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SUMMARY

A micro turbine engine’s thrust relies on combustion chamber efficiency, closely tied to the design of its
evaporation tube. This study thoroughly investigates evaporation and atomization processes within the
tube, introducing a pioneering bionic-inspired structure. Integrating ahoneycomb sheet into the traditional
tube, both configurations undergo a comparative analysis. Results show a direct correlation between
elevated air temperatures and reduced fuel droplet diameters, leading to increased fuel evaporation rates.
The bionic tube, with a 1mm-thick honeycomb sheet, 0.6 mm aperture diameter, and 3 sheets, significantly
improves fuel droplet atomization and evaporation compared to the conventional design. This research
holds broader significance in understanding and enhancing micro turbine engine performance.

INTRODUCTION

In recent years, driven by the evolution of national defense strategies and the rapid advancement of the civil market economy, aviation equip-
ment has assumed a significant role. This is particularly evident through the emergence of micro devices, which have not only garnered
increased attention within both domestic and foreign military sectors but have also ushered in an extended sphere for potential develop-
ment.'® Micro turbine engines (MTEs) showcase advantages including lightweight construction, high energy density within a compact
form, and an impressive thrust-to-weight ratio. Consequently, they are extensively employed in diverse applications, encompassing both mil-
itary and civilian unmanned aircraft.”~” The intrinsic advantages of MTEs have garnered substantial attention from scholars, positioning them
as a central focus of research on both domestic and international fronts.'®"" The combustion chamber assumes a pivotal role within MTE,
exerting direct influence over the engine’s performance. Traditionally, the combustion chamber is classified into three distinct structures:
the single-tube combustion chamber, the ring-tube combustion chamber, and the annular combustion chamber. Similarly, the gas flow
pattern manifests in three forms: straight-flow combustion chamber, the folded combustion chamber, and the reverse-flow combustion
chamber. Collectively, these distinctions define the operational framework and potential outcomes of MTE."? The prevailing development
direction in high-performance micro turbine engines is characterized by straight-flow annular combustion chambers.'” The advantages of
the straight-flow annular combustion chamber structure encompass uniform combustion, high efficiency, reduced emissions, minimized
vibration and noise levels, and enhanced system stability. The specific benefits are discussed in the following: 1. Simplicity: the straightforward
design of the straight-flow annular combustion chamber translates to lower manufacturing and maintenance costs. Its simplicity also facili-
tates experiments and research. 2. Stable gas flow mode: thanks to its unique design, the gas flow mode in the straight-flow annular com-
bustion chamber remains relatively stable. This ensures uniform mixing and complete combustion of fuel, leading to heightened thermal
efficiency and reduced pollutant emissions. 3. High combustion efficiency: a notable advantage of the straight-flow annular combustion
chamber s its elevated combustion efficiency. This is achieved by pre-mixing fuel and air at the nozzle, creating a more homogeneous mixture
within the combustion chamber. This uniform mixture contributes to improved combustion speed and efficiency. As the engine’s fundamental
component, the combustion chamber necessitates engineering that ensures its resilience against high temperatures, increased pressures,
and swiftly changing dynamic conditions.'™' In the realm of fuel atomization and evaporation, typically, evaporator tubes with simple struc-
tures and low supply pressures are employed. The configuration of the evaporator tube directly impacts the primary recirculation zone and
flow dynamics within the combustion chamber, thus emphasizing the significance of designing the evaporator tube structure and delving into
its laws governing evaporation and atomization.'” Zhang et al. '® investigated two evaporative tube fuel supply devices for stationary vortex
combustion chambers, analyzing atomization and evaporation performance under various conditions. Xing et al. '? addressed fuel burning
issues in the outer ring cooling chamber during stationary vortex combustion tests by optimizing the evaporation tube’s straight section, and
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Figure 1. Cloud map of temperature, velocity, and fuel droplet temperature distribution in the middle section of the evaporator tube
(A) Temperature cloud of the middle section of the evaporate tube.

(B) Velocity cloud in the middle section of the evaporate tube.

(C) Comparison of fuel droplet temperature distribution.

identifying factors affecting combustion efficiency. Zhu et al.”® experimentally investigated the variation pattern of fuel evaporation rate in a
T-shaped evaporation tube using indirect measurement methods. Results showed an increase in evaporation rate with higher gas-oil ratios,
stabilizing after reaching a critical value. Liu et al.”' enhanced the surface shape of corrugated pipes, introducing a sinusoidal corrugated heat
exchange pipe. Experimental findings on a sleeve-type heat transfer platform revealed significantly improved heat transfer efficiency
compared to straight pipes. Gawron et al.” investigated the combustion chamber evaporation tube of a micro engine, establishing an exper-
imental platform for measuring MTE pollutant emissions. They studied the impact of mixing hole position and size on combustion chamber
evaporation tube performance and pollutant emission levels using experimental and numerical simulation methods.

This article proposes a novel honeycomb evaporation tube structure, inspired by bionics, to address low evaporation and atomization ef-
ficiency in traditional tubes. In-depth research on the relationship between tube parameters, incoming flow, and fuel atomization was con-
ducted, focusing on factors such as honeycomb sheet thickness, opening size, and sheet number. Identified key factors provide a theoretical
basis for enhancing fuel atomization and evaporation, supporting advanced MTE combustion chamber design and improving combustion
efficiency.

