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Abstract: In this paper, the dynamic deposition behavior of Na-enriching Zhundong coal ash on
tube bundles with varying longitudinal and transverse pitches was numerically studied. By using
a modified critical viscosity model, an improved CFD deposition model has been established and
key parameters, including deposit mass and morphology, particle trajectories and impaction and
sticking probabilities, as well as the heat flux distribution, have been analyzed. The results show
that the ash deposited on tubes in the first row is, respectively, 1.74 and 3.80 times higher than that
on the second and third rows, proving that ash deposition in the downstream is lessened. As the
longitudinal pitch increased from 1.50 D to 2.50 D, deposit mass in the downstream increased two
times, suggesting that an increase in longitudinal pitch would aggravate ash deposition. The effect
of transverse pitch, however, with the least deposit propensity at St/D = 1.75, is non-linear due to
the joint effect of adjacent tubes and walls in affecting particle trajectory. In addition, due to the
non-uniform distribution of the deposit, heat flux across the tube is the smallest at the stagnation
point but becomes six times higher at two sides and the leeward, which makes the thermal damage
of these sides to be warranted as a practical concern.

Keywords: ash deposition; CFD modeling; heat flux; particle trajectories; tube bundles; Zhundong
coal ash

1. Introduction

Ash deposition on heat transfer surfaces in utility boilers has been an intractable
problem that needs to be tackled in a practical way [1]. The deposited ash on tube surfaces
not only increases the thermal resistance between flue gas and the working fluid, but also
brings in potential safety risks such as corrosion and tube explosions [2]. As a consequence,
unplanned plant shutdowns have been incurred in certain cases, not to mention the thermal
and economic deficiency during operation and maintenance [3–5]. For instance, severe ash
deposition on superheaters and re-heaters has been reported during thermal utilization
of Zhundong lignite [6,7]. Nonetheless, insights into the dynamic deposition process,
including detailed mathematical descriptions and evaluations of the ash transportation
process, are still insufficient [8]. Moreover, the effect of tube layouts on the deposition of
Zhundong coal ash or the like has not been examined; it has, however, been proven to be
an important factor affecting ash deposition [9].

Numerical simulation has provided one means of predicting and analyzing the ash
deposition process [10]. By using reasonable numerical solutions, ash deposition models
describing the deposition processes can be established [11]. In most cases, the mechanisms
of ash deposition, including condensation, thermophoresis and inertial impaction, etc., can
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be incorporated, with the impaction, rebounding and sticking behavior of ash particles be-
ing evaluated [8,12]. At present, a few deposition models based on critical viscosity [13–15],
critical velocity [16,17] and melt fraction, etc. [18,19], have indeed been established. How-
ever, the condensation of alkali metals, which has been regarded as an important factor in
initiating ash deposition, has often been ignored. In fact, alkali metals are volatile during
combustion but will condense subsequently on tube surfaces [20], forming an alkali film
on the tube surface [21–23] to facilitate the capture of subsequent ash particles [8,13]. To
fill this gap, an improved deposition model considering the condensation of alkali species
(mainly Na2SO4(g)), thermophoresis and inertia impaction of ash particles on a single tube
has therefore been established in our previous study [24].

However, the heat transfer exchangers such as superheaters and re-heaters in practical
utility boilers are realized in the form of tube bundles, whose arrangement is also found
to be an important factor affecting ash deposition [25,26]. For example, Zheng et al. [27]
studied the effect of the longitudinal pitch and transverse pitch of the tube bundle on ash
deposition by using CFD dynamic simulation, with the deposition morphology and thermal
efficiency characterized and discussed. The results show that the thermal efficiency of the
tube bundle decreased from 0.74 to 0.65 when the ratio of the transverse pitch and tube
diameter increased from 1.58 to 2.63. Similarly, Manuel et al. [28] conducted a modeling
study of a complete staggered heat exchanger to explore the particle deposition behavior of
clean and dirty tubes. The cases with fouled tubes presented 7.91% higher deposition rates
than what was observed for clean tubes. In addition, Mu et al. [29] proposed a new CFD
model to predict the morphological evolution of ash deposits on tube bundles and proved
that an elliptical tube could reduce deposition efficiency. Despite these efforts, the dynamic
deposition behavior of specific alkali-enriching coal ash particles under typical tube bundle
conditions has not been examined, and the heat flux distribution among these tubes as a
result of ash deposition has not been examined—both of which are, however, important for
the design and operation of boilers burning high-sodium coal.

