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Swmarys

Wind tunnel experiments were conducted to determine the complete-
longitudinal interference characteristics of a turbulent jet exhagsting
from a flat plate into a turbulent subsonic freestream. The apparatus
vas designed so that the trends from systematiic variations in dne para-—
meter, while the others reﬁain fixed, could be established. The variable
parameters were jet inclination, the plate incidence and the ratio of
the jet exit velocity to the freestream velocity (the velocity ratio.)

The anzles of jet inclination, measured from the normal to the
plate surface, varied from O to 60 degrees downstream in increments of
15 degrees. The angle of incidence of the plate to the freestream
direction varied from 0 to & degrees in increments of 2 degrees. The
values of the velocity ratio ranged from 4 to 12, values that are pert-
inent to the range of interest for V/STOL aircraft in transitional flight.

The surface pressure distribution about the jet and the jet tra-
jectory, defined as the locus of the maximum total pressure, were meas-
ured for each configuration. In addition, the surface pressure distrib-
ution was integrated numerically to provide a surface force distribution
about the jet, a suction force coefficient, a pitching moment coeffic-
ient and the centre of pressure. The resulis are summarised by pre-
senting the variation of the suction force coefficient, centre of presse
ure, piltching moment coefficient and jet trajectory with the velocity
ratio for a given jet inclination and plaie incidence. These curves
can be crossplotted to provide the variation of these quantities with
the jet inclination or the plate incidence as the independent variable.
In addition, selected isobar plots are presented.

The extent of the low pressure field in the latera; and forward
regions was reduced as the jet inciination increased. The contributisﬁ

from these regzions to thne 1ift loss and the magnitude of the 1ift loss




decreased. The centfe of pressure moved downstream accordingly. The
jet penetrated the freestresm less and was deflected less as the jet
inclination increased. These observations were attributed to a change
in the entrainment rate of the jet. The jet entrainment rate decreased
#s the jet inclination increased.

The changes in the surface pressure distribution resulting from
a change in incidence of the plate were detalled rather then gross.

The variation of the lift loss with incidence exhibited a maximum be-
tween AOand g)incidence. The change in jet penetration and deflection
was small. The centre of pressure appeared to be independent of incid-
ence. A change in incidence appeared to cause an effective change in
the inclination of the jet. The entrainment rate of the jet was only
moderately affected by a change in incidence.

The low pressures spread to the lateral and forward region as the
veiocity ratio.increased. The contribuation of these regions to the
1ift loss increased while that from the wake region decreased. The
megaitude of the 1lif't loss increased as the velociby ratio increased.
The centre of pressure moved upstream accordingly. BRoth the lift'loss
snd the centre of pressure showed & weak dependence on the veloclty
ratio for large values of the velocity ratio. The jet penetralted tine
freestream more and suffered a less severe initial deflection as the
velocity ratio was increased. These obssrvations were attribubtsd to
an increase in the entrainment rate of the jet as the velocity ratio
increaczed.

A two-dimensional potential flow model was proposed to predict
the surface pressure distribution, the surface force distribution aund
the suction force cocfficient on the flat plate for the normal jet at
aero incidence. The model succeasfully.predicted the surfesce pressures

and surface forces close to the jeb in the lateral and forward regions,
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for velocity ratios léss than 10, The agreement between the predicted
and experimental value of the suction force coefficient was particularly
good for velocity ratios less than 10. The model was unable to allow
for the increasing three~dimensional effects at. higzh ratios. The %rends-
in the variation of the model paramsters with the velocity raitio agreed
well with the experimentally observed trends of the pnysical character-

istics which they represented.




Chapter 1.

Introduction.

The flow fields produced by jets have been investigated for nearly
a century. The majority of this earlier work ceéntred on jets exhaust-
ing into a quiescent external medium. Jets exhavsting into moving streams
were restricted to parallel flows. liore recently interest in the flow
created by jets issuing into a non parallel freestream has been gener-
ated, This flow arrangement has several specific practical applications:

1. The discharge and dispersion of effluent either into the stmos-
phere from chimneys or into rivers and oceans from waste dispcsal pipes.
This application has resulted from pollution considerations.

2. Injection of cooling gases into certain gas turbine engines.

3« Reaction control jets in missile guidance system or certain types
of aircrafit.

