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REVIEW O F  PROPULSION-INDUCED EFFECTS ON 

AERODYNAMICS O F  J E T  V/STOL AIRCRAFT* 

By Richard J. Margason 

Langley Research Center 

SUMMARY 

This paper reviews several  aspects of the effects induced on the aerodynamics of 

V/STOL aircraft  in hover and transition flight by the interference of wakes from rela

tively high disk-loading propulsion devices. Four problem a reas  are treated: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) the 

performance losses  sustained when hovering out of ground effect, (2) induced aerodynamic 

effects in transition flight out of ground effect, (3) the problems caused by hot-gas inges

tion, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) the effects induced on performance during hover in ground effect. Some of 

the conflicts among the design requirements imposed by these different modes of flight 

a r e  discussed, along with the present state of the art of solutions to some of the problems. 

INTRODUCTION 

This paper summarizes some of the propulsion-induced effects on the aerodynamics 

of V/STOL aircraft  when in and out of ground effect, both in hover and in transition flight. 

Descriptions of the fluid-flow phenomena a r e  presented, along with an indication of the 

trends obtained from experimental investigations. In several cases ,  empirical o r  ana

lytic approaches a r e  discussed. The specific examples relate directly to effects caused 

by turbojet, turbofan, o r  high-disk-loading lift-fan propulsion devices. 

In particular, four problem a reas  a r e  reviewed: (1)the performance losses  sus

tained by a VTOL aircraft  hovering out of ground effect, (2) the induced aerodynamic 

effects as a V/STOL aircraft  f l ies on a combination of powered and aerodynamic l i f t  

between hover and cruise out of ground effect, (3) some results of investigations of hot-

gas ingestion by the inlets of the propulsion devices when a jet V/STOL airplane is on or 

near the ground, and (4) propulsion-induced effects on the performance of a VTOL air

craft hovering near the ground. Additional descriptions of some of these problem a reas  

can be found in references 1 to 9. 

~~* 
This material was originally presented as a lecture at the University of 

Tennessee Space Institute Short Course on V/STOL, November 1968. 
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SYMBOLS 

total area of nozzle exit o r  exits, ft2 (m2) 

wing span, f t  (m) 

pitching-moment coefficient, 
Pitching moment 

q,sc 

pressure coefficient, 
p2 

q, 

- p a  

(in fig. 3 only, 'e)
q j  

m 

thrust coefficient, -1 
q,s 

wing chord, f t  (m) 

diameter of a single jet, ft (m) 

equivalent diameter; the diameter of a circle whose a r e a  equals the sum of 

the areas of all the nozzles of a multiple configuration, ft (m) 

fuselage diameter, f t  (m) 

height of jet exit above ground, f t  (m)  

moment of inertia about the X body axis, slug-ft2 (kg-m2)  

constant of proportionality  

propulsion-induced increment of lift, lb (N)  

propulsion-induced increment of lift out of ground effect, lb (N) 

change in propulsion-induced increment of lift caused by ground effect , 
1b (N) 

distance between the center lines of two nozzles, f t  (m)  

Mach number  

rolling moment about the X body axis, ft-lb (m-N)  



propulsion-induced increment of pitching moment, ft-lb (m-N) 

atmospheric pressure ,  ps i  (N/m2) 

local pressure,  psi  (N/m2) 

total p ressure ,  p s i  (N/m2) 

free-s t ream static pressure 

dynamic pressure ,  psi  (N/m2) 

maximum dynamic pressure in jet wake a distance x downstream of the jet 

exit plane, ps i  (N/m2) 

radius of the nozzle, f t  (m) 

local radius measured from the center line of the jet nozzle, f t  (m)  

a rea ,  ft2 (m2)  

thrust, lb (N)  

time, s ec   

velocity, fps (m/s)  

weight, lb (N)  

Cartesian coordinates, ft (m)  

location of maximum slope on dynamic-pressure decay curve  

angle of attack, deg  

sideslip angle, deg  

flap deflection angle, deg  
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P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SubsczyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAriptszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:  

j  

max  

jet nozzle deflection angle, deg 

density, slugs/ft3 (kg-m3) 

jet exit 

maximum 

free st ream 

PERFORMANCE LOSSES OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVTOL AIRCRAFT 

HOVERINGOUTOFGROUNDEFFECT 

The rated thrust of a jet engine, whether for conventional aircraft  or  for VTOL air

craft, is based on its performance with a bell-mouth inlet on a test  stand, using the nozzle 

designed for the engine. The actual performance of the engine when installed in the air

plane is degraded from the test-stand rating by various installation losses. Even though 

each of these losses  may be only a few percent of rated thrust, an accurate knowledge of 

each is required for a realistic estimate of the aircraft  performance. An e r r o r  of as 

little as 3 percent in the total lifting capability in hover would mean a reduction of 3 per

cent in gross  weight, which would cause a like reduction in fuel capacity. This would 

result in a reduction in design range of about 10 percent. There a r e  several  sources of 

thrust loss in hover when an engine is installed in an airplane which might be considered. 

These losses  include inlet flow distortion, hot-gas ingestion, hot day conditions, control 

bleed, internal nozzle flow, thrust vectoring, static ground effect, and base loss. The 

present paper is concerned primarily with the aerodynamic lift loss in hover resulting 

from suction forces on the undersurface of the airplane; this is commonly referred to as 

base loss. This paper also includes a summary of some hot-gas ingestion investigations. 

Finally, the aerodynamic ground effect on the base loss is discussed. 

The flow phenomena that cause base loss in hover a r e  illustrated in figure 1. This 

photograph and several other photographs in la ter  figures were taken from a motion-

picture film entitled "Flows With Large Velocity Fluctuations" obtained from the Office 

National d'Etudes et de Recherches A6rospatiale (O.N.E.R.A.). The film is based on 

work done by Henri Werl6 in an O.N.E.R.A. water tunnel. This photograph shows a jet 

ejecting into still water. The air bubbles being entrained into the jet show that flow is 

induced from the quiescent surroundings into the jet. This has been called the douche 

(shower) effect. 

4 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnozzle is shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 with the jet exhausting normal to  a flat plate. The 

jet is entraining fluid, some of which is coming from behind the plate. The swirling air 

bubbles near the edge of the plate indicate that this fluid separates as it flows from 

behind the plate around to the jet. The pressure distribution induced radially on the plate 

is presented in figure 3. N e a r  the edge of the plate, the separation region is indicated 

by an increased pressure coefficient.. As the separation is relieved inboard of the edge 

of the plate, the pressure coefficient is reduced. The pressure  coefficient increases 

again as the induced flow approaches and is entrained into the exhaust jet. 

Propulsion-Induced Lift Loss for a Single J e t  

In a program aimed at understanding these base losses  and perhaps estimating 

their  magnitude, a plenum chamber was constructed which would f i t  inside a long rec

tangular fuselage (ref. 10). In checking out this rectangular plenum chamber, the induced 

losses  were compared with those obtained with a round plenum chamber. The round 

plenum chamber had a large contraction ratio between the plenum and the nozzle exit. 

Some results of this investigation are presented in figure 4. The round plenum chamber 

with a simple convergent nozzle gave a lift loss on the plate of a little less than 1per

cent. The rectangular plenum chamber initially gave quite a large l i f t  loss. This dif

ference in results between the two plenum chambers (both with simple convergent nozzles) 

caused considerable concern. It was noted that the round plenum chamber had a flat 

distribution of dynamic pressure  at the exit of the nozzle, while the dynamic pressure 

from the rectangular plenum chamber was depressed near the center line of the nozzle. 

The rectangular plenum chamber also had rather poor internal flow and a great deal of 

separation, so that the flow from the nozzle was quite turbulent. A change in the internal 

lines of the plenum chamber improved the flow, as indicated by the flatter pressure pro

files and the reduction in thrust loss from more than 3 percent to approximately 1-
2 
1 per

cent. To determine whether it was the character of the flow coming out the nozzle that 

determined this thrust-loss level, the round plenum chamber had a restriction placed in 

its nozzle which almost completely eliminated the pressure  at the center line of the 

nozzle. The base loss for the nozzle with the restriction increased from slightly under 

1percent to nearly the level obtained with the improved rectangular plenum chamber. 

