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ABSTRACT: Enhancing the fermentation efficiency of waste in waste warehouses is pivotal for accelerating the
pyrolysis process and minimizing harmful gas emissions. This study proposes an integrated approach, combining hot
air injection with dual atomizing nozzles, for the thermal treatment of waste piles. Numerical simulations are employed
to investigate the influence of various parameters, namely, nozzle height, nozzle tilt angle, inlet air velocity and air
temperature, on the droplet diffusion process, spread area, droplet temperature, and droplet size distribution. The results
show that reducing the nozzle height increases the temperature of droplets upon their deposition on the waste pile.
Specifically, when the nozzle height is lowered to 1.5 m, the temperature of the droplets reaching the waste pile is
1○C higher than when the nozzle height is set at 2 m. Furthermore, an increase in the nozzle tilt angle expands the
overlapping heating area. For instance, when the nozzle angle is increased from 15○ to 30○, the overlapping spread
area expands by 3.21 m2. Additionally, increasing the inlet air velocity enhances the droplet diffusion range. At an
air velocity of 2 m/s, the droplet diffusion range grows to 14.4 m, representing a 6.7% increase compared to the no-
wind condition. While the average droplet diameter decreases to 1.53 mm, the droplet temperature decreases by 1○C.
Moreover, the droplet temperature is found to become smaller as the ambient temperature inside the waste warehouse
declines. Specifically, a 5○C reduction in the ambient temperature results in a 1○C decrease in the average temperature
of the atomized droplets. The study concludes that a nozzle height of 1.5 m and a nozzle tilt angle of 30○ effectively meet
practical heating requirements.
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1 Introduction
Waste-to-energy incineration technology represents a critical method for the harmless treatment of

waste and the sustainable utilization of energy [1,2]. In the waste incineration process, the pretreatment
of waste and the regulation of pile temperature are pivotal for optimizing waste fermentation efficiency,
accelerating pyrolysis, and mitigating harmful gas emissions [3–5]. Chen et al. [6] identified that 15○C is the
minimum temperature required to initiate the biological degradation of municipal solid waste, and effective
fermentation only occurs once the temperature exceeds this threshold. In cold regions [7], waste piles
often experience low temperatures or even freezing. To mitigate this, certain waste-to-energy incineration
plants co-incinerate straw fuel or high-calorific-value fossil fuels in specified proportions [8]. However,
this approach not only escalates operational costs but also hampers the growth of the waste-to-energy
sector [9]. Therefore, the development of technological solutions that maintain the waste pile temperature
while minimizing operational expenses has become a pressing concern in the industry.
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Current literature and operational practices indicate that heating the waste pile and maintaining its
temperature can significantly enhance the fermentation environment and address this issue effectively
[10–13]. Adetunji et al. [11] investigated the biorefining technology of organic solid waste, which facilitates
the conversion of organic waste into biofuels or other high-value products within the waste warehouse, all
while maintaining the optimal temperature. This strategy not only reduces operational costs for incineration
plants but also enhances resource utilization efficiency. In municipal solid waste landfill systems, Yaashikaa
et al. [12] examined the environmental and economic impacts of leachate and gas emissions and proposed
strategies for maintaining pile temperature through optimized landfill design and targeted heating methods.
Several heating strategies for waste piles have been explored in existing research. Luo et al. [14] utilized
primary air and furnace wall cooling air as heat sources, which were directed into the waste pile via an
induced draft fan to elevate its temperature. Khan et al. [15] employed leachate heating and recirculation,
though these methods were not effective in practical operations. Zhang et al. [16] used turbine extraction to
directly heat the waste pile, but these methods suffer from issues related to system complexity, cost-efficiency,
and suboptimal resource utilization, rendering them impractical for widespread implementation. Therefore,
further refinement of waste pile heating technologies is essential.

In response to these limitations, several waste-to-energy incineration companies [17] have experimented
with various combined heating approaches, which includes injecting hot air above the waste pile and
simultaneously introducing heated liquid from both sides. However, challenges such as the considerable
distance between the hot air inlet and the waste pile, coupled with the large volume of the waste warehouse,
mean that the hot air is insufficient to significantly increase the temperature of the waste pile. Furthermore,
the leachate outlets typically consist of pipe nozzles, discharging the liquid in a columnar form that only
covers a limited area of the pile. Current operational observations [18] indicate that even with these combined
methods, the temperature of the waste pile often fails to meet the necessary requirements for effective
waste fermentation.

