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ABSTRACT

The article presents the construction of modular a shell and tube heat exchanger, which is
proposed for food industry. Authors analyzed possibilities of applying this type of heat
exchanger to recover waste heat from a heating boiler used in food production companies.
Recovered waste heat can be utilized for palm oil heating, which is a common ingredient
used in food companies. This construction of heat exchanger allows controlling a heating
power of realized process by simple adjusting area of heat transfer by a system of valves,
by disconnecting subsequent sections of the heat exchanger from the plant, when heat
requirement is decreasing. The research was divided into two parts. First analytical calcula-
tions, related to the design of the heat exchanger were realized. Subsequently, the power
of heat exchanger obtained during analytical calculations was compared to numerical calcu-
lations. The numerical analysis allowed to demonstrate that the flow of exhaust gases
through the shell side of the heat exchanger is not homogenous. Prepared numerical calcu-
lations showed the non-uniform character of flow through the subsequent modules of the

heat exchanger.

Introduction

Food production companies require significant
amounts of heat for the production process. A pri-
mary problem occurring during the production pro-
cess is controlling the number of substrates necessary
for the production process. One of the main sub-
strates, which is often used in food production is
water vapor. This component is usually generated in a
heating boiler, which is located in the factory area.
The analyzed heating device has to provide a large
range of operation to provide the required amount of
water vapor, needed in the production process.
Therefore, it is necessary to control a heating power
of heating boiler, producing this substrate for
food production.

The significant parameter of heating boilers work is
the temperature of exhaust gases. This value has a big
influence on the efficiency of the realized combustion
process. Estimation of the possible amount of heating
power that is recoverable from exhaust gases and
transferred to the cooling medium according to the
energy balance is defined in Equation (1) [1].

Q = megcp,eg(Ti,eg - To,eg) = mpocp,po(Ti,po - To,po)

(1)

Authors performed the analysis of a heating boiler,
of nominal heating power to equal to 4 MW and gen-
erating 150 kW of waste heat through exhaust gases. It
is possible to utilize this heat by an additional, exter-
nal heat exchanger, which is popularly named as an
economizer. Authors of the paper analyzed possibil-
ities of designing a simple construction of a modular
heat exchanger, which allows changing the area of
heat transfer inside of heat exchanger. It is realized by
a system of valves, which can cut off part of installed
sections of economizer plant. It allows modifying the
heating power of economizer depending on the
demand in a production process. Authors analyzed
possibilities of recovering waste heat for a food indus-
trial plant, which is using palm oil in a chips produc-
tion. Scheme of the heat recovery plant is presented
in Figure 1. In this scheme, an additional oil heating
boiler is presented, whose main task is the combustion
of used cooking oil. In this process, economizer also
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Nomenclature

A area of heat transfer, m? ) thermal conductivity, W-m™ "K'

[ isobaric specific heat capacity, J-kg™" K™’ N efficiency, %

d diameter, m N .

> ) ) u dynamic viscosity, Pa-s

DDES ?}f‘talzhed delayed eddy simulation v kinematic viscosity, m>-s~'

g ickness, m : -3

Gz Graetz number, dimensionless P ?ensﬁy, kg:m

k overall heat transfer coefficient, W-m 2K T 1me, § o 1o

K turbulent kinetic energy, J-kg ! ) turbulence dissipation rate, J-kg™ s

1 length, m Subscripts

LES large eddy simulation a average

m mass flow rate, kg-s™' b boiler

Nu Nusselt number, dimensionless c combusted fuel

NTU number of transfer units conv convection

Pr Prandtl number, dimensionless R

Q heat flux. kKW e economizer

RANS Reynolds-averaged Navier-Stokes equations €8 exhaust gases

Re Reynolds number, dimensionless ex eXt.er nal

SST shear stress transport f fluid

t temperature, °C i inlet

T temperature, K in internal

Atyog log mean temperature difference, °C o outlet

w low calorific value of combusted fuel, kJ-kg ™ p pipe

po palm oil

Greek symbols w wall

o heat transfer coefficient, W-m 2K

& turbulence dissipation rate, J-kg '-s ™"
can be used for increasing the efficiency of the com- Staaim
bustion process realized in the additional heat- Exhaust Exhaust | Chimney
ing device. gases gases

Heat exchanger

Analysis and modeling of flow parameters

The temperature of exhaust gases obtained from heat-
ing boilers of discussed thermal power is usually
about 260°C. The minimal temperature of exhaust
gases in the installation is conditioned by avoiding
corrosion conditions when exhaust gases reach a tem-
perature of water or acids condensation. In situations,
where this phenomenon can occur it is necessary to
build a shell side of the heat exchanger and a chimney
from environmentally resistant materials. The minimal
temperature of exhaust gases at the outlet from econo-
mizer was assumed as 180°C to avoid reaching the
dew point of water and acids, which can be precipi-
tated from sulfur and nitrogen from the combusted
fuel. The temperature of liquefaction of water is
described by a dew point dependent on temperature
and partial pressure of water vapor in exhaust gases.
Liquefaction point of acids from exhaust gases can be
obtained according to the expressions presented in
paper [2]. In a production process in a food plant
temperature of palm oil is about 180°C [3]. The
assumed temperature of palm oil, which are returning
from the frying installation is equal to 130 °C.

=
Heating E Exhaust gases
©
boiler a
Qil
Frying instalation hea_ting
boiler

Figure 1. Scheme of a heat recovery plant.

The most common type of heat exchanger applied
in food industrial plants is plate heat exchanger con-
struction. This type of heat exchanger has a compact
structure. The plate heat exchanger is a good solution
for heat transfer realized between fluids in the same
state of matter. If the heat transfer occurs between
fluid and gas, a shell-and-tube heat exchanger is a bet-
ter solution. Application of shell-and-tube heat
exchanger allows for directing a stream of exhaust
gases on the shell side, which compensates the lower
heat capacity of the gaseous medium [4].

The flow of mediums through heat exchanger was
assumed as counter-current. The stream of palm oil is
located in the tube side of heat exchanger. The flow
of exhaust gases is realized through the shell side,
where the cross-section of the heat exchanger is



Table 1. Thermodynamic parameters of a fluid, which are tak-
ing part in a heat transfer process.
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Table 2. Results of analytical calculations of a heat transfer
process in a designed construction of the heat exchanger.

Parameter Exhaust gas Palm oil Parameter Exhaust gas Palm oil
t, [°C] 215 155 Re [dimensionless] 13400 400
¢ kg K] 1097 2249 Nu [dimensionless] 86.2 814
p [kg-m~3] 0.636 825.4 teony [W-m™2K™] 140 700

A W-m™ K] 0.04 0.16 k [W-m™2K™] 9%

Pr [dimensionless] 0.7 47.7 Q [kW] 140

v [m2s] 3.28:x 10°° 418.x 10°°

larger. The mass flow of exhaust gases results from

the combustion process in a heating boiler. The mass

flow rate of combusted coal was computed from

Equation (2).

@
M- We

ar (2)

The efficiency of the heating boiler was defined as
the ratio of the enthalpy growth of the working
medium to the chemical energy supplied with the
combusted fuel. The efficiency of heating boiler work
was assumed as 80%. For analytical calculations, a low
calorific value of combusted fuel was assumed as
23 M]J/kg. The mass flow rate of coal, which is neces-
sary for obtaining the required heating power is equal
to 0.2kg/s. The mass flow rate of exhaust gases is
taken from the combustion process of solid fuel with
combustion air factor equal to 1.8 and is based on
the ultimate analysis of combusted coal. The calcu-
lated mass flow rate of exhaust gases is equal to
2.15kg/s and is based on calculations according to
the paper [5]. The mass flow rate of palm oil is a
result of a requisition of oil amount for a production
process and can be variable. For a heat exchanger
calculation, authors assumed that average oil demand
for a nominal production process and it is equal to
1.3kg/s.

The process of heat exchanger designing was based
on analytical calculations of heat transfer process
during heat transfer between exhaust gases and
palm oil. Analytical calculations were extended by a
numerical analysis, which was composed of steady-
state and transient calculations of fluid flow through
an economizer.

Analytical calculations of the designed
heat exchanger

The heat transfer process is realized in a heat exchan-
ger according to Equation (3).

Qe =k-A- Atlog (3)

Quantity k means an overall heat transfer coeffi-
cient, which is described by Equation (4).

Oil outlet

Qil inlet

Figure 2. Scheme of the analyzed heat exchanger.

1

L — —; )

Oconv, eg ‘din /1}7

%conv, po ‘dex

The log means temperature difference is described
by Equation (5).

ti, eg ta, po

tu, eg _ti,pa (5)

n ti, egftu,po

Atlog =

tu, eg _ti,po

Obtained the log mean temperature difference is
equal to 59.4°C.

Thermodynamic parameters of fluids, which are
exchanging heat in a heat exchanger were imple-
mented for an average temperature of each medium.
Parameters, which are needed are presented in
Table 1 [6,7].

Heat transfer coefficient for exhaust gases was cal-
culated by using a Nusselt number defined by
Isachenko in Equation (6) [8]:

Prf 0.25
Nu = 0.26Re** - Pro® . | = (6)
Pr,

This expression is used during a flow around the
bunch of pipes in the serial configuration. The equa-
tion above is appropriate for the Reynolds number
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Table 3. Properties for grids used in numerical calculations.

The second and the third part of calculations

Parameter The first part of calculations
Number of nodes 3.6 million

Number of elements 3.3 million
Maximum orthogonal quality 0.44

Average orthogonal quality 0.93

Maximum skewness 0.72

Average skewness 0.16

5.6 million
5.3 million
0.40
0.97
0.70
0.14

range of 10°-10° and when the Prandtl number range
of 0.7-470.

Heat transfer coefficient for palm oil was calculated
by using a Nusselt number defined by Sieder and Tate
in Equation (7) [9].

0.33 0.14
Nu = 1.86 (RePr%) . (Z—f> (7)

This equation is defined for laminar flow through a
closed duct where Re is less than 2100, Pr range is

0.48—116709,14 and Z—f range is 0.0044-9.75, and
(Gz)? Ll "> 2, where Gz is the Graetz number
defined as
RePr
Gz =—— 8
1/ (8)

Results of analytical calculations for both mediums,
which are transferring heat are presented in Table 2.

During the analytical calculations, the required area
of heat transfer to recover the suitable amount of
waste heat is assumed to 24 m*. This value allows esti-
mating the main dimensions of the heat exchanger.
Shell-and-tube heat exchanger is built from 64 pipes,
which are equally distributed in a heat exchanger
geometry. Cross section of shell side of heat exchanger
geometry has a square shape with an edge length
equal to 0.5m. Pipes are arranged in subsequent rows,
which were not staggered. The diameter of a pipe is
equal to 0.019m. The distance between the axis of the
adjacent pipes is equal to 0.06m. The distance
between adjacent pipes is the same in the perpendicu-
lar and horizontal side. The heat exchanger is made
from a steel plate with a thickness equal to 2.6 mm.
Heat exchanger construction for this case is composed
of 10 sections, which were arranged into two rows
creating two adjacent modules. Each module has 2.5
meters in length. During analytical calculations esti-
mated heating power, for each module is equal to
70 kW, each section of the module can transfer about
14kW of the heating power.

