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500/AERO TEST/410 

-e Avrocar (Fig. 1) is an unconventional research aircraft of circular 

planform, with vertical take-off capabilities and a high forward speed. 

A-fan, driven by the jet exhaust of three J-69-T9 gas turbine engines, 

draws air from the upper surface of the aircraft and expels it at the 

periphery. Close to the ground the aircraft utilizes the favourable 

lift augmenting characteristics of the annular jet. 

It is visualised that the aircraft will take off vertically to a height of 
of approximately three feet (due to present power limitations) and make 

a transition in the ground cushion to free air. 

The aircraft was Oiiginally designed with a spoiler control system 

fitted close to the periphery which was tested in the static rig, in 

tethered flight and in free flight in the ground cushion. Although 

ressful free flight was achieved, the lift loss associated wit 

anplicatiîbn of control, which had originally been thought to be 

TTTtentable , was much greater than anticipated. It was tlie^ef°re 
divided to install a focussing ring control system which had been 

T^^d on the 1 /20th scale model (Ref. 1) with favourable results. 

Testing on the full scale aircraft with the focussing ring contro 
wa^H^irrsr^-the static rig and later in the tethered rig 

and in free flight. A number of testing hours was spent in the static 

rig before a suitable position for the hanger rods was obtained to 

achieve stability of the focussing ring at all engine speeds in the 
ground cushion and in free air. Due to the power limitations of the 
aircraft it was deemed necessary to concentrate efforts in the ground 

cushion and study the forward speed capabilities. Stability in t e 
ground cushion was also a major problem and various combinations 

of central jets were tested in the tethered rig and in free Hight Aie 
handling characteristics of the aircraft had improved considerably 

and flights were made with U.S.A.F. and N.A.S.A. pi ots. 

In March i960 the first of the two aircraft manufactured was tested 

in the 40 ft. x 80 ft. subsonic wind tunnel at the Ames Researc 
Center, N.A.S.A. The analysis of the wind tunnel results indicated 

that more control power and forward thrust was required, hence all 

flving on the second vehicle was terminated in order to conserve the 
vehicle while investigation took place to rectify these deficiencies. 

On July 28th, i960 a proposal was submitted to the Wright Air 
Development Center (W.A.D.C.) Dayton, Ohio by Avro Aircraft 

Limited recommending modification to the Avrocar and seeking 

permission to continue further development. This proposal was 
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until October I960. 

changes for the vehicle. 
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500/AERO TEST/410 

2. DESCRIPTION OF TEST APPARATUS 

2. 1 General 

The 1/20 scale model was mounted in the Avro Aircraft Company's 
18 inch square ejector powered wind tunnel, by a strut attached to a 

five component strain gauge balance. The installation is shown in 

Fig. 2. 

2.2 Model 

The model has the same external profile as the full scale aircraft 

except that the cockpit covers were removed from the model. In 

the first phase of tests, which will be known as the Series 1 tests, 

the wing tip fitted to the model was the same as that used in the 
initial 1/20 scale tests reported in AVRO/S. P.G./T.R.266, Fig. 15 . 

In this series of tests the idea was to study, in free air, the 
aerodynamic characteristics of a peripheral jet with-varying degrees 

of focussing. To represent the aircraft in its present condition the 

upper portion of the spoiler nozzle was taped over. 

In the second phase of tests known as the Series 2 tests two basic 360 

upper and lower wing tips were manufactured and fitted to the upper 

and lower bodies of the existing 1/20 scale model (see Fig. 3). 

Starting from these two basic wing tips various combinations were 

tested. 

The circular intake in the upper wing surface accommodates an 
axi-symmetric centre body to guide the intake air into a radial duct 

leading to the peripheral nozzle. The base of the centre body was 

maintained at a height of 0.093" above the floor of the duct by 
packing washers on the retaining screw. A tube incorporated in the 

hollow centre body serves both to support the model from the balance 
and to carry compressed air from the external supply to an ejector, 

formed by the gap between the centre body and the duct floor. The 

ejector uses a small quantity of high energy primary air to draw the 
flow of secondary air through the intake. By this means the aircraft 

intake flow can be partially represented and the supply pipe diametei 
(and hence tunnel blockage and strut effect) is reduced to a minimum. 

