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Numerical and experimental study of drag characteristics of
two-dimensional HLFC airfoils in high subsonic, high Reynolds number flow*

Yoji ISHIDA*', Masayoshi NOGUCHI*', Mamoru SATO*! and Hiroshi KANDA*!

ABSTRACT

Hybrid laminar flow control (HLFC) is one of the most promising aircraft drag reduction technol-
ogies. However, very few experimental and theoretical studies have been reported. We have inves-
tigated both numerically and experimentally the aerodynamic characteristics of an HLFC airfoil and
wing at high subsonic, high Reynolds number conditions. In this paper, we report the results of the
wind tunnel test on drag characteristics, with and without suction, of two-dimensional HLFC airfoils
with porous and slot suction approach under some adverse factors against laminar flow, and a
numerical analysis of the wind tunnel data, which is based on the boundary layer calculation with a
new transition prediction method allowed for the adverse factors and the Squire-Young drag formula.
The HLFC models achieved total drag reduction of as high as 20% at realistic flight condition and

the numerical method has given satisfactory predictions.
Keywords : Hybrid Laminar Flow Control, Airfoil, Subsonic flow, High Reynolds number flow,
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k roughness height
Nomenclature M Mach number
A damping length constant Pr turbulent Prandtl number
c chord length Rc chord Reynolds number
C, a function of roughness height T temperature
C, a function of freestream turbulence intensity T freestream turbulence intensity
Chi wake drag element u x component of mean velocity
Cos equivalent suction drag coefficient Uy uat y=k
Cor total drag coefficient,=Cpw + Cos Ur friction velocity
Cow profile drag coefficient u’, v fluctuation velocities
C. lift coefficient Ue local freestream velocity
Cr pressure coefficient Uw freestream velocity
Cq total suction quantity coefficient Va suction velocity
H total enthalpy or shape factor (only inegs.8 and 9) X, Y Cartesian coordinates
a angle of attack
* (received 11 April 1994) Yar Chen-Thyson’s intermittency factor
1 Aircraft Aerodynamics Division y boundary layer intermittency factor

This document is provided by JAXA.



2 : TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1244T

) boundary layer thickness
£ eddy viscosity

& eddy conductivity

é momentum thickness

x total drag reduction rate
P density

7 viscosity coefficient

v kinematic viscosity coefficient
Subscripts

te trailling edge

w wall condition

Superscripts
D] time averaged quantity, or transformed in-
compressible plane

1. INTRODUCTION

Aircraft drag reduction by means of hybrid laminar
flow control (HLFC) which combines natural laminar
flow (NLF) and laminar flow control (LFC) has got
much attention in aeronautical sciences owing to the
possibility of achieving extensive laminar region on a
wing with simpler system?. Recently, practicality of
the HLFC concept for realistic flight applications was
tried successfully on a 757 aircraft®?. However it
showed that further flight and wind tunnel tests are
necessary to develop the system with high reliability
even at off-design condition. As far as the present
author knows, very few wind tunnel tests have report-
ed the performance of HLFC airfolis in the realistic
flight conditions. This is the motive of the experimen-
tal study.

As the first stage of the experimental study, we
have executed the high subsonic, high Reynolds num-
ber wind tunnel test of two-dimensional HLFC airfoils
to get their drag characteristics at the design and
off-design conditions. Unfortunately, as some authors
pointed out, severe adverse factors against laminar
flow were recognized in the test : freestream turbu-
lence, contamination of the surface due to impacts of
particles in the flow and surface roughness of suction
hole or slot which is inevitable in the HLFC test. We
found it difficult to estimate the effect of the adverse
factors on drag without the aid of any accurate theo-
retical tool. It is the motive of the numerical study.
We developed a numerical method which consists of

the boundary layer solution with a new transition

prediction method allowed for the adverse factors
desribed above, and of a compresible version of
Squire-Young’s drag formula. We then evaluated drag
values of the HLFC airfoils and discussed problems in
the wind tunnel test.

