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ABSTRACT 

 
This study numerically investigates how 

machining inlet angles affect the pressure drop and 
hydrodynamic entrance length in microchannels. 
Two-dimensional CFD simulations were performed 
under steady conditions with Reynolds (Re) numbers 
ranging from 1-100 and Knudsen (Kn) numbers of 
0.001, 0.01, and 0.1 within the slip flow regime. Air 
was used as the working fluid, and the Navier‒Stokes 
equations were solved with Maxwell slip boundary 
conditions. The results show that at constant inlet 
machining angles and Re values, the pressure drop 
increased by up to 75% as Kn decreased from 0.1 to 
0.001. For all Kn values, the pressure loss increased 
by an average of 3% at a 15° angle, 10% at 30°, and 
25% at 45° compared with that of a straight channel. 
As Re increased, these values escalated further. The 
findings suggest that pressure loss tends to increase 
significantly for inlet angles above 30°, particularly 
at higher Reynolds numbers; therefore, keeping the 
angle below this value may be beneficial. 
Additionally, the entrance length increased with both 
Re and Kn, with the inlet machining angle affecting it 
only when the channel length matched the diameter at 
Re 1 or was 7-8 times the diameter at Re 100. No 
substantial effect was observed for longer channels. 
The results aligned well with the literature, 
supporting the conclusions of the present study. 
 

INTRODUCTION 
 

With advancements in manufacturing 
technologies, the size of heat exchangers has 
significantly decreased, reaching microscales. 
Channels with diameters ranging from 1 μm to 999 
μm are now referred to as microchannels (Prakash & 
Kumar (2015)).  

 
 
 

These channels provide greater efficiency 
because of their increased heat transfer surface and 
offer advantages such as being lighter and more 
cost-effective, requiring less material because of their 
smaller size. Owing to their high surface-to-volume 
ratio and enhanced heat and mass transfer capabilities, 
microchannels have applications in diverse fields, 
including automotive, aerospace, fuel cell, high-flux 
electronics cooling, microelectromechanical system 
(MEMS), biomedical device, and chemical reactor 
fields. As channel sizes reduce to the microscale, 
rarefaction effects become significant, particularly at 
certain scales, as fluid behavior begins to diverge 
from that in large-scale systems. This is especially 
notable in the slip flow regime, where the Knudsen 
(Kn) number falls between 0.001 and 0.1, 
highlighting the significance of solid surface‒fluid 
interactions. In microchannels, these rarefaction 
effects cause fluid to experience slip flow, deviating 
from the classical no-slip boundary conditions 
observed in macroscale flows. 

