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AXISYMMETRIC & NON-AXISYMMETRIC EXHAUST JET 

INDUCED EFFECTS ON A V/STOL VEHICLE DESIGN 

(PART II: ANALYSIS OF RESULTS) . 

w. C. Schnell 

Grumman Aeros pace Corporation 

SUlvlMARY 

A wind tunnel investigation, sponsored by the NASA Ames Research Center, 

was conducted to determine the jet induced effects of several exhaust nozzle con­

figura tions (axisymmetric, non -axisymmetric, and vectoring/ modula ting variants) on 

the aeropropulsive performance of a twin-engine V/STOL fighter design. A 1/8 scale 

model was tested in the NASA Ames 11 ft transonic tunnel at static conditions and 

over a range of Mach numbers from 0.4 to 1.4. Exhaust flow simulation was obtained 

by employing compressed air. Angle-of-attack and exhaust nozzle pressure ratio 

were appropriately scheduled with Mach number. 

This report is the second in a series of three reports covering this comprehen­

sive wind tunnel investigation of approximately 2,000 test points. The first report, 

Part I: Data Presentation (ref. 1) presents the model geometry and the entire set of 

test data (static and wind-on) in graphical form. This second report thoroughly 

analyzes and interprets the test results and presents highlights of each major data 

study. The third report, Part III: Experimental Technique, will discuss the 

experimental aspects (e.g., test technique, test problems and solutions, etc.) of 

the static and wind tunnel test programs. 

This investigation has contributed to the aeropropulsion V/STOL data base. 

The force and pressure data presented herein show that significant differences in 

aeropropulsion performance can be expected by varying the exhaust nozzle type and 

its geometric parameters on a V/STOL underwing nacelle installation. For example, 

the unvectored single expansion ramp nozzles tested in this program show large aero­

propulsion performance gains, at all flight conditions, relative to a circular nozzle 
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installation. At Mach 0.9 a typical cruise drag reduction is about 50 counts. Addi­

tionally, a 40 count drag reduction is realized when the non-axisymmetric cruise 

nozzle is vectored through a 100 deflection angle. The combined 90 count drag 

reduction, which is equivalent to 25 percent of zero lift drag for this V/STOL 

vehicle, represents the total payoff of the vectored non-axisymmetric nozzle over 

the baseline circular nozzle installation. 
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SECTION I 

INTRODUCTION AND OBJECTIVES 

The potential advantages of non-axisymmetric exhaust nozzles have made these 

nozzles strong candidates for adaptation to the propulsion systems of future V/STOL 

aircraft. Non-axisymmetric shapes generally blend better with airframes (in par­

ticular with wings) than do state-of-the-art axisymmetric nozzles, and the resulting 

improvement in nozzle/airframe integration can yield important reductions in vehicle 

minimum drag as well as induced drag (through lift enhancement derived from thrust 

vectoring). But before non-axisymmetric nozzles can be seriously considered for 

use in an actual advanced aircraft design, a significant amount of experimental data 

on installed aeropropulsion performance and induced aerodynamic effects must be 

obtained. 

To contribute to the developing V /STOL air vehicle/non-axisymmetric nozzle 

data base, the NASA Ames Research Center has sponsored the subject program. A 

realistic multimission twin-engine V/STOL fighter scale model was tested (June 

1979) in the Ames 11 Ft Transonic Wind Tunnel to investigate non-axisymmetric 

nozzle installed performance and inflight vectoring performance. 

This scale model was previously tested in two other research programs (ref. 2, 

3), but hardware failures either prevented acquisition of complete aircraft force 

data or severely limited the test configuration matrix from which worthwhile data 

could be salvaged. In the subject program, it was possible to obtain complete 

aircraft force data on all nozzle configurations over a wide range of test conditions. 

The overall objectives of this program are to acquire, in the wind tunnel, 

complete aircraft longitudinal force data and extensive wing/body surface pressure 

data on a realistic V /STOL vehicle design in its CTOL mode of operation. These 

data will be used to evaluate the aeropropulsion installation effects of different 

axisymmetric and non-axisymmetric nozzle designs as well as the effects of thrust 

vectoring on the lift enhancement and drag characteristics of a non-axisymmetric 

underwing nacelle installation. 
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SECTION II 

DESCRIPTION OF NOZZLE DESIGNS 

This program emphasized the experimental evaluation of the ADEN (Augmented 

Deflector Exhaust Nozzle) non-axisymmetric exhaust system installed in an under­

wing nacelle installation. The ADEN was investigated over a range of jet areas and 

thrust deflection angles. Additionally, a second non-axisymmetric exhaust system, 

the ALBEN (Asymmetric Load Balanced Exhaust Nozzle), designed for reduced cruise 

drag, was tested in the program. These two non-axisymmetric nozzle types, 

together with a state-of-the-art axisymmetric baseline provided a progression of 

three distinct variants in nozzle type. All concepts represented workable mechani­

cal designs furnished by the General Electric Company. 

2.1 FULL SCALE NOZZLE DESCRIPTION 

Augmented Deflector Exhaust Nozzle - The Augmented Deflector Exhaust Nozzle 

(ADEN) V/STOL exhaust system (Fig. 1) is a variable area, internal/external 

expansion type, non-axisymmetric nozzle with throat area controlled by a variable 

geometry convergent-divergent upper flap assembly. The throat "collapses" when 

modulating from non-afterburning to max-afterburning. The variable position 

ventral flap located downstream of the throat varies the nozzle internal expansion 

area ratio as required over a range of operating pressure ratios. The throat itself 

is located forward of the ventral flap hinge plane so that the nozzle throat area is 

not affected by the ventral flap position. 

The arrangement of the ADEN nozzle flaps, deflector, expansion ramp, actu­

ators, and structural elements have been carefully chosen to allow smooth afterbody 

contours. The non-axisymmetric nozzle shape blends well with supersonic airframe 

lines, minimizing drag-producing base regions; the cruise throat aspect ratio 

(4 X 1), permits the ADEN to be installed without increasing frontal projected area. 

For V/STOL operation, a rotating deflector mounted outside the nozzle casing 

diverts the jet downward. The nozzle upper flap assembly is actuated to the maxi-

.4 _ 



tional axisymmetric translating flap C-D nozzle design with a scheduled area ratio 

control. This axisymmetric nozzle provides a meaningful performance yardstick 

against which the non-axisymmetric nozzles can be evaluated. 

The unvectored circular nozzle installation is compared with the ADEN and 

ALBEN installation in Fig. 3. This illustration shows the nacelle force balance 

metric break location (or model nozzle/airframe connect) and compares the amount of 
" .. ". ". . . -' " '.' .. ','". .' .' .. .' . 

afterbody/nozzle length and area required to close out the afterbody and still per-

mit thrust vectoring, if desired, with these three different nozzle types. 

Note that the circular nozzle is canted slightly downwards (approximately 40 ). 

In addition to hardware requirements relating to thrust mounts that differed from 

the non-axisymmetric installations, performance considerations, reflecting optimum 

interfairing design and minimum subsonic cruise specific fuel consumption, were 

influential in dictating the slight built-in deflection angle. 

2.2 MODEL SCALE NOZZLE CRITERIA 

Nozzle throat variation and internal area ratios were selected to be consistent 

with advanced continuous bleed turbojet engine cycles. Throat area was selected to 

represent an engine operation range from subsonic dry-power (non-afterburning) to 

supersonic maximum reheat-power (max-afterburning). This resulted in a "turn­

down ratio" (ratio of maximum to minimum throat area) of about 1. 75. Internal area 

ratios were selected to be consistent with typical turbojet engine cycles such as 

those shown in Fig. 4. This operating schedule is representative of Mach 0.6 loiter 

power, Mach 0.8 cruise power, and Mach 0.9 to Mach 1.5 at maximum power. 

Vectoring capability was established as a design requirement for all three 

nozzle types for their integration into the model (even though only the ADEN nozzle 

was vectored in this test program). This provided a consistent groundrule which 

was responsible for the circular nozzle being located slightly aft of the non-axisym­

metric nozzles. 

An aspect ratio (nozzle internal width divided by dry-power throat height) of 

about four was chosen for the non-axisymmetric nozzles. This aspect ratio is consis­

tent with a square transition duct design, and is most representative of first-genera­

tion non-axisymmetric full-scale designs. 
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mum open position during V ISTOL operation to substantially reduce the flow Mach 

number approaching the turn. The ventral flap travel is scheduled so that the 

throat is established between the tip of the ventral flap and the deflector and ro­

tates with the deflector so that flow turning is accomplished subsonically at all 

deflector settings; also, the low pressure region at the inside of the turn is freely 

vented to ambient air to allow free supersonic jet expansi<:m. 

Additionally, the ADEN is capable of providing inflight thrust vector control to 

obtain STOL performance as well as to improve aircraft flight maneuver and cruise 

capabilities by utilizing a Variable External Expansion Ramp (VEER). The VEER 

upper surface is designed to blend with the airframe contours, and the inner 

surface is contoured for effective jet expansion control. Variation of the VEER 

angle will deliver an upward or downward vertical thrust component as desired. 

The ADEN utilized on the model tested in this program had not been optimized 

when the model design was frozen and, therefore, internal performance levels 

higher than those presented herein can be attained. Internal performance values 

from full-scale static test results confirm this (ref. 4). 

Asymmetric Load Balanced Exhaust Nozzle - The Asymmetric Load Balanced Exhaust 

Nozzle (ALBEN), Fig. 2, is a CTOL derivative of the ADEN, and features an ellip­

tical throat and expansion surface contours. Throat area and internal area ratio are 

set by an adjustable lower surface boattail flap. The rotating lower flap is actually 

part of a swiveling pressure vessel with a continuous structure that proceeds up 

the sidewalls and through a pressurized cavity in the fixed geometry upper expan­

sion ramp structure. This design reduces actuation forces and maintains struc­

turally effective hoop stress in the area control flap. Vectoring is accomplished by 

rotating a second flap forming part of the expansion ramp. This flap also has 

partial sidewalls to contain the flow. The partial sidewall continues upstream as 

fixed structure attached to the fixed upper ramp section where it houses the 

swiveling duct section. 

The ALBEN utilized on the model tested in this program had not been optimized 

when the model design was frozen; therefore, performance levels higher than those 

presented herein can be attained. Internal performance values from scale model 

test results confirm this (ref. 5). 

Circular Exhaust Nozzle - An axisymmetric convergent-divergent (C-D) nozzle was 

employed in this test as a baseline configuration. This circular nozzle is a conven-
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SECTION III 

WINDTUNNEL MODEL DESIGN 

3.1 TEST MODEL AND SUPPORT SYSTEM 

The model was a l/Sth scale representation of a twin-engine, thrust-vectoring, 

V /STOL fighter designed for Navy application. The general assembly and nacelle 

assembly drawings are presented in Fig. 5 and 6. The configuration is designated 

623-2004B, and a three-view sketch with overall dimensions is shown in Fig. 7. A 

photograph of the model installed in the Ames 11 ft tunnel test section is shown in 

Fig. 8. 

The model was modular in design and consisted of four major sections: 

• Structural support and air supply system 

• Fuselage and lifting surfaces 

• Faired-over inlet / nacelles 

• Exhaust nozzle configurations. 

Fig. 9 provides an overview of the model support and air supply systems. As 

schematically illustrated, the overall model is supported by a bifurcated, twin-boom 

system which attaches to the vertical tail assemblies. Air supply for powering the 

model is delivered through the model support system. A representation of the flow 

path through the model is illustrated in the figure. 

Fig. 10 presents an expanded view of the model support assembly. It consists 

primarily of an air supply tube, a T-support piece with structural/aerodynamic 

fairings, two sting booms, two vertical tails, and a support beam. 

The air supply tube provides the connection between the AMES 11 ft tunnel air 

supply source and the air passage entrance in the T-support. The forward end of 

the tube mates with this support piece and the aft end attaches to the AMES air 

supply source. 
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The T-support piece establishes the structural interface between the wind 

tunnel strut and the model. It also contains the air passageway that accepts the 

oncoming air from the air supply tube and divides it into two separate channels 

leading to the two sting booms. Holes exist in this piece for instrumentation lines 

which are routed from the model to the internal portion of the wind tunnel struts. 

The structural/aerodynamic fairings provide added overall strength to the T-sup­

port. In addition, they provide a smooth circular-arc boundary for the wind tunnel 

flow to follow after passing over the upstream support hard ware. This minimizes 

any pressure disturbances which may feed upstream. 

The two sting booms house the air passageways from the T-support to the 

vertical tails. In addition, they also provide the structural interface between these 

two adjoining parts. The two vertical tails form the structural link between the 

sting booms and the support beam. They also contain five holes for air to be 

transported from the sting booms to the support beam and also serve as channels for 

routing instrumentation lines out of the model. The inboard side of the vertical 

tails conform to the aircraft airfoil shape to attempt to simulate the tail interference 

on the afterbody. The outboard sides of the vertical tails slightly deviate from the 

true aircraft airfoil contour to allow material thickness through which the air holes 

were drilled. 

The support beam is the strongback of the model and provides a receptacle at 

the forward end for the non-metric side of the aircraft force balance. It also 

houses a plenum chamber to reduce the higher velocities emanating from the vertical 

tail flow path. 

The model hardware described above is all non-metric. Attached to the metric 

side of the main force balance is the centerbody-core piece that in turn supports all 

other metric model components: forebody/nose, aft-fuselage shells (upper and 

lower), wings and tails (not tested in this program), and nacelle/nozzle hardware. 

The centerbody is the backbone of the model and therefore was constructed of 

17-4 PH stainless steel. It houses the metric side of the aircraft force balance and 

the two model venturi tubes. Air passing through the aircraft force balance travels 

forward through a bored passageway to a plenum chamber just forward of the air­

craft force balance. Then the air travels aft through another bored passage, 

through the venturi tubes and then dumps into the faired-over nacelles. 
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The inlet nose simulated the aircraft inlet shape and attached to the forward 

end of the faired-over nacelles. This model did not employ the familiar bullet nose 

inlet fairings (except for one configuration); instead, it featured a flat plate dam 

arrangement recessed from the inlet leading edge surfaces. This design has been 

observed to more closely resemble the inlet flow field (unchoked) of aerodynamic 

flow-through models than the "zero-spillage" bullet fairing (ref. 6). The inlet 

fairing lip simulated the aircraft inlet lower lip contour. 

Right and left nacelle assemblies were different because the left side housed 

the nacelle balance. The nacelle assembly drawing (Fig. 6) shows the several basic 

components making up the left assembly. The left nacelle houses the non-metric 

side of the nacelle force balance and was grooved in the middle to provide a passage­

way for high pressure air from the wing/centerbody through the nacelle and into the 

force balance. The nacelle cover piece attached to the lower aft end of the nacelle 

and matched the aircraft nacelle skin lines up to the model nozzle metric break 

station. 

The right nacelle hardware is the same as the left with the exception of the 

nacelle force balance. On the right side, a dummy balance sleeve was installed in 

place of a force balance. 

The exhaust nozzles attach to the aft-ends of the nacelle force balance and/or 

dummy balance sleeve through an adapter piece. This adapter was common to ADEN 

configurations and mated to the metric side of the nacelle force balance. Internally, 

it provided a flow path transition section which was circular at the entrance and two­

dimensional at the exit. The external portion of this piece, from the nozzle metric 

break to the nozzle exit plane, simulated the actual nozzle external contour lines. 

For the ALBEN and circular nozzles correspondingly different adapter pieces 

were required to accommodate differing internal flow paths and/or external boattail 

contours. 

3.2 FORCE MEASURING SYSTEM 

The model force balance arrangement is illustrated in Fig. 11. With the 

exception of the vertical tails, the entire model was fully metric to a five component 

flow-through aircraft main balance. This balance measured total aircraft forces and 

moments. The main balance metric break was located at the base of the vertical 

tails. This aircraft force balance was installed near the aircraft c.g. station as 
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shown in Fig. 12. A flexible metal bellows arrangement was employed as the method 

for the airflow to bridge the metric break. This balance was instrumented to 

provide measuring capability for the three major components of normal force, axial 

force, and pitching moment. The design limits of these components are ±5000 lb, 

±800 lb, and ±25000 in.-lb, respectively. Electrical leads from this balance were 

routed along the bottom center fuselage instrumentation passage to the cavity 

between the model strongback and lower afterbody shell, then up to the stings and 

tunnel strut through passageways in the aft portion of the vertical tails. 

In addition, a second five-component flow-through balance was employed to 

measure the forces and moments on the metric section of the left-hand nozzle. This 

balance attached to the main balance in a "piggy-back" arrangement and was similar 

to the aircraft force balance in design. Understanding of the flow-through balance 

concept can be obtained from Fig. 6. The nacelle balance was instrumented to pro­

vide ±200 lb of normal force, ±400 lb of axial force and ±1500 in. -lb of pitching 

moment. Electrical lines for this balance were routed from the nacelle to the fuse­

lage in a passageway in the wing and then followed the aircraft force balance leads 

to the stings and tunnel strut. 

Note that the axial load ranges of the balances are of the same order of magni­

tude despite the 400lb difference in maximum range. With proper calibration, the 

observed axial force repeatability error of the main balance is not significantly 

greater than the nacelle balance. This is not true in the normal direction where 

balance capacities differ by over an order of magnitude. The nacelle balance can be 

expected to exhibit a much tighter data scatter band than the main balance. If 

thrust-removed parameters are desired, therein lies the primary reason for employ­

ing the additional complexity of the second (nozzle) balance. Static thrust compo­

nents are required for the determination of the thrust-removed parameters. Under 

static conditions (wings unloaded) the main balance normal force gauge, which had 

to be sized for large transonic wing loads, is much oversized for the measurement of 

the relatively small normal force component of the thrust vector. Typically, the 

static normal force data measured by the main balance is characterized by large data 

sca tter. (This will be shown in sUbsection 6.3.) 

(It is noted, however, that if great care and time are taken to make the nec­

essary repeat runs to minimize both random and bias errors, then a· single balance 

system may be satisfactory for the measurement of static normal force.) 
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Another argument for employing the second balance is to determine the wind-on 

vector angle. However, this requires the additional cost and complexity of the ex­

tensive pressure instrumentation to assess tare terms, in both axial and normal 

directions, on metric surfaces wetted by the external flow. Additionally, friction 

tare forces must be estimated analytically. Although the wind-on vector angle (if 

determined with confidenc~) is an interesting diagnostic, it is ~ot necessary for 

full-scale aircraft performance to be determined. This is demonstrated in ref. 7 

where the (static) thrust-removed model scale results are combined with real engine 

data using the static vector angle as the interface. 

Yet another common argument for utilizing the second balance is to obtain in­

stalled nozzle thrust-minus-drag. Since the location of the nozzle metric break is 

arbitrary and generally not outside the nozzle and/ or the jet exhaust sphere of influ­

ence, this parameter possess little value from the performance point of view (it is 

merely a function of the metric break location). On the other hand, if the nozzle 

metric break somehow could be located so that all jet-effects were included on the 

nozzle balance metric system - then there would be no need for the main balance, 

and this particular argument for the two-balance system loses validity. 

Thus it is concluded again (unless driven by extraordinary objectives), that 

the primary reason for employing the nozzle balance is to obtain the static normal 

force component accurately. Furthermore, because the sphere of influence of nozzle 

variants and jet-effects is not restricted to the nozzle balance metric system, in 

this program the main balance is used for all drag/lift comparisons to ensure the 

accounting of all jet-induced phenomena. 

3.3 INSTRUMENTATION 

The type and quantity of model-related instrumentation is summarized, accord­

ing to specific category, below. 

Nozzle Total Pressures - Total pressure was measured upstream of the nozzle en­

trance station. The circular configuration has a constant area-distribution up­

stream of the nozzle entrance and only five probes per nozzle were needed to 

properly assess the integrated average total pressure (area-weighted). For the 

ADEN and ALBEN, characterized by non-constant upstream area distributions, 19 

probes per nozzle were utilized. Fig. 13, 14 and 15 illustrate the total pressure 
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rake design for the circular nozzle, ADEN and ALBEN, respectively. Tubing from 

these probes was routed to quick-disconnect leads at the aft end of the nacelles; 

the tubing was then routed through the nacelles to quick-disconnect devices in the 

wing root before connecting to a 60 psid scanivalve in the model nose. 

Flow Path Pressures - A total of eight high pressure measurements were made. 

Because the pressure levels were in the range of 300-600 psid, individual model-. 

mounted transducers were used instead of a scanivalve. 

Two static pressure orifices were located in the flow circuit air plenum in the 

centerbody section of the fuselage for diagnostic purposes. Four static pressure 

orifices, two on each side, were located in the model venturi tubes in order to 

flow-calibrate each nacelle. Each bellows (main balance and nacelle balance) had 

one pressure orifice which was employed for health-monitoring purposes (so as not 

to exceed the bellows design pressure level of 900 psid) as well as for calibration 

purposes (to assess the bellows pressure tare force). 