Incorporated in the model is a central, annular nozzle, for both 

series of tests it was blanked off with an internal plate. Cross 

sections through the model are shown in Figs. 4 and 5. 
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2.3 Mouel Mouitting and Air Supply 

The model support strut passed through a s\t in the roof oi the tunnel 

working section and was attached by a flangea W to the cross¬ 

member Of a tubular balance frame which fitted Vver the roof and 

down both sides of the tunnel. Ring type strain g^Vge dynamometers 
supported the fr.me at its pivot point and transmitted loading strains, 

Primary air supply for the model ejector was introducXd into the 
tubular support frame through an air bearing to preven \ansrrnsSion 

of pitching moment from the air supply line. Between the Vir bearing 

and the tubular frame wa. a light alloy tube with flexible coings at 

each end, its purpose being to minimize at the dynamomete r \nd any 

forces or moments arising at the air bearing end due to misalignment 

of the two halves of the bearing. 

Primary air flow measor .1 on the model using a '•Flowrator" and 

taking into account the lost through the air bearing., «a. 0.Î7 /• 

(see Fig. 13) at an Indicate! 30 P.S.I.G. (true ,1 P.S.I.G. <h» 
gauge inaccuracies). Secondary air flow .nduced through the intake 

by the ejector (set at 0.093") was determined to be of the order . 

0.49 Ib/sec . (Fig. 19). Hone ■ he total mod,‘ 
approximately 0.865 lb/sec. which co, responded to a ful. 

aircraft mass flow of 346 lb/sec. (Sec Section 7). 

tec 
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description of tests 

Series 1 Tests . . 

Fia* 20 21 and ZZ illustrate the six cases that were tested at 
h/d J 0.8 (free air) at a tunnel q of'0 , 5 and 17 over a range of angles 

of attack from +12 to -12 in 3° steps. For each case following case 1 

the lower portion of the wing tip was cut back approximately 0.040 
inches (this dimension varied due to the ring not being truly symmetrical), 

A constant primary air supply pressure to the model of o0 P.S.I.G, 

Indicated at an ejector gap of 0.093" was used throughout these tests. 

(See Section 2.3). 

Series 2 Tests 

In this series all the configurations tested are shown chronologically 

in Figs. 46 to 69. For ease of description, the similarities between 

certain configuration», together with the reason for testing a given 

• configuration, are detailed in the following paragraphs. 

Tests A and T (Hovering Configuration) 

These two configurations represented the aircraft in the hovering 
position with the air discharging at the periphery from the undersurface 

of the model. For test "T" the jet was fully focussed and formed a 

very strong "tree trunk" type flow, as compared with test "A" where 

the ’jet was not attached to the lower surface of the model. Both tests 
were carried out to determine the relative merits of a focussed jet 

and an unfocussed jet at varying tunnel q and for comparison with 
the Series 1 tests. Each configuration was tested at tunnel q's^of 

0, 3, 5, 8, 12 and 17, at angles of attack from +12 to -12 in 3 steps 

and at a ground height equivalent to an h/d * 0.8 (free air). 

Teils B and S (1st Stage Transition) 

The rudder turning vanes were simulated here with the unfocussed 

• jet (Test B) and the focussed jet (Test S). The rudder vanes extended 
over an arc of 45° extending forward of the lateral axis. It is 

*coniidered that rudder vanes pointing aft will be the first step of 

transition, and her« the effect of the increase in thrust was studied. 

* Both tests were carried out at an h/d value -0.8 (free air) at a 
• tunnel q of 0 , 3 , 5, 8, U alui 17 , and angle of attack from -12 to 

+ 12°. 

I 

5 



500 /AERO TEST/410 

Te sts E and K (Znd Stage Transition) 

With these configurations the second stage of transition was represented 

with an unfocussed jet (Test E) and a focussed jet (Test K). A 50° 

segment aft of the lateral axis turned the air at the periphery, by means 

of cascades, in an aft direction. The rudder vanes were still pointing 
aft. The forward 180° and the aft 80° were similar, delivering the air 

at the periphery on the lower surface forming an unfocussed jet (not 

attached to the bottom surface) Test E and a focussed jet (tree trunk 
type flow) Jest K. The tests were carried out in free air (h/d = 0.8) 

at a tunnel q of 0 , 3, 5, 8, 12 and 17 and angles of attack from -12° 
• to +12°. A study of both configurations in the ground cushion was made 

at zero angle of attack at q -0. 
• 

A further study of the ground effect was made with configuration 'K'. 

Five ground heights were simulated, .viz, h/d values = 0.091, 0. 14, 
0.195, 0.25 andO.318. Tunnel q = 0, 3, 8, 17, at angles of attack 

from -12° to +12°. 

