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SUMMARY

The influence of swirler design parameters namely , vane
shape (flat or curved), vane outlet angle, aspect ratio and
space-to-chord ratio (nunber of vanes) , on the pressure
drop-mass flow characteristics and the size and turbulence
characteristics of the downstream recirculation reglon has
been determined experimentally. A five-hole spherical pressure
pro obe and hotu--wire upemometry have been used f‘or‘ the investi-
gation. A technicue for simple and reaconably accurate
interpretation oi the signals from the hot-wire ancmometer
has been formulated. Its performance has been tested at
first in round jets for which experimental turbulence data
are already avallable for comparison purposes. The method
has been unpllei subse quently to swirling flows issuing fromn
the swirlers; the mean and turbulence characteristics of the
flow fields have been determined in this way. In addition to
these, tLne turbulent viscosities Prr’ Vrz s Prg and PQG have

been calculated.Also,detailed accounts of the previous

experimental work on swirling flows and of some finite

difrference procedures for the computation of weakly and
strongly swirling flows have been given.

It has been shown that the hot-wire formulation developed
.provides a simple,economic and efficient procedure for the
measurement of the turbulence quantities in swirling flows.

The results have shown that curved vane type swirlers
operate more efficiently than flat vane types such that
a larger recirculation region and a stronger shear zone are
induced at a lower precsure drop.

The pressure édrop through both the flat anc curved vaune
type sw1r1ers increases with increasing vane angle,dacressing
aspect ratio and decreasing space-to-chord ratio.

The size of the downstream recirculation region,the revers
mass flow and the decay rates of the axial and swirl velocati
increase with increasing vane angle and decresasing aspect
ratio in the case of curved vane type swirlers. Ihe effect of
the space-to-chord ratio has not be@n found very significont
in the cases of 16 and I2 vanes for the vane anﬁle of &CPand

the aapect ratio of O.4 .

¢
£

Higher turbulence and stronger shear zones can be obialned
in swirling fiows with increasing vane angle, decreasing aspect
rotico and decreasing space~ to-cliora ratics.

murbulence is anisotropic in strongly cwxrl:nw Jets
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are in turn ww , Uw and uWu ; all the other stresses are
smaller ., In parsllel to the anisotropy in the stresses

SIED 3

the turbulent viscosities are also =nisotropic ; the turbulent

viscosity Poo has shown domination among the four viscositvies
which have been calc

ulated. Prr values have shown {00 much
scatter.

For these reasons, curved vane type swirlers shculd prove
much more efficient than flat vane types in the application
to combustion process.



ACKNOWLEDGTIMENTS

Many thanks are due to Prof.A.H.IL=febvre and Mr.K.\.
Ramsden for nzaking This research possible,sincere supervision
and contvinuous cencourcgement during the course of this worik.

I also wculd like To take this opportunity to thank Prof.R.S.
Fletcher for further suppcert during the completion period of
the thesis., ‘

Acltnowledserent 15 also made to The Acadenic and he
Staff ol the School of Mechanical Engineering of C,I.T..5kil:
works,cn the swirlers znd the test rig,of I lf.;OD/y Beatee
Mr.Charles Smith and [Mr.Derek Brown are to be commended.

Many thanks go very gratefully to Dr.D. C.u1lley Tor long
hours c¢f discusszon on several subjects.His very helpful '
svggestions and continuous support to keep up with the recent
literatures are unforgetiable,

.

I am thankful to my wife,Sevim Kilik,for her help in Typing
this thesis. ,



=
O

.
N H

HHEHMHMHHMH - MHH
e s o o » ®
NoNosh N No)AU 2 IF RN U

[ ]

nh H

| J

L ] *

[ J L

jo2]

WWOHHO

H HHMHHMHO O 0O\ SWnOH

&

N2 RN RNV, EV. A0, AN, A0 RN BN AN I A6, AN AN RS B

4

%3
-
b

Y O W

e

UN\n

L)
[]

o Oy

L4

Do

LICT OF FIGURES

TITLE

Air flow pattern in a conventional combustion chamber
Conventional flat vane type swirler with central
blading and the related notation

Conventional flat vane type swirler with off-central
blading

Variation of air outlet angle for flat plate cascades
Curved vane type swirler

Coordinate axes for the swirling flow

Recirculation region in a pipe step

Recirculation region in a swirling flow field .
Typical profiles of the axial and swirl velocities
in a strongly swirling flow field

The small volume (area) element over which integration
is perforned
Boundary conditions for free swirling Jet

Test rig assembly

Orifice nlate and  flange for mass flow measurement
The settling chamber

B.S. lozzle o

B.S. I'ozzle snd the protrector mechanism T
The test rig and the hotl-wire anemomneter system

The platform and the five-nole spherical pressure
probe

The five-hole spherical pressure procbe in position in
the hole on the platform

Three types of vane swirler

Picture of the swirler in rig.5.9

mlat and curved vanec type swirier

ficture cf the swirlers in Fig.5.11

Hub bullets

rrrangement of the five holes on the head of the
spherical pressure probe

Structure of the head of the five-hole sphericsal
pressure probe

calibraticn chart for directional sensitivity of the
pressure LioDe -
Calibrarvion chart for the calculation of static
pressare

An exouple of a traversing mesh

Notation for the calculation of static pressure and
the components of absolute velocity

Fot-wire probe head and the notation
Operabion principle ol hotU~wire anencreter in constant

Y
FA)
tenperavure wods



4

o

2

[ ]

2

(]

]

o0 OO0 OO0 OO0 OO0
HH OO0 ~a0v \nE £

HO

)
—
AV

6.15
6.14

6.15
6.16
6.17

©.18

6.1I9

6.20
6.21

6.22
6.23
6.24

6.25
6.26

6027
©.28

6.29

761
7.2

Effective cooling velocity in the cosine cooling law
Cross section of the hot-wire placed perpendicularly
in the flow field

The hot-wire placed obliguely intc the flow field
Variation of the yaw coefficient with the
length-to-diameter ratio of the wire

Variation of ky with yaw angle

Variation of the relative error in the calculation of
velocity with yaw angle

Overall directional characteristics of a hot-wire probe
Increase in the velocity due to the thickness of the
preng ends

Variation of ko with pitch angle

Variation of the relative error in the calculation of
velocity with the pitch angle

Mleasurement of Reynolds stresses using an X-type
hot-wire probe

Orientaticn of the hot-wires in 51x—0“1entatlon
measurerient technique

Application of the six-orientation method to the
recirculation region in a swirling flow field
Application of the four-orientation technique to a
swirling Tlow field with recirculation

" The square wave form assumed for instantareous wire

voltage

Orientation of the hot-wire probe in-a swirling fl
field with recirculation

Variation c¢f instantaneous wire voltage for three
orientations of a hot-wire probe placed in the
recirculation region

The three voltages are assumed to occur simultaneously
with the assumption of stationary turbulence

A typical calibration curve for the hot-wire probe
Variation of heat transfer frci the wire with yaw and
pitch angles

Distribution of axial veloclty in a straight round jet
Radial distribution of normalized axial velocity
Distribution of the shear stress uv in a St“alght
round Jjet :

Radial distribution of the normalized shear stres
Distribution of the kinetic energy of turbuleancs
straight round Jjet

Radial distribution of the normalized turbulence
kinetic energy

Distribuvion of the longitudinal turbulence intensity
and normalized axial velocity on the axis of the
straight jet

Profiles of the longitudinal turbulence intensity in

~

the immerdiate dovnstream region ¢f the nozzle

S
in a

Typical profiles of the axial velocity vouponent av
the exit from the three types of swirle

Radial distribution of vhe swirl Jcloclty component
at the exi®t of the three types of swirler



7 +3a
73D

74
7.5.

7.6
7.€3

7.6b
77

7.8
7.9

Circumferantial distribution of the axial velocity
couponent in the swirler

Radial distribution of the axial velocity component
in the swirler

Pressure drop for vane type swirlers

Variation of the pressure drop coefficient with mass
flow for flat and curved vane type swirlers
Variation of the pressure drop coefficient with mass
flow for flat and curved vane type swirlers

Profile loss coefficient for conventional section
blades at zero incidcence

Variation of loss coerficient with the aspect ratio
ll'ornalized pressure drop coefficient for flat and
curved vane type swirlers

Com}arlson of the pressure drop coefficient for flat
and curved vane type swirlers

Variation of the pressure drop coefficient with vane
angle for flat and curved vane type sviirlers
Variation of the static pressure drop with mass tflow
for the swirlers '

Variation of the static pressure drop coefficient
with mass flow for. flat and curved vane type swiriers
vVvaristion of the static pressure drcep coefficient
with nass flow for flat and curved vane type swirlers
Variation of the static pressure drop ccoefficient
with vane angle for flatv and curved vane type swirlers
Distribution of static pressure along the Jjet axis
for curved and flat vane type swirlers

Distriovution of the axial velocity in the jet issuing
from the swirler Sel

Distribution of the axial velccity in the Jjet Issuing
from the swirler S.4 )
Distribution of the axial velocity in the jet issuing
from the swirler S.6

Distribution oi the axisl velocity in the Jjet issuing
from the swirler $.9¢

Distribution of the axial velocity in the jet issuing
from the swirler S.IC

Distribution of  the axial velocity in the Jjet issuing
from the swirler S.II

Distribution of the axial velocity in the Jjet issuing
from the swirler S.IZ2 -

Variation of the profiles of the normalized axial
velocity in the flow field of the swirlier S.T
Variation of the profiles of tne normalized axial
veloecity in the flow field of the swirler S.&4
Variztion o¢f tne profiles of the normalized axial
velccity in the flow field of the swirler S.6
Variztion of the profiles of the normalized axia
velocity in the flow field of the swirler 2.I0
Variation of the axial velocity on the jel axis
for difrerent swirlers ’

Variavion of the reverse mass flow along the et
axis for different swirlers



70(—8

7.29
750

7.31
7.32
7.33
734
7.35
7.36
737
7.38
7.39
7.40
741
7,42
7,43
7.4
7,45
7 .46
747
7.48
7.49
7.50
7.51
7.52
7.53
7.54
7.55

Variation of maximum reverse mass flow with swirl
number

Variation of reverse mass flow with vane angle

Decay of the maximum axial velocities along the jet
axis for different swirlers

Profiles of the axial velocity for different swirlers
at z/D=T. |

Profiles of the axial velocity for different swirlers
at z/D=1.75

Frofiles of the axial velocity for different swirlers
at z/D=2.5

Yrofiles of the axial velocity for different swirlers
at z/D=3.2

Comparison of the size of the recirculation regicns
for different swirlers

Comparison of the size of the reverse flow zones for
different swirlers

Distribution of the swirl velocity in the jet issulng
from the swirler S.I

Distribution of the swirl velocity in the Jjet issuing
from the swirler S.4

Distribution of the- swirl veloclity in the Jjet issuing
from the swirler S.6

Distribution of the swirl velocity in the jet icsuing
from the swirler S.9

Distribution of the swirl wvelocity in the Jjet issuing
ron the swirler S.I0

Distribution of the swirl velocity in the jet issuing

from the swirler S.II
Distribution of the swirl velocity in tThe Jet issuing
from the swirler S.I2 .
Variation of the profiles of the normalized swirl.
velocity in the flow field of the swirler S.ZX
Variation of the profiles of the normalized swirl
velocity in the flow field of the swirler S.4
Variation of the profiles of the normalized swirl
velocity in the flow field of the swirler S.
Variation of the profiles of the normalized swirl
velocity in the flow field of the swirler S.IOC _
Profiles of the swirl velocity for different swirlers
%z/D=1.0 :
Profiles of the swirl velocity for different swirler
at z/D=T.75 .
Profiles of the swirl velocity for different swirlers
at z/D=c.5
Froriles of the swirl velocity fer different swirlerc
at z/D=5.25
Tecay of the maximum swirl velocities along the jet
axis for diffesrent swirlers
Distributiorn of the kinetic energy of turbulence in
the jet issuing from the swirler $.T1
Distribution cf the kinetic energy of turbulence in
the Jet issuing from the swivler S L4 -
Distripution of the kinetic energy o turbuience in
the Jjet issuing from the swirler S$.5



7.56
7457
7.58
7.59
7.60
7.€1
7.62

7.63

764 .

765
7 .66
7.67
7.68
7.69
7.70
7.71
772
775

7.75
7.76
7.77
7,78
7.79
7.80
7.8I
7.82

Distribution of

the jet issuing
Distribution of

the jet issuing
Distributicn of
the jet issuing
Distribution of
the jet issuing
Profiles of the
different swirlers at z/D=I.0
Profiles
different swirlers at z/D=2.5

from the swirler

the kinetic energy of
from the swirler S.9
the kinetic energy cf turbulence
from the swirler S.IO
the kinetic energy of
from the swirler S.II
the kinetic energy of
S.I2
kinetic energy of turbulence for

turbulence

turbulence

turbulence

v
-

in
in
in
in

of the kinetic energy of turbulence for

Decay of the maximum kinetic energy of turbulence
along the jet axis for different swirlers

Profiles of the Reynolds stresses at z/D=0.25 in the
flow field of the swirler S$.9

Profiles of the Reynolds stresses at z/D=7.0 in the
flow field of the swirler 5.9

Profiles of the Reynolds stresses at z2/D=2.5 4in the
flow field of the swirler S$.9 '

Profiles of the Reynolds stresses at z/D=3%.25 in the
flow field of the swirler £.9

Profiles of the Reynolds stresses at z/D=I1.0 in the
flow field cf the swirler £.IO

Profiles of the Reynolds stresses at z/D=2.5 in the
flow field of the swirler S.IO

Profiles of the Reynolds stresses at z/D=I.0 in the
flow field of the swirler S.II

Profiles of the Reynolds stresses at z/D=I.0 in the
flow field of the swirler S.12

Frofiles of the Reynolds stresses at z/D=1.0 in the
flow field of the swirler £. -

Profiles of the Reynolds stresses at z/D=3.25 in the
flow field of the swirler Z.I L

Profiles of *he dominant stress ww for different
swirlers at z/D=I.0 .

Profiles of the dowminant stress ww for different
swirlers at z/D=2.5 _

Profiles of the sgecond dominant stress uw for different
swirlers at z/D=I. .

Profiles of the second dominant stress uw for different
swirlers at z/D=2.5 - .

Profiles of the third dominant stress uu for different
swirlers at z/D=T7.0 L

Profiles of the third doninant stress uu for different
swirlers at z/D=2.5

Profiles of the turbulent viscosity Pog in the flow
field of the swirler 3.

Profiles of tiie vurbulent viscosity P”@ in the flow
field of the swirler 35.1I0 < , ,
Profiles of thne turbulent viscosity Pag in the flow
field of the asvwirler S.11

Profiles of the vurbulent viccosity PQQ ‘n the flow
~4el1d of the swirler §.I1I2



7.83 Profiles of the turbulent viscosity Ry in the flow
field of the swirler 8.9 o

7 .84 Profiles of the turbulent viscosity R in the flow
field of the swirler S.IO o

7.85 Profiles of the turbulent viscosity R in the flow

A field of the swirler S.I: 0

7.86 Profiles of the turbulent viscosity B in the flow
field of the swirler S.I2 ro

7.87 Profiles of the turbulent viscosity Py in the flow
field of the swirler $.9 rr

7.88 Profiles of the turbulent viscoesity Prp in the flow
field of the swirler s5.I0 L '

7.89 Profiles of the turbulent viscosity P in the flow
field of the swirler £.II rr

7.90 Yrofiles of the turbulent viscosity p in the flow
field of the swirler .12 T

791 Prorfiles of the turbulent viscosity P in the flow
field of the swirler S.9 ) Tz ’

7.92 Profiles of the turbulent viscosity F in the flow
field of the swirler S.I0 T2

7.93 Profiles of the turbulent viscosity P, in the flow
field of the swirler S.I1I Tz

7.%4 Profiles of the turbulent viscosity n__ in the flow
field of the swirler S.I2 LIz

7.95 Comparison of the four turbulent viscosities at
z/D=0,25 in the tlow field c¢f the swirler S.9

7.96 Comparison of the four turbulent viscesities at
z/D=I1.0 in the flow field of the swirler S$.9

7.97 Comparison ¢f the fcour turbulent viscosities at

) z/D=0,08% in the flow field of the swirler S.IO

7.98 Comparison of the four turbulent viscosities at
z/D=I.5 in the flow field of the swirler S.I0

7.99 Comparison of the four turbulent viscosities at

- z/D=2.,5 in the flow field of the swirler S.II

7.100 Comparison of the four turbulent viscosities st
z/D=I1.75 in the flow field of the swirler S.IZ2

7.101 Compariscn of the dominant viscosity Foo for different
swirlers

7.102 Compariscn of the dominant viscosity PGG for diifferent

: swirlers
7.105 Compariscn of the turbulent viscosity Pro for
' different swirlers ‘

7104 Compariscn of the turbulent viscosity Pro for
different swirlers '

7.I05  Comparison of tie turoulent viscosivy Prz for
difrerent swirlers

7.I06  Corparison cf the turbulent viscosity Mo for

different swirliers



[
-y
Hlo

W

LIST Or

TABLES

Effect of the change
hot-wire calibration
results

Effect of the change
hot-wire calibration
results

Effect of the change

in the coefficients of the

equation on the experimental

in the coefficients of the
equation on the experimental

in the yaw correction factox

on the experimental results

Lffect of the change

in the yaw correction factor

.on the experimental results



Q co o >
ST . -
- - =

Q Q ~
NN w Q

o

o o
B

Bidoo O & s Q

Mool
let" @)
v@

B

5 RS ooaR

N
ct 3 ('D".‘f\?-“.--B

=
e

K., Ko

SRLS

L X

LX)

LX) LX) LE ]

L X ] LX) .e (X} e e LN ]

LR ]

[ X

NOTATTION .

Cverheating ratioj;the distance of the origin of the
Jet from the orificej;slope of the hot-wire calibra-
tion curve

Calibration constants for the hot-wire probe
Pressure recovery factor

Chord
Constants in the turbulence model

Constants in the turbulence model
Specific heat at constant pressure

Hub diameter -
Effectvive nozzle diameter

Diameter of the hole on the orifice meter (2.75")
Outer diameter of the swirlers (3")

Fluctuating part of L

RIMN3 value of e

Instantaneous voltage drop across the hot-wire
Mean velue of E o

Value of E at zero velocity

Iinearizer output voltage
Swirl velocity profile constants

Body force per unit volume

Nozzle thrust

Grashof number

Aspect

Pressure difference for mass flow measurement(HgO")
Incidence

Thermal conductivityjkinetic energy cf ‘turbulence;
error curve ccnstant :

Yaw correction factor

Pitch correction factor

Entrainment rate constant

Static pressure profile constant

Tempnerature profile coefficient

Axial velccity profile constant

Coefficients of »nressure drop due tc friction and
acceleration through the swirler

e

Total pressure drop coerfricient

Linearizer trensfer coefficients .



2 R RZEB
£ N

Lokie ko)

Q(O:?F\:d Hd
=
N

H
©
N

< =
® O
(o’

o 40 o0 a® 96 o

L X L X ) LN ] LA oe

e (X} .0 .0 .0 e

oo ow g9

ee e oo ee (X oa ea s o0

Length of the hot-wire

Mixing lengt

Entreinment rate;mass flow rate
lach number

Angular momentum flux

Axial momentum flux

Nusvﬁlt number

nstantancous static pressure
Nean vart of p
Fluctuating part of p
Total pressurej;heat loss
surroundings

Production of the kinetic energy of turbulence

Prandtl number
Dependent variable
A function of instantaneous voltage drops

from the hot-wire {o the

Cylindrical polar coordinates
Reynolds number

Reynolds number based on the
normal to the wire

Space

Swirl number

Proportionality constants for an L-type probe

Time

velocity component

Stress tensor
Stress (”1th indices) jtemperaturejnozzle
period of the square wave

Fluctuating parts of V, ,V.,

and Vg ,respectively.

Mean parts of Vz,Vr and VG ,respectively.

Effective cooling velocity

Instantaneous absclute velccity vector

Magnitude of The absolute velocity vec
Radial component of the instentaneous
veloclity

Swirl component of the instantanecus absoclute
velocity ‘

Axial component of the instantan
velocity

Cartesian coordinates _
Directional coefficient for the pressure probe
Hub ratio

tor
absolute

sous apsoluie



Greek letters

o ot Q

on

Q

SO o 0

)'5._5.'3'«0 O T £

< R
o ct &

L X ] LX) L] oo *e [ X ] a6 e ae e [ 3 ]

Half Jjet angle; yaw angle
Pitch angle

Rate of dissipation of the kinetic cenergy of
turbulence

Dihedral angle between the flow plane and the

-meridisn plane (the plane containing 2,0 and 4th

holes) on the pressure probe
Convergence criteria

Prendtl number for the kinetic energy of turbulence
Prandtl number for dissipation rate

Circulation
Normalized stream function
Vorticity

r/{z+a)

Vane outlet angle;conical engle between the velocity
vector and the probe axis
Density

Pressure loss coefficient
see Eqn.6.%1

Stream function
Laminar viscosity
Turbulent viscosivy

Effective viscosity
Kinematic viscosity

Subscripts

S 4O B BcLEE

.
\n

a8 S 690 20 86 90 0% »06 05 o

Atmospheric conditions

Inlet conditions

Relating to the j th hole (0,1,2,3,4)

Maximum value at a station

Normal component;relating to nozzle

Outlet conditions

Relating to the free strean

Tangential component

Relating to the wire

Relating to the radial station where the axizl
velocity component assumes half of iTs maximum
value at that station



COMNEY

SUITMARY
ACIKOUTENGE BT
LToT O PIGURDD
LIOST C& WIS
NODATIOR
Chapter 1. INTRODUCTION
141.The Combustion Process and Swirling
Flows
T1.2:1M0cthods of Obtaining Swirling T#lows

1e2.Tynes of Vane Swirlers and Design
Pa-‘netbr% for Conventional T'lat Vane
Type Swirlers

1.4.Reasons for the Pregent Vork
1.5.8cope of the Prescnt Vork

1.6.llotation Relating to a Swirling Flow
TField

7.5tructure of the Recirculation Region

Chapter 2. GEILDRAL TRA T‘DOP EQUATIONS

I\) Ny =2
o

2.2.Gross Internral Equotions

2.5 Monentum Flux Relations for Lamirar Flow

2., Turbulence and Transport Egquations for
Characteristic Quantities

2.5 .Momentun Tlu Relations for Turdbuleul
Tlow

Chapter %. LITERATURE SURVEY
2.1 .Introduction

%2,2.5wirling Jels Generated by Several Means

3.%3.0wirling Jets Generated by Vone Type
Swirlerc

%2.4.Conclusions
Chapter 4. FPREDICTION CF ILOW FIELDS
4,1 . Intvroduction
1.1 ePrediction of Boundary Laycer Type
Swivling IMlows
4,V 2. 7rediction of Svirling Plovs with
Fecirculatior

et

J.rorm of the Geneﬁal Trensporv Iguations

Frc

o s, g1

18

N
N



Chopter

. Chapter

4.2.Privitive DPressure-Velocibty Anoroach
4s5¢VortiCity~Stfeam "unction Anprcach
O .Governing Transport Zauvstions

4.%5.2.Comuon Torm for the Tronspors Bevations

G.5.5.0 Genernl Tinite DifTerence Solubion
Procedure ‘

4o 4 5olution of the Algebraic Equations
4,..Pu3bulon ce PModelling
n,5

.boundary Conditions for the Strongly
oWlTlluU I'ree Flows

4.6.Computational Procedure
5 DESCRIPTION O BXPERIMENDAT, FACTITITY
5.1.Test Rig

\n
,"‘\_

2.Decien of Swirler

‘\J—’
L]

. INSTrumentacicn

2
A b Measurenent Procedure

D2 Hot=Vire Anemometer
6., HOT-!'IRE TECHIIIQULZ o4
6.1.Choice of Hot-Wire Anemometry
6.2.Basic Principles of Hot-~Wire Anenometry
6.3.Directional Sensitivity i Hob-lirc Probes

6.4.Methods for the Interpro*:ojoL of Sipgnals
from Hot-liire Lnemonmeter

6.5.Conclusions

G.b.Forinulation for the Present Vork

6.6.1.ssunptions

6.6.2.Choijce of the Orientations

6.6.5.7ormulation

6.7.5xperimental Procedure

6.7.1.50ome Considerations

Ol Calidbration of +the ;nenoncler Unit

6.7.5.Calibration of the Temperature Concoensaved
Hot-\lire rrobe | |

6,7 4. Dirvectional Sensitivity Tenvo -



Chaptér

6.7.5.Measurenent Procedure

©.8.Test Application to a Straight Round Jet
©.9.Advantages and Disadvatages of the Method
7. RESULTS AND DISCUSSION

7.I.Introduction

7.2.Flow Cheracteristics at Swirler Exit

7.5, Pressure Drop-Mass Flow Characteristics
7.4.Variation of Static Pressure along Jebt Axis
7.5.Velocity Distributions

7e5.I.Axial Velocity Distributions,Recirculation
Regions and Reverse Flow Zones

7.5.2.8wirl Velocity Distrivutions
7.6.Turbulence Characteristics
7.6.I.Kinetic Energy of Turbulence
7.6.2.Feynolds Stresses

7.6,32.Effect of Swirler Type on the Dominant
Reynolds Stresses

7.6.,4 . Turbulent Viscosities

7.6.5.Effect of Swirler Type on the Turbulent
Viscosities

7.7.Discussion of Errors

Chapter 8. CONCLUSIONS

Chapter 9. SUGGESTIONS FOR FURTIER WCORK
REFERENCES

TABLES

FIGURES

I00

=
M
1

N

I38
T4T
148
152



CHAPTER 1. INTRODUCTION
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1.1.COMBUSTION PROCESS AND SWIRLING PLCWS

The combustion process is emﬁloy@d in thermodynamic
cycles 1n order to increase the internal energy of the
fluid.This process is performed in combustors or furnaces.
A -conventional aircraft gas turbine combustor is zheown
in Mig.1.1 (Ref.s.1,2).Three nain zones can be distinguished,
namely,primary,inteLmodiate and dilution zones. Fuel 18
injectved and ignited in the primary zone.Combustion is
comvleted in the intermediate zone and hot gases are
cooled To a lower temnerature in the dilution zone before
expanding through the turbine.

Combustors are designed to meet several reguirecnents.
These are briefly : accepbtable size,low emission of
pollutants,high combustion 1nuenqztj,hloh combustion
efficiency,ease of ignition,good ccombustion stabiliby,
good cross sectional distribution of Temperature,
durability and low pressure loss.

A pressure loss coefficient in a conmbustion chamber
is defined either by .
o Po-Pq
p
) P,
or
1" Po~Py
o) 2
.59V2
where the indices 2 and 1 refer to combustor inlgt and
outlet conditions,respectively.Although ideally 1t 1is

assuabd that combustion takes at constant pressure, a
pressure loss,typically of around 5% occurs (dCLeJ)q In
the ea ly tyoes of conbugtors this pressure loss has
been associated only with bthe friction on the walls and
with heat addition.For the conventional tvoes,nnucvcr
the total pressure losses conprice those cue T (iproh)
swirler,mixing,heat addition and m1°"e11aaboas (WOfuks due
to bend. ,corrugated spacers and Trictional losses).Svirler
losses con titute usvally aboulb 25% of the tobtal losses
accordin? to approximate loss calculations.As 1s well
movmn,any loss in the coubustion process deoreaoes_tne
net OJLDUL of a thermodynanic cycle,and therefore .1ts
cfficiency.

Combustion efficiency is defired as the ratio of the
actusl temmerature rise to the theeretical tempov<,k-e
rise.ly 1u,unorefore, a mcosure ol the ccumpleteness o
combugvion.



The term 'combustion stability' applies to the range

of fuel-to-air ratios over which a stable flane can be
maintained.An alternative definition for combustion
stabllity considers maximum air velocity obtainable
without flame cxtinction and is closely related to the
flame speeds for the existing fuels.Due to the rather
wide range of operational conditions in aircraft combus-
tors (very low pressures and btemperatures) combustion
stability is an important factor to be considered.

Another requirement of increasing current impertance
is for low enission of pollutantvs from combustbors. Due
to incomplete nmixing of fuel with air,high alir velocities
and The requirement of short length for combusitors,several
undesired combustion products are emitted.Among Ghese ave
C0,C0p2,N0x,snoke and 302 . . nxistance of these products
indicates low combustion efficiency and has a detrimental
effect on public health.

Combustion efficiency and stability are inversely
proportional to the mean axial velccity in the combustor
(Ref.1).in fact,a combustor must be capable of running,
without flame-out or with very high relicbility for
relightingz, over a v1de ranze of air-to~fuel ratios,The
only way oI achieving vthis 1s by creating low velociths
and good nixing regions (i.e.,recirculation) in the
combustor.The recirculation region provides a continuous
hot source for a stable combustion since the hot conbusition
products Tlow in the upstrean direction and g1V Tise TOo
the igniticn of 1ncomlng fresh fuel-air mixture.Creation
of low velocities 1s also essentiel since the flame zpeeds
for tThe nost widely available fuels are much lower than
the average velocities in combustion chambers.

. In early combustors,baffle type flame stabilizers have
have been used (Ref.5).These have not been,hcvever, ve
successful at high mass flows.The structure of the flo
field behind such a baffle is also examined later in
work.It suffices here %o say that turbulence inten
are also relatively low. . for these Ilows. Can type ilame
stabilizers have 2l1so notU been very efficient because cr
the 'trapped' form of the TGCLPCUlathH region at the
beginning of the combustor.

)J}
bt}

A better way of flame stabilization at nigh mass flows
can be attaired by swirlinsg the incoming Tlow to The com-
bustor (Ref.>). Vortex breaikdown is a well known phenorenon
in swirling flows,causing a recirculation region (a standing
eddy) to occur in the core region of the flow when the
amount of rotetion imparted to the flow is nigh.This tyre
of recirculation rezgion provides a better mix'nj than thst
obtained by the other means,such as dlufi bodies,due to
the prescnce ol swirl velocity component.lighen uLP017LICG‘
intensities and stronger uLG'r wexlonu are u"“rsfoze,
expected cousing better atoilzaticon for Uao Jiguid-Tuel
particles alrcady atemized by the indector.3ince the Iflow
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occur cven outside the recirculation region in the conpus-
tor.This considerably increases the residence tine of the
fuel and subsequently the combustion products in the
chanber.furthermore,more complete combustion is achlieved
thus reducing the level of LhG pollutants.Due Lo the betiher
mixing,hicher turbulence intensitics,stronzer shear regions
and in consequence provision for bhetter atorization ol the

PO

fuel »a L\CLCD.suyorlorLty of swirling flows in flamne cito-
blllaatlon con“uuulon efxlcloncJ,rodactwon of mollubanss
and good combu tion stability becomes apparcnt, These
features of swirling flows have long been knowin and have
been widely utilized in order to control the stability and
intensity of combustion,the shape of the flame and the
rate of reaction .

possesses a swirl velocity component,lower oxial velocitics

Apart from the combustion processg,swirling flows have
also found applﬁc tion in general for flow cases in which
strong shear regions are required,such as pulat oguns
Vortex Tlow senarktors 1s a furLLeL exanple of uwzrl
flows where use is made of the centrifugal force ficl
swirling flows.

11
d ol
When sufficient swirl is introduced %o cause recircu-~

lation, a 'strong swirl' situation 1s said to exist.'lVcalx
swirl',therefore,induces no recirculavion.The ¥Uype of
sw,u:*ll:rvT Tlow is charac“erlvpd by'the swirl number!'.The
mathemztical definition of the swirl number will bte given
in Chapter %.A11 the swirling flows ipVPctlgc*cﬂ in this

7ork are vane gencrated type,strong and particulexly
sultable for combustor applications.

1.2, JIETHODS OF OBTAINING SWIRLING FLOWS

Swirling flows can be obtained in The Tfollowing ways:-

a)Pipe bends ; a rather weak swirl is created as the
flow moves through a pipe bend.

b)Spiral strips in a tube.

c)Surrounding pipe is rotated at a fixed rpm.

d)Tangential flow is injected.

e)Vane type swirlers.

Swirling flows obtained using the Tirst thrce metheds
have been employed mainly for experimental purvoscs.
Tangential-flow-entry type owlrler arc generﬂlly usedqd
in furnaces.Vane type swirlers have veen The common
practice as flame stabilizews in aircrafllt gas Turbine

combustors,but can be used equally well in rTurnaces.
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1.2.07P8 OF VANE SWIRLERS AND DUSIGH PARAMETERS I'OR
}OLVTJ‘DlONALJL];UT VAU WYPE SUIRL RS

There are several. types of vane swirlers,namely :-

a)Constant-anzle flat vane type ; these are the most
widely used swirlers due to their ease of manufacture.

b) Constdnu—:n)be curved vane uype 3 more aifficult to
nmanufacture,”ut the im;:cvsnont ia nevlortance over
the flag V&L\ tyove nay be very considerable.

c)Variable~ arg;e curved vane type ;3 these are very
diffucult to maruiq"%a*o anc the improvemnen®t over the
coustant angle curved vane type is only slight. This
type is,therefore.not hldelj used,

A conventional flat vane type swirler and
notation are shown in *ig.1.2 .This type is referred here
as ‘cenvral b]qding' whexre the cenlre line ¢f the blade
in the spanwise sense passes throuph She avis of the
swirler (unz axis). Fig.1.% shows The alternative
'off-central blading' type .The former type is eus:
manufacture because,at the inner ends of the vanes
almost circular shape is reguired. The latter nece:
an irregular shans,causing serious nanufact u“*n% d
ties,cspecially when the aspect ratio. is high.

the related
.I‘\

)
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1 4 . REASONS FOR THE PRESENT WORK

A vane swirler perforns the task oi Jurning the irnconming
flow to the combustor firom a rataer low adsolutle axial velo-
city to a higher absolute veloclty having swirl and radisl
components.Due to this acceleraticn,a pressure Adrop oocurs
through the swirler.Additionally,profi_e and secondary
losses occur within the swirler dus to the vanes.

In the case of flat vanes the turning UThrough the
swirler is incomplete for high values oS the srtace-to-chord
ratio,because the air outvtlelt angle becombs nuch "millfr
than th geonetrical vane outlet annle.“ evant 1nformration
on this deviation s widely availilable Ior Tursine Lype
cascades as shown typically in glb,‘.% cineffzctive turning
of air throuzn the swirier resulbts in lower swirl aund in
conseguence,iower radial velcclty cowpﬂnmnVQGIn other wvords,
less angular meuzenbun is imparted to the incoming axial

flow.. smaller recirculavion regilon and less turbdbulonce
intensities are,thercfore,induced.lnruceently,the amount of
recirculdcljb mass Ilow drons,

The ineflective turning can be 2artly obviatel Ty
reducinz the spece-to-chexd rotio. o chbtain a $ight swirl
therefore,a space-to-chord ratio of about .Y 1s uscd
together wich vone ou*lo; anzlies 6' Lo J€°“o“ Slat v

T ;
(Ref.4) .Dhis,however,iacreases both the profile and



dary losses excessively.Additionally,it may introduce
blockage problcms.All tneue reuu]tlng excessive losses
eventually munlfest themnselves in the fora of an excessive
pressure drop through the swirler and the whole process

of turning becomes quite inefficicnt.

Whatever the value of the space-to-chord ratic,the ineffi-
cient operation inevitably accompanies flat vanes,because
they always run under 'stalled!’ conditions.Aerodynamically
curved vanes are,therefore employad in which the turllng
1s gradually JMWthed to the ncomlng axial flow (see
Fig.1.5).In thlo way,llow separation is greatly roduced on
the suction (convex) side of the vanes.Tnl results 1in a
cosiderable reduction in the profile loss.Thus,morc complete
turning and higher swirl and radial vel ocvtv COMPONENsS
can be obtained at the exit of the swirler at the cost of
a reduced pressure 4Arop.

Although it is expected that smaller aspcct ratios
would preduce larger recirculation regions and higher
recirculating mass fl@”u,jt 18 clear that this would only
be acnhieved at the cost of a 1Jr ,er pressurce drop,due to
the increasing blockige.Althou@h lrniown qualitatively, ro
quantitative information is available on the influence of
the aspect ratio.The present information covers the
influence of the vane outlet angle on the size of recizcu-
lation region and the pressure drop for flat vanre types
(Ref.s5.6,7,8,2,10).A1s0,infor: uLDOn on hubddless swirlers

with ilat vanes has bepn reported in Ref.s.3,9 and 10 It
is obvious tha® available information is far from being
complete.Some other works on the subject represent only

discrete cases (Ref.s.11,12 .Aatch¢ng a gwérlc TO A
combustion chamber 1is, theve ore,still a btrial-znd-eryor
process even when Tne flat vane types are empleyed. For
curved vane type swirlers,however,as far as the author is
aware,very little experimental ev1dopce exists.

It was predicted that because of the nigher eillicisncy
of air flow turning obtained by using curved vanes, the |
same size recirculatlon region should be obtainable for =
smaller vane outlet angle.This,in turn,would involve a
lower corresponding pressure Aropa.

1.5.5C0PE OF THE PRESENT WORK

The aim of this work is fto determine,experimentally,the
influence of swirler geometric varamet eru,namely,vanu ngiet
space-to-chord ratio and Q.pbct ratio,on tne size and Tur~
bulence characterictics of the Cownstreaw reclrculavion
region.Both flat ard curved vane %yves are concidered.ln
partlcul v,the prescure drop-masg L1 % charachorictic i

C’

zristic is to
be establics hlu Yor ecach swirler confipuration tomeiher with
the corresponding shape and size of the recircuiation

region.

L
L5
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Special attention was also to be given tc establizh
the maximum ohear stress regions.bBxperinents are carried
out under isothermal conditions.

1.6, NOTATION RELATING TO A SWIRLING FLOW FIELD

The flow field and coordinste axes employed in this
work are shown in Fig.1.6 In order to facilitate the
mathematical treatment c¢f the problem,cylindrical polar
coordinates are used.The z-axis coincides with the axis
of symmetry of the flow field.

The flow is considered axlsymnetrical,therefore,no
variation in the 6 direction is assuned.The tbre‘ COLPO=-
nents of the abso ute v010010y at a point P in the flow
field are also shown in Fig.1.6 .

1.7.STRUCTURE OF THE RECIRCULATION REGION

-

The word recirculation is genereclly used for flow
reversal in the main flow direction in a two~-dimensional
field.Three dimensional recirculation regions are sl1so
possible.Recirculation is caused by several fzctors.

The cause of the recirculstion vhenomenon ccouring 1n
swirling flows is totally different from those of +The
recirculations encountered on the walls,for instance in
diffusers,and bchind bluff bodies,such as baffle type
flame stabilizers.In tThe latter cases the recirculation
is due to flow separation from a surface,caused mainly by
adverse pressure gradients or sharp Suriibe discontinaities
and ,therefore,the inability of the flow tc remaein stbached,
In the former case,however,the recirculation is due ertirve Ly
to the rotationof the flow field.When the strength of the
rotation is high enough,vortex breakdown takes pTaf‘e° More
precisely,when there Ls_strong swirl the axial gradient of
the swirl velocity component is high.This causes the value
of the vorticity to decrease considerably in the core
region of the flow.Examination of the definition ol the
vorticity leads to the deductlon that recirculatvion occurs
in the core region of the flow fisld. {see Chapter 1)

Except fer the purposes of combusficn stability.a re
culation reb¢on is generally undesirable in a flow fie’d
because i¢ extracts considerable energy from the mein flow.
The ccnseguentmomentum loss manifests 1tsell as a tobtal
pressure arop through *the systenm.bven for the combuszshion
appi¢ca’1on,uherefore,un optimum casze,tha’t is,a reascnabl
gize av the cost of an acceptable DTQQSHTG drop. 18 uop“hur

{.

O

1r-

A recireculation region in & pipe step ig shown in -
Fig.1.7 .The inconing flow separates f“um the surface AD

-
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at B due to the sharp ulsconblnulbv i.e., the corner,an’
attaches to the surface DE at C. he point C is Ca176q the
stagnation point .The flow in +the central part of the sten
is the main flow.The length of the recirculation,DC ,Genenis
on the inlet velocity profile,that is,the state ot Tne in-
- coning flow (lamlnar or T rbuipnt) anJ the sten ratio ftqu
ratio of the small pipe diameter to the large ninpe diranmcier)
The rotation inside the DBC loop is driven through the
applicaticn ol shear stresses along the solid BC line (+the
boundary of the recirculation region) by the main flou.
Along the DC line,where a wvall exists as a boundary, the
enersy majnod from the wmain Tlow 1s dissipated through
viscous shear stresses.The same kind of wa]l dissipation
contlnues along the line DB.Therefore,ncax gbo point B, the
recirculating flow has .been slown down consi ,1“7]Jc LS &
resultc the maiimum chear siress between the main flcw and
the recirculation regicn is expected near the point B on
the recirculation boundary.Althoush ,mathcmatically, the
value of tTthe stream function on the wall is assuucd the
sane alions the recirculation poundary (vh1 cn physically
means that the recirculating {low iz coniined in the DIEC
loop in terms of mass),a mass transfer from the main flow
to the recirculation reglon occurs through diffusion at
the downstrcam section of The recircuvlation ““”LOP boundary.
The same mate of mass ftransfer occurs at the upc ream end
of the recirculabtion region to tho main fiow to maintain
conservation ol mass in the recirculstion region.The dashed
line between B and C rovresento the zero vc10b11J line
below which tThe a"“al velocibics assume vositive values
and above whicn negative values exlist indicating rsverse
mass Ilows,.

