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1 INTRODUCTION

. > The aim of =he propossi investigation was to generate a set of theorev:ical
and experimental unsteady asrcaynamic data for an advanced type airfoil. This set
o7 data should serve as a staniard for the comparison and =rne 2valiation ¢f com
putational methods fcr two—dimensicnal unsteady transonis “low. For this jurpose
i1 was intended to complemen=t the results of the wind tunnel =-2sts conducted at
NLR on the supercritical NLR 7301 21rf0il with *heoretical resulis, 2 be computed
witr the method of Dr. R.J. iJaznus and Dr. H. Yoshihara~i-o:"J:“V-s
San Drego. The calculations, %o be perfcormed ©y General Dymamics, vere supposed
to ve sponsored by the office ¢f Naval Research

> The statement of work of the intended investigaiion vas:
=.NLR provides the contour da-a ci ine "snock—Iree" NLR 730. =z:rfoll szection, to-

gether with the hodograph solution Jor zhe cesign conditicn. -
= NLR provides the measured sicsady and unstiead pressure dist

characteristic flow condizions : subsonic flow, transonic Tlow with 2 well de-
veloped gsupcreritical rezion terminated by a shock wave and the "shock— ree"

design condition. ’ .
— General Dymamics performs compusatlons with their "exaczsi" meihod *:z sbhbiain the-

oretical results for the three mentioned flow cordizions.

— General Dynamics and NLR will put together +he corresponding resulis in a com—
mon report, including a crizical evaluation,

Unfortunately, due to lack or suf

computations the proposed program could nct be completed

This report gives a summary of the work performed so far.

2 EXPERIMENTS

At LR an extensive wind tunnel invecstigzation has been conducted to explore
the unsteady aerodynamic characteristic of sc—called supercritical airfoils. In
this framework detailed steady an unsteady pressure distributions have been

measured on the oscillating 16.5 percent thick NLR 7301 airfcil ( for contour
Codes
x/or-
Speclal

data see table 1), which was designed with the hodograph method of Boerstoel

( Ref. 1). s18y

|

(#) At present Dr. Yoshihara is employed by the Boeing Co.
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Emphasis was put on three mean flow conditiuns, which can be characterized as

follows :

A : subsonic flow

B : transonic flow with a well developed supersonic region on the upper surface
termznated by a relatively strong shock wave

C : the "shock—free" design condition.

According to the statement of work, the contour data and the test resulis
were mad: available to General Dynauwiics. Iurther, independently of the oresent
investigation, the resulis of the exoperiments, including a thorough analysis,
have beea presented during ths AGARD conference on "inme+~adwv airlaade in cenara—
ted and transonicflow", Lisbon, April 1977. For convenience of the reader, a re-
print of the AGARD paper is added to this report as Appendix A.

Meanwhile, the NLR 7301 airfoil has been selected .3 one of the test cases
for the AGARD activity "Standard Aeroelastic ConTigurations!. Fcr that purpose
all relevant data (geometry description, aerodynamic conditions and tatulated ex—

perimenial values) have been gethered in tabular form in reference 2.

3 COMPUTATIONS

As stated earlier, 1t was intended to complement the results of the experi—~
ments with results obtained with the computational method developed by Magnus and
Yoshihara (Refs. 3. 4). Their method, which can be considefed as one of the most
advanced methods at prese 7ailable for unsteady flow computations, solves the
Buler equations without fu. ~ . assumptions concerning frequency or amplitude of
oscilletion. The boundary conditions are imposed along a contour coincident with
the mean position of the airfoil. The computations start with the steady flow
solution and are continued until a complete cycle of the periodic flow is obtai-
ned. This is a time—consuming process and therefore the method is not suited for
routine use, but rather to generate some solutions that might reveal the nature
of the flow or serve as test cases for more approximative but faster methods

