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SUMMARY -- 

Statio measurements of the thrust losses due to ground effect on a 

range of plane oiroular, reotangular and delta wings of various aspect ratios 

with a single round lifting jet looated oentrally on the planform are des- 

oribed. A satisfactory correlation of the results is presented. 

, 

i 

.  .  . A  -s._. - - - -  a-..-- 

Replaoes R.A.~%,. Teoh. Note Aero 2826 - A.R.C. 24099. 





LIST OF CONTEETS --- 

w 

1 INTRODUCTION 4 

2 EXPERIMENTAL DETAILS 4 

2.1 Planform geometry 4 
2.2 Experimental method 
2.3 Range of tests 
2.4 Presentation of results 

3 DISCUSSION OF RESULTS 6 

3.1 Effect of Reynolds Number 6 
3.2 Ground effect on ciroular planforms with varying ratio 

of jet area to wing area 6 
3.3 Ground effect on range cf planfcrms with constant ratio 

of jet area to wing area 7 
3.4 Pitching moments due to ground effect on delta planforms 
z.2 Remarks on experimental technique 

. Correlation of NACA results on ground effect on square 
planforms 9 

4 CONCLUDING REMARKS 10 

LIST OF SYMBOLS 11 

LIST OF REFERENCES 12 

. 

APPENDICES 1 - 3 

TABLE1 - Geometry of planforms 

ILLUSTRATIONS - Figs.l-II 

DETACKABLE ABSTRACT CARDS 

12-16 

17 

i 

LIST OF-AJPENDICES 

Appendix 

1 Evaluation of E/D for circular planf'orm 

2 Evaluation of E/D for reotangular planforms 

3 Evaluation of E/D for delta planforms 

12 

13 

15 

-2- 



LIST OF ILLUSTRA'PIONS 

Range of planforms for statio model tests of ground effect on 
direct jet lift 

Effect of d/D ratio on ground effect on circular planforms 

Correlation of ground effect on circular planforms with 
0.1 < d/D < 0.3 

Effect of planform shape end aspect ratio on ground effect 

Correlation of grOWId effect on planforms cf varying shape and 
aspect ratio, d/D = 0.108 

Fitohing moment and centre of suction due to ground effect on 
delta planforms 

Correlation of WA results on ground effect on square planforms, 
0.1 < d/D < 0.4 

Definition of angular mean diameter D' of general planform 

Values of 'i for oiroular planform with origin on centre-line 

Values of D' for reotangular planforms of varying aspect ratio with 
origin on centre-line 

Values of n' for delta planforms of varying aspect ratio vrith origin 
on oentre-line 

s. 
. 

1 

2 5 

3 

4 

5 

6 

10 , 

11 + 

-3- 



1 INTRODUCTION 

Under statio conditions, the effect of ground proximity on the resultant 
upward thrust on planforms fitted with lifting jet systems oan range from 
wholly favourable to wholly unfavourable. If the plsnform is boundedby a 
peripheral jet, substantial thrust augmentation results from the formation 
beneath the wing of a closed high-pressure cushion, whose strength is a funo- 
tion of ground clearance. The opposite extreme arises if the planform sur- 
rounds a central jet (or closely-spaoed group of jets): hero, again depending 
on the ground clearance, an adverse ground effect is developed beneath the 
wing due to the generation of low pressures by air being aooelerated from 
rest and entrained by the jet efflux. Intermediate oases oan obviously arise, 
for example, if a number of discrete jets is so disposed on a planform that 
regions'of favourable and adverse interferenoe exist between and outside the 
jets respectively. 

The present series of teats is relevant to configurations with oentrally- 
located jets whioh experienoe an unfavourable ground effect under statio oon- 
aiti000. It extends the range of previously published results' which were 
restricted to two planforms, one oiroular and one of delta shape; both plan- 
forms had a single oentrally-located round jet, and the ratio of jet area to 
wing area remained unohanged. Additional results are available from N.A.C.A. 
tests' on reotangular and square wings with a central jet, and from N.P.L. 
tests3 on a hexagonal (or oiroular) vdng with a oentral fan. Unpublished work 
on a rectqular wing with a oentral fan has been oompleted by Boulton Paul 
Aircraft Ltd. 

