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Turbulence Amplification in Flow
about an Airfoil
An experimental investigation of the evolution of freestream turbulence in flow
about an airfoil was conducted in order to ascertain its selective amplification in-
duced by the stretching mechanism according to the vorticity-amplification theory.
Significant amplification of the stream wise turbulent energy transpired even in the
limiting flow situation studied of a symmetric airfoil at zero angle of attack where
the stretching is the least. Substantiation of the stretching effect was provided by the
almost 100 percent amplification of turbulence with respect to its background level
in the absence of the airfoil. Realization of preferred amplification at scales larger
than the neutral scale of the stagnation flow was clearly indicated by the variation
of the discrete stream wise turbulent energy. Particularly important was the
detection of a most amplified scale which is characteristic of the coherent sub-
structure near the airfoil stagnation zone and, concurrently, commensurate with the
boundary-layer thickness.
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NOMENLLAlIRE

A amplification	factor
a e stagnation	I 10 constant
E3 hot-wir 'e	parameter

c airfoil	chord
ii roil	diameter

E DC output	voltage
E,, DC	output	voltage	in	stilI	air

fluctuating	voltage
N mesh	length

in flow factor
Re c profile-chord Reynolds number
Red rod-diameter Reynolds number
ReM grid-mesh Reynolds number
Tu turbulence	intensity
L total	(Sect.	2)	or mean velocity
u turbulent velocity

U'-	mean-square value of turbulent velocity

tl^(A) discrete streamwise turbulent energy
x. Cartesian coordinates
x2g grid position
x longitudinal	distance measured	from grid

o boundary-layer thickness
E airfoil	thickness	parameter
r] dimensionless	length

scale
y n neutral	scale
Am most amplified scale

kinematic	viscosity
w vorticity
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Suhscripts

0	Cartesian coordinates

I roes tream

o	reference station

Ii	background
I,	familiar
min	[Ili I , I III u Ill

ruts	rout -mean- Si]tire

Superscripts

means ''vector"
0

means "streamwise station"

-rr	time-averaged value

dimens bit Iess rtuan Lit 'V

I N'I'ROD11C'I ION

The importance of the amplification of
froe stream turbulence at particular scales in flow
about a bluff body is at the present time widely
acknowledged. Results of many experimental
and theoretical studies testify to the strong
sensitivity of stagnation-point skin friction and
heat transfer to the presence of turbulence and,
particularly, to the scale distribution of the
turbulent energy. The occurrence of relatively
large velocity fluctuations near the front stagna-
tion zone of a circular cylinder was first reported
in 1928 by Piercy and Richardson [1]. An early
review of this flow can be found in a report by
Kestin and Maeder [2[. More recent theoretical
analyses and experimental studies of turbulence
amplification are presented in papers by Sutera,
Maeder and Kestin 131, Sutera [4], Sadeh, Sutera
and Maeder [5,6], Kestin and Wood [7], Bearman
[8], Hunt [9], Traci and Wilcox []0], Sadeh and
Brauer [1]], to mention a few.	It was further
found that the familiar boundary layer and its
separation angle on a circular cylinder are
signific ant ty influenced by amplified turbulence

Copyright © 1980 by ASME
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coII Oil trated at stales commensurateith the

thickness of the prevalent boundary layer [ 121
Inter.rItiun of the ,hmptifie I turbulence with the

boundary layer induced its change from familiar
to turbulent.	This drastic moliliciLioil of the
boundary layer at suhcritical Reynolds numbers
led, in .+ martage.ablc w;ay, to separation angles

and drag t o t Ittoo is attainable only it much
Iip1or soiorcritir.11 Rrynolis numbers.

:impliticatill of trr-eslretin turhulence in
Ilow around ,t stn unline bodt, such .rs an airfoil,

r in f log; through ,r bladle cascade his not yet Ken

_xplored.	ill currt nee of relatively high turbulence

-rear the front stagnation point of an airfoil it a
profile-choral Reynolds number of 4x10 1 was first
ibserve^l be Flurry and Richardson in 1930 Ii II but

since then invusLig,ttion of this important flow
situation has remained dormant.	Selective ampli-
Iication of turbulence in flow about an airfoil,
similar to that observed in flow around a circular

cylinder, is likely to transpire under appropriate

freest ream turbulent energy conditions. The
amplified turbulence possesses further the

potential to inhibit and even to fully forestall
laminar separation on the profile suction side
provided that it is concentrated at scales
capable of interacting with the boundary Iayer.
Phis practical consequence of the amplii1 it oti

of turbulence it selected scales has not yet been
studied.

Exploratory experimental invesLi got ions of
the effect of turbulence intensity in flow through
a stationary blade cascade at subcritical blade-

chord Reynolds numbers of 9x10 4 and 1.6x10 1 were

recently conducted by Schlichting and Dan 114 I toil

Klock [151. Restriction and even forestalling of
laminar separation on the blade suction side along
with reduction in the cascade aerodynamic losses

were obtained within a narrow range of low intensity
of superimposed turbulence in the oncoming stream.
With increasing level of superimposed turbulence

intensity beyond a certain critical value of about
3%, the initial aerodynamic losses were, however,
restored. This behavior can be, in all likelihood,

attributed to the particular scale distribution of
turbulent energy in these experiments but no infor-
mation about it is reported in these two papers.

The primary goal of the present investigation
was to examine the amplification of freest ream

turbulence in flow about a single airfoil at
suberitical Reynolds numbers ranging from 5x10 4 to

2x10 5 . To this end, it was sensible to first
investigate the amplification of oncoming turbulence

in flow around a single symmetric airfoil in order
to avoid profile form effects. This effort
represents the first phase of a long-term investiga-
tion devoted to determining the selective amplifica-
tion of turbulence and the effect of the amplified

turbulence in flow through a blade cascade.

