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ABSTRACT

Turbulent flows with uniform mean velocity gradients-Pnd

transversely homogeheous statistical features have been gen-

erated in a specially designed wind tunnel. Values of mean
_shear in the range of 13.4 s-1 B4 s-1 were achieved by ad-
justing the centreline meén speed and by inserting‘%rids of
different mesh sizes. 1In-all cases, -the uniform mean shear

exhibited near downstream constancy.

A search for universal asymptotic features of uniformly
sheared turbulence using past and present data revealed that
the Reynolds stresses and the turbulent kinetic energy grew
exponentially in the cases of sufficiently strong shear with
the rate of growth depending on the strength of the shear.
In tﬁe cases pf ’rel tively weak shear these parameters
reached constant asymptotjic values. The streamwise velocity
integral length scales grew exponentially at a rate which
was nearly independent of the mean shear and different from
that of the turbulent kinetic energy. It was also noticed
that in all cases the dimensionless Reynolds stress tensor

attained quasi-universal asymptotic values.
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NOMENCLATURE

h height of test sectio% - : .

Kij ' normalized Reynolds stress tensor »°

Lin initial length scale ’ .

"Llﬁ streamwise velocity integral length scale

¢t characteristic length

M ' grid mesh size .

P turbu]eﬁt kinetic energy p}oduction rate

q2 turbulent kiﬁetic energy {= E;U; )

Ue “characteristic velocity"

u; - vetocity fluctuatiqn in 1-d5rection -

U,  streamwise mean velocity

U; centreline mean velocity

xg downstream position of grid

x;  co-ordinate axes; x; is parallel to the flow:
x, s panallel to the mean shear and xj; is| =
perpendicular to the above \'f’,;

Greek symbols

€ | turbulent kinetic energy dissipation rate

Y kinematic viscosity ' .

Suffixes

( )' root-mean-square value

(T) time averaged quantity

( )r reference value
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Chapter I
INTRODUCTION

1.1 A BRIEF REVIEW OF TURBULENCE

Historically, the first detailed observations and de-
scriptions of turbulence in the form of drawings by Leonardo
da Vinci can be tra;ed back to the 15th centur&. However the
first detailed experimenté on turbulent flow were probably
performed.by Hagen (1839), who studied the flow of water
through round tubes and observéd two distinct kinds of flow
which are ﬁow known as laminar (Hagen-Poiseuille) and turbu-
lent. Hagen (1854) late; observed that viscosity and veloci-
ty influenced the'occurrence of one or the other flow re-
gimes. Reynolds (1883) confirmed this theory by introducing
a parameter now known as the Reynolds number, which is de-
fined as the produ&t@of the characte;istic velocity and the
characteristic length divided by the kinematic viscosity of
the flow medium. In those studies, the adjective 'sinuous’
wa’s péevalent but the term 'turbulent flow' was introduced

by Lord Kelvin in 1887. ¢

Turbulent flows and their effects -are encountered in na-
ture and in almost every case where fluid motdon is in-

volved. Over the years, the study of turbulence has been
. . —r—
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directed towards understanding its occurrence and structure
and towards formulating practical procedures for its predic--

tion.

-Turbulence, arising from flow instabilities at large Rey-
nolds numbers, is a fgg;ure of fluid flow and not a property
of any particular“fi;;d. Turbulence is characterized by its
properties 6f randomness and irreqularity, Righ diffusivity,
rapid mixing and increased rates of momentum\ heat and mass
transfer and energy dissipation into heat. Turbulence is
Ereated as continuum phenomenon, governed by the basic equa-

tions of mechanics and not described by molecular motion.

Turbulence cannot maintain itself and depends on its en-
vironment to obtain energy. A common source of energy is
shear i.e. non-uniformities in the mean flow. Thus turbulent.
flows are generally shear flows. 1In the absence of shear or
other maiptainence mechanism, turbulence decays and the flow
becomes laminar again. A familiar example of such an occu-

rence is turbulence produced behind a grid placed across a

uniform stream in a wind tunnel.

Reynolds (1894) introduced statistical methods in the de-
scription of turbulence by decomposing the velocity into
mean and fluctuating parts. The statistical approach,’ neces-
sary to study turbulence because of its random nature; in-
troduced fundamental-difficultieslcaused by the non-lineari-

ty of the Navier-Stokes egquation, and is known as the



'closure problem' of -turbulence theory. This .problem could
be solved approximately with the use of semi—empirical.rela-
tions between various turbulent quantities. The study of
turbulence can be further simplified by assuming certain
symmetry relations in the statistical sense e.g. 'isotropy',
viz. 1invariance under traﬁslation , reflection and rotation
of the c¢o-ordinate axes, a concept introduced by Taylor

(1935).

Experimental techniques have provided the most reliable
results for turbulent flows. However most of the known re-
sults have been collecéed in simplified cases ‘of turbulent
flows, since they can be easily reprodgced and controlled in
the laboratory. It is evident that the more complex turbu-

lent flows contain several elements of these simplified cas-

es. Although turbulence research has been intensive in the
last thirty years, it appears that complicated technological
flows are still far from being completely understood and mo-

deled.

1,2 LITERATURE REVIEW

Traditional turbulent shear flows such as boundary lay-
ers, pipe flows, jets and wakes, were found to have shear
carrying eddies which were comparable in size to the dis-
tance between the flow boundaries and would probably be af-

fected by the boundary conditions (Corrsin, 1957). Homogene-



ous turbulence maintained by a uniford’mean shear seemed to
be the simplest conceivable shear flow in which the relation
betwveen shear stress and the mean velocity gradient coﬁld be
studied without the complicating effects of the boundafy

conditions. .

Aﬁalytical insight to the problem of éxactly homogeneous
turbulent shear flow has been provided by several investiga-
tors. Assuming that a stationary asymptotic state is possi-

' ble, Reis (1952), Burgers & Mitchner (1953) wnd Craya (1958)
have traced the symmetry properties of various velocity cor-

relations.

The idea that a transversely homogeneous shear flow could

_Bé generated in the Jlaboratory was introduced by Corrsin
(1963). Rose (1966) first generated such a flow with the use

of a plane grid with parallel rods of uniform diameter but
non-uniform spacing. His aftempt resulted in turbulent shear

flow with a fairly uniform mean shear (velocity gradient) of

about 13.7 s-1, as well as nearly homogeneous transverse

distributions of turbulent intensities and shear stress.

However the transverse profiles of the integral length sca-

ies‘were quite non-uniform, because of the non-uniform rod

spacing.

Later other technigues were used by different researchers
to produce turbulent flows with improved transverse homo-

geneity. Chaﬁpagne et al.{(1970) used a row of‘parallel



equal width channels having adjustable internal resistances
in the form of screens to genérate a sheai.of~12.$ s-1, at a
centreline mean speed of 12.2 m/s ; Rose(1970) used combina-
tions . of uniform grids and a honeycomb with a hexagonal
cross-section, uniform cell cross-sebtiqn _and non-unifeorm
cell length ; Mulhearn & Luxton (1970) used a combination of
a non-uniform grid and a uniform honeycomb which resulted in

a mean shear of 5.45 s-1, at a centreline mean speed of 4.5

m/s.

