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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 lift loss observed 

on models of direct jet lift VTOL aircraft. 

Theoretical work on the problem is briefly discussed and it is shown 

that a particularly simple model of the flow which has previously been 

suggested on a number of occasions is not really adequate. 

Replaces R.A.E. Technical Note No. Aero.2978 - X.R.C. 26 392. 
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1 INTRODUCTION 

Ghen 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 lift on the wing compared to the case when the jet is 
absent, This phenomenon is obviously of interest in relation to the perform-. 
ante of direct jet lift VTOL aircraft in the transition phase of flight and 
has previously been studied by measuring the overall lift forces on a number 
of models of VTOL aircraft. This work has led to some appreciation of the 
importance of the ratio OP jet to free-stream velocity and also of wing and 
jet geometries, but little of the fundsmental mechanism of jet interference 
can be ascertained from these measurements. 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. 

L. 

c 

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 jet path and structure are of contiiderable 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 jet 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 been compared with direct measurements of lift loss on 
models of direct jet lift VTOL 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 4.2), 
ratio (Section 4.4). 

Reynolds number and pressure 

Theoretical work on the jet interference problem has made some progress 
and details of this work mill be reported fully in a future note. However, a 
particularly simple 'solid blockage/sink en-rainment' model of the flow which 
has been suggested on a number of occasions It 97 is discussed in some detail in 
Section 5 of the present paper. It is argued that this model is not really 
adequate, 

2 INITIAL CONSID3XATIONS 

. 

It seems relevant at the outset to consider a framework into which the 
experimental work can reasonably be fitted. !le will consider first the case 
of an incompressible jet of air at ambient temperature exhausting at right 
angles into an airstream (velocity = U,) from a circular orifice (radius = a) 
in an infinite wall (see Fig.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 



P - P, 
= function of 

( 
$ , 6 , 

PJ - P, U,B U,a 

a P,$ 
$ qyy1 > 

0) 
a P, 1 

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

PI 
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 numbers are sufficiently large, we may expect the floF7 to become 
independent of the Reynolds numbers and we may then write 

P - P, 
CP= 12 = 

2 VI 

(2) 

In cases of practical interest, 0/a is of order 0.1 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. flow PJ - P, = 
2 G- P; u; where pi and U$ are the jet density and velocity if the jet had 

exhausted to free-stream static pressure. Naturally, because the jet is both 

'cold' and incompressible, pi = p, and 'J - '1 If the jet c 
SP, 1 s= 

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 nozle size that the jet path and the induced flow 
around it would depend primarily on the momentum flux ratio, pi U; 2/P, q 
and, therefore, equation (2) would still be valid provided we replace the 

'J - '1 
2 

parmlle ter by p; 9 
2' 

Here the results of some experiments by Ricou 

PI 3 
and Spalding' are relevant since it was found that the mass flow entrained 
into axi-symmetric jets exhausting into stationary air depended only on the 
jet momentum flux irrespective of the jet density. 

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

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

cs = Suction force 

4-P, uf 7ca2 
;-$Jr/aC&jo&j 

0 1 

. which is roughly analogous with a negative lift coefficient on a wing. 
Alternatively, we may present the results in the Zorm 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 

S 
v2 

PI 1 
7 = -- 
IJ 

: 2 cs 
P; u; 

(5) 

.' 
The experimental programme was carried out during thz latter months of 

1962 in the No.1 II& ft x 83 ft low speed wind tunnel at R.A.E. Farnborough. 
The alJparatus, shown in Fig.2, consisted of a platform 6 I"t x 7 ft 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 ft 
of air per minute against a pressure of 30 inches of water. This was just 
adequate for the purpose of the experiment. 

The jet exhausted through a 1 inch diameter orifice at the centre of a 
Tufnol disc (diameter = 16.75 inches) 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 tbe 
N.P.L. which could be used ;or accurate measurement at angles as low as 1 . 
All manometers were calibrated against a standard Ectz manometer before and 
after test runs. 