Model Internal Cavity Pressures - Model cavity pressure measurements were re­

quired to assess the unbalanced pressure/area tare force for each balance system. 

Eleven fuselage cavity pressure orifices were located as shown in Fig. 16 and 17. A 

single orifice was placed in the forward force balance cavity, one on each outboard 

side of the cavity area, six in the aft fuselage upper and lower shell cavity area 

(see Fig. 17), and one each at the forward and rearward boundaries of the main 

balance metric break (base of vertical tail). 

Nine nacelle balance pressure tare orifices were located in the left nacelle 

cavity as shown in Fig. 18. A single tap was placed upstream of the balance, four 

taps in the downstream cavity region, and four taps along the nozzle metric break. 

Tubing for all the fuselage and nacelle cavity taps was routed through the nacelle to 

quick-disconnect devices in the left wing root area and then to a 15 psid scanivalve 

in the model nose. No metric breaks had to be crossed in the process because the 

instrumentation was not located within the nacelle balance metric system. 

External Surface Pressures - External surface statics located on the wing-body and 

nacelle/nozzle were employed as diagnostics to study the flow field changes that 

occur by varying nozzle type or vectoring angle for example. Up to 37 static taps 

12 



(depending on configuration) were located on the nacelle centerline. Twenty-three 

of these were placed along the nacelle upper surface spaced from the upper inlet lip 

to the end of the nozzle/wing flap, and up to 12 along the nacelle lower surface 

spaced from the lower inlet lip to the end of the ADEN/ALBEN lower boattail. 

Figure 19 shows a representative layout of these surface statics which were 

measured on a 25 psid scanivalve. 

Additionally, on select configurations, limited surface pressure ins tru­

mentation was located on either the ADEN sidewalls or the ADEN VEER at 

off-centerline butt-lines to study the effect of span. 

On the wing and body, extensive pressure instrumentation was located such 

that upper and lower surfaces possess a symmetrical orifice-distribution. Figure 20 

shows three rows on the outer wing and three on the inner wing/body. Also the 

nacelle/nozzle upper surface orifice locations of Fig. 19 have been repeated for 

reference. 

Nozzle Internal Pressures - To assess the effect of external flow on nozzle internal 

thrust, wall surface taps were located between the nozzle throat and exit planes of 

the ADEN and ALBEN configurations. 

The ADEN Cruise 00 and combat 00 nozzles were outfitted with nine VEER and 

four ventral flap orifices. Additionally, a limited number of off-centerline orifices 

were added to the VEER. Due to plumbing constraints, two of the VEER orifices and 

the off-centerline orifices were located on physically different configurations re­

ferred to as alternate (ALT.) that were tested at different times. 

The ADEN Combat 100 , 200 , DASH, and ALBEN configurations all were outfitted 

with seven VEER centerline orifices. 

Figure 21 illustrates the pressure orifice layout (centerline) for the ADEN 

Cruise 00 configuration;. the orifice layouts for the other nozzles are conceptually 

similar. All internal pressure lines were routed to a 60 psid scanivalve. 

Model Temperature Instrumentation - Air total temperature in the model was 

measured at the entrance to the model venturi tubes by two iron-constantan thermo­

couples. Nozzle exit flow temperatures were measured with iron-constantan thermo­

couples located at the total pressure rake station. A Joule-Thompson throttling cor­

relation was found to provide data consistency and was favored in lieu of the nozzle 

exit total temperature measurements. 
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Facility Instrumentation - Standard facility instrumentation upstream of the model 

support system was used to measure nozzle flow rate. A calibrated turbine flow 

meter and associated pressure and temperature measurements were employed for this 

purpose. 

Standard Ames 11 ft tunnel instrumentation was provided to determine tunnel 

operating conditions (static and total pressures, Mach number, total temperature, 

and Reynolds number) andmodel attituOde. The angle-of-Oattack was measured 

directly with a dangleometer mounted in the model. 
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SECTION IV 

TEST OPERATION AND DESCRIPTION 

4.1 FACILITY 

This test program was conducted in the NASA Ames Research Center 11 ft Tran­

sonic Wind Tunnel. This is a closed circuit, variable-pressure, continuous-flow 

wind tunnel normally operated from Mach 0.4 to Mach 1.4. Stagnation pressure can 

be varied over a wide range. The test section is 11 X 11 ft in cross-section, and 

slotted walls provide for continuous operation throughout the complete Mach range. 

A facility description is contained in Ref. 8. 

Figure 22 shows a sketch of a typical tail-support installation in the AMES 11 ft 

tunnel facility. A photograph of the Design 623-2004B model installed in the tunnel 

test section appears in Fig. 23. 

4.2 TEST CONFIGURATION MATRIX 

Nine different nozzle configurations were evaluated. Figure 24 shows that the 

circular nozzle and the ALBEN were tested in their unvectored subsonic cruise 

modes while the ADEN was tested over a range of throat area and deflection angle 

(geometric) settings. Figures 25, 26 and 27 present representative sketches of the 

actual nozzle hardware tested for the circular nozzle, ALBEN, and ADEN configura­

tions, respectively. A comparison of the ADEN Cruise and ADEN Combat deflection 

angle variations is shown in Figs. 28 and 29 respectively. 

Photographs of the nozzle/airframe installations are shown in Fig. 30, 31, 32 

and 33. The non-afterburning (cruise) unvectored configurations are to be com­

pared by studying Fig. 30, 31 and 32; while the extremes in ADEN VEER vectoring 

capability can be observed from Fig. 32 and 33. 

Utilizing the nine nozzle variants noted above, a total of 13 nozzle/ airframe 

configurations were tested. They are listed in Fig. 34 along with the corresponding 

average jet (throat) area per nozzle. 
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The three alternate (ALT.) nozzle configurations denote different nozzle hard­

ware pieces dedicated to pressure measurements on the VEER and the ventral flap. 

Additionally, the ADEN Combat ()O nozzle was retested in the presence of an 

ogive inlet fairing OfF) as shown in Fig. 35. By comparing configurations ten and 

eight, the effect of two extremes in inlet fairing type on nozzle jet-effect increments 

can be studied. 

All configurations were tested without horizontal tails so that any control 

effects unique to this airplane concept would not compromise the generalization of 

these test data. For example, a user would most probably apply the thrust vector­

ing results to a canard-type fighter; therefore, testing without horizontal tails faci­

litates an analytical canard-correction to these test data. 

4.3 MODEL CALIBRATIONS 

Prior to the wind-on operational test phase, the test program included five cali­

bration tasks that were necessary prior to conducting wind-on runs. 

(1) Model venturi mass flow calibration 

(2) Nacelle and main balance calibrations (bare and installed) 

(3) Assessment of nacelle and main balance bellows interactions 

(4) Assessment of nacelle and main balance crossover momentum tares 

(5) Asessment of nacelle and main balance static force components. 

These calibration activities will be discussed briefly below. 

The mass flow measuring system consisted of the facility flowmeter in conjunc­

tion with the model left and right nacelle venturi tubes. The total model mass flow 

was determined from total pressure and temperature measurements at the facility 

metering section located in the high pressure air supply line. The model venturi 

tubes were installed in the wing section between the fuselage and nacelle as shown 

in Fig. 36. 

Due to manufacturing tolerances the model venturi tubes could not be expected 

to pass equal mass flows. Pre-test ve~turi calibrations, using an AS ME standard 
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nozzle, were necessary to determine the flow-split. This split was approximately 

51% and 49% for left and right hand nacelles, respectively. Knowing the split ratio 

and the facility total mass flow, the flow to each nacelle was then determined. 

The individual right and left hand nozzle mass flows, in conjunction with the 

nozzle average total pressure and temperature measured at each nozzle entrance, 

were employed in the calc;mlationof ideal thrust for· each. nozzle.· 

Task two is noteworthy because the importance of calibrating flow through 

balances with a simulated load point-of-application was recognized. The bellows 

tare force (and, therefore, balance sensitivity) is not only a function of pressure, 

but also is dependent upon load location (ref. 9). From the viewpoint of test 

technique, task three is also noteworthy because each bellows force component cor­

rection is a function of applied force, in addition to being a function of pressure 

level. That is: 

Bellows Axial Force = f (Axial Force, Bellows Pressure). 

Inherent in most thrust measuring systems are crossover momentum tare forces 

generated by an incoming momentum vector (at the metric/nonmetric interface) that 

is not perpendicular to axial and/or normal force directions. In this experiment, a 

standard AS ME nozzle, whose thrust characteristics were known, was employed to 

obtain momentum tare corrections for the axial force, normal force, and pitching 

moment components of both balances. 

The test technique utilized thrust measuring devices; however, the main objec­

tive of the program was to obtain thrust-removed parameters (i.e., drag, lift). It 

was therefore necessary to measure the static (wind-off) internal thrust compo­

nents of each nozzle so that drag and lift could be determined by the method of dif­

ferences. In the interest of accuracy, these static force measurements were ob­

tained during the same "model-build" as employed for the wind-on tests. Also, 

three repeat runs were made over a range of exhaust back pressure levels. Thus, 

static thrust coefficient measurement precision was enhanced. 

4.4 TEST CONDITIONS AND PROCEDURES 

The six non-afterburning and the seven afterburning configurations were 

tested over the range of Mach number, angle-of-attack, and nozzle total pressure 

ratio shown in the matrices of Fig. 37 and 38 respectively. The nozzle pressure 
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ratio and angle-of-attack values are representative of nominal target conditions. 

Actual test values were somewhat different. 

The test plan was to obtain data at seven Mach numbers: 0.4, 0.6, 0.8, 0.9, 

0.95,1.2,1.4 (and/or 1.35). The heaviest emphasis was placed on the three most 

representative Mach numbers: 0.6, 0.9, 1.4 (1. 35). Reynolds number was held 

constant at 8.2 x 106 per m~" NPR ranges were appropriately scheduled with Mach 

number but alw~ys included jet-off and simulated flow-through "NPR conditions at 

each Mach number for diagnostic purposes. A sufficient number of a- conditions 

were selected so that drag polars could be developed with emphasis on higher lift 

coefficients at the lower Mach numbers. 

Grounding between metric and non-metric portions of the model occurred at 

certain conditions as angle-of-attack was increased. Instances of grounding were 

clearly identifiable, and all data contained herein is free from any type of mechani­

cal interference effect. 

Further discussion of the test condition matrix and grounding conditions can be 

found in Ref. 1. Also, Ref. 10 discusses this subject in detail. 

The test data were obtained by first selecting the desired Mach number and 

Reynolds number (which was held constant at 8.2 x 106 per m. for the entire test.) 

An a- sweep, beginning and returning to a = 00, was made at jet-off conditions 

(designated as NPR = 1). High pressure air was then turned on and allowed to 

stabilize at the desired NPR. Angle-of-attack was then varied in discrete incre­

ments. After the a- sweep, the model was returned to 00 (a repeat point) and the 

high pressure air was adjusted to produce another NPR. At the end of each Mach 

number, a final jet-off data point was taken as a "second-repeat-diagnostic". 

In concert with the wind-on test phase, static (M = 0) runs were made "back­

to-back" with the wind-on runs. Thus, for each nozzle, static calibration running 

occurred during the ~ "model-build" as that employed for the wind-on tests. For 

each individual nozzle variant three static runs were conducted so that static 

thrust coefficients could be determined from faired curves as precisely as possible. 
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SECTION V 

DATA REDUCTION METHODOLOGY 

This section discusses the fundamentals of the data reduction methodology em­

ployed in the subject test program. The data reduction equations themselves have 

been adapted to the Ames time-sharing system and are available from the facility. 

5.1 GENERAL PROCEDURES 

The forces and moments directly measured by both the main and nacelle bal­

ances (after all component interactions·. were made) were corrected for: weight 

tares. bellows tares. momentum tares. and internal cavity pressure/area tares. 

The resulting net forces and moments were used directly to obtain total lift. pow­

ered thrust-minus-drag. and total pitching moment. Total axial force (AF) and 

total normal force (NF) measurements were used to obtain the total lift (L) and 

powered thrust-minus-drag (T-D) as follows: 

L = NF Cos a - AF Sina 

(T-D) = AF Cos a+ NF Sin a 

Similarly. the thrust-removed normal and axial force parameters were utilized 

to obtain thrust-removed lift and drag. 

The above wind-on parameters were transferred to coefficient basis by using: 

free stream dynamic pressure. wing reference area (6.016 ft2; 0.559 m2). and mean 

aerodynamic chord (1.787 ft; 0.545 m). Pitching moments were summed about the 

aircraft c.g. by effecting a moment transfer operation (Fig. 12). 

At wind-off conditions (Mach = 0), force components were non-dimensionalized 

two ways: (1) tunnel static pressure X unit area, or (2) ideal thrust (defined as 

measured mass flow expanded isentropically to remote ambient pressure). 

At wind-on conditions, only the main balance data was analyzed (as explained 

in subsection 7.1). On the other hand, at wind-off conditions both main and na­

celle balance measurements were used in the analysis of static thrust force 
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components and moments. However, for determination of the static thrust vector 

angle only the nacelle balance was utilized as follows: 

Os = tan-1 (-NF2/AF2) 

External surface pressures were referenced to remote ambient pressure and 

non-dimensionalized with free stream dynamic pressure. Nozzle internal pressures 

on the other. 'hand were:ratioed to nozzle' exhausttotal'pressure~ 

5.2 THRUST-REMOVED PARAl\1ETER BOOKKEEPING 

The basic measurement objective of this test was to obtained installed aircraft 

drag, lift, and pitching moment. These parameters must include the installation ef­

fects of the thrust vector but not the magnitude of the uninstalled thrust vector 

itself. 

In order to predict full-scale aircraft performance, the scale model data is com­

bined with real engine data. Real engine data is always provided in terms of static 

uninstalled thrust at the static uninstalled vector angle. Therefore, as a matter of 

practicality, the scale model installed lift and drag data must be presented in the 

same format - based on the removal of static thrust at the static vector angle (as 

opposed to wind-on thrust at the wind-on vector angle) from the wind-on thrust­

minus-drag. Hence, the term "thrust-removed parameter" was originated, where it 

is understood that thrust refers to static thrust. 

To illustrate the determination of thrust-removed parameters, the process is 

descriptively shown below for the drag direction (for simplicity, Po = Po): 
s 

FGs cos (a + os) - [FG cos (a + 0eff) - Dext] 

= D ext + [F Gs cos (a + ° s) - F G cos (a + ° eff)] 

= D t + (~F)D ex . 

FGs cos (a+ 0 s) is the static thrust component resolved in the drag direction. The 

combined term, FG cos ( a + 0 eff) - Dext ,which is obtained directly from 

aircraft balance measurements, is the overall thrust-minus-drag along the wind 

axis. The right hand side of the equation is what is generally termed "drag", espe­

cially when applied to axisymmetric nozzles. In actuality (even for aXisymmetric , 

nozzles at some conditions) the right hand side of the equation is equal to two 
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terms; the external drag. Dext. existing on all surfaces wetted by the free stream 

flow plus a thrust decrement (or increment) in the wind direction. (~F)D' This 

thrust decrement is a result of the external flow interactions with the internal flow • . 
which alter the pressure distributions on the nozzle internal surfaces relative to 

static conditions (at the same nozzle pressure ratio). The sketch below provides a 

graphical illustration of the make-up of (~F)D' Note that. in general. the static and 

wind-on internal gross thrust vectors are characterized by different: (1) 

magnitudes. (2) vector angles. and (3) points of application. 

'_FG cOS(ex+'lis)_' } (£IF) = F cos (ex+8 ) 
I siD G s 
I 's I' . 
I I - F G cos (ex + Ii eft) 

FG cos (ex + Ii ff) __ , , I_, 
e I I I 

I I I I 
-- - - " I I 

ex I I 
I I 

I 

Alternatively. (~F)D can be considered a nozzle internal drag rather than a 

thrust decrement. So the thrust-removed parameter commonly referred to as 

"drag", [Dext + (~F)D ] • is really the sum of both external and internal drags. 

This parameter includes all installation effects, relative to static conditions, due to 

the exhaust system and is the key parameter of interest along the wind axis. 

Note that this external flow effect on nozzle internal thrust. (~F)D' is not 

simply the difference between wind-off and wind-on magnitudes resolved along the 

wind axis (i.e., (FG - FG) cos Ci.). This has generally been considered the case 
s 

for axisymmetric nozzles. For non-axisymmetric nozzles where, in general: 

c5 s - c5 eff f. 0, 

the (~F)D term is much more complex. 
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This same methodology, as discussed for the drag direction, can be easily 

applied to the lift direction and pitching moments. 

For axisymmetric convergent-divergent nozzles, classified as internal expan­

sion nozzles,aF (resultant of (aF)D and (aF)L) is zero at and above the design 

pressure ratio. At low pressure ratios, aF is a small number which may be posi-

tive or negative depending on the- pre~sure-matching-bou~dary conditIon with the ex­

ternal flow. Generally, a F is less than ±1% of ideal thrust, and at conditions at 

which airplane performance is of prime importance, a F is negligible (ref. 6). 

For the ADEN / ALBEN nozzle types, classified as internal/ external expansion 

nozzles, aF is a parameter of significant magnitude (depending on Mach number and 

nozzle pressure ratio) that can exceed several percent of ideal thrust. aF is very 

difficult to obtain with sufficient accuracy, from nozzle thrust balance measure­

ments because it requires taking the difference between two large numbers to obtain 

a small number. On the other hand, for internal expansion nozzles a F can be 

accurately determined by employing adequate pressure instrumentation on the nozzle 

internal surfaces downstream of the throat (choked at conditions of interest) and 

using a pressure/area integration technique to obtain forces. For internal/external 

expansion nozzles, aF is difficult to obtain because the internal flow is not totally 

contained within solid boundaries as it expands. However, substantial insight into 

the sensitivity of aF to Mach number and nozzle- pressure ratio can be obtained by 

studying nozzle internal pressure distributions. 

5.3 THRUST-REMOVED PARAMETER CALCULATION PROCEDURES 

To implement the philosophy of determining thrust removed parameters, dis­

cussed in subsection 5.2, the wind-off and wind-on terms must be properly non­

dimensionalized because, in general, each of these terms is measured at different 

back-pressures (or equivalently, at different ideal thrust levels) • 

The desire is to remove the exact number of pounds of static thrust that would 

have existed at the back pressure at which the wind-on thrust-minus-drag was 

measured. Thus, the static thrust (Ts) must be non-dimensionalized using the 

static ambient pressure (Po) while for the thrust-minus-drag (T-D) the wind-on 
s 

ambient pressure (Po) must be used. To be truly non-dimensional, a characteristic 

area must also be selected. The appropriate area is the nozzle effective throat area 
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(geometric area multiplied by discharge coefficient; Aj • Cdis). So, the appropriate 

determination of the installed drag (D) is as follows (at o! = 00 for simplicity) : 

D = Ts 

Po Aj(Cdis)s 
s 

(T-D) 

PoAjCdis 

Also, from one dimensional flow considerations it can be shown that: 

POS(Cdis)s 

Po Cdis 
= 

where Fip is the ideal isentropic thrust. Thus, an alternative method of determin­

ing the installed drag could be: 

D = Ts 

Fip (Fip)s 

(T-D) 

Fip 

These two methods are referred to as the "Po-Method" and the "Fip-Method" 

respectively. 

In practice, the "Po-Method" is simplified by recognizing that 

above nozzle choking conditions (regime of greatest interest) and below choke repre­

sents an excellent approximation. Thus the working form of the "Po-Method" 

becomes: 

(T-D) 

Po 

It is noted that the denominator of the "Fip-Method" is dependent on a larger 

number of experimental measurements requiring the determination of: 

• Mass flow 

• Tunnel ambient pressure 

• Nozzle total pressure 

• Nozzle total temperature. 
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The repeatability errors inherent in these three parameters can be avoided by 

selecting the "Po-Method" in which only tunnel ambient pressure, a quantity very 

accurately measured, is required. 

Relating to the discussion of SUbsection 5.2, a more general expression for the 

determination of the installed drag coefficient can now be written as: 

(a + 

P o 

Another option existed in the determination of the thrust-removed parameters. 

