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Abstract

Two non-equilibrium flows, namely, a transient tuldnt pipe flow following a
sudden change of flow rate and a turbulent pipe 8abjected to a non-uniform body
force are systematically studied using direct nucaésimulation (DNS). It is revealed
that the transient response of a turbulent pip& ftma sudden increase of flow rate is a
laminar-turbulent transition. The response of the/fis not a progressive evolution from
the initial turbulence to a new one, but shows radfstage development, i.e., a pre-
transitional stage, a transitional stage and & fudlveloped stage. This is similar to a
typical boundary layer bypass transition with thaderacteristical regions, i.e., pre-
transitional region, transitional region and fultleveloped region. The results are
carefully compared with those of a channel flowef& Seddighi, J. Fluid Mech. (2013).
The statistical and instantaneous behaviours ofwtbdlows are similar in the near-wall
region, but there are distinctive differences ia ttentre of the flow. The transitional
critical Reynolds numbers for the transient pipd anannel flow are predicted with the
same correlation. The possibility of predicting Isucansient flow using transitional
turbulence modelling, such as— Rey SST, is discussed. The effect of the rate of the
change of the flow is also examined. In a fast raupEase, the flow is similar to that of
a step-change flow, also showing a three-stagdo@went. In a slow ramp-up case, the
flow response is not as clear as that in a faspramcase but the main features of the
response are similar.

A series prescribed body forces are used to emflitats, which contain features
similar to those of real buoyancy-aiding flowshdts been shown that the body force with
various amplitudes, coverages and distributionif@®ttan systematically influence the
base flow. The body force influenced flows are sifésd into four groups, namely,
partially laminarized flow, 'completely' laminardlow, partially recovery flow and
strongly recovery flow. A new perspective has be@posed for the partially laminarized
flow and ‘completely’ laminarized flow. In contréasthe conventional view, which views
the flow to be re-laminarized, the new theory psoteat the turbulence of the flow
remains largely unchanged following the impositadrthe body force. The body force
induces a perturbation flow, which lowers the puesgradient required to maintain the

same Reynolds number. This is the mechanism olulembe relaminarization. The



recovery flows show two-layer turbulence. The ottiegbulence is generated by a shear
layer in the core of the flow caused by the bodgdoThe inner turbulence is generated
in the wall layer, increasing with the outer tudnde. The two layers of turbulence
increase hand in hand. The stronger the outer geoeythe stronger the inner recovery
is. The inner turbulence structure is very simitaan equilibrium turbulent flow. In the
region very close to the wally(°<10), it shows similar budget patterns and flow
structures (sweeps and ejections) to those ofake flow. In the region betwegri®=10
and the new shear layer, the turbulence strucsucemplicated, where the turbulence is
a mixture of the inner turbulence and the outdsulence.

The transient response of the turbulence to themipn of a non-uniform body
force has been examined. The turbulence decayemmodery features of the flows with
non-uniform body forces are studied in detailslfound that the transient features are
mainly determined by the total amplitude of theptmtce. The higher the amplitude, the
stronger the turbulence decay is. In some flows,rthar wall turbulence is recovered
toward the later stage of the transient processletsuch condition, the inner self-

sustaining regeneration interacts strongly withtthhbulence from the outer shear layer.
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Nomenclature

Nomenclature

Bo*: Buoyancy number

bf: body force normalized b@'.SpUpOZ

b: turbulent stress anisotropic

E}: integrated kinetic energy

E,..: energy spectrum of streamwise fluctuation velocity
F: integrated body force normalized by shear stress

Fr: Froude number

Gr': Grashof number, BgD*q., /(Av?)

H: shape factor based 60 or 84, /6044

intbf: integrated body force

k: wavenumber or kinetic energy

L : The length of pipe

N,, N,, Ng : mesh points in streamwise, wall-normal and spsedirections
Nu: Nusselt number

p*: pressure

p: pressure normalized U,

apP . . .
— .- mean axial pressure gradient normallzeqbt%z/R



Nomenclature

Pr: Prandtl number

q: flux variable

Q;: first quadrant, high speed outward motions

Q,: second quadrant, low speed outward motions

Q5: third quadrant, low speed inward motions

Q,: fourth quadrant, high speed inward motions

R : Pipe radius

Re, = %; Reynolds number based on pipe radius land

R

Re, = :’: Reynolds number based on pipe radiusiand

Re, = %; Reynolds number based on pipe radius@nd

Reg = GSC: Reynolds number based on momentum thicknes&/and
y? ditg, ..
Re, == ™ vorticity Reynolds number

t*: time normalized byl /U,
v 1/2 .
ty = (;) : Kolmogorov time scale
. . R
t: time normalized b
Yy
t*: time normalized by=

At,.: the period when the flow rate is changed.



Nomenclature

Up: bulk velocity normalized by,

U.: centre line mean velocity

U*: local mean velocity normalized

Upo: centreline velocity of laminar parabolic Poiseaitirofile

Upo: bulk velocity at the base flow
U, = \/%: friction velocity at any time

Uqo: friction velocity of the initial flow

u,4: friction velocity of the final flow (chapter 4)naapparent friction velocity

(chapter 5 & 6)

u,, Uy, Ug * Streamwise, wall-normal and spanwise instantaneelogity
u,, U, Ug : Streamwise, wall-normal and spanwise local medocity
uy: Kolmogorov velocity scale

u',,u',u'g: streamwise, wall-normal and spanwisa.sfluctuation velocity

u',u’, or u'v': Reynolds stress

N u_Z(r:t)_u_Z(r:O)'

z T L(00)-1(00) differential velocity

. . vV
y* : wall-normal distance normalized by

uz
y : wall-normal distance normalized By

y*0: wall-normal distance normalized B

Uzo

Xi



Nomenclature

&: displacement thickness
d4.,: displacement thickness based on differential vigloc
6: momentum thickness
04.,: momentum thickness based on differential velocity
R,,: Correlation of streamwise fluctuation velocity
Greek
Tr: turbulent stress
7,,: Wall shear stress
p: density, kg/m
v: kinematic viscosity, fis
U = %u’v’/‘;—?: turbulent viscosity, His

€: energy dissipation

n= (§)1/4: Kolmogorov length scale

w: vorticity

w': vorticity fluctuation

m: circular constant

A: the eigenvalue of the symmetric ten§ér+ 22
S: Symmetric part of velocity gradient tensor
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Nomenclature

N: Antisymmetric part of velocity gradient tensor

¢: pseudo-pressure in Poisson equation

Subscripts

z: streamwise direction

r: wall-normal direction

6: spanwise direction

0: initial flow (chapter 4); a base flow (chapter 5)

1: final flow (chapter 4); a higher Reynolds numbas® flow (chapter 5)
2: a lower Reynolds number base flow (chapter 5)

w: wall

c: centre

max orp: the maximum value

min: the minimum value

Superscripts

*: normalization by outer scales (Chapter 4); dimamedli variable (Chapter 5 & 6)
Length byR, time byuib, velocity byU,

+: normalization by inner scales

Length byul, time byui, velocity byu,

Xiii



Chapter 1

| ntroduction

Some typical non-equilibrium flows, such as, thewfl subjected to a temporal
acceleration and the flow with buoyancy, are fundaral and ubiquitous in natural and
engineering systems. The understanding of suchsfieumportant. For example, one of
the thermal hydraulic issues in supercritical wai@oled reactors (SCWRS) is that the
fluid properties of the coolant vary dramaticallyiaflows in the fuel channel. The heat
transfer may be significantly impaired in companisath forced convection of constant
property fluids. The mechanism is often very cocgiled. However, it is with no dispute
that the effect of buoyancy (as a non-uniform bfwige) causing the mean flow to distort
and modifying turbulence production is an importpghenomenon. In fact, this is the
dominant mechanism for the flow ‘irregularities’ most mixed convection problems
encountered in a vertical tube. Similarly, turb@erproduction may be suppressed or
enhanced in many other situations such as acdelgrdecelerating wall bounded flows
or a boundary layer flow subject to a favourabl@adverse pressure gradient. The flow
acceleration and the pressure gradient can beaseanbody force’ and in this way, the
flow behaviour under the influence of the ‘bodydercan be studied in an unified way.
An investigation is reported here to study difflect of some typified body forces on

turbulent pipe flow, which represents the key seuwt€ the ‘abnormity’ of many non-



1.1 Aims and objectives

equilibrium turbulent flows, especially in mixedmsection systems. The motivation of
this study arises from the need for a better utadeding many transient and steady non-
equilibrium turbulent flows with the effect of a ydical or equivalent body force. Flow
statistics and structures generated from directanioal simulation (DNS) are used to
demonstrate the commonality of turbulence featimethese flows. The results of the
DNS simulations of real flows sometime are diffidiol understand since the thermal and
hydraulic effects are both complicated and diffi¢aldiscern. In present study, the body
force effect is studied in isolation from othereeffs in order to further the understanding
of flow physics in many real flows as well as tooyide benchmark date for the

development of turbulence modelling for these flows

1.1 Aims and objectives
The aim of the present study is to investigate stypiied non-equilibrium flows in a
unified way by employing a carefully prescribed pdorce on a turbulent flow in a pipe.

The study focuses on three particular flows:

1. A turbulent flow subjected to a temporal accien.

2. A turbulent flow with the imposition of a pregmd non-uniform body force under

steady condition.

3. The transient response of a flow following ampasition of a prescribed non-

uniform body force.

The results are used to improve the understandifigw physics of many real flows.
The first study is aimed at understanding the tiefce response when the flow rate of a
turbulent steady state pipe flow is suddenly insegla The key parameters, such as the
acceleration rate, the initial and final Reynoldsnbers are carefully varied. The results

are compared with those of the channel flow andhdaty layer flow with zero pressure

2



1.2 Thesis outline

gradients. The mechanism that how the turbulent fiwolves from an original steady
state to a new steady state is studied. The statisind instantaneous similarities and
differences among these flows are established. 8&godetailed flow features and
statistics of steady state turbulent pipe flow wittm-uniform body force are studied.
These data can be used as a benchmark for theodevaht of relative turbulence
modelling. A new theory has been proposed to enpla flow laminarization due to a
non-uniform body force. This also enables a reigirediction of the laminarization of
such flow. Thirdly, the transient developmentwhbiuulent flow following the imposition
of a non-uniform body force is studied. The follogiwork has been done in this study
in order to complete the above mentioned objectives
1. The development of a DNS code for the pipe ftased on an initial channel flow
version.
2. Detailed investigation of flow physics and tudmce response of unsteady
turbulent flow subjected to a temporal acceleration
3. Investigation of the flow physics and turbulemnta steady state flow subjected to
non-uniform body force.
4. Detailed changes of the flow physics and thpaese of coherent structures are
studied after the imposition of a non-uniform bddsce.
5. The issues of some turbulence modelling on foels are analysed based on the

DNS data.

1.2 Thesisoutline

Chapter 1: Introduction



1.2 Thesis outline

The objectives of the thesis are introduced andhésis outline is presented.

Chapter 2: Literature review

The literature review is arranged into four paftsey are (i) the research of heat transfer
with buoyancy and flow acceleration effects esghaia vertical flow channels or pipes,
(if) unsteady accelerating flow in a pipe and clen(ii) laminar-turbulent transition of

a boundary layer with zero pressure gradient, andhe self-sustaining mechanisms of
wall bounded turbulence. The studies that are wedeinclude experimental, DNS and

RANS investigations.

Chapter 3: Numerical methods

An overview of different numerical schemes devetbpg previous researchers for the
solution of three-dimensional incompressible Na8aykes equations is presented with
an emphasis on the schemes for pipe flows. Theadaiked to treat the singularity at
the pipe centre, the time and spatial resolutidterza in relevant DNS simulations are
summarized. The numerical methods used in the prasedy are introduced in detail.
Turbulent statistics obtained from the current ctutea fully-developed turbulent pipe
flow at several Reynolds numbers are validated aathilable DNS and experiment data

inform the literature.

Chapter 4: Pipe flow subjected to an increase afsnflaw rate.

A DNS study on a turbulent flowkRe,=5300) subjected to fast accelerations with a final
Reynolds number ake,;=6000, 10440, 14800 is performed. The results arefally
compared with previous channel and boundary lagia.d’hey are also used to validate

a new transition critical Reynolds number correlatiwhich is based on a recently
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proposed new mechanism of the transition of a teallyoaccelerated flow. Some
parameters and correlations used in relevant péiysiodelling are examined. In the last

section of this chapter, the effect of accelerataie on the flow response is studied.

Chapter 5: DNS of pipe flow with non-uniform body¢e.

A DNS database of turbulent pipe flow with the imjion of a body force is established
and the flows are classified into four types, namedartially laminarized flow,
completely laminarized flow, partially recoverywiaand strongly recovery flow. A new
mechanism for the ‘laminarization’ due to the imjpos of body force on turbulent flow
is proposed. The basic statistics and physicalifeatof the recovery flow are studied in

the last section of the chapter.

Chapter 6: The transient response of turbulent figweto a non-uniform body force.

DNS of a transient turbulent flowkRé,=5300) following the imposition of a non-uniform
body force with various distribution patterns amapéitudes is conducted. The transient
laminarization and recovery process of the turtiulew after the imposition of the body

force are analysed.

Chapter 7: Conclusions and future work.



Chapter 2

Literature Review

Mixed convection flow with strong heating is chdgmistic of dramatic fluid property
changes in space and time. Especially, the vansitadf density can affect turbulence
production, either by virtue of the flow acceleoatidue to thermal expansion of the
heated fluid or because of the influences of buoyanhese effects combined with large
variations of specific heat and thermal condudtivinay have very important
consequences in terms of effectiveness of heatfen(Heet al. 2008). They often lead
to abnormal flow and heat transfer behaviour inedixonvection flows. Some of these
effects, such as flow acceleration or buoyancy lwartargely attributed to ‘body force
effect’. The body force distorts the mean flow asthblishes a new turbulent state in the
flow. The understanding of such flows can be impwot only by the knowledge
obtained from direct study on such flows, but dls® fundamental knowledge of wall
bounded flow, including for example, the self-sustey mechanisms of wall shear
turbulent flow and the transition mechanism of tloev when they are influenced by a
body force. Therefore, the review in this chapsedivided into four parts. The first part
establishes the basical knowledge about the fla&latation and buoyancy effect on heat
transfer of turbulent flow. The second part is deddo summarize the study of transient

flow with temporal acceleration but without heatrisfer. The third part summarizes the
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well-established knowledge about bypass transitidstoundary layer flow. The last part
collects the main knowledge on the self-sustaimmeghanism of the wall turbulent flow.
This knowledge is important for the understandihghe flow with modified boundary
layers. As mentioned before, it is important to\wnwow the self-sustaining process of

the turbulent flow is modified by the introduceddydorce.

2.1 Mixed convection

2.1.1 The general effect of buoyancy and flow acceleration

The effect of buoyancy on heat transfer can be dathonstrated by the experiment of
Shitsman (1963). The wall temperature of a heaibd tvith an upward water flow at

supercritical pressures (>22MP) was measured iexperiment. Figure 2.1 shows that
the wall temperature experiences a remarkableaserat certain locations at high heat

flux.
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Figure 2.1: Localized impairment of heat transfee tb buoyancy.
(Reproduced from Shitsman 1963)

The effect was initially linked to a film-boilingn@nomenon and was given the name

"pseudoboiling”. But now it is known that the effe@s mainly due to buoyancy (Jackson
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2.1 Mixed convection

et al. 1989). Extensive experimental and numerical eftvave been devoted to the
study of deteriorated turbulent heat transfer (DT iie to buoyancy effect. A detailed
review on experimental and numerical research wesnhdy Jacksorgt al. (2006). The
early pioneering work explored the straightforwdmdical question that under what
conditions the buoyancy plays a dominant effect.isltobserved through earlier
experiments (Shitsmaet al. 1963; Bishopet al. 1962; Styrikovichet al. 1967,
Yamagateet al. 1972) that DTHT usually occurs at a high heat tinxl a relatively low
mass flux in a vertical channel or pipe. Two kinflsmodels were intensively investigated
to understand such flows. The diagrammatic sketohébeem are shown in Figure 2.2. In
Figure 2.2(a), the flow is termed as a “buoyanaediheated flow (Het al. 1998)”,
which means the flow is counter-current with gravidn the contrary, the flow shown in
Figure 2.2(b) is termed as “buoyancy-opposed hetiwed (He et al. 1998)”, which
means the flow is concurrent with gravity. The tilows are respectively equivalent to
downward cooling flow and upward cooling flow. Has been found that the DTHT

occurs in “buoyancy-aided heated flow”.

Flow

@

Flow

Figure 2.2: The buoyancy-aided (a) and buoyancyeseg (b) heated flow.
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The heat transfer features of the buoyancy-aided fhre reflected on a semi-
empirical correlation (Jacksat al. 1989), which has been developed to correlate the
onset of buoyancy effect in fully-developed pipewflwith aBo* parameter which can

be written as

Bo* = —3% (2.1)

T Re3-425py0.8

where theRe, Pr andGr* refer to Reynolds number based on hydraulic diamBtrandtl
number, Grashof number respectively. The data fsemi-empirical model of Jackson
and experimental data of Li (Jacksatnal. 1989; Li 1994) are plotted in Figure 2.3. The
y-coordinate isVu/Nuy., which is a ratio of Nusselt numbe¥) with body force effect
(mixed convection) over that without body force eeff (forced convection) to

characterize the heat transfer behaviour. x4eeordinate is buoyancy numbédtd(*).
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Figure 2.3: The effect of buoyancy on heat transfeurbulent flow.

(extracted from McEligoét al. 2004, wherdke is based on the hydraulic diameter)

Qualitatively, heat transfer features of buoyanicked flows can be mainly divided
into 3 regimes according to (Jackson 1989¢Hel. 1998; Heet al. 2008). i) the effect

of buoyancy is weak and not noticeable. ii) wheayancy is strong, it causes a reduction
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of the velocity gradient over most of the flow, egtin the vicinity of the wall. As a
result, turbulence production is reduced and thaulent diffusion of heat is impaired. If
the buoyancy is progressively increased (redudiedlow rate or increasing the heating
rate), the impairment of turbulence production dne deterioration of heat transfer
become more and more intensified. The turbulenodymtion in the near wall region
virtually ceases at certain stage. This is usuddiscribed ataminarizationof the flow
(or reversed transition). iii) With further increasf buoyancy influence, negative values
of shear stress are generated in the core regioh tarbulence is reproduced.
Consequently, the effectiveness of heat transfewers. It is shown in Figure 2.3 that
the value oBo*~ 1 x 10°%is a reasonable order-of-magnitude estimate obtluyancy
onset threshold for severe laminarization.

Another important effect that may cause local heatsfer deterioration is flow
acceleration caused by thermal expansion. Both #oweleration effect and buoyancy
effect are induced by the variation of density. Tdrener is induced by density change in
the radial direction resulting in a non-uniformigtlibuted gravitational force, while the
latter is introduced by density change in the adiegction (Yoo 2013). Similarly, the
onset of this effect can be correlated with thet hemnsfer with thek, parameter
(McEligot et al. 1970) as following

K_'Ubdub 22

where,v;, is the bulk kinematic viscosity ang, is the local bulk velocity. Moretti
and Kays (1965) suggested that Kgrless than about 3 x 10the flow would remain
turbulent while for higher values it is likely tarhinarize, giving a substantial reduction

in heat transfer parameters. This was confirmeBdxkinset al. (1973).
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2.1 Mixed convection

2.1.2 The current understanding of DTHT due to acceleration and buoyancy

There are few theoretical analysis on heat trangiter acceleration effect and buoyancy
effect. Tanakat al. (1973) studied how the shear-stress is influedgethe buoyancy
and acceleration (inertia force). The two effec&senconsidered as a body force in the 1-
D momentum analysis, the effect of which on sh#zass was analysed. These two effects
show similarity in rapidly suppressing the sheaess near the wall under some
conditions. A reverse transition may take place wRe<4300 and a certain heating
condition is satisfied. The shear stress may caattn decrease to a fairly large negative
value, even after it vanishes and changes its teguling to what would eventually be
called an M-shaped velocity profile.

The shear stress suppression and flow relaminemzalue to buoyancy and flow
acceleration are summarized as indirect effectdiykhov & Polyakov (1988). Kurganov
& Kaptil'ny (1992) showed a more detailed descoptof the indirect effect of buoyancy
and flow acceleration. The velocity, temperatuedds, hydraulic resistance and heat
transfer in a supercritical carbon dioxide (carlobioxide where at or above its critical
temperature and critical pressure) flow througleatéd vertical circular tub®€22.7mm)
were measured and calculated. The illustrative daghown in Figure 2.4. Between
x/d=17.5 andc/d=62.5, as thé&/u,/Nuy reduces, the wall temperature increases and
reaches a peak. In further downstream Nhg/Nu, increases and the wall temperature
drops. Correspondingly, the mean velocity is fiaig and an M-shaped profile develops
in the downstream x(/d =62.5). Meanwhile, the shear stress reduces awndlajes
negative shear stress in the core of the flow. dhors attributed the heat transfer
deterioration to the deep reconstruction of thesigy field and shear stress under the

influence of buoyancy and negative pressure gradiet accelerates the heated flow.
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2.1 Mixed convection

The recovery of the flow was linked to the presesidéow with a structure with analogy
to jet flow.

Jackson (2011) also explained that the indire@cgfivorks via changing the force
balance. The net shear force at the near wall negiduces as a result of the buoyancy
force. The shear stress at the outer edge of thalant buffer layer is reduced as balance
behaviour. The turbulence production reduces asonse to the change in shear stress
and hence the effectiveness of heat transfer igineg. It has been evident that these
indirect effects are essentially the primary reastirat cause the deterioration of the
turbulent heat transfer in a vertical passage &ack006; Het al. 2008). However,
understanding the indirect effect in detail is sttightforward. The reason can be
attributed to a lack of complete turbulence data @@ entangled factors influence the

mixed convection flow.
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Figure 2.4: Changes in heat transfer, profilesabbeity, and shear stresses in conditions of
deteriorated heat transfer. (Figure taken from 2083, the data original from Kurganov and
Kaptil'ny 1992)

The middle column shows the distributions of thdlwamperature,,, the bulk temperaturg,, the
normalized Stanton numb§t/St,, and the normalized Nusselt numbahng, /Nuy andNu,/Nu,,, t,, iS

the temperature at the heat capacity maximum amdubscriptN, obdenoting normal heat transfer and
the bulk parameter. The left column shows theithistions of dimensionless velocity/u, and shear stress

T /1, at x/d =2.5, 32.5, 62.5, and 92.5, and the rigtiron shows those at x/d = 17.5, 47.5, 77.5, and
107.5, where x is the axial distance from the engaand d = 2R is the inner diameter of the tube.
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2.1 Mixed convection

2.1.3 Numerical studieson heat transfer with mixed convection flow

As mentioned before, understanding the effect afyancy and flow acceleration
requires detailed data, especially these showimgflibw structures near the wall.
Currently, through experiment, these data cannailitained easily. Numerical study,
especially DNS study can provide complementary .dé&sagi & Nishimura (1997)
studied both buoyancy aided and opposed flows b$ Dithe behaviour of the Reynolds
stress was linked to interaction of quasi-cohesémictures. With buoyancy effect, it was
observed by flow visualization that the vorticescdiee weak and appeared less
frequently and in larger scales. Satakel. (2000) made use of DNS to understand the
laminarization phenomena in DTHT. The normal angri®éds shear stresses, the budget
of turbulent kinetic energy and turbulent structurgere presented. The turbulence
reduction was clearly observed ngar15. Recently, Baet al. (2005, 2008) conducted
DNS simulations in order to examine the heat temsharacteristics of turbulence to
supercritical fluids flow in vertical pipes and ahar channels under strong buoyancy
conditions. The work fluid is the supercritical lsan dioxide, with Reynolds numbers of
5400 in pipes and 8900 in annular channels resfgtiBaeet al. (2008) also found a
large reduction in the Reynolds shear stress oedurr the viscous region. The flow
visualization revealed that alternating low- anghhspeed streaks in the viscous region
were not clearly observed when significant heatdfer deterioration was shown.

In addition, the RANS modelling approach is alseduo compensate the shortage of
experiment. It is not a suitable method to stu@ydatailed mechanism, but it is important
to know which models can give better performancergdicting such flows, which is
interested by people from industries. Mikielew&tzal. (2002) examined 11 ‘simple’

turbulence models and found that the Launder-Shamodel was among the best,
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2.1 Mixed convection

providing predictions in good agreement with theaswged velocity and temperature
distributions. Youn & Mills (1993) studied heat risder of forced convection of
supercritical carbon dioxide by using low-Reynaddsnber turbulence models. The main
effect to be studied was from the non-uniformity fafid properties and possibly
thermally induced flow acceleration. The turbulenuedels used were found to be able
to reproduce the experiments rather well under maonditions. A number of low-
Reynolds number turbulence models have been exdrbynkoshizukeet al. (1995) and
Heet al. (2005). The numerical heat transfer data of migeavection of supercritical
flow (water and carbon dioxide) in vertical tubesrevcompared with experiments of a
wide range of conditions. It is found that most {Bwynolds number turbulence models
tested in the study (Koshizukaal. 1995 and Het al. 2005) reproduce the trend of
flow laminarization and heat transfer deterioratilue to buoyancy effect. Some models
seem to perform much better than others in terngs/afg smaller quantitative derivation
with experimental data.

Recently, Chengt al. (2007), Yanget al. (2007) and Sharalt al. (2008) employ
commercial CFD packages (CFX, StarCD and Fluent)stiedy heat transfer of
supercritical pressure flow. Both low-Reynolds nemmodels and turbulence models
with wall-function have been examined. The gentealds of the experimental data can
be reproduced by the models. These recent compuightstudies reveal that carefully
selected turbulence models can reproduce the dered of heat transfer enhancement
and deterioration exhibited by experiments of scipiral pressure flows. However, the
detailed comparison with experiments shows that gbdormance of models varies
significantly at certain conditions and for the gsamodel, varies significantly from

condition to condition. It is shown that the lowyRelds number features of turbulence
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models which enable them to respond to local flestodtions is very important to enable

the model to reproduce the influences of buoyamcyeffects due to large variations of
fluid properties. Grétzbach (2007) summarized thmelmental and practical deficiencies
of these RANS turbulence models in current comméf@kD codes that can be used for
the heat transfer with buoyancy effect. The failofréhese models is partially due to that
most current turbulence models cannot predict ti#ropic momentum transfer, which

characterizes some buoyancy contributions. He stgdemore sophisticated models
should be used for buoyancy influenced flows.

He et al. (2008) assessed the performance of low-Reynolasbeu turbulence
models in predicting mixed convection heat transbefluids at supercritical pressure.
More attention was paid to the features which emntii#@m to respond to the modifications.
It has been found that a group of turbulence moddleh performed rather well in
reproducing mixed convection with constant propsrtshows an over-response to
changes in the flow. Some models’ performance Wt evaluated less successful
previously is improved. The results show that V2&del performs the best among all
models tested. Although the turbulence recovergtaing-buoyancy-influenced cases
can be reproduced by most models, the heat traesfeancement phenomenon is not
well-captured by them. The inability of turbuleno@dels in reproducing turbulent heat
flux using a constant turbulent Prandtl numbemis of the reasons.

The above review on turbulence modelling showsttiaeffects of flow acceleration
and buoyancy are not well-captured by most modiels those models, such as the low
Reynolds number Launder-Sharma models do show ged@drmance under certain
conditions, but they fail under other condition¥he indirect mechanism termed by

several researcher (Petukhov & Polyakov 1988; facksal. 1989) is proposed for
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2.2 The accelerating flow in channel and pipe

many years but it has not been studied completgiytd the reason mentioned in section
2.1.2. Present thesis is devoted to understanddivect effects in details. The buoyancy
is a non-uniform body force and the flow accelemattan be seen as an apparent ‘body
force’. The flow behaviour under a variety of difat conditions can be studied in an
unified way. By isolating the body force effect fmoother effects in mixed convection
heat transfer systems, we will try to answer thie¥wang important questions

* How do the shape (spatial distribution), the aragkt (intensity) and the extent of the

body force influence the flow and turbulence?
 How and when do the heat transfer deteriorationtardrecovery of heat transfer

occur?

2.2 The accelerating flow in channel and pipe

The needs of study on the non-periodic transiewrglcomes from vast flows that are
encountered frequently in real life situations,if@mtance, transient flow created by a high
speed train going through a tunnel, flows involwiagid changes in mass flow or pressure
gradient due to the opening/closing of a vabkee, A special application is that the

unsteady flow data can be used to improve the adgteshear stress modelling. The
detailed studies of such flows also provide valaatll-bounded flow features that are

hidden in the steady state flow (Kataataul. 1975).

