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In this study, a computational fluid analysis of a slip
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conditions are imposed on the surfaces. The microchannel is constructed from seven triangular‐shaped
channels and the angle of the microchannel (θ) is
varied from 0° to 40°. Simulations are carried out for
1 ≤ Re ≤ 8, 0 ≤ Kn ≤ 0.1, and the air is used as a
working fluid with variable physical properties. The
simulation results show that the triangular microchannel can improve heat transfer as compared with
plain microchannels. An optimal θ of 20° is found to
provide the best heat transfer at moderate frictional
losses. Finally, correlations for the average Nusselt
number and the average friction coefficient
among all parameters are proposed as follows:
Nu̅ = 4.015Re 0.0255 Kn−0.1 (sinθ )−0.0479, Cf̅ = 3.71Re−1.218
Kn−0.296 (sinθ)−0.495.
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INTRODUCTION

In applications innovative engineering such as the cooling of electronic devices, the design of
miniature air vehicle, and microelectromechanical systems, the small characteristic length and/or
λ
the low pressure will increase the flow Knudsen number, (Kn = D ), DH is the hydraulic diameter
H
of the channel, λ is the mean free path length. According to Karniadakis et al.,1 the flow based on
Kn is classified into different regimes as follows: for Kn ≤ 0.001, continuum flow approach is valid,
0.001 < Kn < 0.1 corresponds to slip flow, 0.1 < Kn < 10 denotes transitional flow, and Kn ≥ 10
corresponds to free molecular flow.
As in the case for continuum flow, Navier–Stokes equations are utilized to obtain flow
characteristics in slip flow, but the no‐slip boundary condition is modified to account for
velocity slip and temperature jump at the wall. For transitional and free molecular flow,
particle‐based methods are used to solve the problem. In the work of Gatsonis et al.,2 they
investigated supersonic flow in nanochannels using the direct simulation Monte Carlo method;
they also investigated the effects of the inlet Mach number, channel aspect ratio, and Kn on the
flow characteristics. Moreover, different flow regimes have been investigated. Comprehensive
reviews such as those found in Karniadakis et al.,1 Yarin et al.,3 and Garimella et al.4 give a
background of the accomplished effort on the heat transfer and fluid flow in the micro‐ and
nanoflows.
Wavy and corrugated channels attract researchers, as these channels have a larger surface
area than the conventional straight channels. Therefore, better heat transfer is achieved by
utilizing such channels.
Yang et al.5 studied the gas flow in a sinusoidal channel attached to a porous channel,
for different channel sizes and Reynolds numbers (Re). It was shown that the channel
amplitude would increase the Nusselt number, but again with an increase in friction as
compared with a straight channel. Rostami et al.6 showed that for a conjugate channel, the
Nusselt number will not increase for all amplitudes, but there is an optimum value for each
geometry considered in their study. In another work conducted by Sadaghiani et al.,7 a
numerical investigation of the influence of the fin configuration and roughness of the wall
on thermal characteristics of microchannels with pin fins is presented, revealing that the
influence of the fin shape vanishes with the surface roughness. In addition, they concluded
that the slip velocity increases the Nusselt number, whereas the temperature jump decreases it. Utilizing the CFD technique and the constructal theory, Song et al.8 numerically investigated the optimum geometry of the wavy fin channels used in compact heat
exchangers. In their optimization, they presented the best geometry of the wavy fin channel
that will give the best heat transfer along with the minimum pressure drop penalty, and it
was found that the optimal geometry will reduce the pressure drop by 54% and will increase
the heat transfer by 26%. Dai et al.9 experimentally reported using PIV techniques that a
shift from steady‐state to transient laminar flow occurs at lower Re as compared with their
numerical results for the flow in zig‐zag semi‐circular microchannels. In the paper of
Chiam et al.,10 they showed the attractiveness of introducing alternating secondary branches in wavy microchannels; they showed that such a combination would enhance the heat
transfer and decrease the pressure drop.
Ramgadia et al.11 numerically explored the fully developed fluid flow and heat transfer
characteristics in asymmetric wavy walled channels; they used the finite‐volume technique to
solve the governing equations. It was found that most asymmetric geometries result in better
heat transfer as compared with symmetrical shapes, but with a higher friction penalty.
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F I G U R E 1 Geometry of the symmetric triangular microchannel [Color figure can be viewed at
wileyonlinelibrary.com]

