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WIND-TUNNEL WALL EFFECTS FOR V/STOL AIRPLANES WITH LIFT JETS

*R. Jenny and **B. H&ni

Swiss Federal Aircraft Factory, Emmen

Abstract

Lifting an aeroplane by vertically di-
rected jets can lead to severe aerodynamic
problems, such as lift loss, loss of sta-
bility, hot gas ingestion etc. Extended
wind-tunnel testing of such configurations
is therefore necessary. Although well
Iestablished wind-tunnel technics are
commonly used, there still remain important
questions unclear. Until now, not much
quantitative information is available on
the importance of wall effects.

Wall interference effects have been
computed by using known theoretical models
for a jet penetrating vertically into a
uniform parallel flow. After minor modifi-
cations of one of the jet models, it was
possible to study more complex jet arrange-
ments. In some cases, calculated boundary
corrections have been compared with measure-

ments in the wind-tunnel.

*Dr. ing., formerly Head of Experimental
Section, Research Dept., now President,
Tecifor AG.

**Dipl. ing., Engineer, Experimental Section

I. Introduction

(7)

According to Ref. a suitable test
section for V/STOL aircraft models has an
area of about 160 m?. We believe that
valuable testing in smaller wind-tunnels
can be made under certain conditions. How-
ever, more knowledge about the influence
of tunnel boundaries is required to decide
if a model of a certain size can be
successfully tested. Until now there is
only limited information available on the
magnitude of wall effects. This paper makes
a contribution to this knowledge by studying
wind-tunnel wall effects due to jets direc-
ted at large angles into a mainflow, e.g.
a situation as it is encountered in the
transition phase of a V/STOL aircraft with
1ift jets.

A-similar problem of these wall effects
occurs when testing aircraft models powered

by 1lift fans or 1lifting rotors. Heyson(3)

‘has developed a method for evaluating wind-

tunnel corrections in such situations.
Occasionally, this theory is also applied
to provide corrections when testing a model
with 1ift jets. But it is not evident that

this potential theory for propellers can



also be used to calculate the effects of
high energy 1lift jets.

Presently there exist some theoretical
or semi-empirical methods for describing
the interference flow field of a jet in a
parallel flow. Two of these are analyzed in
the present paper and are then used to de-

termine the wall interference.

II. Mathematical Models

l. Theoretical model I based on a universal
jet form

Early attempts to determine analyti-

cally the induced flow velocities due to a
jet penetrating at a right angle into a
homogeneous flow eilther considered the jet
as a semi-infinite rigid cylinder, placed
in an inviscid flow, or it used a simple
superposition of the parallel flow and an

undeflected jet. Both approaches could not

describe satisfactorily experimental results.

Later it had been noticed that the dominant
features of a flow penetrated by a jet are

‘two trailing vorteces on both sides of the

jet. These vorteces seem to be primary ge-

nerators of the induced velocities at large
distances from the jet.

Wooler(z) has developed a theory giving
the position and strength of the horse shoe
vorteces along the jet plume. The geometri-
cal form of the jet centre line is ex-

pressed by a universal formula:

x-— —-—
ao— B{cosh z/doB 1)

where B = 0,19(U4/U,)"

which is obtalned empirically. There exist
some similar expressions, published by
(6) Lhich lead to slightly

different results for the jet shape. It was

other authors

found that these small differences do not
strongly affect the results of downwash

corrections. It is further assumed that the

deflection of the jet is related to a pure-
ly inviscid flow mechanism and that the jet
momentum flux and the velocity remain con-
stant along the jet path.