The recirculation region in a free swirling flow is
shown in Fig.1.8 .Since the Tlow is assuned to bhe
axisymmetric,only half the plane of the Jev is considered,
If a zero value for the stream function is accepted along
the Oz axis,it assumes the same value on the solid line AB,
Therefore,the OAB loop encloses the recirculation regio
in this lano The point B is called the stagnation D01*uﬂ
The flow outside the OAB loop lS the main flow.If a line
is drawn parallel to the Oy axisthrough the vortex centre
C,together with the zero V“lOCluj line AB \H-Qa@d) four
zones can be distinguished inside the recirculation region.
The 1st and &th zones represent the flow reversal zoncs.
Obviously in the other hall of the Qyz vlane,a sinilar
Tlow COHfl“UCuTLon is co-existant.iiore precisely,rccalling
the assumption of axisyumetric flow,the existance olf 2
toroidal recirculation region becomes obvious.The above
remarks about the recirculation in a pine svep equally
apply to this flow field.The main flow derives the recir-
culation along the solid LB line; t&v moxvimun shear sTrascoes
are, therefore,ecxpected near the point A along vhe recirtCu-
lation bouvnuary.Typlcal sixicl and swirl velecity proiillces

1L

are shown in fig.1.9 A1l the velocity compongnits decay 1n
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the downstrecam directilon,After the stagnation point,.
reverse axial velocitics disappear and further downstrean
the pcak of The axiol velocity profiles shifts tovards
the centreline as the effect of swirling diminishes. The
swirl velocity profilcs assume a forced vortex form in

. the core region of the fiow and are,therefore, proportion-l
to the radius.ifter the peak in the radial dircction,however
they assune a free vortex form,varying inversely with the
radius.



CHAPTER 2. GENERAL TRANSPORT EQUATIONS



This chapter is lntepded to provide,in the volume, the
basic background for the general mathematical undfxuuanding
of the follodlng chapters. Most of the equations vresented
can be found,in a simpler or similar form,in most bLextbool:
on fluid mechanics or heat transfer (Ref.13%).

2.1.FORM OF THE GENERAL TRANSPORT EQUATIONS

The basic physical laws ‘of conservabion of mass and momcn--
tum vwhen applied to finite volumes JJ@WG integral forms of
the generel couations of fluid dynamics. When thie voliume is
chosen as an infinitesimal element of the flow Ffield, the dii-
ferential forms which are uvsed to predict point-to-point
variations in the flow field, are obtained (Ref.13).

Conservation of mass is expressed as the conbinuity equa--
tion. In vectorial notation this takes the form :-

DQ N 09 . N
. - + g(V.V) = -—-: 4+ Va(?V) = 0 <Z,/'i>
: Dt t

o,/

Conservation of momentum is eXpressed as the nomentun
equation from Newbton's 2nd law of nmotion :-

vV _
¢ == =F - Vp+ V.0 (2.2)
Dt

It is seen in Ean.2.2 that pressure terns have been considered
separately from the normal strcss Germs.

Tn cylindrical polar coordinates for axially symmebric Ilowu
Egn.s.2.1 and 2.2 can be written as:- :

69 1 O d

- —(or V) + ~w(9 v,)

0 (2.3%a)
6t r Or °



g(n—?rv NN | R )=T + (r T, )+ 2z (2.74)

3t T dr % dgz Z 3 1 Or Oz )

It is scen that Egqn.s.2.? form a systen of stronzly counled
non-linear partial differentisl ecuations. Theyv ore not closed
in their present form because if Lbc cojnonentu of The abszolute
velocity,that is, Vn, Vg, Vz and static pressure,p, 2re consi-
dered as unknowns, it is seen that the comvonents of the suress
tensor still renain as the quantities that nust be deternmined.
Further velations expressing the co“Donents of Tthe stress torn-
sor in terms of the other ”JGUUIUluu, Cor dnstance,velocity
comronenvs, are required for closure.

‘(:'J !’E)

I
U
BEqn.2.%a can be expressed in terms of the streanm function

1 oW
, = é--- (2.0
SI‘ Z

<
i

T or or

Introduction of the stream function into Icn.s.2.% Tthrough
Egn.2.4 reduces the number of the uvnknowns by cne. Further
relations are still required for their closure.

2¢2.GROSS INTEGRAL EQUATIONS

Eqn.c.2.% can be integrated with the assumvtion of nepgli-
gible body force over a cross secticn of the flow field Ho
obtain the gross integral forms ol the eguations of movtion,

The mathenctical orocedure is sinilar in sll  the cases
grouving the derivative terms witlh resvect to the sanme variatkles

and 1nteuratlng over a cross section (see Mig.1.9),we obbain

dz O
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a ® 5 @

. (QVg+p-T,,0r dr = | (T, -V, (2.54)

SO )r2 2 N

— (P (v v yrar - | m,-vv>| (2.50)

—_ V.V -T_)r dr =) (oVi-Ty~+p)de + |2(T__-p=-pV

dz Jo S EE X o §'e oo™ TrzPo§Ve) 0
(2.5Y)

The similarcity in the form of these equations must 1

underlined.Thcy can be cnployed to determine the stress terms
when the velocity and pressure profiles are kaown.This forsn

atmosphere, the required boundary conditions are :-

of the equation:3uogether vith some proper simplifications,
is largely used in boundarj laycr theory (Rel.14).,

For application to swirling flows issuing into stagnant

=0 ceeoa- V =V A S e
© dr dr
(2.5¢)
2

I"—‘O e o 0c oo VZ:VI‘zvgzr Tr@:—‘r m ZP-D =O

Applying these conditions, Egqn.s.2.5¢c and 2.58 carn be

written as

@

d
— | (QVgV,Tg,) r2dr = 0 (2.58)
iz | 0 'z TOZ
a r GO
— (gV “+p~-T__) r dr = O (2.58)
dz ) 0 Z%
which neans that the variations of these invegrzls alongs the
z-aXxis 1s zero.Thecse 1nbegrals are,tncrefore CORSQ?‘C@ avt

various cross sections of the Iree Jot$:yuu1ndu on of
Eqn.s.2.5% and 2.5g reveals that these ave the angular

-

(moment ol tangentiaol ﬁOuonUuu) and axial momentq of fhe
jev, rosuvctlvbly. Thercfore,
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2 . e .
M, = 5 (gvz+pmﬂzz) r dr = consbtant (2.51)

These are the parameters characterizing the state of =
swirling jet,i.e., either recirculation occurs or not

2+5MOMENTUM FLUX RELATIONS FOR TAMINAR TFIOW

In Ban.s.2.5 , T's represent the stresses acting on the
surfaces of the infinitesimal volume with sides dr,dz and r 49,
For Hewtonlan Tiuilds the stresses are linearly related to tao
rates of strain. In the case of laminar axisyannmetric flow
they can be expressed as :-,

o , oV, 2
= —= - = V.V ) .62
rr = P02 » ) (2.62)
. V *
Tog = R (2 —ﬁi - 3 V.V ) (2.6b)
oV, ‘2
T, = P (2 g;é "3 V.V ) (2.6¢)
- o v
| To=p (T g;(-fi ) (2.64)
OV
0 .
i Toy = I ( g;~ (2.6¢)
OV oV
_ T Z i g
] Tog = P (55 4 50 (2.6£)

s 2nd the
Tficient

The ratio of proportionality between zhecr stre
rates of strain is called tThe momentum transy oe
or viscosity. It 1s agsuuned constanlt in the oz f lanminaw
isothermal flows. It is known That only molecular transsory
1S inporvant for laminar flows. The moleculiar viscosity ceén
then be expressed as

where v ig called the diffusivity COCFILCLGﬂf of momenuum Or

kinematic viscozity. The similarity belween Uhe eXpressions
for momentun,heat and mass transfer are strong.For cuwomple,
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in the case of mass transfer,

5 =32 (2.8)

where [5 1s the transport coefficicens of chemical species
say, 0\1C“ut in a combusbtion process, and Dy is the diffusi-
vity coefficient of chemical gspecies J . Since cold conditvionsg
are considercd in this work, the transport equations for hcat
and mass transfer are not presented here,

2ot /TURBULENCE ARD TRANSTOR! EQUATIONS FOR CUARACTERISTIC
QUAITLTITTES

In Eqn.s.2.% any flow variable,in general,is a functicn of
the position in space and time,that is, .n~Vr(r9J,u).o =p(r.%,7T)
and so cn.The © < boonﬂenco has been onittcd dve to the assaomp-

W
tion of Qﬂlsyﬂnoi“lc flow.If a certain point of the flow field
is considered,tne flow variables at that point depend only on
time. Therefore,at any vposition in the flow field, the varis-
bles can be senat ted To a mean value and a iluct @ting comno-
nent about this mean value.lhe ingitantancous values can then
“be expressed as

(2.9

=D+ p'

Because of the low velocitics (Nqoh nunbe: cold
flow conditions employed in This work, the assumntion of 301G 0N
pressible flow is reusonable Density fluctuat erel
not considered. :

o Ean.s.2.3v,c,d ,makirg use
the continuiiy equation, Ign.2.%a, and tan*ng ulme average, vic
obtain

19 d

Introducing Egn.s.2.9 in’

- S»(grv)+g—(gU)=O (2.1082)
T z
D | D
SV dVHS 3T 1 9 —5 0 . Tggg v
S(V — 4l =) e (2T, 0T v© +7w(TrZ~? uv )~ 2
dr 0z T dr r Or - Y ~ T
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M oW1y 3 r .
g(V 5;+U 6z+3?):r2 g;(r Lg” gr vw3+g: Tq 62~ uw) (2.102¢)
ouU dU ép 10 ' , d 7
S(V g;+U v )=-gz+£ g;(rf ~3r uv)+~;&T 2z~ U ) (2.102)
It 1s scen thot the stresses are auvgnented by some cmount
with the quontitics QUV , QU ,etc, for turbulent flow casc.

These qu(nt¢blps result fron apgljlng time averag¢ng to the
convection terms and causce Lhe total stresses in burbulent
flows to increase ve“v considerably. They are called ‘erpvnaren'
or 'Reynoldu stresses and';quou.2.10 ere called 'Reynolds
equations!' .

Similar transporlt equations can be derived for Reynolds
stresses., Introducing mdN.S.2.9 into Ign.2.%5b ,multiplying by
v and taking time average,ve getb

5 ) - T3
V 3vC U OvE v Ov© u Ove C oD =3 5 SV OV 24w
(- ——4= e R ) o RS —w—uv e : L (va.d.oU)
8_2 dr 2 dz 2 o 2 oz or dz 1 T ) ‘
(2.1%a)
In a similar nmanner, from Egqn.s.2.5c¢. and 2.34
V ng U ng v 6”2 1 ng O . O C{V [ ;;E .
g(— 4 - - e ) Emm VW e UW W e Vet (VAL )
23r 20z 2 or 2 dz dr Oz r T r 2.41b)
v 5u U du’ v Bug u du? ngg' oU m;?ﬂ] .
(= —+- +~ =eUr=—UV ==t (V, d b, ) 2.71¢)
9 2 0r 20z 2 ér 2 Bz Sz dr dz

are obtained.
Defining the kinetic energy of turbulence as

2 2 2
U +V o +w

N
-1t
P
N
®

2,12)
2

and combining Ecn.s.2.11 vield the Ttranspert equavion for
tn. kinetic encrgy c¢i Tturpulcnce -

A et e NI TR SV S o e
* o« vl .Te avands for viscous da S50 tLOoNn Lerms.
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Ok dk Ox dk  dp' dp' |
g(V et etV U o ) S Ve U e (2.1%)

dr dz dr 0z dr Oz

—5 30U 30V — SV dU M Ny
~W T == UV (e ) U g e VN7 (oo

Bz Br T 7 O z dr 1

m(v.a.t)

The left hand side of this cquation revnresents transporta-
tion of the kinct‘c enersy ol turnulence by convection. It
appears from ILgn.2.1% that transportation by convecticn is
due to both the mban and turbulent part of the fluid motion.
However, 1t can be shown that

Ok ok
V — +

S 2.1
W (2.74)

Egn.2.14 implies tThat transportation of the kinetic energy of
turbulcnce througn convecticn is only by, the mean part of the
fluid motion.The derivation of Tgn.2.74 is auite lenmgthy,
therefore,is not presented here, The first line on The 1132t
hand side of Lcn.2.15 shows how the liinetic encrgy of Turbu-
lence is transrported by thz presscure Iflucituavions.Tnz second
line represents oroduction of the kinetic enersy of turbulence
by Rejnoldo stresses in corvoration with the nean flow field.
The lzst line svands IZor the decay of the kxinetic cnergy of
turbuience due To the molecular viscosity of the fluid.

D]

It is alco possible ©vo derive transnort equaticns Jor the
shear stressce in a sinilar manner o that of Ton.s.2.17. The
difficulty with 2ll these couations is that they contein cor-

J

relation terrs between pressure and velocity fluctuations Nery
little is unown about the behaviour of these terms.It is this
difficul®ty that is hindering the development of a universal
turbulence modelliing for isotherm2l flows. The viscous digsi-
pation term,however.can be represcnted in terms of the Iminetic
energy of turbulence and can be deternmined cxperimentally.

The transnort eguations presented above are for the correla-
tions of the flucituatiocns ot a single point and ail the fluc-
tuations are conszidered at the same Time.line average is talen
for a short period of tims.Alvervatively,uie correlation can
be applicd to the Tluctuoting parts ol the wcloclity componenvs,

that is,such quantities as

u(r,z,%) ulr,z,5+6) )

etec, ,where G is the vime delay, can be formed and appl;ing Lo
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Eqn,s?E?B , the transport equutlono can be obtained for t
quantitics. It is also possible to forn such quantities

$5)

P

o)
W

w(r,z,t) W(r+hr,2,5)

etc“ , Wwhere Ar is the space displacement,in order to deal

with . space conrel atlono,Houover, the dl“OCt cngineering inter.
LST 15 Cthe deternination of the Reynolds strescses in a flow
field, because their spatial distribution indicatcs the
regions whare naximum shear stresses occur.The knowledge of
such resicns io imvortant in several applications.?uel injec-
tion is one of thcw and good fuel atomization can be obbtaincd
when the fuel i1is injected towards hlgh shear shress regions.

It would be very much desirable to be able to calculate
the amount and position of the meximum values of the Reynold
stresses in any oiven turbulent flow configuration . The ,
transport ccuations presented above are used for this purposc
together vith a numerical solution technique, However,the uni-
versality of such a calcuvlation proccdure is greatly oov~ﬁ“of
by the difficulty exrplained above.Ttherefore,a formulation velid
for a flow c2se can not be uscd reliably for a daiifercant Iflow
casc. '

2.5, MOITZHTUN FLUX RELATIONS FOR TURBULENT FLOW

Turbulent flows can be calculated a
1

me dependent lami.-
nar flows with a constant viscosiby.Thi -

s ti

IS a“""oacn however
. .

VRS J_

. —q » 7
gives the details oif the flow field in ns of velccities
and pressure,but does not yield resulvs uDOUt Tthe stabistical
propertleo 01 the flow field,such as Reynolds strcsses,.

The Reynolds eqnatlons,Bqn.o 2 10 rovern the mbrmenbu

i
transport paenomenz in an ax1sy cal turbulen®t flow fizld,
It can be seen from these equablons Lhuc the total stresses
in a turbulent flow field cre higher than those in a lamina:

flow.Therefore,in order Go close the equation system,ugn.s.2.10,
for a soclubtion, Han.s.2.6 with constant viscosity aré no
sultable.

One nethod of closure is to assune ar augnented ‘'isotrorvic
viscosity! ani then substitute for the total stress terms in
Egqn.s.2.10 sone relaticns similar in form to Tan.s.2.o0 ,bufb
with the ewcention that velocities are mean valuzs and visco -
sity is an ferfcctive viscosity'. Then , a total shear tress
in a turbulent flow field is roorosontaa for exanmple, as

\ O D )
1 — T - — o T - ® -‘ )
Tay Quv (V + Pt/ y ‘k"a (2.15;

’
Y
[

This is the simnlest and most economical solubion
problem of Zan.s.2.7 -
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!

It is also possible,however,to obtain a solution,for in-
stance, by keeping the Reynolds stresses in Eqn.s.2.10 and
writing a transport equation for each of the stresses ( see
Eqn.2.11). Assunptions are then made for .the correlation
terms between pressure and velocity fluctuations in terms
of,say,velocity gradients.This procedure,however,results in
an increased number of transport equations and even for a
reasonable mesh system taxes the limits of storage capacity
of the most widely available computers. Therefore, this
procedure is not considered in this work.



CHAPTER 3. LITERATURE SURVEY
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%1 INTRODUCTION

Ever sincc the strong and useful effects of swirl on com-
bustion efficiency,stebility and flame length were known,
rextensive research has been carried out on swirling flows. |
While -some investigatoers have studied the subject only experi-
mentally,others have done theoretical work.Theoretical worlk
can further be divided into laminar and turbulent flow coses.
Mostly analywvical procedures have been employed for the former,
while application of numerical procedures are necessary for
the latter.The latter class is more relevant for combustion
applications and will be reviewed briefly in Chapbter & . Since
some Cevalled reviews are already present (Ref.s5.15,15,17,18
and 19),this chapter is intended to present briefly +the experi-
mentol work done on turbulent swirling flows and vane type
swirlers.Bmphiosis has been mainly on the basic definitiohs,the
type of flow considered,experinental procedure and the instru-~
mentatvion employed, rather than results since =zome of the
relevant will be included in Chapter 7 for direct conmparison
purposes. -

2.2 SWIRLING JETS GENERATED BY VARIOUS MEANS

One of the earliest investigations into isothermal dturbulent
swirling flows was due to ROSE (Ref.20),., He carried out mean
flow and turvulcnce measurenents in a swirling flow obtained
by.rotating a pipe.The flow was,therefore, of the boundsry layer
type.Hot—-wire anemonetry was used for turbulence meagurenments.
The hov-wire probe aligned in the direction of the mean absolute
velocity was employed with a Technigue Uo measure also the velo-
city flucituation.This vTechnique was observed to be successful
under such weak swirling flow conditions,

CHIGIER BEER (Ref.21) made mean flow measurements in swirl-~
ing flows obtained with ¥tangential-air-entry type swirl gene-
rator,using a hemisphericel impact tube and a disc-type static
pressure probe.The rates of both Tangential and axial air flow
could be convrolled. In this way it was possible To change,
within a wide range,the amnount of rotation imparted to the
axial flow. The amount of rotation was characterized by the
swirl number defined as |

2
5= —%

My D

)
where D is the diameter at the nozzle exit.They varied the
swirl number between O and 1.5/ For high valuves of =wirl
number (5>.5), a recirculation region was present at The nozzle
exit.Its size varied as the swirl number was increased. Flovw
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inside the tangenbtial-air-entry type generator showed almost
solid body rotation,therefore,radial equilibrium could bhe
assuned there with the equation

op We |
o T 0 " _ - (3.2)

for especially high swirl numbers.hen issued into atmosphere,
- the flow expandcd more rapidly as the swirl number was
_creased. The static pressurc in the jets were always sub-
atmospheric and decrcased pro gr essively ds the swirl number
was incrcased. Decay rates of the velocity comvonents viere
proportional tc swirl number, It was found from the integration
of the velocity profiles that. the axial and angular momentun
fluxes are conserved along the length of the jets. Finally ,
two convergent and a convergent-divergent nozzles were {ixed
at the exit of the swirl generator. It was found that the
addition of a divergent nozzle increases The size oi the
recirculation “cglon and fecilitates ivs occurance.

CHIGIER and CHERVINSKY (Re*.22) used a five-hole 'herical
pressurc vrobe for the investigation of swirling flows obtained
from a tangenvial-zclr-entry type swirl gener aLOL,nanouDa they
varied the swirl number up to .64 , No recirculation was re-
ported. All the flows inv03uigabed were of the boundary layer
type. These allowed them to use the reduced (boundary layer)
form of the momentunm equations from which they derived

[® > w2 _
2n9 J r( Ut =—— ) dr (3.3)
O .

for the axial momenbtum flux by assuming that the quantity

2" v2+w2

u - .
.'2

is smdll Further,in the fully developed regiocn they assumed
that he axial and swirl velocity compcnents are of the simi- -
larity form :

U(r,z)zUm(z).U(@) (%.42a)
W(z,z)=u_(z).(&) (%.4D)

vhere

8 = 'E?z‘{ ‘ (3»5)
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These assumptions led to ordinary differential cquations from
which analytical expressions for the decay of the maiimum
values at each statvion , of the axial and swirl wvelocity
component and static pressure were obtained. Experimental
results showed that the profiles of the axial and gwirl velo-
city components and static pressure can be expressed as

U/U_ = exp(-k, €°) | - (3.6)
W = E 8+ 7 6% g 83 (3.7)
(p=pg)/ (ympy) = exp (-, €% - (3.8)

where the axial velocity and stabtic pressure profile constants
are given as functions of swirl nuamber

.92
k, = P (3.9)
150 .
K = —— (3.10)
P 1+8S

It has not been possible,however,to express the swirl velocity
profile constants E,F and G as functions of the swirl number,
They vary dirregularly with swirl number.The axial velocity |
profiles assumed the form of the Gaussian curve (Egn.3.6) only
after a distance of ten nozzle diameters for high swirl numbers
(8-.5) .In closer regions to the nozzle exit,maximum of the
velocity was shifted from the axis. Finally, the entrainment®
rate was expressed as

-

m= X m. N (3.11)

where k, ,the entrainment constant, was given as

k= 0.32 + 0.8 S | (3.12)

It was pointed out ,however, that this lincar relation for the
entrainment constant is valid only for swirl numbers up to
approximately 1. A similar work was also reported by CHERVINSKY
(Ref.23) where it was found that two sinilarity scales are
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possible in swirling jets depending on whether the flow is
controlled by the axial or aagular momensum, Lt was also
stated that high axial pressure gradients distort the velo-
city profiles and similarity can not be obtained in such
regions. -

CHIGIZR and CHURVINSKY (Ref.24) also examined weakly
swiriing flows under burning conditions., Same swirl peneratorn
as that in Ref.22 was used Tor the investigation.However, gos
fuel vas injected into the axial air. A wvator cooled five-hole
hemispherical impact orobe and a bare Platinum/Platinum~-Rhod:iin
thermocouple were used for the measurements of the mean velo-
city components and temperature.Boundary layer analysis was
also extended to include the cnergy equation with tThe simila-
rity assumptions '

U = Um(ZSJU(§) | (3.42)
W=V (2).0(B) | (%.4D)
§7Sa” (9m"9a5’°<8) (%.13)
-1 = (Tm~Ta).T(8) (3.14)

and analytic exvpressions for the decay of the meximum values
at each axial station,of the axial and swirl velocity cocmpo-
nenvs and temperature were obtained.lzperimentsl results
showed that these similarity assunplbions are reasonably good
far dovnstream from the nozzle exit and the radial profiles
of the axial velocity Component and temperature can be reprec-
sented in the form of Gaussian error curve as

Il

u/u, = exp(~k,.8%) (3.15)

(2-1,)/ (21, )= exp(=ky. (B-€1)%) (3.46)

vhere ky, the axicl velocity profile cocfficient, has a diffe-
rent value from that given by Lgn.».9 .The swirl wvelocity con-
ponent showed a forced vortex type rotation in the ceore region
of the jetv and a free vortex type rotation in the cuter part.
The decay rabtes along the centreline of the Jjet were given as

u D

g — - OQ « - =
— = -AU_ R ( S)CI. ) 5 (QG/}/
J Z+8. Sm
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W D :
. m 2 0. ;
B g (—— )% dey05 (3.18)

wmo Z+a O

P D -

ne g — (32305 (3.19)
Ta Z+8, 9m :
where Au, Bw'and Ct are constants determined experimentally.

PRATTE and KEFFER (Ref.25) made measurements of burhbulence
quantities and nean velocity components in a turbulent swirling
Jet. Only a single swirl number case was considered.Their vay
of obtaining swirl was bthe same as Rose's (Ref.20) : a round
pipe with axial air flow inside was rotated at a fixed rpm .

In this way, only a weakly swirling flow was obbtained.Hot-wire
anenonetvry was used for turbulence measurements. A normal type
‘probe was rovaved in the direction of the mean absolute velo-
city at each svatial position in the flow field.This was re
tively easy because of the boundary layer character of the
With the probe aligned in the direction of the mean absclute
velocity, one-dimensional turbulent kinetic energy spectra were
also measured using a frequency analyzer. The disbtribution of
stavic pressure was measured on the axis of the jet using =
disc-type static pressure probe and a conventional nesedle type
probe. For the mecasurement of the radial distribution of static
pressure,hovever, only disc-type probe was used. Cn the axis ,
measurcments with the disc-type probe shewed a 15% difference
(higher) from those with the conventional type. They presented
a boundary layer *type analysis using the sinilarity form in
the same way of Ref.22 .Experimental axial velccity profiles
showed a Gaussian error curve distribution and could be expres-
sed as

O ‘-""' ®

=

b 1=
b= (D

D

U(n) / U, = exp (45 72 G0

where m=r/1 and 1 is the lateral length scale. Swirl velocity
profiles were of a Rankine vorvex type ,i.e., solid body rota-
tion in the core of the jet (forced vortex) and free vortex
in the outer region. The radial distribubtions of the normal
stresses showed peaks shifted Ifrom the Jjet axis in the initial
.region of the jet.Further downstream in the similarity region
the peaks were shifted back to the axis .The dominant shear
stress was ouw and this was proven using the transport eqguation
for this quantity. Iinally,they emphasized ¥the formidable
difficulties in obtaining reliable davta in highly turbulent
flows.

SYRED,CHIGIER and BEER (Ref.26) made investizabtion in the
recirculation region sebt up ab the exit of a tanzential-air-
entry type swirl generator . Hotv and cold conditions were
considered. The components of the mean absolute velocity were
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measured under both hot and cold conditions, using an imnacd
‘probe.In flames,tenperatures were determined using a Platinum
Platinum~Rhodium tncrmocouplo, Turbulence measurenents were
carried out under cold conditions, employing a hot-wire ane-
mometer A new method for the interpretation of the signals
"from the hot-wire anemometer was used in the investigation.

In these method,six orientations of the hot-wire were required
at each point in the flow field.Turbulence intensities as high
as 1605 occured at the exit of the swirl generator.The size of
the recirculation region was slightly smaller under hot condi-
tions.Maximum reverse mass flow rates are 1o% higher under
cold conditions than those under hot cases.The recirculation
region occuried almost 75% of the generator exit.Maxinmum
reverse velocities were of the same order of the nozzle exit
velocities,.It was found that temperature decay closely followed
the decay of the kinetic energy of turbuleance.It was coacluded
that for strong swirl cases,the aerodynamics dominate the flow
field rather than the chemical reaction.lor strong swirl,therc-
fore,tests can be carried out under cold conditions to deter-
mine approximately the aercdynamic structure of the flow field
unaer hot conditions.

CHIGIER and DVORAK (Ref.27) used a Laser Doppler anemoneter
for the investigation of a recirculation region in a swirling
flow issuing from a tangential-ailr-entry Uyre swirl generator.
Hot and cold cases were considered at a2 swirl number of 0.3
Natur 1 gas was used as fuel and was fed into Tthe swirling
flow field through a central pipe in The swirl generator such
a diffusion flame was obtained.The ILaser anemometer was opera-
ted in the 'double Doppler mode' .,5ince the Luser anemonmeter
could not detect reverse flows without frequency shifving, it
was applied by using a rotating diffraction grebting, Ma“nes1bm
oxide was used for seeding the flowing air.It was obszerved
from the measured profiles of the awlal velccity component
that the length of the recirculation was larger under hotv
conditions tnan that under cold ceonditions. The width of the
recirculation region,hovever, was not Qltervd.These results
were in contrary to the results of Ref,26 where hot conditions
decreased both the length and width of the recirculation
region.Hot conditions increased the rate cof entrainment.Radial
prox11es of the swirl velocity comoonpﬁn pCSoeuqu a step
before a peak in the re01rculaulon region.further downst ecn,
however,they assumed a form sinilar to thaL of Rankine vorte:i,
Finally it was found oubt that higher turbulence intensivies
occur under hot conditions.Turbulence intensities of the orde:
of 100% were observed in the recirculation region.

3.3.SWIRLING JETS GENERATED BY VANE TYPE SWIRLERS

KERR and ¥RASER (Ref. 6) made mean £1ow 37urb 181

nts in
swirling jets issuing into a furnace atmos bo .The Turnace

burner had a special design such that inner ¢10w passed Taroush
a flat vane type swirler and ouber fl ow through angled slots.



Swirlers with vane anzles of O, +45%4+60° were available.The
angle of the slobts could bo ve ried a5 O° or BO° o mention
was made of the number of vanes employed on the swirlers.

In This way,a widc range of swirl Coa1d be obtained. Only
sl coubinations,licwever,vere invegstigated in the furnace
burner.i model bur or was also designed in order to measure
the nozzle torgue and the nozzle tnhrust.The componer*w of
the absolute velocity were measured 1n the jets issuing from
both The iurnace and the model burners,using a Hlmb anda
Powell pressurc »robe.All of The nmeasuvrerents were btaken far
downstream.tlo reoirculation was thercelore,reported even for
high vane Oﬂ”les It was found from the integrated velocity
profiles thot axiol and ansulear nomentum fluves are conzer—
ved along the lbaguh of the JOL' and ore apnrox Lraue ly eqgual
TO tﬂ measured noszle thrust and Ttorque, resocftlv Ly.In this
way,swirl number could be expressed as |

S = ' (3.21)

where dg ,the effective nozzle diameter, is defined for annu-
lar swirlers as

g, = ( pe- @=)0e> (%.22)

It is seen trat for hubless vane type or tanzgen al« A1Tr~-entey
type swirlers de=D. Using Egn.%.22 +the swirl nuﬁb > becones

4~ZB tge
5 (4—22)3/2 ‘

0N

Ci‘

assuming that at the swirler exit the axial and swirl velocity
components have uniform distributions and all along the vane
span

W= U_ tgo ©(3.ak)

N

holds .Zxanination of Ref.21 however, reveonls that these
assumpticns are nov vomﬁletvlj tTUG,OltnOUﬁQ suwirl was obtzined
there with o tangentizl-air-entry type swirl generator. In
paruLouiqr .t high swirl numbers ncst of the flow accumulates
near the outer wall in the in the swirler and olmost no axicl
low occurs in bne central region,i.e.,the axial velocity
profilec possessecs o sharp peak ear the couter wall.llso, The
axial and swirl veloclty ;ro':Jec ore not 1“ﬂ6f?1; related all

along the wvanc span as it is suggesbed by Egqn.s.24 With Luvcm
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assumvlions,hovever,it is seen from Eqn.3.2% that swirl
nuber depends only on the swirler geometry.The ofrlcw crey
of swirl gencration was also given as : for a piven blad
form the highor the swirl number for a fixed pressurc los

or the lower The pressure loss for a fixed swirl number Lhe
higher is the cfficiency of the suirl generation.ior the
acceleration of the Ilow Through the swirler from U; to a
value of Uji/cos@ ,the pressure drop is proportional to

~ ' :
AP ﬁ’tg‘@.Ui (3.25)

and for a fixed inlet velocity

AP ~ 1550 (%.26)
OCn the other hand, for a fixed suirl number, using Ign.3.25
(1-2°)°
(1-27)" -
tnat is,1f the hub ratio, z, is increased with the aim of
obtaining a fixed swirl number, a smaller value of the vane
QHQWO 15 required and less pressure drop is lncurred zs 1T
is seen fron Ton.%.2% or “1r 5.2/ JOT1 the other hand, Tor a
fixed vrezsure drop,that 1s,vane .@] , 1T Tthe hub ratio is
increased, Tne swirl nurber ]PC“C ca, It 18 also obvicus
that the influence of the vane uTﬁLe onn the swirl number is
nuch nore than that of hub ratio.lhe entrainment rate was
given as
n Z
— = (kK _,+k_~8) — (3.28)
el el
m, D

where for S=0 , the entrainment rate in a straight jet is
obtained as a special case. The constanis were expressed as

tgox U . k LI
oo -mB=0 . (8=040.5_ T.2 . 1482 s (%.29)
tBos g | U, k T 550 - L -
where
C 5= 5. g (%.30)
therefore,
keE o
r e = 2 ( N e G > Uf"t =0 (\)ojfl)
° k o
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Ixperiments showed that at the stations where measurenents
were taken, axial velocity profiles assuned the form of 4he
Gausgsian brroL curve

U T ' T

—— = exp(~1n2 ( = exp(-k (“‘>2) (3.32)
Um r 5 z |

where the error curve constant is

7 2
ko= (o) in2 (3.23%)
eD
or from Egn.%?.%1 ‘
in?2
k'. = 2 P (BCBL})
(4+ke2/keq S) tg‘agzo

The error curve constant k was also determined experimentally
as (compare with 2gn.%.9)

96
(1+4.8 8)2

in terns of swirl number, Tinally,the entrainment rate was
found experimentally as (see Eqn”j.°8)

a Z
—_— = ( 0.55—%/] o S)
s | de

Tater, XBRR extended this study to include combuqtlon
conditions (Rer.7).

MATHUR and [MACCALUM (Ref.8) examined isothernzl free
swirline flows issuing Iroo vane Ty/pe swirlers .Jlgt vanes
with the outlet 2aniles of 15° 9“ &fﬂ%o 7u and 75°%were coun-
sidered. The swirlers were oe51mne“ in two tv“es : annular
and hubless, To facilitate the manufccturing of the hutlecss
swirlers,all the vanes were designed in the form of a segments
of a 61LCWe.Such that their sharp cnds met on the axis of
the swirler, Tight veaes were employed on each swirler and
their ur&llnﬂ" edees vere not ald Che cxit plane or Trhe swirler
A1l the vanes were symmetrical and Their chord JF“FuLo were

S0 selected that on ail the swirlcecrs excenl thos 53 with vane
anglezes of 15 ond ,“,cne" formnzd on overlap ol 40, The over-
lapsz on the istiter two were-13" and “7 rvbgeCLLvmWV.dffﬁcLive
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turning of air through the swirler was provided in this w V.
No attemet was made,however,to decrease the pressure drop.
The definition of the swirl numb r vas given in a siniler
way to that of Ref.21 .The outer radius of the swirlers was
used as the non-dimensionalizing longth parameter. Thus

the swirl number could be expressed in terms of the geomebdric
parameters of the swirlers as

2 1“23 .
S = 0 3
3 ::;? &8 (%3.%7)

However, the same assumptions made in Ref.6 were used : unifor:
axial and swirl velocity distridbutions at the swirler exit and
the relation

~ Wo= Uy tgo - (%.24)
holds a1l along the vane span. For hubless swirlers. the suirl
number becomes .
2
S5 = - tgo | (3.38
5

It is seen from an examnination of Egn.s.3.38 and 3.37 that
annular swirlers have larger swirl nunmbers,since alvayvs

. 1—25
1 = f(z)= = 1.5
ﬂ—zz

for pre cctical values of the hub ratio. It is seen that the

(% '

the effect of the hub ratio on the swirl number is very slizhnt

The swirl nunber is incireased by increasing the vane aujle .
The theoretical total pressure drop through the swirler has
been expressed as
. ';_ .
AP = AP, + AP, = =—= ( K,+ K tg 0 ) = fx (3.%29)
1 pod 5 17 72 > .

vhere the first part, 4Pq , is the frictionzl loss with the
vane angle of 8 . Vhen the flcw accelcrales through the swirlicr
vancs with an anzle of 6 , from an average axial velocity Us

to Ui/cos® , bthe additional pressure drop, AP2 , cccurs. Tne
frictional vrecsvwre drop voeff“c16ﬁu K1 aenvlfs on suriace
roughnesb,wetueu area and thickness of the vanes., ¥2 is depen-
dent mainly upon bthe desipn of vanes,i.e.,the ¢ effectiveness

of the wanes in turning thne flow through Tthe swirler.for vane
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angles 45°or higher, Kq can be neplected. If all the losses
are neglected,the theorctical value of K2 becomes u unity.¥or
a svirler imparting complete turning to the flow PARSSing
through, the efficiency of swirl 5enerat10n wes glwon as

theoretical pressure drop 1
efficiency = = —
actual pressure drop K2

for vane ang“c“ 5% or higher. A chtb and Powell pressure
probe was used lor the measurement of velocity components.
The distribution cf static pressure was measured using a
disc~type stavic pressure probe.The static pressurO drop
through the swirlers was defined as

.

- . — . ' / L!_
Ap P; (po)a}{:]_s (3.40)
and nass flow-vpressure drop chqraotef’lstjcg vere presented.
It was found that the pressure drop increased with increasing
mass flow rate and vane angle. The diutributjon of the static
pressure along tne axils of the jets for different swirlers

showed that for hubless swirlers,sub-~atmosoheric pressures
were set up in the core region of the jets and their values
increased gradually Sowards utmoopherlc pressure far down-
stream.@he mininum values which cccurced in the imnmediste
downstrean of the swirlers,decreased with increasing vane
angle. The distribution of static pressure was directly pro-
portional to U? tgo For annular swirlers,however,such a
direct gradual 1nc ease towards tThe tho>n%orjc PTESSUTe Was
not observed. Instead, for vane angles below 45°5tho sub-at -
mospheric value at the exit from the swirlers increased towsrds
a maximun and This was followed by a minimum. Subseque Gl

1t incrcased gradua 17y towards the atmozpneric press

the vane anglcs of 45°or higher,however the i1nitial maxinun
was not observed.The sub- aLMODthPLC pfﬂ gure at the exi
dropped further to a minimum and thea increased gradually
towards the atmespheric value, thus indicabting the Tornation
of a re01rcu1@tlon Leglon, Dlmllaf o the hubless swirlers
the minimun values of the static pressure decrea

?
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ed with in-
¢creasing vane angles,also for annular swirlers. Distributbtion
of the axial veIOﬂity profiles showed that the size of th
recirculiation region (both the length and width) increass
with increasing vane engle in the case of hubless swirl
For the annular swir] eru,hoJoverﬁuuc length oif the recir
tion region wzs reduced,while its width being increused
siderahiy with increasing vane anglc.the emount of the re
culating mass flow was measured for the annular type sui
and it was found that g
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Finally,it was shown that swirling jets expand very rapidly
after issuing into atmecsphere and the rote of expansion ir-
creases with vane cngle. It was concluded thut tgh can be
taken,instead of the swirl number,as a measure of swirl for
flat vane type swirlers. '

BATFTUWA and MACCALUM (Ref.9) examined the performance of
the flat vane type swirlers of Ref.8,under burning conditions.
Cnly the swiriers with vane angles of 15,%20,45 and 60 were
tested. Velocity,static pressure and temperabture measurenents
were carried out. A water-cooled Hiett and Powell vprobe was
used for the necasurement of velocity components. A water-
cooled disc Type static pressure was employed for static pres-
surc neasuremcnts. Temperature profiles were determined using
- a Platinum-5%Rhodium/Platinum-200Rhodium bare thermocouple.

It was that the recirculation rcpion is lengthened and widened
with increasing vane angle-for both hubless and annular
swirlers under also hot conditions. Flame length was,however,
reduced considerably with increasing vane angle. A comparison
with cold tests for a fixed vane angle showved that combusicion
shortened and widened the rccirculation region. Further,it was
obscrved that burning Jets eipand initlaelly more rapidly than
cold Jjets for a fixed vane angle. This was because of the eit-
pansion of the hot gases due to combustion. Further downstrean,
however, the expansion rate of the burning jels decreased to
that of cold jelts. Also, a finite aifference method,the vorti-
city stream function avproach,was employed to predict the
turbulent swirling flow fields. No turbulence model was incor-
porated. however,into the calculation procedure., The extension
of this worik to swirliang flows 1n furnaccs was carricd out DY
BELTAGUI and MACCALUM (Ref.10). Also,2monz the neasurcrents
nade in swirling flames within confinements are those due to
YOUSSZE (Ref11) and HUTCHINSON et.al (Ref.12). In the foruer,
the swirling flow in a combustion chamber,generated by a vane
swirler was examined experimentally under both hot and 150~
thermal flow conditions. A combined velocity,pressure and ten-
perature probe was used Ifor the investigation. It was found
that,conbustion reduced the rates of resverse flow,while alco
decreasing slightly the size of the recirculation region.These
findings were partly consistent with that of Rei.9 , where it
was also fzund that the length of Tthe recirculation region
decrezses with combustion. There,however,che width of the
recirculation region was incrcased. Here,the decrease 1in the
width of the recirculation was probably due To the stronz ra
penatration orf the dilution =zir in the coumbustion chnamber. I
the latier study(Rei.12).the swirling flow in a cylidrical ITur-
nace was considered under diffusion flame conditions, Axiel
velocity profiles and corresvonding normal Reynols stress were
measurcd using a Laser Doppler anemomever. Teaperature meag-
urements were taken with a suction pyrometer in the furnace

and with chromel-alumel Thermocouniceg on the valls,., Somne cxner-
inental rcsults were also pnredicted using a Tinite diifecrence
method ( +the primitive pressure-velocity spproszch ). Swirl was
obtained with a vanec type swirler ond The eiffects of a burner
quarl was investizated. It was found that Tthe presence of the
quarl decreas=d the length of the flame counsiderably. Only a
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single type swirler was,however,used in the investigation.
5.4, CONCLUSIONS

The following main conclusions are drawn from the litera-—
ture survey: - |

a)The avial momentum flux is conserved in the free jet re-
gion of a swirling flow and is equal. to the nozzle thrust.

b)The angular momentum flux is conserved and is equal to the
nozzle torque.

c)The degree of rotation in o swirling flow cen be charcc-
terized with a non-dimensionsl paramcter,the swirl nunber,

d)Swirling flows expand much more repidly than corresponding
straignht jets and the rate of expansion increaseg with
swirl number, |

e)The rate ol entrainment of a swirling flow from ambient is
‘larger than a corresponding straight jet and increases
with swirl numter.