Measurements have been made of the thrust loss clue to ground effect on 
a oiroular wing, reotangular wings with aspect ratios between 0.25 and 4.0, 
and delta wings tith aspect ratios between 0.5 snd 4.0. A single round jet 
was located at or near the centre of area of eaoh wing, the ratio of jet area 
to wing srea being kept oanstant. Additional ciroular planforms were used to 
investigate the effect of vsrying the ratio of jet area to wing area. 

Using a reference dimension derived from the planform geometry to make 
the ground olearanoe non-dimensional, it has been found possible to correlate 
the variation of thrust loss with ground clearance for the complete range of 
planforms tested. 

2 XTtlxEmL DlYmILs 

2.1 Planform aeometq 

The range of planforms used in those experiments is illustrated in Fig.1, 
and all the relevant data are listed in Table 1. The main series of wings 
oomprised a oiroular planform (of diameter D), rectangular planforms with 
aspect ratios of 1,2(or 3) and 4(or $, and, finally, delta planforms with 
aspect ratios of 4, 1, 2 snd 4: eaoh wing had an area of 9 aq. ft. Using a 
round jet of fixed size, the ratio of jet diameter d to equivalent oiroular 
wing diameter D (= 2 Js/) A was maintained constant and equal to 0.108. The 
jet was looated at the oentre of the oiroular end rectangular pla&orms, and 
at 0.707 of the root chord of the delta plarur'orms, so that equal amounts of 
wing area lay fore and aft of the jet. 

To assess the influenoe of the ratio of jet area to wing area on the 
ground effect experienoed by a given planform, additional oiroular planforms 
of reduoed diameter were provided ha 
The ratio of jet to wing Bl‘ea sJ/S (s;$ = o-'46' o"75' o*21y and o-2y2' was varied from 0.01 to 0.10 
approximately, thus covering the range of praotioal interest for high- 
velocity lifting fan and jet applioations. 
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2.2 Experimental method 

The experimental rig has been fully described and illustrated pre- 
viously' and only the more important details are repeated here. 

* 
The wings were made from I in. thiok plF;ood and had a central 

clearance hole cut to accommodate a round jet mounted xith its exit flush 
with the uing lower surfaoe. The rig was set up in the inverted position 1 
with the jet nozzle supported from the floor and exhausting upwards. Each 
wing was hung in a horizontal plane and was supported independently of the 
jet nozzle on three overhead mechanioal. balances which measured the verti- 
cal oomponents of the loads induced on the wing. A novable ground board 
was located above the njng. The gap between the jet nozzle and the wing 
was maintained by suitable horizontal braoing around the wing perimeter: 
Section 3.5 discusses errors due to the presenoe of the gap between the 
wing and the jet nozzle, and due to the $&dth of the nozzle wall. 

2.3 Range of tests 

For each planform, the ground effect was determined as a funotion of 
the olearence H between the ground and the ulng lowr surface, the two 
being maintained parallel. The three measured vertical forces were summed 
to give the total thrust loss (or ground suction) G, and, for the delta 
planforms, the readings uere combined to give the resultant pitching 
moment about an axis through the jet oentre. The ground heights varied 
from 0.15 to 0.85 of the diameter of the largest oircular planform. 

To enable an estimate to be made of possible Reynolds Number effects 
on the thrust losses, readings were tsken at each ground clearsnoe with . 
four distinct jet thrusts. Throughuut this note, the referenoe jet thrust 
T is the gross jet momentum flux determined by the "reaction" method des- 
cribed in Appendix 2 of Ref.1. The following table lists corresponding 
values of the jet thrust T, the cing thrust loading T/S, an approximate . 
mean jet ef'flux velocity VJ and an approximate jet Reynolds Number VJd/v. 

-- 

Jet thrust 
T lb. 

33 

66 

132 

252 

m-a,- --me- 

Thrust leading 
T/S lb./sq.ft. 

