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Abstract

This study conducted a numerical simulation of laminar flow within a cylindrical pipe
using a semi-implicit method. The full Navier-Stokes equations in cylindrical coordinates
were solved, with modifications to the SIMPLE algorithm to handle pressure-linked equa-
tions. We evaluated three key thermophysical parameters—dynamic viscosity, specific heat
capacity, and thermal conductivity—under both constant and variable conditions in the
entrance region. Due to the process’s two-dimensional, time-dependent nature, third-kind
boundary conditions were used to accurately model the effects of ambient temperature,
external wind, and the pipe’s geometric and physical features. From the numerical results,
we analyzed the velocity field, pressure distribution, surface friction coefficient, and tem-
perature distribution at various pipe cross-sections. These findings are of practical and
scientific importance: they offer insights into the hydrodynamics and thermal behavior of
the internal flow and enhance understanding of fluid flow and heat transfer, improving
predictive models. This advancement supports better design and operational control in
pipeline systems.

Keywords: fluid flow and heat transfer; Poiseuille flow; SIMPLE algorithm

1. Introduction

In the context of laminar flow through pipes, internal flow in cylindrical pipes is a
critical aspect of energy engineering, chemical and oil/gas production, thermal systems,
and the design and development of products using these systems. Analyzing the flow
fields within cylindrical pipe systems helps clarify the mechanisms that generate velocity
profiles, pressure fields, and temperature distributions across various cross-sections of the
pipe system, ultimately enabling the quantification and improvement of the performance
or efficiency of an entire engineering system by controlling the rate of heat transfer. Of
particular importance is the entrance region of cylindrical pipes’ fluid flow, which is among
the most complex regions from the perspective of hydrodynamic and thermal processes
because the velocity and temperature profiles develop within this region; thus, investigating
this area is essential from both theoretical and practical perspectives to evaluate the causes
of energy loss (i.e., hydraulic loss, a drop in pressure, surface friction and heat transfer rate).

The study of fluid flow and heat transfer in channels has a rich history, beginning
with the foundational analytical solutions for classical heat conduction and internal flows
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established by Graetz [1] and Nusselt [2]. The broader theoretical framework for hydro-
dynamics at low Reynolds numbers [3] and the application of dimensionality theory in
chemical engineering [4] further solidified the basis for subsequent mathematical modeling
of fluid behaviors.

Over time, researchers have expanded these fundamental concepts to analyze laminar
flows in various complex geometries. For instance, the temperature fields and kinematic
structures in semi-infinite prismatic channels of triangular [5], rectangular, and elliptical [6]
cross-sections have been extensively studied. Furthermore, robust numerical algorithms
have been developed to model specific geometric and physical phenomena, such as pulsat-
ing laminar flows in rectangular channels [7], suspension flows in flat channels [8], and
fluid flow within eccentric annular domains [9].

The complexity of flow structures has also been a major focus, with investigations into
the kinematic properties of swirling flows [10] and the mathematical modeling of two-phase
fluid motion in concentrically located communicating pipes [11]. To simplify practical
engineering applications, new predictive formulas for calculating the characteristics of
liquid and gas flows in standard circular pipes have been successfully introduced [12].

In the field of thermal management, research increasingly focuses on improving heat
transfer efficiency and predicting thermal distribution. Numerous studies have explored
axial heat conduction in laminar duct flows [13] and designed advanced micro-channels
optimized for high heat flux situations [14]. Recently, there has been a rise in using
sophisticated numerical methods to analyze large-scale and specialized pipeline networks.
Notable simulations include flow dynamics and heat transfer in relief pipelines of different
diameters [15], the analysis of modern heat exchangers connected to two-pipe heating
systems [16], and the complex flow behaviors within intricate gas network pipes [17].
Opverall, these studies show a transition from traditional analytical approaches to advanced
computational models capable of capturing both local thermal-hydraulic phenomena and
overall fluid dynamics.

Regardless of these developments, current models either rely on low-order approxi-
mations, are configured for a particular geometry, or require substantial computation to
make accurate predictions. This paper presents the design of a new model that integrates
analysis and numerical methods to provide a versatile, high-precision formulation of lami-
nar flow in cylindrical channels with arbitrary boundary conditions. This method contrasts
with previous ones; unlike previous studies, it provides simultaneous, high-resolution
velocity and temperature profiles in both the radial and axial directions while remaining
computationally efficient. It also accounts for convective and diffusive processes, allowing
the prediction of fluid flow and heat transfer performance over a very broad range of
Reynolds, Prandtl, and Peclet numbers. This method is useful for enhancing the accuracy
and applicability of laminar flow modeling and is also an effective engineering optimization
tool that produces solutions between simplified analytical simulations and full numerical
CFD models.

