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Abstract: The adaptability of vehicle-mounted heating systems that include burner and stove remark-
ably influences the system efficiency, heat flux uniformity, and pollutants emission. In this work, the
performance of a rotary cup burner assembly with three different cooking stoves was investigated
using ANSYS Fluent software based on five factors of thermal efficiency, heat transfer intensity,
heating uniformity, CO emissions, and flue gas outlet temperature. The Eulerian-Lagrangian method
was used to perform the diesel spray, and the shear stress transfer k-w turbulence model and the
probability density function model were employed to simulate the turbulent combustion. Based
on the simulation results, the performance pentagon of the above five factors was constructed to
evaluate the comprehensive performance of the new rotary cup burner system. The rotary cup burner
had a good performance when it is used in two staple food stoves and a subsidiary food stove. In
staple food stove A, its higher furnace increased the heat exchange area of the vessel, while the higher
fireboard of staple food stove B caused a higher heat transfer intensity at the bottom of the vessel.
However, the higher fireboard also led to higher CO emissions. In consideration of these two factors,
the thermal efficiency of stove A was about 7% higher than that of stove B. Different from the staple
food stove, the furnace of subsidiary food stove C had better wrapping to the bottom of the boiler so
that it had the highest heat transfer intensity. The obtained performance pentagon shows that the
comprehensive adaptability performance of stove A was the best and that of stove B was the worst,
which is mainly caused by the height of the fireboard and the shape of the vessel. This research
guides the optimization of the heating system and promotes the application of the rotary cup burner.

Keywords: rotary cup burner; vehicle-mounted cooking stoves; thermal efficiency; heating
uniformity; CO emissions

1. Introduction

Fuel oil cooking stove is important vehicle-mounted cooking equipment with high
heat density, which can provide daily food security for large groups is mainly composed of
a burner and combustion chamber. The combustion characteristics of the fuel oil burner
determine the basic thermal performance of the fuel oil cooking stove. At present, the
spray characteristics [1-5], flow field characteristics [6-10], flame structure [11-15], and
combustion performance [16-21] of fuel oil burners have been extensively studied. As
is well known, the overall performance of the fuel o0il cooking stove is affected by the
combustion characteristics of the burner and also relates to the structure of the combustion
chamber. The structure of the combustion chamber, such as the internal baffle setting and
the shape of the heating transfer surface usually affect the thermal efficiency, pollutants
emission characteristics of the heating system [22-24]. A good heating system needs a
suitable matching between the burner and combustion chamber [25].
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The horizontal spray burner (such as the Riello) is widely used in fuel oil cooking
stoves by heating horizontally. When it is used in cooking stoves, especially for the
subsidiary food stove, a mismatching exists between the burner and combustion chamber.
In the combustion process, the spray flame and the flow of high-temperature flue gas need
to rotate 90 degrees in the combustion chamber to heat the vessel because of the horizontal
correlation between the flame direction and the heating transfer surface [26]. Thus, this
leads to a relatively poor heating uniformity and thermal efficiency of the heating system.
In this work, the rotary cup burner, as a new type of fuel oil burner, was investigated.
Different from the horizontal spray burner, its flame direction is vertical with the heating
transfer surface, which may improve the heating uniformity. Moreover, it has a compact
structure so that it can have an important role in the vehicle-mounted heating system.

According to the experiment results, we also found that the structure of the combus-
tion chamber and stove remarkably influence the system efficiency, heating uniformity;,
and pollutants emission when the rotary cup burner is assembled with different vehicle-
mounted cooking stoves. Therefore, in order to promote the application of this burner, the
adaptability investigation with different stoves is very important. Until now, there are few
studies in the literature that reported relevant research.

Furthermore, different from the solo performance factor, the performance analysis of
rotary cup burner assembly with three vehicle-mounted cooking stoves was conducted by
comparing with five factors (thermal efficiency, heat transfer intensity, heating uniformity,
CO emission, and flue gas temperature) in this work. The performance pentagon of
three stoves at different powers was drawn, which can clearly compare the results. The
investigation results can significantly contribute to the design of this kind of heating system.

