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Abstract

Longitudinally corrugated pipes can be described as pipes with periodically

converging-diverging cross-area arranged along the flow course. These pipes are

mainly utilized in engineering applications, for example, pipe flow in a heat ex-

changer where wall corrugation improves heat convection, gas to liquid contrac-

tors in the chemical business, ventilation, air conditioning, drag reduction and

mass transfer efficiency. Both experimental and analytical works detailed the

impact of corrugation amplitude and distance in the turbulent flow by investiga-

tion of a few turbulent characteristics, for example, Reynolds stress and velocity

variation. In our examination, we are concerned in assessing friction factor for

turbulent flow inside longitudinally corrugated pipes as a function of the ampli-

tude of the pipe. Mass and momentum conservation equations are reviewed and

particular boundary conditions are fixed to describe a completely developed pe-

riodic system in a solitary axisymmetric bidimensional module which signifies

the periodically corrugated pipe configuration. Two two-equation turbulence

models (k − ε and k − ω) are utilized in the calculations. The numerical simula-

tion of the isothermal, single phase and incompressible flow is prepared utiliz-

ing Computational Fluid Dynamics methods, using the commercially available

CFD software ANSYS FLUENT. To begin with, the completely developed tur-

bulent flow in a smooth pipe is studied. Simulations are carried out to authen-

ticate the preferred models, computational meshes and boundary conditions.

Next a longitudinally corrugated pipe of length 7λ is studied. Impact of surface

corrugation, controlled by wavelength-amplitude proportion λ/a on the flow is

exhibited. The simulation work has been completed for λ/a = 1, 11 and 19 for a

Reynolds number range of 10 000 to 20 000. Flow phenomena like flow separa-

tion and vortex caused by the corrugation are described. The friction factor for

various values of the wavelength is calculated by operating a set of simulations.

The friction factor for a given Reynolds number in a longitudinally corrugated

pipe decreases with increase of the wavelength.

ix



Chapter 1

Introduction

1.1 Introduction

A longitudinally corrugated pipe can be described as a pipe with periodically

converging-diverging cross-area arranged along the flow course. These pipes

have been studied for a long time, fundamentally in light of their substantial

use in numerous engineering applications, for example, pipe flow in a heat

exchanger where wall corrugation improves heat transfer, gas to fluid con-

tractors in the chemical business, ventilation, air conditioning, drag reduction

and mass transfer efficiency. In the flow entries with a periodically changing

cross-area, the fluid flow achieves a completely developed system that varies

mainly from that for a regular smooth flow course [1]. In the ocassionally

changing cross-areas, the completely matured velocity field replicates itself

at the corresponding axial areas in progressive phases. The flow within

corrugated pipes has some vital characteristics, which are not characteristics

to flows in regular pipes. The likely impacts of corrugation is that the change

from laminar to turbulent flow will happen at lower Reynolds numbers (say, at

Re<2 000), than in a smooth straight pipe [2].

The investigation of flow in iregular pipes goes back to Nikuradse’s experi-

ments [3], whose outcomes obtained from artificially corrugated pipes, were af-

terwards organized in the more notable type of the Moody Diagram [4], where

for laminar flow, the friction factor generally appeared as free of the corrugation.
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In spite of this, few experimental investigations have demostrated that the con-

tribution of the wall roughness is not minor, even in the laminar case [5–7].

This occurs particularly when handling a wall-shape, instead of just with some

random roughness. Perry et al. [8] held one of the principal hypothetical investi-

gations about turbulent flow in distinct rough walls. Later they then suggested

a geometric denomination for the distinct corrugated components founded on

the corrugation length scale in relation to the flow.

Nishiruma et al. [9], Russand Beer [10], and Yang [11] explored the transitional

flow attributes in grooved channels. They described the laminar-turbulent tran-

sition to happen at low Reynolds numbers in constrast with convectional chan-

nels. Other essential feature of flow in corrugated pipes is the potential ex-

istence of local adverse pressure gradients and, subsequently, the presence of

flow separations. Flow through corrugated channel works as a straightforward

case of separated flow. Skin friction (friction at the wall) and the structure of the

wall (drag)causes pressure loss along the pipe. In steady flow, the skin friction

corresponds to the pressure loss per unit distance [12]. Said et al. [13] investi-

gated laminar flow through a sinusoidal hole. They studied how the increase of

flow velocity generates vortex within the corrugation and how it affects thermal

and hydrodynamic performance. Wang and Vanka [14] detailed higher friction

factor values for sinusoidal channel contrasted with the parallel plate channel

of the same inside spacing.

Russ and Beer [10,15] measured mean friction coefficient of axisymmetric pipe

for three unique amplitudes and recorded frictional loss increments with the

increase of amplitude at same Reynolds number. Sparrow and Hossfeld [16]

performed experimental study to decide the pressure drop, heat transfer and

flow field reactions to the curving of the crest of a corrugated wall pipe at a

Reynolds number range from 2 000 to 33 000. They detailed that because of

curving, friction factor deminishes equivalent to a given Reynolds number con-

siderably beyond did the Nusselt number. Mahmud et al. [1] examined heat

transfer, pressure drop and flow field properties within a sinusoidally changing

curly pipe and they revealed that the high the surface waviness the early the

flow detachment, greater the pressure drop and higher the heat transfer rate.
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Yoon et al. [17] explored the impact of wave amplitude on turbulent flow in a

wavy ducts utilizing Direct Numerical Simulation (DNS) with the immersed

boundary method. They noticed that the pressure drag coefficient gets larger as

the proportion λ/a grows, while the friction drag coefficient is maximal at the

defined amplitude to wavelength ratio, λ/a = 0.3. Maass and Schumann [18]

carried out DNS of turbulent flows on curvy wall utilizing the finite difference

method and demonstrated the effectual friction velocity is around 50% bigger

at the wavy area compare to the smooth area as a result of the extra pressure

drag.

Hudson et al. [19] estimated the spatial and transient variety of the velocity el-

ements in a flow with wavy surface utilizing Laser Doppler Velocimetry (LDV)

and announced mean velocity fields and varying measures like kinetic-energy

production and turbulent stresses. In their investigation, the Reynolds num-

ber in view of bulk velocity and duct height is 6 760 and the amplitude to

wavelength proportion is equivalent to 0.05. The analyses demonstrated that

the shear layer in the proximity of the detachment area is the region of huge

Reynolds stresses and turbulent kinetic energy production. Cherukat et al. [20]

led Direct Numerical Simulation investigations of the turbulent flow past a si-

nusoidal curly surface utilizing spectral components of seventh order. Their con-

clusions were approved of Hudson et al. [19] experimental data and are viewed

a solid reference point for numerical simulation of wavy walls. They announced

turbulent statistics and instantaneous flow fields and utilized them to discover

velocity explosions in the detached-flow area that expand over huge distances

away from the wall.

Nishimura et al. [9] explored flow characteristics like pressure drop, wall shear

stress and flow pattern in a duct with symmetric sinusoidal wavy wall. This in-

vestigation revealed that for Reynolds number beyond 700, turbulent flow takes

place, attributing to the beginning of an unstable vortex movement and fric-

tion factor is indirectly proportional to Reynolds number at the laminar range.

