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ABSTRACT

The modern tactical class of aircraft weapon systems is required to perfo in

effectively over a wide range of flight Mach number and altitude, providing large

thrust margin and high maneuvering capability throughout the normai operating

envelope. To achieve this combination of performance and maneuverability, a

9- sophisticated propulsion system closely integrated with the airframe is required.

Operational experience indicates that the vehicle induced flow environmnent can in-

fluence the performance of these closely integrated propulsion systems with the

effects ranging from minor performance degradation to engine flame-out.

Recent exploratory and developmental research programs have served to im-

prove the basic understanding of the effects of airframe-inlet interaction. These

programs accomplished their major goals in that a large bank of relevant vperi-

mental data was generated and a basic understanding of the flow phenomena wa%%-

obtained. The objective of the program repor ted herein was to expand this dat,, bank

by (1) providing a more extensive spatial documentation of the vehicle flow fields,

(2) an increase in the Mach number regime included, and (3) investigations of addi-

tional geometric variables potentially impacting upon the propulsion system design

process. All major program goals were attained.
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PREFACE

The subject matter of this report, which represents the second of the two

volumes comprising the document AFFDL-TR-72-11, deals mainly with the results

of the wind tunnel investigation at Mach numbers of 2. 5 and 3.5. Such topics as the

model design philosophy, model description, instrumentation, data acquisition, and

reduction have already been presented In Volume I of this document and, consequently,

are not presented here. A table of the contents of Volume I has been included in the

front matter of this report which, together with the table of contents of the present

volume, should provide a clear outline of the program scope as well as a convenient

referral guide.
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SECTION I

INTRODUCTION

This report is the second of two volumes presenting the results of an investigation

closely related to a recently completed USAF contract, F33615-68-C-1658, "Investigation

of Airframe - Inlet Interactions. " Both programs are part of a large effort within the

USAF and NASA to develop propulsion system design criteria for supersonic air supe-

riority fighter aircraft. Ln contract 1658, airframe and inlet models were designed arn

tested in the NASA Ames Research Center 6' x 6' and 8' x 7' supersonic wind tunnels in

order to define the effect of airframe design features on inlet flow fields and inlet per-

formance for a wide range of supersonic air superiority aircraft designs.

In the investigation outlined in the first volume of this document, muck of th--

same hardware employed in contract 1658 was used in the wind tunnel tests in order to

supplement and expand the information generated in this program. The models and

tests were designed to produce an extremely wide range of parametric airframe flow

field data within a reasonable tunnel occupancy time. In particular, the versatile

building block model design concept employed in that contract made it possible for both

programs to provide a relatively large bank of parametric, systems-oriented, experi-

mental data.

The present program had four major objectives. One objective was to gain a

better understanding of the effect of geometry variations on inlet flow fields. The geo-

metry variations included fuselage nose droop, body camber, canopy shape, aerodynamic

control surfaces, and weapon installations. The second objective was to establish the

effects of yawed flight on inlet flow fields. The third major objective was to establish

the important effects of fuselage design on inlet flow fields of higher design Mach number

aircraft such as the advanced manned interceptor. Boundary layer growth character-

istics were to be defined for various fuselage shapes as was the axial progression of flow

field properties around the entire periphery of these shapes for various Mach numbers

and vehicle attitudes.

The subject of this volume deals with the third major objective mentioned above,

namely, the effects of fuselage design at various angles of attack and yaw, on inlet flow

fields of higher design Mach number aircraft such as the advanced ranned interceptor

type.



SECTION H

SUMMARY

The results reported here were obtained from tests made at Mach numbers of

2. 5 and 3. 5, conducted in the 8' x 7' wind tunnel of the NASA Ames Research Center.

The basic model configuration used for these tests is representative of a typical high

design Mach number aircraft. The model itself was built up from a basic Contract

1658 model, modified by the incorporation of a high fineness ratio nose and canopy.

The design of this high design Mach number fuselage model also permitted

S4 studying two basic fuselage cross section shapes having two different lower shoulder

radii - one small, the other large. Complete design details, including schematics of

the model, are given in Volume I of this document.

Data production focused primarily on acquiring flow field data in the region

adjacent to the side of the fuselage at the 30% and 50% ACL longitudinal locations.

Surface static pressure distributions were also obtained in the various meridional

plane intersections shown in Figure 1. This data was reduced and flow field maps of

"local Mach number, total pressure recovery, angles of attack and yaw, and fuselage

static pressure distributions generated.
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SECTION V

DATA ANALYSIS

3.0 GENERAL

This section presents an analysts of the flow field data obtained in the 81 x 7'

wind tunnel of the NASA Ames Research Center. The influence of fuselage geometry

and vehicle attitude, relative to free-stream direction, upon the local flow field

l•'perttes of Mach number, total pressure recovery, angle of attack, and angle of

yaw are discussed. The results are grouped according to test Mach number, with

the Mach 2.5 data discussed first, followed by the Mach 3.5 results.

3. 1 Mach Number 2. 5

3.1.1 Low Angle of Attack

3.1.1.1 Local Mach Number

3.1.1.1.1 Effect of Vehicle Geometry

At zero angle of attack the local Mach numbers in the regions of the flow field

surveyed do not vary appreciably from the free stream value. This can be seen by

an examination of Figures 2 to 5 where the local Mach numbers are presented for

fuselages 1 and 2 at two axial locations, namely, the 30% and 50% ACL stations,

respectively. Inspection of the inboard and outboard regions (the first and last

columns) of Figures 2 and 3 shows a decrease in local Mach number in the outboard

direction. This is to be expected since the outboard region is not affected as much

as the inboard region by the flow expansion which takes place along the side of the

fuselage downstream of the conical-like nose tip. This effect was seen previously at

the lower Mach number test conditions.

A direct effect of the differences in the geometry of fuselages 1 and 2 can be

seen in the lower Mach numbers measured in the lower inboard region of Figure 2

as compared to Figure 3. This difference in flow field diffusion is attributed to the

differences In the body cross-section geometry in this region; i. e., fuselage 1, by

virtue of Its greater width in this region, produces relatively more sideward dis-

placement (compression) than does fuselage 2 with its slimmer bottom.

.1
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Figures 2 and 3 also show local Mach numbers in the upper region (first and

second rows of data points) which are less than those in the lower regions. This is

probably due to the canopy-induced compression together with the more pronounced

compression along the top contour of the fuselage, due to the nose droop, as com-

pared to the bottom contour. Further downstream, however, at the 50% ACL station,

the Mach numbers in the upper region as shown in Figures 4 and 5 are somewhat
higher than those below. This region is evidently affected by both the flow-expansion

along the top and sides of the canopy as well as the local expansion of the flow along

the wing undersurface downstream of its leading edge. It should be noted that, with

the exception of the uppermost row, the local Mach numbers at the 50% ACL station

are in general lower for both fuselages, than at the 30% ACL station, due primarily

to the wing induced compression and a recovery from the over-expansion along the

side of the fuselage. Figures 4 and 5 also show very little effect of the differences

in the shapes of the lower portions of fuselages 1 and 2 on the local Mach numbers

in that region, as compared to the values measured at the 30% ACL station shown in

Figures 3 and 4.

3.1.1.1.2 Effect of 'aw

The effect of yaw (sideslip) at zero angle of attack at Mach 2. 5 is illustrated in

Figures 6 to 9 for fuselage 1 and Figures 10 to 13 for fuselage 2. In general, the

primary effect of yaw, relative to the unyawed case, is to increase slightly the local

Mach numbers on the leeward side and lower those on the windward side, as may be

seen by comparing Figures 6 and 7 with Figure 2. Examination of the local Mach

numbers at the 30% and 50% ACL stations for either fuselage indicates more or less

the same fuselage geometry, canopy, and wing induced influences at work as the un-

yawed case at this low angle of attack.

3.1.1.2 Total Pressure Recovery

3.1.1.2.1 Effect of Vehicle Geometry

Figures 14 to 17 show relatively low canopy, fuselage and wing induced losses

as evidenced by the relatively high pressure recoveries measured for both fuselages

at this low angle of attack condition at the two survey stations. Moreover, little, if

any, effect of fuselage geometry differences on the pressure recovery is discernible

in the lower inboard regions of the flow field, as shown in Figures 14 and 15 for the

forward flow survey station. The same is true for the aft station, as may be seen

9
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from Figures 16 and 17, where the pressure recoveries for both fuselages 1 and 2

are generally the same, but lower than the values obtained at the upstream station

shown in Figures 14 and 15. These lower recoveries appear due to canopy and

wing generated shock wave losses which manifest themselves at the aft survey station.

3.1.1.2.2 Effect of Yaw

The effect of yaw on the low angle of attack pressure recovery In the flow

survey regions adjacent to the windward and leeward sides of the fuselage for both

fuselages was found to be small. In general the total pressure recoveries for the

leeward side were only slightly higher than for the unyawed case, as may be seen by

comparing Figure 18 with Figure 16, whereas those on the windward side showed very

little decrease from the unyawed case. Apparently, for this combination of low-drag

nose and canopy shape, the modulation in shock wave strength is negligibly small at

low angle of actack for the angles of yaw tested (t 40).

