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Abstract

This thesis describes three experimental investigations of velocity fluctuations and turbu-

lent diffusion and mixing downstream of uniform grids. The first experiment examined

the enhancement of turbulent diffusion of a passive scalar with the use of porous obstruc-

tions placed downstream of the grid. It was shown that the adopted strategy, which was

based on theoretical and empirical arguments, was successful in increasing significantly

the spread of a slightly heated plume produced by a line source. The second experiment

examined the flow fields behind grids at very small turbulence Reynolds numbers, includ-

ing values that were lower than any of those in the literature. When Reynolds number was

sufficiently large, the grids generated conventional grid turbulence and, when Reynolds

number dropped below a certain threshold, which depended on the grid, the flow was es-

sentially steady. For intermediate Reynolds number values, the flow structure depended on

the grid geometry and Reynolds number. The Reynolds stress and dissipation anisotropies

increased drastically as Reynolds number was decreased within the intermediate range.

The Kolmogorov-scaled power spectra differed strongly in this range, but nearly collapsed

in their large wavenumber ranges, when normalised by an effective dissipation rate that was

fitted to a universal normalised spectrum. The third study examined the effect of mean flow

pulsation on grid turbulence and turbulent diffusion. It showed that flow pulsation aug-

mented the turbulent kinetic energy and passive scalar diffusion. The results are discussed

in the context of maximising turbulence and turbulent mixing in diverse engineering appli-

cations.
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0.5 and Ūc = 2.24 m/s). . . . . . . . . . . . . . . . . . . . . . . . . 30

3.10 Sketches of the hot-wire and cold wire probe (top) and its tip (bottom). 31

3.11 Example of cross-wire velocity calibration for the look-up method.

2 are the measured voltages, red-solid lines represent constant-angle

lines, and black-dashed lines represent constant-velocity lines. . . . 32

3.12 Photograph of the RTD used in this study. . . . . . . . . . . . . . . 35

viii



3.13 Example of thermistor temperature calibration. The black squares

represent the measured RTD temperature and the red line represents

the linear fit to the calibration data. . . . . . . . . . . . . . . . . . . 36

3.14 Example of cold-wire temperature calibration. The black squares

represent the measured thermistor temperature and the red line rep-

resents the linear fit to the calibration data. . . . . . . . . . . . . . . 36

3.15 Cold-wire voltage output in a flow with a fixed temperature and

different velocities. . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.16 Example of a quasi-periodic flow cycle with the instantaneous (blue

solid line), phase-averaged (red solid line), and time-averaged (red

dashed line) velocities and instantaneous, coherent and non-coherent

fluctuations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.17 Convergence analysis of the phase-averaged centreline velocity (top-

left), standard deviation of the streamwise velocity fluctuations (top-

right), Taylor microscale (bottom-left) and Kolmogorov microscale

(bottom-right) at different times in the pulsatile cycle. . . . . . . . . 43

3.18 An example of a cycle-to-cycle variation, comparing the phase-

averaged velocity (black line) and the velocity during an individual

cycle (red line) during flow deceleration in previous work. Adapted

from Duong (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.19 Comparison of the phase-averaged velocity (black line) and the ve-

locity during a typical cycle (blue line) for the M51 grid at a) x1/M =

10 and b) x1/M = 40 . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.1 Transverse profiles of the normalised time-averaged velocity behind

the M51 grid in stationary flow (×) and in pulsatile flow (◦); dashed

lines mark the estimated edge of the grid turbulence core. . . . . . . 85

6.2 Normalised boundary layer thickness δe/h) behind the M51 grid in

stationary flow (×) and in pulsatile flow (◦), together with an empir-

ical estimate δ/h (dashed line). . . . . . . . . . . . . . . . . . . . . 87

ix



6.3 Transverse profiles of the normalised time-averaged streamwise ve-

locity fluctuations behind the M51 grid in stationary flow (×) and in

pulsatile flow (◦); dashed lines mark the estimated edge of the grid

turbulence core. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.4 Transverse profiles of the time-averaged anisotropy indicator behind

the M51 grid in stationary flow (×) and in pulsatile flow (◦); dashed

lines mark the estimated edge of the grid turbulence core. . . . . . . 89

6.5 Transverse profiles of the time-averaged shear stress correlation co-

efficient behind the M51 grid in stationary flow (×) and in pulsatile

flow (◦); dashed lines mark the estimated edge of the grid turbulence

core. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.6 Transverse profiles of the time-averaged turbulent kinetic energy be-

hind the M51 grid in stationary flow (×) and in pulsatile flow (◦);

dashed lines mark the estimated edge of the grid turbulence core. . . 91

6.7 Streamwise evolution of the normalised centreline time-averaged

variance of the streamwise velocity fluctuations in the unheated (�,

�) and heated (N, 4) flow behind the M51 grid; a) stationary flow

and b) pulsatile flow. . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.8 Streamwise evolution of the normalised centreline time-averaged

variance of the streamwise velocity fluctuations behind a) M51 grid

b) M19 grid in stationary flow (×) and pulsatile flow (#). . . . . . . 94

6.9 Streamwise evolution of the normalised centreline time-averaged

turbulent kinetic energy behind a) M51 grid b) M19 grid in station-

ary flow (×) and pulsatile flow (#). . . . . . . . . . . . . . . . . . . 94

6.10 Streamwise evolution of the centreline anisotropy behind a) M51

grid b) M19 grid in stationary flow (×) and pulsatile flow (#). . . . . 95

6.11 Streamwise evolution of the normalised centreline time-averaged

integral length scale behind a) M51 grid b) M19 grid in stationary

flow (×) and pulsatile flow (#). . . . . . . . . . . . . . . . . . . . . 95

x



6.12 Streamwise evolution of the normalised centreline time-averaged

Taylor microscale behind a) M51 grid b) M19 grid in stationary

flow (×) and pulsatile flow (#). . . . . . . . . . . . . . . . . . . . . 96

6.13 Streamwise evolution of the normalised centreline turbulence Reynolds

number behind a) the M51 grid and b) the M19 grid in stationary

flow (×) and pulsatile flow (#). . . . . . . . . . . . . . . . . . . . . 96

6.14 Streamwise evolution of the normalised centreline time-averaged

turbulent kinetic energy dissipation rate behind a) M51 grid b) M19

grid in stationary flow (×) and pulsatile flow (#). . . . . . . . . . . 97

6.15 Streamwise evolution of the centreline time-averaged dissipation

parameter behind a) M51 grid b) M19 grid in stationary flow (×)

and pulsatile flow (#). . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.16 Dependence of the dissipation parameter on the turbulence Reynolds

number for the M51 grid in stationary flow (×) and pulsatile flow (#). 98

6.17 a) Centreline evolution of ratios of time-averaged turbulence proper-

ties behind the M51 grid (#) and the M19 grid (×) in pulsatile (ps) to

stationary (st) flows: a) streamwise velocity variance; b) anisotropy

indicator; c) turbulent kinetic energy; d) integral length scale; e)

Taylor microscale; f) turbulence Reynolds number; g) turbulent ki-

netic energy dissipation rate; and h) dissipation parameter. . . . . . . 99

6.18 Phase-averaged turbulence properties behind the M51 grid in pul-

satile flow at x1/M = 40: a) turbulent kinetic energy; b) integral

length scale; c) Taylor microscale; e) turbulence Reynolds num-

ber; f) turbulent energy dissipation rate; g) dissipation parameter;

horizontal dashed lines show the stationary flow values at the same

location; d,h) phase-averaged velocity and sine wave with the same

amplitude and phase (dashed line). . . . . . . . . . . . . . . . . . . 101

xi



6.19 Phased averaged velocity of the a) M51 grid and b) M19 grid at dif-

ferent streamwise measurement stations. x1/M = 10 (Black-dashed

line), 20 (red-dotted line), 40 (blue-dashed line), and 80 (black-solid

line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.20 Transverse profiles of the normalised time-averaged temperature

rise behind the M51 grid in stationary flow (×) and in pulsatile flow

(◦); Gaussian functions fitted to the data are shown by black dash-

dotted lines for stationary flow and red dotted lines for pulsatile

flow; horizontal dashed lines mark the estimated edge of the grid

turbulence core; the reference temperature rise was ∆Tre f = 2.1 K. . 105

6.21 a) Transverse profiles of the temperature rise normalised by its lo-

cal centreline value in stationary flow (red symbols) and in pulsatile

flow (black symbols); x1/M = 7.5 (◦), 10 (�), 20 (4), 30 (∗), 40

(×), 50 (.), 60 (A), 70 (·) and 80 (5); the solid line is a Gaussian

function; b) centreline evolution of the ratio of the normalised cen-

treline temperature rises in pulsatile and stationary flows; the refer-

ence temperature rise was ∆Tre f = 2.1 K. . . . . . . . . . . . . . . . 106

6.22 a) Plume half width at different streamwise locations in stationary

flow (×) and in pulsatile flow (◦); the vertical dashed line marks

the furthest downstream location at which the plume spread is es-

sentially unaffected by the boundary layer, and b) centreline evolu-

tion of the ratio of the plume half widths in pulsatile and stationary

flows; in both plots, vertical dashed lines mark the furthest down-

stream location at which the plume spread is essentially unaffected

by the boundary layer, and in (b), dotted lines show average levels

of the half width ratio in the core and in the boundary layer. . . . . . 106

B.1 Specifications of the circular-to-rectangular transition piece. . . . . . 129

B.2 Specifications of the channel with perforated plates for flow condi-

tioning. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

xii



B.3 Specifications of the Loren Cook VAB18 axial fan. . . . . . . . . . 131

xiii



List of Tables

3.1 Specifications of various grids that are available for this study. . . . . 25

3.2 Typical levels of uncertainties of time-averaged measured properties. 47

3.3 Typical levels of uncertainties of phase-averaged measured properties. 48

6.1 Summary of experimental conditions . . . . . . . . . . . . . . . . . 81

A.1 Summary of correction methods for measured and calculated station-

ary grid turbulence properties. . . . . . . . . . . . . . . . . . . . . . 122

A.2 Summary of noise contamination and measured values for different

variables for different flow conditions in stationary grid turbulence at

x1/M = 30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

A.3 Summary of measured and corrected values for different turbulence

variables for different flow conditions in stationary grid turbulence at

x1/M = 30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

A.4 Summary of correction methods for measured and calculated pul-

satile grid turbulence properties. . . . . . . . . . . . . . . . . . . . . 125

A.5 Summary of noise contamination and measured values for different

variables for different flow conditions in pulsatile grid turbulence at

x1/M = 20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

A.6 Summary of measured and corrected values for different turbulence

variables for different flow conditions in pulsatile turbulence. . . . . . 127

xiv



Nomenclature

A actuator extension

a pulsation or oscillation amplitude, constant

B relative extension of linear actuator

b constant

bx bias uncertainty of parameter X

C concentration, Kolmogorov universal constant

Cε dissipation parameter

D diameter of pipe, Taylorian diffusivity

d grid bar height

E11 streamwise velocity spectra

Eo output voltage

Ec,o corrected output voltage

ECW cold-wire output voltage

Etherm thermistor output voltage

F flatness factor

f pulsation or oscillation frequency

f f an fan frequency

fη Kolmogorov universal function

G enstrophy

g gravitational constant

h height of tunnel or channel

J rate of molecular diffusivity

K turbulent kinetic energy

k turbulent kinetic energy

xv



L representative length scale

L1 integral length scale

L2 transverse length scale

L11,1 integral length scale

L22,2 transverse length scale

M grid mesh size

m fitting coefficient

N total number of cycles, total number of measurement points

n fitting coefficient, decay exponent

P pressure, turbulence production

p pressure

p time-averaged pressure

p̃ oscillating pressure

px precision uncertainty of parameter X

R autocorrelation coefficient, radius of pipe, sensor resistance

Rw heated sensor resistance

Re Reynolds number

Red grid Reynolds number

Reds steady grid Reynolds number

Redt turbulent grid Reynolds number

ReG oscillating grid Reynolds number

ReI global Reynolds number

ReL local Reynolds number

ReM mesh Reynolds number

ReMs steady mesh Reynolds number

xvi



ReMt turbulent mesh Reynolds number

Reλ turbulence Reynolds number

S streamwise velocity derivative skewness

S g oscillating grid stroke

St Strouhal number

T temperature, integral time scale, time

T1 streamwise integral time scale

Tc centerline temperature

Tc,o reference temperature

Tcal calibration temperature

Te eddy turnover time

T f instantaneous local flow temperature

Tr calibration flow temperature

Tw sensor temperature

T Lagrangian integral time scale

∆T temperature rise

∆Tre f reference temperature rise

t time

U velocity, streamwise velocity

U1 streamwise velocity

U2 transverse velocity

Uc centerline velocity

Ue external velocity

u velocity fluctuation

u1 streamwise velocity fluctuation

xvii



u1b streamwise background velocity fluctuation

u1bm streamwise background and noise velocity fluctuation

u1m streamwise measured velocity fluctuation

u1n streamwise velocity noise fluctuation

u2 transverse velocity fluctuation

u′1 streamwise velocity fluctuation

u′2 transverse velocity fluctuation

u∗1 streamwise turbulence velocity fluctuation
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Chapter 1

Introduction

1.1 Turbulent flows

Turbulence is a state of fluid motion that, in contrast to laminar motion, has the following

characteristics:

• its velocity and vorticity fields, as well as any transported properties, are spatially

and temporally random

• it is highly diffusive, causing rapid mixing

• it is rotational and three-dimensional, characterised by high levels of vorticity fluctu-

ations

• it is dissipative, converting kinetic energy of the fluid into heat.

Turbulence is a feature of fluid flow that normally occurs when a dynamic parameter,

the Reynolds number, exceeds a certain threshold White et al. (2011). The analysis of

turbulent flows customarily employs statistical methods. A common approach is Reynolds

decomposition (Adrian et al., 2000; White et al., 2011), which decomposes all properties

into averages and fluctuations. Turbulent flows are abundant in nature and in technological

systems, but these are usually complex and specific to particular geometrical shapes and

physical conditions. As such, a universal description of all turbulent flows would be an ar-

duous, if not unachievable, task. However, practical turbulent flows have common features

with relatively simple ones, which are usually generated in the laboratory and are referred

to as “canonical flows”. A documentation and an understanding of canonical turbulence

characteristics are essential for our predictive ability of turbulence. Among the common

canonical flows that have been studied in laboratories are the following ones:

• grid-generated, nearly isotropic turbulence

1
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• nearly homogeneous, uniformly sheared turbulence

• wakes

• jets

• mixing layers

• thermal plumes

• boundary layers

• pipe and channel flows.

The vast majority of previous studies of canonical turbulence have been performed un-

der stationary conditions, namely, such that the statistical properties of the flow do not

change with time. Nevertheless, non-stationary turbulent flows are abundant in the envi-

ronment and in technological systems. Although time averaging permits a straightforward

statistical description of stationary turbulence, non-stationary turbulence characteristics de-

pend statistically on the temporal pattern of each individual flow. The most general non-

stationary process is one that has no discernible temporal pattern and so one would not be

able to identify trends or recurring events, which can be treated statistically. On the other

hand, there are also many non-stationary flows, which may be classified, at least approxi-

mately, in one of the following two general categories.

• Flows with a monotonic overall trend, which may be upwards (accelerating flows) or

downwards (decelerating flows). Example of such flows are the boundary layers on

wings of airplanes during take-off and landing.

• Quasi-periodic flows, in which a distinct overall flow pattern recurs at fixed time in-

tervals. Examples of quasi-periodic flows are the velocity fields in engines of internal

combustion. Quasi-periodic flows include oscillatory flows, in which the long-time-

averaged velocity vanishes, and pulsatile flows, in which the long-time-averaged ve-

locity is non-zero. An example of the former type is air flow in the human respiratory

system, whereas an example of the latter type is blood flow in the large arteries. The

statistical description of quasi-periodic flows is usually achieved by phase averaging
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of the flow velocity and other random processes, so that fluctuations can be distin-

guished between coherent ones, which recur periodically, and non-coherent ones,

which change from one cycle to the next.

As already mentioned, an important property of turbulence is that it enhances drasti-

cally the mixing of transported scalars, which include the concentration of admixtures and

heat, thus playing a pivotal role on the rate of chemical reactions and, in some cases, the

products of reactions. In many applications, such as in combustion chambers, strong tur-

bulence is introduced deliberately to enhance the mixing of fuel with the oxidant. Passive

turbulence generation mechanisms (namely, those that do not require an external power

source for their operation) are less complex and generally more robust than active ones.

Considerable efforts have been made to design optimal turbulence generators for specific

applications, but the general understanding of mixing enhancement mechanisms can bene-

fit from additional investigations of fundamental nature. In particular, studies of combined

passive and active turbulence generator designs may reveal advantages that have not been

exploited in the past. Grids and other obstructions have been used extensively as turbulence

generators and any improvement of their operation by modification of their design or by

addition of accessories may find direct application in industrial and transportation systems.

It seems intuitive that introduction of pulsatility would, under certain conditions, enhance

mixing in grid turbulence, but for this mechanism to be effective, its properties need to be

optimised, which requires a detailed documentation of its effects under different conditions.

The present work is meant to address such needs.

Grid-generated turbulence has historically been studied at relatively large Reynolds

numbers, but there are some applications in which grid Reynolds numbers can be very

small, such as flows behind fine meshes used for flow management in wind tunnels. Sim-

ilar to the laminar-to-turbulent transition of pipe flows (Reynolds, 1883), grid-generated

turbulence flows in these small Reynolds number regimes could display unique character-

istics that are different from conventional grid-generated turbulence.

1.2 Objectives of the present research

The objective of this research is to investigate experimentally fundamental physical phe-

nomena in grid-generated turbulence. Towards this objective, the following three studies
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were performed:

• An examination of the enhancement of passive scalar mixing by porous obstructions

in stationary grid turbulence.

• The examination of velocity fields behind uniform grids at very small Reynolds num-

bers.

• The examination of pulsatile grid turbulence and its comparison to corresponding

stationary grid turbulence.

1.3 Plan of the thesis

This thesis is composed of seven chapters. The present first chapter introduces the topic

of turbulence as well as laying out the general objectives of the research and a plan for

the thesis. The second chapter is a literature survey of the general field of grid turbulence

and the three specific topics of investigation. The third chapter describes the experimen-

tal facilities and the experimental methods that were used for the present research. The

fourth chapter describes the experimental investigation of the enhancement of scalar mix-

ing by porous obstructions in stationary grid turbulence. The fifth chapter discusses the

experimental study of very small Reynolds numbers flows behind a grid. The sixth chapter

presents the experimental study of pulsatile grid turbulence. The last chapter presents the

main conclusions of the thesis and recommendations for future work.



Chapter 2

Literature Survey

2.1 Grid-generated turbulence

Grid-generated turbulence has long served as a popular paradigm of turbulent flows and an

essential benchmark for the validation of theories and models. The term “grid” has been

used to describe a variety of devices with periodically arranged flow obstructions, including

two-dimensional or square arrays of circular or square cylinders, perforated plates and

woven screens (Figure 2.1). The main geometrical characteristics of grids are the spacing

M between elements, which for square grids is called the mesh size, the wire diameter d,

and the solidity σ, which is the ratio of the projected solid area of the grid and the total area

(Figure 2.1). When the streamwise mean speed U1 is sufficiently large, a grid generates

turbulence in the production region, which extends up to a relatively short dimensionless

streamwise distance x1/M from the grid, or, equivalently, a relatively short dimensionless

convection time tU1/M (t = x1/U1). In this region, turbulence is produced by the strong

shear that is present in the interacting wakes of the solid elements and the jets issuing from

the open spaces between elements. The kinetic energy per unit mass k of turbulence reaches

a maximum, typically at x1/M ≈ 4 (Vassilicos, 2015; Hurst & Vassilicos, 2007; Nedić &

Tavoularis, 2016b), beyond which it decays monotonically, until it is dissipated entirely to

heat.

The decay of grid-generated turbulence is commonly described by an empirically fitted

power function of the type

k = a
( x1 − x10

M

)−n
, (2.1)

where a is a constant that depends on the grid geometry, n is the decay exponent and x10

is an effective origin. The values of a, n and x10 depend on the grid design and are also

specific to each of several successive ranges of x1/M. Several studies (Jayesh & Warhaft,

1992; Hurst & Vassilicos, 2007; Krogstad & Davidson, 2012; Isaza et al., 2014; Nedić &

Tavoularis, 2016b; Seoud & Vassilicos, 2007; Krogstad & Davidson, 2011; Ertunç et al.,

5
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Figure 2.1: Grid types. a) Two-dimensional array. b) Perforated plate. c) Woven screen.

2010; Valente & Vassilicos, 2011, 2014; Zheng et al., 2021) have distinguished the follow-

ing ranges of decay:

• a “near-field range”, typically for 4 . x1/M . 20, where 1.5 . n . 1.8;

• the “initial period of decay”, typically for 20 . x1/M . 150, where 1.2 . n . 1.3;

• an intermediate range, typically for 150 . x1/M . 500, where n is somewhat larger

than in the previous range;

• and the “final period of decay”, for 500 . x1/M, where n ≈ 2.5.

The strength of the turbulent flow is commonly measured by the value of the turbu-

lence Reynolds number Reλ = u′1λ/ν, where u′1 is the standard deviation of the streamwise

velocity fluctuations, λ is the Taylor microscale and ν is the kinematic viscosity of the

fluid. Much interest in the field has focused on studies of grid turbulence having Reλ values

that were as large as possible. Turbulence produced by passive grids has, in most cases,

Reλ < 100 (Batchelor, 1953; Comte-Bellot & Corrsin, 1966), whereas active grids have

raised the upper limit of this parameter to nearly 1000 (Mydlarski, 2017). It has also been

understood that, when Reλ is smaller than a value of the order of 10, the distinct charac-

teristics that qualify a flow as turbulent tend to become bland and, presumably, for even

smaller Reλ, turbulence would likely become undetectable (Djenidi et al., 2014).

An essential feature of turbulence is the mechanism of energy cascade, which entails an

isotropy and universality of the fine structure (first Kolmogorov hypothesis) Kolmogorov
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(1941b), and that the power spectrum includes an inertial subrange, in which it is propor-

tional to a power of the wavenumber with an exponent −5/3 (second Kolmogorov hypoth-

esis) Kolmogorov (1941c). The approximate universality of power spectra in the high-

wavenumber range (namely, in the inertial and dissipative subranges) has been demon-

strated by many authors (Saddoughi & Veeravalli, 1994; Uberoi & Freymuth, 1969; Comte-

Bellot & Corrsin, 1971; Kistler & Vrebalovich, 1966; Hearst & Lavoie, 2015; Azzam &

Lavoie, 2023; Cekli et al., 2010). This has been evidenced by the approximate collapse of

corresponding spectral measurements when normalised by Kolmogorov scales in the form

(Pope, 2000)

E11(κ1)/(εν5)1/4 = C(κ1η)−5/3 fη(κ1η) , (2.2)

where C is a universal constant and fη(κ1η) is a universal function. It is common to estimate

ε from measurements of λ, under the assumption of isotropy, but Djenidi & Antonia (2012);

however, have proposed that the dissipation rate for a given turbulent flow should have a

value ε∗ that fits, in the large wavenumber range, the universal equation

E11(κ1)/(ε∗ν5)1/4 = C∗(κ1η
∗)−5/3 f ∗η∗(κ1η

∗) , (2.3)

where η∗ = (ν3/ε∗)1/4 and C∗, f ∗η∗(κ1η
∗) were specified empirically.

2.2 Turbulent diffusion

The study of turbulent diffusion is based on Taylor’s seminal work, which was formulated

for stationary, one-dimensional, isotropic turbulence (Taylor, 1938), and its extension to

three-dimensional, homogeneous turbulence (Batchelor, 1949). Analytical and experimen-

tal studies of diffusion from a point source and a line source in various turbulent flows

include those in channels (Webster et al., 2003; Rahman & Webster, 2005; Lepore &

Mydlarski, 2011; Germaine et al., 2014), uniformly sheared flow (Tavoularis & Corrsin,

1981b,a; Sakai et al., 1986; Karnik & Tavoularis, 1989), and grid-generated turbulence

(Taylor, 1938; Warhaft, 1984; Anand & Pope, 1985; Stapountzis et al., 1986). Nedić &

Tavoularis (2016a) and Tavoularis & Nedić (2017) extended Taylor’s diffusion theory to

grid turbulence and uniformly sheared flow and confirmed the well known observation that

the growth rate of a passive scalar plume is higher in the near-field than in the far-field,

where it matches the growth rate of the integral length scale. Several studies Taylor (1938);
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Nedić & Tavoularis (2016b); Tavoularis & Nedić (2017) have also shown that the mean

scalar profile across the plume has an essentially Gaussian shape, which is robust to the

flow conditions. Many of these studies also examined properties of the scalar field, such

as the mean and fluctuating temperature profiles, and estimates of the Lagrangian velocity

autocorrelation function from dispersion measurement (Uberoi & Corrsin, 1952; Nedić &

Tavoularis, 2016b). Most notably for this study, Tavoularis & Nedić (2017) introduced the

term Taylorian diffusion to describe passive scalar plume growth in nearly homogeneous

turbulence, where the plume width is large compared to the local integral length scale. Ad-

ditionally, Tavoularis & Nedić (2017) found that, under such conditions, the far-field plume

width would be related to the dissipation parameter as

σ ∝ C−1/2
ε L. (2.4)

In grid turbulence (Tavoularis & Nedić, 2017), there is a flow region near the grid, where Cε

grows monotonically and a further downstream region, where Cε ≈ const. Eq. 2.4 implies

that, if the far-field condition (σ � L) is satisfied at the start of the Cε ≈ const. region, it

will continue being satisfied further downstream, so that the plume will grow at the same

rate as the turbulence scale does. The analysis also indicates that, if the far-field condition

is not satisfied at the start of the Cε ≈ const. region, it will never be satisfied and the plume

will keep growing at a slower rate than L does.

