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A B S T R A C T   

The sampling accuracy for high-temperature flue gas is limited by the particle deposition on the sampling tube 
wall, which is important for the study of fuel conversion. Herein, deposition of 0.1–10 μm particles in 300–1000 
K flue gas in the sampling tube is numerically investigated, and the corresponding particle loss is quantified by 
theoretical modeling. Saffman lift force and thermophoretic force dominate the particle deposition in the 
isothermal and cooling sections of the tube, respectively. Along the tube, the cumulative deposition rate is 
negligible in the isothermal section and increases rapidly and then gradually reaches the terminal deposition rate 
in the cooling section. The terminal deposition rate increases with the flue gas temperature, which can be up to 
40.77% and 24.62% for 0.1 μm and 10 μm particles in 1000 K flue gas, respectively. A formula of the terminal 
deposition rate is proposed as a function of the flue gas temperature, which predicts the numerical results with an 
error less than 5%. The normalized profiles of the cumulative deposition rate under different sampling condition 
coincide, and a distribution function related to the flow Reynolds number is proposed. Based on the above 
formula and function, a model is presented which well predict the particle loss in the sampling tube with 
different lengths.   

1. Introduction 

Sampling and characterizing the products is an essential experi
mental method to study the thermochemical processes. High- 
temperature flue gas sampling is often applied in the research on fuel 
thermochemical conversion [1–3]. The solid products, i.e., the small 
particles, in the flue gas are withdrawn isokinetically from the source 
and collected by the filter, or size-segregated by the impactors such as 
the Electrical Low Pressure Impactor [4–6]. If the reactions continue or 
condensation and nucleation occur in the sampling tube, the size dis
tribution of the particles will change and the dilution sampling is sug
gested [6–8]. However, this method is not widely used in small-scale 
benches owing to its complexity and large space requirements. During 
high-temperature flue gas sampling, it was found that the particles in the 
sample gas deposit on the wall of the sampling tube, resulting in a sig
nificant sampling loss [9–11] and deterioration of the sampling recov
ery. Moreover, the sampling loss might vary with the particle size, which 
misleads the understanding of fuel conversion. 

Large particles (>10 μm) would deviate from the streamline and 
deposit due to gravity and at the elbow area due to the inertia [12]. As 

the particle size decreases, the effects of gravity and inertia decrease 
rapidly [13]. In the sampling tube with obvious temperature and ve
locity gradients, PM10 moves under forces mainly including drag force, 
Brownian, thermophoresis, and Saffman lift forces [14]. The drag and 
Brownian forces affect more obviously on small particles, while the 
Saffman lift force is more significant in the high velocity gradient region 
[15,16]. The thermophoretic force yielded by the large temperature 
gradient drives suspended particles to migrate toward the cold tube 
during the high-temperature sampling [17,18]. Previous studies on the 
particle’s motion between parallel plates or around a sphere showed that 
the thermophoresis deposition increases with the temperature gradient 
[19,20]. The experiments by Nishio et al. [21] reported deposition rates 
of 3% and 5% of the polydispersed particles when the temperature 
differences are ~ 50 K and ~ 100 K in a cooling tube of 1 m in length and 
5 mm in diameter, respectively. In a tube of 0.965 m in length and 4.9 
mm in diameter with a wall temperature of 293 K, Romay et al. [22] 
found that the deposition rate ranges from 7.2% to 12.7% and 4.6 % to 
7.0 % when the gas temperature ranges from 349.0 K to 418.2 K for 0.1 
μm particles and 336.5 K to 365.8 K for 0.482 μm particles, respectively. 
Experimental and numerical studies also found that smaller particles 
suffer from a more obvious thermophoretic effect and thus move faster 
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under the same temperature gradient [19,20,22]. However, existing 
experimental studies on the thermophoretic deposition of particles in 
the tube mainly focused on the conditions where the temperature dif
ference is less than 200 K. Because of the much higher temperature 
difference, the particle loss under different particle sizes and sampling 
parameters in the high-temperature flue gas sampling need to be 
quantified. 