RESULTS
Effect of honeycomb sheet on air temperature inside the evaporator tube

Analyzing the temperature distribution at the middle interface of the evaporator tube, as depicted in Figure 1A (case a), (case d), and (case g),
reveals that under similar conditions of opening diameter, honeycomb sheet thickness, and number of honeycomb sheets, the temperature
alteration in the wall and inner tube is relatively inconspicuous. The wall temperature and internal tube temperature fluctuations remain
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Table 1. Orthogonal test analysis table

Programmatic A B C Evaporation rate (%)
a 1 1 1 7.30
b 1 2 2 13.42
c 1 3 3 30.14
d 2 1 2 18.59
e 2 2 3 41.74
f 2 3 1 9.03
g 3 1 3 28.27
h 3 2 1 15.14
i 3 3 2 16.61
K1 50.86 54.16 31.47 -

K2 69.36 70.30 48.62 -

K3 60.02 55.78 100.15 -

k1 16.95 18.05 10.49 -

k2 23.12 23.43 16.21 -

k3 20.01 18.59 33.38 -
Range 6.17 5.38 22.89

Optimal solution A2 B2 €3

minimal. Notably, in scenarios characterized by a smaller opening diameter, the incoming air experiences enhanced stability, contributing to
a relatively modest overall internal temperature within the evaporator tube. Consequently, this setup exerts a limited influence on the evap-
oration rate and behavior of fuel droplets.

Examining Figure 1A (case b), (case c), (case e), (case f), (case h), and (case i), it becomes apparent that the presence of honeycomb holes at
specific locations is prone to generating localized regions of elevated temperature. During such instances, an increase in the diameter of the
openings relative to previous scenarios, along with variations in honeycomb sheet size, thickness, and number of holes, can collectively in-
fluence the internal air temperature within the evaporator tube.

The introduction of honeycomb holes induces a distinct cyclonic effect in the incoming air, leading to an augmented heat exchange area.
This phenomenon contributes to a measured increase in air temperature. Specifically, in comparison to schemes c and g, scheme e exhibits a
broader coverage of elevated temperatures with a more uniform temperature rise, thus yielding a more effective evaporation outcome.

Incorporating a thinner honeycomb sheet, a smaller opening diameter, and a greater number of honeycomb sheets results in a larger heat
transfer surface area within the evaporator tube. Additionally, the presence of honeycomb holes fosters cyclonic activity, which plays a pivotal
role in enhancing convective heat transfer. Both of these factors collectively contribute to improved evaporation performance.

Effect of honeycomb on the air velocity inside the evaporation tube

A comprehensive analysis of Figure 1B (case a), (case d), and (case g) underscores the presence of a relatively uniform flow rate within the
evaporator tube. This is particularly evident in cases where the honeycomb sheet opening diameter and incoming gas flow rate are relatively
small.

Examining Figure 1B (case b), (case c), (case e), (case 1), (case h), and (case i), it is observed that in the initial phase, as the incoming air
encounters the honeycomb sheet, velocity disparities emerge, visually depicted through the cloud diagrams. This distinction arises due to
the given boundary conditions of inlet and outlet pressures in the calculation process. Varying honeycomb sheet thickness, opening diameter,
and number of holes result in differing flow resistance performance, which subsequently impacts the inlet and outlet velocities for each sce-
nario. Specifically, thicker honeycomb sheet thickness, smaller opening diameter, and a greater number of honeycomb sheets contribute to
higher flow resistance, resulting in lower average inlet and outlet velocities. This trend aligns with the corresponding inlet air flow pattern.

The introduction of honeycomb sheets and holes contributes to the creation of distinct high-speed and low-speed zones within the tube.
This phenomenon induces relative motion between the air and droplets, amplifying shear fragmentation effects. As a result, the atomization
of fuel droplets is enhanced, owing to the intensified interaction facilitated by these airflow patterns.

Effect of honeycomb sheet on the atomization and evaporation of fuel droplets

Figure 1C depict the temperature distribution of fuel droplets within the evaporation tube for one of the nine scenarios. Typically, fuel drop-
lets start at lower temperatures and progressively warm up over time as atomization occurs. Consequently, droplet diameter decreases, and
the droplets undergo movement within the evaporation tube.

iScience 27, 109144, March 15, 2024 3
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Table 2. Comparative analysis of the calculation results of the traditional evaporator tube and the new evaporator tube

Programmatic Evaporation rate (%) Outlet SMD (um) Air flow (g/s) Average outlet temperature (K)
= 41.74 29.9 2.34 515.4
J 2.09 68.3 3.44 479.0

Upon the close examination of the figures, a distinct pattern emerges. Fuel droplets exhibit a gradual temperature increase along the tube
axis. The overall distribution is notably influenced by both honeycomb holes and gravity. Particularly, droplets are concentrated primarily near
the inception point of the honeycomb holes, where the influence of air cyclones propels their motion and gradual dispersion.