2.3 Low Reynolds number turbulence

The strength of turbulence is commonly quantified by the value of the turbulence Reynolds

number Reλ = u′1λ/ν. The two hypotheses of Kolmogorov, which were mentioned previ-

ously, are widely used theoretical postulates, which are meant to apply to flows with suf-

ficiently large Reλ. The first Kolmogorov hypothesis (Kolmogorov, 1941b) postulates that

sufficiently strong turbulence has a universal fine structure, which is statistically isotropic

(local isotropy), whereas the second Kolmogorov hypothesis (Kolmogorov, 1941c) implies

that the power spectrum of the turbulence has an inertial subrange, within which it is pro-

portional to the wavenumber raised to a −5/3 power. Many studies have examined the

universality of the fine structure in different types of flows where the Reynolds number was

large, but few investigations scrutinised the validity of this condition as Reλ diminishes
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towards zero. In an early numerical study, Mansour & Wray (1994) examined the power

spectrum of nearly isotropic turbulence in the range 15.7 ≤ Reλ ≤ 71.4 and observed

that, for Reλ ≤ 20, the Kolmorogov-normalised spectrum deviated significantly from those

at higher Reλ. This was further investigated by Djenidi et al. (2014), who performed di-

rect numerical simulations (DNS) in low Reynolds number grid turbulence and also found

that, as Reλ dropped below 20, the Kolmogorov-normalised spectra deviated from those at

higher Reλ, but local isotropy was approximately satisfied for Reλ as low as 3.5. Zheng

et al. (2021) also observed experimentally that, for their studied range of 5 ≤ Reλ ≤ 14, the

Kolmogorov-normalised spectra deviated from the higher Reλ and that no inertial subrange

was present (Figure 2.2).

Figure 2.2: Normalized one-dimensional power spectra. Modified from Zheng et al.
(2021).

A universal characteristic of turbulent flows is the negative value of the skewness S of

the streamwise velocity derivative. This parameter is proportional to the average rate of

production of enstrophy G (namely, vorticity fluctuations) by turbulent vortex stretching

(Taylor, 1938). A non-zero skewness of a random variable is evidence of its non-normality,

which, for the case of the streamwise velocity derivative, has been associated with the

consistent presence of ramp-like patterns in the velocity signals. The dependence of S

on Reλ has been examined analytically and experimentally in many studies (Van Atta &

Antonia, 1980; Kerr, 1985), including specific ones on grid turbulence (Tavoularis et al.,

1978; Bennett & Corrsin, 1978; Zheng et al., 2021). Tavoularis et al. (1978) showed that
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S exhibits a plateau near -0.5 at moderate Reλ (Reλ & 10), but as Reλ decreases below

about 10, S decreases in magnitude towards 0. Similar findings were reported by other

authors for a variety of turbulent flows (Bennett & Corrsin, 1978; Kerr, 1985; Van Atta &

Antonia, 1980; Antonia & Chambers, 1980). Recent experimental work by Zheng et al.

(2021) showed agreement with previous observations, with one exception. A review of

available literature found no studies of the streamwise velocity derivative in non-stationary

flows. The dependence of G upon Reλ in grid turbulence has been investigated in the range

5 ≤ Reλ ≤ 1000 (Zheng et al., 2021; Lee et al., 2013; Kang et al., 2003; Zhou et al., 2000,

2002; Djenidi & Antonia, 2014; Batchelor & Townsend, 1947; Huang & Leonard, 1994;

Larssen & Devenport, 2011). In decaying turbulence that follows a power law, G may be

related to S as (George, 1992)

G
Reλ
≡

15
7Reλ

(
n − 1

n

)
+

S
2
. (2.5)

This expression shows that, as Reλ → 0, (G/Reλ)/(−S ) → ∞, which implies that, as

turbulent activity weakens, vorticity dissipation tends to dominate its production (Huang &

Leonard, 1994; Zhou et al., 2000, 2002; Batchelor & Townsend, 1947; Lee et al., 2013).

The same expression implies that, as Reλ increases, production and dissipation tend to

equalise (Zheng et al., 2021; Zhou et al., 2000; Lee et al., 2013).

The flatness factor F of the streamwise velocity derivative is a primary measure of the

non-normality of the fine structure of turbulence. It is an indicator of the “spotty” nature

of the fine structure, referred to as the internal intermittency of turbulence. This flatness

factor was examined by various authors (Zheng et al., 2021; Van Atta & Antonia, 1980;

Kerr, 1985; Antonia & Chambers, 1980). For Gaussian random variables, F = 3, but, as

Reλ increases, internal intermittency becomes intensified and F increases indefinitely. At

low Reλ, F → 3.

2.4 Statistically periodic turbulent flows

Flows that are pulsatile or oscillatory on the mean are characterised by two main param-

eters: the amplitude a and the frequency ω or f of the oscillations; one is reminded that

ω = 2π f , where ω is measured in s−1, whereas f is measured in Hz. Accelerating and

decelerating (namely, ramp-like) flows are characterised by the mean acceleration. In all
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cases, an important parameter is the instantaneous Reynolds number, which has a main

effect on the state of the flow, namely, whether it is laminar, turbulent or transitional. Sev-

eral different methods to normalise the frequency and/or amplitude of flow oscillations in

periodic flows have been proposed in the literature.

In a numerical study of isotropic turbulent flow undergoing periodic forcing, Yang et al.

(2019) defined the relative forcing amplitude as αp = p̃/p, where p̃ is the zero-mean, pe-

riodic (dependent on ω) kinetic energy injection rate and p is the time-averaged kinetic

energy injection rate. These authors also used a normalized frequency, ωTe, where Te is

the eddy turnover time. Similarly, in an experimental study of active grid turbulence un-

dergoing periodic modulation, Cekli et al. (2010) used the normalized frequency f Te. In

oscillatory and pulsating grid turbulence, the stroke S g of the oscillating grid is an im-

portant variable, as a measure of the amplitude of the flow oscillation or pulsation. Al-

though no normalised frequency or stroke parameter is presented in the literature, the main

parameter that characterises the flow is the oscillating grid Reynolds number, defined as

ReG = MS g f /ν, where M is the grid mesh size (McCorquodale & Munro, 2017).

In the pulsatile pipe flow experiment by Gerrard (1971), two normalized parameters

were used. The first one is the non-dimensional frequency Ω = R
√

(ω/ν), where R is the

radius of the pipe and ν is the kinematic viscosity of the fluid; Ω represents the ratio of

the tube radius and the distance towards the core at which the vorticity produced at the

wall will diffuse during one period. The second one is the non-dimensional amplitude of

the oscillations, defined as λ = ωa/U, where U is the cross-sectional and time-averaged

velocity. In another pulsatile pipe flow experiment by Mao & Hanratty (1986), the dimen-

sionless frequency ω+ was defined as ω+ = ων/u2
τ, where uτ is the friction velocity based

on the time-averaged wall shear stress. In a periodic pipe flow experiment, Ramaprian &

Tu (1983) used the Strouhal number St = ωD/uτ, where D is the diameter of the tube; St

is a dimensionless number that is a measure of the ratio of the inertial forces due to the

oscillations and the inertial forces due to the convective acceleration. In an experiment

in which a turbulent boundary layer was subject to a pulsatile free stream, Cousteix et al.

(1981) defined a Strouhal number as St = ωX/Ue, where X is the streamwise distance and

Ue is the time-averaged free stream velocity. In an oscillatory turbulent pipe flow experi-

ment that focused on the boundary layer at the wall, Ronneberger & Ahrens (1977) defined
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a Strouhal number as St = ων/u2
τ.

2.5 Non-stationary grid-generated turbulence

Previous authors have used different experimental methods to produce non-stationary grid

turbulence. Some studies employed the use of active grids with periodically varying so-

lidity; others used oscillated passive grids in a liquid that was initially at rest; and other

studies modulated the mean flow upstream of a fixed passive grid. Moreover, there are also

computational studies, in which isotropic turbulence was subject to periodic or pulsatile

modulation.

Azzam & Lavoie (2019, 2023) used active grids to produce pulsatile flows. Their study

focused on documenting the general characteristics of the turbulence, such as the mean

and the fluctuation level, as well as documenting the spectra, under varying modes of flow

modulation, to apply these unsteady flows to models such as UAVs and wind turbines. In

another study, Cekli et al. (2010) modulated periodically a turbulent wind tunnel flow using

an active grid. They found a resonant enhancement of the turbulent kinetic energy dissi-

pation rate at a modulation frequency equal to the large-eddy turnover rate. Specifically,

at f Te ≈ 1.5, the dissipation rate was approximately 1.5 times than the dissipation rate at

f Te = 1, regardless of the turbulence intensity. The frequency response was found to de-

crease rapidly as f Te increased. Furthermore, it was also found that the modulation of the

turbulence is affected at low frequencies and large scales, while the small scale structures

respond through the turbulent kinetic energy dissipation rate.

Turbulence has been generated by oscillating grids for different purposes. Such studies

include the interaction between turbulence and solid impermeable boundaries (McCorquo-

dale & Munro, 2017, 2018b), gas-liquid mass transfer at a free surface (Brumley & Jirka,

1987; Chiapponi et al., 2012; Herlina, 2005; Jirka et al., 2010; McKenna & McGillis, 2004;

Longo et al., 2013), turbulence in stratified fluids (Thompson & Turner, 1975; Hopfinger

& Toly, 1976; Verso et al., 2017; Xuequan & Hopfinger, 1986; Long, 1978; Dickinson

& Long, 1978, 1983; Fernando & Long, 1983, 1985; Fernando & De Silva, 1993), and

the behaviour of bubbles, aggregates or particulate suspended in a turbulent liquid phase

(Morikawa et al., 2008; Nagami & Saito, 2013; Rastello et al., 2020; San et al., 2017; Yao
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et al., 2021). Some early works studied the propagation of the turbulent front, separat-

ing the turbulent and non-turbulent fluid in an initially homogeneous fluid (Long, 1978;

Dickinson & Long, 1978, 1983) and in two fluids (Fernando & Long, 1983, 1985). Later,

some studies examined the turbulence structure itself, in various fluid media such as water

(Cheng & Law, 2001; McCorquodale & Munro, 2017, 2018a), purely elastic fluids (Liber-

zon et al., 2009; Wang et al., 2015, 2016), and shear-thinning fluids (Lacassagne et al.,

2019, 2020). Cheng & Law (2001) examined the turbulence behind an oscillating grid in

water. They measured the spatial evolution of the Reynolds stresses and longitudinal and

transverse correlations.

Recently, Raushan et al. (2019, 2021) used a wave-maker to generate oscillatory surface

waves in a water tunnel with an oscillating passive grid. Turbulence parameters such as the

phase-averaged velocity, length scales, the turbulence Reynolds number, the dissipation

parameter, and the anisotropy factors were documented, but the authors examined them

spatially, rather than temporally.

In a recent numerical study by Yang et al. (2019), time-periodic forcing was applied

to an isotropic turbulent flow in an attempt to examine the effects of modulation on the

turbulent kinetic energy and the scalar mixing and verify their previous analytical predic-

tions (Bos & Rubinstein, 2017). Two different forcing schemes were applied, the first was

modulation of the turbulent kinetic energy injection rate and the second was modulation

of the scalar variance injection rate. It was found that, when the amplitude of the modu-

lation was large and the modulation frequency was small, the transfer rate of the kinetic

energy through the energy cascade was improved, while the mixing rate was diminished.

In another numerical work, Bos et al. (2007) examined the small-scale response to pe-

riodically forced isotropic turbulence, with particular interest on the dependence of the

turbulent kinetic energy and the dissipation rate upon the Reynolds number, and found that

the dissipation at low Reynolds numbers was proportional to ω−1, while, at high and mod-

erate Reynolds numbers, the dissipation was proportional to ω−3. In a theoretical analysis

of periodically “kicked”, isotropic turbulence, Lohse (2000) found that, for a fixed am-

plitude, the Reynolds number varied with the frequency at smaller frequencies, but had

an initial rise and then approached a saturation value at larger frequencies. Lohse (2000)

also documented the saturation values of the Reynolds number for various frequencies and
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amplitudes. Lohse (2000) also proposed an experiment to confirm the theoretical results

by using two counter-rotating disks; this proposed experiment was later realised by Cadot

et al. (2003). Several theoretical and numerical studies (von der Heydt et al., 2003a,b;

Kuczaj et al., 2006, 2008) examined isotropic and homogeneous turbulence undergoing

modulated energy input. In a theoretical work, von der Heydt et al. (2003a) proposed that,

at higher modulation frequencies, the amplitude of the response of the turbulence decreased

proportionally to the inverse of the frequency. It was also proposed that, for smaller mod-

ulation frequencies, the response of the turbulence followed the modulation with a nearly

constant amplitude. Additionally, it was found that at some frequencies, the amplitude of

the response was either significantly diminished or enhanced. Numerical simulations by

von der Heydt et al. (2003b) confirmed that the amplitude of the response of the turbulence

at high modulation frequencies decreased proportionally to the inverse of the frequency and

that, for smaller frequencies, the response of the turbulence followed the modulation with a

nearly constant amplitude. This study was followed up by a direct numerical simulation of

the same problem by Kuczaj et al. (2006), which arrived at similar conclusions. In another

direct numerical simulation, Kuczaj et al. (2008) examined the effects of the amplitude and

the type of forcing and found that the maximal response was more pronounced for larger

amplitudes of forcing. Two types of forcing were examined in this work, the first was

the sinusoidal forcing used in previous studies and the second was a square-wave forcing,

which is the same as in the periodically “kicked” turbulence by Lohse (2000). It was found

that the maximal response of the turbulence occurred at a time of the order of the eddy

turnover time. This work was followed up by experimental work by Cekli et al. (2010),

using an active grid to periodically modulate a turbulent wind tunnel flow; this work was

discussed previously in this section. Another recent follow-up study (Fang & Bos, 2023)

examined the effects on the dissipation rate from large-scale forcing and from turbulence

with reversed initial conditions. Their results showed that the predicted perturbation spec-

trum showed the k−7/3 spectrum, confirming their their previous theoretical predictions and

confirming other DNS results (Horiuti & Tamaki, 2013).
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2.6 Other non-stationary flows

Pulsating turbulent pipe flows have been studied extensively due to their frequent occur-

rence in nature and industrial applications. Early experimental studies of such flows used

electrolysis (Gerrard, 1971), single-component Laser Doppler Anemometry (Ramaprian &

Tu, 1980, 1983; Tu & Ramaprian, 1983), and hot-wire anemometry (Shemer & Kit, 1984;

Shemer et al., 1985). Some of the early studies examined the effect of the pulsation fre-

quency ω on the time-averaged flow properties (Gerrard, 1971; Ramaprian & Tu, 1980,

1983; Tu & Ramaprian, 1983). Tu & Ramaprian (1983) and Ramaprian & Tu (1983) found

small changes in the time-averaged characteristics, except for the Reynolds stresses, when

the oscillation frequency was sufficiently close to the bursting frequency or when the am-

plitude was sufficiently large. This was further supported by Shemer & Kit (1984), who

concluded that, when the frequency of the pulsations was sufficiently large, the turbulence

structure responded to the changes in the mean flow and, eventually, the turbulence became

independent of the pulsations. Shemer et al. (1985) examined the effects of the amplitude of

the oscillations on the turbulence and found that they were weaker than the effects of the os-

cillation frequency. Using the amplitude of the imposed pulsations, Lodahl et al. (1998) and

Manna et al. (2012) distinguished two flow regimes, namely, a current-dominated regime

(when a/U < 1) and a wave-dominated regime (when a/U > 1). Lodahl et al. (1998),

found that in some small region of the wave-dominated regime, the phase-averaged wall

shear stress was smaller than the quasi-steady values and the current-dominated values and

that, in some of these cases, the differences were considerable. These authors attributed

this result to the occurrence of a reverse transition, triggered by the suppression of turbu-

lence by the oscillatory mean shear. Large eddy simulation studies by Manna & Vacca

(2005); Manna et al. (2012) suggest that the averaged wall shear stress was reduced, while

the turbulence survived during the entire oscillating cycle.

A first attempt to measure the wall shear stress was made by Mao & Hanratty (1986),

who introduced the dimensionless frequency ω+. An interesting observation in the study is

the presence of a relaxation effect, during which the phase angle characterising the temporal

change of the wall shear stress undergoes a sharp change over a small range of ω+. Mao

& Hanratty (1992) further reported a decrease in the wall shear stress when the amplitude

was large and ω+ = 0.05.



16

Earlier works also examined the effect of pulsatility on the critical Reynolds number.

Experimentally, it was found that the amplitude and frequency of the pulsations increased

the critical Reynolds number, assuming no local flow reversal (Gilbrech & Combs, 1963;

Sarpkaya, 1966; Ramaprian & Tu, 1980; Lodahl et al., 1998). Laminar to turbulent transi-

tion studies were also carried out by Yellin (1966); Ramaprian & Tu (1980); Shemer & Kit

(1984); Shemer et al. (1985); Stettler & Hussain (1986). The introduction of the concept

of the relaxation time to interpret the effects of a periodic component superimposed onto

the mean flow was made by Yellin (1966). It was also found that neither the mean nor the

instantaneous Reynolds number provided a sufficient criterion for determining laminar to

turbulent transition . Through the relaxation time concept, it was also found that slowly os-

cillating flows of large amplitude tended to suppress or destroy the turbulence downstream

of the disturbance source. Relaminarisation was found to depend on factors such as inter-

mittency of turbulent buffs in the mean quasi-steady flow and the frequency of oscillation

(Ramaprian & Tu, 1980). Transition was primarily governed by the instantaneous Reynolds

number (Shemer et al., 1985). Transition in pipe flows is mainly associated with plugs of

turbulence that can grow or shrink in size (Stettler & Hussain, 1986). The DNS results by

Tuzi & Blondeaux (2008) were in qualitative agreement, but differed in value; this differ-

ence was attributed to the different levels of flow perturbations present in the experimental

apparatus and those introduced in the DNS study.

In accelerating and decelerating pipe flows, previous authors investigated the turbu-

lent production near the wall, the turbulent kinetic energy redistribution among its com-

ponents and the radial propagation of the turbulence into the core of the flow (Maruyama

et al., 1976; Greenblatt & Moss, 1999, 2004; He & Jackson, 2000, 2009; He & Ariyaratne,

2011). Maruyama et al. (1976) studied the turbulence response following a step increase or

decrease in the flow rate. Following a step increase, generation and propagation of new tur-

bulence occurred, whereas, following a step decrease, there was a decay of the existing tur-

bulence. He & Jackson (2000) measured the phase-averaged velocities, root-mean-square

velocity fluctuations and turbulent shear stress in linearly accelerating and decelerating pipe

flows. He & Ariyaratne (2011) extended the previous study to include wall shear stress

measurements. These authors described that the response of the turbulence underwent a

three-stage development, namely a “delay”, during which the turbulence remained largely
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unchanged, a rapid change and finally a developed stage. Compared to the quasi-steady

flow, the turbulence intensity tended to be smaller in the accelerating flow and larger in the

decelerating flow due to the delayed response of the turbulence. For a rapidly accelerating

flow, the production of turbulence was proposed by Greenblatt & Moss (2004) to first occur

at a location well beyond the buffer layer, and then propagate towards the wall and the core

of the flow. This was seen as a consequence of the strongly distorted velocity profile. In

an earlier experimental study, (Shuy, 1996) found that the wall shear stress in accelerating

flows was smaller than the quasi-steady value and, in decelerating flows, it was greater.

Predictions made by Vardy & Brown (2003) using unsteady friction models contradicted

the experimental results; the models predicted that the wall shear stress in accelerating

flows are initially greater than the corresponding quasi-steady values, then undershoots the

quasi-steady values. This is supported by some experimental evidence by He & Ariyaratne

(2011). This characteristic was attributed to two mechanisms: the inertia of the flow and

the delay in the response of turbulence to changes in the flow.

In a recent experiment, Goltsman et al. (2018) examined pulsatile flow in a divergent

channel. In a manner that was similar to the approach of Lodahl et al. (1998) and Manna

et al. (2012), Goltsman et al. (2018) proposed that the type of pulsating flow regime in

plane diverging or converging channels is determined by the value of the parameter f a,

compared to U δgφ
2πh , where δ is the boundary layer thickness, φ is the opening angle of the

converging/diverging channel and h is the height of the channel. These authors classified

the effects of the imposed oscillations and the pressure gradient into three regimes:

• when f a < U δgφ
2πh , the pressure gradient played a much larger role than the flow

oscillations

• when f a ≈ U δgφ
2πh , the effects of pressure gradient and flow oscillations were compa-

rable

• when f a > U δgφ
2πh , the flow oscillations played a larger role than the pressure gradient.

Goltsman et al. (2018) found that, for the second and third regimes, there was lit-

tle effect of the pressure gradient on the ensemble-averaged streamwise velocity and the

Reynolds stresses. Some earlier works also examined the turbulence structure and its re-

sponse in channel flows subject to flow oscillations (Tardu & da Costa, 2005; Tardu et al.,
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1987). Unlike the response of the turbulence in oscillatory pipe flows, no changes in the

time-averaged characteristics, even when the oscillation frequency was sufficiently close to

the bursting frequency and when the amplitude was sufficiently large, was observed (Tardu

& da Costa, 2005).

In addition to pulsatile and oscillatory pipe flows, the literature also contains a few

studies of boundary layers subject to oscillations in the free-stream (Karlsson, 1959; Patel

& Young, 1977; Jayaraman et al., 1982; Menendez, 1983; Brereton & Reynolds, 1987;

Brereton et al., 1990). These studies concluded that there was no effect of the imposed

oscillations on the time-averaged properties. The same conclusion was determined for

an accelerating boundary layer due to an external favourable pressure gradient (Finnicum

& Hanratty, 1988). Brereton & Reynolds (1987) found that the phase lag of the shear

stress increased across the boundary layer with increasing frequency. Brereton et al. (1990)

extended upon the previous studies by expanding the range of frequencies and found that,

even for frequencies for which the instantaneous velocity field differed significantly from

the quasi-steady state, the time-averaged quantities remained robust; these authors also

showed that no new turbulence was generated by the imposed oscillations. In another study,

Menendez (1983) found that the time-averaged wall shear stress decreased slightly with

increasing frequency. Recently, Ranade et al. (2019) examined a compressible, subsonic (at

a Mach number of 0.6) boundary layer, undergoing external periodically forced shearing.

The objective of this experiment was to determine whether the external shearing would

amplify the turbulence in the boundary layer. The authors found that the turbulence was

amplified in a critical layer that was inside the wake region of the boundary layer. This

critical layer existed for a range of frequencies and amplitudes.

2.7 Dissipation parameter

A cornerstone assumption in the study of turbulence is that the small-scale motions evolve

quickly compared to the timescale of the overall turbulence evolution and are thus in statis-

tical equilibrium (Kolmogorov, 1941a). This assumption, together with dimensional anal-

ysis, leads to the following relationship between the turbulent kinetic energy dissipation

rate ε, the turbulent kinetic energy k and the integral length scale L

ε ∝ k3/2/L. (2.6)
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This is equivalent to the statement that the dissipation parameter

Cε =
εL
k3/2 (2.7)

is constant. The near-constancy of Cε has been verified by experimental studies in grid-

generated turbulence (Batchelor, 1953; Sreenivasan, 1984; Nedić & Tavoularis, 2016b),

homogeneous shear flow (Sreenivasan et al., 1995; Nedić & Tavoularis, 2016a), turbulent

boundary layers (Nedić et al., 2017), turbulent wakes (Sreenivasan et al., 1995) and the

“French washing-machine” experiment (Cadot et al., 1997) for a wide range of Reynolds

numbers. A thorough review of the dissipation parameter was presented by Vassilicos

(2015), who examined experimental evidence in grid-decaying turbulence that contradicts

the assumption of the constancy of the dissipation parameter. More specifically, it was

found that there was a flow region in which

Cε ∝
Rem

I

Ren
L
, (2.8)

where Rem
I is a global Reynolds number, Ren

L is some local Reynolds number and m =

n ≈ 1. This newly proposed scaling law, coined the “non-equilibrium dissipation law”,

applies to the region where Cε , const. and is followed by a region where Cε ≈ const.. In

addition to proposing the non-equilibrium dissipation law, Vassilicos (2015) also proposed

the following issues that need to be addressed in the study of the dissipation parameter.

1. Does the non-equilibrium dissipation law apply to other turbulent flows? Could sim-

ilar regions of non-equilibrium dissipation occur in jets, wakes and mixing layers?

2. What causes the transition from a non-constant Cε region to a constant Cε region?

3. At which downstream distance does the transition occur and does this distance relate

to the geometry of the turbulence generator and the inlet conditions?