Perry et al. [8] indicate areas with square coarse pits as “d-type” irregular sur-

faces which has the form of size of the pipe diameter, d , in inner flows. Pits

or cavities with substantial lengths in regard to the pit height can’t support
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steady vortices, and the external flow reattach in the base of the pit; in this

arrangement, the external flow is then open to the ridges, and the boundary

layer thickness is not any more a suitable roughness length scale. Presently,

the pit height, k , is certainly the suitable roughness length scale because it

has a considerably more critical part in outlining the wall roughness. Perry et

al. [8] categorize cavities with expansive lengths in regard to the ridge height as

“k-type” roughness, and these two classifications have been extensively utilized

from that point forward.

Chen et al. [21] performed an experimental investigation of turbulent air flow

in ducts with corrugated surfaces. The principal focal point was to explore the

feasibility of drag reduction in turbulent flows at low Reynolds numbers re-

lated with the capability of different corrugation formations, for example, trape-

zoidal, triangular and “d-type” square shapes in maintain steady vortices and

preventing propagation of turbulent explosions all over the flow. Actually, Chen

et al. [21] develops of past findings (Liu et al. [22], Kennedy et al. [23] and Walsh

& Weinstein [24]) where it was suggested that drag reduction is attainable if the

limitless height, h+, and pitch, S+ , of the cavities were retained below 25 and

100, accordingly, with the h+ and S+ stated as h+ = hV∗/ν and S+ = hV∗/ν ,

in which h and S are the height and pitch of the cavities respectively, ν is the

cinematic viscosity and V∗ is the friction velocity. Chen et al. [21] established

that for Reynolds numbers below 16 000 trapezoidal and triangular corrugation

shapes with h+ ' 20 and S+ ' 83 are able of lowering the global friction factor,

compared with that computed for a duct with smooth surfaces. For h+ ' 32

and as yet retaining S+ < 100, the friction factor inclined to be more than that

computed for smooth wall ducts.

Utilising Laser-Doppler Anemometry, Djenidi et al. [25] considered the flow past

a flat plate with “d-type” coarse. The form of the outer flow past a flat plate was

given by Djenidi et al. [25] where an exceptionally outlined formation which

granted the visualisation of the vortices behaviour within the “d-type” corru-

gation. The fundamental visible finding of Djenidi et al. [25] was that, facing

Perry et al. [8], “d-type” grooves do not completely cut off the external flow from

the roughness effects. In the contrary, there are powerful ejections introduced
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in the cavities enclosed vortex discharged just to the external flow, which occurs

at a time scale adjacent to 5.5δ/U∞, in which U∞ is the bulk velocity.

Such ejections symbolize a typical emprovement of momentum transfer from

the cavity to the external flow, and as per Djenidi et al. [25] this impact bring

about global increments in turbulent forces close to the wall, comprising other

entities, specifically, the friction coefficient, the Reynolds shear stress and con-

sequently the average pressure drop near the corrugated wall. Silberman [26]

projected that it is attainable to lower drag in curly corrugated pipes (compris-

ing of cavities with a length of identical order of size as of the ridges height)

by reducing the helix angle (for example, arranging ridges more attached in the

flow coarse), and subsequently Silberman [27] showed his past projected incli-

nation as being right. Then again, Dong et al. [28] demonstrated that spirally

corrugated pipes with cavities significantly larger than the ridge height is likely

to raise the global friction factor in contrast with smooth pipes.

Morales et al. [29, 30] directed an experimental investigation in turbulent flow

in “d-type” corrugated pipes, with both single-start spiral and straight grooves.

The experimental loop built at the LACIT Thermal Science Laboratory of

UTFPR Federal Technological University Paraná (Morales et al. [29]) was in-

tended to give turbulent water flow in 2.54 cm diameter pipes, and the acquired

information demonstrated that the friction factor increases in corrugated pipes

compared to smooth pipes.

A review of the literature shows that the friction factor is increased in corru-

gated pipes in comparison with that of smooth pipes. The review shows that

flow separation occurs as flow moves downstream into the deviating part and

reattaches on the approaching part of the corrugation cavity. This forms a vor-

tex inside the corrugation cavity. The vortex starts more stable and becomes

unstable as it moves downstream with the increase in Reynolds number and

corrugation height in the cavity.

However, when reviewing the literature we did not find studies which clearly

show what has the greatest influence on the instantaneous velocity fields (like

the vortex formed in the corrugation cavity) between the Reynolds number and
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the surface waviness. Hence, this present study has the goals of investigation

as presented below.

1.2 Goals of the Investigation

In this investigation, the turbulent flow through longitudinally corrugated pipes

with different wavelength will be studied using numerical fluid mechanics

methods. In this study, we are concerned in calculating friction factor for tur-

bulent flow inside longitudinally corrugated pipes as a function of the wave-

length of the pipe. The effect of Reynolds number and surface waviness will be

studied for a given wavelength and amplitude of the pipe. Additionally, instan-

taneous velocity fields near the wavy walls for each wavelength and amplitude

are studied and their coherent forms described. The performance of two distinct

two-equation turbulence models are investigated.

1.3 Thesis Outline

This report consist of six chapters.

In Chapter 2 all the three geometries investigated in this report are described.

The details about the dimensions of each figure are given. Chapter 3 presents

the governing equations and boundary conditions for all investigations pre-

sented. In this chapter, the Navier-Stokes equations for incompressible flow and

the Reynolds averaged equations are determined. Finally, two turbulence trans-

port models, thus the k − ε and k − ω turbulence models are examined and dis-

cussed. Chapter 4 outlines the basics of Computational Fluid Dynamics (CFD)

method. The history of CFD and the Finite Volume Method, the solver parame-

ters for the commercial CFD ANSYS FLUENT software and the post-processing

methods are described. The time discretization in FLUENT which is achieved

through a fractional step scheme is explained. The boundary conditions are

prescribed for the resolution of discretized equations described previously. In

Chapter 5, the computational results of the current study are presented and

discussed. The simulation results are utilized to calculate the friction factor

6



for various wavelength of the pipe. Instantaneous velocity fields near the cor-

rugated walls for each wavelength and their coherent structures are described.

Chapter 6 presents important conclusions of the present study.
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Chapter 2

Geometry

In this chapter, various geometries considered for simulation in this present

investigation are presented.

A pipe of length 7λ where λ is the wavelength is considered for investigation.

Figure 2.1 shows the schematic diagram of a portion of geometry used in this

investigation. For simplicity, only three cycles, 3λ, are shown in Figure 2.1.

The wavelength λ varies across the three pipes with amplitude a constant. The

following equation defines the radius of the pipe considered, which display a

sine curve.

r = a

[
1− sin

π

2

(
1 +

4x

λ

)]
+
Dmin

2
. (2.1)
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(a) A typical smooth pipe

(b) λ/a = 1

(c) λ/a = 11

(d) λ/a = 19

Figure 2.1: A simplified diagram of a part of geometry under study (Total length
is 7λ) 9



U0 is the constant velocity at the inlet, x is the axial distance, Dmin is the min-

imum diameter of the wavy wall, Dmax is the maximum diameter of the wavy

wall and r is the radial distance of the pipe. Water is the fluid medium con-

sidered with fluid properties assumed to be density ρ = 1000kg/m3, kinematic

viscosity υ = 1 × 10−6m2/s and dynamic viscosity, µ = 1 × 103(N.s)/m2, and the

Reynolds numbers 10 000, 12 500, 15 000, 17 500 and 20 000 are simulated

using the two turbulence models (k − ε and k − ω). Computations were done

utilizing the commercially accessible CFD software ANSYS Fluent.
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Chapter 3

Governing Equations

This section presents the governing equations utilized in the current inves-

tigation. Presnted in this section is the governing equations and boundary

conditions for our investigation. The domain is discretized into tiny size cells to

form a volume mesh or grid and algorithms in ANSYS FLUENT are utilized to

solve. The governing equations for viscous flow are solved numerically.

