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1 INTRODUCTION

The idea of this investigation is to simulate fluid flow and heat transfer in pipes utilizing
an economically accessible COMSOL. Ordinarily, this kind of simulation is performed
by Standard COMSOL programming package. COMSOL is intended to have the ca-
pacity of arranging numerous sorts of issues from different engineering disciplines such
as electricity and magnetism, structural mechanics. The standard COMSOL package is
more concentrated on fluid analysis that have better 3D geometry set up and better post

processing highlights.[1]

1.1 Background

The foundation for almost all COMSOL fluid flow modelling are the Navier-Stokes
mathematical statements. Navier-Stokes equations depict three distinct comparisons.
They are momentum equation, energy equation, and continuity equation. At times, Na-
vier-Stokes equations can be simplified. In case of constant density, there is an incom-

pressible Newtonian fluid flow.

p(U*V)u =V [-pl + pu{Vu + (Vu) "} + F (1)
pV*u=0 2)
Where,

u is the fluid flow velocity

p is the fluid density

p is the fluid pressure

w is the fluid dynamic viscosity
I is the identity matrix

V is del operator

T is stress tensor

The Navier-Stokes equations portray the conservation of momentum, while the continu-

ity equation portrays the conservation of the mass. [2]



1.2 Objectives

The objectives of this thesis are as follows:

1.
2.

Demonstrate the use of COMSOL for the simulation of fluid flow.

To determine velocity and pressure of flow of water in a pipe by COMSOL sim-
ulation and compare it with the results obtained in the laboratory i.e. fluid flow
module

To observe the heat transfer during the flow of fluids in a pipe and compare it

with the results obtained in the laboratory i.e. heat transfer module [3]



2 LITERATURE REVIEW

2.1 Bernoulli's equation

“The law of conservation of energy states that energy can neither be created nor be de-
stroyed, but it can be changed from one form to another.” [4]

There are three forms of energy in fluid flow.

Potential energy (PE) that is related to its height

i.e. PE=w=xH (3)

Or, PE = mgH

The w in the above formula represents the weight and H represents the height.

Kinetic energy (KE) occurs by the act of velocity that is due to the movement of fluid

2
i.e. KE = w * Z—g (4)

2
Or, KE =22

2

Third one is Flow or pressure energy (FE)

i.e. FE = 2
i.e - (5)
Or, FE = % since, y = pg

Considering these three forms of energy; the total energy at any point in the flow of flu-

id in a pipe is:
E = PE + KE 4 FE (6)
Hence,
2
E= wxH+ wx —+ wx 2
2g Y

The conservation of energy principle defines that the total energy at two points is equal

if no energy is added or removed. [4]

mv?

2

3

This can be rearranged as E = mgH + + 2@
p



~E; = E; (8)

The substitution is done in the above values and then divided by w on both sides.

Bernoulli's equation states that the sum of various forms of mechanical energy in a flu-
id along a streamline is the same at all points on that streamline in a steady state flow.

Bernoulli’s Energy equation is as follow:

\%

Py Yo, =24 % gn, 4 ©)
0 > T8H1 = o 2 gH; L
Where,

h_— head losses due to friction, fittings, bends and valves
H; and H, are the height of inlet and outlet

Major losses — friction and pumps

Minor losses - valves, fittings and bends

Typically,

2

h-minor = k* S (Minor) (10)

Where, k = minor head loss coefficient and

L VZZIV .
hL—major =fx D * z_gg (Major) (11)

Where,

f = friction factor

L= pipe length (m)

Vayg = average velocity (m/s)
D = internal diameter (m)

g = acceleration due to gravity (m/s?) [5]



2.2 Types of fluid flow

There are three types of fluid flow. They are as follows:

2.2.1 Laminar flow

The type of flow is critical in fluid dynamics to solve any problems. Laminar flow that
is also sometimes called as streamline flow occurs when a fluid particle flows in a
straight line parallel to a pipe walls comparatively with low velocity without any dis-
turbance between the layers. Reynolds number is an important parameter to know the
type of flow in the tube. The flow with Reynolds number less than 2300 is considered to
be a Laminar flow for a pipe. In laminar flow, the velocity, pressure and other flow
properties at each point in fluid remain constant. This kind of flow is rare in practice in

water systems. [6]

2.2.2 Turbulent flow

It is a type of flow in which fluids undergoes irregular fluctuations and mixing. The
magnitude and direction are continuously changing in the turbulent flow due to the
speed of fluid at a point. The flow of wind and rivers are the example of this kind of
flow. Reynolds number is greater than 4000 and has high velocity in this flow. It is the
most common type of flow and has to face the difficulty to view with an open eye, fluc-
tuations are very difficult to detect, and laser can be used for the detection. Mathemati-

cal analysis for this flow is very difficult, so experimental measurements are applied. [7]

2.2.3 Transitional flow:

It is a type of flow with the medium velocity having the Reynolds number greater than
2300 and lesser than 4000. [7]



2.2.4 Reynolds number, Prandtl number and Nusselt number
Reynolds number

In 1880, Osborne Reynolds discovered that the stream system mainly depend on the ra-
tio of inertial forces to viscous forces in fluid. The transition in case of laminar to turbu-
lent depends on the geometry, surface roughness, flow velocity, surface temperature,
and type of fluid. This ratio is called the Reynolds number and is expressed as an inter-

nal flow in a cylindrical pipe as:

Inertial Forces _ Vayg*D _ p* Vayg*D

Re = (12)

Viscous Forces v p

Where v,y = average velocity (m/s),
D = internal diameter (m),
u = dynamic viscosity (Pa*s) and

V= E = kinematic viscosity of fluid (m?%/s)

Reynolds number is a dimensionless quantity.

Critical Reynolds number (Recr): It is defined as the number at which the flow be-
comes turbulent. The calculation of critical Reynolds number depends on the various
parameters. The flow condition and structure of a pipe are the examples of it. For the
cylindrical flow inside a pipe, the known value of the critical Reynolds number is Recr =

2300. The representation of Reynolds number for the different types of flow is as:

Re < 2300 Laminar flow
2300 < Re > 4000 Transient flow
Re > 4000 Turbulent flow

In case of smooth pipes, it is critical to preserve the laminar flow at much higher Reyn-
olds numbers by maintaining a strategic distance from flow unsettling influences and
pipe vibrations. In such painstakingly controlled analyses, the laminar stream has been
kept at Reynolds numbers of up to 100,000. [8]



The properties of fluids and the different forms of heat transfer can be described by the

following dimensionless number.

Prandtl Number: It is the ratio between fluid ability to store heat and to transfer heat

through conduction, independent of the system geometry.

B
Pr = ” (13)
The above equation is the calculation formula during the turbulent flow in pipes.
Where, ¢, = Heat capacity [J/ (kg*K)], k = Thermal conductivity [W/m*K] and

i = 1.002%1073 [Pa*s)] [9]

Nusselt Number: It is the ratio between heat transfer through convection and conduc-
tion. The convection inside the tubes can be calculated by the following term.