4. What is the mechanism that sets the level of dissipation in a turbulent flow?

5. What is the physical significance of Equation 2.8 and what are the properties of the

interscale energy transfer and turbulence cascade in regions in which this scaling

holds?
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Recent studies have begun addressing the first question and to some degree the third

question of the previous list. Such studies have been performed in decaying grid turbu-

lence, generated by uniform and fractal grids (Seoud & Vassilicos, 2007; Hurst & Vas-

silicos, 2007; Mazellier & Vassilicos, 2010; Valente & Vassilicos, 2011, 2012; Nedić &

Tavoularis, 2016b; Hearst & Lavoie, 2016), uniformly sheared flow (Nedić & Tavoularis,

2016a), turbulent boundary layers (Nedić et al., 2017), turbulent wakes (Dairay et al., 2015;

Obligado et al., 2016; Nedić et al., 2013), periodic turbulence (Goto & Vassilicos, 2015,

2016), and turbulent planar jets (Cafiero & Vassilicos, 2019; Cafiero et al., 2020). Some

studies confirmed that, upstream from the far-field regions, where Cε ≈ const., there is a

region of flow where Cε may be approximated by Equation 2.8. It has been shown that

the non-equilibrium dissipation law can be detected as far downstream as 160 character-

istic lengths of the turbulence generator (Cafiero & Vassilicos, 2019). Azzam & Lavoie

(2019) studied the dissipation parameter in non-stationary turbulence using an active grid

and found that, for high enough frequencies, the dissipation parameter followed Equation

2.8. They also found that Cε varied throughout the cycle, with the peak values at the point

of flow deceleration. The downstream distance at which the transition occurs from non-

equilibrium to equilibrium dissipation depends on the inlet conditions, as well as the char-

acteristic length of the turbulence generator. For grid turbulence, the characteristic length is

proportional to the mesh size, as it has been shown that an increase in mesh size extends the

region of non-equilibrium dissipation (Nedić & Tavoularis, 2016b). For turbulent wakes,

the characteristic length is proportional to the size of the wake generator and, for turbulent

jets, the characteristic length is proportional to the nozzle diameter.

Although several recent studies have examined from different perspectives the dissipa-

tion scaling characteristics in different turbulent flows, interscale energy transfer and the

turbulence cascade in non-equilibrium dissipation scaling regions require further attention.

It has been found that non-equilibrium dissipation scaling is not limited to stationary, spa-

tially developing flows, but also to non-stationary flows (Azzam & Lavoie, 2019, 2023). It

seems of interest to investigate the similarities and differences between the energy cascade

mechanisms in stationary and non-stationary turbulence.



Chapter 3

Experimental facilities and procedures

3.1 Stationary-flow wind tunnel

The experiments for the study of the enhancement of turbulent mixing by porous obstruc-

tions were performed in a stationary-flow wind tunnel. This wind tunnel is an open circuit,

moderate speed range, blowing wind tunnel with a 16:1 contraction and a test section with

a height of h = 0.305 m, a nominal width of 1.5h and a working length of approximately

16.6h (Figure 3.1).

Figure 3.1: Sketch of the stationary-flow wind tunnel.

At the inlet of the fan, air filters were placed to remove 85% of particles with a diameter

greater than 1 µm from the air. The air flow was produced by a mixed flow fan (Woods,

63Mx), operated by an electric motor with a variable-frequency-drive (Mitsubishi Electric

Inverter, FR-D700). The wind tunnel could achieve a maximum velocity of 30 m/s with

a background noise intensity of 0.5%. Downstream of the fan, the flow passes through

three diffuser sections, two plenum sections and a contraction, from which it enters the test

section. A number of screens are inserted between sections for flow conditioning. The

test section (Figure 3.2) is equipped with a three-axis traversing system, allowing probe

travel in the streamwise and transverse (vertical) directions and lateral (horizontal) travel

21
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at specific locations. Streamwise traversing has a resolution of approximately 0.5 mm.

Transverse and spanwise traversing has a resolution of approximately 0.032 mm. In this

study, only the streamwise and transverse traverses were used. The test section is equipped

with four ports for the insertion of turbulence generating grids and heat sources. The ports

are located at 2.5h, 3.5h, 5h and 7h from the start of the test section. The side walls of the

test section between 2.5h and 3.5h have an array of holes for the insertion of cylindrical

obstructions. The two side walls of the test section downstream of 2h were diverged linearly

to compensate for boundary layer growth. Further details of this wind tunnel have been

reported by Karnik & Tavoularis (1987).

Figure 3.2: Sketch of the test section of the stationary-flow wind tunnel.

3.2 Non-stationary-flow wind tunnel

3.2.1 The wind tunnel

This facility, shown schematically in Figure 3.3, is a substantially modified version of an

earlier facility that was designed for the study of non-stationary flows in a rod bundle (Rind

& Tavoularis, 2012; Duong, 2017). Extensive literature review provided little guidance

for the design of wind tunnels capable of generating non-stationary flows and very low

Reynolds number flows. The present facility is uniquely appropriate for such flows and

was designed, fabricated and assembled by the author. The main parts of this wind tunnel

are described in the following paragraphs.

The centrifugal fan of the rod-bundle facility was replaced with an axial fan (Loren

Cook, Model VAB18), which provided a flow with much lower disturbances and noise.

The intake contraction to the fan was replaced with a small box, made of plywood and

equipped with a fibreglass air filter, which was designed to remove 85% of particles with a

diameter greater than 1 µm. Specifications of the axial fan are provided in Appendix A.
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Figure 3.3: CAD model of the non-stationary-flow wind tunnel.

Figure 3.4: Sketches of the bypass section with the actuator extended so that the bypass
duct is nearly fully closed (a) and nearly fully open (b).

A new bypass section is connected downstream of the fan. It contains a custom-made,

hinged flap, which is operated by a linear actuator (Parker Hannifin Corporation, Model

ETH080M32A1XPWDSN600A). The flap has two extreme positions, one which allows

almost all of the flow pass through the test section, the other removes almost all of the flow

from the test section (Figure 3.4). A transitional channel, connecting the circular outlet

of the axial fan to the rectangular inlet of the bypass section was designed, fabricated and

installed (see Appendix A).

The diffuser and the plenum of the rod-bundle facility were not modified, but new parts
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were added to them. A new rectangular channel with perforated plates was inserted at the

inlet of the diffuser to assist in breaking down large-scale air motions generated by the fan

and the bypass section. The outlet of the plenum was fit with a new contraction, which led

to the new test section. The plenum walls were lined with plywood, which added structural

support to the thin plenum walls and helped reduce vibrations of these walls. A new 16:1

ratio contraction, made of aluminium, was also designed and installed between the plenum

and the test section. The walls of the contraction were cut with a plasma cutter, rolled to

obtain the design curvature and welded together.

A new, modular, rectangular test section was designed and constructed for the needs of

this study. This test section has a height of 304.8 mm, an adjustable width with a starting

value of 457.2 mm and a length of 6.70 m. It was designed such that its walls can be easily

shifted sideways, modified or replaced. The bottom wall is composed of 711.2 mm wide, 10

mm thick, tempered glass panels. The side walls are made of 6.3 mm thick acrylic sheets.

The top wall consists of two sets of 6.3 mm thick acrylic panels, separated by a longitudinal,

32 mm wide slot. Double-door weatherstripping (McMaster-Carr, Model 8111A24) was

installed in the top wall slot to prevent leakage. The frame holding the test section is made

up of steel angle brackets. Each leg of the steel frame rests on a steel plate, welded to a bolt,

which allows the adjustment of the height and the levelling of the test section (Figure 3.3).

The side walls of the test section were held in place using hinged threaded rods (Figure

3.5), which allow tilting of the walls for boundary layer compensation. The top wall was

suspended from T-brackets, welded on beams.

Figure 3.5: CAD model of the side wall suspension and tilting mechanism.
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An external traversing system, composed of two hardened steel rails and two super

double pillow blocks, was installed, allowing the traversing of probes along the test section.

A linear traverse, mounted vertically on the rails, allowed measurements on the vertical

centreplane of the test section (Figure 3.3).

3.2.2 Grids and grid insertion ports

A large number of grids, constructed previously for the stationary-flow wind tunnel were

available for use in this study. A selection of these, all having square meshes, were actually

used. The specifications of these grids are listed in Table 3.2.2. Some grids are made

of woven wire, whereas others are perforated plates, machined from a steel sheet with a

thickness of 1.6 mm.

Table 3.1: Specifications of various grids that are available for this study.

Name Type Mesh Size [mm] Solidity

M3A Woven screen 3.2 0.29

M3B Woven screen 3.2 0.42

M13 Woven screen 12.7 0.29

M19 Perforated plate 19.1 0.25

M51 Perforated plate 50.8 0.25

The test section has two grid insertion ports, one at its inlet and another 1h downstream

of it. These ports allow the insertion of the same grids as those that were constructed for

use in the stationary-flow wind tunnel. A sketch of the test section, with the location of grid

insertion ports is shown in Fig. 3.6. The used right-hand Cartesian coordinate system, also

shown in this figure, has its origin on the centre of the cross-section at the test section inlet

and is oriented such that x1, x2, x3 are, respectively, the streamwise, transverse (namely,

vertical) and spanwise axes.

3.2.3 Fan-flap settings calibration map

Flow velocity measurement in the range of present interest using Pitot tubes is not possi-

ble, because of the insensitive output of Pitot tubes at velocities lower than about 4 m/s.
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Figure 3.6: Sketch of the non-stationary wind tunnel test section.

Therefore, a different approach was required for the calibration of the hot wires, which are

the velocity sensors used in this work. Hot wires can be calibrated at very low air speeds

against measurements with a laser Doppler velocimeter (LDV). A two-component LDV

system was available for this purpose. Supplied by Dantec Dynamics, consisted of a 5

Watt Argon-ion laser (Model #95L-5, Lexcel Laster, Fremont, USA) split by a transmitter

(Fibre Flow, Model #60×41). Flow seeding was provided by droplets of Di-Ethyl-Hexyl-

Sebacate (DEHS), generated by a six-jet atomizer (TSI, Model 9306). The LDV measuring

volume is positioned on the test section centreline, at a distance of 0.5h from the end of the

contraction. Preliminary work with the DEHS fluid has shown that the droplets completely

evaporate after a period of time and do not affect the flow.

Although, in principle, it was possible to calibrate the hot wires in situ against the

LDV measurement, in practice, this would be cumbersome and time consuming, as well as

resulting in an excessive release of DEHS fluid in the laboratory. For this reason, hot wires

were calibrated against a simpler standard that provided the flow speed in the test section.

This speed depended on two settings: the fan rotational frequency f f an, which was set by

adjusting the electric motor rotational speed, and the position of the bypass flap, which was

set by adjusting the extension of the linear actuator. Denoting the distance between the

housing of the linear actuator and the axis of the hinge on which the actuator was pivoting

on the flap as ∆l, we define the relative extension of the linear actuator as

B =
∆lo − ∆l
∆lo − ∆lc

, (3.1)

where ∆lc is the actuator extension when the bypass duct is nearly fully open (Figure 3.4b)

and ∆lo is the actuator extension when the bypass duct is nearly fully closed (Figure 3.4a).
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Figure 3.7a presents a calibration map of the centreline velocity at the inlet of the test

section, measured with the LDV system, for different fan frequencies and flap positions.
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Figure 3.7: a) The fan-flap settings calibration map and b) the dependence of the ratio of
the test section speed and the fan speed upon the relative extension of the flap actuator.
x1/h = 0.5

It is evident that, for a given flap position the flow velocity was proportional to the fan

frequency, namely,

U1 = A(B) f f an . (3.2)

Moreover, the flow velocity in the test section decreased with increasing actuator extension,

following the fitted expression (Figure 3.7b)

A(B) = −0.0857B3 + 0.0231B2 − 0.0191B + 0.105 . (3.3)

3.2.4 Quality of flow

The quality of the flow in the test section was determined with the LDV system installed in

the flow without any grid.

Mean flow repeatability

LDV measurements to determine the repeatability of the flow velocity at a particular fan

speed were taken at different hours of the day on three different days. The fan frequency

was set at f f an = 24.44 Hz, which provides a flow rate that is approximately 40% of the
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fan’s maximum capacity, and the linear actuator setting that controls the position of the by-

pass flap was set at B = 0.731, which diverted most of the air generated by the fan through

the by-pass section, thus, away from the test section. It was found that the time-averaged

streamwise centreline velocity near the inlet of the test section was U1 = 2.24 ± 0.2% m/s.

LDV measurements to determine the repeatability of the flow velocity at a particular

flap position were taken at different hours of the day during a single day. The linear actuator

setting was set at B = 0.731 and the fan frequency was set at f f an = 24.44 Hz. It was found

that the time-averaged streamwise velocity on the test section centreline, at x1/h = 1 was

U1 = 2.44 ± 0.3% m/s.

Background velocity fluctuations

Figure 3.8a shows the standard deviation of the streamwise velocity fluctuations u′1 on the

centreline at the inlet of the test section, normalised by the mean velocity Uc, as measured

with the LDV system. This figure shows that the relative background fluctuations u′1/Uc

were stronger at very low fan speeds ( f f an < 10 Hz), but outside this range the wind

tunnel background “noise” was quite insensitive to the fan speed. Moreover, this noise,

in general, increased significantly as the flap was turned from the nearly-closed-bypass to

the nearly-open-bypass position, presumably due to flow separation at the flap tip. Figure

3.8b shows the dependence of the average level of noise (ignoring the very low fan speed

measurement at f f an = 6.13 Hz) upon the flap setting B. These results indicate that the

average background fluctuations are generally within the usual range of academic wind

tunnels.

Transverse and spanwise flow uniformity

The mean flow uniformity was assessed by LDV measurements in part of the cross-section

at x1/h = 0.5 for a centreline velocity Ūc = 2.24 m/s. As shown in Figure 3.9, in the core of

the flow, the mean velocity non-uniformity was lower than 0.8%, whereas boundary layer

effects are visible only very close to the walls, particularly in the vicinity of the side-bottom

corner.
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Figure 3.8: a) Normalised streamwise velocity fluctuations at various fan frequencies and
actuator positions at the inlet of the test section without any grid inserted; b) the dependence
of the average streamwise velocity fluctuations upon the flap setting. x1/h = 0.5
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Figure 3.9: Spanwise mean speed profiles at various transverse positions (x1/h = 0.5 and
Ūc = 2.24 m/s).

3.3 Velocity measurement

3.3.1 Hot-wire probe

Velocity measurements in this study were conducted with constant temperature hot-wire

anemometry (HWA). HWA measures the flow velocity from the convective heat transfer

from thin electrically heated sensors, placed in a fluid flow. HWA has excellent frequency

response, high spatial resolution and high signal-to-noise ratio, and is ideal for the study

of turbulent flows (Bruun, 1995). In the present experiments, two components of the local

velocity vector were measured simultaneously with a custom-made cross-wire probe that

is shown schematically in Figure 3.10. The sensors are made of platinum-plated tungsten,

have a diameter of 2.5 µm and a length of 0.85 mm, and are 0.5 mm apart from each other.

The sensors are operated with AALabs1004 Constant Temperature Anemometers.

The frequency response of the anemometers was set by the standard square-wave test.

While the anamometer was operating in the flow, a square-wave perturbation was super-

imposed to the bridge voltage and the bridge damping was adjusted to obtain a slightly

under-damped anemometer response. According to Freymuth (1977) the low-pass cut-off

frequency fc of the system is determined as

fc =
1

1.3τc
, (3.4)



31

Figure 3.10: Sketches of the hot-wire and cold wire probe (top) and its tip (bottom).

where τc is the time between the start of the square-wave input and the time at which the

output has decayed to 3% of its maximum value. For the hot-wires used in this study,

τc = 15 µs, resulting in a cut-off frequency of 51 kHz.

3.3.2 Hot-wire calibration for the stationary-flow wind tunnel study

In the stationary-flow wind tunnel, the hot-wire anemometer was calibrated in situ against

a Pitot tube, following standard procedure. In the non-stationary wind tunnel, the hot-wire

anemometer was calibrated in the unobstructed inlet to the test section against the flow

velocity corresponding to a combination of fan speed and flap setting, which was calibrated

previously against LDV measurements. The hot-wire was positioned on the same spot,

where the LDV measuring volume was located in previous tests. The wind tunnel was

turned on and was allowed to warm up for 30 min before any experiments were performed.

The bypass flap setting was set to zero, which corresponded to the mid-position of the

flap trailing edge, so that roughly half of the flow bypassed the test section. The hot-wire

calibration was performed within a speed range that was wider than the range of speeds in

each particular experiment. The upper bound of the calibration range is the highest practical

speed of the tunnel, which is about 6 m/s, and the lower bound is about 0.3 m/s, which is

well into the mixed convection regime of heat transfer from hot-wires. Both sensors of

the cross-wire probe were calibrated simultaneously using a velocity-pitch-map calibration

method (Lueptow et al., 1988; Tavoularis & Nedić, 2024). In this method, the probe is

calibrated in a steady stream in the wind tunnel without any grid or other obstruction.

Calibration is performed for different combinations of the flow velocity magnitude V and
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the pitch angle φ of the velocity vector with respect to the probe body axis. Thus, V and φ

are the two input parameters (the yaw angle is set to zero). The two sensor voltages E1, E2

are the calibration outputs. Each input is related to the two outputs by a surface polynomial

V(E1, E2), φ(E1, E2) of third order, as, for example,

V(E1, E2) = b1E3
1 + b2E2

1 + b3E1 + b4E3
2

+ b5E2
2 + b6E2 + b7E1E2

+ b8E2
1E2 + b9E1E2

2 + b10 .

(3.5)

The coefficients b1, b2, . . . are fitted to the calibration data by a two-dimensional curve-

fitting algorithm. An example of a calibration is presented in Figure 3.11. In this exam-

ple, the velocity calibration surface polynomial was V(E1, E2) = −0.172E3
1 − 0.268E2

1 −

0.722E1 + 0.041E3
2 − 0.067E2

2 − 0.931E2 + 0.129E1E2 + 0.381E2
1E2 − 0.381E1E2

2 − 0.665.

During an experiment, the two sensor voltages are recorded and the polynomials are

used to determine the instantaneous values of the corresponding velocity magnitude V and

pitch angle φ. The corresponding streamwise and transverse velocity components are then

determined as U1 = Vcosφ and U2 = Vsinφ.
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Figure 3.11: Example of cross-wire velocity calibration for the look-up method. 2 are the
measured voltages, red-solid lines represent constant-angle lines, and black-dashed lines
represent constant-velocity lines.

The instantaneous outputs of the hot-wire sensors were corrected for the difference

between the calibration temperature Tcal and the instantaneous local flow temperature T f ,
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which was taken to be equal to the sum of the time-average temperature, measured by the

thermistor, and the mean-free temperature fluctuations, measured by the cold wire, both to

be discussed in the next section. A correction based on thermistor measurements alone was

applied in isothermal flows.

The output voltage from the anemometer was corrected as

Ec,o = Eo

√
Tw − Tr

Tw − T
, (3.6)

where Tr is the flow temperature at which the calibration took place, T is the new flow

temperature and Tw is the sensor temperature. Tw − T was calculated as

Tw − T = (1/αo) [Rw − R(T )]. (3.7)

where αo is the thermal coefficient of resistance of the sensor material at a reference tem-

perature To, Rw is the resistance of the heated sensor (as set at the anemometer) and R(T )

is the resistance of the sensor at the flow temperature T .

3.3.3 Hot-wire calibration for the non-stationary wind tunnel studies

For the non-stationary wind tunnel studies, the hot-wire anemometer was calibrated in the

unobstructed inlet to the test section against the flow velocity corresponding to a combina-

tion of fan speed and flap setting, which was calibrated previously against LDV measure-

ments for a larger speed range (between 0.5 and 3.9 m/s) using the lookup method.

3.3.4 Corrections of the velocity measurement in the non-stationary-flow wind tun-

nel

Velocity measurements in the non-stationary-flow wind tunnel were corrected for the ef-

fects of the wind tunnel background fluctuations and electronic noise. For example, the

instantaneous measured streamwise velocity fluctuation downstream of the grid was ex-

pressed as

u1m = u1 + u1b + u1n , (3.8)

where u1 is the velocity fluctuation generated by the grid, u1b is the background veloc-

ity fluctuation (which exists in the wind tunnel irrespectively of the presence of the grid)
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and u1n is electronic noise (converted to an equivalent velocity fluctuation). Similarly, the

instantaneous measured streamwise velocity fluctuation in the absence of any grid was ex-

pressed as

u1bm = u1b + u1n . (3.9)

Assuming that u1, u1b and u1n were statistically uncorrelated to each other, expressions for

the relationships between the various statistical properties of u1m and u1 were derived, and

corrections were applied to variables derived from the corrected values. The statistical

properties of u1n were measured with the hot-wires operating in the wind tunnel without

any flow and those of u1bm were measured at each given mean speed without any grid

inserted. For example, the corrected variance of the streamwise velocity fluctuations in

stationary grid turbulence was found as

u2
1 = u2

1m − u2
1bm , (3.10)

while for non-stationary grid turbulence the expression for the corrected variance of the

non-coherent fluctuations would be

〈u∗21 (t)〉 = 〈u∗21m(t)〉 − 〈u∗21bm(t)〉 . (3.11)

Expressions for the corrected statistical properties of grid-generated fluctuations and typical

correction levels are presented in Appendix A.

In the previous analysis, it was assumed that u1, u1b and u1n were statistically uncor-

related to each other. Nevertheless, it is possible that the operation of the fan resulted in

some increase of the electronic noise and that background fluctuations reaching the grid in-

fluenced in some way the grid-generated turbulence. Any existing correlation among these

properties would have some quantitative effect on the results, but the assumption of zero

correlation among different types of fluctuations cannot be tested and decoupling of these

fluctuations would be impossible. Considering the relatively low level of corrections and

the order of magnitude differences between turbulent intensities in the steady flow and the

conventional grid turbulence, it is assessed that any residual inaccuracy in the corrections

would not change the qualitative observations.
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3.4 Temperature measurement

Mean temperature measurements

A 100 Ω RTD probe (RDF Corp., Model 29348-T01-B-48) with a response specified by

the manufacturer was used to monitor the flow temperature upstream of the heated source

(Figure 3.12) in all stationary and non-stationary wind-tunnel studies. The local mean flow

temperature in all stationary and non-stationary wind-tunnel studies was measured with a

glass-coated thermistor probe (EPCOS(TDK), B57540 series, 10 kΩ, 1% RAD), connected

to an in-house circuit that provided a low excitation current of 50 µA. The thermistor was

calibrated against the RTD probe in a heated calibration jet (Don, 2016; Duong, 2017)

and its reading was frequently compared to the RTD reading in the unheated flow in the

wind tunnel and corrected, if necessary. The thermistor signal was fitted with a third-order

polynomial (Figure 3.13).

Cold-wire measurements in the stationary-flow wind tunnel

The fluctuating temperature in the stationary-flow wind tunnel was measured with a cold-

wire probe, having a platinum sensor with a diameter of 0.6 µm and a length-to-diameter

ratio of 800, etched from Wollaston wire and spot-welded onto two prongs, which are part

of the cross-wire probe (Figure 3.10) in all studies. The cold-wire was operated with a low

noise and high gain home-made circuit, at a current of 0.1 mA.

The cold-wire was calibrated in the plume of a heated source against the thermistor

reading and the calibration data were fitted by a linear function. It is noted that cold-wire

signals are subject to significant drift and so they were only used for measuring temperature

fluctuations and not mean temperature.

Figure 3.12: Photograph of the RTD used in this study.
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Figure 3.13: Example of thermistor temperature calibration. The black squares represent
the measured RTD temperature and the red line represents the linear fit to the calibration
data.
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Figure 3.14: Example of cold-wire temperature calibration. The black squares represent the
measured thermistor temperature and the red line represents the linear fit to the calibration
data.

Attempts to use cold wires in the non-stationary wind tunnel

In general, heat transfer from an electrically heated sensor, such as a cold-wire, depends on

both the local temperature and the local velocity (Tavoularis & Nedić, 2024). Provided that

the sensor is sufficiently thin (the present sensor, which has a diameter of 0.6 µm, satisfies

this condition), the current through the sensor is sufficiently small (the present current,
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which is 0.1 mA satisfies this condition), and the flow speed is sufficiently large (typically

larger than 4 m/s), the velocity sensitivity can be neglected and so the cold wire becomes

a resistance thermometer. The present range of flow speeds; however, includes relatively

small values, which made it necessary to investigate whether the cold-wire response was

sensitive to velocity. For this test, the cold-wire was placed in the unheated, undisturbed

flow in the wind tunnel and its output voltage ECW was measured. The flow temperature

was kept constant and equal to 20.8 ◦C. As Figure 3.15 shows, the voltage output was

measurably sensitive to velocity for values lower than about 3.3 m/s, but this sensitivity

became very strong only for speeds lower than about 1 m/s. For this reason, the use of a

simple cold-wire calibration against temperature was deemed to be inappropriate and we

spent substantial effort in trying to devise a method for correcting the cold-wire output.

First, we explored reducing the velocity sensitivity by decreasing the current further,

but the value 0.1 mA was deemed to be the lower bound for which signal amplification

noise would be tolerable.

Then, we explored the possibility of correcting the temperature reading by using the

velocity measured by the hot wires that were adjacent to the cold wire. For simplicity,

and considering that the ranges of temperature and velocity were relatively narrow, we

Figure 3.15: Cold-wire voltage output in a flow with a fixed temperature and different
velocities.
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linearised the cold-wire voltage output in the form

ECW(U,T ) = Eo + αU(U − Ure f ) + αT (T − Tre f ) , (3.12)

where the values of Eo, αU and αT could ideally be determined by calibrating the sensor

separately for temperature under a constant reference velocity and for velocity under a

constant reference temperature. A likely source of error; however, is the considerable drift

of the voltage output, which is a consequence of the large gain and offset used for signal

amplification. Another, possibly prohibitive, source of error is heat conduction to the probe

prongs. By comparison to the sensor, the prongs are quite thick and their temperature would

vary measurably only in response to low-frequency fluctuations of the surrounding velocity

and/or temperature. In the present pulsatile flow experiments, the flow pulsations had a

frequency that was possibly sufficiently small to affect the prong temperature, especially in

a heated flow. Under such conditions, the use of the previously presented static response

would produce inaccurate results.

To test this hypothesis, we applied the previous expression to time dependent flows in

the wind tunnel. We found that its prediction depended on the flow history, as the cold-wire

voltage was different for accelerating and decelerating flows with the same instantaneous

velocity. Moreover, we found that the level of correction depended on both the amplitude

and the frequency of the pulsation. Other approaches to use the instantaneous velocity,

measured with hot wires, for correcting the temperature measurement also led to inconsis-

tent and unusable results.