3.1.1.3 Local Alpha

3.1.1.3.1 Effect of Vehicle Geometry

The local angles of attack measured at the fore and aft survey stations are

shown in Figures 19 and 20 for fuselage 1, and in Figures 21 and 22 for fuselage 2.

For this zero angle of attack condition negative local angles of attack are indicative

of a canopy produced downwash at the 30% ACL station, and a wing induced downwash

at the 50% ACL station. Due to the nose droop the canopy pressure field at this angle

of attack is stronger than that of the lower fuselage, with the result that a downward

pressure gradient is established which gives rise to the downwash pattern observed

at the forward station.

A comparison of Figure 19 and 21 indicates that the canopy pressure field is

able to drive somewhat further down into the flow field for fuselage 2 than for fuselage

1 as evidenced by the slightly larger downwash values for fuselage 2. This is un-

doubtedly due to the greater ability of the smaller corner of fuselage I to segregate,

or isolate, the bottom and side pressure fields as compared to fuselage 2, a charac-

teristic Feature which had been pointed out earlier in Volume I of this report.

At t,.- ;;ft station the Ning pressure field comes into play, increasing slightly

the downwash in the upper portions of the survey region. The estimated region of

10WOW
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Figure 21. Local Alpha
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FUSELAGE 2 MACH NO. 2,5

ALPHA 0.00 BETA 0.00

"RUN CONTOURS
50 PC ACL 57 -1.5

:1
-1.0 -0.8 -1.5 -I.7 -1.5 -1.9

ez -1.5 -1.3 -1.4 -1.7 -1.8 -1.9

c= - 8 -1.1 -1.5 -1.6 -1.4 -1.6

"-1.3 -1.0 - 6 -1.8 -1,7 -1.8

-0.9 -0.8 -1.7 -2.0 -1.7 -0.8

€"• -

I '1 i I I

0.0 1.0 2.0 3.0 ti.a Q.0 .0
r' AX13

Figure 22. Local Alpha
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influence of the wing pressure field are shown In Figure 23 for each of the several

angles of attack at Mach numbers of 2.5 and 3. 5.

3.1.1.3.2 EffectofYaw

For the leeward side at the forward station, the downwash, zs shown in Figure

25, increased in the upper region and decreased in the lower region relative to the

unyawed case. This indicates a strengthening of the canopy and bottom fuselage pres-

sure field due to the cross flow. On the windward side of the effect of yaw was to in-

crease the pressure field of the fuselage side relative to both the top and bottom con-.rj

tours, as evidenced by the existence of local downwash in the lower region of the survey

plane and upwash in the upper portion. as shown to Figure 24. This effect of yaw

was common to both fuselage shapes.

At the downstream survey station Figure 26 shows that on the windward side

the effect of yaw, and of the wing presence, is to produce a dowuwash pattern which

increases in the downward direction. On the leeward side the cross flow around the

bottom of the fuselage due to its yawed attitude serves to produce a mild upwash in

the lower inboard corner of the survey region. The wing presence is manifested

here too by the mild level of downwash in the upper portion of the region. The effects

of yaw at this low angle of attack were also found to be generally the same for fuselage

2. The larger corner radius of fuselage 2 served to introduce the bottom pressure

field earlier to the fuselage side flow field with a resulting increase in local angles of

attack in the inboard regions at both 30% and 50% ACL.

An aid to understanding the chief effects of yaw on flow angularity is provided by

recognizing that, to a good approximation, the flow field about a yawed body can gener-

ally be assumed to be the result of superposing a simple cross flow on the basic unyawed

flow field. This fact will be noted again in subsequent sections dealing with the inter-

mediate and high angle of attack results.

3.1.1.4 Local Sigma

3. 1.1.4.1 Effect of Vehicle Geometry

At the forward survey station the effects of differences in fuselage geometry on

local sidewash angle (denoted by sigma) were restricted to the inboard region adjacent to

the corners and sides of fuselages 1 and 2, as shown in Figures 28 and 29, respectively.
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FUSELAGE I MACH NO. 2.5
ALPHA 0.00 BETA 4.00

RUN CONTOURS
30 PC ACL 98 -2.0

0.0
2.0

u 2. 1.8 0.7 0.7 0.7 0.3

r I0 .8 0. 01 3
* I - - 0

-1.2 -0.7 -0.7 -0.9 -0.8 -0.6

S-4.5 -2.9 -2.9 -2.6 -2.2 -2.1

t II I t I

,IUo1.0 2.0 3,0• %.a S.0 0.

Figure 24. Local Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 0.00 BETA-4.oo

RUN CONTOURS
30 PC ACL 99 -1.2

S,-1.3
-1.5
-2.0

-1.6 -2 -2.8 -2.0 -1.5 -0.7

-3.0 -1.9 -2.0 -1.8 -i.8 -1.4

-3.0 0 - - 5 1.2

-1.1 -1.0 -1.1 -1.3 -1.2 -1.5

0.0 -0.4 -1.0 -1.3 -1 .2 -1.5

0_0 . 2.0 3. 04.0 S.0 f 0
r RXI5

Figure 25. Local Alpha
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FUSELAGE I MACH NO. 2.5

ALPHA 0.00 BETA 4.00

1 RUN CONTOURS03 

50 PC ACL 
80 -3.0

-4.0

Cm5

-2.4 -2.3 -2.5 -2.9 -3 -2.8

-3.3 -3.2 -3.4 -3.5 -3.4 -2.7

l • 
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-"3 - 43.2 -3, 
0 -3. 9 - 2. 8

-- -4 .3 - .9 -3.3 -2
8 5 4 3.9 -3.5 -3. 5 -3 -2

-6.0 -4.0 -3.8 -3.8 -3.8 -i

0.0 2.0 Z.C .0 L.0 S.0 5.0

Figure 26. Local Alpha
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FUSELAGE I MACH NO. 2.5

ALPHA 0.00 BETA-4.00

50 PC ACL RUN CONTOURS

811.81 0.0

So1.0

-07 -0.8 -0.8 -1.3

1!1.6 0.2 -0.2 -0.2 -0.4 -o.6

-1."j 
.2, ,

1.5 0.5 0.2 -0.2 -0.4 -0.5IN -

0.9 0.5 -0.3 -*0 -0,

0.0 .0 •.3.0, S. 5.0

r soJ3

Figure 27. Local Alpha
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Li FUSELAGE I MACH NO. 2.5
ALPHA 0.00 BETA 0.00

RUN CONTOURS

30 PC ACL 93 -3.00
-2.00
"--.00

Cý- 0.0
4+1.00

*5 .- 2 0a •
"" -1.5 -1.2 -0.3 -1.2 -2.9 -3.8

-1.5 -1.2 -0.8 -1.3 -2.9 -3.7

-0.9 -0.4 -1.0 -1.3 -2.7 -3.4

0.3 -1.2 -1.8 -2.9 -3.5

- - 3

c7-

l. D.0 a3.0 %.0 1.0 .0

Figure 28. Local Sigma
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FUSELAGE 2 MACH NO. 2.5
ALPHA 0.00 BETA 0.00

RUN CONTOURS
30 PC ACL 111 -3.0

-2.0
-1.0
0.0

.4- 1.0
2.0

CU-2 .0 -1.6 -07.4 -1.4 -3.0 -3.9I1e/

, -2.0 -1.6 -1.1 -1.7 -3. 1 -3.0

Hi -0.2

-0.6 -1.0 -1.3 -2.8 -3.5

-0

£1.3 -1.3 -3.6

II

r-

2.5 -0.7 -3.4

i.

i0

B7

1 I I I i
0.0 1O ?.O 3).0 'i.o S.r i.

m Figure 29. Local Sigma
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It can be seen that only positive sidewash angles were confined to this region, and that

all the other values were negative. It should be noted that negative and positive values

of sigma denote components of velocity directed out from, and into the body, respect-

ively.

Composition of the survey region is dictated by the axisymmetric shock layer

"generated by the fuselage nose and canopy. The flow re-expansion effects emanating

from the convex surface curvature downstream of the slender nose and canopy wind-

shield penetrate the flow field slowly, thereby delaying complete decay of this compres-

sion field to a point downstream of the forward survey station. Consequently, at the

forward station the influence of re-expansion diminishes with distance from the fuselage

and the local sidewash angularity tends to be more negative outboard. This radial
gradient Is stronger in the upper position of the flow field due to the proximity of the

icanopy. The local angles of sidewash shown in Figures 28 and 29, together with the

local angles of attac'- •'own in Figures 19 and 21 are indicative of a helical streamline

pattern spiraling dowLward and to the right (looking aft) on the right side of the fuselage.

At the downstream station flow re-expansion is more complete and the values of

Slocal sidewash become more positive, tending to align with the fuselage surface in-

board and the free streama outboard. The changes are greatest in the upper part of

the survey region, as may be seen by comparing Figures 28 and 29 to 30 and 31.