From the curvature of the jet the nor-
mal force N on a jet element is then ob-
tained by writing the momentum balance:

N = ijszds/R
The relation between this force and the
circulation of the horse shoe vortex at the

jet element is:

d pU T''ds = pA.U,%ds/R
oPULT'ds = pAU %ds/

The two tralling vorteces are assumed to be
located at a distance of one half je£ dia-
meter do/z on both sides of the jet centre
line. Their circulation along the jet path
is then:

s
r = [T'as
o
The total effect of a deflected jet on
the mainflow is represented by this vortex
system. Magnitude and direction of the jet
induced velocities can be calculated at any

point.
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2. Theoretical model II including jet

entrainment

To cope with more generai jet configu-
rations, the theoretical model should also
comprise of the basic physical mechanism
such as entrainment, blocking and vortex
effects. This lead us to adopt a model
proposed by Wooler, Gallagher and Burghart(l)
which is in this respect more complete. For
a detailed description of this model refe-
rence is made to the author's original pa-
per. Here it is only summarized and more
emphasis is put on the modifications that
are necessary in our situation,

Considering a jet in a uniform parallel
flow a pressure force acts on a jet element.
This force per unit length is:

N = 2 2
N 0.5 CnpUmcos @Ad

It could be interpreted as a normal force
due to the crossflow. The coefficient Cn is
a constant. Its value of 1.8 is chosen in
analogy to the drag coefficient of an

(1) this force

elliptical cylinder. In Ref.
Ais used to calculate the jet centre line,
but it does not contribute to the interfe-
rence velocities. In our interference model
it is related to a vortex system which is
"bound"

to the jet path. Its strength per unit

assumed to be a horse shoe vortex

length is given by

2r' = CnpU;coszﬁ d/prdo

As will be shown later this effect must be
included to obtain the induced far-field
correctly.

The jet element also entrains material
from the surrounding mainstream by viscous
action. This entrained fluid having a mo-
mentum in the direction of the mainstream
also deflects the jet. In Ref.(l) an ex-
pression for the entrainmeﬁf is given:

E, (U.-Uesin®)C
1 +33Umcose/uj

(L)

E = pE,U _dcosd + g

El' E2, E3 are constants and C is the cir-
cumference of the jet. Wooler, Burghart

and Gallagher choose:

E, = 0.35 E, = 0.08 E3 = 30.0
The determination of the numerical values
for these constants seems to be somewhat
hazardous. Therefore the entrainment was
measured in our wind-tunnel. Although the
experimental method employed must be con-
sidered as rather rough, the results
correspond to Eq.(lj. (See Fig.2). In these
experiments a jet emerged through a circu-
lar nozzle of 0.1 m diameter with a Mach
number of about 0.6 into an open wind-
tunnel. The mass flow has been determined
by measuring the total pressure just out-
side the tunnel boundary where the static
pressure can be assumed to be constant and
the flow direction parallel to the jet
flow. The distance between jet exit and
the wind-tunnel boundary as well as the
angle between the nozzle axis and the main-
200

and 300). Measure-

flow direction have been varied (s =
and 500 mm, ©o_ = 0°
ments were also made with an oval-shaped
nozzle with the same exit cross section.In
Fig.2 the entrainments obtained are plotted
and compared to the values calculated with
the aid of Eq.(1l).
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Fig.2 Entrained fluid of a jet (m= 8)

——— calculated by Eq. (1)
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Writing now the continuity and momentum

equations for a jet element, one obtains:

p(d/ds)(AjUj) =E (2)
p(d/ds)(Ajuj)2 = EU_sin@ (3)

2 _ 2 2 (4)
ijUj/R = EU_cos0O + 0.5CnpUmcos 0

Observation of the development_of the jet
cross-section suggests that for
0<(z/do)(Um/Uj°)<0.3

the section is elliptical with a ratio of
minor to major axis linearly decreasing
from 1 at jet exit to 1/4 at:
do = 0.30, /U,
z/ 3o/

For cross-~sections further downsﬁream this
ratio remains constant = 1/4. The integra-
tion of Egs. (2), (3), (4) yields the ijet
shape.

The ‘interference velocities produced by
the-entrainmeﬁt afe éimulated by singulari——
ties (sinks). In this theoretical model the
total interference effects are a superpo-
sition of the effects of the vorteces and

sinks.

3. Comparison of the theoretical and

experimental interference field

Figs. (3), (4) and (5) show the mea-
sured near-field downwash angles. They are
compared with the predictions of the theo-
retical models outlined above. The flow
angles have been measured at an arbitrary
position somewhat downstream from the jet
exit on a line extending in the y-direction.
The mutual agreement of the two theories
and their agreement with the measurement is
‘evident. To determine which of the two theo-
ries gives the best results a more sensi-
tive experimental method would have to be
applied.

