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Abstract

In this thesis the potential of single- and multi-scale turbulence-generating grids

in improving the heat transfer from a circular cylinder and from a flat plate is

experimentally explored. Hot-wire and heat transfer measurements downstream

of low-blockage grids with different geometries were performed in a wind tunnel.

Particular emphasis is given to the impact of the vortex shedding from the bars of

the grids both on the turbulent flow field and on the heat transfer.

The effects of vortex shedding suppression in grid-generated turbulence can be

summarised in: (i) a decrease of turbulence intensity Tu in the grid’s production

region; (ii) a downstream shift of the peak of turbulence intensity; (iii) an atten-

uation of the streamwise growth of the integral length scale Lu together with a

reduction of the ratio between Lu and the Taylor length scale λ; and (iv) an in-

crease of the skewness and the flatness of the streamwise turbulent fluctuations in

the turbulence production region. A fractal square grid (FSG17) exhibits vortex

shedding suppression properties in analogy to fractal plates and fractal trailing

edges. It is discovered that an intense vortex shedding reduces the heat transfer

in the laminar boundary layer region of a cylinder placed in the grid’s turbulence

production region. For this reason, if the shedding is prominent, the heat transfer

coefficients in the production region are lower than those measured, for the same

Tu, in the turbulence decay region where the vortex shedding signature tends to

vanish. The heat transfer around the cylinder is enhanced more and is more per-

sistent downstream by using FSG17 or a single square grid (SSG) in place of a

regular square-mesh grid (RG60) with higher blockage. Grid FSG17 has the prac-

tical advantage of allowing high heat transfer together with a less energetic vortex
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shedding from the grid.

For the case of a flat plate, it is found that a new class of multi-scale inhomo-

geneous grids (MIGs), which produce a gradient of mean velocity in the direction

normal to the plate, can be optimised for heat transfer augmentation. These

grids can allow a near-wall high mean velocity and high turbulence intensity, thus

leading to sustained heat transfer enhancement with downstream distance.
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Nomenclature

Greek symbols

β coefficient of thermal expansion of air

Δf width of the frequency integration interval for the computation of Esh

and of u′2
eff

ε turbulent kinetic energy dissipation rate per unit mass

εh emissivity of Inconel

εp emissivity of black paint

η Kolmogorov length scale

θ angular position on the cylinder measured from its front stagnation

point

Θ integral time scale of u

κ thermal conductivity of air

κh thermal conductivity of Inconel

λ Taylor length scale

ν kinematic viscosity

ρ density

ρu autocorrelation coefficient of u

σ blockage ratio of the grid

σc blockage ratio of the cylinder

σSB Stefan-Boltzmann constant, σSB = 5.67× 10−8 Wm−2 K−4

Roman symbols
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a threshold used for the computation of za

a1 strain rate parameter

Ap area of the heated section of the flat plate

c0 thickness of the largest bars of the grids in the x-direction

cd0 drag coefficient of the largest bars of the grid

cp specific heat capacity

CΔp pressure drop coefficient

Cε dissipation coefficient

D diameter of the cylinder

dhw diameter of the hot-wire

dp distance between the heated side of the flat plate and the nearest wind

tunnel’s lateral wall

Di measured values of St/StNG
∞

Eu (Ev) power spectral density of u (v)

Esh energy of the vortex shedding from the largest bars of the grids

Enh1e mean value of St∞/StNG∞ in 0.3 ≤ X/Lp ≤ 0.4

Enh2 mean value of St∞/StNG∞ in 0.45 ≤ X/Lp ≤ 0.85

Enh1e,2 mean value between Enh1e and Enh2

f frequency

feff “effective” frequency

fsh vortex shedding frequency of the largest bars of the grid

fΘ frequency associated with Θ

fη frequency associated with η

Fu flatness of u

FΨ flatness of uΨ

Fi values of St/StNG
∞ predicted by the fit

g gravitational acceleration

GrHp Grashof number based on Hp

GrLh
Grashof number based on Lh

h convective heat transfer coefficient



Hp height of the flat plate

hs height of the step (trip) on the flat plate

Ht height of the wind tunnel’s test section (or total length of the cylinder)

I electric current

k streamwise wavenumber, k = 2πf/U

Kp pressure gradient parameter

ks mean shear rate parameter in the z-direction

l0 square root of the area of the largest bars of the grid

L0 distance between the largest bars of the grid

Lh length of the heated section of the cylinder

lhw sensing length of the hot-wire

Lj distance between the bars in the j-th iteration of the multi-scale grids

Lm average value of the distance between the bars of the central iterations

of the multi-scale grids

Lp length of the heated section of the flat plate

Lu integral length scale of u in the streamwise direction, Lu = UΘ

Lsp length of the splitter plates

Lε dissipation length scale

N number of multi-scale iterations

nj number of bars in the j-th iteration of the MIGs

Nu local Nusselt number

Nu circumferentially averaged Nusselt number

p static pressure

qcond heat flux lost by thermal conduction

qconv convective heat flux

qgen input heat flux

qrad radiative heat flux

R2 coefficient of determination of the fit

Re local Reynolds number based on U and D

ReL0 inlet Reynolds number based on U∞ and L0
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Ret0 inlet Reynolds number based on U∞ and t0

ReX Reynolds number based on U∞ and X

Reλ local Reynolds number based on u′ and λ

Re∞ inlet Reynolds number based on U∞ and D

ReHp Reynolds number based on U∞ and Hp

ReLh
Reynolds number based on U∞ and Lh

res squared Euclidean norm of the fit residuals

S Strouhal number based on U∞ and t0

Ssh vortex shedding Strouhal number based on U∞ and t0

SA
sh vortex shedding Strouhal number based on U∞ and

√
t0 L0

Su skewness of u

SΨ skewness of uΨ

St Stanton number based on U

St vertically averaged value of St

St∞ Stanton number based on U∞

St∞ vertically averaged value of St∞

t time

T temperature

t0 thickness of the largest bars of the grid in the y − z plane

Taw adiabatic wall temperature

Tfilm film temperature

th thickness of the Inconel foil wrapped around the cylinder

tm average value of the thickness of the bars for the central iterations of

the multi-scale grids

tp thickness (in the x− z plane) of the flat plate

tr thickness ratio of FSG

tw thickness of the Inconel foil covering the flat plate

Tp turbulence parameter

Tu turbulence intensity

Tuλ Dullenkopf and Mayle’s (1995) correlating parameter



Tueff “effective” turbulence intensity

Tupeak maximum centreline turbulence intensity

u, v, w streamwise (along x), vertical (along y), spanwise (along z) velocity

fluctuations

u′, v′, w′ RMS values of u, v, w

Ũ , Ṽ , W̃ streamwise (along x), vertical (along y) and spanwise (along z) instant-

aneous velocity components

U , V , W time-averaged values of Ũ , Ṽ , W̃

Uapp velocity of the flow approaching the cylinder

u′2
eff “effective” turbulent kinetic energy

uΨ wavelet transform of u

(u′/w′)pl mean value of u′/w′ in −0.2 ≤ z/Wt ≤ 0

U∞ inlet velocity (upstream of the grids)

VD voltage drop

ws width of the step (trip) on the flat plate

wLE width of the flat plate’s leading edge

Wt width of the wind tunnel’s test section

x∗ wake interaction length scale for the largest bars of the grids

x∗
j wake interaction length scale for the j-th iteration of the multi-scale

grids

x∗
m wake interaction length scale for the central iterations of the MIGs

xLE distance between the leading edge of the flat plate and the grid

xpeak centreline streamwise location of the maximum turbulence intensity

xsp distance between the leading edge of the splitter plates and the grid

xTE distance between the trailing edge of the flat plate and the grid

xyz reference frame with its origin fixed at the centre of the grid

XY Z reference frame with its origin fixed at the heated side of the flat plate

za z-coordinate where u′/w′ = (1 + a)× (u′/w′)pl

zp z-coordinate of the heated side of the flat plate

zr z-coordinate where res is minimum
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Subscripts

c centreline values (y = z = 0)

film evaluated at Tfilm

FSP cylinder’s Front Stagnation Point, θ = 0◦

RSP cylinder’s Rear Stagnation Point, θ = 180◦

w wall values

∞ inlet values or based on inlet conditions

Acronyms

DNS Direct Numerical Simulation

FSG Fractal Square Grid

IR Infra-Red

MIG Multi-scale Inhomogeneous Grid

NG No Grid

PDF Probability Density Function

RG Regular Grid

RMS Root-Mean-Square

SP Splitter Plates

SSG Single Square Grid

SSU Space-Scale Unfolding



Chapter 1

Introduction

The role of turbulence in increasing the convective heat transfer from a wall is of

primary importance in several industrial contexts where a fluid flow is involved

such as chemical, mixing, automotive and aerospace applications (Hewitt, 2008).

Such kind of industries would benefit from a better understanding of the role that

the turbulent flow properties play on heat transfer enhancement. The focus of

this thesis is on turbulent flows downstream of perturbing grids placed in a wind

tunnel, and on their interaction with wall boundaries for heat transfer augmenta-

tion purposes. The heat transfer behaviour downstream of single- and multi-scale

turbulence-generating grids is studied for two cases which are of relevant interest

in both classic fluid mechanics and in industrial applications: a circular cylinder

and a flat plate.

1.1 Multi-scale grid-generated turbulence

The turbulent flow which develops downstream of grids can be divided in two re-

gions: (i) the turbulence production region and (ii) the turbulence decay region. In

the first region (closer to the grid) turbulence is produced and turbulence intensity

Tu increases with the streamwise distance x from the grid. On the contrary, Tu de-

creases with x in the turbulence decay region. The latter is the region where most

of previous research on grid-generated turbulence focused. The existence of these

two regions was proven for regular grids (Simmons and Salter, 1934), for fractal
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square grids (Hurst and Vassilicos, 2007) and for fractal cross grids (Krogstad and

Davidson, 2012). It was recently shown that the turbulence decay region can be

further split in two sub-domains. In the first sub-domain (closer to the grid) the

dissipation coefficient Cε = εLu/u
′3 follows the law Cε ∝ Re

1/2
G /Reλ (see Vassilicos,

2015, for a complete review on the topic), where ε is the turbulent kinetic energy

dissipation rate per unit mass, u′ is the Root-Mean-Square (RMS) value of the

streamwise turbulent fluctuations u, Lu is the longitudinal integral length scale of

u, ReG is an inlet Reynolds number based on the inflow velocity U∞ (upstream

of the grid) and on a characteristic length scale of the grid, and Reλ is the local

Reynolds number based u′ and on the Taylor length scale λ. Moving further down-

stream of the grid, one approaches the second sub-domain where the coefficient Cε

becomes constant (independent of Reλ). The Cε �= constant law contradicts the

classical views on turbulence arising from Taylor (Taylor, 1935) and Kolmogorov

(Kolmogorov, 1941a,b,c), who set the background of modern turbulence research.

In particular, all modelling approaches and all turbulence theories assume that Cε

is independent of Reλ.

The distance xpeak from the grid, where Tu is maximum on the centerline, is

the streamwise extent of the turbulence production region and is representative of

the location where the wakes, originating from the largest bars of the grid, meet

on the centreline (Mazellier and Vassilicos, 2010). Mazellier and Vassilicos (2010)

found that, for fractal square grids, xpeak can be approximately predicted in terms

of the wake-interaction length scale x∗ = L2
0/t0, where L0 is the distance between

the bars of the largest iteration of the square pattern, and t0 is their thickness

in a plane normal to the direction of the flow. The same study showed that,

downstream of fractal square grids, strong rare decelerating flow events occur in

the turbulence production region. As a result, the probability density functions

(PDFs) of u appear highly left-skewed and characterised by large values of flatness.

On the contrary, advancing further downstream in the turbulence decay region, the

skewness and the flatness of u gradually get close to values typical of a Gaussian

distribution. One could ask (i) whether the above mentioned decelerating events
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are specific of fractal-generated turbulence and (ii) whether they are somehow

related to the vortex shedding from the bars of the grid, both for multi-scale grids

and for regular grids, given that in the production region the wakes from the bars

have not met yet.

The experimental results of Gomes-Fernandes et al. (2012) on fractal square

grids demonstrated that (i) xpeak/x
∗ is inversely proportional to the drag coefficient

cd0 of the largest bars of the grid and that (ii) the value of Tu at xpeak, Tupeak,

is proportional to cd0t0/L0. The latter result suggests that one could design a

grid made of a single square with a large ratio t0/L0, so that Tu is high while

the grid’s blockage ratio σ, and presumably also the static pressure drop, is small.

However one may wonder if increasing t0/L0 above a certain level could have some

drawbacks, as for example an intense vortex shedding from the bars of the grid

which can cause a non desirable periodic loading on the turbulence generator.

Direct Numerical Simulations (DNS) by Laizet and Vassilicos (2012) and Laizet

and Vassilicos (2015) demonstrated that there is a new mechanism in turbulent

flows generated by fractal grids. This is the Space-Scale Unfolding mechanism

(SSU) which arises from the multi-scale/fractal structure of these turbulent flow

generators. The core of this mechanism relies on the existence of consecutive

distances from the grid where different pairs of wakes with same size meet. In

presence of a mean scalar gradient and in absence of walls, the SSU mechanism

causes a great improvement (up to one order of magnitude) in scalar transfer and

turbulent diffusion when comparing fractal grids to regular grids with the same

blockage, where this mechanism is absent. Nedić and Tavoularis (2016b) compared

the performance of a fractal grid to that of three regular grids in enhancing the

single particle diffusion from a line source in a wind tunnel, with all the grids

having the same blockage ratio. The heated line source was placed on the central

plane of the grids for two downstream locations, one upstream of the grids and

the other downstream of them. Among the grids tested in Nedić and Tavoularis

(2016b), the grid with the highest performance was found to be the regular grid

with the largest mesh size. One could conclude that, differently from the case of
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the scalar transfer in presence of a mean scalar gradient, the SSU mechanism of

fractal grids does not improve the scalar diffusion from a line source with respect

to regular grids. Given the discussion above, it is relevant to ask whether the SSU

mechanism could be instead effective in improving the heat transfer from a wall.

Fractal geometries proved to be an effective solution for suppressing vortex

shedding downstream of particular objects. In axisymmetric turbulent wakes pro-

duced by fractal plates, the vortex shedding energy is reduced by up to 60% com-

pared to the case of circular and square plates with the same frontal area (Nedić

et al., 2015). Nedić and Vassilicos (2015) showed that by increasing the num-

ber of fractal iterations in an airfoil’s (NACA 0012) trailing edge with multiscale

modifications, the energy of vortex shedding decreases too. It is believed that the

fractal modification of the perimeter affects the vortex shedding formation mech-

anism and re-distributes the turbulent kinetic energy among a broader range of

scales (frequencies). One may wonder if fractal grids also exhibit vortex shedding

suppression properties.

1.2 Heat transfer from a cylinder and from a flat plate

The effects of turbulent flows on the heat transfer from cylinders are of interest

in different engineering applications. Several industrial devices use cylindrical

geometries to exchange heat between a wall and a fluid in a turbulent regime.

Examples of such devices are shell-and-tube heat exchangers, pressurised water

reactors, or water-to-air radiators (Hewitt, 2008) to name a few. Understanding

how to increase the heat transfer by tuning the turbulence properties of the flow

is highly desirable.

Different investigations focused on the effects of some turbulent flow paramet-

ers on the heat transfer for a cylinder in crossflow. Smith and Kuethe (1966)

developed a theoretical model by assuming that, in the proximity of the front

stagnation point, the Reynolds stresses are proportional to Tu in the free-stream

(flow approaching the cylinder) and to the distance from the wall. Their model,

supported by experimental results, showed that the Frossling numberNuFSP/Re0.5
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at the front stagnation point, invariant with Re for laminar free-stream conditions

(Frössling, 1958), was directly proportional to the turbulence parameter TuRe0.5,

where Re is the Reynolds number based on the diameter D of the cylinder and on

the mean streamwise velocity U . Kestin and Wood (1971) and Lowery and Vachon

(1975) measured respectively the mass transfer and the heat transfer from a cyl-

inder in a turbulent crossflow generated by grids in a wind tunnel. Both studies

correlated the values of NuFSP/Re0.5 with a second-degree polynomial function

of TuRe0.5. The properties of the turbulent flow approaching the cylinder affect

the entire angular heat or mass transfer profile (Boulos and Pei, 1974; Sanitjai

and Goldstein, 2001) and so the values of the angle-averaged Nusselt number Nu.

Similarly to NuFSP , Nu was correlated with empirical fits as a function of both

Re and Tu (e.g. Endoh et al., 1972; Sikmanovic et al., 1974; Lowery and Vachon,

1975; Mehendale et al., 1991; Kondjoyan and Daudin, 1995). The main conclu-

sion from these investigations is that both NuFSP and Nu are increased by larger

values of Tu and that the enhancement is more evident at higher Re.

Several experiments showed that the role of the integral length scale Lu of the

incoming flow can also be important (Sak et al., 2007). Van Der Hegge Zijnen

(1958) reported that for the same Re and Tu, Nu increased with the ratio Lu/D

for 0 < Lu/D < 1.6 whereas it decreased for Lu/D > 1.6. Zukauskas et al. (1993)

also found the presence of an optimal value of Lu/D for which Nu is maximum,

but in this case it occurred for Lu/D = 10/Re0.5 in the range 104 < Re < 106

and for Tu = 0.5%. To predict the effect of Lu on the front stagnation point

heat transfer, different relations have been developed in the form NuFSP/Re0.5 ∝
TuαReβ (Lu/D)γ with α, β > 0 and γ < 0 (see e.g. Ames and Moffat, 1990;

Van Fossen et al., 1995; Ames, 1997; Sanitjai and Goldstein, 2001; Gandavarapu

and Ames, 2013), thus showing that NuFSP is usually anti-correlated with Lu/D.

In contrast, the experimental results on the effect of Lu/D on the Nusselt number

NuRSP at the rear stagnation point appear somewhat contradictory. Torii and

Yang (1993) found that higher values of Lu/D caused a noticeable decrease of

NuRSP while Yardi and Sukhatme (1978) and Sanitjai and Goldstein (2001) did
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not find an appreciable effect of the free-stream turbulence on the values of NuRSP .

The turbulent flow approaching the cylinder has been usually generated with

perturbing grids placed upstream of the heat transfer model in a wind tunnel.

Examples of these turbulence generators are regular square mesh grids, arrays of

parallel wires, damping screens or perforated plates. Quintino (2012) measured

Nu for an electrically heated cylinder (made in copper) in crossflow which was

mounted horizontally in a wind tunnel and placed at different distances from grids

made of two vertical strips; Nu was obtained from the electric power delivered to

the cylinder and from the wall temperature which was uniform given the heating

technique used in that experiment. Global heat transfer measurements were per-

formed in the range 430 < Re∞ < 1300, where Re∞ was the Reynolds number

based on the diameter of the cylinder and on the bulk velocity of the flow obtained

from the volumetric flow rate measured at the outlet of the wind tunnel. The res-

ults showed that Nu had a maximum value for a certain distance from the grid

and that it then monotonically decreased downstream of it. The author attributed

this behaviour to an acceleration of the flow close to the grid (contraction effect)

and to a subsequent reduction of what the author called “wake intensity”. The

values of Nu were found to increase with σ. One might conclude that, in order

to significantly enhance the heat transfer, it is required to use turbulence gener-

ators with high σ, which produce also high pressure losses and therefore penalise

the efficiency of the heat transfer augmentation. However in the experiment of

Quintino (2012), velocity measurements were not conducted to characterize the

flow downstream of the grids and local heat transfer measurements around the

circumference of the cylinder were not performed either.

Similarly to the case of a cylinder, increasing the convective heat transfer from

a flat plate is a relevant topic in engineering applications, as different industrial

devices make use of flat surfaces to exchange heat with a fluid. A relevant example

in the renewable energy industry is the case of high-temperature pressurised-air

solar receivers, key components in solar power tower plants (Serra et al., 2012;

Daguenet-Frick et al., 2013). There are different solutions to enhance the heat
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transfer in such devices and they can be grouped in two main categories: modific-

ations to the heat transfer surface (e.g. roughness, riblets, vortex generators) and

modifications to the flow upstream of the flat surface (Colleoni et al., 2013). The

latter is the method investigated in this thesis.

Differently from the case of a cylinder, early investigations generated a debate

on whether the skin friction and/or the heat transfer coefficient in a turbulent

boundary layer with zero pressure gradient are affected by free-stream turbulence.

Kestin et al. (1961) did not find significant differences between laminar free-stream

and turbulent free-stream except in the transition from a laminar to a turbulent

boundary layer on the plate. In contrast, Sugawara et al. (1988) reported a notice-

able increase of the heat transfer coefficient with Tu for the same position on the

plate. Other studies confirmed that the skin friction and the convective heat trans-

fer in a turbulent boundary layer are greatly affected by free-stream turbulence

(see e.g. Hancock and Bradshaw, 1983; Blair, 1983; Castro, 1984; Thole and Bog-

ard, 1995; Sharp et al., 2009; Dogan et al., 2016). Some of these studies compared

turbulent boundary layers with laminar and turbulent free-stream conditions for

the same boundary layer momentum thickness Reynolds number Reθ. Hancock

and Bradshaw (1983) correlated the variation of the skin friction coefficient on a

flat plate turbulent boundary layer with a purely empirical parameter based on

the turbulence intensity outside of the boundary layer and with the ratio Lε/δ99,

where Lε is the dissipation length scale which was obtained from the streamwise

decay of turbulent kinetic energy with homogeneous and isotropic assumptions,

and δ99 is the boundary layer thickness. The skin friction was found to increase

with Tu and to decrease with the ratio Lε/δ99 for the same Reθ. Blair (1983)

modified the correlating parameter proposed in Hancock and Bradshaw (1983) to

also take into account the effect of Reθ, which was shown to have an impact for

Reθ < 5000 (McDonald and Kreskovsky, 1974). Additionally, it was also found

(Maciejewski and Moffat, 1992; Thole and Bogard, 1995) that the heat transfer

coefficient in a turbulent boundary layer is positively correlated with the peak

value of u′ in the near wall-region (y+ ≈ 15 in wall units) which increases with
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free-stream turbulence intensity.

1.3 Objectives

The main practical objective of the experimental research discussed in this thesis

is to investigate the potential of single- and multi-scale turbulence-generating grids

in enhancing the convective heat transfer from a circular cylinder and from a flat

plate. These two geometries were selected because they are of relevant interest both

in fluid mechanics problem and in several engineering applications. It is intended

to have a better insight on how to design more efficient turbulence generators,

i.e. grids with low blockage ratio that could enhance the heat transfer more and

for a more extended distance than conventional regular square-mesh grids. In

particular it is aimed to use physical arguments and scaling laws, obtained in

previous research on multi-scale/fractal generated turbulence, for heat transfer

augmentation purposes. One would like to understand which are the relevant

turbulent flow parameters in the heat transfer enhancement from a wall and to be

able to tune the geometry of the grid accordingly.

Furthermore, the experiments described in this thesis give the chance to invest-

igate the flow downstream of the grids and the heat transfer behaviour also from a

more fundamental point of view. Particular focus is given to the vortex shedding

from the bars of the grids, which is expected to become significant when increasing

the ratio t0/L0, thus leading to an undesirable structural periodic loading on the

turbulence generators. Within this context, there are different research questions

that this study aims to address:

• Do fractal grids exhibit vortex shedding suppression properties, in analogy

to fractal plates and fractal trailing edges, and therefore are they affected by

a reduced structural periodic loading?

• What are the effects of vortex shedding from the bars of the grid, both on

the flow-field and on the heat transfer?

• What are the differences between the heat transfer coefficients measured in
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the production region and those in the decay region for the same turbulence

intensity?

• Is vortex shedding the cause of the extreme decelerating flow events in the

turbulence production region?

• Is the SSU mechanism, characteristic of fractal grids, effective in enhancing

the heat transfer from a wall?

1.4 Outline

The remainder of this thesis is structured as follows. In Chapter 2 the flow-field

downstream of three turbulence-generating grids is characterised with hot-wire

measurements. The grids used for this experiment are a regular square-mesh grid

(RG60), a fractal square grid (FSG17) and a single-square grid (SSG). Differences

and similarities between the grids are highlighted. Particular attention is given to

the impact of the vortex shedding from the largest bars of the grids on the down-

stream evolution of the centreline statistics of the turbulent fluctuations u. A set of

four splitter plates was placed in the production region of SSG (SSG+SP) in order

to isolate the effect of vortex shedding suppression in grid-generated turbulence.

In Chapter 3 the results from a heat transfer experiment performed on the

centreline circumference of a circular cylinder are discussed. The cylinder was

positioned at several distances from the same grids described in Chapter 2. For

FSG17 and SSG the cylinder was placed in both production regions and decay

regions of the grids, at positions where turbulence intensity is approximately the

same. The differences between the angular heat transfer profiles obtained in the

production region and those in the decay region are emphasised. The effects of

vortex shedding from the bars of the grids on the heat transfer from the cylinder

are described.

In Chapter 4 a heat transfer experiment performed on a flat plate in a wind

tunnel is presented. The flat plate was placed downstream of several types of grids

with both single- and multi-scale geometry. In particular, the heat transfer poten-
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tial of recently introduced multi-scale inhomogeneous grids (MIGs) is investigated.

The role of shear in the direction normal to the flat plate is preliminarily studied.

Finally Chapter 5 summarises and concludes the thesis.
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Chapter 2

Vortex shedding effects in

grid-generated turbulence

2.1 Introduction

In this chapter1, results from hot-wire measurements performed downstream of

three types of turbulence-generating grids in a wind tunnel are reported and dis-

cussed. The grids used were: a regular square-mesh grid named RG60 (the number

identifies the mesh size of the grid in mm), a fractal square grid named FSG17 (the

number identifies the thickness ratio of the grid, see Section 2.2.2) and a single

square grid named SSG. The purpose of this experiment was twofold. First, the

flow downstream of the grids was documented in terms of mean velocity, turbu-

lence intensity, turbulence length scales, energy spectra and probability density

functions (PDFs) of velocity fluctuations. A circular cylinder was placed down-

stream of the same grids in the same wind tunnel at a later stage (see Chapter

3) in order to study the effects of grid-generated turbulence on the convective

heat transfer from the cylinder. The characterization of the flow was therefore

necessary in order (i) to select the cylinder’s positions with respect to the grids

and (ii) to be able to correlate the heat transfer results with the properties of

the flow approaching the cylinder. Secondly, some of the effects induced by the

vortex shedding originating from the largest bars of the grids were investigated. In

1Contents in this chapter can also be found in Melina et al. (2016)
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particular, the experiment discussed in this chapter aims to provide some answer

to the following research questions:

• Are the extreme decelerating flow events, previously observed in the tur-

bulence production region of fractal grids (Mazellier and Vassilicos, 2010),

observable also with regular and single-scale grids?

• Does vortex shedding play a role on the above mentioned events?

• How is the streamwise evolution of the velocity fluctuations statistics affected

by vortex shedding?

• Do fractal grids exhibit vortex shedding suppression properties, in analogy

to fractal plates (Nedić et al., 2015) and fractal trailing edges (Nedić and

Vassilicos, 2015)?