Nu = (CD)/k (14)

Where C is the convective heat transfer coefficient of fluid [W/(m**K)]

D = inside diameter of a pipe [10]

Nusselt number in a fully developed turbulent flow in circular pipes can be calculated

by the following formula.
Nup = 0.023Ref/*Prl/3 (15)

Where Nup = Nusselt number in cylindrical pipe across diameter (D), Pr = Prandtl num-
ber. [11]

2.3 Entrance Region

It is a region where a fluid enters in a circular pipe at uniform velocity. Fluid flowing
through a pipe at the surface layer comes to a complete stop due to the no-slip condi-
tion. As a result of friction, the velocity of fluid increases as it moves towards the centre
of a pipe. This velocity reduction due to friction is overcome by fluid in the mid-section

of the larger velocity to keep the mass flow rate constant in a pipe.
7



The section of fluid stream in which viscous shearing forces are felt due to its viscosity
is known as the velocity boundary layer. Hypothetically, boundary layers can be divided
into two regions:
a) Boundary layer region: In this region, fluctuation in the velocity and viscous ef-
fects can be seen.
b) Irrotational flow region: In this region, Velocity is constant in a radial direction
whereas the friction is neglected.
The region of boundary layer goes in ascending trend until the layer from the opposite
ends meets at the centre of the flow in a pipe. The region starting from the entrance of
fluid to the meeting point of two boundary layers is called hydrodynamic entrance re-
gion. The region beginning at the junction of two different boundary layers is called hy-
drodynamically fully developed region. The flow is also known as fully developed until

there is a change in temperature of fluid.

Irrotational (core) Velocity boundary Developing velocity Fully developed
flow region layer profile velocity profile
Va\'g Va\-‘g / Va\‘g V‘:wg Va\-‘g /
— — | —p —p —
- —— = - =
=51/ =3/ P — =
T — ) Py T iy
- —_— - = =
r & I . e — i &
- - - N
o I | I ———— I >
> —_— )/ Ny ! 5j
p !la’ ] e j,,” =
— = o = = r
x
=
<+— Hydrodynamic entrance region > -

Hydrodynamically fully developed region

Figure 1: The development of fluid velocity in a pipe [12]

2.3.1 Entry length

The length of the entrance region is called entry length. It is also taken as the distance
from fluid entrance to the two percentage wall shear stress of fully developed value.
Wall Shear Stress is defined as the shear stress that is located next to the wall of a pipe.

In laminar flow, approximate entry length is given as



L Laminar = 0.05ReD (16)

Ty 1
. 1
Entrance region --—]

1
i~ Fully
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1 .
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1
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1

" 2
x

1

Ty Tw Tw Tw Tw Tw Tw

\ - - - - -t

Velocity boundary layer
B /

i
[
1
1
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I
1

7|

- L

h

Figure 2: Wall shear stress variation in the direction of flow [13]

2.4 Laminar Flow in Pipes

The flow with Reynolds number less than 2300 is considered to be a Laminar flow for a

pipe.

q

Laminar flow

Figure 3: Laminar flow with velocity profile in a pipe [14]
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2.4.1 Pressure drop

Pressure drop has a direct relation with the power consumption by the pump to maintain
the flow. So, it has been a subject of interest for the analysis of fluid flow. The pressure

drop in laminar flow can be calculated by the following formula:

_ 128uLv
Pressure drop Ap = —
32uLvy,y
Ap=—F— (17)
nD?

Where V= Vyyq -+
V = Volumetric flow rate (m?/s)
1 = Dynamic viscosity (Pa*s)
Vavg = Average velocity (m/s)

L = Length (m) and

D = Diameter (m) [15]

2.4.2 Head loss

Hagen-Poiseuille’s equation is used only for the head loss calculation of laminar flow.
The calculation of head loss in a steady laminar flow of incompressible fluid is calculat-

ed by the following formula.

For the horizontal pipe with cross-sectional area, head loss is given by

%
hy =22 (18)

Where p = Density (kg/m°)
p = Pressure (Pa)

g = Acceleration due to gravity (m/s) [16]

2.5 Turbulent Flow in Pipes

It is a most used flow in engineering practice and thus essential to know the turbulence

effects in wall shear stress. Despite tremendous research in this sector, engineers are
10



still unable to find the exact theory regarding the turbulent flow due to its fluctuation

complexity.

The development of the velocity boundary layer in a pipe is described by the figure be-
low. Due to the no-slip condition, fluid layer contact with the boundary layer in a pipe
come to a complete stop. The velocity of fluid in the adjacent layer from the boundary
region keeps slowly increasing towards the central region of a pipe. The thin layer next
to the wall is a viscous sublayer where the velocity is linear. The next layer to the vis-
cous sublayer is a buffer layer which is also dominated by the viscous effect. The over-
lap layer lies just above a buffer layer which is dominated by the turbulent effect. The
remaining region is a turbulent layer and has turbulent effect dominating the viscous
effect. [17]

3 —f u(r)
————— I-;

0 1 A
L Turbulent layer

4 Overlap layer

\Buffer layer

Turbulent flow Viscous sublayer

Figure 4: Turbulent flow velocity profile [17]

A turbulence stream demonstrates the arbitrary and fast variety in fluid flow and the
condition is known as eddies. The velocity of a flow of this type provides an additional
energy that transport mass, momentum and energy to the other region of flow. As a re-

sult, turbulent flow has higher values of friction and heat transfer coefficients. [17]

In the COMSOL simulation of turbulent flow, turbulent intensity and turbulence length
scale is essential to mention for any Reynolds-averaged Navier-Stokes equations
(RANS) turbulence model. In inflow boundary condition, it is better to calculate the

turbulent intensity and turbulent length scale value.

11



Turbulent intensity is a scale defining the turbulence level in percentage and denoted by

(i1). Hence, Turbulent intensity (i7) = 0.16*Re;;/8 for a fully developed cylindrical

flow. [18]

Turbulence length scale is a physical quantity that represents the size of the fluctuation
of fluids i.e. eddies in a turbulent flow. In the turbulent flow eddies are used as an inlet
parameters. In a fully developed fluid flow in a cylindrical body, it can be calculated
with the help of hydraulic diameter (d,) which is a flow diameter. It can be represented
as follows:

Turbulence length scale (Lt) = 0.038*d. [19]

2.5.1 Head loss

A certain amount of energy is required to move a given volume of fluid through a cylin-
drical body. The energy is required for a liquid to move; the pressure difference pro-
vides that. The resistance to flow costs some energizing force during the flow. This re-
sistance to flow is called head loss due to friction.

A non-moving liquid at the wall of a pipe reduces the inner diameter of the tube that
increases the velocity of fluid passing through it. The head loss from friction is related
to the square of the velocity (vaVQZIZg). The liquid in the central part of a pipe has a
much higher velocity as compared to the liquid moving at the wall section. [20]

The formula for the calculation of Head loss in fully developed circular flow is below

called Darcy’s equation.

(19)

h. = Total head loss (m)

f = Friction factor related to the inside roughness of a pipe
L = length of a pipe where fluid flows (m)

D = Internal diameter of a pipe (m)

Vayg = Average liquid velocity in a pipe (m/s)

g = acceleration due to gravity (g = 9.81 m/s?)  [21]

12



2.5.1.1 Factors that affect Head Loss

The factors affecting the head loss during fluid flow in pipe are as follows:

1. Flow Rate

Flow rate of liquid increases as the velocity increases. It increases the resistance to flow
as an act of viscosity. The square of the velocity is linked to the head loss; therefore, the

rate of loss is quick.
2. Internal diameter of pipe

Larger inside diameter increases the flow area. As a result, the velocity of the liquid is
reduced at a given flow rate. The decreased velocity decreases the head loss due to fric-
tion in a pipe. The flow rate decreases with reduced inside diameter and head loss due to

friction increases with an increase in velocity.

3. Roughness of a pipe wall

The thickness of non-moving boundary layer increases with the increase in the inside
roughness of the tube. As a result, flow areas reduce and cause the rise in the velocity of

the liquid and head loss due to friction.