At present, the atomization performance of rotary cup atomizers has been widely stud-
ied [27-31], but there is no in-depth study on the combustion and heat transfer process [32].
In order to analyze whether the rotary cup burner is suitable for the cooking stoves (one
subsidiary food stove and two staple food stoves), the steady-state numerical simulation of
fuel oil cooking stoves using three different combustion chamber structures was carried
out, and the comprehensive performance of stove was compared and analyzed based on
multiple characteristics. The key structural parameters affecting the performance were
obtained from the comparison of different structures.

2. Numerical Simulation Process
2.1. Model and Grid

Simplified 3D models were established according to the actual size of the rotary cup
burner and the cooking stove. The rotary cup burner is cylindrical, with a diameter of
160 mm and a height of 59 mm. A coaxial motor and fan are connected below. Air is
supplied by the fan into the rotary cup burner from below, and light diesel oil is injected
into the rotary cup from below to above. The combustion chamber and the vessel constitute
an integrated structure, which is divided into staple food stove A, staple food stove B, and
subsidiary food stove C. The structure is shown in Figures 1 and 2, and the rotary cup
burner is installed at the bottom opening. In order to facilitate the simulation setting and
calculation, the fan part was simplified, and the air inlet was simplified to a mass flow inlet
with a certain swirl fraction.
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Figure 1. Schematic diagram of stove A’s combustion chamber: (a) 3D model and boundary condi-

tions; (b) stove’s localization in the vehicle.

(©)

Figure 2. The 3D models of stove chambers: (a) staple food stove A; (b) staple food stove B; (c) sub-
sidiary food stove C.

Since the structure of the whole computational domain was relatively complex, and
there were many fine structures inside the rotary cup burner, the unstructured grids
attribute with strong adaptability were used to mesh, and local grid refinement was used
for rotary cup areas.
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2.2. Numerical Methods
2.2.1. Governing Equations
The equation for conservation of mass can be written as
0
B4V (p7) =5, )
ot
and the momentum conservation equation can be written as
) - —
g(p?)JrV (p??) = -Vp+VT+pg+F, 2)

where S, is the mass added to the continuous phase from the discrete phase, p is the static

pressure, T is the stress tensor, pE is the gravitational body force, and 1_-: is the external
body forces.

For the non-premixed combustion model used, the energy equation can be written in
the form of total enthalpy as follows:

0 - kes
- (pH) +V (7H) =V ( & VH>+Sh, 3)
where k, ff is the effective conductivity, S, is the volumetric heat source, and H is total
enthalpy, which is defined as

H= Zj YiHj, 4)

where Y is the mass fraction of species j and

T 0
H; = /T f‘cp,dethj (Tref/]«), ®)
ref,j

where h? ( The f,]-) is the formation enthalpy of species j at a reference temperature T ;.

2.2.2. Turbulence Model

Due to the existence of the high-speed rotating cup in the burner, the multiple reference
frame model was used to simulate the influence of rotation. When meshing, the region
near the rotary cup was cut into a separate domain, and the rotation speed was given.
In addition, the shear stress transfer k-w turbulence model, which is commonly used to
simulate the flow of rotating machinery, was selected for turbulence calculation. This model
adjusts the turbulent viscosity considering the transport characteristics of turbulent shear
stress so that it can give full play to the respective advantages of the k—¢ model and k-w
model in dealing with the near-wall area and far flow field and can obtain more accurate
simulation results. Its transport equations are as follows:

ok ok = *

&J“”faTcﬁach (U‘f'ffkvt)aTCj + Px — kwp” + Sk, (6)
ow ow 0 ow 2 2 1 ok dw
g +ulaixl- = ai_x] (v+0'kvt)aixj +044S —‘B(U +2(1 — Fl)o-wzaaix]-aixj +Sw, (7)

where v; is the turbulent viscosity coefficient, oy and o, are the Prandtl number of k, and w,
F; is a function defined as
F; = tan o, (8)

