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ABSTRACT

The flow along the streamwise corners between an aerofoil and
the body on which it is mounted is found in many practical applications,
e.g. in turbomachinery and aeronautics. It is a complex turbulent flow
in which the two turbulent boundary layers formed on the corner walls
interact.

The present work is an experimental study of the interaction
between the two boundary layers in the corner of an idealized wing-body
junction. An uncambered wing of constant thickness downstream of a
half-elliptic nose was fixed to the tunnel floor, which simulated the
body surface, 'and spanned the full height of the tunnel.

In addition to the measurements of the three mean velocity
components, the six elements of the Reynolds stress tensor, and the triple
products of the fluctuating velocities, made at three cross-sectional
planes, the experiment included measurements of the distribution of
body wall-static pressure and wall shear stress on both surfaces. Some
sgrface 0i1-film flow visualization tests were carried out at the
beginning.

The present experimental work is thought to represent a full
coverage of the flow field in the test region. It is hoped that the
results will serve as data for testing and improvement of future
calculation methods.

The Tateral skewing of streamlines in the tunnel floor boundary
layer, caused by the wing leading edge, induces streamwise vorticity in
the corner region. The results show that this induced vortex overwhelms
the stress-induced secondary flow over the entire region of measurement
(about 25 wing thicknesses downstream of the leading edge). Reynolds

stresses, indeed, act to attenuate this skew-induced secondary flow in
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the wing-body junction. Regions where the body-oriented and wing-
oriented shear stresses attain negative values were detected; in parts
of these areas the mean shear gradient is positive. This leads to the
conciusion that eddy-viscosity or mixing-length models are unsuitable
for treating the present type of flow. The two-dimensionality and Tocal
equilibrium of the inner layers of the body and wing boundary layers

are not affected by the presence of the streamwise vortex except very
near to the wing leading edge and in the vicinity of the corner. The
ratio between the shear stress and the turbulent kinetic energy is

constant over most of the flow except close to the corner.
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CHAPTER 1
- INTRODUCTION

Interaction between two shear layers is an important aspect
in which turbulent shear layers in turbomachines are different from
turbulent boundary layers on isolated aerofoils. The flow near the
wake centreline and the effect of a blade wake on a following blade
are examples of such interaction. In the streamwise corner between
blades and the hub, or casing, lies an important example of interaction
between two shear layers inclined to each other.

Turbomachines are only one example where the problem of flow
along "wing-body" junctions plays an important role. The mutual
interference between wings and fuselage is the oldest of the interference
problems in aeronautics, yet it has not been completely solved.
Schlichting (1946) and Flax and Lawrence (1951) showed the great
variety of problems involved and the methods so far employed in dealing
with them. It is, of course, expected that the corner where wings and
fuselage meet is the region of this inherent interference. In the world
of heat transfer, an example is found in the corners between fins, at
their roots, and the heat exchanger body.

"Wing-body" corner flow was thus classified by Bradshaw (1976)
as a real life “complex” turbulent flow. Flow along streamwise "wing-
body" corners is a "slender" three-dimensional flow; that is, the cross-

wise* gradients (3/9z) are comparable to the normal (3/3y) gradients,

* 1In the present work, the wing was mounted with its span vertical on
the tunnel floor which formed the body. Throughout the thesis, we will
use "crosswise" for the tunnel spanwise direction (z) to avoid confusion

with the spanwise wing direction (y).



and only the streamwise gradients (3/5x) are small. In this flow,

. anol extra shear

normal/stress gradients are important and a wide variety of boundary
layer shapes are likely to occur in practice. A general calculation
method is thus still unattainable. Bradshaw (1968) has stated that "in
order to make any useful progress, a much better understanding of
corner flow is needed and the main need is for more experiments".
During the last decade, the problem of corner flow has attracted the
attention of many workers, e.g. Zamir and Young (1970), Perkins (1970a,
1970b), Mojola (1972) and Chu and Young (1975) among otners. However,
all the detailed turbulence studies were devoted to the flow along
corners of non-circular ducts and corners between two flat plates at
an angle.

The present work is intended as a thorough study of the
turbulent flow along the "wing-body" corner. The two main targets are:
a better physical understanding of this type of flow and the collection
of comprehensive data to serve in the improvement of prediction methods.

A feature common to all corner flows is the existence of
secondary flow currents. Accordingly, it seems useful to begin with a

short review of the subject.

1.1 Secendary Flows

The time-mean flow of a three-dimensional field with a certain
predominant direction is usually dividéd into a main (primary or
"streamwise") flow in the x-direction, say, (see Fig. (1.1) for the
axes used in this thesis), and secondary flows. "Secondary flows"
represent the deveToping components in the cross plane (y-z) normal to
the main flow. |

Secondary flow analysis is most fruitfully approached via the

streamwise component of vorticity. The equation for the vorticity is



derived from the time-averaged Navier-Stokes (momentum) equations of
motion by eliminating the pressure termé between the three equations

in X, y and z direcfions and the use of the continuity (mass conservation)
equation. The equation for the mean streamwise (&) component of

vorticity in incompressible flow is:-

D, _3¢ 9E 3L 9E _ . U U U, 3 |9 — _
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9X 9y )

are the three components of mean vorticity in x, y and z-direction
respectively (see Fig. (1.1)).
For steady slender shear flows (3/9y ~ 9/9z >> 3/3x), the

equation becomes:-
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(c.f. Cebeci and Bradshaw, 1977 - page 319)



Terms (C) on the left hand side of the equation represent
the convection of the streamwise vorticity £ by the mean flow
components, U, V, W. Terms on the right hand side represent the
contributions of different mechanisms that play parts in changing the &
component of vorticity. P1 =& %% répresents the rate of change
(intensification) of £ by streamwise stretching in accelerating flows
(positive 3U/ax). The interaction between the remaining main shear
rates (8U/dy and 3U/3z) and the n and z vorticity components is
expressed by the term Pz. P2=={n %g R 5?’5?3 thus
represents the rate of increase in streamwise vorticity & as a result
of skewing the mean shear by the action of a transverse pressure
gradient or bady forces. The two terms, P3 and Pu, only existing in
turbulent flows, represent the production rate of ;treamwise vorticity
component as a result of i%ﬁomogeneffy and anisotropy of turbulence
in the cross plane (termgué;-&-hgsl | In fébt, P3 and Pu, strictly
speaking, represent transport rather than production of vorticity since
the integral of these Reynolds stress terms over the whole y-z plane
is zero. The remaining term in the equation, D, represents the rate of
diffusion of the streamwise vorticity by viscosity.

Préndt] (1952) was the first to differentiate between two

mechanisms for secondary flow induction (i.e. production of streamwise

vorticity). He separated them into two* categories:-

(a) Secondary Flow of the First Kind

This is present both in laminar and in turbulent flows and

is a result of skewing of the vorticity vector by the mean shear (P2

* The eddying flows associated with the oscillatory motion of a body

are categorized as secondary flow of the third kind (c.f. Young, 1977).



in Equation (1.3)). Secondary currents produced by this mechanism

were noticed in the flow along meandering river beds and curved
‘channels during the last gquarter of the nine;eenth century (c.f.
Perkins, 1970a) and still in discussion (c.f. Hey and Thorne, 1975).
The mechanism is also responsible fof the production of streamwise
vorticity as a result of the deflection of the inviscid core of flow
through highly curved ducts, e.g. S-shaped ducts (discussed by Bansod
and Bradshaw, 1972), and also near the walls in the centre plane of two-
dimensional contractions of wind tunnels (c.f. Cebeci and Bradshaw,
1977). Secondary flow of the first kind results also from the
intensification of the lateral (z-direction) component of vorticity as
a result of lateral stretching, 9W/3z, in a two-dimensional shear layer
when it flows over a bluff obstacle. The flow separates just upstream
of the obstacle leading edge at a "saddle point" of skin ffiction Tines
where the separated shear layer rolls up forming a horseshoe vortex
that wraps around the leading edge. .Vasanta Ram (1963), Belik (1973)
and Werlé (1975) were among those who studied this secondary flow about
circular cylinders immersed in boundary layers. Flow near the leading
edge of a wing at ifs junction with a body is an important practical
example, studied in the present work. '

Squire and Winter‘(1951j and Hawthorne (1951) in their early
simplified theoretical studies of the problem of éecpndary flow, have
_shown for an inviscid flow that flow deflection through an angle a in
a plane containing the streamline and the vorticity component ¢ (i.e.
x-z plane) rotates the vorticity vector through o towards the flow
direction, i.e. produces streamwise vorticity = - 20 €.

1

(b) Secondary Flows of the Second Kind

These are produced by the time-averaged action of anisotropic



inhomogeneous turbulence as expressed by terms P3 and Pu in Equation
(1.3). An isotropic viscosity does not produce secondary fiow. Terms
P3 and Pu collectively represent the sum effect of the time-averaged
convection of turbulent vorticity by the turbulence and the time-
averaged production of turbulent vorticity. Following Townsend (1956)
and Brundrett and Baines (1964) among others, the time-averaged .
production of turbulent vorticity is a result of unsteady macroscale
interactions identical to those expressed by Equation (1.3). Anisotropic
wall turbulence in any boundary layer situation is potentially a source
of secondary flows of the second kind when the flow is strongly
inhomogeneous in the spanwise direction. This occufs in ducts of non;
circular cross-sections (e.g. Brundrett and Baines, 1964) and in
boundary regions such as the streamwise corners (e.g. Mojola, 1972) or
at edges of surfaces (e.g. Bray, 1967; Perkins, 1970a, 1370b), or even
changes in surface roughness (e.g. Hinze, 1967). Secondary flows of
the second kind were first postulated by Prandtl to explain the
distortions in Nikuradse's (1926) and Schiller's (1923) isovels

(contours of constant streamwise mean velocity).

