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Abstract

Direct numerical simulation results are used to establish the effect o f streamwise convex 

surface curvature on the development o f  turbulent boundary layers, and the effect o f  such 

curvature on the forced-convection heat transfer variations observed at certain 

supercritical thermodynamic states. The results illustrate the stabilizing effects o f  this 

flow geometry through modification o f  the structure and distribution o f hairpin-like 

vortical flow structures in the boundary layer. Specifically, the radial equilibrium 

mechanism existing on the streamwise convex surface acts to decrease the streamwise 

spacing o f  hairpin-like structures within a wave packet and increase the spanwise spacing 

o f  the hairpin-like structures in comparison to the behaviour o f  such structures within the 

boundary layer on a flat surface. Furthermore, enhancement o f  convective heat transfer 

realized at a particular heat flux-to-mass flux ratio with the working fluid at a 

supercritical thermodynamic state is observed to be reduced by the stabilizing effect o f 

convex surface curvature.
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1 Chapter: Introduction

1.1 Motivation

Atomic Energy o f  Canada Limited (AECL) is developing the Canada Deuterium 

Uranium (CANDU) supercritical water reactor (SCWR) in collaboration with the 

Generation IV International Forum (GIF) which identified the SCW R as one o f  the next 

generation o f  evolutionary nuclear energy concepts (Torgerson et al., 2006). The SCWR 

uses water at the supercritical thermodynamic state as coolant for the nuclear fuel rods. 

The increased temperature range o f  the power cycle and a lack o f  phase change o f  water 

at the supercritical thermodynamic state provide a higher thermal efficiency and a more 

compact overall design compared to conventional nuclear reactors (Roelofs, 2004). Such 

advantages have led to increased research on the thermalhydraulics o f  the SCWR by GIF 

member nations (Pioro and Duffey, 2005). One o f several such areas o f research 

proposed for the SCWR is the examination o f  the effect o f  wire-wrap spacers on heat 

transfer from the fuel rods to the supercritical coolant in the fuel-bundle. The wire-wrap 

spacers wound helically around each o f  the fuel rods serve to maintain the spatial 

positioning o f the rods within the fuel bundle and affect the turbulent coolant flow and 

heat transfer processes (Natesan et al., 2010). The wire-wrap spacers simultaneously 

induce transverse velocities and impose streamwise convex curvature on the turbulent 

coolant flow as it develops over the surface o f  each fuel rod in the bundle; establishing 

the effect o f  such streamwise convex curvature on convective heat transfer affected by 

flow turbulence is the motivation for the present study.
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1.2 Approach

Experiments (Head and Bandyopadhyay, 1981; Adrian et al., 2000) and numerical 

simulations (Zhou et al., 1999; Wu and Moin, 2009) o f turbulent flows have shown the 

existence o f coherent flow structures o f  turbulence which are believed to dominate the 

wall-normal momentum and energy transfer processes in the boundary layer (for 

example, Buschmann et al., 2009). Therefore, the study o f  turbulent boundary layers in 

terms o f the coherent flow structures o f turbulence can be expected to provide an 

improved understanding o f the momentum and heat transfer processes occurring in the 

boundary layer. However, turbulence is a complex process involving varying degrees o f 

spatial and temporal scales o f coherent structures in the flow and thus, capturing all 

relative scales in the flow can only be achieved with carefully set up experiments or 

direct numerical simulations. The present study utilizes direct numerical simulations to 

study the behaviour and interactions o f  coherent structures in fully turbulent boundary 

layers.

The objective o f the present research is to characterize the effect o f streamwise 

convex surface curvature which is induced by the wire-wrap spacers on the turbulent 

flow o f water at a supercritical thermodynamic state. Experiments with surface curvature 

have shown that streamwise convex surface curvature exerts a stabilizing influence on 

turbulent boundary layers, resulting in decreased skin friction coefficients and Reynolds 

stresses compared to similar flows over flat surfaces (for example, So and Mellor, 1973; 

Meroney and Bradshaw, 1975; Ramaprian and Shivaprasad, 1978; Gillis and Johnston, 

1983). The experimentally-observed stabilizing effect o f convex surface curvature 

suggests that there are changes in the development o f  coherent flow structures in the
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boundary layer. In the present study, the effect o f  streamwise convex surface curvature 

on the coherent flow structures o f turbulence is first established with the use o f  air as the 

working fluid at standard atmospheric pressure and temperature without any wall-normal 

fluid property variations, in comparison with the development o f  the coherent flow 

structures in a similar flow environment on a flat surface. This is accomplished because 

experiments with water at the supercritical thermodynamic state have shown that at 

certain temperatures above the critical pressure, convective heat transfer is significantly 

affected by thermophysical property variations o f supercritical water (Pioro et al., 2004). 

In particular, recent direct numerical simulations by the author’s research group (Azih et 

al., 2012) established that for certain heat flux and mass flux conditions with the working 

fluid at a supercritical thermodynamic state, the coherent flow structures o f  turbulence 

are modified yielding variations in the wall-normal mass and energy transport due to 

turbulence. Thus, after characterizing the effect o f convex surface curvature on the 

coherent flow structures in the absence o f  wall-normal fluid property variations, water at 

the supercritical thermodynamic state is employed as the working fluid to elucidate the 

effect o f  convex surface curvature on convective heat transfer within the boundary layer 

in the presence o f  thermophysical property variations.

It should be noted that although the wire-wrap spacers induce streamwise convex 

curvature in sub-channels within the fuel-rod bundles, the present study addresses the 

effect o f streamwise convex surface curvature on coherent flow structures in boundary 

layers. Several studies have determined that large Reynolds stresses associated with the 

production o f  turbulence occurs in the region close to the walls (for example, Bernard et 

al., 1993; Brooke and Hanratty, 1993). The production o f  Reynolds stresses is strongly

3



linked to organized motion o f  the coherent flow structures in the near-wall region and the 

behaviour o f  such structures is not significantly affected by the outer flow (Brooke and 

Hanratty, 1993). Therefore, a study o f the development o f coherent flow structures in the 

near-wall region o f  a streamwise convex surface in a boundary layer should provide 

physical insights into flows developing in fuel-rod bundle sub-channels.
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2 Chapter: Literature Review

This chapter begins with a review on the effect o f  the supercritical 

thermodynamic state o f  water on heat transfer followed by a review on the effect o f  wire- 

wrap spacers on fuel rods in nuclear fuel bundles. Next, an overview o f the concepts and 

theories used to understand the structure o f  turbulent shear layer flows is presented 

followed by a review o f the investigations conducted on the effect o f  streamwise convex 

surface curvature on such flows.

2.1 Forced Convection Heat Transfer in Supercritical Water

GIF has proposed the development o f the SCWR which is an advanced nuclear 

reactor concept that uses supercritical water as coolant. Supercritical water refers to a 

state that is above the thermodynamic critical point o f water at a temperature o f 647.096 

Kelvin (K) and a pressure o f  22.064 MPa. The use o f  water at the supercritical 

thermodynamic state as a coolant provides a higher thermal efficiency and a more 

compact overall design for the SCWR (Roelofs, 2004). An important property o f 

supercritical water as shown by experiments is that heat transfer is significantly affected 

by thermophysical property variations near the thermodynamic critical and pseudo- 

critical points. Pseudo-critical points in state space are defined as points above the critical 

pressure where the specific heat has a maximum value at particular temperatures (Pioro et 

al., 2004). An example o f  thermophysical property variations at a pressure o f 24 MPa 

based on the data published by the International Association for the Properties o f  Water 

and Steam (IAPW S) is shown in Figure 2.1.
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Figure 2.1: Property variations of supercritical water near the pseudo-critical 

temperature at a pressure of 24 MPa (adapted from Shang and Lo, 2010).

The application o f supercritical water as coolant requires the knowledge o f  its 

heat transfer properties. However, empirical correlations such as the Dittus-Boelter model 

fail to accurately predict the convective heat transfer coefficient particularly in the 

vicinity o f  the pseudo-critical point (Pioro et al., 2004). The Dittus-Boelter correlation is 

expressed as:

N u = k R e mP r n (2.1)
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In this equation, Nu is the Nusselt number, Re is the Reynolds number and Pr is the 

Prandtl number o f  the flow. The parameters k, m, n are constants, which for subcritical 

single-phase flows are generally taken as £=0.023, m=0.8 and n=0.4 for heating and 

n= 0.3 for cooling (Winterton, 1998). Due to the significant temperature dependence o f 

the thermophysical properties, it is crucial that the temperature at which the fluid property 

values are evaluated in empirical relations is clearly identified by the researcher 

(McEligot and Jackson, 2004). When the observed heat transfer coefficient in 

supercritical flows is in agreement with the Dittus-Boelter equation, it is termed as 

normal heat transfer (NHT). Yamagata et al. (1972) mention that previous experimental 

investigations on forced convective heat transfer to supercritical water at low heat fluxes 

have shown an increase in the heat transfer coefficient with a maximum near the pseudo- 

critical temperature. Hence, lower values o f the wall temperature are observed in 

comparison to the NHT mode and this is known as improved heat transfer (IHT). 

However, as the heat flux is increased, the peak in the heat transfer coefficient decreases 

until a stage where lower heat transfer coefficient and a corresponding higher wall 

temperature is observed as compared to the NHT mode; this is known as deteriorated heat 

transfer (DHT) (Pioro and Duffey, 2005). The substantial thermophysical property 

variations in the vicinity o f  the pseudo-critical point (see Figure 2.1, for example) are 

believed to cause these deviations in the heat transfer coefficient from that predicted by 

the Dittus-Boelter correlation.

In a numerical study using supercritical carbon dioxide, Bae et al. (2005) observe 

DHT in a region where turbulence is attenuated followed by enhancement in heat transfer 

when turbulence is restored. In order to obtain a better understanding o f  DHT and IHT
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mechanisms, it is therefore worthwhile to conduct a detailed study o f  the behaviour o f  the 

flow in terms o f  the turbulence flow structures. This is possible with the aid o f carefully 

executed experiments and numerical simulations. Bae et al. (2005) mention that given the 

lack o f  uniformity between experimental results and numerical simulations performed 

with turbulence models, the use o f  direct numerical simulations (DNS) is recommended. 

DNS also provides an effective alternative to experiments especially for supercritical 

working fluids where the typically high pressures and temperatures require the use o f 

expensive and complicated experimental arrangements (Gu et al., 2010).

2.2 Thermalhydraulics of Rod Bundles with Spiral Wire-Wrap

The heat energy production in a nuclear reactor core occurs due to nuclear 

reaction in bundles o f nuclear-fuel rods present in the core. According to Natesan et al. 

(2010), the heat generation depends on the spacing between the rods in a bundle which is 

maintained by grid spacers or thin wires wound helically around the fuel rods. Grid 

spacers occupy less volume but the spiral wire-wrap arrangement is preferred as it is 

known to increase the turbulence level thereby enhancing the thermal mixing process 

(Natesan et al., 2010). The wire-wrap is also easier to manufacture and is less expensive 

than grid spacers (Natesan et al., 2010). The turbulent flow through a bare fuel bundle 

(without grid spacers or wire-wrapped fuel rods) shows a relatively uniform distribution 

o f  velocity and temperature at any given cross-section o f  the assembly without any 

significant mixing between sub-channels, and with the velocity and temperature gradients 

restricted to a small region close to the surface o f  the fuel rods (Sreenivasulu and Prasad, 

2011). The turbulent transport o f  momentum and energy is mostly restricted to within the
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sub-channels. Figure 2.2 and Figure 2.3 show an example o f a fuel-rod sub-assembly 

with the corresponding sub-channels. The result is reduced heat transfer between the fuel 

rods and the coolant which decreases thermal efficiency and increases the possibility o f  a 

certain section in the sub-assembly reaching higher temperatures and thus higher thermal 

stresses in comparison to the wire-wrapped fuel bundle. Experiments with wire-wrapped 

fuel rods have shown that the flow mixing between sub-channels is enhanced, which 

provides higher heat transfer rates (Peniguel et al., 2010). According to Ginsberg (1972), 

the presence o f the wire-wrap spacer induces lateral components o f velocity in the 

assembly thus inducing a net transport o f fluid carrying momentum and energy from each 

sub-channel to adjacent sub-channels. Table 2.1 lists the experimental and numerical 

investigations conducted on wire-wrap spacers cited in this thesis with the relevant 

experimental parameters.

H

D

Figure 2.2: A 7-pin wire-wrapped fuel-rod sub-assembly (adapted from Ahmad and 

Kim, 2006). D -  diameter of the fuel rod, Dw -  diameter of the spiral wire-wrap, P -  

spacing between adjacent fuel rods, H -  pitch of the wire-wrap.
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Interior (or central) 
sub-channel

EdgeComer
sub-channel sub-channel .

Exterior (or peripheral) 
sub-channels

Figure 2.3: Sub-channels within the fuel-rod assembly (adapted from Ahmad and 

Kim, 2006).
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Table 2.1: Research conducted using wire-wrapped fuel rods.

Reactor C oolant

W ire-wrap
spacer
shape Period FSA F./T Rt'Dh Dw/D P/D H/D L/D

A hm ad  and  
K im (2006) LM R

Liqu id
Sodium C ircu lar 1

7-pin 

7-pin 

19-p in  

PB

SST 

8 .8x10 A5

60840

60840

60840

0 .175

0.25

0.25

1 18

1.26

1.26

25

25

25

1 pilch

C h u n  and 
S e o (2 0 0 1 ) LM R W ater C ircu la r 137.7

1 2 9 5

19-pin E 0 .175

0.25

1 18

1 26

25 

37.5 

25 

37 5

162.5

F isch er et al 
(2007) A B R

Liqu id
Sodium C ircu lar 1 1-pin

LE S

I0 A7
poin ts

4684-
29184

14592

1 1 5 13.4

20.1

G ajap ath y  el 
al (2007) FBR

Liquid
Sodium C ircu lar 1 7-pin k-e

l .3 x l 0 A7
poin ts

8 6430 0 .25 1 26 22.73

1 p itch

G in sb erg
(1 0 7 2 ) I .M F B R

Hot
w ater C ircu lar 19-pin  

cen tral 
7-pin

E
M ixing
m odel

(Cobra-11
c o d e)

6 0 0 0 0 1.28 48

H im m el et 
al (2008) H P1.W R sew C ircu la r 1 40-p in

PB

k-e 0 .18 1.18 12.5

37.5 1 p itch

N atesan  et 
al. (2010) L M FB R

Liquid
S od ium C ircu lar 19-pin k-e

k-w

RSM

5 0000
to

150000

15 

to  45

N in o k ata  et 
al. (2009) FBR W ater N one 1 -pin

PB

PB

D N S

m o dified
an iso trop ic

/

standard

k-e

6 00 0
to

2 4000

3 8754

1.2 

1.1 

1 05

1 06

axial
spacing

3 .2*D h

1 1



Reactor C oolant

W ire-wrap
spacer
shape Period FSA E/T Rcph Dw/D P/D H/D L/D

R aza  and
K im (2008) LM R

Liqu id
Sodium

C ircu lar,
hexagon
and
rho m b u s

C ircu la r

i

1

7-pin

7-pin

19-pin

PB

SST

SST

9 ,4 6 x l0 /'5

2 .1 4 x 1 0 6

60000

60000

0,25

0 2 5

0.25

1.26

L 2 6

1.26

12 5

25

25 i pitch

R olfo  et al. 
(2 0 1 1 ) FBR C ircu la r 1 7-pin 

19-p in , 
6 1 -pin

PB

k-e

S M C

11
21,
16.8

i pitch

S reen ivasu lu  
and  Prasad
(2011) Heat

L xchanger

W ater C ircu la r 7-pin k-w  SST 1.28

I 28 
1 28, 
1.32, 
1.36

9 ,0 9

18.18

30.3

LMR -  Liquid metal reactor, A BR  -  Advanced breeder reactor, LM FBR -  Liquid metal fast breeder 

reactor, HPLW R -  High performance light water reactor, FBR -  Fast breeder reactor, SCW  -  Supercritical 

water, FSA -  Fuel sub-assem bly, PB -  Periodic boundaries, E/T -  Experiment/Turbulence M odel, SST -  

Shear stress transport, k-e -  Turbulence kinetic energy-turbulence dissipation rate, k-w  -  Turbulence 

kinetic energy-turbulence specific dissipation rate, SMC -  Second m om ent closure, RSM R eynolds stress 

m odel, D -  Diameter o f  the fuel rod, D w  -  Diameter o f  the spiral wire-wrap, P -  Spacing between adjacent 

fuel rods, H -  Pitch o f  the wire-wrap, L -  Length o f  the fuel rod, ReDh -  Reynolds number based on 

hydraulic diameter.

Many researchers have observed that the flow induced by the wire-wraps in the 

inner and outer regions o f a sub-assembly is fairly independent o f  each other especially 

with an increase in the number o f  fuel rods (Rolfo et al., 2011). The outer region consists 

o f  the edge and com er sub-channels (peripheral or exterior sub-channels) and the inner
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region consists o f the central (or interior) sub-channels as shown in Figure 2.3. Bishop 

and Todreas (1980) refer to the flow along the direction o f the wire-wrap in the 

peripheral sub-channels as “sweeping” flow and that in the central sub-channels as 

“mixing” flow. The magnitude o f  the sweeping flow is greater than that o f  the mixing 

flow due to the presence o f  surrounding wire-wrapped rods in the central sub-channels 

(Bishop and Todreas, 1980; Gajapathy et al., 2007; Rolfo et al., 2011). In the central sub

channels, while the wire-wrap on one rod brings flow into a particular sub-channel, the 

wire-wrap on an adjacent rod convects fluid out o f  that sub-channel (for example, see 

Figure 2.4). This leads to enhanced flow mixing in the central sub-channels as compared 

to the peripheral sub-channels (Sreenivasulu and Prasad, 2011). Due to these secondary 

motions induced by the wire-wrap, transverse pressure gradients are also created from 

one end o f  a cross-section to the other in a sub-assembly (Ahmad and Kim, 2006). Raza 

and Kim (2008) observe a region o f  recirculating flow behind the wire-wrap due to flow 

blockage in all sub-channels o f a 7-rod bundle, but for a 19-rod bundle, such recirculating 

flows are only observed in the sub-channels close to the end-walls. This indicates that the 

flow mixes well in the central sub-channels o f the 19-rod bundle. It also indicates that the 

flow in the peripheral sub-channels have an effect on the flow in the central sub-channels 

with this effect reducing with an increasing number o f rods. Such flow mixing would also 

affect the temperature distribution in a sub-assembly within the nuclear fuel bundle. 