We also considered a different approach, suitable for estimating statistical properties

of the temperature in the heated flow by correcting them using corresponding statistical

properties measured during the same phase in the cycle in the unheated flow. This approach

appeared to produce more consistent results than the instantaneous correction approach, but

its uncertainty was unknown and the corrected values became increasingly unreliable, as

the streamwise distance from the grid increased and the temperature rise diminished.

In conclusion, the measurement of the fluctuating temperature with cold wires in the

present pulsatile flows was deemed to be inaccurate and was aborted.
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3.5 Stationary grid turbulence measurement procedures

In stationary and ergodic turbulent flows, one may define time averages, customarily de-

noted by an overline as, for example,

U i =
1

∆T

∫ ∆T

0
Ui(t)dt, (3.13)

where the time interval ∆T is sufficiently large, typically equal to or larger than 100 integral

time scales of the flow (to be defined in the following). The statistical analysis of the

measurements was based on the commonly adopted approach of Reynolds decomposition,

by which a fluctuating random property (e.g., Ui) is decomposed into an average (e.g., U i)

and a fluctuation (e.g., ui), for example

Ui = U i + ui. (3.14)

Turbulent flows contain a wide range of motions (“eddies”), having different sizes. Through

a mechanism called the energy cascade, kinetic energy is transferred mainly from larger ed-

dies to smaller ones. The effects of friction become dominant for sufficiently small eddies,

the kinetic energy of which is dissipated into heat. The size of turbulent motions is char-

acterised by three distinct length scales, the integral length scale, the Taylor microscale

and the Kolmogorov microscale. In the present experiments, the integral length scale L1 is

calculated as L1 = U1T , where the integral time scale T was determined by integrating the

autocorrelation function R of the streamwise velocity to its first zero, namely, as

L1 = U1

∫ t+τ0

t
R(τ)dτ, (3.15)

where the autocorrelation coefficient is defined as

R(τ) =
u1(t)u1(t + τ)

u2
1(t)

. (3.16)

Using Taylor’s frozen flow approximation, the Taylor microscale λ was calculated as

λ = U1

 u2
1

∂u1/∂t2


1/2

, (3.17)

where the velocity derivative variances (∂u1/∂t)2 and (∂2u1/∂t2)2 were calculated by ex-

trapolating corresponding finite differences to a zero time lag. The turbulence Reynolds



40

number Reλ was calculated as

Reλ =
u′1λ
ν

(3.18)

where ν is the kinematic viscosity of air. The turbulent kinetic energy dissipation rate ε

was estimated using the isotropic expression

ε = 15ν
u2

1

λ2 . (3.19)

The Kolmogorov microscale η was then calculated as

η =

(
ν3

ε

)1/4

, (3.20)

and the dissipation parameter as

Cε =
L1ε

(u2
1)3/2

. (3.21)

Using the Reynolds decomposition method, the measured temperature can also be de-

composed into its average (T ) and fluctuating (θ) components as

T = T + θ. (3.22)

3.6 Pulsatile grid turbulence measurement procedures

3.6.1 Phase averaging

The statistical analysis of non-stationary flows is based on ensemble averaging, customarily

denoted by angle brackets, as, for example, 〈Ui〉. If the members of the ensemble are quasi-

periodic realisations of a flow under controlled external conditions, ensemble averages may

also be called phase averages and can be computed by averaging corresponding repeat

values at the same time with respect to the start of each realisation. For example, the

phase-averaged streamwise velocity would be defined as

〈Ui(t)〉 =
1
N

N−1∑
n=0

Ui(t + nTcyc) , 0 ≤ t ≤ Tcyc , (3.23)

where N is the total number of measured cycles and Tcyc is the period of the cycle. During

each cycle period, the relative time in the cycle is defined as τp = t/Tcyc, 0 ≤ τp ≤ 1.

In quasi-periodic flows and in flows in which distinct coherent events recur regularly, one
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may use the triple decomposition (Hussain & Reynolds, 1970, 1972; Reynolds & Hussain,

1972), as, for example for the instantaneous velocity Ui(t),

Ui(t) = 〈Ui(t)〉 + u∗i (t) = Ui + ũi(t) + u∗i (t) , (3.24)

where 〈Ui(t)〉 is the ensemble-averaged velocity, ũi(t) is the zero-mean coherent fluctua-

tions, and u∗i (t) is the zero-mean non-coherent fluctuations. The instantaneous fluctuation

in a non-stationary pulsatile flow is

ui(t) = ũi(t) + u∗i (t). (3.25)

Figure 3.16 presents an example of a non-stationary pulsatile flow with the instanta-

neous, phase-averaged, and time-averaged velocities and instantaneous, coherent and non-

coherent fluctuations.

The time-averaged variance of the instantaneous fluctuations is found as

u2
i = ũ2

i + u∗2i + 2ũiu∗i , (3.26)

whereas the phase-averaged variance of the instantaneous fluctuations is found as

〈u2
i (t)〉 = 〈̃u2

i (t)〉 + 〈u∗2i (t)〉 + 2〈ũiu∗i (t)〉. (3.27)

Measurements of the covariance 2〈ũiu∗i (t)〉 were found to be of the order of 10−16 −

10−18 m2/s2 under different flow conditions with different grids; such values will be con-

sidered to be negligible in this work. The integral length scale L1(t) was calculated as

L1(t) = 〈U1(t)〉T , where the integral time scale T was determined by integrating the auto-

correlation function R(t) of the streamwise velocity to its first zero, namely, as

L1(t) = 〈U1(t)〉
∫ t+τ0

t
R(t, τ)dτ , (3.28)

where the autocorrelation function is defined as

R(t, τ) =
〈u1(t)u1(t + τ)〉

(〈u2
1(t)〉〈u2

1(t + τ)〉)1/2
. (3.29)

Using Taylor’s frozen flow approximation, the Taylor microscale λ(t) was calculated as

λ(t) = 〈U1(t)〉
(
〈u∗21 (t)〉
〈∂u∗1/∂t〉2

)1/2

, (3.30)



42

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1.5

2

2.5

3

3.5

4

4.5

Figure 3.16: Example of a quasi-periodic flow cycle with the instantaneous (blue solid
line), phase-averaged (red solid line), and time-averaged (red dashed line) velocities and
instantaneous, coherent and non-coherent fluctuations.

where the velocity derivative variances 〈∂u∗1/∂t〉2 and 〈∂2u∗1/∂t2〉2 were calculated by ex-

trapolating corresponding finite differences to a zero time lag. The turbulence Reynolds

number Reλ(t) was calculated as

Reλ(t) = 〈U1(t)〉
(
〈u∗21 (t)〉
〈∂u∗1/∂t〉2

)1/2

. (3.31)

The turbulent kinetic energy dissipation rate ε(t) was estimated using the isotropic expres-

sion

ε(t) = 15ν
〈u∗21 〉

λ2(t)
. (3.32)

The Kolmogorov microscale η(t) was calculated as

η(t) =

(
ν3

ε(t)

)1/4

, (3.33)
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and the dissipation parameter as

Cε(t) =
L1(t)ε(t)
〈u∗21 〉

3/2
. (3.34)

3.6.2 Convergence analysis

Convergence analyses were performed for the phase averages at different times in the pul-

sation cycle of the streamwise centreline velocity, standard deviation of the streamwise

velocity fluctuations, Taylor microscale and Kolmogorov microscale. Results in Figure

3.17 show that the phase averages over 400 cycles converged sufficiently. Therefore, each

reported measurement was averaged over at least 400 cycles.

Figure 3.17: Convergence analysis of the phase-averaged centreline velocity (top-left),
standard deviation of the streamwise velocity fluctuations (top-right), Taylor microscale
(bottom-left) and Kolmogorov microscale (bottom-right) at different times in the pulsatile
cycle.
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Figure 3.18: An example of a cycle-to-cycle variation, comparing the phase-averaged ve-
locity (black line) and the velocity during an individual cycle (red line) during flow decel-
eration in previous work. Adapted from Duong (2017).

3.6.3 Cycle-to-cycle variations

In our previous work in a pulsatile turbulent flow through a rod bundle, we found that strong

cycle-to-cycle variations led to unrealistic phase-averaged results (Duong, 2017), particu-

larly during flow deceleration. For example, the uncorrected phase-averaged variance of

the streamwise velocity was found have an error in excess of 900%. In that study, however,

a large contributor to the cycle-to-cycle variations was an error in the program controlling

the timing of the flap operation. An example of the effect of a cycle-to-cycle variation from

Duong (2017) is presented in Figure 3.18.

This programming error was corrected for the present work and it was found that cycle-

to-cycle variations were very small. Examples of a typical velocity cycle and the phase-

averaged velocity during a full cycle at two different streamwise positions are presented in

Figure 3.19. It is evident that the phase-averaged velocity coincides with a visually fitted

line through the instantaneous measurements.
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Figure 3.19: Comparison of the phase-averaged velocity (black line) and the velocity dur-
ing a typical cycle (blue line) for the M51 grid at a) x1/M = 10 and b) x1/M = 40

3.7 Uncertainty analysis

The measurement uncertainty δx of a measured property x (e.g., 〈Ui〉, 〈u2
i 〉) is defined as

δx =

√
b2

x + p2
x , (3.35)

where bx is the bias limit and px is the precision limit of x (Tavoularis & Nedić, 2024).

All instrumentation and measurement procedures were designed to keep the uncertainty

as low as possible. Probe supports were mounted firmly onto the traversing system to

reduce mechanical vibration effects on the measured turbulence. It is well known that

cross-wire probes are subject to error by cross-talk when the ratio of the separation distance

to the length of the sensors is less than 0.15 (Jerome et al., 1971); in this study this ratio

was 0.59.

The effect of the hot-wire probe misalignment with respect to the incoming flow on the

mean flow velocity was studied on the calibration jet for pitch angles ranging from -3◦ to

3◦. Within this range, the measured mean flow velocity error ranged between 0.1 and 0.4%.

When the probe was inserted in the test section, its axis formed an angle of less than 0.5◦

with the incoming flow and so the effect probe misalignment on the mean flow velocity was

considered to be less than 0.2%.

Calibration error using the velocity-pitch-map was kept below 2% as much as possible,

and common levels of calibration error were 0.3−0.4% for U1 and 0.4−0.6% for U2 in the

higher-speed calibrations (U1 ≥ 1.5 m/s). In the lower speed calibrations (U1 ≤ 1.0 m/s),
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the common error levels approached 1.3 − 1.6% for U1 and 1.3 − 2.0% for U2.

The effect of the linear actuator positioning was also examined; the actuator has a reso-

lution of 0.02 mm, corresponding to a maximum uncertainty of 0.1% on the mean velocity.

The mini-thermistor probe used for temperature corrections was placed at approxi-

mately 25.4 mm away in the spanwise direction from the hot-wire, so that thermal and

aerodynamic effects of the mini-thermistor on the hot-wire measurements would be con-

sidered negligible.

The precision limit was calculated as px = 2σx/
√

N, where σx is the standard deviation

of an ensemble of repeat measurements of x and N is the number of measured points.

Wyngaard (1969) presented estimates of turbulent velocity derivatives in isotropic tur-

bulence for four different hot-wire arrays. This analysis concluded that measurements of

∂u2/∂x1 and ∂u1/∂x1 with the present cross-wire would have errors of less than 3-4%.

Furthermore, Ashok et al. (2012) showed that spatial filtering in the near-wall region of

a wall-bounded flow has similar response to that of grid turbulence. Their work showed

that the ratio of the sensor wire length to the Kolmogorov microscale scales well with the

error estimates. In particular, they showed that, for a ratio less than 2, the effects of the

spatial filtering would be negligible. In this study, the ratio of the sensor wire length to

the Kolmogorov microscale varied between 2 and 2.5, which corresponds to an error of

less than 2–3% for the streamwise velocity variance, 2–3% for the turbulent kinetic energy

dissipation rate, 2% for the integral length scale and 1% for the Kolmogorov microscale.

The uncertainties of derived parameters (e.g., the Taylor microscale and the Kolmogorov

microscale) were estimated by standard statistical procedures (Tavoularis & Nedić, 2024).

Tables 3.7 and 3.7 summarises the uncertainties of the measured and derived parameters.

In the case of time-averaged properties, the lower values generally correspond to larger

mean speeds (U1 = 3 − 4 m/s) and the larger values correspond to smaller mean speeds

(U1 = 0.4 − 0.6 m/s). In the case of phase-averaged properties as well, the lower values

generally correspond to larger mean speeds (〈U1〉 = 3.5 − 3.6 m/s), and the larger values

generally correspond to smaller mean speeds (〈U1〉 = 2.3 − 2.4 m/s). In most cases, the

uncertainty is relatively small, but it increases significantly as the velocity decreases to very

low values. For the pulsatile measurements reported in this work, the largest contributor

to the uncertainty of the phase-averaged properties was the precision uncertainty. Because



47

only 600 cycles of measurements were taken for each set of data, the precision uncertainty

was at least 8.2% of the property’s standard deviation. To reduce the precision uncertainty

of the first- and second-order fluctuation derivatives in the pulsatile flow, the four nearest

(±0.0005s) neighbours of the measurement point were used as part of the average, thus

increasing the number of points to 6000 and decreasing the precision uncertainty to a mini-

mum of 2.6% of the property’s standard deviation. The flow in the pulsatile measurements

for this work was always turbulent, and thus the bias uncertainty estimates remained small.

When large biases were identified, they were removed by applying appropriate corrections

to the directly measured properties, which propagated to the calculated properties, as out-

lined in Section 3.7.

Table 3.2: Typical levels of uncertainties of time-averaged measured properties.

property Lower Bound (%) Upper Bound (%)

U1 0.4 1.7

u2
1 0.7 1.8

u2
2 0.7 1.8(
∂u1
∂t

)2
< 3 < 3(

∂2u1
∂t2

)
< 5 < 5

λ < 3 < 3

η < 1 < 1

Reλ < 3 < 3

S < 5 < 5

F < 5 < 5
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Table 3.3: Typical levels of uncertainties of phase-averaged measured properties.

property Lower Bound (%) Upper Bound (%)

〈U1〉 8.2 8.2

〈u2
1〉 10.3 12.3

〈u2
2〉 10.3 12.3

〈
(
∂u1
∂t

)2
〉 4.0 5.2

〈
(
∂2u1
∂t2

)
〉 5 5.6

λ 5 5.6

η 2.8 3.3

Reλ 7.1 8.3



Chapter 4

Enhancement of turbulent mixing by a porous obstruction

This chapter contains the following article, which was published in the journal Physical

Review Fluids on December 16, 2022.

Duong, D., & Tavoularis, S. (2022), “Enhancement of turbulent mixing by a porous

obstruction”, Phys. Rev. Fluids, 7(12), 124502.

The experiments described in this article implement a strategy for enhancing scalar

mixing in decaying grid turbulence by introducing an array of cylinders (porous obstruc-

tion) close to the scalar source, as explained by Tavoularis & Nedić (2017). As a result of

the introduction of the porous obstruction, the turbulent diffusion was drastically enhanced.

It is assessed that two distinct mechanisms contribute to the plume spreading enhance-

ment: first the transverse deflection of part or all of the plume as it impacts on successive

obstructions and second the additional transverse dispersion of scalar by the turbulence pro-

duced by the array elements, which is superimposed on and coupled with the grid-generated

turbulence. Although it is not possible to separate the two effects with the present setup,

one may do so by conducting additional experiments with different types of obstructions.

One issue worth investigating is the effect of changing obstacle porosity, which can be

achieved by changing the spacing and arrangement geometry of the elements, including a

case with a zero porosity, which corresponds to a solid obstruction (e.g., a solid wedge).
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Enhancement of turbulent mixing by a porous obstruction
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Turbulent diffusion and mixing of heat, introduced passively by a thin ribbon in
grid-generated turbulence, were enhanced drastically by a small array of thin cylinders,
positioned closely downstream of the ribbon. A multistructure flow region was formed
behind the array and relaxed towards grid turbulence, albeit maintaining a turbulence
intensity and an integral length scale that were twice as large as those in the absence of
the array.

DOI: 10.1103/PhysRevFluids.7.124502

I. INTRODUCTION

Turbulent mixing and diffusion of scalar properties, such as heat and the concentration of an
admixture, have been studied extensively, due to their importance in combustion, chemical reactions,
spreading of pollutants, and transmission of airborne pathogens [1,2]. Much of our understanding
of these phenomena has been based on studies under idealized conditions [3–26], but such findings
are also relevant to many practical conditions. Early studies of scalar dispersion from concentrated
sources in homogeneous turbulence [27,28] have been adapted to estimate the far-field half-width
of a scalar plume, generated by a line source in a uniform stream, as

σ ≈ (2u′
2L2x1/U1)1/2 for σ � L2, (1)

where x1 is the distance from the source, U1 is the mean velocity, u′
2 is the standard deviation

of the transverse turbulent velocity, and L2 is the transverse integral length scale. More recently,
scalar diffusion theory was extended to account for turbulence decay, as would be the case for
grid-generated turbulence [29]. In this case, the far-field plume half-width was estimated as

σ ∝ C−1/2
ε L1, (2)

where L1 is the streamwise integral length scale and the dissipation parameter is defined in terms of
L1, the turbulent kinetic energy per unit mass k, and its dissipation rate ε as

Cε = εL1/(2k/3)3/2. (3)

In isotropic turbulence, L2 = L1, but, in shear flows, one may generally expect that L1 > L2.
Nevertheless, the scale L1 was used in Eq. (2) instead of L2, because the former is easier to measure,
as well as being less sensitive to local inhomogeneity.

In grid turbulence, there is a developing flow region near the grid, where Cε grows monoton-
ically, followed by a partially developed region and finally a fully developed region, where Cε is
approximately constant [21,29]. Equation (2) implies that, if the far-field condition (σ � L1) is
satisfied at the start of the Cε ≈ const region, it will continue being satisfied further downstream, so
that the plume will grow at the same rate as the turbulence scale does. The analysis also indicates
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that, if the far-field condition is not satisfied at the start of the Cε ≈ const region, it will never be
satisfied and the plume will keep growing at a slower rate than L1 does. Based on these observations,
one may develop the following strategy for enhancing the spreading of the plume, thus improving
scalar mixing in decaying grid turbulence: Introduce a disturbance close to the source, so that the
plume will be wide enough to satisfy the far-field condition early in its evolution and then keep
growing at its highest possible rate, which is the rate of growth of L1. The choices of geometry and
location of the grid, the scalar source, and the obstructions are crucial in implementing this strategy
as efficiently as possible. In the following, we will outline the rationale for making the present
choices.

First, we chose a grid. We need a grid that has a developing region that is sufficiently long to
contain the obstructions, as well as a fully developed region that is sufficiently long for the plume
growth to be observable within the wind-tunnel test section. When the grid mesh size M is relatively
small, the developing region is essentially nonexistent [21], whereas, when M is relatively large,
the highest dimensionless distance x1/M attainable within the wind-tunnel test section would be
small (thus restricting the length of the fully developed region), with the problem compounded
by excessive boundary layer interference with the grid turbulence. Among the many grids that were
available from previous studies in our laboratory, the one that generated a sizable developing region,
a sizable fully developed region, and a core flow that was relatively free of wall effects was found
to be a square-mesh perforated plate with a mesh size M = 50.8 mm.

In accordance with the previously explained strategy, we placed the scalar source as closely as
possible downstream of the perforated plate. In fact, we mounted both the perforated plate and the
source on the same frame that was inserted in the wind tunnel. An ideal line source of a scalar would
introduce no disturbance to the flow, but such a source would also generate a very narrow plume,
which is against the present strategy. Instead of a thin wire, which would approximate a line source,
we used a thin ribbon as a source of heat and imposed a twist on it, such that it would introduce
a sizable early plume. Of course, we anticipated that the wake generated by the ribbon may also
introduce a relatively strong disturbance to the grid turbulence and, consequently, deviation from
the conditions that are necessary for the previous plume spread theory to be accurate. Nevertheless,
this choice of source appears to be justified, when we consider that our objective is to generate a
plume that is as wide as possible near its origin and that grid turbulence would anyway be distorted
by the obstruction to be placed downstream of the source.

Following our strategy to widen the plume as far upstream as possible, we placed the obstruction
closely downstream of the source. The final, but very crucial, choice was the geometry of the
obstruction. If we had introduced a relatively large solid obstruction in the scalar plume, we would
have diverted the plume away from the source plane but would have also created a large, scalar-free,
wake region. Moreover, the turbulence structure in the wake would be very different from grid
turbulence, and the analysis would not hold, even approximately. After considering different possi-
bilities, we decided to use an array of small cylinders, which would act as a porous obstruction, thus
allowing the scalar to penetrate the array as well as reducing the disturbance to the grid turbulence.
Of course, the turbulence structure behind the array would have contributions from the upstream
grid turbulence, as well as contributions of the wakes of the cylinders and the high-speed flows
between them. Consequently, this region will have a structure that is the result of more than one
distinct turbulence generation mechanism and may be described as multistructure turbulence [30].
To minimize the overall flow disturbance and the pressure drop through the obstruction array, we
designed the array such that, instead of being rectangular, it was contained in a triangular envelope,
with its apex occupied by a single cylinder facing the source and followed by rows of staggered
cylinders, increasing in number. Also to keep the obstruction disturbance relatively small, we set
the height of the array to be smaller than the mesh size.

The general goal of this research is to devise a practical method for enhancing scalar mixing in
a turbulent flow. In particular, we wished to widen the plume generated by a scalar line source in
grid turbulence by inserting a porous obstruction closely behind it. We also wished to explore the
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FIG. 1. Sketches of (a) a side view of the general experimental arrangement, (b) a view from upstream
of the perforated plate bars (thick black lines), the obstruction projected frontal area (gray rectangle), and the
heating ribbon (thin black horizontal line), (c) side views of the different cylinder arrays, and (d) a side view
of the different flow regions. The different parts of this figure have different scales.

relationship between the plume spread and the turbulence properties in the multistructure region
behind the obstruction.

II. APPARATUS AND MEASUREMENT PROCEDURES

The experiments were performed in an open-circuit wind tunnel, shown schematically in
Fig. 1(a). The test section has a height h = 305 mm, a width of 1.5h, and a length of 16.6h. Beyond a
certain initial length, the test section sidewalls were adjusted to be slightly diverging, to compensate
the mean pressure field for boundary layer growth. A square-mesh perforated plate [“grid,” shown
in Fig. 1(b)], machined from a 16-gauge steel sheet with a thickness of 1.59 mm and having a
mesh size M = 50.8 mm (=0.167h) and a solid bar width w = 6.8 mm (thus a solidity of 0.25),
was inserted across the flow. An electrically heated ribbon, made of Nichrome alloy and having
a thickness of 0.13 mm and a width of 1.59 mm, was inserted at a location that was 25.4 mm
(=0.50M) downstream of the grid, to serve as the source of a passive scalar (i.e., temperature rise).
The ribbon was twisted by approximately 30◦, end to end, with respect to the horizontal plane. The
heating power was the same for all reported tests. Arrays of ceramic rods, 3.2 mm in diameter and
spaced by 5.5 mm, axis to axis, in equilateral arrangements, were positioned 38 mm (=0.75M)
downstream of the source, namely, about 1.25M downstream of the grid. Each rod spanned the
entire width of the test section, and the maximum projected height of the arrays was 36.2 mm,
which is equal to 0.71M. Measurements with the ribbon heated were taken following a warm-up
time of 15 min to ensure that the rods had reached constant temperatures. Tests were performed for
the nine array configurations that are shown in Fig. 1(c).
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Measurements of the streamwise and transverse (i.e., vertical) velocity components and the
fluctuating temperature were made with a homemade, three-wire probe. The velocity sensors,
arranged in a cross-wire configuration, were made of tungsten and had a diameter of 2.5 µm, a
sensing length of 0.85 mm, and a separation distance of 0.5 mm. The length-to-diameter ratio was
340, which is sufficiently large for end conduction effects to be negligible [31]. The temperature
sensor (“cold wire”) was made of platinum and had a diameter of 0.6 µm and a length-to-diameter
ratio of 800; this sensor was etched from Wollaston wire and spot welded onto the prongs. The
cold wire was supplied with a current of 0.3 mA by a low-noise, high-gain homemade circuit.
The mean temperature close to the three-wire probe was measured with a miniature thermistor. The
hot-wire signals were corrected for temperature effects, using an instantaneous temperature value
that was the sum of the time-averaged temperature, measured with the thermistor, and the mean-free
temperature fluctuation, measured with the cold wire. The reported temperature rise in the heated
flow was the difference between the locally measured temperature and the temperature upstream
of the heated source, measured with a precalibrated resistance temperature detector (RTD). The
hot-wire and cold-wire signals were low-pass filtered with analog filters, having cutoff frequencies
of 14 and 4 kHz, respectively, digitized at a rate of 30 kHz and recorded over 30 s for each test. The
cross-wire probe was calibrated in situ using a velocity-pitch-map calibration method [32].

The streamwise integral time scale T1 was determined by integrating the temporal autocorrelation
coefficient of the streamwise velocity fluctuations to its first zero crossing. The streamwise integral
length scale was then estimated as L1 = T1U1. The derivative (∂u1/∂t )2 was calculated by extrap-
olating corresponding finite differences to a zero time lag. The Taylor microscale was calculated
with the use of Taylor’s frozen flow approximation as λ = U 1[u′2

1 /(∂u1/∂t )2]1/2, and the turbulence
Reynolds number was calculated as Reλ = u′

1λ/ν, where ν is the kinematic viscosity of air. Lastly,
the Taylorian diffusivity was calculated as D = u′2

2 L1/2.

III. RESULTS AND DISCUSSION

All measurements were taken at a fixed inlet velocity of U∞ = 10.0 m/s, calculated from the
mean pressure difference across the wind-tunnel contraction. In the absence of a grid, heating
source, and flow obstructions, velocity fluctuations in the streamwise and transverse directions were
found to be about 0.1%. The Reynolds number, based on the grid mesh size, was ReM = U∞M/ν ≈
34 000.

