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Summary

A series of computational fluid dynamics (CFD) simulations and experiments were

performed to study the flow in bends and junctions, to determine whether the CFD

simulations could yield accurate pressure loss data for input into a one-dimensional en-

gine simulation code. The experiments were carried out on a steady flow rig, and three

bends with varying degrees of curvature, a T-junction, and a Y-junction were tested.

The experiments covered Reynolds numbers from approximately 19800 to 126200, and

the pressure loss data was presented in two forms: equivalent length, le/d, and loss

coefficients. The loss coefficient data showed a good correlation with reliable published

data, but was prone to scatter, as has been reported in the literature. However, the le/d

analysis produced consistent data, which showed clear trends. An empirical equation

has been developed to calculate the pressure drop due to the separation of the flow in

an elbow bend. The addition of this equation to an existing equation, used to calculate

the pressure drop due to friction, gives the total pressure drop in an elbow bend.

The experimental pressure measurements were used to provide boundary conditions for

the CFD simulations. The k− ε, realizable k− ε, k−ω and Reynolds stress turbulence

models were studied. The simulations predicted accurate pressure loss data for the

bends with a moderate radius of curvature, where no flow separation occurred, and

the combining flow configurations of the junctions, where favourable pressure gradi-

ents were present. However, for the bend with the tightest radius of curvature and for

the dividing flow junction configurations, flow separation and strong adverse pressure

gradients conspired to have a detrimental effect on the accuracy of the predicted pres-

sure losses. The Reynolds stress turbulence model (RSM) yielded the most accurate

correlation with the experimental pressure loss data.



Acknowledgements

I would firstly like to express my sincerest gratitude to my academic supervisors,

Dr. G. Cunningham and Dr. R.G. Kenny. Without your guidance, support and en-

couragement this work would never have come into fruition. A special thanks also goes

to Prof. P.L. Spedding for taking such a keen interest in the project, whilst providing

valuable insight into various aspects of the work. I am also grateful for the funding

provided by the Department of Education for Northern Ireland (DENI) and Optimum

Power Technologies (OPT).

To Dr. S. Spence who helped me with the experimental rig and data acquisition and

other aspects of my work.

I would like to thank the workshop staff headed by Mr. R. Finney, for all their help and

assistance. A special mention has to go to Mr. W. Mckeown who welded the rig and

provided me with lots of laughs and friendship and to Mr. S. Dillon who manufactured

the bend and junction geometries.

I would also like to thank my fellow researchers for all the good times; in particu-

lar Dr. S. Davey, Mr. J. Jameson, Dr. J. O’Neil, Dr. B. Maynes, Dr. A. Stewart,

Dr. R. Gault, Dr. B. Fleck, Miss S. Brennan, Miss R. Gibson, Dr. E. Abu-Khiran, and

Mr. H. Li. I apologise in advance for missing anyone out!

Also a special mention goes to Dr. L. Caldwell and Dr. T. Currie who helped and

encouraged me in many ways and made my research time very enjoyable. You are true

friends.

I wish to express my deepest appreciation to my mum and dad for their sacrifices, love

and encouragement over the years.



4

This work would never have been completed without the unwavering love and support

of my Husband Brad, who selflessly helped me accomplish my goal. Finally, and most

importantly, my daughters Nadia and Yasmin, without you this work would have been

completed much sooner, but would not mean so much, you truly are an inspiration and

this work is dedicated to you.



Contents

1 Introduction 1

1.1 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Synopsis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Literature Review 6

2.1 Pipe Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Frictional Effects - Smooth Wall . . . . . . . . . . . . . . . . . . 9

2.1.2 Frictional Effects - Rough Wall . . . . . . . . . . . . . . . . . . 10

2.2 Flow in Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Curved pipes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.2 Elbow bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Junction Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Experimental Apparatus and Methodology 31

3.1 Vacuum Supply and Pumping System . . . . . . . . . . . . . . . . . . . 32

3.2 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 Data Acquisition Hardware . . . . . . . . . . . . . . . . . . . . 32

i



Contents ii

3.2.2 Pressure Multiplexor . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.3 Data Acquisition Software . . . . . . . . . . . . . . . . . . . . . 34

3.3 Measurement Sensors and Calibration . . . . . . . . . . . . . . . . . . . 35

3.3.1 Temperature Measurement . . . . . . . . . . . . . . . . . . . . . 35

3.3.2 Pressure Measurement . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.3 Differential Pressure Measurement . . . . . . . . . . . . . . . . . 36

3.3.4 Mass Flow Rate Measurement using a Differential Pressure Device 37

3.3.5 Mass Flow Rate Measurement using a Hot Film Flow Meter . . 38

3.4 Experimental Geometries . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.1 Straight Pipes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.2 Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4.3 Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5.1 Bend Configurations . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5.2 Junction Configurations . . . . . . . . . . . . . . . . . . . . . . 49

3.6 Pre-test Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7 Preliminary Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.8 Measurement Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 Computational Methodology 56

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 Governing Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57



Contents iii

4.4 Turbulence Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.5 Solver Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.6 Mesh Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.6.1 Bend Meshes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.6.2 Junction Meshes . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Data Analysis Techniques 63

5.1 Equivalent Length Analysis . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1.1 Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1.2 Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Loss Coefficient Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2.1 Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2.2 Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6 Experimental Results and Discussion 72

6.1 Roughness determination . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.2 Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2.1 R/d = 0.65 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2.2 R/d = 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.2.3 R/d = 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.3 T-junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3.1 Symmetrical Combining Flow . . . . . . . . . . . . . . . . . . . 95

6.3.2 Branch Combining Flow . . . . . . . . . . . . . . . . . . . . . . 101

6.3.3 Symmetrical Dividing Flow . . . . . . . . . . . . . . . . . . . . 108



Contents iv

6.3.4 Branch Dividing Flow . . . . . . . . . . . . . . . . . . . . . . . 115

6.4 Y-junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.4.1 Symmetrical Combining Flow . . . . . . . . . . . . . . . . . . . 122

6.4.2 Branch Combining Flow . . . . . . . . . . . . . . . . . . . . . . 127

6.4.3 Symmetrical Dividing Flow . . . . . . . . . . . . . . . . . . . . 132

6.4.4 Branch Dividing Flow . . . . . . . . . . . . . . . . . . . . . . . 137

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7 Computational Results and Discussion 147

7.1 Bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

7.1.1 Pressure Loss Results . . . . . . . . . . . . . . . . . . . . . . . . 148

7.1.2 Flow Field Results . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.2 T-junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

7.2.1 Symmetrical Combining Flow . . . . . . . . . . . . . . . . . . . 178

7.2.2 Branch Combining Flow . . . . . . . . . . . . . . . . . . . . . . 188

7.2.3 Symmetrical Dividing Flow . . . . . . . . . . . . . . . . . . . . 197

7.2.4 Branch Dividing Flow . . . . . . . . . . . . . . . . . . . . . . . 206

7.3 Y-junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

7.3.1 Symmetrical Combining Flow . . . . . . . . . . . . . . . . . . . 215

7.3.2 Branch Combining Flow . . . . . . . . . . . . . . . . . . . . . . 224

7.3.3 Symmetrical Dividing Flow . . . . . . . . . . . . . . . . . . . . 233

7.3.4 Branch Dividing Flow . . . . . . . . . . . . . . . . . . . . . . . 242

7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251



Contents v

8 Conclusions 255

8.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

References 260

A Uncertainty of Mass Flow Rate Calculation 267



Nomenclature

B Empirical roughness constant

∆B Roughness characterisation function, 1
κ

ln(1 + 0.3k+
s )

Cp Pressure recovery coefficient

d Pipe diameter

De Dean number

f Fanning friction factor, 2τw

ρU2

g Gravity

h Head loss

k Roughness height, turbulence kinetic energy

k+
s Non-dimensional measure of sand grain roughness, uτ ks

ν

K Loss coefficient

le Equivalent length

L Pipe length

p Static pressure

P Total pressure

Q Mass flow rate

r Pipe radius

ŕ Radius of curvature at the joining edge

R Radius of curvature

R+ ruτ

ν

Re Reynolds number

u Velocity

uτ Frictional velocity,
√

τw

ρ

u+ Non-dimensional velocity

U Mean velocity

vi



Nomenclature vii

y Normal distance from wall

y+ Non-dimensional measure of wall normal distance, yuτ

ν

Greek Symbols

α Numerical factor

ε Turbulence dissipation rate

θ Deflection angle

κ Von Karman constant

λ Darcy friction factor, 4× f

µ Dynamic viscosity

ν Kinematic viscosity

ρ Density

τw Wall shear stress

ω Specific dissipation rate, ε
k

Subscripts

B Bend

BE Bend equivalent straight pipe length

Ber Bernoulli

BT Bend total

c Curved bend

d Based on pipe diameter

E Equivalent straight pipe length of junction

J Junction

JT Junction total

s Straight pipe

T Total

1 Leg carrying through flow

2 Leg carrying branch flow

3 Leg carrying total flow
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Chapter 1

Introduction

The simulation of an engine manifold or exhaust system can be simplified to a one-

dimensional study of unsteady gas flow through a series of interconnected pipes and

volumes. One-dimensional simulation codes require accurate pressure loss input data

for each of the components in the system. Experimental pressure loss data and empiri-

cal relationships are available in the literature for many common components. However,

the pressure loss data is commonly presented in loss coefficient form, which tends to

be inconsistent and sensitive to small changes in pressure. Furthermore, there is a lack

of data for many components, and time and financial constraints make it unrealistic

to characterise all the configurations experimentally. Therefore, attention has turned

to the use of Computational Fluid Dynamics (CFD), to simulate the flow through var-

ious systems, and to predict the associated pressure losses. If the CFD method were

validated with experimental data, the analysis of a given component would be faster

and cheaper than is possible experimentally. The aim of this report is to examine the

ability of CFD to predict the pressure losses at bends, T-junctions, and Y-junctions.

Losses in pipe flow result in a drop in total pressure. In straight pipes, this pressure

drop is predominantly due to frictional effects, while in bends and junctions the pressure

drop is due to a combination of frictional effects and separation of the flow. Existing

empirical relationships hold for the region where the pressure loss is due to frictional

effects. However, when the pressure loss is, at least in part, due to separation of the

flow, the accuracy of empirical relationships diminishes. Much work has been published

on pressure losses in bends, such as that of Miller [1] and ESDU, but the majority of

1
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the work has concentrated on the 180◦ U-bend [2–9], and much less attention has been

given to the more widely used 90◦ elbow bend. Significant scatter is present in the

existing pressure loss data, for various reasons, including: manufacturing variations,

which affect the surface finish and assembly of the components, inadequate development

lengths upstream and downstream of the geometry [10, 11], and differences in the data

acquisition and data analysis methods. Little work has been published on bends with

low R/d values, which is partly due to the difficulties that are encountered when

manufacturing a bend with a small radius of curvature. Also, there are relatively few

papers describing the use of CFD to simulate pressure losses in circular cross section

bends; most deal with the analysis of velocity profiles or loss coefficients in square cross

section ducts. In the present study, CNC machining was used to produce a series of

bends with a circular cross section, a smooth internal surface finish, and R/d values as

low as 0.65.

For T-junction geometries there is also significant scatter in the published pressure loss

data [12, 13]. There is a marked effect of edge sharpness on the pressure loss [14],

and errors are also introduced by the necessity to measure flow rates in two legs.

Little work has been published with regard to 60◦ Y-junctions, with the exception of

the performance charts by Miller [1]. Unfortunately, Miller only presented data for

the symmetrical dividing flow configuration, and also did not state the radius of the

joining edges.

The present study is restricted to the steady flow of a single phase fluid, namely air,

over a Reynolds number range of approx 19800 to 126200. The following geometries

were investigated:

1. Bends with R/d values of 10, 2.5, and 0.65

2. A 90◦ T-junction

3. A 60◦ Y-junction

All the geometries had a circular cross section, and the junctions had sharp edges.

Pressure loss data for the R/d = 0.65 bend, over this Reynolds number range, and

for the 60◦ Y-junction is lacking. Existing work for bends and junctions presents

loss coefficients, this work will present detailed pressure data around the bends and

junctions, as well as upstream and downstream values.
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The commercial CFD code Fluent 6TM was also used to investigate the above experi-

mental configurations. The Reynolds Averaged Navier Stokes (RANS) equations were

solved in conjunction with various turbulence models: the standard k − ε model [15],

the realizable k− ε model [16], the standard k− ω model [17] and the Reynolds stress

model (RSM) [18]. To reduce the computational effort, advantage was taken of the

natural symmetry of the geometries; a symmetry boundary condition was imposed

along the centreline of the model, and only half of the geometry was modelled. Also,

rather than resolving the flow right to the wall, non-equilibrium wall functions were

used in the near-wall region. The predicted pressure loss data was then compared to

the experimental data in the upstream and downstream regions as well as around the

bend/junction.

1.1 Aims and Objectives

The aim of this project is to simulate the flow through a series of pipe discontinuities, as

typified in an engine’s inlet and exhaust system, and to determine if CFD can predict

accurate pressure losses that would be of benefit to an existing one-dimensional engine

simulation code.

In order to achieve this, an experimental program was undertaken to obtain accurate

data that could be used both to provide boundary conditions for the CFD simulations,

and to validate the CFD results. The following objectives must be satisfied, so that a

successful outcome can be achieved:

1. Design a series of experiments to study the pressure losses in three bends with

various R/d values, a T-junction, and a Y-junction.

2. Perform experiments at various Reynolds numbers, to obtain accurate pressure

data for the three geometries.

3. Corroborate experimental data with existing data from the literature.

4. Perform a series of CFD simulations, using the experimental data to specify the

boundary conditions, and compare the CFD results to the experimental data.

5. Investigate the performance of the turbulence models for each flow configuration.
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1.2 Synopsis

The thesis is laid out as follows;

• Chapter 2 - Literature Review

The literature review covers the main geometries of interest; straight pipes, bends,

T-junctions and Y-junctions. For straight pipe flow, the classical equations are

considered along with the correlations used to account for the effects of surface

roughness. For the bends, topics such as secondary flow, frictional effects, and

flow disturbances are highlighted. Finally, for the junctions, existing empirical

relationships and inconsistencies in the loss coefficient data are discussed.

• Chapter 3 - Experimental Apparatus and Methodology

This chapter outlines the experimental apparatus, including the steady flow rig,

the data acquisition system, the flow measurement devices, and the test geome-

tries. Details of the experimental methodology, preliminary tests and subsequent

design changes are also included.

• Chapter 4 - Computational Methodology

In this chapter the CFD method used to simulate the flow is described. The

turbulence models, boundary conditions, solver settings and meshes used in the

simulations are highlighted.

• Chapter 5 - Data Analysis Techniques

The methods used to calculate the pressure losses in equivalent length (le/d) and

loss coefficient (K) form are presented, firstly for the bends and then for the

junctions.

• Chapter 6 - Experimental Results and discussion

The experimental results are presented firstly for the bends, and then for the

T-junction and Y-junction. For each geometry, the results are presented in terms

of equivalent length and loss coefficient. The chapter concludes with a summary

of the most important results for each geometry.
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• Chapter 7 - Computational Results and Discussion

For each geometry in turn, the pressure data of the upstream and downstream

legs are presented for all the turbulence models. Next, for the RSM and k − ε

turbulence models, the pressure loss is presented in terms of le/d, and the flow

field results are studied. The chapter concludes with a summary of the most

important results.

• Chapter 8 - Conclusions

Here, the main conclusions from the study are presented, as well as possible areas

for future work.



Chapter 2

Literature Review

Initially, the classical equations for straight pipe flow are presented, including the

correlations used to account for the effects of surface roughness. Next the flow through

bends is considered, for both curved pipes and elbow bends. Curved pipes are defined

as having a high R/d ratio, where R is the pipe centreline radius of curvature and d

is the diameter of the pipe. Elbow bends have R/d ratios lower than 5. In curved

pipes the pressure losses are mainly due to friction, whilst flow separation makes a

significant contribution to the pressure losses in elbow bends. Finally, the flow in T-

and Y-junctions is reviewed.

6
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2.1 Pipe Flow

Fluid flow through a long pipe of constant diameter is a classical problem, dating back

to the work of Hagen (1839) and Poiseuille (1840). Turbulent flow occurs in pipes when

the Reynolds number exceeds a critical value of approximately Red,crit = 2300. The

Reynolds number represents the ratio of inertial forces to viscous forces, and is given

by,

Red =
ρUd

µ
(2.1)

Note that, unless otherwise stated, the Reynolds number is based on the pipe diameter,

i.e. Re = Red. The turbulence structure within pipe flow is bounded and influenced

by the solid walls. This wall turbulence is affected by a smooth surface through the

action of viscous stresses and by a rough surface through the action of forces resulting

from the flow around the roughness elements.

If a nearly uniform velocity profile enters the pipe, as the fluid travels further down-

stream, a viscous boundary layer grows, retarding the axial flow at the wall and in

so doing, accelerates the centre core flow. At a finite distance from the entrance, the

boundary layers merge and the core disappears. When the flow no longer changes

with increasing distance downstream, it is fully developed. The entrance length, lent,

in which fully developed turbulent flow is achieved, is given by White [19],

lent = 4.4Re
1
6
d d (2.2)

The analysis of fully developed turbulent flow is simplified by a formula called the

law-of-the-wall, which correlates the mean velocity profile over the complete range of

Reynolds number using Nikuradse’s data. Both axial velocity, U , and distance from

the wall, y, are non-dimensionalised by viscosity, density and wall shear stress, giving,

u+ =
U

uτ

, uτ =

√
τw

ρ
, y+ =

ρuτy

µ
(2.3)

Where y is the normal distance from the wall. Consider the law of the wall for turbulent

flow, as shown in Figure 2.1.

The velocity data for a smooth wall with moderate or negligible pressure gradient forms

a distinctive curve u+(y+). Very close to the wall (y+ < 5) the flow is dominated by
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Figure 2.1: Law of the wall for turbulent flow past a smooth surface [20].

viscous shear, in a region often called the viscous (or laminar) sub-layer. In this region

it is found that,

u+ = y+ (2.4)

In the 1930s, Prandtl and von Karman developed a correlation for this region; the data

is well approximated by a logarithmic law,

u+ =
1

κ
ln(y+) + 5.0 (2.5)

where κ = 0.41 is von Karman’s constant and is insensitive to wall or external flow

conditions.

More recently, Zagarola and Smits [21] conducted an experimental investigation to

determine the scaling of the mean velocity profile for fully developed, smooth pipe

flow. They presented velocity profiles which indicated two regions; one which scales

as a power law (Equation 2.6), where viscosity is important, and one which scales as

a logarithmic law (Equation 2.7), which is only evident when the Reynolds number

exceeds approximately 3× 105,

u+ = 8.70(y+)0.137 50 < y+ < 500 (2.6)

u+ =
1

0.436
ln(y+) + 6.13 500 < y+ < 0.1R+ (2.7)

Where R+ = Ruτ/ν. Equations (2.6) and (2.7) are used in this work to calculate the

inlet boundary conditions for the CFD simulations (see Section 4.3).



Chapter 2. Literature Review 9

When the flow is fully developed, the pressure loss due to friction in a length of pipe

is given by,

∆p =
4fL

d

ρU2

2
(2.8)

The friction factor, f , is dependant on the Reynolds number, cross sectional shape,

and relative roughness of the surface. In this work only pipes with a circular cross

section are considered. Unless otherwise stated the pressure measurements in the cited

literature have been recorded using manometers.

2.1.1 Frictional Effects - Smooth Wall

If the height of the roughness elements on a pipe wall is less than the thickness of the

viscous or laminar sub-layer, the pipe is hydraulically smooth. The friction factor is

used to determine the pressure loss due to friction in pipes. Two definitions of the

friction factor are widely used; the Fanning friction factor, f , defined as,

f =
2τw

ρU2
(2.9)

and the Darcy friction factor, λ, defined as,

λ = 4f =
8τw

ρU2
(2.10)

In smooth wall turbulent flow the friction factor is a function of Reynolds number;

in fully rough wall turbulent flow, it is a function of relative pipe roughness. In 1911

Blausis [22] proposed an explicit relationship for the friction factor based on fully

developed turbulent flow,

f = 0.079Re−0.25
d (2.11)

This equation correlates smooth wall pressure loss data up to Reynolds numbers of

approximately 105. In 1935 Prandtl (Ward-Smith [23]) analysed the results of many

measurements of the pressure drop in smooth pipes and correlated the results in an

equation known as Prandtl’s universal friction law,

f−0.5 = 4 log
(
Ref 0.5

)
− 0.4 (2.12)
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This relationship has been verified as the best correlation of data over the entire

Reynolds number range (Ward-Smith [23]). However, as this equation is implicit in

friction factor, it is sometimes inconvenient for engineering applications. Other explicit

relationships for f have been proposed, such as the Modified 1/9th power law:

f = 0.046Re−0.2 (2.13)

and Panhandle:

f = 0.02118Re−0.1461 (2.14)

Ouyang et al. [24] calculated the friction factors based on several correlations and

compared the values obtained to those calculated from Prandtl’s universal friction law.

They concluded that Blausis equation should be used for Re = 2000−105, the modified

1/9th power law for Re = 104 − 106, and the Panhandle equation for Re = 106 − 108,

as these equations give the best approximation to Prandtl’s universal friction law.

2.1.2 Frictional Effects - Rough Wall

It was not known until experiments by Coulumb in 1800 that surface roughness has an

effect on frictional resistance. If most of the roughness elements on the pipe wall are

protruding through the viscous sub-layer, the pipe wall is fully rough.

In 1933 Prandtl’s student Nikuradse (Ouyang et al. [24]) experimented on pipes artifi-

cially roughened internally by a uniform layer of sand. He found that such pipes were

impossible to differentiate from perfectly smooth ones, if the pressure gradient was less

than that given by,

ρuτk

µ
= 5 (2.15)

With much greater pressure gradients, Nikuradse found that fully rough conditions

developed if,

ρuτk

µ
> 60 (2.16)

Between these values, the flow is in a transitional state in which both viscosity and

grain size affect the frictional resistance.



Chapter 2. Literature Review 11

In 1937, Colebrook and White [25] experimented on pipes with non-uniform types of

roughness. They found that the transition region was indeed within the range proposed

by Nikuradse. In 1939, Colebrook [26] proposed a correlation, to cover the transitionally

rough range. He combined the smooth and fully rough relationships into the following

formula, known as the Colebrook-White equation,

f−0.5 = −4 log

(
k

3.7d
+

1.255

f 0.5Re

)
(2.17)

This universally accepted correlation was plotted in 1944 by Moody [27] into a chart.

This Moody chart for pipe friction is the most widely used figure in fluid mechanics

and is accurate to ±15% for design calculations over a range of Reynolds numbers from

103 to 108. The Colebrook-White equation is implicit in friction factor and therefore

requires an iterative solution. Several explicit equations for computing the friction fac-

tor for rough pipes have been proposed, these include those by Moody [28], Wood [29],

Jain [30], Churchill [31], Chen [32] and most recently Haaland [33]. Ouyang et al.

compared each of these equations to the Colebrook-White equation and concluded

that those proposed by Chen and Haaland provided “An adequate correlation for the

friction factor in rough pipes”.

More recently, Patel [34] compared the Darcy friction factor obtained using CFD to

that obtained using empirical relationships, for smooth walled, external flows. He

found that a certain two-layer model, namely the Launder model, predicted the flow

more accurately than other two-layer models. Patel also compared results from rough

walled, external flows. He compared the roughness characterisation function, ∆B,

obtained experimentally and described by,

u+ =
1

κ
ln y+ + B −∆B ∆B =

1

κ
ln(1 + 0.3k+

s ) (2.18)

to CFD results. He found that for external flows the results obtained were within

a 5% error of the experimental data. However, the accuracy of the results obtained

depended on the turbulence model used, as each turbulence model used a different

value of the Karman constant, κ (values range from 0.4 - 0.435). Patel commented

that some common consensus on the value of the constants used in turbulence models

should be decided.
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2.2 Flow in Bends

Bends are typically characterised by the ratio R/d, the radius of curvature divided by

the diameter of the pipe. Bends with R/d ratios above 5 are termed as curved pipes,

whilst those with R/d < 5 are referred to as elbow bends (or elbows). The two are

obviously interlinked but normally the former is fully developed and excludes upstream

and downstream tangent effects while the latter may not reach the stability of fully

developed flow before encountering the elbow bend and the effects of the upstream and

downstream tangents are significant.

2.2.1 Curved pipes

The flow in curved pipes differs from that in a straight pipe principally through ex-

hibiting secondary flow in planes normal to the main flow. Considering Figure 2.2, if

fluid flowing in a straight pipe with a constant cross section encounters a change in

direction, the fluid near the centre of the pipe, having the highest velocity, is subjected

to a larger centripetal acceleration than the slower moving fluid close to the walls of

the pipe. This gives rise to the superposition on the primary axial flow of a transverse

motion known as secondary flow, in which the fluid in the central region of the pipe

moves away from the centre of curvature and the fluid near the pipe walls flows towards

the centre of curvature.

The first explanation of the production of secondary flow is generally attributed to

Thomson (1876). Dean [35–37] produced approximate theoretical solutions for lam-

inar fully developed flow in curved pipes. He showed that the presence of a steady

secondary flow caused an increase in the frictional resistance over that in a straight

pipe. Additional secondary vortices occur above some explicit Dean number, De,

De = Re
( r

R

)0.5

(2.19)

In 1951 Hawthorne [4] undertook a theoretical analysis of the secondary flow for the

important practical case of flow in a 90◦ bend and postulated that the secondary flow

may become oscillatory at sharp bend angles. These theoretical results are found to

be adequate for pipes with gentle bends, but in the majority of applications, the ratio
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Figure 2.2: Secondary flow patterns in the pipe cross-section downstream of a bend.

R/d is less than 10, and flow separation occurs on the inner wall. This makes accurate

analysis difficult, although the trends predicted by the theories still broadly apply.

In addition to the theoretical analyses, detailed experimental investigations have been

made into the flow in curved pipes. Eustice’s [2, 38] early experiments were performed

using water and glass tubes, and they incorporated the laminar flow regime. Eustice

visualised the flow by injecting dyes into the water and photographing the streamlines.

In 1929 White [39] undertook an experimental investigation of laminar flow in circular

curved pipes. He commented that Eustice’s experiments were open to criticism as the

pipes used were oval and there was no provision for a uniform state of flow to become

established. White [39] produced a reliable equation to calculate the head loss per

length of pipe, h,

h = 2f
L

d

U2

g
(2.20)

Review papers by Ito [40], and more recently, Spedding et al. [41] present a detailed

survey of the published work on curved bends in the laminar, transitional and turbulent

flow regimes. This work is concerned only with turbulent flow; no further discussion

of the laminar flow is required.

Taylor [42] experimented on curved pipes with turbulent flow and established that the
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secondary flow was a steady helical swirling motion that stabilised the axial flow such

that the critical velocity, where the flow becomes turbulent, is considerably higher in

curved pipes than the value applicable to straight pipes. This is in agreement with

other authors such as White [39], Keulegan and Beij [43], and Singh [44].

Ito [45] performed experiments on fully developed turbulent flow in a series of curved

pipes, each with a different radius of curvature, R. His experiments were conducted

using water and drawn copper pipes. He produced the following semi-empirical formula

to calculate the frictional resistance in smooth curved pipes, which is within ±1% of

experimental data, λc,

λc

(
R

r

)0.5

= 0.029+0.304

[
Re

( r

R

)2
]−0.25

0.034 < Re
( r

R

)2

< 300 (2.21)

Ito showed that λc could be expressed in terms of λs, Blausis’ equation for the friction

factor of a straight smooth pipe, as follows,

λc

λs

=

[
Re

( r

R

)2
]0.05

λs = 0.316Re−0.25 Re
( r

R

)2

> 6 (2.22)

However, expressing the friction factor for a curved pipe in this form gives a wider

spread of errors. Ito established that below values of Re
(

r
R

)2
= 0.034, the friction

factor of a curved pipe practically coincides with that of a straight pipe.

White [46] proposed the following equation to calculate the friction factor in curved

pipes.

fc = fs + 0.01
( r

R

)0.5

(2.23)

This equation over-predicted the pressure loss as it was derived from data on non-

smooth pipes.

In 1948,Weske [3] made an important contribution to the analysis of flow in curved

pipes. He measured the velocity profiles and both static and total pressure distributions

of turbulent flow through a selection of pipe bends. The velocity distributions showed

that the maximum axial velocity was near the outside wall with the slower moving

fluid largely restricted to a thin shedding layer near the walls. Recently, these findings

were corroborated by Taylor et al. [47] and Anwer et al. [8].

The secondary flow pattern in turbulent flow is more complex than in the laminar

case, as recognised by Rowe [6] and qualitatively predicted by Patankar et al. [7],
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who used the two-equation k− ε turbulence model in conjunction with wall functions,

to simulate the flow in a 180◦ bend. The numerical predictions were compared to

the velocity contour data of Rowe [6]. The experiments and predictions both showed

distortions in the velocity field, with the maximum velocity shifting to the outside of the

bend. The predictions displayed a decrease in secondary flow after the 30◦ angle of the

bend, as found by Rowe. However, some discrepancies existed between experimental

and predicted data for the total velocity contours. Patankar et al. [7] attributed these

differences to the turbulence model, as their work on laminar flow had given a better

correlation. Friction factor data were also presented for straight pipes and curved

pipes. The straight pipe predicted data was in agreement with experimental data. For

the case of the curved pipes, the magnitude of the friction factor was under-predicted

by a maximum difference of 8%. This discrepancy confirmed the need to refine the

turbulence model.

The radial pressure gradient created in the bend propagates upstream into the inlet

pipe through the wall boundary layer. Ito [45] and Rowe [6] established that the

upstream and downstream tangents greatly affected the loss coefficient. Anwer and

So [9] showed that the maximum pressure loss is achieved when the fluid has passed

through an angle of approximately 120◦.

2.2.2 Elbow bends

Pressure loss data have been published for elbow bends with varying angles of curva-

ture. The majority of the work has concentrated on the 180◦ U bend [2–9], and much

less attention has been given to the more widely used 90◦ elbow bend.

Early investigations were made into turbulent flow in a 90◦ elbow bend by Hofmann [10].

He experimented using two widely varying degrees of roughness. In one case the bend

interior was carefully machined so it was very smooth, and in the other case it was

roughened using oil paint and sand. Hofmann discovered that disturbances in the flow

due to the bend disappeared between fifty and seventy diameters downstream of the

bend. Consequently, for accurate results, pressure measurements should be taken at

least this distance downstream. There is a tremendous scatter in the results obtained

by authors on the subject of pressure losses in 90◦ bends. This ambiguity is probably
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due to a varying roughness of the surface in the bends, lack of uniformity in the

pipe section at the bend, eddies from imperfections at the joints, tangent effects and

inaccurate piezometer readings.

In 1935 Kirchbach [11] experimented on the energy losses in mitre bends with varying

angles of deflection. He made the assumption that the energy loss due to the bend

would be complete at a distance of 25d downstream of the bend, and recorded the

downstream pressure at this location. Schubart [48] discovered this assumption was

incorrect for some of the bends tested and repeated Kirchbach’s experiments using

the same apparatus and experimental technique. He extended the experiments to

low angle and compound mitre bends and repeated the entire series of tests with

artifically roughened pipes. Schubart measured the downstream pressure at a location

50d downstream of the bend. Schubart’s results are therefore taken in preference to

Kirchbach’s where a difference between them occurs.

Beij [49] investigated pressure losses in 90◦ bends made from steel. He found that

the pipes were rusting and creating a rough surface, which produced an increase in

pressure loss. He assumed the bend had rusted to the same degree as the upstream

and downstream pipes and took the friction factor for the bend to be the same as the

pipes. Further tests showed that the bend did not rust quite as much as the pipes.

Beij’s results did not correlate with any other bend pressure loss data, thus adding to

the scatter of pressure loss data.

Piggot [50] experimented on bends with various pipe diameters and a known roughness

value. He demonstrated that there are different types of roughness. Sand casting

produces a different roughness to pipes which have been artificially roughened. Piggot

showed that the bend roughness is altered during some manufacturing processes, with

wrinkling occurring on the inner wall, noticeably increasing the pressure loss. Bend

pressure loss data were presented along with existing results. Widespread scatter was

evident.

Figure 2.3 shows the variation in pressure loss results, presented as an equivalent length,

le/d, for smooth bends obtained by Ito [45], Beij [49], Piggot [50] and Hofmann [10].

Reviews [41, 51] stated that the Ito data was considered to be reliable and showed
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Figure 2.3: Bend pressure loss at Re = 1.5× 105.

that the minimum pressure loss when turning the flow through 90◦ occurred at a

ratio R/d ≈ 2.5. Above this minimum, the value of pressure loss increased gradually,

until it approached the straight pipe value as R/d → ∞. For R/d ratios above 10,

existing empirical relationships correlate well with the experimental data. In this region

(R/d > 10), the pressure loss is predominantly due to friction. At R/d ratios below 10,

the upstream and downstream tangents begin to affect the pressure loss, which is no

longer due to friction alone, but to a combination of frictional effects and separation of

the flow. For R/d ratios below 2.5, the pressure loss is predominantly due to separation

of the flow and increases rapidly with decreasing R/d values. Recently Crawford et

al. [52] have shown that the pressure drop in an elbow bend is equivalent to the pressure

drop in a curved pipe (Equation 2.21) plus an additional pressure loss component due

to the separation of the flow. Equation (2.21) yields the frictional resistance in a curved

pipe, λc, which can be written as an equivalent length for a curved pipe as follows:(
le
d

)
c

= 2.4792λcRe0.25

(
R

r

)
(2.24)

The addition of Equation (2.24), the pressure drop due to a curved bend, and Equa-

tion (2.25), the pressure drop due to separation of the flow, gives the pressure drop in

an elbow bend.(
le
d

)
B

= 22.2126

[
Re

( r

R

)2
]0.7888

Re−0.71438 (2.25)
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The pressure drop through elbow bends is considerably larger than for straight pipe

and adds significantly to the losses in a system. Designers usually apply the general

rule that a 90◦ elbow bend has a pressure drop equivalent of 30 to 50 pipe diameter

lengths of straight pipe [53]. Although this method is a good approximation, when the

calculation of pressure drop has a critical effect on an operation, a more exact method

is required.

Figure 2.4: Schematic of the pressure loss in a 90◦ elbow bend

Figure 2.4 illustrates the pressure drop through a horizontal 90◦ elbow bend. A-B and

C-E are the actual upstream and downstream tangent lengths, B-C is the total elbow

centreline length consisting of the actual bend itself and the elbow legs, while C-D

is the downstream transitional region. The actual pressure distribution is a-b-c-d-e,

while a-b’-c’-d’-e’ is the corresponding straight pipe distribution for the centreline pipe

length. The pressure drop e’-e is that due to the elbow bend itself, ∆pB. The corrected

pressure distribution a-b’-c”-d”-e” includes a straight pipe loss equal to the length B-C

of the elbow bend centre length, which results in e”-e’, the pressure drop due to the

length of elbow bend, ∆pBE. The pressure drop for the upstream and downstream

tangents have been extended to locations B and D, the physical formation of the inlet

elbow tangent and the end of the outlet transitional region. Thus, the total pressure
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loss due to the bend, ∆pBT is e”-e. This method of treating the elbow bend and

tangents as an entire entity has the advantage of making the bend resistance easier to

formulate and the results exhibit a more consistent pattern. Many other approaches are

used to calculate the elbow bend pressure drop from experimental data. Some methods

eliminate the distance from the actual bend to it’s flanges, thus only the length of the

actual bend of the elbow is considered. Others compensate for the centreline distance

or the centreline intersectional distance of the bend, thus arriving at a value of ∆pB,

without any ∆pBE, element of length within the system. In general, other methods

yield smaller absolute values of resistance, require a more detailed calculation and

produce scatter and inconsistencies with subsequent analysis.