2.2.1 Experimental studies

Comparing to periodic unsteady state flow, suclbsasllating and pulsating flows, the
research on accelerating/decelerating flow isinedht fewer. The history of experimental

study can be traced back to the 1970s. Kataokd. (1975) studied a transient pipe flows
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2.2 The accelerating flow in channel and pipe

(starting from the rest) generated by the rapideasing in flow rate due to sudden
opening of a solenoid valve. The final Reynolds bamranged from 1910 to 11900
(based on diameter of the pipe). The velocity pesfiof the accelerated flow were
measured by electrochemical method and it was fabadthese profiles are different
from those in steady state flows in the entrangereof the circular pipe. They studied
the development of the velocity profile: they sh@winimum at the axis and a maximum
in intermediate region between the axis and the. Wal detailed turbulence data was
obtained in this study. A detailed study of aniahiturbulent pipe p=51mm) flow subject
to a sudden change in flow rate was conducted hyianaet al. (1976). The stepwise
variation of the flow rate was achieved by suddempening or closing one of two
identical valves placed in parallel, with whichvilaates in the main circuit could be
doubled or halved within 0.6s. The low and high iR#gls numbers were 5000 and 10
000 respectively. The streamwise velocity in thedfland the velocity gradient on the
wall were measured using an electrochemical metidw: accelerating flow and
decelerating flow show apparently different feasutteat the former flow is dominated by
the new turbulence generation and its propagatubiiie the latter one is dominated by
decay of old turbulence. Kurokawa & Morikawa (198&)nducted an experiment
together with a theoretical study on a transiepegdlow with gradually increasing and
decreasing flow rates. They studied the velocitfiler development after a laminar flow
being accelerated and found that the critical RElsmmoumber of flow transition was
found to increases with the increase in the impasmleration. Similar experimental
studies were carried out by Lefebvre & White (198991). These studies also showed

that the critical Reynolds number for transitioareased with the increase in acceleration
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2.2 The accelerating flow in channel and pipe

rate. During the transition of low acceleratingildhe wall shear stress & velocity profile
& turbulence intensity profile agree well with thaasi-steady turbulent values.

Since 1990s, the research on fully-developgtutent flow subjected to constant
acceleration/deceleration has received more adtent order to investigate the complex
behaviour of flow relaminarization process, Greattbk Moss (1999) performed an
experimental and RANS investigation of turbulemgepflow subjected to rapid temporal
acceleration. The authors showed that the relamatayn caused a significant reduction
of turbulence in the near-wall regiory{=50) after the acceleration was imposed.
Meanwhile, the core region was found in a 'froztate, where the turbulence was largely
unaffected by the imposed acceleration.

He & Jackson (2000) conducted a series of linesrtelerating and decelerating flow
from an initially steady turbulent flow using a teomponent laser Doppler anemometer
(LDA). Unlike Maruyameet al. (1976)’s experiments, the acceleration was maiathi
at a constant flow rate during the period of theasmeement and it was varied
systematically. The experiments were carried oth water in a pipe of diameter of 50.8
mm with the Reynolds number varying between 7000 42000. By running many
repeated identical unsteady flow experiments, ebseaveraged mean velocity, and all
three components of the normal stresses as wdheashear stresses were obtained.
Turbulence production, turbulence energy redistidouand the radial propagation of
turbulence were also studied carefully. At any tmees, turbulence shows two stages
response during the transient process. In the dtesje (referred as a delay stage), the
response of turbulence production, the turbulemezgy redistribution among its three

components and the propagation of turbulence igdiedre delayed. In the second stage,
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2.2 The accelerating flow in channel and pipe

the turbulence is generated at the near-wall refiiehand propagates quickly towards
the centre of the pipe.

Greenblatt & Moss (2004) focused on a higitarting Reynolds number and faster
accelerations. The experiments were carried capipe of 48 mm in diameter with water
as the working fluid and a one-component LDA wasdu® measure the instantaneous
velocity. The flow was rapidly increased from a Relgls number of 31000 to 82000
within 0.85, 1.62 and 3 s in three test casesabhease, the acceleration rate was fast
and nearly constant in the first half-period, buaswmuch slower and gradually
diminishing in the second half-period. Actuallyetfirst half of the test was similar to
that of He & Jackson (2000) where the flow was scigid to a roughly constant
acceleration, whereas in the later stage, the fioderwent relaxation in response to an
increase of flow rate occurred earlier resemblihgt tof Maruyameet al. (1976).
Consistent with He & Jackson (2000) and Maruyamal. (1976), the authors found that
in a rapidly accelerating flow, turbulence is iaily frozen everywhere, but then starts to
increase first close to wall, and gradually propegdo other regions. In contrast with
early studies, however, a second peak of turbulesmonse was found in a region further
away from the wall at aroungt=300. This phenomenon was not fully understood and
was hypothetically associated with the higher stgriReynolds number that was used in
the study and hence not observed in earlier studies

He et al. (2011) carried out an experimental study of wdiea stress in an
accelerating flow of water in a pipe of a largend@er (100 mm) using flush-mounted
hot-film sensors. The development of the wall slsé@ss shows three stages. In stage 1,
the shear stress initially increases rapidly ovastihg the pseudo-steady value, but then

increases more slowly and eventually falls beloe gkeudo-steady value. In stage 2, it
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2.2 The accelerating flow in channel and pipe

increases rapidly again, and finally in stage aaghes and fluctuates around the quasi-
steady values. Such behaviour of the wall shearrelased to turbulence responses. In
stage 1, the turbulence is under ‘frozen’ statehsaurbulent wall shear stress remains
largely unchanged except for a very slow acceldratese which was hypothetically
associated with the stretching of existing turbtibdies as a result of flow acceleration.
Due to near ‘frozen’ state of turbulence, the uadyewall shear stress is driven primarily
by flow inertia. To stage 2, there is new turbukemgeneration, which causes both the
mean and turbulent wall shear stress to increagillya The turbulent wall shear,
reflecting local turbulent activities near the wadisponds first and the mean wall shear,
reflecting conditions across the entire flow figielsponds later. The duration of the initial
period of the near frozen turbulence response &se® with decreasing initial Reynolds
number and increasing acceleration. The lattemicantrast with the response of
turbulence in the core of the flow, which has bskawn by He & Jackson (2000) to be

independent of the rate of acceleration.

2.2.2 Numerical studies of transient flow with acceleration

Although, experimental studies accumulate more mwle detailed knowledge, the
mechanism that how the new turbulence is genematedwhy the transition Reynolds
number increase with the increase of the imposeela@tion and final Reynolds number
or decrease in initial Reynolds number are still fodly understood. Direct numerical
simulation (DNS) has been used to provide moreilddtflow structure data which are
unavailable from experiments. Chung (2005) perfina DNS of a fully-developed
turbulent channel flow subjected to sudden presguadient changes. The Reynolds

number ranges employed for flow rate change wéatively low. Recently, Talha (2012)
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provided more detailed DNS data in his thesis heddnge of Reynolds number between
initial and final flow was 7000-15000, which wagenxded to 7000-22600 by LES. The
new turbulence and old turbulence were identifigdcbnditional average. A novel
procedure was used to identify regions of new tierce and it is found that the new
turbulence generation is approximately at an exptalerate.

Through DNS, He & Seddighi (2013) established tihat transient channel flow
following a sudden increase in flow rate from aitiah turbulent flow is effectively a
laminar-turbulent transition. This process bearigiafy similarity to the boundary layer
bypass transition to turbulence induced by freeasir turbulence (FST). The transient
process is divided into three distinct stages, mgnpee-transition, transition, and fully-
developed turbulent flow, resembling the buffetedinar, intermittent and turbulent
regions of a boundary layer bypass transition siljefree-stream turbulence. Later, He
& Seddighi (2015) studied the effect of varying thiéial and final Reynolds numbers of
the transient channel flow. It was shown that theeb of transition is a function of the
initial free stream turbulence lev&hy,, based on the initial turbulence and the finakbul
velocity. It has been established through bothrétezal and experimental investigations
that for spatially developing boundary layer floRe.,.~Tu, "> (Anderssoret al. 1999;
Brandtet al. 2004; Franssoat al. 2005; Ovchinikowt al. 2008). Analogy to boundary
layer flow, the onset of transition in transienachel flow has been found to be dependent
onTu, asRe; .~Tuy "', whereRe, ..=t..U,,* /v andt,, is the time of the transition
onset (He & Seddighi 2015).

The Reynolds Averaged Navier—Stokes (RANS) modae lalso been used to study
unsteady channel/pipe flows by some researchergorCar al. (2001) examined the

performance of the second moment closure modehoh& (1989) and thk- ¢ model
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2.3 Laminar-turbulent transition in boundary layer flow

of Launder and Sharma (1974) for both oscillattatplate boundary layer and pulsatile
pipe flow. It was found that the second-moment wlesschemes generally performed
better in comparison with the- e model examined. Scotti & Piomelli (2001) assessed
the performance of five turbulence models agaivet bwn DNS data on pulsating flows,
while Khaleghiet al. (2010) investigated the performance of four tuebak models for

a ramp-up pipe flow, comparing their results witte texperimental data of He and
Jackson (2000). In each of these two studies, #réopmance of an algebraic one-
equation model, &- £ model, ak- w model and &- e- v? model were examined. It was
concluded from both studies that - v? model outperforms the rest. However, these
conclusions were based on investigations of otijmged number of models among the
various formulations. Gorji (2014) furtherly testédl turbulence models, including the
recently developed — Rey transitional modelling (Langtry 2006). The intdneg
finding was that thgg — Reg transitional modelling outperforms the other madethich

was mainly designed for bypass transitions.

2.3 Laminar-turbulent transition in boundary layer flow

The problem of how the laminar to turbulent transitoccurs in a boundary layer is an
attractive topic for more than a century (Reyndlé83). It is a complicated problem that
puzzles the smartest brains in the world. The m@shes of the transition are related to
the flow and the environmental disturbances. Tlaeeetwo kinds of transition, namely,
the Tollmien-Schlichting (TS) wave transition ame toypass transition. The former is
usually observed in flows with rather small envimeental disturbances, which is usually
measured using turbulence intensitffu(). An accepted criterion for this transition

scenario isTu <0.1%. WherTu >1%, another transition scenario is likely to ogcur
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2.3 Laminar-turbulent transition in boundary layer flow

which is referred to as the bypass transition. plozess of the bypass transition of a
boundary layer was divided into three regions lmpba & Durbin (2001). The first region
is dominated by streamwise elongated structuresalied by positive and negative
streamwise disturbance velocities (termed as srddineet al. 1967). The amplitude
of the disturbance grows in the downstream. Insémond region, they breakdown into
localized turbulent spots, which increase in sizé merge until a third fully turbulent
region. There are a large amount of research sririmsition, but here only a brief review
on the literature in streaks dynamics is provided.

The generation of streaks can be explained byigangrowth theory. The theory
dates back to the 1970s (Ellingsen & Palm 1975)navBé disturbances of infinite
streamwise wavelength on a shear flow were fouritable to grow algebraically in the
inviscid limit. The theory was extended to viscflosy by Hultgren & Gustavsson (1981),
who found that disturbances may undergo considertrahsient growth prior to be
dampend by viscosity as long as the streamwise leagth is sufficiently long. In the
1990s, the nonorthogonal nature of the Orr—Somidesied Squire eigenfunctions was
found to be the mathematical representation ofstesnt growth (Trefetheat al. 1993).
Transient growth theory has led to studies on fhtem@al growth for a combination of
modes which form an initial disturbance that exgeces the maximum amount of growth.
By a temporal formulation of the disturbance edqusj Butler & Farrell (1992)
determined the optimal disturbance parametersHermaximum transient growth in
plane Couette, plane Poiseuille, and Blasius fldwshis case, the optimal disturbances
are stationary with a zero frequency and a pa#dicsphanwise wave number. A study on
the spatial transient growth was later carriedoyuschmid & Henningson (1994) for the

plane Poiseuille flow. Despite intensive studiesspatial transient growth (Andersson
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2.3 Laminar-turbulent transition in boundary layer flow

et al. 1999; Luchini 2000; Zucchett al. 2006), the cause of the breakdown of the
streaks is not clear (Schlattgral. 2008).

The physical explanation of the transient growtm d@ linked to the lift-up
mechanism (Reddy & Henningson 1993; Landahl 1980gre a pair of stable, counter-
rotating, streamwise-oriented vortices transfer motum across the boundary layer,
creating a 3-D perturbation (streaks). The fornmatireechanism of streaks has now been
well established through theoretical and experimlentethods. However, the linear
theory is not suitable for the study of the breatdaf streaks which is a non-linear
process. The DNS method can be used to study thkewhocess of transition. The early
studies include Wray & Hussaini (1984), Rai & Mdik991), Gilbert & Kleiser (1986),
who focused on developing numerical method andiatdd them against experiments.
Jacobs & Durbin (2001) conducted the first detalD®iS research to simulate the three
regions of the bypass transition, demonstrating ibkaviour of perturbations with
different scales. With the aid of flow visualizatigghenomenological flow structures are
demonstrated and by linking those structures watthesponding theoretical results, the
understanding of bypass transition has been gr@apyoved. It has been shown that
large scale disturbances from the free-stream keinice (FST) penetrate into the laminar
boundary layer which are amplified to produce elded low- and high- speed streaks,
remaining largely stable at this stage. To the @ntthe first region, the flow reaches a
condition such that secondary instability leadingurbulent spots, which evolve and
grow, occupying more and more space until theyttidl full span of the flow field and
then the flow becomes fully turbulent. A recenteash (Zakiet al. 2010) on bypass
transition using DNS provides further result, sashthe details on second instability in

terms of wavelength response, group velocity amddgtowth rate of turbulent spots,
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2.4 The self-sustaining mechanism of wall-bounded turbulent flow

which cannot be easily acquired by theoretical exukrimental methods. It is observed
that the occurrence of turbulent spots is accongahhy the particular state of streaks.
Two typical motions of unstable streaks were idattiby dye visualization by Mans
et al. (2005), which led to sinuous instability and vase instability. The anti-symmetric
sinuous mode is caused by the instability of spaawiflectional velocity, while the anti-
symmetric varicose mode is induced by the instgbdif a wall-normal inflectional
velocity. Asaiet al. (2002), via experiment, established that the shgrttavth rate of the
varicose mode is very sensitive to the streak wadith is rapidly reduced as the velocity
defect decreases owing to the momentum transfeidopus stresses. By contrast, the
growth rate of sinuous mode that leads to the sga@mvodulation of the streaks, it is not
affected by the decrease in the streak width asgly as that to varicose mode. Schlatter
et al. (2008) further illustrates that the sinuous modeuss much more often than the
varicose mode. Vaughan & Zaki (2011) predicted tecally that the critical streak
amplitude is ~10% in terms of the ratio of peak.s.mand free stream velocity. A similar
value was found in the experiments of Mangtad!. (2010) for external boundary layer

bypass transition.

2.4 The salf-sustaining mechanism of wall-bounded turbulent flow

Through a large body of experimental observationktheoretical work is accumulated,
a fundamental self-sustaining process modelled viatl-bounded flow has been
developed by a number of researchers (Jiménez & MOB1; Waleffeet al. 1991;
Waleffeet al. 1993; Hamiltoret al. 1995; Waleffe 1997; Jiménez & Pinelli 1999). The
initial work was inspired by the observations af thavy streaks and streamwise vortices

in the near wall region of turbulent flows, whicteaibiquitous features in that region.
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2.4 The self-sustaining mechanism of wall-bounded turbulent flow

Three distinct phases of self-sustaining proces® wlescribed by Waleffe (1997) as
Figure 2.5 shows. The first phase is the redistioibuof the streamwise momentum by

weak streamwise rollsvhich produce streaks.

Streaks

advection of instability of
mean shear Uy.z)

Streamwise exp (1 ox)
Rolls mode

-

nonlinear
self-interaction

Figure 2.5: The self-sustaining process (Waleff@7)9

As the spanwise inflections appear, a wake-lik&ainiity in which a three-dimensional
disturbance of the formi®*V (y, z) develops (the non-linear development of streaks).
The primary nonlinear effect resulting from the elepment of the instability is to
reenergize the original streamwise rolls, leadim@ tthree dimensional self-sustaining
nonlinear process. It is shown that this processnsarkably insensitive to whether there
is free slip or no-slip at the walls. The involvemef these structures in maintaining the
turbulent state was observed in minimal channeliktions in which the streamwise roll
and streak structure is observed in a self-susigitime-dependent state (Jiménez &
Moin 1991; Hamiltoret al. 1995; Waleffe 1997).

Jiménez & Moin (1991) studied the streak spacirag tiarbulence could not be
sustained in their plane channel flow simulatiopsystematically reducing the spanwise
dimension of the computational domain. When it We&s than the normally observed
streak spacing of about 100 wall units, the turbaéecould not be sustained, even though

the flow Reynolds number, based on half channajhteiwas 2000 to 5000. Waleffe
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2.4 The self-sustaining mechanism of wall-bounded turbulent flow

et al. (1991) suggested that the preferred spanwise rgpdig the critical Reynolds
number. Waleffeet al. (1993) went on to show that the critical Reynoldsmber
obtained from the streak spacing, after conversiothe conventional flow Reynolds
number, gives the correct critical values for pl&wseuille, plane Couette, and other
shear flows. This suggests that 100 may be a waVeritical Reynolds number for near-
wall processes. Hamiltogt al. (1995) studied a highly constrained plane Coudtie. f
The domain size was reduced to a minimum valuesiwsustain the turbulence. A well-
defined quasi-cyclic and spatially organized prece$ regeneration of near-wall
structures is observed. The process is composéuared distinct phases: formation of
streaks by streamwise vortices, breakdown of theaks, and regeneration of the
streamwise vortices. The vortex regeneration wamdoto be a direct result of the
breakdown of streaks that were originally formedtfugy vortices. It was also found that
if the width of the domain is further reduced ldsan typically observed spanwise spacing
of near-wall streaks, the turbulence is no longestaned. Jiménez & Pinelli (1999)
showed that a cycle exists which is local to thar+veall region and does not depend on
the outer flow. The cycle involves the formatiornvefocity streaks from the advection of
the mean profile by streamwise vortices, and theegdion of the vortices from the
instability of the streaks. Interrupting any of slegorocesses leads to laminarization.
The similar scenario was also observed in flow wihy low Reynolds number. lida
& Nagano (1998) studied the relaminarization medras of turbulent channel flow. By
reducing the Reynolds number systematically, tHeseosed in a flow wittRe,=60 that
the streamwise vortices reduces but the scaleeai ihcreases. The cores of them are lift
slightly up from a typical location gt*=10. The sweeps are found to be deterred.

Tsukaharaet al. (2005) studied the DNS result of several turbufeaw with very low
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2.4 The self-sustaining mechanism of wall-bounded turbulent flow

Reynolds number (down tRe,=64 orRe, =930 based on half channel height). The
authors showed that the spanwise spacing betweeskstare about 100 viscous unit
even atRe,=80. It was observed that the localized turbulerare sustain in the form of
periodic oblique band in a low Reynolds number fl(Re,=64) as long as the flow
domain is large enough to accommodate these baticatures, especially the streaks.
It was interesting to observe that the turbuletlaminar bands alternatively distributed
with an oblique orientation to the flow directidrethouweret al. (2012) indicated that
this obliqgue regime can be shifted up to large eslof the Reynolds numbge by
increasing the damping by body force (the buoyatieyCoriolis or Lorentz force). Near

wall turbulence structures scale with viscous walts as in the fully turbulent case
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Chapter 3

Direct Numerical Simulation

The Navier-Stokes equations are a set of equaaestablished on the conservation of
mass, momentum, energy and may be coupled with stguations. Direct numerical
simulation (DNS) is a numerical method in which tNavier-Stokes equations are
directly solved without using any models to resoliie smallest scale motions. The

Navier-Stokes equations of incompressible flow waithheat transfer read:

ou; du; _  10dp

ui _ 2
5 T Y 2%, > o, + v u (3.1)

L) (3.2)

dx;
The scale of motions in turbulent flow varies frahme smallest dissipative scales
(Kolmogorov 1941) to the integral scale. To resdlve turbulent motions down to the
Kolmogorov scale, it is estimated that the numbi@oonputation mesh poimM required

(Ferziger & Perié 1996) is

N3~Re%25 (3.3)
If a fully explicit method is used for the time égration, the number of time integration
stepNT required (Ferziger & Perié 1996) is

NT~Re®75 (3.4)



3.1 Numerical methods used in DNS

Consequently, the number of operations irsggaoughly as the cube of the Reynolds
number. Therefore, in the early stage, the DNSoreytreat very low Reynolds number
flows due to the limited capability of computer.s@ag & Patterson (1972) performed a
simulation of an isotropic turbulent flow on a 32x32 grid with a low Reynolds number
of 35. This paper laid a foundation for DNS, afigdrich the work of Kimet al. (1987)
is classical, focusing on a fully developed chatmddulent flow. This work is a landmark
in turbulence research using numerical method amdiges many useful physical

understanding on a simple shear flow.

3.1 Numerical methods used in DNS

To solve the incompressible Navier-Stokes equations is faced with time numerical
issue, space numerical issue and the decouplingelotity and pressure. A detailed
review is given by Moin & Mahesh (1998). In thix8en, some general information on
numerical methods is introduced. The most freqyarged spatial discretization methods
are spectral method, finite difference method andef volume method. The spectral
method has the advantage of exponential spatiaergance, and therefore it can achieve
a high spatial accuracy with a lower order schefnrile of thumb suggested by Moin
& Mahesh (1998) is that the second-order centrétifidifference schemes require about
twice the resolution in each direction to achidve $ame results obtained by a spectral
DNS. This is one of the reasons that the spectethad is the first choice whenever
possible. However, the spectral method is limitedilple geometry applications due to
the difficulty in boundary condition treatment. SHifficulty can be overcome by finite
difference method and finite volume method. Applma of finite volume method in

DNS can be found in some available CFD softwaresh asOpenfoam, StarCDIts

30



3.1 Numerical methods used in DNS

advantage is that the Navier-Stokes equations easolved on a complex geometry
generated by commercial grid generation softwalgsyvever, finite volume method

cannot be easily extended to higher than seconer @phtial discretization. The third
method, finite difference method is also widely disyy many researchers due to its
convenience in coding and freedom in raising theusscy or adjusting to complex

geometry. The finite difference method is chosethis study.

In addition to the spatial discretization, the st of the time integration method is
also very important. There are explicit, implicitaocombination of explicit and implicit
methods. Two main factors on the selection of timegration method should be
considered, namely, flow physics and numericalibtyabThe physical restriction is that
to resolve the wide range of time scales in tunbullew, the time steps in DNS have to
be limited. Numerical stability depends on the temapdiscretization method. When an
explicit method is used, a large time step leadsitmerical instability. Numerical
stability of the time advancement of the unsteadyidr-Stokes equations can be
analysed by Cournat instability theory. The timepssize is restricted by Cournat-
Freidrichs-Lewy (CFL) number. When a full explioiiethod is used, the requirement of
the time step size is very strict in the regionsefihed meshes and it makes the simulation
significantly more expensive. On the other handully implicit time advancement
method requires either an iterative solver to sdahe& coupled velocity variables, or
making use of the linearisation scheme in decogpleiocity variables. The linearisation
scheme is usually expensive in terms of memory. &ample, Rosenfeld (1996)
proposed a 3-level linearisation method, in whiwh ¥elocity fields at the previous and
current time steps are stored to determine thecitglat the next time step. In addition,

when more than"4order scheme is used for spatial discretizatimplicit method is very
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difficult to be implemented. In that situation, ¢éigf method is the only choice. Currently,
the widely used trade-off method is a combinatiérexplicit and implicit, in which
implicit method is usually used to treat the g8fims, namely, the second order derivative
diffusion terms. The representative explicit methade Runge-Kutta methods (second
order, third orderetc.), Adams-Bash forth method (second order). A wideslgd implicit
method is Crank-Nicolson method (Ferziger & Pef@8d). The DNS code in current
study is based on semi-implicit scheme, i.e., alioation of Runge-Kutta and Crank-
Nicolson.

An issue in solving the Navier-Stokes equai®that there is lack of independent
equation for the pressure. There are mainly twdou to solve it. The first class is the
pressure correction method (Ferziger & Perié 1996js class method is usually slow
since it involves an iterative procedure. It i$ nsed in the present study, therefore it is
not explained in detalil in this section. The secorethod is the fractional step method
(FSM, Kim & Moin 1985), in which the pressure ikéa out of the momentum equations;
the momentum equations are first solved for inteliate velocities without consider the
continuity constraint. The Poisson equation for phessure is formulated based on the
incompressibility constraint, and the pressurewudated from the Poisson equation is then
used to update the velocity at the end of time adement.

Overall, there are three kinds of fractiostalp methods (FSM), namely the pressure-
correction FSM, the velocity-correction FSM and tkensistent splitting FSM
(Guermond & Shen 2003). Pressure-correction metlaoe time-marching techniques
composed of two sub-steps for each time step:riggspre is treated explicitly or ignored
in the first sub-step and is corrected in the sd@ub-step by projecting the provisional

velocity onto solenoidal vector fields. This stgtdoecame popular after Van Kan (1986)
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introduced a second-order version which improvesl dlocuracy. This second-order
pressure-correction FSM is further improved by adda divergence correction to the
pressure (Timmermares al. 1996). The improved version was classified by Guerd

& Shen (2003) as the rotational form of the pressiarrection FSM. This class of
schemes are now widely used in practice and haee bgorously analysed in (Brown
et al. 2001; E & Liu 2003; Shen 1994). They were usedriany researchers (Kim &
Moin 1985; Orlandi 2001etc.). The pressure-velocity decoupling method usedirrent
research belongs to this class. A brief pressumection FSM (Kimet al. 2002) is
presented in Subsections 3.3.2. The second tymdsity-correction FSM, in which the
role of the velocity and the pressure is switched, the viscous term is treated explicitly
or ignored in the first sub-step and the veloatgarrected accordingly in the second sub-
step. The examples are Orszagl. (1986) and Karniadakigt al. (1991). The third type
is recently introduced by Guermond & Shen (2008j)s termed as consistent splitting
FSM, in which the pressure is evaluated by testirg momentum equation against
gradients.

The FST algorithms decouple the computatadrtbe velocity and the pressure and
this strategy is computationally very efficientgposed that the nonlinear terms are made
explicit, then at each time step, one only hasoteesa set of Helmholtz-type equations
for the velocity and a scalar Poisson equationh(\@ihomogeneous Neumann boundary
condition) for the pressure. When a fast Poissdwesas used, this method is more
efficient than the coupled approach. However, thieepgfor the decoupling is some loss
of accuracy on the pressure and the vorticity. fEson is attributed to that the so-called
second-order projection schemes provide second-ariracy on the velocity, while

the convergence rates of the pressure and thewypidre either first-order or 3/2-order
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depending on whether it is the standard form orda&tional form (Kim & Moin 1985;

Orlandi 2001; Guermond & Shen 2003).

3.2 Special issuesin a DNS of pipe flow

Some representative DNS research on channel aedflpis is summarized by Chin
(2011). Comparing to channel flows, papers on DNSirgular pipe flows are fewer.
There are two additional problems for DNS solvedtgindrical coordinates. One is the
treatment of the singularity on the axis. The ofkdn a structured mesh system when
grid resolution is set to be sufficient near theeowall of a pipe, it becomes unnecessarily
high when the axis is approached.

To overcome the first problem, there are mainly foethods. 1) Introducing a special
function for radial derivatives. This method is diss/ Leonarckt al. (1975), Stanaway
et al. (1988). As Verzicco & Orlandi (1996) commenteds tmethod is cumbersome and
hence it is not widely used lately. 2) Using fintelume method instead of the finite
difference method. Eggelst al. (1994) used this method in a LES simulation of
turbulent pipe. Because the radial momentum equéaidiscretized on an extended grid
volume at the axis, the evaluation of quantities=& is avoided. But this treatment is
first order. 3) Verzicco & Orlandi (1996) introduce flux quantityq, = ru, on a
staggered grid, which simplifies the discretizatadrihis region sincg,=0 atr=0. This
method is simple and has a second order accurdhg able. This method is used in the
present code. 4) Overcoming the singularity by doate transform. The singularity at
the pole is not physical but coordinate originafduds method is used by Moriniséid al.

(2004).
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Very few papers have discussed the second probés@awke this is a computational
cost problem rather than a technical one. Thegsttfmirward solution is using a higher
order difference scheme for the derivative termth wespect to the azimuthal direction
in the near wall region (Morinishi 2004). QuadrioL&chini (2002) provided a solution
to this problem by making the truncation of thenazthal Fourier series a function of the
radial position. This method is designed for spgccheme. The key of the method is
that, whereas in a collocation approach changiegélolution with radius would have
involved multiple interpolations and numerical d#fon, in a spectral representation
dropping a few Fourier modes at the high end ofgbectrum is a smooth operation,

which does not introduce any spatially localizeder

3.3 Governing equations and numerical method

A task of this PhD project is to develop a DNS ctuite¢he simulation of pipe and channel
flows, with a simple flag to switch between the ttypes of flows. This code has been
developed from an existing code developed and tlghiy validated by Seddighi (2011)
for Cartesian system. All the main features, incigdthe discretization methods, the
solver and the parallelization scheme are kept amgbéd whenever possible. The main
issues to be addressed are i) the changes in tleergog equations due to the use of a
cylindrical system; ii) the treatment of the singptly of the equations at the axis; iii)
validation against the benchmark data for pipe flmvdevelopment of post processing
code for pipe flow.

The key features of the DNS code, which has indgrfrom Seddighi (2011) are

summarized as bellowing:
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3.3 Governing equations and numerical method

The code is based on a finite difference ag@ino A second order finite difference
method is used to discretize the spatial derivatioE the governing equations on a
staggered mesh arrangement. An explicit Runge-ksatiame is used for the convection
terms and an implicit Crank-Nicholson scheme igludse the diffusion terms. These are
coupled with a fractional step approach (Kim & Maie85).

