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Abstract

Heat transfer measurements around the centreline circumference of a cylinder in crossflow are
performed in a wind tunnel. The cylinder is placed at several stations downstream of three
turbulence-generating grids with different geometries and different blockage ratios σg: a reg-
ular grid (RG60) with σg = 32%, a fractal-square grid (FSG17) with σg = 25% and a single-
square grid (SSG) with σg = 20%. Measurements are performed at 20 stations for 3 nominal
Reynolds numbers (based on the diameter D of the cylinder) Re∞ = 11 100, 24 500, 37 900.
Hot-wire measurements are performed along the centreline, without the cylinder in place,
to characterise the flow downstream of the grids. The extent of the turbulence production
region, where the turbulence intensity Tu increases with the streamwise distance x from the
grid, is higher for SSG and more so for FSG17 than for RG60. The angular profiles of the
Nusselt number Nu are measured in the production regions of these two grids and are com-
pared to those obtained in the decay regions, where Tu decreases with x. This comparison is
made at locations with approximately same Tu. It is found that, for SSG, Nu/Re0.5 on the
front of the cylinder (boundary layer region) is lower in the production region than in the
decay region. This is explained by the presence of clear and intense vortex shedding in the
production region of SSG which reduces the turbulent fluctuations which are “effective” in
enhancing the heat transfer across a laminar boundary layer. For higher Re∞, the values of
Nu/Re0.5 on the front of the cylinder are higher in the production region of FSG17 than in
that of SSG, despite Tu being higher for SSG. This is consistent with a lower intermittency
of the flow for FSG17 caused by the presence of the fractal geometrical iterations. The recov-
ery of Nu on the back of the cylinder (wake region) is appreciably higher in the production
region than in the decay region for both FSG17 and for SSG. This can be due to the lower
integral length scale ratio Lu/D in the production region and suggests, for the same Re∞,
a reduction of the vortex formation length downstream of the cylinder, possibly promoted
by the interaction between the wakes of the bars of the grid and the wake of the cylinder.
At a large distance from the grids, the heat transfer enhancement is higher and it is more
efficient for FSG17 and for SSG than for RG60. For high values of x in the turbulence decay
region of the grids, the values of Nu (circumferential average of Nu) are similar for FSG17
and for SSG and they are both appreciably higher than for RG60. This happens despite
both FSG17 and SSG having a lower blockage ratio than RG60. The use of FSG17 has the
practical advantage of combining high heat transfer rates on the cylinder with a weak vortex
shedding from the grid.
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Nomenclature

a1 Strain rate parameter

Cε Dissipation coefficient, Cε = εLu/u
′3

D Diameter of the cylinder

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

Eu Power spectral density of u

f Frequency

fλ “Effective” frequency

fsh Frequency of the vortex shedding from the largest bars of the grids

h Heat transfer coefficient, h =
qconv

Tw − T∞
H Height (width) of the wind tunnel’s working section (length of the cylinder)

I Electric current

L0 Distance between the largest bars of the grid

Le Dissipation length scale, Le = 1.5u′3/ε

Lh Length of the heated section of the cylinder

Lu Integral length scale of u, Lu = UΘu

Nu Local Nusselt number, Nu =
hD

λfilm

Nu Circumferentially averaged Nusselt number, Nu =
1

180

∫ 180

0
Nu (θ) dθ

qcond Conductive heat flux

qconv Convective heat flux

qgen Input heat flux, qgen = VhI/ (πDLh)

qrad Radiative heat flux, qrad = εhσ
(
T 4
w − T 4

∞
)

Re Local Reynolds number, Re =
UD

νfilm

Re∞ Inlet Reynolds number, Re∞ =
U∞D

ν∞

t0 Thickness of the largest bars of the grid in a plane parallel to the grid

th Thickness of the heating foil

T Temperature
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Tfilm Film temperature, Tfilm = (Tw + T∞) /2

Tp Turbulence parameter, Tp = TuRe1/3(Lu/D)−1/3

Tu Turbulence intensity, Tu = u′/U

Tueff “Effective” turbulence intensity, Tueff = u′eff/U

Tupeak Maximum value of turbulence intensity on the centreline

u Streamwise fluctuating velocity component

u′ RMS value of u

u′2eff “Effective” turbulent kinetic energy

U Local mean streamwise velocity

U∞ Inlet velocity

Vh Voltage drop across the length of the heating foil

x Streamwise distance from the grid

x∗ Wake-interaction length scale, x∗ = L2
0/t0

xpeak Centreline streamwise location of the maximum of turbulence intensity

y Spanwise direction (origin of the reference system on the centre of the grid)

Greek symbols

∆f Width of the frequency integration interval for the computation of Esh and of u′2eff

δ Boundary layer thickness

λ Thermal conductivity of air

λh Thermal conductivity of the heating foil

ν Kinematic viscosity of air

σ Stefan-Boltzmann constant

σc Blockage ratio of the cylinder

σg Blockage ratio of the grid

θ Angular position measured from the front stagnation point

Θu Integral time scale of u

ε Turbulent kinetic energy dissipation rate per unit mass

εh Surface emissivity of the heating foil
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Subscripts

∞ Inlet values (upstream of the grids)

film Evaluated at Tfilm

FSP Front stagnation point, θ = 0◦

RSP Rear stagnation point, θ = 180◦

w Wall values

1 Introduction

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 have focused on the effects of some turbulent flow parameters on

the heat transfer values 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 the turbulence intensity 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 number at the front stagnation point NuFSP /Re0.5, which is 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 cylinder 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,
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1975; Mehendale et al., 1991; Kondjoyan and Daudin, 1995). The main conclusion from these

investigations was that both NuFSP and Nu are increased by larger values of Tu and that the

enhancement is more evident at higher Re.

