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PREVIEW -

- The Fdevelol.)ment of turbulence structure under the inﬂuenc{:;qf a uniform shear,
the reduction of the mean shear with the use of uniform screens and grids and the
dispersion of scalar contan_iin'é.nts (heat in this case) in qniforinly sheared flows are

the three problems examined in this thesis.

Part A presents a study of (a) the evolution of turbulent stresses and scales in
a uniformly sheared flow and (b) the generation and manipulation of shear with’
the use of screens. A detailed documentation of the -study of diffusion from a

’

continuous line source in a uniformly sheared flow is presented in Part B.
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ABSTRACT

-

~ Part A

!

(1) Measurements of the réduction of mean shear in 2 flow crossing transverse
grids and gauzes with uniform solidities are reported. For small ﬂow-disturba.nces
i.e. small relative screen element thickness, d/h, the shear rec,luction factor, A, was
found comparable to predictions, A,. However, for d)h > 0.01, the ratio A/A,
decreasegl rapidly with increasing d/h. Results on the ejfect of screen insertion

-

on the upstream shear and the combined effects of multiple screens are briefly

discussed.

(b)Measurements of the Reynolds stresses, integral length scales and Taylor mi-
croscales are reported for several cases of uniformly sheared turbulent flows with
shear values in a range substantially wider than those of previous measurements.
It is shown that such flows demonstrate a self-preserving structure, in Whi(;h the

dimensionless Reynolds stress ratios and the dissipation over production ratio re-

main essentially constant. Flows with sufficiently large k,.= (1/U,)dU; /dx, have

. sxponentially growing stresses and ¢/P = 0.68; a linear relationship between the

coefficient in the exponential léw and k, is shown to be compatible with mensure-
ments. The possibility of a self-preserving structure with asyp\nptotica.lly constant

stresses and ¢/P ~ 1.0 is also compatible with measurements, corresponding to

vii



. o .. .

flows with small values of k,. The integral length scales appear to gro;av according
to a power law with an exponent of about 0.8,ﬂindependent of tﬁé mean shear,
while the Taylor microscales, in general, approach constant values. Various at-
tem}ptsvlto scale the stresses and to predict their evolution are discussed and the

applicability of Hasen’s theory is scrutinized.

Part B

The diﬁ'usio’:; of a passive scalar (heat) from a cont-inuous line source placed in
a uniformly sheared, nearly homogeneous, turbulent shear flow is ?xa.mined. Mea-
surements near the source indicate that the mean temperature émﬁle is nearly
Gaussian and not very different from that observed in isotropic turbulence. How-

ever, further downstream, the me'a."ﬁ‘-allear has a marked effect on the diffusion
. ™

T

process, causing the mean temperature profile to become asymmetric and to shift’
towards the region\.gf lower velocity. The r.m.s. temperature fluctuation profile
is double pesked close to the source, single peaked at intermediate distances and
demonstrates a re-appearence of double peaks which gr:)w in relative magnitude far
away from the source. Double peaking is explained by focussing attention on the
local mean temperature gradient and the local scale of turbulence. In comparison
to simiia.r experiments in isbtropic turbulence, the centerline mean temperature
appears to hz;.ve & comparable decay rate, whgfeas the centerﬁne mean square tem-

perature fluctuation eppears to decay at a faster rate . The spread of the plume

far away from the source is faster than that in isbtropic turbulence.

vii



L
The measured turbulent heat fluxes and triple temperature-velocity correla-
ti(;ns dexﬁonstrate self preserving features. The development of temperature inte-
gral length scales\agd microscales is comparable to that in other heated, uniformly
sheared flows, while the temperature probability density function (pdf) and the
temperature-velocity joint pdf are distinctly non—GaI;s;sié.n, espécially away from
the centetline. The Telative magnitudes of the two measured components of the

F

turbulent diffusivity tensor are in agreement with earlier measurements.

Lagrangian scales in a uniformly sheared flow are estimated fror'h“;:lispei'sion
measurements behind a line source using techniques similar to those adopted in
grid- generated turbulence. In conformity with earlier projections, the Lagrangian

scales are larger than their Eulerian counterparts measured in a convected frame.

ix
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NOMENCLATURE

Part A

measured shear reduction factor
predicted shear reduction faétor
predicted shear reduction factor at large Reynolds numbers
product of individual grid reduction factors

rod diameter; screen element thickness

height of test section I

exponent in kineti.c energy growth law

expo?nent in length scale exponential growth law
wind tunnel shear constant

pressure loss coefficient

pressure Joss coefficient at large Reynolds numbers
dimensionless Reynolds stress tensor
&aracteriatic length of the disturbances
streamwise velocity integral length scale

reference value of length scale



(ST
[T I
[+

length of sensor

screen spacing; mesh size
power in length‘ scale power growth law —
kinétic energy production

production tensor

pressure drop across screen

mean turbulent kinetic energy

reference turbulent kinetic energy

Reynolds number based on Uy and I

Reynolds number based on screen element thickness

mean transport tensor

; Reynolds ‘stress tensor

far upstream mean velocity
far downstream mean velocity
centerline mean velocity

Hasen’s barrier velocity

;

co-ordinate axes; i=1,2,3
reference position for turbulent kinetic energy

reference position for length scale

xi.



Greek Symbols '

[+

B

€

Te

TK
4

T
Tu

Pij

deflection coefficient

shear parameter

turbulent dissipation
turbulent Jdissipation tensor
Kolmogoroff lengt‘h scale

streamwise Taylor microscale

. kinematic viscosity of fluid <N

fluid density
screen solidity
dimensionless time or total strain

turnover time .of a typical turbulent eddy

total strain measured ‘upto position of last;. grid
Kolmogoroff t_i.me microscale <
characteristic straining time of the flow
ch&racteriatic time for transport of ¢2

lifetime of the energy containing eddies

pressure-strain rate tensor



i | Part B

diameter of line source

turbulent diffusivity tensor

gravitational a.ccelexl'ation

height of test section

exponent in temporal growth law for Reynolds stresses
velocity integral length scale

temperature integral length scale .

height of indivi'tiual channel in shear generator

power in 't‘h'e mean temperature decrease law

codm,

power in temperature fluctuation decrease law

' flux Richardson number

Lagrangian autocorrelation function
half-widt‘l:g_ of the mean temperature profile
skewnesé-::%é&i_ﬁ"r, for temperature

skewness facto; :i:;ir velocity

Eulerian integral time scale

Lagrangian integral time scale

diffusion time

local time scale.

mean temperature rise

xii



AT, mean temperature rise on ce?fterline

AT, peak mean temperature rise

1c centerline mean velocity

4
u; . Eulerian r.m.s. turbulent velocities

v,  Lagrangian r.m.s. turbulent velocities

X; ‘ Lagrangian co-ordinate axes; i=1,2,3

X? mean square particle displacement

x; co-ordinate axes; i=1,2,3

" z;  distance from flow separator

zg  distance from line source

z3p location of peak mean temperature

Greek Symb'ols

Pu, o

TL

dimensionless time scale

- instantaneous temperature fluctuation

mean square temperature fluctuation
Taylor microscale

Corrsin microscale

velocity-temperature correlaf;ion coefficient

Lagrangian temporal Taylor microscale

Jp
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Part A

STRUCTURE OF UNIFORMLY SHEARED
TURBULENT FLOWS
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Chapter 1

INTRODUCTION

1.1 A Review of the Study of Turbulence

Turbulertit flows and thei'r effects are encountered in nature and in almost every
case )Ghere fluid motion is involved. The ‘bounda.ry layérs in the _the earth's at-
mosphere and on aircraft W.ings, the flow of natural gas and oil through. pipelines,
the flow ?f rivers and the wakes of ships, cars and submarines are some ?xamples

where turbulent motion is encountered.

Since the first detailed experiments of Hagen (1839) and Reynolds (1883), the
study of turbulence has been directed towards understanding its occurrence and
structure and formulating practical procedures for its prediction. The random
nature of turbulence necessitates the use of a statistical approach for its study.
Reynolds (1894) introducedlstatistica.l methods in the deseription of turbulence by
decomposing the instantaneous quantities into mean and fluctuating parts. How-
ever, such a statistical study of the equation of motion results in the well know:?
"closure problem” of turbulence tﬁeory viz. a system of equations in which there
are xﬁn;pre'unknowns than equations. Approximate techniques used to overcome

Ay

this problexﬁ rely heavily on ad hoc assumptions and on the use of semi-empirical

(

relations between various turbulent quantities.



Alﬁiioug‘héafalytical and computational methods have also been employed, ex-
perimental techniques have provided the most reliable results in the study of turbu-
lent flows. A number of measurements have been obtained in flows with ”simple”
geom.etries, *;vhere-the various effects-can, presumably, be isolated aﬁd examined
' separately. Thé simplest case is grid generated, nea.rIjr isotropic tmbﬂence, which
has been studied in great detail. This flow, however, does not possess a meéha—
nism for the production of turbulence and its energy decays. Turbulence can be
- generated and.maintained bir a mean velocity gradient (shear) as is the case in
nearly all ﬂows with practical interest. Therefore, it is worthwhile to investigate
the structure of a turbulent flow in the presence of a mean shear. The simplest
possible flow for such a study is one with a uniform value of the mean shear. A

literature survey of such flows is provided in the following section.

1.2 Unifoi'mly Sheared Turbulent Flows

The idea that a transver§ely homogeneous shear flow (i.e. a un.idirection.a.l flow
which, in the presence of a uniform mean velocity gradient, exhibits homogeneity of
the variances of the fluctuating Yelocity components in the plane perpendicular to
the direction of the'mean flow) could be generated in the laboratory was introduced
by Corrsin (1963). Subsequently, flows subjected to an approximate uniform mean
shear resulting in near transverse homogeneity, have been studied experimentally
among others by Rose (196%’31970), Robertson and Johnson (1970), Champagne
et al. (1970), Hwang (1971), Mulhearn and Luxton (1975), Harris et al. (1977),
Tavoularis and Corrsin (1981 a,b), Karnik (1983), Karnik and Tavoularis (1983),

Sreenivasan (1985) and Rohr et al. (19’@8).



Ana.lyseé and computations concerning various aspects of such flows have also
been published by many investigators, including Reis (1952), Burgers and Mitchner
(1953}, Tchen (1953)', Craya (1958), Deissler (1961,1968,1970), Fox (1964), Hasen
(1967), Shaanan et al. (1975), Corrsin and I{Dollma.n (1977), Gence et al. (1978),
Courseau and Loiseau (1978), Rogallo (1981), Cambon et al. (1981), Feiereisen et
el (1982}, Rogallo and Moin (1984), Moin et al. (1985) and Tavoulasis (1985).

In general, these experiments and analyses have contributed, to a certain de-
gree, to our understanding of the influence of a mean shear on the structure of

turbulence. However, a few questions remain unresolved e.g.

(i) In the case of the "low shear” experiments the Reynolds stressés reached
c—onstant asymptotic values whereas in the case of the "high shear” these stresses
grew exponentially. Are these two cases digfinct or wouh_i the low shear case
exhibit the features of the high shear, viz.d?texponenéial growth of stresses, if it

were allowed a larger development time (e.g. an incrgase in wind tunnel length)

as claimed by Harris et al, (1977) ?

(ii) If indeed the two cases are distinct, then what are the criteria that would

distinguish the two classes of flows 7

Although the present author had made an attempt to answer nthe above ques-
tions in his master’s thesis (Karnik, 1983), the results were inconclusive due to
lack of sufficient number of cases. The objective of the pregent study is to provide
new measurements and to re-evaluate earlier results on uniformly sheared turbu-

lence, in an attempt to answer the above questions conclusively and also to provide



~ further insight into the structure of the flow. ‘ .

1.3 Shear Reduction with the use of Screens

The design of several independent shear generators to produce rriea.n. shear yal-
ues spa.nning a wide range would be expensive and time consuming. Consequently,
an improvisation, viz. the generation 6f trax;sversely homogeneous ﬁqws with a
widé range of mean shear values and initial conditions by passing a uniformly

sheared flow fhrough various screens was considered. A literature review of flow

through screens is provided in the following text.

A screen is defined here as a _relati'yely thin, periodic obstruction such .as an ar-
ra.:;f of parallel rods (grid) or a plain rectangular mesh (gauze), placed transversely -
to a fluid s;tream. Screens have been used exten.‘sively in wind tuﬁnels, water
channels and other fluid appara.tus} Uniform screens are used most .commonly for
reducing‘ the free stream turblﬂegcel'lével and the mean velocity non-unifdrmity
and, in some cases, for producing nearly isotrop‘ic turbulence. Non-uniform screens

have been used for producing non-uniform velocity fields. A review of flow through

screens has been compiled by Laws and Livesey (1978).

-

Simplified theories of flow behind screens have been developed, among others,
by Prandtl (1933), Collar (1939), Taylor and Batchelor (1949) and Elder (1959).
In particular, the generation of non-uniform mean velocity profiles by passi;zg a
stream through a properly designed screen has been explored theoretically and
experimentally by Owen and Zienkiewicz {1957), Elder (1959), McCarthy ( 1964),
Livesey and Turner (1964), C:ockrell and\Lee (1966), Rose (1966) and Kotansky

& p
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(1966).

Nearly all earlier theories were based on'the assumption that the degree of mean
flow non-uniformity, both upstream and downstream of the screen, was small.
Most réleva.nt experiments were designed to satisfy this assumption, although oc-
casional nt;n-sy'stematic and probably unintentional violations can be discovered.
Screens h;a.vé figured prominently in the design of shear generators (to generate a
uniform shear) used by experimenters e.g. the non-uniform plﬁne screens {Rose,
1966; Mulhearn fa,nd Luxton, 1975), curved screens (Maul and Young, 1973), ta-
pered honeycom;a\é (Kotansky, 1966; Rose, 1970; Richards and Morton, 1976) and
merging channel ﬂc\;rs, where the flow in each channel was adjusted to the de-
si_red level by screens (Chmﬁpagne et al., 1970; Harris et al., 1977; Tavoularis and
Corrsin, 1981; Karnik, 1983; K&knik and Tavoularis, 1983).

'The only earlier measurements that are relevant to the problem of passing uni-
formly sheared streams through highly perturbing screens are those of Rose(1970), .
whose main concern was to study the effect of the screen on the turbulence devel-

opment and not on the mean shear.



Chapter 2

'ANALYTICAL CONSIDERATIONS

-,

2.1 The General Governing Equations

. The velocity field for an incompressible fluid flow with negligible body forces
and constant viscosity is described by the Navier-Stokes equations, which in the

Cartesian co-ordinate system (z1, 3, z3) have the form

]

10 5,
’0z;  p Bz;  Oz;0x;

h BU;
ot

(Momentum) (2.1)

<

ou; _
T 0 (Continuity) (2.2)

where ¢ = 1,2,3 and repeated indices are summed.

In the following analysis, the Reynolds decomposition procedure (Reynolds,
1894) has been used, i.e. the instantaneous velocity and pressure have been de-
composed into mean (designated by overbars) and fluctuating (designated by lower .

\
case letters). components as follows

Ui=Ui +u (2:3)



Y

N
and
M -
P=P+p . (2.4)
where u; = 0 and 7 = 0 by definition. o
Thus, the meen continuity equation is
LY
ov; _ -
5 =0 (2.5)
and the mean momentum equation is
. 98U, =8U, -18P 'T; Juu;
Ak T o e -~ 2.6
5t T Vise, = 5 o T Voz00; o, (26)

where 7w is the Reynolds stress tensor.

‘By further manipulating the instantaneous flow equations, one can derive the

equation for the Reynolds stresses as

!
z

duu; | —ou; 807 au;
= —1 oYy I gy
Bt Uk sz Uty 3, UsUg Bzy
_1l¢.,. .00 ,8py _ Fuiguy
P (u‘ 8x; + Uj 9z; ) 'y
By 83y, '
);, +v(u; Bzyozy T YiBz,00n ) (2.7)

and the equation for the mean turbulent kinetic energy, 9; = SUU;, as

1
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3t kaxk ! ka:,, p Bz 2 Oz

+V( 8::‘,8::;. 6:: 8:,,) - % (-g—L a_uk)('gi": + %u:'f) (2‘8)

A common physical interpretation of the various terms in Equation (2.8) is as

follows :

(a) the terms on the left hand side of the equation represent the total rate of

change of the turbulent kinetic energy;

(b) the first term on the right hand side being usually positive, represents the

production of turbulent kinetic energy; .
(c) the second term represents work done due to pressure fluctuation gradients;
(d) the third term symbolizes turbulent diffusion of kinetic energy;

(e) the fourth term could be considered as molecular diffusion of kinetic energy;

(f ) the final term, being always negative, represents dissipation of turbulent

kinetic energy by viscous forces.

