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To promote the full combustion efficiency of a body cremation furnace during cre-
mation, the temperature and velocity of cremation furnace in the process of body
combustion are simulated by finite element model. Firstly, the simplified finite ele-
ment analysis model of cremation furnace and its finite element software is intro-
duced in this study, and then the flow model, heat transfer model, and combustion
model needed in the heat transfer process are described. According to the require-
ments of the finite element model, the mesh generation process of the cremation
furnace model and the numerical solution method are presented. Finally, the model
used in this study is verified by the test and simulation results. The results show that
the method is reliable. Besides, the design parameters of the temperature part and
the combustion speed part of the furnace under six different working conditions
are analyzed to further optimize the structure of the furnace. The results of this
study provide a good theoretical basis for cremation equipment and promote the
development of China's cremation industry.
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Introduction

With the change of times and people’s cognition, cremation is chosen instead of burial
by a growing number of people. There are three main aspects for this change in perception.
Firstly: with the development of economy, the rural land area is less, and there is no extra land
for burial. Secondly: the ashes are stored after cremation, which is convenient for sacrifice.
Thirdly: the infectious diseases are prevented, and cremation is the main way of body disposal
in China [1].

However, with the aggravation of environmental pollution, a series of environmental
protection laws and regulations and related standards are published in China, and the require-
ments for smoke emissions becomes stringent. Therefore, it is necessary to design and improve
the structure of the cremation furnace, and the national environmental requirements are met [2].
The combustion in the furnace chamber is determined by the structure of the cremation furnace,
and the effect of the cremation of body is decided by the combustion in the furnace chamber. In
the process of cremation, the cremation effect of the body is not only affected by the size and
shape of the interior of the furnace, but also by various internal and external factors such as the
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pressure of combustion gas, temperature, and air supply. The size of chemical reaction rate in
the combustion process is affected by the change of each parameter. Moreover, during the com-
bustion process, the reflux area and turbulence intensity formed in the furnace is also influenced
by it, thus the whole combustion process is affected [3]. In general, it is difficult to test turbu-
lence in the furnace during cremation, and the velocity field in the furnace is comprehended on
the basis of the black box model. The parameter design of the technical scheme of cremation
equipment is mainly depended on the empirical data, which is less scientific and accurate. In
recent years, with the development of computer science and fluid mechanics, commercial CFD
software is widely used [4]. The computer simulation technology of incineration process is
mature. The defect that all similar conditions cannot be satisfied in physical simulation is well
avoided by the computer simulation. It has the advantages of easy to change operation parame-
ters and easy to control boundaries, and is applied in many practical projects [5].

In summary, to study the heat transfer mode of the body cremation furnace, the finite
element analysis method is adopted in this study. Firstly, the object of this study and the sim-
plified process under the finite element model are introduced, and the related models of heat
transfer (flow model, heat transfer model, and combustion model) are described in detail. Then,
the meshing of the finite element model and the numerical solution method are presented. Fi-
nally, the simplified model in this study is verified through the actual measured value and the
simulated value. Six different working conditions are designed to simulate the structure of the
cremation furnace and optimize the design parameters of the furnace. Therefore, a good theo-
retical basis is provided for the optimization of cremation equipment.

Methodology
Simplification of research object and model

The object of this study is the cremation furnace. The burning of remains is carried
out in the cremation furnace, but the cremation process of remains is complicated. This com-
plexity is reflected in two aspects. Elemental analysis of the remains is needed before crema-
tion. Through the analysis of elemental, varieties of gases are produced by the body during
combustion, combustible gases are also included. During the volatilization process, the body
is reacted with the surrounding air to produce non-volatile solids, such as the reaction of coke
with oxidizer. Therefore, there is a three-phase reaction in the combustion process. The shape of
the body surface is complex, and the shape of the body surface is changed with the combustion,
thus the surface in contact with the gas is altered in real time [6, 7].