Preliminary measurements downstream of each of the nine cylinder arrays showed that, consis-
tently with previous work [21,33], the mean temperature profiles had a nearly Gaussian shape. The
peak of the obstructed temperature profile was substantially lower than that in unobstructed grid
turbulence, while the plume was substantially wider. The additional spread of heat in the presence
of the obstruction is attributed to two interacting, but distinct, effects. First, the warm wake of the
source is either split by the first cylinder or diverted towards one side of it, in both cases tending
to displace heated fluid away from the source plane. This process is repeated, as the displaced
warm fluid reaches the second and subsequent cylinders. One is also reminded that the near field
of a square-mesh grid consists of square jets, surrounded by short horizontal and vertical wakes, so
that the flow reaching the obstruction is strongly three dimensional. Second, the cylinders produce
additional turbulent fluctuations, which are superimposed on the grid turbulence, as well increasing
the size of the energy-containing motions; both effects enhance turbulent diffusion. The effect of
the obstructions on the plume spread is quite strong, despite the fact that the frontal projection of a
full cylinder array is merely 0.076h in height.

Most effective in reducing the peak temperature rise was array 1, and so all measurements
reported here were taken for this configuration. Profiles of the mean temperature rise �T at
three streamwise stations are shown in Fig. 2. These values have been normalized by a constant
reference temperature rise �Tref = 0.44 K, which is equal to the peak mean temperature rise in
the unobstructed flow at x1/M = 6. Although the unobstructed plume extended entirely within the
flow core region (namely, it did not reach the boundary layers along the top and bottom walls), the
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FIG. 2. Normalized mean temperature and temperature fluctuation profiles without (×) and with (◦) the
obstructions at three streamwise locations; the reference temperature rise was �Tref = 0.44 K.

obstructed plume grew wider than the core, encroaching into the boundary layers at the furthest
station, where x1/M = 60. Figure 2 also presents the transverse profiles of the normalized standard
deviation θ ′ of the temperature fluctuations, at the same three streamwise locations. Dual peaks can
be seen in both the unobstructed and obstructed flows, but, in the obstructed flow, the fluctuations
spread further in the transverse direction and had a smaller nonuniformity. As shown in Fig. 3,
the obstructed plume was roughly twice as wide as the unobstructed one. Figure 2 indicates that
the obstruction intensified scalar mixing to the point that, roughly speaking, the mean temperature
rise in the entire test section far away from the source exceeded half of its peak values in the
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FIG. 3. Plume spread without (×) and with (◦) the obstructions.

unobstructed case. In contrast, throughout the unobstructed flow, there were significant parts of the
test section where there was no temperature rise at all. All things considered, we may confidently
assert that the obstruction was quite effective in spreading and mixing the scalar.

To understand the effect of the obstructions, we compared the turbulence properties in their
presence with those in their absence. Measured values of turbulence properties along the centerline,
without and with the cylinder array, are listed in Table I, and representative vertical profiles of
such properties are shown in Fig. 4. It should be noted that the various profiles near the grid are
not expected to be two dimensional, but to have significant spanwise nonuniformity, generated by
the vertical bars of the grid and the ribbon twist. It is also noted that the heating ribbon had a

TABLE I. Values of various properties at selected locations along the centerline; the values of P are at
x2/h = 0.125, where this property was at or near its peak.

Grid only Grid + array 1

x1/M 6 24 60 6 24 60

�T/�Tref 1 0.488 0.317 0.473 0.206 0.196
θ ′/�Tref 0.160 0.095 0.063 0.164 0.044 0.023
σ/M 0.378 0.653 1.19 0.601 1.375 2.762
U1/U∞ 0.857 0.949 0.967 0.701 0.903 0.941
u′

1/U∞ 0.094 0.035 0.020 0.165 0.068 0.036
u′

2/U∞ 0.080 0.032 0.018 0.198 0.065 0.030
−u1u2/u′

1u′
2 0.017 −0.119 −0.114 0.000 0.005 −0.001

L1/M 0.227 0.363 0.508 0.291 0.732 0.936
D (m2/s) 0.004 0.001 0.0004 0.029 0.007 0.002
λ/M 0.029 0.178 0.339 0.029 0.179 0.337
Reλ 89 68 67 158 132 117
P (m2/s3) 11.0 0.40 42 1.8
−S 0.36 0.42 0.40 0.53 0.43 0.50
F 5.4 5.0 4.4 7.3 6.5 5.6
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FIG. 4. Transverse profiles of the main turbulence properties without (×) and with (◦) the obstructions at
three streamwise locations; the axis scales for L1 and D at each location have been adjusted to make the values
readable.

measurable momentum wake, although we found no signs of buoyancy effects due to the heating.
The main observations that can be based on these results are summarized as follows.

(a) Closely downstream of it, the obstruction increased the mean velocity deficit along the cen-
terline to a level that was well above the already significant level in the absence of the obstruction,
which is attributed to the grid bars and the ribbon wake. This deficit diminished with downstream
distance, so that the mean flow in the core became nearly uniform at x1/M = 60. At that location,
the boundary layers on the top and bottom walls may be seen to occupy roughly a quarter of the
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cross section each, with very weak velocity peaks persisting at the boundary layer edges; these peaks
are interpreted to be remnants of upstream flow maxima between bar-generated wakes.

(b) The streamwise turbulent velocity fluctuation level behind the obstruction was nearly twice
the unobstructed value in the entire test section, which means that the obstruction generated a
permanent increase in turbulence level.

(c) The transverse turbulent velocity fluctuations behind the obstruction followed the same
overall patterns as the streamwise fluctuations. It is interesting to note that, at x1/M = 6, u′

2 was
somewhat larger than u′

1, as the obstruction diverted flow away from the centerline. Further down-
stream, the ratio u′

1/u′
2, both without and with obstructions, settled at a level in the range 1.1–1.2,

which is somewhat larger than typical values in turbulence generated by grids with solidities that
are higher than the present one [34]. In the near-wake of the obstruction, the turbulence intensity
u′

1/U1 exceeded 20%. This brings into question the validity of Taylor’s frozen flow approximation,
but we note that a recent study on this issue [35] concluded that Taylor’s approximation stands for
u′

1/U1 � 25%.
(d) Unlike isotropic turbulence, the present flow had a measurable Reynolds shear stress, which

is attributed to the combined wakes of the ribbon and the obstruction. The shear stress correlation
coefficient was only mildly affected by the obstruction. It is interesting to note that, without and
with the obstruction, this coefficient was negligible along the streamline and reached peak values of
about ±0.25 at about x2/h ≈ ±0.125, which points to persisting mild inhomogeneity and anisotropy
throughout the measuring section. The peak shear stress correlation coefficient was smaller in
magnitude than its value in outer turbulent boundary layers and in uniformly sheared turbulence,
where it is about 0.4.

(e) In view of the appreciable mean shear and shear stress in parts of the flow, we examined
the turbulence production P = −u1u2dU1/dx2. In both the unobstructed and obstructed flows, P
was negligible along the centerline, but it reached distinct peaks at about x2/h ≈ ±0.125. The peak
production was up to a third of a corresponding rough estimate of the local turbulent kinetic energy
dissipation rate and up to nearly half the dissipation value in the obstructed flow. By comparison,
the production-to-dissipation ratio in uniformly sheared turbulence is about two-thirds [18].

(f) The obstruction nearly doubled the integral length scale, and such increase was maintained
downstream.

(g) The obstruction increased drastically the turbulent diffusivity D ≈ u′2
2 L1/2 in its wake. Close

to the obstruction, the increase was by an order of magnitude and peaked on the centerline, but,
further downstream, the turbulent diffusivity maintained a fairly uniform value in the flow core,
which was roughly four times the corresponding unobstructed value. This increase in D is consistent
with the drastic enhancement of scalar mixing.

(h) The Taylor microscale was essentially unaffected by the obstruction; this indicates that
the obstruction increased both the velocity fluctuations and their temporal derivative by the same
amount. Nevertheless, there was a very small correlation (�0.1 for x1/M � 24) between the velocity
and its derivative. A physical justification for the lack of influence of the obstruction on the Taylor
microscale remains to be found.

(i) The turbulence Reynolds number was roughly doubled by the obstruction, as a result of the
increase of the turbulence level.

(j) As a final note, Fig. 5 shows representative profiles of the skewness S and flatness F factors
of the streamwise velocity derivative, which are indicators of the fine structure. Away from the
grid (x1/M � 24), S takes values in the vicinity of −0.5 in both the unobstructed and the obstructed
flows; such values are typical for fully developed turbulence at moderate Reynolds numbers [36–40].
However, closer to the grid (x1/M = 6), S takes values that are measurably lower than the value
−0.5 without the obstruction and closer to −0.5 with the obstruction; thus it appears that the
effect of the obstruction is to accelerate the development of the turbulence structure. Moreover,
the obstruction increases systematically the flatness factor throughout the test section, which is
consistent with the increase in Reλ and indicates an enhancement of the internal intermittency
of the turbulence. It should be noted that, at the furthest downstream station (x1/M = 60), the
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FIG. 5. Transverse profiles of the skewness and flatness factors of the streamwise velocity derivative
without (×) and with (◦) the obstructions. The axis scale of F at each location has been adjusted to make
the values readable.

flatness factor is drastically larger outside the flow core (|x2/h| > 0.25) than within the core
−0.25 � x2/h � 0.25; this is attributed to the intermittency between grid turbulence and turbulence
in the boundary layers developing along the test section walls.

IV. CONCLUSIONS

In this paper, we found that a small array of thin cylinders, acting as a localized, porous,
flow obstruction, enhanced drastically turbulent diffusion and mixing of a passive scalar injected
from a line source in grid turbulence. The unobstructed scalar plume was confined within the
test section core region, whereas the obstructed plume penetrated the boundary layers on the test
section walls. This is further confirmed by the fact that the plume spread in the obstructed flow was
twice as large as that in unobstructed grid turbulence. Transverse profiles of turbulence properties
indicated that a multistructure flow region was formed behind the array and relaxed towards grid
turbulence, albeit maintaining permanent increases in turbulence level, integral length scale, and
turbulent diffusivity.
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Chapter 5

Grid-generated velocity fields at very small Reynolds numbers

This chapter contains the following article, which was published in Physical Review Fluids

on 27 February 2024:

Duong, D., & Tavoularis, S. (2024), “Grid-generated velocity fields at very small Reynolds

numbers”, Phys. Rev. Fluids 9(2), 024607.

Experiments were conducted in a specially designed wind tunnel, which was capa-

ble of generating flows at very low speeds and used velocity calibration and measurement

methods that are suitable for low speeds. Measurements identified and characterised an in-

termediate state between conventional grid turbulence and steady flow. The flow structure

in the intermediate range exhibited some peculiarities which depended on the grid geome-

try and the Reynolds number. The Reynolds stress anisotropy increased drastically in the

intermediate state. The power spectra in the intermediate state differed strongly, when nor-

malised by Kolmogorov scales based on the measured dissipation rate, but nearly collapsed

in their large wavenumber ranges, when normalised by a dissipation rate that was fitted to a

universal normalised spectrum. The flow state could not be characterised accurately by the

Reynolds number based on mesh size, but the change of state from the conventional to the

intermediate one occurred at Reλ ≈ 10 for all grids. The experiments further described the

dependence of the skewness and flatness factors of the streamwise velocity derivative, the

ratio of production and dissipation of vorticity fluctuations and the dissipation parameter

upon Reλ.

An issue not addressed in the published article is whether the non-fully-turbulent flow

regime has common characteristics with a flow that undergoes transition from laminar to

turbulent. Unlike a transitional flow that is in the process of becoming fully turbulent

(e.g., flow closely behind grids at relatively large Reynolds numbers), the present non-

conventional grid-generated fluctuations are not evolving towards conventional turbulence.
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In this work, the terms ‘laminar”, “transitional” and “turbulent” flow were avoided when

describing the three regimes observed. Nevertheless, with the exception of the “steady

flows” in which the grid elements generate no velocity fluctuations, all other regimes orig-

inate at the unsteady vortices shed by the these elements. At low Reynolds numbers,

the interactions between these vortices and the corresponding instability mechanisms are

not strong enough to lead to transition to conventional turbulence, as happens at higher

Reynolds numbers.
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Statistical moments and power spectra of velocity fluctuations and their temporal deriva-
tive were measured behind four square-mesh grids at very small bulk Reynolds numbers.
Three distinct states of such flows were identified: (1) in cases with insufficiently small
Reynolds number, the flow was characterized as conventional grid turbulence, in which the
turbulent kinetic energy was scaled with the mean velocity; (2) when the Reynolds number
dropped below a threshold, which was specific for each grid, the flow was characterized as
approximately steady; and (3) for Reynolds numbers that were between the two previous
bounds (“intermediate state”), the flow structure exhibited peculiarities, the details of
which depended on the grid geometry and the Reynolds number. The Reynolds stress
anisotropy increased drastically in the intermediate state. Moreover, power spectra in the
intermediate state differed strongly, when normalized by Kolmogorov scales based on the
measured dissipation rate, but nearly collapsed in their large wave number ranges, when
normalized by a dissipation rate that was fitted to a universal normalized spectrum. The
flow state could not be characterized accurately by the Reynolds number based on mesh
size, but the change of state from the conventional to the intermediate one occurred at
Reλ ≈ 10 for all grids. Finally, measurements quantified the dependence of the skewness
and flatness factors of the streamwise velocity derivative, the ratio of production, and
dissipation of vorticity fluctuations and the dissipation parameter upon Reλ.

DOI: 10.1103/PhysRevFluids.9.024607

I. INTRODUCTION

Grid-generated turbulence has long served as a popular paradigm of turbulent flows and an
essential benchmark for the validation of theories and models. Moreover, grids, screens, and other
uniform flow obstructions are used routinely for improving the quality of streams in wind tunnels
and other fluid mechanical apparatus. Although it is generally desirable for turbulence-generating
grids to operate at relatively large Reynolds numbers (based on the mean speed and the grid spacing),
there are occasions (for example, fine-mesh screens stretched across the plenum of a wind tunnel)
on which the Reynolds number is very small.

The term “grid” has been used to describe a variety of devices with periodically arranged flow
obstructions, but in the present work we will consider, as representative designs, perforated plates
and woven screens with square openings, characterized by a mesh size M and a solidity σ . When
the flow mean speed U 1 is sufficiently large, a grid will generate turbulence in the production
region, which extends up to a relatively short dimensionless streamwise distance x1/M from the
grid, or, equivalently, a relatively short dimensionless convection time tU 1/M (t = x1/U 1). In this
region, turbulence is produced by the strong shear that is present in the interacting wakes of the
solid elements and the jets issuing from the open spaces between elements. The kinetic energy per
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unit mass k of turbulence reaches a maximum, typically at x1/M ≈ 4 [1], beyond which it decays
monotonically, until it is dissipated entirely to heat.

All turbulent flows have velocity fluctuations, which are random processes, but not all flows
with velocity fluctuations, even random ones, are considered to be turbulent, unless they satisfy
additional physical and statistical conditions. A broadly accepted condition is that the flow contains
a vortex-stretching mechanism that is capable of generating random vorticity fluctuations ω [2].
Another important feature of turbulent flows is that they consist of motions with relatively wide
ranges of length, time, and amplitude scales. Two most prominent postulates of turbulence theory
are that sufficiently strong turbulence has (1) a universal fine structure (first Kolmogorov hypothesis)
and (2) a power spectrum that includes an inertial subrange, in which it is proportional to a power
of the wave number with an exponent −5/3 (second Kolmogorov hypothesis).

The strength of a turbulent flow is commonly measured by the value of the turbulence Reynolds
number Reλ = u′

1λ/ν, where u′
1 is the standard deviation of the streamwise velocity fluctuations,

λ is the Taylor microscale, and ν is the kinematic viscosity of the fluid. Much interest in the
field has focused on studies of grid turbulence having Reλ values that were as large as possible.
Turbulence produced by passive grids has, in most cases, Reλ < 100, whereas active grids have
raised the upper limit of this parameter to nearly 1000. It has also been understood that, when
Reλ is smaller than a value of the order of 10, the distinct characteristics that qualify a flow as
turbulent tend to become bland and, presumably, for even smaller Reλ, turbulence would likely
become undetectable. The local value of Reλ and the state of the flow depend on the grid geometry,
the distance from the grid, and a macroscopic, or bulk, Reynolds number. Two length scales may
be used to define the latter: the frontal height d of the grid bars and the grid mesh size M. The
former is more relevant in the close proximity of the grid, whereas the latter is relevant sufficiently
downstream, where the wakes of adjacent bars interact with each other. Accordingly, one may define
two macroscopic Reynolds numbers, Red = U 1d/ν and ReM = U 1M/ν. Following an analogy
to the well-examined flows past circular cylinders, one may anticipate that the stream through a
grid of a certain design would remain steady, when ReM is lower than a critical value ReMs or,
equivalently, when Red is lower than a critical value Reds. One may also expect that, as ReM and
Red are increased, the flow would become unsteady, possibly undergoing through one or multiple
unsteady laminar states and eventually transitioning to turbulence. Whereas steady and fully turbu-
lent flows can be identified unambiguously, intermediate cases should not necessarily be classified as
transitional.

There has been no previous examination of the effect of Red and the only previous study that
appears to be concerned about the value of ReMs is the one by Tavoularis et al. [3], who stated
that the flow ceased to be turbulent as ReM approached 400. One may also anticipate the possible
existence of thresholds ReMt and Redt , above which the flow may be characterized as “conventional
grid turbulence,” in the sense that it has a strong self-similar energy transfer mechanism. Certain
characteristics of flows in the intermediate range ReMs < ReM < ReMt have been addressed in the
literature, although the results have not been presented as functions of ReM , but rather Reλ. It must
be pointed out, however, that, although ReM is fixed for a given grid and mean speed, Reλ decreases
along the flow, and so it may attain a small value in both strongly decayed turbulence, as well as
in a flow which was never fully turbulent; we will revisit this issue in the next section. There is
plenty of experimental evidence that, even at moderate Reλ, grid-generated turbulence displays a
strong vortex-stretching mechanism and some inertial subrange. Moreover, a numerical study [4]
concluded that an inertial subrange is not visible for Reλ � 20, although the power spectrum may
still satisfy an approximate universality in the dissipative subrange. The main focus of the present
study is precisely the characteristics of flows behind grids in this intermediate range. Collecting
measurements with very small ReM is quite challenging, because general-purpose wind tunnels
cannot operate well at very low speeds and grids with a very small M tend to suffer from local
nonuniformity of the mesh. Another challenge is the measurement of velocity fluctuations at low
mean speeds. Hot wires are suitable for this purpose, but commonly used hot-wire calibration
standards, including Pitot tubes and pressure drop across a contraction, are insensitive at air speeds
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that are lower than about 4 m/s. Therefore, in order to examine low-Re grid turbulence, one must
give particular consideration to the choice of apparatus and experimental methodology.

The objective of this study is to investigate experimentally the characteristics of flows past
grids in the ranges 120 � ReM � 5000 and 20 � Red � 670. A unique feature of our experiments
is that the wind tunnel and the hot-wire calibration procedure are particularly suitable for such
measurements. Statistical moments and power spectra of velocity fluctuations and their temporal
derivatives are measured and analyzed to determine whether each flow under examination may
be qualified as conventional grid turbulence or not. In the following, we will first present some
theoretical background on low Reynolds number grid turbulence. Then we will describe briefly the
wind tunnel, the grids, and the measurement procedures. Next we will present the experimental
results and their analysis, and finally we will summarize the main conclusions.

II. BACKGROUND ON LOW-RE GRID TURBULENCE

The decay of grid-generated turbulence is commonly described by empirically fitted power
functions of the type

k = a

(
x1 − x10

M

)−n

, (1)

where a is a constant that depends on the grid geometry, n is the decay exponent, and x10 is an
effective origin. The values of a, n, and x10 depend on the grid design and are specific to each of
several successive ranges of x1/M. Previous authors [5–15] have distinguished the following ranges
of decay:

(1) A “near-field range,” typically for 4 � x1/M � 20, where 1.5 � n � 1.8
(2) The “initial period of decay,” typically for 20 � x1/M � 150, where 1.2 � n � 1.3
(3) An intermediate range, typically for 150 � x1/M � 500, where n is somewhat larger than in

the previous range and
(4) The “final period of decay,” for 500 � x1/M, where n ≈ 2.5.
The simplified balance equation for the standard deviation ω′ of vorticity fluctuations in isotropic

turbulence is [16]

dω′2

dt
= − 7

3
√

5
ω′3S − 14

3
√

5
ω′3 G

Reλ

, (2)

where the skewness of the velocity derivative is

S ≡ (∂u1/∂x1)3[
(∂u1/∂x1)2

]3/2 (3)

and

G ≡ u′2
1

(∂2u1/∂x2
1 )2[

(∂u1/∂x1)2
]2 . (4)

Equation (2) shows that the rate of change of vorticity fluctuations is equal to the balance between
production by vortex stretching, which has a coefficient equal to −S, and dissipation by viscous
actions, which has a coefficient equal to G/Reλ. A negative S, which is evidence of deviation from
normality, is an essential feature of turbulent flows and has been associated with the presence of
ramplike patterns in the velocity signals. Non-normality of the velocity derivative has been also
associated with the “spotty” nature of the fine structure of the flow, referred to as the internal
intermittency of turbulence. An indicator of the internal intermittency strength is the flatness factor
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of the velocity derivative

F ≡ (∂u1/∂x1)4[
(∂u1/∂x1)2

]2 . (5)

Although Eq. (2) is strictly applicable to isotropic turbulence, one may extend the concepts
of vorticity fluctuation production and dissipation to wider classes of turbulent flows, the fine
structure of which may be approximated as locally isotropic, under the understanding that this
approximation tends to be more accurate as Reλ increases. The dependence of S and F on Reλ

has been examined analytically and experimentally by several authors both for grid turbulence and
for other turbulent flows [3,15,17–20]. Tavoularis et al. [3] were the first to show that S plateaus near
−0.5 at moderate Reλ (Reλ � 10), but, as Reλ decreases below about 10, S decreases in magnitude
towards 0. Moreover, it has been amply demonstrated that F increases with increasing Reλ and tends
towards the normal value 3, as Reλ decreases to very small values. The dependence of G upon Reλ

in grid turbulence has been investigated in the range 5 � Reλ � 1000 [15,16,21–27]. In decaying
turbulence that follows a power law, G may be related to S as [28]

G

Reλ

≡ 15

7Reλ

(
n − 1

n

)
+ S

2
. (6)

This expression shows that, as Reλ → 0, (G/Reλ)/(−S) → ∞, which implies that, as turbulent
activity weakens, vorticity dissipation tends to dominate its production [16,21,23,24,26]. The same
expression implies that, as Reλ increases, production and dissipation tend to equalize [15,21,23].

An important postulate, which has been exploited widely for the development of turbulence
models, is that, at sufficiently large Reλ, the dissipation parameter

Cε = εL

k3/2
, (7)

where ε is the turbulent kinetic energy dissipation rate per unit mass and L is the integral length
scale, is constant [1,9,29–34]. The nonconstancy of Cε in various flows with moderate Reλ has been
documented by several authors [9,33,35–37]. A numerical simulation [38] has suggested that, as
Reλ → 0, Cε → ∞, and recent experiments [15] seem to support such a trend, at least down to
Reλ ≈ 5. Additional work is required to resolve this issue.

In closing this section, it seems worthwhile to reemphasize that Reλ can be decreased by either
decreasing ReM or by increasing x/M, and so Reλ may approach zero while the flow structure
evolves along different paths. Although the available literature on low Reynolds number grid
turbulence includes cases concerned with the final period of decay far from the grid [17,39]
and cases with diminishing ReM at intermediate and long distances from the grid [3,15], it does
not explicitly distinguish among the paths followed by the flow structure during its evolution.
A conclusive comparison of the flow structure of initially strong turbulence in its final period of
decay and the structure of turbulence that was very weak during its generation requires new, craftily
designed, experiments and simulations.

III. APPARATUS AND MEASUREMENT PROCEDURES

The experiments were performed in an open-circuit wind tunnel, shown in Fig. 1. This facility
has a bypass branch close to the axial blower and far upstream of the test section, through which
part of the flow was bled, thus reducing the flow rate through the rest section. The bypass flow rate
was controlled by the rotation of a hinged flap via a linear actuator. This wind tunnel is capable
of producing pulsatile flows, but, for the present needs, the flap was fixed at a desired position
so that the flow in the test section was stationary and the mean speed was in a range of values
that included ones that were much lower than those produced stably in the absence of a bypass
branch. The flow speed in the test section was controlled by two settings, the blower motor speed
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FIG. 1. Sketch of the wind tunnel facility.

and the flap position, both of which could be adjusted precisely. A flow speed map corresponding
to different combinations of these two settings was constructed by calibration against velocity
measurements at the entrance of the test section with a laser Doppler velocimetry. The uncertainty
of these measurements was estimated to be 0.3%.

The test section has a height h = 305 mm, a nominal width of 1.5h, and a length of 22.5h.
Beyond an initial length of 1h, the test section side walls were adjusted to be slightly diverging, to
compensate for the mean pressure field for boundary layer growth.