2.2 Equations for Uniformly Sheared Turbulent Flows
Assume that the flow has the following properties :

(a) it is a rectilinear mean flow, parallel to the z;-axis imposed with a constant

mean velocity gradient in the z;-direction. Hence

Uy=U3=0, —— =constant, — =0; (2.9)



(b) all turbulence moments are transversely homogeneous, i.e.

o) _80) 0; (2.10)

6-’1’-’2 = 3-’173 =

(c) the flow is stationary, i.e. .
o) _ )
5= 0. (2.11)

2.2.1 The Mean Continuity and Momentum Equations

As a result of the above assumptions, the mean continuity equation reduces to

oty
: - = ) 2.
\ B2, 0 (2.12)
N .
nt

whereas the mean momentum equation becomes
. r

8? au;ug
= — 2.
Oz; P 8z, ' (213)

2.2.2 Equation for the Reynolds Stresses

The equation for the Reynolds stresses is simplified to

Y, Ty - —_
U o gl il
185 Ty Plad WS

Ul dIg

| (2.14)

1% Bu; o Bujy _ o, Bu; Buj
+ + 8::.') 2”3::.' Sz

which in condensed form becomes
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Ty = Pyj + ¢ — 2¢;; (2.15)

where T; represents the transport of the stresses, P;; is the production due to the
mean shear, ¢;; is the pressure-strain correlation rate and e;; represents viscous

actions including energy dissipation.
2.2.3 The Turbulent Kinetic Energy Equation

The simiplified form of the turbulent kinetic energy equation is

—d(%) __dU;,  Ou; By;
27— _ — ' !
Vg, = o, Yoz, oz (2.16)

In equation (2.16) the first terrh represents transport (T), the second term

production (P) and the third term viscous dissipation (¢) of kinetic energy.

Assuming that there exists an asymptotic state in which the dimensionless

Reynolds stress tensor Kj; is constant (as indicated by previous measurements)

K;; = “Z4 — constant (2.17)
L -~ q .

and the ratio ¢ : P is also constant (based on earlier experimental evidence),

equation (2.16) can be further simplified ‘(Ta.voula.rié, 1985) as

& _ : (2.18)

where the coefficient k is defined as

10
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b= €

-3 (2.19)

Then, Equation (2.18) has the solution

'

¢(z1) = gZeE1=) (2.20)

where ¢2 is the turbulent kinetic energy at a reference location z; = z, in the
asymptotic region. Cos

*

2.3 Estimates of Shear Reduction by Uniform Screens

Consider a bounded, unidirectional flow stream M, \-iith a constant trans-
verse mean gradient dfff/ dz, passing through a screen, normal to the ﬂow\ direc-
tion as shown in Figure 2.1. The screen is characterized by the element thickness,
d, the element spacing, M, the solidity (i.e. the r?.tio of the projected blpcked area
over the total area), o, and the geometrical éha.pe 'a.nd arrangement of the ele-
ments. Far downstream of the screen, a new unidirectional velocity field, U (x2),
is achieved. We shall assume, as all earlier analytical and experimental evidence
indicates, that the downstream velocity also has a constant transverse rnela,n gra- |

3

~ dient dU/dz;. Thus a shear reduction factor A can be defined as

\

G dT .
= A— 2.21
dz, Ad.r; (2.2 )

Neglecting wall effects, one would expect that A should, in general, depend on

the onioming shear, dU;/dz;, the screen spacing, M, the screen solidity, o, the

11



screen geometry and a Reynolds number based on the mean centerline velocity,

U., and the screen element thickness i.e. R = Uy dfv.

Crude estimates of A in terms of the pressure loss coefficient

(2.22) |

K=

“L’EI{%

across the séreen can be based on the theqries of Prandt] (1933) and Collar (1939).
7 “Taylor and Batchelor (1949) refined these theories by including the effect of the
deflection coefficient, a, defined as}the ratio of the local intcidence angles, imme-
diately downstream and immediately "upstreafn of the screen, for the lirrn"t:.ing case

of extremely small angles. Their theory results in the folléwing estimate

_l+a—-aK

= ——— 2.2
l+a+akK . (2.23)

A

Equation (2.23) can be derived as a spécial case of Elder’s (1959) theory, which

L

provided a general relationship between an arbitrary 'upstream: velocity profile and

a downstream velocity profile, in terms of the shape of the screen and the variation
a
of K over the screen.

Among the various semi-empirical estimates of «, the following expression by

—

Gibbings (1973)

»
i
2

am |y 4] - &

) | (2.24)

appears to be in good agreement with experimental results having 0.7 < K < 5.2

s

12

-



—

o

and incidence angles up to 45 degrees.

. Substituting equation(2.24) into equation(2.23) one can derive an expression
for A in terms of K alone and verify the expectation that the shear reduction
factor decreases with increasing pressure loss as seen in Figure 2.2. Estimates of

A, based on different expressions for a(K'), are only slightly different from values

based on equatién(2.2f1) especially for K < 2 (see Gibbings, 1973).

m

The pressure loss r.;oeﬂ‘icient, K, is genera.llf a function of screen geometry and
spacing as well as of Reynolds number. Although several independent measure-
ments of K have be!en performed, there seems to be no general agreement on its
variation. The measurements of Annand (1953) and Pinker and Herbert (1967)
for square mesh gauzes are 'genera.lly compatible with the expression

i

o(2—0)

K =0.52——=~
1-a)

(2.25)

~at least for R > 400. This expression can be modified to include Annand’s low

Reynolds number (20 < R < 400) results, as

17.0(2 - o)

(052+R)(1_G)

(2.26)

Harris’ (1958) measurements with parallel rods having 0.125 < ¢ < 0.625 and

R > 1000 caﬁ be represented by

1.510?
V4 k=012 0 _Z), (2.27)

Finally, Davis (11957; quoted by Elder, 1957) recommends the expression
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1-0.95(1 ~0).> 88¢ |
95(1-0) | TR (2:28)

K=]

. for all screen geometries with sufficiently small mesh size. The above expressions

result in substantially distinct estimates of K, as seen in Figure 2.3.

Substitution of expressions (2.25), (2.26), (2.27), (2.28) into ‘(2.24) and, in
turn, into (2.23)‘ would provide expressions for the deflection angle, o, and for
the pré&icted shea.f reduction factor, A4,, in tefmé of the screen solidity alone at
sufficiently high Reynolds numbers. ‘Such expressio’ns are plotted in Figure 2.4-;
while Figures 2.5 and 2.6 illustrate the effect of R on K and Ap. It is clear,
however, that as the relative size of the screen elements d/h (h is the flow height)}

.increases, these expressions v_vould becomf inaccurate, due to the breakdown of
the small disturbance assumption. The aim of the present study is to provide an

empirical relationship between A and d/h valid for small as well ag large d/h.
o ) ‘
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Chapter 3

EXPERIMENTAL APPARATUS

'AND
MEASUREMENT PROCEDURES

The. wind) tunnel and related apparatus that were used in the present exper-
iments have beeri described in detail by Karnik (1983). The following sections

provide salient features of the same.

3.1 The Flow Facility

The wind tunnel (Figure 3.1) used in the present experiments was designed
and constructed at the University of Gitawa. The ?low was prodﬁced by two
centrifugal blowers and passed through a ﬁite‘}'}, a honeycomb, a settling\chamber
\Vifh several turbuilence reducing scree.ns and a 16:1 contraction before ent>ring the
_ final test section (Figure 3.2) which was 305mm high, ;157mm wide and 5180mm
long. The vertical walls of the downstream end were adjusta.blé to compensate
for boundary layer growth. The test section was also provided with four slots for

insertir.¢ screens or other flow obstructions.

The desired mean velocity profile was produced with the use of a shear gener-

- 15



ator inserted in the flow immediately after the contraction. The shear generator

(Figure 3.3) consisted of a set of 12 parallel aluminium plates, about 150mm wide

and 254mm apart, which separated the flow into 12 channels, and a system of in-
terchangeable screens stretched across up to four positions in each channel, which
provided the desired channel pressure drop. A flow separator (Figure'3.4), consist-
ing of 12 parallel aluminium plates 610mm long and a.lignéd with those in the shear
generator, was inserted into the flow in order to produce transverse uniformity of

scales,

C
The screens used in the present experiments consisted of grids and gauzes of

varying spacing and solidities. Specifications for these have been tabulated with

‘the results in Table 1. The probes were mounted on a.Iraversing mechanism which

provided the necessary longitudinal, transverse and cross-stream motions.

3.2 Velocity Measurement Technique

3.2.1 Instrumentation

“

Hot-wire anemometry s used extensively throughout the presén\t study. The
velocity components and shear stress were measured with a commercial cross-wire
probe (TSI model 1248BJTI5). The wiréﬁxrvere operated in a constant temperature

mode with the use of two TSI 1050 constant temperature anemometer modules
‘d

- which were powered by a TSI 1051 2D monitor and power supply.

3.2.2 Calibration

A hot-wire anemometer measures flow velocity through its relationship to the

heat transfer rate from a heated body immersed in a flowing fluid. An expression,

© 16
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relating the heat transfer to the fluid velocity commonly known as King’s law is

Q

— ! rrn
g =4+ BT (3.1)

@

where Q@ = E?/R,, is the heat transfer rate, E is the voltage across the wire, R,, is-
the operating resistance of the wire, T,,—TY is the difference between the operating
temperature of the sensor and the fluid temperature, U is the velocity normal to

the sensor and 4,, By, n are empirical constants determined by calibration.

The modified version of King's law carr™be expressed as,

E?

m:A-{‘BU * (32)

Each of the wires was individually calibrated versus the flow velocity meaéured
with a pitot tibe in a smooth flow in the wind tunnel. The operating resistance
of the wires was set such that the operating temperature was 250°C. The fluid
temperature was monitored regularly and was found to be essentially constant over
the duration of the calibration. Also, it did not change by more than 2°C during
each experiment. It has been shown (Tavoularis, 1978) that mean temperature
changes of 5°C would result in only 0.06% egrors in the measurement of u? and uZ,
The wire frequency response was optimized using the standard square wave test

under typical flow conditions. Typical calibration curves are shown in Figure 3.5.

3.2.3 Measurement-Procedure

The use of a modified King’s law for a slanted wire is appropriate if an effective’

cooling velocity that would produce the same cooling effect as the velocity normal

17
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to the sensor is considered. Assuming that each of the wires is inclined at 45° to

!

the flow and is perpendicular to the other, the effective cooling velocitics normal

to the two wires (Figure 3.6) could be written as, . -
v -
Ugni= T +u, + 03 + 1y )cosds (3.3)
Uerrz = (U + uy =03 — up)cosds (3.4)
AW

where overbars denote averages and lower case symbols denote fluctuations.

Thus the modified King’s law for the two wires can be written as,

_Ef ny
T, -1, = At Bl (33)
E} - |
T,o7, = AntEalis (36)

Further assuming that the fe_gnperatu.re of the fluid is constant, the above

equations can be simplified to L
E, R
k)
" B} = A+ BlU, (3.7
E} = A+ BUy, - (38

Thus the components of velocity in the z; and z, directions can be obtained



Ui =Uesn + Ueya)/2 (3.9)

U2 = (Uesn = Uespa) /2 (3.10)

) Uy = (Ucffl ; Ucf_f2) — ﬁl (3.11)

.
vy = et 5 Verr) _, (3.12)

-

where the effective cooling velocities are evaluated by inverting equations 3.7 and

3.8.

v

Proper orientation of the cross-wire in the ; — 3 plane would prc?'de the z;

and z3 components of velocity.

3.3 Analog Signal Processing and Data Acquisition

The anemometer ;)utput signals were observed on a Tektronix model 5113 dual
beam storage oscilloscope. The oscilloscope was equipped with two differential
amplifiers (Tektronix 5A22N) with ga.insl ranging from 0.1 to 50,000 and built-in

high pass and low pass filters with a 3 db drbp off per octave.

The amplified, conditioned signals were discretized and processed using a LSI
11/23 micro-computer with a 64 K bﬁ:e memory. The computer was equipped with
an ADAC model 1601 GPT programmable 16 bit general purposé timer and a 12

bit analog to digital converter (ADAC model 1012) with a 16 channel multiplexer.

19



The input voltage range of the analog t.o digital converter was programmable and

usually set between -1.0 and +1.0 volt.” Signals outside this range had to be |
attenuated.or offset, while iow level signals had to be amplified in order to utilize
the full capacity of the sjrstem. “The digital output ranged between 0 and 4095

which produced a digitizing uncertainty of 0.5 mV.

The minimum conversion time with direct memory access was 40us. This
‘introduced a delay between consecutive samples, thus producing appreciable errors
. in cross-wire measurements. As a remedy, one of the signals was delayed by passing,
it through a home-made analog delay line with a frequency response which was

good to 5 kHz (-3 db point).

Other peripheral units were RX02 diskettes, Winchester drive, LA50 printer
and a VT100 CRT display monitor.” Sampling was accomplished using assembly
)

language software and all computations were performed in FORTRAN language.

3.4 Computational Procedures

The evaluation of the v-a.ritl)us turbulent parameters consisted of firstly obtain-
igg a discrete time history for the three components of velocity ul,, uly,
where 7 = 1,2,.......... M(M is the number of records between 15 and 20) and
k=12..... N(N is the nu;nber of points éer record between 1600 to 2000).
The number of points per record was adjusted depending on the number of records
chosen for the discretization prolcess so that the memory storége capacity of the

micro-computer would not be exceeded.

.20



3.4.1 One Point Moments

For each component of velocity e.g the u; - component, the one point moments

were easily calculated from the discrete time history as

- Z_phil f:l u?i
W= (3.13)

The shear stress, Tya; was evaluated as,

S T vl
'u1u2= 4 th(lﬂfflk 2k (3.14)

3.4.2 Two-Point Correlations

The components of a general two-point correlation tensor in the cartesian co-

- ordinate system (z,;, z,, z3) are defined as

ui(ze; )z + iyt + 1)
u:-(mk)u;-(:z:k + T'k)

Rii(ry, r2y 13y T) = (3.15)

[
where 1,7,k =1,2,3.

Spatial correlations are obtained when r is fixed, temporal correlations when
T1, T2, and r3 are fixed and space-time correlations when T as well as ry, r; and r3
vary. R;; is called the autocorrelation coefficient when i = j and cross-correlation
when i # j.

In the present investigation, only the component R;;(r) = R;1(0,0,0;7) is
measured. Ry(r) = Ru(r,0,0;0) is evaluated from Ry(r) by employing Tay-

lor’s "frozen flow” approximation, namely the assumption that the flow structure

21



remains unchanged while being convected by the mean speed past the measur-
ing probe. Taylor's approximation is accurate only when the turbulence intensity
u'/U is relatively small (typically below 10%), a condition satisfied in the present

investigation. Therefore,

Ru(r) = Ru(r) with r =Ty (3.16)

Thus from the discretized data, R,,(7) cay be evaluated for each record, j, as

H

N=i

_ iy N
Ri (r) = &=t DTy, : 3.17
W T i, (WP G0
where the separation time 7 = ¢ x At.

The ensemble average was then computed as
1M

Rus(7) = 32 3 R, (7) (3.18)

=1

3.4.3 Integral Length Scales N

The integral length scale is a measure of the typical size of the energy containing
eddies of the flow. The Eulerian integral length scale of the streamwise velocity

component, along the streamwise direction is defined as,

L= ju ~ Ru(r)dr (3.19)

Using Taylor’s hypothesis, the Eulerian integral length scale, L;;, can be de-

termined from the Eulerian integral time scale,

22



T = /000 Ry (r)dr (3.20)

as
,
’ Ly =UiTy ' ' (3.21)
o~
4//
In the present measurements, the autocorrelation coefficient, Ry(7), evaluated
. '\‘ ,’. .

e

from the discrete data, was numerically integrated up to the first zero to obtain
Ny

the integral time scale. The integral length scale was obtained by using Tayloi"s

hypothesis.
3.4.4 Té.ylor Microscales

. The Taylor microscales can be estimated according to the definition,

E 0.5
'y A= [(g_u;)z] j_ (3.22)
___ q05
2u? o
: Aij = (8_:?)2 . i - (3.23)
Bz,

where repeated indices are not summed.

Using Taylor’s approximation, the streamwise microscale, Ay, can be estimated

-

»~

0.5 .