Several experiments have shown 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 /Re
0.5 ∝ 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 thatNuFSP is usually

anti-correlated with Lu/D. On the contrary, the experimental results on the effect of Lu/D on

the Nusselt number at the rear stagnation point, NuRSP , 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 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 performed 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 results 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 the

blockage ratio σg of the grids. One might conclude that, in order to significantly enhance the
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heat transfer, it is required to use turbulence generators with high σg, 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.

Wind tunnel experiments performed by Mazellier and Vassilicos (2010) showed that in the

turbulence decay region, where Tu decreases with the downstream distance x from the grid,

fractal square grids produce higher values of Tu than regular square-mesh grids with higher

σg and similar effective mesh size Meff . The use of these geometries allowed to also increase

the streamwise extent of the turbulence production region, where Tu increases with x. The

position xpeak where Tu is maximum, Tu = Tupeak, on the centreline is proportional to the

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

the grid and t0 is their thickness in a plane parallel to the grid. This is a geometric scaling

parameter introduced by Mazellier and Vassilicos (2010) which is related to the location where

the wakes originating from the largest bars (rectangular prisms) of the grid meet on the centreline.

Gomes-Fernandes et al. (2012) demonstrated that both xpeak and Tupeak are also functions of

the free-stream turbulence intensity (upstream of the grid) and of the drag coefficient of the bars.

Moreover they showed that the scaling Tupeak ∝ t0/L0 holds for the fractal square grids they

tried. A fractal square grid insert was used by Cafiero et al. (2014) in a nozzle to enhance the

heat transfer from a plate where the jet impinges normally. The results of this study showed

that, for small nozzle-to-plate separations, the heat transfer on the plate was substantially higher

when the fractal insert was used in place of a regular square grid insert with the same σg. Cafiero

et al. (2015) attributed this result to a higher magnitude and persistence of streamwise vorticity

produced by the fractal insert leading to more entrainment.

The results of the experiments on fractal-generated turbulence, and the scaling laws obtained,

offer new possibilities 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 σg 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

6



the heat transfer distribution there. The angular heat transfer profiles could then be compared to

those measured in the decay region for the same turbulence generator and for the same turbulence

intensity.

The present experimental investigation aims to explore these scenarios. A heated circular

cylinder is placed vertically in a wind tunnel downstream of three turbulence-generating grids

with different geometrical designs and different blockage ratios: a regular grid (RG60) with

σg = 32%, a fractal square grid (FSG17) with σg = 25% and a single square grid (SSG) with

σg = 20%. Preliminary hot-wire measurements, without the cylinder in place, are performed to

characterise the flow downstream of the grids along the centreline. The angular heat transfer

profiles in the median circumference of the cylinder are measured at several distances from each

grid for three nominal Reynolds numbers, Re∞ = 11 100, 24 500, 37 900, with Re∞ = U∞D/ν∞,

where U∞ is free-stream velocity (upstream of the grids) and ν∞ is the kinematic viscosity

of air evaluated at the free-stream temperature T∞. The evolution of the average heat transfer

coefficient for the different cases is quantified along the streamwise direction. For both FSG17 and

SSG the heat transfer profiles are 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 authors’ 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 paper is structured as follows: in Section 2 the experimental set-up

is described; in Section 3 the results of the experiment are presented and commented; finally

Section 4 concludes the paper.

2 Experimental set-up

Velocity and heat transfer measurements are performed in an open-circuit wind tunnel. Its

maximum velocity, when empty, is 33 m s−1 with a background turbulence intensity of about

0.1%. The working section is 3 m long and has a square cross section with height H = 0.46 m.

The velocity U∞ upstream of the grids is set by measuring the pressure difference across the

contraction of the wind tunnel. The ambient pressure is measured with an absolute pressure

gauge and the free-stream temperature T∞ is measured with a K-type thermocouple.
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(a) (b)

L0

t0

(c)

Fig. 1: Sketches of the turbulence-generating grids: RG60 (a), FSG17 (b), SSG (c).

Grid σg [%] L0 [mm] t0 [mm] x∗ [mm]
RG60 32 60 10 360
FSG17 25 238 19 2950
SSG 20 229 43 1220

Tab. 1: Geometric parameters of the grids.