This result indicated that the type of flow coming out the nozzle has an important influ

ence on the induced interference in hover. The exit p ressure  profiles at the bottom of 

figure 4 do not explain the variations in lift loss. 

A picture of a nozzle in a water tunnel with some colored milk introduced just 

upstream of the nozzle is presented in figure 5. The milk is entrained into the jet and 

mixes in a turbulent mixing region. This is a different look at the same flow illustrated 

in figure 1, concentrating on the flow inside the jet wake. It is illustrated schematically 

in figure 6 to  show the decay and spread of the jet efflux from the nozzle. Starting at the 
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nozzle exit plane, there is a rectangular dynamic pressure distribution; 2 diameters 

downstream, this p re s su re  profile is spread. At a distance downstream between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 

6 diameters, the peak dynamic pressure in the p re s su re  profile has dropped below that 

at the exit. The conically shaped region where the peak pressure exists is the core of 

the jet. Outside the core region are the bounding surfaces of the turbulent mixing. In 

this region, air is entrained and slows the efflux as indicated by the further reductions 

in the height of the dynamic-pressure profiles. 

In an effort to  relate the lift loss to  the characteristics of the jet core,  the jet 

decay, and the turbulent mixing of the jet wake, an attempt was made to  find a correlating 

parameter.  The parameter finally chosen was the maximum dynamic pressure in the jet 

at different stations downstream of the exit of the jet, nondimensionalized by the dynamic 

pressure at the jet exit. Data for the same four plenum conditions shown in figure 4 are 

presented in figure 7. These data show the dynamic-pressure decay and the l i f t  loss for 

surfaces of several  sizes. At the top of the figure, the lift loss divided by thrust is 

plotted as a function of the square root of the ratio of surface area to  jet area. With 

these parameters,  there is a linear variation in the data. The round plenum chamber 

with no restriction in the nozzle had the smallest lift loss and the slowest decay of jet 

dynamic pressure.  The round plenum chamber with the restriction in the nozzle gave 

an increased lift loss and a more rapid decay of jet dynamic pressure.  The rectangular 

plenum chamber’with the poor internal flow gave the largest lift loss and the most rapid 

decay of dynamic pressure.  The rectangular plenum chamber with the improved internal 

flow gave about the same results as the round plenum chamber with the restriction. 

These data indicate that a relation exists between the lift loss and the rate of decay of 

nozzle dynamic pressure.  However, more work was required to  identify the exact 

relation. 

Propulsion-Induced Lift Losses for Multiple Jets 

In order  t o  compare the induced lift loss of a single jet with the induced lift loss of 

multiple zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-jet arrangements, additional j et-exit configurations we re investigated. Results 

for a single jet on the improved rectangular plenum chamber with the fuselage mounted 

around it, for a pattern of four jets, and for a pattern of four slot jets are presented in 

figure 8. The three configurations have different slopes of the lift-loss curve. These 

results show that there is a correspondence between increasing slopes of the lift-loss 

curve and increasing dynamic-pressure decay rates. 

A comparison was also made between the small-scale cold jets and large-scale hot 

jets (ref. 11). Data are presented in figure 9 fo r  a single jet and fo r  a pattern of four 

jets exiting through a plate. The small-scale and large-scale lift-loss results are sim

ilar. The dynamic decay characteristics are also similar.  

6  



Correlation of Propulsion-Induced Lift Losses 

The experimental results just presented were used to  develop a correlation between 

the lift-loss curve and another parameter indicative of the dynamic-pressure decay. The 

parameter selected is the maximum slope of dynamic-pressure decay [ ! I  max+/De) 

divided by the distance downstream .(X/De)i where that slope occurs. By using figure 8 

for the jet dynamic-pressure decay characteristics and for the geometry of the configura

tion, the lift loss can be estimated from the equation given in the legend of figure 10. 

The correlation obtained is shown in figure 10. 

It should be pointed out, however, that the dynamic-pressure decay parameter is 

quite sensitive to  the fairing of the data. Unless the dynamic-pressure decay is well 

defined with an adequate number of data points, there may be some e r r o r  in application 

of this procedure. It should also be noted that since the levels of lift loss tend to  be 

small for most of the data presented, this potential e r r o r  is not very serious. Subsequent 

. investigations have shown that this type of correlation can be suitable for additional con

figurations (ref. 12). For these data, the effect of jet pressure ratio is included in the 

constant of proportionality between the two parameters.  

Some information on the effect of nozzle shape on the rate of decay of dynamic 

pressure can be obtained from references zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 and 14, which present the results of inves

tigations of the effect of nozzle shape on ground erosion. In general, an increase in the 

rate of decay of dynamic pressure reduces the potential for ground erosion. Results of 

these investigations relating nozzle shape and dynamic-pressure decay, presented in fig

u re  11, indicate in general an increasing rate of dynamic-pressure decay with increasing 

nozzle perimeter pe r  unit of exit area. This same trend is obtained with sound-

suppressor nozzles (ref. 15) and nozzles designed to promote mixing of secondary and 

primary efflux from a turbofan engine (ref. 16). The purpose of presenting these data 

in figure 11 is to illustrate the conflicting requirements and conflicting solutions to  prob

lems that confront the designer of V/STOL aircraft. This example shows that a nozzle 

with a rapid rate of decay of dynamic pressure tends to reduce ground erosion and noise 

by promoting rapid entrainment of ambient air, but it has the undesirable feature of 

increased l i f t  loss. 

PROPULSION-INDUCED AERODYNAMIC EFFECTS ON 

V/STOL AIRCRAFT IN TRANSITION FLIGHT 

The second par t  of this paper presents the jet-induced effects on the airplane in a 

c ross  wind out of ground effect. The aerodynamic interference effects experienced in 

the transition speed range between hovering and conventional flight have been the subject 
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of a large number of experimental investigations (refs. 17 t o  21). Most of this research  

effort has been the investigation of the forces  and moments induced on the aircraft by the 

interaction of the vertical jets with the free-s t ream air during transition flight. 

During transition flight, the jets issuing f rom the aircraft  a r e  swept rearward by 

the free-stream flow and are rapidly rolled up in a pair of vortices (fig. 12). These 

rolled-up vortices induce suction pressures  on the fuselage and a distribution of down-

wash over the aircraft. This downwash is in effect an induced twist on the wing and tail 

and an induced camber over the length of the airplane. 

The general trend of these jet-induced effects is illustrated in figure 13. There is 

usually a loss in lift which tends to increase with increasing forward velocity. The loss 

in lift is about the same with the tail off the vehicle and with the tail on. There is an 

increment of nose-up pitching moment in transition flight which tends to increase with 

increasing velocity. Because of the change in downwash in the vicinity of the tail, an 

additional increment of pitching moment is induced when the tail is on. 

Visualization of Transition Flow Phenomena 

In this section, the flow phenomena involved in the transition problem a r e  described. 

The shape of the jet wake when influenced by the f r e e  s t ream is presented in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 

from an experimental investigation (ref. 22) where the wake exits f rom the nozzle at a 

deflection angle (dj) to the f ree  stream. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the wake exits f rom the jet nozzle, the f r ee  

s t ream deflects the wake back until it tends to become parallel with the free-stream flow. 

As a result of this investigation, the empirical equation given in the legend of figure 14 

was obtained. It describes the path of the jet as a function of the ratio of the free-stream 

dynamic pressure to jet dynamic pressure and as a function of the deflection of the jets. 

By means of water-tunnel flow visualization, a more detailed look at the jet in the 

c ross  flow is presented in figure 15, which shows the flows induced in and around the jet. 

