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SUMMARY 
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1 
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Parallel wall inserts were installed in the Naval Ship Research and 

Development Center (NSRDC) 8-x 10-foot subsonic tunnel to create a 

3-x 8-foot channel to serve as a high flow quality two-dimensional test 

section for high lift airfoils,    A detailed flow survey indicated good 

flow uniformity, negligible angularity, a thin wall boundary layer at the 

model station,  and a pronounced effect of trailing edge wall flaps on 

controlling test section dynamic pressure.    Airfoil data obtained in the 

facility displayed good agreement with reference data in lift and pressure 

distribution, but some disagreement in wake rake drag data.    The strong 

influence of model lift on test section dynamic pressure measurement was 

noted, and a measurement technique was developed which was independent of 

the static pressure field propagating from the airfoil. 

vii 
-  : 

I 



.-I.. ■..-,■.—.....,.■■.^..-.M.—,^..,   .ln .mnlr 

I INTRODUCTION 

i 

I 

1 
I 
I 
I 
I 
I 
I 
I 
I 

Tn conducting two-dimensional testing of high lift blown airfoilc 

for both fixed and rotary wing application, the requirement arises for 

a suusonic  facility specifically configured to minimize the particular 

problems nf this type of testing.    As discussed in Reference 1, these 

problems are primarily acRociated with the interaction between the high 

lift model pressure distribution and the limiting physical features of 

the test section.    In addition uo increased flow blockage,  a small 

tunnel-height-to-raodel-chorrl ratio can yield induced camber (lift inter- 

ference)  effects on the rrodel measured forces which can be difficult to 

correct.    Close proxin.ity  of the blown model to the floor can invalidate 

test results due to impingement of the jet wake on that boundary.    The 

primary problem resulting from high lift pressure fields is their re- 

action with the test section wall boundary layer, which can produce 

separation of the wall boundary layer and such severe three-dimensional 

effects that the data is frequently invalidated. 

In the absence of a tunnel specifically designed for two-dimensional 

work, the most effective alternative has been to divide an existing 

subsonic test section into three channels by the installation of vertical 

wall inserts spanning the original test section from floor to ceiling. 

If properly designed, this setup will provide a high quality two-dimen- 

sional test facility by:    (1) greatly reducing the wall boundary layer 

thickness since its development is only from the leading edge of the 

inserts and not from far upstream in the settliig chamber;  (2) providing 

reduced structural loads on the model since it only spans a reduced 

width test section;  (3) and allowing a larger height-to-chord ratio, 

since the chord on the reduced span model is usually not as large as a 

full span model.    An additional benefit is an increase in the maximum 

available test section dynamic pressure.   The one major difficulty 

encountered with this arrangement is the determination of the effective 

freestream dynamic pressure, since flow conditions in the test section 

and two outside channels are not alike (due to model blockage and up- 

stream propagation of lift disturbances).    A careful calibration of 

I 
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1 '''' l•11me und r lm \VIl f10w con<i. i t.inns i:-; f.h,l::: re rpd r .d hef 0re me'lnim~ ful 

:•j rfc · :· . dn. n cnn he ob ained . 

1 '''Cl - i im nsi n::tl f:cci l i ty of the type ,just de scribed was constructert 

n 1 i in t.:illed in the B- x 10- foot su sonic "outh Tunnel at the Naval ':hip 

evel o ment Center (l\T RDC) . The followinl~ is etailed 

ii n ion of he sie:n an calibr ation of the faci l ity and resul ts of 

bvo te s con uc e on reference 0 -D airfoils to ascer ain he qual ity 

iat:1 r uce . 

DESIGN CONSIDERATIONS 

The ,.,c - imensional t est facility was t o br~ non-permanent un easil y 

installe ~~thin he - x 10- foot test ection . Structural ly , th i nsert 

walls were reouir o withstan the hi gh ae r odynamic i~ads imposed by 

'1 section lift coefficient of 8 at dynamic pressure of 70 l b/ft2 over 

~ air oil section of ~t2 planform area . Trailing e e flaps on the 

>-.TS.lls '"e e in en ed or balance of n ow bet ween the test section a.'1d 

outsi e channels while the leading e es of the walls wer e t o pro uce 

sm oth uniform unseparate flow at the entr ance into the t est section. 

Control of the wall boundary layer was to be ac compl ished by use of 

tangential bl owin slots l 0cate in the walls upstream of the roo el an 

on the mounting turntabl e in the vici nity of expected adverse pressure 

gradients on the model. In view of the prefer ence for force and moment 

ata obtained from pressure i nstrumentati on {Reference 1 ) , surface 

pressure taps an a wake r ake were to be employed. This would eliminate 

complex balance mechanisms i n the walls as well as the i naccuracies 

caused by balance tare s and induced flow angularity. Two-dimensionali t y 

woul be monitored by spanwise static t aps on the model and by flow 

visualization, f or which transparent end plates and windows in the walls 

would be pr ovided . 