£f)A4 core region with a sub-abmospharic vressure is induced
in the central region of swirling flows.Wnen the swirl
number increasecs and reaches a cnitical value, the sub-at -
mospneric wvalue of the pressure becones low enougsh Ho
induce a recirculation region where reverse flow velo-
cities occur.

e
t

g)lihen there is no recirculation,swirling flow is said 4o
have ‘'wezak swirl!' (840.4) .lVhen the streamlines stort
diverging considerably, but therce 1s still no recircula-
tion, it is called 'moderate swirl' (340.6). ‘hen recircu-
lation occurs (3=0.6), it is called 'strong swirl' .

h)Higher turbulence intensities and stronger shear stress
regions are created in swirling Ilows due to the »regsence
of swirl velocity component.lowever,this high intensity
turbulence nskes very difficult all bturbulence measursas-
ments in swirling flows.Therefore, information on the
turbulent behaviour of swirling flows,especially with
recirculation,1s quite scanty. Knowledge about the digtri-
bution ¢ the kinetic energy of turbulence,shecar stresses,
etc., 1s quite necessary for both direct practical problems
(fuel injection,for instance) and acadenic interest (Lflow
modelling ).

Jj)The most comnon way of obbtaining swirl is by enploying
tangential-air-cntry or vane type swirl generaters. In
the forier aerodynamic, in the latfer physical blokage is
creatzd,.he labtter has been the most common practice in
aircraft geas turbine combustion chambers,

k)For a svirler with flal vanes, t3© can be taken,instead of
the swirl nunber, as the degree of swirl since whe nub
ratio has only a minor effect on the swirl number,

1A recirculation region of considergblg sizo fromn a Tlav

vane type anaular swirler can be obttlnec av a vane
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angle of around 45°, When the vane angle is increased,
the length of the recirculation region decreases wnllo,
however, its wlidth 1s increasing.

m)The pressure drop theough a flat vane tyne swirler is
proportional to %326 ,for a fixed inlet velocity.As the
vane angle is incveqsed the blockage created a,d the
-resulting pressurc drop increase Very rapidly.

n)Fflat vanes always run under sbtalled conditions,causing,
therefore,excessive momentum loss fhrough the uVlrlGr

o)ithe effoctiveness of turning by curved vanes,therefore,
becones quite obvious.However, very little information
is available in the literature about curved vane type
swirlers.

p)Althouﬂh known quq¢iuat1vcly no quantitative information
is available about the effect of hub ratio on the size of
recirculation region or other flow proper'lcc The influ-
ence of the number of the vanes on the elLlCLPPCJ of the
alir turning through the swirler has also nct been InvVes--
tigated.

q)The influence of varying the main swirler design para-
neter.that is. the vane ngle is the same under both hot
and cold condltlons,au it is 1ncrﬁa%nd the length of the

recirculation reglon decreases and 13 ”LJth increases,

Therefore, in order to investigave swinler periormance,

tests can be carried out under cold conditions,.



CHAPTER 4. PREDICTION OF 'FLOW FIELDS
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4.1 . INTRODUCTION

Reynolds equations, Egn.s.2.10 ,have to be solved for the
prediction cf turbulent ax )ymmo“'wcAl swirvling flows,For
frece turbulent flows,it is well known that the contribution
to the momentwns f]u\ by molecular transport is negligible
(Ref.28).Thererore,the laminar stresses in Eqn S 2.10 can be
neglecved.If we dpnotk the noynolda stresses as

mguv = Tpy ~9u'= Tzy
,etc.. for convinience and after munlnu¢a+Lng Zgqn.s.2.10b,c,

\1th Eqn.2.,10a ,they can be written for ¢ncompr ssible flow
as :- :

v{-

19 d N Bp’\B 3 m

9(; «;(r >+5;(UV>";:)~—";+; -;(TTrh)+g;T -59 {(4.12)
10 > W 1% 5 d

9(; S;(rVU)+—;(UU)+;:)=;§ g;(r Tr@>+§;T9z (4.1b)
19 O 5 dpAd S ,

9(; g;(rdv)+—;(U ) )—~S;+; g;(rTrZ)+g;TZZ | (4.1¢)

vhere the bar on p has been drovped for convinience.Ilt is seen
that Eqn.s.4.1 constitute a system of strongly ccupled non-
linear elliptic pgrtJal differential equations.Actually Shey
are in exactvly vhe same form as the momentum eguavtions.There-
fore,if the momentum flux relations for laminar flow,Een.s.2.0
are used for clozure,they represent the equations governing
the laminaxr swirling flow field of a viscous fluid.is a special
case,if the viscosity is set to zero,the inviscid flo” Torm

of the equations are obtained.For turbulent flows,however.,as
was stated before,one simple way of solutlon is to e;ploy‘an
effective viscos wcg varying with the position in the flow
Tield. , | ‘

Fal

4.1:1.Prediction of boundary layer type swirling flows

Before starting the solubion procedures for Egn.s.d.1 |
which must be solved for swirling {lows with recirculation .
a reduced form of them will be considerca.lor weakly swirliag
flows, the axizl pressure gradient is not suro:g enouzh to
cause rec circula u;onoLnerefcro the flow can be Trezted as a
boundary loyer flow. Comparing the.order of magnidudes of the
terms in Egn.s.%4.1 ,they can be reduced Lo the boundary layer
form ag :~ |

)
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Y2 ép
?(_“)_ér | {(4,2a)

13 d quB

— (VW) +— (V] =
?(I‘ (I’(:L >+2§Z( )+I‘> I‘2 BI‘

19 o dp 1

(%) (4.2D)

g( mw(rUV)+~—(U ) )=m-+— —(rT,) (&.2¢)
r or z Z T or
Then only the fluxes in the redial direction become 'mporm

tant and the eouations assune a parabolic character.RBccause in
the solution of parabolic D’Ttiul differential equatlon),fur~
ther (downs tieau/ events do ‘not influence previous (upsbream)
events, the solution procedure beconmecs easier than those of
the elliptic equations, Solution is facilitated further by
transfeorming Egqn.s.4.2 to (z-U) coordinates, using von-liges
transformation (Bef .26 and 20). Egqn.,say,4 .2¢ then becomes : -

U 9 1 dp
- - — | (4.3)
SU 0z

Also,non-dimensionalizing the streem funcvion W ,conputa-
tions can be carried out for only the region of 1nrbrcuu in
the flcw field.

In general,there are two methods for the solution of the
parabolic equations of boundary layer type flows.namely :-

1) Explicit integral theq
2) Complete theories. This class can be further divided invo
three cases

a) Cross streznm integration ,
b) Parvametric ¢nbe"rra1 nethods,
¢) Marching 1ntuorql methods,

No detailed explaration of respective methods will be given
her It is considered sufficient to say vhat marching integral
methods enploying Iinite differences in th 1 formulations aave
proven the most efficient 9mowgst the others, as 1+ 15 substan-
tiated by The rapid devw eiop ients using this way {(Ref.s.29 ,30).
The rezder is referred to hhe same referﬁuccs for the “iol%na
tion concerning the above methods,

Marchning integral metrouo,uoo, can be subdivided ianto two
cases : explicit and implicit formulations. mxpliclt formuln-
tions, although mere straightforward than the Zmplicisv methods,
may be unstable for some mesh uoni'pu“at*onu‘uunsnde?fng also
the strong non-linearity of Zgn.s.4.2 ,it can be deduced wvhat

(=
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a fully implicit numerical marching integral method should

be used for their solution.Such a numericel solution method
has been formulated (Ref.29) ,developed (Ref.30) and has

been modified for boundary layer type swirling flows (Ref.%1).
An extensoin of Prandtl's mixing length hypothesis has been
used in the latter work.Also, some other turbulence models,
say,k-kl model, have been tested with the procedure (Ref.32)
and quite consistent results with those of experiments have
been obtained.

In this computational procedure, Lgn.s.4.2 are at first
transformed to von-Mises coordinates (see Eqn.4,%) and then
they are cast into the common form of

% % 3 N B
~§;+@£+Pq gﬁ = gi( gi)+ € (4.4

where Q might te considered as U ,rW and,say,in the case of
employing k-k{ model of turbulence, k and kI . 1y represents
the non-dimensional stream function defined for convinience
as

W o-wp -
71 2 emrece——— : (L"° 5>
Wg -Wy

where I and E represent the value of the stream function at
the interral and external boundaries of the flow region. In
this way, it becomes possible to give M values between O and
1 in order to focus attention on the particular region of
interest in the flow field.In further stages of the procedure
Egn. 4.4 is integrated over finite volumes, employing a micro
integral method, to obtain the implicit finite difference
equation of the form

E)

Q= A Qq + BQyq +C ©(4.8)

*

This is used to solve with stability,all the equations of in-~
terest, for each forward step.A simple successive substitution
technique,controlled by i for scanning the mesh points in the
cross stream direction, is adequate for the following algebraic
computations. A,B and C in Egqn.4.6 are functions of differen-
ces,the values of Q's at the upstrzam step and the coefficients
a,b,c and d in Eqn.4.4 .Thus linearization is obtained and ite-
ration in the downstream direction is avoided.However, a forwarc
extrapolation is used for higher accuracy in the representation
of the source term 4. ‘

The swirl equation,Eqn.4.2b, does not fall exaclily into the



form of Ean.4.4 ,having the variable rl as ils argument Q .
It is, therefore, put into the form of (Ref.31)

8 (21)4( ) 5 ) B X > B W
S (o4 (V) = — - h,r
g, DHE ) @) = (6 ) D)

In this way,the troublesome source term d in Eqn.4.4 is climi-
nated for swirl equation, Eqn.4.2b .

Calculations start at the upstream end of the region of
interest usually cmvloying exverimental profiles for the re-
quired variables. {'or non-swvirling boundary laycr btype flowus,
the calculation »rocedure tends to smooth out the profiles in
the dovnstrean direction (Ref.29). Sinilar results are also
expected for swirling flows.Computations can be extended as
far as desired in the downsvream direction.The compubabional
proceaure nas been tested extensively,therefore,its general
accuracy is e¢icentionally good.Using also the modified proce-
dure for swirl (Ref.21), turbulent swiriing flows with ccime-
bustion have been predicted (Ref.33).

Implicit formulation of the numerical marching methods is
used to provide gtability for the computational procedursz,
.with the downstream step length.However,some ingteability prob--
lems still arise due to entrainment at the free boundary of
the flow. In such circumstances the usvaol practice iz That
the step length for ezch downstream station is chosen in such
a wvay that the mass Llow ratc increaseg,due o envrainment,by
a very small amount,say, 0.01 . 'hen The toundary layer flow
1is coniined ,however,this problem does not exist .

Wiith a careful choice of downstream step length the insta-
bilities in an explicit formulation can be obviated (Ref.34,35),
Considering this point,boundary layer Type problems can alco

be calculated by the use of exvlicit formulation.Using This
approach,bourndary layer Utype confined swirling ficus,with an
without combuction,have been calculated (Ref.»56,%7).The advar-
tage of explicit formulation is that no iterabtion in the cross
stream is required.The compubtalion proceeds in the stream
direction in a straightforvard manner.In order to obtain sta-
bility,however,the downstream step lengbh should be extremely
small.Thus,if calculations are to he carried out for a long
distance in the stream direction,computational time becomes
guite large.This can be partlyavoided by choosing larger step
lengths in the cross stream directicn.However,this introduces
errors into the computations.The implicit formulation,on the
other nhand. dozs not suffer this disadvantage.The structure

of Eqn.s.4.2 governing a weakly swirling turbulent flow iield,
makes them awmenable to another treatment : inverse solubtiocon
procedures.2irce a single stress component erists in each ¢gu-
ation, Eqn.s.%4.2b end 4.2¢c can also be vritten as
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QT (V'g;+ 'S;T:;“) = “;(f T 9) (4.82a)
BU BU Bp d
- r(g(V oY -—-)+Bé = -;(r T.,) (4.8b)

Then it is seen that if the left hand sides of these eque-
tions are known,the stresses can be caleculated as a function
of r only.Two difierent paths may be followed subsequently .
Firstly,analytic inverse procedure (Ref.39) mey be applied by
adopting analybtic curves,fitted to exverimentally determined
velocity and pressure proflles of the form of anou.) 6 to
3.8 , together with Eqn.s.%.9 and %2.10 Substituting them into
Eqn.s.4.8 shows that it then becomes possible to obtain |

analytic curves for the stresses,in terms of position in the
flow field and swirl number, :

Secondly, a complete numerical method is used to perfor ﬂ
the inverse solution prccedure (?c*‘)9).AL first,Eqn.s.4.8 =
expressed in finite difference form,say,vsing thre five or
seven-point difference for1ulae.Lhen integrations are oerfornmu
using numerical 1ntegrat10n methods,say, Simpson rule.BEuper
mental time-mean data are required as innut to the pr occduru.
"In order to obtain reliable results,the mesh system on which
experinental data are collected 1uou be-quite detailed. This,
however,necessitvates excessive comvuber storage.Hence, a
special grid configuration is used in the procedure in order

to alleviate this prchibitive requirement. In this way (see
Ref.s.31 and %9), stresses in Eqn.s.4.8 may be calculated

from the detailed measurements of velocity components and
pressure (Ref.40).Because the velocity gradients are already
calculated beifore The results about The stresses are obtained,
it also becomes possible To compute other turbulence moael¢1ng
parameters,say,turbulent viscosity and mixing lengbth wvhen,for
instance,Prandtl's mixing length theory is employed.The mathe-
matical procedure can be extended (Ref.41) by the addition of
transport equations for heat and mass transier to calculate
their fluxes (and associabted exchange coefficients) which have
but one component in the radial direction when the boundary
layer assumpbtions are &pplied to these equations.

Whatever method,analytical or numerical, 1s employed in an
inverse solution DrOCLdUIC ,it is an 1pterm0dwata step towards
an actual sclution Droccduro in that it allows turbulent fluxes
and associated exchange coefficients to be calculated from time
mean data.Conmparison of these calculations with the actual
measurements of fluxes,uay, Reynolds stresses, throws light
about the accuracy or inaccuracy of measurements and such
inverse solution procedures.The results produced about the
exchange coefiicients are used to elucidate the validity, or
otherwise, of hypothes s, derived or devised Lo simulate the
physical phenomena. It must be emphasized that an inve T5e solu-



tion proccdure is feasible only due to the reduced structure
of Eqn.s.4.2 .

When interest is in the strongly swirling flows,that is
flows with recirculation, the full ellipvic equalions ,
Bon.s.4.1 ,have to be solved.The existance of several stressecc
in ecach cwuuxion then makes an inverse solution procedure
impossible.Therefore, direct solubion procedures have to be
followed, tomother with hypothescs to represent the physical
phenonena.™o accuracy of hypotheses can then be checked only
by trial-and-crror calculations,accoxrding to the results of
these direcl solution vrocedurcs. However, exanination of
weakly swirling flows both theoretically and GIDCTlECﬂLullj,
aids greatly in an unier tanding of the occurance of +the recir-
culation phcnomena taking place in strongly swirling flows,
such that the results of the former have To be generalized for
the lalter case, Inverse solution procedures ofifer an invalu-
able tool for such an examination.

?

Measurements of timc-mezn flow properties
static pressure) and their inverpretation with th
solution vproc edares has vielded QHLSOU“Op“C turbule fiu
and exchanje coerficients in weakly swirling flows (Ref.?]
The existance of anisotropic fLuxe was also proven expe

tally in Ref .25 where the turbulent momentun fluxces,that is

" v
Reynolds svtresses, were neasured in a woaxlj swirling flow
-using hot-wire anemometry, The btendency,therefore, in The
modelling of turbulence in ”ea1*3 w1r71f¢ flows has been
towards the use of anisotroplic exchange coelficients (see
Ref.%2) . In this way, it is asumed that the two dominant
Reynclds strecsses can be expressed as

oU | 3 W -
Iz ? ™ T /
I'r dr r6” Fro 3w

and oz and Prg can be written down using an extension of
Prandtl's mixing length hypothesis,for instance, as

. 3, d W O (45.,10)
o= § loa (G5 (= 5 %y-?

5

where the mixing length ¢ is expressed in terms of the thick-

\ o 7
S L e 1L _!_ ',,r ) J_ ; —
ness of the flow field rmax
= A T A = a constant 4,11
i:r:z Ty MEx ) Tz = e ( )

Anisotropy is allowed for either by the definibticn of »Q-visco-
sity number ¢,



Prz -~ Pro Org (4.12)

which is mostly assigned a constant value, or, by applying
Eqn.u 4,10 and 4. 44 to Pro such that

o, 0 W 5 g
Pre™ g @ ( (-——) + (r -w(r)) ) (4.13)
where | | : .0
BrG: Rr@ Tnax ‘ . Argz a constant (4.14)

Other ways of incorporating anisotropic exchange coe

ffici-
ents into the analysis are also possible. For instance,writing
dovin transpcrt equations for the parsmeters of a uTDu'epce

model,say, k and ki, and calculating Fr7 frem a relation like
1
1 = { x /2
rz

then employing a relation similar To 1 qn 4,12 %o alliow for
anisotropy. It is reported that more realistic predictionz of
\eakly qX“leuu love have been made,vmgloylnb such 2nischro-
pic models (Re*,)2). mspeclally swirl veloclity proiiles have
been predicted much more accurately in this way HOU@V@I,:L is
also repoxteﬂ in the literature that guite gooa prediction

of weakly swirling flows,W1Ln and without combustion, D“‘C
been made,using Lsotropic e: cchange coefficients (Ref.22.306,37).
An extension of Prandtl's miving length hypothesis has been
enployed in most cases (see Ref.?%36,%7).It should also be added
that these predictions were more consistent with the experi-
mental results in the far dovwnstream region of the flow field.

Modelling of the flow field,using anisotropic exchange
‘coefflcﬁents coes notv present severe computational diifii-
culties in he case of weakly swirling flows since there are
only a counle of parcmebvers ,such as those in Lgn.4.9 and 4.11,
to be adjusted in the calculatlon procedure.This fact 1s surely
caused by the simpler structure of the flow field and conse-
gquently the reduccd form of the gover ning equations.Therelore,
only two stresses appnear in the governing eguations and boqndm
ary layer Utype hypotheses,such as Prandtl's nixing lengtn, are

availeble for the caICMlations. '

IFor oUrOhgly swirling flows,however, distribution of mixins
length is net known across the flow “,,*d and rclaticns iile
Egqn.4.11 are not avsilable.liore elaborate models are,therciores,
required.fhe zpscarence of iTull stress tensor in The governing
elliptic equations males the modelling quite difficult.BEspoe-
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cially if a model with anisotropic exchange coefficients is
attenpted,the number of parameters to be adjusted becomes

so excessive that the wvhole process becomes tedious and very
expensive.

In a strongly swirling flow, all the members of the stress
tensor have different significance in the sitructure of the
recirculation region (see Eqn.s.2.11 and 2.13). The profile
~of each stress 1is created by the turbulence structure of the
flow field, On the turbulence structure of the flow field,
the geometry -of the initial confinement and the method of
producing swirl have quite strong influences. For instance,if

a strong swirl is produced with tongential-air-entry in a
rather long nozzle and the flow is allowed to mix well before
it issues to the atmosphere, more uniformities are expected

in the recirculation region obtained this way than that
obtained by placing a vane Type swirler at the exit of the
nozzle. In the former case, the turbulence structure in the
recirculation region occuring at the immediate downstream of
the nozzle exit 1s more strongly dependent upon the propertics
of the flow just upstream and is quite free from the confine-
ment effects for upstream, due to the thorough mixing teking

- place in the nozzle. In the latter case,however, the turbulence
structure in the recirculation region is quite strongly
dependen®t on the geometry of the vanes, surface rcoughness,eic.,
that is, 1t is not largely created due to pure serodynamic
development of the flow, but the geomelry has great influences
on it.

In this work, several vane type swirlers are involved. As
it will be explained in Chapter 5, quite severe difficulties
have been encountered even in the uniform production and
fixing of the vanes on a single swirler. Also,for instance,it
was actually impossible to produce vanes with equal surface
roughnesses. For all these reasons,it is obvious that the
turbulence structure in each recirculation region produced vy
each swirler would also be dependent to a large extent on The
minor geometric properties,such as, small burrs,surface rough-
ness, of the specific swirler. An anisotropic bturbulence nmodel,
although could be successful in the prediction of stresses in
in a recirculation region of a specific swirler, would not be
valid for anovher swirler. Reconsicering also the large number
of parameters to be adjusted when such a model is attenpted ,
even for a single flow field, ¥the use of an isotropic visco-
sity seems reasonable for the aim of predicting ©the sizes of
the recirculation regions. ‘

It must be noted,however, that in the modelling of strongly
swirling Tflows there is still much to be gained from the exani-
nation c¢f the structure of turbulence in weakly swirling flows.
More elabeorate models simulating the physical phenomenon more
realistically must be developed and after appropriate fitting
to weakly swirling flows, must be generalized to strongly
swirling flows.



~40—

4.,1.2.Prediction of swirling flows with recirculation

The full momentum equations,bgn.s.4.1 ,have to be solved
for the prediction of strongly swirling flows.lor turbulent
flows,it was stated that all the wvariables in this equation
system are timc-mean values (sce Secvion 2.4).The Revnolds
stresses are the second order correlations between the fluc-
tuating parts of Tthe velocity compenents,nultiplied by den-
sity (for incompressible flows).'urbulence in this way has
been treated as quasi-steady,that is,mean velocity compo-
nents do not vary with time.The form of The quasi-steady
Ean.s.4.1 is exactly the same as that of the momentum equa-
tions, Eqn.s.2.3 ,apart from the cxistvance of the time depen-
dence tcerms in the latter.Together with the closure relations
Eqn.s.2.6 ,the latter represent unsteady motion of & viscous
fluid.Using such a formulation for the flow field,the predic-
tion ol strongly swirling flows has been made in Ref.g.42 and
4% ,where also some other references asbout simpler aponroaches
to the problem can be found.In such a time dependant formula-
tion, solution for the steady flow case is obtained when the
time goes to infinity.Lbe equations are of parabolic form
with resvpect To time, for which numerical sclution procedures
were reviewed briefly in the previous section. Constani vis-
cosities have becn used in the czlculations of thece referen-

Ao s\

ces and no sinulation of turbulence has been made.

In order o calculate turbulent flows tThe guasi-steady
Egn.s.4.1 have to be solved together with some closure assumr-

tions,like Zcn.2.15 ,and a turbulcace model.The reasons 'h&
1sotropic exchange CO@LIL ients are considered as reasonadle
were explained in the previous sectlon. Uircctly,”hercfo

the solution procedures will be examined here

There are two anproaches to the solution of Tthe ecuation
systemn,Egqn.s.4.1, in fluid dynanics. rirstly,they are treated
in the seme form as they are. This ig called the primitive
pressure-velocity approach.Secondly, the pressure terns in
Egn.s.4.1a and 4.1c are eliminated by taking cross derivavives
and the resulting two equations are combined to obtain the

transport equation for the tangential component of vorticity
defined as : o

e ‘ 4.15
VNG | (8.12)

Ean.4.15 iteelf provides the necesgsary transport® equation for
the mean stream function W ,with the inscrition of Eg .
This,therefore,is called the vorticity-strean LUHCulOP dbp“oocn,
For swiriing flows,bgn.4.1b is solved in addition to the vor-
ticity and stresn 1unc Glon BQU?uLOﬂs to calculate the circula-
tion or swirl velocity component. Circulation 1s defined as

NL=2nWrcx (4.16)
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for a path around the axis of symmetry of the flow,

In both apprcaches, the full transport equations are s
comijcated that the use of some approximate (numerical)
methods is incvitable for a solution. bSeveral of thece metb-
hods are available. Among these are finite differen

ence,finite
element® awd others. In each case, a solution is sought o

a boundary value problem. (For btime dependent equations,
however, the solulbion procedure beccomes an initial value

problem. Agcin several choices are available for «

& solution :
finite differcace,finite element,Galerkin procedures,intey -

ral differential rorms and several others. )

V/hatever the method is eNplO”“l for an dpm‘oxlﬂq e solu-

tion of the transport cquations of both approcches, ths sini-

larity alrcady existant (see Eqn.s.4.1) or Obt&lndu]u (in the
sccond approach) with some~manipula"jons in their form, aids

greatly towards a simpler construction of the formulat ;4’ ox
the method. Recausce swirl characterizes the flow field in
this wori, the similarity forms of Tthe two anpvoachO‘ will
shown using the swirl equation,Ign.4.1b ,in the following
sections.

be

4.2.PRIMITIVE PRESSURE-VE LOCITY APPROACH

Substituting the momentum flux relations,BE¢n.s.2.6 ,after
similar modifications to those in Egn.2:15> , into Eqn.4.1b

?
the following form results :-

113 MW 9 oW T J d B
,_(grvw~rerg;)+ (ger"Fer_“) - 8y+~ T”<Tﬁe/} (1,17

r or

Alternatively,it can be put to the same form, using the delfini-~
tion of circulation,Eqn.4.16 :-

15 o 9 MN] 29
grLQ M, rm-,+\ <8rUQ"Pe = ““(V\Q> (4.18)

rior I or
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Asoumlng incon

, Eqn.s.4.1a and 4 1¢c can also
be put intc tie 513’

~ -m(orvv-r on ) e QLU Vot Dromr) | e e e o
> ¢ dr" dz Y e 3z or T T°



1D

18 N 3 d _SU 5p
br(g)l U~}ng; (81U1~F mw) 5z
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It is seen that Egn.s. 4.17,18,19 and 20 all have the ssne
form :
119 3Q o 30 |
| A\ ‘t....... — S ,
AP(gl\Q Velér {grUQ PC ) Q (4.27)

where Q stends for W or Q , V and U .If Egn.4.21 can be solved,
the SOluuu n can then be Applied te cach of tThe equations

that renresent transportavion of a flow variable.Such a solu~
tion is nossinle using Gauss's divergense theorem (Ref . 4.

In this solution Drocedure,hqn.. 21 is converted to an algeb-
raic Torm uvsing a finite difference method.Then,this ezlzebreic
equaticii 18 used ior a line-by-line iterative Cechnigue in vac
-flow domnain.the procedure employs a staggered grid for U =nd V
velocity comvonents.rowever, the results of this r“ocfﬁ”“6
yield velocity components hd turbulence cuantities.The axiszl
velocity profiles nus®t then be intbe gqued SO obta ﬂn The rodisi
dlSurlbuuion ol the stream function at several svations alons
the jet axis in order to find the size of The recirculation
region. Such information,howvever,beconcs dizectl" availeble

in the case cf tThe use oi the vortlclt“ﬂsc%c m function ap -
proach. The latter is,thereiore,given more detailed consid -
eration in this worL.:be author,howvever,has very good acquaint-
ance also with the orinitive pressure-~velocity approach. Vork
on the cdlculaf*on of combusting swirling flows in & cylindri-~
cal chamoer with dilution air injection is already in progress.

4,3 . VORTICITY-STRILM FUNCTION APPROACH

4.%.1.Governing transport equations

Also for thig aporcach (ref.45), the generel form into
which all the transport equations sre caat will be chown i1nil-
tially vsing swirl component or the Reynono equavions.ln or

der to do so,every Germ in Bqn.4.1b is multiplied by =2 ,Tne
third term on bhe left hand side is combined with the first
one. Turbulent DO”“ﬂUuH fiux relations, like Egn.2.15, are
then suvbstitubted fow 'e stresses.Usine also the defainitions
Egn.4.16 , of circuvlation, Lgn.4.1b takes the following Iorm :
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Turther, introducing the mean velocity-stream function
relations,Bgn.g.2.4, into Eqn.4.22 yields

Bz(ﬂ 32 )- 633(sl Y )-—ar(]z.er Br( 2))123 (por —5-;(;-;_;)) | (4.2%)

© 7
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The vorticity transv»ort equation is obtained by combining
Egn.s.4.1a and &.1c after cross derivation.This results in
the elimination of the troublesome pressure terms.Substituting
the turbulent monmentum flux relations for the stress terms
and after somec manupulatlion it becones,

) 3 r e
Pl 25

) J 53 P d (
—(pUu Vw e | 2P (L8 | e oW ) 4?
(U () |5 P | [P g
(4. 2@
where for compressible flow
2 2 2
o 6V J Pe 5V & Pgﬂé Pe 5 r)} (. 2505
Yor Br 3z° 3z or®  or éz BL
or
2 2
. 2[dv, o Pe OV, 07y O, BV'JV‘L)] s 250
W olor 322 dz  ore Bréz oz ’

Substituting Eaqn.s.2.4 into tho vorticity transport equa-
tion,Eqn.2.24, it can be shown that :-

N

2[6 8 é?i)_é_(% égi)] 3 [ 5% ,Pew>]+§ [T5é_ Few)}

BZI‘ 81" 51"1‘ 5&



IV

The transvort ecquation for the stream function isc obtaired

from the definition of vorticity,lign.4.15 .Introducing Eqn.2.4
into Eqn.4.15 yields :

d 1 3w J 1 dw
AR WS vl e

== (#h.27)

which is known in fluid dynamics as Poisson's equation for bthe
stream function.

4.,5.2.Comnon form for the btransport equations
Examination of Eqn.so4.g5 4,26 and 4.27 reveals that

they all can be expressed in the form of the partial diffe-
rential equation

c\'éwélbméé\lé éy}ﬂ
°<§;(Q T;?>~§;UQ 3, ) 5 pr SZ(OQD N Fr g—(CQ>j”rbﬁ

. The required changes in the coefficients of Eqn.%.28 for
each of the transport equations for ) ,W/r and Ware btabulated
below :

- Q X B 4] e
9 o
Ww/r re r2 Pe > 6z(ﬁ )+x o
w 0 1/gr2 1 w/r
n 1 rgfle q/p° 0

-

Existance of a common form, like BEqn.4.28, Tor all the
transport equotlonc greatly facilitates the foﬂmﬂlub*OL and
organi7otion of a soiuftion procedure.It then becomes possitle
to use,with appropriate changes presented above,the same
1ntegraulon ¢ormula for all the transport eguations.,

4.%2.%5.A general finite differcnce solution procedure

There grec ceversl nunerical mcthods for The colution of
an equation like Egn.4.28 . The methed of fanite diifcrences

is the most comronly used.Cthers,such as finite element
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using coalculus of variations,arec being very rapidly developcd.
The tfinite difference mothod has been used in this uoiublon
procedur c(Rel.bh5) .. fwo ways of producing finite difference
equat ons frowm a differenticl oquation are availaeble : Taylor
serics expansions and micro integral forms.lt is xnown (Ref . 46)
that the latter glv\s better accuracy.ilso,lt has been applied
to parabollo Type partial dlff@lentiul equatlions cuite suc-
cessfully (Ref, 90),“herofor >, 1T has been enployed in this
procedure.

- Integration of Lgn.4.28 is performed in a small element
chosen from the finite differencce mesh system adopted for the
solution procedure (Fig.4.1). Sides of this small element
(points e,w,n,s5) lic nidway bebwecr the actual mesh points,
that is,poinvs P,E.W,N,S as shown in Fig.4.1 .Integration is
carried out as follows :

a0 B odw. Y dw
S (Q_-..._)... (Q dr dz -
rs‘zw Sz dr  dz
T (Zg [0 3 - y 4 Tn (4
" T () (= (9) v Jezaren  (n29)
gl 2y 10 ?S o

o is & variable only in the case of W/ Therefore,it can be
assuned that in the small clement X assumes a value cqual to
the value ut the point P Thus,integration can be perforned
as

\ o
[ oW ) (Bw ) ze (Aw . (oUI \ ‘
ol [2la, (o) =, (o) fam={ 7| @y =0y (o ,r;
P e e’ (\)r W W Zyg n éz n
Term 1 Ternm 2

- o ( ém ¥ - é_ '
|G e (e (B, | e (4509
Term 5
- i‘j( ri—(b’o)) .~(pr§;(xQ)>5 dz = i \CL, r ar dz
Ternm & Term 5

Terps 4 and 2 are the convection terms.Their second inveg-
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ration is performed in a special way: If the first part in
the term 1 15 considered

S
Q (-~-—> ar | (4.31)
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ssuning thatb Q. rennins constant over the east face of the
SW”Il elemenu tlils integration can be approximated as

Taq= op Qp (Wpe~Wig) (4.32)

Here arices the problem of expressing Qe and (IU ~IUOO)

]
g

in terms of the values at the mesh points.For 1nstancp, Q

can be exnrecsed 51mv'v in terms of Qp end Qp It is known
however, that this Tforirulation introduces 1notab111umos
the CaLleauTOﬁ nrococoure <,.\:n)coJal vy at hizgh velocities.
Theriore,a fornulation called 'upwind differences' in atmos-

pheric aeroaynanﬂcg (Ref.46) is used in the procedure,In this
formulation, it is assumed that

b
ANCO

Qe= Qp 1f the axial velocity at e is positive,
Q= Qg if the axial velocity at e is negative,

In other vor\u,lt is assumed that Qe aivayo takes the wvalu
at the upnstrcam side of the e face of the small element.ihe
points can mathematically be expressed in Eqn.4.32 as

o d
M, = —

117 2 Fﬁﬂﬁﬂne"tUse ~ | Wne™ Wge >+QP([URG_IUSS+|[Uneﬁlﬂse}>]

(#.33)

Similarly,the other pert in term 1 and the two pamrts in term 2
are expresscd as

o N
—_ ’ — T o o~ i Y w 117 e | T —
Fe 75{0 <ULTJ dkw:‘ltnnw IUswl>+QP(Ian Way "U W j

U\:} T “ Sy S\J’i
(4,34)
/
Tog 'QEIQ (W, o= Wy, +| Wy Wy 1 )4Qp{ Wygm Wy - | W= W ]
o (4.35)
o= —=[o (W~ W, ~| W~ W, |)+Qp( W -w, +l’LU - W M
ee ZBQQSKL se Vew l = SWI P se SW se avif /)
N\
WA
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Summnation of Egn.s.4.%% to 4.%6 ,after some manivpulation,
yield the integration of the convection terms 1 and 2 in
Egn.4.%0 .

Tyq+TptTon+Top =
AE(QP-Q_E) +A"s‘.°' ( Q:p"'Q\.J> ’*‘AN(QP“QN) +AS <FQP-QS) (/4' . 37)

where Ap,Ay,A and Aq represent,after the assumptions

UJ = . : (4 ¢ 58)
ne u |
IUN-HUNW—HUP—HHW \

the convection ccefficients

op .
Ap = —=— ( Qq + IQqI ) — (’4-63“7&)
P B QRPN [N B (4.390)
WS g , o ~
= i ' L%-‘ 9
AN 5 ( QB + lQ}l ) (#.39¢)
Ay = 3%‘ ( Qy + |Q4l ) ' (4.%94)
where
= -, ~- 4,40z
Q = Wg +Wgp ~WUy ~Wyg -« )
Q = Wy +Wygy ~Wg ~Wgy  (4,40D)
Qz = Wy AWy Wy ~Wyy | (4.40c)
Q. = Wy +Wgy, Wy ~Wep, . (4.403)
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| In Eqn.4.30 ,terns 3 and &4 represent the diffusion terns.
Their lntcgratlon is made as follows; the first part of tern

can be writiten as g
| grn (5r). 3(¥Q)
Trq = —~—-~) ar 4 141
21 Jrg F oz ' ( )
wvhere the integration can be carricd out numerically by assu-
ming
PetPp
Pe 2
r, =
2
C 0 -
8Q5El> ) IpQa-dpQp
Oz © grip
such that the complete term is
\/
o . rEtPe Te'Tp Inlp~0pQp Ty~ Ty (4.42)
oL 2 2 25=%p 2
If the 1ntegratlon is pe”iormed for the second part of
term 3 and also for both parts of term 4, then dlfquIOn terms
become
n = ' 12
T5/| +T72 4,] .Tq_z (Li.' ,))

/ . - V 7/ _ \
B (850 dpQp )+ By (8,0~ ¥p0p) +Byy (SyQy=¥pQp ) + B3 (8505~ 95p)

where

(2t ) (TpTg)
8(zE~-zP}

(FE+FP> (& .44e)

BE:

(2, TD)(Iw IO) .
BW R U e \ I = 08 (Bi‘§”) (4, 44D)
' 8 (2p-2y) H
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Term &4 inh Egn.4.3%30 is called the source term,For its in-—
tegration,the best approximations are I=rp , ©=constant in
the small element.Thus 1t becones

T5= . € rdr dz = € Vo (4.45)
s!“w
where
Tp .
Vp= :: (ZE-ZW)(rF“rS’ (4.46)

Integratlon of Eqn.4.29 is completca sumning up all the
terns in Eqn.4.50 -

and this yields

AE( QPMQED +A\’J (QP"QW ) +AN<QP"’QN) +AS (QP"’QH ) (ul s /1'-'7)
=B (8 Q= 0p) =By (8,0 ~¥pQp) - By (B Q=8 5Qp) - By (8gQg=dpQp) =€ Vo

Eqn.4.47 can further be arranged as

\ . T - _ L
Q (A By ) +y (g By 8 D4y (g B Bp) 40 (g + B8 )+ € T

It is seen that Eqn.4.43 can be expressed in a briel form as
o= V. +C. 0. +C. 0.+ + | : 400
Qp = CEOp*Cy QO Celg+D (459

where
H = Lypthy thgohe 0 (B 4By + Byt By, )
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Cp = (AE+BE5£)/H
Cy = (Ay+B8,)/H
Cy = (AN+BN8N)/H

Cq ='(AS+BSKS)/H

Examination of Fig.4.1 ,from which Eqn.4.49 was derived
reveals that for every interior point in the mesh system such
an equation evists.It simply connects the value of the
variable Q at that p01nt to dits values at the four surrouniing
mesh 301an.A syutcm of algebraic equa tions is,therefore,
obtained for the interior points of the complebe mesh net
However,since the coefficients CF,CW,CW and CS are functions

of exchange coefficients and stream function,the latter of
which Q also stands for,the algecbraic sys tem is stroagly non-
linear.Therefore, an 1terat1ve technique must be used for
their solution.

4,.%3.4,.50lution of the algebraic equations

There are several methods for the solution of a system of
algebraic equations.If the equations of the SVotum are lincar,
direct methods may te employed.These comprise Gaussian °llm1—
natlon,row 1ﬁuerchanves,;ecurrenog relationships dnd mabtrix
inversion.In the case of non-linear equations,however, 1te*a—
tive methods have to be employed.

Amongst the iterative methods,several choices are also
available:point iterative methods,block iterative methods and
the alternating direction method.In the block iterative met-
hods,use is made of matrix inversion as pnart of the iteration
cycle.Basically,direct methods are employed for chosen grid
sections in these methods.Organization of a computer program,
therefore,becomesquite difficult.The sane remarks also apply
to the thlrd class of iterative method concerning the diffi-
culty of orgenization.Point iterative methods, however,do not
present similar dirfficulties through the use of the Drocedxﬂ
of successive suoorltutlop such that a substitution Tormula
derived for an interior point is used for all the other inte
rior points.Therefore,organization of a computational scheme
becomes nmuch Simpler,There are several applications of the
point iterative methods.The Jacobi method employs only the
values of the previous iteration in order to calculate the
values in the new iteration.Therefore,bocth sets of values,
that is,of the previous and precent 1Levau101~ nust be kepv
in the mcmorj In consceauence,this mevhod doubles the computber
storage requirement of that chled Gauss~3eidel nethod.iIn the
latter method,new values calculated for a point in an iteration
is used immediately in the same iteration for the calculation
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off the value at a noighbourlng nesn point.In this way,conver-
gencc rate 1s incrcased.the convergence rate of the Gauss-
Seidel can be furvher 1mn¢oved by using a procedure called
SOR (successive over-re ]dxa’ion).ht 1s applied in the fol-
lowing vay : 1f Qy indicates the valuc of Q in the Nth
~iteration and QNFq in the (N41>t1 iteration,then the value
taken eventually for Q in the (I1+1)th iteration is

Q= & Quqt (-8 Qp 4.50)

where & 1s the over-relaxation parameter which takes wvaolues
between 1 and 2 .Mowever,for flow problems, SOR is applied

in a diffecrent form due to the strong coupling betbtween the
urangporF cquations ror The vorticity and strcam function-—

It is then called SUR (successive under-relaxabion) and =
assumes values betveen O and 1 in order to suporess the
values of the quantities which undergo rapid changes.Aictually
SUR is apnlied for any Iflow quantity which procure divergence
because of large changes in 1ts valuc from one iteration ©o
the otner.