The jet was supplied from a 3 inch diameter pipe via a short contraction. 
Since the length of parallel 1 inch diameter pipe preceding the jet exit was 
only 2.5 inches, the theoretical iscntropic mass flow and momentum flux obtained 
from the measured stagnation pre ssure should not differ from the actual values 
by more than 5,.5 (see, i'or example, Cood2). 
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Pressure gradients over the wall in the undisturbed mainstream flow were 
quite negligible. The static pressure coefficients were obtained by measuring 
the difference in static pressure at any point with and without the jet flow. 

4 BXF~RIPXNTAL FGFJJLTS 

4ml Scope of tests 

The experiments consisted oi' the following tests. 

W At U, = 60 ft/sec, some s&&tic pressure measurements were made 

along radial lines at O", 90' and 180' to the free-stream direction at 
different values of the boundary layer parameter, 0/a, to assess the effects 

These tests were carried out with 
:PJ - P, 

of this parameter. 
J 

! 
4 

= 2, 4 and 8, 
3 P, 

Tests mere also carried out with a 3 ft long 1 inch diameter circular cylinder 
inserted into the jet orifice. 

(ii) At U, = 60 ft/sec and e/a z 0.3, measurements of static pressure 

all round the jet with 
e 

= 
J 

2, 4, 8 and 12 and with the circular 
1 
2p1 1 

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

(iii) Bith U 1 = 60 ft/sec and 120 ft/sec, static pressure measurements 

were made along radial lines at O", 90' and 180' to the free-stream direction 

with nine values of pJ - pl 

/-- 
ranging from 2 to 12 and also with the circular 

' 0 _- U2 
211 I 

cylinder. The purpose of these tests was to observe the effects of Reynolds 
number and i'ach number. 

64 Vith U 
1 

= 0, the static pressures on the wall due to jet entrain- 

ment alone were measured. 

b> Some flow visualisation tests on the wall surrounding the jet 
were made. 

4.2 The effect of boundary layer thickness 

In Pig.3 are shot-m the boundary layer profiles, together with the 
respective values of the displacement thickness 6% and momentum thickness 8 
encountered in the tests. The suction facilities limited the tests to a 
minimum value of 0/a z 0.3 at 120 ft/soc and the majority of the later tests 
were carried out with this boundary layer thickness cvcn at 60 ft/sec. 

-7- 



YOO 
Pigs.& and 5 show the pressure distributions along radial lines at O", 

and 180 to the free-stream direction for the flow around a circular 

. 

cylinder and a jet with Ui/U, = 8 and for three values of 0/a. The free- 
stream velocity was 60 ft/sec in these tests. There is clearly a measurable 
effect of the parameter 0/a but these effects are detailed rather than gross. 
It seems reasonably certain therefore that the main features of the pressure 
distributions with 0/a 2 0.3 are representative of pressure distributions 
obtained with practical values of 0/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. 

4.3 . The pressure distributions an3 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 nur&er of occasions is to 
assume that if U$ >> U, 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 

cp = function of ($ , $) only (6) 
L 

W 

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 II 
which show in polar form line s of constant static pressure coefficient around 
a circular cylinder and jet with U3/sT, = 2, I+, 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 from that around the 
circular cylinder but they also differ from one another thus showing a strong 
dependence on the parameter U;/U,. 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 
distribution around a circular cylinder obtained from potential flow theory 
(Fig,6) with the measured distribution (Fig. 7). Clearly, there is not much 
similarisg between the two distributions downstream of an angle, $, of about 4.5'. 

Values of 0/a for practical jet lift installations are roughly in the 
range from, say, 0.02 to 0.2. 

