
Academic Editor: Qing N.

(Shaun) Chan

Received: 22 June 2026

Revised: 18 August 2026

Accepted: 28 August 2026

Published: 3 September 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Numerical Study on Liquid-Fuel Atomization Characteristics of
a Honeycomb-Corrugated Vaporizer Tube for
a Micro-Turbine Engine
Tao Zhang 1 , Pan Wu 1, Zhanyuan Wang 2,*, Delin Zeng 3, Shengyou Liao 3, Baoquan Liang 4, Weizhi Liang 3

and Liang Xue 3

1 School of Energy and Environment, Shenyang Aerospace University, Shenyang 110136, China;
zhangtao@sau.edu.cn (T.Z.)

2 School of Aero-Engine, Shenyang Aerospace University, Shenyang 110136, China
3 Guangxi Yuchai Machinery Co., Ltd., Yulin 537000, China
4 Guangxi Yuchai Special Equipment Co., Ltd., Yulin 537000, China
* Correspondence: 20250014@sau.edu.cn

Abstract

Efficient liquid-fuel combustion in micro-combustors strongly depends on fuel atomization,
evaporation, and fuel-air mixture preparation. However, conventional straight vaporizer
tubes often provide limited droplet breakup and insufficient gas liquid heat and mass trans-
fer. In this study, a honeycomb-corrugated vaporizer tube was proposed to enhance fuel
atomization and evaporation before combustion. A computational fluid dynamics model
combined with an orthogonal design was employed to investigate the effects of corrugation
height, corrugation radius, honeycomb-hole diameter, and number of honeycomb plates
on gas–liquid two-phase flow, the Sauter mean diameter (SMD), and fuel evaporation rate.
The results showed that corrugation height and the number of honeycomb plates were the
dominant factors affecting atomization and evaporation performance. The optimized tube,
with a corrugation height of 1.0 mm, a corrugation radius of 4.0 mm, three honeycomb
plates, and a honeycomb-hole diameter of 0.6 mm, reduced the outlet SMD from 79.0 µm
to 42.6 µm and increased the fuel evaporation rate from 1.5% to 42.0%. These findings
provide a feasible structural approach for improving fuel atomization, evaporation, and
mixture preparation in small-scale liquid-fuel combustors.

Keywords: micro-combustor; fuel atomization; vaporizer tube; computational fluid dynamics

1. Introduction
Micro turbojet engines (MTEs) represent an important class of aerospace propulsion

systems. Owing to their compact size and high power-to-weight ratio, they have attracted
considerable interest for applications in cruise missiles, intelligent unmanned aerial vehicles,
and civilian aeromodels [1–3]. Micro gas turbines also show considerable potential for
distributed energy systems, including combined cooling, heating, and power generation,
range extenders, and hybrid power systems [4–7]. Compared with large aeroengines,
MTEs retain the fundamental multidisciplinary characteristics of gas-turbine systems while
offering shorter development cycles and greater flexibility in design iteration.

Aviation kerosene is commonly used as the liquid fuel in MTEs, and combustor effi-
ciency and stability depend strongly on the quality of fuel atomization and evaporation.
Poor atomization leads to the formation of large droplets, which increases the probability
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of droplet–wall impingement, flame displacement, nonuniform outlet temperature dis-
tributions, and unstable heat release [8]. Because the minimum ignition energy of a fuel
spray increases sharply with droplet size, droplet size reduction is essential for reliable
ignition [9]. Spray droplet-size distribution also affects overall engine performance, as well
as the reliability and service life of hot-section components [10].

For liquid-fuel combustion, atomization and evaporation are not merely auxiliary
processes; instead, they directly determine the rate at which combustible fuel–air mixtures
can form prior to the onset of chemical heat release. Because the surface-area-to-volume
ratio decreases as droplet diameter increases, larger droplets provide less interfacial area
for heat and mass transfer per unit volume of liquid. Consequently, such droplets undergo
slower heating and evaporation and are more prone to wall-film formation, resulting in the
emergence of local fuel-rich regions. In small-scale combustors featuring short residence
times and compact flow passages, inadequate spray evaporation may lead to delayed
ignition, flame instability, incomplete combustion, and nonuniform temperature distribu-
tions. Therefore, enhancing atomization, evaporation, and heat and mass transfer within
the vaporizer tube is essential for improving mixture preparation in micro-combustion
systems. Recent reviews and numerical studies have similarly highlighted that atomization
quality, droplet size distribution, and vaporization rate exert a profound influence on sub-
sequent evaporation, fuel–air mixing, and combustion efficiency in high-speed turbulent
combustion systems [11–13].

The vaporizer tube is a key component for fuel atomization and evaporation in a
micro turbojet combustor. By promoting fuel–air mixing, droplet breakup, wall interac-
tion, and phase change inside the tube, it directly influences the fuel evaporation rate and
Sauter mean diameter (SMD). Accordingly, improving the atomization and vaporization
performance of the vaporizer tube is essential to intensify heat and mass transfer, optimize
fuel–air mixture preparation, and achieve efficient and stable combustion. Recent stud-
ies of liquid-fuel gas-turbine combustors and micro-combustors indicated that injection
pressure, spray-combustion chemistry, droplet vaporization, vaporizer-tube arrangement,
combustor reference velocity, and airflow distribution among the vaporizer tubes influ-
ence mixture preparation, heat release, combustion efficiency, and outlet temperature
distribution [14–20].