Turbulent flows are hard to simulate because of their randomness. There are

fundamentally three approaches to simulate turbulent flow: Direct Numerical

Simulation (DNS), Reynolds Averaged Navier-Stokes (RANS) and Large-Eddy

Simulation (LES) models. The additional details we would like to attain from

a simulation, the more expensive is the computational value. DNS and LES

provide important details, however need extremely massive times for the flow

simulations, that are of importance to us. Given our intentions and the accessi-

ble computational power, we are going to use Reynolds Averaged Navier-Stokes

models (particularly the k − ε and k − ω) for our simulations. The Reynolds

Averaged Navier-Stokes equations are time averaged equations of motion for

fluid flow. The averaging method carries new unknown conditions into the

Navier-Stokes equations. Accordingly, extra (closure) equations are required

in order to solve the system of equations. These equations are determined

by means of taking higher-order moments of the averaged Navier-Stokes

equations and creating further assumptions supported by the understanding of

the characteristics of the turbulent flow. The procedure brings about a modified
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set of equations that is computationally more affordable to solve. Below, the

equations, which outline the k− ε model and also the k−ω models are provided.

The numerical simulation of the incompressible flow, single phase, and isother-

mal is achieved using CFD, via the commercial software program ANSYS FLU-

ENT.

3.1 Basic Model and Assumptions

3.1.1 Assumptions

The numerical model depends on the following assumptions:

• the flow is three- dimensional, steady and turbulent;

• the fluid is incompressible fluid;

• the flow is single phase, e.g. the impacts of dirt particles and additionally

water vapor were ignored;

• the air properties are constant,

• the velocity is constant over the pipe inlet;

• flow is symmetric about the axis of the pipe.

3.1.2 Governing Equations

In the current problem, the fluid flow is three dimensional; that is, each of the

three feasible velocity components (x, y and z) remain and all three possible

constituents rely on the three coordinates of Cartesian geometry. The governing

equations describing the development of flow inside the pipe are given below:

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0. (3.1)

x-momentum equation is

12



ρ
[ ∂
∂x

(u2) +
∂

∂y
(uv) +

∂

∂z
(uw)

]
= −∂ρ

∂x
+

∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂u

∂y

)
+

∂

∂z

(
µ
∂u

∂y

)
, (3.2)

y-momentum equation is

ρ
[ ∂
∂x

(vu) +
∂

∂y
(v2) +

∂

∂z
(vw)

]
= −∂ρ

∂x
+

∂

∂x

(
µ
∂v

∂x

)
+

∂

∂y

(
µ
∂v

∂y

)
+

∂

∂z

(
µ
∂v

∂y

)
, (3.3)

z-momentum equation is

ρ
[ ∂
∂x

(wu) +
∂

∂y
(wv) +

∂

∂z
(w2)

]
= −∂ρ

∂x
+

∂

∂x

(
µ
∂w

∂x

)
+

∂

∂y

(
µ
∂w

∂y

)
+

∂

∂z

(
µ
∂w

∂y

)
. (3.4)

where u, v, and w are the velocity components in x, y and z directions respec-

tively. ρ is the fluid density, and µ the molecular viscosity.

3.2 Turbulence Models

Variations in the velocity field join transported quantities like energy and mo-

mentum and induce the transported quantities to fluctuate likewise. These

variations can be of an extremely small scale and consequently can make an

amazingly substantial computational costs for practical engineering calcula-

tions. A changed arrangement of equations that need considerably less com-

putational cost are used. This is accomplished through time-averaging the in-

stantaneous governing equations which at that point include extra unknown

variables. These unknown variables are solved through turbulence models.

Not a single turbulence model can be generally implemented to all circum-
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stances. When selecting a turbulence model the following considerations must

be taken; physics incorporated in the flow; precision level; and computation

assets accessible. In this chapter, two turbulence transport models will be in-

vestigated and discussed. Both the standard k − ε turbulence model along with

the standard k − ω turbulence model were discussed in this study.

The equations of motion are averaged with regard to time and these turbulent

transport models predict the impact of turbulence on the time averaged mean

motion. Considering all of the terms presently in the equations of motion are

immediate values, they are substituted with the total time-mean quantity and a

fluctuating quantity. A new arrangement of equations of motion with a similar

arrangement are acquired with the inclusion of these quantities.

Momentum in x-direction

∂

∂t

(
ρu
)

+
∂

∂x

(
ρuu

)
+

∂

∂y

(
ρvu
)

+
∂

∂z

(
ρwu

)
= −∂p

∂x
+ µ
(∂2u
∂x2

+
∂2u

∂y2
+
∂2u

∂z2

)
− ∂

∂xi

(
ρu′u′i

)
, (3.5)

Momentum in y-direction

∂

∂t

(
ρv
)

+
∂

∂x

(
ρuv
)

+
∂

∂y

(
ρvv
)

+
∂

∂z

(
ρwv

)
= −∂p

∂y
+ µ
(∂2v
∂x2

+
∂2v

∂y2
+
∂2v

∂z2

)
− ∂

∂xi

(
ρv′u′i

)
, (3.6)

Momentum in z-direction

∂

∂t

(
ρw
)

+
∂

∂x

(
ρuw

)
+

∂

∂y

(
ρvw

)
+

∂

∂z

(
ρww

)
= −∂p

∂z
+ µ
(∂2w
∂x2

+
∂2w

∂y2
+
∂2w

∂z2

)
− ∂

∂xi

(
ρw′u′i

)
. (3.7)

Continuity
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∂

∂x

(
ρu
)

+
∂

∂y

(
ρv
)

+
∂

∂z

(
ρw
)

= 0. (3.8)

The momentum equations have the term − ∂
∂xi

(
ρu′ju

′
i

)
presented in compact

tensor notation. These terms symbolize the impact that turbulent motion has

on the time-mean quantities recognized as Reynolds stresses which are very

often varying velocity elements.

The concept of eddy-viscosity projected by Boussinesq would then be able to be

used to the motion equations. The extra turbulent stresses are presumed to be

in proportion to the mean-velocity gradients. The stresses in tensor notation

can be connected thus.

u′ju
′
i =

µi
ρ

(∂uj
∂xi

+
∂ui
∂xj

)
− 2

3
kδji. (3.9)

Where µi, is the eddy viscosity, k is the kinetic energy, and δji is the Kronecker

delta. This method is utilized in the k − ε as well as k − ω turbulence models.

The benefits of this method is that computational expenses are moderately

low due to the computational ability required to compute the turbulent viscosity.

In x-direction, ∂
∂xi

(
ρu′u′i

)
extends to ∂

∂x

(
ρu′u′

)
+ ∂

∂y

(
ρu′v′

)
+ ∂

∂z

(
ρu′w′

)
.

The eddy viscosity is a property of the flow, not the fluid. By substituting,

the varying quantities are eliminated as mean quantity gradients and eddy

viscosity define the turbulent dispersion and the equations of motion are

depicted thus.