In order to isolate the effects of vortex shedding a novel 3D turbulence generator

(SSG+SP), formed by SSG and by a set of four splitter plates detached from it, was

also tested in the experiment. It is well known that, among passive techniques,

vortex shedding suppression by using splitter plates is one of the simplest and

most effective solutions (Akilli et al., 2005). Roshko (1954) showed that, when

a long splitter plate is attached downstream of a circular cylinder with diameter

D, the cylinder’s drag coefficient cd is reduced as a result of the vortex shedding

suppression. Apelt and West (1975) performed experiments on splitter plates past

bluff bodies and investigated the effect of Lsp, where Lsp is the length of the splitter

plate. They found that regular vortex shedding is completely suppressed when the

reattachment of the flow occurs on the splitter plate. This happens for Lsp/D ≥ 3

for a plate normal to the flow and for Lsp/D ≥ 5 for a circular cylinder. This last

result also holds for a splitter plate attached to a rectangular prism, as shown in

(Ali et al., 2011). However, when long splitter plates are used, a well-developed

vortex street arises from the combined bluff body/splitter plate. Vortex shedding

can also be reduced using a shorter detached splitter plate placed at a distance xsp

from the bluff body, where xsp is measured until the splitter plate’s leading edge.

Roshko (1954) found that by using a splitter plate with Lsp/D = 1.14 detached
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from a circular cylinder at Re∞ = 14 500, an optimal position exists for which

vortex shedding attenuation is maximum and cd is minimum; Re∞ is the Reynolds

number based on D. This optimum occurs for xsp/D = 2.7. Similar results were

obtained by performing DNS at lower Re∞. Lin and Wu (1994) found an optimal

distance xsp/D = 2.5 for Lsp/D = 2 and Re∞ = 100, Hwang et al. (2003) reported

an optimal value xsp/D = 2.7 for Lsp/D = 1 and ReD = 160. In the present

experiment, an optimal distance xsp/t0 between the splitter plates and SSG was

identified among a limited number of such distances. The energy associated with

a band of frequencies centred on the vortex shedding frequency (vortex shedding

energy) was estimated for the configuration with and without splitter plates. The

vortex shedding energy content was quantified for FSG17 and was compared to

SSG and SSG+SP at the same values of x/xpeak along the centreline. The effects

of the vortex shedding attenuation are highlighted in this chapter. In particular it

is studied how the vortex shedding energy affects the skewness and the flatness of

the streamwise velocity fluctuations in the turbulence production region.

The remainder of this chapter is structured as follows: in Section 2.2 the exper-

imental technique and the data reduction process are described; in Section 2.3 the

turbulent flow downstream of RG60, FSG17 and SSG is characterised; in Section

2.4 the effects of vortex shedding suppression along the centreline are discussed;

finally Section 2.5 concludes the chapter.

2.2 Experimental details

2.2.1 Wind tunnel

Experiments were performed in a low speed open-loop wind tunnel at Imperial

College London. Its maximum velocity, when empty, is 33m s−1 with a background

turbulence intensity of 0.1%. The working section is 3m long with a square cross

section H2
t = 0.462 m2. A sketch of the wind tunnel’s test section is shown in

Figure 2.1 in order to define the spatial coordinate notation. The inlet velocity

U∞ upstream of the grid was imposed by measuring the static pressure difference
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x

z

y

Figure 2.1: Sketch of the wind tunnel’s test section and spatial coordinate notation. The
origin of the reference system is on the geometric centre of the grids which are placed at
the inlet of the wind tunnel’s test section (x = 0).

across the wind tunnel’s contraction with a micromanometer (FCO510, Furness

Controls). In the present measurements 5m s−1 ≤ U∞ ≤ 17m s−1. The boundary

layer displacement thickness in the empty wind tunnel (no grids at the inlet) was

estimated to be lower than 10mm at x = 3m for the minimum U∞, U∞ = 5m s−1.

The temperature T∞ of the flow was measured with a thermocouple placed at

the inlet of the test section, the ambient pressure was measured with an absolute

pressure gauge connected to the micromanometer.

2.2.2 Turbulence-generating grids

In this experiment, three different turbulence-generating grids were placed at the

inlet (x = 0) of the wind tunnel’s test section. The grids extended over the en-

tire size of the cross section of the wind tunnel. Scaled diagrams of the grids are

illustrated in Figure 2.2. The first grid is a regular bi-planar grid (RG60) which

has a blockage ratio σ =32%. The second grid is a multi-scale fractal square grid

(FSG17) which was widely studied and documented in several previous experi-

ments (see Hurst and Vassilicos, 2007; Seoud and Vassilicos, 2007; Mazellier and

Vassilicos, 2010; Valente and Vassilicos, 2011, 2014; Laizet et al., 2015). This grid

has four iterations (N =4) and σ =25%. The thickness ratio is tr = t0/tN−1 =17,

where tN−1 is the thickness of the smallest bars. The ratio of the lengths of the

bars of two successive iterations is RL = Lj+1/Lj =0.5, the ratio of their thickness
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(a) (b)

L0

t0

(c)

Figure 2.2: Sketches of the turbulence-generating grids: RG60 (a), FSG17 (b), SSG (c).

Grid L0 [mm] t0 [mm] x∗ [mm] c0/t0 cd0 σ [%] ReL0 Ret0
RG60 60 10 360 1.00 2.14 32 19 900− 67 600 3 300− 11 300
FSG17 238 19 2945 0.32 2.25 25 78 700− 267 700 6 400− 21 600
SSG 229 43 1220 0.13 2.01 20 75 800− 257 800 14 200− 48 400

Table 2.1: Geometrical parameters of the grids and inlet Reynolds numbers ReL0 and
Ret0 for U∞ = 5ms−1 − 17m s−1.

is Rt = tj+1/tj = t
1/(1−N)
r = 0.39 (j =0,1,2). Finally, the third grid is a single

square grid (SSG) with σ =20%. This is a single-scale grid and it is simply made

of one thick square supported by eight thin struts (6mm thick). The SSG was

designed to obtain high values of turbulence intensity while keeping low values of

σ, i.e. increasing the ratio t0/L0, but still allowing a sufficiently high value of x∗

in order to generate an extended turbulence production region. The geometrical

parameters of the grids and the inlet Reynolds numbers ReL0 = U∞ L0/ν and

Ret0 = U∞ t0/ν are summarised in Table 2.1, where ν is the kinematic viscosity

of air. The sectional drag coefficients cd0 of the largest bars of the grids are also

reported in Table 2.1. The values of cd0 were estimated by interpolating the ex-

perimental values collected in (Munshi et al., 1999) as a function of the aspect

ratio c0/t0, where c0 is the depth of the largest bars of the grids in the x direction

(chord).

2.2.3 Splitter plates

One of the goals of this experiment was to assess the importance of vortex shedding

in the production region of grid-generated turbulence. Given that SSG is the grid

with the largest value of t0, it is reasonable to expect that the effect of vortex

shedding will be most pronounced in its production region. For this reason a

45



Chapter 2. Vortex shedding effects in grid-generated turbulence

static device was designed and placed downstream of SSG in such a way that

the vortex shedding mechanism is attenuated, allowing an assessment of the grid

behaviour with different levels of intensity of vortex shedding.

This is a set of four splitter plates that, when connected together, form an

open box where the distance between two parallel plates matches the value of L0,

therefore every element is aligned along the median line of the bars of SSG (see

Figure 2.3). The length of the splitter plates in the x direction is Lsp =64.5mm,

so that Lsp/t0 =1.5. The thickness of the plates is tsp =5mm, the ratio tsp/t0 is

0.116. Akilli et al. (2005) performed experiments downstream of a circular cylinder

with diameter D at ReD = 5 500, and found no appreciable differences in their

results obtained varying the thickness tsp of a splitter plate detached from the

cylinder for tsp/D = 0.016, 0.04, 0.08. In the present experiment, preliminary hot-

wire measurements were performed downstream of the splitter plates without the

presence of grids at the inlet of the wind tunnel. These measurements revealed

that the streamwise mean velocity U does not exceed 1.03 × U∞ and that the

turbulence intensity is lower than 0.25% for 0 < x < 2.3m on the centreline.

The plates are connected to an outer square frame thanks to eight supporting

struts aligned with those supporting SSG. The distance xsp between the leading

edge of the splitter plates and the grid can be freely varied. Preliminary meas-

urements were made with values of xsp/t0 between 0 and 5 in order to identify an

optimal distance at which the splitter plates are most effective. The configuration

formed by SSG and the set of splitter plates is henceforth referred to as SSG+SP

(see Figure 2.3).

2.2.4 Velocity and pressure measurements

Velocity measurements were performed via single-component hot-wire anemometry.

The hot-wire was made from a Wollaston wire with a 5μm diameter (dhw) plat-

inum core which was soft-soldered on a Dantec 55P01 hot-wire probe. The wire

sensing element was obtained by etching its central part with a nitric acid bath.

The resulting sensing length was about 1mm long (lhw), thus giving an aspect
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Figure 2.3: Sketch of SSG with splitter plates (SSG+SP).

ratio lhw/dhw of about 200. The hot-wire probe was mounted on a Dantec 55H21

support coupled to a traverse system which allows movement along the x and

the y directions. The hot-wire probe was operated by a Dantec Streamline Pro

constant temperature anemometer system. The hot-wire was systematically cal-

ibrated before and after each experimental run against the free-stream velocity of

the wind tunnel. The temperature T∞ of the flow varied less than 0.2K during

each experimental set of measurements reported in this chapter. The calibrations

were obtained using fourth-order polynomial fits of the velocity as a function of the

voltage at constant temperature. The conditioned signal was sampled at 100 kHz,

with the analogue low-pass filter on the Streamline set at 30 kHz, using a National

Instruments-6229 data acquisition system connected to a computer. The hot-wire

measurements were performed at U∞ = 5m s−1 and 17m s−1 for all the grids.

Moreover, for the comparison between SSG and SSG+SP, measurements were also

performed at an intermediate velocity, U∞ = 11m s−1. In order to obtain con-

verged statistics, the sampling time for each measurement point on the centreline

was set to 300 s, which corresponds to at least 29 000 - 97 000 integral time scales

for the minimum and maximum U∞ respectively. The sampling time for the meas-

urements relative to the vertical velocity profiles (along y) was reduced to 120 s

since the main interest was in low-order statistics (mean velocity and turbulence

intensity).
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The Reynolds decomposition of the instantaneous velocity signal Ũ(t) is Ũ(t) =

U+u(t), where U is the time-averaged value, U = 〈Ũ(t)〉, and u(t) is the fluctuating

component. The turbulence intensity Tu was computed with Tu = u′/U , where

u′ is the RMS value of u(t), u′ =
√〈u(t)2〉. The longitudinal integral time scale

Θ was calculated from the power spectral density Eu(f) of u(t) in the frequency

domain f as (Pope, 2000):

Θ =
Eu(0)

4u′2 , (2.1)

where Eu(f = 0) was estimated by averaging Eu(f) in the low-frequency range,

where Eu(f) remains approximately constant for about two decades of frequencies

for the grids that produce the highest values of Θ. The longitudinal integral

length scale (correlation length scale) Lu was obtained from Θ by applying Taylor’s

hypothesis, Lu = ΘU , in analogy to other experimental studies on grid-generated

turbulent flows (see e.g. Hurst and Vassilicos, 2007; Sak et al., 2007; Mazellier and

Vassilicos, 2010; Nagata et al., 2013; Nedić and Tavoularis, 2016b). As previously

done in Seoud and Vassilicos (2007) and in Mazellier and Vassilicos (2010), the

kinetic energy dissipation rate per unit mass ε was estimated from:

ε = 15ν

〈(
∂u

∂x

)2
〉

, (2.2)

where: 〈(
∂u

∂x

)2
〉

=

∫ kmax

0

k2Eu(k) dk . (2.3)

under the assumption of isotropy for the small scales, which was shown to hold by

the results of DNS of turbulent flows downstream of similar grids (Laizet et al.,

2015). The value of kmax in Equation 2.3 was determined by the sampling fre-

quency of the hot-wire measurements. Similarly to what was done in Valente and

Vassilicos (2014), the procedure described in Antonia (2003) was followed in order

to reduce the contamination of the high-frequency noise on the computed values

of ε, i.e. the high-frequency end of Eu was fitted with an exponential curve before

performing the computation of the integral in Equation 2.3. For the measurements

performed in the turbulence decay regions at U∞ = 11m s−1, the value of ε changed
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by about 6% at worst when the method of Antonia (2003) was not applied. Fre-

quencies f and Eu(f) were converted to wavenumbers k and Eu(k) by means of

Taylor’s hypothesis, k = 2πf/U , Eu(k) = U Eu(f)/(2π). The Taylor microscale λ

was evaluated using its isotropic definition, λ2 = 15νu′2/ε, the Kolmogorov length

scale η was computed from η = (ν3/ε)
1/4

, finally the dissipation coefficient Cε was

evaluated from Cε = εLu/u
′3.

For the hot-wire measurements performed at U∞ = 5m s−1, the frequency re-

sponse of the hot-wire was high enough to resolve the dissipation spectrum k2Eu(k)

up to kη = 1 and above. For the measurements relative to SSG and SSG+SP at

U∞ = 11m s−1, the maximum resolvable kη was at worst kη ≈ 0.75, therefore

the dissipation is in this case slightly underestimated (up to 2%). The spatial

resolution lhw/η ranged approximately from 2 to 6 for the measurements taken

at U∞ = 5m s−1 and from 5 to 9 for those at U∞ = 11m s−1. When considering

the measurements performed at U∞ = 17m s−1, the maximum resolvable kη was

considerably reduced up to kη ≈ 0.3 for RG60, kη ≈ 0.65 for FSG17, kη ≈ 0.5 for

SSG and kη ≈ 0.6 for SSG+SP at worst. By integrating the dissipation spectrum

k2Eu(k) for the measurements at the lowest free-stream velocity until the max-

imum resolvable kη for the highest free-stream velocity (see Seoud and Vassilicos,

2007), it is estimated that for U∞ = 17m s−1 the values of ε would be underestim-

ated by up to 22% for RG60, 3% for FSG17, 7% for SSG and 4% for SSG+SP.

Given the figures above, any results derived from ε (such as λ and Cε) for the

measurements performed at U∞ = 17m s−1 are not considered.

Static pressure measurements were performed along the centreline by traversing

a straight Pitot-static tube downstream of the grids for U∞ = 5m s−1 − 17m s−1.

The difference between the local static pressure p (from the Pitot-static port) and

the free-stream static pressure p∞ (from pressure taps located upstream of the

grids) was acquired using a second micromanometer. The pressure drop coefficient

CΔp was evaluated from:

CΔp =
〈p− p∞〉

1
2
ρU2∞

, (2.4)

where ρ is the density of air at the ambient pressure and at the fluid temperature.
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Figure 2.4: Mean velocity (a) and turbulence intensity (b) for RG60, FSG17 and SSG
along the centreline.

The spatial resolution for the static pressure measurements was 4mm (the diameter

of the Pitot tube). The sampling time for each measurement point was 120 s, which

ensured the statistical convergence of 〈p− p∞〉. The experimental uncertainty on

the reported values of CΔp was estimated to be less than 4%. This estimate was

obtained by computing the standard deviation of ten measurements of CΔp at a

single downstream location (x = 0.5m).

2.3 Flow downstream of the grids

2.3.1 Basic flow documentation

Figure 2.4 shows the normalised mean velocity U/U∞ and the turbulence intensity

Tu along the centreline downstream of RG60, FSG17 and SSG. For all three

cases the mean velocity is a maximum close to the grid and successively decreases

towards U∞ proceeding further downstream. For RG60 the mean velocity is found

to increase slightly with x for x > 0.6m, owing to the growth of a turbulent

boundary layer on the wind tunnel walls (see Appendix A).

For RG60 the turbulence intensity is high in the region close to the grid, reach-

ing a peak value Tupeak of about 18% at xpeak = 0.11m, before rapidly dropping

with downstream distance to below 5% for x > 0.9m. For FSG17 and SSG the

value of Tupeak is lower, about 9% for FSG17 and 15% for SSG, and it occurs

for a larger distance from the grid, xpeak = 1.18m for FSG17 and xpeak = 0.61m

for SSG. The latter feature is a direct result of the greater values of the wake-
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interaction length scale for FSG17 and SSG. The position xpeak can be expressed

as xpeak = αc−1
d0
x∗, where α is a factor depending on the free-stream (upstream of

the grids) turbulence intensity and possibly on the geometry of the grid (Gomes-

Fernandes et al., 2012). The factor α is close to 0.9 for a laminar free-stream (as

is the case for the present measurements) and fractal grids with σ = 25% and

with tr = 8, 13, 17 (Gomes-Fernandes et al., 2012). In these measurements it

is xpeak/x
∗ = 0.3, 0.4, 0.5 for RG60, FSG17 and SSG respectively, therefore the

corresponding values of α are 0.64, 0.9 and 1. The difference in the values of α

between FSG17 and SSG can be attributed to the difference between the blockage

ratios of the two grids (Laizet and Vassilicos, 2011). Laizet et al. (2015) have

experimental evidence where xpeak/x
∗ is a decreasing function of σ. The value of

α is found to be significantly lower for RG60. This difference might be due both

to the higher blockage ratio of RG60 and also to the fact that, differently from

FSG17 and SSG, this grid is bi-planar. In the turbulence production region and

close to xpeak the values of Tu for SSG, which has the lowest σ, are considerably

higher if compared to FSG17. The reason for this is related to the higher ratio

t0/L0 for SSG which is more than double that for FSG17. Note that the values

of turbulence intensity for a fractal square grid are higher than those for a single

square grid with the same t0/L0 (Zhou et al., 2014). The physical argument which

can explain the nature of the higher turbulence intensity in the production region

of SSG is further discussed in Section 2.4. In the turbulence decay region, the

values of Tu for FSG17 approach those for SSG, both being considerably higher

than those for RG60.

Figure 2.5 shows vertical profiles of U and Tu (normalised by their value on

the centreline) for 0 ≤ y/L0 ≤ 0.5, at a series of streamwise locations in the

turbulence decay regions of the grids. It is clear that the mean velocity profiles

become more homogeneous as one moves downstream and that RG60 seems to

reach the best level of homogeneity when compared to the other grids, with its

profiles becoming completely flat at x ≥ 0.72m. However one must consider that

x∗ (and so xpeak) is substantially smaller for RG60. Therefore if a comparison is
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Figure 2.5: Vertical profiles of mean velocity (left) and turbulence intensity (right) for
RG60 (top), FSG17 (center) and SSG (bottom). Uc and Tuc are respectively the mean
velocity and the turbulence intensity on the centreline; U∞ = 17m s−1.

made at the same x, one would not be taking into account that the flow is much

further away from its production region for this grid than for FSG17 and SSG. In

fact the position x = 0.72m corresponds to x/xpeak = 6.67 for RG60, which is a

value that is never reached for either FSG17 or SSG in the wind tunnel. A similar

observation can be made when comparing the homogeneity of the mean velocity

between FSG17 and SSG. If the profiles for FSG17 at x = 2.21m (or x = 2.50m)

are compared with the ones for SSG at x = 2.22m (or x = 2.49m), one would

conclude that the mean velocity downstream of SSG is more homogeneous. On

the contrary when the profiles measured at the same x/xpeak are compared, for
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Figure 2.6: Pressure drop coefficient for RG60, FSG17 and SSG along the centreline.

example x/xpeak = 1.87 for both FSG17 and SSG, it is possible to conclude that

FSG17 and SSG exhibit the same level of homogeneity since Uy/L0=0.5/Uy/L0=0 is

about 0.93 for FSG17 and 0.91 for SSG.

When comparing the vertical profiles of Tu in Figure 2.5 it is possible to notice

that FSG17 differs from the other two grids. For both RG60 and SSG the tur-

bulence intensity is a monotonically increasing function of y for 0 ≤ y/L0 ≤ 0.5.

On the contrary for FSG17 the profiles of Tu exhibit a local maximum around

y/L0 = 0.25. This feature is most probably due to the presence of the smaller geo-

metrical iterations on the fractal square grid. It is observed that y/L0 = 0.25 is the

coordinate where the profiles of the mean velocity for FSG17 and RG60 show an

inflection point, i.e. (∂2U/∂y2)y/L0=0.25 = 0. Assuming that |∂U/∂y| >> |∂V/∂x|
(and |∂U/∂z| >> |∂W/∂x|), for FSG17 the position where Tu is maximum cor-

responds to the location where the absolute value of the z-component (or altern-

atively of the y-component for symmetry considerations) of the mean vorticity,

∂V/∂x− ∂U/∂y ≈ −∂U/∂y (∂U/∂z − ∂W/∂x ≈ ∂U/∂z), is also maximum.

The pressure drop coefficient CΔp along the centreline is plotted against x

in Figure 2.6 for the three grids. The absolute value of CΔp in the far decay

region is maximum for RG60 whereas it is minimum for SSG, consistently with

the decreasing blockage ratio of the grids. On the other hand the pressure recovery

length, that is the distance after which the pressure should remain constant, is the

53



Chapter 2. Vortex shedding effects in grid-generated turbulence

highest for SSG. It is relevant to remark that in the present case the pressure

drop coefficient does not reach a well-defined constant value but it is found to

slightly decrease along x. This can be explained by the growth of the boundary

layer on the walls of the wind tunnel (the mean velocity increases and the static

pressure decreases). One can notice that for SSG the values of CΔp are notably

higher for U∞ = 5m s−1 than for U∞ = 17m s−1 in the interval 0 < x < 1m

(0 < x/xpeak < 1.65 ), which coincides with the region where a lower mean velocity

is also observed (see Figure 2.4a).

Figure 2.7a shows the evolution of the longitudinal integral length scale Lu

along the centreline for the different grids, where Lu is normalised with the tun-

nel height Ht. For each of the three grids there is a satisfactory collapse of the

measurements taken at two different free-stream velocities, indicating that Lu is

invariant with U∞, at least for the range investigated in this study. This means

that the downstream evolution of this length scale is set by the geometry of the

grids only and not by the inlet Reynolds number. For FSG17 and SSG, the very

first measurement positions in the turbulence production region are characterized

by large values of Lu since the flow is still intermittent there (Lu is much larger

in a laminar than in a turbulent flow). Advancing further downstream in the tur-

bulence decay regions, the values of Lu are considerably lower for RG60 due to

the fact that L0 is smaller for RG60 than for FSG17 and SSG. These two grids

have very similar L0 and consequently comparable values of Lu. However FSG17

exhibits the slowest growth of Lu with x, similarly to what was originally observed

in Hurst and Vassilicos (2007). It is interesting to look at the ratio between the

integral and the Taylor length scales Lu/λ (Figure 2.7b), which gives an indic-

ation of the separation between the large and the small scales of the turbulent

fluctuations. The error bars in Figure 2.7b indicate the experimental uncertainty

on the computed values of Lu/λ. This uncertainty comes mostly from the errors

associated with the calculation of Θ and of ε. The error on ε is estimated as ex-

plained in Section 2.2.4. To estimate the uncertainty on Θ, the time-series of u

were divided in ten intervals of equal size, the integral time scale was computed
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Figure 2.7: Integral length scale (a), ratio between integral and Taylor length scales
(b), Reynolds number based on Taylor length scale (c) and dissipation coefficient (d) for
RG60, FSG17 and SSG along the centreline. Data for U∞ = 17m s−1 are not shown for
quantities derived from ε as explained in Section 2.2.4. The error bars in (b) indicate
the experimental uncertainty which is estimated as explained in Section 2.3.1.
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Chapter 2. Vortex shedding effects in grid-generated turbulence

on each interval, and finally the standard deviation of these ten values was com-

puted. In the region where Cε is constant for fixed inlet conditions, the ratio Lu/λ

should decrease in proportion to Reλ, where Reλ = u′λ/ν. Comparison of the

plots in Figure 2.7b and in Figure 2.7c shows that this feature holds for RG60

when x > 0.6m (x/xpeak > 5.5), where Cε (Figure 2.7d) approaches a constant

value. On the contrary for FSG17, as originally observed in Seoud and Vassilicos

(2007), the ratio Lu/λ remains approximately constant in the turbulence decay re-

gion, despite Reλ clearly decreasing. Here it is shown that the same feature can be

also observed for SSG. This indicates that, for both FSG17 and SSG, the velocity

measurements are always performed in the non-equilibrium region of turbulence

where Cε �= constant. In this region Cε ∝ Re−1
λ , which implies Lu/λ = constant

for fixed inlet conditions.

2.3.2 Production region

A comparison is made between two downstream positions on the centreline, one in

the production region (x/xpeak < 1) and the other in the decay region (x/xpeak >

1). The positions were chosen to give similar values of x/xpeak for each grid:

x/xpeak = 0.67, 0.62, 0.64 in the production region and x/xpeak = 1.67, 1.75, 1.72 in

the decay region for RG60, FSG17 and SSG respectively.

In Figures 2.8a,c,e the power spectral density Eu is shown for the measurements

taken at U∞ = 5m s−1. Frequencies are converted to Strouhal numbers S using

a reference frequency given by U∞/t0, and the energy density is normalised with

Θu′2. For each spectrum the cut-off frequency is chosen to be fcut = 1.2fη, where

fη is the Kolmogorov frequency, fη = U/(2πη). In the inertial range all the

spectra exhibit a Kolmogorov-like power law decay, Eu ∝ S−pu with pu close to

5/3, both in the production region and in the decay region. For all the grids, in

the production region the inertial range is observable for higher frequencies and

it is more extended than for the decay region, in agreement with the observations

made in Laizet et al. (2015). In addition to this, the extent of the inertial range

is larger for FSG17 and SSG than for RG60.

56



2.3. Flow downstream of the grids

10
−3

10
−2

10
−1

10
0

10
1

10
210

−8

10
−6

10
−4

10
−2

10
0

10
2

S

E
u
/(
Θ
u
′
2
)

x/xpeak = 0.67

x/xpeak = 1.67

∝ S
−5/3

0.05 0.1 0.15 0.2 0.25 0.3

10
0

10
1

(a) RG60

0 10 20 30 40 50 60 70 80 90 100
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

t U∞/t0

ρ
u

x/xpeak = 0.67
x/xpeak = 1.67

(b) RG60

10
−3

10
−2

10
−1

10
0

10
1

10
210

−8

10
−6

10
−4

10
−2

10
0

10
2

S

E
u
/(
Θ
u
′
2
)

x/xpeak = 0.62
x/xpeak = 1.75

∝ S
−5/3

0.05 0.1 0.15 0.2 0.25 0.3

10
0

10
1

(c) FSG17

0 10 20 30 40 50 60 70 80 90 100
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

t U∞/t0

ρ
u

x/xpeak = 0.62
x/xpeak = 1.75

(d) FSG17

10
−3

10
−2

10
−1

10
0

10
1

10
210

−8

10
−6

10
−4

10
−2

10
0

10
2

S

E
u
/(
Θ
u
′
2
)

x/xpeak = 0.64
x/xpeak = 1.72

∝ S
−5/3

0.05 0.1 0.15 0.2 0.25 0.3

10
0

10
1

(e) SSG

0 10 20 30 40 50 60 70 80 90 100
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

t U∞/t0

ρ
u

x/xpeak = 0.64
x/xpeak = 1.72

(f) SSG

Figure 2.8: Power spectrum density (left) and autocorrelation coefficient (right) of u
in the production region (black) and in the decay region (red) of RG60 (top), FSG17
(center) and SSG (bottom) on the centreline; U∞ = 5ms−1.