In this study, the complexity of cremation is simplified considering the computational
objective. First of all, an area is divided at the bottom of the furnace chamber to describe the
combustion process of the body in the furnace chamber, then the exchange of the body in the
region with the surrounding material and the material in the furnace chamber is realized. In this
study, the boundary conditions of the combustion zone are set as functions that change over
time. The process is divided into three steps: the first step is that at the initial stage, the tempera-
ture in the combustion zone is relatively low, and the heat absorption is generated to the outside
world, while the conditions set on the wall of the cremation furnace are heat absorption. In the
second step, when a range of 400~600 K is reached by the temperature in the combustion zone
and a certain value is remained, volatilization is occurred in the combustion zone, volatilization
begins to precipitate, and the volatilization absorbs heat. At this point, the wall condition of the
cremation furnace remains endothermic (but the endothermic rate in the second step is much
higher than that in the first step). Thirdly, after volatilization, combustible gas and solid begin to
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burn. Combustible components are outputted to
the surrounding area by combustion zone. At this Secondary air
time, the wall condition of the cremation furnace outlet
is set as the entrance of combustible.

The cremator currently used in funeral
homes is taken as the physical prototype in this
study, then the calculation model is achieved ac-
cording to the simplified processing process, as
shown in fig. 1.

Primary air vent

Fuel injection port
Lower
Flow model heat transfer model and furnace exit

combustion model are introduced Figure 1. Calculation model of total furnace

The governing equation of the combustion process of the body in the cremation fur-
nace is composed of turbulence model equation, heat transfer model equation, and combustion
model equation. Therefore, the equations involved in the cremation process is described in this
study [8, 9].

In the combustion process, the mass conservation expression is:

P y(pm) =0 )
ot

where V is the degree of dispersion, p [kgm=] — the density of the fluid, ¢ [s] — the time, and
v [ms™'] — the velocity vector.
Expression of V is:

0
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The momentum conservation law in the combustion process is:
op  _ __ L -
L) = V(¥ V) =Vp+ V(D) + pE+F (3)

where p is the pressure on the fluid element, i [N] — the viscous stress on the surface of the
element caused by the molecular viscosity.
The momentum conservation law in the combustion process is:

%+V(puT) = V{cigradTJ+ Sy 4)

P

where 7' [K] is the local temperature, k£ — the heat transfer coefficient of the fluid, Sr— the viscous
dissipation term, and ¢, — the specific heat capacity at constant pressure.

Turbulent model

During the process of cremation, there is turbulent flow field in the combustion space
of cremation furnace. The description of turbulent flow field is very complicated, and turbu-
lence models commonly adopted include realizable k-¢ model, standard k-¢, renormalization
group (RNG) k-¢ model, k- model, reynolds stress model (RSM), and large eddy simulation
(LES) model. Therefore, in the aforementioned model, each model is applied in a different
scenario, and time is seriously consumed by RSM and LES models in the calculation process.
The k-w is applicable to the problem of rotating turbulent field, and the k-¢ is adopted to free
shear flow with relatively small pressure gradient. Through the actual situation of body incin-
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eration, k-¢ model is selected to calculate the turbulent flow field in this study. Among the three
k-¢ models mentioned previously, the realizable k-¢ model was selected in this study due to the
shortcomings of the standard k-¢, RNG k-¢ model, and k~w model in the calculation of turbulent
flow field [10, 11].

The CFD software FLUENT®6.3 is adopted to simulate the flow and combustion in-
formation in the cremation furnace. The FLUENT is a widely used fluid computing software
for calculating flow fields of various complex geometric shapes, and it has a large number of
widely validated models for selection.

Heat transfer model

In this study, FLUENT®6.3 software in the finite element is selected to calculate the
heat transfer of heat conduction and thermal convection:

%(pE)+V[v(pE+p)] = v{kcffVT—;hjjj +(gﬁ)}u S, (5)

where S, is source. The heat generated by the absorption (discharge) of heat and other user-de-
fined volumetric heat sources during chemical reactions, £ — the capacity of a unit of mass,
Tur — the effective thermal conductivity, and J; — the diffusion flux of component ;.