Baik et al.12 studied using numerical techniques thermal behavior in a wavy channeled
printed circuit heat exchanger. Also, they investigated the influence of amplitude of the
channel; they showed that the corrugated channels have better heat transfer when compared
with the conventional straight channels. It was also shown that the thermal performance has a
linear relationship with the ratio of the amplitude to a period of the wavy channel.
An investigation of the increase in the heat transfer in a heat sink using a wavy channel by
varying both the wave amplitude and length was carried out by Lin et al.13 They showed that
the heat transfer increase is mainly due to the vortices generation by the wavy walls. These
vortices improved the convection mode heat transfer.
Ma et al.14 numerically and experimentally analyzed pressure drop and heat transfer of fluid
flow in the wavy channel; they found out that there is a negligible effect of the entrance region
on the average Nusselt number. Moreover, correlations for the Nusselt number and friction
factor coefficient are obtained and presented.
A numerical and experimental analysis of a developing turbulent flow over a wavy wall in a
horizontal channel was conducted by Segunda et al.15 Their experimental results were obtained
by a particle image velocimetry system, whereas the numerical analysis was based on CFD
simulations. Their results show that the standard k–ɛ, realizable k–ɛ, and LPS models have the
best overall agreement as compared with the experiments.
In the work presented by Akbarzadeh et al.,16 the influences of wavy geometries on heat
transfer, entropy generation, pressure drop, and thermal performance in a wavy channel are
presented. They used numerical analysis to obtain the results of three different profiles: trapezoidal, sinusoidal, and triangular. They concluded that the triangular channel would give the
highest thermal entropy generation, followed by the sinusoidal and trapezoidal channels.
Ghule et al.17 investigated using numerical methods the heat transfer performance of different cross‐sections' wavy microchannels; they showed that the heat transfer coefficient increases by increasing the amplitude of the wavy channel. Moreover, it was concluded that the
circular cross‐section with notches and wave amplitude of 200 μm offers the highest heat
transfer coefficient.
In the article by Alshare et al.,18 a good review of previous work related to gas flow in the
microchannel was given; they concluded that most studies focused on straight channels with a
different cross‐section, and that Kn and Re significantly affect the Nusselt number and friction
coefficient in microchannels. Moreover, they found that rarefaction decreases heat transfer. In
their work, they analyzed an asymmetric sinusoidal developing flow with constant physical
properties in a microchannel (0.025 ≤ Kn ≤ 0.1). Moreover, Alshare et al.19 investigated dispersing nanofluid and hybrid nanofluid effect on the flow behavior and heat transfer characteristics in a periodic wavy structure; they found out that hybrid nanofluids are superior with
respect to the enhancement of heat transfer. Lou et al.20 considered a heat exchanger employing zig‐zag channels equipped with vortex generators and found that the thermal performance is enhanced. The Nusselt number increased by nearly 32% with merely 24% increase in
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the friction factor at the optimal angle of 60°. Shi et al.21 examined the heat transfer of a
millimetic zig‐zag channel. Compared with a straight channel, the heat transfer was more
superior at the cost of pressure drop penalty. Also, they found that at higher Reyonlds number,
the periodic flow could transition to nonperiodic or chaotic flow due to instabilities. Nguyen
et al.22 numerically studied the nanofluid flow through a microchannel with triangular corrugated wall. The heat transfer is augmented due to the corrugation, which also significantly
increases entropy generation caused by vortex generation, and this can be mitigated by applying a magnetic field. Ho et al.23 studied the onset of vortex formation in a rarefied flow in a
microchannel with bends. They found that flow separation depends on the Knudsen number
and could by suppressed by higher inertial forces, which results in higher slip velocity in the
vicinity of the bends. The adverse pressure gradient resulting from the vertical flow formation
decreases the mass flow rate in comparison to the straight channel. Tang et al.24 affirmed that
there exists a Knudsen minimum that corresponds a minimum mass flow rate in channels with
bends. The so‐called rarefaction throttling effect disappears when the flow moves from the slip
flow regime into transition flow regime.
It is clear from the abovementioned discussion that the rarefaction effect has a substantial
influence on the thermal behavior of a microchannel. In addition, more investigation is needed
to fully understand the slip flow regime and its impact on practical applications. Therefore,
the proposed work aims to investigate steady, two‐dimensional rarefied air flow in a
V‐shaped microchannel in which the wall temperature is uniform. The flow is assumed
laminar and compressible, and the flow is developing both hydrodynamically and thermally.
The simulations will be carried out for several selected geometries that have practical
applications for different values of Kn and Re in the slip flow for different triangular angle θ.
To the best of authors' knowledge, this problem has not been explored and examined before.

