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Abstract

Turbulent mixing and transport are very important phenomena due to their
relevance in diverse applications (e.g. turbulent mixers, contamination of oceans
and the atmosphere). For a better understanding of these p;henomena., an experi-
ment dealing with the development of a thermal mixing layer in uniformly sheared
turbulent flow has been conducted. This experiment cotrllsists of introducing a step-
wise increase in the mean temperature to the flow by erleCtriically heating a set of
thin ribbons, spanning half of a wind-tunnel cross-section. Hot wire anemometery
and cold wire thermometry were used to measure the means and fluctuations of ve-
locity and temperature. The downstream growth of the thermal miﬁﬁg layer and

_the distributions of r.m.s. temperature fluctuations, thermal fluxes and other scalar
field statistics are reported. Measurements show that the thermal field reaches a
quasi-asymptotic state and that the thermal mixing layer penetrated dceper into
the low speed side than into the high speed side of the flow. The study also includes
theoretical attempts to predict the layer’s growth. |
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Chapter 1

Introduction

1.1 Motivation

Diffusion and mixing of scalar quantities by a turbulent flow are topics of great
interest, due to their relevance in diverse applications such as the contamination
of oceans, inland waters and the atmosphere, the control of chemical reactions in
turbulent mixers and the mixing of air and carbon dioxide above plants and crop
canopies. In these applications, diffusion and mixing are due primarily to turbulent
motions, while the molecular action is responsible for reducing the inhomogeneity
of scalar concentration at a scale that is much smaller than the size of turbulent
eddies.

Although most flows of technological interest are quite complex, fundamental
research on turbulent dif'r'usioﬁ has focussed upon a few, simplified flow configura-
tions, which, presumably, display some of the important features of more complex
flow. One case that has been studied extensively is that of isotropic turbulence (i.e

a flow whose statistical propertie< are independent of direction ). At the same time,



it has been established that turbulent flows in the atmosphere and the oceans or
in various types of machinery are not isotropic and that shearing due to velocity
gradient has an important cffect on the process of mixing of contaminants in such
flows. Therefore, the study of diffusion of scalars in a simplified laboratory flow,
which is subject to shear, would be useful in elucidating the mechanisms of diffusion
in environmental and technological flows. In particular, the effect of uniform shear
in the mixing of two streams with different mean scalar concentrations has not yet
been investigated analytically or experimentally. This will be the subject of the

present study.

1.2 Literature Review

1.2.1 General Comments

The first detailed study of turbulent diffusion was the pioneering work of Tay-
lor (1921). Since then, many others have conducted further theoretical as well as
experimental research regarding the scalar fluctuation field in different flow con-
figurations. A summary of earlier work can bé found in the book by Monin and
Yaglom (1971).

In most experimental studies of turbulent diffusion and mixing, temperature
difference was chosen as the transported scalar because it can be generated and
measured relatively easily. As long as the temperature diﬁ'erences are small (typi-
cally no more than few degrees Kelvin), then the temperature can be considered as

"passive” scalar, namely having negligible effect on the velocity statistics. Heat dif-



fusion in wind tunnel flows has been studied by generating temperature differences
using distributed heat sources, such as electrically heated grids, screens and other
devices or concentrated sources such as heated wires and ribbons. One concern of
several researchers was to avoid any significant distortion of the velocity field by
the physical presence of the heaters or the heat itself. The present literature review
will focus on two topics, which appear to be most relevant to the present work :
studies of thermal mixing layer in grid-generated, nearly isotropic turbulence and

studies of heat diffusion in uniformly sheared flows.

1.2.2 Thermal Mixing Layers in Isotropic Turbulence.

A number of experimental studies of thermal mixing layer developing down-
stream of partially heated grid or screen have been already published. The pioneer-
ing experiment related to this flow is apparently due to Watt and Baines (1973),
followed by the work of Libby (1975) and Keffer et al. (1977).

Attempts to provide similarity solutions for this type of flows were reported
by Libby (1975), LaRue and Libby (1981) and LaRue et al. (1981). All these
authors have concluded that the mean temperature field .would approach an error
function-like distribution, whereas, the temperature fluctuations would approach a
Gaussian distribution and that both functions would become independent of down-
stream position when plotted against the similarity variable = yz~='/2, (x and y
are the streamwise and transverse coordinates). However, experimental results by

the same authors showed a peak of the r.m.s. temperature fluctuations that was



40% smaller than the predicted value. To remove this discrepancy,_ LaRue et al.
(1981} select >d a virtual origin that was different from the one applying to the rate
of the decay of temperature fluctuations in the fully heated stream and obtained a
good agreement between the predicted and measured r.m.s. temperature fluctua-
tions.

Ma and Warhaft (1986) introduced heat into the flow using a half-heated
screen of thin wires in order to decouple the velocity and temperature fluctuations
at their origins. They concluded that the temperature fluctuation field was not
self-preserving and they attributed this behaviour to the difference in the growth
rates of the temperature and velocity length scales. Gibson et al. (1989) provided
measurements of the thermal mixing layer far downstream of a half-heated screen
at higher Reynolds number than in previously reported experiments. Their exper-
imental results, taken at distances of up to 400 mesh sizes of the grid, show that

these flows apparently do not approach a self-similar state.

1.2.3 Diffusion of Heat in Uniformly Sheared Flow.

Corrsin (1952) was one of the first to investigate the turbulent diffusion in
homogeneous shear flows. Since then, many others conducted experimental as well
as theoretical work on this topic. Theories on turbulent diffusion in shear flows
have been reviewed by Hinze. (1975). Turbulent diffusion in homogeneous shear
flow with a temperature profile having constant mean gradient has been studied by
Fox (1964), Tavoularis and Corrsin (1981 and 1985), and Sreenivasan et al. (1982).

More specificelly, Sreenivasan et al.(1982) evaluated the performance of gradient



transport models, whereas Tavoularis and Corrsin (1985) focused on the effect of
the mean shear on the turbulent diffusivity tensor.

Theoretical and computational studies describing the diffusion of contami-
nants in homogeneous, sheared turbulent flow have been reported by Riley and
Corrsin (1971,1974), Novikov (1958), Huang (1979) and Okubo and Karweit (1977).
A few analyses and experiments have considered the case of diffusion of heat from
a line source in uniformly sheared flow. Chung and Kyong (1989) performed men-
surements in weakly sheared turbulence and reported that the mean temperature
profiles as well as the fluctuating temperature field approached Gaussian shapes;
their paper also inciuded a model for higher order scalar transport quantities. Sta-
pountzis and Britter (1987) made measurements relatively close to the line source
and also reported that the mean and fluctuating temperature approached Gaussian
shapes. Karnik and Tavoularis (1989) provided a detailed report on the evolution
of the mean and fluctuating temperatures. Their measurements indicated that the
‘mean temperature profile was approximately Gaussian near the source line, but
became asymmetric far downstream and its peak shifted towards the low velocity
region. The temperature fluctuation profile double-peaked near the source, it had
one peak at intermediate distances and demonstrated a re-emergence of double
peaks which grew in relative magnitude far downstream. They also reported that
the measured heat fluxes and the triple temperature-velocity correlations demon-
stra.ted. self-similar features.