Recent studies suggest that atomizing nozzles offer significant advantages in terms of liquid atomization
and heat transfer efficiency. Proper atomization results in a reduced Sauter Mean Diameter (SMD), which
significantly enhances burner stability and extends the operational life of heat-exposed components [19,20].
Shams Ghahfarokhi et al. [21] analyzed spray cooling technology, highlighting its high heat transfer
coefficient, uniform temperature distribution, low superheating, and high critical heat flux density. Wu
et al. [22,23] utilized a discrete phase model (DPM) to analyze multi-nozzle atomization and dual-medium
nozzle atomization, investigating the effects of nozzle angle, spacing, and other parameters on atomization
flow fields. Their findings indicated that increasing the nozzle angle enhances the droplet overlapping area
and extends droplet residence time. Liu et al. [24] employed a DPM model to study the effects of double/triple
nozzles and nozzle spacing on primary jet break-up and droplet size distribution, finding that increasing the
number of nozzles reduced the average droplet diameter and promoted early jet polymerization. Although
existing research on droplet atomization primarily focuses on single-nozzle models and the impact of multi-
nozzle configurations on droplet size variation, there is a notable gap in studies investigating the use of dual
nozzles aimed at heating waste piles. As waste piles naturally form in a conical shape, two vertically downward
jets are inadequate for uniformly covering most of the pile with atomized droplets. In contrast, jets directed
at an angle to the wall can significantly improve coverage in a shorter time. However, studies addressing the
use of angled dual jets for heating waste piles remain scarce.

To address this gap, the present study proposes an integrated heating method involving “hot air injection
+ dual atomizing nozzles” for waste pile heating in a waste warehouse. Specifically, while maintaining the
hot air injection system unchanged, the leachate pipe nozzles are replaced with atomizing nozzles angled
towards the walls. A dual solid-cone nozzle [25] is employed to atomize the liquid column from the nozzles
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into numerous small droplets. Numerical simulations are conducted to evaluate the performance of dual
atomizing nozzles, investigating the effects of nozzle height, tilt angle, and inlet wind speed and temperature
on the diffusion process, droplet temperature, and droplet size distribution. The optimal configuration that
meets the heating requirements of the waste pile is identified, providing a theoretical basis for the design and
retrofitting of waste warehouses.

2 Problem Description

2.1 Physical Model
Fig. 1a shows a schematic of the waste warehouse, with an unloading door that is 4 m wide and 6 m

high. The waste is dumped through the unloading door into the waste warehouse, where it naturally piles up
to form a conical structure. The height of the waste pile is 7 m, and the radius of the base is 9 m. Atomizing
nozzles with a diameter of 50 mm are installed on both sides of the unloading door, positioned 0.2 m from
the door and extending 0.1 m into the waste warehouse. The leachate mass flow rate through the atomizing
nozzles is 3.52 kg/s, meaning the nozzles spray the leachate into the waste warehouse at an initial velocity of
25 m/s, with an initial temperature of 50○C.

(a) (b)

Figure 1: Computational domain and grid meshing. (a) Geometry model and nozzle position diagram; (b) global grid
and loacal grid refinement

In the simulation, the fluid computational domain corresponds to the internal space of the waste
warehouse, specifically the region outside the waste pile. The unloading door serves as the air inlet, with
dimensions of 4 m × 6 m. On both sides of the unloading door, atomizing nozzle inlets with a diameter of 50
mm are arranged for leachate injection. A rectangular region of 4 m × 6 m at the top of the waste warehouse
acts as the outlet. Two jets are directed at an angle to the wall, and the nozzle is positioned 100 mm away
from the wall. As this study focuses on the diffusion of droplets exclusive of the jet break-up, the influence
of the wall is not considered. Fluent meshing was used to divide the 3D grid, with local refinement applied
to the spraying area due to the presence of spray holes on both sides of the unloading door. Since simulation
primarily focuses on the spray range of droplets and their heat dissipation in the air, the boundary layer was
not taken into account. The global minimum mesh size was set to 0.26 mm, while the maximum mesh size
was 50 mm, with a mesh growth rate of 1.2. The total number of mesh elements was 2.4 million, with 0.8
million elements in the locally refined region, as illustrated in Fig. 1b.
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2.2 Governing Equations
The governing equations include the continuity equation, Reynolds-averaged Navier-Stokes equations,