In order to explain the scheme for both Gaare and Cylinder coordinate, the
continuity and momentum equations governing a 3tompressible turbulent flow are
written. The physical problem is described by ardotmte systerm= (X1; X2; X3) that can
be , Cartesian i.6q, %, x3)= (X, Yy, z)or cylindrical, i.e(x1, %, x3) = (z, r, §). Three flux
terms @4, g2, g3, See below) are used to overcome the singularith@axis of pipe. This
method was firstly employed by Verzicco & Orlanti®96). In Navier-Stokes equations,
the length is normalized by (half channel height) ak (radius of pipe). The velocities
are normalized by, (the centre line laminar parabolic profile velogityherefore, the
time is normalized byi/U, or R/U, and the pressure is normalized ;b[ypz. The

governing equations are listed as follows

dq;  0q; 10q3
42" 3.5
dxq + Jdx, + 1N 0x3 (3:5)

041, 0q:q1 | 10Gq1 | 1 0q3q,
ot dx; M 0x, N2 0xs

op 0P 1 82q1+16 dq, 1 0%q
0x,2 naxznaxz N2 dx32

(3.6)

ot dxq dx, dxs n

042 99241 , 092(42/W) 9 (4s92)/n* _ 4a5*
2

op 1 (02 a 1 92 20
p < q2 (q2/M) 9@ 4 _ﬂ) 37)

_”a_xz R_ep 0x,2 a_xzn 0x, nZ 0x52 Enz N2 0x;
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dqs 0 ] 10
943 | 09591 992(q5/M) | 199393 9392
ot 0x, 0x, n? 0xs n?

dp 1 (0%q5, 0 d(gs/m) , 10°q5 g3 0
a— e 2+—T] ) 2—8—2 8—2— (38)
X3 Rep\0x1%  0x, dx, % 0x3 n n% 0x3

where q1 = U, (3.9
g2 = MUy (3.10)
q3 = Nug (3.11)

In egns.3.6~3.& is the mean pressure apds instantaneous pressure.
whenn is set equal to 1 ardis set to 0, the simulation is for a channel fléeve.ny = r
ande=1, the simulation is for a pipe flovi.he flow can be driven by a constant pressure
force or kept at a constant mass flow rate. Wheat &ea constant mass flow rate, the
mean pressure gradient is calculated by integratiagtreamwise momentum equation,

which yields
J_Ua% fﬂ 6q1q1 16q2q1+i6q2q1>
dx; M 0x, N2 0xg
10 0 1 92
(R YRR
6x1 6x1 Re, 9x,2 nc’)xz 9x, M2 0xs?

The integration is over the flow domain. By makioge of periodic condition in

streamwise and spanwise, and noticing that on #ik gy (i=1, 2, 3) is equal to 0. The

integration of the nonlinear and the pressure dlaibon terms are 0. So, we obtain
dq, 62q1 10 dq  10%°q
W56 = I 50+ M ey (e anis (1)
axl Re, axl naxz dx, mM?0x;

To keep a constant mass flow rate for a steadylaion, the left hand side of Eq.3.13

should be 0. Finally, the mean pressure drop term i
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oP _ 1 aqu 1 0 aql 1 aqu)
dx; 'Hf VRey (6x12 + N dxy N 0%, + N2 dx32 (3.14)

where )V is the volume of the flow domain.

3.3.1 Spatial discretization

The second order central finite difference metrsdsed for spatial discretization. The
second order scheme on a cylindrical coordinateutined to explain the process of
spatial discretization. Figure 3.1 shows the deéiniof position of velocity components
and pressure. Uniform mesh is used in streamwidespanwise directions. Non-uniform

mesh is used in wall-normal direction.

Oy is112, k
qr,i,j+ll2,k

wall

Ujijk-1r2

—

periodic

B.C.
yA " wall
L= ~

non-slip
B.C.

Figure 3.1: Definition points for thelgcity and pressure.

In a staggered grid,, q, andq, are defined ati + 1/2,j,k), (i,j + 1/2,k), (i,j, k —
1/2), respectively. The pressure and other scalardeifieed at(i, j, k). More care
should be given to the discretization of non-lineam. As suggested by Kleiser & Zang
(1991), Kravchenko & Moin (1997), and Blaisdetlal. (1996), the aliasing error in non-

Galerkin formulations depends upon the analytioaif of the nonlinear terms prior to
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3.3 Governing equations and numerical method

discretization. There are mainly three forms of tloalinear term, e.g. the divergence
form (w;u;,);, the advection formy;(u;,); and the skew-symmetric for[r(uiui)j +
ui(ui,)]-]/z. When the central difference method is used, kesvssymmetric form of
the nonlinear terms seems to have lower leveldiagiag error for both incompressible
and compressible DNS. The nonlinear terms areetiged in a divergence form in the
current code because it is straightforward to imm@et it. Aliasing error can be indicated
by the energy conservation of this scheme. Verzé&€rlandi (1996) tested the energy
conservation of this scheme and it was found thaenergy increases only very slightly
as long as the time step is small enough. The neamald be attributed to that the aliasing
error in finite difference method is not as impattas in spectral method.

The z-componemi-S equation discretization is demonstrated. Othetspane given

in Appendix. The non-linear terms in the z-direntare discretized as:

09,9, _ bzi+1jk9zi+1ik ~ 9zijk9zijk 3.15)

0z i+%,j,k 0z

q.1.1.9g.1.1.—qg.1.1,q.1.1

laqzqr _ l zit5jt5 Kk ritS itk zit5j—5 K rit5j-5k (3.16)
roor liuljk T Tjiy1/2 = Tj-1/2
190 1 Disljrel¥pisljnel = 9pi0li 199,151
1 09296 _ - 2053 2072 2772 2072 (3.17)
rz 00 i+%,j,k r]_Z 66

With 3.15, 3.16, and 3.17, the nonlinear termg,sitomponent equations are discretized.

A linear interpolation is used when the velocitynst defined at the same location, for

example:
qzi+%,j,k + qzi+%,j,k
dzi+1jk = 5 (3.18)
Lk + 9ai-d;
,j, K zi—5,jk
Qoijk = ———5 (3.19)

The discretization of the linear terms is straightfard as bellows:
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3.3 Governing equations and numerical method

92q, qzi+%,j,k - 2qzi+%,j,k + qzi—%,j,k
072 | 1. (62)2 (320)
i+ k
10 0qg 1 qzi+%.j+1.k_qzi+%,j,k qzi+%,j,k_qzi+%_j—1,k
R e T ey i | VRSV — -1 - (3.21)
ror orlitojk rj(rjs1/2=rj-1/2) Tj+17Tj Ij=Tj-1
1 9%, qzi+%,j,k+1 - 2qzi+%,j,k + qzi+%,j,k—1
Z 02| . = 5 (3.22)
i3k (r;66)

More words should be given to explain how the siagiies on the axis are treated. There
is no singularity problem fay,-component equation due to the use of staggerddrpr
q,--component equation, by using the flux vafyle most terms at the centre do not need
special treatment as they are zero, but thereiitsve terms that need special treatment.
Due toq,=0 at the axis, the solution gf-momentum equation sweeps frgm3/2 toj
=N, + 1/2. In this way, most of the singularity terms vani3ihere are some special
terms atj=3/2 which need information from the axis. They snewn below, in which

the subscripts faz- andd- direction are ignored for simplicity.

<6qraqr/r> _ %r2%2/T2 = 4ra4ra/ts (323)
T j=3/2 Iy — Iy
where,
singular
Gr1/2/T1)2 + Ar3/2/T3/2
qra/T1 = LA 5 i/ / (3.24)
Similarly, the terms with singularity in tlig-component equation are
singular
qdoq o1 | —————
( rzr)_ =—=\ Gr1/2/T1)2 + Ar3/2/73)2 (3.25)
]:
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3.3 Governing equations and numerical method

singular
—_—
Ar1/2/T1/2 + Ar3/2/T3)2
2

10q,
— =— 3.26
(rz a0 >j=1 ry 60 (3:26)

The L'Hopital rule is used to evaluatg/r at(i,%,k). The value ofy,./r is needed at

(i,3/2,k), that is:

q .3

(ﬂ) _ (%) rizk+1/2 -
r/j=12 \Or/j=1,2 2137

q .3 .1

TL,E,k'I-E'I-ﬂ.'

(3.27)

These tricks make boundary condition treatment Em@®ne of the advantages of this
kind scheme is that we do not need to devote mificit en boundary condition treatment

as the code is switched between pipe flow and atidtow.

3.3.2 Time integration

A mixed method of the three-step Runge-Kutta aredGrank-Nicolson is used for time
integration. All the non-linear terms and the fidgrivative terms in the diffusion term
are explicitly treated using the Runge-Kutta methdue second derivative terms in the
diffusion terms are implicitly treated using thea@k-Nicolson method to relax the strict
restriction on time step. As mentioned before, dieeoupling of pressure-velocity is
implemented by pressure-correction fractional stegpphod. The fractional step method
was originally developed by Yanenko (1971) and tvas used to solve Navier-Stokes
equations by Kim & Moin (1985). The method was Islig modified by Orlandi (2001),
which is used in the present study. This schemmig effective than these schemes (like,
SIMPLE, SIMPLEC, PISOetc.) using the pressure term to enforce continuityahy

iterative method, which is an effective but slowthoel (Ferziger & Perié 1996).
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3.3 Governing equations and numerical method

Taking they,-momentum equation for example, by applying Rungétaand Crank-

Nicolson method, the equation is split into thédwing equations:

— k k

4:—q _ Sp

z 5 = =y H,* + B H, T - iy

§%(q,+q,%) 16 6(g,+4q,%) 6%(q,+q,"
r05a (ST (18 0@+ ") (G +a.") (3.28)
6z2 ror or r2502
k+1 — k+1
qz — 4z 5@

1z 1z _ 3.29
ot %k 5z (3:29)

whereH refers to convection terms and other first denest in viscous terms. Thg is

an intermediate velocity that does not satisfydbetinuity equation. The solution g}
require for the inversion of large sparse matritiesse are reduced to three tridiagonal
matrices by a factorization procedure with erroA€3] (Orlandi 2001)g,* is supposed
to satisfy the continuity equation. Taking divergeron both sides of eq. 3.29 (the two
equations for other components, see Appendix) aaking use ofdiv(q*) = 0, we

obtain the Poison equation:

rz 62®k+1 K] ¢k+1 62®k+1 B 1 < aa;k 6(’1;" aTC/]Ek>

022 Tar ar 962 _aot\| oz | or | 90 (330)

The Poison equation can be solved by direct (elgyDecomposition, Cyclic Reduction
FFT, etc.) and iterative methods (e.g., ADI, Conjugate Geati Multigrid Methods,
SOR methods). In the present case, a uniform mesksed in the streamwise and
spanwise directions which makes it possible to yagHT in the two homogenous
directions with TDMA (tridiagonal matrix algorithmijsed in the wall-normal direction.
The details are referred to Seddghi (2011). Thegure is updated using the following

equation (Orlandi 2001):

ay ot
plHL = pk 4 g+l Z’CWVZQRH (3.31)
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3.3 Governing equations and numerical method

The overall solution procedure is to use eqs.3.28-Bpeatedly in three steps:

* First step, k=1

H,* andH,° are the nonlinear terms at current time step aedqus time step (note that
at thet=0, H,° =0). p* andgq,® are pressure and velocity at the current time &bép

andg,™). Constants in egs. 3.28~3.31 are given as

8
n=r (3.32)
B =0 (3.33)
o, = (Yl}:‘eﬁﬂ (3.34)

g, in eq. 3.28 is solved by using factorization teguei (Orlandi 2001). The same
method is used fay,- andgg-component momentum equations to obtging,. The
formulas for g, — and gy — component momentum equations are given in
Appendix g, g;, Gy are substituted into eq.3.31 to form a Poison gguéor @2, which

is solved by using a FFT method combined with tB&MA method (Orlandi 2001). This

solved virtual scalar quantity is then used in 930 obtaing,? and similarly, for

g,-*and gg2. p?is calculated from eq.3.31.

e Second step, k=2
H,* are the nonlinear terms calculated with velocitied pressure obtained in the first

step (q,%, ¢-% g9 p?). Constants in eq.3.28 and eq.3.29 are given by

5
Y2 =15 (3.35)
17
po=—= (3.36)
a, = % (3.37)
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3.3 Governing equations and numerical method

g, in eq. 3.28 is solved by using factorization teghe again. The same method is used
for q,- andgy-component momentum equations to obtgijg,. And theng,, g,, gy are
substituted into eq.3.32 to form a Poison equdtom3. This virtual scalar quantity is

used in eq.3.29 to get® and similarly, forg,.3and q43. p3 is calculated from eq.3.30.

e Third step, k=3
H,* are the nonlinear terms calculated with the viekxcobtained in the second step.
(923, 9% qe?, p3) are pressure and velocity solved in second §epstants in

eq.3.28 and eq.3.29 are given by

3
V3 =7 (3.38)
5
pr=— (3.39)
o, = (V3;‘eﬁ3) (3.40)

g, in eq. 3.28 is solved by using factorization teghe again. The same method is
used forg,- andgg-component momentum equations to getgs. And theng,, g,
Jp are substituted into eg.3.32 to form a Poison éguidbr @*. This virtual scalar
quantity is used in eq.3.29 to get* and similarly, forg,*and go*. p* is calculated
from eq.3.30. After three above steps, the tinreasched. The three step Runge-Kutta
method is third order at the limit=0. The Crank-Nicolson method is second order. The

scheme overall is second order in time.

3.3.3 Boundary condition

The boundary condition is treated as followirg. the two periodic directions

(streamwise direction and spanwise direction) pir@odic condition is easy to be treated
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3.3 Governing equations and numerical method

and not to be detailed here. It is referred to §ad¢(2011). More attention needs to be
given to the treatment of the boundary conditiotheawall-normal direction. The no-slip
boundary condition is used at the wall. lgprwhich is defined at the wall, the no-slip

boundary condition is defined as

qr(i,nr+1/2,k) =0 (3.41)
For the velocity components not defined at wak, tlo-slip boundary condition is
defined as
q,(i+1/2,nr, k) +q,(i+1/2,nr+1,k) =0 (3.42)

qe(i,nr,k +1/2) + qo(i,nr+ 1,k +1/2) =0 (3.43)

where,q, and gq atn+1 are the values at ghost point out of the wall.

3.3.4 Method of paralléization

There are mainly two widely used parallelizatiortimoels, namely, OpenMP and MPI
(Message Passing Interface). In simple terms, Openmdkes use of shared memory (all
the processors access the same memory), while jsiRbstly designed for distributed
memory architecture. The advantages and disadwesitaff OpenMP and MPI are
summarized as following:

Advantage of OpenMP

o easier to program and debug than MPI

o directives can be added incrementally-gradualliedization

o can still run the program as a serial code

o serial code statements usually don't need modiica

o code is easier to understand and maybe more @aaifhtained

Disadvantage of OpenMP
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3.3 Governing equations and numerical method

o can only be run in shared memory computers

o requires a compiler that supports OpenMP

o mostly used for loop parallelization

Advantage of MPI

o runs on either shared or distributed memory agchires

o can be used on a wider range of problems than [@Ben

o each process has its own local variables

o distributed memory computers are less expensian tlarge shared memory
computers

Disadvantage of MPI

o requires more programming changes to go fromIderizarallel version

o can be harder to debug

o performance is limited by the communication netvogtween the nodes

In order to make use of current available clustad maintain good extensibility and
portability, MPI method is employed. For a messpgssing methodology, four issues
need to be considered, which are the decomposifidhe problem, the data structure,
appropriate  message passing (sending and receivibejjveen the cores and
synchronization of the processes. To parallelizzdbde by MPI method, the problem
must be properly decomposed. There are mainly taysvior problem decomposition,
namely domain decomposition and functional decoritipos Domain decomposition is
used in the code, because it can be run on anpitramber of processors. Domain

decomposition is implemented in the wall-normaédiion only.
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3.3 Governing equations and numerical method

3.3.5 Somerules of thumb for DNS study

Till now, more and more knowledge has been accuedlim DNS overtime. It is useful
to summarize some of them, especially these alpadesand time resolutions and the
domain size. The spatial resolution should refethi® physical scales. The grid used
should capture the smallest scale (Kolmogorov sealen the flow. Some simulation
shows this requirement is too restrict. Moser & M@i987) shows that most dissipation
in the curved channel occurs at scales larger fitgn This result is obtained from
spectrum method. For finite difference method vatiger numerical errors, it requires a
higher resolution to achieve similar accuracy. k& af thumb is that second-order central
difference schemes require about twice the resoiyin each direction) to achieve the
same results as a spectral DNS. The spectrum dfutteiation velocities is helpful to
check the space resolution. If the small scalemateesolved, there will be a tail at the
energy spectrum.

As mentioned before, when the time step is consdler a DNS study, one should
guarantee the numerical stability of the calcutaiad resolve the smallest physical time
scale. Implicit time advancement for the viscousteand explicit time advancement for
non-linear terms allow as large time steps. Howeeer large a time step may cause the
turbulence decay faster unphysically.

The size of the domain is not emphasized bly easearchers. However, it becomes
more and more important. It is known that the tleboe cannot be sustained if the
spanwise dimension is too small to contain less the streaks (Hamiltoat al. 1993).
This put some restrictions on spanwise domain kengtthe streamwise direction, the
requirement comes from the length of domain shdaldonger enough to contain the

longest structure in the flow. The streamwise datien can be used to check the
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3.3 Governing equations and numerical method

suitability of domain size. A criteria that is usaften is that the correlation should reduce
to 0 within half of the domain. This criteria leasa ~1@ streamwise length for typical
low Reynolds number pipe and channel flow& (= 180). For a higher Reynolds
number flow, it is expected to be reduced as theaky structures become weaker or
absent. However, recently, the importance of thealo length for a high Reynolds
number flow is emphasized by many researchers (8fta¢d al. 2010; Chiret al. 2010;
Wu et al. 2012). These authors suggested that the domagthleri the pipe should be
longer enough to hold the large structures and lamge structures, which is usually
several times that of the characteristical lengthength of &R is suggested by Chin

et al. (2010) for pipe flow withRe,=500.

3.3.6 Validation of the DNS code against benchmark data

The DNS results of flow a&e, ;=180 andRe, ;=437 are compared with benchmark data.
These are two representative Reynolds numbersestirdiater chapters. The benchmark
data ofRe,=180 is from Fugatama & Kasagi (2002). The dewfilthe two simulations
are summarized in table 3-1. The flow wiRe,; =437 are compared with the
experimental benchmark data of Duestal. (1995) atRe,=410, which is the most
similar Re that can be found from the literature.

The ensemble-averaged statistical quanfitieany location with a distangg from
the wall are calculated by averaging in the two bgemous directions as well as in time.

For instance, the mean velocity is

1 L M
5= L(Z Zus> (3.44)

k=1j=1i=1
and the r.m.s. of the turbulent fluctuating velpast

N
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3.3 Governing equations and numerical method

) 1 L N M )

arms = Yy g kz Z ;(us - ) (345)
where N, and Ny are the numbers of mesh points in the streamwmsk spanwise
directions, respectively, is the number of independent flow filed, the index, 2, 3
stands for the streamwise, wall-normal and spanvakecity components, which are also
are denoted,, u,. andug. For a pipe flow with two periodic directions, is the only
non-zero mean velocity. The perturbation velocitigs= u, — u,, u', = u, andu’y =

ug, are referred to as fluctuating velocities afg, s, U’y rms » U9 rms are denote the

r.m.s of the fluctuating velocities.

Table 3. 1 Simulation detailes of Kasagi’'s and entilDNS

DNS data Fugata & Kasagi (Pipe) Current (Pipe)
Method Finite difference Finite difference
Mesh size 256x96x128 800x160x240
Domain size 10RxR*2 18RxRxZ
AT in 0.46 0.09
ATT pax 2.99 2.4
Az* 7.03 4.5
A @)t 8.84 2.4
At 0.18 0.15
Averaging time 2160 (in wall unit) 2400 (in walhit)
Averaging NA 60 (in wall unit)
interval
Re,=u H/v 180 180
Rey,=U,H /v 5300 5300
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3.3 Governing equations and numerical method

It is shown in Figure 3.2 that the result of cutrBNS simulation almost collapses with
that of benchmark data, especially for e = 180. For the higher Reynolds number
flow, the mean velocity still agrees with that ofiStet al. (1995). The difference

detected in r.m.s data of higher Reynolds numlmev fhay be due to lower resolution

measurement in experiment.
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Figure 3.2: Validation of the code: (a)&f#®&=180; (c)&(d)Re=437.
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Chapter 4

Pipe Flow Subjected to an Increase of Flow Rate

Unsteady flows due to a change in flow rate exishany natural and engineering systems.
Sometimes, they are harmful, and may lead to ecamabrioses or safety concerns
(Colomboet al. 2009). A typical example is a pump on/off evenvalve malfunction,
which may potentially induce significant transienésulting in strong pressure waves
travelling through a pipe network, potentially ciagsmajor damages to a civil water
system (Ghidaowt al. 2005). Except for the practical relevance, it Isoauseful in
developing a better understanding of turbulent fiowgeneral. In this chapter, DNS
studies on a turbulent pipe flow subjected to avsdo sudden increase in flow rate are

studied. The result is also compared with the datorresponding channel flow.

4.1 A introduction for the transient flow subjected to a flow rate

change

It has previously been shown that the transiemt ffoa channel following a step-increase
of flow rate is effectively a laminar turbulent kags transition (He & Seddighi 2013,
hereafter referred to HS2013). In response to #pedrincrease of flow rate, a new

boundary layer is formedlhe flow does not progressively evolve from thetiahi



4.1 A introduction for the transient flow subjected to a flow rate change

turbulent structure to a new one, but undergoa®eegs involving three distinct phases
(pre-transition, transition and fully turbulent)high are equivalent to the three regions
of the boundary layer bypass transition, namely tuffeted laminar flow, the

intermittent flow and the fully turbulent flow remis. Several parameters are identified

which may potentially influence the transition pess in the flow. They are,

(1) Rey, (FUpoR/v), In this theory, the initial turbulent flow acts the free stream
turbulence (FST). This Reynolds number definesathplitude and time/length scales
of the FST. The higher is thRg the lower the initial turbulence intensity bus@the
smaller the time/length scales.

(2) Rey, (FUp1R/Vv). Uy, is a parameter similar to the “free-stream” velod/,, in
boundary layer flow.

(3) (Re;—Rey) or (Up; — Upp). It defines the varying range of the flow ratel dne time-
developing boundary layer is characterized by phaimmeter.

(4) The acceleration rateUf; — Upo )/ At,., Where At,. represents the acceleration
period. This parameter determines how fast the fle is changed and it potentially
affects the transient process of the flow.

(5) The initial free-stream turbulence intensifiu(). This is dependent on bolite, and
Re;, which can be represented @Y, 50 max)/Up1, Whereu', o max is the peak
value of the wall-normal profile of tham.s.of the streamwise turbulent fluctuating
velocity att=0.

One of the important features needed to studyumbary layer bypass transition is where

the transition happens. For boundary layer flovis itvell established thade,, ~Tu, .

Through a systematical study (HS2013; Seddeghil. 2014; He & Seddighi 2015), very

similar to that of boundary layer flow, the equimatl critical Reynolds number for the
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4.1 A introduction for the transient flow subjected to a flow rate change

onset of the transition in an unsteady channel i®wtrongly correlated with the free-

stream turbulence intensity«,) in a power law, which defines as
Re; o = ATu,y® (4.1)

tcrUblz
where Rey o = - (4.2)

v

and,t., is the onset of transition, which is determinedthy time when the minimum
friction coefficientC, occurs. However, it is found that t(@’;.,s0max)/Upo Can be
correlated by the Reynolds numberC4{#/,,,/U,,)Re 1. With this approximation, the
predicted critical Reynolds number can be estimateg@gre-known parameters such as
Re, andRe;. The constants A, B and C are determined by velddNS data as 1340, -
1.71 and 0.375, respectively. The formula 4.1 isntbworkable in a Reynolds range
(2800-12800) by DNS (HS2013; He & Seddighi 2015) §8800-42800) by LES
(Mathuret al. 2015).

In this chapter, the DNS study on the transiene dlpw is conducted to further
discuss this new mechanism and the effect of tkeggarameters. The previous study
pays more attention on tiRe,, Re; andTu,. For the parameter iv, Seddigitial. (2014)
found that the acceleration rates does affecRehe, but the general transition process
remains similar. However, in this study, only aida@amp-up and a slow ramp-up flow
were studied. It will be useful to study a seriégamp-up flows with systematically
increased acceleration tif2e,.). This is important because the acceleration el
be either fast or slow in real life and experimdwtother question to be addressed in this
chapter is how is the phenomenon affected by gegmEte differences and similarities
between the steady channel and pipe flows arelesstatd by many researchers (Woshik
et al. 2000; Meseguer & Trefethen 2003; Nagib 2008; Ck@il). It is generally
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4.2 Simulation details

accepted that these two flows are similar in neall segion. But there is no dispute that
there is unignorable difference in the outer regighere the large turbulence scales are
confined in pipe flow but not in a channel and baany layer flow. In order to address
these questions, the following simulations weredcmbed:

1. A turbulent pipe flow subjected to a sudden chaingow rate. Initial and final
Reynolds numbers are 2650 and 7362, respectivaly.similar to those used in
HS2013. This is to facilitate the comparison witk torresponding channel flpw

2. Three transient turbulent pipe flows subjectedudden change in flow rates. The
initial bulk flow is kept unchanged at 2650 butdirReynolds numbers are set at
3000, 5220 and 7362

3. Turbulent pipe flow with a fixed initial and findlulk flow but with systematical
increasing acceleration period. The initial anthfiReynolds numbers are 2650
and 5300.

The details of these simulations are summarizewiresponding sections.

4.2 Simulation details

The initial and final flow Reynolds numbers of trepid acceleration of the flow are
chosen at 2650Re,,=180) and 7362Re,;=437), respectively, which are close to the
corresponding channel flow Reynolds numbers, 2&25,6178) and 7404Re,,=418)
used in the reference (HS2013) to facilitate aadicemparison. The subscripts 0 and 1
stand for the initial flow and final flow, respeatiy.

At time t*(=t/(6/U,,1))=0, the flow is accelerated rapidly, by a suddeange in
mass flow rate. The acceleration period is verytgho,.* = 0.22) and hence the change

of flow can be seen as a step change. The simaletintinues until the flow has become
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4.3 Results and discussion

fully developed againt{=97). The calculation of ensemble-averaged stedilsjuantities
follows the method used in HS2013, averaging intweeperiodic directions and over 8
realizations. The initial flow for each simulatimselected from one instant of the steady
state flow simulation oRe,=180 and there is an interval of at leAast=70 between two
consecutive realizations, ensuring that the fl@lds used in the ensemble averaging are
independent of each other. The simulation resubsre-scaled using final flow bulk
velocity (Up,) or shear velocityu;,) as will be indicated when they are presented. The
purpose is to facilitate the discussion of the ltssand the comparison with the data from
HS2013.

The mesh and domain information are summarizedhlet4.1.

Table 4. 1 Summary of simulation details

Alyc Q’Z)OJr (AZ)1+ A(rlg)maxo+ Z’(rlg)maxl+ (Z“‘)maonr (Ar)maler (Ar)minOJr (Ar)minl+

0.22 4 10 3.2 7.8 15 3.6 0.1 0.23

(Re;o =180, Re,;=437;Re,, =2650,Re,; =7362;N,xN,xN,=800x160x480; Domain: 18R)

4.3 Results and discussion

4.3.1 Three stages of the transient pipe flow

As mentioned in 84.1, the transient process ofamicll flow responding to a rapid flow
acceleration can be described as a laminar-turbtremsition, comprising three distinct

stages namely, pre-transition, transition, andyfallrbulent stages. The three-stage

process is reflected in the development of theidmccoefficient,Cr (= 05;#, where
. 0

Ty = ”ii? ) which also reflects the development of wall shetaess. Figure 4.1
y=0
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shows the development 6f of the present pipe flow together with that oharnel flow
for comparison. Prior to the commencement of tleelecation, the friction coefficient is
equal to the value correspondif@, = 0.00928) to the initial steady-state flow &,
=2650.

Immediately after the commencement of the acceterait increases rapidly to a
much higher value, reaching a maximunat0.22 when the acceleration is terminated.
The value then reduces gradually, reaching a mimimalue at around*=~21 ort*°=92

(the corresponding time for the channel flow*is21 ort*9=90).

0.02

pipe flow

0.015 f

—e—channel flow(HS2013)

0.01 f

0.005 F§

0

0 20 40 60 80
Figure 4.1 : Development of frictioneficient.

Subsequently; recovers and approaches the steady flow valueedinal flow around
t*=42. Then, it only changes slightly untt=~50, and remains constant afterwards. It is
seen that the trend of the development of theidncfactor is the same as that of the
transient channel flow of HS2013. In fact, the tidn factors of the two flows are
practically the same befoté=30. In addition, the time for the transition onise¢he same

in the two flows. Similar to the channel flow, ttesponse can be characterized into three
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4.3 Results and discussion

stages, namely, pre-transitioti€21), transition {*=21~42) and fully developed stage
(t*>42).