Nakamura et al.(1986) and Sakai et al.(1986) performed measurements related
to the diffusion of matter from a point source in a uniformly sheared turbulent flow

of water. Finally Rogers et al (1989) have presented a model for the turbulent flux



of passive scalars in hornogenous turbulent shear flow.

1.3 Objectives of the Present Research

The previous literature review has documented that no literature is a.vaila.blg
on the growth of a thermal mixing layer in the presence of uniform mean shear.
The objective of the present work is to study, both theoretically and experimentally
the above mentioned subject. The objective of the experimental study is to provide
measurements of the mean temperature, the moments of temperature fluctuations
as well as the turbulent heat fluxes across the mixing layer. ‘bn the theoretical
side, the present thesis aims at providing predictions of the temperaturé field for
this type of flows. It is hoped that this study will contribute to the understanding
of the mechanisms of turbulent diffusion and that it will lead to further research
involving turbulent transport and mixing. Results of the present study should also
be useful in the development and testing of theoretical and computational models

of scalar transport.



Chapter 2

Mathematical Description of the
Flow

2.1 Scalar Transport Equations

- 2.1.1 Balance Equation for the Instantaneous Temperature

The transport of a passive scalar, T, in turbulent flow is governed by

o 0T __ &T
ot "63:,- _73333;3-’5_5

(2.1)

where - is the molecular diffusivity. Equation (2.1) suggests that the rate of change
of T is equal to its molecular diffusion. In the following, the scalar will be referred
to as temperature, however the analysis also applies to other transported scalars.
Derivation of statistical equations, as required for the description of a random field,

can be made using the Reynolds decomposition, as
T=T+8 (2.2)

U =T; +u (2.3)



where the overbared quantities designate the mean values and lower case quantities
represent the fluctuations arcund the means.

Substituting equations (2.2) and (2.3) in equation (2.1) yields

o 06 T 08, _OT o8
ot

_ét— -+ (U + u:)( z; axj) = 73:1:_,'33:5 + 76:!.‘;'335

(2.4)

2.1.2 Balance Equation for the Mean Temperature

Averaging equation (2.4), all the fluctuating quantities vanish and the balance

equation for the mean temperature is obtained as

0T __ oT _of5
0 —70:3,63, Oz;

9-’| 33’!

(25

Compared to equation (2.1), equation (2.5) has an additional term (last term
in equation (2.5)), which represents the turbulent convection of temperature fluc-
tuations.

In the case of uniformly sheared turbulent flow, with the assumption that the
flow is stationary and two-dimensional on the mean, the balance equation for the

mean temperature becomes

6T 62T 82T 6u10 8u29
Ul az = 7( 63:2 :!72) ( 331 a 7, ) (2'6)




2.1.3 Balance Equation for the Mean Squared Temperature
Fluctuations

The balance equation for the temperature fluctuations is obtained by sub-

tracting equation (2.5) from equation (2.4) so as to obtain first the following

0 06 6T 0w 0w 0% _
o6t Vit T Yn; Y Br, ~ as, = 1u,0m) (2.1)

Multiplying equation (2.7) by 8 and averaging, one obtains an equation for

the mean squared temperature fluctuations as

90z _.98% — 0T Qb 62 8 90
—_— = —9u; - SR -2
o T %% 0a; " Bason; T VBaj0m; 2 Ba; B,

(2.8)

8a;

Equation (2.8) suggests that the total rate of change of temperature fluctua-
tions is equal to the balance of the rate of production of 82 by the mean gradient,
the rate of transport of temperature fluctuations by turbulent velocity fAluctuations,
the molecular diffusion of 82 and the rate of destruction of §2 by molecular actions.

In a stationary uniformly sheared turbulent flow, the above equation reduces to

= 962 — T  96%, 9%6?
2~ _oud - - -
Ulaml e dz, Oz, t O3 €

(2.9)

where 2¢5 denotes the dissipation of temperature fluctuations, equal to the last

termrin equation (2.8), and streamwise gradients have been neglected compared to

transverse gradients.



2.1.4 Balance Equation for the Turbulent Heat Flux

The equation for the velocity-temperature covariance (or heat flux) fu; can

be obtained as follows:

aFu_, -—89_1:, _ aﬂu,-u,- - BT BU 1 ap a a6 au, 39
o "Uiae, = Tam;  igg, G“Jam, 0050, T e, T3, V05, Y )am,a:c,

(2.10)

In the case of a stationary uniformly sheared turbulent flow, the above equation

reduces to ‘

—381;1 _ 68‘!11?12 3T ——3U1 1 3 a 30 6u1 3u1 58

e = T Tor g, Mg, 0 8 T B 5 052, T 5, B
(2.11)

and

—00ug _ aﬂuz —8T 1,0p, @ L) Ou, @ 019
i P T L e eSO et el GRS

2.2 Turbulent Kinetic Energy in Uniformly Sheared
Turbulence

In uniformly sheared turbulent flow, the simplified form of the turbulent ki-

netic energy equation is given by (Tavoularis, 1985) as

—-—d( lqz) dﬁ 6u.- 8u;
Ul_ d:!-‘j, Uit dxa - yaﬂ:j 63,‘ (2.13)

where the turbulent kinetic energy per unit mass is

1l — — —
%qz = E(u"’ + v? 4+ w?) (2.14)

10



Tavoularis (1985) also showed that the turbulent kinetic energy grows exponentially

with the streamwise direction as

{23 —-%r)
g(z1) =gre ¢ (2.15)

where g,, z, are reference values, £ is a characteristic length given by

Kndly, ¢ |7
= |== - = 2.1
[ Uy dz quz] (210
and
Lo = u—;?— = constant (2.17)
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Chapter 3

Definitions and Background

Turbulent flows are highly irregular, so that quantities describing the flow

are always random in space and time and require a statistical approach for their

definition.

3.1 Moments and Correlations

The distribution function F(z) of a random variable, x, is by definition the
probability that x < z. The probability density function of x is defined as the

derivative of the distribution function as

dF(z)

Flz) =—— : (3.1)

In the case of a stationary (the statistical properties do not depend on time
origin) and ergodic (time averages are equal to ensemble averages) random process,

the mean can be computed as

e 1T \ .
T = lim 5T '/_T x(t)dt (3.2)

T—o0

12



where T is a time interval.

The variance of the random variable y is

=z -7 = /_ © T (e)de (3.3)

The positive square root ¢ is called the standard deviation or the root mean

squared value of the random variable y.

The "skewness factor” represents the degree of symmetry of a distribution

and it is defined as follows:
(1‘ — E)S
B

S= (3.4)

For a stationary and ergodic random process, the autocorrelation function is

defined as
T
Ry (r)= hm —T- x(t + 7)x(t)dt (3.5)

while, for two jointly stationary random processes, the cross-correlation function is

defined as

R y(7) = hm —15,- x(t 4+ 7)P(t)dt (3.6)

3.2 Integral Length Scales

The integral length scales represent the order of magnitude of the size of
entities with relative motions contributing mostly to the turbulent kinetic energy
(energy containing eddies). The streamwise Eulerian integral length scale, Ly, ,

can be determined from the corresponding integral time scale, T}, as

Ly =0Ty (3.7)

13



where

oy (D (t+ 7
T“=./t; ——1()1_(. )dT

u

(3.8)

Integral length scales for the temperature fluctuations can be defined by anal-

ogy to the above equations.