®; = min [max( vk 5000) 400wk

and

B*wy” y?w |" CDyuy* |’ ®
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_ 1 0k dw _ 1
5 | ou;(du 9y *
P, = min [Utaxj <8x] + a—xl ,10pkwB™ |, (11)
and the constants in the equations are as follows:
p* = 0.09, 0, = 0.856. (12)

2.2.3. Radiation Model

As the discrete ordinate (DO) model is applicable in the whole optical thickness range,
and the gas radiation effect of triatomic molecules such as CO; and H,O in combustion
products can be considered, the DO model was selected as the radiation model. Addition-
ally, the absorption coefficients of gases were calculated by the weighted-sum-of-gray-gases
model (WSGGM).

2.2.4. Discrete Phase Model

The discrete phase model (Eulerian-Lagrangian) was selected to spray diesel droplets
into the fluid domain for coupling calculation. The fluid phase was treated as a continuum
by solving the Navier-Stokes equations, while the dispersed phase was solved by tracking
a large number of droplets. The trajectory of the droplet was predicted by calculating the
force balance of the droplet, and the equation can be written as

duy, 18y C4R < (op —p)
p B Lake o P—
i A — 13
dt ~ ppd3 24 (i -m)+ oy 13)
where u and L?p are the velocities of the fluid phase and droplet, p and p;, are the densities
of the fluid phase and droplet, y is the molecular viscosity of the fluid, d) is the particle
diameter, C; is the drag coefficient given by Morsi and Alexander [33], and Re is the relative
Reynolds number defined as
- =

_ pdpjup —u ’

H

When the droplet temperature is less than the vaporization temperature, the inert
heating law is applied, and a simple heat balance is used to relate the particle temperature
as follows:

Re , (14)

dT,
mycy—L = hAp(Too = Ty) + epApo (64 — T ), (15)

When the temperature of the droplet reaches the vaporization temperature, the droplet
vaporization law is applied and continues until the droplet reaches the boiling point, or until
the droplet’s volatile fraction is completely consumed. Following the work of Miller [34]
and Sazhin [35], the mass transfer and heat transfer during the droplet vaporization law
can be expressed as

d
% = keA,In(1 + By,), (16)
and
T, dmy 4 md
mycp gy = hAp (T = Ty) = =5y + ey Apor (01 = T3, an

where h rq 18 the latent heat, k. is the mass transfer coefficient, and By, is the Spalding mass
number given by

Yi,s Yi,oo
1-Y;,’

%

Bm:

(18)
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Additionally, when the temperature of the droplet is above the boiling temperature, the
droplet boiling law is applied, and the droplet is assumed to stay at a constant temperature.
The equation related to the boiling rate of the droplet can be expressed as

d(dy) 2 [2ke(1+0.23VRey)
dt - pphyg dp

(Too = Tp) + 0 (0% T;*)] : (19)

where ko is the thermal conductivity of the gas.

Since the actual fuel injection process of the rotary cup burner is a low-pressure
injection process, the atomization and evaporation of oil droplets are mainly carried out
in the rotary cup, whereas the fuel injection process was simplified as a solid cone spray
process at the actual nozzle position. In the numerical calculation process, the discrete
phase was iterated with an interval of 20 iterations of the continuous phase, and the discrete
random walk model was employed.

2.2.5. Combustion Model

As for the combustion model, the probability density function (PDF) model in non-
premixed combustion was used. This model does not need to artificially define the com-
bustion reaction mechanism but uses probability density function to analyze the turbulent
effect in the combustion process. In this method, only one or two conservation scalar
transport equations need to be solved, and then the concentration of each component is
derived from the predicted mixing fraction distribution, which is suitable for the simulation
of turbulent diffusion flame.

2.3. Boundary Conditions

The combustion of the rotary cup burner at 20 kW, 30 kW, 40 kW power was simulated
at the excess air coefficient of 1.035. The mass flow inlet boundary condition was used for
air inlet, and the turbulence was specified by turbulence intensity I; and hydraulic diameter

d as follows: .