This change can be attributed to the influence of the large reduction in cross-sectional

area of the canopy and the change in local slope of the upper fuselage which takes

"place between the 30% and 50% ACL stations, and to the absence of wing compression

In inhibiting the inward directed flow tendency at this low angle of attack.

in summary, the flow field sidewash characteristics at zero angle of attack in

the region surveyed, are dependent upon local cross section shape as well as body

slope changes in the vicinity of the region in question.

3.1.1.4.2 Effect of Yaw

The windward field local angles of sidewash were generally the same for both

fuselages in the region above the horizontal reference line at both the 30% and 50% ACL

stations. Below the horizontal reference line the fuselage corner shape did affect the

sidewash in the inboard region at both stations. Thus, fuselage 2, with its larger

corner radius introduced in effect the cross flow associated with this yawed condition

into the inboard region, as may be seen by comparing Figures 32 and 33, and 34 to 35.
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- FUSELAGE I MACH NO. 2.5
•fl ALPHA 0.00 BETA 0.00

RUN CONTOURS
50 PC ACL 75 2.0

1.0
0.0
-1.02-2.0

0.5 0.8 0.1 -0.2 -1.6 2.6

0.5 0.8 0.1 -0.3 -1.7 -2.7

0.9 1.1 0.2 -0.4 -1.6 -2.3

1.6 1.2 0.0 -0.5 -2.1 -2.6

1.0 500 0 -0
2.3 1.5 -0.5 -2.2

Y RX13

Figure 30. Local Sigma
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FUSELAGE 2 MACH NO, 2.5C3 ALPHA 0.00 BETA 0,00

RUN CONTOURS

50 PC ACL 57 -2.0
-1,0

cm 0.0
! ,;-1.0

V °
'Cu

-0.1 0.3 0.2 3 -0. -'.9

cl0 a 6

-0.1 0.2 0.1 -0.0 -0.9 -. 3

0.2 0.6 0.1 -0.2 -1.2 -2.3

n 
0 .1 • aP

1.2 0.6 -0.2 -0.7 -1.7 -2.6

7. 10 j.0 -. 2  -0.8 -1.7 0.8

c7,

0.03 1.0 a 3 .0 20•

Figure 31. L~ocal Sigma
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4M
FUSELAGE I MACH NO. 2.5
ALPHA 0.00 BETA 4.00

RUN CONTOURS
"30 PC ACL 98 2.0

c:, 1.0

-0.0

c-1.

"" "0
0.4 0.5 1.0 0.3 1.3 -1.9

-0.3 -0.1 0.5 0.2 -. 2 -178

-0.3 0.6 0.2 0.1 -1.2 -I.3

0.9 1 .2 0.5 0.1 -0.9 -1.5

2.3 2.3 1.0 0.3 -0.9 -.b

0.o 1.t Z.a 3.0 i. a S.0.

Figure 32. Local Sigma
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CbALPHA 0.00 BETA 4.00

RUN CONTOURS
2.0

30 PC ACL 116EAG 2 1.0. 2.
0.0
-1.0
-2.0

0 *2,1

0.6 0.6 1.0 0.1 -1.4 -2.1

-. 4 0.2 0.76 0.2 -171 -1.9

CM0.3 1.2 0.2 -0.0 -1.3 -1.9

4.4 3.2 1.4 0.4-o9 1.

CE

cJ4.5 
1.0 -1.6

7-,

0. . . .1.0 5.0 .

Figure 33. Local Sigma
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FUSELAGE I MACH NO. 2.5

ALPHA 0.00 BETA 4.00

RUN CONTOURS

50 PC ACL 80 4.0
3.0
2.0

-1.0

0.9 1.3 0-7 - - 2

1.2 1.3 1.0 0.7 0.2 -1.0

.3 00 1 .

1.4 2. 1.0 0.7 0. -1.
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Figure 34. Local Sigma

41



FUSELAGE 2 MACH NO. 2.5
..Z3 ALPHA 0.00 BETA 4.00

RUN CONTOURS
50 PC ACL 62 0.0
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On the leeward side the effect of fuselage geometry differences was negligible.

The local sidewash was similar for both fuselages at the fore and aft stations. As

shown in Figure 36 the sidewash decreased from levels equal to almost the free

stream yaw value in the outboard region, to only a fraction of that in the inner region

adjacent to the fuselage.

f = 3.1.2 Intermeadiate Angle of Attack

3.1.2.1 Local Mach Number

3.1.2.1.1 Effect of Vehicle Geometry

For both fuselages 1 and 2 the effect of increasing the angle of attack from C' to

10' was to increase the strength of the compression of the lower fuselage contour re-

lative to the upper; thus, at the forward survey station the local Mach numbers were

lowest in the lower part of the surveyed region and generally highest in the upper

part. This variation of local Mach number was reversed at the aft station by the
•_ • •lower wing surface flow field which raised the pressure levels, and decreased the

local Mach numbers in all but the lower outboard part of the survey region. These

effects can be seen in Figures 37 and 38 in the case of fuselage 1.

The effects on the flow field of the difference in fuselage geometry were confined

to the lower inboard region adjacent to the fuselage corner and consisted of lower local

Mach numbers in the ca-.e of fuselage 2 as compared to fuselage 1. As mentioned

earlier, this is apparently due to the larger corner radius of fuselage 2 which intro-

duces more of the lower fuselage produced compression into the side flow field than

does fuselage 1 with its smaller corner radius and flatter bottom. This effect can be

seen by comparing Figures 38 and 39.

3.1.2.1.2 Effect of Yaw

At the intermediate angle of attack of 10' there was virtually no discernible

effect of yaw angle (4 40) on the local Mach number distributions on the windward and

leeward side, for both fuselages 1 and 2 at the forward flow survey station. The

composition was rather uniform and averaged about. 08 lower than free stream Mach

number on the windward side and. 05 higher on the leeward at the forward station as

exemplified in Figures 40 and 41. At the aft station, however, the average local

Mach number on each side was lower than free stream, namely,. 34 loweron the wind-

ward and .18 on the leeward, indicating the presence of the wing compression field at

this station.
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FUSELAGE IMACH NO. 2.5
ALPHA 0.00 BETA-4.00

RUN CONTOURS
50 PC ACL 81 -4.0

-3.0
-2.0

Us

40I

-1.0 -1.4 -1.)' -2.6 -3.-0 -3.6

-1.1 -1.5 -2.2 -2.7 -3.2 -42
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Figure 36. Local Sigma
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
30 PC ACL 94 2.40

2.50
2.60

2.;2 2.6U 2.70 2.64 2.45 2.42

2.63 2.60 2.68 2.58 2.44 2.39

2.67 2.54 2.62 2.55 2.43 2.36

2.52 2.49 2.50 2.48 2.39 2.32

7 2.49 2.44 2.50 2.44 2.35 2.39

C7,

0.0 1.0 2.D 3. .0 5.0 .

Figure 37. Local Mach No.
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA 0.00

AUN CONTOURS
50 PC ACL 76 2.10

2.30
2.50

C97
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Figure 38. Local Mach No.
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FUSELAGE 2 MACH NO. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
50 PC ACL 58 2.10
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA 4.00

f RUN CONTOURS
30 PC ACL 97 2.30
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2.60
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FUSELAGE I MACH NO. 2.5

ALPHA 10.00 BETA-4.00

C. -RUN 
CONTOURS

c--30 PC ACI. 100 2.50
2.60
2.70

2.64 2.63 2.77 2.470 2.5 2.47

I 2.68 2.67 2.74 2.66 2.53 2.47

I I67.6 2. 74 2. 53 .

. 2.67 2.62 2.66 .59 2.48 2.43
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2.56 2.47 2.57 2.53 2.41 2 43

C,

0.0 
6.0 

•.0 •.0 4.0 S.D 5.0

Figure 41. Local Mach No.
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3.1.2.2 Total Pressure Recovery

3.1.2.2.1 Effect of Vehicle Geometry

The increase in angle of attack from zero to the intermediate value of 100 pro-

duced little difference in total pressure recovery at the forward station for both

fuselages, with fuselage 2 displaying slightly higher recoveries in the vicinity of the

fuselage corner at both survey stations.

The pressure recoveries at the aft station were generally lower than those of

the low angle of attack case for both fuselages, indicative of the greater wing shock

wave losses attendant upon this higher angle of attack. Moreover, as shown in

Figure 42 the pressure recovery was lowest in the upper inboard region closest to

the wing body intersection. This is probably due to the combined effects of canopy

and wing generated shock waves whose strengths, and associated losses, are greatest

'in this region.

3.1.2.2.2 Effect of Yaw

Relative to the unyawed case the effect of yaw (J-40) on local total pressure

recovery at this intermediate angle of attack was observed to be small at both survey

stations for both fuselage shapes 1 and 2, as it was for the zero angle of attack case.

Total pressures for both leeward and windward sides were practically the same as for

zero yaw, testifying to the virtual lack of modulation in shock wave strength over the

angle of yaw range tested for this essentially low-drag nose and canopy configuration.