4e Flov fields produced by V/STOL aircraft employing dirsct jet 1ift
during the transition phase of flight.

This study is primarily aimed at the lsiter application. Such alr-
craft suffer significant 1ift losses in the transition to forward flight,
from reguiring a vertical component of thrust. These 1lift losses are
acconpanied by adverse changes in piltching momerts. These effects can
be attribubed to the aerodynamic interference created by the inter—
action of the lifting jet and the freestream. This work is aimed at
improving the understanding of this phenomenon. |

1.1 Literature Review.

1e1.71 Adrcraft Confizuration Tests.

o

References 1 to 10 represent the testing that has been conducted
L0 observe the effect of the aerodynamic interference of the jet and
freestreanm on specific aircraft configurations. Gross aerodynamic inter~

ference phenomena are reported but add little to the basic understanding
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of the problem, References ll and 12 review the induced effects on the
aerodynamics of jet V/STOL aircraft. More fundamental investigabions.
are reviewed below and are divided into surface pressure and jet,g}umﬁ
and structure investigations. Detalls of the experimental configurations
are given, in which all dimensions are expressed in jet radii where
appropriate.

1l.1.2 Surface Pressures.

The surface pressure distribution around a jet exhausting into a
freestream has been the subject of several investigations. Most invest-
igations vere limited to the normal circular air jelt exhausting sub-
sonically into a subsonic freestreams Similar conclusions were sitated:
the problem was symmetrical about the plate centreline parallel to the
freestream direction; the Reynolds Number (based on freestream velocity
an@ jet size) effect was detailed but not gross; the ratio of jet moment-
um flux to freestream flvx, or the effective wvelocity ratio, was the
dominant flow parameter; the relative importance of entrainment increased
as the velocity ratio increased; the increased enirainment reduced the
maximum pressure and extent of the high pressure region immediately up-
stream of the jet and increased the extent of the lateral region of low
pressures; the pressure recovery in the wake became more rapid and the
minimum pressure point moved upstream; the pitching moment changed from
nose up to nose down as the velocity ratio increased,

Vogler (ref 13) investigated the pressures induced on a plate of
dimensions 80x48 jet radii by a normal jet exhausting into a working
section of 168 x 240 jet radii. Pressures were recorded on the plate
with both its longer side normal and parallel to the freestream direction.
The position of the convergent nozzle exit producingthe jet was 40 and
24 jet radii behind +the leading edge. The clearance betﬁeen the plate

and floor weas 84 jet radii. No detalls were given of the uniformiity of
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the exit profiles or whether the process was isothermal or'not. The
velocity ratio ranged from 1 to 5. The surface pressure distribution
about a cylindrical rod of the same radius as the jet exit was com?ared
to that about the jet. Similarity of the upstream surface pressures
with large differences downstream vas evident.

Bradbury and Wood (ref 14) conducted a series of fundamental
experiments to determine the dominant parameters of the problem. Atten-
tion was confined to the normal circular jet exhausting from a flat
plate. The plate, dimensions 144 x 168 jet radii, was mounted above
the floor boundary layer in a working section 276 x 204 jet radii. The
jet exit was at about 60 jet radii from the leading edge. The plate
boundary layer was controlled by applying suction to a porous surface
vpstream of the jet. No details of the nozzle were given except that
a Qipe connected the nogzle exlt to the plate surface. The velocity
profile cculd be expected to have been not unldike that associated with
deveioped pipe flow. No temperature measurements were provided to as-
certain whether the process was isothermal or not. Compressibility
corrections were applied to the higher values of the velocity ratio
vwhich ranged from 2 to l12. The results indicated that the effect of
the boundary layer thickness was measurable but was detailed rather
than gross and, provided the jet and plate boundary layer were turbulent,
the Reynolds Number effect would be small. an integrated surface force
and suctlon force coefficient wereAdefined. The surface force distribut-
ion identified the angular region providiné the major contribution to
the suction force coefficient. This region moved upstream as the veloc-
ity ratio increased. The suction force coefficients were found to be
of the right order of magnitude to account for the 1lift loss measured
on a direct jet 1lift VIOL aircraft (ref 4)s The suction force coeffic-

ient increased with increasing velocity ratio. at higher values of the
g 3 g
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velocity ratio, the dependence became weak alihough the centre of press-
ure was changing. Bradbury and Wood identified the momentum flux ratio
as being the dominant parameter,

_ .

