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mm
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mm
mm

um

mm

Hz

N/m?
m/s
m?/s?
m/s
m/s

NOMENCLATURE

Latin symbols

Description
seeding particles diameter
area

coefficient for exponential tangential velocitsofile

glass tank half thickness

pipe inner diameter

pipe inner diameter after step

fringe spacing

Dean number

relative error for actual position calculations
focal length

Doppler frequency

centrifugal force density

gravitational acceleration

axial flux of tangential momentum
axial flux of axial momentum

average axial flux of axial momentum
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Symbol

H

Po

Py

Qu

Units
mm

mm

Pa
Pa

Hz

HZ?

mm

mm

Description
twisted tap€el8C° pitch

helical vortex18(° pitch

normal vector

index of refraction for air (= 1)

index of refraction for the glass container walll(51)
index of refraction for the glass pipe wall (= 1).47
index of refraction for glycerin (= 1.47 )

number of grid points in x direction (width)
number of grid points in y direction (height)
number of grid points in z direction (axial)

index of refraction for water (= 1.33)

number of cells intersected by a cross-sectiongplan

number of measurements used for velocity field
reconstruction

pressure
atmospheric pressure 101,325 Pa

first invariant of the characteristic equation
non-dimensional circulation

second invariant of the characteristic equation
radial position

radial position of maximum tangential velocity

inner radius of the test pipe
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Symbol Units Description

R, mm radius of curvature of the path of the U-bend pipe
R, mm outer radius of the test pipe

Ry HZ third invariant of the characteristic equation

Re - Reynolds number

S m unit length

S - swirl number

- swirl number at reference positioq

S tensor rate of strain

SW - non-dimensional number characterizing twisted tapes
swirling flow

to mm glass container wall thickness

u, m/s average velocity component in vector notati@ar{esian

coordinates)

u' m/s fluctuating velocity component in vector natat{Cartesian
coordinates)

u, m/s friction velocity

U - non-dimensional axial velocity

U, m/s bulk velocity (average velocity corresponding Re
number)

Vv m/s fluctuation of radial velocity

A m/s fluctuation of tangential velocity

v, m/s fluctuation of axial velocity

\ m/s velocity vector
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Symbol

X

calculated

VO

X arget

AX
X
X
Yr

Ay

Yw

Units

m/s

m/s

m/s

m/s

m/s

m/s

m/s

m/s

m

mm

mm

mm

mm

mm

Description

maximum tangential velocity

instantaneous velocity irirection

average velocity indirection

average radial velocity

settling velocity of seeding particles

tangential velocity of rotating pipe

average axial velocity

average tangential velocity

spatial coordinate in vector notation

desired radial location for LDV measurements
calculated radial location for LDV measurements

spatial resolution in x direction for numericahsalation
apparent LDV measurement location

actual LDV measurement location

twist ratio (=H /d)

spatial resolution in y direction for numericahslation

distance from the wall

non-dimensional distance from the wall measuredvail
units

non-dimensional tangential velocity
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Symbol

Az

Symbol

Units
mm

mm

m

Units

m?/s
mm

mm

HZ®

degree

degree

degree
degree
Hz

Hz
Hz

nm

Description
axial position

reference axial location for swirl measurements

spatial resolution in z direction for numericahslation

Greek symbols

Description

swirl decay coefficient
circulation

tape thickness

wall unit (viscous length)

discriminant of the characteristic equation
relative error
angle between diameters for reconstruction

diffraction angles of light for LDVi(=1+ %

beam half angleB97°
distorted beam half angle inside the pipe
eigenvalue of the velocity gradient

complex part of the eigenvalue of the velocitgdient
real part of the eigenvalue of the velocity geatl

light wavelength

XX



Symbol
Hy
v

¢
0

Ap

Units

kg/m s

m?/s

kg/m®
kg/m®
m/s

N/m?

N/m?

Hz

Hz

Hz

Hz
Hz

Hz

Description

dynamic viscosity of water

kinematic viscosity of water
normalized turn angle for a twisted tape simolati
density of flow medium (water)

difference between the density of the medium aedigmsity
of the particles for seeding
standard deviation of LDV velocity measurements

shear stress

total burst time
wall shear stress

generic variable for integration
angular velocity

centerline angular velocity
normalized angular velocity at the centerline

vorticity

radial vorticity
axial vorticity

tangential vorticity
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SUMMARY

The present study describes the flow charactesisticswirling flows induced by
twisted tape inserts in circular pipes. The studfpcused on the secondary flow which is
investigated experimentally and with numerical mied@he results are expected to
improve the paper manufacturing process by idantgiiyand removing the detrimental
secondary flow.

Experimental tests show for the first time the #nse of two co-rotating helical
vortices superimposed over the main swirling flaewnstream of twisted tapes. The
close proximity of the two co-rotating vortices ates a local counter-rotating flow at the
pipe centerline. The flow is analyzed using LDV sw@wa@&ments and high speed camera
visualization with fine air bubbles seeding whiobnfirm that the helical vortices are
stable. After extracting the characteristic tanggntelocity profiles of the main vortex
and of the two secondary vortices, it was obsetkatithe maximum tangential velocity
of all three vortices is the same, approximately bfathe bulk velocity. The winding of
the helical vortices is in the swirl direction ati pitch of the helical vortices is found to
be independent of the inlet velocity.

The experimental findings are confirmed by numeérisgmulations. The
numerical results show that the helical vorticeigionate inside the swirler and evolve
from single co-rotating vortices on each side of thpe. The flow characteristics are
analyzed in detail. Swirlers with multiple twistscamultiple chambers are shown to have
less stable secondary motion and could be employegplications were the secondary

motion is detrimental.
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CHAPTER 1

INTRODUCTION

This study investigates the characteristics of I8vgrflows induced by 180
twisted tapes in circular pipes. The main goalhaf study is to elucidate the secondary
motion. The results of this investigation are expeédo improve technology associated
primarily with the paper manufacturing industrywever swirling flows have numerous
other applications including homogenizing mixturs casting or production of
chemicals, enhancing heat transfer in heat excharagel stabilizing flames and breaking
fuel droplets in combustion.

Swirling flows are flows combining rectilinear moti and rotation around the
flow axis. The average motion is characterized foya$ streamlines, increasing the path
traveled by the fluid compared to a flow withoutatton. The most common swirl
generation systems are angled vanes, eccentretifij@ction, rotating pipes and twisted
tape inserts.

The secondary flow presented in this study comgjstof helical vortices
downstream of twisted tapes swirlers has never lim@mumented before. These new
findings are expected to benefit both the papeustrg and swirling flow research in

general, particularly heat transfer applicationgrehtwisted tapes are used.



1.1 Motivation
In the paper manufacturing industry a mixture ofodofibers, water and
chemicals named pulp is spread on a forming wiretnaad dried to form a paper sheet.

The aspect and strength of the final paper depanteisotropy of the fiber distribution.

Pet for ated plate

A
— ’
Stilling chambet
Inlet ’

manifold

(b)

Figure 1.1  Beloit Converflo hydraulic headbox [Smook 199Z&) components
schematic, (b) perspective flow schematic.

A schematic of the paper forming process is showifigure 1.1. In order to
spread the pulp into a thin sheet, the pulp ig foi@ssed through a tube bank which

provides a fast transition from a circular crosstgs to a wide rectangular cross section.



The average flow speed in the forming section @axmately 3 m/s. As fibers tend to
align preferentially in the flow direction, indugrswirl and fine turbulence in the tubes
was shown to be beneficial for the quality of thadppjet [Aidun 1995]. The fiber

distribution isotropy is improved, producing strengpaper with less wood consumption
[Aidun 1998, 1999, 2000, 2002]. One of the systerssd to generate swirl is to insert
180 twisted tapes in the tubes of the tube bank shdnvrfigure 1.1. However,

preliminary tests showed the presence of secondation in the flow downstream of the
tube bank containing twisted tapes, which createslss and non-uniformities in paper,

compromising its quality.

180° twist pitch tape thickness
H -
|
pipe
diameter P VS _
d

Figure 1.2: Twisted tape parameters.

Traditionally, twisted tapes have been used bothh&mat transfer improvement
and mixing of chemical products. The main charasties of twisted tapes are presented
in figure 1.2. The defining parameters are 18 pitchH , the pipe diameted and the
tape thicknesd. The relevant non-dimensional parameters are tBgn®ds number

Re=d U, /v and the twist ratig, = H/d whereU, is the bulk velocity and is the



kinematic viscosity. Low values of the ratip correspond to strong twist and high swirl

numbers.

Prior to this investigation, the presence of seeopdnotion in the swirling flow
downstream of a twisted tape swirler was indicdigd periodic change of the velocity
profiles near the pipe centerline observed in LaBe&ppler Velocimetry (LDV)
measurements of the tangential velocity [Islek 208dun and Parsheh 2007]. The flow
appeared to periodically counter-rotate and theertdo a normal swirling flow (figure
1.3). No explanation was found in published literatas the only similar reports are
documenting a non-periodic, low amplitude counteeting flow in a swirling jet

induced by a rotating pipe (figure 1.4).
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Figure 1.3: Average tangential velocity profiles downstreafma 60 mm long, 180
twisted tape swirler at different axial positiorme of the profiles display counter-
rotating flow near the core [Aidun and Parsheh 2007
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Figure 1.4: Average tangential velocity profiles acrossdbee of a swirling jet induced
by rotating pipes at Re = 2.4xX1(5=0.5 [Facciolo et al. 2007]: a) complete prafilb)
core close-upx represents axial distance from pipe exit and yingb®ls are:

(¢) x/D=0, (M) x/D=1 (A) x/D=2, (¥) x/D=3. (#®) x/D=4,

(e) x/D=5. () x/D=6, (A) x/D=T, (V) x/D=8

The authors of the rotating pipe jet experimen&cffolo and Alfredsson 2004,

Facciolo et al. 2007, Maciel et al. 2008] attrilsitdhe counter-rotating flow to the



influence of the cross flow Reynolds stress. Usirgimplified form of the conservation
of tangential momentum developed for fully develbpaxially rotating pipe flow
(assuming no axial or tangential gradients) theyn&d that the mean tangential velocity
depends on the cross flow Reynolds stress as:

R
.\, re——dr
Vo(r) =V, === [vav, (L)

r

whereV,, is the tangential velocity of the rotating pig,is the inner radius of the pipe
andv,v, is the cross flow Reynolds stress. Based on emuéti.1) the authors suggested

that a large, positiver,v, could produce a deviation from the solid-body tiota large

enough to create a counter-rotating core. Howdher counter rotating flow in jets was
not spatially periodic as the flow observed in tlosv in pipes with twisted tape inserts
[Aidun and Parsheh 2007].

The main objective of the present investigatiortoisdentify the cause of the
secondary flow in swirling flows induced by shaxigted tape inserts in circular pipes in
order to eliminate it. Eliminating the secondargwil will improve the isotropy of the
fiber distribution in paper, which would allow aeking a specific strength with less
wood consumption. Also, improving the overall gtyalf the paper would reduce the
losses resulting from discarded substandard papéh (streaks or holes) and the
production time losses caused by sheet breaks.t®tiee large scale of the industry,
small efficiency improvements result in significdimancial savings.

The paper industry is a multibillion dollars indystovering a large range of
products from tissues to packaging. There are nousempaper production centers

throughout the world with a considerable environtabrand economical impact



associated with their large consumption of wood anergy. The present study is part of
the larger effort to improve the efficiency of timelustry, improving its economic output

while reducing its environmental impact [Islek 2004

1.2 Objectives

The investigation presented here has two main Es$®ciated with its two
complementary objectives. The first part identiftbe cause of the secondary flow
downstream of short twisted tapes using experinheietzhniques. The second part
investigates how the secondary flow appears and tooeliminate it using numerical
modeling. This exploratory study evolved sequelytiahd the steps in the second part
were determined by the results of the first pahie Tollowing section is an outline of the
steps followed to meet each objective and alsoaat Summary of the main findings

corresponding to each step, which led to the cusencture of the study.

Objective I: Identify the Cause of the Secondary Flow
* The existing literature is reviewed in order tadfisimilar flow reports

o Counter-rotating flow was never observed before rkiveam of twisted
tapes

o The only previous case of counter—rotating flow vedsserved in jets
induced by rotating pipes but it was not periodic

» Laser Doppler Velocimetry (LDV) measurements aréected in the swirling
flow induced by a twisted tape with a 60 mm pitotconfirm the previous results
[Aidun and Parsheh 2007]

0 The previous results are confirmed by the LDV measents

o The LDV measurements are collected along the eB&Gmm (14d) long
test section with a 5 mm (0.2d) axial resolution



* New measurements are performed for twisted tapds 4% and 90 mm pitch to
identify pitch dependency

o The flow behavior is similar to that observed dotmesm of the 60 mm
pitch twisted tape

» Direct visualization of the secondary motion is fpaned to determine its
structure and the results are correlated with B¥ Imeasurements

o An air bubbles injection system was designed amsthiled in the flow
circuit

o The air bubble distribution shows the presence sfaale pair of helical
vortices
 The results are processed in order to determine ctieracteristics of the
secondary flow
0 The tangential velocity field is reconstructed fra®V measurements
= The helical vortices are co-rotating with the prignaortex
= The helical vortices are responsible for the courdtating flow
region near the centerline which is not axi-symmetr
Objective II: Identify Methods to Eliminate the Secondary Flow
* A numerical model is developed

o0 The test section is modeled at its actual size gusire commercial
software FLUENT

* The model is validated with experimental results

o All flow features are qualitatively recovered waHaminar formulation
* The flow is investigated inside the twisted tapériaw

0 The secondary motion originates inside the swirler

o0 The characteristics of the swirler determine thearabteristics of the
helical vortices



* The secondary motion formation mechanism is idiextif

0 The vortices are a result of pressure and cengaifungbalances created by
the swirler geometry

* The flow is modeled numerically for different sveirlconfigurations
o0 Tests are performed for twisted tapes with multiplists
0 Tests are performed for twisted tapes with multghlambers

» Configurations which have the potential to createlsvithout secondary motion
are identified

0 Multiple chambers could create swirl without secaydmotion within a
short distance from the swirler

As a result of this investigation several phenomerae observed for the first
time. To the knowledge of the author, the followimglings are original contributions of
the present study:

» First observation and characterization of co-ratatielical vortices downstream
of the twisted tape.

» First explanation of the counter-rotating core loé primary vortex based on co-
rotating helical vortices.

* First numerical modeling of the formation of helicsrtices downstream of
twisted tapes swirlers.

» First indications that the secondary motion indisted tape swirlers consists of
single co-rotating vortices each side of the taseall previous studies report two
counter-rotating vortices.

» First accurate, non-intrusive, LDV velocity measueats through helical vortices

» First detailed high speed camera visualizationsetital vortices showing the 3D
motion.

Some of the experimental results presented instidy were published in Cazan

and Aidun [2009].



CHAPTER 2

LITERATURE REVIEW

2.1 Turbulent swirling flows

Many industrial devices with rotating parts (tudsn compressors) operate with
high Reynolds number flows where swirl and turbagemteract. In laboratories, due to
size constrains, swirling flows are reproducedegitiising static devices (angled vanes,
twisted tapes, eccentric injection) or dynamic desilike rotating pipes. Since counter-
rotating flow has been previously attributed tobtence, as explained in the previous
chapter, the following section presents a summatyrbulence/swirl interactions.

Swirling flows are a result of the superpositionaafal flow and vortex motion.
The equations governing the swirling flow are tleéirdtion of vorticity Q =[xV (also
equal to twice the rate of rotation for a fluidatig as a solid body), mass conservation
OV =0 and the vorticity equation. For incompressibleniothe vorticity equation
states that the rate of change of vorticity is gilbg:

% =(QMV +vD*Q (2.1.1)

The first term on the right side is called the earstretching term. If the strain
rate produced by the velocity gradients act totctréhe material line aligned witk,
then the magnitude aR increases correspondingly. The second term onighéside is
a viscous diffusion term describing the rate ofngeaof Q due to molecular diffusion of

vorticity.
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One convenient way to quantify the vortex motionsng the circulation defined
as the line integral of the tangential componenthef velocity taken around a closed

curve in the flow field. The circulation is relatealthe vorticity through Stokes theorem:
M= 3§v ms:”Q A  (2.1.2)

If the flow is inviscid, the circulation is govemdy the Kelvin theorem, which
states that no circulation is produced or destragede absence of viscous shear:

Dr
—=0 (213
Bt (2.1.3)

The tangential velocity induced by a vortex is tedato the circulation through the

equation:

__ 1 pppnxQ
V,(r) = 4ﬂm|r—rl|3dv (2.1.4)

which reduces to the Biot-Savart law if the votticis concentrated to a single line

filament of circulation [Widnall 1975]:

" (2.15)

|3

r erxd
Ve(r) = l _[rl i
7 1

The amount of swirl present in the flow is usuaéscribed by a non-dimensional
swirl number [Gupta et al. 1984]. The swirl numer swirl intensity) is defined as the

ratio of the angular momentum flux to the axial neortum flux:

_axialflux of tangentitmomentum _ G,
(radius){axialflux of axialmomentum) RIG,

(2.1.6) where

G, =[pliV, VA (2.1.7)

G, =jpm/f MA (2.1.8)

11



This formula can be further simplified if an avesagxial momentumG Is used

X_avg

instead ofG, such that:

RG, ., =7RpPLZ (2.1.9)

X _avg
in which case S represents the non-dimensionallangomentum flux:

S:L
7R [p U2

(2.1.10)

Since S represents a ratio of two integrated guesititwo swirling flows with
different velocity distributions may have the saswarl number. The swirl number does
not differentiate between swirling flows with ortivout secondary motion. For swirling

flows induced by rotating pipes the swirl numberespressed as the ratio of the

tangential velocity of the pip€, and the bulk velocity, [Facciolo et al. 2007]:

s=Yv  (2111)
U

b
It is usually assumed that the radial pressureignacand the mean tangential

velocity component are related by:

2
dp :% (2.1.12)

dr
whereV/ /1 is the centripetal acceleration [Baker and Sa@#4l This simplified form

of the radial momentum equation in cylindrical atioates shows that there are strong
pressure gradients in the radial direction and #sb as the swirl decays the pressure
becomes more uniform. When the swirl decays thaltieg adverse pressure gradients in

the axial direction can produce flow reversal [KittO91, Pashtrapanska et al. 2006].

12



The decay of the swirl follows an exponential disttion in the axial direction
[Smithberg and Landis 1964]:
S=§ [Exp-LUz-2z)/d) (2.1.13)
where S; is the swirl intensity at a reference positinnand z is the axial location were
the swirl intensityS is calculated. Experimental measurem¢Btker and Sayre 1974,
Kitoh 1991] revealed that the decay coefficightis dependent on Re, increasing as the
Re decreases (the decay is faster at low Re). Ki®91] showed that there is no

universal formula fitting all swirling flows as thdecay depends on the geometry

generating the swirl and initial swirl intensity.
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Figure 2.1.1 Axial and tangential average velocity profifes turbulent swirling flows:
— upstream, - - - downstream [Baker and Sayre 1974].

Most studies [Algifri et al. 1987, Baker and Say®/4, Kitoh 1991] show that
there are three flow regions in the turbulent swgylflow inside a pipe, regions
characterized by the average tangential velocgyribution (figure 2.1.1). These regions
are a forced vortex region near the pipe axis whaeedlow rotates at a constant angular

velocity w=V,/r =constant followed by a free vortex region where the angular
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momentum is constarw =V, [f = constantand a wall region where viscosity dissipates

the angular momentum and tangential velocity deagaharply.
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Figure 2.1.2 : Rankine vortex [Loiseleux et al 1998].

The combined vortex structure is common to bothfined swirling flows in
pipes and swirling jets. The combined vortex wascdbed first by Rankine [1888] and
is usually called a “Rankine vortex”. The mathematiormulation of the variation of the

tangential velocity/, with the radial distance from the vortex axis is:

r
Vo= forr<r,
r0

V,(r) = (2.1.14)

Vod’2 for r>r,
r

whereV, = wli, is the maximum tangential velocity, is the radial location o¥, and

ais the constant angular velocity in the core regoamresponding to a solid body
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rotation. The tangential and axial velocity prddier a swirling jet with Rankine velocity
distribution are shown in figure 2.1.2.