Use of the terms "Prandtl's secondary flow of the first kind"
and "Prandtl's secondary flow of the second kind" continues although it
is clearer (c.f. Cebeci and Bradshaw, 1977) to describe ‘the two
different kinds of secondary flow by the mnemonic terms "skew-induced

secondary flows" and "stress-induced secondary flows".

1.2 " Review of Previous Work

In what follows, a review of the work done in the field of
corner flow is given. Only incompressible flow work is reviewed but

laminar and turbulent cases are discussed.
1



1.2.1 Flow in Ducts, Channels and Unbounded Corners

1.2.1.1 Laminar Corner Flow

(a) Theoretical Analyses and Predictions

The_first theoretical study of the problem of laminar flow in
streamwise corners is that of Cagrier (1947). He has evaluated the
change in Blasius flow Cauéed by the corner through solving the
streamwise momentum and continuity equations, but his analysis is
considered incomplete since the streamwise vorticity was not taken
into account. Kemp (1951) has criticized Carrier's work in some aspects
- while Dowdell (1952) tried to estimate the error in U by linearizing
the boundaryjigaations about Carrier's solution, but only mingr
modifications were suggested. Other contributions are those of Sowerby
(1951), Gersten (1959), Oman (1959), who presented an integral method
analysis of constant-density flow in a 90°-corner including pressure
gradient, and Irvine and Eckert (1959) who analysed the flow within
wedge-shaped grooves of finite end walls using a constant-density integral
method.

The streamwise vorticity was first included by satisfying
the cross flow momentum equatidn, by Pearson (1957) but the problem
was systematically formulated, and the existence of secondary flow
towards the corner reported by Rubin (1966). The.asymptotic features
of %he corner flows were demonstrated by Pal and Rubin (1971). They
suggested that all the corner layer flow variables exhibit algebraic, ]
rather than exponential, decay into the boundary 1aygr away from the
corner and that the cross flow velocities decay algebraically into the
outer potential flow. They also showed that the streamwise velocity
and vorticity decay exponentially from the corner into the potential

flow. This analysis made it possible to define boundary conditions for



a limited region in the corner. This was done in a numerical
calculation by Rubin and Grossman (1971) who applied the Gauss Seidel
method of successive iterations. Zamir (1968, 1970 and 1973) has
devised a new approach independent of the coordinate system. He
formulated the problem in a curvilinear coordinate system, rather than
the Cartesian one used by Rubin (1966), of which one family approximates
roughly to the expected isovels (without secondary flow) including the
plate surfaces. The first trials of the method by Zamir was to
determine the flow in the corner plane of symmetry for a range of
pressure gradients using the form U = Ax" for the mainstream velocity.
The interesting resu]is showed that the streamwise pressure gradient

has a great effect on the sign and magnitude of the secondary flow: the
velocity component in the plane of symmetry is directed towards the
corner for n greater than 1/2 and away from the corner for n less than
1/2. A-curvi1inear system was found by Desai and Mangler (1974) in
which the corner layer equation took the form of the Blasius equation

in the two-dimensional region.

Arbitrary corner angles were studied by Dowdell (1968).
Barclay (1971) has formulated the problem by assuming a form of relation-
ship between the cross flow and the streamwise velocity component which
he used instead of the cross flow momentum equations.

The above calculations are either a1gebfaic or, if numerical,
of restricted range. More general numerical work has been done recently.
Ghia and Davis (1974), Ghia (1975) and Patel and Goglia (1977) have
used the alternating direction implicit method (ADI) developed by
Peaceman and Rachford (1955) in solving the governing equations of the
incompressible laminar boundary flow in axial corners. Patel and
Goglia (1977) have found good agreement between their results and those

of Rubin and Grossman (1971) only for large values of axial distances.



The bulge of isovels nredicted by Zamir (1968) (see the experimental

investigation in (b) below) were not predicted by Ghia's (1975) analysis.

(b) Experimenfa] Investigations

As may be seen from the above short review, a massive amount
of theoretical work has been done on the laminar corner problem over
the past four decades. Comparatively little effort has been devoted to
investigating the problem experimentally. This may be attributed to
practical difficulties in maintaining the flow in corners in the
laminar state even at very‘1ow speeds.

Some limited measurements have been carried out by Oman (1959),
Nomura (1962) and Wallis (1968) in 90° corner laminar flow but the most
important investigation in this field is due to Zamir (1968) and Zamir
and Young (1970). This work, which is considered the first detailed
study of the problem, offers carefully obtained extensive results for
the laminar flow along a 90° corner. They have displayed the behaviour
of the flow in developing laminar corner flow and explained for the
first time that it is accompanied by a "secondary flow" opposite in
direction to that found in turbulent flows (see Fig. (1.2)). They
have also pointed out a progressive distortion in the velocity profiles
with distance from the leading edge. Barclay (1971 and 1973) has
carried out an experimental study of the laminar flow along a 135°
corner. His measurements were taken in the same wind tunnel as Zamir
and Young but with sharp leading edges rather than the rounded leading
-~ edges used by his predecessors. He has reported distortions of the
isovels ‘near the plane of symmetry of his 135° corner similar to, but
less severe than, those cuserved by Zamir. Contrary to what Zamir and
Young found, Barclay's results showed that the distortion damped

out with downstream distance. Barclay has attributed the difference
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to change in the leading edge shape between the two investigations.

"~ He has found that the analytical solution of Carrier (1947) gives a
good representation of the flow in the 135° corner. This‘implies
that Carrier's neglect of streamwise vorticity was adequate for ideal
corner flows. Barclay also held a comparison between his experimental
results-and the theoretical work of Rubin and Grossman (1971) and
Desai and Mangler (1974).

Among the most recent experiments carried out on laminar
corner flow are those of El-Gamal (1977) and El-Gamal and Barclay (1978)
who studied the flow along a streamwise rectangular corner with sharp
leading edges, both in zero and in slightly favourable pressure
gradients. Profile distortions of the kind noted by Zamir and Young
were completely absent from their results. This was again referred by
them to the change of the corner leading edges used in each work.

The main conclusion that could be drawn from the above-
reviewed work, which agrees with Equation (1.3), is that secondary
flows do not exist in laminar corner flows except if streamwise
vorticity was generated by the first mechanism (term P2 in Equation
(1.3)) due to shear flow skewness at rounded leading edges which wraps
horseshoe vortices around them. This is a first warning that skew-

induced vorticity can dominate a flow field!

1.2.1.2  Turbulent Corner Flow

Laminar flow is purely a numerical problem in which
calculations and theoretical analysis should throw 1ight on experiments
and their deficiencies; in turbulent flow, on the other hand,
experiments must precede the development of turbulence models and
consequent improvements in prediction methods. Hence in this section,

on turbulent corner flows, we start with a discussion of experiments.
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(a) Experimental Investigations

Schiller (1923) and Nikuradse (1926) were possibly the first
to observe the tendency of the isovels of their measured streamwise
velocities to penetrate the corner region of straight non-circular
ducts (see Fig. (1.2)). As mentioned before in Section 1.2, a mechanism
was then given by Prandtl (1927) who showed that the existence of
secondary flow in the cofner is the result of anisotropy of the transverse
norm§1 Reynolds stresses in the corner (term-Pu, Equation (1.3)).
Nikufadse (1930) confirmed through his flow visualization the existence
of sgcondary flow in the corners of non-circular ducts. Eckert and
Irvine (1955) did some flow visualization tests on flow in the corners
of triangular ducts of height to base ratio of 5 : 1 and noticed that
laminar flow existed in the narrow apex angle of the duct cross-section
together with turbulent flow over its base. While working on fully-
deve]opéd flow in trapezoidal ducts, Rodet (1958, 1960) again reported
the bulging of isovels towards corners as a result of secondary flow.

He also noticed more marked distortions in the contours of turbulent
fluctuation components. Rodet was the first to measure the six
components of the Reynolds stress tensor by rotating a single inclined
hot wire sensor in the flow to eight different positions. The method
has poor accuracy (Perkins, 1970a) in measuring vw and (;;.- ;;), the
two values responsible for secondary flow induction (see Equation (1.3)).

The nine variables U, V, W, and the six Reynolds stresses
were also measured by Brundrett (1963) for fully developed flow along
a straight square duct and rectangular ducts. He applied Rodet's
method for measuring the stress tensor. The detected values of vw were
approximately zero everywhere except in the immediate neighbourhood of
the corner bisector. He attempted to deduce the form of terms in the

streamwise»vorticity, Equation (1.3). His results were highly
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A

inaccurate, especially for term P“,because of the great deal of scatter
in his data.

Fully-developed turbulent flow was investigated by Hoagland
(1960) and Gilbert (1960) in rectangular ducts. The maximum value of
crossflow velocity measured was 1.5% of the streamwise velocity component.
The observed distribution of secondary flow was independent of Reynolds
number,

Gessner and Jones (1961) have carriéd out a preliminary study
of turbulence characteristics in the corner of a duct with no pressure
gradient, They have concluded that the isovel patterns are independent
of free-stream turbulence, in their tested range of turbulence intensity
(0.8 - 2.3%). - They found that the ratio ;ngg (referred to an arbitrary
coordinate system x, a, B, Fig. (1.1)) takes its maximum when (a, 8)
coordinates are located roughly parallel and perpendicular to the local
isovels. The ratio is always greater than one and increases with
increase in isovels curvature. The measurements thus confirmed Prandtl's
hypothesis.

. Wall shear stress (Tw) measured by Leutheusser (1963) in the
corner regions of square and rectangular ducts showed only small
circumferential variation except in the vicinity of the corners where
it fell rapidly to zero. The experimental measurements of Ahmed and
Brundrett (1971) taken in the developing flow through square ducts have
also shown that T, is very nearly uniform around the duct perimeter,
except for small distances near the corners. Leutheusser's measure-
ments have shown a static pressure rise of about 0.01 x %-pu; between
the wall and the duct centreline (no corrections were applied to the
cylindrical static tube measurements to account for secondary flows or
turbujent fluctuations). Leuthéusser suggested that secondary flows

L}

and their associated transverse convection did not affect the two-
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dimensionality of the inner layer (y/h N 0.1)*. The extent of inner
law correlation diminishes rapidly in the vicinity of corners. This
finding agreed with Bragg's (1965, 1969) results obtained in deve]op{ng
flow along unbounded 90%-corners under zero and adverse pressure
gradients.