In the production region the spectra corresponding to RG60 and SSG show a

clear peak which is due to the presence of vortex shedding from the bars of the

grids. The intensity of this peak gets attenuated as one proceeds downstream in the

decay region but, at the considered locations, it is still detectable for both RG60

and SSG. If now the case of FSG17 is considered, in the production region the

vortex shedding phenomenon seems to be less pronounced when compared to both

RG60 and SSG at similar values of x/xpeak. Furthermore for FSG17 the effect of

vortex shedding is not even detectable in the turbulence decay region, in contrast to

both RG60 and SSG at the same values of x/xpeak. This point is further discussed
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Chapter 2. Vortex shedding effects in grid-generated turbulence

Ssh SA
sh

U∞ [m/s] 5 17 5 17

RG60 0.163 0.167 0.399 0.409
FSG17 0.125 0.126 0.440 0.443
SSG 0.187 0.189 0.432 0.436

Table 2.2: Vortex shedding Strouhal numbers Ssh and SA
sh for RG60, FSG17 and SSG;

U∞ = 5ms−1 and 17m s−1.

in Section 2.4 of this chapter. The effect of vortex shedding can also be detected

by directly looking at the autocorrelation coefficient ρu of u which is plotted in

Figures 2.8b,d,f, where the time t has been normalised by the reference time scale

t0/U∞. In the production region the coefficient ρu exhibits a periodic behaviour

which is damped for large t and, in agreement with the previous considerations,

this periodic behaviour is much less marked for FSG17. It is interesting to notice

how, in the decay region, ρu smoothly decays to zero with no sign of periodicity

for FSG17, unlike RG60 and SSG.

The vortex shedding Strouhal numbers based on t0, Ssh = fsht0/U∞, are re-

ported in Table 2.2 for the measurements corresponding to U∞ = 5m s−1 and

U∞ = 17m s−1; fsh is the frequency at which the spectra exhibit a consistent peak

in the production region, at different locations along the centreline. It is possible

to see that Ssh is almost invariant with U∞ for all three grids for the values of U∞

tested here. The value of Ssh for FSG17 is considerably lower when compared to

both RG60 (about 24% less) and SSG (about 33% less). It is interesting to check

if, by using a different reference length for the definition of the Strouhal number,

it might be possible to obtain similar vortex shedding Strouhal numbers for the

different grids. For this purpose the reference length l0 =
√
t0L0 is considered,

which is proportional to the square root of the area of the largest bars of the grid

(and also proportional to the area covered by the entire largest square pattern

iteration). This approach is similar to what was done in Nedić et al. (2013) for

plates with different regular and fractal geometries, in accordance to the original

idea used in Fail et al. (1959). A supplementary vortex shedding Strouhal number

based on l0 is defined, SA
sh = fshl0/U∞ = Ssh

√
L0/t0. The results in Table 2.2

show that the values of SA
sh for the different grids are considerably closer than for
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2.3. Flow downstream of the grids

Ssh, in particular they are almost the same for FSG17 (SA
sh ≈ 0.44) and for SSG

(SA
sh ≈ 0.43). Not enough data is available to claim the universality of SA

sh (or some

closely related Strouhal number) for grid-generated turbulence. However here it

is shown that the percentage difference, between the maximum and the minimum

value (with respect to the average value) among the three grids considered here,

drops from 40.8% for Ssh to 9.5% for SA
sh. It is also relevant to consider that,

for FSG17, the bars of the small geometric iterations (j = 1, 2, 3) are close to

those of the largest iteration (j = 0). When the gap between two side-by-side

cylinders is below a certain critical value, the interaction between their wakes can

lead to a change in the vortex shedding frequency with respect to the case of an

isolated cylinder (see e.g. Kiya et al., 1980; Kim and Durbin, 1988; Song et al.,

2015). In particular for two side-by-side cylinders with different diameter, the

vortex shedding frequency of the cylinder with the larger diameter decreases as

the gap decreases (Song et al., 2015). Given the figures above it is possible that,

for FSG17, the interaction between different wakes of different sizes could cause a

reduction of Ssh with respect to the case of SSG. New dedicated experiment could

test this hypothesis.

As mentioned in the Introduction of this thesis, Mazellier and Vassilicos (2010)

found that in the production region of fractal square grids the distributions of the

velocity fluctuations are far from Gaussian, they exhibit high values of flatness

and are highly left-skewed. Figure 2.9 shows the probability density functions

(PDFs) of u for RG60, FSG17 and SSG relative to the same previously con-

sidered streamwise positions (data corresponding to that plotted in Figure 2.8).

In the turbulence decay region the PDFs get close to a Gaussian distribution. For

x/xpeak ≈ 1.7 the skewness of u, Su =< u3 > / < u2 >3/2, is indeed near zero,

Su = −0.09, 0.07,−0.04 and the flatness, Fu =< u4 > / < u2 >2, close to 3,

Fu = 2.89, 2.81, 2.99 for RG60, FSG17 and SSG respectively. On the opposite side,

the PDFs clearly do not follow a Gaussian distribution and appear left-skewed in

the production region (x/peak ≈ 0.64), not only for FSG17 but also for the other two

grids. The values of the skewness are indeed all negative, Su = −0.31,−1.34,−0.48
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Figure 2.9: Probability density functions of u in the production region (black) and in
the decay region (red) of RG60 (a), FSG17 (b) and SSG (c); U∞ = 17m s−1.

for RG60, FSG17 and SSG respectively. The flatness exhibits values higher than

3, Fu = 4.61, 5.85, 6.13 for RG60, FSG17 and SSG respectively.

These figures suggest that, in the production region, rare strong decelerating

flow events are more likely to occur than accelerating events and this holds for

three turbulence-generating grids with very different geometries. However the

results of this experiment also show that for FSG17 this feature (the high negative

skewness) is even more pronounced when compared to both RG60 and SSG. Given

that FSG17 is actually the grid where the vortex shedding signature appears to

be less evident, it becomes natural to ask whether the energy associated with

this periodic phenomenon affects the Gaussianity of the velocity fluctuations. The

study of this aspect is addressed in the following section of this chapter.

2.4 Vortex shedding suppression

The effects of vortex shedding suppression on the flow past a turbulence-generating

grid are examined. To pursue this goal, velocity measurements were performed
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Figure 2.10: Centreline turbulence intensity for SSG and SSG+SP with different values
of xsp/t0; U∞ = 11m s−1.

downstream of a new turbulence generator (SSG+SP) formed by SSG and a set of

four splitter plates detached from the grid. It is important to stress that the main

purpose of this investigation is not to optimise the vortex shedding suppression.

Instead, it is to study how the flow properties change when the vortex shedding

originating from the large bars of the grid is attenuated.

First, the position xsp of the splitter plates for which vortex shedding is more

effectively suppressed needs to be identified. For this purpose, one can con-

sider the centreline streamwise evolution of Tu for SSG+SP for the baseline case

U∞ = 11m s−1 (Figure 2.10) with six different positions of the splitter plates,

xsp/t0 = 0, 1, 2, 3, 4, 5, and compare it with SSG. Among the limited number of

values xsp/t0 here tested, the position xsp/t0 = 3 appears to be the most effective

one in decreasing the vortex shedding intensity. This statement is motivated by

considering two aspects: (i) for xsp/t0 = 3 the distance xpeak is maximum and

(ii) the turbulence intensity at x = xpeak, Tupeak, is minimum. In particular, for

this position of the splitter plates, xpeak is increased by 44% when compared to

the configuration without splitter plates, since it moves from 0.5x∗ to 0.72x∗. The

suppression of vortex shedding causes the wakes originated from the bars of the

grid to become narrower (see e.g. Anderson and Szewczyk, 1997; Akilli et al., 2005;

Chen and Shao, 2013) and therefore it is postulated that the location of the peak of
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turbulence intensity, which is representative of the location where the wakes meet

(Mazellier and Vassilicos, 2010), is moved downstream. This also means that the

drag coefficient cd0 of the bars is reduced. Considering the scaling xpeak/x
∗ ∝ c−1

d0
,

an increase of 44% in xpeak/x
∗ can be explained by a decrease in cd0 of about

31%, which is not possible to assess directly since the drag of the bars was not

measured. However, in order to check the consistency of these findings, one can

additionally make use of the scaling for Tupeak, Tupeak ∝ cd0t0/L0. By considering

this last relation, one would theoretically expect that Tupeak is also reduced by

about 31% due to the reduction in cd0 . Looking at the baseline case for SSG at

U∞ = 11m s−1 for consistency, it is found that for xsp/t0 = 3 the value of Tupeak

decreases from 0.146 to 0.107, a reduction of 27%. Moreover, xsp/t0 = 3 is close

to xsp/D = 2.5− 2.7, which was found to be the optimal distance for suppressing

vortex shedding from a circular cylinder (see Roshko, 1954; Lin and Wu, 1994;

Hwang et al., 2003).

Given that xsp/t0 = 3 proves to be the most effective distance for suppressing

vortex shedding (from the limited number of positions here tested), this configur-

ation only is considered for the remainder of this chapter and it is referred to as

SSG+SP3. Figure 2.11 shows the normalised mean velocity and the turbulence

intensity along the centreline for SSG+SP3. One can see that both the mean velo-

city and the turbulence intensity profiles at U∞ = 11m s−1 and 17m s−1 are very

well collapsed. The ratio U/U∞ for U∞ = 5m s−1 is found to be slightly lower with

respect to the measurements at higher inlet velocities, with a maximum difference

of 3.8% at x/x∗ = 0.64. However the discrepancy becomes attenuated and tends

to disappear as one proceeds downstream, similarly to what was found for SSG

(see Figure 2.4a). Comparison of Figure 2.4a (SSG) and Figure 2.11a (SSG+SP3)

shows that the mean velocity for 0.25 < x/x∗ < 0.6 (0.3m < x < 0.7m) is higher

for SSG+SP3. This can be explained by the presence of the four splitter plates

which create a contraction effect and therefore an acceleration of the flow. The

turbulence intensity for U∞ = 5m s−1 is marginally higher just in the proximity

of xpeak, whose location remains the same for all the measurements performed,
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Figure 2.11: Centreline mean velocity (a) and turbulence intensity (b) for SSG+SP3.

xpeak = 0.72x∗.

2.4.1 Vortex shedding energy

The energy related to the vortex shedding is compared amongst the different grids.

In this work the vortex shedding energy Esh is the portion of the turbulent kinetic

energy u′2 which is associated with a frequency bandwidth centred around fsh. In

the production region, the main contribution to Esh is due to vortex shedding.

However it must be noted that Esh contains also part of the energy associated

with the turbulent stochastic motion. The stochastic contribution can also be

significant, especially past the wakes’s interaction’s location, given that vortex

shedding occurs as a low-frequency (large scale) phenomenon.

Figure 2.12 shows the contour plots of the power spectral density Eu for RG60,

FSG17, SSG and SSG+SP3 along the centreline for 0.35 ≤ x/xpeak ≤ 2 and

0.04 < S < 1.1. The values of Eu are normalised using the local u′2 as a reference

energy and U∞/Ht as a reference frequency (this is done not to contaminate the

values with t0 or L0 which can be different for the grids). When considering the

case of SSG in the production region (x/xpeak < 1), one can see that a significant

contribution to the total kinetic energy comes from a narrow range of Strouhal

numbers across Ssh, i.e. it is mainly due to vortex shedding. The signature of

vortex shedding is stronger and more persistent for SSG when compared to all the

other turbulence-generating grids at the same x/xpeak. On the opposite side, the

vortex shedding energy contribution to u′2 appears to be the lowest for FSG17.
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Furthermore, for FSG17 the effect of vortex shedding disappears more quickly

in terms of x/xpeak as, unlike all other configurations, it is not even detectable

for about x/xpeak > 0.8. Given these qualitative figures, one can already argue

that the higher values of Tu for SSG with respect to FSG17 (in the production

region and close to xpeak) can be explained physically by a more significant vortex

shedding contribution.

In Figure 2.13 the spectra of u in the production region are compared for SSG

and SSG+SP3, specifically at x/xpeak = 0.7. By making use of Θu′2 to normalise

Eu, the spectra for the two configurations are very well collapsed with the exception

of the frequency range which lies in the proximity of the vortex shedding frequency.

From Figure 2.12 and Figure 2.13 three main effects due to the addition of the

splitter plates downstream of SSG (SSG+SP3) can be observed: (i) the vortex

shedding contribution to u′2 decreases, (ii) the vortex shedding signature on the

centreline is less persistent, (iii) vortex shedding appears as a more broad-band

phenomenon and therefore the energy is re-distributed among a broader range of

frequencies (scales). Given this last aspect, for SSG+SP3 it is not possible to

identify a frequency fsh at which a clear peak in the spectra can be observed. For

this reason, in order to define a vortex shedding Strouhal number Ssh for SSG+SP3,

the frequency fsh where there is a local energy maximum is considered. With

respect to SSG (see Table 2.2), for SSG+SP3 the value of Ssh slightly decreases.

It is obtained Stsh = 0.182 for U∞ = 11m s−1 and 17m s−1 and Stsh = 0.172 for

U∞ = 5m s−1.

The method used in Nedić et al. (2015) is applied to give an estimate of the

reduction of the vortex shedding energy due to the presence of the splitter plates.

The vortex shedding energy Esh is computed by integrating Eu for an interval of

Strouhal numbers ΔS centred across Ssh:

Esh(ΔS) =
∫ S2

S1

Eu(S) dS , (2.5)

where S1 = Ssh − ΔS/2 and S2 = Ssh + ΔS/2. It is important to notice that

the value of Esh depends on the arbitrary choice of ΔS, therefore it is required to
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Figure 2.12: Contour plots (in logarithmic scale) of the power spectrum density Eu,
normalised by u′2Ht/U∞, along the centreline for RG60 (a), FSG17 (b), SSG (c) and
SSG+SP3 (d); U∞ = 17m s−1.
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Figure 2.13: Power spectrum density of u in logarithmic (left) and linear (right) scale
for SSG (black) and SSG+SP3 (green) at x/xpeak = 0.7; U∞ = 17m s−1. The vertical
dashed lines in (b) identify the interval ΔS/Ssh = 0.5 centred at Ssh.

check how Esh varies for different ΔS.
The energy Esh is quantified for increasing values of ΔS/Ssh and for x/x∗ ≤ 0.72

(extent of the production region for SSG+SP3); EI
sh (Figure 2.14a) refers to the

original configuration (SSG) and EII
sh (Figure 2.14b) refers the configuration with

the four splitter plates (SSG+SP3). The quantity Esh obviously increases with

ΔS according to Equation 2.5. However, for the same streamwise location and
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Figure 2.14: Vortex shedding energy Esh for SSG (a), for SSG+SP3 (b) and ratio between
the two (c) varying ΔS/Ssh at different streamwise locations along the centreline; U∞ =
17m s−1.

for the same ΔS/Ssh, Esh is always lower for the configuration with the splitter

plates. The ratio EII
sh/E

I
sh (Figure 2.14c) is indeed always less than 1 in the entire

turbulence production region of SSG+SP3, thus confirming the vortex shedding

attenuation. The reduction is greater for lower values of x, that is where vortex

shedding is more prominent. It is interesting to notice that for ΔS/Ssh � 0.5 the

ratio EII
sh/E

I
sh remains approximately constant. This result allows us to quantify

the vortex shedding suppression along the centreline without having to deal with

a strong dependence on ΔS. For this reason the particular value ΔS/Ssh = 0.5 is

chosen for the integration of Eu (see Figure 2.13b) for the comparisons in Figure

2.15, where Esh is taken to be Esh(ΔS/Ssh = 0.5).

Figure 2.15a shows the evolution of Esh along x/x∗ for SSG and SSG+SP3.

Similarly to the profiles of Tu, Esh first increases with x, reaches a peak value and

then subsequently decreases. For x/x∗ < 0.32 this energy increases with a very

steep gradient in the case of SSG, whereas in the same region the increase is atten-

uated for SSG+SP3. For x/x∗ > 0.85 the profiles of Esh for SSG and SSG+SP3
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Figure 2.15: Vortex shedding energy Esh for SSG and SSG+SP3 as a function of x/x∗

(a) and of x/xpeak (b), percentage reduction of Esh for SSG+SP3 with respect to SSG
(c), share of turbulent kinetic energy due to vortex shedding for SSG, SSG+SP3 and
FSG17 (d); ΔS/Ssh = 0.5, U∞ = 17m s−1.

collapse. However it is relevant to point out that in this region the vortex shedding

signature has almost disappeared, therefore in this case Esh loses the meaning of

vortex shedding energy. The streamwise position where Esh is maximum anticip-

ates the peak of turbulence intensity (Figure 2.15b) more evidently for SSG. The

maximum value of Esh occurs at x/xpeak = 0.9 for SSG+SP3 and at x/xpeak = 0.7

for SSG.

The percentage reduction of Esh for SSG+SP3 (EII
sh) with respect to SSG (EI

sh)

reaches almost 80% at x/xpeak = 0.45 (Figure 2.15c). The reduction decreases

further downstream until x/xpeak = 1 where it is about 50% and it remains ap-

proximately around this value for larger distances from the grid. The diminution

of Esh occurs also when compared to the total turbulent kinetic energy (Figure

2.15d). For ΔS/Ssh = 0.5, the maximum value of Esh/u
′2 is about 80% for SSG

at x/xpeak = 0.42, whereas for SSG+SP3 the maximum occurs at x/xpeak = 0.29

where Esh/u
′2 is about 60%. Following these positions there exists a region until
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x/xpeak = 1, where the ratio Esh/u
′2 is substantially lower for SSG+SP3. For

example at x/xpeak = 0.64 the value of this ratio is 54% for SSG and 27% for

SSG+SP3. In Figure 2.15d the ratio Esh/u
′2 is also shown for FSG17 with the

same choice of ΔS/Ssh, i.e. ΔS/Ssh = 0.5. For x/xpeak > 0.35, Esh/u
′2 is con-

siderably lower for FSG17 when compared both to SSG and to SSG+SP3. In

the turbulence production region of the grid FSG17, which has σ = 25%, the

vortex shedding energy is lower than for SSG which has almost the same L0 and

σ = 20%, with this energy being also lower than for SSG+SP3. The interac-

tion between wakes of different size, which occurs only with FSG17, could be an

explanation for the weaker vortex shedding.

2.4.2 Effects of vortex shedding

The effects induced by the presence of the splitter plates on the downstream evolu-

tion of the turbulence length scales are examined along the centreline. The integral

length scale Lu (Figure 2.16a) takes very similar values for SSG and SSG+SP3 in

the range 0.5 < x/x∗ < 1. However, when considering the turbulence decay re-

gions, it is clearly noticeable that the growth of Lu with x is reduced for SSG+SP3.

It is relevant to remark that the range where this occurs (x/x∗ > 0.5) is quite far

from the splitter plates, whose trailing edge is at x/x∗ = 0.16 for the SSG+SP3

configuration. This result is analogous to what observed for FSG17 (where vortex

shedding is also reduced), for which the increase of Lu with x is also found to be

slower than that for SSG (see Figure 2.7a).

Similarly to Lu, the growth of the Taylor microscale λ along the streamwise

direction (Figure 2.16b) is also lower for the configuration with the splitter plates.

In particular, in the decay region, ∂λ/∂x ≈ ∂Lu/∂x for both SSG and SSG+SP3.

The last condition is actually required in order to satisfy Lu/λ ≈ constant along x

in the Cε �= constant region of turbulence (see Vassilicos, 2015). Here it is shown

that, even when the splitter plates are added, the ratio Lu/λ remains approxim-

ately constant (Figure 2.16c) in the region where Reλ is decreasing (Figure 2.16d).

Analogously the coefficient Cε (Figure 2.16e) is not constant, but it instead in-
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creases with downstream distance in the turbulence decay region of SSG and of

SSG+SP3, where Reλ is decreasing. Mazellier and Vassilicos (2010) found that,

in the turbulence decay region of fractal square grids, the value of Lu/λ grows

with the inlet Reynolds number Ret0 . In this experiment it is found that, when

considering SSG and SSG+SP3 separately, Lu/λ increases with U∞ and therefore

with Ret0 . This is a consequence of the fact that λ reduces for increasing U∞

(Lu is not significantly dependent on U∞). Nevertheless it is interesting to notice

that the values of Lu/λ are different between SSG and SSG+SP3 even though

U∞ and t0 (and therefore Ret0) are the same. The presence of the splitter plates

at the very beginning of the production region modifies the streamwise develop-

ment of the wakes originating from the bars of SSG (as seen for example from

the increase in xpeak) and it affects the evolution of the turbulence scales along

the centreline. In the present case SSG and SSG+SP3 can be considered as two

different turbulence-generators and in particular it is found that, by adding the

splitter plates, the ratio Lu/λ decreases while the values of Reλ remain approx-

imately the same, this further confirming that Lu/λ is independent of Reλ in the

Cε �= constant region of turbulence.

It is interesting to study if and how the higher order statistics of u are influenced

by the vortex shedding suppression. First the skewness Su (Figure 2.17a) and the

flatness Fu (Figure 2.17c) of u are shown for SSG+SP3 at different values of

U∞. There is a good collapse between the results for the three inlet velocities.

This ensures that Su and Fu have no Reynolds dependence, at least in the range

here investigated. The skewness is initially negative in the turbulence production

region, reaching a minimum value around x/x∗ = 0.45, before increasing further

downstream and becoming positive in the far decay region, where it takes small yet

non-zero values, this being a typical feature of decaying grid-generated turbulence

(Maxey, 1987). The flatness steeply increases in the production region, where it

exhibits a peak around x/x∗ = 0.4, and subsequently decreases towards values

close to 3 in the decay region (x/x∗ > 0.8).

At this point the evolutions of Su and Fu along the centreline are compared for

69



Chapter 2. Vortex shedding effects in grid-generated turbulence

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
0

0.05

0.1

0.15

0.2

x/x∗

L
u
/H

t

SSG - U∞ = 5ms−1

SSG - U∞ = 11ms−1

SSG - U∞ = 17ms−1

SSG+SP3 - U∞ = 5ms−1

SSG+SP3 - U∞ = 11ms−1

SSG+SP3 - U∞ = 17ms−1

(a)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
0

0.005

0.01

0.015

0.02

x/x∗

λ
/H

t

(b)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
0

5

10

15

x/x∗

L
u
/λ

(c)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
0

100

200

300

400

x/x∗

R
e λ

(d)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
0

0.2

0.4

0.6

0.8

1

1.2

x/x∗

C
ε

(e)

Figure 2.16: Integral length scale (a), Taylor length scale (b), ratio between integral
and Taylor length scales (c), Reynolds number based on Taylor length scale (d) and
dissipation coefficient (e) for SSG (black) and SSG+SP3 (green) along the centreline.
Data for U∞ = 17m s−1 are not shown for quantities derived from ε as explained in
Section 2.2.4. The error bars in (c) indicate the experimental uncertainty which is
estimated as explained in Section 2.3.1.

SSG and SSG+SP3. The streamwise positions where the skewness (Figure 2.17b)

is minimum and the flatness (Figure 2.17d) is maximum are very similar between

SSG and SSG+SP3 in terms of x/xpeak. The most striking differences between the

two configurations are that for SSG+SP3 (i) the skewness reaches more negative

values in the production region and (ii) the flatness is higher. It is relevant to

consider also the results for FSG17 for which Esh is the lowest (Su and Fu for this

grid are plotted in the same figures). It is observed that the absolute values of
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Figure 2.17: Skewness (top) and Flatness (bottom) for SSG+SP3 at U∞ = 5, 11, 17m s−1

as a function of x/x∗ (left) and comparison with SSG and FSG17 for U∞ = 17m s−1

as a function of x/xpeak (right). The horizontal dashed lines identify Su = 0 (top) and
Fu = 3 (bottom).

the skewness and of the flatness reach the highest values for FSG17. These results

would suggest that an effect of vortex shedding in grid-generated turbulence is to

“hide” the non-Gaussian behaviour of u in the production region. In fact, when

vortex shedding is highly energetic, Su and Fu get closer to values typical of a

Gaussian distribution, i.e. Su → 0 and Fu → 3, in the production region too. In

Appendix B a simple exercise is carried out to show that an increase in the vortex

shedding energy is consistent with a decrease in the absolute value of the skewness

of u.

2.4.2.1 Wavelet transform in production and decay regions

In order to support the last observations on the Gaussianity of u, it is useful to

look directly at the effects of vortex shedding on the statistics associated with

the frequencies in the proximity of fsh. For this purpose, a continuous wavelet

transform of the velocity signals is performed for the four turbulence generators
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Figure 2.18: Skewness (left) and Flatness (right) of the wavelet transforms of u for RG60,
FSG17, SSG and SSG+SP3. The vertical dotted lines identify the interval ΔS/Ssh = 1
centred across Ssh. The horizontal dashed lines identify SΨ = 0 (left) and FΨ = 3
(right); U∞ = 17m s−1.

considered here. This type of transform allows to analyse the relative contributions

of the scales b (time-scales of dilatation) to the signal u(t) at instants t′. The
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wavelet transform uΨ(b, t
′) of u(t) is defined as (Farge, 1992):

uΨ(b, t
′) = b−1/2

∫
u(t)Ψ∗

(
t− t′

b

)
dt , (2.6)

where Ψ is the “mother” wavelet function (Ψ∗ is its complex conjugate). The time

scales b can be converted to (pseudo-) frequencies f by taking into account the

centre frequency at which the magnitude of the Fourier transform of Ψ is maximum.

In this context this type of transform is basically used as a systematic way to apply

a bandpass filter to the time-series. The function Ψ can be indeed interpreted as a

bandpass filter (Mallat, 1989) whose amplitude depends on the particular choice of

Ψ. In this analysis Ψ is chosen to be the Mexican hat function (second derivative

of the Gaussian), as done for example in Nicolleau and Vassilicos (1999) and in

Mallinson et al. (2004). From on operative point of view, the transforms uΨ(b, t
′)

are obtained by making use of the convolution theorem, i.e. the convolution in

Equation 2.6 is computed as the inverse Fourier transform of the product of the

Fourier transforms of u and Ψ∗. Next, for every considered value of b, the time

statistics (third and fourth moments) of the wavelet coefficients are computed.

Five centreline streamwise positions, both in the production region and in the

decay region, are considered for RG60, FSG17, SSG and SSG+SP3. The locations

are chosen in order to make a comparison at similar values of x/xpeak between

the different configurations. For each time-series, the wavelet transform analysis

is limited to a range of frequencies ΔfΨ = [fmin, fmax]. The value of fmin is chosen

to be 50fΘ, where fΘ is the frequency associated with the integral time scale, and

fmax = 0.1fη. The interval ΔfΨ is discretised using 100 logarithmically-spaced

points.

The skewness (Figure 2.18, left side), SΨ =< u3
Ψ > / < u2

Ψ >3/2, and the

flatness (Figure 2.18, right side), FΨ =< u4
Ψ > / < u2

Ψ >2, of uΨ are examined

as a function of S/Ssh for the different configurations. It is convenient to look

first at the results for FSG17, since this is the grid where the vortex shedding is

the least energetic and persistent. In the production region, SΨ is negative in a

substantial range of S, exhibits a minimum value and is instead near-zero for very
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small and very large frequencies. When one moves to the decay region, the values

of SΨ become closer to zero or weakly positive, consistent with the trend previously

observed for the skewness of u (Figure 2.17b). The FSG17 differs from all the other

configurations. In fact, in the production region of RG60, SSG and SSG+SP3 the

values of SΨ undergo a sudden increase towards zero in the proximity of S = Ssh.

Analogously, for S ≈ Ssh, the values of FΨ rapidly decrease approaching 3 in the

production region, where vortex shedding is strong. On the contrary, when the

vortex shedding is weaker, FΨ generally monotonically increases with increasing

frequencies (the small scales are more intermittent), as is always the case for FSG17

(with the exception of the measurements at x/xpeak = 0.62).