Most experiments show a smooth transition betwhercore and the free vortex
region as opposed to the singularity in the Rankmoelel, which neglects the shear layer.
A more realistic description of the tangential ity distribution for the combined
vortex is an exponential distribution sometimedechlGaussian due to its mathematical
similarity with the Gaussian distribution in stats. The model is also called a
“Batchelor vortex” after the author of a paper whaescribed the trailing vortices behind
a wing [Batchelor 1964], but a similar solution wasscribed previously by Burgers

[1948] while investigating turbulent flows.
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Figure 2.1.3 : Batchelor vortex [Lessen et al. 1974].
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The mean tangential velocity distribution is giv@n
V,(r)=T——— (2.1.15)
r

whereT is the circulation and fAis a constant [Burgers 1948, Batchelor 1964, Lregte
al. 1974]. Figure 2.1.3 shows the non-dimensiordbaity distribution of a swirling jet
where W is the non-dimensional mean tangentialoigloU is the non-dimensional axial
velocity, g is the non-dimensional circulation arid a non-dimensional radius [Lessen et
al 1974]. In the non-dimensional form the tangdmn&ocity distribution has a maximum
of 0.639 at r = 1.12 so the dimensional form camdm®vered if the results are adjusted
accordingly.

In the wall region where viscous effects are domirtae mean axial velocity

follows approximately the classic “log law” neaetivall [ Kitoh 1991, Klepper 1972]:

V,/u =250ny*+55 (2.1.16)
whereu, =,/t,,/p is the friction velocity,r,, is the wall shear stress aptd=y,,/J, is

the distance from the wall measured in wall udts\iscous lengthsp, =v/u.. Inside

the boundary layer the mean tangential velocitynisch smaller than the mean axial
velocity and follows a linear distribution [Smitiigeand Landis 1964].

In the axial direction, as the swirl decays, thewfltends toward regular axial
flow. The tangential velocity decreases while thealavelocity increases near the
centerline and decreases near the wall (figurdR.As a result, in the axial direction the
static pressure strongly decreases near the walskghtly increases near the centerline.
However, the static pressure gradients are strangée radial direction than in the axial

direction. Several studies observed a recirculatimme near the inlet created by the axial
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adverse pressure gradient, the existence and kibe oecirculation zone depending on
the geometry of the swirler and increasing with Reenumber [Kitoh 1991, Parchen and
Steenbergen 1998]. The recirculation zone creajedwirling jets is used to stabilize
flames in combustors [Dewan et al. 2004].

As the swirl decays, the rotating motion also losiss symmetry. Several
investigations showed that after the swirl decays ttertain level the vortex axis does
not coincide with the pipe axis, the asymmetry geas large as 10% of the pipe radius
[Baker and Sayre 1974, Parchen and Steenbergen R8SBtrapanska et al. 2006].

The swirl/turbulence interaction is the subjecthaimerous studies as part of the
effort to model swirling flows at high Reynolds nbers. Analyzing the flow structure
Kitoh [1991] pointed out that the turbulent struetsiin the flow are subject to centrifugal
forces due to the helical streamline and also dav fskewness due to the non-uniform
spiral pitch. Consequently the shear stress doecin the annular region does not
coincide with the velocity gradient direction as@ased by the “eddy viscosity model”
which models the turbulent stresses similarly souiscous stresses.

Most studies agree on the anisotropic charactdveofurbulence in swirling flows
[Parchen and Steenbergen 1998, Pashtrapanska &0@®]. As the swirl decays
downstream, the decay affects first the annularoregimmediately after exiting the
swirler the turbulent kinetic energy decreases thed increases again as the solid-body
rotation core shrinks and disappears [Pashtrapaetiskia2006].

For swirling flows induced by vanes normal Reyndtiesses show a significant

increase near the centerline as the swirl decaguréf 2.1.4). The levels of the

fluctuations of the tangential velocit\g_é(v_zin figure 2.1.4) and radial velocity_,2 (W
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in figure 2.1.4) are approximately equal and mwigér than the fluctuations of the axial

velocity v_f (F in figure 2.1.4). The velocity fluctuations showedurn to isotropy as the

swirl decays farther downstream [Parchen and Sexgeh 1998].
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Figure 2.1.4: Radial distribution of the components of the R&gs stress tensor along
the pipe axis [Parchen and Steenbergen 1998].

The Reynolds shear stresses are shown in figurg fhda swirling flow induced

by vanes [Kitoh 1991]. In figure 2.1.6,v and w correspond to axial, tangential and

radial velocity fluctuations \(,,v;,v!). The arrows in theuv profile show locations
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whereaai =0 but the sign changes ofv do not coincide with those locations as eddy
r

viscosity models would predict.
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Figure 2.1.5: The shear stresses in a turbulent swirling fadwlifferent axial locations

[Kitoh 1991]. Arrows in (a) indicate radial positi® of%—U =0.
r
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There are a number of studies investigating thieulent swirling flow inside a
rotating pipe. In the case of a rotating pipe, Wedl shear actually induces the swirl
instead of reducing it as in the studies of staigmipes. The velocity fluctuations are
larger near the wall with the axial velocity fluations being the largest while the radial
and tangential fluctuations are almost equal [Irebal. 1996]. These characteristics are
similar to the non-rotating case and opposite ftbexswirling flows generated by vanes.
The same characteristics persist even in swirliogd inside stationary pipes if the swirl
is generated by rotating pipes [Anwer and So 18&&klage-Marliani et al. 2003].

Inside a rotating pipe the turbulent flow becoma®ihar near the inlet but then
returns to turbulence [Nishibori et al. 1987]. Boe same rotation rate, the laminarization
of the flow occurs as the axial Reynolds numbéngseasing. Most studies agree that the
swirl has a stabilizing effect on turbulent flowsile destabilizing the laminar flows
[Anwer and So 1989, Kitoh 1991, Nishibori et al8¥{ Increased rotation reduces the
turbulent fluctuations and the overall friction $osvhile the axial velocity profile
becomes parabolic.

There have been numerous attempts of modelingiswiflows unfortunately
with limited success. Early simulations [Kobayasind Yoda 1987, Parchen and
Steenbergen 1998] usdd- & models based on “scalar eddy-viscosity” but thsulte
did not match the experiments and they concludad ttiis was a result of the velocity
fluctuations anisotropy in the swirling flow.

To simulate turbulent swirling flows models have dapture the anisotropic
effects of rotation on the Reynolds shear stresdesh determine the turbulence decay

[Kitoh 1991, Pashtrapanska et al. 2006, Rocklagdidfa et al. 2003]. Accurate
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simulations of turbulent swirling flows should emplReynolds Stress Models (RSM)
[Kitoh 1991, Pope 2000] which calculate each congmbrof the turbulent stress tensor,
unfortunately with an increase in the computatiot@dt. Other alternatives are Direct
Numerical Simulations (DNS) or Large Eddy Simula8qLES), but the computational
cost of these methods is even larger.
Orlandi and Fatica [1997] performed a DNS simulatid the turbulent flow in a

rotating pipe which showed a large logarithmic oegspanning from the wall up to half
of the radius. While most studies agree with afibigaic variation near the wall, the size

of the region is much larger than that reporte@kgerimental studies.

2.2 Vortex identification

One of the biggest challenges encountered in thaéysbf swirling and vortex
flow is to consistently identify vortices. Many rhets have been suggested but most of
them failed to receive a wide acceptance. Thesbadstassociate specific flow features
with the presence of vortices in order to identifgm.

Some of these features are intuitive like closeebst lines [Lugt 1979, Robinson
et al. 1989], large vorticity magnitude [Hussaird dtayakawa 1987] and regions of low
pressure balancing the centrifugal forces [Robirk@®il]. However, these methods have
limitations in specific cases: the streamlines delpen the reference system, the vorticity
magnitude has maxima near the walls and pressumenaiare generated by unsteady
strain [Jeong and Hussain 1995]. Most researclass fquantitative methods to identify

vortices which are independent of the referenceesysised (Galilean invariant).
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Several advanced methods have been proposed bastg anvariants of the
characteristic equation of the velocity gradiemtstalClu. A short description of these
methods is presented below while in depth anabsiéscomparison of these methods are
described by Jeong and Hussain [1995] and Chaksabbal. [2005].

The eigenvaluest of the velocity gradient tensdru satisfy the characteristic
equation:

A+P AP +QA+R, =0 (2.2.1)
wherePy (the first invariant) is given by, = -0, Q, (the second invariant) is given
by Q, = ((D W) —tr((Du)z))IZ andR, (the third invariant) is given bR, = —-Det(u).

For incompressible flows?, = @&nd the discriminanfA of the equation is given by

A=(Q,/3) +(R,/2).

Hunt et al. [1988] proposed usiri@, > t0 identify vortices (the Q criterion).,Q
can also be written a@, = Q|Q||2 —||Su||2)/2 where Q) = (tr(@')}* is the Euclidean
norm of the vorticity tensoiQ =(Du—(Du)t )/2 (the anti-symmetric part oflu) and

IS, = (tr (SuSut))l/2 is the Euclidean norm of the rate of strain tenSpr (Du +(0u)’ )/2

(the symmetric part oflu). In an incompressible flow, Qs a measure of the excess of
rotation rate relative to the strain rate.

Another method to identify vortices is tiecriterion proposed by Chong et al.
[1990]. This method considers a vortex core a megibere the streamlines are closed or

spiraling which translates ifJuhaving a pair of two complex conjugate eigenvalues
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A, £id,. This condition is satisfied when the discriminahtof the characteristic

equation is positivéh > 0

A variant of theA criterion method named the “Swirling Strengthterion was
later proposed by Zhou et 4l1999]. The method associates the complex parhef t
complex pair of eigenvalued to the strength of the vortex, as the time pefiod
completing one revolution of the streamline2ig/ A . Thresholds values of; are used
to obtain vortices which correspond in size withiti@s obtained with the other criteria.
Chakraborty et al. [2005] added an extra conditan“Spiraling Compactness” to
account for differences in vortex size between“®wirling Strength” method and other

methods when applied to swirling jets. They retheratio A, /A, to the radius of the

spiral streamlines. A point is considered to béd@s vortex core if this ratio is smaller
than a threshold value in addition to the previcosdition that A, is larger than a
threshold value.

One of the most widely accepted methods to idemiftices to this date is the
A, criterion introduced by Jeong and Hussain [199%]s Tnethod identifies the location
of minimum pressure regions which indicate the @mes of a vortex core while
neglecting misleading effects such as unsteadynstgawhich could create a pressure
minimum without a vortical motion and viscous etfeavhich could eliminate the
pressure minimum in a flow with vortical motion.té&f applying the gradient operator to
the Navier-Stokes equations and neglecting theesadgtand viscous terms, the pressure

can be written as:

S’ +Q?%= —%D(Dp) (2.2.2)
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A local pressure minimum requires two positive aigdues of the pressure

Hessian, so using the previous equation the autihefise a vortex core as a connected
region with two negative eigenvalues 8f° +Q?. As S,>+Q ? is symmetric, all its

eigenvalues are real. Ordering the three eigensaluen a sequence such that

A, £ A, £ A;, the definition is equivalent to the requiremérdttd, <0 within the vortex

core (which is why the method was named Aecriterion).

Comparing the vortex identification methods presdnabove on multiple test
cases Jeong and Hussain [1995] observed diffeesunits. However, Chakraborty et al.
[2005] concluded that in intense swirling regiohe wortex structures identified using
these methods were almost identical for kinematid dynamic interpretation. In the

present study, vortices are identified by thecriterion and also elongated low pressure

regions, closed streamlines and vorticity magnitude

2.3 Flows in pipes with twisted tape inserts

Swirling flows are widely used in industries whenghanced mixing is required.
This investigation is focused on swirling flows uwdd by twisted tapes and this chapter
summarizes the studies published previously. Thim rolaaracteristics of twisted tapes
were presented in Chapter 1.

There are numerous studies dedicated to flows girawisted tape swirlers but
most of them investigate only the variations of theat transfer and of the friction
coefficient [Abu-Khader 2006], with few attempts étucidate the mechanisms behind
these changes. A comprehensive list of articlesardhgg twisted tape inserts is

summarized in the review article of Dewan et al(02].
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While the twisted tapes used in this study are taslis18G and the flows
investigated are in the range R€ 10 1C, in previous investigations researchers studied
mostly flows induced by tapes with multiple twigta/ist angle larger than 180and a
large number of the published reports focused enRe flows in the laminar regime.
However, the numerical part of the present stugyaguces both the experiments at high
Re using 18Dtwisted tapes and also tapes with multiple twastd flows in the laminar
regime, allowing a better comparison with the poesistudies.

One of the first investigations [Kreith and Sonj@6%] studied theoretically and
experimentally the decay of turbulent swirling wdtew in a 1 inch (25.4 mm) diameter
pipe with twisted tape inserts for Re betweefl 46d 10 (figure 2.3.1a). The authors
used long twisted tapes (30d) and considered thw fully developed. The swirl
measured at different axial locations using a mogablade in the center of the pipe
decayed to 10-20 % of the initial swirl intensity approximately 50 diameters (figure
2.3.1b). The swirl decay was faster at low Reynaildsbers and independent of the
pitch. However, the swirl measurements made usiagdtating blade actually measured
an average angular velocity which does not capghegresence of secondary flow.

Another early work [Seymour 1966] investigated hiRgynolds number swirling
flows in pipes with 1, 2 and 3 inch diameters. Bxperiments showed the presence of
two asymmetric vortices in the flow field at Re 2189 a 3 inch (76.2 mm) diameter pipe

(figure 2.3.2a).
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Figure 2.3.1 Swirling flow induced by twisted tapes [Kreitmda Sonju 1965]: (a)
twisted tape inserts and rotating blade deviced fand 2 inch diameter pipes, (b) swirl
decay at Re = 6.1x%0n a 1 inch diameter pipe. The twisted tape charistics for the
data in plot (b) are:

e, Pitch 15, length 30in.; X, pitch 8, length 30 in.; ©, pitch 9, length 18 in.

&, pitch 15, length 18 in.; » theory.

The pressure profiles near the walls of the pipe ragar the twisted tape revealed
a pressure gradient in the direction of the twisdl ghe experiments also showed two
maxima in the axial velocity contours (figure 218.2A study on twisted tape inserts
conducted by Smithberg and Landis [1964] showedilainfeatures as Seymour’s

investigation for axial velocities, but no second@ow patterns for tangential velocities.
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Figure 2.3.2: Characteristics of the flow in the cross sectwbm 3 inch diameter pipe
with a twisted tape insert at Re =>J8eymour 1966]: (a) cross section velocity fief)
axial velocity contours
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Figure 2.3.3 Axial velocity contours calculated at Re = 1,200tapes with different
twist ratios [Date 1974]

Date [1974] investigated the flow induced by twiktapes using a numerical
model. The model assumed fully developed flow withaxial gradients and it was based
on a vorticity-stream function formulation solvedtlw finite differences. The axial
velocity profiles of flows induced by tapes withidar twist ratios showed single maxima
peaks near the wall, in the opposite directiontnedato the twist of the tape. At lower

twist ratios, the velocity profiles showed two psdfigure 2.3.3).
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(@) y=4.32, Re =668 (b) v=3.53,Re=554| (c) y»=3.0, Re=1000
1.52 m long tape 1.52 m long tape
(~7 x 180 twists) (~8.5 x 180 twists)

Figure 2.3.4: Comparison between smoke visualizations and cbeapflow fields in a
2 inch (50.8 mm) diameter pipe with twisted tapsents (direction of tape twist from left
to right): a), b) [Manglik and Ranganathan 1997] Yerra et al. 2007].

More recent studies [Manglik et al. 1993, 1997,200erra et al. 2007] identified
the secondary flow as one of the important causethe heat transfer enhancement.
Smoke visualizations in air flows at low Reynoldsmbers were compared to finite
difference numerical simulations using a vorticgtyeam function formulation. Their
images show the presence of two structures inehgcsrcular cross section which they

identified as counter-rotating vortices (Fig. 2)3Bhe two vortex cell pattern emerged as

either the Reynolds number was increased or thst tadio was decreased. Consequently
the authors introduced a swirl number definedsa¥= Rey/ y, to characterize the flow

changes in pipes with twisted tapes.

Kazuhisa et al. [2004] described another numeiivadstigation of the laminar
swirling flow generated by a twisted-tape insertancylindrical pipe. Their model
employed a non-orthogonal coordinate system ragafiith the tape, while the equations

were solved using the SIMPLEC algorithm [Patanka8Q]. The simulation captured the

28



inception and evolution of the secondary flow shayvihat a counter-rotating vortex
appears immediately downstream of the inlet in rare¢ position and than drifts to the
corner of the semicircular domain, against the ttwigection (Fig. 2.3.5). The drifting
was explained as an effect of the centrifugal ferdmut the exact mechanism was not
detailed. The authors assumed that the effect ofydncy is important only for the
laminar regime subject to high heat flux and nettéobulent flows. They concluded that
in cases where the buoyancy is neglected, the flatterns depend only on the swirl

number and not on the Reynolds number.
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Figure 2.3.5: Transition of secondary flow for ¥ 10, Re = 2,000 wheré represents
the normalized turn angle of the twisted tape [Kaga et al 2004].

Some researchers [Klepper 1972, Saha et al 200dfeploout that more efficient
heat transfer can be achieved using multiple sfhwosted tapes. These devices produce
less pressure drop compared to full length twistpes and they can be optimized using

different distances between tapes and tapes witreint pitch [Dewan et al 2004].
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Rahmani et al [2004, 2005] simulated a similar pgob the flow through a
helical static mixer which consists of a serieseftfand right twisting helical elements at
right angles to each other. Each element is twid®&@fF (figure 2.3.6a). The two-phase
flow was modeled using the commercial software FNJEFluent Inc. 2006]. The plots
of the velocity vectors and the particle locatieh®wed very similar profiles to those in
the regular twisted tape flows with two distincgiens and a vortex near the wall in the

direction of the rotation (figure 2.3.6 b and c).
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Figure 2.3.6: Numerical simulation of the flow through a pivéh a static mixer insert
[Rahmani 2004]: (a) static mixer schematics, (b)ssrsection velocity vectors, (c)
particles location after thé"4lement at Re = 1000.

2.4 Related studies: flows through curved and hiehl pipes

Some researchers suggested that the secondaryegoptiesented in the previous
section have similar characteristics to anothee tgp centrifugally driven secondary
motion, usually known as Dean vortices [Ujhidy et 2003]. The next section is
dedicated to Dean vortices which are pairs of ceurdgtating vortices formed in U-

curved and helical pipes.
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The centrifugal effect of a U-bend on the flow tigh a cylindrical pipe was first
observed by Eustice [1911] using dye injection. iDEEO27, 1928] developed the first
analytic solution for the U-shaped pipe problensuasing small perturbations and that
the pipe curvature is much larger than the pipendiar (R, >>d ). He demonstrated that
the centrifugal forces induced by the pipe radileseMarger in the center of the pipe
where the velocity was higher than near the watksating an unstable stratification. As a
result, the fluid moved toward the exterior waléating two counter-rotating vortices.
These types of vortices were consequently namedariDeortices” and the non-
dimensional parameter introduced by him to chareete flow stability
Dn=Rd]ﬁd/(2ERc)]“zwas named the “Dean number” whegk is the pipe inner

diameter, Re is the Reynolds number baseddoand R, is the radius of the pipe

curvature.

(b)

Figure 2.4.1: Smoke visualization of secondary flow pattenmscurved semicircular
tubes [Cheng et al 1987]: (a) Re = 530, Dn = 8yR@= 1070, Dn = 175.

There are numerous theoretical studies and viatalirs of the flows through
curved pipes with circular, semicircular and sqdasections. Cheng et al [1987]

recorded images of the flow patterns in U-shapertsdwith semicircular sections using
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smoke in air at low Reynolds numbers. The photasvdihe Dean vortices clearly (figure
2.4.1).

Another class of flows with similar characteristicsthe twisted tape flows are
the flows through helical pipes. Kao [1987] demaaistd that increasing the torsion
magnitude at low Dean numbers might reduce the delbsecondary flow to a single
vortex. His numerical simulations using the orthoglo coordinate transformation
developed earlier by Germano [1982] showed thatllsolenges in torsion caused
significant changes in the flow pattern. The changere more dramatic as the Dean
number increased. He found that the flow patterreyewinfluenced by the ratio
torsion/curvature, rather then the absolute vatii¢se two parameters. Testing the effect
of the ratio, he found that for a ratio of 3 thevéy vortex is so dominant that the upper
one is squeezed in a very narrow region with algatafined core.