Gauss-Seidel point iterative method vtogether with SUR is
used in this solution proceduvre in a ctationary menner tnaf
is,the same cycle of iterations are used.In this way, or TaNL -~
zation of the computer programme is Tacilitated ﬁreatly,
Eqn.4.49 is used as the successive substitution formula,the
coefficients of which are updated before each iteration.

44 TURBULEICE MODELLING

Several turbulence mocdels have been developed for the
prediction of both confined and free turbulent flows.For a
general review of these models,the reader is referrcd %o
Ref .47 A two-equation model,for instance, the energy-~dissi-
pation rate model (Ref.48), can be pmp.oyea for the calcula~
tion of turbulence quantities.ln this model,the turbulent
viscosity is calculated from

ug = G, 0 — | (4.51)

Then, relations like Eqn.2. ﬂﬂ are used to calculate the
'tressow in the flow field.Turbulence kinevic energy and
dissipation rate sre determined from TwWo transpory \\v"'io“b
for these quantities :-
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where P, represents Uroductlon of the kinetic energy of turbu-
lence throuok the interaction of Reynolds stresscs with the
nean wotloq (see an.<¢15) Vith Lhe assumption that Reynolds
stresses con be expressed in terms of the turbulent vigcosity,
Pk can be C*lculatea from

2

W o, Ve U U ST . W w 5 W,
Pp= Py [ &wﬂ +*j+@">}'ﬂm“~ﬂ'ﬂ +~>%\) (4.54)
2 r % ér r

The constants appcaring in the model has been determined
in Ref.49 as .

G, = 0.09
€y = 1.00

Cq = 1.4

Cs = 1,95 (#.55)
6, = 1.00 |

6g = 1.30

In this way, transportation of both kX and e are allowed
in the flow f ela by using Utrancsport equations for these
quantities. Vhen these equations are fitled to the common
form, the reo*lraa changes in the coefficients of Eqn.4.28
are

Q % B | d e

k 1 Ilt/ck 1 Pr=Cy G é

— . 2
6 1 /6 1 C Py == Cp Q ——

'hen,the same subsvitulion formula,Egqn.%t.49, can alco be u3ed
for the caliculation of k¥ and & ¢t grid points with aporopria
changes in the coefficients.
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dJd

Boundary conditions have algso to be specified for the

_s(¢uu1on of the elliptic eqvﬂfwon of Sections 4,5 and 4.4
using the finite difference Tteehnique presented in Section
4.%. j.Actualiy this is characteristic requirement for the
solution or all ellivvic eccuations and bound)r condibions
have to be prescribed for all the variables all around the
reglon of interecst.This is not the case,however,for varabolic
equablono for wihich only initial conditions and subsequently
vpstrean values and side boundary conditions are required.

In some cases when the values are not known on the boundary

nodes before calculations, thoy are computed during each iter-
ation.

7

The foWIOwing bouﬁdarj conditions can be applied for the
present vroblem of prediction of free swirling Jet° At the
exit from The nozzie (Fig. 4,L,,most1y exoerimental .OflICu
are used:ihe 2xiasl ve l001ty profile 1s intesrated tc obtain
listribution oi the stream function. W/ r profile can alsc he
btained Zrom tThe axial velgcity profile.Kinetic cnergy of

urbulence and dissipation rate sre determined from

X = 0.03 U° (4.56)
-2 1¥7/2/0.005 0 - | (4a57)

The other boundary conditions are seen in TFig.4.,2 and
need notv be explained except for the voriticity calcuwlation
on tvhe wall.llormally for isothermal laminar flow,vorbticity
on a wall is calculated using a relation like (Ref.50)

9, DWWy yo ]

LY - (D) g — (4.58)

/W 5 o T/ NW o

§ *w "nw |

where indices W and NV dindicate wall and near-wall grid points
and Iy represenu the distance between the wall and inner gid
point, By choosing this distance very small,neer-wall grid
points can be located in the viscous sub- WayoL In this way,
turbulent bourdary layer calcula ions nced not be incorporated.
However,born,4.58 is only an approyLmai fo*mu]q and sometines
may int roa ce discentinuity to the coxpling between streanm
function snd vorticity transport equations;this may couse

divergeace.,In this co 5,,waL] vortices are incorporated invo
the celenlation process implicitly. For‘thi ,PurDo vse, Bgn. .23
is introduced into the successive substitution formula

Eqn. 4,49 ,to c¢lininate wall vortices wvhen uhe latter is
spplied to a near-wvall grid point.lWhnen,fon instance,the method
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is applied to a near-wall grid point lying in the east of
the wall,the successive substitution formula for such grid
points becomes

. ) . ; o o ;
rop 4+O.5 Cw «29)

In this way,the use of Eqn.4.58 can be avoided,that is,
the wall voruvices are excluded from the iteration process,If
they are required.however,they can be calculated at the end
of the iteration process,using again Eqn.4.58 .,

4,6,CONPUTATIONAL PROCEDURE

Computetion starts with the initial estimates and beundary
conditions of tThe devendent variables W/r,W, Q,* N

transport eccuations are solved in the order uncy )
ucsing the finite difference formulation presented in Se
4.%3.% .Successive substitution formula,Ban 4,49, is app
for each transport equaticn with Qpnroovnate Vhbnges ‘
coefficients and the whole grid system is scanned poinb~b;
pcint, However. an examination of Eqac.,4 shows thut every
time computations are performed at a grid point for each
var1u>?e,Juue geometrical calculations are repeated.ln oxder
To avoid waste of computer time in this way,such geomesricol
terms are .separated and calculated for each grid point at the
beginning of compuvations,once and for all,AfteﬁwaTdﬁ,cuch
values are sinnly called for whenever thev are needed.Thiz can

e Sl

be achieved by changing Eqn.4.49 intoe the following Tforn :

E {‘%*%@J*F@Bﬁ} Q +€

J‘=N58_$E,1\.J

w6 L Thets
vy
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i ]
s
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QP = (/_+o60>
Arted : Bﬂ
E{ 3+0p(Ps+Pp) B
J=N,5,E,VW
where A
AL = —L y  J=N,S,E,W (4.61)
Vp
B. j
B! = =t y =N, 8,B,W (/+.62)
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Eqn.s.%*.62 are celculated at the beginning of a computation
and stored for later use,

In this way, the grid system is scanned point-by-point
for each dependent variable and at cach point new values of
the decendent variables are calculatod using Eqn.4.60 , Fol-
lowing is the caleulation of the other variables,such as
viscosity,depending on the values of The dependent variables
at the grid points.These new values are then used for the
next iteration and so on. The whole process is i1tsrated as
nuch as required. vhen the changes in the values of the vari-
ables between two iterations are within a specified limit,
it i¢ assumred that the equations have been solved.Very Ifre-
quently this limit is expressed as

N1 N
Qp ~ Qp e §
N+1 — “¢
Qp

where Q§+l is’ the value of Qp in the (N+1)th iteration and Qg

is the value in the Nth iteration.The convergence criteriaséc,
is generally chosen 0.01 or less. '

For the organization of a computer programme,the reader is
referred Go Ref.45 .



CHAPTER 5. DESCRIPTION OF EXPERIMENTAL FACILITY



5.1.TEST RIG

The general 1ayouo of the test rig is shown in Fig.5.1 .
The downstream pipe was vertical and about 11ft high to reduce
the amount of dust sucked through the sy"bcm,Tbe mass flow vias

measured with an orifice nmeter (Fig.5.2) designed according to
British Standard B51042 (Ref.51).The formula used for mass
flow calculation has the following form :-~-

m = 0.050434 a2, ( ah g y0+5 (5.1)

The fan was capable of Drouu01ng 0.%% 1b/sec at a maximumn
available pressure of 44" static water gauge.As the mass Tlow
was increcased, this pressvre dbcraasnd This drop was quite
rapid after a mass flow of about 0,761 1lb/sec .

The settling chamber was to the design of Ref.52 (Tig.5.3)
A honeycomb cell was used Lo straighten the flow in the chamrbex
The nozzle into which the swirlers were fitted was fixed at tho
end of the settling chamber (Fig.5. 4) The nozzle length wa
kept short in the d681gn procedure in order to avoid boundar
layer development on the walls.In this way,the flat vclooluy
profile obtained at the nozzle throat coula be maintained up
to the entry to the swirlers.,

The swirlers were placed into the nest in the nozzle (see
Fig.5.4) and clamped with a large ring which was screvcd bo the
annular wall of the nozzle at The exit.This clamping was strong
enougn vo prevent rotation of the swirlers when the rig was

=
running. The inner diameter of the ring was the same as that of
the swirlers.

The protractor mechanism was built on the nozzle (I'ig.5.5)
The height of the end of the Titol tube was altered using
different spacers to match the aspect ratios of different
swirlers.

In order to accurately.scan the flow fields generateu by
the swirlers, use has been made of the traversing mech 1anism
of a large size lathe. To this end, the settling chamber and
the nozzle were fixed on the lathe (Pig.5.6). Geometrical aligi-
ment of the nozzlig and the settling chamber on the lathe,of
better uhqn 0.00% /4.166"was perforned.Subsequently aerodynanic
alignment was carried out,using a Pitot tube.The traversing
mechanism a¢1owed the probeo to be located To the desired QO*1~
tion in the flow fielids with an accuracy better Than 0.00%1 in

the ”adlal dircction.In the axial direction, This was aboub
0.05" .

On the bare surface of the traver sing mc\haﬂism a metal
platform was builb.It could turn around the axis (vertical)
of its clanp mechanism.This rotation was uscd Lor Che calibra-
tion of the five-hole spherical pressure prote (Fig.>.7).



A hole with a diameter to £fit the probe crems were drilled
on the platform. \ clamp mechenisn was provided to tighten
the probes to the platform when they are placed in Lhc
hole (sec Tig.s.5. 8 and 5.6).

5.2.DESIGN OF SUIRLERS

Several factors have been considered in the design of
swirlers.Firscly, chey have been designed with a size directly
suitable for coubustor applications.The clternative large
siz e,ullll& vo nozzle inlet guide vanes,ior instance,would
facilitate sone navrt of the o“nornmentql lﬁVO”**.;:lon to
a certalin extent.llowever,excessive mass flow rates vould
then be required in ox der to achicve the recouired velocity
level at the exit of the swirlers.Furthermore,scale effects
vvould bp involved.liith thece points Jn mind Lhe outer
‘diameter of the swirlers was fixed at 3".

_ Seconaly,umu nass flow rate,rather than Lnlet and outlet
velocities oif the swirler, is important from the combustion
point ol view.Accordingly compaﬂatﬂvp swuirler perfornance
(recirculation size) ot the same mass flow rate was required.
Since the aspect ratio was =zlso cw»ﬂ”@d Tfor the iz V@Sbl”“‘“@ﬂ‘
i.e.,h/c=0.4 and 1,5wirler inlet ond exit velocities varied
from one swirler uO the other for “the snme nass ilow rate.

At this mass flow rate,hovever,the range of Reyno Ids number
for the swirlers with different design pavameters was similar
to that crnrloyed by other investigators,ior 1nst°qce ,Ref &
(see Section 7.5).In this way,chord length was fixed at 1" to
yield exit VcloonbwesgpAmngthe above range of the Reynoldsg
nunber.In all the cases,exit velocities were also low enoush
to avoid CompPCSblbllluy effects.

The three swirlers manufactured initially with these con-
siderations are shown in rig.5.9 cOpe of Tthem is with flat,
the other two are with curved vanes.Central and of ccniral
designs were employed for the two curved vanc Tyve swirlers.
The profile of The curved vanes is a circular arc.The profile
geometry for curved venes is also shown in 7ig.5.2 .1t is
seen that the veone stagger angle in each case is one halfl
the vane outlet angle for curved vanes.The incidence vas
zero on all the curved vanes.All vanes were fabricated from
standard 0,04" shect steel with constant 1" chord and
sharpened lead Wnb and T”c]llng edges.A nhotograph of these
tnreu sywirlers is shown in glg,)mi” A1l three swirlers wvere
designed with a vane angle of 60°and an as Uact ratio of
unity.They were tested initioclly at a mass {low rate of
about 0.%2% 1b/scc .7or vhis value of mass Liow,the nezzle
velocity was about 86 I1/sce JWith an cspect ratio of 1 and
vane angle of ©60°,the swirler inlet and outlet velocities
vere 95 and 192 it/oeC,LGSPCCtlJL]fv In this way,conpressi-
bility Limit was nol exceecded,
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After testing the first three swirlers it was found that
the off-central design gave a larger recirculation region .
However,its manufacture,as was explained in Section 1.5, wes
guite difficult.Therefore,all the other curved and flat vane
type swirlers (Fig.5.11) were designed with central blading.
In this wvay, eight more svirlers,four with flat,{four with
curved vanes (Pig.5.11a) were manufactured.A value of aspect
ratio of 0.4 was used.Chord length,however., was kept constant
at 1".The other design parameters can be gseen in Fig.5.11
The maximum nass flow ralte which can pass through the flat
vane Ltype swirler with vane angle 70° ,aspect ratio 0.4 and
space~to~-chord ratio corresponding to 16 vanes, was about
0.1%25 1b/sec .Therefore,this mass flow was used as the
constant mass {low rate for the tests with all the other
swirlers.It gave a nozzle velocilty of %6 ft/sec . Swirler
inlet velocity, however, varied with the aspect ratio : for

w .

O.4 , swirler inlet velocity was 78 f£t/sec j; for 1 , it was
41 ft/sec .The former value gsve the maximum exit velocity
228 f£t/sec with the swirler having 70°venes, which was also

below the compressibility limit.

Great . difficulties were encountered in the manufac-
ture of the svirlers. It is quite obvious Thot complete
uniformity can nct be obtained in the manufacture of the
vanes.Their surface roughness, for instence, was slightly
different frem one vane to the other. The vanes were braised.
This fixing method was also not completely verfect. However,
the asymmetry was only slight.

* The centre of 21l the swirlers were fitted with thec hub
bullets (Fig.5.12).They are geometrically similar.They were
intended to sinulate a fuel injector in the hub. Also, they
provided a smooth acceleration for the air from The nozzle
velocity to the swirler inlet velocity.
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5.3 . INSTRUMENTATTON

In order to measure distribubtions of the components of
the absolute velocity,static pressure and turbulence charac-
teristics a five-hole spherical pressuce probe and a 55D00
type- hot-wire anemcmeter together with a 55P81 type tempera-
ture compensated probe were cmployed (see Fig.5.6,7 and 8).
Traversings were made with the lathe mechanism described in
Section 5.1 .

5.%.1.Five-hole spherical pressure probe

Operation of the five-hole spherical precssure probe is
based on the flow around a sphere.Bechaviour cf this type of
flow is well known and can be found in any classical text-
book,such as Ref.14 .Depending on the range of Reynolds num-

“ber,four flow regimes can be distinguished.If Re-1 ,the flow_
has a creeping character and no separation occurs.If 1<Re=107?
- separation starts on the upstream surface of the cphere. iAo
the Reynolds number is increased towards 10-,small eddies forn
at the rear stagnation of the sphere .AV higher values of the
Reynolds number,these eddies grow to the point where they
separate from the sphere and are swept downsiream inte the
wake.This is called von Karman vortex street and the flow haes
an unsteady character in the downstream region. When Reynolds
npumnber is increased further to the renge between 102 and 6x10
separation stabilizes at a point abeut 80°from the forward
stagnation point.If vhe Reynolds number is increased more ,the
separation point moves further downstrezam on the sphere,to
about 120° from the forward stagnation point.The conclusion
from this explanation is that if a sphere with several holes
is to be used as a probe,the central angle between the symmet-
rical holes nust not be more than 80°if the flow is almost
laminar.If the flow is highly ®turbulent,this angle can be in-
creased up to 120°.If higher values are used under laminar
or turbulent flow conditions,one of the holes falls into the
separation region on the sphere and in consequence,no rela-
tion can be formed between the pressure values obtained from
this hole and the others.

A general arrangement of the probe head is shown in
Fig.5.1% .The central angle between the symmetric holes is
80 ;the head diameter is C.2".Each o the five holes has been
drilled with a diameter of 0.018".The inner structure of the
probe head 1s shown in Fig.5.14 .Pressure holes have been
connected to pressure lines with standerd tubing.

—
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For measurements in flow fields with three velocily compo-
nents,s five-hole svherical probe can bhe used in Two ways.
FPirstly,it is turned in the yaw direction (see Fig.5.1%; in
the plane passing through the heles numbered 2,0 and 4
in the pitch direction (in the piane of +the holes 1,0
according to the geomebtry of the flow fiecld under inve
tion.Then,tvo dimensional calibration curves orc used

Qs
)
_S



interpretation of the actual measurements.These calibration
curves are obtained by rctaiting the probe in the direction
other than that uwsing for the measurements.Calibretion in
this way is guite easy.However,wlhen the nunber of measurc-
ments are excessively large (which is the case,for instance,
when scanning of flew fields is intended),it b”comes quite
tedious and time consuming to rotate the probe to find the
direction of flow at every point in the flow ficld.Secondly,
thercefore,the probe can be used in a fixed positiorn.Three
dimensional calibration curves are required for this way of
application.

The latter approach has been adopted in this werk (Ref.54)
and” therefore,only that will be explaincd here.When the probe
is placed in a flow field,if the absolute velocity at a point
P falls on the sphere at the point A (see Fig.5.1%),five dir-
ferent pressure values can be read Irom the five holes.Appli-
" cation of the Bernoulli eguation to the free stream and the
jth hole yields

2 2
\Y p V: P
S S - .
2 T2 (5-2)
o)
3 3
from which
2
Vs
s= + b, — De?
Pj = Pg + QP57 (5:3)
cen be written. In Egqn.5.3%
| 2
V-
b= 1 - — (5.4)
J v
S
is called the pressure recovery factor for the th hole.It is
a function of Rcyﬁolos number and the pOuli on of The point A
on the sphere.ifter The CQrafu1 examine bion of the states of
flow around the sphere as a function of Reynolds number and
also consideringz the positioning of the pressure holes,the
effect of De,honJ runber is neglected.The position of the
point 4 on uqn sphere can be repre ented by two spherical
parameters, & and 6 (see I'ig.5.1%). Ther01ore, J:‘(é Q) .
If the following ratios are formed Ior 0x6<180°
b, ~b; P4—P
A2 L2 2 %,,5(6,0) (5.52)
b —b. B =D 122
0 7% 0 *3 .
b "'bl. pf~"*‘P/| - -
""a“"“':‘ = "“‘g""""‘“""* = XDL{‘B(&,G’) (54»‘ £)0>
b..~b —) e

S07"3  PomP3
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it is then scen that these coefficients can be determined
eknorlmentally for a known orientation of the probe.For the
range of -180%620°, a different set of pressure coefricients
are required :

b "‘b-—.' p -
1 1 o
2 = 2 X,l7,](8,9) (5»5C)
bn-b - 2
0"°1 Pp™P1q
bA=b Pr=D
2 4 2 ¥4
= = X5u4(6,0) (5.5d)
b~=~Db - .
0"°1  PpoPq

Egn.s.5.5 are used to determine the direction of the
absolute velocity.Applying Egn.5.% once to the central holie
and once to the third hole , then tdklng their difference

b
we obtain

Po~Pz = 0.5'3 (bo=D) Vg - (5.6)

where only the Ifree stream velocity, V_ , is not known.The

[\

static pressure of the free sbtream can be calculated by
applying Eqn.5.3 directly to the centre hole

D, = Dy = 0.50DbgVS (5
s = Po = Y2800V -8

5.3.1.a.Calibration procedure

Calibration of the five-hole spherical pressure probe
was carried out on the sanme test rig in The position as
shovn in Fig.5.7 .The straight jet necessary for vhe calibra-
tion was obtained without the swirlers in vosition in the
nozzle.Calibration velocity was abouv .Oowu, sec corresponcing
to a Reynolds number o6f approximately 104,oaSﬁd on the probe
head diameter.

The values of § were changed with intervals of 15% 8
values were chanced according to the requirement to pvowi&p
an accurave rea dlﬂb from the calibration charts (¥Fig.5.15,106)
An interval of 3’ provided reguired accuracy.

The following steps were taken during the calibration
procedure.The rig was run. fter Obuﬂlnllo a steady flow (This
was ch°ﬂgad by observing temperature and the dynenic head in
J_ -
the Jev), and © were altered at the intervals mentioned
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above.At cach setting of the probe five pressure values were
recorded.These readings were evaluated using LEgn.5.5.% to 5.7
and. calibration charts were obtained. Day-to-day chanqps

during calibration can be compensated nost easily by aoau ofox
the dynamic head to a reference value.

In order to investigate the influence of Reynolds number
on the calibration charts,several curves were drawn at diffe-
renv velocity levels.Iﬁ‘qu observed that no considerable
change occured.This is also reported in Ref.54 that calibra-
tion charts were not effected considerably up to a Mach numbexr -
of 0.4 .In this work,Mach number was always viell .below 0.3 .

5.3.1:.b.Measurenent procedure

After tests with the firstly aveilable three swirler
and deternination of recirculation regions it was GGCTGQd
to scan the flow fields in the following manner : Radia
traversings were made with intervals of 0.25"at 13 DOlng,
This length of mesh in the radial direction proved lerge
encugh to accommedate recirculation regions from all the
swirlers.An example mesh system is shown in Fig.5.17. The
axial stations were chosen according o the reguirement of
different swirlers. The five-hole spherical press ure Drobe,
after fixed o the hole on the plqtlorw (sce 1ig.5.8),wers
located to the required position in the flow field uulng the
traversing mechanism of the lathe.

The procedure foliowed during measvrements was 2
The rig was run and after obtaining a steady flow (&
checked by observ1ng temperature and dyrnamic head), ¥l
was placea to The mesh points.Five pressure values wvere
recorded at each point . -

In order to obtain velccivy components and static pressure
from these pressure readings,two steps were required. Firstl N
directional coefiicients dullﬁed by Ean.s.5.5 were calculated.
Using these results, 6,0,bp and (bo-03) values were read from
the calibration cnﬂrto.¢he magnitude of the absolute velocity
was calculated from Egn.5.6 .Subsequently,the fcllowing for-
mulae have veen used for the calculation of the other quan-
tities

L
-

W = V cos@w
\XV = §)sin6 cosb _
~ e 2
W = ¥ ginG sind (5.8)
2
= - b v=/2
p Po ()3 y

The notation for Eqn.s.5.8 is shown in Fig.5.18 .



5e%.2.Hot-wire anemometber

A DISA 55D00 twnc hot-wire ancmoumcher system has been
used for turbulence mcasurements. The choice of hot-wire
anemometry,its principles,previous interpretation techniocues
and the new formulation are presented in Chapter 6 .,



CHAPTER 6., HOT-WIRE TECHNIQUE



Bl

6.1.CHOICE OF HOT-WIRE ANEMOMETRY

The rates of transport phenomena occurlnf in flow fields
are strongly dependent upon the state of the flow.In the case
of turbulent Ifiows,thcse rotes are enhanced very conciderably.
They represent, thoro fore,the type of flow which is moestly en-
countorgd in ¢nduqu1 dppllcationsoDeupluQ the rapid strides
in the prediction methods for this class of flow,they have notb
achieved perloectnes: yet eun001ul[jior moro conplen Tlow fields,
such as turbulent uulrllng flows with recirculation.All the
prediction nethods are bascd on souwe consbants that nust be
determined cxperimentally and separately Zor differens bypes
of flow confisurations and for differcent calculation methods.
Therelfore, knowledge about Tthe structure of these flows . is
st1l]l obbained by actual Tturbulence mezasurements.

Due Uo thelr utnmost imporltance,several measurement Lech -
niques have been developed for the investlgaclon of turobuleny
flow fields.These include hot-wire ﬁpulsed wire,Laser Dopvler,
Glow and Corona aluonar@e anemonmeters,cowe optical tacniques
and a fcv others (Ref.s.55,56 and 573 1055 0f bthem sre either
still 1n the development stage or suitable for a nartisulss:
application.Pot-vire Ttype 1s the most establicshed snd peneral

purpose enenometer.It i1s,therelfore,cne of the meocst popular

and widely available instrumentation for vurbulence rcseaircll.
For flows with reaction, lzser Doppler anemometer should

be employed due to the lack of neceouity Tor using probes
with This instruﬁenb,nowever, rather complicatcd and Conge-
quently expensive test rigs arc required with tThis instrunent
1L the flow flela under investigation 1s of a2 complex type
where,for instance,measurcmentd of the complete SUECUU Tensor
is ncceosur .Iven with the very cophisticated tes 1ﬂ.. nly
four cowponents of the stress tensor can be maasu;ca ¥ Lully,
Knowledge about the distributions of the other two buresses

is,however,also required to determine the maximum shear ¢t
regions.Therefore, laser Doppler system D”G“Gﬂuq fernidable
difficulties in the measurement of sheer stresses despite its
claimed accuracy duc to recent developments (Ref.58).

)

For the isothermal flow case in this work, hot-wire anemo--
netry has been used for its longer availability,case of cper
tion and higher performance bTo measure the complete shress
tensor.

6.2.BASTIC PRINCIPLES OF HOT-WIRE ANEMONMETRY

Hot-wire anenometry constitutesone of the best instruments
developed so rar for the experimental investigation o©
and time variables of the micro structure of flow Tie
the nmicro structure of flow fields, the imstantaoneous 11
variable of small fluid pgarticies is meant.This small {luid



particle is a fjnito volunce elcment of the fluid.It is emsll
conpared to-comnle flow ficld,bul large compared to the
disbtance between - he individual fluid molecules.Such exveri-
mental field structure investilgations ace of wmuch 1mpor ance
for both understandiag and uvtilizing micro characteristics

of flow fields in both direct engineering snd acadenic inter-
eSTS.. '

A very small sensitive element having a very short re
sponse Uime,sufficient sensitivity and as 1little as possible
disturbance on the original flow is nccessary for measure-
ments of the micro structuve of {low fields.Hot-wire ancmo-
mctry‘omﬁloJ* a very thin wire as 11Us sensing element, sup -
ported between two p¢onbs,Thiu thin wire is °1ecfrically
heated and the oneroation of the hot-wire anemometry depends
upon the heat vransifer from this wire to the uurroundwn_o
(Fig.6.1) .The mean and fluctuating narts of the heat trans-
fer rate are indicated in the form of two sepurate volbtases.

Heat transier in such a flow oonflguratlon depends upon
fiuid velocity,density and temperature.ipart Irom the goomet-
rical and mutarlaW DLOPOTLlQU of the wire,therefore,liot-wire
anemonetry is scnsitvive to a heat {lux g:oduced ty eny of
these flow properties.At constant oressure and temperature,
it is primoraly sensitive to flow velocity.However, it is
also used Lfor UTenperature MNESSUrenenvs .

Because the wire diameter is taken very small,of the
order of a few microns,to reduce the thermal cepacity of Hhe
wire and concequentily to 1ncrease Ifrecuency re uoonvo,Jew’hIr
number based on wire diamebter becomes small.Thie ficw around
the wire can,therefore,be considered as laminar even at wather
high velocities.The exact solution to the convective heat
transfer is by solving the equations of momentwa and energy

BU BU ¥ op ’ EEU‘BgU
? ét Bz " Br>—— BZTV(5z2‘8r2>
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convection problem is coused by condueticon heal.franslier to
the proungs.Secondly,because of the complexity of prong ends
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wvhere the wire is connected generally by electroplating, the
conwvective heat transfer problem assumes a three-dimensional
form.This requires the addition of the third component of the
momentum cquations to the problem.A theoretical solution,the-
refore, becomes very difficult.fnother fact is that evers
probe.can not be manuiacturcd exactly in the same geometbric
shape.Even if a theoretical soluvicn was possible to nredic
the heat trancfer rate from a specific probe,it wouid not be
possible to use it for another probe.For all these »easons,
solution is obtained expcrimentally,using the laws of sinila-
rity.

Nusselt number is the non-dimensional parameter charazc-
terizing forced convective heat transfer from a body to the
surroundings.iatural coavection characterized by Crashof num-
ber becomes important compared to forced convecticn at very
low velocities.,Therefore,for very low velocities

Nu = f(Gr,Re,Pr) (6.4)

In the higher velocity range, forced convection becomes doni-
nant and naturel convection can be neglectad.Therefore

s
4

Nu = f(Re,Pr) - (6.5)

For air, in the moderate range of temparature, Prandtl number
can be Taken es a constant since 1t is gimply e proverty of
the fluid.In this way,1its effect on the hcat ftronsicr rate
can also be omitted :-

Nu = f(Re) (6:6)

At higher velocities,that is, for Mach number =» 0,2 ,compres-
sibility effects must be taken into consideration.In conse-
quence, both temperature and velocity eifects are incorpora-
ted into the heat transfer relation :-

Nu = f(Re,Pr,M) o (6.7)

el

One of the earliest dinvestigaticns into the form of this
heat transfer relation for the flow around a uniformly heated
cylinder has been made by L.v.King (Ref.59), zssuming Ltwo
dimensional,potential,incompressible flow conditions.His theo-
retical derivation can be expressed as

c
Nu = A + B (Re)o” (6.83)
. or . ]
P o=(b,+8,0°0°7) (T-1) (6.80)
T Ve / NETEgY “
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where P renresents the heat loss from 1l wire to the sur-
rounding flow. ~

The half power dependence of the hoest transfer on Reynolds
number Eivon by King has been investiruted by several aubhors.
Besides, dependence ol the hdat transfor on Lhe temperature
difference between the wire and enviroment has been considerad.
The most comprehensive work on both these effects is that of
Ref.50 .The final relation given is

i
(Eﬁ)o°“7 (0.2440,56 ReC*1?) (6.9)-
. |

where Ty 1s The average wire temperature.This equation gives
the best fit to the neat transfcr relation for hot~wires
operating in air for the range of O.22<Rezd4 At Re=44  vortex
shedding starts behind the wire and the heat transfer cnarac—
teristics change.Thc constants O0.24 , 0.56 and 0.45 should |,
therefore, be renlaced by 0 ,0.48 and 0. )1 rebnecblvely, for a
range of 44<Re<140 .

Similar results have also been reported 1n the literature
(Ref.56). They can be summarized as :=-

2

ES = A + B UJ . : (6.10)

assuming constant temperature and density for a specific appli-
cation.The OprDOQU n has,over a wide range of Heynolds numbexn
(0.1<Re<102), an almost constant value of approximately O.4 10
0.5 .F'or more details on Tthe subject, the reader is referred
to Ref.s.55 and 59.It should be added,hcwever, thet most of
the heat transfer relations have been dexived theoretically
for an infinitely large leng h-tc-diameter ratio.On standard
probes,however, this is of the order of a few hundreds.For tThe
best accuracy in the measurements, the constants 'n Eqn.6.10
'ghould be determined experlmeptally for each specific probe To
e used,

The length-to-diameter ratio is one of the most important
characteristics of hot-wire probes .It has several influences
on The operation of the anemomecter. A reau"“ton in the wire
diameter for a certain value of wire length in eases signali--
to-noise ratio,directionality and frequency response since 1vs
thermal capa Cltj decreases.Also,such a reduction in dldmbte“
cause a decrease in end effects flow interference, raalﬁulon
errors and current consumption , uhlle worsening tho strengti
of the wire and sensitivity to dlrt accurnulat lOﬂgiﬂC““q°l“D
the wire length improves the strength of the anemomeuergdlrcc—
Tionality , while decreasing end effects,the strength of the
wire and space resolution, An important mo#nu nge Jhat in a
free stream turbulence the wire length should be smaller‘than
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the micro scale of turbulence. As it is well known., micro
scale closely related to the smallest eddy sizes in the tur-~
bulent flow field which are dlSSlpade due to viscosity
effects during the final period of the decay of turbulence.
Tor more‘details the reader is rerlerred to Ref.s.61 and 62
Another very important influence of the lengthwto~diambtcr
ratio is that on the effective cooling velocity.This will be
exanined in detail in Section 6.3 .

The heating of the wire is accomplished by placing it

one of the arms of a Wheatstone bridge.There are two modes
of operation for the system : In the constant current mode,
the bridge is operated from a source of current in series
with an adjustable resistance.The value of this resistance
shouvld be high compuLed to the br;dge resistance.The bridge
current can Tthen be kept constant.The bridge direct currasnt
unbalance voltage is a measure of mean velocity.The alterna-
tive component of the bridge unbalance veoltage provides a
true picture of the low frequency velocity components only.
A single network can be used o compensate for the distortion
of signals.For the compensation to be correct,the time con-

stant of the compensating network must be equa l to the time

onstant of the wire.The latter is a function of mean flow
velocity.The compensating netvork should,therefore,be resd-
Justed when the mean v01001ty changes.ln Tthis mode of opera-
tion,another drawback is caused when a hot-film probe is
required for the measurements.The Lreouﬂncy reupoqqe of a
hot~film probe is not characterized by a single time constant.
It is,therefore,very difficult to design a conmpensatving
amplifier hav:mm the inverse dynamic Cﬁafﬂctef“uthu of a
hot~-film probe. 00nseouent1y, a hot-film is not abﬂ 10°076 G
measurements of velocity fluctuvations when uvsing the nstar
current mode of operation.Advantages of the constant uurrﬁh
nethod are : The electronic circuit is sinmpler;it is possible
to keep electronic noise at a low level through the use of
transformer coupling,which makes it possible to measure small
velocity fluctuations,

In the constant temperature mode,the temperature of the
sensor,in consequence,its temperature is kept constant.Under
this condltlon the bridge voltage prOV1des a measure of the
heat transfer Lrom the wire.Its operation (see blgqo,c) can
be explained in the following way : The bridge is in balance
at a certain bridge voltage from the servo-amplifier (that is,
at a certain heat transfer rate from the wire).A change in
the temperature (resistance) of the wire due to a change in
the heat transfer rate causes an unbalance in the bridge.

This introduces an errvor voltage at the input of the servo
amplifier.This voltage, after having undergone a considerable
amplification, is used to adjustv the brla;a volvage at the
bridge top. This increases the current through the wire and
heats it up. In this way, its temperature,consequently resist-
tance increases.Therefore, brluﬁa balance is restored and
~wire femperature veriations are kept very small.lhis minimizes

ol 4
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the effect of the thermal inertia of the wire, even when high
frequences of the flLCbU&tlnP velocity occur. All Tthese fen
tures make the method well suited for measurements of fluctu-~
ations at high Irequencies,using both hot-wire and hot-film
probes and for measurements under conditions of greutly
varying velocity. The DISA system has a bandwith of O to 5
ke/sec at velocities near zero and bhlo increascs to O to 50
kc/sec at about 300 ft/sec . Improvement of the frequency
response by increasing the transc onductance is limited because
high frequency oscillations appecar in the closed loop systenm.
Such types of instability arewell known from 2ll feedback
systems. Consbtant temperature anemometry is, therefore,based
on the design and oneration of a stable servo system having

a high ClOqu loop gain.l'requency response can bc increased
by increasing over heating ratio which is defined as the
ratio of the operating temperwtuLe to the ambient tempersture.
This is anln limited,however, by the temperature endurance
of the wire material (Rcf 65) The constant temverature
ancnometer has the following udvqn+agcs : Since no freguency
compensation 1s necessary, operatlcn in this mode is casier.
It is poaulbie to obtain greater flow sensitivity using high

overheating with no risk of probe burn-out owing to sudden
velocity decLease.

6.%.DIRECTIONAL SENSITIVITY OF HOT-WIRE PRORBES

Hot~-wire probes have directional characteristics due to
their structure.The cylindrical wire is primarly sencsitive
to the component of absolute velocity normal to the wire axis,
When the wire is normal to thé mean flow direction,maximum
heat transfer occurs. If the wire is inclined 2t uome angle
to the mean flow direction,the heat transfer drops for the
same velocity.For the inclined positioning of the wire,
initially it has been usual to adopt a simle cosine relation-~
ship for the normal cooling component of vc1001uy (Ref.s.56
and ©4).This can be expressed as (Fig.6.%)

U, = U, cosex (6.117)

In this case, King's heat transfer relation can be expressed
as. - :

Nu = A + B (Re cosu@‘5= A+ B Re;l5 (6.,12)

Such a relation is accurate only for wires.with infinitely

tap = ah

large length~to-diameter ratios. As the length-to-diameter
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ratio is reduced,deviation from this simple cosine cooling
law becomes quite significant. The reason is that decroas;pv
the length-to-diemeter ratio causes the percentage of the
conduction heat losses to the prongs to increzse in the tossl
heat losses. In consequence, a non-uniform temperature disthri-
bution is created along the wire length. The smallest permig-
sible valuc for the length-to-diameter ratio is around 200

and this gives the largest deviation from the simple cosine
cooling law,

All these points could be explained in a theoretical way:
For the flow field around a unlformiy heated wire of infinite
length placed pernendicularly to a uniform velocity stream
(see Fig.6.4a), only Egn.s.6.1,2 and 3 must be solved.The
problem is two dinensional and heat transfer from the wire
dependq upcen the velocity componentu nornal to the w1resu5uU~
ming the other variables as.constant.ihat is,

™ 7

D L .
( o+ V22 | (6.13)

If this infinitely long wire is placed into the stream ob-
liquely, a third velocity component develops along its axis
(I'ig.6. 4b) The problem assumes a three dimensional charsctoerm
and full momentum equations together with The energy equation
have to be solved.

Because the wire of infinite length is heated uniforml y,
the term WoT/dz disappears although the velocity component
along the wire,ll, is not zero.This means that tempera turo
distribution and consequently, convective heat transier is
independent of W and depends only on the normal velocily com—
pornents,U and V. Thus, the simple cosine cooling law,Ecn.6.17,
can be assumed for an infinitely long wire.The hest transiex
relation then becomes -

Nu = £f( Re cosx,Pr,a ) » (6.14)

However, if the wire is of finite length,that is,if it is
suspended between two prongs,conduction heat transfer occu

to the prongs.The temnerafura distribution along the wire 15
then deternined by the heatb gcncvabod in the wire,vhe convec-
tive heat transfer to the flow and additionally,thc end con-
ducticn heat transfer to the prongs.(Ra dlaulOﬂ 1s neglected
due to its very small order of magnitude.) Since the prongs
are much longer than the wire tnpy are assumed to be effecti-
vely at ﬁmblent Lemperature nd cavse the non-unirorm Uempe-
raturo dictribution dLonb Lhe wire.This means that o“/vn—ﬂ
and the term inc lddlﬂo he velocity component along the 1re
does not vanish in the energy oquablon Dho iu@l?“”tlon 3.5

that the temperaturc distridvution,in coseguencce,the convec-
tive heat transhvr depends also on the veiocity componcut
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alonb the wivo ,W.The flow around the wire c”n still be HSsU-
med two dimer Jo"wa1 et least with a first approxination OLC
to- - the large vqlueo of the lenbun~to~awameter ratio e plor
in practice.

These remarks explain whyheat loss from an incjlned vire
is larger bthen that from a wire normal bto the flow with the
same normal V\7001ty component. 1nc]11ea and normal wires have

nearly identical end conduction losses, although the tempera-
ture distribution on an inclined wire is slightly asymmetrical,

Therefore,a deviation from Tthe  simple ccsine cooling law is
caused by an increase in the convective heat transfer which
can be, by the above discussion, attributed to the velocity
component along the wire,.Thus tae cffeective cooling velocity

should cake into account this-effect P -

2

2 M%k% Singa) = U2 + Xy Ug (6.15)

2 .
U, = Ua)(cos

where kq is called the yaw correction factor.
Similar relations were reported by several authors(Ref.o

FRN w o
65, 66 ,07 and G8). It is the most re alﬂoulc way of treatment
fOL qm deviation from the simple cosine cooling law since
it is based on both theoretical and e> D@“iﬂ“nbul evidence.,
‘Different formulations have,however, also been suggested,for
instance (Ref.©69),

U, = U, cos (6.196)
_ a
where
m=n- 0,05 , n,m=f(Uq)
Another exaﬂnle is Ref .70 where for the deviation from
the simple cosine cooling law , account has been Taken as
U = U_cosel + 1.2 sin®el (d_/1.)"7  (6.17)
e @ 7 ° w oW >

Superiority of BEan.6.15 in expressing deviation from the
simple cosine cooling law is obvious since it also takes into-
account the effect o the velocity convonent along ere length,
Thercfore,¢t ig the usually accepied form.The velue of kq in
this equation must be deturmnnea exne TlmbnuaL¢fuhc¢E)9 sives
k4 as 0.2 at a velocibty of aboub 150 f/sec . kg 13 mainly
dependent on the length Lo—a ameter ratio qccordLna to Ref .6V
(Fig.6.5) suhere several probes with different lenglh-to-diame-
ter ratios have been tesbed.It is also reported that yaw
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correction factor kq does not depend significantly on Reynolds
number for the range of 2.5 to 11.7 .The effect of temperature
distribution along the wire was also investigated and it was
found that no significant effect was evident.