Dr. Magnus performed a set of computations for the NLR 7301 airfoil and ga-
thered the results in report CASD/LVP 78-013 entitled " Some numerical solutions
of inviscid, unsteady transonic flow over the NLR 7301 airfoil" (Ref. 5). His
results showed many of the features of the experiments, but that there were
differences due to the effect of the tunnelwalls, the presence of the boudary

layer and the fact that in the calculated results insufficient expansion of the

e
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flew alone the upper part of the nose could ve obtained (Fiz. 1). Further it was

experienced that the final result was influenced consideravly wrer. in the compu-

ta*ions the trailing edge was chopped.
In view of these resultsit was decided that the present study coculd only b:

finished in a fraitful wvay if the following additional cal:ulations were perfor-

med :
geometricTiincidence reduced frecuency
incidence | corrected
for wall !
interference WG
349 +3 v K=
condition M ay a, k G
o}
Al 0.5 (0.857) 0.40° 0.263 :
dith tail
- o o
Bl 0.7 (3.007) 2.00 0.192
cl 0.721 - ~5.19° 0.181
condition M o o x
o} o}
S o} 0
B 0.7 (3.00) 2.00 0.192 tail shopped
0.721 - - 0.19° 0.181 at x = 1.00

The amplitude of oscillation around the pitch axis at 40 percent chord amoun':s
0.5°
Essential is that the computations were to be perrformed for mean incide.ices
o  in which the effect of the tunnel walls is taken into account. In this way it
is assured that in the calculationsoscillatory perturbations around the same
mean steady flow field are considered asoccurred in the experiments.

As far as the "shock-free" flow condition is concerned, preference is given to
c

the theoretical design condition, which is foond at M = 0.721 and @ = = .19
Unfortunately, the computations for the casessummarized in the “oregoing
table cculd not be performed, since no funds could be made available to Dr.

Magnus to make the additional computer runs.
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4 CONCLUDING RHEJIARKS

Due to the fact that itne rinal setv of computations cannoti be performed, al-
so the remainingtasks for NLR, namely a comparison cetwesn iheory and experiment
ard a critical evaluation of tne resulis ipn zollaboratiocnwith General Dymamics
cannot be completed. The AFOSR funds which were made available for this part of

the NL. work will ve returnad to AFOSR.

5  RETERINCES

1 3oers+oszl, W.J. Design and analysis of a hodozraph ne-
thod for the calculation of supercriti-
cal shock~free aerofoils ,

NLR TR 77046 U, 1977,

2 Jwaan, R.J. Summary of data required for the AGARD
SMP activity "Standard Aeroelastic Con—
figurations" - Two Dimensional Configu—
raticons. NLR MP 79015 U, 1973 .

3 Hagnus, R.J. Finite difference calculations of the

Toshihara, H. NACA 24A—~410 airfoil oscillating sinus--
oidally in pitch at M= 0.72 Convair
report NSC-74~004, 1974.
4 ilagnus,R.J. Calculations of transonic flow over an
foshihara,H. oscillating airfoil ,
AIAA paper 75-98; 13 th Aerospace
Sciences Meeting, Pasadena,dan. 1975,
5 llagnus, R.J. Some uumerical solutions of inviscid,

unsteady, transonic flows over the
NLR 7301 airfoil ,
CASD/LVP 78-013, Jan 197C.
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Fig. 1 Calculated pressure distribution, Mach 0.721,

a = 0.00°, unrestricted stream (Ref.5)
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NLR
Anthony Fokkerweg 2 Amsterdam-1017 Nederland Q-/
AFOSR-TR- 80 -V 093 A=
Ail communications should be addressed to Capt .Donald J. Wilkins
the Director. In your repiy please quote date AFOSR-TKN 3Building 410

and number.

Bolling AFB

YWashington ©LDC 20332
U.S.A.
Subject:
Grant AFOS3-TT7-329
Orderno., 20.302
‘Your Ref. Your letter: Qur Ref- Date
A/3552

5Ju.
Encl.: b

Trank yvou for wour letter of June 13th,
) i a sinuscidally os
n Dec. 31st., 147

AS you know, <he ailm of the proposed investigation was to generate a
set of uncteadv aercdynamic data for an advanced type of airfeil,
notn theoretical and experimental, which may serve as a standard for
comparison and evalvation of calculation methods for two~dimensional
unsteady transonic flow. For this purpose, 1t was intenizd to comple-
ment the resultz of the wind tunnel tests conauc~3u at the NLR cn the
16.5 percent thick LR 7301 airfoil with calculated results cbiained
with the method of Dr. Bichard J. Magnus and Dr. H. Jos“ihara of
Gereral ™mamics  San Diego. In collaboration with General Dynamics

a compariscn and critical evaluation should be made of both theory

ani experiment

The calculaticns *o te verformed by Genernal Dynamics were suprcsed

t0 ve sronsored Ly “he Office of Naval Research.