Gelb and Martin (ref 15) measured the surface pressure distribution
‘on a plate, 56 x 68 jet radii, mounted in the tunnel ceiling and in the
tunnel boundary layer and on a plate, 48 x 48 jet radii, mounted on the
tunnel centreline. The height of the plate surface from the floor was
144 and 72 jet radii respectively. The section widith vas 144 jet radii.
The nozzle in the ceiling plate produced a normal jet with a uniform
velocity profile whereas a pipe extending from this nozzle to the centre-
line plate produced a jet with a velocity profile similsr to that pro=-
duced by developed pipe flow. The range of velocity ratic was from 3
to 63 and no temperature monitoringz was recorded. The surlece pressures
induced on the two plates at the same velocily ratio, but differing free~
stream and jet velocities, vere similar with major differences occurring
only far from the jet exit resulting from s Reynolds Nuomcer effect.
Impingement of the jet on the floor occurred at the algher values of
velocity ratio.

Mosher (ref 16,17,18) extended the investigation to non-circular
jets in an attempt to isolate the entrainment effect and the go~called
blockage effect of tune jet on the freestream, Considerations were lim—
ited to normal jets. The jets exhausted through a viate of dimensions
48 x 66 jet radii, mounted 12 jet radii above the wind tunnel floorn into
a circular secticn 108 jet radii éiameter. The jet was positioned at
24 jet radii behind the leading edge. The turbulence factor of the
freestream was 1.04 and the jet exit totsd pressure was uniform to with-
in 1% across its span. 7The exit conaitions were determined by assuming

o
an isothermal process, however, the jet temperature settled alt 100 F

The velocity ratio rangsed frow 4 to Li. Hosher coancluled tast the
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surface pressure diétribution induced was a combined result of the
blocking and entraining properties of the jet with entrainment be-
coming more dominant as the velocity ratio increased. This dominance
brought about an attenuation of 1ift loss and caused a rise in th; low
pressures in the wake region.

Fricke, Wooler and Ziegler (ref 19) extended the investigation
to include surface pressures induced by an inclined jet and multiple
jets. The effects of sideslip were also included. The single jet data
was obtained by exhausting a jet through a circular plate, diameter 96
jet radii mounted above the floor bounaary layer, into a section 168 x
240 jet radii. The jet exit was positioned 40 jet radii behind the
leading edge. Because the contraction ratio of the circular nozzle
was 1l.866 to 1, it would be expected that the velocity profile would
resemble that resulting from developed pipe flow. The angles of inclin-
ation varied from 30°upsiream to 30 degrees downstream in increments
of 15 degrees. The jet velocity was sonic and ng temperature dats was
provided. The surface pressures were found 1o decrease in magniiude
and shift downstream as the angle of inelination changed from an up-
stream to downstream direction. This is the only data for the surface
pressure distribution induced by an inclined jet. Unfortunately, the
surface pressure contours were not given, '

Fearn and Weston (ref 20) investigatéa the surface pressure
distribution induced by a normal circular jets The jet exhausted from
a plate, 48 x 54 jet radii and mounted above the floor, into a section
87 x 130.5 jet radii. The nozzle was deéigned to give a uniform veloc-
ity profile and employed a 20:1 contraction ratio. =« pipe extended from
the nozzle to the plate surface., The exit was 138 jet radiil behind ihe
leading edage. The range of velocity ratio was from 2 to 10 and ﬁhe jet

temperature vas adjusted to ensure an isocthermal process. Ii was observed
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that a slower preésufe recovery in the wake occurred at a velocity ratio
of 4 than for the other values of velocity ratio tested. Measurements
of the boundary layer indicated that the leading edge should be at least
16 to 20 jet rgdii upstream.of the jet for a stable boundary layef to
exist in the region of interest. A comprehensive comparison with other
works showed that the agreement was generally good close to the jetb.

The difference between the position of low magnitude contours was found
to be two jet radii at most, but the error increased as ICP | decreased.