This was also observed in the zero angle of attack results.

3.1.2.3 Local Alpha

5. 1. 2.3.1 Effect of Vehicle Geometry

The effect of increasing the angle of attack from 00 to 10° was to strengthen the

fuselage bottom pressure field relative to that of the upper. Consequently, all the

local angles of attack at the forward survey station were positive for both fuselages

as shown in Figures 43 and 44, unlike the zero angle of attack case where negative

local angles of attack were observed over the whole of the side flow field. The effect

of fuselage geometry was confined to the inboard region, where somewhat lower local

values of upwash were observed for fuselage 2 as compared to fuselage 1. This in-

dicates, again, how the rounder corner of fuselage 2 serves to introduce the pressure

field into the side flow field gradually, thereby reducing the peripheral pressure
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
50 PC ACL 75 0.90

cy, 0.95
1 .00

0.92

0.68 0.96 0.93 0.95 0.97

0.89 0.97 0.95 096 0.95

0.73 0.89 0.97 0.95 0.95 1.0

0.92 0.95 0.99 1.0 10 1.0Sj \/
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-i I 1 I I
3 ~ . .0 '1.0 S.o 5i 0
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Figure 42. Local PT/PT
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FUSELAGE 1 MACH NO. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
30 PC ACL 94 8.0

9.0

10.0
11.0

1 .5 11.1 10.3 10.0 9.8 9.8

11.9 11.5 10.7 10.0 9.6 9.6
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Figure 43. Local Alpha
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FUSELAGE 2 MACH NO. 2.5
ALPHA 10.00 BETA 0.00

t RUN CONTOURS
30 PC ACL 112 8.0
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Figure 44. Local Alpha
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gradient and consequently the upwash in the corner region. At the downstream station

the shielding effect of the wing on reducing the level of downwash, especially in the

upper part of the survey region, is clearly discernible in Figures 45 and 46. Again,

in the region of the lower fuselage corner, the local upwash is slightly higher for

fuselage 1 than for fuselage 2.

3.1.2.3.2 Effect of Yaw

At the forward survey station the effect of yaw was, on the leeward side, to in-

crease the level of upwash in the lower inboard region and to decrease it in the upper

inboard part. On the windward side the opposite occurred, wnamely a decrease in the

lower, and an increase in the upper part of the side survey region. This behavior can

perhaps be best explained as resulting from the superposition of a simple cross flow

field, generated by the yaw, on the basic unyawed flow field. Thus on the windward

side the cross flow streamlines divide at the fuselage side, going around the top and

bottom of the fuselage and joining up again at the leeward side of the fuselage. At the

aft station the constraint posed by the presence of the wing modifies this simple picture.
Thus in the vicinity of the wing under surface the upwash is about the same on both
leeward and windward sides. But in the lower region it is seen that the upwash on the

windward side is greatly reduced while on the leeward side it is increased, in keeping

with the cross-flow explanation. The effects are seen in Figures 47 through 50.

3.1.2.4 Local Sigma

3.1.2.4.1 Effect of Vehicle Geometry

At this angle of attack fuselage cross-flow affected local sidewash angles.

Compared to the low angle of attack case, sidewash at the forward survey plane was

more negative except for the upper inboard corner of the survey region where a small

pocket of positive sigma resided. At the downstream station, the wing compression

induced a higher and more negative, level of sidewashas can be seen from Figures

51 and 52, with a pocket of positive sldewash still evident in the upper inboard
l• corner which, at this station, could be induced by the wing-body juncture interference

flow.

3.1.2.4. 2 Effect of Yaw

At the forward survey station the effect of yaw was virtually the same for both

fuselage cross section shapes. On the leeward side the local sidewash angles were

all negative, diminishing in the direction approaching the side of the fuselage, as may
54
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ALPHA 10.00 BETA 0.00

RUN CONTOURS
50 PC AOL 76 2.02.

H. 2. . .
58 7.0 3L 10. D.4 2 23

355



.FUSELAGE 2 MACiH N0. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
50 PC ACL 58 3.0

6.0
"10.0

1./6 4- .2 15 .

"5 I

! 1

5.3 6.9 9.8 9 9 9.5 10.2

C..0

II II

Figure 46. Local Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA-4.00

,! RUN CONTOURS
30 PC ACL 100 9.4
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Figure 47. Local Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA 4.00

FRUN CONTOURS
30 PC ACL 97 8-0

10.0
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13.7 12.6/101.6 11.0 1.8 10.7
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Figure 48. .ocal Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 10.00 BETA-4.00

RUN CONTOURS
50 PC ACL 82 3.0

c 6.0

12.0

3.0 4.9 3.6 2.9 3.64 4.7
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v II
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Figure 49. Local Alpha
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FUSELAGE I MACH NO. 2.5

ALPHA 10.00 BETA 4.O0

RUN CONTOURS

50 PC ACL 79 3.0
6.0

S10.0

-3. 33 .0 0.9 1.71 2.7

U 2

2.2 .9 3.4 3.75

2.6 4-0 5.5 8.7 9.8 9.7

Figure 50. L-cal Alpha
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4FUSELAGE 1 MACH NO. 2.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS

30 PC ACL 94 2.0
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FUSELAGE I MACH NO. 2.5
, ALPHA 10.00 BETA 0.00

RUN CONTOURS
50 PC ACL 76 -2.0

-4.0
-6.0

-I4

07

6.6 0.0 -;.5 -5.7 -;0 -8.6
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. .0 ,,.0' 4 0 s l
R X15

Figure 52. Local Sigma
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be seen from the data shown in Figure 53 for fuselage 1. On the windward side the

pattern of local sidewash was similar to that for the zero yaw case, but increased by

an almost uniform positive increment in sidewash of about 10, as can be seen by

comparing Figures 51 and 54.

At the downstream survey plane for both fuselage shapes the sidewash angles on

the leeward side became more negative, and on the windward side more positive due

to the yaw which is to be expected. These effects are shown in Figures 55 and 56.

H A 3.1. 3 High Angle of Attack

3.1.3.1 Local Mach Number

3.1.3.1.1 Effect of Vehicle Geometry

At the forward station the same fuselage effects observed at the intermediate

angle of attack were present at this higher angle of attack of 20. Thus, the local

Mach numbers in the vicinity of the lower corner of fuselage 1 were somewhat higher

than for fuselage 2 which, with its larger radius, Introduced the pressure field in-

duced by the lower fuselage contour into the inner region of the survey area. The

increased expansion over the upper fuselage contour was evidenced by local Mach

numbers in the upper portion of the surveyed region which were higher than :hose of

the preceding intermediate angle of attack case. These effects may be discerned in

Figures 57 and 58. At the aft survey station differences in geometry produced no

appreciable effect. The effect of the wing pressure field was evident in the lower

Mach numbers measured over the major part of the survey region as shown in

Figure 59.

3. 1.3.1.2 Effect of Yaw

The excursion to 4' yaw at this high angle of attack produced virtually no change

from the local Mach number distributions of the zero yaw case for both fuselage 1

and 2.

3.1. 3. 2 Total Pressure Recovery

3.1. 3, 2. 1 Effect of Vehicle Geometry

At this high angle of attack the recovery levels still remained quite high even in

the aft flow field, where it averaged about .91 for both fuselages. Fuselage effects

were confined to the innermost region of the survey plane where, for fuselage 1, as
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FUSELAGE 1 MACH NO. 2.5
ALPHA 10.00 BETA-4.00
RUN CONTOURS

S30 PC ACL 100 -2.0

-',• -4.0
-6.0
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Figure 53. Local Sigma
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FUSELAGE I MACH NO. 2.5
- ALPHA 10.00 BETA 4.00

RUN CONTOURS
30 PC ACL 97 1.0

0.0
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Figure 54. Local Sigma
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FUSELAGE 1 MACH NO. 2.5
ALPHA 10.00 BETA-4.OO

RUN CONTOURS
50 PC ACL 82 2.0

0.0
-6.0
"-8.0

9.0

-1.1-5.1 -7.1 18.6 -10.4

1 -2.6 -6.8 -7.5 -8.2 9-2
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Figure 55. Local Sigma
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FUSELAGE I MACH NO. 2.5

ALPHA 10-00 BETA 4.00

RUN CONTOURS
50 PC ACL 79 0.0
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Figure 56. Local Sigma

67



FUSELAGE 1 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
30 PC ACL 95 2.80

•-- •2.70

2.60
cps' 2.50

2.40

=--.i[ •02.84 ,
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Figure 57. lIcal Mach No.
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FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
30 PC ACL 1l3 2.40

,bj 2.50
2.60
2,70

2.83 2.75 2.65 2.62 2.46  2.41

2.70 2.54 2.68 2.56 2.43 2.48
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Figure 58. Local Mtach No.