After each section of the heat exchanger, flow of
the palm oil through the pipe side of the heat exchan-
ger can be stopped and the process of heat transfer
can be interrupted. It enables to control a heat
exchanger power by limiting an area of heat transfer

by leading out a stream of the cooling medium. Area
of heat transfer can be changed manually by a worker
who will control parameters during the heat exchan-
ger work or by application of automatic system like
described in the paper [10]. In situations, where an
amount of heating power is higher additional sections
of the module can be used in a heat transfer process.
Each part of the heat exchanger is connected serially
to the next section. Scheme of the designed installa-
tion of heat exchanger during analytical calculation is
shown in Figure 2. Gray color represents the location
of palm oil in the tube side of the heat exchanger.
White ducts are representing a flow of exhaust gases
through the designed heat exchanger.

Numerical analysis

Numerical calculations were divided into three parts.
The first part was based on calculations for the whole
geometry of the heat exchanger in a steady state.
Calculations in this part were prepared for both mod-
ules of heat exchanger separately. Initially, calculations
were realized for the first module of heat exchanger
construction. After that, results obtained for the first
module were implemented to a second model, as a
boundary condition. The composition of results from
two numerical models shows a whole distribution of
fluid flow and heat transfer parameters in the
designed geometry. In this part of calculations the
Realizable K-¢ model of turbulence with enhanced
wall treatment application was used. This model is
based on the solution of two equations, turbulence
kinetic energy equation K and the rate of dissipation
of turbulent energy ¢. Applied model of turbulence
differs from the standard K-¢ model by higher ability
to capture the mean flow of the complex flow. It is
connected with a different formulation for the turbu-
lent viscosity calculation. In addition, higher accuracy
of calculations results from the different formulation
of the transport equation for the dissipation rate of
the turbulent energy. More information about applied
models of turbulence can be found in publica-
tion [11].

The second part of numerical calculations was
based on steady-state calculations for two adjacent
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Figure 3. The temperature distribution of exhaust gases for a first module of the heat exchanger.
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Figure 4. The temperature distribution of exhaust gases in a second module of the heat exchanger.

sections of the heat exchanger. Numerical analysis was  analyzed in the detached model because it is a period-
realized for the third and fourth section of the econo-  ical element of the heat exchanger construction.
mizer, counted from the inlet of exhaust gases to the  Realizing numerical calculations for periodical part of
geometry. Two sections of the heating device were  the heat exchanger models character of a fluid flow
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Velocity
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Figure 5. Velocity distribution in a first module of the heat exchanger.

and heat transfer process in this device due to a possi-
bility of using a finer mesh. Boundary conditions for
this model originate from a numerical analysis for the
first full module of the designed heat exchanger. The
boundary condition for the inlet is a temperature and
velocity distribution as a profile function obtained in
this plane in the first part of calculations.
Calculations, which was prepared for a finer mesh, are
for using the K- SST (Shear Stress Transport) model
of turbulence. This model is based on the combin-
ation of K-w and K-¢ models. Wilcox’s K-w model is
activated for calculation near the wall and the K-¢
model is solved in the free stream area. Also, K-w
model is based on the solution of two equations
responsible for turbulent kinetic energy K (in the
same way as in K-¢) and specific dissipation rate of
turbulent energy w [11].

The third part of numerical calculations was real-
ized also for periodical part of a heat exchanger.
The third part of the analysis relied on unsteady
calculations of fluid flow in the hybrid modification
of the Reynolds-averaged Navier-Stokes equations
and Large Eddy Simulation (RANS/LES) models.
This type of modeling depends on solving of clas-
sical eddy viscosity formulation based on the dis-
tance to the wall for cells of fluid adjacent to the

solid boundaries and where a turbulent length scale
is less than the grid dimension. Then the calculation
is realized by solving the K-w SST model of turbu-
lence. In the core of a flow where a turbulent length
scale exceeds the grid dimension, the solution is
based on a sub-grid scale [12,13]. Then a Delayed
Detached Eddy Simulation (DDES) model is solved
[14]. Initial boundary condition data to this part of
numerical modeling was obtained from the RANS
calculations in the second part of the numerical
investigations.

Information about grids used in numerical calcula-
tions is presented in Table 3. The second and third
part of calculations were realized on the same mesh.
Grids used in numerical calculations have similar
skewness and orthogonal quality. DDES mesh is of
finer resolution in order to properly resolve exhaust
gases eddies.

The accuracy of numerical calculations was real-
ized based on the two main parameters. The first
parameter was connected with energy balance
obtained between working mediums for every part of
realized calculations. Energy difference obtained
between working mediums for every part of numer-
ical calculations was less than 0.3%. The second par-
ameter was a comparison of results obtained in a
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Figure 8. Distribution of vorticity for one of the sections of heat exchanger obtained for three different time steps.

first and second part of numerical calculations. This For each part of the performed analysis, a heat
comparison shows that the difference in the obtained  transfer process was realized as an interface between
results for two applied grids was less than 2%. two domains, representing exhaust gas and palm oil
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Figure 9. Temperature distribution for one of the sections of heat exchanger obtained for three analyzed time steps.

location in a heat exchanger volume. Thermal condi-  process is implemented to a model in the interface as
tions of realized heat transfer are calculated via system  a steel wall with 2.6 mm thickness. Exterior walls of
coupling. Diaphragm influence for a heat transfer  the heat exchanger are implemented as adiabatic.
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Figure 10. Location of measurement planes for analysis of the character of a fluid realized between the bank of tubes in analyzed

sections of heat exchanger construction.

Results

The full construction of the modular
heat exchanger

Results obtained for a whole module of designed con-
struction are shown in Figures 3-5. Figure 3 shows a
temperature distribution for the first module of the
heat exchanger. Distribution of that value for the
second module of the designed heat exchanger is
shown in Figure 4. Figure 5 presents the whole vel-
ocity profile for the first module of the economizer.
Average temperature of exhaust gases at the outlet
from the full construction of heat exchanger is equal
to 215°C. It means that a heating power of econo-
mizer calculated in numerical modeling is less than
the assumption in analytical calculations. A numerical
analysis prepared for the full geometry of economizer
shows, that the real power of heat exchanger is equal
to 106kW. This value is to 25% less than the heat
flow calculated during analytical calculations. This dif-
ference results from the inaccuracy of expressions,
which were used in analytical calculations of heat

transfer coefficient by convection based on the
Nusselt number. However, the reason for power dif-
ference is the lack of information about correction
factors for the proposed construction of the modular
heat exchanger. For a shell-and-tube heat exchanger,
the correction factor is depended on the number of
baffles located in the construction and the direction of
flow [15,16]. Correction factors are connected with
pressure drop for a flow of working medium through
the heat exchanger, which usually are experimentally
defined. Analyzed construction of economizer has a
large number of changes in the direction of a flow for
which we do not have information about correction
factors. The minimal temperature of exhaust gases is
equal to 196.7°C. This temperature is less than an
average temperature at the outlet from the heat
exchanger but does not achieve a temperature of
water or acids liquefaction from exhaust gases.
Increasing the power of heat exchanger requires the
extension of a heat transfer area by additional mod-
ules into the installation. This operation will increase
the costs of the construction and will not allow for
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Figure 11. Temperature distribution obtained in the cross-section located after 2 (upper) and 4 rows (lower) of pipes along to the

flow in the shell side.

recovering big amounts of waste heat because it
decreases the temperature difference between working
mediums. Increasing heat transfer area cause the for-
mation of additional area, where heat exchanger walls
can be exposed to corrosion conditions.

Analysis of velocity distribution inside designed
construction during steady state calculations shows,
that fluid flow realized through a heat exchanger has
a similar character for each section of the econo-
mizer. Exhaust gases changing the direction of flow
between adjacent sections of the heat exchanger. It is
related to the generation of an eddy in the area

where a change of direction of the flow is present. It
is responsible for directing a bigger stream of exhaust
gases to the opposite wall of the section. This phe-
nomenon causes that lower amount of exhaust gases
are flowing near the wall of the section, which is
located closer to the previous section. Owing to this
fact also an obtained distribution of temperature in
this place is lower because heat transfer from the
smaller stream of exhaust gases is easier. Lower vel-
ocity of flow causes that the heat exchanger walls
located in this place are more exposed to an
ash deposition.
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Figure 12. Temperature distribution obtained in the cross-section located after 6 (upper) and 8 rows (lower) of pipes along to the

flow in the shell side.

Periodic part of the economizer

Figures 6-9 present parameters of flow and tempera-
ture distribution for two adjacent sections of designed
construction obtained during transient calculations for
a periodical part of the heat exchanger. Results of
unsteady calculations are showed as a function of
time for three time steps equal 0.15s, 0.2s, and 0.25s.
Velocity distribution obtained for that part of the cal-
culation is shown in Figure 6. Obtained results inform
that the velocity profile is not homogenous during the
heat exchanger operation. Maximum velocity was
occurring in the area of tubes, where a cooling

medium was flowing. It is related to decreasing cross-
section of the shell side of the economizer in this
place. Also, a maximum velocity of flow was noticed
in different places for further time steps of realized
flow. The obtained maximum value of velocity was
changing slightly, but noticeably during flow through
economizer in considered time steps.

This phenomenon is connected with the variable
distribution of kinetic turbulent energy and vorticity
in the analyzed flow. Values of those psychical quanti-
ties are shown in Figures 7 and 8. Turbulent kinetic
energy in numerical calculations for technical applica-
tion is defined in the same way as in paper [17] and
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Figure 13. Distribution of turbulent kinetic energy obtained in the cross-section located after 2 (upper) and 4 rows (lower) of

pipes along to the flow in the shell side.

describes the intensity of eddies generation inside of
flow-through devices. This phenomenon is responsible
for the turbulent flow generation between the bank of
tubes. During subsequently analyzed time steps the
turbulent kinetic energy is changing his distribution.
Areas of maximum turbulent kinetic energy are
mostly present between pipes in the same row or
near to this area. This phenomenon is occurring
more intensely on the right side of each section. It is
connected with obtained velocity profile for exhaust
gases flow through economizer. The higher velocity
of the flow is responsible for more intense eddies

generation in this area. Effect of that is visible in the
distribution of vorticity. It shows that the peak of
vertical flow is occurring in parts of fluid, which are
located near to the bunch of tubes. Also, an intense
rotational flow is present during changing a direction
of flow for exhaust gas between two sections of the
heat exchanger. This place is exposed to intense
eddies generation, where comes to stagnation of a
flow. Eddy generated in this place is responsible for
limitation of exhaust gases flowing near to the left
side of each section of the heat exchanger, closer to
the inlet of the section.
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Figure 14. Distribution of turbulent kinetic energy obtained in the cross-section located after 6 (upper) and 8 rows (lower) of

pipes along to the flow in the shell side.