Liu and Masliyah [1993] who also studied numerigaltie laminar flow in helical
pipes with circular cross section confirmed theselifigs. For constant Reynolds and
Dean numbers the two-cell vortex pattern changeshtvortex as a result of increased
torsion. As torsion increased, the maximum axidbeigy location moved spirally from
the outer wall toward the center while the presglwes showed a low-pressure zone near
the inner wall.

In a more recent study Tiwari et al. [2006] demoated numerically that the
formation of Dean vortices in helical pipes reduttes near wall concentration buildup
for two-phase flows by increasing the shear ratéseawall. They explained the complex
flow field as a result of the combination of Corsolorce effects (due to the torsion of the

tube centerline) and centrifugal force effects (doehe curvature). Their simulations
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also showed that the flow reaches a fully developide after a238 rotation. The
presence of a straight pipe at the end changetlavdield in the last20° of the helical
pipe as a result of the changes in the pressuck fie

These findings are illustrated in the cross-sedilimn schematic for a helical pipe
(figure 2.4.2a) which shows non-symmetric vortieath the upper vortex smaller than
the lower one. Simulations with and without grawstyowed that it has little effect on
vortex position. A two-phase flow simulation withndicron diameter particles also
showed that for Dean numbers larger than 1,000iteydl forces balanced the gravity

and reduced the peak concentrations of the pasticle

Figure 2.4.2: Dean vortices in U-shaped and helical pipess¢aematic [Tiwari et al
2006], (b) smoke visualization in U-shaped pipe dfip et al 1987], (c) smoke
visualization in helical pipes [Yamamoto et al 2D02
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Smoke visualizations confirm the sketches of trmsdary motion in U-shaped
and helical pipes shown in Figure 2.4.2a. FigueZb. shows a visualization of air flow
through U-shaped pipes [Cheng et al 1987] whilareg2.4.2c shows a flow visualization

of the secondary motion in helical pipes [Yamameital 2002].

2.5 Flows with helical vortices

As will be shown in the following chapters, thevilan this study contains a pair
of co-rotating helical vortices. Similar helical ices have been observed in different
rotating flows, most of the reports coming fromestigations of vortex breakdown either
in confined swirling flows, swirling jets or on Hity swept delta wings. The presence of
helical vortices was also reported in the swirlitmgy created by tangential injection
inside a chamber with a closed end [Alekseenkd. 41989].

In vortex breakdown helical vortices appear eitasra single helix or double
helix. These structures can be present with orawitla vortex breakdown bubble. The
helical structures are generally unstable anditigdeshelix sometimes rotates around the
flow axis. The focus of most of the vortex breakdostudies are the bubble mode and
the single helix mode. These modes create an eegakulation flow region in swirling
jets which is used to stabilize flames in combusti@vhile the bubble mode has a
stagnation point on the axis and the helical mode & stagnation point off-axis, the
double helical mode does not have a stagnatiort poiaxial flow recirculation so it does

not provide a stabilizing effect like the bubbledasingle helix modes. Comprehensive
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reviews of vortex breakdown are presented by Ludegro and O’Doherty [2000],
Escudier [1988] and Leibovich [1984, 1978].

A vortex breakdown is “an abrupt change in thecitne of the core of a swirling
flow” [Althaus et al. 1995, Sarpkaya 1971]. Thesfiobservations of vortex breakdown
are attributed to Peckham and Atkinson [1957] inramestigation of the vortices formed
by flow separation over the leading edge of delirag® at high angle of incidence. After
the initial observation of vortex breakdown on vgngnost investigations focused on
vortex breakdown in pipes, as the axial and tangleabmponents of the flow can be
controlled independently. Unfortunately, despite@roB0 years of research, there is still
no general agreement on how the breakdown formgdggrand Spall 2000]. In fact, as
Billant et al. [1998] point out, the theories arentradictory and even the features
observed experimentally are different. Some reseascobserved a dominant bubble
mode and a secondary helical mode [Escudier 198&h et al. 2003] while others
consider the helical mode the basic mode and tlidbleusecondary [Leibovich 1978,
Sarpkaya 1971]. At the same time, there are remdri®th helical vortices winding in
the direction of the flow rotation [Leibovich 1978arpkaya 1971] and vortices winding
against the flow rotation [Escudier 1988, Lambouand Bryer 1961, Ruith et al. 2003].
These differences are generally attributed to tfferdnt swirl generation methods as the
swirl can be generated with adjustable vanes [$gk 971, Faler and Leibovich 1978],
rotating walls [Escudier 1984], tangential injectipEscudier and Zehnder 1982] or
rotating pipe sections [Billant et al. 1998]. Thertex breakdown was found to be very

sensitive to the swirl generation method makingegalization difficult.
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Vortex breakdown occurs when the swirl number edseecritical value or when
swirling flows are exposed to an adverse presstagignt (sudden expansion, divergent
pipes). The breakdown mode selection is dependerRe and swirl level. However,
several regimes are bi-stable and the mode chanuglkekenly from one mode to the other.
This unpredictable behavior was best captured byctassic photo of Lambourne and
Bryer [1961] which shows both the bubble and tHechebreakdown modes occurring in

the same conditions, at the same time on eaclof@elelta wing (figure 2.5.1.).

Figure 2.5.1 Vortex breakdown over a delta wing displayinghbiine helical and the
bubble modes [original in Lambourne and Bryer 196dproduced from Leibovich
1978];

The vortex breakdown appears as the swirling floargoes a transition from a
supercritical state (which does not allow the pmeseof waves) to a subcritical state
(which allows the presence of standing waves) [beith 1978, Escudier 1988]. All
authors agree that the presence of helical voriicesortex breakdown is a result of
instabilities amplified by the centrifugal forces the rotating flow [Sarpkaya 1971,

Escudier 1988, Leibovich 1978]. However, the awthtw not agree on the relevance of

the helical mode which is considered fundamentealbfeakdown by Leibovich [1978]
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and just a particular case by Escudier [1982, 1888]Ruith et al. [2003]. Axisymmetric
vortex breakdown has been achieved in well comtdokéxperiments with no helical
disturbances suggesting that the vortex breakdawani axisymmetric phenomenon

[Escudier 1988].

(b)

Figure 2.5.2 Visualization of vortex breakdown [Sarpkaya 1P74) bubble mode with
helical tail (the flow outside the bubble is unattd), (b) double helix breakdown mode.

The double helical mode was observed for the fins¢ by Sarpkaya [1971] who
presented numerous dye visualizations of vorteakatewn in water (figure 2.5.2). The
double helical mode appeared at Re < 2000 anddaighlation. The dye stream injected
on the centerline evolved into a curved sheet a@uth side of the sheet wrapped around

the other in a double helix which eventually broki turbulence. The helical vortices
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were co-rotating and the helix winding was in theection of the flow. The author

attributed the appearance of this mode to the digation of helical instabilities.
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(b)

Figure 2.5.3 Double helical mode breakdown in swirling flowsluced by tangential
injection: (a) dye visualization at Re = 220, (hyitating flow at Re = 9xI0[Escudier
and Zehnder1982].

Later, the helical modes were also observed by disciand Zehnder [1982]
(figure 2.5.3) but the helix winding was in the opfte sense compared to the rotation of
the outer flow. In figure 2.5.3a, dye injection water shows a breakdown bubble
followed by a double helix at Re = 220 while figité.3b shows a similar behavior at
Re = 9x106for cavitating flows.

Several articles report tangential velocity measw@s but none of these reports
have showed the velocity distribution correspondingthe double helical mode or
identified counter-rotating flow. Faller and Leibow [1978] report velocity
measurements with Laser Doppler Velocimetry in ateso bubble with a helical tail
(figure 2.5.4a). Their plots show that tangentialoeity profiles have two inflection

points at the end of the bubble (figure 2.5.4bjilsir to the velocity profiles investigated
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in the present study, but the flow did not beconoeinter-rotating. The swirl was
produced with swirl vanes while the vortex breakdowubble was created in an

expanding pipe.
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Figure 2.5.4 Vortex breakdown bubble at Re = 2560: (a) dysualization (b)
tangential velocity measurements (S marks stagmagpioints) [Faler and Leibovich

1978].

The previous studies confirmed the presence ofcdlelvortices in vortex
breakdown in pipes. Helical vortices are also pregevortex breakdown in unconfined
jets. The presence of two helical vortices in Sniyljets was visualized by Billant et al.
[1998] with fluorescent dye in water and two labgint sheets. Figure 2.5.5a shows axial
and cross-sectional visualizations of the jet stmecwhile figure 2.5.5b shows the jet

development along the axis. The swirl was creatdgua rotating honeycomb and the
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helical vortices were present in flows with Re 0Q@nd S < 1.4. For S > 1.4 the vortex
breakdown evolves into the bubble mode independeRe. At higher Re but under the
critical swirl number S = 1.4 the jet structure eadl from a double helix to three helical

vortices.

(a) (b)

Figure 2.5.5 Helical vortices in a swirling jet at Re = 606daS = 1.41: (a) vertical and
cross-section jet structure, (b) vortex developmalung the jet axis (locations in
diameters) [Billant et al. 1998]

Numerical simulations have also been widely employe investigate vortex
breakdown. Comprehensive reviews of numerical satiris are summarized by Althaus
et al. [1995], Lucca Negro and O’Doherty [2001] drwith et al. [2003]. While most of
these simulations reproduce the bubble mode andhéheal mode, Ruith et al. [2003]
also captured the double helical mode (figure 2.9r6their simulations the winding of

the helical vortices was opposite to the main fleimilar to the experimental reports of
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Escudier and Zehnder [1982]. The authors did npbntecounter-rotating flow and they
attributed the helical vortices, which were unstabto amplification of helical

disturbances.

2

Re =150

0 3 10 15 20

Figure 2.5.6 Particle paths in a numerical simulation of arlkswg jet show a double
helix structure downstream of a breakdown bubbReat 150 [Ruith et al. 2003].

In conclusion the double helical mode in vortexatdown is an unstable flow
regime generally attributed to a centrifugal amgdifion of helical instabilities. The lack
of stability suggests that the helical vortices weak and no counter-rotating flow have
been observed either in flow measurements, visatadizs or numerical simulations.

Helical vortices were also reported in the swirlifigw created by tangential
injection inside a chamber with a closed end [Adskdo et al. 1999]. The authors
created experimentally different types of helidalistures by varying the inclination of
plates at the bottom of the chamber, the inlet tmm$ of the injection nozzles and the
characteristics of the chamber outlet. One of teécal structures visualized by air
bubble injection was a double helix similar to thertex system discussed in the
following chapters (figure 2.5.7). However, the Oieuhelix structure was very unstable,

unlike the helical vortices identified in the presestudy. The authors developed a
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simplified analytical model which they used to cddte the flow field for a given pitch
of the helix, radius of the helix, strength of thertex (circulation) and ratio between the
axial and tangential velocity. This approach wastiowed later by one of the authors to
calculate velocity distributions for different comations of multiple helical vortices
[Okulov 2004, Fukumoto and Okulov 2005]. None oédé studies reported counter-

rotating flow.
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Figure 2.5.7 Helical vortices in the swirling flow induced logntrifugal injection into a
rectangular container [Alekseenko et al 1999]: qefup top view, (b) setup side view
with a sketch of the helical vortices, (c) air bleéowisualization.

The articles presented in this section show théitdlevortices are not a rare
occurrence in nature, but also that in most cakey tire unstable and difficult to
measure. As the helical vortices observed in thesgmt study are stable, their
investigation could help the understanding of tloevfstructures and their interaction in
vortex breakdown and other rotating flows as wellen though specific flows are

strongly dependent on the swirl generation system.
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 General setup

The experimental setup is designed to allow thestigation of the swirling flow
induced by a twisted tape in a circular pipe (FeguB.1.1 and 3.1.2). It consists of a
closed circuit where water from the tanks is pumpgda 0.5 HP magnetic drive
centrifugal pump with a frequency controlled motdhe inner diameter of the testing
pipe is 1 inch (d = 25.4 mm) and the pipe is maidé.®» mm thick glass which provides
optical access. Seymour [1966] investigated twisapes inserts in 1, 2 and 3 inch (25.4,
50.8 and 76.2 mm) diameter pipes and showed teatuthe diameter does not influence
the structure of the secondary flow. Consequeittlyhis study only a 1 inch (25.4 mm)

diameter pipe is considered. The pump allows tastReynolds numbers in the range

10* -10° (Re based on the pipe diameter d). The water tarksd 2 have a maximum
combined capacity of approximately 1 cubic metdruswally about half of this capacity
is used during tests.

The flow circuit has a calming section immediatepstream of the twisted tape.
The calming section is designed to reduce the tenoe level and consists of a coarse
screen, a honeycomb, two fine screens and a naszteiggested by Farell and Youssef
[1996]. The hexagonal cells of the honeycomb haflataside to flat side dimension of
6.35 mm and wall thickness of 0.25 mm. The coacsees and the two fine screens have

square cells with cell sizes 9.6, 2 and 1 mm.
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Figure 3.1.1: Setup schematic.
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Figure 3.1.2: General view of the experimental setup.
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The 140 mm long nozzle is installed 1d (25.4 mmymistream of the second fine
screen and has a 9:1 area contraction ratio. Tlee drameter is 3d (76.2mm) and the
outlet diameter is 1d (25.4mm) [Islek 2004]. Theteyn used to straighten the flow is
similar to the one used by Seymour [1966]. The flexits from the nozzle into the
twisted tape swirler.

The twisted tapes tested have lengths of 45, 6098nchm and they are twisted
18C¢° (the pitch is equal to the length). The coroesiing pitch to diameter ratios are
1.77, 2.36 and 3.54, respectively. The swirlersewmanufactured by stereolithography
(by Vistatek Inc.) using “Somos Watershed 1112@irreThe twisted tape and the pipe
form a single part, so the width of the tape isatda the inner diameter of the pipe with
no gap in between (figure 3.1.3). This design elsteés uncertainties due to any
secondary effects of the tape/wall clearance whatur for common twisted tape inserts.
The twisted tape has a profiled edge to limit flegparation at the leading edge of the

swirler. The tape thickness is 3 mm (0.118d) atl¢laeling edge and 1.5 mm (0.059d) at

the trailing edge.

Figure 3.1.3: Twisted tape swirler: pitchl = 60 mm, diameted = 25.4 mm, pitch to
diameter ratig, = 2.36.
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The flow is investigated using LDV measurements divdct visualization of
injected fine air bubbles. The air bubbles generatas built using a spinal needle (a
large needle designed to be inserted into the kpatamn between the lumbar vertebrae
for diagnostic purposes or to administer medicatiith a 1.25 mm (0.049d) outer
diameter, 0.9 mm (0.035d) inner diameter and wignqgdally spaced holes of 0.45 mm
(0.018d) oriented upstream (figure 3.1.4). A thamd plug is used to prevent water
infiltration into the air circuit when the air irggon is stopped. The needle was inserted
into a polycarbonate flange with a 25.4 mm (1d)yre#ger flow section. The device is
installed just upstream of the swirler. The air smisw is supplied by a compressed air

line controlled by a ball valve.

(b)

Figure 3.1.4: Air bubbles injector: (a) general view, (b) clage of the perforated
needle.

The bubbles motion is recorded using a black andewthantom V5" high-
speed camera capable of 3800 frames per seconddfpgsame sizes of 512x512 pixels
or 4200 fps frame sizes of 1024x256 pixels. Thearamvas fitted with a Nikon “Micro-

Nikkor” lens with focal length f = 55 mm for closhots and a Elicar V-HQ Macro lens
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with focal length f = 90 mm for wider field view3he lighting is provided by two
“Lowe” light sources “Omni-Light” of 500 W and “TatLight” of 750 W. In addition to
the high speed camera some images were also recwidle a regular camera (Sony

DSC-H5).

3.2 Setup for Laser Doppler Velocimetry (LDV) meaurements

Flow velocities are measured using a two-compoh@\ system (TSI Inc.) in
backscattering mode with an argon-ion laser (Cattdrenova 70 - C3). The laser has a
maximum power of 3.4 W. Green light with wavelength=5145nm was used for
axial velocity measurements while blue light, (=  #8®8 was used for the tangential

velocity measurements. One of the blue light bedimd a phase shift of 1 MHz to
distinguish between the positive and negative veésc The half angle between the laser
beams isk = 397°.

The head of the laser can be translated in alletlolieections using a traverse

system with three electric motors controlled byoaputer. The spatial resolution of the

traverse ist0” mm.

Velocities are calculated from the Doppler sigreVa= f, [@, whereV, is the
instantaneous velocity indirection , f,is the Doppler frequency and,, is the fringe
spacing d, = A, /28ink. Velocity statistics were calculated from batches5,000

samples collected at each measurement point.
The high curvature of the pipe walls required spletieasures to compensate for

light refraction. Following previous investigation$ the lensing effect of curved glass
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walls [Glover et al. 1985], a rectangular glassl@sure 340x40x 50mm) with 3 mm
thick walls was attached to the glass pipe, witiledpace between the straight walls and
the pipe was filled with glycerin which has an ird# refraction close to the index of
refraction of glass. The velocities were measurely @long the horizontal diameter
where the vertical component of the velocity meeguvith the laser is equal to the

tangential velocity/,. This strategy also minimized the effects of ligidtortion on the

measurements.
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Figure 3.2.1: Light refraction through the different media munding the test section
for tangential velocity component measurements tmestale).
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The level of light distortion induced by the curvegthss walls and medium
changes (air/glass/water) is still significant eweith the presence of the rectangular

container filled with glycerin. While the laser lilemoves 15 mm toward the pipe, the
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measuring volume created at the intersection ofit/it beams actually sweeps 24 mm
across the horizontal diameter inside the pipe.s€quently, the actual locations of the
measurements are determined from the positionsheflaser head after calculating
corrections which account for the angle changesheflight due to refraction at the
interfaces between different mediums [Glover efl@885].

Figure 3.2.1 shows the direction changes for theeuplue light beam used to
measure the tangential component of the velocKy. is the actual position of the
measuring volume whileX is the position if the refraction is ignored. Theam
intersection angle is also modified by refractioonf « to «'. The lower beam follows
an identical path.

The following equations describe the path changestd refraction for the upper
beam and they were solved numerically with MATLA® provide the compensated

positions for the laser head:

: N, .
sing, = —[$ink
gl

. ngl .
sing, =——[3ing,
m

cosd,

sing, = JBX ftank - tang, )+ t,, ltank —tang, ) + X [an]
: Ny
sing, = —-[3ind, (3.2.1)

Ny

sing, = R [$ind,
R

. ngz .
sing, = ——I[3ing
w

X'=ROth sing,

n, sin(@,+6,-6,+6.-6,)

w
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The new angle between the beams is calculated fr@mm‘Law of Sines” as

X" R
sing, sin(m-k’)

, SO the actual angle is given W:ﬂ—asin[%sineej. The

measured velocities are corrected usinig
In the previous equations system, as well as wé@.2.1,x = 397° is the laser

angle, BX = 1fnm is the tank half thickness; = nfn is the container wall thickness,

R=12.7mm is the inner radius of the pipe alR} =14 ma is the outer radius of the

pipe. The indices of refraction arg a1 for air, g; = 1.51 for the container wall =
1.47 for glycerin, gp = 1.47 for the pipe wall and,n= 1.33 for water (all values are
standard values for yellow light at= 58@n).

This non-linear system of equations describes theah position inside the pipe
for known laser head positions. However, in oradedéscribe the flow field uniformly
with equally spaced measurements, the inverse gmoblas solved, calculating the laser
head positions corresponding to specific positimssde the pipe (between -12 and 12
mm with 1 mm spacing). The inverse system was slolg minimizing the error

function defined as:

err = abs(xt arget - Xcalculated)/abs(xt arget) (322)
where X g ==-12-11...-2,-1012..11 1Z2nm. The maximum error was under 1%
(0.83% for x, .., = 2mm) and the solutions of the inverse problem abeifated in table

Al in Appendix 1. The fourth column of the tableosls the positions of the traverse
after the O position of the traverse has been aigh the pipe centerline. The fifth
column of the table shows the velocity correctiamresponding to the change in the

beam intersection angle; the measured velocities weiltiplied with those coefficients.
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The flow was seeded with | @n diameter titanium dioxide (T particles with
density 4.2 g/crhand index of refraction 2.6. Initial measurementsthe 90 mm swirler
were performed using 0;8n diameter alumina particles (&) with density 3.84 g/cth
and index of refraction 1.67, but the increaseha tiameter and index of refraction
greatly improved the signal to noise ratio (SNR)hwut any loss of sensitivity [Menon
and Lai 1991]. As a result, the measurements wi@y, particles were collected much

faster.