The measurements of Gessner (1964) and Gessner and Jones (1965)
in sihare and rectangular ducts of aspect ratio 2, an extension of their
1961 ‘work, have shown, in contrast to the findings of Brundrett and Baines
(1964), a decrease in secondary flow velocity, when normalized by the
centreline mean velocity, as Reynolds number increases. The use of an
"X owire probe in conjunction with an adding/subtracting circuit gave
considerable improvement in accuracy for stresses vw and (;;.- ;;). In
both ducts, the vw component took its maximum value along the corner
bisector. It was found to be very small or to vanish elsewhere. The
directibna] properties of V;VE (in the general coordinate system x, a,
B, Fig. (1.1)) were studied to locate planes of zero correlation. Such
planes were found not to be normal to the isovels, a result which agrees
with the later analysis by Perkins (1970a). The study of Launder and
Ying (1971) made at different values of wall shear stress 7, obtained
in smooth and rough walls, has shown that these chaﬁges in the
secondary floware considerably reduced if the secondary velocity VS is
normalized by U, rather than the centreline velocity. This is, of
course, what we would expect; wall-law or defect-law ideas should
still apply in slender flows although the resulting formulae may be
more complicated than in two dimensions.

A more comprehensive experimental program was carried out by

-

Mojola and Young (1971) and Mojola (1972) (reported alwo in short by

* Duct cross-section height = 2h
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Young, 1977) on develcping flow in unbounded 90°-corners under zero
and adverse pressure gradients. Separation at a free stream speed of
about 30 m/sec with adverse pressure gradient was noticed at the
corner. The onset of separation receded downstream with increasing
spanwise distance from the corner. The isovels of mean velocity
showed the expected bulging in the corner and the secondary flow
measurements (taken by X-wire probes) showed the direction of the
accompanying secondary flow. Measurements of wall shear stress Ty
distribution showed peaks near the corner, as shown in Fig. (1.3), as
a result of secondary flow currents. In comparison to the findings of
Zamir and Young (1970), Mojola and Young's results showed that the
turbulent boundary layer is much more stable than the laminar one.
This proved to be true in spite of the vanishing wall shear stress T,
at the corner. They also found out that the rate of boundary layer

- growth was the same at the corner as away vrom the corner where the.
layers asymptotg to their two-dimensional brofi1es.

The most recent work is that of Melling (1975) and Melling
and Whitelaw (1973) who, aiming mainly at testing the reliability of
Laser-Doppler anemometry in investigating complex turbulent flows,
studied developing turbulent flow of water in a square duct. Their
results supplement some of the previously reported work. The ww
shear stress component could not be measured due to the complexity of
the necessary optical system. Melling has reported that the accuracy
of his measurements is comparable with those obtained by hot wires.
Also the shear stress measurements appeared to be compatible with the

necessary boundary conditions while secondary mean velocity data were

no more reliable than thuse previously existing.
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(b) Theoretical Analyses and Predictions

(i) Integral Methods of Calculation

Nikuradse (1930), Loitsianskii and Bolshakov (1951) and

th power law in order

Eichelbrenner (1961) tried to generalise the n
to describe the mean velocity profile in the corner region. By the

use of the power law and Blasius-type formulae for wall shear in the
momentum integral equation, Loitsianskii and Bolshakov, and Eichelbrenner
could relate the corner layer thickness to the asymptotic two-dimensional
boundary layer far from the corner. Eichelbrenner (1965) attempted a
perturbation analysis for-the local change in the streamwise velocity
brought about by secondary convections. A further modification to the
nth law and the resulting isovels model of Eichelbrenner was made after-
wards by Toan (1968) who used the Ludwieg-Tillman (1949) skin friction
law to predict the distortion in the U-contours caused by the secondary
flow. Toan introduced an arbitrary exponent in the nth law, whereby he
could increase the penetration of the isovels into the corner to match
the experimental behaviour. To analyse their data on 90° open channel

flow, Liggett, Chiu and Miao (1965) transformed the nth

power law to a
curvilinear coordinate system parallel and normal to the isovels in the
cross plane. These elementary analyses are now of little relevance.
Bragg (1965, 1969) has suggested a modified wall law both
far from the corner and very close to it. He defined a new velocity
scale, analogous to the friction velocity u. but taking into account
the mean velocity gradients normal to both walls (i.e. 3U/3y and 3U/3z).
He has also shown the validity of the log-law over much of the fully-
turbulent inner layer of a 90° corner under zero and mild adverse
pressure gradient. This was proved to be the case except very near

to the corner where he suggested a three-dimensional form of the law.

In fact, the validity of a log-law region in the corner has been
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assumed by many other workers before Bragg; for exémp]e: Deissler and
Taylor (1959), in their analysis of flow and heat transfer in fully-
‘deve1oped flow, have assumed the log-law to hold along rays normal to
the isovels. They devised an ingenious graphical technique for
calculating the approximate isovel field. Nevertheless, because of
the neglect of secondary velocity flow iﬁ.this analysis, the resulting
isovels in triangular and rectangular ducts did not exhibit ‘any bulge
towards the corners. In contrast to Deissler and Taylor's method,
Perkins (1967), discussed in Perkins (1970a), selected a fixed
coordinate-system, not necessarily parallel to the isovels and attempted
to find a model for the velocity field taking into account the effect
of the secondary flows. He used a set of concentric duct profiles and
their orthogonals as coordinate system in which the orthogonals
simulated radial rays of circular pipes. Unfortunately, this system
was not suitable for rectangular ducts (sharp corners) because of the
discontinuity of the rays at y = z and also because the log and wake
laws lose their meaning along the corner bisector where u = 0.

The validity of the Coles' (1956) wake model in fﬁzzouter
corner layer has been studied byMauer (1961) who has suggested a new
empirical wake function. Different forms of empirical wake functions
then followed by Bragg (1965) and Perkins (1970a).

Another way of attacking the problem ha§ been used to derive
an "interference" momentum-integral equation to allow for the presence
of two adjacent walls. Among those who tried this approach were
Gersten (1959), Bragg (1965) and Perkins (1970a). Ahmed and Brundrett
(1971) have devised a momentum-integral technique for calculating the
spanwise-averaged skin friction as a function of the development
length for steady incompressible flow in rectangular ducts. On the

other hand, the attempts of Toan (1971) to apply a momentum-integral
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technique did not appear to be promising.

Mojola (1972), who gave a more comprehensive review of some
of the above-mentioned work, discussed the extent to which his
experimental data supported each approach. He has also carried out an
extensive theoretical analysis work in which he arrived analytically at
a relation for the mean streamwise velocity in the corner sublayer
jdentical to that proposed by Bragg (1965), and an approximation for
the mean secondary velocity in the viscous sublayer near the corner.
Mojoia derived an expression foriag showing that its value does not
vanish at the corner as the corner is approached along the bisector,
whicﬁ contradicts previous speculations. The most important contribution
of Mojola is the use of curvilinear coordinate system (parallel and
normal to the isovels) to predict a "unified" velocity correlation for
the mean velocity in the corner wall region. He showed that the relation
seemed io correlate all of the cases over a wide range of Reynolds
number and for different corner angles, except for very narrow corners.

Mojola also discussed the possibility of using a non-Newtonian laminar

flow analysis to model turbulent flow in corners.

(i1) The Use of Eddy Viscosity and Mixing Length Models in Corner
Flow Calculation

A considerable amount of effort has been, and is still being,
devoted towards predicting the turbulent corner flow through the solution
of the equations of motion using different postulated models. Ibragimove
et al (1969) and Gerard (1970), among others, have developed an empiricai
model for the Reynolds stress terms in the equations in order to effect
closure. Another model has been developed by Klinksiek (1972) for zero
pressure gradient corner f]ow. He used the Boussinesq's (1877) model of

eddy viscosity which he related to the mixing length via a formulation



18

originally suggested by Prandtl for three-dimensional flows (see
Goldstein, 1965). Unfortunately, the predicted values of ;;, ;;L w
were under-estimated by two orders of magnitude compared to experimental
results.

Fu]]y—deve]oped turbulent flow in square ducts was predicted
by Launder and Ying (1973). In their solution, they took account of
the secondary flow in corners. (;;.- ;;) and vw (see Equation (1.3) for
importance of terms in inducing secondary flow) were related to uv and
Uw on the basis of a simplified Reynolds stress transport equation. uv
and uw were then modelled with the eddy viscosity. Their system of
equations was then closed by solving the kinetic energy equation and
specifying a length scale distribution which was originally suggested
by Buleev (1963). Numerical results based on this model predicted
isovel patterns and secondary flow streamlines which agreed well with
experimental results. On the other hand, their predicted turbulent
kinetic energy was less than experiments and also the difference
(;; - ;;) was underestimated by at least an order of magnitude (see
comments by Kacher, 1973).

Gessner and Emery (1976) developed a Reynolds stress model
relating all the six components fo mean rates of strain. The model
was proposed to be used for solving the problem of incompressible
turbulent flow along streamwise corners. It was based oﬁ Launder and
Ying's model (1973) and used an extended form of the relation between
shear stress and turbulent kinetic energy originally postulated by
Bradshaw et al (1967). Later, Gessner and Po (1976) used the
experimental results of Gessner (1964) and Tracy (1965) to fit the
values for the model's two empirical constants and to help formulate

the global mixing length representation. However, the model was

strongly criticized by So (1977).
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The most recent work in this direction is again due to
Gessner and Emery (1977) who proposed a three-dimensional mixing length
for modelling local Reynolds stress behaviour ofkdeveloping and fully-
developed flow in 90%-corners. Gessner and Emery's new model is just
a modification to the previous one of 1976. In this model, they used
the experimental data of Po (1975) on square duct flow and of
Klebanoff (1954) on asymmetric two-dimensional layers to develop an
analytical expression for mixing length rather than using Buleev's
(1963) model. However, the model could not eliminate the inconsistency
between predicted and experimental values of (;; - ;;5, see Equation
(1.3). Bradshaw (1977), in his discussion of this paper, has attributed
this discrepancy to the “"capricious" behaviour of streamwise vorticity
(which should be included in modelling corner flows, see Section 1.7).
Gessner and Emery agreed with Bradshaw's comment that the model is only
reliable for 90%-corners that comprise symmetry around the corner
bisector, and is not at present adequate to describe decay of skew-

induced vorticity.