Zhundong coalfield is the largest coalfield that is being commercially exploited in
China. However, severe ash fouling and slagging has incurred in utility boilers during
its combustion, which has hindered its clean and efficient utilization. Therefore, as an
extension of our previous work [24], this paper presents the latest numerical simulation
study into ash deposition on tube bundles with varying longitudinal and transverse pitches,
in an effort to comprehend the effect of tube layout on the dynamic deposition behavior
of Na-enriching Zhundong coal ash. A modified critical viscosity model has been used to
characterize the deposition mass and morphology, the flow field and the particle trajectories
over time. In addition, the uniformity of heat flux of the tube bundle as a result of non-
uniform ash deposition has been calculated, followed by the specific thermal deviation
across the tube being analyzed and discussed. This study could provide an improved
understanding of the dynamic deposition behavior of Na-enriching Zhundong coal ash on
tube bundles and offer certain references for deposition mitigation during CFB combustion
of high-alkali fuels.

2. Physical Models

The physical model of this numerical simulation, as shown in Figure 1, is a set of tube
bundles perpendicularly placed in the flue path. Detailed information on ash properties, ash
particle size distribution and simulation conditions has been presented in Table 1, which can
also be found in our previous publication [24,30,31]. The simulation domain had a height
of 100 mm and a length of 500 mm, within which tubes with a diameter (D) of 25 mm are
formed into 2 × 3 tube bundles. Tubes in the first row were set 200 mm downstream from the
inlet. The longitudinal and transverse pitches were initially set as 2.00 D, i.e., twice the tube
diameter, which were then altered to 1.50 D, 1.75 D, 2.25 D and 2.50 D, respectively. With
respect to the boundary conditions, the inlet of the domain was set as a velocity boundary,
allowing the flue gas and ash particles to be injected, whereas the outlet was set as a pressure
boundary and the upper and lower sides were set as wall boundaries.
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Table 1. A list of ash chemistry and simulation conditions.

Ash Chemistry (wt.%, Dry Basis)

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 P2O5 K2O Na2O

11.71 6.69 5.93 32.51 7.56 0.39 27.93 0.09 0.44 4.90

Simulation conditions

Flue gas
temperature

(K)

Probe temperature
(K)

Inlet
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(m/s)
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(kg/m/s)

Density of
ash

(kg/m3)
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Thermal
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3. Deposition Models and Mathematic Solutions
3.1. Discrete Phase Model

In order to calculate the motion trajectory of ash particles accurately, the DPM model
is applied to solve the gas–solid two-phase flow. Typically, particle motion is solved in the
Lagrange coordinate system, and its momentum equation is expressed as [32]:

mp
d
→
u p

dt
= mp

→
u −→

u p

τr
+ mp

→
g (ρp − ρ)

ρp
+

→
F (1)

where mp is the particle mass,
→
u is the fluid velocity,

→
u p is the particle velocity, ρ is the fluid

density, ρp is the particle density,
→
F is the additional force and τr is the particle relaxation

time calculated as below:

τr =
ρpd2

p

18µ

24µ

Cdρdp

∣∣∣→u p −
→
u
∣∣∣ (2)

An additional force, the thermophoretic force, is calculated from the expression pro-
posed by Talbot [33], while the temperature gradient between the fluids is considered.

3.2. Deposition Model

The mechanisms of ash deposition, including condensation, thermophoresis and
inertial impaction, have been considered in this study. Both inertial impaction and ther-
mophoresis will drive the solid/liquid ash particles to contact the tube surface, while
condensation allows for the condensation of inorganic matter in the flue gas to be consid-
ered. The deposition rate can therefore be characterized as below [12]:

dMd
dt

= QimpactPstick + Iv (3)

where Md is the deposit mass, Qimpact is the mass flow rate of impacting particles, Pstick is
their corresponding sticking probability and Iv is the mass flux of alkali vapor condensation,
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with Na2SO4(g) being the condensable component calculated with the formula proposed
by Jokiniemi [34]:

Iv = Sh(Tg)

[
Dv(Tg)Dv(Ts)

] 1
2

DhRg

[
pv(Tg)

Tg
− pv,s(Ts)

Ts

]
(4)

Sh(Tg) = 0.023Re0.8Sc(Tg)
0.4 (5)

Sc(Tg) =
µg[

ρgDv(Tg)
] (6)

where Sh(Tg) is the Sherwood number, Sc(Tg) is the Schmidt number, Re is the Reynolds
number, Dv(T) is the vapor diffusivity at vapor temperature Tg or surface temperature
Ts, pv(Tg) is the vapor patrial pressure, pv,s(Ts) is the saturated vapor pressure, Dh is the
channel hydraulic diameter and Rg is the specific gas constant.