Tests F and G (Inflight Configuration) 

The configuration of these two tests was símil; • to that for Tests E 
and K, except that the aft 80° s'egment was replaced with an 80° 

segment which discharged the air aft and downwards at an angle of 30° 

to the horizontal datum. For test 'F' the forward 180° jet was 

unfocussed and for test 'G' was a focussed jet. In both configurations 
the tests were carried out at an h/d value = 0.8 (free air), tunne 1 

•^V q = 0, 3, 5, 8, 12, 17 and an angle of attack from -12° to +12°. In 

test 'F' ground height was studied at zero angle of attack and at q - 0. 

Tests N, O, Q, H and J (Transition from 2nd Stage to Inflight 

Configuration) 

An attempt was made to study the aerodynamic characteristics of the 

aircraft from the 2nd stage transition to the inflight case. In the full 
scale aircraft transition doors located in the aft segments of the 

peripheral nozzle will control the air discharging to the undersurface 
of the aircraft or in an aft direction. The air discharging aft can be 

controlled by Pitch and Roll Control vanes, downstream of the door, 
which deflect the air through an angle of 0° to 60° from t le horizontal 

datum. 

On the model this system eannot be truly represented due to cost and 

time involved in manufacturing suitable parts. As already described 

two basic wing tips were designed for the model. One to discharge 

the air to the lower surface of the model, forming a focussed or 
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unfocussed jet, and tne other to discharge the air aft at an angle ot 

30° to the horizontal datum. 

To simulate the aircraft pitch control vane a series of flaps was 

manufactured which were attached to the "inflight wing ip seg 

To deneci the air to 0°, 15°, 450, 60° and 90°. These five flap 
positions (Tests N, O, Q, H and J) were tested with the forward 

wine tin segments focussed. No comparison was made with the 
forward 180° wing tip segment unfocussed. Each oonùgnration was 

tested at an h/d = 0.8 (free air) at q values .0,3,5,8, 

and angles of.attack from -12° to +12°. 

Tests C and D, and P and R - Tailplane Tests^ 

in the tunnel upside'down, to proyiae^ meuu taiiDiane 
surface of the model and thus av-pii. strut interference on the tailplane, 

Due to time limitation on the test program strut corrections with 
model upside down were not available. Jests C and P were t 

"hovering" and "inflight" configurations without_the tailplane ana 

tests Dand R with the tailplane. Hence, with this arrangemen the 

effect of the tailplane could be obtained By subtracting test C rom 

test 'D' (and likewise with test P from test R) without knowing the 

strut effect. For test ’C tunnel speeds of 0 , o, Id and 1 were 
strut eue / 0 o° and+6° For test 'D' the same 
tested at a model incidence of -6 ,U anO. r o 

tunnel schedule was adhered to at tailplane settings of +10 , +dd , 

+ 24° and +30° from the horizontal model datum, t or test r 

additional or 's of -Id and +12 were ‘ested Jnd j" teSt ' + (0ohe ta',plane 
settings were +10», +13», +16», +20», +24°, +27° and+30 . 

Tests U, W and Y (2nd Stage Transition to Forward Flightj 

The model configuration forests 'U', 'W' and 'Y' was similar to 

tests 'G\ ’O' and 'M', i.e. the air discharging over the rear 80 

was deflected at 30°. 15» and 60». The wing tip »a=»ad»s w^Ch 
existed 500 aft of the lateral axis were now extended an additions 

forward of the lateral axis and the rudder vanes decreased to extend 
230 forward of the cascades. The purpose of the wing tip-cascades 

was la) to give a thrust increase and (b) to give a lift increase due to 

a larger effective aspect ratio. Introducing the additional cascJdes 

a further increase in lift was anticipated. A study grou»d * eC 
with each configuration was also made and for tests U and W 
values of 0.8 (free air) 0.318, 0.25, 0.195, 0.15 and 0.091 were 
tested at tunnel speeds of 0 , 3 , 5 , 8 , 12 and 17 with a model inciden 

range of +12 to -12 in 3° steps. For test 'Y'.due to time limitations, 

tunnel speeds of 0 and 8 only were used with the same h/d values , 

incidence range and supply pressure. 
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Test Z (Jet Flap) 

The configuration for this test was similar to test 'Y1, i.e. with the 
60° flap except that the forward 120° focussing wing tip was blanked 

aUo^in, no air to be dtscharged over .Ms area The reason ior 
this configuration was to isolate and study the effect of a forwa 
focussed jet on the jet flap arrangement that existed -er burear 80 
of the model. Tests were carried out at r./d values • ( 

^ n 14 tunnel speeds of 0 and 8 at a model incidence of +12 to 12 
^•^‘"vaiues . 0.091, 0.19b, 0.25 and 0.318 the model 

incidence was 0° and tunnel speed was set at 0 an . 