Orthogonal test analysis

The orthogonal analysis method is employed, utilizing the evaporation rate as a singular indicator, and the results are presented in Table 1.
K1, K2, and K3 represent the sums of evaporation rates corresponding to the first, second, and third levels of factors A, B, and C, respectively.
k1, k2, and k3 are calculated as the means of the three values in the respective rows of K1, K2, and K3, where k1 = K1/3.

The extreme deviation is defined as the absolute difference between the largest and smallest values among the three numbers in the same
column. This deviation quantifies the magnitude of variation within a specific factor. By calculating the absolute difference between the largest
and smallest values within the same column, we assess the variability across different levels of the factor. Furthermore, this deviation is
computed for k1, k2, and k3 within the same column, resulting in the absolute value of the difference between the largest and smallest values.
A higher extreme deviation signifies a more pronounced influence of the factor on the evaporation rate. Notably, the column exhibiting the
greatest extreme difference denotes the key factor exerting the most substantial impact on the evaporation rate.

Analyzing the table above reveals the varying degrees of influence that each factor exerts on the evaporation rate, ranked in descending
order as follows: B (diameter of the open hole), A (thickness of the honeycomb sheet), and C (number of honeycomb sheets). Thicker hon-
eycomb sheet thickness and a larger number of honeycomb sheets correspond to a higher evaporation rate, albeit with increased air flow
resistance. Notably, the table indicates that the diameter of honeycomb sheet openings holds the smallest extreme difference at 5.38, signi-
fying a relatively minor impact on the evaporation rate. Thus, it cannot be conclusively inferred that an increased number of apertures in the
honeycomb sheet inherently leads to an enhanced evaporation rate. Through the lens of orthogonal analysis, the optimal selection scheme is
identified as A2B2C3, corresponding to scheme e. Increasing the number of honeycomb cells can enhance the atomization process of fuel;
however, it's not necessarily true that more honeycomb cells always lead to better performance. In fact, there is an optimal value for the num-
ber of honeycomb panels. Beyond this threshold, increasing the number of honeycomb panels may no longer yield significant performance
improvements and could even lead to performance degradation. This occurs because, after reaching a certain number of honeycomb panels,
the atomization effect of the fuel approaches an optimal state, and further increases have a limited impact on improving atomization. Addi-
tionally, an excess of honeycomb cells may heighten the complexity and cost of the system, potentially resulting in issues such as increased
flow resistance and pressure loss. Therefore, when selecting the number of honeycomb cells, comprehensive considerations are necessary,
including factors such as the atomization effect, system complexity, and cost. Determining the optimal number of honeycomb cells through
numerical simulation is crucial to achieve the best atomization effect and overall system performance.

Comparison of the performance of traditional straight evaporator tubes and new evaporator tubes

The same numerical model and boundary conditions were employed to perform numerical calculations on the traditional straight evaporator tube
without fins, designated as scheme j. This scheme was then compared and analyzed against scheme e, which represents the optimal outcome
from the orthogonal test, as illustrated in Table 2, Figure 1A (case e), Figure 1B (case e), and Figure 1C (case e). An examination of the pertinent
data in the table reveals that the numerical simulation method employed in this study yielded an evaporation rate of only 2.09% for the traditional
evaporator tube. In contrast, scheme e, incorporating a honeycomb structure through innovative design, achieved a significantly higher evapo-
ration rate of 41.74%. The evaporation rate stands as a pivotal core performance metric, and the incorporation of the honeycomb structure has led
to asubstantial enhancement in the evaporator tube’s performance. The average Sauter mean diameter of fuel droplets at the outlet cross-section
has decreased from 68.3 pm to 29.9 um, underscoring the role of the honeycomb sheet in improving the atomization performance of the evap-
orator tube. Additionally, the average outlet temperature has risen from 478.99K to 515.41K, indicative of the honeycomb structure’s contribution
to intensified heat exchange between the tube wall and the surrounding air, thereby facilitating the efficient evaporation of fuel droplets.

However, it's worth noting that the innovative honeycomb structure design does introduce a partial negative influence in the form of po-
tential tube clogging, which can lead to reduced airflow rates under the same differential pressure. The transition from scenario j to scenario e
saw an air flow reduction from 3.44 g/s to 2.34 g/s, indicating a decrease of 30.8%, highlighting the more pronounced clogging effect. Despite
this, in the context of designing a combustion chamber, utilizing a combustion chamber based on the traditional straight tube design, with
modifications limited to the evaporator tube, allows for changes in tube diameter and honeycomb aperture size to maintain the new evap-
orator tube’s airflow rate on par with the original design. In light of this, the obstructive impact of the new honeycomb structure should The
inspiration for honeycomb sheet design predominantly stems from the not be considered a hindrance to the evaporator tube’s performance,
but rather a means to elevate and optimize its overall functionality.
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Figure 2. Comparison of evaporation rate, outlet cross-section SMD, airflow, and average temperature of outlet cross-section between traditional and
new structures

(A) Comparison of velocity and temperature fields.

(B) Comparison of fuel droplet temperature distribution.

(C) Comparison of evaporation rate and outlet cross-section SMD between traditional and new structures.

D)

D) Comparison of air flow and outlet cross-section average temperature between conventional and new structures.

