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Abstract  

 
In the present work, the laminar flow through a circular cylinder with two crossed splitter plates is analyzed. The 
characteristic-based method has been used along with the unstructured grid. The current research has been done to 
detect the proper conditions according to the geometrical parameters in which the optimal heat transfer is taking place. 
Geometric control parameters are the angle of splitter plates (\theta) and the ratio of length of the splitter plate to 
cylinder radius (n=L/D). It was found that the use of a two-branched splitter plate is not wise in Reynolds number less 
than 100 due to its insignificant effect in flow properties. In angle 30° between two plates, the least drag force is 
witnessed with respect to other angles. Application of double branched splitter with angles more than 60° is not 
recommended, which will increase the total drag significantly. Since the splitter plate increases, the overall heat 
transfer from the cylinder and splitter set is enhanced. Minimum drag over the cylinder, and maximum convection 
drop from it is taken place when the dimension length is 0.75. Between dimensionless lengths 1.25 and 1.5, the Nusselt 
number oscillates with least amplitude and such behavior is also observed when two splitters are 60°apart. 
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1. Introduction 
The flow past circular has been an issue of many studies 

so far, and this is because it has many practical functions in 
the industry, such as the study of heat exchangers, bridges, 
risers, Chimneys. The undesirable phenomena of vortex 
shedding and broad wake region downstream cause 
significant drag force and the reduction in heat transfer. 
Various attempts that have been made include both passive 
and active control systems. One of the simple passive ways 
to accomplish such enhancements will be to use the so-called 
splitter plates. The splitter plate creates a streamlined 
postponement of the circular tube, and in terms of heat 
transfer. However, splitter plate may decrease the amount of 
convection heat transfer since it also acts like a fin, the 
overall mixed conduction, convection overweighs heat 
transfer from the bare cylinder. Therefore, these plates 
enhance the heat transfer. Different numerical studies were 
done for incompressible thermo-flows to survey the other 
ways to improve heat transfer rates. Adibi et al. simulated 
thermo-flow using nano-fluids to enhance heat transfer 
rate[1]. Malik et al.[2] studied two-dimensional 
incompressible flow along with a stretching cylinder. 
Nusselt number is calculated in different cases. Similarity 
transformation was used to solve the governing equations. 
Bayat and Rahimi[3] simulated two-dimensional 
incompressible thermos-flow over a cylinder. The SIMPLE 
algorithm was used. Nusselt number and drag coefficient are 
obtained in different conditions. Different aspects of flow 
past cylinder are studied by Gu et al. [4], a wind tunnel for 
flow past cylinder with a splitter plate. They examined ten 
splitter plates with the length ratio (length of the splitter to 