2. Materials and Methods
2.1. Mathematical Model

The mathematical model of the problem is formulated in cylindrical coordinates,
taking into account the domain’s axial symmetry (Figure 1).

We establish a longitudinal coordinate along the flow axis, z, measured from the inlet
cross-section. For our specific simulation model incorporating a pipeline with an internal
diameter of 100 mm, we select a section length L (specifically, L = 300r() that is significantly
greater than the internal radius r( of the pipeline.
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Figure 1. Geometry and boundary conditions of the problem.

The radius g serves as the upper limit for the radial coordinate r, which is measured
outward from the flow axis.

At the entrance of the section, the longitudinal velocity is u(0,7) = u, and the radial
velocity is zero, #(0,7) = 0. The entrance temperature is defined as T(0,7) = T.

On the flow axis (r = 0), the conditions for axial symmetry are formulated as follows:

ou(z,0)
or

0T (z,0)

=0, ¥(z0) =0, 5

= 0. (1)

At the channel wall, the fluid velocity becomes zero, but heat transfer still occurs:

oT
u(z,rg) = 0(z,r9) =0, /\ﬁ = hy(Toc — T(r0)). (2)
Here, A represents the thermal conductivity of the liquid, and T,. represents the
outside temperature. The heat transfer coefficient &, is determined by accounting for the
heat transfer from the liquid at the radial boundary r = ry (d = 2rp) into the wall material,
the heat conduction through the wall material, and the convective heat transfer from the

wall to the surrounding environment:

27
(hz)eff = .
1 In[(ro+9) /o] 1
TR Sl

©)

Here ¢ is the pipeline wall thickness, and A; is the thermal conductivity coefficient of
the pipeline material.

The Graetz—Nusselt problem allows us to express the internal processes of the pipe,
the pipe material and parameters, and the properties of the surrounding environment
through a single, unified parameter. For this reason, this specific approach was selected
over other formulas.

To calculate the value of the heat transfer coefficient from the liquid to the wall, the
following formula was used:

A
hO = Nuint%. (4)

Here the internal number Nu is calculated using the Graetz—Nusselt formula [7-10]:

0.0668 (2r(/x)RePr
140.04 ((2ro/x)RePr)?/% ’

Ny = 3.66 + Toc = const, Pr > 5.

3.66 -1
0.0499Gzptanh(G
tanh[2.264Gzp, /2 4176277 ’ sptanh(Czp ) 01<Pr<5 ©

tanh (2.432Pr1/0 Gz, /) LT

Here Gzp = (D/x)RePr

Nujn =
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It is designed for a laminar flow of liquid at a constant ambient temperature and for
Prandtl number values of Pr > 5. Here x is the length of the initial section;

o 27‘0140
(Y

Re (6)

is the Reynolds criterion (number) for fluid flow; v is the kinematic viscosity of the fluid;

_ Ce0p
Pr= il (7)
is the Prandtl criterion of liquid; cy is the specific heat capacity and p is the density of the
liquid, which are taken as constant values.
The values of the heat transfer coefficient from the pipeline walls to the environment
were calculated using the following formula:

A
]’l1 = Nuextz fer (8)

(1’0—|—5)'

Here the external Nusselt number was determined according to the formula [7-10]:

62y/Reqe,Prif3 4/5
Nitgy = 03+ — 20 e”’rwrlﬂ[1+(Rewﬂ28mmof/ﬂ 9)
[1 + (0.4/Proer)? 3}
Here the Reynolds criterion for the environment is calculated as
Regey — 2070+ 0)hner. (10)

Vger

The external Nusselt formula, according to [1], is reliable for intervals 0.7 < Pr,e, < 500,
1 < Reger < 10°.

Here, Reyer and Prge, are the Reynolds and Prandtl numbers for the surrounding air.

At the outlet section of the channel, smooth conjugation conditions were used:

Q?u(L,r)  9*8(L,r)

0z2 02 0 (11)

The inclusion of pressure in the equations of conservation of momentum in the lon-
gitudinal and radial directions, expressed as first derivatives with respect to coordinates,
requires the formulation of conditions for pressure with respect to coordinates. These were

ap(x,0)
ar

=0, p(L,r)=0. (12)

Here, the first condition reflects the symmetry of the flow relative to the flow axis, while
the second condition is determined by the flow exiting into the atmosphere. Accordingly,
this condition reflects zero excess fluid pressure at the atmospheric exit.