One of the most comprechensive work on the subject is Ref.?1
" where tests were carriecd out to determine the directional
characteristics of two types of hot-wire and a fiber-~film
probe.It has been found out that yaw corection factor Iy
depends on the frec stream velocity (magnitude and direction,
that is, yaw angle) and probe shape.However, the effect of the
magnitude of the free stream velocity is very slight for all
the three prebes,espvecially at high values of yaw angle, This
firding is quite consistent with that of Ref.67 The influence
of the magnitude of free stream velocity becomes important as
the length~to-dianeter ratio of the wire is decreased consi-
derably.This was “the case for the fiber-film probe for which
the length-to-diameter ratio was 18 .For a specific probe, the
value of k1q can be considered as a constant,bctween O,z and
0.14 ,for a wide range of the yaw angle when the probe has
long prongs suprvorting a wire having a large length-~to-diametex
ratio (about 25C).This is shown clearly in Pig.6.6 ,.lso, the
relative error due to the selection of a specific value for

the determination of the free stream velocity inmpinging ob-
liquely on the wire has been revorted.It has been found that
choosing for kq the value at the yaw angle of 90° (see Fig.5.6)
produces an error of maximum %% in the determination of the
free stream velocity (¥Fig.6.7).If the value at 60°is chosen,an
error of 15% is caused at rather high values of the yaw angle.
Approxinmately zero relative error for a wide range of yaw anslie
should be noted when the value of kq at the yaw angle of 60°

is used.

It was so far considered that the free stream velocity lies
in the plane of the wire and prongs,that is,only yaw sensiti-
vity was examined.If the velocity,however, lies outside the
plane of the wire and prongs (Fig.5.8), namely,for B<«90°, the
heat transfer from the wire increases (Ref.72).In order to see
this more clearly, the simpler case of &«=0°can be considered.
For the same stream velocity,maximum heat transfer compared tc
that occuring at «=0°, P=90°,takes place at B=0° (Fig.6.9).This
is due to two reasons : Firstly, when the probe is rotated
around the wire axis (z-axis in 1'ig.6.8), a blockage effect is
induced due to the larger diameter of the prongs and velocitby
increases around the connection regions. Thisg increases the
heat transfer from the wire. Secondly,some of the heat created
electrically in the wire is transferred to the prongs by con~-
duction. This increases the temperature at the ends of the
prongs.In consequence, heat is also transferred to the surround-
ings by convection from these hot prong ends.This convective
heat transier increases if the prongs are orientated perpendi-
cularly to the direcction of the stream velocity.

Tt is quite obvious that as the length of the wire is
increased on a probe while keeping the other dimensions ccnstant,
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the ratio of the convective heat transfer at the proag eﬂ

- to the total convective heat transfer from the probe decy
This mecans that as the length of the wire is increased, end
effects become negligible. Similar to this situation,the yew
sensitivity could be expressed by the simple cosine bOOllP!
law and the end effects of the prong ends could be ﬂOSlede
for the length-to-dianeter ratio of about 600 (see Fiz.6.5).
Therefore,iy the gstream velocity is out of the wire-prongs
plane, a correction factor similar to that in EFgn.6.15 is also
required in order to express the incrcese in the heat transfer
rate.The effective coollnP velocity can be written as

‘ [

2 2, 2 2 |
Ug = Ua)( sin”B + k, cos™P ) (6.18)

for «=0°, where ko is called the pitch correction factor. k2

is given as 1.15 at a velocity of 150 ft/scc in Ref.59 ., A

more detailed examination of ko is reported in Ref.?1 Ffor =
probe similar to that used in tThis work. It has been found

that ko devends very slightly on the naognitude of the strean
velocity. It can also be seen from Fig.6,10 that ko does not
change considerably with the pitch angle. Only a siight
increase occurs as the nitch angle is 1nc*oaoed ko 15 mainly
dependent on the shape of the probe.Its value increases ,for
‘instance, if the length-to-diameter ratio is reduced. Sensiti-
vity to pitch decreases with increasing distance between the
prongs end with increasing orong length. Relative oxder
nagnitude of the error in tThe determination of the free stresm
velocity due to the selection of the value of kp at the pitch
angle of 90° has been found less than 1% (Fig.6.11). This errcr,
however, increases as the length of the prongs or the length-
to-diameter ratio of the wire are reduced on a svecific praobe.
¥rom rig.o. 11 ,it can also be seen thaet neglecting ko might
result in errors of around 5% . It should also be noted uhat
the values of k4 and kp have been calculated in rRef.Y1 ,using
a heat transfer relation similar to Eqn.6.10 .

(]
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Combining these two factors to represent the genexral case
in which the free stream velocity falls on the wire with a
vaw angle of « and a pitch angle of B (see Fig.6.8), the effcc-
tive cooling velcocily can .then be expressed as — |

2

Wo K5 Ve

? .
C = UR k5 P (6.19)

U, = U+ k.

In an overall sense,by choosing kX1 and k2 at the yaw and
pitch angles of 90°, the total error in the evaluation of the
free streanm velocit y should be of the order of 6 to 8% .
However, neglecting onec of these,for 1ﬁstance, yav sensitivity,
as it is mostly aovlLod on X~ ujp probes by dHSU%LHb the sinmple
cosine cooling law, intrcduces crrors of the order of 40 %o £05!
in the detb ermlnab"on of the free stream velocity (Ref.?71).
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Therefore, they should be considered if the free strean velo-
city has a yaw direction and is out of the wire-~prongs plane.

The directional characteristics can be interpreted as the
relative difference between the true velocity of the fluid
and the effective cooling velocity acting on the wire. The
cooling velocity is obtained from the calibration curve by
means- of the voltage signal measured with the wire in the
direction of its original orientation.

6.4 ., METHODS FOR THE INTERPRETATION OF SIGNALS FROM HOT-WIRE
ANEFOMETER

After a probe is connected to an anemometer unit and the
bridge is balanced, two voltage values can be read from the
anemometer unit if this probe is inserted into a flow field.

A1l of the analyses of the electrical signels from hobt-wire
anemometers start with an equation relating the voltage drop
across the wire (that is,the heat transfer) to the effective
cooling velocity acting on the wirc.For the purposec of a gene-
ral discussion in what follows,let us consider a heat transier
relation of the form :

CEZ = £(Uy) | . (6.20)

]

where the function contains calibration constants determine
experimentally in laminar flow conditions.p crucial assumpt

Q.
ption
made at this point is that this relation is also valid in the
case of turbulent flow.Then, E and Ue becone instantaneous
voltage drop and effective cocling velocity,respectvively.Thnis
assumption is guite reasonable since Reynolds number based on
the diameter of the wire is very low even at rather high

velocities.

Most of the methods availeble are restricted to flow cases
with low turbulence intensities (less than 20%).For flows with
a higher level of turbulence intensity dififerent methods have
been developed.llere only the general trends will be explainecd.

It is indeed quite difficult to classify these nmethods for
several reascns.rirstly,some of them are applicable to highly
turbulent flows as well as to low turbulence cases.Some are,
however,adequate for only a single case.Secondly,somec methods
require a single sensor probe,while in sone others a multi-sen-
sor probe must be used.In some cases,however,both mustc be
employed.Thirdly,prcbes must be rotated in some applications
despite the unnecessity in soie others to orientate them again.
due to the simplicity of the application. No classification
will, therefore,be made here and the order will folliow,in the
author’s opinion, the procedures from the simplest to the mosv.
developed and widely applicable one.
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In the earliest application of hob-wire tecnique(Ref,59)
the flow is assumed completely one-dimensional (on Uhe a¥is
of a pipe flow,for instance),that is,only U and u exist;v and
w can be neglectod Actually vthese lateral fluctuating velom
city components are not zero even the flow is onc«dlgensional
and they create an additional cooling effect on the heat
transfer from the wire. In this met hod ,& heat transfer recla-
tion of the form

E°= Eg + B U , 0.452n=0.5 (6.10)

can be used to determine the mean velocity U .The turbulencs
intensity can be evaluated (see the sketch) from

E ‘ .
ol D.7.100 u°/U = 100 ¢/al (6.21)
B ) .

where =
aztg¢=€/£;: - (6.2
U O U
The slope ox the curve at the required velocity can Je 0.
tained from the heot transfer relation Eqn.6.10 By teking

derivative with respect to velocity and assuming n~005

dE B
8 = e D cmseaoeaw
dU  4EU-°
and BU05
al = — .
4E

Substituting for U‘5 from Eqn.6,10

2 2
E —EO

4E

al =

Then,substituting into Eqn.6.21 , we get

T.I. = 100 e'—?‘—-“z (6022>

The important point to remember is that The slope of The
curve at the velocity U has been renresented by Egn.b.2a
which is only an approximation.In gencral,this cvr“e i nob
straight.Therefore, this >"prcqolou for the slope of the curve
is correct only for low values of the veloclity r!boh\uu,cn,a
In other words,this method is correct for low level of turbu-
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- lence.lowever,this difficulties can be overcone by using a
linearizer.Its main funculon 1s bo cancel oub the snemomster
output voltage at zero flow vc100lty and to raise uhp outnus
voltages by a suitable exponent depending on the velocity
level. It has a variable gain. Hence,its transfer function
results in a voltage ‘that varies depending on the flow velo-
city.In order %o provide an optimum lineariza tion,logarithric
amplifiers are used.In this way,continuous linsa rlzaclon o¥i
the anemoneter output voltage can be achicved.It is actually
an analog correlator and its transfer funcition can be written
as

_ 2 ?2lm _ n\m
E = K (E mLO) = K (B UY)

If m is chosen equal to 1/n ,then

Using a linearizer,therefore, the slopc of the heat transier
curve can be reﬁresenbed in a linear form for higher wvalues of
it .llowever,because of the drlit occuring in the Ll“”UICu;Lu,
a llnearluer is not usually desired (see Ref.59) in a neas-
vring system for turbulence 1ntﬁnolulos of less than 10% and
the direct calibration curve is used.for higher values of
turbulence 1ﬂvv¢,it should be used.It can be recalled that
v and w have been neglected in the method.This worsenes the
applicability range of the method for multi-dimensional flow
cases and it is generally assumed that 1t can be used Lor one
dimensiorial flows with a turbulence intensity up bto 20% .\ihen
-the measurements are to be carried out in a two-dimensiocnal
field (away from the axis in a pipe flow,for insvance), The
method can be applied by inserting the prcbe into the flow
field perpendicularly to the flow axis so that the wire faces
the absolute Velo“1uy (pitch correction must be considered in
this case).Even in this case the third component of the fluc-
tuating velocity,w, has to be neglected.The method does not
give the required data when it is applied to complex flow
fields where turbulence intensities are high and lateral
components of the mean and fluctuating parts of the absolute
velocity can not be neglected.

When more information is necessary for a flow field,for
instance,in a oouniary layer flow where not on 21y Vi /U but also
V2 /U and uv/U are required (see the sketch),an X-type probe
can be employed.Two anemoneter units are required fox its |
operation.The probe should be oriontvted in the fliow in such

: a way that the mean velocity U must
bisect the ang e between the two wires.
When the values of v ana vw are small,
w e that is, at low turbulence levels{less
U Z§;~mn~, than 40%),un¢g orientation can be
S 2 ,{45“, performed quite easily.If « (%) an

-—;4
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(L) are the output voltages obtained from the wires 1 and 2.
then Ly assuming that the simple cosine cooling law holds for
both wires,it can be shown that

ox(t)= S5 (u~v)
ﬁ(t)z S5 (u+v)

If the signals are adjusted such thatb S'~Se , the fol 1ow1ng
relations can be obtained :

S((6)+B(t))
u = -
1
0-5(at)-p(®))
- 2
= 0.5((o(6)+B(t))*)02

1
3 0-5¢(x®)-p(2)%)°>

/l
; 0.5(6F ()-B=(%))

uvs=
2
5.

The ©Twro wires nust be connected to two separ
units the output voltages of which are fed 13
summing unit. Addivion and difference of tha
can be obtained at Tthe output of the dual sunming unit.
Subgeoucntly,uhEJ are fed to the two cnonnel of a correlator
to obtain the above quantities (Fig.6.12). Changing the
orientation of the probe to the other two planes,i.?,0u and
VW can a2lso be nmeasured.bowever,the assunption of +the simple
cosine cooling law night causé quite serious errors in the
experinental data.hidditional a°"umptlon8 are that the probe
is adjusted sccording to the main flow direction and w Iluc-
tueting ccomponent exerts same cooling cffect on tno two wires
These assumtions are never comDJcLbly true,for instonce,in
highly turbulent flows the probe can not be adjusted “oadlly
to obtain an cnzle of 45 between each of the two wires and
the mean flow dl‘GCuWOn Also, the two wires can never be
conmplet 073 equal.furthermore,hecause they must be fixed with
some distence 1euueen them not to ‘interfere with cach oth
the spatial recolubion of the probe becomes worse.Besldes,

e anemometer
o a dual
twvo voltazes
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because of the need Lo employ two anemometer units with the
same sensitivity,the proocdur becomes quite uncttractive,
Yet it has heen used quite fvequenuly.cgpe~wa]1y in boundaxry

layer research.or more information,the reader is referred
to Ref.s.55 and €4 .

‘ ‘In order to dispense with the two anemometer units requ-
ired in the previous procedure and to improve spabisl re>olu
tion,a 45°slanting single wire probe can be used (sce the
sxeuch) The probe axis is fixed parallel To the direction of
W Tlow.After determining the voltage
L// . in the firest OTlOﬂUquOL,the wrobe
u U _‘ _ is rotated 180 degrees sround its
: ' axis to the uecond orientation. It
orientatioh . is assumed thalt the effect of w on
1 ~o the cooling of the wire for the two
| drientations are equal.If the simple
cosine cooling law is assumed for the wire,the shear stress
can then be measured using the formula

2 2 2
9IJ E-e! 5 E-e! 5
_— \
—Quv = wer 4 ((ET“"“94 - —==)5)
- 4 -
1 O J O
Another important assumption made here is that the flow field
is assumed stationasry from one orientation to the octher. Tfls -
meagsuremnent procbdure also necessitates the knowledge of the
maln flow direction so tThat the probe can be aligned pronerly,

Besides,most of the assumtions of X-type probe must etill be
used.,lherefore,the nethod cen be used in flows with low turbu-
lence intensities. For more details,the reader is referred to
Ref.75 .,

In more complex flow fields,such as,three dimensional or
two dimensional flows with thiee veloc 1ty components ,more
information is required from measurements.A direct =
to the measurements for such cases may seem that a T
mensional probe should be.used.Three wires Iix ed perpendic.--
ularly to each other are used on this proLe Oneldt'on there~
fore, requ1reb three anemomcters.In order to avoid inter-
ference znd in cons equence, 1naccuruoy in the readings due to
thermnal wakes of the wires,the probe should be orientated To
the flow direction in such a way that the absolute velocitTy

O

5 falls within the octany formed by
W the three perpendicular wires (see
¥ the sketch).if then bthe simple
' ng law 1is cosumed Cox
o 1AB| v cosine cooling 1s 3 C

each of the wires,the coupcnents
U wire 2 of the absolute VCLOCi”y U,V and
W in the dircction of the wires
A can be found as .




V = //E$+E§+E§ / S/2

W SE2 / 8/2

I
=
RN
l\)'
=
N

vhero S 1s the sensitivity of the linearized anemoreters and
W B ahd Ez are the lincarized output volbtages.This method
1 Oug¢ le IOI ~lows with up o 105> turbulence invensity.
lf,hom,\er the yaw sensitivivy of the wires is included in
the coolinb lawi,the effectlive cooling velocity of each wire
is writien as

2 PR 2 .2
Ugq= V (sin"e¢+ ki, cos™o)
2 2 2 - .
Ue2: V (sin F + qu cos P) | (6.2%
2 2 2
Ugo= V (sin 2¥ 4 k,]5 cos<Y)
and assuming qu=kq2=k45=k for all the wires
) 2 .2 2
- .V._2 _ Ue/]+Ue(_2?+UGB . ) (6"2“';-;:
2+k

After Tthe absolute velocity is fournd from E¢n.5.24 ,its di-
rection is determined from ¥qn.o.2% .The method in this way
provides instantancous magnivtude and direction.Several
reasons,however,make The method quitc unatvtractive.rirst of
all, the vse of tnroe wires on the probhe causesz a poor
spatlal resolution, ognec“n11y in the flows with large velce
city grudlents.“ctudlly the interference between Then deve-
against spatial resolution.One gets pcorer as Tthe other sets
etter.The hree wires can never be made comletely eaqual,

Ffurthernore, three anenometer units are required and tbo* nest

heve the same electronic uOHoJULVltJ which is very difficul’b
to acquirve.ipvlicstion iz quite difficult because %Hhe

approxinate direction of the velocity should be wnown and
the level of turbulence should be relabively low in oxder

keep the absolute velocity in the octant of the wires. ‘lhen
there is reverse flow zones in the flow field,the method can
not be uscd roaﬂﬁlﬂ becauvse the direction of wveloc: rot

Hy O

novn. It should he noo*d that 11 the structure o
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flow zones are approximately known for a specific case, the
probe can be manufactured according to the requirements to
include the absolute velocity in the octant fermed by the
vwires.The remarks mentioned above,hovever,still makes the
procedure quite unfavourable.

A special type probe,called split film probe has been
developed recently.On this probe,two separate films have
been deposited around a single quartz rod (Ref.74).Therefore,
two anemometers are required for its operation.The principle
of its operation is that the variastion of hecat transfer
around the sensor is examined.It is generally used for direc-
tion determination in two~dimensional flow fields,Itv can be
used in place of X~-type probes even for flows with a high
turbulence intensity.It provides better spatial resolution
in comparison to X-type probes. Due to insensitivity bto the
velocity component along the rod axis,however,it can not be
used properly in flow fields with bthree velocity components.

Using three split film sensors,that is,six films depos-
ited on three quartz rods.a three dimensional probe can be
constructed(Ref.?4). Such a probe is quite sensitive to flow
reversals.Houever,it requires six anemometer units with the
same sensivivity.Alternatively, a single unit providing all
the required voltages for all the films is also available,
while being prohibitively expensive.If the flow has a domi-
nant direction,that is,it is of the boundary layer type,
the use of a three~sensor probe is acceptable with a suitable
orientation of the probe. When there are flow reversals ,
however,it is almost i1mpossible to avoid wake interifcrence
from one scnsor or film,to the other while scanning in the
flow reverssal zone.This can be obviated designing the probe
with a longer distance between the sensors.Howvever,this
worsens he spatial resolution which is already poor for
flow with large velocity gradients.

In a group of interpretation technigues,the so called
conventional methods,the heat transfer relation,Eqn.5.20,
1s written as

by taking square root of both sides (Ref.s.65,68,75). Then,
binomial expansion is applied to the right hand side,neg
lecting all high order terms.Time average of both sides are
taken and neglecting all correlation terms (Reynolds stresses)
the mean voltage is obtained in terms of mean velocity. In
~order to obtain Reynolds stresses ,

is formed from the relations already obtained.The main sssunp-
tion of several procedures are that third and higher order
j¢ - - 5
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2
correlation terms,such ao,uvg,upv or w v?, are negligible

in comparison to uecond order terms(Reynolds stresses) and
also some normal Reynolds stresses are ncgligible with
respoct to the mean velocity.Due to the assumpticns mentionsd
above,these methods are generally applicable to flows with

up to 20% turbulence intensity.They can be applied employing
either single sensor or X-type probes.These metnodu have been
wmdoly applicd in boundary Wayor flows where most attention
is directed to the W ,v?, wand UV due to the exitance of a
strongly dominant flow dlrectnon A recent version of this
group has been developed for three-~dimensional flow field
However,it is still applicable to flow fields with low tur-
bulence intensity (10%) and with a strongly dominant flow
direction (Ref.?76). | :

Two recent methods (Ref.?77 and 78) are also very similar
to the conventional methods just described.In the former, the
-procedure is devendent on the determination of the direction
of the mean absolute velocity with the hot-wire itself. This
~can be achieved rather reddlly in a boundary layer type flow,
such as,a straight jet which has already been chosen %o
demeonstrate the capability of the procedure in this reference.
Because the turbulence intensity in such a flow is not very
high,the determnined flow direction can be quite reliable.
Houvever,for a flow field where turbulence intensity is higher,
say,60p or more,the. determination of the djr9c+1on of the
flow becomes qulue unreliable.Therefore,it is secn that the
method is not applicable to recir cul&tion regions.Just for
the szke of completing the di504551on,it is worth 1 noting
that more general assumpbions have been made in this method.
Third and higher order correlations have been negiected with
respect to the mean velocity.The method. calculates the mean
absolute velocity from the normal signal in a very similar
manner to the conventional methods.On the ovther hand,vae
components of the fluctuating velocity are determined from
the squared electrical signals.Another difficulty with the
method is that the use of two hot-wire probes are reguired
for its application.This is most un 51_able when a flow
field is to be scanned.Changing the probes during an experi-
mentation is quite troublesome since it must also be accom-
panied by the changes of the settings of the anemometer unit.
Albernatlvcly,scannln@ the field with the probes ono-by~one
is also not a very zood solution to the DrobWen since a
change in the state of the flow may occur with time.Thercfore
an 1deal procedure must include the use of only one probe
and measurement at a spatial point in a possible shortest
time.It has been reported by the avthors that the method is
also not ubpllcao e to flows with low bturbulence intensity
(less than 25%) and is very btine consuming.The latber methiod
has also been applied to a boundary layer type flow,in conse-
quence,approximnate direction of the flov was known.In this
way, use could be made of a Pitot” tube to detvermine the direc-
tion of the mean flow.It was also possible,however, to do
- this with the hot-wire.In the mothod, lateral component of the
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mean velocity shculd either be nvolccted or be determined
from the continuity equation.Both methods can not be zpplied
to complex flow fie 1ds because the approximate direction of
the mean flow is not known.Zven it is known,it is not reli-
able because of the high turbulence inten51ty encountered in
such flows.

As exanmples of more developed methods,two works employing
six orientations of hot-wire nrobes at a upatlal point can
be shown (Ref.s.79 and 80).The latter method is based on an
1mproved heat transfer relation which has a quadratic form
in square root of velccity.It has been shown that this heat
transfer relation represents the cooling of the hot-wire
better than King's law for a wider velocity range (Ref.81).
In the method,it was assumecd that the fluctuating conponent
of the instantancous voltage drop across the hot-wire is of
the form of a square wave.The period and phasing of the wave
were assumed To be independent of the wire orientation at a
given point in the flow field.viith these assumptions,tne mcan
value of a function of the instantaneous wire voltages could
be expressed in terms of anemometer output voltages.The ori-
entations of the viires are shown in #ig.6.1% .In order to
obtain readily these six orientations at every point in the
flow field two probes having normsl and 45 slanting wires
have been used. Orientations 1,2,7 and & have been obtaincd
using the latter probe inserted to the flow field parallel
to the z-axis.In order to obtain orientations 5 and 6, the
former prcbe has been used.The necessmty,L this way, ©o
change the probes at every point in the flow fiesld is quite
troublesonme.Thie alternative,using the probes one-by-one,might
result in a change of the state of the flow field. A more
important - -point in the method can be seen when it is appled
to flow reversal zones (Fig.6.14).The point where the hot-wire
has been located is in the recirculation region.llhen the
orientation 3 is spplied at such points,the hot-wire lies
in the wake of the upstrean DTOEb,;,Qg,LD one on the 13g4t
in the figure.Therefore, RIS readings taken at such peint
for the orientation 3 of the hot-wire are spuriousiy high
and DC voltage readings are small.Obviously,another orienta-
tion causes similar false signals in the other zonss of the
recirculation region (see also Fig.1.8).Another difficulty
is that the two hot-wires can not be placed exactly at the
same point in the flow field.In an overall sensec,therefore,
the method can be assumed quite unattractive for the present
application.

Finally,before startlng the present formulation,another
method (Ref.15) employing four orientations at every point
in the flow field will be examined. mhege four ”iCMLaL'OAS,
when applLed to a swirling flow field with eC1rcul quﬂ 15
shown in Fig,.6.15 .They dll can be obtained with ingle
normal sensor probe inserted into the flow field Daf llel &
the x-axis.The improved hear transfer relstion suggested b
kef .81 has been used in the formulation.lhe same assumpyi



employed in the six-orientation methods aboul the electrisal
sighnals,have been made,In this way, response equation have
written for every orientation and instantancous velocities
in terms of outout voltazes have been obtained.Reynolds
stresses have been obtained by correlating these quantities,
It nmust also be noted that orientalbion % has been used to
calculate the assumed phase difference between the orients

tion 2 and 4 .IT was revorted That some ambiguity was existant
in the results,especially for the area around the boundary
of the reverse flow zones.This occured provably due to The

following reasons : Firstly,just at Tthe boundary between the
zones % and 4 , U=0 .The absolute velocibty,thereforc,lies in
the plane of the orientation %, leaving tho vire comple*oly
in the wake of tho top prong,e *neoiallj 1n the zone 2 of the

recirculation region near the reverse flow boundary,.I{ 1T is
recalled that the voltage taken at this orientation was being
used to determine the assumed phase difference,it becomes

- obvious that this point might be introducing some errcr.
Secondly,in the zone %,for instance,where the axial velccity
component is not zero,but almost equaj to the magnitvdc of
the swirl velocity component abt some poin UQ,Lhc voltug

readings taken at the orientatvion 4 might be opu ious sincc
the wire itself remains in‘the wake of the prong at the nunher
position.A sinilar situation is observed,for instance,in the
zone 4 for the orientation 2..4ilso, anoohor very sevious diffi-
culty in the method is that the direction (JLga) of the
velocity components should be known in order Lo caleculate
the Reynolds shear stresses.However,a close examlnmtlon of
the formulavion of the method reveals that,even from The
experinental data,it is impossible To Q(Lermlnﬂ the direcuion
(sign) of the velocity components.For all these reasons, the
the methed is quite difficult to apply to a recirculation
region.

mean

It is concluded that,as far as the author is aware,vhe
lack of a hot-wire bechnlque to examine easily, qulcﬂlv and
cheaply recirculation regions in swirling flowa 18 obv1o”°.
A1l the available methods for the hot-wire anemomebtry ar
bound toc give erroneous 51gndlo at some orientations of the
probe when gpplied to recirculation regions. These erroneous
signals may cause a wrong interpretation of the mean flow
direction.Therefore,all the effort has to be exercised in
this direction to eliminate the effects cauged by the prongs,
rather than the treatment of signals.

6.6.FORPULATION FOR THE PRESENT WORK

The nost attention in the present work hes been given o
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the structure of the flow field in order to rotate the
probe in the most suitable way such that the hot-wire
always faces directly tThe mean absolute velocity.

6.6.1.Assumpbtions

The following assumtions have been made for the present
analysis :—

a)Turhulence is assumed stetionary.Thus,the state of the
flow at a point in the field does not change from one
orvientation to the other.Actually such an assumpbtion ic
conpulsory for any technique recquiring probe orientation.

b)The relation between the volbtage drep across the wire
and the effective cooling velocity normal to the wire
in laminar flows is of the form of a quadratic equation
(Ref.81)

2 7.005, | o
E°= A + BUS"7+ C U (6.26)

The advantage of Tthis formula over King's law is that
1t represents the oxpcr"mﬂnual heat trdnSfO“~VOLL88€
~drop relstion with betler accuracy.lt can be JSGO,LP“T?M
fore,for wider cooling range,It 1is also assumed to be
valid for turbulent flows.In that case, & represents the
instentaneous wire volitage and Ue ,the 1nuu”13uﬂbu1
effective cooling velocity.Obviously.a linearizer can
not be used in the procedure because of the gquadratic
form of this equation.It can also be written as

_1

C U+ B U+ (A-EF) = O (6.27)
Therefére,
0.5 Bt B+4G(E°-a) O
Ug 7= . (6.28)
2C

The magnitude of the velocity determined from Eqn.6.28

depends upon the values of A,P and C .B is generally

positive and C is nemgative (Ref.81).They were similarly

determined in this work. e .
¢c)The effective cooling velocity for the description of whe

directional sensitivity of the hot-wire is assu m@d to be

of the form of

2 2 12 2

US = k5 U4 kq Ve e - | (6.29)
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d)The fluctuating component of the voltase drop across the
hot-wire is agsumcd to be of the form of « square vave
(I'i3.6.16).Its nericd,T, and phase are assuned to remain
constant for all thc OFlcnu&LLOﬂo of the probe.In Hthis
way,1t becomoo possible to colculate the time average of
a function of the instantaneous voltages in Gevms of +the
measured DC ond RMS voltages. If such a funcition is
T=0(z) ,its tlme average becomes |

——— ] (T
F=0(E)= - O(E) dt
T JO

which can be separated as

T sT—— /] n5T‘ ’_.
F-0(E)= ~ 0(E) dt + O(E) dt
T 0 OT
Therefore
——— 1 [ (.57 T
P=0(E)= — 0(E+e) dt+ D(E+e) 4t
: ™ 1 | 5T
1 . .
- = [0(F+e, ) 0.5T +0(E-e_ ) 0.57]

.v,

(0]
E

W
O

=0,5 [@(E+em)+m(f-em}] (

From Fig.6.16 1t can be seen that e_=e'. Eqn. 6030 there

fore becones m
1-D(£)-0.5 [0(F-e)+0(Tre")] (6.31)

The importance of Egn.6.%1 is that it allows the calcula-
tion of the mean values of the 1nutant“r ous effective
cooling velocity from the output voltage values.If it is
applied to Bgn.6.28 ,after squaring

f=@(E)=Ue— 0.5 [ Up’L+e )+U (E-e! ] - (6.22)

The effective insbtantaneous cooling velocity in Kon.6.52
can be vritten in terms of the componcnts of the insto~
taneocus absolute velocity for a specific oricntotion of
the hot-wire.3uch an eguation,hovever,contains three

unknowns (the thrce components of the insbantoncous absc-
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lute velocity).Thercfore, it should be accompanied by
two others for a solution to be possible.If such equa-
tions are uritten for two other orientations then the
instanteneous velocity components can be solved Trom
the eguation sclt.It is apparent thalt the rigth hand
sides of these equations vary as the voltages read
from the anemometer change for each orientation.

6.6.2.Choice of thé orientations

In order to find out the best three orientations,consi-
deration i1s now to be given to the structure of the flow
field in the recirculation region occuring in a swirling
flow (Fig.G.17).hs 17 was explained before,four zones can
be distinguished inside the recirculation region, The swircl
velocity component is always positive (in one direction)
everywhere in the flow field.Therefore,only axial and radial
veloclity components characterize the rovation in the recir-~
culation region. Reverse axial velocitvies occur in the zones
1 and 4 .These zones are separated from zones 2 and % by the
zero velocitTy line.The radicl velocity component is positive
in the zones 2 and 1 At the points,like point 5 and 7,
where the main flow is diverging, the direction of the re-
sultant velocity in the z-r plane is close To that in the
zone 2 . AL the points like 6, the direction of tThe re-
sultant velocity in the z-r plane is clese tTo that in the
zone 5., It can be ccncluded that the consideretion of the
£flow directions only in the recirculation rcegion is suffici-

ent to covexr all possible cases in the complete flow field.
: It becomes obvious from these remarks that the hot-wire

should be rotated in the plane containing the axizl ana
radial velocity components in order to detvect the .flow di-
rection and to avoid the hot~wire to fall in the wake of
one of the prongs for some orientations of the probe in the
flow field.The three orientations chosen are shoun in
Fig.6.17 .It is seen that for all the orienvations, the ab-
sclute velocity always faces the hot-wire and it never re-
mains in the wake of the prongs anywhere in the flow Iield.

6.6.%5.Formulation

After the choice of the three orientations,the effective
ccoling velocity i1s determined for each cese.For the orienta-
tion 1 (see Fig.6.17),the effective cooling veclocity can be
expressed as

D
%k$V§= U, =14 (6.22)

2
-V VotV el

2
7, Q
where

l 1 =
Vv mB+[B2+4C(f%~A)JO°7 (6,34)
LT f =
orientvation 1 1 ' 2 C

~
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In Egn.6.%4 , E, represents the instantaneous voltage dron
at the orientation 1 It can be recud directly from anemcmeser
indicators in the form of DC and RMS voltages.

Tor the orientation 2,which is obtained b“ rotalting the

probe 45°with respect to orient ;ation 1, the effective cooling
velocity is

=V, (VZ+VK)2+2V2+

P 2
k/| <VZ""VI,> ?U 2:‘ Tg

7\
(O}
N
i
N

Vr
where T, is expressed similar to Egn.6.34 .

For the orientation 3 ,at S0°to the orientation 2 ,cfifec~
tive cooling velocity is expressed as

2 .2 . .
-~ .-r = - )/")
=V (V 1 ) +2V94x (V +V ) 5 afj (6.76)

Vr . . .

where T5 is expressed similar to Lgn.G.3%4 .

the heat nsfer from a hot—wire is moximum 1% it ig
locavted pernendiculiarly to the flow direction.As it is
incline ,tqe heat transfer drops and becomes nirinum vhen
the hot-wire is parallel to the flow direction.@hie feature
of the variation of the hest transfer can be used to deter-
mine the flow direction in this procedure. For instance, the
voltaze reading at the oriecntation 5 is larger “han that at

the orientasion 2 when the wire is in the zone 5 ,The opno«
site occurs wnen the wire 1s in zone 2,etc.

Egn.s.6.%%,%5 and 36 can be written as

It may be recalled that for a constant stream velocity,
tra

NIV

2 2 2.2
\f +v9+kqu Tq
2

- N .
(1+k )V 4?V@+(l“k YRV V, =20,

(4+ )V +2v9~(4 14)2V v, = T5

from which
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2 .2 2.2 o
VAV Vo=0, (6.37b)
2. 20 L2 2. 2 .
Vz(ﬂ+kq)+2¥@+Vr(4+kq):12+T5 (6.%7¢)

can be derived.Rearranging Eqn.6.%7 ,we can obtain

A gff'"‘ft)""f? e ('fg-’f‘r/))?‘ _
Vpt =g Vo e = O (6.38)
171 LD

which is a quadratic form with respect to Vg oSince Vg ‘a3

positive value,i1t should be the positive root of Eqn.6.%8
and this yields

3 2 14

v

Vo= " : (6,%9)
T 2(1-K5) 7
which can be revrescented as .
V2=‘Q (f ,f,,%,) (6.%092)
r rET1rT2 75 \Oe T

From Egn.s.c.37b and 6.%7c

2 S .
2~ +k,] : 'f2’*'T5 2 p 2 o ,
Ve-— ;Zj\- ‘f,\ - '1-('2"‘/!“— - (kq.—i— | > VI' (6;6—0)
1 17

can be obtained.Introducing Egn.6.%9 into Eqn.6.40 and after
some manipulations

2
T +‘f (/] +X r 4
2 2 5 /i 2 /rp Iy 2 3 N
V = I " . (T/]"“.ﬁ:.’) +\J.‘, ’""‘ﬁ ) l e : <6o4|>
° 22(1~k%) | (T4-25 1 Te

is obtained.Lgn.6.41 can be represented as
Voo Qa(t .., 1,) | (6.42)
0 T T2 7T)

L 2 . . . .
Finally, VS can be obtained from LEgn.6.37b and can be
Z
shown as -
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O
Vo= (2,50, 95) (6.425)
If,now, the components of the instantaneous absolute

veloclty are separated infto a mean and a fluctuating value
(see Egn.s.2.9) and after squaring and taking time average

Gl gl O -

Vr:" V 4V =QI‘(T/1 ,(fg,‘:ﬁ.—é) (61:/!‘53)

ol 2 D '

\’9: “J +"\’ = QQ(T/I’T2,T5> (694‘51))

o 2. 2

Vo= UT+ul = QZ(Tq,‘fz,’fB) | (6.4%¢)

can be obtained.The mean values of the functions Q.2 Qg and
\:t_"
Q, are obtained,making use of Egqn.6.37

[

-

Qr<f¢sT27f5> = 0;5 [ QrP(Tqa@27f5>+qu(fq7f27f5)

QgD 00,85) = 0.5 [ Qup(fy, 25,250 +0g (2,15, %)

'

-

QZ(Tq,T27T5> 2.005 I QzP(Tq9T25T5>+Q2N<Tq9T27T3) |
| (6.44)

where the additional indices P and IT are used ©To denote the
function values calculated by substituting DC voltage vplus
RM3 voltage and DC voltage minus RMS voltage,respectively.

In order to deltermine the normal Reynolds stresses Iron
Eqn.s.6.4% , the mean velocity components nmust be known.
They can readily be obtained from Pitot tube measurements
in the case of simple flow fields.If this is.however.,not
recadily feasible due to the complexity.for instance,oi the
flow field under investigation,it is desired that the mean
velocity componcnts are also determined from hov-wire data.

They cen be obtained in the following way : from Eqn.s.6.%%2,

©.41a and 6.42a

- " \1;
Vr :hQr(iqamga@B)Jd

: 11 .
Vo 7Ty Tp, 5 | (645

- ]
3 {’l ipi ’.
"I = Qz(rf/l,l)-2,i5>-la
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can be written.Taking also time average yields

ol
oy

\ =[Qr<Tan29T3)i =:QR(E1’E2’E5>j

:\:}-‘i

W =[Q@<T4,T2,T5):?='Q@(Eq,Eg,EB)W (6.46)

1

-

=[QZ(T49T2aTB>J?=:Q2<E11E29E5)]7

In order +to take time average of Egqn.6.45 ,however,considers-~
tion has to be given to the contents of the functions Qr, Qy
and Qg .They are the functions of three instantancous volbta-
ges,B1,E2 and Exz .These three voltages are created across

the wire by the instantaneous heat transfer rates at the
.orientations 1,2 and 5 of the prohe.The three voltages
occuring across the wire placed at a point in the zone 2 ,
~for instance, have been shown in rig.6.18 It has becn assunmed
that the rotain of The probe starts vith the orientstion 2
The variation of the instanbtaneous voliage Ep during Lhe
measurcment time at the orientation 2 has been shown in the
figure with a square wave.Ilts pericd is denoted by T .When
the probe is rotated to orientation 1 ,the nean value of the
instantaneous voltage drops (see the prev1ouo chanter for the
reason).however,the centre of the hot-wire is sbtill at the
same point in the flow field.Thererl OPV,eLuHOqOH the head
trans {er rate has changed (61f¢e“ont &1 and eq from Tp and
eg)oecause of the rotation,its Ifluctuating character does

not change (stationary turouience) Thus,it still has a pericd
of T .Similar remarks also apply when fne probe is rotated

to the orientation 3% .

[ o

Choosing the common period T as the integration perioed
from arbitrary initial times t1= fg-bz—o for the three orienta-
tions,1t 1is secen that all the fluctuations are in phase
(Flg 6 19) .Time averaging can. then be performed in Egn.s.6.45
in the following manner :
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where tha additional indices P and IT have been used in the
same meqnlnb as thal in Eqn.6.44.It 1s worth noting that the
dirvection o the mecan velocity componcnts are not requircd
for the dcteraination of fhe normal Reynolds stresscg since
They are squared in Eqn.s.6.4% .

- In order to obteiln Reynolds shear stresses,the following
products are forned from Eqn.s.6.45

Y

r z

V.V = [ 0 (Ty: 85,850 @, (14,15, 15) J

rol-

‘VrVG= [ Qr<fq’@27@5> Q@<Tqvfgaﬁa> |

Z

Vv V@= [ QZ<quT29T5> Qg(T47T27T5> _

Substituting into Eqn.s.6.50 from Egn.s.2.9 end then
teking time average,
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Reynolds shear stresses can be determined from Eqn.s.6.51
substituting for the mean velocity components.

6.7 EXPERTIMENTAL PROCEDURE
6.7.1.50me considerations

It is well known that hobt-wire measurements suffer fron
two major factors :

a)Drift on the readings due to temperature gradients and
fluctuations :This might be caused on the present test

.rig dve to the heating of the flow by the fan.Hot-wire
anemoneter measures bthe heot transfer loss from the wire
to the surroundings.lf the [low temperature increases,
the hest transifer decreases and the voltage drops.This
leads, therefore, to the indication of smaller velocities
than the actual values. This can be compensated in tvwo.
vays.rirsvly, temperature measurements are made prior To
hot-wire measurements.Then,the latter data are corrected
according to The former.This way doubles The messurementy
time and effort.Besides,it can not be sufficientliy cor--
rect since both the mean temperatures may change during
the pericd from tenperature measurements to hot-wire
measurements and temperature fluctuations can not de
compensated.Secondly, a temperature conmpénsated probe
is used.This has been the practice in tThis work (see
Pig.5.2).The principle of this probe is that ,instead
of using ¥the variable bridge arm resistance of the znemno—
meter unit,a resistance providing a recommended over-
heating has been fixed on the probe.When scanning the
flow field,if the mean temperature is higher at sonme
point than the other points the value of the ccmpenss-
tion resistance increases.This causes tThe wire tempera-
ture to rise . 1In this way,the amount of heat transfer
becomegs proportional only to the velocity at That point.
However,compensation of the temperature fluctuations can

e achieved up to a moderate frequency level .Further
rrors,if any,due to this effect is neglected.The reason

for this will be ex»plained in Scction 6.7.2 «

b)Drift on the readings due to ageingof probes :Ageing is
caused due to the contamination of the hot-wire suspended
in the flowing fluid.Normally,filtering is required. In
this work,however,air was sucked by the fen with sn oxri-
fice meter at a height of almost 11 L£t.The incoming flow
was,therefore, rather clean.Tests were still carried out,
howvever,in order to check the effect of ageingSince 2
calibration was intended before each scanning of =2 flow
field ageingwould be effective during the time required
for this purpose (see Fig.5.17).To this end,the tempera-
ture compensated hov-wire probe was left severzl Tines
in the flow for long pericds of tinme,such’ as,G or 8 hoursd
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and the voltages of the anemometer were examined fre-~
quently.lt Jas observcd that they chowved no variation
for this lensth of time.Besides,the voltoge readings at
ZEeT0 velocity vere quite constant even when severe day-
to-day cheanges of atmospheric pressure and temperature
occurcd. Cloarly,thns was also aided by the employment
of a temperature conmnpensated probe.However,il also
showed that there was no ageingfor both T@&uOHu,lL'WaS
decided. that aging was not exiectlve.