Honeycomb structure exhibits superior fuel droplet atomization and evaporation efficiency compared to other biomimetic evaporation
tube structures. Practical limitations may include manufacturing complexity, high costs, performance constraints under specific conditions,
stability and durability concerns, and potential fluctuations under certain working conditions.

Upon analyzing Figures 2A and 2B, a discernible pattern emerges: the temperature of the internal air within the tube experiences a gradual
increase in alignment with the flow direction. From the perspective of atomization, the traditional evaporator tube exhibits low flow resistance
and high air velocity, resulting in a uniform speed distribution throughout. Conversely, the introduction of the new honeycomb structure dis-
rupts the incoming air, inducing regions of turbulent velocity alterations within the tube. This turbulence prompts a substantial rise in the gas-
liquid relative velocity, thereby magnifying the aerodynamic forces acting on droplets. As a consequence, droplets are more susceptible to
fragmentation, rendering the environment conducive to effective atomization.

Within the confines of the traditional evaporation tube (scheme j), a discernible trend emerges as the high-temperature region gradually
extends from the tube wall toward the center. This development, however, encounters limitations in terms of heat transfer effectiveness, as
noticeable alterations primarily occur in proximity to the tube wall and extend only moderately into the surrounding air. Fuel droplets pre-
dominantly congregate within the central region, distancing themselves from the tube wall surface. Consequently, the central area experi-
ences less significant heating from the surrounding air, leading to a more gradual temperature increase. Regrettably, this slower temperature
rise fails to reach the requisite evaporation threshold, resulting in a diminished evaporation rate.

iScience 27, 109144, March 15, 2024 5
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Figure 3. Common evaporator tube structure diagram
(A) L-type evaporator tube model drawing.

(B) Model diagram of a straight evaporator tube.

(C) U-shaped evaporator tube model drawing.

Upon implementing the novel structural design, two notable enhancements become evident. Firstly, the introduction of the honeycomb
structure generates air perturbations, thereby inducing a significant rise in the average temperature within the central region of the tube and
at the outlet. This effect results in a more uniform temperature distribution, promoting favorable conditions for fuel droplet atomization and
subsequently boosting the evaporation rate. Secondly, the presence of the honeycomb structure enables fuel droplets to directly collide with
the honeycomb sheet’s surface. This collision facilitates enhanced heat absorption and direct heat transfer between the fuel droplets and the
wall, particularly due to the honeycomb structure’s influence. As a result, the fuel droplets gain direct exposure to the elevated temperature
zone along the tube wall, contributing to improved evaporation efficiency.

The analysis presented in Figure 2C illustrates a clear superiority of each scenario involving the novel honeycomb sheet structure within
the evaporator tube when compared to the conventional counterpart. The optimal scheme, denoted as e, emerges as the front runner, show-
casing the highest evaporation rate and the smallest Sauter Mean Diameter (SMD), thus exemplifying superior performance among all consid-
ered schemes. Furthermore, as depicted in Figure 2D, the optimal scheme e exhibits a lower air flow rate and a relatively higher average outlet
temperature. This temperature increase is attributed to the incorporation of the new honeycomb sheet structure. To summarize the findings
from the aforementioned scenarios, it can be concluded that the introduction of a honeycomb sheet structure within the evaporator tube
leads to performance enhancement. Notably, the presence of an optimal honeycomb structure, as evidenced in specific cases, can maximize
the performance benefits of the evaporator tube.
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Schematic diagram of the structural parameters
of circular honeycomb cells
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Figure 4. Schematic diagram of different aperture shapes, grid structure of evaporator tubes, and relative positions of each section
(A) Schematic diagram of different aperture shapes.

(B) Circular openings and square openings.

(C) Regular arrangement and irregular arrangement.

(D) Schematic diagram of the structural parameters of circular honeycomb cells.

(E) Evaporator tube grid structure.

(F) Relative position of each section to the evaporator tube.

DISCUSSION

Selection of common types of evaporation tubes and biomimetic models

Evaporator tubes are commonly found in three configurations: straight, L-shaped, and U-shaped, as illustrated in Figure 3. While these con-
figurations serve similar roles during evaporation, subtle differences exist in layout and fluid dynamics.

The straight tube structure is renowned for its simplicity and compactness, often being the preferred choice. Firstly, its simple and compact
design makes it one of the most straightforward and space-saving options. This structure connects directly to the fuel nozzle, eliminating the
need for complex pipeline arrangements or connectors. This minimalist design not only simplifies manufacturing and maintenance but also
reduces the time and cost of design and assembly. Secondly, the straight pipe structure experiences lower pressure loss, a key consideration
for MTE. Typically, it produces smaller pressure losses compared to other designs. The combustion flow path of the straight tube structure is
simple, avoiding complex bending or branching, thereby reducing fluid dynamic resistance and minimizing energy loss. Finally, the straight
tube structure plays a pivotal role in minimizing fuel residence time, a primary factor for ensuring MTE stability. The residence time of fuel in a
straight pipe significantly influences the evaporation rate and uniformity of fuel transfer, underscoring the importance of this structural choice.
It's worth noting that straight tube configurations usually require shorter evaporator tube lengths. Compared to more complex structures, fuel
stays in the straight tube for a shorter period, alleviating fluctuations in fuel content and reducing potential issues of uneven evaporation. In

iScience 27, 109144, March 15, 2024 7
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contrast, the configuration of U-shaped and L-shaped pipes is more complex and requires additional space. For specific applications, they
may lack the flexibility to adapt to complex environments, and their flow performance may not be as efficient as other pipe shapes.”