3.67 

7.33 

~4.67 

28.00 

- 
Jet velocity 
VJ ft./sea. 

400 

560 

760 

980 

T 
1 -- 

B-m 

Jet Reynolds 
Number VJd/" 

1.0 x IO6 

1.4 x 106 

2.1 x 106 

3.1 x IO6 

A 3 to 1 range of Reynolds Number is thus oovered by the tests. 

2.4 Presentation of results 

The initial representation of results is identical ,Ath that of 
Ref.1 i.e. the thrust loss G is expressed as a fraction of the gross jet 
thrust T and plotted as a function cf the ratio of ground clearanoe H to 
equivalent circular xing diameter D (= 2 m). G, signifies the free aif 
thrust loss i.e. the value of G as H + C-Z. (T-G-) therefore represents the 
installed thrust of the jet. Other representations are adopted to achieve 

, 



The pitching moment3 for the delta planforms are referred to the pro- 
duct of the gross thrust T snd the geometric mean ohord o. The pitching 
moment .sxis passes through the centre of the jet in all oases. 

3 DISCUSSION OF REWLTS 

3.1 Effect of Reynolds Number 

At a fixed ground olearanoe, the results obtained with different wing 
thru3t lo&dings oonfirmed previous evidence' on the effeot of Reynolds Number, 
namely that the thrust losses tend to deorease as the Reynolds Number of the 
test increases. Nevertheless, it was obvious that Reynolds Number was a 
parameter of minor importance in that the average spread of the four values 
of G/T obtained at each ground clearance was only about 5% of the me8n value, 
despite the 3 to 1 range of jet Reynolds Number. The spread of values became 
more random and was almost doubled at low thrust loadings and large ground 
olearanoes, but this merely reflects the deoreased accuracy of measurement 
under these conditions. 

The results for the four thrust loadings have therefore been combined 
to give a mean thrust loss G/T appropriate to each ground height, d it is 
this mean value over .s, range of jet Reynolds Number of 1 to 3 x 10 t? whioh is 
quoted in suoceeding sections. 

3.2 Ground effect on o 
ares. wing 

The thrust losses measured on the oircular planforms with differing 
values of d/D are presented in Fig.2. The ourves of thrust loss against non- 
dimensional ground olearanoe have the usual shape, and show an anticipated 
fall-off in the thrust losses as the ratio of jet area to wing area is 
inoreased. An inorease in a/n from 0.1 to 0.3 results in a halving of the 
ground suction G/T at fixed H/D. 

For vaotioal purposes, the results may be reduced to a universal ourve 
by plotting (G - Gw)/T a3 a function of H/(D-d), see Fig.3. The differenoe 
of the wing and jet diameters appears to be the relevant parameter to use in 
making the ground olearance non-dimensional. GalT is the asymptotic vslue of 
the ground effect as H *mi.e. the free air thrust loss, ard 13 a funotion 
of the diameter ratio d/D. G/ d eoreases as the proportion of jet area is 
increased, varying from 0.020 to 0.0075 as d/D inoreases from 0.1 to 0.3. 

The mean line inserted on Fig.3 is sufficient to predict (G-G-)/T to 
within tO.01. Small systematic differenoes do exist between the curves for 
fFxed d/D, but eaoh set of points will satisfy an equation a&' the form 

G-G -B 
2 3 A T 

where the oonstants A, B and GJT are funotions of d/D. Values of these 
oonstants are listed in the follouing table for each d/D value used, together 
with values of A and B appropriate to the mean line. 
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0.108 0.0158 2.02 0.020 
0.146 0.0128 2.22 0.017 
0.175 o.oog1 2.50 0.015 
0.219 0.0088 2.55 0.012 
0.292 0.0107 2.11 0.0076 

1 Mean line 1 0.0113 1 2.30 1 - 1 

It is possible to represent the variation of GJT with d/D by an 
exponential expression, the limiting values for GJT being an asymptotic 

value as d/D + o and zero as a/D + I. The experime.ltal values for G/ 
suggest that, as the ratio of wing area to jet area increases, the free- 
air thrust loss tends to an asymptotic value of order 0.03. Lack of 
knowledge of the limiting values as d/D tends to 0 and 1 prevents the 
fitting of empirical expressions to the values of the constants A and B. 