CVIENE NN
1811,

The settling velocity for the Ti©particles calculated asV, =

1.568x10°m/s, much lower than the velocities measured @nrémge 10 - 10' m/s). In

the previous formula)p is the difference between the density of the madand the
density of the particlesa is the particle diametery the gravitational acceleration and
U, is the viscosity of water.

The measurements were processed using transitviienghting with statistics

calculated as:

v,
average velocity, = z—
Iy

Z\ZZ B-b _\72}

2.0 i

standard deviatiow, = {

where 7, is the total burst time of the signal ah7p| Is the instantaneous velocity in

direction. The data processing is incorporatedhm ¢ontrol software of the laser. No
differences were observed between measurements amith without velocity biased

correction (without bias correction statistics eagculated considering = )1
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An extensive investigation of the measurements rgaicgy in this experimental
setup was performed in a previous study [Islek 2000ur types of errors were
considered: (1) errors due to factors upstreann@ftivisted tape (alignment of the flow
loop components), (2) errors due to factors dowastr of the twisted tape (test
section/LDV head alignment), (3) errors in the tetstape alignment (from vertical) and
(4) errors due to variation in LDV sampling. Thecartainty was found to be
approximately 3% for average velocities and 10%tfwbulent root mean square (rms)
fluctuations.

The laser was also used to create a cross sedtewt sf light after passing a
green light beam through a divergent cylindricakslevith a focal length f = -40 mm. The
air bubble streams reflect and scatter the lagét,lmarking the positions of the centers

of the secondary vortices as two bright white spotshe green circular cross-section.
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CHAPTER 4

EXPERIMENTAL RESULTS AND COMMENTS

4.1 Results of the LDV measurements

Tangential velocities were measured in the swirflogy induced by twisted tape
inserts with 45, 60 and 90 mm pitch (1.77, 2.36 & twist ratio) at different Re from
10" to 10. The measurements were collected along the hdgkdiameter of the pipe at
5 mm (0.2d) intervals along the pipe axis. Eacho$eheasurements contains 25 radial
positions spaced 1 mm (0.039d) apart. The rangptidal accessible locations along the
pipe axis was from 25 mm to 350 mm (1d to 13.78&aitieg from the end of the twisted
tape.

Figure 4.1.1 shows a sample of these measuremelhiested between 150 mm
(5.91d) and 230 mm (9.06d) for the 60 mm £y2.36) swirler at Re = 7.7xi@bulk

velocity U, = 3m/s). As reported previously by Aidun and Parsi#80F], the profiles
of the tangential velocity, between z = 170 mm (6.69d) and z = 180 mm (7.8Bdyv

an inflection point which eventually leads to asyetnt counter rotating flow near the

centerline for z-positions between 185 mm (7.28a) 205 mm (8.07d) but which returns
to the initial typical “S” profile of a simple vak at z = 230 mm (9.06d). This pattern
repeats periodically along the pipe axis for afl xswirlers investigated. Positive values
of the tangential velocity are marked “+” on theotgl and negative values of the

tangential velocity are marked “-” on the plots.
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Figure 4.1.1: Variation of the average tangential velocity along the pipe axis from
z=150mm (5.91d) toz= 230mm (9.06d) for the flow induced by a twisted tapiéh
H = 60mm pitch (y = 2.36) atRe= 7.7x10".
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Figure 4.1.2: Variation of the normalized angular velocity, along the pipe axis from
0 to 350 mm (13.78d) from swirler exit for flowsdunced by twisted tapes witH = 45,
60 and 90 mm pitch (1.77, 2.36 and 3.54 twist JatidRe = 7.7 x10".
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The first profile in figure 4.1.1 is typical for svng motions. The tangential
velocity increases linearly in a core region, remch maximum for =+ %nm (£ 0.2d)
and slowly decays toward the edge of the pipe. Wherproductr [V, is positive, the
flow rotates in the direction of the tape and wkie product is negative, the flow rotates
against the direction of the tape.

Aidun and Parsheh [2007] proposed using the nomedlangular velocity at the

pipe centerlinew,to characterize the periodicity of the flow indudey twisted tapes.

The normalized angular velocity at the centerlmdefined as:

R
w, = UR‘)O 4.1.1)

b

where R is the pipe inner radiusg, :Iirrcl)a):avg/arL_0 is the centerline angular
o -

velocity, V, is the average tangential velocity, =v EIRe/(Z ER) is the bulk streamwise

mean velocity, Re is the Reynolds number anid the kinematic viscosity of water.
Figure 4.1.2 shows the variation of the normalizethular velocity at the

centerlinew, along the pipe axis for the three swirlers invggted. The negative values

of w, represent counter-rotating flow while the positwvalues show rotation in the

direction of the tape. All three profiles clearlyosv a sinusoidal variation corresponding
to a periodic repetition of profiles similar to #eshown in figure 4.1.1. The pitch of the
sinusoids is approximately 1/3 larger than the easponding swirler pitch
(H,=(4/3)xH). The pitch of the profiles is independent of Relgs number, as

confirmed by the plots oy, at five different Re for the 90 mm long swirler ¢/3.54)

(figure 4.1.3).
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Figure 4.1.3: Variation of the normalized angular velocidy, with Reynolds number

for the swirler with pitch H = 90 mm (¥ 3.54) on axial locations from 50 mm (2d) to
350 mm (13.78d) from swirler exit.

The influence of the secondary vortices in the flmduced by a 60 mm long

twisted tape (y= 2.36) for Re = 7.7xXQU, = 3m/s) on the average axial velocity and
the root mean square (rms) fluctuations of thelasbocity V, is shown in figure 4.1.4.
The influence of the secondary vortices on theayetangential velocity, and the rms
of the tangential velocity, is shown in figure 4.1.5. The fluctuations aremalized by
the bulk velocityU, = 3n/s. While the average axial velocity profiles athme rms

profiles for both axial and tangential velocitiee anot as instructive as the average
tangential velocity, they still display distinctifeatures.

Figure 4.1.4 shows the changes in the average latity profiles at three axial
locations. The axial velocity profiles are not systric because the two secondary
vortices are not identical. The increase in theraye tangential velocity due to the
superposition of the main and the secondary vartiear the wall az = 188m (7.28d)
significantly decreases the axial velocity (by apgmately 30%lJ) while the core

region of approximately 10 mm (0.4d) is less a#ect
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Figure 4.1.4: Measurements of the normalized average axiaicuglV, /U, (top) and
the normalized rms fluctuations of the axial vetpar, /U, (bottom) in the flow induced

by a 60 mm long twisted tape, (¥ 2.36) at Re =7.7x10" (U, = 3m/s) at three axial
locations z = 150, 185 and 230 mm (5.9d, 7.28d%86d) downstream of the swirler.
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Figure 4.1.5 Measurements of the normalized average tangemtfiacity V, /U, (top)
and the normalized rms fluctuations of the tangéntelocity v, /U, (bottom) in the

flow induced by a 60 mm long twisted tape £y2.36) at Re =7.7x10" (U, = 3m/s) at
three axial locations z = 150, 185 and 230 mm (5/%Bd and 9.06d) downstream of the

swirler.
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Both the axial and the tangential velocity fluctaas in Figs. 4.1.4 and 4.1.5
show an increase near the centers of the secomddiges. These are most likely due to
oscillations of the secondary vortices visible lie t@ir bubble visualizations, which are
described in the next section.

The impact of the oscillations is slightly stronger tangential velocities which
show maximum fluctuations of approximately 15% wtHihe axial velocity fluctuations
have a maximum of approximately 10%. Near the mesterline both the axial and
tangential velocity fluctuations are approximat8k6. The oscillations seem incoherent
as a power spectrum analysis of the axial velosigasurements did not reveal any
dominant frequency (figure 4.1.6). The power spautwas evaluated inside the helical
vortex core at the location z = 185 mm (7.28d) ard-5 mm (-0.2d) from 50,000 axial
velocity measurements sampled at 1,000 Hz and gsedewith Hamming windows on

sub-segments of 4096 measurements.
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0.1 1 10 100
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Figure 4.1.6: Power spectrum analysis of the axial velodftyinside the helical vortex
core at z = 185 mm (7.28d) and r = -5 mm (-0.2d)}tte flow induced by a twisted tape
with 60 mm pitch (y= 2.36) at Re .7x10°*.
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Figure 4.1.7: Normalized average axial velocily, /U, (top) and normalized rms

fluctuations of the axial velocity’, /U, (bottom) atRe= 7.7x10* (U, =3m/s) in the

absence of the swirler at two axial locatiornss ddn (1.57d) andz= 300mm
(11.81d) downstream of the contraction end.

Velocity LDV measurements were also collected iaeghie pipe in the absence of
the twisted tape in order to evaluate the flow ahtaristics at the inlet of the twisted tape
swirler. The honeycomb and the 9:1 contraction iBgantly suppress the velocity
fluctuations for all Re investigated. Figure 4.5fows the flow characteristics in the

absence of the swirler at two axial locatiors AOn (1.57d) andz= 300mm

(11.81d), downstream of the contraction end at Re7x10 (bulk velocityU, = 3m/s).
At z=40 mm (1.57d) the average axial velocNy has a flat profile of approximately
101% of U, while the velocity fluctuations represent approaiely 1% of the bulk

velocity throughout the pipe except very closehe walls where viscous effects reduce
the average velocity while increasing turbulenceensity to approximately 15%. The

average axial velocity profile is similar for aleRnvestigated (in the range*00°). The
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normalized rms fluctuations of the axial velocityv,/U, represent

approximatelt+ 0.5 %of the bulk velocity near the centerline for theole range of Re

investigated. These profiles are used later a$ bdandary conditions for the numerical
simulations. The flow development along the axisley and at the next location at
z=300 mm (11.81d), close to the end of the test sectlmnyiscous effects increase the

centerline average axial velocity to 110%f while the decrease in the axial velocity

near the walls is accompanied by an increase atu#tions.

4.2 Air bubble visualization

The air-bubble injection device described in thevyus section was installed to
visualize the secondary flow. As shown in figur@.4, the air bubbles injected follow
stable helical trajectories which do not changeoufhout the experiments. The air
bubble trajectories also do not change with Resistent with the LDV measurements.
The LDV measurements were done in the absenceeddithbubbles, thus avoiding any
interference. As the photos in figure 4.2.1 areoréed without the rectangular glass
container, the air bubbles appear closer to théthah they actually are.

Figure 4.2.1 also shows that the pitch of the alldte streams and the pitch of

the measured normalized angular veloaity are identical. This similarity suggests that
the sinusoidal variation ofv, is a result of two helical vortices originatingside the

twisted tape swirler and winding with the swirl. 'leenters of the vortices create low
pressure regions which concentrate the air bubflbeese vortices are similar to the
double helix described in the investigation of #wrling flow induced in a rectangular

chamber by tangential injection [Alekseenko et 1899] and shown in figure 2.5.7.
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However, as mentioned before, the helical strustareated using two plane slopes at the

chamber’s bottom were very unstable.

Air Bubbles Visualizatio

350 300 250 200 z[mm] 150 100 50 0

Figure 4.2.1: Side and top views of the air bubble streamsvstptheir helical nature
and corresponding centerline angular velocitiesutated from LDV measurements for
the flow induced by a twisted tape with pitch H & &im (y = 2.36) at Re = 7.7x£0
(Up=3m/s).

The impact of the swirl decay is very limited ovtbe short axial length of the
pipe in our investigation as both the measurem@atgures 4.1.1 and 4.1.2) and the
visualizations (figure 4.2.1) confirm. This is igraement with the study preformed by
Kreith and Sonju [1965] which showed that the svinehind a twisted tape decays
approximately 20% over the first 10 diameters wstbwer decay at higher Re and
independent of the tape pitch (figure 2.3.1). Tbeus of this study is within few
diameters downstream of the twisted tape.

A thin laser light sheet reveals the location & denters of the secondary vortices

in the pipe cross-section plane (figure 4.2.2ajndvie showing the laser sheet moving

along the pipe axis highlights the stability of thelical vortices and confirms that their
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centers are located about a quarter of a diametgy &om the pipe edge, consistent with
the measurements.

The secondary vortices are stationary with low amndé oscillations as they
respond to random turbulent fluctuations. The mummpressure location in the flow
field is not at the pipe centerline as in regubairling flows, but at the center of the
secondary vortices, as proved by the air bubbkasts. High speed camera recordings
show the rotation of individual air bubbles arouthg secondary vortices 200 times
slower than the actual motion (figures 4.2.2 bpd d). The air bubbles rotating under the
influence of the primary vortex are trapped wheaytlpass through the field of the
secondary vortices.

Once the bubbles are trapped on the orbit of anslcy vortex, they spiral
toward the secondary vortex axis. Within approxehaB diameters along the pipe axis
most bubbles are sucked in the center of the sacpnvdrtices. Downstream the bubbles
size increases, restricting good visualizationelwsthe entrance of the straight pipe. The
size of the air bubbles increases as Re decreasaside the injection holes are facing
upstream and the bubble size depends on the dynamessure of the incoming fluid
(figure 4.2.2d).

A photo of the swirler under intense light provesttthe vortices change their
pitch compared to the twisted tape while still desithe twisted semicircular channels.
The air bubble stream drifts away from the tapeataithe center of the channels and it
continues smoothly inside the straight pipe (figdr2.3). The photo is not very clear as

the swirler was not designed to be optically adbéss
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Figure 4.2.2: Air bubble visualizations of the helical vorticéor the flow induced by
the tape with pitchtH = 66 m (y = 2.36) at Re = 7.7x{{the flow is from right to left):
(a) general view, (b) high speed camera close-upeastraight pipe entrance, (c) high
speed camera side view, d) high speed camera isiteat Re = 2.5x10.

air bubble stré

Figure 4.2.3: The air bubble stream drifts away from the tedstape toward the center
of the channel (right) and continues smoothly iaedite straight pipe (left) (flow induced

by the tape with pitclH = &®Im (y = 2.36) at Re = 7.7x1p
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The LDV measurements showed that the pitch of thiecdl vortices did not
change with Re. Those measurements are confirmdd high speed camera photos
recorded at 4,200 fps (figure 4.2.4) which show hberftow induced by the tape with
pitch 45 mm (y= 1.77) changes with Re in the intervaf 101.0.

The pitch does not change even for the flow at R&x£0" where the helical
vortices are visible only in first half of the tes¢ction. In the second half of the test
section the bubbles accumulate at the centerliggesiing the flow has become a regular
swirling flow. The air bubbles do not identify anglical vortices inside the test section
for Re = 10 and the main swirl is indicated only in the fingtlf of the test section by the
bubbles accumulating at the centerline. Furtheestigations of the presence of vortices
inside the swirler at lower Re are described ingi#@6.6 using numerical simulations

and the\, vortex identification method.
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The movies show that one of the vortices becometable at the end of the 350
mm (13.78d) test section. In order to investigat¢his is an effect of an imperfect
connection between the test section and the resheofpipe, a 1.3 m (51.18d) long
continuous pipe section was attached to the 60 yam 2.36) long twisted tape swirler.
Air bubble visualizations in this new setup at R&7Zx1d revealed that the helical
vortex becomes unstable approximately 15d downstifeam the swirler and confirmed
that this effect was not a result of the test sectionfiguration (figure 4.2.5). The flow
transitions from a double helix structure to a Engelix structure as the weaker vortex
merges with the stronger one, which then maintagelical path until the end of the
pipe. As the photo in figure 4.2.5 is recorded withibne rectangular glass container, the

air bubbles appear closer to the wall than they actually are

Figure 4.2.5. Vortex development in the flow induced by a 6 rong twisted tape
(y; = 2.36) at Re = 7.7xf0n a 1.3 m (51.18d) pipe.

Another set of tests was performed using a coneealicopper twisted tape
inserted into a transparent plexiglass pipe (figi26). The new setup, which allows
optical access inside the swirler, was designedotditn the early secondary vortex
formation inside the swirler seen in figure 4.2.3.sTRkperiment also confirmed that
regular twisted tapes produce helical vortices |jik&t the compact swirler used in the
previous experiments. Unfortunately the tape wasteadi only to a 110 mm pitch,(y

4.33), as the copper failed on attempts to twigtrithier, so it did not match exactly the
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compact swirler characteristics described previouslowever, even the weaker swirl
induced by this long tape created helical vorti@eshown in figure 4.2.7. The photo in
figure 4.2.7 is also recorded without the rectangglass container, so the air bubbles

appear closer to the wall than they actually are.

Figure 4.2.6: Copper twisted tape swirler with 110 mm pitch=4.33) (a) inlet view,
(b) inside the straight pipe.

hu May 07 2009 11:40:

Figure 4.2.7 High-speed camera view of the formation of te&dal vortices inside the
110 mm (y = 4.33) long twisted tape swirler at Re = 7.7%10

4.3 Velocity field reconstruction

The stability of the helical vortices throughoute tkest section suggests that
successive cross sectional flow fields are alnettical, except being rotated relative to
each other. As the swirl decay is slow over thechélNortex pitch which spans 80 mm

(3.15d) at Re=7.7xfQ(figure 4.1.1), and considering the periodicity of flow (figure
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4.2.1), an approximation of the flow field is recovkrheom measurements at several
axial locations. The measurements collected adhessorizontal diameter at successive
axial locations can be considered as measuremedtffeaent angles of the same cross-
sectional flow field, enabling its reconstruction. eTlilow field resulted from the

combination of all the measurements from figure 4With appropriate angular phase

shift is shown in figure 4.3.1.
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Figure 4.3.1: Reconstructed average tangential velocity fiefdthe swirling flow
induced by a twisted tape with pit¢h =  &m (y =2.36) at Re = 7.7x1qU, = 3m/s).
The number of diameters used for the flow fieldorestruction depends on the
periodicity of the normalized angular velocity. Rbe 60 mm long swirler (= 2.36) the
variation of the angular velocity at the centerlgéibits an 80 mm (3.15d) period. The
measurements were collected every 5 mm (0.2d) aloagipe so the cross sectional

flow field reconstruction includesn=80/5=16 measurement sets. The angle between
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the measurements was determined assuming equahgéc=180°/16 =1125°). Each

measurement set contains 25 radial positions spacedm (0.039d) apart. As the
centerline measurement is repeated in all 16 measmnts sets, the cross sectional flow
field is characterized b¥6x 25-15= 38Hhdependent measurements.

The arrows in figure 4.3.1 show the location of teasurements and the relative
magnitude and orientation of the tangential veloait the cross sectional field. The
arrows are not complete velocity vectors as thely the radial velocity component. The
radial velocity components must have the same ooflenagnitude as the tangential
velocities of the secondary vortices to satisfy snesnservation in the regions showing
low tangential velocities near the edges of th@sdary vortices. To display the arrows,
the velocities were projected on the vertical andzontal axis using the corresponding
angle for each measurement diame@r for the first onel1125° for the second2250°
for the third, etc.).

The cumulative plot in figure 4.3.1 shows a threetesorstructure with two
secondary vortices superimposed over the mainiagiflow created by the twist of the
tape. The two secondary vortices have a diametal éguhe pipe radius. They rotate in

the same direction as the main flow and have a skewed shepe ils presence.

4.4 Secondary flow recovery

The analysis of the velocity profiles from figurel4 suggests that the velocity
distribution of the tangential velocity field generatgdthe main swirl is described by the
measurements that do not cross the secondary emriithie measurements least affected

by the secondary vortices are collected perperalidol the line crossing through their
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centers (figure 4.3.1). In the case of the twistec teyith 60 mm pitch (y= 2.36)

presented in figure 4.1.1, these measurements are thealleesed at the axial location z
= 225 mm (8.86d) for whichw, exhibits a peak in figure 4.1.2. In order to revea th
effect of the secondary vortices on the total tatige velocity field, the background

created by the velocity field of the main vortexsvgubtracted from all velocities profiles

in figure 4.1.1.
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Figure 4.4.1: The actual tangential velocity profile of thevier secondary vortex is
highlighted in the plot of AV, =V,(z)-V,(z, ) where V,(z;=180mm) are the

measurements through the center of the lower vaatekV,(z;=225mm) is the main
vortex velocity distribution.