2.1 Grids

Three types of turbulence-generating grids are used in this experiment. Sketches of the grids are

shown in Fig. 1 and their main geometric parameters are reported in Tab. 1. RG60 is a regular

square-mesh bi-planar grid with the highest blockage σg and the smallest L0 and t0. FSG17

is a multi-scale fractal square grid with four iterations, N = 4, and tr = t0/tN−1 = 17, where

tr is the thickness ratio and tN−1 is the thickness of the bars of the smallest fractal iteration.

The ratio between the distance of the bars of two successive iterations is RL = Lj+1/Lj =0.5,

the ratio between their thickness is Rt = tj+1/tj = t
1/(1−N)
r = 0.39 (j =0,1,2). For a complete

description of the fractal geometric parameters see Hurst and Vassilicos (2007). Finally SSG

is a single square grid with the lowest σg and it is simply made of a single square and eight

supporting struts. Note that SSG and FSG17 have a very similar L0 but the ratio t0/L0 for SSG

is more than double that for FSG17, t0/L0 = 0.19 for SSG and t0/L0 = 0.08 for FSG17.

One might argue that the comparison between the performance of the three selected grids is

not fair as their blockage σg is not the same, σg = 32% for RG60, σg = 25% for FSG17, σg = 20%

for SSG, and therefore they expectably produce a different pressure drop across the grid. This

is indeed the case as shown by Melina et al. (2016) who measured the static pressure drop

downstream of the same grids and found this is higher for RG60 than for both FSG17 and SSG.

A goal of this experiment is to study if it is possible to enhance the heat transfer from the cylinder

more efficiently, i.e. if the convective heat transfer can be increased more by using grids (FSG17

and SSG) with a blockage lower than for a reference regular grid (RG60). One can also notice
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that 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 in grid-generated turbulence (see e.g. Valente

and Vassilicos, 2014; Melina et al., 2016) has 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 chosen values of x∗ and L0 for RG60 are 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/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.

2.2 Velocity and heat transfer measurements

The flow downstream of each grid was first characterised without cylinder in place via single-

component hot-wire measurements performed at a series of downstream positions x along the

centreline. The sensing part of the wire was 5µm in diameter (dw) and about 1mm in length

(lw) so that the aspect ratio lw/dw was about 200. For each grid, velocity measurements were

performed at U∞ = 5 m s−1 and U∞ = 17 m s−1, which correspond to the nominal Reynolds num-

bers Re∞ = 11 100 and Re∞ = 37 900 respectively. The cylinder was placed in the wind tunnel

to perform the heat transfer measurements for the same range of U∞ after the measurements for

the grid turbulence without the cylinder were completed.

The sampling time for the hot wire measurements was 300 s and corresponds to at least

29 000 − 97 000 integral time scales for the minimum and maximum Re∞ respectively. The

sampling frequency was set to be higher than twice the analogue low-pass filtering frequency,

which was 30 kHz. The turbulence intensity is Tu = u′/U , where u′ is the RMS value of the

streamwise velocity fluctuations u, i.e. u′ =
√
< u2 > =

√
< (ũ− U)2 >; ũ is the instantaneous

velocity, U is the local mean velocity, U =< ũ >, < · > denotes the time-average operator.
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The integral length scale was computed using Taylor’s hypothesis, Lu = UΘu, where Θu is the

integral time scale of u.

Once the turbulent flow downstream of the grids was characterised, a circular cylinder was

mounted vertically in the wind tunnel 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 is D = 35 mm, its blockage is σc = 7.6 % and its aspect ratio is

H/D = 13.1. The cylinder comprises a central plastic tube, with length Lh = 200 mm, with top

and bottom plastic sections. The central tube is delimited by two copper terminals and it is filled

with Calcium-Magnesium Silicate insulating material. An Inconel foil with thickness th = 25µm

is wrapped and fixed around the central portion of the cylinder. The metallic foil is heated

by Joule effect by delivering a direct electrical 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 is installed underneath the metallic foil to measure the wall

temperature Tw. Fig. 2 is a sketch of the heated section of the cylinder and shows the location of

the thermocouples. Thermocouples 1-4 are placed at 45◦ intervals and are used to measure the

distribution of Tw around the circumference of the cylinder at its centre. This is accomplished

by rotating the cylinder at 5◦ intervals using a stepper motor equipped with an optical encoder.

The remaining thermocouples (5-8) can 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

3.2). 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 are measured.

The convective heat flux qconv is obtained from the energy balance equation at the wall,

qconv = qgen − qrad − qcond. The input heat flux qgen is computed with qgen = VhI/ (πDLh),
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Fig. 2: Sketch of the heated section of the cylinder, dimensions in mm. The red dots identify
the locations of the thermocouples (numbered 1 to 8).

where Vh is the measured voltage drop across the length of the heating foil (Lh). The term

qrad is the energy flux emitted by radiation and is estimated using the Stefan-Boltzmann law,

qrad = εhσ
(
T 4
w − T 4

∞
)
assuming εh = 0.1 for the emissivity of the Inconel surface (Sanitjai and

Goldstein, 2004). The term qcond is the energy flux lost by thermal conduction which can be

estimated with qcond = −λhth∇2Tw (Astarita et al., 2006), where λh is the thermal conductivity

of Inconel. Since th is 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 ≈ −λhth
4

D2

∂2Tw
∂θ2

. (1)

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 scenario 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

our 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

correction 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 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 correction for thermal conduction in the circumferential direction is not

applied to the heat transfer results reported in this paper.