Finally, someone says that in relation to practical
application of LFC, any two-dimensional test may be
meaningless. Our answer to the quetion is that apart
from its intrinsic interest, the two-dimensional HLFC
study is necessary to investigate the problem of
controlling the three-dimensional boundary layer over
a wing whose cross flow instability in the leading edge

region is already suppressed by suction.
2, OUTLINE OF THE WIND TUNNEL TEST

We will describe here the outline of the wind tunnel
test. The reader is referred to ref.l5 for further
details of it.

2.1 AIRFOIL MODELS

Figure 1 shows geometric outline of the model.
Basic airfoil section is 'NLAMY78’, a natural laminar
flow airfoil®, whose design Mach number M. and lift
coefficient C_ is 0.77 and 0.50, respectively. The
chord length is 0.25m and the span 0.30m. The suc-
tion region was decided to range from 40 to 80%
chord of the upper surface of the models with refer-
ence to the result of the flight test® at Reynolds
number Rc=20X10%. Two suction approach, porous
and slot, were tested to compare their drag reduction
performance. The porous suction panel has many fine
holes of diameter of 0.1lmm and spacing of 0.7mm
and the slot fine spanwise slots of width of 0.1mm
and chordwise spacing of bmm. Both panels have
same open area ratio.

Structural restrictions prevented us from realizing
full span suction surface, thereby two-dimensional
flow over the model was lost except the central region
of it. Hence the wake survey to evaluate the profile
drag was made in the symmetrical plane of the model.
Besdes the suction surface models we also used a solid
surface model with same airfoil section and a surface
pressure tap row to measure surface pressure distribu-
tion and basic drag value to be compared with those
of the suction models?®. .

2.2 TEST CONDITIONS

This document is provided by JAXA.



? Section Sufface

Numerical and experimental study of drag charactenstics of two-dimensional HLFC airfoils i high subsonic, high Reynolds number flow 3

BASIC AIRFOIL

Porous/Slotted

NLAM 78

surface

Plenum chamber

J
40%C

\kSuction air duct

_ Collect duct

80%C

Porous

Figure 1.(a)

Flo
©

i

v

. support

i support
i
1

- 4 0%

- 80%

-
)
1]
)
t
| 1
i A
‘ 75 o e 15
-

300 f
f————— —— — ———

Figure 1.(b) Dimension of the test models

We have conducted the test at the NAL two-
dimensional transonic wind tunnel, whose maximum
Mach and Reynolds numbers are 1.1 and 40X10°,
respectively and the test section has a width of 0.3m
and a height of 1.0m. The freestream turbulence
intensity including both vortical and acoustic modes
was estimated to be about 1%* (see also figure 3).
We measured the surface pressure distribution as well
as the profile drag with and without suction, for M.
from 0.60 to 0.82, Rc from 6 to 20 million and
angle of attack from -2° to +2°; all the measure-

ments were executed in transition free condition. We

Slotted

Airfoil section with suction chamber and ducts

applied unifrom chordwise suction quantity with vari-
ous levels for the suction tests, and hence tried no
suction quantity optimization. We corrected all of the
measured drag data for the wind tunnel wall interfer-

ence effect by Sawada’s method®.

2.3 TEST RESULTS

We will present the results of the wind tunnel test in
the section "RESULTS?”, together with the results of
the numerical analysis with the method which is

described in next section.
3. NUMERICAL METHOD

The profile drag was computed by Squire-Young’s
formula for compressible flows'®, which required
boundary layer parameters at the trailing edge. To
get them, we solved the two-dimensional compressible
boundary layer and energy equations with Keller Box
schem® for laminar and turbulent flow regions,
predicting the transition location based on the new
empirical method which accounts for the adverse
factors above described, from the forward stagnation

point to the trailing edge.

3.1 PREDICTION OF THE TRANSITION POINT

In the analysis of the present wind tunnel data it is
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crucial to account for the effects of freestream turbu-
lence and wall roughness on the transition location.
However very few empirical criterions allow for both
of them, although some ones integrate only the effect
of freestream turbulence (Arnal et.al”, van Driest &
Blummer®). Modification of the e method to include
the effects still remains unsatisfactory. The approach
which uses turbulence model equations to follow
downstream a specified disturbance introduced into
the laminar boundary layer has been carried out by
several authors (MacDonald and Fish®, Forest!'?,
Finson'® and Simon & Stephens'”). MacDnald-Fish
and Finson used differential models which intergrate
both roughness and freestream tubulence to well
predict the transition point. Their models, however,
are rather too complicated to examine their validity
for the weak disturbance in the laminar layer.

