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SUMMARY

Measurements have been made of the static pressure distribution on the
wall around a circular jet exhausting normally from one wall of a wind tunnel
into the mainstream flow through the tunnel, The measurements show the way
in which the pressure distributions vary with the ratio of Jet to free-stream
velocity and also show the regions on the wall which contribute most to the
overall suction force on the wall, These overall suction forces are shown
to be of the right order of magnitude to account for the 1lift loss observed
on models of direct jet 1ilt VTOL aircraft,

Theoretical work on the problem is briefly discussed and it is shown
that a particularly sinple model of the flow which has previously been

suggested on a number of occasions is not really adequate,

Replaces R.L,E, Technical Note No. Aero.2978 - £.R.C, 26 392,
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1 INTRODUCTION

When a circular jet exhausts normally from the lower surface of a wing
at forward speed, a pressure field is set up on the wing which invariably
gives rise to a loss of 1ift on the wing compared to the case when the jJet is
ebsent, This phenomenon is obviously of interest in relation to the perform-,
ance of direct jet 1lift VIOL aircraft in the transition phase of flight and
has previously been studied by measuring the overall 1lift forces on a number
of models of VTOL aircraft., This work has led to some appreciation of the
importance of the ratio of jet to free-stream velocity and also of wing and
jet geometries, but little of the furdamental mechanism of jet interference
can be ascertained {rom these mcasurements, It was therefore decided to study
in more detail the much simpler case of the aerodynamic interference between a
jet exhausting normally from an infinite wall and a mainstream flow over the
wall,

Experiments have been carried out in which the static pressure distribu-
tion has been measured on the wall around a jet exhausting effectively from
one wall of a wind tunnel into the mainstream flow through the tunnel.
Although the Jjet path and structure are of condiderable interest in this
problem, the primary object of the experiments was to observe how the
pressure distributions on the wall changed with the ratio of Jjet to free-
stream velocity and also to find which regions around the jet contributed
most to the suction forces on the wall, The integrated suction forces on
the wall have also heen compared with direct measurements of 1if't loss on
models of direct jet 1lift VIOL aircraft (Section 4, 3). In addition to these
principal studies, results are reported on some experiments on the effect of
wall boundary layer thickness (Section L,2), Reynolds number and pressure
ratio (Section 4, 4),

Theoretical work on the jet interference problem has made some progress
and details of this work will be reported fully in a future note, However, a
particularly simple 'solid blockage/sink entrainment' model of the flow which
has been suggested on a nwmber of occasions »7 is discussed in some detail in
Section 5 of the present vaper, It is argued that this model is not really
adequate,

2 INITIAL CONSIDERATIONS

It seems relevant at the outset to consider a framework into which the
experimental work can rcasonably be fitted, ‘e will consider {irst the case
of an incompressible jet of air at ambient temperature exhausting at right
angles into an airstream (velocity = U1) from a circular orifice (radius = a)

in an infinite wall (sce I'ig.1), It is assumed that, in the absence of the

jet flow, the boundary layer on the wall would not develop appreciably over

the region influenced by the jet so that it is possible to specify the boundary
layer by a single thickness parameter, say the momentum thickness of this
undisturbed layer. The boundary layer is also assumed to be turbulent and
always of a sensibly constant profile shape. Dimensional analysis for the
static pressure P on the wall gives then
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P - P1 PJ - P1 U15 U1a
> = function of <§ , ¥, , s = > (1)
V.
z 0 3 e ! !

where P1 ard PJ are the free-stream static and jet supply pressure respectively,

Py and v, are the air density and kinematic viscosity respectively and r and ¥

are cylindrical co-ordinates defined as shown in Fig,1, However, if the
Reynolds nurbers are sulficiently large, we may expect the flow to become
independent of the Reynolds numbers and we may then write

c = - P1 - F ES v u 8 (2)
Py Ul - a’? '’y U2 ’a
_2—91 1 2 Py 1

In cases of practical interest, 6/a is of order O,1 say, so that the
dependence of the pressure coefficient CP on this parameter is probably weak

over the range of values normally encountered in practical problems of Jet
interference,