A flat plate is shown with the f ree  s t ream from the left and a jet exhausting through the 

plate, perpendicular to the f ree  stream. Near the leading edge of the plate a r e  orifices 

through which colored milk is emitted. When the colored milk filament on the center 

line of the jet exit gets t o  the vicinity of the jet exit, it has a stagnation point near the 

front of the jet and then it is swept around the jet exit. The visible portion of the jet 

wake indicates that some of the milk flow from the f r e e  s t ream is sucked into the jet. 

The milk flow filament adjacent to the jet passes  beside the jet and is then induced upward 

into the turbulent wake region behind the jet. Even the colored milk filaments farthest 

from the center line of the exit a r e  sucked toward the jet and into the wake region. In 

the wake region, a considerable amount of entrainment into the jet can be seen. 

Two photographs of oil flow on the surface of the plate a r e  presented in figure 16. 

The lower one s a closeup view near the jet exit. There is a line trailing diagonally 
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back from the jet which bounds the wake region. Careful inspection of the streamlines 

on the surface reveals that the free-s t ream flow is deflected around the surface of the 

jet and into the bounding flow. In the wake region, the flow near the jet is entrained for

ward into the jet. Farther  downstream of the jet exit, the wake flow is deflected away 

and carr ied off with the boundary of the wake on the surface of the plate. 

The pressure  distribution which is induced on the surface of the plate is illus

trated in figure 17 (ref. 23). These particular data were obtained with the square root 

of the ratio of the free-s t ream dynamic pressure to jet dynamic pressure equal to 0.25. 

This parameter ,  called the effective velocity ratio, is 0.25 with a cold jet. Ahead of the 

jet, there  is a region of positive pressure  indicating a force augmenting the jet thrust. 

Adjacent t o  and aft of the jet, there  is a negative pressure region which indicates a force 

opposing the jet thrust behind the jet. This is why a nose-up moment is induced by the 

jet wake interference. The a r e a  covered by negative pressure  is noticeably larger  than 

the area covered by positive pressure.  This difference causes the lift loss. In the 

region aft of the jet near the center line, it is difficult to define the pressure  contours. 

This is the wake region where there  is the very turbulent, disturbed flow seen in 

figure 16. 

Examples of Experimental Data Showing Induced 

Interference in Transition Flight 

The data in figures 15 to  17 illustrate the pressures  induced on the airplane in 

transition flight. In addition to this effect, there  is a distribution of downwash on the 

aircraft. Results showing both effects on one experimental model a r e  illustrated in fig

ure  18 (ref. 24). The increment of interference lift divided by thrust  is plotted as a func

tion of the effective velocity ratio. Also presented is the increment of interference 

pitching moment divided by the product of thrust and effective nozzle diameter. Data for 

the airplane with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall five jets operating show the expected increments of lift loss and 

nose-up pitching moment. With the front three lift jets operating alone, there  is an 

increased lift loss and reduced pitching-moment increment. A s imilar  test  with the two 

lift-cruise jets operating alone shows contrasting results zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- an increase in both lift and 

pitching moment. The two lift-cruise jets in effect induce an increased angle of attack 

on the wing in addition to  the pressures  on the fuselage. 

These results indicate that the induced interference effects could be reduced with 

proper location of the engines. A generalized investigation was undertaken to explore 

this possibility more systematically (ref. 25). This investigation used a wing-fuselage 

model that had an unswept, untapered wing with an aspect ratio of 6 and a 30-percent

chord slotted Fowler-type flap. The model was mounted on a sting with a strain-gage 

balance. Two jets, one on either side of the fuselage, were positioned spanwise at about 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII , ... . .. .. ,. - .. ..... -...-

the 25-percent wing station and at various longitudinal and vertical positions shown by 

the plus marks in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19. The jets were mounted independently of the wing so that only 

the aerodynamic forces  and interference effects were measured on the wing. These 

results show that yith the exits on the wing-chord plane, considerable jet interference 

was experienced even with the jet as far as 4 chords ahead of the wing. Favorable 

interference effects, however, were encountered with the jets beneath and behind the 

50-percent-chord point of the wing, and the interference effects were most favorable for  

positions closest t o  the flap. These data show general agreement with the results fo r  

the five-jet model in figure 18, with results reported in reference 26, with data obtained 

on a fan-in-wing configuration in reference 27, and with data reported in reference 28. 

These favorable interference increments indicate that the jet was probably helping the 

wing and flap achieve its full lift potential. 

Examples of analytic approaches.- Efforts have been made to represent the jet 

wake analytically and then compute the interference effects. Figure 20 shows the wake 

portion of one representation used to  describe a fan-in-wing configuration (refs. 29 

and 30). The jet wake is deflected along a path given by the equation which was pre

sented in figure 14 (from ref. 22). The wake itself is represented by a cylinder around 

this path. The cylinder has a constant cross  section which is essentially circular. On 

this cross  section there are eight dots that represent filaments of vorticity which run 

parallel to  the jet path. Laterally across  the path there a r e  additional filaments of 

vorticity. All these filaments combine to form quadrilateral panels of vorticity on the 

surface of the jet. The boundary condition of flow tangent to  these panels is maintained 

fo r  khe solution of the vorticity strength of the vortex filaments which describe the jet 

wake. Once the strengths of the vorticity have been established, the flow induced in the 

vicinity of the jet can be computed. In particular, the pressure coefficients on the su r 

face of a vehicle from which the jet is exiting can be computed, and the pressure distribu

tions on the surface can be estimated. One deficiency in this representation of a jet 

wake is the constant c ros s  section. 

Figure 21 is a photograph of the cross  section of a real jet wake in a water tunnel. 

The white region at the top is the jet itself, and the white dots are air bubbles around the 

jet. The pr imary features are the swirl  of the two elements of vorticity in this jet c ros s  

section and the fact that the c ros s  section is kidney shaped. At the present t ime, work 

is being undertaken at the Langley Research Center to develop a more accurate repre

sentation of the wake c ross  section. Equations from reference 31 are being used to  

describe the cross-sectional shape of the jet. The results of this work are indicated by 

the cross  sections presented in figure 22. The wake has a circular c ros s  section at the 

jet exit, and the c ros s  section deforms as the jet progresses downstream. Eventually it 

develops into the kidney shape shown in section C-C; farther downstream the kidney shape 

i 

i 
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becomes even more distorted. It is hoped that this presentation will provide a better 

estimate of the interference effects induced on a vehicle. 

Induced transition effects on stability and control.- The jet-induced suction pres. 

su res  described earlier act on the fuselage and wing undersurfaces. The moment 

induced by these p re s su res  is essentially independent of angle of attack. Another aspect 

of this jet-induced interference is the downwash induced at the horizontal tail and over 

the wing. Figure 23 schematically illustrates the path of the vortex developed along the 

leading edge of the inboard portion of a highly swept wing. The vortex trails aft above 

the wing and the tail in cruise. In figure 24 the leading-edge vortex flow is seen clearly 

t o  go zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaft above the trailing edge of the wing. Transition is shown in figure 25 where the 

lift jets are operating, as indicated by the wakes. The effect of these lift jets is to pull 

the vortices above the wings down so that they sometimes interfere with the horizontal 

tail and cause t r i m  changes and possibly some stability problems. The lift jets also 

reduce the lift of the airplane as described earlier.  These effects can be seen in fig

u r e  26, a photograph taken in the water tunnel with the lift jet operating, where the flow 

of vorticity over the upper surface of the wing is now deflected down and actually goes 

aft below the trailing edge of the delta wing. 

These photographs show that the downwash field induced by the lifting jets behind 

the wing depends to  a large degree on the flow field generated by the par ts  of the aircraft  

ahead of the wing itself. Furthermore,  unlike the moment on the wing-body from jet-

induced suction p res su res ,  the downwash behind the wing is a function of angle of attack 

and can, therefore, change both the t r i m  and the stability of the tail-on configuration. As 

a result, the severity of the problem depends on many configuration variables, not all of 

which have been determined. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA particularly severe example is presented in figure 27 

for  a four-jet configuration with a fixed forewing and large inlets placed well forward 

(ref. 32). With the power off, there  is a linear and stable variation of pitching moment 

with angle of attack and a stable break at the stall. With the power on, there is a nose-up 

increment, but it is not invariant with angle of attack. It increases very rapidly as the 

angle of attack is increased and resul ts  in an extremely unstable configuration. 

