University of Thi -Qar Journal for Engineering Sciences
http://www.doi.org/10.31663/tqujes.12.2.443(2022)
Vol 12.2( December 2022)

ISSN :2664- 5572 ( online)
ISSN:2664-5564 (print)
Available at http://jeng.utg.edu.ig

utjeng@ utg.edu.ig

Numerical simulation of ash deposition on the surface of tubes bundle
Elaf A. Hasson®, Adnan A. Ateeq* and Tahssen A. Jabbar"
Elafali091@gmail. com'** adnan_ateeq@stu. edu. iq ¥ tahseen. ali@stu. edu. iq"
Department of Thermal mechanical Engineering , college of Technical Engineering.Southern Technical University

Abstract

Ash deposition is one of the significant challenges for coal-fired boilers. It is a serious problem that causes fouling and
slagging on the tube bundle that Poses some potential safety and hazard problems for utility boilers. There. Therefore, the
paper presented a numerical study using ANSYS FLUENT. A discrete phase model (DPM) is used to simulate ash
particles for unsteady flow. The influence factors important to heat transfer performance and ash deposition are studied,
consisting of the changes of the inlet velocity of flue gas, and the temperature differences between the flue gas and the
surface of ash deposit. A thermophoresis deposition mechanism (fine particles< 1um) is a playing impact in an important
role in this study. The proposed method is an effective instrument for forecasting the ash deposition formation and
growth. The result indicates thermophoresis causes more ash to be deposited than without thermophoresis. Also, they
notice the effects of temperature gradient on the deposition height at constant inlet velocity. The deposition height is
decreased when the temperature differences increase as a ratio of 0.125%. through 30 min. While the effects change inlet
flue gas velocity on the deposition height. The deposition height is decreased when the increased velocity at constant

temperature differences about 0.75%.

Keywords: Ash deposition, CFD Modeling, DPM.

1. Introduction

A deposit of ash on the heat transfer surface of heat
exchangers. It has led to several operational issues
(slagging and fouling, corrosion, and erosion) that cause
safety problems and some potential hazards to utility
boilers[1].

resulting in economic losses and safety risks [2].Result
presence of mineral mater in the fuel. A mineral substance
has undergone physical and chemical processes producing
particles of ash deposition volatile gases which mix with
the flue gas. The minerals present in coal can lead to
serious operational problems in boilers [3][4]. Therefore, it
is very important to better understand the formation
process of ash deposits in order to minimize these
problems. In addition, it can be used to optimize the
design and operation of the boiler. On the basis of
previous experimental and theoretical studies[5][6]. The
ash deposition can be affected by several factors, such as
fuel quality, operation conditions, and the arrangement of
heat exchangers [7]. In spite, the boiler design has been
changed and routine soot blowing systems have been
employed to minimize the detrimental effects of fouling
and slagging. There are still uncontrolled and unexpected
problems where the cleaning system cannot reach the
deposit or the bonding strength between the deposits and
the wall is too strong for the cleaning system to work [8].
Therefore, It’s important to use numerical modeling to
predict the deposition of ash. In CFD, there are generally
two simulation approaches, one is a steady state, and the
other is a transient or non-steady state. Modeling steady
states using the steady state approach is common in the
behavior of ash deposition in combustion systems[9][10].
By tracking a fixed number of particles and simplifying
the deposition process without considering the growth of

ash deposits, this approach can save computing time. As
opposed to the transient approach, which considers the
change of some parameters with time (e.g. deposition rate,
surface temperature, and ash deposit shape), the transient
approach is usually used to simulate ash deposit
growth[11][12]. As a matter of fact, ash deposition on the
tubes in boilers is a dynamic process for many parameters
to change during the ash deposition process. As a result,
the transient approach is considered more appropriate to
simulate the growth of ash deposits, which is also intended
to have a greater accuracy compared to steady state
simulations. Several studies were done on how fly ash
deposition affects heat exchanger tube bundles to improve
heat transfer efficiency and reduce ash-related problems.
There are several researches focused on the deposition
mechanisms and the behavior of the deposition during
combustions have been studied extensively. Ash
deposition mechanisms are studied by many authors.
Inertial impactions, eddy impaction, thermophoresis,
condensations, chemical reactions, pressure gradient and
virtual forces are of the process that control ash
deposition. A heat-exchange tube's surface is affected by
two factors that determine whether the impacting ash
particles stick or rebound [9]. Firstly, an analysis  of
particle properties such as particle temperature, chemical
composition, impact velocity and angle, and particle size.
A second factor is affected by the surface properties of the
ash deposits, such as their temperature, roughness, and
stickiness. The surface temperature of an ash deposit is
found to have a significant influence on its deposition
[13][14][15]. A high temperature on the surface of an ash
deposit can increase the stickiness of the surface, thereby
increasing the probability of capturing ash particles [16].
In spite of this fine particles ( <10um ) can also be reduced
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due to the decreased temperature gradient between the flue
gas and the surface of the ash deposits[17].