Momentum in x-direction

∂

∂t

(
ρu
)

+
∂

∂x

(
ρuu

)
+

∂

∂y

(
ρvu
)

+
∂

∂z

(
ρwu

)
= −∂p

∂x
+ (µ+ µi)

(∂2u
∂x2

+
∂2u

∂y2
+
∂2u

∂z2

)
,

(3.10)
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Momentum in y-direction

∂

∂t

(
ρv
)

+
∂

∂x

(
ρuv
)

+
∂

∂y

(
ρvv
)

+
∂

∂z

(
ρwv

)
= −∂p

∂y
+ (µ+ µi)

(∂2v
∂x2

+
∂2v

∂y2
+
∂2v

∂z2

)
,

(3.11)

Momentum in z-direction

∂

∂t

(
ρw
)

+
∂

∂x

(
ρuw

)
+

∂

∂y

(
ρvw

)
+

∂

∂z

(
ρww

)
= −∂p

∂z
+ (µ+ µi)

(∂2w
∂x2

+
∂2w

∂y2
+
∂2w

∂z2

)
.

(3.12)

Continuity

∂

∂x

(
ρu
)

+
∂

∂y

(
ρv
)

+
∂

∂z

(
ρw
)

= 0. (3.13)

This arrangement of equations varies from the first instantaneous equations

only because of the momentum coefficients. The influence of turbulence on the

time-mean quantities is represented by the new terms in the momentum equa-

tions. The following sections outline the turbulence models that will be utilized

in the current study.

3.2.1 k − ε Turbulence Model

The k− ε turbulence model has evolved into a standout amongst the extensively

utilized turbulence models as it gives vigor, prudence and reasonable precision

for an extensive variety of turbulent flows. Upgrades have been made to the

standard model which enhances its execution and two derived forms are acces-

sible in Fluent; the renormalization group (RNG) model. The standard, RNG

and realizable models have comparable order with transport equations for k

and ε. These two transport equations freely determine the turbulent velocity

and length scales. The primary contrasts among the three models are as per

the following;
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• The turbulent Prandtl Numbers guiding the turbulent diffusion of k and ε

• The generation and destruction terms in the equation for ε

• The means of computing turbulent viscosity

3.2.1.1 Standard k − ε Turbulence Model

This unique model was originally projected by Launder and Spalding [31]. For

Standard k−ε turbulence model the transport equation for k is obtained from the

same equation, but the transport equation for ε was derived by applying natural

logic and as a result very much alike to the mathematically acquired transport

equation of k, although it is not accurate. The turbulent kinetic energy k, and its

rate of dissipation ε, for this model are acquired as per the following equations.

∂

∂t
(ρk) +

∂y

∂xi
(ρkui) =

∂

∂xj

[(
µ+

µi
σk

) ∂k
∂xj

]
+Gk + ρε+ Sk. (3.14)

∂

∂t
(ρε) +

∂y

∂xi
(ρεui) =

∂

∂xj

[(
µ+

µi
σk

) ∂ε
∂xj

]
+ C1ε

ε

k
Gk − C2ερ

ε2

k
+ Sε. (3.15)

In which Gk denotes the generation of turbulent kinetic energy that emerges

because of mean velocity gradients. Sε and Sk are source terms outlined by the

user.

Constants C1ε and C2ε have been resolved experimentally and are considered to

posses the following values;

C1ε = 1.44, C2ε = 1.92,

σk are σε turbulent Prandtl numbers for the turbulent kinetic energy and its

dissipation rate. They likewise have been obtained experimentally and are

characterized as per the following:
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σk = 1.0, σε = 1.3.

At every point the eddy (or turbulent) viscosity is identified with the local values

of turbulent kinetic energy and its dissipation rate by:

µt = ρCµ
k2

ε
, (3.16)

where Cµ is constant and Cµ = 0.09.

The term for the generation of turbulent kinetic energy Gk is familiar in most

of the turbulent models studies and is characterised as

Gk = −ρu′iu′j
∂uj
∂xi

. (3.17)

The modulus of mean rate-of-strain tensor, S is defined as

S =
√

2SijSij. (3.18)

3.2.2 k − ω Turbulence Model

The next turbulence model to be examined is the k − ω turbulence model. This

model has two variations that will both be characterised in this section; the

Standard k− ω turbulence model, and the Shear Stress Transport (SST) model.

These two turbulence models utilize comparable transport equations for k and

ω but the Shear Stress Transport model varies from the standard model as fol-

lows:

• There is a continuous alteration from the standard k − ω model in the

inward region of the boundary layer to the k − ε model in the external

portion of boundary layer.

• As a means to account for the transport effects of the main turbulent shear

stresses the SST model includes an altered turbulent viscosity equation

The sections following clarify these distinctions, introduce the transport equa-

tions and demonstrate the techniques of solving for turbulent viscosity and all
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constants.

3.2.2.1 Standard k − ω Turbulence Model

FLUENT utilizes a standard k − ω model created by Wilcox [32] that was de-

veloped to improve calculate low-Reynolds number effects, compressibility, and

shear flow spreading. This standard model is an experimentally founded model

with transport equations for turbulent kinetic energy k and its particular dissi-

pation rate ω. This model has been changed several times trying to enhance its

precision and therefore the transport equations utilized in FLUENT for Wilcox

’s model are as per the following.

∂

∂t
(ρk) +

∂y

∂xi
(ρkui) =

∂

∂xi

[(
µ+

µt
σω

) ∂k
∂xj

]
+Gk − Yk + Sk. (3.19)

∂

∂t
(ρω) +

∂y

∂xi
(ρωui) =

∂

∂xi

[(
µ+

µt
σω

) ∂ω
∂xj

]
+Gω − Yω + Sω. (3.20)

Where Gk depicts the production of turbulent kinetic energy that emerges be-

cause of mean velocity gradients and Gω is production of ω which are described

in the same way as the k − ε model. Yk and Yω describe the dissipation of k and

ω because of turbulence. Yk and Yω are the turbulent Prandlt number for k and

ω respectively and Sω and Sk are source terms outlined by the user. A damping

coefficient (α∗)is used to define the turbulent viscosity;

µt = α∗
ρk

ω
. (3.21)

The correlation of low Reynolds number is acquired from this constant α∗ which

damps the turbulent viscosity. This constant is defined by,

α∗ = α∗∞

(α∗0 +Ret/Rk

1 +Ret/Rk

)
, (3.22)

Where et = ρk
µω

, Rk = 6, α∗0 = βi
3

and βi = 0.072. For the high Reynolds number

order of the Standard k − ω model, α∗ = α∗∞ = 1.

The expression for the dissipation of k because of turbulence, Yk is characterized
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as

Yk = ρβ∗fβ∗kω. (3.23)

And the expression for the dissipation of ω because of turbulence, Yω is charac-

terized as

Yω = ρβfβω
2. (3.24)

The k − ω turbulence model created by Wilcox [32] has revealed similar conclu-

sions for mixing layers, wakes and different jet models which make it appropri-

ate for free shear flows and wall bounded flows.
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Chapter 4

Numerical Simulation

4.1 Computational Fluid Dynamics

This section details the basics of Computational Fluid Dynamics (CFD), history

on CFD and the finite volume method (FVM), the solver parameters for the

commercial CFD program and the post-processing technique in the following

areas:

4.1.1 CFD Background

Computational Fluid Dynamics (CFD) utilizes numerical methods to analyze

and solve problems that include fluid flows. The governing equations consid-

ered before have been solved with regard to the given boundary conditions

employing the FVM as applied in the commercial CFD software FLUENT.