Several correlations regarding the thermophoretic deposition rate of 
particles in the cooling tube have been proposed. Walker et al. [23] 
numerically calculated the distribution of particles in the tube and 
proposed a fitting formula for the overall deposition rate. Batchelor and 
Shen [24] found the formula by Walker et al. [23] is a special case when 
the temperature and particle concentration distributions are propor
tional, and further proposed a correction for conditions when these two 
fields are decoupled, where the thermophoretic deposition rate is a 
function of PrK (Pr is the Prandtl number of the gas and K is the ther
mophoresis coefficient) and the dimensionless temperature. Based on 
these two parameters, several empirical formulas in different forms were 
proposed by fitting numerical results, and the accuracies have been 
verified by experiments with temperature differences lower than 200 K 
[25,26]. In these studies, the ambient temperature was selected to 
calculate the gas and particle properties and PrK. However, the corre
sponding gas properties (as well as PrK and the deposition rate) in high- 
temperature flue gas sampling are significantly different from that in the 
ambient temperature and varies along the sampling tube due to the 
continuously decreasing gas temperature. Thus, it is necessary to 
consider the changes in the gas properties and propose an accurate 
method to predict the thermophoretic deposition rate. Furthermore, in 
the high-temperature sampling, the flow field and the temperature field 
in the tube change significantly as the flue gas temperature decreases 
due to the cooling effect of the tube wall. In this condition, the effects of 
other deposition mechanisms causing the particle loss still need to be 
investigated. 

To evaluate the particle loss in high-temperature flue gas sampling 
and illustrate the corresponding particle deposition mechanism, this 
study numerically investigates the flue gas flow, heat transfer, and 
particle motion in a sampling tube. The movement and deposition 
behavior of 0.1–10 μm particles in 300–1000 K flue gas are analyzed. 
The terminal and cumulative deposition rates are calculated and the 
influences of different sampling parameters are discussed. Finally, 
theoretical formulas are proposed to predict the particle deposition rate 

in the high-temperature flue gas sampling tube under different sampling 
conditions. 

2. Governing equations and numerical method 

A circular tube with a diameter of D and length of L1 + L2 for sam
pling the high-temperature flue gas in the furnace is considered, as 
shown in Fig. 1, where z and r indicate the axial and radial coordinates, 
respectively. During sampling, part of the sampling tube, namely, the 
isothermal section, is located in the high-temperature flue gas sampling 
area (with a length of L1 = 0.5 m). The flow in this section is isothermal 
because the wall temperature Tiso is the same as the sampling temper
ature Tin in the furnace. The other part of the sampling tube, namely, the 
cooling section, is located outside the furnace (with a length of L2 = 2.0 
m). The wall temperature is approximately the same as the ambient 
temperature Tc. The flue gas with temperature Tin and flow rate Qin 
enters the sampling tube from the left inlet and exits from the right 
outlet. The particles are uniformly distributed at the inlet section. After 
experiencing different trajectories, some particles migrate to the wall of 
the tube and deposit, and the remaining particles escape from the outlet. 

2.1. Equations of fluid flow 

The sample gas is regarded as an ideal gas. In general sampling 
equipment, Qin ≤ 10 L⋅min− 1 and D ≥ 10 mm, yielding a Reynolds 
number, Re = 4ρgQin/πμgD less than 1500 for general flue gas with a 
temperature lower than 1000 K, where ρg and μg are the density and 
dynamic viscosity of the gas, respectively. Thus, the flow in the tube is 
laminar and steady during the sampling. The continuity, momentum 
conservation, and energy conservation equations of the gas flow in the 
tube are as following. 

∇⋅
(
ρgv

)
= 0 (1)  

∇⋅
(
ρgvv

)
= − ∇p+∇⋅

[

μg

(

∇v +∇vT −
2
3
∇⋅vI

)]

(2)  

∇⋅
[

vρg

(

h +
v2

2

)]

= ∇⋅
(
kg∇Tg

)
(3) 

where ν is the velocity vector of the gas, p is the pressure, I represents 
the identity matrix, kg is the thermal conductivity of the gas, and h is the 

Nomenclature 

cp specific heat of sample gas, J⋅kg− 1⋅K− 1 

C number concentration of particles, m− 3 

Cc Stokes-Cunningham slip correction 
dp diameter of the particle, m 
D diameter of tube, m 
FD drag force, N 
FS Saffman lift force, N 
FT thermophoretic force, N 
h enthalpy of sample gas, J⋅kg− 1 

I identity matrix 
k thermal conductivity, W⋅m− 1⋅K− 1 

K thermophoresis coefficient 
L1 length of the isothermal section, m 
L2 length of the cooling section, m 
mp mass of the particle, kg 
p pressure, Pa 
Pr Prandtl number of the gas 
Qin flow rate, m3⋅s− 1 

r radial position, m 

Re Reynolds number 
T temperature, K 
Tc ambient temperature, K 
Te average sample gas temperature of the cooling process, K 
Tiso wall temperature of the isothermal section, K 
u velocity vector of the particle, m⋅s− 1 