'r?3ecause the flow in the bulk oi' the tests was essentially incompressible 

no distinction has been made between U$/U, and z/p;m . However, 

oo.npressibility effect s are beginning to have an effect for 
F 
, $Jp; ; = I2 

at U, = 60 f.pns. and the value of Uj/U, = II, 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 because of boundary layer effects, 

As a first step towards calculating the overall suction force 
da 

coefficients, CS, the integral I , Cp z d(:) was evaluated from the experi- 

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

The overail suction force coefficients xere obtained 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$/U,, the suction force coefficient shows an ever decreasing 
dependence on U;/U,, Por example, for r/a = 5 and U;/U, 2 4, the suction-force 
coefficient takes on an apparently constant value of about -Il. In the case of 
r/a = 10, the suction force coefficient appears to be roughly constant at a 
value of about 25 for U;/U, B 3. In the case of r/a = 15, although the suction 
force coefficient has not attained a constant value even at UJ/U, = 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 coefficient are 
not themselves unchanging (see Pigs.8 to II). Thus, although the suction 
force coefficients may appear constant, the pitching moment coefficients, for 
example, are not. 

Integrated lift losses from the present results can usefully be compared 
with direct moasurcments of lift 10s s on a direct jet lift VTOL model. In 
Pig.14 valu es of the parameter S/TJ from the present experiments are compared 
with values obtained by ,;ood 3 on a simple model comprising a single jet in a 
fuselage with a small delta wing. The forces on tho finite wing and on a 
comparable area over the infinite wall seem to bc very simiiar. This suggests 
that, for the area ratios encountered, tne lift loss on finite wings occurs 
primarily as a result of a Fressure field on the lower surfaces of the wing 
which may not be very different i?rom that found on the irffillito wall. However, 
until static pressure measurements become available on finite wings, it is not 
possible to be sure about this point, 

4.4 The leynolds number and pressure ratio effects 

A few tests were carrigd out in which the pressure distribution directly 
upstream of the jet at f = 0 was measured for a wide range of jet speeds at 
two tunnel speeds of 60 ft/sec and 120 ft/scc. 
was constant at 0/a 

The boundary layer thickness 
z 0.3 for both tunnel speeds. Although these tests \Tere 
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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, p; UJ 2/ u2 p, ,, 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. Bith 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 occur7 seems quite untenable on 
physical grounds. 

4-05 l?low patterns 

5 

.I 

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 Ui/U, = 2, 
4 and 8 are shown in Big.15. In each case e/a z 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 found 
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 
Us/U, = 8, is unknown but the most likely explanation is that it is a region 
in which the wall boundary layer is separating and being drawn up into the 
jet, Support for this idea comes from the work of Jordinqnn8 and a few 
isolated measurements in the present experiments in whi~a it was found that 
thetotal head of the flow behind the jet was less than the free-stream total 
head even scveral jet diameters above the wall. It has been suggested that 
this low total head region is simply the wake of the free-stream flow past 
the jet but it is difficult to imagine how the jet flow with a total head 
higher than the free-stream value can cause a reduction in the free-stream 
total head. It seems more likely that the low total head is caused by wall 
boundary layer air being drawn up into the jot as suggested. 

Some observations of the flow with a tuft did not reveal anything 
unexpected. The most marked feature of the flow arc the two contra-rotating 
vortices to either side of and slightly below the jet and which are apparent 
in the measurcmonts of Jordinson8. 

The simple circular cylinder analogy with the jet has already been shown 
to be inadequate (Section l+.3). However, before discarding such a concept 
completely, some elaboration seemed worthwhile by representing the jet by a 
constant geometry blockage rather than a simple circular cylinder together 
with a line distribution of sinks along the axis of the blockage simulating 
the entrainment into the jet. It will.be shown in this section that even with 
these refinements, this model still does not seem adequate but the analysis 
is nevertheless worth discussion to illustrate the difficulties and failings 
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of this approach to the problem. Brief 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 pxpendicular to the free-stream 
direction in view of the restriction to high values of U;/U, but it is not 
now assumed to be parallel sided in the nay that a circular cylinder is. 
Since the constant Scometry blockage term alone mould give rise to a constant 
static pressure coefficicn, + 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 ariso from th c entrainment into the jet 
as simulated by the lint sink distribution. i7e 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 

8 = TfB e Tfs (7) 