For the sticking probability Pstick, a modified critical viscosity model expressed as
follows is adopted:

pstick =

pp
(
Tp

)
[1]

+
[
1 − pp

(
Tp

)]
pS(TS)

[2]

(1 + SIv)
[3]

(7)

Pstick =

{
ηre f

η η > ηre f

1 η ≤ ηre f
(8)

In Equation (7), the first and second terms represent the deposition of sticky particles
on the surface and the deposition of non-sticky particles on the sticky surface, respectively.
pp(Tp) and ps(Ts) are the sticking probability of the particles and the deposition surface,
which can be calculated using the critical viscosity formula Equation [8,13,35,36].

As for Equation (8), η is the viscosity of the particle, calculated using the S2 model [37]
proposed by the British Coal Utilization Research Association based on the particle temper-
ature and the particle composition:

S =
SiO2

SiO2+Al2O3+Fe2O3+CaO + MgO
(9)

lgη = 4.468(
S

100
)

2
+ 1.265(

104

T
)− 7.44 (10)

where S is the percentage of silica (SiO2). Each compound in Equation (9) refers to the
normalized weight percentage of each component in the ash. Based on the particle chem-
istry for viscosity calculation (Equations (9) and (10)), the characteristics of high-alkali fuel
ash formation and melting characteristics could be reflected. ηref is the critical viscosity,
calculated using the empirical formula based on particle kinetic energy in accordance with
Kleinhans [14]:

ηref = 5 · 10−12 ·
(

1
12

πd3
pρpu2

p

)−1.78
(11)

The third term represents the promoting effect of the alkali film formed by the con-
densation of alkali vapor (Na2SO4) on the formation of ash deposits. The deposition rate
coefficient, S, is provided by Tomeczek et al. [21] and is taken as S = 62 (kg/m2s)−1, and
the alkali vapor concentration is determined using the calculation of Ji et al. [38], which is
1.1 ppm at the furnace outlet.

3.3. Dynamic Mesh

In order to simulate the dynamic growth process of ash deposition more accurately,
the dynamic mesh method was used to characterize the change of deposition morphology
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over time [19,39]. When a particle is determined to be deposited on a surface, the particle
mass is recorded in the User-Defined Memory (UDM) for that mesh face, increasing per
mesh face by:

∆δj =
∆mj

ρp(1 − ε)Aj
(12)

∆δj =
∆δj−3 + 2∆δj−2 + 3∆δj−1 + 4∆δj + 3∆δj+1 + 2∆δj+2 + ∆δj+3

16
(13)

On the j mesh surface in a time step, ∆δj is the growth height, ∆mj is the deposition
mass, Aj is the mesh area, ρp is the particle density and ε is the porosity, which is taken as
0.5 [18]. In order to prevent the phenomenon of “negative grid” between adjacent meshes,
the growth height is homogenized, as shown in Equation (7), and the weighted average is
applied to ∆δj.

The displacements of the faces are transferred to the displacements of the nodes to
apply the dynamic mesh method, and the displacement of each node is determined by the
adjacent faces:

∆Mj =
∆δj + ∆δj+1

2
(14)

For the update direction of the node, the windward side grows along the horizontal
direction as most particles hit the deposition surface horizontally, while the leeward side
grows along the radial direction since ash deposition is largely induced by the impingement
of vortices.

3.4. Solution Procedure

Figure 2 highlights the flow chart of the simulation process. When ash particles impact
and stick to the surface, their data will be recorded and deposition will be generated. As
for the tube bundle, the rebounded particles may still impact or deposit on other tubes in
the process of subsequent movement, and particles that do not impact in the first row are
also likely to impact a tube in the second and third rows.
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The CFD simulation software used is ANSYS-fluent 2021. The k-ω model and the wall
function were used for turbulence calculation, and the P1 model was used for radiation
heat transfer. The DPM model was used to calculate particle trajectories and consider the
gas–solid phase interaction, as well as heat transfer. The self-compiling subroutines were
compiled and loaded into corresponding modules with the User-Defined Function (UDF).
In addition, the simulation time step was set to 0.01 s. In order to reduce the calculation
time, the asynchronous growth method with an update cycle of 1s was adopted. The
accuracy of this method has been widely recognized [19,27,39] and verified in our previous
work [24].
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3.5. Mesh Independence Analysis