Among the many grids with various designs and mesh sizes that were available for use in this
facility, we selected four, which are listed in Table I, as suitable for the present work, and sufficiently
diverse to reveal possible effects of manufacturing process, mesh size, and solidity. Grid M19 was
a square-mesh perforated plate, machined from a steel sheet with a thickness of 1.6 mm, whereas
grids M13, M3A, and M3B were square-mesh screens, made of woven steel wire. The symbol d
in the table denotes the width of solid bars for M19 and the wire diameter for M13, M3A, and
M3B. The solidity of the first three grids is comparable to values used widely in the literature,
whereas the solidity of M3B is near the upper limit of the range that is considered to produce stable
streams [40,41].

All measurements were taken for mean flow velocities ranging from U 1 = 0.4 to 4 m/s at a
streamwise location x1/M = 30. The ranges of obtained ReM for the four screens are presented
in Table I. For comparison, the same table lists the corresponding conditions in four experiments
by previous authors. We may note that a quantitative comparison of flows produced by grids with

TABLE I. Summary of experimental conditions for the present four grids and for the grids that produced
the lowest Reynolds numbers in four experiments by previous authors.

Grid name M19 M13 M3A M3B BT [39] BC [17] TBC [3] ZNW [15]
Grid type Perforated Woven Woven Woven Woven Woven Woven Woven

M [mm] 19.1 12.7 3.2 3.2 1.59 4.23 1.27 5.0
d [mm] 2.55 2.00 0.50 0.76 0.30 0.82 0.25 0.82
σ 0.25 0.29 0.29 0.42 0.34 0.35 0.35 0.39
U 1 [m/s] 0.4–4.0 0.4–4.0 0.6–4.0 0.6–4.0 6.15 6.1 5.6 2.0
ReM 520–5000 360–3300 120–820 120–830 650 1720 475 680
Red 70–670 53–530 20–130 29–200 120 330 92 146
Symbol Circle Cross Triangle Square
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different solidity and/or different design (e.g., a perforated plate with bars having a rectangular cross
section and a woven screen made of initially cylindrical wires) would be more accurate, if it were
based on values of “effective” mesh size and/or bar frontal height, which account for differences in
the actual flow velocity approaching each bar and the pattern of the flow separating from the bar.
We did not attempt to apply corrections to ReM and Red , as the few relevant results available in the
literature are not likely to be accurate at low Reynolds numbers.

Measurements of the streamwise and vertical velocity components were made with a custom-
made hot-wire probe. The velocity sensors, arranged in a cross-wire configuration, were made of
tungsten and had a diameter of 2.5 µm, a sensing length of 0.85 mm, and a separation distance
of 0.5 mm. The length-to-diameter ratio was 340, which is sufficiently large for end conduction
effects to be negligible [42]. The hot-wire signals were low-pass filtered with analog filters, having
cutoff frequencies of 3.8 kHz, digitized at a rate of 8 kHz and recorded over 60 s for each test. The
cross-wire probe was calibrated in situ using a velocity-pitch-map calibration method [43] against
the test section flow velocity map, which, as mentioned previously, was calibrated against readings
of a laser Doppler velocimeter.

The streamwise integral length scale was calculated as L = U 1T , where the integral time scale
T was determined by integrating the autocorrelation function of the streamwise velocity to its first
zero. The velocity derivative variances (∂u1/∂t )2 and (∂2u1/∂t2)2 were calculated by extrapolating
corresponding finite differences to a zero time lag. Using Taylor’s frozen flow approximation,
the Taylor microscale was calculated as λ = U 1[u′2

1 /(∂u1/∂t )2]1/2 and the turbulence Reynolds
number was calculated as Reλ = u′

1λ/ν. The turbulent kinetic energy dissipation rate was then
estimated using the isotropic expression ε = 15νu′2

1 /λ2, from which we calculated the Kolmogorov
microscale as η = (ν3/ε)1/4 and the dissipation parameter as Cε = (Lε)/u′3

1 [note that the latter
definition gives values that are different from those given by Eq. (7)]. It is recognized that the
present estimate of ε would likely increasingly deviate from the actual dissipation rate as ReM

decreases and the energy cascade mechanism weakens and eventually disappears. Results obtained
using isotropic relationships among the various properties are treated as reference values and also
serve for comparison with results in the literature.

The reported measurements are corrected for the effects of wind tunnel background fluctuations
and electronic noise. For example, it was considered that the instantaneous measured streamwise
velocity fluctuation behind the grid is u1m = u1 + u1b + u1n, where u1 is the velocity fluctuation
generated by the grid, u1b is the background velocity fluctuation (which exists in the wind tunnel
irrespectively of the presence of the grid), and u1n is electronic noise (converted to an equivalent
velocity fluctuation). Similarly, the instantaneous measured streamwise velocity fluctuation in the
absence of any grid was considered to be u1bm = u1b + u1n. Under the assumption that u1, u1b

and u1n were statistically uncorrelated to each other, we derived expressions for the relationships
between the various statistical properties of u1m and u1, and applied appropriate corrections, when
found to be significant. The statistical properties of u1n were measured with the hot-wires operating
in the wind tunnel without any flow and those of u1bm were measured at each given mean speed with-
out any grid inserted. Expressions from which the corrected statistical properties of grid-generated
fluctuations were calculated and typical correction levels will be presented in the dissertation of
the first author [44]. In general, for the majority of results, corrections were negligible or relatively
small. The electronic noise level, expressed as the variance of equivalent velocity fluctuations u′2

1n
and measured with the probe in the wind tunnel, but without any flow, was 3.6 × 10−7 m2/s2. The
largest correction of the measured velocity variance was about 40% and corresponded to the case
with grid M3A at a speed U 1 ≈ 0.6 m/s, for which it was found that u′2

1bm = 7.2 × 10−6 m2/s2 and
u′2

1m = 1.9 × 10−5 m2/s2. The normalized velocity variance for this case, which in the following will

be characterized as “steady,” was u′2
1 /U

2
1 = 3 × 10−5, which is much smaller than the maximum

value 7.5 × 10−4 of this ratio for this grid, obtained at higher speeds. The corrected integral length
scale was essentially equal to the measured value within the conventional grid-turbulence range, but
the correction factor exceeded 10 as the steady state was approached.
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(a) (b)

(c) (d)

FIG. 2. Strength of velocity fluctuations behind the M19 (◦), M13 (×), M3A (	), and M3B (�) grid vs
(a) the mesh Reynolds number and (b) the bar Reynolds number; the boundaries between states for each grid
are indicated by solid vertical lines, whereas dashed lines indicate that the corresponding boundaries appeared
to be outside the available experimental range; indicators of (c) large-scale and (d) fine structure anisotropies.

The most significant corrections, which could have affected the reported results, if they had not
been applied, were made for the flatness factor of the velocity derivative at the lowest wind tunnel
speeds. When corrected, these flatness factors were in the vicinity of the Gaussian value 3, whereas
the uncorrected values could be as low as 1, as a result of the very small flatness of the background
fluctuations.

IV. DETERMINATION OF FLOW STATE

To determine the state of the flow behind each grid for each value of ReM , we compared the value
of the relative strength u′2

1 /U
2
1 of velocity fluctuations at x1/M = 30 with the level corresponding

to conventional grid turbulence for the same grid. Measurements of this property are presented in
Fig. 2(a). The range of ReM that were achievable in this facility extended to large enough values
for u′2

1 /U
2
1 in the flows behind M19, M13, and M3A to reach plateaus, within which conventional

grid turbulence is deemed to occur. The lack of such a plateau for M3B, may be attributed to
an insufficiently large attainable ReM . The conventional level, as well as the profile of data for
each grid, appear to depend on the geometry of the grid. Based on Fig. 2(a), we characterized
the threshold of conventional grid turbulence as the lower boundary ReMt of each plateau. The
corresponding values are listed in Table II. A notable observation in this figure is that u′2

1 /U
2
1

overshoots its conventional value and peaks at an intermediate ReM , below which it decreases
sharply with decreasing ReM . The location and amplitude of the peak also seem to depend on the
grid geometry.
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TABLE II. Reynolds numbers characterizing each flow.

Grid name M19 M13 M3A M3B

ReMt 1000 800 500 >800
ReMs <520 <360 180 180
Redt 138 126 78 >200
Reds <70 <57 30 35
Reλ 0.6–21 0.7–23 0.4–13 0.7–12

Of central interest in this work is the determination of ReMs, below which the grid does not
generate any turbulence, or rather any velocity fluctuations at all. This was possible for the two
smaller grids (M3A and M3B), for which we could achieve very small values of ReM , including
cases (120 � ReM � 180) with essentially negligible fluctuations, for which the flow may be char-
acterized as approximately steady. Therefore, our results for these two grids show that ReMs ≈ 180.

As mentioned previously, the state of the flow in the immediate vicinity of the grid would possibly
depend on the bar Reynolds number Red . Figure 2(b) shows the dependence of the turbulence
strength parameter u′2

1 /U
2
1 on Red for the four grids. For the two smaller grids, for which steady

flow was achieved, the threshold Reds was, respectively, about 30 and 35, thus lower than 47,
which is a nominal upper limit for the wakes of circular cylinders to be steady. This observation
is also consistent with the finding that, for the two larger grids, the flow remained unsteady
even for the lowest achievable Red , which was, respectively, 70 and 57; it is noted that, in the
range 47 � Red � 100, the wake of a circular cylinder is unsteady and, following a shear layer
instability mechanism, develops laminar vortices. In the intermediate ranges ReMs < ReM < ReMt

and Reds < Red < Redt , we may postulate that the flow is unsteady and possibly transitional, albeit
lacking some characteristics of conventional grid turbulence.

We have produced plots of several other properties using d as a length scale and compared them
with corresponding plots using M instead. As we did not find any significant additional information
that can be extracted from the former, we will proceed using ReM as the independent variable.

The dependence of u′2
1 /u′2

2 and 2(∂u1/∂t )2/(∂u2/∂t )2 upon ReM is shown, respectively, in
Fig. 2(c) and Fig. 2(d). These ratios are, respectively, indicators of the anisotropy of the energy
containing eddies (Reynolds stresses) and the fine structure (dissipation rate). Within the upper
range of ReM values that were achievable for each grid, the values of both ratios were nearly
constant and somewhat larger than the isotropic value of 1, in conformity with a multitude of
previous grid turbulence measurements [45,46]. As ReM decreased in the intermediate ranges,
these two ratios showed opposite trends; the former tended to increase, whereas the latter tended
to decrease. Although we do not have sufficient information to explain these trends, we may
speculate as follows. The relative weakening of transverse velocity fluctuations may be attributed
to a diminishing “flapping” of the bar wakes. The relative strengthening of the transverse velocity
derivative variance may indicate that vortices shed from the bars became increasingly nearly parallel
to the transverse plane, so large values of |∂u2/∂t | are encountered across the axis of each vortex.

In summary, the dependence of the strength of velocity fluctuations and the anisotropy indicator
upon ReMi is qualitatively consistent for the four grids and allows us to identify or infer three distinct
states: a conventional grid turbulence state, an essentially steady flow state, and an intermediate state
for each grid. In general, the boundaries of the ReM ranges for these states depended on the grid
geometry, particularly distinguishing woven screens from perforated plates.

An essential feature of turbulence is the mechanism of energy cascade, which entails an isotropy
and universality of the fine structure. The approximate universality of power spectra in the high-
wave-number range (namely, in the inertial and dissipative subranges) has been demonstrated by
many authors. This has been evidenced by the approximate collapse of corresponding spectral
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measurements when normalized by Kolmogorov scales in the form [47]

E11(κ1)/(εν5)1/4 = C(κ1η)−5/3 fη(κ1η), (8)

where C is a universal constant and fη(κ1η) is a universal function. An issue that arises when
comparing measurements in different setups is the diversity of the expressions used to estimate
ε. Following many previous experiments, we estimated ε from measurements of λ, under the
assumption of isotropy. Djenidi and Antonia [48], however, proposed that the dissipation rate for a
given turbulent flow should have a value ε∗ that fits, in the large wave number range, the universal
equation

E11(κ1)/(ε∗ν5)1/4 = C∗(κ1η
∗)−5/3 f ∗

η∗ (κ1η
∗), (9)

where η∗ = (ν3/ε∗)1/4 and C∗, f ∗
η∗ (κ1η

∗) were specified empirically. In conventional grid turbu-
lence, the ratio ε∗/ε should be nearly 1, and so one may use the deviation of the value of this
ratio from 1 to identify the weakening of turbulent interactions, particularly the deterioration of
the energy cascade process, as ReM diminishes. It is interesting to note that, with a suitable value
of ε∗, the dissipative range of normalized spectra may, at least partially, be fitted by Eq. (9), even
in the absence of an inertial subrange [4]. In the following, we shall refer to E11(κ1)/(ε∗ν5)1/4 as
the adjusted normalized spectrum to distinguish this property from the Kolmogrorov-normalised
spectrum E11(κ1)/(εν5)1/4.

Figures 3(a), 3(c), 3(e), and 3(g) present the adjusted normalized streamwise velocity spectra
behind the four grids for different ReM . We found that Eq. (9) fit our experimental results fairly
well at the high ReM . As shown in Figs. 3(b), 3(d), 3(f), 3(h), when ReM > ReMt , the ratio ε∗/ε
was not significantly different from 1, in accordance with conventional grid turbulence literature.
Our results also confirm previous observations that the range of the spectra that fit the universal
expression diminishes, as the inertial subrange becomes narrower with decreasing Reynolds number.
When ReM < ReMt , however, ε∗/ε changes behavior. For the two larger grids, this ratio decreases
monotonically, up to by one order of magnitude, within the intermediate state, and one may
speculate that this trend would likely continue if the measurements were extended to the boundary
of the steady state. In the intermediate states of the two smaller grids, ε∗/ε first increased somewhat
with decreasing ReM and then started to decrease, first mildly and then, within the steady state,
abruptly to extremely small values, which indicate that the dissipation rate was negligible in the
steady state.

V. EFFECT OF REYNOLDS NUMBER ON TURBULENCE PROPERTIES

Having identified an intermediate state of grid-generated velocity fluctuations, we now inves-
tigate the dependence of some important turbulence properties upon the Reynolds number with
focus in this intermediate range. Figure 4 shows the dependence of the streamwise integral scale,
the Taylor microscale, their ratio, and the turbulence Reynolds number upon the mesh Reynolds
number for the four grids. Although the results for each grid are distinct from those of any other,
each of these properties displays a clear qualitative pattern that applies to all cases.

In the conventional grid turbulence range, the integral length scale is somewhat smaller than
M and roughly proportional to Re−0.4

M , in agreement with the literature. The same scale, however,
generally increases with decreasing ReM in the intermediate range, reaching values that are up to
more than two orders of magnitude larger than M, as the flow approaches the steady state. It is noted
that L is computed by integrating the autocorrelation function, corrected statistically for background
fluctuations under the assumption that these are uncorrelated with velocity fluctuations generated
by the grid. The accuracy of this assumption for very low ReM cannot be tested with the available
information.

The Taylor microscale also follows an inverse power function of ReM with an exponent in the
range −0.4 to −0.5 in the conventional grid turbulence range, but, in contrast with L, it drops with
decreasing ReM in the intermediate range. This indicates a diminishing strength of grid-generated
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 3. Adjusted, normalized one-dimensional streamwise velocity spectra for the four grids [(a), (c), (e),
(g)] and the corresponding values of the ratio ε∗/ε [(b), (d), (f), (h)] for different values of ReM ; − − − :
universal spectrum [48]; ReM values: (a) 520 (+), 540 (×), 620 (�), 900 (�), 1600 (	), 2470 (©), 5000 (�);
(c) 360 (+), 380 (×), 390 (�), 440 (�), 700 (	), 2270 (©), 3300 (�); (e) 120 (+), 160 (×), 210 (�), 270
(�), 400 (	), 600 (©), 820 (�); (g) 120 (+), 140 (×), 170 (�), 230 (�), 290 (	), 420 (©), 830 (�).
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(a) (b)

(c) (d)

FIG. 4. Plots of (a) the normalized streamwise integral timescale, (b) the normalized Taylor microscale,
(c) the ratio of the Taylor microscale and the integral timescale, and (d) the turbulence Reynolds number vs the
mesh Reynolds number ReM ; the symbols have been defined in Table I and in the caption of Fig. 2.

fine structure, by comparison to the strength of energy containing motions. The same inference can
be based, even more clearly, on Fig. 4(c), which shows that the ratio λ/L decreases rapidly with
decreasing ReM in the intermediate range. For a fixed ReM (where there is overlap), λ/M and λ/L
increase with decreasing mesh size. Overall, these results show that the fine structure of these flows
cannot be characterized solely by the value of ReM .

As shown in Table II, the upper ends of the ranges of Reλ for all grids overlapped with values
in some previous studies, but the lower ends extended to significantly lower values than previously
reported. Like L/M and λ/M, the dependence of Reλ on ReM was distinct for each grid, but all
results followed the same qualitative pattern. In the upper ranges of ReM , Reλ could be fitted by
a power law of the type Re0.5

M , but, below some value of ReM in the intermediate turbulence state
(roughly equal to ReMt ), Reλ dropped rapidly as ReM decreased. An important observation in this
figure is that, for all grids, the boundary between the two distinct ranges occurred near Reλ ≈
10, which demonstrates that the flow structure is much better characterized by the value of Reλ

than by the value of ReM . This is hardly a surprise, because Reλ is a measure of the strength of
the turbulence, whereas ReM is a measure of the strength of the bulk flow. Consequently, in the
following, additional statistical indicators of the state of turbulence will be plotted vs Reλ.

Our plots of the skewness S and flatness F of the streamwise velocity derivative, shown
respectively in Figs. 5(a) and 5(b), are consistent with the results of Tavoularis et al. [3], which they
complement with a significantly larger database and extend to significantly lower Reλ. Moreover,
the present data allow the fitting of rough power laws to S and F , which may be of use in future
theoretical and computational studies.

Figure 5(c) shows that, in agreement with previous literature [15,23,24,26], the ratio S/(2G/Reλ)
is near unit in conventional grid turbulence, and quickly approaches zero as Reλ decreases. This
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(a) (b)

(c) (d)

FIG. 5. Plots of (a) the streamwise velocity derivative skewness factor, (b) the streamwise velocity deriva-
tive flatness factor, (c) the ratio (−S)/(2G/Reλ), and (d) Cε vs Reλ for the four grids; the symbols have been
defined in Table I and in the caption of Fig. 2.

shows that, indeed, as turbulent activity weakens, vorticity dissipation tends to dominate its produc-
tion.

Finally, Fig. 5(d) presents the dissipation parameter Cε against Reλ. In the presently attainable
conventional grid turbulence region, which extends only up to Reλ ≈ 20, the results may be fitted
by the expression Cε = 15Re−1

λ + 1 to indicate the expected tendency of Cε to settle at a constant
value near unit at larger Reλ [30]. However, once the flow is in the intermediate region, Cε increases
with decreasing Reλ significantly faster than this expression indicates, reaching values that are as
large as 10 000.

VI. CONCLUDING REMARKS

In the present article, we report investigations of the state and statistical properties of flows
behind spatially periodic obstructions (“grids”) at Reynolds numbers that are sufficiently small for
the velocity fields not to follow conventional grid-turbulence trends. This topic has received little
attention in the literature, although devices operating under such conditions are used in laboratories
and commercial flow systems. Measurements were taken behind four square-mesh grids with
varying designs, mesh sizes, and solidities. Conditions in the present flows overlap with those in grid
turbulence literature, which are used as a reference. However, the present study expands significantly
the available database for smaller Reynolds numbers and examines cases in which the grid-produced
velocity fluctuations are negligible. We have documented and quantified the weakening of turbulent
behavior as the Reynolds number diminishes and identified trends and patterns that to the best
of our knowledge have not been reported previously. It is hoped that the present findings will
motivate future experimental and computational studies of flows past periodic obstructions at small
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Reynolds numbers, which may further elucidate their sensitivity to various effects and their general
complexity.
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Chapter 6

The effect of mean flow pulsation on grid turbulence and passive scalar

diffusion

6.1 Introduction

Grid-generated turbulence has long served as a primary paradigm of turbulent flows and

an essential benchmark for the validation of turbulence theories and models. Although

the vast majority of grid turbulence studies have examined stationary flows, a few others

have documented some characteristics of non-stationary ones. These include theoretical,

computational and experimental studies. In one of the earliest analyses of periodic turbu-

lence, Lohse (2000) examined periodically “kicked” turbulence. He determined that, for

a fixed amplitude, the Reynolds number varied with the frequency at smaller frequencies,

but had an initial rise and then approached a saturation value at larger frequencies (Lohse,

2000). This study also proposed an experiment to confirm the theoretical results by using

two counter-rotating disks; this proposed experiment was realised by Cadot et al. (2003).

Since then, several studies of periodic turbulence have been performed. These include

experimental ones, in which periodic flows were produced by oscillating grids (Cheng &

Law, 2001; McCorquodale & Munro, 2017, 2018a), grid turbulence in pulsatile flows gen-

erated by a wave generator (Raushan et al., 2019, 2021), and pulsatile flows generated by

active grids (Azzam & Lavoie, 2019, 2023). In addition, computational studies, in which

isotropic turbulence was subject to periodic or pulsatile modulation have been performed

(Yang et al., 2019; Bos et al., 2007; Kuczaj et al., 2006, 2008). In another early theoreti-

cal study, von der Heydt et al. (2003a) proposed that the amplitude of the response of the

turbulence decreased proportionally to the inverse of the frequency at high modulation fre-

quencies, while for lower modulation frequencies the response of the turbulence followed

the modulation with a nearly constant amplitude. Additionally, these authors found that at
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some frequencies the amplitude of the response was either significantly diminished or en-

hanced. Numerical simulations confirmed these observations (von der Heydt et al., 2003b).

Direct numerical simulations (DNS) of the same problem (Kuczaj et al., 2006) arrived at

similar conclusions. In another DNS, the authors examined the effects of the amplitude

and the type of forcing and found that the maximal response was more pronounced for

larger amplitudes (Kuczaj et al., 2008). Two types of forcing were examined in this work,

the first was the sinusoidal forcing used in previous studies and the second was a square-

wave forcing, the same as in the periodically “kicked” turbulence by Lohse (2000). It was

found that the maximal response of the turbulence occurred at a time scale of the order of

the eddy turnover time. This work was followed up by experimental work by Cekli et al.

(2010), using an active grid to periodically modulate a turbulent wind tunnel flow; they

found a resonant enhancement of the turbulent kinetic energy dissipation rate at a modu-

lation frequency f equal to the large-eddy turnover rate Te. Specifically, at f Te ≈ 1.5, the

dissipation rate was approximately 1.5 times the dissipation rate at f Te = 1, regardless of

the turbulence intensity. Another recent follow-up study (Fang & Bos, 2023) examined the

effects on the dissipation rate from large-scale forcing and from turbulence with reversed

initial conditions. Their results showed that the predicted perturbation spectrum followed

the k−7/3 law, confirming their previous theoretical predictions and other DNS results (Ho-

riuti & Tamaki, 2013).

Recent experimental work has examined pulsatile flows generated by a wave generator

upstream of a passive grid in a closed-loop water tunnel (Raushan et al., 2019, 2021). The

wave generator was operated in three modes (0 Hz (off), 0.75 Hz, and 1.5 Hz) and three dif-

ferent grids were used. Results of the mean velocities, instantaneous velocity time-series,

large-scale anisotropies, kinetic energy dissipation rates, length scales and dissipation pa-

rameters were documented. These were further compared to cases without a grid present.

Curiously, they found that the the largest streamwise variance was generated by the smallest

grid in the stationary case, the largest grid in the medium frequency case, and the middle

grid in their high frequency case. Generally, larger grids would produce larger velocity

variances, but this difference in observations is likely associated with two factors. The first

is the difference in solidities of their grids; the smallest grid had the largest solidity, and

the largest grid had the smallest solidity. The second is that, in the cases where pulsatile
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flow is generated, there appear to be cycle-to-cycle variations in the data. In the latter

work, comparisons of the turbulence parameters between the different frequency test cases

were made, but comparisons to the stationary case were not possible because measurements

without the grid were taken at only one streamwise location.

In this work, we investigate experimentally the characteristics of pulsatile flows and

turbulent diffusion downstream of passive grids. At first glance, one would expect that the

introduction of sufficiently strong pulsatility to a flow would augment both the turbulent

kinetic energy and the turbulent diffusion. Nevertheless, the literature does not provide

conclusive evidence for the validity or not of this inference. A previous numerical investi-

gation of pulsatile grid turbulence (Yang et al., 2019) concluded that, when the amplitude of

the modulation was sufficiently large and the modulation frequency was sufficiently small,

the transfer rate of the kinetic energy through the energy cascade was increased, while the

mixing rate was diminished. In particular, an experimental study of a boundary layer under-

going external free-stream oscillations (Brereton et al., 1990) concluded that free-stream

pulsatility resulted in minor differences from the corresponding stationary flow, even at fre-

quencies for which bursting phenomena occurred, provided that the modulation frequency

was small enough for the turbulence to respond (von der Heydt et al., 2003a,b; Kuczaj

et al., 2006); the literature shows that, for sufficiently large modulation frequencies, the

turbulence does not respond.

6.2 Experimental conditions

The experiments were performed in an open-circuit wind tunnel, presented in Fig. 3.3. This

facility is equipped with a bypass branch (see Fig. 3.4) downstream of the axial blower and

far upstream of the test section, through which part of the flow is bled, reducing the flow

rate through the rest section. The bypass flow rate is controlled by the rotation of a hinged

flap via a linear actuator. The motion of the linear actuator is controlled by setting the

maximum acceleration, deceleration and velocity of motion. The flow speed in the test

section is controlled by two settings, the blower motor speed and the flap position, both of

which can be adjusted precisely. A flow speed map corresponding to different combinations

of these two settings was constructed by calibration against velocity measurements at the

entrance of the test section with a laser Doppler velocimeter. The uncertainty of these
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measurements was estimated to be 0.3%.

