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PREFACE

The aim of the Special Course on V/STOL Aerodynamics was to outline and discuss the
additional knowledge of aerodynamics needed to embark on the design of V/STOL aircraft.
The influence of V/STOL features on wing design, layout considerations, engine and air intake
considerations, effects of jet effluxes, wind tunnel and flight testing, manoeuvrability and
control, performance assessment and spewial aspects of flight aerodynamics were discussed by
nine lecturers at the course which was presented on 14—18 May 1984 at the von Karmin
Institute Belgium, and on 48 June 1984 at the NASA Ames Research Center, USA under
the joint sponsorship of the Institute, NASA, and-the Fluid Dynamics Panel of AGARD.
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V/STOL AERODYNAMICS ~ INTRODUCTION

by
C.L.Bore
Head of Research
Brilish Aerospace PLC: Kingston
Richmond Road

Kingston-upon Thames, Surrey KT2 5Q8, UK.

Welcome to this Lecture Course on the Aerodynamics of V/STOL Aircraft. We have a lot of materizl to
consider and discuss in the next five days, but I feel sure that with such an agsembly of experienced
aerodynamicists, both at the podium and in the audience, we will find the experience stimulating.

The special requirements of vertical take-off (and in practice mor2 Jmportantly, vertical landing)
introduce a lot more complication into “he aerodynamics, Indeed, if we were to zonsider every conceivable
configuration in the time available, w+ would have to dig very shallowly. So jmmediately we excluded
rotorcraft, and in view of the Fluid Dynamics Fanel's Symposium on boundary layer control and high 1ift
devices in Brussels in later May (21st-25th) it was decided to restrict consideratfon of high 11ft flaps.

When I was first asked to direct this course, my feelings were very mixed, for I knew that 1t would
involve a lot of extra work, and my normal workload would not go away. However, I felt that the challenge
was too big to miss., I knew that there was an important contribution that I could make, and that was to
set up for the first tima a lecture course in which the long experience of those actually responsible for
the design of successful V/STOL aircraft would be brought out clearly. Even that would uc: be easy, for
it remains a fact that we have so much work to do that we do not have much time to sit down and write

lectures cbout it! That it why you will not find many reports by my colleagues in the published
literature.

As soon as I wrote those words, 1 felt that they sounded a bit arrogant. Then, a few minutes later,
I came across a quotation of Sawmuel Butler, which makes my sentiments seem almost respectablet "An art
can only be learned in the workshop of those who are winning tkeir bread by it."

Before going into the aims of the course and the programme of lectures, let re emphasise the main
differences between a course and a symposfium. In a symposium, we tend to ask people to write about their
latest advances - the most recent triumphs that they have won. If no-one responds on a particular topic,
then we cannot deal with it. Each lecturer tends to dwell on his own work, rather than going over the
work of othera. A course is different in several ways. The ground to be covered comes first, and all the
topics have to be addressed. Some of these topics have roots in the past, so they will not deal
exclusively with the latest triumphs of science or technology. Since we can afford only a lim{ted number
of lecturers, each one may have to cover ground that is not entirely his own speciality, and may have to
include material from colleagues.

For this course, we agsume that all participants are familiar with the aerodynamics of conventional
aircraft, but not necessarily fam!llar with the whole field of V/STOL aerodynamics. When designing V/STOL
aircraft (or STOVL aircraft) we find two important extensions of gscope. Firstly we have to deal with the
complicated airflows that occur at speeds below that for wing-borme flight, and secondly we find that we
have to deal with quite unfamiliar configurations, aerodynamically ~ even i{f they may look familiar!

BASIC AIMS OF THE COURSE

To provide a general appreciation of the special features of V/STOL -aerodynamics.

To concentrate on matters of practical importance, rather than those of mainly academic interest.
To {llustrate the approaches used by people who have experience in the aerodynamics of V/STOL.
To compare the approaches used on either side of the Atlantic.

TOPICS TO BE COVERED

Introduction.

Review of Previous Symposiums.
Influence of V/STOL on Wing Design.
Layout Considerations: US View.
Layout Considerations: European View.
Engine and Air Intake Considerations.
Bffects Induced by Jet Effluxes.
Manoeuvrability and Control.

Wind Tunnel Testing.

Other Ground-borne Testing.
Performance Assessment: UK View.
Performance Assessment: US View.
Special Flight Aspects.

Short Contributions and Discussion.

By the time we have worked through to the end of that menu, every one of us should know more about
the subject as a2 whole! Already we have got to the end of the introduction, and now we are ready for the
review of the previous symposiums.
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INTRODU: TION AND REVIEW OF SOME JET INTERFERENCE PHENOMENA RELEVANT TO V/STOL AIRCRAFT

E. C. P. Ransom
Senior Lecturer in Aircraft Propulsion
School of Al:cnanical Aeronantical & Production Engineering,
Kingston Polytechnic
Kingston-upon-Thames, Surrey, U.K.

J. R. Smy
Aerodynamics Department
British Aerospace P.L.C.
Kingston-upon-Thames, Surrey, U.K.

SUMMARY

This introductory paper summarises and discusses aspects of some fluid flows relevant to V/STOL aircraft. The
principal sources of reference are the contributions to AGARD conferences which have been specifically
concerned with V/STOL aerodynamics. Initially consideration has been given to the behaviour of single
axisymmetric jei. discharging into stationary surroundings and the creation of the corresponding flow field. The
effect that a change of fluid properties has on the tiow field and plume developmant is then described and is
extended to include jets discharging into a cross flow and into a coflowing stream. The aerodynamics of jets
impinging on adjacent surfaces are reviewed with particular reference to induced lift losses generated during
hovering in ground effect, to ground erosion and to recirculetion. Internal fluid flows in thrust augn.entors are
des ribed includir ¢ the effect of losses, and the generation of unsteady flows which are used to enhance mixing
1 r-tes. The paper concludes with a brief discussion of modelling techniques and wind tunnel methods including

interier: ace effects.
INTROG L YN

This .~:'- epresents an atte.‘pt to summarize the results and conclusions of research work which has been
cai » ¢ ~t in order to gain a deeper understanding of the aerodynamics of V/STOL aircraft.  The sources of
rei. nu= used are principally those papers presented at conferences organised by the Fluid Dynamics Panel of
AGARD. In particular there have been two Symposia specifically devoted to the aerodynamics of V/STOL
aircraft and 1t is information from pa.ers contributed to these conferences that have formed the basis of this

lecture, They are:-

AGARD CP 143 "V/STOL Aerodynamics" Delit: April 1974
AGA1:) CP 308 "Fluid Dynamics of Jets with applications to V/STOL" Lisbon: November 1981
Another useful source of information is:-