The amplification of turbulence in flow about
a body is governed by the stretching of cross-
vortex tubes as they approach the body stagnation

zone according to the vorticity-amplification
theory [3,5]. This theory is therefore briefly
reviewed below in order to explicate the guidelines
that directed this investigation.

VORTICITY-AMPEIFICATION THEORY

A satisfactory explanation for the

amplification of freestream turbulence iu flow
around a body and the subsequent effect it the
amplified tur lot Ieitce upon the body lit lint Itty Iayer
is offered by the sort icity-amplification theory
advanced by Sutera it ,i IA. I;I A no! SON1eh cL al. [51

This theory suggests that cross vorticity present
in a stream, no matter how small initially, is

susceptible to undergoing significant amplification
at particular scales as it is conveyed by the

diverging mean flow toward a body stagnation zone.
Stretching of cross-vortex tubes is proposed as the
mechanism responsible for the amplitiration of
cross vorticity and, hence, of sLream<tin turbulence.
Amplification occurs selectively at scales A

larger than a certain neutral scale S. At scales

smaller than the neutral one, ou the cooLrary, the
cross vorticit' dissipates more rapidly than it
amplifies owing to the viscous a(Liou.

Crossflow about a symmetric to"-dimvnsioiii!
airfoil of chord c disregarding viscous dissipation
is examined in order to de,crifit- the stretching

mechanism.	It is further assume(] that the approach-

irig total velocity	Li z	contains mainly cross

vorticity w t	susceptible to undergoing amplifica-

tion by stretching.	This floe situation for A single

ideal cross-vortex tube of a scale \ larger than
the neutral one initially oriented in the x t - iirec-

tion at some upwind distance	x°	Iitill the airfoil

leading edge along with the system ref courd into tes

used is portrayed in Fig. 1.	As this crass-vortex

tube is conveyed by the mean flow, i ^ita.t r1 the

airfoiI stagnation zone, it experiences
simultaneous pure axial stretching and str coins ise

biased Lilting as shown in Pig. 1.	The pure axial

stretching is governed lit 	positive rate of

tensile strain 811 1 /dx t .	On the other hand, the

U ,	u,
-^ -

do '0

axe

auz o
y a.,

Fig. 1 Stretching and tilting of a cross-vortex
tube in flow about an airfoil.

streamwise biased tilting is controlled by the
favorable rate of cross strain 211 2 /0x 1 whose
magnitude increases in the x l -direction. These two
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suitable rates of strain arc, in turn, effected by
the diverging mean fIow.	I ach clogs -vortex tithe

undergoes additional significant axial stretching

and acduires an axial vortI I ty component 10 2	in

the x 2 -Ili rec t ior; as a conserluc'nce of its at reamwi se

biased tilting.	Both the volume and angular
momentum of each cross-vortex tithe rrrc conserved
throughout its stretching and tilt ing as a result

of neglecting the viscous dissipation.	Stretchirig

(or elongation) of a cross-vortex tube leads
consequently to a decrease in its scale A and in

increase in its vorticiLv 10 1 + u
-s
i.,.	Then the

st reams ise turbulent velccity u z in the plane

normal to the cross-vortex tube axis amplifies and

turbulent kinetic energy oriumulates within the
stretched cross-vortex filament. The decrease in

the scale and the concurrent increase in the vortic -
ity of a cross-vortex tube nearing the stagnation

zone of an airfoil along with the accompanying
amplification of the at reams ise turbulent velocity

are illustrated in Fig. I at several streams ise
stations	x2 i	xz,	x2 and xl2".

'Ihe stretching and tilting lead to the emergence
of an organized ccIIular Ilow pattern near the

stagnation zone of a body [3,5,11.	This coherent
substructure consists ideally of a regular array of
standing cross-vortex tubes of equal scale distri-

buted spanwise and with their cores outside the body
boundary layer. Within the ce I Is of this regular
array of energy-containing eddies, the rotation

alternates in its direction and turbulent energy
accumulates. Most of the turhulence ampi iii rat iorr
occurs at a most amplified scale A m [6] character-
istic of the coherent substructure. This most
amplified scale is generally greater than but

commensurate with the thickness of the body

boundary layer. Discrete vortices (or eddies) are
continuously drawn out from this array of energy-
containing eddies and, subsequently, swept downstream

by the main flow around the body. Penetration of
these energized vortices into the prevalent boundary
layer leads to arresting the growth or even to fore-
stalling the onset of laminar separation by promot-

ing the development of a turbulent boundary layer.
Orr(, can thus affect the nature of a body boundary
layer at subcritical Reynolds numbers in a controlled
way provided that the amplification of freestream
turbulence is adequately rrranaged by means of the

stretching and tilting mechanisms.

It is of utmost importance to stress that the
stretching of cross-vortex tubes in flow about an
airfoil at zero and/or a small angle of attack is
dominated by their streamwise biased tilting. Pure
axial stretching is less significant in flow about
an airfoil than in flow about a bluff body. This
is due to the curvature of its nose and the result-
ing fast rate of flow divergence around it. The

stretching in flow about an airfoil occurs then at
much smaller spatial scales and much more rapidly
than in flow about a circular cylinder.