2 |

P R O B L E M F O R M U L AT I O N

Figure 1 depicts the physical domain and coordinates of the problem in the present study. The
figure considers a symmetric triangular microchannel of fixed width (H), angle θ, and length
(L), where a flow of air enters the channel with a uniform velocity (Vin). The wall is maintained
at a fixed temperature (Tw). The following assumptions are considered: a laminar, steady, two‐
dimensional (2D) compressible air flow is treated as an ideal gas with variable physical
properties, and the flow is both developing thermally and hydrodynamically. Slip velocity and
temperature jump conditions are utilized at the boundaries, and the flow is covering the range
of 0 ≤ Kn ≤ 0.1.
It is worth mentioning here that the 3D analysis will not add anything new to the physics
when compared with the 2D analysis. Moreover, the 3D analysis will cost more time and effort
without gaining any further insights to the physics of the problem.
Using the following nondimensional variables:
x
,
L
u
u⁎ =
,
Vin
x⁎ =

v⁎ =

v
,
Vin
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y⁎ =
Kn =

p
ρ
, ρ⁎ =
,
2
ρin
ρVin

μuDH
Ma
=
ρ
Kn

γ=

y
,
H

μ π
λ
and λ =
,
H
ρ 2RT

p⁎ =

Re =

3981

Cp
Cv

Ec =

πγ
T − Ti
, T⁎ =
,
2
TW − Ti

u*2
.
Cp (Tw − Ti )

Referring to Incropera et al.,25 the governing equations in their dimensionless form are as
follows:
∂ (ρ ⁎ u⁎)
∂ (ρ ⁎ v ⁎)
+
= 0,
⁎
∂x
∂y ⁎

(1)

⁎ ⎤
⁎
∂(τxy
)
)
∂ (ρ ⁎ u⁎2 + p⁎ )
∂ (ρ ⁎ v ⁎)
1 ⎡ ∂(τxx
+
=
+
⎢
⎥,
⁎
⁎
⁎
⁎
Re ⎣ ∂x
∂x
∂y
∂y ⎦

(2)

∂ (u⁎(ρ ⁎ E + p⁎ ))
∂ (v ⁎(ρ ⁎ E + p⁎ ))
∂ ⎛ ∂T⁎ ⎞
∂ ⎛ ∂T⁎ ⎞
⎜k
⎟ +
+
=
⎜k
⎟,
⁎
⁎
⁎
⁎
x
y
∂x ⎝ ∂x ⎠
∂y ⁎ ⎝ ∂y ⁎ ⎠

(3)

where
E=h−

p
v2
+
,
ρ
2

(4)

with the following boundary conditions:
At the inlet, x ⁎ = 0, u in⁎ = 1 = u/ Vin, vin⁎ = 0, Tin⁎ = 0
The wall is maintained at a constant temperature
T⁎ (yw⁎ , x ⁎) = 1.

At the outlet, the fully developed conditions are applied:
du⁎
dv ⁎
dT⁎
=
=
= 0.
dx ⁎
dx ⁎
dx ⁎

Considering the thermal creep (transpiration, i.e., velocity due to wall temperature
gradients), the slip velocity is defined at the wall as follows:
us* =

∂u *
2 − σv
3 (1 − γ ) Kn2Re ∂Ts*
Kn s +
.
γ
Ec ∂n
∂n
σv
2π

(5)

Temperature jump
⎛ 2 − σT ⎞ (2γ ) KnRe ∂Ts*
Ts* = 1 − ⎜
.
⎟
⎝ σT ⎠ γ + 1 Pr ∂n

In all simulations considered in this study, both σv and σT are set as one.

(6)
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The mean bulk temperature:

Tm =

∫A ρuCp TdA
mCp

.