Data for two other configurations are shown in figure 28 (refs. 2 and 24). For the 

configuration with short inlets and no variable-sweep wing glove, the power effect on 

stability is essentially zero,  as indicated by the fact that the two curves are nearly paral

lel. For the other configuration, which has long inlets and a fixed forewing, a reduction 

in stability due to power is encountered. However, it is not as severe as that shown for  

the configuration in figure 27. The most significant difference between the configura

tions appears t o  be the size and length of the lifting elements forward of the wing. The 

differences in  tail length and tail configuration may also contribute to  the differences in 

stability. The destabilizing influence of elements that ca r ry  lift and are located ahead 

11 



of the main wing has been described in reference 33. This effect can be seen by com

paring the two power-off curves in figure 28. The pr imary  point here  is that the effects 

of power on longitudinal stability can be kept small. 

Another aspect of the interference effects is the jet-induced effects on the lateral  

control characteristics. The jet-induced suction pressures  which cause a nose-up 

pitching moment can also cause a rolling moment in a sideslipping condition. In fig

ure  29, the effect of sideslip on rolling moment is presented. The sideslip angle resulting 

from an assumed 30-knot c ross  wind increases as the velocity decreases  and would reach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
90° at zero velocity. In the plot at the bottom of the figure, the rolling-moment param

eter is plotted as a function of the velocity for a 30 000-pound airplane. The curve with 

the circles indicates the rolling moment that would be encountered. This rolling moment 

must be canceled by the control available, shown by the long-dash-short-dash curve. 

The control available at forward speeds is that due to the roll from the tip jets plus the 

rolling moment obtained from the aerodynamic control surfaces on the airplane. The 

lower speed range, where the induced moments a r e  quite large, is most critical, as can 

be seen by comparing the control-required curve with the hover control that would be 

provided for an airplane of this size. This available hover control, shown by the diamond, 

corresponds to a rolling acceleration of 1.2 radians/second2 and is supplied by roll jets 

near the wing tips. Unfortunately, the amount of roll control available from the tip jets 

decreases with increasing speed because of the interference effects between the jets and 

the wing a rea  surrounding them (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34). For the configuration shown, the total control 

available is slightly greater  than that required, but there  is little margin for complacency. 

Obviously, operation in c ross  winds is undesirable, but not always avoidable. When an 

airplane is close to the ground, a pilot tends to sense velocity and direction with respect 

t o  the ground and can thus lose t rack  of the direction of the approaching wind. The point 

is that these rolling moments can be quite large and must be accounted for in the design 

of the airplane. 

HOT-GAS INGESTION 

Hot-gas ingestion is a serious problem fo r  jet V/STOL aircraft  when operating 

near the ground. Hot-gas ingestion is the taking into the engine inlet of the hot exhaust 

gases or  air heated by the exhaust. It should be emphasized that the problem is not the 

ingestion of contaminated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair, but the elevated temperature of the inlet air. 

The general flow patterns that cause hot-gas ingestion a r e  shown in figure 30. In 

still air, the exhaust gases  that strike the ground and spread outward to the far field pre

sent very little problem since the gases will be cooled before they are recirculated back 

to  the inlets. The multiple-jet configuration in figure 30, however, can have a serious 

problem with the fountain of hot gases that occurs beneath the aircraft when the exhausts 
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of widely spaced engines collide after striking the ground. These rapidly flow upward 

around the fuselage and reach the vicinity of the inlets while the gases are still hot. The 

other configuration in figure 30 has a single engine o r  closely grouped cluster of engines 

which would be expected in still air to result in low inlet temperatures,  since the exhaust 

would be blown far away, With wind, however, the exhaust gases  a r e  blown back toward 

the inlet and ingested. This effect can result in very high inlet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair temperatures. 

Hot-gas ingestion is a ser ious problem for jet V/STOL aircraft. Hot-gas ingestion 

causes a thrust loss; for example, an inlet temperature rise of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40° F (22O C) would 

result in a 15-percent thrust loss. However, it should be noted that much higher tem

perature r i s e s  and, as a result, greater  thrust losses  occur in some of the subsequent 

figures. Another reason for concern is that the engine compressor may stall as a result 

of rapid increase in inlet air temperature or  as a result of uneven distribution of tempera

ture  across  the engine face. In summary, some of the factors that cause hot-gas inges

tion a r e  the fountain effect, surface winds, and configuration effects, in particular, the 

location of the inlets and exhausts. 

Hot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-Gas Ingestion Investigations 

Although hot-gas ingestion has long been recognized as a serious problem, until 

recently very little systematic research of a generalized nature had been done. In 1965, 

the National Aeronautics and Space Administration initiated some projects to study the 

problem in detail. Illustrated in figure 31 a r e  two large-scale models. One model was 

tested at the Ames Research Center in cooperation with the Northrop Corporation (ref. 35) 

and the other model was tested at the Langley Research Center (ref. 36). In addition to 

these projects, several models were tested by Bell Aerosystems Company, including a 

small-scale version of the Langley model (refs. 37 and 38). In other Ames investiga

tions, described in references 39 and 40, a half-scale model representing a high-

performance V/STOL lift-engine fighter airplane was used. A German facility for small-

scale model tests is described in reference 41. 

To illustrate the problem of hot-gas ingestion, results f rom the large-scale t e s t s  

at Langley a r e  presented here. Most of the material is taken from references 3 and 4. 
Sketches of the hot-gas ingestion model in figure 32 show the exit arrangements for the 

nozzles as well as the inlet arrangement. One pattern has four exits in a rectangular 

arrangement at the base of the fuselage, the in-line pattern has four exits along the ten

t e r  line of the fuselage, the third configuration has a single exit located at the center of 

gravity, and finally, there  is a side-exit configuration s imi la r  t o  the P. 1127 airplane 

nozzle arrangement. It should be noted that this last configuration has hot exhaust from 

all four nozzles, in contrast t o  the P. 1127, which has only two r e a r  nozzles with hot 

gases. These arrangements were tested with scoop inlets in front (as in fig. 32) and also 
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with inlets at the top of the fuselage. In addition to these configuration variables, the 

models were tested for a range of nozzle heights above the ground and for  several  veloc

ities of head winds and side winds. Because it was realized that the problem of hot-gas 

ingestion would be highly t ime dependent, the data acquisition system used 36 high-

response thermocouples in the inlets to record temperatures.  The data were in the form 

of time histories on oscillograph records. 

Some method was needed to duct the hot gases  away from the model during the 

starting cycle to prevent ingestion from occurring before the test was started. This 

problem would also exist for an actual airplane. After discussions with several  

researchers ,  including NASA VTOL pilots, the investigator decided to conduct the tes ts  

in the following manner: 

The engines would be started and brought to about 80 percent rpm with 

the exhaust nozzles deflected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25O rearward. This prevented ear ly  

ingestion and provided a t ime zero for the test. At this point, the 

nozzles were deflected straight down, followed by a 3- to  4-second 

pause to  simulate t ime for the final pilot checkout. Then the throttle 

was quickly advanced to full rpm. The tests continued for 5 to 

10 seconds following full rpm and then shut down. 

A typical t ime history is presented in figure 33. For clarity, only two tempera

ture  t races  and one nozzle-pressure trace a r e  shown. The temperature data a r e  for the 

left-hand side inlet with a rectangular exit-nozzle configuration. There are three points 

that should be emphasized. First, the inlet temperatures are very high. It is not known 

exactly how much thrust loss is caused by these high temperatures, but the pressure  

t race  indicates that after the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- o r  4-second pause f o r  pilot checkout the engine is oper

ating at only about half of normal thrust. The second thing to note is that the tempera

tures  increase very quickly and a r e  very unsteady. These rapid changes in temperature 

can cause compressor stall. The final thing to note is the large temperature variation 

across  the face of the engine, as indicated by the difference in the two temperature traces.  