6.7.2.Calibration of the anemometer unit

A DISA 55D01 type ancmometer was employed for the investi-
gation.DC and RMS voltages were recorded from 55D31 and 55D3%5
type digital voltmeters. .

When using a single sensor type probe, calibration of the
anemenmeter unit is performed as follows :

a)Voltage measurement is made.
b)Current passing through the wire is meauured (a suitable
value 1s 5.5 r;)

c)Resistance OL the connection lead is compensated.

ngesistance of the hot-wire is measured.

e)Overheating ratio is udjuuted Care must be taken cduring
this operation not to increase the wire tempcrﬁture mo¢e
than BOO otherwise the wire material starts oxidation.

For most types of probes,the recommended value foxr the
overheating ratio is 1.8 . '

- f)hinemoneter is turned on to operation.The voltage vslue
which is now readable from the DC voltmeter is due to the
heat transfer from the wire by nstural convection.In gene-
ral,this value is taken as the voltage value at zero velo-
city.In fact,a smaller value must be determined Ironm
calibration since free convection causes a flow around
the wire and this value is not bhe actual value at zero
velocity. -

This calibration is carried out at 1/20 bridge ratio and
it is compulsory to use the adjustable resistance built in
the anemometer unit.When the measurenents are required in a
flow - field with  Ttemperature gradis rts,eithﬂr several
calibrations have to be made for the requirecd temmeratures
or the hot-wire readings have to be correccted for the tenne-
rature differences from the calibration temperature.

In both cases,hot-wire measurements must be preceded by tem-
perature measurements.It is obvious that both procedures

are very tedious and time consuming;also,temperature fluctua-
tions can never be compﬁnoated It wo,bhereEOfe nuch more
suitable to use a temperature compensated probe.

Athough a temperature compensated probe prcvides more
correct and easier measurements and considerable time
saving,i1t has 2 minor disadvantage.Bescause there are tw
sensors on this probe,two leads are required fo connect it
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to the anemometer unit.Since the adjustable bridge arm
resistance is not used in this case,the anemometer unit
operates at 1/1 vridge ratio.The two leads should,there-
fore,be completely identical.Otherwise, oscillations occur
at high frequencies,causing a lower frequency response from
the overall system.This has been checked by feeding a
signal from a square wave gencrabtor (DISA 55D25 Type Auxki~
liary Unit) and the frequency response has been found
around 20 kHz at zero velocity.However,it is known that
under non-zero velocily condition the frequency response
increases considerably (Ref.59).It is expected that it
becomes in the range of 20 to 40 kiHz.This range is consi-
dered sufficient for the present .case since it is known
that contribution Lo the Reynolds stresses by the high
frequencies more than 20 kiiz is already negligible.

Calibration of the anemometer unit for the temperature
conpensated probe has been made as follows :

a)Voltage measurement is maede. )

b)Probe current is measured and adjusted. _

¢ )Compensation for the resistance of the first lead is
made at 1/20 bridge ratiosusing a shorting probe and
probe support relevant to the temperature compensated
probe.'ithout changing the settings,the second lecad is
connected and is checked.If there is no change in the
in the meter deflection,both leads have the same resis-
tance.Proper setting can be achieved only after several
trials. .

d)It is always better to check the resistance valucs of
both the wire and the temperature senscr,at least
against the possibility that the latter is defective
or broken.This can be performed in the usual way,uvsing
the adjustable bridge arm resistance at 1/20 bridge
ratio.Feilure to do this check will burn out the wire
if the temperature sencsor is defective or broken.

‘e)The probe is connected with the two leads to the probe
and compensation resistance terminals on The anemcnever
unit. '

£f)The bridge ratio is adjusted to 1/1 .

g)The anemometer is turned on to operation.For the value
of the voltage which is read on the DC voltmeter,the
remarks in the item f£) of.the simple operational proce-
dure apply equally.

6.7.%.Celibration of the temperature compensated hot-wire
probe

Calibration of the temperature compensated hot-wire
probe (type 55P81) was performed on the same test rig 1n The
straight jet obtained without the swirlers in position 1n
the nozzle. Turbulencc intensity was approximately o.02
(calculated according to the simple procedure,Ecn.6.22 )
in the straight jet at the nozzle exit.Calibration nas been
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carried out with the probe in horizontal position and the
wire 1tself facing the velocity vector at a perpendicular
direction (see Egqn.6.29).

. The experimental procedure for the calibration of the
hot-wire probe was as follows :

4%Atmo spheric pressure was recorded.

2)The rig was run at maximum mass flow until a otoedy
flow is obtained.This was achiceved by checking The ter
perature and mass flow until ©They assume & constant
value.Their values were recorded.The tenperature probe
was then taken out for it was increasing the level of
-turbulence in the straight jet at the nozzle exit to
approxima telJ 0.0> o |

3)Starting from maX1mum mass flow rato it was reduced to
zero value.For each value of the mass flow, dynemic
pressure and the corresponding voltage from the znemome-
ter were teaken.

4)A typical plot of these values,volbage sguared versus

root velocity, is shown in Fig,6.20 PTObaDlj because of
temperature compensation,no significant charnges were
observed in the celibration curve due to daliy chsnges
in atmospheric conditions. |

5)It is known (Ref.81) that a curve of the form of Eqn.6.26
provides a better f£it to the ca 11bratlon curve. iz,.06.20.
The coefficients of Egn.6.26 were debtermined using the
method of least squares.It was applled in the following
manner (Ref.82):

2¢ Ug+) B U’e}+K'A => T
20 U§+§ B U+ A Ugi—z E"gué

z C U§+§ B Ug+§ A Ue=§ ”"

where K is the number of measurements during calibration.
This equation system was solved to obbtain the coeificients
of Eqn.6.26 ,using determinant expansion.It should be
noted that a bettler accuracy can be obla ained as the
number of measurcmnents 1s increased. i valuve of K bevween
50 and 40 should prove enough for most applications.

An important p01;t to remember is that in Eqn.6.26 , A
should not be taken as the voltage value at zcro velccity.
it should be determined from calculation,performed eixcluding
the voltage value at zero velocity from th ,ApeﬂzwﬁntaW data.
The reason is that at zero velocity the voltage indicated by
the anemometer iz spuriously higher than the actual
value.This is duc to the free convoction from- the wire,
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A good fit to the calibration curve whichis very essentinl
in the whole procedure czn be obtained in this way.

It was mentioned above that the effect of dally abtmos-
pheric conditions on the calibration curve was insignificant.
Only slight changes occured in the calculated values of
coefficients A,B and C. The coefficient B wers most influenccd
by these changes. The differcences in the values of A and C
were very snall.The important point is thalt how these changes
in the values of A,B and C influence the results. An exanplc
is given in Tables 1 and 2 IV is seen that the variations
in the determined velocity or stress terms are quite negli-
gible.Clecarly this was provided by the use of a temperature
compcensated probe.

6.7 .4.Directional sensitivity tests

Tests were also carried out to determine the directional
sensitivity of the temperature compsensated hobt~wire probe .
It was rotated in the straight jet in the yaw gnd pitch
directions (see T'ig.6,8) to determine the vsriation of the
heat transicr,that is,the voluazse ¢xrop acrose The hot-wire
(Fig.6.21) . Variation was significant only in +the yaw direc-
tion.The difference could increase up to 24% with respsct to
the voltage value at the initial straight orientation., The
sensitivity in the pitchwise direction was,howecver, very in-
significant.It was not therefore considered in tThis study
and the pitch correction factor was taken ag eqguel to unity.
In Ref.71,it is reported as spproximately 1.02 I desired,
hovever, incorporation of the pitch correction factor intbe
the procedure does not present any diff culty at ell.

-

The yaw correction factor was taken as 0,17 .This choice
is substantiated by Ref.?71 for a hot-wire probe with similar
structure.It is reported as about 0.2 in Ref.59 .The effect
of the choice of the yaw correction fsctor on the results
were investigated.It can be seen from Tables 3 and 4 that
the choice of the yaw correction factor does not influence
the results significantly.Irn fact,the difference in the
results are so small that a much larger diffcrence in the
value of the yaw correction factor would not change the
general tendency in The graphs. '

6.7.5.Measurement procedure

The hot-wire probe was located to the required position
in the flow field using the traversing mechanism of the lathe.
The probe srm was fixed to the same hole on the platform
where the five-~hole spherical pressure probe was also fixed
for nmeasurcments (Fig.5.6).

The procedure for the measurcment of a flow field was as
follovws :- _
1)The rig was run until a steady {low was obtained.This was
checked by observing the mass flow and temperature.These
-viere recorded.
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2)The probe was then located to the measurement points in
the flow field as shown typically in Fig.6.17 .I% was fhen
rotated three times at every point.For each owientation,
DC and RMS voltages were recorded.

3)Then,these values were fed inbo = computer program to

' make the calculations presented in Section 6.6 .

6.8. T“ST APPLICATION TO A STRAIGHT ROUND JET

The procedure was applied to a straight jelt oblained
- without the swirlers in position in the nozzle of the testh
ig.Nozzle velocity was approximately 100 ft/sec .Traverses
werc made at several stations along the Jjet axis. The
variation of the axial velocﬁty profile 1g shown in Fig.6.22
where the sprcad of the Jjet and decay of the velocities are
observed.Normalized axial velocity profiles with respect %o
the meximum axial velocity at each axial station is shoun in
Fig.6.25 It is seen that at the nozzle exit, a laminar
velocity profile in a pipe is observed.Further downstresm,
the veloc1t profile expands and become sinilar to bHhat
occuring in the blmllarluy region.Comparison is given with
Ref .85 where the measurements were made in the similarity
region of the jet-(z/D=20).It is seen that quite gocd
results are obtained with the prescent formulation.intesrabling
the axial velocity profile at the nozzle exit, mwu” flow was
checked.Calculated mass flow was 96% of the measurcd mass
flow with Tthe orifice meter.Integration wag per” o““ad b
fitting a curve to the axial veWOClt} profile.

. The distribution of the shear stress uv is shown in
Fig.6.,24 .The poltential flow region where fthe shear stress
is not important can be observed quite olea*¢goux3rLration

of Fig.6.22 also reveals a similar region at the boundexy
of which the axial velocity profiles start to deviate Irom
their flat form.The decay of the shear stress in the flov

field can be seen from Fig.6.24 .Its profile varies Towards
that existing in the similarity region. Hormalized shear
stress profile at station z/D=6.0 has been shown in Fig.G.z25.
Its maximum value is of the order of 0,003 which nay seen

a bit low .However,firstly the nozzle FOOMOUry,“n the forn

two steps, causes the average Iflow velccity to decrease
considerably apart from the other geonetrical effccts on the
turbulence pronv*tles of the flow field.''hen the flow velociiy

decreases, the shear stresses decrease all over the flow ficld,
Secondly,tlc value of shear streecs in a flow field depends

oni the position of the fluid in the flow ficld.For a point
further downstream region,its value is smalier, In Ref,&4 .
for insbtance,vwhere the nozzle c¢xit region of a round Jjet is
exgmined, the maximum value in g nrofllc of the normalized
shear n‘wcsc is 0.01 at z/D=2 ,0,009 ot z/D=4 and O0.0074 &t
z/D=7.5 .1t can be deduced,thereicre Lhuu at z/D=6 normalized
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shear stress should be cf the owrder of 0.008 .However, the
nozzlc velocity in this work was very high 001reooonding

to a Mach number 0.% .In the present straight Jjet, it i
about 0.1 .Also,considering the effect of the nozzle
geometry,this louor value of the normalized shcar stress

is Jjustified.Distribution of the kinetic encrgy of turbu-
lence is shown in 1'ig.6.26 .The peaks in the second and
third profile curves devclop due to the disturbance produced
by the step at the nozzle exit.is 1t 1is seen,howecver, it
decays rapidly at o distance of about six nozzWe diameter
and the profile of uhe turbulence kinetic energy becomes
almost similar to Tthot in the similarity region. Iormuilze
values of the kinetic enerﬁy of turbulence is shown in
Fig.6.27 vwhere the transition from off-central peak form

to central peak form can clearly be observed,Comparison hag
clso been given with Ref.83 .However, the higher velues of
k/Un in this reference is due to the measurements in the
.similarity region where the level of turbulence is higher.

The increase in the level of longitudinal turbulence intensity
~has been plotted in I'ig.6.28 where the decay of saxial velocity
along the Jjel axis has slso been shc vh.j:uctTy simllar recsults
are reported in Ref,85 .The raedial distributicn of the ¢ong¢«

tudingl turbulence 1nten51ty is shown in Fig.6.29 vhere it

1s seen that turbulence increases in the downstream direction.
Comparison 1s also given vo indicate The qualitative simi-
larity .However, complete quantitetive consistency can not

be expected becauvse of The nozzle gecometry inm the present

C

work.Also, in the referenoc given for ﬂomoavlooqﬁ the nozrzle
velocity was aboubt Three tines larger than that in the wrosent
investigation.On the other hand,it is worth notinb thet There
is even a good conulstency in bhe quantitative form,especinlly
in the centrzl region of the Stralghu jet where the flow was

not effected much by the step in the immediate downsitream
region of tThe nozzle.

The purpose of this section was,rather than carrying out
a complete investlgatlon of straight round Jjets ,only to Test
the pcrformance or the hot-wire formulation presented ir
Secticn 6.5 . As it was shown, it produced quite reascnable
results,.The differences from Lhe other works were due to L“V
step in the nozzle of the test rig.

©.9.ADVARTAGES AND DIQADVANTPGES OF THE METHOD

Advanvages can be outlined as follows :-~

1)Easy to apply.

2)Single probe is used.Both calibrabtion and measurement
times are ,uh\LcFore shorter.Operation during the mcasure-
nents are signiiica nuly nore convenient.

5)Recirculation zcnes can be detected rather easily.

4)Since it is sufficient to use a single wire probe, tempers-
ture conmpensation can be effected readily by using a '
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temperature compensated probe. ‘

5)Since the number of orientations are es5 little as
possible, the state of the flow can be concidered as
constant during the threc orientations.

Disadvantages are :-

1)The assumption that the three voltages are sqguare wvave
form and in phasc.This might not be completely true.
However, the mass flow obtained integrating the velocity
profiles was quite consistent with the messured vslues.
For this reason,the above assumptions can be considered
as reasonable, ' .

2)The formulation has not given zcro swirl velocity on the
jet axes.This might be,however, not duvue to an unrealistic
formulation,but due to a slight asymmetry in the flow
field.Also,. the structure of the hot-wire probe can also
cause the detection of non-zero swixrl velocity on the
axis.

£



CHAPTER 7. RESULTS AND DISCUSSION
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7e1 INTRODUCTION

One of the most common ways of obtaining swirling
“flows i5 to employ a vane type swirler.because the swirier
is the main component dominating the flow in the prinmary
zone of a conventional combustor, knowledge of the effects
of its design parameters-on the siHhructure of the flow
field where all the rcactions of the combustion process
are taking place,is vitally imporiant to The combustor
designer.Despite its importance,not much work has been
done on swirlers.Currcntly,flat vane types are used most
frequently.Hovever,even for those,design data are not
complete (see Chapter 1).

In this chapter results ¢f the tests carried out to
eilucidate the influence of tThe swirler design paraneters
on the mass flow-pressure drop characteristics and the
size and turbulence choractveristics of the resulting
recirculation region,are presznted.xleven swirliers with
different design parameters,vith either flalt or curved
vanes,were tested.They are shown in Fig.s5.5.9 to 5.12 .

-

The parameters for each swirler are listed below -

Details ‘of Swirlers

SWIRLER VANE VANEL ASPECT SPACE-TO-~
NUMBER TYPL ANGI.E RATTO CHORD RATIC

v+ e R 5 s e T Y

S.1 flat (C.)* 60 1 16 vanes .
5.2 curved(0.C.) 60 1 16 vanes
S.3 curved(C.) 60 1 1€ vanes
S.4 curved(C,) 60 1 12 vanes
S.5 flat (C.) 50 AU 16 vanes
S.6 flat (C.) 60 A 16 vanes
S.7 flat (C.) 60 o 12 vanes
S.8 flst (C.) - 70 M 16 vanes
S.9 curved(C.) 50 A 16 vanes
S.10 curved(C.) 60 R 16 vanes

S.11 curved(C.) GO L 12 vanes
S5.12 curved(C.) 70 JU 16 vanes

'y b 5 4 YT M\t [N 1.7 - T APARt A all ¥
7e 2 FLOV CHARACTERISTICS AT SWIRLIER RXIT
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been examined specifically.All attention has been focused

on the c¢xit conditions and the resulting flow field.lovcyver
a close cxaminations of the velocity profiles at the exit
gives quite a reliable insight into the flow occuring within
the swirler itself,

- A1l measurenents ot the exit of the swirlcrs have becn
taken at an axial distance of .25" .The heads of the two
probes have been placed in The middle of two vanes at the
swirler exit. Tybical axial velocity profiles at the exit of
the three types of swirlers, S5.1 , 5.2 and S.4 , are shown
in Tig.7.1 . The efficiency of curved vanes can be ceen
readily : nore angular molcntum can be imparted to The
axial flow by using curved vanes.,Therefore,mnoss of Tthe flow
leaves the swirler near the outer wall of uhO swirler, that
is,sharp p\brs in the axial velocity profiles arz obtainces
near the cuuo“ wall.These results are exactly consistent
with those Ref .21 ,where also aimost flat axial velocity
profiles were obtained at the exit of a tangential-air-eniny
type swirl genorator for moderate and weal: swirl cases,lor
strong swirl nevever,the profiles had a sharp peak necar the
outer wall,similar bo those obtained from the curved vane
type S\lhlero in Fig.7.1 Mostly, exit velocities in the
immediate downstream of the vane tyne swirlers are nod
reporved i1n the literature,for insvance Rel.Q and 12 .

This is because the flow is very complex and of small %LZ
in the immediate downstream of the swirler,with respect to
the dimensions of the heads of the two probou.AnJ erron
~due to this is neglected,

Exanination of the other OOﬂponcntu of the absolute

¥xit velocity alds more the understancing ol the flow
SUruCUure in the swirler z2nd also explains the better
performnance of curved vanes,that is, addition of more
angular nomentum to the inconing purely axial flow. The
radial distribution of the swirl velocitbty component at vhe
exit from the same swirlers as those in Pig.7.1 is shown
in fig.7.2 .The ability of the curved vane btype swvirlers
to impart a larzer swirl velocity to the 1noonin” axial
flow is apparent.This means that for L“o sane vane dngl
as that of a corresponding flat vane type swirier,a lahoer
swirl number is created with curved va pe type ”'Lfl“?
Therefore, a larger recirculation region is inher e“ulJ
expected 1rom a curved vane type swirler.

_ It can be deduced from cxaminabion of Fig.7.1 and 7.2
that the axial vclOCJLJ proiilcs inside the swirler followus
the following pattern (Fig.7.%a,b) : both circumferantial
and radial distributions start with almost Ifiabt profiles.
Hoviever, bccause of the swirl velocity componentd innartel
to the flow & cenbtri. “uzai force acte on each fluld parvticle
in the SUL?lGT Therefore,every fluid parbticle ot the inlet
tends to move radially outvacd along the lonsth of the
swirler (Iig.7.3b).0hus,most of the flow leaves the swirl
near the uitol"N1J1,wamnﬂnr‘vo’u,fa1'v.acouvlilxbxcnl of the
flow occurs on vhe pressure surface (oonc wve side) £ the
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vanes (Fig.7.%a) and the wajority of the flow in a passaze
leaves the swirler close to the pressure side of the onec
of the surrounding vanes.In the immediate exit from the
swirler,the flow is not axisyumetrical.However,because

of the strong mixing charactecistics of sw1ﬂ11n“ flows
such discontinuities are smoothed out very rapldlj and
the flow field can be asuumed axisymmetric within a short
distance irom the swirler.If the swirl number is to be
calculate © by inveprating velocity profiles it would be
more pro cr to use profiles atb some distance dovnstrean
from the swirler.

7«5 PRESSURE DROP-MASS TL Wi CHARACTLIRISTICS

One of the mos<t 1mpor tant pevformapce parameters for
a vane type swirler is 1ts pressure drop-mass flow
characteristic,more preclselj,fhe knowleagc of what pressure
drop occcurs 4‘h?"ough the swirler at a certain mass flow.
The total pressure is here defined as

AP =P 4 =Py - | (7.1)

This is plotted against mass flow in Fig.7.4 It is

obseved quite clearly that in all the cases Ilat vane type
swirlers,for a given vane anzle,aspect ratio and vane

. numbers (that is,space-to-chord ratio) produce larger
pressure drop than the corresponding curved vane type
swirlers (compare S$.8 to S.12 ,S5.6 to $.10,8.7 to S.%1

and S.5 to S.9).For a larger value of aspcct ratio {(1.)
similar results were ootalned. flat vanes produced larger
pressure drop (comndre S.1 to S.4).However, the off-central
design with curved vanes gave larger pressure drop (sce S.2).
Increasing vane nunber (that is,decressing soacemtomchord
ratio) increases pressure drep for both flat and curved
vane type swirlers.Its influence is nmore pfOuounced in

the case of curved vane type swirlers (compare S.10 to-
S.11).Its effect ,however, is only slight for flat vane
type swirlers (compare S.6 to S.7).Decreasing aspect ratio
increases oressure drop in the case of both curved (compare
S.4 to 3.11) and flat vane type swirlers (compare S.1 to
S.5).These resuvlts can be summarized as follows :-—

a)Pressure drop is decreased by the use of curved vanes,
However, off-central design gives larger pressure drop
than the corres Donding flat vane type.

b)Incresing vans ﬂglc increasea s pressure Crop for both Flat

and curved vane type swirler

¢)Increasing space~to-chord rablo decreacses tne press
drop.Its effect is much more sipgnificant for curved
type swirlers.
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d)Increasir aspect ratio reduces the pressure drop
very congsiderably.

Normalized values of the total pressure drop with
the nozzle dynamic head has been shown in Fig.7.5.The
.sane remarks as those mentioned above for Fig.7.4 apply.
Furthermore,it is obgserved that all the curves tend
towards a constant value above a mass flow of approximately
.15 1b/sec .

The pressure drop normalized by the swirler inlet
dynamic hcad is shown in Fig.7.6. It is observed that
the flat vane type swirlers produce larger pressure drop
coefficients Tthan the corresponding curved vane type
svirlers (compare 5.8 to 8.12,5.6 to 5.10,3.7 to 3.11 and
S.5 to S.9). Increasing. the space~to-chord ratio decreases
the pressure drop coefficient for both flat (compare £.6 -
to S.7) and curved vane type swirlers (compare S.10 to
S.11). Increasing thc vane angle increasces the pressure
drop coefficient for voth flat (compare 3.5,3.6,5.7 and
5.8) and curved vane type swirlers (compare S5.9,3.10,3.11
ané S.12). Necreasing the aspect ratio increacses the
pressure drop coefficient for both flat (compare S.1 to
S.6) and curved vane type swirlers (conmpare S.4 to S5.11).
It is again observed that above a mass flow of about .15
1b/sec ,the pressure drop coefficient tends towards a
constant value for each swirler,

The reasons for these results can be explained as
follows : according to Ref. 85 ,vhere a method is presented
to calculase the pressure drop coefficient in blade rous
of axial flow turbines,the losses in blade rows can be
- divided to :- :

a)Profile loss :This is due to the skin friction on
and separation of flow from the blades.

b)Secondary loss :This is due to the three dimensional
effects,particularly due to the interaction beltween

the blade ends and the boundary layer on the annulus

WallS °

c)Tip clearance loss :This is due to the clearencc between
the blade ends and annulus wall.There is not such a
loss in the swirlers of this work.

d)Annulus 1loss:This is due to the boundary layer friction
on the sznnulus walls.In fact,the annulus loss is very
much rclated to the secondary loss.l'or analyzing purposcs
purposes,however,they are considered separately.bccause
axial length of the swirlers in this work are xrather
short (less than 1"), this loss is considered very

small, -

The profile and sccondary losses are, then,the main
losses occcuring in vane type swirlers.in thea case ol fla
vanes,the profile losses are excessively large because The
vanes run alweys under stallied condivions. &4 recirculation
(separation) rcgion is formed behind each vane and extracts
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considerable energy from the main flow in the pasésges

as 1t was explained in the Section 1.7.Additionally,

such a separation region in a passage blocks the main
flow area and incrcases the velocity gradicnts in the
main flow region of the passage. Therefore,it causes

the frictional loss to rise up rapidly. In the case of
curved vancs,however, these energy dissipating eddies

are notv present over the substantial part of the vanes
since they do not occur ncar the leading edge. Separation
might occur over the suction (convex) side of the vanes
near the trailing edge. 1t is seen,however, that the
blokage in a passage due to a separation rezgion has been
avoided and this consequently reduces the frictional loss
through the blade row extensively due to the resulting
smaller velocity gradicnts. Secondly., the venes do nob
run under stalled conditions and scparabtion region whick
nay occur near the trailing edge is expected to have

nuch less influences on the flow field in the passage.
Therefore, it does not cause energy dissipeiion throuszh
the swirler. A slight increase in the overall frictionsl
loss which is due to tThe increased wettved area in the
case of curved vanes in comparison to flat vanes is
obvious. On the other hand, the toval frictional loss i
larger in the case of £lat vanes due to the resulbting
separation regions. These are the reasons why less pre
drop 1is incurred in the case of the curved.vane type
swirlers. This can be scen from Tig.7.6 ,comparing the
curves for 5.3,3.6,3.7 and S.5 to 5.12,8.10,5.,11 and 5.9,
respecvively.

]

>ure

n
0

The reason why the pressure drop increases for both
flat and curved vane type swirlers with decreasing
space-to~-chord ratio (that is, increasing vane number) is
simply that the wetted area increases. This increasss
both the frictional losses and the number of separation
regions bechind the vanes.All these factors cause nore
energy to be dissipated through the swirlers (see Tip.7.6,
comparing S.7 to S.6 and S5.11 to $.10).Similar results
are also reported by Ref.86 (see Fig.7.%a).A point of
minunum is observed on each curve.The increcase on the
right side cof the curves are due to increasing secparation
losses at high space-to-chord ratios.For such high values
of the space-te~-chord ratio ,a proper overlap of the vanes
can not be obtained and the turning flow separates fron
the convex surfaces of the vanes,while also increasing
the pressure loss.For the lower values of the space~to-
chord ratio,this inefficiency in bturning the axial flow
decreases .However,the wetted area increases,together with
the velocity gradients in the vassages.Both these factors
increase the frictional loss rapidly as the snace-to-chord
ratio decreases,in consistent with the results presented
above,The swirlers employed in this work had the followingz
space-to-chord rstios (at blade mean heights) :- '
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number of vanes 16 ' 12
aspect ratio : 1 «59% YD)
- o 511 .68

Comparing to IFig.7.6a,it ic seen bthat all the swirlers
run on the frictional loss side of the curves.Zt is also
obscrved that they all lie in the region where losses are

ok

the least for practical vane anles,that is, 50,60 and 70.

IFinally, the ceffect of the aspect ratio that incrnasinﬁ
it reduces the pressurc drop for both f£flat and curved wvane
type swirlers, can be explained as follows : If the aspect
1s ilncreased while Aeeplng the choxd constant, the eifocu
of the bourndary layer on the mcln flow in Lhc PASSEY
decreases. The secondary loss is, thereflore, “educcﬁ This
means that increasing aspectv ratio reduces vhe pressure
drop (see PFig.7.6 comparing S.6 to S.1 and S.191 to S.4)
Similar results have also been obtained in Rel.8% e
Fig.7.6b)wvhere it is reported that chanzing the ‘
ratio by cnanzing the LODTFH of the chord and Icepi:
aspect constantv does notv produce the same effect,sin
the secondary losses then are albtered very insig nlllcdnflva

Qb
6]
I
]
Q
C

¥,

2 The pressure drop coefficient devided by both tgd or
tg™0 and accordingly shown in Fig.”/.7 by the curves n Wbc ~ed
as 5.8.1 and S5.8.2 for the ow1*wvr S.8,etec., indicate
that it 1s proportional to tg © .For flac vane uvype swlrlers

Pi-Pa

.58V§tgge

4, . (for h/c=.4) C(7.2)

can be assumed roughly. Then, using Ean.,7.2 1t 12 possible
to calculate the total pressure drop from a flat vane type
swirler for a given vane angle. For curved vane Type

swirlers with the aspect ratio of .4 ,however, the valu
of this constant reduces roughly to 402) . When the asy
ratio is increased, the deviation from the COHnuuﬂu val
1.25 , is only slight for the curved vane tyoe swirlers
(comparc 5.12.2 , 8.11.2 , 5.10.2 and S.9.2 to S.4.2) .

However, the deviation for the flat vane {type swirlers 15
_eyce081velv large (compare S.8.2 , S.7.2 , 5.6.,2 and 8.5.2
0 S.1.2). Therefore, ®on.7.2 can not be used to calculate

e

ev n roughly the total pressure drop for the flat van

type swirlers, Tor a ailferent aspect rJU“O, a completely
different constant must be determined Gpr]lﬂQULﬂLL Tor
curved vane type swirlers,however, 1t can be used W1Fq _
relatively good accuracy 1rrn“pocuive of the aspect ratio,
only by replacing the constant &4 by 1.25

Much legs pressure drop created by the curved vane Hype
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swirlers can be seen more clearly by plotting the
pressure drop Irom the curved vane tType swirlcrs
rnalized by the pressure drop frow the flat vane
type swirlers versus vana angle for the ceorresronding
swirlers (I'ig.7.8). It i1s secn that all the values are
below .4 and the curved vane type swirlers yield much
less pressure drop than the Tlat vane type swiriers.

The constant values of the pressure drop cocfficicnt
for each swirler (sce Fig / 6) over a mass flow of .15
1b/scc are shown in Fig, 7 G as a functiocn of the wvane
angle. It 1s scen QULLb clearly that the curved vene type
swirlers produce much less total pressure drop than the
flat vane tyve swirlers. The difference incrcases very
rapidly as the vane angle is increased. For the belth types
of swirler , %ncre’sing the space~to-chord ratio decreasszs
the total pressure arop oocL¢L0¢ont This 18 more pronounced
for the curved vane type swirlers.,

The static pressure drop through the swirlers,which
is defined as

Apxpi"(pe>axis

was also investigated.It is observed from Fig.7.10 that
the curved vane type swirlers induce much less sbtatic
pressure drop in comparison to the corresponding ILlatb
vane type swirlers (connare S.8 to 5.12,5.6 10 5.10,

S.7 to 3.11 and S.5 to S.9).The influence of reducing the
"number of the vancs (or,incrcesing the space-to- chord
ratio) is the same for both the curved (compare 3.70 to
S.11) and the flat vane type swirlers (compare 5.5 To
S.7),such that it decreases the static pressure drop.
Fowever,tp¢u effect was much niore pronounced for the
curved vane type swirlers. Increasing the aspect ratio
reduces the static pressure droo for both the flatb
(compare 5.6 to 35.1) and the curved vane type swirlers
(compare 5.11 to S.4). The effect of increasing the vane
angle is to increase the static pressure drop for bLoth
the curved (compare $5.12,3.70 and 8,9\ and the Ilav

vane type cwirlers (oompuro S.8,3.0 and 5. 5) The .
normalized values of static D”C““ufe drop with the
avarage nozzle dynanic head is given in ng.7cﬂﬂ . The
same remaris as above also apply vo this figure. IT
should be noted that above a mass floww of .15 1b/scc |
‘all the curves vend towards constant values. This suows
that the static pressure dreop is not dependent on the
mass flow rate any morc.

Al

The nornz liized valuecs of the static pressurc drop
with the swirler inlet dynamic hecad is given in I ;,.,42,
It is seen that 211 the curves tend towasrds conctondt
valucs.actually it can be assumcd that above a mass Liow
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of .15 1b/sec , they are not dependent on the mass flow.
As for the total pressure drop, the sbtatic pressure drop
coefficient is much higher for flal vane type swirler in
comparison to the curved vane type swirlers (compare 3,8
to 5.12 , 5.6 to 8.10 , 8.7 to 3.11 and $.5 to $.9) .
Increasing the vane angle increases the St satic pressure
drop cocfiicient both for the flat (see 5.5 , $.6 and
S.8) and the curved vane type swirlers (,oe u°9 , S5.10
and S.12 ). Increasing the space-to-chord ratio decreases
the static pressure drvep cocefficienlt for both the flat
(compare S.6 to S.7) and the curved vane type swirlers
(compare $.1C to $5.11). For the flat vane Gype uwjﬁlovu,
if the osnbct ratio is increased, the static D ssure
drop coeificient decre 2585 (coqpar@ Sof to S. ) Tor
curvea vane type swirl s,novcvar it increases
S.11 to S.W) This is due to Tthe l ess blokage or
the curved vane Type swirlers than those having
Tor the lavter,incr eabinm the asnect ratio de >crea
blohabe very rapidly.For the Eormel,bowevor T
in the u7O“&ﬂ° is much less. Therecfore, the stablc p
drop 1s smaller than trwaF of the flat vane Type swirl
for a given mass flow (see Fig.7.10 and 1”).“o”ovc
inlet dynanic head drops very cons siderably in both L """
for increased aspect ratios. Thus, increasing the aﬂoe
ratio increases the static pressure drop coefficient for
the curved vane type swirlers,

~
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The constant values of the static pressure drop
coefficient for each swirler (seﬂ ”10,/012) above a nass
flow of .13 1lbv/sec are shown in fig.7.17 as a funciicn
*of the vane anzle. It is again observed that the curved
- vane type swirlers produce.nuch less static pressure
drop than thz flat vane type. For both the curved and
flat vane type swirlers the pressure drop increases
with increasing vane angle and decreasing space-to-chord
ratios,

7.4 VARIATION OF THE STATIC P?ESQUWL ALONG THE AXIS

The distributions of the static pressure alongyg the
axes of the jets issuing from the flat and curved vane
type swirlers are shown in Fig.7.14 .For all the swirlers,
except for 3.1 , the distribution starts with a deCﬁﬂqse
towards a minumum (the pesks). After this minumun value |,
. the static pressure increases towards qtmonheric pressure
asmbthotica lly The peaks coincide with the position of the
centre of the recirculation reolon for each swirler.
Therefore, the position of the peak of each curve d]ﬂng
the axis gives insight into the size of the TCC”"‘l ation
region creaued by that swirler.lt is observed tUhat the
centre of the recirculation region is shifit d llg-aly
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in the downstream direction as the vane anple is 1ncr°ased
for the flat vane type swirlers (sece S.5 5 5.6 and £.8 ) .

It is also accompanied by a decrease in the mlnlmum value of
the static pressure . These resuits are completely in
consistent with those of Ref.8 . If the space-to-chord

ratico is increased ( compare S.6 with £.7 ) ,the centre of
the recirculation region moves further downstream and

the value of the minimum static pressure increases ., In

the case of the curved vane type swirlers ., however , the
centre of the recirculation region moves dovnslream as the
vane angle increases (see $.9 , 9.I0 and $.I2 . It is
also observed that the value of the minimum static pressure
increases as the vane number increases . When the aspect
ratio 1s increased to I in the case of the flat vane type
swirlers , the normalized static pressure increases
considerably ( compare £.6 with C.I ) . Also , no veak is
observed. Tor the curved vane lype swirlers , however , the
pea¥ks appear in the distribution of the static pressure

(see ¢4 and S.IT ) and their positions are shifted in the
upstream dire ction’ . It is concluded that distribution of the
static pressure along the axis of the Jjebs is rather irregular
for the different types of -swirlers with different design
paraneters and can not be formulated in &« simple nuthematical
form . Similar Zrregular distributions are alsc reported in
nef, 9 .

7.5 VELOCITY DISTEIBUTIONS

It is appearent from Section I.I that flame stabilization
in a flow stronsly depends on its structurejthe structurs of
a flow field is determined from profiles of the flow progertiocs
The size of a recirculation rezgion in a flow field can be deter-
mined,for instance,from the axial velocity profilesj;forced
vortex core is observed fron the swirl velocity distributions.
These will be presented in this section to examine the structure
of the flow fields.

All the fif]d investications in the flows issuing from the
swirlers S.1,S. ,u.)sk.j, IQ S.IT and S8.12 have been made at a
constant mass flow of O. lu/sec .This mass flow has produced
an average nozzle velocity of 6 ft/sec .lhis nozzle velocity
corresponds to an averaze swirler inlet velocity of 41 ft/sec
for the swirlers havins the aspect ratio of I and to 78 ft/scc
for those having the aspect ratio of 0.4 .Defining several
Lheynolds numbers as

U, (D-d)

| P R — - (Wef.8)
de 3



Ui c
Reciz (70 5)
\)
Vo\c
ReCO= 3

cor cbnondlng flow parameters for the swirlers can be cal ulate
as follows :

. * a2 .y i _

Swirler B°R'=<jf) Ji .V, Rey L0 Re ;I07 Re IO 3
S.I 0.-I 41 82 4,3 2.1 4.3 I.25
S.4 0.1 47T 82 h,% el 4,5 I.25
S.6 0.5%% 78 156 305 4,1 8,2 I.51
So() 005§r/ 8 IZ_)I 505 4‘0]: 605 I‘:OL}'
S.IQ 0,537 78 I56 365 4,1 8.2 I.51
S.I.L 00557 70 I56 503 q‘oI icjo? IOC/:’I
5,12 0,537 78 228 3.3 4,1 12,0 2.40

The swirl number S has been calculated here a“COfdlag to llathu;
and .laccaluw's definition for a vane type swirler,Egn.3.37
(Ref.8).It is seen from this table that the ranze of Rege is

il

between 35000 and #3000 .This ranse is consi istent with the range

investigated in other wo““b sfor 1nctanﬂe,ﬂq*uu? and Maccalum
tested their annular swirlers in the range of Rede from L7000
to 6UUCCE Since the primary concern in this study is the irmme-
diate downstrecam region of the swirlers,the ne dsuremcnt range
extended up tc a maximum distance of 4D in the axial direction.

A conventiocn in the form of writing has been adopted to
provide convinience 1a the comparisons to the reade"ﬂn the
comparison section of a sentence the order of the swirlers has
been arranjed in the direction of w“a* is said in the main part
of that sentence.i’or instance,when saying 'Thz length of the
recirculation regLon 1ncreascs as, th vane angle is increased
(compare S.9 with S. I0 and o.*d) 1e vane angle increases
from S.9 to S.12 .