Because both balances recorded static thrust components, either one might be used 

in the determination of thrust-removed parameters. Thus, a total of four alterna­

tive calculation methods could be used in the determination of thrust-removed para­

meters, as summarized in the chart below: 

Balance T/R 
Parameters Po-Method Fip-Method 

Main Bal. T /R Parameters 1 2 
using Nac. Bal. Static 
Thrust 

Main Bal. T / R Parameters 3 4 
using Main Bal. Static 
Thrust 

In this test program, the data reduction program included the capability 

embodied in methods 1, 2, and 3. These will be discussed in subsection 7.2. 
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SECTION VI 

STATIC TEST RESULTS 

Static tests were conducted for three reasons: (1) to obtain static thrust com­

ponents so that thrust-removed parameters could be determined, (2) to obtain the 

static vector angle so that the thrust-removed data can be properly mated with real 

engine data, and (3) to study the uninstalled performance of the nozzle config­

urations. The model arrangement for the static tests was exactly the same as for 

wind-on testing. Static runs were conducted either immediately before or after the 

corresponding wind-on run. High nozzle pressure ratios were obtained by lowering 

the tunnel ambient pressure and adjusting the jet total pressure to a setting which 

established the desired pressure ratio level. The static test comparisons discussed 

herein are highlights based on the complete set of static test data presented in 

Ref.!. 

6.1 COMPARISON OF DATA PRESENTATION FORMATS 

In this test program the static thrust components: axial force, normal force, 

and pitching moment have been non-dimensionalized two different ways refer-

enced to ideal thrust or referenced to static pressure (times unit area). As ex­

plained in sUbsection 5.3, this provides for the determination of thrust-removed 

parameters by either the "Fip-Method" or the "Po-Method". 

These two presentation formats are illustrated for the nacelle balance data of 

the ADEN cruise 00 configuration in Fig. 39, 40 and 41. Refer to the left vertical 

axis when referencing to ideal thrust and the right vertical axis for static pressure. 

For axial force, the Po-format is a "linear-type" curve. Comments on the fair­

ing of this curve are noteworthy. It is very easy to fair at low (but greater than 

choking) pressure ratios where it is practically linear. Below choke it must gently 

fair to zero which is a straightforward graphical procedure. At high pressure 

ratios, care must be taken in fairing. Without an abundance of data points, a very 

slight error in slope is easily made, and because the slope is steep, this can lead to 

a relatively large error in axial force. 
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Physical insight can be derived from this format as illustrated by the cross­

hatched area. It is determined by taking the difference between the axial force 

fairing and the extrapolation of the linear low-pressure ratio region of the axial 

force fairing to high pressure ratios. The lower boundary, the extrapolation, is the 

thrust of a convergent nozzle which can be shown to be linear: 

Thrust --- = (constant) 1 • (NPR) + (constant) 2' 

Thus, the cross-hatched region represents the "extra" thrust due to the area ratio 

effect relative to a convergent nozzle. 

The Fip-format represents a differently shaped curve. It is very difficult to 

fair at low pressure ratios because of large scatter in the determination of ideal 

thrust coupled with an unknown curve shape in the highly overexpand region. On 

the other hand, at high pressure ratios when ideal thrust is large, the relatively 

"low-sloped" curve shape is easy to fair. These observations pertaining to fairing 

ease or difficulty are exactly opposite for each of the two format types. By 

employing an iterative fairing procedure using both methods as constraints, the 

optimum fairing providing the best curve fit can simultaneously be generated for 

each method. 

Physical insight can also be gleaned from the Fip-format. For example, the 

difference between the peak thrust coefficient and unity represents the sum total of 

model scale losses relative to an ideal nozzle. One minus this loss is a measure of 

the nozzle efficiency. Thus, use of the Fip-format provides a handy way to evalu­

ate competitive nozzle designs. Another example of physical insight obtained from 

this format occurs at low pressure ratio when the overexpanded nozzle experiences 

massive flow separation. This is observed by a change in the sign of the slope of .. 
the thrust characteristic notice the "hook" at a pressure ratio below two. Addi-

tionally, the Fip-format is useful in discerning the regimes of internal expansion and 

external expansion which occur below and above the characteristic "cusp" 

(NPR = 4.8). This will be discussed in subsection 6.4. 

Figures 40 and 41 present normal force and pitching moment using the two 

different formats. The following logic applies to both these parameters. The 
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change in absolute value of normal force as nozzle pressure ratio is varied is domi­

nant over the change in ideal thrust (e.g., the derivative of the Fip-format numera­

tor, not the denominator, is the driver). Thus, unlike the axial force case, these 

two formats show the ~ kinds of shape which reflect the physical phenomena 

sharp changes in curve shape are perceived in both formats at the same nozzle pres­

sure ratio. Also note that both formats portray changes in pitching moment sense at 
. '. '. . 

exactly the same· nozzle pressure ratio as expected. Furthermore, because pitching· 

moment is a strong function of normal force and only a weak function of axial force, 

the major peaks and valleys of the normal force characteristic also are perceived in 

the pitching moment. 

For both normal force and pitching moment the Po-format is easier to fair at low 

pressure ratio due to the large scatter that occurs in the ideal thrust of the Fip­

format. At high pressure ratios neither format for normal force or pitching moment 

has any fairing advantage. 

6.2 COMPARISON WITH PREDICTIONS 

In a previous test (ref. 3) that employed the same model hardware and the same 

nacelle balance system, static thrust components we~e measured. Thus, predicted 

values were available with which the subject program static data could be compared. 

This will be shown for axial and normal thrust coefficients for the configurations 

showing the "best" and "worst" agreement. 

Figures 42 and 43 present the axial force results for the best and worst agree­

ment cases respectively. The combat 00 faired characteristic is within ±3/4% of the 

predicted value, while the cruise 100 faired characteristic is typically 1 3/4% to 2 

3/4% higher than the predicted value. However, observe that the curves shapes are 

very similar. 

Figures 44 and 45 present the normal force results for the best and worst 

agreement cases respectively. The cruise 100 fairing is in excellent agreement with 

the predicted value - generally, within 1%-2% of ideal thrust. The cruise 00 fairing 

is in good agreement with the predicted value at moderate nozzle pressure ratios; 

however, at the low and high pressure ratios a disparity of several percent of ideal 

thrust exists. Upon investigation into the previous test, it was discovered that 
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a dearth of data characterized these low and high pressure levels thus precluding 

accurate fairings for these "roller-coaster" type characteristics. 

Since true absolute levels are not known, it is impossible to favor either the 

predicted values or the results from the subject program. Nevertheless, this com­

parison study did provide a measure of confidence because no gross differences 

were observed between the results of the two static test programs. 

6.3 MAIN VS. NACELLE BALANCE 

Under static conditions both main and nacelle balances are capable of measuring 

static thrust components. The comparison between balances is presented in this sub­

section and is illustrated with data from the ADEN Combat 00 nozzle for which four 

static runs existed. Fig. 46 and 47 present axial force coefficient while Fig. 48 and 

49 present normal force coefficient for the main and nacelle balances respectively. 

First, addressing data scatter (a measure of repeatability) it is generally seen 

that the main balance axial force exhibits comparable scatter to that of the nacelle 

balance (both nominally ±l 1/4% or better). On the other hand, the main balance 

normal force scatter band is more than double that of nacelle balance. The above 

degrees of scatter are common for thrust-component measuring systems and are to be 

expected based on the balance capacity discussion of subsection 3.2. But, the im­

portance of repeat runs is obvious, and by utilizing such repeats, the data can be 

faired reasonably well as shown in the figures. 

Occasionally the 5000 lb main balance normal force capacity exhibited unusually 

large scatter while measuring the relatively small nozzle normal force loads (typi­

cally 0 to 100 Ib) at static conditions. This is shown in Fig. 50 for the ADEN Dash 

nozzle. In this instance it would have been desirable to have made additional repeat 

runs had economic considerations allowed. However, using the more accurately 

determined nacelle balance normal force trend as a guide, a "best compromise" faired 

curve was developed by favoring certain data points over others. 

It is noted that a probable uncertainty in the "worst-case" main balance normal 

force of Fig. 50;s ±5% of ideal thrust. This converts to less than a ±. 005 uncertainty 

in lift coefficient at a typical subsonic cruise condition. Since aero propulsion 

benefits, in thrust-removed lift coefficient of 0.05, at least, are being sought, the 

occasional 0.005 uncertainty in main balance static lift coefficient was not as serious 

as it initially appeared. 
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Now, using the main balance and nacelle balance faired curves, the absolute 

values of the balance thrust characteristics can be compared. This is done for the 

ADEN Combat 00 , 100 , 200 family of nozzles for which the variation in mass flow, 

axial force and normal force is the largest. Fig. 51 shows that the axial force co­

efficient levels for each balance are generally within 1% - a very acceptable toler­

ance. As shown in Fig. 52, the difference between balance normal force levels is 

larger as expected. However, the normal force trends are very similar, and when 

these differences are converted to a lift coefficient (as opposed to an ideal thrust) 

basis the discrepancy is rendered virtually meaningless (as illustrated previously). 

The main and nacelle balance differences discussed above for the axial and nor­

mal directions will be correspondingly reflected in static pitching moment and vector 

angle since both of these parameters are a function of axial and normal force. 

It is concluded that both balances agree acceptably well in view of: (1) their 

different full scale capacities, and (2) the reduced sensitivity of the thrust­

removed parameters to uncertainties in normal force compared to axial force. The 

relative behavior of both balance systems was as expected. 

6.4 AXIAL FORCE PERFORMANCE COMPARISONS 

This subsection presents the results of four static axial force studies: 

(1) Effect of unvectored nozzle type 

(2) Effect of jet area variation 

(3) Effect of cruise nozzle vectoring 

(4) Effect of combat nozzle vectoring, 

Each will be discussed below. Either balance could have been used for this axial 

force study since data trends (relative differences among nozzle types) are the same 

within a ±1% (of ideal thrust) tolerance. However, for this presentation of static 

axial force, the nacelle balance has been selected because the main balance was 

subjected to an additional calibration for some configurations as discussed in detail 

in Ref. 10. Thus, somewhat more confidence is assigned to the nacelle balance 

static axial force absolute performance levels. 
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Figure 53 shows the internal performance for the non-afterburning unvectored 

ADEN Cruise 00 , the ALBEN, and the circular nozzle. As opposed to the circular 

nozzle, the two non-axisymmetric nozzles exhibit two "peaks", typical of internal 1 

external expansion nozzles. The peaks occur at nozzle pressure ratios associated 

with the internal and the external area ratios. At a typical cruise pressure ratio of 

about six, the model ADEN tested shows a 1. 1/2% performance decrement relative to 

the circular nozzle, while for the model ALBEN, it is 4%. It is noted, however. that 

had the main balance been used for this comparison, the ALBEN penalty would have 

been 3%. A previous test (ref. 3) of the same model hardware has shown this same 

penalty to be 2%. 

This is a good example to illustrate that a tolerance must be applied to virtually 

every test result - a simple concept but often ignored. 

It is further noted that the ADEN and ALBEN configurations tested in this pro­

gram represented designs that were on the drawing boards at the time the model 

lines were frozen. Since then, the ADEN and ALBEN have been optimized, and sub­

sequent static test results (ref. 4 and 5) demonstrate greater than a 1% improve­

ment for the ADEN and greater than a 2% improvement for the ALBEN. It is there­

fore concluded that the non-axisymmetric ADEN and ALBEN can be designed to 

exhibit internal performance characteristics that only suffer small penalties relative 

to the axisymmetric baseline nozzle. 

Figure 54 shows the internal performance variation as the ADEN jet area is 

opened from cruise to dash (partial afterburning) to combat (maximum afterburning) 

settings. Referring to Fig. 27, note that as jet area is increased, the external area 

ratio decreases because of the collapsing throat mechanism. This is the opposite of 

what has traditionally been the case for circular nozzles when the throat opens 

up the area ratio generally increases accordingly. Therefore, the superior perfor­

mance. at the higher pressure ratios. of the smaller jet area nozzles relative to the 

combat can be understood. This is a "first-order" explanation because turning 

angles and flow path contour vary simultaneously with area ratio as jet area is 

increased. The main point is that the internal performance trends with jet area for 

the asymmetric ADEN are much different. and much less amenable to analytical 

prediction. than those for axisymmetric nozzles. 
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Figure 55 presents the internal performance variation as the ADEN Cruise 

configuration is vectored. As expected, the performance decreases as the VEER is 

rotated downward. This decrease is due to supersonic flow turning, which causes 

the shock system within the nozzle to change location and strength as the VEER is 

vectored. Also, note the consistency of the "cusp" movement and the greater promi­

nence of the double-peaks as vector angle increases •. 

Figure 51 presents the internal performance variation as the ADEN combat con­

figuration is vectored. The combat 100 nozzle shows slightly better high pressure 

ratio performance than the 00 configuration. This is opposite to the non-after­

burning vectoring trend of Fig. 55. However, the flowpaths of the cruise and com­

bat nozzles are very different. Furthermore, the combat 100 nozzle exhibits much 

less total flow turning (from nozzle entrance to exit) than its cruise 100 counter­

part. Thus, it is conceivable that the optimum VEER setting could be closer to 100 

for the combat flow path while for the cruise flowpath it is perhaps closer to 00 • It 

is noted that the main balance results portray exactly the same trends as those just 

discussed for the nacelle balance. On the other hand, previous static tests (ref. 3) 

with the same model hardware show the combat 100 nozzle performance to be about 

3/4% lower than the combat 00 • Thus, a small inconsistency has resulted. As 

discussed earlier in this subsection, we are reminded that a tolerance must exist on 

any test result; and certainly differences between configurations that approach the 

1 % level should be labeled "too close to call". It is therefore concluded that the 

combat 00 and 100 nozzles possess competitive performance while the combat 200 

suffers the distinct penalty as expected. 

For these relatively low vector angles, the axial force dominates over the 

normal force in the Theorem of Pythagorus; thus the resultant performance would be 

very similar to the axial performance trends. This is sUbstantia ted in Ref. 3. 

Hence, the ADEN resultant vector performance is not discussed herein. However, 

the normal force performance and the static vector angle will be discussed in the 

ensuing sUbsections. 

6.5 NORMAL FORCE PERFORMANCE COMPARISONS 

As with subsection 6.4, this subsection presents the results for four static 

normal force studies: 

(1) Effect of unvectored nozzle type 
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(2) Effect of jet area variation 

(3) Effect of cruise nozzle vectoring 

(4) Effect of combat nozzle vectoring. 

Based on the accuracy discussion of subsection 6.3, it is clear that the nacelle 

balance, rather than the main balance, results should be used for the static normal 

force study. 

The normal force coefficient for the unvectored test nozzles is shown in Fig. 

56. The circular nozzle positive normal force is a direct result of the nozzle being 

installed in a canted fashion (trailing edge down ;... 40 ). The normal force coeffici­

ent is relatively constant until the nozzle becomes overexpanded at low pressure 

ratios and then it gradually decreases. The ADEN and ALBEN show large "roller­

coaster" type variations due to an unbalanced downward vertical force resulting 

from the pressure patterns established on the divergent flap and VEER caused by 

the asymmetric flowpath. This force varies with nozzle pressure ratio because it 

governs the shock pattern and expansion characteristics through the supersonic 

turn. 

Figure 57 compares the internal performance for the jet area progression: 

ADEN Cruise 00 , Dash, Combat 00 • Remember, as stated in sUbsection 6.4, as jet 

area increases, area ratio, turning angle and flow path geometry all vary simultan­

eously. Note that the partial-afterburning dash nozzle, behaves more like the non­

afterburning cruise nozzle then the afterburning combat nozzle. As can be observed 

from Fig. 27, although partially collapsed, the throat geometry of the dash nozzle 

resembles the cruise nozzle throat and flow path more closely than it does the combat 

nozzle. Both the cruise and dash nozzles feature relatively large total turning 

angles relative to the fully collapsed throat of the combat nozzle. Over the oper­

ating range of interest, the ADEN Cruise and Dash nozzles exhibit a negative normal 

force while the ADEN Combat nozzle is characterized by a positive normal force. 

Figure 58 shows the effect of ADEN Cruise nozzle vectoring on normal force. 

Except at very low pressure ratio, traditionally the region of large data scatter in 

thrust component coefficients, the data trends are virtually identical for the three 

different VEER settings. Naturally, the absolute levels vary as expected. 

In contrast, the ADEN Combat vectored normal force results of Fig. 52, do not 

exhibit the marked "roller-coaster" characteristics, of the ADEN Cruise nozzles 
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because the total flow path turning angle is much less. It is very significant, for the 

ADEN Combat family, that for constant VEER deflection angle, the normal force varia­

tion is as large as 10% to 20% of ideal thrust over a typical nozzle pressure ratio 

range of interest. This results from the intentional asymmetric nature of the ADEN 

coupled with an internal shock system whose strength and location is very sensitive 

to nozzle pressure. ratio (see subsection 7 .• 11). 

6.6 STATIC VECTOR ANGLE COMPARISONS 

As in the case with the normal force study of SUbsection 6.5, the nacelle 

balance is to be used for the vector angle study. Figures 59, 60, 61 and 62 present 

the same sequence of comparisons as was done in the previous two subsections. 

Observe that these curves possess exactly the same shapes and relative differences 

as their normal force counterparts of subsection 6.5. This is as expected because 

the change in axial force with respect to nozzle pressure ratio is almost constant, 

while the corresponding variation in normal force can exceed several hundred per­

cent; and clearly, it is the driver (recall the similar logic of subsection 6.1). This 

can be observed from Fig. 39 and 40. Thus, the complete discussion of SUbsection 

6.5 is also applicable here. 

To sum up, the thrust vector angle variations with nozzle pressure ratio are 

caused by the ADEN asymmetric flowpath. This is manifested by unbalanced 

pressure forces that vary with nozzle pressure ratio and VEER setting. The 

measured vector angle is the actual direction of the resultant thrust vector pro­

duced by a combination of the momentum efflux and a pressure/area force at the 

effective exit plane. 

The vector angle is only occasionally and coincidently equal to the geometric 

angle (at select nozzle pressure ratios) for the ADEN and ALBEN. Only for the cir­

cular nozzle, as expected, is the vector angle constant (except below choke). For 

the asymmetric nozzles, the static vector angle can not only vary by, but also differ 

from the geometric angle by, 50 to 100 • This is very significant and means that the 

full scale ADEN VEER should be continuously modulating and linked to the flight 

control system. 
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SECTION VII 

WIND TUNNEL RESULTS 

This section presents and interprets all major wind-on test results. The philo­

sophy of approach, as outlined below, discusses the rationale underlying the selec­

tion of material which properly represents the highlights of this test program. 

7.1 PHILOSOPHY OF APPROACH· 

At least one chart, and usually more, is included to highlight each and every 

study that can be made with the data. Emphasis is placed on Mach and nozzle pres­

sure conditions that represent major mission points/legs for this typical V/STOL 

design air vehicle. Additionally, emphasis is placed on presenting data that is new 

and likely to be of greater interest to the technical community. The following sub­

sections are organized into various categories that represent the major studies of 

this test program. Force data, external surface pressure data, and nozzle internal 

pressure data are presented. 

All of the force data shown in this Section were measured on the main aircraft 

force balance. The nacelle balance, which was useful for the static test, as dis­

cussed in Section 6.0, cannot be used for the wind-on performance studies. As will 

be demonstrated in subsection 7.10, nozzle induced disturbances travel much 

further upstream and span wise than the limited metric zone of the nacelle balance. 

Thus this balance, at best, can only be used as a diagnostic tool to support trouble­

shooting procedures. On the other hand, the main balance perceives all jet-induced 

phenomena and is the appropriate instrument to be used for data presentation. 

Most force balance results are presented in terms of the thrust-removed para­

meters discussed in Section 5.0. Thrust-removed parameters are the appropriate 

data presentation vehicle because they include all basic aerodynamic effects plus all 

installation (both jet-induced and external-flow-induced) effects. The figure of 

merit is the thrust-removed polar because both the thrust-removed drag and lift 

components are nozzle dependent (power sensitive) for this type of underwing/ 

nacelle installation (ref. 3). Therefore greater emphasis will be placed on 
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presenting the thrust-removed drag polar as opposed to lift and drag separately. A 

second reason for presenting the thrust-removed parameters (rather than thrust­

included parameters) is that they provide the proper format for mating with the real 

engine data to obtain the total vehicle performa~ce for a given mission. 

However, as a point of interest, the thrust-included parameters (total lift and 

thrust-minus-drag) will be presented occasionally for comparison and academic pur­

poses. The temp"tation to u~e thes~ power~d poiarsas" the"""bottom-line;' to rank con­

figurations should be resisted. Scale model static thrust differences between con­

figurations do not necessarily reflect the actual real-engine operation where all 

candidate nozzles would be sized for a common effective throat area and where such 

full scale effects as cooling and leakage are properly accounted for. 