Ahmad and Kim (2006) determine that the wire-wrapped fuel-rod bundle reduces the 

temperature gradients and the maximum temperature as compared to the bare fuel bundle 

which also results in a higher local Nusselt number (Nu ) number for the wire-wrapped 

bundle. A similar result is reported by Gajapathy et al. (2009) who find the temperature
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difference between the peripheral and central sub-channels in a bundle with wire- 

wrapped rods to be l/4 th o f  that observed in a bare fuel bundle.

Figure 2.4: A 7-pin fuel-rod sub-assembly showing the induced motion of the flow

due to the presence of wire-wrap spacers.

Based on the foregoing observations, there is ample evidence to indicate that the 

presence o f  the wire-wrap enhances flow mixing between sub-channels. However, the 

underlying physical mechanisms are poorly understood, which is important in the 

perspective o f  designing more effective techniques for improving the efficiency and 

safety o f  fuel-rod bundles with wire-wrapped rods. To improve the understanding o f  the 

flow through a fuel-rod bundle with wire-wrapped rods, a thermalhydraulic analysis o f  a 

fuel-rod bundle is preferred, but the thermalhydraulic analysis o f  even a single sub
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assembly in a reactor is difficult due to the presence o f several sub-channels (Fischer et 

al., 2007). Sub-channel modelling is often used for thermalhydraulic calculations as it is 

more efficient for design purposes (Ahmad and Kim, 2006). A substantial understanding 

o f  the flow physics is required for the development o f  reliable mathematical models to 

predict the thermalhydraulics o f  wire-wrapped fuel-rod bundles that capture the sub

channel mixing induced by the wire-wraps, including the effects o f the geometrical 

parameters o f  the wire-wrapped fuel-rod bundles such as the adjacent fuel-rod spacing to 

fuel-rod diameter ratio (P/D), wire-wrap pitch to fuel-rod diameter ratio (HID), wire 

diameter and cross-sectional shape which are known to affect flow mixing (Himmel et 

al., 2008; Raza and Kim, 2008; Ninokata et al., 2009; Sreenivasulu and Prasad, 2011). 

Computational fluid dynamics (CFD), especially DNS or large eddy simulations (LES), 

provide a good alternative to experiments for understanding such flows. Although the use 

o f DNS requires significant computing power when compared to the traditional Reynolds 

averaged Navier-Stokes (RANS) methods, RANS suffers from the shortcoming o f 

turbulence closures that cannot accurately capture the flow features in a fuel-rod bundle 

with spiral wire-wraps (Ninokata and Merzari, 2008). The computing power required for 

DNS or LES can be reduced with a judicious choice o f  boundary conditions based on the 

expected behavior o f the flow. In an LES o f a single wire-wrapped rod in a hexagonally 

periodic cell performed by Fischer et al. (2007), they observe that the flow reaches a fully 

turbulent state within one pitch o f the spiral wire-wrap. Such observations and distinct 

flow features in the inner and outer regions o f a sub-assembly allow the selection o f  a 

particular central or peripheral sub-channel and conducting DNS or LES with periodic 

boundary conditions.
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Before conducting DNS o f a sub-channel, it would be beneficial to investigate the 

effects o f  streamwise convex surface curvature on turbulence in isolation since the wire- 

wrap spacers impose convex surface curvature on the turbulent coolant flow as it 

develops within the fuel bundle (see Figure 2.4). Such effects o f  curvature should be 

studied in terms o f the development o f  the coherent flow structures o f  turbulence within 

the shear layer that are known to play an important role in the wall-normal turbulent mass 

and energy transport (Buschmann et al., 2009). Accordingly, the next two sections review 

shear layer turbulence in terms o f  the coherent flow structures and the effect o f 

streamwise convex curvature on turbulence.

2.3 Coherent Flow Structures in Turbulent Boundary Layers

This section presents recent efforts directed at understanding the structure o f 

turbulent boundary layer flows. Basic information regarding transition on boundary layer 

flows and the statistical treatment o f turbulent boundary layers is presented in Appendix 

A .I. Flow visualization experiments such as those performed by Head and 

Bandyopadhyay (1981), Acarlar and Smith (1987b), Adrian et al. (2000) and direct 

numerical simulations (DNS) such as those performed by Zhou et al. (1999), Wu and 

Moin (2009) among many others have shown that transitional and turbulent shear layers 

are populated by coherent flow structures. Adrian (2007) suggests that only structures 

that persist for longer times to be captured in flow visualization techniques or 

significantly add to the time-averaged statistics should be referred to as coherent flow 

structures. The dominant flow structure within the turbulent boundary layer is the 

hairpin-like vortical flow structure (Smith et al., 1991). Theodorsen conceptualized this
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structure as a horseshoe vortex as far back as in 1952 but the topology o f these hairpin

like vortical structures varies with flow parameters such as the Reynolds number. For 

example, Head and Bandyopadhyay (1981) observed that at lower momentum-thickness 

Reynolds numbers {Reg<800), the vortices resembled a shape more similar to a horse

shoe but as the Reynolds number increased, the vortices were elongated in the streamwise 

direction and resembled hairpins. Furthermore, at higher Reynolds numbers, the 

population o f  the hairpin-like vortical structures within the turbulent boundary layer 

increases, and the mutual interaction with increased instances o f  such vortices results in 

one-legged or cane-shaped vortices (Smith et al., 1991). The low Reynolds number DNS 

results o f  Kline and Robinson (1989), Robinson (1991), and high Reynolds number 

particle image velocimetry (PIV) data o f Adrian et al. (2000) indicate that these 

asymmetric hairpins dominate the turbulent boundary layer. Following Adrian et al. 

(2000), the term ‘"hairpin” will be used in the current study to represent any structures 

that resemble a horseshoe or hairpin and whether they are symmetric or asymmetric, 

since these structures appear to be variations o f the same flow structure.

The formation o f  a hairpin vortex can be described as shown in Figure 2.5. When 

a localized shear layer becomes unstable (for example, in the non-linear stages o f the T-S 

wave growth or in the presence o f an inflectional velocity profile created due to an 

external disturbance), it rolls up as shown in Figure 2.5(a) with a sense o f  rotation as 

indicated by the arrow. The vorticity in this shear layer is primarily oriented in the 

spanwise direction. The form o f the roll-up is independent o f the amplitude and 

orientation o f  an initial disturbance in a wall-bounded shear layer (Smith et al., 1991). 

The vortex, once deformed by small perturbations in the local flow field, is then stretched
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in the streamwise direction by the mean shear o f  the background flow elongating it to 

form quasi-streamwise counter-rotating vortices which are called as “ legs” o f  the vortex, 

with the downstream ends o f the legs connected to the spanwise vortex as illustrated in 

Figure 2.5(b). The sense o f rotation in the legs is also indicated in Figure 2.5(b). The 

velocity field induced by the deformed vortex results in the “head region” o f  the vortex to 

move away from the wall. The higher local velocities prevailing farther away from the 

wall result in stretching o f the vortical structure, providing it the characteristic hairpin 

shape. Additional modes o f instability result in the development o f  similar vortical 

patterns on either side o f the hairpin vortex as shown in Figure 2.5(c). Zhou et al. (1999) 

observe that once the hairpin vortex forms and moves away from the surface due to 

mutual- and self-induction, the legs tend to spread further apart but the spanwise spacing 

o f  the heads o f  neighbouring hairpin vortices has been observed to be about 100 wall 

units in a turbulent boundary layer. The spanwise spacing o f the legs is dependent on the 

strength o f the near-wall mean shear o f  the background flow with smaller spacing 

obtained for flows with higher near-wall mean shear (Hon and Walker, 1987).

distortion, (b) development of vortex legs and head, (c) evolution of subsidiary 

vortices and penetration toward the surface (adapted from Smith et al., 1991).

Flow
direction head

S p a n w ise  

sp rea d in g  o f  

v o rtex

Figure 2.5: Evolution of a symmetric hairpin vortex in a shear flow: (a) initial
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The sense o f  rotation in the head and legs o f  a hairpin indicates the pattern o f  fluid 

exchange near the wall that is induced by the hairpin vortex, which can be represented as 

shown in Figure 2.6. The lower-speed fluid closer to the wall is induced away from the 

wall into the higher-speed region between the head and the legs o f  the hairpin vortex; this 

is known as an ejection event. On the outboard side o f  the head and legs o f  the hairpin 

vortex, higher-speed fluid is induced towards the low-speed region, and this is known as 

a sweep event (Adrian et al., 2000). This pattern o f fluid exchange can be graphically 

represented using the streamwise and wall-normal components o f  velocity fluctuations 

(u ' and v ')  as shown in Figure 2.7. Accordingly, ejection and sweep events are also 

referred to as the Q2 and Q4 events, respectively. The stagnation point shown in Figure 

2.6 is formed where the Q2 and Q4 events cancel each other out.

Stagnation
point

Flow
direction

Head

•02

-u1
Leg

z

Figure 2.6: Schematic of a hairpin vortex attached to the wall (reproduced from 

Adrian et al., 2000).
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ejection

Q2
u

Q4
sweep

Figure 2.7: Quadrants of the u'v' plane indicating sweep and ejection events 

(adapted from Robinson, 1991).

The induced wall-normal motions (Q2 and Q4 events) are believed to be 

responsible for the near-wall occurrence o f  alternating high- and low-speed fluid regions 

known as streaks (Hon and Walker, 1987, Robinson, 1990, Zhou et al., 1999). Figure 2.6 

shows a low-speed streak by the contour o f the negative component o f  the streamwise 

fluctuating velocity (—u '). Smith et al. (1991) conceptualize that two pairs o f  streaks (one 

pair consists o f a low-speed and a high-speed streak) would be created by a symmetric 

hairpin vortex whose legs are spaced fairly apart, with each pair o f  streak associated with 

one leg o f  the symmetric vortex. Figure 2.8(a) shows only the low-speed streaks due to 

each leg o f the hairpin vortex for clarity. If  the legs o f  the symmetric vortex are closely 

spaced (Figure 2.8(b)), the two low-speed streaks due to each leg o f  the vortex would 

merge and appear to indicate a single low-speed streak. However, if  the vortex is 

asymmetric, then the dominant leg o f  the vortex would create a single low-speed streak 

(Figure 2.8(c)). At lower Reynolds numbers, the streak patterns depicted in Figure 2.8 (a) 

and (b) are commonly observed (Smith et al., 1991) but at higher Reynolds numbers, the
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streak pattern depicted in Figure 2.8(c) is more commonly observed due to the dominance 

o f  asymmetric hairpin vortices.

Interaction  

w ith  le g s  *
T ra ilin g  lo w -sp eed  

streak reg ion  \

Prim ary hairpin

T ra ilin g  lo w -sp e e d  

streak reg io n s  \

(a ) (b )

T ra ilin g  lo w -sp e e d  

streak reg ion  \

(c)

Figure 2.8: Hairpin vortices inducing low-speed streaks: (a) symmetric case with 

wide separation of legs, (b) symmetric case with narrow leg separation, (c) 

asymmetric case (reproduced from Smith et al., 1991).

Chernyshenko and Baig (2005) state that streaks are universal in wall-bounded 

turbulent flows as they are observed in almost all experimental and DNS studies o f near

wall turbulent flows. The streak dimensions in the streamwise and spanwise directions in 

turbulent boundary layers are A x"-1000 and Az+~100, respectively. The superscript “+” 

denotes normalization by the wall variables, friction velocity (nT) and kinematic viscosity 

(v) which are described in Appendix A .I. In a channel flow simulation by Kim (1983), 

the average streamwise length o f  a low-speed streak associated with a single hairpin 

vortex is observed to be Ax*~ 200 to 300 which is consistent with the channel flow
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simulation o f Zhou et al. (1999). A process commonly observed in turbulent boundary 

layers is “bursting” associated with production o f  turbulence kinetic energy and wall- 

normal momentum exchanges (ejection and sweep events) in the boundary layer (Kline et 

al., 1967). In experiments, multiple ejection events have been detected during a single 

burst event, which is not possible with a hairpin vortex in isolation as that would cause 

only a single ejection event. Observations o f long low-speed streaks and multiple ejection 

events during a single burst event suggest the presence o f  a sequence o f  hairpin vortices 

rather than a single hairpin vortex. The DNS studies o f Zhou et al. (1999) and the PIV 

studies o f Adrian et al. (2000) reveal that the hairpin vortices do occur in groups 

consisting o f streamwise aligned hairpin vortices, with the size o f  individual hairpins 

increasing in the downstream direction. Such organization o f  hairpin vortices is referred 

to as wave packets o f  hairpin vortices. A wave packet in the DNS o f a channel flow by 

Zhou et al. (1999) is shown in Figure 2.9. The development o f the wave packet can be 

described as follows: an initial hairpin vortex is formed as described earlier due to a roll

up o f an unstable shear layer which is created due to a disturbance in the boundary layer 

yielding an inflectional instantaneous velocity profile. In the DNS o f Zhou et al. (1999), a 

three-dimensional (3-D) vortex that is extracted from a two-point spatial correlation o f 

the velocity field by the method o f linear stochastic estimation applied to a turbulent 

channel flow data o f  Kim et al. (1987), is imposed in a background mean velocity profile 

similar to that o f a turbulent flow at ReT= 180 (R e ^ u ^ /v ,  where ur is the friction velocity, 

6 is the boundary layer thickness and v is the kinematic viscosity). The extracted structure 

represents a quasi-streamwise vortex with an associated Q2 event, leading to a local 

inflection point in the velocity field right above the initial structure. The resultant
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unstable shear layer rolls up into the primary hairpin vortex (PHV) as shown in Figure 

2.9. The secondary hairpin vortex (SHV) is then created from the PHV by an interaction 

o f  the low-speed fluid induced upwards between the legs o f  the PHV and the high-speed 

fluid above the legs, leading to a local unstable shear layer (Adrian, 2007). This shear 

layer rolls up and then connects to the legs o f the PHV to form the SHV. The tertiary 

hairpin vortex (THV) forms from the SHV in a similar manner. Zhou et al. (1999) also 

observe the formation o f  a hairpin vortex downstream o f the PHV due to protrusions o f 

the initial structure in the downstream direction from the PHV. These protrusions act in a 

similar manner as legs o f  a hairpin vortex to induce an upward flow between them, thus 

forming an unstable shear layer that rolls up to form the downstream hairpin vortex 

(DHV) as seen in Figure 2.9. Such downstream hairpin vortices have not been commonly 

observed in turbulent boundary layers, but Zhou et al. (1999) consider them to be realistic 

flow structures and not just an effect o f their imposed initial 3-D vortex. The authors 

suggest that there is some evidence o f  downstream protrusions from the PHV in a flow 

visualization experiment o f  Haidari and Smith (1994) but the occurrence o f  downstream 

hairpin vortices in turbulent boundary layers remains inconclusive.

i
(SHV;

Figure 2.9: Hairpin wave-packet (reproduced from Zhou et al., 1999).
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As the Reynolds number o f the flow increases, the separation o f length scales o f 

the wave packets increases, with smaller wave packets existing close to the wall and 

larger wave packets existing farther away from the wall. The simultaneous existence o f 

multiple hairpin vortex packets in the turbulent boundary layer leads to an interaction 

between these different wave packets creating a complicated pattern o f  vortices (Adrian 

et al., 2000). Due to the presence and mutual interaction o f  multiples o f such structures, 

the detection o f  a single hairpin vortex or a wave packet is an intricate process. However, 

some o f the characteristic features o f  a hairpin vortex assist in its detection. For example, 

a concentrated region o f  spanwise vorticity may be indicative o f the head o f  the hairpin, a 

Q2 event may suggest the presence o f hairpin legs, and a stagnation point may indicate 

the destructive combination o f the Q2 and Q4 events. In addition, the presence o f  a low- 

speed streak strongly indicates the presence o f  a hairpin vortex and the combination o f 

these factors is shown in Figure 2.10 which is referred by Adrian et al. (2000) as the 

hairpin vortex signature. This signature can be o f  assistance in the detection o f  hairpin 

vortices in the results o f  an experiment or DNS.

Hairpin vortex 
signature

Figure 2.10: Hairpin vortex signature in the streamwise-wall-normal plane 

(reproduced from Adrian et al., 2000).

Stagnation

x
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Several researchers initiate the development o f  hairpin vortices in a “clean” 

background laminar or turbulent flow using different methods o f disturbing the boundary 

layer and study the further growth and development o f  the hairpin vortices. In the 

experiment by Acarlar and Smith (1987b), fluid injection is used to disturb the laminar 

boundary layer which forms an initial hairpin, and subsequent hairpins are created by this 

initial hairpin. Singer and Joslin (1994) also trigger an initial hairpin vortex through wall- 

normal fluid injection in a spatial DNS o f a laminar boundary layer and observe the 

development o f  multiple hairpin vortices from the initial vortex. Wu and Moin (2009) 

introduce isotropic patches o f  turbulence periodically in the freestream o f a laminar 

boundary layer o f  their spatial DNS and observe the development o f  hairpin wave 

packets. A significant outcome o f  the above-mentioned studies and many others is that 

irrespective o f the study, wave packets o f  hairpin vortices have been observed in 

transitional and fully turbulent boundary layers. Since hairpin vortices play a significant 

role in the mass and energy transport in the boundary layer, it is logical to study turbulent 

boundary layers in different flow environments in terms o f  the behaviour and interaction 

o f  such structures.

