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ABSTRACT

An originally designed trisonic wind tunnel was uaded to
improve its performance criterion in the transorggimes. In
this research, the test section was modified adogrtb the
operational requirements of the existing transeviicd tunnels.
Suitable perforated walls were designed, manufadtuand
installed. The flow in the test section of the witushnel with
the new test section walls was surveyed for the tgmp
condition, using specially designed long tube stptbbe and a
rake. The rake was used to survey Mach numbeitdision in
the test section. Finally, a 2D model (NACA 0012pa 3D
standard model for the transonic wind tunnels (AGAB)
were manufactured and tested at various conditfonsthe
purpose of the integral calibration and validatafrthe tunnel
data. Surface pressure distribution along with finee and
moment data compared well with the existing datenfrother
tunnels when operated in similar stream conditions.

Keywords: transonic wind tunnel/ perforated wall/ side
suction/ standard models/ test section.

NOMENCLATURE

C [m] Airfoil chord

D [m] Model fuselage diameter

h [m] Height of the wind tunnel

L [m] Test section lengt

x/L [-] Distance from the entrance of test section dest
section length

M [-] Mach numbe

Re [-] Reynolds Number

MSD [m] Mach number Standard Deviat

o [deg] Angle of attack

C. [-] Lift coefficient

Cn [-] Pitching moment coficient

Co [-] Pressure coefficient

Cor [-] Forebody drag coefficient

INTRODUCTION

One of the most critical flow regimes encounterfhygng
vehicles is their transonic phase of flight. Thare two sets of
problems relating to this regime. First, absenceefficient
governing rules to predict the flow phenomenon Wwhic
intensifies the necessity of performing laborioumdvtunnel
and flight tests. The second one is interactiothefflow over
the model with the wind tunnel walls. When a mddehserted
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in a test section with solid walls in a nearsonimwf it is
probable that the flow in the vicinity of the modebion in the
test section becomes chocked. Furthermore, theleaated
flow over the model surface will almost always terate with
a normal shock along the model. This normal shoitlkextend
toward the wind tunnel wall and its reflection wilteract with
the model surface again, a phenomenon that wilecaff
aerodynamics force and moment, considerably.

To solve this problem, adaptive, porous, perforated
combinations of these walls are used to eliminagebioundary
layer, shocks and chocking of the flow. Porous svalhd
specially perforated walls are also used for tgstimodels at
high angle of attack in the subsonic wind tunnelbgre the
governing equations are non-linear.

In order to take advantages of these favorableacheristics
of the perforated walls for converting a 60cm*60@st section
wind tunnel that was operating at Mach numbersireanffom
0.4 to 0.75 and 1.4 to 2.5, the tunnel test sectafis were
changed. The flow field in the newly designed and
manufactured test section was surveyed and caibrab
validate the predicted improvements. Furthermdre,pressure
distribution at the centerline of the wind tunngl tneans of a
long tube probe was measured.

After designing and manufacturing the perforatedisya
series of tests were conducted to survey the effay of the
walls and the side suction system, maximum attdénab
transonic Mach number, and Mach number distributiothe
test section of the wind tunnel with new facilitieall tests
were performed for the empty test section conditidhe
pressure and Mach number distribution in the testien and
along the nozzle were measured using a speciasigded long
tube and rake. In addition, two standard modelswiege tested
in several transonic wing tunnels all over the wodnd
information about their surface pressure distrimytiforce and
moments are available were tested and the datacanpared
with the existing ones. Further, this informatich used as
baseline for future tests.