Thanks to this analysis, the scenario suggested in Section 2.4.2 is confirmed. In

the production region of grid-generated turbulence, there is a correlation between

the energy associated with the vortex shedding and the values of the skewness

and the flatness of the velocity fluctuations. In particular the skewness and the

flatness approach values typical of a Gaussian distribution for an increasing vortex

shedding energy contribution. When the vortex shedding is less important, the

non-Gaussian behaviour of the velocity fluctuations in the production region is

more evident, i.e. the skewness is significantly negative and the flatness is much

higher than 3.

2.5 Conclusions

In this chapter the flow downstream of different turbulence-generating grids in a

wind tunnel was characterised, with hot-wire measurements performed mainly on

the centreline. In particular three types of grids were considered: a regular grid

(RG60), a fractal-square grid (FSG17) and a single-square grid (SSG) with the

highest value of t0/L0.

For FSG17 and SSG, the maximum distance from the grids reached is not large

enough to capture the classical Cε = constant behaviour. In fact for both grids

the ratio Lu/λ remains approximately constant in the turbulence decay region,

implying Cε ∝ Re−1
λ for a fixed inlet Reynolds number Ret0 . For RG60, where
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the wake-interaction length scale x∗ is the lowest, the Cε = constant behaviour is

recovered at x/xpeak � 5.5.

The Strouhal number Ssh based on t0, associated with the vortex shedding from

the largest bars of the grids, is the highest for SSG (Ssh ≈ 0.19) and the lowest

for FSG17 (Ssh ≈ 0.13). However, when the square root of the area of the bars

(
√
t0L0) is used for the definition of a Strouhal number SA

sh, the values turn out to

be approximately the same for both grids, SA
sh ≈ 0.43 for SSG and SA

sh ≈ 0.44 for

FSG17.

In the production region and close to xpeak, the values of turbulence intensity

Tu are higher for SSG than for FSG17, despite the former having the smallest

blockage ratio σ and producing the lowest static pressure drop CΔp. This result

is achieved by making use of the scaling introduced in Gomes-Fernandes et al.

(2012), i.e. increasing the ratio t0/L0 for SSG compared to FSG17. However, in

the turbulence decay region, the values of Tu for SSG and FSG17 tend to collapse

and they are considerably greater than for RG60, which has the highest σ and

therefore produces the biggest CΔp.

In the production region of SSG and even well beyond xpeak, a significant

contribution to the turbulent kinetic energy u′2 comes from the energy associated

with a narrow range of S in the proximity of Ssh. This demonstrates that the

higher values of Tu for SSG are mainly due to vortex shedding effects. A novel

3D turbulence generator (SSG+SP) was designed for the study of vortex shedding

suppression. A set of four splitter plates was placed in the production region of

SSG. Hot-wire measurements were performed along the centreline for 6 distances

xsp of the splitter plates from the grid. Among the limited number of positions

xsp/t0 tested here, the distance xsp/t0 = 3 is found to be the most effective in

attenuating the vortex shedding in the present configuration. This value is close

to xsp/D = 2.7, which was demonstrated to maximise vortex shedding suppression

for a single circular cylinder with diameter D. For xsp/t0 = 3 the profiles of

Tu show that (i) the distance xpeak is maximised and (ii) the value of Tupeak is

minimised. It is deduced that, by attenuating the vortex shedding mechanism,
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the drag coefficient of the bars cd0 is reduced, the wakes become narrower and

therefore they meet further downstream.

Focusing on the configuration with xsp/t0 = 3 (SSG+SP3), the energy Esh

associated with vortex shedding was estimated. In the production region and in

the proximity of xpeak, Esh is reduced for SSG+SP3 with respect to SSG, not

only in absolute value but also as a share of u′2. For the same ΔS/Ssh, the ratio

Esh/u
′2 is even lower for the grid FSG17. For FSG17 the vortex shedding effects

are less intense and less persistent on the centreline when compared, for the same

x/xpeak, to all the other tested grids, both with a higher t0 (SSG) and with a

lower t0 (RG60). Hence, similarly to fractal plates (Nedić et al., 2015) and fractal

trailing edges (Nedić and Vassilicos, 2015), fractal grids exhibit a weaker vortex

shedding. This property could be due to the presence of the smaller geometrical

iterations in the fractal geometries. However while for fractal grids the shedding

is less persistent downstream, for fractal plates the shedding is on the contrary

more persistent downstream (see Nedić et al., 2015). More research is required

to explain this difference and to study if the interaction of different wakes with

different sizes, which can occur only for FSG17 among the grids tested here, is a

cause for the less intense and less persistent vortex shedding.

When vortex shedding is suppressed, the growth of the integral length scale

Lu becomes slower along the centreline. This feature is indeed observed for both

SSG+SP3 and for FSG17. In addition to this, in the turbulence decay region

the ratio Lu/λ remains constant even when the splitter plates are added but it is

reduced for SSG+SP3 with respect to SSG, despite Ret0 being the same.

The probability density functions (PDFs) of u have been considered, both in the

production and in the decay regions, with particular focus on the evolution of the

skewness Su and the flatness Fu of u along the centreline. In the production region

the values of Su are negative and Fu is much higher than 3, in contrast to the decay

region where the PDFs are close to a Gaussian distribution. Decelerating flow

events are therefore more likely to occur than accelerating events in the turbulence

production region. These features, previously observed for fractal square grids
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(Mazellier and Vassilicos, 2010), seem to be intrinsic to the production region, as

they are observable for all the turbulence generators here considered. However

for FSG17 these characteristics are more pronounced. It is found that there is a

correlation between the vortex shedding energy in the production region and the

values of Su and Fu. More specifically when vortex shedding is less prominent, as

is the case of FSG17, it is Su << 0 and Fu >> 3. The non-Gaussian behaviour of

u in the production region is “hidden” when vortex shedding becomes important,

i.e. Su → 0 and Fu → 3 also in the production region in the presence of clear and

intense vortex shedding. The consistency of these observations was checked by: (i)

comparing Su and Fu for turbulence generators with different Esh; (ii) carrying out

an exercise (see Appendix B) where an artificial shedding contribution is added

to a stochastic time-series; (iii) performing a continuous wavelet transformation

of u for all the configurations, both in the production and in the decay region,

and comparing the statistics of the wavelet transforms. Further research is still

required in order to determine the origin of the strong decelerating events which

occur in the turbulence production region. Here it was shown that they are not

caused by the vortex shedding which on the contrary masks them in the Su and

Fu statistics.
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Chapter 3

Heat transfer on a cylinder in

production and decay regions of

grid-generated turbulence

3.1 Introduction

Following the characterisation of the turbulent flow past RG60, FSG17 and SSG

(described in Chapter 2), a vertical circular cylinder with diameter D was placed

downstream of the same grids and heat transfer measurements were performed

on its median circumference. The main motivation of this experiment comes from

previous results on fractal-generated turbulence. The scaling laws obtained in that

context could be in fact used also for heat transfer augmentation on a circular

cylinder in crossflow. In particular (i) the possibility to achieve high values of Tu

for larger distances from the turbulence generator suggests that the heat transfer

from a cylinder could also be enhanced over a broader streamwise extent. (ii) The

opportunity of increasing Tu by designing a grid with a high t0/L0 and a low σ

indicates the possibility to enhance the heat transfer more efficiently, i.e. with a

lower static pressure drop across the grid. (iii) A larger extent of the turbulence

production region downstream of the grid facilitates the placement of a cylinder in

this region and measurement of the heat transfer distribution there. The angular

heat transfer profiles could then be compared to those measured in the decay region
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for the same turbulence generator and for the same turbulence intensity.

The experiment described in this chapter1 aimed to explore the above men-

tioned scenarios. Angular heat transfer profiles on the median circumference of

the cylinder were measured at several distances from each grid for three nominal

Reynolds numbers Re∞ = U∞D/ν∞, with 11 100 ≤ Re∞ ≤ 37 900, where ν∞ is the

kinematic viscosity of air evaluated at the free-stream temperature T∞. This range

of Re∞ corresponds to 5m s−1 ≤ U∞ ≤ 17m s−1, at which the hot-wire measure-

ments were preliminarily performed (see Chapter 2). The evolution of the average

heat transfer coefficient for the different cases was quantified along the stream-

wise direction. For both FSG17 and SSG the heat transfer profiles were measured

and compared in two positions, one in the production region and the other one

in the decay region, where turbulence intensity is approximately the same. To

the author’s knowledge no previous measurements of angular heat transfer profiles

around a cylinder in the production region of grid-generated turbulence exist.

The remainder of this chapter is structured as follows: in Section 3.2 the ex-

perimental set-up is described; in Section 3.3 the results of the experiment are

presented and commented; finally Section 3.4 concludes the chapter.

3.2 Experimental details

3.2.1 Geometric parameters of the grids

With reference to the geometric parameters of the grids (see Table 2.1 in Chapter

2), one might argue that the comparison between the performance of the three

selected grids is not fair as their blockage σ is not the same, σ = 32% for RG60,

σ = 25% for FSG17, σ = 20% for SSG. A goal of this experiment is to study

if it is possible to enhance the heat transfer from a cylinder more efficiently, i.e.

if the convective heat transfer can be increased more by using grids (FSG17 and

SSG) with a blockage (and so a static pressure drop) lower than for a reference

regular grid (RG60). The values of L0 (mesh-size) and of x∗ (wake-interaction

length scale) are lower for RG60 than for both FSG17 and SSG. Previous research

1Contents in this chapter can also be found in Melina et al. (2017)
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in grid-generated turbulence (see e.g. Valente and Vassilicos, 2014) and the results

presented in Chapter 2 have shown that flow characteristics, such as homogeneity

and large-scale isotropy, depend on the streamwise distance from the grid in terms

of x/x∗. In particular one expects that, for x > xpeak, the higher x/x∗ the higher

the level of homogeneity and large-scale isotropy of the flow and the lower the

turbulence intensity. A low value of x∗ gives the chance to achieve high values of

x/x∗ (and so high levels of homogeneity) for a given length of the wind tunnel’s

test section. However, for a given distance from the grid, reducing x∗ too much

could cause the turbulence intensity to be too low to produce a significant effect

on the heat transfer from the cylinder. The values of x∗ and L0 for RG60 were

chosen in order to: (i) measure the heat transfer from the cylinder in a condition

of approximate homogeneous and isotropic turbulence to be compared with that

measured downstream of FSG17 and SSG which have a higher x∗; (ii) obtain a

level of turbulence intensity which is high enough to produce an augmentation

of the heat transfer at the selected positions for the cylinder; (iii) produce lower

ratios Lu/D with respect to FSG17 and SSG (which have lower L0 than RG60)

so that the effect of the integral length scale Lu on the heat trasfer enhancement

could be investigated.

3.2.2 Heat transfer measurements

A circular cylinder was mounted in the wind tunnel (described in Section 2.2.1)with

the cylinder’s main axis parallel to y (see Figure 2.1 for the coordinate notation)

and heat transfer measurements were performed around its median circumference

for three nominal Reynolds numbers, Re∞ = 11 100, 24 500, 37 900. The diameter

of the cylinder wasD = 35mm, its blockage was σc = 7.6% and its aspect ratio was

Ht/D = 13.1, where Ht is the total length of the cylinder (equal to the height of

the test section). The cylinder comprised a central plastic tube (its wall thickness

is 1mm), with length Lh = 200mm, with top and bottom plastic sections. The

central tube was delimited by two copper terminals and was filled with Calcium-

Magnesium Silicate insulating material. An Inconel foil with thickness th = 25μm
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was wrapped and fixed around the central portion of the cylinder. The metallic

foil was heated by Joule effect by delivering a direct electrical constant current I

to the terminals using a laboratory power supply. This heating technique, similar

to that used in Sanitjai and Goldstein (2004), approximates a uniform heat flux

(UHF) on the cylinder’s wall.

A set of 8 K-type thermocouples was installed underneath the metallic foil to

measure the wall temperature Tw. Figure 3.1 is a sketch of the heated section

of the cylinder and shows the location of the thermocouples. Thermocouples 1-

4 were placed at 45◦ intervals and were used to measure the distribution of Tw

around the circumference of the cylinder at its centre. This was accomplished

by rotating the cylinder at 5◦ intervals using a stepper motor equipped with an

optical encoder. The remaining thermocouples (5-8) could be used to check the

uniformity of the wall temperature along the cylinder’s axis for a given angle.

Preliminary measurements with a laminar free-stream were performed in order to

validate the experimental technique at different Re∞ (see Section 3.3.1). Note that

in the case of laminar free-stream conditions the values of Re, based on the local

U and on the kinematic viscosity νfilm evaluated at the film temperature Tfilm =

(T∞ + Tw)/2, and those of Re∞, based on U∞ and on ν∞, are almost equivalent

since U on the centreline coincides with U∞ (νfilm is slightly higher than ν∞).

These measurements revealed that the difference between the wall temperature

measured by thermocouples 5-8 and that measured by thermocouple 1 deviated

by no more than 0.2% when these thermocouples were along the front stagnation

line. This means that axial thermal conduction can be considered negligible for the

cylinder used in the present experiment, at least in the proximity of the centreline

circumference where the angular heat transfer profiles were measured.

The convective heat flux qconv was obtained from the energy balance equation

at the wall:

qconv = qgen − qrad − qcond . (3.1)

The input heat flux qgen was computed with qgen = VDI/ (πDLh), where VD is

the measured voltage drop across the length of the heating foil (Lh). The term
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U

Figure 3.1: Sketch of the heated section of the cylinder, dimensions in mm. The red
dots identify the locations of the thermocouples (numbered 1 to 8).

qrad is the energy flux emitted by radiation and was estimated using the Stefan-

Boltzmann law, qrad = εhσSB (T 4
w − T 4

∞), assuming εh = 0.1 for the emissivity

of the Inconel surface (Sanitjai and Goldstein, 2004), where σSB is the Stefan-

Boltzmann constant. The typical value of the ratio qrad/qgen is about 0.6% for the

heat transfer measurements reported in this chapter. The term qcond is the energy

flux lost by thermal conduction which can be estimated with qcond = −κhth∇2Tw

(Astarita et al., 2006), where κh is the thermal conductivity of Inconel. Since th

was very small, the term qcond is expected to be much smaller than qgen. In the

present configuration the most important contribution to the thermal conduction

is expected to be the circumferential component since Tw varies in the angular

direction (Lee and Kakade, 1976). The term qcond can be therefore approximated

as:

qcond ≈ −κhth
4

D2

∂2Tw

∂θ2
. (3.2)

The ratio qcond/qgen is estimated to be maximum around θ = 90◦ − 100◦ for the

minimum Re∞, the worst case scenario since the imposed qgen is also minimum,

whereas it is near-zero in the rest of the angular profile. In this worst case scen-

ario the maximum value of qcond/qgen is about 5%. The value of Nu (angle-average

of Nu) changes always by less than 0.2% for all the measurements depending on

whether the correction for thermal conduction is applied or not. Perkins and

Leppert (1964) concluded that for their resistively-heated thin wall tube, the cor-

rection for thermal conduction in the circumferential direction was small and it

applied just in one or two angular positions in their experiment (similarly to the
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Quantity Typical value Accuracy

D 35mm ±0.1mm
Lh 200mm ±1mm
VD 2.1V ±0.01× VD

I 23.2A ±0.01× I
T∞ 293K ±0.2K
Tw 313K ±0.2K

κfilm 0.027Wm−1K−1 ±0.02× κfilm

Exp. uncertainty

h 110Wm−2K−1 ±4.1%
Nu 142 ±5.7%

Table 3.1: Typical values and associated measurement accuracies for the different quant-
ities used to compute h and Nu, and typical relative experimental uncertainties (estim-
ated using 95% confidence intervals) for the reported values of h and Nu.

case of the present experiment); it was therefore not taken into account for the

computation of the local Nu around the cylinder. Given these figures, the correc-

tion for thermal conduction in the circumferential direction was not applied to the

heat transfer results reported in this chapter.

The local Nusselt number was calculated as Nu = hD/κfilm, where h =

qconv/ (Tw − T∞) is the convective heat transfer coefficient and κfilm is the thermal

conductivity of air evaluated at the film temperature Tfilm. Table 3.1 reports

typical values and associated measurement accuracies for each quantity used to

compute h and Nu. A single-sample uncertainty analysis using a 95% confidence

interval was carried out following Moffat (1988). The typical resulting uncertainty

errors on the computed values of h and Nu are 4.1% and 5.7% respectively. Tak-

ing as reference the typical values of Tw and T∞ (see Table 3.1), the resulting

Grashof number based on the length Lh of the heated section of the cylinder is

GrLh
= 1.9 × 107, where GrLh

= gβ (Tw − T∞)L3
h/ν

2
film, g is the gravitational

acceleration, and β = 1/Tfilm is the coefficient of thermal expansion of air. The

Richardson number GrLh
/Re2Lh

is 5.2× 10−3 for U∞ = 5m s−1 and 4.5× 10−4 for

U∞ = 17m s−1, with ReLh
= U∞Lh/νfilm. Being the condition GrLh

/Re2Lh
<< 1

verified, in this experiment the effects of natural convection can be considered

negligible with respect to those due to forced convection (Hewitt, 2008).
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Figure 3.2: Centreline mean velocity (a), turbulence intensity (b), integral length scale
(c) for RG60, FSG17 and SSG. The vertical lines in (b) identify the positions where the
heat transfer measurements on the cylinder were performed.

3.3 Results and discussion

In order to ease the reader, mean velocity, turbulence intensity and integral length

scale (normalised with the cylinder’s diameter) downstream of the grids are shown

in Figure 3.2 (they are also shown in Figure 2.4 and in Figure 2.7 of Chapter

2). In Figure 3.2b the vertical lines mark the 20 positions where the cylinder was

placed to perform the heat transfer measurements. Note that the enlarged turbu-

lence production regions for SSG and FSG17 conveniently provide two positions

for the cylinder, one in the production and the other in the decay, where Tu is

approximately the same.

3.3.1 Heat transfer under laminar free-stream conditions

Heat transfer measurements around the circumference of the cylinder were first

performed under laminar free-stream conditions (without the grids in the wind

tunnel) in order to validate the experimental technique and to have a baseline case.
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Figure 3.3: Angular profiles of Nu (a) and of Nu/Re0.5 (b), values of Nu compared to
those predicted by different empirical correlations as a function of Re (c). The vertical
dashed line in (b) divides the angular domain in the boundary layer region (region A,
0◦ < θ < 85◦) and in the wake region (region B, 85◦ < θ < 180◦).

Measurements were performed at four Reynolds numbers, 10 700 ≤ Re ≤ 41400 .

It is useful to recall that, in the present case, Re and Re∞ are almost equivalent

given that U coincides with U∞, as mentioned in Section 3.2.2.

Figure 3.3a shows the centreline angular profiles of Nu from the front stagna-

tion point (FSP, θ = 0◦) to the rear stagnation point (RSP, θ = 180◦). Nu is

observed to increase with Re with a maximum value at the FSP in each case. On

the front of the cylinder (θ � 90◦), Nu decreases with θ as a result of a growing

boundary layer which is expected to be laminar in this region (Re is sub-critical)

until separation occurs at θ = 85◦ (Zdravkovich, 1997). In Figure 3.3b the an-
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gular distributions of the Frossling number Nu/Re0.5 are shown. The values of

NuFSP/Re0.5 are close to 1 within 1% among the four measurements, in good

agreement with previous experimental results in air flows (see e.g. Eckert, 1942;

Smith and Kuethe, 1966; Lowery and Vachon, 1975; Dullenkopf and Mayle, 1995;

Kays et al., 2004) and so confirming that no significant heat conduction losses

towards the inner core of the cylinder affect the measurements. In Figure 3.3b

(and in all other angular heat transfer profiles shown in this chapter) the angu-

lar domain is divided in two regions: the first (labelled region A) refers to the

front of the cylinder (0◦ < θ < 85◦), i.e. the boundary layer region; the second

(labelled region B) refers to the back of the cylinder (85◦ < θ < 180◦), i.e. the

wake region. A good collapse of the Nu/Re0.5 profiles is obtained on the front of

the cylinder (region A), thus confirming the presence of a laminar boundary layer

there (Frössling, 1958).

On the rear of the cylinder (region B), where the flow is expected to be sep-

arated, the recovery of the heat transfer coefficient with respect to the FSP2,

Nu/NuFSP , consistently increases with Re (see Figure 3.3b). This is particularly

evident for 130◦ < θ < 180◦, which is sometimes referred to as the “main vortex

region” (Boulos and Pei, 1974). In this region, the greater values of Nu/NuFSP

for increasing Re are explained by the fact that the vortex formation region moves

closer to the cylinder as Re increases for Re � 1000 (see e.g. Gerrard, 1978;

Norberg, 1998; Lam et al., 2004), causing a stronger cooling effect from the turbu-

lent periodic vortices shed from the cylinder as Re increases (Sanitjai and Gold-

stein, 2004).

For the highest Reynolds number, Re = 41 400, the heat transfer recovery

at the RSP is NuRSP/NuFSP = 0.64. Sanitjai and Goldstein (2004) obtained

NuRSP/NuFSP ≈ 1 for a comparable Reynolds number, Re = 44 800. This

higher value of NuRSP/NuFSP cannot be attributed solely to the slightly lar-

ger Re. Churchill and Bernstein (1977) warned that different experimental factors

can affect the values of the heat transfer coefficient such as the heating condition,

2For the heat transfer results shown in Figure 3.3, the angular profiles of Nu/NuFSP almost coincide
with those of Nu/Re0.5 since NuFSP /Re0.5 ≈ 1 for laminar free-stream conditions.
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the blockage and the aspect ratio of the cylinder. In the present experiment the

blockage and the aspect ratio of the cylinder are σc = 7.6% and Ht/D = 13.1 re-

spectively. The results of Sanitjai and Goldstein (2004) were obtained for σc = 14%

and Ht/D = 4.2. Chang and Mills (2004) investigated the effect of Ht/D on the

heat transfer from a cylinder in crossflow. They found that when Ht/D < 12

the heat transfer coefficient on the rear of the cylinder decreased with increas-

ing Ht/D and this effect was accentuated for increasing Re. For example they

showed that for Re = 33 740 the value of NuRSP/NuFSP decreased by about 32%

when Ht/D increased from 6 to 12. These figures demonstrate that the lower

value of NuRSP/NuFSP with respect to that obtained in Sanitjai and Goldstein

(2004) is consistent with the higher aspect ratio of the cylinder used in the current

experiment.

In Figure 3.3c the circumferentially averaged values of the Nusselt number Nu

are compared to those predicted by different empirical correlations. A particularly

good agreement is found with the correlation of Zukauskas (1972), Nu = 0.23Re0.6,

from which the present results deviate by no more than 5%.

3.3.2 Heat transfer downstream of the grids

Heat transfer results for the cases with the cylinder placed downstream of the

different grids are now presented and discussed.

In Figure 3.4 the angular heat transfer profiles for RG60 are compared in two

positions in the turbulence decay region, x/Ht = 0.86 and x/Ht = 2.00, where

Tu ≈ 9.1% and Tu ≈ 4.7% respectively. Note that for these two positions the

values of the local Re are very similar for the same Re∞ since U/U∞ is approx-

imately the same (see Figure 3.2a). The values of Tu and those of Lu/D taken

as reference are the average values of those at the lowest and the highest Re∞

presented in Figure 3.2, measured on the centreline when the cylinder is not in

place.

The values of Nu/Re0.5 (Figure 3.4a,b) on the front of the cylinder (region A)

are higher than those for a laminar free-stream (Figure 3.3b) and increase with
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Figure 3.4: Angular profiles of Nu/Re0.5 (top) and of Nu/NuFSP (bottom) for RG60 in
the decay region at x/Ht = 0.86 (left) and at x/Ht = 2.00 (right). The vertical dashed
lines divide the angular domain in the boundary layer region (region A, 0◦ < θ < 85◦)
and in the wake region (region B, 85◦ < θ < 180◦).

Tu. The value of NuFSP/Re0.5 is higher than 1 and increases with Re∞, thus

showing that turbulence intensity is more effective in enhancing the heat transfer

at higher Reynolds numbers. The profiles of Nu/NuFSP (Figure 3.4c,d) almost

collapse in region A (boundary layer region), more evidently in the proximity of

the FSP and for the lower Tu.

In contradiction to the mass transfer results of Sanitjai and Goldstein (2001),

the free-stream turbulence appears to affect the values of NuRSP/Re0.5. In par-

ticular, here the values of NuRSP/Re0.5 are higher with respect to the laminar
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free-stream case (see Figure 3.3b) and are observed to increases with Tu. An in-

creasing trend of NuRSP with Tu at constant Re is shown for example in Boulos

and Pei (1974) who obtained this result using a cylinder heated under UHF, as in

the present investigation. It is worth mentioning that the mass transfer experiment

of Sanitjai and Goldstein (2001) is different in that it approximates a uniform wall

temperature (UWT) condition. Note that the decrease of NuRSP/Re0.5 with x/Ht

can be due to the combined effects of both the decrease of Tu and the increase of

Lu/D (Torii and Yang, 1993) which, for RG60, is Lu/D ≈ 0.45 at x/Ht = 0.86

and Lu/D ≈ 0.70 at x/Ht = 2.00.

The turbulent flow approaching the cylinder affects the entire angular distri-

bution over the rear face of the cylinder (region B). In particular when both Re∞

and Tu are high enough (Figure 3.4a,c), a characteristic “bump” appears in the

separated part of the flow around θ = 115◦. Sanitjai and Goldstein (2001) also

found the presence of this bump at the same angular position. They argue that

turbulent mixing associated with the reattachment of the flow is probably respons-

ible for this feature. In Sanitjai and Goldstein (2001) the magnitude of this bump

increases with Re and Tu, which is consistent with the plots in Figure 3.4. The

presence of this localised increase in the heat transfer coefficient was also discussed

by Achenbach (1975) who did experiments for a cylinder in crossflow with laminar

free-stream conditions up to Re = 4 · 106. This author showed, for example, that

in the critical flow regime (Re = 4 · 105) a significant increase in Nu/Re0.5 occurs

around θ = 120◦, this being the location where he also measured an intensive rise

in the skin friction coefficient, indicating the reattachment of the free shear layer

on the cylinder’s wall.

3.3.2.1 Production and decay regions

For grids SSG and FSG17, which produce an elongated turbulence production re-

gion, it is possible to place the cylinder in this region of the flow (x < xpeak) and

to measure the resultant heat transfer profiles. These profiles can be compared to

those measured in the decay region (x > xpeak), at points where Tu is approxim-
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(c) Production - Tu ≈ 9.8%
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Figure 3.5: Angular profiles of Nu/Re0.5 (top) and of Nu/NuFSP (bottom) for SSG
in the production region at x/Ht = 0.75 (left) and in the decay region at x/Ht = 3.07
(right). The vertical dashed lines divide the angular domain in the boundary layer
region (region A, 0◦ < θ < 85◦) and in the wake region (region B, 85◦ < θ < 180◦). The
error bars in (a) and (b) indicate the experimental errors evaluated via a single-sample
uncertainty analysis with 95% confidence intervals.

ately the same. This type of comparison is shown in Figure 3.5 for SSG and in

Figure 3.6 for FSG17. The locations in the production region, x/Ht = 0.75 for

SSG and x/Ht = 1.28 for FSG17, were chosen in order to have a similar x/xpeak

for the two grids, x/xpeak = 0.56 for SSG and x/xpeak = 0.50 for FSG17. For both

grids the values of Tu are very similar between the locations in the production

region and those in the decay region, Tu ≈ 9.8% for SSG and Tu ≈ 5.8% for

FSG17.
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(a) Production - Tu ≈ 5.8%
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(b) Decay - Tu ≈ 5.9%
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(c) Production - Tu ≈ 5.8%
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(d) Decay - Tu ≈ 5.9%

Figure 3.6: Angular profiles of Nu/Re0.5 (top) and of Nu/NuFSP (bottom) for FSG17
in the production region at x/Ht = 1.28 (left) and in the decay region at x/Ht = 5.12
(right). The vertical dashed lines divide the angular domain in the boundary layer
region (region A, 0◦ < θ < 85◦) and in the wake region (region B, 85◦ < θ < 180◦). The
error bars in (a) and (b) indicate the experimental errors evaluated via a single-sample
uncertainty analysis with 95% confidence intervals.