FUSELAGE I MACH NO. 2.5IALPHA 20.00 BETA 0.00

RUN CONTOURS
50 PC ACL 77 2.0

6 • 2.2
2.5

4

S ~ 0 0 0

1.93 1.95 2.43 2.05 2.00

2.4 3

•2- 
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Figure 59. Local Mach No.
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FUSELAGE I NAOC - 2. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
50 PC ACL 77 0.98

V1 .
CM0.30 1.0 0.96 0.98 0.91

0.0.04
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uiLi t, 6 1.5

Figurc 60. ,ocal PT PoT
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seen in Figure 60, the local total pressure recoveries were as low as 0. 30, indicative

of a local separation due probably to the stronger cross flow around the relatively

sharper corner of fuselage 1. The fuselage 2 flow field did not display such losses as

may be seen from Figure 61.

3.1.3.2.2 Effect of Yaw

"The effect of-: 4 yaw at this high angle of attack condition on local pressure

recovery was very small, for both fuselage shapes at both survey stations, as it was

for the intermediate angle of attack condition.

3.1I. 3. 3 Local Alpha

3.1.3.3.1 Effect of Vehicle Geometry

At the 30% ACL survey station the same effect of vehicle geometry observed for

the intermediate angle of attack case was evident, namely, higher flow angularity in

the region of the lower fuselage corner for fuselage 1 as compared to fuselage 2. This

can be seen from the data presented in Figures 62 and 63. At the downstream station

the average level of upwash was significantly reduced due to the shielding effect of the
wing, for both fuselages, as shown in Figures 64 and 65. This behavior was already

noted in the intermediate angle of attack results. The negative values of downwash in

the inboard region adjacent to the fuselage are indicative of a local vortex type flow

condition caused by flow separation due to the interaction of the wing leading shock

wave and the fuselage side boundary layer. This condition also manifested itself in

the high angle of attack test results at Mach 3. 5 described in a following section, as
well as the lower Mach number tests reported on in the first volume of this report.

3.1.3.3.2 EffectofYaw

At the forward survey plane the effect of yaw at this high angle of attack, relative
to the unyawed case, was to increase the upwash slightly in the lower leeward region

and decrease it on the windward side, which was observed in the intermediate angle

of attack case. The same behavior was noted at the aft station although over a larger

region. This effect of yaw onlocal angle of attack is exemplified in Figure 66 to 69
for fuselage 1. This effect of yaw was found to be practically independent of fuselage
geometry.
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FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

m .. RUN

" • 50 PC ACL 59

mm m

0 .50 0.91 1.0 L.0 1.0
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Figure 61 .ocl- PT/PT
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FUSELAGE I KACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
30 PC ACL 95 19.0

g'2 20.0
21.0

23.0

2,.2 23.5 27 23.1 20.8 20.7

|cm

----23.8 22.9 21.5 21.52 21.0
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Figure 62. L.ocal Alpha
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FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
30 PC ACL 113 20.0

21.0
C" 22.0

23.3 22.5 20.6 21.3 20.8 20.8

22.9 22.2 21.4 21. 0 209 1.0
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-I I I I
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Figure 63. Local Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
50 PC ACL 77 10.0

20.0

1-4. 8.5 8.4 4.3 5.8 7.9

-19.0 1 8.2 9.9
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Figure 64. Local Alpha
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FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
50 PC ACL 59 0.0

-- 10.0
15.0. 18.0
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Figure 65. Local Alpha
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FUSELAGE 1 MACH NO. 2.5
ALPHA 20.00 BETA-4.00

RUN CONTOURS
-3- 30 PC ACL 101 21.0
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23.0

- 24ý0
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Figure 66. Local Alpha
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FUSELAGE I MACH NO. 2.5
ALPHA 20.00 BETA 4.00

RUN CONTOURS
30 PC ACL 96 18.0

20.0
22.0
2b.0
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"2 2 1 23.0 21.6 22-2 21-4II 0
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Figure 67. Local Alpha
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FUSELAGE IMACH NO. 2.5
ALPHA 20.00 BETA-4.0O

RUN CONTOURS
50 PC ACL 83 0.0
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FUSELAGE 1 MACH NO, 2.5

ALPHA 20,00 BETA 4.00

RUN CONTOURS
50 PC ACL 7s 0.0

10.0
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S~Figure 69. Lýocal Alphat
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3.1. 3.4 local Sigma

3.1.3.4.1 Effect of Vehicle Geometry

The same general effects which became evident at the intermediate angle of

attack were manifested and more pronounced at this high angle of attack condition.

Thus, the local sidewash angles were all negative (outward directed) except for the

upper corner of the inboard region where there was a pocket of positive sidewash. As

mentioned earlier in connection with the intermediate angle of attack case, positive

angles in this region are probably due to the wing-body juncture interference flow

effects at the aft station and, due to the lateral flow displacement effect of the canopy

at the forward station. Again, the effect of differences in fuselage cross section geo-

metry was negligible. These effects are illustrated for fuselage 1 in Figures 70 and 71.

3.1. 3.4.2 Effect of Yaw

At both fore and aft stations the chief effect of 4° yaw was to induce a small in-

crement in sidewash that was po)sitive on the windward side, and negative on the leeward

side, as may be seen from Figures 72 to 74 which present data taken at the aft survey

station for fuselage 2.

3. 2 Mach Number 3. 5

3.2.1 Low Angle of Attack

3.2.1.1 Local Mach Number

3.2,1.1.1 Effect of Vehicle Geometry

Local Mach number distributions at the forward 30% ACL station are shown in

Figures 75 and 77 for fuselages 1 and 2 respectively. The change in Mach number from

2. 5 to 3. 5 results in a thinner fuselage nose and canopy shock layer. The flow re-

expansion fan associated with the higher Mach number is also shallower and a larger

Mach number gradient exists, from body to shock, than is ti.e case at Mach 2. 5. The

local Mach numbers differed from the free stream Mach number by a greater amount

than was observed for the Mach 2. 5 case, in keeping with the increased shock wave

strength accompanying the higher free stream Mach number.

At the 50% ACL station, for both fuselages, the local Mach numbers in the uppe:r

half of the flow field were generally lower than those at the upstream station, while

those in the lower half underwent a mild increase from their upstream values. This

effect can ba seen by comparing Figure 75 with 76, and 77 with 78. This behavior is

attributed to the shallower shock and Mach wave angles connected with this higher free
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FUSELAGE I MACH NO. 2.5

iALPHA 20.00 BETA 0.00

RUN CONTOURS
30 PC ACL 95 -6.0
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Figure 70. Local Sigma
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ALPHA 20.00 BETA 0.00

-- IFUSELAGE 
I MACH NO. 2.5

RUN CONTOURS
50 PC ACL 77 -10.0
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Figure 71. Iocal Sigma
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-,= FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 4.00

RUN CONTOURS
50 PC ACL 60 -10.0
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FUSELAGE 2 MACH NO. 2.5
ALPHA 20.00 BETA 0.00

RUN CONTOURS
50 Pc ACt 59 -12.0

70 -1 8.2

8.3 14 4 -ý2 9 9.9 -12.591 .

_ . . -*9 -
-!i --3,.6 -14,7 -12.4 -13,7 - ,3.33

-12.

-7.0 - 1.2 -14.3 -13.8/ / -6.,.

-7.9 "9.5 -1 1.8 - 2. -6.7 -6.0

I ~r,,,

-8.5 -8.8 -7.3 -6.6 -6.8 -6.2

Figure 73. Local Sigma
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FUSELAGE 2 MACH NO. 2.5ALPHA 20.00 BETA-4.00

RUN CONTOURS
50 PC ACL 65 -12.
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Figaure 74. Local Sigma
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FUSELAGE I MACH NO. 3.5
ALPHA 0.00 BETA 0.00

RUN CONTOURS
20 PC ACL 102 3.2
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Figure 75. Local Mach No.
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FUSELAGE 1 MACH NO. 3.5
ALPHA 0.00 BETA 0.00

RUN CONTOURS
"50 PC ACL 84 3-30

• 

3 -22 ; .35 
3 -30

300

3A 

-7 

.35 
3.31 

3-03

"2.79 3.36 3.52 3.45

3I07 3 ....

3.4o 3.38 3.3" 3.34

0.0 1.2.O 0 0 4.0 S. 06.

Figure 76. Local mach No.
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FUSELAGE 2 MACH 3.5
ALPHA 0.00 BETA 0.00
RUN CONTOURS

30 PC ACL 120 3.20
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Figure 77. Local Mach No.
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FUSELAGE 2 MACH NO. 3.5

ALPHA 0.00 BETA 0.00

RUN CONTOURS

50 PC ACL 66 3.10
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Figure 78. Local fach No.
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stream Mach number which reduces the lateral extent of the downstream zone of in-
fluence of flow disturbances. Accordingly, the reduction In local Mach number in the

upper half of the surveyed region can be attributed to the wing-induced rompressionf

field which, at this station, extends down to only about half the depth of the survey

region. The increase in local Mach numbers In the lower part of the flow field was

probably the manifestationof the expansion taking place along the top and sides of the
canopy, downstream of the canopy maximum width, and along the lower fuselage
contour at this low angle of attack.