Numerical studies on microchannels are widely 
represented in the literature, with many exploring the 
behavior of fluids under various flow regimes and 
geometric configurations. For example, Türker & 
Öğüt (2022) examined the behavior of a hybrid 
nanofluid within a straight microchannel, varying the 
volumetric ratios of Al2O3 and CuO in a water-based 
fluid. By modifying these ratios, the changes in the 
Nusselt number, heat transfer coefficient, and 
pressure drop under different Reynolds numbers were 
analyzed, revealing the influence of the nanoparticle 
composition on microchannel flow. In another study, 
Shen et al. (2006) conducted experiments involving 
surface roughness within a heat sink consisting of 26 
rectangular microchannels. Even though the flow was 
hydrodynamically developed, a decrease in the 
Nusselt number was observed for thermally 
developing flows, emphasizing how surface 
roughness influences thermal development. Further 
studies into the hydrodynamic entrance length of 
microchannels add to this body of knowledge. For 
example, Lobo & Chatterjee (2022) investigated the 
effect of sudden contraction due to fluid entering a 
microchannel from a plenum. By modifying the width 
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of the plenum at the channel inlet and outlet, they 
explored how this affected the hydrodynamic 
entrance length, particularly in the corner regions. 
They applied a no-slip boundary condition on solid 
surfaces and reported that the entrance length 
decreased within an aspect ratio range of 0.66-1.66 
but could increase to a ratio of 20 beyond this range. 
They derived correlations for the entrance length as a 
function of both the Reynolds number and the aspect 
ratio. Similarly, Ferreira et al. (2021) developed 
correlations for the hydrodynamic entrance length by 
altering the aspect ratio from 0.1 to 1 and the 
Reynolds number from 0 to 2000. They emphasized 
the importance of predicting the entrance length 
precisely, especially when the Reynolds numbers are 
on the order of 1, because viscous forces prevail over 
inertial forces. Additionally, Ray & Das (2023) 
conducted 3D CFD simulations over Reynolds 
numbers ranging from 0.1-1000 and aspect ratios 
ranging from 0.125-1, deriving correlations for the 
hydrodynamic development length with respect to the 
Reynolds number. In exploring slip flow, Shaimi et al. 
(2023) considered slip flow on solid surfaces in 
microchannels, focusing on the thermal rather than 
the hydrodynamic entrance length. This analytical 
study highlighted how the Brinkman, Péclet, and 
Knudsen numbers affect the thermal entrance length, 
highlighting the importance of these dimensionless 
parameters in slip flow analysis. For accurate 
modeling of slip flow on surfaces, slip length models 
that incorporate Maxwell boundary conditions have 
been introduced in many studies (Wedel et al. (2022), 
Choi et al. (2003), Bhagat et al. 2019)). Djebali & 
Mokhtar (2022), for example, numerically 
investigated heat transfer and thermodynamic 
behavior in a Cu-water nanofluid microchannel under 
slip flow by using slip flow boundary conditions. This 
study recommends the use of microchannels for 
applications such as electronic cooling, emphasizing 
the role of the Knudsen number in flow dynamics. 
Similarly, Das and Tahmouresi (2016) analyzed slip 
flow in elliptical microchannels while considering 
different Reynolds numbers and characteristic lengths, 
revealing how microchannel geometry influences 
flow behavior. Silva & Semiao (2017) modeled 
low-speed gas flow within the slip flow regime, 
encompassing a wide Knudsen number range, and 
compared the results with those of the Navier‒Stokes 
solutions. This study offers an innovative approach 
for gas flow modeling in microchannels, providing 
insights that might be extended to other areas of slip 
flow analysis. Avramenko et al. (2019) expanded 
upon these findings by examining slip boundary 
conditions and Knudsen number effects on velocity 
profiles in porous microchannels, assessing gas flow 
through porous structures under slip conditions. 
Zhang et al. (2020) used the Lattice Boltzmann 
method to explore slip flow in microchannels 
subjected to asymmetric heat fluxes, offering valuable 

engineering recommendations for optimizing heat 
transfer in microchannel systems. Micromachining 
processes may also impact surface characteristics, 
which, in turn, influence microchannel performance. 
Geng et al. (2023) investigated tool inclination during 
micromilling, focusing on surface roughness but 
without analyzing the flow structure. Kangude et al. 
(2024) evaluated how various tip clearance designs 
affect hydrodynamic performance and reported that 
appropriate designs can significantly enhance heat 
transfer. Harris et al. (2022) reviewed the effects of 
surface roughness, microstructures, and machining 
techniques, including milling, on microchannels and 
noted that different geometries and surface textures 
substantially impact heat transfer efficiency. In line 
with these findings, Bhandari et al. (2024) reported 
that machining methods such as milling significantly 
affect surface roughness, enhancing thermohydraulic 
performance by increasing heat transfer. Zhou et al. 
(2019) investigated copper microchannels fabricated 
via a multiblade milling process, which reduces wall 
roughness to optimize fluid flow, allowing efficient 
heat transfer. This study emphasizes the role of 
multibelade milling in enhancing surface smoothness, 
thereby improving heat transfer in high-performance 
applications such as electronic cooling. Xian (2019), 
in his doctoral thesis, examined how varying flow 
cross-sections within microchannels affect heat 
transfer, revealing that altering cross-sectional areas 
can reduce flow resistance and improve energy 
efficiency. Finally, Hou & Chen (2020) investigated 
pressure drop and heat transfer in microchannels with 
reentrant cavity geometries and reported that while 
these cavities increase the flow resistance and 
pressure drop, they also increase heat transfer, 
illustrating a trade-off in design choices. 

