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ABSTRACT

In search of better estimates of the losses in
turbo-machinary; the present work considers the
effects of pressure gradient on the wake flow behind
an isolated airfoil. Once the wake velocity profile
is measured or predicted, drag calculations based on
the loss of momentum are carried for different val-
ues of pressure gradient.

A wind tunnel was designed and constructed to
achieve a two-dimensional flow with zero, positive
and negative pressure gradients at different undis-
turbed veloclties.

The resulted velocity distribution shows that
at the positive pressure gradients, the distributi-
ons are flatter, relative to those with zero pre-
ssure gradient, the distributions are steeper. Also
as the undisturbed velocity increases, the wake
decay increases. '

The wake parameters are measured downstream of
the trailing edge for positive and negative presgure

This work was carrled out at the Turbomachinery
Laboratory of the Department of Mechanical Power
Engineering, Faculty of Engineering and-Technology,
University of Helwan, Mattaria-Cairo, Egypt.
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gradivuts and compared with those ab zero pressure

gradient.,

.

NOMENCLATURE :

a constant

b wake width

Ch total drag coefficient

c Chord length of the aerofoil

D Total drag force :

H Shape factor

L span length of the aerofoil

P static pressure

u velocity at distance y from the x- coord-
ination direction (in the flow direction}

14 free stream velocity

Ug velocity at wake centre line

Uy undisturbed velocity upstream of the
aerofoil. .

X distance from the tralling edge in

- streamline direction,

¥ distance normal to the aerofoil

(= angle of diffuser (or nozzle) of the
test section. :

B wake depth

b wake width

F displacement thickness

8 momentum thickness

F density.

INTRODUCTION

The flow in the plane wake behined an aerxof~

o0il continues to be one of the most lmportant
problems both from fundamental and practical view

point,

For most flow around solid bodies, the bound-

ary layer seperates from the body surface towards
the rear of the body. Downstream of the 'separation
position, the flow is greatly disturbed by large-
scale turbulent eddies, and thls region of eddying
motion is usually known as the wake, It is chra-
cterized by a non-zero vorticity on the downstrean
side of the body even if the upstream flow is uni-

form.

The flow in the wake is a free turbulent
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shear flow with no solid boundaries to control the
mean and fluctuation flow patterns. The flow is
bounded on both sides by a non«turbulent irrotati~
onal flow.

The organized structure of large eddies within
the wake produces large gradients of the longitudi-
nal mean veloecity component u {in the direction
of flow x} with respect to normal distance y and
in consequence the turbulent shear stress component
assoclated with du/ ¥y is important, while the other
shear stress components can be neglected, see fig-
ure {1) for the coordinate system, Wake flows
within the passages of turbomachines are likely to
be under diffuser effects { for compressors) or
nozzle effect (for turbines}. The decay or growth
of the wake is strongly affected by pressure grad-
ients. In a diffusing or a nozzle passage, the
flow is nonuniform owing to the wake induced by an
obstruction upstream. The overall performance of
the diffuser or the nozzle strongly depends on the
manner by which the wake decays as the pressure
rises or decreases,

If the positive pressure gradient is large
enough, the wake may grow rather than decay, so
that a zone of stagnant or reversed flow develops.

In a typlecal gas turbine engine, air leaving
an axial flow compressor take out, passes through a
diffuser before entering the combustor, Combustor
efficiency is strongly affected by the velocity
profile at the diffuser exit, Werle and Verdon [1]*
gave detailed numerical calculation on the flow
passed symmetric trailing edges,

The decay of turbulent wake in zero-pressure
gradient flow have been studied by a number of
investigators including Schlichting [2], Townsed[3]
and many other authers [4-6]. Measurements for a
wake with pressure gradient were made by Kearney([7].

It is important to study wake characteristics
in an aercdynamic field, as this study may yield a

.

Number in square parenthesis refer to reference
listings, .
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better procedure for calculating drag of a body
situated in the free shear flow with positive or
negative pressure gradient and thus better estima-
tes of losses in turbomachinary.