EXPERIMENTAL FACILITIES AND INSTRUMENTATION

Numerous equipments were used in this investigatidn
equipments except the wind tunnel were designed and



manufactured specifically for these tests. In tldlofving
sections a brief description about a few of thegeimnents
will be presented.
Wind Tunnel

All tests were performed in a wind tunnel with atteection
of (60cm (W) * 60cm (H) * 150cm (L)). The tunnel @ open
circuit suction type. Two engines that eject theihaust gases
downstream of the test section through ejectoresystsupply
the main circuit power of the tunnel. Side suci®supplied by
a smaller engineFigure 1 shows the schematic of the wind
tunnel. Both sidewalls are solid and there areethypes of
interchangeable upper and lower walls; closed, abrm
perforated and inclined perforated ones. Two plechambers
are installed above the upper and lower walls efttimnel.

The New Walls

To investigate the effects of porosity, hole ination and
side suction on the Mach number distribution altimg center
line of the test section as well as the maximumieaeible
Mach number, three types of side walls were designe
manufactured, and tested. The first wall was aetlasolid one,
which is suitable for subsonic and supersonic telte other
two walls are perforated and are perforated; norzuad
inclined ones. For further discussions about thisveand other

equipments please see rgf],[13]].

PRELIMINARY TESTS

To evaluate the flow field in the test section wiitle newly
implemented walls, two sets of preliminary testsrave
conducted, empty test section tests and one withn@ tube
probe. The measured data included Mach numbeiildigon
along the centerline of the test section calculétech the long
tube rake as well as those calculated from the \stitic
pressure datakFigure 2 andrigure 3 show variations of the
Mach number along the test section for the clogetl reormal
perforated wall cases. Similar data are obtainedhi® inclined
walls too, but are not presented in this paper.sésn from
these figures Mach number distribution along ttst $ection is
satisfactory for all cases.

These results showed that with the solid side walls
maximum attainable Mach number in the test sectibithe
tunnel is about 0.85Figure 2 . However, when the normal
perforated side walls are installed in the testisecthe Mach

number was increased to about 0.¥%gure 3 . With the
exertion of the side suction, maximum obtained Maamber
was about 1.18. The effects of porosity and sidgi@u was
optimized when the normal perforated walls werdaegd by
the 60 degrees slanted hole ones. In this casenthémum
attainable Mach number in the test section waseaszd to
1.25.

For further information, please see referen¢s|[ 13].

STANDARD MODELS
Both static and total pressure distribution alohg hozzle
and tunnel tests section at various Mach

08<M_<12

, were measured. From these data, velocity
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numbers,

and Mach number distributions along the test secti@re
calculated [11]]. In this paper, however, only the results for
two standard models, that are tested in variousdisrand their
data are used as a baseline, are presented. Asoneshtthe
tunnel is utilized for 2D and 3D tests. Thus, foistpart of the
tests a 2D and a 3D model are selected for integidration
of the tunnel. The following criteria were consigérin the
selection of these models:
»  Compatibility of the model with transonic regime
* Frequency of the reported data
» Diversity of the test conditions
» Similarity of the referenced wind tunnels with theesent
tunnel, ST2
» Ease of the manufacturing
From the above criteria, NACA 0012 airfoil was stésl as
the 2D calibration model and AGARD-B as the 3D mode

3D Calibration Model (AGARD-B)

There are several 3D models which have been tested
transonic speeds, ranging from conventional simptkets to
high-tech complicated airplanes such as F-18 agd.Fone of
the most popular transonic models which is speaific
designed by the AGARD group for calibration of th@nsonic
wind tunnels is called AGARD-B. This model has &al&ing
with a span four times its body diameter. The bdlyof a

cylindrical body of revolution with an ogive nosEidure 4 ).
The designed and manufactured model for the prasemel
has a base diameter of 33.2 mm and blockage réti29
percent when set at zero degrees angle of attamkettr, one
should note that the blockage ratio is usually mered for the
highest angle of attack where for the present madelithin

the limitations indicated in Refd]].