7.2 COl\lPARISON OF DATA REDUCTION METHODS 

In the data reduction discussion of subsection 5.2, the point was made that the 

"Po-method" and the "Fip-method" would be theoretically equivalent if the static 

and wind-on-discharge coefficients were equal. Figure 63 presents discharge co­

efficient data for the ADEN combat 00 nozzle. Note that the typical wind-on (Mach 

0.9) data falls within the repeatability bandwidth of the static data. Theoretical­

ly, this is to be expected above the choking pressure ratio. At low pressure ratios 

the discharge coefficient increases to values exceeding unity because the unchoked 

mass flow equation is intentionally used for NPR < 1.89. Actually, a convergent­

divergent nozzle remains choked below this value at which purely convergent noz­

zles become unchoked. The interesting point, however, is that the static and 

wind-on data are in accord even at the very lowest pressure ratios where the possi­

bility of unchoking exists. Thus, over the whole pressure ratio range, the theore­

tical equivalency of the Po- and Fip-Methods has been demonstrated. 

Subsection 5.3 discussed four alternative calculation methods (using either 

main or nacelle balance static thrust data in conjunction with either the Po- or 

Fip-Method). Three of these methods have been included in the data reduction 

procedure of this program. They are: 

(1) NBTP - Nacelle Balance (Static) Thrust; Po-Method 

(2) NBTF - Nacelle Balance (Static) Thrust; Fip-Method 

(3) MBTP - Main Balance (Static) Thrust; Po-Method 
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These three methods are compared at a subsonic non-afterburning and a super­

sonic afterburning condition. Figure 64 shows no difference exists among the meth­

ods for lift coefficient. Any differences in normal force (,...lift) due to measurement 

uncertainty or human error (data fairing) are so small that they are imperceptible on 

this standard lift coefficient scale (0.10 per inch). This was generally true for all 

nozzles so that lift coefficient need not be considered in the process of selecting a 

particular dataredliction method. 

On the other hand the drag coefficient did display significant differences for 

all nozzles. Figure 65 shows a comparison of the three methods in the drag direc­

tion for the ADEN Cruise 00 nozzle. This disparity was typical although some con­

figurations exhibited slightly less and/or somewhat greater differences between 

methods. Since lift is literally independent of method type, the drag differences are 

directly reflected in the polar differences of Fig. 66. A typical maximum disparity, 

depending on lift coefficient (or angle of attack), is 10 to 20 drag counts. 

Similarly, at M=l. 4 the same presentation is made for the ADEN Dash nozzle for 

thrust-removed drag (Fig. 67) and the drag polar (Fig. 68). The typical maximum 

disparity is approximately 15 drag counts over the angle-of-attack range. 

Using this type of polar comparison, many charts for all nozzles were prepared 

that summarize the differences between the three methods for various combinations 

of Mach number, nozzle pressure ratio and lift coefficient. A typical example is 

shown in Fig. 69 for four configurations at Mach 0.9 and two configurations at 

M=1.4. This figure represents six of almost 100 combinations that were studied. 

One criterion for selecting the favored data reduction method could be based on 

the percentage of time that this particular method featured drag levels in between 

the other two methods. The chart below summarizes the statistics. 

DRAG METHOD 
POSITION NBTP NBTF MBTP 

Lowest 16% 41% 43% 

Middle 32% 22% 46% 

Highest 52% 37% 11% 

It could be concluded that the single Fip-Method (NBTF) should immediately be dis­

carded because only 22% of the time does its drag appear in the desired middle 
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position. Of the other two Po-Methods, the one using the main balance (MBTP) 

clearly is the winner for it occupies the middle position much more frequently (46% 

vs 32%) and holds its worst extreme position less frequently (43% vs 52%). 

This rudimentary analysis was only one element in the selection process. 

Other considerations are discussed below. 

'(1) Method NBTF introduces·large error at low nozzle pressure ratios (see 

Fig. 65) due to the difficulty in fairing the very steep-sloped thrust 

characteristic (non-dimensionalized with ideal thrust) as nozzle pressure 

ratio is decreased towards unity. 

(2) In addition to the balance measurement, the NBTF method relies on the 

measurement of jet total pressure, jet total temperature, tunnel static 

pressure, and most important, mass flow. On the other hand, the two Po-

Methods only require a corresponding single measurement - tunnel static 

pressure. Thus the NBTF method can suffer from an accuracy problem. 

For example, Fig. 63 shows that the repeatability error in mass flow, as 

reflected by the discharge coefficient, is about ±11/2%. 

(3) Utilization of the single nacelle balance hinges on the implicit assumption, 

that the non-dimensional thrust characteristic developed by the left noz­

zle is applicable to the right nozzle. This is a good assumption as long as 

the nozzle flow paths are fabricated identically. But throat area measure­

ments of some nozzles differed by up to 2 1/2% between left and right hand 

sides. 

(4) Good experimental practice dictates that the thrust which is removed 

should be measured by the same physical instrument as the thrust-minus­

drag from which it is removed. Note that the NBTP and NBTF methods 

remove a static thrust that is based on nacelle balance measurements from 

the thrust-minus-drag measurement of the main aircraft balance. This 

allows for the possible existence of bias errors. Furthermore, as ex­

plained in detail in ref. 10, the main balance axial measurements required 

a post test correction for some configurations. Since this correction 

affected both static and wind-on runs, its effect tends to cancel in the 

MBTP method of calculating the thrust-removed parameters. Thus less 
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risk is associated with the selection of the main balance static thrust rather 

than the nacelle balance thrust. 

(5) For a limited number of configurations (ADEN Combat 00 and ALBEN), a 

possibility of mechanical restraint, resulting from plastic pressure 

tubing, could have affected the nacelle balance slightly. 

Based "on the above observations in conjunction with the statistical study des­

cribed previously it was concluded to utilize the MBTP method for final data reduc­

tion. All of the data presented hereafter in this report are based on main aircraft 

balance measurements using the Po-Method. 

7.3 ANALYSIS OF AEROPROPULSION PARAMETERS 

A complete set of the important aeropropulsion parameters is presented in this 

subsection for the primary ADEN Cruise 00 configuration at a typical subsonic 

cruise Mach number for this V /STOL air vehicle. 

Figures 70 and 71 show basic thrust-removed lift and drag data plotted and 

faired versus angle-of-attack for families of nozzle pressure ratio. (This was done 

for all pressure ratios - only three are shown herein for clarity.) In this relatively 

low range of angle-of-attack, where vortex lift effects are negligible, all the lift 

characteristics are virtually linear; thus, the data is easy to fair. Also note that 

drag characteristics have the familiar "parabolic shape" showing that minimum drag 

occurs at about 10 for subsonic speeds. At supersonic speeds this critical angle-of­

attack is negative for this aircraft design. 

Using these two fundamental formats, cross plots of thrust-removed lift and 

drag were created against nozzle pressure ratio for families of constant angle-of­

attack. These are shown in Figs. 72 and 73. Note for this underwing ADEN 

installation that lift is sensitive to power. This is in contrast to aft-mounted 

axisymmetric installations where lift is insensitive to power. Also observe that.the 

jet-on lift levels are all higher and the jet-on drag levels are all lower than that 

jet-off counterparts as expected. 

From these faired crossplot formats versus nozzle pressure ratio, the thrust­

removed polars, at constant power setting, could be developed as shown in Fig. 74. 

The reasons for undertaking this fairing/ cross plotting procedure in order to develop 
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the thrust-removed polars (as opposed to plotting them directly from unfaired data) 

are three-fold: 

(1) Data scatter is reduced 

(2) Component plots are useful for trouble-shooting purposes and also aid in 

understanding the physical phenomena 

-(3) Test data were often taken at non-constant angles-of~attack and nozzle 

pressure ratio. To facilitate configuration comparisons at constant con­

ditions the above cross plotting procedures were necessary. 

Note that the untrimmed polars of Fig. 74 demonstrate that the ADEN under­

wing installation possesses very significant power effects. At zero lift the jet-off 

to jet-on (NPR=6) drag reduction is about 40 drag counts and at lifting conditions 

becomes somewhat greater. 

Observe that the power effects are different when interpreted at constant lift 

coefficient as opposed to constant angle-of-attack (the traditional manner of asses­

sing jet-effect increments). This is especially important at higher attitudes; for 

example, from Fig. 73 at 60 the maximum jet-off/on increment is about 20 counts, 

while at a 0.27 lift coefficient (corresponds to 60 angle-of-attack for jet-off condi­

tions) the maximum spread is 55 counts as shown in Fig. 74. This is a good exam­

ple of aeropropulsion interaction which exists because this V/STOL configuration is 

lift sensitive to power. 

A vehicle performance analysis requires that pitching moment characteristics 

be developed in addition to the untrimmed polars. A typical set of thrust-removed 

pitching moment characteristics appears in Fig. 75. At subsonic speeds pitching 

moment becomes more positive (nose-up) as lift is increased, and this requires 

increased trim as expected. All jet-on characteristics generally follow the same 

trend which is somewhat different from the jet-off characteristic. This results in a 

pitching moment jet-effects increment that becomes either more favorable or less 

unfavorable in magnitude as angle-of-attack is increased. 

Figure 76 presents a sample set of thrust-included or powered polars. Natural­

ly, as nozzle pressure ratio is increased the drag-minus-thrust coefficient rapidly 

transists from positive to large negative numbers. As pointed out in subsection 7.1, 

care must be used when comparing different scale model nozzles on a powered polar 

basis. 

40 



Both the thrust-removed pitching moment characteristics and the powered 

polars were generated by first plotting versus angle-of-attack and then crossplot­

ting versus nozzle pressure ratio as discussed above for the thrust-removed polars. 

7.4 COMPARISON OF NON-AFTERBURNING NOZZLE TYPE 

This subsection is aimed at studying the integration differences and perfor­

mance of non-axisymmet~ic· nozzles .in. the unvectored mode. compared to an axisym­

metric baseline nozzle. Even without considering adding thrust vectoring capability 

to non-axisymmetric nozzles, substantial improvements are realized because of 

improved nozzle/airframe integration relative to an axisymmetric installation. This 

will be discussed below for non-afterburning nozzles at subsonic and supersonic 

speeds. 

Figure 77 shows a typical jet-effect increment for the circular nozzle installa­

tion. Observe that the jet-off/on drag increment is favorable, as it was for the 

ADEN Cruise 00 (Fig. 74), but is much smaller in magnitude (about 20 drag counts 

compared to 40 drag counts for the ADEN Cruise 00 at zero lift conditions). Further­

more as discussed in subsection 7.3 the jet-effects increment for the ADEN improves 

with lift while for the circular, the increment is relatively insensitive to lift. 

Other fundamental differences between the ADEN and circular installations are 

clear from Fig. 78. The circular configuration lift characteristic is constant with 

power except that when the jet is first turned on some initial drag clean-up, due to 

blockage effects, occurs. On the other hand, the ADEN exhibits a lift sensitivity to 

power over the complete nozzle pressure ratio range in addition to a significant drag 

clean-up effect from jet-off to jet-on. This is an example of aeropropulsion coupling 

for the highly integrated ADEN underwing nacelle installation. 

Figure 79 compares the thrust-removed polars for the ADEN and circular noz­

zle at Mach 0.6 (the ALBEN was not tested at this condition). The ADEN polar not 

only exhibits a lower (32 counts) zero lift drag but also is characterized by an 

improved polar shape compared to the circular installation; the ADEN drag reduction 

at a 0.25 lift coefficient increases to 48 counts. It is concluded that the ADEN 

integrates better with the wing than does the circular nozzle. 

The projected nacelle/nozzle area distributions of Fig. 80 provide insight into 

the drag differences between the ADEN and circular nozzle installations. The 

curves represent the cumulative total of all projected area that is wetted by the 
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external flow aft of the nacelle maximum area station. As noted in the figure, the 

circular nacelle/nozzle assembly possesses about 20% more total projected area and 

14% more overall length. Since both nozzles are nominally sized to the same throat 

area, this 20% is essentially equivalent to the ADEN's internal ramp axial projected 

area that is wetted by the internal flow. In progressing from the circular to the 

ADEN, the external boattail area of the former has been traded for internal projec­

ted area of the latter. ·The hope is that ·external drag will be reduced without 

attendant decreases in internal thrust (or with possible increases in internal 

thrust) • 

Due to the greater projected area of the circular nacelle and its larger slope 

over the nozzle boattail region, it is not surprising that the measured drag levels 

exceed the ADEN's. These differences, coupled with a small additional friction drag 

penalty (5 counts) due to more surface area (126 sq in. model scale) for the circu­

lar installation, are largely responsible for the drag deltas at zero lift. As ex­

plained above for Mach 0.6, the zero lift drag increment is then increased at lifting 

conditions because the ADEN / wing combination is more efficient than the circular 

nozzle/wing combination. 

At Mach 0.8, the ADEN and ALBEN are compared (the circular nozzle was not 

tested at this condition) in Fig. 81. The ALBEN polar shows a slight improvement 

over the ADEN. This was as expected because the anticipated large drag clean-up 

effect is realized when the ADEN replaces the circular nozzle; but the ALBEN which 

is only a refinement (note rounded corners for example by comparing Fig. 31 and 32) 

over the unvectored ADEN was expected to yield a correspondingly smaller drag 

reduction. 

At Mach 0.9, all three non-afterburning nozzles were tested and are compared 

in Fig. 82. The same general trend is observed again - large differences ( .... 50 drag 

counts) between the non-axisymmetric and axisymmetric installations while only a 

small difference exists between the· two non-axisymmetric nozzles. Note however 

that the ADEN and ALBEN have reversed relative positions compared to Mach 0.8; 

this was not anticipated. It is concluded, however, that this test could not 

discriminate between the ADEN and ALBEN drag differences which were generally 

under 10 counts (see accuracy discussion of Section 8.0). It is concluded 
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that the ADEN/wing and ALBEN/wing combinations achieve a better integration of 

lifting and propulsive elements than the circular nozzle/wing combination due to the 

more favorable interactions of the two-dimensional geometry with the wing. 

Insight into the significant performance differences between the ADEN and 

circular nozzle installations is obtained by studying surface pressures. Representa­

tive pressure distributions acting on the projected area for the ADEN and circular 

configurations appear in Fig. 83. Upper" arid lower nacelle centerline distributions 

are compared. On the upper surface the nacelle does not sense the presence of noz­

zle type until after the flow expansion that occurs in the vicinity of the upper sur­

face metric break station. The trailing edge of the wing flap experiences a more 

favorable recompression for the ADEN. The circular nozzle extends downstream of 

the wing trailing edge; its maximum recompression level must necessarily occur at 

the boat tail terminus where it is equivalent to the ADEN maximum recompression 

level. It is concluded that dramatic differences are not observed on the upper 

surface. 

On the lower surface, under the wing where the differences between the 2-D 

and axisymmetric geometries are particularly obvious, the pressure characteristics 

exhibit significantly different trends as far upstream as the maximum nacelle area 

station. The peak flow expansion is much more negative for the circular than the 

ADEN (about -.50 Cp compared to a -.30Cp). This is also true for inboard and out­

board (±900 ) meridians of the circular nozzle, which exhibit almost identical expan­

sion/recompression characteristics as the bottom centerline (1800 ) meridian. Note 

that the critical pressure coefficient is ~0.19, so that the recompression character­

istics for both nozzles are initiated by a shock system, which by necessity is much 

stronger for the circular installation. 

On the lower nacelle surface the pressure characteristic at an operating nozzle 

pressure ratio is compared with one at jet-off conditions. As can be seen, the 

power effect is felt far upstream of the nacelle balance metric system, especially for 

the ADEN. It is therefore clear, as stated in subsection 7.1, that even for the 

unvectored nozzles the main aircraft balance must be used to account for all power 

effects. Note that the distribution at a nozzle pressure ratio of six is significantly 

less negative than the jet-off distribution. This is in accord with the force balance 

data which show the jet-on polar to be more favorable than its jet-off counterpart. 
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Figure 84 presents the powered (thrust-included) polars which are the coun­

terparts of the thrust-removed polars of Fig. 82. Note that the relative positions of 

the nozzles are very much different. The discussion of sUbsection 7.1 indicated 

that caution must be exercised when interpreting the powered polar results. The 

most apparent anomaly between Fig. 84 and 82 is that the ADEN shows much more 

drag (less thrust-minus-drag) than the circular nozzle. The explanation is, at the 

.. same nozzle pr~ssure ratio;tha.( the. circular nozzle. is passing much more. mass flow. 

for two reasons: 

(1) Circular nozzle jet area is 5.2% larger than the ADEN jet area (see 

Fig. 34) 

(2) Circular nozzle discharge coefficient is estimated to be about 2 1/2% 

greater than the rectangular-throated ADEN Cruise nozzle. 

Therefore the circular nozzle is flowing almost 8% more mass, or equivalently, pro­

ducing 8% more ideal thrust. For this V ISTOL vehicle design, 8% of ideal thrust 

converts to over 70 counts of drag (at Mach 0.9 and a nozzle pressure ratio of six). 

Thus, this adjustment for effective throat area mismatch shifts the ADEN powered 

polar to the left of circular nozzle now demonstrating the same trend as the thrust­

removed polars of Fig. 82. 

The same logic can be applied to the ALBEN but to a lesser degree because the 

ALBEN jet area was only 1.3% smaller than the circular nozzle, and the discharge 

coefficient of the elliptical-throated ALBEN would not suffer the same penalty that 

the ADEN does relative to the circular nozzle. 

The important point is that if powered polars are to have any meaning, all 

thrust-minus-drag and total lift data must be adjusted to reflect the same engine 

operating condition for each nozzle (e.g. same geometric throat area multiplied by 

discharge coefficient). Nonetheless, as discussed in subsection 7.1, the proper 

procedure for ranking nozzles is not with the powered polars (even if adjusted), 

but instead by mating the thrust-removed polars to the real engine data for a given 

mission. 

It was noted in SUbsection 6.4 that the ADEN and ALBEN tested in this program 

represent early vintage single expansion ramp nozzle designs. Reference 4 and 5 

have reported substantial internal performance improvements for both the ADEN and 
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ALBEN. Assuming the integration aspects of the newer designs are at least as good, 

then it is concluded that powered polar benefits (after the necessary effective flow 

area adjustment to Fig. 84 are completed) of the ADEN and ALBEN are in excess of 

those suggested above. 

The ADEN, ALBEN, and circular nozzle sequence was also tested supersoni­

cally. The two asymmetric nozzles were tested at Mach L 35 w.hile the circular 

nozzle was tested at Mach 1. 4. Initially, concern w.as expressed over making any 

comparison because of the inconsistency in Mach number. An initial attempt was 

made to adjust the data by making use of the similarity parameter: 

= for M > 1.0 

However this proved unsatisfactory because it over-predicted the drag differ­

ences (between Mach 1.35 and 1. 4), and of course could provide no adjustment for 

the lift direction. This confusion was circumvented by observing the fOllowing. 

Figure 85 shows a single available Mach 1.4 data point ( a = 00 ) that is consistent 

with the faired Mach 1.35 polar. Note however that it corresponds to a slightly 

higher lift and lower drag level (but the lower drag level is not nearly as low as 

what would be predicted by the similarity parameter). It was therefore concluded 

that the best approach to be used in comparing the ADEN and ALBEN to the circular 

nozzle was to utilize the Mach 1.4 data as if it were Mach 1. 35. 

Figure 86 shows the same general result that was found at subsonic speeds -

the axisymmetric nozzle installation is characterized by a higher drag level while the 

two non-axisymmetric nozzle installations are competitive at a lower drag level. It 

is to be remembered that these nozzles were compared in their non-afterburning 

modes, so the result shown in Fig. 86 would be applicable to a dry supercruise 

installation. 

The performance benefits displayed by the ADEN and ALBEN drag polars com­

pared to the circular nozzle drag polar must be adjusted for pitching moment consid­

erations. For example, it is conceivable for a candidate nozzle to possess integration 

drag benefits that are cancelled or significantly reduced by an excessive trim drag 
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penalty. Fig. 87 presents the effect of nozzle type and power on aircraft tail-off 

pitching moment. The Mach 0.9 results which indicate an unstable situation (dCM/ 

dCL> 0) are representative of the trends measured over the 0.4 to 0.95 Mach range. 

The Mach 1.35 slopes, which are indicative of a stable condition (dCM/dCL < 0) also 

reflect trends measured at Mach 1.2. It is noted that the airplane was intentionally 

designed to be statically unstable (with tail-on) at SUbsonic speeds, because fly­

by-"wire technology was employed to reduce trim·penalties: relative to those· of a 

statically stable configuration. 

The figure demonstrates the significant effect of nozzle type at subsonic cruise 

conditions. At a lift coefficient of 0.25 and a nozzle pressure ratio of six the ADEN 

possesses an improvement in pitching moment coefficient of almost 0.04 relative to 

the baseline circular nozzle. Thus, it is concluded that the ADEN installation is 

favorable for trim and the total performance improvement of the ADEN is in excess 

of the magnitudes presented in Fig. 82. The same conclusion is applied to the ALBEN 

whose pitching moment characteristics are very similar to those of the ADEN. 