This temperature distortion can cause compressor stall. 

Hot-Gas Ingestion Due to the Fountain Effect 

The fountain effect illustrated in figure 34 exists with multiple-nozzle configura

tions. The fountain of high-temperature air between the nozzles flows upward rapidly 

and is ingested by the inlets. 

Some data illustrating this problem a r e  shown in figure 35, where inlet tempera

ture r i se  is plotted as a function of nozzle height above the ground. The first plot shows 

the data for the model with inlets on top; the second plot shows the data for the side 
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inlets. For the single-nozzle arrangement in both cases, there are relatively low levels 

of temperature rise. In other words, with the single nozzle there is no fountain. With 

in-line nozzles, the jets are very close together. As a result, the upflow is not signifi

cant, and the inlet temperature rises a r e  small. However, with the rectangular nozzle 

arrangement and with four nozzles on the sides of the fuselage, there are fairly large 

temperature rises in the inlets. 

In addition t o  the obvious configuration variables of inlet and nozzle arrangement, 

the placement of the wing on the fuselage was found to  be an important parameter. The 

effect of wing height on the temperature rise of the top inlets for the rectangular and the 

in-line nozzle arrangements with a zero wind condition is shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA36. Inlet tem

perature rise is shown as a function of model height above the ground in equivalent nozzle 

diameters. The wing in a low position is seen to  greatly reduce the inlet air tempera

u r e s  at all test heights of the rectangular nozzle configuration, but has little effect on the 

in-line nozzle configuration, which has very low inlet air temperatures with both wing 

positions. Observations of smoke from the exhaust nozzles indicated that the low wing 

caused the upward-flowing hot gases to  be deflected outward and away from the inlets. 

These effects are discussed in more detail later in a section entitled "Characteristics 

of the Upflow from a Square Pattern of Nozzles." 

Hot-Gas Ingestion Due to  a Cross Wind 

Hot-gas ingestion caused by the cross  wind is considered next. In figure 37, there 

is an illustration of a jet engine operating, the hot gases flowing outward, and then at 

some distance away from the engine, the wind deflecting these hot gases back into the 

inlet. The rapidity with which this occurs is shown in figure 38 by a sequence of photo

graphs of the hot-gas cloud from an engine operating at full power. The aircraft  has a 

single nozzle exit and a single inlet in the top and is operating in a 5- to  8-knot cross  

wind. At t ime zero,  the nozzle is deflected straight down from an initial rearward deflec

tion of 250 and oil is injected into the hot exhaust jet to  produce smoke. At a t ime 0.2 of 

a second later, the smoke is progressing outward. At 0.4 of a second later it s t a r t s  t o  

rise, and at 0.6 of a second later the cross  winds are starting t o  blow it back t o  the vehi

cle. By the t ime 1 second has  elapsed, the vehicle is practically immersed in the exhaust 

gas. This rapid temperature rise tends t o  cause compressor stall, which may be a more 

serious problem than the maximum level of temperature. 

A summary plot of the data obtained with a range of head winds is presented in fig

u re  39. The inlet temperature-rise data are plotted as a function of wind speed; in the 

first plot, the data are for  the model with the top inlets, and in the second plot, for the 

model with the side inlets. The single-jet arrangement, which before showed very little 

temperature effect, now causes a noticeable temperature rise in the top inlet and quite a 

disastrous temperature rise in the side inlets. The in-line nozzle arrangement still 
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causes fairly low temperature rises in the top inlets. However, at a speed of 20 knots 

with the side inlets, the in-line arrangement causes significant rises. The rectangular 

nozzle arrangement with either the top inlets or the side inlets causes high inlet tem

perature rises for speeds up to  30 knots. For the side exits, which were tested only with 

the side inlets, the inlet temperature rise is high with no head wind (a rise of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60° F 

or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA330 C). It then drops off rapidly and reaches Oo at a wind speed of 15 knots. 

These and other data are summarized in figure 40. Results are presented for the 

basic configurations of the Langley model with side inlets zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the single exit, the in-line 

nozzles, the pattern of rectangular nozzles, and the side nozzles. The first  two arrange

ments show very little temperature rise with no wind, but the second two arrangements 

show significant temperature rises with no wind. For comparison, results from the 

Ames-Northrop model are indicated at the bottom of the figure f o r  the no-wind case. On 

this configuration, both the lift engine inlets in the front and the lift-cruise engine inlets 

at the rear experienced noticeable temperature rises. With either a head wind or  a side 

wind, all four of the Langley configurations have a significant problem with inlet tempera

tu re  rise. 

The Impact of Hot-Gas Ingestion 

It can readily be seen that some arrangements are more ingestion-prone than 

others, but when one considers all possibilities of wind and configuration, hot-gas inges

tion problems seem to be unavoidable. The inlet temperature rise as a function of for

ward speed, presented in figure 39, showed that the ingestion rapidly decreased toward 

no ingestion with speeds of 30 knots or  greater. This fact suggests a take-off technique 

that has been proposed many times and has come to  be called rolling vertical take-off. 

This is illustrated in figure 41. It is assumed that the aircraft  can be turned into the 

wind with the nozzles deflected rearward to prevent ingestion during s ta r t  and check-out. 

The power is increased until the brakes can no longer hold, and as the brakes are 

released, full throttle is applied. When the speed required to  prevent ingestion is 

reached, the nozzles are rotated downward, and the aircraft takes off. In order to  illus

trate this rolling vertical take-off and to see how vertical this procedure really is, cal

culations were made of take-off profiles of two configurations. 

The calculations were made for side and rectangular nozzle configurations for 

thrust-weight ratios of 1.05 and 1.10. An important difference between these configura

tions is that the nozzles of the side arrangement could be deflected directly rearward for  

maximum acceleration, while the nozzles of the rectangular configuration could be rotated 

rearward only about 250. The lift-off speeds were determined f rom the minimum speed 

required t o  avoid any hot-gas ingestion from any wind direction. In reality, these esti

mates may be too conservative. However, there is a fundamental problem involved which 
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has not been worked on. We do not know what levels of hot-gas ingestion can be tolerated 

by the engine. The take-off distances are quite long, from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 t o  500 feet t o  clear a 

50-foot obstacle. It is certainly questionable whether these should be classed as vertical 

take-off szyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Of course, all of this does not mean that jet aircraft  cannot land and take off ver

tically. This type of operation can be performed. What it does mean is that there are 

some operating conditions of each configuration that result in low to  no ingestion, but if 

all the possible operating conditions that have to  be contended with are considered, then 

all configurations at some time will experience the problem of hot-gas ingestion. Several 

European investigators have been using raised porous gratings to  operate with some 

degree of success, but this solution has the serious drawback of limiting operation to 

places that have these platforms. 

In summary, it should be stated that hot-gas ingestion is a very serious problem 

for  jet VTOL aircraft. A great deal is known about the flow fields and causes of inges

tion, and results of current investigations using small-scale models will add further to 

this knowledge. It is believed, however, that more work will be required before the 

ingestion characteristics of a particular configuration can be predicted accurately. Even 

then, the ingestion problem will not be solved. 

PROPULSION-INDUCED EFFECTS DURING HOVER IN GROUND EFFECT 

There are propulsion-induced effects when a jet-lift aircraft is hovering in ground 

effect. Figure 42 shows schematically how the ambient air is entrained around the lower 

surface of the vehicle into the jet; it then strikes the ground and flows outward as a wall 

jet. The entrainment induces a download on the vehicle. These phenomena are well 

understood for the case of a single jet. Downloads can be calculated by using the empiri

cal  methods of L. A. Wyatt (ref. 42). The data shown in figure 43 are for the X-14A air

plane, which has two jets placed close together under the center of gravity. They are 

close enough together to  be considered a single jet. The full-scale and model data are in 

good agreement with the calculation. 

