to the time constant τ n based on

he fixed t e1 . Therefore, two different exposure time, t e1 =30 ms

nd t e2 =120 ms, are determined in this study. Actually we also

se TEM grid as thermophoresis probe before UQGS was proposed,

owever no specific pattern can be followed and thereby the flow

elocity cannot be analyzed and obtained. As shown in Fig. 5 , the

xperimental results of TEM grid were added to compare against

QGS measurements. The TEM grid results show that the varia-

ions of the ratio θn with exposure time distinctly deviate from the

ssumption of convection dominant due to significant radiation ef-

ect. Table S1 indicates that there is a distinct drift in the thermal

nertia τ n of TEM grids. Additionally, the risk that TEM grids are

amaged by burning increases with the exposure time. Especially,

s the exposure time is over 70 ms in this test, the sampling fails

ery probably. Therefore, the usage of TEM grid for thermophoresis

ampling is recommended for low-radiation flame ( e.g. TiO 2 -laden

ame [28,37] ). 

Flow velocity profiles determined by the DTTS at different HABs

re shown in Fig. 6 . As there was no published experimental data

nd results about flow velocity for comparison at present, we use

he simulation in Section 3 to evaluate the measurement of flow

elocity. The shapes of the profiles are well reproduced by DTTS

easurements that exhibit the same tendency as the numerical

imulations. Under earth’s gravitational environment, buoyancy in-

reases the axial velocities of the combustion species with increas-

ng distance from the burner exit. In our experiment, the flow ve-

ocity u g is calculated from measured T g and V p , so the experi-

ental error of u g is mainly affected by T g and V p measurements.

t is noted that if the measured T g is lower (higher) than the ac-

ual flame temperature or V p from FESEM-image analysis is lower

higher) than actual particle deposition, the calculated results of u g 
ill be higher (lower) than actual performance. 
.3. Soot volume fraction 

The soot volume fractions measured by DTTS at different sam-

ling positions are compared with the experimental profiles that

ome from invasive TPD method and noninvasive laser-optical

echnique. As shown in Fig. 7 , the spatial distributions of soot vol-

me fraction are in qualitative and trend agreement with the laser

xtinction (LE)/Abel inversion technique by Liu et al. [16] , and the

ata of DTTS is relatively higher than that of LE in most instances.

he soot volume fraction on the flame centerline previously mea-

ured by TPD method is also included in the comparisons, in which

he thermocouple employed in the experiment is the same as the

esign presented by McEnally et al . [26] The TPD gives the val-

es between that of LE and DTTS at the two bottom locations, and

ields overestimation at two middle ones as well as undervalua-

ion at the top two ones. In addition, many LII experimental results

rom different researcher at a well-characterized position (42 mm

bove burner exit), as summarized by Schulz et al. [20] , in which

he soot volume fraction has a general range from 3.9 to 5.0 ppm,

over the DTTS data nearby locations. The soot volume fractions
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Fig. 8. Soot primary particle diameter profiles for some axial locations. Error bars 

are calculated based on five independent tests at each sampling position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Statistical histograms of primary particle diameter on the flame centerline 

(HAB = 10, 30 and 60 mm). 

Fig. 10. Soot primary particle size distribution at three typical sampling points 

along the flame centerline (HAB = 10, 30 and 60 mm). 
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obtained from two laser techniques LII [48] and LE agree well with

each other at the two positions ( z = 42 mm, r = 0; r = 2 mm). 

The soot volume fractions are determined using TPD method

and laser-optical techniques respectively based on a certain par-

ticle property assumption of bulk density and refractive index

[26,33] , whereas DTTS method can measure absolute soot vol-

ume fraction without requiring a prior knowledge of these par-

ticle properties. Electron microscopy images have showed that

soot particle shape can change from spheres to fractal aggre-

gates with polydispersion caused by coagulation processes and

surface-growth reactions at increasing heights above the burner

[20] . Therefore, the particle size and aggregate microstructure lead

to substantial uncertainties of particle bulk density and refractive

index, which could explain the discrepancy between DTTS method

and TPD as well as laser methods. Another possible explanation

for this difference among these methods is that the size of aggre-

gates influences the thermophoretic velocity, and larger aggregates

will deposit more rapidly than smaller ones on the sampling probe

[49,50] . In this study, the assumption that the thermophoretic ve-

locity is independent of the size of soot particles continues to be

employed, which offers an opportunity to dramatically simplify the

measurement and analysis. As shown in Fig. 7 , the measurement

result of particle volume fraction is higher than the benchmark

value in the region of large aggregates, which can be attributed

to the effect of aggregates size. 