2D Calibration Model (NACA 0012)

Among the 2D models, the most distinguished one is
NACA-0012 that has been utilized for calibrationrgmses in
various flow regimes; subsonic, transonic and skgréc ones
and many CFD results for all cases are availablethie
literature. Consequently, there are lots of refeesn that
published a vast variety of data from pressureridigion to
force and moment results of this airfoil which daa used for
the calibration purposes. The designed model ferpgresent
tests had a span of 600 mm, which is equal to tidéhvef the
test section. The model chord is equal to 150 mah résults in
h/c=4. There are 23 pressure taps on each sidthe ahvdel that
can scan the pressure distribution over both sesfathe ports
are located on a 30 degrees slanted line with cegpethe
model chord to provide more space for drilling dadher to
reduce the interaction between each port. In additin order
to further investigate two dimensionality of thewl in the test
section and on the model surface, eight pressurts peere
located along the span of the model upper surfacéowr
different locations.Figure 5 shows the schematic of the
corresponding model as well as the pressure pbds dre
located on the upper surface in both chordwise spahwise
directions.



RESULTS AND DISCUSSION

After manufacturing the models, each of them westetd at
various angles of attack and free stream Mach nesrioe the
calibration purposes. In the following sections tlesults will
be presented and compared with the available #&taarious
cases.

AGARD-B tests

The 3D model, illustrated iRigure 4 , was used to provide
forces and moment data, L, D, P.M., and only ormsgure port
was used for the base pressure sensing. The meddieated at
different free stream Mach numbers ranging fromL@p to 1.
In each set of tests, the angle of attack was ddram -6 to 16
degrees with steps of 2 degrees and the corresmpridices
and moment were recorded. The lift, forebody dragl a
pitching moment coefficients were then calculateakrected,

and are presented igure 6 anderror! Reference source not
found.. The results are compared with the results of CSIR

Laboratory, in South Africa (R¢¥]), T-38 wind tunnel

(Ref[6]), AEDC (Ref[1]), and NAL 4 *4 trisonic wind
tunnel (Ref[8]).

In these tests, the effect of angle of attack oe th
aerodynamic forces and moment as well as the pediace of
the model; CL vs. CDf, was investigated. The resshow that
for Mach numbers below 0.73, the flow over the renthodel
surface is subsonic. For these cases, the walkjpipwas zero,
similar to the solid walls, hence no suction wagliad. All

data, except Cm V&, are compared with those of NAL and
the comparisons are satisfactory. Further, Machmdsta
deviation of the measured data is lower than omegpe¢, which

is acceptable for this type of wind tunngl3]]. The slight
difference between the present data and thoseeoN&L one
are due to the Reynolds number and free streanulaurbe.
The differences in the acquired data are more pnoced for
the CD and Cm data which are more sensitive tdrdeestream
turbulence and Reynolds number. From these daaclearly
seen that the deviation between the present datahese of
various references for the lift case starts arowmti20 while
for a<120, the CL data compare excellently. Fo¥120
apparently, the flow over a portion of the modekeparated
and as is known separation is a function of Reyhaoldmber.
Furthermore, free stream turbulence level has figmt effect
on the separation, too.

Aerodynamic forces and moment for other Mach number
where the flow was fully subsonic are also acquited are not
presented in this paper. From these data, it cbeldoncluded
that for these ranges of the free stream Mach ntsrded for
the 3D models, having the same blockage ratio #iseopresent
one, there is no need for the side suction andl#ta could be
used without much correction.