The actual velocity distribution of the secondaprtices can be extracted only
from the measurements which cross through theitecenThese measurements sets are
identified in figure 4.1.1 as the ones showing maxim counter-rotating flow,
respectively the measurements at z = 180 mm (7f09dhe lower vortex (located on the

lower side of figure 4.3.1) and z = 190 mm (7.48d)tha upper vortex. The background
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removal process is shown in figure 4.4.1 for the meaments which cross through the
center of the lower vortex.

The total tangential velocity field after subtractiof the velocity field induced by
the primary vortex is shown in figure 4.4.2 as semkihg upstream. Compared to the
original field, the secondary vortices recoveredrthend shape and their centers shifted
approximately 1.5 mm (0.06d) toward exterior. Thewsrgahow the direction of rotation

for both secondary vortices and also for the main field.

Vg [mis]

r[mmj

Figure 4.4.2: Average tangential velocity contours of the sel@wy vortices after
removing the main vortex background at Re = 7.7XLg = 3m/s). The circles show the
boundaries of the vortices while the arrows show theiriootat

Figure 4.4.3 shows the tangential velocity profiléslbthree vortices present in

the flow field ignoring the angle difference betwede two secondary vortices. These

velocity profiles are extracted from the measuremerhich cross through the center of
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the secondary vortices, thus showing the actuahmist between the center of the pipe

and the centers of the vortices and also the actual tarigexitieity magnitudes.

1 I I I
—B- lower vortex : :
——  Upper vortex
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Figure 4.4.3. Average tangential velocity profiles of the #reortices present in the
flow induced by a twisted tape with pitch H = 60 nfyn= 2.36) at Re = 7.7xfqU; =
3m/s).

The fact that without the influence of the primargrtex the two secondary
vortices recovered their symmetric shape suggbatstiie overall flow field is the result
of a superposition of the fields induced by theoselary vortices on the field generated
by the primary vortex, regardless of Reynolds numbers dutbalence level.

The maximum velocity induced by the secondary wesgiis approximately the
same as the maximum velocity induced by the prinvaryex. Due to space restrictions,
the size of the core region of the secondary vortices is omyng0.24d) compared to the
10 mm (0.39d) for the primary vortex, meaning that skcondary vortices have a higher
angular velocity than the primary vortex. In figure.3 the angular velocities calculated
at the centers of the secondary vortices are 125 far the lower vortex and 175 rot/s for

the upper vortex, while the angular velocity of the primagex is 71 rot/s.
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The distance between the centers of the secondatiges and the pipe centerline
is approximately 0.25d (6.6 - 6.8 mm). The space separ&inigvb secondary vortices is
approximately 3 mm (0.12d). The measurements areirowd by the air bubble
visualizations described in section 4.2.

Despite the fact that the swirler is symmetric #meltwo helical vortices have the
same pitch, the angle formed by their centers aadémter of the main vortex (which is
also the center of the pipe)i85° instead 0180 angle. The angle observed between the
secondary vortices is created as one of the vertieeomes unstable before eventually
merging with the second helical vortex (see viaaion in figure 4.2.5). The remaining
helical vortex oscillates and its pitch increasasibdoes not disappear until the end of
the 1.3m (51.18d) pipe. The oscillations of the héhcatices create the peaks observed
in the velocity fluctuations plots near the coréshe helical vortices (figures 4.1.4 and

4.1.5).

4.5 Vortex inception and development

Previous studies of swirling flows induced by twibttapes inserts suggest that
the secondary motion is produced by the centrifugddalance caused by the radial
velocity distribution coupled with the rotationalotiron created by the twist of the tape.
These studies generally showed two counter-rotatortjces appearing on each side of
the twisted tape and changing their size and lonat the cross-section along the pipe
[Seymour 1966, Kazuhisa et al. 2004, Yerra et al. 2007].

The swirlers investigated here do not allow direeasurements inside them. At

the same time, no traces of a counter-rotating xontere observed either in the air
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bubble visualizations or in the LDV measurementsda the straight pipe presented in
this study.

The experiments presented in this chapter sughassingle co-rotating vortices
form on each side of the twisted tape. As the catimg vortex strengthens and expands,
its core slowly moves away from the twisted tapsultng in the increase of the vortex
pitch relative to the twisted tape pitch (as shaowrfigure 4.1.2). Once the twisted tape
ends, the co-rotating secondary vortices preserse $ize, helical trajectory and pitch
inside the straight pipe.

The same tangential velocity component drives thengry vortex and also
accelerates the secondary vortices. As a reswbdices reach approximately the same
maximum tangential velocity, as indicated by the sneaments. Figure 4.4.3 shows that
for the swirling flow induced by the tape with 60m{2.36d) pitch at Re = 7.7x1¢he
maximum velocity of all three vortices is approxielg half the magnitude of the bulk
velocity.

The pitch of the secondary vorticds, = (4/3)xH is characteristic tdl80°

twisted tapes and it is not the same for tapegadimore than 18Qas it will be shown
in the next chapters). The coexistence of the twootating vortices is possible due to
the presence of the primary vortex, which reducestéimgential velocity of the two
secondary vortices near the pipe centerline, allgvairsmooth transition. Further details
of the formation of the secondary vortices are gmé=d in the following chapters using

numerical simulation.
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CHAPTER 5

NUMERICAL SIMULATIONS: MODELS

5.1 Background

While the experimental measurements and the aiblbulisualizations clearly
answered the main question of the present studyyisly that counter-rotating flow is
possible as a result of the presence of secondaligah vortices, it also raised the
guestion of how these vortices form and develomlenthe swirler. As the setup does not
allow non-intrusive measurements inside the swirlan alternative solution for
investigating the inception of the secondary vesicis to model the flow using
commercial CFD software. Numerical simulations aapable of providing a complete
description of the flow field, including the velogifield and the pressure distribution,
thus complementing the experimental observations.

The purpose of the simulation is not to reproduce the flewipely. The accuracy
of the simulation is limited by the computationatources available and the demanding
characteristics of the flow (high Re flow, large dom and large 3D gradients).
Consequently, the simulation is designed to captwr&litatively the helical vortices
observed in the experiments, in order to identify thegiori

Simulations of swirling flows through pipes withisted tapes inserts at low Re
[Date 1974, Kazuhisa et al. 2004, Yerra et al. 200d also simulations of flows
through static mixers using the software “FLUEN®t Re up to 5x1D[Rahmani 2004,

2005] were described in Chapter 2.3. However, allpitewious studies investigated the

76



flow inside the twisted tape, while the present gtadhalyzes the behavior of the
secondary flow downstream of a short twisted tapieley. This explains the absence of
any previous reports of helical vortices induced by twlishpes.

The secondary flow observed in the experiments @edented in the previous
chapters is further investigated using numericallet® The models simulate the swirling
flow through an 18Dtwisted tape swirler with a straight pipe sectigrstream of the
swirler and another straight pipe section downstrdeom the swirler. Additionally,
swirlers with multiple twists and multiple chambene also investigated. The flow is
calculated using the commercial CFD software FLUE(fIuent Inc., Lebanon, NH)
while the various computational grids are creatstha@i the grid generator software
GAMBIT produced by the same company. The main chariagtics of the simulations

are described in the following sections.

5.2 Governing equations

The stability of the helical vortices observed dgrthe experiments suggests that
the flow is in a quasi-steady state, thus the fleymodeled using the steady state Navier-
Stokes equations. A Cartesian coordinates system W&&preferred because the flow is
not axi-symmetric and the Cartesian system avdidssingularities which the Navier-
Stokes equations in cylindrical coordinates havthatcenterline from terms containing
1/r and1/r?. The working fluid in the model is liquid water ¢@mpressible) at room
temperature. The flow field is obtained solving wverning integral equations for the
conservation of mass and momentum using a pressised solver in which the pressure

field is extracted by solving a pressure correction egoati
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For a steady incompressible flow, the mass conservaguation in Cartesian
coordinates expressed in index notation (where repaadesks imply summation) is:

ou.
— =0 51
o (5.1)

where u, represents the velocity component in tie direction. The momentum

conservation equation in the absence of external bodysfesce

a(uiuj) ap 07,
= T g (5.2
ox. ox  0X, A (52)

J L J

where p is the density,p is the pressure and is the gravitational acceleration in the

X, direction. The stress tenspy for an incompressible flow is given by:

ou. auj
= — 5.3
T ”{ax. ox ] (5.3)

J

where 4 is the kinematic viscosity.

The experimental data show that the flow is lamatathe inlet of the swirler for
all Re investigated due to the honeycomb and thec®ntraction located immediately
upstream (figure 4.1.7). The experiments also shatlvatlinside the straight pipe the
flow is stable and the behavior of the secondaryionois closer to a laminar regime
rather than the turbulent regime expected at tigh IRe of the experiments. This is
unlikely to be a result of relaminarization as poergly observed in rotating flows
[Humphrey and Webster 1993], because Re is very. Aigls behavior is most likely
caused by the close proximity of the test sectionthte calming section installed

immediately upstream from the swirler. Simulatione aun with both laminar and
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turbulent formulations and compared to the expenmiadedata to determine which effects
are dominant.

When turbulence effects are incorporated into tleegiing equations, the
momentum equation becomes:

pa(uiuj)z 0 {;{Gui +0ujﬂ_@+pgi+i(_pm) (5.4)

0X. 0X; ox; 0x 0X; 0X.

I L J

which is the Reynolds averaged Navier-Stokes egudir a steady, incompressible

flow. In equation (5.4),0Tu'j is the Reynolds stress produced by velocity flattuns

u; . The large gradients in the flow and its 3D nafassociated with the presence of the

helical vortices) require a fine grid with largemmioers of computational cells so Direct
Numerical Simulations (DNS) and Large Eddy Simolasi (LES) methods are

computationally expensive. To reduce the computatioequirements the Reynolds

stressepu;u; have to be modeled. The “Reynolds Stress Model” (R&MMich solves

the transport equation for each component of thgn8ds stress tensor is recommended

for swirling flows where the turbulence is anisotroftope 2000].

5.3 Computational domain

The flow is three-dimensional and non-axisymmetitie numerical model
simulates a 1 inch (25.4 mm) diameter cylindricgepwith a twisted tape insert using
finite volumes. The computational domain employ8[Ca Cartesian coordinate system
XYZ centered on the pipe axis at the end of thelemwwith the Z axis orientated along
the pipe centerline, in the direction of the flolhe coordinate system was centered at

the end of the swirler to match the experimental measumsme
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The reference parameters for the simulations aedthmeter d = 25.4 mm, the

Reynolds number and the atmospheric presswe= 01,325 Pa. Velocities are

. . . vIRe . o ,
normalized with the bulk velocity, = — where the kinematic viscosity of water at

1 atm. and 18C is v =10°m?/s. The following numerical results are expressedadn-

dimensional form but some physical dimensions &e provided for comparison with
the experiments. Also, when compared to the expatmhelata, the results of the
numerical modeling are converted in cylindrical wboates where the velocity

components are the axial velocil,, the tangential velocityV, and the radial

velocityV, .

The mesh is unstructured and it consists of tethathecells selected for their
capacity to accommodate the complex 3D shape ofwitsted tape. Grid independence
tests for grids with 0.039, 0.027 and 0.021 average leidgth cells indicated that the
0.027 cells represent the optimum for these simarati Grids with 0.039 cells
underestimated the pitch of the secondary vortidate 0.027 and 0.021 provide similar
results.

The mesh with 0.027 cells contains approximatelyillam tetrahedral cells. The
17.72 long computational domain (equivalent to 458)rhas three sections: a 1.57 long
straight pipe inlet section (40 mm) followed byipgsection containing an 18@wisted
tape insert with twist ratios 1.77, 2.36 or 3.54 (4506 90 mm pitch) and ending with a

straight pipe section corresponding to the experimergaséztion.
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Figure 5.3.1: Computational domain for the twisted tape with=y2.36: (a) inlet cross
section, (b) cross section showing the inlet of the twistpd swirler, (c) full 17.72d long
computational domain .

In order to correlate the results with the moreegahcase of regular twisted tapes
with constant width, the swirlers in the simulatidmsve a constant width equal to the
width of the experimental swirlers at the exit 0.8% mm). The pitch of the helical
vortices is likely to depend on the position of tuetices relative to the tape at the exit of
the swirler. As the vortices form inside the swirléne effect of the larger entrance
blockage is considered negligible for the quak@atsimulations performed in this study.
Figure 5.3.1 shows the grid cross-section at the ipipg the cross-section at the twisted

tape inlet and a general view of the entire domain for tretdd/tape with y= 2.36.
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5.4 Numerical solver

The steady state flow is solved using the commiefCiD software FLUENT.
The solver is 3D, pressure based, segregated ancitmphe gradients are evaluated
using the node based Green—-Gauss method. A thiet MUSCLE scheme is used for
discretization. The pressure velocity coupling iplemented using the PISO method and
the pressure discretization is implemented usiegRRESTO method. Details about the
solver are presented in the following paragraphs.

In the pressure-based solver the pressure equatiderived from the mass and
momentum conservation equations so the velocitid,fieorrected by the pressure,
satisfies the mass continuity equation. Since theming equations are nonlinear and
coupled to one another, the solution process ingolterations until the solution
converges. In this simulation the governing equmstiare solved sequentially using the
“segregated” algorithm in which the individual govmg equations for the solution
variables are solved one after another. The “setgdgalgorithm is memory-efficient as
the discretized equations are stored in the memaey at a time. While the solution
convergence is relatively slow compared to the pded” algorithm which solves the
pressure and momentum equations at the same timeye¢mory requirement is half and
allows the use of a finer grid.

The equations are linearized with an implicit fotaiion in which the unknown
value in each cell is computed using a relation thaudes both existing and unknown
values from neighboring cells. Each unknown app&arsore than one equation in the

system creating a system of linear equations solved asauss-Seidel algorithm.
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The gradients are computed using the “Green-Gausie Based” scheme. This
scheme reconstructs values at a node from surnogradill-centered values on arbitrary
unstructured meshes by solving a constrained maation problem and it provides
second-order spatial accuracy. The node-based gingrascheme provides better
accuracy for unstructured tetrahedral meshes cadpanth the cell-based scheme
[Holmes and Connell 1989, Rauch et al 1991].

The pressure equation is discretized with the PRESCheme (PREssure
STaggering Option) which uses the discrete cortynpalance for a control volume to
compute the face pressure. The PRESTO scheme psawngeoved accuracy for flows
with high swirl numbers, high-speed rotating flowsidaflows in strongly curved
domains compared to the other models available in FLUENIefflinc. 2006].

The momentum equation is discretized with a thideo MUSCL (Monotone
Upstream-Centered Schemes for Conservation Lawense. This scheme was created
from the original MUSCL scheme [Van Leer 1979] lpymbining a central differencing
scheme and second-order upwind scheme. The MUS@ueeks applicable to arbitrary
meshes and improves spatial accuracy for all tygfesreshes by reducing numerical
diffusion, particularly for complex three-dimensionaiis [Fluent Inc. 2006].

The coupling between pressure and velocity is aeklieusing PISO scheme
(Pressure-Implicit with Splitting of Operators) Wwiskewness correction which provides
faster convergence on meshes with a high degrebstdrtion [Issa 1985]. The PISO
coupling scheme is part of the SIMPLE family of @ithms [Patankar 80] and it
performs two corrections: “neighbor” correction arigkewness” correction. The

“neighbor” correction adds iterations inside théuson stage of the pressure-correction
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equation in order to satisfy the continuity and neatom equation more closely. The
“skewness” correction adds iterations to improve #djustment of the face mass flux
correction according to the normal pressure caoedradient. For meshes with a high
degree of skewness the PISO algorithm applies onmare iterations of skewness
correction for each separate iteration of neightmrection. The PISO algorithm takes
more CPU time per solver iteration, but it decreadsesnumber of iterations required for
convergence [Fluent Inc. 2006].

The flow is solved with both laminar and turbulesmnulations. The turbulent
flow is modeled using Reynolds Stress Model (RShBunder et al 1975] which is
recommended for swirling flows and flows with sedary motion where the turbulence
is anisotropic [Pope 2000]. In the turbulent simolata new set of 7 more equations is
solved in addition to the equations solved with ldminar model. These equations are
the transport equations for all six components l&f Reynolds stress tensor and an
additional scale-determining equation for the tlehtdissipation rate. The equations are
discretized with a second order scheme.

At the walls, the near-wall Reynolds stresses arel dissipation rate are
calculated with the standard wall functions progoby Launder and Spalding [1974].
The stresses are specified explicitly assuming elailibrium and the log-law are valid
near the walls while convection and diffusion amglected in the stress transport
equations. The addition of the turbulent model approximai@lbles the solver run time.

The simulations are run on a computer with duaé goocessor (Intel 2.13 GHz)

and with 4 GB of memory. The solution is considesatisfactory when the convergence

criterion &, <107 is satisfied wheree, are the relative errors for the three momentum
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equations along each coordinate axis and the nmasevation. For turbulent flows the
residuals of the six components of the Reynoldsssttensor are monitored in addition to
the residuals of mass and momentum. Comparisonsexpibrimental data are also used
to asses the quality of the simulation in the caflséigh residual error. Most laminar
simulations require about 3000 iterations to cogeeat approximately 1 iteration/minute

(50 clock hours).

5.5 Boundary conditions

No-slip boundary conditions are applied on solidfates (on the wall and
twisted tape). The inflow velocity profile was detened experimentally by running a
test with a simple pipe, without the swirler. The esxxments showed that, despite the
large Reynolds number used, the honeycomb flowgstiaer and the 9:1 contraction
maintained the flow laminar at the swirler inlet fbe entire velocity range investigated
(figure 4.1.7). The experimental inlet profiles usedhe simulations are flat as observed
in the experiments (figure 4.1.7) with specified axidet velocities corresponding to Re
in the range 19to 10 (between 0.004 m/s and 4 m/s) and 1% turbuleneesity for the
turbulent simulations. The mass flow through tHetirs constant. The outflow boundary
condition is also constant mass flow.

In addition to the boundary conditions provided foe laminar case, the RSM
turbulent model requires inlet boundary conditibtmseach component of the Reynolds
stress and for the dissipation rate. These quanatie calculated using the inlet turbulent

intensity and a characteristic length. In these Etmans the turbulent intensity is
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specified to be 1% (determined from experiments) #re characteristic length is the

hydraulic diameter equal to the pipe diameter d = 0.0254 m.
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CHAPTER 6

NUMERICAL SIMULATIONS: RESULTS AND ANALYSIS

6.1 Numerical model validation

The numerical model is validated by comparing thiehpof the helical vortices
and the tangential velocity profiles with the expwmntal observations (flow
visualizations and LDV measurements). Figure 6.1dwshnumerical results obtained
with the laminar simulation for the swirler with 3 2.36 at Re = 7.7xf@bulk velocity
3m/s) side by side with a photo recorded duringeeixpental tests. The helical vortices
are identified from the numerical simulation resubly isobar surfaces of low pressure
which are equivalent to the air bubbles accumufatiobserved in the experiments.
Figure 6.1.2 shows a comparison between the pogifidime helical vortices in the pipe
cross-section as shown by a laser sheet in theigxg@s and the positions shown by a
cross-section plane in the numerical simulation.

Comparing the pitch of the helical vortices andirtlaial and radial positions
inside the pipe, the results of the laminar steaidyesnumerical simulation match
gualitatively with the experimental images bothtive developing region inside the
swirler and in the stable region inside the strape. Inside the straight pipe the pitch
of the helical vortices is approximately 3.15 (80 hboth in the experiments and in the
numerical simulation. The reference value of thesgumee p = 1 for the isobar surfaces
used for this case to identify the helical vorticeselected to match approximately the

thickness of the bubble streams observed in expetsn The pathlines calculated
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numerically (figure 6.1.1b) also match well the felort pathlines of small air bubbles
visible in the experimental photo as a result ¢ thst flow motion relative to the

exposure time 1/250 seconds (figure 6.1.1a).