MLR provided the rentour data of the airfoil and the relevant test
data to Gersral Dynamics. Further, apart from the rresent investiga-
ticn, an analvsic of the “est results was presented during the AGARD
Conference con '"ncoteady airloads in separated and transcnic flow"

Lisdh "0 Arril 1977 (see Agard CP 22 ). Moreover, details of the ex-
reriments and its resilts have been published in NLR repert TR 77090 U:
"In

vestigations of *he transonic flow past oscillating airfoils”

Veanwhile, Dr. Maronus performed a first set of calculations on the
LR 7201 airfoil and sent us some results with his letter of 12 Jan.

The roundat:on NLR does not accept financial liability 2nsuing from its advices.

./ 1978 (see enclosure A). This set of results has been published in
Telofoon : (02005113113 Bank : AMRO-bank, Kominginneweg 275, Amsterdam-1017

Qnnt,~ rwmae. AR KO Q90
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1. INTRODUCTION

Nowadays thers i3 i ceonsiderably interest o metnods to preticl the uncteady awr.ooads oL air-
feils and wings cscillating in transenic rlow, ecially in connection with the surrent iaterest in
the so-called supercritical wing concept. How 5¢, experimental

in oonntrast with tne stea-y flow case,
data, that are sufficiently deta’ied to verify fundamental theoretical assumpions Or to confirm thne
validity of calculated results are very scarce and thus a definite need =xistu.

For this reason recently at NLR an expleratory wind tunnel lnvestigaticon has veen performed on
a-model of an oscillating supercritical airfoil, of which the geomelry nhas teep gererated with the
hodograph method of Boerstoel (Refs. 1, 2). While the airfoil was oscillating i7 piteon atout an axis
at 4O per cent of the chord detalled pressure distributions were determined. It addition time nis-
tories of shock wave motions were recorded.

The aim of the present paver Is to 1llustrate scome typical high su?conlc an
observed in the experiments. After a brief des:ription ¢l the test gset R Y ol
pressure distritutions and ine resulting unsteady airloads as measured for some ctaracteristic fl.w
condicions. Further attention 1s paid to the periodical motions of the shock wave and finally It
tried to assess what can be expected from thne new generation of calculaticn met r uncteady
transonic flow (For details about the varicus theoretical methods reference is made to the olrner
papers presented during this meeting].

2. MODEL AND TEST SET UP
2.1 Model and excitation system
was desigred for "shock~Iree” Ilow under pres-
ly ‘n steady flow ty Rohne and Cwaaneveld [Refs. =,
nts a new mcedel has r hullt, whizh could rer-
.

The airfoil under consideration, the N

crited conditions {Fig. 1) and was vested ex
L). For the purpose of the present unsteady

r)‘

form pitching oscillations about an axis a: ar, :f the chord. This model, maae of Dural., nas

a chord length of 18 cm and spans norizcntally =h est section of th lct tunnel. The pitching

motion isgen=srated by means of a hydrauilc actuator (For a detalled desc ion of the hydraulic

system and the model suspensicn reference is mads tn Foestkcke (Ref. 3)). To keep the suspensicn as
12 te

simple as possible the model is excited 2t cne side, while the opposite side 1s supported by a bearing
just outside the tunnel wall (Fig. Z). Tc avold acomr.icated sealing between model and window, the
window closest to the actuarer is attached to the model and fcllows its motion. In addition it results
in a clear view on the model surface for the optical flow studies.

Beth the upper and lower surface of the model eare previded with 20 pressure orifices (Fig. 3V,
connected with two scanning valves outside the wind tunnel via pressure tubes. In addition 1, minia-
ture Xulite transducers are built in. This number, which is larger than necessary for the dynamic
calitration of the pressure tubes, was chcosen to ¢reate the possitility to arrest the actual time
histories (including the nigher harmonics) of the chordwise pressure distribution along the upyer
surface.