Temperature distribution obtained during unsteady
calculations is presented in Figure 9. Distribution of
temperature was identical for all of the analyzed time
steps before changing the direction of flow between
subsequent sections of the economizer. When exhaust
gases changed the direction, the profile of temperature
was changed slightly. The temperature at the outlet
from the third section of the heat exchanger for con-
sidered time steps was stable and equals to 244°C.
The temperature difference between the inlet to the
second section and outlet from the third section was

about 7°C. Obtained heating power for the analyzed
periodical element of heat exchanger construction is
equal to 20 kW.

Fluid flow in the area of the bundle of tubes

Authors of paper analyzed the character of flow in
designed construction between applied deployment of
a bunch of pipes. This part of heat exchanger has a
crucial influence on the fluid flow in the whole vol-
ume of the heating device. Data were collected for
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Figure 15. Velocity distribution obtained in the cross-section located after 2 (upper) and 4 rows (lower) of pipes along to the flow

in the shell side.

every two rows of pipes, starting after the second row
and ending after the eight rows of pipes according to
Figure 10. Results are presented in Figures 11-16.
Obtained results are presented in the view from
above, where the left side of the picture shows a dis-
tribution for a previous section of the heat exchanger.
The right side of the figure presents data obtained in
a subsequent section of economizer located in the
same plane. The different direction of exhaust gases
flow in adjacent sections of the heat exchanger causes,
that presented figures do not show results for the
same part of the subsequent section. Results showed

on a cross-section located after the second row of
pipes for the first analyzed section will presents results
obtained for the subsequent section after the sixth
row of pipes according to the flow direction.

Figures 11 and 12 present temperature distribution
attained between rows of pipes. The temperature of
exhaust gases is dropped gradually in the middle part
of the heat exchanger. Part of exhaust gases located
near external walls does not change a temperature
according to the flow through the first analyzed sec-
tion of the economizer. This phenomenon is well vis-
ible in the upper and lower part of the figure. It is
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Figure 16. Velocity distribution obtained in the cross-section located after 6 (upper) and 8 rows (lower) of pipes along to the flow

in the shell side.

connected with the limited influence of cooling
medium for exhaust gas located in this area. In numer-
ical model boundary condition located at external walls
of the heat exchanger was assumed as adiabatic.

When exhaust gases are directed into the second
analyzed part of heat exchanger most of the flow is
directed along the right side of the section. After flow
crossing the second row of pipes temperature profile is

more uniform. It is connected with a displacement of
the exhaust gases stream into the left side of the mod-
ule and the mixing of exhaust gases. However, a bigger
stream of exhaust gases still flows along to the right
side of the section. It is visible due to the lower tem-
perature of exhaust gases on the left side of the section.

Velocity distribution and energy of turbulent kin-
etic energy for a flow, which flows between a bunch
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of tubes are presented in Figures 13-16. These param-
eters have a strong connection with each other so that
they can be described together. Obtained results
inform that a turbulent intensity is increasing for sub-
sequently analyzed planes for the first modeled sec-
tion. Delivering of a fluid into the next module with
simultaneous changing of a flow direction do not
cause limitation of the vorticity parameter for exhaust
gases flow. The direction of flow into the next section
of a bunch of tubes causes gradually increasing of tur-
bulent intensity of flow. It can denote that flow profile
obtained in a previous part of economizer was not
fully developed. Transport of the exhaust gases
through the second section causes more intense of
turbulent kinetic energy generation than obtained in
the first section. Flow through second analyzed section
did not cause visible increasing of turbulent kinetic
energy, which shows that obtained flow in this place
is developed. Exhaust gases flow past a bank of tubes
causes a big difference in flow distribution between
subsequent rows of pipes. Velocity profiles have con-
firmation in the variable distribution of kinetic turbu-
lent intensity between rows of pipes. In places, where
large velocity gradients of flow occurs kinetic turbu-
lent energy has a peak. This area occurs the highest
heat fluxes between exhaust gases and oil.

Conclusions

Analysis of fluid flow through heating devices has sig-
nificant importance for a design process. Numerical
modeling allows for a verification of the analytical cal-
culations, which usually form a basis during heat
exchanger design process. Appropriate design of a
heat exchanger unit enables a long usage of the heat-
ing device in a plant. Precise analysis during the
design process prevents corrosion [18], which can
generate a big amount of costs during maintenance
and downtime of installation. Analytical research was
connected with mass, momentum, and energy calcula-
tions based on the number of similarities for analyzed
flow like a Reynolds, Nusselt, and Prandtl number.
However, there is a second approach to analytical cal-
culations based on the Number of Transfer Units
(NTU) method, which is more precious for the simple
construction of heat exchangers. Both methods use
correction factors depended on pressure drop and dir-
ection of a flow in a shell and tube side of the heat
exchanger. However, a lack of information about cor-
rection factors causes difficulties in an analytical
approach to the calculations of the heat exchanger
power. Comparison of these two analytical approaches

will be analyzed in further research. Precious calcula-
tion of correction factors required preparation of
experimental research for analyzed construction of the
heat exchanger. Experimental research and prepar-
ation of numerical model also for concurrent flow
allows finding diagrams of the heat exchanger effi-
ciency definition, which will be necessary for the
application of the NTU method. Numerical calcula-
tions showed high asymmetry of a flow in a full con-
struction of the economizer. This phenomenon is
presented in the area of reversing chamber responsible
for the direction of exhaust gases flow to the subse-
quent sections of the heat exchanger. Also, it occurs
in areas of the shell side of the economizer between
the bank of tubes. High asymmetry of a flow distribu-
tion means the necessity of preparation numerical cal-
culations for whole sections of the heat exchanger.
Approach to the numerical modeling for smaller parts
of heat exchanger construction [19,20] causes omis-
sion of asymmetry phenomenon in the analyzed flow.
Also applied the model of turbulence in the unsteady
part of numerical calculations does not allow to obtain
accurate results in calculations realized for limited
parts of the domain. The occurrence of asymmetric
flow through the heat exchanger section is an effect of
flow separation. Obtained results during the numerical
calculations show area, where is possible to mount
flow fences. Application of those elements into the
heat exchanger construction will stabilize the character
of a flow.
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The paper presents a numerical study of a heat transfer process realized in a three draughts low power
heating boiler for solid fuels combustion equipped with an afterburning chamber. The main reason for
the proposed research is to define the character of an exhaust gas flow through the special construction
of heating device at different levels of the heat loading. Heating boiler construction allows for dividing
stream of the flue gases into two separated streams. One part of the stream is transferred directly to the
afterburning chamber and omits first two draughts of the heating boiler, where the rest of exhausts is
directed to. Authors simulated the limitation of exhaust streams division into the afterburning chamber
in order optimize the heat transfer process. Obtained results showed that the character of exhaust gas
flow strongly depends on the amount of heating power of the heating device. Changes in exhaust gas
flow caused increasing of heating power obtained for the nominal load by 4.2%. Similar effect was not
visible during heating boiler work with minimal level of the heat load.
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1. Introduction

Low power heating boilers are very often used in domestic ap-
plications as a primary source of heat. Heating systems based on
solid fuels are very popular in Polish households. According to
Ref. [1] about 35% of energy consumption in the residential sector
for heating purposes is related to the hard coal combustion. In The
United Kingdom, only 7% of the energy used in single-family houses
comes from coal combustion. Effects are well visible in measure-
ments of air quality in the European Union (EU). Poland has the
worst air quality among all of the countries of the EU [2]. The main
factor responsible for the bad quality of air in Poland is the com-
bustion of low-quality solid fuels and incinerating household
garbage by the residential sector. Combustion is often performed in
old, uncertified heating boilers, that do not fulfill requirements of
efficiency and level of emission of harmful compounds of exhaust
gases.

Therefore the European Parliament introduced the Regulation
2015/1189 [3] and 2009/125/EC [4] directive enforcing the imple-
mentation of the above. Pack of directives connected with energy
savings is popularly named Ecodesign requirements. Article 16 of

* Corresponding author.
E-mail address: wojciech.judt@put.poznan.pl (W. Judt).

https://doi.org/10.1016/j.energy.2020.117093
0360-5442/© 2020 Elsevier Ltd. All rights reserved.

the mentioned directive states, that the European Commission is
required to implement certain requirements for heating devices,
which lead to a limitation of greenhouse gas emission. The re-
quirements cover energy efficiency and air pollutant emissions into
the atmosphere. Limitation of pollution is connected with lower
fuel consumption by increasing the overall efficiency of heating
devices. Mentioned requirements are mandatory from 2020 for all
manufacturers and suppliers of solid fuel boilers with a rated heat
output of 70 kW or less wishing to sell their products in the EU.
According to the directive requirements, heating boilers will be
divided into groups according to the seasonal space heating energy
efficiency parameter and are labeled just as domestic appliances.
Ecodesign defines the parameter of the seasonal space heating
energy efficiency according to equation (1).

Nson =0.85+1Mp +0.15-1m, (1)

Parameter 1, is the energy efficiency of the heating device at the
nominal heat load. Parameter n, determines energy efficiency at
the minimal power of the heating boiler and depends on the fuel
delivery method to the combustion process. Boilers equipped with
automatic feeders fall in the range of n;, of 30% of nominal power.
Manual feed boilers fall in 50% of nominal power. The above
equation is derived from the real heat load of heating boilers used
in domestic applications throughout the whole year. The legislator
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Nomenclature

A ash content - wt. %

p specific heat - kJ-kg™1-K~!

C carbon content - wt. %

F area of cross-section of draught — m?
H hydrogen content - wt. %

m mass flow - kg-s~!

M moisture content - wt. %

N nitrogen content - wt. %

(0} oxygen content - wt. %

Pd pressure drop — Pa

P real power of heating boiler — kW

Pn boiler power level — %

Q heat flux - W

r relative flow - %

S sulfur content - wt. %

t temperature - °C

u velocity - m-s~!

Wy low calorific value of combusted fuel - MJ-kg ™!
y* dimensionless wall distance

At temperature difference - °C

n energy efficiency - %

Mn energy efficiency at nominal power - %

Mp energy efficiency at minimal power - %

Nson seasonal space heating energy efficiency - %
P density - kg-m >

Abbreviations

CFD Computational Fluid Dynamics

C1-C2 line of tubes

D; first draught

eg exhaust gas

EU European Union

f fuel

max maximum

out outlet

R1- R4 row of tubes

Rx appointed row of tubes

w water

z appointed thermodynamic parameter (density,

specific heat, heat conduction, kinematic viscosity)

noticed that 85% of the annual heating boilers work with minimal
heating power. The assumed value corresponds with real condi-
tions of solid fuel heating boilers operation during the season.