the Standard k-ε turbulence model, and the energy equation [26], as follows:
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i are the time-averaged and fluctuating velocity components in the i-direction, respectively;
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j are the time-averaged and fluctuating velocity components in the j-direction, respectively; p is the
time-averaged static pressure, xi and xj are the spatial coordinate, ρ and μ are the liquid density and dynamic
viscosity, respectively; k and ε are turbulent kinetic energy and dissipation rate, respectively; σk and σε are the
turbulent Prandtl numbers for k and ε, respectively, σk = 1.0, σε = 1.3; Gk is the production of turbulent kinetic
energy due to mean velocity gradient, Gk = −ρu′iu

′
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∂u j
∂ui

; μt is turbulent viscosity, μt = ρCμk2/ε, Cμ = 0.09,
C1ε = 1.44, C2ε = 1.92; E is the total energy, K is the thermal conductivity, Cp is the specific heat at a constant
pressure, Prt is the turbulent Prandtl number, Prt = 0.85; Sh is the source of energy.

The Discrete Phase Model (DPM) is used to simulate the evolution of atomized droplets in space. This
method follows the Euler-Lagrange approach, where air is treated as the continuous phase and liquid particles
as the discrete phase. These two phases can exchange momentum, mass, and energy. The DPM model
assumes that the particles are spherical and uniformly distributed within the continuous phase, with the
volume fraction of the discrete phase being very small, typically not exceeding 10%. Therefore, the influence
of particles on the continuous phase and the interaction between particles can be neglected. In the simulation,
each particle is treated as an individual entity. The flow field of the continuous phase is first calculated, and
then the forces and velocities acting on the particles are determined based on the flow field variables, which
allows for the calculation of the particle trajectories. This study focuses on the atomization process and spatial
distribution of the droplets, so radial velocity along the centerline of the spray nozzle is set at the nozzle outlet.
Additionally, the KH-RT (Kelvin-Helmholtz-Rayleigh-Taylor) breakup model and the random walk model
are used to track the particle trajectories. This model inherently accounts for droplet breakup and potential
coalescence during the initial spray formation process [22–24]. The DPM characterizes the droplet breakup
process at the nozzle outlet using the KH-RT breakup model. This model predicts droplet fragmentation
and size distribution based on turbulence characteristics. The maximum and minimum droplet diameters
are defined within the range of the Rosin-Rammler distribution function, while the mean droplet diameter
is determined using the SMD, which represents the ratio of droplet volume to surface area. The boundary
condition for the particles at the inlet and outlet is set to escape, while the remaining wall boundaries are
set to reflect. In the simulation, the droplet distribution follows the Rosin-Rammler model, with the initial
minimum droplet diameter dmin, maximum droplet diameter dmax, and average droplet diameter da set to 3, 5,
and 4 mm, respectively. The diffusion parameter is 3.9, and 30 streams of droplets are initially injected [27,28].
Due to the wide range of droplet sizes resulting from atomization fragmentation, the Sauter Mean Diameter
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(SMD) is used to assess the atomization quality [24]. The simulation employs a pressure-based solver for
transient solutions, with the SIMPLE algorithm used to couple pressure and velocity. The momentum and
energy equations are discretized using a second-order upwind scheme, while the turbulent kinetic energy
and turbulence dissipation rate equations use a first-order upwind scheme. The relaxation factors are adjusted
according to the actual conditions to ensure convergence, with normalized residuals less than 10−5. Given
the constraints of computational resources and the specific objectives of the study, the simulation duration
is set to 1 s to ensure efficiency and accuracy.

2.3 Grid Independence Verification and Model Validation
Taking an example with a nozzle exit velocity of 25 m/s, air inlet temperature tf of 303 K at the

unloading door, and inlet flow velocity υ of 2 m/s, the average velocity at the waste warehouse outlet and
the average droplet diameter are selected as characteristic parameters. Mesh independence is verified using
mesh numbers of 0.8 million, 1.8 million, 2.4 million, 3.4 million, and 4.2 million. Fig. 2 shows that when the
mesh number exceeds 2.4 million, both the outlet average velocity and the average droplet diameter remain
unchanged. Considering the balance between computational accuracy and efficiency, a mesh number of 2.4
million is chosen for the numerical simulation in the following analysis.