AGARD CP 135 "V/STOL Propulsion Systems" Schiersee: 1973

In addition it has been necessary to consult the following conference proceedings:-

AGARD CP 126 “Military Applications of V/STOL Aircraft" Brussels: 1972
AGARD CP 22 “Fluid dynamics of Rotor and Fan Supported Aircraft  Geottingen: 1967
1 ‘ at subsonic speeds"
1 : AGARD CP 174 "Wind Tunnel Design and Testing Techniques" London: October 1975
£ AGARD CP 187 "Flight/Ground Testing facilities Correlation" Valloire: 1975

All forms ot powered lift have been considered but inevitably the emphasis 1s on jet lift systems. It is left for
later presentations to deal with detailed observations and reports of the most recent developments,_ hen:e the
authors have attempted only to highlight some of the more importan~ features of flow of direct application to

V/STOL aircraft.

Flow phenomena are considered under the following sub headings:-
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1. Jet Structure
1.1  Jets discharging into still air
1.2 Jets discharging into a coflowing stream
1.3 Jets discharging into a cross flow
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Jets interacting with surfaces
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3. Thrust Augmenters

4, Theoretical Models

¥ 5. Wind Tunnel Simulation
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1. JET STRUCTURE

In order to understand the behaviour of jets and wakes in relation to their effect upon the flow field, and upon
induced forces and moments on a V/STOL airframe, some knowledge of the basic properties of s.mple jets is
essential. However the extrapolation of data obtained from basic jet research in order to predict effects on real
aircraft may be misleading since the properties of jets produced by gas turbine engines may be very different from
jets examined in the laboratory. Much of the fundamental data which has been widely reported and often used
for full scale performance predictions, has been obtained using small scale experimental equipment. Table 1 (1)
tabulates the jet Reynolds Numbers for a series of well known experiments. Often these are less than 1 x 106
whereas in practical application jet Reynolds Numbers are likely to be much greater. In addition although not
quoted here, Mach Numbers for the model jet flows are also unrepresentative. A second effect is due to the
different thermodynamic properties exhibited by jets used in model tests and the jets discharged by V/STOL
aircraft.  Unfortunately use of such data is often unavoidable, but it is not thought to be of great sigrificance
except of course where the data results from tests on water jets. A perhaps more important factor is the use of
data obtained from cool jets of low initial turbulence, uniform velocity profiles and in the absence of jet swirl.
In practice jets emanating from propulsion gas turbines are at elevated temperature, with high turbulence levels,
non uniform velocity profiles and 1in many cases velocity components normal to the flow directicn.

The following sections illustrate the basic parameters affecting jet flow. From this it is possible to gain some
insight to the structure of the flow even when it is modified by the factors noted above.

It is helpful to consider Table 2 (2) which perhaps over simplifies the situation concerning jet interference
phenomena.  This identifies the link between independent variables, the flow field which arises as a result of the
interaction between the jet and its surroundings and corresponding induced effects which are apparent on the
surface of the airframe or the ground. For convenience, the following three categories of jet flow are

considered:-
Free jets emanating into stationary surrouvndings
Jets discharging into a parallel flowing stream

Jets emanating into a crossflow

1.1 FREE JETS EMANATING INTO STATIONARY SURROUNDINGS

Fig.] (3) illustrates the classic form of the axisymmetric free jet, emanating from a symmetrical plenum chamber
with a large contraction ratio and a nozzle of short length. Two basic regions are commonly identified, the short
potential core region which encloses a conical volume of constant velocity followed by a fully turbulent region.

The decay of axial velocity along the centre line for such a jet is shown in fig.2 (3) together with typical curve
fit equations. In addition the variation of turbulence intensity with axial distance is also given. Such jets
exhibit potential core lengths typically 6 nozzle diameters long.

The influence of plenum chamber and nozzle geometry on velocity decay is indicated in fig.3. The tests reported
by ref.4 show how sensitive jet properties are to plenum shape. This has particular significance for wind tunnel
models which simulate the action of lifting jets and where sufficient space for the installation of lifting jet
nozzles 1s not available.  Fig.4 (5) shows a design developed for use in such models which has achieved some

$11CCEess.

However as fig.4 shows, the decay of axial velocity apparently is sensitive to jet Mach or Reynolds Numbers.
Bradbury (3) suggests that small changes in flow angle might be responsible for this behaviour although research
has not conclusively demonstrated this. The evidence in support has teen obtained from experiments in which
square tabs are introduced at the nozzle exit.

Fig.5 (3) indicates *' = change in velocity decay created by the presence of differant numbers of tabs. Measure-
ments withir. * ¢t flow show that considerable variations of flow angle with circumferential location occur and
for that re.-on it is perhaps not surprising that the presence of two tabs only have the greatest effect upon
velocity decay.

Corresponding measurements of turbulence in jets show that in highly turbulent jets, the decay of axial velocity
takes place more rapidly. Mathier and Charnay (6) present data showing the distribution of intensity of
turbulence, and velocity across the jet and along its trajectory. They show tlat the distribution of temperature
in a heated jet exhibits a similar distribution to that of velocity.