Unfortunately, the phenomena for  the multiple-jet case are not so well understood. 

In figure 42 the flow characteristics of the single jet are contrasted with the flow of the 

multiple jet. The pr imary difference is the fountain of hot gas between the two jets. This 

upflow between the jets causes large positive pressures  on the lower surface of the fuse

lage. There is also a circulatory flow between the jets and the fountain. To get a better 

understanding of this fountain effect, the results of some investigations of the upflow are 

presented in the following sections. 
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Characteristics of the Upflow From a Pair of Nozzles 

The results of some work done in Germany by Hertel (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43) are presented in 

figure 44. The sketch shows the two nozzles exhausting near the ground with an upflow. 

Starting at the center line between the two jets, the velocity of the upflow was measured 

with both jets operating; these results are indicated by the circles. There is a gradual 

dropoff in the upflow velocity from the line of symmetry. Then a reflection plane was 

placed at the plane of symmetry. The velocities were measured and plotted as the tri

angles. There is a large upflow velocity at the line of symmetry which drops off sharply. 

This shows that the use of a vertical reflection plane is not appropriate for measuring 

data with jets in ground effect. Further, the results show that there is not a t rue line of 

symmetry; instead, there is quite a bit of mixing and interaction between the upflows from 

the two jets. 

The reflection plane also has an effect on the inlet temperature rise. Data obtained 

by Bell Aerosystems Company (ref. 38) with their  small-scale hot-gas ingestion model 

are presented in figure 45 to  show this effect. The two jets, impinging on the ground with 

a fountain between them, are moved from a height of 2 diameters f rom the ground to a 

height of 10 diameters above the ground. When no reflection plane is located between the 

two jets, the inlet temperature rise is large at a height-diameter ratio of 2. It drops off 

sharply and approaches zero at a height-diameter ratio above 10. In contrast, with the 

reflection plane, there is a temperature rise of about 30° F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 7 O  C) close to  the ground, 

which increases steadily as the inlets move away f rom the ground. When the nozzles are 

close to the ground, high velocities on the reflection plane c a r r y  the gases up above the 

inlet and disperse them away f rom the inlet. Consequently, inlets near the ground are 

not influenced by the hot gases when the reflection plane is in place. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the exits of the 

jets a r e  moved away from the ground, the inlets gradually move into the region where 

these hot gases are carr ied up, furnishing results in sharp contrast to  the data without 

the reflection plane. Figures 44 and 45 indicate the importance of the modeling tech

niques used in investigating these problems. 

The flow pattern from a pair of vertical jets above a horizontal ground plane with 

equal nozzle pressure ratios (ref. 44) is presented in figure 46. The flow on the ground 

plane, the bottom half of the photograph, is away f rom the jet pair  in the form of a wall 

jet reinforced to  form a large roach in the plane of symmetry between the pair  of jets. 

In the vertical plane, the flow may be divided into two zones. The zone outboard of the 

nozzles is very similar to  the wall jet arising from the interaction of a single jet with a 

normal plane. The second zone is the flow between the jets. Its major features are the 

large upflow of the fountain and the two rather large counter-rotating vortices. The 

impinging flow from the two jets is forced upward into the fountain, but a strong entrain

ment from the jet wakes causes much of this flow to double back and form the vortices. 
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Some of the flow, however, ca r r i e s  on upward, where it eventually meets a downflow 

moving toward the inlets and is bent back downward. The stagnation region formed in 

the plane of symmetry is very unstable, as illustrated previously in figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44 and 45. 

A dramatic change takes place in this flow pattern with the introduction of asym

metry in the configuration. The nozzles have been canted about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6' from the vertical in 

figure 47. The flow on the ground plane is largely unchanged except fo r  the curved path 

of the roach from the plane of symmetry. In the vertical plane, the left vortex has 

opened out, and the flow comprising it is now partially drawn into the right jet wake. The 

right vortex has become tightly wound very near the right jet wake. Of major significance 

in this asymmetric configuration is the direction of the flow between the jets, which is 

now downward because of the viscous entrainment of the free air by the flow between the 

jets. A similar asymmetric flow structure occurs with vertical jets if  there are small  

differences in the two nozzle pressure ratios. The inlet temperature rise experienced 

with these asymmetric flows is considerably reduced from the levels experienced with 

the symmetric flow situation in figure 46. 

Characteristics of the Upflow From a Square Pattern of Nozzles 

The upflow characteristics f rom a square pattern of jets hovering in ground effect 

was examined by Hertel (ref. 43). The velocity contours obtained in the exit plane are 

shown in figure 48. The contours in the center of the jet pattern represent the highest 

velocities; successive planes of lower constant velocity a r e  indicated at increasing 

distances from the center of the jet pattern. To compare the results for different model 

configurations, Hertel integrated the mass flow and velocities in these contours to get an 

upflow impulse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- essentially, a thrust type of expression to represent the energy con

tained in this upflow. The upflow velocity contours were investigated for square jet 

arrangements located various distances apart as illustrated in figure 49. A cylindrical 

body between the jets was included to  represent a fuselage. In addition to  varying the jet 

spacing by changing the distance 2 between the jets, the relation of the fuselage diam

eter t o  the jet exit diameter was varied. The key gives the values of these two variables: 

the spread of the jet exits 2/D and the size of the fuselage between the jets d/D. The 

upflow impulse is nondimensionalized by the combined thrust of the four jets and plotted 

as a function of the height above the ground divided by the spread of the jets in the pat

tern. The shaded area represents the band of results. With these parameters,  the upflow 

energy contained in the fountain is indicated. 

Several regions of ground effect can be inferred from these data. One region exists 

when the ratio of height to spread h/Z is greater  than 3. This might exist for two dif

ferent conditions: (1)near the ground when the spread is small ,  as with a single jet o r  a 

tight cluster of jets; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) when the height is large with any pattern of jets. In this first 
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region a downward flow exists in the vicinity of the airplane, and causes a lift loss. A 

second region exists for  a ratio of height t o  spread between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 and 3. Here the upflow 

velocity increases with decreasing values of the ratio of height t o  spread. A third region 

exists for configurations which experience the entire range of h/Z between 0 and 3. 

This might apply over a wide range of ground heights for configurations with a large 

spread of the jet exits or for most multiple-jet configurations over a limited range of 

heights near the ground. This range of conditions causes the airplane to  experience 

large fluctuations in the patterns of upflow velocity. Results of investigations in refer

ences 36 and 38 on the effect of aircraft configuration changes on hot-gas ingestion with 

a given nozzle arrangement show that the results a r e  sensitive to  height above the ground. 

In general, if the wing, strake,  or other surface on the airplane deflects the upflow out

ward or downward with sufficient velocity to direct the flow away from the airplane, 

beneficial effects may occur which can influence the aerodynamic lift or perhaps reduce 

hot-gas ingestion. If, however, the upflow is redirected with a low velocity, it tends to 

flow around the deflecting surface and continues to drift upward with little or  no beneficial 

effect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Some of the effects of the fuselage on the upflow impulse have been examined in 

reference 43 and a r e  presented in figure 50. Four jets a r e  arranged .in a square pattern 

measuring 12 nozzle diameters on a side. Results showing the effect of a cylindrical 

fuselage located between the jets a r e  presented, along with results showing the effect of 

adding s t rakes  to the fuselage. When the four jets a r e  operating without the fuselage, a 

very large upflow impulse exists in the exit plane of the jets at all heights up to  h/D = 20. 

With the fuselage in place, the upflow impulse has been reduced noticeably in the vicinity 

of h/D = 5. However, at higher values of h/D the upflow impulse rapidly goes back to 

the level it had without the fuselage. These results indicate that the flow is not stopped 

by the fuselage, but is diverted around it and upward. Then data a r e  presented for the 

fuselage fitted with s t rakes  which a r e  rather long and have a width of about 10 percent 

of the diameter of the fuselage. The data show that at heights above 4 diameters these 

large s t rakes  a r e  effective in reducing the upflow f rom the fountain. As described ea r 

l ier ,  this has important implications for  hot-gas problems in hover near the ground. The 

results also indicate that the fuselage might be feeling a lift force because the s t rakes  

a r e  redirecting the upflow. 

