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ABSTRACT:

This paper presents an experimental investigation to the near wake turbulent
flow that occurs immediately behind the trailing edge of airfoil sections. The flow
1s of practical unportance for both turbomachmerv applications (turbine and
compressor blades' design) and aircraft industry. Hot wire anemometry was
emploved in tis study to measure the longitudinal mean velocity profiles U,

longitudinal fluctuating velocity profiles +a* and shear stress profiles uv using
both single and double wire probes. Two airfoil sections (NACA 0012 and
NACA 2413) at different angies of attack ( « =0°,2°,4° and 29y, on the
development of the wake i the downstream distance. Three sets of free
streaun velocittes (10, 30 and 30 m/s) were used to show the influence of
Reynolds number on the tlow pattern. The results show that as Revonlds number
increases, the wake becomes narrower with vortices along the flow, while the
increase of the angle of attack increases the wake width. It also indicated that the
shape of the anfoil section affects the wake:shape and its decav in the
downstream distance. These detailed results provide a good guidance of
understanding this flow.
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LINTRODUCTION:

. L)

The free turbulent mixing layer is of fundamental importance in fluid
mechanics. This subject is also of considerable importance in aeronautical
engineering, since the wakes behind aircraft and turbine blades involve turbulent
mixing. Because of the complexity of the problem, and for the sake of
convenience, the free mixing layer is categorized into two regimes, namely the
near wake and the far wake. In the far wake, the flow is dominated by large-
scale turbulent structures and has well-established equilibrium characterstics.
On the other hand, the flow in the near wake is far for equilibrium. In this
region, the oncoming boundary laver (winch is nch in  shear) is rapidly
transformed into a free shear laver.

Fukano er al [1-2] have tnvestigated expenimentally the charactenishes of the
wake of a rotating flat plate with a large angle of attack with special attention on
the flow near the tip of the plate. Theyv found that when the tip clearance is small,
the dead air region becomes large towards the tip of the plate and the shear layer
of the suction side of the plate curves outward as a result of the accumulation of
low-energy fluid. On the other hand, when the tip clearance is large, the leakage
flow is so large thar the leakage vortex is generated from the trailing edge of the
suction side and shear layer forms by contacung the leakage tlow and the dead
air region. The vanation of the flow rate and the momentwmn of the wake flow are
closely related to those of the leakage flow.

Hanson and Patrick (3] studied the flow tn the wake of a model single rotating
profan rotating m a wind tuanel using a hot-wire anemoineter system designed to
determine the three periodic velocity components. Thev used special data
acquisition and data reduction methods to deal with high data frequency, narrow
wakes and large tlucruating air angles m the tip-vortex region. They also
investigated the flow theoretically using a sunple analytical wake theory to
identify the flow features such as viscous velocity defects, vortex sheets, tip
vortices and propaganon acoustic pulses.

Sirka et al [4] measured the values of U. V and u, v m the region of the near
wake of a circular cylinder i crosstlow. They noticed trom the distribution of the
average velocities In the wake that a zone with large velocitv gradient plus a
separation zone exists i the nmmediate vicinity of the cvlinder. The measured
average velocity distributions on the axis of the wake show that the separated
tflow (n the wake region merges at x/d equals 1.5.

Sowme mvestigations were made to study and predict turbulent wake flow [3-
8]. However, there s still no detinite way which would lead to a method for
predicting correctly all the tlow parameters. Therefore, experumental techniques
are bemg conunuously refined and numerical techniques are being umproved in
order to achieve a general turbulence model which is able to predict thus kind
of flow. The key pomnt hes in detailed, precise experiments whose resulits are sure
to aid in analysis of the structure of wake flow. Such data are needed for
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_.checking analytical models. This experimental investigation provides
“experimental  data that is needed for developing and testing turbulence models
for wake flow specially in the near wake region. It is rather complicated than
the far wake region where the flow transforms its self from boundary layer
flow to wake flow.

2.TEST RIG AND MEASURING EQUIPMENTS:

The wind tunnel employed in this experiment was of the open-circuit
type, shown in figure (1). The main tunnel air was supplied to the test section
at a maximom air velocity of approximately 55 m/s with free stream
turbulence intensity [~-.FT':_:/'U] less than 0.5 %. The control panel of the wind
tunnei consists of a variable frequency controller and a remote speed control

device. The air speed w the test section can be controlled from the control panel
of the wind tunnel using a precalibrated curve.
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Figure (1) Open circuit wind tunnel.

The test section, which is made of perspex, has a square cross-section 303
X 305 mm and 610 mm long, figure (2-a). At the top wall of the test section, a
traversing umt was fixed and a small slot in the longitudinal direction was made
to accominodate the probe holder. A102 mun diameter access port is provided in
the front sidewall. The port is closed during operation by a flanged plexiglas
plug. A degree indexed scaled swrounds the. port to allow the airfoil to be
mclined with the desired angle of attack. Two stainless steel thumb screws are
used to secure the plug inthe port. Two NACA airfoil sections were used in
this investigation, namely, NACA 0012 and NACA 2415 both of them are 100
min cord, figure (2-b).
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Figure(2-b) Airfoul sections employed.