Figure 2: Grid independence verification

Based on the simulation method proposed in this study, we validate the findings reported in the
literature [24] for similar scenarios. By calculating the deviation between the simulation results and the
reported data, we assess the accuracy of the present simulations. Table 1 shows that the deviation is less than
5%, which is within an acceptable range. Hence, the simulation method used in this study can effectively
predict the diffusion dynamics of the atomizing droplets within the waste warehouse.
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Table 1: Model validation

Time/s Droplet diameter/mm Droplet diameter/mm [24] Deviation/%
0.2 × 10−3 16.5 17.25 −4.3
1.2 × 10−2 19.27 18.48 4.2
2.2 × 10−2 20.25 19.35 4.6
3.2 × 10−2 19.00 19.98 5.0
4.2 × 10−2 21.90 20.89 4.8

2.4 Simulation Cases
To analyze the effects of nozzle installation height, nozzle tilt angle, inlet wind velocity and temperature

at the unloading door, as well as the impact of summer and winter temperatures inside the waste warehouse,
the conducted simulation cases are listed in Table 2. The specific details are as follows:

(1) In typical heating of the waste pile, the unloading door is closed, or considering that the inlet
wind speed υ is usually 0–2 m/s, the impact of inlet wind velocity is initially ignored in the study.
Additionally, since the waste pile is conical in shape and the height of the waste is most significant near
the apex of the cone, this area requires more atomized droplets for heating compared to other regions.
Therefore, two nozzles are arranged at an angle, creating an overlapping spread area near the waste
pile top for repeated heating in this region (as opposed to single heating in other areas). The nozzle
tilt angle (the angle between the jet centerline and the y-axis) is assumed to be θ = 15○. Furthermore,
to facilitate maintenance of the atomizing nozzles, the nozzle installation height h is set to 2.0 and
1.5 m, respectively. Lastly, considering that the temperatures inside the waste warehouse in summer
and winter differ, they are set to t

∞
= 35○C and t

∞
= 30○C, respectively.

(2) Based on the results of case 1 (see the subsequent analysis), the spread range and overlapping heating
area with a nozzle height of h = 1.5 m basically meet the requirements. On this basis, the spread range
and overlapping heating area are compared for nozzle tilt angles of θ = 15○, 30○, and 45○, with the
warehouse temperatures t

∞
= 35○C and t

∞
= 30○C, in order to determine the optimal nozzle tilt angle

of 30○.
(3) Based on the results of case 2, under the conditions of h = 1.5 m and θ = 30○, the effects of an unloading

door wind speed of υ = 2 m/s and inlet wind temperatures tf = 30○C in summer and tf = 10○C in winter
are analyzed.

Table 2: Simulation cases and main parameters

θ = 15○ h = 2.0 m t
∞
= 35○C/30○C

h = 1.5 m t
∞
= 35○C/30○C

υ = 0
h = 1.5 m

θ = 15○ t
∞
= 35○C/30○C

θ = 30○ t
∞
= 35○C/30○C

θ = 45○ t
∞
= 35○C/30○C

υ = 2 m/s h = 1.5 m, θ = 30○ tf = 10○C t
∞
= 30○C

tf = 30○C t
∞
= 35○C
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3 Results and Discussion

3.1 Under No Wind Conditions
3.1.1 Effect of Nozzle Height

Fig. 3 shows the effect of nozzle installation height (h = 2 m and 1.5 m) on the spread range of atomized
droplets and the overlapping heating area under θ = 15○ and t

∞
= 35○C. It is seen that the droplet diffusion

characteristics under both nozzle heights exhibit good stability, with highly similar spatial distributions and
spreading profiles. Under no wind condition of υ = 0, the interference from the surrounding air on the
droplet breakup process is minimized, and the atomization and diffusion of droplets in space maintain a
symmetrical distribution.