Comparison of Figure 3.5a and Figure 3.5b shows that for SSG the values

of Nu/Re0.5 on the front face of the cylinder (region A) are noticeably lower in

the production region with respect to the decay region, and more so for higher

Re∞. On the front of the cylinder, the profiles of Nu/Re0.5 in the production

region of SSG are remarkably well collapsed in a similar manner to those obtained

with laminar free-stream conditions (see Figure 3.3b) despite Tu being quite high

(Tu ≈ 9.8%). The value of NuFSP/Re0.5 in the production region is only about 7%
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3.3. Results and discussion

higher than that for a laminar free-stream, in contrast to the decay region where

the enhancement reaches almost 35% for the highest Re∞. This result seems at

first counter-intuitive for three reasons: (i) the value of Tu is approximately the

same in the two regions, (ii) the local Re is higher in the production region given

the greater values of U/U∞ (see Figure 3.2a), (iii) Lu/D is lower in the production

region. One would therefore expects higher heat transfer rates in the production

region than in the decay region. It is possible that the large-scale anisotropy

and the in-homogeneity and of the flow in the production region of grid-generated

turbulence (see e.g. Hurst and Vassilicos, 2007; Laizet and Vassilicos, 2011; Gomes-

Fernandes et al., 2015) affect the heat transfer from the cylinder. However the

results of Van Fossen et al. (1995) seem to indicate that a large-scale anisotropy of

the approaching turbulent flow causes higher values of Nu/Re0.5 in the proximity

of the FSP of the cylinder with respect to the isotropic case, whereas for SSG

the opposite occurs. The presence of multiple geometric iterations for FSG17

and the large values of x∗ for both SSG and FSG17 might imply that when the

cylinder is placed in the production region it is approached by a non uniform

flow. However the diameter of the cylinder used in this experiment was kept

small so that one can expect that ∂U/∂z × D/U is also small in the proximity

of the centreline circumference where the heat transfer profiles were measured, z

being the spanwise coordinate (see Figure 2.1 in Chapter 2). Zhou et al. (2014)

performed Direct Numerical Simulations (DNS) of the flow downstream of a single

square grid and of a fractal square grid, which are similar to grids SSG and FSG17

used here. Analysis of their results (see Figure 6 and Figure 7 of Zhou et al., 2014)

reveals that for −D/2 < z < D/2 the mean velocity and the turbulence intensity

can be considered approximately uniform in the production region of both the

single and the fractal square grid at values of x/x∗ (or x/xpeak) similar to those

considered here. One can therefore assume that the centreline circumference of

the cylinder used in this experiment is approached by a flow which is reasonably

uniform within a distance D when the cylinder is placed in the production region,

i.e. at x/xpeak = 0.56 for SSG and at x/xpeak = 0.50 for FSG17.
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Comparison of the heat transfer profiles for FSG17 in its production region

(Figure 3.6a) with those in its decay region (Figure 3.6b) reveals that, differently

from SSG, the values of Nu/Re0.5 on the front of the cylinder (region A) are not

significantly lower in the production region than in the decay region. Considering

the experimental uncertainty of the experiments (shown with error bars in Figures

3.6a,b), one can argue that for FSG17 the values of Nu/Re0.5 in region A of the

cylinder are similar between production (Figure 3.6a) and decay (Figure 3.6b).

However it is important to note that, for the higher Re∞, Nu/Re0.5 on the front of

the cylinder is higher (or at least similar considering the experimental uncertainty)

in the production region of FSG17 (Figure 3.6a) than in the production region of

SSG (Figure 3.5a). This happens despite x/xpeak being comparable for the selected

locations and despite Tu being appreciably higher for SSG than for FSG17.

In Chapter 2 it has been shown that, especially for SSG, the vortex shedding

signature (from the bars of the grids) on Eu is prominent in the production re-

gion and tends to vanish in the decay region. Figure 3.7 shows contour plots of

Eu (normalised by u′2/ (U∞/Ht)) as a function of the distance x/Ht and of the

Strouhal number S = ft0/U∞, for both SSG (Figure 3.7a) and FSG17 (Figure

3.7b). One can observe that the vortex shedding is noticeably less intense and less

persistent downstream for FSG17 than for SSG, not only in terms of x/xpeak (as

demonstrated in Chapter 2), but also in terms of the dimensional distance x from

the grid, as Figure 3.7 distinctly shows. The cylinder’s locations in the produc-

tion region, where the heat transfer profiles are compared for the two grids, are

indicated by vertical dashed lines in Figure 3.7. It is possible to see that, at these

locations, vortex shedding is noticeably more intense for SSG than for FSG17.

One may ask whether the presence of a strong vortex shedding in the produc-

tion region (originating from the large bars of the grids) can explain why, especially

for SSG, the heat transfer on the front of the cylinder is lower in the production

region than in the decay region, where Tu is the same but the shedding signature

on the energy spectrum of u has almost vanished. For this purpose it is useful to

consider the model suggested by Dullenkopf and Mayle (1995) which introduced
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Figure 3.7: Contours of the power spectral density Eu normalised by u′2/ (U∞/Ht) (in
logarithmic scale) for SSG (a) and for FSG17 (b) along the centreline obtained without
the cylinder in place. The vertical dashed lines identify the locations x/Ht = 0.75
(x/xpeak = 0.56) in (a) and x/Ht = 1.28 (x/xpeak = 0.50) in (b) in the turbulence
production region where the heat transfer measurements on the cylinder were performed;
Re∞ = 37 900.

the idea of an “effective” turbulence intensity. Dullenkopf and Mayle (1995) de-

veloped a heat transfer model for the FSP by assuming that a laminar boundary

layer, and so the heat transfer process on the front of a cylinder, is more sensitive

to disturbances with frequency f ∈ [feff −Δf/2, feff +Δf/2], where feff is a

dominant “effective” frequency, and Δf/feff << 1. This model assumes that ve-

locity fluctuations at high frequencies (f >> feff ) are not effective since they are

damped by diffusive effects, while those at low frequencies (f << feff ) are also

not effective since they appear as quasi-steady. One can have a rough estimate of

feff to check if (i) feff >> fsh and if (ii) the energy associated to feff is lower in

the production region than in the decay region, especially for SSG where strong

vortex shedding is evident on the spectrum of u (see Figure 3.7a). Dullenkopf and

Mayle (1995) calibrated their model on sets of experimental data and suggested

that:

feff ≈ 0.02U/δ , (3.3)

where δ is the boundary layer thickness. Following Dullenkopf and Mayle (1995),

for a stagnation flow on a cylinder one can estimate δ from δ/D = 2.4/ (a1 Re)0.5,

where a1 is the strain rate parameter, a1 = |∂Uapp/∂x|D/U , and Uapp is the velocity

of the flow approaching the cylinder. In absence of measurements of the strain

rate at the FSP, the parameter a1 is taken to be a1 = 4 (which is the value for a
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Grid Re∞
Tu [%] feff/fsh Tueff × 103

PROD DEC PROD DEC PROD DEC

SSG
11 100 9.9 9.6 14.8 11.9 4.1 6.4
37 900 9.6 10.0 28.1 21.9 2.8 5.2

FSG17
11 100 5.6 5.8 11.4 9.0 3.4 3.3
37 900 6.0 6.0 21.0 16.2 2.6 2.8

Table 3.2: Estimates of the effective frequency (normalised with the shedding frequency
of the grids) and of the effective turbulence intensity (for Δf/feff = 0.05) for SSG and
FSG17 in the production (PROD) region (x/Ht = 0.75 for SSG and x/Ht = 1.28 for
FSG17) and in the decay (DEC) region (x/Ht = 3.07 for SSG and x/Ht = 5.12 for
FSG17).

potential flow) for the purpose of our estimates. Following the hypothesis of the

model of Dullenkopf and Mayle (1995), the “effective” turbulence kinetic energy

can be computed as:

u′2
eff =

∫ feff+Δf/2

feff−Δf/2

Eu(f) df , (3.4)

where Δf is chosen by imposing Δf/feff = 0.05 in the calculations. Next, an

“effective” turbulence intensity can be computed as Tueff = u′
eff/U .

The estimates of feff and Tueff are reported in Table 3.2 for the positions

of the cylinder where the heat transfer profiles are compared in Figure 3.5 for

SSG and in Figure 3.6 for FSG17. It is important to observe that, for the range

of Re∞ investigated here, feff is well above fsh, especially for SSG and more

so for higher Re∞. Note in fact that feff/fsh increases with Re acccording to

feff/fsh ∝ Re0.5 U/U∞, provided that fsh/U∞ is invariant with U∞ for each grid,

as verified in Chapter 2, and if a1 is assumed constant. Looking at the estimates

of Tueff in Table 3.2, it is observed that, for SSG, Tueff is noticeably lower in

the production region than in the decay region and that the difference increases

with Re∞. For Re∞ = 37 900, the estimated value of Tueff in the production

region of SSG is about 45% lower than in the decay region. Given these results,

the presence of intense vortex shedding from the bars of SSG can explain why

Nu/Re0.5 on the front of the cylinder (boundary layer region) is lower in the

production region (Figure 3.5a) than in the decay region (Figure 3.5b), despite

the overall turbulence intensity being approximately the same. In the production

region of SSG, a big contribution of the turbulent kinetic energy is localised around
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the shedding frequency fsh of the bars, which is far from the frequency feff , and

therefore may not be effective in enhancing the heat transfer across the laminar

boundary layer which develops on the front section of the cylinder. It is important

to consider that for Reynolds numbers lower than in this experiment, the shedding

frequency fsh of the grid’s bars can have a value close to feff (feff/fsh ∝ Re0.5).

One can speculate that in this case the heat transfer in the boundary layer region

of the cylinder (front of the cylinder) could be increased by the presence of vortex

shedding from the grid, as opposed to what is observed for the range of Re tested

in this experiment. In a similar way it is suggested that, for a given Re, one could

also tune the value of fsh to be close to that of feff by properly selecting the

value of t0 of the largest bars of the grid, therefore causing higher values of Tueff

(and so higher heat transfer rates) in the production region via vortex shedding, as

opposed to what occurs for the range of geometric parameters used here. Dedicated

experiments and numerical simulations could explore these suggested scenarios.

In contrast to SSG, the estimated values of Tueff are found to be approximately

the same in the production region and in the decay region of FSG17 (see Table 3.2).

These values are lower, or at least the same, when compared to the production

region of SSG. Despite that, for the highest Re∞, Nu/Re0.5 on the front of the

cylinder is higher in the production region of FSG17 (Figure 3.6a) than in the

production region of SSG (Figure 3.5a). A possible explanation for this can be

provided by the following argument. When the cylinder is placed in the production

region (x/xpeak < 1), the wakes originating from the largest bars of the grid have

not completely merged (this occurs for x/xpeak ≈ 1, as explained in Mazellier and

Vassilicos, 2010). As a result the flow is more intermittent (i.e. the velocity signal

exhibits an alternation between turbulent and potential flow behaviour) in the

turbulence production region, as shown by the DNS results of Zhou et al. (2016)

for the case of a single square grid. Van Dresar and Mayle (1989) studied the mass

transfer from a cylinder with an incident wake flow generated by a smaller cylinder.

The mass transfer coefficients were measured for different lateral positions of the

cylinder in the wake. Their study found that when the cylinder had an offset
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with respect to the wake centreline, the mass transfer values on its front part were

better correlated with an intermittency parameter rather than with the turbulence

intensity Tu. In particular a higher intermittency of the flow was found to mitigate

the effect of Tu in enhancing the mass transfer. One might infer that the flow is less

intermittent in the production region of FSG17 than of SSG at a similar x/xpeak,

this leading to higher heat transfer rates for FSG17, consistently with the previous

intermittency argument. The reason for this can be related to the presence of the

smaller geometrical iterations in FSG17, i.e. to its multi-scale design, as these

iterations are not present in SSG. One has to consider that, for FSG17, the wake

interaction length scales x∗
j = L2

j/tj related to the smaller iterations (j = 1, 2, 3)

have a lower value than x∗ = L2
0/t0 which is related to the first iteration. Given

that xpeak/x
∗ ≈ 0.4 for FSG17 (see Chapter 2), one can conclude that despite the

wakes from the largest iteration (j = 0) having not met at x/xpeak = 0.5 (where the

considered heat transfer profiles are measured), the wakes from smaller iterations

(at least from iterations 2 and 3) have already merged. This would be consistent

with a lower intermittency of the flow in the production region of FSG17 than in

the production region of SSG for the same x/xpeak.

By comparing the angular distributions of Nu/NuFSP for FSG17 in the pro-

duction region (Figure 3.6c) with those in the decay region (Figure 3.6d), it is

clear that the heat transfer profiles are significantly different over the rear of the

cylinder (region B). In particular the values of Nu/NuFSP are consistently higher

in the production region than in the decay region for every considered Re∞. For

Re∞ = 37 900 the value of NuRSP/NuFSP in the production region of FSG17 is

about 30% higher than in the decay region, where Tu is the same. One might

argue that this effect is just due to the higher values of the local Re in the produc-

tion region. Indeed, as already mentioned, for the same Re∞ the value of U (and

so Re) is higher in the production region. However, this effect, by itself, cannot

explain the higher heat transfer recovery in the production region. In fact, it is

noteworthy that NuRSP/NuFSP for FSG17 at Re∞ = 24 500 in the production

region is about 14% higher than NuRSP/NuFSP at Re∞ = 37 900 in the decay

98



3.3. Results and discussion

0 30 60 90 120 150 180
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

θ [o]

N
u
/N

u
F
S
P

x/Ht=1.28
x/Ht=1.92
x/Ht=2.56
x/Ht=3.20
x/Ht=3.84
x/Ht=4.48
x/Ht=5.12

x

(a) Re∞ = 11 100

0 30 60 90 120 150 180
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

θ [o]

N
u
/N

u
F
S
P

x

(b) Re∞ = 24 500
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Figure 3.8: Angular profiles of Nu/NuFSP for FSG17 at increasing values of x/Ht. The
vertical dashed lines divide the angular domain in the boundary layer region (region A,
0◦ < θ < 85◦) and in the wake region (region B, 85◦ < θ < 180◦).

region. This effect is not specific to FSG17. Comparison of Figure 3.5c with Fig-

ure 3.5d shows that over the rear of the cylinder (wake region), the heat transfer

recovery is higher in the production region than in the decay region of SSG too.

The profiles of Nu/NuFSP are shown at all the considered streamwise locations

for both FSG17 (Figure 3.8) and for SSG (Figure 3.9). It is possible to see that,

for both FSG17 and SSG, Nu/NuFSP in the production region (x/Ht < 2.56 for

FSG17 and x/Ht < 1.33 for SSG) is higher than for all measurement locations in

the decay region. The values of Nu/NuFSP in region B generally decrease with

x/Ht, with this effect being more discernible for FSG17. For SSG, the heat trans-

fer profiles are more affected by the presence of the previously mentioned “bump”

around θ = 120◦, especially for the higher Re∞. For SSG the magnitude of this

localised increase of Nu is higher for the positions closer to xpeak/Ht = 1.33, where

Tu is maximum, and decreases with x/Ht . On the contrary for FSG17 at the

same Re∞, this feature is much less pronounced, possibly as a result of the lower

Tu (Sanitjai and Goldstein, 2001). However given the distributions of Nu/NuFSP ,

one can conclude that for both grids the contribution of the backward section of

the cylinder to the average Nu reduces for increasing x/Ht.

Since in this experiment no velocity measurements are performed in the near-

wake of the cylinder, no definitive physical explanations can be provided for the

observed results on the back of the cylinder. However some reasonable arguments

can be made. As mentioned in Section 3.3.1, the heat transfer recovery on the rear
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Figure 3.9: Angular profiles of Nu/NuFSP for SSG at increasing values of x/Ht. The
vertical dashed lines divide the angular domain in the boundary layer region (region A,
0◦ < θ < 85◦) and in the wake region (region B, 85◦ < θ < 180◦).

portion of the cylinder is dominated by wake effects and in particular, for θ > 130◦,

it increases due to the periodic contribution of the vortices shed from the cylinder

(vortex shedding). This effect becomes more important as the length of the vortex

formation region decreases (Sanitjai and Goldstein, 2004). One can infer that when

the cylinder is placed in the production region, the length of the vortex formation

region is lower than in the decay region and this induces a higher recovery of Nu

with respect to NuFSP . This effect can be attributed to several combined factors,

such as the higher local Re and the lower Lu/D in the production region. The

local Re decreases with x/Ht while Lu/D increases, differently from Tu which

instead does not vary monotonically with x/Ht. In fact, Torii and Yang (1993)

showed experimentally that NuRSP was anti-correlated with Lu/D. This could

in part explain the results found for FSG17 and SSG on the back of the cylinder

given that Lu/D in the production region is lower than in the decay region.

Again, it is important to consider that in the production region the wakes

originating from the largest bars of FSG17 and SSG will not have fully merged.

When the cylinder is placed in the production region, an interaction between

the wakes shed from the grid and the wake of the cylinder is likely to occur,

almost certainly affecting the heat transfer distribution over the rear of the cylinder

and possibly inducing a reduction of the vortex formation length downstream of

the cylinder. Future dedicated experiments or numerical simulations could be

performed to assess this hypothesis.

100



3.3. Results and discussion

Before continuing with the analysis of results, it is useful to briefly summarize

the main differences observed between the heat transfer profiles measured in the

production region (x/xpeak < 1) and those in the decay region (x/xpeak > 1). For

SSG it is found that the Frossling number Nu/Re0.5 in region A of the cylinder

(boundary layer region) is lower in the production region than in the decay region

for the same Tu. This was explained by the presence of clear and intense vortex

shedding in the production region of SSG. For FSG17 the shedding from the large

bars of the grid is noticeably weaker than for SSG at a similar x/xpeak. As a

result, for FSG17 the values of Nu/Re0.5 in region A are not very different between

production and decay and are higher than in the production region of SSG. For

both SSG and FSG17 it is found that Nu/NuFSP in region B of the cylinder

(wake region) is higher in the production region than in the decay region. This

is suggested to be due to a combined effect of (i) higher centreline values of Re,

(ii) lower values of Lu/D in the production region, and (iii) a possible interaction

between the wakes of the largest bars of the grids and the wake of the cylinder

when the latter is placed in the production region.

3.3.2.2 Effect of the integral length scale in the turbulence decay region

The effect of the integral length scale ratio Lu/D on heat transfer is investigated

using the results for the FSP obtained in the turbulence decay regions of the grids.

The values of Tu, Re and Lu/D considered here are based on the hot-wire results

shown in Figure 3.2 which were obtained when the cylinder was not in place

for Re∞ = 11 100 and for Re∞ = 37 900. For the heat transfer measurements

performed at Re∞ = 24 500, we consider the average values of U/U∞, Tu and

Lu/D, between those at the lowest Re∞ and those at the highest Re∞ given that

they do not significantly change with Re∞.

Figure 3.10a shows values of NuFSP/Re0.5 plotted against the turbulence para-

meter TuRe0.5 (see Section 1.2), together with the empirical correlation of Lowery

and Vachon (1975). For FSG17 and SSG the values of NuFSP/Re0.5 follow the

same trend and are both consistently lower than for RG60. This can be explained
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Figure 3.10: Heat transfer data at the FSP in the turbulence decay regions of the grids as
a function of TuRe0.5 (a) and of Tp = TuRe1/3 (Lu/D)−1/3 (b). Heat transfer data at
the FSP in the turbulence production region (filled symbols) and in the turbulence decay
region (empty symbols) of SSG and of FSG17 as a function of Tp (c) at the locations
considered in Figure 3.5 and in Figure 3.6.

by an effect of Lu/D which for FSG17 and SSG is higher than for RG60 (see Figure

3.2c). Under the present experimental conditions, the higher integral length scale

for the two grids with higher L0 tends to reduce the heat transfer augmentation

at the FSP.

Previous measurements in grid-decaying turbulence were used to develop em-

pirical correlations which predict NuFSP/Re0.5 as a function of Re, Tu, and Lu/D.

Dullenkopf and Mayle (1995) developed a correlation in the form Nua Pr−0.37 ∝
Tuλ, where Nua = NuFSP/ (a1 Re0.5) and Pr is the Prandtl number of the fluid,

Pr = 0.7 here. The correlating parameter Tuλ is a function of Re, Tu, Lu/D

and of the strain rate parameter a1: Tuλ = Tua L
0.5
a / (1 + 0.004L2

a)
5/12

where

Tua = Tu (Re/a1)
0.5 and La = Lu (a1 Re)0.5 /D. A result of the model of Dullen-

kopf and Mayle (1995) is that there is an optimal value of Lu/D, (Lu/D)opt, for

which the heat transfer augmentation at the FSP is maximum. This reflects the
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idea that turbulent scales that are too small or too big are not effective in enhan-

cing the heat transfer. Assuming the value a1 = 4 (value for a potential flow),

the model predicts (Lu/D)opt Re0.5 ≈ 10, consistent with the results of Yardi and

Sukhatme (1978) for NuFSP , and those of Zukauskas et al. (1993) for Nu. For

Lu/D >> (Lu/D)opt and for a constant value of a1, the parameter Tuλ reduces

to the turbulence parameter Tp = TuRe1/3 (Lu/D)−1/3, so that the heat trans-

fer data can be correlated in the simpler form NuFSP/Re0.5 ∝ Tp. This is the

case of the present experiment as in the turbulence decay regions of the grids it

is always the case that (Lu/D) Re0.5 > 10 (in fact 48 < (Lu/D) Re0.5 < 317)

so that increasing values of Lu/D are expected to cause a reduction of the heat

transfer coefficient at the FSP. For this reason, in the decay regions the values of

NuFSP/Re0.5 can be correlated as a linear function of Tp, NuFSP/Re0.5 = 1+k Tp,

with k = constant and where the ordinate-intercept is 1 as it represents the value

of NuFSP/Re0.5 for laminar free-stream conditions (see Section 3.3.1). The data

for RG60, FSG17, and SSG in their turbulence decay regions are shown in Fig-

ure 3.10b in terms of the Frossling number NuFSP/Re0.5 against the correlating

parameter Tp, together with a curve representing a fit of the data and ±10%

uncertainty limits. The mass transfer results (converted to heat transfer data)

of Sanitjai and Goldstein (2001) are also shown for reference in the range of Tp

covered in this experiment, 0 < Tp < 5.4.

Figure 3.10c shows the values of NuFSP/Re0.5 as a function of Tp for FSG17

and for SSG in their turbulence production region and in their turbulence decay

region for the locations previously considered in Figures 3.5 and 3.6. It is useful

to recall that in these positions Tu is approximately the same in the production

region and in the decay region of each grid and that it is higher for SSG. The

values of Tp in the SSG’s production region are noticeably higher than in the

SSG’s decay region because of the large difference in Lu/D at the cylinder positions

considered (see Figure 3.2c). As seen in the previous section, for FSG17 the values

of NuFSP/Re0.5 in the production region are marginally lower than in the decay

region, while for SSG the difference is significantly more accentuated. Note that
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Dullenkopf and Mayle (1995) obtained the functional dependence of Tuλ (and so

of Tp) on Tu and Lu/D by assuming a von Karman spectrum model for Eu. This

model cannot be used to fit a spectrum with a marked vortex shedding signature,

as is the case for SSG in the production region position considered in Figure 3.10c.

It is interesting to note that Tp is similar to the correlating parameter TRL =

TuRe5/12 (Lε/D)−1/3, independently developed by Ames and Moffat (1990). How-

ever it is important to stress that while the parameter Tp makes use of the integral

length scale Lu, the parameter TRL is based on Lε, which is a dissipation length

scale:

Lε = 1.5u′3/ε . (3.5)

Some investigations used Lu to correlate heat transfer data (e.g. Van Fossen et al.,

1995; Dullenkopf and Mayle, 1995; Sanitjai and Goldstein, 2001; Nix et al., 2007)

while others used Lε (e.g. Hancock and Bradshaw, 1983; Ames and Moffat, 1990;

Ames, 1997; Gandavarapu and Ames, 2013). It must be emphasised that there

is no difference if Cε =constant in the decay region of the turbulence-generators,

given that Lε = 1.5Lu/Cε. However when Cε �=constant, as has been observed to

be the case for FSG17 and SSG in their decay regions (see Section 2.3.1 in Chapter

2), one may ask whether the most appropriate scale to model NuFSP is Lu or Lε,

i.e. whether Cε has a role on heat transfer enhancement. The data collected in this

experiment cannot address this point as one should cover an extensive range of Re,

Tu, Lu/D and Cε. It is also critical that the frequency response of the hot-wire is

high enough to accurately compute the dissipation even for the higher U∞. The

important point to make here is that the geometries of FGS17 and SSG magnify

the physical extent of the Cε �=constant turbulence decay region, and therefore

open new research questions on the role of additional turbulence parameters of

the flow on heat transfer enhancement. Note in fact that Cε ∝ Re
1/2
G /Reλ (see

Vassilicos, 2015), where ReG is an inlet Reynolds number based on U∞ and a

characteristic length scale of the grid. This means that if the value of Cε plays a

role on the heat transfer values, both the local Taylor length scale and an inlet

scale determined by the geometry of the turbulence generator might also need to
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be taken into account.

3.3.2.3 Average heat transfer

The evolution of the circumferentially averaged Nusselt number Nu along the

centreline is shown in Figure 3.11 (left side of the plot) for the three grids used

in this experiment. It is evident that for the selected streamwise positions of the

cylinder, the heat transfer is appreciably higher for FSG17 and SSG than for RG60.

This trend appears to be independent of Re∞ over the range studied here. For

example, at Re∞ = 37 900, the value of Nu at x/Ht = 3 for FSG17 and SSG is

respectively about 29% and 33% higher than that for RG60. Note that the values

of Nu for FSG17 are slightly lower or very close to those of SSG. This happens

despite the values of Tu for FSG17 being lower than for SSG (see Figure 3.2b)

and Lu/D being instead comparable (see Figure 3.2c). A possible explanation

of this feature is that the local higher Re for FSG17 counter-balances the lower

Tu, resulting in similar heat transfer coefficients for FSG17 and SSG. When the

average Frossling number Nu/Re0.5 is considered (Figure 3.11, right side of the

plot), one can see this is indeed lower for FSG17 than for SSG, due to the higher

local mean velocity.

An important conclusion here is that for large distances from the grid, the

average heat transfer on the cylinder is augmented more if the fractal grid FSG17

or the single square grid SSG are used in place of the regular square-mesh grid

RG60 tested here. This is different from what was found in the case of an impinging

jet (Cafiero et al., 2014), where the performance of a fractal grid insert (in terms

of heat transfer enhancement) was appreciably higher than that of a regular grid

insert for low nozzle-to-plate distances, i.e. for positions closer to the grid. It is

important to stress that in the present case FSG17 and SSG have a smaller blockage

ratio σ than RG60. This means that the heat transfer can be augmented more

efficiently by using FSG17 or SSG, i.e. it is possible to achieve higher heat transfer

coefficients together with a lower σ and therefore with a lower static pressure drop

across the grid. This differs from the results of Quintino (2012) where, for the
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Figure 3.11: Centreline streamwise evolution of Nu (left) and of Nu/Re0.5 (right) for
RG60, FSG17 and SSG at different Re∞.

geometries of the grids used in his experiment (grids made of two vertical strips),

the augmentation of Nu increased with σ.