2 1LMET ABINET:

The cabmet meter was used in this study to measure the pressure and the
longitudinal and traverse coordinates of the probe, figure (2). On the front
panel, There 15 a mode selector switch, a pressure selector valve and digital
display 1o readout the selected signal. On the back panel, signal cable and
pressure mube connectors are arrayed. The six operation modes are switch
selectable and displaved on the digural panel meter m the selected
enginesring units.

22.PR c TRAVERSING UNI

The probe traversing unit employed in this experiment has two axes traversing
mechanism that is capable of positioning and reporting the location of the
probe at any point i the test section vertical centerline plane, figure (2). The
device 1s driven manually via two handwheels precise and high helix alunmum
lead screws running n polvurethane nuts. Two precision potentiomgters are
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secyred to the drive screws to report the location of the probe in each axis. The
voltage signal from each potentiometer is transmirted to the digital display in the
cabinet meter. The probe can be traversed from the floor to the ceiling of the test
secHion.

2,3 HOT WIRE ANEMOMETER

The hot wire anemometer is an instriunent extensively used to analyses in
space and time the velocity fluchuations in turbulent flows. Its usefulness for
making fluctuating measurements is well known [9]. Its detecting element 15 an
active length of a small diameter wire that has a short response time, sufficient
sensitivity and gives little disturbance to the flow.

Two tvpes of hot wire probes were employed 1n this study. Single hot wire
orobes DANTEC type 35PI1 are used i tneasunng the longitudinal mean and
fluctuatiug velocities (T 4@ ). Cross liot wire probes, DANTEC type 55P51,
were employed to measure the traversing mean velocity V and the shear stress
in the tlow field wv .

Two DANTEC type 56C17 constant temperature anemometers (CTA) were
used. One anemometer was employed with the single hot wire probe
measurements, while the two anemometers were used simultaneously when
ustag  the cross wire probes. Two DANTEC 35N21 linearizers were used, one
for each anemometer probe combination. After setting the anemometer and the
linearnizer according to the relevant instruction manuals, a calibration to the wires
was made 10 obtain the lineanizers constaats.

A DANTEC 36N23 Analog Processor Unit (APU) was employed with the
cross hot wire measurements. The analog processor unit allows the measurement
of the insrantaneous sums and ditferences of the two output signals coming from
the anemometer-hinearizer combinations. These sums and differences were used
to resolve the mstantaneous U(t) and V(1) components which can, in turn, be

used to compute the shear stress and the traversing mean velocitv component
v inthe flow fieid.

A DANTEC 36N22 mean value unit was used to record the mean value of
the signal which 1s comg from the linearizer or the analog processor unit
(APU). A selecting knob is used to speciry which device is in connection with
the mean value unit. Also, A DANTEC 56N25.root mean square RMS unit is
employed to read out the fluctuating component of the signals.
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S.EXPERIMENTAL PROCEDURE:

[N

Calibration for the wind tunnel air speed against the frequency of the wind
tunne! variable frequency controller was made using a pitut tube and the pressure
transducer. The pressure was converted into speed and a straight line relation
between the air speed and the frequency was obtained.

Calibrations for the single hot wire probe and for each wire of the two wires of
the cross hot wire probe were made i the wind tunnel. The lwearized signals
(volts) were plotted against the air velocity to obtain the wires constants. For
each calibration, 1t was checked that a straight line was obtained with an
accuracy better than 1%. Calibrations were checked after each test-run and the
average value for each wire was used in processing the signals. Calibratton drifts
due to varnious reasons were found to be small, being less than ¥5%.

Single hot wire probe was used in measuring the mean longitudinal

velocity U and the fluctuating velocity component +%° . According to analvsis of
the velocity components affecting the single hot wire made bv M. S. Mohamed
[10], these parameters have the expressions:

E, =CT and Je =T (1

where C 1s the single hot wire constant obtained from the calibration curve for
that wire.

The mean voltage value E, can be obtamed from the DANTEC 36N22 mean

value unit while the fluctuating voltage «\,"E_i can be obtained from the DANTEC

56P25  RMS unit. Samnpling rate can be selected for the mean value unit and the
RMS untr accordmg to the level of turbulence intensity in the flow.

The cross hot wire probe was emplioyed to resolve the two instantaneous
velocities U(r) and V(t) in order to detenmine the longutudinal mean velocity
component U | the aversing inean velocity componzsnt vV and the shear stress
uv . These quantities were found to have the vajues [10):
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where Cs and Cy are the two wires constants obtained from the calibration
procedure.

Equations (2), (3) and (4) were solved mumerically using the lineanzed signals
coming from the rwo wires of the cross hot wire probe as mput to the solution.