2.4 Effect of Streamwise Convex Surface Curvature on Turbulent Boundary 

Layers

The flow over curved surfaces is experienced in many practical situations such as 

flow past wing surfaces, bluff bodies and turbomachinery flows. The presence o f surface 

curvature can have a significant effect on the boundary layer as compared to the flow 

over a flat surface, as streamwise surface curvature gives rise to centrifugal and pressure
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forces on the fluid particles. Due to the presence o f  these forces, the assumption o f 

negligible variation o f  the static pressure across two dimensional boundary layers in the 

wall-normal direction is valid on a flat surface but not on convex surfaces. The 

turbulence activity within the boundary layer developing on a streamwise convex surface 

is reduced compared to a flat surface which implies that convex surface curvature exerts a 

stabilizing influence on the boundary layer (So and Mellor, 1978; Gowda and Narayana, 

1980). Such stabilizing influence o f streamwise curvature in shear layers developing on 

convex-shaped walls is well established (Gillis and Johnston, 1983), and is the result o f 

the radial equilibrium that exists between wall-normal pressure gradients and the 

centrifugal force acting on the fluid particles due to their centripetal acceleration. The 

centrifugal force and thus the radial pressure gradient are proportional to the square o f the 

streamwise velocity component, and therefore have a stronger magnitude with increasing 

wall-normal distance.

In order to quantify the magnitude o f  curvature effects on a boundary layer, 

Liepmann (1943) adopts the dimensionless parameter, SIR where S is the boundary layer 

thickness and R is the radius o f curvature o f the test surface, due to the following reason: 

assuming two-dimensional steady flow with negligible values o f  wall-normal velocity 

reduces the wall-normal momentum equation to the following equation:

= d. i  (2.2)
r  dr

where, p  is the flow density, u  is the streamwise velocity component, r  is the local radial 

coordinate and p  is the static pressure. This equation can be rearranged in the form 

presented below to signify radial pressure variation across the boundary layer:
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where the radius o f  curvature o f the test surface (R ) can be considered constant due to a 

negligible variation in the radius value across the boundary layer. Thus, the parameter 

(S/R) can be suitably used to indicate the effect o f  curvature as it provides an estimate o f 

the balance between the radial pressure gradient and the centrifugal force in the boundary 

layer on a curved surface. Several experiments have shown that based on the stabilizing 

effect o f  streamwise convex curvature, surface curvatures corresponding to S/R<0.02 are 

identified as mild curvatures and those corresponding to 6/R>0.05 are identified as strong 

curvatures (So and Mellor, 1973; Meroney and Bradshaw, 1975; Ramaprian and 

Shivaprasad, 1978; Gillis and Johnston, 1983).

The effects o f  streamwise curvature on turbulent flows were shown to be 

analogous to buoyancy effects by Bradshaw (1969) which resulted in the Monin-

Oboukhov formula for the apparent mixing length with small buoyancy or curvature

effects:

y  =  1 -  PRi (2.4)
Lo

where I and l0 are the mixing lengths with and without buoyancy (or curvature) 

respectively, /? is a constant with a value between 7 and 10 for convex curvature, and Ri 

is called the Richardson number defined for curved flows as:

Ri = 25(1 + 5) (2.5)

u /R
S=^JTr < 2 ' 6 )

where d u / d r  is the mean shear and Ri  «  25 for large values o f the radius or low 

curvatures. Bradshaw (1969) used the above relations to find that even for a mildly-



curved convex surface with d’//?=0.0125, the skin friction coefficient (Q ) reduces to 0.89 

times the value for a flat surface at similar momentum-thickness Reynolds numbers 

(Ree). This observation prompted subsequent researchers to perform detailed 

investigations o f convex surface flows.

2.4.1 Typical Experimental Arrangement in the Study of Convex Surface 

Curvature Effects on Turbulent Boundary Layers

The experiments performed to study the effects o f curvature on boundary layers 

normally consist o f  high aspect ratio ducts to avoid secondary flows and adequate height 

to have an inviscid core region so that the boundary layers on the concave and convex 

sides do not affect each other. A typical experimental arrangement is shown below:

I n f lo w

ad iu s

R e c o v e r y

R e g io n

i

In itia l F lat 

S u r fa ce

Figure 2.11: Experimental arrangement (adapted from Patel and Sotiropoulos, 

1997).
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The initial flat surface is provided for boundary layer development where trip 

wires are extensively used (Gibson et al. (1984) amongst others) such that the boundary 

layer is fully turbulent before the beginning o f  the curved section. The recovery region, 

which is also a flat surface, is used by some researchers to study the recovery o f  the 

turbulent boundary layer from the effects o f curvature and also to ensure the outlet is a 

fair distance from the curved section to diminish any effects on the curved-surface 

boundary layer. A contoured ceiling (the concave side is contoured to study the 

development o f the boundary layer on the convex side) is also used by some researchers 

(Gillis and Johnston, 1983; Chiwanga and Ramaprian, 1993) to maintain a nearly zero 

longitudinal pressure gradient across the curved section. Experiments with convex 

surface curvatures cited in this thesis are presented in Table 2.2 with the relevant 

experimental parameters.
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Table 2.2: Experiments conducted using convex surface curvatures.

S/R SPG IFS

(m )

C D

(m )

R FS

(m )

A R Re„ TA

(°)

A lving et al. (1990) 0.08 =  0 1.5 0.471 4 .9 8.133 6000 90

C hiw anga and 
Ramaprian (1993 ) 0.05 =  0 1.83 1.060 4 .8 4 .88 2600 90

Dehghan and Y uan 
(2002) 0.054 adverse 0 .457 0 .839 5 1 1324 90

Gibson et al. (1984 )  
Gibson and 
V erriopoulos (1984)

0.01 = 0 1.22 1.22 2 .904 3300 28.64

G illis and Johnston 
(1983) 0.05

0.1

~  0 2.05 0 .706 2.05 2.54 3378 90

G ow da and Narayana 
(1980) 0.02 adverse 1

Liepmann (1943) 0.00075

0.005

= 0 6 .096

0 .762

8

M eroney and 
Bradshaw (1975) 0.01

m ildly
favourable 1.448 1.219 6 27 .50

Muck et al. (1985) 0 .009
m ildly

favourable 1.45 1 6 5000 23.77

Ramaprian and 
Shivaprasad (1977) 0.013 ~0 0.305 1.219 0 .305 2.5 28 .06

Ramaprian and 
Shivaprasad (1978) 0.013 ~ 0 1.219 1.194 0 .305 2.5 4600 27.47

So and M ellor(1973 ) 0 .074 =  0 1.219 0.762 8 3300 150
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S/R SPG IFS

(m)

CD

(m)

RFS

(m)

AR Re„ TA

(°)

U m urand Ozalp  
(2003)

0.0093

0 .008

Laminar 
adverse, 0, 
favourable

Turbulent 
adverse, 0, 
favourable

0.4 1 1.5

200
to

2000 38.19

Umur and Ozalp  
(2006) 0 .007 = 0 1 1.5

360
to

1350 38.19

SPG -  Streamwise pressure gradient, IFS -  Initial flat surface, CD -  Curved duct, RFS -

Recovery flat surface, AR -  Aspect ratio (width/height o f duct), TA -  Turn angle.

2.4.2 Effect of Streamwise Convex Surface Curvature on the Mean Turbulent 

Velocity Profile

The measurements o f  the mean velocity profile in a turbulent boundary layer by 

Meroney and Bradshaw (1975) indicate that the boundary layer is thinner on the convex 

surface in comparison to a flat surface at the same Rex (Rex=urx/v, where u,  is the 

freestream velocity o f the flow, x  is the streamwise distance along the test surface and v is 

the kinematic viscosity), and Gibson et al. (1984) observe that the velocity profiles on the 

convex surface are less full than that o f the flat surface. Several experiments with almost 

negligible streamwise pressure gradients on flows over convex surfaces (So and Mellor, 

1973 and Gillis and Johnston, 1983 amongst others) have shown that the mean velocity 

profiles on convex surfaces lie above the log-law region applicable to flat surface cases
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with the difference increasing with stronger curvatures. The mean velocity profiles o f 

Ramaprian and Shivaprasad (1977) are shown in Figure 2.12 which indicates that in the 

inner region o f the boundary layer, the velocity profiles for the convex surface are in 

accordance with the law o f the wall for the flat surface but in the outer region, substantial 

deviation occurs. The experiments by Muck et al. (1985) with a mildly favourable 

streamwise pressure gradient and Gowda and Narayana (1980) with an adverse pressure 

gradient show a similar deviation o f the mean velocity profiles. Attempts have been made 

to modify the existing log-law relation to correspond with the observation o f  the mean 

velocity profiles on curved surfaces. So (1975) derived a law o f the wall for curved flows 

by equating the production rate and the dissipation rate o f  turbulence kinetic energy and 

assuming a prescribed variation o f the turbulence shear stress while Patel and 

Sotiropoulos (1997) assume constant turbulence shear stress and neglect the extra term 

due to curvature in the equation for the production o f  turbulence kinetic energy. The 

relations developed by these authors are only applicable to flows bounded by a convex 

surface and are therefore not widely used when compared to the more general flat surface 

law o f the wall. The log-law is an important relation for determining parameters such as 

the skin friction coefficient and for developing turbulence models (Patel and 

Sotiropoulos, 1997) but the use o f the flat surface log-law for curved flows is bound to 

introduce errors due to the deviation o f the convex surface velocity profiles from a flat 

surface that is apparent from several experiments. Thus, the existing log-law correlations 

need to be modified to accurately capture the velocity profiles over curved surfaces by an 

understanding o f  the flow physics over curved surfaces through detailed experiments and 

DNS studies.
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Figure 2.12: Mean velocity profile on a convex surface (adapted from Ramaprian 

and Shivaprasad, 1977). The symbols represent different measuring stations along 

the curved surface with the difference from the flat-surface law of the wall 

increasing with distance along the curved surface.

2.4.3 Effect of Streamwise Convex Surface Curvature on the Turbulent Boundary 

Layer

This section describes the effect o f  mildly-curved and strongly-curved convex 

surfaces on turbulent boundary layers. Corresponding information on the effect o f  convex 

surface curvature on transitioning flows is given in Appendix A .2.
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2.4.3.1 Effect o f Mildly-Curved Convex Surfaces on Turbulent Boundary Layers

Experiments with convex surface curvature employ an initial flat surface region to 

allow for boundary layer development to a fully turbulent state. As the flat-surface 

boundary layer develops to a fully turbulent state, the shape factor decreases and almost 

levels off indicating the end o f the transition period (Wu and Moin, 2009). The 

introduction o f  streamwise convex surface curvature following the initial flat surface 

region causes an increase in the shape factor by almost 6% to 8% as compared to the 

value on the flat surface if  convex surface curvature had not been introduced (Meroney 

and Bradshaw, 1975; Ramaprian and Shivaprasad, 1977; Gibson et al., 1984). These 

authors also observe the value o f the skin friction coefficient on the convex surface to be 

almost 88% o f that on the flat surface. However, there is some disagreement with regards 

to the growth rate o f  the momentum thickness Reynolds number in the flat surface and 

convex surface boundary layers. Meroney and Bradshaw (1975) observe a reduced 

momentum thickness growth rate while Ozalp and Umur (2003) observe a higher growth 

rate on the convex surface; Ramaprian and Shivaprasad (1977) find that the growth rate 

o f the momentum-thickness Reynolds number decreases initially but increases later on 

the convex surface in comparison to the flat surface. Ramaprian and Shivaprasad (1977) 

attribute the initial decrease in the momentum thickness growth rate to a possible result o f 

the sudden introduction o f  flow to curvature from initial flat surface conditions and the 

later increase in the momentum thickness growth rate to the flow being subjected to 

sustained curvature. However, the less full velocity profile and an increasing shape factor 

o f  the boundary layer on the convex surface is suggestive o f a reduced growth rate o f  the 

momentum-thickness Reynolds number in comparison to the flat surface boundary layer.
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A small aspect ratio duct with secondary flows and the influence o f  a slightly favourable 

streamwise pressure gradient in the experimental investigations o f  Ramaprian and 

Shivaprasad (1977) may have an effect on the convex surface boundary layer, although 

the authors persist that secondary flows in their test section are insignificant above and 

below the plane o f measurement and the boundary layer is dominated by curvature 

effects.

The values o f  the Reynolds normal stresses ( u ' 2, v ' 2, w '2)  and the corresponding

values o f  the root-mean-square o f the turbulence velocity fluctuations (u ' rm s , v ' rms, 

w'rms ) within the boundary layer on the convex surface are reduced to about 80% o f that 

on the flat surface. Convex surface curvature also reduces the values o f the Reynolds 

shear stress (u ' v ') ,  with most o f  the suppression occurring in the outer part o f  the 

boundary layer (Meroney and Bradshaw, 1975; Gibson et al., 1984; Muck et al„ 1985; 

Moser and Moin, 1987). Gibson et al. (1984) attribute the lower Reynolds shear stress 

values to the effects o f extra strain due to curvature (u/R) and the low values o f the wall-

normal Reynolds stress ( t f 2)  which appear in the transport equation for the Reynolds

shear stress. This effect is most pronounced away from the wall due to the increase in the

strain-rate ratio. The triple velocity products ( u ' 2v v ' 3, u ' v ' 2 ĵ represent the turbulence

diffusion fluxes for the Reynolds normal stress (first two terms) and the Reynolds shear 

stress, and these values are substantially reduced in the boundary layer on the convex

surface with the most effect seen on ( V 3 j  as compared to the flat surface indicating that

the wall-normal momentum transport is significantly reduced due to the stabilizing 

effects o f streamwise convex surface curvature (Gibson et al., 1984).
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The suppression o f  the wall-normal velocity fluctuations in the boundary layer on 

a convex surface inhibits the outward diffusion o f  turbulence kinetic energy from the 

near-wall region to the outer part o f the boundary layer. The extent o f  the near-wall 

region that supplies energy to the outer region o f the boundary layer is also diminished on 

the convex surface in comparison to the flat surface, which confines the effect o f  the wall 

to a smaller region close to the wall (Ramaprian and Shivaprasad, 1978). The effects o f 

curvature increase away from the surface where the boundary layer is developing but 

close to the boundary layer surface, the wall-effect dominates which suggests why the 

convex-surface velocity profiles deviate from the flat-surface log-law equation away 

from the near-wall region.

Ramaprian and Shivaprasad (1982) calculate the integral time scales from the 

auto-correlation functions o f the streamwise and wall-normal velocity fluctuations and 

find them to be smaller for the convex surface as compared to the flat surface. Since the 

integral time scales give a measure o f  the duration for which the fluctuations last, thereby 

giving a measure o f  the lifetime o f  the eddies, it is indicative that the average lifetime o f 

the eddies is longer on the flat-surface than the convex-surface boundary layer. 

Ramaprian and Shivaprasad (1982) also calculate the spectra o f  the Reynolds shear stress 

revealing that half o f  the contribution to the Reynolds shear stress on the convex surface 

is obtained from eddies smaller than a quarter o f the boundary layer thickness whereas 

similar eddies contribute much less to the Reynolds shear stress on the flat surface. This 

implies that the larger eddies which contribute to the remaining Reynolds shear stress are 

attenuated over the convex surface, indicating the increased sensitivity o f  the larger 

structures to convex surface curvature.
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2.4.3.2 Effects o f Strongly-Curved Convex Surfaces on Turbulent Boundary

Layers

For strongly curved convex surfaces, the Reynolds shear stress in the outer part o f 

the boundary layer (y/3>4) is almost completely eliminated and the Reynolds normal 

stresses also fall to zero before the edge o f  the boundary layer is reached in comparison to 

the flat surface boundary layer (So and Mellor, 1973; Gillis and Johnston, 1983; Dehghan 

and Yuan, 2002). In order to eliminate any effect other than that o f  curvature, So and 

Mellor (1973) maintained a near-zero streamwise pressure gradient by adjusting the 

opposite concave wall and employed a large aspect ratio duct to eliminate secondary flow 

effects within their measurement zone. They also installed small end-wall je ts to 

introduce momentum that would compensate for the momentum deficit at the end-walls. 

Gillis and Johnston (1983) also maintained a near-zero streamwise pressure gradient by 

adjusting the contour o f  the opposite concave wall. Such effects on the Reynolds stresses 

due to strongly-curved streamwise convex surfaces led Gillis and Johnston (1983) to 

suggest a two-layer structure in the boundary layer over the convex surface with a near

wall region exhibiting almost similar characteristics to a flat surface and the outer region 

away from the wall where the increased influence o f the stabilizing effect o f  convex 

curvature eliminates the stress generating mechanisms. This implies that the larger scale 

structures either shrink in size or are destroyed closer to the edge o f  the boundary layer. 

In the recovery flat surface region following the convex surface region, the turbulence 

does not immediately return to standard flat surface conditions even more than 206 from 

the end o f the curved section (Gillis and Johnston, 1983; Alving et al., 1990). This is a 

likely consequence o f  the destruction o f the larger scale structures near the edge o f the
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boundary layer on the convex surface; since the larger scale structures are also the oldest 

that carry information about the upstream initial flat surface flow, some o f the flow 

history is lost (Gillis and Johnston, 1983). The boundary layer recovers slowly in the 

recovery region with the small-scale structures growing in the same manner as they 

would in a developing boundary layer on a flat surface. This concept by Gillis and 

Johnston (1983) is supported by the flow visualization experiment o f  Chiwanga and 

Ramaprian (1993) who conducted tests in a specially-designed wind tunnel with a nearly- 

zero streamwise pressure gradient maintained by allowing the adjustment and bleeding o f 

fluid through the opposite concave wall. The flow visualization was conducted using a 

laser light sheet obtained with an argon ion laser and smoke that was introduced into the 

boundary layer through a slot on the surface. The images using this technique show an 

absence o f large scale structures near the edge o f the boundary layer on the convex- 

surface as compared to the preceding flat-surface boundary layer, and the smaller 

structures on the convex surface are confined to the inner region o f the boundary layer. 

The boundary layer did not recover immediately following the removal o f curvature and 

even at a distance o f about 33<5 after the removal o f  curvature, only a few large scale 

structures seem to appear in the recovery flat surface region.