Improvement of seasonal energy efficiency required to look at a
heat transfer process realized in the heating devices. So far the heat
transfer process was analyzed usually in high power boilers used in
power plants. Source [5] presents a dynamic heat transfer model
for the estimation of exhaust temperature for the coal-fired utility
boiler. Papers [6—9] raise the issue of a heat transfer process in
wall-fired pulverized coal boilers equipped with swirl burners.
Heat transfer realized in power boiler superheaters was also
analyzed by authors of papers [10—12]. Thermal stresses of critical
elements of steam boilers during the heat transfer process were
taken into account by Taler et al. [13]. Heat transfer characteristics
were also analyzed for large-scale bubbling fluidized bed boilers
[14,15], and grate boilers [16,17]. Also, a numerical study is used in
the analysis of the heat transfer process in boilers used in thermal
plants. Gu et al. [18] analyzed a heat transfer process for super-
critical water in riffled tubes with a comparison of heat transfer
between smooth and internally ribbed tubes [19] during the steam
production. A wide range of information about the limitation of
energy waste in industrial boilers is collected in a review proposed
by Barma et al. [20].

A Computational Fluid Dynamics analysis prepared for low po-
wer heating boilers to a small extent raises the issue of the heat
transfer process based on the character of the work of heating
devices. A team of researchers from the University of Vigo conducts
the numerical simulations of biomass combustion for heat load
equal to around 30 kW [21—24]. Numerical calculations were also
prepared for the combustion of wood logs in 8 kW stove [25] and
wood pellets in a 13 kW heating power stove [26]. The study [27]
raises the issue of biomass combustion in small-scale boilers in a
simple construction of the combustion chamber. CFD workflow
during modeling of fixed-bed biomass combustion in industrial and
small scale boilers are presented in Ref. [28]. Coal combustion
modeling in small domestic boilers is analyzed in Refs. [29—31]. The
application of numerical methods for the definition and optimiza-
tion of the thermal cycle for low power boilers are shown in papers
[32,33]. In an earlier study [34] authors analyzed the temperature

distribution in an outdated type of low power boiler. Paper [35]
presents the application of CFD methods for simulation of grate-
fired biomass boilers intended for semi-industrial or multi-family
residential applications.

However, CFD methods are intensively used for heat transfer
and fluid flow analysis in heat exchangers and furnaces intended
for industrial purposes. The study [36] deals with heat transfer
modeling in modular heat exchanger used as an economizer, which
recovers waste heat from a steam boiler. Work [37] raises the issue
of conjugate heat transfer in pumped heat energy storage system.
Authors of paper [38] analyzed a heat transfer process during cyl-
inder heating in the heat-treating furnace.

Mentioned papers use CFD methods for low power solid fuel
boilers do not discuss the inequality of exhaust gas flow through
the heat exchanger chamber. Calculations are usually prepared for
simple combustion chambers, where the exhaust gas stream is not
split into separated parts directed in different directions.

The main objective of the study is the recognition of the char-
acter of exhaust gas flow inside the complex construction of a low
power heating boiler by CFD methods. Conducted research con-
cerns on the character of the heat transfer process during heating
boiler work with various heat load and variable exploitation pa-
rameters. The motivation of authors is focused on the improvement
of energy efficiency in domestic heating devices based on the real-
life operating conditions. In consequence, it leads to the limitation
of fuel consumption and, as a result, the reduction of human in-
fluence on the natural environment.

2. Setup

The research was prepared for the construction of the heating
boiler presented in Fig. 1. The mentioned heater achieves heat load
equivalent to 18 kW. Boilers that attain that level of power are
designed for domestic applications such as heating and preparation
of hot water for sanitary use. The mentioned device is a three
draught heating boiler for solid fuel equipped with an afterburning
chamber. The location of heating boiler draughts is shown in Fig. 2.
Two first draughts are composed of four equidistant pipes arranged
in a row. The third draught is composed of eight pipes arranged in
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Fig. 1. Construction of the heating boiler with marked crucial planes (XY and YZ) used
in results analysis, 1 — combustion chamber, 2 — flue, 3 — water inlet, 4 — water outlet,
5 — plane YZ, 6 — plane XY, 7 — directly connection between combustion chamber and
the afterburning chamber, 8 — afterburning chamber, C1-2 — lines of pipes in the
draught, R1-R4 - rows of pipes in the draught.

two parallel lines. The boiler is designed for coal combustion in the
retort burner with automatic fuel delivery.

Construction of the heating device allows for dividing exhaust
gases into two separate streams. The operation scheme of the
heating boiler is shown in Fig. 3. One portion of the flue gas is
directed to the afterburning chamber through the first and second
draught. The second portion of fumes flows directly from the
combustion area to the afterburning chamber. Two parts of exhaust
gas with different temperatures are then mixed inside the after-
burning chamber. The main task of that element is to combust
flammable compounds present in exhaust gases, which left from
the combustion chamber. The third draught is responsible for
extracting the fumes from the afterburning chamber into the flue,
where gases are disposed into the atmosphere.

3. Methodology

Numerical analysis was prepared for 30% and 100% of the
nominal power of the heating boiler. Mentioned levels of the heat
load arise from Ecodesign requirements. Calculations were

ond draught

Third
draught <4=First
Afterburning_- draught
chamber wp

Combustion
chamber ’

Fig. 2. Draughts location in the heating boiler structure.

prepared in the ANSYS Fluent environment. The flow is analyzed
based on the mass flow rate of exhaust gases, flowing directly to the
afterburning chamber. The numerical model predicts two config-
urations of the duct 7 showed in Fig. 3. In the first case, the flow
through the duct is unbound according to the heating boiler con-
struction. In the second case, a cross-section of the duct is limited to
50%. The main reason for that approach is to show, how the heat
load will change during the limitation of flow from the combustion
chamber to the afterburning chamber and in consequence directing
the higher amount of exhaust gas flow through the first and second
draught.

3.1. Mesh used in numerical modeling

An unstructured, polyhedral mesh is generated in the Fluent
Meshing Software. The quality and sizing parameters of the used
grid are shown in Table 1. A boundary layer first element height is
prepared for y* parameter equal 1. Polyhedral grids combine the
advantages of the application of hexahedral and tetrahedral ele-
ments. Hexahedral elements are less sensitive for numerical
diffusion as tetrahedral grids. Tetrahedral meshes are generated in
a convenient way by an application of automatic algorithms that
allow for the meshing of complex domains. As a convergence
criteria, a balance of energy and mass flow of the working medium
is used. Also, a temperature of working mediums at the outlet from
the domain was taken as the criterion of the convergence of sim-
ulations. Increasing the number of cells in the computational grid
does not provide a more accurate solution.

3.2. Boundary conditions

As a working media exhaust gas and water are used. Thermo-
dynamic properties, having an impact on a heat transfer by con-
vection were defined as a function of the temperature of exhaust
gas. The parameters are density, specific heat, heat conduction and
kinematic viscosity. Values of the aforementioned parameters are
derived from properties of primary compounds of the exhaust gas
composition as a function of temperature according to the equation

(2)
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Fig. 3. The operation scheme of heating boiler work, 1 — combustion chamber, 2 —

afterburning chamber, 3 — first draught, 4 — reversing chamber, 5 — second draught, 6
— third draught, 7 — channel connecting combustion and afterburning chambers.

Table 1
Parameters of the grid used in the numerical calculations.
Number of elements Orthogonal quality Skewness
min ave max ave
3.9 min 0.10 0.83 0.87 0.12
4 273 K
Zteg = Z Pi . Zivteg om (2)
i=1

where 1 — COz, 2 — No, 3 - 02, 4 — H20.

Specific heat, heat conduction and kinematic viscosity for water
are defined as a constant and are derived from the average tem-
perature of water in the domain. Usually, a water temperature
difference for low power heating boilers ranges between 10 and
15 °C and such temperature difference in this range does not cause

a major change in physical properties.

The density of water is modeled as a function of temperature in
a range of temperature changes according to Kell’s formulation
[39]. The omission of the differential density of water as a function
of temperature causes problems with the natural mass movements
in the water domain. This leads to the adulteration of a local tem-
perature difference between the flue gas and the cooling water and
causes flawed computation of heat transfer in the whole domain of
the modeled heating device.

Heat transfer by radiation in the modeled heating boiler is
simulated by the application of the Discrete Ordinates model of
radiation. This method is sufficient for the solution of radiation heat
transfer for non-grey problems in semi-finite and finite mediums.
The considered model allows for scattering modeling with com-
plete frequency redistribution and continuum absorption [40].

In a numerical model, the k-w SST (Shear Stress Transport)
model of turbulence was used. This model is based on the combi-
nation of k-w and k- models. Wilcox’s k-w model is activated for
calculation in the inner region of the boundary layer. The k-¢ model
is solved in the free stream area [41].

Boundary conditions at the inlet to the domain for both fluids
are defined as the mass flow. The amount of fuel m¢ required for
obtaining a power of conversion process results from the definition
of the efficiency according to the equation (3).

_Q
n'Wu

iy (3)

Quantity of exhaust gas meg, which is flowing through the
domain depends on the power of the combustion process and in
consequence from the mass flow of fuel delivered to the burner. The
amount of exhaust gas is calculated according to the methodology
described in Refs. [42,43]. Calculations are based on the fuel
composition according to the equation (4) and originate from
proximate and ultimate analysis of the fuel.

C+H+S+N+O+M+A=1 (4)

It is assumed that the proper combustion process of solid fuel
occurs at the air exceed coefficient equals 1.8. Mentioned value
refers to a practical approach to the research of solid fuel com-
bustion and finds confirmation in other works [44,45]. Basic pa-
rameters of coal required in analytical calculations are presented in
Table 2. The mentioned composition represents typical hard coal
intended for automatic burners in a fraction of grain of 5—25 mm,
which is currently available on the Polish market.

The temperature of exhaust gas is specified by the calculation of
the real initial temperature of the combustion process [46]. This
value is calculated from the calorimetric temperature of combus-
tion with taking into account an excess air number which is equal
to 1.8. Analytical calculations were prepared for the nominal power
of the device for the composition of exhaust gases calculated
before. The temperature at the inlet to the domain is equal to
850 °C. The stream of cooling water, which is flowing through the

Table 2

Composition of fuel used in analytical calculations.
Parameter Value
Fixed carbon - C (wt. %) 65.6%
Fixed moisture - M (wt. %) 12%
Oxygen - O (wt. %) 9.6%
Ash content - A (wt. %) 8%
Hydrogen — H (wt. %) 4%
Nitrogen - N (wt. %) 0.8%
Sulfur - S (wt. %) 0%
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water jacket depends on the power of the heating boiler. Mass flow
of water required to receive the desired heating power is defined
according to the equation (5).

. Q
My = & At (5)

The temperature of water at the inlet to the domain depends on
the load and size of the installation receiving a generated heat. This
value, in this case, is assumed as 60 °C.

Mass flow of exhaust gas and water through the heat
exchanging chamber in the analyzed construction of the heating
boiler is showed in Table 3. Nominal heating power Q is defined for
a construction equipped with vortex generators, which are
mounted in every tube forming the heating boiler draughts. Vortex
generators increase the heat transfer coefficient in the mentioned
area. Prepared CFD analysis does not include vortex generators in
the domain because of limited available computing power. There-
fore obtained heat load in the domain will be lower than measured
in the experiment.