The local Nusselt number is calculated as Nu = hD/λfilm, where h = qconv/ (Tw − T∞) is
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Quantity Typical value Accuracy
D 35mm ±0.1mm
Lh 200mm ±1mm
Vh 2.1V ±0.01× Vh
I 23.2A ±0.01× I
T∞ 293K ±0.2K
Tw 313K ±0.2K
λfilm 0.027Wm−1K−1 ±0.02× λfilm

Exp. uncertainty
h 110Wm−2K−1 ±4.1%
Nu 142 ±5.7%

Tab. 2: Typical values and associated measurement accuracies for the different quantities used
to compute h and Nu, and typical relative experimental uncertainties (estimated using 95%
confidence intervals) for the reported values of h and Nu.

the convective heat transfer coefficient and λfilm is the thermal conductivity of air evaluated at

the film temperature Tfilm. Tab. 2 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 is 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.

3 Results and discussion

3.1 Flow downstream of the grids

Before placing the cylinder in the wind tunnel, the turbulent flow downstream of the grids is

characterised with hot-wire measurements along the centreline, i.e. where the heat transfer

measurements on the cylinder are also performed. Fig. 3a shows the evolution of the mean

velocity normalised by U∞ for the three turbulence generators. In all cases, the ratio U/U∞ is

initially high close to the grids and then decreases with x. For FSG17 this ratio is considerably

higher than for RG60 and SSG in the near-grid field and it remains larger than 1 for a long

downstream distance. This jet-like behaviour is believed to be caused by a strong acceleration

of the flow due to the local small blockage near the center of FSG17 (Mazellier and Vassilicos,

2010). In other words the presence of the secondary geometrical iterations inside the biggest

central square of FSG17 (see Fig. 1b) forces the flow to accelerate more at the center of the grid.

This is different from SSG where there are no smaller iterations introducing blockage inside the

big central square.

With regard to the turbulence intensity (Fig. 3b), RG60 produces the highest values of Tu
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Fig. 3: Centreline mean velocity (a), turbulence intensity (b), integral length scale (c) and
dissipation coefficient (d) for RG60, FSG17 and SSG. The vertical lines in (b) identify the
positions where the heat transfer measurements on the cylinder are performed. Data in (d) are
shown only for the measurements performed at Re∞ = 11 100 for which the spectrum of u is
fully resolved.

very close to the grid, where Tu reaches approximately 18%. However it is clear that, when one

moves downstream, the values of Tu rapidly decrease and become significantly lower than those

of both FSG17 and SSG, despite RG60 having a higher σg. When compared with RG60, SSG

and FSG17 produce a much extended turbulence production region, i.e. a higher xpeak. The

value of xpeak/H (where Tu is maximum) is 0.24 for RG60, 1.33 for SSG and 2.56 for FSG17.

The more extended production region for FSG17 and for SSG can be explained by the greater

values of the wake interaction length scale x∗ for these two grids than for RG60 (see Tab. 1).

The grids SSG and FSG17 have a very similar L0 but for SSG the value of t0 is appreciably

higher and therefore x∗ is lower than for FSG17. This explains why xpeak/H is lower for SSG

than for FSG17 and suggests that x∗ is a more suitable parameter to scale xpeak than L0.

In Fig. 3b the vertical lines mark the 20 positions where the cylinder is placed to perform

the heat transfer measurements. Note that the enlarged turbulence production regions for SSG
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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.

It is worth noting that Tu is larger for SSG than for FSG17, especially in the production

region and in the proximity of xpeak. This happens despite SSG possessing a lower blockage σg

than FSG17 and can be related to the fact that t0/L0 for SSG is more than twice that of FSG17

(see Gomes-Fernandes et al., 2012). As shown by Melina et al. (2016), the larger values of Tu for

SSG than for FSG17 in the production region and even beyond xpeak can be explained by a much

more energetic vortex shedding for SSG, i.e. for SSG the energy associated with the shedding

frequency of its bars is higher than for FSG17 and so is its relative contribution to the magnitude

of u′2 at similar values of x/xpeak (see Section 3.3.1). One can see that the evolutions of Tu

for SSG and FSG17 become very similar in the turbulence decay region for x/H > 3.5. This

shows that the use of FSG17 facilitates the generation of a more extended turbulence production

region, while still preserving high values of Tu in the decay region. Note that if both t0 and L0

(and so x∗) are kept the same, the values of Tu for a single square grid are substantially lower

than those of a fractal square grid, as shown by Zhou et al. (2014).

The streamwise evolution of the integral length scale Lu is shown in Fig. 3c for the three

grids. The values of Lu have been normalised with the cylinder’s diameter D. The ratio Lu/D is

lower for RG60 than for both FSG17 and SSG. This is a direct result of the significantly smaller

value of L0 for RG60 (see Tab. 1). For FSG17 and SSG, which have a very similar L0, the values

of Lu/D are comparable. However for FSG17 the growth of Lu with x appears to be attenuated

if compared to SSG. This effect could be a result of the reduced vortex shedding from the large

bars of FSG17 with respect to SSG, as suggested by Melina et al. (2016).