2.4.4 Effect of Streamwise Convex Surface Curvature on Convection Heat 

T ransfer

The mean temperature profiles in the boundary layer on a convex surface are less 

full than the corresponding profiles on the flat surface similar to the behaviour o f  the 

mean velocity profiles. The value o f  the Stanton number (St=h/pumCp, where h is the
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convection heat transfer coefficient, p  is the flow density, ux is the freestream velocity, Cp 

is the specific heat at constant pressure) is slightly more affected by convex surface 

curvature as it is reduced to 82% compared to Cf  reducing to 88% o f that on the flat 

surface (Gibson and Verriopoulos, 1984; Ozalp and Umur, 2003). The values o f  the 

longitudinal ( u T ')  and wall-normal ( v T ')  turbulence-driven heat fluxes in the convex 

surface boundary layer are lower than those in the flat surface boundary layer due to the

presence o f  the (u ' v ') term in the longitudinal and ( 17'2)  term in the wall-normal

turbulence heat flux transport equations and also the extra strain term (u/R) in both the

transport equations that act to reduce the heat fluxes. The temperature variance ( f ' 2)

does not show a significant difference between the convex and the flat surface cases as 

the equation for this quantity does not contain explicit curved flow generation terms. The

turbulence heat diffusion terms, v ' 2T '  and v ' T ' 2 are significantly reduced showing that 

heat transport across the boundary layer is diminished on the convex surface as compared 

to the flat surface (Gibson and Verriopoulos, 1984).

A summary o f the effect o f  streamwise convex surface curvature on a turbulent 

boundary layer is as follows (based on Patel and Sotiropoulos, 1997): In terms o f the law 

o f the wall, the mean velocity profiles o f convex surface boundary layers lie well above 

the flat surface values. There is a slight reduction in the shear stress and total kinetic 

energy in the inner region o f the boundary layer but in the outer region, while the shear 

stress decreases (almost eliminated for stronger curvatures), the kinetic energy is nearly 

the same for the convex surface as compared to the flat surface. Convex surface curvature 

decouples the inner and outer regions o f the boundary layer in such a way that the 

Reynolds shear-stress producing motions are essentially damped in the outer regions with
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the intensity o f  damping increasing with stronger curvatures. The heat transport across 

the boundary layer is reduced on convex surfaces as compared to flat surfaces. The 

response o f  a turbulent boundary layer (for example, initially developed on a flat surface) 

to streamwise convex curvature is much faster as compared to the recovery to flat surface 

conditions. Muck et al. (1985) conclude that convex surface curvature quantitatively 

affects the existing turbulence structure but new types o f  eddy structure may not appear. 

However, the stabilizing effects o f  streamwise convex surface curvature suggest that 

there are changes in the development o f  coherent flow structures within the boundary 

layer which should be examined in more detail.
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3 Chapter: Numerical Method and Computational Domain

Turbulence is a complex process that is three dimensional, unsteady and consists 

o f a varying range o f  length and time scales. The Navier-Stokes (N-S) equations can 

effectively describe both laminar and turbulent flows provided the spatial and temporal 

resolution o f the computational model by which these equations are solved numerically is 

adequate to capture all turbulence scales in the flow. Such simulations that do not involve 

any modelling related to the effects o f turbulence are conventionally referred to as direct 

numerical simulations (DNS). However, such a grid resolution would substantially 

increase the cost o f the required computational resources and the time taken to solve the 

N-S equations. The rapid increase in power and affordability o f  computers has enabled 

such turbulent flow computations to be performed for relatively low Reynolds number 

flows. The restriction o f DNS to low Reynolds numbers stems from the rapid increase in 

the spectrum o f turbulence scales with increasing Reynolds numbers (Fasel, 2006). An 

adequate number o f  nodes (N) required in a grid to accurately capture all turbulence 

scales increases with the Reynolds number (Re) according to N~(Re)914 (M oin and 

Mahesh, 1998), thus limiting the applicability o f DNS to low Re flows.

This chapter documents the simulations performed in this research using DNS, the 

governing equations and the methods used to solve the flow, and the grid generated to 

perform the numerical solution.

41



d
dt

3.1 Governing Equations

The simulations in this research have been performed using ANSYS CFX® 

(Version 12.0), which is a commercial computational fluid dynamics software, using the 

compressible and time-dependent continuity, momentum and energy equations in their 

conservation form given below in Eqns. 3.1, 3.2 and 3.3 respectively, in their tensor 

notation.

dp d ,  ,
= 0 a , )

d d . . dp dxn
- ( Pu i) + - ( Pui u l) = - —  + —  (3.2)

^  -I+4(p“a)=^{k sQ+4(uiT,7) <3,3>
(duj du;\

r" = % +^ )  <34>

where,

p : Density (kg/m3)

uj : Velocity component (m/s)

p : Pressure (Pa)

t ij : Stress tensor (Pa)

h0 : Total enthalpy (J/kg)

k : Thermal conductivity (W /m K)

P : Dynamic viscosity (kg/m s)

The fluids used in the simulations are assumed to be Newtonian, allowing the stress 

tensor to be expressed as in Eqn. 3.4. The equations presented above are coupled with the 

equations o f state for the specific working fluid to form a closed system. In this research,
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the working fluids used are subcritical air and supercritical water. Air is approximated as 

an ideal gas while the International Association for the Properties o f  Water and Steam 

(IAPW S) database is used to generate the equation o f  state for water (IAPW S, 2008; 

IAPWS, 2009). The IAPWS formulations are utilized by the ANSYS CFX® solver by 

means o f look-up tables specified through pressure and temperature inputs. To prevent 

extrapolation o f property data, the pressure and temperature ranges used for the current 

study correspond to over four times the expected fluctuation in these properties estimated 

from similar numerical and experimental studies. The look-up tables are generated with 

pressure and temperature increments o f 0.08 MPa and 0.2 K, respectively. These 

increment sizes and linear interpolation between the values included in the tables provide 

values for all relevant thermodynamic properties with an accuracy that is equivalent to 

the uncertainty associated with the IAPWS equations o f state.

3.2 Discretization

ANSYS CFX® uses an element-based finite volume method to solve the 

governing equations, which are integrated over a control volume by converting the 

volume integrals into surface integrals through Gauss’ Divergence Theorem. Eqns. 3.1,

3.2 and 3.3 become:

(3 .5)

v s

—  J  pui dV + J  pUjUi drij = — J  p drij + j  ri; drij (3 .6)

v s s s
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Yt J  ph0d V - - ^ J  pdV + J  pujh0 drij = J k  drij + J  drij (3.7)
V V s s s

In these equations, V denotes the volume and S  denotes the surface regions o f integration,

and drij is the differential component o f the outward normal surface vector with respect

to the surfaces. A control volume is created around the mesh nodes as shown in Figure

3.1. While the present study makes use o f  three-dimensional elements and volumes, the

schematic illustrates a two-dimensional configuration for simplicity.

Element
Centres

Nodes

Finite Volume 
SurfaceElement

Figure 3.1: Finite volume representation (adapted from ANSYS, 2009)

Once the control volume is set up, a system o f linearized algebraic equations are created 

by discretization o f  the surface and volume integrals using elements from the control 

volume as the one shown in Figure 3.2.
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Figure 3.2: Mesh element (adapted from ANSYS, 2009)

Volume integrals are converted to a discrete form within their respective element sectors 

as shown in Figure 3.2 and then integrated over all the sectors in the control volume to 

which they belong. Surface integrals are discretized at the integration points {ip) and then 

distributed to the adjacent control volumes. The discretization o f  the Eqns. 3.5, 3.6 and 

3.7 leads to the following forms:

F ^ r + Z  > u' AnA P = 0  (3-8)

v + AnA P An‘)ip+ Ani)ip (3-9)

v̂ i r - vilr+I ^ 710 An4 =Zip (* Zj An>)ip+ ^
In these equations, V is the volume o f the discrete control volume, At is the time-step, 

Arij is the discrete outward normal surface vector, ip denotes evaluation at the integration 

point with the Y.ip indicating summation over all the integration points o f  a control 

volume. The discretization o f  the transient terms in the above equations is performed 

using the second-order backward Euler scheme as shown in Eqn. 3.11 which makes use 

o f two previous times, n -  1 and n -  2 :
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A ( 0 ) 3 . 1
- 0  -  2 0 n + - 0 n (3.11)

At At

where 0  is a generic variable. ANSYS CFX® uses a collocated grid technique where the 

solution variables are stored at the grid nodes but various terms in the equations require 

variables and/or their gradients to be approximated at the integration points, and this is 

accomplished by the use o f finite-element shape functions which describe the variation o f 

0  within an element as follows:

N node

0  = ^  0 i (3.12)
i=l

where NL is the shape function for node i and 0 ; is the value o f  0  at node i. 

2  represents the summation over all the nodes o f an element. The properties o f  the 

shape function are as follows:

Nnode
£  Ni = l  (3.13)
i=1

At node j ,  Nt = \ ~ l  (3.14)

Eqn. 3.14 implies that the value o f  Nt at node i is 1 and 0 at any other node. The shape 

functions are linear in terms o f parametric coordinates and are also used to calculate 

various geometric quantities such as the integration point coordinates:

Nnode Nnode Nnode

x = J j Ni x i y =  ^  fyy* z  = ^  Nt z t (3.15)
i = 1 i=l i=l
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3.2.1 Convection and Diffusion Terms

The convection term is evaluated by estimating the value o f  0  at the integration 

points in terms o f  the nodal values o f  0  using the following relation:

(3.16)

where 4>up is the value o f 0  at the upstream node, Ar is the vector from the upstream 

node to the integration point, and the value o f /? varies from 0 to 1. A value o f  /? =  0 

implies first order upwind differencing scheme which is known to be robust but subject to 

significant numerical diffusion and /? =  1  represents the central differencing scheme that 

is susceptible to numerical dispersion. For the simulations in this research, the value o f 

/? =  1  is used which yields a discretization for the convection terms that is formally 

second-order accurate on a uniform grid.

The diffusion terms are treated with the use o f  shape functions with spatial 

derivatives at an integration point in a particular spatial direction evaluated as follows:

dNr,

ip “n"1

The summation is over all the shape functions for the element and the derivatives o f the 

shape functions in terms o f Cartesian coordinates can be expressed in terms o f  the local - 

coordinate derivatives using the Jacobian transformation matrix as:

5 0
dxi = Y —  4> 

»  ^ dx ‘ »  n
(3.17)

\dN1 dx dy_ dz - l
\dN]

dx ds ds ds ds
dN dx dy dz dN
dy dt dt dt dt
dN dx dy dz dN
-5z-l du du du- l-5uJ

(3.18)

where s , t and u denote the local (element-based) coordinates.
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3.2.2 The Coupled Solver

The application o f the finite-volume method to all the elements in the domain 

leads to a set o f linearized equations that can be summarized as follows:

^  ainb <ptnb = bj
nbi

nb _

a uu a uv a uw a up
a  V U & V V  & v w  ®vp
a wu a wv a ww a wp 
a pu a pv a pw a pp

nb

(3.19)

(3.20)

nb
It' nb bu
V bv

Kw and o- II

P. i UPJ

nb

(3.21)

where <p is the solution vector, a and b represent the coefficients o f  the left- and right- 

hand sides o f the equation, i is a control-volume or node-number index, and nb refers to 

the neighbouring nodes o f  the central node (/). ANSYS CFX® uses a coupled solver, 

which solves for the variables (u, v, w , p ) as a single system with a fully implicit 

discretization o f  the governing equations at any given time-step. Thus, for the mass and 

momentum equations, a.inb, (f)inb and are matrices as shown in Eqns. 3.20 and 3.21 

but for a scalar equation (such as the total enthalpy equation), ainb, (pinb and would 

each be single numbers.

The linearized system o f discrete equations can be represented by a general form:

[A] [<t>] = [b] (3.22)

This equation is solved iteratively using the Incomplete Lower Upper (ILU) factorization 

technique where several iterations are performed to obtain a converged solution. Starting

48



with an approximate solution <pk, the solution can be improved by a correction term 0 ' 

to obtain 0 fc+1 as:

^ k + i  =  +  0 ' (3 .23)

where 0 ' is a solution o f  the following equation:

A(p' = r k (3.24)

The term r k is called the residual which is used as a criterion to assess the convergence 

o f the overall solution, and it is given as:

r k = b -  A (pk (3.25)

Several iterations using this procedure reduce the residual and the exact solution is 

approached. For the simulations in this study, the continuity, momentum and energy 

equations are converged at each time-step within 5 iterations yielding root mean square 

residuals on the order o f  1 O’5.

In order to accelerate the convergence rates o f the solution algorithm and thus 

reduce the number o f iterations and computer time required for a converged solution, a 

multigrid scheme is employed. ANSYS CFX® uses an Algebraic Multigrid (AMG) 

technique in which iterations are cycled between fine and coarser grids constructed 

indirectly by algebraic manipulation o f  the system o f linearized equations being solved. 

Calculations corresponding to the fine mesh reduce the shorter wavelength errors o f  the 

size o f  the mesh spacing while longer wavelength errors are efficiently dealt with on the 

coarser grids. A discrete system o f equations for a coarse mesh is obtained by summing 

the fine mesh equations based on the merging o f  the original finer control volumes to 

create coarser ones. This is the Additive Correction (AC) technique o f  Hutchinson and 

Raithby (1986) that is used by the AMG method in this solver. More information about
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this technique can be obtained from the ANSYS CFX® solver theory guide (ANSYS, 

2009).

3.3 Computational Method

The direct numerical simulations performed in this research are used to study the 

effect o f  streamwise convex surface curvature on the coherent structures in a zero- 

pressure-gradient boundary layer when the flow is transitioning as well as when it is fully 

turbulent. In order to characterize the effect o f  curvature, the convex-surface simulations 

are compared to flat-surface simulations in similar flow environments. The large number 

o f  nodes required for these DNS studies is managed by the method o f parallel processing 

where the computational domain used for the test cases is divided into smaller partitions 

and each partition is handled by a different processor. A single processor manages the 

flow o f data between these processes and ensures solution connectivity between them. 

The ANSYS CFX® solver makes use o f  the MeTiS partitioning method (Karypis and 

Kumar, 1995). For the present simulations, a cluster with 20 Intel® L5410 Xeon® 

processors with 8  GB RAM dedicated to each o f the processors is used. The test cases are 

summarized in Table 3.1; Case 1 and Case 2 require approximately 9000 CPU hours and 

Case 3 and Case 4 require approximately 28000 CPU hours to run.

3.3.1 Test Cases

The simulations performed in this research with the relevant parameters are 

summarized in Table 3.1, where S/R is the ratio o f  the boundary layer thickness to the 

radius o f  curvature o f  the surface, q/G  is the wall heat flux-to-mass flux ratio in the
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momentum boundary layer, p  is the nominal static pressure and ReT:=uT3/v=330 is the 

target Reynolds number. Two o f the simulations employ air at standard sea level 

conditions and the remaining simulations utilize water above the critical pressure as the 

working fluid. The simulations that utilize air as the working fluid are used to validate the 

numerical approach and to establish the effect o f  convex curvature on the coherent flow 

structures o f turbulence in the absence o f thermophysical property variations. The 

boundary layers developed using water as the working fluid have a wall-normal 

temperature gradient imposed on the flow field by means o f  a uniformly applied wall heat 

flux. The value o f the heat flux in conjunction with the mass flux in the boundary layer 

corresponds to the simulation o f  a flat-surface case by Azih et al. (2012) in which 

improved heat transfer was observed.

Table 3.1: Simulation parameters.

Test
cases

Surface
geometry S/R Working

fluid
q/G

(kJ/kg)
Thermodynamic

state
P

(MPa) Ret

Case 1 Flat 0 Air 0 Ideal gas 0 .1 330

Case 2 Convex 0.0076 Air 0 Ideal gas 0 .1 330

Case 3 Convex 0.0017 Water 0.9 Supercritical 24 330

Case 4 Convex 0.0400 Water 0.9 Supercritical 24 330

3.3.2 Computational Domain

The computational domain is shown in Figure 3.3, and the corresponding 

dimensions are specified in Table 3.2 for each test case, with 3 being the boundary layer 

thickness corresponding to the respective test case. The variables Lx, Ly and Lz denote the 

dimensions in the streamwise, wall-normal and spanwise directions for both the flat- and
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convex-surface cases with the subscript “fr” indicating finely-resolved region and 

superscript “+” indicating normalization by the wall variables. The domains are described 

in more detail in the following sub-sections.

Spanwise
periodic

boundaries

Free-slip
surface

Stream wise
periodic

boundaries

Region o f  
interest

No-slip test 
surface

Lx

Figure 3.3: Schematic of the computational domain shown with a geometry 

representative of the surface curvature of Case 4.

Table 3.2: Computational domain parameters.