FACILrTY DETAILS 

Taking into account the design and construction of similar facilities 

described in References 2 and 3, the NSRDC two-dimen ional wall. inserts 

2 



I 
i 

I 

I 

I 

I 

I 

I 

I 

I 

! 

^ 

were designed and constructed as shown in Figure 1.    The walls were k 

Inches thick, with a main structure uf  I-beams covered with  3/Ö" plywoofl. 

Tlie 1" thick turntable model mounts,  one of which was plexiglass, were 

mounted in steel plates attached to the I-beam framework,  and could 

rotate ±P0 degrees.    Trailing edge flaps of 38-inch chord were able to 

deflect +20 degrees, and formed a flush straight continuation of the 

test section when deflected inward to -2.58 degrees.    The overall wall 

length of 175 inches extended 5 inches beyond the downstream limit of 

the parallel floor and ceiling of the original test section.    The con- 

toured leading edges of the walls were 7.^1 inches in length,  and designed 

to prevent flow separation.    Based on design criteria for circular pro- 

peller shroud inlets  (Reference k),  the inside profile of the leading 

edge was elliptic,  fairing into 1 smaller radius circular cylinder on 

the outside of the wall.    These were pressure tapped to monitor inflow 

conditions.    For the initial flow calibrations and tests of the two 

relatively low lift reference airfoils, no wall boundary layer separation 

was anticipated, and thus the wall tangential blowing slots were not 

incorporated. 

EMPTY TEST SECTION CALIBRATION 

Calibration of the 3-x 8-foot test section channel was carried out 

over a range of velocity settings and flap deflections with no model 

present to determine the following: 

1. Correlation of true dynamic pressure in the test section with 

some reliable reference measurement which would not be affected by model 

lift. 

2. Uniformity of the flow (dynamic pressure, angularity) in the 

vicinity of the model location. 

3. Wall boundary layer characteristics at the model location. 

h.    Effect of flaps on flow distribution through the three channels, 

and on flow uniformity in the test section. 

5.    Inflow conditions at the wall leading edges. 

I 
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instrumentation was arranp;eri. as shnwn in F-tr:ure:::; 1, ~ , 

r cn 1 thE" above nat a : 

l. Piv yd. ot- , tatic robes, positioned as follows (l ooking up::;tream) 

rr ~ 1: 1orizontal centerline 01 test section floor 

'"'· 

3: 

4 : 

5 : 

vertical certerllne of test section right vrall , in 

test ection 

vertical centerline of test ection riGht wall , ou .. ""iu.e 

channel 

vertical centerline of test section left wall 

hori7.ontaJ. centerline of te t section ceiline; 

hrou h 4 wer e l ocated 32 inches ownstr eam of the wall 

e (or 4 . 59 inches rom beginning 0f the flat wall ) 

w~1ile r obe 5 ( th ri inai probe for the B- x 10- foot section ) 

obe J 

lea in e 

was appr oximate one inch ownstream cf ·~ l eading edge . 

? . A 12 probe pitot-static yaw head rake . 

3. A boundary layer mouse with 10 total head and 4 static robes 

locate at measuri. station on the vertical cent erline of the left 

wall, an 12 i c tes u stream of he est section center which corresponrls 

to he leading e ge position of a two-foot chord mo el. 

4 . tatic pressure taps in the wall leading edges (11 in the right 

vmll and 6 in the left) locat ed on the vertical centerline and spaced 

as in Fi~re 15 . 

5. A piezomete r ring in the entrance to the 8-x 10- foot test section 

f r dei.€:::mination .J f dynamic pressure in t he original f acility . 

6. A total temperature thermocouple in the settlin chamber. 

Initial calibration of the empty test section was conducted using 

all the above instrumentation with the exception of the yaw head rake, 

which was expected to produce some slig t blockage effects. Fur constant 

values of trailing edge flap deflection, varying values of dynamic 

pressure were set using the piezometer ring to adjust flow velocity into 

the 8-x 10-foot section, and dynamic pressures in the three channels 

were recorded. Figure 4 presents the correlation factor between the 

dynamic pressure set on the piezometer ring {qPZ' as indicated by the 

4 



KUUkMi  

preBsxire differential Ah . ) and the true dynamic pressure in the 
ux 10-Toot test section without the insert walls. This factor accounts 