It is also to be noted that in this incompressible {low PJ - P1 =
%-p& U32 where p} and U} are the jet density and velocity if the jet had
exhausted to free-stream static pressure, Naturally, because the jet is both
Pr- % 2 42
'cold' and incompressible, p ) = py and ——% = (U:T /U1> . If the jet
1
2pq Uy
flow is compressible or at a different temperature from the free-stream, the
above dimensional arguments are more complicated, However, intuitively, we
might expect for a given nozzle size that the jet path and the induced flow

around it would depend primarily on the momentum flux ratio, p& U&?/b1 Uf

and, therefore, equation (2) would still be valid provided we replace the

t 12
L L
parameter U2 by 5 . Here the results of some cxperiments by Ricou
1

Py 0y Py Y
and Spalding1 are relevant since it was found that the mass flow entrained
into axi-symmetric Jjets exhausting into stationary air depended only on the
jet momentum flux irrespective of the Jet density,

Ve may conclude these dimensional arguments by re-stating the simplest
resulting relationship between the various parameters, namely

2

pLU’

T J_J

CP = 1(&’]#’ U2> (3)
Py 7

To proceed beyond the dimensional arguments leading to equation (3), it
is necessary to make further assumptions about the nature of the flow,

-5 -
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Since no exact method of solution is possible, a simplified tractable model
of the flow must be constructed, Some consideration to this problem will be
given in Section 5,

The overall suction force on the wall can be represented in two ways,
On the one hand, we may define a suction force coefficient given by
2% r/a

6y = Suction forz;e =__:? f f o -Z—d<§> ay (L)
=P U2 na
171 o 1

which is roughly analogous with a negative 1if't coefficient on a wing,
Alternatively, we may present the results in the form of the ratio of the
suction force, 3, on an area of the wall to the thrust, TJ, from the jet if

it exhausted isentropically to free-stream static pressure. This ratio is
related to the suction force coefficient by

p
ST R Y (5)
T L g2 S

Ps"g

3 MODEL DITATLS

The experimental programme vas carried out during the latter months of
1962 in the No.1 114 ft x 8% Ft low spced wind tunnel at R.A, B, Farnborough.
The apparatus, shown in Fig.2, consisted of a platform 6 't x 7 £t which stood
3,5 inches above the tunnel floor and from which the jet exhausted normally
into the mainstream, The centre section of the platform comprised a Tufnol
sheet preceded by a pad of porous plastic material mounted flush with the surface,
Some control over the boundary-layer thickness at the position of the jet exit
was obtained by applying suction to the porous surface. Suction was provided by
a 3 h,p. two stage centrifugal fan capable of removing approximately 300 cu Tt
of air per minute againzt a pressure of 30 inches of water, This was just
adequate for the purpose of the experiment,

The Jjet exhausted through a 1 inch diameter orifice at the centre of a
Tufnol disc (diamcter = 16,75 inchcs) which had a radial row of 15 static
holes, A complete picture ol the surface pressure distribution could thus
be obtained by rotating the disc, The static pressures were measured on two
banks of inclined manometers, Near the jet, where the pressures were largest,
ordinary inclined manometers were used, but pressures at the disc edge were
measured on a bank of special inclined manometers developed by Bryer at the
N.P.L. which could be used lor accurate measurement at angles as low as 17,
All manometers were calibrated against a standard Betz manometer before and
af'ter test runs,

The jet was supplied from a 3 inch diameter pipe via a short contraction.
Since the length of parallel 1 inch diamecter pipe preceding the jet exit was
only 2,5 inches, the theoretical iscntropic mass flow and momentum flux obtained
from the measured stagnation pressure should not differ from the actual values
by more than 5. (sece, Cor example, Vood?),