CFD analysis has three parts, which are; the pre processor, the solver, and the

post processor which is characterized as a application that convert input data

to generate output that is utilized as an input to the processor. In the current

investigation, ANSYS fluent was utilized to make the geometry of the structure

being studied and partition the domain into components which entirely form

the mesh or grid. ANASYS FLUENT is an efficient Computational Fluid

Dynamic program for laminar and turbulent flows in complex two and three

dimensional configurations. This program is utilized in research activities and
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industrial operations in various areas associated to energy production (gas

and coal combustion, nuclear thermal-hydraulics, turbo machinery, heating,

ventilation and air conditioning). The arrangement of the flow is afterward

explained at the center of each of these volumes by means of the solver. The pre

processor likewise characterizes common surface types (for instance-inlet and

outlet regions) to areas of the domain.

The pre-processor discretizes the differential equations changing them into

algebraic equations that can be solved numerically utilizing the finite volume

method and this method is explained later in this section in more details.

Lastly the post processor is a tool that gives the explanation and understanding

of the solution in the type of plots, charts and graphs. FLUENT is employed for

both the solver and the current study. Microsoft Excel is likewise utilized as a

post processor for preparing charts and graphs to be displayed in this report.

Jones and Whittle [33] explain in details the use of CFD to building geometry

construction, including techniques used.

4.1.2 Pre-Processor

The pre-processor comprises of the inputs of a flow problem to a CFD code by

ways of a user-friendly interface and the following change of this input into a

form appropriate to be used by the solver. In the current study the pre-processor

is incorporated in ANSYS fluent and the operations at the pre-processing stage

include:

• Description of the geometry of the area of interest: the computational do-

main

• Mesh formation on the sub division of the domain into a various smaller,

not overlapping sub-domain: a grid of cells for control volumes ,

• Choice of the physical and chemical phenomena that should be modelled

• Definition of fluid properties
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• Stipulation of suitable boundary conditions at cells which concur with or

make contact with the domain boundary

4.1.3 Solver (FLUENT Solver)

The numerical methods that form the basics of the fluent-solver carry out the

following steps:

• Estimation of the unknown flow variables by way of simple function

• Discretization through substitution of the estimations into the governing

flow equations and subsequent mathematical operations

• Solution of the algebraic equations.

ANSYS FLUENT is well suited for two and three-dimensional calculations

of steady or transient single-phrase, incompressible, laminar or turbulent

flows. It supports two Reynolds Averaged Stoke (RANS) models: The standard

k − ε model, the launder Sharman model and a second Moment closure (LRR)

model. It also contains the LES Smagorinsky and dynamic models. Some of the

turbulence models which are also implemented in fluent are The SST model,

elliptic relaxation models v2 − f , the SSG model and the scalable wall function.

The flow solver is based on a finite volume method, with a completely collected

arrangement for all variables. The time discretization is similar to the method

used in other commercial codes. It is based on a predictor-corrector scheme for

the Navier- Stokes equations.

An important asset of ANSYS FLUENT is it relies on its ability to deal with

any kind of mesh (hybrid, containing arbitrary interfaces and any type of cell).

4.1.4 Post-Processor

Like in pre-processing a vast measure of progress has as of late occurred in

the post-processor field. Because of the increased recognition of engineering
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workstations, several of which have remarkable graphics capacity, the main

CFD packages are presently furnished with flexible data visualization devices.

This involve:

• Domain geometry and mesh presentation

• Vector plots

• Shaded and line contour plots

• Particle tracing

• View control (translation, revolution, scaling, and so on.)

• Color postscript output

4.2 The Finite Volume Method

The method relies on:

• Dividing the domain into control volumes.

• Formal integrations of the governing equations of fluid flow past all the

control volumes of the solution domain.

• Discretization includes the replacement of a diversity of finite-difference

kind of approximations for the terms in the integrated equation portray-

ing flow processes, for example, diffusion, sources and convection. This

changes the integral equations into an arrangement of algebraic equa-

tions.

• Solution of the algebraic equations by an iterative method.

• The preservation of a common flow variable φ. For instance a velocity

element inside a finite control volume can be signified as a harmony

between the different procedures inclined to increase or decrease it.
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In this chapter, (i, j) refer to the cell on either side of a face while the lower case

letters reference the usual tensor quantities

∫
∂ρφ

∂t
dV +

∫
∂

∂xj
(ρujφ)dV =

∫
∂

∂xj

[
Γ
∂φ

∂xj

]
dV +

∫
SdV. (4.1)

Where “S” represents the source term, “V ” the volume of the cell and “Γ” the dif-

fusion coefficient. Using Gauss theorem the volume integrals of the divergence

can be transformed into surface integrals, which can be written as:

∫
∂ρφ

∂t
dV +

∫
ρφujnjdA =

∫
Γ
∂φ

∂xj
njdA+

∫
SdV. (4.2)

Where “A” is the area of the face and “nj” is the face normal vector. The volume

integrals are approximated by the product of the cell center SI and the cell

volume V

∫
SdV = SIV. (4.3)

4.2.1 Face integrals

The surface integrals can be approximated by the mid-point rule, the product of

the face center value and the face. In the collocated arrangement, an interpola-

tion is required in order to obtain the centre, since all the variables are stored

at the cell centre. In ANSYS FLUENT the convection can be calculated either

by using an upwind differencing scheme, the value at the cell Centre to dynam-

ically switch from (CDS) or a central differencing scheme (CDS). The code has

also a slope test based on the product of the gradients at the cell center to dy-

namically switch from CDS to USD. Using the upwind scheme, the value at the

face can be obtained as:

φF = φI if uiniF ,

φF = φj if uiniF . (4.4)

This scheme is robust and stable but introduces additional numerical diffusion
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which can become large if the grid is coarse. For a centered scheme, the value

at the face can be computed as:

φF = αφI + (1− α)φj +

[
1

2

( ∂φ
∂xj

II +
∂φ

∂xj
Ij

)
OFj

]
, (4.5)

With α = FJ ′

I′J ′
The last term is added for non-orthogonal grids, where the center

of the face does not lie in the mid-point between the cell centers. The diffusion

integral can be computed as:

∫
∂φ

∂xj
njdA =

∑
Neigh

Γ
∂φ

∂xj
njA, (4.6)

with a linear approximation for the gradient the face center, the diffusion is

computed as:

∑
Neigh

Γ
∂φ

∂xj
njA =

∑
Neigh

Γ
φj′ − φI′
IJj

njA. (4.7)

The values of φj′ and φI′ can be calculated by using the gradient at the cell

center:

φI′ = φI +
∂φ

∂xj
III
′Ij. (4.8)

4.2.2 Gradient Reconstruction

The calculation of the gradients is achieved by an iterative solver in which the

gradient is expressed as:

∂φ

∂xj
II =

1

V

∑
Neigh

∫
φnjdA. (4.9)

The surface integral can be approximated using the midpoint rule so that is

becomes:

∂φ

∂xj
II =

1

V

∑
Neigh

φFAFnj. (4.10)

To obtain the values of φF Taylor series expansion can be applied to obtain:
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φF = φ0 +OFj
∂φ

∂xj
I0 +O. (4.11)

The value of φ0 can be obtained by a linear interpolation and the gradient at the

same point, from an averaged between the values of ∂φ
∂xj
II and ∂φ

∂xj
Ij. Finally the

system to solve can be written as:

∂φ

∂xj
II =

1

V

∑
Neigh

{
αφI + (1− α)φj +

1

2
OFj

[ ∂φ
∂xj

II +
∂φ

∂xj
Ij

]}
AFnj. (4.12)

4.3 Time Discretization

The time discretization in FLUENT is achieved through a fractional step

scheme that can be associated the SIMPLEC method.