Early investigations into micro-vaporizer tubes mainly focused on fundamental
physical mechanisms and critical aerodynamic parameters. Zhu and Lin experimen-
tally investigated small T-type and Γ-type vaporizer tubes and demonstrated that the
air–fuel ratio, inlet-air temperature, and wall temperature jointly influence evaporation
performance [21,22]. Qin developed an integrated cold-spray and hot-evaporation test
platform for a 40 daN-class micro turbojet annular combustor and systematically examined
the effects of operating parameters on atomization quality and evaporation efficiency [23].
Olivier performed experimental and numerical investigations into gas–liquid flow in va-
porizer tubes for micro gas turbines. Collectively, these studies elucidate the fundamental
heating, evaporation, and atomization behavior of fuel droplets within vaporizer tubes and
lay a foundation for subsequent structural and performance optimization [24].

As demands for higher evaporation efficiency have increased, the drawbacks of
conventional straight vaporizer tubes have become increasingly prominent. Therefore,
Recent studies have focused on complex internal geometries capable of expanding the heat-
transfer area and intensifying airflow disturbance. Zhou optimized corrugated vaporizer
tubes, including straight-corrugated and L-type corrugated configurations, and found that
their atomization and evaporation performance was significantly improved compared to
conventional straight tubes [25]. Wei introduced additive manufacturing into advanced
combustor design and developed a vaporizer tube incorporating a helical flow-disturbance
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structure, demonstrating that the helical inner-wall configuration can significantly improve
vaporizer-tube performance [26]. Zhang et al. proposed biomimetic honeycomb-plate
and parallel leaf-vein-groove structures for micro turbojet vaporizer tubes, demonstrating
that these designs enhance airflow disturbance and increase the effective heat-transfer
area, thereby improving fuel evaporation and atomization performance [27,28]. Recent
investigations into biomimetic vaporizer tubes and vaporizer-tube micro-combustors have
confirmed that optimized internal surface structures and flow-distribution strategies can
improve fuel evaporation, atomization quality, and combustion.

Overall, conventional straight vaporizer tubes feature a simple structure and are
easy to manufacture, but they generate relatively weak internal flow disturbance and
limited secondary droplet breakup, leading to comparatively large SMD values and poor
atomization and evaporation performance. Compared with the straight vaporizer tubes,
corrugated structures expand the heat-transfer area, modify the near-wall flow, and enhance
local flow disturbance, thereby improving fuel evaporation to a certain degree. However,
their principal advantage lies in heat-transfer enhancement, while their ability to refine
droplets and reduce SMD remains limited. In contrast, honeycomb plates can split and
redistribute the airflow, generate localized jets, and facilitate droplet redistribution and
secondary breakup. Therefore, integrating honeycomb plates within corrugated tube could
simultaneously boost heat transfer and droplet breakup, yielding improved evaporation
and atomization performance.

In this study, a honeycomb-corrugated vaporizer tube is proposed to overcome the
limited atomization and evaporation performance of conventional straight vaporizer tubes
used in micro turbojet combustors. A numerical model combined with an L9(34) orthogonal
design was employed to investigate the effects of corrugation radius, corrugation height,
honeycomb-hole diameter, and number of honeycomb plates on gas–liquid two-phase
flow, fuel-droplet SMD, and evaporation rate. The optimal structural parameters were
identified through range analysis, and the performance of the optimized configuration
was compared with that of a conventional straight vaporizer tube. The effects of the
air–fuel ratio, inlet-air velocity, and wall temperature on the optimized configuration
were subsequently evaluated. The results provide a basis for the structural design and
performance optimization of vaporizer tubes in micro turbojet combustors.

2. Methods
2.1. Design of the Honeycomb-Corrugated Evaporator Tube

A honeycomb-corrugated vaporizer tube was developed by integrating honeycomb
plates into a corrugated passage, as shown in Figure 1a. The honeycomb plates locally
partition and accelerate the gas flow, whereas the corrugated wall increases the heat-transfer
area and alters the near-wall flow path. Figure 1b defines the four geometric factors used in
the orthogonal design and identifies the dimensions held constant across all geometries.

The main analytical framework of this paper is presented as follows: Firstly, an
orthogonal test is used to evaluate the influence of geometric parameters and identify the
key factors controlling evaporator-tube performance. Secondly, range analysis is carried
out to obtain the optimal design. Thirdly, the optimized honeycomb-corrugated tube is
compared with a conventional straight tube. Finally, the performance of the optimized tube
is evaluated under different operating conditions.
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Figure 1. Geometry and parameter definitions: A, corrugation radius; B, corrugation height; C,
honeycomb-hole diameter; D, number of honeycomb plates.

2.2. Numerical Models for Two-Phase Flow, Heat Transfer, and Fuel Evaporation

The flow and fuel spray processes within the vaporizer tube involve turbulent gaseous
flow, droplet motion, aerodynamic breakup, droplet heating, liquid evaporation, trans-
port of fuel vapor, droplet–wall impingement, and liquid-film formation. An Eulerian-
Lagrangian framework is adopted in this work. The gaseous phase, composed of air
and evaporated fuel vapor, is solved within the Eulerian frame, whereas the droplets are
tracked as Lagrangian parcels. Two-way coupling is implemented to consider interphase
momentum, heat, and mass transfer.