The higher values of Nu for FSG17 and SSG compared to RG60 can be ex-

plained mainly by the higher values of Tu in their turbulence decay regions. How-

ever, if Lu/D is significantly larger, obtaining a higher heat transfer coefficient

with a higher Tu cannot be taken for granted. The geometries of both FSG17

and SSG are characterised by a high value of L0 and as a result the values of

Lu/D are increased with respect to RG60. As previously seen for the FSP, large

values of Lu tend to reduce the heat transfer. This means that if Lu becomes too
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large, the values of NuFSP , and so those of Nu, could remain low despite a high

turbulence intensity. However the results of the present experiment show that for

FSG17 and SSG, the increase of Lu/D is moderate enough for average heat trans-

fer levels to be noticeably higher than those with RG60 at a large distance from

the turbulence-generator. The geometric parameters of the grids, mainly x∗ and

t0/L0, can be tuned in order to prescribe desired levels of turbulence intensity and

so desired levels of heat transfer augmentation while keeping the blockage of the

grid low, thus limiting the static pressure drop across the grid.

3.4 Conclusions

Heat transfer measurements were performed around the centreline circumference

of a cylinder in crossflow placed in a wind tunnel at Re∞ = 11 100, 24 500, 37 900.

The cylinder was positioned at several streamwise distances from 3 turbulence-

generating grids with different geometries and blockage ratios σ: a regular grid

(RG60), a fractal square grid (FSG17) and a single square grid (SSG).

For FSG17 and SSG, the angular heat transfer profiles are measured with the

cylinder placed in the production region and are compared to those in the decay

region, in positions where Tu is approximately the same as in the production region

locations. For SSG, the values of Nu/Re0.5 on the front of the cylinder (boundary

layer region) are lower in the production region than in the decay region. This is

explained by considering that in the production region of SSG, a great contribution

to the turbulent kinetic energy is due to the vortex shedding from its bars. For the

range of geometric and inlet conditions of the present experiment, this causes the

values of Tueff , and so those of Nu/Re0.5, to be lower in the production region

than in the decay region despite the overall Tu being the same, where Tueff is

the turbulence intensity “effective” in enhancing the heat transfer in a laminar

boundary layer which is estimated following the model of Dullenkopf and Mayle

(1995). For the higher Re∞, the values of Nu/Re0.5 on the front of the cylinder are

higher in the production region of FSG17 than in the production region of SSG

at comparable values of x/xpeak, despite Tu being lower for FSG17 and Tueff
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being similar. This may be the result of a lower intermittency of the flow in

the production region of FSG17 than in the production region of SSG. The ratio

Nu/NuFSP over the rear of the cylinder (wake region) is noticeably higher in the

production region than in the decay region, both for FSG17 and for SSG. This

result can be explained by (i) higher centreline values of the local Re and (ii) lower

values of the integral length scale ratio Lu/D in the production region than in the

decay region. Moreover, since in the production region the wakes shed from the

largest bars of the grid have not fully merged yet, (iii) it is likely that an interaction

between the wakes of the grid and the wake of the cylinder occurs, this causing

a reduction of the vortex formation length downstream of the cylinder when it is

placed in the production region. For the same parameter TuRe0.5, the values of

NuFSP/Re0.5 for FSG17 and SSG in their decay regions are approximately the

same but are lower than for RG60, this happening because of a higher Lu/D for

FSG17 and SSG than for RG60. For the range of Lu/D investigated in this study,

a higher integral length scale in the decay region tends to penalise the heat transfer

augmentation.

The streamwise evolution of the centreline circumferentially averaged Nusselt

number, Nu, is quantified for RG60, FSG17 and SSG. It is found that at a large

distance from the turbulence generators in the decay region, the values of Nu

for both FSG17 and SSG are noticeably higher than those for RG60 at the same

x and for the same Re∞. This means that, for a large distance from the grid,

the heat transfer can be enhanced more efficiently using FSG17 and SSG, i.e.

producing a higher Nu together with a lower pressure drop across the turbulence

generators, as the blockage ratio σ for SSG and FSG17 is lower than for RG60.

The geometrical design of FSG17 and SSG can be optimised for heat transfer

enhancement according to the specific needs. In particular the wake-interaction

length scale x∗ sets the extent of the production region while the ratio t0/L0

affects the maximum Tu. The use of FSG17 allows a highly extended turbulence

production region, while still offering high values of Tu in the turbulence decay

region. The practical advantage of using FSG17 in place of SSG is that high heat
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transfer rates from the cylinder can be achieved with a weaker vortex shedding from

the grid, therefore with a reduced periodic loading on the turbulence generator.
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Chapter 4

Heat transfer on a flat plate in

non-homogeneous regions of

grid-generated turbulence

4.1 Introduction

In Chapter 3 the heat transfer enhancement potential of three turbulence-generating

grids has been investigated for a circular cylinder. The work described in this

chapter deals instead with the heat transfer from a flat plate which, in analogy to

the case of the cylinder, is a geometry of interest in both classical fluid mechanics

and in engineering applications. The main goal of this work was to test differ-

ent classes of single- and multi-scale turbulence-generating grids with the same

blockage ratio and to study how to optimise their geometry for heat transfer en-

hancement on a flat plate in a wind tunnel. Mainly three types of grids were used

in this experiment: regular grids, single-square grids and variants of the multi-scale

inhomogeneous grids (MIGs) introduced by Zheng et al. (2017). In the experiment

reported in this chapter we test: (i) whether grids with large values of x∗ can be

effective in increasing the heat transfer when the flat plate is placed in a region

where turbulence intensity is the highest but also where the flow is noticeably in-

homogeneous; (ii) whether, for grids where the thickness of the bars t0 is high, it

is more beneficial to place the bars close to the heated surface or farther from it;
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Wt

Ht
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z x

Ht

2.5Ht

4.5Ht

15Ht

Figure 4.1: Sketch of the wind tunnel test section. The letters A to D mark the locations
of the four slots where the turbulence-generating grids could be inserted. The origin of
the reference frame xyz is fixed at the geometric centre of the grid which, in this drawing,
is placed in slot D. The free-stream velocity U∞ is oriented as the x-axis.

and (iii) whether the heat transfer results can be correlated with some properties

of the flow produced by the grids, including when the flow is not homogeneous and

in the absence of any information concerning the boundary layer. No boundary

layer velocity measurements were performed, as studying the effects of different

turbulent free-stream conditions on the boundary layer structure was outside the

predominantly applied scope of this experiment. Comparisons of heat transfer

behaviour for the different configurations were made for the same plate-to-grid

distance, for the same position on the plate and for the same free-stream velocity

upstream of the grids.

The remainder of this chapter is structured as follows: in Section 4.2 the ex-

perimental procedure is described; in Section 4.3 the flow downstream of the grids

is characterised; in Section 4.4 the heat transfer results are presented; in Section

4.5 an analysis of the velocity and of the heat transfer results is performed; finally

Section 4.6 concludes the chapter.

4.2 Experimental procedure

Experiments were conducted in an open-loop wind tunnel at the University of

Ottawa, Canada. The wind tunnel has a 16:1 contraction and a test section with

height Ht = 0.305m, width Wt = 1.5Ht and working section length of approxim-

ately 15Ht. A sketch of the wind tunnel test section is shown in Figure 4.1 (see also
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Figure 4.3). Four slots, identified with the letters A to D in Figure 4.1, were avail-

able for the insertion of different turbulence-generating grids and measurements

were performed downstream of them. The origin of the reference system xyz is

fixed at the geometrical centre of the grid so that x represents the streamwise

distance from the grid whichever slot is used. The inflow velocity U∞ upstream

of the grids was imposed by measuring the static pressure difference across the

contraction of the wind tunnel with a digital differential manometer (FCO332,

Furness Controls). All measurements were performed with the same inflow velo-

city, U∞ = 8m s−1. The temperature T∞ of the flow upstream of the grids was

measured with a 100 Ω resistance temperature detector (29348-T01-B-48, RDF

Corp.).

4.2.1 Turbulence-generating grids

A total of eleven grids were used to produce turbulent flows in the wind tunnel.

Nine grids were specifically designed and manufactured for the experiments repor-

ted in this chapter and they all had the same blockage ratio σ = 0.28. Scaled

diagrams of these nine grids are presented in Figures 4.2a-i. Among the grids

shown in Figures 4.2a-i, three grids have a regular square-mesh geometry and are

named RG150, RG75 and RG50, where the number in their name identifies the

approximate value of their L0. Three grids, named SSG150, SSG150-B and SSG75,

are obtained by a different arrangement and size of single squares connected with

4mm thick supporting struts. The last three grids shown in Figure 4.2 are MIG-C,

MIG-I and MIG-D and they are multi-scale inhomogeneous grids which, unlike the

other grids, are not symmetric with respect to the y-axis. Two additional grids

were also used for some of the measurements reported in this chapter. These are

a regular grid, RG18 (Figure 4.2j), with a very small L0, and a multi-scale fractal

square grid, FSG (Figure 4.2k), with four geometric iterations and a value of L0

comparable to that of SSG150 and SSG150-B. The grids RG18 and FSG had a

slightly lower blockage, σ = 0.25, with respect to the other nine grids (σ = 0.28)

and they were used by Nedić and Tavoularis (2016b) to compare the performance
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(a) RG150

dp
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(e) SSG150-B (f) SSG75
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(g) MIG-C (h) MIG-I (i) MIG-D

(j) FSG (k) RG18

Figure 4.2: Scaled diagrams of the grids used in the experiments. The red vertical lines
mark the spanwise position of the heated side of the flat plate with respect to the grids.
The blue vertical lines in (g), (h) and (i) mark the spanwise position of the heated side
of the flat plate with respect to the MIGs for the configurations MIG-C−, MIG-I− and
MIG-D−.
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Grid MIG-C MIG-I MIG-D

j = 0 0.25 0.18 0.31
j = 1 0.25 0.21 0.28
j = 2 0.25 0.24 0.26
j = 3 0.25 0.26 0.24
j = 4 0.25 0.28 0.21
j = 5 0.25 0.31 0.18

Table 4.2: Values of tj/Lj for the multi-scale inhomogeneous grids.

Reynolds numbers ReL0 and Ret0 are reported in Table 4.1.

The multi-scale inhomogeneous grids (MIGs) were designed following the work

of Zheng et al. (2017) and are formed by six layers (j = 0, . . . , 5) of bars with

separation Lj and thickness tj, where j = 0 identifies the layer (iteration) with

the largest Lj. Every layer has the same width, Wt/6, and the number of bars

nj varies across the layers according to nj+1 = nj + 2 (j = 0, . . . 4), n0=3. The

distance between the bars in each layer is Lj = Ht/nj (j = 0, . . . 5). The MIGs

were designed by varying the ratios tj/Lj, i.e by varying the blockage ratio across

the layers, with the purpose of producing a flow with a moderate mean shear rate

∂U/∂z. The values of tj/Lj for the three MIGs are reported in Table 4.2. The ratio

tj/Lj is constant with j for MIG-C (“C” stands for constant), increases with j for

MIG-I (“I” stands for increasing) and decreases with j for MIG-D (“D” stands

for decreasing). A number of measurements were also performed with the MIGs

in the opposite orientation to that shown in Figures 4.2g-i by rotating these grids

of 180◦ around y. The configurations with the grids MIG-C, MIG-I and MIG-

D in the opposite orientation are identified with MIG-C−, MIG-I− and MIG-D−

respectively.

4.2.2 Flat plate

A flat plate was vertically placed in the wind tunnel’s test section downstream of

the turbulence-generating grids. A sketch of the grid-plate arrangement is shown

in Figure 4.3. For most of the measurements, the distance between the leading

edge (LE) of the plate and the grid was xLE/Ht = 1.5 (grid inserted in slot D).

Some measurements were also performed with the plate farther downstream with
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Figure 4.3: Schematic arrangement of the flat plate with respect to the turbulence-
generating grids.

respect to the grids, xLE/Ht = 5 (grid inserted in slot B). The leading edge and

the trailing edge of the plate were made of copper and had an elliptical section.

They were mechanically pressed to a Polyoxymethylene (POM) substrate with

height Hp = 0.28m, length Lp = 1m and thickness tp = 11mm (see Figure 4.3).

A metallic foil made of Inconel 600 and with nominal thickness tw = 12.5μm

was tight-fitted between the two copper pieces and the POM substrate. The foil

entirely covered one side of the plate, electrically connecting leading and trailing

edges. This is the side of the plate where the heat transfer measurements were

performed and is henceforth referred to as the heated side. A double-sided adhesive

(with low thermal conductivity of 0.08Wm−1K−1) ensured a flat contact between

the Inconel foil the plastic substrate. The distance dp (see Figure 4.2b) between

the heated side and the nearest lateral wall of the wind tunnel was dp = 40mm

for all measurements performed with the plate in the wind tunnel. The value of

dp was imposed by the experimental set-up, i.e. it was the minimum distance

which allowed the placement of the plate together with its supports, power cables

and sensor cables in the test section. In order to promote the development of a

turbulent boundary layer on the heated side, the leading edge included a step with

height hs = 1mm and width ws = 1.5mm, placed at a distance of 30mm from the
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leading edge. A second reference system XY Z is defined with its origin fixed at

the wall of the plate (see Figure 4.3), with X = x− (xLE +wLE +ws), Y = y and

Z = z +Wt/2− dp, where wLE is the width of the leading edge (wLE = 30mm).

4.2.3 Velocity measurements

Velocity measurements downstream of the grids were performed with 2-component

hot-wire (HW) anemometry using a cross-wire (XW) probe which was operated

by a constant temperature anemometer (AN-1003, A.A. Lab Systems). The XW

probe had two sensing tungsten wires with diameter dhw = 2.5μm and length

lhw ≈ 0.8mm, with the separation between the two sensing wires of the probe

being approximately 0.5mm. The HW measurements were performed both with

and without the flat plate in the wind tunnel. For each measurement point, the HW

voltage signal was acquired at a sampling frequency of 35 kHz with the analogue

low-pass filter set at 14 kHz and with a sampling time of 150 s, which corresponds

to at least 18 000 integral time scales for the largest integral time scale. Data were

recorded using a 16-bit data acquisition system (NI-6143, National Instruments).

Measurements along the centreline (y = z = 0) were performed by traversing

the XW probe in the streamwise direction x in order to measure the instantaneous

velocity components Ũ and Ṽ (in the y-direction). In this case, the probe was

calibrated in situ by rotating it in the x − y plane for different velocities U∞,

following the “look-up table” calibration procedure described in Lueptow et al.

(2004). During the calibrations, the velocity U∞ was controlled with the use of

a Pitot tube located in the proximity of the XW probe and connected to the

digital manometer. Measurements of the velocity profiles along the direction z

were performed at a series of streamwise stations for y = 0. In this case the HW

calibrations were performed by rotating the XW probe in the x− z plane in order

to measure the instantaneous velocity components Ũ and W̃ (in the z-direction).

The velocity fluctuations u, v and w were obtained by subtracting the time-

averaged velocities U , V and W from Ũ , Ṽ and W̃ respectively. The RMS values

of u, v and w are denoted u′, v′ and w′ respectively. Integral length scale Lu, dis-
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sipation ε and Taylor length scale λ were computed as explained in Section 2.2.4 of

Chapter 2. The frequency response of the hot-wire used for the measurements re-

ported in this chapter was high enough to resolve the dissipation spectrum k2Eu(k)

up to kη = 1 and above, with the spatial resolution lhw/η ranging approximately

from 2 to 7.

4.2.4 Heat transfer measurements

Heat transfer measurements were performed on the side of the plate equipped

with the Inconel foil. A DC current laboratory power supply was connected to

the leading edge and trailing edge of the plate (copper terminals) so that the foil

was heated by Joule effect, thus approximating a uniform heat flux wall boundary

condition. The Inconel foil was painted with black paint (1602, Krylon) with

known emissivity and the wall temperature Tw was measured with an Infra-Red

(IR) camera (A325sc, FLIR). The IR camera was placed outside of the wind tunnel

and it was focused on the heated side of the plate through circular windows on

the lateral wall of the test section. For all the grids tested here, the camera was

focused on the first half-length of the plate (0.03 ≤ X/Lp ≤ 0.4), which is referred

to as FOV1 (Field Of View 1). For some configurations, measurements were also

performed on the second half-length of the plate (0.45 ≤ X/Lp ≤ 0.85) named

FOV2. The spatial resolution of the temperature measurements on the plate was

ΔX = ΔY ≈ 1.3mm.

The following procedure was systematically used for the temperature measure-

ments on the flat plate. The wind tunnel was turned on and a settling time was

allowed in order for the temperature of the flow T∞ (measured with the resist-

ance temperature detector) to become stable at the desired velocity U∞. Two-

dimensional instantaneous maps of the adiabatic wall temperature distribution

(temperature distribution on the foil without Joule heating), which are referred to

as “cold images”, were acquired at this point using the IR camera. The electric

power was then delivered to the foil with the power supply set in constant current

mode. Finally, instantaneous maps of heated foil temperature, which are referred
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to as “hot images”, were acquired with the IR camera after allowing enough time

(approximately 45 minutes) for steady state conditions to be reached. The time-

averaged values of the adiabatic wall temperature, Taw, and those of the heated

wall temperature, Tw, were obtained by averaging 900 frames acquired with the

camera at a sampling frequency of 60Hz. Note that in this experiment the temper-

ature Taw was almost coincident with T∞. In order to take into account possible

variations of Taw between the acquisition of the cold images and that of the hot

images, the values of Taw were corrected with the difference between the value

of T∞ measured together with the hot images and that measured with the cold

images (see Cafiero et al., 2017). Note that this is a small correction as the temper-

ature of laboratory used for the experiments was kept stable within 0.2K during

the measurements. The acquisition of the raw images (measurement signal) and

their conversion to IR images (temperature signal) were performed by using the IR

camera’s software (FLIR ResearchIR Max R©) and the calibration curves provided

by the camera’s manufacturer.

The convective heat transfer coefficient h was computed from:

h =
qconv

Tw − Taw

. (4.1)

The convective heat flux qconv was calculated from the energy balance at the wall

(Equation 3.1 in Chapter 3). The input heat flux qgen was computed as qgen =

VDI/Ap, where Ap is the area of the heated foil, Ap = LpHp. The voltage drop

VD across the length of the foil was measured with the data acquisition system by

connecting two electric cables to the leading and trailing edges of the plate (copper

terminals). The electric current I was calculated by measuring the voltage drop

across a precision shunt resistor of known electrical resistance which was connected

in series with the Inconel foil and the power supply. For almost all experiments,

the current provided to the foil was kept constant at approximately I = 30A, thus

making a comparison possible between the different configurations (grids) with the
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same input heat flux. The radiative heat flux qrad was computed from:

qrad = εpσSB(T
4
w − T 4

∞) , (4.2)

where εp = 0.95 is the emissivity of the black paint. The value of the ratio qrad/qgen

was about 15% for the typical values of Tw and T∞ of this experiment. The heat

flux qcond lost by conduction through the plate’s core was estimated using the

Fourier law by measuring the temperature at a series of positions on the unheated

side with a K-type thermocouple. The heat flux qcond accounted for about 9% of

the input heat flux qgen. Preliminary heat transfer measurements (without grids

in the wind tunnel) were performed for the same U∞ with three different values

of input current I (and so different ranges of Tw − Taw) to verify that applying

the correction for thermal conduction produced consistent and repeatable results.

These measurements (reported in Section 4.4.1) revealed that the Stanton number

(non-dimensional heat transfer coefficient defined in Equation 4.3) changed less

than 1% among the three sets of measurement, this validating the experimental

technique and the data reduction process followed here. Table 4.3 reports typical

values and associated measurement accuracies for each quantity used to compute

h. A single-sample uncertainty analysis using a 95% confidence interval was car-

ried out following Moffat (1988). The typical resulting uncertainty error on the

computed values of h is 4.4%. Considering the typical values of Tw and T∞ (see

Table 4.3), the Grashof number GrHp based on the height Hp of the flat plate is

GrHp = 5.9 × 107, where GrHp = gβ (Tw − T∞)H3
p/ν

2
film (g is the gravitational

acceleration, and β = 1/Tfilm is the coefficient of thermal expansion of air). The

resulting Richardson number GrHp/Re2Hp
is about 0.003, with ReHp = U∞Hp/νfilm

(ReHp = 1.4× 105). Since in this experiment it is verified that GrHp/Re2Hp
<< 1,

the effects of natural convection are expected to be negligible with respect to those

due to forced convection (Hewitt, 2008).
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Quantity Typical value Accuracy

Lp 1000mm ±1mm
Hp 280mm ±1mm
VD 9.0V ±0.01× VD

I 30.1A ±0.01× I
T∞ 296K ±0.1K
Tw 319K ±0.2K
Taw 296K ±0.2K
εp 0.95 ±0.01

Exp. uncertainty

h 34Wm−2K−1 ±4.4%

Table 4.3: Typical values and associated measurement accuracies for the different quant-
ities used to compute h, and typical relative experimental uncertainty (estimated using
a 95% confidence interval) for h.

4.3 Basic characterisation of the flow past the grids

The flow past the nine grids shown in Figure 4.2 was characterised without the

flat plate in the wind tunnel. For this purpose, HW velocity measurements were

first performed along the centreline (y = z = 0) in order to obtain the stream-

wise evolution of the turbulence statistics. Secondly, velocity measurements were

carried out at a series of stations along the z−direction downstream of the three

MIGs in order to document the shear flows they produce.

4.3.1 Centreline measurements

The centreline mean velocity U for the three categories of grids (RGs, SSGs and

MIGs) is shown in Figures 4.4a-c. For the configurations where the centreline is

located behind a gap in the grid (RG75 and SSGs, see Figure 4.2) rather than

behind a bar, the value of U/U∞ is sensibly higher than 1 in the proximity of

the grid (x/Ht � 1) and then decreases downstream. This can be explained by

the presence of a jet created by the large openings on the centre of the grids and

suggests a pronounced inhomogeneity of the flow in the very near-field of the grid.

The turbulence intensity Tu along the centreline is shown in Figures 4.4d-f.

For the grids RG75, SSG150 and SSG150-B, it is possible to identify a streamwise

location, x = xpeak, where Tu is maximum. The values of xpeak are xpeak/Ht = 1.02
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Figure 4.4: Centreline mean velocity (first row), turbulence intensity (second row), large-
scale anisotropy factor (third row), integral length scale (fourth row) and Taylor length
scale (fifth row) for RGs (first column), SSGs (second column) and MIGs (third column).

for RG75 and xpeak/Ht = 1.52 for both SSG150 and SSG150-B. Given that all the

grids shown in Figure 4.2 have the same blockage ratio (σ = 0.28), it is relevant to

check whether xpeak/x
∗ is constant for the configurations where it was possible to

capture the location of the peak of turbulence intensity. In the present experiment,

the values of xpeak/x
∗ are 0.62, 0.60 and 0.58 for RG75, SSG150 and SSG150-B

respectively. At this point it is interesting to assess if the turbulence intensity
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Figure 4.5: Centreline turbulence intensity for RGs, SSGs and MIGs.

profiles can be collapsed for all the grids by normalising the distance x with x∗.

To scale the values of Tu, one can follow Gomes-Fernandes et al. (2012) who found

the peak value of the turbulence intensity to be proportional to the ratio t0/L0

for the fractal square grids they tested. However one has to consider that, for the

MIGs, L0 and t0 (on which x∗ is based on) are not representative of the elements

that lie in the proximity of the centreline (j = 3 and j = 4, see Figure 4.2g-i).

In order to take this into account, one can define the length scales Lm and tm

which, for the MIGs, are respectively the average distance between the bars and

the average thickness amongst the layers j = 3 and j = 4, Lm = (L3 + L4)/2 and

tm = (t3 + t4)/2. For the rest of the grids (RGs and SSGs) it is simply Lm = L0

and tm = t0. The centreline turbulence intensity profiles are plotted against x/Ht

in Figure 4.5a for all nine grids. Following the argument above, the centreline

values of Tu(tm/Lm)
−1 are plotted against x/x∗

m in Figure 4.5b, with x∗
m = L2

m/tm

(the values of x∗
m for the different grids are reported in Table 4.1). Examination

of Figure 4.5b reveals that the turbulence intensity profiles can be reasonably

collapsed by making use of the scalings x∗
m for x and tm/Lm for Tu. This means

that both the centreline location of the maximum of turbulence intensity and its

magnitude can be approximately predicted not only for regular and fractal square

grids (for which the scaling laws where first obtained), but also for grids with very

different geometry as the ones tested here.

The large-scale anisotropy factor u′/v′ is shown in Figures 4.4g-(i) for the vari-

ous grids. Following a near-field developing region, the ratio u′/v′ approaches a
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Figure 4.6: Power spectral density of u (left) and of v (right) on the centreline for SSG150
(top) and SSG150-B (bottom).

constant value close to 1 for almost all configurations, thus indicating that the

centreline large-scale turbulent fluctuations are isotropic at a sufficient distance

from the grid. For MIG-I the ratio u′/v′ increases with x for x/Ht � 5.5 (see

Figure 4.4i) in contrast to the other configurations. Figures 4.4j-l and Figures

4.4m-o show respectively the integral length scale Lu and the Taylor length scale

λ. Both Lu and λ increase with x but, while Lu also increases with the distance

between the bars L0, λ is found to be on the contrary almost invariant with L0.

Note in fact that the centreline profiles of λ are approximately collapsed for the

RGs (Figure 4.4m) and for the SSGs (Figure 4.4n). One can see that both Lu and

λ increase faster with x for MIG-I than for MIG-C and MIG-D when x/Ht � 5.5,

this being also the location where the ratio u′/v′ starts to increase for MIG-I. Since

the MIGs share a very similar geometry and considering that the magnitude of

the shear rate is the highest for MIG-I (see next section), it is possible that the

higher shear is the cause for the higher growth of the turbulence length scales.

For the two grids with the highest values of t0, SSG150 and SSG-150B, one
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can expect the vortex shedding from their bars to be clearly detectable, at least

close to the grid. For this purpose, the power spectral densities of u and v, Eu and

Ev, are shown in Figures 4.6a-b for SSG150 and in Figures 4.6c-d for SSG150-B

at a series of downstream locations. For both grids, the energy spectra exhibit a

well-defined inertial range where Eu ∝ f−pu and Ev ∝ f−pv , with pu and pv both

close to 5/3. For the positions closer to the grids (x/xpeak ≤ 1), it is possible to

distinguish a dominant Strouhal number Ssh = fsht0/U∞ where the energy spectra

show a clear peak. This Strouhal number is Ssh = 0.21 for both SSG150 and for

SSG150-B. It is interesting to note that, differently from SSG150, for SSG-150-B

the spectrum of u (see Figures 4.6c) shows a second clear peak at a higher Strouhal

number, S = 0.33. Since this second peak is not present in energy spectrum of

v (see Figures 4.6d), it perhaps appears as a result of the interaction between

the shedding motions from the vertical bars (separated by a distance of L0/2) of

SSG150-B (see Figure 4.2e).

4.3.2 Spanwise measurements

Velocity profiles along the z-direction were taken downstream of the MIGs at five

streamwise stations for −0.4 ≤ z/Wt ≤ 0.4 and for 1.8 ≤ x/Ht ≤ 8.4 (y = 0),

with the grids oriented as in Figures 4.2g-i. The mean velocity profiles, normalised

with the centreline values, Uc = U(y = 0, z = 0), are presented in Figures 4.7a-c.