The test section has a height h = 305 mm, a nominal width of 1.5h and a length of

22.5h. Beyond an initial length of 1h, the test section side walls were adjusted to be slightly

diverging, to compensate the mean pressure field for boundary layer growth.

For a grid to be chosen, it was desirable to have a relatively large mesh size to produce

turbulence at a fairly large Reλ at the chosen low mean speed, but not so large for wall

effects to distort the large scale structure of grid turbulence in the range of measurements.

Among the many grids with various designs and mesh sizes that were available for use in

this facility, two grids were found to be suitable for the present work. Previous work showed

that relatively small mesh-size grids (M < 3.2mm) would produce flows with quasi-steady,

intermediate and fully grid turbulent flows (Duong & Tavoularis, 2024) for mean speeds

U1 < 1.2 m/s. To guarantee fully turbulent grid turbulence, two grids of larger mesh size,

the M19 and M51 grids, were chosen, as well as maintaining the lowest speed of the pul-

satile flow above 2 m/s. The M19 grid is a square-mesh perforated plate with a mesh size of

M = 19.1 mm, a thickness of 1.6 mm, a bar width of d = 2.4 mm and a solidity ofσ = 0.25.

The M51 grid is also a square-mesh perforated plate with a mesh size of M = 50.8 mm,

thickness of 1.6 mm, bar width of d = 6.8 mm and a solidity of σ = 0.25. An electri-

cally heated ribbon, made of Nichrome alloy and having a thickness of 0.13 mm and a

width of 1.59 mm, was inserted at a location that was 304.8 mm (= 0.50M) downstream

of the grid, to serve as the source of a passive scalar (i.e., temperature rise) for diffusion

measurements. The heating power was the same for all reported tests. The M51 grid was

chosen for the main tests. For this grid, partial transverse profiles of the velocity statistics

and mean temperatures were taken in stationary and pulsatile flows with the heating source

in place at nine streamwise locations (x1/M = 7.5, 10, 20, 30, 40, 50, 60, 70 and 80). The

range of transverse profiles at each x1/M was limited to a value that was sufficiently large

to capture the width of the heated plume. Within this range, measurements were taken

at six transverse (−x2/h) locations, except at x1/M = 7.5, where five transverse locations

were measured. These numbers of data points were deemed to describe the temperature

profile within the plume with sufficient resolution for the present purposes. Additionally,

turbulence statistics in stationary and pulsatile flows without the heating source were mea-

sured at eight centerline locations of x1/M = 10, 20, 30, 40, 50, 60, 70 and 80. Similar to
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the M51 grid, velocity and turbulence statistics measurements for the M19 grid in station-

ary and pulsatile flow without the heating source were taken at eight centreline locations

(x1/M = 10, 20, 30, 40, 50, 60, 70 and 80) to provide a means of evaluating the effects of

pulsation in a flow with weaker turbulence. The upstream amplitude of modulation was set

at a = 0.2 or 20% of the time-averaged streamwise velocity; the phase-averaged velocity

during the cycle would be in the approximate range from 2.3 to 3.5 m/s. This value was

deemed to be large enough for pulsation effects, if any, to be measurable, but sufficiently

small to allow the flap mechanism to operate at a relatively high frequency. The frequency

of pulsation was desired to be as high as possible. Considering the capabilities of the flap

driving mechanism, we set this frequency at f = 0.33 Hz for all tests. Measurements were

taken following a warm-up time of 15 min for flow pulsation and ribbon heating to ensure

that the flow had reached equilibrium. The experimental conditions are presented in Table

6.1.

Table 6.1: Summary of experimental conditions

Grid name M51 M51 M19

Grid type perforated perforated perforated

M [mm] 50.8 50.8 19.1

d [mm] 6.8 6.8 2.4

σ 0.25 0.25 0.25

U1,c0 [m/s] 2.9 2.9 2.9

a/U1c0 0.2 0.2 0.2

f [Hz] 0.33 0.33 0.33

Line source yes no no

x1/M 7.5, 10, 20, 30, 40, 10, 20, 30, 40 10, 20, 30, 40
50, 60, 70, 80 50, 60, 70, 80 50, 60, 70, 80

Transverse yes no no
profiles

Measurements of the streamwise and transverse (i.e., vertical) velocity components
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were made with a custom-made two-wire probe. The velocity sensors, arranged in a cross-

wire configuration, were made of tungsten and had a diameter of 2.5 µm, a sensing length

of 0.85 mm and a separation distance of 0.5 mm. The length-to-diameter ratio was 340,

which is sufficiently large for end conduction effects to be negligible (Li et al., 2004). The

mean temperature close to the two-wire probe was measured with a miniature thermistor.

The hot-wire signals were corrected for temperature effects. The reported temperature rise

in the heated flow was the difference between the locally measured temperature and the

temperature upstream of the heated source, measured with the RTD. The hot-wire signals

were low-pass filtered with analog filters, having cutoff frequencies of 3.8 kHz, digitised

at a rate of 8 kHz and recorded over ∼ 2 periods for each test condition. At least 500

cycles were recorded at each location with a gap of approximately 1 s between consecu-

tive records. This amounted to about 60 min of data taking for each location and 360 min

for each six-point profile. An increase of the transverse range or the number of measure-

ment locations within the range would have required an excessively lengthy experimental

run, which might have entailed possible changes in the experimental conditions and the

probe responses. Previous work in the experimental setup found that approximately 400

cycles were required to converge the phase-averaged velocity, fluctuations, and Taylor and

Kolmogorov microscales. The cross-wire probe was calibrated in situ using a velocity-

pitch-map calibration method (Lueptow et al., 1988) against the test section flow velocity

map, which was calibrated against readings of a laser Doppler velocimeter. The thermistor

was calibrated against readings of the RTD in a heated calibration jet.

The instantaneous velocity for the pulsatile grid turbulence measurement Ui was de-

composed using the triple decomposition method Reynolds & Hussain (1972) as Ui =

Ui + ui = Ui + ũi + u∗i = 〈Ui〉 + u∗i , where Ui is the time-averaged velocity, ũi is the zero-

mean coherent (or periodic component) fluctuations, is the u∗i zero-mean non-coherent (or

turbulent) fluctuations, 〈Ui〉 is the phase-averaged velocity, and the total fluctuations is

ui = ũi + u∗i . The streamwise integral time scale T1 was determined by integrating the

temporal autocorrelation coefficient of the streamwise velocity fluctuations to its first zero-

crossing. The streamwise integral length scale was then estimated as L1 = T1〈U1〉. The

velocity derivative variances 〈(∂u∗1/∂t)2〉 and 〈(∂2u∗1/∂t2)2〉 were calculated by extrapolating



83

corresponding finite differences to a zero time lag. Using Taylor’s frozen flow approxima-

tion, the Taylor microscale was calculated as λ = 〈U1〉(〈u∗21 〉/〈(∂u∗1/∂t)2〉)1/2 and the tur-

bulence Reynolds number was calculated as Reλ = 〈u∗1〉λ/ν. The turbulent kinetic energy

dissipation rate was then estimated using the isotropic expression ε = 15ν〈u∗21 〉/λ
2, from

which we calculated the Kolmogorov microscale as η =
(
ν3/ε

)1/4
and the dissipation pa-

rameter as Cε = (L1ε)/〈u∗21 〉
3/2. The skewness of the velocity derivative is S ≡ 〈(∂u∗1/∂x1)3〉

〈(∂u∗1/∂x1)2〉3/2
.

To compare to the stationary mean-speed equivalent measurements, the phase-averaged

properties are time-averaged over the cycle Tcycle.

Stationary mean-speed equivalent grid turbulence measurements were also taken as

reference comparisons. The instantaneous velocity for the stationary grid turbulence mea-

surement Ui,st was decomposed using Reynolds decomposition as Ui,st = Ui,st + ui,st, where

Ui,st is the time-averaged stationary velocity, ui,st is the stationary turbulent fluctuations.

The streamwise integral time scale T1,st was determined by integrating the temporal au-

tocorrelation coefficient of the streamwise velocity fluctuations to its first zero-crossing.

The streamwise integral length scale was then estimated as L1,st = T1,stU1,st. The velocity

derivative variances (∂u1/∂t)2
st and (∂2u1/∂t2)2

st were calculated by extrapolating corre-

sponding finite differences to a zero time lag. Using Taylor’s frozen flow approximation,

the Taylor microscale was calculated as λst = U1,st(u2
1,st/(∂u1/∂t)2

st)1/2 and the turbulence

Reynolds number was calculated as Reλ,st = u′1,stλst/ν. The turbulent kinetic energy dissi-

pation rate was then estimated using the isotropic expression εst = 15νu
′2
1,st/λ

2
st, from which

we calculated the Kolmogorov microscale as ηst =
(
ν3/εst

)1/4
and the dissipation parameter

as Cε,st = (L1,stεst)/(u
′2
1,st)

3/2. The skewness of the velocity derivative is S st ≡
(∂u1/∂x1)3

st

(∂u1/∂x1)2
st

3/2 .

The reported measurements are corrected for the effects of wind tunnel background

fluctuations and electronic noise. For example, it was considered that the instantaneous

measured streamwise velocity fluctuation behind the grid for the non-stationary flow is

〈u1m(t)〉 = 〈u1(t)〉 + 〈u1b(t)〉 + 〈u1n(t)〉, where 〈u1(t)〉 is the velocity fluctuation generated

by the grid, 〈u1b(t)〉 is the background velocity fluctuation (which exists in the wind tunnel

irrespectively of the presence of the grid) and 〈u1n(t)〉 is electronic noise (converted to an

equivalent velocity fluctuation). Similarly, the instantaneous measured streamwise velocity

fluctuation in the absence of any grid was considered to be 〈u1bm〉 = 〈u1b〉 + 〈u1n〉. Under

the assumption that 〈u1〉, 〈u1b〉 and 〈u1n〉 were statistically uncorrelated to each other, we
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derived expressions for the relationships between the various statistical properties of 〈u1m〉

and 〈u1〉, and applied appropriate corrections, when found to be significant. The statistical

properties of 〈u1n〉 were measured with the hot-wires operating in the wind tunnel without

any flow and those of 〈u1bm〉 were measured at each given mean speed without any grid

inserted. Expressions from which the corrected statistical properties of grid-generated fluc-

tuations were calculated and typical correction levels are presented in Appendix A.

6.3 Transverse profiles of time-averaged velocity statistics of the heated flow

In this section, we present time-averaged velocity statistics in both stationary and pulsatile

grid turbulence in the heated flow. These measurements were taken behind the M51 grid

in the heated flow in an earlier part of the research, when we expected we could correct

the results for the background fluctuations (see Section 3.3.4). However, it was concluded

that it was not possible to perform background fluctuation corrections for the heated flow

measurements because, without the grid, the properties of the heated plume would be very

different from those with the grid present. Additionally, background fluctuation corrections

would not be possible in the boundary layer because, without the grid, the boundary layer

thickness and turbulence properties would be very different from those with the grid. More-

over, we also found that measuring the instantaneous temperature with cold wire in these

low-speed flows was inaccurate. The only correction that was applied to these velocity

measurements was one for local mean temperature changes, measured with the thermis-

tor. Thus, the presented velocity statistics in this section for the heated flow behind the

M51 grid are not corrected for the background velocity fluctuations. Error estimates from

the unheated flow measurements of the background fluctuation corrections were found to

be small (∼ 1%) for the streamwise fluctuations, but increased further downstream (up to

40% at x1/M = 80). The background corrections were found to also be small (∼ 1%) for

the anisotropy and turbulent kinetic energy, increasing further downstream (up to 25% at

x1/M = 80). For this reason, the results in this section are mainly presented to show the

transverse profiles of these properties and should be treated as qualitative. Measurements of

additional turbulence properties, such as autocorrelation coefficients and velocity derivative

statistics, will not be reported for the heated flow, because it was estimated that background



85

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1 1.2

0

0.1

0.2

0.3

0.4

0.5

Figure 6.1: Transverse profiles of the normalised time-averaged velocity behind the M51
grid in stationary flow (×) and in pulsatile flow (◦); dashed lines mark the estimated edge
of the grid turbulence core.
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corrections would be very large for some of these properties, especially far downstream of

the grid in the pulsatile flow (e.g., ∼ 15 − 150% for L1 and ∼ 1 − 75% for S and F). The

background fluctuation corrections were found to be relatively small for properties of the

first derivative of the streamwise velocity (e.g. ∼ 0.3 − 11% for λ).

Transverse profiles of the time-averaged velocity, normalised by the reference centre-

line velocity U1,c0 = 2.9 m/s, are presented in Figure 6.1. At the first streamwise location

(x1/M = 7.5), small effects of the grid elements and the ribbon wakes can still be seen in

the profile, where a very small momentum deficit is shown at the centreline location. By the

next streamwise location at x1/M = 10, the wakes of the grid elements and the ribbon were

undetectable. Starting at that location, the transverse profile segments were essentially uni-

form and remained uniform up to x1/M = 50. At x1/M = 60 the boundary layers along the

test section walls began to influence the reported mean profiles and such influence became

increasingly stronger downstream. To estimate the boundary layer thickness, we plotted

expressions of the type [(1/2 + x2/h)]/δ1/7
e in Figure 6.2 and selected the value of δe for

each x1/M that appears to produce the best fit to the normalised velocity profile. Because

of the small number of measurement points and the narrow range of measurements, the

uncertainty of these estimates is relatively large. The results, shown in Figure 6.2, do not

show any systematic effect of the flow pulsation. In the same figure, we have also plotted

an empirical estimate of the normalised thickness δ/h of a boundary layer that starts as

laminar at the end of the contraction (x1/h = −1) and undergoes bypass transition at the

grid (Pritchard & Mitchell, 2016). As δ/h is within the measurement uncertainty of δe/h,

we shall use the former to estimate the boundaries of the core region of the present grid

turbulence, which is essentially free of boundary layer effects.

In the following, we will present time-averaged profiles of turbulence statistics. Trans-

verse profiles of the streamwise velocity variance, normalised by the reference centreline

velocity U1,c0 = 2.9 m/s, are presented in Figure 6.3. The boundary of the grid-turbulence

core is also marked in this figure. First, let us evaluate the effect of pulsation in the core

region. At x1/M = 7.5, the level of this property in the stationary flow is noticeably greater

than that in the pulsatile flow, but the two levels become approximately equal at x1/M = 10

and, for x1/M ≥ 20, the fluctuations in the pulsatile flow are generally larger than those in

the stationary flow. The present results also permit us to make some tentative observations
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Figure 6.2: Normalised boundary layer thickness δe/h) behind the M51 grid in stationary
flow (×) and in pulsatile flow (◦), together with an empirical estimate δ/h (dashed line).

for the effect of pulsation in the boundary layer region, in which we have some limited

data for 50 ≤ x1/M ≤ 80. The available results also show that the pulsation increases the

streamwise turbulence level in the boundary layer.

Transverse profiles of the anisotropy indicator u′1/u
′
2 are presented in Figure 6.4. The

levels of this indicator are larger than 1, consistently with many previous studies in grid tur-

bulence. In general, we may assess that pulsation results in a small increase of anisotropy,

both in the core region and in the boundary layer.

Transverse profiles of the shear stress correlation coefficient are presented in Figure

6.5. The values and profiles are generally consistent with other grid turbulence and bound-

ary layer studies. Only mild differences in the shear stress correlation coefficient can be

detected between the results in pulsatile and stationary flows.

Assuming that grid turbulence is axisymmetric in the x2 and x3 directions, the turbulent

kinetic energy in the core region can be estimated as k ≈ 0.5(u2
1+2u2

2). The same expression

is used in the boundary layer, where it is expected that u2
2 < u2

3, with the understanding that

the shown values may underestimate k by up to about 10%. Transverse profiles of the

turbulent kinetic energy normalised by the centreline velocity U1,c0 at different streamwise

locations are presented in Figure 6.6. Like the streamwise fluctuations, the turbulent kinetic
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Figure 6.3: Transverse profiles of the normalised time-averaged streamwise velocity fluc-
tuations behind the M51 grid in stationary flow (×) and in pulsatile flow (◦); dashed lines
mark the estimated edge of the grid turbulence core.
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Figure 6.4: Transverse profiles of the time-averaged anisotropy indicator behind the M51
grid in stationary flow (×) and in pulsatile flow (◦); dashed lines mark the estimated edge
of the grid turbulence core.
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Figure 6.5: Transverse profiles of the time-averaged shear stress correlation coefficient
behind the M51 grid in stationary flow (×) and in pulsatile flow (◦); dashed lines mark the
estimated edge of the grid turbulence core.
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Figure 6.6: Transverse profiles of the time-averaged turbulent kinetic energy behind the
M51 grid in stationary flow (×) and in pulsatile flow (◦); dashed lines mark the estimated
edge of the grid turbulence core.
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energy in the pulsatile flow is noticeably greater than that in the stationary flow, except close

to the grid (x1/M = 10 and 20).

Overall, the transverse profiles of turbulence statistics indicate that flow pulsation gen-

erally enhances the turbulence activity both in the grid turbulence core and in the boundary

layer.

6.4 Streamwise evolution of the time-averaged turbulence properties

As explained in the previous section, the presented transverse profiles of time-averaged

velocity statistics behind the M51 grid and the heated source were not corrected for back-

ground velocity fluctuations or temperature fluctuations, although they were corrected for

mean temperature changes, measured with the thermistor. In contrast, measurements be-

hind the same grid, but without the heating ribbon, which were only taken along the cen-

treline, were corrected for velocity fluctuations in the test section core without the grid.

To quantify the effect of the heated ribbon, we compared the two sets of centreline val-

ues. To isolate this effect, we applied the same correction for background fluctuations to

the centreline measurements behind the heated ribbon. The corrected centreline values of

the streamwise velocity variances for both the heated-ribbon and the no-ribbon cases are

presented in Figure 6.7. For both the stationary and the pulsatile cases, the variance of

the streamwise fluctuations was ∼ 15% smaller in the heated flow at x1/M = 10. Further

downstream, the effect of heated ribbon diminished from ∼ 10% at x1/M = 40 to ∼ 5%

at x1/M = 80. In the following, we shall present only velocity measurements in the flow

without the ribbon.

The previously presented transverse profiles of time-average velocity statistics for the

M51 grid have demonstrated that a substantially wide grid turbulence core existed within

the range of at least x1/M ≤ 80 (x1/h ≤ 13.3). As the boundary layer thickness does not

appear to be very sensitive to the “free stream” grid-turbulence, we expect that the flow

behind the M19 grid would also have a comparable core region. Therefore, we will present

unheated flow turbulence measurements along the test section streamline as representa-

tive of the velocity fields in the cores of the flows behind the two grids. Measurements

are presented at the same normalised streamwise distances from the two grids, namely, at

x1/M = 10, 20, 30, 40, 50, 60, 70 and 80.
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Figure 6.7: Streamwise evolution of the normalised centreline time-averaged variance of
the streamwise velocity fluctuations in the unheated (�, �) and heated (N, 4) flow behind
the M51 grid; a) stationary flow and b) pulsatile flow.

The decay of the normal Reynolds stresses and the turbulent kinetic energy in stationary

grid turbulence away from the grid has commonly been fitted by power laws, for example,

as
k

U1
2 = a

( x1 − x10

M

)−n
(6.1)

where a, n and x10 depend on the grid design. Typical values of n are in the range 1.1 ≤

n ≤ 1.4 (Comte-Bellot & Corrsin, 1966; Nedić & Tavoularis, 2016b) and a typical value of

the effective origin for square-mesh grids is x10/M = 3.5 (Comte-Bellot & Corrsin, 1966).

Measurements in this study were available for four values of x1/M, but the values at x1/M =

10 were disregarded as being too close to the grid to be included in the power-law region. It

was further considered that determination of both an effective origin and a decay exponent

by fitting a power law to three points would be subject to very large uncertainty. Therefore,

we approximated the effective origin as x10/M = 3.5 and determined the exponent n by

least-squares fitting. As shown in Figures 6.8 and 6.9, the fitted exponents to the streamwise

normal stress and the turbulent kinetic energy for both grids and for both stationary and

pulsatile flows were not too far from those in the literature for stationary grid turbulence.

In all cases, the decay exponent in a pulsatile flow was measurably slightly smaller in

magnitude than that in the corresponding stationary flow.

The anisotropy indicator values behind the M51 and M19 grids are plotted in Figure

6.10. The two grids produce similar effects on this parameter, with values in the pulsatile
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Figure 6.8: Streamwise evolution of the normalised centreline time-averaged variance of
the streamwise velocity fluctuations behind a) M51 grid b) M19 grid in stationary flow (×)
and pulsatile flow (#).
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Figure 6.9: Streamwise evolution of the normalised centreline time-averaged turbulent ki-
netic energy behind a) M51 grid b) M19 grid in stationary flow (×) and pulsatile flow (#).

flow being very slightly larger than the stationary values. Overall, the values are consistent

with previous work.

The centreline evolution of the time-averaged integral length scale, normalised by the

grid mesh size, is presented in Figure 6.11. Behind both grids, the pulsatile flow is shown to

have a smaller integral length scale than that in the stationary flow. The normalised length

scale was also found to approximately fit a power-law with an exponent of 0.33 behind both

grids in pulsatile flow, and exponents of 0.48 and 0.37 respectively behind the larger and

smaller grids in stationary flow. This exponent in the pulsatile flow is smaller than literature
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Figure 6.10: Streamwise evolution of the centreline anisotropy behind a) M51 grid b) M19
grid in stationary flow (×) and pulsatile flow (#).

values, which were in the range 0.4 − 0.5, but this difference may be attributed to the zero-

crossing method used to determine L1. A previous study showed that this method can

produce exponents from 0.2 to 0.5 (Trush et al., 2020). The Taylor microscale, presented

in Figure 6.12, was shown to be greater in the pulsatile than the stationary flow at all

locations, except at x/M = 10 for the smaller grid, for both grids.
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Figure 6.11: Streamwise evolution of the normalised centreline time-averaged integral
length scale behind a) M51 grid b) M19 grid in stationary flow (×) and pulsatile flow (#).

As Figure 6.13 shows, the time-averaged turbulence Reynolds number near the grids

(x1/M = 10) was not significantly different in the pulsatile and stationary flows. However,

as x1/M increased, Reλ became larger in the pulsatile flow and the difference generally

increased further downstream.

The turbulent kinetic energy dissipation rate was generally larger for the pulsatile flow
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Figure 6.12: Streamwise evolution of the normalised centreline time-averaged Taylor mi-
croscale behind a) M51 grid b) M19 grid in stationary flow (×) and pulsatile flow (#).
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Figure 6.13: Streamwise evolution of the normalised centreline turbulence Reynolds num-
ber behind a) the M51 grid and b) the M19 grid in stationary flow (×) and pulsatile flow
(#).

than the stationary one (Figure 6.14), with the difference being smaller for the smaller grid.

Near either grid, the dissipation parameter was slightly larger in the pulsatile than the sta-

tionary flow (Figure 6.15, but, far from either grid, the pulsatile value became significantly

smaller than the stationary one, except for the last two values of the larger grid. Even so,

the latter two values are not very far from unit and are consistent with previous work (Nedić

& Tavoularis, 2016b).

Figure 6.16 shows the dependence of the dissipation parameter on the turbulence Reynolds

number for the M51 grid for both stationary and pulsatile flow from 10 ≤ x1/M ≤ 40. Pre-

viously, Nedić & Tavoularis (2016b) showed the presence of a region (5 ≤ x1/M ≤ 25)
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Figure 6.14: Streamwise evolution of the normalised centreline time-averaged turbulent
kinetic energy dissipation rate behind a) M51 grid b) M19 grid in stationary flow (×) and
pulsatile flow (#).
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Figure 6.15: Streamwise evolution of the centreline time-averaged dissipation parameter
behind a) M51 grid b) M19 grid in stationary flow (×) and pulsatile flow (#).

where Cε ∝ Re−1
λ for an M80 grid of the same solidity as our M51 grid. In both stationary

and pulsatile flows, the expression Cε = ARe−1
λ appears to fit well. Results for the M19

grid were not plotted because there was little or no such region for the M19 grid within the

experimental x1/M range (see also Nedić & Tavoularis (2016a)).

To quantify the effect of the flow pulsation on the turbulence properties, ratios of time

averages along the centreline in pulsatile and stationary flows are plotted in Fig. 6.17.

Close to the grid, all ratios were nearly unit, but they deviated from unit downstream. In

particular, the ratios of the variance of the streamwise fluctuations and the turbulent kinetic

energy exceeded unit significantly by the last measurement station, in the most extreme
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Figure 6.16: Dependence of the dissipation parameter on the turbulence Reynolds number
for the M51 grid in stationary flow (×) and pulsatile flow (#).

cases by 60%. This increasing trend may indicate that the energy in the large scale motions

added by the flow pulsations are being transferred to the smaller scales as the flow evolves

downstream. The anisotropy in the pulsatile flow was slightly larger (by 5%), and the

Taylor microscales were also larger in the pulsatile flow (by ∼ 10–50% for λ). Interestingly,

the integral length scale was shown to be smaller in the pulsatile flow, by up to 25% smaller

for the larger grid. These changes also resulted in an increase in the turbulence Reynolds

number (by 15–55%). The turbulent kinetic energy dissipation rate in pulsatile flow was

found to be larger by a similar amount (by ∼ 50–60%), which resulted in a decrease of the

dissipation parameter (by 20–40%).
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Figure 6.17: a) Centreline evolution of ratios of time-averaged turbulence properties be-
hind the M51 grid (#) and the M19 grid (×) in pulsatile (ps) to stationary (st) flows: a)
streamwise velocity variance; b) anisotropy indicator; c) turbulent kinetic energy; d) inte-
gral length scale; e) Taylor microscale; f) turbulence Reynolds number; g) turbulent kinetic
energy dissipation rate; and h) dissipation parameter.
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6.5 Phase-averaged properties

In this section, phase-averaged turbulence properties of the pulsatile flow are plotted against

the cycle time (“phase”) τp = t/Tcyc to illustrate how property values at each phase con-

tribute to the time average. Representative results are presented in Figure 6.18 for the M51

grid at streamwise location x1/M = 40.