Tests L, M and X (Ames Tunnel Test Comparison) 

The configurations tested for L, M and X were carried out to correlate 

the results of the Antes Tunnel lateral 

existed over the forward 180 , 80O (he air was discharged 

axis having an un (.eusse J ■ fiaD to the '‘inflight" configuration 
at an angle of 60° by attaching the oO flap to the i g fe 
wing tips. In test 'M' a focussed jet replaced the vmfocussedje ^ 
test 1L'. Both tests were carried out at an h,d .(( o , ,jo 

tunnel speeds of 0 , 3 , 3 , 8 , 13 and 17, and an « range of +U »0 1 ■ 

The configuration of test 'X' was identical to test P This was 
exit area over the rear 80° of the model was reduced 50%. This w 
because the effective exit area of the Avrocar configuration tested 
Ames was much reduced (Ref. Z Config N.l). “eck runs were 
carried out at tunnel speeds of 0 , 5 and 17 at an h/d - 0.8 (free air). 
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DATA REDUCTION 

4.1 Derivation oí Equations 

The diagram below shows the arrang 

which the equations are derived: 

ement of forces and gauges from 

PITCHING MOMENT 

GAUGE. No. 5 

POINT OF ^ 
_Q ^ ROTATION +n 

/\ DRAG 
GAUGES (1 lift GAUGES 

(No. 3 & 4) (No. 1 & 2) 

_ K5 (Äl5 + Z5) sin qC (lb) 

The equations are: 

Lift = -Ki (Ali + Zf) - K2 (AlZ + Z2) i3>5 

A „ > jr /At , 7 .\4- + cos oC (lb) = -K3 (Al3 + Z3) - K4 (aL4 + z4)-r-___- Drag 13.5 

Pitching Moment = K5 ( + Z5) (lb.ins) 

where the ¿U's are the increments in S.R.4 indicator readings from 

the no~ioad condition. Compression in a dynamometer produced a 

positive Al. The third terms in the lift and drag equa 10ns a 

components of the force in the pitching moment gauge. 

The Z's are gauge corrections due to the shift in the dynamometer 

zeros obtained by pressurization of the tubular baiance ^ ^ 
tnVan TVip aauee corrections used in this repo aluminum connecting tube, the gauge 

weruTtaken from Avro/S.P.G. /TR 313 page 8, and are as follows. 

CTIQN MICROINCH/INCH 

9 
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The K's are dynamometer gauge calibration factors, li ted be.o. 

Constants 

K ! : 0.0206 Ib/microinch/inch 

K) = 0.0179 lb/microinch/inch 

K3 = 0.0132 lb/microinch/inch 

Kt} « 0.0132 lb/microinch/inc 

K5 = 0.035 lb/microinch/inch 

Gauge No. 

1 Stbd. 

2 Port 

3 Stbd. 

4 Port 

5 

4,2 Formulating of Results 

Due to the length of the test program that was being considered it 
was deemed advisable to establish an l.B.M. 650 computer program 

for calculation of results. 

The program was established to obtain three cases: 

1. Static Case - Wind O« - Power On 

2. Basic Aerodynamic Case - Wind On Power Off 

3. Complete Case - ^ On ■ Power On 

Corrections to force and moment readings fall into three categories. 

1. Tuhnel wall effects 

2. Blockage effects 

3. Model support strut effects 

Together, these effects necessitate corrections to the aerodynamic 

coefficients , the angle of attack and the dynamic head in the tunnel in 

order to correspond to free air conditions or free air with ground 

effect. 

Test data for h/d = 0.8 have been reduced to free air conditions but 

for lower values of h/d, where ground effect is important, the tes 
results have been corrected to eliminate the effect of the tunne, side 

walls and roof but to include the ground board effect. 
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Sections 5 and 6 deal with tunnel wall and blockage effects and strut 

effects respectively. 

The final form of the equations for corrected coefficients is 

Cl Corr = Cl ind + CL Blockage + CL Strut 

rD Corr = CD ind + CD Blockage + CD Strut + CD Wall 

Cm Corr = CM ind+ CM Blockage + CM Strut 

0C Corr = OC ind + A ** 

q Corr = q ind (1+ ) 

where f is due to blockage and is defined in section 5. 
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wTMn TUNNEL CORjjgCTlONS 

5.1 

5.2 

General 

Wind tunnel corrections arise because 

!. Modification of the downvash 

2 Blockage due to the model 

of the following effects: 

3. Blockage due to model wake 

. n{ :et air supplied from outside the tunnel. 
4, Blockage due to part o J 

i at. of the ground are require 

He^rthTellct oUhe ‘ofter'thTee walls of the tunnel are to be 

evaluated. 