cylinder diameter) varying from 0.5 to 6. However, an easily 
rotatable splitter plate increases the average lift force towards 
the plate's deflected side. Igbalajobi et al. [5] investigated the 
effect of wake mounted splitter on the flow past cylinder 
using a low-speed wind tunnel. A significant drop in the 
average drag coefficient was found for the circular cylinder. 
They understood that the splitter plate was more effective in 
suppressing the Karman vortices for the smaller-aspect-ratio 
cylinders. Boisaubert and Texier [6], employing reliable 
tracer visualizations, investigated the splitter plate influence 
on the primary near-wake creation stages of a semi-circular 
cylinder geometry. The primary vortices are pushed with 
time to splitter plate trailing edge. Shukla et al. [7] studied a 
hinged-splitter plate behindhand the cylinder. The 
experiments showed that the splitter plate fluctuations rise 
with Re, and reach a saturation largeness level at greater Re. 
The results demonstrated that the splitter plate length to 
cylinder diameter ratio (L=D) is crucial in determining the 
oscillations' character and magnitude. Reazvan Abdi et al. 
[8] investigated the fluid forces acting on a three cases 
including the cylinder with one, two or three rigid splitter 
plates attached at its rear surface were considered and the 
location of horizontal plates (attachment angle) was varied 
between 0̊ and 90̊ in a laminar flow regime while using a 
passive control strategy. They results shows that the location 
and the number of the plates have crucial effects on the wake 
control and increasing the number of splitter plates from one 
to two symmetric parallel plates led to a reduction in drag 
force, vortex shedding frequency and fluctuation of lift force. 
Shaoshi Dai et al. [9] were performed a systematic study to 
determine the optimal conditions and optimal splitter-plate 
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dimensions for the suppression of vortex shedding from 
circular cylinders and minimize the fluctuating loads on the 
cylinder. Their results indicate that splitter plates provide a 
practical method for vortex suppression at high Reynolds 
numbers, and the degree of suppression can be maximized 
by optimal geometric configuration. Dong-Lai Gao et al. [10] 
set a short splitter-plate onto the upstream side of a circular 
cylinder to modify its incoming flow conditions and the 
wake-vortex patterns attenuate the aerodynamic forces. 
Their results show that the vortical structures rolled up on the 
upstream splitter plate and flow separation change the 
incoming flow of the cylindrical model and drag reduction is 
generally realized, but fluctuating-lift suppression needs to 
be careful, also the control effectiveness and the surrounding 
flow topologies obtained by PIV system help to uncover the 
mechanism of the passive upstream-plate control. Tiwari et 
al. [11] had carried out a numerical investigation to survey 
the Nu in flow with and without fins. A reduction in the wake 
size in comparison to the circular tube is observed. Overall, 
there is an enhancement in heat transfer for flow over the 
cylinder with a splitter plate compared with the case without 
a splitter plate. Akili et al. [12] controlled the flow over a 
perpendicular cylinder located in water by a splitter plate 
inserted at several places downstream of the cylinder. The 
splitter plate at the two-dimensional location, no effect of the 
plate was observed. Xinyu et al. [13] simulated two-
dimensional incompressible flow over a circular cylinder 
with a splitter numerically. Results showed that vortex 
shedding is observed when the splitter length is more 
extensive than four times the cylinder's diameter. The 
maximal lift coefficient is at the splitter length is about two 
times the cylinder's diameter. Sahu et al. [14] simulated a 
two-dimensional flow over the cylinder with a splitter by the 
finite element method. The dimension of the splitter is 3.5D, 
and the Reynolds number is considered 150. Ghiasi et al. [15] 
investigated the influence of the active and passive ways on 
the flow and temperature fields to find an optimum situation. 
This combination results in heat transfer increment and drag 
reduction. Results showed that fluctuation in changed 
frequencies was complex. Upper frequencies result in more 
heat transfer. Mishra et al. [16] studied the laminar flow over 
a circular cylinder by a viscoelastic thin plate by the FEM. 
The results presented that careful tuning of the damping may 
be effectively employed to enhance power output for energy 
extraction applications or to suppress flow-induced vibration 
when it is detrimental to the structure. Chauhan et al. [17] 
considered flow over a cylinder with splitter experimentally 
for Re=485. Results showed that the drag coefficient and the 
Strouhal number decrease with an increase in splitter plate 
length. Assi and Bearman [18] investigated flow over a 
cylinder with three different splitter-plates considering plate 
length and plate porosity variations. Ghassabi and Kahrom 
[19] studied a thermos-flow over a square-cylinder 
experimentally. They performed their experiment for 
Reynolds number 5130. They found the optimum geometry. 
Among various papers dealing with the splitter plates, 
seldom is there one working on a two-branch splitter plate. 
This new kind of passive control device consists of two thin 
plates on the cylinder's trailing edge [20]. By varying the 
angle between two plates 𝜑𝜑 and the ratio of the length of the 
splitter to the radius of the cylinder n, different flow patterns, 
and Nusselt distributions are obtained. Therefore, we 
perform numerical analysis to find out the influence of 
several parameters on heat transfer factors. Finally, the effect 

of splitter presence on Nusselt number oscillations is shown 
and discussed. Since this bifurcated splitter plate has been 
simulated for the first time, it can be used in several practical 
problems, such as behind heat exchanger tubes, to enhance 
the heat transfer while keeping the drag to a minimum.  