4. Straightness of a pipe

Due to energy, liquid travels in a straight line. The curved path in a pipe disturbs the
momentum of fluid. The fluctuation of the liquid occurs in a pipe walls due to energy

and the head loss increases. [22]

13



2.5.2 Turbulent Shear Stress and Viscosity

Viscosity is the resistance in case of fluid flow. The forces of attraction between the
molecules held each other and in case of liquid those forces is high enough to keep them
together but not enough to put it on the rigid state. Talking about the gasses force of
attraction is fragile and cannot hold the mass together. The liquid on the wall surface of
a pipe does not move or flow. It is always stationary due to no-slip condition on the
wall. Fluid has many surfaces during its flow in a pipe. Fluid flowing over the other sur-
face attaches each other due the force of attraction between them. The liquid layer
above the next layer keeps on moving. So that it can be said that there is some shearing
forces taking place between these layers. Fluid flows from one to other layers of fluid
and needs energy to overcome the friction between them. Viscosity of fluid has a direct

relation to the resistance to flow. Due to this, friction loss is higher. [23]

2.6 Relative Surface Roughness

The irregularities in a pipe or some scratches on the internal surface of a pipe disturb the
movement of fluid and affect the flow. As compared to the friction factor in laminar
flow to that of turbulent flow; turbulent flow is a function of surface roughness. The
roughness is a relative concept and has a significant role when the height & is compara-
ble to the sublayer of laminar flow in fluid which acts as a function of Reynolds num-
ber. In Fluid Mechanics, any surface which has the peaks of roughness stick out of the
laminar sublayer is considered as being rough. Any surface is described as the smooth

one when the sub layer suppresses the roughness elements present. Glass and plastic
surfaces are generally considered to be hydrodynamically smooth. Relative roughness %
and Reynolds number has a significant role in friction factor in fully developed turbu-
lent pipe flow. Relative roughness can be defined as the ratio of the mean height of

roughness of a pipe to that of a pipe diameter. Haaland has given an equation for calcu-

lating any surface roughness of a pipe.

1

7 18 logyo {1 + (2) "} (20) [24]

3.71

14



2.7 Friction factor

Friction factor (f) is a dimensionless quantity that depends on the velocity, density di-
ameter and viscosity. It is also a function of wall roughness that depends on the size

of €. The general form of friction factor can be written as:

f o (Re, g) [25]

2.7.1 For laminar flow

In laminar flow, Friction factor is only dependent on Reynolds number. The following

equation gives the friction factor for fully developed laminar flow in circular pipes.

_ 64
Rep

(21)

This equation is independent of % i.e. inside roughness of pipe and dimensionless [26]

2.7.2 For turbulent flow

In Turbulent flow, friction factor is calculated on the basis of surface roughness of pipe
and Reynolds number. Colebrook equation and Moody diagram are the essential part of

friction factor calculation in turbulent flow.

2.7.2.1 Colebrook equation

In 1939, Cyril.F.Colebrook founded a formula for the calculation of friction factor by
combining the data of transition and turbulent flow both in smooth and rough pipes
known as Colebrook equation. It calculates friction loss coefficients in pipes, tubes, and
ducts. It works only on turbulent flow condition.

g/D | (251)
3.7) ReD\/f]

1
—= —2logyo [

= 22) [27]

2.7.2.2 Moody Diagram

Laminar and turbulent flow has variation, and due to this reason, it creates difficulties to
determine the friction coefficient and make impossible to identify it in the transient
phase i.e. if the flow consists of Reynolds number higher than 2300 and lesser than

4000 Friction factor lies between the laminar value having Reynolds number equal to
15



2300 and the turbulent value of 4000. Darcy-Weisberg major loss equation can be cal-

culated by the use of Moody friction factor. The Moody diagram below helps in deter-

mining the friction factor. [28]
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Figure 5: Moody Diagram [29]
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2.8 Flow measurement

Flow measurement is regarded as a measurement of fluid velocity with in the tubes. It
can be measured by Venturimeter i.e. pressure difference based meter. Mechanical flow
meters such as Turbine flow meter and Piston meter are also used for the measurement.
[30]

2.8.1 Volumetric Flow Rate

It is defined as the Volume of fluid that flows past a given cross-sectional area per se-
cond. Its SI unit is m%s. Volumetric flow rate is a part of mass flow rate since mass has
a relation with volume by means of density. It can be calculated as the product of the

cross-sectional area (A) of flow and the average flow velocity (v,yg).

V= Vg * A (23) [31]

2.8.2 Mass Flow Rate

Mass flow rate is defined as the measure of the mass of fluid passing through a point. Its
unit is kg/s. The mass flow rate is related to the volumetric flow rate as explained above.
It can be calculated as the product of density (p) and volumetric flow (V).

m= px*V

Or, m = p*vgyg*A (24) [32]

2.8.3 Fluid velocity

Average velocity is defined as the average speed through a cross section of a pipe. For a
Fully developed laminar pipe flow average velocity is the half of the maximum velocity.
Fluid velocity changes from zero to the maximum at the centre of a pipe due to no-slip
condition. The average velocity may change during the heating and cooling of fluids
due to the change in the density with temperature. Practically, the properties of fluid are

calculated at an average temperature and treat that as a constant.

Vavg = y

[33]
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2.9 Pump Efficiency

Pump efficiency is defined as the ratio of product of volumetric flow rate and pressure
head of the pump to input power. Pump efficiency is the dimensionless quantity and ex-
pressed in the form of percentage.

n=—" _ «100% (25)

Input power

Where V= Volumetric flow rate

Ap= Pressure head of pump [34]

2.10 Heat Transfer

Heat transfer is the phenomenon related to temperature and the flow of heat where the
temperature represents the thermal energy and flow of heat represent the movement of
thermal energy from a hotter body to colder one. Temperature difference is the driving
force that causes heat to be transferred. The Modes of heat transfer are shown in the fig-
ure below. [35]
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Figure 6: Modes of Heat Transfer  [36]

2.10.1 Conduction

Conduction is the process of transfer of heat as a consequence of molecular movement
and the ensuing exchange of kinetic energy. Conduction is predominant in solid materi-

als and static fluids. Joseph Fourier in 1822 propounded the law of heat conduction and
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later named it as a Fourier’s law. It states, “The heat flux, resulting from the thermal
conduction is proportional to the magnitude of the temperature gradient and opposite to

it in sign.”

dT
q=—kg (26)

Where ‘k’ is a thermal conductivity and the unit is W/m*K [37]

2.10.2 Convection

Convection is the flow of heat as a result of macroscopic movement of matter from a
hot to a cold region. In 1701, Sir Isaac Newton founded the law of thermal convection
and considered as the Newton’s law of cooling. Newton's Law of Cooling states that the
rate of change of the temperature of an object is proportional to the difference between

its own temperature and the temperature of its surroundings.

q = C(Tpody — Truid) (27)

Where Tqyiq = temperature of the oncoming fluid at constant body temperature
Tooay = temperature of a body

C = Heat transfer coefficient at a point on the surface
The unit of C is W/m**K

[38]

2.10.3 Radiation

Radiation is the transfer of energy in the form of rays or waves or particles (a, B,y)
The radiation emitted by a body is given by
Q = e0AT* (28)

Where € = the emissivity of the body

o = the Stefan-Boltzmann constant = 5.67 * 10® W/ m**K*
A = the body surface area (m?)