3.3 Taylor and Corrsin Microscales

The Taylor microscale can be estimated according to the definition

= 0.5
Ay = [3—"—:)2] (i not summed) (3.9)
8x;
0.5 : :
2u? .
A = e (i 7) (3.10)
(522
Taylor’s approximation, expressed as
a..) . _19(.)
o~ T o (3.11)

can be justified for low turbulent intensity typically, less than 10% (Tavoularis,

1986). Using Taylor’s approximation, the streamwise microscale, Ay;, can be found

as

— 0.
S A b
A=l Tor s A (3.12)
5 :

The streamwise ”Corrsin” microscale for fluctuating temperature field is de-

fined as

0.5

(3.13)

14



Using Taylor's hypothesis, the streamwise microscale can be estimated from
g lay ¥P

the mean square temporal derivative of temperature as

—_— 9 0.5

_[ o5

1\91 = U, [?2] (3.14)
(%)

15



Chapter 4

Theoretical 'Predictions of the
Growth of the Mixing Layer

4.1 A Simplified Equation for the Mean Tem-
perature

Equation (2.6) in Chapter 2 describes the mean temperature balance for the
case of uniformly sheared flow, stationary and two-dimensional on the mean. As a
further simplification, the molecular diffusion of temperature can be neglected when

compared to the turbulent diffusion terms. Therefore equation, (2.6) becomes

_OT __ owd  oul
U16z1_ Vo + 632) (4.1)

A widely used approximation in the modeling of the turbulent heat flux Gu; is
based on the gradient transport assumption, which in generalized from (Tavoularis

and Corrsin, 1985), can be written as:

1%

w8 =-Dy (4.2)

D

LN

€T



where D;; is called the turbulent diffusivity tensor. Substituting equation (4.2) in
equation (4.1), one gets:

8T 8°T 8T T
Ui Bz, =-Dhn—— 822 + (D + Del) 97,0z, + Dnafg (+.3)

The thermal mixing layer is a case where the transverse temperature gradient,
aT

3x;> is much larger than the streamwise one, ai- Then equation (4.3) can be

approximated by

(4.4)

The turbulent diffusivity, Dj,, has been customarily estimated from the prod-
uct of the Eulerian scales ujLs,, whére uy is the velocity fluctuation in the =,
direction and Ly, ; is the Eulerian integral length scale defined by equation (3.14).
Presumably Dy, is a function of z, only. Previous experiments (Tavoularis and
Karnik, 1989) have established that both uy and Ly, can be approximated by

exponential functions of z,, so that Day(z;) can also be approximated by an expo-

nential function.

4.2 An Approximate Self-Similar Solution

If, for a moment, one restricts the solution to a relatively narrow thermal
mixing layer, then the mean velocity across the layer can be assumed to be constant,

‘(-1'71 = U,). Furthermore, we assume that a similarity solution exists in the form

—T—(%z’) = f(n) (4.5)
and
_ 22 + z20(21)

9(-’!-‘1) (4.0)
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We shall make the additional assumption that the location of z2,0(x1), of the

thermal mixing layer center obeys the same law as the mixing layer scale function,

g9{z1), such that zg0(z,) = Bg(z,) where, 8 is a constant. Substituting equations

(4.5) and (4.6) in equation (4.4) and simplifying yields

_p d=Bdyz) _ , &F 1
) cd’? .'7(-‘51) dx, 2251’?292(3‘1)

This is a separable differential equation and can be written as

_gw)dg _ 1 O i A
Dy dey Uy — B) df /dy dy?

which can be separated into two equations, as

.(f(-'”l)_fli — 72
Dy dz =4

and
1 d*f

Flanay = V=)

Equation (4.10) has the solution

. b F‘;-I’!
fn) = [ eap(=25—(n = 6)%)dn + const

Applying the boundary conditions:

n—+oo = f(n) =1
n—=—c0= f(n)—0

one gets

K

I
Sy
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(4.10)
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from which the mean tetwperature Held could he deseribed by

T(n)

1 .
== 5 [ orAvEn = 0+ 1] (4.13)

Equation (<.9) has the solution

"
-

45 M
g(,l'l) = [E___—'-/t" —D-_i-_i(.l'l)(]-l'l + .'l] (‘l-l‘l]
Recalling that
Day = Dyckon (4.13)

with Dg and kp known constants for a given velocity field, one may infer that the

thermal mixing layer scale function is

L
4xDgy, 1. 2
glay) = m,[j(c‘ﬂ’-'—l)-r.-i (4.16)

where A is to be determined from the experimental results.

The assumption of constancy of U; was a crucial one for the above analysis.
If, instead, one lets the velocity change linearly with x4, one derives a differential
equation which is non-separable, indicating that sclf-similar solutions may not exist

In this casc.

4.3 Direct Solutions

The proposed solution in this section is based on the separation of variables

technique. Let an elementary solution be of the form

T(.’L‘l,ﬂ.’g) = @l(wl)gg(.’b‘g) (4.17)
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Then

g:r 0s(z )dez("") (4.18)
T T
and

a*T Jz@z(mz)

i - Oy (@1)— (4.19)

Substituting equations (4.18) and (4.19) in equation (4.4), one gets

0,3 = Du daez (4.20)

or
1 do; 1 d*0, g | (4.21)

©,Dy; dzy U102 dz3 -

where —f? is the separation variable, chosen to be negative, because positive value
would produce growing functions that have no physical meaning. The first equation

is

o =D (4.22)

and has the general solution
Ou(y) = Aells” ~#*Duater)iz] (4.23)

The second equation is
U:G)z d;f%’ = - (4.24)

In uniformly sheared flow, the velocity is given by
Ui=az,+5b
where a, b are known constants. Let

X=az,+b (4.25)
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Oa(z2) = O(XIWX (4.26)

and
T 9%
__3a_'&2 (4....!)
Substituting equations (4.25), (4.26) and (4.27) in (4.24), one gets
0  dO 1
P2 Z2—(=))e = 2
gz T iz + +( (3) =0 (4.28)

Equation (4.28) is a Bessel equation of order }. Therefore, the solution for

equation (4.24) is
‘)
©,(z,) = Byfax, + bJy [g(amg + b)%] (+4.29)

The Bessel solution of the second kind was omitted because it leads to infinite

values. In view of the above, an elementary solution of equation (4.4) would be:

T(z1,72) = Aexp| jo ™ —B?Dyy(21)dz:| BJazs + bJé[g—i(amg +53  (4.30)

where A, B, and § are constants. The most interesting remark about this form of
the solu.tion is that the rate of shear plays a definite role in diffusion of temperature
across the thermal mixing layer. Solution (4.30) cannot satisfy the boundary con-
ditions of the problem. However, this can be done by superimposing all elementary
solutions in form of a series or an integral, where £ is a variable. This will be left
for future work.