(iii) Numerical Solution of Reynolds Stress Transport Equations

The case of fully-developed square-duct flow was also
predicted by Naot 2t al (1974) using a Reynolds stress model similar
to that of Launder and Ying except that the stresses were modelled by
means of transport equations rather than algebraic relationships. The
mode] was tested against measurements by Leutheusser (1963), Brundrett
and Baines (1964) and Gessner and Jones (1965). The predicted degree
of isovel distortion was over-emphasized in the vicinity of the corner
as compared to Leutheussor's results, while the contours of kinetic
energy in the transverse plane exhibited much less distortion than those

of Brundrett and Baines. The predicted values of (v? - w?) were of
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the same order as the experimental results.

Tatchell (1975) used ‘a modification of Launder and Ying's
model in his prediction of developing and fully-developed flow in
square ducts. He solved the transport equation of e (the viscous
dissipation of turbulent kinetic energy) and;F;(the turbulent kinetic
energy) rather than specifying a length scale distribution. The model
was tested against the results of Ahmed and Brundrett (1971), Gessner
(1964) and Brundrett and Baines (1964) in addition to those of Tatchell
himse1f. The model did not account sufficiently for the bulging of
the isovels towards the corners in developing flow. Predicted profiles
ofzﬁ-agreed with measurements except as the walls were approached,
where they exceeded the experimental values. These were attributed to
slower predicted rate of secondary flow development as compared to the

measured rate.

It is now obvious from the aforementioned review that
turbulent flow in streamwise corners of straight ducts, channels or
along the corner between two flat plates is dominated by secondary flow
induced as a result of the anisotropy of Reynolds stresses (second kind).
The conditions in which secondary flows are induced under the action
of Reynolds stresses has been studied by more than one person to find
out the mechanism of secondary flow induction. The first of them was

Prandt1 (1952) who suggested that turbulent fluctuations tangential to

isovels (v;) are larger than those normal to them (vé) which was found
in measurements (c.f. Gessner and Jones, 1961). As a result of momentum
exchange between a fluid element in a region of an isovel curvature, and
its surroundings, a net tvorce proportional to the isovel curvature, acts
in the direction from concave towards the convex sides of the isovel

producing secondary flow in its direction. Townsend (1956) has suggested



21

the same mechanism postulated by Prandti. He suggested that the
inequality in ;; and ;;, rather than ;g and‘;g, to be the driving
force. He has also demonstrated that the return flows along the walils
are also driven by secondary flow and do not occur by virtue of
continuity as suggested by Prandtl. The analyses of Einstein and Li
(1958), Hoagland (1960) and Tracy (1965) of the streamwise vorticity
Equation (1.2) led them to an agreement with the Prandtl-Townsend
mechanism. Hinze (1967) examined the turbulent kinetic energy equation
in a region near but "not too close to the walls" and considered the
relative magnitudes of the various terms. He suggested that secondary
currents of the second kind are produced by the non-uniformities in
anisotropic wall turbulence. Secondary flow, in Hinze's mechanism,
transport turbulent kinetic energy in directions that balance the
inequality between production and dissipation. Perkins (1970a)
attributed the production of mean streamwise vorticity to anisotropy of
the turbulence when a transverse gradient arises in wall shear stress
(t,) and/or & (a chosen length = & or the distance at which ;; =.;;).
Based on the evaluation of terms of both the energy and vorticity
equations, Gessner (1973) has suggested another mechanism for initiation
of secondary flow in developing turbulent corner flow. He suggested
that secondary flow directed towards the corner results directly from
shear stress gradients normal to the bisector rather than the

anisotropy of the turbulent normal stresses which, he suggested, do not

play a major role.

1.2.2 Flow in Wing-Body Junctions

We now proceed to study the flow in corners, concentrating this
time on corner flows where skew-induced secondary flows dominate the

flow. We will start by describing previous contributions in the field
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of turbomachinery and by then discussing the flow in the corner of a

single wing joined to a body.

1.2.2.1 Wing-Body Junctions in Turbomachinery

One of the most important topics that interests
designers and researchers in turbomachinery is the end wall losses.
It is well known (e.g. Dunham, 1970) that cascade secondary Tosses,
which result from the interaction between the annulus wall (body)
boundary layer and the blade (wing) rows, represent roughly half the
total losses in axial-flow turbines and more than that in compressors.
However, the extreme complexity of the three-dimensional flow in
moving or stationary cascade passages close to the end wall, which
cannot be denied, made it very difficult to predict, or even describe
properly, this type of flow.

The postulates of Carter and Cohen (1946), Ainley and
Mathieson (1951), Smith (1955) and Stewart et al (1960), among others,
were reviewed by Dunham (1970). The flow visualization of Hertzig et
al (1953) showed the complexity of end wall flow and indicated the "
existence of a "passage vortex", generated as a result of the three-
dimensional deflection of the end wall boundary layer. The size of
the vortex and its strength depended upon the main stream turning in
the cascade passage. Hertzig et al investigated very thin S]ades SO
that the horseshoe vortices (see below) were weak. The effects of
changes in the upstream wall boundary layer were studied by a number
of workers. Higher losses were réported by Armstrong (1955) (who
used a large-scale cascade to improve measurement accuracy) as a
result of a thicker upstream wall boundary layer, while complete
removal of the upstream wall boundary layer by Turner (1957) resulted

in lower losses but no change in the flow pattern was observed. An
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interesting work is that of Louis (1958) who measured the losses due

to an inlet free shear layer (no end wall) passing through a compressor
cascade and found them to be very low. Senoo (1958a), who studied the
effect of the upstream boundary layer and the internal boundary layer
developing on the wall within the cascade, showed that the relative
importance of the two boundary layers depends on the cascade geometry.
Wolf (1961), who analysed the results of his own as well as others'
experiments, concluded that increasing the upsfream boundary layer
thickness extended the zone in which the secondary loss vortex dominated
the flow behind the cascade. Wolf arrived at a certain critical
boundary layer thickness acr’ after which any further increase in ¢

has no effect: Wolf suggested that GC corresponds to the condition

r
when the deflection of upstream boundary layer causes all the layer
fluid to reach the next blade surface. Recent work on this topic
included the detailed inlet and outlet total-pressure surveys done by
Came (1973) on a large-scale turbine cascade with variable inlet
boundary layer thickness and incidence and by Carrick (19755 who has
found that inlet skew in the boundary layer intensifies the secondary
flow which causes stronger roll-up of the Bernoulli surfaces (surfaces
of constant total pressure).

Armstrons (1957) was one of the earliest to give an account
of the horseshoe vortices that were formed ahead of compressor blades.
The flow visualization of Primper (1972) showed evidence of a saddle
point of separation and Belik (1972) reported the evidence of the
horseshoe vortex (nose vortex, as he termed it) developed as a result
of three-dimensional separation at the saddle point. Wagner and
Owczarek (1974) conductec some experiments in two planar nozzles of

different contours. In analysing their data, together with those

of Owczarek et al (1970, 1972), they discussed the side wall boundary



layer migration caused by the cross-flow and its accumulation in the
corner between the side wall and nozzle walls at its exit. They
presented a model for the roll-up of the passage vortex and discussed
the-effect of Reynolds number,concluding that an increase in Reynolds
number results in a decrease in the extent of the corner secondary flow
and an increase in the roll-up angle of the side wall boundary layer
caused by the main stream pressure gradient.

The studies of Sjolander (1975) and Langston et al (1975)
are probably the first to demonstrate experimentally the importance of
the horseshoe Yortex in turbine cascades. In the Langston et al

.investigation, the three-dimensional flow in a turbine cascade was
studied. They used thick blades of 110 degrees turning angle and
concluded that three-dimensional separation is an important feature of
the end wall flow. They have showed clearly, by flow visualization,
that the inlet boundary layer separates on the end wall at a saddle
point and rolls up forming a horseshoe vortex. One leg of the
resulting vortex crosses the passage and encounters the suction surface
at its point of minimum potential flow pressure (the point of passage
vortex initiation - see Hertzig et al, 1953), while the other leg
enters the adjacent passage. Bradshaw, Cebeci and Whitelaw (1977)
considered this as an extreme case; as with thinner blades and/or
smaller turning angles, the horseshoe leg would move only part way
across the passage. Smoke flow visualization was carried out by
Marchal and Sieverding (1977) using the light sheet technique in
Ataking their photographs, in addition to oil flow visualization and
5-hole probe tests. Their results confirm basically the results of
Langston and Sjolander. They have explained the mechanism in which
the horseshoe vortex (leading edge vortex, as they named it) is formed

as a result of the presence of the blade leading edge and showed that
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the vortex leg on the suction side of the blade rotates in the
opposite direction to the secondary flow generated by the cross-
.channe1 pressure gradient,and thus its size diminishes rapidly. On
the other hand, the pressure-side leg initiates the passage secondary
flow and rapidly develops into the passage vortex. Comparing their
findings in turbine.blades with those of Salvage (1974) on compressor
cascades, Marchal and Sieverding concluded that the horseshoe vortex
and its associated phenomena are much more significant in turbines
than in compressors and that the skewness of the inlet boundary layer
is also more important in turbines.