When implementing the SIMPLE method, an elliptic equation is first solved for pres-
sure, followed by a parabolic equation. This means that additional boundary conditions are
required for the pressure along the longitudinal and radial coordinates. These conditions
include the wall condition,

ap(x,rg)

5 =0 (13)
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which follows from the equation for conservation of momentum along the radial coordinate
and the condition at the channel entrance,

ap*(0,7)
* =, 14
az2 ( )
which corresponds to a smooth continuation of the pressure conjugation at the inlet.
The problem was solved using the equations of conservation of mass, momentum in
two coordinates, and energy:

=

a( )+auz_,

(%

+
p(a“’ +ura”’ +Mzau') =3+

QJ
SENE

I’}

pcv(T)(aa—f +u, 3L+ uz%) = (

Here, 11(T) denotes the dynamic viscosity of the liquid, and ¢, (T) its specific heat capacity.

The system of equations, subject to the stated boundary conditions, was solved nu-
merically using dimensionless variables. The pipeline radius ry, the inlet flow velocity u,
and the inlet fluid temperature Ty served as the scaling variables. Accordingly, the time
scale was ry/ug and the pressure scale pu%.

Through these transformations, the model was extended to an infinite domain.

Fol s % r:ﬂ/ LTZ:%,E tug RfP”O”O? P
70 70 ug Ug o’ I3 P”o

Consequently, the complete system of Navier-Stokes equations in dimensionless

variables takes the following form:

%a(afﬂ) +3% =0,
Zrox+ul = -F+ & (15 (mE) + 2(7%)), )
(13 (%) + 2 (52) - #2),
(% + 95 +ﬁg) = %%(7Rel}r(T)ﬁg) + %(Rel’lr(T)ﬁg>
Here
Pr(T) = ”(?(%)(T), = ”(VT) (17)

u(T) = 2414 x 107103, ¢, (T) = 4180 +3.1(T — 20), A(T) = 0.561 + 0.0019T. (18)

2.2. Numerical Method for Solving the System of Dimensionless Full Navier—Stokes Equations on
the Initial Section of a Cylindrical Channel

To solve the problem, the following discretisation parameters were selected. The num-
ber of equally spaced nodes along the dimensionless radial coordinate was N, 4+ 1 = 101;
the number of equally spaced nodes along the dimensionless longitudinal coordinate was
N; +1 = 201; and the total number of dimensionless time steps was N; = 50000.

The corresponding dimensionless step sizes were At = 0.005, Az = 1/N,, and
Ar = 1/N,. This choice ensures sufficient spatial mesh resolution in both the radial and
axial directions, while the small time step guarantees the stability and accuracy of the

numerical solution.

https://doi.org/10.3390/fluids11060140


https://doi.org/10.3390/fluids11060140

Fluids 2026, 11, 140

6 of 13

For validation purposes, the simulations in COMSOL Multiphysics were configured
to match the grid of our program, utilizing a 100 x 200 domain dimension with its built-in
“extra fine” mesh setting. Additionally, a time step of 0.005 was applied. The average
computation time required to reach a steady-state solution was approximately 10-12 min
for both our custom code and the commercial software packages.

The hydrodynamic problem was solved using the SIMPLE algorithm. For calculations
at the new time step n + 1, we first determine the intermediate values of the velocity
components, u; ; and 51-,]', using the following equations:

. . N (19)

where
pu(u,9) = (12 (%) + 3¥) — 0% —ule,

2 2
o) = k(14 (0) 4 51) 0% o

New components of the pressure gradient were taken into account in the second part

(20)

of the calculation.
aun+1 n+1

1 E)p..

S+ = ou(19),

ool ap"+1 o~
(’lﬁ + £ = 9019 (M, 19)

The right-hand sides of these equations were taken from the results of the previous

(21)

calculation step. Zero coordinate velocities were assumed as the initial distributions,
meaning the computation begins with the fluid at rest.

Term-by-term subtraction of the last two systems allows us to obtain the
following dependencies:

T L)

ij ij i) _
At + Jz - 0’
1 ( +1 ) (22)
o o vij —pi
ij ij ij ij) _
At + ar =0.