For higher free stream Mach numbersoe®0.8 , both side
suction and wall porosity must be applied to awdidking and
shock wave formation as well as the shock reflecfrom the
wall over the model surface. The model is tested at
0.81<Mw<1. For all cases, both side suction and poroséyew
applied and the data are compared with those @&rdtmnels.
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For similar cases as seen frdemwor! Reference source not
found., variations of CL vsa and CL vs. CDF for M=1 are in
good agreements with similar cases obtained frofferdit
tunnels except for those of the NAL tunnel. It s that CL
vs. a data for the NAL tunnel for M~1 is slightly higher than
the present data. Note that since the model is smun
upward shift of the data has no effect on the caiapa of our
data with NAL ones. In other word, since the modkel
symmetric, the CL vsa curve must pass through the origin,
CL=0 ato=0. However, from the NAL tunnel data it is clearly
seen that at=0, the CL is not equal to zergrror! Reference
source not founda which is very important for the
comparison. Thus, it seems that for low anglestt#ch, the
slope of the CL vsa diagram could be used as a comparison
for all cases and as seen frdfrror! Reference source not
found.a the values of Gd, are in good agreement for all cases.
However, the pitching moment data show larger diria,
Error! Reference source not foundc. This indicates that the
applied suction and porosity of 2.5% for these sasee
enough; however, the pitching moment data is affikbly other
parameter(s), i.e. Reynolds number, blockage fis Mach
number, shock wave location etc., that needed tdutther
investigated.

After inspection, the problem was found to be ezlato the
difference between Reynolds number of the presemd and
that of the reference ones. ST2 is of a suctior tymd tunnel
while other tunnels are of blow down types withgstgrized air
that result in a much higher Reynolds number. At same
time, since the test section of ST2 is smaller thdnother
tunnels, smaller models can be tested in its &gion and this
will intensify the problem of low Reynolds numbeFor
instance, the Reynolds number based on the mead ofthe

6

model in ST2 was ab019[' for M«0=0.8 while for
other tunnels, the Reynolds number is in the ood&r Million.

Consequently, the boundary layer on the model fectdd
significantly and the normal shock location ford¥0.9 is not
the same. As a result, the pressure center isrdioske leading
edge and the resulted pitching moment is smallan tthe
reported data.

From the above discussion, lift and drag coeffitséor 3D
tests are in a good agreement with the published diad it
seems that no correction is needed. For high Machbers,
M®>0.9, however, correction should be applied and the
correction factor has been calculated as a funatibiMach
number and angle of attack.

Because of large amount of acquired data fromuhedl, it
was impossible to present all of them for all Maumbers

tested. A summary of the results are presenteéfignire 8

through Figure 10 .Figure 8 shows the effect of free stream
Mach number on the lift curve slope of the AGARDabdel
for the linear range of CL vs. data. The data for a few other
tunnels are shown for comparison. The figure shinasfor all
cases, the lift curve slope of the model increaséth
increasing the free stream Mach number up to a Machber
of about 0.95, where it reaches its maximum valkge. higher
Mach numbers, M>0.95, the lift curve slope decreases with



increasing the free stream Mach numliségure 8 . Comparison
between the present data and those of the refemres from
NAL and AEDC wind tunnel shows that the acquirethdbes
within the scatter of referenced data. The sligffedences are
due to the Reynolds number, surface roughnesskdboation,
blockage effect, instrument error, etc.

Figure 9 shows variation of the fore body drag ficiefnt at
zero degree angle of attack versus free stream Maafber.
From this figure it is clearly seen that again pnesented data
are in good agreement with those of other tunnaissimilar
cases. Further, this figure shows that the valu€f at zero
lift coefficient, CL=0, is almost constant up to«d#0.95. For
higher Mach numbers, CDf increases, reaching itgimmam
value at Mo=~1.1. This increase in CDf is of course related to
the formation of normal shock waves somewhere dher
model surface where its strength increases asréee stream
Mach number is further increased. For Mach numibéyber
than 1.2, it is expected that CDf decreases siheenbrmal
shock will move forward toward the tip of the nosed
becomes an oblique shock. The losses through @juetdhock
wave are much less than the corresponding one ghrau
normal shock, thus it is expected that CDf will a=se at
higher Mach numbers, &4>1.2.

Figure 10 shows the effect of free stream Mach reman
the pitching moment stability derivative (Gin According to
the diagram, |Cuf is a monotonically decreasing as the free
stream Mach number is increased up te¥@.9. However, the
model is stable even at sonic speedp~Ml, but the stability
margin decreases as the free stream Mach numberéased.
This figure again shows that the results are indgagreement
with those of NAL tunnel.