In all these investigations the Reynolds stress tensor
components and the turbulent kinetic energy were found to
decrease from their initially imposed levels to seemingly

‘constant asymptotic values . This was contradicted by the

development of the integral length scales and the Taylor.

microscales which exhibited a continuous growth. Harris et
al(1977) attributed these contradicting observations to the
insufficient development time of the flows which corresponds

to a small value of the total strain.

Iq subsequent experiments, Harriqif'Graham and Corrsiq
(1977) and later Tavouiaris & Corrsin (1981) generated nears
ly homogeneous turbulent shear flows with an imposed mean
shear which was nearly four times that of most previous ex-
periments and found that the Reynolds shear stresses and the
turbulent kinetic energy decayed initially and then grew mo-

notonically. The integral length scales also exhibited a

l"



continuous growth but the Taylor microscales appeared to
/-J
reach constant qsxﬁbtoitc values. In all reported experi-
' — .
ments the shear ‘gtress Tverrelation coefficient approached an

asymptotic value of about 0.45.

Numerical simulations of homogeneous turbulent shéar flow
made by Shaanan (1975), Rogéllo (1977) and Feiereisen et al
{(1982) have shown, among others, that the shear stress cor-
relation coefficient was approximately constaﬁt, consistent-
ly with experimental results.

[
1.3 RESEARCH OBJECTIVE

Although several experiments have Been conducted on tran-
sversely homogeneous turbulent shear flows, there has been
no syséematic study of the effects of parameters such as
mean shear,initial turbulence level and initial length sca-
le. This has prevented a conclusive study of wuniformly

sheared turbulence.

The present study aims at generating homogeneous turbu-
lent shear flows spanning sufficiently wide ranges of mean
shear, Reynolds number, dimensionless strain and length sca-
les for a quantitative parametrization of possible universal

features of uniformly sheared flow to _be attempted.

The interaction of grid and uniformly sheared turbulence-

was also be investigated. The results will be analysed



systematically in an attempt to establish experimental sta-

bility criteria for uniformly sheared flpws based on Hasen's

r

(1967) stability analysis. ”



Chapter 1II
ANALYTICAL DESCRIPTION OF THE FLOW

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

ordinate system (x,, X,, x;) have the form

av; au; 18P 82U, '

-—t ; ee? = e = — t 2.1)

5t UJ az,' 8:. + v 8:,8:,- (Momcﬂ u'“) ( )
.82‘: =0 (Continuity) (2.2)
8z; .

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

In the following analysis the Reynolds decomposition
procedure (Reynolds, 1894) has been useé ' i.é. _the instan-
taneous velocity and pressure have been deéomposed'into mean
(designated by overbars) and fluctuating (designated by low-

er case letters) components as follows

Ui =T + y (2.3)



B Y]

and
P=P+p ] - (24 -

where g =0 and p=20 by definition.

Thus,_ the mean continuity equation is

s _ ¢ (2.5)
az; '
the mean momentum eguation is
gt . 2 . u:u—' -
o0 g 00 _ _10F 2°U; 0um; (28)
at ’ 9z; p Bz; 8z;0z; 0z
L 4
the_equation for the mean Reynolds stresses is
Ui 8uH; avu; __aU;
— — pr——y — * — — 5 —
TR P R PRl )
' 1 BP gF 8“-‘";‘“& ~ (2.7)
. _;("'E +u’8:.-) 8:5 '

- d%uy
+”[“'ax.az. + Y 82,8z,



and the mean turbulent kinetic-energy }g¢* = jumg is given

by

3¢ 814 8u; 10mp Omuas
at T Os Bz 3z T 7 ona 8z,
8%q? o
2.8
. +vlaz;8n 8z;8z, (28)
: 2 v 0zy 9z;

-
where _ |

(a) the terms on the leff hand side of the eguation
represent the total rate of change of turbulent kinetic en-

‘ergy.

-On the right hand side of the eguation

(b) the first term, being usudlly positive, represents
the production of turbulent kinetic energy. .

(c) the second term represents work done due to pres-
sure fluctuation gradients

(dY the- third term symbolizes turbulent diffusion of
kinet&c energy ] . -

(e} the fourth term is work done by viscous stresses or

b

viscous dissipation -

- 10 -



(f) the final term being always hegétive‘represents

dissipation of turbulent kinetic energy by viscous forces.

\
Assume that the flow has the followxng properties

(a) it is a rectilinear mean flou parallel to the =z

e -axis imposed with a constant " m velocity gradient in thgv
- g .

‘29 -direction. Hence
g

w, W _ 2.9
U, =U; =0, E;—;—=conatant, E—;;-—O (2.9)

(b} all turbulence moments are transversely hqmogehe-

ous, i.e.

8r—j ar—j =0 (2.10)

(¢} the flow is stationary, i.e.

—

v 8(_; = 0 - _ (2.11)

The consequences of the above assumptions are

(1)the mean continuity eguation reduces to

s _, ’ (212)
0:; .

-4 -
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implying that U, is a function of z; only. .
(2) the mean momentum eqguation (2.6) Decomes

8P _  dumg
8—3.'— P 831

-

o

b//’—‘E\_TE) the gquations for the Reynolds ktresses (2.7)
simplified to ' |

-

KR\ U d%;’; - i_U_]_ + 1}!3“1 - 3u1 3“1
. Vs o B g, Y, 8zy Oz

:

G Udﬁg_;lﬁm Buz Ju;

i} _‘T-.T"'F_h—z“,ﬁ'iaz.
— /I !
.// - . *- 1
. e/ |
' -/ g, A% 1906 | Tndu
' / ! Tdz, p 0z3 0z, 8z,
\v _

T g s g U 1 e By Bus B
! dz; ' ’ dzz P 8:3 3:1 8:. 83;

(2.13)

are

(2.14)

* (2.15)

(2.16)

(2.17)

(4) the simplified form of the turbulent kinetic energy

equation is

d(iqz) wt- 3"-‘_&3'
Ui gy = "% g, Y5, bs

L]

- 12 -

(2.18)



In equsiion (2.18) the first term"represents traﬁsport
" term (T), the second@ term production (P) and the third term

viscous dissipation (€ ) of kinetic energy.

Assuming that in the-asymptotic state the dimensionless

Reynolds stress tensor K“ is constant ’

2

’ K.‘,‘ = —1 = camtan{ (2'19)

3|

and the ratio P:€¢ is also constant, eguation (2.18) can be

further simplifieﬁ (Tavbularis, 1983) as

-

%r —0 . (2.20)

—Kip dU, _ _¢ (2.21)

Equation (2.20) has the solution

g(z1) = g, st (2.22)

-13_



where q} is the turbulent kinetic energy at a reference lo-
. ¥
cation x, = x_.

 J

In flows where production dominates dissipation
("strongly sheared” flows) 1 is positive and the turbulent

kinetic energy q*grows exponentially downstream.

Harris et al (1970} and Tavouléris qu Corrsin (1980)

»

have observed that

Il

= constant (2.23)

q’ v
(d0,/ dz;.)’ X L,

where L, , the streamwise velocity integral length scale, is

defined as the integral of the autocorrelation coefficient.