After calibrations were made, the employed airfoil was fixed 1n the test section
with the required angle of attack. The probe and probe holder were mounted
in the traversing unit at the required downstream distance. The frequency of the
variable frequency controller of the wind tunnel was adjusted to  give the

*required air speed in the test section according to the calibration curve. At every
downstream section (x axis), the probe was driven manually (by the y-handwheel
of the traversing uiit) m the vertical direction (y axis) in steps varying berween
0.1 mun and 5 mm according to the local mean velocity gradient and local
turbulence nutensity. At the end of each test nu, the probe was driven manually
(via the x-haudwheel of the traversing uir) to the selected new downstream
section and the same proceeding was made as mentioned above.

Three sets of air speeds were nsed in order to indicate the effect of Reynolds
aumber on the results. These velocities ace 10, 30 aud 30 m/s. Two different
airfoils (NACA 0012 and NACA 2413) were employed to show the effect of the
body shape on the wake development m the downstreamn distance. Also, the
angle of atrack was changed to mdicate its effect on the flow field. Four sets
of angle of atiack were used. namely, (e =0°,2° 4% and -2°) Two tvpes of
hot wire anemoieters were used to have different data. The single hot wire was
emploved to obtain the longitudmal mean velocity U and the fluctuating velocity
component G , while the cross hot wire anemometer was used to obtain the
shear stress uv  distribution in the flow field. These measurements were carried
out at five different downsiream sections, namety, x/c=0.02, 0.2, 0.83, 1.8 and
3.0 where c¢)s the airfoil cord distance.

+.RESULTS:

The experimental results obtained m this investigation were too large to be

represented i this paper. Only selective samples of the results were chosen to
explain the phenomena.

For airfoil section NACA 0012, the three external mean velocity values (U =
10, 30, and 50 m/s) at ouly one angle of attack « =0° was represented in figures
(3-14).  Figures (3, 6 and 9) show the absolute value for tlie longitudinal mean
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velocity profiles U. The longimdinal fluctuating velocity profiles +/f@* and the
shear stress profiles v versus the Mansverse distance y at five downstream
distances (x/c =0.02, 0.2, 0.83, 1.8 and 3.0) for the above three extemal
velocities were also shown in figures (3, 6 and 9). Figures (4, 7 and 10) represent
the dumensionless longitudinal mean velocity profiles (U-U.)/U,, the

dimensionless longitudinal fluctuating  velocity profiles +&° /U, and the
dimensionless shear stress profiles ww/U? versus the dunensionless transverse
distance y/Y,, at the five downstream distances. The curves were normalized
with respect to the charactenstic velocity (U, =U-U,_,) and the charactenstic
length Y,,, (where Y, is the distance from the center-line to the location where
the wvelocity is half the external velocity). Figures (5,8 and 11) represent the
variation of the wake half-width (Y,./c ), the variation of the minunum
longitudinal mean velocity (U-U;)/U, , the wvamation of the maximun

1
longitudinal flucmating velocity ‘.fu;m /Us and the vanation of the dunensionless
maximum shear stress (wv/U; ) with the downstream distance x/c for the above
three exteral velocities.

For airfoil section NACA 2413, the curves that represent the gZeneral
behavior of the wake tor the above three external velocities (10, 50 and 50
mys) were selected. Figures (12, 13 and [4) represent the variation of the wake
half-width (Y,./c) the downstream distance x/c. The varation of the excess
tongtrudinal mean velocity (U-U,)/U, versus x/c, also, is shown i these
fisures. The wvarnation of the maximum Jongitudinal fluctuating velocity,

—

*‘)ufm iUs , with the downstream distance /¢ 1s presented in figures (12, 13 and

14). They also include the variation of the diimensionjess maximum sliear stress
wv/U? with the downstream distance x/c.

The results show that the wake spreads m the downstream direction, therefore
the minimum longitudinal mean velocity Unma mcreases. The rate of increase
depends on the Reynolds number. It increases with the mcrease of Revnolds
number. The width of the wake was found to be reduced with the increase of
Revnolds nwinber and the decrease ot the augle of attack, figures (5-a, 8-a and

——

I1-a). The center-line fluctuating longitudinal velocity u'u:m reduces as the
wake spreads i the downstream distance. The dimensionless fluctuating
longitudial velocity .‘,‘u:m/Un increases with the increase of Revnolds number

while it decreases with the increase of angle of attack. The results, also, indicated
that the shear stress decavs with the downstream distance x since the velocity
oradient decreases. The dimensionless shear stress wy/Us profiles show that it
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decreases with the increase of the angle of attack while it decreases with the
Rcrease of Reynolds munber. . *

5.DISCUSSION:

The results show that, the size of the wake and its length depends on the free
stream Reynolds number, the shape of the airfoil section and the angle of attack.
In the following section, the effect of cach parameter on the flow partern is
discussed. -

5.1.EFFECT OF AIREOIL GEOMETRY:

In almost all cases in which flow takes place round a solid body, the boundary
laver separates from the surface towards the rear of the body."Downstream of the
separated position, the flow is greatly disturbed by large scale eddies, and this
region of eddying motion is usuaily known as the wake. As a result ot the energy
dissipated by the high intensity vortices in the wake, the pressure there 1s reduced
and the entrainment rate of the external flow to the wake is increased. The results
show the magnitude of entrainment depends very much on the size of the wake
and this, in tum, depends on the position of separation.