The link between the idealised infinite flat plate and the jet 1lift
model is provided by the two dimensional wing with exhausting jet. Peake
(ref 21) measured the pressure distribution induced on a wing surface by
a jet issuing normal to the freestream. Noxn circular and circular jets
were tested. The wind tunnel section was 60 x 120 effective jet radii and
the wing was positioned 60 jet radii from the floora The jet exhausted
13.5 jebt radii from the circular leading edze. The flow from the plebun
chamber passed through a bellmouth and a pipe to the jet orifice. dNo
details of the uniformity of the exit profile or whether the process
was isothermal or not were given. The velocity ratio ranged from 2 to 8.

,
Peake concluded that the increase in Reynolds Humber (increase in jet
scale or freestream velocity) had a negligzible effect.

Mikolowsky (ref 22,23) conducted a series of experiments to invest-
igate the aerodynamic interference resulting from a jel issuing normal'to
the chordal plane of a NaCA 0021 wing in crossflow, Measurements were
made of the surface pressure distribution and the gross interference force
and moment coefficients for a variation of jet exit location, exit areas

_and wing incidence. This is the only existing data for the effect of
incidence on the surface pressure distribution. The circular wind tunnsl
section varied from a diameter of 72 1o 144 jet radii. The wing chord

varied from 10 to 20 jet radii and the position of the jet from 2.5 to
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‘ 13 jet radii behind the leading edge. The exit velocity profile was
uniform but no temperature monitoring was performed. The angle of in-
cidence ranged from O to 9 degrees and the velocity ratio ranged from
2 to 8. A comparison between the interference surface pressures oﬁ the
wing and £lat plate revealed good qualitive agreement at higher values
of the velocity ratio (in that authors! opinion). The dissimilarity
increased as the velocity ratio decreased because of the growth of an
extensive high pressure region upstream of the jet which had no counter-
part on the flat plate. This provided a noticeable 1if't augmentation
for a velocity ratio less than 6. Attention was also drawn to the
different flow field characteristics at high and low velocity ratios.

The pressure recovery in the wake was slower at a velocity ratio of 6

than for the other cases.

1.)e3 Jet Plume and Structure (fig 1l.1)

. Numerous experiments to determine the jet trajectroy and to invest-
igate the flow structure have been reported. Some investigations have
been concerned with determining only the jet path but the definitions
of the jet centwline have ranged from the locus of the m;ximum total
pressu?e in the planes normal to the freestream direction to a median
drawn between the boundaries of the jet as observed from flow visualis-
ation studies. Other investigations have been concerned with a partic-
ular experimentally determined characteristic to enable the eveluation
~of an empirical or analytical model. The velocity ratio emerged as the
dominant parameter determining tbe‘position of.the jet pathe

Jordinson (ref 24) determined the path and shape of the plume with
a series of total pressure traverses downstream of the jet., The stream
inclination was also measured. The circular jet exhausted normelly from
a plate, mounted sbove the floor boundary layer, inte a section 120 x 24,

and 240 x 48 jet radii. The jet exit was 3 and & jet radii benind the




leading edge. No daté for tﬁe exit profile or temperature of the jet
was provided. The velocity ratio ranged from 4 to 8, The results ine
dicated that the cross-section was horse-shoe shaped away from the ori-
fice. The pressure difference across the jet orifice was thought’ ta

be responsible for the initial deflection of the jet but, within a few
radii Qf travel from the exit, the effect of entrainment was predominant.
The floor boundary layer might be expected to considerably influence

the flow beneath the plume. Jordinson observed a region, behind and
below the plume, with a total pressure lower than that of the free~
gtream; alir was being drawn up from the boundary layer in this region.
The stream inclination indicated that the flow had a component opposed
to the freestream direction in this region. Entrainment of the boundary
layer immediately in front of the jet was also observed.

Gordier (ref 25) investigated the jet trajectory and lateral spread
of a circular water jet exhausting normally to a water flow. The nozzles,
consisting of belimoubhs, were positioned in the floor 28 jet radii from
the working section entrance. The jets exhausted into a secltion 48 x
72 jebt radii. The penetration and lateral spread of the jet vere meas-
ured from photographs of coloured water jets. Total pressure surveys
were also conducted to determine the jet shape. 4 comparison of the
results with those of ref 24 (for air jets) revealed a virtual indepen-
dence of neynolds Number. Measurements of the potential core showed
that the core length decreased with decreasing velocity ratio. Jordier
observed that the external fluid was entrained only through the wake a%
low velocity ratio, whereas, at high velocity ratio, fluid was entrained
from all sides. Zntrainment from the wake of the jet proceeded in a
periodic manner., Jordier concluded that the pressure field induced and
the trajectory were dependent on the velocity ratio.