We used the turbulence model equation approach
with two alterations : the first is that a compressible
version of Michel’s criterion (see Appendix) is used to
predict the transition point and the second is that we
elaborate a new simpler eddy viscosity model which is
expressed as

B ol -2

c](”—;“k—)z%+ =2, (1b)

The innner layer model, eq.(1a), is exactly the stan-
dard mixing length one, which satisfy the wall bound-
ary condition for -pu’v’. The outer layer model, eq.(1
b), consists of two terms ! the first represents the
influence of roughness and the second freestream
turbulence. We assumed that each term is propor-
tional to the product of typical velocity and length of
each phenomena : u, -k for the roughness and v'¢ for
the freestream turbulence. Then if the roughness
heigh is small, u, can be exprseed approximately as
u,~ (8u/3y), * k=u2k/w,,

and thus
wk _uk | uk :(Urk)zi
v Vw 14 Uy v’

By using the definition of T, i.e. U =T"* U,
ué/v=T'Ud/v

Then eq.(1b) results. The factors C, and C, in eq.(1b)

were decided empirically as a function of k and T,

respectively, by using the data of Feint'® and flat

plate with freestream turbulence'” as shown in figure
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0. 000 " . , '
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Figure 2.(a)
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Figure 2.(b) Cofficients C, and C, appeared in
eqgation 1(b)

2. Note that the eddy viscosity model is applied only
in the laminar layer region.

3.2 TURBULENCE MODEL
Eddy viscosity and eddy conductivity concepts are
used in the method which are defined as
—pU'V' = pe (2u/3y) (2a)
—pvVH =pe (aH/3y) =p(e/Pn) (9H/3y), (2b)
where u is the mean velocity, H the total enthalpy, p
the density and P, turbulent Prantdl number. We used
Cebeci-Smith’s eddy viscosity model including effects
of both suction and roughness, and compressibility® :
0.16(y +Ay)*{1—exp[—(y+aAy)/A]}* X
|ou/ay| Osy=y,
e= (3)

0.0168 | [“Ue-uidy | -v(v/0) vi<y<s

where y; is a y ordinate of a point of intersection of
the two curves and

This document is provided by JAXA.



Numerical and experimental studv of drag characteristics of two-dimensional HLFC airfoils in high subsonic, high Reynolds wumber flow 5

Ao R (B ) (2!
oN P P

_ .
szﬁl‘"(f"f—)Jr—;rrilfexp(u.sf%vw)]
e \ pw /) Vy i

+exp(11.8%4y,)
y7i

p+:,ﬂegg,,& vor=Jw = Fw :
dX ’ W le- ) T

U13 D (4)
0 gul{ >V/ks_'7k3"exp(—ks+/6)} (ks‘ §70]
Ay= i
0.7 e (ky*>70)
ks+:1hk/v

y=[1+5.5(y/8)°] !
For transitional region, we multiply & by Chen and

Thyson’s intermittecy factor y, .
i (o — *dx 5
yo=1—exp [Ge(x—Xy) fx R )

where

9 171 ~1.34
G= 3 Lcs<,,U,e>§l,,r>

T C oyt Vi

C=60+4.86 Me"*? (0=Mez=<5)

3.3 SQUIRE-YOUNG’S PROFILE DRAG FORMULA
The Squire-Young formula for compressible flow'?

is given by

Cl)\\':2 [(600) upp9r+ (000) lm\cr]/c (7)
where
- Pe Ue | Mestbers
0‘3" - 0[.(,‘. (pm ) LL’.( '(J’D0 )t.e. (8)
He=1+ (y—1) Ma* 9

The formura is applicable to the case with suction, too.
4 . ASSUMPTIONS IN THE CALCULATION

In all of the following calculations, it is assumed

T

raen

v Ui

j
~

>
~>

£ § 10 ie P4 ig i 20
RecX10-°¢

Figure 3. Freestream turbulence intensity assumed
in the numerical analysis

that the freestream turbulence intensity T’ takes the
value shown in figure 3, which was estimated from
the measurment® ; the suction surfaces have dis-
tributed roughness with a height of half of the hole/
slot dimension, k=0.05mm, which was decided from a
comparison of drag between a rivet and a hole (Young
and Paterson?") ; and the wall is adiabatic.