For awfoil section NACA 0012 (streamlined body), the shape of the body is
such that separation occurs only towards the rear, and the wake 1s small, figure
(4-2). Theretfore, the rate of entramment 15 small and the rate of increase of
minimum  velocity U, is small that is obvious trom the slope of the curves
represent the variation of the minunwn longitudinal mean velocity, (U-U;)/ U,
with the downmstream distance, x/c, figure (4-b). For airfoil section NACA 2415,
on the other hand, the tlow is separated much faster than airfoill NACA 0012 and
the wake is large, figure (11-a), which makes the rate of increase of minimum
velocity much higher as shown i figure (11-b).

52 EFFECT QF REY'NQLDS NUMBER:

The results indicated that the flow pattem in the wake depends on the
Revnolds number (R, =Uc/v) of the flow. For airfoil NACA 0012 at lower
Reynolds nuwmber (R, =2667x10%) figure (3-a), the longitudinal imean velocity
profiles indicated that, at outer edges of the wake, the mean velocity was slightly
less than 10 m/s n the first three downstream sections (x/c =0.02, 0.2 and 0.83)
winle it reaches its maximum value ( U=10 m/s) in the last iwo sections. In
this case, the boundary laver separates svmmetrically from the two sides of
the anfoil and two eddies are formed which rotate in opposite directions. They
remain  unchauged in position, their energy being maintained by the flow fromn

the separated boundary layer, figure (15-a). Behind the eddies, however, the
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Figure(8) Variation of wake characteristics
a} Wake haif-width. i )
¢) Maximum longit. fluctuating velocity.

a 3
0.14 ¢ Alrfoll NACA 00f2
£ R, = 8.87 X 10
g Upper B. layer. =2 12
0.12 £ -~ Lower B, Layer, ~ £
Q = XD o = : = =
3 E ko o = 27 10 =
< 0.10 & S &= (. | e !
> E 0000 = -2 J= . £
E / “ ek
0.08 ¢ e = I
£ £ !
E 6 =
0.08 F =
E g
A £ Adrfoll NACA 002
004 fg ‘o 27 X 100
4 : e as g
0.02 >3 2 g CID = &
QN0 ox = -2°
£
0.00 Seprreditoa e ren by vyl 0 St ralagerge e lingeataegdeied
0.0 . 2.0 . . . . .0
t.0 X/C 1.0 Q.0 1.0 2.0 X/C 3
(a) (b)
0.8 = g . i
E 0.44 = Afrfoil NACA 00)2
E E R, = 6.7 X 0
E E aQxrs o= 0
- D_ﬂ E 0.12 [ ik kmok o = ) l
3 " E ID o= 4° :
< E ‘s E 30000 & = -2° i
H ~ = I
“-‘e 0.4 E- & 30.10 g n i
1 2 £ |
e g n.0a E E
0.3 g i
0.08 ,
0.2
Airfoil NACA 0C)2 |
g R, = 8.87 X 10} 0.0¢ &
£ e «= o 3 ;
0.1 hgAy g = 2° 0.02 & :
E OID o= 4" - ] |
E 00305 o = -2° g !
0.0 [STUR RS IR A SN UDEE S RUSH WO A R TR N A U UR T A I I R WA 0.00 Eiovevon eyl onaa i iaabegy)
0.0 1.0 2.0 3.0 a.0 1.0 2.0 3.0
X/C X/C
(c) (d)

with dowpatream distance for NACA 0012
b; Minimum Jlongitudnal mean velocity.
d} Shear stress.



Mansoura Engineering Journal (MEJ). Vol. 20, No. 1, March 1995,

~20

Figure

& X/C = 8,04 X/¢ = 0.29 ‘r/c = 083 |, X/¢ = .80 X¢ = 3.2e
E 9 ol | AN
E 9 I ; §
t | _ R
] i |
: ST ' } r
: VAN - -
T |
E AN L
£ o || .
2RI _ .
e ! =
TN SN, A I
gLLullyrHuugw n_n_ﬁuﬂhn.szn unh-nh!ugl Llnlmmm:x lll!liuvlllllI”
0 18 20 30 ¢ 1@ 20 30 0 10 20.39 ~0 (0 20 30 3 10 20 30
U (m/w) U (m/s) v (m/s) U (=/8) I (/w)
= x/C = ace } Xe waea | | XC w263 L Ve =100 | | W= s00
B 2 2 R
i @ ? ‘
h 1 I_ ! [‘
3
T N | N
™ ? 3
3 I ; f
£ 1/ ! ‘ !_
= - " r
z i | |
i ; ] V i
: : ! ¢ ¢
i :‘= : i
mlm.ni-:w| i’u_u_quni;w SXRRINERTONINEY, 5‘-mmmuﬁ [LERREARRTURIRE]