Figure 6.1.1: Experimental and numerical visualizations of ttevelopment of the
helical vortices for the twisted tape withy2.36 at Re = 7.7xf0(a) side view photo of
air bubbles streams, (b) side view plot of isohafazes (p = 1) and pathlines calculated
with a laminar numerical simulation at steady state

Figure 6.1.2: Relative position in the pipe cross-sectionhe helical vortices induced
by the twisted tape with,y= 2.36 at Re = 7.7xf0(a) experimental photo, (b) laminar
numerical simulation.
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Similar comparisons showing the entire experimetgat section for the flows
induced by all the swirlers available €y1.77, 2.36 and 3.54) at Re = 7.7%&6e shown
in figures 6.1.3, 6.1.4 and 6.1.5. The pitch andifpmn of the helical vortices predicted
by the laminar steady state numerical simulatiors ia good agreement with the
experiments. For the twisted tapes with=y1.77 and y= 2.36, the locations of the

helical vortices in the numerical results are glighifted toward the exit, but the pitch

is approximately the same as observed in the axpeits.

4
Figure 6.1.3: Helical vortices generated by a twisted tapdwatist ratio y = 1.77 (45
mm pitch) at Re = 7.7xf0(a) high speed camera visualization, (b) numeérisults.

Figure 6.1.4: Helical vortices generated by a twisted tapdnwatist ratio y = 2.36 (60
mm pitch) at Re = 7.7xf0(a) high speed camera visualization, (b) numeérisults.

Figure 6.1.5: Helical vortices generated by a twisted tapdnwiatist ratio y = 3.54 (90
mm pitch) at Re = 7.7xf0(a) high speed camera visualization, (b) numeérisults.

The pitch of the helical vortices is approximat@yad (60+15%mm) for the

swirler with y = 1.77, 3.18 (80+9%mm) for the swirler with,y= 2.36 and 4.7@
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(120+£6% mm) for the swirler with, ¥ 3.54, both in the experiments and in the nunaéric
simulations. The reference values for the isobaiasas which identify the vortex cores
are p = 0.99 for the swirler with ¥ 1.77, p = 1 for the swirler with.y 2.36 and p =1
for the swirler with y = 3.54, as the shorter tape generates strongiace®mwith larger
pressure drop in the core than longer tapes.

Figures 6.1.6 and 6.1.7 allow a comparison betwiben pitch of the helical
vortices induced by twisted tapes with 3y 1.77 and y= 2.36 calculated with both
laminar and turbulent simulations. As shown beftire,laminar simulation recovers well
the characteristics observed in the experiments.tlitbulent simulation however shows

significant discrepancies with the experiments.

Figure 6.1.6: Helical vortices induced by a swirler withy 1.77 at Re = 7.7xf0(a)
isobar surfaces of p = 0.99 for the laminar simatgt(b) isobar surfaces of p =1.01 for
the turbulent simulation.

Figure 6.1.7: Helical vortices induced by a swirler withy 2.36 at Re = 7.7xf0(a)
isobar surfaces of p = 1 for the laminar simulatigr) isobar surfaces of p = 1.02 for the
turbulent simulation.

The pitch determined using the turbulent simulat®approximately 25% longer

for both the twisted tape with, ¥ 1.77 (75 mm pitch instead of 60 mm measured in

experiments) and the twisted tape with=y2.36 (100 mm instead of 80 mm measured in
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experiments). The vortices are also weaker indheutent model as shown by the higher
pressure characterizing the vortex core. For the .77 tape the vortex cores calculated
with the laminar simulation are identified by tis®bar surfaces of p = 0.99 while in the
turbulent simulation the core pressure is p = 1.01.

Downstream from the swirler, the pitch of the halligortices is approximately
constant inside the straight pipe for both the famiand turbulent simulations. This fact,
coupled with the experimental observation thatgheh does not vary with Re, suggest
that turbulence does not have a major influenceléenthe test section which extends 14d
from the end of the swirler. The discrepancy betwdlee results of the turbulent
simulations and the experiments is likely due tslaaver vortex development inside the
swirler and not to excessive dissipation inside gtraight pipe. The flow at the swirler
inlet is laminar while the flow inside the straighipe is turbulent, thus the vortices are
generated inside the swirler in a transitional flow

As the cross-section velocity vectors show (figre8), the vortices are closer to
the twisted tape at the swirler exit in the resolsained with the turbulent simulation
compared to those calculated with laminar simutetioThe difference between the
positions of the vortices relative to the tape he tause of the longer pitch in the
turbulent simulations. The fact that the resultshef laminar simulations are closer to the
experimental results than those obtained with ghleuient simulations could be due to a
more accurate description of the transitional fioside the swirler which is involved in

the vortex generation.
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Figure 6.1.8: Cross-section velocity vectors at the end of divrler (z = 0) for the
tapes with y = 1.77, 2.36 and 3.54 at Re = 7.7%1(top row) laminar simulation,
(bottom row) turbulent simulation.

In addition to the experimental photos, the nunarinodels are also validated
against LDV measurements. Figure 6.1.9 shows a aosgn between the experimental
measurements of the average tangential velocity tmfential velocity profiles
calculated with the steady state laminar simulatioross the horizontal diameter at two
axial locations. Figure 6.1.9a shows the velociwfites when the helical vortices are in
vertical position (z/d = 5.9 in experiments, z/6.57 in the laminar numerical simulation
as shown in figure 6.1.4) and the velocities arasnesd between the helical vortices for

the flow induced by a twisted tape with=y 2.36 at Re = 7.7xf0Figure 6.1.9b shows

the velocity profiles when the helical vortices amehorizontal position (z/d = 7.48 in
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experiments, z/d = 8.03 in the numerical simulati@shown in figure 6.1.4) and the

velocities are measured through the helical vastice

—= LDV measurements at z/d = 5.9
—— laminar simulation results at z/d = 6.57
—— turbulent simulation results at z/d = 5.31

(a) 0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

05k----- ! : +..| & LDV measurements at z/d = 7.48
: —— laminar simulation results at z/d = 8.03
—+— turbulent simulation results at z/d = 7.25

(b) -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 6.1.9: Comparison between experimental average tarajergiocity profiles
and calculated tangential velocity profiles frone steady state numerical simulation for
the tape with y= 2.36 at Re = 7.7x£qU, = 3 m/s): (a) between the helical vortices, (b)
through the helical vortices.

Also shown for comparison are the average tanderglacity profiles calculated
with the turbulent simulation at axial location®s# to the experimental locations. The
profiles between the helical vortices (z/d = 5.ahyl through the helical vortices (z/d =

7.28) are measured across the vertical diametatatéd 90) as the pitch in the turbulent

results does not match the experimental pitchl{as/s in figure 6.1.7).
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In figure 6.1.9 the tangential velocity profilesladated using the laminar
numerical simulations match qualitatively the trendbserved in the experiments.
However, as figure 6.1.4 also shows, the helicdie®s in the simulation are shifted hy
small 0.6d axial displacement relative to the ekpents. In figure 6.1.9a the maximum
values calculated with the laminar numerical simiafa are within 2% of the
experimental values on the right side and withif1@n the left side, as the two sides
have different amplitudes. In figure 6.1.9b the maxn values calculated with the
laminar numerical simulation are within 15% of #agerimental values on the right side
and within 1% on the left side. The simulation doed capture however the angle
between the two helical vortices observed expertaign The angle did not appear in
unsteady simulations either (the results are idahtith the steady state results).

While the average tangential velocity profiles cédted with the turbulent model
also capture the trends from the experimental nreasents, the tangential velocity
maxima in figure 6.1.9a are 55% lower than the erpental results on the left side and
40% lower on the right side. In figure 6.1.9b tlamgential velocity maxima are 15%
lower than the experimental results on the lefé sidd 30% lower on the right side. This
effect, just like the longer pitch, is the resuitloe underestimation of the vortex strength
inside the swirler, which could be caused by anrestemation of the turbulence level.
The characteristics of the early development ofvibitices inside the swirler completely

define the behavior of the helical vortices ingide straight pipe.
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Experimental velocity profiles at z/d = 7.48
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Figure 6.1.10 Variation of the normalized tangential veloaiith Re: (a) Experimental
profiles at z/d = 7.48, (b) Results of laminar nuiced simulations at z/d = 8.03 (the
profiles collected through the secondary co-rotativelical vortices display counter-
rotating flow).

Figure 6.1.10 shows a comparison between the i@riadf the normalized

tangential velocity with Re for the entire rangeitable in the experiments (Re from*10

to 10) measured experimentally and the variation catedlavith laminar numerical
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simulations. As mentioned before, the only fluickkdisn these simulations is water, so
different Re represent different inlet velociti@$e tangential velocities are normalized
with the bulk velocity corresponding to Re. The ruimal results at z/d = 8.03 (figure
6.1.10b) match qualitatively the experimental gesfimeasured at z/d = 7.48 (figure
6.1.10a). The calculated maxima of the tangentebaity profiles are within 20%
compared to the maxima measured experimental\Ripbetween 4xT0and 16. The
simulation captures the change in the velocity ifgaft Re = 16 but not its magnitude.
The plots also confirm that the pitch of the hdliartices does not change with Re, as
the counter-rotating flow is present at the samald&cation both in the results of the
laminar numerical simulations and in the experirabnteasurements at all Re.

Using the axial vorticity component and the aretegmal also allowed the
evaluation of the circulation in cross-section glar(using formula 2.1.2), in order to

verify the accuracy of the simulations. The arei@gral of a variable® in a cross-

NC
section plane is calculated §Q> [dA= ZCDi A whereA is the area of the intersection

between the cross-section plane and the tetraheelfal, ®, is the value of the variable
inside the cell and N, is the number of cells intersected by the crossice plane.

For the reference case of a flow through a swisleh y; = 2.36 at Re = 7.7x£0
the values of the circulation normalized by [R were -7x1@ at z/d=0, 5.5x18 at z/d
=1, -7.6x10" at z/d=5 and 1.2xI0 at z/d=10. These values represent a reasonable
approximation for O as expected, confirming theuaacy of the simulations.

A test case was run with an inviscid formulatiord afip boundary conditions at

the walls, in order to investigate if the formatiohthe helical vortices is an inviscid
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phenomenon. The results show that without viscaaiy wall shear stress there are no

helical vortices and the flow becomes a regularlswgi flow (figure 6.1.11).

(b) z/d = 10

Figure 6.1.11 Velocity vectors calculated with an inviscid nemcal simulation for the
tape with y = 2.36 at Re = 7.7xf@t two axial locations: (a) z/d = 0, (b) z/d = 10.

All previous results showed that turbulence is amotnajor influence for the
characteristics of the helical vortices and alsat the laminar simulations reproduce the
helical vortices more accurate than the turbulentigtions, relative to the experimental
data. As a result, laminar numerical simulations ased for the rest of the numerical

investigation.

6.2 Vortex identification

In the previous chapters, the helical vortices hbgen identified in the results
from numerical simulations by isobar surfaces of Ipressure [Robinson 91], which

correspond to the air bubbles accumulations iretperimental flow visualizations. That
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method is confirmed in this chapter using closedashlines [Lugt 1979, Robinson 91],
vorticity [Hussain and Hayakawa 1987] and the madeanced\, method [Jeong and
Hussain 1995] described in Chapter 2.2.

Figure 6.2.1 shows the velocity vectors and theasilines in the cross-section
plane at z/d = 6.57 for the flow induced by a teistape with y= 2.36 at Re = 7.7xf0
The closed streamlines indicate the presence ohdhieal vortices and also the main
rotation around the pipe centerline.

The primary vortex (or main swirl) is not identifidy the low pressure methods
because the pressure is the lowest in the cordbeoSecondary vortices, hiding the
primary vortex effect on the pressure field. As #iamlines show, the flow obviously
rotates around the pipe centerline in the directwdrthe tape twist (which was the
expected effect from the twisted tape) but the twatical vortices induce motion in
opposite direction near the centerline. The erfielel can be considered a vortex with
large parts of the cross-section flow actually hglag to two vortices.

Figure 6.2.2 shows the vorticity magnitude normedidy W/R at z/d = 6.57.
Similarly to pressure contours, the vorticity canto identify the secondary vortices but
not the primary vortex which is identified only bye streamlines. The plot is dominated
by the wall vorticity with a magnitude approximatéhree times larger than the vorticity

magnitude of the secondary vortices.
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in the flow induced by a twisted tape withy2.36 at Re = 7.7xf@a) velocity vectors,

Figure 6.2.1: Visualizations of the velocity field in the cssection plane at z/d
(b) stream lines.
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Figure 6.2.2 Normalized vorticity magnitude contours at z/6.57 in the flow induced
by a twisted tape with, = 2.36 at Re = 7.7x£0

In figure 6.2.3 the cores of the secondary vorteesidentified by thé, method
in addition to the isobar surfaces of low pressuree A, method is also based on
identifying low pressure cores but, as explainedCimapter 2.2, it also removes the
viscous effects. Figure 6.2.3 shows the entire adatpnal domain and a swirler close-
up where the centers of the connected regions Ayith O are marked by line segments.
The plots show the reference case: a laminar stioalaf the flow induced by a twisted
tape with y = 2.36 at Re = 7.7x£0The isobar surfaces are made transparent which

allows theA; lines to be visible at the centers of the low pues isobar surfaces.
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Figure 6.2.3: Comparison between vortex identification witlekar surfaces anth
lines: (a) full domain, (b) close-up view of theider.

The plots confirm that the isobar surfaces areabddi in identifying the vortex
cores at high Re where the pressure gradients gfedeby the swirling motion are
larger than viscous effects. All the identificatiorethods used confirm that the large,
stable structures which intuitively were considenaattices based on the velocity
vectors in the cross-section are actually vortmesording to generally accepted vortex
identification criteria. Thus the presence of thadidal vortices in the swirling flow
induced by short twisted tapes is confirmed. Thebas surface remains the most
convenient method for vortex identification in thisvestigation as it allows direct
comparison between the numerical results and tperarental visualizations. The
method is useful to identify vortices at low Re whéhe pressure gradients inside the

swirler are lower and viscous effects hide the sdaoy motion.

6.3 Flow field analysis

As the helical vortices behind twisted tapes haeeen been observed before, the
numerical simulation results will be used next toyide an in depth analysis of their
behavior and their interaction with the main swiflhe advantage offered by the
numerical simulation compared to the experimematstigation is that it provides all the

flow variables at the same moment of time.
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Figure 6.3.1: Isobar surfaces, pathlines and velocity vecbestify helical vortices in
the flow field induced by a twisted tape with=y2.36 at Re = 7.7xf@alculated with a
steady state laminar simulation (perspective view).

Figure 6.3.1 shows a perspective view of the fl@ldfinduced by a twisted tape
with y; = 2.36 inside a straight pipe at Re = 7.7xd8Iculated with a steady state laminar
simulation. The cross-section plane shows the wglwectors while pathlines originating
at the pipe inlet on the horizontal diameter revbalcomplex 3D motion created by the
interaction of the two helical vortices and the mawirl. The isobar surfaces of p = 1
mark the cores of the helical vortices.

In the experimental part, the presence of the &keliortices inside the swirling

flow was indicated by counter-rotating flow encaened in the measurements of the

tangential velocity. The flow field was recreatedm the experimental velocity plots
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between and through the helical vortices assunhag the velocity profiles from figure
4.1.1 are similar to the velocity profiles in a ssesection plane at different angles. Figure
6.3.2 shows that the assumption was correct andi¢loeity field recovered from the
LDV measurements (figure 4.3.1) is qualitativelyngar to the one calculated with the

laminar simulation (figure 6.3.2a).

.................................

—— along horizontal diameter
¢ | & along vertical diameter
-0.25 0 0.25 0.5
rid

0.98}----------4-| —— along horizontal diameter i | —— along horizontal diameter

i | =& along vertical diameter 1| —=- along vertical diameter
0.97 0 - : T
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
rid rid
(c) (d)

Figure 6.3.2: Variation of the flow parameters between andulgh the helical vortices
(along the horizontal and vertical diameter, resipely) for the flow induced by a
twisted tape with y= 2.36 at Re = 7.7x£0U, = 3m/s) in the cross-section plane at
z/d = 6.57 downstream of the swirler: (a) veloorsctors, (b) tangential velocity, (c)
pressure, (d) axial velocity.
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Figures 6.3.2b and 6.3.2d show the tangential aqal aelocity distributions
which are very similar to the profiles shown inuigs 4.1.5 and 4.1.4 respectively.
Figure 6.3.2c shows the pressure distribution whiegeeffect of the secondary vortices is
clearly visible as a large pressure drop insidectires of the helical vortices (responsible
for the air bubble accumulations in the experimemnigualizations). The pressure
distribution plot shows that the two vortices halightly different strengths, possibly as
an effect of the twisted tape wake at the exithef swirler. The main difference between
experiments and the results of the numerical md#ie absence of the angle observed
experimentally between the secondary vortices, wh& an unsteady behavior (as
explained in Chapter 4.2).

While figure 6.3.2 showed one dimensional plots clhiconfirmed the
experimental measurements, figure 6.3.3 shows wile2D distribution of the flow
parameters in the cross-section using colored wectds the flow field is not axis-
symmetric, only the 2D map of the velocity compdseand the pressure distribution
throughout the domain reveals the actual correlatletween these parameters.

The normalized pressure distribution in figure 8a3.shows that the helical
vortices create much larger pressure gradients tihmpressure gradients in the plane
perpendicular to the vortices. The presence of hbkcal vortices reduces the axial
velocity which has maxima between the vortices amgima inside the helical vortices
(figure 6.3.3c). The plots also show that the radédocity component at the edges of the
helical vortices is of the same order of magnitadethe axial and tangential velocity

component, with magnitudes as large as half obthlk velocity (figure 6.3.3d).
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Figure 6.3.3b shows that the tangential velocityponent has maxima where the
edges of the secondary vortices reach near the avall the contributions from the
secondary motion and the main swirl overlap ancehthe same direction. The magnitude
of the resulting tangential velocity is double thmagnitude of the tangential velocity
corresponding to the main swirl which is visible tine plane perpendicular to the
secondary vortices. The tangential velocity compomeduced by the main swirl is small
near the pipe centerline, which is also the ceotewotation for the main swirl. At the
same time the tangential components induced bydtieal vortices have their maxima
near the pipe centerline because the centers divbvesecondary vortices are located in
the middle of the pipe radius and their edges relaetwall and the pipe centerline. Near
the pipe centerline the larger tangential velo@gmponents induced by the helical
vortices rotate in the opposite direction compa@dhe main swirl and overcome its
effect which results in two patches of counterdiota flow visible in figure 6.3.3b
between the two vortices.

Figure 6.3.4 shows the helical vortices for the@ghmain cases investigated (tapes
with twist ratio y = 1.77, 2.36 and 3.54 at Re = 7.7%10ncluding their development
inside the swirler. The pitch calculated with taeninar simulation matches well the pitch
of the normalized angular velocity extracted frdre t DV measurements (figure 4.1.2).
The similar ratio between the helical vortex pitoid the twisted tape pitch in all three
cases (approximately 4/3) is likely due to the &mposition of the helical vortices at the
end of the 18Dtwist. The plots show that the ratio between titehpof the helical

vortices and the pitch of the swirler is almost slaene for all three swirlers tested for Re
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in the range 1910°. As the swirl number plots show, in this range $hérl number is

almost constant.

Figure 6.3.4: Helical vortices for the three cases investidaggperimentally at Re =
7.7x10: (a) y = 1.77 tape, (b),y= 2.36 tape, (c),\= 3.54 tape.

Figure 6.3.5 shows the positions of the secondarjices at the exit of swirler
with velocity vectors and streamlines for all thregses investigated. The patterns are
very similar even though the shorter tapes indunger swirl. The closed streamlines
clearly identify in all three cases the presenca single vortex co-rotating with the main
flow on each side of the tape.