3.	EXPERIMENTAL SETUP

The experimental investigation reported herein
was conducted in a 1.83x1.83x27 m (6x6x88 ft) low-
speed closed-circuit single-return wind tunnel at
the Fluid Dynamics and Diffusion Laboratory, Colorado
State University. Stable airspeeds from less than

0.3 up to about 36 m/s (I to 120 ft/s) are generated
in this wind tunnel by a 4-blade propeller driven by

a 400 hp DC motor.	The iii sl , ecd can he vi) ie,l
Clint i uuous l y wi th :r rt so l ut ion het tc•r than ahuut 5'i;,

by adjusting the pitch of the pr'^l,eller blades and/or
the motor speed.	In this wind tunnel the heleground
frecstream turbulence intensity, based un the local
mean velocity, is never larger than about 0.7 at
.11 I	.1 i rspee^ls .

A two-rlinieusionel symmetric NAC_a 65-010 airfoII

of 122 cm (4 ft) chord and a span of 183 cm (6 ft)
was used.	This large chord c;ae deliberately selected
to obtain a relatively thick Iic, mill ry Elver .end to

increase the mean velocity deceleration	.11 go It the
Reynolds numbers of interest.	both of thcsc aspects
;jr(' of prime concern in this investigrtioii.	'I he
airfoil was constructed o1 a steel skill of 0.5 min

(0.02 ire.) thick stretched over a sol idi f ied3 stvro-

foam core.	Its surface was polished, painted with
dead-black lacquer and hulle,1 to ensure <rn extrcniely

smooth surface and to facilitate flow visu,iliz_atiort.

A final surface' relative rougbnccss of about 3x10 - '
was obtained.	The so] id blockage factor, that e,as
estimated according to the method out Iirich in
Referen(es 16 and 17, amounted to 0.(1164.	In oI Iii' r
wor'ls, the increase in the freestreanr velocity dire
to the solid blocking was 1.64, and, hetrce, it was
neglected.	Adjustment of the augI , of attack with
a resolution of about 0.5 ° was accomplished by means
of a manual I	operated mechanism.	The airfoil was
mounted across the wind - tunneI width 23 m (75 ft)
doi,nstrc'am of the test-section entrance_ with its

chord at zero angIe of attack 61 cm (2 ft) above the
fIoor.

Fi<r 'at ream turbulence was produced in a
controIIed fashion by means of a part icuIar

turhulerrcc'-generating grid consisting of 24 vertical

cylindrical bars which spanned the entire height of
the wind- tunnel.	The aluminum rods composing the grill
were 1.27 cm (%z in.) in diameter d and were spaced
at a center-to-center interval (or mesh length M) of

6.35 cm (2%z ire.).	Thus, the grid mesh-length to rod-
diameter ratio M/d = 5 (or its geometric solidity
d/M = 0.20).	The vertical orientation of the rods
was specifically chosen to produce vorticity (or
turbulence) mainly in the x l -di rection as depicted
in Fig. 1.	This is that particular component of a
general three-dimensional vorticity susceptible to
undergoing amplification by stretching in the flow
situation considered. The turbulence-generating
grid was installed 61 em (24 in, or half chord c/2)
upwind of the airfoil.	This positioning prevented
the total dissipation of turbulence before reaching

the airfoil stagnation zone considering its
relatively rapid decay downstream of a grid 1181

,— Rod I.27dia. 1 241

:1
T6.35

x 3
Freestream Hot Wire

and Thermocouple

183 x

•x ^	x2	--Turbulence- Generating	 Ulm

	

Airfoil	 :	Grid

Chord

	122 	61	1036

All Dim. in cm

Fig. 2 Sketch of experimental setup.
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_A computer operated tri,rxial motorized

traversing mechanism wran utilized to poEition any

1111 .15 	I 	}.rube with ,r.'	lit ion better than

.01 mm (u.0005 in. ).	A s, hr'm:it is diagram of

the experiment it setup ii' Ifling all important

limensi,'us liii Lhe Colt ,isn system of coordinates

u1.1 t in thi s —r' r imem ;III' displayed in fig_ 2.

The or if;in of LIII' s\slcm "f coordI nit cs is a L the'

II i I II  iing '' lyr milispan on the l,ind-tunnc1

rnl. ,. r	i nr.

This experimental investigation was conducted

at suhcriticai profile -druid ill 51101115 numbers rang-

ng from 5510 1 to 2x10 5 .	The p1-oii1e- 1 hord Reynolds

Iimher Re o was based on the freestream velocity C',„

and the airfoil chord (c = 122 (m) in air at 20°(

(68°F) (kinematic viscosity	v = 1.5xI0 -s m x /s

(1.6x10 -4 ft 2 /s)).	Hence, the corresponding free-

stream velocity varied from 0.61 to 2.44 m/s (2

to 8 ft/s).	In light of the relatively low free-

stream velocities of interest and in order to

simnllaneousIy measure the accompanying turhule Ill e,

the freest reani conditions upstream of the

turbulence-generating grid were conLiuuously

monitored by means of a hot-wire anemometer. This

freestream hot -wire probe was p (IS itionedi 61 ern

(2 ft) above the wind-tunnel floor at a distance of

10.36 m (34 It) upwind of the turbulence-generating

grid on the wind-tunnel centerline as shown in

Fig. 2.

Both the mean velocity 1 2 (the over hardenotes

time-averaged value) and the streamwise turbulent

velocity U 2 between the turbulence-generating grid

and the airfoil leading edge were measured by another

single hot-wire anemometer attached to the traversing

mechanism. These measurements were performed at 14

stations over a distance of 61 cm (2 ft) along the

airfoil stagnation streamline, i.e., along the x 2 -

axis in the midplane x ; = 0 of the test section.