The total bend loss coefficient is given by,

KT =
∆pBT

1
2
ρU2

(2.26)

Piggot [50] found that the use of KT resulted in a pressure drop that varied with

pipe roughness. The pressure drop can also be presented as equivalent pipe length

expressed as internal pipe diameters (le/d). The equivalence between the two methods

of presentation is given by Ito [5],

le
d

=
K

4f
(2.27)

There remains the additional complication that some workers have failed to unam-

biguously state the exact method used to calculate the elbow or bend pressure drops.

What is certain is that the inner wall of the elbow leg and/or the body of the bend

must be coincident with the inner wall of the pipe if excessive pressure drop is to be

avoided.

Ito [5] experimented on several bends of various pipe diameters and R/d values be-

tween 1.005 and 7.30. In addition, tests were also conducted on two commercial screw

elbows of 45◦ and 90◦. The bends were manufactured from brass castings and their

inner surfaces were machined and polished with fine sand paper to ensure smooth and

accurate geometries. The straight pipes, or tangents, which were connected to the

bends were made from smooth drawn copper tubing. The tests were performed using

water from a surge tank, which passed through a honeycomb flow straightener and

bellmouth, then into the test section. Ito allowed 115d between the entrance and the

first pressure tapping location to ensure the flow was fully developed and free from
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entrance effects.

Ito handled the raw measurement data in the same manner as Piggot [50], by treating

the bend and tangents as a whole entity, in order to calculate the following empirical

formulae for the total bend loss coefficient:

KT = 0.00873αfcθ (R/r) Re(r/R)2 < 91 (2.28)

KT = 0.00241αθRe−0.17 (R/r)0.84 Re(r/R)2 > 91 (2.29)

For θ = 90◦

α = 0.95 + 17.2(R/r)−1.96 (R/r) < 19.7 (2.30)

α = 1 (R/r) > 19.7 (2.31)

He showed that a screwed elbow bend of ratio R/d=0.814 had approximately double

the pressure drop of a smooth inner walled equivalent elbow and reported a significant

circumferential pressure variation within the actual elbow bend, much greater than

for a curved pipe. The pressure observed on the outer wall of the bend was high due

to the impaction of the fluid, while at the inner wall of the bend separation of the

boundary layer and subsequent formation of secondary circulation resulted in a low

pressure. The growth of and separation of the boundary layer, particularly at the

inner wall, grossly changed the velocity distribution in the bend as reported by Taylor

et al. [47], Rowe [6], Patankar et al. [7] and Ward-Smith [23] and introduced cyclic

elements downstream of sharp bends, which was in agreement with Hawthorne [4],

Kirchbach [11] and Schubart [48]. This latter switching of the downstream secondary

flow patterns could explain the inability of theoretical developments to treat elbow

bends (Ito [5]).

There are few papers describing the use of CFD to simulate pressure losses in circular

cross section bends. The majority of CFD papers deal with the analysis of velocity

profiles or loss coefficients in various square cross section duct fittings. In 1995 Shao

and Riffat [54] examined the accuracy of CFD in predicting the pressure loss in a HVAC

duct fitting, namely a square cross section 180◦ elbow bend. They used the commercial

CFD package FLUENT to compare the standard k − ε and RSM turbulence models.

A first order discretisation scheme was employed to obtain an initial solution, then the

higher order QUICK and Power law schemes were used to reach convergence and the
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results compared. It is not clear how the near wall layer was treated, whether wall

functions or the enhanced wall treatment options were utilised. The RSM predicted

losses double that of the standard k − ε model and the prediction using the Power

law scheme was much higher than that based on the QUICK scheme. The authors

concluded that the best configuration to predict pressure losses in a 180◦ elbow bend,

was the standard k−ε model and QUICK discretisation scheme. It was also shown that

as fully developed flow was never reached in the experiments, the short upstream and

downstream lengths of the computational domain were adequate. The specifications

given by Shao and Riffat [54] are specific to a 180◦ elbow bend. They emphasise that

each fitting must be examined individually to determine the correct CFD set up.

Smith et al. [55] simulated the flow in interacting HVAC duct fittings, which included

a square cross section 90◦ bend with a contraction, an expansion and a damper. They

employed several turbulence models and discretisation schemes and compared the re-

sults to experimental data. The higher order k−ε turbulence model used in conjunction

with wall functions and the QUICK discretisation scheme gave predictions consistent

with experimental techniques.

Riffat [56] used FLUENT to predict the pressure losses in square and flat oval cross

sectional elbow bends and compared the results to the existing pressure loss coefficient

data of Miller [1] and ASHRAE. Unfortunately no information is given regarding the

setup of the computational simulation. The predicted loss coefficient data for the oval

bend agreed with Miller but was higher than the data of ASHRAE, while the results

for the square duct was only in agreement between aspect ratios of 0.5 and 2. Riffat

concludes that CFD can be used to predict loss coefficients for duct elbows of round,

square, rectangular and flat oval cross sectional shape.

Recently Hilgenstock and Ernst [57] modelled 45◦, 90◦ and 135◦ bends. They compared

two turbulence models, namely the Standard k− ε and the RNG k− ε to experimental

data. They concluded that the RNG k − ε model agreed well with experimental data

and predicted the velocity profiles more accurately than the standard k− ε model, but

at the expense of the CPU time required.

Modi and Jayanti [58] simulated the flow through square and circular cross section

bends using the k − ε turbulence model and standard wall functions. They calculated
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the pressure loss coefficients and compared the predicted results to the work of Ito [5].

The CFD results were in agreement with the experimental data and Modi and Jayanti

showed that the pressure loss coefficient could be greatly reduced by placing vanes in

the bend to guide the flow around the discontinuity.

The existing literature comprises of many papers, which compare turbulence models

for various flow regimes, including those where the flow separated from the wall. Kim

et al. [59] compared the standard k− ε, RNG k− ε, realizable k− ε, RSM and Spalart-

Allmaras turbulence models in a range of complex flow situations. They showed that

a second order discretisation scheme should be used in complex flows and that wall

functions provided an effective means of near wall modelling for complex wall-bounded

flows. The RSM turbulence model gave the best predictions, as the three k − ε turbu-

lence models over-predicted the pressure recovery. Kim et al. concluded that further

studies were needed to understand the strengths and weaknesses of turbulence models

in complex flows involving pressure gradient, streamline curvature and separation.
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2.3 Junction Flows

The need for reliable data for use by engineers in calculating pressure losses in junc-

tions and branches has inspired a great deal of experimentation and numerous papers

to be written on the subject. The application of flow in junctions ranges from air-

conditioning systems, industrial plants, to domestic plumbing fittings. Due to the

extent of applications, much work has been published relative to specific areas, which

cannot be extrapolated to produce a general formula. This survey will cite important

early authors and work which is relevant to applications of internal combustion engine

manifolds and exhaust systems. Junction flow incorporates two flow configurations,

combining and dividing flow, both of which must be treated in a completely different

manner.

Junctions are conveniently divided into two distinct types: T-junctions and Y-junctions.

T-junctions, as shown in Figure 2.5(a), consist of a straight pipe of uniform cross sec-

tional area, intersected by a lateral branch inclined at an angle to the main pipe.

Y-junctions, shown in Figure 2.5(b), are formed by a main pipe bifurcating into two

branch pipes which intersect the main pipe at the same angle. Junctions can have

different area ratios and combining or dividing flow regimes. The 90◦ equal area T-

junction and the 60◦ Y-junction are the geometries considered in this work for both

combining and dividing flow.

(a) T-junction (b) Y-junction

Figure 2.5: Schematic of generalised pipe junctions

Early work by Vazsonyi [60] presented a theoretical analysis of pressure losses in bends

and junctions using the momentum principle. He assumed that losses in bends and

branches are comprised of losses due to the deflection of the flow and due to the
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re-expansion of the stream from a vena contracta, which is formed just after the dis-

continuity. Vazsonyi derived equations using these assumptions and fitted them to

existing experimental results by the use of empirical coefficients. The equations pre-

sented may be applied to any case of combining or dividing flow and therefore can be

used to predict the performance of new systems. Their reliability is shown to be good

when the flow in the side branch is at a low turbulent Re.

Several theoretical analyses of combining and dividing flow configurations have been

presented, such as those by Benson and Woolatt [61], Katz [62] and Bajura [63]. Katz

and Bajura used momentum theory to derive expressions for the flow in junctions and

each presented empirical constants. Benson and Woollatt used an alternative approach

to approximate the flow in combining and dividing junctions. Again they presented

empirical constants and compared results to existing data. Twelve simple expressions

to calculate pressure loss coefficients in any three pipe junctions were presented by

Bassett et al. [64] and the results compared to existing data. There was a reasonable

agreement between theoretical and experimental data for each of the above methods

of flow approximation.

The most comprehensive early experiments conducted for combining and dividing flows

were those carried out at the Hydraulic Institute of the Munich Technical University

from 1928 through to 1931 [12]. The tests covered T-junctions with branch angles of

45◦, 60◦ and 90◦, for various diameter ratios. The junctions were constructed with both

sharp and radius edges, the effects of a conical transition into the junction were also

investigated. The experiments were carried out over the Reynolds number range 5×103

to 1×105, using water as the working fluid. The early tests were carried out using iron

pipes, however, some deterioration had occurred in the pipes and later experiments

were carried out using brass tubes. These tests showed that a significant reduction in

head loss resulted from reducing the branch angle from 90◦ to 60◦ or 45◦. The most

significant conclusion was that for a given configuration the loss coefficient was found

to be a function of the ratio of flow in the branch and main pipe but independent of

the Reynolds number1.

In the absence of a general analysis of manifold flow, laboratory investigations were

1The conclusion that the loss coefficient is independent of Reynolds number was reached from tests

carried out at relatively low Re.
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undertaken in Iowa Institute of Hydraulic Research. The investigations covered both

combining and dividing flow regimes for cylindrical sharp edged junctions and are

comparable to the Munich experiments. McNown [13] reported the findings of these

investigations. The flow characteristics of branch points in manifold systems were

determined and the results of the experimental program and theoretical analysis com-

pared. McNown concluded that the theoretical results were “insufficiently accurate for

practical use except in a few instances”, but suggested that the empirical results pre-

sented should be helpful in the design of a variety of manifold systems. The comparison

of the loss coefficients obtained for sharp edged 90◦ junctions with a diameter ratios

of 0.35 and 0.5, to those of the Munich experiments, showed that the Munich values

were considerably higher than those of the Iowa studies. Only with the diameter ratio

of unity was there some agreement between the two results.

Further tests were carried out at Stanford Hydraulic Laboratory [13] on sharp edged

90◦ T-junctions, with five diameter ratios. These experiments were conducted in an

attempt to reconcile conflicting results between the Munich and Iowa experiments. The

results confirmed the accuracy of the data obtained in the Iowa studies.

Experimenters have also investigated the case of screwed tees. Hoopes et al. [14]

determined the losses in commercial cast iron screwed tees with all possible flow con-

figurations. The results of the Munich experiments [12] and Hoopes et al. [14] showed

considerable scatter. Vogel’s tees (the Munich experiments) were not exactly symmet-

rical and Hoopes et al. showed that tests on two apparently identical tees gave results

with a 50% difference. This difference may be due to the surface finish of the tees. It

was shown that the size of the radius on the corners where the pipes joined appeared

to have a critical effect on the magnitude of the loss coefficient.

Ito and Imai [65] performed measurements at two Reynolds numbers (105 and 2× 105)

on T-junctions with a lateral branch angle of 90◦ and a diameter ratio of unity, i.e.

drawn copper tubing of internal diameter of 35 mm was used for both the main and

lateral pipes. The T-junctions were made from gun castings and their inner surfaces

were machined and polished with sand paper to make the geometrical forms more ac-

curate. The tests were performed using water from a surge tank, which passed through

a honeycomb flow straightener and contraction, then into the test section. Ito allowed

51d between the entrance and the first pressure tapping location to ensure the flow was
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fully developed and free from entrance effects. They studied the effect of varying the

radius of curvature at the joining edge (test geometries ŕ/d = 0, 0.091, 0.188, 0.502).

They proposed a series of empirical correlations for the loss coefficient at each flow

configuration, (Equations 2.32-2.38), which were in good agreement with the experi-

mental results. The naming convention used in this work is a leg numbering system in

which leg 3 carries the total flow and leg 1 carries the through flow. Legs 1 and 2 are

interchangeable for the case of symmetrical flows.

Branch combining:
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A widely used definition of the pressure loss coefficient is given as

K =
(pcom + 1

2
ρU2

com)− (pbranch + 1
2
ρU2

branch)
1
2
ρU2

com

(2.39)

Note that in Equation (2.39) it has been assumed that the density of the fluid remains

constant. Abou-Haider and Dixon [66] investigated the effects of fluid compressibility

on the junction loss coefficients and showed that the air can be considered to be incom-

pressible when the Mach number is less than 0.2. At higher Mach numbers variations

in the loss coefficients are observed. The loss coefficient for compressible flow is given

by,

K =
(Pcom + 1

2
ρU2

com)− (Pbranch + 1
2
ρU2

branch)

(P − p)com

(2.40)

More recently, Chen and Laing [67] used CFD to simulate combining and dividing

flow in a rectangular cross section T-junction. They used the standard k − ε turbu-

lence model in conjunction with wall functions. They presented velocity and pressure

data and compared it to existing experimental data. Chen and Laing found that the

predicted results agreed when the ratios of branch flow to main pipe flow was small.

However, for large flow ratios (0.5 and above) a difference between the results ex-

isted. Chen attributed this difference to the three-dimensional characteristics of the

flow in a T-junction. In a cylindrical T-junction the flow circulates through a convex-

concave surface when it approaches the branch exit. Durbin [18] showed that this is

a challenging flow to compute with a turbulence model because the surface curvature

has a noticeable effect on the treatment between the wall and outer regions. Flow

in a T-junction exhibits a complex mean strain, associated with streamwise pressure

gradients, separation, streamline curvature and swirl. Durbin [18] showed that these

attributes are effected by the turbulence structure, especially anisotropy and history

effects. In order to resolve both anisotropy and history, Durbin demonstrates that a

second moment closure is required, such as in the Reynolds Stress Model (RSM), where

the transport equations are solved for each individual stress component.

Kuo and Khalighi [68] used an in house CFD code to simulate the flow in two cylindrical

junctions namely a 90◦ and a 45◦ T-junction for combining and dividing flow. They

imposed a symmetry plane boundary condition and modelled half of the pipe cross

section and utilised the standard k − ε turbulence model in conjunction with wall
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functions. The aim was to determine the effect of mass flow rate and cross sectional

shape on the pressure loss coefficients. Kuo and Khalighi found that the predicted loss

coefficients showed a good correlation with measured pressure data for the combining

flow cases. The results for the dividing flow cases showed a considerable deviation

between the predicted and measured data. Kuo and Khalighi concluded that this

difference was due to the k− ε turbulence model’s inability to predict flow where large

separations are present, and recommended that other turbulence models be tested.

The deviations may also be due to a poor implementation of the boundary conditions,

since recirculating flow was observed at the outflow boundary. They compared these

results to previous rectangular cross section predictions and determined that the loss

coefficients were found to be only mildly dependent on the cross sectional shape.

Some authors simulated junction flow and compared the results from different turbu-

lence models. One such study was by Klasinc et al. [69]. They simulated the dividing

flow in a T-junction and compared the results from the standard k − ε and Reynolds

stress turbulence models. The standard k − ε turbulence model did not simulate the

flow accurately, while the Reynolds stress turbulence model showed considerably better

agreement with the physical conditions. Sierra-Espinosa et al. [70] compared the stan-

dard k− ε, Reynolds stress and RNG turbulence models when simulating the dividing

flow in a T-junction. They also concluded that the Reynolds stress turbulence model

performed the best in reproducing the experimental velocity data.

Only a few investigations have been carried out into flow in symmetrical Y-junctions.

One such study was undertaken in 1970 by Russ [71]. He conducted an extensive series

of tests on perspex Y-junctions of spherical and conical cross section over a Reynolds

number range of 0.8× 105 - 4× 105. The purpose of these tests was to determine the

influence of the angle of bifurcation and effect on losses of the length of the transition

section in conical junctions, and the influence of the size of the sphere in the spherical

junctions. Five conical Y-junctions were tested, three had an angle of bifurcation of

60◦, one of 45◦ and one of 90◦. The two spherical junctions both had an angle of 90◦,

each of the tests were performed for dividing flow. A distance of 75d upstream was

allowed so that the flow entering the junction had symmetrical velocity distribution

and equal flow in each of the branches. A distance of 30d downstream was allowed for

each of the branches. Despite the care taken with the experiments, it was found that
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the head loss in one branch was substantially different to that in the other, as the flow

of water preferred to enter one particular branch. The results show that the losses for

the 90◦ angle are far greater than for the 45◦ or 60◦ angles, with the 60◦ angle giving

the lowest loss. The head losses for the spherical junctions were much higher than those

for the conical junctions. Russ observed that the loss coefficients were affected by the

Reynolds number. As the Reynolds number in the main pipe fell below approximately

3× 105 to 4× 105, a decrease in the loss coefficient resulted.

Reliable experimental data for combining flow in Y-junctions having three equal legs

is lacking. Authors such as Ito et al. [72] have experimented on a symmetrical 90◦ Y-

junction and presented empirical loss coefficient equations for combining and dividing

flow, but little has been published with regard to 60◦ Y-junctions, with the exception

of the performance charts by Miller [1].

Miller [1] presents loss coefficients for bends with various angles of deflection and T and

Y-junctions of various branch angles for both combining and dividing flow. The data

is given in the Reynolds number range above approximately 105, where it is accepted

that the effects of Reynolds number on the pressure loss coefficients are negligible. The

results are presented as smoothed performance charts, where the loss coefficients are

plotted against geometrical variables and, where suitable, flow conditions.

The Engineering Sciences Data Unit (ESDU) publishes reports regarding the pressure

loss coefficients for various flow conditions, and flow boundaries. These reports are the

grouping of the most “accepted” work published. Results are displayed either as charts

or equations, which are usually derived from first principles and modified accordingly

by correction factors. Recommendations are also given on experimental procedure, and

the range of applicability of the published results.

The work of Ito [5, 45, 65], Miller [1] and White [46] are the main sources of comparison

for the pressure loss results of the current work.
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2.4 Summary

The flow in straight pipes has been well characterised by the work of Prandtl, Blausis

and Nikuradse, amongst others. For the practical applications of flow in bends and

junctions, there remains a great deal of scatter in the existing data. The unsatisfactory

correlation of the existing data is primarily due to manufacturing variations, which

affect the surface finish and assembly of the components. Small differences in junction

test geometries have caused great scatter, there is a marked effect of edge sharpness

on losses. The pressure measurement locations are also significant, as it is important

to have adequate development lengths upstream and downstream of the geometry to

minimise the effect of local flow disturbances. Differences in the data acquisition and

analysis have also led to disagreement between experimenters. For example with bends,

some investigators have considered the inlet and outlet tangents. Others compensate

for the centreline distance or the centreline intersectional distance of the bend, thus

arriving at a value of ∆pB, without any ∆pBE, element of length within the system.

What is certain is that the inner wall of the elbow leg and/or the body of the bend

must be coincident with the inner wall of the pipe if excessive pressure drop is to be

avoided. Inaccuracies have also been introduced in the analysis of junction flows by

the necessity to measure flow rates in two legs.

The CFD simulations require an accurate description of the flow conditions at the

boundaries of the domain. Unfortunately, the published work presents data only in

the terms of equivalent pipe lengths loss coefficients (K) or (le/d). It was therefore

necessary to perform a series of experiments to determine the pressure losses in bends

and junctions. The data can then be compared to published work, and used to validate

the CFD method.
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Experimental Apparatus and

Methodology

An existing steady flow rig was used to determine the flow losses of various geometries,

including various 90 degree elbow bends, a T-junction and a Y-junction. For the

current research, it was necessary to make various modifications to the steady flow rig

and to the data acquisition system, to enable pressure and temperature measurements

to be recorded at any location on the test geometry.

This section outlines the experimental apparatus, including the steady flow rig, the data

acquisition system, the flow measurement devices, and the test geometries. Details of

the experimental methodology, preliminary tests and subsequent design changes are

also included.

31
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3.1 Vacuum Supply and Pumping System

The test rig was connected to an existing vacuum vessel with a capacity of approxi-

mately 75 m3. The vacuum tank was evacuated using three vane-type vacuum pumps,

which were able to sustain a continuous vacuum. In order to minimise flow losses, the

connection to the test rig was made via a shallow angle diffuser section, main shutoff

valve, internal piping and flexible hosing. A detailed presentation of the diffuser section

and shutoff valve can be found in the work of Stevenson [73].

A manual control valve was fitted upstream of the flexible hosing to enable the mass

flow rate to be altered as required.

3.2 Data Acquisition System

An in-house data acquisition system was used. The system was originally designed to

provide a data logging and real-time turbine performance monitoring capability. It was

necessary to modify the data acquisition software for the needs of the current research,

as described in Section 3.2.3.

3.2.1 Data Acquisition Hardware

A PC-based 12-bit analogue to digital converter (ADC) PCI card was used in conjunc-

tion with a modular system of expansion boards to measure the output signals from

each of the pressure, temperature and mass flow rate measurement devices in the test

facility. A detailed description of the hardware utilised can be found in the work of

Acheson [74].

3.2.2 Pressure Multiplexor

Due to the large number of pressure measurement locations on the test rig, a pressure

multiplexor system was employed. This multiplexor system connected a number of

ports to one common line, which was connected to a pressure transducer. The use of
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this system greatly reduced the required number of pressure transducers, enabling the

upstream and downstream pressure measurements to be taken using one transducer,

while simultaneously measuring the bend/junction pressures with a second, smaller

range pressure transducer. Consequently, the cost of instrumentation was significantly

reduced and the pressure transducer calibration procedure was simplified. Four wall-

mounted multiplexor modules were used, as shown in Figure 3.1. One of the modules

housed two pressure transducers, which were each connected to a 10-way manifold

block. Four of the ports in one manifold of this module were each connected to the

10-way manifolds in two other modules. This enabled up to 40 pressure measurements

to be taken on the upstream and downstream pipes. Two ports in the other mani-

fold block were each connected to 10-way manifolds, this arrangement allowed for the

measurement of up to 20 pressure readings around the bend/junction.

Figure 3.1: Pressure multiplexor system.

All pressure transducers except those measuring the differential and upstream pressures

at the orifice plate were connected to the pressure multiplexor system. After the rig

had been fully instrumented each pressure path through the multiplexor system was

leak tested.

Trunking was used to house the large amount of pneumatic tubing from the rig to the
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multiplexor system and further to the data acquisition system. Each pneumatic tube,

signal cable and manifold port was numbered and details of the configuration stored

in the data acquisition software. Figure 3.2 shows the test rig fully instrumented for

one flow configuration of the T-junction.

Figure 3.2: Test rig T-junction configuration.

3.2.3 Data Acquisition Software

The data acquisition software was based on the Microsoft Visual Basic code of Spence [75].

The code was modified to control and monitor two mass flow rate measurements, one

from the orifice plate meter and one from a hot film flow meter. Modifications were

made to record pressure and temperature data at any specified position on the test

apparatus, to read an output voltage from a mass flow meter and to provide a suitable

data output structure. The software had three main modes of operation: calibration,

monitoring and sampling. Calibration mode enabled the calibration constants to be

input and provided access to each channel so that individual measurements could be

viewed in real-time. Monitor mode displayed parameters which enabled mass flow rate
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control. Sample mode initiated the pressure multiplexor system to cycle through the

ports and record the static pressures, temperature and mass flow parameters. In the

next section pressure transducer calibration and measurement and will be discussed in

more detail.

3.3 Measurement Sensors and Calibration

In order to determine the magnitude of pressure losses at a bend or junction, the

following parameters must be measured:

• Total temperature

• Atmospheric pressure

• Static pressure

• Mass flow rate

3.3.1 Temperature Measurement

Platinum Resistance Thermometers (PRTs) were used to measure the temperature at

the bellmouth of the test rig. The PRTs were 3 mm diameter Grade-A PT100s, com-

plying with BS1904, 1984. In similar applications, these devices have been shown to

give accurate, repeatable measurements [74, 75]. Two PT100 probes were mounted on

the bellmouth at the entrance to the test rig and the temperature was taken as the

average of the two readings. Each of the PT100 probes were calibrated against a NA-

MAS calibrated probe, using a variable temperature Thermowell unit. The calibration

constants for each probe were entered into the data acquisition software to calculate

the corrected value.

It is known that a temperature measurement device measures an equilibrium temper-

ature between total and static temperature, since not all of the dynamic head is fully

recovered as thermal energy when the probe is positioned in a pipe. However, in this

work the probe was mounted at the bellmouth, where the flow velocity was negligible,
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and so it was assumed that the temperature measurement obtained was the true total

temperature.

3.3.2 Pressure Measurement

Atmospheric pressure was measured using a Druck strain gauge pressure transducer

with a 0-5V output. A 1.5 bar absolute transducer was mounted in a multiplexor mod-

ule and the port left open throughout the test to measure atmospheric pressure with

each switching of the solenoid valves. A second 1.5 bar absolute pressure transducer

was used to measure the upstream pressure at the orifice plate.

Both transducers were calibrated against a Druck DPI603 pressure Calibrator, which

has an accuracy of 0.075% full-scale deflection. Each transducer was tested using 5

points over the operational range, to generate a calibration curve from which a gain

and offset was obtained and entered in the data acquisition software to produce a

corrected pressure.

3.3.3 Differential Pressure Measurement

Static pressure measurements were taken at various positions upstream, downstream

and on the bend/junction. All pressure readings from the test section were obtained

using Druck differential pressure transducers; the upstream and downstream readings

were relative to atmospheric pressure, and the bend/junction readings were relative

to the pressure tapping positioned at the top of the pipe 5 diameters upstream of the

bend/junction.

Five differential pressure transducers were used in various combinations, one to mea-

sure the upstream and downstream pressures, the other to measure the bend/junction

values. The range of the transducer determined the calibration device used. Table 3.1

shows each transducer and the method of calibration. These pressure transducers were

calibrated in a similar fashion to those mentioned in Section 3.3.2. The Betz manometer

has an accuracy of ± 0.00975 mbar (± 0.975 Pa).
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Transducer Range Calibration Device

1 mbar Betz manometer

5 mbar Betz manometer

10 mbar Betz manometer

70 mbar Druck calibrator

350 mbar Druck calibrator

Table 3.1: Differential pressure transducer and calibration device employed.

3.3.4 Mass Flow Rate Measurement using a Differential Pres-

sure Device

Mass flow rate measurement was achieved using an orifice plate mounted in a 54.8 mm

ID pipe. The orifice plate arrangement, shown in Figure 3.3 was in accordance with

BS EN ISO 5167-1:1995 using D and D/2 tappings in the pipe.

Figure 3.3: Orifice plate arrangement.

The pressure drop across the orifice plate was measured with a 70 mbar differential

pressure transducer, and the upstream pressure was measured with a 1.5 bar gauge

transducer. Again, these pressure transducers were calibrated in a similar fashion
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to those mentioned in Section 3.3.2. The total temperature was measured at the

bellmouth using PT100 probes and the static temperature was calculated assuming a

constant total temperature.

The mass flow calculation was implemented using a Visual Basic subroutine developed

by Spence [75], in accordance with BS EN ISO 5167-1:1995

3.3.5 Mass Flow Rate Measurement using a Hot Film Flow

Meter

The junction tests required two mass flow rate measurements. The orifice plate mea-

surement was used to determine the total flow rate and a hot film flow meter to measure

the flow rate in one of the junction legs. Various hot film flow meters have been devel-

oped by Delphi to measure the mass flow rate of gases through an automotive engine.

One such prototype with a mass flow range1 of -0.03 to 0.1 kgs−1 is shown in Figure 3.4,

the minus sign represents reverse flow and corresponds to a 0-1V output.

Figure 3.4: Delphi mass flow rate meter.

The flow meter incorporates a sensor element, supplied with a constant current, which

1Although mass flow units of gs−1 are more commonly quoted, the remainder of the work will use

kgs−1 for consistency with the CFD calculations.



Chapter 3. Experimental Apparatus and Methodology 39

dissipates heat into the oncoming air. The higher the mass flow rate the more heat will

be dissipated. An electronic circuit evaluates the change in resistance caused by this

temperature differential and produces an output voltage, which indicates mass flow

rate and direction.

As the sensing element gives a single point measurement, the flow through the meter

must be uniform and free from large scale turbulence, in order that a representative

total mass flow rate may be obtained. To ensure uniform flow distribution throughout

the cross-section, a perforated honeycomb structure was inserted into the meter inlet,

as shown in Figure 3.5.

Figure 3.5: Delphi mass flow rate meter complete with honeycomb flow straightener.

The ducting upstream must also be smooth, free of sharp corners, flash and ribs trans-

verse to the flow direction. It is recommended that the ducting length upstream and

downstream is at least four times the diameter of the meter (i.e. 200 mm) and changes

in diameter are gradual so as to produce uniform flow.

The flow meter was calibrated by the manufacturer for both forward and reverse flows.

For forward flow, the output voltage and hence the mass flow rate is always positive.

The calibration function supplied with the meter is a sixth order polynomial, Figure 3.6

shows the calibration data for forward flow conditions.
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Figure 3.6: Calibration data for Delphi meter under forward flow.

Unfortunately there were no details indicating how the flow rate, which the meter was

calibrated against, was determined and details of accuracy ranges were also omitted. In

order to determine the validity of the calibration function, the percentage error of the

Delphi meter flow rate (calculated using the sixth order polynomial) from the actual

flow rate (data provided by manufacturer) was calculated and from this, a realistic

confidence range assigned to the flow meter. Figure 3.7 shows the percentage errors

obtained from the calibration data provided.

Figure 3.7: Maximum percentage error between actual flow rate and Delphi meter

corrected flow rate.

The maximum error of ±11% occurs at very low flow rates (0.001 kgs−1). As the flow

rate increases the percentage error decreases, and conditions above 0.03 kgs−1 exhibit
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less than ±1% error. However, the majority of mass flow rates investigated in this work

lie in the region where the errors are largest (i.e. below 0.03 kgs−1). These errors2 were

deemed unacceptably high and so the Delphi meter flow rates were calibrated with the

orifice plate described in Section 3.3.4. Figure 3.8 shows the calibration data and the

linear gain and offset that were entered into the data acquisition code so the Delphi

meter and orifice plate gave a consistent readings.

Figure 3.8: Linear calibration curve of orifice plate and Delphi meter.

A more detailed investigation of the performance and accuracy of the Delphi meter

against an orifice plate in accordance with BS EN ISO 5167-1:1995 was carried out

by Gault [76]. He concluded that there was an acceptable correlation between the

measurement devices at low mass flow rates (≈ 0.02 kgs−1), and he envisaged that the

difference between the flow meters would decrease at higher flow rates.

2These errors only give an indication of the integrity of the correcting polynomial function and are

not taken as an absolute confidence range, as no data were available regarding the accuracy of the

actual mass flow rates against which the meter was calibrated.
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3.4 Experimental Geometries

The test apparatus devised to carry out the experimental work consisted of three

straight lengths of pipe, assembled upstream and downstream of the test sections,

three 90 degree elbow bends, each having different ratios of bend radius of curvature

to pipe diameter, a T-junction, and a Y-junction.

3.4.1 Straight Pipes

The three lengths of circular pipe were manufactured from extruded aluminium, each

having an internal diameter of 25.4 mm. Table 3.2 shows the total length of each

pipe and the distance of the measurement points from the bend/junction. One pipe

was connected upstream of the bend/junction, one downstream and the other was

interchangeable between upstream and downstream, depending on which junction flow

configuration was being investigated i.e. combining or dividing flow.

Pipe Total Length Pressure Measurement Locations

(mm) (diameters)

Upstream 2540 5, 10, 50, 90

Downstream 3050 5, 10, 20, 30, 40, 50, 60, 70, 90

Upstream/ Downstream 3050 5, 10, 50,70, 90

Table 3.2: Pressure measurement locations on straight pipes.

The pressure measurement locations were chosen carefully. The locations closest to

the bend/junction (5 and 10d) had four equally spaced holes around the circumference,

where the pressure measurements were taken separately and not averaged. This enabled

a detailed analysis of the pressure as it entered and exited the discontinuity. Further

away from the bend/junction (20, 30, 40, 50, 60 and 70d) one hole was drilled in

the top of the pipe. These measurement locations were used to determine where the

flow returned to fully developed conditions, and this helped to reduce the number of

pressure readings that were required and hence the number of multiplexor modules

utilised. The final measurement position (90d) had four holes to ensure the flow was

fully developed and no disturbances affected the flow. The pressure measurement from
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the tapping at the top of the pipe was used for the data analysis in this work.

To ensure minimum propagation of turbulence induced fluctuations in the pressure line

to the transducers, 0.5 mm diameter holes were drilled and deburred at the specified

locations shown in Table 3.2. Specially made bosses were welded at each hole location.

Great care was taken not to alter the surface finish of the aluminium during the welding

process. A brass 1/8 BSPT compression fitting, connected to the pressure transducer

via 4 mm OD flexible tubing was screwed into the boss and the thread sealed with

PTFE tape.

Each of the pipe lengths had a minimum distance of 30 pipe diameters (30d) after the

last pressure measurement point to ensure that the flow was isolated from external

disturbances.

The upstream and downstream pipes had a collar secured to one end using adhesive.

This permitted the pipes to fit into the bend or junction. Leakages were avoided by

the use of an O-ring around the collar.

3.4.2 Bends

Three bends, each having an internal diameter of 25.4 mm and varying ratios of radius

of curvature, R to pipe diameter, d, were machined from blocks of aluminium. The

three ratios chosen were: R/d = 0.65, 2.5 and 10. The bends were made in two halves

then assembled using silicon sealant and bolts, creating a leak tight geometry. The

bends were produced using a CNC machine, and several passes of the cutter were

made in order to create a smooth bend with the required surface finish. Figure 3.9

shows the different bend geometries.

For the R/d = 0.65 bend, five pressure measurement holes were used; three equally

spaced on the outside of the bend (0, 45, and 90◦) and two on the inside (0, and 90◦).

The diameter of the pressure measurement holes was 0.5 mm. When the two halves of

the bend were joined together using the locating pins, there was a very small degree

of misalignment, due to the inaccuracies of the CNC machining process. As the cutter

travelled from one end of the bend to the other, small errors were introduced and it

moved slightly off path. The bend was polished with 1200 grade abrasive paper to
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minimise this misalignment. Figure 3.10 shows the R/d = 0.65 bend assembled and

sealed. Pressure tappings were located on the outside of each half of the bend and

brass 1/8 BSPT compression fitting pressure fittings were screwed into place.