The solution algorithm consist a prediction-correction method. At first the mo-

mentum equation is solved using an explicit pressure gradient from the previ-

ous time step. With uni = puni being the momentum at time stepn the system to

solve at the first step of the method is:

Q∗i −Qn
i

∆t
+

∂

∂xj

(
u∗iQ

n
j − µ

∂u∗i
∂xj

)
= −∂P

n

∂xi
+ S∗. (4.13)

Where S includes all the source terms that can be made implicit or explicit, S =

Ani +Bn
i ui and ∆t is the time step. After this prediction step a new velocity field is

obtained (denoted by (*)) which is usually not divergence free. The second step

consists of calculating the pressure gradient in order to satisfy the continuity

equation. By taking the divergence of the momentum equation, the Poisson

equation for the pressure can be written as:

∂

∂xj

(
∆t
∂(P ∗∗ − P ∗)

∂xj

)
=
∂φ∗i
∂xj

. (4.14)

Finally, once the updated pressure (P ∗∗) has been obtained, the velocity field is

corrected. This is done by neglecting convection and diffusion variations:
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Q∗∗i −Q∗i = −∆t
∂

∂xi
(P ∗∗ − P ∗). (4.15)

The velocities and the pressure are updated, that is Qn+1 = Q∗∗ and P n+1 = P ∗∗

when a turbulence model is used, the resolution of the turbulence variables

takes place after the velocities are computed. The dependence of other variables

is fully explicit so that each equation is solved separately.

4.4 Boundary Conditions

For the resolution of discretized equations described previously, the boundary

conditions have to be prescribed for any variable φ.

4.4.1 Inlet

At the inlet a Dirichlet condition is prescribed for all transport variables (veloc-

ity, scalars, turbulent variables) so the values for φn+1
inlet and Qn+1

inlet are prescribed

by the user. A homogeneous Neumann condition (zero flux) is imposed on the

pressure. The convection term Qn
j njφ is calculated directly from the prescribed

values. For the diffusion terms, the boundary value is calculated as:

(
Γ
∂φ

∂xj
nj

)
inlet

= Γ
φn+1
inlet − φ∗I′
I ′Fjnj

. (4.16)

For the source terms, the recommended value φn+1
inlet is used as a boundary value.

The pressure gradient normal to the face is prescribed as zero although as ex-

trapolation from the previously obtained results is possible. The term
(
∆t∂δP

∂xj
nj
)

is set to zero in the Poisson equation and the term on the right hand side is cal-

culated as:

Q∗jnj = ρn+1
inletu

n+1
j(inlet)nj. (4.17)
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4.4.2 Outlet

For the outlet, a homogeneous Neumann condition is imposed on the velocity,

scalars and turbulent variables. For the pressure, a Dirichlet condition is used

on P n+1
outlet. The boundary values for the diffusion terms to zero, and for the source

terms a first order approximation is used to set φ = φI′. The Dirichlet condition

is also used in the Possion equation. In the momentum correction equation, the

boundary value for δP is set to zero.

4.4.3 Walls and Symmetries

For the walls and symmetry faces, a zero mass flux is imposed and both

Dirichlet and Neumann conditions can be applied to scalars. For the tangential

velocity, a homogeneous Dirichlet boundary condition is used at the wall

whereas at the symmetry faces is set to zero although it can also be computed

via an explicit extrapolation of the value at the boundary cell.

For convections terms, the boundary value of the flux is set to zero. For diffu-

sion terms when a Neumann condition is applied to the variable φ; the value

prescribed is used directly. If a Dirichlet condition is applied, the boundary

value is calculated in the same way as inlet.

If the variable has a Dirichlet boundary condition and a source term requiring

the gradient of the variable, the prescribed value is used as boundary value

φb = φ. If a Neumann condition is used, an extrapolated value from the bound-

ary cell is used with a first order approximation. For the velocity component

normal to the wall, the boundary value is set to ensure zero mass flow.

For the pressure gradient calculation, if the flux of the variable at the face is

prescribed, the boundary value is:

φb = φI′ + ΓF
∂φ

∂xj
njIb. (4.18)

To solve the Poisson equation, the values of ∆t∂δP
∂xj

nj and Q∗jnj for the momen-
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tum correction equation, the boundary value for δP is obtained from the cell

value from a first order approximation using the fact that ∆t∂δP
∂xj

nj = 0.

The value for the boundary conditions at the wall is prescribed for all velocities

and turbulent variables. The way this boundary condition is treated depends on

the turbulence model used. Many turbulence models have been designed under

a local equilibrium assumption and use the universal logarithmic law to bridge

the viscous sub layer, hence solving for the flow outside the buffer layer. To

prescribe the velocity at the wall, the total shear stress is required:

τω = ρu∗uk, (4.19)

With u∗ is the friction velocity and uk =

√
k/C

1/2
µ . In the code, the shear is

calculated by using the wall function approach. Defining the tangential velocity

at the wall as utgj = uj − uininj. The shear stress can be computed from:

uk = C−1/4µ k1/2, (4.20)

u∗ =

√
utgj u

tg
j

1
k
ln(y+) + C

. (4.21)

With k = 0.42 and C = 5.2.

For the turbulent variables, the boundary conditions are obtained from:

∂k

∂y
= 0, (4.22)

∂ε

∂y
=

uεk
ky2

. (4.23)

In the case of k− ε model and for the second moment closure the conditions are:

∂u′ju
′
j

∂xj
nj = 0, (4.24)
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u′1u
′
2 = u∗uk, (4.25)

u′1u
′
3 = u2u3 = 0, (4.26)

∂ε

∂y
=

uεk
ky2

. (4.27)

This in a local frame where x2 is normal to the wall.

Figure 4.1 exhibits a simplified description of the mesh distribution inside the

corrugated pipe. We observe that the areas close to the corrugation and near

the wall need finer meshes than the region close to the center of the pipe.
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(a) full pipe

(b) zoomed to 3λ

(c) inside the corrugation cavity

Figure 4.1: Mesh distribution (a) in the full pipe (b) zoomed to 3λ and (c) inside
the corrugation cavity
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Chapter 5

Results and Discussions

In this chapter, the results of the current study are presented and discussed.

Before the results are presented, the methodology, modelling and boundary con-

ditions are validated. Validation is carried out by using the following methods.

1. Checking the mass flow rate at the inlet and outlet,

2. Carrying out a grid independence study,

3. Comparing our results for an already existing geometry and available re-

sults.

5.1 Conservation of Mass

At the end of each computation, mass flow at the inlet and outlet planes are

computed and checked. Since for an incompressible flow mass is conserved, the

amount of mass of fluid going into the computational domain must be the same

as the mass of the fluid going out of the domain. A tolerance limit of 0.01% was

fixed for determining the convergence.

5.2 Grid Independence

Grid independence study is carried out to remove or decrease the impact of the

mesh size on the computational outcomes. Grid convergence is the term used to

describe the improvement of results by using successively smaller cell sizes for
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the calculations. A calculation should approach the correct answer as the mesh

becomes finer, hence the term grid independence. It is forever an acceptable

practice to adhere to this for all geometries, which is monotonous. The grid

independence for a particular geometry will be relevant just for that geometry.