(7)

Friction coefficient
Cf =

τs
ρu m2
2

.

(8)

Nusselt number

Nu =
h=

Nu =

hDH
,
k
qw''

k (Tw − Tm )

(9)
,

qw'' DH

(10)

.

(11)

∫Nux dA.

(12)

k (Tw − Tm )

Average Nusselt number
¯ = 1
Nu
A

Average friction coefficient
1
C¯f =
A

∫Cf dA.

(13)

In the present investigation, effects of Kn (0 ≤ Kn ≤ 0.1), Reynolds number, (1 ≤ Re ≤ 8), and
different triangular microchannel angles (θ = 0°, 10°, 20°, 30°, 40°) are considered. The principal
equations for fluid flow and energy are formulated and then solved to attain the velocity
and temperature distribution to examine the impact of slip and temperature jump conditions.
The 2D model equations (Equations 1–6) along with the boundary conditions are numerically analyzed by applying the finite‐element method (FEM). The governing equations
subject to the boundary conditions are solved numerically by the Galerkin‐weighted
residual FEM. The computational domain is discretized into triangular elements.
Triangular Lagrange finite elements of different orders are used for each of the flow
variables within the computational domain. Residuals for each conservation equation are obtained by substituting the approximations into the governing equations. To simplify the nonlinear terms in the momentum equations, a Newton–Raphson iteration algorithm was used.
The convergence of the solution is assumed when the relative error for each of the variables
Γi +1 − Γi
≤ η, where i represents the iteration
satisfies the following convergence criteria:
Γi
number and η is the convergence criterion. In this study, the convergence criterion was set
at η = 10−6.
The mesh used is shown in Figure 2. Triangular elements are used in the flow domain,
whereas quad elements are used near the wall to model the boundary layer. Five different
meshes are used to study the effect of mesh fine‐tuning, grid independence, and verification of
the solution (Table 1). The effect of mesh fine‐tuning on the Nu̅ is investigated. Mesh number 4
is found to be adequate for all parameters used in the present study; it was found that when
using grid No. 5, the solution changes within less than 1%.
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FIGURE 2

TABLE 1
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The mesh used in the current investigation

Mesh refinement for the horizontal pipe case, Re = 1 (developing flow) and Kn = 0

Mesh no.

No. of elements

Nu̅

1

4866

8.51

2

7299

8.53

3

27,078

8.57

4

58,040

8.59

5

129,404

8.59

Also, the effect of mesh size on Nu̅ and Cf̅ is investigated for the horizontal pipe case, Re = 1
(developing flow) and Kn = 0. It was found that by using grid 5, these values change only by less
than 0.5%. Besides, the fully developed flow solution is compared with the solutions available in
the literature and an excellent agreement is found.
To verify the code, the dimensionless channel velocity distributions for a plain channel case
in which Re = 1 and different Kn values are compared with the analytical solution given in
Vimmr et al.26 as follows:

F I G U R E 3 Verification of the current code with Vimmr et al.26 [Color figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 4 The velocity distribution for different values of Kn at x* = 0.063, 0.188, Re = 1, 5, 8, and θ = 30°
[Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 5 The temperature distribution for different values of Kn: x* = 0.188, 0.94, Re = 1, 5, and 8, and
θ = 30° [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 Variation of mean bulk temperature in the axial direction with Kn: Re = 1, 5 and θ = 30° [Color
figure can be viewed at wileyonlinelibrary.com]

u⁎ =

3 ⎡ 1 + 2Kn − 2Kn2 − y *2 ⎤
⎥.
⎢
⎦
2 ⎣ 1 + 3Kn − 3Kn2

(14)

Figure 3 illustrates the verification of the code with the analytical solution. It is evident from
the graph that the current code gives results with an error of less than 5% as compared with the
analytical solution.