— u

Ay = U; [(_m_%] . (3.24)
at
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The derivative in the above expression is obtained from the discrete data-as

ey as 1 - MN—I,;
(u1)2 (N—l)xME?Z‘lukl Ul (3.25)

3.5 Measuring Accuracies
¢

3.5.1 Temporal Resolution

The fastest relevant events in a turbulent flow can be measured accurately
only if the characteristic times associated with the response of the hot-wire and
the analog to digital conversion system are smaller than the convection time-of
. the smellest relative motions which are usually associated with viscous dissipation

(Corrsin, 1963).

.

In the present experiment the convection Kolmogoroff time was equal to

) _
LYy g .0us (3.26)

. \
glll a2 3.5ms. (3.27)
The cha.ractgi‘istic time of the hot wire was
r= < 0.38us (3.28)
1= -I—_j-lc ~ . ,U. 3 .
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where d = 5um is the diameter of the sensor, and the sampling time of the analog

to digital converter was 40us.

Therefore it can be concluded that although the quantities associated with
large scale motions e.g. Uy, .u_f and L;; could be measured accurately those as-

sociated with dissipation e.g. {Ju;/Jt)? and A;; would be subject to considerable

inaccuracy. -

. 3.5.2 Spatial Resolution

The spatial resolution of a hot-wire is limited by its length and, in the case of
| cross-wire, also by the spacing between the two sensors. In order tg obtain accurate
estimates these ‘quantities should Be_ small in comparison to the chz.a.r'a.cteristic
length scales of ;he Jﬂow. In the present experiments the Eulerian integral length
scale , Ly, wa.;s tjrpically 50mnf, the Ta.ylor microscale, A“ﬁ was 8mm and the

- Kolmogoroff microscale, nx was typically 0.3mm. For a probe with length [, a

1.75mm _ ’ a

- l l
2 ~0.035 -2 =~022 £ 58 3.29
"Ly A K ( )

From these ratios it is possible to estimate the measurement error, for example,

in u? (Corrsin, 1963) as

Wmeas _ 207 (I, — ) R(t)dt

2 2
Uuj IP

(3.30)

Using the relation
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L ta . r"‘\

R(*Q aEyvH ™~ (3.31)
N 11
we obtain .
u?m(ﬂl Ig .

— =1- ~ U, .32

by 1 AN, 09985 _ (3.32)

indicating that the error is negligible.

It could be concluded that the spatial resolution is adequate for measuring the
phenomena which are dominated by the energy containing range of the energy
spectrum and that considerable inaccuracy would be introduced in the measure-

ment of the fine structure pa.rarnet\ers.
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Chapter 4

*

MEASUREMENTS

§

4.1 Free Stream Measurements

+

Meastirements in a free stream (i.e. without the shear gener.at:,or and flow
separator and with the vertical walls of the test ssﬁtion adjusted to compensate
for the boundary layer growth), shown in Figure 4.1, indicated that ajlong the
centerline, the mean velocity was nearly consté.nt; and that the turbulent intensity
(at all measuring positions) was less than 0.4 % at a reference speed of 14 m/s.
~ Typical transverse profiles indicate that away from the walls, the mean velocity
profiles were uniform. In clonclusion, experim:enta.l evidence indicates that the wind

tunnel was capable of producing a stable uniform free stream with-a moderately

low free stream turbulence level.

4.2 The Mean Velocity Field
4.2.1 Unobstructed Mean Shear

The maximum possible shear was achieved behind the shear generator when

no other obstruction was inserted in the test section. The shear parameter
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was about 2.0 and decreased slightly (Figure 42) with increasing mean tunnel
speed in the range 5 to 15 m/ s. Typical transverse pr'oﬁies of the mean velocity,
shown in Figure 4.3, demonstrate the near uniformity and downstrea.m. constancy
of the mean shear in the tunnel core. The mean shear a;l;o exhibited a reasonable
spanwise uniformity (Figure 44) Mean velocities, measured at spanwise distances
up to 0.45 h on eith%:; sid; of the centerplane, differed by less than 5% from the

. £y
corresponding centerline values.

4.2.2 Shear Reduction by a Single Screen

In all cases examined, the mean velocity downstream of the screen was found
to be unidirectional, with a uniform transverse gradient dU;/dz,, which was
preserved in the entire test section. Typic;dl mean velocity, profiles downstream
(z1/h = 7.5) of the various screens used in the present experim’éxﬁs are shown in
Figure 4.5. It appears that the uniformity of the shear behind screens was usually
better than that in the undisturbed flow. Screens whicl;x -we;-e not uniform or not
st.retched tautly did notl exhibit this behaviour and these results were discarded.
Spec‘iﬁcations for the tested screens as well as the corresponding measured and
predicted shear ;eduction factors are presented in Table 1. This table also in-
cludes the results of Rose (1970), which appear relevant to the present stu.dy. The
predicted values of A in Table 1 do ngt include corrections at low Reynolds num-
bers, since it was discovered that such corrections worsened rather than impr.oved

the consistency of measurements for similar geometries.
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4.2.3 Shear Reduction by Multiple Screens

A few tests were performed with two or three grids inserted in separate slots of
the test section." In all cases, the far downstream shear was also found to be uniform
as seen in Figure 4.6. The results; summarized in Table 2, demonstrate that the
total shear reduction factor was not significantly different from the product of the

shear reduction factors of the individual grids.
4.2.4 Shear Upstream of Screens

The flow disturbance introduced by a screen is expressed by a distortion of
the streamline pattern and by changes in the pressure field. It is obvious that

there must be a region in the neighborhood of the screen, where the mean shear

"y ig adjusted from its far upstream value to its far downstream value. Furthermore,

the possibility of flow changes within the flow generator due to increased pressure
upstream of the grid also deserves attention. In order to test these results, we
clonducted meé:;".uremez-lts at a station 1.5 h upstream of screens inserted in slot D
(z1/h = 4.5). The mean shear at that station was found to decrease slightly (by
4 to 7 %, Figure 4.7) after a screen insertion, but not sufficiently to indicate that

screen insertion introduced any significant change in the wind tunnel operation.

4.3 Development of the Reynolds Stresses

As shown in Figure 4.8, for a few typicsl cases, the r.m.s. turbulent velocities
presented a degree of variation that was comparable to those in earlier experiments.
The dev:lopment of the four dominant Reynolds stresses and the turbulent kinetic

energy ¢* = Wi along the wind tunnel axis is shown in Figure 4.9 for some repre-

e

e
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sentative conditions; semi-logarithmic co-ordinates were used for convenient com-
p&riSOI:l with Tevoularis’s (1985) predictions. In 2l cases, the plots demonstrated
linear ranges with either positive or nearly zero slopes, corresponding to either ex-
ponential growth or constancy of the Reynolds stresses. For each set of conditions,
the rates of growth of all stresses away from the origin were essentially the same.

The magnitudes of the stresses were always ordered as u? > ul > u_§ > UyugaThe

same orderixig has been observed by oth{ers in uniformly sheared flows as well
in heterogeneous flows with a fixed dominant mean shear direction. The first in-
equality reflects the fact that the streamwise normal stress receives energy directly

from the mean shear while the other two normal stresses are maintained by means

of their coupling to the streamwise stress through pressure-velocity cbrrelatio_ns

(Champagne et al., 1970). Another observation that can be made is that the ra-

tios W/[_I:z appear to depend only slightly on the wind tunnel speed for a given

flow generating apparatus. On this issue, Rohr et al.(1988) point out that plots of
{

these ratios collapse when plotted versus the total strain

dUy
U]C )( d.‘rg ‘ .

= (= (4.2)

,-/\

/s

All present and some previous measurements of the turbulent kinetic energy
are surnmarized in Figure 4.10 Each set of data away from the origin was fitted
: .

by the relation (Tavoularis, 1985)
~,

where z,,q? are reference values, corresponding to a location hear the end of the
¢

q—2 - Eek(zl_:r) (4.3)
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wind tunnel and k has dimensions of a wave number. Baged on the least-squares-
fitted values of k (Table 4), it is possible to distinguish two subclasses of flows:
those -wif.h k close to zero, i.e. flows with roughly constant Reynolds stre;ses, and
those with a clearly positive k, i.e. ﬁc;{VS with exponentially growing Reynolcf-é
stresses. A detailed discussion on the classification of such flows will be provided

in Chapter 5.

The effect of crossing a grid or screen on the turbulence was manifested by
a nearly stepwise jump of ¢? across the obstruction; near the grid, turbulence

is produced by the small scale shear between consecutive jets and wakes of the

rods or wires. Grid generated turbulence decays rapidly downstream, so that it
‘ b))

PR

seems reasonable to assume that, away from the grids, turbulefce production was
almost entirely due to the constant mean shear. A closer look at the results reveals
that the region of exponential growth of turbulent stresses is approached within a

distance that is shorter for the parallel-rod grids than for the square-mesh screens.

Figure 4.11 contains the measurements of the dominant components of th=

dimensionless Reynolds stress tensor
o

} - K =%1/q (4.4)

In all ca.se‘s, the values of K;; in the downstream part of the tunnel were prac;
tically constant. Deviations between the fully developed values of each K;; for
different sets of c:;nditions were relatively sméll. It is interesfing to notice that
valies of K;;, K22 and K33 near the flow origin were closer to each other than

they were a.wa.y- from it. When C{he flow crossed a screen, the Reynolds stress

~
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tensor was reoriented tending towards its isotropic form, but away from the grid'e
¢
K;; resumed an anisotropic form that is typical for uniformly sheared flows. This

form, averaged over all experiments, was o~
0514004 -016£001 ° 0
Kij=|-016+001 022+£002 0 (4.5)
‘ 0 0 0.27 & 0.03

4.4 Integral Length Scales

The streamwise integral length scale L); of the streamwise velocity fluctuation

- v 4
was measured by integrating the corresponding autocorrelation coefficient to its
first zero and using Taylor's "frozen flow” apprqxima.tion. The accuracy of this
technique has been demonstrated by Comte-Bellot and- Corrsin (1971) and has
been found to be satisfactory by Champagne et al. (1970) and by Tavoularis and

Corrsin (1981a) in the case of uniformly sheared flows. .

\ All present and previous measurements of L;; have been plotted versus stream-
\ wise distance in Figure 4.12a using logarithmic co-ordinates. Within the experi-

mental ufitertainty, one can represent all data using power laws of the type

e o

PN

where L, and z,p are reference values. The least-squares fitted values of the
exponent ny were on the average 0.8 with a standard deviation of about 0.1 (Table

—_ o
4). Considering the relatively large uncertainty in the length scales measurement
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(random experimental error was of the order of 7%)', a linear growt,h_o‘f L, might
also be possible as sﬁggested by Harris et al.(1977), ’i‘a.voularis and Corrsin(1981
a) and Rohr et al.(1988). It is interesting to o_b‘serve that the growth rate‘ of
L,; is esgsentially independent of the shear or any other parameter and that it
is substa.ntiélly higher than thé growth rate in nearly isotropic, grid turbulence,
where integral length scales appear to grow according to a power law with an
exponent of about 0.4 (see, for instance, Sreenivasan et al., IQSO)‘. For & given flow _
generating apparatus, Ly; was found essentially independent of the wind tunnel

speed, which is another indication that the integral length scales are not affected

by changes of the shear value.

In order to test the possibility of exponential growth, the same scales have
been plotted in Figure 4.12b using semi-logarithmic coordinates. Although the

expression

Lu

Z = ekelzi—zr) (4.7).

may be roughly fitted to the data in the range 5 < z;/h < 12, it is clear that a
power law is more successful in describing the entire range of measurements. The

average value of k; was about 0.33m™! (Table 4).

4.5 Taylor Microscales

”]%lﬁ streamwise Taylor microscale was measured as
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where the streamwise derivative was estimated from the t;.ime derivative using
’I‘aylor;s ”]frozeq flow” approximation. Measurements shown in Figure 4.13 demon-
strate that Ay, .waslroughly constant along the centerline, at least for z,/h > 5.
Constancy of Ay was a céntral assumption in Tavouleris’s (1985) predictions of

exponential growth of Reynolds stresses and self-preservation of turbulence struc-

ture,

-
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Chapter 5
-~ P

/
ANALYSIS AND DISCUSSION OF RESULTS

5.1 The Reduction of Shear with Screens
. 1+

-

As discussed earlier, the shear reéuction coefficient is fairly sensitive to changes
in the screen solidity, all other factors being constant. Accurate measurements
have revealed a significant variai:ion of the wire diameter, especially-for the fine
mesh screens. In one case, our mea,SLEred average solidity was nearly 10% different
from its estimate based on screen manufacturer’s specifications (this being the
result of merely a 0.025 mm diﬁ'e_rence in wire diameter. values); such differences
could result in up to 8% error in the estimate of A. Considering this effect, as well
as possible imperfections in the manufacturing and mounting of fifie screens, one

W
might anticipate slight discrepancies among results of diff

investigators.

Figure 5.1 presents a comparison between the present and Rose’s (1870) mea-
surements of A with estimates based on three semi-empirical expressions. To avoid
influence of disturbance size, only results with small d/h (less than 0.01) age in-
cluded. All measurements and estimates demonstrate the same trend and span
the same overall range of A. Furthermore, results within each set of experiments
appear to be consistent. Nevertheless, neither measurements nor estimates can be

fitted to a universal relation, not surprisingly so; if one takes into account differ-

™
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!
ences in screen geometries and experimental uncertainties. In fact, a closer study
of the measurements together with the corresponding experimental conditions has
revealed that our measurements of 4 with square-mesh gauzes are close to the
predictions based on Eq. (2.25), which was developed from J{-measurements be-
hind square-mesh gauzes. Similarly, our results with the parallel-rod grid appear
close to predictions based on Eq. (2.27), which corresponds to parallel-rod grids.
RﬁSeI:S:' results with square-mesh grids appear to ‘be close to predictions based on
Eq. (2.28) (without the Reynolds number correction) for reasons we have not been

/
able to explain.

At this point, we return to the discussion of the relative screen spacing effect.
' P

1

; ’ th order to correlate the djsyurbance and the shear reduction factor, both M/hk and
{ I\d/ h appear suitable as independent variables. However, we have discovered thatl
the results correlate blet.ter with relative element thickness d/h. Figure 5.2a and
* b show that for d/h < 0.01, A appears to be independent of d/h and compatible
with predictions for the particular values of solidity. However, Fig. 5.2¢, which -
COI’I‘eSpOD'.dS to grids with similar geomet.rieé but different d/h, demonstrates a
significant, monotonic decrease of A, for d/h increasing heyond about 0.01. All

available results (Figure 5.3) appear compatible with an empirical expression of

the type

A__ 1 o
4, U+ (L -

(5.1)

where A, is the small d/h prediction of A for the corresponding screen geometry

and solidity. This expression corresponds to solidities of about 0.378, which are

.
e
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comparable to values commonly encountered in wind-t‘uthel facilities.

L

5.2 The Evolution of Turbule_r_lg Stresses and Scales -

5.2.1 Definition of Scaling Parameters

In an unbounded uniformly sheared flow, the sole externally imposed parameter
{ . .

is the value of the mean shear, which represents the mean vorticity and the mean
}f .
strain rate, This value imposes the characteristic "straining” time g

. = (d0;/des)™" | (5.2)

In the hypothetical case of unbounded, transversely homogeneous shear flow
there is neither an external length scale nor a velocity scale and further non-
ditmensionailization becomes impossible, unless one assigns an a.rbitra.ry value to
one of these parameters. In laboratory generated flows, it has been demonstrated
(see also Rohr et al., 1988), that, for a fixed flow generating set-up but changing
medn-velocity, the Reynolds stresses can be scaled with the centreline veloc}ty.
Then it is possible to define a wind-tunnel (or water-channel) shear comnstant, k:,
as
U

= (5.3)

1
c dIz

[~
.

ky =

<

-which has dimensions of a wavenumber. The dimensionless total strain imposed

upon the turbulence at a particular station is simply

) -5
1
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T=kaz (5.4)

One might anticipate that the value of k,, which is constant for a given fRow,

could have a qualitative effect on the turbulence structure, while the value‘of r,
P -

which grows downstream; should not aﬁ‘ect_q_?\f—preserving structure.