Model Data 

Diameter 

Plan Area 

Cross Section Area 

Volume 

Distance of model datum above 
bottom of model 

= 10.855 inches 

= 92.556 sq. inches 

« 18.36 sq. inches 

= 132.63 cubic inches 

= 0.58 inches 

5.3 Tunnel 

Size: 18 inches x 18 inches 
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5.4 

, _ s __ model semi-span . 
(1) ^ tunnel breadth ^ 

Now D = 10.855 inches 

h/p + 0.046 
E = ■hTp'TOTT 

Tunnel^/b 
b - 5 + h/D -D 

18 

0.5278 

A 

18 ins 

í 

301 

+ 0.603_h 
D 

(3) 
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5.5 Downwash Corrections 

5.5.1 Corrections to Downwash in Ground Effect Tests 

Corrections to the downwash in ground effect cases are given in Ref. 3 

The change in downwash angle is 

Aoc=¿g._S.KT = (rad) 
B C L C 2 

where 6g is correction factor to ground effect. 

S = Model wing area 

C = Tunnel cross-sectional area 

KL = cL/2 

A oc = change in angle of attack due to tunnel sides and roof. 

For d z 0.3 andH/b = 0.5, the values of 5 g corresponding to the 

given values of h/D were determined from Ref. 3. 

Then since C varies as h/D varies 

A<* = Ag . CL 

where A g = & g • AL 

A plot of A g versus h/D is given in Fig. 6. 

Note that the lift coefficient to be used when calculating Ac* is that 

part of the total Cl which gives rise to circulation. 

The total Cl is written 

cL - 

where 

CLb 

CLb 
= Basic Aerodynamic Lift (jet off) 

= Induced lift due to jet on 

= Jet reaction lift coefficient 

Lift at zero fwd. speed _ L (q = 0) 
qS qS 
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Hence for calculatingA« (wind on - power on) we use the expression 

A oc = Ag <cLt - cLj) 

Where CLt is the CL indicated (Complete case - wind on power on) 

and must include strut effects. 

i.e. A c< = A g (c4nd ~ 

Now for calculating AOC (wind on - power off) we use the expression 

5.5.2 

A = Ag • clt 

where CLt is the CL indicated (wind on - power off) 

Corrections to Downwash for "Free-Air" Tests 

In order to correct 

results we refer to 

the test results at h/D = 0.787 to "Free-Air 

Pankhurst and Holder P. 371 (Ref. 4). 

The change in mean downwash angle is 

For a span/tunnel breadth = ' 0.6 in a square closed tunnel and 

assuming elliptic loading spanwise across the mode we ge 

Ô = 0.148 

Then A oC = 0. 148 _S_ . CL 
C 

where 0.148 x S/C is equivalent to A g in ground cushion tests 

Hence = 0.0418 Cj^ (rad) 

= 2.395 CL (deg) 

TT T „ Tr - Cr - Ct • (Wind on - power on) Here also Cl _ uLinD 

(Wind on - power off) 
or C L = CElND 

NOTE- Owing to the change of incidence (¿¡«) the lift vector . inclined 
- and a correction to drag (free air , and ground cushion) is 

required (Ref. 4 page 354). This is given by AcD ‘ A ’ 
CLIND where is in radians- 

where ClIND = Measured CL including strut effect 

15 
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5.6 Solid and Wake Blockage Corrections 

Solid Biockage 

From Ref. 4 page 344, solid blockage is defined 

f. » 0.65 _y_ 
es 6¾ 

Where V = volume of 

h = tunnel height 

b = tunnel breadth 

model, strut, and ground board where applicable 

5.6.2 Wake Blockage 

From Ref. 4 page 348, wake blockage is defined as 

?W ' °-25 '-|r bh 
. C D 

where S = Model wing area 

b = Tunnel breadth 

h = Tunnel height 

and where CD - the value of CD (jet off, model 4 strut), winch 

for these tests was considered to be 0.17. 

Therefore total blockage (tb + 

‘4* 

* ’ t. 

■ ^ v " -n? 