3 |

RESULTS A ND DISCUSSION

Figure 4 shows the effect of Kn on the velocity profile u* at different axial locations for the
triangular channel with θ = 30° and different Re values. It is evident from the figures that Kn
has a significant effect on the dimensionless velocity profile. As Kn increases, the dimensionless
axial velocity profile becomes flattered, indicating that the flow is less influenced by the presence of a solid surface, as an increase in Kn leads to an increase in the velocity profile (u w⁎ ).
Also, as x* increases, the differences between velocity profiles will be less as we approach the
fully developed flow region. Moreover, as Re increases for the same axial location, the differences in velocity profiles diminish.
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F I G U R E 7 The effect of Kn on the Nu: Re = 1, 5 and θ = 30° [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 5 illustrates the effect of Kn on the temperature profiles T* at different axial locations
for the triangular channel with θ = 30° and different Re values. Again, these profiles behave
similarly as in the velocity profiles. Due to rarefaction effects, as Kn increases, the temperature
jump will increase (Tw⁎ ). Moreover, as x* increases, the difference between temperature profiles
becomes less, as the flow is approaching the fully developed flow. Finally, as Re increases, the
differences between the temperature profiles for different values of Kn become smaller.
Figure 6 elucidates the effect of Kn on the variation of the dimensionless mean bulk
temperature along the channel for Re = 1 and 5. It is clear that as Kn increases, the mean bulk
temperature decreases due to the temperature jump. The figure also shows that the differences
between the profiles of the bulk temperature for different values of Kn become smaller with an
increase in x*, as the fully developed flow regime is approached. Moreover, as Re increases, the
difference between bulk temperature profiles becomes larger.
Figure 7 shows the effect of Kn on the local Nusselt number (Nu) distribution along x* at
Re = 1 and 5. At the entrance, the Nu is high, as the temperature gradient is high. Further
downstream, Nu will decrease, but due to the enhanced mixing and the generation of the
secondary flow in the apex of the triangular part of the channel, Nu will increase again. This
will occur in a cyclic manner. Therefore, the Nu̅ will be higher for the triangular microchannel
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F I G U R E 8 The effect of Kn on the local changes of the friction coefficient: Re = 1 and 5, θ = 30° [Color
figure can be viewed at wileyonlinelibrary.com]

as compared with the plain channel. As the Kn number increases, Nu decreases due to the
temperature jump.
Figure 8 displays the effect of Kn on the friction coefficient distribution at Re = 1 and 5.
Initially, the friction coefficient is high due to the high‐velocity gradients at the beginning of the
boundary layer. Downstream, the value of the friction coefficient reduces, but it increases again
when flow passes through the triangular part of the microchannel. This occurs in a cyclic
manner. Thus, for the triangular microchannel, the friction coefficient is higher than the plain
channel case. Moreover, as Kn increases, the friction coefficient decreases due to slip boundary
conditions.
In Figure 9, the values of dimensionless temperature at the wall versus x* for the cases
where Re = 1, θ = 30°, and Re = 5, θ = 30° are plotted. The impact of Kn on the temperature
profiles is evident. As the Kn increases, the temperature jump at the wall increases. As x*
increases, the difference between these profiles becomes smaller, because the flow is getting
closer to the fully developed region.
Figure 10 illustrates the dimensionless velocity slip along x* for the cases where Re = 1,
θ = 30° and Re = 5, θ = 30°. The graphs show that as Kn increases, the velocity slip increases.

HADER

ET AL.

|

3989

F I G U R E 9 The effect of Kn on the axial variation of dimensionless wall temperature: Re = 1 and 5, θ = 30°
[Color figure can be viewed at wileyonlinelibrary.com]

In Figure 11, the values of Nu̅ are plotted versus θ at Re = 1 for different Kn values that
cover the continuum and slip flow regimes. The case where θ = 0° represents the flow in a
¯ decreases due to rarregular channel. It is clear from the graph that as Kn increases, Nu
efaction effects. Moreover, the graph shows that as θ increases up to a certain critical value,
¯ ) increases. A further increase in θ will reduce (Nu̅ ) to values
which was found to be 20°, (Nu
even lower than the plain channel case. It should be noted that the same trend occurs for
different values of Re.
Figure 12 illustrates the effect of Kn and the triangular microchannel angle θ on the friction
coefficient at Re = 1. It is clear from the graph that as θ increases up to a certain critical value,
the friction coefficient is increased, which is mainly due to the increase in the size of the
recirculating flow zone at the apex of the triangular regions. Beyond this critical value, which
was found to be 10° for the slip flow regime and 20° for the continuum regime, Cf will decrease.
It is worth noting that the value of Cf for the slip flow becomes lower at maximum Nu number
at 20°. Therefore, the triangular microchannel maximum heat transfer is obtained at a lower
friction coefficient (less friction penalty). Moreover, Kn reduces the friction coefficient due to
an increase in the slip velocity. It should be mentioned here that similar trends are obtained for
different values of Re.