Figure 3 gives the mesh settings of the computational domain. In order to ensure
the smooth application of the dynamic mesh program, the triangular mesh was used for
division, and the mesh was refined at the surface of each tube to ensure the accuracy of the
flow field and particle trajectory near the surface. Three mesh systems were generated to
verify the grid independence, and the meshes were increased at a rate of 1.141 times, with
the mesh sizes being 0.2 mm, 0.3 mm, 0.4 mm at the near-surface and the overall number
of meshes being 62,724, 127,352, 226,809. After calculating for 10 min, the temperatures of
ten equally spaced cross-sections with an interval of 50 mm were extracted for comparison.
The results in Figure 4 showed that an increase in the mesh cell to 127,352 and 226,809
would give identical results. Therefore, a mesh system of 127,352 cells has been applied.
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3.6. Model Validation

The developed simulation method was validated against the experimental data by
simulating the formation of deposits on a single tube, which has been verified in our
previous work [24]. Briefly, the deposit as simulated presents a cone-shaped structure to the
windward of the probe, and its thickness at the stagnation point reaches to 3.4 mm within
a duration of 6 h. This is comparable to the experimental result of 3.0 mm with the same
experimental setup (Figure 5) [30], suggesting that the current model is able to simulate
the deposition of Zhundong coal ash on single or multiple tubes. Furthermore, the size
distribution of deposited ash on the windward and leeward are also in accordance with
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the experimental analysis [40]. These confirm a good agreement between the simulation
results and experimental data, enabling the effect of tube layouts on ash deposition to be
investigated [27].
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4. Results and Discussion
4.1. Deposit Mass and Morphology

Figure 6 presents the simulated deposit morphology and its thickness on the 2 × 3
tube bundles in the domain using the current deposition model. It is evident that inevitable
deposits have been accumulated on the tubes after 6 h. These deposits are mainly formed
on the windward of the tubes, confirming the role of inertial impaction to be dominant
for deposit accumulation [12]. Moreover, certain deposits on the leeward side are also
observed, particularly on the first and second rows. This is attributed to the eddy effect [9]
and the presence of rebounding particles on the windward side of the back rows [21,41],
which will be discussed in Section 4.2. To be more specific, as shown in Figure 6b, the
thickness of the deposit at the stagnant point of the tube in the first row (i.e., tubes #1 and
#2) is ca. 7.2 mm, which decreases to 3.2 mm and 2.0 mm on tubes in the second (tubes
#3 and #4) and third rows (tubes #5 and #6). This confirms that ash deposition on tubes
in the first row is the worst but will be lessened on subsequent rows, consistent with the
results reported in Refs. [21,41–43]. As for the leeward side, a deposit with a thickness
of ca. 0.50–1.0 mm has been accumulated on tubes in the first and second rows but not
in the third rows. As a consequence, the weight of deposits on the tubes in the first row,
being 0.186 kg/m (Table 2), is 1.74 and 3.80 times higher than the second and third rows,
respectively.

Table 2. Partial simulation results for tubes among different rows.

Impaction
Probability

Sticking
Probability

Mean Size of
Impacting

Particles (µm)

Deposit Mass
(kg/m)

1st row 0.3486 0.0538 85.2 0.186
2nd row 0.1758 0.0163 89.1 0.107
3rd row 0.1281 0.0106 89.4 0.049

Single [24] 0.2191 0.0717 81.2 0.085
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(b) deposit thickness on the 2 × 3 tube bundles.