There is radiation from high temperature flame to the wall in the combustion process
of cremation furnace, thus the radiation heat transfer plays a major role in this process, and the
influence of radiation on heat transfer is taken into account in the calculation process. Due to
the calculation time and large optical thickness in the combustion chamber, P1 model, namely
radiation heat transfer model, is selected in this study.

Combustion model

At the beginning of the combustion model, fuel and oxidizer are required to enter the
cremation furnace with different proportions and air-flow. In this study, a non-premixed com-
bustion model (NPCM) is adopted through the characteristics of cremation.The expression of
this model:

0, = = AR
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where S, is a source from particles of the gas phase or liquid fuel droplets, S, — the user-de-
fined item source, and C,, u,, and C, — the constant.

In this study, eq. (9) is used to determine the temperature density and substance con-
centration:

S =a(f,H") )
where @; is material concentration, f— the density, and H" — the temperature.

Mesh generation and numerical solution

The computing domain is constructed by GAMBIT 2.4. To ensure that the grid quality
is not affected, the grid adopted in this study is a structured grid. Under the condition of the
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computing accuracy, the regions such as burn-
er outlet, secondary tuyere, and furnace outlet
are grid-shaped. In the whole computing area,
the minimum size of the grid is divided into
2.5 x 2.5 x 2.5 mm, and the maximum size is
segmented into 25 X 25 % 25 mm, and the total
number of the grid after division is 1623000.
Through the independence test of the grid, it is
found that the flow field in the furnace is sim-
ulated by the number of results generated by
the grid.
The boundary conditions are:
— the boundary type of the injection nozzle is
mass-flow-inlet,
— the boundary type of primary tuyere is ve-
ly-inlet,
— the boundary type of secondary tuyere is
vely-inlet,

Primary

Pressure
outlet

Figure 2. Schematic diagram of computational
domain; primary tuyere: the boundary type of

the nozzle is the wind inlet; mass-flow-inlet: the
boundary type of the nozzle is the air-flow mass
flow; vely-entrance: boundary entry of the primary
tuyere; combustion zone: the location where the
main furnace produces combustion, pressure
outlet: boundary type outlet of main furnace flue
gas outlet

— the boundary type of the combustion zone is mass-flow-inlet/wall (heat flux varying with

time),

— the boundary type of the smoke outlet of the main furnace is pressure-outlet.

In the boundary types, the boundary conditions of the combustion zone are changed
with time, thus user-defined functions are written to implement the boundary conditions.

In this study, 0 light diesel oil is mainly used in the process of police cremation, and

its chemical composition is shown in tab. 1.

Table 1. Chemical element composition and properties of number 0 light diesel oil

Main burner Mass | M w(C) w(H) w(O) w(N) | w(S) A Net calorific | Specific heat
[kgh'] | [%] [%] [%] [%] [%] [%] | [%] | power [Jkg'] | [Jkg'K']
Number Olight| )5 | o | g547 | 1352 | 067 | 003 | 027 | 002 | 432E+7 2100
diesel oil

According to the statistical results of relevant quantities, the percentage of chemical
element composition and related properties of human body and buried goods are shown in

tab. 2.
Table 2. Chemical element composition content of incinerator and its properties
Project Mass M w(C) | w(H) w(O) w(N) | w(S) A Net calorific | Specific heat
! [kgh'] | [%] | [%] [%] (7] [%] | [%] | [%] |power[Jkg']| [Jkg'K']
Human body 65 63 17 2.8 8.35 2 0.28 3.54
Buried objects 5 15 40 6 24 0 0 8
Admixture 70 60.34 | 20.15 309 9.43 2.96 0.27 3.63 93E+6 3200

According to the calculation, the air combustion volume is 19.107 kg. When the ex-
cess coefficient of air is set as 1.2, the proportion of air distribution is 90% and the relevant
parameters of combustion supporting air distribution are shown in tab. 3.
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Table 3. Relevant parameters of combustion wind

Project Speed [ms] Temperature [K] Density [kgm] Proportion [%]
Primary air 58 320 1.6 85
Secondary air 7 660 0.659 15

To verify the accuracy of the simulation results, the furnace structure under six dif-
ferent working conditions is set. Then the thermocouple section, the temperature, and velocity
distribution of the central section of the main furnace are selected to optimize the mechanism
of the cremation furnace. The presentence of the furnace structure under six different working
conditions is shown in tab. 4.