For the R/d = 2.5 bend, there were six equally spaced pressure measurement locations;

three around the outside and three around the inside of the bend (0, 45, and 90◦). For

the R/d = 10 bend, ten equally spaced pressure measurement locations were machined;

five around the outside and five around the inside of the bend (0, 22.5, 45, 67.5 and

90◦). Due to the length of this bend, the misalignment of the two halves was most

pronounced. Polishing the bend with 1200 grade abrasive paper did not remove the

ridge along the centreline of the bend. The misalignment varied along the centreline of

the bend from 0.0254 - 0.0762 mm. This machining error could have been minimised

if the machining datum had been taken from the centre of the bend rather than from

the corner of the block.

3.4.3 Junctions

A T-junction and a Y-junction, both having an internal diameter of 25.4 mm, were

produced from blocks of aluminium. The junctions were machined, assembled and

polished in the same manner as the bend geometries. The datum was taken at the

centre of the junction to avoid misalignment of the two halves, which occurred with

the bend geometries. The T-junction, as shown in Figure 3.11, consisted of a main leg

and a branch leg. The branch and main legs met at a 90 degree angle, which created

the T and produced sharp corners (i.e. ŕ = 0). Fifteen pressure measurement locations

having a diameter of 0.5 mm were machined in the junction. Seven were spaced 10

mm apart along the main leg at the back of the junction, and eight were spaced 10

mm apart around the main and branch leg, as shown in Figure 3.11.

The Y-junction, shown in Figure 3.12 consisted of a main leg, which divided into two;

resultant legs were at an angle of 60 degrees relative to each other. Sharp corners

existed where the three legs met. Fifteen pressure measurement locations of diameter

0.5 mm were machined into the junction; three locations between the branch legs, and

six either side of the junction along the main and branch legs, as shown in Figure 3.12.
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(a) R/d=0.65.

(b) R/d=2.5.

(c) R/d=10.

Figure 3.9: Bend configurations showing pressure measurement locations.
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Figure 3.10: R/d = 0.65 bend showing the two halves assembled.

Figure 3.11: T-junction showing pressure measurement locations.

3.5 Methodology

An initial investigation using only the upstream length of pipe was conducted. The

bellmouth was attached at the inlet of the upstream length of pipe to ensure smooth

entrance flow, the straight pipe was connected via flexible hose to the orifice plate.

The testing apparatus was supported using stands, which were adjusted to ensure

the apparatus was on a level plane. Total temperature was recorded at the inlet to

the bellmouth using two PT100 probes and averaged. Pressure measurements were
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Figure 3.12: Y-junction showing pressure measurement locations.

recorded at ten mass flow rates, ranging from 0.0071 - 0.0482 kgs−1, which covered the

six mass flow rates to be used in this work. (The mass flow rates tested in this work and

the corresponding velocity and approximate Reynolds number are given in Table 3.3.)

The data was used to obtain pressure drops per length of pipe and to calculate the

friction factor in order to determine whether the pipe surface was hydrodynamically

smooth. The length of pipe used was 85d. This was ample to ensure the pressure drop

incurred was much larger than the accuracy of the transducers. In all the tests, the

ambient temperature of the air was 295 - 300 K.

Mass Flow Rate, Velocity Reynolds

(kgs−1) (ms−1) Number

0.0071 11.5 19800

0.0094 15.4 26100

0.0123 20.3 34300

0.0275 47.0 76700

0.0360 63.6 100300

0.0450 85.5 126200

Table 3.3: Mass flow rates used in this work with the corresponding velocity and

Reynolds number.
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3.5.1 Bend Configurations

For each of the three bend geometries tested, the experimental setup was the same.

The Schematic in Figure 3.13 shows the typical arrangement used to investigate the

pressure losses in bends.

Figure 3.13: Experimental arrangement for testing the bend geometries.

A bellmouth was connected at the inlet of the upstream pipe, to introduce a smooth

stream of air into the test section. Two PT100 probes were mounted on the bellmouth

and used to measure the total temperature. A honeycomb flow straightener was in-

serted into the pipe downstream of the bellmouth, eliminating swirl and aiding fully

developed flow. A distance of 50d was allowed between the bellmouth and first pressure

measurement location to obviate the disturbances present in entrance flow.

The numbered locations in Figure 3.13 represent the pressure measurement stations of

the upstream and downstream pipes, given in Table 3.2. The static pressure at each of

these stations was measured using a differential pressure transducer, each pressure mea-
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surement on the upstream and downstream pipes were taken relative to atmospheric

pressure. The pressure measurements recorded around the bend were also taken using

a differential pressure transducer. These readings were taken relative to the measure-

ment point on the top of the pipe at station 4 (5d upstream of the bend). This enabled

the use of a lower range transducer and hence more accurate readings.

The orifice flow meter was connected to the downstream pipe via a 2” flexible hose. A

tapered connector was located a distance of 30d from the final pressure measurement

station. The 2” flexible hose was pushed over the connector and secured with a Jubilee

clip. A gate valve was fitted downstream of the orifice plate and used to manually alter

the mass flow rate.

3.5.2 Junction Configurations

The junction configurations required the provision for more static pressure measure-

ment locations, both on and downstream of the junctions. The following schematic in

Figure 3.14 represents the experimental setup used to investigate the pressure losses of

combining flow through the planar junctions.

Figure 3.14: Experimental arrangement for the combining flow junction geometries.
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A bellmouth was attached at the inlet of the upstream pipes, gate valves were connected

downstream of the bellmouth, to enable the ratio of flow through the inlet legs to be

altered. Honeycomb flow straighteners were inserted into the pipes downstream of the

gate valve. A minimum distance of 50d was allowed between the bellmouth and first

pressure measurement location on both inlet pipes.

The Delphi meter was installed in one of the inlet pipes downstream of the honey-

comb flow straightener. The orifice flow meter measured the total mass flow rate and

hence the flow rate in the common pipe. The mass flow rate in the remaining pipe

was calculated by subtracting the Delphi meter measurement from the orifice meter

measurement. As discussed in Section 3.3.5, the manufacturer recommended installing

straight ducting at least four diameters upstream and downstream of the meter. It was

decided to use ten diameters to increase confidence in the meter’s results. A precision

power supply, with a dedicated voltage regulation circuit, was used to provide a pre-

cisely known voltage to the meter. This ensured that external interference from other

electrical or electronic systems could not disrupt the readings.

The pressure measurements recorded at the locations numbered 1 - 18, on the upstream

and downstream pipes, were taken using a differential pressure transducer and were

relative to atmospheric pressure. Details of the location of these pressure measurement

stations are given in Table 3.2. The pressure measurements taken around the junc-

tion were again taken using a differential pressure transducer and were relative to the

measurement point on the top of the pipe at station 4.

The orifice flow meter and flexible hose was connected to the vacuum vessel in a similar

manner as in the bend configuration tests.

The experimental setup used to investigate the flow losses of dividing flow through the

junctions is represented in Figure 3.15. This schematic shows the bellmouth at the inlet

to aid the development of the flow structure. Downstream of this a gate valve was used

to alter the ratio of the flow in the upstream to the downstream pipes. A honeycomb

flow straightener was inserted into the pipe downstream of the control valve. The first

pressure measurement location was situated a distance of 50d further downstream.

The downstream pipe on the right hand side of the schematic had a gate valve connected

at a distance of 30d from the last pressure measurement station so as to alter the ratio
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Figure 3.15: Experimental arrangement for the dividing flow junction geometries.

of flow in the pipe legs. Further downstream a tapered connector joined the pipe to

the 2” flexible hose, which in turn was connected to a T-piece connector.

The downstream pipe on the left hand side of the schematic had the Delphi meter

connected at a distance of 50d downstream from the last pressure measurement station.

Again a tapered connector was used to connect the 2” hose, which was in turn connected

to the T-piece connector. The orifice plate and was connected to the T-piece and the

corresponding valves and hose were connected in the same manner as before.

During this work, four flow configurations four each junction were considered, consisting

of two dividing flow and two combining flow. Figure 3.16 shows the configurations for

the T-junction and Figure 3.17 shows the configurations for the Y-junction.

All the tests were run at each mass flow rate and had equal flow in the inlet legs, i.e

Q1/Q3 = 0.5. However, tests were also completed on each of the junction configurations

varying the ratio of flow in the main to branch legs, the ratios tested were: Q1/Q3 =

0.1, 0.3, 0.5, 0.7, 0.9. These tests were only run at two mass flow rates, 0.0123 and

0.0360 kgs−1, due to time restrictions.
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Figure 3.16: Flow configurations tested in the T-junction.

Figure 3.17: Flow configurations tested in the Y-junction.

3.6 Pre-test Procedures

To provide accurate and repeatable results, several precautions were taken before and

during the experimental investigation. Before a test was conducted the following was

considered:

• All test pieces, including upstream and downstream sections of pipe were thor-
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oughly cleaned with a soft cloth, to ensure no debris was left behind, which could

obstruct the flow.

• The support stands beneath the pipe lengths were altered using a spirit level as

a reference to verify that no elevation pressure changes would occur.

• Calibration of the measurement system. This was carried out as discussed in

Section 3.3.

• It was noted that the mass flow rate fluctuated and decreased slightly when

the flow was initially passed through the test rig. A certain warm-up time was

required before the mass flow rate became stable. Therefore, the air was allowed

to flow through the rig for thirty minutes before any sampling occurred.

• The aim of this research was to obtain accurate pressure loss data at various

mass flow rates and so leakages were considered to be a major source of error.

Each of the pressure fittings had the threads sealed with bonded seals and PTFE

tape. Before testing each flow configuration, a leakage check was performed at

the highest mass flow rate. This was accomplished using soap bubbles, since

other researchers found it to be a satisfactory method.

• It was considered good practice to disconnect the pressure transducers after sev-

eral tests and to blow high pressure air through the tubing, to ensure it remained

clear from blockages.

• When investigating losses in the junctions, before each new flow configuration

was tested, the gate valve in one leg was closed and the flow rate of Delphi meter

compared to orifice plate flow rate to ensure that the calibration was still valid.

During the course of a test it was necessary to monitor the mass flow rate to make

certain that it did not drop and then return to the required level, as this would affect

the pressure readings. If this did occur, the test was stopped and restarted.
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3.7 Preliminary Tests

Preliminary tests were carried out on the bend geometries to validate the design of the

test rig. The following are the problem areas that were identified:

• Misalignment of the two halves of the bend. This significantly increased the flow

losses. Due to the manufacturing process (discussed in Section 3.4.2), when the

two halves of each bend were joined together, there was a slight misalignment

along the joining edge. The misalignment in the R/d = 10 bend was the greatest,

due to the length of this bend, and varied along the centreline from 0.0254 - 0.0762

mm. This created a ridge along the centreline of the bend in the direction of the

flow. The bends were polished with 1200 grade abrasive paper to reduce any

imperfection.

• Swirling of flow. Increased the flow losses. As the air was sucked from the room

into the bellmouth, a swirling motion was set up. This caused the pressure read-

ings to oscillate and consequently, higher flow losses were attained. A honeycomb

flow straightener was inserted into the pipe, downstream of the bellmouth, thus

eliminating the swirling component of the flow.

3.8 Measurement Uncertainty

All pressure and temperature measurement devices were calibrated to known standards.

The Betz manometer had an accuracy of ± 0.975 Pa and the Druck DPI603 pressure

calibrator had an accuracy of 0.075% full-scale deflection. The NAMAS calibrated

PT100 had an accuracy of ± 0.01 K. Both the PT100 and pressure transducer devices

showed near linear output, with minimum R2 values not less than 0.99 for the linear

calibration curves. The measurement resolution of the PC-based ADC card was± 0.035

K for the PT100 Probes and the resolution for the range of pressure transducers are

listed in Table 3.4.

BS EN ISO 5167-1:1995 defines a procedure for determining the uncertainty of the

mass flow rate measurement. The analysis takes into account the uncertainty of the
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Transducer Range Resolution

1 mbar differential (Bend/junction) ± 0.012 Pa

5 mbar differential (Bend/junction) ± 0.061 Pa

10 mbar differential (Bend/junction and Upstream/downstream) ± 0.12 Pa

70 mbar differential (Bend/junction, Orifice and Upstream/downstream) ± 0.85 Pa

350 mbar differential (Upstream/downstream) ± 4 Pa

1.5 bar absolute (Atmospheric pressure) ± 18 Pa

1.5 bar gauge (Upstream of orifice) ± 18 Pa

Table 3.4: Pressure transducer ranges and corresponding resolution.

discharge coefficient, expansibility factor, upstream and downstream orifice pressures,

orifice geometry and density. At the lowest mass flow rate of 0.0071 kgs−1 the mass

flow rate uncertainty was calculated (see Appendix A) to be 1.07%. This error would

decrease at higher mass flow rates.

For each flow configuration tested a full investigation was carried out at each mass flow

rate three times. Figure 3.18 shows the measured static pressure values for symmetrical

combining flow, in the T-junction, at 0.0071 kgs−1. The variation in the static pressures

was less than 0.34% from the third test data. Throughout this work, the third test

data was used, so as to minimise any errors that may occur due to fluctuations in the

flow rate as discussed in Section 3.6.

Figure 3.18: Repeatability of static pressure measurements.
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Computational Methodology

4.1 Introduction

The commercial CFD code Fluent 6TM was used to simulate the flow in the bends and

junctions. The mesh generation packages ICEM CFDTM and GambitTM were used to

create the meshes.

This section describes the computational method used to simulate the flow. First,

the chosen boundary conditions and turbulence models are outlined. Then, the solver

settings are documented, including the discretisation schemes, solution initialisation

procedure, and convergence criteria. Finally, the meshes for each of the geometries are

illustrated.
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4.2 Governing Equations

The 3-D, steady-state Reynolds-Averaged-Navier-Stokes (RANS) equations were solved

using the segregated implicit solver. Since each geometry had a very large length-to-

radius ratio, it was necessary for the sake of accuracy to run all the simulations in

double precision mode [77]. At the highest flow rates, the nominal Mach number of the

flow was 0.23. However, in some regions in the domain Mach numbers above 0.56 were

observed. Therefore, the air density was modelled using the ideal gas law [77]. For

consistency, the ideal gas law was also used at lower velocities. The operating pressure

was set equal to the experimentally measured static pressure at the outlet.

4.3 Boundary Conditions

Figure 4.1 shows the boundary conditions used in the simulations. At the inlet, a fully

developed total pressure profile was imposed, which was calculated using Equations

(2.6) and (2.7). The experimental gauge pressure and total temperature were specified

for each mass flow rate. The turbulence intensity was set at 2%, and the turbulence

length scale was set equal to 0.07× d, as recommended in the Fluent user manual [77].

At the exit of the domain, a pressure outlet boundary condition was used, and the static

pressure was set equal to the experimentally measured value. The walls of the pipe

were modelled as smooth, adiabatic, no-slip walls. A symmetry boundary condition

was utilised along the centreline of the model to half the size of the computational

domain.

(a) Bend (b) Junction

Figure 4.1: Bend and junction boundary conditions used in the simulations.
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4.4 Turbulence Models

The four turbulence models employed in the investigation were the standard k− ε [15],

realizable k − ε [16], standard k − ω [17] and Reynolds stress model (RSM) [18]. The

standard k− ε turbulence model is the default two equation model, which solves trans-

port equations for the turbulent kinetic energy, k, and its dissipation rate, ε. It is

economical and robust, but performs poorly for complex flows with severe pressure

gradients, separation, strong streamline curvature, or swirl. Despite the known limita-

tions, this is the most widely used turbulence model. The realizable k − ε turbulence

model, hereafter referred to as the realizable model, is a variant of the standard k − ε

model. It is suitable for complex shear flows, and flows with moderate swirl, boundary

layer separation and vortex shedding. The standard k − ω turbulence model solves

two transport equations for k and ω, the specific dissipation rate. It is suitable for

complex boundary layer flows under adverse pressure gradients and separation. How-

ever, the separation is typically predicted to be early and excessive. The Reynolds

stress turbulence model (RSM) is the most physically sound RANS model. It is suit-

able for complex 3D flows with strong streamline curvature and swirl/rotation (curved

duct). The RSM model requires more CPU time and memory than the aforementioned

models, and is also more difficult to converge, due to the close coupling between the

Reynolds stresses and the mean flow.

4.5 Solver Settings

Discretisation Schemes

A second order discretisation scheme was used and the pressure velocity coupling was

achieved using the SIMPLE algorithm. The default under relaxation factors were used

for the k− ε, realizable and k−ω turbulence models. However, to aid the convergence

of the RSM, the under relaxation factors were lowered. The value assigned to each

parameter is given in Table 4.1.
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Parameter Under relaxation

factor

Pressure 0.2

Density 0.5

Body forces 0.5

Momentum 0.5

Turbulence kinetic energy 0.5

Turbulence dissipation rate 0.5

Turbulent viscosity 0.5

Energy 0.5

Table 4.1: Under Relaxation factors used to aid the convergence of RSM.

Solution Initialisation

Initialising the solution improves stability and accelerates convergence. For the bends,

the solution was initialised using the conditions at the inlet boundary. The junction

solutions were initialised by patching the appropriate velocity values for each leg.

Convergence Criterion

The solution was assumed to have converged when the residual values had dropped

four orders of magnitude or flat-lined (i.e. the solution no longer changed with more

iterations). For each case, the mass flow rate was also monitored and the solution was

not considered converged until it had flat-lined.

4.6 Mesh Generation

All the meshes in this study had the same dimensions as the experimental geometries.

For the bends, the diameter, d was equal to 0.0254 m and the radius of curvature, R

was equal to 0.01651 m, 0.0635 m and 0.254 m. To reduce the size of the computational

domain only half of the pipe and 50d upstream of the bend was modelled. This was

sufficient length to ensure fully developed flow at the inlet to the discontinuity. The
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length modelled downstream was 70d, this was sufficient to re-establish fully developed

flow. The junction meshes had the same diameter (d = 0.0254 m) and a sharp edge

between the legs (ŕ = 0). For each flow configuration, 50d of the upstream legs and 70d

of the downstream legs was modelled. Non-equilibrium wall functions were used for the

treatment of the near wall layer as recommended in the Fluent user manual [77]. When

using wall functions a constraint is placed on the height of the first cell from the wall,

so that the correct discretisation of the boundary layer is maintained. This constraint

is measured by the non-dimensional parameter y+, which is given in Equation (2.3).

For standard and non-equilibrium wall functions, y+ should be between 30 and 300.

Due to the large number of cases, it was not feasible to do a mesh independence study.

However, the mesh resolution was driven by the wall y+ and care was taken to ensure

the aspect ratio of the cells was as uniform as possible near to the general features

of the flow. As a general rule, the growth rate was kept below 1.2. The meshes are

described in the following sections.

4.6.1 Bend Meshes

The meshes for the bends were created using the mesh generation package Gambit.

An unstructured topology was used, as it was difficult to map the cells around the

circumference of the pipe to those along the symmetry plane with a structured mesh.

Also, blocking the bend geometry in ICEM CFD created regions of cells with high

skewness. Figure 4.2 shows a typical viscous hybrid mesh used in the bend simulations.

A prismatic core was created with the near wall region modelled using structured cells.

Typically the meshes consisted of approximately 700,000 cells and simulations were

run for each of the experimental mass flow rates.

4.6.2 Junction Meshes

The junction meshes were created using the mesh generation package ICEM CFD.

Structured meshes were created as the flow is more easily solved and the cell numbers

were greatly reduced. The typical meshes are shown in Figure 4.3. The T-junction

meshes consisted of approximately 500,000 cells and the Y-junctions had approximately

200,000 cells. Due to the large number of cases, only the equal flow ratios of combining
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(a) Inlet.

(b) Bend.

Figure 4.2: Unstructured mesh topology for the bends.

and dividing flow were modelled (i.e. Q1/Q3 = 0.5). In the combining and dividing

flow configurations, one leg had a velocity which was approximately twice that of the

other two legs. The meshes had to be created so the y+ values of all the legs were

within the required range. This meant that the lower velocity leg had a y+ value equal

to approximately 30 and the higher velocity leg, equal to approximately 100.
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(a) Inlet.

(b) T-junction.

(c) Y-junction.

Figure 4.3: Structured mesh topology for the junctions.
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Data Analysis Techniques

5.1 Equivalent Length Analysis

5.1.1 Bends

There are several ways to present the bend pressure loss as an equivalent length, le.

This section outlines the method used in this work. Figure 5.1 shows a schematic of

the bend pressure loss, the numbered locations represent the pressure measurement

stations. The static pressure drop per length between stations 1 - 2, 2 - 3 and 3 - 4 was

calculated and averaged to produce a pressure loss per length for the upstream pipe,

(∆p/∆L)upstream. The downstream static pressure loss per length, (∆p/∆L)downstream

was also obtained. However, as disturbances occur some distance downstream of the

bend, the calculations were started at station 9 to avoid the downstream transition

region.

The upstream gradient was projected downstream from station 1 for the length of the

bend (using the bend centreline length) and the downstream tangent. The pressure

difference was then calculated at stations 9 - 13 by subtracting the measured pressure

from the projected value. This yielded an average pressure difference based on the

upstream projected from station 1. The upstream gradient was also projected from

stations 2 and 3 and an average pressure difference was calculated for each case. The

three average pressure difference values were averaged to produce, ∆pB, the pressure

loss due to the bend. This method of systematically taking each measurement location
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Figure 5.1: Bend pressure loss schematic showing measurement locations.

and working out the pressure loss per length has the advantage of highlighting any

variation that occurred in the flow from station to station, whilst also allowing subtle

flow phenomena to be identified.

The pressure loss due to the bend is converted into an equivalent length, leB, using the

following equation:

leB =
∆pB

(∆p/∆L)upstream

(5.1)

The equivalent bend straight pipe length, leBE, is given by,

leBE =
2πRcentreline

4
(5.2)

Thus the total equivalent length is given by,

leBT = leBE + leB (5.3)

and non-dimensionalised using the pipe diameter, d.

leBT

d
=

le
d

(5.4)
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This method of analysis has been used by Ito and has been shown to give rise to more

consistent results than other methods [5, 41].

5.1.2 Junctions

Figure 5.2 shows a schematic of the junction pressure loss for combining flow, the

numbered locations represent the pressure measurement stations. The static pressure

drop per length between stations 1 - 2, 2 - 3 and 3 - 4 was calculated and averaged,

to produce a pressure loss per length for the upstream legs, (∆p/∆L)upstream1,2. The

downstream static pressure loss per length, (∆p/∆L)combined was also obtained. The

calculations were started at station 9, to ensure the downstream disturbances due to

the junction were omitted.

Figure 5.2: Junction pressure loss schematic showing measurement locations.

As the flow entered the downstream leg it accelerated and so (∆p/∆L)combined was

greater than (∆p/∆L)upstream1,2. To compensate for this change in gradient a cor-

rected upstream pressure, pc, was calculated using the centreline distance shown in
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Figure 5.3(a), where Lcentreline = πd/4, for the T-junction. (The centreline length

of the Y-junction is shown in Figure 5.3(b) and was taken as the length to the cen-

tre of the junction). The corrected upstream pressure was obtained by subtracting

(∆p/∆L)upstream1,2×Lcentreline+upstream from the measured static pressure at station 1.

(a) T-junction (b) Y-junction

Figure 5.3: Junction centreline lengths

A corrected downstream pressure was then calculated from this corrected upstream

pressure, using pc−(∆p/∆L)combined×Ldownstream. The difference between this corrected

downstream pressure and the measured static pressure at this downstream location was

then obtained. This process was carried out on the downstream stations 9 - 13 and

an average pressure difference calculated. Stations 2 and 3 were also used to calculate

corrected upstream pressures, and from these, corrected downstream pressures, and

average downstream pressure differences, in the same manner as for station 1. The

resulting three downstream pressure differences were averaged to produce, ∆pmeasure,

the measured pressure loss.

This measured pressure loss, ∆pmeasure, comprises a pressure loss due to the junction,

∆pJ , and a pressure loss due to the effect of Bernoulli, ∆pBer. A schematic of the

Bernoulli pressure loss in combining flow is shown in Figure 5.4(a), as the flow from

upstream legs 1 and 2 combined and entered leg 3, it accelerated and the static pressure

decreased. The Bernoulli pressure loss from leg 1-3 was positive, as the pressure in leg

1 was greater than the pressure in leg 3, and must be subtracted from ∆pmeasure, to

obtain the pressure drop due to the junction, ∆pJ . For combining flow:

p1 +

(
ρ1 ×

U2
1

2

)
= p3 +

(
ρ3 ×

U2
3

2

)
U3 > U1 (5.5)

∆pBer,1−3 =

(
ρ3 ×

U2
3

2

)
−

(
ρ1 ×

U2
1

2

)
= +ve (5.6)
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When the flow divides, as shown in Figure 5.4(b), it decelerates leaving leg 3 and enters

downstream legs 1 and 2, this causes a negative pressure loss i.e. a pressure recovery.

This negative pressure loss must be subtracted from ∆pmeasure, to obtain the pressure

drop due to the junction, ∆pJ . For dividing flow:

p3 +

(
ρ3 ×

U2
3

2

)
= p1 +

(
ρ1 ×

U2
1

2

)
U3 > U1 (5.7)

∆pBer,3−1 =

(
ρ1 ×

U2
1

2

)
−

(
ρ3 ×

U2
3

2

)
= −ve (5.8)

The pressure drop due to junction, ∆pJ , is given by,

∆pJ = ∆pmeasure −∆pBer (5.9)

The pressure drop due to the equivalent length of the junction, ∆pE, is given by,

∆pE = Lcentreline ×
∆p

∆Lupstream1,2

(5.10)

The total junction pressure drop ∆pJT , is given by,

∆pJT = ∆pE + ∆pJ (5.11)

The pressure loss due to the junction is converted into an equivalent length, leJ , using

the following equation:

leJ =
∆pJT

(∆p/∆L)upstream1,2

(5.12)

and non-dimensionalised using the pipe diameter, d.

leJT

d
=

le
d

(5.13)
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(a) Combining flow.

(b) Dividing flow.

Figure 5.4: Effect of Bernoulli pressure loss in combining and dividing flow.
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5.2 Loss Coefficient Analysis

5.2.1 Bends

Pressure loss coefficients can be calculated using the static or total pressure. Ito [5]

presented static pressure loss coefficients and Miller [1] presented total pressure loss

coefficients, as both data sets are generally accepted to be accurate, the static and

total pressure loss coefficients are calculated for the bend geometries.

The static pressure loss coefficient was calculated in the same manner as by Ito [5],

which is similar to the equivalent length analysis in that the bend and upstream and

downstream tangents are treated as one entity. Consider Figure 5.1, Equation (2.8) was

used to calculated the theoretical upstream pressure drop per length between stations

1 and 4, (∆p/∆L)calc. The downstream static pressure loss per length between stations

9 and 13 was calculated the same way as for the equivalent length analysis, producing

(∆p/∆L)downstream.

The upstream gradient was projected downstream from station 1 for the length of the

bend (using the bend centreline length) and the downstream tangent. The pressure

difference was then calculated at stations 9 - 13 by subtracting the measured pressure

from the projected value. This yielded an average pressure difference based on the

upstream projected from station 1. The upstream gradient was also projected from

stations 2 and 3 and an average pressure difference was calculated for each case. The

three average pressure difference values were averaged to produce, ∆pB, the pressure

loss due to the bend.

The equivalent length of straight pipe for the bend, leBE, is given by,

leBE =
2πRcentreline

4
(5.14)

This leBE was used to calculate an equivalent pressure drop due to a straight length of

pipe,

∆pBE = leBE ×
∆p

∆L calc
(5.15)

The total pressure drop due to the bend is given by,

∆pBT = ∆pBE + ∆pB (5.16)
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The static pressure loss coefficient is given by,

Kstatic =
∆pBT

1
2
ρU2

(5.17)

The total pressure loss coefficient was calculated using the same process. The total

pressure was calculated at each measurement location by the addition of a dynamic

head component, 1
2
ρU2. An iterative technique was used to calculate U and ρ at each

measurement location. An initial estimate was provided for ρ, and then U and T were

iterated upon using the continuity equation,

ṁ = ρAU (5.18)

and the equation of state,

p = ρRT (5.19)

5.2.2 Junctions

It is preferable to use the total rather than the static pressure loss coefficient with

junctions, as total pressure is related to the energy interactions and will be related

to similar flow configurations. The static pressure is related to local flow variables

in a particular configuration and may not be applicable to any other work, as the

experimental setups may not be the same.

The total pressure differences used in the loss coefficient analysis were calculated the

same way as the static pressure differences in the equivalent length analysis for the

junctions. Consider Figure 5.2, the total pressure at each upstream measurement

location was calculated by adding the dynamic head to the static pressure. A total

pressure gradient was calculated for the upstream leg. Similarly, the total pressures

were calculated at each of the downstream measurement locations and a downstream

total pressure gradient calculated. A corrected upstream total pressure was calculated

from the total pressure at station 1 in the same manner as in the equivalent length

analysis.

A corrected downstream total pressure was then calculated from this corrected up-

stream total pressure and the difference between this corrected downstream total pres-

sure and the measured total pressure at this downstream location was then obtained.
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This process was carried out on the downstream stations 9 - 13 and an average pressure

difference calculated. Stations 2 and 3 were also used to calculate corrected upstream

total pressures, and from these, corrected downstream total pressures, and average

downstream total pressure differences, in the same manner as for station 1. The result-

ing three downstream total pressure differences were averaged to produce the measured

total pressure loss, ∆Pmeasure.

The Bernoulli pressure effect was subtracted from this measured pressure loss to give

the pressure loss due to the junction. The total junction pressure loss was obtained in

a similar manner to that in the equivalent length analysis,

∆PJT = ∆PE + ∆PJ (5.20)

This total pressure loss is converted into a loss coefficient by,

Ktotal =
∆PJT

1
2
ρcomU2

com

(5.21)

Miller [1] and Abou-Haidar [66] reported that for Mach numbers less than 0.2 an

incompressible analysis was accurate. The mass flow rates tested in this work yield

Mach numbers less than 0.2, except for the highest flow rate, which has a Mach number

of 0.23. The incompressible analysis has been used for this flow rate, as it was felt that

errors due compressibility effects would be small.



Chapter 6

Experimental Results and

Discussion

In this chapter the pertinent results from the experimental work are presented. The

results of the initial tests to determine the influence of surface roughness on the pressure

loss in the straight pipes are presented. Then the results for the bends and junctions

are given in terms of equivalent length, le/d, and loss coefficient, K. Expressing the

data in terms of an equivalent length produced consistent results, however, pressure

losses are more commonly presented as loss coefficients. Therefore, in order to make a

comparison with reliable data, the results are also given as loss coefficients. Finally, a

summary is presented in which the most important results are compared and discussed.
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6.1 Roughness determination

Table 6.1 shows the variation in the Darcy friction factor with Reynolds number for

the upstream length of pipe. The friction factor was calculated using the Blausis

formula (Equation 2.11) and the Modified 1/9th Power law (Equation 2.13). At the

lowest mass flow rate, the experimental measurement was higher than the correspond-

ing value obtained using the Blausis formula. The 6.7% difference can be attributed

to the experimental setup. The measured pressure drop along the straight pipe was

in the order of 188 Pa at the lowest mass flow rate (i.e. subtracting one large number

from another). This small value of ∆p meant that any discrepancies in the accuracy of

the pressure reading would result in a significant error. The measured friction factor

corresponded closely with the calculated values up to a Reynolds number of approxi-

mately 5× 104. The pipe was hydrodynamically smooth within this Reynolds number

range. Above 7.5× 104, the measured values of friction factor do not vary significantly

with Reynolds number, but deviate from the smooth pipe correlation. The deviation

shows that roughness had an effect on the pressure loss in the length of pipe.

Reynolds Calculated Measured %

number λ λ Difference

19978.7 0.0266 0.0285 6.7

26178.2 0.0248 0.0252 1.4

34337.9 0.0232 0.0236 1.6

44104.5 0.0218 0.0221 1.3

56150.8 0.0205 0.0213 3.6

76300.7 0.0190 0.0196 3.0

90082.5 0.0182 0.0192 5.0

100323.6 0.0182 0.0191 4.8

116075.4 0.0179 0.0189 5.5

134235.1 0.0173 0.0190 8.7

Table 6.1: Darcy friction factor for 85d length of straight pipe.
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6.2 Bends

6.2.1 R/d = 0.65

Figure 6.1 shows the static pressure distribution for the upstream tangent, inner wall

and downstream tangent of the R/d = 0.65 bend, at the lowest and highest mass

flow rates. The pressure measurement location at −90d corresponds to 90 diameters

upstream of the bend. Similarly, the measurement location at +90d corresponds to

90 diameters downstream of the bend. In both cases, the pressure gradient of the

upstream tangent changes before it reaches the bend (approximately 5d upstream).

This increase was caused by the effect of the bend on the velocity profile with the bend

acting as a constriction. For the 0.0071 kgs−1 case, disturbances in the flow downstream

of the bend manifested as fluctuations in the pressure values, which dispersed before

reaching approximately 40d downstream, where the pressure gradient corresponded to

that of the upstream. For the 0.0431 kgs−1 case, the disturbances downstream of the

bend were more visible and could be detected up to approximately 70d downstream.

In Table 6.2 the pressure loss between each measurement location is given, for the

lowest mass flow rate, along with the corresponding pressure gradient, ∆p/∆L. The

average upstream pressure gradient of 93.0 kgm−2s−2, was obtained from the pressure

drops between −90d to −50d and −50d to −10d, as the pressure gradient between

−10d and −5d was affected by the bend as mentioned previously. The downstream

average pressure gradient was obtained using the pressure drops from 30d to 40d to

70d to 90d, as disturbances in the flow before 40d caused significant variations in the

values of ∆p/∆L. This downstream average pressure gradient of 94.6 kgm−2s−2 was

close to the value of the upstream gradient, which implies that the disturbances in the

flow due to the bend had dissipated, and the flow in the downstream pipe had returned

to the state of that in the upstream length.
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0431 kgs−1.

Figure 6.1: Pressure profiles of R/d = 0.65 bend.

In Table 6.3 the pressure loss between each measurement location is given, for the

highest mass flow rate, along with the corresponding pressure gradient. The average

upstream pressure gradient of 2509.1 kgm−2s−2 was calculated in the same manner

as the previous case. The disturbances in the downstream length occurred up to

approximately 70d, which is the upper limit of the distance of 50d − 70d reported by

Hofmann [10]. The downstream average pressure gradient of 2696.7 kgm−2s−2 was

calculated from the values at 50d to 60d to 70d to 90d, again, the upstream and
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Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 94.1 92.6

-50 to -10 94.8 93.3

-10 to -5 11.4 90.5

Upstream average 93.0

5 to 10 19.0 149.6

10 to 20 23.9 94.1

20 to 30 26.6 105.0

30 to 40 24.2 95.5

40 to 50 23.4 92.4

50 to 60 23.6 93.0

60 to 70 24.4 96.3

70 to 90 48.6 95.7

Downstream average 94.6

Table 6.2: Pressure loss in upstream and downstream tangents of R/d = 0.65 bend

at 0.0071 kgs−1.

downstream pressure gradients are parallel.

Cyclic pressure variations were present in the flow downstream of the bend for the

0.0431 kgs−1 case (Figure 6.2). This cyclic behaviour was damped out as the flow

travelled along the downstream length and disappeared after approximately 70d. These

variations were reported by other experimenters, such as Hawthorne [4], Kirchbach [11]

and Schubart [48]. A very weak cyclic pattern was present in the 0.0071 kgs−1 case,

but as the mass flow rate was increased this behaviour became more apparent. This

cyclic behaviour may be due to swirling or vortices in the flow set up at the inner wall

of the bend.