-6 -



Pressure gradients over the wall in the undisturbed mainstream flow were
quite negligible, The static pressure cocfficients were obtained by measuring
the differcnce in static pressure at any point with and without the jet flow,

L BEXPCRIMUNTAL RESULTS

Lot Scope of tests

The experiments consisted of the following tests,

(1) At U1 = 60 Tt/sec, some static pressure measurements were made

along radial lines at OO, 90O and 180° to the {ree-stream dircction at
different values of the boundary layer parameter, 6/a, to assess the effects

P.-P
of this parameter, These tests were carried out with ﬁJl———a% =2, 4 and 8,
2Py Uy

Tests were also carried out with a 3 £t long 1 inch diemeter circular cylinder
inserted into the jet orifice,

(ii) At U, = 60 ft/sec and 6/a ~ 0,3, measurcments of static pressure
P; - P,
all round the jet withJ-——————L =2, 4, 8 and 12 and with the circular
1
z Py Uy

cylinder, enough points being taken to evaluate the pressure integral given
as equation (4) in Section 2, :

(iii) With U, = 60 ft/sec and 120 ft/sec, static pressure measurements

were made along radial lines at OO, 90o and 180° to the free-strcam direction

with nine values of Y ranging from 2 to 12 and also with the circular
5 U
1

cylinder, The purpose of thesc tests was to obscrve the eirfects of Reynolds
number and liach number, ’

(iv) Uith U1 = 0, the static pressures on thc wall due to jet entrain-

ment alone were measured,

(v) Some flow visualisation tests on the wall surrounding the jet
were madc,

L2 The cffect of boundary laycr thickness

In Fig,3 arc shown the boundary layer profiles, together with the
respective values of the displacement thickness 8% and momentum thickness ©
encountercd in the tests, The suction facilities limited the tests to a
minimum value of 8/a ~ 0,3 at 120 ft/scc and the majority of the later tests
were carried out with this boundary laycr thickness cven at 60 ft/sec,



. o)
o Figs,) and 5 show the pressure distributions along radial lines at O,
90~ and 180" to the free-stream direction for the flow around a circular
cylinder ard a jet with U&/U1 = 8 and for :hree values of 6/a, The free-

stream velocity was 60 ft/sec in these tests, There is clearly a measurable
effect of the parameter 6/a but these effects are detailed rather than gross.
It seems reasonably certain therefore that the main features of the pressure
distributions with e/é ~ 0,3 are representative of pressure distributions
obtained with practical values of 8/a%, Although second order differences of
uncertain magnitude must be expected, they should not be so large as to
invalidate any of the main conclusions of the present work,

L.3 The pressure distributions ard overall suction forces

As mentioned in Section 2, it is necessary to form a model of the flow
if theoretical work is to proceed beyond simple dimensional arguments, One
of the simplest ideas that has been suggested on a number of occasions is to
assume that if Uj >> U1 then the jet can be replaced, as far as the pressures

on the wall are concerned, by a semi-infinite circular cylinder, Under these
circumstances, equation (3) becomes simply

G, = function of (g , ¥) only (6)

and the suction force coefficient takes on a constant value, It was with this
simple idea in mind that the static pressure distribution around a circular
cylinder was included in the present experiments, However, from Figs.7 to 11
which show in polar form lines of constant static pressure coefficient around
a circular cylinder and jet with Uj/U1 = 2, 4, 8 and 11,3%% respectively, it

is apparent that the simple circular cylinder analogy is inadequate. Not only
do the static pressure distributions around the jet differ {rom that around the
circular cylinder but they also differ from onc another thus showing a strong

dependence on the paramcter U}/U1. In consequence, some alternative to the

simple idea discussed above must be found and aspects of this problem are
discussed later in Section 5. It is also relevant to compare the pressure
distributicn around a circular cylinder obtained from potential flow theory
(Fig.6) with the measured distribution (I'ig,7). Clearly, there is not much o
similarity between the two distributions dovnstream of an angle, ¥, of about 457,