ν velocity vector of the sample gas, m⋅s− 1 

z axial position, m 
α thermal diffusivity of the sample gas, m2⋅s− 1 

ηc cumulative deposition rate 
ηt terminal deposition rate 
λ molecular mean free path of the sample gas, m 
μ dynamic viscosity, Pa⋅s 
ρ density, kg⋅m− 3 

Subscripts 
g sample gas 
in inlet 
p particle 
wall at the wall surface 
z in the z-direction  

Z. Tang et al.                                                                                                                                                                                                                                    



Fuel 316 (2022) 123339

3

enthalpy of the gas of temperature Tg, which can be calculated as 

h =

∫ Tg

Tref

cpdT (4) 

where cp is the specific heat of gas, and the reference temperature 
Tref = 298.15 K. 

2.2. Equations of particle motions 

In general, the volume fraction of particles in a sampling flue gas is 
less than 0.001. Thus, the particle phase can be set as a discrete phase, 
and its effect on the gas flow can be neglected [27]. Moreover, the 
collision and aggregation between particles can be ignored. The particle 
is assumed to be spherical, and the motion equation of the particle is 
obtained from Newton’s second law, 

mp
du
dt

= FD +FT +FS +FB (5) 

where mp = ρpπdp
3/6 is the mass of the particle, ρp and dp are the 

density and diameter of the particle, respectively, and u is the velocity 
vector of the particle. The four terms on the right side of Eq. (5) repre
sent the drag force, thermophoretic force, Saffman lift force, and 
Brownian force. The gravity is not included in Eq. (5) due to its negli
gible value in comparison for particles with dp = 0.1–10 μm. The drag 
force is obtained as follows [28], 

FD = −
3πμgdp(u − v)

Cc
(6) 

where Cc is the Stokes-Cunningham slip correction [28], 

Cc = 1+
2λ
dp

(
1.257 + 0.4e− 1.1dp/2λ) (7) 

where λ = μg/p⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πRTg/2M

√
is the molecular mean free path of the 

gas. R = 8.134 J⋅mol− 1⋅K− 1 is the universal gas constant, and M =
28.966 g⋅mol− 1 is the molar mass of the sample gas. 

The thermophoretic force FT can be calculated using the model 
proposed by Talbot et al. [29], 

FT = −
3πdpμ2

gK
ρgCc

∇Tg

Tg
(8) 

where K is the thermophoresis coefficient [30], 

K =

2CcCs

(
kg
kp
+ Ct

2λ
dp

)

(

1 + 3Cm
2λ
dp

)(

1 +
2kg
kp
+ Ct

4λ
dp

) (9) 

where Cs = 1.17, Cm = 1.14, and Ct = 2.18. kp is the thermal con
ductivity of the particles. 

The Saffman lift force in the r-direction has been defined by Saffman 
[15] and Asmolov [31] as 

FS,r = 0.25Cd2
p(vz − uz)

(
μgρg∂vz/∂r

)0.5 (10) 

In general, C = 6.46. vz and uz are the velocities of the gas and 

particle in the z-direction, respectively. The Brownian force FB is 
modeled as a Gaussian white noise random process [32]. 

2.3. Numerical methods 

A two-dimensional axisymmetric domain is adopted considering the 
laminar flow, and the mesh is structured with the grids refined within 
the boundary layer involving notable velocity and temperature gradi
ents. A grid number of 7.30 × 105 is adopted after the independence 
analysis. 

The commercial computational fluid dynamics software ANSYS 
FLUENT V14.5 is used to perform the simulation. The distributions of 
the flue gas flow and temperature fields are evaluated using a pressure- 
based solver. The SIMPLE algorithm is used to solve the pressur
e–velocity coupling equation. The second-order scheme is adopted for 
pressure discretization and the second-order upwind scheme is adopted 
for momentum and energy discretization. The discrete phase model 
(DPM) is used to calculate the particle motion. The equation of particle 
motion is incorporated with a user-defined function. 