Test case Lx (Lx+) Ly{Ly+) L z(iz+) Av/r (Ly/) Lz/r (Lzfr )

Case 1 96 (3000) 116 (3667) 4d'(1333) 1.7(5(567) 1.8(5 (600)

Case 2 96 (3000) 11 <5 (3667) 4(5(1333) 1.7(5(567) 1.8(5(600)

Case 3 m (6000) 226 (7333) 8(5 (2667) 3.4(5(1133) 3.6(5 (1200)

Case 4 18(5 (6000) 226 (7333) 8(5 (2667) 3.4(5 (1133) 3.6(5 (1200)
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3.3.2.1 Computational Domain for the Baseline Flat-Surface Case

The simulation parameters for the flat-surface Case 1 are set to be comparable to 

the experiments o f Adrian et al. (2000) who used particle image velocimetry (PIV) to 

study the development o f  coherent flow structures in a zero-pressure-gradient flat-surface 

turbulent boundary layer. These experiments identified hairpin-vortex packets as the 

largest coherent structures in the boundary layer, and accordingly the streamwise length 

o f the present computational domain is sized at 96. This length corresponds to Lx =3000, 

which according to Moin and Mahesh (1998) is more than adequate to accurately resolve 

the turbulence statistics in the inner region o f  the boundary layer corresponding to 

£>+<40. The domain has a spanwise width o f L z - 1333, which is sufficient to capture the 

three dimensional behaviour o f boundary-layer turbulence at the centre o f the domain 

without artificial influence o f  the periodic side boundaries. The spanwise width o f  the 

hairpin-vortex wave packets is determined to be Az+~100 which is the average spacing o f  

streaks as is observed in several DNS studies such as those o f Zhou et al. (1999), Hidalgo 

et al. (2006) and Sabatino and Smith (2008). The well-resolved region (region o f  interest) 

identified with a shaded volume in Figure 3.3 has a spanwise width o f  Iz fr+=600 for Case 

1 which is sufficient for the evolution o f  multiple wave packets along the span. The wall- 

normal height o f the region o f  interest is 1.76, which is sufficient to include the 

instantaneous height o f  the coherent structures in an unconstrained manner (Pope, 2000).
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3.3.2.2 Computational Domain for the Streamwise Convex Surface Curvature 

Cases

In the present study, the simulations utilizing supercritical water as the working 

fluid (Cases 3 and 4) are performed to study the effects o f  streamwise convex surface 

curvature on the convective heat transfer mechanism in turbulent flow over nuclear rods 

in fuel bundles. This is because the wire-wrap spacers on nuclear fuel rods 

simultaneously induce transverse velocities and impose streamwise convex surface 

curvature on the flow as it develops over the surface o f  each fuel rod in the bundle (see 

Chapter 2 for a detailed description o f  wire-wrap spacers). In order to create the 

streamwise convex curvature for the present simulations, the flat surface o f the baseline 

case is deformed at a constant radius such that the arc length o f  the convex surface equals 

the streamwise length o f  the flat surface. For Case 4, the value o f  S/R=0.04 is comparable 

to the streamwise curvature induced by a wire-wrap with a pitch o f  25 cm spirally wound 

around a nuclear-reactor fuel rod with a diameter o f 10 mm and length o f  50 cm. As 

discussed in Chapter 2, the effect o f streamwise convex curvature on a turbulent 

boundary layer is characterized by the ratio S/R and 6/R=0.04 in the present case is 

considered to be strong curvature based on experiments performed in the past with 

turbulent boundary layers on convex surfaces that have S/R in a similar range (So and 

Mellor, 1973; Gillis and Johnston, 1983). Since convex curvature is known to exhibit a 

stabilizing influence on the boundary layer with the critical Reynolds number increasing 

with stronger curvature, it was decided to initially run simulations with S/R=0.0076 (Case 

2 using subcritical air) and <S/7?=0.0017 (Case 3 using supercritical water) which are
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considered to be in the mild curvature range. The domain dimensions o f  the curved cases 

are shown in Figure 3.3 and Table 3.2.

3.3.3 Spatial and Temporal Grid Resolution

The distribution o f  nodes is an important factor in DNS o f wall-bounded turbulent 

flows as the smallest scales o f  the eddies need to be resolved spatially and temporally 

(Kleiser and Zang, 1991). The smallest spatial and temporal scales in wall-bounded 

turbulent flows are o f  the order o f  Kolmogorov length and time scales given as:

tk = Q 5  (3-27)

where v  is the kinematic viscosity and e is the turbulence kinetic energy dissipation rate. 

For wall-bounded turbulent boundary layers, the Kolmogorov length scale is o f the order 

o f  the viscous length scale reaching a minimum value o f t]+~ 2  close to the wall. 

According to Moin and Mahesh (1998), the resolved spatial scale is to be o f the order o f 

//, but need not be equal to tj because experimental observations have shown that the 

smallest scales in turbulent boundary layers are notably greater than rj. DNS o f channel 

flows such as the study o f Kim et al. (1987) and DNS o f boundary-layer flows such as the 

study o f  Spalart (1988) have shown excellent agreement with experimental results 

without spatially resolving down to the Kolmogorov length scale.

Friedrich et al. (2001) note that for numerical stability the time-step size should be 

notably below the tk value for explicit schemes, but for implicit schemes such as the one 

used for the simulations in the present study, the viscous time scale can be used which is
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also o f  the order o f t k . However, Friedrich et al. (2001) recommend a conservative value 

for the time-step size to sustain turbulence in wall-bounded turbulent boundary layers that 

is almost an order o f magnitude less than t k . This value, calculated according to the 

following equation, is used for the simulations in this study.

At = 0 . 2 - ^  (3.28)
U T

3.3.3.1 Spatial and Temporal Resolution for the Baseline Flat-Surface Case

The structured spatial grid mapped onto the computational domain o f the baseline 

case (Case 1) consists o f a finely-resolved region (the region o f  interest), surrounded by a 

region in which the grid cell size is increased with distance from the finely-resolved 

region until the boundaries o f the domain are reached. The region o f interest is populated 

with 504 nodes in the streamwise, 135 nodes in the wall-normal and 103 nodes in the 

spanwise direction, respectively. In the streamwise and spanwise directions, the grid 

nodes are distributed uniformly with spacings o f  Ax+= 6  and Az+=6 . The y + value o f the 

first node from the wall is 0.75 and this value is increased with distance from the wall 

according to the following equation that corresponds to the Kolmogorov scale in the log- 

law region (Stanislas et al., 2008):

r]+ = (K y +) 4 (3.29)

where, k  = 0.41 is the Von-Karman constant. Above the log-law region, the node spacing 

is kept constant until 1.7d', after which it is increased at a constant rate o f  12% until the 

domain height is reached.

The time-step size used is calculated according to Eqn. 3.28 and has a value o f 

A/+= 0 .11 where Ar=A/wr2/v, and is less than A/+=0.2 which is recommended by Friedrich
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et al. (2 0 0 1 ) for an accurate prediction o f  turbulence statistics and to sustain turbulence in 

the flow. The grid for the flat-surface case is summarized in Table 3.3.

Table 3.3: Computational spatial grid resolution in the finely-resolved region.

Test case Ajc+ A /( a t j= 0 ) Az+

Case 1 6 0.75 6

Case 2 6 0.75 6

Case 3 12 0.67 12

Case 4 12 0.67 12

3.3.3.2 Spatial and Temporal Resolution for the Convex-Surface Cases

The spatial grid resolutions for the convex-surface cases (Cases 2, 3 and 4) are 

shown in Table 3.3. For the convex-surface cases, the turbulence activity is reduced due 

to the stabilizing influence o f streamwise convex curvature (Gillis and Johnston, 1983) 

and thus the computational grid sizing for the flat-surface case yields a conservative grid 

for the convex-surface cases. Thus, the region o f  interest in the convex-surface domain is 

also populated with 504, 135 and 103 nodes in the streamwise, wall-normal and spanwise 

directions, respectively, with similar Ax+, Az+ and Ay+ values for Case 2. A grid 

resolution study was conducted for the flat-surface case with Ax+ and Az+ values o f  3, 5, 

10 and 19 by Azih et al. (2012) and the results are listed in Table 3.4. The results indicate 

that a grid resolution with Ax+~10 and Az+~10 is adequate to capture the turbulence 

hydrodynamics. The grid resolution o f  Ax+=12 and Az*=12 was chosen for Cases 3 and 4 

to ensure that these simulations have reasonable computing times while accurately 

capturing the spatial and temporal development o f  turbulence. Also, when the flow is
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heated, the node spacing is adjusted in the wall-normal direction to capture the variations 

in the thermal field according to:

Aythermal =  tym om entum (Pr) ~ 1/3 (3-30)

where, A>’thcrmai is the node spacing requirement for the thermal boundary layer,

Aymomentum is the node spacing requirement for the momentum boundary layer and Pr is 

the Prandtl number o f the flow (Redjem-Saad et al., 2007). The Pr  value for Cases 3 and 

4 remains greater than unity, implying that the thermal boundary layer is contained within 

the momentum boundary layer in the region o f  interest.

In terms o f the temporal resolution, a value o f Ar+=0.11 is used for Case 2 

simulated with air as the working fluid and a value o f A/+=0.013 is used for Cases 3 and 4 

simulated with supercritical water as the working fluid. This small value o f  A/+ is used for 

Cases 3 and 4 to counter numerically destabilizing effects o f  significant spatial gradients 

in thermophysical properties o f  supercritical water.

Table 3.4: Comparison of mean velocity profile data for various spatial grid 

resolutions for a flat-surface simulation by Azih et al. (2012).

Grid A*+ Az+ Maximum difference in velocity 
with reference to Grid 4

Grid 1 19 19 1 0 %

Grid 2 10 1 0 3.5%

Grid 3 5 5 0 .2 1 %

Grid 4 3 3 0 %
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3.3.4 Initial and Boundary Conditions

The initial and boundary conditions determine the spatial and temporal evolution 

o f  the flow in a computational study. The boundary conditions are indicated in Figure 

3.3. A no-slip condition is applied to the lower boundary o f  the computational domain to 

simulate the surface over which the boundary layer is to develop. A lree-slip boundary 

condition with zero shear-stress and boundary-normal velocity is imposed on the 

computational domain boundary that is facing the wall boundary. Periodic boundary 

conditions are applied in the streamwise and spanwise directions, and thus the temporal 

development o f the boundary layer occurs in a spatially uniform manner. Periodic 

boundary conditions are applied in ANSYS CFX® by mapping the variables at the nodes 

on the outflow plane to the corresponding nodes at the inflow plane. For the baseline 

case, this is accomplished by using translational periodic boundaries as they are parallel 

but for the curved domains, rotational periodic boundaries are used by specifying the 

corresponding axis o f rotation.

The baseline unheated flat-surface case (Case 1) is initialized with a spatially- 

uniform velocity o f 1.6  m/s at standard sea level conditions. The unheated convex-surface 

case (Case 2) is initialized with a linear radial distribution o f  streamwise velocity such 

that the initial velocity at the first node o ff the wall for the curved-surface case matches 

the freestream velocity for the flat-surface case. The linear radial distribution is employed 

to yield a solid-body-rotation type velocity field, and thus zero shear in the freestream 

fluid. The cases involving air at subcritical state as the working fluid involve no heat 

transfer across the domain boundaries and a uniform temperature distribution o f 300 K is
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used throughout the domain. The heated cases, which use supercritical water as the 

working fluid, are initialized with a linear radial distribution o f  streamwise velocity such 

that the initial Reynolds number based on the streamwise velocity at the first node o ff the 

wall and the viscosity at the initial thermodynamic state is equivalent for the unheated 

and heated convex-surface cases. The initial thermodynamic state o f the fluid for the 

heated cases is defined by the temperature and pressure values o f 633 K and 24 MPa, 

respectively. All curved-surface cases are initialized with a parabolic pressure 

distribution in the radial direction to yield radial equilibrium for a linear radial 

distribution o f  streamwise velocity. Body forces are not specified to isolate the heat- 

transfer variations that result from local thermophysical property gradients and 

streamwise surface curvature, from mechanisms due to buoyancy interactions within the 

boundary layer.

3.3.5 Forced Boundary Layer Disturbances

To ensure that the flow for the unheated cases reach a fully turbulent state at the 

target Reynolds number, transition from laminar to turbulent flow state is promoted at a 

lower Reynolds number value for Cases 1 and 2 by the use o f a mass-source disturbance 

located in close proximity to the no-slip surface. The mass flow rate introduced at the 

disturbance can be varied according to the following equation:

771 — &Xnode Aznode P kllm (3-31)

In this equation, m  is the mass flow rate, Axnode and Az node are the dimensions o f  a grid 

element in the x  and z  directions, respectively, Ua, is the freestream velocity and k  is a 

constant that can be varied to produce a disturbance mass flow rate with a velocity that is
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a fraction or multiple o f the freestream velocity. The use o f the value o f k  will be 

elaborated upon in Chapter 4 o f  this document. The disturbance is introduced at a 

location centred between the spanwise periodic boundaries and 500 wall units 

downstream o f the inflow streamwise periodic boundary.

For Cases 3 and 4, the variations in the flow hydrodynamics that result from the 

strong temperature dependence o f  the thermophysical properties provide disturbances o f 

sufficient magnitude and wavelength such that the flow is fully turbulent at the target 

Reynolds number.
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4 Chapter: Results and Discussion

This chapter begins with a validation o f the numerical approach employed to 

conduct the simulations listed in Table 3.1 followed by a study o f  the growth o f  forced 

disturbances in a boundary layer developing over a streamwise mildly-curved convex 

surface, Case 2, and its comparison with the flat-surface, Case 1. Next, the characteristics 

o f  the coherent structures in the fully turbulent boundary layer are compared for Cases 1 

and 2  followed by a comparison o f the development o f  such structures over streamwise 

mildly-curved (Case 3) and strongly-curved (Case 4) convex surfaces, both o f  which are 

uniformly heated from the test surface. Table 3.1 on page 51 shows the simulation 

parameters employed in the present study.

Before presenting the results for the cases listed in Table 3.1, it should be noted 

that a section o f  these results have been the subject o f  a paper by Dave et al., 2012 

currently under review in the Journal o f  Nuclear Engineering and Design. Besides the 

thesis supervisor, the contribution o f the second author in the paper, Chukwudi Azih, who 

is a PhD candidate in the present author’s research group, is acknowledged in the 

following areas:

- Creation o f  the grid for the flat-surface Case 1, which was subsequently 

adapted for the remaining cases listed in Table 3.1

- Conducting a grid-resolution study for the flat-surface case

- Assistance in the general interpretation o f  simulation data for the cases listed 

in Table 3.1
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In the following sections, variables used for normalization are evaluated at the 

target Reynolds number o f  ReT=Urd/v=330, where v is the kinematic viscosity at the wall 

and uT is the friction velocity. Unless otherwise specified, all quantities are normalized 

using mean values o f the wall variables, uTand v. Normalization with ur and v is indicated 

with a “+” superscript and the thermophysical property values are evaluated at the wall 

temperature. The boundary layer thickness for Case 1 is calculated based on the location 

where the mean streamwise velocity is 99% o f the freestream velocity. Since the curved- 

surface cases are initialized with a radially linear distribution o f  streamwise velocity, the 

edge velocity o f the boundary layer for these cases is evaluated at the point where the 

slope o f the mean streamwise velocity profile matches the slope o f  the initial radial 

distribution o f velocity. The mean-flow property values at a given wall-normal location 

are obtained by spatial averaging in the spanwise and streamwise directions. This is made 

possible by the use o f  streamwise- and span wise-periodic boundary conditions which 

enforces temporal development o f  the boundary layer in a spatially uniform manner.

4.1 Validation of the Numerical Method

Validation o f the numerical approach is performed by comparing the results 

obtained from the flat-surface simulation (Case 1) with published literature involving 

comparable flow conditions and geometry. In Figure 4.1, the mean velocity profile for 

Case 1 is compared to the DNS data o f  Spalart (1988) and Wu and Moin (2009), who 

simulated the development o f  a turbulent boundary layer over a flat surface. Spalart 

(1988) solved the governing equations using a spectral method based on Fourier series in 

the directions parallel to the wall and Jacobi polynomials in the wall-normal direction in a

63



computational domain with periodic streamwise and spanwise boundaries. Wu and Moin 

(2009) used a second-order Crank-Nicolson scheme for implicit terms and a third-order 

Runge-Kutta scheme for explicit terms, with periodic boundary conditions in the 

spanwise direction. Both authors have thoroughly verified the accuracy o f  their DNS 

datasets against published experimental data, and in the case o f  Spalart (1988), more 

recent experimental studies such as that o f  Adrian et al. (2000) have further verified the 

accuracy o f  this DNS data. The computed mean velocity profile for Case 1 shows 

excellent agreement with both published datasets especially in the near-wall region o f 

y + <40. Figure 4.2 compares the corresponding root mean square (rms) o f velocity 

fluctuations with the data o f Spalart (1988) and Wu and Moin (2010) and shows 

satisfactory agreement in all three velocity components with a maximum deviation o f  less 

than 7%. Honkan and Andreopoulos (1997) reveal that there is some discrepancy in 

published literature when they compare the rms o f  velocity fluctuations obtained by 

different researchers at different Reynolds numbers. They find that the maximum value 

o f  u'rms ranges from 2.3 to 2.9, the plateau in ranges from 0.8 to 1.4 and that in

Wrms ranges from 1.4 to 1.6. The rms o f  velocity fluctuations in the present case are 

therefore well within the range o f  values in published literature. Further validation o f  the 

numerical method is shown in Figure 4.3 which compares the production and dissipation 

rates from the budget o f  the Reynolds normal stresses for Case 1 with the data o f  Spalart 

(1988), indicating a reasonable agreement in both production and dissipation rates. The 

maximum value o f u f ms and production occurs at y ~ \  1 for the present simulation and 

this value is within the narrow range o f  values for the peak u'̂ ms and Reynolds normal 

stress production (Spalart, 1988; Honkan and Andreopoulos, 1997). These favourable
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comparisons confirm the suitability o f the present computational algorithm, spatial and 

temporal resolutions, and computational domain boundary treatments.

Case 1 -5 /R = 0 , Reo=1200
D N S o f  Spalart (1988) at Re,,= 1 4 1 0
D NS o f  Wu and M oin (2009) at Re, = 9 0 0

25 -

20 -

+
U

10  -

3,0

Figure 4.1: Comparison of mean velocity profiles for Case 1 with the flat-surface 

DNS data of Spalart (1988) and Wu and Moin (2009).
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4 . 0 C ase 1 -  §/R =0, R e,= 1 2 0 0
D N S o f  Spalart (1988) at Rc()= 1 4 1 0
D N S o f  Wu and M oin (2010) at R e„=1410

3 .0 -

20 30 40 500 10

Figure 4.2: Comparison of fluctuating velocity fields for Case 1 with the flat-surface 

DNS data of Spalart (1988) and Wu and Moin (2010).
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Figure 4.3: Comparison of production and dissipation rates from the budget of the 

Reynolds normal stresses for Case 1 with the flat-surface DNS data of Spalart 

(1988).
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4.2 Effect of Streamwise Convex Surface Curvature on the Initial Evolution o f

Forced Boundary Layer Disturbances

This section describes the initial evolution o f a disturbance in the boundary layer 

developing over a mildly-curved streamwise convex surface (Case 2) and compares the 

growth o f  the same disturbance in the flat-surface case (Case 1). The introduction o f  the 

disturbance is to ensure that the flow for the unheated cases (Cases 1 and 2) reach a fully 

turbulent state at the target Reynolds number. For Cases 3 and 4, the variations in the 

flow hydrodynamics that result from the strong temperature dependence o f  the 

thermophysical properties provide disturbances o f  sufficient magnitude and wavelength 

such that the flow is fully turbulent at the target Reynolds number. An unheated case for 

the strongly-curved streamwise convex surface is unable to reach a fully turbulent state at 

the target Reynolds number due to its strong stabilizing effects and a higher critical 

Reynolds number. The strongly-curved convex surface causes a dissipation o f  the 

introduced disturbances and relaminarizing o f the flow which is shown in Appendix B. 1.