“Values of 6/a for practical jet lift installations are roughly in the
range from, say, 0,02 to 0,2,

**Because the [low in the bulk of the tcsts was essentially incompressible

Cons . 2 2
no distinction has been made between U&/U1 and Aﬁ)& Uj /p1 U1 . However,

conpressibility effects are beginning to have an effect for

at U1 = 60 f,p,s, and the value of U&/U1 = 11,3 actually refers to the square

roct of the momentum flux ratio rather than the velocity ratio as suggested in
the text.
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Also, of course, the measured static pressure at the front of the cylinder
does not reach stagnation pressure becausc of boundary layer effects,

As a first step towards calculating the overall suction force

r/a

coerficients, CS, the integral /I CP E-d(i) was evaluated from the experi-
1

mental results at the various stations around the jet for values of r/a of 5,
10 and 15, The distributions of this integral for the circular cylinder and
the four jet velocity ratios studied are shown in 1ig,12 which may be thought
of as showing the contribution to the overall suction force coefficient per
unit angle around the jet., It can be sesen that the angular region which makes
the major contribution to the suction force coefficient moves forward (i.e.
upstream) with increasing jet velocity.

The overall suction force coefficients were cbtained from Fig,12 by find-
ing the area under the respective curves (c,?f, equation (4)) and the resulting
values are shown in Fig,13. The main feature of these results is that, for the
larger values of U&/U1, the suction force coefficient shows an ever decreasing

dependence on U&/U1. Tor example, for r/a = 5 and U&/U1 > 4, the suction-force

coefficient takes on an apparently constant value of about 11. In the case of
r/a = 10, the suction force coefficient appears to be roughly constant at a
value of about 25 for U&/U1 > 8, 1In the case of r/a = 15, although the suction

force coefficient has not attained a constant value even at U&/U1 = 11.3, it

would appear to be following similar trends to the other two values of r/a,
However, it should be recalled that the pressure coefficient fields giving
rise to the apparently constant values of the suction force coelficient are
not themselves unchanging (see Migs.8 to 11), Thus, although the suction
force coefficients may appear constant, the pitching moment coefficients, for
example, are not,

Integrated 1ift losses from the present results can usefully be compared
with direct measurements of 1ift loss on a direct jet 1lift VIOL model, In
Pig, 14 values of the parameter S/TJ from the prescnt experiments are compared

with values obtained by—Jood3 on a simple model comprising a single jet in a
fuselage with a small delta wing., The forces on the finite wing and on a
comparable area over the infinite wall seem Lo bc very similar., This suggests
that, for the area ratios cncountered, the 1lift loss on finite wings occurs
primarily as a result of a vressure [ield on thc lower surfaces of the wing
which may not be very different {rom that found on the infinite wall, However,
until static pressure measurements become available on finite wings, it is not
possible to be sure about this point.

Leli The leynolds numbor and pressure ratio effects

A few tests were carried out in which the pressure distribution directly
upstream of the Jjet at ¥ = 0 was measured for a wide range of Jet speeds at
two tumnel speeds of 60 ft/sec and 120 ft/scc, The boundary layer thickness
was constant at 6/a = 0,3 for both tumnel spceds, Although these tests were

-9 -



not comprehensive, they showed that there was only a very small effect'of the
two fold increase in Reynolds number and, in the case of compressible jets,
it seems that comparison of pressure distributions on the basis of a momentum

flux ratio, pj U&z/'p1 Uf, as suggested in Section 2, is not unreasonable., In

order to obtain more substantive results over a wider range, some further
work on these aspects is planned, With regard to the Reynolds number effect,
it can be argued that, provided both the jet flow and wall boundary layer are
turbulent, the Reynolds number effect may reasonably be expected to be small,
The suggestion that some critical Reynolds number effect similar to that
found for flow around a circular cylinder may occur! seems quite untenable on
physical grounds,