Aerodynamic Lift Loss for Multiple-Jet Configurations 

The aerodynamic lift loss for many multijet configurations in ground effect has 

been investigated experimentally (refs. 1, 2, 5 to 11, and 45 to 48). While the story is 

not as clear for the multiple jets as for the single jet at this time, an interesting trend 

can be seen in figure 51. These data a r e  based on a systematic investigation of a delta 

wing and body combination (wing in a middle position) with several  different arrangements 
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. 
of multiple jets, reported in reference 48, and are consistent with results in figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA49 

and 50. The ratio of interference lift to  thrust is plotted as a function of height of the 

fuselage lower surface above the ground, expressed in equivalent nozzle diameters. The 

basic configuration consisted of four engines arranged in a cluster near the center of the 

wing-body. The single-jet configuration was obtained by ejecting air from the right r e a r  

nozzle only, and the results are indicative of the general trends previously shown f o r  

single jets. The two rear jets were also tested together. These jets were spaced far

ther  apart than those of the X-14A airplane which was shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43. As a result, 

these data show a reversal  of the lift loss due to  ground at very low heights. When the 

number of jets is increased to four, the lift losses become smaller. When the spacing 

between the jet exits is increased, as shown by the other two four-jet configurations, the 

jets have a favorable effect on lift at heights above approximately 2 effective diameters. 

The trend of these results is consistent. For a given range of heights, there is a reduc

tion of lift loss with a multiple-jet engine as the exits a r e  spaced farther apart and thus 

enlarge the model area that experiences favorable pressures  from the fountain of jet 

gases reflected up from the ground. However, this increase in spacing would be expected 

to  aggravate the hot-gas ingestion problem because of a reduction in shielding of the 

inlets and the higher sensitivity to  cross  winds. 

Another factor influencing the lift loss of multiple-jet configurations near the 

ground is the lateral deflection angle or  cant of the nozzles. The ground effect on a 

model having either a single row of jets in the fuselage o r  a rectangular a r r ay  of jets 

with and without outboard cant is presented in figure 52 (from ref. 4). The model had a 

low wing with an aspect ratio of 5.8, a taper ratio of 0.32, and a quarter-chord sweep 

of 28.20. The l i f t  loss due to  ground effect is divided by the thrust and plotted as a func

tion of ground height divided by equivalent nozzle diameter. The loss is less with the 

rectangular a r r a y  than with the single row of jets, and an additional benefit can be real

ized by canting the nozzles outboard loo  from the vertical. This effect is similar to  an 

increase in jet spacing as shown in figure 51, since canting the engines increases the 

spacing of the jet impingement on the ground. The effect of canting the engines on the 

hot-gas reingestion is unknown at this time, but indications a r e  that engine canting will 

have some unfavorable effects. 

Only the general t rends of lift interference by multiple jets near the ground have 

been illustrated in figures 51 and 52. The results for many different multiple-jet con

figurations have been documented (refs. 45 to 48). They indicate that the magnitude of 

lift interference due t o  ground effect in hovering flight is dependent on the model config

uration as well as the nozzle arrangement. Therefore, in spite of the fact that these two 

sets of data seem to show consistent trends, attempts to  correlate the effect of ground on 

the interference l i f t  for multiple-jet configurations has not as yet produced acceptable 

results . 
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CONCLUDING REMARKS 

The material presented in this review paper has concentrated on several  aspects 

of the induced effects on aircraft  aerodynamics in hover and transition flight which are 

caused by the interference of wakes from relatively high-disk-loading V/STOL propul

sion devices. Only a few of the major factors discussed are emphasized below to  illus

t ra te  the conflicts among the spectrum of design requirements facing the airplane 

designer o r  to  illustrate the state of the art of the solutions t o  some of the problems. 

The first part  of this paper described in detail the lift losses sustained by a VTOL 

hovering out of ground effect. It was shown that minimum losses in lift are obtained 

from lifting propulsion devices which maintain their maximum jet dynamic pressure for 

large distances (4 t o  6 nozzle diameters) away f rom the nozzle exit. However, a rapid 

reduction in jet dynamic pressure with distance from the nozzle exit is desired to reduce 

the adverse effects caused by hot-gas ingestion and ground erosion and to promote sound 

suppression and mixing of primary and bypass air in a turbofan engine. 

The problem of V/STOL transition out of ground effect to wingborne forward flight 

has been examined in many experimental investigations. Although the general trends are 

understood, the problem of estimating the propulsion-induced interference effects on a 

specific configuration is not well understood. Some efforts are being made to  represent 

analytically the jet wake in a cross  wind and to derive a precedure for estimating the jet-

induced forces and moments. Further work in this area is required to  develop the 

required generalized design methods. 

Next, the hot-gas ingestion problem was presented. This is a very serious one for 

jet VTOL aircraft. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA great deal is known about the flow fields f rom the engine nozzles 

and about the causes of ingestion. Experiments are being made with small-scale models 

t o  further this knowledge. It is believed, however, that more work will be required before 

the ingestion characteristics of a particular configuration can be accurately predicted. 

Even then, the ingestion problem will not be solved. It appears, for the present time at 

least, that the only su re  cure for this hot-gas ingestion problem, for all operating condi-
j 
1 

tions, is to  make rolling vertical take-offs. 
I

1
In the final section of the paper, some of the aerodynamic characteristics of jet r; 

VTOL hovering near the ground were discussed. The fountain effect which is obtained s; 

with multiple-jet configurations was emphasized in the discussion. Some detailed studies i 
1
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1 
‘y 
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of these flows were presented along with their effects on lift. It was emphasized that 

there is a strong connection between the fountain effect and hot-gas ingestion by multiple-

jet configurations. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 27, 1969. 

. 
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I- from Figure 1.- Photograph of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l e t  in a water tunne l  i l lus t ra t ing wi th zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair  bubbles the “doucheii effect - entrainment of air  from quiescent surroundings. (Photograph69-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA103 
O.N.E.R.A. Film No. 575, “Flows With  la rge  Velocity Fluctuations.”) 
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Figure 3.- Radial pressure distribution induced on  a c i rcular f lat plate by a jet exiting through the plate. (From ref. 10.) 
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Figure 4.- Induced loads o n  a c i r c u l a r  f lat plate (S/Aj =. 69.5) and exit dynamic-pressure distributions for  several 
single-jet configurations. (From ref. 10.) 
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b-69-5105 
Figure 5.- Photograph of a jet exiting into quiescent surroundings, showing the undisturbed jet core and entrainment into the turbulent mixing region. (Photograph 

from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO.N.E.R.A. Film No. 575, "Flows With Large Velocity Fluctuations.ii) 
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Figure 6.- Schematic sketch of the decay and spread of the jet efflux wi th distance downstream of the nozzle exit. 
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Figure 7.- Induced loads on  a series of c i r cu la r  f la t  plates w i t h  several dif ferent jets exit ing th rough  the i r  centers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand the 
dynamic-pressure decay of the eff lux from these jets. (From ref. 10.) 
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Figure 8.- Effect of jet arrangement on  the  l i f t  loss and dynamic-pressure decay. (From ref. 10.) 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.- Comparison of small-scale cold jet w i th  large-scale hot jet, showing the  effect on l i f t  loss and the  
dynamic-pressure decay. (From ref. 11.) 
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Figure 10.- Correlation of induced loads wi th  the jet dynamic-pressure decay parameter. ALb = k l S / A l  max. (From ref. 10.) 
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Figure 11.- Effect of nozzle configuration on jet dynamic-pressure decay. (From ref. 13.) 
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Figure 12.- Jet wakes from an aircraft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  transition flight roll up into vortex pairs. 
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Figure 13.- The general trend of jet-induced lift loss and pitching moment in transition flight. 
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1-69-5106 
Figure 15,- Photograph zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the flow Induced around and Into zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa jet exhausting normal to the free stream. (Photograph from O.N.E.R.A. Film No. 575, 

VOWSWith zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlarge VelNi ty  Fluctuations!') 
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L-69-5107 

Figure 16.- Photographs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof o i l  flow on the surface of a plate th rough  which a jet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  exhausting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnormal to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe plate and to a 

free stream. M,=0.18; -Mj = 5.5. (O.N.E.R.A. photograph.) 
M, 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17.- Pressure distribution on the surface of a plate through which a jet is  exhausting normal to the plate and to a 

0.25. (From ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.) 
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Figure 18.- Increments of interference lift and pitching moment during transition flight, showing the effect of the location of 
the lift-jet exits on a fighter-type configuration. (From ref. 24.) 
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Figure 19.- Increments of interference lift dur ing transit ion flight, showing the effect of varying the  chordwise location of t he  jet. 