The development and interaction of turbulent motions are characterized by in- %

ternal scales, which, although the results of external conditions, are best identified
by direct measurement. A measure of turbulent activity is the turbulent kinetic
—
energy which for an incompressible flow is characterized by the r.m.s. value of a
component of velocity, e.g. u}. The average size of turbulent eddies which con-
tain most of the activity is characterized by integral length scales, for example
the streamwise one, Ly;. Such scales generally grow downstream from an initial
value, which is set by the spacing of the flow generating elements. In the case of

an unobstructed flow, this spacing is clearly the width of the individual channels

of the shear generator and flow separator. When one or more grids or screens are

inserted, the initial scale appears to be a complicated function of upstream ﬂow,

characteristics, grid mesh size and solidity. In a crude way one might infer from
the present results that the initial length scale is comparable to the larger of either
the Qﬂ?aﬁnel width or grid mesh size. A corresponding time scale, which can be
inter::)reted as the "turnover time” of a typical turbulent eddy (Compte-Bellot and

Corrsin, 1971) is

‘f’c = Lu/‘u; (55)

38



(Q

Another time scale that is commonly used in turbulence modgeling is the typical

"lifetime” of the energy containing eddies

e =g /¢ (5.6)

where ¢ is the turbulent kinetic energy dissipation rate. If one further defines a

characteristic time far transport of g2 by the mean flow as

= (HT), (5.7)

where k 1s the exponent in the stress growth law, it is possible, with the use of the

Q .
simplified kinetic energy equation (Tavoularis, 1985), to derive a relation between

the two latter time scales and T, as

1 —I‘:IQ 1

= - 5.8
Tu Ty 2rr (5.8)

Finally, the fine structure of turbulence, including energy dissipation phenom-

ena, is characterized by the'Kolmogoroff length and time micro-scales, respectively

defined as _ . | . f

k= (Bl = (v/e)? (5.9)

5.2.2 Tests of Self-Preservzttion

"Tle hypothesis of self-preserving development of a turbulent flow assumes

that all espects of the motion except those directly influenced by viscosity have
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similar forms at all stages, the differences being described }vholly by changes of
velocity and length scales which are functions of time (in decaying turbulence) or of
the positibn iﬁ thg flow direc@i‘on” (Townsend, 197(}3\l Pp- 60-61). The mean velocity
field; U1(z2), obviously meets the criteria of self-preservation, since it is eésentia]ly

invariant. Second-order turbulent moments are also self-preserving in the bulk of

. the flow, since their relative magnitudes remain constant, as demonstrated by the

constancy of_all components of K;. This was true for all cases, both tHose with
constant and those with growing moments. Integral length scales appe;xr to follow a
well-deﬁned growth patfem, which is independent of the kinetic energy evolution.
Also, relative magnitudes of integral scales in different directions appear to be

roughly constant for both "low shear” (Champagne et al. 1970) and the "high

shear” (Tavoularis and Corrsin, 1981a) cases.

In conclusion, all existing evidence supports the hypothesis that uniformly '
sheared turbulence in wind-tunnels achieves an approximately self-preserving state
in which turbulent velocity and length scales follow fixed laws of downstream

3

evolution and properly non-dimensionalized quantities remain invariant.
5.2.3 Criteria for the Evolution of Turbulent Kinetic Energy

As discussed earlier, it has been possible to identify two subclasses of uni-
formly sheared turbulence, namely flows with growing stresses and flows with-
roughly‘ constant stresses. .One might then speculate on the existence of a tflird
subclass of flows with decaying stresses which has actually been predicted the-
oretically for "extremely weak” turbulence (e.g. by Deissler, 1961, 1965). ‘The

experimental confirmation of the third subclass is inconclusive. The few cases in
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Rose’s (1970) experiments that he interprets as decaying sheared turbulence are
subject to extremely low signal—to-noise ratio x?nd also contradicted b;./ his Fig-
ure 6. Our experiments have not yielded apy case having .a négative value of k
which deviated from zero by an amount larger than the measuring uncertainty.
The limiting case dU,/dz, = 0 c;a.n, of course, be represented by grid-generated
unsheared turbulence, whose second moments decay. However, the u'nshca.red case
is a singular limit since it does not satisfy the assumpt‘ionbf/:]_f = coﬁstant, which

was the basis for the derivation of an exponential law.

We now proceed to identify parameters which possibly affect the balance be-
tween production ax‘ld dissipation and thus the evolution law of the turbulent
stresses and the turbulent kinetic energy. The mean shear is ceftainly.a relevant
npa.ra.rneter, because, all other external condjtions being the same, an increase of
mean shear leads from a constant- ¢? flow (Cﬁampagne et al., 1970) to a growing-
¢? flow (Harris et al., 1977; Tavoularis and Corrsin, 1981a). However, the value of
dU,/dz, aloné is not sufficient to determine the energy law; this can be seen by
comparing cases with about the same shear but different centerline velo?ities, for

example cases M and K versus case F and case L versus case E in Table( 1.

Harris et al. (1977) have-suggeéted that it is the value of the total strain 7
that determines whether a state of growing stresses has been achieved and that, if
"low shear” flows were permitted to achieve z;. sufficiently large T by extending the
wind-tunnel length, they would also exhibit growing stresses. Rohr et al. (1988)
further suggest a "threshold” of T a2 4 above which turi:)ulence grows. Some ul the
present measurements contradict these hypotheses. As Figure 5.4 demonstrates,

the kinetic energy in case L was practically constant in the range 4 <7 — 71, < 8
-

-
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(7, was the total strain measured from the flow separator to thé position of the
last grid, when éppliCable). Such persistence is unlikely to be attributed to the
presence of a gncl, it is furthennore.rer'ninded that case L has a self-preserving
turbulence structure and tflat, although case L has relatively le;rge length scales,
the fact that these' scales continue growing at'a constant rate precludes a Total

suppression of kinetic energy production by the wind-tunnel walls.

.
Following Tavoularis (1985), the kinetic energy exponent coefficient can be

..‘ i

[}

expressed as

™

k= —2K5(1 — ¢/ P)k, (5.10)

where the kinetic energy production is

P = —m5;dU, /dz, (5.11)

The va.luel;‘\of the ratio ¢/ P, computed from measurements of % and K, using
equation 5.10, are plotted in Figure 5.5a versus k,. Once more, it is poss_iblé to-

identify two subclasses of flows, since

/P ~1 for”small’k, (5.12)

¢e/P <1 for"large”k, (5.13)

>

The scatter of ¢/Prin the second subclass about a constant value 0.68 4 0.06

_p SEmS to be non-systematic. Using the average valu.‘es's/P = 0.68 and K, =

AN
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—0.16, one can derive the relation

k=0.1k, (5.14)

which, as shown in Figure 5.5b, is compéatible with all measurements at sufﬁci‘entl.y
large k,. The implication is that the asymptotic evolution of ¢2 in v;find-tunnel
c;onﬁned, uniformly sheared turbulence depends on wind-tunnel shear constant
k. F<;r small k,, q_2 may be constant, while for large &, it grows exponentially;
in the latter case t};e exéilent is Iﬁfoportional to k,, although the ratio ¢/P is

independent of k,. Independent estimates of the ratio ¢/ P, based on the measured

Taylor microscale, are compa.t-ible with the existence of two distinct subclasses. ~

The present experiments cover a range of k, that is substantially wider than

" those in previous ones. Although, in our opinion, the large-k, range has been

adequately described by equations (2.20) and (5.14), it would have been desired
to further scmbiﬁjze the low-k, range. Unfortunately, our attempts to decrease

k, by using high-solidity screens led to inhomogeneo.us flows. It is also clear that

’

the uncertainty in the determination of k and ¢/P increases dramatically as k,

L}

.decreases.

A

In ad;lition to »:t}le above, we have tested several other possible criteria for
the evolution of icinetic energy. For instance, a relevant parameter might be the
quantity (L/U ) (dﬁ; /dz,) where L is some scale characteristic o\f turbuﬁ ;eddy
size, i.e. the shear generator \spacing, grid mesh size, L;; etc. None of these

quantities was successful in separating the two subclasses of flows identified above,

as can be seen by c;gsidering, for example, cases QO and A, which have roughly
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the same vulues of the above parameters but different energy laws.

-

5.2.4 On Hasen’s Stability’ Theory

‘In her non-linear stability analysis of uniformly shea.red/iié\vs, ﬁasen (1967)
concluded that two- dimensional chsturbances would decay if their amplitude were
smaller than a "barrier” velomty and that they would not decay otherwise. She
also found ‘that the barrier velocity was bounded upwards and downwards by two

quantities, which were proportional to the velocity

Uiy = (IndUs/da)/ Rif? - (513)

: !
where Iy is the characteristic length of the disturbances and the Reynolds number

was deﬁm‘{ as 7 o

Ry = (dUy/dzs)li /v - - (5.16)

Substituting equation (5.16) into equation (5.15), one gets

‘\\‘\\ . E\'\\
1/3
o 1 dU, ) : y
Vg = —_— /3 .

According to this theory, no finite-amplitude, two-dimensional disturbances
would decay if Uy — 0, which can occur either when dU3/dzy = 0 or when
Iy = oo. Consequently, one might sg;eculate that the lower Uy for a flow is, the
"more unstable” the flow would be. This appears to contradict the intuit.i-ve ex-

peciation that for given /g and v, a flow should become "more stable” as dﬁl/ dz2
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delcreases. On the other hand, the implication lof increased stability as Iy grows
is compatible with intuition. Rose’s (1970) attempt to correlate his results with/
Hasen's théory, is not conclusive in our opinion, first because, as indicated ear-
lier, his few cases of alleged decaying turbulence are questionable, and secom;l,
because his study addresses oﬁly the effect of length scale and does not tal‘{E\into
account the amplitude of disturbances. In grid turbulencé, amplitudes and scales
are inherently coupled, as demonstrated by the fact that the energy ;1eca.y law is a
function of grid mesh size; a large-niesh grid causes a large-amplitude disturbance.
A proper test of Hasen’s theory should involve a laminar éhea.r flow and distur-
bances whose amplitudes and wavelengths should be independently controlled. In
any case, calculations of Uy; based.on makimum apparatus spacing (Table 4) s..how'
th'a.ﬁj in general, larg: values of Uy correspond to growing (unstable?) turbu-
lence, in contrast to implications of Hasen’s theory. In view of this discussion, the
apparent success of using Uy as a criterion for the evolution of ¢? (Karnik and
Tavoula.ﬂs, 1985) might be coincidental. The present discussion is consistent with

the discussion by Rohr et al. (1988).
5.2.5 Scaling of the Turbulent Stresses

A general feature of self-preserving turbulent shear flows such as two- and three-
dimensional wakes, jets, plumes etc. is that the "effective Reynolds number”

»

AU

vt

Ry = (5.18)

(AU is a characteristic mean velocity difference, ! is a transverse length character-

istic of the mean flow extent and vr = —%a;/(9U,/9z,) is the "eddy viscosity”)
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shows small variation within each class of flows and has'values comparable to the
lower critical Reynolds number for laminar instability (Corrsin, 1957). The appli-
cability of such a postulate to uniformly sheared flows is quite plausible, in view

of their reasonable transverse homogeneity. )

The parameters AU and [ are, most likely, related to the imposed time scale

T, a3

. <
— = =T, (5.19)

which leads to the following expression for Ry
jf'
! TT. 212
{ gy WT/dz) 2

=2 5.20
—K2¢° ( )

*

containing [ as the sole unspecified quantity. By analogy to other self-preserving
‘shear flows, where [ corresponds: to a transverse width, one is tempted to use
the ;-vind-tunnel height, h, as the transverse scale I. Nevertheless, the resulting
Reynolds number has too wide a range to be useful. Another length scale that
might be appropriate as [ is the integral length scale, L;;. Figure 5.6 shows that
the corresponding Reynolds number, Rrr, generally increases with total strain but
4 only mildly for the cases with growing stresses, reflecting the fact that the growth
rates of stresses and L;; in such cases are not very different. A proposition that is
equivalent to the universality of Rry has been made by Harris et al. (1977). We
note, however, that their Figure 5 appears to contain a numerical error reducing the

difference between "low shear” and "high shear” results. Although the possibility
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of such a nniversality cannot be discounted if the results were extrapolated to

higher 7, Figure 5.6 does not provide such evidence.

L,, is not an externally imposad scale; however, as mentioned earlier, its start-
ing value is related to the spacing of the flow generator(s). When m;aasurements
of Ly aré not available, it would be useful to define Ry based on clearly defined
external iength. Among oth;r choices, it seems that variation of Rr is reduced
if the maximum among the spacings between the elements in the shear generator
and/or grids or screens is used as I. The so computed Rras (Table 4) presents a
variation between 3.2 and 10.7 for the constant-stress cases, which is quite small,
considering that the stresses themselves range over four orders of magnitude. In

the cases with growing stresses, Ras decreases monotonically downstream but its

variation among different cases is also relatively small.

hS
N\

A related quantity, the r_a,tib of eddy turnover time over the straining time,

Te Lu dUl
= =00 21
T, ul dz, (5.21)

also has a relatively narrow range (Table 4), taking values between 1.9 and 3.7.

The ratio of eddy lifetime over the straining time

L — (5.22)
r  (e/P) (—Kn)

has nearly constant values, which are different for the two subclasses of flows, in

contrast to Sreenivasan’s (1985) conclusions based on earlier available data.
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Chapter 6

CONCLUSIONS

The main conclusions of the present study can be summarized as follows:

»

6.1 On the Redu.ction of Shear with Screens

(1) A uniformly sheared flow remains uniformly sheared (with a reduced gra-
dient), when it crosses a uniform screen, even at relatively large values of shear

and flow disturbances.

(2) Predictions of the shear' reduction factor based on earlier studies are accu-
rate as long as the relative element thickness of the screen is small and an appropri-
ate expression for I is utilized. For d/h > 0.01, the small disturbance assumption
broke down and a shear reduction stronger than its’ prediction, occus. Thus,
large spacing screens are more effecﬁive in reducing mean flow non-uniformities

than small spacing screens of the same solidity and shape.

“

(3) As a corolia.ry of the above conclusion, one may deduce that any non-
uniformity in the mean velocity of a stream crossin;g, a uniform screen will be
reduced in amplitude but, most likely, preserve its shape. This would apply to
cases where the screen mesh size is small compared with the cha.ractta:ristic length

of the non-uniformity.
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(4) A low Reynolds numHer correction for the pressure loss coefficient seems

to worsen rather than improve predictions of the shear reduction factor.

6.2 On the Turbulent Strucﬁure

(1) Uniformly sheared turbulent flows demonstrate a self-preserving structure,
in which the dimensionless Reynolds stress ratios A;; and the ¢/P ratio remain

essentially constant.

(2) Flows with sufficiently large shear parameter, k,, have ¢/P ~ 0.68 and
exhibit an exponential growth of the turbulent stresses. A linear relationship

T
&
appears to exist between the coefficient in the exponential law and k,.

(3) The existence of another class of flows with asymptotically constant stresses
and ¢/ P ~ 1.0 also seems t0 be compatible with measurements in flows with small

values of k,.
> N
(4) The integral length scales grow according to a power law with an exponent
!
of about 0.8, independent of the mean shear while the Taylor microscales, in

general, approach constant values.

> (5) The success of using a barrier velocity, Uy (Hasen, 1967), as a criterion for
the evolution of ¢2 (Karnik and Tavoularis, 1983) might be coincidental considering

that the present class of flows is not an ideal test of Hasen's stability theory.
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Chapter 7

INTRODUCTION

7.1 Motivation

The ability of turbulence to mix and transport scalars such as heat, moisture,
chemical reactants and pollutants has provided the motivation for ‘much turbu-
lence research. The study of»diffusiog is important in understanding the natural
phenomena in the field of environmental engineering and in industrial processes
which involve mixing and transport of scalars. Most research on scalar diffusion
has been conducted in simplified turbulent flows, whose flow characteristics were
knc’>wn. Of course, it is presumed that the information so obtained would also be

applicable to more complex flows which are of technological interest.

It has been documented that.velocity shear plays a vital role in the mixing of
contaminants in lakes, seas, rivers and the atmosphere.” Although some theories
“and experiments have been reported on related topicls, the mechanism of diff;lsion
in the presence of a velocity shear has not been entirely understood. This provides
the motivation to study the diffusion of contaminants from concentrated sources

in turbulent flows subjected to a uniform shear.
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7.2 Literature Survey
-7.2.1 Diffusion in Isotropic Turbulence

The study of turbulent diffusion probably originated with the pioneering work
of Taylor (1921). Since then Corrsin (1951, 1952) and Durbin (1982), among
others, have provided further theoretical insight to the decay of temperature fluc-

tuations in isotropic turbulence,

The lateral spread of heat from a fixed line source in nearly-isotropic (grid gen-
erated) turbulence has been studied experimentally most notably. by Schubauer
(1935), Collis (1948), Frenkiel (1950), Townsend (1951, 1954), Uberoi & Corrsin
(1952), Schlien and Corrsin (1974), Warhaft (1984) and Stapountzis (1986). Nu-
merical simulations which are consistent with experimental realizations have been
presented by Libby & Scragg (1972), Sullivan (1976), L}lmley (1978), Anand &
Pope (1983), Pope (1981, 1983), Lumley & Van Cruyningen (1984) and Shih and
Lumley (1986). Dispersion of heat from two fixed line sources in grid i;urbulence
has been studied by Kistler (1956; an unpublished report) and Wa.r‘ha.ft (1981,

1984).