The flow field created by these jets is dominated by turbulent entrainment. Several practical measurements of
entrainment have been carried out (7, 8, 9) using a variety of techniques.  Ricou and Spalding (7) deduced the
following relationships using jets of gases of different species over a range of temperatures.

%
TT{f 0.32 sti(ff) —_—

where m = mass flow rate
mj = mass flow rate at nozzle exit
dj = nozzle diameter
x = distance from nozzle
pa = density of entrained fluid
pj = density of jet fluid

=TT
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The results indicate the bulk entrainment over the total length of jet studied, and do not reveal the distrubution
of entrainment along the jet trajectory.

Fig.6 (2} compares this data with that obtained by Schwantes (8) for a sonic jet and Fig.7 (10) gives similar data
obtained by a gas tracer technique for entrainment into a subsonic jet.  This indicates that entrainment in the
potential core region may be of a different magnitude to that in the fully developed region.

It was pointed out by Schwantes that the initial temperature affects the jet characteristics by increasing the
turbulence levels and decay rates, and that there was a need for much more comprehensive examination of the
effect of temperature on the flow field and its influence upon induced pressure distributions and forces. The
comparison with the data obtained by Ricou and Spalding (7) is rather poor and a further examination of all the
data available together with some more experimentation is clearly desirable.

One of the factors which arises from this work is that it is perhaps more important to know the point along the
jet trajectory where entrainment is a maximum, rather than the total amount of entrainment. This is because
high entrainment concentrated in the region close to the nozzle exit has a much more severe effect upon the
extent and intensity of a pressure field adjacent to a surface than the same total entrainment spread more evenly
along the trajectory. Apart from a brief comment by Williams and Wood (11) there appears to be I'.tle
information about the forces and pressure distributions created by hot gas jets in cold surroundings.

Entrainment rates into free jets may be accelerated by increasing the number of turbulent eddies in the jet (12),
by acoustic excitations(13), or by introducing unsteadiness into the jet flow by pulsations and or flapping (14, 15,
16). _ The objective of these techniques is to provide an efficient means of increasing the rate of mixing between
the jet flow and the surroundings. This is of particular significance for the design of effective thrust augmentors
which have applications in V/STOL aircraft (see Section3). The induced pressure distribution over a flat surface
normal to the jet axis, may be calculated using a simple potential flow model with sinks distributed along the
axis of the jet in proportion to the =ntrainment. It may be demonstrated that the pressure distribution is quite
sensitive to changes of entrainment rate close to the nozzle exit (9). y

The effect of jet velocity profile on the induced interference force has been demonstrated clearly by Mayson et al
(18). In a coaxial jet rig changes in the velocity of flow in the core jet and annular jet are shown to have a
significant influence upon the interference force. Fig.8.

1.2 JETS IN CO-FLOWING STREAM

Although this is not a primary problem in the design of V/STOL aircraft, it is an tmportant flow regime which has
applicatton for all aircraft. Indeed some aspects may have particular significance for the designers of V/STOL
aircraft, Zacharias (17) shows that boat tail angle affects jet plume properties by influencing the flow of
entramned air. This is reflected in the magnitude of pressure drag created by the jet.

1.3 JETS IN CROSS FLOW

A jet discharging nto a crossflow deflects downstream forming a curved trajectory and develops a pair of
spreading contra rotating vortices.  Although numerous attempts have been made at predicting the development
of the normal jet using potential flow solutions none has yet proved to be entirely satisfactory. Bradbury (3)
explains that the two approaches either lead to an assumption of vary high entrainment rates (19) not apparent in
jets discharging into still or coflowing streams or to drag coeffictents which seem rather high.

Numerous experimental determinations of jet trajectory have been carried out and a selection of empirical
equations which correlate particular jet properties are given in Table 3 (1). Cleacly it is important to specify
which property is under consideration in each equation, and this no doubt partly explains the discrepancy between
the equations given in Table 3. For example the locus of maximum stagnation pressure is rot coincident with the
line connecting the vortex centres. (Fig 9). The reports however do not always state if wind tunnel wall and
boundary layer effects have been taken into account.,  Nor do they report on the condition of the jet as regards
velocity profile or turbulence.

When a crossflow passes over a surface, it normally establishes a boundary layer and a pressure distribution. In the
case of aerodynamically shaped surfaces such as aerofoils the pressure distribtuion is exploited to provide lift
forces. The presence of a jet discharging from a nozzle where the exit is coincident with the surface,
considerably modifies the pressure distribution in the vicinity of the jet, with consequent change in both lift and
drag forces. The pricipal influences upcn the magnitude of pressures and forces are jet velocity and cross flow
velocity although other features such as surface and nozzle geometry may have some effect.  Data therefore is
related to some function of the ratio between jet and cross flow velocity. Where density differences between jet
and crossflow fluid exist it may be shown that momentum ratio is a significant variable.

&
£
¢

S}‘.".‘- 3

There is some indication (2) that there is a change in flow characteristics occuring at velocity ratios around é:1.
Fig 10 shows a comparison between the pressure distribution of a flat surface and that over a wing obtained at
identical flow conditions.

Lok

At velocity ratios in excess of 6, the pressure distributions exhibit considerable similarity but at lower velocity
ratios similarity was not present. Mikolowsky (20) concluded that in the upper range of velocity ratios, the flow
field was almost independent of surface geometry. In the lower range it was suggested that the flow field
exhibited some of the ‘characteristics of the jet flap. Use of an oil film technique to visualise the flow over the
upper surface of the wing, indicated that the upper surface flow was affected by the jet, since streamlines tended
.0 turn inwards towards the jet at the trailing edge of the wing.

S BRI o5,

Nearly all research effort has concentrated upon the characteristics of an axisymmetric jet, since this is the
preferred configuration of V/STOL applications.  Fig 11 shows the interference pressure fields generated by jets
from nozzles of non circular and circular cross sections emerging into a crossflow.
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Jets presenting a narrow edge to the crossflow create a pressure distribution in which the lateral spread is less
than that due to the circular jet or the jet presenting a broad face.