The two nozzles portray different subsonic power trends. The ADEN shows 

decreases in pitching moment as NPR increases progressively from jet-off to 3.0 to 

6.0. These decreases are manifested as a zero lift pitching moment shift rather than 

as a slope/stability change. The circular nozzle shows a small pitching moment 

increase from jet-off to jet-on conditions. 

At supersonic speeds, the ADEN installation is only slightly more favorable for 

trim than the circular nozzle as shown in the right hand portion of Fig. 87. Note 

that the supersonic pitching moment characteristics portray a slope change relative 

to the subsonic characteristics as mentioned above. 

In summary, it is reiterated that consideration must also be given to the rela­

tive uninstalled full-scale engine thrust levels of the ADEN, ALBEN and circular 

nozzles in order to complete the total performance evaluation of candidate nozzles. 

Model scale uninstalled thrust comparisons show that the ADEN and ALBEN can be 

designed to produce static thrust characteristics that are competitive with circular 

nozzles. With the latest advanced cooling techniques applicable to non-axisymmetric 

nozzles, currently being developed under recent studies (ref. 11 and 12), the 

ADEN and ALBEN gross thrust need not be penalized for nozzle cooling losses and 

the associated cycle derating. Thus, a 50 count Mach 0.9 ADEN or ALBEN 

46 



installation drag reduction, when corrected for full-scale uninstalled thrust differ­

ences, remains intact. 

7.5 EFFECT OF JET AREA VARIATION 

The purpose of this subsection is to study the aerodynamic performance incre­

ments caused by the unvectored ADEN modulation from non-afterburning (cruise) to 

partial:-a~terburn~ng (~ash) to.~ximum-aft,erburning (combat). Recall (Fig. 1) 

that as the ADEN throat opens, 'the upper boundary collapses while the lower 

boundary (ventral flap) rotates downward. The former is an internal effect while 

the latter is an external effect. As opposed to a simple axisymmetric convergent 

nozzle where the increased throat area is reflected as a corresponding reduction in 

boattail area, only a portion of the ADEN throat area increase is manifested by 

reduced external boattail area. Therefore, it might be argued that less dramatic 

drag changes might be expected; however, the data show significant drag effects 

due to ADEN jet area variation. 

The results in this section will, out of necessity, be presented in terms of the 

drag polar. The "nozzle open/nozzle closed" increment (jet area drag increment) is 

a function of lift (or angle-of-attack) for the ADEN, so merely studying the drag 

component alone, as has been traditionally done for axisymmetric nozzles, is not 

sufficient. 

First, the effect of jet area variation at jet-off conditions will be discussed. 

Figure 88 shows the jet-off polars for the two subsonic Mach numbers at which all 

three jet area variation nozzles were tested. At both speed regimes the jet-off 

polars are all very close - typically within ± 7 counts (at constant lift) of the mean. 

Based on accuracy considerations (Section 8.0), these differences may be "too close 

to call", although for both data sets, the combat nozzle generally portrays the high­

est drag. This can be rationalized by noting that the base drag penalty of the larger 

base area must exceed the boattail drag reduction benefit of the smaller projected 

boattail area for the combat nozzle. 

The Mach 0.9 data show the expected drag rise phenomenon relative to Mach 

0.6. Also the magnitude of this drag increment varies with lift increasing from a 

nominal 40 counts to as much as 70 counts at the highest lift coefficients tested. 

This drag rise penalty dependence on attitude is typical and was expected. 
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Figure 89 shows that the jet-off to jet-on increment for the two extreme cases 

of jet area variation (the dash nozzle was not tested at M = 0.8) is very significant. 

Note that at jet-off conditions the cruise and combat nozzles have about the same 

drag, within repeatability error, as was the case at Mach 0.6 and 0.9. However, at 

jet-on conditions these two nozzles possess markedly different drag levels because 

the jet-effect increment for the·combat nozzle fs roughly.twice that of the cruise 

nozzle. This is to be expected because of the physically larger afterburning plume 

in conjunction with reducted combat boattail area. The nozzle open/nozzle closed 

drag increment for these two extremes in ADEN jet area varies from a nominal 25 to 

50 drag counts as lift coefficient increases from zero to 0.25. Thus, the AD EN is 

characterized by a significant jet area drag increment that is attitude dependent. 

Figure 90 presents the jet-on jet area variation trends for all three ADEN 

configurations. The same type of drag reduction trend between the cruise and com­

bat nozzles is observed at Mach 0.9 as was discussed above for Mach 0.8. Addition­

ally note that the intermediate dash nozzle polar lies between the cruise and combat 

polars as expected. 

As shown in Fig. 91 the jet area drag variation trends at supersonic speeds 

portray the same general gross effect - opening the nozzle throat at jet-on condi­

tions reduces drag. This is clearly shown for the cruise and combat nozzles. But 

the dash and combat nozzles display the same (within repeatability error as dis­

cussed in Section 8.0) drag levels which was not expected. Perhaps, at supersonic 

speeds, the boattail drag reduction, caused by the rotation of the ventral flap from 

the cruise to dash position has reached the point of diminishing returns before fully 

rotating to the combat position (see Fig. 27). Additionally, as was the case at 

subsonic speeds, the cruise/combat drag delta varies with lift but not quite so 

dramatically perhaps due to the limited jet flow field influence on the airframe at 

supersonic speeds. 

Conventional aft-mounted axisymmetric nozzle installations can also show large 

total drag reductions with jet area increases, but these are manifested solely in the 

drag component and are independent of attitude (over the range of interest). With 

the ADEN non-axisymmetric wing-mounted installation it is the interplay of lift and 

drag that accounts for the significant jet area drag reductions that become larger as 

angle-of-attack increases. 
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7.6 ADEN NON-AFTERBURNING VECTORING STUDY 

Vectoring the ADEN results in significant increases in the thrust-removed lift 

is shown in Fig. 92. The trends shown at six degrees angle-of-attack typify those 

at all other attitudes tested. As geometric vector angle increases from 00 to 50 to 

100 , three effects are observed: 

(1) Absolute values of the thrust-removed lift increase· 

(2) Jet-on blockage effect (explained in Subsection 7.10), which causes the 

initial "lift-jump" at low pressure ratio, becomes larger 

(3) Sensitivity to nozzle pressure ratio becomes more favorable (at moderate 

and high pressure ratios). 

No conclusions about the beneficial effects of thrust-vectoring on lift enhance­

ment will be made at this point. Studying the individual aircraft lift and/or drag 

trends with vectoring is for educational purposes only. It is the aircraft drag polar 

and not the individual components, that is the figure of merit for evaluation of the 

scale model thrust-removed parameters (which then must be mated to real engine 

data and flown through a mission as outlined at the end of this subsection). Never­

theless, the individual lift and drag components will be briefly discussed to gain 

insight into the physical aerodynamic phenomena. 

The total aircraft lift is comprised of three basic components: 

(1) Jet-off aerodynamic lift 

(2) Propulsive jet-induced lift 

(3) Direct jet lift. 

The relative magnitudes of these three components can be graphically illustrated for 

the model ADEN cruise vectoring configurations. Fig. 93 presents the lift com­

ponent build-up for the ADEN cruise configuration at a typical Mach 0.9 operating 

condition. The jet-off aero lift is the foundation for the build-up and represents 

only aerodynamic effects without any influences from the propulsion system. The 

second component in the build-up is the propulsive jet-induced lift which, when 

added to the basic aero lift, yields the thrust-removed lift. The jet-induced lift 

includes all installation effects, relative to uninstalled conditions, due to the 

propulsion system. When the direct jet lift is added to the thrust-removed lift, the 
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total lift of the scale model is obtained. Note that the direct jet lift is the 

geometrical component of the resultant uninstalled gross thrust vector and is equal 

to: 

(~) • Sin (a + <5 s) 
qAW 

Lift gain factors, as defined by various experimenters (ref. 13), could be 

calculated from Fig. 93. However, as pointed out previously, the lift component 

alone tells nothing about the overall benefits of thrust-vectoring. Therefore, lift 

gain factors will not be discussed herein. 

Figure 94 is the drag build-up counterpart to the lift build-up of Fig. 93. 

Excluding trim drag and ram drag components (which will be discussed later in this 

subsection), the build-up of forces in the drag direction is composed of three 

elements: 

(1) Jet-off aerodynamic drag 

(2) Propulsion jet-induced drag 

(3) Thrust-loss. 

The jet-off aerodynamic drag includes no propulsion system effects. The propulsion 

jet-induced drag is the jet-effect increment caused by the influence of the nozzle 

efflux. These two components when added together form the total thrust-removed 

drag which includes all nozzle installation effects. The thrust loss is the geometri­

cal component of the uninstalled gross thrust vector resolved along the wind axis. 

It is calculated as follows: 

( q~W ) • [1 - cos (a + d s) 1 . 
The relative magnitudes of these components for the ADEN cruise vectoring 

configura tion at a typical Mach 0.9 operating condition are shown in Fig. 94. 

Observe that this figure presents drag trends at constant angle-of-attack. 

Alternatively, Fig. 95 provides a comparison for studying drag variations due to 

vectoring with a constant a or constant CL format. Major differences exist between 
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the two formats and these differences are aand/or CL dependent. At O!= 00 , when 

drag equals axial force, and at CL = 0, when normal force is very small, the two 

presentation formats are practically equivalent in that drag levels and trends with 

deflection are roughly the same. At conditions where substantial differences exist 

between drag and axial force and when normal force is not small, the two formats 

yield very different results. Furthermore, the disparity increases as a and/or CL ' 

. increases·~ 

No conclusions can be made about the aircraft sensitivity to thrust vectoring if 

one only has the constant O!characteristics. But the constant CL format has more 

significance because definite conclusions can be made about the aircraft drag 

polars. For example: 

• At low and moderate lifting conditions (CLTR = 0 and 0.115) the drag polars 

become slightly unfavorable as vector angle increases from 00 to 100 

deflection angles 

• At higher lifting conditions (CLTR = 0.232) the drag polars are always 

favorable as vector angle is increased from 00 to 100 deflection angles. 

Before the thrust-removed polars at jet-on conditions are discussed, it is'in­

structive to study the effect of the ADEN VEER rotation at baseline jet-off condi­

tions. Here a purely geometrical wing flap phenomena is anticipated; but, this 

effect is expected to be small because: (1) the effectivity of the lower VEER sur­

face is at least partially reduced by the presence of the jet-off base region, and (2) 

the span of the VEER is small compared to the wing span. The results of Fig. 96 

generally support this expectation. As VEER angle increases from 00 to 50 to 100 , 

the characteristic polar rotation due to the familiar flap effect is observed. At zero 

lift, the maximum effect is ± 12 drag counts about the mean while at a 0.30 lift coeffi­

cient. the spread is ± 8 drag counts. These trends at jet-off conditions are consid­

ered small (although the spread at zero lift was slightly larger than anticipated). 

The point of interest is to see how the corresponding effect at jet-on conditions 

differs from these baseline jet-off polar rotation trends. In particular do the jet-on 

vectoring drag deltas increase at a 0.30 lift coefficient? 

Figures 97, 98 and 99 present the jet-on non-afterburning ADEN vectoring 

study at Mach 0.6, 0.8 and 0.9, respectively. Note the three distinct regimes for 

the ADEN cruise configuration. At negative values of lift the best-to-worst trend is 
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00 , 50, 100 • In other words, vectoring increases drag at this low angle-of-a ttack 

academic condition as expected. At moderate values of lift, the best-to-worst trend 

is either 50, 00 , 100 or 50, 100 , 00 • In either case, an optimum deflection angle 

somewhere between 00 and 100 must exist. At higher values of lift, the best-to­

worst trend is 100 , 50, 00 which is the reverse of the trend at low lift coefficients. 

In this case,. three vectoring angles were· evaluated and three separate regimes 

for the polars were observed. One can generalize and say that if there were four 

configurations tested, then four regimes would have been observed ••• , and so on. 

As higher lift regimes are entered it is always a larger deflection angle that will be 

the optimum. This should be true up to the point where the supercirculation flow 

field breaks down (just as a wing flow field breaks down at high angles of attack) • 

An optimum polar locus composed of an envelope of points covering a range of de­

flection angles can therefore be envisioned. This indicates that deflection angle 

should be scheduled 1:0 angle-of-attack to achieve optimum performance. 

The effect of the vectoring phenomenon is to both translate and rotate each 

polar relative to the unvectored polar. In other words, the complete aerodynamic 

shape of the drag polar is altered by vectoring the propulsion system. Further­

more, observe that the jet-on polar differences at a 0.30 lift coefficient are much 

larger than those exhibited by the baseline jet-off polar as expected. This indi­

cates that the jet and external wing flow field are mutually interactive. This will be 

discussed in terms of surface pressure data in subsection 7.10. 

The magnitude of the drag reduction due to vectoring is significant. This can 

be observed by entering the polar of Fig. 99 at a 0.30 lift coefficient. Vectoring 50 

results in a 27 drag count reduction while vectoring 100 yields a 40 drag count reduc­

tion relative to 00 • Vectoring the second 50, a 100% increase, results in an addi­

tional 50% drag improvement. This suggests that large amounts of vectoring may not 

be necessary to show substantial cruise performance payoffs. 

The drag reduction effect due to ADEN jet exhaust vectoring at subsonic speeds 

is summarized in Fig. 100. The performance benefit of the cruise 100 nozzle is 

compared to cruise 00 nozzle, as an unvectored reference point, according to the 

following: 
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Observe that this benefit increases as lift increases and generally decreases as 

speed increases (for constant lift). The first effect is due to the rotated polars 

that diverge as lift increases. The second effect is probably related to the funda­

mental aerodynamic principal that addresses upstream influence - flow field distur­

bances resulting from exhaust jet vectoring travel much further upstream as speed 

decreases (this will be shown in the surf~ce pressure study of sub~ection 7.10). 
'.' . ..... 

Thus, more of the lifting surface carl theoret'ically be effected 'at the' lower speeds 

(other things being equal). 

So from a purely external aerodynamic viewpoint, it can be concluded that 

larger thrust-vectoring payoffs can be expected at lower Mach numbers. Note that 

the trend at Mach 0.9 appears out of order with respect to the other speeds. The 

reason for this is unknown; however, based on analysis of pressure data (see sub­

section 7.10), a beneficial shock-movement phenomenon exists at this transonic Mach 

number which could be responsible for the observed trend. 

In passing, it is noted that the total payoff for the vectored ADEN relative to 

the circular baseline can now be calculated. As discussed in sUbsection 7.4 (see 

Fig. 82), the improvement resulting from the integration advantages of the ADEN 

relative to the circular nozzle installation was on the order of 50 drag counts. 

Additionally, Fig. 99 shows that the beneficial vectoring effect of the ADEN is 

approximately 40 drag counts. So, the 50 count installation payoff due to improved 

integration when added to the 40 count vectoring payoff yields a total ADEN Cruise 

nozzle payoff of 90 counts at Mach 0.9 - about 25% of aircraft minimum drag, or 

alternatively about 15% of cruise drag (at 0.30 lift coefficient). 

The above discussion applies to untrimmed thrust-removed polars obtained from 

the wind tunnel model. From the point of view of external aerodynamics these 

polars can be very useful in interpreting the relative trends of thrust vectoring. 

However, to undertake a more complete cruise mission performance analysis for the 

air vehicle, real engine/nozzle effects (jet-lift, thrust-loss, ram drag, and nozzle 

weight) must be accounted for in addition to the aircraft trim effects. The following 

two equilibrium equations for the subsonic cruise mission must be solved: 

T 
C + C + C = __ s • cos (a + 0 ) 

DTR DRAM DTRIM qAw s (1) 

T 
C 

s. L + __ .Sln 

TR qAw 

w 
(a + 0 ) =- = C 

s qA
w 

LREQD 
(2) 
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To find the drag reduction due to thrust vectoring at a specific Mach number and 

altitude, the following additional equations and! or relationships are requried: 

CDTR = f (NPR, O! ) (3) 

CLTR = f (NPR, O! ) (4) 

CDTRIM = f (NPR, O! ) (5) 

Ts!qAw = f (NPR) (6) 

CDRAM = f (NPR) (7) 

Os = f (NPR) (8) 

Relationships (3), (4), (5) and (8) in general represent curves developed from 

analyses of wind tunnel data. Relationships (6) and (7) are obtained from the 

results of engine company computer programs. 

The powered polar of Fig. 101 is the counterpart of the thrust-removed polar 

of Fig. 99. Here the effects of scale model thrust have altered the thrust-removed 

polar trends. At a 0.30 lift coefficient the cruise 50 powered polar is now the most 

favorable because its thrust loss is not as great as the corresponding penalty for 

the cruise 100 nozzle. Even so, the cruise 100 powered polar still shows a benefit 

over the unvectored polar because its drag benefit outweighs the thrust loss. 

These results suggest that only a small amount of vectoring may be required to show 

a significant performance payoff at subsonic cruise conditions. 

Recall the discussion of SUbsection 7.4 pertaining to the biasing of powered 

polars due to different nozzle throat areas. Note from Fig. 34 that the ADEN Cruise 

50 and 100 nozzles have slightly less jet area than the cruise 00 nozzle. Thus both 

the 50 and 100 powered polars should be adjusted to the left thereby creating an 

improved and truer thrust-vectoring result. Again, another example of interpreting 

powered polars with caution is apparent. 

7.7 ADEN AFTERBURNING VECTORING STUDY 

This SUbsection discusses the effect of ADEN Combat (afterburning) nozzle 

deflection angle variation at both subsonic and supersonic speeds. In many re­

spects, it parallels and is similar to the ADEN Cruise (non-afterburning) nozzle 

vectoring study of SUbsection 7.6. 
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Figure 102 shows how the aircraft lift component increases as VEER geometric 

deflection angle is increased. Several points are noteworthy: 

(1) For both combat and cruise nozzles the generation of incremental lift due 

to vectoring is essentially independent of angle of attack 

(2) Vectoring the combat nozzle through the maximum tested 200 excursion 

develops a significant. incremental lift coefficient of approximately 0.125, 

(3) Over the 00 to 100 deflection range the cruise nozzle develops approxi­

mately 50% more incremental lift than the combat nozzle despite the fact 

that the ideal momentum coefficient (Fip • /. qAw) of the combat nozzle is 

about 75% greater. This suggests that the momentum coefficient alone is 

not sufficient as the single correlating parameter for supercirculation ef­

fects. (The pressure distribution studies of sUbsection 7.10 will relate to 

this finding.) 

Note that the above discussion applies at constant angle-of-attack. In 

practice, to derive either cruise or maneuver benefits from aeropropulsion lift 

enhancement phenomena, the aircraft would be changing angle-of-attack as 

deflection angle is varied. Then the drag would change and so would the. thrust 

required and nozzle pressure ratio, etc. - the familiar iterative problem. The point 

is that the curves of Fig. 102, as well as all other constant angle-of-attack 

presentations, are of academic interest only to aid in understanding the mechanism 

of lift enhance men t • 

Figure 103 presents the lift component build-up for the ADEN combat nozzle; it 

is the counterpart of Fig. 94 for the cruise nozzle. Although the general nature of 

the combat and cruise lift build-ups is similar, basic differences exist: 

(1) Jet lift is much larger for the combat nozzle due to a greater mass flow 

rate and a larger static vector angle at the same nozzle pressure ratio 

(2) Jet-induced lifts at the common 100 deflection angle are about equal for 

both combat and cruise nozzles. This is a coincidence because both the 

jet-off aerodynamic lift (Figs. 93 and 103) and the thrust-removed lift 

(Fig. 102) possess measurably different trends for combat and cruise 

nozzles. Furthermore, as will be shown in the surface pressure study 
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(subsection 7.10) the aerodynamic mechanisms (flow-blockage, super­

circulation, or transonic shock-movement) that are responsible for gener­

ating induced-lift are uniquely different for combat and cruise nozzles -

thus the above coincidence was a surprise. 

Recall that Fig. 102 showed how the lift component was enhanced by thrust 

vectoring; but, this. benefit does not come· without a penalty. Figure 104 shows that 

lift production is accompanied by a sizable drag production. Observe for both 

combat and cruise nozzles that the rate at which drag increases with jet deflection 

is strongly dependent on angle-of-attack. In contrast, recall that the lift compo­

nent trend with deflection was insensitive to angle-of-attack over the tested atti­

tude range. For the combat nozzle observe that the drag penalty for vectoring the 

second 100 is more severe than the first 100 • Also note that the cruise nozzle 

possesses a less severe vectoring drag penalty than the combat nozzle. 