Heat diffusion in nearly isotropic turbulence has also been studied By intro-
ducing a distributed temperature field with the use of electrivally heated grids,
screens and t):ther devi_ces. Experiments with a uniform mean temperature profile
have been performed by Kistler, O’Brien & Corrsin (1956), Mills et al. (1958),

Mills & Corrsin (1959), Yeh & Van Atta (1973), Lin & Lin (1973) and Sepri (1976),
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Newman et al. /(1977), Warhaft & Lumley {1978) and Sreenivasan et al. (1980)
whereas cases with a unifbrm mean tempe?ature gradient have been studied by
Wiskind (1962), Alexopoulous & Keffer (1971), Venkataramani & Chervay (1978),
Sirivat & Warhaft (1982), and Budwig et al. (1985). Sreenivasan et al (1981) have

used a related experiment to assess the applicability of gradient transport mod-

els. Finally, studies of thermal mixing layers in isotropic turbulence have been

conducted by Watt & Baines (1973), Keffer (1977) and La Rue (1981 a & b).
7.2.2 Diffusion in uniformly sheared turbulence

Corrsin (1952) was probably the first to examine diffusion in homogeneous
shear flows. Discussion on the theory of dispersion in turbulent shear flow has

been reviewed by Hinze (1961) and Monin & Yaglom (1973).

A number of the available analyses and experiments have considered the case
of a uniform temperature gradient superimposed on the uniformly sheared velocity
ﬁeld. Analyses of such flows have been presented, among others, by Deissler (1962),
Fox (1964) and Tavoularis & Corrsin (1985). The experiments-of Tavoularis and
Corrsin (1981, a & b) provide a detailed documentation of such a flow. Sreenivasan
et al. (1981) foc-us their attention on evla.luating thg perf;)rmance of gradient

- \
trarfsport models whereas Tavoularis and Corrsin (1985) investigate the effect of

mean shear on the diffusivity tensor. Riley & Corrsin (1974) have attempted

to relate the turbulent diffusivities to the Lagrangian velocity statistics, whereas
Riley & Corrsin (1976) and Jones and Musonge (1983) have presented numerical

analyses'for scalar transport in uniformly sheared turbulent flows.

There have been various attempts to study diffusion from a point source in
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a uniformly sheared flow. These idclude, most notably, the analyses of Nov1kov
(1958); Elrick (1962), Okubo & Karweit (1969), Huang (1979) and Hwang (1979)

and the recent experiments of Nakamura et al (1986) and Sakai et al (1986).

Although Okubo & Karweit g 1969) have presented a modsl for theﬂdiffus.ion
of a passive scalar emanating from a fixed lin:source in a uniform shear flow,
only recently, Stapountzis z);nd Britter (1987) and Kyong and C?hung (1987) have

_attempted to study this problem experimentally. Apart from these studies and |
the preliminary results of Tavoularis and Corrsin t1981a), using a singlé heating

rod in their shear generator, there does not appear to be any literature available

on the problem.
7.2.3 Diffusion in Boundary Layers

Related investigations include the study of diffusion in turbulent bbuncia.ry
layers and atmospheric turbulence. The theories of Batchelor (1964) and Yaglom
(1976),'the experiments of Poreh and Cermak (1964), Shlien and Corrsin (1976),
Sreenivasan et al. (1976) an Antonia and Da.nih (1977, 1978) and the numerical
simulations of Sullivan (1971) and Durbin and Hunt (1980) provide an insight
to the problem of diffusion\’i;_ boundaryhlayers. The effect of v&ind shear on the
diffusivity tensor has been studied , among others, by Saffman (1964), Gee &

Davies (1963, 1964), Tyldesley & Wallington (1965) and Gee (1967).
7.2.4 Scalar Dispersion and Lagrangian Characteristics

Turbulent dispersion is inherently related to the material or Lagrangian veloc-
ity fislde=>The direct measurement of the Lagrangian velocity, through observa-
~ tion of the motion of tagged particles, is cumbersome and thegspa.rsely available

f ol

f
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measurements are subject to considerable inaccuracies. A general theory of tur-
buléfnt diffusic;n has not yet been .develoﬁed, although several studies have béer}
pub‘iished, whose object were the "simple” cases of homogeneous turbulence and
self-preserving flows such as decaying grid turbulence and two-dimensional or axi-
_symmetric jets aﬁ.d wakes, A tho‘xjough expgsition of previous findings can be found

in the book by Monin and Yaglom (1973).

The study of diffusion was initiated by Taylor (1921), who derived a rela-
tionship between the dispersion of a scalar in hon*iogeneous turbulence and the~-
Lagrangian velocity statistics. This study was extended to decaying isotropie tur-
bulence by Townsend (1954), who introduced the assumption of self-preservation

of the Lagrangian #elocity correlations. Further analytical and experimental re-
sxilts applicable to decaying, grid-generated turbulence have been reported by
'Corrs‘m (1952,1962), Uberoi and Corrsin (1953), Saffinan (1963), Snyder and Lum-

ley*(1971), Shlien and Corrsin (1974) and Sato and Yamamoto (1987).

Amongrthe few ;tudies relating Lagrangian cha.racteristic? and turbulent dis-
persion in uniformly sheared turbulence are those by Corrsin (1953), O’Brien
(1962), Riley and Corxsin (1971,1974) and Tavoularis and Corrsin (1985). All
these studies utilize an unconventional decomposition of the Lagrangian veloci‘ty,

which introduces some uncertainty into the estimates. -

7.3 Objectives of Present Research

7.3.1 Diffusion from a Line Source

Y
1

The ggrﬁputa.tions of Okubo and Karweit (1969) predict that the mean tem-
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a

- perature profiles, which are Gaussian in isotrépic turbulence, would be skewed

~ towards the region of lower velocxty when a contumous line sourceis placed in'a

uniformly sheared turbulent flow field. Measurements of diffusion from a point

source by Nalca.r_nura. et al. (1986) also indicate skewed profiles but with the lo-

.
L

" cus of the peak mean tempe'rature shifting towards the regicﬁl of lower velocity

contrary to the 'wredlctlons of Okubo and I\arwelt (1969) The méasutements of

Stapountms and Brltter (198:) for a line source, revealed a syrnmetrlc tempera-

@ure profile w:th the peak shifted to the sxde of the h1gher velocity. The results of ~

-
R

" Kyong and Chung (1987) will not be con51dered any further because they corre-
| oo : )

spgnd’ to a case with extremely weak shear and a prominent effect -of the heated

A

e : -

“source wake. The preliminary results/of Tavoularis and Corrsin (1981 a) indicate

a shift in the mean temperature peak toWards the lower velocity region.
é ' _ .-

In the present experiments, the diffusion of heat from a line source in the pres-
' ' Voo
ence of a uniform mean shear is studied. Although it is well known that exact

transverse homogeneity is incompatible with the préservation of uniform shear
. -

(Harris et al., 1977), the present flow fleld exhibitf improved transverse{homo-
geneity compared to those in previous studies. The, velocity field as well as the

_ o ) .
mean and ﬂuctuatin temperature ‘fields -are documented in detail. Having al-
g g
*

ready estabhshed the fact that the velocity field attains a self preservmg structure

wsymptotmally (pa.rt A), it seemed worthwhile to investigate whether the temper—
ature field is also self-preservmg Furtherrnore the present study provides, for the

first tlme, temperature -velocity statistics such as heat fluxes and hlgher correla-

“tions as well as probability densit}r functions with the purpose not o‘nly to describe

. - . :
. in-depth the diffusion process but also to gene\r,a't-c'a. reliaﬁ%,‘database for testing

~ . \‘q
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theoretical and computational models.

7.3.2 Estimate of Lagrangian'Charactergstics

The present study attempts to utilize the assump.tion of self-preservation of
the Lagrangian correlations and scales for the specific case of uniformly sheared
turbglence with‘.stresses and scales that grow exponéntially. The objective is to
‘deri\;e a relationship betwéen scalar dispersion and t';he Lagrangian autocorrelation,

which can be used to evaluate the latter from measurements of the temperature

field behind a line source.

.——-\4/,-"
‘. 7)5..-._

A

56 i



-
Chapter 8

"MATHEMATICAL ANALYSIS

Al

1

8.1 The Heat Diffusion Equation . 2 '
«> t .
The governing equation for the transport of a passive scalar in a turbulznt fow
viz. the diﬁ;us_ion equation can be written as
- 8T 8T &7
iU = .
e 9z Taa:jas:j (8.1)
# ’ ‘
where T is a passivi’sg:lyffémperature) and 7 is the thermal molecular diffusivity.
Applying Reynolds decomposition to equation (8.1) we obtain
oT 80, — oT . 96’ o°T 5%¢
_— 2 : . = 2
o v Uit an 52 = V5005, o 0s; (8.2)
where U and T are the ensemble mean components and « and 8 are the ﬁuctua,tingj
Y. !
components of velocity and temperature respectively. {"
i - s
: u ‘ \ )
%, ’ :‘\ )
m\\ 8.2 Balance Equation for the Mean Temperature
S ' v J

i /
+  Averaging equation (8.2) we obtain a-halance equation for the mean viz.



LY

T 0T &T 0ud
—5 + Uja:rj - 76:_,-6:1:,- - 8:1:J- (83)

where

(a) the terms on the left hand side represent transport of the mean temperature,
L3

kl

- (b) the first term on the right hand side represents {n}lgg_u_liqg diffusion and
(c)_.‘the last term represents turbulent dif'fusibn

In order to close the above equation, it is common to model the heat flux u;@

as a first order term using the gradient transport model of the form

—_— T
ufl = _Dij% .- (8.4)
2 .

where D;; is the ‘turbulent or eddy diffusivity.

Although in the,rc'/a/s-; of isotropic turbulent flows, D;; is diagonal, this is not
4 o

s
true for other flows as proved by Calder (1965) and observed,cxperimentally by
Tavoulari§ and C rrsin (1985).

N
Assuming str@)tiona.rity, the balance equation for the mean té‘inperature in the
P )

case of a continuous line source"placed along the x3 — azis in a uniformly sheared

flow with transversely homogeneous turbulent characteristics simplifies to

o T &T 0wl 0u8
Oz, %axf + 0z} ~( Oz, + Oz, ) (8'5')

U,
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8.3 Balance Equation for the Mean Square Temperature

Fluctuations

Subtracting equation (8.3) from equation (8.2) we obtain a balance equation

for the ﬂuctuatihg temperature as

99 - 00 0T  duf by &% '
Bt + UJ a.l‘j + uJ 31:_,‘ 63:,— ax,- - 76xj6mj (8'6)

Multiplying the above equation by § and averaging, we obtain the balance

.

L2

equation for the mean square temperature fluctuations 62 as
062 __06? — 0T - 06%u; 6% 38 06
‘ - — = —20u; - — -2 T
ot +U; T Ui dz; Oz +7 z;01; 78:c,' Oz ; (8.7)

where the various terms in the above equation cfin be interpreted as follows :

(a) the terms on the left hand side represent the total rate of change of the

temperature fluctuations. . {
-~

On the right hand side, -

(b) the first term represents the rate of production of the temperature Auctu-

ations,

(c) the second term represents the tra.nsporf of temperature fluctuations by

turbulent velocity fluctuations,

{d) the third term represents the molecular diffusion of 82 and

~
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(e) the final term, generally denoted as —2¢p, represents dissipation of the

temperature fluctuations.

In the case of a continuous lin¥urce placedin a sté.tionary uniformly sheared _

flow, the above equation simplifies to

— 867 — 6T 9T 06, 08y, %87 5%g?
Uy— = —20y,— — 28 - —_—— -2 .
16:1:1 ul@z; “‘axz Oz, Oz, + fx} + Oz} ) €. (38)

4

—~

8.4 Derivation of a Relationship between Scalar Dispersion

and Lagrangian Velocity Statistics

8.4.1. Background Analysis

Consider an incompressihle turbulent flow that has a zero mean velocity along
the direction z;. Then, the displacement, X;, of a fluid particle, occupying the
origin at time t=0 is, by definition, tﬁe integral of its Lagrangian velocity fluctua-
tion v;. Iny general, the Lagrangian displacement is a function the initial position
Xio(to) a.nB current time, t. However, in the present analysis all particles will be

assumed to originate at the same position and for simplification in the notation,

the dependence upon X,y will not be shown in the following. Therefore,

1

Xi(t) = [ ot dty. (8.9)

For homogeneous turbulence, Taylor (1921) demonstrated that the mean

square particle displacement can be expressed as
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Xoty =2 [ witts) [ vl = ) Re(tr, P)drdy (.10)

where repeated indices are not summed and the Lagrangian autocorrelation coef-

ficient is defined as

e vi(t)vi(t — )

£,7) = —— 2
T = )
If the flow is also stationary, (vi{t) = vi(t—T) = v!) then R becomes a function

of the time delay 7 alone, and Equation (8.10) is simplified irffo

4

(8.11) 

XF(t) = 20} [ ‘ / " Ru(r)drdt, C (819)

which, after double differentiation, leads to the simple relationship

! ‘FX*'Z] (8.13)
t=71

Ri(r)= = [ 72

2v?

3 . : . :
In the absence of heat conduction by molecu:lar motions, the particle dispersion -

X? is equal to the second moment of the mean temperature field resulting from a
continuqus heating source at the origin (Townsend, 1954), so that Ry (r) can be

1
estimated from reasurements of heat diffusion.

In non-stationary flows, Equation (8.10) canneot, in general, be simplified. How-
ever, following Townsend (1954), one may derive relationships similar to Equation
(8.13) for classes of flows in which the Lagrangian velocity field is self-preserving,

According to this procedure, the dimensionless velocity vi(t)/ul(t) is assumed to
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be a stationary random variable of a dimensionless time, 1, defined as

(j | | n(t) = /0‘ tji) _  (8.14)

>

where the local time scale #,(t) is the ratio of a .cha.racteristic length scale and
~a characteristic Eulerian r.m.s. \'M (Note: the analysis of Sato and
Yamamoto (1987) normalizes velocity and .time usinglthe Lagrangian r.m.s. veloc-
ity). After further replacing v{ by u! in the definition of R (Equatiqn 8.11), the
assumption of self preservation implies that R.(¢,7) is a functic;n of the dimen-

sionless time difference

o dt

An(t, ) =n(t)—n(t—7) = J{_T ti(ts)

(8.15)

With preper expressions for u(t) and ¢,(t) introduced into Equation(8.10), one
may derive an integral equation for Ry (An), which, if solved, would provide the
. /

desired relationship between Ry and X7.
8.4.2. An Analysis Applicable to Uniformly Sheared Flows

The first step in the analysis would be to define la\;fs for the temporal evolution
of the r.m.s. velocity fluctuation and of the dimensionless time 1. The present
class of flows is stationary and transversely homogeneous with essentially zero
mean’ velocity in the z,-direction, but they evolve in the z,-direction, which is
the direction of the mean speed. Since the turbulent intensity is generally small,
it 18 possi‘bl‘e‘to approximate the diffusion time ¢ by the quantity z,/U, (see, for

example, Uberoi and Corrsin, 1953), thus replacing spatial inhomogeneity with
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non-stationarity in a frame convected with the local mean field. The transverse
variation of U; should have only a small effect on the analysis for relatively narrow

ranges of X,.

“The exponential growth of u}(z,) has been well documented. However, the
growth rate of the integral length scales has not been entirely clarified, although
exponenf;ial laws could be fitted to the measurements within 1imited ranges. An
analysis based on the different growth rates for the velocity and length scales
. was carried out but resulted in an integral equation that could not be solved. For
simplicity, the present study will focus on the particular case when u} and L,; grow
exponentially at identical rates. This case corresponds closely to measurements in
the unobstructed flow (part A) and to the measurements by Harris et al. (1977)

and by Tavoularis and Corrsin (1985).