At both survey stations the local Mach numbers in the lowest row of the region

were highest for fuselage 1, indicating that its flat bottom together with its smaller

shoulder radius were better able to isolate the flow expansion field induced by the lower

fuselage contour for this combination of low angle of attack and nose droop. This con-

clusion is borne out by the surface static pressure distributions measured along the

lower meridional contour of both fuselages shown in Figure 79. Clearly, as observed

earlier in connection with the Mach 2. 5 data the larger shoulder radius of fuselage 2

serves to introduce the lower fuselage field into the side flow field, and vice versa,

reducing thereby gradients or differences in flow properties in its vicinity.

3.2.1.1.2 Effect of Yaw

The effect of yaw at this Mach number and low angle of attack was to generally

increase slightly the local Mach number on the leeward side and decrease those on the

wind•ward, relative to the unyawed ,,ise, as may be seen from Figures 80 and 81. The

same small effects due to differences in fuselage geometry observed for the unyawed

case were also present.

3. 2.1.2 Total Pressure Recovery

3.2.1.2,1 Effect of Vehicle Geometry

Figures 82 and 83 show average local pressure recovery values of about .90 for

both fuselages 1 and 2, which are naturally tower than those of the Mach 2. 5 case. The

figures show relatively high local values generally with the exception of the lower in-

board regions for both fuselage side flow fields. Figures 64 and 85 show downstream

station average total pressure recoveries of .78 and .72 for fuselages I and 2 respect-

ively. These lower values reflect the additiunal wing and canopy losses which mani-

fest themselves at this station. It was difficult to discern any significant effects of

fuselage geometry at both survey stations.
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FUSELAGE I MACH NO. 3.5
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FUSELAGE MACH NO, 3.5
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FUSELAGE 2 MACH NO. 3.5
ALPHA 0.00 BETA 0.00

RUN CONTOURS
30 PC ACL 120 0.90
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3.2.1.2.2 Effect of Yaw

The effect of yaw at this low angle of attack on local total pressure recovery

was found to be small for both the leeward and windward sides of both fuselages. As

was found to be the case at Mach 2. 5, there was little modulation of losses with yaw

at this higher Mach number. Figures 86 and 87 illustrate the effects of yaw for the

leeward and windward sides, respectively, of fuselage 1 at the aft survey station.

3.2.1.3 Local Alpha

3.2.1.3.1 Effect of Vehicle Geometry

Relative to the Mach 2. 5 low angle of attack case., the distribution of downwash

at the forward 30% ACL station was similar at Mach 3. 5 with somewhat larger values

of downwash, however, as shown in Figures 88 and 89, respnmtively. Thus, the down-

wash increased in the downward direction along the ,selage side indicating the influence

of the stronger canopy pressure field relative to that of the fuselage bottom. At the

downstream station the downwash was more uniform due to the wing pressure field

coming into play here. This can be seen from Figures 90 and 91 wherein data for both

fuselages is presented. Effects of differences in fuselage geometry appeared to be con-

fined to the innermost part of the region with fuselage 2 produoing somewhat larger local

downwash angles there at the upstream station.

3.2.1.3.2 Effect of Yaw

The effects of yaw were generally the same as those observed at Mach 2. 5.

Thus, at the forward station the effect of yaw on the leeward side was to reduce the

downwash in the lower inboard region and increase it in the upper inboard part. On

the windward side the effect of yaw was opposite to that of the leeward side.

At the downstream station on the windward side, the effect of yaw was to increase

the level of downwash in the whole region. This is due again to the shielding or restrain-

ing effect of the wing on both the basic fl•w and the superposed simple cross flow due to

yaw. On the leeward side, the dowrnwash was reduced over most of the region, due to

the cross flow associated with the yawed attitude. These effects were comnmnon to both

fuselages and are illustrated by the data f .es 3nted in Figures 92 to 95.

3.2.1.4 Local Sigma

3.2.1. 4.1 Effect of Vehicle Geometr3

At the forward survey statiov the effects of fuselage geometry differences were
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FUSELAGE 2 MACH NO. 3.5
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FUSELAGE I MACH NO. 3.5
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50 PC ACL 90 0.90
0.80

0.45 0.92 0.96 0.92

-- 0. 80 0. 80

0.45 .92 0/80 0.80

-52 0 0.

0.32 0.80 0.70 0 80

I ~ pxI

Figure 86. Local PT/ 1T

100

Iw



FUSELAGE I MACH NO. 3.5
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FUSELAGE 1 MACH NO. 3.5
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FUSELAGE 2 MACH NO. 3.5
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FUSELAGE 1 MACH NO. 3.5
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Figure 92. Local Alpha

106j



FUSELAGE 1 MACH NO. 3.5
ALPHA 0.00 BETA 4.00

RUN CONTOURS
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FUSELAGE I MACH NO. 3.5
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confined to the inboard region adjacent to the corners and sides of the fuselage as may

be seen in Figures 96 and 97. At this Mach number all the local sidewash angles were

negative (outwardly directed), unlike the Mach 2.5 case where the sidewash in the lower

part of the survey region was positive. This Mach number dependent effect stems from

an initially larger pressure rise across the nose and canopy shock waves at Mach 3. 5,

followed by a delayed re-expansion in the shock layer, due to a shallower expansion

fan. Consequently, the relatively higher static pressures residing in the inboard por-

tion of the flow field induce an outward directed sidewash vector rather than the in-

ward directed vector previously seen at Mach 2.5.

At the 50% ACL station the sidewash angles were significantly less negative than

the upstream values, reflecting again the presence of the same sidewash influencing

factors found at Mach 2.5, namely a more complete re-expansion of the flow and an

isolation of the canopy influence due to the presence of the wing. The local sidewash

distribution is shown in Figures 98 and 99 for fuselages 1 and 2 respectively.

3.2.1.4.2 Effect of Yaw

On the windward side, local sidewash angles were generally less negative than

for the unyawed case. Fuselage 2 by virtue of its larger corner radius, introduced

the cross flow into the lower region resulting in more positive sidewash angles there

at both stations, as can be seen by comparing Figure 100 to 101, and 102 to 103.

On the leeward side the effect of yaw was to make the local sidewash more

negative (directed outwardly) with little effect of fuselage geometry differences at both

survey stations. Figure 104 exemplifies the leeward side situation at the rear survey

station of fuselage 1. Qualitatively, this is the same behavior evidenced at Mach 2.5.

3.2. 2 Intermediate Angle of Attack

3.2.2.1 Local Mach Number

3.2.2.1.1 Effect of Vehicle Geometry

At the foreward survey plane increasing the angle of attack to 10' strengthened

the pressure field of the lower fuselage to that of the upper, resulting in generally

lower local Mach numbers in the lower part of the survey region relative to the upper

for both fuselages. At the downstream station the wing surface pressure field reversed

this variation of local Mach number producing generally lower local Mach numbers in

the upper region relative to the lower region. These effects are evident in Figures

105 and 106.
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FUSELAGE 2 MACH NO. 3.5
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FUSELAGE I MACH NO. 3.5
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Figure 102. Local Sigma
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FUSELAGE I MACH NO. 3.5
ALPHA 10.00 BETA 0.00
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Effects of differences in fuselage geometry were rather localized as they were

at Mach 2.5, with fuselage 2, by virtue of its larger radius shoulder, introducing the

lower surface pressure field into the lower inner part of the survey region with attend-

antly lower local Mach numbers there. This effect is exemplified by comparing Figures

107 and 106.

3.2.2.1.2 Effect of Yaw

The effect of yaw was to increase and lower the local Mach numbers on the lee-
ward and windward sides, respectively, relative to the unyawed case, for both fuselages,

as may be seen by comparing Figures 108 and 109 to 106.

3.2.2.2 Total Pressure Recovery

3.2.2.2.1 Effect of Vehicle Geometry

Increasing the angle of attack to 10' resulted in a general lowering of local pres-

sure recoveries for both fuselages with no discernible effect of fuselage geometry. At

the aft station recoveries were lower, especially in the inboard upper region, than those

upstream, reflecting the presence of some local cross flow separation upstream

and/or effect of the strengthened wing shock wave at this angle of attack. The data for

fuselage 2 shown in Figures 110 and 111 demonstrate these effects which were typical

of both fuselages.

3.2.2.2.2 Effect of Yaw

Yaw had little discernible effect on local recoveries, as was the case for low angle

of attack and at Mach 2. 5. There was a slight decrease in recovery on the windward side

with an accompanying small general improvement on the leeward side.

3.2.2.3 Local Alpha

3.2.2.3.1 Effect of Vehicle Geometry

Increasing the angle of attack to 100 at this Mach number strengthened the lower

fuselage pressure field relative to that of the upper fuselage and canopy with the result

that all the local angles of attack at the forward survey station were positive, as shown

in Figures 112 and 113. Effects of geometry differences between fuselages 1 and 2

appeared to be negligible. The distribution of local angles of attack was comparatively

uniform in magnitude.