S. Balakrishnan a, [18] studied the mechanisms
thermophoresis, forces. R. Weber, et [19], it is performed
inertia impaction, through use CFD code, we have shown
that accurate impaction efficiency predication is only
possible if the flow field around the deposition surface is
well resolved. H. Zhou [20], this studied sub models of
deposition are included in the model (condensations,
Brownian and eddy diffusions). But Yang et al. [12] the
result show as deposition under high furnace temperatures
is dictated by particle deposition resulting from inertia
impaction. And It was found that condensation had a less
significant influence on deposition compared to the other
mechanisms’. Zhou [21] studied the saffman forces,
pressure gradient and virtual forces. The above review the
mechanisms ash deposition. In few simulations, ash
deposition on the tube bundles has been examined in
relation to deposit surface conditions. Therefore, this
current study aims to develop computational fluid
dynamics by using ANALYSIS FLUENT R12020 tools
through using (DPM) discrete phase model to predict the
simulation ash deposition of tube bundles and the
mechanisms thermophoresis with different temperature
between the surfaces wall temperature and inlet flue gas.
The mechanisms thermophoresis was considered for ash
depositions. They noticed in this study, the results show
that the accumulative ash depositions in the four row
increase with time and the front row the accumulative
deposition is higher than of the two rows last

2. Model description and numerical method

2.1 physical model

As shown fig (1) the schematic diagram of Two-
dimensional domined model with four- rows is simulated
deposition on the tube bundle in boiler. The computational
domain is given of the four-rows tube, the value of tube
diameter (D= 38mm), the transverse pitch(St =100mm),
and the longitude pitch (SI=100mm ).The length and width
of the domain are 800 mm and 400 mm. Commercial CFD
fluent is used frame work to solve the turbulent fluid flow,
gas and the particle combustion. The tube bundle in the
boiler was simulated to be operating with upstream gas
velocity 0.407 m/s, tube wall temperature of Tw=600 Kand a
gas flow temperature of Tin=1500 K . The simulation
implement was deposition model through Discrete phase
model (DPM) was chosen, the flue gas containing five
components is  respecting (vol%), 02= 4.7, H20 = 10.0,
C02=13.6. N2=80.7. goo

Fig.1 The geometry of tube bundle arrangement with four
rows

2.2 Numerical solution and boundary conditions.

The numerical simulation (CFD)in unsteady was
performed by using ANYSIS FLUENT R1-2020. The gas
flow is simulated in turbulent model is accounted with
realized k-¢é model with enhanced wall treatment. A
pressure- velocity coupling with the SIMPLE algorithm.
The second order upwind discretization. The governing
equation is used in turbulent fluid including (continuity,
momentum and energy equation are solved for the
continuous gas phase flow). Fig 2 illustrates, the number
of the node on the deposition tube is 200 elements. The
time step size of 0.009 s with seventy max lterations.
Discrete phase model (DPM) was chosen, the particles are
injected through the inlet surface with the same the inlet
velocity of flue gas and the diameter distribution using
(rosin-rammler) of particle (min. diameterlpm, mean.
diameter 16 pm, max. diameter 62. The boundary
condition of flue gas and ash are showed in tables 1 and2.

(a)all domain (b)on pipe

Fig .2 The grid of computational domain

Table 1 Flow gas boundary condition:

>
>

Inlet temperature of flue gas(K) 1500
Inlet velocity of flue gas (m/s) 0.407
Inlet velocity of ash particle (m/s) 0.407
Wall temperature of furnace (K) 1500
Inlet temperature of ash particle 1500
Inlet wall temperature of the tube (K) 600
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Table 2 Property parameters of ash deposition

Max diameter (um) 60
Min. diameter( pm) 1
Average diameter (um) 16
Density(kg/m?) 1500
Specific heat capacity (J/kg. K) 1680
Thermal conductivity (W/m. K) 0.33
Flow rate of particle (kg/s) 0.001
Spread parameter 35

2.3 Governing equation:

The governing equations are applied to operate the
mathematical model (Naiver- Stokes and energy equations
for the computational domain's flue gas phase [22]. The
simulation flow is 2D and unsteady.