Figure 6.3.6 shows the cross-section isobar costauaxial locations where the
helical vortices are in vertical and horizontal ifoss (top and bottom row respectively)
for the y = 2.36 tape at Re = 7.7xX10The pitch of the helical vortices is the distance
between two consecutive plots with the same vodeentation. The pitch is slightly
uneven as the secondary vortices are not perfdateReand the angle between the
vortices is approximately 176instead of 180 However, the plots show that the
characteristics of the flow field change very dtthlong the pipe axis, its periodicity
justifying the velocity field reconstruction fronmé LDV measurements along the axis

presented in Chapter 4.3.
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Figure 6.3.5: The flow field at the swirler exit described bglocity vectors (top row)
and streamlines (bottom row) at Re = 7.7XH) y = 1.77 tape, b),\= 2.36 tape, c)\=

3.54 tape.
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Figure 6.3.6: Pressure contours at axial positions where #ledl vortices are in

vertical and horizontal positions. The flow is iwed by a tape with,y= 2.36 at Re =

7.7x10).
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Figure 6.3.7 Vorticity distribution for the flomduced by a twisted tape with twist ratio
y, = 2.36 at Re = 7.7xf0(Uy, = 3 m/s) in the cross section plane at z/d = 7(23:
normalized vorticity magnitude, (b) normalized axiarticity component
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The numerical simulation results contain the coteplelocity field which allows
the calculation of vorticity. Figure 6.3.7a shows worticity magnitude and figure 6.3.7b

shows the axial vorticity component, both normalizéth U, /R, at z/d = 7.28 for the

reference case of a flow through a swirler withk-\2.36 at Re = 7.7x£DAs explained in
the previous section, vorticity plots are dominabgdvorticity produced near the wall, in
the boundary layer. In the vorticity magnitude plug wall vorticity is approximately 4.5
times larger than the vorticity corresponding te secondary vortices. In figure 6.3.7b
the axial vorticity near the wall is approximat@yb times larger than the axial vorticity
in the secondary vortices and it is oriented in dpposite direction. Th&, method and
the low-pressure isobar surfaces were preferredddex identification in order to avoid
the effects of viscosity near the wall.

The swirl downstream of the twisted tape swirledégaying as shown by Kreith
and Sonju [1965] (figure 2.3.1). The swirl decagumntified by the variation of the swirl
number along the pipe axis. The complete flow fieddculated with the laminar model
allows an accurate estimation of the swirl numimecrioss-section planes along the pipe
axis using formula 2.1.6.

Figure 6.3.8 shows the swirl numbers calculatedxadl locations 1, 5 and 10
diameters downstream of the swirler for 18@isted tape swirlers with twist ratio 1.77,
2.36 and 3.54 at Re = 7.7X%1(bulk velocity 3 m/s). The decay along the fir€ 1
diameters downstream of the swirler, which is theus of this study, is approximately
the same in absolute value for all three cases0& 0he decay represents 7.3 % for the
swirler with y = 1.77, 10.3 % for the swirler with ¥ 2.36 and 10.8 % for the swirler

with y, = 3.54. These results are similar to those oftkrand Sonju [1965] (figure 2.3.1)
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and confirm that the decay over 3.15d (80 mm) albwegpipe axis from 5.9d to 9.05d for
the swirler with twist ratio y= 2.36 at Re = 7.7xf0s very limited (~3%) which justifies

the reconstruction of the flow field from the LDVeasurements performed in Chapter

4.3.
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Figure 6.3.8 Swirl decay along the pipe axis as quantifiedhsy variation of the swirl
number S for the three swirlers with twist ratiog7], 2.36 and 3.54 at Re = 7.7%10

Figure 6.3.9 shows on a logarithmic scale how thiel snduced by the tape with
twist ratio y = 2.36 varies with Re in the range?16 10. As mentioned before, the only
fluid used in these simulations is water, so ddfégrRe represent different inlet velocities.
The swirl is quantified by the swirl number caldeldhone diameter downstream from the
swirler exit. The plot shows that the swirl numlogereases rapidly with Re from Re =
10° to Re = 16 and then it reaches asymptotically a level of 8.31, almost constant
from Re = 10 to Re = 1® which is the experimental flow range in this study

The swirl decay also varies with the inlet velockxpressed in non-dimensional
form by Re (for water only). Figure 6.3.10 shows 8wirl decay dependency on Re for

the tape with twist ratio,y= 2.36 and Re in the range®1® 1¢. The plot confirms that
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the swirl decay along the pipe axis decreases withincrease in Re as observed by

Kreith and Sonju [1965].

Swirl number variation with Re for tape with twist ratioy, = 2.36
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Figure 6.3.9 Swirl number variation with Re. The swirl numb®ris calculated at
z/d = 1 downstream of the swirler with twist ratyp = 2.36 (60 mm pitch in the
experiments).
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Figure 6.3.10 Swirl decay along the pipe axis as quantifiedH®yvariation of the swirl
number S for the flow induced by the swirler withidt ratio y = 2.36 (60 mm pitch) at
Re in the range fao 10.
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6.4 Comparison with counter-rotating flow in prevous studies

As described in chapter 1.1, the counter-rotatiog fhas been observed before
only in swirling jets generated by rotating pipasd it was attributed to turbulence. In
those reports, the tangential velocity was reldtethe cross-section Reynolds stress by
formula 1.1 which was derived for a fully developgdirling flow inside the rotating
pipe, assuming axis-symmetric flow and no axialdgrats. However, the formula was
used to explain the flow behavior inside the swgljet, 6.5d downstream from the pipe
exit.

An LES simulation of the same flow [Meciel et aQ(B] shows that the swirling
jet is expanding (figure 6.4.1a and 6.4.1c) ana dlsat helical vortices are present
immediately downstream from the pipe exit (figured.fib), challenging the axi-
symmetric flow and no axial gradients assumptioifse assumption of axi-symmetric
flow dismisses a priori the possibility of a non-aymmetric rotating flow with a
counter-rotating core, similar to the counter-rotflow region identified in the present
study.

The two flow cases share common features as betkvarling flows and contain
counter-rotating flow and helical vortices, but calbave differences as the jet is
unbounded and spreading. Also, the swirl is gepdratifferently which means the

helical vortices are generated differently too.
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Figure 6.4.1 Flow structures in the swirlingifetuced by a rotating pipe [Meciel et al.
2008] (in these plots x is the jet axis): (a) staps of instantaneous vortical structures
identified with A, iso-surfaces, (b) side-view close-up at the pipi& éc) instantaneous
velocity field.

Figures 6.4.2 and 6.4.3 show a flow in which thedfldischarges from the swirler
with d = 1 (25.4 mm) and, ¥ 2.36 into a pipe with a larger cross-section£d24d) and
length 7.87d (200 mm). Figure 6.4.2 shows the hEhwmrtices identified by isobar
surfaces of p/f= 1.03 and vortex cores identified wila method while figure 6.4.3

shows the cross-section velocity distribution atesal axial locations using velocity

vectors. While the step is disrupting, the heligaltices are clearly visible in both
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figures. Figure 6.4.2 and the first plot in fig8el.3 at z/d = 0 show that the secondary
vortices inside the swirler did not change as aultesf the increase in diameter
downstream. The flow adjusts to the new cross-eectind the helical vortices are

present at z/d =4 but they disappear by the enleo?.87d test section.

Y

Figure 6.4.2 Helical vortices identified by isolsarfaces of p/i>= 1.03 and vortex
cores identified with., method in the swirling flow induced by a swirleithvd =
25.4mm and y= 2.36 at Re = 7.7xf0

Larger increases in cross-section could not be lat@d with the available
computational resources, while maintaining a testisn long enough to observe the
behavior of the helical vortices. However, the ctested suggests that helical vortices
are likely to survive a cross-section change anddcalso be the cause of the counter-
rotating flow observed in swirling jets.

Further detailed analysis of this topic would requadditional resources and
rotating pipes are not the focus of this studyaAssult, the confirmation of the source of

counter-rotating flow in swirling jets induced bytating pipes is left for future studies.
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6.5 Vortex inception and development

The main goal of the numerical simulations is teniify the formation process of
the helical vortices in order to eliminate them.ndaf the previous studies presented in
chapter 2.3 reported helical vortices. Most of ghasvestigations described secondary
flow inside the twisted tape swirlers consistingtlwb counter-rotating vortices on each
side of the tape (figure 2.3.4).

There are also some similarities between the tdisa@e swirler and blades in
turbomachines. The effect of the twisted tape enflibhw could be compared to the effect
of two blades extending from the centerline to pige wall and spaced 18@part. Like
blades in turbines and compressors, each halfeofwisted tape has a pressure side and a
suction side driving the flow. However, the turrgbnof the twisted tape is much larger
compared to typical blade turns.

In turbomachines secondary flow is created whemearslayer is turned through a
duct or cascade. Streamwise vorticity is generdteto the velocity differential between
the streamlines and also due to translation o¥/éngcity vector associated with the shear
layer [Squire and Winter 1961, Lakshminarayana 1995

The high resolution of the velocity field calculdtevith the numerical model
allows a detailed investigation of the vortex fotima and also of the characteristics of
the helical vortices downstream from the swirlerdéscription of the vortex formation
for the reference case of flow induced by a twigtgze with twist ratio y= 2.36 (60 mm
pitch) at Re = 7.7x1{qbulk velocity 3 m/s) is presented in the followipgragraphs. The

positions of the cross-section planes are exprebsé#d as angle of twist and as the
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corresponding physical distance in mm. Relativahi® photo of the swirler in figure

6.5.1a the cross-section planes progress fromathend of the swirler toward the viewer.
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Figure 6.5.1: Swirler inlet: (a) photo of the swirler, (b)loeity vectors at the inlet (at
the far end in figure 6.5.1a)

As the fluid enters the swirler, the twisted tapats blocking the flow gradually
(figure 6.5.1a and 6.5.1b). Figure 6.5.1.b showsargy vectors in the cross section at the
inlet, seen from the end of the tape. The flowhat inlet is axial except for the leading
edge effect of the twisted tape splitting the flow.

After the first 5 of twist (~2 mm in axial direction for the 60 mritgh tape) the
flow hits the twisted tape on half of the semiciaecichannel and the wall reaction exerts
pressure on the fluid pushing the flow in the di@tof the tape twist. At the same time
the other half of the tape pulls away from thedlareating a low pressure region (a
suction side) (figure 6.5.2 &imilarly to secondary flow formation in turbomagés, in
the case of the twisted tape swirler the secontlawy is initiated by the viscous shear

layer formed on the twisted tape surface.
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Figure 6.5.2: Flow field inside the swirler after’Swist (~2mm): a) static pressure
contours after 5twist, b) Wall shear stress contours [Pa] and sszstion velocity
vectors
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(d)

Figure 6.5.2 (cont): Flow field inside the swirler after’ Swist (~2mm): ¢) normalized
tangential vorticity, d) normalized radial vortigit
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On the suction side of the twisted tape, the whdas stress decreases until it
becomes zero, producing flow separation (figure2bp At the same time the pressure
imbalance creates a flow across the twisted tagacaifrom the pressure side toward the
suction side. At the swirler inlet the dominant tiwty components are tangential and
radial formed near the walls (figures 6.5.2c arsl&l) while there is little axial vorticity.

The wall shear stress contours and velocity vedtofgjure 6.5.3a show that the
region of flow separation increases in size af@rt@ist. After approximately 60twist
(20 mm), secondary vortices appear on the suctida ef the tape from the flow
separation region, as shown by velocity vectorstaachormalized axial vorticity plots in
figure 6.5.3b. The streamlines in figure 6.5.4avelibat these vortices become distinct
after 75 twist (25 mm). The axial vorticity inside the sedary vortices reaches
maximum after 7% twist. The flow across the twisted tape genergtesitive axial
vorticity on the tape surface which is convectedaal the emerging secondary vortices,
as both the flow direction and the gradient of bxaticity are aligned from the pressure
side toward the suction side (figure 6.5.4b). Afteception, the secondary vortices
development is a result of competing effects froontex stretching produced by strong
tangential and radial vorticity components (figueS.4c and 6.5.4d), viscous diffusion
and axial vorticity convection from the surface thie twisted tape (figure 6.5.4b),
according to equation 2.1.1. As the flow continteeturn, the small vortex formed in the
flow separation region on the suction side of thpet grows in size due to vortex

stretching, while the axial vorticity inside thertex starts to decrease.
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(b)

Figure 6.5.3: Secondary vortex development: (a) wall sheasstand velocity vectors
after 30 twist (10 mm), (b) normalized axial vorticity andlocity vectors after 6Qwist
(20mm).
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Figure 6.5.4: Flow field inside the swirler after 73wist (25mm): a) streamlines, b)
normalized axial vorticity and velocity vectors,
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Figure 6.5.4 (cont.) Flow field inside the swirler after 78wist (25mm): ¢) normalized
tangential vorticity and velocity vectors, d) nofired radial vorticity and velocity
vectors.
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As the secondary vortex grows, it changes its fosiinside the semicircular
channel in an apparent move against the flow (&géu5.5a and 6.5.5b). This motion
against the flow is likely due to conservation nfjalar momentum as the vortex tends to
preserve its rotation axis direction and opposecttenge forced by the tape. The vortices
do not move against the flow in the semicirculaaruel, rather the channel moves

around the secondary vortices, changing theirivelgtosition.
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Figur%6.5.5: Vortex formation for a twisted tape withy 2.36 (60 mm pitch) at Re =
7.7x10'
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After the exit, the two vortices maintain their ical shape imposed in the
formation stage inside the swirler and continue itite straight pipe (figure 6.5.5¢ and
6.5.5d). The position of the vortex at the exitedetines the pitch of the helical vortices
inside the straight pipe.

Figure 6.5.6 shows the evolution of the normalizedal vorticity inside the
center of a secondary vortex along the twisted,tape function of the twist angle of the
tape. After 48 twist, axial vorticity spots become distinguistatih the flow on the
suction side of the twisted tape. The secondaryexobecomes evident in the velocity
field and low pressure isobar surfaces after agprately 60 twist, as the axial vorticity
increases very fast. The axial vorticity reachepéak after 75twist, and then the vortex
starts growing in size while the axial vorticityaleases fast due to the cumulated effect
of vortex stretching and viscous dissipation. Afégmproximately 150twist there is a
distinct change of slope in the axial vorticity dgcsuggesting that the vortices have
reach their final size and vortex stretching is mofactor anymore, leaving viscous

dissipation as the only cause of decay at a sloater

QzR/Ub
[ee]

0 15 30 45 60 75 90 105 120 135 150 165 180 195

tape twist angle [ °]

Figure 6.5.6: Variation of the normalized axial vorticity ihg center of the secondary
vortex along the twisted tape for the flow throwegh180 twisted tape with y= 2.36 at
Re = 7.7x10.
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Figure 6.5.7 shows side and front views of the tigraent of the helical vortices
inside the swirler with y= 2.36 at Re = 7.7xfpgiving a better perspective of the actual
physical phenomenon. Figure 6.5.7c shows the actwafler to allow a direct
comparison with the numerical results. The secondartices are identified with isobar
surfaces of p/l>= 1 while tangential velocity vectors show thedbfilow direction in

cross-section planes.

(b) (©

Figure 6.5.7: Formation of the secondary vortices inside thelsr. The plots show
isobar surfaces of pjR= 1 and cross-section planes with tangential wloectors for

the tape with y= 2.36 (60 mm pitch) at Re = 7.7X1@a) side view, (b) front view, (c)
actual swirler.
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In figure 6.5.7a the cross-section planes showfltve at ¢, 6, 120 and 186
while in figure 6.5.7b the velocity vectors are wioin a plane after ?5Figure 6.5.7a
shows that a distinct vortex emerges approximaadlgr 60 twist (20 mm inside the
swirler) matching the experimental observationguFé 6.5.7b shows that the secondary
vortices follow the tape twist and describe helitaljectories relative to the pipe axis
which continue inside the straight pipe.

These results are similar to the results showeRdtymani [2004, 2005] for static
mixers and Date [1974] for a short swirler. Thespr# results also match well the swirl
decay measurements of Kreith and Sonju [1965]. Hewehese results differ from the
results published by Manglik et al. [1993, 1997krM et al. [2007], Kazuhisa et al.
[2004] and the measurements of Seymour [1966], vBltow counter-rotating vortices
inside or at the exit of the twisted tape. Theat#hces could be caused by the fact that
Manglik et al. [1997], Yerra et al. [2007] and Kama et al. [2004] used different
numerical models and different grid resolutionssimulate air at low Re and twisted
tapes with multiple twists. Little details are given the numerical method of Manglik et
al. [1997] and Yerra et al. [2007] (streamlines aetbcity vectors plots are presented in
those articles, but the numerical method was ndlighed and it is referenced to an
internal lab report TFTPL-7 from the University Gincinnati , September 2002 which
was unavailable for this study). No details areegivabout the numerical grid used in
Kazuhisa et al. [2004] and a low grid resolutiord ahe use of a non-orthogonal
coordinate system could significantly impact thgults.

One of the reasons previous authors proposed actwmter-rotating vortex

structure inside twisted tapes was the fact thet aelocity contours measured [Seymour
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1966] or simulated [Date 1974] displayed two pedkgure 6.5.8a shows that the axial
profile indeed has two peaks in the current sinnutabut these are created by a single

co-rotating vortex as shown by the velocity veciarBgure 6.5.8b.

Figure 6.5.8 Axial velocity contours (a) and velocity vectgg at the exit of the
twisted tape swirler with,y= 2.36 at Re = 7.7x£0

The measurements of Seymour were done after naligge twists with probes
inserted directly in the flow which could have &t the flow. Given the close match
between experiments and the simulations presentedis study, the vortex formation
mechanism described here seems reliable for watgrtfirough 180 twisted tapes.

For all three swirlers tested, the position of gexondary vortices inside the
swirler relative to the twisted tape depends onatigle of the twist. In all three cases the
vortices appear after approximately°6@/3 of the swirler) as shown by the isobar-
surfaces in figure 6.3.4. The secondary vortices aach similar positions at the end of
the swirler as shown by streamlines in figure 6.38e pitch of the secondary vortices

changes continuously inside the swirler as theicgstchange their position relative to

130



the twisted tape from the location where they fgpear until the end of the twisted tape.
While the tape rotates 128fter the secondary vortices form, the vorticesdahind and
rotate approximately 90nside the swirler over 2/3 of the twisted tapagi, which also
represents half of the first 18@itch of the helical vortices (figure 6.5.9). Aftéhe
twisted tape ends, inside the straight pipe thehpiioes not change anymore and mirrors
the part of the pitch shaped inside the swirlersAeh, the pitch of the helical vortices is
twice as long as the part of the pitch createdda¢he swirler, resulting in the 4/3 ratio
between the pitch of the helical vortices and tihehpof the twisted tape observed in both

experiments and simulations.

(a) (b)

Figure 6.5.9 Change of position for the secondemyices inside the swirler: (a) the
vortices appear first after B@wist; (b) secondary vortices at the swirler eafter 180
twist. The red lines highlight the fact that theglenbetween lines passing through the
secondary vortices in the two plots is approxinya®er.
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6.6 Multiple twists

As the previous chapter showed, after their incepthe vortices keep moving
away from their initial position against the malovw. This behavior raised the question
how the vortices develop if the tape is twisted entvan 180

Figure 6.6.1 shows the behavior of the secondartices for tapes with twist
ratio 2.36 (60 mm pitch) and with twists of £886C, 720 and 1080 at Re = 7.7x1b
The tape with the 180twist is shown as reference. The 3@@pe produces helical
vortices which spiral toward the centerline whdreyt merge. For the 72@ape helical
vortices are still visible but they are weak andstable. In the last case, the flow
downstream of the tape with 108vist is a simple swirling flow without any secarg
vortices. The swirling flow induced by the tapemi8C0 twist has the most stable helical
vortices. There is no tape-end effect on the pwsitif the secondary vortices. After £80
the position of the secondary vortices in the ciEsdion is the same either if the tape

ends or if more twists are following.

Figure 6.6.1: Effect of multiples twists on the secondary iams: (a) 180 twist, (b)
360 twist, (c) 720 twist, (d) 1080 twist.

In order to verify the numerical predictions for ltiple twists two, 180 twisted
tapes with twist ratio y= 2.36 (60 mm pitch) were installed in successiod the flow

was visualized with air bubbles and high speed camé€igure 6.6.2 shows the
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comparison between the experiment and the numepredliction for the flow at Re =
7.7x1d including the swirler exit. The experimental vikmation confirms both the
convergence of the helical vortices toward the exdine and the shorter pitch of the
helical vortices (70 mm) compared to the 1&ase (80 mm). The helical vortices
however do not merge in the experiments. After tthe secondary vortices get close
together, the radius of the helix increases badkatba radius and the vortices continue

in a stable double helix structure until the endhef 1.14 m (45d) long pipe.

i B i e B T i L I s

Figure 6.6.2 Helical vortices induced by a 3B®Niste tape with 60 mm pitch
(y: = 2.36) at Re = 7.7x%0a) high speed camera visualization, b) numesirallation.