The ADEN Combat thrust-removed drag polars are presented in Figs. 105 and 

106 for Mach 0.9 where maneuvering benefits due to thrust vectoring are desirable. 

First, at jet-off conditions the differences between the combat 00 , 100 , and 200 

polars are relatively small as expected. This was also true for the cruise 00 , 50, 

and 100 polars as discussed in subsection 7.6 where it was pointed out that the 

trend with VEER deflection was due to familiar flap-effect. 

Secondly, at jet-on conditions (Fig. 106) significant spreading of the polars 

occurs relative to jet-off conditions. For example, at low to moderate lift conditions 

the combat 00 and 100 jet-on polars have become more favorable (moved left) while 

the combat 200 polar has become more unfavorable (moved right). At higher atti­

tudes, however, the combat 200 jet-on polar does cross-over its jet-off counter­

part. This generally unfavorable jet-effects drag increment for the ADEN Combat 

200 nozzle was not anticipated and remains unexplained. Since this effect occurs at 

all operating nozzle pressure ratios at subsonic speeds, it therefore is considered to 

be valid. 

Unfortunately, this experiment was angle-of-attack limited and data could not 

be obtained in the combat maneuver regime (0.5 to 1. 0 in lift coefficient). However, 

employing mental extrapolation on Fig. 106 the combat 200 polar crossing over the 00 

and then the 100 polars can be envisioned at higher values of lift. Thus, the same 
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three-regime characteristic would be evident here as was observed with the cruise 

nozzles (Fig. 99). 

The ADEN Combat 20 0 nozzle obviously suffers a very large drag penalty that 

the more moderately vectored 100 nozzle does_not experience. This fact, coupled 

with the knowledge that the resultant static performance of the combat 10 0 nozzle is 

equivalent to that of the combat 00 nozzle while the combat 20 0 nozzle suffers a 

turning efficiency as well as cosine loss, suggests that large vector a~gles at combat 

maneuvering conditions are not likely to pay-off. 

Vectoring at supersonic speeds is not envisioned as a viable technology because 

vectoring was neither expected to show a payoff nor would V ISTOL aircraft be ex­

pected to pull high-gs at supersonic speeds. For academic purposes, however, 

limited data was obtained in this program to confirm that thrust vectoring has little 

effect on the air vehicle at supersonic speeds. Figure 107 presents the jet-off and 

jet-on polars at Mach 1.4. The jet-off polars are very close as expected with the 

ADEN Combat 20 0 portraying somewhat higher drag levels probably due to the addi­

tional supersonic flow expansion on the deflected VEER. 

At jet-on conditions, both nozzles exhibit the characteristic large supersonic 

drag reduction phenomenon as the sensitive nozzle base area region is eliminated and 

replaced by the jet plume. The main point, however, is that the difference between 

the combat 00 and combat 20 0 polars at jet-on conditions compared to jet-off con­

ditions is very small. This is in contrast to the corresponding drag difference at 

subsonic speeds as exemplified in Figs. 105 and 106. This finding most probably 

results from the fact that fluid mechanic disturbances do not propagate upstream at 

supersonic speeds (except through the boundary layer as a second-order effect). 

Thus it is concluded that the effect of thrust vectoring is not significant at super­

sonic speeds. 

7.8 EFFECT OF VECTORING ON PITCHING MOMENT 

The untrimmed polar improvements due to vectoring the ADEN must be adjusted 

for trim effects. For example, if vectoring resulted in a larger trim drag require 

ment, then some of the untrimmed polar benefit would be reduced. Conversely, if 

vectoring reduced the trim penalty, then the untrimmed polar benefit would be 

further increased. For the specially designed V ISTOL configuration tested in this 

program the latter case is applicable as will be discussed in this section. 
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Fig. 108 shows the effect of vectoring the ADEN Cruise nozzle on aircraft tail­

off pitching moment. These Mach 0.9 results which indicate an unstable situation 

(dCM!dCL > 0) are representative of the trends obtained throughout the 0.4 to 0.9 

Mach range. It is noted that this airplane configuration was intentionally designed 

to be statically unstable (with tail-on) at subsonic speeds because fly-by wire tech­

nology was employed to minimize trim penalties relative to those of a statically stable 
. . . 

configura tion. 

The figure demonstrates the effect of cruise nozzle vectoring at subsonic condi­

tions. At conditions of interest as geometric deflection angle is increased, the 

pitching moment needed to be trimmed-out decreases. For example, at a typical 

cruise 0.30 lift coefficient, the 100 nozzle produces a 0.04 pitching moment im­

provement relative to the baseline 00 nozzle. Thus, it is concluded that vectoring 

the ADEN, at conditions of interest, is favorable for trim, and total aircraft perfor­

mance improvements are actually in excess of those indicated by the untrimmed 

polars of subsection 7.6. Wherewithal did not exist to translate this vectoring trim 

benefit into drag counts because tail-on (or canard-on) configurations were not 

tested, but it is estimated to be in the five to ten count range. 

Fig. 109 is the counterpart of Fig. 108 and presents similar results for the com­

bat nozzle. Vectoring between 00 and 100 produces almost the same 0.04 favorable 

pitching moment increment as the corresponding cruise vectoring configurations. 

Vectoring another 100 doubles this value. These results are representative of the 

trends obtained throughout the 0.4 to 0.9 Mach range. Thus, it is concluded that 

vectoring the ADEN, in the combat mode, is also favorable for trim, and the total 

aircraft performance improvements are actually in excess of those indicated by the 

untrimmed polars of SUbsection 7.7. 
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7.9 EFFECT OF INLET FAIRING VARIANT 

Traditionally, in jet effects testing, the effect of either inlet fairing type or a 

flow through inlet has been considered to have negligible effect on the jet effect 

increment (drag difference between jet-on and jet-off). This contention has been 

demonstrated to be valid for an aft-mounted nozzle installation where the distance 

between inlet and nozzle was considered large. (ref. 6). Even for somewhat shorter· 
. '. . ~'.. 

inlet/nozzle coupling dist"ances, such as onthe subject V/STOL· wing-mounted con­

figuration, this contention has still been expected to be true. Only on very obvious 

closely-coupled configurations has the effect of inlet simulation been questioned. 

During the subject test program, this assumption was checked on the ADEN Combat 

00 configuration, and the result is very surprising, not totally understood, and 

still under question. 

The standard recessed plate inlet fairing (Fig. 8) and the ogive inlet fairing 

(Fig. 35) were evaluated at a jet-off and a typical jet-on condition over the 0.4 to 

1.4 Mach range. The data at Mach 0.4, however, is considered suspect due to data 

scatter because of the very low tunnel dynamic pressure, so the trends presented 

herein are from Mach 0.6 to 1.4. 

Figure 110 presents a typical subsonic result. The first observation is that the 

ogive inlet fairing results in substantially reduced total aircraft drag as was 

expected. The mean pressure coefficient acting on the forward facing area of this 

aerodynamically designed bullet-nose fairing is close to ambient thereby producing 

low drag. On the other hand, the mean pressure acting on the recessed plate is 

very close to tunnel total pressure thereby producing high drag, not to mention the 

spillage drag associated with the lower lip. 

Now, observe the behavior of the jet-effect drag increment from jet-off to jet­

on. For both inlet fairing variants this increment is large and favorable as 

expected. However, the key point is that this jet-effect increment is different for 

each of the two types of inlet fairings. For example, at zero lift, the ogive fairing 

yields a 70 count drag increment while the recessed plate fairing produces a smaller 

50 count drag increment. Figure 111 presents the same comparisons at a typical 

supersonic Mach number. 

The jet-effect drag increment result for all Mach numbers is presented in 

Fig. 112 for the zero lift condition which corresponds to the baseline aircraft 
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minimum drag condition. Note that at supersonic speeds, the effect of inlet fairing 

variant is negligible. This certainly was anticipated based on the theory that the 

sphere of nozzle/back-end disturbances can only travel a limited distance upstream 

at supersonic speeds. At subsonic Mach numbers, there is a very significant effect 

of inlet fairing on the jet-effect increment; and furthermore this effect is diverging 

as Mach number decreases. This appears to be consistent with the well known fact 

. that disturbances travel·further u'pstream as flight speed is reduced. Never­

theless, the magnitude of the disparity causes surprise and concern because it 

suggests that numerous jet-effects test programs may be suspect. 

Figure 113 presents the jet-effect drag increment trend at lifting conditions; it 

is the counterpart to Fig. 112 showing the zero lift result. At subsonic speeds, the 

same basic trend is observed although somewhat diminished in magnitude. A more 

dramatic mystery exists at supersonic speeds where these data show a significant 

difference in the jet-effect increment. This was certainly not expected, again, 

because of the principal of limited upstream influence. Can it be rationalized that, 

at angle-of-attack, the inlet fairing/ fuselage crotch region is creating strong vortex 

and/or shock systems that do not dampen out before impinging on the nozzle? 

The largest disparity between inlet fairing variants occurred at Mach 0.6 at low 

angle-of-attack as shown on Fig. 113. Pressure distributions along the upper and 

lower nacelle surfaces were studied to see if the force balance trends could be sup­

ported by observing large differences in the jet-on/jet-off deltas between the two 

inlet fairing types. Figures 114 and 115 show these pressure data for the recessed 

plate and ogive fairings respectively. If these data were to corroborate the force 

data, then the difference between the circle and square symbols would be very much 

different for each figure. However, the data do not support this hypothesis; thus, 

a quandry exists. 

It may be argued that sufficient pressure instrumentation did not exist to 

properly document the force balance result. Additionally, it may be argued that the 

force balance axial force gauge at subsonic jet-off conditions possesses large uncer­

tainty (measuring less than 50 lb on an 800 lb gauge). However, this latter 

argument, which could explain away the subsonic mystery, certainly could not 

reconcile the supersonic disparity (Fig. 113), because at these high dynamic 

pressure conditions the axial force gauge measures large (200-300 lb) jet-off forces. 

At this point no adequate explanation can be offered for the unexpected inlet fairing 

variant trends. 
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The question arises as to which of the two types of inlet fairing designs is the 

better. The data of Ref. 6, which compare a bullet-type and a recessed plate fairing 

to a flow through inlet, demonstrate that the recessed plate fairing provides a much 

better flow field simulation of the flowing (unchoked) inlet. The reason is because 

the bullet-type fairing is characterized by essentially zero spillage as manifested by 

lip vicinity pressures that are very close to ambient. On the other ~nd, the· 

recessed plate fairing, which c~n' be 'envisioned as characteriz~d by 100% spillage', .... 

produces very large negative pressures around the inlet lip. Now, the flowing inlet 

also produces Significant spillage (of course much less than 100%) and is also 

characterized by very large negative pressures around the inlet lip. Thus, by 

deduction, in the study of Ref. 6, it was concluded that the recessed plate inlet 

fairing provided the better simulation. 

Relating the above to the subject test program, Fig. 114 and 115 show that the 

pressure levels in the vicinity of the lower lip are very highly negative for the 

recessed plate while they are very close to ambient for the ogive fairing. There­

fore, applying the result of Ref. 6, discussed above, to interpret the subject test 

data, it is deduced that the more realistic of the two candidate inlet fairing designs 

is the recessed plate. Furthermore, it is the one that is characterized by the lower 

of the two jet effect drag magnitudes which would correspond to the more conserva­

tive selection! 

In passing, attention is drawn to the pressure orifices that were symmetrically 

located (same fuselage station, water line, and butt line) on the model. The data 

from these measurements is noted in Fig. 114 and 115. It is concluded that the 

model was properly aligned so that the flow field over left and right hand sides of 

the model was symmetrical. 

7.10 ANALYSIS OF EXTERNAL PRESSURE DISTRIBUTIONS 

External surface pressure distributions have provided insight into the fluid 

mechanic flow field phenomena that characterize this V ISTOL ADEN underwing in­

stallation. Four categories of surface pressures are discussed in this subsection as 

summarized below: 
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(1) Nacelle/Nozzle - to study the effect of vectoring on the nozzle surfaces 

itself (VEER in particular) and the upstream zone of influence along the 

nacelle centerline 

(2) Wing Upper and Lower Surfaces - to study the longitudinal and spanwise 

effect of vectoring on the lifting planform to add physical insight to the 

" o~erall integrated effect of. t~rust vectoring as measured by the force 

""balance 

(3) ADEN VEER - to study the localized span effect of thrust vectoring on the 

ADEN deflecting VEER 

(4) ADEN sidewalls - to study nozzle pressure ratio and flight condition 

effects on inboard and outboard sidewalls. 

Effect of Vectoring on Nacelle/Nozzle Pressures 

Analysis of the diagnostic pressures measured on the nacelle/nozzle surface 

aids in the understanding of flow field changes that are responsible for the produc­

tion of incremental lift due to vectoring. Figure 116 presents the pressure distri­

butions for the vectoring ADEN Combat nozzle at Mach 0.6 at zero angle-ofattack. 

The trends to be discussed apply equally well to all SUbsonic Mach numbers and all 

angles-of-a ttack tested. 

The top of the figure presents pressure data along the wing upper surface at a 

spanwise location corresponding to the nacelle longitudinal centerline. The bottom 

of the figure shows the pressure profiles along the centerline of the nacelle lower 

surface. The approximately-scaled sketch illustrates the geometric variations of 

the three ADEN Combat vectoring modes tested. 

The first observation to make is that the influence of thrust vectoring travels 

very far upstream to the nacelle maximum area region. However, the most dramatic 

effect is on the ADEN VEER. Note the huge change in minimum over expansion 

pressure coefficient at the "shoulder". For the combat 200 nozzle, the flow over 

expands to a -1.25 pressure coefficient (approximately equal to the critical pres­

sure coefficient) before shocking to a value in excess of ambient pressure. Then a 

second, but weaker, over expansion occurs before the flow recompresses subsoni­

cally. In all cases, the entire upper surface pressure distribution becomes more 

depressed (more negative) as vector angle increases. This is a result of the jet 

exhaust pumping-action and is a lift-producing (and drag-producing) mechanism. 

62 



The lower surface shows opposite trends; as vector angle increases the en­

tire pressure distribution becomes less depressed (less negative). This is a result 

of flow blockage due to plume geometry causing the external flow to turn and 

recompress more abruptly as vector angle increases. It is also a lift-producing (but 

drag-reducing) mechanism. Thus both upper and lower surface pressure distribu­

ons complement one another in the generation of lift.· 

Wing Surface Pressure Analysis and a Lift Enhancement Model 

The identification and extent of the various phenomena responsible for the lift 

increments obtained through thrust vectoring can be more readily understood by ana­

lyzing the wing surface pressure orifices. The distribution of pressure orifices on 

both upper and lower wing and nacelle surfaces has been shown in Fig. 20. This 

information, along with upper wing surface flow visualization patterns, have proven 

to be invaluable in understanding the role of the aeropropulsion mechanisms respon­

sible for lift enhancement. This information additionally provides a usable set of 

data to aid the development of theoretical models for these mechanisms. 

Three lift mechanisms have been identified from the wing surface pressure 

studies. It is interesting to note that these three mechanisms are not always 

present and appear together only during the operation of the ADEN Cruise nozzle 

configura tion during transonic (Mach 0.9) flight conditions. The reasons will be dis­

cussed in this subsection. 

Pressure distributions over the entire wing planform for such a condition are 

shown in Fig. 117. The three lift mechanisms are: 

1) Lower surface flow blockage by the exhaust plume 

2) Supercirculation effects over the entire chord length due to the 

jet flap effect of the exhaust at the wing trailing edge 

3) Aft shock movement on the wing upper surface due to 

additional wing circulation (only present during transonic 

conditions) • 

It is also clear from the lift distribution over the span that these jet induced lift 

benefits are not localized solely on the wing area directly ahead of the jet exhaust. 

The data show that the entire wing span lift distribution is affected by placing the 

exhaust near the wing inboard trailing edge. 
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The oilflow patterns in Fig. 118 corroborate this outboard effect of the nozzle. 

The jet-off conditions show separated flow over the trailing edge of the ADEN upper 

surface (VEER) and a strong spanwise flow gradient at the wing trailing edge along 

the span. When the jet is flowing at an operating pressure ratio, the flow directly 

over the nozzle becomes more organized and remains attached to the VEER. In 

addition, the wing trailing edge flow has become more aligned with the streamwise 

direction for alargeportion of the""Span. Both conditions are "indicative of more 

negative upper surface pressures which generate increased lift. 

As stated earlier, these lift mechanisms do not necessarily all appear for each 

configuration. For example, Fig. 119 shows major differences in the effect of the 

ADEN Cruise and Combat nozzles on the wing flow field during transonic flight 

conditions. The cruise 00 configuration shows minimal lower surface blockage and 

very little supercirculation lift generated at jet-on conditions. This is to be 

expected since the jet deflection is probably small (although not necessarily zero as 

implied by this configuration's zero degree designation). On the other hand, the 

ADEN Combat OOnozzle, while also generating minimal super circulation lift due to 

the small jet deflection angle, does however generate a larger lower surface blockage 

lift than its cruise 00 counterpart. This is a result of the much thicker combat 

exhaust jet providing a larger obstruction to the lower surface flow than the thinner 

cruise nozzle exhaust jet. 

When both of these nozzles are deflected, a further difference arises. The 

ADEN Cruise 100 configuration, with jet-on, generates not only strong supercircu­

lation lift but also strong lower surface blockage lift (see Fig. 119). Both effects 

are due to the trailing edge jet deflection. The combat 100 configuration also 

produces strong lower surface blockage but, surprisingly, only minimal supercircu­

lation lift. This effect is further emphasized by studying the force balance data in 

Fig. 120. This was not expected since it was theorized that the combat 100 jet 

deflection at the wing trailing edge should produce a supercirculation lift component 

comparable to the cruise 100 deflection. 

The explanation of this phenomenon, the inability of the combat nozzle to 

generate the expected levels of supercirculation lift, is open for speculation. The 

only apparent difference between the two cases is the geometry of the lower portion 

of the exhaust jets. This immediately suggests the possibility that the vertical 
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position of the exhaust center of momentum below the wing trailing edge plays an 

important role in the jet's ability to create wing supercirculation. The proposed 

analytical model (ref. 14) for jet-wing interaction is the jet flap (i.e., an infinitely 

thin jet issuing directly from the wing trailing edge). This theory predicts 

that maximum supercirculation benefits are obtained by control of upper and lower 

surface wing trailing edge pressures and wake/jet curvature. Any movement of the 

.. jet away from the trailing edge weakens both of. these.effects~ If the modeling of the· . 

ADEN Cruise or Combat exhaust jets were accomplished by placing an infinitely thin 

jet sheet under the wing at the center of momentum location for the respective true 

jet exhausts, the following would result. The thick combat nozzle exhaust, having 

its momentum center further below the wing trailing edge than the thinner cruise 

nozzle exhaust, would generate less supercirculation lift. Until further work is 

undertaken, these thoughts remain purely speculatory. 

The third lift enhancement mechanism, shock movement, is purely a transonic 

effect and can only be seen in these data for the Mach 0.9 condition. Fig. 121 shows 

this effect on the ADEN Cruise 100 nozzle. At Mach 0.6, the jet effect mechanism is 

blockage at low pressure ratio followed by supercirculation lift which increases 

slightly as nozzle pressure ratio increases. For the transonic case (Mach 0.9) with 

a wing shock present, the same sequence begins but at some point during the pres­

sure ratio excursion the additional circulation causes the shock to jump aft thereby 

creating a rapid increase in lift. This accounts for the strong non- linear lift 

increase in the force data after a nozzle pressure ratio of about 4.5 for the cruise 

100 nozzle. Again, note that this aft shock movement is caused by the increase in 

circulation due to the jet flap effect. If this jet flap effect is weak, as is observed 

for the combat nozzle, then minimal shock movement should be present. Thus, a 

non-linear lift increase after a pressure ratio of about 4.5 should not occur; in fact 

as shown in Fig. 120, it does not occur for the combat nozzle during transonic flight 

conditions. 

Figure 122 attempts to sort out each of the mechanisms which might be expected 

for the listed configurations and flight conditions. Both force measurement data and 

wing pressure distributions support these contentions. 

To summarize, Fig. 123 builds a schematic composite thrust-removed lift curve 

as a function of nozzle pressure ratio. The effects of each of the three lift 

mechanisms discussed above are shown. To reiterate, all, some or none of these lift 
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enhancement mechanisms might be present depending on: the installed nozzle 

configuration, nozzle pressure ratio, and flight condition. 

Effect of Span on ADEN VEER Pressures 

The ADEN Combat 200 configuration was selected for the study of VEER span 

effects because it was the configuration employing the largest deflection angle. 