Single copper plated tungsten wires 8.90 pm (0.35

mils) in diameter and about 1000 pm (40 mils)

long-i.e., aspect ratio (length-to-diameter ratio)

of 114-were employed.

A dual-amplifier constant-temperature hot-wire

anemometer emit conceived, designed and built at

Colorado State University was utilized [19]. Unique

features of this hot-wire anemometer unit permits

one to measure turbulence intensity at los velocity

with a resolution of about 0.1%. The rms noise level

of this hot-wire anemometer unit over its entire

frequency bandwidth response, that is 200 kHz, is

constant and smaller than about 200 pV. All the

details of this hot-wire anemometer unit can be

found in Ref. 19. Two identical units, one for

the freestream conditions and a second for the

measurements between the grid and the airfoil,

were used.

Accurate calibration of each hot-wire probe was

of prime importance at the low velocities encountered

in this experiment. Each calibration was performed

at the same temperature as during the test run by

means of a standard calibrator (Thermo-Systems Inc.,

Calibrator, Model 1125).	Furthermore, calibration

was carried out before each test run and checked

afterward.	It was reproducible within I to 3%.

During the calibration the wire was exactly oriented

IS I  would he in the test ruin to account for free-

convcction effects.	All the measurements were

Ill lull 	with Lhe hot wire aligned normal to Lire

axial velocity l	for maximum output voltage

considering its directional sensitivity according

to the cosine law [201.	The calihratiIll revealed

that the I- power l:n,' i .u'.,	E z , 12 , where' the DC

output voltage of the unit and the mean velocity -

(Lime-averaged velocity) are designated by E and 11,

respectively-war reasonably Itisfied within 2% at

all the mean velocities of interest.	Then the

turbulence intensity Tu, Lhit was computed

accorhling to till method outlined in Ret. 2l, is

given by

Ii	 e
rms 4R rms

	OC 	I

where a	and e	are the root-mean-square
rms	 rnrs

values of the turbulent velocity a and the

flurctuating output voltage e	(AC output voltage)

of the hot - wire anemometer unit, respectively.	In

the foregoing eyu-Ition the hot-wire parameter

11 = 1/II-1 /(1+111) 2 I,	 (2)

and the flow factor

m - 3.EU,	 (3)

in which the velocity induced DC voltage drop

AE = E - l',, and where E ° stands for the DC output

voltage in stiII air (no flow or probe shielded).

It is imporLaet to point out that Fq. (I ) is obtained

under the assumption of small fluctuations and it

applies when the flow factor m > 0.2 [211.	The

output signal of the hot -wire anemometer unit uas

continuously recorded on an I'll magnetic tape

recorder (Ampex Corp., Portable Instrumentation

Magnetic Tape Recorder/Reproducer, Model FR 1300)

for subsequent reduction and analysis. An efficient

method for performing the spectral analysis of the

turbulent data using a minicomputer was further

advanced [221.

The reliability of a hot-wire measurement is

contingent upon the c out rol of the flow temperature.

It was maintained constant during the test run over

a period of several hours to within I to 2°C (1.8

to 3.6 ° F). The flow temperature was continuously

surveyed by means of a thermocouple installed at

the same station as the freestream hot-sire probe

as shown in Fig. 2. A digital temperature indicator

(Doric Scientific Div., Trendicator, Model 400A),

whose resolution is 0.1 ° C (0.18 ° F), was employed in

conjunction with the thermocouple.

5.	FLOW VISUALIZATION

A preliminary f'ow visualization of the

turbulent flow patterns near the stagnation zone of

the airfoil was undertaken. This preliminary

visualization had a twofold goal. To start with,

it was conducted in order to develop an expedient

visualization technique considering the inherent

difficulties associated with flow visualization in

a region of relatively high turbulence. With the

completion of the method development, the purpose

of the visualization was to gain a first physical

insight into the stretching of cross-vortex tubes

and the existence of a coherent substructure near

I

4

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/G

T
/p

ro
c
e
e
d
in

g
s
-p

d
f/G

T
1
9
8
0
/7

9
6
6
5
/V

0
1
B

T
0
2
A

0
1
7
/2

3
9
3
4
6
3
/v

0
1
b
t0

2
a
0
1
7
-8

0
-g

t-1
1
1
.p

d
f b

y
 g

u
e
s
t o

n
 1

6
 A

u
g

u
s
t 2

0
2
2



r
t fir'	if 1 ii ul I I	111 -'C

uris	1 , ri I 11110 ii'	SI!.! 1 i/at loll	1 , 1 1 it	"" is

ii ru	d	i t110	iii	1	5j)i'( I'l l	Si 511,1 Ii / it illil	Ills''

rjrror_ i r( ill It	S I rid — t Il H 11	t, Ii Se ii	urns	ii

hI xh lxi 83 us I '.xdxh 1 t I	.\ ts,i - Ii fit r'i I	ri	I

s\ iuiiiii' t 1 1	0 VIA Ii ) —010	i I I	II	irf	I li , Ih	fir	.i

span of	rn	in	2	ii	i, ^ I s	irs!!.	liii	sr ur,il	.1

rim , I	I 	a	) rnf 1 Ii' -	ii ,	I	On sr	I is	ii iii iii r

it	I	lrslrn.iIll	vi'i , i(li\	0.1,1	ii

(2	ft/s )-air,!	it	z e r- (i airI,' of	ift ti, k.	ni	t ursfit

tii Hit] l	ci	six probe	I hr	ui iris	I	i gii I s I fit  I ii

to t h i t t	de'uu ihenf	I Il Set: It .	I nrhii in s	I Il iii I II,,!