The governing equations for the flow in the evaporator tube include the continuity equa-
tion for three-dimensional incompressible flow with constant physical properties, the Navier–
Stokes equations for momentum conservation, and the energy-conservation equation.

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

where u, v, and w are the velocity components in the x, y, and z directions, respectively.
Momentum-conservation equation:

U
∂Ui
∂x

+ V
∂Ui
∂y

+ W
∂Ui
∂z

= −1
ρ

∂p
∂xi

+ ν

(
∂2Ui
∂x2 +

∂2Ui
∂y2 +

∂2Ui
∂z2

)
(2)

where ρ is the fluid density, P is pressure, ν is the kinematic viscosity, and ui is the velocity
component in the i direction.
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Energy-conservation equation:

u
∂t
∂x

+ v
∂t
∂y

+ w
∂t
∂z

= a
(

∂2t
∂x2 +

∂2t
∂y2 +

∂2t
∂z2

)
(3)

where α is the thermal diffusivity and T is the fluid temperature.
The continuous gas phase was solved using the steady Reynolds-averaged Navier–

Stokes equations because the inlet, outlet, wall-temperature, and injection conditions
were time-invariant. Turbulence closure was provided by the Realizable k-ε model with
standard wall functions. This choice is consistent with recent comparative evaluations of
eddy-viscosity RANS models, which show that standard and realizable k-ε formulations
remain a reliable and computationally affordable option for predicting wall-bounded
turbulent heat transfer across a wide range of Reynolds and Prandtl numbers [29]. The fuel
was represented by Lagrangian parcels using an unsteady, two-way-coupled discrete phase
model. Parcel trajectories were determined from the particle force balance, aerodynamic
breakup was modeled using the Wave model, and droplet evaporation was coupled to the
gas-phase species-transport equation, with C12H23 used as a single-component surrogate
for kerosene. The model accounted for gas-droplet convective heat transfer and latent-heat
consumption during evaporation, while wall impingement and wall-film transport were
handled using the Lagrangian wall-film model.

2.3. Boundary Conditions

Calculations were conducted in Ansys Fluent with a pressure-based solver. The SIM-
PLE algorithm was employed for pressure–velocity coupling, and second-order upwind
discretization for the momentum, turbulence, energy, and species transport equations. The
Plain-Orifice Atomizer with 50 injection streams was adopted in this simulation. Liquid
kerosene was selected as the injected fuel, and C12H23 was defined as the evaporating
species. Fuel injection started at the coordinate (0.005, 0, 0) m along the positive x-direction.
The fuel temperature and mass flow rate were set to 300 K and 3.33 × 10−4 kg/s, respec-
tively. For this atomizer model, constant values of initial droplet diameter and velocity
were not specified. Instead, these parameters were computed within Ansys Fluent accord-
ing to the injector geometry, fuel flow rate and operating conditions. The scaled residual
convergence criterion for all transport equations was set to 10−5.

A pressure-inlet boundary condition was applied at the tube inlet, with an inlet gauge
pressure of 8000 Pa and inlet-air temperature of 430 K. The outlet was set as a pressure
outlet with 0 Pa gauge pressure. The reference pressure was 290 kPa to represent the
combustor operating pressure. The fuel temperature was 300 K, the fuel mass-flow rate
was 0.333 g/s, and the wall temperature was 800 K.

The total tube length was 60 mm, the nominal inner diameter was 6 mm, and the
nozzle outlet was located 5 mm upstream of the vaporizer-tube inlet. These dimensions
were identical for all geometries, as summarized in Figure 1b.

Based on the nominal tube diameter and the calculated air mass-flow rates, the bulk
Reynolds numbers of the honeycomb-corrugated configurations ranged from approxi-
mately 1.32 × 104 to 2.99 × 104, while that of the conventional straight tube was approx-
imately 3.29 × 104. These values support the use of a turbulence model for the present
calculations. At these bulk Reynolds numbers, a steady Reynolds-averaged closure remains
an appropriate and cost-effective choice, since fully resolving eddy-simulation approaches
would substantially increase computational cost without a commensurate gain in predictive
accuracy for the present engineering-scale geometry [30].
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2.4. Grid-Independence Verification

A hybrid unstructured mesh was employed, with hexahedral cells in the central flow
region and tetrahedral cells in the near-wall and geometrically complex regions. Local
refinement was applied at the nozzle outlet, honeycomb apertures, corrugation transitions,
and the vaporizer-tube wall.

The central-region target size was 0.12–0.15 mm, with minimum and maximum ele-
ment sizes of 0.03 and 0.20 mm, respectively. The target sizes were 0.04 mm at the nozzle
outlet, 0.04–0.06 mm around the honeycomb apertures, 0.06–0.08 mm in the corrugation
regions, and 0.06 mm near the wall. The mesh growth rate was limited to 1.20.

Conventional prism inflation layers were omitted. Instead, tetrahedral cells were
adopted to refine the near-wall region, ensuring the maximum wall y+ in the calculations
remained below 30. The same meshing strategy and local-sizing criteria were applied to all
the configurations.