T = the absolute temperature (K) [39]
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2.10.4 Conjugate Heat Transfer

Conjugate heat transfer is the term corresponds to an environment where there is a com-
bination of heat transfer in solids and heat transfer in fluids. In heat transfer in solids,
conduction has a vital role while the convection has a significant role in fluids heat
transfer. In this process, the heat is transferred from the warm liquid present inside a
pipe towards the cold pipe wall. And finally to the environment where there is a low
temperature as compared to fluid inside a pipe. In conclusion, heat is dissipated by in-
creasing the exchange area between fluid inside a pipe and the solid pipe. The fusion of
heat transfer in solids and fluids can be applied to save the energy losses in various de-
vices. It is because many fluids act as thermal insulators due to the properties of having

small thermal conductivities. [40]

RN
f))
Too,1

=

Figure 7: Heat transfer in pipe cross section [41]

In the figure above, it is a pipe having the inside and outside radius of r1 and r2 respec-
tively. Fluid inside a pipe has a warm temperature (Tfiuid,1) that transfers in the wall of a
pipe. It is followed by the outside cold temperature (Tfiuid,2) comparatively colder than
the inside temperature of a pipe. Here, 2nrL is the lateral area of a pipe. Too in a figure
above is considered as Truig. K is the thermal conductivity of a pipe. The following re-
sistance diagram represents the way of transfer of heat from the inside of a pipe to the
surrounding environment. Ts in the figure below is the temperature of a solid and it is

written as Tpody
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Figure 8: Resistance diagram [42]

Where,

gr = Overall heat transfer rate (W/m?)

h; in the above figure is replaced by C; = convective heat transfer coefficient of flowing
water inside a pipe W/ m**K

h, in the above figure is replaced by C, = convective heat transfer coefficient of air
W/m**K

L = Length of pipe (m)

Thody 1 = Temperature of inner wall surface (K) and

Thody 2 = Temperature of outer wall surface (K)

Therefore, the final heat equation is as follows

Tbody,l - Tbody,2

q =
r 1 I (%) 1

C.2ne L T 2nkL T C2mr,L

[43]
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3 METHOD

The three methods were used in order to find the solution of the topic. COMSOL simu-
lation is the primary method for the study of the topic so that it is mostly focused. The
methods are as follows:

1. Tutorial COMSOL
2. Practical COMSOL

3. Laboratory Experiment

COMSOL is the dominant physics simulation software in which Finite element method
(FEM) and Partial differential equation are solved. The abilities of the software expand
into the following eight add-on modules. Those are AC/DC, Chemical Engineering,
Heat Transfer, and Structural Mechanics. Model libraries and supporting software such

as Livelinks for SolidWorks and CAD have developed by the company. [44]

COMSOL has many convenient features that have made this software a boon to the
many engineers. It has developed in such a way that it is very easy to use for the simula-
tion and modelling of real-world multiphysics. As a result, COMSOL has been a lead-
ing provider and developer of technical computing software. COMSOL is now the pri-
mary tools for engineers, researchers, and lecturers in the education and high tech prod-
uct designs fields. [45]

COMSOL simulation is a fundamental apparatus for the development of a new product.
It includes various applications such as chemical, mechanical, electrical, and fluid.
While talking about the need to couple the physics affecting a system; COMSOL simu-
lation helps by providing an integrated simulation platform. COMSOL has been the
unique simulation power offered which allows the present day’s researchers and engi-
neers to design the products in a short interval of time with low price. In conclusion,
design challenges between physical effects interactions can be solved by the COMSOL
Software. [46]
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3.1 Tutorial COMSOL

The Steady Incompressible flow tutorial in COMSOL version 4.3 is solved in the newer
COMSOL version 4.4. Steady incompressible Navier-Stokes backstep geometry models
help to examine the physics of the geometry in the absence of external forces. In the ge-
ometry below, fluid enters from the narrower region towards the wider region making a

velocity profile of parabolic structure.
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Figure 9: The backstep geometry [47]

The velocity components of fluid u = (u, v) is computed in the x and y axis and the
pressure p in the region is defined by the geometry of the above figure. The stationary
incompressible Navier-Stokes equations are used by the Partial Differential Equation
(PDE) model of this application. The equations are as follows:

p(U*V)u =V [-pl + p{Vu + (Vu) "} + F (1)
pV*u=0 (2)

The first equation is the balance of momentum from Newton's second law. The second
equation is the equation of continuity, where zero on the right-hand side states that fluid
is incompressible. The pattern of the flow depends only on the Reynolds number.

The properties are as follows:

Dynamic viscosity (i) = 1.79*10° Pa*s
Density (p) = 1.23 kg/m® [47]

First of all, software for the analysis of COMSOL Multiphysics is opened, and the se-

lection of laminar flow model is done for the simulation. Under fluid flow, single phase
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flow and laminar flow were selected respectively. After the selection of flow model,
study method was chosen as a stationary in which the field variables do not change ac-
cording to the time. Then the geometry of the backflow is drawn. Here, a property of air

is taken as fluid.

4 Laminar Flow (spf)

2B Fiid Properties 1 Override and Contribution

2D wall 1 v Equation
2 Initial Values 1
) Inlet 1 Show equation assuming:
0 Qutlet 1 | Study 1, Stationary -
A Mesh 1 Via =
o Study 1 (i ot

{8 Results

Model Inputs 4
v Fluid Properties

Density:

P |User defined Y
123 kg/m?

Dynamic viscosity:

1 | User defined S

1.79%-5 Pas

Figure 10: Insertion of Fluid Properties in Laminar Flow

Inlet

Average velocity was Vmean = 0.554 m/s used by COMSOL in this model and the same
velocity were used to solve this tutorial. The u and v value was set as (u, v) =
(6*Vmean*s*(1-s), 0) at ‘normal inflow velocity’ in an inlet boundary condition to obtain
the parabolic velocity profile. In 2D, the ‘s’ in the inlet velocity box above denotes the
internal variable ranges from O to 1. The arrows in the edge mode during post pro-
cessing define the direction. The s*(1-s) is a parabola beginning and ending at 0 for ‘s’
value 0 and one respectively. This parabolic form represents the velocity flow in a ‘no-

slip” wall condition. The use of 's’ is less evident in 3D geometry so it does not exist.
[48]
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Figure 11: Inlet Properties

Outlet
At outlet, pressure was selected as a boundary condition and was zero as a suppress

backflow.
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Figure 12: Outlet properties

“D” in the corner of fluid properties in the model builder of following figure is known

as default.

4 Laminar Flow (spf)
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) Inlet 1
) Qutlet 1

Figure 13: Information on default sign
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Meshing

After inserting all properties, meshing is another step for the COMSOL simulation of
the laminar flow under fluid analysis. Meshing is defined as the representation of geo-
metric shapes expressed as a set of finite elements. In this flow analysis, all of the
meshes created were physics controlled and automatically generated. The meshes varied

in size ranging from a coarser mesh all the way up to a ‘normal mesh’

Mesh v
B Build All
= Mesh Settings

Sequence type:

| User-controlled mesh &

Figure 14: Mesh Properties

Figure 15: After Mesh

Study

After the meshing process, backflow geometry was then subjected to simulate for the
velocity magnitude. On the “Home” toolbar, “compute” was clicked to find the result of
the velocity magnitude. The velocity distribution was found out by the computation
where the difference in the velocity is shown by the various colour as in the figure be-
low. The velocity at the boundary layer is zero and keeps increasing while moving to-

wards the central region.
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Figure 16: Solution for velocity

Post Processing

In the post processing and visualization, a combination of arrow and surface plots were
used to see the velocity field and pressure field simultaneously. “Plot parameters” was
chosen to open the plot parameters dialog box from the post processing menu. Then the
“surface” tab was clicked. “Pressure” was selected from the “pre-defined quantities” list
on the “surface Data” page. “Arrow” tab was clicked followed by “Arrow plot” check

box. Hence, “OK” was clicked to view the combined plot.