7.5.I.4xial Velocity Distributions

Profiles of the axial velocity in the jets issuing from the
swirlers S.I1,5.%4,3.6,3.9,5.I0,5. II :1nd S.12 are shown in
Fig.s.7.1% to 21 .Dzgres of swirl is h'jb in all the cases
there iu therefore a toroidal recircul on
f‘lela ‘ne core of the recirculation ref
reverse flow mone on the bounlary of i

io
on is occupied Dy a
44 C
S zero.Tue bounduary of the reverse flow

the axial Vc]ﬁthy

S w zone which 15 also
czlled as zero velocity line has been chown with dashed lines
in the figpures.szolid Line shows the “0116 rv of the recircula-

. A : Ty v 7t . ~ Y * a4 % 1, ~ e e
#: B0, gtands for blokoze ratlo.

region in every flov

Vv
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tion region where the stream function which is calculated with

r .
W = Q J U rdr (7.4)
o

has zero vaslue and forward mass flow 1s equal to reverse mass
flow.The strong swirl in the flow and the consequent toroidal
recirculation distorts the shape of the axial velocity profiles
from the Gaussian form encountered in a straight jet at axizl
distances beyond 5L .Considering also the other halfl of the
plane (-r side),it is seen that there are always in the profiles
of the axial velocity two peaks with a trough in the middle.The
profiles do not tend to Gaussian form within the range of inves-—
tigations,up to 4D.Gaussian form in the axial velocity profiles
is encountered at the axial station of z/D=I.0 in the case of 2
weakly swirling flow obtained by rotating a pipe (Ref.25).In the
case of more strongly swirling Jjets it has been observed that
the Gaussian form occurs at axial distances beyond z/D=I2(Lef.56).
It is also reported by.MNathur and Llaccalum (Ref.8) thzt the
Gaussian form is not encountered within axial distances ¢f up
to z/D=7.0 in strongly swirling Jjets issuing from flat vene tvpe
swirlers.Domination of the two-peak profile form prevalls over
longer distances in the dovmstream direction as the swirl number
increases,for instance in the case of S.I0 and S.I2 (see Fig.s.
5.I9 and 2I).This is also reported by llathur and llaccalum fou
flat vane type swirlers(Ref.3).Tne shape of the profiless c!
rapidly in both the axial and radial directions.The pcsivion
inc

with the boundary of the reverse flow zone in every Iflow
In particular close to swirler exit,these gradients are ol ¢
order between 2 and SxIO-%4sec—l.Values of the reverse veloci
are of the same order of the values of the forward velocitie
for every flow case. -

Variation cf the profiles of the normalized (vith resvect o
swirler inlet velocity) axial velocity along the Jet axis of the
swirler S.I is shown in Fig.7.22 .It is seen that reverse velo-
cities are present in the profiles cloce to the swirler exit.lhe
jet expands in the downstream direction and the peak vglues in
the profiles drop continuousl{.The reverse velocitles disappear
and the profiles tend to a flat form at the exial station of
z/D=2.5 .It is expected that they take the form of the Gaussiasm
curve further dowvnstream.It is seen that the widith of the reverst
flow zone decresases in the downstream direction.Similar trends
are observed in the variation of the prcfiles of the normaiized
axial velocity in the flow field of the swirler 504.(Figf7¢?3)0
This swirler has curved vanes and can produce therefore tetlfer
swirl on the flow than that of &.I .The consequence of this is
that a larcer reverse flow zone is induced and the peak value
of the normalized axisl velocivy at the swirler oxit,lor instanc:
at 2/D=I.0 is less (about I.2) than that of £.I whichn is about
I.42 .Also,thc positions of the peaks at the correspondiniy axial
stations sre furtier away from the jet axis end the Jjet expands
more rapidly in the latter case.lhe peak values drop in the down-
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stream direction for this swirler as well.l'rofiles of tlie norma-
li ed axial velocity at several axial stations in the flow fields
D.0 and $.I0 are shown in rig.s.7.24 and 25 srespechtively .
Exac*ly a similar picture is observed.Since these qmi lers have
larpier suirl nuubters,learer reverse flow zones ar induced; tne
peak values are less than those of S.I and S.4 dnd the negau;ve
values do not u1~1ppear in the profiles within the range of
investigations.The peaks >1mllar4y drop in the dovmstream direcc
tion fol¢ow1nv the expansion of the jets.Also {$.IQ can produce
more swirl han S.6 since 1t has curved vanes:the result is the t
1ts peak value is less than that produced by the swirler S.6 .

Variation of the normalized axial velocity on the ietl axis
for different swirlers are shown in Pige7.26 JTor every swirien,
reverse vclocities occur on the Jef axls in the immediate dovn.-
stream region and the flow moves in the upstream direction.The
reverse velocities disappear further downstream at a distance
depcnding on the degree of swirl imparted to the flow and the
flow mcves in the downstream direction.The positions of the
pearx reverse velccities are at about z/D=YX.0 and this does not
scemr changing considerably with the degree of swirl (exoomf fo
S.I).8imilar results are reported by Mathur and lLaccalun \D@f )
for svwirling Jjets issuing from flat vane tyve swirlers,who nhave
found that the peak reverse velocities are o;ueerd to occur at
about z/D=I.0 (see the dashked lines).Decrexsing the aspect rz
from I to O.4 (reducing the area of the gap) increases the peak
reverse velccity considerably in the case or flat vanes [coupare
Sel with S.6).In the case of curved vanes, howvverguccr 2aging the
aspect ratio reduces the peak reverse velocmfy gcommave Saih with
S.I1).Effect of vane type is such that curved vane Lype w:fLer
produces less reverse axial velocity (compare S.© witn S*~O) th
ray be due to larger reverse flow zone produced by ‘the curved
vane type svirler U.IO concsequently lower veiccities are obtained,
Increasing the vane angle firstly increases the maxinum reverse
velocity for curved vanes (compare £.9 with S.I0).Wurther Tise,
however,decreases the pezk reverse veloclty (see S.I2). Mathur
and Iaccalum (Ref.8) reports that the pesak reverse velocity
drops if the wvane angle 1s increased from 600 to V50 for the
case of flat venes.Comparison ¢f S.I with the corresponding
(same blockage ratio,vane number and vane typs) 609 swirler or
Ref .8 shows that the latter induces larger reverse velocities.
This is due to the fact that tiie swirler £.I can not produce
as nuch swirl as the other since the latter swirler has good
overlap on the vanes although the nwiber of vanes is less in
the latter case.The values and positicns of the moxinum reversg
velocities for different swirlers are given in the table below:

VANE

‘

Position VANE [

s Pcesition
( ; \‘Ll‘ v\ ! PN
sWIRLER. Curved) (UjLax 2/D  SYTRLE ) Gohax ~ 2/D
S.4 (60,12,4/D=.3%3) 0.69 Ce5 45,8,d/D=.224 0,25 I.0
S.9 (50,16, L7%) 0.55 0.8 hbgb, L2 Q.77 1.0
L.IO(bO,Lu, .72) 0.65 I.0 70,8, $ 524 0,75 1.0
S.IT(60.12, o75) L.585 I.C 75,8, ot 0,72 L0
S.12(70,T0, .7%) 0.60 1.0 all zswirlers above from Ref . 8
S.I(60,16,.%3) 0.29 CeR5
SL6(60,T0,.75) 0.87 1.0
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Variatiocn of the normelized mass flow in the reverse flow
zone along the jet axis is shown in rig.7.27 for the swirlers
of this work.The maximum values of the reverse mass flows
occuring in the jeus of Mathur and Maccalum's (Ref.8) flat
vane type swirlers are also shown in the figure (since the
positions of the maxiuum reverse mass flows have not been
given in this referance,they have been shown in rig.7.27 at
an arbitrary axial station,z/D=I.3 ,around which the width
of the reverse flow zone is maximum for different swirlers).
Amount of the reverse mass flow is closely related to the
strength of recirculation.In flame stabilization with vortex
flows,since the heat transferred to the fresh fuel-air mixture:
by the hot combustion products from the reverse flow zone is
directly proportional to the amount of the reverse mass flow,
its determination is particularly important for combustion
applications.Axial distribution c¢f the normzlized reverse nass
flow has been calculated with the numerical integration of +the
equation :

m
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To is the radius of thne boundary of ¥the roverse flow zone &v
particular axial station.The meximum reverse nass fiow occurs

in a flow at the axlal position of the eye of the recirculation
region.It is observed from Fig.7.27 that the maxinum values
always occur between z/D=0.6 and I.0 for the swirlers in this
work,.The recirculating mass flow increases :

a)with increasing vane angle in the case of curved{conrpare 3.9,
S.I0 with S.I2) and flat vanes (compare 450,600,700 and 75%flat
vane swirlers of Ref.8),

b)with decreasing aspect ratio in the case of curved (compare
S.4 with S.II) and flat vanes (compare S.I with S.9),

c)with the use of curved vanes (compares S$.6 with S.I0),

d)with increasing number of vanes (compare S.IL with S.I0).
Comparison of the 600 flat vane swirler of Ref.d with the
corresponding 60° flat vane swirler 2.I {(both have the blockage
ratio of 0.II) shows that the reverse mass flow is higher in
the case of the former although there are more vanes in the
latter.The difference is due to the better overlsap on the vanes
of the swirlers of Ref.8 .If curved vanes are employed,however,
the reverse mwass flow increases (see S.4) since curved vanes

can provide & tetter overlap and @ consequent awiri on the flow,
Comparison of 70© flat vane swirler of Ref.® with $5.I12 shows
that much more reverse mass fiow is induced by the latter g
apart from curved vanes much larger blockage ratio on the swirler
S.I2 may cause the difference.

at several axial stations in the reverse flow zone. In Lgn.7.5,
sha a

Variation of the normslized reverse mass filow along the jet
axis of a taagential-air-entry itype swirl generator investigated
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by Syred et al.(Ref.26) is also shown in Fig.?7.27 .This flow
has a swirl number of 2.2 and the maxinum value of the norma-~
lized reverse mass flow is 0.83my .The position of this maximum
reverse mass flow 1s very close to swirler exit due to the
type of this swirl generator;there is not a physical bleockage
uch as a hub,ocbstructing the way of the reverse flow 2t the
swirler exit.The reverse flow can therefore pecnerate the
swirl generator and the position of the maximum reverse mass
flow nears the swirler exit.It must be noted that a similar
amount (C.76 m,) of reverse mass flow can be obtained with a
curved vane type swirler, S.I0 ,which has a much smaller swirl
number, I.5I .Also shown in this fipure are the distributions
of the reverse mass flow in the wakes of three baffles,Bel,R.2
and B.>,investigated by Davies (Ref.79).7The baffles have the
blockage ratios of 0.II,0.25 and 0.54,respectively.fFer the
swirlers in this work the aspect ratio of I corresponds to a
blockage ratio or O.II and 0.4 to 0.537 .If a comparison is made
between a corresponding (in terms of B.R.) baffle and a swirler,
significance of the blockage ratio in obtaining higher reverse
mass flow is revealed.ror the R.R.=0.II if S.T and B.I ars
conpared,the latter recirculates the same maximum reverse mass
flow althousnn there is swirl in the case of S.I .The length of
the recirculation region of the swirler S.I,however,is more than
that of 1.I due to swirl.For the same blockage ratio,as the
swirl imparted to the flow is increased (for instance.,using
curved vanes) the maximum reverse wzss [low increases rapidly
(compare S.4 with S.I and B.I).If the B.R. is increasad to 0.5,
the reverse mass flow increases proportvicnally in the case of
baffles {see E.I,B.2 and B.3).If a comparison iz made between
a swirler,38.9, and a corresponding baffle,B.5, for the blocksge
ratio of 0.54 ,it is seen that the same maxinum reverse mass
flow is induced,The Bize of the recirculation region,hovever.
is larger and the position of the peak is further avey from the
exit in the case of the swirler S.9 as it is the case for the
blockage ratio of O.II ,For these reasons,tne average velocity
normal to the boundary of the reverse flow zone ncar the swirlex
exit (before the eye of the recirculation) is less in the case
of swirlers in additicn to the decrease in the level of axial
velocities due to swirl.All these factors show why beltter flame
stabilization at Ligh mass flows can be achieved when vane type
swirlers are ewnployed. As in the case of the biockage ratio of
0.,IT ,for the hlockage ratic .of 0.54 &s well,the reverse mass
flow increases very rapidly with swirlers having higher swirl
numbers (from 0.26m, for the baffle B.% and the swirler $.9 up
to I.6m, for the swirler S.,I2 having 7009 curved vanes).

Variation cf the maximum reverse mass flow with the swirl
number for hathur and Maccalum'‘s (Ref.5) flat vane type swirlers
and for the swirlers of this work is shown in Fig.7.28.It is
seen that the maximum reverse mass flow increases with increasing
swirl number in the case of both flat and curved venea,Tt is
also cobserved that curved vanes precduce larger reverse masg rlows
for a rertain svirl number (see $.9,5.70 and S.I2).It must De
recalled,however, that these swirlers namely S.9,8.10 and 2.12,

3 f = oo ] N - e - vy * ) T} 7 . S L
have a ruch larper nlockapgs ratio than thnat of 609,700 and 750
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flat vane swirlers of Ref.8 .Actually it seems that this diffe-
rance in the blockage ratio causes the increase in the maxirmum
reverse mass flow in the case of the swirlers $.9,5.I0 and

S.I2 .The reason for this is explained as follows : the swirler
S.I and ©0° swirler of Ref.8 have almost the same blockage
ratio,tlie vane angle and flat vanes;the latter,hcwever,has a
better overlap of the vanes and can therefore produce better
swirl than that of ¢.I .The indications for this can be scen
from Fig.7.26,5% and 48;for instance,S.I has a much smaller
reverse velocity (see ®ig.?7.206) and a much larger axial velo-
city peak at the swirler exit (see Fig.7.32).The maximum reversc
mass flow is therefore less in the case of S.I .The swirler .4,
on the other hand,have similar parameters to those of S.I ,but
it has I2 curved vanesjthe curved vanes can provide a good
overlap as in the case of the 60° swirler of Ref.8 and 8.4 has
a similar maximum reverse mass flow to that of the 602 swirler
of Ref.8 .The fact that 0.I and the 60° flat vane swirler of
Ref.8 have very similar flow structures can be seen from the
examination c¢f Fig.s.7.26,52 and 48 .The actual effect of the
vane type on the reverse mass flow is seen from the examinatica
of the swirlers £.6 and S.I0 both oif which have exactly the
same paremeters It is seen that kecping the other parameters
constant,the curved vane type swirler S.I0 produces larger
reverse mass flow .

Variaticn of the reverse mass flow with the vane angle is
shown in #ig.7.29 .This figure is very similar to Fig./.23; it
shows thet maximum reverse mass flow increases with increasing

vane angle in the case of both curved (see 8.9 ,S5.I0 and $.I2)
and flat vanes (see 60°,700 and 759 gwirlers of Ref.d Y.The usge
of this figure is to show the net effect of the blockage ratio
which is also included in tne definition of swirl nunter accor-
ding to Eqn.3%.37 .It is seen that increasing the blockage ratio
increases the maximum reverse mass flow in the case of both flat
(compare S.I with S£.6) and curved vane type swirlers (compars
S.4 with S.II).Comparison of S.6 with 8.I0 shows that maximum
reverse mass flow increases when curved vanes are employed. 411
the remarks about the difference in the two curves in Fig.7/.d
equally apply to the curves in rig.7.29 .Briefly,the difference
is a combined effect of vane type and blockage ratio;in fact ,
nostly due to the latter since for the same blockage ratio the
type of vane is not very effective (see S.4 and S.I).

The jets expand more rapidly as the degrec of swirl is
increased.In every flow field,the positions of the peaks 1in the
axial velocity profiles move continuously outwards in the down-
stream direction due to this expansion while theilr values also
decay.As it is well known this decay of the axial velocity
profiles is very significant for cecmbustion epplications sin
when the decay rate is high,this increuscs the residence tine
of the fuel-air mixture in the combustor and therejore alds
towards more complete burning.Decay of the peak values in the
axial velocity profiles is faster as the degree of swirl is
increasedsthis is shown in Fige.7.2U Similar results are also

0

e
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reported by Mathur and Maccalum (Ref.8) for flet vane type
swirlers (see the dashed lines in the fipgure).?"he rate of decay
increases :
a)as the vane angle is increased in the case ¢f curved (compare
S.9,5.I0 and S,I2) and flat vanes (see the dashed lines for
the 60° 700 and 75° flat vane swirlers of Ref.8),
b)as the aspect ratio is reduced in the case of flat (compare
S.I with S.6) and curved vanes (see S.4 and S.TI),
c)as the number of vanes is increased for the curved tType
(compare S.II with S.I0). -
Influence of the vane type on the decay of the peak values do2s
not seem very pronounced for the initial region up to a/ﬂwfg75;
further downstream,howvever,the decay is faster for the swirlexr
having curved vanes(see S.6 and $.I0).The 60° swirler of Ref.8
can be compared with the corresponding swirler $S.I which hags the
same vane angle,vane type and blockage ratioj;the decay wate is
faster for the former since it has better overlap of the vanes
and can produce consequently more swirl on the flow.If more zwirl
is produced,feor instance using curved van,y,the decay increases
for the same blockage ratio as that o I (see S.4). »
Sufficient residence time for fuel ard combustion products
is required for the completion of burning in the combustor.
Residence time decreases as the level of veloo tieg increagses
in the combustor.In swirl flow combustors,residence LTime deps
on the level of axial velocities.In corder to increase the
residence time and also to promote the stability c¢f the flame,
smaller axial velocities are desired. Comjarlson of the norma-
lized axial velocity profiles for different swirlers st several
axiel stations are shown in Fige.s.7.3I to 34 .Also included in
these figures are the relevant profiles from Ref.& .It is see
from Fig.?7.21 that as the degree of swirl is increased with
either increasing the van2 angle or decreasing the sspect M‘Lio,
the reverse flow zone expands;also,the peak value of the axial
velocity decreases and occurs at a larger radial distance. rFor
instance,as the vane angle is increased from 50° to 70° in the
case of curved vanes (see $,9,5.10 and S.I1I2),the peak vaiue of
the axial velocity at the exit of the swirler drops frem 1.0
to about 0.4 and the reverse flow zone expands considerably
from r/D=0.29 to 0.7 .The position of the peak value moves from
about r/D=0.5 for 5.9 to more than r/D=1.0 for S.I2 Effect ¢f
the aspect ratico is similar in the case of both flat and curved
vanes:decreasing the aspect ratio from I to O.% decreases the
peak forward velocity and shifts its position to a larger r=adial
stance in the case of both flat (see 5.1 and S.6) and curved
vanes (see S.4 and S.7I) .A comparison of the p“OTlieS of 5.6
and S.I0 shows that curved vane type swirlers can produce largexr
reverse flow zone with almost equal pealzr forward velocities.
In the case of curved vanes,a WM.Her reverse flow zone can be
cbtained by inecreasing the vane number (cee S5.1I and S.I0).
ie also seen that the 75Y flatv vane swirler of Ref.8 has quite
a °im11ar profiie to thet of S.[2 *u the reverse Pﬁow zone,
however,the reverse flow zone is larger for the forme

These trends are also cohserved in thv axiel velocity prﬂi;laﬂ
furtkher downstream a% z/D=I.75 for the nwirlerg in This work
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(Fig.7.32) .Profiles of the axial velocity at the axial station
z2/D=2.07 ror 609,700 and 750 flat vane swirlers of Ref.8 nave
also been included.lt is seen that the peak values drop &nd the
width of the reverse flow zone increases in the case of flat
vanes as well,as the vane angle is increased.Comparison of the
60° swirler of Ref.& with the corresponding flat vane swirler
SeI shows that smaller forward and larger reverse velocities
and-a larger reverce flow width are obtained from the former .
This may be due to better overlap of the vanes on the 60°
swirler of Ref.B8 .However,the difference in the axial positions
of the profiles must be noted .Comparison of 609 swirler
of Ref.8 with S.4 snows that peak values are quite similar and
curved vanes can turn the flow quite efficiently;tlie reverse
velocity is,however,slightly higher in the case of flat vanes.

Profiles of the axial velocity at the axial station of
z/D=2.5 are shown in Frig.7.%5 .A comparison of the general
appearance of this figure with those of Fig.s.7.3I and 32
clearly shcws the rapid expansion of the jets,such that the
range of measurements in the radial direction (up to r/D=I.0)
can not accommodate the peaks in the case of some swirlers ,
for instance S5.I2 .The trend of the profiles are similar to
that at the axial statioa of 2/D=I.0 .

Profiles of the axial velocity at the axial station of
z/D=%.25 are shown in Fig.7.3%4 where the axial velocity prefiles
at the axial station z/D=3.,I for the 6CC and 700 swirlers of
kef.8 are also included.It is seen that the Jjets have expanded
and the peaks are beyond the range of wmeasurements in the
radial direction.The peak values have decreased rapidly and
.the reverse velocities in the profiles have disappeared at thls
axial station,for instance ror the swirlers S.I,S.4 and S.9 .

A recirculation region is set up in the flow field of every
swirler.The upstream stagnation point of the recirculation
region is always at the hub exit;position of the downstrean
stagnation point depends on the degree of swirl given to the
flow and is not very stable.The level of velocities is low .
around the downstream stagnation point.There is no any indica-~
tion of the closure of the recirculation region within the
range of investigations in the case of some swirlers, for
instance S.I2 .The stream function has zero value at the
boundary of the recirculation region and it can be calculated
using Egn.7.4 .A comparison of the size of the recirculation
regions induced in the flow fields of the swiriers in this
study has been made in Fig.7.%5 It is observed vhat
a)increasing the vane angle increases the size of the recircu-
lation region in the case of curved vanes (ccnpare £.9 and £.I0
with &.I12),
b)lecreasing the aspect ratio incrcuses the size of the recircu-
lation rerion in the case of both curved (coopare S.4 and S.11)
and flat vane type swirlers (see 3.1 and &.C
¢)curved vane type swirler produces larger recirculation region
than that of the corresponding flat vane typz (see £.I1I0 and S.5),

~N g ‘\
d. ik e D 48
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d)effect of the number of vanes does not seen very pronounced
in the case of curved vanes;the length of the recirculation

1s altered slightly.The width,however,is more strongly affected
and increased with increasing number of vanes (compare $.1I with
S.I0).From Ref.s.2I and 79,three recirculation regions are also
included into Fig.7.28 (see the dashed lines).The short ones are
produced with two baffles having the blockage ratios of 0,54 and
O.II,respectively (Ref.?79);these are also the values of the
blockage ratio in this work.The third recirculation region has
been obtained with a tangential-air-entry type swirl generator
(Ref.2I) and the issuing swirling flow has a swirl number of
I.57 It is seen that a baffle produces a very.small recircula-
tion region for small values of the blockage ratio,that is,for
C.II (see B.I).If a swirl is introduced to the flow at the same
blockage ratio as that of B.I,the size of the recirculation
region increases rapidly (see B.I and S$.I)3;the width,however,
seems to remain almost constant.If the swirl imparted to the
flow is increased keering the blockage ratio constant,for instance
using curved vanes,the size of the recirculation region (both

width and length) increases considerably (see B.I and S.4). In
the case of baffles,increasing the blockage ratic tc 0.54 incre--
ases both the length and width of the recirculation region (see
B.I and B.%3).If a mocerate swirl is introduced to the {low at

this blockage ratio,an exactly similar situation to that of B.I
and S.T is observed:the length of the recirculation region incre-
ases quite rapidly while its width remains almost constant ( see
B.3 and S.9 comparing their relation with that of B.I and S.I).
If a higher swirl is introduced to the flow at this blcckage
ratio,the size of the recirculation region (both length and width)
increases very rapidly (see $.6,8.10,5.I1 and S.I2 and compare
with BR.3% and S.9).Also,it is seen that tangential-air-entry type
swirlers produce quite compact recirculation regions.Although the
swirl number for this swirler is higher than thcse of the vane
swirlers S.6 and S.I0,its recirculation region is much smaller
than those of these vane swirlers.The peak of the curve is close
to the swirler exit due to unpresence of hub in the case of the
tangential-air-entry type swirler as explained previously.

A reverse flow zone occupies the core of every recircula-
tion region.In combustion applications,hot combustion products
flow in the upstream direction from this reverse flow zone and
ignites the fuel-air mixture.It is therefore very important
for flame stabilization and its characteristics play a signifi-
cant role on the shape of the flame.A ccumparison of the sizes
of these reverse flow zones is given in ¥ig.7.%26 It is seen
thaet the size of the reverse flow zone increases:
a)with increasing vane angle in the case of curved vanes (see
809,5010 Snd 5391.2), .
b)with decreasing aspect ratio in the case of flat (see S.I and
S.6) and curved vanes (sce S.4 and S.I1Y,
c)with the use of curved vanes (see S.06 and 5.I0),

The length and width of the reverse flow zone are not influenced
significantly with the number of curved vanes investigated in
this work (I2 and I6 vanes for the swirlers S$,1I1 and S.I0

respectively);it altered slightly the shape of the reverse flow
zone,The position of the mawimum width of the reversc flow zone
is closer to swirler exit in the case of the swirler S,I0 since
it has wmwore vanes then 5.77 and can therelore give a tighter

Ja
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swirl to the flow;this can also be seen from a comparison of
the decay rates of axial velocity and of the reverse mass
flows for these two swirlers (Fig.7.27):;it is seen that beth
the decay rate and the reverse mass flow are larger in the
case of the swirler S.I0 .The influence on the size is,however,
not very significant and this may be due to very close valucs
of the number of vanes investigated.Also shown in this figure
are the boundaries of five reverse flow zones in swirling jets
of Pef.s.8,21 and 87.The reverse flow zones occuring in the
jets issulng from llathur and laccaium's (Ref.8) flat vane type
swirlers are rather long;it is seen from the curves for these
swirlers that the size of the reverse flow zone increases with
increasing vane angle.Chigier and Beer (Ref.2I) and Syred et al,
(Ref.26),on the otner hand,have obtained quite compact reverse
flow cones (see the dashed lines) with high reverse mass flows
using tangential-air-entry type swirl generators;it is seen
that in this case the length of the reverse flow zone is
shortened and its width is increased with incressing swirl
numbers.It is known (Ref.s.I5 and I7) that in flame stabiliza-
tion with recirculatory flows,compagt reverse flow zones wlth
high rates ol reverse mass flow are desirable to cbtalin good
efficiency and performance from the combustion.{Coubustion
efflclency is defined as the ratio of the actual temperature
rise in the combustor to the theoretical rise.)The reascn for
this is explained as follows :the principle of {lame stabiliza
tion with recirculatory flows is that the reverse {low zone
occuring in such flows acts as a source of heat and active
speclies;the region vecomes ,bhereTure,a continuous igniter for
the fresh fuel-air mixture.This ignition 1is caused by a heav
_trasfer from the hot combustion prcducts in the reverse fliow
zone to the fresh fuel-air nmixture.The amount cf this heat
transferred can be calculated with

Q=m, C, (T, -1

r n)

where C_ i3 the specific heat,m_ 1s the reverse mass flow rate
and T Pand T_ are the temperatﬁres of the fuel-air mixsure
and reverse flow zone,respectively. It is seen from Eqn.7.6
that for a certain mixture temperature, the heat trasfer
necessary to ignite a certain rate of fuel-air mixbture depends
on the rate of reverse mass flow and the average temperature
in the reverse flow zone.,In order to be able to burn more juel
,to this end,to increase Q , the reverse mass flow must be
increased., It is alsc obvious that as the mean temperszture in
the reverse flow zone increases,ithat is, 15 the reverse flow
zone gets hotter ,more heult can be supplied from this zcne and
flame StdblLludLLOn is 1uprov~u, In the case of 10n5 revexrse
flow zones,however, cooled combustion products recireulate in
the upstreanm di Ivut on and give rise to a arop in the wean
*emoehuv re of the reverse flow gone.This uppearently inpg$kk
flame stabilizati on,piving rise to a lower rate of heat transfer
and decreascs combusticon efficicncey since the sctual Véupe~atura
rise in the combustor drops due te this decrease in the tempe-
rature of the reverse flow zone, 1T Ligh turbulence and low

m
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velocities are created around the area where this heat transfer
te the fresh fuel-air mixture occurs,the former factor promotes
mixing and increases the heat transfer while the latter increases
the residence time of the fuel-air mixture.In this way,the heat
transfer to the unburnt fuel-air mixturs can occur within a
shorter distance and the combustion can be completed; in
consequence, the length of the flame is shortened.It should be
appearent from the explanation so far that the width of the

flame increases with increasing reverse flow zone width.

In these respects, the vane type swirlers $.6,5.9,5.I0 and
S.II are in between the tangential-air-entry type and flat vane
type swirlers of Ref.8 such that they do not induce very long
reverse flcw zones and their reverse mass flows are higher than
those of the corresponding flat vane type swirlers of Ref.B ;
especially the values of the reverse mnass flows of the swirlers
S.6,8.I0 and $.II are close to the value of the reverse mass
flow induced by the tangential-air-entry type swirler (Fig.7.27)-
Using these swirlers,thereflore, it is expected that belter
performance,shorter 1lame lengths and higher temperatures , in
consequence,better combustion efficiency can bz obtained.

The characteristics of the recirculation regiocn and reverse
flow zone for all the swirlers are given in the table below :

u SWIRL LENGTH MAX.WIDTH MAX.WIDTH MAX. REV. AYTAT.POS.

SWIRLER NO. of R.R. of R.R. of R.F.Zone Mass Flow orf “ax.?ev.

Masgs Tlow
Sel I.25 2.0D 0.I82 D 0.T24 D 0.05 mo 0.5C D
S.4 I.25 3%3.0D 0.%57%2 D 0.29 D 0.I5 o 0,70 D
S.6 I.5T %.9 D 0.0I4 D 0,40 D 0059‘m0 0,65 T
5.9 I.04 %,2 D 0.360 D 0.29 D 0.26 mo 0,90 D
S.IT I.57 &.C5D O0O.540 D CeTI D O.44 m; T,00 D
SeI2 2.40 7.5 D 0.888 D 0.9/ D .60 m 0.75 D

Corresponding results for Mathur and laccalun's (Ref.8) flat
vane type annular swirlers have been given below :

4,59 0.72 3.7 D " 0.2% D 0.039m_
60° 1.25 5.0 D 0.%% D 0.157m
70° T.98 £.2 D O.44 ] 0.434m_
75° 2.68 5.2 D 0.92 D .53 m_
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7¢5:2.5wirl Velocity Distributions

Profiles of the swirl velocity in the flows issuing from
the swirlers S.1,8.4,5.6,5.9,5,10,5,IT and S.I2 are shown in
Fig.s8.7.37 to 43, The boundaries of the reverse flow zone and
the recirculation region are also shown in every flow field.
Irregular proviles have been measured in the immnediate downe-
stream in the case of the swirlers S.I and $.6 (see the pro-
files at the axial station of 2z/D=0.25 in Fig.s.7.37 and 39).
These are due to the wakes behind the vanes of the swirlers
and this is proven by the fact that both S.I and $.6 are ,
flat vane type swirlers for wiich these vane wakes are larger
than those produced by curved vanes.All the curved vane type
swirlers,that is,S.4,.%,5.,10,S.I1 and S.I2 produce almost a
Fankine type swirl velocity profile (with single peak; forced-
vortex form in the core of the flow where the swirl velocity
is proportional to r and free-vortex Torm beyond the peak
where the swirl velocity is proportional to I/r) at the swirler
exit.In the case of the swirlers £.iC and {.II ,however,there
is another umaller peak on the profile towards the jet axis
(see the profiles at the axial station of 2z/D=0.25 in Fig.s.7.
4T and 42).7The mixing of the wales behind the vanes with the
main stream is completed for &ll the swirlers at z/D=1.0 and
further downstreamj;all the profiles assume the form of the
Rankine type.The radial position of tnhe peak in the swirl
velocity profile meoves outwards in the downstream direction
as a general trend in the flow fields.The thickness c¢f the
forced-vortex core do not remain constant along the jet axis
as it is reported by liathur and laccalum (Ref.8) who have
*found that this thickness 1s almost equal to the swirler
outer radius, In this work,its variation with the swirler is
irregular.

The swirl velocity should have zero value on the jet axis.
The measurements,nowever,did not show zero value.This is due
to the rcllowing reasons (Ref.I?7) :firstly,reverse velocities
on the axis are irregular and intermittent;a low frequence
nolse has been superimposed upon it.Secondly,actual turbulence
levels cn the jet axis are often higher than 60% due to axial
and sometimes radial velocity fluctuations since mean swirl
and radial velccities are zero on the axis.In addition to
these,it is impossible to manufacture the vanes of a swirler
with an arrangement of exact axisymmetry around the hub;ihis
obviously has an effect on the problem of non-zero mean swirl
velocity on the jet axis. "

Variation of the normalized swirl velocity profiles in the
flow field of the swirler S.I is shown in Fig.7.44 It is seen
that the profiles decay and flatten in the dewnsiream direction,
They are of the Ranrkine type swirl profile and the peak moves
continuously outwards rollowing the expansion of the jet.Near
the swirler exit especially in the core region of the jet up
to about r/D=0.5 ,the profiles show a continuocus drop.This
means that a verm like 0W</dz (one of the source terms in the
vorticity trancport ecmation;pape 43,hgn.4.24) is negative in
this region.This causes the value of the vorticity to become



~I2I~

negative as well.Since the vorticity is the source term in’
the stream function transport equation,Eqn.4.27, the stream
function tends to have negative values in this region.The recir-
culation region is thus created. |
Profiles of the normalized swirl velocity in the flow
fields of the swirlers S.4,3.6 and £.I0 are shown in Fig.s.7.45
to 47 .They show exactly the same behav1our as that in Lhe flow
field of the swirler S.I : the peaks drop continuously in the
downstream direction whilce they are also shifted outwards. The
profiles close to the swvuirler exit tpnd to flat profiles as
the swirl number of the swirler increases (see Fig.s.7.46 and.
47 for the swirlers S$.6 and £.I0 ,respectively).

Comparison of the normalized swirl va001ty profiles at the
axial station z/D=I.0 for different swirlers has been made in
rig.7.48 .It ic seen that :
a)as the vane angle is increased in the case of curved vanes
position of the peak 1is shifted outwards and the pealk value of
the normalized swirl velccity imparved to the flow drops at
this axial station (see $.9,8.I0 and £.12);
bleffect of the aspect ratio is similar in the case of both
curved and flat vanes : decreasing the aspect ratio reduces
the normalized swirl velocity (compare S.I with S.6 for flat,
S.4 with S.IT for curved vanes);
c)the normalizcd swirl velocity decreases 1f curved vanes are
employed on a svirler for the constant values of other parame-
ters (see S.6 and $S.I0).

Profiles of the normalized swirl velocity at the ﬂyiaL station
z/D=I1.036 in tlie flow fields of Mathur and Laccalun's (Eef.8)
"flat vane swirlers are also shown in this figure (th dashed
lines).It is expected that in accordance with the case for the
curved vanes,the normalized swirl velocity should drcp also
for flat vanes at the swirler exit as the vane angle is incre-

ased from 600 to 750;70¢ flat vane swirler of Ref.8 ,however,

has given larger smirl velocity than that of 60° swir rler in
contrast to this order.Comparison of the 60° flat vane swirler
of Ref.8 with S.I which also has 60° flat vanes,shows that the
normalized swirl velocity is less in the former casej;its positic
however,is further away from the axis.

Similar trends are cbserved at the followi ng axial station
in the downstream direction (see Fig.7.49) such that with
increasing vane angle,for inutance,the maximum value c¢f the
normalized swirl ve*001ty drops in the case of both curved
(see S5.9,35.10 snd £.I2) and flat vane type swirlers (sce 609,
709 and 750 flat vane swirlers of Ref.8).Comparison of .10
with S.I2 in this figure to see the sffect of the vane angle
shows very similar values for these two swirlers;this is
because the profile of the swirler £,I0 is given at the axial
station of z/D=2.0 ,on the other hand,that of 2.I2 at z/D=1.75,
The profiie c¢f S.IC decays with she ax1al distance 1t is 3
that its peak value at the axial station of z/D=2.0 is
slightly higher than that of Daf@ at the axial station z/D
If the peak value of the profile cf 8,10 at the axial stat

L4}
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of 2/D=2,0 1s pgreater than that of S.I2 at the axisl station of
z/D=1.75,the peak value of the profile of S.I0 at the axial
station z2/D=1.75 should be considerably higher than that of £.I2
at the sanme station.Such differences in the axial positions of
the profiles have been taken into consideration in the compari-
sons.Lffect of the other parameters are exactly similar at this
axial station as well. .

Comparison of the normalized swirl velocity profiles at the
axial station of z/D=2.5 is shown in rFig.?7.50.The general trend
in the profiles do not change;for instance,decreasing the aspect
ratio reduces the normalized swirl velocity in the case of beth
curved (see S.4 and S.IT) and flat vane type swirlers (see S.I
and S.6)jalso,increasing the vane angle reduces the peak value
for both curved (see £,9,8.I0 and 2.I2) and flat vane type
swirlers (see 60C,700and 750 fluat vane swirlers of Ref.8). T%
must be noted that the profile of the 700swirler of Ref.8 is at
the axial station of z/D=2.07 j;ite profile at the axial station
of z/D=%.1I stiould consist of smaller values,in consequence,what
is-said acvout the effect of the vane angle is Justified.Tor this
fipure,no mention of a comparison of the peak values of the
profiles of tie swirlers of this werk and those of Ref.8 is made
since the profiles are at different axial stationsj;also,such a
conparison is made in Fig.7.52.A comparison of the profiles of
the normalized swirl velocity at the axial station of z/D=%.25
for different swivlers is given in Fig.7.DI and shows the sane
effects of tlie cwirler parametlers.,

Since the swirl velocity is not desired at the exit of a can
type coumbustor, variation of the decay of the swirl velocity for
different swirlers is also of concern.The decay cf the swirl
velocity profiles in the flow fields of the swirlers C.I,8.4,2.0
and £,I0 ‘are shovn in rig.s.?7.44 to &7.The decay of the peak
‘values of the swirl velocity profiles along the jet axis for
different swirlers is shown in Fig.7.52.Also included are the
decay rates of the normalized swirl velocity in the flow fields
of Nathur and laccalum's (Ref.8) 600,700 and 75° flat vane type
swirlers.It is observed that the decay of the normalized swirl
velocity increases : : |
a)with increasing vane angle in the case of curved (see 5.9,5.70
and S.I2) and flat vane type swirlers (compare 600,700 and 750
swirlers of Ref.8),
b)with decreasing aspect ratio in the case of both curved (see
S.4 and S.II) and flat vanes(compare S.I with $.6),

c)with the use of curved vanes (compare S.6 with S.I0),

d%with increasing number of vanes (coupare S.II with S.I0).

It must be ncted that the decay of the normalized swirl velocity
for the corresponding swirlers S.I and 600 flat vane swirler of
Ref .8 have very similar values beyond 2z/D=1.0 ,It 13 also seen
from this figure that at about z/D=%.5,the peak values of the
swirl velocity are almost the same for all the vane swirlers;
this is due to the fact that the swirl is already strong in all
thie cases.In the case of tangential-air-entry type swirlen
investigated by Syred (Ref.87),however,the decay is much faster
in the initial region up to about 2/D=I1.5 .

ot

o axial and swirl
reported in the

Radial velocities are small with respect
i O
are not given,

velocities in all the fleow fields as 1t 2
literature,for instance by Oyred(FRef.87);they
therefore, any further consideratlion.
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7.6. TURBULENCE CHARACTERISTICS
7.6.1.Kinetic Energy of Turbulence

It is possible to measure the six components of the
Reynolds stress tensor using the hot-wire technique presented
in Chapter 6 .Kinetic energy of turbulence is defined with
Eqn.2.I2 as the half of the sum of the three normal components
of the Reynolds stress tensor.Profiles of the kinetic energy
of turbulence in the flow fields of the swirlers £.I1.,5.4,5.0,
$.9,8.I10,8.II and S.I2 are shown in Fig.s.7.5% to 59 .In every
flow field,boundaries of the reverse flow zone and the recircu-
lation region are also shown with dashed and solid lines |
respectively.These filgures with the absolute valucs of the
kinetic energy of turbulence have been presented for direct
comparison between the flow fields.The two-peak form is common
in. the immediate downstream of all the swirlers.laxipum amount
of turbulence in a flow field is always created in this imuediate
downstream region up to the axial distance c¢i 2z/D=I.0 ; in the
cases of the swirlers 5.I0 and S8.12 ,maximum turbulence occurs
Just at the exit. In every flow field,the lower peak in the
profiles of the kinetic energy of turbulence is around +the
boundar;s of the recirculation regiorn and between this and
the zero velocity line (reverse flow zone boundary).This meuns
that this area is a source of turbulence.Creaticon of turbulence
around the boundary of the recirculation region is also reporied
by Davies for baffle flows (Ref.?78) and by Syred for swirling
flows (Ref.87).Further downstream,turbulence kinatic energy
decays rapidly in botih the radial and axial directions znd one
of the two peaks in the profiles vanishesj;they tend tc pescsess
a form with & single pesak which is shifted from the jet axi
similar to that in the initial regicn of a weakly swirling
flow (see the dashed lines at z2/D=I.0 in Fig.7.6I).

blthough the relative kinetic energy of turbulence is defined
using the local axial velocity in turbulence Lliterature, the
absolute value of the kinetic energy of turbulence is more of
interest in combustion applications.Also, a definition with
the local axizl velocity goes te infinity eon the boundary of
the reverse flow zone and comparisons with such a definition
do not become very elucidating about the variation ol the
kinetic ererpgy of turbulence.ror these reasons,a relative
kinetic energy of turbulence is defined using the average
nozzle velocity : |

—— -~ e wriin RN Y
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jere, Vn has been usad for normalization instead of U:,the

swirler inlet velocity which is dependent on the aupect ratio,
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in order that this definition becor s consistent with that
mostly used in the combustion literature and in this way,

a direct comparison of the magnitude of the relative kinetic
energy of turbulence can be made.