Figure 10 shows that in the vicinity ofo#0.925, |Cm]|
decreases sharply and then remains almost congtarfurther
increasing Mo, Me0>0.93. This Mach number, #%k0.925 is
the same Mach number where CDf rises sharpigure 9 .
Thus it could be concluded that the free streamhviaamber
of Mw0=0.925, is drag divergence Mach number for this rhode
under this condition. Beyond this Mach numbero#0.925,
the position of normal shock, apparently does natyv
significantly with increasing the free stream Machmber,
Figure 10, however, its strength will increaSigure 9 .

NACAO0012 tests
The 2D NACAO0012 airfoil model, discussed previoysly

was used to measure its surface static pressurébdion to
investigate the effects of porosity and side sucton its
aerodynamic derivatives and to further study tHectiveness
of these parameters on the wind tunnel operationthia
transonic regime. The designed and manufacturecehtad a
span of 600mm which is equal to the wind tunnel sestion
width and had a chord of about 150mm that resultthé test
section height to chord ratio of about 4. Presspoet
arrangement was discussed in the model descrigtimtion.
The designed and manufactured model was testeifatedt
free stream Mach numbers, ranging fronp#0.4-0.95, and the
angle of attack was varied from zero to 4 degr&sface
pressure distribution on both upper and lower sadaof the
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airfoil as well as the schlieren pictures are pmése in this
paper.

An important problem in the transonic tests istegao the
sensitivity of the shock location and transitiorirpalue to the
flow variables i.e. precision of the free streamclMaumber
setting, Reynolds number, surface roughness, temiel level
of the tunnel and even acoustic level. For instatiee pressure
distribution on the NACA0012 airfoil in two diffen¢ wind
tunnels of the NASA Langley is illustrated kigure 11 for the
same Reynolds numbers of about 2.1 Million. As deam this
figure, shock location in different wind tunnelsries up to
15% of the model chord. The location of the shoekevfrom
the Cp data is where there is a jump, increaseCpi, |as
illustrated in Figure 11 a. In this figure, note that for
AM®~=0.003, the shock wave location varies about

A% ~ 015 N
. In addition, when the tests are repeated, the

, A% ~ 005
shock location may vary too, as seen from

Figure 11 a.Figure 11 b shows similar trend, too. The
redundancy of the tests in the transonic regimeristher
problem which is due to the occurrence of the sheake on
the model surface and high sensitivity of the shtozation
with other variables.

The presented results are compared with the padistata
of ATA, Langley wind tunnels (4 by 18 inch and 6 1§ inch)
and the results from R¢9]. The experimental results for the
zero degrees angle of attack are showfrigure 12 through

Figure 14 and are compared with the available expatal
data from other wind tunnels.

Figure 12 shows variations of the pressure coeffiicivith
x/c for the lowest possible free stream Mach nunihethis
wind tunnel, Mo=0.4, at zero degrees angle of attack. The data
are compared with those of NASA Langley tunnel dhd
computational results obtained by the code that dealoped

by the authors[9]]. This figure indicates that the experimental
data are in excellent agreement with the previdndirfgs as
well as the present computational one.

Effect of Mach number on the surface pressureiligion

of the NACA 0012 model is shown Figure 13 andrigure 14

for 073=M,, < o'glat zero degrees angle of attack and for
a tunnel porosity of 2.5 percent with the suctioncase. Note
that this porosity was set in the vicinity of the@del. Far from
the model, the porosity was zero. Again, the dataafl Mach
numbers are compared with the available experimhedata and
as seen from the figures, present data are in ggoeement
with the available ones. Shadowgraph photos ofitbdel with
the shock wave located on both surfaces are shaweach
figure, too. As the free stream Mach number in@sashe
shock wave becomes stronger and moves further &raaaythe
leading edge. Effect of increasing the free stréach number
can be clearly seen from the jump in the |Cp| valGp|
decreases suddenly at the shock location overutface of the
model,Figure 12 tarigure 14 . By careful examination of these
figures, one can clearly realize the sensitivitytioé surface



pressure with the variations of the free streamivtaember. In
addition, from these figures it is clearly seert tha present Cp
data with the aforementioned test conditions coegpar