In the latter case there is a larger blockage, and the distance over which the wake persists is much longer.
Upstream of the jet, the area and intensity of the positive pressure zone i> greater when the broad face is
presented to the crossflow. (21, 22).

The position of the centre of pressure is also affected by nozzle shape. Compared with the circular nozzle, t_he
centre of pressure for the narrow jet is between 3 to 14 diameters upstream whereas for the broad faced jet
centre of pressure moves downstream for all velocity ratios (21).

Another variable which is of concern to the designers of jet lift aircraft is angle of inclination of jet axis to the
crossflow. Taylor and Watkins (23) present data for an axisymmetric jet discharging downstream at an angle
measured with respect to an axis in the plane of the flat surface. The test rig has the nozzle exit flush with the
flat surface so that viewed from above, the nozzle exit appears oval in shape.

Examination of pressure coefficient contours reveals that for a fixed velocity ratio and as the angle of
inclination is reduced the low pressure field becomes less extensive in front of and to the sides of the jet. In
addition the suction force coefficient reduced and the centre of pressure moved downstream. Further the effect
of velocity ratio has been examined and there is apparently good correlation for suction force coefficient and
centre of pressure with velocity ratio and jet inclination. {See Fig. 12 & 13).

2. IMPINGEMENT OF JETS ON TO A SURFACE

A flight regime of particular significance for jet lift STOVL aircraft is that during hover close to the ground.
The flow beneath and arcund the airframe gives rise to a number of different but interrelated aerodynamic
phenomena and these may be summarised as follows:-

Ground effect lift loss
Ground erosion
Recirculation

2.1 GROUND EFFECT LIFT LOSS

Single Jets

A single axisymmetric jet impacting normally to a surface exhibits three distinct regions (23).

(1) A free turbulent jet region in which the jet behaves in an identical way to a tree jet.
Depending upon the magnitude of the vertical height H and the nozzle exit diameter dj the
region may include the potential core, a transition zone, and a fully developed zone.

(2 An impingement region in which the jet flow is defiected from a direction normal to the
surface, to a direction approximately parallel to the surface.

(3) A wall jet region, in which the general flow direction is almost parallel to the wall.

For the configuration as shown in fig.14 where there are no surfaces adjacent to the nozzle exit, the flow around
the jet is governed by the rate of entrainment into the jet.  Research suggests that it is the wall jet which
generates the major component of this entrainment (8, 25, 26). It is well known that the wall jet thickness &
approximately varies as the radius from the jet centre line, r, and the peak velocity varies as 1/r so that the rate
of charge of mass flow with radius dm/dr is constant.

Arbuckle and Searle (25,26) employed a similar technique to that first developed by Ricou and Spalding (7), to
measure the entrainment into an axisymmetric jet impinging on to a normai surface. Using a jet of low initial
turbulence and a potential core length of five jet diameters, the following relationship has been obtained:-

Tj {2

oMo 0.68 L (<

m) 0.68 dj (1‘..)
where dj = initial jet diameter

Tj = temperature of jet fluid
Ti = temperature of entrained fluid

The above equation represents entrainment into all regions of the impinging jet.

2

Schwantes (8) from measurements of velocity in the wall jet created by an impinging jet with an initial Mach Mo.
of | and a range of temperatures, obtained entrainment data (fig.15).

General agreement exists between data obtained from each source, including the effect of nozzle height and the
effect of jet temperature.

The data from Arbuckle (25) and Searle (26) shows an increase in entrainment of about 20% as the vertical height
increased from 1.5 to 10 nozzle diameters, although this effect is not included in equation (2). The data obtained
by Schwantes (3) indicates a somewhat greater increase in entrainment for a height increase from 3 to 10 nozzle
diameters. As already noted the data from each source are not strictly comparable since that obtained by
Arbuckle and Searle inciudes entrainment into both free and wall jets.
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The magnitude and distribation of the induced pressure field 1s affected by the configuration of the sl:)ape
surrounding the nozzle, its location in relation to the nozzle exit, and the vertical distance from nozzle exit to
the grourd. This is illustrated in fig.16 (27).

Clearly what is happening is that entrained flow into the wall jet and free jet parts of the flow system is impeded
by the presence of a baffle plate, and this has a corresponding effcct upon the induced pressure field and hence
lift loss.

The following considerations have been used by Welte (28) to show the relaticnship between the Interference lift
loss AL, the baffle plate areas and the height between nozzle exit and the ground, H (see fig.17).

For the case of an axisymmetric jet impinging normally on to a flat surface, a representative velocity V'at a
point within the wall jet may be shown to be nroportional to the jet dizmeter of the jet velocity vj and inversely
proportional to the height h' above the surface such that

V = \6% 3
It may also be assumed that the total interference force AL, generated on lower surface of a baffle plate,
positioned so that its underside is parallel to the surface upon which the jet/ﬁs impacting, 1s proportional to the
velocity, V', squared then

R
~ 4t f Vods—— 4
~ y.
F s F
where r s the thrust developed by a fully expanded jet of area Sj.

2
-4k _f Nt ds
Thus F fﬂJSJ‘./IL ("'Jj) 5

Hence -4ar -,-i—, 281 -
F (M) s

Emprrical relations of very similar form to that giver above have been proposed. For example Hall (29) suggests

the relationship 6, 2 123
-%_i. =0 Olz[(f"‘) --,] 7
L ]
Further simplification of equation (6), assuming that the baffle plate is circular with a diameter D gives
-4 D-dit
F -~ h'\ 8

Wyatt (30) proposes the equation 2
- % = o-olz(:.'i.:hT"‘.i.) —_— g

which is valid only for axisymmetric jets.

Fig 18 shows data compared with equation 7.