In this case, the local time scale, ¢,(t), which is proportional to the ratio Ly /ub,
is a constant. Then, the diinensionless time 7 is proportional to the iffusién time
t and the autocorrelation Ry becomes stationary in the variable ¢. ﬁ1‘he physical
explanation for this result is that, although the size of the turbulent eddies (whichr
represent typical distances t'hat fluid particles must travel) grows downstream,
the kinetic energy of these pa.rﬂples also grows at such a rate that the time for

completing one mean path remains unaltered. Substituting u5(t) = uje*! instead

of vi(t) in Equation (8.10) one gets

— —_ gt t )
- X3(¢) = 2ul, jo gHhots /0 "R Ry (r)drdty. (8.16)
After differentiation w.r.t. ¢, Equation (8.16) becomes
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1 dX3() _
Qag;ezk..t dt

l : e Ry(r)dr (8.17) )

and after one more differentiation, one gets the following expression for the La-

grangian autocorrelation coeflicient '

i [P
Z 2 "”2] (8.18)

Ri(t) = = [ 2%

2ul, | dtr T dt
If the function X2(¢) is known through measurement or analysis, then the function

Rp(t) can be integrated to provide the Lagrangian integral scale, I, and expanded

in a Taylor series to provide the Lagrangian microscale, Ay,
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Chapter 9

EXPERIMENTAT, APPARATUS

AND
MEASUREMENT PROCEDURES

The flow facility used to study the diffusion of a passive scalar in uniformly
sheared turbulent flows was the same as that used in part A. A detailed description
of this facility along with particulars of the velocity measuring techniques has been
presented in Chapter 3. Improvements or additions to the instrumentation are
described in the following sections.
< -
9.1 The Heating System

»

——
-

-The heating system shown in Figure 9.1 consists of a wooden frame which f'c;uld -
be inserted into slots provided in the wind tunnel test section. The vertical walls
of the frame were fitted with rectangular metal blocks which supporte‘c}conductive
pins. The heating element,'; which was stretched ;.cross. the vertical walls of this
wooden frame, was fixed to a conductive pin at one end and after being passed
around a similar pin at the other end it was threaded through the frame. The
free end of the elgment supported weights to prevent it from sagging at elevated

- -~

temperatures. The metallic blocks were connected to a variable voltage source
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(Powerstat, The Superior Electric Co., USA) with a full scale‘output of 160 volts,
so as to produce the desired amount of heat. The heating system was inserted in
the wind tunnel test section at z, /h = 4.6 (as shown in Figure 9.2) since experi-
mental evidence showed that, at this position, the flow had reached an asymptotic

state and was not contaminated with initial shear generator non-uniformities.

[~}

- t

For measurements close to the source, a nichrome wire with diameter
d=0.051mm and supplied with approximately 7 W/m power was used. At a mean
centerline velocity Uy, = 13.0m/s , the Reynolds number, based on the kinematic
viscosity of the air in the vicinity of the heated wire, was estimated to be 22.
This estimate was lower than the critical value of 40, above which vortex shed-

ding might occur. It was found that in order to obtain measurable signals further

downstream, it would be necessary to release more heat than a single cylindrical

wire coult"l withstand in the low Reynolds number regime. Thus, a heating ribbon
(toaster element)'with a thickness t=0.13mm and a width of 0.528mm, provided
\';rith approximately 70 W/m was used as a source; it was expected that the tem-
perat'ﬁre field of this‘ source would approximate that of a line source at a sufficient
downstream dista,nce.. The Reynolds number ba.sed. on the thickness of the ele-
men: and at the mean speed of 7.8 m/s used for these tests was approximately 67

at ambient temperature and approximately 15 at the film temperature of about
700°C.

 The possxblhty of vortex shedding with the ribbon conmdered as a bluﬂ" body
could be ruled out Gn the basis of the low Re. The.possibility of unstea.dy flow
separation due to random incidence caused by turbulence was also remotec, because

the maximum instantaneous angle of attack of the effective velocity (corresponding
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to a typical maximum transverse velocity fluctuation) for the present flow was

about 2.5degrees, much less than the stall angle for symmetrical airfoils.

In order to test for the presence of buoyancy effects the flux Richardson number

(9.1)

tU2g,, | -
was évla{uated ina region where the transverse temperature gradient was dominant.
In the region of lower velocity R; varied, with downstream distance, from 0.03 to
0.01 in the rang® 4 < zo/M < 84. In the region of higher velocity R ¢ had similar
values but changed sign. In conclusion, values of R; were foid-t'o' be lower than 3

the critical value of 0.2.

9.2 The Calibration Tunnel

-

The calibration tunnel shown in Figure 9.3 was specially designed and con-

\

was passeddiyough various turbulence reducing screens, a settling chamber and

structed aﬁ University of Ottawa. The flow, produced by a centrifugal blower,
then through a 24:1 converging section with a 22.5mm exit diameter to generate
a uniform jet. The flow was heated with the use®of heaters, located immediately
following the fan, to facilitate the calibration of temperature probes. The probes

could be mounted on a swivelling mechanism so thatﬁi;r—::uld be positiongd at

a.ny. desired angle w.r.t the axis of the jet.

]

9.3 Temperatufe Measuring Instrumentation

?

The mean temperature was measured with glass coated thermistor miniprobes
‘ -

(Fenwal Electronics, 2000 2 beads). These beads were mounted on slender sup-
\
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Al
ports (2mm diameter, 185mm long) in order to reduce probe interference. The

mini-probes were operated with a homein‘iade_, linéa.r tesponse electronic circuit,
shown in Figure 9.4. The cim&h could operate up to two thermistors, ‘pro-
vided the analog d.iﬁ'etence betwee;i the response of the two the.rrnistors in addition
to thieir individual outputs. '

The fluctuating temperature was measured with a 1.3.prn platinum wire (Dan-
tec type 55P31) operating at a constant current of 0.32n1A sup%ﬂied by an active
bridgle (Tavoularis, 1978). A diagram of this constant temperature circuit is shown
in Figure 9.5. The circuit consists of (a.) an adjustable voltage source, conszstmg
of & 1ow drift battery (mercury cell) connected to a voltage follower through a
variable resistor and (b) a voltage to current ::onverter which supplies the cold
wire with a constant current. The frequency response of the system 1S determined
- mainly by the cold wire thermal inertia Although a test of the dynanﬂc responce
of the cold wire was not performed HOJstrup et al. (1976) have found that the
3-dB cut oﬁ' frequency of the responv of temper&ture ﬂuctuat:ons for platmum

wires in the range between 0.2um and 1.0um was between 2 and 5 kHz.

9.4 Analog Signal Conditioning

The temperature signals were conditioned with the use of Tektronix 5A22N
‘instrumentation amplifiers with built-in loew pass filters described in section 3.3.
, The cross-wire signals were processed with two home-made signa.ll conditioning
circuits. The circuit diagram shown in Figure 9.6 was tke same for both circuits.
The circuit consisted of a cascade of two 2-pole Butterworth filters with 3-dB

cut off frequency settings of 1,3,5,10 KHz and provided amplification factors of
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0.5,1.0,2.0,5.0,10.0 and 50.0. In ‘order to obtain DC ou{:put values within the
. range of the a.nalog-to-digit‘al converter (£ H)V), the circuit was provided with a
voltage source which could superimpose a positive or negative offset on the input

signal. The fréquency response of the system, obtained by using a sine wave with

a typical voltage signal as an input, is shown in Figure 9.7,

9.5 Data Acquisition System

The conditioned signais from the sensors were digitized with the use of a PC-
controlled data acquisition system. The data z}cquisition system consisted of a
DT2828 high speed analog and digital in'plut/output board (Data Translation Inc.)
mounted on a IBM-PC-AT compatible personal computer {System 1800). The
A/D board featured a 5mV resolution (12bit, £10V input range), four simultane-
ous-sample and hold input channels and a maximum throughput rate of 100I1xHz.
The PC supported a hard disk with a 20MB storage capacity and a 1MB Random
Access Memory (RAM). The signals, suitably amplified to use the resolution of
the system to advantage, were stored on high capacity (1.2MB) 5.25in. diskettes
and subsequently g'rocessed with user written software (FORTRAN)~Other pe-

ripheral units were a TTL 720/350 monochrome monitor and a Star SG10 dot

madtrix printer.

9.6 Measurement Procedures

9.6.1 Measurement of Velocity
~u

The measurement procedure for velocity has been described in detail in Chap-

ter 3. In the present case, due to the presence of the heated source, the fluid
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temperature could n:fonger be assimed to be constant and corrections to the
" ‘hot-wire signal for temperature contamination were necessary. As presented eas-

" lier, the effectivacooling velocities for the two wires can be written as

]

T 1/n
/ - (T ey ) — Ay " -
] : Uetnn = **E-—J'—Bl (9.2)
q1/n2 N 1
( i) — 4, ‘
Uepg2 = *-—Tm Téz (9.3)

The instantaneous measurement of temperature from the cold wire was used in
the evaluation of these effective cooling velocities. Then, the various components

of velocity were evaluated following the procedure outlined in section 3.2.

9.6.2 Mean Temperature

R
The thermistors were calibrated in the heated jet of the calibration tunnel
versus a merctgy thermometer with a 0.1°C resolution. The therm.lstor cireuits
were adjusted sut\:h that the individual calibration curves (Figure 9.8) had the same
slopes., This facilitated th& direct measurement of the difference in the output
of the two thermistors. To account for the drift in ambient temperature, the
temperature rise above the ambient vs;ag measured. The ambient temperaturg was

-

monitored upstream of the heating source.
p S

The t\'.'lllermistor signals were a.mpliﬁezi so as to obtain a sensitivity of 0.455’
v/°C. THu_g with the 0.5mV resolution of the ADAC 1012 and the SmV resolu-‘
tion of the DT2828, temperatures as lfbw as 0.001°C and 0.01°C respectively were
measurable. The signals were low-pass filtered to eliminate contamination due to

noise. ’
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9.6.3 Fluctuating Temperature

The ;’cold” wire was calibrated in the heated jet of the calibration tunnel using
a previously calibrated thermistor probe as a reeference. Due to the low le\:'cl of
the temperature signal, an amplification ;i? 5000 was necessary. However, for the
purpose of calibration, tl;e cold wire signal was amplified by a chtor of 1000 since
higher ga_ins resulted in a considerable ‘chirift of the DC output of the amplificr, A
typical calibration equation for the cold wire is shown in Figure 9.9; its sensitivity

to temperature was 0.04V/°C at a gain of 1000.

The temperature fluctuations were ‘recorded using a gain of 5000. The signal
was low-pass filtered to eliminate the high frequency noise. A typical po‘.-ver spec-
trum of a cold wire signal in a similar configuration (Tavoularis, 1978) indicates
that more than 95% of the temperature signal is contained in the part of the spec;-

trum below 500Hz. Consequently, the cold wire signal was filtered at 3kHz (3dB
cut off).

Although it has been established that for currents less than 0.4m4 the cold
wire is practically insensitive to velocity changes (Tavoularis, 1978), this fact was
confirmed By traversing the wire in the unheated shear flow. Apart from ra.ndorr;
scatter, the ¢old wire response remained u.ncha.nged. The rms output of the cold
wire in the unheated flow, y/e2? (frequently termed as noise), was equivalent to a
rms temperature fluctuation of 0.013°C. The signal to néié_e i'ia.tio, defined as (e —
¢2)/e2, where €2 is the mean square cold wire signal in a heated flow, was at worst

60%. Assuming that the noise was statistically independent of the temperature

fluctuations, simple corrections were applied to the cold wire signal to eliminate
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' noilse contamination.

9.7 Computational Procedures

A discretized time history:of the cross-wire signals and the temperature signal

Uk, Uk, and G, k = 1,2,.........N was acquired. The number of points, I\’,. for

each signal was 96,000 and the time interval AT between consecutive values was

0.3msec. The total sample time was 28.8sec which was at least 5000 times the

L'v'?

largest integral time scale of the flow.

&

The one-point moments, two-point correlations, length scales and microscales

" for u,, uy and 9 were evguated as outlined in section 3.4. The following sub-section

provides the computational procedure for the probability density functions which

is limited by measuring resolution and computer capacity.

9.7.1 Evaluation of Probabilities

The discrete time history was transformed into a normalized time history

S = — (9‘.4)

by dividiﬁg it by the standard deviation oy. The probability density P,(n) of the
normalized signal was then computed as

L

Pn—%<s<n+%) -
w

P,(n) = (9.5)

where the numerctor on the right hand side of equation (9.5) represents the numnber

of data points in the interval [T] - %+ %] divided by the total number of points
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N. The window w was chosen depending on the value of 1 (wid_er windows were

sed for larg‘i'q). By definition, - B

f_iﬁ(n)dn =1 - .. (9.6)

The joint probability density function of two simultaneously sampled discrete

time histories e.g. velocityaﬂuctuation u$, and temperature fluctuations 8, & =

1,2, ... N, were calculated by normalizing the two time histories as
- Uik L ‘
S = — ' 9.7
k=g (‘ 7)
and
85
* =— (9.
R = " (9.8)

The joint probability was then computed as,

. P-%<s<n-%(-¥<r<(-%)

P:.r(n-rC) =% ,:}; (9.9)
By definition,
7
[ [ Punydnd¢ =1 (9.10)
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Chapter 10

MEASUREMENTS .

10.1 The Velocity Field :

Detailed measurements presented in part A of this thesis have established the
downstream constancy and the spanwise uniformity of the mean shear. A study

of the turbulent characteristics has also been documented in part A.
<

Although, as mentioned earlier, exact transverse homogeneity is not possible
in unbounded uniformly -sheared flows, it was desirable to have the least possible
inhomogeneity within the region of interest in order to isolate the effect of mean
shear on diffusion. Furtherhimprovement of the homogeneity le;vel reported earlier-
(part A) was accomplished by finely adjusting the screens in the shear generator.
Although, as expected, the mean ghear wag sensitive to such changes, Figure 10.1

£

shows thédt a clearly improved *tra.nsyerse homogeneity was achieved with only
a.wslight distortion of the mean shea;:,_; which remained reasonal?ly uniform and
maintained a near downstream consék"é.x};g. Confirmation of the exponential growth
(part A) of the Reynolds stresses is documented in l;‘igqre 10.2 in which Tg 1s the
distance doWnstrean; from the source. Figures 10.1 and 10.2 also ilIus;:rate that,

except in the vicinity of the source, the velocity field was unaltered by the addition

of heat to.the flow, thus emphasizing the passivity of the scalar.
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/\ Figures 10.3 and 10.4 respectively present the transverse mean and rms velocity
profiles in the shear flow downstream of the {ibbon an\c} the_rﬁchrome wire , In both

—y

cases, the velocity deficit is visible near the source but not further downstream.

10.2 The Mean Tempérafure Field f

The mean temperature ﬁcfd near the line source was studied with the use of
the 0.051mm d.iameger wire as a heating source whercas the field further down-
stream was studied with the use of the ribbon. Transverse mean tc;mperature

"profiles near the source at various stations downstream of the 0.051mm diameter
wire are presented in Figure 10.5a. The profiles appear to b;a nearly Gaussian in
conformity with the findings of Stapountzis'and Britter (1987); the peaks are on
the axis except very close to the wire, where a slight buoyancy effect is manifested
by a shift of the peak towards positions of higher velocity. Tra:nsverse mean tem-
perature profiles downstream of the ribbon are shown in Figure 10.5b. Near the
éource, except for the slight buoyancy effect, the profiles are also nearly Gaus-
sian. However, further downstream the profiles appear to be shifted towards the
region of l}:)wer veldcity with the position, r,p, of the peak mean temperature also
shifting in the same direction (Figure 10%§). A similar observation was made by
Nakamura et al. (1986) for diffusion from a point source in a uniform shear flow.

- o

The observation of symmetric'proﬁles by Stapountzis and Britter (1987) is com-
. i -
! < . . ]
patible with the present results, if one considers that their measurements did not

extend sufficiently far from the source, where the effect of shear on diffusion would

be measurable. Their observation of a shift of the peak temperature towards the

region of higher velocity could possibly be due to buoyancy rather than to shear.
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The growth of the half-width, S, of the mean ten‘1perz}ture profile, defined as
half ;.he distance between points having'a temperature rise which is 50% of the
centerline value, AT, is shown in Figure 10.7. The growth rate appears to be
nearly.lix_lear and near the source it seems to be coﬂipa.rable-to that observed
in isotropic_ turbulence; furtlier downstream, this gr;owth rate gema.ins rougHIy
constant but it is faster than that in isotropic turbulence. Figure 10.8 presents..
the loci of points with mean temperature at a particular fraction of AT, whereas ,
Figure 10.9 shows some mean iso-therms on the wind tunnel centerplane. Both .

these figures provide further evidence of the shift of tr]l%& mean temperature profiles.