Figs. (6), (7) and (8) show again down-
wash angles of the near-field but on verti-
cal lines passing through the jet. Outside
the jet boundaries the flow angles are com—

puted by model II. Inside the jet bounda-

ries the flow is calculated from Egs. (2),

(3) and (4). The experimental points are

taken from measurements by Jordinson
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4. Extension of model II

Fig. (9) shows a jet in a three dimen-
y,Uz).
The origin of the coordinate system coin-

sional non uniform cross flow U (UX,U

cides with the jet exit. The x-axis points
in the general flow direction while the
z-axis is vertical. Let us consider a jet
element of length ds in the point Q of the
jet centre line. The £-axis of the coordi-
nate system §,n,r coincides with the jet

centre line and the n-axis remains parallel

to the xy-plane.
' Limiting us to small velocity compo-
nents Uy and small dy/ds the equations of

motion may be simplified to become:

2 o~
p(d/ds)(AjUj) Eszsina (6)
2 - 2
ijUj/Rxz Eszcosa + 0.5 Cnpszcos @ 767)

2 ~ -
ijUj/Rxy o E(Uy szsinasin(dy/ds)) + (8)

- in(3¥y)2
0.5 Cnp(Uy szsina51n(ds)) d

where a = € + 0
pEz(Uj:pxzsina)C

1+ Estzcosa/Uj

(9)

E = pEIszdcosa +

Fig.9 Coordinate systems

The integration of the equations of
motion is made, assuming that the develop-
ment of the jet cross-section is the same
as in the case of a parallel-flow.

The calculations of the shapes of more
than one jet are performed in an iterative
manner. Assuming tWo jets, the first is

computed as if it were in a parallel crcss



‘flow. The induced velocities of this jet
-added “to ‘the parallel flow, ‘become the in-
cident flow of the next jet. So this.one
can ' be ‘computed ‘and its interference velo-
cities are added to ‘the oncoming flow of
the first jet which inthe mext step will
be recalculated. The iterations are con-
tinued until the variations of consecu-
tively calculated jets become neglegible.
In most cases this is achieved after ‘two
or three iterations. The analogue proce-
dure is applied to get the shapes of'more
than two jets.

In Fig.(10) a photograph of the smoke
plume of a configuration of three.jets‘is
shown. Calculations of the centre line are
compared with ‘a photographed jet. The ob-
tained centre lines agree well with the ob-
served ones. The photograph ‘also visualizes
the configuration of the two trailing wvor-

teces along both sides of 'each jet.

Jet penetration. The main ‘difficulty occurs

when one jet penetrates another. Although

the mathematical model does not describe

“the :actual mechanics of shear flow accura-

tely, it has also been used to calculate

the jet path through the penetration zone.

In many cases of practical interest the

jets do not have egual dimensions :at the

crossing point. The problemmay therefore
be separated into two ‘cases which both can
be ‘calculated with -the aid of model TI.
1. The ‘jet to be calculated penetrates
a wider jet. _
2. The jet to be calculated circumflows
assmaller Jjet.

1. The section fo'the smaller jet laying
inside the wider jet is assumed to be-
have -as in ‘the 'case of a~parallel Tlow
with the velocity and direction of thé
circumflowing jet. Its centre line in
the crossing region is calculated from
the ‘equations (2), (6), (7), (8), (9)
substituting L by ‘the jjet wvelocity of

the circumflowing jet.

e

“The ‘circumflowing ‘jet itself ‘experiences
‘tHe ‘reactions ‘of ‘the ‘smaller jet. Basi-
‘cally ‘these reactions rare generated by

+the ‘singularities (sinks, vorteces)

-according to the theoretical model. In
'thiSwsimpleﬁanalysts'the'three-dimensioﬁal