$ 
is the velocity vector due to the blockage and free-stream flow, % is the 

velocity vector due to the line sink distribution and will be directed 
radially inwards 
such that 

towards the jet orifice and will also be radially symmetric 

IQ UJ 
5 

= function of r, f 
( > 1 

Now, the static pressure coefficient can be written as 

IILl cp = ‘- u2 = I- I 
lvhere p is the angle between the 
expression into equation (4) Tar 

cS 

03) 

(9) u; u; ? 
velocity vector i& and3 S' Substituting this 
the suction force coefficient gives 

= %3 + css 
m 

where C 
% 

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

age alone - which is a constant - and C, 
3 

is the suction force coefficient due 

to the line sink distribution alone - which will depend on the velocity ratio, 

i 

t 

When the velocity ratio, U;/U,, becomes very large, the entrainment into 
the jot will approach that of a jet exhausting into a stationary atmosphere 
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and will therefore tend to become independent of the velocity ratio. Since 
the constant geometry blockage,argument is restricted to large values of 
up, 9 we may as a first estimate of the entrainment function re-write equa- 

tion (8) simply as 

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.1 8 it is shown along with some experimental results that will be 
discussed shortly. 

In equation (y), the angle p between the velocity vectors TfB andiss is, 
in general, unknown because no form for the blocka e 

O" (i.e. directly upstream of the 
term has yet been given. 

But when $ = jet p = 0' also and we may 
write for the static pressure coefficient 

c 

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

-_ uJ 
jl - cp = yy f@ t (12) 

Since the 'blockage' is assumed to be independent of Ui/U,, the equation (12) 

shows that a simple test of the above ideas is provided by plotting values of 
m against velocity ratio, VI/U P J 1' for different values of r/a. If the 
flow model has any validity, these graphs should be linear for large values of 
Ui/U, with slopes equal to the local value of the function f(r/a) and inter- 
cepts with the Taxis equal to [?&I/U,. It will be recalled that for 

9 = o", static pressures were obtained for values of U' J/ U, ranging from 2 to 

roughly 12 and some of these results are plotted in pig.17 in the form 
suggested by the equation (12). Por large values of U;/u, the experimental 
results are apparently in rough aocord with the expected linear form, though 
the results are not suE'iciently accurate to give very reliable values of 
either 13Bl~, or the function f(r/a). Nevertheless, the comparison in Fig.18 
between these expcrimtintal values of the function f(r/a) with those obtained 
thcorctically for still air (U, = 0) from the analysis of Appendix 1 shows 
that the oxperimcntal values are at least of the right order of magnitude. 
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Also shown in Fig.18 are experimental values of the function f(r/a) obtained 
from static pressure measurements with U, = 0 (i.e. jet exhausting into a 
stationary atmosphere). Under these circumstances, the static pressure field 
arises solely from the entrainment into the jet a& it is easy to show that 

P 
CPJ = 

- p1 1-g I2 

3 p; u;* 
= -= 

IJ;* 
f2 (:I 

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 
unreasonable. 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 alone may be written 

r/a 
f*(c) ; d(i) 

Then, using the values of the function f(r/a) obtained from the analysis of 
Appendix 1, we obtain the values of C 

sS 
given in the following table 

r/a 
r/a 

I 
f*(z) d(:) x IO4 

1 

5 33.3 

10 57.8 

15 1 75.7 I 

% / 

0.0066 (u;/u,)* 
0.0116 (u;/U,)* 
0.0152 (u;/u,)* 

Now, according to equation (IO), the overall suction force coefficient is the 
arithmetic sum of the suction force coefficient due to the blockage alone, 

%' 
and the suction force coefficient due to the sinks alone, C ss* By 

reference to Fig.13 and the table of values of C, , 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 U;/U, would seem to be additional evidence in favour of the 
proposed model. However, the difficulty with the model really comes when we 
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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 
velues 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 around the jet, these are much too 
small. Potential flow theory for flow around a circular cylinder gives 

cs = l- a2/r2 

so that CS -) I 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 
Land little progress in this direction 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 flon and, in spite of a number of points in its favour, it would seem 
that an approach to the problem along the 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. V?ooler4. It 
sec;ms that this approach might prove more realistic and future papers are to 
be published on its development. 