In Figure 6.3 the static pressure variation on the inner and outer walls is presented.

The inner wall pressure measurements were taken at the inlet and exit of the bend,

which corresponded to 0◦ and 90◦ respectively 1. The outer wall pressure measure-

1only two pressure measurement locations were possible on the inner wall due to the tight geometry

of the bend.
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Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 2468.7 2429.8

-50 to -10 2629.8 2588.4

-10 to -5 290.9 2291.1

Upstream average 2509.1

5 to 10 774.7 6100.3

10 to 20 443.8 1747.3

20 to 30 977.5 3848.7

30 to 40 760.0 2992.1

40 to 50 649.0 2555.4

50 to 60 602.1 2370.3

60 to 70 736.5 2899.5

70 to 90 1432.6 2820.1

Downstream average 2661.3

Table 6.3: Pressure loss in upstream and downstream tangents of R/d = 0.65 bend

at 0.0431 kgs−1.

Figure 6.2: Deviation from the average downstream pressure value on R/d = 0.65

bend at 0.0431 kgs−1.



Chapter 6. Experimental Results and Discussion 78

ments were recorded at the inlet, 45◦, and the exit of the bend. The graph displays

pressure measurements 5d upstream and downstream of the bend. The upstream pres-

sure measurement was taken as the reference. The pressure was greatest at the outer

wall farthest from the centre of curvature and least at the inner wall where it was near

to the centre of curvature. At the bend inlet an adverse pressure gradient occured on

the outer wall and may be sufficiently strong to produce local separation. The gradient

is favourable on the inner wall and caused the flow to be accelerated. At the bend exit,

the opposite occurred. The outer wall experienced a favourable gradient in which the

flow was accelerated and an adverse gradient occurred at the inner wall, which caused

local separation of the flow. The inner gradient at the bend inlet was approximately 5

times the gradient on the outer wall. The gradient on the inner wall at the exit of the

bend, was approximately 9 times that on the outer wall.

Figure 6.3: Static pressure variation around R/d = 0.65 bend at 0.0431 kgs−1.

Some experimenters use a calculated value of (∆p/∆L) (obtained from Equation 2.8)

rather than the measured (∆p/∆L)upstream when calculating the pressure loss, ∆pB,

and equivalent length, leB (see section 5.1.1). In this work both methods were used and

compared. Figure 6.4 shows the calculated values of le/d plotted against the Reynolds

number for the R/d = 0.65 bend, on a log scale. Significant scatter is present when

the calculated value was used, whilst the measured value produces a clear trend in the

data. This established that the upstream pressure gradient has two regions, one where

it follows the Blausis relationship in the far field, and another, which is closer to, and

is effected by the bend. In the region close to the bend the pressure gradient is larger
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in magnitude.

Figure 6.4: Calculation of le/d using calculated and measured pressure loss per length.

Figure 6.5 shows the pressure drop in the R/d = 0.65 bend expressed as an equivalent

length, on a log scale. The data follow an exponential relationship within this Reynolds

number range. The curve obtained by the addition of Equations (2.24) and (2.25) is

also plotted. As expected the pressure loss increased with Reynolds number. At

the lower Reynolds numbers the data correlate well with the equations of Ito [45]

and Crawford et al. [52], showing a +6% difference at the lowest Reynolds number.

However, at higher Reynolds numbers, the pressure loss was greater than the predicted

value (−32% difference at the highest Reynolds number). This increased pressure loss

at Reynolds numbers above approx 105, may be due to the misalignment of the two

halves of the bend, as discussed in Section 3.4.2. At higher Reynolds numbers this

ridge may be affecting the flow as though it were a roughness element, and protruding

through the boundary layer, causing an increased pressure loss.

The bend pressure loss is more commonly presented as a loss coefficient. Figure 6.6

gives the static and total pressure loss coefficients for the R/d = 0.65 bend, plotted

with the empirical equations of Ito [5] (Equations 2.29 and 2.30) to calculate the static

pressure loss coefficient. Also shown is the Miller [1, p207] total pressure loss coefficient

curve, with the appropriate corrections applied. The general trend of the graph shows

the loss coefficient decreasing with increasing Reynolds number. The R/d = 0.65 static

pressure coefficient data is above that of Ito [5], as he experimented on bends with
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Figure 6.5: Pressure drop in R/d = 0.65 bend expressed as an equivalent length.

R/d > 1 and his equation has been extrapolated for this R/d value. The total pressure

loss coefficients lie along the curve of Miller. Scatter was present in the experimental

loss coefficients, due to the sensitivity of the analysis to small changes in pressure.

Loss coefficients are calculated by dividing a small pressure difference by a U2 term, to

produce small values, which are very sensitive to any change in the pressure loss, thus

creating scatter in the results presented.

Figure 6.6: Pressure drop in R/d = 0.65 bend expressed as static and total pressure

loss coefficients.

Presenting the pressure loss data as an equivalent length, produces consistent data,



Chapter 6. Experimental Results and Discussion 81

which show a clear trend. Loss coefficients, are prone to scatter and are very sensitive

to small changes in pressure. However, loss coefficients are more commonly presented

and they will be used for comparison with existing work, but both analysis will be

presented throughout this work.
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6.2.2 R/d = 2.5

Following the convention of Figure 6.1, Figure 6.7 shows the static pressure distribution

for the upstream tangent, inner wall and downstream tangent of the R/d = 2.5 bend,

at the lowest and highest mass flow rates. In both cases, a change in the upstream

pressure gradient at approximately 5d, was caused by the effect of the bend on the

velocity profile. For the 0.0071 kgs−1 case, disturbances in the flow downstream of the

bend settled at approximately 40d downstream, while the disturbances in the 0.0435

kgs−1 case settled at approximately 50d downstream.

In Table 6.4 the pressure loss between each measurement location is given, for the

lowest mass flow rate, along with the corresponding pressure gradient, ∆p/∆L. The

average upstream pressure gradient of 95.5 kgm−2s−2, was obtained in the same manner

as that in Figure 6.1. The downstream average pressure gradient was obtained using

the pressure drops from 30d to 40d to 70d to 90d. This downstream average pressure

gradient of 94.6 kgm−2s−2 is close to the value of the upstream gradient, which implies

that the flow in the downstream pipe had returned to the state of that in the upstream

length. As expected the upstream and downstream gradients were the same magnitude

as the corresponding mass flow rate in the R/d = 0.65 bend. However, the pressure

drop in the R/d = 2.5 bend was less than that in the R/d = 0.65 bend. This is

consistent with the findings of Ito [5].

In Table 6.5 the pressure loss between each measurement location is given, for the

highest mass flow rate, along with the corresponding pressure gradient. The average

upstream pressure gradient was 2571.9 kgm−2s−2 and the downstream gradient was

2659.1 kgm−2s−2, which shows that the flow in the downstream pipe had recovered

from entering the bend. The disturbances in the downstream length occurred up to

approximately 50d, which agrees with the distance reported by Hofmann [10]. Again

the upstream and downstream gradients were the same magnitude as the corresponding

mass flow rate in the R/d = 0.65 bend.

Figure 6.8 presents the deviation of the downstream ∆p/∆L values from the average

downstream pressure gradient, for the 0.0435 kgs−1 case. Again cyclic pressure varia-

tions were present in the flow downstream of the bend, and were damped out after the

flow travelled approximately 70d downstream. The magnitude of these variations was
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0435 kgs−1.

Figure 6.7: Pressure profiles of R/d = 2.5 bend.

lower than for the R/d = 0.65 bend.

In the same convention as Figure 6.3, the static pressure variation on the inner and

outer walls of the R/d = 2.5 bend is presented in Figure 6.9 for the 0.0435 kgs−1 case.

The inner and outer wall pressure measurements were taken at the inlet, middle, and

exit of the bend, which corresponded to 0◦, 45◦, and 90◦ respectively. As expected, an

adverse gradient was observed on the outer wall and a favourable gradient on the inner
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Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 94.3 92.8

-50 to -10 95.7 94.2

-10 to -5 11.1 87.7

Upstream average 93.5

5 to 10 17.8 140.4

10 to 20 23.7 93.3

20 to 30 26.8 105.6

30 to 40 24.2 95.4

40 to 50 23.2 91.6

50 to 60 24.1 95.1

60 to 70 24.4 96.1

70 to 90 48.1 94.8

Downstream average 94.4

Table 6.4: Pressure loss in upstream and downstream tangents of R/d = 2.5 bend at

0.0071 kgs−1.

Figure 6.8: Deviation from the average downstream pressure value on R/d = 2.5

bend at 0.0435 kgs−1.
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Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 2534.6 2494.7

-50 to -10 2691.6 2649.2

-10 to -5 300.6 2367.2

Upstream average 2571.9

5 to 10 742.1 5844.0

10 to 20 442.7 1742.9

20 to 30 986.5 3884.1

30 to 40 755.7 2975.3

40 to 50 637.4 2509.6

50 to 60 611.5 2407.7

60 to 70 735.0 2893.9

70 to 90 1435.2 2825.2

Downstream average 2659.1

Table 6.5: Pressure loss in upstream and downstream tangents of R/d = 2.5 bend at

0.0435 kgs−1.

wall at the bend inlet, with the reverse at the bend exit. The inner wall gradient at

the bend inlet was approximately 5.5 times the gradient on the outer wall, while the

pressure on the inner wall at the exit of the bend, was approximately 7.5 times that on

the outer wall. The pressure drop in the R/d = 0.65 bend was approximately 5 times

the pressure drop in the R/d = 2.5 bend. The static pressure variation around the

bend reported by Enayet et al. [78] is also plotted. Enayet et al. [78] experimented on

a R/d = 2.8 bend using a Laser-Doppler anemometer. The data correlates well with

the pressure measurements obtained for the R/d = 2.5 bend. However, the difference

in the data of the R/d = 2.8 bend was due to the marginally larger radius of curvature.

Figure 6.10 shows the pressure drop in the R/d = 2.5 bend expressed as an equivalent

length, on a log scale. Again the pressure loss increased with Reynolds number and

the data follow an exponential relationship within this Reynolds number range. The

curve obtained by the addition of Equations (2.24) and (2.25) is also plotted. Again, at

the lower Reynolds numbers the data correlate well with the equations of Ito [45] and
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Figure 6.9: Static pressure variation around R/d = 2.5 bend at 0.0435 kgs−1.

Crawford et al. [52]. However, at Reynolds numbers above approx 105, the pressure

loss was greater than the predicted value (−52.5% difference at the highest Reynolds

number), which may be due to the misalignment of the two halves of the bend.

Figure 6.10: Pressure drop in R/d = 2.5 bend expressed as an equivalent length.

Figure 6.11 shows the static and total pressure loss coefficients for the R/d = 2.5 bend,

plotted with the empirical equations of Ito [5] (Equations 2.29 and 2.30) to calculate the

static pressure loss coefficient and the total pressure loss coefficient curve of Miller [1,

p207], with the appropriate corrections applied. The lowest Reynolds number case for

both the static and total pressure loss coefficients, shows the farthest deviation from
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existing data. The discrepancy was due to the very small pressure drop at this low flow

rate, which caused the analysis to be highly sensitive. For both loss coefficients, the

remaining data lies along the curves of Miller and Ito and decreased with increasing

Reynolds number.

Figure 6.11: Pressure drop in R/d = 2.5 bend expressed as static and total pressure

loss coefficients.
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6.2.3 R/d = 10

Figure 6.12 shows the static pressure distribution for the upstream tangent, inner wall

and downstream tangent of the R/d = 10 bend, at the lowest and highest mass flow

rates. As expected, a change in the upstream pressure gradient at approximately 5d,

was caused by the effect of the bend on the velocity profile. Disturbances in the flow

downstream of the bend settled at approximately 40d for both mass flow rates.

(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0438 kgs−1.

Figure 6.12: Pressure profiles of R/d = 10 bend.
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In Table 6.6 the pressure loss between each measurement location is given, for the

lowest mass flow rate, along with the corresponding pressure gradient, ∆p/∆L. The

average upstream pressure gradient of 91.6 kgm−2s−2, was obtained in the same manner

as that in Figure 6.1. The downstream average pressure gradient was obtained using

the pressure drops from 30d to 40d to 70d to 90d. This downstream average pressure

gradient of 92.6 kgm−2s−2 was close to the value of the upstream gradient and the

flow in the downstream pipe had returned to the state of that in the upstream length.

As expected the upstream and downstream gradients were the same magnitude as the

corresponding mass flow rate in the R/d = 0.65 and R/d = 2.5 bends.

Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 92.6 91.1

-50 to -10 93.5 92.1

-10 to -5 10.9 86.3

Upstream average 91.6

5 to 10 16.4 129.2

10 to 20 20.4 80.0

20 to 30 26.5 104.5

30 to 40 23.5 92.5

40 to 50 22.6 89.1

50 to 60 23.4 92.2

60 to 70 24.6 96.9

70 to 90 46.7 92.0

Downstream average 92.6

Table 6.6: Pressure loss in upstream and downstream tangents of R/d = 10 bend at

0.0071 kgs−1.

In Table 6.7 the pressure loss between each measurement location is given, for the

highest mass flow rate, along with the corresponding pressure gradient. The average

upstream pressure gradient was 2554.7 kgm−2s−2 and the downstream gradient was

2708.9 kgm−2s−2, which shows that the flow in the downstream pipe had recovered

from entering the bend. The disturbances in the downstream length occurred up to
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approximately 40d, which was a shorter distance than for the previous bends, due to

the more gentle curvature of this bend. Again the upstream and downstream gradients

were the same magnitude as the corresponding mass flow rate in the R/d = 0.65 and

R/d = 2.5 bends.

Measurement location, Pressure loss, ∆p/∆L

(diameters) ∆p (kgm−1s−2) (kgm−2s−2)

-90 to -50 2514.2 2474.6

-50 to -10 2677.0 2634.8

-10 to -5 303.3 2388.8

Upstream average 2554.7

5 to 10 699.1 5505.3

10 to 20 405.9 1598.2

20 to 30 948.3 3733.6

30 to 40 745.4 2970.4

40 to 50 632.0 2488.2

50 to 60 600.1 2362.6

60 to 70 739.0 2909.4

70 to 90 1429.4 2813.9

Downstream average 2643.5

Table 6.7: Pressure loss in upstream and downstream tangents of R/d = 10 bend at

0.0438 kgs−1.

Figure 6.13 gives the deviation of the downstream ∆p/∆L values from the average

downstream pressure gradient, for the 0.0438 kgs−1 case. Again cyclic pressure varia-

tions were present in the flow downstream of the bend, and were damped out after the

flow travelled approximately 70d downstream. The magnitude of these variations was

lower than for the R/d = 0.65 and R/d = 2.5 bends. At low flow rates (0.0071 kgs−1

and 0.0094 kgs−1) cyclic behaviour was not present. The cyclic behaviour is more likely

to be due to swirl rather than vortices, as there was no separation of the flow with the

more gentle curvature of the R/d = 10 bend.

The static pressure variation on the inner and outer walls of the R/d = 10 bend is

presented in Figure 6.14 for the 0.0438 kgs−1 case. The inner and outer wall pressure
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Figure 6.13: Deviation from the average downstream pressure value on R/d = 10

bend at 0.0438 kgs−1.

measurements were taken at the inlet, three equally spaced locations, and exit of the

bend, which corresponded to 0◦, 22.5◦, 45◦, 67.5◦, and 90◦. The outer gradient was

constant from the inlet of the bend, where the flow was forced outwards, to the 22.5◦

location. From this location to the exit of the bend, a favourable gradient was observed.

The inner gradient was favourable at the inlet and exit of the bend. The flow was

accelerated along both walls and local separation of the flow did not occur, due to the

more gentle curvature of this bend.

Figure 6.14: Static pressure variation around R/d = 10 bend at 0.0438 kgs−1.
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Figure 6.15 shows the pressure drop in the R/d = 10 bend expressed as an equivalent

length. Again the pressure loss increased with Reynolds number and the data follow

an exponential relationship within this Reynolds number range. The curve obtained

by the addition of Equations (2.24) and (2.25) is also plotted. Again, at the lower

Reynolds numbers the data correlate well with the equations of Ito [45] and Crawford

et al. [52], showing a −4% difference at the lowest Reynolds number. However, at

Reynolds numbers above approx 105, the pressure loss was greater than the predicted

value (−43% difference at the highest Reynolds number), which may be due to the

misalignment of the two halves of the bend. The misalignment along the centreline

join was greatest for the R/d = 10 bend, as it was more difficult to polish the inner

surface, due to the length of the bend.

Figure 6.15: Pressure drop in R/d = 10 bend expressed as an equivalent length.

Figure 6.16 presents the static and total pressure loss coefficients for the R/d = 10

bend, plotted with the empirical equations of Ito [5] (Equations 2.29 and 2.31) to

calculate the static pressure loss coefficient and the total pressure loss coefficient curve

of Miller [1, p207], with the appropriate corrections applied. Again the lowest Reynolds

number case for the static pressure loss coefficient, showed the farthest deviation from

existing data, due to the very small pressure drop at this low flow rate. However,

the remaining data show a good correlation with that of Ito. The total pressure loss

coefficient also decreased with increasing Reynolds number, showing the same trend as

the curve of Miller.



Chapter 6. Experimental Results and Discussion 93

Figure 6.16: Pressure drop in R/d = 10 bend expressed as static and total pressure

loss coefficients.

The variation in pressure loss expressed as an equivalent length, with R/d ratio, is

shown in Figure 6.17 for the 0.0360 kgs−1 case. The minimum pressure loss occurred

at a R/d ≈ 2.5, with the pressure loss gradually increasing with R/d ratio, in the region

where the loss was predominantly due to friction, as shown by Ito [45] and Piggot [50].

As the R/d ratio was decreased, there was a sharp increase in the pressure loss, in the

region where the loss was mainly due to separation of the flow. Also plotted on the

graph is the pressure loss data of a T-junction with the flow in one leg blanked off,

i.e. Q1 = Q3, this value of le/d was equivalent to R/d = 0.5 and had the maximum

pressure loss.

The variation in pressure loss expressed as an equivalent length, with R/d ratio, is

given in Figure 6.18 for the 0.0360 kgs−1 case. Also plotted is the curve obtained by

the addition of Equations (2.24) and (2.25) and the curve resulting from the addition

of Equation (2.24) and a new equation to predict the pressure loss, given as:

le
d

= 1.25

(
R

r

)0.1 [
Re

( r

R

)2
]0.8

Re−0.45 (6.1)

The data lie above the curve of the Spedding [41] and Ito [45] equations, possibly due

to the misalignment at the centreline join. The new equation gives a better correlation.

An excellent agreement is shown at low R/d values. As the R/d ratio was increased,

the centreline imperfection may have had more of an effect on the pressure loss due to
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Figure 6.17: Variation in pressure loss with R/d ratio at 0.0360 kgs−1.

the increased length of the bend and thus, caused the data to deviate from the curve.

Figure 6.18: Variation in pressure loss with R/d ratio at 0.0360 kgs−1.
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6.3 T-junction

6.3.1 Symmetrical Combining Flow

Figure 6.19 shows the static pressure distribution for upstream legs 1 and 2, and down-

stream leg 3 of the T-junction for symmetrical combining flow, at the lowest and

highest mass flow rates. The pressure measurement location at −90d corresponds to

90 diameters upstream of the junction. Similarly, the measurement location at +90d

corresponds to 90 diameters downstream of the junction. In both cases, the pressure

gradient of the upstream legs were equal, this was due to the flow ratio Q1/Q3 ≈ 0.5.

The flow combined in leg 3 and the velocity increased, resulting a steeper downstream

pressure gradient. For the 0.0071 kgs−1 case, disturbances in the flow downstream of the

junction, which had manifested as fluctuations in the static pressure, dispersed before

reaching approximately 30d downstream. For the 0.0453 kgs−1 case, the disturbances

downstream of the junction could be detected up to approximately 60d downstream.

Figure 6.20 shows the deviation of the downstream ∆p/∆L values from the average

downstream pressure gradient, for the 0.0453 kgs−1 case. Cyclic pressure variations

were present in the flow downstream of the junction, and were damped out after the

flow travelled approximately 70d downstream. At low flow rates (0.0071 kgs−1 and

0.0094 kgs−1) this cyclic behaviour was not present.

In Figure 6.21 the static pressure variation on the inner and outer walls and the down-

stream leg of the junction is presented for the 0.0453 kgs−1 case. Two graphs are

shown for clarity. The reference pressure, pref was taken as the pressure 5d upstream

of the junction on leg 1, with the datum taken as the centre of the junction. The

upstream pressure measurement locations on legs 1 and 2 were denoted by −d, and the

downstream locations (leg 3 measurement locations) by +d. Both upstream legs (a)
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0453 kgs−1.

Figure 6.19: Pressure profiles of T-junction symmetrical combining flow.

experienced an adverse pressure gradient, which increased towards the centre of the

junction and may be strong enough to produce local separation of the flow. The flow

along the inner walls experienced a favourable pressure gradient as it travelled towards

the centre of the junction (b). When the flow reached leg 3 and combined, an adverse

pressure gradient occurred, which caused local separation of the flow.
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Figure 6.20: Deviation from the average downstream pressure value for symmetrical

combining flow at 0.0453 kgs−1.

Figure 6.22 shows the pressure drop for flow in legs 1-3 and 2-3 for symmetrical com-

bining flow in a T-junction, expressed as an equivalent length using a log scale. As

expected, the pressure loss increased with Reynolds number. The data show an ex-

cellent correlation with a straight power law relationship within this Reynolds number

range.

Figure 6.23 shows the variation in pressure drop with mass flow ratio of branch to

combined flow, in legs 1-3 and 2-3, of symmetrical combining flow in a T-junction,

expressed as an equivalent length. As the flow was increased through one leg, the

pressure loss in the other leg increased. Again the data show an excellent correlation

with a straight power law relationship within this Reynolds number range.

The pressure drop in legs 1-3 and 2-3, expressed as a total pressure loss coefficient is

shown in Figure 6.24, with the curve of Miller [1, p315] and the empirical equation

(Equation 2.34) for symmetrical combining flow. The loss coefficient data from legs

1-3 and 2-3 was above that of Ito and Miller, and as with the bends, scatter was

present. The Ito equation is valid for 1× 105 < Re < 2× 105 and only the two highest

Reynolds number cases fell within this range. The equation had been extrapolated for

the lower velocity cases and the data deviated from that of Ito, as the loss coefficient

varied with Re when Re < 105. The two cases which were in the valid Re range show
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(a) Pressure distribution along outer wall.

(b) Pressure distribution along inner walls and downstream leg.

Figure 6.21: Pressure distribution along T-junction for symmetrical combining flow

at 0.0453 kgs−1.

a good correlation with curve of Ito. A curve of the Miller data, with no Reynolds

number correction is also plotted on the graph. This curve matches that of Ito. It

appeared that applying the correction to Miller’s data caused the loss coefficient to be

under-predicted.
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Figure 6.22: Pressure drop for symmetrical combining flow in a T-junction expressed

as an equivalent length for Q1/Q3 ≈ 0.5.

Figure 6.23: Pressure drop for symmetrical combining flow in a T-junction expressed

as an equivalent length against mass flow ratio at 0.0360 kgs−1.

Figure 6.25 gives the variation in the total pressure loss coefficient with the ratio of

mass flow rate for the 0.0360 kgs−1 case, along with the curves of Miller [1, p315] and

Ito [65] (Equation 2.34). The data for flow in legs 1-3 and 2-3 lie within the range

of validity of Equation (2.34) and show an excellent correlation with the work of Ito.

However, the data lie above the curve of Miller. Again, with no Reynolds number

correction applied, the Miller curve agrees with the data and with that of Ito.
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Figure 6.24: Pressure drop for symmetrical combining flow in a T-junction expressed

as a loss coefficient for Q1/Q3 ≈ 0.5.

Figure 6.25: Pressure drop for symmetrical combining flow in a T-junction expressed

as a loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.3.2 Branch Combining Flow

Figure 6.26 shows the static pressure distribution for upstream legs 1 and 2, and down-

stream leg 3 of the T-junction for branch combining flow, at the lowest and highest

mass flow rates, using the same convention as symmetrical combining flow. In both

cases, the pressure gradient of the upstream legs were equal and an increased velocity

in leg 3 resulted in a steeper downstream pressure gradient. For the 0.0071 kgs−1 case,

disturbances in the flow downstream of the junction, dispersed before reaching approx-

imately 30d downstream. For the 0.0453 kgs−1 case, the disturbances downstream of

the junction could be detected up to approximately 70d downstream.

Figure 6.27 gives the deviation of the downstream ∆p/∆L values from the average

downstream pressure gradient, for the 0.0453 kgs−1 case. The cyclic pressure variations

were damped out after the flow travelled approximately 70d downstream. At low flow

rates (0.0071 kgs−1 and 0.0094 kgs−1) a weak cyclic pattern was present.

Figure 6.28 presents the static pressure variation on the inner and outer walls of the

junction for the 0.0453 kgs−1 case. The outer wall experienced a favourable pressure

gradient as the flow combined and moved into leg 3, while an adverse pressure gradient

occurred on the inner wall and the flow separated (a). The flow along the outer wall

in leg 1 experienced a favourable pressure gradient as it travelled towards the centre

of the junction (Figure 6.28(b)). The flow on the inner wall and on the left side of leg

2, experienced an adverse pressure gradient. When the flow in these legs met, leg 2

encountered a change in direction and slowed down. As expected a favourable pressure

gradient occurred on the right side of leg 2, as the flow was accelerated around the

junction into leg 3.

Figure 6.29 presents the pressure drop for flow in legs 1-3 and 2-3 for branch com-

bining flow in a T-junction, expressed as an equivalent length. The data increased
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0453 kgs−1.

Figure 6.26: Pressure profiles of T-junction branch combining flow.

with Reynolds number and gave an excellent correlation with a straight power law

relationship within this Reynolds number range.

Figure 6.30 shows the variation in pressure drop with mass flow ratio of branch to

combined flow, in legs 1-3 and 2-3 for branch combining flow in a T-junction, expressed

as an equivalent length. The pressure loss in each leg decreased as the flow was increased
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Figure 6.27: Deviation from the average downstream pressure value for T-junction

branch combining flow at 0.0453 kgs−1.

through that leg. Again the data gave an excellent correlation with a straight power

law relationship within this Reynolds number range.

The pressure drop for branch combining flow expressed as a loss coefficient is shown

in Figure 6.31. Also plotted are the Miller [1, p311] curve, with and without the

Reynolds number correction, and the Ito [65] curve from empirical equations. The

pressure drop in leg 1-3 is presented in Figure 6.31(a). The Ito curve was obtained

using Equation (2.32) for branch combining flow. The loss coefficient data from leg 1-3

is above that of Ito and Miller, and as with the previous loss coefficient data, scatter is

present. The Ito equation is valid for 1×105 < Re < 2×105. The two highest Reynolds

number cases, which are in the valid Re range show a good correlation with the Ito

curve. As before, it appears that applying the correction to the Miller data caused

the loss coefficient to be under-predicted. The pressure drop in leg 2-3 is presented in

Figure 6.31(b). The Ito curve was obtained using Equation (2.33). Similar trends to

that of the loss coefficients in leg 1-3 are reported for leg 2-3.

Figure 6.32 gives the variation in the total pressure loss coefficient with the ratio of flow

rate in the branch to combined legs for the 0.0360 kgs−1 case, along with the curves

of Miller [1, p311] and the Ito [65] Equations (2.32) and ( 2.33). The data for flow in

leg 1-3, shown in Figure 6.32(a), lie within the range of validity of Equation (2.32) and



Chapter 6. Experimental Results and Discussion 104

(a) Pressure distribution along downstream leg.

(b) Pressure distribution along upstream legs.

Figure 6.28: Pressure distribution along T-junction for branch combining flow at

0.0453 kgs−1.

show an excellent correlation with the work of Ito. A closer correlation with the data

of Miller was obtained when the Reynolds number correction was omitted. The loss

coefficients for flow in leg 2-3 are presented in Figure 6.32(b) and show similar trends

to that of leg 1-3.
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Figure 6.29: Pressure drop for branch combining flow in a T-junction expressed as

an equivalent length for Q1/Q3 ≈ 0.5.

Figure 6.30: Pressure drop for branch combining flow in a T-junction expressed as

an equivalent length against mass flow ratio at 0.0360 kgs−1.
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(a) Loss coefficient for leg 1-3 and Q1/Q3 ≈ 0.5.

(b) Loss coefficient for leg 2-3 and Q1/Q3 ≈ 0.5.

Figure 6.31: Pressure drop for branch combining flow in a T-junction expressed as

a loss coefficient for Q1/Q3 ≈ 0.5.
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(a) Variation in loss coefficient with mass flow ratio for leg 1-3.

(b) Variation in loss coefficient with mass flow ratio for leg 2-3.

Figure 6.32: Pressure drop for branch combining flow in a T-junction expressed as

a loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.3.3 Symmetrical Dividing Flow

Figure 6.33 shows the static pressure distribution for the upstream leg 3 and down-

stream legs 1 and 2 of the T-junction for symmetrical dividing flow, at the lowest and

highest mass flow rates. In both cases, the pressure gradient of the downstream legs

were equal and had a more gradual slope than the upstream gradient. For the 0.0071

kgs−1 case, disturbances in the flow downstream of the junction, dispersed before reach-

ing approximately 20d downstream. The ratio of mass flow, Q1/Q3, was 0.545, so the

downstream leg 1 had marginally more flow through it. For the 0.0453 kgs−1 case, the

disturbances downstream of the junction could be detected up to approximately 30d

downstream, which was much sooner than for the combining flow cases. Again, the

mass flow ratio in the downstream legs was not equal, Q2/Q3 = 0.491.

Figure 6.34 shows the deviation of the downstream ∆p/∆L values from the average

downstream pressure gradient, for the 0.0453 kgs−1 case. Disturbances in the flow were

visible until approximately 30d downstream where the flow stabilised and settled to

the average value. The cyclic behaviour reported for the bends and the combining flow

T-junctions was present to a much lesser degree for the dividing flow cases.

In Figure 6.35 the static pressure variation on the inner and outer walls of the junction

at 0.0453 kgs−1 is presented (−d denotes the upstream measurement locations on leg

3, and +d the downstream locations on legs 1 and 2). The reference pressure was taken

as the 5d upstream measurement on leg 3. The upstream leg experienced an adverse

pressure gradient on both sides, as the flow approached the divide and decelerated into

legs 1 and 2 (Figure 6.35(a)). An adverse pressure gradient occurred on the inner walls

of the downstream legs 1 and 2, as the flow slowed further, the gradient may be strong

enough to cause the flow to separate. In both downstream legs (b) an adverse pressure

gradient occurred along the outer wall and increased as the flow travelled from the
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0453 kgs−1.

Figure 6.33: Pressure profiles of T-junction symmetrical dividing flow.

centre of the junction into the downstream legs. This may have been caused by the

stagnation point being slightly off the centre of the junction. In both graphs, one data

set is marginally above the other, this is due one leg having marginally more flow.

The measured pressure drop across the junction, ∆pmeasure, for the flow in leg 3-1, is

compared to the work of Mcbride [79] in Figure 6.36. Mcbride experimented with air,

using perspex tubes with an internal diameter of 26 mm. The three lowest mass flow

rates were included in the Reynolds number range and display an excellent correlation
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Figure 6.34: Deviation from the average downstream pressure for T-junction sym-

metrical dividing flow at 0.0453 kgs−1.

with the McBride data.

Figure 6.37 gives the pressure drop for flow in legs 3-1 and 3-2 for symmetrical dividing

flow in a T-junction, expressed as an equivalent length. The data for the flow in legs

3-1 and 3-2 show an excellent correlation with a straight power law relationship within

this Reynolds number range.

Figure 6.38 shows the variation in pressure drop expressed as an equivalent length,

with mass flow ratio of branch to combined flow, in legs 3-1 and 3-2 for symmetrical

dividing flow in a T-junction at 0.0360 kgs−1. The data is presented using a linear

scale and show an excellent correlation with a linear relationship within this Reynolds

number range. The pressure loss increased with Q1/Q3 ratio, and favourable pressure

loss (pressure recovery) was calculated for the lower mass flow ratios, as reported by

Ito [65]. This favourable pressure loss may be caused by the pulling effect of the leg

with the greater flow. If the flow travelling from leg 3 to leg 1 has the greater flow,

then the flow into leg 2 would experience a pull back towards the junction. This pulling

effect would decelerate the flow in leg 2, resulting in an increased static pressure.

The pressure drop for symmetrical dividing flow in legs 3-1 and 3-2, expressed as a loss

coefficient is shown in Figure 6.39. Also plotted are the Miller [1, p323] curve, with

the appropriate Reynolds number correction applied, and the Ito [65] curve from the
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(a) Pressure distribution along upstream leg 3 and the inner walls.

(b) Pressure distribution along outer wall.

Figure 6.35: Pressure distribution along T-junction for symmetrical dividing flow at

0.0453 kgs−1.

empirical Equation (2.38) for symmetrical dividing flow, valid for 1×105 < Re < 2×105.

The loss coefficient data from leg 3-1 lies below that of Ito and Miller at the lower mass

flow rates, and between them at the higher flow rates. The low Reynolds number data

may have inaccuracies due to the small pressure drop, as mention previously. The

pressure drop in leg 3-2 shows scatter at the low flow rates. However, at the higher
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Figure 6.36: The measured pressure drop of the T-junction symmetrical dividing

flow for Q1/Q3 ≈ 0.5.

Figure 6.37: Pressure drop for symmetrical dividing flow in a T-junction expressed

as an equivalent length for Q1/Q3 ≈ 0.5.

flow rates where the Ito equation is valid, the data are in agreement.

Figure 6.40 shows the variation in the total pressure loss coefficient with the ratio of

flow rate in the branch to combined leg for the 0.0360 kgs−1 case, along with the curves

of Miller [1, p323] and the Ito [65] Equation (2.38), which is valid for,

0.2 ≤ Q1,2

Q3

≤ 0.8 (6.2)
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Figure 6.38: Pressure drop for T-junction symmetrical dividing flow expressed as an

equivalent length against mass flow ratio at 0.0360 kgs−1.

Figure 6.39: Variation of total pressure loss coefficient with Reynolds number for

T-junction symmetrical dividing flow for Q1/Q3 ≈ 0.5.

The data for flow in leg 3-1, given in Figure 6.40(a), lie between the data of Ito and

Miller when it is within the range of validity of Equation (2.38). In general, the data

show the same trend as the curve of Ito. The Miller curve displays a different trend to

that of the data and the Ito curve. The loss coefficients for flow in leg 3-2 are presented

in Figure 6.40(b). The data show an excellent correlation with the Ito curve for the

range of validity of Equation (2.38) and both the data and the Ito curve do not agree
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with the curve of Miller.

(a) Variation in loss coefficient with mass flow ratio for leg 3-1.

(b) Variation in loss coefficient with mass flow ratio for leg 3-2.