It is clear that whilst such expressions indicate trends and the order of magnitude of lift losses there 1s sufficient
differences between '1easurements and theory to indicate that factors not measured are influencing the lift losses.
More accurate prediction of lift losses for simple configurations will await numerical solutions of the type
employed by Khan (36).

Multiple Jets

The lift lcsses due to an array of several jets become more difficult to predict since the flow field generated by
entrainment, impingement of .all jets and geometry creates a very complex system. Such a flow field is
critically dependent upon the following factors:-

(1) the number of nozzles
(2) the arrangement of nozzle~ including the spacing, orientation and distance from the ground
plane

> - . .
5 (3) the shape of the surface adjacent to the nozzles over which the interference pressure
* distribution acts and its distance above the ground plane.
':’i A jet fountain arises as a result of the collision of two (or more) wall jets. Fig 19 (37) illustrates this effect
% created when two jets impinge upon a ground plane.
8
¢ Fig 20 illustrates a few of the simple arrangements and gives the relationship between lift loss and height above
& ground plane. It shows clearly the independent effects of entrainment and jet fountains and the corresponding
;«t‘; change of lift. Finally in the 'last configuration, the combined effect of entrainment and a jet fountain is
X illustrated. '
:3 It has been found that the character of the upflow region is quite sensitive to small changes in nozzle and jet
*»“‘ conditions, for example, differences in the angles of inclination of each of the nozzles or velocity differences
5¥ between each jet.
Py
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Fig. 21 (31) shows the influence of the disposition of & axisymmetric jcts located in a YTCL combat aiwcraft on
the interference lift loss in ground effect at various heights.  The wide variations in lift loss between each
arrangment arises because of the different combinations of wall jet entrainment effects and jet fountains.
Arrangement clearly has a very profound effect upon the magnitude of the lift loss and its variation with height.

Clearly it becomes very difficult to predict the magnitude of the hift loss for a mult: jet configuration. The
geometrical arrangement is very critical and significant variations in lift loss can occur with quite small changes
in nozzle height. This latter effect is due to the way in which jets from adjacent nozzles merge or fail to merge
at a given distance from nozzle exit.

Kotansky (37) presents methods by which the location of the wall et stagnation line may be calculated. He also
points out that although the flow field beneath a multi jet VTOL aircraft in hover may be idealised, the actual
flow field may be very different. The two factors which strongly influence the character of the flow field are
the presence of a cross wind and the transient motion of the aircraft. In the latter case analysis based upon
steady state conditions is likely to be in serious error.  Modification of theory to allow for the presence of a
cross wind is difficult but important since it has significance for gas reingestion problems, stability and control.

2.2 GROUND EROSION

Shear Stress Distribution

More recently (24) attention has been paid to the measurement of the shear stress distribution in the impact and
wall jet region of an impinging subsonic jet. This is because of the propensity for the flow to move solid objects
within 1ts path or, more seriously, to erode the ground surface. Such effects under a jet lift V/STOL aircraft can
give rise to serious damage if solid objects or suriace soil strike the aircraft or enter the engine intake. The
tendency for a given jet to create such problems is related to the shear stress distribution in the impact and wall
jet regions of the flow. Data is correlated in terms of a non dimensional parameter, the shear stress coefficient ¥

2
where ¥ = ;,2‘—\"’,}:_(::—) 10
where Jw = wall shear stress

r~ = fluid density

Vj = velocity nozzle exit

H = distance from ground to nozzle exit

dj = nozzle exit diameter

¥ is a function of H/dj and the jet Reynolds Number. R4

For the impact regicn (i.e. within the range r/H < 0.2) Borges (24) suggests the following empirical
relationship:-

T
Y= 0-0576{/— exp(-114(5) Y} - 302 ﬁ{exp(—m(-,‘_"-)'} —_
For the wall jet region 1t is shown that:-

Y= 0214 R;ozs‘ (_&)0-818 ReTore

12

Fig (22) shows a comparison between data and equation (11) and (12).

The work also includes impingement data for jets with a range of incidence from 15 - 60°. The maximum shear
stress coefficient ¥m was found to vary according to the law:-

¥m = 0.46 sin¢® where ¢ is the angle of incidence.

It may be shown that by using the definition of shear stress coefficient ¥m and substituting the relation B =
H/sin ¢ where B is the distance measured along the jet from nozzle exit to point of impact, the maximum shear

stress is:- . A
In=813%1pVidg 13

This clearly indicates that the maximum shear stress is a function of the distance between nozzle exit and point
of impact irrespective of the angle of the jet.

2.3 RECIRCULATION

Recirculation describes the motion of air around a jet lift V/STOL aircraft when hovering in ground effect. Three
mechanisms are apparent:-

1. Bouyarcy effects due to a wall jet at an elevated temperature causing the fluid in the
wall jet to rise.

2. Impingement of two or more wall jets creating a jet fountain.

3. Interaction between a wall jet and a cross wind, in which the wall jet rolls up in a stable vortex
sheet.
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Each one of the above can create conditions in which the temperature of air entering the engine intake continues
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1. Bouyancy effects in wall jets

Limited experimental data is available for such flows at present (35) but work in progress has been reported by
Borges (24), Gersten (38) and Krause (39). Gersten et al are carrying out theoretical studies using an integral
technique allowing for bouyzancy and entrainment effects.  Abbot (40) has carried out tests designed to measure
the spread of a hot ground sheet.

2. Impingement of wall jets

This topic has been dealt with in section 2.1 in relation to the effect upon lift losses. Clearly jet fountains may
generate positive lift when they impinge upon parts of the sirframe. However, such fountains when hot may
cause undesirable heating of parts of the aircraft, and if located in strategic positions can recirculate into engine
intakes.

3. Interaction of a wall jet with crosswind

Interaction between a wall jet and a crosswind gives rise to a rolled up vortex sheet as already described (fig 23).
Schwantes (8) reports on the effects of wind velocity, initial jet Mach number, jet temperature and vertical height
on the radius at which separation occurs. Using sonic jets with different initial temperatures the radius of
separation is shown to be inversely proportional to the wind velocity Fig 24.