One can see that both Tu (Fig. 3b) and Lu/D (Fig. 3c) do not significantly change with

Re∞ for the range investigated in this experiment. For this reason, it is the average values of Tu

and of Lu/D over the measurements performed at both Re∞ = 11 100 and Re∞ = 37 900 which

are considered when relating the heat transfer results to Tu and to Lu/D for the measurements

taken at Re∞ = 24 500 in the following sections of the paper.

Fig. 3d shows the dissipation coefficient Cε = ε Lu/u
′3 along the centerline, where the

turbulent kinetic energy dissipation rate per unit mass ε is estimated assuming isotropy for

the small scales and making use of Taylor’s hypothesis, ε = 15 ν∞

〈(
∂u
∂t

)2〉
/U2. Only the

measurements performed at the lowest Re∞ are considered because in this case the frequency

response of the hot-wire is high enough to fully resolve the energy spectrum of u. With the present
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experiment we do not aim to understand if and how dissipation affects the heat transfer from

the cylinder. However, presenting the data in Fig. 3d is useful to show that for FSG17 and SSG

the velocity and the heat transfer measurements are performed in a region where Cε 6= constant.

This is in contrast to the case with RG60, where Cε reaches a constant value at about x/H = 1.3,

which corresponds to approximately x/xpeak = 5.5. This distance (in terms of x/xpeak) is never

reached in the present wind tunnel measurement for FSG17 and SSG as their wake interaction

length scale x∗, and so xpeak, is considerably larger than for RG60. It is possible to speculate

that proceeding farther downstream, i.e. reaching higher values of x/xpeak, we might expect Cε

to approach a constant value for FSG17 and SSG too (for a review on the topic see Vassilicos,

2015 and the more recent paper by Goto and Vassilicos, 2016).

3.2 Heat transfer under laminar free-stream conditions

Heat transfer measurements around the circumference of the cylinder are first performed under

laminar free-stream conditions (without the grids in the wind tunnel) in order to validate the ex-

perimental technique and to have a baseline case. Measurements are 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 2.2.

Fig. 4a shows the centreline angular profiles of Nu from the front stagnation 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

Fig. 4b the angular distributions of the Frossling number Nu/Re0.5 are shown. The values of

NuFSP /Re
0.5 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 Fig. 4b (and in all other angular heat transfer profiles shown in this paper) the angular

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
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Fig. 4: 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◦).

boundary layer there (Frössling, 1958).

On the rear of the cylinder (region B), where the flow is expected to be separated, the recovery

of the heat transfer coefficient with respect to the FSP1, Nu/NuFSP , consistently increases with

Re (see Fig. 4b). 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
1For the heat transfer results shown in Fig. 4, 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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et al., 2004), causing a stronger cooling effect from the turbulent periodic vortices shed from the

cylinder as Re increases (Sanitjai and Goldstein, 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 larger Re. Churchill and Bernstein (1977) warned that different

experimental factors can affect the values of the heat transfer coefficient such as the heating

condition, 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 H/D = 13.1 respectively. The

results of Sanitjai and Goldstein (2004) were obtained for σc = 14% and H/D = 4.2. Chang and

Mills (2004) investigated the effect ofH/D on the heat transfer from a cylinder in crossflow. They

found that when H/D < 12 the heat transfer coefficient on the rear of the cylinder decreased

with increasing H/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 H/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 Fig. 4c 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 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 Fig. 5 the angular heat transfer profiles for RG60 are compared in two positions in the

turbulence decay region, x/H = 0.86 and x/H = 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 approximately the same (see Fig. 3a). 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 Fig. 3, measured on the centreline when the cylinder is not in place.

The values of Nu/Re0.5 (Fig. 5a,b) on the front of the cylinder (region A) are higher than

17



0 30 60 90 120 150 180

θ [o]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

N
u
/
R
e0

.5
Re∞ = 11 100
Re∞ = 24 500
Re∞ = 37 900

(a) Tu ≈ 9.1%

0 30 60 90 120 150 180

θ [o]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

N
u
/
R
e0

.5

(b) Tu ≈ 4.7%

0 30 60 90 120 150 180

θ [o]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

N
u
/N

u
F
S
P

A B

(c) Tu ≈ 9.1%

0 30 60 90 120 150 180

θ [o]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1
N
u
/N

u
F
S
P

A B

(d) Tu ≈ 4.7%

Fig. 5: Angular profiles of Nu/Re0.5 (top) and of Nu/NuFSP (bottom) for RG60 in the decay
region at x/H = 0.86 (left) and at x/H = 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◦).

those for a laminar free-stream (Fig. 4b) and increase with 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 (Fig.

5c,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 particular, here the values of

NuRSP /Re
0.5 are higher with respect to the laminar free-stream case (see Fig. 4b) and are
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observed to increases with Tu. An increasing 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/H 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/H = 0.86 and Lu/D ≈ 0.70 at x/H = 2.00.