In the analysis of the result, two additional parameters are used.
The first physical quantity is the magnitude of flue gas which is
flowing through the first draught. It is defined as a product of ve-
locity and density according to the definition (6).

Meg p, =F-Uegp,* Peg D, (6)

The second value is a relative mass flow through the tubes
located in the first draught which was defined according to the
equation (7).

m
T, D = = 2. 100% (7)
’ Meg, out
The mentioned value allows for showing what part of exhausts
flows to the afterburning chamber with the omission of the first
two draughts.

4. Results and discussion

Fig. 4 shows the temperature distribution of exhaust gas in the
heating boiler for two analyzed levels of the heat load in the XY
plane according to Fig. 3. The mentioned plane allows for showing
differences of flow for all analyzed cases between free and limited
stream which is directed to the afterburning chamber. Crucial pa-
rameters connected with the heating boiler work for all analyzed
cases are collected in Table 4.

During the work with the nominal power, the limitation of flue
gas flow into the afterburning chamber caused the reduction of
temperature of exhaust gas at the outlet by 7 °C. It is caused by a
flow path extension for a higher mass flow of fumes through the
first and second draught. It is connected with a greater magnitude
of convective heat transfer caused by a higher velocity of flue gas,
which has a tremendous impact on the Reynolds number and in
consequence for the Nusselt number in the mentioned area. The
temperature difference between analyzed cases at the outlet from
the domain has an impact on increasing heating power by 4.2%.
Limitation of exhaust gasses flow into the afterburning chamber

Table 3

Streams of working mediums at the inlet to the domain.
Q (kw) Meg (kg/s) my (kg/s)
6 0.006 0.165

18 0.02 0.55

0.500 (m)

[ ] 0 0.250
E— —
0.125 0.375

Temperature

830
772
713
654
595
537
478
419
361
302
243
184
126
67

[C]

» 0 0.250

0.500 (m)

0.125 0.375

Fig. 4. Temperature distribution of flue gas in the XY plane, a) unhampered flow for
30% of nominal power, b) limited flow for 30% of nominal power, c) unhampered flow
for 100% of nominal power, d) limited flow for 100% of nominal power.
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Table 4

Crucial parameters for exhaust gas flow through the heating boiler.
Pn (%) 30% 100%

a b a b

tegout (°C) 138 107 228 221
Umax.eg (M/s) 2.0 2.1 41 53
pa (Pa) 2.82 2.62 7.63 122
Q (kW) 47 47 11.8 12.3

has a bigger impact on the temperature at the outlet from the
domain in cases when the heat load is equal 30% of nominal power.
Then it comes to degreasing of temperature at the outlet from the
domain by 30 °C without visible changes in the heating power.

Velocity distribution obtained for analyzed cases located on the
plane mentioned earlier is presented in Fig. 5. Obtained results for
cases when flow through the duct 7 is free, inform that the whole
stream of exhausts realized through directly to the afterburning
chamber is performed by the left row of pipes of the last draught.
This phenomenon is also confirmed in the analysis prepared for the
definition of mass flow of flue gas in each tube of the third draught.
The mentioned results are shown in Table 5. Collected data shows
that independently from analyzed cases obtained for a lower
stream of exhaust in a domain, in the part of the last draught
reversed flow is occurring. Limitation of fumes flow into the
afterburning chamber cause higher homogeneity of the exhaust gas
stream in this area and reduces the temperature at the outlet of the
domain. Obtained the same level of heating power for two analyzed
cases is connected with increased exhaust cooling in the first two
draughts for unhampered flow and direction of the higher stream
of fumes back to the afterburning chamber.

When the heating boiler works with the nominal power, the
phenomenon of reversed flow does not occur. It is connected with a
higher mass flow of exhaust gas which has a big impact on pressure
distribution in the third draught. However higher stream of fumes
flows through pipes located in the central part of the boiler, which
is the shortest way to the outlet in conjunction with low pressure of
exhausts in this area. Limitation of exhaust gas flows through the
duct connecting the combustion chamber with the afterburning
chamber when heating boiler work with the nominal power also
leads to higher homogeneity of the stream in every pipe creating
the third draught. However higher stream of exhausts is still
directed through the left line of pipes. The dominating impact for
that phenomenon in both cases has eddy creation between con-
nections with second and third draught in the area of the after-
burning chamber.

Limitation of exhaust flow into the afterburning chamber
changes the direction of the bigger stream of exhausts to the first
and second draught of the boiler. Then a higher temperature of flue
gas is present in this area. Increasing the temperature difference
between working mediums cause the rising amount of heat
transferred between working mediums. Also, a big impact on that
phenomenon has the increased velocity of a flow according to the
Reynolds number. Restriction of the flue gas flow to the after-
burning chamber does not cause intense changes in maximum
velocity for lower analyzed heat load of the heating device. In
connection to the above does not come to an increase of a pressure
drop in the domain. When the heating boiler works with the
nominal power, limitation of a cross-section of duct 7 causes an
increase of maximum velocity of exhaust gas by 30%, which results
in additional pressure drop of the flue stream. Pressure drop
increment after the limitation of fumes flow is increased by 4.6 Pa
which is equal to 60% more than in cases when exhaust flow is
unhampered.

a b

Velocity
2.0
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1.7
1.5
1.4
1.2
1.1
0.9
0.8
0.6
0.5
0.3
0.2
0.0
[m s-1]

0500 (m)

Velocity

4.8
4.4
- 40
- 3.7
3.3
2.9
2.6
2.2
1.8
1.5
1.1
0.7
0.4
0.0
[m s-1]

& 0 0.250
— —
0.125 0.375

Fig. 5. Velocity distribution of flue gas in the XY plane, a) unhampered flow for 30% of
nominal power, b) limited flow for 30% of nominal power, ¢) unhampered flow for
100% of nominal power, d) limited flow for 100% of nominal power.

0.500 (m)

Fig. 6 shows an amount of exhaust flow through the first
draught on the YZ plane (according to the scheme of the boiler)
located in the cross-section of the first draught. The percentage of
exhausts mass flow divided into respective tubes is presented in
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Table 5
Distribution of mass flow obtained for each pipe in the third draught.
Pn (%) 30%
case a b
row line
C1 2 C1 2
R1 30.8% —7.3% —6.0% —5.3%
R2 34.7% —6.6% —6.0% 14.7%
R3 36.8% —51% 34.6% 20.9%
R4 23.6% —6.9% 30.8% 16.3%
Pn (%) 100%
row column
C1 2 C1 2
R1 10.7% 8.1% 7.9% 7.6%
R2 17.5% 11.4% 11.9% 10.7%
R3 18.0% 11.5% 21.1% 14.6%
R4 13.0% 9.7% 14.1% 12.0%

Table 6. Mentioned value is obtained by division of mass flow for
each tube of mentioned draught divided by the total mass flow of
exhaust gas flow at the outlet from the domain. The character of
flow through the first draught for the unhampered flow is much
different depending on the heat load of the heating device. When
the boiler works with the minimal level of the heat load exhausts
are directed to the reversing chamber which connects first and
second draught only by two internal two tubes of the first draught.
Two external pipes are responsible for occurring of reversed flow
which directs fumes back to the combustion chamber. It is caused
by eddies generated inside the reversing chamber, located above to
the outlet from external pipes in the first draught. Then only 31.4%
of exhaust flows through the first draught. Restriction of flow to the
afterburning chamber caused that almost 90% of exhaust gas flow
through this part. A higher amount of exhaust gas is received
equally by all ducts located in the mentioned area. The combustion
process for the minimal power of the heating device does not
generate a large amount of exhaust gas stream. A limited amount of
exhausts could easily move through the available space in the first
draught equally filling each duct. Then do not come to the pressure
drop increases.

When the heating boiler operates with the nominal power a
higher volume of exhausts is present in the domain. It is connected
with a higher partial pressure of elementary compounds of exhaust
gas. The effects are highly visible in the resistance of flow according
to the Bernoulli equation. Limitation of exhaust gases flows through
the duct connecting the combustion chamber with the after-
burning chamber causes, that about 37% of fumes are transported
through the first draught of the heating boiler. The distribution of
exhaust gas in each of the four pipes is uniform. The limitation of a
flow to the afterburning chamber caused a higher stream of fumes
has to appear in the first draught. Then 51% of the overall stream of
exhaust gas flows through this area. It is the main reason for the
increased pressure drop in the domain.

5. Conclusions

Small heating boilers used in the domestic applications work in
awide range of heat load. For the most part of the year, boilers work
with the heating power close to 30% of the nominal heat load.

The character of a flue gas flow through the heat exchanger
chamber strongly depends on the heat load of the heating device
according to the number of exhausts present in the domain. The
amount of fumes in the heat exchanger chamber has the main

a b
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Fig. 6. Distribution of amount of exhaust flow through the first draught a) unham-
pered flow for 30% of nominal power, b) limited flow for 30% of nominal power, c)
unhampered flow for 100% of nominal power, d) limited flow for 100% of nominal
power.
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influence on a pressure drop of exhaust gas between the combus-
tion chamber and the flue of the boiler. It also affects the eddy
generation in the domain, which has to dominate influence for
irregular character of flow between each tubes forming heating
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Table 6
Distribution of exhaust mass flow obtained for each pipe in the first draught referred
to mass flow at the outlet from the domain.

Py (%) 30% 100%
row case
a b C d
R1 —16.1% 18.6% 8.9% 12.6%
R2 28.1% 25.2% 9.1% 13.3%
R3 31.5% 22.5% 9.7% 13.1%
R4 —12.0% 21.4% 9.1% 12.3%
boiler draughts.

Appropriate division of exhaust gases stream between ducts of
the heating boiler allows achieving optimal parameters of flow for
each level of the heat load. Implementation of a regulation system
responsible for controlling of amount of exhaust gas developed into
the afterburning chamber allows us to achieve fractional influence
for a pressure drop with preserving of the high efficiency of heating
boiler work, depends on the heat load of the heating device.
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Abstract: The paper concerns the analysis of the heat transfer process that occurred during solid fuel
burning in fixed bed conditions. The subject of the analysis is a cylindrical combustion chamber
with an output of 12 kW heating power equipped with a retort burner for hard coal and biomass
combustion. During the research, a numerical and experimental study is performed. The analysis is
prepared for various heat load of the combustion chamber, which allowed for the reconstruction of
real working conditions for heating devices working with solid fuels combustion. The temperature
distribution obtained by the experimental way is compared with results of the numerical modeling.
Local distribution of principal heat transfer magnitudes like a heat flux density and a heat transfer
coefficient that occurred on the sidewall of the combustion chamber is analyzed. The analysis showed,
that the participation of convection and radiation in the overall heat transfer process has resulted
from the heat load of the heating device. Research results may be used for improving an analytical
approach of design process taking place for domestic and industrial combustion chambers.