4e5 Tlow patterns

Although a detailed investigation of the flow structure was not under-
taken, a few simple flow visualisation tests were made on the wall surrounding
the jet. The results of these tests for the circular cylinder and Uj/U1 = 2,

4 and 8 are shown in Fig,15, In each case 6/a ~ 0.3. A region of separated
flow at the front of the jet is visible and the extent of this region apparently
diminishes with increasing jet speed, This is consistent with the reduction in
the severity of the adverse pressure gradients at the front of the jet fourd
with increasing jet speed, Also of interest is the "sink" effect of the jet
which is causing the flow streamlines to turn in behind the jet. The precise
cause of the curious flow pattern downstream of the jet, particularly with

Uj/U1 = 8, is unknown but the most likely explanation is that it is a region

in which the wall boundary layer is separating and being draym up into the
Jet, Support for this idea comes from the work of Jordineen® and a few
isolated measurements in the present experiments in whiun it was found that
the total head of the flow behind the jet was less than the free-strcam total
head even scveral jet diameters above the wall, It has becn suggested that
this low total head region is simply the wake of the frec-stream flow past
the jet but it is difficult to imagine how the jet flow with a total head
higher than the frec-strecam value can causc a reduction in the free-stream
total head, It scems morc likely that the low total hcad is caused by wall
boundary layer air being drawn up into the jet as suggested.

Some observations of' the flow with a tuft did not reveal anything
unexpected, The most merked fcature of the flow arc the two contra~-rotating
vortices to either side of and slightly below the jet and which are apparcnt
in the measurcments of JordinsonC,

5 SOME ASPECTS OF THEORITICAL MODELS OF THi FLOW

The simple circular cylinder analogy with the jet has already been showm
to be inadequate (Section 4, 3). However, before discarding such a concept
completely, some claboration seemed worthwhile by rcpresenting the jet by a
constant geomctry blockage rather than a simple circular cylinder together
with a line distribution of sinks along the axis of thc blockage simulating
the entrainment into the jet. It will be shown in this scction that even with
these refinements, this model still does not scom adequate but the analysis
is nevertheless worth discussion to illustrate the difficulties and failings

- 10 -



of this approach to the problem, Briel details of an alternative and quite
different model which has had a greater measure of success are given at the
end of -this section,

In the 'blockage plus sinks' representation of the jet, the constant
geometry blockage is still assumed to be perpendicular to the free-stream
direction in view of the restriction to high values of U"I/U1 but it is not

now assumed to be parallel sided in the way that a circular cylinder is,
Since the constant geometry blockage term alone would give rise to a constant
static pressurec coefficicnt field, it is necessary to check the validity of
the flow model by showing that the observed changes in the static pressure
coefficient field with velocity ratio arisc from the cntrainment into the jet
as simulated by the linc sink distribution, Ve will begin by considering
some of the basic consequences of the proposed model, The resultant velocity
of the potential flow adjacent to the wall may be written

¥ =T +71

5+ Ug (7)

ﬁﬁ is the velocity vector duc to the blockage and free-stream flow, ﬁé is the

velocity vector due to the line sink distribution and will be directed
radially inwards towards the jet orifice and will also be radially symmetric
such that

T | U
=S . function of <~£ ,-£> (8)
UJ U1 a

Now, the static pressure cocfficient can be written as

A 1A G N A A 5
A A ’

where § is the angle between the velocity veotor'ﬁB and'ﬁs. Substituting this

expression into cquation (&) Cfor thc suction force coefficient gives

Cg = Cg +C (10)

where CSB is the suction force coefficient due to the constant geometry block-

age alone - which is a constant - and CS is the suction force coefficient duc
S
to the line sink distribution alone - which will depend on the velocity ratio,

1
UJ/U1.

Whzn the velocity ratio, U&/U1, becomes very large, the centraimment into
the jot will approach that of a Jjet exhausting into a stationary atmosphere