Keffer, Baines, Platten and Pratte {(ref 26 to 29) conducted a series
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of experiments to détermine the structure of the flow. A series of an-
alytical models were introduced to aid the interpretation of the results.
Keffer and Baines (ref 26) investigated the flow of a circular jet dir-
ected normal to a uniform crosswind. The jet exhausted from a cirgular '
plate, 32 jet radii diameter, into a section 248 x 496 jet radii. The
plate was mounted 16 jet radii above the floor and the jet was positioned
16 jet radii behind the leading edge. No details were given of the jet
exit profile or temperature, The velocity ratio ranged from 4 to 8.

Mean velocity contours were obiained using a hotwire anemometer, Kaffer
and Baines observed that the length of the potential core increased as
the velocity ratio increased but was always less than that of the free
jet and that the axial velocity decayed more rapidly than that of a free
Jjet.

Prattie and Baines {ref 27) investigated’the bulk profile charact-
eristics of the far field or vortex zone of the flow. 0il aerosol was
injected into circular Jets exhausting normally from a circular plate
varying from 66 to 152 jet radii in diameter\into a section vaxrying from
530 x 260 to 1230 x 595 jet radii. The height of the plate varied from
A4 to 102 jet radii and the position of the jet varied from 33 to 76 Jjet
radii behind the leading edge. The velocity profile was uniform and the
process was isothermal. The smoke jel was photographed and the jet
centreline wag assuned to be midway between the jet boundaries measured
normal to the centreline. The potential core length was found to be
strongly affected by the crossfiow and approached the freejet value
slowly as ithe velocity ratio increased. The length also increased with
orifice size suggesting a Reynolds Number effect (which was small).

The results indicated the onset of the vortex zone at a value of S/m of
10" ox Z/m of 6.4, ' | _ .

Platten and Keffer (ref 28 ) investigated the entrainment of inciined
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‘jets exhausting inte a crossfliow. 4An analytical model was proposed to
simulate the two enirainment mechanisms (fréejet and vorticity) observed
ih the experiments. The jets exhausted from a 96 jeb radii diasmeter
circular plate into a section of 768 x 384 jet radii. The turbulénca
level of the uniform crossflov was 1%. The plate was positioned 48 jet
radii above the floor and the jet exit was 48 jet radii behind the leading
edze. The jet exit tube was 20 jet radii long and the exit profile could
be assumed to be that of developed pipe flow. The process was isothermal,
the angles of dinclination ranged from 450 vpstream to AAquynstream in
increments of lﬁoand the velocity ratio ranged from 4 to 8. The maximum
and average initial jet velocities of the varions inclined jets vere
constant. Velocities weré measured with hotwire anemometers. The
results of the analysis applied to the experimental daba indicated that
the vortex entrainmestcoefficient so def'ined was an order of magnitude
gréater than that of the freejet coefficient. The vortex induced vel-
ocity exhibited an initial finite value for zero deflection and increased
to a maximum as the deflection increased ( at &, =30") and then decreased
to zero at ©,=9C°% It was evident from the measured trajectories that
the jet inclined ab l5ﬁin the upstream dirvection experienced the largest
deflection of its initial centre line. The model demonstrated that the
cbserved vortex pair was responsible for this secondary and more sig-
nificant mechanism of entrainment. Pratte and Keffer (ref 25) extended
the investigation to swirling turbulent jets in order to study the
mechanism of this wvortex entrainménto The entrainment rate and angle
of spread of the swirling jet was found to be about twice that of a non
swirling jetb.