When examining the focal points of the studies 
listed above, various parameters within the 
microchannel concept have been thoroughly 
investigated. The literature reveals that the effects of 
changes in channel diameter, cross-sectional area, and 
entrance length on hydrodynamic and thermal 
performance have been widely studied. Additionally, 
flow regimes characterized by dimensionless numbers 
such as Knudsen and Reynolds numbers have been 
emphasized in these studies, highlighting the 
significance of slip flow and rarefaction effects. 
Many studies have focused on the Maxwell slip 
model, particularly investigations of slip length at 
high Knudsen numbers. With respect to thermal 
performance, various studies have examined changes 
in the heat transfer coefficient and Nusselt number 
through the use of nanoparticles. Finally, the impact 
of machining techniques and surface roughness on 
hydrodynamic and thermal resistance has revealed 
how manufacturing-related differences can affect 
performance. While many studies explore these 
aspects, the influence of the tool’s entry angle and the 
resulting geometric shape at the channel inlet or 
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outlet on microchannel performance has not been 
sufficiently addressed in the literature, which serves 
as the main motivation for this study. Furthermore, 
although some of the studies mentioned above focus 
on microchannel geometry and slip flow regimes, slip 
flow conditions have not always been considered. 
Although slip flow conditions are increasingly 
studied, the effects of inlet machining angles on 
microchannel efficiency, pressure drop, and overall 
performance are relatively underexplored, presenting 
an opportunity for further optimization of 
microchannel designs. With this in mind, this study 
investigates the hydrodynamic characteristics of flow 
within microchannels under slip flow conditions at 
various Knudsen values and low Reynolds numbers 
via CFD simulations, employing the Maxwell slip 
model with tool entry angles of 15°, 30°, and 45°. 

 
MODEL SETUP 

 
The study was conducted via the commercial 

software StarCCM+, which employs the finite 
volume method. The flow within the channel was 
modeled under two-dimensional, steady-state, 
laminar flow conditions and solved via a segregated 
flow solver. Air was used as the working fluid at a 
constant density of 1.18415 kg/m³ and a dynamic 
viscosity of 0.00001853 Pa.s. During the analysis, the 
mean free path could be directly defined within the 
software. By modifying this value, analyses were 
conducted at different Knudsen numbers. Changes in 
the Reynolds number were achieved by adjusting the 
inlet velocity. The Knudsen formula is presented in 
Equation (1), where λ is the mean free path and LC is 
the characteristic length. 

 

 
(1) 

 
Similarly, the Reynolds number is defined in 

Equation (2), where ρ is the fluid density, Vin is the 
velocity at the inlet of the straight part of the channel, 
Lc is the hydraulic diameter (taken as the channel 
width in this study), and μ is the dynamic viscosity: 

 

 
(2) 

 
In all analyses, the channel width was kept 

constant at 50 μm. The channel length was modeled 
to be 10 times the width. The characteristic length 
used in the calculations of the Reynolds and Knudsen 
numbers was the channel width. The studies were 
conducted for Kn values of 0.1, 0.01, and 0.001 and 
for Re values ranging from 1 to 100. These 
conditions include the slip flow regime and cover the 
range where the Navier‒Stokes equations with slip 
boundary conditions are applicable (Figure 1). 

 

 
 
Fig. 1.  Classification of flow regimes on the basis  

of the Knudsen number. 
 