The continuity equation is:

dpu;_

0x; 0 (l)
The Momentum equation:

ou;,  duy_ %w;, o,

iy —_—t= — . .

ac W ax; p ox; + ax; 0x; iju i @
The Energy equation:

aT

a 9 (2 or
FTa P (u"T)_a_xi (— — ) ©)

pcp Ox;

Where w; and p are the time -averaged velocity and
pressure, respectively. p is the gas dynamic viscosity, p is
the density of gas, T is the Temperature, c, is the specific
heat capacity. A is the thermal conductivity.

The modeled transport equations for k and € in the
realizable k- € model [23].

+ ﬁ) a_k +Gk +Gb7p87Ym+Sk

og/ 0xj

a a a
P (ol =
(@)

And the turbulent dissipation rate equation (¢) can be
given by:

9(pe) , 0 =9 M) 9e _
at + ax; (psu]) T ox [(l»l + 0'8) ale +pCiS
2
PCo=tCie ¢ + Caclp + S, (5)
— A S/
Where C;, = tanh u| and Ci=max [0'43’n+5]

n= SS S=,¢25ij5i]-

Table 3empirical constant for k-

G| G | o | o |G [G]

2.4 DPM model

The particle motion, the trajectory of a discrete particle
model (DPM), in this study to predict behaviours of
particle ash deposition. The force acting on the particle by
using governing equations of the parcel be written [24] .

F; = ::—;% %(ui — up;) + i (1 - i) + Fgi.  (6)
Where u,; and u; are the velocity of particle and gas,
respectively (m/s); p is the density of gas (kg/m3); W is
the molecular viscosity of gas(kg/m .s); Dy is the particle
diameter (m); pp is the density of particle (kg/m3); Re is
the particle Reynold number, the CD is the drag
coefficient; g; is the gravitational acceleration in I-
direction(m/s?) and Fg;is the additional force exerted on
particles (m/ s2)). The FD (the drag force) is the most
important force in the forces analysis particle determined
by [25].

Fp ="t ()
Pd%24
And Re is defined by
pdy. P
Rep = e (8)

Where Rej is the particle Reynold number, the is the C,;
drag coefficient, 1 presents the viscosity of the gas phase
and is dp the particle diameter.The governing equation of
particle motion [26] in this paper is given as follows:

dup - .
? =2F1.......... (9)

where the ZFi represents various forces acting on the
particle include. (thermophoresis, the drag, gravity,
buoyancy, pressure gradient, Brownian, Saffman lift
forces) influenced the mechanism of ash deposition. Both
the Saff-man lift forces and the Brownian forces are
important [27].The force balance of particle in flow field
[21] : is described as

dup _ 18uCq Rep g(pp—p)
—=—= (u—-u,)+g—F ...........(10
dt Ppaz2a ( p) g pp (10)

Where, , up, pp, , dp are the velocity ,density and
diameter of particles, respectively; u, p represent the
velocity and density of the gas phase ¢, : denotes the drag
coefficients, and F means other forces available in fluent
such as(the thermophoresis forces, Saffman‘s lift

forces, the virtual forces and pressure gradient forces

), therefore perhaps simplified:

Thermophoresis forces
Where the thermophoresis force Fy is represented [28] as:

1 dT
Fr = _DT,P__ (11)

myT dx
WhereDy p is the thermophoretic coefficient, you can
define the coefficient to
be constant [23]:
6mdpp?Cs(K+CKn)
DT p =
’ p(143CypKn)(1+2K+2CtKn)
Kn =Knudsen number =2)/d,,

A = mean free path of the fluid

(12)




depos tion heigh (m)

Elaf A. Hasson, Adnan A. Ateeq* and Tahssen A. Jabbar

Numerical simulation of ash deposition on the surface of tubes bundle

k= fluid thermal conductivity based on translational

energy only = (15/4) uR

k, = particle thermal conductivity ,

C, =218 ,C, =114

T= local fluid temperature

p= fluid viscosity

The Brownian forces Fp is represent [23] as:

TTSe

= (13)

Where S. is a Gaussian white noise random function ,

which is given by [29]

S, = 216 vkgT

nZp dzs, (%’)2 Ce

Where T is the absolute temperature of the fluid , v is the

kinematic viscosity , C. is the cunning correction , and

kg is the Boltzmann constant .