To determine the motion of the model use 135 made of ¢ accelerometers, lccated ir three spanwise
sections. The mean idence is contrclled ty the nydrau system.

2.2 Optical flow studies
The periodical shock wave motions on the o

scillating model were Jetermined from a series of sub
sequent shadowgraph picturss. These plctures wera
k

takern using a stroboscopic light source, trigger 4
up. By means of an adjustetle phase shift in the
the lignt source the cscillating model with it

ned in every position desired.

ty an electrical signal from a displacement ri
electric circult tetwesn *he accelercmeter an
instantaneous shock pattern cou.d te photogra

b
9]

'() {.-,

2.3 Wind tunnel

The experiments were ferfcrmed in the 2t tunnel of WLR, which 1s an etmospheric clcsed circu:
tunnel for Mach numbers up I 1. Upper and lower surface of the test secticn 'height: 55 cm; width
42 cmy are fitted with lcneitudinal sliotted wa;ls. The oper area ratio of the wallis is 2.1 and the
p enum chambers of floeor and totiom are nct connected. Further Jetails of the Pllot tunrnel can be

found in reference <.

r case tne corres-
zan be interpreted
ce purpcses the

corrared aisc

ar2 given in

0 defined as
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r..Ssure tubes.

Y c ie eilrfcll about the off.design cc d‘t.on B {Fi al.
N 1 £ transcnic flcw, the upper surface carries a super-

] sgion e} 50 tihe cnord, which is terminated bty a relatlvely streng
shock wave. A3 shewn in figure 7.1 a change in cilience of 1 degree results in a snift of the steady
shock position of sbout 12 per cent cof the cherd. The Tlow alceng the lower surface remains subcri-
tical.

From correspending juasi-ste tuticns (Fig. 7.II) it can te deduced that along
the u urface tre pressure 3 =UToct ¢cf the s%cck displacement, generating a
nigh re peak, which of cour rredicted by thin airfoill theory. The quasl-steady
pres riturion on the sucs is predicted reasonably well.
pressure distritutic irface are presented in figure 3 for three different
frequen These results also ;I'f2ct of the pressure peak due to the moving shick
wave. cted that this tres cm tne reel part of the pressure distributl
the part with increasi Iz the result cof the increased phase lag ¢
peri '0CA motlon relative he airfoil, a phenomenon to be discussed in more
detai pter 3.-..i.
sentilng the unsteady DPressurs alsirizuticns in terms of magnitude and phase angle
(Fig. Jurther can te shown that tne width ana the neight of the pressure peak associated with
“he pericdical motion of the shocx wave cecreases as the frequency is increased. This is caused by
the aecrease cf the amplitude c¢f the shock motion wi:b increasir? frequency (see also chapter 3.4.1).
< 1 hase curves in v 1t zphouid te noted that the measurements show & jump of abou
e st downstream of mean position ¢f the shock wave. This jump is present already in
juasi- ady flow and thus is vnamic erfect.
ccmpariscrn of the ed prressure distributions with the distributions calculated with
15 @ris at, as far as the upper surface is concerned, this

the alrfoll near its

"shocx-‘ree" desigr con=

a variation in incildencs of C.5 degree
the steady pressure distributicn along the
qglng from atout 3 per ce=nt to atout
t ang;s ;era:Ly. Further away from
Swer sur teady rressure distri~
tre lcwer re velocity tecomes
juasi-steady distridbuticn as given in figure 10,11,
, wnich 13 caused ty the drastic cnange of the gtressure dise
; . ;r:bably ~nls wide bulge is a [ A gt thir type 2of
fu;;, craracterized bty a relative biunt nose and an extensive regicn of supersonic
oetween tre measured guesi-steady Jdistribution and the curve Jetermined with taln
dictio surface 1s quite useless. Tor the lower side,
nces petween theory and experiment 1s consider-
elong <he upper surface in terms of magnitude
sgrnizes in the magnitude curves the large con-
the pressure distributicn in the superscnic
small peak occurs at atout ©5 per cent of the
v, rma ’ ock in this regior cee Tigure 12). This peak
Y oineressing freguency as a result of the increased strern 2f the shock wave. At
e bu.ge on the tront pare decreases with frequency and the uts'eﬁ*v pressure distri-
erdency to change in oa lirection towards the pressure distrituticns found for flow
tic
The phase curves shown in figure Ll behave very regular up to atout 60 per cent of the chord. Then a
Jump in pnase angle of about 13 degrees occurs, which can te attributed to the presence of the shock
wAve,
Firally rart n8 the meagur-d unsteady pressure Jdistributions with thin airfoil theory confirms
Wwhat ceneladed alreadr Soothe besis of the juasi-steady data: for these types of mixed flow
a6 ly "nootror rrodiclion methoas.
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3.3 Unsteady aerodynamic derivatives