(a) spread range in x-direction at

h = 2 m

(b) spread range in y-direction at

h = 2 m

(c) overlapping area at h = 2 m

(d) spread range in x-direction at

h = 1.5 m

(e) spread range in y-direction at

h =1.5 m

(f) overlapping area at h = 1.5 m

Figure 3: Effect of different nozzle heights on droplet diffusion range and overlapping area

For the case of h = 2 m, in the x-direction, the total spreading width of the droplets 1 s after spraying
reaches 13.5 m, covering about two-thirds of the horizontal waste pile. Additionally, in the y-direction,
the droplet’s falling height reaches 6.6 m, covering two-thirds of the pile’s height. The atomized droplets
effectively cover the majority of the waste pile area, and the corresponding waste pile volume accounts for
about 60% of the total volume, thus heating the majority of the waste pile in just 1 s. It is important to note that
the waste pile exhibits a near-conical shape, with the highest accumulation of waste located near the apex.
Consequently, this region demands the greatest amount of heat from the atomized droplets. Under equivalent
conditions, applying repeated heating in this area is advantageous in meeting the thermal requirements for
the waste at the base. As time progresses, it can be inferred that the atomized droplets continue to diffuse in
both the x and y directions, eventually covering the entire waste pile volume. By comparing the spreading
range of droplets in the x and y directions, it is seen that the diffusion capability of atomized droplets is the
same in both directions.

For the case of h = 1.5 m, the spread range of atomized droplets 1 s after spraying in both the x and y
directions is similar to that of h = 2 m. The only difference is that the spreading height in the y-direction
decreases by 0.5 m. This indicates that the nozzle height has a small effect on the overall spreading range. It
can be concluded that, compared to the case with h = 2 m, when h = 1.5 m, the reduction in nozzle height
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decreases the time required for the droplets to diffuse to the waste pile. This, in turn, reduces the heat loss of
the droplets during the diffusion process, accelerates the heat exchange between the droplets and the waste
pile, and thus improves the heating efficiency of the waste pile.

Comparing Fig. 3c and f, it is found that the overlapping area of the spraying at h = 2 m and 1.5 m
are 11.96 and 9.2 m2, respectively, with a difference of 2.76 m2. Although the overlapping area of the former
is larger than that of the latter, which facilitates the heating of the waste pile in this region, increasing the
height not only raises the temperature drop when the droplets reach the pile, increasing the heat loss during
the diffusion process [18], but also amplifies the potential safety risks encountered during maintenance. The
reduction in the overlapping area caused by the decreased nozzle height can be addressed by adjusting the
nozzle tilt angle, as will be discussed in the following section.

Fig. 4a,c shows the effect of nozzle height on droplet temperature distribution under θ = 15○ and
t
∞
= 35○C. As seen in Fig. 4, the temperature distribution along the droplet’s falling height (i.e., the y-

direction) shows a layered structure. The nozzle outlet temperature is the highest at 50○C and gradually
decreases as the droplet falls. This is because, during the atomization and diffusion process, the droplets
constantly exchange heat with the surrounding environment, resulting in a gradual decrease in temperature
along the vertical diffusion direction. Additionally, since the atomized droplets have the same diffusion
capability in both the x and y directions, the temperature distribution of the droplets shows a layered
characteristic in space.

(a) (b)

(c) (d)

Figure 4: Effect of nozzle height and warehouse temperature on the spatial distribution of droplet temperature.
(a) h = 2 m, t

∞
= 35○C; (b) h = 2 m, t

∞
= 30○C; (c) h = 1.5 m, t

∞
= 35○C; (d) h = 1.5 m, t

∞
= 30○C

The nozzle height and the warehouse temperature also affect the spatial distribution of droplet tem-
perature. Specifically, for h = 2.0 m and t

∞
= 35○C, the average droplet temperatures at y = 9, 7, 5, and 3

m are 50.0○C, 48.8○C, 47.8○C, and 46.8○C, respectively. When the nozzle height is reduced to 1.5 m, the
temperatures at y = 8.5, 7, 5, and 3 m are 50.0○C, 49.5○C, 48.7○C, and 47.8○C, respectively. This shows that
when the nozzle height is reduced, the temperature drop of the droplets is smaller. When the droplets reach
the waste pile, their temperature is 1○C higher than when the height is 2 m, indicating that reducing the nozzle
height to 1.5 m can reduce the heat loss of the droplets in space. If h is further reduced to 1.0 m, although the
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heat loss from the droplets can be further minimized, the overlapping area is significantly reduced, which is
detrimental to the heating of the primary region at the top of the waste pile.