- 11 -



and will therefore tend to become indeperdent of the velocity ratio., Since
the constant geometry blockage ‘argument is restricted to large values of
U&/U1, we may as a first estimate of the entrainment function re-~write equa-

tion (8) simply as

= f(i) only (11)

A

where the function f(r/a) can be determined from the entrainment properties
of a jet exhausting into a stationary atmosphere, In Appendix 1 a semi-
empirical analysis is given in which this entrainment function is determined
and in Pig,18 it is shown along with some experimental results that will be

discussed shortly,

In equation (9), the angle B between the velocity vcctors.ﬁB and.ﬁs is,

in general, un%nown because no form for the blockage termohas yet been given,
But when y = 0~ (i.,e, directly upstream of the jet) B = O also and we may
write for the static pressure coefficient

BRI

2
U1

C = 1

or, using equation (11) for the sink velocity, |ﬁé|,

U T
- J B
h-cp = ﬁ;f(i{‘) A (12)

Since the 'blockage' is assumed to be independent of Uj/U1, the equation (12)
shows that a simple test of the above ideas is provided by plotting values of
Vi~ CP against velocity ratio, U&/U1, for different values of r/a, If the

flow model has any validity, these graphs should be linear for large values of
Uj/U1 with slopes equal to the local value of the function f(r/a) and inter-

cepts with the V71 - CP axis equal to rﬁb|/U1. It will be recalled that for
¥ = OO, static pressﬁres were obtained for values of U&/U1 ranging from 2 to

roughly 12 and some of these results are plotted in Fig,17 in the form
suggested by the equation (12), TFor large values of U&/U1 the experimental

results are apparently in rough ac-cord with the cxpected linear form, though
the results are not suificiently accurate to give very reliable values of

either |ﬁ£|/U1 or the function £(r/a), Nevertheless, the comparison in Fig,18

between these experimental valucs of the function f(r/a) with those obtained
thecoretically for still air (U1 = 0) from the analysis of Appendix 1 shows

that the cxperimental values are at least of the right order of magnitude,
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Also shown in Tig,18 are experimental values of the function f(r/a) obtained
from static pressure measurements with U1 = 0 (i.e. jet exhausting into a

stationary atmosphere), Under these circumstances, the static pressure field
arises solely from the entrainment into the jet amd it is easy to show that

> |2
P -7 (v 2,r
C z ——— = —_— = f(“)
PJ it Utz U'2 a
2P Y5 J

The agreement between these experimental results and the analysis of Appendix 1
is again quite reasonable in view of the difficulties attendant in the measure-
ments of very small static pressures, '

From the preceding arguments, therefore, it seems so far that the concept
of the constant geometry blockage plus sinks representation of the jet is not
unreasonsble, The problem of defining the constant geometry blockage term must
now be resolved, The suction force coefficient over circular areas due to the
sink distribution alonc may be written

r/a

Then, using the values of the function f(r/a) obtained from the analysis of
Appendix 1, we obtain the values of CS given in the following table
S

r/a
r/a / fz(f) aE) 10t Cq
1 S
5 333 0,0066 (U1/u,)
10 57.8 0.0116 (Uﬁ/U1)2
15 75.7 0.0152 (U}/1,)°

Now, according to equation (10), the overall suction force coefficient is the
arithmetic sum of the suction force coefficient due to the blockage alone,
CSB, and the suction force coefficient due to the sinks alone, CS . By

S

reference to Fig.13 and the table of values of CS , the contribution to the
S

overall suction force coefficient from the entrainment is seen to be very
small, Consequently the overall suction force coefficient must result almost
entirely from the blockage term and the fact that it is roughly constant for
large values of Uj/U1 would seem to ve additional evidence in favour of the

proposed model, However, the difficulty with the model really comes when we

- 13 =



attempt to determine a suitable constant geometry blockage. The obvious
choice of a circular cylinder is easily disposed of because the suction force
coefficients obtained from measurements around a circular cylinder give the
values of 2,94, 3.99 and 4.54 for values of r/a of 5, 10 and 15 respectively.
By comparison with the observed values eround the jet, these are much too
small, Potential flow theory for flow around a circular cylinder gives