I =2 =016(Re)" V8, (20)
Ugvg
4A
d= o (21)

where 1’ is the root-mean-square of the velocity fluctuations, Ugyg is the mean flow velocity,
A is the cross-sectional area of the inlet, and P is the cross-sectional perimeter of the inlet.

The non-slip boundary condition was used for all walls, then a constant temperature
of 373 K was set for the vessel wall as its chamber is covered with thick aluminum silicate
cotton for a good insulation effect. All walls were defined as adiabatic walls except the
vessel wall. Depending on the wall material, the emissivity of the vessel wall and other
walls were set to 0.8 and 0.6, respectively. The boundary conditions at 40 kW are shown in
Table 1.

Table 1. Boundary conditions at 40 kW.

Boundary Type BC Setting
.. Mass-flow-inlet
Air inlet 0.0142 kg/s
Light diesel fuel (C1pHj3)
Fuel inlet 0.00094 kg /s
Solid-cone injection
outlet outflow
Combustion chamber wall Adiabatic wall

Vessel wall T=373K
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2.4. Grid Independence and Verification of Numerical Model

To determine the number of grids, a grid independence analysis of stove B was
carried out. Three different numbers of grids were meshed by the same method, which
had 2,365,854 cells, 4,331,924 cells, and 7,573,556 cells. Figure 3 shows the temperature
distribution of Z axis on the Y = 270 mm plane under the three grids. It can be seen
that the temperature distribution curve of 7,573,556 cells is close to that of 4,331,924 cells,
while that of 2,365,854 cells is quite different from these two. To ensure grid independence
and reduce the computing resource required, the grid of 4,331,924 cells was used for
subsequent calculations. The final grids of the three stoves are presented in Figure 4,
and the grid numbers of stove A and stove C obtained by this method are 4,309,298 and
2,813,561, respectively.

Y=270mm — 7,573,556 cells
1800 |- ———4331,924 cells
— 2,365,854 cells

1600

1400

Temperature(K)

1200

1000

1 1 1 " 1 1 1 " 1 1 1 1 1
-240 -160 -80 0 80 160 240
Z axis position(mm)

Figure 3. Temperature distribution on Z axis of stove B at 40 kW.

(©)

Figure 4. Grids of stove chambers: (a) staple food stove A; (b) staple food stove B, (c) subsidiary food

stove C.

In order to verify the accuracy of the numerical method, the vessel of the stove was
removed, and the temperature at the bottom of stove C was measured with an infrared



Processes 2022, 10, 186

8 of 18

thermometer gun and compared with simulated results. The setting of measuring points
and the comparison of experimental and simulated results are shown in Figure 5. The
simulated temperature is slightly higher than the experiment, which is partly due to the
assumption of an adiabatic wall boundary condition, while the overall trends of experimen-
tal and simulated results are matched. Therefore, it can be considered that the numerical
method adopted is reasonable.

T T 1400

// S
y i \\ —=— Experimental
Vi o AN |- o -Simulated
/ P N 1200 +
/// i S \\:\
74 \ —~
/f W 21000 |-
It # \ iy L
H ff i i 2
“" 3 4 T “‘, g
| -
i N i’ i £ 800
i ! i o
[\S / if =
i
2\ N o /i
\, : / 600
\\\ \\ ,9/ VA ?
\ = Vi
\: _— i
AN 7
\\\\ //// 400 L L L L L L L L L
S O s 0 1 2 3 4 5 6 7 8 9 10
I=’?f S o Number of measuring points
(a) (b)

Figure 5. Validation of numerical methods: (a) measuring points setting; (b) comparison of experi-
mental and simulated results.