The Saffman’s lift force Fj is driven in [30]
2pk170‘55ij

Fg =

C,=1.17 ,

FB = mp(i

(14)

— (15)
PP(Sij_Sij)1/4

2.5- Mesh in dependence

A mesh dependency test is generally performed to ensure
that the result for CFD model is conducted for the case
numerical simulation for ash deposition on the tube
bundle. Fig (3) shows deposition height depends mainly
on number of element. It is noticed the number of
elements is a few form range (50-150) the result a great
contrast of deposition height. While, the number of
element is approximately constant form range (150-300)
the result almost constant of deposition height. Future
refinement is made number of element on the tube bundle

4,567 : . r . .
—a— R 1
4.0E7 | —&—R2
R3
3567 | ¥ R4
0BT | -
2567 | -
20B7 | 4
1.567 | 4
1.0E7 | -
5.0E-8 | -
0.0E+0 | . | . 1 . | . | . |
50 100 150 200 250 300

number of element

on 200 to achieve higher accuracy of measuring deposition
Figure. 3 Mesh independent.

3- Result and discussion

3.1 validation

To check the validity of the present study, verification
must be done to compare with results of other researchers.
Figure (4) illustrates a comparison of the numerical
solution fig obtained and the results obtained from
reference cite [21] for the same conditions. A 2D model is
generated by using ANSYS fluent Design Modeler. The
result of the present study is compared with the numerical
and experimental result of the research S. Kalisz [31]. The
fig (4) shows the accumulative deposits height on the pipe
for a certain period of time. Since the time period used in
this study and one presented by S. Kalisz [31], it was
necessary to make the comparison in a non-dimensional
way. Where H represent the ratio of accumulative
deposition height at any time to accumulative deposition
height at the end time of study. And X represent the ratio
of the time to the total time of study. The simulation result
logically converges with results obtained from reference
cite [31].

—=— present work T
1.0 -@— (S. Kalisz [31]simulations) b
i (S. Kalisz 31])Experimaintial )
08 F E
06 F 4
T
0.4+ E
02 B
0.0 E
1 1 1
0.0 0.5 1.0
X

Fig. 4 validation at cite reference [31]

3.2 Effect of thermophoresis forces on ash deposit

3.2.1 Temperature contour of ash particle

Figure (5, a, b), shows DPM (ash temperature)
temperature magnitude distributions in two cases through
ten seconds and other five minutes. We observed a drop in
the average temperature surrounding the tubes, which
resulted in a low deposition mass. The result noticed in
two cases the deposition for all rows increased with time.
And It is found flue gas upstream has obviously higher
temperature distributions. This tube's back has been
protected by the front tubes, when viewed from the
structure of the bundled tube resulting in low deposition
mass, in the back rows
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(a)t=10s

(b) t=5min
Fig.5 Temperature magnitude distribution

3.2.2 Effect the temperature difference

The temperature difference between the surface of tube
and flue gas(AT) is changed from 0 to 1000 C* with step
100°C. The effect of the thermophoresis force on the
accumulative deposition height is obvious than that
without thermophoresis. The simulation result show that
the temperature difference has a significant influenced on
accumulative ash deposition. As shown, in fig(6-a), there
is obvious higher accumulative deposition height at the
temperature difference on (800C") with thermophoresis for
the first row on the tube (R1). The lowest the accumulative
deposition height occurs at the temperature difference is
(200C"). In fig (6-b) illustrates, there is obvious higher
accumulative ash deposition height at the temperature
difference on (900C") with thermophoresis for second row
on the tube (R2). The lowest the accumulative deposition
high can see at temperature difference on (500C") without
thermophoresis. As shown in fig (6-c, d), there is obvious
higher  accumulative ash deposition height on the
temperature difference (1000C") with thermophoresis for
third row and for four- row on the tubes (R3) (R4). The
lowest the accumulative deposition high is found on
(200C°) with out thermophoresis for(R3) and (600C°)
without thermophoresis for (R4). They notice the effect
thermophoresis  forces increasing the accumulative
deposition high than without thermophoresis
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3.2.3Effects of temperature gradient on the deposition
height