If we introduce a correction to the pressure dp;; = p”“ - p?j, then from the last
system we can compose an elliptic equation with respect to 1t

022~ At\r or oz |’

10 [ ¥pi;\  9%pi; 1 (1 3(“9) il
29, =—— + = (23)
ror or

where the unconditional fulfillment of the equation of conservation of mass was taken

into account ( +1) )
10(rd" ou'tt
- =0 24
r or * 0z (24)

at the (n 4 1)-th time step.
Thus, solving the hydrodynamic problem at the new time step n + 1 using the known
values u” 19” and pl proceeds in the following stages: The equations are solved for the

mtermedlate Ve10c1ty components i} and 1.9” the equation is solved for the pressure
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increment Jp; ;; an adjustment is applied to the pressure field: p”+1 = pi;+opij; and
corrections are made to the velocity components:

wtl =@ — atPPid gnin _ g A PP

i,j z,] Az ij 1,] Ar (25)

Because the functions ¢, (if, #) and ¢4(ii, 9) are nonlinear, successive approximations
are iterated until the process converges to a predetermined accuracy. Only then is the
temperature field problem solved.

Let us examine the specific steps involved in solving the hydrodynamic problem.

To calculate the intermediate values of the longitudinal velocity for 0 < i < N;, a
semi-explicit scheme was used:

n. ult.— ult.—ult .
ij n ij 1] 1 n i,j i-1,j __

+ 19 . +u ij Az =
P P r n 2riu; U; i+ L u;
ij z/ 1 4 R] .”1]+1/2 ]+1/2 ij+1 < jfi i -1 /2 ,j—1/2Wi,j— 1+ (26)

Ar?
1 Vz]+1/zuz+11—2%]ul]+#z] 17207 1]
Az?2

ui,jfu

+

in designations r; = jAr, 1112 = (j£1/2)Ar

i, i, At .
aj = BHEE(1405/)), o= A (1-05/)),

2Atp;
bj =1+ ¢ (Alrz T Az2>

(27)
dj = u +l9” Ati” i1 —|—u” At”i’”—i—
P;f'_pi—l,‘ At +1
+‘Lx74"—ﬁg;(ﬂw+uﬂ4HJ+Vw—uaﬂlu)
for a recurrent formula
= w4 B (28)
ij jUij+1 T Pj
we will receive 8 f
a; ciBi—1—fi
=4 g SR 29)

bj—cjaj 1" b=y
On the axis, they accepted ayp = 1, By = 0. The condition was used on the walls.

u; Ny = 0. At the exit from the section (at i = N) the condition was used.

~n+1 ~n+1 ~n+1
uNz,] 2uNz 1j UNz— 2,j (30)

It was considered sufficient to use the Thomas algorithm only along the radial coordinate.
Similarly, we found the values 9; ; taking into account the values of the coefficients

L 2At;41-/]- Atﬁ”]ﬂ”
b =1+ Re (Ar2 + Azz) + Re j2Ar?
n n :11 011 1 n 1911 191 Lj
dj =~} + Ato}, + Atu + (31)
Pii—Pisy, At
+— Ar L — ReAz2 (ﬂi+l/z'jl9?+l,]' + ‘ui*l/zf]ﬁzn 1/)'

At the boundaries for the radial velocity, we took a9 = 0, By = 0, 5ZN7 = 0 and

on+1 _ ngn+l gn+1
19N2] - 219Nz 1j ﬁNz 2,j°
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The equations for the pressure increase were solved by the establishment method, for
which a fictitious time was introduced fg:

2 a(rd ~
10 () Py 1) () o) o)

oty ror\ or 0z2 T At\r or 0z

The integration step with respect to ty was set to ; = 0.05, and the superscript k
denotes the iteration index of the approximation. For the initial time step (n = 1), the first
approximation was set to op; ;=0 For subsequent time steps (n > 1), the initial values

5p? j were taken from the previous time step’s results. During successive iterations, the con-

dition & pf;rl
The sweep process for pressure increment was organized along the radial coordinate.

= 0 was enforced at the boundaries (i = 0,i = N, j = 0 and j = N;).

The diagonal advantage of the coefficients was enhanced by the central term of the second
derivative with respect to z.
The calculations for k were repeated until the condition was met.

MaX(<i<N.)x(0<j<Ny) 5P§,j - 5175-?1 < &5p- (33)

The pressure values at the calculated nodes in 7 + 1 the -th time step were

Pyt = plj+ oplt (34)

and the values of the components of the velocity vector were

aspitt N dopFHt
+1 _ -~ L +1 _ L)
ulrf] = Ujj — At Az 19172 = 191‘/]' — At Ar (35)

To determine the temperature field for n 4- 1 the -th time step, a running process was
organized as in the processes of finding #; ; and 151-,]-.