Therefore, the Maxwell slip model was used 
within the software. This model allows for a nonzero 
slip velocity, which is associated with 
molecular-level effects. The model is particularly 
suitable for examining flow characteristics in 
microchannels with low Reynolds and Knudsen 
numbers (Das & Tahmouresi (2016)). The 
momentum accommodation factor was kept at a 
value of 1 in all analyses. Owing to slip flow 
conditions, partial slip was applied instead of no slip 
on the upper and lower surfaces of the channel. At 
the channel inlet, a velocity boundary condition was 
applied, whereas at the outlet, an ambient pressure 
condition was applied. To examine the hydrodynamic 
effect of the channel inlet machining angle, which is 
the main motivation of this study, simulations were 
conducted at four different inlet angles of 0°, 15°, 30°, 
and 45° for all Kn and Re conditions. Considering 
that these angles could be due to manufacturing, the 
total lengths of all channels were kept equal to 
simulate the real scenario accurately. For channels 
with an inclined inlet, the length of the converging 
section was defined as 25 μm, which corresponds to 
half of the channel width, to ensure equal total 
channel lengths among all configurations. 

 
GRID INDEPENDENCY AND 

VALIDATION 
The computational grid created for the 

numerical solutions was designed to consist of 
two-dimensional quadrilateral cells. To ensure the 
solution's independence from the number of cells, the 
grid was refined, and its effect on the pressure drop 
within the channel was observed. Once the cell 
number at which this parameter stabilized was 
reached, approximately the same grid settings and 
cell count were used for other operating conditions 
and geometries. As shown in Figure 2, the pressure 
drop stabilized from approximately 40,000 cells 
onward; therefore, 40,000 cells were used in all the 
simulations. 

 
Fig. 2.  Results of the grid independence study. 
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The final solution grids of the geometries with 
0°, 15°, 30°, and 45° inlet machining angles are 
shown in Figure 3. Figure 4 presents a magnified 
view of the boundary layer mesh defined along the 
surface edges. 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 3.  Final solution grid, a) 0°, b) 15°, c) 30°, and  
d) 45° inlet machining angles. 
 

After concluding that the grid density and 
structure were sufficient, the obtained results were 
validated by comparing them with the analytical 
results provided by Karniadakis & Beskok (2005), as 
given in Equation (3). This equation provides the 
dimensionless velocity profile for fully developed 
flow conditions in microchannels. In this equation, b 

is a constant that can take values of 0, -1 or -2. 

 

 
Fig. 4.  Boundary layer mesh on the channel surface. 

 
Figure 5 shows the dimensionless outlet velocity 

profile obtained from the simulation under Kn 0.01 
and Re 10 conditions compared with the analytical 
results. Dimensionless scaling was achieved by 
dividing the outlet velocity profile by the average 
outlet velocity. As shown in Figure 5, the curves 
overlap with high accuracy. The consistency of the 
results with the analytical values on the channel 
surfaces defined with partial slip demonstrates the 
accuracy of the model. With these results confirming 
the validity of the method, the study proceeded 
accordingly. 

 
Fig. 5.  Dimensionless outlet velocity profile. 
 

RESULTS AND DISCUSSION 
 

In the simulations conducted under Kn 
conditions of 0.1, 0.01, and 0.001 and for Re values 
ranging from 1 to 100, the pressure losses between 
the inlet and outlet of the channel were first 
calculated. The results are shown in Figure 6. As 
expected, with increasing Re, the velocity within the 
channel increases, leading to greater pressure losses. 
On the other hand, as Kn decreases, the pressure loss 
increases. For example, at Re 100 and a 45° inlet 
machining angle, the pressure loss at Kn 0.1, where 
slip flow is near the transition regime, is 
approximately 1300 Pa. This value increases to 
approximately 2300 Pa at a Kn of 0.001, where slip 
flow is closer to the continuum regime, representing a 
75% increase. When the pressure loss ranking is 
examined on the basis of the inlet machining angle at 
a constant Re, it is observed that, as expected, the 
pressure loss decreases as the inlet machining angle 

 
(3) 
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decreases. In percentage terms, the pressure loss 
relative to a straight channel increases by an average 
of 3% at a 15° inlet machining angle, 10% at a 30° 
inlet machining angle, and 25% at a 45° inlet 
machining angle across all Knudsen numbers. 
Additionally, for all three Knudsen numbers, as Re 
increases from 1 to 100, the pressure loss compared 
with that of the straight channel increases by 
approximately 8% for a 45° inlet machining angle. As 
the inlet machining angle decreases, this value 
gradually decreases to approximately 2% for a 15° 
inlet machining angle. These results indicate that 
during manufacturing, increasing the inlet machining 
angle to 45° can increase the pressure loss by up to 
25%. Therefore, limiting the inlet angle to 30° is 
considered more appropriate, which results in a more 
reasonable pressure increase of approximately 10%. 