In our case repeated computations were done for both coarse and fine grid sizes

and the grid size was found to have no effect or small effect on the results

varying less than 1%. Therefore, the fine grid size was chosen. In the grid size

a mesh size of 90 000 to 120 000 elements were computed but this did not have

any effect in the accuracy of the solutions. Table 5.1 shows grid sizes for each

geometry investigated in this paper.

Geometry Grid Elements Grid Nodes
λ/α = 1 110 730 110 798
λ/α = 11 97 618 101 181
λ/α = 19 91 265 95 627

Table 5.1: Grid sizes for each geometry

However Table 5.2, shows the results of computations carried out using various

grid sizes for the geometry with λ/α = 1 at Re 20 000 using k − ε model. As it

can be seen from Table 5.2, the skin friction factor for the geometry λ/α = 1 did

not vary significantly(less than 0.01%) for the grid sizes of 110 730 and 116 260

grid elements in the computational domain. Hence 110 730 grid elements were

chosen for further analysis for this geometry.

Grid Elements Grid Nodes Friction Factor
90 190 90 360 0.0725822
96 390 96 512 0.0712428

101 640 101 752 0.0701899
110 730 110 798 0.0700358
116 260 116 435 0.0700298

Table 5.2: Grid independence study for the geometry λ/α = 1 at Re 20 000 using
k − ε model
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5.3 Smooth Wall Validation

To authenticate turbulent flow simulation in pipes with smooth walls, a post

process is carried out at the end of every simulation. The fluid properties as-

sumed are density ρ = 1000kg/m3, dynamic viscosity, µ = 1× 103 and kinematic

viscosity υ = 1×10−6m2/s, and the Reynolds numbers 10 000, 12 500, 15 000, 17

500 and 20 000 are simulated using the two turbulence models (k− ε and k−ω).

Computations were carried out using ANSYS Fluent. The average velocity Vavg,

Reynolds number Re, and Darcy-Weisbach friction factor f are calculated as

follows:

Vavg =

∫ R

0

U12πr

πR2
dr, Re =

2RρVavg
µ

, f =
2D∆P

ρV 2
avgL

.

Where ∆P is the recommended pressure change between inlet and outlet, D is

the diameter of the pipe, and L is the length of the pipe segment incorporated

in the computational domain.

For each Reynolds number, we calculated friction factors for every geometry

plus the friction factor acquired from Blasius Correlation and the friction factor

acquired from the Moody diagram [4,34].

Correlation of Blasius: f = 0.316Re−0.25.

These are displayed in Figure 5.1 below. As may be observed from the plot

the computed values agree reasonably well with measured friction factor and

the agreement is better as the Reynolds number increases. This will be more

visible at Reynolds number of the order of 106 [4]. The k − ε turbulence model

appears to work better in the range of Reynolds numbers studied here. For

high Reynolds numbers, i.e, fully developed turbulence, the calculated values

nearly take after the measured value. Hence most of the results presented here

are computed using k − ε turbulence model.
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Figure 5.1: Computed friction factors for Smooth pipe

5.4 Results for Corrugated Wall

This section carries the numerical results obtained for the three geometric con-

figurations considered and the smooth pipe, and in addition appropriate tangi-

ble interpretations identified with the observed turbulent flow pattern.

5.4.1 Flow Pattern

5.4.1.1 Total Pressure Contours

Usually, works including turbulent flow past surfaces with discrete roughness

undertake, directly or not, to relate estimated changes in the flows parameters

with the flows physical pattern seen. Figures 5.2, 5.3 and 5.4 show total pres-

sure patterns throughout the cross section of the pipe. The figures show that

the pressure begins to be inconsistent past the cross section of the pipe, from

relatively high pressure to low pressure. Total pressure increases initially and

decreases as the flow settles down. Also, it can be observed from these figures

that the total pressure increases with λ/a for all Reynolds numbers studied

here.
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(a) λ/a = 1 and Re 10000

(b) λ/a = 11 and Re 10000

(c) λ/a = 19 and Re 10000

(d) Total Pressure Contour

Figure 5.2: Total Pressure Contour at Re 10000
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(a) λ/a = 1 and Re 15000

(b) λ/a = 11 and Re 15000

(c) λ/a = 19 and Re 15000

(d) Total Pressure Contour

Figure 5.3: Total pressure contour at Re 15000
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(a) λ/a = 1 and Re 20000

(b) λ/a = 11 and Re 20000

(c) λ/a = 19 and Re 20000

(d) Total Pressure Contour

Figure 5.4: Total pressure contour at Re 20000
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5.4.1.2 Velocity Fields

Flow fields are expressed by velocity vectors and contours. Figures 5.5 - 5.10

show the contours of crossstream velocity magnitude at the cross section of the

corrugated pipe. Figures 5.5 - 5.7 show the velocity contours and Figures 5.8

- 5.10 show the velocity vectors across all geometries. From the figures 5.5 -

5.7 it can be seen that there is a recirculation region inside the corrugation

(represented by blue colour) and the size of the recirculation reduces as λ/a is

increased. As λ/a increases the more fluid is able to flow into the corrugation

reducing the size of the recirculation region inside the groove.

Figures 5.8 - 5.10 show the velocity vectors inside the computational domain.

These figures show anti-clockwise vortex inside the groove. Initially symmetric

vortex becomes increasingly asymmetric as λ/a increases. Also, it can be seen

that the vortex, which is at the interface between the fluid in the groove and

fluid outside moves close to of the groove as λ/a increases as more fluid is able

to entrain into the groove. This happen in the range of Re studied here.
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(a) λ/a = 1 and Re 10000

(b) λ/a = 11 and Re 10000

(c) λ/a = 19 and Re 10000

(d) Velocity Contour

Figure 5.5: Velocity Contour at 10000
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(a) λ/a = 1 and Re 15000

(b) λ/a = 11 and Re 15000

(c) λ/a = 19 and Re 15000

(d) Velocity Contour

Figure 5.6: Velocity Contour at 15000
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(a) λ/a = 1 and Re 20000

(b) λ/a = 11 and Re 20000

(c) λ/a = 19 and Re 20000

(d) Velocity Contour

Figure 5.7: Velocity Contour at 20000
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(a) λ/a = 1 and Re 10000

(b) λ/a = 11 and Re 10000

(c) λ/a = 19 and Re 10000

(d) Velocity Vector

Figure 5.8: Velocity Vectors at Re 10000
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(a) λ/a = 1 and Re 15000

(b) λ/a = 11 and Re 15000

(c) λ/a = 19 and Re 15000

(d) Velocity Vector

Figure 5.9: Velocity Vectors at Re 15000
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(a) λ/a = 1 and Re 20000

(b) λ/a = 11 and Re 20000

(c) λ/a = 19 and Re 20000

(d) Velocity Vector

Figure 5.10: Velocity Vectors at Re 20000
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Figures 5.11, 5.12 and 5.13 show the common flow patterns of the enclosed vor-

tex within the corrugation groove seen in the current work. It can be observed,

through Figures 5.11, 5.12 and 5.13 that the vortex within the corrugation is

significantly affected by the wavy surface. Note that, where the wavy surface is

reduced, the eclosed vortex is steady, and completely fills the corrugation, and

the interface region between the corrugation and the external flow indicate pre-

dominantly axial velocity components. As the wavy surface increases by adjust-

ing the wavelength the vortex center slightly migrates toward the downstream

boundary of the corrugation and is compressed, and as a result it looses sym-

metry as shown by the Figures 5.11a, 5.12a and 5.13a. The current results are

consistent with previous numerical results [35–38], where writers have demon-

strated that the higher the corrugation wavelength, the earlier the vortex con-

struction in the corrugation region, that the vortex at first structures on the

upstream part of the corrugation region, and that as the surface waviness in-

creases, the vortex center slightly dislocates toward downstream boundary of

the corrugation region.
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(a) λ/a = 1 and Re 10000