The time calculations continued until N; = 50000 or when the largest deviations in
the values of longitudinal and transverse velocities satisfied the following conditions:

n n+1

MmaXie(1,N,)xje(0,N,—1) |Hij — Ui ‘ < &y, MAXje(1,N,)xje(1,N,—1)

o~ 19;71‘ <es (36)

3. Results

Figure 2 compares the longitudinal velocity profiles obtained using the developed
method with the numerical results of the Comsol Multiphysics package. They relate to
sections X = 5 (curves 1 and 2) and ¥ = 20 (curve 3) and were obtained at Reynolds
numbers Re = 1200 (curves 1 and 3) and Re = 400 (curve 3).

To ensure consistency and full reproducibility, the numerical model was set up using
the laminar flow and heat transfer in fluid physics interfaces within COMSOL Multiphysics.
The model was configured with the exact same mesh parameters as the custom-developed
software. The computational domain was discretized using a structured grid with 101 nodes
along the radial axis and 201 nodes along the axial axis. Additionally, the time-stepping
method utilized a constant time step of [0.005], and the iterative solver convergence criteria
were defined with a step size of [107°].

Comparison of the results obtained from the COMSOL simulations and the proposed
numerical method. The discrete geometric markers represent the COMSOL data (dia-
monds: stationary Re = 400; circles: transient Re = 400; stars: Re = 1200). The solid
continuous lines underlying the markers denote the results calculated using the proposed
numerical method.
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Figure 2. Comparison of the model results with Comsol Multiphysics simulations for axial velocity
at various cross-sections.

At the outlet section (diamonds), the axial velocity matches the classical quadratic
Poiseuille profile well.

In the laminar regime, the hydraulic resistance coefficient is inversely proportional to
the Reynolds number and is determined by the following expression:

f= Re (37)

The friction coefficient used in the calculations is equal to

T= f (38)
4 r=ro
The wall shear stress in the pipeline is determined using the following formula:
ou
=yl == 9
’ : ( or ) r=R )

In dimensionless form, this expression can be written in terms of the Reynolds number:

" Re\ or

This formula was used to determine the interaction between the flow and the wall,

(40)

r=R

and hence the resulting energy loss. Figure 3 compares the dimensionless wall shear stress
obtained from our algorithm, ANSYS Fluent, and the Poiseuille formula. The computations
indicate that the dimensionless wall shear stress decreases in the fully developed entrance
region, approaching the theoretical solution. The shear stress is nearly seven times higher
at the inlet section than the value analytically determined in the main section. For Reynolds
numbers of 400, 800, and 1000, the respective inlet shear stresses were 0.2, 0.1, and 0.08.

Figure 4 presents a comparative analysis of flow characteristics using both constant and
variable thermophysical properties. The traditional constant-parameter model produced
identical, overlapping results for Pr =7, 5 and 2.5, showing no variation in flow behavior.
In contrast, accounting for the temperature-dependent properties u(T), Co(T) and A(T)
revealed the significant influence of the temperature field on flow evolution.

The trends observed in the characteristic variation in pressure (Figure 5) are consistent
with earlier findings. Constant property values produced the same results across different
Prandtl numbers (Figure 5). However, pressure drop decreased when variable kinematic

https://doi.org/10.3390/fluids11060140
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viscosity, specific heat and thermal conductivity were considered. Under these conditions,
the velocity profiles adjusted more slowly, resulting in reduced pressure loss.

T
0.105

01k <& Ansys
0.095 F = Python
0.09- b O Loysanskiy | 1
0.085F 1
0.08 b
0.075F
0.07}F P
0.065 - >
0.06 -
0.055F
Cf 0.05

0.045
0.04
0.035F
0.03F
0.025
0.02}
0.015F
0.01F !

000000000 U O o0 000000000 |

L L L
0 20 40 60 80

(L/ro)

Figure 3. Comparison of friction coefficients on the pipe inner surface obtained from the model and
ANSYS Fluent.

18 1

16
u/uo 147

12 4

— mu(T)
10 4 mu=const, Pr=5
'r) STO ldﬂ ISTO 260 2STO 3{50

L/ro

Figure 4. Re =400, velocity profiles for the cases of constant p and ((T) (temperature-dependent viscosity).