Figures 124, 125, and 126 present. the pressure distributions for the combat 200 

inboard (butt line 8.125 in.), outboard (butt line 10.125 in.), and centerline (butt 

line 9.125 in.) locations. The off-centerline pressure orifices were positioned only 

on the VEER while the centerline orifices were located over the complete 

nacelle/nozzle length. Also shown in the figures, for reference, is the 

corresponding unvectored combat 00 centerline pressure distribution. 

From all three figures, no matter if low speed (Mach 0.4), subsonic/transonic 

speed (Mach 0.9) or high speed (Mach 1.4), the same conclusion applies - the off­

centerline VEER pressure distributions are generally dissimilar from the centerline 

distribution. For instance, at all three Mach numbers, the centerline flow experi­

ences a dOUble expansionl compression phenomenon while the off-centerline flow is 

characterized by only a single expansion followed by a single compression (except at 

the end of the VEER inboard side at Mach 0.9). Furthermore, the off-centerline 

pressures are generally more negative than the centerline distributions. 

When the VEER is deflected 200 , it becomes exposed to the flow on the bottom in 

addition to the top of the wing (see Fig. 33). Since the pressures under the wing 

are positive, it could be expected that the off-centerline VEER pressures would re­

flect this influence and exhibit higher (less negative) values than on the centerline. 

The data does not support this hypothesis. Another theory, one that fits the obser­

vations, reasons that the centerline flow is largely two-dimensional while the off­

centerline flow is influenced by a three-dimensional relief mechanism which allows 

spanwise spilling over the sides of the VEER. 

Observe that both inboard and outboard distributions generally exhibit the 

same characteristics with the outboard profiles tending to portray slightly higher 

pressure levels. 

As a reference, the ADEN unvectored combat 00 data is presented to again show 

how far the effect of vectoring travels upstream (recall Fig. 116). At the lowest 0.4 

Mach number, the effect of vectoring travels much further upstream than the 
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nacelle maximum area station. At Mach 0.9, the sphere of influence does not extend 

to this maximum area station, while at Mach 1. 4 the effect is restricted to the nozzle 

itself. These pressure data trends are consistent with the force data trends of sub­

section 7.6 in which the effect of thrust vectoring was observed to show larger 

effects at the lowest Mach numbers. 

In summary, it is concluded that strong spanwise gradients can exist on 
. .' '.' ...", .. '. 

deflected two-dimensional nozzle surfaces. Pressure/area integration schemes 

would require extensive spanwise as well as longitudinal pressure instrumentation 

in order to accurately assess component lift and drag coefficients. 

ADEN Sidewall Pressure Effects 

In practice, the sidewalls of two-dimensional nozzles are not flat because 

mechanical and kinematic considerations demand substantial wall thicknesses that 

must be ultimately boattailed to minimize drag producing base area. Therefore, it is 

important to study the ADEN sidewall pressure distributions for this V/STOL under­

wing nacelle installation. This will be done for the ADEN Cruise 100 configuration. 

Figure 127 presents the inboard and outboard sidewall pressures at jet-off and 

jet-on conditions. The outboard sidewall shows the classical flow recompression 

phenomenon while the inboard recompression is followed by an expansion to the 

trailing edge. The reason for the different outboard/inboard trends is because the 

flow field on the inboard side is shielded by the fuselage which does not allow as 

natural a "free-compression" as the outboard sidewall. Also, observe that the out­

board sidewall is relatively insensitive to jet effects while the inboard side exhibits 

.the classical favorable effect of pressure ratio. At the conditions of Fig. 127, 

practically the entire sidewall surfaces are bathed by a lower than ambient flow 

field thereby qreating drag. 

Figure 128 presents the effect of Mach number on the sidewall pressure distri­

bution. On the outboard side, the effect of an increase in Mach number is unfavor­

able - exaggerated flow expansion and minimized flow recompression. On the in­

board side the integrated effect is also unfavorable. This is the familiar trend with 

Mach number as expected. 

Figure 129 presents the effect of angle-of-attack which is very pronounced for 

this highly integrated underwing nacelle installation. As attitude increases the com-
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plete sidewall pressure level also increases from highly negative to generally posi­

tive (or close to ambient) pressure coefficients. These trends were consistently 

observed regardless of subsonic ~ach number or nozzle pressure ratio. This trend 

with attitude is to be expected because the higher under-wing pressure levels 

impinge on the nozzle as angle-of-attack is increased. 

In summary, the relatively low-boattailed ADEN sidewalls are characterized by 

significant longitudinal pressure gradients, as a function of Mach number and 

pressure ratio, which contribute to vehicle drag at low attitudes, but on the other 

hand can produce thrust at moderate to high attitudes (in ,excess of about six 

degrees). 
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7 .11 ANALYSIS OF INTERNAL PRESSURE DISTRIBUTIONS 

In sUbsection 5.2 which discussed aeropropulsion bookkeeping, it was shown 

that the thrust-removed drag (or lift) included two terms: (1) the external drag 

(or lift) of all surfaces wetted by the external flow, and (2) on the internal thrust­

component decrement (or increment) caused by the effect of the external flow on the 

"internal thrust vector. This second term is negligible for practical internal expan­

sion nozzles (ref. 6) except at very low pressure "ratios generally not of interest; 

however, for asymmetric internal/external expansion nozzles, the effect of external 

flow on internal thrust may be significant. 

Pressure orifices were located on the ADEN and ALBEN internal surfaces, as 

discussed in subsection 3.3 (Fig. 21). Pressure distributions were studied and inte­

grated over the upper (VEER on the ADEN) and lower (ventral on the ADEN) flaps 

at wind-on and at static conditions to obtain insight into the effect of external flow 

on nozzle internal thrust. No attempt is made to precisely quantify this component 

of lift, ~F)L' and drag (.6.F)D because: (1) knowledge of the free pressure boun­

dary (dividing streamline between external and internal flows) is not available, and 

(2) more pressure instrumentation is required. Nevertheless, the interesting influ­

ence of the free stream on the nozzle internal surface pressure distributions is a 

worthwhile qUalitative study. 

The analysis presented herein will concentrate most heavily on the ADEN 

Cruise 00 because this nozzle, which has the largest internal turning angle, shows 

the most dramatic effects. Surface pressure distributions will be analyzed and inte­

grated for both the VEER and the ventral flap in both the axial and normal direc­

tions. Highlights for the other nozzles in the test matrix will be presented so that 

conclusions can be developed for three major studies: 

(1) Effect of nozzle type (ADEN, ALBEN, and circular nozzle) 

(2) Effect of jet area (ADEN: Cruise 00 , Dash, and Combat 00 ) 

(3 ) Effect of vectoring (AD EN: Com ba t 00 , Com ba t 100 , and Com ba t 200 ). 

The discussion of this subsection will be presented for zero degrees angle-of­

attack; however, the trends are generally applicable to all attitudes tested. 
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Figure 130 presents the ADEN VEER static (Mach 0.0) pressure distributions 

for several values of NPR. The wall surface pressure is non-dimensionalized with 

the area-weighted average exhaust total pressure to form a parameter independent 

of ambient pressure. Observe that strong shock systems exist inside the ADEN at 

all pressure ratios between a throat-choked condition and the flowing full condi­

tion. For all pressure ratios greater than eleven, the VEER pressure distribution 

will alw-ayslieon the:-"flow -full locus ~ It Below ~hoke--(see NPR = 1.26), the nozzle 

exhaust flow is subsonic throughout and is not characterized by an imbedded shock 

system. At all intermediate values of NPR, the shock system location is a function 

of nozzle pressure ratio as shown in the figure. It is noted that at values of NPR 

larger than about eleven, the shock is "blown-out" of the nozzle and occurs in the 

plume. 

Figure 131 shows how the effect of external flow alters the internal VEER 

pressure distribution. Furthermore this effect is Mach number dependent. At Mach 

0.9, the shock moves upstream while at Mach 1.35 it moves downstream relative to 

static conditions (Mach 0.0). This is a result of complex local back-pressure 

effects that "set" the shock system when the nozzle is not flowing full. The same 

phenomenon occurs at all other values of NPR but at different locations on the VEER 

surface. 

When the pressure distributions are increased relative to static conditions, the 

effect of the external flow is favorable because an additional thrust increment is pro­

vided. This is the case at Mach 0.9 in Fig. 131. The same reasoning applied in 

reverse shows that at Mach 1.35 the effect is unfavorable because a thrust decre­

ment (or internal drag) occurs. 

The pressure / area integral of these VEER pressure distributions, over the 

range of Mach numbers and nozzle pressure ratios tested, is presented in Fig. 132 to 

gain insight into the relative magnitude of the VEER axial force as a percent of ideal 

thrust. All subsonic Mach numbers show increased thrust relative to static condi­

tions while the reverse is true at supersonic speeds - this is in accord with the wall 

pressure trends of Fig. 131. Observe that as an NPR of eleven is approached, the 

wind-on/wind-off differences all tend to zero because the nozzle is now flowing 

full. Most importantly, note the large differences between the wind-on/wind-off 

VEER axial force, at low and moderate values of NPR, equivalent to several percent 

of ideal thrust. 
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Figure 133 presents the integrated axial force on the ADEN ventral; it is the 

counterpart of Fig. 132 for the ADEN VEER. Observe here that the force is negative 

because the ventral and VEER area vectors are of opposite sense. Also, note that 

the magnitude of the ventral axial force is much smaller than that of the VEER 

largely because its axial projected area is only 15 percent of the VEER area projec­

tion. The key point is that the difference between wind-on and wind-offventral 

. forces is wellwithiil·one perce~t ~f ideal thrust; so~ it is ~nciuded that·· theefrect 

of external flow on the ADEN ventral is negligible with the bulk of the action in the 

axial direction occurring on the ADEN VEER. 

Figures 134 and 135 present the VEER and ventral pressure integrations in the 

normal (lift, at a = 00 ) direction. The:' magni tudes of the normal forces are much 

greater than their respective axial force counterparts due to the greater magnitudes 

of the normal area vectors. Also, observe that the magnitude of the VEER normal 

force is larger, but of opposite sense, than the ventral normal force, but not in pro­

portion to their respective normal projected areas. This is because it is the inter­

play of both pressure distribution and area distribution in generating the resultant 

force. 

Three similarities are observed between the axial force and the normal force 

stUdies: 

(1) At subsonic speeds, the effect of the external flow on the VEER is 

favorable 

(2) At supersonic speeds, the effect of the external flow on the VEER is 

unfavorable 

(3) The effect of external flow on the ventral is negligible at all speeds. 

The last point is explained by realizing that the short ventral flap experiences flow­

ing full conditions at very low values of NPR compared to the long overhung ADEN 

VEER. 

Another perspective is gained by converting the wind-on/wind-off lift incre­

ment to an aerodynamic basis. Figure 134 shows that this increment can be as large 

as 30-35% of ideal thrust at Mach 0.9. Converting from an ideal thrust basis, this is 

equivalent to a lift coefficient of almost 0.02. At a typical aircraft lift coefficient 

of 0.30, the ADEN VEER normal force increment, relative to static conditions, can 

represent about 7% of total lift. 
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The thrust of the ADEN Combat configurations is also affected by the external 

flow although not to such a large degree because of reduced axial projected boattail 

area. Figure 136, 137, and 138 present typical VEER surface pressure distribu­

tions, as a function of Mach number, for the three combat nozzles. The same physi­

cal phenomena, exhibited by the wall pressure characteristics, are present that 

characterized the cruise 00 nozzle (Fig. 131). 

Althoughthecombat-Oo nozzle shows similar increments between the wind-on 

and wind-off characteristics as the cruise 00 nozzle, the integrated VEER axial 

force is much reduced to due less projected boattail area in the axial direction. The 

vectoring combat nozzles, especially the combat 200 , are characterized by smaller 

wind-on to wind-off increments which when integrated over the net axial projected 

boattail area (comprised of partially cancelling forward and rearward facing areas) 

lead to even smaller axial forces than on the combat 00 • These treneds will be 

shown later. 

Another significant difference between ADEN Combat and Cruise nozzles is the 

behavior of the flow full locus. Figures 28 and 29 are helpful in understanding this 

point. The break in the combat 00 flow full locus (F .S. 66.5) corresponds exactly 

to the location at which the expansion surface changes geometric characteristics. 

And for the vectored configurations, the flow full locus itself is actually character­

ized by an imbedded oblique shock whose strength increases with VEER deflection 

angle. Its location is just upstream of the VEER hinge as would be expected. 

The expansion ramp of the ALBEN is significantly shorter and possesses less 

axial projected area than the ADEN VEER; thus less external flow effects are antici­

pated. Figure 139 presents the expansion ramp pressure distribution at a nozzle 

pressure ratio of six for Mach 0, 0.9, 1.35. As with the ADEN VEER, the subsonic 

pressure distribution is favorable while the supersonic one is unfavorable. It is 

however interesting to observe that the ALBEN is already flowing full at a nozzle 

pressure ratio of six while for the ADEN it is about eleven. The reason is because 

the effective overall area ratio of the ALBEN is smaller than that of the ADEN. 

The series of graphical trends in Fig. 140, 141, and 142 crystalize the effect of 

external flow on the internal thrust produced by the upper external expansion 

ramps of asymmetric exhaust nozzles. The first of these figures shows the effect of 

nozzle type as the size of the expansion ramp is physically reduced approaching the 
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circular nozzle as the limiting case. It is seen that the large influence of external 

flow for the ADEN rapidly diminishes with expansion ramp size. (As pointed out 

previously, based on Ref. 6, this effect is zero for circular nozzles at subsonic oper­

ating conditions.) In terms of aerodynamic drag, at this Mach 0.9 condition, the 

five percent thrust increment for the ADEN VEER is equivalent to about 25 drag 

counts • 

. Figure '14'f presents ·the trend~f the VEER axiar force in~rement 'as Jet area is' 

increased for the unvectored ADEN configuration. The effect of external Mach num­

ber on this thrust component reduces rapidly as throat area is opened up. This 

trend is consistent with the fact that the total flow path turning angle decreases as 

jet area increases for the ADEN. 

Lastly, Fig. 142 shows the effect of ADEN Combat vectoring on the incremental 

VEER thrust component. For all three combat nozzles, the influence of external flow 

is small, but a definite trend is apparent. As the VEER is deflected, the initial 

favorable effect of external Mach number changes to an unfavorable one. This is 

caused by the axial projected area vector of the VEER Which changes sense at deflec­

tion conditions. 

The above discussion has demonstrated the existence of very interesting fluid 

mechanic mechanisms that are responsible for the thrust installation effect of asym­

metric nozzles. The interplay between external and internal flows can lead to 

significant lift and drag contributions that are produced on the ADEN internal 

surfaces. 
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SECTION VIII 

ACCURACY AND REPEATABILITY CONSIDERATIONS 

The absolute accuracy of this program's test data, as with most wind tunnel 

programs, cannot be determined. That is because truth or an absolute standard is 

unknown. However, the related subject of repeatability can be discussed. Good 

repeatability does not necessarily mean good accuracy because the experiment may 

be merely repeating the incorrect absolute level: for example, if a constant bias 

existed in the experiment. However, in this test program, as in most research 

programs, interest lies in comparing configurations on an incremental basis: thus, 

for such an experiment, designated a "test of differences", the repeatability 

becomes the parameter of significance (assuming bias errors are not random). 

There are several classifications of repeatability that vary in their respective 

degrees of stringentness. For example, the most common repeatability categories 

are listed below in descending order of rigor: 

(1) Same model: two different tunnels 

(2) Same model and tunnel; different entries 

(3) Same model, tunnel, and entry; different tunnel-blows 

(4) Same model, tunnel, entry, and tunnel-blow; repeat at different time 

within the tunnel-blow 

(5) Same model, tunnel, entry and tunnel-blow; "back-to-back " repeat. 

These thoughts are to be taken into account when the subject of repeatability is 

presented. 

The total uncertainty, a measure of repeatability, in the key output parame­

ters can be predicted analytically provided certain conditions are met. This cal­

cUlation assumes that all the individual component uncertainties are random, 

independent, and normally distributed. This is a valid assumption for properly 

operating wind tunnel measurement systems. For such measurement systems, in 
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which the magnitude and/or sign of the independent variable contributing uncertain­

ties are not known, the total uncertainty is given by the Root-Sum-Square of these 

individual contributing uncertainties. 

For example, the total uncertainty, ETOT, for a balance component measurement is 

dependent upon four .contributing uncertainties: 

• Bai~~ce calibration, E i 

• Bellows pressure tare correction, E2 

• Momentum tare correction, E3 

• Cavity tare correction, E4• 

Thus the total uncertainty would be calculated as follows: 

ETOT = ± [ E 1 
2 

+ 
2] 1/2 

E4 

The uncertainties, El through E4, can be determined by studying the calibra­

tion curves of all the particular measurement instruments utilized. This was done 

for El using balance calibration data. Estimates for E2 through E4 were more easily 

and practically obtained by studying the actual data obtained from numerous identi­

cal repeat runs for each correction (E2 through E4) and using engineering judgment 

to define the realistic component uncertainties. Finally, the main balance uncer­

tainty for an empirically estimated 90% confidence level were calculated and are sum­

marized below: 

Main Balance 
Component 

Axial Force 

Normal Force 

Pitching Moment 

Theoretical 
Uncertainty 

± 6 lb 

± 15 lb 

± 60 in.-lb 

In terms of lift and drag coefficients at the key Mach 0.9 condition these uncertain­

ties represent ±0.006 and ±0.0025 respectively. For lift coefficient, ±.006 is small 

compared to the magnitude of lift enhancement increments that characterize the dif­

ferences between configurations of this test. However, for the drag direction, 

±0.0025 is a significant number that must always be kept in mind when analyzing 

test results and developing conclusions. 
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Figure 143 shows the variation in theoretical drag coefficient uncertainty over 

the complete test Mach number range in addition to Mach 0.9. Note that at the 

higher speeds, the uncertainty decreases to ±20 drag counts, while at Mach 0.4, the 

uncertainty grows to ±50 counts. Because of this well-known effect (resulting from 

dynamic pressure variations with speed), the test data at Mach 0.4 many times was 

characterized by abnormally large scatter. 

'in general, 6bservatlonhas ~ho~n 'that the bulk of the actmil test data does 

not exhibit the degree of scatter suggested by Fig. 143. It is to be emphasized that 

this uncertainty represents a worst case situation for any single data point within 

90% of the total data population. Any given data point may be in error by as much as 

±25 drag counts at Mach 0.9; however, most of the data points will be grouped much 

closer to the mean of Gaussian distribution. 

Notwithstanding, in the data analysis phase of this program, special emphasis 

was placed on eliminating scatter from the data to attempt to reduce the uncertainty 

even further. For every configuration, both lift and drag were first faired versus 

angle-of-attack for consistency. Then, the data was crossplotted and faired versus 

nozzle pressure ratio. From the latter, smooth drag polars were developed which 

~ere employed in the ensuing analyses of comparing nozzle configurations. 

The above discussion addressed the uncertainty in a measured force balance 

component such as total lift, thrust-minus-drag, or jet-off drag. The uncertainty 

in a thrust-removed parameter will be larger because the uncertainty in static 

thrust must also be considered. The static thrust uncertainty can either be neg­

ligible or significant depending on the number of static runs and the precision with 

which the static data is faired. For example, if many repeat static runs were 

conducted, as in the subject program, and the data is very carefully faired 

(iterating between the Fip- and Po -formats as explained in subsection 6.1), then 

the uncertainty in static thrust (axial component) can approach the ±1/2% level (of 

ideal thrust) which is on the order of ±5 drag counts (at operating pressures at 

Mach 0.9). Thus, the theoretical uncertainty in the thrust-removed parameter 

becomes dominated by the wind-on as opposed to the wind-off measurement (e.g., 

±25 versus ±5 counts). In such cases, the uncertainty in static thrust is con­

sidered relatively negligible. 
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On the other hand, a lack of repeat runs or imprecise fairings for the static 

data can lead to large errors, and, in fact, easily double the uncertainty in the 

thrust-removed drag. It was pointed out in sUbsection 6.1 that care must be 

exercised in fairing the static thrust data of the Po-format at high pressure ratios 

due to a strong uncertainty sensitivity to slope error. For example, an inaccuracy 

in the faired static thrust (Ts/Po) of only 0.005 for each of two nozzles, but in 

opposite. directions, can easily lead to'an error, in the' difference of their .respec­

tive thrust-removed drags, of 25 drag counts. This can be serious when comparing 

the trends of thrust-removed drag for a configuration series such as for the ADEN 

Combat 00 , 100 , 200 • For the comparison studies presented herein, this knowledge 

was taken into account by occasional "fine-tuning" of the static thrust fairings. 

Reference 10 discusses in detail the additional post-test calibration that was 

applied to the main balance axial force of several nozzle configurations to account 

for a balance shift that introduced a constant bias in the data. Therefore the total 

uncertainty in drag will be somewhat greater than it otherwise would have been as 

discussed above. It is estimated that this additional tolerance is on the order of ±5 

to 10 drag counts. 