Patrick (ref 30)'determined the trajectory of a normal circular
Jjet exhausfing from the tunnel floor into a section varying from 91F x

30% to 282 x 94 jet radii using velocity and concentration measuring
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techniques and the Schlieren method of flow visualisation. The jet
temperature was raised by 50 degrees C to obtain the Schlieren photo-
graphs. The three techniques resulted in three different trajectories.
Reilly (ref 31) studied the flow structure of non circular Jets
exhausting normally into a crossflow. OSmoke was injected into the jet
and the resulting flow was photographed. The jets exhausted from a plate,
56 x 80 effective jet radii mounted 14 jet radii above the floor, into
a section 60 x 60 jet radii. The jet exit total pressure profile varied
by 1% over 85% of the jet span and the jet was positioned 24 jet radii
behind the leading edge. A temperature correction was applied and the
velocity ratio varied from 1 to 5. A jet centreline was defined by
drawing a media line between the jet boundaries. The photographs re-
vealed the existence of two distinct groups of eddiess shed periodically
from different regions of the plume. The first group was sbhed albernately
from each side of the jet and appeared to merge with the main jet body
10 radii downstreams. The formation and periodicity of these eddies
suggested an analdgy to the von Karman Street shed from a solid body.
The second and larger group appeared to be shed over the top of the jet
having been formed about 2 to 3 radii above the exit. Two eddies (cleck-
vwise and anti-~clockwise) were shed simultaneously and caused the flow
field to be unsteady in fhe vieinity of the jet.

Margason (ref 32) measured the paths of a jet exhausting into &

section 1B x 240 jet radii at inclinations varying from 900upstream
to 60odownstream. The jet consislted of a mixtbure of water and compress~
ed air, The paths were determined from photographs. The exit profile
of the jet was not particularly uniform and no temperabure measure-
ments were recorded. The velociity ratio ranged from 2 to 10. 4n

empirical formula was fitted to the date obbained. The reported tra-

s - . . . ) 1
jectories to date vere summarised and Margasons formula generally




1.12

described the mean péth of all these results, Considerable scatter was
evident ,which was not surprising considering the different definitions
employed to determine the jet path,

MeAllister (ref 33) investigated the flow: structure of a wager
jet exhausting into a crossflow. The boundaries of a jet exhausting
into a section 16 x 24 and 32 x 48 jet radii were made visible by the
injection of red ink. The jet centreline was determined from photo-
graphs of the flow. The exit profile of the circular jet was that of
developed pipe flow and no temperature monitoring was noted. A strong
vortex street was observed to be shed alternately from each side of the
jete Most of the entrained fluid was observed to enter the rear of the
jet, induced by the strong attached vortices existing alternately each
side of the jet.

Confusion arises between the reported flow phenomenon of refs 26
te.29 and that of ref 31 and 33. Keffer and Baines observed a strongly
atbached pair of vortices formed just above the jet exit and travelling
in the jet direction. Reillly and lMcAllister observed vortices being
shed alternately from each side of the jet. DMcliahon, Hester and Palfrey
(ref 34) investigated the wake behind the jet to resolve the confusion.
Their results indicated that vortex shedding occurred and that the
characteristics of the vortex system were in qualitative agreement with
those corresponding to itnat behind a bluff body.‘ The shed vortices
appeared to be travelling in a downstream direction along the plate
surface,rather than in the jet diréction.

In this authors opinion the two systems observed by Reilly appear
to be feasible. The difficulty with smoke visvalisation is thatv the

velocities must be reduced considerably such that the mainstrean is

Jaminar, Othervise the turbulence rapidly diffuses the amoke and oblite

erates the resulting flov field. at the low Reynolds Numbers necessary




for visuaslisation tests, the smoke probably depiéts the turbulent
'fluctuations,which are more apparent, and makes the voriices appear
detached or, on the other hand,the vortices appear attached by virtue
of the fact that they travel in the jet direction. In sddition, ;he
smoke in the jet will not mix into the mainstream sufficiently to make
the freesiream eddies visible and, also, the jet entrains the wake
fluid. Therefore, it is difficult to determine whether the vortices
shed from the sides of the jel are composed of freestream fluid as they
must be for this vortex system to be a von Karman.street. Some of these
vortices will be entrained into the jet as observed by Reilly,while
others will escape the influence of the jet and travel downstream.

Extensive experiments (of which ref 35 and 36 are representative)
have been conducted into the detailed structure of the circulatory flow
downstream of the jete The distribubions of velocity, temperature and
tufbulence intensity have been measured and the resulis used as an aid
to analytical modelling of the vortex flow field produced by the jet.
The vortex curve or centreline was found to be below the total pressure
centreline (ref 36) and it is tne vortex centreline which is probably
measured in flow visualisation techniques.