Of prime concern tc the aeroelastician of course are the overal. unsteady asrcdynamic airlnads,
For this reason the unsteady aerodynamic coetficients, ocrtained bty crnorilwise intesration U the
measured unsteady pressure distributions, have been collected in figures 13-1%, Uur trne ¢naractoris-
tic flow conditions A, B and C, respectively. For reference purpcses ine results according tc tnln

airfoil theory are given as well.

The agreement between the theoretical and experimental pressure iistrirutions for the subsonic
flow condition A {see chapter 3.2.1) is reflected also in the cur.es of figure 13, representing the
unsteady aerodynamic derivatives as a function of reduced frequency. The largest deviations, occuring
in the real part of both the normal force and the moment derxlat;ne, can be attributed to the differ-
ences in the pressure distributions, which do exist already in juasi-steady flow (Fig. 5).

For the transonic flow conditicon B (see figure 14) the differences between trecry and experiment
are considerably larger than in the preceding fully subsonic exsauple. This is true also for the un-
steady derivatives in the "shock-free" design condition C (Fig. 1%). A comparison between figures
14 and 1S iearns that for the desxgn conditicn the deviations from thin airfeil theory are of the
same order of magnitude as for the "classical” transonic flow condition B.

The behaviour of the serodynamic coefficients in a transcnic flow with shock wave can be corre-
lated qualitatively with the presence of the dominant pressure peax generated ty the oscillation cf
the shock. As indicated schematically in {igure 1% (representing for instance the results of flow
condition B), the pressure peak associated with the shock wave is responsible for a shift in unsteedy
1ift and moment indicated by a 1. At small reduced frequencies the real part of the normal force
derivative, kKq, is larger than predicted ty theory. As the freg uency 1ncreases, the real part de-
creaseg faster than the curve for thin airfcil “he.ry, . ' Fart teccmes mucn mlre
segative than predicted. This Tehaviour 13 o orels With o wn h; - '*e rressure peak Jue %0 the
shock from the resl part to the [maginary part ol * e distrituticn, &s has teen
shown in figure 2 (see aiso sectizn 3.0.0
The same phenomencn 1s responsitle for the change indicated by 1, in the moment derivative, my. The
remaining part of the deviation :in the moment derivative is caused by the circunstance that the
mentioned pressure peak is located downstream of the quarter chord point, thus giving rise to a rear-
ward shift of the aerodynamic centre. For the present example this shift, expressed as

ax _ 1%
c 2 k
a

can be estimated roughly at 5 per cent of the chord.

In the figures 13-15 results are given for the airfoil with and without transition strip. For
flow conditions A and B no significant difference is observed. However, in the delicate "shock~free'
design condition C the flow is more susceptible to disturbances over the front part of the airfoil
and thus more sensitive to the presence of the strip. For a more detailed account on this sensivity
reference is made to reference 7.

Purther it should be remarked here that the measured data are given without tunnel wall correct-
ion, since reliable methods to determine this effect in unsteady wind tunnel tests are not yet
available. An estimate of the amount of wall interference involved in the present tests will b~ given
in chapter 4 on the basis of some quasi-steady flow calculations.

3.4 Remarks on the unsteady shock wave motion
3.4.1 Effect of frequency

With the help of optical flow studies additional information is obtained about the pericdical
motion of the shock waves in flow condition B. From figure 17, giving the time histories of the shock
displacement for different frequencies, it follows that the shock wave performs nearly sinusoidal
motions (similar to the type A motion described in reference 8). Further the phase lag of the shock
motion relative to the airfoil motion increases with frequency, while the amplitude of the shock
motion decreases. The latter corresponds very well with the observations menticned earlier concerning
the contribution of the moving shock wave to the unsteady pressure distributions (see Figs. 8 and 9).