EXPERIMENTAL SET UP -

An open circuit wind tunnel was constracted
to obtain two-dimenslional flow with positive, nega-
tive, and zero pressure gradients at the test sec-
tion, as shown in figure (2}, The inlet section is
designed to obtain minimum disturbance using a bell
mouth shape, with a convergent squared cross-section.
At a distance of 200 mm downstream from the end of
inlet section, a honeycomb of length 150 mm is
located. The airfoll is located horizontaly at 500
mm downstream of the honeycomb directly before the
working section., The working section dimensions are
1230 x 305 x 305 mm at zerc pressure gradient. The
working section has two movable sldes, to produce
positive, and negative pressure gradients, A valve
is located downstream of the fan, to regulate the
discharge. The wake generator, is a straight air-
foil, with 22 mm maximum thickness and its chord
length is 150 mm. The velocity profiles of the wake
is measured at a nondimensional x/c = 0.067, 0,867,
1.667 and 2.467 downstream of the airfoll by using
a three-hole cylinderical probe,

EXPERIMENTAL RESULTS

Since the problem of wake at zerc pressure
gradient is well investigated, a special attention
will be paid to the effect of pressure gradient on
the wake shape. The zero pressure gradient measu-
rements were done to check the characteristics of
the test rig and to be used as a reference for ‘
comparison with the measurements at both positive
and negative pressure gradients,

Throughout the results the wake width is
measured experimentaly from the velocity distribu-
tion. For the accuracy, the half value width (this
is the distance from the axis of symmetry, at which
the mean velocity difference is half the maximum
value) is used. The relative wake depth p s

“
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defined as:

free stream

where, Y; H
velocity at

u
<

The veloclty

distributions

yelocity.
the wakeé centre line.

are measured at differ-

ent distance from the trailing edge and different

undisturbed yvelocities for zero,
negative pressure gradients as shown
respectively.

{4} and (5]
the wake depth
reases as the

decreases

distance from the
increases downstream of the wake

positive and

in figures (3},
The figures show that,
and the waks width’ ine~
trailing edge,
generator. -’

The flow pattern at zera pressure gradieh£

ig aifferent from that w
pecause the free astream
gradient are

pressure gradients.

when the positive
the wake width increases
the wake centre. On the
tive pressure increases,

more sharper as compared with the

pressure gradlent.

ith pressure

parallel, but they
tive pressure gradients or converge

gradients

diverge for posi-
for negative

pressure gradient increases

and becomes flatter at
other hand, as the nega-
the wake shape becomes

.se of zero~

The wake decay at negative pressure gradlent
is rapid and thus poth the wake depth and wake

width are smaller than those
These results can be explained

pressure gradients.

by the reenerglzing proce
cess is very guick and co

is very rapid.

pigure (6} shows
distributions (u/uyp)
Zero,
variation of the
the trailing edge is

with zero and positive

sg., The reenergizing pro-
nsequently the wake decay

the free stream velocity
in the direction of flow at
positive and negative pressure gradients, The
velocity aleng
a linear relatlon.

the distance from
This rela-

tion can be expressed by Hill [8] equation.
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u p. x
._l. = 1 + a 09 (1}
Y10 o
vhere ﬁé & 6 are the wake depth and the momen~-

° tum thickness at first station,

a is constant depending on the angle
of the diffuser or the nozzle.

The effect of pressure gradients on the
relative wake depth is shown in figure (7}. The
positive pressure gradient causes an Increases of
the dimensionless wake depth P till o =12° to 14°
and then it slightly decreases with further lncrea-
sing of the positive pressure gradient. This
kehaviour is due to the separation which occurs at

= = 14°,

In ordexr to compare the measured values of
relative wake depth B with those caloculated by Hill
(8], the Von Karman momentum integqral equation is
used together with the transverse velocity distri-
bution at the same conditions,

u1-u
u

; 2{+cos%) (2)

where % 1s half of the wake width at free stream,

The Von Karman momentum equation is:

du
dae . 8 1 _
ax (2 +8) u, dx = 0 (31

Substituting from free stream longitudinal
velocity equation (1} into the wake depth equation
by Hill
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Bs 222 .8
Po 1 K

and integrating from

2 3 2
x € 1 By Y
2. & j[ g, g
xO

LR B R A {4)

x = 10 mm to x, where x_ 1is

the distance between th¥ first station and the®
trailing edge of the airfoil in me, we get.