3. Results and Discussion
3.1. Analysis of Thermal Efficiency

The thermal efficiency of the three kinds of fuel oil cooking stoves obtained by simu-
lation under different power is shown in Figure 6. In this research, thermal efficiency is
defined as the percentage of vessel heat absorption to fuel heat release. The simulation
results show that the thermal efficiency of the cooking stoves assembled by the rotary cup
burner is close. The thermal efficiency of the staple food stove A is the highest, followed by
the subsidiary food stove, and the staple food stove B is the lowest. The thermal efficiency
under different power does not change significantly.

—A— Stove A
72 —@— Stove B
—— Stove C

"s:\_\‘

N
(o)
T

Thermal Efficiency(%)
{
T

|

56

1 : 1 : 1
20 40

30
Power(kW)

Figure 6. Thermal efficiency of the three stoves at different powers.
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For open cooking stoves, an increase in power is proportional to an increase in heat
loss, which leads to a decrease in thermal efficiency. However, the studied fuel oil cooking
stove, the closed combustion chamber structure, and the outer insulation layer can greatly
reduce heat loss, leading to thermal efficiency under different power, which does not
change significantly.

The structure of stove A and stove B are similar, and the main difference is the vessel
depth and the height of the fireboard. The vessel depth of stove A is about 60 mm higher
than that of the comprehensive support vehicle, which makes the vessel side of stove A
have a larger heat transfer area with the high-temperature flue gas, to improve the thermal
efficiency. The height of stove B fireboard is higher than that of stove A, which form a
narrow gap with the bottom of the vessel so that the high-temperature flue gas on both sides
of the central flame forms a reflex area in the middle of the fireboard; it also strengthens
the central area heat transfer with the strongest heat flux and is also conducive to the
improvement of the thermal efficiency.

Stove C is equipped with a wok, and the shape of the wok and the structure of the
combustion chamber are disparate from stoves A and B, resulting in a smaller space in the
combustion chamber. The guiding plate and the combustion chamber form a multi-layer
flue gas flow area. Although the residence time of the flue gas in the combustion chamber
is increased, the heat transfer process between the flue gas and the bottom of the boiler
does not increase, and the improvement in the thermal efficiency is not apparent for stoves
A and B. On the other hand, the cone sleeve of stove C provides high-temperature flue gas,
which forms reflux on both sides of the central area and also acts as a radiation source for
the radiative heat transfer of the boiler bottom, thus improving the thermal efficiency.

3.2. Analysis of Heat Transfer Intensity

The heat absorption process of the vessel is mainly carried out by convection and
radiation heat transfer. Nusselt number is a dimensionless number in fluid mechanics
and heat transfer, which can characterize the intensity of convective heat transfer. The
formula is

Nu=hL/A, (22)

where h is the convective heat transfer coefficient between the fluid and the solid surface, L
is the characteristic length of the heat transfer surface, and A is the thermal conductivity of
the fluid.

Since there is no dimensionless number that reflects the radiation heat transfer inten-
sity, the average Nusselt number is divided into convective heat transfer ratio, which is
denoted as I, and the total heat transfer intensity of the three stoves was compared and
analyzed. The heat transfer balance of simulation results was verified and is presented
in Table 2 before heat transfer analysis. All the errors are less than 5%, and heat can be
considerably conserved.

Table 2. Heat flux report at 40 kW.

Stove A Stove B Stove C

Heat input (W) 40,388.03 39,872.02 40,751.97
Net heat (W) —633.43 679.14 —12.51
Error 1.57% 1.70% 0.03%

The temperature distribution of the central section and the I values in the bottom
of the vessel of three fuel oil cooking stoves were obtained by simulation, as shown in
Figures 7 and 8. The simulation results show that the proportion of radiation heat transfer
of vessels is about 50%. Additionally, the I values of the three kinds of fuel oil cooking
stoves increase with the increase in power, that is, the total heat transfer intensity increases
with the increase in power. This is because the flue gas velocity and temperature are
improved under high power, and the total heat transfer intensity is increased. The heat
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Temperature(K)