A comparison of the profiles of the relative kinetic
energy of turbulence ,K, for different swirlers at the sxial
station of z/D=I.0 is shown in Fig.7.60 .The dashed line in
this figure shows Pratte and Keffer's (Ref.25) measurements
in the initial region ,at z/D=I.0 , of a weakly swirling
flow (with no recirculation),using a method involving the
alignement of probe along the velocity vector.Also shown in
the figure is an approxineate profile of K obtained fronm
Syred's (Ref.87) contour plots for this quantity in a
strongly swirling jet with a swirl number of 2.2 .It is seen
that the peaks in the profiles are not on the jet axis at
the swirler exit for the cases of weakly or strongly swirling
flows.The proiiles have two-peak form and the turbulence
kinetic energy is higher in the strong swirl case.It 1s seen
that the relative kinetic energy of turbulence increases at
this axial station :
2)with decreasing vane angle in the case of curved vanes (see
S.I2 , S.I0 and S.9 jsactually more turbulence kinetic energy
is created at the immediate exit of the swirlers having largsr
vane angles;see ¥Fig.s.7.56 , 57 and 59 j;as it will be seen
from Fig.7.62 ,however,the decay of turbulence kinetic energy
becomes more rapid as the vane angle increases and lower
values of the relative kinetic energy of turbulence result
at the axial station z/D=I.0 for higher vane angles);
b)with decreasing aspect ratio in the case of both flat ( see
S.I and S.6 ) and curved vanes ( see S.4 and S.II ); '
c)in the case of using flat vanes ( see S.I0 and S.6 j;actuslily
more relative turbulence kinetic energy is created at the
immediate exit of the swirlers having curved vanes as it is
seen from Fig.?7.62 ; however,the decay is faster in the case
of S.IO and a smaller value results at the axial station cf
z/D=I1.0 for curved vanes ); '
d)with decreasing number of vanes ( compare S.J0 with 8.IT ).
It is also seen from this figure that tanpgential-—air-entr;
type swirlers (Ref.87) produce very high turbulence ( compare
S.I2 and tangential-air-entry type swirler of Ref.87 for which
the swirl numbers are 2.4 and 2.2 , respectively ).

| Profiles of the relative kinetic energy of turbulence at
the axial station of z/D=2,95 for different swirlers are shown
in Pig.7.6I . Also included are the profiles of K from Pratte
and Yefferts (Ref.25) measurements in a weakly swirling flow
at the axial stations z/D=I.0 and 6.0 ( the dashed lines ) and
from Carmody's (Ref.88) measurcuents in a baffle Jlow 1

-+ g e
PTOILLES

of the relative kinetic energy of turbulence at the axial
etations 2/N=2.0 and 6,0 ( from Fig.6.27 ) in the straight jet
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obtained to test the performance of the hot-wire technique
without the swirlers in position in the nozzle,are also shown
in this figure with dash and dot lines . It is observed

that turbulence kinetic energy increases in the downstream
direction in the case of straipght jets;the peak of the profile
is on the jet axis at about z/D=6.0 .For the weakly swirling
flow of Ref.25 ,it is seen that the peak of the profile at

the axial station of z2/D=I.0 is not on the Jjet axis and kinetic
energy of -turbulence drops towards the axis;the kinetic energy
of turbulence increases in the downstream direction similar to
the case for straight jets and the peak lies on the jet axis

at about z/D=6.0 .Comparison of the profiles of the kinetic
energy of turbulence at the axial station z/D=2.0 for straight
jet and z/D=I.0 for the swirling Jjet of Ref.25 shows that much
higher kinetic energy of turbulence occurs in swirling flows.,
Kinetic energy of turbulence increases in the downstream
direction in both types of flow and its production is faster in
the case of swirling flows (see the profiles at the axial
station of z/D=6.0 for both flows).In the case of baffles,it is
seen that turbulence level 1s not very high,even lower than
that in weakly swirling flows ( at the corresponding axial
stations).Examination of the profiles of the kinetic energy of
turbulence for the swirlers of this work shows that the peak
values decay very rapidly within a distance of I.5D to the
level cof turbulence at the axial station of z/D=6.0 in weskly
swirling flows;for instance,turbulence kinetic energy drops
from about 0.8 &t the axial station of.z/D=I1.0 to about 0,25

at z/D=2.5 in the case of the swirlers S$.¢ and 8.6 .Also, all
the profiles assume a single-peak form at the axial station of
z/D=2.5 ,similar to that in the initial region cf weakly swirling
flow;only for S.I ,there is a second peak in the profile.

Variation of the peak values in the profiles of the reisative
kinetic energy of turbulence along the jet axis for different
swirlers is shown in Fig.7.62 .In the case of the swirlers £.9,
S.IT,S.6 and S.4 ,there is an initial increase in the relative
kinetic energy of turbulence near the swirler exit up to about
z/D=I.0 .In other cases,the peak values occur at the swirler
exit and then decay continuously in the downstream direction
(see S.I1,5.I0 and S.I2).For all the swirlers,the level ol the
. relative kinetic energy of turbulence drcps rapidly to about

0.2 at about z/D=2.5 .The rate of decay of the peaks increases
with increasing swirl number,that is,
a)with increasing vane angle (see $.9,8.I0 and $8.I2) in the
case of curved vanes,
b)with decreasing aspect ratio for curved (compare S.4 with S.IT)
and flat vanes(see 2.1 and 5.6),
c)with increasing number of vanes (see S.II and S.I0),
d)in the case of the use of curved vanes instead of flat vanes
(see S.6 and S.I0). :
Decay of the peaks of the relative kinetic energy of turbulence
in a strongzly swirling jet (S=2.2) issuing from Syred's (Ref.26)
tangential_.gir-entry type generator is also shown in Fig.7.62 .
It is seen that much higher turbulence is created at the exit
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of a tangential-air-entry type generator;it decays ,however,
very rapidly to a value of 0.25 within an axial distance of

z/D=I1.5 similarly to those vane swirlers having such high
SW1rl numbers (see S.I0 and .S.I2).

7.6.2.Reynolds Stresses

Interpretation of the hot-wire signals with the method
presented in Chapter 6 yields the six Reynolds stresses.Profiles
of the normalized Reynclds stresses at several axial stations
in the flow field of the swirler $.9 are given in Fig.s.7.63
to 66 .The vertical dashed and solid lines in these figures
show the boundaries of the reverse flow zone and the recircu-
lation,respectively,for this swirler at these axial stations,

It is cledr¢y seen frou_every fipure Lhau turbulence is

strongly anlbotroplc; ww, uw and uu (¢ hzs been dropped for
convinience) are the dominant stresses. uu is Sl“PhuLJ larger
than ww and uw near the swirler exit at z/D=0.25 (see Fig.7.6%).
They are all,however, of the same order of rménitude,about 027
uu has a peak on the jet axis as well and dominates in the
reverse flow zone.This is due to closeness of this axial

station to the upstream stagnation point which is at the nub
end. uu increases similarly in the reverse flow zone around the
upstream stagnation point in barfle flows (Ref.=s.79 and &8).

A similar situation is reported by Syred et al.(Ref.87).for the
region around the axis near the upstredm stagnation p01nt in a
tangential-air-entry type swirler.In this reference gt the axial
station of 2z/D=0.25 ,the Deak in the profile og uu/Vg has a
value of about 2.54 ,ww;/Vn about I.6 and uw/VH about IT.I .

In this work however' these normalized dominant stresses heave
the maximum values 0.3% , 0.29 and 0.28 ,respectively, at the
exit of the swirler S.9 .It is seen that the order of domination
is the same as that in Ref.87 .The discrepancy in the level of
the values might be due to either the difference in the degree
of swirl (it is 2.2 in Ref.87 and 1.25 for the swirler S$.9) or
the type of swirl gene-aticn.It is also seen from this figure
that uu/Vf values are much lower in baffle flows (Ref.88).
Further downstream at z/D=I.0 (Fig.7.64), ww starts anroa51ng
and becomes more dominant than the other two dominant stresses
uu and uw, over the whole of the cross section of the. jet.
Further downstream at z/D=2.5 and %.25 (see Fig.s.7.65 and ﬁ%),
the domination of ww continues.Between the other twc dominant
stresses, UW is greater than uu in all the cases over the
thole cross section of the jet (see Fig.s.7e64,65 and 66).
These results at the axial station z/D=I1.0 and further down-
stream are in contrast to Syred's res ulfu (Rer.87);he found
the order of dominatlongof the Reynolds stresses at the axisl
station z/D=I.0 as uu/Vn O.42 (the peak value in the profile),
ww/Va=0,28 and Uw/VH=0.06 .The order of domination has been

showvn below for the two works :

£.87 S.9 Se9 Ref .87
z/D=0.25 z/D=0,25 | z/D=I.0 2/D=T.0
uu uu wW il
ww hidad - v W
uw uw uu uw




All the other stresses Uv,wv and Uv are considerably smaller
1n the wmost part of the flow fleldaAmong these smaller stresses
r 1ooks the most dominant one.It is also seen from Fig.s.7.63
and 64 that near the swirler exit,the Reynolds stresses are
much higher than those created in bdffle Tlows at the corres -
ponding stations.Further dovnstream at z/D=2.5 and beyond
(Fig.7.65 and 66),however,the Reynolds stresses,for instance
uu and uv, in the sw1rllng flow drop to the va lueu induced in
baffle flows,

The same trends are also observed in the flow field of the
swirler S.I0 .Turbulence is strongly anisctropic;pr s of
the Peynola stresses at the axial stations of Z/D L.O and 2.5
are shown in Fig.s.7.67 and €8 . ww is the most dominant stress
similarly to the case at z/D=I.0 in the flow field of £.9 . uw
is the second, uu is the third dominant stress.Tt is observed
sgain that near the swirler exit,the Reynolds stresseg are
higher than those in baffle flows (compare uu and vu for baifle
and swirl flow cases in Fig.7.67).7urther downstream at z/D=2.5,
however, uu and uv in the swirling case drop again Lo the level
in the case of baffle flow (see Fig.7.68).

These trends also do not change significantly at several
axial stations in the flow fields of the swirlers o.dt S5.I2 and
S.I (the last one has been given as an example for flab vane
type swirlers ;see rig.s.7.09 and 70),

7.6.53.Effect of Swirler Type on the Dominant Reynolds Stressas
The main conclusion from the previous scction 1s that in
a swirling flow issuing from a vane swirler,the most dominant
stresses sre in turn ww,uw and uu irrespective of the type of
the vanesj;the cthers are considerably smaller.It is therefore
these dominant strecsses thal determine the positions of hign
shear and high turbulence regions in swirling flows. XU can
also be concluded that higher Reynolds stresses occur in
swirling flows than those in vaffle flows near the exit;further
downstream the Reynolds stresses in swirling flows decreaae to
the level cf ‘the Reynolds stresses occuring in baffle {flows.

Effect of the swirler design paranmeters on the most
dominant stress ww at the axial staticn z/D= 1 O is shown in
Fig.7.7%3 .It is cobserved that :
a)increasing the vane angle from 509 to €0° decreases at Lir
the values of ww {compare £.9 witn 5.I0),however,further incraeace
to 70° increases this dominant utr s (gom}uie S.I0 with £,12);
b)decreasing the aspect ratio increases the magnitude ol the
doninant stress in the case of both flat (compare S.I witi S.67
and curved vaneg (coupare m.& with S.I1);
¢)values of this stress are higher at thbis axial statica for
flat vane typs sw1rl£r th@n those for curved veane type ( =ee
So6 and. SoIO );
d)increasing the vane nuunber decreases the maximum vealue of the
dominant stress ww and flattens its profile (see H.II and 3.7C),
It is seen from Protte and Kefter's (Hef.25) mecasurements that
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in a weakly swirling Ilow, ww values are much lower than those
created in strong swirl cases.

Similar trends are observed at the axial station of 2/D=2,5
(Fig.7.7?%) .For instance, in the case of flat vanes the effecct
of the aspect ratio is the same as that at 2z/D=I.0 :decreasing
the aspect ratio increases the dominant cstresses (see S.I and
S.6);for curved vanes,however,the situation is nect the same as
that at the axial station of z/D=I.0 (see S.4 and 8.II):
decreasing the aspect ratio decreases the values of ww .Also,
decreasing the vane number causes the values of ths dominant
stress ww to decay very rapidly (see S.JO0 and S.II).IT is &also
seen that ww has lower values (except for £.II) in weakly
swirling flows (Ref.25) and baffle flows (Ref.88) .

Effect of the swirler design parameters on the second
dominant stress uw at the axial station of 2z/D=I.0 is shown
in rig.7.75 It is seen that :
a)increasing the vane angle decreases uw values at this axial
station in the case of curved vanes (see $5.9,8.IC and S.I2);
b)decreasing the aspect ratio increases this shear stress in
the case of both curved (see S.4 and S.IT) and flat vane type
swirlers (see S.4 and S.0);
c)increasing the number of vanes does not influence very consi-
derably the meximum value of uw (see S.iII and S.I0),iv =lightly
decreases it; | :
d)flat vane type swirler can produce higher shear stress than
that of curved vane type at this axial station (see S.6 and
S.I0 ). L
It is seen from Fig.7.75 that much larger gshear stress uw 1is
created in strongly swirling flows than that occuring in weakly
swirling flows (Ref.25).Also included in this figure are the
profiles of the dominant shear sitress uv in baffle flows
investigated by Davies (Ref.79) and Carmedy (Ref.88); compariscn
of the dominant shear stress uw in swirling flows with tThe
dominant shear stress uv in baffle flows shows that much
stronger shear regions can be created by strongly swirling flowa.
The position of the maximum shear stresses are nearly always
around r/D=0.75 in both swirling and baffle type flows at the
axial station of z/D=I.0 . o

The trends are quite similar at_the axial station of z/D=2.5
(Fig.7.76).1t is seen,however,that uw in the field of the curved
vane type swirler S.II decays very rapidly and in contrast <o
the case with flat vanes,decreasing the aspect retio decreases
this shear stress in the case of curved vanes (see S.4 and S.II).
Also,decreasing the number of the vanes give rise to the decay
of this shear stress very rapidly (see 8.I0 and SeII)sI§ is
seen sgain that the dominant shear stress uw 1s larger 1in the
case of stronpgly swirling flows than that in weakiy swirling
case (Ref.25).DBesides,the dominant shear stress uw 10T swirling
flows is much higher than the dominant shear stress uv in the
case of baffle flows (Ref.88).

Profiles of the third dominant stress o at the sxial sﬁation
z/D=J .0 are shown in rig.7.77 for different swirlers, L11 the
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profiles have two peaks. 4s it is in the case of the other
dominant stresses,incrcasing the vane angle reduces the peak
value of uu when curved vanes are ewmployed (see £.9,5.I0 and
S.12); decreasing the aspect ratio increases thigstress in
the case of both flat (see S.I and £.6) and curved vanes
(compare S.4 and S.II).Varying the number of vanes from I2 to
I6 does nrot influence the peak values of uu very considerably
(see S.I0 and S.II).As it is for the other dominant stresses,
flat vanes produce larger values of uu (see $.6 and S.I0).
Also included in this figure is the profile of uu in the wake
of a baffle at the axial station 2/D=1.0 ,determined by
Carmody (Ref.88);it is seen that much larger Ud values are
created in stronugly swirling flows.Comparison of the profile
of Uu determined by Pratte and Keffer (Ref.25) in a weakly
swirling flow with the other profiles shows that much larger
values of the stress uu are created in strongly swirling
flows.

These remarks also apply to the profileg of the normal
stress uu at the axial station z/D=2.5 and similar trends are
observed (Fig.7.78).The fast decay in the values of the swirler
S.IT,however, outstands again;it is seen that the values of Tu
decay rapidly from the axial station z/D=I.0 to the axial
station z/D=2.5 and the peak values are of tThe order created
in the nearly well developed region of weakly swirling flows
(Ref.25).Compariscon with the profiles of uu in a baffle flow
investigated by Carmody (Ref.88) shows that in swirling flcws
the level of the values of uu drops very rapidly (up to the
axial disteance of z/D=2.5) to the level created in baffle
flows at the axial station of z/D=2.0 .

7,04 .Turbulent Viscosities .

T ic : ; viscosities n nd
The anisotropic turbulent viscosities Pres Poor Pre and
Prz have been calculated from the measured Reynolds stress

and mean velocity profiles using Eqn.s.2.5 .The measureuments
have been teken with I.5" intervals in the 2z direction ;this
has made it impossible to calculate accurately the derivatives
with respect to z direction in EZgqn.s.2.6 such as oU/dz,dW/d=,
etc.In consequence,the turbulent viscosities Poo and | could

not be calculated.

After some trials with several procedures to fit curves
to the experimental profiles of the mean velocity components
and to calculate the derivatives with respect to radial
coordinate appearing in Fgn.s.2.6 ,Lagrange's interpolation
formula (Ref.89) has been decided as the best cholce for tois
purpose,ii has been applicd to every five experimental point in
the radial direction,that is, a fourth-order polynomial curve
has been used and the derivative has been calculated at the
middle point.This method has proved to be The most correcy
among the others.This mebthod is simple,therefore,ls not
prescited nzre,

-
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Profiles of the turbulent viscosity Foo at several axial
stations in the flow fields of the swirlers $.9,5.I0,8.II and

S.I< are shown in Fig.s.”7.79 to &2 .The profile of Pao in the

flow field of a tangential--air-entry type swirl gpaerator
investigated by Syred (Ref.87) is also shown in these figures;
it is seen that its values are very similar to those obtained
in this work. In Fig.7.79 for the swirler $.9 ,the jet has not
fully expanded yet near the swirler exit at Z/D“O 25 3y around
the boundary of the jet at a radial distance of r/Dmu,65 N
therefore, the turbulcat viccosity Hog drops rapidly to & value

of IOI 96p Further downstream ,the value of P@@ increases
following the expansion of the Jjet and beyond z/D= Ia/),reachec
an average value of 104“/P .The trend of Hoo in the case of the

swirler S.I0 is not altered considerably (see Fig.7.80); the
constant value near the swirler exit beyond abou+ r/D=0.,& 18

ghout 102°44

[}
average value of IO4 can .be assumed. For the czse of the
swirler S5.1II ,however, there is an cbvious flattening in the
profiles at z/D=2.5 although a similar share is observed in
the immediate dovastream of the swirler exitv; the flat form
in the preofiles continues in the downstream direction. An
R can be used for i for the swirler

561
I0 PQQ for

S.II .Due to very rapid expansion of the flow from the swirler
:8.I2 (see Fig.7.82) even in the immediate dovnstream of the
exit,the level of the turbulent viscosity 1 g does not 4drcp

within the range of radial distance investigated &s in the
cases of the other swirlersyall the profiles accumulate

B .For the axial stations further downstream, an

aversage value of

/
around an average value of TO"u .This average value can also
be used for the prediction of the fliows F*om the swirlers S.9
and S.IO .

Prdfiles of the turbulent viscosity [ in the Jets of “heo

swirlers 5.9,58.10,5.I1 and S.I2 are shown in Fig.s. 7.8% to 86.
Although there is quite much scat ter in the curves, they mostly
show two-peak proflle For the swirler 5.9 (Frig.7.8%) , an

average value of IO 7p can be used .for the swirler $.10
(Fig.7.84), the scatter is much more and an average value of

(o
about IO2°/P can be used for the turbulent viscosity PP@ .
A considerable drep in the value of V ~ in the flow field cf

the swirler S§.II is observed in uonulgfent wi th the drop in
the value of Hag (Pig.7.85)3 an average value of IOui can be

assumed for p . .In the case of the swirler S.IZ (“15 7.367,

. : 2ok
the scatter is agann quite much and a value of I07° u can be

used ior Hrg

o
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Variation of the turbulent viscosity Fpp in the flow fields

of the swirlers £.9,3.10,8.II and S.T2 is shown in Fig.s.7.87 to
90 (Also shown in these figures is a profile of - in the flow

field of a tangential-air-entry type swirl generator investi-
gated by Syred (Ref.87).It 1s seen that the values show too
much scatter;they are,therefore,left with no further treatment.

Profiles of the turbulent viscosity Biy in the flow fields

of the swirlers 8.92,5.I0,8.IT and S.I2 are chown in Fig.s.7.97
to 94 . Also, a prosrfile of Prz calculated by Syred {Ref,87)

from measurements in a strongly swirling flow issuing from a
tangential-air-entry type generator is shown in these figures.
Scatter is again very much for the case ¢of every swirler. For
this turbulent viscosity,however,this scatter might be due to
neglecting in its calculation the term 0V/dz in the velocity
gradients (see Egqn.s.2.6).A characteristic case is seen in thae
case of the swvirler S.IT (see Fig.7.9%).This swirler has I2
vanes and in consecquence,can not turn the flow as much as the
corrcspending swirler S.I0 which has T6 vanes;the flow ceu pass
through more readily and a higher shear stress uv can be
created.4st the exit of the swirlexr $.IT ,therefore, Pro, has

considerably higher values;iurther Jownstream, this viscosity
decsys much more rapidly ‘than it does in the case of the other
g . 4 “ 03

swirlers.An averazge value of IO2' p for the swirler 8.9 (see
PR - 2 A : . 2
¥ig.?7.91), 10™° for the swirler S.I0 (see Fig.7.92) and I0™n
{or the swirler 3.I2 (see Fig.7.94) can be used for B, o n
the case of S.II (see Fig.7.93) ,an average value of ’IO¢¢4P
can be used for Py in the region beyond z/D=I.0 .

The results of this section have been summsrized in the
following table

SWIRLER 8.9 S.10 S.IT 5,12
VISCostTY 1 i} .
oo 10" ot 109fI 10
D 2‘v.
Pro 1627 1072 107 107
! o
n 102+ 1022 1oL% 102
i

From the examination .cf this table,it is seen that Hog is the

most dominant viscosity among the turbulent viscosities calcu-
lated in this work;the order cf domination 1s Fao yPro and.

M., (F“r has been left out of this order due to too much
i 4.

scatter and probsbly unreliability in its values).lMcore detailed
comperison with the profiles of the turbulent viscosivies will
be given now;although the valiues cf PT have heen included irto

™
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the following figures,they have been excluded from the
following discussion due to the scatter in its wvalues,

Comparison of the profiles of the four turbulent viscosities
at the axial station z/D=0.25 in the flow field of the swirler
S.9 is shown in Fig.7.95 .The short vertical dashed and solid
lines show the positions of the boundaries of the reverse flow
zone and the recirculation region,respectively.Among the four
viscosities calculated, cdomination of Pog OVer the whole cross

section of the jet,within and outside of the recirculation
region,is appearent.The values of the other viscosities Hrg s Fop

and Prz values are quite close to each other.Also at the axial

station of z/D=I.0 ,similar trends are observed in the profiles;
the domination of still continues at this axial station (see
Fig.7.96) .Among the oOther turbulent viscosities,however, I

starts increasing especially in the central region.

A similar trend is observed in the profiles of the turbulent
viscosities at the inmediate exit of the swirler 5.I0 (Fig.7.S7);
Pea is the most dominant viscosity again over the most part of

the cross section of the jet. Peo is followed by Fr@ . R,.. &0

have quite scattered values.Tne same trends exist for the
turbulent visccsities in the flow fields of the swirlers S.10
at z/D=I.5 (#ig.7.98), S.II at z/D=2.5 (?ig.7.99) and S.I2 atb
z/D=I.75 (Fig.7.100).

The final conclusion from this section is that among the
four viscosities which cculd be calculated in this work, Pog 18

the most dominant turbulent viscosity in a swirling flow field
up to an axial distance of z/D=3.25 ;this does nct vary with
the swirler. Hoa is follewed by Pro °

7.6.5.Effect of Swirler Type on the Turbulent Viscosities

Comparison of the dominant viscosity Uog is shown in

Fig.7.I0I for the immediate downstream region of the swirlers
S.9,8.70,8.IT and S.T2 .In all the cases,the peaks are around
r/D=0.5 .The maximum values in the viscosity profiles are not
influenced very much with the type of the swirlers.It is seen,
however,that the values of Yoo drop slightly in the core region

of the jets with increasing swirl number (that is,with increasing
vane angle for the swirlers S.9,8.I0,%5.I2). In the outer region
of the jets,however, an exactly opposite trend is observed.Due

to slower expansion of the jet from the swirler 5.9 , F@@ dreps
very rapidly to a value of about IOI°9bp at a radial disvance

of r/D=0.65 .In the case of S.I0 , this drop in the value or the
turbulent viscosity Foo is slower; the constant value towards
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the boundary is about 102'44p .In the case of S.I2 ,the peak

moves considerably outwards since the jet expands very rapidly
for this swirler.Also shown in the figure is the profile of

B in the flow field of tangential-air-entry type swirl
ggﬁerator investigated by Syred (Ref.87) ; a considerable
difference is observed in the values,however, the profile

form is quite similar.The position of the peaks are nearly
coincident at about r/D=0.5 as well.

Further downstream at z/D=I.0 (Fig.7.102), profiles of the
viscosity Foo are flattened considerably especially in the core
region of the jets.The values of Peo drop in the outer part
of the flows in the case of  the swirlers 8.9 and S.II
due to less expansion of the flow fields in these cases. An

! .
average value of IO4 can be used especially for the core
region of the flow for z/D=I.0 and further downstream in the
predictive calculations.It is seen that the profile of the
viscosity determined by Syred (Ref.87) has an average value

ared Voo I
of IO °* and the difference from the value IO B in this work

might be due to the type of swirl generation.

Comparison of the profiles of at the exit from the
swirlers is shown in Fig.”7.103 .Thergtrend.is that increasing
the swirl number (that is,increasing the vane angle from 509
to 70° with the swirlers $.9,5.I0 and 8.I2) increases the peak
values of the viscosity Pra and. the peak moves conbtinucusly
outwards (the profile for'“the swirler S.I0 is at the axial
station of z/D=0.08%;the values of Pro at the axial station

of z/D=0.25 should be slightly smaller).If the number of vanes
are decreased (see S.IO and S.II),the values of Prg decrease,
Further downstream,the profiles of g &assume two="peak form
(Fig.7.104) and although the peak values near the axis drop
witﬁ increasing swirl numbers (with increasing wvane angles for
the swirlers 5.9,5.I0 and S.I2),the outer peak of the profiles
changes irregularly.In the case of decreasing vane numbers ,
Fro increases near the axis but decreases away from the axis.

Comparison of the turbulent viscosity Brg in the immediate
downstream region of the swirlers $.9,S.I0 ;°S.II and S.I2 is
~shown in Fig.7.I05 .Also shown in this figure is the prgfilg
of ., determined by Syred (Ref.87) in a swirling flow issuing
from a tangential-air-entry type swirl generator.Scatter is
quite much in all the profiles for the swirlerg;this is consi.-
dered to be due to the negliect of the ternm SV/GZ in the velocity
gradients in the calculation of its profiles.The values dc¢ not
show a constant trend with varying swirl numbers.Syred's profile
is in quite good agreement with the profile for the swirler
S.I2 which has a swirl number 2.4 ,a value similar to the swirl
pumber 2.2 in this referance.Profiles of the viscasity P, show
a similar trend at the axial station of 5/D=I.0 (Fig.7.70&)

Profiles of the viscosity p.,. have not been compared for
different swirlers since they show too much scatter. ~
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727 .DISCUSSION OF ERRORS

Several factors might cause errors in this procedure.
Firstly,the assumptions for the hot-wire formulation may not
be completely true .llowever, experimental evidence and
comparison of the experimental results with those of others
( see Sections 6.6 and 6.8 ) show that they are not very
unrealistic , either . All these factors are in fact within
the limitations of the hot-wire anemometry .The state of the
flow at a peint in the flow field might be changing from
one orientation to the other . In this case ,it is clear
that measurement of the fluctusting quantities u , v and w
should be made separately and possibly at the same time for
more exactness . A single channel Laser system is sufficient
in the former case , but three different Laser systems with
différent colours (wavelengths) are required for the latter.
Laser systems must be of the type providing continucus signals.
As 1t is well known, such systems have their own troubles.

The performance of the hot-wire and the pressure probe
has not been examined.They might involve some order of error
when applied to the flow fields with high velocity gradients.
Everything possible has been made , however , in order %o
decrease this source of error.The pressure probe has besn .
manufactured with a head as small as possible within the
manufacturing limitations .The hot-wire employed is of a
standard type with a length of I.2 mm which gives quite a
reasonable space resolution.rurther errors due to this
source has been neglected .Also,locating the probes to the
points of the flow fields has been performed with gquite a
good accuracy (see Section 5.1 ). Soue draughting errors
might be involved in the hot-wire measurements; such a kind
of error is common to all hect-wire measurements (see Ref.25).
Since most ¢f the measurements have been taken,however,
well inside the boundaries of the flow fields , they are
considered as negligible.,

Finally,sone measurements have been repested. The
general appearance of the profiles has not changed signifi-
cantly;maximum change it the walues of the required
quantities is of the order of IO to I5% .Although this
range of repeatibility seems & bit high, it is well
consistent with the highly fluctuating benaviour of the
flow fields,
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CONCLUECIONS

Although effects of the swirler design parameters on the
pressure drop-mass flow characteristics znd the mezn flow
characteristics of the downstream rec1rculatzon region have
been investigated in the case of flat vanes (Re&,ﬁ,, not rnwuch
is known about the effects of these pdramoters in the case of
curved vane type swirlers; it is known (Ref.I?7) that curved
vane swirlers operate more elilclcntly than fld+ vone type
and only discrete cases have been axamined in a few works ,
for instance Ref.I2 .Also,turbulence characteristics have
not been investigated fully in the case of curved wvane
swirlers.In fact,there is a dearth of turbulence data for
swirling flows issuing from flat vane swirlers as well,

The present work is in this direction te elucidate the
effects of swirler design parameters ynamely, vane shape,vane
angle,aspect ratio and space-to- uhord ratio on the pressure
drop-mass flow characteristics and mean flow and turbulence
characteristics of the dcwnstream recirculation region .The
following conclusions are drawn from the investigation :

I) Recirculation region sbtained in a swirling flow is an
ideal flow configuration for the primary zone in a
comnbustor.,

2) One of the best ways of obtaining such a swirling flow and
a recirculation region required 7or flame stabilization is
to employ a vane,preferably curved,swirle T

3) Efficient nuner*cal methods are belnp developed for the
solution of the governing transport equetions to predict
the structure of such strongly o\lrlliﬁ flows.

4) The formulation for the interpretation of the hot-wire
anemometer signals is quilte VeTSatlle and can be readily
used for the measurement of swirling flcws.

5) Curved vanes operate much more efficiently than flat vanes
do due to the fact that the latter always run under 'stzllied
conditions;nuch larger wakes are created behind flat vanes
and the momentum loss,therefore,becomes higher than that
in the case of curved vanes.Since the monentum loss
manifests itself in the form of a pressure drop,conventiocnal
flat vane swirlers give rise to much higher pressure drops
than curved vsne swirlers do.

6) The total pressure drop through a vane svirler can be
decreased by decreasing the vane angle,deb“gaQ1pb tle
numnber of vanes and increasine thie aspect ratio in the
cases of both flat and curved vanes.

7) These remarks apply equally for the static pressure drop
through f]at and curved vane tvre ewirlers;this is beoause
a much nhig r blockage is created to the axial f¢9W’by

flat VdPCJ.* s consequence is thaet flat vane swlirliers are
clioked at a much lovier mass flow.
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8) The flow is turned more efficiently by curved vanes; in
consequence,a higher angular momentum is imparted to the
axial flow by curved vane type swirlers.This results in a
pigher swirl number and a larger recirculation region is
induced. ~

jSi;e of the recirculation region can be increased by incre-
aslng vane angle,decreasing aspect ratic and increasing
vane number in the cases of both flat and curved vane type
swirlers.

9) Curved vane swirlers produce larger reverse flow zones
than the corresponding flat vane type swirlers.Additionally,
size of the reverse flow zone csn be increased with incre-
asing vane angle and decreasing aspect ratiojnumber of
vanes does not influence the size of the reverse flow zone
considerably,however,it alters only its shape.

I0)Axial velocity profiles from all the swirlers possess a
two~-peak form with a trough in the middle;reverse velocities
are of the same order of magnitude as that of forward velo-
cities .

II)Curved vane type swirlers induce larger reverse mass flows
than the corresponding flat vane types;also,reverse mass
flow increases with increasing vaue angles,decreasing aspect
ratios and increasing vane nunber.

I2)Maximum reverse axial velocities increase with decreasing
vane angles,decreasing aspect ratios and with increasing
number of vanes.

I3)Different shapes are observed in the swirl velocity profiles
just at the immediate downstream of the swirlers.All the
profiles assume a Rankine type swirl velocity profile at
and beyond the axial station of z/D=I.0 .

I4)Decay of the axial and swirl velocities increases with the
use of curved vane type swirlers;.in the cases of both flat
and curved vane type swirlers,decay rate increases with
increasing vane angles,decreasing aspect ratios and |
increasing number of vanes. |

I5)The level of the kinetic energy of turbulence can be incie-
ased by using curved vane type swirlers.Profiles of the
kinetic energy of turbuience possess four-peak forms near
the swirler exit;further downstream,two-peak form is obser-
ved and the position of this variation depends on the type
of swirler.In the case of both flat and curved vane type
swirlers, the level of the kinetic energy of turbulence
increases as the number of vanes and vanc angle are
increased;it increases,however, as the aspect ratio is
reduced.Decay of the kinetic energy of turbulence increases
with increasing vane angles,decreasing aspect ratios and
increasing number of vanes;tlie use of curved vanes also
increases the decay of the kinetic energy of turbulence.

I8)It is observed that turbulence is aniscotropic in swirling
flows.The most dominant Reynolds siresses are ww,uw and
uv. over the whole cross section of the Jjets.Tt can,thereicre,
be assumed that the position of the maxima of the quantities
Ua+ww  and uw show the position of the maximum turbulence
and maxinum shear regions,respechively.



I7)qhea“ repion in a swirline flow can be strengthened by
using curved vane type swirlers, 1n0rwisinr vane angles,
dccruau¢1g aspect ratios and Lﬁbf@&ﬁﬁup nunber of vanes
also increases the level of shear stresses.

I8)In pd?'l](] to the anilsotrory in turbulence ,effective
viscosities also show an anisotronic case.Among the four
viscosities Prrs Prge Pro and Hag thie calculations of

which have been possible is the most dominant one;

1
t'oo
in domination, Fao is followed by Pog and Pr7‘The values

of Prp have shown tco much scatter and have not been

considered, there forv, any further .,

I9)It 1s clea I from these results that curved vane type
swirlers operate more efficiently than flat vane type
such that s ldrger recirculation region,a larger reverse
niass flow and stroriger shear zones are obualned at a lower
pressure drop.ror a reguired recirculstion size,therefore,
a curved vane type swirler with a lower wvane can be vused
and this preovides & further reduction in the pressure loso
incurred in the case of using a flat vane type swirler lo
obtain the same size of the recirculation rwbion.jhuo,wluh
the capabilivy of producing a larger recirculatlioun (cWioﬁ,
a larger reverse mass flow and stronger shear zones,curve
vine swirlers can be more helpful in the, realiszstion of
aclhiievemen® a better combustion . -

20)8ince better mixing and lonper residence times occur in
the case of curved vanse qvir]“rs Que to increacing turbulen::
and decreasing axlal velocitlies, o nwore complete combustion
and COHSP”UtMt]j less p01¢utant production can be e;lect@
from thie conbustion chawmbers b4£10y1p0 this type of swirlers
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SUGGESTIONS I'OR FURTIIER WORK

The useful effects of vane swirlers on combustion process
have long-been known and they have been widely employed on
burners.In spite of their importance In the planniwm of the
combustion process, not enough investigations for tne producticn
of swirler decign charts have been made due to mainly quite
serious experimental difflficulties and there is a dearth for
such data in the literature.

The present work makes only a moderately significant
stride towvards 7illing this gapiit i1s by no means claimed
herewith that research on swirlers or swirling flows has been
completed.In f{act,the autlor believes that in general, the
end of a thesis 1s very likely to open an era of new cuestions.
AltLough this mav penerally be more true for the works with
mostly experimental concern, this has not been exactly the case
here : the trends caused by the swirler design characteristics
have been examnined and found out using the hot-wire forrulatbion
developel and the test rig desiened and manufaciured. Uhot is
left to be done is to quantify tre results in more detail ;
for instance,effect of tlhe aspect ratio has been exanined for
only two values,namely, O.,4 and I .It is suggested thal
additional tests should be carried out with the swirlers
‘having an aspect ratio between 0.6 and 0,7 .In such tects
tlie prezsure drop caused by the aspecet ratio will cbviously
be cumaller than that in the case of the aspect ratio of U 4 .
Also,the effect of the number of vanes has not been cxauwined
in detail; only the cases of I2 and I6 vanes which are guite
close values,have been investligated.ln the case of the aspect
ratio of 0.4 and vane angle 60¢, the effect of the vane numver
does notlt seem very much pronounccd this can be seen frouw a
comparison of the swirlers S.I0 dnd S.IT ,It may be that Dy
decreasing the muber of vanes, fov Jnﬁtdnce to 8 ;and by
splectlng an aspect ratio of C.7 ,the pressure drop due to
this characteristics can be reduced while the decresse in the
swirl number and consequently the size of the recirculation
rey:ion can be compensated with siall increases in the vane
angle.In order toc complete the present comparatvive tests for
the aspect ratio of L.0 , it is suggested that the swirlers
with the characteristics

600, I2 flat vanes , I.0
GOO, I6 curved vanes , 1.0

sliculd be tested.Tt has not been possible to wanufacture these
swirlers during the course of this work.lignificance of thes

swirlers can be seen from a compariszon of Gheir characteristics
with those of the preseni cnes .Connarison of the former wi
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S.I would show the effect of the vane number in the case of
flat vanes ; a comparison of the former wiil the swirler S.i
would show thie effect of the curved vancs in the case of T2
vanes . A comparison of the latter swirler with S.T would
show the eflfect of the curved vanes in the case of I6 vanes ;
1ts comparison with the swirler $.4 wculd show the effect of
the number of vanes in the case of the curved vanes . Also
testing of the swirler with the charactcristics (700,16 curved
vanes, I1.0) is recommended to find out the effect of the vane
angle for the curved vanes in the case of the aspect ratio of
I.0 .turther,tfor the first step towards swirler design charts
it is suggested tanat the swirlers with the following paranecters
should be tested :

~

400, I6 curved vanes , 0.7

500, I2 curved vanes , 0.7

50°, 6 curved vanes , 0.7

600, & curved vanes , 0.7

600, I2 curved vanes , 0.7

600, I6 curved vanes , 0.7

700, I6 curved vanes , 0.7
Extending the values of these characteristics and with further
tests, many nore details about the flow fields can be daoter -
mined and desisn charts can be prepared .Qbviously,nany more

swirlers are required for tnis purpose .

All the consideration in this work has been given to the
examination of the interaction between the swirler geonetry
and the aerodynamic properties o1 the downstreaw recirculation
region .The flow inside the swirler,however, has not been
examined .Tiie distribution of the static pressure along the
vanes can be investigated and separation {rom the vanes can be
detected .All thie information can then be used for more
efficient swirler design .

It has been observed by _Syred (Ref.87) and in this work
that the Reynolds stresses ww , uw and uu are the most dominant
stresses in strongly swirling flows and the corresponding
viscosities are the most dominent viscosities .Among these
dominant viscosities.,however, calculation of the viscosity Lon
has not been possible in this work due to the I.5" intervals
between the rzdial traverses in the z direction ; with more
detailed measurenments in this direction,that is,making wmany
more radial Ux averoes, its variation should te calculated .
Such detailed messurements would zliso aid more correct
031CUlaTIOM cf the viscesity B since determinetion of

e
2
term OV,/0z would then be possible(see EQH.S.L;O) .

Llthough anisotrcpic turtulence and womentunm exchange
coefficients huve been observed bO“J theorctically and
experimentally ir swiriing flow o the best knowladge of
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the author the best turbulence models developed so far for
the calculation of such turbulent flows, for instance the 5o
called k--& mcdel, ecmploy a single relation connecting the
isotropic momentum exchange coefficient with a turbulence
quantity, for instance turbulence kinetic energy janisctropy
for the momentum exchange coefiiclenls can be allowed quDly
with some constants .In order {o be «ble to obtain better
predictions with the computational methods for swirlirg ilows,
more elaborate turbulence models taking the anisotropy ¢nub
account in a more realistic way are required.All such medels
would be devised by naking use of experimental turbulencs
data .The deavrih for turbulence data in strongly swirling
lows ,however, is much more severe than that for the mnean
data ;this is tecause it poses formidsble difficultics to
obtain reliable turbulence data in swirling flows and fncbe
difficulties are obviously due to the higher turbulenc
intensities present than those in the corresponding utraight
jete for which turbulence data ars quite sbundant .Thereicre,
more detailed measurements .ebpec1a11" with diffexent
measuring techniques from that employed in this work fowx
comparison purpcses, are recommended.fhe results of sll such
measurements should then be used for the establishment of &
more developed *turbulence model.Since the measuremnonts could
not be much detailed due to the comperative character of thils
work, such an attempt was nct tried at all; this may be
attenpted ,however, tuking more deballed measuvromenvs i &
few flow flGLQS using the already existing test rig ana
swirlers . . !

In this study tests have been carried out undar iscothurmal
conditions .The investigations can be extended to fneclud
hot conditions as well . A TLaser Doppler anemomever 1s C.L0O
much more convinient for such a purpose .Thus ,the lpfjgenca
of the hot conditions on the zerodynamic chardcter ics of
the downstream recirculation region can be determined .

&

Only the case of free jet flows has been considered in thi
work in ordier to eliminate the effects of a confinement on LL@
recirculation r~gLon. Confined flow geometries,also with alx
dilution can be examlneu . e
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TABIE 1. Effect of the change in the coefficients of the hot-wire
czlibration equation on the experimental results (compare with '
TABLE 2)
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TABIE 2, Effect of the change in the coefficients of the hot-wire
calibration equation on the experimental results (compare with
TABIE 1) -

[ g aodtans

i oa7en W

vins R, 8560 v ' - ‘ :
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| TABIE e Effect of the change in thé yaw correction-factof,kq
the experimental results (compare with TABLE 4)
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TABILE 4. Effect of the change in the yaw correction J*?ac”co:c',k,l , On
the experimental results (compare with TABIE 3) -
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