for the piezometer ring location in the entrance rather than in the par- 

allel wall test section and for the variation at low Reynolds number 

(&h £ 8 in. alch). The variation of dyneunic pressure in the 
piezometer 

3- x 8- ft insert test section as a function of both flap setting and q 

set usinR the piezometer ring (q-n,,) is shown in Figure 5. The actual 

test section dynamic pressure ((W,) was measured with pitot-static probe 2 

(see Figure 1) and was corrected in accordance with the calibration in 

Figure 6.  Additional data was taken with a single pitot-static yaw head 

probe and are represented by the flagged symbols in Figure 5. The ratio 

qp7/ci  is presented because it relates dynamic pressure in the inserts 

to q indicated on the piezometer ring, which is the quantity monitored 

by the tunnel operator. As Figure 5 ihows, flap deflection is very 

effective in increasing the test section q, which can be as much as double 

the vflue in the 8-x 10-foot test section for the same piezometer setting 

(Ah .       ).  The maximum tunnel q of approximately 65 lb/ft? for 

the original facility can be increased to over 100 lb/fta. The maximum 

flap effectiveness (Aq/Aß«) occurs for the small er deflection angles; 

at higher angles the flaps begin to block the flow through the outer 

channels (38 inches wide), and a maximum q through the test section is 

reached. Upon examination of the flow through the outer channels, it 

was found that the dynamic pressures in the two channels were not the 

sane. Figure 7 depicts this inequality, where the flow through the left 

outside channel is greater than through the right for all flap settings. 

Based on problems experienced in other facilities of this type, it 

was anticipated that with a lifting model in the test section, pressure 

disturbances were likely to propagate forward to probe 2, which had been 

used to determine freestream dynamic pressure in the empty test section. 

As this was likely to yield appreciable error In freestream dynamic 

pressure, it was desired to have a reliable indicator of freestream q 

which would not be affected by model presence. It was reasoned that an 

accurate determination of q in the outside channels should be free of 

model lift effects, and that test section q could be determined from 

continuity of mass flow through the entire test area. To this end. 

' -wmmwmmmmmmmmmBjm*******- 
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· i. ur e. :md ~ \vere lotte from empty test section data as calibration 

urv s . w ere the test section dynamic pressure coul then he determined 

base..! '~n left or right channel flow. These values were nondimension­

n.li"'e by iezometer q in i cative of total mass flow into the three 

channel efore splitting, an thus causing curves for varyin ~h . t 
p~ezome er 

colla se into essentially one curve. In this calibration, the function 

of the fla eflection is to simulate model blockage (or lack of ) so that 

'i l ow rates are pro uced in the outside channels. I t was thus 

inten e' that wit l ~hi h lift model in place, the test section dynamic 

p essure coul be cal llated from a curve fit of Fi ures 8 or 9 when only 

PZ an 1 or R were measured . 

Typical velocity pr ofil e s in the wall boundary layer 1 inches 

ups ream of he vertical centerline are shown in Figure 10 f or flap angles 

of - 2. 5 and 2~ and f or three dynamic pre!sures . Very little differ-

ence ue to l ap le or dynamic pressure variation is noted . The outer 

edge vel ocity re urned t o freestream value at about 1 inch distance from 

the wall : or he original 8-x 10- foot tunnel with boundary layer devel­

opin u stream in the settling chamber this distance was on the order 

of 2 to 3 inches. This reduction due to the shorter length of the insert 

wall shoul substantially reduce the boundary layer problem at high 

lift while ecreasing the mass flow requirements for any blown-or· suction­

t e boun ary layer control system employed t o eliminate the velocity 

deficit . 

Figure 11 displays the Reynolds number range available for the range 

of est section dynamic pressures of Figure 5. Reynolds number of 1.8 

million er foot, or roughly 3.6 million for a 2 foot chord airfoil 

section, was generated in the empty test section. It is to be expected 

ha thi s number will be reduced due to blockage when an actual airfoil 

is installed. 

A second phase of the empty test section calibration involved deter­

mining the flow quality in the test region; i.e., q deviation from a refer­

ence value, &dd flow a.ngula.ri ty. The pi tot-static yaw probe rake of 

Figure 3 was installed at tht'! longitudinal and vertical centerline; and 

later at stations 9 inches above and below the vertical centerline. The 

rake employed 12 probes, 1 inch apart, with one extreme 6.5 inches from 

6 



( 

I 

1 

I 
I 

the tunnel wall, and the other l/? inch from the tunnel centerline. 

Kach pmbe was 10 inches in length and had a O.ISU inch diameter hemi- 

i:p!ierlcal head with a total head pickup at the center and k  static tape 

located on the curved surface of the head at 9CP radial spacing. An 

additional tap to measure Treestream static pressure was Ideated O.B95 

incher. downstream of the tip of each probe. A sample distribution of 

upwash (e), cidewash (o) and dynamic pressure deviation (&q/q__) is 

shown in Figure 1?, taken on the vertical and longitudinal centerlines 

and spanning the left half of the test sect, on channel. As there is 

some scatter in the data, they were averaged across the span of the rake 

to enable better interpretation. Figure 13 presents the average dynamic 

pressure deviations using probe 2 as reference; the band of data shown 

indicates average vc.riations of +2 perce.it over the entire q range. This 

error may be slightly high in that the reference probe is located ^6.6 

inches upstream of the rake, and a small q deviation in the longitudinal 

direction may exist. 