Table 4. Several common furnace structures

Condition

Description of furnace structure
number

The burner is placed opposite the door of the furnace, the flue gas outlet is
1 arranged on both sides of the door of the furnace, and the secondary
combustion air injection nozzle is set on both sides of the furnace

The burner is placed opposite the door of the furnace, and the flue gas outlet is set at the
2 top of the furnace, maintaining the same area as the working Condition 1. The secondary
combustion air injection nozzle is set on the upper and lower sides of the furnace

No burner is set opposite the door of the furnace, and only the secondary combustion
air injection nozzle is arranged on the upper part of the furnace, thus the secondary

3 wind speed becomes twice as before, and then the total amount of secondary wind
remains unchanged. Other structures are consistent with working Condition 1.
No burner is set opposite the door of the furnace, and only the secondary combustion
4 air injection nozzle is arranged on the upper part of the furnace, thus the secondary wind

speed becomes twice as before, and then the total amount of secondary wind
remains unchanged. Other structures are consistent with working Condition 1.

The burner is placed on the side of the furnace. The center line of this position needs
5 to be one third of the direction close to the furnace door, and it should be 45° with the
cremated body. Other structures should be consistent with working Condition 1.

The burner is placed on the side of the furnace. The center line of this position needs
6 to be one third of the direction close to the furnace door, and it should be 45° with the
cremated body. Other structures should be consistent with working Condition 1.

Results
Model validation results

Before the numerical calculation, the temperature in the cremation furnace was mea-
sured by three thermocouples arranged in the fire rate furnace. In the numerical calculation,
firstly, the furnace structure is simulated under the condition of working Condition 1, and the
simulated temperature results are compared with the actual test data results, as shown in figs.
3 and 4. In the three tests of temperature measuring points, the calculated value of temperature
measuring point 1 and temperature measuring point 2 are close to the measured value, while
compared with the measured value of temperature measuring point 3, the difference between
the calculated value and the measured value is about 100 °C, while the vertical distance be-
tween temperature measuring point 3 and the burner is about 5000 mm. Among the three test
points, temperature test point 3 is the closest to the burner. When the body enters the furnace,
preheating is carried out at the edge of the furnace for 20 min, which is the main reason for
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the simulation error. Therefore, the measured temperature of the combustion wind has reached
300 °C. Therefore, in the actual combustion process, when the combustion near test point 3 is
very sufficient, during the calculation process, the combustion nearby is not sufficiently ignited.
This is confirmed by the distribution of oxygen concentration. The low oxygen concentration is
caused by the near distance between combustor. As shown in the simulation and test results that
the structure is quite accurate in the process of simulation of the working conditions, especially
in the latter part of the furnace, because the outlet is also set in the latter part. Thus, a good
guiding significance is provided for experimental design and structural optimization of furnace.
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Figure 3. Variation diagram of temperature Figure 4. Variation diagram of temperature
test value in working Condition 1 simulation value in working Condition 1

Comparative optimization analysis of
simulated cremation furnace structure

According to the experimental results, and from the perspective of the temperature
distribution on the cross-section of the thermocouple, the working condition with a change of
5 is the least ideal working condition. The emission angle is changed, thus the time the fuel
stays in the furnace is not enough for complete combustion of remain. Under the conditions
of working Conditions 1 and 6, the temperature gradient from outside to inside of the furnace
is too large, which is not conducive to the effective combustion of fuel. Therefore, from the
perspective of the temperature distribution on the thermocouple cross-section, the structure of
working Condition 2 is the best.