In addition to the analytical solution, one could also formulate a discret model

for equation (4.4) and pursue a numerical solution of this problem. This is also left

for futﬁre work.
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Chapter 5

Experimental Apparatus and
Measurement Procedure

5.1 The Flow Facility

The wind-tunnel (fig. 5.1), where the experiments were conducted, was de-
signed and constructed at the University of Ottawa and has been described by
Karnik(1983). The facility was, however, modified by replacing the centrifugal fans
with a mixed flow fan (Woods, model 63MX, 630 mm diameter supplied with a2 5 hp
motor). The flow of air was filtered by filters (Farr, model XB-HIE-40) and passed
through a diffuser, a settling chamber with turbulence reducing screens and a 16:1
contraction. A shear generator was insltalled immediately following the contraction
(fig. 5.2). The shear generator comprised a set of 12 separate channels, each 25.4
mm high, separated by aluminum plates, about 150 mm long. Screens of different
resistances were attached across each channel so as to produce a uniform shear. A
flow separator, consisting of 12 parallel plates, 610 mm long, aligned with those of

the shear generator, was inserted into the flow in order to make the larger scales of
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the flow uniform on the transverse plane. The test section was 205 mm high, 457
mm wide and 5180 mm long. It provided 4 slots for the insertion of grids and other
devices normal to the flow direction. The side walls of the second half of the test

section diverged slightly to compensate for boundary layer growth,
5.2 Heating System

The heating system, shown in fig. 5.3, consisted of a wooden frame that could
be inserted normal to the flow into the slots provided in the wind tunnel test section.
Across the vertical walls of the frame, 23 heating elements (toaster elements) were
stretched. The heating elements were 0.8 mm wide, 0.08 mm thick and 12.7 mm
apart and were heated separately by variable voltage sources to produce the desired
initial temperature profile. The heating elements were kept stretched using sptings
attached to their ends. The heating system was introduced into the flow at z; =
4.6h (fig. 5.4). At that position the turbulent stresses were nearly uniform in the
transverse direction and grew exponentially in the streamwise direction {Tavoularis

and Karnik, 1989).
5.3 Calibration Jet

The calibration jet, shown in fig. 5.5, was designed and constructed at the
University of Ottawa for hot-wire, thermistor and cold-wire calibrations. A cen-
trifugal blower produced air flow that passed through various turbulence reducing

screens, a settling chamber and finally through a 24:1 nozzle with 2 22.5 mm di-
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ameter, in order to generate a uniform jet. The air at the exit of the blower was
heated by electric heaiers for temperature probe calibration. These probes could
be mounted on a swivelling mechanism at any desired angle w.r.t. the axis of the

jet.

5.4 Velocity Measurements

5.4.1 The Hot Wire Anemometry

The present measurements were conducted using a three-wire, specially made
probe. This probe included 2 cross wires made up of tungsten wire and having
diameters of 5 pm and inclined at +45° with respect to the probe body, as well as
a cold wire (platinum wire) having a diameter of 1 um and a length of 0.4 mm.
The hot wires were powered by constant texﬁperature bridges (TSI 1050 A with a

TSI 1051 2-D monitor and power supply).
5.4.2 Calibration

Hot wire anemometry has been used extensively in measurements of mean
velocities as well as the velocity fluctuations in turbulent flows. A hot wire is a thin
cylinder, whiéh is heated electrically. In the presence of a fluid flow, the rate of heat
transfer from the wire varies in response to changes of the instantaneous velocity
of the flow. This can be related to the instantaneous changes of voltage across the

hot wire through the well known "King’s law”. A modified semi-empirical form



of King’s law is

E*=(A+BU™T,-T) (5.1)
where T, T, are the temperatures of the wire and of the flow respectively, U is the
flow velocity normal to the wire and A, B and n are constants to be determined
ﬁ‘om calibration. In the constant temperature mode, T, is maintained constant by
a feedback circuit. In the cross wire arrangement, where both wires are inclined
at +£45° with‘ respect to the flow and are perpendicular to each other, the effective
cooling velocity, Uy, defined as the hypothetical flow velocity normal to the wire

that would produce the same cooling as the actual flow velocity, is given by

Uesnn = (Ui + w1 + U2 + u) cos 45° (5.2)
Uesgz = (Th + w1 — Uz — u3) cos 45° (5.3)

Therefore, the modified King's law for the two wires can be written as

Bt _ ny
Tw) _ Ta -— Al + BlUcffl (5.4)
E? n .
T, -2'T,, = A2+ BoUcfp (5.5)

Because in the present work the air flow is not isothermal, corrections for the
temperature sensitivity of the hot wires were made by measuring the instantaneous
temperature of the flow at each measuring station and using equation (5.4) and

equation (5.5) as

(T—E'z—) -4 g
Uegpn = | ———— _Tél (5.6)
(B — 4, 7-’;
Uz = fﬂ%_ ) (5.7)
2
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Finally from equation (5.2) and equation (5.3) the mean and fluctuation ve-

locities were computed as
= Uegnt + Uesp2

7 = D+ Ve (5.9)

7= Jun =T | (59)
uy = ﬁ-’#ﬁi - (5.10)
up = 2T _ g (5.11)

-

The hot wires were calibrated against a pitot tube in the wind tunnel with all
obstructions removed to provide a low turbulence air stream (“F' = .005). The hot
wires were positionéd in the proximity of the pitot tube. The pressure differences
were measured with a pressure transducer that was calibrated against a Meriam
micromanometer. Typical calibration curves for the pressure transducer and the

hot wires are shown in fig. 5.6, and fig. 5.7 respectively.

5.5 Temperature Measurements

5.3.1 Mean Temperature

Thermistors were used as best suited for measurements of mean temperature
of the flow. These were calibrated in the heated jet at temperatures ranging from
21°C to 44°C versus a mercury thermometer with 0.1°C resolution. The mean
~ temperature of the flow was measured with glass-coated, thermistor mini-probes
(Fenwal Electronics, 2000Q), operated by a Liome made electronic circuit which
could provide individual signals as well as direct measurements of the temperature

difference by subtracting the conditioned outputs of the thermistors (fig. 5.8). The
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ambient temperature was monitored upstream of the heating elements. Typical

calibration curves for thermistors are shown in fig. 5.9.
5.5.2 Temperature Fluctuations

The temperature fluctuations were measured with a cold wire mounted on
the same probe as the cross wires. The cold wire was calibrated in the calibration
jet against a previously calibrated therﬁist01'. The cold wire output powered by a
constant current circuit (fig. 5.10), was*(I:alibrated at a gain of 250 and its output |
was low-pass filtered in order to reduce noise. A typical calibration curve for the
cold wire is shown in (fig. 5.11.)

Measurements of temperature fluctuations were recorded at a gain of 50000.
The signal was low-pass filtered at 3KHz to eliminate the high frequency nc;ise. A
current of about 0.5 mA wa.é used. At this current level, the velocity sensitivity
of the cold-wire measured with the wire placed in the unheated flow at different
speeds was found negligible. The r.m.s. output of the cold-wire in the heated flow
was very large compared to that in the case of the unheated flow (termed as noise)
which was e}, = 0.017°C. Assﬁming that the noise was statistically independent
of the temperature fluctuation, & correction was applied to the cold-wire signal to

eliminate noise contamination.
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5.6 Signal Conditioning and Data Acquisition

All signals were digitized by a Data Translation board,(DT2828), mounted
on an IBM-PC-AT compatible personal computer (system 1800, 20 MB random
Access Memory, 60 MB hard disk drive). The DT2828 is a 12-bit analog to digital
converter with a & 10V range, giving a2 5 mV nominal resolution and simultaneous
sampling of up to four channel inputs.

The hot wire anemometer signals were conditioned for digitization using the
electronic circuit shown in fig, 5.12. This circuit could offset the input signals by
a DC voltage between & 7V, amplify the signals by a gain of .5, 1., 2.0, 10.0, 20.0
or 50.0 and low pass filter the ampliﬁed‘ signals with cut-off frequencies of 1, 3, or
10 KHz. Proper choice of the offset voltage and gain provided output values that
optimized the resolution of the analog to digital converter.