3.3 Ground effeot on range of planforms 56th constant ratio of Jet area 
to niw area 

The thrust loss results for the planform range are plotted in Fig.4 
and show the variations arising fron changes in planform shape and aspeot 
ratio, d/D being constant at 0.108. Differences between the wings only 
become marked at smsller values of H/D. Typically, at H/D = 0.15, the 
values of G/T range from 0.4 to 0.7, l,hereas at H/D = 0.75 the spread of 
values is only 0.04 to 0.05. 

The thrust losses for rectangular wings of aspect ratio 1 and 2(or 4) 
are little different from those of the circular 'Sng, and the aspect ratio 
has to be as extreme as 4(or $ before a substantial fall-off in G/T oooups 
even at smsll H/D. Similarly the aspect ratio of the delta planform has to 
be reduced below 1 before the thrust losses become appreciably smaller than 
the circular wing values. Attempts to correlate the results from the 
various planforms aonoentrated on making the ground clearance H non- 
dimensional by a suitable parameter, defined so that it reduced to the 
diameter D in the oase of a circular wing. First attempts made use of 
parameters de endent 
S = x (D2 5 

on the plsnform geometry only e.g. 4S/P, where 
- d )/4 is the net wing area outside the jet and P = 7( (D + d) 

is the total wing perimeter. However, suoh parameters proved to be un- 
suitable, ususlly having a variation with planform larger than that 
required to correlate the results: moreover, they had the defioienoy of 
being independent of the jet position and hence of not distinguishing 
between regions cf the wing at different distances from the jet, 

. 

A successful correlation-of the results was finslly achieved in terms , 
of an "angular mean diameter 'I D, whose definition is illustrated in Fig.& 
A system of polar ao-ordinates (r,S) is set up with the origin at the 
centre of the jet, and D is defined by . 
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The above formula may be written as 

. 

. 

where_dS is the polar element of area ( = $ r* de). Thus it may be seen 
that D is proportional to an area integral in which each polar element is 
weighted inversely by the local radius i.e. the closer an element of area is 
to the origin the-more it oontributes to D. The definition satisfies the 
requirement that D should equal the diameter D in the case of a oiroular 
planform with the origin at the cenqre. Values of D are most easily derived 
graphically. In Appendioes I - 3, D is computed explioitly for circular, 
rectangular and delta planforms of various aspect ratios with the jeq origin 
slang the oentre-line. Explanatory sketches and computed values of D for 
these shapes are presented in Figs. 9, 10, 11. 

Fig.5 illustrates how hell the results from the range of planforms 
correlate if the parameter (D - d) is used to make the ground clearance non- 
dimensional. The follorring table gives values of (a - d) for the various 
planforms with the jet positions used, relative to the value (D - d) for the 
oirole. 

(5 - d)/(D - d)] 

Rectangle 1 0.99 
2,0.5 0.95 
4,0.25 0.05 

Delta 0.5 0.83 
1 0.92 

2 0.97 
4 0.95 

Since the oiroular planform is included in the correlation, it follows that 
the mean line equation found for the range of ciroular-planforms (Fig.3) also 
applies for the complete range of planforms, provided D is substituted for D 
and a suitable vslue used for G/. A value of GJT of 0.03 suits the results 
of Fig.3 for the range of planforms. The value of d/D, i.e. 0.108, is rather 
low for high-velocity lifting jet applioations; and estimates for a practioal 
layout would need to make use of a more appropriate value for Gp - the 
values of Fig.3 for the ciroular planforms r;ould probably suffice as a first 
estimate. 

It should be stressed that the correlation has been demonstrated for 
oentrally-located jets only. Although the method of correlation enoourages 
one to think that it will be satisfactory for more extreme oonfigurations, it 
should not be applied to layouts with non-oentral jet positions until suit- 
able confirmatory tests have been made. 
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3.4 Pitch' 32x moments on delta planforms 

The pitching moments for the delta planforms are given in Fig.6, 
together with the longitudinal position of the centre of the suction force 
due to ground effect:-the reference length for the pitching moments is the 
geometrio mean chord c = co/Z. 