Figure lU presents the averaged values of upwash and sidewash of the 

flo,'. Whereas the sidewash angle is relatively low and varies slightly 

with flap angle, it is seen that upwash varies between 0.50 and 0.90 

degrees, increasing with q and decreasing with flap angle. Careful ex- 

amination of alignment of the rake probes revealed that some slight 

vertical bending of the probes occurred under the weight of the setting 

inclinometer. With the angle zeroed and the weight removed, the tubes 

apparently sprang to a slightly positive angle. Furthermore, it appears 

that additional upward bending occurred as increased lift developed on 

thy inclined probes as q was increased. The conclusion that the upwash 

was somewhat less than indicated was later verified by comparing airfoil 

data et the same angle as data for the airfoil inverted. 

Pressure distributions on the wall leading edges are shown in 

Figures 15 and 16. Reynolds nuriber variation has little effect on the 

inside wall distribution and on the stagnation point, but increased R 

on the sharp outside radius produces an increasing suction peak followed 

by a strong adverse pressure gradient which mighu well have led to flow 

separation. For increased flap deflection (more flow Into the test 



secti...,n '\ the Reynolds number effect became le"s noticeable . l n t hese 

C ~u~tributi n • he reference static and dynamic pressures are taken 
T' 

a those in he H- x 10- foot test section as erive from the piezometer 

i ~ and FiRUre 4; that these are proper values is verif1ed by C = 1 . 0 
p 

eing c lculnte at the stagnation oint . At constant Reynolds number, 

Figure l sh ws the effect of flap eflection on the leading e e pressures . 

Wi h inc ease in lap setti , the st nation point moves from in the 

est section to the outsi e channel s i e of the wall . A l ar e suction 

rea forms over he insi e wall, yet the wall sha e is such that no sharp 

eaks orm , an no severe dverse radients are present - se aration 

~pa entl is not anger for the range of fl p deflections available . 

AMIC PRESS RE DETERMI ATIO N PRESENCE OF ODEL 

A ifficult problem which fre uently h s occurre in test facilities 

of this type has een he etennination of true freestream dynamic 

ressure (q ) in the cen er est section. As t he amount of mass flow 
eo 

through the test sec ion v ies with model blockage and lift (or with 

la eflec ion ) normal method of q e ermination are often invalid . 

Fr e ently, due to the limit ed wall le th the reestream static pressure 

reference tap cannot be located far eno h upstream to be unaffected by 

he high lif pressure fiel ( see Reference 5) and yet also be far enough 

ownstream as to be free of the wall leading edge influence . For these 

re sons it b~comes necessary to determine ~ from some means which is 

in ependent of model lift and blockage. During the empty test section 

calibration, pitot-static pr obe 2 was used to determine actual test 

section ynamic pressure, while the dynamic pressures in the outside two 

channels and into the total 8-x 10-foot test section were recorded by 

r0bes 3 and 4 and the piezometer ring. Using the values recorded by 

tubes 3 and 4 and the piezometer ring in conjunction with the continuity 

of mass flow through the system, an accurate determination of dynamic 

pressure in the 3-x 8·foot test section was obtained. Based on the 

physical dimensions of the facility and assuming no wall boundary layer 

displacement thickness, the continuity equations yields: 
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( 1 ) 

\.rhere qSxl O is between the par allel w· lls of th ~ ~~ x 10 t'"! ~t sectirm, 

obtain r om t he piezometer rin and Fi gure 4. Tt was f ound t hat C1rs 
etermine in t his manner agr eed very well with the measured data of 

Fi gure s and 9. I t was initially decided t o mathematic lly curve fit 

the empty t est sect i on data of Fi gure 8 or 9 i nput a measured value of 

R or L f r om the outside channel, and calculate the t est section q 

f r om the curve fit . Attempt s at this pr ocedure showed, however, a 

si nificant error of 5-6% or more i n <Lrs ' the si ngle faired cur ve appar -

ently id not accur ately r epr esent all the data of Fi gures 8 an When 

the continui y equation was used i nstead , agreem nt with the measured 

~S was consi erably improved - t his t echnique t ook int o account those 

oints which were somewhat displ aced f r om the cur ve fit and had t hus been 

inaccur atel y cal culated by that method . As the agr eement hel d accuratel y 

with f l a eflections from -2 . 58P to 2cP , thus simulating variat ions i n 

mass flow thr ough t he center t est sect i on, it was decided t o use t he 

continuity calculation of dynamic pressure f or conditi ons with bl ockage 

and l i f t . 