5. RESULTS

5.1 SURFACE PRESSURE DISTRIBUTION
Figure 4(a) shows typical measured surface pres-

sure coefficient Cp at the design Mach number (=

0 - Rec=20X10¢°
Mew =0. 77
CP a — O o CP*
- === =-- ~-,-‘-" {ﬂ}}:;"‘-’-}--4(‘iF,-‘Z----
0.3 s AJ‘A i
I - NV, .
0.0 7
o
I UPPER e
0.5 4 s LOWER
1- 0 T T T H 1
0.0 0.2 0.4 0.6 0.8 1.0

X/C

Figure 4.(a) Surface pressure coefficient Cp at design
Mach number

Ts Cp(04) - Cpl0.2)

T Cp 04-02
shock wave
0.8 appearance
0.6
0.4
0.2
0 | 1 J
06 0.7 08 M 0.9
Lo ]
Figure 4.(b) Magnitude of favorable pressure gradient
T at =0
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0.77) and angle of attack of zero. We can see that
favorable pressure gradients extend up to 70%
(upper surface) and 50% (lower surface) chord. All
the data including the ones not presented show that
the Cp at fixed M. depends little on Reynolds number
and the favorable pressure gradient at zero angle of
attack depends much on Mach number ; it increases
with Mach number as is shown in figure 4(b).

5.2 DRAG CHARACTERISTICS WITHOUT
SUCTION

We first desribe the drag characteristics of the
HLFC airfoils without suction, because they are the
basic data to be compared with those with suction.

The measured profile drag coefficient Cpy is plotted
against Mach number for Rc of 8 and 20 million in
figure 5 together with the calculated results. The
latter (solid and broken lines) gives consistently lower
values than experiments, although qualitative agree-
ment is excellent. The quantitative disagreement
mainly comes from the tendency of the boundary
layer method of underestimating (in average about 10
%) the momentum thickness at the trailing edge, on
which the drag directly depends. Hence if the underes-

timation is allowed for, the agreement with experi-

Cow Rc=8X%X10°
U.OWS - o =Oo
Co=0 O
0,012 0
DO o sorid
A Shet
0.010 g Porous O
0.009 Calculal?on(Sn\id)
“““ Calculation (Rough)
0,008 -
0.007 - 5
N
0. 006 - % ———— Oy o
—_ \\\//7
0. 005 G
0.004 o
0. 003 ‘ :

Figure 5.(a) Variation of the wake drags with Mach
number when suction is not applied

Cow Rc=20x10°¢
0.013 a =0° O
0.012 Ca=0 A
LU sarig
' o Porous o
0.009 | —— Calculation{(Solid)

----- Calculation(Rough) s
0.008 ﬁ

0
0. 007 A I @%”O
0. 006 — Q
0,005
0,004 -
0. 003 ‘ —
0.6 0.7 0.8 M 0.8

Figure 5.(b) Variation of the wake drags with Mach
number when suction is not applied

mental data would be much improved.