X,

— S
excellently with the available experimental data fo  from
the leading edge until the point where the shockena located

X 1

— S
which varies with the free stream Mach numbers. @t
where the shock is located, Cp data differs shigivhich could
be the result of many parameters, i.e. Reynoldsbeunfree
stream Mach number, suction, etc. However, as was fom
Figure 14 , the pressure distribution for the refieed tunnel

varies too and by careful inspectionFegure 12 ta-igure 14 it
is clearly seen that that the differences betwaenpresent Cp
data and those of the other tunnels are much less those

presented ifrigure 11 .
Figure 14 shows the pressure distribution on theleho

surface for Mc=0.91 and as seen from this figure, the present

data are close to those from the Langley and ATlifigs.
Moreover, the schlieren photo shows no shock réfledrom
the upper and lower walls that indicates the eiffecess of the
porosity and side suction from the test sectionlsv&rom the
Cp data, it is apparent that the shock locationtte model
surface for this Mach number is about 0.74 of therd that is
in good agreement with the reference data of Langle
Figure 15 from Ref[[L2]] shows the effects of free stream

Reynolds number on the shock position for NACAO@ir2oil

when tested atM°° _08'. The data are for various wind
tunnels all over the world. The present data is atsluded in
this figure. As seen from this figure, the scatiéthe data is
significant which is due to the various sources toeed
previously. For the present test, as mentionetiénarticle, the
acceptable range of shock wave location for thifoidiwhen

tested at M=0.8 ando=0 deg is X _ g4+ gp2- AS seen from
c

Figure 15 the present data lies within the accéptahnge
which indicates that the operation of the tunnehwie applied
side suction is acceptable.

Figure 16 shows the effect of angle of attack arek f
stream Mach number on the normal shock locatiorr tive
airfoil. In addition, the data are compared witke thvailable
data from other tunnels. Seen from this figureabguired data
in the tunnel for angle of attack of two degreesaso in good
agreement with those of other tunnels. The redoltsother
Mach numbers and also for angle of attack of 4 ekgrshow
similar trends.

CONCLUSION

Intensive experiments over both 2-D and 3-D catibra
models were performed to investigate the flow imeroents
and performance of an upgraded transonic wind fusheface
pressure data over the 2-D model at various freaust Mach
numbers and angles of attack in the subsonic thrdugnsonic
regimes were obtained and compared with the egistata of
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other tunnels for the similar cases. From thesepewizons it
was concluded that the data of the upgraded tummehe
transonic regime is reliable when surface poroaitg enough
suction is applied. Similar results were obtained the 3-D
model. However, the pitching moment data of the &bdel
did not compare excellently. Therefore, furtherestigations
are needed to find and fix this problem. Howeveheo data,
lift and drag (CDf) compare excellently. The digmacy of the
pitching moment is in the acceptable range, whike authors
expect better accuracy. In conclusion, with theafentioned
changes in the present wind tunnel, the acquirad oathe
transonic regime are accurate and one can use ifhaght

conditions and corrections are met.

FIGURES
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Figure 1 ST2 Wind tunnel main circuit
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Figure 10 ac%a Vs. M for AGARD-B model
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Figure 11 Pressure distribution over NACA-0012 airfoil at
two different wind tunnelq10]]
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Figure 12 Pressure distribution over NACA 0012 at M=0.4,
porosity=0,a=0
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Figure 13 Pressure distribution over NACA 0012 at
M=0.73, porosity=2.5%x=0, with suction
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Figure 15 Shock location on NACA-0012 airfoil in
different wind tunnels in M=0.81.
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