The pre-transition is characterized by the fornmatid a thin boundary layer of a
high strain rate on the wall, which then grows itite core of the flow with time. The
existing turbulence serves as disturbances muehthie FST in a boundary layer. The
development of the boundary layer is shown in Mg&(a) & (b) in terms of momentum
thickness Reynolds number and shape factor. Thedwaed on the differential velocity
u” defined in a way similar to that used in HS20148, ibis modified for the cylindrical
coordinate.

u(r,t*)—u(r0)

R 7 ) *3)
R
R2—(R-6})% = f (1 —a”(r, t") 2rdr (4.4)
0
R
R?— (R—64,)°= f a N(r, t(1 — un(r,t*)) 2rdr (4.5)
0
Reg = w (4.6)
S
H=5" (4.7)

where,u andu, are ensemble-averaged of local streamwise meanityednd the centre
velocity of the pipe flow, respectively.

Overall, the boundary layer in a pipe developswag similar to that of the channel
flow. Reg grows almost linearly with time untiley~240. Afterwards, the growth rate
increases as a result of the onset of the transilibe value oRey of the pipe flow is

close to, but lower than that of the channel flawinlg the pre-transition and transition
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4.3 Results and discussion

periods, but diverges from it after the transii®oompleted(*>42). That is, even though
the values oRey are significantly different in the two flows theye very close during
the transition period. The shape factor of the fiipe shows a similar developing pattern

to that of the channel flow but with a higher value

100(¢ 2.€
——Pipe flow

800 5
22 §

& 600
o T 1.8
400

1.4

200

Figure 4.2: Transient boudary layer behavior okfdlpw and channel flow.

4.3.2 Flow structure response during the transient process

Figs.4.3~4.5 shows different flow structure vispafion of the transient process. To
illustrate the flow structures, Figure 4.3 shows itbo-surface plots af' ,/U,, =+0.13
andA,=-2.0 att*=0, 14, 21, and 42. Only the bottom half of theepip displayedd, is
the second eigenvalue of the symmetric tefsaF 2, where S an@@ are the symmetric
and antisymmetric parts of the velocity gradiemista Vu. This value is introduced by
Jeong and Hussain (1995) to identify vortex camad,has been used frequently in studies
of transition and turbulence.

At t*=0, there are few short low- and high-speed streak$iort time later, at™ =4,
the high speed structure is notably increases Hmutvortex structure (in red) reduces

slightly. At a later pre-transition stage€£10, 17), elongated streaks appear alternately,
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4.3 Results and discussion

which break up at*=21 at some isolated places in the pipe. Packetsawpin-like
structures (identified by the iso-surface of thegaieve 1,) are observed mostly
surrounding the low-speed streaks. There are wsvyof such structures in the early pre-
transition stage, and the size of such packet alsbut at a later stage*€21), large
spots of the turbulence start to occur, which $ygtie onset of transition. Tg=28 and
35, these spots merge together. At the end oféimsition (*=42), the vortical structures
are full of the flow. The development of the strgaind vortical structures during the
transient flow exhibits a great resemblance to dfiahannel flow of HS2013.

Figure 4.4 shows the contours of the streamwisgfating velocityu’, at anr-6
plane ¢/R=5.0) and &4 plane §*°=5.4, wherey*? is the radial distance from the wall
normalized withv /u,,) at several instants following the rapid increat#ow rate. The
first frame ¢*=0) corresponds to the steady flow field just befitre start of the transient
flow. It is seen from the-0 plane that the values af, are relatively low and the colour
is light. Some weak and short patches of high-landspeed patterns are present in the
initial flow field. The r-0 plane shows that these streaks appear alternatetlye
azimuthal direction and the low speed streaks pateetieeper into the core region of the
pipe (Klebanoffet al. 1962). Duringt*=0~21, elongated streaks of positive and negative
u', are formed and intensified. Thé plane plots on the left show that the low- andhhig
speed streaks are confined very close to the latir, some highly fluctuating velocities
are seen to form, which appear as isolated turbpkeches (or, spots, see panei‘ai28).
The spots spread into the flow and merge with edbbr until about*=42, when the

turbulence occupy the&near wall plane.
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Figure 4.3:Development of flow structures (3-D).
(iso-surfaces: blue far',/u, =-0.13, green fon',/U, =0.13 and red fot2/Uy=-2.0)
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z/IR
Figure 4.4: Development of flow structures (2-D).

Left: Contour plots ofy',/U, ) in a ré plane ¢/R=5.0); Right: Contour plots ok(,/U, )
in a zo plane §*°=5.4)

The streamwise and spanwise correlation coeffisieftthe streamwise velocity,
R4, contain quantitative information of the streakyustures. Figs. 4.5(a) & (b) show

the profiles ofR,; at several instants.
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. 03 04 05 06
A(ro)IR 4zIR

Figure 4.5: Spanwise (a) and streamwise (b) cdivel of

the streamwise fluctuation velocityyif =5.4.

It is seen that the magnitude of the negative valu¢he spanwise correlation
increases slightly first and then remains largehchanged during the early pre-
transitional staget{=4 to 17). The minimum values of the pipe flow aset of transition
are -0.21, whereas those for channel and boundamr Iflow are -0.3, and -0.35

respectively (HS2013). The distance at which theimTmim R, occurs decreases from

the highest value ~0.3R (~u§9) rapidly to a minimum ~0.23R (~'£Q or ~41ui) at pre-
T0 T T0
transition stage and it reduces to a value ~O.1~23IEE€, or ~122u”—) at final steady stage.
T T0

The averaged spanwise spacing of the streaks abribet of transition is therefore

approximately 0.46R (~1%b), which is about twice the boundary thickness €dasn
T0

u/u.) and is different from the typical steady flow walof 0.6R (~10§-). The growth

of the streaks in streamwise can be observed figoré4.6(b). The length of the streaks

grows from ~3.5R (or ~6%@)—) to ~4.5R (or ~1355}) att*=21, showing the elongation
T0 T

of the streaks during the pre-transition periodeduces to ~2.4R (or ~10u§() at the final
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stage ¢*=97), commensurate with the features of steadyutarth flow at higher
Reynolds number.

Figure 4.6 shows the contours of the wall-normdbeiey and iso-surface of
spanwise vorticity (in red). It is used to show tlevelopment of turbulent spots. During
the pre-transition stage*€0~21), the vorticity reduces significantly dueattsheltering’
effect (Jacobs & Durbin 2001). At=21, some new stronger turbulent spots are observed
to appear. These spotty structures then grow in sioeamwise and spanwise direction.
They connect with each othertat=35.

Figure 4.7 furtherly shows the turbulent spotzin plane at several instants by
velocity vector. The background is contoured bynsyae vorticity, which is helpful in
identifying the turbulent spots. For clarity, a tpaf the flow domain is selected, i.e.,
z/R=10 toz/R=17.5. In the initial flow £*=0), some backward jets are observed in the
near wall region of the pipe flow. This is due be presence of low speed streaks. By
contrast, the observed forward jets are weakethédinterface of backward and forward
jets, there are sparse spanwise vorticity. In atghoe after the flow rate is changed, at
t*=4, no obvious change is observedtAtl14, there are regions where the backward jets
are strong and organized. The length of the vegwws ¢/R=16-17.5), indicating the
growth of the amplitude of the low speed streakshA onset of transitiort(=21), very
strong backward jets accompanying a local turbudpnt are observed atR=15.8-16.8.
High speed fluid is ejected into the free strearbl(e line in the panel is used to show
the boundary layer identified ty, based on"). At t*=42, a vorticity forest is formed
and developing into the centre region of the pigiee chaotic vectors here also show that

the flow is fully turbulent.
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Flow direction iy

o 2 4 6 8 10 12 14 16 18

Figure 4.6: The contour of wall-normal velocity(bkaand white) and spanwise vorticity

in z-0 plane (red, negativé-w’ g rms max, 0]; blue, positive[0, wg rms max], Y °=15).
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Flow direction = t'=0
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Figure 4.7: Vector and the contour of spiar vorticity inz-r plane ¢/R=0.58t).

The above flow visualization shows that during ¢aely stage of the pre-transition
period the amplitude of the smaller scale strustyvertices) reduces but the amplitude
of large scale structure (streaks) increasess ilteresting to know how the energy of
turbulent structure with various scales grows. Fegd.8 shows the response of pre-

multiplied energy spectrum at locations,’=5.4, 17, 54, 110. The Figs.4.8 (a), (c), (e)
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and (g) are presented in log—linear scales but&£g¢b), (d), (h), (f) is in log—log scale
to facilitate the study of the early responseqehigh-wavenumber region.

Following the commencement of the flow transiehg energy spectrum of high
wavenumbersk,*° >0.025) of the streamwisg °E,,,, /u,,2 reduces rapidly reaching a
minimum around*=4 and remains unchanged titE12.5 at all locations shown. The
low wavenumber regiork{*® <0.005) aty*°=5.4 and 17 shows a several times increase
in energy. Closer to the centre of the pip&°%54~110), then energy does not change
significantly during this period. The increase @sge of the large scales is observed at
t*=4, 8, 21 and 35 for these locations. It seemssimatll scale motions show a delay in
energy increase. At the centre regioi?=110, the energy increase of small scales starts
aftert*=28. As getting closer to the wall, this time dese tot*=21 and even early.
After the onset of the transition, in the low-wauerber region of*° =5.4 and 17, the
energy increases titf=35, 24 and remains largely unchanged until tow#ndsend of
the transition, when it drops to a typical shapeafturbulent flow. Aty*® =54 and 110,
the energy spectrum shape doesn’t change muc¢hei#tnd of the transition.

The changes in energy spectrum further confirms tha energy of the large
structures immediately increases near wall afterstiart of the transient and the typical
streaks continue to grow during the early stagethefpre-transitional stage, reaching
saturation around the onset of the transition. @ergy reduction of large scale motions
towards the end of the transition can be interpretethe breaking up of the elongated
streaks. The small turbulent structures are supptesit the beginning of the flow
transient and remains unchanged until the ondetiegition which seems to be consistent
with the well-established observation of a shealtehing effect in boundary layer

transition, namely, the high-frequency FST canfiectvely sheltered by the boundary
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Figure 4.8: The response of energy specatudifferent locations.
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layer and the growth of disturbance is due to teeegration of low-frequency FST
(Jacobs & Durbin 2001). The several decades’ eneygase of small scales at the near
wall locations around* =21 is related to the generation of turbulent spbt& energy
increase of large scales in the centre region rempgressive implies that the turbulence

growth at this region is mainly due to a diffusimechanism.

4.3.3 Mean velocity

Figure 4.9 shows the profiles of the ensemble-ayextanean velocity profiles normalized
by u,(t) at several instants. Also shown in the plot aeedbrresponding values of the
channel flow. During the pre-transitional periodtea a rapid reduction at the very
beginning, the velocity gradually increases withdireaching a maximum around the
onset of the transition. During this period, thigkhess of the sub-layer increases due to
the growth of the boundary layer. During the trdasi period, the velocity in the core
progressively reduces and the profile graduallyre@ghes the typical distribution of a
steady flow again. It can be seen that the behawbthe velocity profiles in the pre-
transition stage (Figure 4.9a) is very similattattin the channel flow. There are however
some quantitative differences between the two flolsthe initial steady flow, the
velocity profiles in the pipe and channel flows dap each other ip*<20, but differ
beyond this region. During the pre-transition péyithhe profiles in the two flows are very
similar. In a steady pipe flow, the velocity in tbentre region is higher than that in the
channel flow. The quantitative differences in tkatce region still remain during the pre-
transition period. This is due to the fact thatbitwws respond to the increase of the flow
rate as a "plug"” flow due to the 'inertia effaz@mely, the velocity of the fluid is uniform

across any cross-section of the pipe perpendi¢aléne axis of the pipe, and reduces
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rapidly to zero in the vicinity of the wall due tm-slip boundary condition on the wall.

The turbulence in centre region is frozen so tianbean velocity profile does not change.
During the transition period, the profiles of bdkte pipe and the channel flows reduce
significantly in the log law region during=28.8-34.8. At the end, the main differences

between the two profiles are in the wake region.

3C
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Figure 4.9: Development of ensemble-averaged stiésarmean velocity: (a) pre-

transition stage (b) transitional and fully develddstage.
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4.3.4 Development of Reynolds stresses

Figure 4.10 shows the development of the ensemi@eged r.m.s. values of the
fluctuating velocities normalized by the final bulkelocity @', ms/Up1, Wrrms/Up1,
u'grms/Up1), together with the normalized Reynolds streay/ U,,°). The curves with
makers are data of a channel flow at corresponplasitions. The responses in the wall
region (/*°<36) are shown in Figs. 4.10(a) & (c) & (e) andstidn the core region are
shown in Figs. 4.10 (b) & (d) & (). It is clearahthe response of turbulence is different
in the wall and in the core regions. In additidre tesponse of the streamwise turbulence
u', yms 1S characteristically different from those of thiher two components. Focusing
on the streamwise turbulence first, the valuesg gf ., in the wall region¥*°=8.6, 19.5)
increase rapidly with small or no delays untik34, after which they reduce and
eventually approach the steady state values. dponse oft’, ., at other locations alll
have some delays before increasing, the periochafhwncreases with the distance from
the wall. In the wall and buffer regions,, ,.,,s over-shoots its final steady values at
t*=~30. The responses of; ..., andu’y are similar to each other, but are distinctively
different from that of the.', .,s in the wall and buffer layersyt°<36). They either
reduce then increase slightly or remain more @& lexhanged untii*=~21. They then
respond rapidly and reach to their correspondingl fsteady values (or slightly over-
shooting them) just after=~35. In the core region, the responseyof,,s andug s

are similar to that ot ,,s, which show a delay followed by a period of resgand the
period of the delay is longer as the distance tbineaeases. The Reynolds stress in Figs.

4.10(g) & (h) exhibits similar features described the normal stresses.
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The general behaviour of the responses of thewstiorbulence components is very
similar to that observed by He & Jackson (2000) whalied much slower accelerated
flows in a pipe experiment, but their measuremergse largely limited to the core and
the buffer region (up tp*°~17). The turbulence behaviour was explained batirej
them to turbulence production, energy redistributi®tween its components and the
radial diffusion. The results in Fig. 8 provide aitd information in the wall region
(y*°<36). More importantly, the present results shoat the initial response it , ;-
is due to the formation of elongated streaks wilihnot conventional turbulence. The
rapid increase of', ;s andu’g s at around*=~21 is linked to the transition of the
flow, from an agitated laminar flow to a turbuldimw. This is to some extend related to
the energy redistribution identified by He & Jaakg2000).

Comparing the pipe flow with the channel flow, theerall behaviour identified here
is very similar. Especially, in the near wall regighe transient behaviour of;, s is
quantitatively similar before*<25. However, some notable differences are obderve
the centre region. Firstly’, ms, U'r rms, Worms aty*t°=148 increase earlier in pipe
flow than in the channel flow. Secondly, the growttes ofu’, s andu’y ., are
similar before the onset of transition, howeverytilecome larger after the onset of
transition in the pipe flow. One possible reasarthese differences is that the structures
are free to grow in spanwise in the channel flolwereas in the pipe flow, the structures
near the core region are constrained in the aziahuflirection. Stronger structure
interactions in the pipe core region hence intgrtbié mixing of the flow, introducing an

earlier growth of fluctuation velocities and a heglyrowth rate.
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Figure 4.10: Development of the normaliZeelynolds stresse, c, e, g) near-wall
region; (b, d, f, h) core region. Lines: pipe fldimes with makers: channel flow.
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The growth rate of the peakm.s.of the fluctuating velocity represents the energy
growth in the pre-transition stage. Figure 4.11lvshthe development of the streamwise
fluctuating velocity normalized by its corresporglirpeak value in pipe flow,

againsty/8,,", wheres,,” is defined as follows:

. u((nth)

u(r,t*) = ) (4.8)
R

R?— (R- 6, =f 2r(1 — u(r,t*))dr (4.9)
0

The position of the peak value moves rapidly outlsaait the beginning, then remains
almost unchanged at 0&5duringt*=5-21. It is of interest noting that the locatioh o
the peak value of the transient pipe flow is simitathat found for the channel flow,
which also remains at 0.85" unchanged during'=5-21. As indicated by HS2013, this
behaviour suggests that, ,,,,; value varies with the growth of the boundary laged
can be scaled with boundary thickness instead efirther scaling. This is in fact an
important feature of the boundary bypass transitemorted (e.g., Cosst al. 2009).

Figs. 4.12(a) & (b) show the growth of square c# freakr.m.s. of fluctuating
velocities together with the turbulent kinetic emefor both the pipe and channel flows.
It is clear that following a short delay, the p&akue grows linearly during pre-transition.
It is estimated that at the onset of transitior,dtreak amplitude grows to ~14% of mean
flow, which is the same as that of the channel f(61#62013). The growth rates of the
pipe and channel flows are the same beftx@1. However, after that, and the growth

rates of all components are different in the tvoovil.
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Figure 4.12: History of squared of the peak.s. fluctuatingrelocities.
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4.3.5 Turbulent viscosity

Figure 4.13 shows the development of turbukesdosity calculated from

P,

Ut
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The turbulent viscosity reflects turbulent acte#tiand mixing, and a useful parameter in
RANS modelling. It can be seen from Figure 4.18¢a} duringt*=0 to 19.5, the value
of u,/u in the core regiony(*°>60) remains more or less unchanged (except foesom
fluctuations) but it decreases in the wall regipri®c60). During the transition period
(21<t*<42), u./u increases rapidly near the wajl*<60), reaching its final steady

values towards the end of this period (see Figur8h).
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Figure 4.13: Development of turbulent viscosity: Rae-transition stage (b) transition and

fully turbulent stages.
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The increase ofi;/u in the core region is much slower, which continader the
completion of transition (=43). The behaviourw@fu in the channel is generally the
same as that of the pipe flow. The steady stateevalslightly lower in the pipe flow than
in the channel flow, especially in the centre ragip*°>50). It is interesting to see that
this difference in the central regiory*?>50) is reduced during the transition stage
(21<t*<43), but it is regained when the flow is fully déeped again. As indicated in
section 4.3.5, the growth of turbulent shear st(@s$ in the central region is different
for the two types of flows during the transitioage. The value aiv grows faster in the
pipe flow at this stage. However, this is not retibel in the turbulent viscosity response,
which implies different growth behaviours of vellycgradient in the two flows. This is

discussed in the next section.

4.3.6 Vorticity Reynolds number

Goriji et al. (2014) showed that the— Rey transitional model can predict the basic
features of a ramp-up flow rather well. Howeveg fredicted onset of the transition in
three ramp-up flow cases by this model is noticealdlayed. A key feature of this
turbulence model is to make use of the correlatietweenke, andRe,, ,ax, replacing
the former by the latter to trigger the transitidhe correlation will be evaluated in this
section. The vorticity Reynolds numbRe, was originally defined by van Driest &

Blumer (1963) as

2 g3
py* du,
Re, = — 411
&v u dy (4.11)

whereu, is the local mean velocity. It is known that (Bti& Blumer 1963; Langtry

2006) the maximum value of this local parameR;, (,.¢) can be directly linked to the
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momentum thickness Reynolds numiRey through an empirical correlation. Hence
Re, max IS used in favour aRey to avoid the integration of the boundary layeoeely
profile in order to determine the onset of traositin the RANS approaches. In the
Blasius boundary layer, the maximuta, in the wall-normal direction is proportional to
the momentum thickness Reynolds numberRas,.x=2.193Rey. For a flat plate
boundary layer flow, it is shown that the constarnhe correlation is affected by pressure
gradient. The error is less than 10% when the flowubjected to a pressure gradient
which causes a variation of the shape factor bet2e22.9 (Langtry 2006).

Figs. 4.14(a) and (b) show the developments o¥dincity Reynolds numberRe,,)
in the channel and pipe flows respectively. Thewation ofRe,, is based on local mean
velocity. It is shown in Figure 4.14 (a) that tlosal parameter increases quickly near the
wall (y/R<0.4), forming a local peak. Another peak is obedrat the centre, however,
it does not respond to the flow rate change. Thisonsistent with earlier observations
that there are no structural changes in centradmegigure 4.14(b) shows thAe,, in the
centre ¢/R >0.4) increases quickly during the transition stagherea®e,, near the wall
starts to decrease. In Figure 4.14(c), the devedopwf peakRe,, against th&keg in pipe
flow is shown, wheréey is calculated from the local mean velocity. Ifasind that the
relationship betweeRe,, max andRey is not linear. The values &y andRe,, 4, at
the onset of transition are 395 and 281, respdygtive

Let us now consider the differential velocity”(defined in section 4.3.1). The
correlations betweeRe,, . (%") andRey (@"), which are calculated from the differential
velocity for both the pipe and channel flows. Fey4r.14(d) shows that the near wall
peaks,Re, nqx Of the pipe and channel flows both increase liyeaith the Regy for

t*<14. After that,Re, 4, in the pipe flow increases slightly slower thaey until
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t*=19.8. In the transitional stagRe, .4, iNCreases significantly slower th&e,. It
shows that there is a linear relationship betweenandRe,, ., at the pre-transition
stage if these parameters are calculated fromitfezahtial mean velocity.

The linear correlation between ti&e, .., andRey in the transient pipe and
channel flows are respectively as:

Rey, max = 0.99Rey (4.12)
Rey max = 0.62Rey (4.13)

The differences between the actual momentum thgkriReynolds number and the
prediction of equations are less than 22% and 1&8perctively for the two equations
during the pre-transition region*E0-19.8).

As shown in 84.3.1, the growth R4, is the same in the channel and pipe flows
during pre-transition. The difference between Reg,,,,-Rey correlation in the two
flows is therefore attributed to the different gtbwates of the vorticity Reynolds number,
which are in turn due to the different growths lo¢ tvelocity gradient in these flows.
Initially (t*=0 to 14), the growth of the velocity gradient bétpipe flow is faster than
that of channel flow, but latet =14 to 19.8), the growth of velocity gradient op@i
flow slows down dramatically, contrasting to theasty growth of the velocity gradient
in channel flow. Consequently, tiRe,, ,,,,.-Req correlation is geometry dependent. This
may have some implications when the models devdldy@esed on the boundary layer
correlation are directly used for a channel, pip®tber internal flows. Further studies

are required to develop a better understanding.
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Figure 4.14: Development of vorticity Reynolds nentiRe).

(a) pre-transition; (b) transition and fully turbat stages; (c) Relationship between

Re,maxandRe at pre-transition stage (based on local mean itg)o¢d) Relationship

betweerRe,maxandRe at pre-transition stage (based on differentialre=locity). Lines

with makers: pipe flow; makers: channel flow.

4.3.7 Budget terms

In this section, we present the variations of theldet terms oi/',u’, during the

transition period. The transport equatiorugfu’, in a cylindrical coordinate system is as

follows:
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On the right hand side of the equation, the temos fleft to right are production,

1 dru,'u,’? 1

—+_
r ar Re

pressure strain, pressure diffusion, dissipatiae, reurbulent transport and viscous
diffusion, respectively. The pressure diffusionnteis 0, which is not studied in the
following section. The term on the left is the teargd variation terms, which is less than
10% during the pre-transition stage (not shown).

Figure 4.15 shows the budget termsigi’, normalized withu,*/v att*=5.6, 11,

20, 25, 33, 42. The budget terms of the final stethow (t*=97) are shown for
comparison. Since the data is normalized usingttsemble-averaged friction velocity
at the corresponding, the absolute variations during the transitioretiqgal cannot be
shown. Instead, they show how the distributiongatevfrom those of a fully developed
flow. At the beginning of the transient'€5.6), the budget terms are very low compared
to the final flow results. This is due to the rapidrease of the wall shear stress.

There are characteristic differences between tdgdtdistributions in the transient
flow and in a steady turbulent wall shear flow sHy, the location of the peak production
moves fromy*=10 in steady flow tgy*=20. Secondly, the dissipation term remains
rather uniform in the wall region (say <20), whereas a typical feature of the wall shear
flow is that the dissipation increases as the wadlpproached. Thirdly, as noted before,
the pressure—strain term remains very low comp#oethe production term, which
implies that little energy is supplied ¢ andu, components. These features of the

budget terms are related to the fact that thebtlence" generated during the pre-
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transition stage is not conventional turbulence due to the elongated streaky structures
(t*<20).

Figure 4.15(f) shows the response of the producti)n pressure strain/{) and
dissipation £) terms integrated overt°~0~50 andy*°~50~100 respectively. All three
terms are normalized witRu,,*/v to show the absolute value of the developmeritexfe
terms in the two regions. During the pre-transipeniod ¢*<21), the pressure strain term
remains unchanged in both regions. The productiehdissipation terms grow steadily
in the near wall region, but no significant changes observed in central region. The
production term is mainly balanced by the dissgraterm at pre-transition stage in the
near wall region, whereas it is balanced by boéhpiessure strain term and dissipation
term in the central region. The values of the thegms in centre region are multiplied by
7 for clearer display.

The growths of the budget terms in the near wajlome during the early period
(t*<20) are not associated with conventional turbwdetait a reflection of the streaks
developed in the region gft°~0~50. Later during the transition periad£21~40), the
growth rates of the three terms increase signifigam the near wall region. In the centre
region, the growths of these terms are delayed tintBO when the pressure strain term
starts to increase significantly. The dominant teare still production and dissipation in
the region ofy*°~0 to 50. However, the pressure strain term ince#sa significant
level in both the near wall and the central regidinstarts to overtake the dissipation for
t*>40 in the region of*°~50 to 100, where it redistributes a significant amtoof
energy from the streamwise component to the othercomponents. The budget terms

reach a peak at~40, and then they drop to the steady state valucs44.
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Figure 4.15: Development of budget termsigfu’,,.
(a) production; (b) turbulence transport; (c) visediffusion; (d) pressure strain; (e)

disssipation; (f) spatial integration of (a, djrejhe wall and core regions.
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4.3.8 Effect of starting and final Reynolds numbers

The results discussed so far have been for a fiteting and final Reynolds number. An
interesting question to ask is that what will hapfethe starting or the final Reynolds
numbers are changed. Potentially, the transierdgsomay be affected by a number of
factors, including the initial turbulence charadcs (dependent oRe,), the ‘free
stream’ velocity (dependent dte,), the change rate of the mean velocity (depencient
(Up1 — Upo)/At), and the free stream turbulence level (dependeRe, andRe,). The
rate of change of the mean velocity plays a weskase long as the acceleration time is
much less than the onset time of the transitior2(S3). It was shown that, in a channel

1

flow, the critical Reynolds numb&e, ., (=t "Re;) is proportional td"u, " 71 where

te" is the time for the onset of transitidhy,, is defined agu’,150,max)/Up1s U rmso,max
is the peak value of the r.m.s. of the streamwisguating velocity of the initial flow. In
Fig. 16, the results of 3 cases of pipe flows viltk same initial Reynolds number
(Rey=2650) but different final Reynolds numberfe{=3000, 5220, 7362) are plotted
against the data obtained from channel flows (H8e&ddighi 2015). Those cases are
simulated with the same mesh setup described troeeZ for the caseRe=2650-7362).

It can be seen from Figure 4.16 that the criticaydlds number for the pipe flow
collapses extremely well with the correlation ok tbhannel flow. The correlation

~171 can also be used for

developed for the channel transient fla¥e, ., = 1340Tu,
the pipe flow. For detailed discussion, the reddereferred to the study on transient

channel flow (He & Seddighi 2015).
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Figure 4.16: Variation of the critical Reynolds roen againstw

4.3.9 The effect of acceleration time on the transition

It is shown above that the response of a turbdlem subjected to a sudden increase in
flow rate is a bypass transition process. A quastmask is what will happen if the
acceleration is slow, i.eAt is large? This question is examined in this secty
analysing the results of a series of ramp-up flantk the same initial and final Reynolds
numbers but differemttac. The initial flow and final flow are 2650 and 4778spectively.
The mesh resolution is adjusted to 600x96x240. IQtbails of these simulations are
shown in table 4.2.

To give an impression on how fast the accelerasam terms of physical time used
in experiment, this acceleration time of the testes are transformed into physical time
as 0.13s, 0.63s, 1.25s, 1.95s and 2.5s (the pgweeter 50.8mm as used in He and
Jackson 2000). The fastest acceleration of He &stac2000 was implemented in 2s and

it was hard to reduce this acceleration periochiartdue to the limitation of the valve.
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Table 4.2 Summary of simulation details

Case Atac UDmaxot (ADmaxa™ A(rO)maxd A Dmaxi” (Ar)maxd (AN maxt® (A)mine"  (A)mint"
RP1 1 6 10 .87 4.5 2.2 3.6 0.16 0.23
RP5 5 6 10 .87 4.5 2.2 3.6 0.16 0.23
RP10 10 6 10 78 45 2.2 3.6 0.16 0.23
RP15 15 6 10 78 45 2.2 3.6 0.16 0.23
RP20 20 6 10 7.8 4.5 2.2 3.6 0.16 0.23

(Re,o = 180, Re,; = 300; Reyo = 2650, Rep, = 5300; N, X N, X Ny=600x96x240; Domain: 20R)

The Cr and onset of the transition time are summarizeBligure 4.17(a) and (b). The
value of Cr reaches a higher peak but faster in a faster ransfear kink point shows on
theCr curves, which indicates the withdrawing of the lagab body force. Before the
withdraw of the body force(; reduces nearly linearly with time. Without the diddhal

body force, C; of all cases develops in similar patterns.