Although the objective o f  the present research is to characterize the effect o f 

streamwise convex surface curvature on turbulent boundary layers, the initial evolution o f 

the disturbance is described as many o f  the developmental features are replicated in fully 

turbulent boundary layers. It should be noted here that an initial disturbance always 

evolves into a qualitatively similar hairpin-like structure irrespective o f the nature o f  the 

disturbance introduced in the boundary layer. For example, in the experiments o f  Acarlar 

and Smith (1987b) and in the simulations o f  Zhou et al. (1999), Wu and Moin (2009) 

among others who use different techniques to introduce disturbances in a “clean” 

background flow (the methods used by these researchers are stated in Chapter 2 o f  this
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document), such a qualitative variation o f  disturbance results in the formation o f the same 

general structure in the form o f a hairpin-like vortex. In the present study, the disturbance 

is created with a point source placed near the wall (a detailed description on the working 

o f  the point source is presented in Section 3.3.5) that introduces mass in the wall-normal 

direction into the boundary layer at a prescribed velocity. The velocity at which the mass 

is injected is varied from 25% to 125% o f the freestream velocity and the duration is 

varied from At+-  12.5 to 100 (A/+=A/«TVv). For the mass-injection disturbance velocity 

and duration ranges studied in the present simulations, the disturbance develops into a 

hairpin-like vortex but the strength o f  the vortex varies with the strength o f  the 

disturbance affecting the further growth and development o f the initial hairpin-like 

vortex. For example, a relatively weaker disturbance evolves in the form o f a hairpin 

vortex but persists only for a short duration eventually dissipating without creating 

subsequent generations o f hairpin vortices. It is not the objective o f  the present research 

to compare the growth o f disturbances with different mass-injection velocity and duration 

ranges or determine a threshold value for the development o f  generations o f hairpin 

vortices; rather, this study was conducted to determine that the state o f  the fully turbulent 

boundary layer is similar irrespective o f  the initial disturbance. A comparison o f 

boundary layers on the convex surface Case 2 that reached a fully turbulent state using 

two different mass-injection disturbance duration ranges is shown in Appendix B.2. The 

mass-injection disturbance velocity and duration used to attain a fully turbulent boundary 

layer for the present cases (Cases 1 and 2) is listed in the following section and the 

resultant turbulent boundary layer state is confirmed to be independent o f  the disturbance 

velocity and duration range used.
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4.2.1 Evolution o f the Initial Disturbance on the M ildly-Curved Streamwise

Convex Surface

The evolution o f a disturbance described below is for the point source introducing 

mass in the wall-normal direction at a velocity that is 85% o f the freestream velocity 

(k= 0.85 in Eqn. 3.31). This disturbance is introduced in a laminar base flow at Reg=650 

for a duration o f  A/+=100. The structure o f  the disturbance is revealed using an iso

surface o f  the second invariant o f the velocity gradient tensor ( 0 .  The velocity gradient 

tensor is shown in Eqn. 4.1 in the cylindrical coordinate system for clarity.

V,gradjensor

ldVg  K- 
r 89 r

dVg 

dz
1 8Vr V9 8Vr 8Vr

8Vg_

dr

r 89 r  
IdV^
r 89

dr
8%
dr

dz
dK
dz

(4 .1)

In Eqn. 4.1, Vgra(i  tensor is the velocity gradient tensor in cylindrical coordinates where 6 is 

the angular coordinate along a curved surface, r is the radial coordinate perpendicular to a 

curved surface and z is the spanwise coordinate. Vg, Vr and V- are the velocities in the 

tangential (0), radial (r) and spanwise directions (z), respectively. The second invariant o f 

the velocity gradient tensor can be determined from Eqn. 4.2.

Jensor ) )  ^{Ygrad_ tensor ^grad t e n s o r ) j  ( 4 - 2 )

6 9



In Eqn. 4.2, Q  is the second invariant o f  the velocity gradient tensor (Vgra(j tensor) and tr is 

the trace which is a sum o f the diagonal elements o f  the corresponding tensor. Expanding 

Eqn. 4.2 yields the following form for the equation o f  Q:

Q — Kn  V22 + V22 V33 + Vu  V33 — V12 V21 — V23 V32 — V13 V31

(i dVG Kr \ dVr

(4.3)

v  y  = ( l 0- l ± + vA ^ :
11 22 \ r  dd r )  dr

V 2 2  E 3 3  —

dVr dVz

Eh E33

E12 V21 =

dr dz

= (1JA ±  + VL \
\ r  dd r )  dz 

I r  dd r )

Vr\  dV2

dr

V,,V,23 y32

El3 V31

dVr<% 
dz dr

dVg n d V A  
dz \ r  d d )

In Eqn. 4.3, Vy represents the entry in the particular row ( / - l ,  2, 3) and column ( / - l ,  2, 3) 

in the velocity gradient tensor form shown in Eqn. 4.1.

As the point source disturbance is activated, flow is introduced into the domain in 

the wall-normal direction and this disturbance flow does not initially have any 

streamwise momentum. This causes the main flow boundary layer fluid to decelerate as it 

approaches the point source forming a high pressure region upstream o f the point source 

(Singer and Joslin, 1994). The boundary layer flow is thus deflected around the wall- 

normal disturbance flow which is also observed in a simulation by Brinkerhoff and Yaras 

(2011) in their study o f a square je t ejected transversely in a laminar base flow. Due to 

the deceleration o f  the main flow boundary layer fluid upstream o f the point source, a
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streamwise velocity deficit is created in that region leading to the formation o f a locally 

inviscid unstable shear layer. This unstable shear layer rolls up to form an initial structure 

resembling a hairpin vortex loop as illustrated in Figure 4.4 and labelled as A. The 

structure is revealed using the second invariant o f the velocity gradient tensor ( 0  

coloured according to the wall-normal height using a value o f  0 = 0 .0 0 2 7  (Q+=Qv2/ur4), 

and this value is used for all subsequent figures in this section to best illustrate the 

features o f the hairpin-like structures. All spatial coordinates are normalized by the 

boundary layer thickness and the time f = 0  indicates the time at which the disturbance is 

first introduced into the boundary layer.

Figure 4.4: Shear layer roll-up to form an initial structure resembling a hairpin 

vortex loop at f=12.5.

7 1



Once the initial structure is formed, it is stretched by the mean shear o f the flow 

resulting from the velocity gradient present in the boundary layer as illustrated in Figure 

4.5. In Figure 4.5, the part o f the structure labelled as the “head” consists primarily o f 

spanwise vorticity and the parts labelled as the “ legs” are quasi-streamwise vortices. 

These quasi-streamwise vortices are counter-rotating and together with the head o f  the 

vortex, they induce a wall-normal motion o f  low-speed fluid away from the wall upwards 

and backwards in between the legs and underneath the head causing an ejection (Q2) 

event. On the outboard side o f the structure, a wall-normal motion o f  high-speed fluid is 

induced towards the wall downward and forward causing a sweep (Q4) event. The fluid 

motion induced by the counter-rotating legs is shown in Figure 4.6 using the 

instantaneous perturbation velocity vector in a spanwise-wall-normal plane cutting 

through the legs o f  the hairpin structure. The perturbation velocity vector is calculated by 

subtracting the mean velocity from the instantaneous local velocities at a particular wall- 

normal location. Due to induction o f  the low-speed fluid into the high-speed region, a 

shear layer is created right above the initial hairpin vortex which is inviscidly-unstable 

due to the presence o f a local inflectional point. The vorticity in this shear layer is 

oriented in the spanwise direction as shown in Figure 4.7. The point where the shear layer 

is the most unstable rolls up to form a spanwise vortex at /+=37.5 which is visible in 

Figure 4.8. On its upstream side, the newly-formed spanwise vortex induces an upward 

velocity on the quasi-streamwise vortices in close proximity and causes a lift-up o f  the 

quasi-streamwise vortices. The spanwise vortex then connects to the lifted-up, quasi- 

streamwise vortices to form a secondary hairpin vortex which is labelled as B in Figure 

4.8(a). A similar mechanism takes place to form the tertiary hairpin vortex labelled as C

72



at /+=50 which is also clearly seen in Figure 4.8(b). On an average, a new hairpin vortex 

is formed every A?+~14 while the disturbance source is still active. The vorticity 

introduced by the disturbance source into the boundary layer aligns itself with the quasi- 

streamwise vortices which can be seen in Figure 4.8 as the legs connecting the hairpin

like vortices to the disturbance source.

Head o f  the 
structure

Legs o f  the 
structure

Figure 4.5: Stretching of the initial structure forming the head and legs of the vortex 

at /+=25.

73



Figure 4.6: Fluid motion induced by the counter-rotating legs shown with the 

perturbation velocity vector in a spanwise-wall-normal plane at t+=25. The full 

domain is not shown for clarity.

x/8

Figure 4.7: Formation of shear layer with spanwise oriented vorticity above the 

hairpin vortex at /+=25. The full domain is not shown for clarity.
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Figure 4.8: Evolution of the disturbance: (a) formation of the secondary structure 

B; (b) formation of the tertiary structure C.

As the hairpin vortices convect in the downstream direction, the counter-rotating 

quasi-streamwise vortices or the legs o f the hairpin induce an upward velocity on each 

other shifting them progressively into higher momentum regions towards the freestream 

(Zhou et al., 1999; Adrian et al., 2000). This lift-up o f  the hairpin legs along with the 

induced sweep motions on the outboard side o f  the legs creates a region o f  streamwise 

vorticity close to the wall such that the orientation o f the near-wall streamwise vorticity is 

opposite to that o f the corresponding hairpin legs (Brooke and Hanratty, 1993). This
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streamwise vorticity layer seemingly attached to the wall is discernible in Figure 4.6 on 

each side o f  the legs o f the hairpin. As the streamwise vorticity in the near-wall region is 

enhanced due to the mean shear and the induced spanwise flow o f the legs, a new pair o f 

streamwise vortices begins to roll-up consisting o f  vorticity that is o f  the opposite sign 

compared to each o f the corresponding hairpin legs (see Figure 4.9). The evolution o f  

opposite-signed streamwise vortices corresponding to each o f  the hairpin legs has been 

observed by several researchers including Acarlar and Smith (1987b), Bernard et al. 

(1993), Brooke and Hanratty (1993) and Zhou et al. (1999).

o ;
- 0.2  - 0.1  0  0.1 0.2

4.5

3 .0  x/8

3.0 2.0

z/8

1.5
1.0

1.5
x/8 3 .0

Figure 4.9: Formation of streamwise vortices consisting of vorticity of the opposite 

sign corresponding to each of the hairpin legs at f+=50. The arrows indicate the fluid 

motion induced by the vortices. The streamwise vorticity contour level is selected to 

elucidate the newly forming streamwise vortices.
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Figure 4.9 suggests that the induced motion by the hairpin legs causes the newly 

formed streamwise vortices to move towards each other. Thus, it can be expected that as 

the legs o f  the hairpin move away from the wall due to mutual-induced effects, the new 

streamwise vortex pair will tend to move further apart. The streamwise vortex adjacent to 

the left leg o f hairpin A is shown in Figure 4.10 and labelled as D while the other 

streamwise vortex o f  the pair adjacent to the right leg o f  hairpin A is not visible due to 

the orientation o f the figure. Two new vortices labelled E and F develop at this stage as 

shown in Figure 4.10 at f= 7 5 , where structure E straddles the left leg o f  hairpin A and 

structure F forms on the downstream side o f the head o f  hairpin B. The formation o f 

structures similar to E and F has not been reported in experiments or direct numerical 

simulations o f  turbulent boundary layers. The structure E is possibly formed by the 

induction o f  low-speed fluid by the streamwise vortex D into the high-speed region on its 

outboard side leading to a shear layer instability with an instantaneous inflectional 

velocity profile, that causes the roll-up o f structure E as shown in Figure 4.11. However, 

an interaction with the mean shear causes most o f the spanwise vorticity o f  E to be 

reoriented in the streamwise direction as visible in Figure 4.10 at /+=100, where structure 

E connects to the lifted-up streamwise vortex D and straddles the left leg o f hairpin A. It 

should be noted that a similar mechanism occurs on the right side o f  the vortex train but 

is not shown in Figure 4.10. The vortex F seems to be emanating from an interaction 

between the low-speed fluid ejected upwards between the legs o f hairpin A and the high

speed fluid swept downwards by the head o f hairpin B, which causes an unstable shear 

layer to form between the ejection and sweep motions, causing a roll-up o f  vortex F.
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Figure 4.10: Evolution of the disturbance at /+=75 and f+=100.
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Figure 4.11: Shear layer with spanwise oriented vorticity at /+=62.5 that rolls up to 

form structure E.

Figure 4.12 shows the vortical structures at /+—125 that correspond to the 

condition o f the disturbance At+-2 5  units after the momentum source is deactivated. One 

observation pertaining to Figure 4.12 is the dissipation o f  structures similar to E and F 

which can be described as follows: as the structures in the vortex train progressively 

move into higher-speed regions while convecting downstream, the oldest hairpin 

convects faster than the second oldest one due to its higher wall-normal extent, and so on. 

Thus, hairpin A convects faster than hairpin B and moves away from the vortices E and 

F. Hairpin B stabilizes the flow downstream o f its head and on the outboard sides o f  its 

legs by sweep motions, and thus exerts a stabilizing influence on structures E and F 

causing them to be dissipated. Another interesting feature o f  the structures that can be 

observed in Figure 4.12 is the change in inclination o f  the hairpin heads from the newest 

hairpin to the oldest one. This can be explained based on the observation that as the 

hairpins convect in the downstream direction, the legs induce a wall-normal velocity on 

the head away from the wall causing the head to rise into the higher-speed region. The



mean shear decreases away from the wall and hence the legs are stretched more than the 

head causing elongation o f  the legs and strengthening the vorticity present in the legs 

more than that o f  the head. The legs now induce an even stronger wall-normal motion on 

the head causing the head to rise even further in the boundary layer. This results in a 

reorientation o f the quasi-streamwise vorticity in the portion connecting the head and legs 

o f  the hairpin to quasi-wall-normal vorticity tilting the head to an almost vertical 

orientation with respect to the wall. Acarlar and Smith (1987b) offer a slightly different 

explanation that as the head moves further towards the freestream, the mean shear 

decreases resulting in a reduced stretching which allows the head to incline in a near 

vertical orientation through a backward self-induced motion. It is quite plausible that both 

o f  these proposed mechanisms contribute to the shaping o f  the hairpin vortices as 

observed.

Figure 4.12: Hairpin-like vortical structures at f+=125 with the flow disturbance 

deactivated at t+=100. The full domain is not shown for clarity.
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Figure 4.13 shows the hairpin vortices at /+=200 indicating that deactivating the 

momentum-source disturbance causes the hairpins that were formed as a result o f  the 

disturbance to get weaker and slowly dissipate as they rise in the boundary layer. New 

vortices are beginning to develop as perceived from the upstream end o f  the vortex train. 

The effect o f  introducing the disturbance in the laminar flow-field is thus to trigger 

transition and expedite the transitional phase to turbulence.

Figure 4.13: Hairpin vortices at T=200 showing the dissipating vortices that were 

formed while the disturbance was active. The full domain is not shown for clarity.

4.2.2 Comparison of Evolution of the Initial Disturbance on the Mildly-Curved 

Streamwise Convex Surface and the Flat Surface

The flat-surface simulation is conducted in exactly the same manner as the 

convex-surface simulation. For the curved-surface case, a radial pressure gradient exists 

which acts to stabilize the flow. Thus, the development o f  vortical structures on the
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convex-surface case is under the influence o f  a stabilizing radial pressure gradient. 

However, the growth o f  the disturbance is observed to be similar for the flat-surface and 

convex-surface cases until the source is deactivated implying that the radial pressure 

gradient does not strongly influence the initial development o f  vortical structures in this 

case. This can be observed in Figure 4.14 and Figure 4.15 at t+= 25 and 125, respectively.

(b)

Figure 4.14: Evolution of disturbance compared at /+=25: (a) flat surface (Case 1); 

(b) convex surface (Case 2).
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Figure 4.15: Evolution of disturbance compared at f+=125: (a) flat surface (Case 1); 

(b) convex surface (Case 2).

The difference between the two cases begins to appear at / t=250 as seen in Figure 

4.16 where the region in and around the area labelled I in the flat-surface case (Case 1) 

shows signs o f increased turbulence activity containing more vortical structures than in 

the convex-surface case (Case 2). The increased turbulence activity within the boundary 

layer in the flat-surface case is also reflected in Figure 4.17 and Figure 4.18 as multiples 

o f hairpin-like vortical flow structures develop in the boundary layer. The formation o f 

multiples o f  hairpin-like vortical structures is often a result o f localized inviscid 

instabilities created by older hairpin vortices due to induced wall-normal motions 

(McAuliffe and Yaras, 2007). The reduced turbulence activity in the convex-surface case 

is likely the result o f the stabilizing influence o f  streamwise convex surface curvature that 

causes a radial equilibrium to exist between the wall-normal pressure gradient and the
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centrifugal force, and the presence o f  such a radial equilibrium mechanism tends to 

reduce the wall-normal motions in the boundary layer. Also, since the centrifugal force is 

proportional to the square o f  the streamwise velocity component, the magnitude o f  the 

centrifugal force and thus the radial pressure gradient increases with distance from the 

wall (So and Mellor, 1973). Thus, the stabilizing influence o f convex surface curvature 

tends to increase with wall-normal distance leading to the suppression o f  the hairpin 

vortices convecting into higher speed regions. This is visible in Figure 4.18 based on the 

illustration o f  the vortical structures according to wall-normal height, indicating that 

some o f the large-scale structures in the flat-surface case are at the edge o f  the boundary 

layer while similar structures in the convex-surface case are below 0 .8 A

(b)

Figure 4.16: Evolution of disturbance compared at f+=250: (a) flat surface (Case 1); 

(b) convex surface (Case 2).
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Figure 4.17: Evolution of disturbance compared at f+=400: (a) flat surface (Case 1); 

(b) convex surface (Case 2).
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(b)

Figure 4.18: Evolution of disturbance compared at f+=600: (a) flat surface (Case 1); 

(b) convex surface (Case 2).