REFERENCE AIRFOIL TESTS 

Two p es sure tapped r ef erence airfoil secti ons of 3 foot span were 

available for use : a 20- i nch chord NACA 65-213 (a = 0.5 ) on loan from 

Grumman Aerospace , i nt ended a s a 2-D calibration airfoil; and a 23-inch 

reference 2-D sect i on from NASA, Langley Research Center, which had 

previou 1y been thor oughly tested in subsonic f low in their 3-ft span 2-D 

t unnel (not a wall · sert setup) . The 65-213 is shown installed i n the 

NSROC ~x 8-ft inserts in Figures 17 and 18. Probe 2 has now been moved 

10. 5 inches f orward of its original position and 2 feet upwards in an 

attempt t o min.imize influence from the model. A 110 tube wake rake waf. 

located 42 inches downstream of the centerline (roughly 1.33 to 1.60 chords 

from the model trailing edge, depending on which model was used) , with 

42 total. tubes and 5 static probes in the vicinity of the model being 
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r . r d. by mul i ple scannivalve pre ssure readout employin~ a ~1. 0 psid 

a ham r ns ucer . As high l ift was not anticipated for either model , 

wall boun ary layer control was not i ncorporated (it harl not een use 

for the reference ata either ) . However, both models hRd spanwi se 

p es sure t s on the upper surface i n at least 2 chordwise stations to 

m nitor l ater 1 uniformity . s r o three -dimensionality was observed 

by he e t a s uri he tests with the exce tion of several cases 

eyon the stall i nci ence . 

5- 213 section was n over an n le of attack r a e from 

-4° o +1 ° and dynamic pressure from 10 to 80 lb/ ft2 ( R = • x 1~ t o 
e 

;' X 1 To pr uce this ran e of tunnel velocity the wall flaps 

wer e se a thr o hou t he t est - no ·ustment wa nee ed t o llieviate 

block e . el namic pressure etermine r om cont inuity a s iscussed 

a ove w s correc ed for solid bl ock e only· then lift an pi tchin moment 

(both r om re sure i n egr a i on ) an an le of attack we?e correct ed as 

follows for l if in erference and camber effect ( see R erences 1 and 

for c/ h - . 08 

6C 
rr2 (£ )2 c -. oo8 4 c = - = 

t h 1-u 1-u 
(2) 

c n-2 c2 c . 002231 c = 192 (h ) = 
~5 tu .tu 

(3) 

57 . 3TT c 01 4c l .o81386 [ C + 4c J . (X = 96 (h ) ~ c + = 
Lu ~5 .t'J m25 

u ' u 

(4 ) 

where subs~ript u indicates the uncorrected value. Figure 19 presents 

section lift and moment coefficients as functions of incidence for constant 

values of dynamic pressure. The Reynolds number effect on C is quit€ 
tmax 

apparent. Figure 20 presents pressure distributions ~or a range of 

Reynolds number at cr = lj», just before stall, while Figure 21 shows a 

similar effect at other incidences. For comparative purposes, data from 

10 
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Reference 7  for a NACA 65-212 (a » 0.6) at R    - 3 x 1CP  are flhnwn an the e 
rlashed curves In Figure 10.    The agreement with the present lift 'lata ir. 

i'.ocvl;  the a<i<iltional C for the 65-P1P is easily attributable to the 
max 

Increfised test Reynolds numbers of that airfoil.    The name is true for 

tho dirference in stall incidence.    The cause for the discrepancy in 

quarter-chord pitching, moment coefficient is not immediately apparent 

without pressure distributions for the 65-?l? section.    The distributions 

for the present airfoil are presented in Figure 2? at constant q and 

over a ranp.e of incidence.    An interesting feature occurs at a - 12.1 

degrees, where a small leading edge separation forms,  accompanied by a 

loss in lift, but then disappears at cr = IT.    Complete stall immediately 

follows. 

An estimate of the effect of these relatively low lift coefficients 

on pitot-static probe ? is  shown in Figure 23 for two values of dynamic 

pressure.    The upper surface static pressure field at C   ^ 1.3 can 

apparently create as much as a 6 to 9 percent increase in a     ,     « over 

the zero lift value.     One might expect that probe 2 may also be influenced 

by a static pressure drop (greater suction)  in the vicinity of the wall 

leading edge caused by increase in q, as the upper curve in Figure 23 has 

increased by roughly  7 percent at C    = 0 when the dynamic pressure is 

approximately doubled.    The probe's new location 10.5 inches ahead of the 

empty test section position may have added to its sensitivity to the wall 

leading edge pressure field, but likewise should have reduced influence 

from the model.  It should be noted that in Figure 23 (as well as Figures 

31+ and 35), the ratio's denominator is freestream dynamic pressure 

determined from continuity and corrected for blockage. 