The turbulent flow approaching the cylinder affects the entire angular distribution over the

rear face of the cylinder (region B). In particular when both Re∞ and Tu are high enough (Fig.

5a,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 responsible

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 Fig 5. 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.

3.3.1 Production and decay regions

As explained in Section 3.1, SSG and FSG17 produce an elongated turbulence production region.

For these two grids it is therefore 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 approximately the same.

This type of comparison is shown in Fig. 6 for SSG and in Fig. 7 for FSG17. The locations in

the production region, x/H = 0.75 for SSG and x/H = 1.28 for FSG17, are 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.

Comparison of Fig. 6a and Fig. 6b 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
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Fig. 6: Angular profiles ofNu/Re0.5 (top) and ofNu/NuFSP (bottom) for SSG in the production
region at x/H = 0.75 (left) and in the decay region at x/H = 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.

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 Fig. 4b) despite Tu being quite high

(Tu ≈ 9.8%). The value of NuFSP /Re0.5 in the production region is only about 7% 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 Fig. 3a), (iii) Lu/D is
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Fig. 7: Angular profiles of Nu/Re0.5 (top) and of Nu/NuFSP (bottom) for FSG17 in the pro-
duction region at x/H = 1.28 (left) and in the decay region at x/H = 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.

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
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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 is kept small so that one can expect that ∂U/∂y × D/U is also small in the

proximity of the centreline circumference where the heat transfer profiles are measured, y being

the spanwise coordinate. 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

the grids SSG and FSG17 used here. Analysis of their results (see Fig. 6 and Fig. 7 of Zhou

et al., 2014) reveals that for −D/2 < y < 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 in this paper. 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.

Comparison of the heat transfer profiles for FSG17 in its production region (Fig. 7a) with

those in its decay region (Fig. 7b) 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 Figs. 7a,b), one can argue that for FSG17 the values of Nu/Re0.5 in region A

of the cylinder are similar between production (Fig. 7a) and decay (Fig. 7b). However it is

important to note that, for the higher Re∞, Nu/Re0.5 on the front of the cylinder is higher

in the production region of FSG17 (Fig. 7a) than in the production region of SSG (Fig. 6a).

This happens despite x/xpeak being comparable for the selected locations and despite Tu being

appreciably higher for SSG than for FSG17.

When comparing SSG and FSG17 in their production regions, it is relevant to consider an

important difference between flow downstream of these two grids. Fig. 8 shows contour plots

of the power spectral density Eu of u, normalised by u′2/ (U∞/H), in the frequency domain f ,

normalised by U∞/t0, along the centreline for 0.3 ≤ x/H ≤ 3.5 and 0.08 ≤ ft0/U∞ ≤ 0.3. When

considering the locations for the cylinder placed in the production region where the heat transfer

profiles are compared (indicated by the vertical dashed lines in Fig. 8), one can see that for

SSG (Fig. 8a) the contribution to the total turbulent kinetic energy u′2 is mostly concentrated

in a narrow range of frequencies across ft0/U∞ ≈ 0.19, suggesting it is a result of strong vortex
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Grid x/H x/xpeak Re∞ fsht0/U∞ Esh/U
2 × 103 Esh/u

′2

SSG 0.75 0.56 11 100 0.19 6.3 0.6
37 900 0.19 6.1 0.7

FSG17 1.28 0.50 11 100 0.13 0.8 0.2
37 900 0.13 0.8 0.2

Tab. 3: Vortex shedding frequency and vortex shedding energy (for ∆f/fsh = 0.5) in the pro-
duction regions of SSG (at x/xpeak = 0.56) and of FSG17 (at x/xpeak = 0.50).

shedding from the bars of the grid. For FSG17 (Fig. 8b) most of the energy is not associated

with the shedding frequency of the large bars, ft0/U∞ ≈ 0.13, but is more distributed across

the frequencies, i.e. it is due to the stochastic component of the velocity fluctuations, not to the

shedding. As already shown in Melina et al. (2016), the higher Tu for SSG than for FSG17 in

the production region can be explained by a more intense vortex shedding contribution (periodic

component of the velocity fluctuations) for SSG. For FSG17 the effect of vortex shedding is less

intense along the centreline and it disappears more quickly in terms of x/H as Fig. 8 clearly

shows. Tab. 3 reports the values of the frequency, fsh, and of the energy, Esh, associated with

the vortex shedding from the largest bars of the grids in the production region of SSG and

FSG17. These calculations are obtained from the hot-wire measurements performed (without

the cylinder in place) at Re∞ = 11 100 (U∞ = 5 m s−1) and at Re∞ = 37 900 (U∞ = 17 m s−1)

at the positions of the cylinder in the production region where the heat transfer profiles are

considered in Fig. 6 for SSG and in Fig. 7 for FSG17. The vortex shedding energy Esh is

computed with:

Esh =

∫ fsh+∆f/2

fsh−∆f/2
Eu(f) df , (2)

where ∆f/fsh = 0.5 for both SSG and FSG17 as done in Melina et al. (2016). As anticipated in

Section 3.1 one can see (Tab. 3) that for similar values of x/xpeak (x/xpeak = 0.56 for SSG and

x/xpeak = 0.50 for FSG17) and for the same choice of ∆f/fsh, both the magnitude of Esh/U2

and that of Esh/u′2 are noticeably lower for FSG17 than for SSG, thus further confirming that

the shedding from the largest bars of the fractal grid is less energetic than for the single square

grid used here.