0.01t 25
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Figure 4.17: The critical transition time again&t accelearation time.

(a): theC; of differenct flows; (b): the onset of transitiome againest accleration time.
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Thet,," predicted by the formula,* = (1340Tu,”""")/Re; is about 16. A
largerAt,. delays the onset of the transition identified byimumc;. To At,. = 1, the
onset of the transition is converged to the valezligted by the formula. The delay in
t." is not surprising. For a slower ramp, the boupdayer due to the change of flow is
established in a slow and gradual manner (Seddigii. 2014).

The flow structure response of the different casasbe observed in Figure 4.18. In
theRP1, att*=10, there is clear low speed and high speed strdd&le low speed streaks
and high speed streaks are elongated and growzénlaier. Tot*=18, large mount
vortices show around the streaks.tAt27, the pipe is full of vortices. This phenomenon
is similar inRP5 andRP10. In slower rampskP15 andRP20, the growth of streaks is
not significant and the generation of the new tlebce in the flow is slower.

The spanwise correlation reflects the developinthefstreaks. The-coordinate of
minimum peak represents the mean spanwise spaeimgén streaks, which shows at
t*=17 that the streaks spacing are smallé¥Rn. In other cases, the difference of streaks
spacing is not significant. This situation rematost*=26. The transition is nearly
completed at this time iRP1, while in other cases the transition is not sigaifit. The
y-coordinate of minimum peak represents the stresgfharation between streaks. It
shows that the minimum coordinate is increased significantly betweérl13.5 to
t*=26 inRP1, which is associated to the earlier breakdowntidags. Att*=63, the
correlation curves of different cases collapse ttoge indicating that the transition is

finished.
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Figure 4.18: Transition scenarios in different case
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Figure 4.20: Turbulence growth in different cases.

The growth behaviour of turbulence is examinedtbg@ng the r.m.s of fluctuating
velocities at selected locations in the centrearegind the near wall region. It is shown
in Figure 4.20 that thgrowth of u', ,,,s is delayed as the observation position moves
toward the centre. This phenomenon is found amdrapses. The growths of, ;s at
near wall region are slowed down as fftg, increases, which is consistent to the slower
growth of streaks in these cases. The delay efigetto slower ramp is decreased as the
observation position is close to the centre ofgipe. It is noticed that the maxims of
u, »ms at near wall regions reach a similar level at thsétransition in different cases.

Comparing to the, s, the growth delays af’; s due to increase @t,. is more
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significant, especially at the near wall regione ®ower the ramp is, the later the growth
of theu', ;5. Although, there is delay in onset of the growittie, rate of growth i, ;-5

at the near wall region are similar. This phenomeinaplies the turbulence generation
mechanism in slow ramp is similar to that in fashp.

The response of energy spectrum furtherly revdadsfliow structure change in
different cases. The subplot in Figure 4.21 is useshow the spectrum change in low-
wavenumber regions. The steady state spectrunsasiratiuded for reference. At<3,
the spectrum curves almost collapse. Astthacreases to*=10, the separation of
energy spectrum becomes more and more clear. Wter fthe ramp causes more

significant energy growth at low-wave numbers.
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Figure 4.21: The behaviour of enesggctrum in different casesjat®=15.
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The high wavenumber regions, reflecting the resparissmall scale motions, illustrate
energy growth, which increases/fs,. reduces. The energy in low wavenumber regions
starts to reduce at=20 inRP1, but in other cases, the energy still grows. Tihergy
spectrums collapse togethertat63.

Apart from these turbulence responses, the buégeitst behaviour is important to
understand how the turbulence is generated anstrbdited. As shown before, there are
five terms in the budget af ,u’,. However, the most important three ones are the
production, dissipation and pressure strain teFigaire 4.22 shows the developments of
the three terms at a near wall regignt{=6.4) and a centre regiory{(°=108). The
production and dissipation increase immediatelgrafihe change of flow rate at the
y*9=6.4. The faster acceleration increases the injtialvth rate. The growths of pressure
strain terms at this region are delayed and tha&ydslenhanced as the acceleration slow
down. In the centre region, all terms start to@ase at arountd=20. The delay effects
due to increase of acceleration period are noifgignt.

As mentioned in section 4.3.8, recent years, tered modelling has been developed
to a more advanced stage. Some modelsylikeRey transitional modelling, are based
on physical transition mechanism, which are beliete be advanced than traditional
modelling. However, this modelling is specially dged for the boundary layer flows.
The key correlations are mainly obtained from tberiary layer flow data. Its generality
in other inner flow should be examined carefully ghown before, a linear correlation
betweerRe, ,,q.x aNdRey also exist in the transition process of pipe ananoel flow,
but it depends on the definition &y andRe,, 4, . Only the definition based on

differential velocity shows linear correlation beiswn the two parameters.
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(a), (c), (e): Production, Pressure strain, Diggpaaty *°=6.4; (b), (d), (f):

Production, Pressure strain, Dissipation #t=108.

It is worth to check how this linear relationshiffeated by the slower implemented
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accelerations. In Figure 4.23, the dat&8fl, RP5, RP10 shows linear or quasi-linear
relations. In other two flows, the linear relatiemnot clear. The length of the linear
relation is found different. IRP1, this relation breaks at 16.2, which is closeh®dnset
of the transition. Whereas, RP5 andRP10, it stops at arountl=12. After that, thekeg
starts to decrease bke, ,,,,,, remains to grow. The ratio betweRa,, ,,,,,, andRey in the
linear region oRP1, RP5 andRP10 is found 0.84~0.95. This value is found similar to
the step ramp caseské,=2650,Re; =7362), which show®e,, ., = 0.99Reqy. As
addressed by Langtry (2006), the developmemegfreflects the growth of disturbance
inside the boundary layer. This is confirmed byabservations shown in present study,

which shows that, the growth of streaks is stromgéast ramps than those in slow ramps.

260
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Figure 4.23: The relation aRe,, 4, andRey in different cases.

4. 4 Conclusions

Through a systematic study on the transient pipe Bubjected to flow rate changes, it

is shown that
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(1) It is similar to that in a channel, the transidatfin a pipe after a step increase in
flow rate is effectively a laminar flow followed ba bypass transition. New
turbulence generated through bypass transition amesims initially occupies the
near wall region; it propagates into the central region following the completion of
the transition.

(2) The general trends of the transition in the pipe emannel flows are found to be
the same in the near-wall region. The similariiegong the two flows are not only
in instantaneous flow structures, but also in theeenble-averaged statistical
values. The transition onset prediction formulaaoi®d from channel data works
very well for the pipe flow. However, there arealletd differences in the central
region between the two flows during the transistage. The growth of turbulence
in the pipe at this stage is faster than that endimannel flow. This is attributed to
the stronger mixing effect in the pipe, where tharsvise space becomes narrower
as the flow goes closer to the centre.

(3) The developments of the mean velocity profilespwignt viscosity, vorticity
Reynolds number and budget terms are analyzes.fttund that the growths of
the turbulent viscosity and the vorticity Reynoldamber are quantitatively
different in the two flows, which are attributedttee differences in the velocity
gradient developments. These results may provigdulusnformation for the
development of turbulence models.

(4) The typical flow response in a bypass transitiothesgrowth and break down of
streaks. It is found this scenario in a slow rarpdaw is not as significant as in
a fast ramp-up flow. However, although there isagedffect, the growth of the

statistics is similar, disregarding to the slowfast imposed accelerations.
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(5) During the transitional stage, the linear relationRey and Re,, 4, IS Only
observed in the fast ramp-up flow. As the ramp-tgcess is slowed down, the
linear region reduces. The slope of linear regioffiast ramp-up cases is found

between 0.84 and 0.95, contrasting to a typicglestaf boundary layer flow 2.193.
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Chapter 5

DNS of Turbulent Pipe Flow with Non-uniform

Body Force

5.1 Introduction

Mixed convection heat transfer is frequently endered in thermal energy systems. One
of the important factors that influence the heamsfer in mixed convection is buoyancy.
The presence of buoyancy in such flow may enhamteience production or suppress
it, leading to improved or deteriorated turbulenoéxing and heat/mass transfer.
Buoyancy affects turbulence through structurabaemnal effects (Petukhov & Polyakov
1988). The former is due to density fluctuationsediy contributing to the turbulence
production or destruction, which is representedaagce terms in the transport equations
for turbulent kinetic energy and dissipation in tRANS modelling framework. The
external effect is the response of turbulence éadistortion of the mean velocity profile.
The effect of the non-uniform body force is the povenon that we are concerned in this
chapter. For vertical flows, this is one of the diloamt mechanisms that govern flow

behaviours (Jackson 2006; Jackson 2013).

He (2006) conducted exploratory simulations of ided flows subjected to a

prescribed body force specified in a simple fornliméar/stepwise distribution to gain
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insights into the common characteristics of turbagin non-equilibrium flows. The
results revealed some promising findings regarttngow turbulence and flow respond
to a body force. However, the preliminary study wassducted using Reynolds Averaged
Navier-Stokes (RANS) approach and there is inelgtalimit on the definitive
information provided by RANS on flow physics in aslic research such as this. Indeed,
the improvement of the performance of turbulencédetefor simulating non-equilibrium
flows was an important aspect of the initial mdtiwa. In the research described here,
we intend to carry out a comprehensive study orgémeric ‘body force phenomena’ by
performing numerical experiments using Direct Nuc@rSimulation (DNS) to improve
the understanding of the flow behaviour in such-aquilibrium flows and the inherent
connections between them, and to provide new aaitthé improvement of turbulence

models.

5.1.1 The prescription of the body force

In this section, it is intended to identify the o of ‘body forces’ in selected non-
equilibrium flows and to replace them with ideatisbody forces with simplified
distributions and then to study the flow with sbddy forces. This comprises three steps:
i) Extract the real (buoyancy) and the apparer@r{ia) body force from physical flows,
namely mixed convection in a vertical pipe flow amasteady flow in a pipe, to; ii)
simulates idealised turbulent shear flows subjecteda prescribed body force
representing those obtained from (i); and iii) dimbel idealised flows with further
simplified body force distributions, namely lineariation or stepwise-changing body

forces.
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Previous DNS studies of mixed convection flow pdavsome useful data for the
first step. In the DNS study (Yaat al. 2003; Beeet al. 2006) of mixed convection heat
transfer in a vertical tube, the non-isothermalfis simplified by applying Boussinesq
approximation, in which all the variations of tinetmal properties are ignored except for
the buoyancy due to the variation of density calsei@mperature change. The ensemble
averaged buoyancy distribution depends on localnnmiEmsity or mean temperature,
which varies approximately linearly in the near wagion (Youet al. 2003; Beaet al.
2008). As discussed in Chapter 2, the aiding buoy#orce increases the velocity in a
region near the wall but decreases the velocitpthrer part of the flow due to the
conservation of mass. It is useful to observe squaditative and quantitative features of
the buoyancy distribution in some mixed convecftlows. Figure 5.1(a) shows the local
density distributions in a supercritical fluid withixed convection, representing the
distribution of buoyancygdg). At a certain distance from the pipe inlet@5), a very
thin thermal boundary layer is formed, which causesharp decrease in density. The
thermal boundary layer develops downstream=p5), resulting in a more gradual
variation of density. Figure 5.1(b) shows the digndistribution in a strongly heated air
flow (at x/R=49), which is different at different heating camahs. In Figure 5.1(c), the
density data of both a supercritical fluid and anmal air flow are plotted. For the flow
of supercritical fluid, the density change is vetgep in certain regions, whereas the
density of the normal air changes linearly in treamwall region. These buoyancy
distributions result in a flow acceleration in tihegion near the wall but a flow
deceleration in other regions (compared to theefmanvection flow). Interestingly, the

flow with a temporal acceleration studied in chagteis affected by the inertia change

(p %) during the transition, which can be regarded sfsezial ‘body force’. Figure 5.1(d)
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shows such terms at different times. The ‘bodydbig quite large at the beginning, and

it reduces to almost 0 at the end of the transitiothe centre of the pipe, it is positive,

which reflects the ‘plug-like’ acceleration of tkere flow. In the wall region, the flow

slows down at some times (shown in chapter 4, Eigut0).
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Figure 5.1: The distribution of body force in flows
of the mean density of (a) Bael. (2005); (b) Baet al. (2006);
(c) Heet al. (2008); (d) the inertia term of an acceleratiomfi@ghapter 4).

Above summary of ‘body forces’ in some physicalmtosuggests that all of these

flows can be represented by turbulent flows wittoa-uniform body force, which distorts

the mean flow and in turns causes turbulence tog#an similar way. The idealized

body force distributions are designed to simulagse in Figure 5.1(a), (b), (c), which

are further simplified to linear and step changgoas. On the other hand, the total body
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force is determined by an integration of the boorcé over the flow domainntbf),
normalized by, DL, that is

F = [[[ rbfd6drdz /(t,onDL) (5.1)
wheret,,,, D, andL are the shear stress, diameter and the lengtipef gespectively.
The total force amplitudg in a real flow mostly depends on parameters, sisdrroude
number (/Fr , Baeet al., 2005). It is evaluated that the amplitudel pFr in several
DNS studies ranges from 0.003 to 0.081 (0.003-Q.0ta et al. 2003; 0.027~0.081,
Baeet al. 2005; 0.01~0.025, Ba#g al. 2006). Based on the prescribed information, the
idealized body force is designed and shown in Eigur2. There are four groups and 22
cases in total. These body forces are parametdoizéd|,, (wall amplitude)F (the total
force amplitude)body force coverageyt®, where the body force is positive) and the
distribution type of the body force (step or linedn real flows, the body force is mainly
limited toy/R=0~0.5. The coverage of the prescribed body fartieited to this region.
In groups A and Chf,, is fixed but the coverage varies betwgefi=15@v /u,,, Wwhere
0 represents the base flow wRl, = 180) andy*°=90. In other regions of the flow, the
body force is set to be 0.

Similarly, groups B and D are designed with fixexy@rage but differertif,,. The
above prescribed body force is added to the rightside of the streamwise momentum
equation (eq.5.2) as a source term throughoutithelation, while the mass flow rate is
kept at a prescribed value. The streamwise momeatguation reads:

94z , 9429z  194:qr 1 94296
ot 0z r or r2 06

op dP 1 (d%q, 10 dq, 109%q,
“%‘EJ’E(WJ’?ET or T2 aez) Y 62
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where,bf = bf* - R*/(p* * Upo*z) andU,," is the centre velocity of the laminar flow,
where superscript * refers to dimensional paramatel no * is for non-dimensional
parameter.

All simulations are conducted on a pipe with a ter0R and the mesh resolution is
600%x96x240 (streamwisexwall-normalxspanwisexf). Other simulation details are
summarised in table 5.1. The statistical resuksdotained via ensemble averaging in

two periodic directions and averaged over 50 inddpat flow fields after the flow is

fully developed.
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Figure 5.2: The distribution of body force.
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Table 5.1 Simulation details

Case AzZ* A(r@max Al max Al min’ Re Re
Base 6 4.7 3.6 0.14 180 5300
Al~A4 6.2~6.4 4.9~5 3.7~-3.9 0.14~0.15 187~193 5300

B1~-B8 5.3~9.2 4.1~7.2 3.2~55 0.12~0.21 159-~276 5300
Cl-C4 6.3~6.7 5~5.2 3.8~4 0.15~0.16  191~200 5300

D1~D6 4.8~8.4 3.8~6.5 2.9~5 0.11~0.2  144~231 5300

5.1.2 Turbulent flow with body force abstracted from mixed convection flow

Before we proceed to study the turbulent flow wéh idealized body force, it is
interesting to check to what extent the turbulteaws$ with the body force abstracted from
some real flow represent original flows. The 3 sasieYouet al. (2003) are used to do
such validation (here after referred to as YoulyXand You3). The body force extracted
from Youet al. (2003) and similar the corresponding artificialdgdforce used here
artificial body force is shown in Figure 5. 3. Thedy force of You takes a linear form
near wall and reduces gradually to zero in the obrihe flow contrasts to the sudden
change of artificial body force at the out edgehaf force coverage. The mean velocity
and Reynolds stress results are shown in FigureFigdres 5.4(a) and (b) show that the
simulation results with these extracted body f@neevery similar to the real flow results.
For some cases, like Youl, the data of the real #iad the flow with fixed abstracted
body force almost completely collapses on top afheather. The small difference
between the two flows may be due to the fact thatartificial body force cases neglect
the direct effect of buoyancy, which is more sigmaint in strongly laminarized flows.

But overall this effect is small. Figure 5.4(c) afaJ shows a comparison of results of
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between the flows with linear body force and thred¢cases of You. These artificial body
forces have similaF and body force coverage to that of You's. Youlsightly

laminarized and You2 & You3 are recovery flow. dtshown that although there are
detailed differences, the general trend of You'sesaare well represented by the flows

with linear body force.

0.02
B1-F=0.35
S B4-F=1.21
0.016 |
i —  B5-F=1.91
5 0012 | T DS

—e— bf2-F=1.2
—— bf3-F=1.4

G
- R—erz<p from You

Figure 5.3The body force of You and three similar artifidialdy force.

The results in Figure 5.4(a) and (b) illustratd tha effect of non-uniform body force
(buoyancy) is the main reason that causes thelambel and heat transfer deterioration
in these flows of You and the direct turbulencedoiction due to buoyancy are small.
The comparative study between You’s flows and tbed with an artificial body force
also demonstrates the possibility to use an aeifisody force to study the effect of

buoyancy on flow and turbulence.

103



5.1 Introduction
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Figure 5.4:Validation of the method based on Yalata.
(a)the mean velocity, (b) the Reynolds stress coreparibetween You's result and the current
simulation result with abstracted body force forouY, Youl & You3. (c) the mean velocity, (d) the
Reynolds stress comparison between You’s resultthadcurrent simulation result with similar

artificial body force.

5.1.3 General picture of body force effect

Figure 5.5 shows the velocity profiles of all testtcases in linear global coordinates and
semi-logarithmic wall coordinates, respectively.thMihe increase of the body fordg, (
either through increasing the coverage or the dugd), the general trends of the

variations of the velocity profiles in each of @p@ups are similar to each other. We will
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focus on group B to elucidate such trends but conmtroe the differences between the
groups as appropriate. With a relatively low bodycé (cases Bl to B3), the velocity
profile is only distorted slightly, becoming flatied in the core of the flow. The centreline
velocity becomes lower than that of the referenasec and the velocity around say
y/R=0.3 becomes higher. The velocity gradient neamthk is always lower than that
of the reference flow, and decreasing with theaase of the body force. This is however
not always the case in other groups. For exampéeyelocity gradient adjacent to the
wall is higher in A1 and C1 than in the referenlosvf and hence under such conditions
the friction factor is increased in comparison tita reference flow even though the flow
is partially laminarized (see later). Further iragieg the body force, the velocity profiles
suddenly switch to an M-shape profile, which hagrb@bserved in many mixed
convection flows (Yot al. 2003; Baeet al. 2005; Baeet al. 2008). With the increase
of the body force, the velocity in the centre o fhipe reduces and the velocity gradient
adjacent to the wall increases, and as a reswtfrittion factor also increases. The
variation of the velocity profiles with increase lmddy force follows a similar trend in
Group D, but in Groups A and C, the velocity gratieear the wall remains largely the
same in the various test cases. That is, the d\¥ectibn is insensitive to the increase of
the imposed body force. This will be discussedherriater.

Figures 5.5(e)~(f) show how far the velocity presilcan still be described by the
generic logarithmic distribution. For the weakedpdorce influenced cases (B1 to B3),
the velocity is upshifted with increase of the bddsce, showing increasingly stronger
laminarization. There is always a region of lodaritc distribution (linear variation in
the semi-log plot) in each case, but the gradienbmes steeper with increase of the body

force. In consistent with the observation in Figuge5(a)~(d), the profiles of cases Al
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and A2 are actually downwards shifted as a reguhiaincrease of the friction velocity.
The plots of the M-shaped velocity profiles havtldi meaning in this style of
presentation, the curves follow the ‘standard’ eunp toy*~15, and then either curve
up or down first before going downwards in the cairéhe flow.

To illustrate the effect of the body force on tudmce, the turbulent shear stress and
kinetic energy are shown in Figure 5.6. When thaytdorce is relatively weak, say, B1
to B3, both turbulent shear stress and kineticggnezduce progressively with increase
of body force. In fact, the flow is effectively caetely laminarized in B3, where both
uv andk are negligibly small. With a further increase iodg force, negative shear
stresses are generated in the core of the flowttethagnitude of which increases with
the increase of the body force. At the same tirositipe shear stress also starts to appear
in the wall region. The peak value increases witliease of body force, and its location
moves closer to the wall. The production of negatiwbulent shear stress stems from
the velocity gradient of the M-shaped profile imeoegion, which has been discussed by
various researchers previously (Yeoal. 2003; Beaet al. 2005; Beaet al. 2008).
Along with the increase afv, turbulent kinetic energy also increases with ease of
body force. There are two peaks in the distributibhk, one is clearly associated with the
wall layer (the outer legs of the M) and the otiseassociated with inner flank of the M

(the core of the flow), linked to the negative wdnt shear stress.
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Figure 5.5: Linear and log plot of mean velocitygnoup A, B, C and D.
(a)~(d): linear plot of A, B, C, D; (e)~(h): logadlof A, B, C, D.
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Figure 5.6: Reynolds stress and turbulent kinetergy of group A, B, C and D.
uv of A, B, C, D: (a), (c), (e), (@)k of A, B, C, D: (b), (d), (f), (h).
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5.1.4 Correlation of turbulent state with boundary layer parameter

It has been shown above that the test casesdtcmlver all the typical flows encountered
in buoyancy influenced flows. Among the many distoigs presented above, two are of
particular interest: a) the ‘physical’ body forazmn be replaced by simple distributions
while keeping the flow behaviour largely the sanmibrough a systematic study, the
quantitative effect of the body force can be stdgiehich is useful to understand the real
flow. b) With suitably selected non-dimensionalgpe, the influences of all the real and
idealised body forces on turbulence, expresseering of the reduction/enhancement of
heat transfer, friction or other parameters, carcdreelated in a similar form. Such a
correlation is important in terms of providing tivks between the various different cases.
The following is devoted to finding such a corraat The following parameter is used
to correlate the data.

Modified friction coefficient:

nDLt,,—intbf
TTDLTy o

¢ = (5.3)

whereintbf an integration of the body force over the flow @gmandr,,, is the wall
shear of base flow.
Figure 5.7 shows the correlations based on thianpater. Figure 5.7(a) shows that the

modified C;’ togethemwith F correlates the cases very well. In additiGp,vs E; (=

fOR kdr also correlates the data. The latter reflectsehagionship between friction and

the turbulence. The correlations show an interggtiming region (arounfi=1), which
gives a straightforward criterion from where thewflis ‘completely’ laminarized and
where the flow starts to recover. On the left @ftilrning region, are partially laminarized

flows, while, on the other side are the recoverpulent flows. These features are very
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similar to the classid/u/Nu; — Bo plot (shown in section 2.1.1). As in a buoyancy
aided flow, it is shown that the turbulence stdteuxh flows roughly correlates with
but see more accurate discussions presenteditaseshown that a fully laminarized flow

always coincides with a situation when the frictionce roughly balances the applied

body force.
35 .
—o> A1-Ad (@ 0-008 (b)
2.8 F X
W 0.006 |
21t
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Figure 5.7: Correlation of different boundaryqraeters
with F and integrated kinetic energ¥y).
@) ¢/ — F; (b)Ey — F.

In order to facilitate further discussion, the flogtudied are characterized into four
types by the reduction or increase ratio of therRégs stress in the outer regign £=90)
where the Reynolds stress is linear. The classifica are summarized in table 5.2. The
flow typesl, I1, 11 andIV are partially laminarized flow, ‘completely’ lananzed flow,
partially recovery flow and strongly recovery flowhe velocity profile of regime | flows
is flattened in the core of the flow, but is ovemlly slightly changed from that of the
reference flow. The velocity always takes an M-ghiagpthe recovery regime, where the
inner flank of the M profile provides the reasom fioe generation of turbulence in the
core of the flow. The velocity profile of a fullaiinarized flow can take either of the

above shapes. The partially laminarized flows ame fully laminarized flows are
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5.2 Partially laminarized flow

discussed in section 5.2 and section 5.3. The resitf recovery flows are analysed in

section 5.4 and section 5.5.

Table 5.Zlassification of the flow according to the redoatofuv (a = % y/R=0.6)
0

Flow type | (0.3<a<1) Il (0O<a<0.3) Il (-1<a<0) IV (a<-1)
Al, A2 A3 A4 --
B1, B2 B3, B4 B5, B6 B7, B8
C1l Cc2 -- A
D1 D2 D3 025, D6

5.2 Partially laminarized flow

5.2.1 Turbulence in relaminarization flow-conventional view

Figure 5.8 shows the three components of the tartbulormal stresses normalised using
the centreline velocity of the laminar Poiseuillenf and in wall coordinates. It can be
seen from Figures 5.8(a)~(c) that the turbulerdgssies reduce in all the cases though
some of the reductions are stronger than otherse Mignificantly, the reduction in the
wall-normal and circumferential components is alsvayuch stronger than that in the
streamwise component. The cases with the stromgédsttions in.',. andu’y are cases
A2 and B2, where they reduce to approximately balthat of the reference case. By
contrast, the reduction i, is only approximately 10% and 30% in cases A2 B&d
respectively. For case D1 the peak values ofithendu’y reduce by about 30%, but

the peak value of th&', remains more or less the same as that of theerefercase near
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5.2 Partially laminarized flow

the wall, even though the values are clearly redunethe core. As a result of such
unequal reduction in the three components, theautence becomes strongly anisotropic
which is known to be a characteristic of a laminag flow (Narasimha & Sreenivasan

1973; lida & Nagano 1998; Tsukahaaal. 2005).

0.12

0.03

a)

1
u 0,rms

0 50 lOOy+ 150 200 0 50 lOOy+ 150 200

Figure 5.8: The r.m.s of velocity fluctiaas in global and wall unit.
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5.2 Partially laminarized flow

In the above, the discussion of turbulence rednas based on the absolute values. In
Figures 5.8(d)~(f), the same results are presanteall coordinates, which enables us
to study how far the turbulence in a laminarizingwf deviates from the generic
distribution of an equilibrium flow. Again the twrlence quantities show various levels
of reductions in all the cases studied. The rednds stronger i, andu’y and less so
inu’,. However, the percentage of reduction has changede significantly in some
cases than in others, leading to a change of ther @f the severity of laminarization of

the flows. For example, the peak valueubf,,,; is lower in B2 than in Al but the

opposite is true irm’z,rms+ presentation. Overall, the turbulence reductionlmEstronger

or less strong in the absolute terms or in waltsudepending on the flow conditions,

which makes the prediction more difficult. Additadly, the location of the peakzms+
has shifted away from the wall in the laminarizkavs which has been observed in the
literature (lida & Nagano 1998; Tsukahaitaal. 2005).

For a particular type of body force, it is alwaysget that the larger the total body
force (F), the stronger the effect in supressing turbuleHosvever, the criterion as when
and how much turbulence is influenced normally cefn@m empirical correlations from
either experimental tests (Launder 1964; Narasifl&eenivasan 1973) or computer
simulations (Bergeet al. 2000; Youet al. 2003).1t is even more difficult to compare

the effect of different body forces on turbulence.

5.2.2 A new perspective

Ordinarily, comparisons of flows under various flamenditions are based on equal
Reynolds numbers, which is the basis of the disonggesented above. For a given flow

rate, the turbulence in a flow subjected to a noiieum body force may be significantly
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lower than in the reference flow of the same Regsolumber where the flow is driven
by only the pressure gradient. We therefore refesuch flows as partially laminarized,
the example of which include, mixed convection iredical tube (McEligoet al. 2004;
Beaet al. 2008), accelerating flows (Chug al. 2005; Talha 2012) and some flows
subject to certain control mechanisms (Kim 201&)diacussed in the introduction.
Below, we analyse the body-force influenced flowsf a new angle which leads
to a new theory on laminarizing flows. We will shalat this new theory reveals the
fundamental characteristics of the body-force @ficed flows much more clearly than
does the traditional viewpoint and that it enalgjesd predictions of laminarizing flows
to be achieved as a result. Taking a Reynolds gedraiew of the flow, the governing
equation for a statistically steady flow of an ingwessible fluid in a pipe, sufficiently

away from the entrance is written as:

0=-2422 (=2 —m)| + bf (5.4)

dx ror Re Or

where bf is a body force varying along the radius, but ommf axially and
circumferentially, i.e., a function ofonly. Let us now consider another flow that ivdn
by a pressure gradient that is the same as thhé dfody-force influenced flow, but with

the body force removed. Using subscript ‘1’ to oade this flow condition,

__lakh (10 [ (10U1 o0
0= p dx + T or [T (Re or uvl)] (5'5)
dp, dP .
Where,a =— Subtracting Egn 5.5 from Eqgn 5.4,
10 10U __,
0=;; r(gy—uv )]+bf (5.6)

whereU’ = U — U; anduv’ = wv — uv;. Introducing the eddy viscosity concept, i.e.,
uv = —vti(au/ar), wherev, is the turbulent viscosity, the above equation ban
Re

written as:
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5.2 Partially laminarized flow

19 19U’ 10U 19U,
(5 —Vers o — Vo pea)| + bf (5.7)

We now make the following assumption, the validifywhich will be demonstrated
throughout the remaining part of section 5.2: Thditon of the body-force does not
change the turbulent mixing characteristics of ftbev and in particular, the turbulent

viscosity remains unchanged. As a result, Eqn &coimes:

110

= L1 (A+v) 2] + bf (5.8)
wherev,, is the eddy viscosity of the reference flow withany body-force (i.e., from
the solution of Egn 5.5). Consequently, with tleduson of the reference flow, the
perturbation flow due to the imposed body force lbambtained by simple integration of
the above equation. Hereafter we refer to the fitscribed by Eqn 5.5 to be tlip-
based reference flow (with second subscripts 1&2wa later) of the body-influenced
flow that has the same pressure gradigmdx. Similarly, we refer to the undisturbed
flow (i.e., no body force) of the same Reynolds bento be th&ke-based reference flow

(with subscript 0).