Figure 6.40: Pressure drop for T-junction symmetrical dividing flow expressed as a

loss coefficient against mass flow ratio at at 0.0360 kgs−1.
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6.3.4 Branch Dividing Flow

Figure 6.41 presents the static pressure distribution for the upstream leg 3 and down-

stream legs 1 and 2 of the T-junction for branch dividing flow, at the lowest and highest

mass flow rates. In both cases, the pressure gradient of the downstream legs were equal,

however, the gradient of leg 1 lies above that of leg 2. Leg 1 had a pressure recovery,

as the flow travelled straight through the junction, which behaved like an expansion;

whereas, the flow in leg 2 was turned through 90◦, and therefore incurred a pressure

loss. For the 0.0071 kgs−1 case, disturbances in the flow downstream of the junction,

dispersed before reaching approximately 20d downstream. For the 0.0453 kgs−1 case,

the disturbances downstream of the junction could be detected up to approximately

30d downstream. As with the symmetrical dividing case, virtually no static pressure

variations occurred downstream of the junction.

Figure 6.42 shows the static pressure variation on the inner and outer walls of the

junction at 0.0453 kgs−1. An adverse pressure gradient occurred along the outer wall,

which increased as the flow travelled from the upstream leg 3, through the junction, and

decelerated into downstream leg 1 (a). A favourable pressure gradient occurred along

the inner wall of upstream leg 3, which caused the flow to accelerate(Figure 6.42(b)).

When the flow turned into leg 2, an adverse pressure gradient was set up on the right

side, as the flow divided and slowed down. This adverse pressure gradient caused the

flow to separate. A favourable pressure gradient occurred on the left side of leg 2, as

the flow turned. The pressure gradient on the inner wall of downstream leg 1 stayed

constant over the distance between the two measurement locations.

Figure 6.43 presents the pressure drop for flow in legs 3-1 and 3-2 for branch dividing

flow in a T-junction, expressed as an equivalent length. The data for the flow in leg 3-1

is presented using a linear scale in Figure 6.43(a). At low Reynolds numbers a negative
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0453 kgs−1.

Figure 6.41: Pressure profiles of T-junction branch dividing flow.

pressure loss occurred and as expected, the pressure loss increased with Reynolds num-

ber. Scatter is present in the le/d data. This may be due to the instabilities that were

introduced when the flow was divided at a sharp corner [1]. The scatter was greatest

at the lowest flow rates, which may be due to inaccuracies introduced when calculating

the small pressure differences at these flow rates. The pressure drop in leg 3-2 is shown

in Figure 6.43(b), using a log scale. Again, the pressure loss increased with Reynolds

number. An excellent correlation was obtained with a straight power law relationship
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(a) Pressure distribution along the outer walls.

(b) Pressure distribution along inner walls and leg 2.

Figure 6.42: Pressure distribution along T-junction for branch dividing flow at

0.0453 kgs−1.

within this Reynolds number range.

Figure 6.44 shows the variation in pressure drop expressed as an equivalent length,

with mass flow ratio of the branch to combined flow, in legs 3-1 and 3-2 for branch

dividing flow in a T-junction. The pressure loss data for flow in leg 3-1 is presented in

Figure 6.44(a) using a linear scale. The pressure loss was negative for each flow ratio,

and increased with the flow ratio through leg 1. The pressure loss data for leg 3-2 is
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(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.43: Pressure drop for branch dividing flow in a T-junction expressed as an

equivalent length for Q1/Q3 ≈ 0.5.

shown in Figure 6.44(b). A negative pressure loss occurred at the low flow rates and

as with leg 3-1, the pressure loss increased with the flow ratio.

The pressure drop for branch dividing flow in legs 3-1 and 3-2, expressed as a loss

coefficient is given in Figure 6.45. Also plotted are the Miller [1, p318-319] curve,

with the appropriate corrections applied, and the Ito [65] curve from Equations (2.35),

(2.36) and (2.37), for branch dividing flow, which are valid for 1×105 < Re < 2×105.



Chapter 6. Experimental Results and Discussion 119

(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.44: Pressure drop for branch dividing flow in a T-junction expressed as an

equivalent length against mass flow ratio at 0.0360 kgs−1.

The loss coefficient data from leg 3-1 shown in Figure 6.45(a) lie below that of Ito

and Miller at the lower mass flow rates, with a negative pressure loss coefficient, and

between them at the higher flow rates, where the pressure loss coefficient was positive.

The low Reynolds number data may have inaccuracies due to the small pressure drop,

as mention previously. However, the data have the same trend as that of Miller, and

the loss coefficient increased with Reynolds number. The pressure drop in leg 3-2 in



Chapter 6. Experimental Results and Discussion 120

Figure 6.45(b) agrees with the data of Ito at the higher flow rates where his equation

is valid. Again the data have the same trend as Miller’s data, but lie above his curve.

(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.45: Variation of total pressure loss coefficient with Reynolds number for

branch dividing flow in a T-junction with Q1/Q3 ≈ 0.5.

Figure 6.46 presents the variation in the total pressure loss coefficient with the ratio of

flow rate in the branch to combined leg for the 0.0360 kgs−1 case, along with the curves

of Miller [1, p318-319] and the Ito [65] Equations (2.35), (2.36) and (2.37). The data

for flow in leg 3-1, in Figure 6.40(a), lie along the curve of Ito up to a flow ratio of 0.9,
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where the leg 3-1 loss coefficient was higher than his curve. In general, the data show

the same trend as that of Miller, but lie above his curve. The loss coefficients for flow

in leg 3-2 are presented in Figure 6.40(b). The data were in excellent agreement with

the curves of Ito and Miller.

(a) Variation in loss coefficient with mass flow ratio for leg 3-1.

(b) Variation in loss coefficient with mass flow ratio for leg 3-2.

Figure 6.46: Pressure drop for branch dividing flow in a T-junction expressed as a

loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.4 Y-junction

6.4.1 Symmetrical Combining Flow

Figure 6.47 presents the static pressure distribution for upstream legs 1 and 2, and

downstream leg 3 of the Y-junction for symmetrical combining flow, at the lowest and

highest mass flow rates. In both cases, the pressure gradient of the upstream legs

were equal, as the flow ratio Q1/Q3 ≈ 0.5. The flow from legs 1 and 2 combined in

leg 3, resulting in a steeper downstream pressure gradient. For the 0.0071 kgs−1 case,

disturbances in the flow downstream of the junction dispersed before reaching approx-

imately 30d downstream. For the 0.0472 kgs−1 case, the disturbances downstream of

the junction could be detected up to approximately 60d downstream.

In Figure 6.48 the static pressure variation on the inner and outer walls of the upstream

and the downstream legs of the junction is presented for the 0.0472 kgs−1 case. The

reference pressure, pref was taken as the pressure 5d upstream of the junction on leg 1

and the origin taken as the centre of the junction. The upstream pressure measurement

locations on legs 1 and 2 are denoted by −d, and the downstream locations by +d.

The outer walls of both upstream legs (a) display a favourable pressure gradient, as

the flow travelled towards the centre of the junction. Conversely, the flow along the

inner walls experienced an adverse pressure gradient as it approached the centre of the

junction, and encountered flow travelling in the opposite direction. Figure 6.48(b) gives

the pressure variation along the downstream leg. A steep, adverse pressure gradient

occurred along both downstream walls, as the flow combined and travelled over the

sharp edge of the junction, where local separation occurred. As the flow travelled

towards the next measurement location, the gradient was almost constant, suggesting

that the flow had reattached and would accelerate downstream.
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0472 kgs−1.

Figure 6.47: Pressure profiles of Y-junction symmetrical combining flow.

Figure 6.49 has the pressure drop for flow in legs 1-3 and 2-3 for symmetrical combining

flow in a Y-junction, expressed as an equivalent length on a log scale. As expected, the

pressure loss increased with Reynolds number. The data show an excellent correlation

with a straight power law relationship within this Reynolds number range.

Figure 6.50 gives the variation in pressure drop with mass flow ratio of branch to

combined flow, in legs 1-3 and 2-3, of symmetrical combining flow in a Y-junction,

expressed as an equivalent length, using a log scale. As the flow was increased through
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(a) Pressure distribution along upstream legs.

(b) Pressure distribution along downstream leg.

Figure 6.48: Pressure distribution along Y-junction for symmetrical combining flow

at 0.0472 kgs−1.

one leg, the pressure loss in the other leg increased. Again the data show an excellent

correlation with a straight power law relationship within this Reynolds number range.

The pressure drop in legs 1-3 and 2-3, expressed as a total pressure loss coefficient is

shown in Figure 6.51. The loss coefficient data from legs 1-3 and 2-3 at low Reynolds

numbers display scatter, probably due to the inaccuracies produced by subtracting two

large pressure values. At higher Reynolds numbers, the data decreased with Reynolds



Chapter 6. Experimental Results and Discussion 125

Figure 6.49: Pressure drop for symmetrical combining flow in a Y-junction expressed

as an equivalent length for Q1/Q3 ≈ 0.5.

Figure 6.50: Pressure drop for Y-junction symmetrical combining flow expressed as

an equivalent length against mass flow ratio at 0.0360 kgs−1.

number. Miller did not present data for symmetrical combining flow in an equal area

ratio Y-junction, with a 60◦ angle.

Figure 6.52 presents the variation in the total pressure loss coefficient with the ratio of

mass flow rate for the 0.0360 kgs−1 case. As the flow ratio was increased through one

leg, the loss coefficient in that leg increased, while the loss coefficient in the other leg

decreased.
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Figure 6.51: Pressure drop for Y-junction symmetrical combining flow expressed as

a loss coefficient for Q1/Q3 ≈ 0.5.

Figure 6.52: Pressure drop expressed as a loss coefficient against mass flow ratio at

0.0360 kgs−1.
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6.4.2 Branch Combining Flow

Figure 6.53 shows the static pressure distribution for upstream legs 1 and 2, and down-

stream leg 3 of the Y-junction for branch combining flow, at the lowest and highest

mass flow rates. In both cases, the pressure gradient of the upstream legs were equal

and an increased velocity in leg 3 resulted in a steeper downstream pressure gradient.

For the 0.0071 kgs−1 case, disturbances in the flow downstream of the junction, dis-

persed before reaching approximately 30d downstream. For the 0.0460 kgs−1 case, the

disturbances downstream of the junction could be detected up to approximately 70d

downstream.

Figure 6.54 presents the static pressure variation on the inner and outer walls of the

junction for the 0.0460 kgs−1 case. The inner and outer walls on leg 1 (a) experienced

an adverse pressure gradient as the flow travelled towards the centre of the junction,

and encountered the flow from leg 2 travelling in the opposite direction. Consequently,

an adverse pressure gradient occurred on the outer wall of leg 2. Figure 6.54(b) gives

the pressure variation along the inner wall of leg 2 and the downstream leg 3. A

favourable pressure gradient occurred on the inner wall of leg 2 as the flow travelled

towards the centre of the junction. As the flow combined and accelerated around the

junction into leg 3, both downstream walls experienced a favourable pressure gradient

.

Figure 6.55 presents the pressure drop for flow in legs 1-3 and 2-3 for branch com-

bining flow in a Y-junction, expressed as an equivalent length. The data increased

with Reynolds number and show an excellent correlation with a straight power law

relationship within this Reynolds number range.

Figure 6.56 shows the variation in pressure drop with mass flow ratio of branch to

combined flow, in legs 1-3 and 2-3 for branch combining flow in a Y-junction, expressed
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0460 kgs−1.

Figure 6.53: Pressure profiles of Y-junction branch combining flow.

as an equivalent length for the 0.0360 kgs−1 case. As expected, as the flow ratio through

one leg was increased, the pressure loss in the other leg increased. Again the data show

an excellent correlation with a straight power law relationship within this Reynolds

number range.

The pressure drop in leg 1-3 and 2-3 for branch combining flow expressed as a loss

coefficient is given in Figure 6.57. A great deal of scatter was present in both sets of

loss coefficient data. Miller did not present loss coefficient curves for branch combining
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(a) Pressure distribution along leg 1 and the outer wall of leg 2.

(b) Pressure distribution along inner walls of leg 2 and the downstream leg.

Figure 6.54: Pressure distribution along Y-junction for branch combining flow at

0.0460 kgs−1.

Y-junctions with legs at an angle of 60◦, so a comparison could not be made.

Figure 6.58 shows the variation in the total pressure loss coefficient in leg 1-3 and 2-3,

with the ratio of flow rate in the branch to combined legs for the 0.0360 kgs−1 case.

As the flow through one leg was increased, the loss coefficient in both legs increased.
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Figure 6.55: Pressure drop for branch combining flow in a Y-junction expressed as

an equivalent length for Q1/Q3 ≈ 0.5.

Figure 6.56: Pressure drop for branch combining flow in a Y-junction expressed as

an equivalent length against mass flow ratio at 0.0360 kgs−1.



Chapter 6. Experimental Results and Discussion 131

Figure 6.57: Y-junction branch combining flow pressure drop expressed as Ktotal for

Q1/Q3 ≈ 0.5.

Figure 6.58: Pressure drop for branch combining flow in a Y-junction expressed as

a loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.4.3 Symmetrical Dividing Flow

Figure 6.59 presents the static pressure distribution for the upstream leg 3 and down-

stream legs 1 and 2 of the Y-junction for symmetrical dividing flow, at the lowest and

highest mass flow rates. In both cases, the pressure gradient of the downstream legs

were equal and had a more gradual slope than the upstream gradient, as a pressure

recovery occurred when the flow divided. For the 0.0071 kgs−1 case, disturbances in the

flow downstream of the junction, dispersed before reaching approximately 30d down-

stream. For the 0.0459 kgs−1 case, the disturbances downstream of the junction could

be detected up to approximately 50d downstream. Leg 1 data were marginally above

leg 2, as the mass flow ratio in the downstream legs was not equal, Q1/Q3 = 0.460.

In Figure 6.60 the static pressure variation on the inner and outer walls of the junction

is presented for the 0.0459 kgs−1 case. The reference pressure was taken as the 5d up-

stream measurement on leg 3. The upstream leg (b) experienced a favourable pressure

gradient on both sides, as the flow travelled towards the centre of the junction. An

adverse pressure gradient occurred on the outer walls of the downstream legs 1 and 2,

as the flow divided and slowed. In both downstream legs a favourable pressure gradient

occurred along the inner walls, as the flow had lost momentum when it encountered

the point of the junction where the two legs divide, and then accelerated, as it travelled

further downstream into the legs 1 and 2 (Figure 6.60(a)). In both of the graphs, one

data set is marginally above the other, as mentioned previously, this is due one leg

having more flow.

Figure 6.61 gives the pressure drop for flow in legs 3-1 and 3-2 for symmetrical dividing

flow in a Y-junction, expressed as an equivalent length on a linear scale. The data for

the flow in legs 3-1 and 3-2 were scattered. A favourable pressure loss was calculated

at each Reynolds number. The general trend of each leg shows that the pressure loss
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0459 kgs−1.

Figure 6.59: Pressure profiles of Y-junction symmetrical dividing flow.

decreased with increasing Reynolds number.

Figure 6.62 has the variation in pressure drop expressed as an equivalent length, with

mass flow ratio of branch to combined flow, in legs 3-1 and 3-2 for symmetrical dividing

flow in a Y-junction for the 0.0360 kgs−1 case. Again the data are presented using a

linear scale. With the exception of the lowest flow ratio, the pressure loss increased

with Q1/Q3. A positive pressure loss was calculated for the highest mass flow ratio

on leg 3-2, the other mass flow ratios yielded a negative pressure loss (i.e. pressure
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(a) Pressure distribution along outer wall.

(b) Pressure distribution along upstream leg 3 and the inner walls.

Figure 6.60: Pressure distribution along Y-junction for symmetrical dividing flow at

0.0459 kgs−1.

recovery) for both legs.

The pressure drop for symmetrical dividing flow in legs 3-1 and 3-2, expressed as a loss

coefficient is shown in Figure 6.63. The Miller [1, p324] curve is also plotted, with the

appropriate corrections applied. The loss coefficient data from leg 3-1 and 3-2 were

scattered at low flow rates and lay above the of Miller curve. The data increased with

Reynolds number, showing the opposite trend to that of Miller. Miller did not state
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Figure 6.61: Pressure drop for symmetrical dividing flow in a Y-junction expressed

as an equivalent length for Q1/Q3 ≈ 0.5.

Figure 6.62: Pressure drop for Y-junction symmetrical dividing flow expressed as an

equivalent length against mass flow ratio at 0.0360 kgs−1.

the radius between the legs of the Y-junction. Therefore, a direct comparison cannot

be made with any certainty.

Figure 6.64 gives the variation in the total pressure loss coefficient with the ratio of

flow rate in the branch to combined leg for the 0.0360 kgs−1 case, along with the curve

of Miller [1, p324]. The loss coefficient decreased with flow ratios below 0.7, and above

this value it increased. The data for flow in legs 3-1 and 3-2 have the same trend as
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Figure 6.63: Variation of total pressure loss coefficient with Reynolds number for

Y-junction symmetrical dividing flow with Q1/Q3 ≈ 0.5.

that of Miller, but lie above it for Q1/Q3 ≤ 0.7.

Figure 6.64: Pressure drop for symmetrical dividing flow in a Y-junction expressed

as a loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.4.4 Branch Dividing Flow

Figure 6.65 presents the static pressure distribution for the upstream leg 3 and down-

stream legs 1 and 2 of the Y-junction for branch dividing flow, at the lowest and highest

mass flow rates. In both cases, the pressure gradient of the downstream legs were equal

in magnitude, however, the gradient of leg 2 lies above that of leg 1. The flow travelled

straight through the junction and divided, resulting in a static pressure increase (pres-

sure recovery) from leg 3 to leg 2, to a value greater than at 10d before the junction

in leg 3. The flow in leg 1 was turned through 300◦, and therefore incurred higher

losses. For the 0.0071 kgs−1 case, disturbances in the flow downstream of the junction,

dispersed before reaching approximately 20d downstream. For the 0.0454 kgs−1 case,

the disturbances downstream of the junction could be detected up to approximately

30d downstream.

Figure 6.66 shows the static pressure variation on the inner and outer walls of the junc-

tion for the 0.0454 kgs−1 case. As expected, an adverse pressure gradient occurred along

the outer wall and the left wall of leg 2 (a) as the flow travelled from the upstream leg

3, through the junction, and decelerated into downstream leg 2. A favourable pressure

gradient occurred along the right wall of leg 2. As the flow travelled along the inner

wall of upstream leg 3, it experienced a favourable pressure gradient (Figure 6.66(b)).

When the flow turned into leg 1, an adverse pressure gradient was set up on the inner

wall, as the flow had divided and slowed. This adverse pressure gradient caused the

flow to separate. A favourable pressure gradient occurred on the outer wall of leg 1 as

the flow travelled downsream.

Figure 6.67 shows the pressure drop for flow in legs 3-1 and 3-2 for branch dividing flow

in a Y-junction, expressed as an equivalent length. The data for the flow in leg 3-1 are

presented using a log scale in Figure 6.67(a). As expected, the pressure loss increased

with Reynolds number. The data follow a straight power law relationship within this
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(a) Mass flow rate = 0.0071 kgs−1.

(b) Mass flow rate = 0.0454 kgs−1.

Figure 6.65: Pressure profiles of Y-junction branch dividing flow.

Reynolds number range. The pressure drop in leg 3-2 is shown in Figure 6.67(b), using

a linear scale. Negative values of le/d were calculated at each flow rate and the pressure

loss decreased with Reynolds number up to Re = 1×105. There after it increased with

Reynolds number.

Figure 6.68 gives the variation in pressure drop expressed as an equivalent length, with

mass flow ratio of branch to combined flow, in legs 3-1 and 3-2 for branch dividing flow

in a Y-junction for the 0.0360 kgs−1 case. The pressure loss data for flow in leg 3-1
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(a) Pressure distribution along the outer wall of leg 3 and leg 2.

(b) Pressure distribution along inner wall of leg 3 and leg 1.

Figure 6.66: Pressure distribution along Y-junction for branch dividing flow at

0.0454 kgs−1.

are presented in Figure 6.68(a) using a linear scale. The pressure loss was negative for

a flow ratio of 0.1, and increased with the flow ratio through leg 1. The pressure loss

data for leg 3-2 is shown in Figure 6.68(b). A negative pressure loss occurred at the

flow rates below 0.9 and as with leg 3-1, the pressure loss increased with the flow ratio

through leg 2.

The pressure drop for branch dividing flow in legs 3-1 and 3-2, expressed as a loss
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(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.67: Pressure drop for branch dividing flow in a Y-junction expressed as an

equivalent length for Q1/Q3 ≈ 0.5.

coefficient is presented in Figure 6.69. The loss coefficient data from leg 3-1 are shown

in Figure 6.69(a). Scatter is present and in general the loss coefficients increased with

Reynolds number. Miller did not present data for branch dividing flow in a 60◦ Y-

junction, again a comparison can not be made. The pressure drop in leg 3-2 is shown

in Figure 6.69(b). The data show an excellent correlation, except for one point and as

in leg 3-1, the loss coefficients increased with Reynolds number.
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(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.68: Pressure drop for branch dividing flow in a Y-junction expressed as an

equivalent length against mass flow ratio at 0.0360 kgs−1.

Figure 6.70 has the variation in the total pressure loss coefficient with the ratio of flow

rate in the branch to combined leg for the 0.0360 kgs−1 case. The data for flow in leg 3-1

are given in Figure 6.70(a). There was a clear trend where the loss coefficient increased

with flow through leg 1. The loss coefficients for flow in leg 3-2 are presented in

Figure 6.70(b). The loss coefficients decreased with flow ratios below 0.5 and increased

with flow ratios above 0.5.
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(a) Pressure drop in leg 3-1.

(b) Pressure drop in leg 3-2.

Figure 6.69: Variation of total pressure loss coefficient with Reynolds number for

branch dividing flow in a Y-junction with Q1/Q3 ≈ 0.5.
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(a) Variation in loss coefficient with mass flow ratio for leg 3-1.

(b) Variation in loss coefficient with mass flow ratio for leg 3-2.

Figure 6.70: Pressure drop for branch dividing flow in a Y-junction expressed as a

loss coefficient against mass flow ratio at 0.0360 kgs−1.
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6.5 Summary

The results of the straight pipe tests showed that the pipes were hydrodynamically

smooth for Re < 5 × 104. Above Re = 7.5 × 104 the friction factor deviated from

the smooth pipe data and roughness had an effect on the pressure loss. In subsequent

analyses, the appropriate friction factor was used for each Reynolds number.

Tests on the bends established that disturbances in the flow occurred up to a dis-

tance between 50d and 70d downstream, which was within the range reported by Hof-

mann [10]. When the flow exited the bend and travelled downstream, cyclic pressure

variations were present for each of the bends, as reported previously in the litera-

ture [4, 11, 48]. The magnitude of the pressure variations for the R/d = 0.65 bend

were greater than those for the R/d = 2.5 and R/d = 10 bends. The fluctuations

in pressure are more likely to be due to swirl of the flow rather than vortices, as no

separation occurred in the R/d = 10 bend. The minimum pressure loss occurred with

the R/d = 2.5 bend, and as the R/d ratio was decreased, there was a sharp increase

in the pressure loss, in the region where the loss was mainly due to separation of the

flow. Presenting the pressure loss data in terms of le/d produced consistent data, which

followed an exponential relationship with the Reynolds number range tested. The le/d

data agreed with the curve of Ito [45] and Crawford et al. [52] at low Reynolds num-

bers. Above Reynolds numbers of approx 105 the pressure loss of each of the bends was

greater than the predicted value. This increased pressure loss may be due to the mis-

alignment of the two halves of the bend, which created a protrusion into the flow along

the centreline join. A new equation to predict the pressure loss in the region of separa-

tion is given. The curve resulting from the addition of this equation and the equation

of Ito [45] gives an improved prediction. At low R/d values an excellent agreement is

shown. However, as the R/d value was increased, the misalignment of the centreline

join may have a greater effect and the data deviated from the curve. The process of

casting an engine manifold or exhaust system also results in a small protrusion into

the flow along the centreline, therefore, an increased pressure loss at high Reynolds

numbers is inevitable. Smooth pipe data should not be used to predict the pressure

losses in such geometries. Presenting the data in terms of loss coefficients, produced

results with scatter. The loss coefficient data for the R/d = 0.65 bend lie above the

data of Ito [5], which was extrapolated for the R/d value, and the data of Miller [1].
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The R/d = 2.5 and R/d = 10 data lie along the curves of Ito [5] and Miller [1].

The tests performed on the T-junction incorporated the combining and dividing flow

regimes. The results for combining flow showed that disturbances occurred downstream

of the junction for distances between 50d and 70d. The cyclic behaviour reported for

the bends was also present in the T-junction flows at the higher flow rates. Presenting

the pressure loss in terms of le/d produced an excellent correlation, which followed a

straight power law relationship, within the Reynolds number range tested. The le/d

value increased with Reynolds number and decreased with increasing flow ratio of

the branch to main leg. The loss coefficient data showed scatter, but, in general, it

agreed with the data of Ito [65]. The data of Miller [1] under-predicted the pressure

loss coefficient when the Reynolds number and roughness corrections were applied. The

dividing flow cases showed less cyclic behaviour than was present in the combining flow

configurations. The disturbances downstream of the junction occurred up to between

20d and 30d. Again, the le/d data showed an excellent correlation and followed a

straight power law relationship. The le/d value increased with Reynolds number and

flow ratio of the branch to main leg. The loss coefficient data, again showed scatter,

and agreed with the data of Ito [65]. However, the curve of Ito and the data for the

symmetrical dividing case did not show the same trend as that of Miller [1]. For the

branch dividing flow, the data lay along the curve of Ito [65] and show the same trend

as Miller [1], but lie above his curve.

The results of the combining flow tests for the Y-junction showed that disturbances in

the flow downstream of the junction occurred up to a distance between 30d and 70d.

The pressure loss data in terms of le/d gave an excellent correlation and followed a

straight power law relationship within the Reynolds number range tested. The le/d

values increased with Reynolds number and decreased with ratio of flow in the branch

to main leg. The loss coefficient data showed significant scatter. The disturbances

downstream of the junction for the dividing flow cases occurred up to a distance between

20d and 50d. The le/d pressure loss data for the symmetrical dividing case showed some

scatter, and decreased with increasing Reynolds number. The data decreased with

increasing flow ratio for values below 0.3, above Q1/Q3 = 0.5 the le/d value increased

with flow ratio. The loss coefficient data also showed scatter and lay above the data of

Miller [1]. However, the radius between the legs of the Miller Y-junction data was not
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given and so a direct comparison with the data could not be made with any certainty.

For the branch dividing configuration the le/d data showed scatter and increased with

Reynolds number and flow ratio. The loss coefficient data in both legs increased with

Reynolds number and in one leg increased with flow ratio, while the other leg decreased

below Q1/Q3 = 0.5, above this value the loss coefficient increased with flow ratio.



Chapter 7

Computational Results and

Discussion

In this section the computational results for the bends and junctions are compared to

the experimental values. For consistency, the predicted pressure values were taken at

the same locations as the experiments, and the pressure loss expressed as an equivalent

length, le/d, using the method outlined in Section 5.1. The flow field results of the

RSM and k− ε turbulence models are also compared for each configuration. Finally, a

summary is presented in which the most important results are compared and discussed.

The computational results are shown for the highest mass flow rate, unless otherwise

stated, as this case would provide the sternest test for the turbulence models. For

each configuration the RSM was chosen to simulate the flow as it is the recommended

turbulence model when simulating complex 3-D flows with strong streamline curvature,

adverse pressure gradients and flow separation (e.g. curved duct) [80]. Although the

RSM requires more CPU time and memory per iteration, it was felt that the results

obtained with this model would be physically sound and more accurate. The results of

the RSM will be presented along with the results of the standard k − ε model, which

have been included for reference. A comparison of the CFD pressure loss data and

the published work was not made, as the reliable data is expressed in terms of loss

coefficients.

147
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7.1 Bends

7.1.1 Pressure Loss Results

R/d = 0.65

The static pressure distribution of the upstream and downstream tangents is presented

in Figure 7.1 for each of the turbulence models. The location at -50d corresponded to

the inlet boundary, 50 diameters upstream of the bend. Similarly, the location at +70d

corresponded to the outlet boundary, 70 diameters downstream of the bend. Consider

the upstream tangent given in Figure 7.1(a). As expected, the turbulence model values

were close to the experimental value at the inlet. The inlet boundary condition in the

simulations, was defined as a total pressure profile, which was calculated from the

experimental data. Consequently the simulations yielded a static pressure value in

close proximity to that obtained experimentally. At the inlet the RSM model yielded

the same value as the experiments, whilst the realizable and k−ε turbulence models lay

marginally below it and the k−ω model lay above it (the actual percentage difference

values are given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.1 and

7.2 respectively). Further downstream the k − ω model continued to predict higher

pressure values than the other turbulence models. At the locations −10d and −5d

upstream of the bend, the turbulence models deviated from the experimental values

and appear to over-predict the pressure loss. The corresponding downstream static

pressure distribution is presented in Figure 7.1(b). The turbulence models predicted

virtually identical static pressure values. The predicted data did not exhibit the cyclic

pressure variations that were present in the experimental flow downstream of the bend.

Instead, the data displayed a gradual change in the gradient and at approximately 50d

downstream showed agreement with the experimental data. The pressure drop around

the bend, ∆pB, was calculated from the upstream and downstream tangents, and is

given in Table 7.3. All the turbulence models under-predicted the pressure drop, with

the realizable model and RSM performing the best.

The pressure variation on the inner and outer walls of the bend is presented for the

turbulence models in Figure 7.2. Static pressure values were taken at the inlet to

the bend (0◦), half way around the bend (45◦), and the exit of the bend (90◦). The
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reference pressure was taken at 5d upstream of the bend and the density and axial

velocity were averaged over the inlet boundary of the computational domain. The

inner wall pressure variation is given in Figure 7.2(a). The flow was accelerated into

the bend and the inner wall experienced a favourable pressure gradient up to the

45◦ location. Further downstream a strong adverse pressure gradient occurred, which

caused local separation of the flow. The k−ε, realizable and RSM turbulence models lie

below the experimental value at the inlet to the bend, implying that the pressure loss

was over-predicted. However, at the bend exit the turbulence models under-predicted

the pressure loss due to the separation of the flow and the predicted values lie above

those obtained experimentally. The k − ω model over-predicted the pressure value at

the inlet and exit of the bend. Consider the outer wall shown in Figure 7.2(b). At the

bend inlet the outer wall experienced an adverse gradient, but no separation of the flow

was observed. As the flow exited the bend, it accelerated due to the favourable pressure

gradient. The turbulence models show excellent agreement with the experimental data

apart from at the bend exit, where the pressure value was over-predicted.

The pressure loss expressed as an equivalent length is presented in Figure 7.3. The

RSM predicted higher pressure losses than the k− ε model at lower Reynolds numbers,

but yielded similar pressure losses at higher Reynolds numbers. However, both mod-

els severely under-predicted the experimental pressure loss over the entire Reynolds

number range (the RSM under-predicted the experimental data by 24 − 33%). The

turbulence models may fail to predict accurate pressure data due to the strong pressure

gradients, streamline curvature and the high degree of separation that was present in

the flow. It is possible that more accurate results would be obtained if a much finer

mesh was used in the near wall region (y+ ≈ 1) with the enhanced wall treatment,

instead of wall functions.
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(a) Upstream tangent.

(b) Downstream tangent.

Figure 7.1: Static pressure distribution along upstream and downstream tangents of

R/d = 0.65 bend at 0.0431 kgs−1.



Chapter 7. Computational Results and Discussion 151

Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 99875.8 99876.1 (0.000) 99876.7 (0.001) 99883.9 (0.008) 99874.5 (-0.001)

-10 99780.9 99776.4 (-0.005) 99776.7 (-0.004) 99779.1 (-0.002) 99776.7 (-0.004)

-5 99769.4 99763.8 (-0.006) 99764.0 (-0.005) 99766.4 (-0.003) 99764.2 (-0.005)

5 99684.3 99695.4 (0.011) 99693.6 (0.009) 99697.0 (0.013) 99693.0 (0.009)

10 99665.3 99676.3 (0.011) 99674.8 (0.010) 99676.2 (0.011) 99673.5 (0.008)

20 99641.4 99645.4 (0.004) 99645.6 (0.004) 99645.1 (0.004) 99643.7 (0.002)

30 99614.7 99618.7 (0.004) 99619.8 (0.005) 99618.4 (0.004) 99617.8 (0.003)

40 99590.5 99593.9 (0.003) 99594.7 (0.004) 99593.0 (0.003) 99593.0 (0.003)

50 99566.9 99569.2 (0.002) 99569.5 (0.003) 99568.2 (0.001) 99568.5 (0.002)

60 99543.3 99544.2 (0.001) 99544.2 (0.001) 99543.7 (0.000) 99543.8 (0.000)

70 99518.9 99519.0 (0.000) 99519.0 (0.000) 99519.0 (0.000) 99519.0 (0.000)

Table 7.1: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 0.65 bend at 0.0071 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.

Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 90029.0 90032.1 (0.003) 89978.9 (-0.056) 90277.1 (0.276) 89935.8 (-0.104)

-10 87399.2 87219.5 (-0.206) 87175.8 (-0.256) 87273.3 (-0.144) 87160.1 (-0.274)

-5 87108.2 86859.5 (-0.286) 86817.4 (-0.334) 86910.3 (-0.227) 86808.7 (-0.344)

5 83924.6 84614.1 (0.822) 84442.7 (0.617) 84619.4 (0.828) 84466.1 (0.645)

10 83149.8 83954.6 (0.968) 83838.4 (0.828) 83948.6 (0.961) 83797.8 (0.779)

20 82705.9 83001.2 (0.357) 82917.5 (0.256) 82989.3 (0.343) 82876.9 (0.207)

30 81728.4 82152.3 (0.519) 82109.9 (0.467) 82155.4 (0.522) 82077.0 (0.427)

40 80968.4 81339.6 (0.458) 81334.6 (0.452) 81345.7 (0.466) 81300.1 (0.410)

50 80319.3 80568.2 (0.310) 80562.3 (0.303) 80548.0 (0.285) 80529.9 (0.262)

60 79717.3 79786.1 (0.086) 79778.8 (0.077) 79761.6 (0.056) 79760.8 (0.055)

70 78980.8 78983.9 (0.004) 78982.7 (0.002) 78982.7 (0.002) 78982.7 (0.002)

Table 7.2: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 0.65 bend at 0.0431 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.
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Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3107.6 2275.1 2240.2 2180.9 2343.4

Table 7.3: Pressure drop, ∆pB, of R/d = 0.65 bend at 0.0431 kgs−1.

(a) Inner wall.

(b) Outer wall.

Figure 7.2: Static pressure variation along inner and outer walls of R/d = 0.65 bend

at 0.0431 kgs−1.
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Figure 7.3: Pressure drop of k − ε and Reynolds stress turbulence models expressed

as an equivalent length for R/d = 0.65 bend.



Chapter 7. Computational Results and Discussion 154

Current computational resources prohibit the use of the Enhanced Wall Treatment

(EWT) for all of the cases studied. Therefore, an initial investigation was conducted

into one case, namely the R/d = 0.65 bend at a mass flow rate of 0.0431 kgs−1 using

the k − ε turbulence model and the EWT. The static pressure distribution of the

upstream and downstream tangents is presented in Figure 7.4 for the non-equilibrium

wall function and the EWT. Consider the upstream tangent (a), as expected, both

wall treatment pressure values were close to the experimental value at the inlet and

yielded the same pressure gradient along the tangent. Further downstream, the EWT

showed a near perfect correlation with the experiments at the locations closest to the

bend, while the non-equilibrium wall function treatment under-predicted the pressure

values. For the downstream tangent (b) both wall treatments gave similar results. The

pressure drop around the bend at the highest flow rate is given in Table 7.4 for the

non-equilibrium wall function and the EWT. The EWT value was approximately 10%

higher than that of the non-equilibrium wall function.