Initial jet temperature does not appear to have a very significant influence upon the radius of separation. On the
other hand, jet Mach number is of some importance as indicated by fig 25. The more vigorous the wali jet the
further it spreads before separation occurs. Finally fig 26 illustrates that increase in nc:zle height above the
ground at least up to H/dj ratios of 8, increases the distance covered by the wall jet before separation.

3. THRUST AUGMENTATION

Thrust augmentation ejector systems have a particular attraction for the designers of jet lift STOVL aircraft but
it is the practical application of these devices which is proving to be difficult.

The reasons for wishing to use these devices are:-

L. There is a large difference in the power requirements between the cruise, and vertical landing.
A successful thrust augmenter could allow an engine sized for the cruise conditions to produce
additional lift thrust which would prove useful for STOVL manoeuvres.

2. The requirement for control jets at the extremities of the aircraft during hover manoeuvres
which are powered by air bleed from the engine compressor. poses the problem of ducting air
through their structural sections. A successful thrust augmenter would (a} reduce air bleed
demand and (b) save weight and volume at critical parts of the air frame by reducing the size of
ducting.

3. In the case of hift engines, an even lower powered engine could be used in conjunction with
thrust augmentation to generate the required thrust.

The mode of operation of a thrust augmentor is by the transfer of energy within a carefully shaped duct from a
high energy primary stream to a secondary flow entrained from the surroundings. The use of shear forces only
between adjacent layers of fluid to achieve this energy transfer is a significant feature which indicates that the
process cannot achieve high efficiencies. In a thrust augmentation ejector one or more streams of fiuid are
allowed to discharge into a duct. The duct extends upstream of the nozzle exit plane and is designed to facili-
tate the entry of a secondary flow of air from the surroundings. Mixing takes place within the duct between the
inducing and induced flow during which momentum is conserved. The mixed flow is expelled from the duct giving
a total thrust greater than that due to the primary jet acting alone.

The provision of a duct surrounding a mixing cone creates a region of pressure lower than that existing in the

surrounding atmosphere. The difference between the pressure of the atmosphere and the pressure within the duct

is responsible for maintaining tt . flow of secondary fluid, and the reduced pressure distributions acting over the

upstream surfaces of the inlet is an important increment of thrust, which augments the thrust due tc the primary .
flow. In addition the existence of the low pressure region at the exit of the primary nozzle or nozzles, may also
allow an increase in primary jet velocity and hence momentum, and it is this which can generate a second
component of thrust augmentation.

The thrust augmentation ratio ¢ is the parameter which is used to compare the actual net thrust (Fact) of a
given ejector with a thrust (Fisen) theoretically generated when all the primary fluid, including that required for
boundary layer control purposes (if incorporated) is expanded isentropically from the same supply conditions to
ambient pressure thus:-

. Fact
¢ = Fisen (1%)
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Care is needed in comparing values of thrust augmentation ratio given in different reports since the interpretation
of & does vary.
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The fundamental one dimensional equations expressing the conservation of mass, momentum and energy may be
solved to yield ideal values of thrust augmentation ¢ in terms of two area ratios i.e. A,’A, and Aj/Aa

where A, is nozzle exit area, A, is the secondary flow inlet area, A, is the mixing tube area and A3 is the
ejector exit area. The results of such calculations are shown in fig.(27). The assumptions implied by this simple
analysis includes that of uniform velocity profiles, and frictionless flow. Under ideal conditions thrust
augmentation ratios of two appear to be easily achievable.  When account is taken of losses, the reduction in
performance can be significant.

Fig.28.shows the cumulative - effect of non uniform velocity profiles, and friction losses in the nozzle, intake and
duct, on an ejector with an area ratio l.5. Clearly it is important to account for losses and to ascertain the
relative effect each loss has on the thrust augmentation ratio.

Quinn shows very clearly that propellers are the best thrust augmenters see fig.29, because they are able to
transmit energy to a fluid by normal forces action across blades, whereas ejector devices rely entirely on shear
forces.  Other features of the thrust augmentor must recommend their use to the designer, such as the absence
of rotating parts or non circular sections.

From experimental work it is possible to gain some insight into the relative importance of the effect of variation
in different paramenters. The fcllowing conclusions refer to investigations on simple axisymmetric configurations
with constant area mixing tubes.

1. Mixing rates between streams are enhanced if the primary stream is heated.

2 Excessive mixing tube length reduces ejector performance, since the wall friction effect
becomes significant.

The application of thrust augmentors to aircraft imposes very severe restrictions on size both of overall length
and cross section area. Reduction in length requires that mixing rates between streams should be as rapid as 1
possible, and further that the diffusion process should be carried out concurrently with mixing. It is also clear
that it is not always convenient to employ ejectors of circular section because of aircraft design requirements.

Rapid Mixing

In order to reduce the overall length of thrust augmenters it is necessary to increase the rate at which mixing
proceeds between tae primary jet flow and secondary induced flow. This may be achieved by increasing the
surface or interface area between the streams of fluid. Multiple nozzles arranged so as to distribute the primary
flow evenly across a section is a technique which has been used. It has the disadvantage that these nozzles
create additional skin friction losses at the entry to the secondary flow.

The same philosophy has also led to the use of primary nozzles with non circular cross sections., Usually such
nozzles have greater friction losses as well as creating the same difficulties for the secondary flow.

An alternative approach to the problem of rapid mixing is to consider the turbulent structure of the jet and in
particular that of the shear layers. Nozzles which can increase the production of eddies or intensify existing
turbulence 1n the primary flow, enable mixing to be accomplished within a much shorter length. Hypermixing
nozzles consist of a series of slots arranged so that adjacent slots have their axes inclined at a small angle to the
mean flow direction.