2.0 12 20 3000

v—rma {m/9)

u-rmis {=x/g)

1.0 2.0 3.000 {.0 2.0 3.04.90

u~rme (m/a)

u-rms (m/e}

0 40 3000

1.0 2.0 3.
u-rme {m/s1)

X/C = 0.8 i

12

Y (mua)

w

°
XA tacansalndaIatll

Z

2/C = .20 |

g -y

L/C = 0.88

~

|

i

%

X/C = 1,80
r

eSO gp o

TF

o

fud
| -'.0%- &
-1 é [r f 3
vV\lM..:,--: I v:;i|4!T‘||l lllyiyLLl1||| sy bt

X/¢ = 3.00 |

-390 -16 03 LY -08 -0.4 <30 34 -0 -04 -00 34 -0.8 -0 0.3 04 =02 0.4 3.0 a4

v (ra'/e’)

Tav (m'/a")

8) Longitudinal mean velocity.
¢) Shear atress,

v (ml/aY)

W (m'/h)

{6 ) Weke parameters for NACA 0012 at U = 80 {m/s

uv (m?/e")

M. 91

(a)

) end x = 0.
b) Longitudinal fuctuating velocity.



M. 92 M. S. Mohamed, M. A Rayan and S. G El-Sarrall

12 ¢ . .

E: ,=2.0240° & o =0

“ ' X orpo  X/C = 002
d - N c.‘—_ 0.20

! ) jsa s als] /c = 0.83
| 2 4030 Y/C = L8O
| aanss  Y/C = 3.00

ERALARARERARARNS 12402

Hmnthagins

-
-
-
=
-
I3

>
%
=
-
[
-
-
-
-
=
=
-
<

mannnn

~8 -4 -8 -2 -1 -0

e
15
w
-
o

0.00 [
~0.02 E
E o X/C = 0.02
o whxzx  X/C w .20
eoe © som X/€ = 0.83
| E Abars  X/C = 180
| -0.08 £ arpes  X/C = 3.00
| -O-DB s i gy vty gy g b ey o i v s st by ey

-8 -4 -3 -2 -4 o b 2?/? 2 é 5
(¥
Figure (7 ) Dimensionless wake gnremeters Jtor NACA D042, .
a) Longitudinal mean velocity. b] Longitudinal fluctuating velacity.
cj Shear stresr,



Mansoura Engineering Journal (MEJ). Vol. 20, No. 1, March 1995. M. 93

Alrfoll NACA 0042
0.10 et bo x 1ot
Upper H. layer.
- —— Lower B. Layer.
S 0.08 3 Frrrrgoiell
-
0.04 E
]
: -
0.02 B¢
0.00 vy eva v eee byt enadaagd
. . 3.a
0.0 1.0 2.0 x/cC
(a)
E
0.8 E
%0.5 E
. £
|2 o4 E
0.3
-9
oz Alrtail NACA 00)2
R, = 2.00 X 10
o « = 0°
0.1 ke oy = 20
D o« = 4
00y o = -2°
0.0 et s pa b aa g g e lgnye I N
D.0 1.0 2.0 3.0
X/C

(c)

[
(=]

[
[~

—
nN

»
-
=
9-14
1
2

10

Adrfoil NACA 00)2
R, = 2.08 X 10

arD o« 0°
kb o W 3°
OITn o = 40
Q000 o = -2
By gty vr el v doges
0.0 1.0 2.0 x/c 2.0

'I'II]lllll_llf'iP|ILL'(II]LJ|'{I‘(

0.0

1.0 2.0 3.0
X/C

(d)

Figure(8) Variation of wake characteristics with downetream distance for NACA 0012
b) Minimum longitudnal mean velocity.
d! Shear streas.

a} Weke half-width,
c

Maximum longit. fluctuating velocity.




.94 M. S. Mohamed, M. A Rayan and S. G El-Sarraf,

-y

\[l

£ x/c s 002 X/c = 0.80 x/c = .68 ®/c » 110 /¢ = 1.00 .
23 = 4 ? - a - ? -
e 7 i I {
ol S N [ R
‘;’m E - = F I - ¢
.- _ S (2)
0 £ - : . \ a
.= \ ..l \
- £ ¥k - - ’
JE 4 : l I
-0 o H B - ' r 1
= T 3 14
-5 2 I+ | ol ot L
- z L | 3 l 1 ]
-20 E. ‘ T ;— " l -
—26 S gun@ys gyt by oar Qs !um»vnllu-mqau !umnnllxn-mcnd LTSN ”qnén
b 24 8 0 35 30 08 22 8 ¢ 3/ %W 0 b A0
U (m/z} U (ra/s) U (m/s) U (ra/8) U (m/e)
2 Excmoctr| | Xcmom| | we-=ve3| | x/c = 140 t Xe = a8 |
" F P
Fus b L , :
- [ E B
- 10 E 1 Y B A
5 2 2 k *.*\ Ly
S, | SN i,
g R RS S T C
- L L L
s i L

NEIRSTAREY

EEREIRSTNENEY

.