Coarse, medium, and fine meshes were generated by systematically varying the global
and local element sizes while maintaining the same refinement regions. Based on the grid-
independence results, meshes containing approximately 2.0 × 106 cells for the conventional
straight tube and 2.5 × 106 cells for the honeycomb-corrugated tube were selected for
subsequent simulations. Grid-independence verification was then performed, as shown
in Figure 2.

Figure 2. Grid-independence verification for the honeycomb-corrugated and conventional straight
evaporator tubes: (a,c) honeycomb-corrugated tube; (b,d) conventional straight evaporator tube.
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To verify the reasonableness of the selected numerical model and the reliability of
the computational methodology, this section compares the present results against the
vaporizer-tube atomization and evaporation experimental data reported by Wang et al. [31].
In the validation case, aviation kerosene was used as the fuel, and a single-hole plain-orifice
nozzle with an orifice diameter of 0.6 mm was employed. The air pressure difference
between the vaporizer-tube inlet and outlet was 4000 Pa, the inlet-air temperature was
150 ◦C, the inlet fuel-to-air mass ratio was 0.34, and the vaporizer-tube lengths were 80 mm
and 120 mm, respectively. In the numerical simulations, the geometric model, boundary
conditions, and fuel injection parameters were kept consistent with the experimental setup.
The comprehensive applicability of the model adopted in this study was assessed by
comparing the trends in evaporation rate under different temperature conditions.

Figure 3 presents the comparison between the experimental and simulated evapora-
tion rates as a function of temperature. Overall, as the temperature increased from 50 ◦C
to 200 ◦C, both the experimental and numerical results exhibited a pronounced upward
trend, indicating that the established model can capture the promoting effect of elevated
temperature on fuel heating and evaporation. In the low-temperature range, the simulated
values were somewhat higher than the experimental values. This discrepancy is likely
attributable to the use of a single surrogate component to represent the evaporation process
of aviation kerosene in the numerical simulations, whereas real aviation kerosene is a multi-
component mixture whose various fractions differ in initial boiling point, final boiling
point, and diffusion characteristics. In addition, wall heat losses, injection fluctuations, and
droplet-collection errors in the experiments may also have contributed to the lower mea-
sured evaporation rates under low-temperature conditions. As the temperature increased
to the 150–200 ◦C range, the deviation between the simulated and experimental values
decreased markedly, and the two datasets exhibited consistent trends, demonstrating that
the numerical method adopted in this study achieves good predictive capability in the
high-temperature evaporation regime. Because the vaporizer tube of a micro turbojet
engine typically operates under relatively high wall temperatures and strong convective
heat transfer during actual service, the present model is considered adequate for the com-
parative analysis and parameter optimization of atomization and evaporation performance
among different vaporizer-tube configurations investigated in this study.

2.5. Selection of Characteristic Cross-Sections

A mid-plane cross-section was selected for analysis when evaluating the effects of
evaporator-tube geometry and inlet-flow parameters on fuel atomization and evaporation.
The main performance metrics were fuel droplet SMD and fuel evaporation rate. SMD
values at each cross-section were extracted directly from the numerical simulation. The
evaporation rate was calculated from the simulated evaporated fuel mass and was defined
as the ratio of evaporated fuel to total injected fuel.

2.6. Orthogonal Test Design

To investigate the effects of geometric parameters on evaporator-tube performance, an
orthogonal design of experiments (DOE) was adopted. This method reduces the number
of numerical simulations while providing reliable factor-effect analysis. Based on an L9
(34) orthogonal array, four geometric control parameters were selected, each with three
levels, as listed in Table 1. A denotes corrugation radius, B denotes corrugation height, C
denotes honeycomb-hole diameter, and D denotes the number of honeycomb-plate layers.
For example, A1 represents a corrugation radius of 3 mm and B1 represents a corrugation
height of 0.5 mm. Case a has the combination A1B1C1D1, corresponding to a corrugation
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radius of 3 mm, corrugation height of 0.5 mm, honeycomb-hole diameter of 0.4 mm, and
one honeycomb plate.

Figure 3. Variation in evaporation rate with temperature.

Table 1. Orthogonal test arrangement for geometric control factors.

Case A B C D Corrugation
Radius (mm)

Corrugation
Height (mm)

Honeycomb-
Hole Diameter

(mm)

Honeycomb-
Plate Layers

a 1 1 1 1 3 0.5 0.4 1
b 1 2 2 2 3 0.75 0.6 2
c 1 3 3 3 3 1 0.8 3
d 2 1 2 3 3.5 0.5 0.6 3
e 2 2 3 1 3.5 0.75 0.8 1
f 2 3 1 2 3.5 1 0.4 2
g 3 1 3 2 4 0.5 0.8 2
h 3 2 1 1 4 0.75 0.4 1
i 3 3 2 3 4 1 0.6 3

3. Results
3.1. Effect of Geometric Parameters on Air Velocity in the Evaporator Tube

Figure 4 shows the comparison of the air-velocity distributions at the middle cross-
section of the evaporator tube, while Table 2 provides the corresponding outlet mean tem-
perature and evaporation-performance parameters. The periodic contraction and expansion
of the corrugated tube continuously modulates the flow-channel area along the axial direc-
tion. Airflow undergoes compression and acceleration in constricted segments and near
honeycomb holes to generate strip-like high-speed regions, while reduced flow velocity and
low-speed recirculation zones occur within expanded sections and corrugation troughs.
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Figure 4. Comparison of air-velocity distributions at the middle cross-section of the evaporator tube.