The cold wire outputs were observed on a Tektronix model 5113 dual beam
stofa.ée oscillq.:sco;.)e. The oscilloscope has two differential amplifiers (Tektronix
5A22A) with gains ranging from 0.1 to 50 000 and built-in high pass and low-pass
filters with 3db drop-off per octave.

The signals generated from the cross-wire and the cold-wire were digitized
and sampled simultaneously at two different frequencies, 25KHz and 2KHz, using
40 récords and 2048 points for each signal and each frequency. The time intervals
between two consécutive points was 40 us and 0.5 ms respectively and the sample
time for each record was therefore 82 ms and 1 second which were at least 100 times
the tempora:l microscale (i.e. %}f; typically 0.8ms) and the integral time scale of the

flow (typically 6ms) respectively. The high frequency records were used to evaluate
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the microscales, while the low frequency ones were used to evaluate all moments

and integral length scales.
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Chapter 6

Measurements

6.1 Velocity Measurements

6.1.1 'Free Stream Measurements

As mentioned in Chapter 4, new fans and controls were installed in the wind-
tunnel. For this reason it was felt necessary to conduct measurements in the empty
tunnel. Measurements of the free stream velocity, as indicated in fig. 6.1, show that
the centerline velocity was almost constant at mean speeds ranging from 5 m/s to
about 20 m/s. The turbulence intensity on the centerline was less than 0.5% (fig.

6.2).
6.1.2 The Mean Velocity Field

Measurements of mean-velocity at a centerline speed of about 5m/s and at
different locations are shown in fig. 6.3. These measurements showed that the mean

velocity profiles exhibited a good linearity except at high downstream distances
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where the effect of boundary layers was seen. In any case, this effect was outside
the region of interest for the thermal mixing layer growth. The shear parameter,

B, for the above mentioned speed was about

hd

1
ffc dmz

8= ~ 2.05 (6.1)

which is the same as the value found by Karnik and Tavoularis (1987); h = 0.303m

is the wind tunnel height.
6.1.3 Reynolds Stresses

u? and u3 were the only normal stresses measured. The observed transverse
variations in 5;: and i-‘;f (fig. 6.4) were found to be comparable to those in earlier
reported measurements. The inhomogeinity of the flow was found to be 25% at its
worst in the core of the tunnel. Fig. 6.5 shows that the shear stress correlation
coefficient p = ﬁ reached an asymptotic value,about —0.45, comparable to values

reiaorted by Tavoularis and Karnik (1989).

Exponential fitting to the ratio %%, i = 1,2, gave the relations

R
u_ 0.0034¢%015% (6.2)
U2

and —
B _ 0.001560%5% (6.3)
Uz

Plots of these ratios along with the results of Tavoularis and Karnik (1989)
are presented in fig. 6.6, showing that the growth rates of these quantities in the

two experiments were comparable.
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6.1.4 Integral Length Scales and Microscales.

A {ew measurements of the integral length scales Ly;,, Lj;, were plotted in

fig. 6.7. Exponential fitting to L;; was found to be
Ly, = 0.014¢%012% (6.4)

Semilogarithimic plots of L;; found in this experiment and measured by Tavoularis
and Karnik (1989) are shown in fig. 6.8. These measurements seem to be of the
same order of magnitude, although in this experiment, L,, exhibit somewhat lower
values. It seems that the passage of the flow through the ribbon screen has resulted
~ in a reduction of eddy sizes and, thus, of integral length scales. Another possible
cause for the discrepancy is the difference in the center-line speeds in the two
experiments. Measurements of the Taylor microscales \;; and Ay, are presented in
fig. 6.9. These demonstrate that Ay, was roughly constant along the centerline (see

also fig. 6.10).

6.2 Temperature Measurement_s

6.2.1 Initial Temperature Field

The heating system has been described in section 5.2. To produce a stepwise
mean temperature profile, only the ribbons in the upper half of the tunnel were
heated at rates ranging from 85 Q/m to 350 Q/m .

A major concern when using this technique was the possible distortion of the

velocity field by the physical presence of the heating elements or heating itself.
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Profiles of the velocity field downstream of the heating ribbons (fig. 6.11) show
that, at the position £ = 16, the effect of the presence of heating elements on
the mean velocity profile was essentially unnoticeable. At that location the upper
half of the wind-tunnel was at a uniform temperature of 1.12° K" above the ambient

temperature (T, = 1.12°K’), as shown in Fig. 6.12a.
6.2.2 Mean Temperature

Measurements of the mean temperature rise at different stations (up to 3 =
105) are presented in fig. 6.12. Fig. 6.13 is a plot of lines of constant mean
temperature (isotherms), showing that mixing ia.yer centerline of the mixing layer
was shifted towards the low velocity region and that the mixing layer penetrated
deeper in the low velocity side than in the high velocity side. A similar observation
has been made byl Karnik and Tavoularis (1989) in the case of diffusion of hLeat
from a line source in uniformly sheared, turbulent flow. The growth of the width of
the mixing layer, defined in this case as the distance between isotherms at 75% T

and 25% T, is shown in fig. 6.14. The growth rate seems to be roughly constant.
6.2.3 Temperature Fluctuations

The transverse distribution of the temperature variance, 82, is shown in fig.
6.15. All profiles exhibited a peak of temperature variance near the center of the
thermal mixing layer. However, close to the heating screen, high temperature vari-
ances were also found in the heated half of the flow, due to the mixing of the warm

wakes of the ribbons with the cool streams around them. Further downstream,
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those fluctuations died out but the central peak of the temperature variance per-
sists, due to the production of 82 by the mean temperature gradient, ‘ﬂ;. The

locations of the maximum temperature variance are plotted in fig. 6.16. Like the

center of the thermal mixing layer, temperature variance peaks also were shifted -

towards the low velocity side of the wind tunnel.
Measurements of the skewness factor of the temperature fluctuations are pre-
sented in fig. 6.17. This factor had a positive peak at the cooler half of the thermal

mixing layer and a negative peak at the warmer half of the mixing layer.

6.2.4 Temperature-Velocity Correlations.

Transverse profiles of the correlation coefficients py,9 = ;‘fi‘% and py,0 = ;“2.33,-,

are shown in fig. 6.18 and ﬁg. 6.19 respectively. p,,s was always positive and
peaked at the center of the mixing /layer, whereas Puye Was always negative and also
praked near the center of the mixing layer. Centerhne measurements of p, ¢ and
Puat> Shown in ﬁg. 6.20 and fig. 6.21 respectively, seem to reach asymptotically
constant values near 0.55 and -0.48 respectively.