Figure ?.k presents the 65-213 drag polar for two dynamic pressures, 

where it is seen that outside of the drag bucket or minimum drag range, 

agreement between the 65-213 at R   = 2.3 x 10^ and 65-212 at R   = 3 x 1CP 

is excellent.    However, for the few points within the minimum drag range, 

measured drag is quite high.    As test emphasis was on lift results near 

stall incidence, very few points were taken in the linear portion of the 

lift curve, and thus an insufficient amount of drag data is present to 

draw any fiim conclusions at low lift.    The faired curves approach the 
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sha e of the t an ard r oughness curve f or the 5-212 airfoil, hintin that 

t ere m have een some urface r ou hness effect on the test airfoil . 

1ne itional po sibility is that the drag rake located l B inches 

upstr eam of the '~1 flap knee, may have been influenced by t he static 

pr essur e field from the flap at 5 egrees. Sample total pressure 

is ti n f ro t he r ake are resented in Fi re 25 f or ~ ~ lb/ ft-2 . 

The ownwar wake 'vement relat ive to t he m el on the tunnel centerline 

in ic te the increase ·rake eflection with lift, while stall suddenly 

bri s on a l ar ge total ressure deficit over the upper wake and l i ttle 

chan e elative o the lower surface. 

ASA REFEr.ENCE SECTION 

A char ac er is i c reference airfoil sect ion was tested at subsonic 

s ee ( q ;:::; 30 psf R ~ 2 x 1~ ) by NASA Langley Research Center and 
oo e 

convenientl y w s the pr oper s an for installation between the NSRDC 2-D 

inserts . The air foi l was o soli aluminum wlth a 23-inch chor and 

very smooth inish except t the center span. Here, a r ove had been 

machine pr essur e t ub i ng l ai d in and drilled, and a plastic-like resin 

applied over the tubi to reform the ori inal surface . However, the 

resin fel very r ough t o the t ouch and since this was in the immediate 

location of the pre s sure ta s by which all lift and moment data was 

determine , it is surmised that t his data thus reflects some, if not 

con i erable, r o hnes s effect . Tests were conducted over an incidence 

range of -4° ~ ex ~ 1 an freestream dynamic p ressures of roughly 10, 

32 , and 66 l b/ft2 (R = 1.07 X 1~, 1. 92 X 1~, and 2. 74 X 105 ) . Cor-e 
rections to the ata f or induced camber effect based on c/h = . 240 were 

as follows . 

6Cl = -.011802 CLu ( 5) 

6C = • 002951 C 
~5 tu 

(6) 
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Tent section q was determined from continuity considerations ar. before, 

■\n\ corrected for solid blockage; a constant wall flap setting of 5°  war, 

maintained,  and no wall boundary layer control was employed.    The model 

was tested both in the normal upright position,  and in an inverted 

position,  primarily to evaluate flow angularity which was in doubt due 

to possible misalignment of the yaw head survey rake. 

Figure 26 presents normal force coefficient  ('which avoids the angle- 

dependent resolution of normal and axial forces  into lift)  as a function 

of incidence for NGRDC and NASA data at q   «= 3? lb/ft2.    The agreement 

is excellent,  relative to Langley data,  with the exception of two points 

at stall or beyond.     Very close repetitioi   of the NSRDC upright data by 

the inverted data indicates that flow angularity,  if existent,  is not 

liscernable, and will therefore be assumed negligible.     This confirms the 

previous hypothesis that the indicated flow upwash was caused by yaw 

probe misalignment and resultar,, normal force loading.     Figures 27 and 28 

present the effect of Reynolds number on both the upright and inverted 

airfoil lift curves, where both C and cr   .,,   increase with higher R . ' I stall 0 e ''max 
Agreement between upright and inverted data is good with the exception 

of the q   = 32 lb/ft2  curve, where stall occurs 2°  earlier for the 

inverted case.    Corresponding pressure distributions for these Reynolds 

numbers at a = 16P are shown in Figures 29 (upright)  smd 30 (inverted). 

The stalled pressure distribution of the inverted section is clear, as 

is the unstalled condition of the upright airfoil at the same incidence. 

A possible explanation is that of a slight discrepancy in incidence in 

the immediate vicinity of stall,  causing the onset of separation in the 

inverted case only.    Otherwise, the q   » 10 and 70 lb/fta  distributions 

in Figures 29 and 30 are practically identical to their respective 

inverted cases. 