transfer intensity of stove C is significantly higher than that of stoves A and B, due to the
vessel shape and the combustion chamber structure difference of the three stoves. The
vessel of stove C is a wok, in comparison with the others, making the proportion of flame
erosion area of the vessel to be larger and to have a better-wrapped degree. At the same
time, the cone sleeve of stove C increases the radiation heat transfer to the bottom of the
vessel, making the total heat transfer intensity become the highest. For the two staple food
stoves, the recirculation of flue gas inside the fireboard of stove B makes the part have a
larger Nusselt number, and its lower combustion chamber height reduces the proportion of
the low Nusselt number area on the vessel side, thus making its convective heat transfer
intensity higher than that of stove A and also increasing its total heat transfer intensity.

Temperature(K)

27310° 436x10° 638x10° 821x10° 1.00x10" 1.19x10° 137x10' 1.55x10° L73x10° 192x10° 2.10x10° 273107 456x100 638x10° 821x10° 100x10° 119x10° 137x10° 1355x10° 173x10° 192x10° 210x10°

(b)
Temperature(K)

273x10°  456x10° 638x10° 821x10° 100x10° 1.19x10° 137x10° 155x10° 173x10° 192x10° 2.10x10°

Figure 7. Temperature contours in the central section of the three stoves at 40 kW: (a) staple food
stove A; (b) staple food stove B; (c) subsidiary food stove C.
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Figure 8. Nu number and I value of the three stoves at different powers.
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3.3. Analysis of Heat Flow Uniformity of Vessel

The heat flux uniformity of the vessel affects the efficiency of the cooking work.
Therefore, the uniformity index <y of the heat flux of the vessel is calculated to evaluate the
heat flux uniformity as follows:

., EL[(e-A]
TEU T A @

where i is the number of grid sequences, ¢ is the heat flux of a grid surface, ¢ is the average
heat flux of all grid surfaces, and A; is the area of a certain grid surface. The heat flux
uniformity characterizes the variation of heat flux over a given surface.

The heat flux uniformity index of the three kinds of stoves under different power is
shown in Figure 9. From Figure 9, stove A presented the best heat flux uniformity, whereas
the heat flux uniformity of the other two stoves is slightly lower. At the same time, the heat
flux uniformity of the stove decreases with the rotary cup burner power increase.

0.90

—A— Stove A
—@— Stove B
—i— Stove C

0.86 -

0.82

Heat Flux Uniformity Index of Vessel

0.76 | L | L |
20 30 40
Power(kW)

Figure 9. Heat flux uniformity index of the three stoves at different power rates.

Figure 10 shows the heat flux distribution of stoves A, B, and C under three powers.
It can be observed that the power has a significant influence on the heat flux intensity of
the vessel center. The increase in power correlates to the higher local heat flux intensity in
the central area of the vessel bottom, and the change of heat flux intensity in other parts
of the pot is relatively small, so the overall heat flux uniformity index decreases. The heat
flux uniformity of stove C is less affected by the power change, because the area ratio of
cooking vessel washed by flame is large, and the power change only affects the overall heat
flux intensity, which has little effect on the overall heat flux uniformity.

The heat flux uniformity of stove A is better than that of stove B because the high-
temperature flue gas on both sides of the central flame forms a recirculation zone in the
middle of the fireboard, which strengthens the heat transfer in the central area of the vessel
bottom and also causes a greater difference in the heat flux intensity of the whole vessel,
resulting in a decrease in the heat flux uniformity index; the streamlines at 40 kW shown in
Figure 11 also confirm this finding.
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Figure 11. Streamline of the three stoves at 40 kW: (a) staple food stove A; (b) staple food stove B,
(c) subsidiary food stove C.
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3.4. Analysis of CO Emissions

The CO mass fraction (flue outlet) of the three stoves at different power levels is shown
in Figure 12. Comprehensively, the CO emissions of the stoves decrease with a decrease in
power. The CO emissions of stove B significantly surpassed that of other assembled stoves
over different power levels, this is because the space composed of the fireboard, and the
vessel is near the closure, which is not conducive to the full combustion of fuel.