The pitching moments are generally negligible for ground clearances 
greater than 0,4 D. In the practical range of ground heights, say $2 < 
H/D < 0.4, it appears that ?2,% of the jet thrust applied at an arm o would 
be adequate for pitch control of any of the wings concerned with the jet 
positioned at x/a0 = 0.707. The position of the centre of the ground 
suotion force does not show any oonsistent trend with either ground 
clearance or aspect ratio: unfortunately (at small ground clearances) the 
experimentsl rig was unsuitable for surface flow visualisation whioh would 
probably have helped interpretation of the measured trends. 

It is notable that the sense of the pitching moments for the A = 4 
wing opposes that for the remainder. This difference correlaqes qualiti- 
tively with the oontributions to the integral expression for D arising 
from regions of the wing respectively fore and aft of the jet-the lou;est 
section of Fig.6 demonstrates that A = 2 represents the change over point 
between the greater contribution arising for 8 between 0 and x/2 and for 8 
between 7t/2 and *. 

3.5 Remarks on experimental technique 

The thrust losses due to ground effect measured by the technique . 
adopted in these experiments will be somewhat too small due to (a) the gap 
present between the jet nozzle and the independently-mounted wings, and (b) 
the appreciable wall thickness of the jet nozzle. A calculation based on 
wing ressure distributions on an integral wing-jet model (see Fig.lPb of 
Ref.2 P suggested that the results should not be in error by more than 3% 
of the jet thrust. 

This estimate has been confirmed by testing a circular wing 15th a 
central Jet, on which the thrust of the jet and the induced loads on the 
wing could. be measured jointly or independently. At a large ground 
clearance, the presence of the gap and the nozzle wall did not signifi- 
cantly affect the measured thrust loss. At a ground clearance of 
H/(D -d) = 0.24, where G/T is about 0.33, the deficiency in the measured 
thrust loss due to the gap and the nozzle wall uas 0.02 T i.e. about 6$ 
of the actual ground effect. Since the deficiency might be expected to be 
approximately proportional to the true thrust loss, it is suggested that 
the quoted values of (G - G )/T are about 6% below those t{hioh would have 
been measured on an integra? wing-jet model i.e. the formula of Fig.3, 
when written in general-terns 
(G _ G-)/T = 0.012 [H/(D _ d,j_G%~” be adJusted to read 

3.6 Correlation of NACA results on ground effect on square planf’orms 

The method of correlation described in the previous seotions has . 
been applied to a selection of the data on ground effect extracted from the 
NACA tests reported in Ref.2. The data seleoted refers to square planforms 
with d/D in the range of 0.08 to 0.42. Use has been made of results . 
obtained at a jet pressure ratio of 1.45, which lies xLthin the range 
covered by the R.A.E. tests; a further restriction has been made to ground 
clearanoes not less than one jet diameter, thus avoxling any uncertainty 
about the effect of back pressure on the datum jet thrust at reduced 



Fig.7 confirms that-the method of oorrelation is successful - the 
increasing scatter as H/(D-d) tends towards 1.0 is due to difficulty experi- 
enced !n reading off aocurate values from the graphs of Ref.2. Data taken 
at higher pressure ratios of 2.12 and 2.70 has also been found to correlate 
satisfactorily on the same basis. 

For oomparison, Fig.7 inoludes the mean curve obtained from the R.A.E. 
results of Fig.3 - the ordinates of this curve have been inoreased by 6% in 
accordance with the oonsiderations of section 3.5 and by a further 2% to 
allow for the fact that the reference thrust for the WA results is the 
installed thrust i.e. T - G,. It may be seen that an appreciable differenoe 
exists between the two ourves, the NACA results giving thrust losses about 
5qlarger than those indicated by the R.A.E. tests. The mean ourve drawn 
through the NACA results satisfies a power law of the form representing the 
R.A.E. results: the power index is -2.02 and the constant A is 0.025. 