The effect of sharp corners at the junction between end wa]]é
and compressor cascades on secondary flow was investigated by Penken
(1977). By superposition of the duct corner flow (as described by
Mojola and Young, 1971) onto the potential flow due to pressure gradient
from the suction to the pressure sides, he schematically postulated the
flow pattern in the passage. He attributed the considerable contribution
of the corner layer to the cascade secondary flow to the sharp corners
and suggested that a "very simple" rounding of this corner should

reduce the secondary flow.

1.2.2.2 Isolated and Simplified Wing-Body Junctions

It is now evident from the previous sUrVeyed work on turbo-
machinery that a logical step towards better understanding of the
nature of flow in the blade-wall corner is to isolate the corner from
other effects like, for instance,‘the presence of pressure gradients,
blade camber and interference from nearby blades. With this in mind,
some workers carried out their investigations on what may be called
simplified wing-body junctions.

Amongst the first to do so was Vasanta Ram (1963b) who
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extended his work of 1963a on the junction between a circular cylinder
and a plane surface and studied the flow in the corner between a
symmetrical aerofoil at zero incidence and the flat surface. East and
Hoxey (1968) have conducted some experiments in the corner of a

- simplified wing-body junction. Their wing had a circular arc nese
followed by a short constant thickness portion, after which the thick-
ness reduces linearly and symmetrically to a sharp trailing edge.
Their experimental investigation comprised some surface oil flow
visualization and limited measurements of static pressure, total
pressure and cross-flow distributions which they measured using a
three-hole yaw probe. They concluded that the turbulent boundary
layer on the flat plate separates ahead of the wing leading edge to
form a separated region extending round the edge and trailing down-
stream along each of the wing sides in a single concentration of
vorticity "similar" to a vortex. They predicted the approximate
location of the vortex centre to be 0.5 & (& = thickness of body
boundary layer) away from the body and 1.5 & from the wing at its
parallel sides section. Surface pressure distribution waé modified to
a small extent by the existence of the vortex. This work was later
extended by the same workers (1969) on the same configuration in order
to collect data for improving integral calculation methods. East and
Hoxey (1971) reported both results together. Comparing their results
with two- and three-dimensional boundary layers, they found: (i) in
the region of the separation 1ine; the normal boundary layer approx-
imation was not valid; (ii) agreement with Johnston's (1960) secondary
flow model was obtained only ahead of the free stream inflection, and,
(i1i) the logarithmic Taw seemed to fit the data satisfactorily. Flow
visualization studies were carried out by Winkelmann (1971) on the

junction between a cylindrically blunted, unswept, unyawed fin and a



flat plate. The fin was immersed in the flat plate turbulent boundary
layer and tested at Mach no. = 5. A pair of horseshoe vortices were
detected from the flow visualization.

The above work concentrates mainly on the leading edge region
where the flow is quasi-inviscid. However, the horseshoe vortex exists
far downstream, as turbomachinery studies show.

The work done recently in Queen Mary College by Sepri (1973)
and Chu and Young (1975) and reported also by Young (1977), represents
an important contribution. The NACA 0012 wing section was connected
to a circular flat plate with which it formed the investigated corner.
Sepri started his investigations with some smoke and surface oil flow
visualization covering a range of incidence angles. Again, evidence
of the plate boundary layer separation together with the roll-up of
the accompanying horseshoe vortex was noticed. According to Sepri's
suggested vortex pattern, in the region of separated flow ahead of the
wing leading edge, Young explained that the formation of one or more
vortices depends on the flow Reynolds number. It has been noticed that
the distance between the "main" vortex and the wing surface increases
slightly as it proceeds downstream. The small vortex, which is in the
opposite direction to the main one, seemed to grow in size with the
downstream distance as a result of the increase in pressure gradient
normal to the wing surface. At incidence, the same features were
noticed (except that, of course, the horseshoe was not symmetrical
around the wing). The suction surface leg was kept closer to the wing
surface while the other vortex leg was swept away from the wing pressure
surface. Again, this was attributed to the differences in pressure
gradients on both wing surfaces. Surface oil flow pictures also
indicated that the leading edge horseshoe vortex continues downstream

of the trailing edge. This ensured that the complex structure of the

o
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‘leading-edge vortices and separation lines influence . the total
corner region including the wake. Some limited surface static pressure
measurements were made ahead of the leading edge and at some isolated
stations on the wing and plate surfaces. Static pressure was also
measured along the trailing edge and downstream of it. Mean vaiues of
the three velocity components together with static pressure profiles in
the corner region were measured at and near the trailing edge using a
conventional five-tube yaw meter. Some checks on the yaw meter
secondary flow measuremeﬁfs were made by a hot wire from which the
turbulence- quantities u and wresulted as by-products. However, no
analysis was made of the turbulence quantities' profiles.

In a trial to collect more comprehensive data (on the same
wing-body configuration), Chu (]975) replaced the five-tube yaw meter
with a single 45° chamfered-mouth tube which could be rotated around
its axis n 90° steps. The tube was also supplied with an outer tube
that covered the chamfered-mouth to transform the tube into a Pitot
tube. This arrangement, of course, eliminates the effect of mean
velocity gradients that affect multi-tube probes. Chu's measurements
covered the trailing edge region and the wing wake, together with some
traverses at the wing mid-chord plane. For zero incidence, the stream-
wise velocity cross-distribution showed two regions of low velocity on
either sides. of the wing, as a result of the exteﬁded legs of the
horseshoe vortex, in addition to qvcentra1 low velocity region
corresponding to the wing wake proper. The V-velocity component showed
approximate symmetry about the wing plane of symmetry. The V-velocity
distributions measured near the plate surface showed shallow peaks away
from the central region and troughs near the centre, while the opposite
proved to be true for planes far from the plate surface. . At 9.5°

incidence angle, Chu's measurements showed that the vortex from the
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suction side was strengthened with incidence and remained close to the
continuation of the wake, whi]st that from the pressure side was
weakened and moved somewhat away from the wake. The results also
indicated that the location of the centreline of the wing wake region
remained practically unchanged throughout the plate boundary layer.

Wing-body junctions in which the wing is attached to a
cylindrical body or a body of revolution is another very important
configuration as it simulates simply the practical wing-fuselage
configuration. Simplified wing-body junctions of this type haQe been
studied by some workers (e.g. Stanbrook, 1957; Weber, 1975 and
Naranjit, 1976). Here, we are going to consider only the two studies
made by Stanbrook (1957) and recently by Naranjit (19?6) on simplified
junctions.

Stanbrook (1957) (reported 1959) carried out his experiments
on various wing-body junction combinations in which he tested different
shapes and lengths of conical noses fitted to a cylindrical body to which
the different types of wings (swept and unswept) were joined.. He also
tried both rounded and sharp leading edges. His experiments, which
were conducted at both subsonic and supersonic ranges of speeds,
included flow visualization and total pressure distributions. Again,
the rolling up of the separated body boundary layer ahead of the wing
nose formed a horseshoe vortex. He also predicted the same effects of
incidence on vortex asymmetry, as did Sepri (1973). However, the most
striking result of Stanbrook was fhe effect of the wing leading edge
shape on the generation of the horseshoe vortex, i.e. that the vortices
were present with both swept and unswept rounded leading edges at
subsonic and supersonic speeds, but were not found with sharp edges at
zero incidence.

The latest work due to Naranjit (1976) was on a simple wing-

—
Al
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body combination in which he measured the pressure over the combination
including detailed measurements in the wing wake and body boundary
layer both immediately behind the wing trailing edge and just behind
the fuselage tajil. From Naranjit's total pressure contours just behind
the wing trailing edge at 9° jncidence, it was predicted that the wing
wake merged without much distortion with the fuselage boundary layer.
His results also showed clear evidence of the associated streamwise
vortex on both sides of the wing wake. Behind the body trailing edge,.
the "fuselage" boundary layer and the wing wake did not merge smoothly
due to the downwash distribution in this region which kept the main

~ part of the wing wake above the "fuselage" boundary layer.

1.3 Conclusion

From the above review of previous work, specially on turbulent
tow, it has been shown that the problem of interference occurring in
the junction between a body and a wing is far from being completely or
even partially understood. Even a thorough knowiedge of the very
simplified combination is still lacking.

The Togical steps that shoﬁ]d be followed towards the solution
of the problem seem to start with more detailed experimentation
devoted to much more simplified configurations in order to detect the

fundamental processes that govern fiow in corners.

1.4 Present Work

It was thus decided to carry out the present work on a much
simplified configuration of wing-body junction. In this configuration,
the tunnel floor simulates the body flat surface. The wing, which is
described in much more detail in the following chapter, was designed

to give the minimum possible complications. It has straight,
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uncambered parallel sides. The leading edge has an elliptic-shaped
nose and the trailing edge is blunt. The junction itself was arranged
in an "jdealized" form, namely, with the wing spanning the whole
height of the tunnel and fixed at zero incidence to the flow.

A11 the work was directed towards studying this single
configuration in order to collect the maximum possible amount of data.
Tests performed in the present investigation comprised preliminary flow
visualizations and a full survey of all the mean and fluctuating flow
parameters including all the six components of the Reynolds stress

tensor.

1.5 Qutline of the Thesis

The following chapter of the thesis deals with the experimental
arrangements and techniques utilized during the course of experiments.
Experimental results are presented in Chapter 3, together with some
preliminary discussions. Chapter 4 includes the main discussion and
the higher order results. The conclusions extracted from the present

investigations are given in the last chapter of the thesis.



32

FIG.(1.1) THE IDEALIZED WING-BODY JUNCTION
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(c) Turbulent Corner Flow (after Mojola, 1972)
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CHAPTER 2

EXPERIMENTAL ARRANGEMENT, INSTRUMENTATION
AND TECHNIQUES

2.1 Introduction

To achieve the main two objectives of the present work, namely,
a better understanding of the flow in the wing-body junction, and the
supply of a nearer to complete set of experimental data to be used in
future development of prediction methods, it was planned to measure as
many of the flow parameters as time and available experimental
faci]ities'a11owed, including all relevant second- and third-order mean
products of velocity fluctuations.