2,2
Cg = 1 -a /r

so that CS-4 1 as r/a - o which again is far too small. Therefore, simple

ideas on the blockage are not adequate and the problem arises of determining

a blockage made up of a distribution of doublets, say, which gives reasonable
values for the suction force coefficients and yet which is also physically
realistic. Unfortunately, there is no tangible starting point for this search
and little progress in this direcction has so far been made. Furthermore,
purely on intuitive grounds, it is difficult to imagine a physically realistic
blockage giving suction force coefficients many times larger than a circular
cylinder flow and, in spite of a number of points in its favour, it would seem
that an approach to the problem along thc lines discussed is not satisfactory.

Finally, it should be pointed out that an alternative and quite different
approach to the jet interference problem has been made by P.T. Wboler“. It
secms that this approach might prove morc realistic and future papers are to
be published on its development.

6 CONCLUSIONS

The simple but precise experiments described in this Note have revealed
extensive low pressure regions on the plane wall surrounding a circuler jet
exhausting normally into a mainstrcam flow, particularly to the sides of the
jet. The suction forces which are generated are of the right order of magni-
tude to account for the loss in aerodynamic 1ift which has been measured on
complete models of simple aircraft configurations with a single lifting jet.
This suggests that, for the area ratios encountered in the present Note, the
1ift loss may come primerily from e modification to the wing lower surface
pressure distribution and that the latter may differ little from the distribu-
tion found on the infinite wall,

The angular region which makes the major contribution to the suction
force on the wall depends on the ratio of the jet to the free—stream velocity.
For example, at a velogity ratio of 2, the major contribution comes from an
angular region from 90 to 180° to the free-stream direction, whereas at a
velocity ratio of 11,3, the pattern has been effectively pulled upstream and
the important region is from 30° to 120°.

The representation of the jet by an equivalent constant geometry block—
age with a line distribution of sinks to simulate entrainment has been investi-
gated. Jlthough there is a measure of qualitative agreement between this model
and the experimental results, it is shown that difficulties arise when an attempt
is made to obtain quantitative agreement and these difficulties are such as to
cast some doubt on the adequacy of the model.
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SYMBOLS
static pressure
free-strcam static pressure
Jjet supply pressurc
frece-strcam velocity
jet velocity when cxhausting te free-strcam static pressurc
density of frec-stream air
jot density when exhausting te frec-strcam static pressure
kincmatic visceosity of frce-stream air
anglc defined in Figed
radius freca jet nczzlce centre
radius of Jet nczzlc
static prussure cocfficient bascd on frec-strcam dynamic head
boundary laycr mementum thickness
suction-forcc coefficicnt
suction-force on an arca of wall
jet thrust whon cxhausting to frei-striam static prossure

velocity vector due tc a constant geometry blockage

velocity vecter due to the sink distribution
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APPENDIX 1

REPRESENTATION OF LNTRAINMENT INTO AN AXT-SYMMUTRIC JBET

BY A LINS DISIRIBUTION Or SINKS

The flow of an axi-symmetric jet exhausting into a stationary atmosphere
can usefully be considered as comprising two regions, namely (a) a potential
core region near the jet nozzle and (b) a fully turbulent region further down-
stream - see Fig,16(a), 'The entrainment in these two regions must then be
formilated,

(a) The potential core region

el
Mass flow in the jet, ¥ = 2mp j dr dr

o

o0
20U, 4 2 Ur dr (A1)
= R®r_ pUjy + 27p r

r
c

where Ty is the co-ordinate of the innermost edge of the free-mixing layer,

The velocity profile in the mixing layer is assumed to be everywhere similar
and may be written in the form

U = Uy £(n) (a2)

where f(n) is a universal function of 1 = (r - rc)/ﬁo 5 Where b4 5 is the
value of (r - rc) at which U = UJ/Z.