122
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Figure 107. Local Mach No.
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FUSELAGE 2 MACH NO. 3.5
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FUSELAGE 1 MACH NO. 3.5
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FUSELAGE 2 MACH NO. 3.5
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At the downstream station the local angles of attack decreased especially in the
vicinity below the wing where its pressure field was greatest. This was also observed

at Mach 2. 5. The sharper, less rounded corner of fuselage 1 resulted in slightly

larger upwash angles in the region of its corner as compared with fuselage 2, as may

be seen from Figures 114 and 115.

3.2.2.3.2 Effect of Yaw

The main effect of yaw on local upwash relative to the unyawed case, was to de-

crease that in the lower inboard region of the windward side and increase that on the

leeward side, at both survey stations independent of fuselage geometry. This can be

seen in the data presented for fuselage 1 in Figures 116 and 117.

3.2.2.4 Local Sigma

3.2.2.4.1 Effect of Vehicle Geometry

Fuselage geometry effects were nil at this angle of attack as compared to the

zero degree case. The general sidewash at both fore and aft survey regions was

negative, with that at the rear station more negative in its inboard region than at the

upstream location as may be seen in Figures 118 and 119. This effect of angle of

attack is essentially the same as that observed in the Mach 2. 5 case.

3. 2.2. 4.2 Effect of Yaw

As expected, the effect of yaw relative to the unyawed case was to make the

sidewash more negative on the leeward and less negative on the windward sides for both

fuselages at both survey stations, as may be seen from the data of Figures 120 and 121

for fuselage 1, and Figures 122 and 123 for fuselage 2. The local sidewash was found

to be less negative in the region of the lower fuselage corner for fuselage 2, which,

with its well rounded lower shoulder, does not tend to isolate the lower fuselage in-

duced pressure field as much as did fuselage 1, a characteristic which has been noted

earlier in this report.

3. 2. 3 High Angle of Attack

3. 2. 3. 1 Local Mach Number

"3 2 3.1. 1 Effect of Vehicle Geometry

At this high angle of attack increasing the angle of attack from 10' to 20' produced

a general lowering of the local Mach numbers at both survey stations. The local Mach
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I FUSELAGE 1 MACH NO. 3.5
ALPHA 10.00 BETA 0.00

RUN CONTOURS
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Figure 114. Local Alpha
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Figure 116. Local Alpha
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Figure 1 19. Local Sigma
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numbers in the lower inboard region were lower for fuselage 2 than for fuselage 1

at both survey stations.

At the downstream station, the wing compression field manifests itself by the

general reduction in local Mach numbers as compared to the upstream values. Figures

124 to 126 illustrate these effects.

3.2.3.1.2 Effect of Yaw

At the aft station the effect of yaw was confined mainly to the inboard part of the

survey plane and consisted chiefly of a slight increase of locai Mach number on the

leeward side, and a comparable small reduction on the windward side, as may be seen

in Figures 127 and 128.

3.2.3.2 Total Pressure Recovery

3. 2. 3.2.1 Effect of Vehicle Geometry

Increasing the angle of attack to 20° did not have any significant impact on the

general level of total pressure recovery relative to the intermediate angle of attack

case. Figures 129 and 130 show local recoveries in the region adjacent to the side of

fuselage 1 that are lower than those for fuselage 2, pointing to the likelihood of a

stronger cross flow, and attendant separation losses, for the former as compared to

the latter fuselage shape.

3.2.3.2.2 Effect of Yaw

For 4' of yaw there was little effect on recovery. Those on the windward side

reduced slightly relative to the leeward side by virtue of the slight change in the shock

wave losses accompanying the yawed attitude.

3.2.3.3 Local Alpha

3. 2. 3. 3. 1 Effect of Vehicle Geometry

At the forward survey station the effects of geometry differences were localized

to the lower part of the surveyed region with fuselage 1 again evidencing slightly higher

iocal angles of attack than futilage 2 as it did at Mach 2. 5. In the upper parts of thc

flow field region the distribution was comparatively uniform, as may be seen from

Figures 131 and 132.
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FUSELAGE I MACH NO. 3,5
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FUSELAGE 1 MACH NO. 3.5
ALPHA 20.00 BETA-~4.oo

RUN CONTOURS
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Figure 127. Local Mvacli No.
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At the 50% ACL station, there was a decrease in the level of upwash relative to

the upstream station with the largest incremental changes occurring in the upper part

of the survey region for both fuselages as shown in Figures 133 and 134. This wing

induced effect was observed at the intermediate angle of attack case, and at Mach 2. 5

as well.

3.2.3.3.2 EffectofYaw

The effect of yaw at the forward survey station was to increase the upwash

slightly in the lower inboard region of the leeward side and to reduce it on the wind-

ward side, independent of fuselage geometry differences. The same effect was noted

at the aft station, with a somewhat larger area of the survey region affected, however.

These effects of yaw, which were also observed at the Mach 2. 5 high angle of attack

case, may be seen in the data presented for fuselage 1 in Figures 135 to 138.

3.2.3.4 LocalSigmna

3. 2.3.4.1 Effect of Vehicle Geometry

]Relative to the 10' angle of attack case increasing the angle of attack to 20* made

the general level of sidewash angles more negative (outwardly directed) at both survey

stations for both fuselage shapes. Compared to the high angle of attack data at Mach

2. 5, there was no significant effect due to Mach number alone at the aft survey station,
whereas at the forward station the level of sidewash became generally more negative

j by about one or two degrees. The sidewash at the aft station was more negative than

at the upstream station, especially in the vicinity of the fuselage side. Fuselage

geometry differences produced little effect on the local sidewash angles. These effects

are illustrated for fuselage 1 in Figure 139 and 140.

3.2.3.4.2 Effect of Yaw

Yaw resulted in the expected positive increment in sidewash on the windward

side and a negative one on the leeward side. The influence of fuselage geometry

difference was very small and confined to the vicinity of the lower fuselage corner.

Figures 141 and 142 present data for the leeward and windward sides, respectively,

oof fuselage 1 at the 50% ACL station.
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153



II
ia

FUSELAGE I MACH NO. 3.5
ALPHA 20.00 BETA-4.00

RUN CONTOURS
- 30 PC ACL 110 18.0

20.0
22.0
24.0

1 18.6 21.8 21.6 21.5

2-.5 238 22.] 21.9

1 1

2 26.2 22.0 0.0 19.7

2 - * 2 
4

21.2 22.02. 18.5 1;9.2

-1

- 18.6 18.9 17.6 18.0

IY F0 IsI

rpii
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SECTION IV

CONCLUSIONS

A general summary of the major conclusions which can be drawn from the data

obtained in the Mach 2. 5 and 3. 5 tests with the high design Mach number fuselage

configuration is presented in this section. The summary is arranged into four groups

corresponding to the following basic flow field parameters: local Mach number, total

pressure recovery, angle of attack (alpha), and sidewash angle (sigma). The depend-

ency of these parameters upon angle of attack and yaw, free stream Mach number,

"and fuselage geometry is briefly assessed. The local Mach number and total pressure

reoovery data readily permit quantitative performance evaluations of rather generalized

vehicle/inlet systems to be made. On the other hand, without rather well defined

specific inlet designs, only qualitative assessments such as development risk can be

made of the impact of local flow angularity and sidewash.

Local Mach Number

The flow field Mach number level and composition was dictated primarily by free

stream Mach number and vehicle angle of attack. The axisymmetric flow fields

generated by the fuselage nose and canopy established a radial Mach number profile

that became more distinct with increasing free stream Mach number. An excursion

to positive vehicle angle of attack superimposed a peripheral Mach number gradient

in the inboard region of the forward flow field resulting from increased lower fuselage

compression and upper fuselage/canopy expansion. The increase in wing compression

with angle of attack produced a general reduction in locai Mach number throughout the

"aft flow field.

"As compared to the effects of free stream Mach number and angle of attack, the

effects of the fuselage geometry differences proved for the most part to be rather small

and were confined to the region of the lower fuselage corner. Lxcursions in angle of

yaw preduced secondary changes in the average levels of local Mach number. With

increase of free stream Mach number there was a relative decrease in the average

level of local Mach number in both the fore and aft survey regions of lie flow field.

Consideration of this parameter is required primarily for inlet sizing at the design

Mach namber and for evaluating performance at off design point conditions.
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Local Total Pressure Recovery

At low angle of attack local total pressure recovery was sensitive to free stream

Mach number but independent of vehicle geometry and yaw angle. The increase in shock

losses with increasing Mach number resulted in generally lower recovery at Mach 3. 5.

At intermediate angle of attack the forward survey region experienced a reduc-

tion in recovery level due to the strengthened lower fuselage shock and canopy shock.

Recovery at the aft survey station was reduced further by the stronger wing leading

edge shock. In general the recovery remained independent of fuselage corner geo-2 metry and vehicle yaw angle.

The predominant parameter at high angle of attack was lower fuselage corner
radius. While the cross flow around the large corner radius remained attached that

around the small corner radius tended to separate resulting in reduced recovery

levels, particularly in the inboard region of the flow field.