4 = 400.' 6.I = go0; CT = 1.0; = 0.18. (From ref. 25.) 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20.- Sketch of an analytic representation of a jet wake w i th  a n  unchanging c i rcu la r  cross section, consisting of a quadrilateralzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s,9'

vortex system superimposed o n  a n  empirically determined jet wake path 
D 

= - 4 6 7  - cos dj. (From refs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 and 30.)
4 s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdj 
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L-69-5108
Figure 21.- Photograph of the cross section of t h e  wake of a jet exiting perpendicular to the free stream in a water tunnel. This cross section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis approximately 

6 nozzle diameters downstream of t h e  nozzle exit. (Photograph from O,N,E.R,A. Film No. 575, W o w s  With Large Velocity Fluctuations.ii) 



SECTION A-A SECTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6-6 

SECTION C-C 
SECTION D-D 

TRAILING-VORTEX PAIR 

Figure 22.- Sketch of an  analytic representation of a jet wake wi th  a changing cross section, consist ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a quadrilateral 
vortex system superimposed on  an  empirically determined jet wake path. 
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Figure 23.- Sketch of vortex paths developed along the leading edge of a highly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAswept inboard portion of a wing in cruise flight. 



L-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA69-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5109 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.- Photograph of vortex paths developed along the leading edge of a delta wing in cruise flight. (Photograph from O.N.E.R.A. Film No. 575, 
"Flows With Large Velocity Fluctuations.") 



Figure 25.- Sketch of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvortex paths developed along the leading edge of a highly swept inboard portion of a wing in  transition flight. 



L-69-5110 

Figure 26.- Photograph of vortex paths developed along the  leading edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a delta wing i n  transition flight. (Photograph from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO.N.E.R.A. Film No. 575, 
"Flows With Large Velocity Fluctuations.") 
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Figure 27.- Effect of power from vectored l i f t  nozzles on the longitudinal stability of a four- jet  f ighter configuration wi th 
a large forebody and a small wing. (From ref. 32.) 
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Figure 28.- Effect of power from l i f t- jet engines on the longitudinal stability of a five-jet f ighter configuration wi th a varying forebody 
shape and varying wing planform. (From ref. 2.) 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29.- Effect of power f rom l i f t- jet engines on  the  lateral control requirements of an  airplane in t ransi t ion f rom cruise f l i gh t  to 
hover in a 30-knot cross wind. (From ref. 2.) 

(a) St i l l  air.  

(b) Surface winds. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30.- The general flow patterns wh ich  cause hot-gas ingestion. 
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LANGLEY  

Figure 31.- Large-scale models used by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANASA for investigation of hot-gas ingestion. L-69-5111 



+ UPPER-SURFACE INLETS 

C) EXITS 

RECTANGULAR IN-LINE  

SCOOP INLETS 

SINGLE SIDE  

Figure 32.- Sketches of the  exit-nozzle arrangements represented by the  hot-gas ingestion model at NASA Langley Research Center. 
A l l  configurations had t h e  scoop in le ts  and al l  except the  side-nozzle configuration had alternate inlets on  the  fuselage upper 
surface. 
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Figure 33.- Typical t ime history of in le t  temperature r ise and nozzle pressure obtained on  the  NASA Langley hot-gas ingestion 
model w i th  t h e  rectangular exit-nozzle arrangement and side inlets. H/De = 1.17. 
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Figure 34.- Sketch showing the extent of the hot-gas cloud in st i l l  a i r  ( fountain effect) obtained when mult iple nozzles 
exit vertically near the ground. 
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Figure 35.- I n le t  a i r  temperature r ise in still a i r  caused by the founta in  effect on  several configurations. 
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Figure 36.- Effect of wing height on  a i r  temperature r ise in top inlets caused by the fountain effect on two nozzle 
configurations in st i l l  air. 

Figure 37.- Sketch showing extent of hot-gas cloud caused by the  w ind  blowing the  exhaust of a single nozzle exiting 
vertically near the  ground. 
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5 TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 KNOT WIND 

t=0.0 SEC t=O.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEC t = 0.4 SEC 

t=0.6 SEC t=0.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEC t=I.Q SEC 

L- 2652-8 
Flgure 38.- Sequence of photographs showing the, rapid envelopment of an  airplane by the hot-gas cloud from the engine exhaust. Full power; top inlet; single nozzle.  
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Figure 39.- I n l e t  a i r  temperature r ise caused by head wind blowing the  vert ical exhaust f rom several nozzle configuratlons near the ground. 
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BASI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG _ _ _ ~  

INLET A I R  TEMPERATURE RISEI CONFIGURATION NO WIND HEAD WIND SIDE WIND 

OF "C O f  OC O F  *C 

20 I I  I 6 0  89 I60 89  

0 6 6 0  33 60 33  

140 78 I80 100 200 I I I   

~ 

90 50 I I O  61 I20 67  

I50 83 

$: $: LINLET  

I O 0  55  

Figure 40.- Summary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof test results obtained for large-scale NASA hot-gas ingestion models. 
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Figure 41.- Rolling vertical takeoff performance of two airplane configurations; lift-off is delayed until the forward speed is sufficient to 
prevent hot-gas ingestion. 
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SINGLE JET MULTIPLE JETS- -__ 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42.- Sketch of the jet-induced flow for single and mult iple jets exit ing vert ical ly near the ground. 
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Figure 43.- Jet-induced l i f t  loss near the ground for  the X-144 airplane as given by small-scale model data, f l ight  data, and 

calculated estimation. (From ref. 1.) 
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REFLECTION PLATE 

0 WITHOUT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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x REFLECTION-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I PLANE 

Figure 44.- Effect of a reflection plane on  the  measured upflow velocities in the  fountain flow caused by two jets exiting vertically near 
the  ground. The nozzles were at a height (h/D) of 3 and t h e  upflow velocites were measured in the nozzle exit plane at a lateral 
distance (y/h) of 1/3. (From ref. 43.) 
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Figure 45.- Effect of a reflection plane on t h e  measured in le t  a i r  temperature r ise resul t ing f rom the  fountain flow caused by two jets
exi t ing vert ical ly near the  ground. (From ref. 38.) 
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1-69-5112 
Figure 46.- Photograph of the flaw f ield caused by two jets exitlng vertically near the ground wi th  equal nozzle pressures.

(From ref. 44.) 



L-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA69-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA113 

Figure 47.- Photograph of the  flow f ield caused by two jets exiting near the ground with the  nozzles canted 6' f rom vert ical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand with equal nozzle pressures.
(From ref. 44.) 
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Figure 49.- Summary plot of nondimensionalized upflow impulse as a function of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe ratio of nozzle height to nozzle spacing. (From ref. 43.1 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50.- Effect of fuselage on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe nondimensional upflow impulse as a funct ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof nozzle height. (From ref. 43.) 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA51.- Effect of multiple-jet pattern on  the  l i f t  loss caused by ground effects. (From ref. 48.)+<c 0 0 0 0 0  
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Figure 52.- Effect of outboard cant of multiple-jet nozzles o n  the l i f t  loss caused by ground ettects. 
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