In Fig 30 the spread rate of a hypermixing nozzle is compared with that of a slot jet. Initially the spread rate
for the hypermixing nozzle 1s much more rapid but within a relatively short distance the spread rate returns to
that of the plane jet.

Another technique which increases the spread rate and the rate of decay of axial velocity is to acoustically excite
the jet.  Quinn (12) reproduces data indicating the increase decay rzte of a subsonic jet when subject to noise
radiation.  He also peints out that self created noise in a highly underexpanded jet can improve the performance
. of short ejectors. The acoustic effect however, is most significant when the frequency generated by the primary
' jet is matched to the fundamental modes of the ejector mixing tube. Since subsonic jets emit a broad band noise
: spectrum, separate acoustic excitationis required if this technique is to be exploited.

»

. Work has been carried out (14, 15) using unsteady jets of the types shown in figs 31 and 32. Using nozzles of the
type shown in fig 31, Viets measured the mass augmentation ratio for several mixing duct lengths. It was shown
that some performance advantage accrues when duct lengths are very short.

Binder and Didelle (15) compared data obtained from ejectors driven by pulsating nozzles and flapping nozzles
with that from steady flow nozzles. The pulsating nozzle consisted of a supply where the flow to the nozzle was
controlled by a variable speed motor driven butterfly valve. The arrangement for flapping nozzles 1s shown in
fig.32.

e o o A L
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The conclusions reached from these investigations were that such oscillation in the flow produced improvements in
the performance particularly in respect of short ejectors. The thrust augmentation ratios given do not allow for
the energy required to drive the devices which produce the pulsations or flapping. What is clear is that the
imposition of unsteady flow in the primary stream accelerates mixing processes.
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Models for esttmating jet/fuselage interference

It is quite unrealistic to expect to test in a wind tunnel every model configuration at all flow conditions.
Esumation methods will increasingly be required and fortunately the current growth in available computing power
will make even the more exotic methods possible. The improved speed and power of computers may well permit
significant progress to be made. That is not to say that earlier methods will not continue to be used where they
are adequate and where their speed is vital as in basic project work.

The earliest methods were analytic mainly developed to jet-flaps. One possible approach was to use simple
theory to correlate data to derive an empirical method e.g. Moorhouse (41). Figure 33 shows the types of jet-flap
considered by Moorhouse and Figure 34 shows the result of his correlation of experimental data for a diversity of
configuration types. His correlation gives:-

Al .. =Kp AQ.:,”(C»).. G (=so 4-5)} + Gl +5)

ACL'MA)‘ = 5‘5"’{6"“:‘ + D" f} R+ 04376
I v Ge R+2+0-404 [0 + O-87L G

where ¢, = Momentum flux coeif
AR =Aspect ratio
8,,D, =Fourier coeff
§ =effective jet deflection angle
«S5g  =power-on stall angle of attack
«So = power-off stall angle of attack
K, =part span flap factor
Ashill (92) uses similar methods as part of a thecretical and experimental investigation of a jet-augmented flap.
Gersten, Loehr and Beese {43) extended the 1dea to configurations near the ground, in ground effect. = To extend
such methods to direct jet lift and vectored thrust has proved difficult and attention turned at an early date to

potential flow methods. In these, the basic assumption is made that the flow field is irrotational except in the

jet pluine or fan shipstream and by a representation of this by singularities, the external induced flow field can be
predicted.

Two features of the jet have to be modelled, the blockage of the flow reproduced by replacing the jet by a solid
surface and the entrainment.  As first, attempts to represent the jet by only one of these were tried but it soon
became clear that both effects had to be modelled. The simplest model is one using singularities distributed
along the jet path. Unless an empirical jet centreline equation is used this will entail calculation of the jet path.

Typical of jet path prediction methods is one due to Campbell and Shetz (44) who consider the jet as being a
stream tube subject to a perpendicular force due to the drag of the cross flow and a momentum transfer due to
entrainment of free stream. In order to predict the entrainment they define an entrainment coeff. E* given

by:- »
E = Ao E (\‘/"—Vo)

where Aj is jet area
C is jet periphery
P free stream density
V, jet velocity
Voo free stream velocity

A & Vj are predicted from mass flow and C comes from the assumption that the jet cross section is elliptical in
shape. They give an expression-for F.* as:-

* - ~6 . 37 _
E* = .2\ (_3_) or E* = 0.8
whichever is greater and which unfortunately does not give a sensible far field or high jet velocity value.

Smy (45) uses a similar method but defined a length scale h by the ratio oi jet momentum to dynamic pressure
and assume a constant coefficient E* as:-

E = E*pu (Y-Ve)h

with E*= 016 h
~ d

where h is an equivalent width based on the ratio between jet momentum and free stream dynamic pressure. By
using h an extra effect is introduced, that of the destruction of jet-wise momentum. This is introduced as it is
clear that the other forces are insufficient to explain the rapid reduction in momentum in the initial jet direction.
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Given the jet path it is necessary to define the singularities. It may either be assumed that they are derivable
from the jet properties, for example by equating sink strength to entrainment rate, or by deducing them from a
known empirical flow field, from the pressure around a jet emerging from a wall for example. Unfortunately it
1s unlikely that the two methods will give the same results. For a discussion of jet singularities see Bradbury

(3).
More accurate results may be expected, particularly near the fan or nozzle, if the jet or wake surface is defined
and singularities are modelled on this. Early attempts to derive the jet shape were those based on Chang-Lu (46)

which take the time dependent roll up of a vortex ring to be the development of a jet boundary along its length.
Fig 35 taken from Margason (47) shows such a set of cross sections. Figure 36 shows the resulting shape for the
jet boundary computed by the author. Clearly this will not follow a jet trajectory but it is a simple matter to
transfer these shapes to another centre line however derived. When such a shape is derived it is a simple
matter to panel it for a surface singularity method. A refinement of this is due to Adler and Baron (48) who
extend it to predict enlargments due to entrainment and the variation of jet velocity within the boundary. An
alternative approach is to derive the jet shape with the trajectory and the singularity model and this has been
done by Snel (19). Fig 37 shows the jet paths compared by computed data with that obtained by experiment.
Fig 38 shows the resultant pressure distribution on a plate with a jet emerging into a crossflow. For a review
of other potential field methods see Woolard (49).  An alternative to a panel method is the use of a potential
flow field method.  Zacharias (17) used a finite element method to compute the flow on an afterbody with an
entrainment velocity assumed on the jet boundary.