Fig. 4a,b shows the change in droplet temperature when t
∞

decreases from 35○C to 30○C under the same
nozzle height. When t

∞
drops by 5○C, the temperature of the droplets at two-thirds of the waste pile decreases

from 46.8○C to 45.8○C. This is because lowering the environmental temperature increases the temperature
difference between the droplets and the environment, which accelerates the heat transfer from the droplets
to the environment, causing the temperature to decrease more significantly.

Comparing the above results, it can be observed that the effects of nozzle height and temperature
variation within the warehouse are generally similar. However, the warehouse temperature is more difficult
to control due to its larger volume and significant seasonal variations. In contrast, adjusting the nozzle
height is easier to implement. As previously analyzed, reducing the nozzle installation height can increase
the temperature of droplets upon reaching the surface of the waste pile, which is beneficial for enhancing the
heat exchange between the droplets and the waste pile. The reduction in the overlapping area caused by the
lower height can be addressed by adjusting the nozzle tilt angle, which is easy to implement [22,23].

3.1.2 Effect of Nozzle Angle
Fig. 5 shows the impact of different nozzle angles θ on the spread range and overlapping heating area

under h = 1.5 m and t
∞
= 35○C. Comparing Fig. 5 with Fig. 3a, it is found that, for all three nozzle angles,

approximately 1 s after leaving the nozzle, the spread range of the droplets reaches two-thirds of the waste
pile volume. This means that the atomized droplets can achieve heating for the majority of the pile.

(a) spread range in x-direction at θ = 30° (b) spread range in y-direction at θ = 30° (c) overlapping area at θ = 30°

(d) spread range in x-direction at θ = 45° (e) spread range in y-direction at θ = 45° (f) overlapping area at θ = 45°

Unheated area

Figure 5: Impact of different nozzle angles on spread range and overlapping area

From Figs. 3c and 5c,f, it can be observed that the overlapping area of the spread range is 9.2 , 12.41,
and 13.85 m2 for θ = 15○, 30○, and 45○, respectively. This indicates that nozzle angles of 30○ or 45○ provide
a more extensive coverage of the waste pile, it is more conducive to enhancing the heating efficiency of the
upper region of the waste pile. Additionally, considering that the difference in spread range and overlapping
area between θ = 30○ and θ = 45○ is slight, and that at θ = 45○, some areas at the pile top are not heated, it is
recommended to use a nozzle angle of θ = 30○.

This configuration not only increases the contact area between the droplets and the waste pile, enhancing
heat transfer efficiency, but it also compensates for the reduced overlapping heating area caused by lowering
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the nozzle height. Specifically, the overlapping area increases from 11.96 m2 at h = 2 m and θ = 15○ to 12.41 m2

at h = 1.5 m and θ = 30○.
Fig. 6 shows the effect of different nozzle angles on the droplet temperature distribution at t

∞
= 35○C

and 30○C. It is shown that when t
∞
= 35○C, the average temperature of the atomized droplets when they

reach two-thirds of the waste pile is 47.8○C, while when t
∞

is reduced to 30○C, the droplet temperature at
the same point drops to 46.8○C due to the lower ambient temperature.

(a) (b)

(c) (d)

Figure 6: Effect of different nozzle angles on the spatial distribution of droplet temperature. (a) θ = 30○, t
∞
= 35○C;

(b) θ = 30○, t
∞
= 30○C; (c) θ = 45○, t

∞
= 35○C; (d) θ = 45○, t

∞
= 30○C

Furthermore, Fig. 6 indicates that the nozzle angle affects the temperature distribution of the droplets,
resulting in thermal stratification and thereby altering the temperature at different layers. Specifically, for
the case with t

∞
= 35○C, when the angle θ increases from 30○ to 45○, a layer of higher droplet temperature

appears near the waste pile. This is because, at a 45○ angle, the direction of droplet ejection is more skewed
toward the center, causing the droplets at the outer boundary of the jet to remain suspended 1 s after ejection
(with the droplet temperature similarly reduced to 47.8○C) and not settle on the surface of the waste pile.
Moreover, the central region of the droplet has a smaller heat exchange area with the environment compared
to the outer boundary, resulting in a relatively higher temperature. It can also be inferred that when the
outermost droplets settle onto the waste pile, they will induce a greater temperature drop than when ejected
at a 30○ angle.