700

CO Mass Fraction(ppm)
g
T

1553

=3

=]
T

100 |-

20 40

30
Power(kW)

Figure 12. CO mass fraction of the three stoves at different power rates.

Figure 13 shows the CO mass fraction distribution of the central section of three stoves
at three power rates. With the decrease in power, the overall CO concentration in the
combustion chamber decreases, indicating that the incomplete combustion of fuel increases
with the increase in power. However, the rotating speed of the rotary cup is accelerated
with increasing power, which enhances the disturbance and promotes the mixing of fuel
and air to a certain extent; the limited degree of promotion, which cannot completely offset
the trend of uneven mixing of fuel and air caused by the increase in the fuel flow, increases
incomplete combustion of fuel and, therefore, CO mass fraction at the outlet of the flue.

3.5. Analysis of Flue Gas Temperature at the Outlet of the Model

Considering the heat loss of the stove, exhaust gas heat loss is the most important way
of heat loss, and therefore, exhaust temperature directly affects and reflects the thermal
efficiency of the stove. The flue was simplified in the modeling process, and the flue gas
temperature at the outlet of the model was used as an index to analyze the heat loss of the
exhaust gas. The outlet flue gas temperature of the three stoves at different power levels
is shown in Figure 10. The results show that the outlet flue gas temperatures of the three
models of fuel oil cooking stoves are all above 900 K, which is caused by the set adiabatic
wall conditions and by ignoring the heat loss of the combustion chamber and the outer
wall of the flue. In addition, the actual fuel oil cooking stove flue length is much longer
than the simplified model flue length, which makes the simulation temperature results
higher than the actual.

In Figure 14, the outlet flue gas temperature of stove A and stove C changes slightly
with power, while the outlet flue gas temperature of stove B decreases significantly with the
increase in power. It is speculated that this result is caused by the incomplete combustion
degree of fuel. The change in CO mass fraction in Section 3.4 shows that the CO mass
fraction of stove B is significantly higher than that of the other two stoves, and the change in
CO mass fraction is more significant, compared with the change in power level, signifying
that the incomplete combustion degree of stove B is higher, and the change exhibited by
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incomplete combustion degree is notable with change in power level, resulting in a large
change in the flue gas temperature at the model outlet under different power levels.

Mass fraction of CO() Mass fraction of CO()

0 742107 1.48x102 223x102 2.97x102 371102 4.45x102 5.19x102 5.94x102 6.68x107 7.42x102 0 T42x10% 148107 2.23%102 207107 3.71x107 4.45x107 5.10x107 5.94x102 6.68x107 7.42x107

Mass fraction of CO()

0 7.42x10% 148x107 223x107 297x102 3.71x102 445x102 5.19x107 594x102 6.68x102 7.42x102

Figure 13. CO mass fraction contours of the central section of the three stoves at 40 kW: (a) staple
food stove A; (b) staple food stove B, (c) subsidiary food stove C.
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Flue Gas Temperature of Model Outlet(K)

920 -

20 40
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Power(kW)
Figure 14. Flue gas temperature of the model outlet of the three stoves at different power rates.

3.6. Comprehensive Analysis of Fuel Oil Cooking Stove

Considering the above five indexes, which are interrelated and influence each other,
there is no case in which each parameter is optimal at the same time. The simulation results
of thermal efficiency, heat transfer intensity, heat flux uniformity, CO emissions, and flue
gas temperature at the outlet of the model are normalized as Kj, Ky, K3, K4, and K5 to
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form a performance pentagon, in order to comprehensively and intuitively compare the
performance of different cooking stoves. The normalization method of the simulation
results is as follows:

K; = [ki — min(k;)]/[max(k;) — min(k;)] (24)

or

K; = [max(k;) — ki]/[max(k;) — min(k;)] (25)

The results are shown in Figure 15. For the fuel oil cooking stove, a larger pentagon
area implies better comprehensive performance. It is apparent that at 40 kW power, the
heat transfer intensity of stove C is more prominent, which makes it exhibit the best
comprehensive performance. At 30 kW and 20 kW power rates, the heat transfer intensity
of stove C cannot be closely compared with stove A, which presents a poor comprehensive
performance than stove A. Despite this result, the main food stove B has good performance
in the outlet flue gas temperature and heat flux uniformity, but other properties are worse,
compared with stoves A and C, resulting in its worst comprehensive performance and
adaptability. When assembling the rotary burner, stove A has the best average performance
at different power levels, while stove C has the best performance at higher power.