L= [ Ruco ae

Ry = ' U, (&) R (E+YD
! . =

)

This observation along with equation (2.22) imply that the
streamwise velocity integral length scale L, should also
grow exponentially and at the same rate as the turbulent ki-

netic energy.Hence

. 2.24
Lu(n) = Ly etV (2.24)

- 14 N L



vhere L, is the streamwise velocity integral 1length scale

-

at some reference position x, = x, .

-~

Hasen (1967) predicts the existence of a stability.barri-
‘er A(R) for the initial amplitude of turbulent fluctuations
in a ﬁniformly sheared turbulent flow; fluctuations decay or‘
grow depending on whether the initial amplitude is less than
or greater than the stability barrier, which is bound by-ghe

inequalities ~

L35 /axs) Kaf R € A(R) < La( 30 [ox) K Je

where R is the Reynolds number(aUJMC)thénd K, & K, are

proper undeflned constants. As R-+®, gbviously A{(R) +0.

4

_15_



Chapter II1I
FLOW FACILITIES

3.1 THE WIND TUNNEL *

-

The wind tunnel (Fiqure 1) used in the present experi-
ments was designed and constructed at the University of Ot-
tawa. The air flow was produced by two centrifugal blowers
in parallel (Canadian Blower and Forge) rated at 6000 cfm,
1711 rpm, 4.15 bhp. The blowers were driven by a 5 hp, 1750
rpm D.C. motor (Baldor‘Electric Co.)hand the motor speed was
controlled by a Torgmatic solid state variable drive. An
earlier facility (Shaw and Lee, 1976) using the same blowers
also included heafing and cooling systems, but these were

now disconnecte /
1

The air intake was filtered by a\set of pleated, non-wov-
én cotton fabric filters (Farr 30/30). The air streams from
the two blower outlets passed through aluminium honeycombs
(cell width 0.79 cm, length 1.27 cm) and merged into a rec-
tangular duct (45.7 cm x 122 cm) equipped with a curved
‘transition section to facilitate smooth convergence of the
two streams. The duct led to a rectangular diffuser (wall
angles 7.12 and 3.84 ), a settling chamber (213.4 cm x 183

cm x 122 cm) and

_16_
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a 16:1 contraction. Four wire screens (with solidity of
about 0.365 and mesh sizes 0.64, 0.64, 0.32 and 0.16 cm re-
spectively) were streched across the diffuser and the set-
tling chamber in order to reduce the possibility of sepera-
tion and to decrease the levels of mean speed inhomogeneit§
and of free stream turbulence. The relatively large contrac-
tion ratio further reduced the level of free stream velocity

fluctuations,

3.2 THE TEST SECTION AND TRAVERSING MECHANISM

The final section was nominally 30.5 cm high, 45.7 cm
wide and 518 cm long. The shear generator took up the first
15.2 cm,  while the next 61 cm were occupied by the flow se-

parator. The remaining length of about 441.8 cm was used as

the test section.

The test section had its _vertical walls made of plexi-
glass and was made in two parts. The first part was 137.2 cm
long with fixed walls and had four slots for inserting grids-
or other flow obstructions (see Figure 2). The vertical
walls of the remaining test section were moveable fo account

for boundary layer growth along the walls,

The bottom wall of the entire test section had a centre-
line slot to accomodate the belt which moved the traversing
mechanism longithdinally. It was also provided with five

transverse slots to allow.transverse motion of the probe.

_18_



sptab 103 S30TS

¥

Jo3eaedas mo1}

rd

1o03eaauab aeays 'F

|13

uot3ioeajuod T:971

-19 -

n & al

AN
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The tréversing mechanism (Figures 3 & 4) consisted of a
rectangular aluminium carriage (58.42 cm x 25.4 cm) mountéd
on four axial pillow blocks (Thomson SPB-16-OPN) sliding
aiong two parallel shafts spanning the entire test section.
A similar but smaller carriage {mounted on Thomson SPB-8-OPN
pillow blocks) p;bvided transverse motion with a total span
of about 30 cm. Finally, a leéd screw mechanism (UNISLIDE
A2515 BE) with scale and vernier permitted the.verticgl po-
-gitioning of the probes for a total traverse of about 30 cm

and a position resclution of about 0,02 mm,

The probes were mounted through a probe holder on a hol-
low shaft which protruded inside the wind tunnel through a
gap in the driving belt. The electrical leads were passed
through the shaft to minimize flow induced vibrations and
flow obstruction.

3.3 SHEAR GENERATOR AND FLOW SEPARATOR

The shear generator, shown in Figure 5, could be inserted
in a slot immediately after the contraction. Its main pur-
pose was to generate the shear necessary for the production
of turbulence. The shear generator frame had dimensions
33.0 cm x 50.8 cm x 15.2 c¢cm and was provided with 12 slots
(0.635 cm x 0,317 cm) accomodating twelve 0.317 cm thick,
15.2 ¢m x 49.5 cm aluminium plates thus parting the flow

into 12 seperate channels.

b 20 -



Figure 3. Photographs of two views of the traversing
mechani sm
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Figure'4. (a) photograph of the traversing mechanism as
seen from below the wimd tunnel. ' )

(b) photograph showing insertion of grid into a
slot provided in the test section. '

-22 -
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A system of blocks mounted on the plates enabled the
stretching.of up to four wire screens across eacﬁ~channél.
The shear generator could bhe replaced by an empty wooden
frame whenever an undisturbed flow was desired in the test

section. *

The flow separator (Fiqure 6,) consisted of a set of 12

péréllel aluminium plates, 61.0 cm long, that were aligned

- - . .
with those in the shear generator. Its function was to pro-

duce transverse uniformity of the turbulent scales. An empty
section was attached to the flow separator and the eﬁtire
assembly was mounted on axial pillow blocks sliding along
shafts for convenient insertion of the desired section in

the wind tunnel.

3.4 SHEAR GENERATION

L §

i
Generation of the uniform mean shear involved proper se-

lection of screen combinations to be stretched across each
channel of the shear generator. An attémpt was made to gen-
erate a maximum possible shear within the wind tunnel limi-
tations.

o
Velocities necessary in each of the 12 channels to ac-

hieve a uniform shear were calculated by assuming a shear of
100 s-1 at a centreline mean speed of 13 m/s. The available
scregens were tested individually and in combinations in the

central channel of the shear generator to attain each pre-

-t
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4
determined channel velocity (see Table 1).These combinations
-of screens vere stretched across the different channéls and
vere tound to p;ovi&e a reasonable approximation to the de-
sired velocity distribution. Furthermore,” EZFEETh screens
were finely adjusted‘by removing a number of strands, which

improved the uniformity of the mean shear. The final value

obtained was 84 s-1 at a centreline mean speed of 13 m/s.

The screen combinations used in the present experiments
as well as in similar previous investigations are shown in

Table 2.