Integrating Egn 5.5 resulting in an expressiorhefforce balance in the flow:

_rae 1 — gy — LU
2dx+rf0rbfdr uv — - (5.9)

The first and the second terms on the left arectirdributions to the total shear stress

from the pressure gradient and the body force,det®r,, andz,,, respectively.

_ R dp

= +
r=R 2 dx

Letting r =1, we obtain the total wall shear stress to ﬁg@—:)

%fOR rbfdr, which we denote as, = 1, + 7. The total shear stresg = 7,,, + Ty

of the body force influenced flow (case B2) togethih those of the correspondiig-
based andp-based reference flows are shown in Figure 5.9lustiate the various

concepts.
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In this particular case, the total wall shear of(Bg) is greater than that of thie-
based reference casg, ), but the reverse is true in many other casesdd@ition,
the wall shear stress of thp-based reference casg,{) and the contribution of the

pressure gradient in the body force influenced (@2en here) are equal, i.&,,p = Typ.
We define a friction velocity based on pressureligrat component a$;, = \/7},,/p",
which is referred to as the apparent friction vitfo@and similarly,Re;, = U;,R*/v* as

the apparent Reynolds number of the flow. Thesemapertant parameters in the new

framework of analysis.

0.0012

0.0008 |

wh \

Figure 5.9: The shear stress distribution of B2 laae cases.

We now inspect the turbulent eddy viscosity obtdifi@r the various test cases

studied herein, which are shown in Figures 5.18¢&) (b) in wall coordinates based on

the complete flow{(;) and the apparent friction velocity ), i.e.,y* = *—=— Twzp*y and
+1 Twp*/P*y . .
y*tt =>*————= respectively. It can be seen from Figure 5.1@a} the turbulent

viscosity reduces in the body-force influenced sasecomparison with thRe-based
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reference case. B21 is a case with body force Btlae mean pressure gradient of the
base flow. Generally speaking, the larger the botye, the stronger the reduction, which
is consistent with the observations on turbulengantjties presented earlier. This is in
good accordance with the conventional theory, whagiplains flow laminarization
phenomena (Jackson 2011). By contrast, when tihel&nt viscosity is plotted against
y*1 (Figure 5.10Db), the values of the turbulent vigyom the various cases collapse
reasonably closely together near the wall. Awaynftbe wall, the data of the flows with
a low apparent Reynolds number deviates from thaégc’ distribution represented by
that of case Base; the lower tRe, the earlier the data deviates. This is largdRegnolds
number effect. To verify this, the data obtainezhfrsome low Reynolds number flows

together with the low Reynolds number data of Thukat al. (2005) are shown in the

15

U/

0 20 40 60 80 100

Figure 5.10: The turbulent viscosity f@malized byJ; (b) nomalized by/;,.
(Al2: thedp-based cases of Al; B22: thHp-based cases of B2)

figure for comparison. It can be seen that the fitata Tsukaharat al. (2005) Re,=110,
150) and that of the baske; =180) provide the lower and higher bounds of thiavith
only few exceptions. In most cases, the valuedheftrbulent viscosity of a flow are

commensurate to their apparent Reynolds numbe&orlusion, these results provide a
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5.2 Partially laminarized flow

good support for the assumption presented eardt, i) the values of the turbulent
viscosity of the body-force influenced flows ard sgnificantly influenced by the body
force and they agree well with those of their cepandingdp-based reference flows.

To further elucidate the idea, next we stthy turbulent shear stresses. The total

turbulent shear stress and the contribution dukegperturbation flow induced by the

body force, calculated fromw, = v; aa—l:, are shown in Figure 5.11(a). The differences

of those two terms are shown in Figure 5.11(b),ciwtare compared with the turbulent
shear stress obtained from the correspondmtyased reference flows (For clarity, the
case number is reduced in Figure 5.11b). A12 isbhse flow of A2 withdp/dx
calculated from A2. B22 is the base flow of B2 wilh/dx calculated from B2. The B21
is the base flow of B2 withip /dx calculated from base flowke,=180). The agreement
between the two sets of data is strikingly clodeictv again provides evidence validating
the underlining assumption that the turbulence ngxiharacteristics are not modified by
the body force. It can be seen from Figure 5.1thail the body-force induced turbulent
shear stresaify,) is only limited to the near wall region as exgegtand the values vary
significantly from case to case. Interestingly, ttantribution of uv, is not directly

corresponding to the total body force.
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Figure 5

For example, the body force in A1 and B1 are bo®5 Obutuv, is significantly higher

in B1 than in Al. Clearly this difference stemsnfrthe different coverages of the body
force in the two flows. The larger the coverage, ldrger the value afv,. In fact, the
contribution ofuv, to the total turbulent shear stress in Al is salkthat it can be
neglected. This has an interesting implicationt iye¢he body-force induced flow can be
seen to be a laminar flow, which makes the analgsisn simpler. What is really
interesting about this observation is that thel tobaly force does not have to be small; it

only requires the coverage to be small. Casestleah this category are A1, A2 and C1.
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line with circle-uv,
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.11: The Reynolds stressiligion of different cases.
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5.2 Partially laminarized flow

Typically, when the coverage of the body forcersted y*<20, the body-force induced
turbulence shear stress,) will be negligible.

Next we study the turbulent normal stresses inngae@ framework. The stresses
normalized by the apparent frictional velocify,,*/p* are plotted againest** in
Figure 5.12. Before studying the detailed behaviae first note that the apparent
Reynolds numbers of the most flows studied heranrather low, and some of them are

in the transitional flow regime. The values of #ygparent Reynolds number are shown

in Table 5. 3 for reference.

Table 5.3The appareniRefor laminarized flows (based d?)
Case Al A2 Bl B2 C1 D1

Reqp 160 113 140 110 126 138
Rep, 4y 2320 1560 1978 151760 1960

Tsukahareet al. (2014) studied low Reynolds number turbulent amahditional
flows in a channel witlRe, between 64 and 180. They have shown that the pees.
values of the’ andw’ at low Reynolds number reduce significantly. Selddata from

this reference are included in Figure 5.12 for carigon. It can be seen from Figures

5.12(b) and (c) thau’r_rms+1 andu’g,rms+1 in the various test cases do not vary much.
The peak values in some of the cases are lowerthizdf theRe-based reference case,
demonstrating a Reynolds number effect for theataahd circumferential turbulence in
low Reynolds number flows. These results show thaipntrast to the conclusions drawn
earlier based on the conventional approach usitigmiss based on the total flow, which
shows a strong reduction in turbulence, the radiadl circumferential turbulence

components are not significantly influenced byithposed body force. In contrast to this
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5.2 Partially laminarized flow
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Figure 5.12: The r.m.s of three compisi@ormalized by.,,,.
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5.2 Partially laminarized flow

trend (and to the trend demonstrated in conventigogs shown in Figure 5.8), the peak
values of the streamwise turbulent velocity in mtesit cases either remain largely
unchanged or are increased, in some cases, satlfic This is despite that the peak

values of the correspondinip-based reference flows remain close to that okéhdase
reference flow. It is noted that the cases in whithpeak value oi’z,rmSJ’ is increased

the most does not correspond to that with the mim'm’r,rm;, which corresponds
largely to the loweske,;.
Instead, the increase of thg ,,,,; with respect to that of thép-based reference

flow corresponds well with the corresponding inse@f the peak value of the body-

Uz rms,max™ (udp —base)

force induced turbulent shear, that4s; zrmsmax _ . (Wh)max , where

- (de—base)

(udp—base)

z,rms,max max

Uy rmsmax 1S the peak oft’, ... These two ratios are shown in Figure 5. 13, whese
taken to be 1/1.2 to match the two sets of dataritbe seen that the agreement between

the two sets of the values are indeed strikingbgelin most cases.

0.4
—s—Mmax@v,)/max@v,)

0.3 o 1.2maX(l'z,rms) /mlax ’z,rmso )

ratio

0.2

Figure 5.13: The reduction ratiowaf andu’, ;.
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5.2 Partially laminarized flow

It has been shown earlier that the turbulent eddgosgity, and the wall-normal and
circumferential stresses all remain more or lesshanged from their reference flow

values. The question is why, s is increased. We will show that the increase of

!

uz,rms+1 Is associated with the enhancement of the streakbe flow due to the
imposition of the body force, which is relevanta@enerally accepted turbulence self-
sustaining mechanism, as Figure 5.14 shows. leam 8 important ingredients, namely,
streamwise vortices, streaks and streamwise-depedd#urbances. There are three legs
connect these important ingredients. The firstileglves the interactions between
streamwise vortices’/(z) & w(z)) and the mean sheatl{/dy). The transient growth is

a well recorded mechanism in terms of streaks foaanawhich is the second leg. The
streamwise vortices will decay if they are notsgitaened via the third leg, which is non-
linear mechanisms involving streamwise-dependerdtuthances. More detailed
explanation of this circle can be found in Kim (20-and many other papers (Walleffe

1997; Jimenez & Pinelli 199@tc.).

streamwise vortices:
w(z), w(z)

streak formation:
p4u dv dU

dy " dz dy

vortex formation:
da, du
Vv=—_ ) —
dy ' T oy

third leg first leg

streamwise-dependent
disturbances:
w(x.z), v(x.z), wixz),
o (x.2), ﬂ{‘,{l'-i)

second leg

breakdown:

normal-mode instability,
transient growth
due to non-normality

Figure 5.14: The turbulence regeneration circledesd by Kim (2011)
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5.2 Partially laminarized flow

Referring to the turbulence regeneration cycleappears that the body-force (the
boundary layer it induces) enhances the streakrgéoe and transient growth processes
(legs 1 & 2), which are linear processes. It dagssignificantly influence the breakdown
of the streaks (nonlinear process — third leg)sTill be further discussed later referring
to the flow structures.

Before leaving this section, we revisit some irgérg features of the mean velocity
field. Figures 5.15 (a)~(c) show the profiles of thean velocity of the perturbation flow
induced by the body forcd/f), and the velocity difference, i.ély;rr = U — Uy, in
outer scaling and wall scaling respectively. The is obtained by a double integration
of Eqn 5.6:

Ups = Re for%for bf rdr + for uvdr (5.10)
It is interesting to note that the body force peyaled flow is not necessarily directly
proportional to the total body force. The coverhgs a significant effect. For example,
Al and Bl have the same total body force, butlthe fate of B1 is more than doubled
that in A1. The next thing to note is that the bdace induced perturbation flow is very
significant in comparison to the reference flowseTatios between the two flows are 13%
for Al, then around 35% for B1 and B21, around 56%41 and D1 and then 70% and
85% for A2 and B2. Thirdly, the differential flonakculated by subtracting the body-
force induced flow from the total flow agree extedynwell with some corresponding
reference flows (B21 & Al12 & B22& TsuRe,=110, 150)) based on DNS simulations
of equal pressure gradient. Finally it can be demm the wall coordinates velocity plot
that the profiles ot/ (= U — U,f) in most of the cases agree well with feebased
reference flow profile, clearly exhibiting a regioh logarithmic behaviour. There are

some cases where the velocity profile shows aivelsitstrong upshift, which is normally
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5.2 Partially laminarized flow

seen as a sign of laminarization. This occurs inaf@ B2, which corresponds to the

lowestUy; s and their correspondindp-based reference flows have the lowest.

03 @

0.2

Ubf
>~

0.1

O 1 I A RN L [ IR R

1 50
y

Figure 5.15: The decomposition of the meglocity (c:Ug; s normalized byu.,).
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5.2 Partially laminarized flow

5.2.3 Friction factor and the FIK | dentity analysis

Fukagateet al. (2002) has introduced a simple but useful anabyfsibe contributions of
different dynamic effects on the friction drag #oturbulent channel, pipe or a boundary
layer flow. The local friction is decomposed inamrinar, turbulent, inhomogeneous and
transient components. This method has been widséd un flow control and drag
reduction investigations and is referred to as fEkhtity. For flow in a pipe considered

here that is described by Eqn 5.5, the FIK expoesss,

16 1, 1
Cr :E+16f0 2ruvrdr+16f0 r? =1 (bf — F)rdr (5.11)

whereF = 2 fol bf r dr, being the averaged body force. From left to righé terms
represent the contributions due to laminar andulerii flows, and the body force. To
better understand the contribution of the bodydpthe turbulent contribution is further
split into a component due to th®-based reference flowti’y) and one due to the
perturbation flow induced by the body foraa):
16 fol 2ruvrdr = 16 fol 2ruvyrdr + 16 f01 21 Wy rdr (5.12)

The FIK analysis of the various partially lamin&dzcases is shown in Figure 5.16.
It can be seen that the total friction factor ia gartially laminarized flows can be higher
or lower than that of thBe-based reference flow. The Figure 5.16(a) illussahat the
contribution of the turbulence associated withghgurbation flow due to the body flow
is negligible in A1, A2 and C1 and are substantiathe other test cases, which is
consistent with earlier observations, referredigufe 5.10(a) wherev, is shown for
example. Comparing A1 with A2 (or B1 with B2), & noted that the flow is further
laminarized as a result of a stronger body forogl, lzence a les§ contribution from

uv,, but the contribution from the body force itsel€ieases. If a reduction of the friction
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5.2 Partially laminarized flow

factor is the objective, increasing the amplitufi¢he body force is more effective than
increasing the coverage, comparing, B1 & B2 with8AA2.

Next, we apply the theory established in 85.2 théoprediction of the friction factors.
We have established that the turbulent viscosityhim body force influenced flows
remains little changed from the values of theirespondingip-based reference flows.
Now, in Egn 5.11, we replace the turbulent sheaassttv; with their corresponding

values of thedp -based reference flows, and re-calculaig, using the turbulent

viscosity of thedp-based flows. The following formula is used to peetheCy.

16 L T5 rd Lo rd
Cfp_R_eb+ 16 [, 2 ruv, rdr + 16 [ 2 7 uvy, rdr (5.14)
Crp =16 [ (r? — 1)(bf — F)rdr (5.15)
au’

whereuv, = Ve~

The results are shown in Figure 5.16(b). It caisden that the total friction factors
calculated this way are very close to those caledlérom the original FIK formulation
(Egn 5.11). Consequently, the friction factor ofmlaarized flow can be accurately
predicted simply using the undisturbed turbuleowfdata and the profile of the imposed

body force.
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5.2 Partially laminarized flow
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Figure 5.16: The prediction of FIK of laminariziow.
(a): Cr of different components (b): Tt predicted by FIK and new theory against the DNS

result.

5.2.4 Budget terms

Budget terms are interesting for turbulence moadgléind reflect the momentum transfer
situation related to the coherent structures. leig.17 to 5.18 show the budget terms

for the streamwise and wall-normal stresses nomadlbyu,,. As expected, the terms

for bothu',u’, andu’,u’, normalized based an,, are reduced in all test cases, and in
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5.2 Partially laminarized flow

many cases, such as A2, B2 and C1, the reductiearyssignificant. This is consistent

with the traditional view of flow laminarization,echonstrating that turbulence is

suppressed due to the presence of the body force.
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Figure 5.17: The budget termswdfu’, normalized byu,*/v.

(Base in black line; Other cases in red line)
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5.2 Partially laminarized flow
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5.2 Partially laminarized flow

The picture is very different when the terms aremadized based on,,. For the
streamwise component, the budget terms in Al anda@&e very well with their
corresponding reference values. For the rest ot#ses, both the production and the
dissipation are increased by various amounts. THowetrend is consistent with the
observations in Figure 5.12 wherg ,.,,s is presented. The increase of the production is
largely related to the generation of elongatedakseFor the wall-normal component,
there is no direction production. The supply ofrggecomes from the pressure strain
term, whereas the sink is the dissipation. In aaluithe pressure diffusion term is often
also significantly, especially close to the watl.chn be seen from Figure 5. 19 that,
overall, the terms in the body force influencedv$oagree very well with those of the
reference flow (Base), especially considering taeiations shown in the conventional
presentation (Figures 5.17 & 5.18). The agreemeet®een the main terms (pressure
strain and dissipation) are particularly good fdr &1d B1. This is also true for A2 and
C1, though the pressure strain and dispersion tehow a strong reduction near the wall
(y*1<8). Both terms agree reasonably well with thespestive reference data in the core
region. Another observation is that the source-fgmmssure strain, increases somewhat
in several cases, including B21, B2 and D1, arallasser extent B1. There are the cases
where the body-force induced turbulent shear stsasdatively large. It is worth noting
that the general agreement between the body fofteenced cases and the reference
cases is remarkable considering that in many d¢esalisolute values reduce by several

times.
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5.2 Partially laminarized flow

Loss

Gain

Loss

Gain

Loss

0.1

c
‘©
O
[)]
172)
o
-

1 10 y+1 100
c
‘©
O
[)]
7]
o
-

1 10 Y 100
c
‘®
O]
1)
[%]
(o]
-

_______ g . (C1&Base)
1 10 Y 100

10 100

y+l

(B2&Base)

0 g 100

Production

Turbulent transpo
Viscous diffusion
Pressure strain
Dissipation

10 100

Figure 5.19: The budget termswdfu’, normalized byu,,*/v.

(Base in black line; Other cases in red line)

132

—
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5.2 Partially laminarized flow

5.2.5 Flow structures

The high and low speed streaks and the vorticascare visualised in Figure 5.21
using iso-surfaces of fluctuating streamwise véjogi,=+0.15 andl,=1, respectively.
Comparing B1 and B2 with thRe-based reference case, it is clear that both thebeu
of streaks and number of the vortices reduce sagmfly due to the effect of the body
force; and the stronger the body force, the mogmifscant the reduction is. It is
interesting to note however, with the increasehef body force, the streaks appear to
become longer. This is not surprising since, weedditefore, the cases with a stronger
body force corresponds tada-based reference flow of a lower Reynolds numhes. |
known that streaks are longer in low Reynolds nusiBlews. Next noting that as far as
B21 is concerned, the case Base isiftdhased reference case. Comparing these two
flows, it appears that the numbers of vortical ciees are largely the same in the two
flows, whereas there are clearly more streaks it Bfan in Base. This interesting
observation is in good accordance with the statistiscussed earlier. The former can be
related to the observation that the pressure steam in the body force influenced cases
remains largely unchanged from their correspontliamgg cases, and in turn tife and
u'g are also largely unchanged. On the other handjntreased number of streaks
explains the increase ifl,, even though the vortical structures remain lgrgblnged.
The concept of turbulence regeneration cycle haa bstablished over the last couple of
decades which successfully explains wall turbuldifme physics and in many cases,
flow control and drag reduction applications. Fgbrl4 shows a much simplified sketch
illustrating the main processes of the regeneratiae reproduced from Kim 2011. In
leg one, streamwise vortices (primarily consistiigvall-normal and spanwise velocities)

interact with the mean sheall{/dy) generating streaks. This process is often rederre
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5.2 Partially laminarized flow
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Figure 5.21: The turbulent structures in B2 andise cases(,=+0.15 andl,=1).
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5.2 Partially laminarized flow

to as lift-up. The generated streaks grow as Iantha shear is maintained. Later, the
streak breaks down due to instability. In leg thressv vortices are formed again resulting
from three dimensional disturbances. It is cleat the streamwise vorticity and the wall-
normal velocity gradient are two most importantdas in turbulence regeneration cycle
of a wall shear flow.

Figures 5. 22 (a) and (b) show the r.m.s. of thettlating streamwise vorticity in wall
coordinates based on the friction velocity of thialflows (,) and the apparent friction
velocity (u;1), respectively. It can be seen from Figure 5. Pf{at the vorticity based
on the total flow reduces significantly in the wars test cases. The reduction is most
severe in A2, the value reducing to less than afiy4=1, and the peak away from the
wall reducing to about 30% of the reference valtensequently, the turbulence activities
are significantly reduced in the various casesomgarison with th&e-based reference
flow. This observation is consistent with the dgdans of laminarization in various
scenarios (lida & Nagano 1998; Willis & Kerswell Q). The picture is however in
strong contrast in Figure 5. 22(b) where the de¢anarmalized using apparent friction
velocity. In most cases (except for D1 and B21§ dlistributions of the streamwise
vorticity in the body-force influenced cases agi@e well with their respective bases
cases. This implies that the imposition of the béatges does not seem to cause any
significant changes in the generation of streamwagicity, an important stage in the
turbulence regeneration cycle. The increase ofdinicity fluctuations in A2 and D1 can
be related to fact that the body force generateoutant shear stress is larger in those
cases, which apparently causes some increasesansiiise vorticity activities. It must
be noted however that the increase is still smatbmparison to the changes to the flow

itself. The imposition of the body force directlsults in an increase in the wall-normal
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5.2 Partially laminarized flow

velocity gradient as discussed earlier. Consequerlexpect an increase in the velocity

of streaks from the imposition of a body force.

Figure 5.22: The r.m.s of streamwise vorticity nalized byu, andu,.

Figure 5.23 shows the contours of the spanwiseslations of the streamwise velocity
on they — z plane in wall coordinates based on the total fldtve data plotted are the
amplitude of the negative correlations with theifpos correlations set to zero. The
location of the peak value (i.e., minimum corraajiprovides the following information:

2 X zmin 1S the averaged spacing of the steaksjyapd is the averaged wall distance
from the centre of the streaks. It can be sean fgure 5.23 that the averaged spacing
of the streaks in the base flow is around 140;,(f= 55) and the wall distance of the
averaged streak i8,;,7=14. The streaks spacing in most of the test casemcreased
and in some cases, significantly. The largest sigaciccurring in A2, is arounz"= 170.
The streak centre also moves away from the wall, the largest distance is around
y* =20, occurring in A2 and B2. There are some excaptio the trends described above:
both the streaks spacing and the location do remigdn significantly in B21 and D1. The

same data that shown in the above Figure 5.23ham@rsagain in Figure 5.24 in the y-
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5.2 Partially laminarized flow

—z plane wall coordinates based on the apparentdniatelocity. In most cases, both
the averaged spacing of the stedks (z,,,;,) and the wall distance of the streaks centres
are similar to those of the reference flow (of $laeneRe). The exceptions are cases B2,
D1 and B21, where the spacing is reduced to ab@utu® the vertical locations of the
streaks centres are similar to that of the referdioov.

The near wall turbulence structures can be stutifiexigh inspecting the ejection
and sweep events which are associated with thiegsmnd streaks (Wallaee al. 1972
Kim et al. 1987). Quadrant analysis is a useful tool for witugl the contribution of
various flow events to the total turbulence proguctTurbulent events are divided into
four groups according to the four quadrants ofuthey’ plane (Qlu'> 0 & v'> 0; Q2:
u'< 0& v'> 0; Q3:u'< 0 & v'< 0; Q4:u"> 0 & v'< 0), whereu' andv’ are streamwise
and wall-normal fluctuation velocities respectivalising the definition of the hyperbolic
hole introduced by Lu & Willmarth’s (1973), the adbution of each quadrant i is

defined as
1 T
(@) = limy; f W 1(6)dt (5.16)
0

where,I(t) is an indicator function defined so that

I_.1 I A
1, Iule 2Hurmsvrms
0, otherwise

I(t) = { (5.17)

Figures 5.25(a) and (b) show the percentages afuh#ers of ejection and sweep
of the total turbulent events that create turbusdrar stress, and Figures 5. 26(c) and (d)
show the values of the shear stress associatedhetle two activities. A hyperbolic hole
H=1 is used to study those flow events with high ktonge. TheH could be a larger

integer value like 2, 3, 4, but the features oséhplots are similar (not shown here). It is
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5.2 Partially laminarized flow

most interesting to see that the number of theteviarthe body force influenced cases
remains more or less unchanged from their corredipgrbase cases, while the impact
on the shear stress however is significantly irsedan the wall region (comparing the
Base case and B21). That is, the strength of easht Q2 & Q4) of B21 is stronger.
These can be nicely linked to the observationsudsed above on vorticity and streaks.
It appears that the imposition of the body forceclwhinduces an additional boundary
layer near the wall, does not significantly infleernthe generation of vortices, but for
each ejection or sweep event, a larger shear stressulted in due to the larger velocity
gradient. Additional it is interesting to note thia influence on the ejection events occurs
in the region of 10y%*<60, where the effect on sweep is restrictegt*te30. This is

consistent with previous studies on drag reduct{@i®iet al. 1994).
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5.2 Partially laminarized flow

Next we evaluate the turbulent anisotropy by anagyshe anisotropy-invariant map

(AIM) of the Reynolds stress anisotropy tensgy)(

wu; 6y

1 2 2 2 2
I = —E(bzz + by” + bgg” + 2b,,") (5.19)
III = bggby,byy + bgghy,” (5.20)

whered; ;is the Kronecker delta tensor.

The AIM proposed by Tennekes and Lumley (1972prsstructed using the second
(1) and the third principal invariants (Ill), whicare independent of the coordinate choice.
The Lumley’s anisotropic map provides useful infation on the streaky structures since
they are inherently anisotropic. The AIMs for tregieus body force influenced cases are
plotted on top of that of thRe-bases reference flow in Figure 5.26.

It can be seen clearly that in all caseptbéle moves towards the top right vertex,
indicating that the flow becomes more one-dimerai@nd further demonstrating the
streaky structures are elongated under the infi@h¢he body force. The stronger the
body force, the stronger the one-dimensional featfithe flow. In fact, the profile nearly
reaches the top-right vertex in A2 and B2, showirgexistence of strong streaks in the
flow. The profile in the undisturbed turbulent flavten occurs aroung*=9. It can be
seen that this point is only shifted slightly aviiym the wall in the body force influenced
cases even though the strength are significantsedsed. When measured using the wall
units based on thép-base cases, the values actually reduce sligntl;ndst cases, they

remains ay*'=7 (normalized by apparent Reynolds number definéd2.2).
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5.3 Completely laminarized flow
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Figure 5.26: The anisotropy-invariant mépartially laminarized flows.

5.3 Completely laminarized flow

5.3.1 Analysis based on the new theory

Consider a turbulent flow at a prescribed Reynalgdsiber subjected to a non-uniformly

distributed body force. From the results preseme®b.2, as well as research from the
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5.3 Completely laminarized flow

literature, we know that with the increase of thgosed body force while keeping the
Re constant, the turbulence will be more stronglymapsed, that is, the flow is more
severely laminarized. The term ‘laminarization’enesf to a comparison with a reference
flow at the same Reynolds number. At some stagd|div can become fully laminarized,

as that in A3 and B3. The above scenario occunsany applications and one example
is the mixed convection, where the flow becomesenard more laminarized with the

increase of the buoyancy force (Jackson 2011).

The above process can be described with the newytipeesented above in 85.2.
The body-force influenced flow can be decomposéal anpressure-driven flow (i.e., the
dp-based reference flow) and a perturbation flow wuthe body force. The former can
be approximated by an undisturbed turbulent pipe flwhereas the latter is a flow
described by Eqgn 5.6, which is dependent on theseg body force and thip-based
reference flow (through,,). Thedp-based reference flow is the difference between the
total flow and the perturbation due to the bodgéothat isQ 4, = Q¢or — Qpy. With the
increase of the body forcéf() while keeping the total flow constaift, ; increases and
henceQ,, reduces. There will be a point when the Reynolaisilver of the pressure
driven flow is so low that it cannot sustain tudnde any longer, and hence the flow
becomes laminar. This critical body force can bleutated using Eqn 5.6 given the
critical Reynolds number, say, 2300. Here we caoosh to use a laminar flow
formulation (i.e., lettings;; = 0) or a turbulent viscosity. The former will givehagher
Ups and hence a lowdr,, for a fixed total velocityJ;,., and hence a lower critical body
force, i.e., giving the lower bound. In realityetlow under the influence of the critical
body force base on,; = 0 may still remain turbulent if sufficient disturb@es are

present.
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5.3 Completely laminarized flow

Following the approach adopted by Fukagstal. (2002), integrating Eqn 5.6 three
times and using integration by parts, we can ddheeexpression for the mean velocity
for the perturbation flow driven by the body force:

Unpr = Rey E fol(l —r2)bf rdr + %fol 27 Ulys rdr] (5.21)

Given the mean velocity, the critical Reynolds nemfor the pressure driven flow to

maintain turbulence is

> 2300 (5.22)

(Um=Umpf)R
Redp,cr = iy

which can be expressed in terms of body-force dril@v Reynolds number,

Reys (: UmffR) > Re — 2300 (5.23)

More specifically, we consider profiles of bodydes:

bf., y < yc, otherwise 0
bf = { (5.24)

—byic”r + bf,, ¥y < yc,otherwise 0
in which, yc is the coverage of the body force.