Further Insight into the lift properties of the NASA reference airfoil 

is provided by the pressure distributions at three selected angles of 

attack, Figures 31-33. 
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The effect of the model static pressure field on dynamic pressure 

easure by pr obe 2 is seen in Fi ures 34 and 35. For the upri ht model 

(Fi e 34) the same increase in indicated q wit h C is found as in 
t 

Fi, re 23 : r oughl y a 6 to 10 percent increase from the Ct = 0 case is 

foun at C = 1 . and again an increase at C = 0 of about 6% is 
t t 

pr oduced by oubling the dynamic pressure. Because probe 2 was located 

~ ft above the tunnel centerline, inversion of the model considerably 

removes the measuring location from the upper surface suction region, 

and ~ thus conver es towards true test section q as lift increases. 

(Fi re 35) . A 2.1% discrepanc~ at Ct = 0 still remains, suggesting that 

the upper surface suction is pr obably not responsible for the zero-lift 

shift . Figure 35 also shows (for one Ct only) the effect of flap defelction 

on the indicated ~ another justification of the need for determining 

ynamic pressure by an alternate means. 

arter-chord pitchi moment coefficient as a fUnction of normal 

force and i nci ence was presented in Fi gure 2 , where agreement with 

NASA ata was relatively good except at stall. The NASA data, in general, 

hows a slightly larger nose-down pitching moment; the same trend is true 

in Fi e 36 , where leading edge pitching moment is plotted against normal 

force coefficient. 

The usual error in axial force coefficient resulting from inaccurate 

measurements of the pres sure tap vertical location is still existent in 

the ata of Figure 37, but since the actual measurements used were those 

su plied by NASA the agreement between the two tests is relatively good. 

Discrepanc y is possibly caused by NSRDC use of a simple trapezoidal rule 

summation of the incremental axial pressure forces, rather than a more 

sophisticated one used by NASA. However, all other NSRDC lift ... drag and 

normal force data were integrated using a modified Simpson routine of much 

greater accuracy than the t:apezoidal rule. This Simpson routine was 

also used in a sample case to integrate NASA C data and gave exactly 
p 

the same normal force value, ind1cRting the equivalence of these two 

numerical routines. The trapezoidal rule was used in the moment data of 

Figures 26 and 36, and 1118¥ be responsible for the discrepancy there as 

well. The drag pQlars for upright, inverted and NASA data are compared 



in Fi ure 38 for qm = 32 lb/ft2 • Above Ct = 0. 6, the NASA data falls 

hetween the upri ht and inverted data, while in the minimum dra re~ion 

of N ROC ata NASA ata rises rather rapidly with decreasin~ C • The 
t 

cause o the non-agreement between upright and inverted curves is not 

readily apparent. The momentum deficit was read on different portions 

of the wake rake with different tube spacing for the twn curves , and 

there wa a ifference of as much as 10 percent in correcteQ q between 

upright and inverted . Related to the later point was difference in 

he static pressure gradients from floor to ceiling for the two cases . 

A combinaJvion of these may be responsible for the differences of Figure 38· 
base on the NASA ata, the correct r esult should lie between the t wo 

curves . Figures 39 and 40 depict Reynolds number effect on the drag polars, 

which is a decrease in drag coefficient with increased R , except in the 
e 

minimum rag regime. There the opposite is true, with some rise i n drag 

due to greater Reynolds number . This same trend was isplayed by the 

65 -213 in Fi re 24. 
Total pressure distributions in the rake for variation in Reynolds 

number at a = lEP are presented in Figures 41 and 42; and give an insight 

into the drag rise in Figures 39 and 40. Figure 43 presents variation 

in the measured momentum deficit with angle of attack at fixed Reynolds 

number . 

As mentioned earlier, it is felt that some influence from the trailing 

e ge wall flaps may have been felt by the wake rake. In addition, the 

rake static pressure probes i ndicated a gradient from ceiling to floor. 

It would have been desirable to calibrate the empty test section with the 

w&.ke rake in place , both to examine vertical static pressure gradients 

and to investi gate the effect of flap deflection on the static pressure. 

It is recommended that this be done before fUrther testing is undertaken, 

as there is a possibility that the present rake location is non-optimum. 