The dynamic viscosity μg, specific heat cp, and thermal conductivity 
kg of the gas are calculated using fitting polynomials as a function of the 
gas temperature [33]. The parameters of fly ash particles in power plants 
are selected as the particulate matter parameters [34] with ρp = 1550 
kg⋅m− 3, kp = 0.33 W⋅m− 1⋅K− 1, and dp = 0.1–10 μm. The tube wall is set 
as no-slip. By comparing the simulated impact velocity with the critical 
sticking velocity of silica particles which has similar physical properties 
of fly ash, it is assumed that all the particles deposit after colliding with 
the wall [35]. The inlet and outlet of the tube are set as velocity inlet and 
outflow, respectively. Considering the requirement in isokinetic sam
pling that the sampling probe is perpendicular to the direction of the gas 
flow direction, the particles enter the sampling tube at a uniform axial 
velocity which is the same as the gas velocity. 

In the simulation, particles with a total number of Nt are uniformly 
distributed along r = 0-D/2 at the inlet. The cumulative deposition rate 
ηc at an axial position z is calculated as 

ηc(z) = 1 −
(

Nt − Nd(z)
Nt

)2

(11) 

where Nd is the number of particles deposited on the wall between 
-L1 and z; Nt is set to be 5000 after the independence analysis. In this 
study, the gas at the outlet of the tube attains thermal equilibrium with 
the wall, and the overall deposition rate will not increase when further 
increasing the tube length. Thus, the overall deposition rate when z = L2 
is the terminal deposition rate ηt in a tube with infinite length. 

The terminal deposition rates ηt in a circular water-cooled (Tc =

20℃) tube at different sampling temperatures Tin are calculated 
numerically and compared with the experiments conducted by Romay 
et al. [22], as shown in Fig. 2. The numerical results agree with the 
experimental results well, indicating that the numerical methods and 
settings adopted in this study can accurately describe the actual sam
pling process. 

Fig. 1. Sketch of the sampling tube.  
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3. Results and discussion 

3.1. Movement and deposition of particles in the sampling tube 

The flow and temperature fields determine the forces acting on the 
particles, thereby influencing the movement and deposition behavior of 
the particles. Taking the operation condition with Qin = 5 L⋅min− 1, Tin =

600 K, Tc = 300 K, and D = 10 mm as an example, the movement and 
deposition behavior of 8 μm and 0.1 μm particles are analyzed to show 
the behaviors of micron and submicron particles in the sampling tube, 
respectively. 

Fig. 3(a) shows the velocity v and temperature Tg distributions of the 

gas in the sampling tube. Owing to the viscous shear stress near the wall, 
the velocity distribution of the gas becomes uneven rapidly after 
entering the tube and gradually becomes fully developed after approx
imately 0.3 m in the isothermal section. In the cooling section, the gas 
velocity continuously decreases because of the increase in the gas den
sity caused by the decreasing gas temperature, especially between z =
0 and 0.4 m where the average gas temperatures decrease from 600 K to 
343.94 K. Fig. 3(b) shows the distribution of the velocity gradient -dvz/ 
dr near the entrance within the red dashed rectangle in Fig. 3(a). The 
radial gradient of the axial velocity in this area is the maximum owing to 
the rapid change in the velocity, reaching up to 9.56 × 104 s− 1. The 
thickness of the velocity boundary layer increases while the velocity 
gradient decreases along the tube. Furthermore, Fig. 3(b) shows the 
streamlines near the tube wall of the inlet, where the gas flows toward 
the center of the tube owing to the thickening of the velocity boundary 
layer. Fig. 3(c) shows the distribution of the gas temperature gradient 
∇Tg along the radial position r at different axial positions between z =
0 and 0.4 m within the blue dashed rectangle in Fig. 3(a). The closer to 
the wall, the larger the temperature gradient. The maximum tempera
ture gradient decreases from 2.11 × 105 K/m to 5.80 × 104 K/m from z 
= 0.02 m to z = 0.2 m. The temperature boundary layer gradually 
thickens but the temperature gradient in the temperature boundary 
layer decreases along the tube. 

Fig. 4 shows the trajectories of 8 μm particles colored by the particle 
velocity departing from different radial positions. In Fig. 4(a), particles 
1–3 depart from rin = 4.995 mm, 4.99 mm, and 4.985 mm, respectively. 
These particles tend to move toward the center of the tube first under the 
action of drag force and then toward the wall under the action of the 
Saffman lift force considering the large velocity gradient shown in Fig. 3 
(b). Particles 1 and 2 deposit on the wall of the isothermal section, while 
particle 3 escapes from the isothermal section and rapidly migrates to
ward the wall and deposits in the cooling section. Particles 4–6 
departing from rin = 4.860 mm, 4.660 mm, and 4.460 mm move toward 
the center of the tube under the action of drag force in the isothermal 
section and migrate toward the wall in the cooling section, as shown in 

Fig. 2. Model validation by comparing the terminal deposition rates ηt at 
different sampling temperature Tin calculated numerically with that obtained 
by the previous experiment [22]. 