The cause of the discrepancy between the results from the two apparently 
almost identical experiments is not knoum. The magnitude of the oorreotion 
applied to the R.A.E. results in section 3.5 makes it olear that differing 
experimental teohniques cannot account for the disorepanoy. It has been 
verified that the air jets used in the experiments both had uniform velooity 
distributions. Lack of knowledge of the free-air thrust loss Gp of the 
INCA tests would not imply a correction which oould account for more than a 
fraction of the disorepan 
in the region of 0.5 x P* 

The jet Reynolds Number of 
10 t: 

he NACA tests is 
, oompared with 1.0 to 3.0 x 10 for the R.A.E. 

experiments, but the evidenoe presented in seotion 3.1 of this note makes it 
unlikely that this difference in Reynolds Number is suffioient to cause the 
disagreement. 

4 CONCLUDING REMARKS 

This note has shown how it is possible to correlate measurements of 
the thrust losses due to ground effeot experienoed by a wide range of plan- 
forms of varying aspeot ratio with a single centrally-located lifting jet. 
The variation of the thrust loss G uith ground clearance H may be expressed 
as 

(G - Gm)/T = 0.012 [H/(6 - d)]-2'30 

where Gmis the free-air thrust loss, T is the gross jet thrust, d is the jet 
diameter, and z is a suitably defined "angular mean diameter" (see Section 
3.3). 

Although the method of correlation has worked equally v&Ll in oollap- 
sing a selection of NACA data on square wings, the comparison of results from 
simU.ar R.A.E. ard NACA tests has not proved oompletely satisfactory because 
the results in non-dimensional form were significantly different. 

It should be emphasised that these results only apply to the thrust 
losses vrhioh would be expeoted on simple oonfigurations with a central jet 
or closely-spaoed group of jets. Attempted applications to configurations 
with widely spaoed jets are likely to be unrewarding, unless account is taken 
of the varying favourable ground ei'feot developed on the wing surfaoe betoeen 
the jets. 
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aapeot ratio 

BP= 
ohord 
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APPENDIX I 

EVALUATION OF E/D FOR CIRCULAR PLANFORM . 

. 

The evaluation of E/D for a oiroular planform of diameter D aMz radius 
R is illustrated by Fig.9. The jet origin lies on the oentre-line at a 
distanoe x = XD from the leading edge. Due to symmetry, we may write 

Simple geometry yields 

R2 = (R- x)~ + r2 + 2 (R - x) r 00s 8 

whence 

2. 

r = - (R - x)o0s8+[R~-(R-x)~sin~e]* , 

= 0+2R J [I - (1 - 2x)* sini? e+ de 

0 

whenoe 

where E ($, 1 - > 2X is the oomplete elliptic integral of the second kind. 

Fig.9 shows the values of E/D derived from the above formula: E/D has n 
maximum of unity with the origin at the oentre of the planf'orm, and falls 
off to about 6% of the maximum value as X + 0 or 1. 
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APPENDIX 2 

. 

EVALUATION OF 'j/D FOR RECTANGULAR PZANJORMS 

The evaluation of E/D for a rectangular planform of aspect ratio A is 
illustrated by Fig.10. The jet origin lies on the centre-line at a distanoe 
x = Xo from the leading edge of the planform. Due to symmetry, we again 
write 

x 

1 
r de . 

0 

The integration may be divided into three sections, in each of which 
the exvession for r as a function of 0 takes a different form. We find that 

r = Jo03 0 0 <ese* 

r E b/2 sin 8 

r = - (0 - X)/COS 8 eB 4 e s x . 