Measurements of the downstream decrease of the centeleine mean temperature
ﬁse are presented in Figure 10.10 along with measurements in isotropic turbu-
lence (Warhaft, 1984‘; Stapountzis et al.,, 1986) and in uniformly sheared flows
(Tavoularis and Corrsin, 19813.). It should be noted that, since the peak mean
temperature rise, AT,, was not appreciably different from'JA’Tc, the 'dec;;ease of

AT, can also be deduced from Figure 10.10. The decay rate of AT, in the shear

flow could be fitted, within limited ranges, by power laws of the type

AT, o (zg/M)™ (10.1)

Two distinct patterns of decay could be observed; one near the thin wire source

L]
¥

with n = 1.0 and the other downstream of the ribbon-with n = 0.75. These expo-’

nent values are not sery different from the ones observed in isotropic turbulence.
o

In the latter case these values were found to be in the range n = 1.0 to 1.2 near

the source and n = 0.8 further downstream (see Warhaft, 1984 and Stapountzis

-
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et al., 1986).

10.3 The Fluctuating. Temperature Field

The transverse distribution of the mean square temperature fluctuations is
shown in Figure 10.11. 'Close to the source, the p.roﬁles exhibit distinct dou_éle
peaks which are suppressed in an intefmediate region but reappear prominently
further. downstream. The peak on the side of higher velocity is greater than that on
the lower side. Double peaks have al.lso been observed in the shear flow experiments
of Tavoularis and Corrsin (1981 a) and in the isotropic turbulence experiments of

Warhaft (1984). A possible explanation of double peaking will be presented in the

discussion.

The downstream development of the centerline mean square fluctuations is

3

presented in Figure 10.12. A simple power law of the type

BT o (zo/M)T (10.2)

cannot be ﬁtted to the entire range. Near.the source, a value ny = 1.7 seems
ap‘proprié-t‘e', whereas further downstrem.n the decay is faster, corresponding to
ng ::32 The Aecay close to the source is not x;ery different from that observed
in isotropic turbulence which ranges from 1.5 to 1.8 (see Sreenivasan et al., 1‘980,
Warha.t't,. 1984 and Stapountzis et al., 1986). Figure 10.13 indicates that the
ratio of the centerline values of the rms temperature fluctuation and the mean
temperature difference approaches a downstream value of 0.15, substa.nt:.ia.lly lower
than the value of 0.7 obtained in isotropic turbulence. hThe value 0.15 is also

J
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compatible with the preliminary measurements of Tavoularis and Corrsin (1981a).

10.4 Integral Length Scales and Microscales-

The velomty and temperature integral length scales were evaluated by inte-
gra.tm.g respectwe autocorrelation funct:ons to their first zero and using Taylor’s
"frozen flow” approximation. The autocorrelation functions for the streamwise
velocity fluctuation u,, the transverse velocity fluctuation u; and the temperature
fluctuation € are shown in Figure 10.14 for two typical downstream positions. A
typicél transverse distribution of the integral scales, presen‘ted in Figure 110.13,

indicates reasonable uniformity.

The downstream development of the integral ler;gth scales é.long the centerline
is presented in Figure 10.16. Near the source, these éca.ies are affected by the wake
of, the source, but away from it they achieve growth rates comparable with those
presented in part A. The growth rate for Ljp,, is not very different from that for
Ly, and the ratio Lag,y /Ly, is approximately 0.3. Considéring the uncertainty
involved in measuring the length scales this ratio is not too far from the value of
0.23 measured by Tavoularis and Corrsi;l (1981 a). The ratio ng':/ Ly, appears to
approach an asymptotic value of .82 which is not very different from the values of
0.76 and 0.83 observed in the shear flow measiwements of Tavoularis and Corrsin
(1981 a) and the heated grid experiments reported by Sreenivasan et al. (1980)

respectively.

T\he Taylor microscales and the Corrsin microscale were evaluated according
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to the éieﬁnjtions

&
1. u_f 0.5
T | o9
e ‘.Zu_é 0.5
o T Hed
[ 25 1%° |
v\m‘ = U, [W} - (10.5)

‘ \Figure 10.17(a) shows.that the transverse distributions of the microscales Ay,
An and /\9_1 are fairly uniform although some values appear to increase slightly iri
bthe direction of the shear, as also observed by Tavoularis (1985).. The downstream
development of Aj1, A2y and Ag (Figure 10.17b) indicates the attainment of nearly
constant asymptotic values, as observed in previous experix:nents (Tavoularis and
Corrsin, 1981 a). The asymptotic values of.the ratios Az;/An and Ag/Aqy a.re$0.85
and 1.23, which are comparable to the values 0.68 and 0.87 measured by Tavoularis

and Corrsin (1981 a).

10.5 Skewness Factors and Temperature-Velocity Correla-

tions

Skewness factors were evaluated according to their definitions e.g. S, =

u3/ (u’1)3, where the third moments were evaluated as outlined in section 3.4.

Measurements of skewness factors for the two components of velocity and the

temperature are presented in Figure 10.18. Transverse measurements of the skew-
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ness factor for temperature (Sp) at various downstream posifions (Figurd 10.18a)

indicate thac Sj is positive with a minimum value near the axis of the' plume. The
downstream decrease in the centerline values of S; is shown in Figure 10.18(b) -
along with the skewness factors for the velocity components (S, and S, ). “As

expected in homogeneous turbulence, S,, and S, tend to vanish.

Transverse profiles of the correlation coefficients p,,p = m/ uy 8" and pyp =
u,8/u}§’ are presented.in Figure 10.19. These coeflicients have 'opposite signs

and they reverse signs near the location of the peak mean temperature. py,g is

-~

approximately -0.37 on the side of the'dlower velocity and 0.34 on the side of the

higher velocity. A similar behavior has been observed in a related experiment

. performed by Sreenivasan et al.(lQSl) where the values changed from -0.5 tp 0.35..
Complementing this behaviour, p,,s changes from about 0.44 on the side of lower

-

velocity to -0.46 on the side of higher velocity.

Fiéures 10.20 presents transverse distributions of the triple correlation coeffi-
cients §2u, /8% and 8%uy/B7%u,. As in the case of py., the correlation coefficient
62u, /6%, (Figure 10.20a) changes sign from positive values in thg reéion of\lower
velocity to negative values in the region of higher velocity. However, the values in

each region grow in magnitude away from the centerline and there appears to be

a region of near comstancy coinciding with the region having a small mean tem-

psthture gradient, before the change in sign occurs. Qualitatively, the transverse
profile for Ggu;/ﬁu’z (Figure 10.20b) shows similar trends but is of opposite sign

to the 82w, /8u} profile.

Transverse profiles for u36/4?6' and u26/u26’ are presented in Figure 10.21.
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These profiles are very similar to each other and indicate a change in sign twice;
once in the région of lower velocity and agai~ in the region of higher velocity.
Fihally., the profiles of uyu,8/ufu}6’ , shown in Figure 10.22, appear to be mirror

images of the profiles in Figure 10.21.

It is interesting to note that the transverse profiles of all the above correla-
tions mealsﬁred at three downstream stations nearly collapse when plotted versus
the normalized distance :r:g/ S, indicating tlhat the structure of the temperature
field demonstrates self-preserving features. Exact self-preservation is, of course,

not attained, as, for example, evidenced by the developing skewness in the mean

temperature proﬁle and the growth cf double peaks of &'.

Downstream measurements of the temperature-velocity correlations (shown in

Figures 10.23a,b,c) reveal that at largé diffusion times the heat fluxes u;# and the

triple correlations m,° wiu;0 and 8%y, normalized by appropriate local values,

seem to reach constant asymptotic values.

10.6 Probability Density Functions

The probability density functions (pdf) of the two velocity components u,
and u,, shown in Figure 10.24, closely match the standard normal distribution
function also represented in the Figure. Such a behaviour has also been observed
by Tavoularis and Corrsin {1981a). On the other hand, the pdf of the temperature
fluctuation on the centerline shows a measurable deviation from Gaussianity and
a skewness thatrincreases with distance from the centerline (Figure 10.25). The

pdf of 8 at positions with the same fraction of AT, appear to be very close to each

\
By,
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The joint pdf of the two velocity components, shown in Figure 10.26, corrob-
orates the obserm?_j,on of Tavoularis and Corrsin (1981 a) that thié quantity iss_
not very differetitffrom a jointly normal pdf with the same correlation coefficient.
The joint pdf of each of the velocity components and the temperature fluctua-
tions, shown in Figure 10.27, indicate increasing deviation t:rom Gaussianity with

increasing distance from the centerline.

a—
r
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Chapter 11

ANALYSIS AND -DI§CUSSION OF RESULTS

11.1 Mean Temperature Profiles

As mentioned earlier, the computations of Okubo and Karweit (1969) predicted
that, in the presence of a mean shear, the mean temperature profiles would be
skewed towards the region of lower velocity and that the location of the peak

mean temperature would shift towards the region of higher velocity. Physically

this was explained by noting that, at a given distance from the source, diffusion i

~

in eddies convected at a high mean speed would have occurred for less time than
' ¥4
that in eddies with low mean $peed.

s

-~ -

A close examination of Figures 10.8 and 10.9 reveals that, at a given z,, the
spread of the isotherms w.r.t the position of the peak mean temperature is greater
in the region of low velocity than in the region of high velocity., The asymmetry
of the mean temperature prc;ﬁle is illustrated more clearly in Figure 11.1, showing
the transverse mean temperature gradient distribution. Not only 1s the magni-
tude of this gradient generally higher on the high-speed side, but its asymmetry
increases downstream, as evidenced, for example, by the increase of the ratio of

|
maximum gradient magnitudes of the high-speed and low-speed sides from 1.13 at

zo/M = 48 to 1.33 at zy/M = 84. A similar asymmetry in the mean temperature

profiles has also been observed in the experiments of Nakamura et al. (1986) and
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Tavoularis and Corrsin (1981a), while the reported symmetlx‘"y in the profiles mea-
su;ed by Stapountzis-and Britter (19875 was possibly due to the fact that their
measurements were in a region where the effect of the mean shear was not measur-
able. The observed higher spread of isotherms towards the low-velocity region is
con:;,ié'tent with the physical explanation provided ez;.rlier. The same consideration
of the convection over diffusion ratio alone would imply that the location, of the
peak mean temperature should move towards the high-veiocity region. However,
the‘préSent experiments, as well as those of Nakamura et al. (1986) and Tavoularis
and Corrsin (1981 a), indicate that the locus of the peak mean temperature shifts
monotonically t.owa.rds the region of lower velocity. A clear explanation for this

*

shift has not yet been found.

11.2 Temperature Fluctuations )

The phenomenon of the occurrence, suppression and subsequent re-appearance

. e
of the double peaks in the r.m.s. temperature fluctuation profiles deserves further
attention. Temperature fluctuations are produced "locally” in regions of non-zero

mean temperature gradient as well as transported from neighbouring regions by

turbulent motions.

The ratio between the rms temperature fluctuations and the magnitude of
the local mean temperature gradient, | 8T /8z; |, shown in Figure 11.2, is fairly
constant away from the position of mean:temperature peak, although & varics
considerably across the flow, with generally higher values in the high velocity
region, This observation is in perfect agreement with the concept of gradient

transport in a transversely homogeneous turbulent field, °
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If local production were the only source of terhperature fluctuations (and if

one neglects production by the weak streamwise gradient), then ' should vanish
i

at locations of peak mean temperature. However, temperature fluctuations are

also transported by turbulent eddies originating in regions where 8 is produced!

Therefore, the size of these eddies becomes an important parameter.

If the size of these eddies is small w.r.t the distance over which 5‘T/8$2“'1clmnges
appreciably, local conditions prevail; if, however, the size of energy containing
eddies is relatively large, turbulent transport dominates over local production and
the profile of #' would tend to be more uniform than that in the previous case., ~‘x
measure of the relative eddy size is the ratio L, /25, plotted in Figure 11.3 versus
distance from the source. The fact that this ratio generally decreases away from
the source is consistent with the increasing eminence of double-peaks in the &=
profiles (Figure 11.4). The observation of double peaks very cibge to the source
can be explained by the same reasoning; in this case, however, the relevant scale

for transport should be related to the molecular free length, since diffusion takes

place mostly by molecular diffusion (notice also that L;; /2§ is small<in the wake

of the source).

11.3 Temperature-Velocity Correlations

Physical reasoning, based on the gradient transport concept, can be used to
interpret, at least qualitatively, the variation of all measured temperature-velocity
correla.tions It has already been demonstrated by several investigators that u 29
has a sign opposite to that of 87 /8z; in flows where this gradient is dominating; in

conformity with the negative correlation w3 in the present flow, u, 8 is generally
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found to ha.ve. the same sign as oT/ 312 A generalization of this concept to any
transported quantity, ‘a’ , leads to the general rule that the covarience wza nius\t
have the opposite sign and the covariance #a the s.a.me sign as the mean gradient
8a/8x;. This rule is adequate for explaining all present results. For examfle,
the meafured covariance @ is positive in regions with 88u,/dz,; < 0, vanishes
near the §tationa.ry points of fu, (nearly coinciding with the inflection points of
the mean tempera‘ture profile) and is négative in regions with 89u;/8z, > 0 (e.s

around the centerline). Similar explanation.s can be devised for the variations of”

u 62, u 62, uif, and u ulb.

+

On the ot_.her hand, the positive sign c;f the triple moment 8% (and, thus, of
the temperature fluctuation skewness, Sp) is due to an entirely different reason.
At first, one may observe that positive skewness of a random variable corresponds
to 2 non-Gaussian distribution in which -negative peaks of the variable occur with
smaller amplitude but longer total duration than the positive peaks. In the present
situation, the fluctuating temperé.ture is bounded between the unheated, ambient
fluid temperature and the heating source temperature, although ffuid with inter-
mediate temperatures is produced at different positions in the thermal plume of
the source as a result of molecular diffusion and mixing. The observed positive
skewness of 8 is attributed to the occurreﬁce of low-amplitude negative peaks in

"the 6-signal, corresponding to the "cold” fluid. This also explains why Sy increases
dramatically from the centerline towards the edges of the plume. The fact that

Sy decreases monotonically downstream is due to the smearing out of hot-fluid,
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positive temperature peaks by molecular diffusion.

!
: )
11:4 Turbulent Diffusivities
The applicability of a turbulent diffusivity tensor, D;;, defined as
— oT
fu; = -D.'ja—xj (11.1)

to nearly homogeneous, shear flows has been established by the experiments of
Sreenivasan et al. (1981) and Tavoularis and Corrsin (1981a, 1985). Estimates of
the components of D;; (Tavoularis and Corrsin, 1985) indicate that the tensor is

neither diagonal nor symmetric.

Although, in the present flow, both 8T/8z, and 8T/, are generally non-
zero, the former gradient is much larger than the latter, except within a narrow
region around the peak of the mean temperature profile. With this consideration
and in view of the appreciable turbulent transport into regions with small 9T /0z,,

estimates of [y, and Dgl are subjected to large errors and will not be presented

here.

The transverse variation of the measured Dy; and Do, éomponents, shown in
Figu-re 11.5a, is comparable to the combined magnitudes of measuring uncertainty
and transverse inhomogeneity (the latter being of the order of 10%); the ratio
Dha/Dps is rema.rka,blj_r_ close to the value 2.1, measured by Tavoularis and Corrsin

(1985), throughout the heated region (Figures 11.5b and 11.5c).

Turbulent diffusivities in homogeneous flows can be expressed as products of a

Lagrangian characteristic velocity and a Lagrangian characteristic length (Corrsin,
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1957). Rough estimates of Dj; can be obtained from the product of the Eulerian
scales ujLy,. Figure 11.6 illustrates that the ratio Dyy/(ubLy,) was about 0.1, in
close agreement with the measurements of Sreenivasan et al, (1981) and Tavoularis

and Corrsin (1981 a).

Fl

' —

Following the swluccess of our earlier (section 11.3) qualitative rationalization
of the signs of the third-order temperature-velocity correlations one could further
explore the accurécy of simple gradient transport models for the third moments.
Since the transporting mechanism is the ‘same for all.quantities, one is tempted to
consider the use of identical diffusivities for the corresponding second and third-

order covariances, as

oud

uupd = - Dy 11.2
k, 7 an ( )
— 062
97 — .27
u.di Di; az, (11.3)

As seen in Table.5, the values of the central diffusivity D,;, estimated from
the three third-order covariances are not very different from that estimated from
the heat fAux. Also, the ratio D,/ Dy, of the two measurable components of the
turbulent diffusivity tensor is corﬁparable in both cases. Thus it appears that a

. &

universal turbulent diffusivity tensor could be used for rough estimates of both

second and third-order temperature-velocity corelations.
11.5. Estimates of Lagrangian Autocorrelation and Scales

As mentioned earlier, the particle mean square displacement X2 can be approx-
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imated by the variance of the mean teméerature field generated by a line slource,.
provided that molecular conductlon is negligible compared to turbulent diffusion.
Measurements of the half—w1dth S, of the mean temperatu:\proﬁle at different
downstream distances from the source have been presented in Figure 10.7. In the
following it will be assumed that (X212 = 0.858, as would be the case foi™a
éaussia.n distribution, and that the diffusion time ¢t = z4 /ff; The growth of § is

essentially' linear for ¢t > 0.04s, but it is non-linear for smaller times.