Analysis of these figures shows that the variation of the ratio tj/Lj across the

layers of the MIGs (see Table 4.2) produces different profiles of U/Uc for MIG-C,

MIG-I and MIG-D. In particular ∂U/∂z is negative for MIG-C and MIG-I and

positive for MIG-D, with |∂U/∂z| being the highest for MIG-I. The normalised

mean velocity profiles measured at different x can be approximated by a linear

trend and are almost collapsed for x/Ht ≥ 3.15. This means that these shear

flow generators (MIGs) produce a flow with linear mean velocity profiles whose

slope (shear rate) remains approximately constant with the downstream distance

from the grid, at least for the x−range tested here. In order to quantify the shear

rate for each of the MIGs, the profiles of U/Uc are averaged over x in the range
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Figure 4.7: Spanwise profiles of U/Uc (first row), of u
′/u′c (second row) and of u′/w′ (third

row) for MIG-C (first column), MIG-I (second column) and MIG-D (third column); Uc

and u′c are respectively the mean velocity and the RMS value of u on the centreline,
Uc = U(y = 0, z = 0), u′c = u′(y = 0, z = 0). The dashed lines in (a)-(c) are linear fits of
the mean velocity profiles.

3.15 ≤ x/Ht ≤ 8.40 and a linear fit is applied to the resulting profiles. The

computed shear rate parameter ks = U−1
c ∂U/∂z is ks = −0.22m−1 for MIG-C,

ks = −0.73m−1 for MIG-I and ks = 0.28m−1 for MIG-D.

The spanwise profiles of u′/u′
c for the MIGs are shown in Figures 4.7d-f, with

u′
c being the RMS value of u on the centreline, u′

c = u′(y = 0, z = 0). Unlike the

mean velocity profiles, the profiles of u′/u′
c are very similar across the three MIGs.

For every considered streamwise distance x, the value of u′/u′
c is highest in the

proximity of the larger multi-scale iterations, it decreases with z when approaching

the centre (z = 0) and then remains approximately constant on the side of the

grid with the smaller iterations (z > 0). It is possible to note that, for z < 0,

u′/u′
c decreases with increasing values of x. This shows the tendency of turbulence

intensity to become increasingly homogeneous in z with downstream distance from

the grids. However, at least for the x−range investigated here (1.8 ≤ x/Ht ≤ 8.4),
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Figure 4.8: Centreline mean velocity (a) and turbulence intensity (b) with the plate in
the wind tunnel before and after the adjustment of the lateral walls (no grids in the wind
tunnel). The vertical dashed lines in (a) and (b) identify the locations of the leading
edge (LE) and of the trailing edge (TE) of the plate. The solid lines in (a) are linear fits
of the mean velocity.

the highest distance from the grid is clearly not large enough for homogeneous

sheared turbulence at that distance. For example for the highest distance tested

here, x/Ht = 8.40, the value of u′/u′
c at z/Wt = −0.4 is still 1.6 for MIG-C and

MIG-D and 1.3 for MIG-I. A different conclusion can be reached regarding the

large-scale anisotropy of the flow downstream of the MIGs. By looking at the

spanwise profiles of u′/w′ (see Figures 4.7g-i), it is possible to see that the values

of this ratio are always broadly between 1 and 1.2 for every x and z considered

here. One can conclude that the MIGs used in this experiment produce non-

homogeneous, nearly-isotropic, moderately sheared turbulent flows.

4.4 Heat transfer on the plate

After taking velocity measurements downstream of the grids, the flat plate was

placed in the test section with the leading edge at a distance xLE from slot D (see

Figure 4.1 and Figure 4.3), xLE/Ht = 1.5, and with the heated side at a distance dp

from the nearest lateral wall of the wind tunnel, dp/Wt = 0.09. Before performing

the heat transfer measurements on the plate, the lateral walls of the wind tunnel

tunnel were adjusted in order to minimize the pressure (velocity) gradient along

the plate. HW measurements were carried out along the centreline to obtain

the streamwise evolution mean velocity and turbulence intensity along the plate
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without grids in the wind tunnel. Figure 4.8a shows the centreline mean velocity,

normalised by the value U(xLE) at the leading edge, before and after adjusting

the walls of the wind tunnel, i.e. making them more divergent to compensate

for the growth of the boundary layer on the plate. One can see that ∂U/∂x has

small positive values. This means that the heat transfer measurements reported

in this chapter were performed under a slight favourable pressure gradient along

the plate. A linear fit (shown with solid lines in Figure 4.8a) was applied to the

velocity profiles for xLE ≤ x ≤ xTE to compute the mean velocity gradient ∂U/∂x,

with xTE being the location of the trailing edge. The pressure gradient parameter

Kp for the accelerating flow decreased from Kp = 9.6 × 10−8 to Kp = 4.9 × 10−8

after the adjustment of the walls, with Kp = ν∞/U2
∞ × ∂U/∂x. The centreline

turbulence intensity Tu before and after the adjustment of the walls is shown in

4.8b. The values of Tu did not significantly change between the two conditions

and remained approximately constant along the plate at about 0.2%.

4.4.1 Heat transfer without grids

Heat transfer measurements on the plate were first performed without grids in the

wind tunnel in order to validate the experimental technique and to have a baseline

case for reference. This configuration is henceforth referred to as the “NG” (No

Grid) case. IR temperature measurements were carried out on two sections of the

plate (FOV1 and FOV2) following the procedure described in Section 4.2.4 with

three heating conditions: I ≈ 20A, I ≈ 25A and I ≈ 30A. The convective heat

transfer on the plate is quantified in terms of the Stanton number St∞ based on

the inflow velocity U∞:

St∞ =
h

ρfilmcpfilmU∞
, (4.3)

where ρfilm and cpfilm are respectively the density and the specific heat capacity of

air evaluated at the film temperature Tfilm. Contour plots of St∞ for the NG case

are shown in Figure 4.9. The values of St∞ are the highest at the beginning of the

plate and gradually decrease along X as a result of the thickening of the boundary

layer which develops on the plate, and they are reasonably uniform along Y .
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Figure 4.9: Contour plots of St∞ on the plate without grids (I ≈ 30A).

The Stanton number St∞ is vertically averaged in the central portion of the

plate, −0.2 ≤ Y/Hp ≤ 0.2, and the evolution of this mean value, denoted St∞,

is plotted against X for the three heating conditions in Figure 4.10a. The three

curves relative for the different values of I are very well collapsed, demonstrating

that the Stanton number does not depend on the heating for the current intensities

used here. The development of the heat transfer coefficient along the plate is also

shown in Figure 4.10b where St∞ is plotted against ReX , with ReX = U∞X/νfilm.

Together with the experimental results of this study, the prediction of St∞ for a

laminar boundary layer (Pohlhausen, 1921) and that for a turbulent boundary layer

(von Kármán, 1939; Junkhan and Serovy, 1967) are also plotted for comparison.

One can see an initial development region just downstream of the step (located at

X = 0) until ReX ≈ 4 × 104 where the Stanton number decreases approximately

as in a laminar boundary layer, i.e. St∞ ∝ Re−0.5
X there. However in this region

the values of St∞ are higher than those predicted both for a laminar and for a

turbulent boundary layer with the same ReX . This is most likely a “memory”

effect from the tripping device (step) used to promote transition and is analogous

to what was found for the development of the skin friction coefficient on a flat

plate with tripping (see e.g. Erm and Joubert, 1991; Schlatter and Örlü, 2012).

One should also consider the presence of an unheated starting length on the flat

plate used in this experiment, i.e. the plate is not heated from the leading edge

until the location of the tripping step (located at 30mm from the leading edge).

Consequently, the origin of the thermal boundary layer does not coincide with
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Figure 4.10: Evolution of St∞ along the plate without grids for three heating conditions.
The dashed lines in (b) identify a ±5% interval around the correlation for turbulent
boundary layers (von Kármán, 1939).

that of the kinematic boundary layer, this possibly also affecting the behaviour of

St∞ at the beginning of the heated section. It is however important to stress that

this is a short adaptation region on the plate since ReX ≈ 4× 104 corresponds to

X/Lp ≈ 0.08 for U∞ = 8m s−1. For ReX � 4 × 104 the trend of St∞ approaches

that predicted by the correlation for a fully developed boundary layer, from which

it deviates by no more than 5% and where it is St∞ ∝ Re−0.2
X .

4.4.2 Heat transfer with grids

Heat transfer measurements were performed on the first portion of the plate

(FOV1) with all turbulence-generating grids placed in slot D (xLE/Ht = 1.5).

The values of St∞ were spatially averaged in Y (−0.2 ≤ Y/Hp ≤ 0.2) in order to

obtain St∞ for each grid and compare it with StNG∞ , which is the value of St∞ for

the NG case (shown in Figure 4.10) with same U∞ and same input electric power.

Figure 4.11 shows St∞/StNG∞ obtained for all configurations. It is possible to see an

initial development region where St∞/StNG∞ increases with X, this ratio becoming

slow-varying further downstream on the plate. This means that at the start of the

plate the values of St∞ decrease more slowly in presence of the grids than for the

NG case and subsequently reach approximately the same decay rate. As seen in

Section 4.4.1, the portion of the plate in the proximity of the step (X = 0) is a

transition region where there is still memory of the tripping device and where, for

the NG case, St∞ decays faster than for a fully developed turbulent state.
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Figure 4.11: Enhancement of St∞ with respect to StNG∞ (No Grid case) on the first
portion of the plate (FOV1) for all grids; xLE/Ht = 1.5. The grey horizontal dotted
lines indicate St∞/StNG∞ = 1± 0.05.

Examination of Figure 4.11 reveals that some configurations do not significantly

alter the evolution of St∞ with respect to the NG case throughout FOV1, i.e. St∞

changes less than 5% if compared to StNG∞ (the grey horizontal dotted lines in

Figure 4.11 indicate St∞/StNG∞ = 1± 0.05). However, some of the grids produce a

substantial improvement in the heat transfer along the plate. For RG75, SSG150,

FSG, MIG-C, MIG-I and MIG-D− the enhancement parameter St∞/StNG∞ reaches

values higher than 1.1. In order to compare the performance of the different

configurations in FOV1, the ratio St∞/StNG∞ is averaged in X for 0.3 ≤ X/Lp ≤
0.4, an interval where St∞/StNG∞ does not vary significantly with the streamwise

coordinate (see Figure 4.11). This mean value is here denoted Enh1e and it is

reported for all grids in Table 4.4. Analysis of Figure 4.11 and Table 4.4 shows

that the best performing grid in enhancing the convective heat transfer is SSG150.

For this grid the value of St∞/StNG∞ is always higher than 1.2 for almost the entire

extent of FOV1 (X/Lp ≥ 0.06) with Enh1e = 1.28. A striking difference can

be noted between the heat transfer results for SSG150 and those for SSG150-B.
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Grid Enh1e
RG150 1.03
RG75 1.12
RG50 1.07
RG18 0.97

SSG150 1.28
SSG150-B 0.95
SSG75 0.96
FSG 1.15

MIG-C 1.11
MIG-I 1.20
MIG-D 1.06
MIG-C− 1.03
MIG-I− 0.93
MIG-D− 1.13

Table 4.4: Values of Enh1e obtained for all grids in FOV1; xLE/Ht = 1.5.

Despite SSG150-B being very similar to SSG150 (see Figures 4.2d-e and Table

4.1), its performance in terms of heat transfer enhancement is remarkably lower.

The value of St∞ towards the end of FOV1 is in fact lower for SSG150-B than for

the NG case (Enh1e = 0.95). Note that the value of t0 for SSG150-B is only about

3% lower than for SSG150. The main difference between SSG150 and SSG150-B

is that for the latter a vertical bar of the grid is placed close to the heated side

of the plate (Figure 4.2e) whereas for SSG150 a gap is present (Figure 4.2d). In

the design process of the grids, it was thought that having a bar close to the

plate would have produced an appreciable augmentation of the heat transfer due

to turbulence intensity in the wake of this bar. This is clearly not the case and

the reasons for the difference in the performance of SSG150 and SSG150-B are

investigated further in Section 4.5.1.

Particular consideration has to be given to the results obtained for the MIGs.

Figure 4.11c shows the ratio St∞/StNG∞ for MIG-C, MIG-I and MIG-D oriented as

in Figures 4.2g-i and for the same grids with opposite orientation, i.e. for MIG-C−,

MIG-I− and MIG-D− the layers with the smaller multi-scale iterations were near

the heated side of the plate. Among all configurations here chosen for the MIGs,

MIG-I is the one which enhances more the heat transfer with Enh1e = 1.20. On

the opposite side, MIG-I− is the worst performing grid Enh1e = 0.93. One can see
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that: (i) an appreciable augmentation of the heat transfer can be achieved either

with the largest iterations of the grid (MIG-I and MIG-C) or with the smaller ones

(MIG-D−) positioned near the heated surface; and (ii) the orientation of each MIG

determines a substantial difference in the heat transfer coefficient on the plate. One

might argue that the magnitude and sign of the shear parameter ks of the MIGs

(ks = −0.22m−1 for MIG-C, ks = −0.73m−1 for MIG-I and ks = 0.28m−1 for

MIG-D) is one of the key factors affecting the different heat transfer behaviour

(the sign of ks changes when the orientation of the grid is reversed). It would

appear that the more negative ks, the higher St∞/StNG∞ . It is however difficult to

decouple a mean velocity effect from a possible shear effect, i.e. to understand if it

is only the value of U near the plate which causes a higher or lower Stanton number

or if it also that of ks. This is because the more negative ks the higher the value

of U in the proximity of plate. Moreover additional properties of the flow close

to the heated surface, such as turbulence intensity and integral length scale, are

also expected to have an impact on the heat transfer augmentation. An attempt

to isolate these different aspects is provided in Section 4.5.1 of this chapter.

During the experimental campaign, the “best performing” grids in enhancing

the heat transfer in FOV1 were selected and IR measurements were performed

also on FOV2 for xLE/Ht = 1.5. The purpose of these measurements was to

confirm that, for these configurations, the heat transfer enhancement persisted on

the entire extent of the flat plate. The six selected configurations for this scope

were: RG75, SSG150, SSG150-B, FSG, MIG-I and MIG-D−. Note that, even

though the grid SSG150-B is not one of the best performing grids, it was included

in this set for the purpose of collecting data to be used to explain its very different

performance with respect to SSG150. Contour plots of the ratio St∞/StNG
∞ are

shown in Figure 4.12 and in Figure 4.13 for the selected configurations, both in

FOV1 and in FOV2. One can see that the ratio St∞/StNG
∞ is in general more

uniform in Y in FOV2 than in FOV1. It is reasonable to assume that the flow

becomes more homogeneous in the vertical direction Y as the distance from the

grid increases, thus causing the heat transfer coefficient to be increasingly uniform
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Figure 4.12: Contour plots of St∞/StNG∞ on the plate for RG75 (first row), SSG150
(second row) and SSG150-B (third row); xLE/Ht = 1.5. Note that the colour scale is
different for each configuration.

farther downstream on the plate. For RG75, FSG and MIG-I one can identify a

striped pattern with alternating regions of higher heat transfer (lighter stripes)

and of lower heat transfer (darker stripes) moving in the Y direction. This can

be explained by the presence of the bars of the grids which can generate a flow

where both jets and wakes are still distinguishable close to the grid (see e.g. Laizet

and Vassilicos, 2011; Zhou et al., 2014; Laizet and Vassilicos, 2015), this causing

a discernible variation of St∞/StNG
∞ in Y . For example this is more clear for

MIG-I (Figure 4.13c) than for MIG-D− (Figure 4.13e). A plausible explanation is

that for MIG-I the layers of bars close to the heated side of the plate have higher
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Figure 4.13: Contour plots of St∞/StNG∞ on the plate for FSG (first row), MIG-I (second
row) and MIG-D− (third row); xLE/Ht = 1.5. Note that the colour scale is different for
each configuration.

wake-interaction length scales, x∗
j = L2

j/tj, whereas for MIG-D− it is the opposite

(layers with lower x∗
j close to the plate). Previous research (see e.g. Valente and

Vassilicos, 2014) (and the results reported in Chapter 2) showed that the distance

x from the grid, where the mean velocity profiles become approximately uniform,

is higher for grids with larger values of x∗. One can therefore expect that the flow

close to the plate is more homogeneous in the vertical direction for MIG-D− than

for MIG-I.

The vertically-averaged (for −0.2 ≤ Y/Hp ≤ 0.2) heat transfer enhancement

parameter St∞/StNG∞ is shown in Figure 4.14a for the 6 selected configurations
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Figure 4.14: Enhancement of St∞ with respect to StNG∞ (No-Grid case) on the plate in
FOV1 (0.03 ≤ X/Lp ≤ 0.4) and FOV2 (0.45 ≤ X/Lp ≤ 0.85) for xLE/Ht = 1.5 (a) and

xLE/Ht = 5 (b). The grey horizontal dotted lines indicate St∞/StNG∞ = 1± 0.05.

in both FOV1 (0.03 ≤ X/Lp ≤ 0.4) and FOV2 (0.45 ≤ X/Lp ≤ 0.85) with the

plate at xLE/Ht = 1.5. With the exception of SSG-150B, for all grids the ratio

St∞/StNG∞ in FOV2 deviates by no more than 2.5% with respect to Enh1e calcu-

lated in FOV1 (values reported in Table 4.4). It is possible to conclude that the

heat transfer enhancement, observed and previously discussed for FOV1, persists

all along the plate for the selected best performing configurations. Differently from

these grids, for SSG150-B the value of St∞/StNG∞ is observed to increase along X

in FOV2 but remains lower than 1.05, thus confirming that this grid does not

produce an appreciable augmentation of the heat transfer with respect to the NG

case.

For the best performing configurations (RG75, SSG150, FSG, MIG-I and MIG-

D−), heat transfer measurements were performed also with the grids placed at a

higher distance from the plate, xLE/Ht = 5, both on FOV1 and on FOV2. The

evolution of St∞/StNG∞ for this set of measurements is shown in Figure 4.14b. In

order to easily compare the performance of the grids for the two distances from

the plate, the values of Enh1e,2 are reported in Table 4.5 for both xLE/Ht = 1.5

and xLE/Ht = 5, where Enh1e,2 is the mean between Enh1e and Enh2, and Enh2

is the average value of St∞/StNG∞ in FOV2 (0.45 ≤ X/Lp ≤ 0.85). The percentage

difference between Enh2 and Enh1e never exceeds 2% and 2.4% for xLE/Ht = 1.5

and xLE/Ht = 5 respectively. The numerical results in Table 4.5 highlight how

the convective heat transfer consistently decreases when the plate is at a higher
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Grid Enh1e,2 - xLE/Ht = 1.5 Enh1e,2 - xLE/Ht = 5

RG75 1.12 1.01
SSG150 1.28 1.05
FSG 1.16 1.04
MIG-I 1.21 1.12

MIG-D− 1.13 1.06

Table 4.5: Values of Enh1e,2 for the best performing configurations with the grids placed
at xLE/Ht = 1.5 (slot D) and at xLE/Ht = 5 (slot C).

streamwise distance from the grid. This is easily explained by considering the decay

of turbulent kinetic energy with x, since the plate was always placed in turbulence

decay regions. More interestingly, MIG-I is the only grid producing an appreciable

augmentation of the heat transfer with respect to the NG case for xLE/Ht = 5.

As shown in Section 4.3.2, the spanwise mean velocity profiles for the MIGs are

approximately invariant with x, at least when the plate is not in the wind tunnel.

For the case of MIG-I it is reasonable to assume that the plate is approached by

mean velocity profiles which are very similar between xLE/Ht = 1.5 and xLE/Ht =

5. As a result, the values of U/U∞ are expected to be noticeably higher than 1 in

the proximity of the flat plate even for xLE/Ht = 5, this contributing to cause an

appreciable heat transfer enhancement as opposed to the other grids.

4.5 Further analysis of the results

The flow downstream of the grids without the plate in the wind tunnel has been

documented (see Section 4.3) and the results on the heat transfer from the plate

have been presented (see Section 4.4.2). It has been shown that SSG150 is the

grid that produces the highest heat transfer augmentation (≈ 30%) for xLE/Ht =

1.5. Interestingly, despite grid SSG150-B having very similar geometry to that

of SSG150 and producing comparable values of Tu and Lu along the centreline,

SSG150-B does not enhance the heat transfer on the plate with respect to the

NG case. Among the multi-scale grids tested here, MIG-I is the best performing

grid for xLE/Ht = 1.5 (≈ 20% of heat transfer enhancement) and is the only grid

to produce a noticeable increase in the heat transfer coefficient for xLE/Ht = 5.
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At this point it is pertinent to study whether the heat transfer results can be

correlated with some properties of the flow produced by the grids, even though

boundary layer measurements were not performed. This would be important from

a practical point of view as the heat transfer enhancement could be predicted in

the absence of boundary layer profiles, at least for the grids and experimental

conditions tested here. One may wonder if a lack of correlation (easily noticeable

for SSG150-B and RG150) between the centreline velocity statistics and the heat

transfer on the plate could be explained by a prominent non-homogeneity of the

flow in the z−direction, especially for the grids with the largest values of x∗. In

order to address these issues, hot-wire measurements were performed with the

plate in the wind tunnel (with no heating) for xLE/Ht = 1.5. The grids used

in these measurements were RG75, SSG150, SSG150-B, FSG, MIG-I and MIG-

D−. With the exception of SSG150-B, these are the grids found to produce an

appreciable heat transfer enhancement on the plate. Grid SSG150-B was included

to understand why it produces very different results with respect to SSG150.

4.5.1 Correlation between heat transfer and turbulent flow properties

Hot-wire measurements were carried out along z for z < 0, i.e. in the half width

of the test section where the plate was mounted. The smallest distance reached

by the XW probe from the wall of the plate was about 10mm. The profiles

were obtained with the plate fixed at xLE/Ht = 1.5 for two downstream stations,

X/Lp = 0.03 (x/Ht = 1.8) and X/Lp = 0.52 (x/Ht = 3.3). Figure 4.15 shows

the spanwise profiles of mean velocity, turbulence intensity, integral length scale

and large-scale anisotropy factor u′/w′ at the two stations. One can see (Figure

4.15a) that, at X/Lp = 0.03, the mean velocity is strongly non-uniform in z

for the grids with the largest values of x∗ (SSG150, SSG150-B and FSG). The

mean velocity tends to become more uniform in z at X/Lp = 0.52 (Figure 4.15b)

with the exception of SSG150-B, and the two MIGs which produce mean velocity

profiles that are invariant with downstream distance x from the grid over the

range of downstream distances tested here (see Section 4.3.2). It is important to
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notice the clear difference between the profiles obtained for SSG150 and those for

SSG150-B. One can see that in the proximity of the flat plate (zp/Wt = −0.42)

the values of U/U∞ are considerably higher for SSG150 than for SSG150-B, both

for X/Lp = 0.03 and for X/Lp = 0.52. For SSG150-B, the thick vertical bar close

to the plate (see Figure 4.2e) is responsible for the noticeable mean velocity deficit

as opposed to the case of SSG150. Figures 4.15g-h show the profiles of u′/w′.

Especially for X/Lp = 0.52, this ratio is found to be approximately constant for

−0.2 < z/Wt < 0 before steeply increasing while approaching the wall of the

plate. The reason for that is likely to be related to the inviscid blocking constraint

imposed by the wall which causes the attenuation of w′.

At this point the main goal is to link the heat transfer results discussed in

Section 4.4.2 with the local properties of the flows produced by the grids. In

particular it is checked whether the heat transfer enhancement correlates at least

with the local mean velocity and turbulence intensity. A simple choice for the

functional form of this correlation can be:

St∞
StNG∞

=
U

U∞
(A+B × Tu× 100) , (4.4)

which can be alternatively written as:

St

StNG∞
= A+B × Tu× 100 , (4.5)

where St is the local Stanton number on the plate obtained with the different

grids, St = h/(ρfilmcpfilmU). A and B are the parameters to be determined. It

is important to notice that while St∞ and StNG
∞ are based on the inflow velocity

U∞ (kept constant for all measurements), St is instead based on the local mean

velocity U which can vary with x, y and z. The values of St, StNG
∞ , U and u′

considered in the following discussion are those obtained at X/Lp = 0.03 (x/Ht =

1.8) and at X/Lp = 0.52 (x/Ht = 3.3) for Y = y = 0, where both velocity

profiles and heat transfer coefficients are available. A relevant point to stress is

that, unlike most studies which explore the effects of homogeneous turbulence on

140



4.5. Further analysis of the results

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

z/Wt

U
/
U
∞

RG75
SSG150
SSG150-B
FSG
MIG-I
MIG-D−

(a)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

z/Wt

U
/
U
∞

(b)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

z/Wt

T
u
[%

]

(c)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

z/Wt

T
u
[%

]

(d)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

z/Wt

L
u
/
W

t

(e)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

z/Wt

L
u
/
W

t

(f)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0.7
0.8
0.9
1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

z/Wt

u
′

/
w

′

(g)

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1
0.7
0.8
0.9
1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

z/Wt

u
′

/
w

′

(h)

Figure 4.15: Spanwise (direction normal to the plate) profiles of mean velocity (first
row), turbulence intensity (second row), integral length scale (third row) and large-scale
anisotropy factor (fourth row) at X/Lp = 0.03 (left column) and X/Lp = 0.52 (right
column). The vertical dashed lines mark the position (z/Wt = −0.42) of the side of the
flat plate where the heat transfer was measured.
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Figure 4.16: Squared Euclidean norm of the fit residuals (black colour) and coefficient
of determination (blue colour) of the fit of Equation 4.5 to the experimental data at
X/Lp = 0.03 (empty symbols, dashed lines) and at X/Lp = 0.52 (filled symbols, solid
lines). The vertical dotted line marks the position (z/Wt = −0.42) of the side of the flat
plate where the heat transfer measurements were performed.

boundary layers and heat transfer, the turbulent flows produced here are noticeably

inhomogeneous. Since dedicated boundary layer measurements were not performed

in this experiment, the thickness of the boundary layer on the plate is unknown.

It follows that it is not trivial to understand which is the most suitable coordinate

z at which the flow properties should be considered and correlated with the heat

transfer.

A possible approach is to perform the fit of Equation 4.5 to the data for

each z where measurements are available. Figure 4.16 shows the squared Euc-

lidean norm of the fit residuals res (black colour) and the coefficient of determ-

ination R2 (blue colour) as a function of z for X/Lp = 0.03 (empty symbols)

and X/Lp = 0.52 (filled symbols), with res =
∑no

i=1 (Di −Fi)
2 and R2 = 1 −

res/
[∑no

i=1 (Di − n−1
o

∑no

i=1 Di)
2
]
, where Di are the measured values of St/StNG

∞ ,

Fi are the values of St/StNG
∞ predicted by the fit (Equation 4.5), and no = 6 is

the number of considered grids. With reference to the results for X/Lp = 0.52 in

Figure 4.16, there is a position z = zr (zr/Wt = −0.36) where res is a minimum,

with zr also being the coordinate where R2 is maximum (R2 = 0.91). This indic-

ates that, for X/Lp = 0.52, Equation 4.5 is a suitable choice for correlating the

heat transfer augmentation on the plate with the mean velocity and the turbulence

intensity of the flow at a distance δr = 27mm from the plate, where δr = zr − zp.
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Figure 4.17: Heat transfer enhancement against turbulence intensity at X/Lp = 0.03
(empty symbols) and at X/Lp = 0.52 (filled symbols) with properties evaluated at
z = 0 (a) and at z = zr (b), zr/Wt = −0.39 for X/Lp = 0.03 and zr/Wt = −0.36 for
X/Lp = 0.52. The solid lines (red for X/Lp = 0.03 and black for X/Lp = 0.52) in (b) are
linear fits (Equation 4.5) of the experimental data with ±5% uncertainty limits (dashed
lines).