Table 2. Performance comparison among the honeycomb-corrugated evaporator-tube cases.

Case Evaporation
Rate (%)

Outlet SMD
(µm)

Air Mass Flow
(g/s)

Outlet Mean
Temperature

(K)

a 18 82 1.5 475
b 28 68 1.9 515
c 30 49 2.1 525
d 22 62 2.3 490
e 17 70 2.9 470
f 34 47 1.8 543
g 18 70 3.4 479
h 24 66 2.6 498
i 42 42 2.56 565

Figure 4 shows that the corrugated passage and honeycomb apertures produce re-
peated local acceleration and deceleration along the flow direction. Cases c, d, and i exhibit
distinct localized high-velocity regions near and downstream of the honeycomb apertures.

According to Table 2, Case i maintains an air mass flow rate of 2.56 g/s and exhibits
repeated airflow redistribution along the corrugated passage. It achieves the highest outlet
mean temperature of 565 K, the highest evaporation rate of 42%, and the smallest outlet
SMD of 42 µm. Cases c and f also show relatively favorable performance, with evaporation
rates of 30% and 34% and outlet SMD values of 49 and 47 µm, respectively.

Collectively, Figure 3 and Table 2 indicate that repeated acceleration and deceleration
arising from honeycomb plates and corrugated walls facilitate improved atomization
and evaporation. Among all the configurations, Case i exhibits the most favorable flow
organization and the best overall performance.

3.2. Effect of Geometric Parameters on Air Temperature in the Evaporator Tube

Figure 5 compares the air temperature distributions on the middle cross-section of
the vaporizer tube, and Table 2 provides the corresponding outlet mean temperature and
evaporation-performance parameters. For all the configurations, a high-temperature zone
exists adjacent to the heated wall, alongside a relatively low-temperature region within
the central flow passage. However, the scale of the low-temperature core and the inward
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penetration of the high-temperature zone toward the tube center vary substantially across
different configurations.

 
Figure 5. Comparison of air-temperature distributions at the middle cross-section of the
evaporator tube.

Cases a, d, and g with a corrugation height of 0.5 mm maintain relatively large low-
temperature core regions. Their average temperatures of outlet are 475 K, 490 K, and 479 K,
respectively, corresponding to evaporation rates of 18%, 22%, and 18%. By contrast, Cases
c, f, and i, featuring a corrugation height of 1.0 mm, show a more pronounced temperature
rise within the central region. Their outlet mean temperatures increase to 525 K, 543 K, and
565 K, with the corresponding evaporation rates reaching 30%, 34%, and 42%, respectively.

According to the factor level averages obtained from the orthogonal design, increasing
the corrugation height from 0.5 mm to 1.0 mm raises the average outlet temperature from
approximately 481.3 K to 544.3 K and the average evaporation rate from approximately
19.3% to 35.3%. Meanwhile, the average outlet SMD decreases from approximately 71.3 µm
to 46.0 µm. As illustrated in Figure 4, Case i exhibits the smallest central low-temperature
region. It also delivers the maximum outlet average temperature of 565 K, the highest
evaporation rate of 42%, and the minimum outlet SMD of 42 µm. These results indicate
that the radial redistribution of gas temperature observed in Figure 4 agrees well with the
quantitative evaporation-performance results listed in Table 2. A higher and more uniform
gas-temperature field provides a more favorable thermal environment for droplet heating
and evaporation.

3.3. Effect of Geometric Parameters on Fuel-Droplet Atomization and Evaporation

Figure 6 compares the temperature distributions of fuel droplets. After being injected
from the nozzle, fuel droplets initially have a low temperature and absorb heat downstream
through two main mechanisms: radiation and conduction from the hot wall, and convective
heat transfer from the hot gas. Since convective heat-transfer intensity is proportional to
the gas–liquid relative velocity and temperature difference, the high-speed jets adjacent to
the honeycomb plates deliver important local enhancement to droplet heating.
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Figure 6. Comparison of fuel-droplet temperature distributions.

In Cases a and e with fewer honeycomb plates, the droplet temperature distribution
retains a clear center-jet pattern. Driven by inertia, droplets move mainly downstream along
the centerline with limited radial spreading. Many droplets therefore remain concentrated
in the central mainstream region and fail to fully enter the near-wall and corrugation-crest
regions, diminishing their opportunity for direct wall-contact heat transfer.

By contrast, Cases c, f, and i adopt multi-stage honeycomb plates. The honeycomb
plates disrupt the continuity of the center jet and induce intense disturbance and secondary
flow, forcing droplets to migrate radially outward from the center toward the wall. This
substantially improves droplet distribution near the corrugation crests and enables more
efficient utilization of the corrugated tube geometry for heat transfer.

Combining the observations in Figure 5 and data in Table 2, large corrugation height
effectively disrupts the near-wall laminar thermal boundary layer and strengthens radial
mixing. The strengthened radial heat transport removes the low-temperature core and
increases the temperature gradient around the central droplet cloud, facilitating rapid
droplet heating. Multiple honeycomb plates also create multi-stage shear interfaces. Intense
aerodynamic shear promotes secondary atomization and accelerates the dissipation of the
saturated vapor layer at the droplet surface, thereby reducing mass transfer resistance.