E -
5 -
4 -
3 -
p/po
2 -
1 -
u -
W] 50 100 150 200 250 300
L/ro

Figure 5. Re = 400, pressure distribution.

The model curve shows close agreement with the Comsol Multiphysics results
in both the central and transitional areas. Overall, the findings demonstrate a high
level of correspondence between the model and Comsol Multiphysics, supporting the
model’s validity and its capability to describe radial heat transfer in a sensible and reliable
manner (Figure 6).
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Figure 6. Radial temperature distribution Re =400, z = L.

Figure 7 compares the temperature development at the center of the pipe obtained
using the developed numerical algorithm written in Python with the simulation obtained
using COMSOL Multiphysics. As can be seen, the COMSOL Multiphysics output is
oscillatory in the early stages of heat propagation during the transient (non-stationary)
regime. Conversely, the curves obtained using the proposed solution algorithm do not
exhibit these oscillations, and the temperature evolution is smoother and more stable.
Moreover, in regions where oscillations are absent, the COMSOL Multiphysics results are
almost identical to those generated by the proposed model, with an absolute overlap in the
curves. This confirms the validity and soundness of the numerical method developed to
explain heat transfer at the center of the pipe. The mathematical model can therefore be
used to determine temperature and flux of the flow, assess the efficiency of heat transfer,
and assess fluid flow under laminar flow conditions.

1.03
1.02
1.01

— Comisol

< Numerical method | 4

0.99
0.98
0.97
0.96
T/TO 0.95
0.94
0.93
0.92
0.91
0.9
0.89
0.88
0.87
0.86
0.85L

L/ro

Figure 7. Comparison of the temperature variation along the pipe axis between the model and
Comsol Multiphysics results, Re = 400.

4. Discussion

The results of this study demonstrate that the developed model reliably reproduces the
key characteristics of laminar flow and heat transfer in cylindrical channels. Comparison
with Comsol Multiphysics simulations shows strong agreement for both temperature and
velocity profiles, confirming the model’s accuracy in capturing the essential flow dynamics.

Analysis of wall shear stress and friction coefficients shows that the model correctly
captures the inverse relationship between hydraulic resistance and Reynolds number in
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the laminar regime. Variable fluid properties, such as kinematic viscosity and thermal
conductivity, slightly delay the development of fully developed velocity profiles, thereby
reducing the pressure drop and highlighting the influence of the thermal boundary layer
on flow development. Furthermore, the axial velocity distribution near the inlet aligns
well with the classical quadratic Poiseuille profile, confirming that the model accurately
represents both entrance and fully developed flow conditions.

The effects of temperature on flow velocity and pressure were also examined, reveal-
ing that variations in fluid properties and thermal conditions can significantly affect flow
behavior. Overall, these findings validate the proposed modeling approach, demonstrating
its ability to predict flow dynamics, heat transfer, and energy losses under laminar condi-
tions. The results provide a solid foundation for optimizing cylindrical channel designs
and can be extended in future research to investigate more complex geometries, variable
fluid properties, or transient flow conditions.

5. Conclusions

In typical heat transfer problems in fluids, the Prandtl number (Pr) is often as-
sumed constant, which limits the representation of the process and neglects the effect
of temperature-dependent viscosity (1) on local Reynolds number (Re). In this study,
the proposed solution algorithm accounts for temperature-dependent fluid properties,
including W(T), cp(T) and A(T) for an incompressible Newtonian fluid.

The results demonstrate that incorporating temperature-dependent properties yields
a more accurate representation of flow and heat transfer than approaches assuming a
constant Pr. The model accurately captures the effects of variable viscosity, specific heat,
and thermal conductivity on velocity profiles, temperature distribution, wall shear stress,
and pressure drop. This approach enables reliable prediction of laminar flow dynamics
and energy transport under conditions where fluid properties vary with temperature.

Overall, the developed methodology offers a robust and efficient approach for an-
alyzing laminar flow with heat transfer in cylindrical channels. It provides a solid
foundation for optimizing channel designs and can be extended in future research to
study more complex geometries, transient flow conditions, and fluids with temperature-
dependent properties.
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Nomenclature

7,z Radial and axial coordinates
u,u; and u,, ¥  Axial and radial velocity components

4 Pressure

T Temperature

Toc Ambient temperature

70 Internal radius of the pipe

Section length of the pipe

u Dynamic viscosity
v Kinematic viscosity
A Thermal conductivity
Co Specific heat capacity
Re Reynolds number for fluid
Reger Reynolds number for the surrounding air
Pr Prandtl number
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