One may ask if the presence of a strong vortex shedding in the production 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
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Fig. 8: Contours of the power spectral density Eu normalised by u′2/ (U∞/H) (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/H = 0.75 (x/xpeak = 0.56) in (a) and
x/H = 1.28 (x/xpeak = 0.50) in (b) in the turbulence production region where the heat transfer
measurements on the cylinder are performed; Re∞ = 37 900.

introduced the idea of an “effective” turbulence intensity. Dullenkopf and Mayle (1995) developed

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 ∈ [fλ −∆f/2, fλ + ∆f/2], where fλ is a dominant “effective” frequency, and ∆f/fλ << 1.

This model assumes that velocity fluctuations at high frequencies (f >> fλ) are not effective

since they are damped by diffusive effects, while those at low frequencies (f << fλ) are also not

effective since they appear as quasi-steady. One can have a rough estimate of fλ to check if (i)

fλ >> fsh and if (ii) the energy associated to fλ 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 Fig. 8a). Dullenkopf and Mayle (1995) calibrated their model on sets of experimental data

and suggested that:

fλ ≈ 0.02U/δ , (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/ (a1Re)
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 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′2eff =

∫ fλ+∆f/2

fλ−∆f/2
Eu(f) df , (4)
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Grid Re∞
Tu [%] fλ/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

Tab. 4: Estimates of the effective frequency (normalised with the shedding frequency of the
grids) and of the effective turbulence intensity (for ∆f/fλ = 0.05) for SSG and FSG17 in the
production (PROD) region (x/H = 0.75 for SSG and x/H = 1.28 for FSG17) and in the decay
(DEC) region (x/H = 3.07 for SSG and x/H = 5.12 for FSG17).

where ∆f is chosen by imposing ∆f/fλ = 0.05 in our calculations. Next, an “effective” turbulence

intensity can be computed as Tueff = u′eff/U .

The estimates of fλ and Tueff are reported in Tab. 4 for the positions of the cylinder

where the heat transfer profiles are compared in Fig. 6 for SSG and in Fig. 7 for FSG17. It is

important to observe that, for the range of Re∞ investigated here, fλ is well above fsh, especially

for SSG and more so for higher Re∞. Note in fact that fλ/fsh increases with Re acccording to

fλ/fsh ∝ Re0.5 U/U∞, provided that fsh/U∞ is invariant with U∞ for each grid, as verified here

(see Tab. 3) and in Melina et al. (2016), and if a1 is assumed constant. Looking at the estimates

of Tueff in Tab. 4, 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 (Fig. 6a) than in the decay region (Fig. 6b), 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 the shedding frequency fsh of the bars, which is

far from the frequency fλ, 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 fλ (fλ/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 fλ by properly selecting the value

of t0 of the largest bars of the grid, therefore causing higher values of Tueff (and so higher
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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 Tab. 4). 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 (Fig. 7a)

than in the production region of SSG (Fig. 6a). 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 recently 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 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 (as also found in Laizet et al., 2015), 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.
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By comparing the angular distributions of Nu/NuFSP for FSG17 in the production region

(Fig. 7c) with those in the decay region (Fig. 7d), 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 production 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

region. This effect is not specific to FSG17. Comparison of Fig. 6c with Fig. 6d 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 (Fig. 9) and for SSG (Fig. 10). It is possible

to see that, for both FSG17 and SSG, Nu/NuFSP in the production region (x/H < 2.56 for

FSG17 and x/H < 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/H, with this effect being more

discernible for FSG17. For SSG, the heat transfer 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/H = 1.33,

where Tu is maximum, and decreases with x/H . 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/H.

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 resonable arguments can be made. As mentioned in Section 3.2,

the heat transfer recovery on the rear 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
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Fig. 9: Angular profiles of Nu/NuFSP for FSG17 at increasing values of x/H. 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◦).
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Fig. 10: Angular profiles of Nu/NuFSP for SSG at increasing values of x/H. 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◦).

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/H while Lu/D increases, differently from

Tu which instead does not vary monotonically with x/H. 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. Note that while the trend of Lu/D can not explain the

heat transfer results on the front of the cylinder in the production region, it is consistent with

the results observed on the rear of the cylinder. 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
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fully merged. One cannot exclude that 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.

Before continuing with the analysis of results, it is useful to briefly summarize the main differ-

ences 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 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 Fig. 3 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∞ (see Section 3.1).