The intermediate and high angles of attack, at both Mach numbers, produced

sufficiently low recoveries at the aft station in the region close to the sides of both

fuselages, and close to the wing lower surfaces, to require that inlets situated at

that longitudinal location be separated, or split away, from those surfaces. At the

forward station the usual splitter plate arrangement would probably suffice for a

side mounted inlet installation.

Local Alpha

Local alpha proved to be most sensitive to vehicle angle of attack, at the for-

ward survey station, and wing compression, at the aft survey station. Fuselage

corner geometry introduced second order effects, while free stream Mach number

exerted essentially no influence over the composition of the flow field.

At the forward station the larger fuselage corner radius tended to promote

downwash at low vehicle angles of attack while inhibiting up•wash at intermediate

and high vehicle angles of attack. At the aft station the wing dictated flow field

Sangularity, The wing also dampened non uniformities introduced by yaw on both the

leeward and windward sides.

Consequently, for maneuvering flight at these Mach numbers the utilization of

wing shielding is an important consideration in the selection of inlet placement.
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Local SigmA

Local sigma proved most sensitive to vehicle angle of attack and fuselage

corner radius, and vehicle cross-sectional area progression. At low angle of attack

the axisymmetric fuselage nose and canopy generated flow fields established a basic-

ally negative sidewash condition at the forward survey station except near the lower

• tfuselage corner where the fuselage of larger corner radius induced a locally positive

sidewash. At the aft station this negative composition essentially disappeared as the

diminishing fuselage cross-section produced a nearly complete re-expansion of the

flow. At intermediate angle of attack the increase in both fuselage cross flow and

wing compression established a more negative level of sidewash. This tread con-

tinued into the high angle of attack range. Therefore, although fuselage corner

radius and free stream Mach number had some influence on local sidewash character-

istics their effects were small compared to those of angle of attack, yaw and wing

compression' at the Mach numbers tested. Consequently, local sidewash angles merit

careful attention when designing for maneuvering flight capability.
,* i

Performance Evaluation

The flow field data presented here can be applied directly to specific induction

system designs by considering the candidate inlet to be submerged within the flow field.

Use of the data in this manner will permit both quantitative and qualitative assessments

of the impact of the local approach flow upon the inlet design.

For the pre-preliminary design phase screening of inlet locations and aircraft

S!igeneral arrangement a broader overlook is more appropriate. To this end, therefore,
the parameters of total pressure recovery, angularity, and sidewash have been

statistically averaged, as was done for the test results presented in Volume I, for

each of the two fuselages for Mý = 2.5 and 3. 5 and angles of attack and yaw applic-

able to cruise/acceleration and maneuvering flight conditions. Plots of these para-
meters are presented in Figures 143 through 150. They can be used individually to

evaluate a particular flight condition or cross plotted to evaluate a po~stulated flight

trajectory.

I16

Sl164

me



- : .. . - -_ :-- 1 . - . A,

.95I7-7o . _. - _ .. ::"} .

*4

"P 80 ... . .. _ _0_

a.- A _ _ _ _!_ _ • *1-. .

"-4*'

o . .. . 1, , , ,. ..

1.0 . __. , _ _ ' fi, -- , L" •_. • .. .. - -

so

- .95 ------- -

.90 2~03

Fubeage 2

0 10
Angle of Attack, Degrees

Figure 143. Average Total Pretioure Recovery, M. 2. 5

165

S: • • • • - 4



I --- -- -- -- - 7--- 4---7

i. ... . 9
$ . "_ " ___ . ____

-40--

1 40

1'Fuselage I1

U-- , I __... . . _ 30% ACL

Co

iii~~ -- ---- ZO: AC ------ _I-
1.0

F-' Fuselhge 2

.9 -40!pop-
- ,. . .

iii --. , 40
ii- ----- -- --

.7
-0 10 20 30

Angle of Attack, Degrees

Figure 144. Average Total Pressure Recovery, M1 - 3. 5

166



ILI

o jt.

41.

81_ _

----------- 4 -

0 1 30- ~

____ IV 20_ _

1.2-.-Angl of.~777 Atak Degrees_
Figure~ ~ 14.AeaeSed tt isotnM 2.

16



1.2

)I s fag

* L _ __K

30% - -.- 4

z -- -40

AL; 5Fuselage 1 0I
0 ~ 1. 20 30A

0 ~ ~ ~ nl of Attack, Degrees ,M~ .53

Fiur 16 AergeSeay taeDitotin N68. "



I I _ _ _ _

20 __ ~

Iz

Z5

M

Ei
- i10

4-4

i.. -~ -- --

-10

o 0203
Angl of ttac, Deree

Fiur 147 Avrg oalAgeo ttcM .

20 i--- -~---------------"-- 169



-- I

20 .. . ....... . -4°

3, 10

00 ~000

0
00

Fuselage 1

-10"

-• 30% ACL S• 
.... . 50 1 A C I-

0

0420

o 
O

Fuselage 2

10 20 30
Angle of Attack, Degrees

Figure 148. Average Local Angle of Attack, N1. 3, 5

170



4-

A. -tC.I .

-44
an*L

0

00.

-- 4

K--4-
0 1

0 10 20 30

U2
Anl2fAtak ere

Fiur 140AeaeLcl*ieah , .

1L



0 - .-

.4 4V

Fusolage 1

-12! 4

~ . 30% ACL1

-50%AC L

-44

0........
-- 4-

-44

C-4

03

Angle of Attack, Degrees

Figure-150. Average Local, Sidewash, M_ 3.5

172



UNCLASSIFIED
secunvt Classification

DOCUMENT CONTROL DATA - R & D
(Security classif•cation of title, body o. abatract rand Irdexing armmolt.i•, mo..t br entered when the overall report I- cl.assifed)

OPIfiNATING ACTIVITY (Corporaleauthor) 2a.SEP00T SECURItY CLASSIFICATION

Fairchild Industries Inc. Unclassified
Fairchild Republic Company zbý G-oVP
Farmingdale, New York 11735

•~ R EPORT TITLE

INVESTIGATION OF THE EFFECTS OF AIRFRAME DESIGN ON INLET FLOW FIELDS

• 4. CpE S c, A May 1973

5. AUTHORIS) (Firaf name, middle ntitiel. last nama)

Constant Prokop, Fairchild Industries, Fairchild Republic Company

6SR T. DAT E T A .... EQ . .. TOA ... OF .AGE.N

t-- May 1973j 191
CONTRACT OR CRA.N? NO 9.. O"G~¶r EP00, -. ,.rSc nut

F33615-71-C-1451 AFFDL-TR-72-11, Volume II
b. PROECT NO

1476
1. 147603 0-ri- fl P oiSi Anv nthr umhets that t- an-

thi.. tvpnt) N/A
S~d.

"0 V3 sTtr'tltoIf~3nA1imited to U. S. Government agencies only: test and evaluation;

February 1972, Other requests for this document must be referred to AF Flight
Dynamics Laboratory (FXMI), Wright-Patterson AFB, Ohio 45433.

It SUPOLEUENTAOV NOTES 1 500.

Air Force Fl ight Dynattics Labratorv
Air Force Systems Conmmand
Wright-Patterson AFB, Ohio 45433

13 ABSrSRCT The modern tactical class of aircraft weapon systems is required to perform

effectively over a wide range of flight Mach number and altitude. previdinv
large thrust margin and high maneuvering capability throughout the normal
operating envelope. To achieve this combination of performance and maneuverabil-
ity, a sophisticated propulsion system closely integrated with the airfraote is
required. Operational experience indicates that the vehicle induced flow en-
vironment can influence the performance of thee close ly integrated propult;ion
systems with the effects ranging from minor performance degradation to engine
flame-out.

Recent exploratory and development research programs have served to improve
the basic understanding of the effects of airframe-inlet interaction. These
programs accomplished their major goals in that a large bank of relevant ex-
perimental data was generated and a basic understanding of the flow phenomena
was obtained, The objective of the program reported herein was to expand this
data bank by (1) providing a more extensive spacial documentation of the vehicle
flow fields, (2) an increase in the Mach number regime included, and (3) investi-
gations of additional geometric variables potentialiv impacting upon t he pro-
pulsion system design process. All maior program goals were attained.

DD ,o'..1473 Unclassified
1 7 3 s-• \ • 1... ..-...iti n n



U NCLASSIFPIED
Srcuritv Classiiciation

KEY WORDs S
POLE * SOLE wTr Mo w•

Protuberances

Canard Surfaces

Strakes

,Missiles

Fuselage Nose Geometry

Cambered Fuselage

Canopy Geometry

Flow Field Survey

Boundary Layer

Fuselage Static Pressure

Flow Field

Local Mach Number

Effect of Vehicle Geometry

Effect of Protuberances

Effect of Yaw

Total Pressure Recovery

Local Alpha

Local Sigma

7: 1 1 t

UNCLASSIFIED
174 Security Classification

-a i