Detailed observation of the experimental data
reveals some unusual features of Cpy. The first one is
that the drag values of the suction surface models (],
A) are consistently higher than that of the solid
surface model (O). The second is that the variation
of Cpw with Mach number at Rc=8X10° is more
complicated when compared with the one at 20X
10® . it decreases rapidly with Mach number until it
reaches minimum at the design Mach number of 0.77
and then rapidly increases again. What is the reason
of the features? As the numerical method can predict
correctly the features, the analysis of the numrical
result would help us to answer the question . the first
one is primarily due to the roughness effect of the
suction surface, because the test conditions except
airfoil surface are same for the three models when
suction s not applied and the numerical analysis tells
us the possibility that fairly thin boundary layer over
the small, suction surface models in high Reynolds
number flow makes even fine suction hole/slot a
supercritical roughness. Then a question arises if it is
an intrinsic problem of the suction LFC or only special
one happen to appear in the wind tunnel test. It will be
discussed later in 'DISCUSSION’.
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The second feature contains more complex phenom-
ena and the numerical analysis suggests that it is due
to the combined effect of Reynolds number and the
favorable surface pressure gradient on the transition
location ; at Rc=8x10%, the transition delaying
effect of the favorable pressure gradient works well
at the desigh Mach number at which low drag values
are certainly attained, but becomes weaker rapidly as
Mach number decreases from the desigh Mach num-
ber because of the decrease of the favorable pressure
gradient (see figure 4b) which causes forward move-
ment of the transition point, namely drag increase. At
Rc=20%x10°, on the other hand, the transition point is
almost fixed near the leading edge region even at
design Mach number, and thus the variation of Cpy
with Mach number up to drag divergent Mach number
becomes smaller.

Figure 6 shows the variation of Cpy with Reynolds
number at the design Mach number (M«=0.77). It is
interesting to note that the C, increases rapidly at

Reynolds number of about 10X 10° and the roughness
Cow Mo=0. 77
0. 007
0.006
0. 0061
0.004
0,003 1
0. 002

a=0°

1< - e}

Solid

¢ b § 10 12 f4 16 18 20
RcX10°

Cow o Experiment |
0.008 'Vj—Calrculaiion;

0. 007
0. 006

0. 005 g Porous

0.004
0.003

4 ] g 10 12 14 16 18 20
RcX10°®

Figure 6. Variation of the wake drag with Reynolds
number at the desigh Mach number when
suction is not applied

effect of the porous surface is also observed (see the
difference between the solid and the porous models).

The calculated drag in figure 6 generally agrees
well with the experiments for entire Reynolds number
range, which is primarily due to the correct assump

tion of the freestream turbulence intensity T (figure 3).

5.3 DRAG CHARACTERISTICS WITH SUCTION

We first refer to the result at the desigh Mach
number. In figure 7 the profile drag of the HLFC
models with the suction applied in the midchord
region (40~80% chord) is plotted against the total
suction quatity coefficient Cq, defined by

Co= [ (owva/pelUs) d(x/0). (10)

The measured drag (O, A) decrease monotonously
with Cy up to 0.0006, the maximum one used in the
test, even at Rc=20x10%. We also found no significant
difference in the drag reducing effect between the
porous and the slot suction approach.

The calculation gives a little lower values than the

experiments, from the same reason stated previously,

CDW — = °
0. 008 Me=0. 77 a=0

0. 006

g .
0. 004 o
0. 002 Rc=8X10°

000 —
0.0000 0.0002 0.0004 0.0006 0.00080.0010

Cow . o g?r?us
LA 0
0. 008 Cale
0. 008
0. 004
Rc=20Xx10¢
0. 002

000
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
Co

Figure 7. Effect of suction on the wake drag reduc-
tion at design Mach number. C, A
experiments.
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and in addition a little larger value of | dCpw/dCq | »
i.e. larger drag reducing effect than the experiment,
the reason of which is not yet fixed because of some
uncertain factors in both the theoretical model and the
experimental results.

In discussing net energy saving effect of suction
LFC, we must consider the total drag coefficient C,
which is defined as the sum of the profile drag Cpy and
the equivalent suction drag Cps, which is calculated
fromeq.(13) of Ref.14. Then the total drag reduction
rate x(%) defined by

x=100% [Cor(Cq=0)—Cur]/Cor(Co=0) (1D
5. Me=0.77 a=0°
30
20 s ot ©

A
(©]
10 on_ o Porous
0 [ ]
0. 0000 0.0002 0.0004 0.0006 0.0008 0.0010
Rec

K o s8xi10°
407 a4 g

® 10
30 - L1 2

o 16
ol 20 L o ©

—Calculation o . A

[
10 O e Stot
A
[ J

0 , ‘ K
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
o}

C
Figure 8. Total drag reduction rate at design Mach
number
y/C Rc=20X10° Me=0, 77
000 | i o =0°

-0. 04

-0. 08

-0, 12

-0, 16

Figure 9. Wake drag element Cp;

is plotted against Cq for various Reynolds numbers in
figure 8. We can see from it that both models have
the total drag reduction rate as high as 20%, still
very high value. The calculation gives higher value
{(solid line).