“Plot Parameters” dialog box was reopened. Streamline plot was added and arrows were
removed by selecting the “Streamline” check box and the “arrow” check box was
cleared on the “general” page. “Streamline” tab was clicked and “start points” was se-
lected to 20 to specify the number. Then “line colour” tab was clicked followed by
“colour” button. The lightest grey swatch was clicked in “Streamline Colour” dialog
box, then “OK” was clicked. Finally, “OK” was clicked to close the “Plot Parameters”

dialog box and the new plot was displayed. [49]
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Figure 17: Post processing visualization of velocity and streamlines
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3.2 Practical COMSOL

A pipeline in the heat transfer laboratory was taken as a reference and was designed in
SolidWorks software. It can be imported in the COMSOL software as (Virtual Reality
Modelling Language) VRML file type but in this case it was difficult to solve. So, the
geometry of design was drawn on the COMSOL graphics after inserting every property.
After the successful simulation of turbulent flow, different values in the pipeline were

detected for velocity and pressure.

2036

Figure 20: Laboratory Pipeline

Conditions for fluid flow COMSOL analysis:
Incompressible flow

Density (p): Water (1000 kg/m®)

Viscosity (1): 1.002*107 Pa*s

Inlet Pressure (P;): 248 kPa

Outlet Pressure (P,): 224 kPa
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3.2.1 Laminar flow model

First of all, software for the analysis of COMSOL Multiphysics is opened, and the se-
lection of laminar flow model is done for the simulation. Under fluid flow, single phase
flow and laminar flow were selected respectively. After the selection of flow model,
study method was chosen as a stationary in which the field variables do not change ac-
cording to the time. Then the geometry of a pipe channel was drawn in the COMSOL as

that of laboratory.

Another step of the analysis was to set up the correct domains and input necessary
boundary conditions. The flow was selected as an incompressible. In COMSOL, there
are many default boundary conditions such as fluid properties, initial values and wall
condition. But under the laminar flow in the model builder, fluid property was selected.
The selection of the domain was done in fluid property where the density and the dy-
namic viscosity of fluid were inserted. The initial value was kept as a default one, and
the “Wall property’ was considered as ‘No-slip” where the velocity of fluid is in the rest.
In the model builder, under the laminar flow, it was then essential to add inlet boundary
condition in fluid properties that was done by right clicking on the laminar flow under
the model builder. Inlet was selected as the boundary condition where the normal inflow
velocity was inserted. Outlet Boundary condition was also chosen in the same way as
that of inlet. At outlet, “pressure” was chosen as a boundary condition in another end of

pipeline geometry and normal flow was selected in the check box.

After inserting all properties, meshing is another step for the COMSOL simulation of
the laminar flow under fluid analysis. Meshing is defined as the representation of geo-
metric shapes expressed as a set of finite elements. In this flow analysis, all of the
meshes created were physics controlled and automatically generated. The meshes varied

in size ranging from a coarser mesh all the way up to a ‘normal mesh’. [50]
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Figure 21: Velocity Magnitude in Laminar flow

In the Results toolbar, further processing is done. The point evaluation for the pressure
and velocity in the different region of the flow was done in the results section. From this
evaluation, inlet and outlet values for the pressure and velocity were extracted from a
pipeline after the simulation. The scale in the above figure is called legends that de-
scribe the change in velocity by colour variation in it. In the figure below, point 76 is

the centre point of inlet and the point 74 is the centre point of outlet.
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Figure 22: Velocity and Pressure value in inlet and outlet in laminar flow
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3.2.2 Turbulent flow Model

Turbulent flow model simulation in COMSOL is a bit different from the laminar flow.
In turbulent flow, k-& approach was selected as a turbulence model due to its good con-
vergence rate and relatively low memory requirements. The k-e¢ model is the most
common two-equation turbulence model. The convection and diffusion of turbulent en-
ergy is calculated by this model. “k” is a variable of turbulent kinetic energy that deter-
mines energy in turbulence while “€” is turbulent dissipation variable that determines

the scale of the turbulence. [51]

Initially, the 3D model was chosen for the simulation of fluid flow, single phase flow
and turbulent flow correspondingly. After these physics settings, stationary study meth-

od was used. Hence, a COMSOL model builder was seen in the screen.

A simulation of the model was then started with the geometry of pipeline. The geometry
was drawn in the COMSOL graphics with required unit of measurement. After the suc-
cessful design of the graphics, Compressibility was selected as “incompressible flow” in
the physics model as an interface identifier. Later, fluid properties present in the turbu-
lent flow were added where the density (p) 1000 kg/m® and dynamic viscosity (p)
1.002*10° were inserted. In initial values settings, average velocity 0.532 m/s was in-
serted as a reference value from the laboratory experiment in the y-axis as the geometry
was drawn in the same axis and 2 * 10° Pa pressure value as in the laboratory. In wall

settings, “wall functions” was selected as the boundary condition for the wall.

The “inlet” was added in the model builder under turbulent flow. In the settings win-
dow for inlet, the velocity was selected and average velocity was placed. There is a dif-
ference in “inlet” settings between the laminar and turbulent flow. In this flow, in veloc-
ity boundary condition, turbulent length scale and intensity must be specified. Turbulent
intensity (it) = 0.05 and turbulence length scale (L) = 7.6 * 10 m were calculated as
explained in the theory section and inserted respectively in the boundary condition.
Again, the “outlet” was added in the model builder under turbulent flow. Pressure con-
dition was located and outlet pressure was inserted. The normal flow was selected in
the check box. After inserting the value for boundary condition, mesh was done using

user-controlled mesh followed by solving [52]
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Mesh is performed for the successful simulation of the flow. The following figure is the
mesh of a pipeline. As the mesh is very small to view properly, the close view of mesh
is shown below. The design can be zoomed by pressing the mouse roller in and out for

the close view.

Figure 23: Close view of a pipeline Mesh

The velocity magnitude is shown in the figure below. Different colour seen in the leg-
ends represents the difference in velocity according to the position of a pipe. The maxi-

mum and minimum velocity is also located in a pipeline figure below.
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Figure 24: velocity magnitude in turbulent flow
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Figure 25: Maximum turbulent velocity
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Figure 26: Minimum turbulent velocity
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The arrow in a pipeline shows the path of the flow of fluid. The longer arrow in the fig-
ure shows that velocity is high in that region.
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Figure 27: Velocity field shown by arrow line

The pressure in the different region of pipeline is represented by the variation in the
colour shown in the figure below. The figure shows that the pressure is in decreasing
order starting from inlet towards outlet.
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Figure 28: Pressure contour
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In the figure below, point 76 is the centre point of inlet and the point 74 is the centre
point of outlet.
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Figure 29: Velocity and Pressure value in inlet and outlet in turbulent flow

In the Results toolbar, further processing is done. The point evaluation for the pressure

and velocity in the different region of the flow was done in the results section. From this

evaluation, inlet and outlet values for the pressure and velocity were extracted from a

pipeline after the simulation. These extracted values can be used for the head loss calcu-

lation using Bernoulli’s equation. In velocity section, Max/Min Volume is added to

know the point of maximum and minimum value. In Pressure section, Contour is added

to view the different value of pressure in a pipeline. Finally, report is added to view the

whole process during the simulation. The simulation results of both the type of flow are

summarized in the table below:

Table 1: Velocity and Pressure value at inlet and outlet in laminar and turbulent flow

COMSOL simulation

Turbulent Laminar
Velocity (v) (m/s) | Pressure Velocity (v) (m/s) | Pressure
(kPa) (kPa)
Inlet | 0.53200 230.44 0.22800 266.73
outlet | 0.52627 224.00 0.00 224.12
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3.2.3 Heat Transfer Module

The successful simulation turbulent flow in fluid flow module leads to the Heat Transfer
simulation of fluid in a pipe. Heat transfer analysis and either laminar flow or turbulent
flow is coupled, and a simulation process is known as Conjugate heat transfer. This

combining simulation can be proved as a tough task as compared to fluid flow.