4.3 Effect of Streamwise Convex Surface Curvature on Turbulence in the 

Boundary Layer

Once the boundary layer develops to a fully turbulent state on both the flat and 

convex surfaces, the representation o f hairpin vortices through iso-surfaces o f  the second 

invariant o f the velocity gradient tensor (Q) is unable to provide substantial 

understanding o f the effect o f  convex surface curvature on turbulence. This can be 

observed from Figure 4.19 where the boundary-layer turbulence activity appears to be 

similar in the two cases although differences in the development o f  the vortical structures 

in the boundary layer were observed during the transitional regime. In order to
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characterize the effect o f  streamwise convex surface curvature on turbulence, it would be 

appropriate to first study the boundary-layer mean-flow properties and then probe the 

behaviour o f  the hairpin vortices in more detail.

y/5

(b)

Figure 4.19: Iso-surfaces of £)+=0.0027 showing hairpin-like structures in a fully 

turbulent boundary layer for (a) flat surface (Case 1); (b) convex surface (Case 2).

The mean velocity profiles for Case 1 and Case 2 are observed to overlap near the 

wall (y+<50) as seen in Figure 4.20 and deviate from each other by an amount less than 

5% o f the boundary-layer edge velocity away from the wall. The velocity magnitudes are 

slightly larger for Case 2 in the outer part o f the boundary layer, thus yielding a slightly 

less full profile compared to Case 1. This result is suggestive o f reduced turbulence 

activity in Case 2, for cross-stream momentum exchange driven by turbulence activity is 

responsible for the relatively high momentum in the inner region o f  a turbulent boundary
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layer compared to its laminar counterpart. Some effect o f  the stabilizing influence o f 

streamwise convex surface curvature is observed on the rms o f velocity fluctuations for 

Cases 1 and 2 (see Figure 4.21), especially in the streamwise and wall-normal velocity 

components. This is expected as the radial equilibrium between the wall-normal pressure 

gradient and the centrifugal force tends to oppose the wall-normal motions, causing a 

reduction in the wall-normal rms velocity fluctuations. The suppression o f  wall-normal 

motions also leads to a reduction in the wall-normal transfer o f  fluid particles with 

varying streamwise velocity from their respective positions in the boundary layer, 

causing a decrease in the streamwise rms velocity fluctuations.

  C ase  1 -  8 /R = 0 , Re, = 1200

 C ase 2 -  8 /R = 0 .0 0 7 6 , R e„ = 1 2 0 0

25 -

20  -

+
U

1 0  -

,2,0
1 0 10 1 0 1 0

Figure 4.20: Comparison of mean velocity profiles for flat-surface (Case 1) and 

convex-surface (Case 2).
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Figure 4.21: Comparison of fluctuating velocity fields for flat-surface (Case 1) and 

convex-surface (Case 2).

In order to visualize the hairpin vortices in greater detail, it would serve useful to 

study these flow structures in the context o f  a wave packet formation. The heads o f  the 

hairpin vortices can be visualized through contours o f  spanwise vorticity in a streamwise- 

wall-normal plane as depicted in Figure 4.22. The wave packets shown in the figure are 

representative o f  multiple wave packets that were studied in the flow field o f  Cases 1 and 

2. As noted in Figure 4.22, the wave packets contain three to four streamwise-aligned 

hairpin vortices in both cases. Nine wave packets were identified in the computed flow 

fields for detailed analysis, and their analysis reveals that the streamwise spacing o f the 

heads o f the hairpin vortices in the near-wall region (y+<120) is in the range o f  100-140 

wall units for Cases 1 and 2, which is consistent with published literature (Zhou et al., 

1999; Adrian et al., 2000). However, as the hairpins grow in wall-normal height due to
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mutual- and self-induction (Zhou et al., 1999; Adrian et al., 2000; Brinkerhoff and Yaras, 

2 0 1 1 ), they extend into regions o f  faster moving fluid and hence they are stretched in the 

streamwise direction through an interaction with the mean shear. The streamwise spacing 

o f  the hairpin vortices when the wave packets have convected further away from the wall 

is depicted in Figure 4.23 and is observed to be in the range o f  150-200 wall units for 

Case 1, which is again consistent with published literature. For Case 2, a reduced 

streamwise spacing is observed and is in the range o f 100-150 wall units. McAuliffe and 

Yaras (2007) suggest that the creation o f  multiple loops in a wave packet is the result o f  a 

sequence o f localized inviscid instabilities initiated by the primary (initial) vortex loop in 

the wave packet. As illustrated in Figure 4.22, the strong similarity in the spacings o f  the 

hairpin vortices o f  a wave packet in the near-wall region for Cases 1 and 2 indicates that 

the difference in the fullness o f the mean velocity profile between these cases as observed 

in Figure 4.20 does not strongly influence the wavelength o f  this inviscid-instability. 

However, it appears that as the vortices evolve further, the degree o f  streamwise- 

stretching o f the vortices differs between Cases 1 and 2. The stability-promoting effect o f 

the radial equilibrium that exists between wall-normal pressure gradient and centrifugal 

force in the curved case scales on the square o f  the local streamwise velocity. As such, 

this stabilizing effect is expected to increase with distance from the wall. Development o f 

difference between the structures o f the wave packets for Cases 1 and 2 as they move 

away from the wall is therefore not surprising.

9 0



(a)

Hairpin heads

-0.25 -0.2 -0.15 -0.1 -0.05 0
(b)

Hairpin heads

0 100 200 300 400 500 600 0 100 200 300 400 500 600
v +

Figure 4.22: Streamwise spacing of hairpin vortices in a wave packet in the near

wall region for (a) Case 1; (b) Case 2 visualized through flood plots of spanwise 

component of vorticity.
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Figure 4.23: Streamwise spacing of hairpin vortices in a wave packet further away 

from the wall for (a) Case 1; (b) Case 2 visualized through flood plots of spanwise 

component of vorticity.
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Spanwise spacing o f  the hairpin vortices is determined by the balance o f  viscous 

dissipation and the kinetic energy o f wall-normal motions (Chernyshenko and Baig, 

2005). The induced upward motion between the legs o f a hairpin vortex and the 

downward motion outside these legs result in spanwise-altemating high- and low-speed 

streaks in the instantaneous local streamwise velocity field, with the resultant shear layers 

between these streaks providing viscous energy dissipation and promoting inviscid local 

instabilities that contribute to the sequential development o f  hairpin vortices in a wave 

packet, as noted above (Zhou et al., 1999; McAuliffe and Yaras, 2007; Brinkerhoff and 

Yaras, 2011). In this context, for a given boundary layer, an optimum spanwise spacing 

o f  hairpin vortices and hence streaks exists that maximizes the strength o f  the hairpin 

vortices. In a zero-pressure-gradient turbulent boundary layer developing on a flat 

surface, this optimum spacing corresponds to Az+~100 (Butler and Farrell, 1993; Zhou et 

al., 1999; Chernyshenko and Baig, 2005). The average value o f  the streak spacings for 

Case 1 visualized through the instantaneous fluctuation distribution o f  the streamwise 

velocity component in Figure 4.24(a) is consistent with this value. For Case 2, the 

average streak spacing is noted to be slightly larger (Figure 4.24(b)), which is consistent 

with the fact that the radial-equilibrium mechanism promoting stability in the case o f 

convex-surface curvature would tend to work against the wall-normal motions induced 

by the hairpin vortices.
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Figure 4.24: Spanwise streak spacing observed in the distribution of streamwise 

component of fluctuation velocity for (a) Case 1; (b) Case 2.

4.4 Effect of Streamwise Convex Surface Curvature on Forced Convection Heat 

Transfer

In the heated test cases (Cases 3 and 4), water at supercritical thermodynamic 

state is heated in a thermodynamic region o f state with strong temperature dependence o f 

the fluid properties which occurs within a narrow temperature band centered on the 

pseudo-critical point. The pseudo-critical point is defined by the temperature, Tpc, at 

which the specific heat is at its maximum value for a given pressure above the 

thermodynamic critical pressure. A recent DNS study by Azih et al. (2012) demonstrated 

that the coherent flow structures o f  turbulence and the resultant convection heat transfer
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rate in a flat-surface boundary layer are affected by such significant fluid-property 

variations with temperature. In the present study, the surface heat-flux value is selected to 

correspond to the simulation o f Azih et al. (2012) in which improved heat transfer was 

observed, and yields a mean surface-temperature variation from T/Tpc~0.97 to T/Tpĉ \  .02 

over the streamwise length o f  interest (see x/S  in Table 4.1). The relevant streamwise 

length, x , for the present computations is the product o f  the boundary-layer edge velocity 

and the duration over which the boundary layer was developed.

The Nusselt number values for the heated mild-curvature case (Case 3), the 

heated strong-curvature case (Case 4) and the study o f Azih et al. (2012) are presented in 

Table 4.1 along with the streak spacings for all o f the test cases. The Nusselt number is 

indicative o f the heat transfer rate for a given temperature potential, and is defined as 

Nu=qytx/k(Tw-Tb), where qw is the wall heat flux, x is the streamwise length o f  the heated 

surface, Tw and Tb are the wall- and freestream-fluid temperatures, respectively, and k  is 

the thermal conductivity at the film temperature, defined as T /= (T w+Tb)/2.  To facilitate 

comparison with the case o f  Azih et al. (2012), the predicted Nusselt number for all o f  the 

test cases is obtained though the correlation proposed by Churchill (1976) presented in 

Eqns. 4.4 and 4.5. This correlation accounts for the laminar, transitional and turbulent 

flow regimes over the streamwise length o f  interest.
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Table 4.1: Nusselt number values and streak spacings.

Test cases S/R x/S
(^transition / ^ )

Working
fluid

q/G
(kJ/kg)

Computed
Nusselt
number

Predicted 
Nusselt 
number 

(Eqn. 4.4)

Streak
spacing

(wall
units)

Case 1 0 - Air 0 - - 100

Case 2 0.0076 - Air 0 - - 110

Case 3 0.0017 25.6
(15.2)

Supercritical
Water 0.9 500 412 95

Case 4 0.0400 26.0
(15.7)

Supercritical
Water 0.9 A ll 417 140

Azih et al. 
(2 0 1 2 ) 

(Re,=250)
0

29.6
(2 1 .1) Supercritical

Water 0.9 533 431 72

Nu = 0.4637 <p+- <P8 /5

209 M’T f
1 /2

+ 0.45 (4.4)

(p =
Rex Pr2 / 3

1 +
0̂.02052j 2/3y /2 (4.5)

Here, <pu is the value o f  <p evaluated at the streamwise location where transition is 

completed as proposed by Churchill (1976). The streamwise distance at which transition 

occurs is listed in Table 4.1.

The computed Nusselt number values for Cases 3, 4 and that o f  Azih et al. (2012) 

clearly illustrate the reduction in the convection heat transfer coefficient - or increased 

thermal resistance - with increasing streamwise convex curvature o f  the surface. This 

trend is noted to be accompanied by increasing streak spacing with surface curvature 

(Table 4.1 and Figure 4.25). This implies a substantial role o f  reduced turbulence activity 

in the boundary layer under the stabilizing influence o f  convex-surface curvature in the 

observed trend in heat transfer. The predicted Nusselt number values are based on a
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correlation that does not account for the effects o f  surface curvature or the supercritical 

state o f  the working fluid. The small discrepancy in the predicted Nusselt number among 

the three cases is due to variations in the transition onset location and the difference in 

Reynolds number between the cases in the present study and the study o f  Azih et al. 

(2012). Comparison o f  the computed and predicted Nusselt number values o f  these three 

cases indicates that the effects o f convex-surface curvature and supercritical state o f  the 

working fluid on the convection heat transfer rate are o f  the same order o f  magnitude for 

the geometry/flow configurations considered.

- 3 - 2 - 1 0  I 2 3

800 900 1000 1100 1200 1300 1400

800 900 1000 1100 1200 1300 1400

(b)

Figure 4.25: Spanwise streak spacing observed in the distribution of streamwise 

component of fluctuation velocity for (a) Case 3; (b) Case 4.

96



The rate o f  turbulent mixing may be analyzed through the production (P+) and 

dissipation (e+) rates o f  turbulence kinetic energy, which are plotted in Figure 4.26 for all 

test cases listed in Table 4.1. Analysis o f  the unheated test cases reveals that the mean 

rate o f  production o f turbulence kinetic energy is reduced for Case 2 when compared to 

Case 1, especially in the region with the highest turbulence production rates. This is 

expected since the radial-equilibrium mechanism due to the streamwise curvature works 

against wall-normal motions, and it is well established that such motions, which are 

related to the presence o f  hairpin-like vortical structures and associated near-wall streaks, 

significantly contribute to turbulence production (Zhou et al., 1999; Adrian et al., 2000).

0.3
  Case 1
 Case 2
 Case 3

—  Case 4 
  Azih et al. (2012)

0.2 -

£+

- 0.2

-0.3
0 10 20 30 40 50

Figure 4.26: Mean rates of turbulence kinetic energy production and dissipation for 

Cases 1 and 2 (black lines), Case 3, Case 4 and data of Azih et al. (2012) (red lines).

To capture the additional effects o f  wall-normal property variations associated 

with the supercritical thermodynamic state, Figure 4.26 compares the results o f Cases 3
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and 4 to those o f Azih et al. (2012) for a flat surface. It should be noted here that Azih et 

al. (2012) simulated flow over a flat-surface with q/G  values o f  0.9 and 1.2, and at a 

Reynolds number o f Rer=250. For their case with q/G=0.9, the wall-normal 

thermophysical property gradients that occur when a supercritical-fluid flow is heated 

was demonstrated to cause improved-heat-transfer as compared to their case with 

q /G = \2  in which normal-heat-transfer was observed. In particular, at the conditions in 

which they observed improved-heat-transfer, the viscosity decreased at a lower rate as the 

wall was approached, thereby promoting inviscid instabilities and thus resulting in more 

turbulence kinetic energy production between the wall and the wall-normal location o f 

the peak P+ value.

When the turbulence kinetic energy production rates for Case 3, Case 4, and the 

study o f  Azih et al. (2012) corresponding to q/G=0.9 are compared, a decrease in the 

peak turbulence kinetic energy production rate is noted with increasing convex surface 

curvature which is consistent with the results from the unheated cases o f  the present 

study. In addition, the case o f Azih et al. (2012) shows an increase in the production rate 

in the region between the wall and wall-normal location corresponding to the peak value 

o f  P+ when compared to both Cases 3 and 4 o f the present study that show similar P+ 

values in that region. This observation suggests that the presence o f  streamwise surface 

curvature suppresses the mechanisms responsible for improved heat transfer, and 

therefore confirms the earlier inference based on the predicted and computed Nusselt 

numbers, that the effect o f  streamwise convex surface curvature and the supercritical 

state o f the working fluid on forced-convection heat transfer rate are o f  the same order o f 

magnitude for the flow/geometry configurations considered in this study.
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5 Chapter: Conclusions

The use o f  water at the supercritical thermodynamic state as a coolant in the 

supercritical water-cooled reactor is proposed with wire-wrap spacers on the fuel rods 

which are known to enhance the heat transfer from the fuel rods to the supercritical 

coolant by enhancing the turbulence activity in the flow. The wire-wrap spacers impose 

streamwise convex surface curvature on the flow as it develops over the surface o f  the 

fuel rods and therefore in the present study, direct numerical simulations have been used 

to investigate the effect o f  streamwise convex surface curvature on the coherent flow 

structures in the turbulent boundary layer. The streamwise convex surface curvature is 

observed to have similar effects on turbulence with spatially uniform fluid properties and 

with strong wall-normal property variations associated with the supercritical 

thermodynamic state. In the case o f  spatially uniform fluid properties, the stabilizing 

effects o f  streamwise convex surface curvature, which exist due to the radial equilibrium 

between wall-normal pressure gradients and centrifugal forces in the boundary layer, 

cause a decrease in the streamwise spacing o f individual hairpin-like vortical structures o f 

turbulence within a wave packet. The promotion o f stability by the radial equilibrium 

mechanism also causes an increase in the spanwise spacing o f  hairpin-like coherent 

vortical structures. These vortical structures drive the wall-normal momentum and energy 

exchange in the turbulent boundary layer. Correspondingly, the rate o f  turbulence kinetic 

energy production is reduced with an increase in the degree o f  streamwise convex 

curvature and thereby results in lower heat transfer rates in the case o f  strong wall-normal 

property variations o f  water at the supercritical thermodynamic state. For the present flow
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and geometric configurations considered, the reduction in heat transfer rate due to the 

stabilizing effects o f  streamwise convex surface curvature is observed to be o f the same 

order o f  magnitude as the improvement in heat transfer rate brought about by the 

supercritical thermodynamic state o f the working fluid.
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6 Chapter: Recommendations for Future Work

The use o f  wire-wrap spacers on the fuel rods in nuclear fuel bundles is known to 

enhance the heat transfer rates from the fuel rods to the coolant flow by enhancing the 

turbulence activity in the flow. These wire-wrap spacers impose streamwise convex 

surface curvature on the turbulent coolant flow and accordingly the research in this thesis 

established the effect o f  streamwise convex surface curvature on turbulence in terms o f 

the coherent flow structures o f turbulence. The stabilizing influence o f  streamwise 

convex surface curvature was seen to modify the behaviour o f  the coherent flow 

structures o f  turbulence and reduce the heat transfer rates in the boundary layer. In a 

nuclear fuel bundle scenario, although the presence o f wire-wrap spacers force the 

turbulent coolant flow to experience streamwise convex surface curvature, they also 

induce a net transport o f the coolant flow from one sub-channel into adjacent sub

channels. In comparison to a fuel bundle without wire-wrapped fuel rods, the presence o f 

wire-wrap spacers thus enhances the flow mixing and thereby the thermal mixing 

processes. Therefore, a proposed research would be to study the behaviour o f coherent 

flow structures in a fuel bundle with wire-wrapped fuel rods using direct numerical 

simulations in conjunction with such a study o f  a fuel bundle without wire-wrap spacers 

to further understand the flow mixing process associated with wire-wrap spacers.