OPERATING PROCEDURE 

As previously emphasized, the primary difficulty in operation of a 

tunnel which has been converted to a two-dimensional insert facility 
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composed of three separate channels is the correct determination of dynamic 

pressure in t he test section (~8 ) so that tunnel power may be set accord­

ingly. This problem arises from the influence of the st&tic pressure field 

on a lifting model (and to a lesser exten~ the pressure field from the 

leading e e of the insert walls) on the pitot-static probe mounted 

within the test section which would ordinarily be used to set dynamic 

pressure . This unfavorable effect has been shown in Figures 23, 34, and 

35. I t should be stongly noted, however, that while a particular desired 

value of test section dynamic pressure is difficult to accurately set, 

one the t unnel conditions are established (i.e., power and flaps set ) , 

t he existing dynamic pressure may quite accurately be determined using 

equation (1 ) . I t is thus not a problem to determine the test section 

dynamic pre ssure vdthin the inserts, but rather to be able to physically 

set a desired value. Unless severe Reynolds number effects on lift and drag 

coefficient are present over a small range of dynamic pressures, then 

t his missetting of ~S to within a few percent should pose little problem. 

For the reference airfoil tests conducted in which the model was 

inverted an the pitot-static probe was thus beneath the lower surface 

of t he airfoil section, the probe was least affected. If dynamic pressure 

values on the order of 6 percent deviation or less from a desired ~S can 

be tolerated, the pitot-static probe can be used within the test section 

t o set ~S and should be placed beneath the model lower surface. This 

is perhaps the simplest method of setting tunnel power and could suffice 

in many cases. In addition this 6 percent deviation can be reduced by 

generating curves similar to Figure 35 from a few preliminary runs and 

using them to estimate the vru~e of ~robe 2 necessary to set a desired 

freestream dynamic pressure (which when reduced by the solid blockage 

correction is merely ~8 ). As Ct increases, the necessary compensation 

decreases, at least until the range of Figure 35 data is exceeded. Figure 

23 , 34, and 35 are, of course, distinct for the specific airfoils tested, 
• 

and should be similar in shape but not magnitude to other airfoil sections. 

A more exact method of setting test section dynamic pressure is as 

follows, but is somewhat more complex than the above: 

16 



1 . Choose the desired freestream dynamic pressure (q ) and reduce it 
00 

by the sol id bl ockage factor to obtain ~s· 

2 . Set flap angle, f' and refer t o Figure 7 to relate <loL to <loR 

and to ~S for that flap setting. For example, for & f = lCP and Cl.rs = 

30 psf then <loR = 13 .5 psf and <loL ~ l.o6 <loR' Use this r elationship 

t o eliminate <loL (or <loR) from equation {1). 

3 . Solve Equation (1 ) for qSXlO' then use Figure 4 to determine 

piezometer ring setting. Set tunnel power accordinely. 

4. Monitor ~R (or ~L) for the value determined in Step 2. Some 

slight adjustment of the flaps may be necessary before the proper value 

of R is reached, since Figure 7 results are for the empty test section, 

and will be somewhat different with an airfoil installed in the middle 

channel. 

This method eliminates use of probe 2 altogether and thus is not 

affected by model influence. An alternative to flap adjustment is t o 

fix fla angle and adjust tunnel power (and thus 'laXlO) while monitoring 

~R· This eliminates a second tunnel operator required to control the 

flaps but require s that Equation {1) be resolved whenever qBXlO is 

changed . In either case, adjustments of some type will most likely have 

to be made t o obtain the desired values of ~R and thus ~s· From the 

standpoint of simplicity, it appears that perhaps the first method (use 

of probe 2 below the airfoil and preliminary curves similar to Figure 35) 

is to b~ pref erred, since the deviation from desired test section dynamic 

pressure can probably be held to a few percent, and determination of the 

actual value can be made regardless of the method used to set it. 

CONCLUSIONS 

A set of parallel wall inserts was installed in the NSRDC 8-x 10-foot 

subsonic tunnel to create a high height-to-chord ratio facility with 

reduced wall effect for use in high lift testing. A detailed flow survey 

indicated high flow uniformity, negligible flow -angularity in upwash, 

a l-inch thick (or less) wall boundary layer, and a strong effect of 

trailing edge flaps on control of test section dynamic pressure (including 
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an increase of over 60% in test section maximum). Two reference airfoil 

sections teste in the facility indicated the adverse effects of model 

pressure field on eterrnination of true freestrearn dynamic pressure, 

making necessary the use of an alternate method accounting for continuity 

of mass through the three channels. With the proper dynamic pressures 

employed, lif t and pressure distribution data agreed well with that 

av i l able for the reference sections. Difficulty in accurate mea~urement 

of section drag , even employing the wake rake momentum loss technique, 

caused comparison of dr ag data to be somewhat les~ in agreement. This 

may have been ue in part to some l ack of accuracy in the r~ ~renee data 

as well . Additional investigation should be conducted into factors 

influe .. 1cing the rake before additional testing is begun . Furthermore, 

tangential wall blowing slots need to be installed to control the wall 

boundary l ayer for future high lift t ests, and an evaluation of their 

installed effectiveness made. Otherwise, agreement was sufficiently 

ood to confirm the wall inserts as an adequate facility for quality 

two- imensional testing . 
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