In order to investigate the behavior of the secondenrtices for tapes with
multiple twists, the flow created by a twisted tapéh 1080 twist and twist ratio
y: = 2.36 is sampled with cross-section planes etada@fter each $0twist. The
locations of the cross-section planes are showfigre 6.6.3 and the plots of the

tangential velocity vectors in each cross-sectienpsiesented in detail in figure 6.6.4.

Figure 6.6.3: Cross-section planes on a tape with £@8@st: (a) full domain, (b) close-
up of the last twists (between 54dnd 1086) with isobar surfaces of pjP 1.
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Through the first 180 twist the secondary vortices have exactly the same
behavior shown in the previous chapter for a tajib & simple 18Dtwist. As the tape
continues to twist, the secondary vortices movéharragainst the flow and they reach
the middle of the channel after £450'he vortices continue to move against the tape
rotation but after 720twist they weaken. After 90Gwist there are little indications of
secondary motion in the velocity vectors and tlosvfbecomes a regular swirling flow
with a low pressure region near the centerline.

As explained before, the motion against the flovikely due to conservation of
angular momentum as the helical vortices tend &sqwe their rotation axis direction
while the channel moves around them, changing tiedative position. This lagging is
what gives the helical vortices a longer pitch th@mpitch of the tape for the 18@pe.

In the previous section it was shown that afterapimately 156 twist there is a
distinct change of slope in the axial vorticity dgcsuggesting that the vortices have
reach their final size and vortex stretching is maofactor anymore, leaving viscous
dissipation as the only cause of vorticity decayp atower rate. Figure 6.6.5 shows that
from 150 to 1080 the axial vorticity decreases at a relatively ¢ans rate until it
reaches the background level of axial vorticityresponding to the main swirl. The
velocity vectors in figure 6.6.5b show that aftéB(f twist the remnants of the secondary

vortices create just a slight disturbance in thelswy flow.
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Figure 6.6.5 Normalized axial vorticity insideivaisted tape swirler withy=2.36 and
multiple twist at Re = 7.7xf0 a) variation along the swirler, b) cross-secti@hocity
vectors and normalized axial vorticity after 1080ist.
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6.7 Secondary motion at low Re

LDV measurements and high speed camera visualiagbowed that the helical
vortices induced by twisted tapes have a constécit pndependent of Re in the range
2x10 to 1¢ while for Re = 16there are no visible helical vortices inside gt section,
downstream of the swirler. In order to investigéie secondary vortices at lower Re and
determine the critical Re at which the secondanyicgs appear first inside the twisted
tape swirler, numerical simulations are run foriRe¢he range 100 to 1,500. At low Re
the secondary vortices are weak and the pressadeegis are small so the cores cannot
be visualized with isobar surfaces as the viscdiezts hide them. Instead the vortices
are identified using th&, method which removes the viscous effects [JeongHarssain
1995].

Figure 6.7.1 shows the velocity vectors at the ehthe 180 twisted tape with
yr = 2.36 (60 mm pitch) and the side views of thestad tape for Re 100, 250, 500, 750
and 1,000. The vortices are identified with rec Isegments marking the centers of the
regions wheré\,<0 which correspond to vortex cores.

The velocity vectors show that the flow changeas sudden but rather gradual,
so the appearance of the secondary motion is lukseribed by a range of Re rather than
a critical value. There are no secondary vortigstble at Re = 100 and Re =250 but the
vortex cores are visible at Re = 500, so the seaxyndortices appear first in this range
(bulk velocities between 10 and 20 mm/s). Whileoselary vortices form inside the
swirler for Re between 500 and 2X1@he experimental visualizations show that the

helical vortices are not strong enough to holdaindubbles outside the swirler.
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Figure 6.7.1: Secondary motion at low Re: (a) velocity vectorstha swirler exit,
(b) side views of the swirler with secondary vaetiddentified by\, method (the flow is
from right to left).
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As explained in the previous section, at the swirléet the leading edge of the
twisted tape and the sudden turn create a low pressgion with flow separation where
weak vortices form. As the plots in figure 6.7.bwhthe inlet vortices disappear within
30° twist (10 mm) from the swirler inlet as the cefugial forces grow. The plots at Re =
500 and 750 show that the secondary vortices prese¢he end of the swirler form after
the inlet vortices disappear.

As the twisted tape induces flow rotation, the o@rgal force could be a
plausible cause for the secondary motion. One effitist investigations on centrifugal
stability was published by Rayleigh [1916] who sleolthat the presence of an inverse

stratification along the radius (a negative graflieof the square of the angular
momentum per unit masér Wg)z indicates that the flow is unstable to axi-symmeetr
disturbances. Rayleigh referred tdV, as the circulation Z77f [V, is the circulation

round the circle defined by r = constant and z rstant [Drazin and Reid 1981]) which

is why the criterion is referred to as the “cirdida criterion”.

The plots in figure 6.7.2 show the distributiontbe square of the circulation
(r v,)? for Re = 500 where the secondary vortices west ifilentified by thé., method.

The colored vectors plot (figure 6.7.2a) shows thate is an uneven stratification of the
squared circulation throughout the domain. Figuré.2b shows the profiles of the
circulation squared inside the semicircular chamhahg the radii at 45and 138 which
are shown in figure 6.7.2a. For the’4Bot the maximum occurs close to the middle of
the radius followed by an obvious negative gradiemtard the wall, confirming the flow

is centrifugally unstable. The inverted stratifioatin the first half of the domain leads to
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the appearance of the secondary motion in the delalfi as the fluid close to the axis is

ejected toward the wall. By the 1%38lane the circulation is concentrated near thé. wal

21e13 5.7e-09 1.1e-08 1.7e-08 23e-08 29e-08 34e-08

(1V,)? [m/s]

—e— 45deg | |
|| —©— 135 deg J

1 1 N
.008 0.01 0.012  0.014

(b)

Figure 6.7.2 Squared circulation distribution at the swirsit for Re = 500 (Y= 0.02
m/s): (a) colored velocity vectors, (b) radial jples along the radii (R = 0.0127 m) at’45
and 138 shown in plot (a).
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The centrifugal stability criterion determined byykReigh was developed based
on the flow between coaxial rotating cylinders. fThase was an axis-symmetric flow
where the occurrence of a centrifugal instabilitgswa 1D problem. In this case the
problem is 2D and the effect of the centrifugalcés is to shift the center of rotation of
the flow away from the pipe axis, breaking the flsymmetry.

Figure 6.7.3 shows a comparison between the vansbf the tangential velocity,

the centrifugal force densitf, = p[V?/r, the total pressure, the circulation squared

and the axial vorticity for Re = 100, 250 and 50he twisted tape creates two
semicircular channels inside the pipe which coddtbnsidered to have an inlet half and
an exit half (see velocity vectors in figure 6.7.Z8he plots show that the centrifugal
force distribution (b) and the squared circulataistribution (d) in the first half of the
domain have approximately the same spatial digtahdor all three Re.

However, as Re increases the centrifugal forcesrbecstronger and the flow
symmetry is lost. The location of the maximum tarige velocity (a) shifts from near
the inlet toward the second half of the domain #nd shift in the tangential velocity
distribution is accompanied by an emergence offanemter low pressure region absent
at Re = 100 and very distinct at Re = 500 (c). AdriRreases, the axial vorticity plots (e)
also show a peak emerging at the same locationeathertangential velocity (a) has its
maximum. The plots show that the flow patterns dbahange suddenly, rather the flow

changes as the pressure gradients increase adtaofes increase in Re.
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Figure 6.7.3 Flow characteristics at the swirler exit for Re 1280 and 500 (bulk
velocities 4, 10 and 20 mm/s): (a) tangential viyocb) centrifugal force density, (c)
total pressure, (d) circulation squared, e) axaativity; (red indicates maxima).
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Figure 6.7.4 shows the streamlines at the swintérfer Re 100, 250, 500, 750,
1000 and 1500. The streamlines appear to entethettape because the twisted tape is
inclined relative to the XYZ coordinate system dhd flow parallel to the tape actually

has a vertical component.

Re = 1.500

Figure 6.7.4 Streamlines at the swirler exit at different Re

Comparing the plots in figure 6.7.4, the anglehaf $treamlines at the swirler exit
is approximately the same for all Re as it depemdg on the twist of the tape. While the
A2, method indicates the presence of secondary veratdre = 500, the streamlines in
figure 6.7.4 do not close until Re = 1,500.

The two distinctive features of a vortex (low press and large tangential
velocity) are formed separately and they evolvalgadly into a vortex as the velocity

gradients become larger. The coherent low pressares appear at lower Re than closed
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streamlines. The streamlines exhibit sharp turas tiee low pressure region for Re from
500 to 1,000 but whether the low pressure strustigtentified by thé\., method are
vortices is questionable. It seems that these tstres should rather be considered a
precursor of a vortex and that the actual secondartyces occur when the streamlines
close.

The pressure gradients are very small and thecesrtrery weak and unstable. It
seems unlikely that these structures could be tigaged experimentally and one has to

rely on numerical simulation to obtain some inssghto vortex inception.

6.8 Multiple vortices

Numerical simulations were also run to see if thabiity of the pair of two
helical vortices is maintained in the case of theed four vortices. Swirlers with three
and four chambers twisted I8@&re employed to investigate the generation and
development of multiple vortices (figure 6.8.1). éBe complex swirlers could be
manufactured by stereolitography similarly with tleempact swirlers used in the

experiments.

@ (b)

Figure 6.8.1: Complex 18Bswirlers: (a) three chambers, (b) four chambers.
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Figure 6.8.2: Secondary vortices in 13060 mm long swirlers ¢y= 2.36) at Re =
7.7x10 identified by isobar surfaces p/R 1: (a) three chambers swirler, (b) four
chambers swirler.

Figure 6.8.2 shows the secondary motion generatdtirbe and four chambers,
180 swirlers. Just like in the case of the swirlerhwitvo chambers, single co-rotating
vortices form early inside the swirler near the Iwahd then drift against the flow.
However, the pressure gradients are lower thahdrcase of the regular twisted tape.

Despite some differences, in both cases the secpndgices converge toward
the centerline and the flow becomes a regular swiflow. Details of the convergence
process are shown for both cases in figure 6.8r8ureamlines. In the case with three
vortices the convergence is slower in approximat@g while the four vortices converge
after approximately 6d. The convergence createsualistructures such as squared and
triangular vortex cores.

This study investigated the twisted tape swirled d@ne counter-rotating flow
because it was detrimental for the pulp mixinghe paper production. The secondary
motion was creating preferential alignment of thipgibers, resulting in streaks on the
final paper. These simulations suggest that mulircber swirlers can be used to

produce swirling flow without the undesirable sedary motion in paper production.
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b) 3 vortices, z/d = 5.01
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c) 3 vortices, z/d = 11.81 f) 4 vortices, z/d = 5.91
Figure 6.8.3: Streamlines for multiple vortices: a), b), oy@tices; d), e), f) 4 vortices
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Summarizing the contributions made by the presemtys the main contribution
is the identification of the cause of the secondlany in short twisted tape swirlers. This
investigation showed that the counter-rotating flemroduced by helical vortices. A
solution to remove the secondary motion in apphcet where it is undesirable was
proposed using multiple chambers swirlers. Remowimg secondary flow in paper
manufacturing will improve paper quality and itespected to produce economical and
environmental benefits.

Starting from an investigation of the cause of ¢banter-rotating flow observed
downstream of twisted tapes swirlers during expental tests, the present study
identified for the first time the presence of haligortices in the swirling flow induced
by 180 twisted tapes. The characteristics of this comflex were investigated using
LDV measurements, flow visualizations and numerisahulations. Helical vortices
occur often in nature but these are the first stéielical vortices ever observed and they
allowed detailed air bubble visualizations of tlmmplex flow field resulting from the
interaction between the helical vortices and thenmewirl. The newly uncovered
characteristics of the flow induced by twisted s&pan be used to design mixers with
improved efficiency and calibrate numerical simigias. This study suggests that a short

twisted tape (18) would create a very strong secondary flow whilersg tape (729
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would suppress the secondary flow. The resultsepted here should benefit both the
researchers and the industry using twisted tapewmifdng or heat transfer, or affected by
helical vortices.

The experimental investigation demonstrated that ¢dbunter-rotating flow is
produced by two secondary helical vortices supessed on the main swirl. The two
secondary vortices almost double the tangentiaboigl near the wall. The smaller
secondary vortices rotate faster than the mairexanhd as a result their centers have the
lowest pressure in the cross sectional field asvahioy the air bubble streams. The air
bubbles provide a good description of the moticgoamted with the secondary vortices.

Experiments showed that short 28Wisted tapes produce coherent secondary
flow for Re in the range 2xf0o 1¢. The helical vortices generated by the swirler
become stronger with Re but the secondary flowcsire does not change with Re (the
pitch is constant for a given swirler). The tanggrfteld created by the interaction of the
three vortices is shown to be well described byesgopsition of the velocity fields of the
secondary vortices on the main vortex velocity dielThe characteristic tangential

velocity profiles were identified for each vortegrfthe swirling flow induced by a

twisted tape with twist ratio,y 2.36 (60 mm pitch) aRe= 7.7x10".

The helical vortices originate inside the swirland their inception and
development inside the swirler were investigatechguiswumerical simulations. The
numerical simulations using a laminar formulatiogsctibed well the transitional flow
inside the swirler, while simulations using the RSMhtbulence model gave only

qualitative results that did not match the expentaeery well.
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The numerical simulations results showed that doesdary vortices appear early
inside the swirler as single, small co-rotatingti@s in the corner leading the rotation,
on the suction side. As the tape continues to twist co-rotating vortices become
stronger and move away from the twisted tape amu the pipe wall. After the exit, the
two vortices maintain their helical shape imposethe formation stage inside the swirler
and continue into the straight pipe. These resalts similar to results showed by
Rahmani [2004, 2005] but do not agree with the Itesoublished by Manglik et al.
[1993, 1997], Yerra et al. [2007], Kazuhisa et [@004] and the measurements of
Seymour [1966] which showed counter-rotating vesidnside or at the exit of the
twisted tape. The differences in the numerical meshused could explain some of the
discrepancies. At the same time, the use of aimadium and heat transfer in those
previous numerical studies may also be responsible some differences. The
experimental measurements of Seymour could hava bdkienced by the intrusive
techniques used. The simulations in the presentlystare validated against the
experiments presented in the first part and thegeagualitatively with the experimental
data. No counter-rotating vortices were observedrdtream from the swirler in the
experiments.

The flow downstream of the swirler was comprehegigivdescribed with
numerical results, which confirmed the experimemgals while providing the pressure
and the radial velocity component distributionse Helical vortices were identified using
isobar surfaces of low pressure (corresponding itobabble accumulations in the
experiments), closed streamlines, vorticity and riegative eigenvalues of the velocity

gradient tensor,. While all the vortex identification methods clgaidentify the
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secondary, helical vortices, the low pressure sedand\., methods failed to identify
the main swirl with its center on the centerlindiieh is obvious in the streamlines plots.
This is a result of the low pressure regions caehtethe two helical vortices.

After running numerical simulations at low Re, gecondary motion was shown
to appear first for Re between 250 and 500 (bul&ores between 10 and 20 mm/s). At
low Re the pressure gradients are weak and the&esrivere better identified by the
method.

The flow behavior for twists larger than £8@as also investigated numerically
and the results showed that as the tape contimuesigt, the secondary vortices move
further against the flow and they reach the midufilehe channel after 48Gor Re =
7.7x10 (bulk velocity 3 m/s). The vortices continue tovaagainst the tape rotation but
after 720 twist they weaken. After 90Qwist there are no more indications of secondary
motion and the flow becomes a regular swirling fimth a low pressure region near the
centerline. A plot of the variation of the axialrticity along the twisted tape showed that
the vorticity inside the secondary vortices incesadast at the beginning of their
formation followed by a fast decrease as the sizbe vortices increases due to vortex
stretching. Once the size of the vortices stopsging, the axial vorticity intensity
decreases at a slower, steady rate due to visdasampation. For twisted tapes with
multiple twists, the viscous dissipation reduces itensity of the secondary vortices
until they disappear.

The motion against the flow is likely created by ttendency of the helical
vortices to preserve their rotation axis directamd oppose the change forced by the tape.

The vortices do not move against the flow in theisecular channel, rather the channel
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moves around the secondary vortices, changing te&tive position. This lagging is
what gives the helical vortices a longer pitch thampitch of the tape for the 18@pe.

The helical vortices could also be the cause of dbenter-rotating flow in
swirling jets generated by rotating pipes which wesorted by Facciolo and Alfredsson
[2004]. Their explanation based on a dominant efiéthe cross-section Reynolds stress
was derived assuming axis-symmetric flow and nalagwadients. The LES simulation
published by the same research group [Maciel e2@08] showed the presence of two
helical vortices in the swirling jet immediately wliostream of the rotating pipe. Their
presence suggests that the mechanism responsiltleefpresence of the counter-rotating
flow in the swirling jet could also be the sametls one presented in this study for

twisted tape.

7.2 Recommendations for future work

While the present investigation answered how tlcersgary flow occurs and how
to eliminate it, it also raised new questions. Thiady was focused on the vortex
behavior which is not significantly affected by butence (no Re sensitivity), and
calculating the detailed structure of the turbulmty was not a present goal. At the same
time the computational resources available were sufficient for a rigorous Direct
Numerical Simulation (DNS) of the flow. However si@ifficient computational resources
would become available, a future DNS study of tbevfcould provide a valuable insight
into how the multiple vortices affect turbulencemqmared to a regular pipe flow, while

ensuring that the flow transition inside the swirkecomputed accurately.
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Multiple twists and multi-chambers swirlers coulel imanufactured to confirm the
numerical findings presented in this study with swaments and visualizations
downstream from the swirlers. While challenging,setup allowing non-intrusive
measurements inside a twisted tape with multiplestsvwould provide a valuable
confirmation for the corresponding numerical resulthe existing setup could be further
used to investigate the vortex/air bubbles intéwacin two-phase flows and flow
stability.

Further research could also be performed on thensiecy flow in jets induced by
rotating pipes, in order to clarify if there is anmection between helical vortices and the
observed counter-rotating flow. LDV measurementsladde used to determine if the
counter - rotating flow is axi-symmetric or not.

Numerical simulations could also be developed t@stigate flows of different
fluids through twisted tapes, such as air or pplgg is a two-phase flow consisting of
water, chemicals and wood fibers). Another resedogic with economic potential
would be an investigation of the potential of haliwortices behind twisted tapes to

improve heat transfer in air and water flows.
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APPENDIX 1

Table A1 Tangential Velocity Corrections

Measurements| Pipe Position| Traverse Centered Velocity
Index [mm] Position Traverse Correction
[mm] Position [mm]
1 -12 -15.54 -8.10 1.3378
2 -11 -14.81 -7.37 1.3488
3 -10 -14.08 -6.64 1.3599
4 -9 -13.37 -5.93 1.3709
5 -8 -12.67 -5.23 1.3819
6 -7 -11.98 -4.54 1.3929
7 -6 -11.30 -3.86 1.4040
8 -5 -10.63 -3.19 1.4150
9 -4 -9.97 -2.53 1.4260
10 -3 -9.32 -1.88 1.4371
11 -2 -8.68 -1.24 1.4481
12 -1 -8.06 -0.62 1.4590
13 0 -7.44 0 1.4700
14 1 -6.83 0.61 1.4810
15 2 -6.22 1.22 1.4922
16 3 -5.63 1.81 1.5032
17 4 -5.05 2.39 1.5141
18 5 -4.47 2.97 1.5252
19 6 -3.91 3.53 1.5361
20 7 -3.35 4.09 1.5472
21 8 -2.80 4.64 1.5582
22 9 -2.25 5.19 1.5693
23 10 -1.72 5.72 1.5802
24 11 -1.19 6.25 1.5913
25 12 -0.67 6.77 1.6023
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