 

 
a) 

 
b) 

 
c) 

Fig. 6.  Pressure drop within the channel for Kn  
values of a) 0.001, b) 0.01, and c) 0.1. 
 

 The observations and interpretations regarding 
the pressure drop are supported by the velocity 
contours shown in Figures 7 and 8. In the velocity 
contours provided for Kn 0.1 and Re 100 in Figure 7, 
as the machining inlet angle increases, a significant 
rise in velocity is observed in the convex corners due 

to the sudden contraction occurring in the inlet region 
of the channel. As the angle increases, the velocity 
rise in this section becomes more pronounced, which 
in turn increases the pressure drop. While this effect 
is slight at a 30° angle, it becomes highly prominent 
at 45°. Additionally, owing to the high Kn value near 
the transition region, the slip velocity along the solid 
surface edge reaches 12 m/s. On the other hand, 
similar contours for Re 100 are shown in Figure 8 for 
Kn 0.001, which is near the continuum regime. In this 
case, as the continuum regime approaches, the slip 
velocity nearly diminishes to zero. Consequently, the 
velocity difference between the channel center and 
the solid surface is greater than that at Kn = 0.1, with 
the high-velocity region around the center dominating 
a wider area from the channel inlet. This, in turn, 
leads to an increased pressure drop at lower Kn 
numbers. 
 

 
a) 

 
b) 

 
c) 

Fig. 7.  Velocity contours for Kn 0.1 at Re 100: a)  
straight channel, b) 30° machining angle,  
and c) 45° machining angle. 
 

 
a) 

 
b) 

 
c) 

Fig. 8.  Velocity contours for Kn 0.001 at Re 100: a)  
straight channel, b) 30° machining angle,  
and c) 45° machining angle. 
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 Figures 9, 10, and 11 show the variation in the 
dimensionless velocity along the channel at the 
channel centerline, normalized by the velocity at the 
channel exit centerline. The channel direction on the 
horizontal axis is dimensionless and is normalized by 
the channel width. The results indicate that as the 
Reynolds number increases, the hydrodynamic 
entrance length increases. Similarly, at the same 
Reynolds number, as the Knudsen number increases 
(as it approaches the transition regime), this length 
also increases. However, the change due to the 
Knudsen effect is not as significant as the change due 
to the Reynolds number. Additionally, when the 
effect of the inlet angle for each Knudsen–Reynolds 
pair is analyzed, despite the different inlet widths due 
to varying inlet angles, the dimensionless velocity at 
the channel entrance is lower for larger inlet angles, 
as the boundary conditions are defined to maintain 
the same flow rate through the channel. However, 
unlike the differences in pressure loss, no change in 
the position where the velocity profile stabilizes (the 
hydrodynamic entrance length) is observed for any 
Knudsen–Reynolds pair after the development of the 
velocity profile. Although heat transfer is not 
included in this study, the stabilization of the velocity 
and temperature profiles independent of the inlet 
geometry, especially in long channels, could reduce 
the error in heat transfer and pressure loss 
calculations caused by the machining angle. However, 
as shown in Figures 9, 10, and 11, in cases where the 
channel length is on the order of the diameter for Re 
1 or less than 7-8 times the diameter for Re 100, the 
inlet angle of the tool will directly affect the flow and 
potentially the heat transfer. 
 

 
 

 

 

 

 

 
Fig. 9.  Development of nondimensional centerline  

velocity along the flow direction at a Kn of  
0.001. 
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Fig. 10.  Development of nondimensional centerline  

velocity along the flow direction at a Kn of  
0.01. 