6 COi'JCLUSIONS 

The simple but precise experiments described in this Note have revealed 
extensive low pressure regions on the plane wall surrounding a circular jet 
exhausting normally into a mainstream 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 tine loss in aerodynamic lift which has been measured on 
complete models of simple aircr‘aft configurations with a single lifting jet. 
This suggests that, for the area ratios encountered in the present Note, the 
lift loss may come primarily from a 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 velocity 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. Although there is a measure of qualitative agreement betneen 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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APPXND1x1 

REPRWXNTATION OF ENTRkINMXNT INTO NV AXI-SYMWTRIC JET 

BY A LINE DISTRIBUTION O? SIIKS 

The flow of an axi-symmetric jet exhausting into a stationary atmosphere 
can usefully be considered as comprising tvro regions, namely (a) a potential 
core region near the jet nozzle and (b) a fully turbulent region further down- 
stream - see Fig.I6(a). The entrainment in these two regions must then be 
formulated. 

(a) The potential core region 
W 

l!!ss Flow in the jet, M = 2~ i cTr dr 
0 

W 
P 

r 
C 

where r c is the co-ordinate of the innermost edge of the free-mixing 

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

U = UJ e-l) 

(Al > 

layer. 
similar 

w 

where f(q)) is a universal function of q = (r - rc)/8 
0.5 

where boe5 is the 

value of (r - rc) at which U = UJ/2. 

Substituting equation (AZ!) into (Al) gives 

g = (?)2+2(+)2[qfdqi2p[fdq 

where MO is the mass flovf of the jet at the nozzle. In a two-dimensional free- 
mixing layer, the shear layer spreads linearly with distance downstream, x. 
Por convenience, therefore, we will also assume that 

r C 
a= ( > 

I -a: ; "h.2 = pz 
a a 

where a and P are constants. Using equation (A!+) in (A3) gives 
w W 

+ 2 P2($2 
s rlfdq + 2 pf f drl (A51 
0 

Values must next be assigned to a and /3 and a form for the function f(T). 
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The velocity profile function can reasonably be assumed to be 

fbl) = eq (-0.6932 q2) (A61 

since this is known to be in good agreement with exparimental 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 

. $xa2 = 2~ U2rdr 
0 

(A71 

and this oondition is satisfied near to the nozzle exit where 6 
0.5 

xc a when 

I f2 dq = a 755 
0 

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

W 

a 

P 
= 2 

i 
yf2 dv = 0.85 

0 

By taking an average value of a//3 = 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. From experimental results of 
Laurence5 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 u. = 0.1 and /3 = 0.125, Insertion of these values of a and p and the form 
of the function f(q) given by equation (A6) gives in equation (AS) 

. 

M 
MO 

= I + 0.0658 ; -I- o,oo5g6 (:)2 

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

dM Mo 
dx= T (0.0658 + o.ollg2 z) 

(b) The fully turbulent region 

(A9) 

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. 
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Appendix 1 

However, we may use an expression obtained by Ricou and Spalding' from 
experimental results, namely that 

M 
T 

= 0.16 $2 
( > 

(Al 0) 

where x0 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 

(All) 

(c) The induced velocities 

From the preceding arguments, we see that the line sink distribution 
simulating the entrainment is similar to that shown in Fig.16. Up to the 
end of the potential core region at xc/a, say, the strength of the sink 
distribution may be represented by 

where A and B are constants (c.f. equation (Ag)). For x/a > xc/a, we have a 

line sink distribution of constant strength, 

dM 
M 

dx = cp (c.f. equation (All)) (A131 

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 

X 
C A X 

C +- (Al 4) 
2 a I x2 + r 2: x2 + r2 

., c J C 

Using the values of A, B and C and xc/a given by equation (Ay) and (All) leads 
to 

-l- 0.005y6 1 - (A15) 
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