Keywords: solid fuels; fixed bed; combustion; heat transfer; heat load; CFD; modeling;
experimental analysis

1. Introduction

Solid fuel combustion is one of the main sources of thermal energy used for heating purposes
by the individual and commercial sector in Poland. According to data from 2018 [1], 35.7% of Polish
households were heated by heating devices using solid fuels. Heat provided by thermal plants was
delivered to 40.4% of Polish households. The Energy Regulatory Office in Poland reported [2] that in
2019 solid fuel combustion was responsible for 80.2% of the heat generated by the commercial sector.
Moreover, 9.2% of the heat generated by the commercial sector originated from solid biomass burning.
Nowadays changes in thinking about the environment cause the replacement of fossil fuel by renewable
fuels like biomass. From one year to another the amount of heat generated by fossil fuel burning
decreases and is replaced by different types of renewable sources of energy. Solid biomass share in
energy production from renewable sources in Poland was equal to 67.9% in 2017. European Union
average for the mentioned magnitude was 42% in the same year [3]. This means that solid fuel burning
for some time will be still the main source of heat generation.

One of the main methods for solid fuel combustion for domestic and industrial boilers is realized in
fixed bed conditions. Computational Fluid Dynamic (CFD) modeling is often used to simulate packed
bed burning. Fixed bed combustion modeling can be divided into two main groups. The first group is
concerned with a small-scale, when a combustion process is realized in a range of heating power equal
from over a dozen to tens of kilowatts. The mentioned group may belong to one-dimensional models
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focused on the phenomena that occurred during combustion of a single grain of a fuel. The second one
deals with a huge scale, where obtained heating power from fixed bed combustion equals from few to
tens megawatts.

Scharler et al. [4] raised the issue of how the low power log stove burning modeling focused on
CO concentration in the flue gas. Wiese et al. [5] have been dealing with a transient simulation of
pellet burning with the application of a discrete element model in CFD calculations for a 13 kW stove.
Mehrabian et al. [6] and Gomez et al. [7] are concerned with numerical modeling of the thermally
thick approach of biomass burning. Gomez et al. [8] also have been using the mentioned approach
for a 27 kW domestic boiler working conditions modeling. In other works [9,10] he also modeled
emissions of harmful compounds during fixed-bed biomass burning in a 60 kW domestic boiler by
steady and transient analysis. Similar transient modeling connected with the analysis of the chemical
composition of exhausts was realized by Mehrabian et al. [11] in a laboratory-scale biomass fixed bed
batch. Collazo et al. [12] also have been working on a transient simulation of a pellet wood burning for
a laboratory combustor. He was targeting a temperature distribution at different points in the bed.
Researchers from Clausthal University of Technology and Silesian University of Technology [13,14]
were involved in numerical modeling of coal burning in small-scale retort boilers. They analyzed
possibilities of the perfecting of domestic boiler construction in terms of pollution limitation and
optimization of temperature distribution inside a combustion chamber. Chaney et al. [15] modeled
a 50 kW packed bed biomass boiler in terms of investigating the optimization of the combustion
performance and NOy emissions. A new approach of packed bed biomass burning was presented by
Chapela et al. [16]. His Eulerian-fouling model is computationally less expensive and shows a better
response to the experimental data.

Tu et al. [17,18] modeled a 32 MW woodchip-fired grate boiler work with different operating
conditions directed on NOy reduction mechanisms. Silva et al. [19] were concerned about 34.6 MW
biomass grate-fired boiler modeling. He was focused on an analysis of temperature, velocity, and species
field of exhaust gas within a boiler, which provided to the optimization of the burning process. Moving
grate biomass boilers models realized in two different scales (250 kW and 4 MW) were analyzed by
Rezeau et al. [20] and Bermudez et al. [21] in terms of composition and temperature distribution of
flue gas. Klason et al. [22] analyzed a radiation heat transfer process in two various scales (10 kW and
50 MW) during biomass burning in fixed bed furnaces. He has obtained a gas temperature profile
inside the combustion chamber located above a fixed bed with the assumption of constant temperature
for furnace walls. Moreover, he investigated the accuracy of a solution for different radiation heat
transfer models.

The abovementioned research connected with the fixed bed modeling is concerned mainly with
the emission of harmful compounds during solid fuel combustion. Moreover, there has been raised the
issue of the temperature distribution occurring in the combustion chamber and inside a packed bed of
fuel. Researchers do not relate achieved results of temperature distribution to prepare an in-depth
analysis of the heat transfer process in modeled heating devices. The issue of heat transfer phenomenon
occurring in a wall neighborhood and free-room of a combustion chamber during fixed-bed combustion
still has not been deeply recognized like it is realized in other types of thermal devices used for different
industrial applications, like heat treatment furnaces [23-25], heat storage systems [26-28], or heat
exchangers [29-31]. So far available results concerned about the packed bed burning assumed a
temperature of combustion chamber walls as a boundary condition. Then a constant wall temperature
was present for each wall of the combustion chamber or separately, at particular elements of modeled
furnaces. Computational grids used in computational models were suitable for free-room analysis
like bulk gas temperature and chemical composition. Grids used in the previous research were not
capable of heat transfer analysis that occurred on combustion chamber walls. This was caused by the
size of grid elements located near the combustion chamber wall (dimensionless wall distance y* >>1)
being too high to obtain an appropriate solution of heat flux at the wall of the combustion chamber.
Moreover, so far available packed bed burning models used wall functions for simulating the near-wall
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region (k-¢ model of turbulence). The mentioned approach does not show sufficient accuracy for
viable modeling of conditions that occurred near combustion chamber walls which are necessary for
modeling a heat transfer process.

2. Materials and Methods

2.1. Initial Assumptions

The author analyzed a case when a combustion process has occurred inside fixed bed conditions.
Conducted research was divided into two main parts. Firstly, an experimental analysis was prepared.
The second part has relied on the preparation of a numerical model. The combustion process of two
types of solid fuels was analyzed. It was hard coal and wood biomass in a pellet form. Proximate and
ultimate analysis of fuels used during the research is presented in Table 1. The author analyzed the
work of the test stand with two levels of heating power. It was 50% and 100% of the nominal heat
load. The test stand used during the conducted research is capable of transferring 12 kW of heat to
the cooling water during nominal work. The proposed research is concerned with the investigation
of the heat transfer phenomenon that occurred in a near-wall region of the combustion chamber.
Application of various types of fuels and levels of a heat load allowed for an analysis occurring during
real exploitation in the whole range of heating device working conditions.

Table 1. Proximate and ultimate analysis of used fuels.

Parameter Hard Coal Biomass
moisture (%) 5.8 5
ash (%) 34 0.4
volatile (%) 315 77
carbon (%) 75.6 46.6
hydrogen (%) 4.2 5.5
oxygen (%) 9.3 40.9
nitrogen (%) 1.4 1.2
sulphur (%) 0.4 0.4
LCV (MJ/kg) 29 18

2.2. Experimental Research

A cylindrical combustion chamber is used in the experimental part of the research. The scheme of
the test stand is present in Figure 1. The heat generated from fuel combustion is transferred to the
cooling water located along the cylinder side and the top surface, where a water jacket is present.
A retort burner was used to form a packed bed during the research. Solid fuel with the right grain size
is developed into a combustion process by a screw feeder, pushing them up. Air is supplied to the
combustion process utilizing a fan. Primary air is delivered directly to the packed bed flowing through
the layers of fuel.

The mentioned type of burner brings out a flame above the fuel bed. At a distance of 15 cm above
the top edge of the burner, a deflector is mounted. This element is a disc-shaped cast iron element,
whose main task is the dispersion of flames in the whole volume of the combustion chamber. The effect
is visible in a more uniform temperature distribution inside the combustion chamber.

The test stand allows for gas temperature measurement inside the combustion chamber through
14 holes distributed every 10 cm along with chamber height according to Figure 1. The first hole
was located 13 cm from the top plane of the burner (two centimeters below the bottom edge of the
deflector). Measurements were done in 6 points for every plane, where the first point was present in the
chamber axis. Other points were located every 5 cm in the wall direction. Because of the axisymmetric
shape of the chamber, measurement was prepared only for half of the chamber. Gas temperature
measurement was realized by K type thermocouples. The mentioned type of temperature detectors
allows for temperature measurements down to 1200 °C.
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Figure 1. Scheme of a cylindrical chamber with marked measurement points used during the experiment,
1—retort feeder, 2—deflector, 3—fuel tray, 4—water inlet, 5—water outlet, 6—insulated measurement
duct, 7—flue gas outlet to the chimney.

During the experiment, exhausts gas composition was measured by the application of the Testo
350 gas analyzer. It allowed for combustion process control and was also used for quality assessment
of results obtained during numerical calculations. Oxygen and carbon dioxide content in exhausts was
analyzed for that purpose. Assignation of the amount of mentioned gases in exhausts allowed for
validation of exhaust composition obtained during numerical analysis. A mass of particular matter
present in exhausts was measured by the Testo 380 soot analyzer. The mentioned parameter was
necessary for the proper determination of the exhaust gas absorption coefficient, which is crucial given
the influence of a radiation heat transfer.

Heat received from the burning process is transported to a heat exchanger according to a scheme
showed in Figure 2.
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Figure 2. Scheme of a cooling system, 1—first circuit of water flow, 2—second circuit of water flow,
3—combustion chamber, 4—PT100 measurement point at inlet to test stand, 5—PT100 measurement
point at outlet from test stand, 6—vane flow meter, 7—plate heat exchanger, 8—cold water supply,
9—bath, 10—scale, 11—hot water drain, 12—PT100 measurement point at inlet to the heat exchanger
for water in secondary circuit, 13—PT100 measurement point at outlet from the heat exchanger for
water in secondary circuit.

Applied installation is composed of two circuits. Water which is located in the first circuit transport
heat between the test stand and the plate heat exchanger, where the mentioned heat is received by a
second circuit. The temperature of cooling water was analyzed for the determination of the heating
power of the test stand during the experiment. It was obtained by the application of PT100 detectors
at the water inlet and outlet (points 4 and 5). Mass flow of water used for test stand cooling was
measured by a heat meter equipped with a vane flow meter. The second circuit is equipped with
an additional heating power check system. Water supply 8 supplied cold water to the plate heat
exchanger. After heating water is directed into a bath located on a scale. The temperature of water
in the second circuit is also measured by PT100 detectors (points 12 and 13). The mass flow of water
flowing through the second circuit is determined based on a weight of water measured by a scale at a
certain time of measurement.

2.3. Numerical Modeling

2.3.1. Domain and Mesh

Numerical analysis of solid fuel combustion inside a fixed bed is modeled in the ANSYS Fluent
software (Ansys Inc., Canonsburg, PA, USA). Numerical calculations are realized in a steady state due
to high thermal inertia during heating boiler work. Results obtained during experimental research
after averaging were compared with a steady-state numerical solution. Calculations were made for
one-fourth part of the cylindrical combustion chamber used over the experiment due to the symmetry
of the domain. The geometrical model used in numerical analysis is shown in Figure 3.
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Figure 3. Overview on a computational domain, 1—volume of fixed bed, 2—deflector, 3—water jacket,
4—combustion chamber, 5—exhaust gas outlet, 6—cooling water inlet, 7—cooling water outlet.