2
2 » ¢ tra—g
B.x . [ .
B =11 -a (-g— 172 14 B In( 174
Po 8 a{ -4} EF )ag
1+10 5
o]

where € is the eddy vi

This equation 13 suita
pressure gradients, bu
we substitute ujoe/uy

and integrating from X,

2
Bogpgq.83 (€

et e se ey (5)
scogity.,

ble for positive and negative
t for zero pressure gradient,
equal to unity in equation (4)
= 10 mm to x we get,

B2 x 10 p?

&

Bo 3(2_4 u19

Schlichting (2]

o -3
- 1 ] (6)
OO 60

showed experimentally that

in the constant pressure wake behined a eylinger,
the eddy viscosity ¢ould be considered constant

along the axis of flow

.
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Schlichting result can be expressed in the form

= 0,044

u19

Hi1l [8] showed that the value { £/u40}) may be
assumed constant for all pressure gradients,

This assumption is quite compatible with the pre-
sent experimental data as shown in figure (8) to
(10). These figures show comparisons between the
caleulated wake depth from equation (5) orx (6} and
the present wake depth for the same conditions.

¥

Figure (11) shows the effect of pressure
gradient on the relative wake width (b/bg)}. The fig-
ure shows that the wake width increase with the
increase of the pressure gradient and decreases with
the negative pressure gradient, Figure {12) and ‘
(13) show the variations of momentum thickness 8
and displacement thickness Q" with dimensionless
longitudinal distance {x/c) for different pressure
gradients. Figqure {12) satisfies the Von Karman
momentum equation (3). Figure {14} shows the varia-
tion of the shape factor H against the pressure
gradient <t at different stations. The shape factor
H is the ratlo between the displacement thickness

and the momentum thickness 0.

The total drag coefficlent or total drag
force depends on the pressure gradient and the

‘unaisturbed velocity as shown in Fig. {15) .

The total drag coefflcient Ch is defined as:

. D
CD-iuszc
(e )

where D is the Drag force
ua)is the undisturbed velocity, upstream of
the airfoil.

1. span length and equal to 305 mm.
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chord length and equal to 150 mm.

_P density of alr.

Thus, the total drag force can be computed form [91
according to the relation:

: 2 2
D=[(P1~?2)+j’umlh-.[ﬂu da

A

where P1 is the static pressure upstyean of the

. airfoil,
is the static pressure at the first sta-
2 tion.
A area of the cross-section of the wind tun-
nel at which the airfolil is located,
u ig the velocity after the trailing edge.

P

CONCLUSIONS:

1)

2}

3)

The velocity distribution at positive pressure
gradient is flatter than zero-pressure gradient.
This flattness increases with the increase of
pressure gradient. But at negative pressure
gradients the velocity distribution is shaper
than that at zero-pressure gradient case.

For the same undisturbed velocity and distance’
from the trailing edge, the wake depth lncreasescc
as the positive pressure gradient increases, till
equal 14° and then slightly decreases with the
increase of the pressure gradient. As the nega-~
tive pressure gradient increases, the wake depth
decreases sharply. Also the wake depth decreases
as the dlstance from the trailing edge increases.

At positive pressure gradients, the wake width
increases with increasing the positive pressure
gradient and decreases with increasing the nega-
tive pressure gradient. also the wake width
{ncreases with increasing the distance from the
tralling edge.




4)

5)

(1

[21

[3)

(4]

(5]

(6]
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At the same undisturbed velocity and distance
from the trailing edge, the displacement thick-
ness and the momentum thickness increases, at
the positive pressure gradient increases, but
it decrease slightly as the negative pressure
gradient increases, Therefore the momentum los-
Ses at positive pressure gradient is greater
than the losses at negative pressure gradient.

The drag coefficient depends on the pressure
gradient and the undisturbed velocity, For the
same undisturbed velocity, the total drag coeff-
icient slightly decreases with the increasing
of the positive pressure gradient and sharply
increases with the increasing of .the negative
pressure gradient,
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