For X/Lp = 0.03 the minimum of res occurs closer to the plate, δr = 12mm

(zr/Wt = −0.39), but R2 is very small as for the rest of the values of z considered.

The ratio St/StNG
∞ is plotted against Tu for z = 0 in Figure 4.17a and for z = zr

(where the fit residuals are minimum) in Figure 4.17b, both for X/Lp = 0.03

(empty symbols) and for X/Lp = 0.52 (filled symbols). From these results a

number of conclusions can be taken:

• There is not a significant correlation between the centreline properties of the

flow downstream of the grids and the heat transfer on the plate due to the

non-homogeneity of the flow;

• For X/Lp = 0.52, where the heat transfer behaviour on the plate is expected

to be well-developed (see Section 4.4.2), the parameter St/StNG
∞ increases

linearly with Tu when the properties of the flow are evaluated close to the

plate at z = zr;

• For X/Lp = 0.52, the use of Equation 4.5 allows to predict (within 5%) the

heat transfer enhancement as a function of local mean velocity and turbulence

intensity. This latter conclusion is also supported by the fact that the value

of the parameter A obtained from the fit of the data is close to 1 (A = 1.01 for

X/Lp = 0.52 and z = zr) so that Equation 4.5 correctly returns St∞ ≈ StNG
∞
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for Tu ≈ 0 and U ≈ U∞ (no grids);

• The lower net heat transfer rate for SSG150-B than for SSG150 is demon-

strated to be a mean velocity effect as, once this has been removed, the heat

transfer behaviour can be correlated with turbulence intensity for SSG150-B

too;

• At the beginning of the plate, X/Lp = 0.03, the ratio St/StNG
∞ appears to be

approximately constant with Tu in contrast with the X/Lp = 0.52 case (from

the fit of Equation 4.5 to the data it is obtained B = 0.002 for X/Lp = 0.03

against B = 0.017 for X/Lp = 0.52), thus suggesting that in the proximity of

the step used to promote transition on the plate, the heat transfer behaviour

is dominated by “trip effects” rather than by the turbulence intensity of the

flow near the wall;

• It is not possible to distinguish an effect of the mean velocity gradient (shear)

on the heat transfer behaviour for the MIGs (ks is different for MIG-I and

MIG-D−).

The last point is however to be taken with extra care as the magnitude of ks, |ks| =
0.73m−1 for MIG-I and |ks| = 0.28m−1 for MIG-D−, is quite low in this experiment

(for example |ks| = 6.1m−1 in the uniformly sheared turbulence experiment of

Nedić and Tavoularis, 2016a). It is possible that for higher values of |ks|, the

effect of shear on the convective heat transfer could become important in contrast

to the present results. Future dedicated experiments or numerical simulations

are required to address this point. However, here it is shown that producing

a turbulent shear flow with the MIGs has the practical advantage of obtaining

sustained heat transfer enhancement, i.e. an enhancement that persists more with

downstream distance from the grid despite the decay of turbulent kinetic energy.

In other words, the MIGs can be used to produce mean velocity profiles which are

invariant with x for some appreciable range of x, thus allowing values of U higher

than U∞ near the flat plate and consequently heat transfer rates higher than for

the NG case in contrast to all the other types of grids tested here.
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Grid
−za/Wt δa [mm]

a = 0.05 a = 0.10 a = 0.20 a = 0.05 a = 0.10 a = 0.20

RG75 0.33 0.34 0.36 41 34 25
SSG150 0.30 0.33 0.38 54 39 19

SSG150-B 0.34 0.36 0.38 33 25 15
FSG 0.34 0.36 0.38 34 24 16
MIG-I 0.34 0.35 0.37 36 29 20

MIG-D− 0.30 0.33 0.38 52 39 16

Average 0.32 0.35 0.38 42 32 18

Table 4.6: Values of za and of δa obtained from the profiles of u′/w′ at X/Lp = 0.52
(Figure 4.15h) for three values of the threshold a.

It is interesting to ask whether it is possible to identify the z-location where the

turbulent flow properties can be correlated with the heat transfer in an alternative

approach to that followed above. In particular one can check if the trend of some

flow quantities could be used as an indicator of the proximity of the plate. One

could look in principle at the mean velocity trend in the z-direction and consider

the position where U starts to decrease while approaching the plate. This becomes

quite challenging in the case of non-homogeneous mean velocity profiles, as those

produced by many of the grids used in this experiment. In particular, especially

in absence of detailed boundary layer measurements, it is not easy to understand

whether the mean velocity trend near the wall is imposed by the boundary layer,

by the grid, or most likely by the interaction of the two. Among the profiles shown

in Figure 4.15, the anisotropy factor u′/w′ (Figures 4.15g-h) is a quantity which

remains more or less constant (especially for X/Lp = 0.52) far from the plate and

then steeply increases when approaching the wall, this being verified for all grids.

This makes u′/w′ a good candidate for an indicator of the proximity of the plate,

i.e. one can select the coordinate za where u′/w′ starts to increase and correlate

the heat transfer results with the flow properties evaluated at za. For each grid

the coordinate za is defined as:

za = max(z) such that:
u′

w′ ≥ (1 + a)×
(
u′

w′

)
pl

, (4.6)

where (u′/w′)pl is the average value of u′/w′ for −0.2 ≤ z/Wt ≤ 0, an interval
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where this ratio is approximately constant (see Figure 4.15h), and a is a threshold,

a > 0. Table 4.6 reports the values of za and δa for the six considered grids

obtained for three values of the threshold, a =0.05, a =0.10 and a =0.20, where

δa = za − zp. The only considered downstream position is X/Lp = 0.52, where the

heat transfer behaviour on the plate is supposed to be well-developed (less affected

by the trip) and where it has been shown that St∞/StNG
∞ is highly correlated with

U/U∞ and Tu. In Figures 4.18a, c, e the ratio St∞/StNG
∞ is plotted versus Tu

with the flow properties evaluated at z = za for the three values of a, i.e. where

u′/w′ is respectively 5%, 10% and 20% higher than (u′/w′)pl. One can see that

the experimental data can be correlated using Equation 4.5 within approximately

±5% for all considered a. The parameters A and B in Equation 4.5 obtained from

the fit do not significantly change with a (see Table 4.7) with the value of A being

close to 1 within 2%.

It is interesting to check whether the integral length scale Lu or the dissipation

length scale Lε = 1.5u′3/ε = 1.5Lu/Cε play a role in the present heat transfer

measurements. Note that in most of the experimental studies the scale Lε was

calculated indirectly from the streamwise decay of turbulent kinetic energy with

the assumption of homogeneous isotropic turbulence. Here Lε is computed instead

with its definition, i.e. from the calculated values of u′3 and ε. The values of Lε

at X/Lp = 0.52 and z = za are shown as a function of Lu in Figures 4.18b, d,

f for a = 0.05, 0.10, 0.20 respectively. Note that for MIGs and RG75, the grids

with smaller x∗ (and so smaller xpeak), it is verified that Lε ≈ 1.5Lu since at

X/Lp = 0.52 it is Cε ≈ 1, which is a typical value in grid-generated turbulence

when x >> xpeak. Examination of Figure 4.18 reveals that, despite there is a

A B × 102

a = 0.05 1.02 1.8
a = 0.10 1.01 1.9
a = 0.20 1.00 2.0

Table 4.7: Values of the parameters A and B obtained from the fit of St/StNG∞ at
X/Lp = 0.52 via Equation 4.5 with flow properties evaluated at z = za for three values
of a.
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Figure 4.18: Heat transfer enhancement parameter at X/Lp = 0.52 as a function of
turbulence intensity (left column), values of integral length scale and dissipation length
scale (right column) with flow properties evaluated at z = za for a = 0.05 (first row),
a = 0.10 (second row), a = 0.20 (third row). The solid lines in (a),(c),(e) are fits of the
data (Equation 4.5) with ±5% uncertainty limits (dashed lines). The dot-dashed lines
in (b),(d),(f) indicate Lε = 1.5Lu (Cε = 1).

considerable variation in the values of Lu and Lε (Figures 4.18b,d,f) produced by

the six grids considered here (the maximum value of Lε is approximately four times

larger than the minimum), the ratio St/StNG
∞ (Figures 4.18a,c,e) can be correlated

as a function of Tu only (Equation 4.5). Note that if Lu (or Lε) had a significant

effect on the heat transfer enhancement, the error (distance) between the measured

values of St/StNG
∞ (data points) and the fit (solid black line) in Figures 4.18a,c,e

would vary according to Lu (or Lε). On the contrary, Figures 4.18a,c,e clearly
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show that, in the present case, this error is independent of variations in Lu (or

Lε). One might note that St/StNG
∞ (Figures 4.18a,c,e) is higher for the grids which

produce larger Lu or Lε (Figures 4.18b,d,f), thus St/StNG
∞ could be in principle

positively correlated with Lu (or Lε). However, for the grids tested here, larger

values of Lu (Figures 4.15e,f) correspond to larger values of Tu (Figures 4.15c,d)

for the same x. It is useful to remind that previous studies (see e.g. Hancock and

Bradshaw, 1983; Blair, 1983; Thole and Bogard, 1995), where a measurable effect

of Lε was observed, found that increasing values of Lε cause instead a decrease in

the skin friction/heat transfer coefficient. This means that in the present case, if

a St/StNG
∞ was chosen to be described with a function which increases with Tu

and decreases with Lu (or Lε) consistently with previous research, the quality of

fit would have been worse than that for the function (Equation 4.5) used here

to correlate the data. It is reasonable to conclude that, for the grids and the

experimental conditions of this work, the heat transfer enhancement on the flat

plate can be correlated with mean velocity and turbulence intensity, without the

need to take into account an integral length scale or a dissipation length scale.

4.6 Conclusions

A total of eleven turbulence-generating grids were investigated for their potential

to increase the convective heat transfer on a flat plate mounted in a wind tunnel.

All grids had approximately the same blockage ratio (σ = 25% − 28%) and were

grouped into three classes: regular square-mesh grids (RGs), single-square grids

(SSGs) and multi-scale grids (FSG and MIGs). An Inconel foil was attached to

one side of the flat plate and was resistively heated by direct electric current,

a technique approximating a uniform heat flux wall boundary condition. Two-

dimensional maps of the local Stanton number were obtained by measuring the

wall temperature distribution on the heated side of the plate with an IR camera.

All heat transfer measurements were carried out under the same electric power

input to the metallic foil. The plate was kept at a fixed position with respect

to the wind tunnel’s lateral wall while the distance between the plate and the
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grids was varied. The flow downstream of the grids was characterised with hot-

wire (cross-wire) measurements, both with and without the flat plate in the wind

tunnel. All velocity and heat transfer measurements were performed with the same

inflow velocity, U∞ = 8m s−1.

Hot-wire measurements revealed that the centreline turbulence intensity pro-

files can be collapsed in the turbulence decay region (x > xpeak) for three RGs ,

three SSGs and three MIGs (multi-scale inhomogeneous grids), by scaling x (dis-

tance from the grid) with the modified wake-interaction length scale x∗
m = L2

m/tm

and by scaling Tu with the ratio tm/Lm, following Mazellier and Vassilicos (2010)

and Gomes-Fernandes et al. (2012). The three MIGs, designed following the ori-

ginal work of Zheng et al. (2017), produced shear flows with almost linear mean

velocity profiles normal to the plate (z-direction), and with constant shear rate

∂U/∂z along x. The turbulence intensity profiles downstream of the MIGs were

not uniform along z for the entire x-range tested here, with higher values of Tu

on the side of the grid where x∗
j is larger.

It was found that a substantial enhancement (with respect to the NG case)

in the Y-averaged values of the Stanton number can be achieved with SSG150

(about +30%) and with MIG-I (about +20%) when the plate is at a short dis-

tance (xLE/Ht = 1.5) from the grids. Grid SSG150-B, similar to SSG150 but with

a vertical bar close to the heated side of the plate, failed to increase the net heat

transfer rate for the same U∞. This was also the case for grid RG150. For an in-

creased separation between the plate and the grid (xLE/Ht = 5), MIG-I was found

to be the only grid still causing an appreciable increase in the Stanton number

(about +10%). For each of the MIGs tested here, the heat transfer behaviour on

the plate was found to be very sensitive to the orientation of the grid with respect

to the plate, i.e. with the larger (MIG-C, MIG-I and MIG-D) or with the smaller

(MIG-C−, MIG-I− and MIG-D−) multi-scale iterations located close to the heated

wall. Note that the heat transfer coefficients were always compared in a way useful

for engineering applications, i.e. the comparisons were made for the same positions

X on the plate, not for the same Reynolds number Reθ based on the boundary
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layer momentum thickness (boundary layer measurements were not performed).

Velocity profiles along z were performed with the plate in place for a selected

number of grids (RG75, SSG150, SSG150-B, FSG, MIG-I and MIG-D−). These

measurements showed a noticeable non-homogeneity of mean velocity and turbu-

lence intensity for downstream stations where the flat plate was located. For this

reason the centreline flow properties could not be used to explain the heat transfer

results. For these grids however, the ratio St∞/StNG
∞ at the mid-length of the

plate (X/Lp = 0.52) was found to be significantly correlated with mean velocity

and turbulence intensity via Equation 4.5 when these properties were evaluated at

a certain small distance from the plate (z/Wt = −0.36, z − zp ≈ 30mm). An em-

pirical procedure was proposed in order to identify this distance without the need

of performing specific boundary layer measurements. For the selected grids, des-

pite the non-homogeneity of the flow, the values of the large-scale anisotropy factor

u′/w′ were approximately constant along z away from the plate and then steeply

increased when approaching the wall. The enhancement parameter St∞/StNG
∞ for

the grids used here can be simply correlated with the flow properties evaluated at

a distance from the plate where u′/w′ starts to increase with respect to its plateau

value. For the range of experimental conditions tested here, neither the integ-

ral scale Lu nor the dissipation length scale Lε were found to significantly affect

the heat transfer augmentation. The ratio St∞/StNG
∞ could be in fact predicted

in terms of U/U∞ and Tu only, despite the values Lu and of Lε being different

amongst the selected grids. In particular St∞/StNG
∞ was shown to increase lin-

early with both U/U∞ and Tu for X/Lp = 0.52. This was not the case for the

heat transfer in the proximity of the tripping device (step) used to promote trans-

ition to a turbulent boundary layer on the plate. In particular, for X/Lp = 0.03

(near the step), the ratio St∞/StNG
∞ appeared to be approximately invariant with

turbulence intensity for the range of values encountered here (3% < Tu < 20%).

It is speculated that the heat transfer behaviour at the beginning of the plate is

dominated by tripping effects induced by the step rather than by the turbulence

intensity of the flow downstream of the grids.
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From a practical point of view, the combined analysis of velocity and heat

transfer data collected in this experiment showed that: (i) single-square grids

(SSGs) with large t0/L0 (high turbulence intensity) and large x∗ (magnification

of the turbulence decay region where turbulence intensity is higher) are a simple

and effective solution to increase the heat transfer on a flat plate close to the

grid; (ii) for the values of t0 tested here, it is more efficient to place the bars of

the SSGs sufficiently far from the heated wall (SSG150) to avoid a strong mean

velocity deficit near the wall (SSG150-B) which can prevent a net heat transfer aug-

mentation despite high turbulence intensity levels; (iii) multi-scale inhomogeneous

grids (MIGs), which generate turbulent shear flows, are effective in enhancing heat

transfer, even with large separation between the grid and the plate (xLE/Ht = 5),

and their design can be optimised to produce high values of both mean velocity

and turbulence intensity close to the wall; (iv) the most efficient configuration for

the MIGs tested here is that of MIG-I where the multi-scale iterations with lower

blockage and higher x∗
j are on the same side of the plate. Even though the role of

the shear on heat transfer needs be further investigated, it has been shown here

that producing a turbulent shear flow with the MIGs gives rise to a sustained heat

transfer enhancement, i.e. the heat transfer enhancement is more persistent with

downstream distance with the MIGs than with any of the other types of grids

tested here.
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Conclusions

In this thesis, results from wind tunnel experiments on single- and multi-scale

grid-generated turbulence were discussed. The practical goal of this study was to

investigate the potential of turbulence-generating grids with different geometries

to enhance the convective heat transfer from a surface to a fluid in motion. In

particular it was aimed to understand how to design efficient turbulent generators,

i.e. low-blockage grids that can increase the heat transfer more than conventional

regular square-mesh grids. The heat transfer enhancement was investigated for a

circular cylinder in crossflow and for a flat plate, two cases which are of relevant

interest in both classic fluid mechanics and in industrial applications.

It was shown that the scaling laws for turbulence intensity Tu, obtained in pre-

vious experimental studies on fractal-generated turbulence, can be used to design

grids that produce a substantial improvement of the heat transfer for an extended

distance from the grid. Increasing the wake-interaction length scale x∗ = L2
0/t0

allows to enlarge the region downstream of the grids where Tu, and so the heat

transfer, is higher. Increasing the ratio t0/L0 gives rise to larger peak values of Tu.

For a circular cylinder placed at far distances from the grid, a single square grid

(SSG) with the lowest blockage ratio σ and the largest t0/L0 allowed to obtain

values of the circumferentially-averaged Nusselt number Nu similar to those for

a fractal square grid (FSG17), with both grids enhancing the heat transfer con-

siderably more than for a regular grid (RG60) with the highest σ. The results of

the experiment suggest that the Space-Scale Unfolding (SSU) mechanism, charac-
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teristic of fractal grids and effective in augmenting scalar transfer and turbulent

diffusion in presence of a mean scalar gradient (and in absence of walls), is not

effective for the case of the heat transfer from a cylinder in crossflow. The heat

transfer results in the turbulence decay region (x > xpeak) can be in fact correl-

ated in terms of Reynolds number Re, Tu and integral length scale Lu only. In

particular, for the experimental conditions tested here, the heat transfer increases

with Re and Tu whilst it decreases with Lu. However it was shown that FSG17

has the practical advantage of producing high values of Tu and Nu, together with

a reduced intensity of the vortex shedding from the largest bars of the grid.

The effects of vortex shedding on the centreline flow statistics and on the heat

transfer from the cylinder were studied. Grid FSG17 was compared to SSG, for

which vortex shedding is the most prominent, and to a novel three-dimensional

turbulence generator (SSG+SP), formed by SSG and a set of four splitter plates

which suppress the shedding from the grid’s bars. For FSG17 the vortex shedding

is the least intense and the least persistent downstream, both in terms of x/xpeak

and in terms of the dimensional distance x. Hence, in analogy to fractal plates and

fractal trailing edges, fractal grids exhibit vortex shedding attenuation properties.

This is relevant from a practical point of view as a reduced vortex shedding im-

plies a lower periodic structural loading on the turbulence generator. The effects

of vortex shedding suppression can be summarised in: (i) a decrease of Tu in the

turbulence production region; (ii) a downstream shift of the xpeak location consist-

ently with a reduction of the drag coefficient of the bars; (iii) a decrease of the

growth of Lu with x; and (iv) a reduction of the ratio Lu/λ. Furthermore it was

demonstrated that vortex shedding cannot be the cause of the extreme decelerat-

ing flow events originally observed in the turbulence production region (x < xpeak)

of fractal grids, where the skewness Su of u is highly negative and the flatness Fu

much larger than 3. On the contrary, a clear and intense vortex shedding masks

these features, given that the vortex shedding energy anti-correlates with |Su| and
Fu in the production region.

It was shown that vortex shedding from the bars of the grid plays a relevant
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role on the heat transfer behaviour in the laminar boundary layer region (front

section) of the cylinder. Angular heat transfer profiles were measured in the pro-

duction region of both SSG and FSG17 at similar values of x/xpeak. These profiles

were compared to those obtained in the decay region, at positions where Tu is ap-

proximately the same as in the production region. It was discovered that, for the

range of inlet conditions tested in the experiment, an intense vortex shedding in

the production region reduces the heat transfer on the cylinder’s front with respect

to the decay region, this being more evident for SSG. This was explained by con-

sidering that, for SSG, most the turbulent kinetic energy in the production region

is localised in a narrow range of frequencies around the vortex shedding frequency

fsh, far from the frequency feff at which a laminar boundary layer is more sens-

itive to external disturbances. Thanks to a less prominent vortex shedding, and

possibly to a lower intermittency of the flow, the heat transfer on the cylinder’s

front in the production region is higher for FSG17 than for SSG, despite Tu being

lower for FSG17. For both SSG and FSG17, the recovery of Nu in the wake region

(back section) of the cylinder, with respect to its front stagnation point value, is

consistently higher in the production region than in the decay region. This was

suggested to be due: to (i) a higher mean velocity U in the production region;

to (ii) a lower Lu in the production region; and possibly to (iii) an interaction

between the wakes of largest bars of the grid and the wake of the cylinder in the

production region.

The effects of single- and multi-scale grid-generated turbulence on the heat

transfer were farther investigated for a flat plate placed in the turbulence decay

region of different types of grids with same σ. In particular a recently introduced

class of multi-scale inhomogeneous grids (MIGs), producing flows with linear mean

velocity profiles in the direction z normal to the plate, was tested. This experiment

showed that the heat transfer enhancement, with respect to the No Grid (NG) case,

can be correlated with the values of U and Tu close to the flat plate, without the

need of performing boundary layer measurements. For the range of experimental

conditions tested, neither the dissipation length scale Lε nor Lu were found to
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affect the heat transfer on the plate, in contrast to the case of the cylinder in

crossflow. For a small separation (xLE/Ht = 1.5) between the grid and the plate,

a single-square grid (SSG150) was the best performing grid in enhancing the heat

transfer along the plate with respect to the NG case. Another single square grid

(SSG150-B), similar to SSG150 but with a thick bar close to the flat plate, failed

to increase the heat transfer. Despite high values of Tu produced by SSG150-

B, the strong mean velocity deficit from the above mentioned bar prevented the

augmentation of the heat transfer. The generation of shear with the MIGs was

shown to allow sustained heat transfer enhancement with downstream distance.

In fact, for a larger separation (xLE/Ht = 5) between the plate and the grid, one

of the MIGs (MIG-I) was the only grid leading to a measurable improvement of

the heat transfer. The MIGs can be optimised for practical purposes as they can

be designed to produce simultaneously high values of U and Tu in the proximity

of the heat transfer surface. The most efficient configuration is that where the

section of the grid with lower blockage and larger multi-scale iterations is on the

same side of the flat plate.
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Appendix A

Growth of the boundary layer on

the wind tunnel’s walls

In Section 2.3.1 it was observed that for RG60 the mean velocity increases with x

along the centerline for x > 0.6m for both U∞ = 5m s−1 and U∞ = 17m s−1. In

this appendix it is shown that the increase of U is consistent with the growth of a

turbulent boundary layer on the wind tunnel’s walls.

Considering the continuity equation, it is easy to show that an increase in

the boundary layer displacement thickness δ∗(x) leads to an increase in the mean

velocity U(x) according to:

δ∗(x) ∝
(
1−

√
U∞
U(x)

)
. (A.1)

For a turbulent boundary layer the growth of the displacement thickness can

be expressed as (White, 2005):

δ∗(x)
x

∝ Re−1/7
x ∝

(
U(x) x

ν

)−1/7

. (A.2)

From Equation A.1 and Equation A.2 one obtains that, if U(x) increases as a
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Figure A.1: Boundary layer growth for RG60

result of the increase of δ∗(x), it must be verified that:

(
1−

√
U∞
U(x)

)7/6(
U(x)

ν

)1/6

∝ x . (A.3)

Therefore, letting the left-hand side of Equation A.3 to be A(x), it is sufficient to

verify that ∂A/∂x is constant along x in the range where U(x) is found to increase.

Figure A.1 shows that, for both U∞ = 5m s−1 and U∞ = 17m s−1, ∂A/∂x is indeed

constant along x for x > 0.6m.
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Appendix B

Effect of the vortex shedding

energy on the skewness

We consider a velocity signal resulting from the combination of a periodic compon-

ent and a stochastic component. A simple exercise is carried out to show that, if

the stochastic part is characterized by negative skewness, an increase in the energy

associated to the periodic component is consistent with a decrease of the absolute

value of the skewness of the total velocity signal.

We consider a stochastic signal utb2(t), which is the fluctuating velocity time-

serie relative to the hot-wire measurement performed for FSG17 at x/xpeak = 0.95

for U∞ = 17m s−1. At this location the frequency spectrum does not show any

more a local peak at the vortex shedding Strouhal number, Ssh = 0.126. A periodic
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Figure B.1: Power spectrum density (left) and PDF (right) of up2 for different values of
the parameter J .
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component up2(t) is modelled with a sinusoidal series given by:

up2(t) =
∑
i

Gi sin

(
2π

SiU∞
t0

t+ φi

)
, (B.1)

where each φi is a random variable with uniform distribution and taking values

between −π and π. The coefficients Gi are expressed as Gi = [J + (Si − Ssh)
2]

−1

in order to distribute most of the energy to the modes associated with S close

to Ssh. Increasing the value of the parameter J has the effect of modelling a

more brad-band periodic component, as shown by the power spectrum density of

up2 (Figure B.1a) for different values of J . In Figure B.1b it is shown that with

decreasing values of J (modelling a more narrow-band phenomenon) the PDF of

up2/u
′
p2 tends to the distribution associated with sin(t), whereas with high values

of J the PDF tends to a Gaussian distribution. We now consider a zero-mean

signal utot(t) given by:

utot(t) = up(t) + utb(t) , (B.2)

with:

up(t) =
√
P

up2(t)

u′
p2

, (B.3)

utb(t) =
√
1− P

utb2(t)

u′
tb2

, (B.4)

where the parameter P , 0 ≤ P ≤ 1, is the fraction of the total kinetic energy

assigned to the periodic component, P = u′2
p . It is always checked a posteriori

that u′2
tot ≈ 1, thus verifying that up(t) and utb(t) are statistically independent.

At this point the parameter P is set to four different values, P = 0.2, 0.4, 0.6, 0.8,

indicating the increasing importance of the periodic component in the total signal.

The skewness Su of utot(t) is computed for the above mentioned values of P for

different choices of J . The results are reported in Table B.1 and they indicate that

the skewness decreases (in absolute value) and it approaches zero as the percentage

of the energy associated to the periodic component increases, irrespectively of the

value of J . Figure B.2a shows that the power spectrum density of utot is modi-

fied just in the proximity of S = Ssh by the presence of a more intense periodic
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Figure B.2: Power spectrum density (left) and PDF (right) of utb and utot for different
values of P , J = 10−5.

Su

utb -0.49
up 0.00

utot (P = 0.2) −0.35 −0.35 −0.35 −0.35
utot (P = 0.4) −0.23 −0.22 −0.23 −0.22
utot (P = 0.6) −0.12 −0.12 −0.13 −0.12
utot (P = 0.8) −0.04 −0.04 −0.05 −0.04

(J = 10−12) (J = 10−8) (J = 10−5) (J = 10−3)

Table B.1: Values of the skewness Su of utb, up and utot for different values of P and J .

contribution, whereas in the remaining part there are no deviations from the case

of utb. The effect of P on the PDFs of utot(t)/u
′
tot, which become more and more

symmetric as P increases, can be seen in Figure B.2b where they are compared to

the distribution of utb(t)/u
′
tb (limit case for P = 0).
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