[ stove A [ stove A
[ stove B [ stove B
[ Istovec [ IstoveC
K2 ke
K4 K3
(a) (b)
K1

1 [ stove A

I Stove B

[ IstoveC

(c)

Figure 15. Performance pentagon of three stoves at different power rates: (a) 40 kW; (b) 30 kW;
(c) 20 kW.

4. Conclusions

The performance of three kinds of vehicle-mounted cooking stoves equipped with a
novel rotary cup burner was studied by using numerical evaluation method, including
thermal efficiency, heat transfer intensity, heat flux uniformity, CO emissions, and flue gas
temperature at the outlet of the model. The results are as follows:

1. The structure of the combustion chamber influences the performance of the heating
system. In staple food stove A, the high vessel makes the flue gas transfer more heat
to the stove, which increases the efficiency of the total system. In staple food stove B,
a high fireboard increases the intensity of the reflux zone formed at the bottom of the
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vessel. Although it increases the heat transfer intensity of the bottom of the boiler, it
leads to insufficient combustion and also increased CO production. As a result, the
thermal efficiency of stove A is about 7% higher than that of stove B.

Due to the structural differences of the subsidiary and staple food stoves, the total
heat transfer intensity of subsidiary food stove C is about 30% higher than the other
two staple food stoves. The performance of thermal efficiency, CO emissions, and
flue gas temperature at the outlet of the modeled subsidiary food stove C are slightly
worse than those of staple food stove A.

The results of the five performance parameters were normalized to obtain the per-
formance pentagon for a comprehensive evaluation, and it is found that the rotary
cup burner has good adaptability to stoves A and C. Stove A has the best average
performance at different power levels, while stove C has the best performance at
higher power. Since the single performance index, Kj, of stove B has the minimum
value several times, its comprehensive performance is significantly worse than that of
stoves A and stove C.
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Nomenclature
A; Area of a certain grid surface (m?)
Ap Surface area of particle (m?)
B Spalding mass number
Cp Heat capacity (J-kg~1-K~1)
Cy Drag coefficient
dp Particle diameter (m)
? External body forces
h? Formation enthalpy of species j
h fe Latent heat (]‘kg_l)
H Total enthalpy (J-kg ™)
I Turbulence intensity
k Conductivity (W-m~1.K~1) and turbulence kinetic energy (m2-s72)
ke Mass transfer coefficient
mp Mass of the particle (kg)
p Static pressure (Pa)
Re Reynolds number
Sy, Volumetric heat sources
S Mass added to the continuous phase from the discrete phase
T Temperature (K)
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u Velocity (m/s)

u Root-mean-square of the velocity fluctuations (m/s)
Uavg Mean flow velocity (m/s)

vt Turbulent viscosity coefficient

y Distance to the next surface (mm)
Y; Mass fraction of species j

Greek

symbols

€p Particle emissivity

0 Density (kg-m~3)

U Molecular viscosity (kg~m‘1 )

T Stress tensor

o Stefan-Boltzmann constant (W-m~2.K—4)
oy and 0, Prandtl number of k and w

Or Radiation temperature (K)

¢ Heat flux of a grid surface (W-m~2)
Subscripts

eff Effective

P Particle

R Radiation

ref Reference

t Turbulence

© Continue phase

Abbreviations

CFD Computational fluid dynamics

DO Discrete ordinate

SST Shear stress transfer

WSGGM Weighted-sum-of-gray-gases model
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