3.5 GRIDS

The gr@ds used in the ensuing experiments (Figure 7) con-
sisted of straight parallel cylindrical rods mounted on
frames which could be inserted‘into any of the four slots
across the test of the wind tunnel such that the rod axes
were perpendicular to the flow and the direction of the
shear. Three grids were constructed using rods with diame-
ters 0.48 cm, 0.96 cm, 1.92 cm and distances between the
axes of successive rods 1.25 cm, 2.54 cm and 5.08 en respec-
tively. Thus, in all cases the grid solidity ({ratio of
blocked area to the total area) wa6 about 0.36. Such grids
have been found {(for instance, see review by Corrsin 1963)
to generate stable neafly isotropic turbulence, when placed

across a uniform stream,
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Figure 7. Photographs of the two grids used in the present
study. (a) M5.08 cm grid (b) MZ.S? cm grid
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Chapter IV

INSTRUMENTATION AND MEASUREMENT PROCEDURES

4.1 A BRIEF REVIEW OF TURBULENCE MEASURING TECHNIQUES

The following discussion highlights the main techniques

which have been developed for turbulent flow measurement.

4.1.1 Flow Visualization

These techniques make the fluid flow visible thus provid-
ing an insight to the physical development and structure of
the flow. The most common flow visualization techniques are
the following

-

C4.1.1.1 Addition of foreign particles

Flow elements are marked with the addition of foreign
particles such as, smoke, dyes or gas bubbles. Significant
differences between particle and surrounding fluid velocity
might occur for relatively large particles or for particles

with density substantially different from that of the fluid.

.-30...



4.1.]1.2 Density difference methods

These methods are used in compressible flow and utilize
the fact that the refractive index is a function of the den-
sity of the flowing medium. The shadowgraph method, the
Schlieren technique and interferometry are based gn this
principle. A description of flow visualization techniques

can be found in the book by Merzkirch (1974).

4.1.2 Measurement of Turbulent Velocity

4.1.2.1 Hot-wire anemometry

The roots of hot wire anemometry probablfroriginate with
the work of Oberbeck (1895) and the experiments of Shakes-
pear (1902), the latter being reported by L.V.King (1915).
It was King (1914-1916) who established a relation for the
response of heated wires. This technigue is a powerful meth-

od for measuring fluctuating velocity as well as tempera-

.ture, density and concentration fluctuations {see Marton

1981).

The hot wire sensors consist of thin metallic wires, usu-
ally tuﬁgéten, piétinum and their alloys, mounted onto thin
parallel prongs. The wire is then heated by an electric cur-
rent; when placed in a flow, the flow velocity 'U' normal to
the wire can be related to the heat loss from the wire by

the semi-empirical modified King's law
__ji‘_'= A+ su"

_31_



where '6-=Izhw=_ VI is the r.ate of heat transfer, VvV is .the
voltage across the wire, R, is the resistance of the wire, I
is the current, T, is the absolute temperature of the wire,
Ty is the absolute temperature of - the surrounding fluid, and

A, B, n, are empi;icai constants.

Hot-film sensors have a responée similar to that of hot
ri;es. They consist of a thin platinum £ilm deposited on a
quartz support, usually in the shape of a cylinder, wedge or
cone. The film is insulated ;ith a thin quartz coating angd,

thus, can be operated in electrically conductive fluids.

Two modes of operation are used for wire heating
(a) Constant current mode

{b) Constant temperature mode

Congtant temperature mode is normally used because it re-
‘sults in a better frequency response, a lower chance of wire
burn-out and allows direct temperature corrections. Constant
current mode is used whenever signal to noise ratio is ex-

tremely low.

Hot wires have been wused in single or multiple-sensor
configurations such as X-wire probes, derivative probes, and
vorticity probes, Detailed discussion on hot wirelanemome-
try has been documented in a number of books and artiéles
e.g. those by Corrsin (1963), Comte-Bellot (1976), Reynolds
(1974) and Perry (1982),

_32_



4.1.2.2 Laser Doppler velocimetry .

A laser-Doppler velocimeter is an instrumentation system
that measures velocity through the Doppler frequency shift
of laser beam light scattered by moving particles. The Dop-
pler frequency shift exhibits a linear relationship with the
velocity of the moving particle. This technique does not
place any restrictions on the composition of the flow fluid
and it does not disturb the flow. For a review, seé books by

Durst (1981) and Reithmuller (1977).

4,2 PRESSURE INSTRUMENTATION

The pressure transducer (MKS Baratron, type 220B) used in
the preéent experiments had a 1333.22 Pa differential pres-
sure range, corresponding to a 10 volt D.C. output. Its
operation was based on the change of capacitance caused by
deflection of a taut metal diaphragm propdrtional to the
difference of pressure applied on its two sides. The trans-
ducer was calibrated versus a MERIAM manometer (Figure 8)
which could read a minimum pressure difgerence of 2.49 Pa.,
using a Pitot-static tube as a sensor, The calibration curve

has shown in Figure 10.

*



Figure 8. Photograph - otz.the
calibrate the pressure transducer.

_3‘—

MERIAM manometer

used

A

to



Figure 9. Photographs show two views of the wind tunnel and
the instruments.
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4.3 'HOT-WIRE INSTRUMENTATION

\

Hot-wire anemometry was used extensively throughout the
present study. The streamwise component of turbulent veloci-
ty was measured by a single wire whereas a cross-wire probe
vas used to measure the transverse components and the shear
stress. Commercial (DISA, model 55P11) as well as home made
probes have been available for this study. The procedures
for manufacturing home-made probes are described'in Appendix
A, |

A TSI 1551 2D Monitor and Power Supply was_used to power
twa TSI 1050 constantdtemperature anemometer modules. The 3
1/2 digit panel meter of the monitor had a rapge of 0 - 20
volts with an accuracy of £0.05% of F.S. reading =1l digit.
The anemometer was used in the constant temperature mode;.
constant current mode was also available for -temperature
measurements. Tﬁe anemometer outputs were linearized with
two TSI 1052 linearizers by approximating the calibration

curve with a fourth degree polynomial of the form

4
U= A% AE +AE+ AJEY AE 4-1)

vhere U 1is the flow velocity and E is the output voltage.
The coefficients were- determined as suggested by the TSI ma-
nual. The linearizer was equipped with an amplitude control

switch that could attenuate the output by a factor of 10.

-37_



4.4 HOT-WIRE CALIBRATION

The anemometer output voltage was calibrated versus the flow
velocity measured by a Pitot tube in a smooth flow in the
wind tunnel. The wire was placed near the entrance to the
test section and the velocity at the end of the contraction

was used as a reference.

Initially the resistance of the unheated wire was deter-
mined and the operating resistance was set using an overheat
ratio of 1.7. The wire frequency response was optimized us-
ing the standard square wave test und;r typical flow condi-
tions. The linearizer was set up by determining and setting
the coefficients of the fourth order polynomial, equation

{(4.1). A typical calibration curve of the linearized output

is shown in Figure 11.