'ii I f	e 0 1 1 rI	lips I fi ll	0 1	1 hi	u' I i I i I	ti ti' 1	n iii' i 1 1 1s

r a Is	it W , I S COHC I Ilded Liii t t If 	he'sL vi sirs I i / it I liii

is achieve,! rising titairiiii	I I ox i (I c sirrtn' s it) rrk'

tfie tru rug	igi'Ilt	Ali	f ii I cut	techit i 'ic	il' ri

It 	jn .idelir.ite jpip ii itirs ,, I	dev I sri 12 1 -	 \t	Liii

Sri sent tune, all extn 'fl sisr	visil,iii/ itir Ii iitl	'mg

lie I 	rge	for r	a I I liii I	I se	S, l ( 1	3 3	s h C i rig

.inic' , I 	lit

ki 'um rkiirie (viol in e ion ennling	L 	tb'

s  re  rhi rig o I	i ( r iss-' nit ix tome	mini tlio

snifnsisterc e of a C 1 I i W rent snhst rio tnie s.is sni1i1il iii
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^.hc-re U z _ = 1.83 m/s, is shown omitting the overhar
A gradual decrease followed by an extremely sharp
deceleration over a range of 0.02c (2.44 cm

(0.96 in.)) upwind of the airfoil stagnation point
is discerned. The measurements in the immediate
vicinity of the stagnation point within a distance
of 0.005c (0.61 cm (0.24 in.)) are accurate to

within ± 10%.	This is due, in al1 likelihood, to
a slight shift in Lhe position of the stegnatiii

point hecanse of the very presence of the wire.	A
similar effect is, for instance, reported in Ref. 8.
It was further interesting to compare, to a first
approximation, the measured mean velocity with that

in unbounded potential flow around a symmetric

joukowsky airfoil with a similarly shaped nose-i.e.,

same curvature of the leading edge-as the present
NACA 65-010 airfoil. This theoretical normal mean
velocity is given along the stagnation streamline

(i.e., along the x 2 -axis) by

1 + li e /U zi _	1	0	]- rl	
I	1/112I	>

where a is a dimensionless constant parameter

connected to the thickness ratio of the airfoil and
p is a dime n sionless variable related to the axial
coordinate x 2 . All the details of this computation,
that was conducted by means of an adequate Joukowsky

transformation [24], are outlined in Ref. 23. The
variation of this theoretical normal velocity is also
shown in Fig. 4. A reasonable agreement in the varia-

tions of both theoretical and measured velocities

Fig. 4 Measured and theoretical axial mean
velocity distribution along the
stagnation streamline.

within a difference of 8%, at most, is observed.
Particularly revealing is the similarly steep
deceleration of both velocities close to the airfoil
stagnation point, i.e., within a distance of 0.02c

from the airfoil leading edge.

The normal velocity decelerates linearly in
the vicinity of the stagnation point of a plane
flat plate in crossflow according to the relation-

ship U 2 = -ax e based on potential flow theory [25].
A similar velocity deceleration is considered in

this flow around an airfoil. Then the constant
rate of deceleration a is simply given by the
slope of the normal velocity within its linear
deceleration range, i.e., a = dU 2 /dx 2 , omitting

the negative sign for convenience. Based on the

measured sharp decrease in the mean velocity, it

was estimated that its linear deceleration range

extends over a distance of about 0.005c from the

stagn.3tion point.	Most of the st cc' tcbirig action is
supposedly confined within this linear range [5i
The value of the stagnation-flow constant a computed

from the average slope of the linear normal velocity

that is indicated by a dash-dot line in Fig. 4, was
300 s -i . Its value is about 20 to 30 times larger
than in flow about a flat plate at the sonic Reynolds
number 16]. Both the relatively short extent of
the Linear range and the corresponding large value

of the stagnation-flow constant reflect the fast
flow divergence about the airfoil.

The theoretical thickness of the laminar
boundary layer at the stagnation point was computed

using the Hiemenz flow relation fL = 2.4(v/a)`

[6,25] and the measured value of the constant a.
It was about 0.53 mm ((1.021 in.) or in terms of the

airfoiI chord I).0004c.	preliminary survey of the

actual turbulent boundary layer indicated that its
thickness 6 was roughly 4 to 5 times greater than
that of the theoretical laminar one, i.e., 2.12 to

2.65 mm (0.083 to 0.104 in.) or referred to the
airfoil chord 0.0017 to 0.0022c thick.	A similar

result was found in flow normal to a flat plate
where the thickness of the turbulent boundary layer
was about twice that of the theoretical laminar

one 161.	Both the theoretical laminar and actual

turbulent boundary-layer thicknesses made dimension-
less by the airfoil chord c-i.e., 6L = cL/c and

6 = o/c -are marked off by dashed Lines in Fig. 4.
The neutral wavelength (or scale) of this flow was

further evaluated using the actual value of the

stagnation-flow constant a by means of the
relationship A o = 2n(s)/a) 2 [5].	A value of 1.40

mm (0.055 in.) or 0.00115 of the airfoil chord was

obtained. It is interesting to point out that this
neutral scale is about 5 times smaller than its
counterpart in the case of a flat plate in crossflow

[6].

6.2 Turbulence Amplification

Turbulence approaching a body experiences
amplification due to the stretching of oncoming
cross-vortex tubes as illustrated in Fig. 1.	The
stretching is triggered and governed by the flow
divergence around the body and, hence, the amplifi-
cation of turbulence depends upon how the body
excites this mechanism.	It was, consequently,
imperative to learn the evolution of the grid-
produced turbulence in the absence of the airfoil
for ascertaining the amplification induced by the
latter. Particularly important was to find out the
level of turbulence close to where the airfoil was
supposed to he located downstream of the grid since
most of the stretching transpires within this
region.