Henoe 

eA eB -R 
$5 = x d0 

G-5 
0 

eA 

x5 5 .'* - - = a - 20 D 

eA eB 
= 4 log, 

[ 
1 + sin e 

1 [ 
I + 00s e 

- sin e -f log, - 00s e 
0 I3 A 

?I 
1 -x i+sine -- log, 2 [ -sine * 1 

eB 

Limiting vdlues of funotions of eA alri BB are as follow 
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Appendix 2 

1 
sin 8 A = A/(A' + 4 X2)" sin 8 B = A/[A2 + 4(1-x)~]' 

00s e A = 2X/(A2 + 4 X2)' DOS eB = - 2(1 - X)/b2+ 4(1 -x)~]'. 

By substitution, a final expression for $D is derived as 

= x log 

+ 4(1 -X)2]z - 2(1 -X) > 

+ (1 -x) log 
l 

For a fixed aspect 
x and (I-X). values of 

ratio, the expression for E/D is symmetriosl in 
D/D have been computed for aspect ratios betwen 

0.25 and 4 for values of X between 0 and 1, and these are presented in 
Fig.10. E/D is a maximum for each aspect ratio vrhen the origin is at the 
oentre of the planforn (X = 0.5). As X + 0 or I, i?/D falls snoothly to a 
value which is about 7g6 of the maximum. The highest values of z/D are 
those for the square planform, reduced values occurring for both higher 
and lower aspect ratios. 

. 
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APPENDIX3 

EVALUATION OF E/D FOR DELTA PLANE'ORMS 
. 

The evaluation of E/D for a delta planform of aspect ratio A is illus- 
trated in 9ig.11. The jet origin lies on the oentre-line at a distance 
x = Xc0 from the leading edge apex. Due to symmetry, we have 

The integration may be divided into two sections, in which the ex- 
pressions for r are as follow 

r = xb/(2 o. sin 0 + b 00s 0) 0 6 e 6 eA 

r = - (co - x)/oos 8 eAdesn. 

For 0 c 6 < eA, the first expression maiy be re-written as 

r = 2x0 1 
(16 + A2)zsln (6 t y) 

where tan y = A/k . 

Henoe 

eA T. 
$5 = --=% 

I 
de j - (o. -;c) 

i 
s- 

(16 t A2)" o sin (e t y 0~9 e 

SA 

eA 7t 
= .2Ax a!3 

(16 t A2)" i 
de 

m - - 2 (1 - x) 
I 00s 

0 eA 

Limiting vdues of fun&ions of eA and y are as follows 

- 15- 



Append= 3 

sin 8 A = A/[A2 + 16(1 -X)2]3 siny = A/(16 + A2)’ 

case = A - 4(1 -X)/[A2 + 16(1-X)2+ 00s y = 4/(16 + A2)' 

00s (0, + y) = - [16(1-X) + A2]/[16(1-X)* + A2+ (16 + A2)+ 

By substitution, il. final expression for ij/n is derived as 

Ax 
' (16 k A2)' 

$ (1 -x) log . 

Values of z/D have been oonpdd for aspect ratios be'ween 0.25 and 
he0 for values of X between 0 ad. 1, and these are presented in Pig.11. 
D/D 1s seen to reach Its maximum when X lies between 0.6 and C.E. As 
X + I, D/D decreases to about 7% of the maximum value. F_orv;ard movement 
of the origin toxnxls X = 0 leads to a large c2ecrease in D/D, the limiting 
values being between 2@$ and 5% of the maximum value depending on tine 
aspect ratio. 

u-m” -am- 



TABLE1 

GEOM3rlETRY_OF PISLNFORNS 

A Jet 

Diameter d = 0.365 ft. 

Area sJ = 0.105 sq ft. 

Nozzle tKLl. thickness = 1.0 in. 

B Circular pl.anforms 

Jet at centre of eaoh planform 

C Flectanaulnr planforms 

Jet at centre of eaoh planform 

s = 9.00 sq.ft., D = 2 m = 3.383 ft., cl/D = 0.108 

D Delta danforms 

Jet at 0.707 of root chord from L.E. of eaoh planform 

s = 9.00 sq.ft., D = 2 m= 3.383 ft., d/D = 0.108 

Prmted in Englrmd f0r Rer Piajesty’s Stattmeq Offftce by 
the Royal Aircraft Estobl~shment, Fambomu#h. J.f.60.X.Y 
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