Fig. 6.22 and fig. 6.23 show the transverse distributions of the triple correla-

tion coefficients 118, and W& respectwely

Wi o seems to have two peaks of opposite

192

signs growing in magnitude with downstream distances. The positive peak was lo-

cated in the low temperature side, whereas the negative peak was located in the

high temperature side of the wind tunnel. ;z;-; showed the same trend as —‘:—: but
o ¥

it was of the opposite sign.
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Chapter 7

Analysis and Discussion of Results

7.1 Similarity of the Mean Temperature Profiles

The mean temperature profiles appeared to have shapes not very different
from that of an error function. As an approximation, therefore, an error function
was fitted to the data for each profile by matching the corresponding points with
25% and 75% T,,. These fitted functions were differentiated analytically to provide
the maximum temperature gradient, %((ﬂ;:?-')!, at the center of the layer, which has been
plotted versus £ in fig. 7.1. This quantity decreased with increasing downstream
distance due to the growth of the width of the thermal mixing layer. However, if
one normalizes the transverse coordinate, z,, with the mixing layer width, w, the
maximum temperature gradient, %((-Tx-_%)- attains a nearly constant value, close to 0.5,
(fig. 7.2). Furthermore, mean temperature profiles plotted against = (fig. 7.3),
nearly collapse, implying a quasi-self-sinﬁlar development of the mean termperature

field. A closer examination of fig. 7.3, however, reveals a systematic deviation of

these profiles from the error function, especially at their two ends, which is another
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manifestation of the asymmetry of the mixing layer caused by the shear.

7.2 Turbulent Diffusivity

Direct measurements of the turbulent diffusivity, Dy, at the inflection point
of the mean temperature profiles are shown in fig. 7.4. Other estimates of this
quantity from triple correlations (IKarnik and Tavoularis, 1989) at the maximum
gradient of the temperature fluctuations (Dyy = —%) are also shown in fig. 7.4.

-

The exponential curve

Dyy = 9.31 x 10™10014%

seems to fit well to all measurements. It has been suggestedlthnt the turbulent
diffusivity can be expressed as the product of a Lagrangian characteristic velocity
and a Lagrangian characteristic length. In homogeneous flows, this quantity can
also be estimated from the product of the corresponding Eulerian scales. The
ratio u—;%ﬁ-:l—, shown in fig. 7.5, was fairly constant, except close -to the heaters.
Therefore, one may conclude that the gradient transport model models this type of
flow. Similar conclusions for the uniformly sheared turbulence have been reached by

Sreenivasan et al. (1982), Tavoularis and Corrsin (1981) and Karnik and Tavoularis
(1989). -

7.3 Comparison with the Approximate Solution

" The approximate self-similar solution, developed in section 4.2 and based on

the assumption that the mean velocity field was constant across a narrow region of
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the thermal mixing layer, is given by

T 1 -
2 = 2 [er AR - ) +1] (7D
where
a
- - ~ 9
LaTen R 2
and the scaling function is given by
47|-D0 kpx) % -
g(ml) = "U-kD(e - 1)+-'1 ("3)

The width of the mixing layer was defined as the distance separating the

isotherms of 75% T',, and 25% T,.. Therefore, one can write

(755 — B) — (1125 — B) = —;“’— = ‘;—’ (7.4)

On the other hand, equation (7.1) yields

1 e 0.48
5 [er? (VA = B)ssw) + 1] = 0.75 = (7 — B)usy = 7
and
1 i} -0.48
5 [erf(VA(n = Blasw) +1] = 0.25 = (0 — B)asy, = =
which, if substituted in equation (7.4), yields
0.98 .
w(z1) =/ —g(z1) (7.5)
or
3.98D :
w(zy) = |2 (eP™ — 1) + A] (7.6)
U.kp

where D,, kp and A are to be found from experimental data.

From the measurements of D,,, shown in fig. 7.4, D, and kp were fcur:,r{ to
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be 9.31 x 10~*m?/s and 0.55m™! respectively. The constant # in equation (7.6)
was found by matching the experimental value of w at £ = 40 to be —4.28 x
107*m?, Substituting these constants in equation (7.6), one gets an expression for

the thermal mixing layer width as
. i
w(zy) = 0.036 [12.9¢"% — 1,337 (1.7)

It is remarkable that, although based on the assumption that the mean veloc-
ity was constant across the thermal mixing layer, this solution seems to agree well
with the measurements of the width (fig. 7.6).

Substituting equation (7.7) in equation (7.2), one may get the dimensionless

coordinate, 1, as

Ty

- 0.0646 [e®0143F — 1.33]*

n +58 . (7.8)

All mean temperature profiles as well as the approximating solution (7.1)
were plotted against the assumed similarity variable  (fig. 7.6). The approximate
solution seemed to fit well the mean temperature profiles except near their two
ends. This fact was expected because the asymmetry caused by the mean shear
was not considered in the analysis; it remains to be seen whether modifying the

analysis to account for the shear will predict this asymmetry.

7.4 Comparison with Isotropic Diffusion

r
Plots of the mixing layer width for the present flow as well as for the isotropic

case (LaRue et al., 1981) are presented in fig. 7.8. This figure reveals that the

thermal mixing layer spreads faster in the present flow than in the isotropic case.
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This can be explained by the fact that the velocity and length scales, which are
responsible for scalar transport and diffusion, grow at faster rates in uniformly
sheared, turbulent flow than in the case of isotropic turbulence, where turbulence
decays.

An argument that has been dealt with over many years is that thermal mixing
layers in isotropic turbulence cannot be self-similar because the temperature and
velocity length scales do not grow at the same rate (Ma and Warhaft, 1986). Shown
in fig. 7.8, the ratio Z%f? appears to be constant confirming that, in the shear flow,
the temperature and velocity length scales grow at the same rate. This was also

observed by Karnik and Tavoularis (1989).

7.5 Temperature Fluctuations

An estimate of peak r.m.s. temperature fluctuations can be made based on

the gradient transport model. Considering that, by definition,

Fuz = ~Daoe (7.9)
3.1:2
and

Buz = pgy,utt’ (7.10)

and, as shown earlier,
,D” ~ Dy = const (7.11)

uzLny
one may deduce that
6T

fug = Pougtind = DouyLyy (7.12)

0z,
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or
& D

— = % ~ constant (7-13)

Inag,, Pow

Measurements of this ratio, shown in fig. 7.10, show its near constancy, except

close to the heaters, where 8’ is affected by the wakes of the individual ribbons.

7.6 Temperature Velocity Covariances

In the present flow, it was found that ps,, was always negative. This fact
can be explained using a simple gradient transport model and considering that the
mean temperature gradient is aﬁ::; 2 0. Because in the shear flow #u; < 0, one
would expect that u; has, on the average, a sign opposite to the sign of u;. Thus
Poy, 18 expected to have a sign opposite to the sign of py,,, i.e. positive.

For the case of triple correlations, one could consider that the transported
quantity is 6°. Therefore, the sign of 8%u; could be explained by applying the
gradient transport model as (Karnik and Tavoularis, 1989).

5

qug = —D,'_,'
T2

(7.14)

Similarly, the sign of 82, would be expected to be opposite to that of 8%ug,
as indeed i.s observed.