Fig. 3. (a) Distributions of the gas velocity v and temperature Tg in the tube, (b) distributions of the radial gradient of gas velocity -dvz/dr and streamlines near the 
wall in the entrance area, (c) distributions of the radial gradient of gas temperature ∇Tg at different z in the cooling section. 
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Fig. 4(b). The overall trajectory and deposition position of the particle 
tend to shift upstream when the departure position is nearer the center 
of the tube. Particles 3–5 finally deposit in the cooling section while 
particle 6 escapes from the tube. The Saffman lift force promotes the 
deposition of 8 μm particles when the departure position is very near to 
the tube wall (rin ≥ 4.990 mm) and drives the radial motion of other 
particles toward the wall. Most of the deposited particles (4.899 mm ≥
rin ≥ 4.657 mm) deposit on the wall in the cooling section under the 
thermophoretic force, which is thus the dominant force for the deposi
tion of micron particles. 

Fig. 5 shows the trajectories of 0.1 μm particles departing from 
different radial positions colored by the particle velocity. In Fig. 5(a), 
particles 7–9, with the same departure positions as particles 1–3 (rin =

4.995 mm, 4.99 mm, and 4.985 mm) respectively, do not migrate to
ward the wall in the isothermal section and enter the cooling section. 
This is due to the much smaller Saffman lift force comparing to the drag 
force for 0.1 μm particles since the Saffman lift force is proportional to 
dp

2 and the velocity difference vz-uz which is small for 0.1 μm particles. 
In Fig. 5(b), particles 7–9 rapidly migrate toward the wall and deposit. 
Departing from rin = 4.5 mm, 4.25 mm, 4.25 mm, and 4.0 mm respec
tively, particles 10–13 migrate toward the center of the tube in the 
isothermal section and move toward the wall in the cooling section 
under the action of thermophoresis, similar to the trajectories of parti
cles 4–6. Finally, particle 10 deposits while particle 13 escapes from the 
tube owing to the farther departure distance from the wall. Particle 11 
deposits while particle 12 escapes because the Brownian motion of the 
particles introduces uncertainties in the trajectory and deposition 
behavior of the particles departing from the same position. The Brow
nian force exerts more effect on the motion of 0.1 μm particles than that 
of 8 μm particles. The simulation also indicates that the Brownian force 
does not influence the statistical results of the deposition rate for the 
particles in this study. There is no deposition when the thermophoresis is 
not considered in the simulation, indicating that thermophoresis is the 
dominant mechanism for the deposition of submicron particles in the 
sampling tube. 

3.2. Effects of sampling parameters on the deposition rate 

Based on the mechanism of particle deposition in the high- 
temperature sampling tube discussed in Section 3.1, the influences of 
sampling parameters including the sampling temperature, gas flow rate, 
and the tube diameter on the deposition rate of particles in the sampling 
tube are examined here. 

Fig. 6 shows the terminal deposition rate ηt of 0.1–10 μm particles at 
different sampling temperatures Tin when Qin = 5 L/min, Tc = 300 K, 
and D = 10 mm. In general, ηt decreases with the increase in particle 
diameter. When the sampling temperature is 1000 K, ηt of the 0.1, 1, 10 

Fig. 4. Trajectories of 8 μm particles departing from different radial positions in (a) the isothermal section and (b) the whole tube.  

Fig. 5. Trajectories of 0.1 μm particles with different departure radial positions in (a) the isothermal section and (b) the whole tube.  

Fig. 6. The terminal deposition rate ηt of particles with different diameters dp 
in the tube under different sampling temperatures Tin. Here, Qin = 5 L/min, Tc 
= 300 K, D = 10 mm. 
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μm particles in the tube are 40.77%, 36.48%, and 24.62%, respectively. 
Thus, the deposition of 0.1–10 μm particles cannot be neglected for high- 
temperature sampling. ηt of submicron particles decreases slightly, 
whereas that of micron particles decreases significantly with the in
crease in particle size. This is because the importance of the dominant 
force of particle deposition, i.e., the thermophoretic force, decreases 
with particle size in comparison to the drag force. For particles of the 
same diameter, the terminal deposition rate increases as the sampling 
temperature increases, due to the larger thermophoretic force under a 
larger temperature gradient. 