A closer examination of the phase lag of the shock motion with respect to the airfoil motion
(Fig. 18) learns that an almost linear relationship exists between frequency and phase lag. This im-
plies that there is & constant time lag between the motion of the airfoil and the shock vave motion.
In relation to this it is of interest to recall the investigation of Erickson and Stephenson (Ref. 9)
who have found that a fixed relaticn seems to exist between the phase lag of the shock motion and the
time required for a pressure impulse to travel from the trailing edge to the shock wave. Indeed this
travelling time seems to be a logical parameter for an airfoil with a large supersonic region ter-
minated by a shock wanve, because this 1s the time period after which major changes in flcw condition,
namely changes in flow direction at the trailing edge (Kutta condition) can bte felt by the shock wave
(Fig. 19).

The time required to forward information from the trailing edge to the shock wave amounts

with Mj,. being the local Mach number and ajs. the local velocity of sound. Tue to the gradient in
Mach rumber normal to the airfoil surface the acoustic waves propagate aleng paths awav from the
airfoil. Therefore the propagation speed in upstream direction will be some average tetween the value
of (l-Mloc) 81gc near the airfoil surface and the free stream value. To account for this effect the
following value of the local Mach number has been introduced:

14
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Here u(xa—xﬁe denotes the unit step function and Ap the variation in shock strengnt during tne

ShCCK wave moticn. 7or strong shock waves and small amrlitude motions the last term in the atove

expression can te discarded relative to (c--u»; . When (FE'pl)Xs is described as a function =i “ime
Xs

a block type cignal occurs {see figure 22), cf wnicr the Fourier decomposition yield
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mITLIn Shows @ i 3f 2/1 times the steady pressure jurp (p2-pl) .
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SILITY OF THE NEW CALTULATICH ‘TTHP“S

rg aralysis of
for two reasons

theory have teen

for the distinc
idely used in aero-
vy has proven to

Vs or
“ne preceding d‘vcursions it is apparent, that cal-

e *30l

trans e ude the effect of airfo thickness, incidence and -
if shock waves are present - alsoc th :f *he rer 1od~caA snock wave metion.
In recent years crﬂ<;ihrable progrocs has been achleved in solving the non linear equa.’ons for

unsteady sransonic low {revi.ews on the current status are given in references _4=30).

With one excertion (fef. 1) all new calcu;ation methods are dealing with inviscid flow. In order to
2% an impreozsicn about the improvements one mignt expect from these methods some comparisons will be

presented tetween theory and ex perkment for tre NLR 7201 airfoil. At this moment the comparison is
limited to juasi-steady flow, but in the near future comparative studies will e performed also for
fully unsteady flow.

Considering first the quasi-steady case has the advantage that a reasonable estimate can be
given of the effect of the toundary layer, by using an existing methcd for steady transonic flow,
which includes the displacement effect of the boundary layer (Bauer, Korn, Garabedian and Jameson
(Ref. 22)). Further for quasi-steady flow a rather accurate estimate can te given of the severity
of interference from the slotted tunnel walls, a situation which is not yet reached for unsteady
measurements.

i
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Mach number as in the oxperiments, nubt {or an Incidencs d., W'

interference. For the HLR Pilot tunnel this correcti

da= . N

where C,, 1s steady lift coefficlent and C a coerficient, depending .o the ree stream Wacr Lumter

4,1 Fully subscnic flow {cendition A}

Calculated and measured results for the airfoil in thne subsonis flow 0onultion A are snown in
figure 25. Figure 2S.I reveals a significant effect o the vounagary .ayer 1n the steasy
ticn of the girfell. The corresponding quasi-st=aiy results Fig, [5.10) demonstrate “nat the cevia-
tions of the test resuits frem thin airfeil theory, as 4 =4 ir crapter 3.0.1, are aue o
combined erfects of thickness, ncidence and viscosity. N T thickness and incidence
dominates on the front part of the airroil and the erfect o0 viscsslty towards the rear.