The pressure variation on the inner and outer walls of the bend is shown in Figure 7.5 for

the k−ε turbulence model with the non-equilibrium wall function and the EWT, using

the same convention as Figure 7.2. At each position along the inner wall (a) the EWT

produced pressure values, which were marginally closer to the experiments, with the

exception of the 45◦ location, where the pressure value of the EWT was significantly

above that of the non-equilibrium wall function. Consider the outer wall given in

Figure 7.5(b). At each location both wall treatments yielded similar values with the

EWT producing pressure values, which were marginally closer to the experiments.

The pressure loss expressed as an equivalent length is presented in Figure 7.6. For

the highest Reynolds number case, the EWT predicted a pressure loss, which was 8.7%

above that of the non-equilibrium wall function. The predicted pressure data lies below

the experiments as the centreline protrusion, which was present in the experimental

geometries was not modelled in the CFD simulations. In summary, the use of a finer

mesh (y+ ≈ 1) and the EWT improved the accuracy of the simulations where the flow

separated from the inner wall of the bend and in the upstream tangent where pressure

propagation occurred.
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(a) Upstream tangent.

(b) Downstream tangent.

Figure 7.4: Static pressure distribution along upstream and downstream tangents of

R/d = 0.65 bend at 0.0431 kgs−1 for non-equilibrium wall functions and EWT.

Exp Non-equilibrium EWT

k− ε k− ε

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3107.6 2240.2 2490.3

Table 7.4: Pressure drop, ∆pB, of R/d = 0.65 bend at 0.0431 kgs−1 for non-

equilibrium wall functions and EWT.
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(a) Inner wall.

(b) Outer wall.

Figure 7.5: Static pressure variation along inner and outer walls of R/d = 0.65 bend

at 0.0431 kgs−1 for non-equilibrium wall functions and EWT.
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Figure 7.6: Pressure drop expressed as an equivalent length for R/d = 0.65 bend of

non-equilibrium wall functions and EWT.
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R/d = 2.5

The realizable, RSM and k − ε turbulence models were in excellent agreement with

the experimental data in the upstream tangent (Figure 7.7(a)). The k − ω model

over-predicted the pressure values, particularly near the inlet (the actual percentage

difference values are given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in

Tables 7.5 and 7.6 respectively). The static pressure distribution in the downstream

tangent is shown in Figure 7.7(b). The turbulence models yielded virtually identical

results. Again, the predicted data did not exhibit the cyclic pressure variations that

were present in the experimental flow downstream of the bend. Instead, the data

displayed a gradual change in the gradient, and beyond 50d downstream showed an

excellent agreement with the experimental data. The pressure drop around the bend

at the highest flow rate is presented in Table 7.7. Again, all the turbulence models

under-predicted the pressure drop, with the RSM yielding a pressure value closest to

the experiments.

The pressure variation on the inner and outer walls of the bend is presented in Figure 7.8

for the turbulence models using the same convention as Figure 7.2. The flow accelerated

into the bend and the inner wall experienced a favourable pressure gradient up to the

45◦ location (Figure 7.8(a)). Further downstream an adverse gradient occurred, which

was not strong enough to induce separation of the flow. The turbulence models show

an excellent agreement with the experimental data. However, at the bend exit the

RSM marginally under-predicted the pressure loss, lying above the experimental and

predicted values. Consider the outer wall given in Figure 7.8(b). At the inlet to the

bend, the outer wall experienced an adverse pressure gradient, but no flow separation

was observed. As the flow exited the bend, it accelerated due to the favourable pressure

gradient. The turbulence models show excellent agreement with the experimental data

apart from at the bend exit, where the pressure value was over-predicted.

The pressure loss expressed as an equivalent length is presented in Figure 7.9. The RSM

predicted higher pressure losses than the k− ε model over the entire Reynolds number

range. At the three lowest Reynolds numbers, the RSM showed excellent agreement

with the experimental data, yielding results with a difference between 7−9%. However,

as the Reynolds number increased, the simulated values under-predicted the pressure
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loss by 20 − 25%. This deviation at higher Reynolds numbers may be due to the

increased pressure loss caused by the centreline imperfection of the experimental bend

geometry, as discussed in Section 6.2.1.

(a) Upstream tangent.

(b) Downstream tangent.

Figure 7.7: Static pressure distribution along upstream and downstream tangents of

R/d = 2.5 bend at 0.0435 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 101080.3 101084.0 (0.004) 101082.0 (0.002) 101088.0 (0.008) 101083.0 (0.003)

-10 100984.6 100987.0 (0.002) 100987.0 (0.002) 100988.0 (0.003) 100987.0 (0.002)

-5 100973.4 100975.0 (0.002) 100975.0 (0.002) 100976.0 (0.003) 100975.0 (0.002)

5 100928.2 100936.0 (0.008) 100935.0 (0.007) 100937.0 (0.009) 100935.0 (0.007)

10 100910.3 100918.0 (0.008) 100918.0 (0.008) 100918.0 (0.008) 100917.0 (0.007)

20 100886.6 100889.0 (0.002) 100890.0 (0.003) 100889.0 (0.002) 100888.0 (0.001)

30 100859.8 100863.0 (0.003) 100864.0 (0.004) 100863.0 (0.003) 100863.0 (0.003)

40 100835.6 100839.0 (0.003) 100840.0 (0.004) 100838.0 (0.002) 100838.0 (0.002)

50 100812.3 100815.0 (0.003) 100815.0 (0.003) 100814.0 (0.002) 100814.0 ( 0.002)

60 100788.1 100790.0 (0.002) 100791.0 (0.003) 100790.0 (0.002) 100790.0 (0.002)

70 100763.7 100766.0 (0.002) 100766.0 (0.002) 100766.0 (0.002) 100766.0 (0.002)

Table 7.5: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 2.5 bend at 0.0071 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.

Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 89592.6 89586.1 (-0.007) 89580.4 (-0.014) 89101.0 (-0.549) 89579.0 (-0.015)

-10 86901.0 87013.0 (0.129) 86978.4 (0.089) 87044.5 (0.165) 86951.8 (0.058)

-5 86600.4 86659.7 (0.069) 86623.8 (0.027) 86684.7 (0.097) 86603.5 (0.004)

5 85074.6 85357.6 (0.333) 85352.8 (0.327) 85403.9 (0.387) 85322.3 (0.291)

10 84332.4 84839.0 (0.601) 84843.7 (0.606) 84886.1 (0.657) 84802.5 (0.557)

20 83889.7 83976.8 (0.104) 83983.4 (0.112) 84002.6 (0.135) 83937.6 (0.057)

30 82903.1 83190.4 (0.347) 83203.0 (0.362) 83203.4 (0.362) 83166.6 (0.318)

40 82147.4 82437.1 (0.353) 82443.5 (0.360) 82440.5 (0.357) 82414.0 (0.325)

50 81509.9 81691.4 (0.223) 81690.3 (0.221) 81677.6 (0.206) 81663.9 (0.189)

60 80898.4 80935.0 (0.045) 80932.1 (0.042) 80917.9 (0.024) 80916.5 (0.022)

70 80163.3 80165.1 (0.002) 80164.1 (0.001) 80164.1 (0.001) 80164.1 (0.001)

Table 7.6: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 2.5 bend at 0.0435 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.
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Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

1146.9 830.2 710.0 655.1 815.9

Table 7.7: Pressure drop, ∆pB, of R/d = 2.5 bend at 0.0435 kgs−1.

(a) Inner wall.

(b) Outer wall.

Figure 7.8: Static pressure variation along inner and outer walls of R/d = 2.5 bend

at 0.0435 kgs−1.
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Figure 7.9: Pressure drop of k − ε and Reynolds stress turbulence models expressed

as an equivalent length for R/d = 2.5 bend.
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R/d = 10

The realizable, RSM and k − ε turbulence models were in excellent agreement with

the experimental values over the length of the upstream tangent (Figure 7.10(a)).

Again, the k − ω model over-predicted the pressure level, particularly near the inlet

(the actual percentage difference values are given in brackets for the 0.0071 kgs−1 and

0.0453 kgs−1 cases in Tables 7.8 and 7.9 respectively). The corresponding downstream

static pressure distribution is given in Figure 7.10(b). The turbulence models were

indistinguishable and yielded similar static pressure values until approximately 60d

downstream, where the k − ω model showed an unexplainable deviation and over-

predicted the pressure values. The data displayed a gradual change in the gradient

and at approximately 50d downstream showed agreement with the experimental data.

The pressure drop around the bend is given in Table 7.10. All the turbulence models

under-predicted the pressure drop, with the RSM performing yielding values closest to

the experiments.

The pressure variation on the inner and outer walls of the bend is presented in Fig-

ure 7.11. The inner wall pressure variation is given in Figure 7.11(a). The flow ac-

celerated into the bend and the inner wall experienced a favourable gradient. The

realizable, RSM and k − ε turbulence models show excellent agreement with the ex-

perimental data at each measurement location on the bend. However, 5d downstream

of the bend, the turbulence models over-predicted the pressure value, with the RSM

performing the best. The k−ω model under-predicted the pressure values for the entire

length of the inner wall and over-predicted at the bend exit. The pressure variation

along the outer wall is shown in Figure 7.11(b). Again the realizable, RSM and k − ε

turbulence models show excellent agreement with the experimental data at each mea-

surement location on the bend. However, 5d downstream of the bend, the turbulence

models over-predicted the pressure value, with the RSM predicting a value closest to

the experimental. The k−ω model under-predicted the pressure values along the outer

wall and over-predicted at the bend exit.

The pressure loss expressed as an equivalent length is presented in Figure 7.12. The

RSM predicted higher pressure losses than the k − ε model over the entire Reynolds

number range. At the three lowest Reynolds numbers, the RSM showed excellent agree-
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ment with the experimental data, yielding results which under-predicted the pressure

loss by 1 − 5%. However, as the Reynolds number increased, the simulated values

under-predicted the pressure loss by 9− 15%. This deviation at higher Reynolds num-

bers may be due to the increased pressure loss caused by the centreline imperfection

of the experimental bend geometry, as discussed previously. The percentage differ-

ence between the predicted and experimental values of the R/d = 10 bend at higher

Reynolds numbers was less than for the R/d = 2.5 bend. This may due to the reduced

streamline curvature, weaker pressure gradients and absence of flow separation in the

R/d = 10 bend.
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(a) Upstream tangent.

(b) Downstream tangent.

Figure 7.10: Static pressure distribution along upstream and downstream tangents

of R/d = 10 bend at 0.0438 kgs−1.



Chapter 7. Computational Results and Discussion 166

Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 102365.1 102369.0 (0.004) 102366.0 (0.001) 102372.0 (0.007) 102367.0 (0.002)

-10 102271.5 102274.0 (0.002) 102273.0 (0.001) 102274.0 (0.002) 102272.0 (0.000)

-5 102260.6 102262.0 (0.001) 102261.0 (0.000) 102262.0 (0.001) 102260.0 (-0.001)

5 102190.6 102191.0 (0.000) 102191.0 (0.000) 102189.0 (-0.002) 102189.0 (-0.002)

10 102174.2 102177.0 (0.003) 102178.0 (0.004) 102176.0 (0.002) 102176.0 (0.002)

20 102153.9 102153.0 (-0.001) 102153.0 (-0.001) 102151.0 (-0.003) 102152.0 (-0.002)

30 102127.3 102129.0 (0.002) 102129.0 (0.002) 102128.0 (0.001) 102128.0 (0.001)

40 102103.8 102104.0 (0.000) 102105.0 (0.001) 102105.0 (0.001) 102104.0 (0.000)

50 102081.2 102081.0 (0.000) 102081.0 (0.000) 102081.0 (0.000) 102081.0 (0.000)

60 102057.7 102057.0 (-0.001) 102057.0 (-0.001) 102057.0 (-0.001) 102057.0 (-0.001)

70 102033.1 102033.0 (0.000) 102033.0 (0.000) 102033.0 (0.000) 102033.0 (0.000)

Table 7.8: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 10 bend at 0.0071 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.

Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

-50 91017.7 91042.2 (0.027) 91021.1 (0.004) 90808.7 (-0.230) 91002.8 (-0.016)

-10 88340.7 88452.0 (0.126) 88413.1 (0.082) 88466.8 (0.143) 88363.5 (0.026)

-5 88037.3 88105.3 (0.077) 88062.7 (0.029) 88033.1 (-0.005) 88017.8 (-0.022)

5 85818.1 85915.2 (0.113) 85949.8 (0.153) 85836.5 (0.021) 85872.9 (0.064)

10 85118.9 85516.4 (0.467) 85548.1 (0.504) 85447.5 (0.386) 85465.9 (0.408)

20 84713.0 84768.5 (0.066) 84790.9 (0.092) 84701.2 (-0.014) 84738.6 (0.030)

30 83764.6 84026.1 (0.312) 84050.7 (0.342) 84002.5 (0.284) 84018.8 (0.303)

40 83010.2 83286.9 (0.333) 83309.7 (0.361) 83296.4 (0.345) 83283.1 (0.329)

50 82378.1 82547.9 (0.206) 82561.7 (0.223) 82575.3 (0.239) 82540.9 (0.198)

60 81778.0 81801.3 (0.028) 81804.6 (0.033) 81938.7 (0.196) 81793.4 (0.019)

70 81039.0 81041.6 (0.003) 81040.4 (0.002) 81043.9 (0.006) 81040.4 (0.002)

Table 7.9: Comparison of experimental and simulated pressure values for upstream

and downstream tangents of R/d = 10 bend at 0.0438 kgs−1. The value in brackets

represents the percentage difference between the predicted and experimental results.
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Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

983.6 695.8 565.9 314.7 618.1

Table 7.10: Pressure drop, ∆pB, of R/d = 10 bend at 0.0438 kgs−1.

(a) Inner wall.

(b) Outer wall.

Figure 7.11: Static pressure variation along inner and outer walls of R/d = 10 bend

at 0.0438 kgs−1.
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Figure 7.12: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for R/d = 10 bend.
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7.1.2 Flow Field Results

In this section, the results of the chosen turbulence model, namely the Reynolds stress

model, are compared with the benchmark k − ε model for each of the bends.

Contours of the static pressure for the R/d = 0.65 bend are shown in Figure 7.13.

Both plots show a region of high pressure on the outer wall of the bend, where the

flow decelerated and turned. A low pressure region is visible on the inner wall of the

bend and downstream, where the flow accelerated. This low pressure region extends

further downstream for the RSM. The static pressure contours for the R/d = 2.5

bend are presented in Figure 7.14. Again, a region of high pressure on the outer wall

and a low pressure region on the inner wall is visible for both turbulence models,

with virtually no difference in the flow patterns produced by either models. For the

R/d = 10 bend (Figure 7.15) there are subtle differences between the two turbulence

models. As the flow entered the bend and turned, the outer wall of the k − ε model

experienced a high pressure region for approximately half the length of the bend, the

flow then accelerated and the pressure decreased as it exited the bend. The inner wall

experienced a favourable pressure gradient as the flow accelerated around the bend.

The pressure contours of the RSM show a high pressure region on the outer wall for a

shorter initial section of the bend, and thereafter the flow was accelerated around the

bend and the pressure decreased as the flow travelled towards the bend exit.

The contour plots of the velocity magnitude for the R/d = 0.65 bend are presented in

Figure 7.16. When the flow reached approximately 1.46d upstream of the bend for the

k− ε model, and 2.1d for the RSM, the velocity profile altered, as the flow anticipated

the bend. The higher velocity fluid moved towards the inner wall, and then, further

round the bend, moved to the outer wall. Near the bend exit, the flow separated from

the inner wall. The separation bubble is visible just downstream of the bend and can

be seen more clearly on the velocity vector plot in Figure 7.19. The flow reattached to

the inner wall at a distance of approximately 0.75d downstream of the bend for the k−ε

model and 0.79d for the RSM. Fully developed flow was re-established downstream of

the bend at a distance of 58d for the k− ε and 50d for the RSM. The velocity contours

for the R/d = 2.5 bend are presented in Figure 7.17. As with the previous bend,

the velocity profile anticipated the bend, approximately 1.22d upstream for the k − ε
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model and 2.01d for the RSM. Fully developed flow was re-established downstream of

the bend at a distance of approximately 54d for the k − ε and 48d for the RSM (both

turbulence models show the faster moving fluid close to the inner wall at the bend inlet

and close to the outer wall at the bend exit). No separation of the flow was visible for

either turbulence model (Figure 7.20). The velocity contours for the R/d = 10 bend

are given in Figure 7.18. Due to the more gentle curvature of this bend the velocity

profile altered a short distance upstream of the bend, approximately 0.49d for the k− ε

model and 0.80d for the RSM. Fully developed flow was re-established downstream of

the bend at a distance of approximately 38d for the k− ε and 32d for the RSM (again

the faster moving fluid is visible close to the inner wall at the bend inlet and close to

the outer wall at the bend exit). The differences between the two turbulence models

was expected, as the k − ε model is widely known to perform poorly in flows with

separation, strong streamline curvature, and high pressure gradients.

The turbulent kinetic energy is shown in Figure 7.22 for the R/d = 0.65 bend. For both

turbulence models, the turbulence levels were highest where the flow separated from

the inner wall. In this region a shear layer was formed, where the higher velocity flow

passed by the recirculating flow, which was travelling in the opposite direction. Another

increased region of turbulent kinetic energy is visible on the outer wall downstream of

the bend, where the faster moving flow had been forced outwards and was moving over

the stationary wall. The RSM exhibits much sharper contours compared to the overly

diffusive k − ε model. For both the R/d = 2.5 bend (Figure 7.23) and the R/d = 10

bend (Figure 7.24), the turbulent kinetic energy was highest along the outer wall of the

bend. The flow patterns are similar for both turbulence models, but the RSM predicts

slightly higher values of turbulent kinetic energy.

Figure 7.25 presents the secondary flow pattern observed 1d downstream of the R/d =

0.65 bend. The velocity was normalised with the mean axial velocity the inlet. A

strong secondary flow was present for both turbulence models. However, the RSM

gave a different pattern to that of the k − ε model. A strong secondary flow was still

present at a distance of 5d downstream of the bend, as shown in Figure 7.26. At

this distance downstream the RSM exhibits a stronger flow pattern than the k − ε

model (i.e. RSM velocity vectors are larger). The secondary flow 1d downstream of

the R/d = 2.5 bend are given in Figure 7.27 and were normalised in the same manner
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as for the R/d = 0.65 bend. Both turbulence models display strong secondary flows,

again the RSM pattern differs from that of the k − ε model. Weaker secondary flow

patterns were present 5d downstream of the bend and are highlighted in Figure 7.28.

The secondary flow 1d and 5d downstream of the R/d = 10 bend are presented in

Figures 7.29 and 7.30 respectively. The flow patterns of the turbulence models were

similar and do not vary significantly with distance downstream.



Chapter 7. Computational Results and Discussion 172

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.13: Contours of static pressure for R/d = 0.65 bend at 0.0431 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.14: Contours of static pressure for R/d = 2.5 bend at 0.0435 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.15: Contours of static pressure for R/d = 10 bend at 0.0438 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.16: Contours of velocity magnitude for R/d = 0.65 bend at 0.0431 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.17: Contours of velocity magnitude for R/d = 2.5 bend at 0.0435 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.18: Contours of velocity magnitude for R/d = 10 bend at 0.0438 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.19: Velocity vector plot for R/d = 0.65 bend at 0.0431 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.20: Velocity vector plot for R/d = 2.5 bend at 0.0435 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.21: Velocity vector plot for R/d = 10 bend at 0.0438 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.22: Contours of turbulent kinetic energy for R/d = 0.65 bend at 0.0431

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.23: Contours of turbulent kinetic energy for R/d = 2.5 bend at 0.0435

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.24: Contours of turbulent kinetic energy for R/d = 10 bend at 0.0438 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.25: Contours of normalised velocity magnitude showing the secondary flow

patterns 1d downstream of R/d = 0.65 bend at 0.0431 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.26: Contours of normalised velocity magnitude showing the secondary flow

patterns 5d downstream of R/d = 0.65 bend at 0.0431 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.27: Contours of normalised velocity magnitude showing the secondary flow

patterns 1d downstream of R/d = 2.5 bend at 0.0435 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.28: Contours of normalised velocity magnitude showing the secondary flow

patterns 5d downstream of R/d = 2.5 bend at 0.0435 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.29: Contours of normalised velocity magnitude showing the secondary flow

patterns 1d downstream of R/d = 10 bend at 0.0438 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.30: Contours of normalised velocity magnitude showing the secondary flow

patterns 5d downstream of R/d = 10 bend at 0.0438 kgs−1.
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7.2 T-junction

7.2.1 Symmetrical Combining Flow

The static pressure distribution in the upstream and downstream legs is presented

in Figure 7.31. The location at −50d corresponded to the pressure inlet boundary,

50 diameters upstream of the junction on leg 1. Similarly, the location at +70d corre-

sponded to the outlet boundary, 70 diameters downstream of the junction on leg 3. The

upstream leg 1 is shown in Figure 7.31(a). After approximately 5d a fully developed

pressure profile is visible in the upstream length. The profile was not fully developed

at the inlet boundary, as the total pressure profile did not contain any turbulence in-

formation. The RSM value at the inlet was marginally above that of the experimental

data (it would have shown excellent agreement if a fully developed profile occurred at

the inlet). However, over the length of the upstream leg, the RSM showed excellent

agreement with the experimental values and performed the best. The realizable and

k − ε turbulence models yielded very similar results and significantly under-predicted

the pressure values over the length of the upstream leg (the actual percentage difference

values are given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.11

and 7.12 respectively). The k − ω model over-predicted the pressure values near the

inlet, but were in good agreement with the experimental data further downstream.

The corresponding downstream static pressure distribution is given in Figure 7.31(b).

The turbulence models were virtually indistinguishable and were in excellent agree-

ment with the experimental data. However, the predicted data was much smoother

than the experimental data, which exhibited cyclic variations in the pressure values

until approximately 30d downstream.

The pressure drop around the junction, ∆pmeasure, was calculated from the upstream
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and downstream legs, and is shown in Table 7.13. For the flow in leg 1-3, all the

turbulence models showed excellent agreement with the experiments, with the RSM

and realizable models yielding values closest to the experiments. For the flow in leg 2-3,

the RSM and realizable models showed a near perfect correlation with the experimental

value, while the k − ε and k − ω models under-predicted the pressure value.

The pressure variation on the inner and outer walls and the downstream leg of the

junction is presented in Figure 7.32. Two graphs are shown for clarity. In order

to achieve consistency with the experimental data, the reference pressure, pref was

taken as the pressure 5d upstream of the junction on leg 1 and the density and axial

velocity were averaged over the inlet boundary of the computational domain. The

datum position was taken as the centre of the junction, with the pressure values of the

upstream legs 1 and 2 denoted by −d and the values of the downstream leg denoted by

+d. Both upstream legs experienced an adverse pressure gradient on the outer wall,

which increased towards the centre of the junction (Figure 7.32(a)). The turbulence

models show good agreement with the experimental data on the outer wall of leg

1, apart from the value at 0.5d upstream of the junction. At this location the flow

separated from the outer wall and both turbulence models over-predicted the pressure

loss. The separation region is visible in the velocity contour plot shown in Figure 7.35.

At the centre of the outer wall, the RSM marginally over-predicted the pressure loss,

lying below the experimental value, while the k− ε model severely under-predicted the

pressure loss. This is expected, as the k − ε model is widely known to under-predict

separation. Consider the inner walls and downstream leg presented in Figure 7.32(b).

At the inner wall of legs 1 and 2, the flow experienced a favourable pressure gradient as

the flow accelerated towards the centre of the junction. Both turbulence models yielded

similar values, which over-predicted the pressure value as the flow approached the

junction. As the flow combined and accelerated into the downstream leg, it separated

from the wall, and an adverse pressure gradient was observed. In this region both

turbulence models over-predicted the pressure value, with the RSM yielding values

closest to the experimental data.

The pressure loss expressed as an equivalent length is presented in Figure 7.33. The

RSM predicted pressure losses greater than those of the k − ε model over the entire

Reynolds number range and consistently under-predicted the experimental pressure



Chapter 7. Computational Results and Discussion 180

loss by no more than 10%. Consequently, the CFD method could be calibrated and

used (with confidence) for design calculations.

The flow field results are now presented. Contours of the static pressure are highlighted

in Figure 7.34. Both plots show a region of high pressure on the outer wall, which

extended into the centre of the junction, where the flow from legs 1 and 2 combined.

The flow then accelerated into leg 3 causing a decrease in the static pressure. Low

pressure regions are visible on both sides of leg 3, where the flow separated from the

walls. Further downstream the contours of the RSM had a high pressure region close to

the wall and a core region with a lower pressure. The k − ε model did not exhibit this

behaviour, instead, the pressure was relatively constant across the pipe cross section.

Both plots were not exactly symmetrical, due to the experimental setup having one leg

with marginally more flow.

The velocity contour plots are given in Figure 7.35. As expected just upstream, the

velocity profiles altered as the flow anticipated the junction. When the flow from

legs 1 and 2 combined, there was separation from the outer wall. The separation

bubble is visible in both plots and can be seen more clearly on the velocity vector plots

(Figure 7.36). The k−ε model shows the flow separating at a distance of approximately

1.29d upstream of the centre of the junction, while the RSM predicted the separation

at 1.23d. The separation bubble predicted by RSM extended to approximately 0.191d

past the centre of the junction, while the k−ε model showed the separation bubble at a

distance of approximately 0.161d. As the flow turned into leg 3 a region of high velocity

occurred in the centre, whilst, the flow separated from the walls on both sides. The

flow reattached to the walls at a distance of 1d downstream of the centre of the junction

for both turbulence models. However, the separation bubbles were different shapes.

The separation extended a distance of approximately 1.35d downstream for the RSM

and 1.41d for the k − ε model. Fully developed flow was re-established downstream of

the bend at a distance of approximately 58d for the k − ε and 38d for the RSM. For

both turbulence models, the turbulence levels were highest where the flow separated

from the walls of the downstream leg (Figure 7.37). The plot of the turbulent kinetic

energy for the k − ε model appears to be more diffuse than that of the RSM.
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(a) Upstream leg 1.

(b) Downstream leg 3.

Figure 7.31: Static pressure distribution along upstream and downstream legs of

T-junction for symmetrical combining flow at 0.0453 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 101801.5 101802.0 (0.001) 101803.0 (0.002) 101804.0 (0.002) 101802.0 (0.001)

-10 101772.8 101773.0 (0.000) 101771.0 (-0.002) 101771.0 (-0.002) 101773.0 (0.000)

-5 101769.4 101769.0 (0.000) 101767.0 (-0.002) 101767.0 (-0.002) 101769.0 (0.000)

Leg 2

-50 101801.5 101803.0 (0.001) 101803.0 (0.001) 101805.0 (0.003) 101802.0 (0.000)

-10 101773.4 101774.0 (0.001) 101772.0 (-0.001) 101771.0 (-0.002) 101773.0 (0.000)

-5 101769.4 101770.0 (0.001) 101768.0 (-0.001) 101767.0 (-0.002) 101769.0 (0.000)

Leg 3

5 101625.6 101635.0 (0.009) 101630.0 (0.004) 101636.0 (0.010) 101630.0 (0.004)

10 101607.3 101616.0 (0.009) 101614.0 (0.007) 101617.0 (0.010) 101614.0 (0.007)

20 101583.7 101586.0 (0.002) 101586.0 (0.002) 101586.0 (0.002) 101585.0 (0.001)

30 101556.5 101561.0 (0.004) 101560.0 (0.003) 101560.0 (0.003) 101560.0 (0.003)

40 101531.9 101536.0 (0.004) 101535.0 (0.003) 101535.0 (0.003) 101535.0 (0.003)

50 101508.0 101511.0 (0.003) 101510.0 (0.002) 101510.0 (0.002) 101510.0 (0.002)

60 101484.0 101485.0 (0.001) 101485.0 (0.001) 101485.0 (0.001) 101485.0 (0.001)

70 101459.2 101459.0 (0.000) 101459.0 (0.000) 101459.0 (0.000) 101459.0 (0.000)

Table 7.11: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction symmetrical combining flow at 0.0071 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 99313.6 99359.5 (0.046) 99328.8 (0.015) 99400.6 (0.088) 99302.3 (-0.011)

-10 98571.9 98601.2 (0.030) 98546.6 (-0.026) 98615.7 (0.044) 98520.0 (-0.053)

-5 98488.4 98506.4 (0.018) 98448.5 (-0.040) 98517.6 (0.030) 98422.1 (-0.067)

Leg 2

-50 99274.9 99275.9 (0.001) 99284.8 (0.010) 99297.6 (0.023) 99274.8 (0.000)

-10 98627.2 98577.2 (-0.051) 98587.9 (-0.040) 98562.8 (-0.065) 98587.7 (-0.040)

-5 98513.5 98490.0 (-0.024) 98500.5 (-0.013) 98471.0 (-0.043) 98501.7 (-0.012)

Leg 3

5 92946.3 93115.6 (0.182) 92942.2 (-0.004) 93157.4 (0.227) 92892.8 (-0.058)

10 92175.7 92541.9 (0.397) 92443.3 (0.290) 92573.7 (0.432) 92401.8 (0.245)

20 91730.7 91711.3 (-0.021) 91642.2 (-0.096) 91708.8 (-0.024) 91607.4 (-0.134)

30 90765.7 90962.5 (0.217) 90919.1 (0.169) 90984.8 (0.241) 90894.3 (0.142)

40 90006.9 90246.3 (0.266) 90215.0 (0.231) 90252.7 (0.273) 90203.1 (0.218)

50 89377.8 89530.6 (0.171) 89507.5 (0.145) 89518.8 (0.158) 89506.5 (0.144)

60 88766.2 88804.6 (0.043) 88789.5 (0.026) 88789.9 (0.027) 88790.3 (0.027)

70 88057.1 88065.2 (0.009) 88063.7 (0.007) 88063.0 (0.007) 88063.6 (0.007)

Table 7.12: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction symmetrical combining flow at 0.0453 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

1-3 5286.9 5266.8 5263.6 5231.6 5277.7

2-3 5362.8 5330.9 5255.3 5192.2 5370.8

Table 7.13: Pressure drop, ∆pmeasure, of T-junction symmetrical combining flow at

0.0453 kgs−1.
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(a) Outer wall.

(b) Inner wall and downstream leg.

Figure 7.32: Static pressure variation along T-junction for symmetrical combining

flow at 0.0453 kgs−1.
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(a) Leg 1-3.

(b) Leg 2-3.

Figure 7.33: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for T-junction symmetrical combining flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.34: Contours of static pressure for T-junction symmetrical combining flow

at 0.0453 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.35: Contours of velocity magnitude for T-junction symmetrical combining

flow at 0.0453 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.36: Velocity vector plot for T-junction symmetrical combining flow at 0.0453

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.37: Contours of turbulent kinetic energy for T-junction symmetrical com-

bining flow at 0.0453 kgs−1.
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7.2.2 Branch Combining Flow

The static pressure distribution is presented in Figure 7.38. All the turbulence models

performed very well and gave very similar results in both the upstream (a) and down-

stream (b) legs. The predicted pressure data in each of the junction legs are summarised

for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.14 and 7.15 respectively. The

pressure drop around the junction is given in Table 7.16. For the flow in leg 1-3, all

the turbulence models over-predicted the experimental pressure value, with the RSM

and k − ω models yielding values closest to the experiments. For the flow in leg 2-3,

all the turbulence models showed good agreement with the experiments. The RSM,

k − ε, and k − ω models marginally under-predicted the experimental pressure value,

while the realizable model slightly over-predicted the pressure value.

The pressure variation along the junction is presented in Figure 7.39. The outer wall of

leg 3 (a) experienced a favourable pressure gradient as the flow combined and acceler-

ated into the leg. Both turbulence models over-predicted the pressure values, with the

RSM yielding values closest to the experimental data. An adverse gradient occurred

on the inner wall as the flow separated. Again, both turbulence models over-predicted

the pressure values, and the RSM yielded values closest to those obtained experimen-

tally. In the upstream legs, shown in Figure 7.39(b), both turbulence models were in

agreement with the experimental data along the outer wall of leg 1, apart from at the

centre of the junction, where the simulated values over-predicted the pressure value.

Along the inner wall of leg 1 and the left side of leg 2, both turbulence models pre-

dicted values close to those obtained experimentally. However, on the right side of leg

2, where the flow accelerated around the junction into leg 3 both turbulence models

severely under-predicted the pressure loss .

The pressure loss expressed in terms of le/d are presented in Figure 7.40. In leg 1-3 (a),
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the RSM and k − ε model predicted similar pressure losses. These predicted values

showed an excellent correlation with the experimental data. In leg 2-3 (b), the RSM

predicted pressure losses greater than those of the k− ε model over the entire Reynolds

number range and consistently under-predicted the experimental pressure loss by no

more than 10%. Thus, the CFD method could be calibrated for the accurate prediction

of the pressure losses in branch combining flow.

As the flow travelled around the junction, it accelerated into the downstream leg,

causing a decrease in the static pressure (Figure 7.41). Both static pressure contour

plots highlight a small region of high pressure where the flow from legs 1 and 2 met.

Examination of the velocity magnitude (Figure 7.42) shows that the higher velocity

fluid moved towards the outer wall of the downstream leg, and the flow separated from

the inner wall. The separation bubble is visible for both turbulence models and can

be seen more clearly on the velocity vector plots of Figure 7.43. The flow reattached

to the inner wall at a distance of approximately 1.35d downstream of the junction

for the k − ε model and 1.55d for the RSM. Fully developed flow was re-established

downstream of the junction at a distance of 60d for the k− ε and 54d for the RSM. For

both turbulence models, the turbulence levels were highest where the flow separated

from the wall of the downstream leg 3 (Figure 7.37). Again, the plot of the turbulent

kinetic energy for the k − ε model appears to be more diffuse than that of the RSM.
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(a) Upstream leg 2.

(b) Downstream leg 3.