Table 3 shows the numerical results for the nine honeycomb-corrugated evaporator-
tube configurations. The data show that internal structural parameters significantly affect
flow resistance, heat-transfer capability, and fuel evaporation behavior. Obvious discrepan-
cies exist among all the cases with respect to air mass flow rate, outlet mean temperature,
evaporation rate, and outlet droplet SMD.

Table 3. Orthogonal range analysis based on fuel evaporation rate.

Case A B C D Evaporation
Rate (%)

a 1 1 1 1 18.4
b 1 2 2 2 28
c 1 3 3 3 30
d 2 1 2 3 22
e 2 2 3 1 17
f 2 3 1 2 34
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Table 3. Cont.

Case A B C D Evaporation
Rate (%)

g 3 1 3 2 18
h 3 2 1 1 24
i 3 3 2 3 42

K1 76.4 58.4 76.4 59.4
K2 73 69 92 80
K3 84 106 65 94
k1 25.47 19.47 25.47 19.8
k2 24.33 23 30.67 26.67
k3 28 35.33 21.67 21.67

Range 3.67 15.86 9 11.53
Optimal level A3 B3 C2 D3

Case a yields the minimum air mass flow rate of merely 1.5 g/s, with an average
temperature of 475 K, an evaporation rate of only 18%, and the maximum SMD of 82 µm at
the outlet. This indicates that the configuration strongly blocks the internal flow channel
and reduces flow capacity. Owing to unfavorable flow organization, effective gas–liquid
heat transfer and mixing cannot be realized, leading to weak atomization and evaporation.

Case g achieves the maximum air mass flow rate of 3.4 g/s, which corresponds to
the lowest internal flow resistance and the strongest through-flow capacity. However, its
outlet average temperature is merely 479 K with an evaporation rate of only 18%, leading
to inferior overall evaporation performance. Although low flow resistance improves
flow capacity, excessive gas velocity shortens droplet residence time and weakens radial
disturbance and local mixing. As a result, droplets are swept out before absorbing sufficient
wall heat, limiting the improvement in evaporation performance.

Case f features a relatively low air mass flow of 1.8 g/s, indicating high internal flow
resistance. Meanwhile, intensified flow disturbance promotes local mixing and prolongs
droplet residence in high-temperature zones, raising the outlet mean temperature to 543 K
and the evaporation rate to 34%. It follows that an appropriate increase in flow resistance
can reinforce heat transfer and evaporation within a reasonable range, even though the
sacrifice of through flow capacity.

Overall, Case i provides the best combined performance. It reaches the highest outlet
average temperature of 565 K and the highest evaporation rate of 42%, together with the
minimum outlet SMD of 42 µm. Its air mass flow is 2.56 g/s. Its moderate air mass flow
rate of 2.56 g/s realizes a good balance between flow resistance and through-flow capacity.
Therefore, Case i effectively strengthens internal heat transfer, extends droplet residence
time, and improves gas–liquid mixing while maintaining sufficient air flow.

3.4. Orthogonal Test Analysis

In the orthogonal analysis, evaporation rate was selected as the single evaluation
index, and the corresponding range analysis results are summarized in Table 3. Rows K1,
K2, and K3 represent the sums of evaporation rates corresponding to levels 1, 2, and 3
of factors A, B, C, and D, respectively. The rows k1, k2, and k3 are the average values of
the corresponding K rows (e.g., k1 = K1/3). The range value is defined as the difference
between the maximum and minimum k values for each factor. A larger range indicates a
greater influence on evaporation rate, and the factor with the maximum range serves as the
dominant parameter.

Table 3 shows that the influence of the geometric parameters on evaporation rate
follows the order B (corrugation height), D (honeycomb-plate layers), C (honeycomb-hole
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diameter), and A (corrugation radius). From the orthogonal analysis, the optimal parameter
combination is A3B3C2D3, which corresponds to Case i and is fully consistent with the
best numerical-simulation result. This agreement indicates that the orthogonal-analysis
method is reliable for optimizing the evaporator-tube structural parameters.

3.5. Comparison Between the Honeycomb-Corrugated Tube and a Conventional Straight Tube

A conventional straight evaporator tube, denoted as Case j, was simulated by the
same numerical model and boundary conditions for comparison with the optimized Case
i. The results are shown in Table 4 and Figure 6. Table 4 shows that the evaporation rate
of the conventional straight tube merely reaches 1.5%, while the optimized honeycomb-
corrugated tube achieves 42%. This large improvement is mainly attributed to improved
flow field organization and heat-transfer enhancement. Firstly, the outlet turbulent kinetic
energy increases from 24.57 m2/s2 (Case j) to 182.37 m2/s2 (Case i), indicating stronger
modeled turbulent fluctuations and more intensive flow redistribution. Secondly, the
heat absorbed per unit mass of air increases from 95 kJ/kg to 201 kJ/kg, and the outlet
average air temperature rises from 484 K to 565 K. Thirdly, under the combined action
of aerodynamic shear and wall impingement, the outlet SMD decreases from 79 µm to
42.6 µm, confirming the marked improvement in atomization quality.

Table 4. Performance comparison between the optimized honeycomb-corrugated tube and the
conventional straight tube.