3.2 Under Wind Conditions
The inlet wind velocity at the unloading door directly affects the diffusion behaviors of the atomized

droplets. It not only alters the droplet fragmentation process and spatial trajectory but also affects the
convective heat transfer between the droplets and the environment. In this section, it is assumed that when
the unloading door is open, the inlet wind velocity is υ = 2 m/s, with the inlet air temperature tf set to 10○C
in winter and 30○C in summer.

Fig. 7 shows the diffusion characteristics of atomized droplets under h = 1.5 m, θ = 30○ with
υ = 2 m/s. Fig. 8 compares the change in spreading length in the x-direction with and without wind velocity
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conditions for a single nozzle. By comparing Figs. 5, 7 and 8, it can be seen that the inlet wind velocity has a
more significant impact on the diffusion in the x-direction and a more minor effect on the spread range in
the y-direction. Specifically, when υ = 0 m/s and 2 m/s, the total spreading length in the x-direction is 13.1
and 14.4 m, respectively. Although the presence of wind velocity at the inlet reduces the spreading length in
the x-direction by 0.5 m, the total diffusion range in the x-direction still shows an increasing trend. In the
y-direction, the spreading range for υ = 0 and 2 m/s is 6.3 and 6.5 m, respectively. This indicates that the inlet
wind velocity enhances the diffusion capacity of the droplets in both the x and y directions, thus increasing
the spread range. On the other hand, the inlet wind velocity reduces the overlapping area of the atomized
droplets on both sides. The overlapping heating area for υ = 2 m/s is reduced by 1.92 m2 compared to υ = 0.

(a) (b) (c)

Figure 7: Spread range and overlapping area of droplets at a wind velocity of 2 m/s. (a) Spread range in the x-direction;
(b) spread range in the y-direction; (c) overlapping area

(a) (b)

Figure 8: Comparison of droplet spread range in the x-direction for a single nozzle. (a) υ = 0 m/s; (b) υ = 2 m/s

Fig. 9 shows the impact of warehouse temperature and inlet air temperature on the spatial distribution
of droplet temperature under h = 1.5 m, θ = 30○, and υ = 2 m/s. A comparison of Figs. 6 and 9 shows
that the temperature stratification of the droplets does not change with the wind velocity of 2 m/s, but the
temperature at the same layer decreases by approximately 1○C, indicating that the droplet temperature is
lower with wind velocity. Additionally, Fig. 9 indicates that when the ambient temperature t

∞
drops from

35○C to 30○C, the droplet temperature at two-thirds of the waste pile decreases from 46.5○C to 45.5○C. The
above results indicate that the diffusion process and temperature distribution of the atomized droplets are not
only influenced by the inlet air velocity but are also closely related to the inlet air temperature. The presence
of inlet air velocity not only reduces the overlapping area but, in conjunction with the decrease in inlet air
temperature, increases the heat loss of the atomized droplets, thereby reducing the heat exchange efficiency
between the droplets and the waste pile. Therefore, to ensure the diffusion process of the atomized droplets
and minimize heat, it is recommended to close the unloading door during the heating of the waste pile, which
is consistent with operational requirements [29].
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(a) (b)

Figure 9: Comparison of droplet temperature distribution under t
∞
= 35○C and 30○C at υ = 2 m/s. (a) t

∞
= 35○C;

(b) t
∞
= 30○C

3.3 Droplet Diameter Characteristics
Fig. 10 shows the spatial distribution of atomized droplet diameters under different operating condi-

tions. As shown in Fig. 10, the jet emerging from the nozzle rapidly breaks up and diffuses under high-velocity
conditions. The interaction between the droplets at the outer boundary of the jet and the airflow is stronger,
leading to a more significant breakup and smaller droplet diameters. In contrast, droplets near the center
of the jet section have relatively larger diameters [22–24]. Additionally, under no-wind conditions, droplet
breakup and atomization are mainly influenced by injection conditions, and the diameter distribution under
different nozzle heights and nozzle angles exhibits high consistency. However, under windy conditions,
droplet breakup and atomization are further affected by wind velocity, leading to smaller droplet diameters.