L
| Lol dy g

U m-\;—”..

-

yiilivariiang

=@y

D01

(ENRIXUIRERARS)

i
™
59

&

o [FrTTYTIeIes] 1)

bt ]
e-rné (m/1)

.0 <200

- K BN
u=-rms (ra/s)

8 0.0

.
c~rmi (m/s)

38 4300

y-rme¢ (m/s)

1.3 3.0 <800 1.0 20 4.8

w-rean {m/n}

X/¢ = o.tt X/C = 0.2 X/C =283 | | X/C = 186 X/t - 9.00 |
0 o r ! r : - r !
- 1 !
T B L ! i 3
=14 = b ! r
£ = | L | s
i o ; L L e ¢
Fou 5] = ! 4
£ S $ v o
£ | ? ; P
= 3 1 3
e - ’ &
| - o) 3 )
S % \ & .
- & 3 b 2
\ E 3 i 3 | 5
-10 E t‘ ; ; | r }
= ‘ i 3 ‘ [
s = | %" ! I" - g [ | i
(‘:!,)‘i.Lllr‘-?‘||i|\(t$‘ s dpriasey iy spgdepethalying i,nm“u!‘“ 1 -|;| b et
b w2 -0 2 4+ =4 =2 =8 3 4 =i =2 -0 4 4 =4 =2 -0 2 4 —l__-? -0 2 4
v (r'/e?) uy {m'/edh) av (m'/e") ar {em/a") uv {m'/s"y

Figure (9} Wake parameters for NACA 0012 at U = 50 {(m/s) and o = &.
az longitudinal mean velacity. b) longitudinal fluctueting velocity.
c) Shear streamsa



Mansoura Engineering Journal (MEJ), Vol. 20, No. 1, March 1995.

0,02

e

-
1} 0.0t

E
0,00
-0.0t

-0.02

Flgure

8) Longitudinal mean velacity.
c} Shear sgtresgs

M. 935

« B=3.33x40° & o =0°

=

aae ¥

(U-0y) /s
o
Lot

Hanpl
=4
ta
o

-8 -4 =3 -2 -1 =0 1 2 a 4
Y/t

2 [ 2,=3.95x10" & « =0'

2 L %/C = 6,02

4 & X/C = 0,20

[ Ye = 0.83

[ (/C = 1.80

X/C = 3.00

Iy T v T T YTy ri

R,=3.39x10* & & =0°
oYX X/C = 0.0
xxmx  X/C = (.20

- gz %/C = 0.63

= 44888 X/C = 1.0

L \ \ caaen X/C = 8.00

: |

tl‘i}"lll IR RN RN AN RS R NN N Y

-4 -4 -3 -2 =1 [ 1 2 a + 3

Y/ YA
{10) Dimensionless waks parameters for NACA Q01L2.
)} Longitudinal fluctuating velocity.



M. 96 M. S. Mohamed, M. A Rayan and S. G E1-Sarraf.

] » &
= 1 —
E Alrfoll NACA 00}2 12 E A
1.10 R. = 3,33 X 10 £
: Upper B. Layer. = E
- =~ LOwer 8. Layer. N 10 E
axxxy « = 0° =
108 £ S a2 E
{ x = i
g mE IR et
E <
r
.08 3 E
[:
£ E
.04 & E %
z 4
< E Mrfoll NACA 00j2
;/a _______ = R, = 3.33 X 10
o2 HE.. | = XD« 0°
D . 2 3 ickdewor o= 20 !
2 Y QI « = 4° !
2L L . QO o = -2° ;
100 E\O-I‘ll[‘l‘l{l!rll'1![11gs{zlri!'t\r 0 .:AtAA'«Itj_(il!;llt;l[_([g_\\tax'Lx\.(;‘
0.0 1.0 2.0 s 3.0 0.0 0 .
X/C t 2.0 /¢ 30
(a) (b)
06 & |
E 0.05 E
E RN !
0.4 & lu. g
: 2 0.04
§
.z ) |
03 t 5
E 0.03 !
-—/ 1) i
7 ~3 |
0.2 i 0.02 }
C Alrfoil NACA CDJ2 I
R, = 3.33 X 10
0.1 o o« = 0: } 5.01
e L Tor e - ] 2
E U o = 4‘: ;
E QOO0 « = -2 i i :
0.0 [ BT SRR A O N SRS S SN A A S A AN A A I | 0.00 By v gy e b oo i lgead
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
X/c X/cC
(c) (d)