6acPgnouind Tu'cbu.eenee

The intensity of the grid-produced axial
turbulent velocity u 2b was monitored over a
distance greater than 25 mesh lengths (158.75 cm

(62.50 in.); mesh length M = 6.35 cm, see Se(t. 3)
downstream of the grid in the absence of the airfoil
at freestream velocities corresponding to all the
profile-chord Reynolds numbers of interest. This
background axial turbulence intensity, based on the
freestream velocity 112= , is expressed by

Tub = (u2b)/U2 	 (7)
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Grid\

xz7	\

8=8/c

min =100 cm 2/s 2 ^q a z =0.05 I	
O2

c=122cm c

in which uzb is the mean-square value of the

axial turbulent velocity. These measurements were
performed at midmesh-i.e., at a distance of 3.175 cm
(14 in.) from the center of either rod-along the
wind-tunnel centerline (along the x 2 -axis). The

variation of the background axial turbulence
intensity with increasing distance downstream of
the turbulence-generating grid monitored at a
constant freestream velocity U 2- = 1.83 m/s is

depicted in Fig. 5. This freestream velocity
corresponds to a profile-chord Reynolds number of

1.5x10 5 . The grid Reynolds numbers based on either
its mesh length M or the rod diameter d, i.e.,

ReM or Red, were 7,700 and 1,500, respectively, at
this particular freestream velocity. In addition
to the distance in terms of the airfoil axial
Lourdivate x 2i the dimensionless longitudinal

distance x	measured from the grid in terms of
the mesh length M-i.e., x2 _ (x zg - x 2 )/M, where

x 2g (0.5c) defines the upwind grid position with
respect to the airfoil-is shown in Fig. 5. Further-
more, the airfoil is also portrayed in this figure
for convenience.

The background axial turbulence intensity
exhibited with increasing downstream distance from
the grid a strikingly similar variation to that
obtained for an ordinary square-mesh grid at a
comparable grid-mesh Reynolds number ReM [18].
Close to the grid, the turbulence intensity increased
initially to a level of about 5.4% over an interval
of 5 mesh lengths (31.75 cm (12.50 in.)).	With
further increase in the axial distance, the turbulence
intensity decayed smoothly to a level lower than 2%

27	24	21	18	15 	12	9	6	3	0

z' Iz e9 -x z l/M

T.p_b/Ozm

xzy	= 61cm --- --t -

M 	635cr

-122 cm

Uam = 1.83 m/s

AlrtOil
:2a

-10	-08	-06	-04	-0.2	 0	02	04

Fig. 5 Background turbulence intensity variation
with increasing axial distance from the
turbulence-generating grid.

at 27 mesh lengths from the grid (171.45 cm (67.50
in.)). Insofar as the stretching action is concerned,
an axial extent upwind of the airfoil position
extending over a span of at least 10 time s the
linear velocity deceleration range-i.e., x 2 = 0
to 0.05 (0 to 6.10 cm (0 to 2.40 in.))-is of main
interest. The background turbulence intensity
changed within this domain from 4.3 to 4% for x 2

decreasing from 0.05 to 0 as observed in Fig. 5.
It is interesting to point out that an equivalent
level of turbulence underwent significant amplifica-
tion in the case of a flat plate in crossflow [6].
The important aspect of the turbulence produced by
the particular grid used is its generally analogue
evolution to that generated by a common square-mesh
grid. Thus, this background turbulence can serve

as an adequate reference for assessing the stretching
arid, in particular, the turbulence amplification.

Tunbueucc in Flc'Lc About the Atiiio,i,e

A detailed survey of the turbulent energy of
the axial fluctuating velocity u 2 along the
stagnation streamline with the airfoil present was
conducted simultaneously with the measurement of
the axial mean velocity.	It is important to note
that the sole nlonvanishirrg turbulent velocity
component along the stagnation streamline is the
axial (or normal) due to symmetry considerations
[6]. The axial (or streamwise) turbulent energy-

i.e., the mean-srluare value u2 of the axial
turbulent velocity-was computed from the turbulence
intensity and axial mean velocity data. To start
with, the streamwise turbulent energy decayed in a
usual manner to a minimum level with increasing
distance from the grid. As the airfoil is neared
and the flow divergence starts off, the turbulent
energy underwent gradual amplification owing to
the action of the stretching. It is consequently
sensible to refer the streamwise turbulent energy
to its minimum value upwind of the airfoil in order
to readily assess the level of amplification as the
airfoil leading edge is approached. Then the dimen-
sionless streamwise turbulent energy is defined by

u2 = 1u2/u2min	(8)

where u2min is the minimum turbulent energy upwind
of the airfoil.

A typical distribution of the dimensionless
streamwise turbulent energy measured along the
stagnation streamline at a Reynolds number of
1.5x10 5 is displayed in Fig. 6. The minimum
turbulent energy u2min, that was about 100 cm 2 /s 2

(0.108 1t 2 /s 2 ), was monitored at x 2 = 0.05 or 8.65
mesh lengths (54.90 cm (21.60 in.)) downstream of
the grid. This minimum turbulent energy is viewed
as the critical turbulence as regards the amplifica-
tion. The streamwise turbulent energy gradually

Fig. 6 Streamwise turbulent energy variation along
the stagnation streamline.

reached a maximum of about 1.14 over an interval
extending from x 2 = 0.05 to 0.01 (6.10 to 1.22 cm
(2.40 to 0.48 in.)). This maximum amplification of
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14% occurred at a distance of (I.01c that is twice

the linear range (0.005c) and about five times the
boundary-layer thickness It) 002t).	The latter is
marked off by a dasheit I iuc denoted	r5 in Pig. 6.