To reveal the reasons for the deposit formation on tubes in different rows, the proba-
bilities of particle impaction and particle sticking, as well as the mean size of the impacting
particles, have been summarized and listed in Table 2. Herein, the impaction probability
defines the ratio of impaction particles to the total particles, and the sticking probability
means the ratio of sticking particles to impaction particles. As shown in Table 2, the prob-
ability of particles impacting on tubes in the first row is 0.3486, which then decreases to
0.1758 and 0.1281 for tubes in the second and third rows. This is because the tubes in the
first row act as a barrier, and fewer ash particles would impact on the subsequent tubes due
to a decrease in particle numbers and the variation in particle trajectories [41]. As for the
sticking probability, it is 0.0538 for tubes in the first row but becomes 0.0163 and 0.0106 for
tubes in the subsequent rows. This is attributed to either the chemistry of particles or the
particle size. For the first reason, ash particles enriching in Na and Ca of a smaller size tend
to deposit on the tubes in the first row instead of rebounding [41]. However, particles with
larger sizes and higher kinetic energies prefer to rebound upon impacting on the probe
surface [24]. This has also been confirmed by the mean size of the impacting particles,
which increases from 85.2 µm in the first row to 89.4 µm in the third row, since particles
with finer sizes and higher Na/Ca content might have been deposited on previous tubes.

Compared these results with those on a single tube in the domain [24], the probability
of particles impacting on tubes in the first row, being 0.3486, is 1.59 times higher than that
on the single tube, resulting in a deposit mass 2.19 times higher than the single tube case.
This means that more ash particles have impacted and deposited on the tubes, particularly
on tubes in the first row. Since the injection concentration of the ash particles between these
two simulations is the same, the variation in impaction probability could be attributed to
either the extra ash particles from adjacent tube surfaces or the wall boundaries as a result
of rebounding. This also highlights the importance of particle trajectories in Section 4.2
being examined.
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4.2. Dynamic Particle Trajectories

To comprehend the dynamic deposition behavior of ash particles on tube bundles, the
transient trajectories of ash particles in the domain subjected to a deposition time of 2, 4
and 6 h have been illustrated in Figure 7. It can be seen that the trajectories of ash particles
varied dynamically with physical spaces and time. As a representative, at a deposition
time of 2 h, certain ash particles have deposited on the tubes, resulting in a non-circular
deposit “surface” embracing the subsequent ash particles. In the first row in particular, a
cone-shaped deposit on tube #1 (and also #2) has been formed due to the impaction and
sticking of ash particles. Since the sticking probability of the impacting ash particles is less
than 0.1, most ash particles would leave the tube surface after impaction. The rebounded
ash particles, depending on their contact angles [10], would have different directions. For
those ash particles impacting on tube #1, for example, they may rebound upward and
move to the solid boundary of the domain. Since there is no heat and mass transfer across
the boundary, these ash particles would firstly impact on the wall but then rebound from
it again, with a portion of ash particles impacting on the tube once more, as evidenced
in Figure 7a. Alternatively, these ash particles, after impacting on tube #1, could move
downward and across the centerline of the domain to possibly impact on tube #2. A similar
analysis of the behavior of ash particles could also be applied to tube #2. These support why
the impaction probability of ash particles on the tubes in the first row is higher than the ash
deposition on a single tube [21,41]. Moreover, differing from the impacting ash particles
in the first row, the ash particles impacting on the second and third rows are not directly
impacting on the stagnant point of the tube. Instead, they impact on the two sides around
the stagnant point, resulting in a deposit with a broader width and bimodal distribution
(shown in Figure 6). This is because the ash particles injected into the domain are hindered
by the tubes in the front rows, and only those particles twisting their directions upward or
downward could be able to potentially impact on the tubes in subsequent rows. In addition,
it is observable that a large number of ash particles have impacted on the windward side of
the back row tubes, resulting in an obvious deposition on the leeward side [26]. As for the
tubes in the third row (Figure 7d), the deposition is only caused by an eddy current effect
due to the absence of rebound particles, resulting in less particles being deposited.
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As deposition proceeds to 4 and 6 h, as shown in Figure 7b,c, one can tell that the
cone-shaped deposit increases its thickness, particularly for the deposits on tubes #1 and #2
in the first row. This can be proved by the deposit thickness on tube #1 (and tube #2) as a
function of time shown in Figure 8. The thickness of the deposit at the stagnant point on
tube #1 increases from 2.0 mm to 7.2 mm as the deposition time proceeds from 1.5 to 6.0 h
(shown in Figure 8). In this case, the rebounding direction of the impacting particles would
be altered, which in turn affects the subsequent impacting and sticking behavior of the
ash particles. For instance, the ash particles tend to rebound to the downward zone upon
impaction as the deposit accumulates. Nonetheless, such a trend still warrants further and
quantitative investigation, which will be a continuous work for this study.
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4.3. Effect of Tube Layouts