"Fig.10  Configuration of il
3 Jets viewed e ol

“Fig.ll

Fig.12




flow distortion cannot be taken into
account, but it was assumed that the hy-~
pothetical centre line of the circum-
flowing jet deviates corresponding to
its momentum and mass flux change as
given by the following equationé:
p(d/ds) (AjUjh = - E;

p(d/ds)(AjU;)l - EzUjlsina -

0.5 CnpUglcossadz

p(AjUg)l/Rl =-0.5 CnpUglcoszasinadz

Subscribt 1 designs the circumflowing
jet, subscribt 2 the penetrating one.
Additionally the outer flow acts on

the penetration zone as a whole. Its effects
i.e. momentum and mass flux contribution,
are distributed on the individuai jets
according to their spatial share of the
penetration region. This is achieved by in-
/(dy + d,)
into Eqs.(2), (6), (7), (8), (9). In this
way the individuality of thé

troducing a factor q =ya? + 4}

jets can be
preserved which is necessary to allow the
jets to separate again after the crossing

process. In an analogous way this theory
can be extended to the penetration of more

than two jets.

In Fig.(ll) an arrangement of two jets
one behind the other is shown. A jet with
initial velocity ratio m = 10 is penetra-
ting one with m = 6 exhausting in a distance
of 10 do upstream. The calculated jet paths
agree well with experimental ones.

The interaction of'threé-jeté with
equai momentum flux.m = 6 are shown‘ih
Fig.(1l2) . The distance between the nozzles
is 3 do. Having a very big exteht of "pene-
tration zone" the mutual interaction of the
three jets is considerable. The development
of the path of an undeflected jet with the

same momentum flux is also marked.

ITI. Wall Effects

1. Single jet

In the previous sections it has been

shown that there exist mathematical models

. which describe jet paths and the interfe-

rence flow pattern rather closely. Using
the classical method of images the effects
of various tunnel boundaries can be calcu-
lated. |

Considering a single jet beginning in
the center of a rectangular wind-tunnel
with closed boundaries the corresponding
image jets must be arranged as shown in
Fig. (13) to produce a flow surface matching
the tunnel boundaries. The wall effects may
be interpreted as the flow field of these
"image jets". In an analogous way the
effects of an open tunnel boundary are ob-
tained.

Fig.(14) shows the wall induced down-
wash angles (8§ = arc tgw/U ) at the centre
of a closed and open test section for a
single jet exhausting at the centre of the
wind-tunnel. The different lines plotted
correspond to different velocity ratios
m = Uj/Um. These results are obtained by
using the jet model I. The comparison with
analogous results of the theory II is shown
in Fig.(15). The downwash predictions of
theory I exceed the results of theory II.

In Fig.(16) the tunnel boundary inter-
ference calculated accordihg to the origi-

(1)

nal model of Ref. is compared with that

of model II. It operates with a distribu-
tion of sinks and doublets. Its wall effects
seem tb be too small considering our expe-

rimental investigations which which are

described below.

We tried to verify these wall effects
experimentally. As they are relatively
small the test arrangement had to be chosen
very carefully to yield results with the
required accuracy. Instead of measuring the

tunnel boundary effects themselves it was
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believed sufficient to measure the diffe-
rence between the effects of an open test
section and a test section with a bottom
only. This allowed a quick and simple

change of the tunnel configuration which
could be performed without disturbing the
running conditions of the jet and wind-
tunnel. Fig.(17) shows the test arrangement.
A single jet with exchangeable nozzles of
different diameters is mounted in the centre
of an open test section. The air is supplied
through a vertical pipe from a compressor.
At some jet diameters downstream there is

a wing nounted on a balance. By measuring
the 1lift with and without tunnel ground-
board, an average downwash angle due to
altered wind-tunnel boundaries can be de-
termined.

In Fig.(18) these experimental results
are compared ﬁith the corresponding theore-
tical predictions of the two models. If we
take into account the accuracy of the ex~
perimental points, they do not contradict
either of the two theoretical models, al-
though the results of model I seem to fit
better to the experimental results. There
exists a certain difference between the
results from model II and those that were
obtained experimentally. Model II would
permit an adjustment within certain limits
e.g. a small diminution of the rather
roughly determined entrainment yields rela-
tively large wall interferences, because
in Eq.{(7) a smaller E demands a bigger Cn
to give the same jet path. This would cause
an increase of the circulation TI' which
would together with am attenuation of sinks
intensify the wall effects and reduce the
difference to the experimental points.