 

 

 

 

 
Fig. 11.  Development of nondimensional centerline  

velocity along the flow direction at a Kn of  
0.1. 
 

 The nondimensional hydrodynamic entrance 
length values obtained for each Kn number are 
plotted as a function of the Re number and are 
presented in Figure 12. The results of this study have 
been compared with some findings in the literature, 
and the results are consistent. The equations from 
Chen (1973), Atkinson et al. (1969) and Ahmed & 
Hassan (2010), shown in the figure, are given solely 
as functions of the Re number. In the work conducted 
by the author of the present study with Aydın (Ilikan 
& Aydın (2023)), also presented in Figure 12, the 
effect of Kn is considered similar to that in the 
current study, where the Lattice-Boltzmann method 
was used instead of the Navier‒Stokes solution. 
Figure 9-11 shows that while the machining inlet 
angle affects the channel pressure drop, it has no 
effect on the hydrodynamic entrance length. 
Therefore, while the values from the current study are 
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included in Figure 12, the inlet angle is not 
considered a parameter in that figure since the values 
obtained were the same for each inlet angle. On the 
other hand, it is observed from the graphs that the 
nondimensional hydrodynamic entrance length 
increases with the Re number and increases as the Kn 
number increases. In regions closer to the continuum 
regime (Kn 0.001 and Kn 0.01), the Lattice 
Boltzmann and Navier–Stokes solutions for each Kn 
almost overlap. However, for Kn 0.1, which is closer 
to the transition regime, there is a slight difference 
between the two solutions. Overall, the close 
agreement of the results within the Kn range 
considered demonstrates the validity of both methods 
within the Kn and Re ranges in this study. Based on 
the data obtained in the present study and shown in 
Figure 12, a correlation expressing the variation of 
hydrodynamic entrance length with Reynolds and 
Knudsen numbers has been developed and is 
presented in Equation (4). 
 

 (4) 
 

 
Fig. 12.  Variations in the hydrodynamic entrance  

length with Re. 
 

CONCLUSION 
 
This study focused on the effects of the 

machining inlet angle on the pressure drop inside the 
microchannel and the hydrodynamic entrance length. 
Two-dimensional CFD simulations were performed 
by varying the Reynolds number from 1 to 100 under 
conditions where the Knudsen number was 0.001, 
0.01, or 0.1. The findings can be summarized as 
follows: 

-When the Kn number decreased from 0.1 to 
0.001, the pressure drop increased by up to 75%, 
indicating that the Kn number plays a significant role 
in microchannel flow behavior. 

-The machining inlet angle plays an important 
role in the flow pressure loss. At a 15° inlet angle, the 
pressure loss increased by an average of 3% 
compared with that of a straight inlet channel in the 
studied Re range. This value increased with the 
machining angle, reaching 25% at a 45° angle. This 
effect becomes more significant as the Re number 

increases, highlighting the importance of the 
interaction between the machining inlet angle and 
flow conditions. 

-When the channel length is approximately 
equal to the diameter at Re 1 and less than 7-8 times 
the diameter at Re 100, the selection of the inlet 
machining angle is critical for reducing pressure 
losses. However, for longer channels, more flexibility 
in the selection of this angle is possible. 

-In general, keeping the machining inlet angle 
below 30° may offer a practical balance between 
minimizing pressure losses and manufacturability, 
based on the trends observed in this study. This could 
lead to the development of more efficient 
microchannel-based systems. However, additional 
simulations with smaller angle increments could help 
refine this recommendation. 
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NOMENCLATURE 

 
D Channel height, [m] 
Kn Knudsen number, [-] 
Lc Characteristic length, [m] 
μ Dynamic viscosity, [Pa.s] 
Re Reynolds number, [-] 
U* Nondimensional velocity, [-] 
x,y Cartesian coordinates 
V Velocity, [m/s] 
Vin Inlet velocity, [m/s] 
λ Mean free path, [m] 
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