The present study results show the effect of two rigid 
separator plates on the drag coefficient and Nusselt number. 
This research can be used with changes in various industries 
such as automobile manufacturing, aircraft manufacturing, 
shipbuilding, and heat exchangers. An in-house FORTRAN 
90 code has been written and developed by the authors, 
which implement the novel characteristic-based flux 
treatment. The novelty of this work could be expressed as 
following; Implementation of proposed characteristic-based 
scheme and verification of its robustness and performance in 
rather complicated flow patterns such as the present case 
(crossed splitter plates), and Investigation of thermo-flow 
behavior over crossed splitter plates in heat transfer 
enhancement. 
 
2. Methodology 

To investigate the flow around the cylinder with and 
without separator plates and the effect of the angle between 
them, Problem expression and problem-solving method can 
be seen in the flowchart Figure 1. Also, a two-dimensional 
and straightforward model according to Figure 2 and the 
initial data according to Table 1 have been considered. To 
study the mesh independence of the model for analyzing the 
fluid dynamics of the flow using the finite element method, 
the meshing of the flow region is shown in Figure 3. 

 

 
Figure 1- Steps of the research process 

As shown in Figure 3, the flow zone mesh is clustered in 
sections close to the wall with larger dimensions and smaller 
numbers. In the area around the cylinder and separator plates 
with very fine and high-density clustering for high accuracy. 
The number of meshes in the flow zone from the lowest to 
the highest is between 300 and 35,000. 
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Figure 2- Scheme and geometry of the model 

 

 
Figure 3. An enlarged view of the computational grid 

 
Table 1- Numerical values for Input data of model  
Parameter Quantity Unit 

𝑣𝑣 1 m/s 
𝐷𝐷 10 cm 
𝐿𝐿 2.5-4.5 cm 
𝜃𝜃 0-150 degree 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 1 atm 
𝑇𝑇𝑖𝑖𝑖𝑖 300 k 
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 400 k 

 
Navier–Stokes equations for incompressible and two-

dimensional viscous steady fluid are derived in eq. (1) [21]; 
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Where 𝑢𝑢 and 𝑣𝑣 are fluid velocity in 𝑥𝑥 and 𝑦𝑦 direction, 𝑝𝑝 

is the pressure, 𝑇𝑇 is temperature, 𝜌𝜌 is density, 𝜇𝜇 is static 
viscosity, 𝐶𝐶𝑃𝑃 is Specific heat capacity, and Φ is the 
dissipation term. Two types of boundary conditions are 
necessary to solve steady Navier-Stokes's equations. The 
flow conditions in the first place include specified velocity 
conditions at the inlet and specified pressure at the outlet. 

The cylinder well and its splitters are considered solid walls. 
In thermal conditions, a Dirichlet type condition is exerted 
on boundary inlet, cylinder, and splitter plates [22]. Other 
walls of the boundary bear the Neuman insulation condition. 
No-slip condition is used for temperature and velocity of 
flow on the wall. Temperature and velocity of Inlet flow and 
pressure of outlet flow have specific numerical data.  
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Numerical simulations are done using a FORTRAN code 

that authors write. The characteristic-based scheme 
introduced by the authors is used for convective fluxes[23, 
24]. For viscous fluxes, the averaging method on the 
secondary cells is used[25]. The Fifth-order Runge-Kutta 
method is used for time marching[26]. 

 
3. Results 

Because of the lack of sufficient data on the two branches 
splitter plate, we compare the data attained from the present 
model to that of the bare cylinder by setting the L/D ratio 
equal to zero and therefore produce the bare cylinder 
situation. The comparison is made between data attained 
from the ongoing model on a cylinder by a single branch 
splitter plate. The latter diagram will be a particular case to 
our two problems, one in which the angle 𝜃𝜃 is held zero. As 
it is seen from Figure 4, consonance exists between present 
data and that of Churchill [27], which proves the reliability 
of this model. The obtained drag coefficient in this current 
work is compared with Razavi et al. [28] in Figure 4.  

 
Figure 4. Comparison between Nusselt number diagrams 

for bare cylinder attained from the present model and 
Churchill and Bernstein [21] results 

 

 
Figure 5 Comparison among obtained drag coefficient in 

present work with that of Razavi et al. [28]
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Figure 6. G rid independence (mean Nusselt number for 

different grid numbers) 
 
Flow visualization for bare cylinder and cylinder with 

double branch splitter plate with different angles are shown 
in Figure 7. As seen in Figure 7, flow characteristics as 
vortices for bare cylinder and cylinders with splitter are 
different.  
 