Fig. 7(a-c) shows the axial distributions of the cumulative deposition 
rate ηc of three different-sized particles at different flow rates Qin when 
Tin = 600 K, Tc = 300 K, and D = 10 mm. Only a small portion (6.1% at 
most) of micron particles deposit in the isothermal section. When the 
particles enter the cooling section, because the sampling tube is long 
enough to attain thermal equilibrium at the outlet, ηc increases and 
gradually tends to constant as the terminal deposition rate ηt which does 
not change with different flow rates. The cumulative deposition rate ηc 
of the particles subjected to the Saffman lift force in the isothermal 
section increases with the flow rate while the overall proportion is small 
and can be ignored, and thus the thermophoresis is the dominant 
mechanism for the deposition of 0.1–10 μm particles in the sampling 
tube. Smaller particles have a higher ηc in the cooling section owing to 
the stronger thermophoretic force. For particles with the same diameter, 
the axial positions with the same ηc increases linearly with Qin before ηc 
reaches the terminal deposition rate ηt, as shown in Fig. 7(d). In other 
words, particles departing from the same radial position travel an axial 
distance linear with Qin before deposition. For example, the axial posi
tions corresponds to ηc = 22.54% (and ηt = 25.04%) for 0.1 μm particles 
are z = 311 mm, 614 mm, 934 mm, and 1240 mm at flow rates of 2.5, 5, 
7.5, and 10 L/min, respectively. Fig. 8 shows that the distributions of 
-∇Tg/Tg along z/Qin collapse into one curve at the same r, indicating a 
same radial velocity as well as a same thermophoretic velocity uT =

PrKα∇Tg/Tg, where α is the thermal diffusivity of the gas. Meanwhile, 
the axial velocity and distance traveled by the particle are linear with 
Qin. This means the particles have the same radial velocity at the same 
radial position. Thus, the axial positions with the same ηc increases 
linearly with Qin. 

Fig. 9(a-c) shows the axial distributions of the cumulative deposition 
rate ηc of three different-sized particles at different sampling tempera
tures Tin when Qin = 5 L/min, Tc = 300 K, and D = 10 mm. ηc of the 
particles subjected to the Saffman lift force near the inlet is small 
(≤8.03%) and negligible in comparison. Similar to the terminal depo
sition rate, for particles with the same diameter, ηc at the same axial 
position in the cooling section increases with the increase in sampling 
temperature due to a larger thermophoresis migration. Fig. 9(d) shows 
that the normalized cumulative rate ηc/ηt distributions of different-sized 
particles with different sampling temperatures are basically the same, 
indicating the axial position where ηc reaches the same percentage of ηt 
is consistent under the same flow rate. 

Fig. 10(a) shows the distributions of the cumulative deposition rate 
ηc of 0.1 μm and 8 μm particles with different tube diameters D. ηc of the 
particles under different D does not change at a given sampling tem
perature and flow rate. This is because particles departing from the same 
dimensionless radial position 2rin/D travel the same axial distance 

Fig. 7. Variations of the cumulative deposition rate ηc of the particles in the tube with the flow rate Qin for (a) dp = 0.1 μm, (b) dp = 0.7 μm, and (c) dp = 8 μm. (d) 
The cumulative deposition rate ηc as a function of z/Qin. Here, Tin = 600 K, Tc = 300 K, and D = 10 mm. 

Fig. 8. Evolutions of -∇Tg/Tg with z/Qin at different radial positions r.  
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before deposition. The radial migration distance (D/2-rin) ∝ D. The 
distribution of the gas temperature Tg at a given axial position remains 
unchanged as shown in Fig. 10(b), and thus ∇Tg as well as the ther
mophoretic velocity uT = PrKα∇Tg/Tg is proportional to D-1. Moreover, 
the particle’s axial velocity uz ∝ D-2 at the same flow rate. Therefore, the 
axial deposition position of the particle (~(D/2-rin)uz/uT) does not 
change with D. 

Overall, the terminal deposition rate is only determined by the 
sampling temperature. The terminal deposition rates of 0.1 μm, 1 μm 
and 10 μm particles increases from 10.77% to 40.77%, 8.61% to 36.48% 
and 5.25% to 24.62% when Tg increases from 400 K to 1000 K, 
respectively. Higher sampling temperature and lower flow rate increase 
the cumulative deposition rate at the same axial position before reaching 
the terminal deposition rate. As a common and indispensable method in 
the study of thermochemical conversion processes, particle loss owing to 
the thermophoresis deposition in the high-temperature flue gas sam
pling will cause deviations in the results. Therefore, it’s necessary to 

quantitatively predict the deposition rate in the high-temperature 
sampling tube. 