To further enhance the evaporation rate and fuel atomization performance of the straight tube structure, the incorporation of a honey-
comb sheet structure is introduced. This augmentation aims to elevate evaporation efficiency and bolster combustion stability.

The honeycomb structure finds its roots in bionics, and today it stands as a prominent constituent within aerospace composites. This struc-
tural pattern has permeated numerous airframe components, including floors, side panels, baggage racks, and ceilings. Offering attributes
distinct from conventional structures, the honeycomb design boasts a comprehensive high-performance profile characterized by lightweight,
low density, elevated strength, robust rigidity, impact resistance, vibration damping, and acoustic and thermal insulation.

Furthermore, the honeycomb structure offers unique advantages such as a substantial specific surface area, heightened heat storage and
release rates, an expansive effective circulation area, and minimal resistance loss. These advantages have propelled its widespread adoption
on the international stage. The most common honeycomb structures encompass square, hexagonal, and circular patterns, as depicted in
Figure 4A.

The inspiration for honeycomb sheet design predominantly stems from the intricate structure of beehives. Honeycomb materials offer
exceptional attributes, including remarkable fracture toughness, effective vibration damping, impressive impact resistance, and noise reduc-
tion capabilities. As a result, these materials have found extensive applications across diverse industries, encompassing aerospace, satellite
technology, maritime vessels, railway vehicles, electronic communications, and even nano-manufacturing processes.B’25 Over the course of
several decades, honeycomb structures have witnessed substantial progress across multiple facets, including structural design, resistance to
damage, and the utilization of materials.”*~*® The reasons for choosing and implementing the honeycomb structure within a straight evap-
orator tube are as follows: 1. Enhanced Heat Transfer Efficiency: The honeycomb structure comprises numerous small channels or pores,

Table 3. Factors influencing the performance of circular openings over square openings

Stress concentration Shape affects
Geometric symmetry relief Uniform deformation folding path Structural continuity
Circular structures’ geometric  Circular holes are more  Circular holes’ distribution  Circular structure shapes Circular structure shapes
symmetry promotes even effective in alleviating facilitates uniform influence folding paths, easing  impact the folding path,
stress distribution, slows stress concentration, deformation during the formation of regular and facilitating the formation of
local deformation, ensuring reducing local stress, compression, promoting stable folding shapes during regular and stable folding
overall structural stability and preventing local overall regularity and compression deformation shapes during compression

instability and fracture stability deformation

8 iScience 27, 109144, March 15, 2024
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Table 4. Physical parameters of honeycomb body

Material Densities p (kg/ms) Isobaric specific heat Cp (J/Kg-K) Thermal conductivity A (W/m-K)
Mullite 2500 500 2.14-4.37

effectively amplifying the surface area of the evaporator tube and furnishing additional heat transfer routes. 2. Improved Mass Transfer:
Beyond its heat transfer capabilities, the honeycomb structure also bolsters mass transfer processes. 3. Strength and Structural Stability:
Comprised of interconnected small holes or channels, the honeycomb structure forms a robust framework.”’

On the contrary, alternative configurations such as U-type, L-type, and the like, may exhibit certain limitations or reasons for their
inapplicability.”**”

(1) Elaborate Piping Arrangements: Other structures often necessitate more intricate piping layouts, entailing a higher number of con-
nections and branches in their design. This augmented complexity not only escalates fabrication and assembly intricacies but also
potentially introduces additional pressure losses and heightened hydrodynamic resistance.

(2) Inferior Heat Transfer Efficiency: Unlike the honeycomb structure, other designs might struggle to deliver comparable heat transfer
efficiency due to their relatively diminutive surface areas. This disparity can constrain the overall performance and efficiency of the
evaporator tube.

In conclusion, opting for the honeycomb structure within a straight evaporator tube offers a multitude of advantages. This choice not only
enhances heat transfer efficiency and mass transfer effectiveness but also upholds ample strength and structural stability. Consequently, it
contributes to the further enhancement of evaporation efficiency and fuel atomization effects. The ultimate selection of integrating the hon-
eycomb structure with the straight evaporator tube emerges as a promising and effective design approach. Figure 5 illustrates the implemen-
tation of a novel honeycomb structure within the evaporator tube.

Analysis of factors influencing the honeycomb design of wall openings

An analysis is conducted to explore the influence of various opening shapes on the average compression force experienced by the honey-
comb structure. This assessment takes into comprehensive account the potential deformation arising within the evaporation tube under fluid
impact. As depicted in Figure 4B, a comparison is drawn between two distinct open hole models. Typically, all wall-opened honeycomb struc-
tures tend to undergo gradual compression and compaction.