Each of the cross wires was individually calibrated as
described earlier. The linearizer settings were selected
such that the slopes of their linearized curves matched.
Thus, the streamwige and transverse velocity fluctuations
could be obtained 6; direct addition and subtraction of the
two wire signals (for details, see Appendix B), assuming
that both wires formed 45 angles with the flow direction,
Pilot measurements of the turbulent intensity ratio and the
shear stress correlation coefficient in grid turbulence and
in uniformly sheared flow using the present probes were

close to the ones reported in the literature. Typical li-

_38._



nearized cross wire calibration curves are shown  in Figure
- 12. P s
. .

4.5 ANALOG DATA PROCESSING

Two TSI 1076 rms voltmeters were used to analyse the
fluctuating signals e#éh providing thg average, mean squared
and true root mean square value of the input signal. Each
voltmeter had six ranges between 1 mv rms to 100 v rms full
scale, with an accuracy of 1% of F.S. within a frequency
range of 0:5 hz to 100 khz and 10% of F.S. within the range
100 khz to 500 khz. The integrating gime could be adjusted
to values of 0.1, 1.0, 10.0 or 100.0 seconds. Two D.C.
ranges 10 v and 100 v, were available with an accuracy +

;
0.05% of full scale.

The signals from the cross wire were analysed by a DISA
typ€/55D70 correlator to supply the mean square value of
each signal and the sum and the difference of the two 5ig-
nals. The gain function for each signal was adjusted to uni-

ty.

A Tektronix model 5113 dual beam storage oscilloscope was
used to observe the anemometer output signals. The oscillo-
scope was equipped.with two differential amplifiers (Tektro-
nix 5A22N) with gains ranging from 0.1 to 50000 and built in
high pass and low pass filters Qi;h a 3db drop off ﬁer oc-

tave. The amplified, conditioned signals were availablé’

_39..



, " | 6

8 103 aA3nD UOIjRIqITED peziaeaulrr T(edtdiy

~

*aqoad aita joy atburs

*IT 2@anbtg

R
" . Gl S
e_n ;i r_n—N o—N | o__. |
s/w) J120(0A MO}
- > o
o\ |
o”
v
© . s
[
\ 2
°
‘ 3
m
v . m

.

-0l

[P '



“P11M

. ‘ S5010 ® 10] 9AIND UOT3IRAQITED PIziieaur Tedrdir °zt aanbtg

ot

A

0. .
sjwip Kypojen uvew

=
]
]
- I
e I®
®
)
=
L sl
]
s
~01
m
<




at the rear ﬁanel of the oscilloscope. Results of the cali-
bration of the amplifier are shown in table 3. The time base
of the oscilloscope (Tektronix 5B10N) covered the range 1
us/div to 5 s/dfv and had 21 steps in a 1-2-5 seguence.

X%

4.6 DIGITAL DATA ACQUISITION AND PROCESSING

~—

Signal disqretization ;nd procéssing was done using a- LSI
11/23 micro;compute; with a 64K byte memory and equipped
with an ADAC model 1601GPT programmable 16 bit general pur-
pose timer and a 12 bit analog to dig{tal converter (ADAC

model 1012) with a 16 channel multiplexer.

The fﬁput voltage range 6f the analog to digital convert-
er was prograhmable and usually set between -1.0 and +1.0
volt. Signals outside this range- had to be attenuatéd or
offset while low level signals had to be amplified in order
to utilize the full capacit§f.of the system. The digital
output ranged between 0 and 4b96 which ensured a digitizing

accuracy of about 0.5 mv.

The linear relationship between input and output values
is given by
X = 2048 Y for. 0 <X <1
and X =(Y - 4096)/2048 for -1 <X <0

where X is the input in volts and Y is the digital output.
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amplifier . amplifier .
setting gain setting gam
V/div V/div
5 01 s5x10° | 100
-3
2 0-25 2x10 250
1 0-5 1x10°3 500
0-5 - 1 0-5x103 | 1000
0-2 25 02x10° | 2500
0-1 5 04x10° | 5000
-3 =8
50x10 10 50x10 10000
-3 -8
20% 10 25 20x 10 25000
-3 =B
10x10 50 10x10 50000

-43-

- Table 3, Calibration of amplifer gain.
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The minimum conversion time was 40 us‘with direct memory
access which introduced a delay between consecutive samples,
thus producing appreciable errors in cross wire measure-
ments. AS a femedy one of the signals was delayed by passing
through a home-made analog delay line. The delay circuit
shown in Figure 13, featuyed D.C or A.C. coupling and was
isolated from the input and the output signals by two vol-
tage -followers. Its frequency response, as shown in Figure

14, was good to about 5 KHz (-3db point). Figure 15 shows

that the correlation factor between two consecutive A/D con-

verter channels, one with direct signal input and the other
' with the same inpﬁt delayea, had negligible decrease for in-
put frequencies below 10 KHz. However, the input signal am-
plitude had to be kept below 0.3 V to avoid n;n-linear dis-

tortion by the delay circuit.

Other peripheral units were RX02 diskettes, Winchester
drive, LASO printer and a VvT100 CRT diéplay monitor. Sam-
pling was accomplished using assembly language software and

all computations were performed in FORTRAN language.
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Chapter V
MEASUREMENTS

5.1 FPREE STREAM MEASUREMENTS

A number of test measurements were made in the empty test
section in order to test the wind tunnel performance and to
adjust the moyeable walls of the test section for boundary
layer blockage compensation, such that the centreline

streamwise mean velocity remained constant.

Measurements at reference speeds of 10 m/s, 17-m/s and'23
m/s, shown in Figufe 16, demonstrate the near constancy of
the centreline mean velocity except in the initial part of
the test section that had fixed walls and where, 1in the low
speed range, the mean speed was 0-2% lower than its asymp-

totic reference value.

Typical transverse profiles of the centerplane mean vel-
ocity, shown in Figure 17, confirm that the mean velocity
profile was uniform away from the walls in both the vertical

and the spanwise direction.
. N . ’

Figures 18 and 19 show that the free stream turbulent in-
tensity remained below 0.4% for all examined speeds and mea-

suring positions. Such levels are comparable to or better

_48_
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than those encountered in wind tunnels used for most earlier

turbulent flow investigations.
. . _
In conclusion the flow facility was found capable of gen-

erating a stable uniform mean frée stream with an acceptably

lov free stream turbulence level.