Figure 10: Spatial diameter distribution of atomized droplets under different conditions. (a) υ = 0, θ = 15○, h = 2 m;
(b) υ = 0, θ = 15○, h = 1.5 m; (c) υ = 0, h = 1.5 m, θ = 30○; (d) υ = 2 m/s, h = 1.5 m, θ = 30○

Table 3 shows the change in the droplet diameter over time under the conditions of h = 1.5 m, θ = 30○,
and no wind velocity. During the period from 0.1 to 0.4 s, the average droplet diameter increased from 1.54
to 1.61 mm. The reason is as follows: in the early stage of atomization, under the influence of gravity and
droplet collisions, the smaller atomized droplets re-aggregate, causing an increase in the droplet diameter.
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Over time, these droplets further break into smaller droplets, leading to a decrease in the average diameter.
The variation in the droplet diameter in this study is agreement with conclusions of Nie [30].

Table 3: The change in droplet diameter over time

Time/s 0.1 0.2 0.3 0.4 0.5
SMD/mm 1.54 1.56 1.59 1.61 1.59

Table 4 compares the maximum, minimum, and average droplet diameters after jet fragmentation under
different conditions. It is observed that the effects of nozzle height and nozzle angle are minimal, while the
effect of inlet wind speed is relatively significant. Specifically, when υ = 0 and θ = 15○, the average diameter is
1.57 and 1.55 mm for h = 2.0 and h = 1.5 m, respectively. When θ = 30○ and 45○, the average diameter increases
to 1.56 mm. However, when the inlet wind speed increases to 2 m/s, the average droplet diameter decreases to
1.53 mm at θ = 30○. Although reducing the droplet diameter can improve heat transfer between the droplets
and the waste pile, it also increases the temperature drop during the spatial diffusion process, resulting in
higher heat loss. This, in turn, hampers the heat exchange efficiency between the droplets and the waste pile.

Table 4: Average droplet diameter at different nozzle heights and injection angles

Impact of υ Impacts of h and θ Droplet diameter/mm

dmax dmax da

υ = 0

h = 2.0 m, θ = 15○ 4.60 0.88 1.57
h = 1.5 m, θ = 15○ 4.60 0.88 1.55
h = 1.5 m, θ = 30○ 4.60 0.88 1.56
h = 1.5 m, θ = 45○ 4.60 0.88 1.56

υ = 2 m/s h = 1.5 m, θ = 30○ 4.58 0.87 1.53

Based on the above analysis, it can be concluded that the optimal performance is achieved when h = 1.5
m and θ = 30○. Therefore, these parameters are recommended as the design specifications for the atomizing
nozzle. Additionally, considering the impact of inlet air velocity on the droplet atomization diameter, droplet
temperature, and spread area, it is also advised to close the unloading door during the heating of the
waste pile.

4 Conclusion
This study proposes a combined heating method using “hot air injection + dual atomizing nozzles”

to improve heating efficiency in waste piles. By introducing atomizing nozzles while maintaining hot air
injection temperature, the spread area of atomized droplets can be expanded, reducing their contact time
with the waste, thus enhancing heat transfer.

The nozzle height, tilt angle, wind speed at the unloading door, and internal warehouse temperature
all impact the droplet diffusion, spread range, temperature, and diameter. Lowering the nozzle height by 0.5
m increases droplet temperature by 1○C and decreases droplet diameter, improving heat transfer. When the
warehouse temperature is 35○C, droplets at two-thirds of the waste pile cool from 50○C to 47○C, and at 30○C,



1076 Fluid Dyn Mater Process. 2025;21(5)

they decrease further to 46○C. Adjusting the nozzle tilt angle also influences droplet spread; at a 30○ angle,
it increases effective coverage and reduces overlapping area, improving heating efficiency.

Increasing wind speed enhances droplet diffusion but reduces overlapping heating areas and droplet
size. When the nozzle height is 1.5 m and the angle is 30○, wind speed has minimal effect on overall heating.
Based on these findings, it is recommended to use the specified nozzle parameters (h = 1.5 m, θ = 30○) and
close the unloading door during heating to optimize heating efficiency.
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