In honeycomb structures featuring different hole-side ratios, the folding centers of wall-opened honeycombs predominantly align with the
center of the respective open hole. Furthermore, the lengths of the folded cells exhibit minimal alteration during the compression deforma-
tion process. Notably, in the course of compression deformation, cellular structures characterized by round holes yield more regular and
stable folded configurations. Conversely, wall-opened cellular structures with square holes tend to exhibit more irregular folded states.*”’
Table 3 details factors favoring circular over square openings. For the honeycomb sheet, the chosen material’s physical parameters are pro-
vided in Table 4. For the current study, an Ly (3*) orthogonal table is utilized. Three honeycomb sheet shape control parameters are identified
as influencing factors, each with three levels. The resultant scheme is outlined in Table 5. The calculated outcomes of the evaporator tubes for
the nine distinct scenarios are presented in Table 6.

As per pertinent research, it is evident that wall surface openings in the form of round holes tend to exhibit greater stability compared to
square holes. Furthermore, the stress-strain curve of honeycomb structures during the compression process demonstrates reduced fluctua-
tion within the impact compression phase. It is worth noting that the stability of honeycomb structures with round holes is slightly superior to
those with square holes.*~** In this study, the choice is made to employ a circular honeycomb structure. The design encompasses both

Table 5. Table of experimental program design for shape control factors

Programmatic A B C Honeycomb sheet thickness (mm) Hole diameter (mm) Number of honeycomb pieces (pcs)

A 171 1 05 0.4 1
b 12 2 05 0.6 2
c 1 3 3 05 08 3
d 2 1 2 1 0.4 2
e 2 2 3 1 0.6 3

2 3 1 1 08 1
g 3 1 3 15 0.4 3
h 3 2 1 15 0.6 1
i 3 3 2 15 08 2
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Table 6. Calculation results of evaporator tube for each program

Programmatic Evaporation rate (%) Outlet SMD (um) Air flow (g/s) Average outlet temperature (K)
a 7.30 51.5 2.77 481.5
b 13.42 53.6 2.58 4971
c 30.14 37.1 2.44 507.1
d 18.59 30.4 2.45 483.6
e 41.74 29.9 2.34 515.4
f 9.03 35.5 2.86 504.4
g 28.17 35.1 2.42 505.0
h 15.14 34.1 2.89 489.5
i 16.61 35 2.55 503.2

regularly arranged and irregularly arranged circular honeycomb structures, as depicted in Figure 4C. The schematic representation of its
structural cell parameters can be observed in Figure 4D.

During the reliability validation at higher velocities, the circular hole honeycomb structure is constructed using parallel circular tubes. Its
crushing process mirrors that of individual circular tubes, where the circular hole honeycomb undergoes crushing from the outer surface, a
phase referred to as the platform stage. Hu et al.*> employed a theoretical approach to analyze circular honeycomb structures subjected
to anisotropic impact loading. They introduced an expression to forecast the average stress within circular honeycomb configurations:

o)

ny ~

g = % (g) -as+7DT-pS-V2 (Equation 1)
K1 - C) )

Formula: Cy, C,K, n, all are constants; T is the cytosolic wall thickness; D is the diameter of the circular honeycomb cell element; pg is the
density of the material; o5 is the yield stress; V is the dynamic compression speed. For regular arrangements, the various constants are C; =
5.89C, = 1.259, K = 1.1, n1 = 1.3686;

for irregular arrangements C; = 5.86, C, = 1.129K = 0.786, ny = 1.3611.

To maximize the opening rate and enhance heat exchange efficiency in the new structure, this article incorporates both regular and irreg-
ular arrangements. Optimization involves adjusting element shape, size, and spacing, and strategically distributing regular and irregular el-
ements. Regular arrangement maximizes opening area, improving heat exchange and ensuring uniform liquid distribution. Irregular openings
increase liquid disturbance, forming a complex flow pattern, enhancing surface area, and improving evaporation efficiency. Systematic
research identifies the optimal law for the maximum opening rate, providing a tailored structural solution for specific design requirements.
Honeycomb sheet openings: 0.4 mm (133), 0.6 mm (40), 0.8 mm (20).

Conclusion

This article presents the design of a novel evaporator tube structure inspired by honeycomb bionic characteristics. The study involves the
establishment of flow field and fuel evaporation models, aimed at exploring the intricate processes of fuel atomization and evaporation within
the evaporator tube. By examining various parameters of the honeycomb sheet, the impact on fuel atomization and evaporation within a sin-
gular evaporator tube is thoroughly investigated. The key conclusions drawn from this study are as follows.

(1) The thickness of the honeycomb sheet plays a pivotal role in influencing fuel atomization and evaporation. Optimal atomization and
evaporation performance are achieved with a suitable thickness. In this study, a thickness of 1 mm proves to be a more suitable choice,
as it enhances the evaporation effectiveness of fuel droplets.

Variations in the diameter of the honeycomb sheet openings lead to corresponding changes in incoming flow rates, exerting a signif-
icantinfluence on fuel droplet atomization and evaporation. Larger aperture diameters within the honeycomb structure result in higher
flow rates passing through the cross-section per unit of time within the evaporation tube. A smaller diameter of the evaporation
tube leads to a higher incoming flow rate, causing a greater disparity in gas-liquid relative velocities and increased perturbation,
thus enhancing atomization effects. In this study, the selection of a 0.4 mm opening diameter yields improved evaporation perfor-

S

mance.
The increased number of honeycomb pieces corresponds to heightened flow resistance, resulting in reduced average velocities at
both the inlet and outlet. This behavior aligns with the trend exhibited by the inlet air flow. This phenomenon creates distinct high-
speed and low-speed zones within the tube, promoting relative velocities between air and droplets. This variance intensifies shear
fragmentation, thereby enhancing fuel droplet atomization. In the simulation experiments conducted herein, a configuration involving
three honeycomb pieces was selected, yielding improved evaporation effects.