5.2 MEAN SHEAR MEASUREMENTS

These measurements were taken with the shear generatop
and with none, one or two grids inserted in the flow. Fig-
.ures 20, 21 and 22, show the mean velécity profiles in the
vertical centreplane of the tunnel (X /h = 0) and for three
centreline speeds; U = 6.0, 9.0 and 13.0 m/s, at four down-
stream locations, X /h = 2,0, 7.5, 10.0 and 13;0, with only
the shear generator inserted in the - flow. The slope of the
velocity profiles was constant in all cases and was pre-
served downstream. In all cases boundary effects were negli-
gible in the tunnel core, i.e. for 0.2 < X /h < 0.8. The
values of the mean shear attained for centreline mean veloc-
ities 6.0, 9.0 and 13.0 m/s vere respectively 43.5, 60.0 and
84.0 s-1, corresponding to shear parameters (h/U )@u /dx
equal to 2.0, 2.0 and 2.2,

Introduction of a specific grid into the flow was found
to reduce the magnitude of the incoming mean shear by a
constant factor which was nearly independent of the grid po-
sition (Figure 23) and which was 1.9 for the M1.27 cm grid,
2.27for the M2.54 cm g:id'(Figure 25) and 3.0 for the
' T - 83 -
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M5.08 cm grid (Figure 26). Thus, a variety of mean shear
values could be generated for different combinations of flow

obstructions and flow speeds as shown in Table 4.
£

5.3 DEGREE OF TRANSVERSE HOMOGENEITY OF TURBULENT~VELOCIfY

Aithough the flow was designed to produce transversely homo-

geneous velocity fluctuation statistics, measurable inhomo-
* b
geneities were observed, for example in the transverse pro-

file of the rms streamwise velocity. The largest degree of .

inhomogeneity appeared in the shear flow without grids (Fig-

ures 27, 2B and 29), which also had the largest shear va-
lues. As expected, introduction of the grids reduced the
transverse inhomogeneity of the flow; the efféct was less
pronounced for the M1.27 cm grid (Figure 30) and the M2.54
cm grid (Figure 31) than for the M5.08 cm grid (Figure 32).
This reduction of inhomogeneity was also noticed when combi-
nations of grids were used (Figure 30). Grids and sqneehs

have been used extensively in earlier investigations . the
purpose of reducing mean velocity inhomogeneities anAL:ZESh-

lence levels. The overall pattern of inhomogeneities did not

appear systematic and was probably due to local mean S£E§§/r'

non- uniformities, imperfections of the apparatus. and re-
maining effects’ of initial conditions. The inhomogeneity
levels were comparable to those in earlier investigations

for similar values of the mean shear and are N

R N T T

R
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_ shear )
Inserted grid(s) centreline reduction shear
C . : speed factor

Rod tocation .ﬁ-c (dﬁlldXZ)
spacing X1 /h -1

cm m/s S

- - 6 - 43.5

- - 2 - 0

- - 13 - 84
M2.54 4.5 6 2.30 18.9
M2.54 4.5 9 2.17 27.17
M2.54 4.5 13 z2.17 38.8
M5.08. 1.04 6 3.06 14.2
M5 .08 1.04 9 2.90 20.8
M5.08 1.04 13 2.90 29.3
M2.54 .04 13 2.17 38.8
M1.27 4.5 9 1.90 31.2
M5.08 1.04 o
M2.54 4.5 13 =5.00 14
M2.54 1.04
M5.08 4.5 13 6.05 $3.8
M5.08 1.04 6 6.83 6.37
M2.54 4.5
M5.08 1.04 _
_H2.54‘. 2.08 13 9.9 8.48
M .27 4.5

TABLE 4.
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S

sufficiently low for the purpose of the present investiga-

- on-

.

N : ‘ -

5.4 DOWNSTREAM DEVELOPHENT OF REYNOLDS STRESSES AND THE
Uﬁﬁﬁ K.

| FoIloving the analysis of Chapter 2, the ~“components of

the Reynolds stress tensor §u; and the turbulent kinetic
F S

~energy q were plotted versus theé downstream distance on

semi-logarithmic co-ordinates in order to reveal possible
exponential lawg. .Indeed, in all cases, the data was compa-
tible with such‘ipws.

LY

In the cases of ehe shear generator alone (Figures 33, 34
and 35), and wlth the M1.27 (Figure 36) and M2.54 cm grid
{(Figures 37, 38 and 39) ineertéd.individuallji exponential
growth with the same exponent for all Reynolde stresses was
ouseryed in the asymptotic state. However, in the case of
the M5.08 cm grid (Figures 40, 41 and 42) and for the two-
grid combinations (Figure 36) the,Reynolds stresses. atta1ned

asymptotically constant values. ‘

The presence of a grid 1n1t1a11y sqgtégsed the turbulence

:‘level but the grid effect decayed.downstream and, , suffi-

ciently far behind the grid, ‘mean shear was pres ly the
only source of turbulence production. Another obse¢rvation'
wvas that in all cases away from flow obstructzons. the Rey-
'nolds stresses were ordered as ;, > ua > “z > zylus,as was

aiso the case in earlier 1nvestigations..
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5.5 STREAMWISE VELOCITY INTEGRAL LENGTH SCALES
- =

Integral time scales of the streamwise velocity fluctua-

tions were measured by integrating the corresponding auto-

correlation function-to its first zero. The product:of this
time scale and the centreline mean velocity resulted in the
requ1red 1ength scale (Taylor's approximation) under the as-
sumption that the turbulent Eluctuatlons were substantxalay
lower than the mean velocity ., 6 An exaugnatxon of the turbu-
lent intensities justifies this assumption. The validity of
this assumption -in other similar flows has been tested by

Champagne et al(1970) and Tavoularis'& corrsin {(1980)

An approximately exponential growth was demonstrated by
all measurements. For any given shear generating configura-
tion the values and the growth rate of the length scales at

each measur1ng station appeared to be nearly 1ndependent of

the centrel1ne mean speed and thus, the shear magnitude

(Figure 43). Behind the grids the %gngth scales appear to

be adjusted to a value proportional to the spacing between

the grid rods but still exhibited ihdependence of shear and

~ a nearly exponential grbwth as shown in Pigures -44 and 45.

The exponential law coefficients were 0-19 (Figure 43),0-15

(Pigure 44) and D:IQ(Figufe 45), substantia-lly different from

the corresponding coefficients for the turbulent kinetic en-

ergy development, which uereisln.oaznand 0 . The results

reported in this thesis are preliminary. Detailed ﬁz;sure-
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Chapter Vr
ANALYSIS AND DISCUSSION-OF RESULTS

The present and past experiments span sufficiently wide
.ranges of mean shear, Reynolds number, dimensionless strain.
and length scales to attempt a guantitative parametrization

of possible universal features of uniformly sheared flow.

"6.1  EFFECT OF GRIDS ON THE MEAN SHEAR

For a grid pléced normal to the stream it bas been shown
analytically by Elder (1958) that, a linear relationship ex-
ists between the wupstream and the downstream velocity dis-
tribution. The parameters influencing this relation are sol-
idity and the rod-spacing. 1f theugolidity were to be
constant, - the rod séacing alone would be the influential
parameter. Henée, for a_given grid, the rod spacing being
constant, it would be éxpected that the grid would reduce
the upstream velocity profile by a constant value, In the
present experimental study the solidify'is kept -constant and
insertion of a grid reduced the incomiﬁg shear by a roughly

‘constant value depending on the rod spacing.

_85_



6.2 DIMENSIONLESS PARAMETRI ZATION

-

Various parameters have been used in the past (e.g. Town-
send 1976) to characterize the self-similar asymptotic de-
velopment of a turbulené flow by which proper dimensionless
ratios attain universal profiles when plotted versus co-or-
dinates normalized with the local scalés. In the present
case of uniformly she;red flow, transverse homogeneity pre-
. cludes the use of the transverse co-ordinate as a parameter,
so that transverse profiles of 211 dimensionless ratios must

be roughly uniform and the streamwise distance remains as

the only independent co-ordinate.