Inside the bounoi.riv-I+ ryes the titrhulint energy
decreased tosard otro at the at riot I stagnation

point since there Lhe fluctuating velocity vanishes.
'The essential Io,rtures of the Iurhiout energy

amplilicatiorr are its	nset at I distance rough Iv

10 times the I iii ii r,rnge at 	the realization of

its perk upwind of botlr the linear range and the

noundarv-laver. Thus, the stretching action extends
at bryon,l the I moat velocity lose Is rat ron (Iom<.;n

Ind, iii nreover, the tIIrbulence amplification is

apparently riot associated aith any instability
,,Ithin the bourtlary I:r% et

The streIching of cross - vortex tubes and the

at ompanying amplii teat ion of turbulence are spurred

by the presence of the airfoiI. Estimation of the
stretching effect is then achiever) b^comparing the
actual streams jet turbulent energy uz in the
presence of the airfoil to its counterpart when the

airfoil is absent.	'fire lat ter is the background

axial turbulent energy a	produced by the

turbulence-generating grid at exactly the same
freestream velocity as that with the airfoil

present. To that end, the amplification factor of
the streamwise turbulent energy, which is represented

Os their ratio

A = u /u2
r ,

was computed along the stagnation streamline (the

x2-axis). The background turbulent energy was
evaluated, in the sane manner as the actual one,

from the background turbulence intensity and the
mean velocity data.

The variation of the streamwise turbulent
energy amplification factor along the stagnation
streamline at a Reynolds number of 1..5x10'' is
portrayed in Fig. 7. Its corresponding background

T fl

I —I^q xz =0.125

Ae = li /tub Turbulence-Generating

xz ^xz/c

S'S/c

Grid

Zn

r	c= 122 cm
^ I Gz

c

Fig. 7 Variation of amplification factor of
streamwise turbulent energy with
distance from airfoil leading edge.

axial turbulence intensity is shown in Fig. 5.
Significant evidence as regards the amplification
of incident turbulence induced by the stretching
action is revealed by the variation of the amplifi-

cation factor. The actual turbulent energy uu

became greater than the background one starting ofI
from	x 2 = 0.125 (15.25 cnr (6 in.)).	iii is station,
slit cc	A = 1.0 and which is not shown ill Fig. ;

e
is thus at a distance of 25 times the linear range
from the IIrIoII.	As tlit> atr lot I is ❑cared, a
continuous augmentation iu the amplification factor
is riistinctly observed.	Even the minimum actual

turbulent energy, that las recorder) at	x 2 = 0.05
(see F'ig. 6), was about 57°o higher th.rn the coires -
pondirrg background turbulent criot gy.	flit' stretchirig

produces amp) iii r itioo a t th r' spot  to Lhr l o ok-

ground turbulence over Ott extent considerably larger
than the linear range.	However, ttre love) of
amplification at such a great riistance Irom thr
hotly depends upon Lhr ha fail( (, hctween tilt , stretching
offect and the viscous (IissipatIoti.	this hal Jilt e
has yet to be explore (I.

A maximum amp1ititutiOtt factor of 1.91, s.is

recorded at the station of greatest it toll titrhuIerrt
energy, i.e., at	x 2 = 0.01 (see 1'ig. 0).	Thus,
the stretching caused by the airfoil lerl to a
maximum amplification of almost 101) with respect
to the background level.	It is noteO,orthy to point
out that the stretching in this flow situation is

mainly a consequence of the streamwise biased tilt-
ing of the cross-vortex tubes considering the fast
rate of flow divergence around the airfoil.	This
ti Icing induced stretching has not yet been

adequately i rives ti got ed.

6.3 Discrete Turbulent Energy

One of the most important features of the
stretching mechanisms is the selective amplifica-

tion of turbulent energy at scales larger than the
neutral scale of the stagnation flow II,5J.	At
these scales turbulent energy accumulates more
rapidly than it dissipates by viscous action. A
detailed survey of the turbulent energy spectra of
the axial turbulent velocity along the stagnation

streamline was therefore carried out for assessing
the amplification oI turbulent energy at such
sea Ies. To start eith, the turbulent one rgy
frequency spectra -i.e., ti(n), where	it	is the
frequency-were obtained at each station on the
stagnation streamline 1221. For each frequency

n a corresponding scale A was introduced,
based oil the frozen pattern assumption [26], by
using the relation

N = U2/n,	(10)

where U z is the local mean velocity. The total
streamwise turbulent energy at a fixed point-i.e.,
the mean-square value of the fluctuating velocity-
is then expressed by

u2 =	u2(A.),

i=1

in which u(N) is that portion of tire total
1

turbulent energy concentrated at an eddy of scale
A i , i.e., the discrete streamwise turbulent energy.

In fact, the foregoing equation describes the scale
(or eddy) resolution of the turbulent spectrum.
This representation permits one to examine the
change in turbulent energy at any desired scale as
it is conveyed toward the body and, for that matter,

the airfoil stagnation point. The discrete
turbulent energy at any particular scale is simply
derived front the turbulent spectra at a succession
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of positions along the stagnation streamline (the

x2—axis).