 
Bare cylinder 

 
𝜃𝜃 = 30° 

 
θ=90° 

Figure 7. Flow visualization for bare cylinder and cylinder 
with double branch splitter plate with different angles 

 
The drag coefficient for the cylinder with double branch 

splitter to that of the bare cylinder (which is denoted as Cd0) 
for different Reynolds and various angles among two plates 
is shown in Figure 8. It is noteworthy to be kept in mind, 
though splitters are present; the numerator of this drag 
fraction only accounts for drag force on the cylinder [29]. In 
other words, this fraction is inspecting the effect of the 
presence of splitter on the cylinder alone and not cylinder 
and splitter assembly.  
 

 
Figure 8. The ratio of the drag coefficient on cylinder for 

cylinder and splitter plate assembly to that of bare cylinder 

When the Reynolds number is about 50, the diagram is 
close to unity, which means the splitter plate is of no use in 
low Reynolds no matter what the angle among two plates is. 
The reason is that the vortices have not yet taken their 
persuasive and robust form.  By increasing the splitters' 
angle, the plates will stand in the position more normal to the 
flow, and downstream of the circular cylinder in the region 
between two plates; the flow becomes slower. Where the 
velocity is low, the pressure change between the sides of the 
circular cylinder will decrease; This results in drag reduction. 
That is why the diagrams drastically drop when 𝜃𝜃goes more 
than 60°. This diagram shows the ratio of drag coefficient 
property of cylinder with splitters to that of the bare cylinder; 
this drop of diagrams mean when 𝜃𝜃 goes more than 60° the 
splitter has relieved its corresponding cylinder from much 
drag force. 

When 𝜃𝜃 is about 30°the cylinder is less available by the 
first strong vortex. A vortex creates a low-pressure area by 
its nature, which means the closer the vortex is to the 
cylinder, the more pressure difference for the two parts of the 
flow. With this idea in mind, the least drag is expected to 
happen when 𝜃𝜃 is about30°. And vice versa, and as we saw 
in the earlier section when 𝜃𝜃 is about 60° The first strong 
vortex is closest to the cylinder, which makes a peak in drag 
force. As it is clear from the diagram for Re=550, when 
Reynolds is high enough for vortices to show their role in the 
flow, 𝜃𝜃 = 300is the best angle according to drag and 𝜃𝜃 =
600 is worst.  

In Figure 9, it is claimed that the effect of the splitter's 
normal direction on the flow and distance of 1st strong vortex 
will play an influential role. When the Reynolds number is 
about 50, the vortex regime is so weak, and the splitter's 
presence makes no sense to the Nusselt number, and the 
diagram is close to unity. When the Ɵ rises, the plates' 
position seems to be more normal to the flow direction, 
debilitating the flow near downstream, which means less 
motion downstream. This will cause less convection heat 
transfer. That is why all the diagrams in Figure 9 maintain 
their general decreasing tone on all Reynolds. As the 
Reynolds number gets high, vortices become more robust, 
and where Re=550, a peak and a valley will show up. The 
valley belongs to 𝜃𝜃 = 30°where the cylinder is less available 
the first strong vortex downstream. Hence, the peak is for 
𝜃𝜃 = 60° that the vortex regime is like bare cylinder. 

 

 
Figure 9. Nusselt Ratio between cylinder bearing double 

branch splitter plate and bare cylinder. 
 
In Figure 10, in various Reynolds numbers, increasing the 

Ɵ made the flow to strike harder to the splitter and in turn, 
increase the total drag in Greater Reynolds numbers. This 
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means all diagrams must keep their increasing tone, which is 
clear in Figure 10. At 𝜃𝜃 = 30°the minimum is witnessed the 
total drag reduction. This drags reduction gets strong as the 
Reynolds grow (showing up the significant amount of about 
40% less than bare cylinder when Re=550). Around 𝜃𝜃 =
60°the ratio of total drag coefficient over cylinder and splitter 
assembly to that of bare cylinder commences rising 
significantly. We could deduce that 𝜃𝜃 = 30° is the best 
option for Ɵ according to total drag conditions. Angles more 
than 60° are not appropriate to be used. 