First of all, COMSOL is opened, and the 3D model was selected. After the selection of
the model, non-isothermal flow physics was chosen for the simulation that has also been
proved to be a best method to couple the heat transfer method and fluid flow method.
Stationary study was chosen in this case too and was added in the COMSOL, model
builder. Then model was either imported or drawn in the graphics section by using

available geometrical shapes.

The primary task of this simulation is to setup correct domains. This simulation is a bit
complicated as compared to the simulation of flow only. It is because in this type of
simulation many domains in a single model such as fluid flow analysis, heat transfer in

liquid and heat transfer to the solid are simulated at an only time.

Under isothermal flow in the model builder, default heat transfer model for fluid was
chosen. All the domains were selected, and the properties were input. After inserting the
values into isothermal flow; fluid properties were inserted in the non-isothermal flow.
The Properties were thermal conductivity, fluid type, density of the material, heat ca-

pacity at constant pressure, ratio of specific heats, and dynamic viscosity.

No-slip and wall functions were the wall condition selected for laminar and turbulent
analysis respectively. Initial values and other properties were inserted in the COMSOL
module in a similar manner as before. Heat transfer in solids was added in the non-
isothermal flow in order to know the amount of heat transferred to the copper pipe. Sol-
id properties are set by adding the material to the solid. In this case, water and copper
properties are set for the analysis. In the model builder under the non-isothermal flow,
inlet and outlet were set, and the respective properties were inserted. Then the inlet and
outlet were added under the non-isothermal heading, and boundary conditions and their
individual properties were also inserted. Inlet temperature and wall temperature were
also added under the non-isothermal flow by right clicking on the heading. Then the
38



outflow condition was set as flow outlet and its boundary condition was also inserted.

Finally, the model was ready for the simulation.

Table 2: Properties of Water and Copper

Properties Water Copper
Thermal Conductivity (K) 0.6 W/m*K (293 K) | 385 W/m*K
Heat capacity (cp) 4186 J/kg*K 384.4 JIkg*K
Density (p) 1000 kg/m® 8940 kg/m®

[53]
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3.3 Laboratory Experiment

3.3.1 Equipment

The equipment used in the laboratory experiment is as follows:
Digital pressure gauge

Water pump

Vernier caliper and measuring tape

Analogue flow rate meter

Stopwatch

Pipe

N o a k~ w Db oe

Water as a fluid flowing in a pipe

3.3.2 Pipe Flow Framework

A pipe flow experiment helps in determining the experimental backbone on how to ap-
ply engineering equations in a real life situation where fluid flows. This analysis is
mainly oriented to find the velocity of fluid flow in a pipe. The operation is performed
at the Heat Transfer lab located at the Arcada University of Applied Sciences. During
the test, water from the reservoir is used as fluid flowing in the stream channel by using
a pump. The water flowing through a channel travels in a pipe network and again col-

lects in the reservoir. It is a cyclic process in the laboratory.

]
— ‘T‘:‘;Ml‘f

= T -

Figure 30: Laboratory pipeline
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1. Reservoir: The water storage house is mainly called reservoir where the process

of incoming and outing flow of water continues during the experiment.

Figure 31: Reservoir

2. Digital Pressure Gauge: It is connected to a pipe channel at the starting and end-
ing point of flow. The inlet pressure gauge reads 248 kPa while the outlet gauge
reads 224 kPa and the pressure difference is found to be 24 kPa.

Figure 32: Pressure Gauge

3. Analogue flow meter: It is the flow meter that is attached to a pipe network to
read analogously. The number of revolutions made by the flow meter was five
times. The flow meter has ten units and time taken as shown by stop watch was
30s.

Figure 33: Volumetric flow meter
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4. Pump: The pump helps in pumping the water in a pipe network. In this experi-
ment, the power reading in the pump was 22W.

Figure 34: Electric Pump
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4 RESULT

Description of the various calculation and results obtained from different types of study

are as follows:

4.1 Laboratory Experiment

The known values for the calculation are:
Power of the Pump =22 W

Inlet Pressure = 248 kPa

Outlet Pressure = 224 kPa

Inside diameter of a pipe =20 mm =0.02 m
Outside diameter of a pipe = 22 mm = 0.022 m
Flow Rate =?

Velocity =?

Head loss =?

Calculating Flow rate,
The Analogue flow meter has a dial of 10 units which revolved 5 times in 30s.

1 revolution = 0.0001 m®

So,

Number of revolution*flow meter unit

Volumetric flow rate (V) = (29)

Time taken (s)

. 50%10%
Or, Volumetric Flow rate =

= Volumetric Flow rate = 1.67 * 10 m¥s

Calculating Velocity,

Vag = 5 (30)

where A is the cross-sectional area of a cylindrical pipe
Or, A = mr? = 3.1416 * (0.01)> = 3.1416 * 10~* m?

1.67%10™%

O, Vavg = 3.1416%10~%

Or, Vayg = 0.532 m/s
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Calculation of Reynolds number,

V D
ReD — PVavg

Where p = 1000 kg/m®

Vayg = 0.532 m/s

D = 0.02 m (Diameter is used for the Reynolds number calculation of fully developed
internal flow)

The dynamic viscosity () = 1.002 * 10 Pa*s

Now,
VaveD
ReD — PVavg
1000%0.532%0.02
Or, ReD T —

1.002x1073

Or, Rep = 10618.76

This Reynolds number value is greater than 4000. Hence, it determines that the flow is

turbulent.

Calculation of head loss experimentally,
The Head loss calculation is done by using the following Bernoulli’s equation.

E+ ﬁ+gH1 = &+V—%+gH2 + hy,

P2 p 2

Where, hy, is the head loss occurs due to friction. Actually, head loss is the length repre-
sentation of pressure difference across experimental pipe. The experiment is performed
on a pipe which has same inlet and outlet height. i.e. H;=H,. The flow is fully devel-
oped one so that the velocity at the two ends of a pipe is same. i.e. v;=v,. Total head

loss (hy) is given in unit m?/s2.

or h, = (PI;PZ)
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_ (248 103 - 224 x10%)

Or, h|_ = 103

Or, h, = 24 m?/s?

Now, this value is divided by acceleration due to gravity, g (m/s?) to obtain the value in

meter (m).

_ 24m?/s?
Hence, hy = 9.806 m/s2
~h.=2447m

Calculation of head loss by friction factor,
The formula for the calculation of Head loss in fully developed circular flow is below

called Darcy’s equation.