It is easy to obtain the solution @f, , - from 5.21. For linear change body force,

1
a a b b
Unpr = 0.5Rey, |§r3 —=r>+ 57”3 —Zr4|

+Rey [Cruvyrdr  (5.25)
5 1-yc 0

For step change body force,

— 2 _ 4
U = 0.5Reybfy, (3 — S22 + E20) 4 Rey [ 10, rdr (5.26)

— biw
a=2 (5.27)
b = bf, (y;l) (5.28)

For facilitating the discussion we dr&e, folrwo rdr first. The requirement of a

critical Reynolds stress number should satisfy

3(1—yc)®> 10(1-yc)® = 15(1-yc 8 2300
(1-yc)®> 10(1-yc) (1-yc) ) 0 (5.29)
60yc 60yc 60yc 60yc

b (

Rep
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5.3 Completely laminarized flow

3(1—yc)5  10(1-yc)?® = 15(1-yc) 8
60yc 60yc 60yc 60yc

LetP = ( ) TheP is plotted against the body force

coverage in Figure 5.27. There are 2 qualitatiauiees implied by Figure 5.27 are
consistent to the previous DNS results. Firstlys geen that as the coverage of the body
force increases, for both step change body forddiaear change body force, the critical
amplitude of them that may completely laminarize flow reduces. Secondly, the
change of coverage of step varying body force hasensignificant effect on the

turbulence than the linear varying body forcehibdld be noted that it is hard to get the
exact critical body force due to the teRwu, folrwo rdr is dropped, which is not zero

even at very low Reynolds number.

10

— — —liner body force

step body force

Figure 5.27: The critical body forceremage and amplitude.

It should be noted that for flows at a low but abadle critical Reynolds number,
the flow is actually in the transitional regime.eTtiows in several cases (such as A2 and
B2) are in this category. Flow laminarization (reee transition) or the ‘forward’
transition are not an absolute, definitive event, to some extent is dependent on the
flow conditions. In experiments, the flow can beeotaminar flow at a rather high

Reynolds number if the experimental facility isefr’om disturbances and noises. In
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5.3 Completely laminarized flow

computer simulations, the initialisation of theWil@nd the size of the domain will all
influence the critical Reynolds number. In the gtatiTsukaharat al. (2014), they have
achieved turbulent/transitional flow in a chanrteRe,=64. In the present study, we have
not attempted systematically increasing the bodgefdo determine the critical flow.
However, in Groups A and B, the cases with the désgtbody force that still remain
turbulent are cases A2 and B2, and their Reynaldsbers Re,,) are 3100 and 2862, (or
for Re;, 113 and 110), respectively. Cases A3 and B3adeetly laminarized, but the
body force driven flow is significantly greater thélne critical value required to just cause

flow laminarization.

5.3.2 Flow visualization

Figure 5.28 shows the contoursudf of A3 & B3 & C2 & A3. In A3, the contours af’,
show that there are short and wavy structures,wduie away from the wall in the cross-
pipe observation. In B3, the structures are smanthlonger than the flow domain. There
are very weak structures shown in C2. D2 showsussitional feature, where the flow
structures are like a trace of a turbulent spoesehobservations show that the typical
coherent structures disappear, which is similam#my other studies on transitional or

laminarized flows, or mixed convection flows (Wsli&k Kerswell 2007; Baet al. 2008).
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5.4 Partially recovery flow

As theF increases, the body force induced mean flow besdarger than that of base
flow, which means that thép— base flow becomes negative in some cases. Tloege f
are more complicated because the turbulence gemerdtthe outer second shear layer
influences the inner turbulence generation, whishusually described as a cyclic
behaviour (Waleffe 1997). In this section, somsibatatistics of these flows are studied

to show the physical features of such flows.
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5.4 Partially recovery flow

5.4.1 The mean and r.m.svelocities

The mean velocities of partially recovery flows alleM-shaped (shown in Figure 5.29).
With the increase df, the peak of the mean velocity profile moves talvdre wall.
Figure 5.29(b) shows that there are two peaks ahén’, ,,,,s, implying that there are
two turbulence generation mechanisms. The outeri®menerated by the new shear
layers. The inner one is the recovery of the neadl twrbulence.

The effects of the amplitude and coverage of thylforce oru', .., are revealed by
comparative study between selected case pairsinBtance, the total fordé and the
coverages of B5 and D3 are the same but the regofer , .5 is found significantly
higher in step change case D3. It seems that achapye body force has a stronger effect
on the turbulence causing a greater recovery. Ei§LB0O shows the distribution of body
force in A4, B5, C3 and D3. The body force of BS lize highest near wall force density
among these cases and then C3, A4 and D3. Thefbamydensity of B5 is higher than
that of A4 aty*°<45, therefore, the inner peak of B5 is signifitafawer than that of
A4. The outer peak af’, .., depends on the force density around the new sagper.
The illustrative pairs are B5 & B6, and C3 & D3, evh the body force coverage are the
same but the value &f different. The outer peaks as well as the innekpéncrease with
F. It seems that there is only one peak'in.,,s but two peaks im'y ,,,,s. However, this
is due to that the inner peaksif ,.,,,; are weak and they merge with the outer ones. This
is evident in section 5.5.2 i, ..., Of C4. Theu', ;s @ndu’y s grow withF and they
are slightly affected by the force distribution teat. The recoveries af . ,,,s and
u'g rms, Which is shown in Figure 5.29(c) and (d), are cmtelated with the growth of

u', +ms. FOr example, the', ,.,,s of B6 is lower than D3,

149



5.4 Partially recovery flow
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Figure 5.29: Mean and r.m.s velocities of ipHiytrecovery flow.
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5.4 Partially recovery flow

but theu', ;s andu'y ,.s Of B6 are higher than that of D3. These data insptieat

although the higher force density of B6 may suppthe near wall streaks and turbulence
generation, the turbulence transported from theragegneration region of B6 is stronger
than that of D3. The following discussion is furtldevoted to reveal the feature of the

inner turbulence generation and how the inner ferime generation mechanism is

affected by the outer generation.

5.4.2 The streamwise and spanwise correlations

The streamwise and spanwise correlatiom'gfis useful to characterize therbulent
structures at near wall region. Figure 5.31(a) shéwat the length of the near wall
structure is reduced in most cases compared tbabe case. The spanwise correlation
illustrates that the mean spanwise spacing de@éaadbese cases, which is consistent
with the number increase of the streaky structyseswn later). The minimum peak
reflects the strength separation between low sgaedks and high speed streaks. It is

indicated that the low speed structures are ratienhanced in B5, C3 and D3.
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Figure 5.31: The spanwise and streamwise correltbu’, of partially recovery flow.

(a) Streamwise correlation; (b) Spanwiseetation( atyt°=6.4).
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5.4 Partially recovery flow

5.4.3 The 2-D visualization of the flow

The contours ofl’, in Figure 5.32 provide observations on the strestkyctures, which

show that the low speed streaky structures areveeed strongly in A4, C3 and D3.
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Figure 5.32: Contour af’, of partially recovery flowy',=+1.5u", 15 po.

U, rmspo: PEAK r.m.s of streamwise velocity fluctuation oféd@ow).

The structures in streamwise as well as in spananseimilar to those structures in the
base flow. The strength of the streaky streakseigker in B5 and B6, compared to the

other cases. The spanwise flow visualization shtbasthe structures are not confined to
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5.4 Partially recovery flow

the wall in A4, B5 and B6. By contrast, there arergger streaks confined closer to the

wall in C3 & D3. As indicated by', ,.,.s, the streaks are strongly suppressed in B5 & B6.

5.4.4 The 3-D visualization of the flow

The 3-D visualization of streaky and vortisauctures are shown in Figure 5.33 by
iso-surfaces ofi’, and?,. The reference value is based on r.m.s peak ofichal flow.
Figure 5.33 shows that the number of high speadtstres is significantly increased,
which is related to the diffusion of outer turbuwenin B5 and C3, there are more high
speed structures. The visualization referencechbyidcal peak of.m.sdoes not show
how strongly the near wall turbulence is recovetedhpared to the base flow. For
completeness, the same visualization based oretideqfr.m.sof base flowis shown in
Figure 5.34. It shows that the recovery of the tileghce is weak in A4, B5, where no
flow structures can be observed. The vortical $tmes in B6 are stronger but they are
detached from the wall and are almost isotropidjceating that the presence of these
structures is more related to the outer shear &y in C3, there are some vortices and
the low speed streaks. But these vortices aresnatganised as that of base flow. Overall,
there are no typical coherent structures in these< The coherent structures seem to

recover in C3 and D3 but they are weak and infledrizy the outer turbulence.
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5.4 Partially recovery flow

Figure 5.33: The streaky and vortical structurpartially recovery flow.

U ;= £ 15Uy p, A= E 222 msp
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5.4 Partially recovery flow

Figure 5.34: The streaky and vortical structurpartially recovery flow.

u',=+ 1.5Uzrms pos A2= * 2’12rms,p0

5.4.5 Reynolds stress

The Reynolds stress of partially recovery flow shqWwigure 5.35) that the near wall
recovery is weak in A4, B5 and B6. The outer recpwelinearly related to the total force

amplitude, which is shown by the correlation intset5. 1. For these cases shown here,
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5.4 Partially recovery flow

it seems that the amplitude of Reynolds stresheaténtre region is influenced by the

density of force at this region.
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Figure 5.35: Thev of partially recovery flow.

5.4.6 Quadrant analysis

As the near wall turbulence recovers, it is intengsto examine if the Reynolds
stress structure is still similar to that of basevf In a standard quadrant analysis,dire
contributions from sweeps and ejections reflect ikar wall turbulent structures. In
Figure 5.36, the data are only showed up*e20, where the Reynolds stress does not
change sign. The contributions from sweeps inadks are reduced. In this region of the
base flow, the balance of Reynolds stress is eskedal between sweeps and ejections,
where the contribution of sweeps is dominant. TBea@d D3 show similar structure to
the base flow but the contribution of sweeps redwstghtly. In A4, B5 and B6, the
contributions of sweeps and ejections are simildris phenomenon shows that the

coherent structures are not recovered in thesesflow
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5.4.7 Flatness and skewness

The flatness and skewness further show that tieiemt structures in partially recovery
flow are complicated. They are shown in Figure 5% flatness factors af , andu’,

of base flow, which are equal to 3 at the centgeorg assuming a Gaussian distribution.
The flatness ofi'y in the base flow is 3.3, which is also close tBaussian distribution.
The flatness ofi’, has changed in the recovery flow. In the near vesjlon §*°<30),
they overshoot the base flow data. The minimum peaity*t°=15 in the base flow,
which is due to the strong separation between lp@ed and high speed streaks. This
structure is changed in body force influenced casé®re there are two peaks. The
minimum peaks are roughly at a similar locationtlzst of base flow but their value
increases, reflecting the increase of intermitten@ye local maximum peaks indicate
that the turbulence in this region €5*°<60) is a mixture of inner turbulence and outer
turbulence. In the centre region, the flatness' pbf the partially recovery flow collapses
but the value is lower than that of base flow. sTihdicates that the mixing is better than
that of base flow in the centre region. The flagnémctors ofu’,. of these partially

recovery flows are mostly unchanged in the cergggon, where the flatness factors of
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5.4 Partially recovery flow

u',. still show Gaussian distribution. In a region<19*°<50, the flatness factors af;,
increase, indicating that the intermittency is ertedal.

The skewnesses of the three components reflect dedadled features of near wall
turbulent structures. The skewness.gfof the base flow is positive aitt°<12, where
the high speed structure is dominant. This featlaes not change in these partially

recovery flows. The skewnesses of high speed stegtre suppressed in B5S and B6.
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Figure 5.37: The flatness and skewnégpgutially recovery flow.
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5.4 Partially recovery flow

The change of skewness is observed*440. Toward the centre, the low speed
structure is still dominant. The high speed striegibecome dominant at°>60 in the
flow. Betweenyt%=12 andy*°=40, the low speed structure is dominant but itse/és
enhanced (A4, C3 and D4) or suppressed (B5 and Btgse features reflect the
complicate interactions between inner turbulencka@urter turbulence.

The skewness af’, increases near wall, which indicates the existarfcgtrong
outward motions. There is a regiop® < 2) in the base flow where the skewness is
positive, but this region is extended significantiythe recovery flow, indicating that the
outward motions are significantly enhanced. Thiatigbuted to the strong reflection of
flow motions induced by the ‘splatting’ effect (Kiet al. 1987; Bradshaw 1994), which
is described by Bradshaw (1994) as the processdi¢® outside the boundary layer being
brought to rest at the wall due to the impermeftaiondition. In these partially recovery
flows, the skewness af’, (20 < y*t°<60) shows a negative flatten region, which
illustrates the dominant role of stronger downwardtions. These changes in flatness
and skewness reflect that the turbulence in the wedl region is ‘scratched’ by the

turbulence from the outer region and trigger theegation of streaks and inner turbulence.

5.4.8 Budget terms

The budgets oft’,u’, of the partially recovery flow are plotted in Figu5.38. As
expected, the near wall production of C3 and D3raarimally recovered. Although there
is near wall production in A4, B5 and B6, all tleenhs including the turbulent transport,
viscous diffusion, pressure strain and dissipaf@rny*<12 are very low. This implies
that the near wall turbulence is not recoverechasé cases. Figure 5.38(f) shows the

balance of the budget of D3 and base fl&a,(= 180), where the budget values of base

159



5.4 Partially recovery flow

flow are divided by 5 to facilitate the reading.D8, the dominant budget termsyifi<40
are production, dissipation, turbulent transpod aiscous diffusion, which is similar to
that of the base flow. In the other region, the oh@ant terms are production, pressure
strain, turbulent transport and dissipation, whtte production is balanced by the
dissipation, pressure strain and turbulent trarisgdre dissipation has not changed as
significantly as the pressure strain and turbuliemtsport. The latter have sharp peaks.

The budget terms af ,u’, show (Figure 5.39) that they recover slightlyyih<12.
The pressure straiR§ is the source term. There is a negative peak@prtessure strain
term iny*t<12 of base flow, but this peak is very low for tily recovery flows,
implying that the turbulence recovery of this regie weak. It is interesting to see that
there is a new negative peak aroyrfd=30. The region of negative values between
y*=10 andy*=40 indicates that the pressure strain transfeesggnfromu’, tou'y. A
similar region is only shown in*<12 in the base flow. In the outer regigr $40), the
pressure strain becomes positive, illustrating thatu', gains energy froma',. The
recovery of the dissipation is not significant lne thear wall region. The budget balance
of v, of D3 shows that the balance pattern is actualtpvered to that of base flow for
y* <12. The dominant terms are pressure strain andsipre diffusion. Between
12 < y*<40, the pressure strain and pressure diffusiordanginant and they balance
each other. Foy*>40, the balance pattern is different to that eflthse flow, where the
pressure strain and pressure diffusion are enhanced

The budget ofi’yu/y is similar to that of the base flow (shown in Fig5.40), except
the existence of outer peaks on pressure straipsgure diffusion. The pressure strain
is positive across the flow, illustrating that ttesm is always the source term, similar to

that of the base flow. The balance is mainly betwmessure strain and pressure diffusion.
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Figure 5.38: Budget at’,u’, of partially recovery flow (normalized by, * /v).

In (f): PR: production; TT: turbulent transport; Yidiscous diffusion; PS: pressure strain;

DS: dissipation.
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Figure 5.39: Budget af’,.u’, of partially recovery flow (normalized hy,*/v).
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Figure 5. 40: Budget af'yu’y of partially recovery flow (normalized hy,* /v).
In (f): TT: turbulent transport; VD: viscous diffia; PS: pressure strain;
DS: dissipation.
The above study shows that the most important eghangartially recovery flow is due

to the pressure strain term. In the base flowuthegains energy mainly from’,. andu’,

for y*<12, but in other regions, botlly; andu’, gain energy fromu',. The pressure
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5.5 The strongly recovery flow

strain ofu’,u’,. of partially recovery flow shows an extended niagategion between

y* =12 andy™ = 40, indicating that botl', andu’, supply energy ta',.

5.5 Thestrongly recovery flow

The strongly recovery flows show similar featurestose of partially recovery flows.
Most of the statistics are documented in the appe@hly the mean velocity and r.m.s
of velocity fluctuations are shown in Figure 5.4®latudied to replenish the discussion
in section 5.4. The mean velocities of stronglgorery flow show similar features to
those of partially recovery flows. As tleincreases, the near wall gradient of the mean
velocity increases. The step change body forceseckss increase in velocity gradient
due to the lower force density of them. Tlig,,,s overshoots the base flow profile in the
outer region. This feature is also founduip,.,,s andu’y .. In the near wall region, the
linear body force again shows stronger suppressiaheu’, ,.,,s. As shown by partially
recovery flows, the!', ,.,,,s andu'g ,.,,s are not correlated to the growthidf ,.,,,s in inner
wall region. Theu', s of D6 is much higher than that of B8. However,irtireon-
streamwise r.m.s of fluctuation velocites collapsEsis also indicates that the inner
turbulence is strongly affected by the outer tuebgk. Thet'g s Shows two peaks in
most cases, indicating that the near wall turbidegeneration is recovered. This recovery
is not just due to a single turbulence generati@cthmanism. As shown in partially
recovery flows, the skewness of, andu’, indicates that the near wall turbulent
structures are changed in that the downward moaomgnhanced in the region between
the inner peak and the outer peak. The near wallitence is a mixture of the turbulence
produced in the inner and outer regions. &hg,,; in most cases do not show the second

peak. There is an exceptional case C4, as mentiongettion 5.4.1, where the, ;s
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5.6 Summary and conclusions

shows two peaks. This is not shown in C3 and athses, where the outer peak{=60)

is too close to the inner one that they coincidé wach other.
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Figure 5. 41: Mean and r.m.s velocities of stronglgovery flow.

(@) uy;(b) ulz,rms; (b) ulr,rms; (b) ule,rms-

5.6 Summary and conclusions

Through a systematic DNS study, the effects of moifierm body force on turbulent
pipe flow are carefully examined. The flows are mhaclassified into four types, namely,

partially laminarized flow, ‘completely’ laminarideflow, partially recovery flow and

165



5.6 Summary and conclusions

strongly recovery flow. The former two and the fatgo are discussed in a laminarized

flow framework and a recovery flow framework.

For the partially laminarized and ‘completely’ lararized flow, a new theory is proposed
to explain the ‘laminarization phenonmon’ due te imposition of a body force in a
turbulent flow. Considerring a turbulent flow of ®®lds numberRe, driven by a
pressure gradientlp/dx) and an additional non-uniform streamwise bodgdan the
same direction of the flow (body force aided flolm)comparison with the reference flow
of the same Reynolds number but without body fortesturbulence can be significantly
reduced. In general, the stronger the body foleestronger the turbulence reduction is.
When the body force is sufficiently strong, thewll@an be fully laminarized. This
convectional view has been established in thealitee for various physical flows. It is
also clearly demonstrated by using systematicallyed prescribed non-uniform body
forces using direct numerical simulation (DNS) lrerén the present study, we have
established a new perspective towards such flolws .bbdy-force aided flow can be best
interpreted as resulting from imposing a body fdoc#ow driven by a pressure gradient

(referred to as thép-based reference flow). The following are showthmcurrent study:

(1) The turbulence of the flow remains largely unchahigdowing the imposition of the
body force. Most significantly, the eddy viscosity the flow remains largely
uninfluenced by the imposition of the body forcegr though the total flow rate can
be significantly increased

(2) The wall-normal and circumferential turbulent ss&sremain largely unchanged and
the streamwise turbulent stress is moderately asa@. The latter is a result of

enhanced high- and low-speed streaks
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(3) The additional flow caused by the imposition of thely force is governed by the

following momentum equation,

0=—22 1 (@ 4w )| 45
~ Reror r\( vi1) or f
wherev,, is the turbulent viscosity of thép-based flow and therefore can be seen as

known, and the boundary conditions #fe= 0 on the wall anét,% = 0 at the pipe

centre. The velocity can be obtained from the irgggn of the above momentum
equation. The addition of the body force causemamease in turbulent shear stress,
which can be calculated from the above momentunatezju The total wall shear is
the sum of the wall shear of thp-based flow and that of the body force driven flow
obtainable from the above momentum equation

(4) The body force can be characterized by four pararsete., the total amplitud€’,
the wall value, the coverage and the profile. foisnd that when the coverage of the
body force is small, say, less thah<20, the body-force driven flow is effectively a
laminar flow. The solution of the total flow is taer simplified

(5) The level of laminarization is associated with Reynolds number of thép-based
reference flow Re;). When the applied body force is sufficiently largausing the
Reynolds number of the pressure-driven-flow to dfécently small and turbulence
cannot be sustained and the flow becomes a larflovar Consider a series of flow
cases of the same total flow rate, but with indrepbody forces, e.g., B1, B2, B3.
Alternatively, consider a series of flow casesha same pressure gradient imposed,
and with increasing body forcehe turbulent flow is not laminarized at all;

(6) Under the condition of a fixed Reynolds number,dtrength of the effect of a body

force on the flow in terms of suppressing turbuéeand laminarizing the flow is
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5.6 Summary and conclusions

predominately associated with the flow rate of pleeturbation flow it induces. The
apparent flow is the total flow takes away the ydxation flow of the body force.
Hence, the higher the latter, the smaller the apparent flow; the lower the apparent
Reynolds numberRe,,) and the stronger the laminarisation. The flove rat the
perturbation flow is linearly proportional to thengplitude of the body force. It also
increases with the increase of the coverage wherathplitude is fixed and the
relation is described by Eqn 5.21. The profile lné body force distribution only
affects the laminarization through flow rate thatduses. For example, with the same
amplitude and coverage, the stepwise distributeuses a perturbation flow that is
about 2.6 to 3 times higher than that of a lingatriddution and hence it is more
effective in laminarizing the flow. The ratio beteve the two total forces in the

stepwise and linear distributions is about 1.95.

For the recovery flow, following basical featuresde drawn:

(1)

(@)

The body force can be characterized by four paramagte., the total amplitud€’,

the wall value, the coverage and the profile. Ifasnd that the main influential
parameters are the total amplitude, which detersihe force density. The higher
the force density, the more effectively the streageviurbulent stress is suppressed,
but the effect on non-streamwise turbulent stressasore related to the pattern of
the body force, which is determined by both the lgoge and the profile.

The flow visualization shows that many partiallyniaarized flows are transitional
flows. As theF increases, the streaky structures become smauathhee streaky
structures are elongated, which are similar toghmsservations in the transitional

region of boundary layer flows. The spanwise amelashwise scales of the streaks
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3)

(4)

increase. By contrary, for recovery flow, the spmawand streamwise scales reduce
as theF' increases and the streaky structures are diffén@mtboth the base flow and
a transitional flow. The vortical structures argamized with the streaky structures
in partially laminarized flow but most of vorticatructures are not organized and
detached from the wall in recovery flow

Theuv contributions of ejections and sweeps of theigl@rtrecovery flows are
similar to that of the base flow at the near watlion. In near wall regiony(<30)

of the base flow, the balance of Reynolds stres®stablished between sweeps and
ejections, where the contribution of sweeps is dami. The contribution of sweeps
reduces slightly but the ejections’ contributiogrgases in recovery flow. Flatness
and skewness show that these flows are highlynnitemt. Betweery*=10 and new
shear layer, the turbulence is a mixture of theiiriarbulence and outer turbulence.
The skewness data shows that the inward motions are dominant in this region;

The budget terms of recovery flows show a balateem different from that of the
base flow. There are two production regions showthe main budget terms. There
are many detailed changes on these budget tertrhidonnost important information

can be drawn is from the term for the energy rédfistion between the three

components of the turbulent stresses. The prestaia ofu’,u’, is recovered in the
near wall region, which shows two peakgifk40. The peaks at aroupd =5 is due
to a ‘splatting’ effect of the wall and it only axs in strongly recovery flow. The
collision of the inward and outward motions creat®ng negative peaks on the

pressure strain af’,.u’,., which redistributes the energy frarf). tou'y.

169



Chapter 6

Transient Pipe flow Subjected to a Non-uniform

Body Force

In this chapter, the transient flow following threposition of a non-uniform body force
is studied. The body force is prescribed with viasiamplitudes and coverages. It aims
to understand how the turbulence and coherenttategrespond to the imposition of
these body forces and how the self-sustaining géon of the initial turbulent flow is
modified. These transient flows share many featwits spatially developing flows
under the influence of a non-uniform body forcee Bmalysis and knowledge developed
in this chapter can be used to understand suclilogal. Through the study reported in
this chapter, we will answer the following queston

(1) How do the mean flow and turbulence develop fromitiitial state to the final

state?
(2) How fast are these changes?
(3) How do the changes of body force coverage and amdgliaffect the development

of the turbulence?



6.1 Simulation setup

6.1 Simulation setup

The implement of the body force is described inptéa5. The test cases are shown in
Table 6.1. The four body forces of group E1X arevah in Figure 6.1. Group E1X
contains E11 & E12 & E13 & E14, which are with #ame total amplitudg but varying
coverage fromy*°=15 toy*9=90. The other groups (E2X, E3X, E4X) are designeal
similar way but the total amplitude of the bodyd®iincreasesF(). The variation of the
body force coverage and thdeads to a change of local force density. The agatnal
domain and mesh used in this chapter are the sathataused in chapter 5. The coverage
of the body force in each group varies fro?=15 toy*t°=90 (where subscript 0
indicates the friction velocity &t0 is used). The discussion on the results stams fhe
general effect of body force coverage and amplitudé&urbulence (section 6.2) and then
moves to the detailed laminarization and recoveocgss after the imposition of body

force (section 6.3). A brief summary and conclusaom organized into section 6.4.

0.012
—E11
----- E12
0.008 ———-E13
— Fl14
5
0.004

0 30 60 90 120 150 180
y+0
Figure 6.1: The distribution of body ferin group E1.
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6.2 General effect of body force coverage and amplitude

Table 6.1 Summary of body force in all cases

F 0.35 0.68 1.28 1.91
Coverag

15 E1ll E21 E31 E41

30 E12 E22 E32 E42

60 E13 E23 E33 E43

90 E1l4 E24 E34 E44

6.2 General effect of body for ce coverage and amplitude

The statistics shown here are based on spatiahgeen the streamwise and spanwise
directions. In theory, multiple runs should be Eafrout to obtain ensemble average to
ensure the results to be converged. However, darest is the general trends of the
transient behaviours and hence only single runsuseel. Some of oscillations of the

statistics are due to lack of data for average.
6.2.1 Thetime evolution of r.m.s of velocity fluctuationsin local coordinate

Figure 6.2 shows the time evolution of the r.m.stoedamwise and wall-normal velocity
fluctuations ¢, ,-ms andu’,. .,ns) at a near wall locatiorny(°=15) and a centre location
(y*9=143), where the velocity is normalized By andt is normalized byi/U,. The
cases E11 & E21 & E31 & E41 are re-grouped togdtihnshow the amplitude effect as
the coverage kept the samg*f=15). The amplitude varies frof=0.35 toF=1.91.
Similarly, the E12~E42 & E13~E43 & E14~E44 are retged for the coverage °=30,

60, 90 respectively. The following discussion cavtiree parts, namely, the general
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6.2 General effect of body force coverage and amplitude

decay or recovery features of these r.m.s valubemear wall region and in the central
region, and the effect of changing the amplitudeaverage of the body force.

Firstly, let us look at the r.m.s of stremise velocity fluctuations (Figure 6.2(a) and
(c)) at the near wall location. It is shown that y, ,.,,s decays monotonically fax40
in all cases. At certain time, the flows of E11 1E& E31 & E12 & E22 reach a quasi-
steady state. We refer these flows as PLAM, whielams partially laminarized flow. The
turbulence oscillates with different frequenciesach flow afterwards. In E11 & E12,
the oscillation frequencies are higher than thdsgteer cases. This can be explained by
the new perspective developed in chapter 5. ltvaluated that the final apparent
Reynolds numbers of E11 & E12 dte,=~140. For the other cases (E31 & E12 & E22),
their final apparent Reynolds numbers are bel@e; =100. These flows are in
transitional state. It is known that the transiéibfiow is highly intermittent and contains
turbulence with low frequency fluctuations. In EE24 & E32 & E33 & E41 & E42,
the turbulence decays to a very low value and tlsen® sign of recovery. These flows
has completely laminarized final state are refeae@€LAM. For E34 & E43 & E44, the
u', rms €Xperiences a clear re-growthtat-80 (E43 & E44) and=~150(E34). These
recovering flow are named as REC. The time evahgtiaf r.m.s of wall-normal velocity
fluctuations at a near wall location are shown iguFe 6.2(e) and (g). It is shown that
u', -ms decays monotonically at the beginning. They shomilar reduction features as
those ofu’, ,.,s. However, the reduction rateswf. ..., are larger in each case.