Fig. 11a shows values of NuFSP /Re0.5 plotted against the turbulence parameter TuRe0.5,

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 by an effect of Lu/D which for FSG17 and SSG is higher than for RG60,

29



0 5 10 15 20 25 30 35
TuRe0.5

0.75

1

1.25

1.5

1.75

N
u
F
S
P
/R

e0
.5

RG60
FSG17
SSG
Lowery and Vachon (1975)

(a)

0 1 2 3 4 5 6
Tp

0.75

1

1.25

1.5

1.75

N
u
F
S
P
/R

e0
.5

NuFSP /Re0.5 = 1 + k Tp
±10% Uncertainty bounds
Sanitjai and Goldstein (2001)

(b)

0 1 2 3 4 5 6
Tp

0.75

1

1.25

1.5

1.75

N
u
F
S
P
/R

e0
.5

FSG17 - Production

FSG17 - Decay

SSG - Production

SSG - Decay

NuFSP /Re0.5 = 1 + k Tp

(c)

Fig. 11: 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 Fig. 6 and in Fig. 7.

as seen in Section 3.1 (Fig. 3c). 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 empirical correla-

tions 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 /

(
a1Re

0.5
)

and Pr is the Prandtl number of the fluid, Pr = 0.7 here. The correlating parameter Tuλ is a

function ofRe, 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 (a1Re)
0.5 /D. A result of the model of Dullenkopf

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 idea that turbulent scales that

are too small or too big are not effective in enhancing the heat transfer. Assuming the value

30



a1 = 4 (value for a potential flow), the model predicts (Lu/D)opt Re
0.5 ≈ 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 transfer data can be

correlated in the simpler form NuFSP /Re
0.5 ∝ 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 reduc-

tion 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 3.2). The data for RG60, FSG17, and SSG in their

turbulence decay regions are shown in Fig. 11b 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.

Fig. 11c 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 Figs. 7 and 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 Fig. 3c).

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 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 Fig. 11c.

It is interesting to note that Tp is similar to the parameter TRL = TuRe5/12 (Le/D)−1/3

developed by Ames and Moffat (1990), as already pointed out in Dullenkopf and Mayle (1995).

However it is important to stress that while the parameter Tp makes use of the integral length

scale Lu, the parameter TRL is based on Le, which is a dissipation length scale, Le ∝ u′3/ε.
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Some investigations have 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 have

used Le (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 Le ∝ Lu/Cε. However when Cε 6= constant, as

has been observed to be the case for FSG17 and SSG in their decay regions (see Section 3.1),

one may ask whether the most appropriate scale to model NuFSP is Lu or Le, 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 Re∞. The important point to make here is that the geometries of FGS17 and

SSG magnify the physical extent of the Cε 6= constant turbulence decay region (see Fig. 3d), 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 and

Reλ is based on the local u′ and Taylor length scale λ. 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 be taken into account.

3.3.3 Average heat transfer

The evolution of the circumferentially averaged Nusselt number Nu along the centreline is shown

in Fig. 12 (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/H = 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 Fig. 3b) and Lu/D being instead comparable (see Fig. 3c).

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 (Fig. 12, right side of the plot), one can see this is

indeed lower for FSG17 than for SSG, due to the higher local mean velocity. It is interesting
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Fig. 12: Centreline streamwise evolution of Nu (left) and of Nu/Re0.5 (right) for RG60, FSG17
and SSG at different Re∞. The vertical dashed lines indicate the position of xpeak for each grid
(black for RG60, red for FSG17 and blue for SSG). The error bars in (a), (c) and (d) indicate
the experimental errors evaluated via a single-sample uncertainty analysis with 95% confidence
intervals.

to note that for FSG17 the maximum average heat transfer seems to occur in the production

region (x/H = 1.92), which is where the local Re and the contribution of the backward part of

the cylinder to Nu are higher (see Fig. 7 and Fig. 9).

An important conclusion here is that for large distances from the grid, the average heat
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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

σg 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 σg and therefore with a lower static pressure drop across the grid (see Melina et al., 2016).

This differs from the results of Quintino (2012) where, for the geometries of the grids used in his

experiment (grids made of two vertical strips), the augmentation of Nu increased with σg.

The higher values of Nu for FSG17 and SSG compared to RG60 can be explained mainly

by the higher values of Tu in their turbulence decay regions. However, 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 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 transfer 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.

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 x from 3 turbulence-generating grids with different geometries and

blockage ratios σg: a regular grid (RG60), a fractal square grid (FSG17) and a single square grid

(SSG). The turbulent flow downstream of the grids was first characterised without the cylinder
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in place with hot-wire anemometry measurements along the centreline for Re∞ = 11 100 and

Re∞ = 37 900. In the turbulence decay region (x > xpeak) the values of Tu for FSG17 and SSG

are higher than those for RG60 (σg = 32%), despite σg being lower for FSG17 (σg = 25%), and

for SSG (σg = 20%). However, in the same region, FSG17 and SSG also produce greater values

of the integral length scale Lu than RG60 because of their larger value of L0. The maximum

turbulence intensity Tupeak on the centreline is higher for SSG than for FSG17. This is mostly

due to a more intense vortex shedding from the bars of SSG.

Thanks to a higher value of their wake interaction length scale x∗, SSG and more importantly

FSG17 enlarge the physical extent of the turbulence production region (x < xpeak) with respect

to RG60. 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 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
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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 σg 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 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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