The effect of tube layouts, i.e., the longitudinal pitch and transverse pitch, on the
characteristics of ash deposits on the tube bundle was also studied, and the results are
illustrated in Figures 9–11. Figure 9 presents the effect of tube layout on the weight of
deposits that accumulated on the tube. As shown in Figure 9a, the deposited mass on tube
#1 maintains at ca. 0.18 kg/m at different longitudinal pitches and seems to be independent
of the longitudinal pitch. Meanwhile, the deposit on tube #3 in the second row increases
its weight from 0.04 kg/m to 0.11 kg/m as the longitudinal pitch increases from 1.50 D to
2.00 D, but then decreases gradually to 0.08 kg/m as the longitudinal pitch further increases
to 2.50 D. As for the deposit on tube #5 in the third row, its mass increases from 0.02 kg/m
to 0.04 kg/m as the longitudinal pitch increases to 2.00 D but then maintains at this level
regardless of the increase in the longitudinal pitch.

For the effect of transverse pitch, as shown in Figure 9b, a deposit with a weight of
0.22 kg/m accumulates on tube #1 at a transverse pitch of 1.50 D. This, however, becomes
ca. 0.18 kg/m at a transverse pitch of 1.75–2.25 D, but then increases again to 0.22 kg/m as
the transverse pitch increases to 2.50 D. Likewise, the deposit on tube #3 is 0.11 kg/m at a
transverse pitch of 1.50 D, which maintains relatively the same at this level as the transverse
pitch increases to 2.25 D but declines to 0.06 kg/m at a transverse pitch of 2.50 D. A similar
trend is also observed for tube #5 in the third row.
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To further investigate the role of longitudinal pitch and transverse pitch in ash deposi-
tion, the thickness of deposits on tube surfaces are comprehensively provided. Figure 10
gives the thickness of the deposit subjecting to different tube layouts. For the tube bundle
with a transverse pitch of 2.00 D, the thickness of the deposit at the stagnant point on tube
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#1 in the first row maintains basically at 7.2 mm and is independent of the longitudinal
pitch in the range of 1.50–2.50 D. This implies that the gas–solid flow arriving at the tube in
the first row is not affected by the subsequent tubes no matter the layout [28]. This also
confirms the repeatability of this simulation work. At the leeward side of the tube, however,
the thickness of the deposit increases initially to a certain degree as the longitudinal pitch
increases from 1.50 D to 2.00 D but then decreases as the longitudinal pitch further increases
to 2.50 D. A similar trend is also found on the windward side of the second row, where
the highest deposit thickness of 4.3 mm is obtained at a longitudinal pitch of 2.00 D. This
means that the formation of the ash deposit on tubes in the second row is the worst at a
longitudinal pitch of 2.00 D, which therefore could be mitigated by increasing or decreasing
the longitudinal pitch. This is mainly attributed to the particle trajectories as discussed
above. Briefly, at a pitch of 2.00 D, more particles could pass through the first rows and
impact on tubes in the second row, thereby increasing the deposition of particles on the
leeward side of the first row. Likewise, the thickness of the deposit at the stagnant point on
tubes in the third row increases from 0.5 mm to 1.0 mm and 2.25 mm as the longitudinal
pitch increases from 1.50 D to 2.00 D, which then maintains at this level as the longitudinal
pitch increases to 2.50 D. This indicates that increased longitudinal pitch could aggravate
ash deposition, which might be attributed to the increased flight time of particles before
they impact the tube [27].

Figure 11 presents the thickness of the deposits on these tubes at a longitudinal pitch
of 2.00 D and transverse pitches of 1.50–2.50 D. For deposits on tubes in the first row
(Figure 11a), it is seen that a maximum thickness of the deposit has been formed at a
transverse pitch of 2.50 D; this is followed by those with a transverse pitch of 1.50 D, 2.00 D,
2.25 D and 1.75 D, respectively, showing a non-linear relationship with transverse pitch.
Moreover, it is also observable that the centerlines of the deposits are not always at the
stagnant point of the tube. For instance, the centerline of the deposit shifts to the center
of the domain at a smaller transverse pitch of 1.50 D, but moves to the wall (boundary)
at a larger transverse pitch of 2.50 D. This is attributed to the effect of the wall and the
adjacent tube in changing particles’ trajectories, as has been discussed comprehensively
in Section 4.2. With a narrower transverse pitch, ash particles that rebound from one tube
would have more chance of impacting and depositing on its adjacent tube, resulting in more
ash particles accumulating on this side and consequently a shift in the deposit centerline
towards the center. Similarly, tubes with a higher transverse pitch are closer to the walls,
resulting in more ash particles depositing on this side and shifting the deposit centerline to
the wall.