4.4. Soot particle size distribution 

Figure 8 displays the mean diameter of soot primary particle

at various HABs, in which DTTS measurements are compared with

the results of LII [51] . The FESEM images of DTTS samples are ana-

lyzed using the ImageJ software to obtain the primary particle di-

ameters. The primary particle diameters measured by image anal-

ysis cover a range of 3–100 nm, being in good agreement with

LII results at intermediate HABs where soot particle size is dom-

inated by growth. Whereas the LII measurements almost miss the

data of small particles less than 10 nm in the bottom and tip of

flame where soot inception and oxidation occur respectively. How-

ever, sub-10 nm particles can be effectively observed and counted

by FESEM image analysis (as shown in Fig. S5 and Fig. S6 in SM),

and thereby the DTTS is a reliable technique to detect the entire

size distribution as soot particles evolve from nascent precursors

to mature aggregates in flame. 

Most of the experimental and numerical efforts focus on the

mean attributes of particle population, such as soot volume frac-
ion, number concentration and average size [52] . To improve

ur insight into soot phenomena, more elaborate investigates are

eeded to measure the detailed particle size distribution (PSD).

tatistical histograms of primary particle diameter are determined

rom FESEM images of the soot samples collected at HAB = 10, 30

nd 60 mm. As shown in Fig. 9 , the polydisperse particle popula-

ions display patterns similar to log-normal distribution functions,

n which the geometric standard deviations respectively are 1.26,

4.1 and 13.0. At the lowest flame location ( z = 10 mm), the sub-

0 nm particles make up the majority of soot volume with the per-

entage of 82.3%, while the middle and the highest locations just

ave the low proportion of 0.09% and 1.5%. This finding indicates

hat the soot volume fractions will agree better if small particles

re exhaustively detected by laser techniques, especially in enrich-

ent region of small particles due to soot inception and oxida-

ion. Thus, the DTTS method possesses a significant advantage over

ther available diagnostics because it can analyze complete particle

ize spectrum. 

In Fig. 10 , the three PSDs are derived from the statistical his-

ograms of primary particle diameter and corresponding soot vol-

me fraction. It can be seen that the soot PSDs show bimodal
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nd even trimodal distributions. The bimodal PSD has a noticeable

rough that separates the nucleation tail into the small size and

og-normal like mode. At HAB = 10 mm, a trimodal PSD consists of

ne tail and two peaks, in which the tail and the first peak imply

oot nucleation and surface-growth processes, and the second one

ight be associated with particle aggregation. Soot PSDs from uni-

odal to multimodal in laminar premixed flames have been found

n several experimental studies [53] ; however, there are few re-

orts with respect to PSDs in soot laminar diffusion flames. Thus,

hese results are contributed to the soot community in favor of fur-

her research works. 

. Conclusions 

In this paper, a practical sampling technique named dual

xposure-time thermophoretic sampling (DTTS) is used to measure

ultiple parameters of sooting flame. The DTTS method possesses

he superiority in simplicity and convenience, yielding spatially re-

olved stream velocities, soot volume fractions and soot particle

izes directly. The measurement does not depend on the prevailing

eed-particle tracer, soot particle size, morphology, or optical char-

cteristics. Most of all, the tailor-made UQGSs as thermophoresis

robes can realize heat convection dominant due to effective in-

ulation for heat radiation between flame and UQGS as well as lit-

le heat conduction loss. Therefore, the dynamic evolution of probe

emperature conforms to first-order response equation, which pro-

ides a bridge between gas flow and soot particle thermophore-

is. The unknown bivariate, flow velocity and soot volume fraction,

re attained by double sampling with different exposure time in-

ervals. By FESEM image analysis, the size distribution of primary

articles within aggregates is obtained. Based on this measurement

ethod, sufficient information about the flow field and particle

opulation is attained, which is extremely valuable for researching

nd understanding the transport and dynamic evolution processes

f soot particles. 
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