The phase-averaged velocity, shown for reference at the bottom plots (Figure 6.18d,h),

had a roughly sinusoidal shape, but with visible asymmetries, which are the result of asym-

metries in the action of the oscillating flap. The phase-averaged velocity amplitude de-

creased somewhat (by 4−5%) downstream for the M51 grid, but not for the M19 grid (Fig-

ure 6.19). Moreover, the available measurements do not show a significant phase change

of the phase-averaged velocity waveform along the test section.

A notable observation that can be made in the plots of various properties is that both

the turbulent kinetic energy and its dissipation rate waveforms have also quasi-sinusoidal

shapes, but with a phase shift from the mean velocity waveform; this phase shift is such that

the minima of the two former properties occur approximately during the time of maximum

mean acceleration, whereas their maxima occur during maximum deceleration (namely, at

the times of the inflection points in the mean velocity waveform). This is in agreement

with extensive previous observations that acceleration suppresses turbulence, while decel-

eration enhances it. The integral length scale appears to follow, in rough terms and within

large scatter, the mean velocity waveform. In contrast, the Taylor microscale varies in the

opposite direction, namely, it is larger during low-speed phases and smaller during high-

speed ones; this is consistent with the waveforms of k and ε. The relative amplitudes of

various properties vary significantly: whereas k and ε change strongly during the cycle, L1

and λ change relatively little. As a result, Reλ and Cε, which are compound properties,

have intermediate waveforms. A final observation is that, although k and ε dropped below

the stationary values during part of the cycle, L1, λ, Reλ and Cε had larger than stationary

values throughout the entire cycle or at least during most of it.
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Figure 6.18: Phase-averaged turbulence properties behind the M51 grid in pulsatile flow at
x1/M = 40: a) turbulent kinetic energy; b) integral length scale; c) Taylor microscale; e)
turbulence Reynolds number; f) turbulent energy dissipation rate; g) dissipation parameter;
horizontal dashed lines show the stationary flow values at the same location; d,h) phase-
averaged velocity and sine wave with the same amplitude and phase (dashed line).
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Figure 6.19: Phased averaged velocity of the a) M51 grid and b) M19 grid at different
streamwise measurement stations. x1/M = 10 (Black-dashed line), 20 (red-dotted line), 40
(blue-dashed line), and 80 (black-solid line).
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6.6 Streamwise evolution of the scalar plume

Transverse profiles of the time-averaged temperature rise ∆T at eight streamwise stations

in both stationary and pulsatile grid turbulence are shown in Figure 6.20. All values have

been normalised by a constant reference temperature rise ∆Tre f = 2.1 K, which is equal to

the peak mean temperature rise at x1/M = 7.5. Within the limited resolution of these plots,

the temperature values in the pulsatile flow do not appear to be significantly different from

those in the stationary flow. It is interesting to notice that this observation applies to both

the grid-turbulence core and the boundary layer. To detect quantitatively any possible effect

of pulsatility, we performed further analysis by least-squares fitting a Gaussian function to

each temperature profile, under the expectation that the plume would have a Gaussian shape

(Taylor, 1938; Nedić & Tavoularis, 2016b; Duong & Tavoularis, 2022). As Figure 6.21a

shows, most data are described fairly well by the fitted Gaussian functions, although, in

some profiles, such as at x/M = 50 (. and .), the tail of the Gaussian did not fit very well

to the value at the greatest measured distance from the centreline.

The streamwise evolution of the ratio of the normalised centreline temperature rises in

the pulsatile and stationary flows is presented in Figure 6.21b. Overall, this ratio remained

relatively close to unit, albeit showing significant scatter, but no systematic trend in the

boundary-layer-affected region.

The plume half-width σ, which is a measure of the plume spread, was estimated from

the fitted Gaussian and is plotted in Figure 6.22a. The plume spread in the pulsatile flow is

shown to be slightly larger than the one in the stationary flow for x1/M ≤ 50. In this region,

the entire plume is contained within the grid-turbulence core. In contrast, for x1/M ≥ 60,

the plume spread is smaller in the pulsatile flow. In this region, the tail of the plume is

within the boundary layer. This observation may be tentatively attributed to an effect of

pulsatility on the boundary layer structure, but this topic is outside the scope of the present

study. The dashed line in Figure 6.22a separates the regions within which the plume is

unaffected and affected by the wall. A power law with an exponent of 0.45 was fitted

to the results in the range 7.5 ≤ x1/M ≤ 50, in agreement with previous work on grid

turbulence, which found exponents between 0.34 and 0.5 (Taylor, 1938; Anand & Pope,

1985; Stapountzis et al., 1986). The proportionality coefficient in the pulsatile flow was

found to be approximately 7% larger than that in the stationary flow.
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To quantify the effect of pulsatility on the plume spread, we plotted in Figure (6.22b the

ratio of the plume half widths in the pulsatile and stationary flows. The plume spread in the

pulsatile flow grows larger than plume spread in the stationary flow to about 7-8% larger

after x/M = 20, consistent with the ratio of the proportionality coefficients of the fitted

power laws in Figure 6.22a. After x/M = 50, where the boundary layer begins to interact

with the plume, the spread of the pulsatile flow compared to the spread of the stationary

flow diminishes by around 10%.
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Figure 6.20: Transverse profiles of the normalised time-averaged temperature rise behind
the M51 grid in stationary flow (×) and in pulsatile flow (◦); Gaussian functions fitted to
the data are shown by black dash-dotted lines for stationary flow and red dotted lines for
pulsatile flow; horizontal dashed lines mark the estimated edge of the grid turbulence core;
the reference temperature rise was ∆Tre f = 2.1 K.
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Figure 6.21: a) Transverse profiles of the temperature rise normalised by its local centreline
value in stationary flow (red symbols) and in pulsatile flow (black symbols); x1/M = 7.5
(◦), 10 (�), 20 (4), 30 (∗), 40 (×), 50 (.), 60 (A), 70 (·) and 80 (5); the solid line is a Gaus-
sian function; b) centreline evolution of the ratio of the normalised centreline temperature
rises in pulsatile and stationary flows; the reference temperature rise was ∆Tre f = 2.1 K.
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Figure 6.22: a) Plume half width at different streamwise locations in stationary flow (×)
and in pulsatile flow (◦); the vertical dashed line marks the furthest downstream location
at which the plume spread is essentially unaffected by the boundary layer, and b) centre-
line evolution of the ratio of the plume half widths in pulsatile and stationary flows; in
both plots, vertical dashed lines mark the furthest downstream location at which the plume
spread is essentially unaffected by the boundary layer, and in (b), dotted lines show average
levels of the half width ratio in the core and in the boundary layer.



Chapter 7

Conclusions and recommendations

7.1 Conclusions

This thesis describes the results of experimental studies on three topics on grid-generated

turbulence, which have not been examined in past literature. The first study examined the

enhancement of turbulent mixing by porous obstructions. The second study examined the

flow field downstream of grids at very low Reynolds numbers, which included turbulent, in-

termediate and non-turbulent cases. The third study examined the effects of flow pulsation

on grid turbulence and turbulent diffusion.

The main conclusions of this work, which expand the current knowledge of grid turbu-

lence, are as follows:

• An array of thin cylinders closely downstream of a passive scalar source positioned

near a grid enhances greatly scalar mixing.

• As the Reynolds number decreases to values that are smaller than those examined

in the past, grid turbulence undergoes a transformation to an intermediate state, in

which the statistical properties of the velocity field increasingly deviate from those

in conventional grid turbulence. Further decrease of the Reynolds number results in

essentially steady flow behind the grid.

• Flow pulsation increases the turbulent kinetic energy and the spread of a scalar plume

in grid turbulence.

The objectives of all three studies have been met and the main findings have practical

engineering applications, including the enhancement of turbulent mixing and flow manage-

ment in wind tunnels. Besides the qualitative contributions to the field, the thesis contains

detailed documentation of turbulence and scalar properties under previously unexplored
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conditions, which may assist in the development and validation of turbulence theories and

computational models.

7.2 Recommendations for future studies

The present work can be extended to additional research on grid turbulence, broadening the

scope and providing additional documentation related to the present objectives. Examples

of such possible extensions are the following:

• Examination of the effects of flow pulsation on grid turbulence and diffusion under

conditions for which the flow is fully turbulent during part of the cycle and in the

intermediate or steady state during another part.

• Examination of the grid turbulence decay exponent as the Reynolds number de-

creases to extremely small values.

• Examination of the effects of obstruction porosity on scalar dispersion and turbulence

and attempt to separate the effects of plume deflection by the obstruction elements

and additional turbulence produced by the obstruction.

• Examination of the combined effects of flow pulsation and porous obstructions on

turbulent mixing.

A secondary finding of the present work was that flow pulsation seems to obstruct dif-

fusion of a scalar from the turbulent free stream to the boundary layer. This issue has

significant practical importance, but was not examined thoroughly as it is outside of the

present scope. The non-stationary flow facility provides the opportunity for studying the

effects of flow pulsation on boundary layers, shear layers, wakes and other shear flows. It

also allows the generation of flows with mild favourable and adverse pressure gradients.

Each of such investigations would be suitable for a graduate thesis and would require care-

ful planning and substantial effort and time.
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Appendix A

Corrections for measured statistical properties

This part of the appendix contains the correction methods to the measured and calculated

properties in both the steady flow and pulsatile flow conditions, which are presented in Ta-

bles A.1 and A.4. The same subscript notation is used for other corrected variables. Typical

levels of noise contamination for background and corrected values for directly measured

properties are presented in Tables A.2 and A.5. It is noted that at the very low speeds,

the flow is steady, and thus the signal measured related to the fluctuations is expected to

be mostly noise, and at higher speeds where the flow is turbulent, the contamination level

decreases drastically. Typical levels of noise contamination for background and corrected

values for calculated properties are presented in Tables A.3 and A.6. Overall, the correc-

tions for the low speed were are larger and becoming negligible at higher speeds. Although

the corrections were large at the low speeds, the values of the properties were also very

small.
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Table A.1: Summary of correction methods for measured and calculated stationary grid
turbulence properties.

Property

u′21 = u′21m − u′21bm

u′22 = u′22m − u′22bm

(∂u1/∂t)2 = (∂u1/∂t)2
m − (∂u1/∂t)2

bm

(∂u1/∂x1)3 = (∂u1/∂x1)3
m

(∂u1/∂t1)4 = (∂u1/∂t1)4
m − (∂u1/∂t1)4

bm

(∂2u1/∂t2)2 = (∂2u1/∂t2)2
m − (∂2u1/∂t2)2

bm

Rm(t, τ) =
u1m(t)u1m(t+τ)

u2
1m(t)

R(t, τ) =
u1m(t)u1m(t+τ)−u1bm(t)u1bm(t+τ)

u2
1m(t)−u2

1bm(t)

L1m = U1

∫ t+τ0

t
Rm(t, τ)dτ

L1 = U1

∫ t+τ0

t
R(t, τ)dτ

λm = U1

[
u′21m/(∂u1/∂t)2

m

]1/2

λ = U1

[
u′21 /(∂u1/∂t)2

]1/2

Reλm = u′1mλm/ν

Reλ = u′1λ/ν

εm = 15νu′21m/λ
2
m

ε = 15νu′21 /λ
2

ηm =
(
ν3/εm

)1/4

η =
(
ν3/ε

)1/4

S m =
(∂u1/∂x1)3

m[
(∂u1/∂x1)2

m

]3/2

S =
(∂u1/∂x1)3[

(∂u1/∂x1)2
]3/2

Fm =
(∂u1/∂x1)4

m[
(∂u1/∂x1)2

m

]2

F =
(∂u1/∂x1)4[
(∂u1/∂x1)2

]2

Gm = u′21m
(∂2u1/∂x2

1)2
m[

(∂u1/∂x1)2
m

]2

G = u′21
(∂2u1/∂x2

1)2[
(∂u1/∂x1)2

]2

Cεm = (L1εm)/u′31m

Cε = (L1ε)/u′31
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Table A.2: Summary of noise contamination and measured values for different variables
for different flow conditions in stationary grid turbulence at x1/M = 30.

Grid U1 [m/s]
u′21 [m2/s2] u′22 [m2/s2] (∂u1/∂t)2 [m2/s4] (∂u1/∂t1)4 [m4/s8] (∂2u1/∂t2)2 [m2/s6]

(u′21m [m2/s2] ) (u′22m [m2/s2] ) ((∂u1/∂t)2
m [m2/s4] ) ((∂u1/∂t1)4

m [m4/s8] ) ((∂2u1/∂t2)2
m [m2/s6] )

− 0 3.6 × 10−7 3.4 × 10−7 0.8 0.5 1.5 × 108

0.4 5.2 × 10−6 6.0 × 10−7 0.4 1.1 0.9 × 108

(5.6 × 10−6) (9.4 × 10−7) (1.2) (1.6) (2.4 × 108)

0.6 7.2 × 10−6 6.1 × 10−7 0.5 1.9 1.3 × 108

− (7.5 × 10−6) (9.5 × 10−7) (1.3) (2.4) (2.8 × 108)

1.3 6.6 × 10−5 1.4 × 10−5 10 209 7.3 × 108

(6.6 × 10−5) (1.4 × 10−5) (11) (210) (8.8 × 108)

4.0 1.1 × 10−4 3.7 × 10−5 31 1050 5.7 × 109

(1.1 × 10−4) (3.7 × 10−5) (32) (1050) (5.9 × 109)

0.4 2.8 × 10−5 6.1 × 10−6 1.8 10 2.9 × 108

(3.3 × 10−5) (7.1 × 10−6) (3.1) (12) (5.3 × 108)

M19 1.3 6.4 × 10−4 4.8 × 10−4 25 2400 1.7 × 109

(7.0 × 10−4) (4.9 × 10−4) (36) (2600) (2.6 × 109)

4.0 5.6 × 10−3 4.6 × 10−3 5400 1.1 × 108 2.3 × 1010

(5.7 × 10−3) (4.7 × 10−3) (5400) (1.1 × 108) (2.9 × 1010)

0.4 2.4 × 10−5 2.5 × 10−5 0.8 2.2 0.4 × 108

(3.0 × 10−5) (2.6 × 10−5) (2.1) (3.8) (2.7 × 108)

M13 1.3 9.3 × 10−4 9.0 × 10−4 45 7100 5.6 × 108

(1.0 × 10−3) (9.1 × 10−4) (56) (7300) (1.4 × 109)

4.0 9.8 × 10−3 9.1 × 10−3 12900 7.5 × 108 8.4 × 1010

(1.0 × 10−2) (9.2 × 10−3) (12900) (7.5 × 108) (9.0 × 1010)

0.6 1.1 × 10−5 4.2 × 10−6 1.2 4.6 1.4 × 108

(1.9 × 10−5) (5.2 × 10−6) (2.4) (6.9) (4.2 × 108)

M3A 1.3 4.8 × 10−4 4.6 × 10−4 120 57300 1.7 × 109

(5.3 × 10−4) (4.7 × 10−4) (130) (57500) (2.5 × 109)

4.0 1.1 × 10−2 7.4 × 10−3 37000 5.4 × 109 3.2 × 1011

(1.1 × 10−2) (7.4 × 10−3) (37000) (5.4 × 109) (3.2 × 1011)

0.6 1.4 × 10−5 5.9 × 10−7 0.6 1.0 8.8 × 107

(2.1 × 10−5) (1.5 × 10−6) (1.8) (3.3) (3.6 × 108)

M3B 1.3 1.7 × 10−3 1.2 × 10−3 460 783000 1.5 × 109

(1.7 × 10−3) (1.2 × 10−3) (470) (783000) (2.3 × 109)

4.0 1.1 × 10−2 8.5 × 10−3 49300 1.0 × 1010 7.5 × 1011

(1.1 × 10−2) (8.5 × 10−3) (49300) (1.0 × 1010) (7.6 × 1011)
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Table A.3: Summary of measured and corrected values for different turbulence variables
for different flow conditions in stationary grid turbulence at x1/M = 30.

Grid U1 [m/s]
λ [m] Reλ η [m] S F G Cε

(λm [m] ) (Reλ,m) (ηm [m] ) (S m) (Fm) (Gm) Cε,m

− 0 − − − 0.0054 0.79 81 −

0.4 1.0 × 10−3 0.16 1.3 × 10−3 0.01 6.8 2900 3200

(1.0 × 10−3) (0.16) (1.3 × 10−3) (0.01) (1.0) (930) (3200)

0.6 1.6 × 10−3 0.5 1.2 × 10−3 0.02 7.6 1150 1000

− (1.6 × 10−3) (0.5) (1.2 × 10−3) (0.02) (1.3) (1150) (1000)

1.3 3.1 × 10−3 1.65 1.2 × 10−3 0.02 2.1 500 280

(3.1 × 10−3) (1.65) (1.2 × 10−3) (0.02) (1.8) (500) (280)

4.0 7.5 × 10−3 5.1 1.7 × 10−3 0.004 1.1 640 66

(7.5 × 10−3) (5.1) (1.7 × 10−3) (0.004) (1.0) (640) (66)

0.4 1.6 × 10−3 0.57 1.1 × 10−3 0.012 3.0 2450 160

(1.4 × 10−3) (0.52) (9.7 × 10−4) (0.011) (1.3) (1900) (120)

M19 1.3 6.5 × 10−3 10.7 1.0 × 10−3 0.30 3.9 1800 3.0

(5.7 × 10−3) (9.9) (9.2 × 10−4) (0.28) (2.6) (1500) (2.6)

4.0 4.1 × 10−3 19.9 4.6 × 10−4 0.51 3.9 4.4 1.6

(4.1 × 10−3) (20.2) (5.0 × 10−4) (0.51) (3.9) (5.6) (1.6)

0.4 2.3 × 10−3 0.75 1.4 × 10−3 0.04 3.1 1350 55

(1.6 × 10−3) (0.59) (1.2 × 10−3) (0.01) (0.9) (1900) (40)

M13 1.3 5.4 × 10−3 10.6 8.4 × 10−4 0.46 3.4 250 2.6

(5.0 × 10−3) (10.2) (7.6 × 10−4) (0.33) (2.3) (450) (2.3)

4.0 3.5 × 10−3 22.4 3.7 × 10−4 0.54 4.5 5.0 1.4

(3.5 × 10−3) (22.6) (3.3 × 10−4) (0.54) (4.5) (5.4) (1.4)

0.6 1.8 × 10−3 0.39 1.4 × 10−3 0.04 3.0 1100 1000

(1.6 × 10−3) (0.46) (1.2 × 10−3) (0.02) (1.2) (1400) (470)

M3A 1.3 2.6 × 10−3 3.8 6.8 × 10−4 0.78 3.8 61 4.5

(2.6 × 10−3) (3.9) (6.7 × 10−4) (0.76) (3.6) (74) (4.3)

4.0 2.2 × 10−3 15.1 2.9 × 10−4 0.43 4.0 2.6 1.5

(2.2 × 10−3) (15.2) (2.8 × 10−4) (0.43) (4.0) (2.7) (1.5)

0.6 2.9 × 10−3 0.70 1.7 × 10−3 0.024 3.1 4000 320

(2.0 × 10−3) (0.59) (1.3 × 10−3) (0.004) (1.0) (2300) (170)

M3B 1.3 2.7 × 10−3 7.3 5.1 × 10−4 0.60 3.6 12.4 4.4

(2.7 × 10−3) (7.4) (5.1 × 10−4) (0.59) (3.6) (15.6) (4.4)

4.0 1.9 × 10−3 13.3 2.7 × 10−4 0.51 4.2 3.5 2.0

(1.9 × 10−3) (13.4) (2.7 × 10−4) (0.51) (4.2) (3.6) (2.0)
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Table A.4: Summary of correction methods for measured and calculated pulsatile grid
turbulence properties.

Property

〈u2
1〉 = 〈u2

1m〉 − 〈u
2
1bm〉

〈u2
2〉 = 〈u2

2m〉 − 〈u
2
2bm〉

〈(∂u1/∂t)2〉 = 〈(∂u1/∂t)2
m〉 − 〈(∂u1/∂t)2

bm〉

〈(∂u1/∂x1)3〈= 〈(∂u1/∂x1)3
m〉

Rm(t, τ) =
〈u1m(t)u1m(t+τ)〉
〈u2

1m(t)〉

R(t, τ) =
〈u1m(t)u1m(t+τ)−u1bm(t)u1bm(t+τ)〉

〈u2
1m(t)−u2

1bm(t)〉

L1m = 〈U1〉
∫ t+τ0

t
Rm(t, τ)dτ

L1 = 〈U1〉
∫ t+τ0

t
R(t, τ)dτ

λm = 〈U1〉
[
〈u2

1m〉/〈(∂u1/∂t)2
m〉

]1/2

λ = 〈U1〉
[
〈u2

1〉/〈(∂u1/∂t)2〉
]1/2

Reλm = 〈u2
1m〉

1/2λm/ν

Reλ = 〈u2
1〉

1/2λ/ν

εm = 15ν〈u2
1m〉/λ

2
m

ε = 15ν〈u2
1〉/λ

2

ηm =
(
ν3/εm

)1/4

η =
(
ν3/ε

)1/4

S m =
〈(∂u1/∂x1)3

m〉

[〈(∂u1/∂x1)2
m〉]3/2

S =
〈(∂u1/∂x1)3〉

[〈(∂u1/∂x1)2〉]3/2

Cεm = (L1εm)/〈u2
1m〉

3/2

Cε = (L1ε)/〈u2
1〉

3/2
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Table A.5: Summary of noise contamination and measured values for different variables
for different flow conditions in pulsatile grid turbulence at x1/M = 20.

Grid 〈U1〉 [m/s]
〈u2

1〉 [m2/s2] 〈u2
2〉 [m2/s2] 〈(∂u1/∂t)2〉 [m2/s4]

(〈u2
1m〉 [m2/s2] ) (〈u2

2m〉 [m2/s2] ) (〈(∂u1/∂t)2
m〉 [m2/s4] )

− 0 3.6 × 10−7 3.4 × 10−7 0.8

2.3 2.4 × 10−4 6.3 × 10−6 14.4

(2.4 × 10−4) (6.7 × 10−6) (15.2)

2.9 6.6 × 10−4 9.5 × 10−6 18.5

− (6.6 × 10−4) (9.9 × 10−6) (19.3)

3.5 2.4 × 10−4 1.6 × 10−5 22.2

(2.4 × 10−4) (1.6 × 10−5) (23.1)

2.3 4.8 × 10−3 2.7 × 10−3 1629

(5.7 × 10−3) (2.7 × 10−3) (1645)

M19 2.9 8.8 × 10−3 4.9 × 10−3 7006

(9.5 × 10−3) (4.9 × 10−3) (7025)

3.5 1.5 × 10−2 7.7 × 10−3 15230

(1.5 × 10−2) (7.8 × 10−3) (15260)

2.3 0.7 × 10−2 0.6 × 10−2 886

(0.8 × 10−2) (0.6 × 10−2) (903)

M51 2.9 1.3 × 10−2 1.1 × 10−2 3273

(1.3 × 10−2) (1.1 × 10−2) (3292)

3.5 2.1 × 10−2 1.8 × 10−2 6986

(2.1 × 10−2) (1.8 × 10−2) (7008)
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Table A.6: Summary of measured and corrected values for different turbulence variables
for different flow conditions in pulsatile turbulence.

Grid 〈U1〉 [m/s]
λ [m] Reλ η [m] S Cε

(λm [m] ) (Reλ,m) (ηm [m] ) (S m) Cε,m

− 0 − − − 0.0054 −

2.3 1.8 × 10−2 36.4 1.5 × 10−3 0.02 26

− (1.8 × 10−2) (36.4) (1.5 × 10−3) (0.02) (26)

2.9 1.4 × 10−2 19.2 1.6 × 10−3 0.01 31

(1.4 × 10−2) (19.2) (1.6 × 10−3) (0.01) (31)

3.5 1.4 × 10−2 15.6 1.7 × 10−3 0.007 64

(1.4 × 10−2) (15.6) (1.7 × 10−3) (0.007) (64)

2.3 4.2 × 10−3 19.5 4.6 × 10−4 0.51 1.3

(4.5 × 10−3) (22.8) (4.6 × 10−4) (0.51) (23.1)

M19 2.9 3.7 × 10−3 22.4 4.0 × 10−4 0.48 1.6

(3.8 × 10−3) (22.5) (4.0 × 10−4) (0.48) (6.3)

3.5 3.3 × 10−3 25.5 3.4 × 10−4 0.4 1.6

(3.3 × 10−3) (25.6) (3.4 × 10−4) (0.4) (1.6)

2.3 6.8 × 10−3 42.7 5.3 × 10−4 0.53 1.1

(7.1 × 10−3) (46.6) (5.3 × 10−4) (0.55) (5.8)

M51 2.9 6.6 × 10−3 45.1 5.0 × 10−4 0.43 1.1

(6.7 × 10−3) (46.5) (5.0 × 10−4) (0.44) (1.8)

3.5 5.8 × 10−3 53.1 4.1 × 10−4 0.42 1.0

(5.8 × 10−3) (53.8) (4.1 × 10−4) (0.42) (1.1)



Appendix B

Specifications of non-stationary wind tunnel parts

This part of the appendix contains documentation for some of the components of the non-

stationary wind tunnel components.
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Figure B.1: Specifications of the circular-to-rectangular transition piece.
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Figure B.2: Specifications of the channel with perforated plates for flow conditioning.



131

Figure B.3: Specifications of the Loren Cook VAB18 axial fan.
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