Case i j

Evaporation rate (%) 42 1.5
Outlet SMD (µm) 42.6 79

Air mass flow (g/s) 2.56 3.74
Outlet mean air temperature (K) 565 484

Heat absorbed per unit air mass (kJ/kg) 201 95
Turbulent kinetic energy (m2/s2) 182.37 24.57

Figure 7 shows that Case j exhibits a relatively uniform velocity field and substantially
lower modeled turbulent kinetic energy than Case i. In Case i, the periodic contraction
and expansion of the corrugated passage alter the local flow area, producing repeated
acceleration in the constricted sections and deceleration in the expanded regions. The
honeycomb plates further redistribute the airflow and generate localized regions of elevated
turbulent kinetic energy downstream. These flow-field characteristics are consistent with
the higher outlet mean temperature and evaporation rate and the smaller outlet SMD
obtained for Case i. Therefore, the honeycomb-corrugated configuration provides more
favorable aerodynamic and thermal conditions for fuel atomization and evaporation than
the conventional straight tube.

The air temperature increases gradually along the flow direction. In the straight tube,
the high-temperature region expands slowly from the wall toward the center. Nevertheless,
weakened heat transfer between the heated wall and airflow means that only the near-wall
gas is heated, while the temperature within the central core barely changes. Fuel droplets
are predominantly confined to this low-temperature core and receive thermal energy from
relatively cool gas, leading to low droplet heating rates. Numerous droplets fail to reach
boiling conditions, which explains the low evaporation rate.
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Figure 7. Comparison between the optimized honeycomb-corrugated tube (Case i) and the conven-
tional straight tube (Case j): (a) velocity field; (b) temperature field; (c) turbulent kinetic energy;
(d) fuel-droplet temperature.

By contrast, Case i exhibits a higher mean temperature in the central region and at
the outlet, together with a more uniform temperature distribution. The honeycomb plates
and corrugated passage also promote airflow and droplet redistribution toward the heated
near-wall region, providing more favorable conditions for droplet heating and evaporation.
Although the straight tube has lower flow resistance and a higher air mass-flow rate, its
velocity field is relatively uniform. In Case i, the repeated contraction and expansion of the
passage, together with the honeycomb plates, generate localized acceleration, deceleration,
and recirculation. These flow and thermal characteristics are consistent with the higher
evaporation rate and smaller outlet SMD obtained for the honeycomb-corrugated tube.

Figure 8 compares the outlet evaporation rate and SMD for all the cases. All the
honeycomb-corrugated cases a~i outperform the conventional straight-tube Case j. Among
all the cases, Case i has the highest evaporation rate and the lowest SMD, so this case is the
best configuration. The comparison demonstrates that the proposed structure can improve
evaporator tube performance and that an optimal geometric combination exists for the
honeycomb-corrugated design.

3.6. Performance of the Optimized Evaporator Tube Under Different Operating Conditions

To further investigate the operating characteristics of the optimized tube, Case i
was selected for additional numerical simulations. For evaporator tube performance
investigations, inlet temperature, air velocity, wall temperature, and air–fuel ratio are
generally regarded as key operating factors. Because the inlet temperature was fixed by the
boundary conditions used to represent the combustor environment, it was not treated as an
independent variable. The following discussion therefore considers air–fuel ratio, inlet-air
velocity, and wall temperature.
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Figure 8. Comparison of outlet evaporation rate and SMD among all cases.

3.6.1. Influence of Air-Fuel Ratio on Fuel Evaporation and SMD

The air–fuel ratio was defined as ARF = mair/m f uel , mair is the ratio of air mass flow
and m f uel is the fuel mass flow, which was varied to evaluate the evaporation performance
of Case i. The wall temperature was 800 K, the inlet-air temperature was 430 K, the
inlet–outlet pressure difference was 8000 Pa, and the reference pressure was 290 kPa. The
relationships of evaporation rate and SMD with air-fuel ratio is shown in Figure 9.

 

Figure 9. Effect of air–fuel ratio on evaporation performance.
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In these calculations, the inlet–outlet pressure difference in the evaporator tube was
kept constant, so the air flow rate remained unchanged and only the fuel-injection flow
rate was varied. AFR ranged from 3.84 to 11.5, corresponding to fuel flow rates from
0.222 to 0.666 g/s. This approach simulates non-uniform fuel distribution among tubes
or fuel-supply fluctuations under realistic combustor operation. Figure 8 shows that, at
constant air flow and air velocity, increasing AFR raises the evaporation rate and reduces
outlet SMD. A higher AFR therefore strengthens evaporation mass transfer and improves
fuel vaporization efficiency, highlighting the importance of an appropriate AFR for fuel
preparation and subsequent combustor operation.

3.6.2. Influence of Inlet-Air Velocity on Fuel Evaporation and SMD

Inlet-air velocity was varied from 30 m/s to 70 m/s to evaluate its effect on the
evaporation performance of Case i. The inlet-air temperature remained constant at 430 K,
the fuel flow rate was fixed at 0.333 g/s, and the reference pressure was maintained at
290 kPa. The corresponding variations in evaporation rate and SMD are shown in Figure 10.

Figure 10. Effect of inlet-air velocity on evaporation performance.