Figure(11) Variation of wake characteristics with downstream distance for NACA 0012
4} Wake halr-width. ) b) Minimum longitudnal mean velocity.
Maximurm longit. fluetunting velocity. A) Shear stress,

e




T“M/ Ut

Mansoura Engineering Journal (MEJ). Vel. 20, Ne. 1, March 1995, M. 97

. . - E . —
0.14 E‘ Alrfoll NaCA 24}6 12 )
E R = a7 X 10 . E !
—— Upper B. layer, = |
0.12 E ~ -— Lowar B. Layer. f\: 10 E
=)
: N
= 8
a8 E
4 rtoil NACA 24)8
= 8.87 0
«= ¢
2 boiokbo  ox w R°
o x = 4
: A0 o = -2°
0.00 El((tllLLlil’JlllALlLlL.l_l_lL_li_Li_)‘JJ_ 0 et r v ervy g g tvvi g by
. 4.0 1.0 2.0 3.0
0.0 1.0 2.0 /c 3.0 X/C
(2) (b)
oe— B
o8 E 04 E Alrfoll NACA 24(5 H|
E TTE R, = 8.87 X 10 f
£ E XD o = 2: :,
E ol 3 Sy g o = !
0.5 E . 0.i2 g gim o= # J
E 5 E 606 o = -2 |
WE: ~ }ow E .
E : z
2 0.08 E— }
¥ E [
0.08 |
0.2 ; {
Airfoit NACA 2415 =
R, = 8.87 X fot 0.0+ ¥ ;
01 E QOO o = 0: f
. oo 3ok = —
E m:c:;:l « = %‘ 0.02 |
Q00D o = -2° !
0.0 vt e b v v by g o 0.00 E!_lLLLJIIklIKl‘L\jJILiI‘J_J]{illlxlj_l
0.0 1.0 2.0 3.0 3.0 1.0 2.0 3.0
Xx/C X/¢
(e) (d)

Figure(12) Variation of woke characteristica with downsatream distance for NACA 2415,
a’) Wake half-width. b) Minimum Jongitudnel mean veloctty.
c) Maximum longit. fluctuating velaeity. d) Shear stress.



0.04

a.02

0.00

0.3

0.2

0.l

0.4

L=]

M. 98 M. S. Mohamed, M. A Rayan and S. G Ef-Sarraf.

-
Alrfoill NACA 2‘}6
E R. = 2.00 X 10
= Upper B. layer.
= - Lovlr)dr B. Layer.
£ o o= 0°
£ d ko = 2°
£ XD o= 4
E OO0 o = -2
E
E
E
E
=
£
=B
[
:1"'§_L1_L\_[)_L)‘\ﬁ)‘l": NS BERE
n
0.0 1.0 2.0 Y/c 3.0
(a)
R nk—|
|
/ l
/

.

\
]

XEHTIITHNTIIT T YT

Ud)/ U,

(v -

AU

uy,,

W&J\N rqg\mutqu:

TITTS

[+

~

g Airfoil NACA 21}5
g e = 2.0 X LD
2 XD o= 0°
= ke oy = 2°
z T o= 4
E MO o = -2°
1“AIllll‘l_LLl_L‘[lJ!)?'I_lLl"LLlL‘I
.a (.0 2.0 3.0

X/C
(e)

e
o

Airfoil NACA 2+)8
F. = 2.00 X 10

[sacsaigyy [

LU R ETTTE UL HTTHRU T VTR (O U ST

e o[: 2°
Gy o= ¢
Q) « = -2°
g g v g gl b
. 1, 2.0 . 2.
a.0 0 2 1/C 0
()
Airfafl NACA 24)5
R, = 2.00 X 107
YD o=
Ak o m 2°
OD o = 4
ALY o= -2

N

PHTI I oo e g

)

(L WIS EL T EE W W AL NI I W I SIS A AN NI A B

1.0 2, 3.
O v 0

(d)

Figure(13) Verietion of wanke characteristics with downstreem distance for NACA 2415.
e) Wake half—width, )
c) Maximum longit. fluctuating velocity.

Minimum longitudnal mean veloeity.
Shear stregs.



Mansoura Engineering Journal (MEJ). Vol. 20, No. I, March 1995,

€

j =
014 E Mrfoil NACA 2448
E R, = %33 XBIOL
— er B. Layer.
0.12 - Lc?'gar B, Layer.
%) aw o= O
~ wasok o = 2°
S0 10 XD o = 4
w~ . 000 o = -2
0.08 E *
E

0.08

0.04

gOTITAN

0.02

T

f

0.00 ,L'_L!,l_l_il!HHll(ikLlL!’11§t~¥JHl
0.0 1.0 2.0 X/C 3.0
(a)
05 &
o

s 0. /_,,_.:n-"/,

l:
0.3
0.2
Airfail NACA 24}5
R, = 533 X (0
04 & oD o= 0
t kmeeok o = 20
r oy x = 4°
I 000 o= ~2°
0.0 El|JIL!\.1|!ullnlklllllLLlMulJ!}l
0.0 1.0 2.0 3.¢
X/c
(e)