As shown in fig (7) change velocity of flue gas about
range form (0.1-0.2 m/s) has not significant influenced on
the accumulative deposition height with thermophoresis
and without thermophoresis. In fig (7-a and c), illustrates,
the higher accumulative deposition height of the velocity
flue gas on (0.9m/s) with thermophoresis for first raw and
third row of tube. While the lowest the accumulative
deposition height the velocity flue gas on (0.4 m/s) for first
raw and (0.1m/s) for third row without thermophoresis. As
it can be seen in fig(7-b) the higher deposition height on
(0.8 m/s) with thermophoresis. while the lowest
accumulative deposition height on (0.7 m/s) without
thermophoresis for second row. In fig (7-d) the higher
accumulative deposition height on (0.6-0.7 m/s) with
thermophoresis for four row. while the lowest
accumulative deposition height on the (1m/s) without
thermophoresis. Because thermophoresis forces dependent
on the velocity, temperatures and particles size very small.
The stagnation point on the wind wared side of the first
row tube, therefore the flue gas velocity inlet is relative
low and then increases maximum value on the 1m/s. The
main reasons of vortices have a significant influenced
motion.
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Fig.7 The effect velocity on the accumulative deposition
height

3.3 Effects of temperature gradient on the deposition
height

The temperature difference between the surface of tube
and flue gas (AT). We will study the effect of temperature
and flue gas on the deposition that get on the pipes through
30 second. Fig. (8), shows the deposition height of four
rows of tubes. The results show that deposition height for
all increases with time. Comparing the constant velocity
and varying temperature difference between the inlet flue
gas and the surface tube with thermophoresis forces. Fig
(8-a), (8-b), it can be seen the first row of the tube has a
higher deposition. Since it is shielded by the front tubes
thermophoresis will contribute significantly to the total
amount of ash deposition. Fig (8-a). illustrate, the second
row of the tube has the lowest deposition. As shown in
fig(8-b) the fourth row of the tube has the lowest
deposition
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Fig .8 Effects of temperature gradient on the accumulative
deposition height

3.4 Effects change inlet flue gas velocity on the
deposition height.

This study the change inlet flue gas velocity on the
deposition height through 30 second. Fig (9) Deposition
height of bundle tube as the function of time (comparing
the different AT with constant velocity) Fig (9), illustrates
the deposition height the comparing the constant
temperature difference between the inlet flue gas and the
surface tube =500K, and varying velocity =0.4, v=0.8. As
shown in fig(9-a) (9-b) the second row of the tube have the
lowest deposition. Furthermore, there is an obvious first
row of tube higher deposition presented in fig (9-a). while.
As shown in fig(9-b), the fourth row of the tube has higher

deposition. ATo500 because increasing
V=04 velocity.
—e—R1[ ' ' '
1.6E-6 -9 R2 E
R3
1.4E-6 —v—R4 E

1.2E-6 -

1.0E-6 -

accumulative deposition height (m)

2.0E-7

0 5 10 15 20 25 30
t(s)
Fig.9 Effects change
deposition height

inlet flue gas velocity on the

4- Conclusions

In this study, two dimensions’ numerical simulations of
the ash depositions on the tube bundle are based on the
investigation. Programming procedure in CFD by using
ANSYS FLUENT 2020R1 has been to simulations that
predict the accumulative depositions height on the tube
bundle through model discrete phase model (DPM). For
the current study, the finite volume method is used to
solve governing equations with certain assumptions and
appropriate boundary conditions to clarify modelling aims

and conditions. This work investigates the ability to use
numerical simulations to predict the accumulative ash
deposition on the tubes by using the tools DPM and
studied the factors that importantly influenced ash
deposition with the mechanism’s depositions and without.
The main conclusions that can be drawn from this current
study are as follows:

1. The current work showed that fluent code played
an important to predict the accumulative ash
depositions, and studied the depositions
mechanisms forces (such as thermophoresis
forces) that can have influenced ash deposition on
the tube bundle with important factors such as
(temperature gradient) and (change velocity inlet
flue gas)

2. The results show the thermophoresis forces effect
significantly on ash with thermophoresis
increasing the ash depositions. while without
thermophoresis the accumulative deposition
height decreases about on the first row (0.12%),
seconds row about 0.1%), third row about 0.01%)
and four row about (0.12%)

3. The results show that the accumulative ash
depositions in the four row increase with time
and the front row the accumulative deposition is
higher than of the two rows last

Where:

R1: represent to the three pipes in first row
R2: represent to the two pipes in second row
R3: represented to the three pipes in third row
R4: represent to the two pipes in fourth row
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T
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