 

 
Figure 10. The ratio of total drag coefficient for cylinder 

and splitter plate assembly to that of bare cylinder 
 
In Figure 11, the ratio of total heat transfer between fluid 

and cylinder and assembly to that of the bare cylinder is seen. 
In all Reynolds numbers, the diagrams dominate the unity, 
which is evident for the heat transfer rise. But by what angle 
among plates, this heat transfer will turn to its maximum 
amount? When the Ɵ rises, the plates' position seems to be 
more normal to the flow direction, which has two effects in 
essence. It provides a harder fluid strike to the plates, which 
intensifies the heat transfer. Also, it debilitates the flow 
between two plates downstream of the cylinder, which 
diminishes the heat convection between that region of the 
flow and the adjacent part of the circular cylinder. The 
Re=50 diagram keeps its increasing tone as the angle grows. 
At high Reynolds numbers, such as Re=550 or Re=250, the 
vortex regime will again play an important role and, on 𝜃𝜃 =
300 it decreases the heat convection the most, and on 
𝜃𝜃 = 60° increases the heat convection the least. After 𝜃𝜃 =
60° there is an area of heat transfer drop. Thus, for high 
Reynolds numbers, 𝜃𝜃 = 60° is chosen as the optimum point. 
 

 
Figure 11. The ratio of total heat transferred from cylinder 

and splitter assembly to that of the bare cylinder. 
 

In Figure 12, the Nusselt oscillations for the bare cylinder 
are noticed. Where in Figure 13, Nusselt waves are shown to 
be manipulated by a two-branched splitter plate. From this 
perspective, the angles 𝜃𝜃 = 120° and 𝜃𝜃 = 90° are totally 
rejected to be used for they have increased the oscillation 
amplitude by a significant amount. The minimum oscillation 
amplitude seems to happen at 𝜃𝜃 = 30°.  

 

 
Figure 12. Nusselt oscillations for the bare cylinder at 

Re=350 
 

 
Figure 13. Nusselt Oscillations for the Cylinder bearing 

two branch splitter plate at Re=350 
 

Here, the controlling parameter will turn to 𝑛𝑛 = 𝑙𝑙
𝐷𝐷�  the 

dimensionless length, which is the measure of the length of 
splitter plate to the cylinder diameter.  Figure 14, deals with 
the ratio of the drag coefficient for cylinder and splitter 
assembly to that of the bare cylinder. It is seen that at low 
Reynolds number, the ratio is closest to unity and the reason 
is a weakness of viscous agents and the pale effect of vortex 
shedding. For the splitter's main effect is to manipulate the 
vortex regime and where there is none, no significant effect 
on flow parameters is recognized due to splitter's presence. 
As the Reynolds grows, a point of minimum takes shape, 
which is pale in Re=150 and Re=250 but clear in higher 
Reynolds numbers. This point is in the region 0.75 ≤ 𝑛𝑛 ≤
1.00 and the reason, as previously stated might be related to 
the unavailability of the cylinder by the vortices.  
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Figure 14. The ratio of drag coefficient of the cylinder with 

double branch splitter to that of the bare cylinder in 
various Re and n conditions. 

 
It is seen that the diagram is close to unity at low Re (50 

and 150), and the reason was discussed before. When 
Reynolds number grows and viscous forces fortify, the 
vortex regime gets more robust, and a point of minimum for 
mean Nusselt number occurs. It is in the region of 0.75 ≤
𝑛𝑛 ≤ 0.5 and is likely to be closer to n=0.75. This issue is 
attributed to the low availability of the cylinder to the vortex, 
as clarified before. The correspondence between Nusselt and 
drag coefficient is in similarity with the Reynolds analogy.  
 