The experimental programme started with oil-film flow
visualization, using the standard techniques (see Sub-section 2.2.7).
The first set of quantitative measurements comprised wall static
pressure distributions on the "body" surface (the tunnel floor). This
was followed by Pitot-tube measurements from which streamwise mean
velocity profiles were déduced. Preston tube measurements of wall
shear stress (skin friction) were made on both "wing" and "body"
surfaces. A single hot-wire probe (U-wire) was then used to measure
the streamwise turbulence intensity E;.with real-time analogue
processing. A full survey of all the turbulent flow parameters was
carried out, at a number of cross planes, using a cross-wire probe;
with later digital processing. Some tests were then carried out, using
pitch- and yaw-meters for measuring the secondary flow components V and
W, but results were not accurate and thus dropped. Also, some trials
were made of a cross-heated element, in which the angular rotation of

a heated sheet of air convected from a thin hot wire is measured by a

temperature wire set downstream of the heating element, as a method for
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measuring the streamwise vorticity component but the practical

difficulties proved to be insoluble.

The different experimental arrangements and instrumentation
used in the present programme are described in the following sections.
Some of the sections in this chapter are devoted to explaining the
techniques used in collecting and processing the experimental data.
The calibration procedures used in connection with the different

instruments are also described in this chapter.

2.2 Experimental Arrangements and Instrumentation

2.2.1 The Wind Tunnel

2.2.1.1 General Description

The present experimental work was carried out in the 30" x 5"
boundary layer wind tunnel of the Aeronautics Department at Imperial
College. The wind tunnel is shown in Plate (2.1a), and sketched in
Fig. (2.1b). It is an open-circuit design with an aerofoil-type
centrifugal blower (Airscrew-Weyroc. Ltd. Type HEBA/B 27 in.)driven by
a DC motor (Electrical Construction Co. Ltd. "Varispeed Mk 10" thyristor
drive) fitted at its entry. High quality flow is ensured by the use .of
an aerofoil-type blower at the tunnel entry (Bradshaw, 1966). The
blower is followed by a straight—éided wide-angle diffuser supplied
with two screens for flow refraction into the expansion. Flow discharges
from the diffuser into a settling chamber made up of frames, each of 2"
thickness, carrying the oneycomb and screens and bolted together by
drawbolts. The honeycomb is "Aeroweb" aluminium honeycomb with 3"

hexagonal cells, 2" deep, and the screens are 14 mesh, 28 swg (0.0148"
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diameter). The settling chamber is followed by a two-dimensional
contraction leading to a 5" high, 30" wide working section.

The tunnel working section is composed of two identical
parts, each 4' 9" long. The test section floor is an aluminium sheet
(3" thick) supplied with removable brass discs (33" diameter) fitted
flush to the surface at 6" pitch. The discs are interchangeable and
carry traverse gears, Pitot tubes, Preston tubes, etc. Wall static
pressure could also be measured simply through drilled tappings in the
disc surfaces. Having circular arc-slots on their circumference, the
discs are designed to be rotated around their centres with the
retaining nuts slightly loosened. The test section roof is adjustable
to allow any desired pressure gradient to be set up by trial. It is
made of transparent PVC sheets 1/16" thick strengthened by spanwise
wood bars, 1" square. Test éection walls are made of 3" thick perspex
screwed to the floor with an 3" gap for insertion of probes or applying
suction to the tunnel corner boundary layers. The roof can be removed
to give access to the working section for fitting trip wires, painting
tunnel floor, fixing test models, etc.

A dust filter, made up of five 2' x 2' filter panels (Altair
Ltd. Type 101/PP), is fitted to the blower suction side.

2.2.1.2 Tunnel Specification and Performance

Important items defining the tunnel specifications and

performance are summarised as follows:-

(1) Working section dimensions : 30" x 5" x 9.5' (76.2 x 12.7 x
289.56 cm.)
(i1) Maximum tunnel flow speed : 45 ms;'.I (the present measurements

were made at about 30 ms—1)
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(i11) Driving motor power : 12.5 kW
(iv) Maximum motor speed : 1500 rpm
(v) Turbulence level : 0.07%
(vi) Boundary layer at the )
contraction exit (upstream {: laminar, 3 mm. thick (at 30 ms'])
of trip wire) J
(vii) Spatial variation of total")
0.2% of the dynamic pressure,
pressure at contraction
(within experimental scatter)
exit )

(viii) The tunnel roof and floor boundary layers are tripped at
the contraction exit. '

(ix) ~ The tunnel is supplied with a manual and an automatic control
unit for flow speed adjustment. Details of the construction

of the automatic speed control unitare given by Chandrsuda (1976).
The tunnel is described in more detail by Bradshaw (1972).

2.2.2 The Test Rig

The test rig was simply composed of the 30" x 5" tunnel
working sections with the wing model fixed in the rear one. The roof
height was set to a constant value of 5". Special arrangements were
made, using the removable discs, for measuring wall static pressure and
for fitting traverse gears.

The present experiments~were carried out on a wooden wing
model constructed by the Aeronautics Department Workshop. Model
dimensions and configuration are shown in Fig. (2.2) (taken from Shabaka,
1975). The wing has an elliptic-nose leading edge (2.54, 15.24 cm. (1",
6") semi axes). The two parallel sides of the model are made of 12 mm

thickness plywood tied together with wooden spacing pieces. The nose-



side surfaces are made of a thin sheet of metal wrapped around wooden
semi-elliptic templiates. This construction was preferred as it allows
the model thickness to be changed, for future use, simply by rep]acing.
the spacing pieces and the nose templates. The wing span is 12.7 em. (5"),
its chord is 157.48 cm. (62"), and it is 5.08 cm. (2") thick. Five inches
span, which the tunnel height allows, is enough to ensure the existence

of a potential core between the tunnel floor and roof boundary layers.

The maximum thickness to which each boundary layer grows at the exit

from the working section 1is only two inches.

Another model of the same chord and span, but smaller thickness,
was used in the preliminary flow visualization tests. This second model
was made of a sheet of plywood, 6.4 mm (3") thick, with a chamfered
leading edge.

The thick-model (fhe main one) was placed in the rear test
section of the tunnel with its leading edge at the section entrance and
its chord parallel to the tunnel centre line, i.e. at zero incidence to
the nominal flow direction (see Fig. (2.2)). It was placed with one of
its surfaces covering equal small sectors of the removable discs of
the tunnel floor. This allowed measurements to be taken in a region
extending from the wing surface to about 65 mm. in the direction normal
to the wing. This distance was found sufficient to cover the whole
region where three-dimensional effects were detected. The thin model
was used only for flow visualization experiment during which it was
‘placed paraliel to the thick model at the other side of the working
section as shown in Fig. (2.2). Al1 the surfaces in the hatched zones
were painted black to give better contrast. Trip wires, 0.7 mm. diameter,
were stuck to the surfaces of each wing, along their spans, at about 1"
dovwinstream of the leading edges. Hence, the boundary layers on the

wing surfaces were made turbulent very near to their leading edges.
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Afier the flow visualization was completed, the thin wing was
removed from the working section. The main set of experiments was then
carried out in the corner region formed by the surface of the thick

wing and the tunnel floor.

2.2.3 Arrangement for Pressure Measurements

2.2.3.1 Surface Static Pressure Taps

Static pressure distribution on the tunnel floor was surveyed
both in the axial (x) and the crosswise (z) directions*. Thirteen taps
were drilled along the diameter of one of the 33" diameter removable
discs. Each of these taps is 1 mm. diameter. The ports are drilled at
6.4 mm. intervals, starting from the disc centre. Fitting this disc
into any of the nine rings éiong the corner, or the nine rings upstream
of the wing leading edge, made it possible for the static pressure to be
measured at different stations to a sufficient distance away from the

corner.

2.2.3.2 Pitot and Preston Tubes

Pitot and Preston tubes used in the present work, Fig. (2.3),
were manufactured by the Department Workshop. The Pitot tube is of
0.624 mm. inner diameter, 1.05 mm. outer diameter, and 41.54 mm. over-
hanging length. The tube is soldered to a series of tubes of increasing
diameter, ending with a 4 mm. diameter stem suitable for fitting in the
traverse gear collet. The tube's overhanging length is angled very
slightly towardg the tunnel floor and sideways towards the wing surface.

This allowed measurements to be taken with the tube lying in contact

* See Fig. (2.2) for axes system
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"with any of the two surfaces. A second tube having the same dimensions

but with 53 mm. overhanging length was used as a Preston tube. This

Tonger overhanging length ensures that the tube rests on the tunnel

floor ahead of the edge of its mounting disc.

2.2.3.3 Manometers

Three types of manometers were used for pressure measurements

in the present work:-

(1)

(11)

(iii)

An “AVA" Betz manometer was used to set and monitor the
tunnel reference dynamic pressure at the entrance to the
working section. This type of manometer makes ft possible
to read to the nearest 0.01 mm. water gauge resulting in an
accuracy better than 0.02% in the range of dynamic pressure

of the present experiments.

A "TEM" multi-tube manometer was used for measuring the
surface static pressure distribution and for taking readings
of the Preston tube. In the preliminary set of experiments,
the Pitot tube was connected to the multi-tube manometer.
This multi-tube manometer, when set to an angle of 18° to the
horizontal, gives an accuracy of about 0.2% of the reference
dynamic pressure. A separate zero was recorded for each

tube.

The Pitot tube was connected to a Furness Controls Type MDC
multi-range capacitor micromanometer for traversing the
total pressure in the corner region. A data logging system

(see Subsection 2.2.5) produced the micromanometer out-
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put on a punched paper tape. This arrangement resulted in
an accuracy in the total pressure measurement of 0.4% of

the reference dynamic pressure.