The non-zero values of skewness factor Sy are a consequence of asymmetry
of the probability density function of the temperature fluctuations. Positive skew-
ness implies that positive values of 6% are likely to have larger magnitudes but
less frequent occurrences than negative values of 83. In the plresent study posi-

tive skewpess factors were found in the bottom half of the thermal mixing layer,
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corresponding to a temperature field consisting of relatively small hot fluid eddies,
embedded in a cold fluid background. In the upper half of the thermal mixing layer
negative skewness factors were found, indicating that the inverse phenomenon is

taking place.
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Chapter 8

Conclusion

The main conclusions of the present thesis could be summarized as follows:
a} Large turbulent fluctuations and fast growth of scales caused by t.he shear results |
in a spread of the temperature field faster than that in unsheared turbulence.
b) The shear caused the thermal mixing layer to penetrate deeper in the low velocity
side than in the high velocity side, thus producing asymmetry of the mixing layer.
c¢) To a first approximation, the mean temperature field approached a self similar
state.

d) The gradient transport model applies well to this type of flows.
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i-} 0 uil “"2 Puyug T 6 Pue Puqt
(m/s) [ (m/s) [ (m/s) | L) ] (°K)
-3.00 | 2.68 T35 0.22 |-0.36 | 0.00 | 0.040 0.00 | 0.00
-2.50 | 3.05 0.40 0.24 |-0.40 | 0.00 | 0.035 0.00 | 0.00
-2.00 | 3.37 0.39. | 0.25 |-0.39 | 0.00 0.042 | 0.00 { -0.09
-1.50 | 3.80 0.42 0.27 |-0.42 | 0.01 | 0.087 0.23 | -0.31
-1.00 | 4.23 0.42 0.28 [-0.44 | 0.14 | 0.156 0.44 | -0.41
-0.60 | 4.61 0.44 0.28 | -0.46 | 0.28 | 0.211 0.52 | -0.45
-0.40 | 4.79 0.44 0.28 |-0.47 | 0.38 | 0.229 0.55 § -0.47
-0.20 | 4.99 0.45 0.29 |-0.49 | 0.49 | 0.247 0.58 | -0.48
0.00 5.17 0.44 0.29 |-0.50] 0.58 | 0.260 0.58 | -0.48
0.30 5.45 0.44 0.29 |-0.50|0.73 | 0.249 0.58 | -0.47
0.50 5.62 0.43 0.28 | -0.51; 0.82 { 0.232 | 0.57 -0.47
0.70 5.82 0.42 0.28 {-0.50] 0.91 | C.205 0.53 | -0.43
1.00 G.11 0.41 0.27 | -0.50{ 1.00 | 0.159 0.45 | -0.38
1.50 6.60 0.39 0.26 {-0.50|1.10 [ 0.103 0.21 | -0.21
2.00 7.09 0.36 0.25 |-0.481.10 | 0.093 | 0.06 -0.07
2.50 7.55 0.34 0.24 |-0.50|1.10 { 0.109 | 0.09 -0.07
3.00 8.01 0.33 0.23 (-0.51!1.120.1330.15 -0.10

Table A.2: Measurements at z,/M = 50

98




09 = W/'z je sjuswainswoly £V O[T,

9T ey 99 | g0z | oo | 1T°0-| 91°0 { OT'0- | TT'0| 000 | 60°T | T9'0-| S2°0 | S€°0 | L0°8 | 00°€
Se i 4 9°L ¥'€¢ | ¢1°0 | PT°0- | 61°0 | 6070~ | OT°0 | 280°0 | 60°T | 1S°0- | 92°0 | L€'0 | T9°L | 05°C
9v°¢ (Al 4 (A2 €2 | 99°- | ¢T°0 | 2T°0- | 22°0- | 02°0 | L90°0 | 80°'T | 0S°0- | 82°C | O¥°0 | €T'2 | 00°%
ve (Al 4 0L | 292 | 9%'1-| 10 | 48°0- | ¥€°'0- | 88°0 | SOT°0 | 90°T | 19°0- | 62°0 | €F°0 | €9°9 | 0S°T
A 'y 6°L 19z | 91°1-| g%°0 | 19°0- | 2v°0- | 0¢°0 | $ST°0 | ¥6°0 | T9'0-| 620 | $P°0 | ST'9 | 00°L
€'¢ 'y 9°L £°¢Z | 08°0-| €£°0 | 8¢°0- | 9%°0- | 980 | 161°0 | §8°0 | 15'0-| 0€'0 | S¥'0 | ¥8°9 | OL°O
A4 'y s 8'9Z | ¢9°0-| 02'0 | 02'0- | 8¥°0- | 850 | 21Z°0 | G0 | 0S'0- | 0€0 [ 9¥°0 | S9'S | OP°O
A (4 s $'8Z | L1°0-| 80°0 | 80°0- | 8%°0- | 89°0 | 82%°0 | 99°0 | 09'0-| T1€0 | LP°0 | L€'S | 0270
(A oy 0’8 4.2 | ¢00 | 10°0- | ¢0°0 | 6%°0- | 89°0 | T€2°0 | 990 | TS'0-| 1€0 | LP'0 | 81°S | 00°0
£¢ v 98 €62 | 92°0 | o1°0- | ¥1°0 | 6%°0- | 88'0 | 822°0 | L¥°0 | 0g°0-| 1€°0 | 8%'0 | TO'S | 0%'0-
(A4 oy S8 0’1 | L¥°0 | 6T°0- | $Z°0 | 6°0- | 95°0 | 8120 | ¥'0 | 6F°0-| T1€°0 | 8P°0 | €8V | OF°0-
(A v 88 | 6'¢¢ | 88°0 | ¥£°0- | ov°0 | 8%°0- | 28°0 | P8I0 | 82°0 | 8¥°0- | €0 | 8P°0 | &59'F | 0L°0-
Tz 6'¢ e'8 08¢ | €¥'T | 2P0~ | 0¢'0 | ¥¥°0- | 2%°0 | 0910 | 120 | 9¥'0-| 0E°0 | 8%°0 | 8TV | OO°L-
(XA (A 4 '8 6'v¢ | 00°Z | 19°0-| 69°0 | 2F°0- | €£°0{ 101°0 | 80°0 | P¥°0~| 6Z°0 | 9%'0 | 98¢ | 0S'I-
£'¢ 184 G'L 6°¢¢ | 9L°C | 08°0-{ 8L°0 | 69°0- | 000 | ¥S0'0 | €00 | 2¥°0~| 8Z0 | ¥P°0 | S¥'¢ | 00°C-
A eV '8 6'F¢ | 9€'1T | €¢°0-{ ST'0 | 00°0 | 00°0 | 920°0 | T0°0 | 6€°0-| 9T°0 | T¥'O0 | S0°¢ | 09°%-
£C 'y 08 1'1¢ | ¥%0 | 10°0-| 21°0-| 00°0 | 00°0 | 000°0 | T0°0 [ ¥€'0-| €20 | 2€0 | 14'C | 00°E-
() | (arar) | (s | () T O | Glo) ()| (s7w) [ (5/)