-~ -
» £

(U ~ v/,
)

]

0.08

0.03

0.a02

0.01

0.00

0.0

a.0

M. 99

lE:
E
=
E !
E
3
E drfoll NACA 24)3
E R, = 3.3) X 10 \
QD o= 0* E
usbk o @ 2° i
CIXrl o = 4-: ;
QN0 = -2 |
RN EA RN ENE N RN RN EEE RRENS!
. .0 3.0
1.0 2 X/C 3
(b)
E
£ Alrfoll NACA 245
£ R, = 033X 10
£ Qrn o= 0° ’
= aihkd o = 3° i
= OoOn o= 4
= O o= =27 |
E i
E :
£ |
j l
|
f
©
=X T T GO0 N A B AR IR U N U0 U0 U B O W0 B 0 VR O Y _}
1.0 2.0 3.0
x/c
(d)

Figure(14) Variation of wake characteristics with dawnstrsam distance far NACA 2415.
Minimum longitudnel mean veloclty.
Shear atress.

Wake half-width,

:

Maximum longit. finctuating velocity.

i



M, 100 M. S. Mohamed, M. A Rayan and S. G El-Sarraf.

main streamhnes come together, and the length of the wake is {imited. The results
mdicated this phenomena, figure (3-a), simnce the minimum mean velocity
increases ramidly. N

When Reynolds number Re increases, the eddies elongate and a periodic
oscillation of the wake is observed. Then at a certain luniting value of Reynolds
number (R, =2x10*), the eddies break of from each side of the airfoil alternatelv
and are washed downstreamn then the wake becomes much wider. This limiting
value of Reynolds number R, depends on the turbulence of the oncoming flow,
on the shape of the airfoil section and the angle of attack, figure (13-b).

Figure (13) Development of wake behind airfot! section

In higher ranges of Revnolds number (Re = 333 x 10%) eddies are
continuously shed zltemately from the two sides of the airfoil section and, as
aresult, they form two rows of vortices in its wake, the center of a vortex in one
row being opposite the pomt midwayv between the centers of consecutive
vortices in the other row, figure (13-¢). This arrangement of vortices is known
as a vortex street. This phenomena effects the shape of the shear stress protfiles,
figure (8-c), narticularly their effect is clear in the first four downstream secuons.
The energy of the vortices is ultimately consutned by viscosity, and beyond a
certain  distance from the airfoil the regular pattern disappears. This is shown In
figure (8-c) at the last downstream distance (/¢ = 3.0).

33.EFFECT OF ANGLE OF ATTACK:

[ncreasing the angle of attack ct generates circulation round the airfoil, and
hence the lift force increase. The adverse pressure gradient along the rear part of
the upper surface (lower pressure surtace) ts mtensified. Thus intensification
grows until a particular value of the angle of attack then the boundary layer
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separates from the upper suarface and a turbulent wake is formed. The results
show that at fairly ¢mall angle of ‘attacks (o =0° and 29), ' the position of
separation may be quite close to the trailing (rear) edge of the airfoil. As the
angle of attack increases further (o = 49), the position of separation moves
forward and the wake becomes wider.

6-CONCLUSIONS:

The experimental study carmmied out on the near wake flow behind two airfoil
sections (NACA 0012 and 2415) revealed that the wake size and length depend
on the arfoil geometry, Reynolds number of the tlow and the angle of attack of
the airfoil section. [t also indicated that there i1s no sumilarity between the
dimensionless  velocity profiles, turbulence intensity and the dimensionless shear
stress profiles m this region of the flow. Tle turbulence intensity ~,"’IT|:_;/UG
increases with the increase of Reynolds nwumber while it decreases with the
increase of the angle of attack. The dinensionless shear stress (uv/U%)
decreases with the increase of the angle of attack while it decreases with the
ncrease of Revnolds number. The results can be used to check the accuracy of
the existing turbulence models to predict this kind of flow.

7.NOMENCLATURE:

c Cord length of airfoil.
C,,C. Hot wire lineanzer constants.
e, Fluctuating {ineanzer voltage.

E,  Mean linearizer voltage.
R, Reynolds number (R, = cU/v)

u Longitudmal turbulence fluctuation component.
U,  Maxumun longitudinal turbulence fluctuation component.
U Extemal mean velocity .

U,  Longitudinal mean velocity.
U,. Minimun [ongitudinal mean velocity.

U, Excess velocity (U, =U,-U_.)

v Transverse turbulence fluctuation component.

% Transverse mean velocity.

uv Shear stress.

uv . Maximum shear stress

X, 3 Longitudinal and transverse dimensional co-ordinates
Y.. Wake half-width.

u Fhud dvnamic viscosity.

v Flwid kinematic viscosity.

o Angle of attack.
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