For the latter case, a third order polynomial was fitted to the measurements of
ﬁ and proper conditions were imposed on the first and second derivatives of ﬁ
“ so-as to obtain a smooth transition from the region of small diffusion times to that
of large diffusion times. The Lagrangian autocorrelation function, Rr(t), resulting
from the expressions for X2 is plotted in Figure 11.7 versus the dimensionless
time n = tuby/Lapp. Also plotted alongside are the t;.vo~point s;pace-tirne corelation
measurements of Harris et al. (1977) (also reported by Tavoularis and Corrsin,
1085). As is evident from the Figure, the Lagrangian autocorrelation appears to
be greater than its Eulerian counterpart. Some discrepancy is to be expected due

to differences in the flow structure. ~

An estimate of the Lagrangian integral time scale, obtained by integrating '
the Lagrangian autocorrelation coefficient up to its first zero, was T, = 0.047¢
corresponding to a ratio Tp/(Lq/ub) = 1.7. The la.tt_er value is approximately
twice as large as the value of Tg/(Lazo/uy), where the Eulerian integral length
scale in a convected frame, Tg, was obtained by integrating the envelope of the
corresponding two-point, Eulerian space time correlations (Tavoularis and Corrsin,

1985). In grid turbulence, the ratio Tr./(L2z0/ube) = 1.9, while the ratio T, /Tr ~
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1.3 (Shlien and Corrsin, 1974).

The Lagrangian Taylor temporal microscale, 7z, was estimated by fitting the

relationship

t2 , ¢
R(t)=1'—'¥ '

(11.4)

to the initial part of the curve R(t). For this purpose, only the méasurements
) behind the Q.051min diameter wire were used. The estimated value was 7, =
0.044s, so that the ratio r./Tr = 0.94, slightly larger that its estimate 0.69 in
grid turblllence {(Shlien and Corrsin, 1974). The ratio 71/(Aa1/uyy) was 2.1, about
six times larger than its Eulerian counterpart in a convected frz:me (Harris et al.,
1977). The values of these two ratios in grid turbulence are, respectively, 3.5
and 12 (Shlien and Corrsin, 1974). Finally, the ratio 7z /(s /Ta) was 69 in the
present flow and about 200 in grid turbulence. In interpreting the above results,
one must bear in mind that differences in the ﬂo;-v structure, Reynold:c, number
and in measuring techniques in the various experiments could contribute to the

variation of all ratios considered above,

o
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Chapter 12
CONCLUSIONS

The main conclusions of the present study could be summarized as follows.

(a) At sufficiently large diffusion times the mean shear causes the mean tem-

perature profile to become asymmetric and its peak toshift towards the region of

lower velocity.
1

(b) The occurrence, suppression and re-appearance of the double peaks in the
temperature fluctuation profiles can be explained by considering the relative size

-

of energy containing eddies with respect to the plume width.

(c) The variations of double and triple temperature-velocity correlations are
consistent with the gradient transport concept. A universal turbulent diffusivity

tensor can be used to model all these quantities.

(d) The positive temperature fluctuation skewness is due to the effect of "cold”
L
fluid negative fluctuations in the signal.
(e) The collapse of the temperature-velocity correlations at various downstream
stations indicates an approach to a self-preserved temperature field, although exact

self-preservation is precluded by the monotonic development of the mean and r.m.s.

temperature profiles.

91



(f) Consistent with earlier observations in isotropic turbulence, the Lagrangian
scales are larger than those obtained from Eulerian measurements in a convected

frame.
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Screen M d /h c dﬁ/ dza R, A A,
type | (mm) (s=1) . eq(5) | eq.(7) | eq.(8)"
square | 1.50 | 0.00083 | 0.294 | 77 219 |0.61] 059 | 0.68 | 0.79
mesh 1.81 | 0.00135 | 0.4 71 356 [044| 039 | 045 | 0.56
(present) | 12.7 | 0.0058 | 0.26 77 | 1533 |0.64| 065 | 0.74 | 0.84
3.18 | 0.0027 |0446| 77 714 [0.28| 030 | 0.32 | 0.44
3.18 | 0.0017 [0.204| 77 449 |058| 059 | 0.68 | 0.79
1.81 | 0.0014 | 0.42 77 370 (039} 035 | 04 | 0.51
3.18 | 0.0023 [0.388| 77 6083 |0.38| 0.41 | 0.48 | 0.59
1.27 | 00012 |0482| 77 317 |025] 023 | 0.22 |- 0.34
square | 1.06 | 0.00032 [0.344 | 12.2 145 | 0.68 | 0.50 | 0.58 | 0.69
mesh 2.12 | 0.000737 | 0.377 | 122 330 |0.68| 044 | 0.51 | 0.62
(Rose,'70) | 4.23 | 0.00129 | 0.338 | 12.2 580 | 0.66| 0.51 | 0.60 | 0.71
8.47 | 0.00262 |0.342] 12.2 | 1180 |0.72| 0.50 | 0.59 | 0.70
12.7 | 0.0039¢ |0.347 | 122 | 1800 | 0.73| 0.49 | 0.58 | 0.69
25.4 | 0.00802 (0348 | 122 | 3610 [0.72| 0.49 | 0.57 | 0.68
50.8 | 0.01604 | 0.347 | 12.2 | 7220 [0.68| 049 | 0.57 | 0.68
Parallel | 12.7 | 0.016 |0.378| 60 2880 {0.52] 0.43 | 0.50 | 0.62
rods 127 | 0016 |[0.378| 84 4160 |0.52| 043 | 0.50 | 0.62
(present) | 12.7 | 0.016 |[0.189| 84 4160 [0.80| 0.76 | 0.82 | 0.92
254 | 0.032 |0378| 43.5 | 3840 | 043 | 043 | 0.50 | 0.62
254 | 0.032 |0.378{ 60 5760 | 0.46 | 0.43 | 0.50 | 0.62
254 | 0.032 |0378| 84 8320 |0.46 | 043 | 0.50 | 0.62
254 | 0032 |0189| 84 8320 | 0.80| 0.76 | 0.82 | 0.92
508 | 0.064 |0378| 435 | 7680 {0.33{ 043 | 0.50 | 0.62
508 | 0064 {0378] 60 |11,520|035| 043 | 050 | 0.62
508 | 0.064 |0378| 84 |16,640(035| 043 | 0.50 | 0.62
508 | 0.064 |0.189| 84 |16,640|0.70] 0.76 | 0.82 | 0.92
Pagallel | 50.8 | 0.026 {0312 122 |[11,700]0.58| 0.56 | 0.65 | 0.75
o - .
(Rose, '70)

* excluding the Reynolds number correction term

Table 1. Shear reduction by a single screen.
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o

Grid insertion slot Ue A | Aprod
A| B C D |m/s

- (1271 - |254| 13 | 0.24 | 0.24
- |25.4| - |50.8| 13 | 0.20 | 0.16
-1508| - |127| 13 | 0.19 | 0.19
- 18508| - |254| 6 | 0.15 | 0.14 .
- 1508] - 2541 13 | 0.18 | 0.16

- 190.8 | 25.4 12.7\ 13 | 0.101 | 0.084
- | 12.7150.8 | 25.4 [' 13 | 0.096 | 0.084

Table 2. Shear reduction factor behiné'{;htﬂtiple grids with parzllel rods with
¢=0.378. Last column indicates the product of individual grid reduction

factors.

105



SIUSWINSEAW JO ATRtUInG ¢ 9[qe],

oy | 818 | ¥'oT

B% 9T | 818 | ¥'ST
- - - s |8z |tz ov | Levy 06 er | o1 | U1 |8Le|808|¥9e| +d

¢y |-8L8" | p'6T
- - | s |1 | ve | oy | vi6 } 9er | €1 | OU | UT |84 {808|{¥eC| X O
- - |8 )eet |ve |61 | 2o | 88 | ver | 9 | ot | UT |88 (80%|¥ee] AN
-l -l sjest { v 1e|es | e 07 6 | 0T | T'T |8Le180%|¥S3| AW
Py | 19| 26 | 9ST° | 92 [ 32 | 29 | 082¢ 62 - | €1 | Ot | 1 [8Le|s0e|bSe| O

: - ey | 8Le | bige
- | - - (et |8z | e |8y | 489 | 60z | et | or | U1 |¥6%|60T PG| *+M
091 | ¢¢ | 92 | ¥SU | 8¢ | €& | 6% | 61% | &8 | €1 | OL | U'l |¥62° [69T|¥S2| P [
ovL| 16| 9z [ 8S1" |62 |22 | 6% | ¥be | 2Lep | o1 | O | UL {¥62 |81¢| %S| NI
ozt 6¢c | og [ 8% |08 |12 | 6% | 9v% | g0g | er | or | UL |#6e|Ler|¥oe| WH
03| 86| 0g | 8v1" |62 | 2o | 6% | 166 | 668 | €U | o1 | Ul lssg{Ler|vee| vO
- - | w|ov|ee|er|8e | 92| ¥SL [ 9 | o1 | ov [seeivee!vee| @A
-1 - 18y poer gz loz| se | 89 82 6 | oL | ov |sLe|¥vee|¥e| ad
09| %9 | 06 | OLT {22 |0z | € {Zevi | ¥s8e | €1 | ot | ov {ste|¥se|¥oe| O QA
- | - |er | g9 |ce |61 | 62 | o6% | gep 9 | o1 - - - |vez| @O
- - | Lg{coU | ¥ |0z | 9% | ziE° 09 6 { 01 - - - tvez| da
ote| 6% | 8e { 991" | 82" | 0% | ¢ | ¥ELY 8 g1 | 01 - - - |¥| OV
- | ww | ww - - - A (-F sfw | - - - | ww | ww | joquifig
Yu | e vV Yy b [tepflap | Cn vyt |9/ %o | Cw | Y| eso)

106

o



o

*

(panuijugo) -g s|qeg,

(£861) "2 12 1oy :95-1S ‘(=1861)
utsi1o)) pue sue[noae], 0.1, (GL61) :obﬁ pue wreaynpy T {(0L61) Te 1° suledureyn
DHD HGL6T) 250y gYy-TH Awwmpumo‘m QY -sjuRmRInSEIW JuIsald [ -V : Saduazajay

o
- - - -] -1 - 99000 TteT |szo| or |ogo| 1e |18€|BSI]| € 9S
- | - - - -] -} - |eeto0| og1 |820| o1 |goo| 1g |1selger| @gS
- - - - - - - | 99000°] ert |ozo| o1 |oto| 18 | - |goe| @ s
- - - - -] - - | 09000° | 68T |920| OL | 0T0| 1€ [gcer)soe| €€
¥21 | 0°01 (- 08 - - | - - |1 9€000°| 960 [o0zo| 01 |or0} 1¢ [ggS1|g08| &3S
101 | 0°0T | 0% o - 09000 | €zt {ogo| o1 {atol| 18 |zor]coe| @18
cpz | 8¢ | 18 | ¥1° (8¢ | 61 | €5 | &9 89% | P3| o1 - - |gogf @DL
¢qT |09t | gg | 8T |0 | T3 | 8v | cvor g 9% | 6 - juoy i g | rea| @ TN
9ST | 6°0T| 8% | 99T | 82 gz | v | 860" 631 [2er| oI - - - | ¥'92| @ DHD
- - - - - | - - e g6 |got| 6 | gz |sve(80s| ¥9 | ®cH
i - - i IR T S 5 < 1) 88 |TS1| 6 | 9T [s8ve|¥oe| ¥9 | @Y
- - - - - - -] geo 68 |eS1| 6 | g2 [ |L21]| ¥9| @Y
- - - - - - - | 110 88 |gSl| 6 | 6z |ee | 98| ¥9| ®@cy
o B - | | - |00 [ ger |Ter| 6 - - - | ve] @1”
oge|eot| se | ov. [og | 9z | ¥% | gop LSl | ¥e1| o1 - - - | s | @ OH
- | wwe | ww | - - - - | o8/ (- sfw | - - - | ww | ww | joquifig
vy | iy | g |y Y (U b (qzpflap | cn [u/te | y/f=| fo | S | Y | wesv)

107



—

Case | &, % |e¢/P|ng| ko |Rrm| Un | 7e/7s | Tu/Ts
m-! | m-! m™! mas=!
A |686] 59 | .72 [ 81| 39 | 16.1].0001] 3.3 | 84
B [656]| .62 |.72 | - | - |154|.0081} 3.1 | 84
C |721|{ 66|73 -1} - |151].0073| 34 | 83
D [295] 39| 61 |.94| 39| 39 |.0070] 22 | 96
E [311| 30 | 63| -] - | 43 |.0063| 22 | 9.3
F |305]| 33 (69| - - | 49 |.0055| 1.9 | 85
G [308| .23 |.75|.77] .36 | 7.0 |.0071| 2.9 | 9.0
‘H |387| 36 | .68 |.75| .30 | 24.7 | .0076 | 3.2-] 9.9
I (334] 33| .69 |.71] .30 |.22.7 |.0073| 28 | 9.2
J |374| 36| 69 |.79| 30 | 238 |.0075| 2.8 | 94
K |161]| 13| .73} -1 - | 59 |.0057| - - 67
L [223)-02|102]|.94] 36 | 82 |.0050| 25 | 6.5
M |223]-07|109| - | - | 89 [.0045] 24 | 6.5
N |223|-03|104] - | - |10.0|.0040| 25 | 6.5
O |105]|-01104] - | - | 46 |.0039] - | 68
P loes| 03| .87 | - | - |357|.0034] - | 56
CHC|105| 0 10} - | - | 96 |.0046] 29 | 6.1
R [080) 0 |10} - | - | 83 |.0075] - .
R2 0581 0 | 10| - - | 32 |.0062| - -
R3 [050| 0 |10 - | - | 35 |.0054| - -
R4 |058| 0 |10 - - | 7.3 |.0043| - -
RS [061] 0 | 10| - | - {107 ].0035] - .
TC 1377 46 | .57 | .69 | .26 | 20.3 | .0070| 3.7 | 125
S1 |6.12] 55 | .72 |.54| .31 | 14.7 |.0027 ] 6.1 | 8.7
s2 |475| 40 1 681 - | - |15.1|.0025| 3.9 | 9.2
S3 (489 | 49 | 69 | - | - |61 |.0027| - | 91
S4 {554 .49 | .72 | - | - |213].0021] - | 87
s5 |471| 58 | .61 |.54| .31 | 115 |.0020] - | 102
56 432 48 | 65| - | - |202|.0020] - | 96

N

Table 4. Summary of relevant experimental parameters.
(conditions as in Table 3.).
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Figure 2.1. Representative velocity profiles upstream and downstream of a screen.
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Figure 2.2. Variation of shear reduction factor with pressure loss coefficient.
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Figure 2.3. Variation of pressure loss coefficient with solidity at large Reynolds
numbers; —— — based on eq.(2.25), ____ based on eq.(2.27), -- - based on
eq.(2.28).
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10 100 1000 10000 100000

Figure 2.5.. Effect of Reynolds number on pressure loss coeficient; (a) based on
eq.(2.26), (b) based on eq.(2.28); 0=0.25, --- ¢ = 0.35, — —_. 0 =0.45.
In Figure a, the three curves nearly coincide. -
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Figure 3.4. Flow separator. All dimensions in mm.
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Figure 3.6. Effective cooling velocities for a cross wire.
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Figure 4.11. continued
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Figure 4.11. continued
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Figure 5.1. Predicted and measured shear reduction factor versus solidity for small "~
d/h; * square mesh (present); O square mesh (Rose, 1970); o parallel rod (present);
-— — based on eq.(2.25); based on eq.(2.27); - - - based on eq.(2.28).
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, -~ -, based on eqs. (2.25), (2.27), (2.28).
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] test section

Figure 9.2. Sketch of the wind tunne

(3) heating source
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Figure 9.3. The calibration jet.
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Figure 10.14. Autocorrelation functions along centerline at (a) zo/M = 72.0 and
(h) zo/M = 24.0. o : Ru(r), & : Ryp(7), O Reg(T); U, = 7.85 m/s.
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