At the centre locatiory{°=143), thew', ,-,s (Figure 6.2(b) and (d)) does not reduce
monotonically after the imposition of the body ferdhey reduce first but then increase
suddenly at=~20. In PLAM, they show similar fluctuation featsr when the flow

reaches a quasi-steady state (the apparent ldiggudtions are due to the smaller

173



6.2 General effect of body force coverage and amplitude

samples of the data). In REC, the recovery'of.,,,; is more significant than that of near
wall region. Theu', s also shows a different response compared to its nall
counterpart. It remains unchanged before20 and then reduces monotonically till
reaching quasi-steady state in PLAM. In CLAM, tlig,,,; reduces to almost none and
no sign of recovery is observed. For REC, #hg.,,s shows a dramatic recovery at
t=~100. This recovery shows different features ifitht of partially laminarized flow
such as E22. For example, the re-growth'pf.,,,; of E22 starts from the near wall region
att=120 and the growth is delayed at the centre regidnile in REC, the re-growth
starts from the outer shear layer region. It iplied that the turbulence re-generation
mechanism is different for E22 and the cases of REC

Figure 6.2 shows that the increasé of coverage imposes similar effect on the
development of turbulence in the flow. Namely, thegd to more significant decrease of
the r.m.s values. The flow reaches a quasi-stetatly sver a different time. Fé=0.35
and body force coverageat®=15 & 30, the flow reaches a quasi-steady state-a40.
The time increases with the increaseg“@nd coverage. Most of them reaches a quasi-
steady state before=~200. In some critical condition&€0.68,y"°=60 & y*<°=90
(E23 & E24),F =1.28,y+%°=30 & y+°°=60 (E32 & E33)F =1.91,y*0=15 & y+<0=30

(E41 & E42)) the flow is completely laminarized.
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Figure 6.2: The time evolution of r.m.s of streasavand wall-normal velocity fluctuations.
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Figure 6.3: The development of turbulence at dgifeérmvall-normal locations (E43 & E44).
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6.2 General effect of body force coverage and amplitude

With further increase of or body force coverage, the recovery of the tigbcé is
observed in E43 & E44. In order to further study tacovery features of the turbulence,
the r.m.s of velocity fluctuations of E43 and E44ddferent locations of the pipe are
showed in Figure 6.3. It is interesting that teeaveries ofl', ., andu’, s in the
near wall region (Figure 6.3(a), (), (e), (9)) em@ependent of the locations. Tig .,
starts to increase at= ~80. It is interesting to see that the growthudf,.5 is slightly
earlier. In the central region, as the observagbiosition moves towards the pipe centre,
the recoveries af’, s andu’,. ,.,,s are delayed. It shows in Figure 6.2(d) & (h) tet
increase of body force coverage leads to an eadmvery ofu’, ,,,,s andu', ;.. The
recoveries ofl’, ;s andu’, .5 in the centre region also show dependence on foody
coverage. As the body force coverage increasespriget of the recovery is pushed

forward.

6.2.2 The profiles of r.m.s of the velocity fluctuations in global coordinate

The profiles of the mean velocity,, ,-,,s andu’,. .., are plotted in global coordinate at
several time sequences in Figures 6.4~6.7. Group &l group E4X are selected to
show the turbulence decay and recovery featuresndisated in previous discussion,
group E1 represents flows that have a lower appdRaynolds number or in the
conventional view, are partially laminarized flos&.oup E4X contains both laminarized
flows and recovery flows. The mean velocities @fLlEand E22 reduce slightly in the
centre region of the pipe. In the near wall regitw, velocity gradient increases at the
beginning and decreases after certain period. €k palues oft’, ,.,,,; reduce less than
30% in E21 & E22. The reduction af; ,,,,; is similar to that o', ,.,,,; but the reduction

is stronger. In E21, the’, ., reduces dramatically befote=~40. After that, the
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6.2 General effect of body force coverage and amplitude

reduction is slower. There is a clear recovery'of.,,,; betweent=~80 andt=~140. It
starts in the near wall region and then in therearggion. This is similar to that af, .5,
whereas the recovery af, ., is earlier (at=~40). This re-growth scenario is similar
to the bypass transition described in chapter which the growth oft’,. ,.,,s is later than
that ofu’, ,.,s and it starts at the near wall region. In E22,réeoveries ofi', s and
U’y »ms @re weak. The reduction and recovery of Reynolokss is similar to that of
u,r,rms-

The trend of the mean velocity described/aliiecomes more and more significantly
as the body force coverage increases. In E23 & tB24selocity develops a flatten region
in the central region. The decayswf s &uv of them are monotonic and stronger. It
is shown that the reduction af; ,.,,,; of E24 at peak locatiory{°=15) is 30% at=160
but the reduction of', ,.,s &uv is more than 60%. In group E4 (Figure 6.6 and f&gu
6.7), theF increases to 1.91. A monotonic decay of the tenee is observed in E41 and
E42. The peak af’, ,.,,s is shifted to the wall at the beginning but moweswvardly after
t=80. As the body force coverage increasgs =60 andy*°=90, the turbulence decays
and then recovers. In both E43 and E44 (Figure é@&)outer peak af’, ., shows at
t=~60 and grows dramatically betweern-60 andt=~100. The growth is expanded to
the centre of the pipe. The inner peakugf.,,; decreases tii=80 and stagnates till
=120. After that, it grows with the outer peak. Trewth ofu’,. ,.,s Starts at=80 across
the pipe and the recovery of, ..., in the centre region is more significant than thfat
near wall region. In the beginning, the reduces dramatically in the region where the

body force reduces to zero and it develops negatitee there at around40.
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Figure 6.4: The development@f, ,,s, u';,ms, UV in global coordinate.
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Figure 6.5: The development @f, ,,s, u';,ms, 4V in global coordinate.
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Figure 6.7: The developmentwt, ,,;s, u';,ms, UV in global coordinate.
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6.2 General effect of body force coverage and amplitude

The above study shows that although thesas® of body force coverage results in
a similar effect to that of the body force amplaguthe detailed effect of increasing the
body force coverage is more complicated. FiguresB@vs the development of ratio of
peak values ofu’, ..,s Overu’, ., against with time. For the coverageydf=15(E11
& E21 & E31 & EA41), the ratio keeps at ~0.33 durirg@00. The increase @f causes
almost proportional decay i, ,,,,s and inu’;. ..,s. With the coverage at*°=30, 60 and
90, the increase df leads to more and more significant decay'of.,s. The effect is
not linear and monotonic. It shows that the deday 9.,,; depends on the force density
in the near wall region. The higher force dengityhie near wall region more significant

is suppression of the , ;5.

(U ’z, rms, p)/ ( u 'r, rms, p)

0 100 200 300 400

Figure 6. 8: The ratio change of peak value betmeg,,,s andu'; ;.
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6.3 The laminarization and recovery of a turbulent flow with body force

6.3 Thelaminarization and recovery of aturbulent flow with body force
6.3.1 Flow structures

It is shown in section 6.2 that the change of bémtge coverage imposes more
complicated effect on turbulence. In chapter Shdws that the contribution of Reynolds
stress from the body force with very narrow coverggft°<20) is negligible, which
means the body force induced perturbation flovaigély laminar and the increaserof
has a linear effect on the turbulent stress. Actwerage is increased, the turbulence is
strongly damped. In this section, E41 and E44 akected as representative cases with
narrow body force coverage and a wide body forceeage. In addition, E41 is a
completely laminarized flow and E44 is a recovdowf The decay features of the
coherent structures of them are studied firstljgufe 6.9 shows the flow structures of
E41 and E44 at=10, 20 and 30 after the imposition of the bodg&oThe high and low
speed streaks are in green and blue colour respBhctirhe vortices are in red colour.
Fromt =10 tot =20, the structures of E41, especially the strestkyctures reduce
dramatically. The vortical structures depart frdre streaky structures at30. In E44,
the changes of structures scenario show a differetire. Att=10, the low speed and
high speed structures are more than that of EWtrihting that these structures decay
faster in E41. At=20, it is observable that there are more stretkigtsires in E44 than
in E41 but the vortices are fewer in E44.tAt30, sparse vortices and streaky structures
remain in E44.

Figure 6.10 shows these structures of E41 and E44-i0 plane, where the change
of these structures in wall-normal direction isdsdd. Att =0, it shows the 3-D
visualizations of the flow structures in the bakewf Formt=10 tot=20, the flow

structures of E41 reduce significantly in the vityiof the wall. It seems that the coherent
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6.3 The laminarization and recovery of a turbulent flow with body force

structures are shift away from the wall during fesiod. Att =20, the streaky structures
disappear but some isolated vortices remain atitotaaway from the wall. In E44, the
change is notable from the outer region. DuttirglO andt =30, the structures reduce
and they remain at the near wall region. The gestiare organized and mainly around

the low speed structures, which is still similathe typical coherent structure.

E41,t=30

Figure 6.9: The development of flow structure irlR4E44.
(u',=10.12,1,=0.5)

As it is shown in section 6.2.1, the remgvof the turbulence in E34 & E43 & E44
shows different features from those of partiallypniiaarized flow. In this section, the

recovery features of E34 & E43 & E44 are furthetlydied by flow visualization. Several
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6.3 The laminarization and recovery of a turbulent flow with body force

flow fields of E44 fromt=70 tot=90 are selected to visualize the recovery of tiermue.

At t=70, there are fewer high and low speed struciaréee wall region. These structures
continue to reduce afterwards and=f4, some vortical structures show at the location
where the positive body force vanish. The red stines grow in size and the number
increases significantly afte=78. Among these structures, it shows spot-likd lsigeed
and low speed structures also disappear. Thekgtgauctures seem to recover in the

near wall region at=90.

t=10, E41

t=20, E44

Figure 6.10: The development of flow structureE#1 & E44.
(u',=10.12,1,=0.9)
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6.3 The laminarization and recovery of a turbulent flow with body force

Figure 6.11: The recovery of turbulence in E44.
(u',=%0.08,1,=-0.06)

6.3.2 Ther.m.s of streamwise vorticity fluctuations

Figure 6.12(a) shows the&', ,,s of E41.Thew’, s Of E41 decreases significantly first
in the regiony*°=5-40 fromt=0 tot=8, after that the reduction is expanded from the
wall region to the centre region (8<20). Forw', ,,s of E44 shown in Figure 6.12(b),
the change is milder in the wall region. The lgoaak of E44 in this region remains at
t<20, when the positions of the peak starts to nmtoweards the wall, which can be
explained by the boundary layer contraction dudéimposition of a body force. As it
is disscussed in last section, the local peak iposifw’, s represents the averaged

core postions of vortices. This peak is dampedidyiend moves slightly away from the
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wall in E41. This is consistent with the previousualization, which shows that the
turbulent strutures depart from typical coherenicttires in E41. The basical coherent
structures of E44 are not changed, therefore theeswfw’, s are similar to that of
the base flow. The recovery of the streamwise eitytof E44 is shown in Figure 6.12(b).
The profiles ofw’, ;s Show two peaks. The inner peak shows=a60. The inner peak
position ofw’, ,.,s Of E44 is similar to that of the base flow. Theen peak position of
w', rms Of E44 is slightly away from the wall. The posits of the outer peaks are at
aroundy*°=80 (y/R=0.42). The growths of the inner peak and outek péa’, ,,,; are

simultaneously. They grow ta=120 in E44 and then reduce.
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Figure 6.12: The recovery of stnease vorticity of E41 and E44.
(@) @' rms Of E4L; (D)w’, s Of E44.
6.3.3 The streaks

The structural changes, especially the modulaticstreaks, shown in section 6.3.1 are
reflected on velocity correlations data. The spaevand streamwise correlationsudf

of E41 and E44 are shown in Figures 6.13(a), (M)aid (d). The minimum peak of
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Figure 6.13: Correlations of , of E41 and E44 at°=5.4.

spanwise correlation of E41 decreases to -0.3GH20. In E44, the minimum value
decreases from -0.15 to -0.2 during the laminaonattage £=0~60). It reduces to -0.29

at recovery staget£100). The minimum value reduces due to that theaks are
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enhanced during the flow laminarization. Figure36e) shows the mean spanwise
spacing of streaks, which is 2 times the distancté first minimum peak. It remains
around 100 wall unitW/u,,) until t=16, but it increases quickly in E41 and E42 due to
the fast decay of the streaks. In E43 and E44nihen spanwise spacing increases slowly
first but it reduces to 110 &:200.

The streamwise correlation of, is shown in Figures 6.13(c) and (d). The correfati
coefficient reduces from 1 to zerom/R=4.5 att=0, which represents the averaged
streamwise length of the streaky structures. Tha thaFigure 6.13(f) shows that the
length of E41 & E42 & E43 & E44 increases with tintefluctuates significantly in E41
and E42, which may have little physical meaning tlu¢he fast decay of large scale
streaky structures. At =200, the lengths of the streaky structures of BBd E44
fluctuate around a typical value 800 of the base flThe streamwise length of the streaks

is elongated in E42 & E43 & E44, which is a typitedture of a transitional flow.

6.3.4 The budget terms

The Figure 6.14 shows the development of profileproduction, pressure strain and
dissipation of E21 & E24, which represent partiddlgninarized flow and ‘completely’
laminarized flow respectively. It is seen that greduction of E21 reduces frotw0 to
t=50 but after that the production converges teadst state. The dissipation and pressure
strain of E21 reduces to balance the productian tarthe wall region. The peak of the
production moves inwardly it<30 and after that it moves outwardly, which intksa
the upshifting of the coherent structures. In ERd,reductions of these budget terms are
more gradual but they reduce monotonically to smallie att=400. The peaks of the

production and pressure strain also move outwardly.
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Figure 6.14: Production, pressure staaith dissipation of E21 & E24.

(normalized by, */v)

Figure 6.15 shows the development of profiles afdpction, pressure strain and
dissipation terms of E41 & E44, which belongs toampletely’ laminarized flow and a

recovery flow respectively. The production of H4ldamped quickly during<20. By
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comparison, the production of E44 reduces muchesoWhe production of E44 shows
an outer peak at=30. Inner peak continues to decrease ua80, which is consistent to
the recovery of inner turbulence which start$=at80. The dissipation reduces and the

thickness of the viscous layer increases. It isvshihat the reduction of the near wall

0.5 0.5 0.0¢
(b) E44 g %05,
0.4 0.4 =
: 5
2 03 Z 0.3
3 3
S S
2 02 202
0.1 0.1
0 0
0 0
-0.02 -0.02
e (O]
> 5
2-0.04 2-0.04
G‘_) ()
a a
-0.06 -0.06
-0.08 -0.08

=
H
ol

Pressure strain
Dissipation

Figure 6.15: Production, pressure straihdissipation of E41 & E44.
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6.4 Summary and conclusions

vortical structures is more significant in E41. Tgressure strain of E41 shows that the
reduction int<10 is more significant in the wall region. By coanigon, it is more
significant in the outer regioryt>50) for E44. These reduction scenarios are reftect

in the visualization of E41 and E44 shown in setHa3.1.

6.4 Summary and conclusions

The transient response of the development of aulenb pipe flow after it is subjected to
a non-uniform body force with various amplitudes @nofiles is studied. It is found that
the laminarization of the turbulent flow is a naluresponse to the change of force
balance. Depending on the amplitude and body focoeerage, the flow reaches various
final quasi-steady states toward the end of thasiemt process, namely partially
laminarized flow, ‘completely’ laminarized flow ancecovery flow. The following
conclusions are drawn for the former two:

(1) The turbulence reduction rate is mainly dependenthe total force amplitude
(F). The higher force amplitude causes stronger distoof mean flow and local
shear stress.

(2) Although the increase df and coverage results in similar effects, the lai#eises
more complicated effects. It is found that the @ase of (the coverage is not
changed) leads to monotonic decrease of streanmamdevall-normal turbulent
stresses. Increasing the body force coverageF(ieenot changed) intensifies the
decay of wall-normal turbulent stress but the sapging effect on the streamwise
turbulent stress is reduced.

(3) For the partially laminarized flows, increasefobr increase of coverage leads to

a longer transient period of turbulence developmé&iie modulation of the
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turbulence includes a reduction stage and a regastage. In some cases, the
bypass transition scenario is observed duringehevery stage. For some critical
F and coverage, the turbulence of the flow decayspbetely.

(4) The transient turbulence reduction shows two dffiepatterns dependent on the
body force coverages. Type one flows are cases weiti narrow body force
coverage ¥7°=15), while type two flows are cases with widerdpdorce
coverages)(t°=30, 60, 90). For type one, the turbulence producis damped
faster near wall but the body force induced flowaigyely laminar. Therefore,
increase oF with narrow coverage is less efficient in suppiregthe wall-normal
turbulence than that with wide coverage. For type, the turbulence production
is damped more gradually but the final reductiom@e significant due to that

the body force induced flow is turbulent.

The recovery of the turbulence shows the followehgracteristics:

(1) The recovery of turbulence in the wall region idependent on the wall-normal
location, implying that the turbulence recoverytlms region is not through a
diffusion mechanism. The rm.s of streamwise andl-maamal velocity
fluctuations recover almost simultaneously in tieigion.

(2) The recovery of turbulence in the central regiopeshels on the wall-normal
location, implying that the turbulence recovery tims region is through a
diffusion mechanism.

(3) The enlargement of the body force coverage advaheesecovery of both near

wall turbulence and central turbulence.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Two typical non-equlibrilum flows, namly a turbutepipe flow following the increase
of flow rate and a turbulent flow subjected to arnumiform body force are studied
systematically. The turbulent pipe flow subjected sudden change in flow rate eveloves
from an initial state to a final one via a bypasssition mechanism. The results have
been comapred with those of a transient channel flde & Seddighi 2013, J. Fluids
Mech.). The detailed conclusions for this flow atenmarized as following
(2) It is similar to that in a channel, the transidaifin a pipe after a step increase
in flow rate is effectively a laminar flow followebly a bypass transition. New
turbulence generated through bypass transition amesims initially occupies the
near wall region; it propagates into the central region following the completion
of the transition.
(2) The general trends of the transition in the pipe @mannel flows are found to be
the same in the near-wall region. The similariaesong the two flows are not
only in instantaneous flow structures, but alsotl®e ensemble-averaged

statistical values. The transition onset predictmmula obtained from channel



7.1 Conclusions

data works very well for the pipe flow. Howevereta are detailed differences in
the central region between the two flows duringtthaesition stage. The growth
of turbulence in the pipe at this stage is faster @arlier than that in the channel
flow. This is attributed to the stronger mixing exft in the pipe, where the
spanwise space becomes narrower as the flow gosardb the centre.

(3) The developments of the mean velocity profilespwignt viscosity, vorticity
Reynolds number and budget terms are analyzes.fttund that the growths of
the turbulent viscosity and the vorticity Reynofdsnber (Re,) are quantitatively
different in the two flows, which are attributedttee differences in the velocity
gradient developments. These results may provigdulusnformation for the
development of turbulence models.

(4) The typical flow response in a bypass transitiothesgrowth and break down of
streaks. It is found this scenario in a slow rarpdaw is not as significant as in
a fast ramp-up flow. However, although there isagedffect, the growth of the
statistics is similar, disregarding to the slowast imposed accelerations.

(5) During the transitional stage, the linear relationRey and Re,, 4, IS Only
observed in the fast ramp-up flow. As the ramp-tgcess is slowed down, the
linear region reduces. The slope of linear regiofiast ramp-up cases is found

between 0.84 and 0.95, contrasting to a typicglestaf boundary layer flow 2.193.

The turbulent flows with a non-uniform body fordease similar features to those of
real buoancy-aiding flows. The flows with the impios of body forces are mainly

classified into four types, namely, partially lamirzed flow, ‘completely’ laminarized
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flow, partially recovery flow and strongly recoveitpw. The former two and the later

two are discussed in a laminarized flow framewar#t a recovery flow framework.

For the partially laminarized flow and ‘completelgminarized flow, a new theory is
proposed to explain the ‘laminarization phenonnthre to the imposition of a body force
in a turbulent flow. Considerring a turbulent flm& Reynolds numbeRe, driven by a
pressure gradientlp/dx) and an additional non-uniform streamwise bodgdan the
same direction of the flow (body force aided flom)comparison with the reference flow
of the same Reynolds number but without body fortesturbulence can be significantly
reduced. In general, the stronger the body foleestronger the turbulence reduction is.
When the body force is sufficiently strong, thewfl@an be fully laminarized. This
convectional view has been established in thealitee for various physical flows. It is
also clearly demonstrated by using systematicallyed prescribed non-uniform body
forces using direct numerical simulation (DNS) lerén the present study, we have
established a new perspective towards such flolws bbdy-force aided flow can be best
interpreted as resulting from imposing a body fdocB#ow driven by a pressure gradient
(referred to as thdp-based reference flow). The following are summariter the

laminarized flow:

(1) The turbulence of the flow remains largely unchahfglowing the imposition of
the body force. Most significantly, the eddy vistp®f the flow remains largely
uninfluenced by the imposition of the body forcegm® though the total flow rate can

be significantly increased
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(2) The wall-normal and circumferential turbulent st&sremain largely unchanged and
the streamwise turbulent stress is moderately asa@. The latter is a result of
enhanced high- and low-speed streaks

(3) The additional flow caused by the imposition of thely force is governed by the

following momentum equation,

0—116 1+ v’ +b
" Rerdr (¢ ver) or f

wherev,; is the turbulent viscosity of thép-based flow and therefore can be seen as

known, and the boundary conditions &fe= 0 on the wall angaUT = 0 at the pipe

centre. The velocity can be obtained from the irgggn of the above momentum
equation. The addition of the body force causemeamease in turbulent shear stress,
which can be calculated from the above momentunatezju The total wall shear is
the sum of the wall shear of thp-based flow and that of the body force driven flow
obtainable from the above momentum equation

(4) The body force can be characterized by four pararsete., the total amplitud€’,
the wall value, the coverage and the profile. foisnd that when the coverage of the
body force is small, say, less thah<20, the body-force driven flow is effectively a
laminar flow. The solution of the total flow is taer simplified

(5) The level of laminarization is associated with Reynolds number of thép-based
reference flow Re;). When the applied body force is sufficiently lkargausing the
Reynolds number of the pressure-driven-flow to dfécently small and turbulence
cannot be sustained and the flow becomes a larflovar Consider a series of flow

cases of the same total flow rate, but with indrepbody forces, e.g., B1, B2, B3.
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Alternatively, consider a series of flow casesh& same pressure gradient imposed,
and with increasing body forces, the turbulent fismot laninarized at all;

(6) Under the condition of a fixed Reynolds number,dtrength of the effect of a body
force on the flow in terms of suppressing turbuéeand laminarizing the flow is
predominately associated with the flow rate of pleeturbation flow it induces. The
apparent flow is the total flow takes away the ydxation flow of the body force.
Hence, the higher the latter, the smaller the apparent flow; the lower the apparent
Reynolds numberRe,;) and the stronger the laminarization. The flovwerat the
perturbation flow is linearly proportional to thengplitude of the body force. It also
increases with the increase of the coverage wherathplitude is fixed and the
relation is described by Eqn 5.21. The profile lné body force distribution only
affects the laminarization through flow rate thatduses. For example, with the same
amplitude and coverage, the stepwise distributeuses a perturbation flow that is
about 2.6 to 3 times higher than that of a lingatriddution and hence it is more
effective in laminarizing the flow. The ratio beteve the two total forces in the

stepwise and linear distributions is about 1.95.

For the recovery flow, following basical featuresde drawn:

(1) The body force can be characterized by four paramgte., the total amplitud€’,
the wall value, the coverage and the profile. Ifasnd that the main influential
parameters are the total amplitude, which detersihe force density. The higher
the force density, the more effectively the streageviurbulent stress is suppressed,
but the effect on non-streamwise turbulent stressasore related to the pattern of

the body force, which is determined by both the lgoge and the profile.
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(@)

3)

(4)

The flow visualization shows that many partiallyniaarized flows are transitional
flows. As theF increases, the streaky structures become smauaththe streaky
structures are elongated, which are similar todhmsservations in the transitional
region of boundary layer flows. The spanwise amelashwise scales of the streaks
increase. By contrary, for recovery flow, the spmawand streamwise scales reduce
as theF' increases and the streaky structures are diffén@mtboth the base flow and
a transitional flow. The vortical structures argamized with the streaky structures
in partially laminarized flow but most of vorticatructures are not organized and
detached from the wall in recovery flow

Theuv contributions of ejections and sweeps of theigl@rtrecovery flows are
similar to that of the base flow at the near watlion. In near wall regiony(<30)

of the base flow, the balance of Reynolds stres®stablished between sweeps and
ejections, where the contribution of sweeps is dami. The contribution of sweeps
reduces slightly but the ejections’ contributiogrigases in recovery flow. Flatness
and skewness show that these flows are highlynitemt. Betweery*=10 and new
shear layer, the turbulence is a mixture of theiiriarbulence and outer turbulence.
The skevness data shows that the inward motions are dominant in this region;

The budget terms of recovery flows show a balarteem different from that of the
base flow. There are two production regions showthe main budget terms. There
are many detailed changes on these budget tertrhidonnost important information
can be drawn is from the term for the energy rédfistion between the three
components of the turbulent stresses. The prestaia ofu’,u’, is recovered in the
near wall region, which shows two peakyifx40. The peaks at aroupd =5 is due

to a ‘splatting’ effect of the wall and it only axs in strongly recovery flow. The
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collision of the inward and outward motions crea#®ng negative peaks on the

pressure strain af',.u',., which redistributes the energy frarf). tou'y.

The transient response of the development of auleinb pipe flow after it is subjected to
a non-uniform body force with various amplitudesl @nofiles is studied in chapter 6. It
is found that the laminarization of the turbuldoif is a natural response to the change
of force balance. Depending on the amplitude amtylborce coverage, the flow reaches
various final quasi-steady states toward the ertlefransient process, namely partially
laminarized flow, ‘completely’ laminarized flow ancecovery flow. The following
conclusions are drawn for the former two:

(1) The turbulence reduction rate is mainly dependaerihe total force amplitudé'j.
The higher force amplitude causes stronger distodf mean flow and local shear
stress.

(2) Although the increase df and coverage results in similar effects, the lai#@ises
more complicated effects. It is found that the éase of (the coverage is not
changed) leads to monotonic decrease of streanamidevall-normal turbulent
stresses. Increasing the body force coverageF(ieenot changed) intensifies the
decay of wall-normal turbulent stress but the sapging effect on the streamwise
turbulent stress is reduced.

(3) For the partially laminarized flows, increasefobr increase of coverage leads to
a longer transient period of turbulence developmé&iie modulation of the
turbulence includes a reduction stage and a regastage. In some cases, the
bypass transition scenario is observed duringehevery stage. For some critical

F and coverage, the turbulence of the flow decayspbetely.
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(4) The transient turbulence reduction shows two diffiepatterns dependent on the
body force coverages. Type one flows are cases weiti narrow body force
coverage y+°©=15), while type two flows are cases with widerdpdorce
coveragesy+<°=30, 60, 90). For type one, the turbulence product damped
faster near wall but the body force induced flowaigely laminar. Therefore,
increase oF with narrow coverage is less efficient in suppiregthe wall-normal
turbulence than that with wide coverage. For type, the turbulence production
is damped more gradually but the final reductiom@e significant due to that

the body force induced flow is turbulent.

The recovery of the turbulence shows the followehgracteristics:

(1) The recovery of turbulence in the wall region idapendent on the wall-normal
location, implying that the turbulence recoverytlms region is not through a
diffusion mechanism. The r.m.s of streamwise andl-m@amal velocity
fluctuations recover almost simultaneously in tieigion.

(2) The recovery of turbulence in the central regiopeshels on the wall-normal
location, implying that the turbulence recovery tims region is through a
diffusion mechanism.

(3) The enlargement of the body force coverage advaheesecovery of both near

wall turbulence and central turbulence.

7.2Futurework

(1) For a transient flow, let us define the turbuleimtensity as the initial turbulence over
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the final bulk mean velocity, with the increasetloé final Reynolds number or the
decrease of the initial Reynolds flow, the decreases. An interesting question is that,
if the Tu is reduces down to 0.1%, below which T-S waveainifity scenario usually
shows in boundary layer flow, what is the transitimechanism? The current
Reynolds number ranges from 2650-45000. With aelagtension of the final
Reynolds number it is possible to answer this goest

(2) The non-uniform body forces are imposed on a temtuflow with a low Reynolds
number. In a mixed convection flow, the Reynoldmber is usually much larger. Is
there any Reynolds number effect on the flow respda a non-uniform body force?
Similar studies should be conducted on turbulew fivith higher Reynolds number.

(3) The present study establishes physical models atatadbase for two typical non-
equilibrium flows. The transient flow with suddemamge in flow rate is governed by
bypass transition mechanism. The database is ittealest some transitional
turbulence models, such as the- Rey transitional model (Langtry 2006) and
laminar kinetic model (Mayle & Schulz 1997). The BMatabase of flows with non-
uniform body forces can be used to test the pedooe of RANS models in

predicting such flows. More detailed work shouldcoaducted.
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Appendix

A2. Discretization of the gover ning equations

Timeintegration of gr and ge-momentum equations
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Space discretization of non-linear terms in gr- and ge-momentum equations (all

superscript k isignored)
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A3. The additional data of chapter 5
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Figure 2 Reynolds stress of strongly recovery flow.
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Figure 3 Flatness and skewness of stronglyvesy flow.
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Figure 4 Budget ofi’ ,u’, of strongly recovery flow (normalized ky*/v).
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Figure 6 Budget af gu’y of strongly recovery flow (normalized by */v).
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