ay ty vag | tug 8g | By | 27 | gng | ging 8 I | = “n 'n 19 n

99



08 = py/'2 e sjuowomsuopy by OfquL
A 1518 7 '8 | 092 | 90°0 | TT°0-| L1°0 | 8T°0- | LT°0| L£0'O | PT°T | €S'0- | 620 | 1IP'0 | 92°'8 | 00°E
Ve P €8 | 292 [86°1I-| S¥'0 | 9%°0-| $T°0-| 22°0| 6€0°0 | II'T | 2S°0-| 1€0 | ¥%'0 | 82°2 | 02T
'z 158 4 98 | LLT [29°C-| TLO [ 18°0-| €2°0-|98°0| 4900 | SO'T | 2S'0-]| €80 | 8%'0 | ¥2°L | 00T
Ve L4l % ¢'6 | 1'2¢ [ PL'I-| 69°0 [ 69°0- | OV°0- | 6F°0 | PIT°0 | TO'T | 22'0~| $€'0 | 2g0 | g29 | og'1
£'C Al 4 96 | 0°2E | 00°1I-| 8€0 | €F°0- | S¥°0-| ¥2°0 | 09T°0 | 06°0 | ¢S'0-| ge0 | ¥9'0 | 229 | 00X
£C €r | 9701 | T'SE | 23°0-| S2°0 | 82°0- | LV"'0- | 99°0 | 961°0 | €8°0 | 28'0- | 9¢8°0 | 99'0 | 16'¢ | 040
e Al €6 | TF% | ¥P°0-| 61°0 | 02°0- | LP°0- | L850 | 86170 | G2'0 | 0¢'0-| 9¢0 | ¢s0 | 12'¢ | oc0
£ €V | 0L | L'8€ | ST°0-| L0°0 | 90°0- | 8¥°0- | LS°0 | 902°0 | 990 | 0g'0- | L€'0 | 8¢0 | oF'e | 0z0
(AA o'y 96 | 992 | 60°0 | 20°0-| 90°0 | L¥°0- | 98°0 | 961°0 | 28'0 | 8%'0- | 920 | 9¢'0 | ¢1'¢ | 00O
rAra A GG | @'GE | ¥2°0 | 60°0-| €T'0 | 4F'0- | ¥S°0 | 261°0 | 6%°0 | 8¥"0- | 9¢0 | 4¢0 | ¢6'F | 0z O-
(kA I'v | 701 | 1°6¢ | 29°0 | 9T°0-| TZ°0 | L¥°0- | $S°0 | 98T°0 | 8%"0 | 8%'0-| 98'0 | 180 | 92F | O%'0-
€T €V | €01 | 0°6¢ | 89°0 | 9270~ | ¥€'0 | 9¥°0- [ 19°0 | 0L1°0 | 92’0 | 9%'0- | 9¢'0 | 290 | 8%'F | 04'0-
A ¢y y T'OT | L'OV | S6°0 | 8€°0-| €p°0 | ¢v°'0- | ¢¥'0 | 6%1°0 | 82'0 | ¢¥'0-| sg0 | eg0 | v2'Fv | 00'T-
2T ¢’V | €01 | 2768 | 6T°T [ SP°0-| 0S°0 | ¥%°0- | OP'0 | 9210 | 21'0 | €7'0- | ¥¢0 | ¥¢'0 | og'e | 0g'1-
€2 'y G°6 [ e8¢ | 89°T [ 99°0-| ¥¢°0 | 6€°0- [ 920 | 480°0 | 0’0 | I¥'0-| T¢'0 | 0%0 | ¥e'e | 0O'2Z-
€T €V | S°01 | v'8¢ [ 84T | LS°0-| 8P°0 | ¢¢'0- | 11°0 | 0L0'0 | 00°0 | 0%°0- | 620 | 8F°0 | 20 | 0oz~
£'T ¢P | TOI | Vi€ | 06'T | 95°0-| Tp'0 | 82°0- | 00°0 | 2%0°0 | 000 | £€'0-| 920 | ¥%'0 | 942 | 00°¢-
(reert) | (wowe) | (woeae) | (eua) (o) | (B70) (sfw) ]| (sjw) | (sfw) [~
zzy [y vz | rug o Yy | 8y | gtng | oty b L i ‘n n 1 =

100



2k

-3.00
-2.50
-2.00
-1.50
-1.00
-0.70
-0.50
-0.20
0.00
0.20
0.50
0.70
1.c0
1.50
2.00
2.50
3.00

U,

2.72
3.04
3.41
3.74
4.16
4.38
4.55
4.86
5.04
5.22
5.49
5.64
5.97
6.46
6.99
7.51
7.96

u,
(m/s)

(m/s)

0.46
0.49
0.52
0.56
0.58
0.59
0.59
0.60
0.60
0.58
0.58
0.57
0.55
0.53
0.50
0.45
0.40

T
'UQ

0.27
0.30
0.33
0.35
0.36
0.37
0.37
0.37
0.38
0.37
0.37
0.37
0.36
0.35
0.33
0.31
0.28

Puyuz

(m/s)

-0.37
-0.37
-0.41
-0.43
-0.45
-0.46
-0.46
-0.46
-0.48
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-0.49
-0.48
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~-0.49

T 9' Pu@ Puzd

(°K) | (°K)

0.05 | 0.047 | 0.00 | ~0.02
0.08 | 0.059 | 0.00 | -0.23
0.12 |1 0.083 | 0.17 | -0.34
0.21 { 0.113 | 0.34 | -0.40
0.32 1 0.141 | 0.43 | -0.44
0.35 { 0.156 | 0.48 | -0.45
0.40 | 0.169 | 0.49 | -0.45
0.50 | 0.183 | 0.53 | -0.46
0.57 1 0.193 | 0.55 | -0.46
0.65 | 0,188 | 0.54 | -0.45
0.73 | 0.184 | 0.56 | -0.46
0.77 { 0.176 | 0.56 | -0.45
0.81 | 0.159 | 0.54 | -0.44
0.94 { 0.122 | 0.50 | -0.41
1.05 | 0.079 | 0.42 | -0.36
1.10 | 0.043 | 0.27 | -0.26
1.13 ] 0.029 | 0.16 | -0.17

Table A.5: Measurements at z,/M = 90
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zW

(m/s)
-2.50 [ 3.17 [ 0.k
-2.00 | 3.53
-1.50{ 3.87
-1.00 | 4.28
-0.70 | 4.47
-0.50 | 4.64
-0.30 | 4.87
0.00 | 5.14
0.30 | 5.43
0.50 | 5.62
0.70 | 5.81
1.00 | 6.07
1.50 | 6.58
2.00 | 7.10
2.50 | 7.62

0.56 | 0.43
0.60
0.63
0.65
0.65
0.65
0.65
0.67
0.67
0.66
0.66
0.64
0.60
0.56
0.50

(m/s)

Uy Puyuz T g Puzt

(m/s) (°K) | (°K)

0.43 | -0.42 ] 0.10 | 0.081 | 0.13
0.37 | -0.42 | 0.17 | 0.102 | 0.28
0.39 | -0.44 | 0.22 | 0.124 | 0.37
0.41 | -0.46 | 0.34 | 0.147  0.45
0.41 | -0.45| 0.40 | 0.157 | 0.47
0.42 {-0.47 | 0.46 | 0.166 | 0.50
0.42 | -0.47 1} 0.51 | 0.171 | 0.51
0.42 | -0.49 | 0.56 | 0.183 | 0.54
0.42 |(-0.48 | 0.66 | 0.182 } 0.55
0.42 | -0.49 | 0.72 | 0.178 | 0.55
0.42 | -0.49 | 0.77 | 0.177 | 0.55
0.41 | -0.50 | 0.80 | 0.158 | 0.55
0.40 | -0.51 | 0.91 ]| 0.130 | 0.52
0.38 | -0.51 | 0.99 | 0.092 | 0.49
0.35 | -0.51: 1.08 | 0.057 | 0.40

Puyd

-0.35

-0.39
-0.42
-0.46
-0.45
-0.46
-0.46
-0.47
-0.47
-0.46
-0.46
-0.46
-0.43
-0.39
-0.35

Table A.6: Measurements at z,/M = 105
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