Figure 7.38: Static pressure distribution along upstream and downstream legs of

T-junction for branch combining flow at 0.0453 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 101543.2 101545.0 (0.002) 101545.0 (0.002) 101545.0 (0.002) 101544.0 (0.001)

-10 101516.6 101518.0 (0.001) 101516.0 (-0.001) 101514.0 (-0.003) 101518.0 (0.001)

-5 101513.4 101514.0 (0.001) 101513.0 (0.000) 101510.0 (-0.003) 101514.0 (0.001)

Leg 2

-50 101540.8 101543.0 (0.002) 101543.0 (0.002) 101545.0 (0.004) 101542.0 (0.001)

-10 101511.0 101513.0 (0.002) 101511.0 (0.000) 101510.0 (-0.001) 101511.0 (0.000)

-5 101506.9 101509.0 (0.002) 101506.0 (-0.001) 101506.0 (-0.001) 101507.0 (0.000)

Leg 3

5 101380.9 101390.0 (0.009) 101386.0 (0.005) 101390.0 (0.009) 101387.0 (0.0060

10 101363.9 101374.0 (0.010) 101371.0 (0.007) 101373.0 (0.009) 101371.0 (0.007)

20 101340.8 101345.0 (0.004) 101343.0 (0.002) 101344.0 (0.003) 101342.0 (0.001)

30 101313.9 101319.0 (0.005) 101318.0 (0.004) 101317.0 (0.003) 101317.0 (0.003)

40 101289.5 101294.0 (0.004) 101293.0 (0.003) 101293.0 (0.003) 101293.0 (0.003)

50 101266.2 101269.0 (0.003) 101268.0 (0.002) 101268.0 (0.002) 101268.0 (0.002)

60 101242.5 101244.0 (0.001) 101243.0 (0.000) 101243.0 (0.000) 101243.0 (0.000)

70 101218.1 101218.0 (0.000) 101218.0 (0.000) 101218.0 (0.000) 101218.0 (0.000)

Table 7.14: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction branch combining flow at 0.0071 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 98266.2 98308.1 (0.043) 98313.2 (0.048) 98328.4 (0.063) 98300.5 (0.035)

-10 97513.3 97533.6 (0.021) 97533.8 (0.021) 97507.9 (-0.005) 97531.9 (0.019)

-5 97428.9 97436.8 (0.008) 97435.8 (0.007) 97405.3 (-0.0240 97435.5 (0.007)

Leg 2

-50 98086.9 98147.1 (0.061) 98132.9 (0.047) 98185.3 (0.100) 98127.5 (0.041)

-10 97399.6 97406.9 (0.008) 97392.2 (-0.008) 97420.1 (0.021) 97390.2 (-0.010)

-5 97290.3 97316.7 (0.027) 97299.8 (0.010) 97326.3 (0.037) 97299.3 (0.009)

Leg 3

5 92271.0 92251.1 (-0.022) 92237.5 (-0.036) 92408.3 (0.149) 92217.0 (-0.0580

10 91510.6 91838.9 (0.359) 91810.4 (0.328) 91960.2 (0.491) 91775.1 (0.289)

20 91084.2 91069.1 (-0.017) 90997.0 (-0.096) 91092.8 (0.009) 90943.4 (-0.155)

30 90079.3 90314.3 (0.261) 90249.5 (0.189) 90307.1 (0.253) 90203.1 (0.137)

40 89299.1 89569.4 (0.303) 89523.8 (0.252) 89557.3 (0.289) 89492.4 (0.216)

50 88657.4 88829.0 (0.194) 88798.1 (0.159) 88819.3 (0.183) 88782.4 (0.141)

60 88043.7 88081.8 (0.043) 88063.5 (0.023) 88077.5 (0.038) 88057.6 (0.016)

70 87320.3 87323.1 (0.003) 87321.6 (0.002) 87321.8 (0.002) 87321.6 (0.002)

Table 7.15: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction branch combining flow at 0.0453 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

1-3 4457.3 4740.9 4872.2 4739.1 4950.6

2-3 4796.0 4670.4 4741.2 4666.7 4817.9

Table 7.16: Pressure drop, ∆pmeasure, of T-junction branch combining flow at 0.0453

kgs−1.
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(a) Downstream leg 3.

(b) Upstream legs.

Figure 7.39: Static pressure variation along T-junction for branch combining flow

at 0.0453 kgs−1.
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(a) Leg 1-3.

(b) Leg 2-3.

Figure 7.40: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for T-junction branch combining flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.41: Contours of static pressure for T-junction branch combining flow at

0.0453 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.42: Contours of velocity magnitude for T-junction branch combining flow

at 0.0453 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.43: Velocity vector plot for T-junction branch combining flow at 0.0453

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.44: Contours of turbulent kinetic energy for T-junction branch combining

flow at 0.0453 kgs−1.
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7.2.3 Symmetrical Dividing Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.45. For the upstream leg (a), only the RSM and k − ω turbulence models

exhibit a good correlation with the experimental data (the actual percentage difference

values are given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.17

and 7.18 respectively). Downstream (b), the k − ω, k − ε and realizable turbulence

models yielded similar static pressure values, which were all above the experimental

values. Whilst, the RSM correlated well with the experimental data. The pressure

drop around the junction is given in Table 7.19. For the flow in leg 3-1, all the tur-

bulence models performed poorly, with the exception of the RSM, which marginally

over-predicted the pressure value. The realizable and k − ω models yielded negative

values, showing the opposite trend to the experiments, which exhibited a pressure re-

covery. For the flow in leg 3-2, all the turbulence models showed similar values to leg

3-1, as the flow was symmetrical.

The pressure variation in the immediate vicinty of the junction is presented in Fig-

ure 7.46, both turbulence models predicted a favourable pressure gradient (along the

outer wall (a)). The experimental data showed an adverse pressure gradient, as the flow

divided and travelled from the centre of the junction into the downstream legs, this is

opposite to the CFD predictions. The simulations did not predict any separation of the

flow, instead the flow from the upstream leg impinged on the outer wall and was forced

into the downstream legs, creating a region of entrainment. Consider the upstream leg

and inner walls shown in Figure 7.46(b). As before, the turbulence models predicted a

favourable pressure gradient along the both sides of the upstream leg, whilst the exper-

imental data showed an adverse pressure gradient, due to the deceleration of the flow.

As the flow slowed further, the experimental data yielded an adverse pressure gradient

along the inner walls of the downstream legs and the turbulence models predicted a
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favourable pressure gradient.

The pressure loss data, expressed as an equivalent length, for leg 3-1 (Figure 7.47(a))

and leg 3-2 (Figure 7.47(b)) were virtually identical, as the flow was symmetrical. For

the two lowest Reynolds number cases, the k − ε model under-predicted the pressure

loss by 12%, but at the highest Reynolds numbers, it under-predicted the pressure

loss by about 40%. The RSM over-predicted the pressure loss at the lower Reynolds

numbers by 30%, while the results of the higher Reynolds number cases showed an

excellent correlation with the experimental pressure loss data (it over-predicted the

pressure loss by not more than 7%). The k − ε model performed best for the lower

Reynolds number cases and the RSM best for the higher velocity cases.

As the flow travelled from the upstream leg, it impinged on the outer wall and was

forced outwards towards the downstream legs. A separation region did not occur on

the inner wall of the downstream legs, instead there was a region of entrainment in the

centre of the legs. This flow pattern was also present at the lower velocity cases and

may explain the favourable pressure gradient obtained in Figure 7.46. Both pressure

contour plots (Figure 7.48) possess a region of high pressure on the outer wall, where

the flow stagnated before turning into the downstream legs. The static pressure in

the downstream legs was lower than that of the upstream leg. The RSM had a large

region of low pressure on both downstream legs close to the junction, but this was not

predicted by the k − ε model. The velocity contours of the RSM resemble the classic

case of jet impingement on a flat plate (Figure 7.49). The direction of the flow can be

seen more clearly on the velocity vector plots (Figure 7.50). For the k − ε model, the

flow encountered the outer wall and was forced into the downstream legs, which created

a region of low velocity in the centre of the downstream legs. The corresponding region

for the RSM had a high velocity. The turbulence levels for the k−ε model were highest

where the flow encountered the outer wall of the junction (Figure 7.51). For the RSM,

the turbulence levels were highest close to the outer wall of the downstream legs, where

the flow in the centre of the leg may have been pulled along by the faster moving flow

close to the outer wall.
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(a) Upstream leg 3.

(b) Downstream leg 1.

Figure 7.45: Static pressure distribution along upstream and downstream leg 1 of

T-junction for symmetrical dividing flow at 0.0453 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 100638.2 100658.0 (0.020) 100644.0 (0.006) 100656.0 (0.018) 100643.0 (0.005)

-10 100547.5 100576.0 (0.028) 100549.0 (0.001) 100566.0 (0.018) 100548.0 (0.001)

-5 100534.0 100566.0 (0.032) 100537.0 (0.003) 100555.0 (0.021) 100536.0 (0.002)

Leg 1

5 100510.2 100520.0 (0.010) 100526.0 (0.016) 100528.0 (0.018) 100525.0 (0.015)

10 100505.3 100514.0 (0.009) 100520.0 (0.015) 100520.0 (0.015) 100520.0 (0.015)

50 100474.2 100487.0 (0.013) 100490.0 (0.016) 100488.0 (0.014) 100489.0 (0.015)

Leg 2

5 100517.5 100520.0 (0.002) 100526.0 (0.008) 100528.0 (0.010) 100525.0 (0.007)

10 100514.4 100514.0 (0.000) 100520.0 (0.006) 100520.0 (0.006) 100520.0 (0.006)

20 100507.0 100506.0 (-0.001) 100512.0 (0.005) 100511.0 (0.004) 100512.0 (0.005)

30 100500.8 100499.0 (-0.002) 100505.0 (0.004) 100503.0 (0.002) 100504.0 (0.003)

40 100493.9 100493.0 (-0.001) 100497.0 (0.003) 100496.0 (0.002) 100497.0 (0.003)

50 100487.7 100487.0 (-0.001) 100490.0 (0.002) 100488.0 (0.000) 100489.0 (0.001)

60 100481.2 100481.0 (0.000) 100482.0 (0.001) 100482.0 (0.001) 100482.0 (0.001)

70 100474.7 100475.0 (0.000) 100475.0 (0.000) 100475.0 (0.000) 100475.0 (0.000)

Table 7.17: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction symmetrical dividing flow at 0.0071 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 89012.2 89479.1 (0.525) 88681.0 (-0.372) 89285.6 (0.307) 88583.3 (-0.482)

-10 86418.7 86825.3 (0.471) 85526.6 (-1.032) 86286.2 (-0.153) 85407.3 (-1.170)

-5 85941.8 86490.3 (0.638) 85128.0 (-0.947) 85909.1 (-0.0380 85010.2 (-1.084)

Leg 1

5 84226.7 84777.4 (0.654) 84930.3 (0.835) 84998.6 (0.917) 84920.3 (0.824)

10 84105.3 84555.8 (0.536) 84762.2 (0.781) 84733.5 (0.747) 84740.7 (0.755)

50 83215.6 83733.4 (0.622) 83806.9 (0.711) 83773.0 (0.670) 83801.3 (0.704)

Leg 2

5 84555.4 84777.7 (0.263) 84930.4 (0.443) 84999.1 (0.525) 84920.4 (0.432)

10 84407.6 84556.1 (0.176) 84762.3 (0.420) 84733.9 (0.387) 84740.8 (0.395)

20 84256.0 84311.7 (0.066) 84495.0 (0.284) 84452.4 (0.233) 84474.6 (0.259)

30 84029.9 84111.3 (0.097) 84259.2 (0.273) 84209.0 (0.213) 84243.3 (0.254)

40 83846.1 83921.6 (0.090) 84032.6 (0.222) 83987.1 (0.168) 84022.1 (0.210)

50 83681.0 83733.4 (0.063) 83806.8 (0.150) 83773.1 (0.110) 83801.3 (0.144)

60 83518.8 83543.4 (0.029) 83579.3 (0.072) 83560.1 (0.049) 83576.9 (0.070)

70 83350.9 83351.7 (0.001) 83351.4 (0.001) 83351.4 (0.001) 83351.4 (0.001)

Table 7.18: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction symmetrical dividing flow at 0.0453 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3-1 1365.2 1433.1 -258.9 634.4 -356.7

3-2 1176.3 1432.8 -259.0 633.9 -356.7

Table 7.19: Pressure drop, ∆pmeasure, of T-junction symmetrical dividing flow at

0.0453 kgs−1.
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(a) Outer wall.

(b) Upstream leg and inner walls.

Figure 7.46: Static pressure variation along T-junction for symmetrical dividing flow

at 0.0453 kgs−1.
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(a) Leg 3-1.

(b) Leg 3-2.

Figure 7.47: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for T-junction symmetrical dividing flow.



Chapter 7. Computational Results and Discussion 204

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.48: Contours of static pressure for T-junction symmetrical dividing flow at

0.0453 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.49: Contours of velocity magnitude for T-junction symmetrical dividing

flow at 0.0453 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.50: Velocity vector plot for T-junction symmetrical dividing flow at 0.0453

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.51: Contours of turbulent kinetic energy for T-junction symmetrical divid-

ing flow at 0.0453 kgs−1.
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7.2.4 Branch Dividing Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.52. The turbulence models severely under-predicted the pressure values over

the entire length of the upstream leg (a) (the actual percentage difference values are

given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.20 and 7.21

respectively). The RSM, k−ε and realizable models were virtually identical and whilst

the k − ω model predicted higher pressure values than the other turbulence models,

it still lay below the experimental data. The downstream static pressure distribution

of leg 2 is shown in Figure 7.52(b). Again, the predicted pressure values, were much

lower than the experimental data. The pressure gradient was also much lower than the

experiments. The RSM and k−ε turbulence models performed best just downstream of

the junction. However, at approximately 50d downstream the predicted static pressure

values were similar. The turbulence model data displayed an increase in the static

pressure from 5d to 10d and then a gradual decrease over the length of the downstream

leg, while the experimental static pressure decreased from 5d to the end of the leg and

the gradient was steeper than that of the simulations.

The pressure drop around the junction is given in Table 7.22. For the flow in leg 3-1,

all the turbulence models showed good agreement with the experimental value, apart

from the k− ε model, which over-predicted the pressure value. For the flow in leg 3-2,

all the turbulence models predicted the opposite trend to the experiments, showing a

rise in the static pressure.

The pressure variation around the junction is presented in Figure 7.53. Both tur-

bulence models replicated the experimental data and predicted an adverse pressure

gradient along the outer wall (Figure 7.53(a)). The turbulence models marginally

under-predicted the favourable pressure gradient along the inner wall (Figure 7.53(b)).
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The turbulence models over-predicted the pressure rise that occurred when the flow di-

vided and slowed as it entered the right side of leg 2. The left side of leg 2 experienced a

favourable pressure gradient and again the predicted values lie above the experimental

data.

The pressure loss data for leg 3-1, expressed in terms of le/d, is quite scattered (Fig-

ure 7.54(a)). A rise in the static pressure along leg 3-1 explains the negative pressure

loss values that were obtained. The RSM showed a good correlation with the ex-

perimental data, apart from at the highest Reynolds number. The k − ε model was

very inconsistent and completely contradicted the experimental results at the higher

Reynolds numbers. At the three lowest Reynolds numbers, the RSM over-predicted

the pressure recovery by between 5% and 64%, while the k − ε model under-predicted

at the lowest Reynolds number and over-predicted for the other mass flow rates. For

the higher Reynolds numbers the RSM over-predicted the recovery by between 44%

and 839%. The pressure loss results for leg 3-1 were very small compared to those of

leg 3-2, which may explain the error between the predicted and experimental values

for leg 3-1. The pressure loss data for the flow in leg 3-2 is presented in Figure 7.54(b).

The RSM performed well over the entire Reynolds number range. For the two lowest

Reynolds number cases, it under-predicted the pressure loss by 9 − 18%, and for the

higher Reynolds number cases, it under-predicted the pressure loss by between 6−9%.

The k−ε model significantly under-predicted the pressure loss over the entire Reynolds

number range by between 47% and 57%. This can be explained by the inability of the

k − ε model to predicted the separation accurately [80].

A region of high static pressure is visible on the corner join of legs 1 and 2 (Figure 7.55).

The static pressure in the downstream leg 1 was higher than that of the upstream leg,

as the flow had divided and slowed. A region of low pressure is visible downstream

of the junction in leg 2 and as the flow travelled further downstream, the pressure

increased. When the flow travelled from the upstream leg into leg 1, it was pulled

towards the inner wall by the flow turning into leg 2 (Figure 7.56). Both plots show

a region of high velocity fluid on the left side and a region of recirculating flow on

the right side of leg 2. The separation bubble can be seen more clearly on the velocity

vector plots of Figure 7.57. The flow reattached to the wall a distance of approximately

4.1d downstream for the k − ε model and 2.5d for the RSM. The turbulence levels of
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both plots were highest where the faster moving flow on the left side of leg 2 passed

the recirculating flow (Figure 7.58).

(a) Upstream leg 3.

(b) Downstream leg 2.

Figure 7.52: Static pressure distribution along upstream and downstream leg 2 of

T-junction for branch dividing flow at 0.0453 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 101396.5 101383.0 (-0.013) 101384.0 (-0.012) 101393.0 (-0.003) 101382.0 (-0.014)

-10 101303.6 101261.0 (-0.042) 101266.0 (-0.037) 101272.0 (-0.031) 101263.0 (-0.040)

-5 101290.3 101247.0 (-0.043) 101251.0 (-0.039) 101258.0 (-0.032) 101249.0 (-0.041)

Leg 1

5 101339.8 101302.0 (-0.037) 101305.0 (-0.034) 101303.0 (-0.036) 101304.0 (-0.035)

10 101338.5 101296.0 (-0.042) 101298.0 (-0.040) 101297.0 (-0.041) 101298.0 (-0.040)

50 101309.0 101244.0 (-0.064) 101245.0 (-0.063) 101219.0 (-0.089) 101245.0 (-0.063)

Leg 2

5 101267.5 101255.0 (-0.012) 101255.0 (-0.012) 101255.0 (-0.012) 101253.0 (-0.014)

10 101262.8 101253.0 (-0.010) 101253.0 (-0.010) 101254.0 (-0.009) 101252.0 (-0.011)

20 101255.3 101247.0 (-0.008) 101247.0 (-0.008) 101247.0 (-0.008) 101246.0 (-0.009)

30 101247.5 101241.0 (-0.006) 101241.0 (-0.006) 101242.0 (-0.005) 101241.0 (-0.006)

40 101240.9 101235.0 (-0.006) 101236.0 (-0.005) 101236.0 (-0.005) 101235.0 (-0.006)

50 101233.4 101230.0 (-0.003) 101230.0 (-0.003) 101230.0 (-0.003) 101230.0 (-0.003)

60 101226.7 101224.0 (-0.003) 101225.0 (-0.0020 101225.0 (-0.002) 101224.0 (-0.003)

70 101219.0 101219.0 (0.000) 101219.0 (0.000) 101219.0 (0.000) 101219.0 (0.000)

Table 7.20: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction branch dividing flow at 0.0071 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 90017.5 89657.9 (-0.399) 89609.4 (-0.453) 89898.3 (-0.132) 89557.5 (-0.511)

-10 87276.4 85926.1 (-1.547) 86000.5 (-1.462) 86162.8 (-1.276) 85939.0 (-1.532)

-5 86773.8 85476.4 (-1.495) 85560.0 (-1.399) 85708.7 (-1.227) 85504.2 (-1.463)

Leg 1

5 88993.9 87851.4 (-1.284) 87915.1 (-1.212) 87838.3 (-1.298) 87889.6 (-1.241)

10 88955.9 87680.4 (-1.434) 87714.5 (-1.396) 87653.5 (-1.464) 87699.2 (-1.413)

50 88057.4 85979.8 (-2.359) 85993.7 (-2.344) 85996.6 (-2.340) 85988.7 (-2.349)

Leg 2

5 86274.4 85792.8 (-0.558) 85806.1 (-0.543) 85598.7 (-0.783) 85633.5 (-0.743)

10 86133.1 85852.5 (-0.326) 85836.3 (-0.345) 85809.6 (-0.376) 85784.9 (-0.404)

20 86002.0 85708.7 (-0.341) 85705.3 (-0.345) 85719.6 (-0.328) 85676.6 (-0.378)

30 85784.3 85587.9 (-0.229) 85586.5 (-0.231) 85600.7 (-0.214) 85564.8 (-0.256)

40 85614.7 85475.3 (-0.163) 85474.0 (-0.164) 85484.6 (-0.152) 85458.0 (-0.183)

50 85459.9 85364.5 ( -0.112) 85362.9 (-0.113) 85369.7 (-0.105) 85352.4 (-0.126)

60 85301.8 85252.7 (-0.058) 85251.3 (-0.059) 85254.7 (-0.055) 85246.1 (-0.065)

70 85139.3 85139.8 (0.001) 85139.6 (0.000) 85139.6 (0.000) 85139.6 (0.000)

Table 7.21: Comparison of experimental and simulated pressure values for upstream

and downstream legs of T-junction branch dividing flow at 0.0453 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3-1 -2682.9 -2740.2 -2949.7 -2661.9 -2764.6

3-2 232.0 -602.9 -750.3 -501.0 -550.1

Table 7.22: Pressure drop, ∆pmeasure, of T-junction branch dividing flow at 0.0453

kgs−1.
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(a) Outer wall.

(b) Downstream leg 2 and inner walls.

Figure 7.53: Static pressure variation along T-junction for branch dividing flow at

0.0453 kgs−1.
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(a) Leg 3-1.

(b) Leg 3-2.

Figure 7.54: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for T-junction branch dividing flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.55: Contours of static pressure for T-junction branch dividing flow at

0.0453 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.56: Contours of velocity magnitude for T-junction branch dividing flow at

0.0453 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.57: Velocity vector plot for T-junction branch dividing flow at 0.0453 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.58: Contours of turbulent kinetic energy for T-junction branch dividing

flow at 0.0453 kgs−1.
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7.3 Y-junction

7.3.1 Symmetrical Combining Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.59. In the upstream leg 1 (a), it takes 1 − 2d for the flow to develop. The

RSM showed the best agreement with the experimental values. The realizable and k−ε

turbulence models under-predicted the pressure values over the length of the upstream

leg (a summary of the predicted pressure data in each of the junction legs for the

0.0071 kgs−1 and 0.0453 kgs−1 cases is given in Tables 7.23 and 7.24 respectively). The

k−ω model performed best near the inlet, but further downstream the predictions lay

marginally below the RSM and the experimental data. The corresponding downstream

static pressure distribution is shown in Figure 7.59(b). The turbulence models yielded

virtually identical static pressure values, which gave an excellent agreement with the

experimental data. As with the T-junctions, the predicted data did not exhibit the

variation in pressure that was present in the experimental flow downstream of the

junction. The pressure drop around the junction is given in Table 7.25. For the flow in

legs 1-3 and 2-3, all the turbulence models under-predicted the experimental pressure

value, with the RSM and realizable models yielding results closest to the experiments.

The pressure distribution around the junction is presented in Figure 7.60. For consis-

tency with the experimental data, the reference pressure, pref , was taken as the pressure

5d upstream of the junction on leg 1 and the density and axial velocity were averaged

over the inlet boundary of the computational domain. Both sides of the downstream

leg experienced an adverse pressure gradient (Figure 7.60(a)). The turbulence model

values lay marginally above the experimental data at the first location downstream

of the junction centre point. Further downstream, both turbulence models severely

under-predicted the pressure values, with the RSM yielding values marginally above
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those of the k− ε model. At the third location, the turbulence models again predicted

values below the experimental data, with the RSM closest to the experimental values.

Consider the upstream legs shown in Figure 7.60(b). Along the inner walls of legs 1 and

2, the flow experienced an adverse pressure gradient. Both turbulence models yielded

similar values, which over-predicted the pressure value at the location farthest from

the centre point. Closer to the junction centre, the turbulence models showed excellent

agreement with the experimental values. A favourable pressure gradient occurred along

the outer walls as the flow accelerated towards the junction. In this region both turbu-

lence models severely over-predicted the pressure loss and yielded values significantly

lower than those obtained experimentally.

The pressure loss expressed as an equivalent length is presented in Figure 7.61. For

the flow in legs 1-3 and 2-3, the RSM showed excellent agreement and yielded results

within 2.6% of the experimental data over the entire Reynolds number range. The k−ε

model also showed excellent agreement with the experimental values at low Reynolds

numbers. However, at higher Reynolds numbers, the accuracy of the k − ε model

deteriorated.

Regions of high pressure are visible on the upstream legs in Figure 7.62. Regions of de-

creasing pressure occurred where the flow combined and travelled into the downstream

leg. Low pressure regions are visible on both sides of the join, where legs 1 and 2 meet

leg 3. The plots are not exactly symmetrical, due to the experimental setup having one

leg with marginally more flow. As expected just upstream, the velocity profiles altered

and the higher velocity fluid travelled towards the outer walls of the upstream legs, as

the flow anticipated the junction (Figure 7.63). A small region of low velocity fluid is

visible where the inner walls of the upstream legs join. As the flow travelled into leg 3,

a core region of high velocity was quickly established, which can be seen more clearly

on the velocity vector plots of Figure 7.64. For both turbulence models, the turbulence

levels were highest along the walls of the downstream leg (Figure 7.65). The RSM also

predicted a region of increased turbulence where the flow from legs 1 and 2 combined

and travelled into leg 3.
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(a) Upstream leg 1.

(b) Downstream leg 3.

Figure 7.59: Static pressure distribution along upstream and downstream legs of

Y-junction for symmetrical combining flow at 0.0472 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 100952.7 100952.0 (-0.001) 100953.0 (0.000) 100952.0 (-0.001) 100952.0 (-0.001)

-10 100924.5 100926.0 (0.001) 100924.0 (0.000) 100924.0 (0.000) 100925.0 (0.000)

-5 100921.1 100923.0 (0.002) 100921.0 (0.000) 100920.0 (-0.001) 100921.0 (0.000)

Leg 2

-50 100953.8 100953.0 (-0.001) 100953.0 (-0.001) 100952.0 (-0.002) 100952.0 (-0.002)

-10 100924.9 100926.0 (0.001) 100924.0 (-0.001) 100923.0 (-0.002) 100925.0 (0.000)

-5 100921.0 100922.0 (0.001) 100921.0 (0.000) 100920.0 (-0.001) 100921.0 (0.000)

Leg 3

5 100825.2 100825.0 (0.000) 100822.0 (-0.003) 100824.0 (-0.001) 100821.0 (-0.004)

10 100812.0 100812.0 (0.000) 100808.0 (-0.004) 100809.0 (-0.003) 100807.0 (-0.005)

20 100789.4 100787.0 (-0.002) 100784.0 (-0.005) 100784.0 (-0.005) 100784.0 (-0.005)

30 100762.1 100764.0 (0.002) 100761.0 (-0.001) 100761.0 (-0.001) 100761.0 (-0.001)

40 100738.1 100740.0 (0.002) 100738.0 (0.000) 100739.0 (0.001) 100737.0 (-0.001)

50 100714.8 100715.0 (0.000) 100714.0 (-0.001) 100715.0 (0.000) 100714.0 (-0.001)

60 100691.1 100691.0 (0.000) 100690.0 (-0.001) 100691.0 (0.000) 100690.0 (-0.001)

70 100666.7 100667.0 (0.000) 100667.0 (0.000) 100667.0 (0.000) 100667.0 (0.000)

Table 7.23: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction symmetrical combining flow at 0.0071 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 98131.0 98070.2 (-0.062) 98087.1 (-0.045) 98109.1 (-0.022) 98049.6 (-0.083)

-10 97351.6 97354.6 (0.003) 97334.3 (-0.018) 97346.1 (-0.006) 97328.6 (-0.024)

-5 97262.3 97254.5 (-0.008) 97232.7 (-0.030) 97242.3 (-0.021) 97229.8 (-0.033)

Leg 2

-50 98115.7 98039.7 (-0.077) 98061.4 (-0.055) 98064.1 (-0.053) 98029.5 (-0.088)

-10 97393.4 97361.6 (-0.033) 97341.0 (-0.054) 97351.1 (-0.043) 97334.4 (-0.061)

-5 97274.6 97267.0 (-0.008) 97245.2 (-0.030) 97254.3 (-0.021) 97241.0 (-0.035)

Leg 3

5 93287.2 93265.9 (-0.023) 93216.0 (-0.076) 93318.4 (0.033) 93126.9 (-0.172)

10 92445.2 92864.4 (0.453) 92829.7 (0.416) 92891.6 (0.483) 92748.4 (0.328)

20 92098.0 92108.3 (0.011) 92102.3 (0.005) 92118.7 (0.023) 92035.1 (-0.068)

30 91061.9 91334.6 (0.299) 91344.3 (0.310) 91355.2 (0.322) 91261.4 (0.219)

40 90245.3 90575.9 (0.366) 90576.9 (0.367) 90598.0 (0.391) 90500.0 (0.282)

50 89624.7 89812.4 (0.209) 89806.0 (0.202) 89834.0 (0.234) 89752.1 (0.142)

60 89002.3 89034.5 (0.036) 89028.1 (0.029) 89049.3 (0.053) 89002.3 (0.000)

70 88242.2 88245.8 (0.004) 88244.2 (0.002) 88244.3 (0.002) 88244.2 (0.002)

Table 7.24: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction symmetrical combining flow at 0.0472 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

1-3 3848.7 3525.2 3445.5 3424.1 3602.6

2-3 3908.9 3577.4 3459.4 3443.1 3612.8

Table 7.25: Pressure drop, ∆pmeasure, of Y-junction symmetrical combining flow at

0.0472 kgs−1.
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(a) Downstream leg.

(b) Upstream legs.

Figure 7.60: Static pressure variation along Y-junction for symmetrical combining

flow at 0.0472 kgs−1.
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(a) Leg 1-3.

(b) Leg 2-3.

Figure 7.61: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for Y-junction symmetrical combining flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.62: Contours of static pressure for Y-junction symmetrical combining flow

at 0.0472 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.63: Contours of velocity magnitude for Y-junction symmetrical combining

flow at 0.0472 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.64: Velocity vector plot for Y-junction symmetrical combining flow at 0.0472

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.65: Contours of turbulent kinetic energy for Y-junction symmetrical com-

bining flow at 0.0472 kgs−1.



Chapter 7. Computational Results and Discussion 224

7.3.2 Branch Combining Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.66. In the upstream leg 2 (a) all the turbulence models lie marginally below

the experimental data, particularly near the junction (the actual percentage difference

values are given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.26

and 7.27 respectively). At approximately 20d upstream of the junction, the realizable

model predicted marginally higher static pressure values than the other models, and

consequently, yielded results closest to the experimental data. The downstream static

pressure distribution is shown in Figure 7.66(b). All the models gave an excellent

correlation with the experimental data. The RSM performed most consistently for

each of the junction legs over the Reynolds number range. The pressure drop around

the junction is given in Table 7.28. For the flow in leg 1-3, all the turbulence models

show excellent agreement with the experimental pressure value. For the flow in leg 2-3,

the RSM, k− ε, and k− ω models slightly under-predicted the experiments, while the

realizable model yielded a near perfect result.

The pressure distribution along the junction is presented in Figure 7.67. The pressure

variation along the outer walls of the upstream legs 1 and 2 is given in Figure 7.67(a).

The outer wall on leg 1 experienced an adverse pressure gradient as the flow encountered

the oncoming flow from leg 2. Both turbulence models under-predicted the pressure

loss, with the k−ε model yielding values closest to the experimental data. As expected,

the outer wall on leg 2 also experienced an adverse gradient, and again the RSM

predicted pressure values that were too high, whilst the k − ε model predicted values

that were too low. Consider the inner walls of the upstream legs and the downstream leg

shown in Figure 7.67(b). The experimental data showed an adverse pressure gradient

on the inner wall of leg 1, yet both turbulence models predicted a favourable pressure

gradient in this region, with the RSM values marginally below those of the k − ε
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model. The inner wall of leg 2 experienced a favourable pressure gradient as the flow

accelerated towards the centre of the junction. The RSM predicted pressure values that

consistently lie marginally below the experimental data. A steep favourable pressure

gradient occurred along the wall carrying the flow from leg 1 to leg 3. Both turbulence

models predicted a gradual pressure gradient, which significantly under-predicted the

pressure values, with the RSM values lower than those of the k−ε model. The pressure

values of the RSM showed good agreement with the experimental data for the flow

travelling from leg 2 to leg 3, apart from the location farthest from the junction centre

where it under-predicted the pressure value. The k−ε model consistently over-predicted

the pressure values in this region.

The predicted pressure losses for flow in leg 1-3, expressed in terms of le/d, are presented

in Figure 7.68(a). The RSM predictions gave an excellent correlation and were within

2.6% of the experimental data over the entire Reynolds number range. The k − ε

model under-predicted the pressure loss at the lowest Reynolds number, but exhibited

an excellent agreement for all the other Reynolds numbers. In leg 2-3, the RSM also

performed well, lying within -7 to +2.6% of the experimental data (Figure 7.68(b)).

The k− ε model typically under-predicted the le/d value by approximately 12%, apart

from at the lowest Reynolds number.

High pressure is visible in the upstream legs and lower pressure in the downstream leg

carrying the combined flow (Figure 7.69). A low pressure region is visible on the wall

1-3, where the flow separated. This low pressure extended further downstream in the

RSM plot. The wiggles observed in the pressure field at the entrance of leg 3 are due to

insufficient mesh resolution. Adaptive grid refinement could easily solve this problem,

but this was beyond the scope of the current work. As the flow travelled around the

junction, the higher velocity fluid moved to the inner walls of leg 1 and 2. When the

flow from leg 1 encountered the oncoming flow from leg 2, an adverse pressure gradient

occurred, which caused the flow to separate from the outer wall of leg 1 (Figure 7.70).

A second separation region occurred on the wall 1-3 of the downstream leg 3, when

the flow from leg 1 negotiated the sharp corner and turned into leg 3. The separation

bubbles are visible in both contour plots and can be seen more clearly on the velocity

vector plots of Figure 7.71. For both turbulence models, the turbulence levels were

highest where the flow separated from the wall of the downstream leg 3 (Figure 7.65).
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The plot of the turbulent kinetic energy for the k− ε model appears to be more diffuse

than that of the RSM.

(a) Upstream leg 2.

(b) Downstream leg 3.

Figure 7.66: Static pressure distribution along upstream and downstream legs of

Y-junction for branch combining flow at 0.0460 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 100767.2 100766.0 (-0.001) 100769.0 (0.002) 100766.0 (-0.001) 100765.0 (-0.002)

-10 100739.4 100742.0 (0.003) 100735.0 (-0.004) 100738.0 (-0.001) 100740.0 (0.001)

-5 100736.4 100738.0 (0.002) 100730.0 (-0.006) 100734.0 (-0.002) 100736.0 (0.000)

Leg 2

-50 100772.3 100772.0 (0.000) 100773.0 (0.001) 100771.0 (-0.001) 100773.0 (0.001)

-10 100744.5 100745.0 (0.000) 100735.0 (-0.009) 100738.0 (-0.006) 100749.0 (0.004)

-5 100740.6 100741.0 (0.000) 100730.0 (-0.011) 100734.0 (-0.007) 100746.0 (0.005)

Leg 3

5 100589.3 100583.0 (-0.006) 100577.0 (-0.012) 100566.0 (-0.023) 100576.0 (-0.013)

10 100571.7 100569.0 (-0.003) 100565.0 (-0.007) 100557.0 (-0.015) 100562.0 (-0.010)

20 100548.9 100543.0 (-0.006) 100541.0 (-0.008) 100537.0 (-0.012) 100538.0 (-0.011)

30 100522.1 100521.0 (-0.001) 100518.0 (-0.004) 100516.0 (-0.006) 100515.0 (-0.007)

40 100498.5 100498.0 (0.000) 100495.0 (-0.003) 100495.0 (-0.003) 100493.0 (-0.005)

50 100475.3 100475.0 (0.000) 100473.0 (-0.002) 100473.0 (-0.002) 100471.0 (-0.004)

60 100452.3 100451.0 (-0.001) 100451.0 (-0.001) 100451.0 (-0.001) 100450.0 (-0.002)

70 100428.1 100428.0 (0.000) 100428.0 (0.000) 100428.0 (0.000) 100428.0 (0.000)

Table 7.26: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction branch combining flow at 0.0071 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 1

-50 97360.7 97338.7 (-0.023) 97363.3 (0.003) 97362.5 (0.002) 97326.6 (-0.035)

-10 96615.4 96697.1 (0.085) 96671.4 (0.058) 96678.2 (0.065) 96658.5 (0.045)

-5 96528.6 96605.8 (0.080) 96579.6 (0.053) 96584.4 (0.058) 96568.0 (0.041)

Leg 2

-50 97477.0 97461.6 (-0.016) 97461.9 (-0.015) 97496.5 (0.020) 97460.0 (-0.017)

-10 96780.2 96705.3 (-0.077) 96692.6 (-0.090) 96695.5 (-0.087) 96721.2 (-0.061)

-5 96664.7 96610.9 (-0.056) 96597.8 (-0.069) 96598.3 (-0.069) 96630.0 (-0.036)

Leg 3

5 90399.9 90179.6 (-0.244) 90144.1 (-0.283) 90275.9 (-0.137) 90103.8 (-0.328)

10 89570.9 89841.9 (0.303) 89790.8 (0.246) 89903.6 (0.371) 89713.1 (0.159)

20 89119.7 89012.9 (-0.120) 89004.6 (-0.129) 89055.0 (-0.073) 88902.1 (-0.244)

30 88103.3 88246.1 (0.162) 88250.2 (0.167) 88273.6 (0.193) 88144.9 (0.047)

40 87292.2 87504.7 (0.243) 87509.1 (0.248) 87516.4 (0.257) 87419.9 (0.146)

50 86665.5 86772.5 (0.123) 86769.2 (0.120) 86773.7 (0.125) 86714.8 (0.057)

60 86029.3 86030.0 (0.001) 86022.8 (-0.008) 86028.4 (-0.001) 86001.2 (-0.033)

70 85266.7 85271.0 (0.005) 85269.4 (0.003) 85269.5 (0.003) 85269.4 (0.003)

Table 7.27: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction branch combining flow at 0.0460 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

1-3 6037.8 5983.8 5953.6 5917.5 6131.9

2-3 6219.3 6016.2 5982.0 5951.1 6215.5

Table 7.28: Pressure drop, ∆pmeasure, of Y-junction branch combining flow at 0.0460

kgs−1.
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(a) Outer walls of the upstream legs.