A sample of the variations along t-he x 2 -axis

of the discrete stre^rmwisce turbulent energy at three

selected scales larger than the neutral one obtained

at a Reynolds number of I.ix10 s is exhihited in Fig.
8. Chose three scales are A = 4, 10 and 40 mm

(0. 16, 0.39 and 1.57 in.) and, hence,	A/N o = 2.86,

7.14 and 28.57 since the neutral wavelength of the
vorticity-amplification theory A o = 1.40 mm (see

Sect. 6. 1) at this Reynolds number.	In order to

readily ascertain the strength of the amplifi ca tion,

the discrete titrhulcot crier y at each scale Lt (N)
is referred to its l eve l 2O(1r) at the s tation of

minimum total turbulent energy, i.e.,	U (A) at

x 2 = 0.05 (see Sect. 6.2). Then the amplification
of discrete turbulent energy at each scale A i s

given by

u (A) = u(A)/rru(A)
	

(12)

Realization of noticeable amplification of
(iiscrete turbulent energy is clearly discerned
at all three selected scales shown in Fig. 8.	The
amplification transpired starting off from a
distance of nearly 0.02c from the airfoil with most
of it occurring within a range of 0.01c. Thus, the
amplification of discrete turbulent energy extends,
as for the total turbulent energy, over an interval
much longer than the linear velocity deceleration

2= X2/C Turbulence-Generating

g = 8 /c

KipCal® 7,	0.05

Grid -

2g

c= 122 cm U i

7
(mm)

k2°(11
(cm /sZ) 1̂1

04 62x10"

olo 2.1x10-1

040 6.4x10 °

001	002	003	0.04	005	0.06	007

Fig. 8 Change in discrete turbulent energy at
three scales with distance from airfoil
leading edge.

range. The greatest amplification in the discrete
turbulent energy was found at a scale that is
neither the largest nor the smallest. At this
particular scale of 10 mm, that is 7.14 times the
neutral one, an almost fivefold amplification was
monitored. At the other two scales, that are about
2.86 and 28.57 times larger than the neutral one,
an amplification of only about 2.75 times was, on
the other hand, recorded. Essentially, the scale
at which the greatest amplification occurred is the
most amplified scale Am induced by the stretching
in this particular stagnation flow. A similar most
amplified scale was detected in crossflow about a
flat plate [6]. This scale is representative of
the energy-containing eddies within the standing
coherent substructure near the airfoil stagnation
zone.

It is, further, interesting to notice that the
discrete turbulent energy reached its maximum
amplification at all scales in the vicinity of the
outer edge of the actual boundary laver. This is
particularly maui_fested for the most amplified
scale A m whose peak is almost at the outer edge
of the bound try layer. The thickness of the
boundary layer (roughly 0.002c) is indicated by
a dashed line designated o in Fig. 8 for
convenience.	Inside the boundary laver the
discrete turbulent energy gradually decayed to
zero at the airfoil stagnation point.

Another germ;tne point is that the most
amplified scale was, as a matter of fact,
connnensurahle with the boundary- laver thickness.
It was about four times the latter and it averaged
roughly 19 times the thickness of the theoretical
laminar boundary layer. Uric thus can conjecture
that this amplified turbulence interacts with the
boundary layer and affects its characteristics.
This interaction is, in all likelihood, responsible
for the turbulent nature of the boundary laver at
the prevailing subcriticai Reynolds number.

CONCLUDING REMARKS

The results presented in this work clearly
testify to the realization of amplification of
freest ream turbulence at scales larger than the
neutral wavelength in flow about an airfoil. This
selective amplification of turbulence is induced by
the stretching of oncoming cross-vortex tubes which
is, in turn, stimulated by the flow divergence around
the airfoil according to the vorticity-amplifica-
tion theory. Even in the limiting situation of a
symmetric airfoil at zero angle of attack in cross-
flow reported here, where the stretching is the
least since the flow divergence is the smallest,
significant amplification transpired.

This investigation was carried out at a
subcritical profile-chord Reynolds number of 1.5x10
with freest ream turbulence superimposed by means of
an adequate turbulence-generating grid. A relatively
short linear velocity deceleration range along with
a high stagnation flow constant were found. They
attest to the rapid rate of flow divergence around
the airfoil. Amplification of the total streamwise
turbulent energy occurred constantly over an extent
much larger than the linear velocity deceleration
range. A maximum amplification ratio of the total
turbulent energy of 1.14, relative to its minimum
level, was monitored outside of both the linear
range and the boundary layer. These findings
plainly suggest that the turbulence amplification
is not affected by any boundary-layer instability.
Noteworthy substantiation concerning the stretching
effect was furnished by the amplification factor
that expresses the ratio of the actual turbulent
energy to its background counterpart. The former
is the turbulent energy in the presence of the
airfoil while the latter was monitored with the
airfoil absent. Amplification factors up to almost
100% were obtained notwithstanding that the
stretching is the least in this flow situation.

Preferred amplification of turbulence at scales
larger than the neutral wavelength, as predicted by
the vorticity-amplification theory, was distinctly
demonstrated by the variation of the discrete
turbulent energy. The latter was deduced from the
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turbulent energy spectra at a succession of positions
by means of their scale resolution.	At a 	the scales

examined substantial amplifications of the discrete
turbulent energy were found with the peaks close to
the outer edge of the boundary layer.	Particularly

significant was the detection of a most amplified
scale at which a maximum amp it tic ation of almost
fivefold (500%) in the discrete turbulent energy was

recorded.	This scale, that is neither the largest
nor the smallest, is characteristic of the coherent
substructure near the airfoil stagnation zone and,
concurrently, ronmuensirate with the boundary- layer

thickness.	It is conjectured that the penetration
of this amplified turbulence into the boundary layer
is responsible for fostering its change from laminar
to turbulent at the prevailing subcritica! Reynolds

number.
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