In a nuclear fuel bundle, the turbulent coolant flow is under the influence o f  an 

axial pressure gradient and due to the secondary motions induced by the wire-wrap 

spacers, transverse pressure gradients also exist in the fuel bundle. Thus, it would serve 

useful to study the effects o f streamwise and spanwise pressure gradients in the presence
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o f streamwise convex surface curvature on the behaviour o f the coherent flow structures 

o f  turbulence. Such a study would aid in the interpretation o f flow behaviour, for 

example, in a direct numerical simulation study o f  a fuel-rod bundle with wire-wrap 

spacers.
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Appendices

Appendix A : Review of Boundary-Layer Transition, Statistical Treatment of a 

Turbulent Boundary Layer and Effect of Convex Surface Curvature on Transition.

A.l Boundary Layers

The existence o f  a boundary layer was first conceptualized by Prandtl (1904) 

when he proposed that the flow over a solid surface contains a very thin region next to 

the wall where viscous effects are significant in comparison to the rest o f  the flow, which 

can be modelled as inviscid. In a short period o f  time, boundary layer theory became the 

foundation o f modem fluid dynamics due to its vast range o f applicability. Most 

boundary layer flows o f practical importance are turbulent in nature and therefore a 

significant amount o f  research has been devoted to the understanding and modelling o f 

such flows (Schlichting, 1979). Flow visualization experiments and direct numerical 

simulations (DNS) o f turbulent flows have shown the existence o f  coherent structures in 

the boundary layer which play a significant role in the generation and preservation o f 

turbulence (Carlier and Stanislas, 2005). This section is a short description o f  laminar-to- 

turbulent transition.

A. 1.1 Laminar-to-Turbulent Transition in Boundary Layer Flows

The physical mechanisms contributing to the processes that promote laminar-to- 

turbulent transition are complex and depend on several factors such as freestream 

turbulence, pressure-gradient, flow-oscillation, wall roughness, suction and blowing, and 

wall curvature; such factors impose disturbances on a laminar flow (Schlichting, 1979). 

According to Morkovin (1969), transition from laminar to turbulent flow can be grouped
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into two classes. In the first class o f  transition, the breakdown to turbulent flow can be 

said to comprise o f three main stages: receptivity, linear stability and non-linear 

breakdown as shown in Figure A .l (Kachanov, 1994). The process by which external 

disturbances enter the boundary layer as instability waves was referred by Morkovin 

(1969) as receptivity. At the receptivity stage, in the region o f relatively low local 

Reynolds number, the external disturbances transformed into boundary layer 

perturbations are referred to as the Tollmien-Schlichting (T-S) waves (Schubauer and 

Skramstad, 1947).

B oundary-layer
edge

Generation of 
instability waves

L inear region N onlinear Turbulent flow

region

Figure A.l: Process of transition from laminar to turbulent flow (adapted from 

Kachanov, 1994).

If the initial amplitude o f  the T-S waves is small relative to the freestream 

velocity, then the development o f these waves can be described by the linear stability 

theory. The region o f  the flow where the linear stability theory applies is called as the 

linear region which is usually quite extensive as compared to the non-linear region in the 

first class o f  transition as observed in Figure A. 1. Instabilities that can be described by 

the linear stability theory are referred to as primary instabilities and are governed by the 

Orr-Sommerfeld equation (Herbert, 1988) which is derived by linearizing the two
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dimensional (2-D) form o f the governing fluid-flow equations and applying a sinusoidal 

disturbance to it (Orr, 1907 and Sommerfeld, 1909). The Orr-Sommerfeld equation is a 

fourth-order, partial differential equation whose solution, developed by Tollmien (1929) 

and Schlichting (1933), was verified experimentally by Liepmann (1943) and Schubauer 

and Skramstad (1947). Solution o f  the Orr-Sommerfeld equation reveals a critical 

Reynolds number that represents a threshold value above which at least some o f the T-S 

waves in the boundary layer are amplified and lead to transition. When the T-S waves are 

amplified on the order o f  1-2 % o f the freestream velocity, non-linear interactions occur in 

the form o f secondary instabilities which are characteristic o f  the turbulence phenomenon 

(Soylemez and Ozkol, 2003).

In the second class o f transition known as bypass transition, the relatively higher 

amplitude o f the T-S waves results in immediate non-linear interactions, and cause the 

laminar-flow breakdown to turbulent-flow. Thus, the linear stability theory is not 

applicable for this case. The pathways o f  transition to turbulence can be represented by 

Figure A.2. During flow transition, experimental and numerical studies have shown the 

occurrence o f  organized motions in the boundary layer irrespective o f  the pathway taken 

to transition to turbulent flow (Kachanov, 1994). Such organized motions strongly 

contribute to the development o f  the transitioning and turbulent boundary layers and 

therefore require a detailed study; but prior to studying the structure and interaction o f 

these organized motions, it would be beneficial to review the statistical treatment o f a 

turbulent boundary layer conducted historically.
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Figure A.2: Roadmap to turbulence (adapted from Saric et al., 2002).

A.1.2 Wall-Bounded Turbulent Boundary Layer

The phenomenon o f turbulence is extremely complex due to the wide range o f 

spatial and temporal scales present in the flow. Several practical applications involve 

turbulent fluid flow (such as the coolant flow through a nuclear fuel bundle, flow past 

aircraft wing surfaces, etc.), hence the need to precisely predict the behaviour o f  such 

flows. The first significant attempt in this direction was the work o f  Osborne Reynolds in 

1895 who decomposed the velocity field o f  a turbulent flow into a mean and fluctuating 

part as follows:

u t = U i+  ul (A. 1)

where is the instantaneous velocity vector, u ; is the time-averaged velocity vector, ir 

is the instantaneous fluctuating velocity vector and the subscript / = 1,2,3 represents the 

streamwise (x ), wall-normal (y), and spanwise (z) coordinate directions, respectively. A
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similar decomposition is also applied to the scalar quantities such as pressure and 

temperature. These decompositions can be substituted into the Navier-Stokes (N-S) 

equation to obtain the N-S equation in terms o f the average and fluctuating quantities. 

The N-S equations, which are the governing equations for fluid flow, are treated in more 

detail in Chapter 3 o f  this thesis. After substitution, the N-S equations are averaged in 

time resulting in the Reynolds averaged Navier-Stokes (RANS) equations that are similar 

in form to the original N-S equation with the exception o f an additional term that is 

obtained due to averaging o f  the product o f velocity fluctuations. This additional term is 

known as the convective stress term (Cantwell, 1981) or more commonly known as the 

Reynolds stress term, which is shown in the following equation in the tensor notation:

Rij = p u ju l  (A.2)

where Rtj is the Reynolds stress tensor and p is the density, and the overbar signifies 

time-averaged quantities. Several semi-empirical theories have been developed that 

attempt to determine the Reynolds stress term which is referred to as the “closure” 

problem in turbulence literature. The mixing-length theory developed by Prandtl (1925) 

is the first such theory that relates the Reynolds stresses to the mean flow field by an 

effective eddy viscosity or mixing length to close the system o f equations. More 

sophisticated models have since been developed such as the one equation Spalart- 

Allmaras model or the two equation turbulence kinetic energy-turbulence dissipation (k- 

e) model among others to determine the effective eddy viscosity. According to Cantwell 

(1981), such mathematical models for turbulence were based on the concept o f an “eddy” 

but there were hardly any attempts to visualize this turbulent motion. The development o f
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a suitable theory to predict turbulent flows requires a substantial understanding o f  the 

physics o f such flows in terms o f  the structure o f the turbulent boundary layer.

Before attempting a study o f  the structure in a turbulent boundary layer, it would 

be beneficial to review the behaviour o f  the mean velocity profile which is also an 

important indicator o f  the structure o f  wall-bounded turbulent boundary layers. 

Traditionally, the turbulent boundary layer for an unheated flow has been divided into 

regions as shown in Table A .l where the superscript “+” denotes non-dimensional 

quantities normalized by the wall variables, viscosity (v) and friction velocity (u T), 

defined as follows:



where,

p Dynamic viscosity (kg/m s)

p Density (kg/m )

V Kinematic viscosity (m2/s)

T w Shear stress at the wall (Pa)

U T Friction velocity (m/s)

sv Viscous length scale (m)

y Wall-normal distance (m) ( y  = 0 represents at the wall)

u Mean streamwise velocity (m/s)

Table A.1: Boundary layer division based on mean velocity profile (Pope, 2000)

Region Location Property o f  Region Defining Equation

Inner layer y
7  <  0 1  o

Mean velocity 
dependent on the 

inner variables, u T 
and Sv

Viscous wall region y + <  50 Significant viscous 
effects

Viscous sub-layer y + <  5 Viscous stress 
dominates over 
Reynolds shear 

stress
+ II +

Buffer layer 5 < y + <  30 Region between the 
viscous sub-layer 
and the log-law 

region
Log-law region 

(Law o f the wall)

y + > 3 0 , | < 0 . 3 Region where the 
law o f the wall is 

applicable

x 1u + = -  In v + + B
K

Overlap region y + >  5 0 ,^  <  0 . 1  
0

Region overlaps 
between the inner 
and outer layers

Outer layer y + >  50 Viscosity effects are 
negligible.

109



The viscous effects are important in the inner layer, while the outer layer is dominated by 

inertial effects. The inner layer is normally scaled by v and uT and the outer region is 

normally scaled by the boundary-layer thickness (<5) and the freestream velocity o f  the 

flow. In the log-law region, the logarithmic dependence o f  the mean velocity on the wall- 

normal coordinate is observed in a wide range o f wall-bounded turbulent flows. In the 

defining equation for the log-law region, k  and B  are constants that are usually within 5% 

o f k=0.41 and 5=5.2, where k  is also known as the von Karman constant. Smith et al. 

(1991) mention that the classification o f  the boundary layer into regions such as those 

shown in Table A .l are based on the mean velocity profile and not the dynamical features 

o f  turbulence, which are believed to sustain turbulence. In a review o f turbulent boundary 

layers by Cantwell (1981), the author observes that the maximum production o f 

turbulence kinetic energy occurs in the buffer layer and the inner layer contributes to 

nearly half o f  the total production o f turbulence kinetic energy. Such features o f  the 

turbulent boundary layer could not be explained with traditional averaging methods 

which compelled many researchers to examine the structure o f  the turbulent boundary 

layer in order to understand the dynamics o f  the flow.
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A.2 Effect o f Streamwise Convex Surface Curvature on Shear-Layer Transition

The stabilizing influence o f streamwise convex surface curvature dampens the 

disturbances in the boundary layer (Ramaprian and Shivaprasad, 1978) causing the 

critical Reynolds number to shift higher than the critical Reynolds number applicable for 

the laminar boundary layer on a flat surface. This was experimentally observed by 

Liepmann (1943) in a detailed experiment with two different degrees o f  surface 

curvatures, S/R=0.00075 and <5/^—0.005. The critical Reynolds number increases as the 

degree o f surface curvature in increased (synonymous with a decrease in the radius o f 

curvature) for the convex surface but Liepmann (1943) found that convex-surface 

curvature in the range used in his experiments did not have an appreciable effect on 

transition as compared to the flat surface. The stabilizing influence o f  convex-surface 

curvature can also be expected to delay the transition to turbulence which would result in 

a higher shape factor and a lower intermittency factor compared to a flat surface (Ozalp 

and Umur, 2003; Umur and Ozalp, 2006). These authors also observe a lower magnitude 

o f the Stanton number on the convex-surface as compared to the flat-surface case. The 

Stanton number (St) is given as:

h (A.9)
S t  = 7----------7

( p t l c o C p  J

where h is the convection heat transfer coefficient, is the freestream velocity and Cp is 

the specific heat at constant pressure. This implies that in comparison to a flat surface, 

convex surface curvature reduces the heat transfer across a transitioning boundary layer.
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Appendix B : Effect o f Mildly-Curved and Strongly-Curved Streamwise Convex

Surface on an Initial Disturbance.

B.l Evolution of an Initial Disturbance on a Strongly-Curved Streamwise

Convex Surface

This section illustrates the effect o f  strongly-curved streamwise convex surface on 

the initial disturbance used in the flow and compares the evolution o f  a similar 

disturbance on a flat surface. The SIR value o f  the strongly-curved convex surface is 25 

times that o f  the mildly-curved convex surface Case 2 at the same boundary layer 

thickness. In the following discussion, the streamwise and spanwise coordinates are 

normalized by the test-surface length, L, and the wall-normal coordinate is normalized by 

the boundary layer thickness o f  the flow. The boundary layer thickness for the flat 

surface case is calculated based on the location where the mean streamwise velocity is 

99% o f the freestream velocity. The boundary layer edge velocity for the convex surface 

case is evaluated at the point where the slope o f the mean streamwise velocity profile 

matches the slope o f  the initial radial distribution o f  velocity since this case is initialized 

with a radially linear distribution o f streamwise velocity. Time is normalized by S/u,, 

( f - tu .J S ) ,  where u r is the boundary layer edge velocity and S is the boundary layer 

thickness o f the flow. The quantities are normalized as mentioned because the flow over 

the convex surface does not attain a fully turbulent state but is relaminarized due to the 

stabilizing effects o f  strong convex curvature.

The disturbance is created with two point sources placed near the wall that 

introduce mass into the boundary layer at a velocity that is 250% o f the freestream 

velocity at a momentum-thickness Reynolds number o f  Rep=650. This disturbance for
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both the flat and convex surfaces is shown in Figure B.l and revealed using an iso

surface o f the second invariant o f  the velocity gradient tensor ( 0  coloured according to 

the wall-normal height. It should be mentioned that the magnitude o f  the velocity with 

which mass was introduced into the flow using the point sources was varied from 25% to 

250% o f the freestream velocity and the results presented are for the strongest magnitude 

o f  the disturbance. Figure B. 1 shows that the initial disturbance used was the same for 

both the flat surface and the convex surface cases.
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(a) z/L (b)

Figure B.l: Initial disturbance on the (a) flat surface and (b) convex surface.

Further evolution o f the disturbance is shown in Figure B.2, Figure B.3 and 

Figure B.4. A detailed analysis o f  the development o f  the structures was not carried out 

as the primary objective o f this thesis is the study o f the effect o f  convex surface 

curvature on turbulent boundary layers. The relaminarization o f the flow even with strong
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perturbations suggests that the critical Reynolds number o f  the flow was not reached for 

this case and also suggests that the critical Reynolds number increases with an increase in 

the curvature (or SIR ratio) o f  the surface. Some features o f  the development o f  the 

disturbance common to the mildly-curved convex surface Case 2 include the roll-up o f  an 

unstable shear layer due to the creation o f an inflectional point in the velocity profile by 

the disturbance sources. This leads to the formation o f the largest hairpin-like structures 

observed in both the cases. The interaction with the mean shear stretches the largest 

hairpin-like structures for both cases but the structures on the flat surface stretch more 

and rise further towards the freestream than those on the convex surface. The is due to the 

strong vorticity o f  the head and legs o f  the structures which increases with increased 

stretching by the mean shear elongating the legs and causing the structures to induce 

them into the higher momentum regions on the flat surface case. On the strongly-curved 

convex surface, interactions with the mean shear occur under the stabilizing influence o f 

the radial equilibrium mechanism. Figure B.4 indicates that the structures on the convex 

surface case are already dissipating under this stabilizing influence and by /"=25, the flow 

is observed to be completely laminarized.
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Figure B.2: Evolution of the initial disturbance compared at tn=1.5: (a) flat surface 

and (b) convex surface.
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Figure B.3: Evolution of the initial disturbance compared at t"=3: (a) flat surface 

and (b) convex surface.
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Figure B.4: Evolution of the initial disturbance compared at tn=5: (a) flat surface 

and (b) convex surface.
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B.2 Comparison of Coherent Structures in the Turbulent Boundary Layer on a 

Mildly-Curved Convex Surface Disturbed using Two Disturbance Duration 

Ranges

This section compares the properties o f  the coherent structures within the fully 

turbulent boundary layer on the mildly-curved convex surface Case 2 developed using 

two different mass-injection disturbance duration ranges. In both cases, the velocity at 

which the mass is injected has a magnitude that is 85% o f the freestream velocity but the 

duration for which the disturbance is activated for one case is AC=100 and for the other 

case is A f=17.5. The normalized time A/+=A/Mr2/v, where uT is the friction velocity and v 

is the kinematic viscosity. The case for which the duration is A/+=100 will be referred to 

as Case 2-1 and the case for which the duration is A/+=17.5 will be referred to as Case 2-2 

in this section for simplicity.

The comparison between the two cases is presented in terms o f  the streamwise 

spacing o f  hairpin vortices in a wave packet and the spanwise spacing o f  the hairpin 

vortices; the two properties which exhibited significant differences from the flat surface 

Case 1. Figure B.5 shows that the streamwise spacing between individual hairpin vortices 

in a wave packet is between 100-150 wall units for both Case 2-1 and Case 2-2. Figure

B . 6  shows that the average streak spacing visualized through the instantaneous 

fluctuation distribution o f  the streamwise velocity component is the same for both the 

cases (around 110 wall units). This shows that while the boundary layers for Cases 2-1 

and 2 - 2  were disturbed differently, it did not affect the state o f the fully turbulent 

boundary layer.
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Figure B.5: Streamwise spacing of hairpin vortices in a wave packet for (a) Case 2- 

1; (b) Case 2-2 visualized through flood plots of spanwise component of vorticity.
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Figure B.6: Spanwise streak spacing observed in the distribution of streamwise 

component of fluctuation velocity for (a) Case 2-1; (b) Case 2-2.
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