Calculations are prepared on a structural, hexagonal grid. The mentioned mesh was prepared in
the Numeca IGG software. Optimal mesh parameters originate from the results of realized preliminary
calculations. The crucial specification of the finally used grid is presented in Table 2. Dimensions of the
numerical domain are consistent with a test stand used during the experimental part of the research.
Dimensionless wall distance parameter y* has a big impact on a heat flux calculation during heat
transfer modeling between exhaust gas and cooling water. An appropriate number of elements in
applied mesh results from a necessity of ensuring the mentioned parameter close to 1. Then the first
layer of grid located near to heat transfer wall for both fluids taking part in conjugate heat transfer
allows for the calculation of a heat flux value complied with experimental analysis.

Table 2. Parameters of the grid used in numerical calculations.

Parameter Value
number of cells 29M
y* ~1
minimum orthogonal quality 0.82
maximum skewness 0.39

2.3.2. Setup

A discrete phase model is used for packed bed modeling. A solid fuel fixed bed is modeled by
spherical particles that are tightly packed in the bottom part of the domain according to Figure 3.
The size of particles is uniform and complies with the average size of fuels used during the experimental
part. The contact of discrete particles to burner walls and relative to each other is modeled by the
discrete element model. The mentioned model applies a Hertz problem basing on the Young Modulus
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and Poisson Ratio of materials coming into mutual contact. Fuel located inside the bed is subjected
to heat and mass transfer phenomena. Five successive laws are implemented for modeling of
thermal transformation of the fuel (inert heating, vaporization, boiling, devolatilization, and surface
combustion). Inert heating is applied while the particle temperature is less than the vaporization
temperature. The mentioned process occurs also after boiling, but when the devolatilization temperature
has not been reached. It is also present after the surface combustion process, where it comes to the
heating of non-flammable parts of fuel. Vaporization concerns moisture content in fuel and is present
when the temperature of the droplet reaches the vaporization temperature and continues until the
droplet reaches the boiling point. After reaching a boiling temperature a boiling process has been
started and will be continued until a moisture fraction is present in the discrete phase. Devolatization is
based on a single rate model which assumes that the rate of devolatilization is the first-order dependent
on the number of volatiles remaining in the particle. After the volatile component is completely
evolved, a surface reaction begins which consumes the combustible fraction of the particle [32].

A pressure drop occurred during gas flow through the fixed bed is modeled as a porous zone.
A momentum source term composed of viscous and inertial loss terms is added to the standard fluid
flow equations set being solved during numerical calculations. Gas flow through the packed bed is
modeled as laminar. Pressure drop obtained during flow through the packed bed is calculated by the
Carman-Kozeny Equation (1).

A 1-¢)?
p__10u(1-of "
£

- 2
L Dp

Viscous and inertial resistance magnitudes are used for the definition of source term applied
during porous zone modeling. Viscous resistance is defined by inverse absolute permeability 1/k
which is defined according to Equation (2). Inertial resistance is defined by inertial loss coefficient Cy,
which is defined as in Equation (3) [32].
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The numerical model of solid fuel combustion is based on fast chemistry modeling. Chemical reactions
are modeled by the application of species transport equations. Reaction rates are shaped by the Eddy
Dissipation Model (EDM) and are dependent on occurring turbulent fluctuations. Two steps of the volumetric
reaction mechanism are implemented for volatile burning modeling. EDM assumed that chemical kinetic
rates are considerably faster than rates of turbulent mixing. Then turbulent mixing is responsible for the
reaction rate-limiting process [33].

A Reynolds-stress model (RSM) is responsible for the effects of turbulence modeling during
calculations. Results obtained by the RSM model are much closer to the experimental validation relative
to the utilization of k-¢ or k-w SST models, which are popularly used in industrial CFD applications.

Radiation heat transfer is modeled by a Discrete Ordinates (DO) model. The considered model
solves a radiation heat transfer equation for a finite number of discrete solid angles, which are
associated with a vector s located in the global coordinate system. Calculations are being done for a
three-dimensional domain where 8 octants are solved. The number of control angles that are used
for discretization of each octant in the angular space is defined by ® and ® divisions (respectively
polar and azimuthal angle measured in the global coordinate system). The numerical model takes into
account 72 directions of vector s due to the application of three ® and & divisions [34].

The absorption coefficient for exhaust gas is calculated as a sum of the absorption coefficient obtained
for a pure gas and a soot fraction included in the mixture. The absorption coefficient that occurred for a
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pure gas is calculated by a weighted sum of gray gases model (WSGGM) [35]. The influence of soot for a
total absorption coefficient of exhausts is calculated based on Equation (4) [34],

as = by pg[1 + br (T —2000)] )

where p; is a soot density, by and bt are coefficients obtained by S.S. Sazhin [36] based on data obtained
from [37,38].

2.3.3. Boundary Conditions

Applied boundary conditions correspond to circumstances obtained during the experimental part
of the research. A mass flow of cooling water at the inlet to the test stand results from the required
levels of heating power for two analyzed levels of a load. The temperature of cooling water at the inlet
to the computational domain arises from the heat load obtained in the cooling installation. The test
stand during work with the nominal power can transfer about 12 kW of heat to the cooling water.

The mass flow of fuel provided as a discrete phase is calculated during analytical calculations.
Analytical calculations are prepared based on own measurements of calorific value, moisture, ash,
and volatile content in used fuels. Other data could not be obtained experimentally by the author, like the
chemical composition of fuel originate from the database [39] for the most similar founded type of fuel.
The mass flow of air delivered to the burning process is also calculated analytically. Calculations are
prepared by taking into account an air excess factor based on experimental measurement of average
oxygen content in the exhaust gas for each of the analyzed cases as in Equation (5).

B 20.95%
20.95% — O3 ave,mea| %)

A Q)

Analytical calculations were done with the assumption that the nominal power of the combustion
process will equal 15 kW (3 kW intended for chimney loss and other wastes). Crucial parameters of
boundary conditions at inlets to the computational domain are collected in Table 3. The mass flow
used as boundary conditions is four times lower following real values because calculations are done
for one-fourth of the real domain.

Table 3. Crucial physical magnitudes used as boundary conditions in the inlet to the numerical domain.

Fuel Hard Coal Biomass
Py (%) 50% 100% 50% 100%
tity (kg/s) 50% 100% 50% 100%
s (kg/s) 5.7 %1072 9.2x1072 57x1072 9.2x1072
it (kg/s) 7.1 %1070 1.4 x 1074 1.1x10™* 22x107%
tw,in (°C) 7.7 x 1073 1.0 x 1072 7.0 x 1073 1.1 x 1072

External walls of the domain are modeled as adiabatic. The mentioned simplification does not
have a big impact on the correctness of the solution, because the difference between the temperature of
external walls and ambient temperature is not so high. Heat transfer among working media is modeled
as a coupled wall with an application of a shell conduction mechanism. Walls which separate both
thermodynamic media are made from steel with a 5 mm thickness. Application of shell conduction
mechanism allowed for heat conduction modeling in chamber walls not only in the normal direction
but also along walls, which allows for obtaining a more accurate solution. Boundary conditions that
occurred on deflector surfaces were defined also as adiabatic. The radiation emission factor for steel
elements of the domain like walls and deflector is assumed as 0.7.
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2.4. Physical Magnitudes Used for Heat Transfer Description

Numerical modeling results have been used for a description of the heat transfer phenomenon that
occurred inside the combustion chamber. A heat flux density divided into a radiation and convection
part has been used for it. Mentioned magnitudes have been used to describe of the overall amount of
heat transferred to the cooling water by radiation and convection according to Equations (6) and (7).

Qrad = JI qrad‘dA (6)
A

Qcon = Jj qcon'dA (7)
A

The local value of the heat flux density has been used for calculation of the local distribution of a
heat transfer coefficient. The heat transfer coefficient is known as a parameter describing the intensity
of the occurred heat transfer process. The intensity of radiation and convection can be recognized
separately based on radiation and convection heat transfer coefficient. The mentioned coefficients are
calculated according to Equations (8) and (9).

C.lrad
Opgd = ————— 8
2 Tk — Toval ®)
Kcon = eon )

Touk = Twar

The generic heat transfer coefficient is defined as a sum of the radiation and the convection
factors. The heat transfer coefficient that occurred on the combustion chamber wall is dependent on a
locally obtained difference between the wall temperature and the bulk-average temperature of exhaust
gas. The bulk temperature of exhausts is achieved based on area-averaged temperature collected in
subsequent horizontal cross-sections of the domain along to the Z dimension (Figure 3).

3. Results and Discussion

A comparison of exhaust gas temperature obtained during experimental and numerical research is
shown in Figure 4. The temperature distribution is presented at four different heights of the combustion
chamber representing properties obtained in three crucial parts of the chamber (two located in the
burner neighborhood—bottom part, one halfway up, and one at the top of the chamber). It showed
that the temperature of exhausts obtained during experimental measurements was lower relative to
the numerical modeling. Especially it is well visible in the bottom part of the combustion chamber,
where a temperature difference is much higher relative to higher parts of the chamber. The biggest
divergence was obtained in the axis of the stand (above a burner). The highest noticed difference is
equal to about 350 °C and was obtained for each of the analyzed cases. The temperature distinction
decreases along the chamber radius in a wall direction. At a point located 5 cm away from the wall
the temperature disparity for experimental and numerical analysis is lower and equals about 50 °C.
A temperature distribution obtained during numerical modeling is getting closer to the experimental
results as exhausts are moved away from the fixed bed in the vertical direction. Occurred temperature
overestimation results from numerical modeling as an effect of the application of the Eddy Dissipation
Model (EDM) of combustion [40,41]. EDM assumes that the realized combustion process is complete,
which affects the temperature overestimation. Extermination of the mentioned phenomenon requires
an application of the Eddy Dissipation Concept (EDC) model, which is an extension of EDM [42,43].
The EDC model is highly computationally expensive due to including a detailed chemical mechanism
in a turbulent flow [44].
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Figure 4. Comparison of an exhaust gas temperature distribution at different heights in the combustion
chamber obtained from an experimental and a numerical part of the research.

Table 4 presents a comparison obtained for a few basic parameters connected with the combustion
chamber working conditions during numerical modeling and experimental research for each of the
analyzed cases. It is a heat flow transferred to the cooling water, the temperature of exhaust gas at the
outlet from the domain, the temperature of cooling water at the outlet from the test stand, the cooling
water temperature difference between outlet and inlet of the test stand, oxygen and carbon dioxide
mass fraction in exhausts leaving the domain. Due to the inability of exhaust gas mass flow at the
outlet from the combustion chamber during experimental research, the mentioned magnitude was
compared with a result of analytical calculations. Time-averaged data collected during experimental
research for each case separately comply with the results of numerical modeling. The amount of
exhaust gas obtained during numerical simulations is consistent with analytical calculations. Collected
parameters show convergence between numerical modeling and experimental validation.