For the guasi-steady results the wall correcticn has oeen app.ied on tne measured idata, 3
this eoffuct can re iranciated simply 1n an additional charge tive incidence duc to 'ne
change 1n lift. This additional change has to be subsiracted ecmetrical change in incllence
From the results 1in Iigure -<.I1 ir car pe ncted that the tunnel walls rnave a considerasnle effect

o
(&
2
ooy
D

[

L.2 Transonic flow with shock wave {condition 3}

The second example deals with the transonic flcw condition B (Fig. o). In steady flow (Fig. <ct.l)
viscosity again has a large effect, in particular on the location of tne shock wave. The importance
of inserting boundary layer effects is reflected als> in the quasi-steady results Fig. Ch.II). COn
the upper surface a considerably improved prediction is cbtained, wnen thickness and boundary layer
effects are considered simultaneously. Zspecially the locaticn cf the high pressure peak resulting
from the shift in shock position is predicted much better.

The improvements achieved can be observed also in “he guasi-steady aerodynamic ccefficients,
collected in table 1. For instance these data show that a M= 0.7 thickness and incidence are res-
ponsible for an increase of the thin airfoil value of the normal force coefficient, %y, of mcre than
50 per cent. The inclusion of the bcundary-layer leads to a decrease of the order of 35 per cent,
as can be observed by comparing the results with and without boundary layer, both obtained with the
non-conservative calculation scheme (the conservative scheme, which guarantees the best numerical
solution of the transonic flow equations did not converge for inviscid flow so this value could nct
be added). From the last two columns it follows that the tunnel wall stfect in tne present tests is
considerable and accounts to about 25 per cent. At Mx= 0.5 the effects mentioned are less than at
transonic speed, but still significant.

TABLE 1
Quasi-steady aerodynamic derivatives (NLR 7301 airfoil)
Thin Inviscid theory Inviscid theory Inviscid theory
airfcil |+ thickness + thickness + thickness Experiment
theory + boundary layer + toundary layer P n
+ wall interference
Non- Non- Conservative |Conservative
conservative conservative [F-D scheme F-D scheme
T-D scheme F~) scheme
Ml? uo ka ma Ka ma ll\'z ma 1l'u mu Ku ma ku mu
0.510.85¢ 2.31) 2 j2.73 0.043 2.53 | -0.036(2.53 -0.036(2.22 ~-0.032 2.18 1 -0.090
0.713.00° 2.80[ 0 |4.2k 0.11 3.21 0.00 {3.92 -0.22 13.23 -0.18 3.20 | -C.34

F-D= Finite difference

From the examples discussed so far a good impression is obtained about the improvements which
can be expected at most from the inclusion of thickness and incidence theories. Clearly the inclu-
sion of these effects is an important step forward, which on itself, however, does not lead to im-
proved predictions. A genuine improvement in this respect can be achieved oniy if the second step is
made also, i.e. the inclusion of boundary layer effects.

A weak point in the considerations given above is seemingly that the exampies deal with a rela-
tively low Reynolds number ( ~ 2.10°), However, similar calculations for higher values of this param-
eter {up to 30.106, with fixed transiticn point) do not exhibit a significant sensivity to Reynolds
number changes. This seems to indicate that under full scale conditions the effect cf viscosity re-
mains of the same order of magnitude as shown here.

L.3 The "shock-free" design zonditicn (condition C)

To conclude the evaluaticn of the capability of advanced theories cn the basis of quasi~steady
flow the "shock-free flow condition C will be considered. For this purpose a comparison is made he=-
tween results calculated for the theoretical "shcck-free” design condition and results measured for
condition at which "shock-free” flow is cttaired in the wind tunnel.

In this way the circumstance that the experimental design condition {i.e. Yach number and incidence)
differs from the inviscid theoretical design condition can te discarded, assuring that hoth theory
and experiment deal with the carefully halanced condition of "shock-free” flow.

The steady pressure distritutions computed for incidences at and around the design condition
(Fig. C27.1) exhitis in the superscnic region at the upper surface the same marz-d changes in the
shave of the pressures distributisn as observed in the measurementz ‘Fig. 10). The lower surface be-
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