2.2.4 Traverse Gear Arrangement

The traverse system was designed to give motion in two
directions, the vertical (y) direction away from the tunnel floor and
the crosswise horizonta] (z) direction normal to the wing surface (in
its straight-sided section). As for the streamwise (x) direction, no
motion is needed. Use can always be made of the tunnel removable discs
facility to survey the flow along this direction.

The specially designed arrangement, shown in Fig. (2.4), was
designed by the author and manufactured in the Department Workshop. An
aluminium base A was fitted to one of the tunnel removable discs, B.
The traverse gear C which holds the probe D and gives its vertical
(y-wise) movement is fixed to a small base E that slides in the groove
F of the main base, A. This traverse gear together with its base E are
moved in the z-direction'by the horizontal traverse gear G via a push
rod, H. A slot 8 mm. wide was milled diametrically in the disc face
to allow the probe to move in the z-direction. This slot, not apparent
in the figure, was covered on its internal walls with self-adhesive
foam rubber tape to mimimize leakage and to prevent metal contact
between the probe stem and the disc. For the purpose of yaw-ca]ibration;
(see Sub-section 2.3.4b), a small hole I was drilled in the outer face
,of the disc. In this way the yaw-calibration could be performed with
the probes in the measurement station by yawing the whole arrangement
against the saddle J.

The two existing traverse gears {C and G) offering the two

required motions and fitted to the above-described arrangement are of
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the "slide rule" type, in which the "cursor" K carrying the probe stem

is driven up or down the "stock" by a leadscrew L. Each has a stroke

of 15 cm. (6"), is driven by a 12 V-DC electric motor M, Portescap

Type P26, and is fitted to a Sakae linear potentiometer N, Type 20LP100*.
This type of potentiometer is 10 cm. stroke and of 0.04 mm. resolution.
One remcte control box or power supply per traverse feeds both the motor
and the potentiometer. The box also contains a voltage stabilizer and

a zero potentiometer adjustment. Distance travelled by each traverse
gear was monitored on a Solartron LM1420.2 digital voltmeter (DVM)

measuring the potentiometer outputs.

2.2.5 The Data Logging System

The data logging system of the Aeronautics Department was
used for recording the Pitot tube mean stagnation pressure profiles.
A diagrammatic sketch showing the electrical connections of its
components is given in Fig. (2.5). The system is composed mainly of a
Solartron Data Transfer Unit (DTU), a Solartron LM1420.2 Digital Volt-
Meter (DVM) and a Teletype ASR33 Teleprinter. Three extra DVMs were
included for convenience: two were used for setting the traverse
gears' voltages, i.e. specifying the Pitot tube location in the y-z
plane, and the third acted as a monitor for the capacitor manometer
output to check its steadiness before scanning a reading. In the
present arrangement, the DTU simultaneously receives input signals
from the two traverse gears (to input channels 0 and 2), the capacitor
manometer (to channel 1) and the "coder box" (to channel 4). The '

remaining input channel (channel 3) was shorted out. The system's

* The potentiometers shown in Fig. (2.4) are, in fact, of the CIC Type

111 which were fitted to the traverse gears after finishing the experiment.
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output device, the te1etype,.prints the readings and produces them
punched in ISO/ASCII* code on a paper tape.

The "coder box", which is just a discrete potentiometer, fed
from a separate power supply unit, provides an extra input voltage for
later use during computer processing. Each of the twelve discrcte
control voltages that the box can provide defines the way in which the
computer program handles a data record, e.g. it defines the points on
the velocity profile, the points in the free stream, deletes a mistaken
point, etc. More details on the program are found in Bradshaw (1973)

and de Brederode (1973).

2.2.6 Hot Wire Anemometry

Turbulence quantities were all measured in the present work
using constant temperature hot wires. The measurements were carried
out in two stages: the first-was the use of single wires (U-wires)
for measurement of the longitudinal turbulence intensity E;, and the
second was the use of the cross wires (X-wires) for measuring all the
six independent components of the Reynolds stress tensor E;E} and
higher-order velocity products.

2.2.6.1 Anemometers and Hot-Wire Probes

"DISA" anemometers and probes were used for all the tests.
Both types of "DISA" constant temperature anemometers, namely, "55D01"
and "55M01", were used. There is Tittle effective difference between
them except that the first has more control facilities, i.e. more
flexibility, while the latter is easier to use. The "DO1" type was

used for all cross-wire measurements because it has a much Tower out-

* ASCII : American Standard Code for Information Interchange
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put impedance and is, therefore, more suitable for use with the
filters {made in the Department) used when tape-recording hot wire
signals. Longitudinal turbulence intensity was measured using DISA
U-probes Type “55P01" with home-made 5 um platinum (Wollaston) wires.
The wire overall length is 3 mm. and its active part.is approximately
1 mm. Tong. DISA miniature cross-wire probe Type "55A38" with DISA
original gold-plated tungsten wires were used for some of the measure-
ments while Wollaston wires were home soldered to DISA probes and used
when original wires were not available. They proved to be better from

the point of view of calibration drift, but they are more fragile.

2.2.6.2 Single-Wire Arrangement

Fig. (2.6a) is a block diagram of the experimental set-up
used in connection with U-wires. The anemometer output was low-pass-
filtered at 1 Hz and the meaﬁ>vo1tage was read from a Solartron
"LM1420.2" DVM. A "DATRON" true RMS meter was used to measure the
signal rms value after filtering its DC component (high-pass filter
set at 1 Hz) and high frequency noise (low-pass filter set at 20 kHz)..

The signal was always monitored on an oscilloscope as a check.

2.2.6.3 Cross-Wire Arrangement

(a) Analogue Measurements Set-Up

Some analogue cross-wire check measurements were taken using
a8 variable-gain sum-and-difference unit, made in the Department, to
obtain voltages proportional to u and v (with the cross-wires in the
x-y plane). These measurements were used for preliminary comparison of
cross- and U-wire result. for the u-component intensity before proceeding
to the main cross-wire measurements, and also as a check on the accuracy

of the recorded data.
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The analogue measuring system, shown in Fig. (2.6b) inside
the dotted-line box, consisted of two DISA 55D10 linearizers, two "PHI"
type operational amplifiers, a multiplier and an integrator, in
addition to the sum-and-difference unit. A "PHI" console (Servicon Ltd.)
with common = 15 V power supply accommodated these plug-in units.

Integration time was set by a WATESTA timer.

(b) Analogue Recording and Processing Equipment

(1) Analogue Recording Equipment

Non-linearized cross-wire signals were recorded throughout the
course of the experiments. The wires' analogue output has been
recorded on 1" magnetic tapes using an "Ampex FR1300", 14-channel,
Analogue Tape Recorder. The recorder has 6 speeds ranging from 17 in.
sec'1 to 60 in. sec'-I and increasing in geometric steps of base 2. 30 in.
sec—] speed was used for recording the X-wire data. The maximum and
minimum values of + 1V and - 1 V that the recorder can handle without
distortion put limits on the amplifications applied to wires' signals.
The total number of analogue tapes used in the present investigation is
twelve; correspondingly, a toté] track length of about 604800 feet was
recorded.

The recorded signals were played back at the same time and
checked with the original signals by viewing them simultaneously on a
multi-channel "Tektronix" oscilloscope. A sine wave signal of known
amplitude and frequency was produced by a "Farnell" wave generator and
recorded on both channels before and after every few traverses. This
signal was later used for calibration purposes.

A block diagram of the above arrangement is shown in Fig. (2.6b).

In this diagram, the analogue measurement equipment is sketched inside

a dotted line box. This part of the equipment was disconnected during
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the main recording processes.

Each cross-wire signal was filtered in the same way as the
U-wire signal (passband 1 Hz to 20 kHz). Operational amplifiers (PHI
type) were then used for signal ampiification before recording. System
complication was reduced by using a passive filter in filtering both
wires' signals and to separate their DC and AC components. The DC
components of the two wires were monitored on the same DVM using a

selector switch in the passive filter unit.

(i) Digitization Equipment

The process of reproducing analogue information in the form
of discrete data points suitable for handling by digital computers is
known as digitization. The Departmental Data-Logging System was used
in digitizing the previously-recorded cross-wire signals. The system
was described in full detail by Weir and Bradshaw (1974) and, together
with its operating instructions, by Bradshaw (1975). Fig. (2.7),
quoted from the above-cited references, shows a block diagram of the
system. The system consists of an "Ampex FR1300" portable analogue
tape recorder (on which recorded data was replayed at 7% in. sec']), a
Data Laboratories Ltd. Simultaneous "Sample and Hold" Type 800, a
"multiplexer", a Data Laboratories Ltd. "A/D Converter" 710, a Digital
Equipment Co. Ltd. "PDP-8/L" minicomputer, an interface unit built by
“DEC", and an "Ampex TM 16" Digital Recorder. A crystal clock sets
the rate of transfer from the A/D converter to the core store of the
minicomputer. The system is supplied with optional input "PHI"

operational amplifiers. The input signal was low-pass filtered at 5 kHz%*,

* With 20 kHz total sampling rate, filter is set to (10/n) kHz where

n = number of channels to avoid aliasing.
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and high-pass filtered at 1 Hz to cut out any recorded DC component.
The system which handles up to 12 parallel input channels of analogue
voltages (of amplitudes between = 1 V), converts them into 10-bit
binary numbers. It then records them in pure binary form on a 7-£rack
1" digital magnetic tape in "block IBM" format compatible with the
Imperial College and University of London CDC computers. The system
conversion rate is adjustable up to approximately 25,000 samples/sec.
In the present work, a rate of 20,000 (10,000 samples/sec per channel)

was used.,

2.2.7 0i1 Flow Visualization Mixture

The .surface 0il1 film technique was used for flow visualization
on the tunnel floor in the corner regions of both wing models and upstream
of the thick model leading edge. The oil mixture used by de Brederode

(1975) was also used in the present work. It was formed from:-

- “Plus-Gas", formula "A" penetrating oil,
- "Speedivac" Grade 16 vacuum pump oil,
- titanium dioxide, and,

- oleic acid
and mixed according to the approximate volumetric ratios of 8 : 4 : 3:1
respectively. The mixture was then applied with a brush to the painted

areas of the tunnel floor.