For the deposits on tubes in the second and third rows, they become even more
complicated, with two main humps and a number of minor humps being observed at the
windward side of the tube. Within the ranges examined, a maximum thickness of 4.1 mm
is obtained on tube #3 at a transverse pitch of 2.00 D and a minimum thickness of 2.2 mm
at a transverse pitch of 2.50 D, with the remaining deposit thickness falling into this region.
Similar findings are also observed for deposits on tubes in the third row, within a decreased
deposit thickness of 0.9–2.2 mm. This implies the joint effect of the wall and the adjacent
tube in particle trajectories and deposition.

To analyze separately the role of wall boundaries and the adjacent tubes in affecting
ash deposition, the deposit is divided into two parts in accordance with the horizontal
centerline of the tube. Figure 12 illustrates the weight of ash deposit that accumulated on
the 1/2-tube either close to the wall or close to the adjacent tube. It is clear that the deposits
accumulated on surfaces adjacent to the center decrease with increasing transverse pitch.
Typically, the weight of deposit on 1/2-tube #1 in the first row decreases from 0.15 kg/m to
ca. 0.08 kg/m as the transverse pitch increases from 1.50 D to 2.25 D and 2.50 D. Similarly,
the deposit on 1/2-tubes in the second and third rows decreases, respectively, to 0.03 and
0.01 kg/m as the transverse pitch increase to 2.50 D. The weight of deposit on 1/2-tube
#1 in the first row decreases 47% as the transverse pitch increases from 1.50 D to 2.50 D,
whereas the deposit on 1/2-tube #3 and 1/2-tube #5 in the second and third rows decreases,
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respectively, 55% and 67%. This is because an increase in the transverse pitch would
decrease the chances for the rebounding ash particles from the adjacent tube to impact on
the surface. Similar findings were also found in [27]. This also explains why the deposit
mass on the tube in this study overweighs that on a single tube in the domain [24].
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As for the effect of wall boundaries, as shown in Figure 12b, the weight of deposit on
this side increases with increasing transverse pitch. Representatively, the weight of deposit
on 1/2-tube #1 facing the wall is 0.07 kg/m at a transverse pitch of 1.50 D, which is doubled
at a transverse pitch of 2.50 D, being 0.14 kg/m, an increase of 50%. This is because the ash
particles that impact on the wall would again change their direction and then impact on
the tube, as elucidated in Figure 6 and other literature reports [21,41]. Likewise, the deposit
on 1/2-tube #3 and 1/2-tube #5 increases its weight as the transverse pitch increases from
1.50 D to 2.25 D but decreases its weight as the transverse pitch further increases to 2.50 D.
A possible explanation is that the distance between tubes and boundary is too close to
promote enough space for gas–solid flow, consequently decreasing the possibility for ashes
to deposit on this side. Based on the analysis above, it could be concluded that an optimal
transverse pitch could be obtained (St/D = 1.75 in this work) during design, considering
the joint effect of adjacent tube and wall boundaries in ash deposition.
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4.4. Heat Flux and Temperature Uniformity

The formation of the ash deposits on tube bundles also affects the heat transfer between
the steam inside the tube and the flue gas outside by acting as an additional thermal
resistance [8]. The surface temperature of the deposit would therefore be increased, as
widely discussed in the literature [12,19,27]. Herein, the surface temperatures of the
deposits on tubes #1, #3 and #5 as a function of time are given in Figure 13. It is seen that
the mean surface temperature of the deposit on tube #1 increases gradually from the initial
temperature of 826 K to 980 K as deposition time proceeds to 6 h. Similarly, the mean
surface temperatures of the deposits on tube #3 and tube #5 are also found to increase to
960 K and 925 K within the simulation time. This is attributed to the discrepancy in deposit
thickness, since the deposit weight on tube #1 is the highest, followed by those on tubes #3
and #5 in the second and third rows. An increase in the surface temperature would firstly
aggravate the sintering and fusion propensity of the deposit, which would in turn accelerate
the deposition of coal ash on the tubes and increase the thermal resistance between the flue
gas and the steam. Moreover, sintering strength within the deposit would also be increased,
thereby decreasing the shedding of the deposit using the existing soot-blowing technique.
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Nonetheless, analysis into the surface temperature, as above, as well as heat flux, is
mostly based on their averaged value [12,44], which to a large degree underestimates the
non-uniform distribution of ash deposits in affecting heat flux and temperature distribution.
The distribution of heat flux across the tube is therefore further investigated to comprehend
how heat flux varies with deposit accumulation.