=
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Limitations of the study
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Complexity and Cost: The new design introduces increased complexity in manufacturing and maintenance, potentially leading to elevated

costs. Specifically, the process of manufacturing and installing the honeycomb sheets may require additional processes and resources.
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METHOD DETAILS
Modeling of heat transfer inside the evaporator tube
The governing equations governing the flow of fluid within an evaporator tube encompass the continuity equation for incompressible flow in
three dimensions with constant physical properties, the Navier-Stokes equation for momentum conservation, and the energy conservation
equation.36

The continuity equation:

ou Oov ow .
P + @4—5 =0 (Equation 2)

in Equation 2, u, v, w are the components of velocity in the x, y, z directions, respectively.
Momentum conservation equation:

a2 + 6_y2 + 2 (Equation 3)

U, Ay, au 10p [0°U 9°U; 0%,
U-—+V—+W—— = — ——+V
0x oy 0z p Ox

in Equation 3: p is the fluid density; p is the pressure; v is the kinematic viscosity of the fluid; U; is the velocity component in the i-direction.
The energy conservation equation:

2 2 2
at ot ot (a t 9t 0 t> Equation 4

u&+v@+ wy, =@ W+W+@
in Equation 4: is the heat diffusion coefficient; is the fluid temperature.

In incompressible flow, Navier-Stokes equations are employed to characterize fluid motion, applicable to incompressible flows like those
in evaporator tubes. Additionally, for processes involving phase and density changes, such as atomization and evaporation, the mass transfer
model is crucial. This model captures diffusion and transport of substances in the fluid, addressing interactions during phase and density
changes. In the evaporation of fuel, transitioning from liquid to gas, these equations effectively describe the associated processes.

Physical modeling and meshing
Drawing upon relevant existing data models, a solitary evaporator tube structure is extracted and subsequently refined and optimized. This
process yields the requisite geometric model essential for numerical simulation analysis.

For numerical simulation calculations, a non-structural mesh division approach is implemented. This entails encrypting the nozzle outlet
and concentrating grid modifications in localized areas of structural change. Furthermore, the wall of the pipe is similarly subjected to grid
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enhancement. To ensure result accuracy, multiple verifications of grid independence are performed. Upon reaching a grid count of approx-
imately two million, a relative optimal solution is achieved. The chosen mesh configuration employs a hybrid structure comprising hexahedral
meshes in the central region and tetrahedral meshes in the proximity of the walls, as illustrated in Figure 4E.

The evaporator tube, with a total length of 60 mm and an inner diameter of 6 mm, features a 5 mm separation between the nozzle outlet
and the evaporator tube inlet. Notably, a single honeycomb sheet is positioned at the center of the evaporator tube. Positioning the honey-
comb panel at the evaporator's center aims for uniform evaporation, ensuring consistent temperature and humidity distribution. This
minimizes temperature gradients, preventing localized overheating or overcooling. The panel’s position significantly influences simulation
outcomes for evaporation performance and temperature distribution. Placing honeycomb panels differently yields varied hydrodynamic
effects and heat transfer characteristics. Opting for center placement maximizes impact across the entire system, providing a comprehensive
evaluation of global performance.

Calculation methods

The computational fluid dynamics (CFD) analyses in this study are conducted utilizing the commercial software FLUENT 19.2. The flow field in
the evaporator tube is solved with a pressure-based implicit segregated solver. A standard K-e turbulence model with a wall function near the
wall is selected to describe turbulent structure and energy dissipation. Introducing turbulent kinetic energy and dissipation rate enhances
simulation accuracy for vortex and energy transfer processes in turbulent fluids. In Fluent, choose a suitable turbulence model like the k-¢
Model, configure parameters, and set initial and boundary conditions for accurate turbulence simulation. Pressure-velocity coupling uses
the SIMPLE algorithm, and equation discretization follows a 2nd-order upwind format to ensure robust results.

For the nozzle atomization model, the Discrete Phase Model (DPM) is employed. The secondary fragmentation model adopts the Wave
model, while the Stochastic Collision model is selected for the collision model. The zero model is utilized for depicting the internal temper-
ature distribution of individual droplets.

Given the presence of the evaporation process, a component transport model is introduced to analyze changes in gas phase composition.
In this regard, a single component, Ci,H>3, is employed instead of aviation kerosene due to its complex composition.

Boundary conditions involve a no-slip condition for the wall surface, application of the standard wall function for the near-wall region, and
implementation of the Lagrangian Wall-Film model for droplets in contact with the wall. It's important to note that the Wall-Film model
assumes adiabatic wall surface conditions and does not consider the external environment’s impact on fuel atomization and evaporation
within the evaporator tube.