(b) Inner walls of the upstream legs and the downstream leg 3.

Figure 7.67: Static pressure variation along Y-junction for branch combining flow

at 0.0460 kgs−1.



Chapter 7. Computational Results and Discussion 230

(a) Leg 1-3.

(b) Leg 2-3.

Figure 7.68: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for Y-junction branch combining flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.69: Contours of static pressure for Y-junction branch combining flow at

0.0460 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.70: Contours of velocity magnitude for Y-junction branch combining flow

at 0.0460 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.71: Velocity vector plot for Y-junction branch combining flow at 0.0460

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.72: Contours of turbulent kinetic energy for Y-junction branch combining

flow at 0.0460 kgs−1.
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7.3.3 Symmetrical Dividing Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.73. For the upstream leg (a) all the turbulence models predicted pressure

values significantly below the experimental data and the pressure gradient was much

steeper than the experimental gradient (the actual percentage difference values are

given in brackets for the 0.0071 kgs−1 and 0.0453 kgs−1 cases in Tables 7.29 and 7.30

respectively). The k−ω model predicted higher pressure values than the other turbu-

lence models, as was often the case for the previous geometries. The downstream static

pressure distribution of leg 2 is given in Figure 7.73(b). The turbulence models yielded

virtually identical static pressure values, which lay above the experimental data. The

pressure drop around the junction is given in Table 7.31. For the flow in leg 3-1, all

the turbulence models severely under-predicted the experimental pressure value (i.e.

over-predicted the pressure rise). For the flow in leg 3-2, the turbulence models yielded

similar results to leg 3-1, as the flow was symmetrical.

The pressure distribution in the immediate vicinity of the junction is presented in Fig-

ure 7.74. Both turbulence models predicted a favourable pressure gradient along the

inner walls (a). The simulations agreed with the experimental data at the location

nearest to the junction centre. However, further downstream, the predicted values lay

above the experimental pressure measurement. In the upstream leg and outer walls (b)

the turbulence models yielded similar results and predicted a favourable pressure gradi-

ent along both sides of the upstream leg. The experimental pressure gradient was more

gradual than the CFD predictions and as before, the turbulence models over-predicted

the pressure values. The experimental and simulated data yielded an adverse pres-

sure gradient along the outer walls of the downstream legs, and the predicted pressure

values were greater than the experimental pressure measurements.
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The equivalent length pressure loss data for leg 3-1 (Figure 7.75(a)) and leg 3-2 (b)

were almost identical, as the flow was symmetrical. Over the Reynolds number range

both turbulence models over-predicted the pressure recovery. The RSM results lay

marginally above those of the k − ε model. At lower Reynolds numbers, the RSM

over-predicted the experimental pressure recovery by 24−36% and at higher Reynolds

numbers by 25 − 43%. The use of adaptive grid refinement or a hybrid mesh may

improve the predicted results. Unfortunately, this was not possible with the available

computational resources.

When the flow divided and slowed, the static pressure in the downstream legs was

higher than that of the upstream leg (Figure 7.76). A region of high pressure is visible

at the point where legs 1 and 2 join and the flow stagnated. As the flow travelled

from the upstream leg, it divided and the faster moving fluid was forced along the

inner walls of the downstream legs (Figure 7.77). In both velocity contour plots, a

separation bubble is visible along the outer walls of the downstream legs and can be

seen more clearly on the velocity vector plots of Figure 7.78. The turbulence levels

were highest where the faster moving fluid passed by the edge of the separation bubble

(Figure 7.79).
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(a) Upstream leg 3.

(b) Downstream leg 2.

Figure 7.73: Static pressure distribution along upstream and downstream leg 2 of

Y-junction for symmetrical dividing flow at 0.0459 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 100647.2 100642.0 (-0.005) 100641.0 (-0.006) 100652.0 (0.005) 100640.0 (-0.007)

-10 100555.3 100529.0 (-0.026) 100530.0 (-0.025) 100542.0 (-0.013) 100529.0 (-0.026)

-5 100540.7 100515.0 (-0.026) 100516.0 (-0.025) 100528.0 (-0.013) 100515.0 (-0.026)

Leg 1

5 100571.1 100567.0 (-0.004) 100568.0 (-0.003) 100567.0 (-0.004) 100567.0 (-0.004)

10 100568.5 100563.0 (-0.005) 100563.0 (-0.005) 100563.0 (-0.005) 100563.0 (-0.005)

50 100540.4 100528.0 (-0.012) 100529.0 (-0.011) 100528.0 (-0.012) 100528.0 (-0.012)

Leg 2

5 100568.8 100567.0 (-0.002) 100568.0 (-0.001) 100567.0 (-0.002) 100568.0 (-0.001)

10 100564.3 100563.0 (-0.001) 100564.0 (0.000) 100563.0 (-0.001) 100563.0 (-0.001)

20 100556.5 100553.0 (-0.004) 100554.0 (-0.003) 100553.0 (-0.004) 100553.0 (-0.004)

30 100548.5 100544.0 (-0.004) 100546.0 (-0.002) 100544.0 (-0.004) 100545.0 (-0.003)

40 100540.3 100536.0 (-0.004) 100537.0 (-0.003) 100536.0 (-0.004) 100537.0 (-0.003)

50 100532.1 100528.0 (-0.004) 100529.0 (-0.003) 100528.0 (-0.004) 100528.0 (-0.004)

60 100523.9 100520.0 (-0.004) 100520.0 (-0.004) 100520.0 (-0.004) 100520.0 (-0.004)

70 100511.7 100512.0 (0.000) 100512.0 (0.000) 100512.0 (0.000) 100512.0 (0.000)

Table 7.29: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction symmetrical dividing flow at 0.0071 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 86724.9 86604.3 (-0.139) 86462.0 (-0.303) 86846.5 (0.140) 86462.0 (-0.303)

-10 83773.7 82723.6 (-1.254) 82655.1 (-1.335) 83000.5 (-0.923) 82655.1 (-1.335)

-5 83223.5 82249.8 (-1.170) 82188.5 (-1.244) 82532.7 (-0.830) 82188.5 (-1.244)

Leg 1

5 84754.1 84842.3 (1.145) 84834.3 (0.095) 84809.5 (0.065) 84834.3 (0.095)

10 84715.7 84782.9 (0.079) 84755.8 (0.047) 84740.5 (0.029) 84755.8 (0.047)

50 83897.7 83704.9 (-0.230) 83709.4 (-0.224) 83694.1 (-0.243) 83709.4 (-0.224)

Leg 2

5 84660.0 84845.8 (0.219) 84842.5 (0.216) 84812.3 (0.180) 84842.5 (0.216)

10 84527.4 84786.4 (0.306) 84762.1 (0.278) 84742.6 (0.255) 84762.1 (0.278)

20 84362.5 84462.3 (0.118) 84475.0 (0.133) 84440.4 (0.092) 84475.0 (0.133)

30 84068.2 84195.9 (0.152) 84211.0 (0.170) 84177.0 (0.129) 84211.0 (0.170)

40 83836.9 83949.5 (0.134) 83959.7 (0.146) 83932.9 (0.115) 83959.7 (0.146)

50 83630.3 83706.1 (0.091) 83711.6 (0.097) 83695.0 (0.077) 83711.6 (0.097)

60 83430.5 83460.6 (0.036) 83462.0 (0.038) 83455.5 (0.030) 83462.0 (0.038)

70 83210.4 83212.0 (0.002) 83211.3 (0.001) 83211.3 (0.001) 83211.3 (0.001)

Table 7.30: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction symmetrical dividing flow at 0.0459 kgs−1. The

value in brackets represents the percentage difference between the predicted and experi-

mental results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3-1 -1934.4 -3271.9 -3252.3 -2957.9 -3345.8

3-2 -1741.1 -3275.9 -3259.3 -2960.5 -3352.8

Table 7.31: Pressure drop, ∆pmeasure, of Y-junction symmetrical dividing flow at

0.0459 kgs−1.
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(a) Inner walls.

(b) Upstream leg and outer walls.

Figure 7.74: Static pressure variation along Y-junction for symmetrical dividing flow

at 0.0459 kgs−1.
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(a) Leg 3-1.

(b) Leg 3-2.

Figure 7.75: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for Y-junction symmetrical dividing flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.76: Contours of static pressure for Y-junction symmetrical dividing flow at

0.0459 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.77: Contours of velocity magnitude for Y-junction symmetrical dividing

flow at 0.0459 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.78: Velocity vector plot for Y-junction symmetrical dividing flow at 0.0459

kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.79: Contours of turbulent kinetic energy for Y-junction symmetrical divid-

ing flow at 0.0459 kgs−1.



Chapter 7. Computational Results and Discussion 242

7.3.4 Branch Dividing Flow

The static pressure distribution of the upstream and downstream legs is presented in

Figure 7.80. For the upstream leg (a), the RSM, k−ε and realizable turbulence models

were virtually indistinguishable and, lay below the experimental data everywhere (the

actual percentage difference values are given in brackets for the 0.0071 kgs−1 and 0.0453

kgs−1 cases in Tables 7.32 and 7.33 respectively). The k − ω model yielded higher

pressure values, and gave a reasonably good correlation with the experimental data.

The downstream static pressure distribution of leg 2 is shown in Figure 7.80(b). The

predicted pressure values were higher than the experimental data. The turbulence

models also predicted a steeper pressure gradient than was observed experimentally.

The pressure drop around the junction is given in Table 7.34. For the flow in leg

3-1, the k − ε, RSM, and realizable turbulence models slightly under-predicted the

experimental pressure value, while the k − ω model showed near perfect results. For

the flow in leg 3-2, all the turbulence models over-predicted the pressure rise.

The pressure variation along the junction is presented in Figure 7.81. Along the outer

wall of leg 1 (a), both turbulence models showed a favourable pressure gradient and

predicted pressures that were much higher than the experimental values. Both tur-

bulence models predicted an adverse pressure gradient along the inner wall of leg 1,

the k − ε model agreed with the experimental data, while the RSM yielded slightly

higher pressures. The inner wall of leg 3 experienced a favourable pressure gradi-

ent. At the location farthest from the junction centre, both turbulence models yielded

pressure values which lay below the experimental. Closer to the junction centre, the

k − ε model showed agreement with the experimental value, while the RSM predicted

a higher pressure. Consider the downstream leg 2 and the outer wall of leg 3 shown in

Figure 7.81(b). Along the outer wall the turbulence models predicted higher pressure

values and a steeper pressure gradient than was observed experimentally. An adverse
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pressure gradient occurred on the left side of leg 2, as the flow decelerated. Again,

the turbulence models predicted higher pressure values than the experimental data.

The right side of leg 2 experienced a favourable pressure gradient, and the predicted

pressures were too high.

The pressure loss data is expressed in terms of le/d in Figure 7.82. In leg 3-1 (a), both

turbulence models under-predicted the pressure loss data over the entire Reynolds

number range. At low Reynolds numbers the RSM under-predicted the pressure loss

by between 13% and 56%, while the k − ε model performed marginally better, as it

captured the experimental trend correctly, and under-predicted the pressure loss by

21% to 32%. For the higher Reynolds numbers, both models yielded almost identical

results, which under-predicted the pressure loss by between 16% and 27%. The pressure

loss data for the flow in leg 3-2 is presented in Figure 7.82(b). Both turbulence models

over-predicted the pressure rise over the entire Reynolds number range, but show a

similar trend to the experiments. For the two lowest Reynolds number cases, the RSM

and k− ε model over-predicted the pressure rise by 17− 23%. At the higher Reynolds

numbers, the k− ε model performed marginally better than the RSM (the k− ε model

over-predicted the pressure rise by between 18− 25%, while the RSM over-predicted it

by between 20− 28%).

Contours of the static pressure are shown in Figure 7.83. As expected, both plots show

a higher static pressure in leg 2 than in leg 3, due to the flow division. A region of

low pressure is visible in leg 1, where the flow separated from the inner wall. The flow

from leg 3 was forced towards the outer wall of leg 2 and a high pressure region is

observed. When the flow travelled from the upstream leg into leg 1, the velocity profile

altered and the flow was pulled towards the inner wall of leg 3 (Figure 7.84). Both plots

show a separation region along the inner wall of leg 1 and the left side of leg 2. The

separation bubbles can be seen more clearly on the velocity vector plots (Figure 7.85).

The turbulence levels of both plots were highest where the faster moving flow on the

outer wall of leg 1 passed the recirculating flow (Figure 7.86).
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(a) Upstream leg 3.

(b) Downstream leg 2.

Figure 7.80: Static pressure distribution along upstream and downstream leg 2 of

Y-junction for branch dividing flow at 0.0454 kgs−1.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 100537.4 100528.0 (-0.009) 100529.0 (-0.008) 100456.0 (-0.081) 100534.0 (-0.003)

-10 100443.8 100433.0 (-0.011) 100436.0 (-0.008) 100443.0 (-0.001) 100449.0 (0.005)

-5 100431.3 100420.0 (-0.011) 100424.0 (-0.007) 100431.0 (0.000) 100438.0 (0.007)

Leg 1

-5 100385.4 100388.0 (0.003) 100388.0 (0.003) 100389.0 (0.004) 100385.0 (0.000)

-10 100381.4 100384.0 (0.003) 100383.0 (0.002) 100384.0 (0.003) 100380.0 (-0.001)

-50 100352.8 100353.0 (0.000) 100353.0 (0.000) 100353.0 (0.000) 100352.0 (-0.001)

Leg 2

5 100469.3 100473.0 (0.004) 100474.0 (0.005) 100472.0 (0.003) 100469.0 (0.000)

10 100464.7 100468.0 (0.003) 100469.0 (0.004) 100465.0 (0.000) 100464.0 (-0.001)

20 100457.3 100458.0 (0.001) 100460.0 (0.003) 100456.0 (-0.001) 100456.0 (-0.001)

30 100449.3 100451.0 (0.002) 100452.0 (0.003) 100449.0 (0.000) 100449.0 (0.000)

40 100441.1 100443.0 (0.002) 100444.0 (0.003) 100442.0 (0.001) 100442.0 (0.001)

50 100434.3 100435.0 (0.001) 100436.0 (0.002) 100434.0 (0.000) 100434.0 (0.000)

60 100427.4 100428.0 (0.001) 100428.0 (0.001) 100427.0 (0.000) 100427.0 (0.000)

70 100419.8 100420.0 (0.000) 100420.0 (0.000) 100420.0 (0.000) 100420.0 (0.000)

Table 7.32: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction branch dividing flow at 0.0071 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.
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Position Exp RSM k− ε k− ω Realizable

(d) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

Leg 3

-50 89050.1 88783.0 (-0.300) 88810.3 (-0.269) 89020.4 (-0.033) 88668.8 (-0.428)

-10 86226.5 85856.0 (-0.430) 85927.5 (-0.347) 86124.6 (-0.118) 85868.4 (-0.415)

-5 85703.7 85465.5 (-0.278) 85529.8 (-0.203) 85727.7 (0.028) 85484.0 (-0.256)

Leg 1

-5 83821.2 83755.8 (-0.078) 83843.2 (0.026) 83873.6 (0.062) 83845.4 (0.029)

-10 83746.3 83748.2 (0.002) 83764.2 (0.021) 83793.7 (0.057) 83736.6 (-0.012)

-50 82910.1 82901.2 (-0.011) 82913.8 (0.004) 82915.9 (0.007) 82908.7 (-0.002)

Leg 2

5 87512.8 87814.8 (0.345) 87787.3 (0.314) 87781.5 (0.307) 87709.7 (0.225)

10 87341.2 87640.3 (0.342) 87627.1 (0.327) 87581.2 (0.275) 87565.6 (0.257)

20 87181.7 87338.6 (0.180) 87353.0 (0.196) 87300.2 (0.136) 87301.8 (0.138)

30 86906.1 87083.7 (0.204) 87100.0 (0.223) 87057.5 (0.174) 87054.2 (0.170)

40 86692.3 86845.5 (0.177) 86854.3 (0.187) 86820.9 (0.148) 86820.0 (0.147)

50 86500.1 86608.6 (0.125) 86610.5 (0.128) 86586.8 (0.100) 86590.0 (0.104)

60 86314.0 86366.5 (0.061) 86365.4 (0.060) 86354.4 (0.047) 86356.4 (0.049)

70 86119.2 86120.3 (0.001) 86119.8 (0.001) 86119.8 (0.001) 86119.8 (0.001)

Table 7.33: Comparison of experimental and simulated pressure values for upstream

and downstream legs of Y-junction branch dividing flow at 0.0454 kgs−1. The value

in brackets represents the percentage difference between the predicted and experimental

results.

Leg Exp RSM k− ε k− ω Realizable

(kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2) (kgm−1s−2)

3-1 1470.6 1128.8 1138.0 1316.7 1132.1

3-2 -2066.3 -2811.7 -2777.5 -2505.0 -2734.8

Table 7.34: Pressure drop, ∆pmeasure, of Y-junction branch dividing flow at 0.0454

kgs−1.
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(a) Leg 1 and the inner wall of the upstream leg.

(b) Leg 2 and the outer wall of the upstream leg.

Figure 7.81: Static pressure variation along Y-junction for branch dividing flow at

0.0454 kgs−1.
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(a) Leg 3-1.

(b) Leg 3-2.

Figure 7.82: Pressure drop of k− ε and Reynolds stress turbulence models expressed

as an equivalent length for Y-junction branch dividing flow.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.83: Contours of static pressure for Y-junction branch dividing flow at

0.0454 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.84: Contours of velocity magnitude for Y-junction branch dividing flow at

0.0454 kgs−1.
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(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.85: Velocity vector plot for Y-junction branch dividing flow at 0.0454 kgs−1.

(a) k − ε turbulence model. (b) Reynolds stress turbulence model.

Figure 7.86: Contours of turbulent kinetic energy for Y-junction branch dividing

flow at 0.0454 kgs−1.
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7.4 Summary

Bends

Turbulence models struggle to simulate flows with severe pressure gradients, separation,

strong streamline curvature, or swirl [80]. This is borne out in the results for the bends.

For the bend with the most gentle curvature and hence the mildest pressure gradients,

(R/d = 10), all the turbulence models, with the exception of the k − ω model, gave

an excellent correlation with the experimental data in the upstream and downstream

tangents and around the inner and outer walls of the bend. The k − ω model over-

predicted the pressure values in the upstream tangent and under-predicted the pressure

values around the bend. No separation of the flow was observed, regardless of the flow

rate. When the RSM predictions were used to calculate the pressure loss, in terms of

equivalent length, it performed very well, under-predicting the pressure loss by 1− 5%

at low Reynolds numbers, and 9 − 15% at higher Reynolds numbers. This deviation

from the experimental data increased with Reynolds number, and may be related to

the excessive pressure loss caused by the centreline imperfection in the experimental

geometry.

For the R/d = 2.5 bend, all the turbulence models, apart from the k−ω model, showed

an excellent correlation with the experimental data in the upstream and downstream

tangents, and around the inner and outer walls of the bend. Again, no separation of

the flow was observed at any flow rate. For the equivalent length analysis, the RSM

under-predicted the pressure loss by 7 − 9% at low Reynolds numbers, and 20 − 25%

at higher Reynolds numbers. As with the R/d = 10 bend, this increased deviation at

higher flow rates could be attributed to the centreline imperfection of the experimental

bend geometry. There was a greater deviation from the experimental values compared

to the R/d = 10 bend, which may be related to the increased streamline curvature and

stronger pressure gradients that were present in this bend.

For the tightest bend (R/d = 0.65) at the highest flow rate, all the turbulence models

under-predicted the pressure values in the upstream tangent, and marginally over-

predicted the pressure values in the downstream tangent. However, at the lowest

flow rate (Table 7.1), the turbulence models show a near-perfect correlation with the
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experimental data. Around the bend, the k − ε, RSM, and realizable models over-

predicted the pressure loss on the inner wall near the inlet, and over-predicted the

loss near the exit. The k − ω model under-predicted the pressure loss over the entire

inner wall. Separation of the flow was observed at every mass flow rate, and the k − ε

model predicted a smaller separation bubble than the RSM. Along the outer wall, the

turbulence models showed excellent agreement with the experimental data, apart from

near the bend exit, where the loss was under-predicted. For the equivalent length

analysis, the RSM predicted losses that were 24− 33% lower than the experiments. It

is possible that more accurate pressure loss data could be obtained by using a finer

mesh and utilising the enhanced wall treatment, instead of wall functions. Finally, it

should be noted that the CFD simulations did not predict the downstream pressure

variations that were observed experimentally.

T-junction

For the T-junctions, the turbulence models performed well for the combining flow

configurations, and poorly for the dividing flows. This is perhaps due to the more

stable nature of combining flow, where the flow acceleration leads to more favourable

pressure gradients. Kuo and Klalighi [68] also reported that a good correlation was

obtained between the predicted and experimental pressure loss data for combining flow,

but, considerable deviations were observed for dividing flow. Kuo and Klalighi used the

k−ε model and wall functions to simulate the flow in a 90◦ T-junction. For symmetrical

combining flow, the RSM consistently under-predicted the pressure loss, expressed as

and equivalent length, by less than 10%. For branch combining flow, the RSM gave a

near perfect correlation with the experimental data in leg 1-3, and under-predicted the

pressure loss in leg 2-3 by less that 10%. Because the RSM predictions are consistent

with the trends of the experimental data, it would be possible to determine correction

factors, which could be applied to the CFD results to yield an even better correlation

with the experimental data.

For symmetrical dividing flow, all the turbulence models performed poorly in the up-

stream leg. In the downstream leg, they were little better, as they severely under-

predicted the pressure loss, with the exception of the RSM, which only marginally

under-predicted the loss. It should be noted that much better results were obtained
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for the lowest mass flow rate, reinforcing the fact that the turbulence models struggle

with strong pressure gradients. The RSM and k− ε models predicted favourable pres-

sure gradients along the outer wall of the junction and the upstream leg contradicting

the experimental data. From the velocity vector and contour plots, the flow resembles

the classic case of a jet impinging on a flat plate. The flow travelled from the upstream

leg towards the outer wall of the junction and was forced into the downstream legs.

The flow did not slow and separate from the walls of the downstream legs, instead there

was a region of entrainment in the centre of the legs, where the slower moving flow was

dragged along by the faster flow on the outer wall. This flow pattern is also visible

at the lower mass flow rates. The pressure loss data for flow in legs 3-1 and 3-2 was

almost identical; the differences between the two legs is attributed to the differences

in the experimental boundary conditions of each leg. At lower Reynolds numbers, the

k − ε model performed best and under-predicted the pressure loss by less than 12%,

while the RSM over-predicted it by no more than 30%. At higher Reynolds numbers

the The RSM performed best, over-predicting the pressure loss by no more than 7%

and the k− ε model under-predicted it by no more than 40%. Although significant de-

viations from the experimental pressure values were observed around the junction, the

overall le/d predictions were fairly close to the experimental values. This is because the

pressure loss around the junction is relatively small compared to that of the upstream

and downstream legs, and it is the pressure drop over the length of the upstream and

downstream legs that is used to calculate the pressure loss in terms of le/d.

For branch dividing flow, all the turbulence models seriously under-predicted the pres-

sure values in both the upstream and downstream legs. Again, much better results were

obtained at the lowest flow rate. Around the junction, excellent results were obtained

along the outer wall, but in the branch downstream leg the predicted pressure values

were too high in the separation region. In the le/d analysis, the k− ε model performed

very poorly, and showed the wrong trends at high Reynolds numbers; the pressure loss

decreased with increasing Reynolds number. The RSM performed well in the branch

downstream leg (leg 2), and showed a reasonable correlation with the experiments in

the leg carrying the through flow (leg 1), apart from at the highest Reynolds number.

Klasinc et al. [69] and Sierra-Espinosa [70], modelled dividing flow in T-junctions using

the k− ε, RSM and RNG k− ε [81] turbulence models, in conjunction with wall func-

tions. They also found that the RSM performed best and produced velocity profiles
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that were closest to those obtained experimentally.

Y-junction

For both combining flow configurations, all the turbulence models showed an excellent

agreement with the experimental data in both the upstream and downstream legs. In

the equivalent length analysis, the k − ε model slightly under-predicted the pressure

losses, but the RSM showed a near prefect correlation with the experiments over the

entire Reynolds number range.

For the dividing flow configurations, the turbulence models under-predicted the up-

stream pressure values, and over-predicted the downstream pressure values. For the

symmetrical dividing flow configuration, the RSM over-predicted the experimental

pressure recovery, expressed as an equivalent length, by 24 − 36% at low Reynolds

numbers and 25 − 43% at higher Reynolds numbers. For the branch dividing config-

uration the k − ε model performed best at low Reynolds numbers for the flow in leg

3-1 (under-predicting the pressure loss by 21 − 32%). At higher Reynolds numbers,

the RSM and k − ε models yielded similar results which under-predicted the pressure

loss by 16 − 27%. For the flow in leg 3-2, the RSM and k − ε models were similar

and over-predicted the pressure recovery by 17 − 23%. At higher Reynolds numbers

the k− ε model performed best (it over-predicted the pressure recovery by 18− 25%).

Kim et al. [59] compared the standard k − ε, RNG k − ε, realizable k − ε, RSM and

Spalart-Allmaras turbulence models in a range of complex flow situations. They also

found that the RSM turbulence model gave the best predictions, as the three k − ε

turbulence models over-predicted the pressure recovery.



Chapter 8

Conclusions

The aim of this research was ‘to simulate the flow through a series of pipe discontinu-

ities, as typified in an engine’s inlet and exhaust system, and to determine if CFD can

predict accurate pressure losses’.

Accurate predicted pressure loss data was obtained for the R/d = 2.5 and 10 bends,

where no flow separation occurred, and the combining flow configurations of the junc-

tions, where favourable pressure gradients were present. However, for the R/d = 0.65

bend and the dividing flow configurations, where separation of the flow occurred, the

accuracy of the predicted pressure losses diminished.

The performance of the turbulence models can be ranked as follows: the RSM turbu-

lence model yielded the most accurate pressure data, closely followed by the realizable

k − ε model, then the standard k − ε model and finally, worst of all was the k − ω

model.

Bends

Existing empirical relationships to calculate the pressure drop in a curved bend corre-

late well with experimental data when the ratio R/d > 10. In this region the pressure

drop is predominantly due to friction. At R/d ratios below 2.5, the flow is characterised

by strong pressure gradients and a high degree of streamline curvature, and the pres-

sure loss is mainly due to separation of the flow. An equation is presented to calculate

the pressure drop due to the separation of the flow (Equation 2.25). The addition

255
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of Equations (2.24) and (2.25) gives the pressure drop in an elbow bend. The CFD

simulations for the R/d = 0.65 bend gave good agreement with the experimental data

on the outer wall of the bend, where no flow separation occurred. However, along the

inner wall, where the flow separated, the CFD predicted pressure values above the ex-

periments, thus under-predicting the loss. It would be possible to use Equation (2.25)

to determine correction factors, which could be applied to the CFD results to improve

the prediction of pressure losses in flows with separation. More accurate pressure loss

results were obtained from the CFD simulations when a much finer mesh (y+ ≈ 1) was

used in conjunction with the enhanced wall treatment in the near-wall region, instead

of non-equilibrium wall functions.

The equivalent length data for the bends, obtained experimentally, gave good agree-

ment with existing pressure loss equations (Equations 2.24 and 2.25) for the lower

Reynolds numbers. However, as the Reynolds number increased, the data deviated

from the existing curves and yielded a much higher pressure loss. This increased pres-

sure loss at high Reynolds numbers (above approximately 100,000) may be due to the

misalignment of the two halves of the bend. The result of this misalignment is analo-

gous to a small roughness element protruding into the flow. Such protrusions are also

present in engine manifold and exhaust systems due to the casting of the parts, and

the use of gaskets. Therefore, smooth pipe correlations should be treated with caution

in such geometries since they are likely to under estimate the pressure losses.

It was found that presenting the pressure loss data in terms of an equivalent length

produced consistent data, which displayed a clear trend. On the other hand, the loss

coefficient data showed a great deal of scatter, and was very sensitive to small changes

in pressure.

Cyclic variations in the static pressure values were obtained experimentally downstream

of the bends, as previously reported by Hawthorne [4], Kirchbach [11] and Schubart [48].

These variations were greatest for the R/d = 0.65 bend and were more likely to be due

to swirl of the flow rather than vortices, as they were also present for the R/d = 2.5 and

R/d = 10 bends, where the flow did not separate from the wall. The CFD predictions

did not exhibit this behaviour; a smooth decrease in the static pressure with distance

downstream was observed.
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Junctions

For the T-junction, the equivalent length data showed an excellent correlation with a

straight power law relationship for the combining flow configurations. The experimental

loss coefficient data agreed with the curves of Ito [65]. However, it was found that

applying the appropriate corrections to the curves of Miller [1] caused the pressure loss

to be under-predicted. The turbulence models performed well for the combining flow

configurations and the RSM predicted pressure losses that were within less than 10%

of the experimental data.

For the dividing flow configurations of the T-junction, pressure recovery (negative pres-

sure losses) occurred for low ratios of Q1/Q3 and the experimental loss coefficient data

agreed with the curves of Ito [65], but lay above the curves of Miller [1]. The equivalent

length data showed an excellent correlation with a straight power law relationship for

the symmetrical dividing flow and leg 3-2 of the branch dividing flow. Pressure recov-

ery occurred in the leg 3-1 of the branch dividing flow configuration and some scatter

was present due to the very small le/d values. The turbulence models performed poorly

for the symmetrical dividing case at high Reynolds numbers. However, much better

results were obtained for the lowest mass flow rate, illustrating that the turbulence

models struggle with strong pressure gradients. For the branch dividing configuration,

the RSM pressure losses for the flow in leg 3-1 showed scatter and performed poorly.

The data for the flow in leg 3-2 showed a much better correlation with the experiments,

under-predicting the pressure loss by less than 18% at the lower Reynolds numbers,

and less than 9% for the higher Reynolds numbers. The CFD results for dividing flow

may be improved by a finer mesh and the use of enhanced wall treatment, which may

capture the flow phenomenon more accurately than wall functions on a coarser mesh.

The T-junction behaved like a bend of R/d = 0.5 when the flow was blanked off in one

leg, i.e. Q1 = Q3. The pressure loss data lay above that of the R/d = 0.65 bend.

The experimental le/d data for the combining flow configurations of the Y-junction

gave an excellent correlation with a straight power law model. Scatter was present

in the loss coefficient data and a comparison could not be made as Miller [1] did not

present data for these configurations. The RSM pressure losses for the symmetrical

combining flow showed excellent agreement and predicted results within 2.6% of the



Chapter 8. Conclusions 258

experimental values. The branch combining results also showed good agreement, lying

within 12% of the experiments.

For the symmetrical dividing flow case, the experimental le/d data had scatter and

yielded a negative value for each Reynolds number. The loss coefficient results lay

above the curve of Miller [1], however, he did not specify the radius between the

junction legs, so a direct comparison could not be made with any certainty. Again, the

le/d and loss coefficient results for the branch dividing configuration showed scatter.

As with the T-junctions, the CFD predictions performed poorly for the dividing flow

configurations. For the symmetrical dividing case, the RSM under-predicted the losses

by 24−43% and for the branch dividing cases, it under-predicted the losses by 21−32%.

8.1 Future Work

Possible areas for future work are:

• Using a finer mesh to resolve the flow in the near wall region, rather than us-

ing wall functions. This would result in a much larger computational overhead,

which could be addressed through parallel processing. Alternatively, PIV mea-

surements of the velocity and turbulence profiles near the inlet and outlet to the

bends/junctions could be used as boundary conditions in the CFD simulations,

to reduce the computational domain size.

• The small protrusion into the flow appeared to have a significant effect on the

pressure losses of the bends. It is expected that working to tighter tolerances

would result in lower pressure losses around the geometries, however, it is more

expensive to manufacture components to such tight tolerances. Therefore, it

would be interesting to perform a multidisciplinary investigation into the trade

off between manufacturing cost and performance in terms of pressure losses. Such

a study would be of interest to manufacturers in the automotive industry.

• Since the flow in an engine exhaust and manifold systems is inherently unsteady,

the logical progression from the current study is to determine the pressure losses

of unsteady flow in the geometries, both experimentally and using CFD.
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• It would be interesting to study the pressure losses of two phase droplet flow in

bends and junctions, since this is more representative of the flow in an engine.
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Appendix A

Uncertainty of Mass Flow Rate

Calculation

This procedure as detailed in BS EN ISO 5167-1:1995 takes into account the un-

certainty of the discharge coefficient, expansibility factor, upstream and downstream

orifice pressures, orifice geometry and density.

The analysis is completed using data from the lowest mass flow rate of 0.0071kgs−1, as

to determine the largest percentage uncertainty.

Figure A.1 is representative of the actual flow meter used, it shows an orifice flow meter

with D and D/2 pressure tappings.

Figure A.1: Schematic showing orifice flow meter geometry.
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• Uncertainty of Discharge coefficient, C

d = 11mm

D = 54.8mm

Diameter Ratio β = d/D = 0.2

For all types of pressure tappings, when β, D, ReD and K/D are assumed to be

known without error, the relative uncertainty of C is:

0.8% for β ≤ 0.6 and β% for 0.6 < β ≤ 0.75

• Uncertainty of Expansibility factor, ε

When β, ∆P/P1 and k are assumed to be known without error, the relative un-

certainty of ε is:

(4× (∆P/P1))% = 0.27% for 0.0071kgs−1

Uncertainty of mass flow rate measurement = 0.8% + 0.27% = 1.07%

This error is at the lowest flow rate and would decrease at higher mass flow rates.