(b) λ/a = 11 and Re 10000

(c) λ/a = 19 and Re 10000

Figure 5.11: Velocity vectors inside the corrugation at Re 10000
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(a) λ/a = 1 and Re 15000

(b) λ/a = 11 and Re 15000

(c) λ/a = 19 and Re 15000

Figure 5.12: Velocity vectors inside the corrugation at Re 15000
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(a) λ/a = 1 and Re 20000

(b) λ/a = 11 and Re 20000

(c) λ/a = 19 and Re 20000

Figure 5.13: Velocity vectors inside the corrugation at Re 20000
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5.4.2 Friction Factor

(a) Using k − ε

(b) Using k − ω

Figure 5.14: Numerical friction factor acquired for every geometric configura-
tions and Reynolds numbers projected with smooth pipe.

Figure 5.14 shows the pressure drop on the corrugated pipe obtained in the

present work calculated in terms of average friction factor. Figure 5.14 shows

the variation of friction factor with Reynolds number at different λ/a = 1, 11, 19

and Reynolds numbers 10000, 12500, 15000, 17500 and 20000. Figure 5.14a shows

the numerical friction factor acquired for all the three geometric configurations

and the smooth pipe is plotted as well using k− ε model and Figure 5.14b shows

the numerical friction factor acquired for all the three geometric configurations
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and the smooth pipe using k − ω model. Because the simulated Reynolds

numbers range is in some way insufficient (10000 − 20000), a logarithmic scale

would not be helpful, and differences can be all the more plainly found in a

standard conventional scale as demonstrated.

From Figure 5.14, we can see that, large surface waviness demonstrates high

frictional loss at a similar Reynolds number. In other words, for a given

Reynolds number, the friction factor increases through λ/a = 19 to 1, signfying

that the friction factor decreases as the wavelength increases. Also, from

Figure 5.14, it can be observed that for a given Reynolds number the friction

factor decrease with increase of λ/a. At the point when the Reynolds number

increases, the momentum transfer between the corrugation and the external

flow is likewise increased, and this impact is increased when the interface

expands. Hence, it could be anticipated that deviations would have a tendency

to be greater both for higher Reynolds numbers and for higher corrugation

lengths [29, 30]. Consider that, for Reynolds numbers more than 20000, the

numerical results acquired show great concurrence with experimental data

of Moody’s diagram and Nikuradse’s diagram [3, 4]. However significant

deviations are observed in this range of Reynolds numbers in any case Morales

et al. [29], announced some possible errors in this low range, as a result of an

equipment limiting range for low mass flow rate.

Again, numerical results for corrugated pipes in comparison to the Blasius

smooth pipe correlation demonstrates that the friction factor increases com-

pared to smooth pipes. This increment is more notable for higher Reynolds

numbers. Actually, numerical results tend to the smooth pipe correlation for

low Reynolds numbers, which is in agreement with one of the typical conclu-

sions of Moody’s [4] work, who established that for low Reynolds numbers the

friction factor is fundamentally a function of the Reynolds number only.
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Figure 5.15: Computed friction factors for Smooth pipe

Figure 5.16: Computed friction factors for Smooth pipe

The difference of friction factor with Reynolds number allows to form a correla-

tion between friction factor, Reynolds number and geometric parameter (λ/a).

The projected correlation is in the form:

f =
C

Ren
. (5.1)

Exponent (n) and correlation constant (C) are computed from the slope and

intersection of the curves of Figure 5.14a respectively at various geometric pa-

rameter (λ/a). The values of ‘n’ and ‘C ’ are then plotted against λ/a as shown in

Figure 5.15 and 5.16 respectively. The equation of best-fit curves of Figure 5.15
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and 5.16 follows two polynomials of order 2. These are:

n = 0.0009(λ/a)2 − 0.0133(λ/a) + 0.3375, (5.2)

C = 0.0099(λ/a)2 − 0.215(λ/a) + 1.9351. (5.3)

The equations are valid for 1.0 ≤ λ/a ≤ 20.0, 10000 ≤ Re ≤ 20000 and show great

agreement with computed data inside ±3% accuracy.

5.5 Performance of Turbulence Models

As stated in the earlier chapters, the computation have been carried out using

two turbulence models, namely, k − ε and k − ω turbulence models. These

turbulence models have been described in chapter 3.

Figure 5.17: Computed friction factor for corrugated pipe using k − ε and k − ω
turbulence models

From these studies, it can be seen that there is no significant difference in the

performance of the two turbulence models as shown by Figure 5.17 and Table

5.3
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Re λ/a = 1 λ/a = 11 λ/a = 19
10 000 0.0877 0.0507 0.0365
12 500 0.0806 0.0472 0.0335
15 000 0.0760 0.0446 0.0311
17 500 0.0726 0.0427 0.0292
20 000 0.0700 0.0413 0.0277

(a) k − ε turbulence model

Re λ/a = 1 λ/a = 11 λ/a = 19
10 000 0.0612 0.0476 0.0362
12 500 0.0579 0.0458 0.0344
15 000 0.0551 0.0441 0.0326
17 500 0.0531 0.0425 0.0311
20 000 0.0519 0.0410 0.0297

(b) k − ω turbulence model

Table 5.3: Friction factor with k − ε and k − ω turbulence models
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Chapter 6

Conclusion

6.1 Conclusion

Turbulent flow through corrugated pipes has been studied using numerical fluid

mechanics. Smooth pipe results have been confirmed with existing available re-

sults to validate our methodology. k − ε and k − ω turbulence models have been

used to compute the turbulent flow inside the pipes. The results acquired from

the k− ε turbulence model were nearer to the experimental calculations. Hence

the k − ε turbulence model was preferred for the simulation of fully developed

turbulent flow in longitudinally corrugated pipes. Flow detachment is experi-

enced as fluid moves downstream into diverging portions of the corrugation and

reattaching on the converging portion of the corrugation. A vortex is observed

inside the corrugation which is influenced extensively by the surface waviness.

Where the surface waviness is small, the confined vortex is stable and com-

pletely fills the corrugation while increasing the surface waviness the vortex

center slightly migrates toward the downstream boundary of the corrugation

and is squeezed, and as a result it loses it symmetry. The vortex observed inside

the groove is anticlockwise in nature.

Present computational studies have shown that, for this specific geometry, for a

given Reynolds number the friction factor decreases with increase of the wave-

length. A correlation is proposed for computing friction factor as a function of

corrugation surface waviness and Reynolds number.
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The performance of two two-equation turbulence models, namely k− ε and k−ω

turbulence models were assessed. They have been proven on smooth and cor-

rugated pipe flows. The pipe flow simulations have proved that the two models

perform equally well.

6.2 Recommendations For Further Studies

In this thesis a longitudinally sinusoidal corrugated pipe was studied using k−ε

and k − ω turbulence models over a range of 10 000 - 20 000 Reynolds number.

Future research may include other geometries like a transversely sinusoidal

corrugated pipe. A wider range of Reynolds number beyond what the current

studies used can be considered.
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