Boundary conditions
The airinlet is specified as a mass flow inlet, the fuel mass flow rate is 0.000333 kg/s, inlet gauge pressure 10000Pa, the inlet temperature is set
at430K, and the inlet turbulence boundary condition prescribes a turbulence intensity of 5%. The Hydraulic Diameter is established at 5 mm.
For the outlet, a free outlet outflow boundary condition is applied, reference pressure setting 310 kPa.

The wall boundary treatment designates stationary walls with no-slip conditions.

For the honeycomb sheet, the chosen material’s physical parameters are provided in Table 4 physical parameters of honeycomb body.

Orthogonal design

To investigate the impact of honeycomb sheet shape and size parameters on the evaporator tube’s performance, we employ the orthogonal
test method within the framework of Design and Analysis of Experiments (DAE). Through this approach, a total of 9 scenarios are selected for
numerical simulation analysis of the straight evaporator tube with a honeycomb sheet. The application of the orthogonal test method aims to
streamline the number of numerical simulation experiments while enhancing the reliability of the derived analysis results regarding influ-
encing factors.

For the current study, an Ly (3%) orthogonal table is utilized. Three honeycomb sheet shape control parameters are identified as influencing
factors, each with three levels. The resultant scheme is outlined in Table 5. Here, A signifies the honeycomb sheet thickness, B denotes the
diameter of the openings, and C represents the number of honeycomb sheets. Specific values are assigned to these parameters, where "A1"
corresponds to a honeycomb sheet thickness of 0.5 mm, "A2" corresponds to a thickness of 1 mm, and so forth.

In terms of combining the influencing factors, Scheme a adopts the combination A1B1C1, signifying a honeycomb sheet thickness of
0.5 mm, opening diameter of 0.4 mm, and a single honeycomb sheet.

Selection of eigenfaces
To investigate the impact of flow characteristics on the evaporation and atomization performance parameters of fuel within the evaporation
tube, a series of cross-sectional positions were chosen. These positions are located at x = 24, 18, 12, 6, 0, —6, —12, —18, —24 mm along the
length of the tube, as illustrated in Figure 4F. Notably, the cross-section at x = 24 corresponds to the location of the nozzle outlet. This
selection of cross-sectional positions allows for a comprehensive exploration of the evaporation and atomization dynamics within the evap-
oration tube.

The parameters examined in this article primarily involve the Sauter Mean Diameter (SMD) of fuel droplets and the fuel evaporation rate.
For calculating droplet SMD, SMD is a metric that assesses the size distribution of particles or droplets, representing the diameter of an ideal
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sphere with the same volume. SMD can be computed through various methods: 1. Volume average method; 2. Number-based method; 3.
Mass-based method. In this article, SMD is calculated using the Volume average method. Typically, conducting an Euler Lagrangian multi-
phase flow simulation is necessary. This entails establishing a discrete phase model (DPM) in Fluent, where material properties, flow condi-
tions, DPM-related parameters, initial values, and boundary conditions are defined. Post-processing allows for direct derivation of the droplet
diameter for each section using the volume average method, thereby obtaining the SMD for each section.

For calculating the fuel evaporation rate, it's important to understand that this refers to the speed at which a liquid transitions into a
gaseous state. In scientific research, various methods can be employed to quantitatively measure this rate. Here are some commonly
used quantitative techniques: 1. Mass loss method; 2. Optical method; 3. Heat transfer model; 4. Humidity measurement method; 5. Mass
spectrometry; 6. Pressure change method. In this article, the evaporation rate is calculated using a mass loss method. This involves several
steps: setting a mass transfer model, defining substance properties, selecting an appropriate evaporation model, establishing initial and
boundary conditions, and analyzing simulation results through post-processing.

To summarize, the parameters scrutinized in this paper primarily involve the Sauter mean diameter (SMD) of fuel droplets and the fuel
evaporation rate. The calculation of the droplet SMD s facilitated through numerical simulation software, allowing for the determination
of SMD at specific positions along the tube.?” Additionally, the fuel evaporation rate is quantified by analyzing numerical simulation data,
determining the ratio of evaporated fuel to the total fuel quantity at each individual cross-sectional point.*®

Comparison of the performance of evaporator tubes in different structural states

The calculated outcomes of the evaporator tubes for the nine distinct scenarios are presented in Table 6. A thorough analysis reveals that
scenarios ¢, e, and g exhibit higher evaporation rates coupled with relatively lower air flow rates and elevated mean outlet temperatures.
However, no significant correlation is observed with regard to the Sautelle mean diameter factor.

Scenarios ¢, e, and g exhibit a commonality in honeycomb sheet count, despite varying aperture diameters and sheet thicknesses. The
impact of honeycomb sheet parameters on evaporation tube performance is studied using the orthogonal experimental method in DAE.
The consistent honeycomb cell number in schemes ¢, e, and g aligns with the scientific nature of orthogonal experiments, minimizing the
need for numerical simulations and ensuring reliable analysis. The honeycomb sheet count emerges as a crucial factor influencing both evap-
oration and air flow rates. Dataset computations indicate that a higher sheet count correlates with increased air flow resistance, enhancing
turbulence and improving droplet atomization and evaporation efficiency within the tube.
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