3.3. Theoretical model for deposition rate 

In this section, a method predicting the particle loss in the high- 
temperature flue gas sampling tube is further proposed. Since the ther
mophoresis dominates the deposition of 0.1–10 μm particles in the tube, 
the cumulative deposition rate of particles can be calculated as the ratio 
of the number of particles depositing on the wall under thermophoretic 
force in the cooling section to the total number of particles entering the 
tube, i.e., 

ηc(z) =
∫ z

0 CwalluT⋅πDdz
QinCin

=

∫ z
0 CwallPrK⋅α ∇Twall

Twall
⋅πDdz

QinCin
(12) 

where Cwall is the number concentration of particles near the wall of 
sampling tube which varies little with the axial position; Twall is the flue 

Fig. 9. Variations of the cumulative deposition rate ηc along the tube with the sampling temperature Tin for (a) dp = 0.1 μm, (b) dp = 0.7 μm, and (c) dp = 8 μm. (d) 
The normalized cumulative deposition rate distribution along the tube. Here, Qin = 5 L/min, Tc = 300 K, and D = 10 mm. 

Fig. 10. (a) Variations of the cumulative deposition rate ηc along the tube under different tube diameters D. (b) The variation of the gas temperature Tg with 
dimensionless tube radius 2r/D. Here, Tin = 600 K, Tc = 300 K, and Qin = 2.5 L/min. 
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gas temperature at the wall surface, Twall = Tc; Cin is the particle number 
concentration at the inlet; Pr = cpμg/kg. The corresponding gas proper
ties are mainly dependent on the local gas temperature; K is the ther
mophoresis coefficient calculated by Eq. (9) which is affected by the 
particle diameter dp and the properties of the particles and gas (such as 
the particle thermal conductivity kp). When z is infinity, ηc (z) = ηt. 
Based on the energy conservation in the tube, we obtain 
∫ ∞

0
α∇Twall⋅πDdz = Qin(Tin − Tc) (13) 

According to Eqs. (12) and (13), the terminal deposition rate of 
particles in the tube can be expressed as 

ηt = PrK
Tin − Tc

Tc

Cwall

Cin
(14) 

Batchelor and Shen [24] proposed the distribution of the particle 
concentration in the tube as 

Cwall

Cin
=

Twall

Tin

[

1 + (1 − PrK)

(
Tin − Twall

Tin

)]

(15) 

based on which Eq. (14) can be further expressed as 

ηt = PrK
Tin − Tc

Tin

[

1 + (1 − PrK)

(
Tin − Tc

Tin

)]

(16) 

The dashed line and dash-dotted line in Fig. 11(a) are the prediction 
results using Eq. (16) when the highest temperature Tin and the lowest 
temperature Tc in the tube are used to calculate PrK, respectively. When 
the temperature difference is small (e.g. Tin = 400 K), PrK is basically 
constant in the tube, and thus the terminal deposition rates calculated 
with the two temperatures are both in good agreement with the simu
lation results. However, when the temperature difference is large (e.g. 
Tin = 600–800 K), the deposition rates calculated with the two tem
peratures differ significantly from the simulation results. To accurately 
predict the deposition rate with a large temperature difference, an 
equivalent temperature Te is adopted to calculate PrK in Eq. (16). By 
fitting the terminal deposition rate described in Fig. 6, Te is calculated as 

Te =
Tin − Tc

lnTin − lnTc
(17) 

Te can also be regarded as an approximation to the average gas 
temperature of the cooling process. The variation of the terminal 
deposition rate ηt with particle size dp obtained by numerical simulation 
and that calculated by Eq. (16) with PrK based on Te are shown as 
discrete points and solid lines in Fig. 11(a), respectively. The prediction 
errors are less than 5%, indicating that Eq. (16) and (17) accurately 
predict the terminal deposition rate of particles. 