L, Vi
D 2g

hy_major = f*

h. = Total Head Loss
f =Friction factor related to the inside roughness of a pipe i.e. 0.013 taken from
Moody Diagram
L = length of a pipe where fluid flows i.e. 14.2 m
D = Internal diameter of a pipe i.e. 0.02 m
Vavg = Average liquid velocity in a pipe i.e. 0.532 m/s
g = Acceleration due to gravity (g = 9.806 m/s)
L Vivg

Or, hL—major = f* o* 28

142 (0.532)?
0.02  2%9.806

O, hy_major = 0.013 *
O, hy_major = 0.133 m

Calculation of minor head loss due to number of bends:

Total number of bends = 10

From table 6, regular 90° elbows has minor coefficient (k) = 0.3
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So, minor loss equation for the bends is given by,

2
— 1, Yavg
Or: hL— minor — k 2g

0.5322
2%9.806

Or, hy_ minor = 0.3 *
Or, hy— minor = 4.33*10%m

Hence, the total head loss is found to be
hy = hy_major + DL— minor

Or, hy = (0.133 +4.33*10°) m

~hy =0.138 m

Calculation of Prandtl Number (Pr):
_H%

P
"= 7k

Where,
u is the dynamic viscosity
¢, = heat capacity

And k is thermal conductivity

1.002%1073%4186
401

Or, Pr=
&~ Pr=1.046 % 1072
Calculation of Nusselt Number:

Nusselt number in a fully developed turbulent flow in circular pipes can be calculated

by the following formula.
Nup = 0.023Re;/°Pri/3

Where Nup = Nusselt number in cylindrical pipe across diameter (D), Pr = Prandtl num-

ber

Or, Nup = 0.023Re}/*Pr1/3

Or, Nup = 0.023 * 10618.767/° * (1.046 * 1072)1/3
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Or, Nup = 0.023 * 1662.87  0.22
Or, Nup = 8.41

The convection inside the tubes can be calculated by using Nusselt number.
Calculation of Overall heat transfer rate:

Overall heat transfer rate is given by:

Tbody,l - Tbody,Z

q =
' ln(r—z)
1 n r/ 1
Ci2mr;L -~ 2mkL © C,2mr,L

qr= Overall transfer rate (Wm?)

C1 = convective heat transfer coefficient of flowing water inside a pipe [W/ (m?K)]
Cz = convective heat transfer coefficient of air [W/ (m*K)]

L = Length of pipe (m)

Inside diameter of a pipe = 20 mm = 0.02 m

Outside diameter of a pipe = 22 mm = 0.022 m

T1= Temperature of inner wall surface (K) and

T2 = Temperature of outer wall surface (K).

So,
313 — 306
ar = 0.022
1 ln( 0.02 ) 1

+ +

3000« 2*xm*x0.02%14.2  2+m*x401%14.2 " 200 *2 1 *0.022 * 14.2

7

Ir = 187+10-*+ 2.6610-5 + 2.55  10-3
~ 7

= 574-10-3

q, = 2554.74 W/m?
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4.2 Tutorial COMSOL

The Navier-Stokes incompressible fluid problem was solved by following the path of
COMSOL 4.3b that was later solved in the new version COMSOL 4.4. The obtained
value of velocity from the analysis was 0.831 m/s and exactly the same as in the previ-

ous version.
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4.3 Practical COMSOL

The Reynolds number was calculated by using the velocity obtained to find the type of
flow. It was found to be 10618.76 i.e. above 4000. This indicates the flow as turbulent.
Then the turbulent flow simulation was used in COMSOL to find the velocity magni-
tude of the flow. The velocity magnitude in the inlet and outlet was found to be 0.532

m/s and 0.526 m/s respectively.

The velocity obtained from the COMSOL was compared well with that pressure drop
by lab equipment of Arcada. In real flows and non-uniform velocity in the cross section,
Bernoulli’s principle can be used and can be written as follows.

P v{ P, V3

—+ —+gH; = —+-—=+gH,+h

p+2+g1 p+2+g2+L

In head loss calculation from the values obtained from the turbulent flow COMSOL
simulation, different velocity and pressure was observed in inlet and outlet of a pipe.
Head loss calculation is done by the values obtained from COMSOL simulation by us-
ing Bernoulli’s equation. Bernoulli’s equation is given by,

SISO TN ST
0 ) 81—p 5 T 8H2 L

Where h,_is given in m%/s?

P,-P v: v3
Or,hL:(l 2) [ Vi_V2
o] 2 2

Or, h, = 6.4097 + 0.1415 — 0.1418
Or, h, = 6.4097 m?/s?

Now, this value is divided by acceleration due to gravity, g (m/s?) to obtain the value in

meter (m).

_ 64097 m?/s?
Hence, h. = 9.806 m/s2
~h.=0.65m
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Calculation of Turbulent intensity,

As explained in the theory turbulent intensity is given by
Turbulent intensity (it) = 0.16 * Re(;;/g

Where d, is the hydraulic diameter in a fully developed flow

Re is Reynolds number

or, (it) = 0.16 * 10618.760%
- (it) = 0.05

Calculation of Turbulence length scale,

As explained in the theory turbulent length scale is given by
Turbulence length scale (L) =0.038 * dj,

Or, (Ly) = 0.038 * 0.02

~(Ly)=76*10"m
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5 DISCUSSION

The velocity of fluid in turbulent flow was calculated to be 0.532 m/s from the laborato-
ry experiment for a maximum pressure drop of 5 Pa. The Reynolds number was calcu-
lated to find the type of flow. It was found to be 10618.76 i.e. above 4000. This indi-
cates the flow as turbulent. Then the turbulent flow simulation was used in COMSOL to
find the velocity magnitude of the flow. The average velocity from the COMSOL simu-
lation was found 0.529 m/s. The velocity found experimentally and from COMSOL
simulation is approximately the same. Whereas, average laminar Velocity obtained from
the COMSOL simulation for the same design was found 0.114 m/s. Average velocity

obtained from the different analysis are tabulated below.

Table 3: The velocity obtained from experimental and COMSOL simulation

1 Average Velocity obtained from Laboratory experiment | 0.532 m/s

2 Average turbulent Velocity from the inlet and outlet ob- | 0.529 m/s
tained by COMSOL simulation for the same design

3 Average laminar Velocity from the inlet and outlet ob- | 0.114 m/s

tained by COMSOL simulation for the same design

This data in the above table can be represented in the bar graph using excel.

Average velocity (m/s)

0.6 0532 0.529

05
0.4
03
0.2
01"

m Average velocity (m/s
Giii 8 y (m/s)

Experimental Laminarflow Turbulent
value COMSOL flow
COMSOL

Figure 35: Bar graph of Average velocity from Experiment and COMSOL simu-

lation
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Hypothetically, type of flow can be determined by calculating the Reynolds number and
simulating can be done directly by following the type of flow. But in this thesis, COM-
SOL simulation was performed before the calculation of Reynolds number for both the
type of fluid flow. Later, the average value of the velocity from the simulation assisted
to know the type of flow. The laminar average value obtained has a high difference with
the experimental velocity. So, the type of flow cannot be laminar. The bar graph above
also shows that the average velocity for the turbulent flow COMSOL simulation and
experimental average velocity is approximately same. Hence, the flow type is demon-
strated as turbulent. This is the engineering way of solving the problem. The above data
helps to verify this statement.

Table 4: Tabulation of Experimental value and COMSOL Value for the calculation of
head loss

Inlet Outlet Inlet Outlet Head loss (h.)