■w- 

» . -f. Í 

% • • í.£ V it'*-". *• 

■ ft»:"*"',;' ^ 

jrf >'« 
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5.0.3 Application of Solid and Wake Blockage Corrections 

VL 

If VT = Tunnel velocity 

and Vi = Local disturbed tunnel velocity 

the increase in wind speed around the model due to blockage is given 

by: 

VL * 1 R 
VT 

Therefore qi , 
__ = 1 + approx. 
qT 

i.e. qc 1 qu O + ^ 

where qc = corrected q 

qU = uncorrected q 

Hence, for cases with ground board removed (h/d 

volume: 

VT = V model + V strut = 148 cu. inches 

therefore zf = 0.0330 + 0.1414 CDT(jetoff). 

and for cases with ground board the total volume 

VT = V model + V strut + V ground board = 

therefore = 0.1293 + 0.1414 CDt (jet off) 

= 0.787) the total 

580 cu. inches 

17 
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b. STRUT CORRECTIONS 

Top strut corrections were available from previous 1/20 scale model 
tests as described in AVRO/S.R.G./TR. 313. The results o these 

tests are shown in figs 7 to 12. In studying Figs. 7 , 9 and 11 it wil 

be observed that we have CL CD & CM vs c* for a constant wind 

speed (120 ft./sec), h/d = 0.8 (free air) and supply pressure to the 

model of 50 P.S.I. In Figs 8, 10, 12, CL CD CM is shown against 

forward speed, for varying ground positions at a constant ^ = 0 > 
and supply pressure 50 P.S.I.G. Hence for all ground heights and 
varying wind speed at = 0 strut corrections for CL CD and GM 

could be obtained. For varying« , knowing the C* = 0 value, it was 

assumed that CL CD and CM varied as in Figs 7 , 9 and 11. 

The same strut corrections were used for each configuration tested 

and therefore some error was introduced since strut effects are 

affected by the jet flow pattern. 
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EVALUATION OF PRIMARY AND SECONDARY AIR FLOW 

7.1 General 

Throughout the test program the ejector gap was set at a constant 

value of 0.093" and pressure to the model, controlled just upstream 

of the air bearing, was set at a true gauge reading of 52 PSIG ( 50 

PSIG indicated). It was considered that at this ejector g^p and 
supply pressure, the model results would compare with the aircraft 

running at 90% engine RPM. As part of the test program an attempt 

was made to confirm this. 

7 , Z Evaluation of Primary Air Mass I low 

In order to establish the true mass flow passing through the model 
ejector gap a "FLOWRATOR" was connected into the pressure line. 

The loss in mass flow through the air bearing was determined by 
placing a blanking plate at the point where the model strut is connected 

to the balance. The results of this test are shown in Fig. 13 together 

with the mass flow variation, for varying ejector gap and supply 
pressure. It can be seen from Fig. 13 , at a supply pressure of 

PSIG (TRUE) that the supply line is choked at an ejector gap beyond 

0.039 inches. This is supported by Fig. 14 where the total pressure 

at the ejector was measured with varying ejector gap at a constant 

pressure controlled just upstream of the air bearing. 

7.3 Evaluation of Secondary Air Flow 

A method was evolved to provide an estimate of intake mass flow 
(see Ref. 2 Section 4.3.2). A plot was made of D-F versus free 

stream velocity at constant CC (preferably C^~ = -1¿°) and a tangent 

to the curve at V = 0 is drawn. The slope of the tangent is then 

equal, approximately, to the total intake mass flow. Assumptions 

to be made with this method are as follows: 

( 1) That the mass flow is constant with speed. 

(2) That the horizontal component of jet reaction force remains 

constant with speed. 

(3) When drawing the tangent to D-F versus V curve, a certain 
amount of intuition is called for. Some guidance is obtained 

by assuming that the difference in drag between the "mass 
flow tangent" and the D-F curve varies as the velocity squared. 
This implies the assumption that + ^ is constant with speed. 
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This method MS applied to tests A and T (Fig. 15) B and S (Fig. 16), 

F and G (Fig. 17), U (Fig. 18) and test W (Fig. 19). A variatl0£ in 
intake mass flow is expected with different configurations but the 

variation that was obtained from these tests does show a large 
scatter, hence it is felt that an accurate value of intake mass flow is 

probably impossible to determine. 
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8. BRIEF DISCUSSION OF RESULTS 