 
Figure 15. Nusselt Ratio between cylinder bearing double 

branch splitter plate and bare cylinder 
 

As it is seen in Figure 15, when 𝜃𝜃 = 30°, total drag was 
decreased by the double branched splitter plate. Because 
Figure 15 have been accomplished with 𝜃𝜃 = 30°, the 
diagrams are expected to lie beneath the unity.  It is proven 
that when the Reynolds number chooses low amounts, no 
specific effect is witnessed, and the diagram for Re=50 is 
most close to unity. All diagrams maintain their decreasing 
tone throughout various dimensionless lengths. When 
n=1.25, the diagrams, stopped their diminishing trend and 
chose a more horizontal position. This means a further 
increase in the dimensionless size will not be beneficial. So, 
n=1.50 seems the best according to total drag reduction. 
 

 
Figure 16. The ratio of total drag coefficient of the cylinder 

with double branch splitter to that of bare cylinder 
 

The total heat transfer from the cylinder and splitter 
assembly to that of the bare cylinder is shown in Figure 17. 
The splitter plate could be counted as a fin. This is the main 
reason the diagrams maintain their increasing tone. This 
effect in low Reynolds number is the primary agent due to 
the weak development of viscous forces. When the Reynolds 
grows enough, this diminutive effect will weaken the heat 
transfer from the cylinder. The diminutive results are most 
potent in 0.75 ≤ 𝑛𝑛 ≤ 1.00and hence shows up as a local 
minimum in the diagram. Overall, as it is clear from Figure 
17, no optimal dimensionless length could be chosen for this 
part; though there are local peaks, the growth of n ratio will 
increase the heat transfer area and its amount. 
 

 
Figure 17. Ratio of total heat transferred from cylinder and 

splitter assembly to that of bare cylinder 
 
Oscillation in heat transfer will cause thermal strain, and 

the drag force oscillation gives rise to yielding stresses. Both 
effects will damage the cylinder. So, it is useful to attempt 
minimizing the oscillation amplitude by any means.  In 
Figure 18, the oscillation of the Nusselt number is shown. 
For n=0.5, the oscillation amplitude has risen to a 
tremendous amount. On the other hand, n=1.25 and n=1.50 
have successfully suppressed the amplitude and seem to be 
the best choices according to oscillation considerations.  
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Figure 18. Nusselt Oscillations for the Cylinder bearing 

two branch splitter plate at Re=350 
 
4. Conclusion 

In this work, the double branch splitter plate was 
introduced, and various effect of angle among plates 𝜃𝜃 as 
well as dimensionless length 𝑛𝑛 of the splitter was 
investigated. The results demonstrate that when Reynolds 
number is low (around 50 or so), the use of a splitter plate 
makes no sense to heat transfer and drag. When Reynolds 
number grows to higher values (Re=550 or so) among 
different angles, 𝜃𝜃 = 30° creates the least amount of drag for 
considering cylinder only, and 𝜃𝜃 = 30°also creates the least 

drag on all cylinders and assembly. 𝜃𝜃 = 30°also makes the 
most drop in heat transfer considering cylinder only but for 
the entire assembly has it most heat transferred when 𝜃𝜃 =
60°. Angles more than 60°are not recommended according 
to a dramatic increase in drag force θ = 30°also dampens the 
Nusselt oscillations the most, which will prevent rising yield 
stresses and thermal strain. The dimensionless length n=0.75 
(which is the ratio of splitter length to cylinder diameter) will 
cause the least drag as well as heat transfer, regarding the 
cylinder alone, and I the case of the entire assembly n=1.25 
suits for the drag considerations but no optimal length could 
be introduced for heat transfer. The lengths n=1.25 and n=1.5 
were found to diminish the oscillation amplitude more than 
other lengths being examined. 

 
Nomenclature 
 

𝑣𝑣 m/s Velocity 
𝐷𝐷 cm Cylinder Diameter 
𝐿𝐿 cm Cylinder Height 
𝜃𝜃 degree Splitter plates angle 
𝜌𝜌 kg/m^3 Density 
𝜇𝜇 kg·m^−1·s^−1 Static viscosity 
𝐶𝐶𝑃𝑃 J·kg−1·K−1 Specific heat capacity 
Φ kg·m^2·s^2 Dissipation term. 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜  atm Outlet Pressure 
𝑇𝑇𝑖𝑖𝑖𝑖 k Inlet Temperature 
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐  k Cylinder Temperature 
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