Higher order methods are clearly concerned with flows where turbulence and viscosity are the governing effects,
and therefore it is necessary to look at solutions to 3-D Navier/Stokes equations. In the last few years several
reports have appeared on these although at present they are probably limited to the simplest of geometric
configurations.

Baker, Manhardt, Orzechowski and Yen (50) have derived a parabolized version of the time-averaged Navier/Stokes

equations which are solved by a finite element method. It is clear that they are at least picking up the main
4 features of the jet. Khan, McGirk and Whitelaw (36) have studied the case of a row of jets in cross flow. They
also use the time averages equations with a finite difference solution and two equation turbulence models. They
note that numerical errors are evident even with their finest grid but are not dominant and do not affect the
overall characteristics.

In future it may be expected that these methods will become standard, probably in the form of Navier/Stokes
grids embeded in large Euler grids covering the complete aircraft.

5. WIND TUNNEL TESTING

Despite advances in Computational Fluid Mechanics, methods capable of evaluating comprehensively the flow over
jet or fan borne aircraft are not yet available, it will be necessary to rely for the foreseeable future, probably for
ever, on wind-tunnel tests for basic data on V/STOL configurations. Apart from the difficulties common to all
tunnel tests, there are three problems peculiar to powered models these are:-

1. Simulating the intake and exhaust flows of jets and fans

2. Scaling the model and the jet flows
: 3. Correcting the tunnel results for interference effects, and deciding model scale and technique.
i

' Each of these problems has been addressed in AGARD and other symposia but still many problems remain. One
! clear message appears to be the need for specialised facilities, and over the years a number of specialized
V/STOL tunnels have been constructed.  These are typified as being of low speed and large size to enable
realistically sized models to be tested, whilst minimising jet/tunnel interference. They are often of open circuit

i construction to eliminate the recirculation of the jet flow and may require a large supply of compressed air.  An
example of such a tunnel is shown in Fig 39.

Simulation of flows

For a conventional aircraft it is common still to smooth the inlets and nozzles and to test the model as such to
obtain the aerodynamic characteristics.  Later intake models may be constructed to study the detailed flow.
With a V/STOL aircraft however n a semi or wholly jet-borne phase it is vital to simulate the powered system.
The problem is compounded by the fact that vertical lift systems are often very difficult to model.

Fig 40 shows various types of engine installation and their exhaust properties. This is taken from Wulf and

w Melzer (51) which contains a discussion on engine simulation from which the following figures are taken. Fig 41
(;:; shows the strategy for choosing various models. Fig 42 shows the jet properties of the model and Fig 43 gives
o the advantages and disadvantages of these. It seems safe to say that the most common method up to now for jet
& lift aircraft has been the use of compressed air, to simulate the nozzle flow and with faired intakes. For
b conventional aircraft, model engines are popular. For a comparison of methods on a pylon mounted engine see
;{}‘ j Decker, Gille_tte and Teyeber (52). It is possible to simulate the mass flow, thrust or velocity by compressed air
Sg‘di;:' 1 motors, or ejectors but the physical properties (specific heat, temperature, etc.) will be different to that of real
yig exhausts.  Correct simulation of gas exhaust properties may be achieved by passing the air through a combustion
f_%;‘ 2 { | chamber up stream of the nozzle'or by burning fuel in a small combustion chamber inside the model.
< “?; !

%T}f : Typical model installations for air-blowing ejectors and tip fan are shown in Figs 44, 45 & 46.
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Thrust scaling

If a model could be constructed to produce an efflux at the full scale temperature, composition and pressure, then
it would be sufficient to produce a model propulsion system to exact scale to achieve the correct thrust,

momentum ratio and velocity simultaneously, With correct pressure and scaled area the momentum ratio will be
correct but temperature may affect the shape of the efflux as well as the rates of heat and mass transfer.

Tunnel interference

For references to this topic it is necessary to look at symposia on tunnel testing rather than V/STOL aero-

dynamics, for example AGARD CP 174, Wind Tunnel Design and Testing Techniques, London 1975. The

symposium has been used as a basis for much of the work in this section and in particular the papers of Carbonara

(53} and Cull (54).  The primary difficulty is that the jet efflux or propulsive wake will in general strike the

tunnel wall and may, if the efflux is sufficiently vigorous cause the forward stagnation point to move so far 3
forward as to separate and cause a vortex to be formed which will surround the impact point and will cause *
considerable interference with the model. It is possible to correct for such effects within himits. The limits

within which the flow is suitable for correction must depend on velocity ratios and tunnel/wall separation. In

general the limit will differ for all types of model and must be investigated experimentally. Typical

investigation include those of Tyler and Williamson (55) and Cull (54). Fig 47 shows some experimental data from

Cull (55) for a multi jet lift model. By piotting the stagnation points relative to the model the velocity margins

can be obtained.

Carbonara (53} discusses various criteria for establishing whether or not flow breakdown has occurred.  This is
summarised in Fig 48 which compares limiting conditions proposed by South (56) Turner (57, 58) Tyler and
Williamson (55) Owen (59) and Heyson (60). The presence of a tunnel wall when examining the flow around model
in ground effect is useful. It is important however to ensure that the modelling is correct, particularly with
regard to the provision of a moving ground. Turner (57) investigated conditions under which a moving belt
system should be used and fig 49 summarises his conclusions.
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