3990

|

HADER

ET AL.

F I G U R E 10 The effect of Kn on the axial variation of wall velocity: Re = 1 and 5, θ = 30° [Color figure can
be viewed at wileyonlinelibrary.com]

In Figure 13, the variation of the Nu̅ with Re for different values of Kn that cover continuum
and slip flow regimes and different θ is plotted. Graphs show that the effect of Kn on the Nu̅ is
reduced as Re increases due to the increase in the velocity and heat transfer and the reduction
of the temperature jump boundary condition. The reduction of Nu̅ with Re for the slip flow
regimes is justified by the variable physical properties, especially viscosity. For gases, as
temperature increases, viscosity increases.

F I G U R E 11 Nu̅ versus θ at Re = 1 and different Kn values [Color figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 12 The average friction coefficient versus θ at Re = 1 and different Kn values [Color figure can be viewed
at wileyonlinelibrary.com]

(A)

(B)

(C)

(D)

F I G U R E 13

The effect of Re, Kn, and the θ on Nu̅ [Color figure can be viewed at wileyonlinelibrary.com]
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(A)

(B)

(C)

(D)

F I G U R E 14 The effect of Re, Kn, and the θ on the friction coefficient [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 14 shows the effect of Re on the friction coefficient for different values of Kn and
different θ. The graph shows that as Re increases, Cf decreases, but we observe that the effect of
Kn is reduced with an increase in Re.
Finally, correlations for the Nu̅ and the average friction coefficient among all parameters
considered in this study with R2 values of 0.88 and 0.9, respectively, are proposed as follows:
¯ = 4.015Re 0.0255 Kn−0.1 (sin θ )−0.0479 ,
Nu

(15)

C¯f = 3.71Re−1.218 Kn−0.296 (sin θ )−0.495.

(16)
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CONCLUSION

The computational fluid analysis of both thermally and hydrodynamically developing flow in a
V‐shaped microchannel has been studied under constant wall temperature in the continuum
and slip flow regimes. The finite‐element technique is used to solve the governing equations.
The microchannel was constructed from seven triangular channels, with an angle (θ) that
varies from 0° to 40°. Simulations were carried out for 1 ≤ Re ≤ 8,0 ≤ Kn ≤ 0.1, air was used as
a working fluid, and the ideal gas equation was applied. The simulation results show that
triangular microchannel can improve the heat transfer, relative to conventional straight microchannel, when θ is less than 20°. Beyond this value, the Nu̅ decreases. Results also show that
by selecting the best angle, which is 20°, the heat transfer enhancement can be achieved
without a significant increase in the frictional losses or rarefaction effects.
NOMENCLATURE
skin friction coefficient
Cf
average friction coefficient
Cf̅
DH
channel hydraulic diameter, m
E
total energy
h
heat transfer coefficient, W/m2·K
H
height of the channel, m
k
thermal conductivity of air, W/m·K
Boltzmann constant, J/K
kB
Kn
Knudsen number
L
length of a single wave of the computational domain, m
Ma
Mach number
n
unit vector normal to the solid wall
Nu(x) local Nusselt number
Nu̅
average Nusselt number
p
pressure, Pa
q
heat transfer
R̅
universal gas constant
Re
Reynolds number
T
temperature, K
mean bulk temperature, K
Tm
microchannel wall temperature, K
Tw
u
velocity in the x‐direction, m/s
v
velocity in the y‐direction, m/s
average velocity at the inlet, m/s
Vin
V
velocity vector
x
axial coordinate, m
y
vertical coordinate, m
GREEK SYMBOLS
γ
ratio of the specific heat (cp/cv)
λ
molecular mean free path, m
ν
kinematic viscosity
ρ
air density, given by ideal gas equation (P/RT), kg/m3
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σ
σT
σv
τw
θ
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Lennard–Jones characteristic length, Å
thermal accommodation coefficient
momentum accommodation coefficient
wall shear stress, Pa
angle, °

SUBSCRIPT
w
wall
SUPE RSCRIPT
*
dimensionless
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