A criterion for the degree of self ‘similarity is the
do;nstream constancy of the dimensionless Reynolds stresses
KQ , introduced in Chapter 2. Figures 46 -and i; present K
for the experiments of Rose;_Champaqne et al Mulhearn & Lux-
ton and Tavoularis & Qbrrsin and Figures 48 to 56 for the
present experimenis. In all cases, there exists an apprecia-
ble region near the end of the test section_ where all mea-
sured combonenﬁs of K. appear constant and are ordered as

Ky 2 Ka;> Ky2 > Kia

Evidently,‘ uniform shear organizes the flow structure.in
this fa;hign and will inadverently produce a self-similar
structure given sufficient time to act on the flow. These
facts are supported by the tendency of all flows to return

to the above structure even after strong deviation produced

e
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by tﬁe initial shear generator. or by the grids, as ig de-

monstrated in the above Figures,

The exact asymptotic values of Kg'components_ present a

variation as shown in Table 5, which however does not appear
to depend systematically on the mean shear and couid result
partially from - measurement errors and pértially from traé;
sverse .inhomogeneity aﬁé béundary " effects. For practical
purposes éne can summarize all results by the averége va-
lues. (second numBers correspond 'to standard.deviatiqn of

>
‘all available experimental values)

0-54+0038 -0.16*0-008 0
Kii = -016£ 0008 0.21t 0018 0 -
0 0 0-26* 0-025
- . ¥
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6.3 . STABILITY CRITERIA

Depending on the value of the ratio.P/s three possibili-
ties exist for the downstreém evolution of the turbulent ki-
netic energf qf': an exponential growth for P > & , a cons-
tant value for P = & , and an exponential dé;;y for P < €,
These three cases correspond to positive, zero, and negative
values of the inverse characteristic length scale 1/f. The
first two cases have Been observed experimentaily; the third
case probably corresponds to extremely weakly sheared turbu-
lence (see also computations of on weakly sheared turbulence

by Deissler, 1961 and Fox, 1964).

By analogy to Hasen's (1967) prediction, '~ an attempt has
beén made to correlate the value of 1/¢ with a characteris-
tic velocity{('/l-'.n)(dﬁn/dx,)}y’\’%(’sFigure“ 57) and predict a "barri-
er velocity" which would categorize the .growth, constancy
and decay of the turbulent kinetic energy. From this figure
it appears that in flows with 3-S< u_ <5 g*reaches a cons-
tant asymptotic state while in flows with ﬁc >5 _, q* grows
exponentially. It is probable that for sufficiently small
values of u_., (certainly smaller than 35as Figure. shéus)'qz
may decay exponentiallyx This aspect has yet to be investi-

gated.

Correlation of 1/¢ with (1/0c)(a0, /dx, )}, an inverse
length scale, (Figure 58) also distingushes two groups of

experimental results : those with exponential growth and

_100"> ' %



those with approximate constancy of turbulent kinetic ener-

9y. .
Attempts to correlate 1/{ with the mean shear and the to-

tal strain were unsuccessful as illustrated in Figures 59,

62 and 61.

6.4 TABULATION OF RESULTS

Measurements and results of past and present experiments
are summarized in Table 4. Reference values of the turbulent
kinetic energy in the asymptotic state are also listed to
facilitate the calculation of the Reynolds stresses and the
turbulent kinetic energy at any downstream position 1in the

asymptotic state using the exponential law.
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Chapter VII
CONCLUSIONS

The present study has investigated universal features and
brouéht intg focus some interes(izg observations of uniform-
ly sheared turbulence., Briefly, the following could be con- -
cluded ”

1. Introduction of a gr}d into a uniformly sheared
,%urbulent flow reduced the magnitude of the incoming shear
by a constant value depending”on the rod spacing of the
gridg. This value was independent of the position of inser-
tion of the grid.

2. - The -turbulent kinetic energy and the Reynolds
stress tensor componénts either .gréw exponentially or
reached an asymptotic constant vgiue depending on wvhether
the value of the characteristic velocity (uc) was greater or
smaller than a barrier velocity {(ug};  the characteristic
velocity (Hasen, 1966)  was a function of the initial length
scale and the-mean shear.

3. The dimensionless Reynolds stress tensor was ap-

pioximately constant in the asymptotic .state and had quasi -

universal values for all investigations of uniformly sheared

-

turbulent shear flows. -
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‘ 4. The streamwise velocity integral length scales
grew nearly exponenti%}ly but not at the same rate as the

' \
turbulent kinetic energy. Interestingly however, tie length

scale growth rate for a given geometry was independent of

L™

the value of the mean shear. ' -
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Appendix A
PROCEDURE FOR HOT-WIRE MANUFACTURING

A.l APPARATUS AND MATERIALS

30 percent concentration nitric acid,{ flexible tubing,
glass tube with regulating valv;‘~and platinum electrode,
gléss nozzles of diameters 0.5 mm amd 1 mm, 6V battery, con-
necting wires, vise, -microsqope, stand, stainless tubes
(30.5 cm long), steel broaches (0.0? cm diameter tapered to
a sharp pbintL, tjb- and four-péy thermdcouble‘ceramic tubes
(30.5 cm long), epoxy, Wollaston wire (5 um diameter, 10%
rhodium-platinum core and 1.2 um diameter, - platinum éofe,

both silver coated).

A.2 PROBE BODY FABRICATION

Steel prongs were soldered to wire leads which‘ﬁére in-
serted into the bores of the ceramic tube, such ‘that the
prong tips were exposed over qbout 2 cm and the wire léads
pfotruded from the other end. HThe entire assembly was in-
serted into the stainless steel tube and both ends were

epoxied.
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In the case of thg cross-vire, the prongs and the leads
were made of one piece namely a copper wire (0.07 cm in
diameter). Four such wires inserted into the bores of a cer-
amic tube were exposed at one.end by about 2 ¢m to serve as
prongs and ptotruded from the other end in the form of
leads. The prongs were shaped such that they were perfectly
aligned in three mutually perpendicular planes. The distance.
between a pair of prongs in a plane perpendicular to that of
the-wire was 1-2 mm whereas in the plane of the wire the
distance between the prongs was 4-5 mm.

1)

A.3 WIRE MOUNTING

(a) The probe holder was fastened in a small porta-
ble vise.

(b) 014 solder and rust were removed from the prongs
with the use of a smooth file and fine sand paper.

{c) A small amount of flux paste (ﬁastercraft s@lder
paste) was applied to the prong tips.

l(d) With the use of a soldering gun (Weller 140/100
Watts) a small bead of solder was applied to each prong tip.

(e} A small, slightly arched piece of Wollasten wire
was cut and clamped on. one end in a pincher clamp.

(£) A minutg,amount of flux paste was re-applied to
the prongs tips and the wire was positioned across the

prongs in bare contact with both prong tips.
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(g} The prongs were heated with a temperature cont-

rolled (650 F) soldering pencil (Weller) wuntil the solder

'engulfed the wire ends. A test for proper mounting was that

the bit of wire extending beyond the prongs should snap and

break when bent.

(h)  Reheating of the soldered ends was occasionally

done to relieve stresses in the wire.