8.1 Series 1 Tests 
-—-. ,.- . 

The results of these tests are shown in Figs. 23 to 45 for q values 

of 0 , 5 and 18. Statically, the lift is larger with a focussed jet and 

decreases as the jet becomes annular, but with forward speed the 
unfocussed or annular jet gives a greater lift value. The lift loss 
associated with the focussed jet at low forward speeds is probably 
due to the fully focussed "tree trunk" type flow which makes it 
impossible to obtain any induced lift. A focussed jet also produces 
a very large nose-up pitching moment which decreases to a 
substantial nose-down moment as the jet becomes annular. The 
table below shows the variation in the lift curve slope and the position 

of the aerodynamic centre with degree of focussing and forward 
speed. It appears, the aircraft becomes more stable as the jet 
becomes less focussed. 

q 

dCL/d S.ZbS 

(Per Rad) 18. 113 

dCM/dcL 5.265 

18.113 

Case 1 Case 2 Case 

0.229 1.49 

1.489 2.063 1.833 

0.15 

0.25 - 0.155 

3 Case 4 Case 5 Case 6 

1.031 2. 349 2.292 

2.292 2.235 2.235 

0.25 0.12 0.09 

0.138 0.128 0.114 

8.2 Series 2 Tests 

Figs 70 to 405 show the results of all configurations tested. 

For each test a similar number of graphs has been prepared to 
enable direct comparisons to be made between configurations. 

In comparing tests A and T a similar trend exists between lift and 
moment as experienced in the Series 1 Tests. 

Effect of Forward Turning Vanes 

The effect of adding the forward turning yanes decreased the static 

lift but increased the lift with forward speed. The drag decreased 
by approximately 0.5 lb. , bid was slightly less with a fully focussed 
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jet at the maximum q tested. The negative pitching moment (Test B-A) 

increased by approximately 3.5 lb/ins. but with the focussed 
configuration (Test S-T) the nose up moment was reduced approximately 

5 lb. ins . 

Effect of Lateral Cascades 

The nose up moment which existed with 360° of focussed jet disappeared 

when the jet was deployed outwards over two 50° sectors to the rear of 

the lateral axis by means of cascades (Test K) and gave a greater 
nose down moment than Test E where the forward 180° and rear 80 
jet was unfocussed. The drag for both tests was reduced approximately 

I lb. and a static thrust of 2.5 lb. was obtained at (X =.-12°. Test K 

also produced a slightly higher lift. 

Inflight Configuration 

In deploying the aft 80° of the jet in a rearward direction at an angle 

of 30°, Test F and G, the propulsive thrust and nose down moment 
especially in Test G was increased considerably compared with Test K. 

It has already been shown that the nose up moment which existed is 
destroyed when the side jets are deployed outwardly. In studying tests 

F and G the effect on moment due to focussing and unfocussing the 

forward 180° shows that an increase in nose down moment of 
approximately 5 lbs/ins at negative angles of attack can be attributed 

to focussing. A larger thrust is also shown for Test G over Test F. 

The lift obtained in both cases is similar. In Test U additional 
cascades were positioned forward of the lateral axis producing an 

oC TRIM which is less Positive> a hiêher lift CUrve Sl0pe’ bUt slightly 
less thrust. 

Control Cases, Jet Deflection Angle Varied 

In comparing tests N, O , G, Q , H and J, the larger jet deflection 

angle produced high lift values and large nose down pitching moment. 
Maximum thrust is obtained at 0° deflection angle but the increase is 

small below the 30° value and the loss of lift and nose down moment 

is quite apparent. In Figs. 406, 7, 8 the lift drag and moment for 
jet deflection angles of 30° , 45° and 60° at a q of 18 are compared 
with the results obtained from the 1/20 scale model focussing ring 

control tests (Avro/SPG/TR 313). 

At Je =1.0 and = 0 , at full scale the new inflight configuration 
produced approximately 2,000 lb. more lift, a thrust increase of 510 

lb. , and an increase in nose down moment of 11,800 lb. ft. compared 

with the earlier model values for the focussing ring. 

22 
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At I = 0 and O* = 0 the new inflight configuration produced a 

decrease in lift of approximately 300 lbs, a thrust increase of 2.500 

lb. and an increase in nose down moment of 3,500 lb.ft. 

It should be noted that with the focussing ring, aft movement of the 
control ring produced no change in lift, and an increase in thrust and 

nose down moment. With the new inflight configuration downward 

deflection of the pitch control vane increases the lift and nose down 
moment but decreases the thrust. The effect of introducing additional 

cascades forward of the lateral axis (Test U) increases the lift with 
forward speed and gives a larger nose down moment at negative ang es 

of attack but produces a greater nose up moment at positive angles o 

attack The thrust is reduced approximately 0.5 lb. 

Ground Effect 

In comparing ground effect with the inflight configurations and varying 

jet deflection angles (Tests W, U, X, 15°, 30° and 60°) 1« ts 
apparent that a positive ground effect is available at a jet deflection 

angle of 60°. 