Figure 9 shows profiles of wake drag element Cy,
across the wake defined by

CDW:’/_::OCDI d(}’/C) (12)

The profile, which has rarely been used, can directly
represent the effect of suction on the drag; the
suction applied on the upper surface of the airfoil
causes not only the reduction of the element C,;
mainly in the upper side the wake, but also some
downward shift of the profile or equivalently wake
flow with Cq, which we suggest is intimately related
to lift change (probably increase) caused by the bound-
ary layer suction.

The profile drag Cpy measured at off-design Mach
numbers of 0.6 and 0.8 also show monotonous
reduction with Cg, asis shown in figure 10. The total

drag reduction rate x of the porous models at Rc=8

Cow
. 008

0

0. 007 &

0. 006 Ax 4 a
0. 005 o o
0. 004

0. 003

0

. 002 : ,
0. 0000 0.0002 0.0004 0.0006 0.0008 0.0010

0. 002 : : ‘
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
o

Figure 10. Effect of suction on the wake drag at off
-design Mach numbers
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Figure 11. Total drag reduction rate at off-design
Mach numbers

and 20 million are plotted in figure 11 for various
Mach number, from which we can see that large
amount of reduction was attained even at off-design
conditions.

The achievement of such high total drag reduction
rate in high subsonic, high Reynolds number flow is

quite encouraging.
6. DISCUSSION

We will discuss here some problems which remain
unsolved in the wind tunnel tests, with the aid of the
numerical calculation.

The roughness effect of suction hole/slit found in
figure 5 or 6 is very serious and perplexing problem
in LFC and raised a question if the effect is intrinsic
or not. As was stated above, the numerical analysis of
the test showed that the roughness of suction hole/slit
did not always remain subcritical owing to the very
thin boundary layer developed on the surface of the
small model in high Reynolds number flows. Thus it is
expected that if a larger size model with the suction

surface unchanged is used, the roughness effect would

0(.:000% Me=0. 77 a=0°

0. 006 e -

0. 004 - ——— Clean(C=0. 25m)

R A Rough (C=0. 25n)
""" Rough(C=2. 50m)

0. 002

4 6 8 10 12 14 16 18 20
ReXx10°®

Figure 12. Calculated wake drag of the larger air-
foil model compared with those of the
present, small models with and without
surface roughness

not appear. To support it, we computed the drag of
the model with the chord length of 2.5m, ten times
larger than the present one when suction is not
applied, and compared the result with those of the
present models in figure 12. It shows that the larger
model has almost same drag as that of the small
model with smooth surface ;. the roughness effect is
negligible for the larger model. Now we reach a
conclusion that the roughness effect is only a particu-
lar one happen to be caused by the use of small model
in high Reynolds number flow and is not intrinsic
defect of HLFC/LFC airfoil. The ratio of the dimen-
sion of the suction hole/slit to the boundary layer
thickness is an important parameter of HLFC/LFC
test and must be kept constant if we want to compare
data of different tests or extrapolate wind tunnel data
to flight conditions, although it is not technically easy.

We have measured transition points over the upper
surface of the slot surface model by flow visualization
using temperaturesensing liquid cristals in the wind
tunnel test.

Figure 13 represents the measured (A) and the
calculated (lines) transition points at the design Mach
number. The broken line exactly corresponds to the
experimental case and the agreement is excellent,
which proves the accuracy of the prediction method of
the transition. In the figure the calculated transition
point of the solid surface model is also ploteed (full
line) . rapid forward movement of the point at

Reynolds number near 10 million corresponds to
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Xtr/C Me=0. 77 a=0°
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.64 N  ._.s Suction}TheoH

ALA A Experiment

0.4- )
0.2 A
0.0 . T - . .