In the case of the cross-wire, the pair of prongs in the
plane of the wire were notched at the tips, such that the
wire, when placed along these notches made an ngle of 45
with the prongs. The other pair of prongs wvere n;Sthed simi-
larly such that the wire placed along these notches was per-

pendicular to the first wire.

A special paste (Alpha microcream) was used as a solder
to facilitate guick and easy.soldering, aveoid the possibili-

ty of large beads and eliminate the need for a flux.

A.4  WIRE ETCHING

{a) The acid jet was set up as shown in Figure 57.
To avoid hazardous evaporation of acid, the acid container
was filled just before use and emptied afterwards.
. (b) The probe was connected to th positive pole and
the acid to the negative pole of a 6V battery through a
200,000 ohm resistor. Hence, the current through the un-
etched wire was about 0.03 mA and dropped

slightly after eﬁching.
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Figure 57. Set up of wire etching apparatus
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(c) The regulator was adeSted' to produce a stable
laminar jet through the nozzle. The nozzle diameter choice
was determiﬁed by the desired length of the sensor.

(d) The middle section of the wire wgs/immefsed into
the laminar jet stream and held steady for.about 1 to 2 mi-
nutes until the silver coating_uas completely etched and the
platinum core exposed.

(e) The wire was inspected under a microscope to
confirm that the etching was complete and that the sensing
element was ihtéct.

(f) The wire resistance was measured with the TSI
anemometer bridge.

(g) Unused probes uere.stéred in a loéking cabineﬁ
equipped with shockless mounts.

g
.
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Appendix B

MATHEMATICAL ANALYSIS FOR CROSS-WIRE RESPONSE

' In order to obtain the transverse velocity fluctuations
-by direct addition and subﬁraction of the two signals of a
cross-wire, it is essential that the slopes of their cali-
bration curves be identical. The following analysis demons-

trates this fact.

B.1 WIRE RESPONSE NEGLECTING TANGENTIAL HEAT TRANSFER

B.1l.1 Non-linearized anemometer output

Consider the response of wire 2. It is cooled by an ef-

fective velocity Ueff given by

Uy = (Ul + ul)coaﬂ-i- usssnf (l.l)

b ! \

! \
. ~— ’
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where ﬁ1 is the mean velocity in the X, direction, u, u,
are the fluctuating velocities in the xy and x, direction

-respectively, and § is the angle made by the wire with the

X - axis.

The anemometer output of thi§ wire 1is related to the ef-

fective velocity by

Eg — Ag + BQU:”' . (1'2)

where E, is the instantaneous anemometer output in volts, A

Band n are constants,

Equation (1.2) can be written as

Eg = Az + Bg[Ulcoaﬂ + u)cosd — Ugu'nﬁ]"

Decomposing the instantaneous values into their mean and

fluctuating parts we obtain

(E; + 82)2 = Aq + Bg[Ulcosﬂ + u;cosd — ugainﬂ]"

Expanding binomially and.neglecting the higher order

\

EZ +2F0e0 — A = Bg(U;caaB)"[l + ;Tl - b_u—ﬂl-tanG] (1.3)
1

terms
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Averaging equation (1.3) we get

E: = Ay + Bo(Urcosd)” (1.4)

Subtracting equation (1.4) from equation (1.3} we obtain

-1
- ) I 15 -
Eq 2
A similar analysis for wire 1 would yield
[
n—1, . n
e = &w[ul + 02¢otﬂ] {16)

Ey 2

Thus from equations (1.5) and (1.6) it is evident that if

the slopes By= B, and § = 45° then,

1
up = (e + C'J)ﬁ'

1 {

ug = (ey — Cz)ﬁ

- 1}9 -



B.l.2 Linearized anemometer -output

In this case the instantaneous output in volts is linear-

ly related to the effective velocity as
E; = CaU.ys

E; = C2[(Un + uy)cosd — uasind) (2.1)

.Decomposing the instantaneous values into their mean and

fluctuating parts and simplifying as in section B 1.1 we get

K
” -
e, = Cacosf(uy — uptand) (2.3)
¢y = Cycosb(uy + uzcotd) (2.4)

\
If 6= 45 and the slopes C,and C,are equal then

-1

\

~

_ (8[ +¢2).,
1= 2c

u.__(tl—ﬂz)
Lo 2¢
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B.2 . WIRE RESPONSE INCLUDING TANGENTIAL HEAT TRANSFER

\.

{

When considering the heat lost from the hot wire by means -
other than direct cooling by the flow velocity e.g. conduc-
tion through the prongs also known as end losses, Champagne
and Sleicher proposed an expression for the effective veloc-
ity given by

Y

U2, = Ul [eos$ + Kain¢]

2= Uil - (1 - k)sin®¢] (1)

Assume that thg‘ wire forms an angle of 45 with the

. +
-axis. Then

K U, =0, +u ) +ud +ud
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4
\\_zygre U, is the mean ve}qc1ty in the X -direction,u,, up v ug
are fluctuating velocities in the x4, X3 , ¥ direction and U,

is the total velocity

and

1 u?2

45° = 90° — $ + asn”
(Ul +01)2+U% +U§

.¢=4?+dﬁﬂﬂ'
nng = {—2—[\/1—9 +f].
_J:j ’

V2 uz

sing s — |1 + '
\/(Ul +u)? +uf +ui

2

substituting in eguation (1) we obtain

24 (2)
VEﬂ+mP+u§+ﬁ

| 1
Uy = (O + o)t + o+ o] 1- 50K 1+

On neglecting higher order terms and simplifying we get

(i —w) KP4 ua)] (3)

Ul 2\1/2
Ucffﬁﬁﬁ(l'f‘k) ' [1+U|(1+k2) U1(1+k2)
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B.2.1 Non-linearized anemometer output

From Kings law we have

E?Zg A+ B U:ff

where E,, A B1 have the usual meaning.

1! 1!

Substituting the value of Ueff , decomposing the instanta-
neous values into their corresponding mean and fluctuating
parts, expanding and neglecting higher order terms, and fol-

lowing a similar simplification as in section B }-1, we get

: ~ .
L= j_‘) (1 + kz)g'IU?-'{&(u; — up) + K2 (uy + u2)]
2FE, (V2)"
1 By

g = —

2E, (V)"

{1+ kz)i"'U';-ln[(ul + ug) + £ (uy - Ug)]

It can be seen that if 6= 45 and slopes B, and B,are

identical then

=1 (e +e)
= 2p(k2 +1)" 27
1 s
Uz = 2—_—-_;;(!:2- l)(‘l ~ €3)
N
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B.2.2 Linearized anemometer output . .

In this case the instantaneous anemometer output in volts

is related to the ‘effective velocity as
. )

E1 = Clvéff
_ Once again following a Similar-analysis as in section B 1,1

wve get

6 =C 1 'm;ﬂm+HM+Mn

e

e = Co———luy + uz) + B(u) - u2)]
[2(1 + k2)]'/?

*

If slopes C, and C,are identical and if § = 45° then

-~

= ! G + €2}
B amk 1)

! (e —c¢
Tm(kZ+ 1)

)

Uy =

a

—