As inlet-air velocity increases from 30 m/s to 70 m/s, fuel atomization improves
substantially and SMD decreases from 91 µm to 32 µm. The evaporation rate rises rapidly
within the velocity range of 30~50 m/s. When the inlet-air velocity exceeds 60 m/s, atom-
ization continues to be optimized, yet the residence time of droplets in the tube becomes
shorter, slowing the growth of the evaporation rate. Therefore, an appropriately elevated
inlet velocity should be adopted in combustor design, while guaranteeing sufficient droplet
residence time for evaporation.

3.6.3. Influence of Wall Temperature on Fuel Evaporation and SMD

The wall temperature was varied from 600 K to 1000 K to evaluate its influence on
Case i. The inlet–outlet air pressure difference was fixed at 8000 Pa, the inlet-air temperature
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remained 430 K, the fuel flow rate was 0.333 g/s, and the reference pressure was set to
290 kPa. The variations in evaporation rate and SMD with wall temperature are shown
in Figure 11.

Figure 11. Effect of wall temperature on evaporation performance.

As illustrated in Figure 11, the evaporation rate increases with increasing wall temper-
ature, whereas outlet SMD decreases only slightly. This demonstrates that wall temperature
exerts a significant impact on the evaporation rate yet imposes a limited effect on fuel
atomization. Its effect on evaporation arises from two reasons. Firstly, increasing wall
temperature raises the average air temperature in the tube. As wall temperature increases
from 600 K to 1000 K, the outlet average air temperature increases from 466 K to 563 K,
which intensifies thermal heating of droplets by the gas phase. Secondly, higher wall
temperatures facilitate enhanced direct heat transfer to droplets impacting the heated wall.
Compared with the conventional straight tube, the honeycomb-corrugated vaporizer tube
achieves stronger convective heat transfer between the heated wall and airflow, rendering
the effect of wall temperature on evaporation more remarkable. The slight variation in SMD
implies that wall temperature barely alters the flow-field structure governing atomization.

3.7. Implications for Liquid-Fuel Combustion

The optimized honeycomb vaporizer tube enhances combustion preparation by si-
multaneously addressing the aerodynamic and thermal constraints governing liquid-fuel
conversion. A reduction in outlet SMD increases droplet surface-area-to-volume ratio and
shortens the characteristic heating and evaporation time, while the higher outlet gas tem-
perature and more uniform cross-sectional temperature field raise the thermal readiness of
the fuel–air mixture. Collectively, these effects can reduce liquid carryover into the primary
zone, restrain wall wetting, and generate a more spatially uniform vapor-air mixture before
ignition and flame propagation.

Furthermore, the results also reveal a practical design trade-off for liquid-fuel com-
bustors. Increasing flow resistance alone is not beneficial, and maximizing air flow alone
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is also insufficient. Optimal combustion-preparation performance is achieved through a
balanced combination of local shear, secondary flow, wall-contact heat transfer, and droplet
residence time. Therefore, the optimized geometry provides a compact passive strategy
for improving ignition reliability, flame stability, and combustion efficiency in micro-scale
combustors without extra active atomization equipment.

4. Conclusions
This study combines a corrugated structure with honeycomb plates to develop a

honeycomb-corrugated evaporator tube and investigates fuel atomization and evaporation
inside the tube. The influence of geometric parameters on fuel atomization and evaporation
efficiency is analyzed, leading to the following conclusions:

(1) The results of L9 (34) orthogonal analysis show that the geometric parame-
ters exhibit distinct hierarchical effects on the fuel evaporation rate of the evaporator
tube, with the influence magnitude ranked as corrugation height > honeycomb-plate
layers > honeycomb-hole diameter > corrugation radius. The optimal parameter combi-
nation is determined as a corrugation height of 1 mm, three honeycomb plate layers, a
honeycomb hole diameter of 0.6 mm, and a corrugation radius of 4 mm (Case i).

(2) The periodic contraction and expansion of the corrugated passage, together with
the honeycomb plates, produce repeated local acceleration and deceleration, airflow re-
distribution, and recirculation within the tube. These flow-field characteristics promote
radial heat and droplet transport and increase droplet interaction with the heated near-wall
region. The resulting flow and temperature distributions are consistent with the higher
evaporation rate and smaller outlet SMD obtained for the honeycomb-corrugated tube.

(3) Under the same boundary conditions, the optimized honeycomb-corrugated tube
achieves remarkable improvements in fuel atomization and evaporation performance
compared with the conventional straight tube. The fuel evaporation rate is greatly increased
from 1.5% to 42%, the outlet SMD is reduced from 79.0 µm to 42.6 µm, and the average
outlet-air temperature is elevated by 81 K. Although the composite structure causes a
31.6% reduction in air mass flow rate, the substantial enhancements in core atomization
and evaporation performance fully demonstrate the technical superiority of the newly
designed tube.

(4) Further parametric analysis of the optimal Case i indicates that increasing inlet-air
velocity and air–fuel ratio (AFR) can effectively improve the comprehensive performance
of the evaporator tube, characterized by improved evaporation efficiency and refined
droplet atomization quality (reduced SMD). Tube wall temperature is identified as a critical
thermodynamic parameter dominating the fuel evaporation process. Increasing the wall
temperature from 600 K to 1000 K can significantly enhance the fuel evaporation rate, while
it exerts a negligible effect on the outlet droplet SMD.
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