Velocity velocity | pressure | pres- value using Ber-

(m/s) (m/s) (kPa) sure noulli’s equation
(kPa) (m)

COMSOL Val- | 0.53200 0.52627 230.44 224.00 0.65

ue (turbulent)

Experimental 0.53200 0.53200 248.00 224.00 2.447

Value

The comparison of head loss results in experimental method and the COMSOL simula-
tion can be discussed. In case of experimental calculation of head loss, average velocity
is used but the COMSOL simulation provides the different velocity and pressure at inlet
and outlet. So, the different value of velocity and pressure has a direct impact on the
head loss result in COMSOL method. It is the main reason behind the difference in the

value of head loss between these cases.
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Likewise, theoretical calculation for overall heat rate from heat transfer analysis was
calculated 2554.74 W/m? in the same flow whereas heat transfer COMSOL simulation

did not converge to give a solution.

The problem was aroused during the analysis of both the flow type in COMSOL while
importing the model. The model of pipeline that was drawn in SolidWorks software
goes indefinite computing. Later the model was drawn in COMSOL that simulation un-

dergoes finding the result.
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6 CONCLUSION

The Navier-Stokes equations are well modelled for fluid flow describes three different
equations. They are momentum equation, energy equation and continuity equation. The
Navier-Stokes equations can be simplified in some cases but in most of the cases like
turbulence it is complicated in nature. Due to this, it creates various opinions on labora-

tory experiments.

The basic idea of this thesis is to use standard COMSOL for the observation of the flow
of fluids in a pipe i.e. fluid flow module and to observe the heat transfer during the flow
of fluids in a pipe i.e. heat transfer module and compare it with the results obtained in
the laboratory. Hence, fluid flow was able to compare after the successful simulation

but heat transfer did not converge to give a result.

The laboratory experiment was performed for the flow of fluid in pipe. The velocity was
calculated with the help of flow rate and the obtained value was 0.532 m/s from the ex-
periment for maximum pressure drop for the Arcada lab equipment. Later, the Reynolds
number was calculated and the flow was found to be turbulent. The average turbulent
velocity from the COMSOL simulation was found 0.529 m/s. These values of velocity

found experimentally and COMSOL simulation is approximately the same.

Simulating fluid flow problem is computationally critical. Fine meshes are essential for
the simulation of any kind of flow and many variables are required to solve it. If possi-
ble, a fast computer having many gigabytes RAM is fruitful for this kind of simulation
as they required many hours or days longer for larger 3D models. Hence, it would be

better to use as simple of a mesh as possible.

The new users can use these procedures as a guide in fluid flow for simulating the lami-
nar, turbulent and heat transfer in the cylindrical pipe. SolidWorks is recommended as
alternate software for the same type of analysis for the interested ones as it is advanced
and popular software for this kind of analysis in the present world. The interested user
can try to solve the heat transfer in fluid flow which did not converge to give a final re-

sult in this thesis.
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Generally, mechanics and heat transfer problems are initially performed with analytical
tools. Experimentally done such analysis cannot provide the accurate results but COM-
SOL simulation yields almost accurate results. Fluid properties such as velocity and
pressure in every part of the flow regime are impossible to know but the simulation pro-
duces a much more detailed set of results as compared to the experimental analysis and

Is often faster and less expensive.
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APPENDIX

The Turbulent flow analysis in pipe (COMSOL 5.1.0.136)

Open COMSOL - Click Model wizard = Select Physics - Fluid flow -
Single phase flow - Turbulent flow - Turbulent flow, K-g (spf) = Click Add
—> Click study = Select Stationary study - Click Done

Import Geometry or draw the geometry in COMSOL graphics with required unit

of measurement.

In Material, select the required material. Water, liquid is used here.

In Turbulent flow Model Builder settings,

A fluid property is that of water.

In Initial values, velocity field should be placed according to the graphics
drawn; here the figure is drawn in y-axis hence velocity is placed in y.
Pressure value is placed as 2*10° Pa as that of Arcada Laboratory.
Boundary condition in wall is “Wall Functions”

Inlet is added, velocity is placed; Turbulent intensity and turbulent length
scale value was kept by the calculation i.e. Turbulent intensity (it) = 0.16
* Rey®and (L) = 0.038 * dp.

Outlet is added, Pressure is placed; 224* 10° Pa.

5. Mesh is done, using user-controlled mesh.

6. Study is done by clicking Compute.

7. In Results toolbar, Point Evaluation is done in inlet and outlet of a pipeline.
Turbulent Laminar
Velocity (v) (m/s) | Pressure Velocity (v) (m/s) | Pressure
(kPa) (kPa)
Inlet | 0.53200 230.44 0.22800 266.73
outlet | 0.52627 224.00 0.00 224.12
8. In velocity section, Max/Min Volume is added to know the point of maximum

and minimum value.
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9. In Pressure section, Contour is added to view the different value of pressure in a
pipeline.

10. Finally, Report is added to view the whole process during the simulation.

TABLES

Table 5: Typical values of heat transfer coefficient [54]

Forced convection; low speed flow of air over a surface 10
Forced convection; moderate speed flow of air over a surface 100
Forced convection; moderate speed cross- flow of air over a oo
cylinder
Forced convection; moderate flow of water in a pipe 3000
Forced Convection; molten metals 2000 to 45000
Forced convection; beiling water in a pipe 50,000
Forced Convection - water and liquids 50 to 10000
Free Convection - gases and dry vapors 5to 37
Free Convection - water and liquids 50 to 3000
Air 10 to 100
Free convection; vertical plate in air with 30°C temperature "
difference
Boiling Water L
100.000
Water fowing in tubes 500 to 1200
Condensing Water Vapor 5.0 - 100.0
Water in free convection 100 to 1200
Oil in free convection 50 to 350
Gas flow on tubes and between tubes 10 to 350
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Table 6: Tabulation of the results done experimentally

1 Flow Rate (V) 1.67 * 10* m%s
2 Velocity (Vavg) 0.532 m/s

3 Reynolds number (Rep) 10618.76

4 Prandtl Number (Pr) 1.046 * 1072 W/m*K
5 Nusselt Number (Nu) 0.25 W/m**K

6 Internal diameter (Dj) 0.02m

7 External diameter (Do) 0.022 m

8 Water Temperature (Tfluid) 313K

9 Outside Pipe temperature (Tbody) 306 K

10 Heat Capacity of Water (cp) 4186 J/kg*K
11 Thermal conductivity of laboratory pipe (k) | 401 W/m*K

12 Overall Heat rate (q,) 2554.74 W/m?
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Table 7: Minor loss coefficient according to the type of component or fitting [55]

Minor Loss
Type of Component or Fitting Coefficient
- f-
Tee. Flanged, Dividing Line Flow 0.2
Tee, Threaded, Dividing Line Flow 09
Tee, Flanged, Dividing Branched Flow 1.0
Tee, Threaded , Dividing Branch Flow 20
Union. Threaded 0.08
Elbow, Flanged Regular 90° 0.3
Elbow. Threaded Regular 90° 1.5
Elbow. Threaded Regular 45° 0.4
Elbow, Flanged Long Radius 90° 0.2
Elbow, Threaded Long Radius 90° 0.7
Elbow, Flanged Long Radius 45° 0.2
Return Bend. Flanged 180° 0.2
Return Bend, Threaded 180° 1.5
Globe Valve, Fully Open 10
Angle Valve, Fully Open 2
Gate Valve, Fully Open 0.15
Gate Valve, 1/4 Closed 0.26
Gate Valve, 1/2 Closed 21
Gate Valve, 3/4 Closed 17
Swing Check Valve, Forward Flow 2
Ball Valve, Fully Open 0.05
Ball Valve, 1/3 Closed 5.5
Ball Valve, 2/3 Closed 200
Diaphragm Valve, Open 23
Diaphragm Valve, Half Open 43
Diaphragm Valve, 1/4 Open 21
Water meter 7
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