Energies 2020, 13, 6141 11 of 18

Table 4. Comparison of crucial parameters obtained in numerical and experimental (analytical) part of
the research.

Case Experimental/Analytical Data Numerical Data
Fuel Hard Coal Biomass Hard Coal Biomass
Pn (%) 50% 100% 50% 100% 50% 100% 50% 100%
Q (kW) 6.5 11.7 6.2 11.7 6.5 12.6 6.2 11.7
teg,out °C) 177.8 276.3 180.4 266.5 189.8 258.5 190.6 259.7
Megout (kg/s)  0.80x 1072 1.09x1072  075x102 1.17x102 0.80x1072 111x1072 0.75x1072 118x1072
tw,out (°C) 49.2 60.6 46.7 61.2 489 61.2 46.5 61.1
Aty (°C) 6.9 7.7 6.6 7.7 6.6 8.2 6.3 7.6
0,, out (%) 14.2 10.0 13.8 11.2 13.9 9.6 14.1 11.6
CO,, out (%) 7.0 10.1 7.0 9.1 74 10.8 9.8 12.5

Figure 5 shows a distribution of wall temperature and a bulk-average temperature inside the
chamber as a function of the domain height. The temperature of the combustion chamber wall is
generally constant. It only comes to a small rising of temperature in the direction of the working
medium flow (from bottom to the top of the domain), which is related to the heating of water used for
test stand cooling. The average bulk temperature of exhaust gas is noticeably changing in subsequent
parts of the domain.

wall temperature bulk average temperature
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Figure 5. Distribution of exhaust gas temperature located in a layer neighboring with the combustion
chamber wall and a bulk area-average temperature of flue gas as a function of chamber height.

The highest value is present in a direct neighborhood of a flame. It is following the obtained data
concerning overall heat flux (sum of radiation and convection heat flux), which achieves maximum
value in the mentioned area. The peak of the bulk temperature occurs in the area, where a deflector
limits a flame length and smashes it horizontally. When fumes flow around a deflector, the average
temperature deeply decreases. Right above a deflector comes the formation of an Eddy, which causes
a significant cooling of flue gas (Figure 6). Over regions of swirled flow, a visible increase of bulk
temperature is present. It is caused by exhausts getting through from the flame dispersion zone to the
mentioned area. In the horizontal cross-sections of the chamber located above 20 cm over a deflector,
the average temperature of exhausts is gradually decreasing. Exhausts flow in the upper part of a
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chamber is more uniform than in the direct neighborhood of the deflector. When the gas has contact
with the top surface of the combustion chamber it comes to obtain a backflow of a slight part of exhausts
to the domain along heat transfer surface.

Velocity
. 3.76
- 3.34

2.92

2.50
2.09
1.67

1.25

0.83

0.42 0 0.350 0.700 (m) °

I |
0.00 0.175 0.525

[m s7-1]
Figure 6. Visualization of the character of a flow inside a combustion chamber.

The local value of convection and radiation heat flux that occurred on the exhaust side of the
combustion chamber wall along a domain height is present in Figure 7. Radiation and convection
heat flux magnitudes are varied along with the height of the chamber. The impact of the radiation for
an overall heat transfer process is dominating in the direct neighborhood of a flame. As a distance
from a burning area is increased away, a local amount of the radiation heat flux is substantially falling
off. The distribution of convective heat flux does not show significant changes over the entire surface
bounding the combustion chamber. Regional increases depend on changes in the local value of the
Reynolds Number and a thickness of a boundary layer. Determination of percentage participation in
the heat transfer phenomenon for radiation and convection shows that they are dependent mainly on a
heat load. During coal combustion with a nominal power, radiation is responsible for about 61.7% of
the overall heat transfer. When combustion was carried out with the half level of the nominal heat
load, radiation achieved only 50% in the heat transmission. Radiation participation in the heat transfer
during biomass combustion was equal to 58.6% and 47.5%, respectively, for 100% and 50% of the
nominal power.

Radiation and convection heat transfer coefficient courses are various for distinct parts of the
computational domain (Figure 8). The radiation heat transfer coefficient achieves a peak in the direct
neighborhood of a flame and vitally decreases in the upper part of the chamber, which is following in a
radiation heat flux distribution. In the bottom part of the chamber, a radiation coefficient is uneven,
which testifies with a differential level of the thermal load. A varied course of the convection heat
transfer coefficient has occurred along with the domain height. In the direct neighborhood of the
deflector, it comes to intense decreasing of otcon, Which achieves a minimum value in the mentioned
area. The convection heat transfer coefficient is increased in the area located above the deflector.
After that, oo is stabilized until a part of the domain, which is located 15 cm below the top surface of
the domain. In the last part of the domain the top surface xcon achieves a maximum value. The peak
value of the convection heat transfer coefficient is present also on the top surface of the combustion
chamber. The main impact of the convection heat transfer is connected with the character of exhaust gas
flow inside the combustion chamber (Figure 6). Exhaust gas movement occurred along a sidewall of
the chamber and was an effect of reversing flow realized for a part of exhaust gas, which is not directly
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conducted to the outlet. According to theory of heat transfer [45,46], Reynolds and Prandtl numbers
are the main parameters used in the analytical description of the convection heat transfer coefficient.
Figure 9 shows a distribution of Reynolds number obtained during the research for analyzed cases.
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Figure 7. Distribution of radiation and convection heat flux obtained on the flue gas side of a chamber
wall as a function of combustion chamber height.
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Figure 8. Distribution of radiation and convection heat transfer coefficient obtained on the flue gas side
of a chamber wall as a function of combustion chamber height.
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Figure 9. Reynolds number distribution obtained for each of the analyzed cases.

A diameter of the combustion chamber is used as a characteristic linear dimension in Reynolds
number definition. In the direct neighborhood of the combustion chamber sidewall, Reynolds number
achieves value corresponding to a laminar or transitional flow. The effect is visible in the obtained
value of acon Which occurred during the mentioned types of fluid flow. A similar distribution of
convection heat transfer coefficient between analyzed cases is connected with a lack of changes in
Reynolds and Prandtl number distribution during fumes flow in the wall area.

4. Conclusions

The paper presented an experimental and numerical study on the combustion process of hard coal
and biomass combustion in fixed bed conditions. Results of experimental validation and numerical
modeling showed that:

e  Numerical modeling of hard coal and biomass burning in fixed bed conditions allows simulating
a heat transfer phenomenon that occurred in heating boilers to comply with experimental
verification based on a fast chemistry model (Eddy dissipation). A numerical model to a certain
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extent overestimates the temperature of exhaust gas. Elimination of the mentioned overestimation
requires the application of a slow chemistry model (Eddy dissipation concept), which will be
developed in further research on account of high computational expense. Percentage participation
of radiation and convection during the heat transfer process mostly depends on the heat load of the
heating device. As the test stand works with the lower heat load, a radiation impact is decreasing.
Heat transferred by radiation was slightly lower during biomass combustion compared with coal
burning. It has to do with a smaller temperature of combustion related to a lower heating value of
biomass. A higher mass flow of exhaust present in the combustion chamber has an impact on a
lower temperature of burning. A greater amount of exhaust results from the higher stream of
biomass required for assurance of the same level of heating power. Likewise, biomass burning
has to be realized with a higher excess air coefficient, which also has a big impact on a higher
amount of exhaust gas present in the combustion chamber.

Varied fuel properties and parameters of combustion do not have a visible impact on the convection
heat transfer coefficient. The main influence for the mentioned factor is connected with a local
temperature difference between the wall and exhaust gas located inside a combustion chamber.
The distribution of Reynolds number obtained near to a sidewall of the combustion chamber does
not show visible differences between analyzed cases. The main impact for a Reynolds number
distribution in the central part of the combustion chamber is connected with the dynamic viscosity
of a flue gas, which is a function of temperature. Higher mass flow of exhausts flowing through
the combustion chamber during the nominal power caused a visible decrease of Reynolds number
in the central area due to exhaust gas temperature rising despite an increase of flow velocity.
The local value of radiation and convection heat transfer coefficient are effective parameters for
recognition of intensity of the heat transfer process occurring inside a heating boiler combustion
chamber during packed bed combustion. Thermal devices dealing with thermodynamic processes
concerning fixed bed combustion have to deal with various thermal conditions occurring in
different elements responsible for the heat transfer process. The application of fast chemistry
modeling for simulating conditions that occur inside the combustion chambers of solid fuel boilers
is a helpful tool in the design process. A complex shape combustion chamber used during packed
bed combustion can be modernized with an appropriate calculation time bearing in mind a
limitation imposed during the arrangement. The effect may be visible in higher thermal efficiency
of the heating boiler because of better recognition of thermal conditions that occurred during
various exploitation conditions. Moreover, the results of the modeling may be applied for the
preparation of certain modifications in the analytical approach of a domestic and industrial boiler
design process.
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Nomenclature

a absorption coefficient 1/em
A area m?

by Taylor-Foster approximation coefficient m2/kg
br Smith approximation coefficient 1/K
(@) inertial loss coefficient 1/m
CO, mass fraction of carbon dioxide %

D, diameter of the volume equivalent spherical particle m

k permeability m?

L total height of the bed m
LCV low calorific value MJ/kg
m mass flow kg/s
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0, mass fraction of oxygen %

Pn percentage level of heat load %

t temperature °C

T temperature K

q heat flux density W/m?

Q heat flux, heating power A\

Vo superficial velocity m/s

X horizontal distance from a cylindrical chamber axis m

y vertical distance from a burner top surface m

y* non-dimensional wall distance dimensionless
o heat transfer coefficient Wm=2 K1

Ap pressure drop Pa

At temperature difference °C

€ bed porosity dimensionless
A excess air coefficient dimensionless
v dynamic viscosity Pa-s

p density kg/m3
Abbreviations

a air

ave average

con convection

eg exhaust gas

exp experimental

f fuel

in inlet

mea measured

num numerical

out outlet

rad radiation

S soot

w water
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Errata do artykulu

Judt W., Numerical and Experimental Analysis of Heat Transfer for Solid Fuels
Combustion in Fixed Bed Conditions, Energies, vol. 13, is. 22, pp. 6141: 1-18, 2020.

W opublikowanym artykule dane w tabeli 3 na stronie 8 doszto do przesunigcia danych
na skutek bledu redakcyjnego. W zwigzku z powyzszym ponizej zamieszczono

poprawnie zredagowang tabele.

Table 3. Crucial physical magnitudes used as boundary conditions in the inlet to the numerical domain.

fuel hard coal biomass
P, (%) 50% 100% 50% 100%
m,, [kg/s] 5.7-102 9.2:102 5.7-102 9.2:102
iy [kg/s] 7.1-10° 1.4-104 1.1-104 2.3-10+
m, [kg/s] 1.9-108 2.6:103 1.7-108 2.7-103
tw,in [°Cl 423 53.0 40.2 53.5