At jet deflection angles of 30° and 15° there is no ground effect at 

zero angle of attack but ground effect appears as angle of attac 
becomes more positive. The thrust at positive angles of attack is 

fairly linear with ground height but at negative angles of attack the 

thrust decreases. The curve of pitching moment VS takes the 
form of a parabola as h/d decreases indicating a positive pressure 

build up under the rear of the model at positive angles of attack 

producing a nose down moment. 

Tailplane Effect 

The net effect of the tailplane is shown in Figs. 103-108 for tests C 
and D Figs. 259 - 261 and 274 - 285 i.e. tests P and R indicate 

that the tailplane has little effect with the two configurations tested. 

NOTE- For certain configurations tested an effective static moment, 

which is obtained from the intersection of the moment vs « curves 

for the forward speed cases, has been used to produce additional 

graphs of CmB + i vs ^ and pitching moment vs dynamic pressure. 
These are indicated by placing the number 1 following the respective 

Fig. No. eg. Fig. 111/1, Fig. 115/1, Fig. 120/1. A full discussion 

of effective forces and moments is given in 500/AERO TEST/407, 

Section 4.3.1. 
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9. CONCLUSIONS 

1. A highly focussed peripheral jet produces a zero lift curve 

slope at relatively low speed, i.e. q = 5, and hence the 

aerodynamic centre is very far forward of the leading edge. 

De-focussing the peripheral jet reduces the instability and 

the nose up pitching moment progressively. The drastic 

effects of focussing are only slightly moderate at q » 18. 

2. With the focussing ring control used previously on the 1/20 

scale model the pitching moment at ^ = 0 and q * 18 with 
control neutral was +19¿5 lb. ft. The change of moment from 

control neutral to control aft was 3900 lb. ft. (equivalent to a 
10° change in angle of attack) both figures being scaled for the 

full-size aircraft. The new "in-flight" configuration produces 

a nose down moment change of 12,400 lb. ft. from the neutral 

control value of-1,500 lb.ft. , a three fold increase in control 
power, six times the previous maximum nose down moment 

and equivalent to a 25° change in angle of attack at this speed. 

A large increase in propulsive thrust was also measured with 

the "in-flight" configuration, eg. 2,500 lb. increase with 

neutral control and 480 lb. increase with fully aft control. 

Model thrust level is thought to approximate to half thrust. 

Changes are considered reasonably representative of full scale, 

and full scale differences fairly applicable, except that model 

intake mass flow is less than nozzle mass flow by a greater 

amount than full scale necessitating a large momentum drag 

correction and nose up moment corrections (See Ref. 2). 

3. The large nose up moment which existed with the 360û fully 
focussed jet was replaced by a nose down moment when air was 

directed rearwards via peripheral nozzle cascades near the 

lateral axis. In fact at q = 18 and OC = 0 a nose down moment 

of 4,800 lb. ft. could be attributed to this cause. 

4. Ground effect with the "in-flight" configuration with control 

neutral is practically non-existent both statically and at 
forward'speed for zero and negative angles of attack. A typical 

lift increase due to ground proximity is however found at 

positive angles of attack. With full nose down control in the 
inflight configuration a positive ground effect at of z 0 is found. 

By blanking-off the forward (focussed) region of the peripheral 

jet in the ground cushion an appreciable reduction in lift was 
observed, the configuration then somewhat resembling a single 

jet-flapped wing. The model did then in fact show the typical 

24 
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negative ground effect in this configuration, in contrast to the 

case with the front sector blowing. It also showed greater lift 

and nose down moment in free-air since all the air supplied to 

the model was being utilized in the 'jet-flap' at the rear. It is 

not, however, known how the total jet momentum compares 

in the two cases. The effect on moment in the ground cushion 

is reversed. 

5. The effect of introducing a tailplane to the in-flight configuration 

produced a 2% rearward shift of the aerodynamic center. A 50% 
larger tailplane has been manufactured and will be tested on the 

aircraft in the 40' x 80' low speed wind tunnel at the Ames 

Research Center. 

6. With the focussing ring control used previously on the 1 / ¿0 
scale model the position of the aerodynamic centre was 11% and 

16% forward of the C.G. with neutral and fully aft control 
respectively. With the present control scheme the corresponding 

positions are 10% and 6%. Despite the small difference with 

control neutral a general view of the results indicates that a 

rearward shift in A. C. of at least 10% may be expected to 

result from the proposed modifications. 
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