An actual example of data repeatability, within a tunnel blow, but not obtained 

"back-to-back", is given in the chart below for the ADEN Cruise 00 configuration: 

Mach 
Number 

0.40 

0.40 

0.60 

0.60 

0.80 

0.80 

0.90 

0.90 

0.95 

0.95 

1.35 

1.35 

Drag 
Coefficient 

0.0301 

0.0272 

0.0303 

0.0286 

0.0326 

0.0326 

0.0358 

0.0352 

0.0403 

0.0399 

0.0866 

0.0875 
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Drag 
Difference 

0.0029 

0.0017 

0.0000 

0.0006 

0.0004 

0.0009 



The general trend of the repeatability difference is consistent with both the the­

oretical discussion above and the trend shown in Fig. 143. Data confidence is 

greater at the higher Mach numbers and is poorer at the lower Mach numbers. Note, 

however, that the chart above represents only a sample set of data - some of which, 

coincidentally, could have been distributed close to the mean of the Gaussian dis­

tribution. Thus, for example, it is not necessarily surprising that the Mach 0.8 

point repeated .exac~y. •. 

An example of tunnel-to-tunnel repeatability is shown for the primary ADEN 

Cruise 00 configuration using the data of Ref. 3. Figure 144 presents the thrust­

removed polars at the key Mach 0.9 condition at an operating pressure ratio of 5.0. 

It is readily observed that very little difference exists between the polars of the 

two different facilities at low angles-of-attack. At lifting conditions, a slight 

change in slope is observed showing a typical disparity of 25 drag counts. Realizing 

the many differences that characterized the two facilities, model-builds, and experi­

mental procedures, this tunnel-to-tunnel repeatability comparison is surprisingly 

good. 

Discussions of accuracy and repeatability should also include considerations 

based on experience and intuition even though they can't be quantified. In this 

test program, not unlike many others, certain discrete batches of data exhibited 

irreconcilable behavior. In such instances, when the preponderance of similar data 

(at other Mach numbers or nozzle pressure ratios for example) was overwhelming in 

comparison to the irreconcilable data, the latter was deemed invalid. Accordingly, 

all the comparisons presented herein were not extracted from the complete data set 

at random, but instead were extracted only after studies showed the trends to be 

representative of the majority of the data. 

In closing, it is noted that the only data presentation included herein that 

cannot be confirmed is the study on inlet fairing type (subsection 7.9). Although 

the force balance trends appear reasonable, they not only defy intuition, but also 

are not supported by the pressure data. In the spirit of full disclosure, the author 

desires to present the results, but cannot express a confident opinion on them. 
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SECTION IX 

CONCLUSIONS 

This wind tunnel jet-effects test program employing a highly integrated under­

wing nozzle installation on a V ISTOL vehicle design produced many significant con­

clusions that are summarized below: 

(1) The ADEN and ALBEN installations are characterized by synergistic 

jet/wing interactions (jet-effect increments are lift dependent) as 

angle-of-attack is increased in contrast to the circular nozzle installation 

which is not lift sensitive to power 

(2) The unvectored ADEN and ALBEN configurations, which are competitive 

on a thrust-removed polar basis, both show large performance gains, at 

all flight conditions, relative to the circular nozzle. A typical cruise 

drag reduction is 50 counts at Mach 0.9 

(3) Relative to the axisymmetric installation, the ADEN and ALBEN installa­

tion exhibit lower trim drag which will further increase the performance 

benefits noted in (2) 

(4) For either vectored or unvectored modes, markedly different drag trends 

occur when nozzle pressure ratio is varied at constant lift compared to 

constant angle-of-attack for the ADEN installation 

(5) Drag increments due to jet area changes are heavily dependent on angle­

of-attack, in addition to nozzle pressure ratio, for the non-axisymmetric 

ADEN configuration because additional drag reductions occur as lift is 

increased 

(6) The aircraft drag polar, and not the individual drag or lift components, 

must be used as the figure of merit in evaluating the aeropropulsion 

performance of highly integrated non-axisymmetric under wing nacelle 

installations. Total vehicle performance is then obtained by combining 

the thrust-removed polars with real engine data for a given mission 
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(7) The influence of thrust-vectoring, for this low aspect ratio ADEN, 

travels very far upstream and spanwise (almost to the wing tip) as a 

function of Mach number. This demands that a fully-metric model be 

utilized when assessing aeropropulsion phenomena 

(8) Vectoring the ADEN has a dramatic effect on polar shape. An optimum 

polar locus is formed by an envelope of points covering a range of 

deflection angles. This means that deflection angle should be scheduled 

to angle-of-attack to achieve optimum performance 

(9) Drag reductions due to thrust vectoring generally increase as subsonic 

Mach number is reduced. No vectoring benefits exist at supersonic 

speeds 

(10) At a key Mach 0.9 cruise (non-afterburning) condition, a 40 count drag 

reduction is realized as the ADEN is vectored from 00 to 100 

(11) When the thrust-vectoring payoff of (10) is combined with the axi-/non­

axisymmetric nozzle payoff of (2), a 90 count drag reduction, which 

represents 25% of zero-lift drag for this V/STOL vehicle, is achieved for 

the vectored ADEN over the baseline circular nozzle installation 

(12) At Mach 0.9 maneuver conditions, only moderate ( 100 ) deflection angles 

of the ADEN Combat (max-afterburning) nozzle are expected to possess 

potential payoffs because larger deflections are characterized by severe 

thrust-loss and induced drag penalties 

(13) Relative to undeflected conditions, both ADEN Cruise and Combat vector­

ing modes exhibit lower trim drag, at conditions of interest, which will 

further increase the performance benefits noted in (10), (11) and (12) 

(14) Extensive wing/body surface pressure instrumentation is invaluable in 

developing a theoretical understanding of the three lift enhancement mech­

anisms (plume blockage, supercirculation, and, transonic shock move­

ment) responsible for thrust vectoring benefits 

(15) Force data results show that the effect of inlet fairing type can influence 

the magnitude of the jet-effect drag increment as a function of Mach num­

ber and angle-of-attack. Corresponding pressure data results do not sup­

port this conclusion so that further investigation is required 
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(16) Analysis of ADEN internal pressure data show that the upper expansion 

ramp surface is very sensitive to the effects of external flow. At 

subsonic speeds, relative to static conditions, the incremental thrust 

produced by the expansion ramp is favorable; at supersonic speeds this 

effect is unfavorable. These effects are roughly proportional to ramp 

size and inversely proportional to both jet area and deflection angle 

increases 

(17) Accuracy demands when employing thrust measuring systems that are used 

to deduce thrust-removed drag (by employing the method o~ differences) 

are severe. Drag data uncertainty can be a strong function of not only 

the test procedures used to obtain static thrust calibrations but also the 

techniques employed to fair the static data 

(18) The magnitude and shape of the ADEN V./STOL installation drag polar 

generated in this wind tunnel program is in good agreement with a recent 

AFFDL sponsored test program (ref. 3). 

GRUMMAN AEROSPACE CORPORATION 
BETHPAGE, NEW YORK 
JUNE 30, 1981 

The author wishes to thank Mr. Alan Levin, of NASA Ames, and Mr. Ken Oliver, 

formerly of the Grumman Aerospace Corporation, for the development of the data 

reduction computer code and its adaptation to the NASA Ames computer facility. 

Additionally, special commendation is given to Mr. Warren Davis and Mr. Gianky 

DaForno, both of the Grumman Aerospace Corporation, who provided technical assis­

tance in the aerodynamic analysis and interpretation of the wing surface pressure 

data (their efforts were supported through Grumman in-house IR & D funding). 

Most importantly, the author gratefully thanks Mr. Gus Ordonez, of the Grumman 

Aerospace Corporation, for preparing the extensive wind-tunnel data comparison 

graphs which are highlighted in this document. 

83 



Intentionally Left Blank 



REFERENCES 

1. Schnell, W. C., and Ordonez, G. W., "Axisymmetric & Non-Axisymmetric 

Exhaust Jet Induced-Effects on a V/STOL Vehicle Design" (Part ~: Data 

Presentation), NASA CR 166146, May 1981 

2. Hoff, G., "Installed Performance of the 2-D ADEN on an Advanced Multimission 

V /STOL Fighter Aircraft Model," General Electric Co. Report No. R 76AEG468, 

1978 

3. Schnell, W. C., and Grossman, R. L., "Wind Tunnel Test of a Propulsive Lift 

Enhancement Model," AFFDL-TR-78-104, August 1978 

4. Boardman, W. R., "Augmented Deflector Exhaust Nozzle (ADEN) Demonstrator 

1/8 Scale Cold Flow Static Test Results", General Electric Report No. 

R75AEG301, September 1975 

5. Pra ther J J. G. J "ALBEN (Asymmetric Load Balanced Exhaust Nozzle) Static 

Performance Test", General Electric Memorandum No. 75-281, July 1975 

6. Schnell, W. C., "F-14 Installed Nozzle Performance," AIAA Paper No. 74-1099, 

October 1974 

7. Schnell, W. C., and Grossman, R. L., "Vectoring Non-Axisymmetric Nozzle Jet 

Induced Effects on a V/STOL Fighter Model," AIAA Paper No. 78-1080 

8. NASA Ames 11 ft. Tunnel Facility Description, Ames Research Facilities 

Summary, 1974 

9. Toscano, E. J., and McAllister, W. J., "Design Procedure for a Bellows Sealing 

System," Presented at 44th Semi-Annual Supersonic Tunnel Association 

Meeting, September 1975 

10. Schnell, W. C., "Axisymmetric & Non-Axisymmetric Exhaust Jet 

Induced-Effects on a V/STOL Vehicle Design" {Part III: Experimental 
. . 

Technique),... NASA CR 166147, To Be Published (late 1981) 

85 



11. USAF Contract No. F33615-76-C-2036," Installed Turbine Engine Survivability 

Criteria (ITESC) Program" 

12. USAF Contract No. F33615-76-C-3019, "Experimental Evaluation of 

Non-Axisymmetric Exhaust Nozzles" 

13. Capone, F. J., "A Summary of Experimental Research on Propulsive-Lift 

Concepts in the Langley 16-Foot Transonic Tunnel," AIAA Paper No. 75-1315, 

1975 

14. Maskell, E. C., and Spence, D. A., "A Theory of the Jet Flap in 3-D," 

Proceedings of the Royal Society, A251, pages 407-425, 1959 

86 



Convergent 
Flap 

- l06S·02S(T) 

Cruise Mode 

0000-

Divergent Flap 

nector 

Throat Lift Mod. 

Figure 1 AugmentedDeflector Exhaust Nozzle (ADEN) 

a. Dry Power 

b. Maximum AlB 

Rotating 
Sidewalls 

Figure 2 Asymmetric Load Balanced Exhaust Nozzle 

87 



Model 
Nozzle 

F.S.50.9 Connect 

~ ____ ~I_AD_E_N __ ~~: I 

r-~--~ 

~->----~------~!----~ Circular 

I 

~_ .... > ___ +-I_A_L_B_EN~)SSr 
Model 

l068-Q30(T) 

o 10 
;:: 
« 
a: 8 
w 
a: 
::l 
en en 6 w 
a: 
a.. 
w 
..J 4 N 
N 
0 z 

2 

F.s. 50.9 Nozzle 
Connect 

Figure 3 Test Nozzle Installations 

.6 

OPERATING 
SCHEDULE 

.8 1.0 1.2 1 .4 1 .6 
FREESTREAM MACH NO. 

l068-Q01(T) 

F-i'ijure 4 Engine Operating Schedule 

88 



00 
CO 

" "'" 

1068-044(T) 

os 
")11i 

Figure 5 General Assembly Drawing 

,WELDED ASSiMBlY , 



19.312 

106 S'()45 (T) 

AH NACELLE 

~
NACElLE . . 

. ADA'T'fR 

~_\S_S~lr_S'~>I_· _'s_s'_s_:~r_S'>~>~ ___ ~~ __ 2_a_~ _____ o 
SECTION AT W.l. 18312 

FS. 
"".10 

lH NACELLE 

SECTION AT METRIC IREAK 
'S .• ',7 

~-'".'''''' IAEAK 

NOULU 

Figure 6 Nacelle Assembly Drawing 

90 

I.L. 

"". 

W.L. 
11.312 



I? 
/1C>";:::~g ~/l--=~ 

I
~---. ---~~-...... ___ 7 
.. n.87S"---------+ 

F.S.10.625 F.S.88.500 
I. Side View 

f 
18.25" 

! 

b. Top View 

.\ 
5.00~ r 

c. Front· View 
l068'()31(T) 

--------~ ---._------_ ... --_.----_. .. -

Figure 7 Navy V/STOL High-Speed Model 623-2004B 

91 



Figure 8 Model Installed in AMES 11 Ft. Tunnel 
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Figure 23 Model Installed in AMES 11 Ft. Tunnel 
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Figure 29 ADEN Combat Vectoring Comparison 
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Figure 30 Circular Nozzle/Airframe Configuration Installed in Tunnel 



Figure 31 ALBEN Nozzle/Airframe Configuration Installed in Tunnel 
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Figure 32 ADEN Cruise, Unvectored Nozzle/Airframe Configuration Installed in Tunnel 



! Figure 33 ADEN Combat, Vectored Nozzle/Airframe Configuration Installed in Tunnel 



CONFIGURATION GEOMETRIC JET AREA 

1 - CIRCULAR NOZZLE 3.491 I N2, 22.523 CM2 

2 -ALBEN 3.445IN2, 22.226 CM2 

3-ADEN CR 0° 3.319 IN2, 21.413 CM2 

4 - ADEN CR 0° At. T. 3.293 IN2, 21.245 CM2 

5 -ADEN CR 5° 3.249 IN2, 20.961 CM2 

6 - ADEN CR 10° 3.256 IN2, 21.006 CM2 

7 -ADEN DASH 4.280 IN2, 27.613 CM2 

8 - ADEN COM 0° 5.726 IN2, 36.942 CM2 

9 - ADEN COM 0° ALT. 5.702 IN2, 36.787 CM2 

10 - ADEN COM 0° + I/F SAME AS COM 0° 

11 - ADEN COM 10° 5.727 IN2, 36.948 CM2 

12 - ADEN COM 20° 5.698IN2,36.761 CM2, 

13 - ADEN COM 20° ALT. SAME AS COM 20° 

l068-040(T) 

Figure 3~ Nozzle Jet Area Comparison 
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Figure 35 Model with Ogive Inlet Fairings Installed on Model 
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NOMINAL 

MACH NPR 

0.4 1 
1.15 
2.5 
3.0 
4.0 

0.6 1 
1.25 
2.5 
3.0 
4.0 

0.8 1 
1.5 
3.0 
4.0 
5.0 
6.0 
7.0 

0.9 1 
1.6 
3.0 
4.0 
5.0 
6.0 

0.95 1 
1.8 
3.0 
4.0 
5.0 
6.0 
7.0 

1.35 1 
6.0 
8.0 

10.0 

1.4 1 
3.0 
5.0 
6.0 

• 8.0 
10;0 

.- ---

l06S'()41(T) 

CONFIGURATION & TEST CONDITION MATRIX 
(NON-AFTERBURNING) 

ANGLE OF ATTACK PER CONFIGURATION (NOMINAL) 

ADEN CR 0° CR 0° ALT ADEN CR SO ADEN CR 10° CIRCULAR 

0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 0,3,6,9,12 

0,2,4,6,8,10 0,4,8 0,2,4,6,8,10 0,2,4,6,8,10 
0,2,3,4,6,8,10,12 - 0,2,4,6,8,10 0,2,4,6,8,10 
0,2,3,4,6,8,10,12 0,4,8 0,2,4,6,8,10 0,2,4,6,8,10 
0,2,3,4,6,8,10,12 0,4,8 0,2,4,6,8,10 0,2,4,6,8,10 
0,2,3,4,6,8,10,12 0,4,8 0,2,4,6,8,10 0,2.4,6,8,10 

0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 - 0,2,4,6,8 
0,2,4,6,8 - 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,2,4,6,8 

. 0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,2,4,6,8 
0,2,4,6,8 - 2,4,6,8 

0,2,4,6,8 0,4,8 0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 - - 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,2,4,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,4,8 0,4,8 1~,2,4,6,8 0,2,4,6,8 

0,2,4,6 4 0,2,4,6 
4 4 -
4 4 -
4 4 -
4 4 -
0,2,4,6 4 0,2,4,6 
4 4 -, 
0,2,4,6 0,4,6 - -
0,2,4,6 0,4,6 
0,2,4,6 0,4,6 

0 0,2,4,6 
- -- -- -
- 0,2,4,6 
- ............. 

0,2,4,6 

-- -_ .. 

Figure 37 Test Condition Matrix: Non·Afterburning Configurations 
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ALBEN 

. 

0,2,4,6,8 
0,2,4,6,8 
0,2,4,6,8 

-
0,2,4,6,8 
0,2,4,6,8 

-
0,2,4,6,8 
0,2,4,6,8 
0,2,4,6,8 
0,2,4,6,8 
0,2,4,6,8 
0,2,4,6,8 

0,2,4,6 
0,2,4 
0,2,4 
0,2,4 



NOMINAL 

MACH NPR 

0.4 1 
1.15 
2.5 
3.0 
4.0 

0.6 1 
1.25 
2.5 
3.0 
4.0 

0.8 1 
1.5 
3.0 
4.0 
5.0 
6.0 
7.0 

0.9 1 
1.6 
3.0 
4.0 
5.0 
6.0 

0.95 1 
1.8 

.3.0 
4.0 
5.0 
6.0 
7.0 

1.2 1 
3.0 
5.0 
6.0 
8.0 

1.4 1 
3.0 
5.0 
6.0 
8.0 

10.0 

l068·042(T) 

CONFIGURATION & TEST CONDITION MATRIX 
(AFTERBURNING) 

ANGLE OF ATTACK PER CONFIGURATION (NOMINAL) 

COM 0° COM 0° + COM 20° 
ADEN COM 0° ALT I/F ADEN COM 10° ADEN COM 20° ALT 

0,3,6,9,12 0,3,6,9,12 0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 - 0,3,6,9,12 -
0,3,6,9,12 0,3,6,9,12 0,3,6,9,12 0,3,6,9,12 
0,3,6,9,12 - 0,3,6,9,12 -
0,3,6,9,12 - 0,3,6,9,12 -
0,2,4,6,8,10 0,4,8 0,2,4,6,8 , 0,2,4,6,8 0,2,3,4,6,8,10 0,2,4,6,8,10 
0,2,4,6,8,10 - - 0,2,4,6,8 0,2,4,6,8,10 -
0,2,4,6,8,10 0,4,8 - 0,2,4,6,8 0,2,4,6,8,10 -
0,2,4,6,8,10 0,4,8 0,2,4,6,8 0,2,4,6,8 0,2,4,6,8,10 0,2,4,6,8,10 
0,2,4,6,8,10 0,4,8 - 0,2,4,6,8 0,2,4,6,8,10 -
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 
0,2,4,6,8 0,2,4,6,8 0,2,4,6,8 

- - -. 
0,2,4,6,8,10,11 0,4,8 0,2,4,6,8 0,2,4,6,8,10,11 0,2,4,6,8,10,11 0,2,4,6,8,10 
0,2,4,6,8,10,11 - - 0,2,4,6,8,10,11 0,2,4,6,8,10,11 -
0,2,4,6,8,10,11 0,4,8 - 0,2,4,6,8,10,11 0,2,4,6,8,10,11 -
0,2,4,6,8,10,11 0,4,8 - 0,2,4,6,8,10,11 0,2,4,6,8,10,11 -
0,2,4,6,8,10,11 0,4,8 - 0,2,4,6,8,10,11 0,2,4,6,8,10,11 -
0,2,4,6,8,10,11 0,4,8 0,2,4,6,8 0,2,4,6,8,10,11 0,2,4,6,8,10,11 0,2,4,6,8,10 

4 0,4 0,4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 

0,2,4,6 0,2,4,6 0,2,4,6 0,2,4,6 
0,2,4,6 - - -
0,2,4,6 - - -
0,2,4,6 - 0,2,4,6 -
0,2,4,6 0,2,4,6 0,2,4,6 0,2,4,6 - ... 

0,2,4,6, 0,4,6 0,2,4,6 0,2,4,6 0,2,4,6 
0,2,4,6 - - - -0,2,4,6 - - - -
0,2,4,6 0,4,6 - - -
0,2,4,6 . - - 0,2,4,6 -
0,2,4,6 0,4,6 0,2,4,6 0,2,4,6 0,2,4,6 

.. 

Figure 38 Test Condition Matrix: Afterburning Configurations 
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