Eq. (16) and (17) show that the terminal deposition rate is deter
mined by Pr, K, Tin and Tc. The flue gases with different compositions 
have a close Pr at the same temperature, thus Pr mainly varies with Tin 
and Tc. Considering the expression of K in Eq. (9), we can find that the 
key factors affecting the terminal deposition rate during flue gas sam
pling are particle thermal conductivities kp, particle sizes dp, sampling 
temperatures Tin, and ambient temperatures Tc. The influences of these 
four factors on the terminal deposition rate are given in Fig. 12, where 
the range of each factor is selected considering the practical sampling 
situations and the basic sampling condition is set as kp = 0.33 
W⋅m− 1⋅K− 1, dp = 2.5 μm, Tin = 600 K, Tc = 300 K. Fig. 12(a) and (b) 
show that the terminal deposition rate decreases first fast and then 
slowly as the thermal conductivity kp of the particle and the particle size 
dp increases. Fig. 12(c) shows that the terminal deposition rate increases 
significantly as the sampling temperature Tin increases. Fig. 12(d) shows 
that the terminal deposition rate decreases nearly linearly as the 
ambient temperature Tc increases. No factor can be ignored, while the 
sampling temperature Tin shows the most significant influence on the 
terminal deposition rate. 

According to Eq. (12), the normalized distribution function of the 
cumulative deposition rate can be obtained as 

Fig. 11. Comparison between the theoretical models with the numerical simulation. (a) The terminal deposition rate ηt (Tin = 400/600/800 K, and Tc = 300 K) and 
(b) the normalized distribution function f(z) of the cumulative deposition rate. 

Fig. 12. Influences of thermal conductivity kp (a), particle diameter dp (b), 
sampling temperature Tin (c) and ambient temperature Tc (d) on the terminal 
deposition rate ηt. 

Z. Tang et al.                                                                                                                                                                                                                                    



Fuel 316 (2022) 123339

9

f (z) =
ηc(z)

ηt
=

∫ z
0 ∇Twalldz

∫∞
0 ∇Twalldz

(18) 

Considering Eq. (13), f(z) can be further expressed as 

f (z) =
(

πD⋅α
Qin

1
Tin − Tc

)∫ z

0
∇Twalldz (19) 

Eq. (19) shows that f(z) is only related to the integral of the wall 
temperature gradient. Since the fluid flow in the tube is determined by 
Re, we propose that the dimensionless normalized distribution function 
can be expressed as 

f (Z) = 1 − eaZRe− 1
,Z > 0 (20) 

where Z = z/D is the dimensionless axial position. The gas properties 
are calculated using T = Te. a = 24.53 is obtained by fitting the nu
merical results in this work with a correlation coefficient R2 = 0.979. f 
(Z) calculated by Eq. (20) and obtained by numerical simulation are 
shown as the solid line and discrete points in Fig. 11(b), respectively. It 
shows that Eq. (20) predicts the cumulative deposition rate of particles 
along the tube well. 

Thus, the cumulative deposition rate ηc at different axial positions 
under any sampling conditions can be predicted as 

ηc(Z) = ηt⋅f (Z) (21)  

4. Conclusions 

The deposition behaviors of 0.1–10 μm particles in a high- 
temperature flue gas sampling tube are numerically studied, where the 
tube is divided into the isothermal section in the sampling environment 
and the cooling area outside the sampling environment. A large velocity 
gradient occurs near the wall at the entrance, yielding a Saffman lift 
force which drives particles to migrate toward the wall and a small 
portion of micron particles deposit in the isothermal section. The inlet 
area of the cooling section has a significant temperature gradient and 
thus particles migrate toward the wall under the effect of thermopho
resis and deposit if the departing positions are close enough to the wall. 
The thermophoretic force dominates the particle deposition in the 
sampling tube. 

Particle loss caused by thermophoretic deposition on the tube wall is 
significant. For example, the terminal deposition rates of 0.1 μm and 10 
μm particles are 40.77% and 24.62%, respectively, with a sampling 
temperature of 1000 K. The terminal deposition rate decreases as the 
particle size increases and the sampling temperature decreases owing to 
a smaller thermophoresis effect. Along the sampling tube, the cumula
tive deposition rate is negligible in the isothermal section in comparison 
and gradually increases and approaches to the terminal deposition rate 
in the cooling section. The increases in the flow rate and particle size and 
the decrease in sampling temperature decrease the cumulative deposi
tion rate before reaching the terminal deposition rate. The cumulative 
deposition rate distribution is unaffected by the tube diameter. 

Considering the significant variation of the gas properties along the 
tube during high-temperature flue gas sampling, an equivalent tem
perature is introduced to determine the average gas properties, based on 
which a formula predicting the terminal deposition rate is proposed, 
with errors less than 5% comparing to the simulation results. Further
more, a normalized distribution function with respect to the flow Rey
nolds number is introduced. Based on the combination of terminal 
deposition rate formula and normalized distribution function, a model is 
proposed which could be used to predict the particle loss well in the 
sampling tube with different lengths. 
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