Substituting equation (A2) into (A1) gives

oo [><]

r \2 S 2 r o
R RECT I IR RPPE Y PP
o o a (¢}

where MO is the mass flow of the jet at the nozzle, In a two-dimensional free-

mixing layer, the shear layer spreads linearly with distance downstream, x,
Pfor convenience, therefore, we will also assume that

r )

L . - X} . L5 _ X

a (1 aa) ’  a = P a (A4)

where a and B are constants, Using equation (A4) in (A3) gives
[+1o] (]

* 2 2
M X 2/X p X
ﬁ;=<1-ag—>+2ﬁ(;)[nfdn+2f3;<1-a;>/ofdn (A5)

Values must next be assigned to « and B and a form for the function £(n),
- 17 -
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Appendix 1

The velocity profile function can reasonably be assumed to be

£(n) = exp (=0.6932 n°) (46)

since this is known to be in good agreement with expoerimental results, even
though the use of this function and the linear rate of spread of the mixing
layer can be shown to be inconsistent with the conservation of momentum, The
momentum integral equation is

o0
U%.’Jtaz = 2%[ ’rar (A7)
)
and this ocondition is satisfied nepr to the nozzle exit where & << a when

0¢5

a 2
B‘=/fdn=0.755

o}

By contrast, the momentum integral equation at the end of the potential core

requires that
<]
%=/2[ nt® an = 0,85
(o]

By teking an average value of a/f = 0.8, the calculated entrainment should be
sufficiently accurate for present purposes in spite of the failure to conserve
momentum_throughout the potential core region, Irom experimental results of
Laurence? and others, it appears that the potential core disappears at a
distance downstream from the jet nozzle of about x/a = 10, Therefore, we may
take & = 0,1 and B = 0,125, Insertion of these values of a and $ and the form
of the function f(n) given by equation (A6) gives in equation (AS)

M

M
o

X X2
= 1 + 0.0658'; + 0,00596 (Z) (48)

and the strength of the line sink distribution to simulate entrainment in the
potential core region is given by

M

aM
= - f- (0,0658 + 0.01192 3;-) (49)

(b) The fully turbulent region

In order to obtain the appropriate line sink distribution to simulate
entrainment in the fully turbulent region of the jet, it would be possible
to carry out an analysis similar to that used for the potential core region,

- 18 ~



Appendix 1

.1
However, we may use an expression obtained by Ricou and Spalding from
experimental resulis, namely that

X
M| 646 <£- —9> (a10)
Mb a a

where x, is an apparent origin of the flow in the fully turbulent region of

the jet, The strength of the line sink distribution simulating entrainment
in the fully turbulent region of the jet is given by

M

aMm o
— — —— A.1

(c) The induced velocities

From the preceding arguments, we see that the line sink distribution
simulating the entrainment is similar to that shown in PFig,16, Up to the
end of the potential core region at xb/h, say, the strength of the sink

distribution may be represented by
M
aM 0 X
= _ =2 = A
dx-a(A-t»Ba) (412)
where A and B are constants (c.f, equation (49)), Tor x/a » xb/h, we have a

line sink distribution of constant strength,

aM Mb

T. = — (Y i A
= C - (c.f, equation (A11)) (A13)
where C is a constant, In the plane of the jet nozzle, this sink distribution
and its mirror image gives rise to an induced velocity directed radially
inwards towards the jet and given by

S C C

U X X
= = _r<1_ _c_._>+é; __.__,,.153.(1_ _LZ>
J ok /2 2 2—]2 2 [ 2
a X +r ajfx +r X +r
[} o] J C

~7

(A1)

Using the values of A, B and C and xc/é given by equation (A9) and (A11) leads
to

0.3?29 10
r/a
\/500 + (r'/a)2

%S _ 008/, ._ 10 .
T = e =
[100 + (r/a)

+ 0.,00556 <1 - r/a > (A15)

,/100 + (;Z:)—é
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