A steady-state heat transfer simulation based on a physical model of the fouled tubes
has been conducted, and the distribution of heat flux and wall temperature at the tube
cross-sections can be seen in Figure 14. One can find that the heat flux between the steam
and the flue gas varies with the tube’s angle. This is due to the non-uniform distribution of
the ash deposits as shown in Figure 6. Typically, heat flux at the stagnant point of tube #1,
with a value of 10,000 W/m2, is the lowest among them. This is consistent with its highest
deposit thickness at the stagnant point, confirming the role of the deposit in adversely
affecting heat transfer. The heat flux then increases gradually as the tube position leaves
the stagnant point, reaching a highest heat flux of 45,000–60,000 W/m2 at the two sides
of the tube. This is attributed to the low deposit accumulation and high gas flow rate at
these positions. The heat flux then decreases gradually to ca. 40,000 W/m2 and increases
afterwards to 50,000–60,000 W/m2 at the leeward side of the tube. The maximum deviation



Processes 2024, 12, 178 17 of 20

of the heat flux at the tube cross-sections is up to six times, highlighting the role of deposit
distribution and the gas flow field in affecting heat transfer.
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Analysis into the distribution of heat flux across the tube circularly also allows for the
temperature distribution of the tube (outer) surface to be examined. The lowest tube surface
temperature of 824.5 K is observed at the stagnant point of tube #1 due to its lowest heat
flux, whereas a highest tube surface temperature of 831 K occurs at the two sides of tube
#5 because of its highest heat flux. This means that the worst condition for the safety of
steam tubes occurs at tube #5 in the third row, rather than tubes in the first and second rows.
As shown in Figure 14b, due to non-uniform distribution of the deposits, the lowest heat
transfer coefficient of 52.24 W/(m2·K) was observed at the stagnation point of tube #1 but
the highest heat transfer coefficient of 264.46 W/(m2·K) was found at both sides of tube # 5.

Noteworthily, the thickness of the tube is set as 2 mm, which limits the tube surface
to an acceptable temperature of 831 K [24]. In industrial practice, with an even higher
thickness of 6.0–8.0 mm, the maximum temperature of the tube surface could be increased.
Moreover, in order to maintain the rated output in industrial boilers, more fuel and a
higher flue gas temperature are required [7]. These would inevitably raise the risks of tube
explosions as a result of overheating. Attention should thus be paid not only to the deposit
characteristics but also to the safety of the tubes, particularly tubes installed downstream
where sufficient deposits are not covered. Moreover, in industrial practice, designers
should design the tube bundles with appropriate tube distances, and the accumulation of
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deposition in the first row and at the pipeline station need to be focused on to strengthen
the blowing in this area.

5. Conclusions

In this paper, the dynamic deposition behavior of Zhundong coal ash on tube bundles
subjected to different tube layouts has been studied using a modified deposition model.
The key parameters, including deposit mass, deposit morphology, particle trajectories and
particle impaction/sticking probabilities, as well as the heat flux uniformity, have been
analyzed for an improved understanding of the deposition process. The results show that
the deposit mass on the first row is, respectively, 1.74 and 3.80 times higher than the second
and third rows. This proves that ash deposition on tubes in the downstream are lessened
and also highlights the importance of finer Na/Ca-enriching ash particles in initiating ash
deposition. When the longitudinal pitch increases from 1.50 D to 2.50 D, the deposit mass
on the first row is almost unchanged, while that in the downstream increases two times,
suggesting that an increase in the tube’s longitudinal pitch would increase the propensity
for ash deposition. Moreover, as the transverse pitch increases from 1.50 D to 2.50 D, the
centerline of the deposit on the first row shifts to the wall or the adjacent tube due to the
joint effect of adjacent tubes and walls in affecting particle trajectories, resulting in the least
deposit mass at a transverse pitch of 1.75. In addition, heat flux at the stagnation point of
the tubes is found to be the smallest, whereas those on both sides and the leeward side
are six times higher than the windward. This leads to the occurrence of the highest tube
temperature at both sides, bringing the thermal damage of these areas to be warranted as a
concern as a result of the non-uniform deposition of the ash studied.
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