See Fig.(16). Also a certain blockage
effect could be taken into account. We do
not believe that an adjustment of model II
should be based only on these measurements.
More experimental data with higher accuracy
must be available. Actually we are deve-

loping a new system to measure flow angles
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‘ | ’\[‘ l '\f | with much more precision.
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| At the moment the wall effects of a
}______ ________| single jet may be calculated using the

, l - first theory. It does not only seem to
| J\, J\_, JL | yleld results closer to the experiments but

Fig.1l3
— —_— it is also simpler in its application.
A A A
| | ’ ' | 2, Multiple jet configuration
g0 -l Wind-tunnel tests with single jet con-
figurations are of rather limited interest
-0,4

) because most of the V/STOL designs use
closed [wind tunnel
several 1lift engines or at least several

m=10
\ distinct 1ift jets. If no significant in-

™
-0,2
6 teraction occurs between the different jets
\ 4\ \ i
\\ or between the jets and the tunnel bounda-

ries, the wall effects can be calculated by

0 H/d
20 40 60//_§L———- / °superimposing the effects of single jets
/// obtained by the theory outlined above. If
v A A ] interactions are important the wall effects

calculated in this way must be considered
as rough approximations. As explained in

part (II.2.) only the model II can repre-

>4 ! 4 sent mutual interactions of the different
/ open. |wind tunnel jets. Although no satisfactory experimental
a verification of model II could be achieved
to date, it is applied to study the effects
Fig.14 -  Wall effects (model I) of the mutual interactions between the jets
- on the wall interferences.
5 The three examples of part (II.4.) (see
= Figs.(6), (7), (8) ) are considered.
closed |wind tunnel Figs.(19), (20) and (21) show the calculated
wall effects. They are compared with a
s simple superposition of the effects of
- single jets neglecting mutual interaction.
—\\—;\:;2 The simple superposition of the effects of
= _ ———="%° two individual jets leads to about the same
:/ -7 results as a computation that considers the
- mutual influence; in case 1 as well as in
Lyon case 2.
open wind tunne! But in the third case (see Fig.(12))
where three jets exhaust in a distance of
i 3do one behind the other, the interaction
==~ |model I is essential and therefore the wall effects
—— |model IT
5 in Fig. (21) are different.
Fig.15 Wall effects
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IV. Conclusion

Wall effects for 1lift jets have been
calculated with two different theoretical

models.
A comparison of the theoretical predic-
tions with experimental wall effect measure-

ments seem to indicate that the simple mo-

10

del I simulates the far-field of the jet

interference better than the more elaborate
model IXI.

By modifying the entrainment constants
in model IT and including a blocking effect
of the jet, the far-field simulation could

be improved.

By generalizing the second model jet
arrangements with mutual jet interactions

can be calculated.

It was found that in many practically
important configurations a superposition of
the wall effects of single jets 1is suffi-

cient.

V. Nomenclature

a ratio minor axis to major axis of
elliptical cross section

jet cross-sectional area
circquerence of jet cross section
load coefficient

[oT e N o B

diameter of circular Jjet cross
section or length of major axis
of elliptical jet cross section
jet entrainment
l'E2'E3 entrainment coefficients
velocity ratio
normal force on a jet element
local jet radius of curvature
coordinate along jet centre line
undisturbed mainstream speed

local jet speed

£ o adan ™ Z 3 © 9

- .

induced velocities in the X,Y,Z-

<
£

direction

angles defined in Fig. (1) and (9)
0+ €

density of jet and mainstream fluid

circulation of trailing vorteces

-2 3 0 R ©

! circulation per unit length



Subscribts

(1)

(2)

(3)

(4)

(5)

(6)

(7)

conditions at the jet exit

conditions at infinity
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