¢ § 8 10 12 4 16 18 20
RecX10°°
Figure 13. Comparison of the transition location
between theory and experiment

rapid increase of the drag there (figure 6). Departure
of the computed transition curve of the suction sur-
face model from that of the smooth model which
begins at Rc of 9% 10° reflects correctly the effect of
the presence of suction surface roughness.

Figure 13 also shows that the transition of the
suction surface model occurs ahead of the suction
region (x/c<0.4) for Reynolds numbers greater than
9 million, which means that the suction is actually
applied to the turbulent, not laminar, boundary layer.
However the suction really reduced the drag signifi-
cantly as is shown by the data at Rc of 20 million in
figure 7. Thus the turbulent boundary layer suction
succeeded in producing a large amount of drag reduc-
tion in the test. As far as the present author knows,
very few papers have referred to the success of the
drag reduction by means of turbulent boundary layer
control with suction, so it is very important and
encouraging result, especially considering the case of
an accidental, temporal failure of laminarization
caused by leading edge contamination by insect debris
or ice and so on.

The effect of freestream tubulence intensity on the
drag is well simulated by the numerical method. The
result in figure 14 shows that the effect is significant
and complicated ; thus the drag in realistic flight
conditions with very low turbulence is hardly esti-
mated from convensional wind tunnel test data with-

out the aid of any accurate theoretical model.

CDW Mo = 0. 177 a= O°
0. 00 W
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0.0044 o 0.4
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0. 000 ‘ —
4 6 8 10 12 14 16 18 2

RcX 100’8

Figure 14. Effect of freestream turbulence intensity
on the wake drag value (T’ in percent
value)

7. SUMMARY

We have made a numerical and experimental study
of the drag characteristics of the two-dimensional
HLFC airfoils which combines 'NLAM78’, a NLF
airfoil, with the porous or slot suction approach in
high subsonic, high Reynolds number flows. The main
results of the wind tunnel test are as follows.

The HLFC airfoils achived the total drag reduction
more than 20% with moderate suction quantity for
Mach and Reynolds numbers up to 0.80 and 20X 10°,
respectively, in spite of several adverse factors
against laminar flow. No significant difference in
drag characteristics with suction was found between
the porous and the slot suction approach.

When suction is not applied, the suction surface
models were found to give a little higher drag value
than solid surface one due to the roughness effect of
the suction surfaces. Combined effects of the favor-
able surface pressure gradient and the adverse effects
against laminar flow caused complicated vaviation of
the transition location, or the drag, with Mach num-
ber, especially at low Reynolds numbers.

Along with the wind tunnel test, we made the
numerical analysis of the profile drag of the HLFC
airfoils, which is based on the boundary layer solution
with the new prediction method of the transition
location taking into account of the adverse factors
and Squire-Young’s drag fromula for compressible
flow. The analysis has generally given satisfactory
gualitative agreement with the experimental data,
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although it has consistently predicted a little lower
drag values than the wind tunnel data with and
without suction owing to the understimation of the
momentum thickness at the trailing edge on which the
drag value directly depends.

The calculation predicted the possibility of the
turbulent boundary laver control by suction for
Reynolds number greater than 9x10°. The effects of
the freestream turbulence and the surface roughness,
whose detailed studv in the wind tunnel test was
difficult, were favorably discussed by the numerical
method.
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APPENDIX

Compressible version of Michel’s criterion for tran-

sition point

Stewartson’s transformation for adiabatic laminar
layer converts Michel’s criterion in transformed in-
compressible plane, which is expressed as'®

Rs=1(Rx) (Al)
where Rs=Ue6/vw, Rx=UeX/1. and the bar means
transformed vatiable, to that for the physical com-
pressible flow plane

o A

where Rs;=U.8/ve, Ry=Uex/v and X is
%= A Y(Te/T)dx.
We have expressed the function f(R) as
f(R)=1.535 R%**“.exp [0.014(log,cR—5.5)
X (7.1-logi,R)], (for 103°<R<1075%)

=1.174(1+22400/R) R%*,
(for R>107%3%, R<10%%)

(A3)

Equation (A2) with (A3) is the compressible version
of Michel’s criterion used in the present paper.
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