2.3 Calibration Procedures and Techniques

2.3.1 Multitube Manometer Calibration

The "TEM" multitube inclined manometer used in the present
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investigation was calibrated against the "Betz" manometer. Calibration,
in this case, meant defining a proportionality constant to transform
columns of liquid on the inc]ined manometer into pressure measured in

mm of water. This replaces working out the constant from the manometer
inclination and the specific gravity of its liquid. The "Betz"
projection manometer and two of the inclined manometer tubes were kept
connected to the tunnel dynamic pressure throughout the experiment, and
thus the calibration constant could be checked frequently. No change

in the calibration was noticed except, of course, when the manometer

angle changed.

2.3.2 Calibration of the Capacitor Micromanometer

The capacitor micromanometer used in the Pitot tube tfaverses
was calibrated against the Betz manometer by connécting both of them
to the same pressures simultaneously. The actual value of pressure,
read in mm of water off the Betz, was then plotted against the micro-
manometer response in volts as monitored on the DVM. The micromanometer
and the DVM connected to it was calibrated as one unit; in other words,
the same DVM was connected to the manometer during both calibration and
measurements. Fig. (2.8) gives a typical calibration curve. A least-
squares method, performed on a pocket calculator, fitted a straight
line passing through all the points except the First (to avoid any
zero error effects).

Calibration was carried out before and after traversing each
station and an average value was used for both the 1line slope and the
intercept, provided that not more than 1% change was noticed.
Measurements were repeated in the few cases where the calibration

constant changed by more than 1%.
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2.3.3 Traverse Gear Calibration

Each of the two traverse gears connected to the arrangement
described in Sub-section 2.2.4 was calibrated against slip gauges.
Every calibration started with some preliminary trials to set a
potentiometer output of approximately 0.02 V per mm of travel. The
least-squares algorithm was then applied (on a pocket calculator) to
fit the best straight line (traverse gears are fitted with linear
potentiometers) to the points of the main calibration. Calibration
was performed before, and checked after, every set of tests. Only
small changes (less than 0.6%) in the line slope were noticed, but the
average slope was used. At the time of experiment; the location of the
measurement points relative to the surfaces of the body and the wing
(y and z) were chosen by inspection of the potentiometer voltages.
Electrical contact was used for determining the potentiometer's zero
readings. Pitot tube and hot-wire probe holders were electrically
insulated from the traverse gears and their carrying disc. Contact of
the Pitot tube tip or hot wire holders with the tunnel floor, which was
detected by an electrical buzzer, defined the locationy =0. z =0
was defined as the point of contact between the probes and a metallic
strip stuck to the wing surface. This copper strip (12 mm wide and
0.1 mm thick) was fitted along the wing chord at height y = 65 mm and
was electrically connected to the tunnel floor. The thickness of the

strip was taken into account.

2.3.4 Hot-Wires Calibration

(a) Velocity Calibration

Only static velocity calibration of both U- and X-wires were
performed during the present work since Chandrsuda (1976) has shown

that careful differentiation of a static calibration curve and the
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dynamic calibration give the same 3E/3U within experimental error. He
has also come to the conclusion that the calibration law:-

2n

E2 =A+BU"+ CU (2.1)

where:- E : anemometer voltage reading (Volts)
U . flow velocity (m.sec'])
A, B, Cand n : constants

proposed by Davies and Patrick (Cockrell, 1972) is unnecessary with the
ranges of speeds found in the present work, because over the 2 : 1irange
of speeds to which ordinary-size probes are limited in a boundary layer
(0.5 < U/Ue < 1) the effect of the third term is negligible.

Chandrsuda has suggested that the exponent n can be carefully chosen to
produce a good straight line in the speed range up to'approximate1y

30 ms™ ).

According to these findings, hot wires were statically

calibrated to fit the law:-
E2 = A + BU" (2.2)

with n = 0.45.

Velocity calibrations were performed at the same stations as
the measurements with the wires located in the free stream outside the
boundary region. This was ensured by placing the wire in the tunnel
mid-plane as far from the wing surface as possible. The local dynamic
pressure was measured on the "Betz" manometer of which the high pressure
side was connected to the tunnel inlet Pitot tube (i.e. neglecting any

losses in the total pressure up to the calibration station, which is a
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very good approximation), and its Tow-pressure side was connected to a
surface static pressure tap just below the calibrated wire. The best
straight linc was fitted between E2 and U°**® after removing points of
noticeable experimental error, if any. Fitting was done on a pocket
calculator using the least-squares algorithm. Typical U-wire and X-wire

velocity calibration curves may be found in Figs. (2.9) and (2.10).

(b) Cross-Wire Yaw Calibration

The standard technique used in the Imperial College Aeronautics
Department to measure the effective X-wire yaw response was applied in
the present investigation, Details of the technique can be found in
Castro (1973). Appendix A of this thesis gives a short account. The
probe was placed in the free stream with the plane of wires laying
horizontally. A specially designed circular arc (sadd]e) piece (see
Fig. (2.4)), available in the Department, was used to yaw the probe at
known angles to the flow, and the mean wire voltages were then
monitored on the DVMs. The brass saddle-piece contains seven holes
(only five of them could be used in the present investigation due to
limitations of the traverse gear arrangement) on the arc of a circle
whose centre lies at the centre of the disc hqlding the traverse gears.
The holes are equi-spaced at intervals of 4.67°. When in position, the
saddle is fixed to the tunnel co-axially with the disc. The disc,
together with traverse gears and the probe, may be rotated in the x-z
plane until the hole (see Sub-section 2.2.4) in the disc lines up with
one of the saddle holes. Insertion of a peg locates the assembly in
position until a reading is taken. The calibration curves, of which
Fig. (2.11) is a typical one, was then plotted and the effective wire

angles wl and wz were determined.
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(c) Hot Wire Calibration Drift

To eliminate the effect of calibration drift, the U-wire was
calibrated before and after every run of measurements or every three
hours of measurements in longer runs. Frequent calibrations of cross-
wires were also performed as indicated in Sub-section 2.4.6.2b.
Calibration was even more frequently carried out when it seemed
desirable.

If the drift in any of the constants A or B (Equation (2.2))
or wires' angles wl, wz between successive calibrations was larger than
4%, the measurement taken between the two calibration processes was
repeated. For less percentage drift, the change in constants was
distributed linearly among the traverses (not points) done between

calibrations.

(d) Effect of Changes of Flow Temperature

Owing to the fact that the hot wire principle is based on
fdrced—convective heat transfer from the wire to the flow, it is
expected that changes in flow temperature affect hot wire readings.
The problem was discussed by Bearman (1971) who has suggested the

following formula:-

AE - Q
T =m=Ty 0 (2.3)
where:- AE : correction in hot wire voltage due to change A®

(degrees) in ambient flow temperature.

o : temperature coefficient of resistivity, (deg K)~]

0.0052 for tungsten

and = 0,0039 for platinum
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R : wire overheat ratio = RW/R0 = ratio of wire resistance
at operation condition to its cold resistance (set to

1.8 in the present work)

It can be shown from this relation that a change of one
degree centigrade in flow temperature produces an ervor of - 0.33% in
E for a tungsten wire and of - 0.24% for a platinum one.

In spite of the percentage errors being small, temperature
corrections were performed for traverses having average temperature

changes of more than 2%C from calibration temperature.

2.4 Experimental Techniques

2.4.1 The Tunnel Flow Conditions

The present study was carried out at a tunnel inlet flow
velocity around 30.5 m.sec"] (about 100 ft/sec). On one hand, it was
found difficult to maintain the speed precisely at constant value owing
to the continuous changes in the ambient conditions throughout a test
day. Since the flow is not too sensitive to Reynolds number, in this
range of speeds, it was found rathef more convenient to keep the tunnel
inlet reference dynamic pressure, instead of speed, fixed at constant
value. A value of 57.5 mm of water was chosen for the reference inlet
dynamic pressure throughout the present investigation. The tunnel inlet
flow velocity ranged between 30.4 and 30.82 m.sec'] through the
experiments (air density varied between 1.22 and 1.188 kg m"3). This
corresponds to a maximum change of 1.37% of the nominal 30.5 m.sec-]
speed. Three barometric pressure readings, at least, were taken every

test day and the flow temperature was measured, frequently during the

experiments, using a thermometer placed in the free stream near the
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working section exit. Any changes in the tunnel inlet speed could,

thus, be recorded for future use.

~ The following precautions were taken to make sure the flow

conditions remained unchanged throughout the experiments:-

(i) The wing model was kept always fitted in its place in the

tunnel rear working section. Other wofkers who used the

tunnel in the intervals of the present experiments carried

their work out in the front test section or with their own

special test sections.

(1) Every time the tunnel was re-assembled, the following steps

were taken before collecting a new set of measurements:-

(a)

(b)
(c)

A11 the junctions and tunnel side gaps were sealed
against leakage using masking tape.

Leakage checks were carried out.

The streamwise (x-direction) distribution of tunnel
floor static pressure along the tunnel centreline
was checked,

Crosswise (z-direction) wall static pressure
distributions were measured at some selected axial
stations in the corner as well as ahead of the wing.
The "body" boundary layer thickness was checked,
using a Pitot tube, at three x-stations: the first
upstream, and the second and ninth downstream of
the wing leading edge. The checks were performed
on the tunnel centreline at the upstream station

and at z = 60 mm at the downstream ones.



56

These chacks showed excellent repeatability and the main
results, taken over a period of three years, can thus

_ confidently Be stated to be self-consistent.

(iii) Each day, before taking any measurements, the tunnel was

left running at nearly the reference speed for about an hour.

(iv) Some of the laboratory windows were kept open during
experiments ensuring enough ventilation to avoid warming up
of air in the room (tunnel sucks from, and delivers into,the