From the perspective of the velocity distribution on the thermocouple cross-section,
there is no significant difference in the velocity distribution under Condition 2 and Condition 4. In
working Conditions 1, 5, and 6, the low speed zone is small, and there is a large flow rate above
the body. This phenomenon helps the volatiles and coke produced by the burning body react
with the surrounding air as soon as possible.

From the point of view of the temperature distribution on the central section of the
furnace, the temperature field on the central section of the furnace is higher under working
Conditions 1, 5, and 6, which are favorable for the combustion in the furnace. The other three
conditions are relatively poor, not conducive to the full combustion of the body in the furnace.

From the point of view of the distribution of burning speed on the central section
of the furnace, there is no difference in the distribution of combustion velocity on the central
section of the furnace under different working conditions. Because the incidence angle of the
burner is small, the combustion velocity direction from outside to inside in operating situation
5 and 6 is more widely distributed, which is more conducive to the contact between air fuel and
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the surface of the body. Because the incidence angle of the burner is small, the combustion ve-
locity direction from outside to inside in operating situation 5 and 6 is more widely distributed,
which is more beneficial for the contact between air fuel and the surface of the body.

Discussion

With the evolution of the times, cremation is one of the most popular ways to deal with
the dead. To optimize the structure of cremation equipment and promote the use efficiency of in-
cineration equipment, the heat transfer process of cremation furnace is simulated by finite element
in this study. At present, there are few analysis for cremator, but more studies for finite element
simulation of combustion process. Through the adoption of finite element commercial CFD soft-
ware, the combustion process of six different particles in a cylindrical combustion chamber is im-
itated by Mao et al. [12]. The temperature of different sections, the coefficient of inhomogeneity,
the mass fraction of oxygen, and the mass distribution of nitric oxide in the combustion chamber
were analyzed, and the results reveal that the maximum temperature of high calorific value fuel
on each section is relatively lower than that of calorific value fuel. According to the relevant
parameters of this study, the influence factors of the combustion in the cremation furnace are
analyzed, and the combustion temperature and combustion speed are selected to obtain the CFD
model established in this study, which can accurately predict the temperature field and velocity
field in the cremation furnace. Moreover, the verified numerical model is tested for furnace struc-
ture optimization. The appropriate boundary conditions in the corresponding numerical model are
limited by Krishnaraj et al. [13] to optimize the geometry of the combustion chamber. The 3-D
Navier-Stokes equations are adopted to solve the combustion simulation, and the feasibility of
the CAE model is determined by using the control equations in the finite element modelling and
finite element analysis software. According to the enlightenment of the aforementioned study, six
different working situations are set, and the optimal operating circumstances are obtained by using
the finite element.

Conclusions

To study the heat transfer in the cremation furnace and design the structure of the
cremation furnace reasonably, the finite element simulation method is adopted to simulate the
temperature and combustion rate of the cremation furnace. Firstly, the research object and the
simplified model is introduced in this study, and the temperature difference and velocity field in
the cremation furnace is simulated through Gambit and FLUENT in the commercial CFD soft-
ware. The flow, heat transfer and combustion model adopted in this study are described, and the
CFD model of finite element cremation furnace is established according to the thermodynamic
theory model, and the finite element model is meshed and calculated numerically. Experimental
results show that the CFD model established in this study can accurately foretell the tempera-
ture field and velocity field in the cremation furnace. Moreover, the verified numerical model
was examined for the optimization of the furnace structure. The experimental results show that
the furnace structure of working Condition 1, 2, and 4 designed in this study is built based on
good computation results, and the full combustion of remains is ensured by operating situation
1. The residence time of high temperature flue gas in the furnace and is prolonged by Condition
2, which can make the temperature distribution in the furnace more uniform, and conducive to
the full combustion of remains. The highest of the combustion efficiency of the whole furnace
is realized by working circumstance 4.

A good theoretical basis for the optimization of cremation equipment structure in
China’s cremation industry is provided by this study. However, the study still has limitations,
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only six working conditions are considered in the process of structural optimization. It is hoped
that more working conditions can be considered in subsequent studies, such as the placement of
burner, smoke outlet, and other locations, to expand the depth of this study.
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