1.2 Research Objective.

The above experimental configurations exhibit a number of short-
comings., Confusion has arisen over the definition of & nozzle and of
an orifice. The determination of the exit characteristics of the jets
have rarely been mentioned. The dégree of uniformity of the exit pro-
files improves as the nozzle length increases; this incresses the pen-
etration of the jet. This can be gualitatively explained by exemining
the direction the fluid particles must have as they exhaust from the
plenum chamber. The fluid exhausting from a nozzle has a' mere ordered

direction because of thne guiding effect of the nozzle walls. Dats for
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nozzles of varying lengih to radius ratios indicate that as the length
of.the nozzle decreases the range of uniformity of the total pressure
profile over the nozzle width at exit decreases (ref 31). The less the
range of uniformity the less the jet penetrates the freesiream beéause
the mean momentum at exit is less, le. a nozzle flow penetrates further
into the freestream than an orifice flow for identical mass flows and
exit velocities.

The potential core length of the jet depends on the exiit Reynclds
Number (not strongly) and this can be expected to influence the initial
deflection of the centreline. In view of the results of ref 20, it is
doubtful if the boundary layer was stable in the region of interest.
The surface conditions surrounding the exit affect the data reported.
For instance, a thicker boundary layer around the jet exit will provide
more fluid with a lower momentum and more susceptible to being entrained
inéo the jet and hence affecting the initial deflection. Any small
change in the initial deflection resulis in a larger shift in the jet
trajectory with increasing distance from the exit. Care musi be exer-
cised in the definition employed in determining the centreline. For
instance, the vortex centreline lies below the velocity cént.reline°

The determination of the exit conditions is rarely mentioned.

The tempersture difference between the jet and freestream could incur
significant errors in the quoted velociby ratlo if expansion to free-
stream stalilc conditions is assumed, constant density being implicit.
The resulting effective velocity fatio change could lead to the wrong
conclusion as to the observed trends.

The surface pressures induced appear not to be graatiy affected
by these difficulties but the scatter of data evident from the com~
parisons of jet ceﬁtrelin@ data strongly suggest the revérsec These

shortcomings make the development of & theoretical model to describe
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the longitudinal chafacteristics of the problem difficult, There is a
need for an experimental programme to be conducted under the same labor-
atory conditions using carefully determined jet exit characteristicse.
There is a lack of data in specific areas: more surface pressure déasurem
ments are reguired for inclined jets; the surface pressure distribution
on a flat plate at incidence and the jet centrelines require investigating.

Experimental tests were conducted under identical laboratory cond=—
itions to determine the complete longitudinal interference characterist-
ics of a subsonic turbulent jet exhausting through a plate into a turbu~
lent subsonic freestream. The apparatus (described in chapter 1L ) was
designed so that the trends from systematic variations in one parameter
while the others remain fixed could be estsblished. The angle of inelin~-
ation varies from O to 60 degrees downstream in increments of 15 degrees;
the angle of incidence of the plate varies from 0 to 8 degrees in incre-
meﬁts of 2 degrees with restrictions for inclinations of 30, 45 and 60
degrees, the incidence being limited to 6, 4 and 2 degrees respectively;
the range of interest for V/STOL aircraft suggested velocity ratios in
the range of 4 to 12. The surface pressure distribubtions and jet centre-
line (the locus of maximum total pressure ) is measured for each config-
vration,

The surface pressure distribution is integrated to provide a suvr-
face force distribution, a suction force coefficient, a cenlre of pressure
about the exit and a pitching moment coefficients These quantities are
compared to those previously reporfed where applicable. Trends are estab-
lished for the variation of these quantities with each paremeter.

The ﬁltimate aim of this research is o be able to predict, in some
sense, the longitudinal characteristics of a V/STOL aircraft embloying
direct jet lift. The expefimental results should provide consistent

and coherent data for evelualting and sssessing future theoretical models
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which do attempt to describe these characteristics.
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Chapter 1l.

Eguioment and Installation.

The experimental apparatus described in this chapter consisted
of a flat plate of variable incidence equipped'with a jet exhaugting
at various angles to the freestream. All dimensions are eXpressed in
jet radii where appropriate, the jet radius being 0.25 inches (see
sections 2.5 and 2.6).

2.1 Wind Tunnel.

The closed return wind tunnel had a working section 132 jet radii
hizh and 180 jet radii wide. The working section velocity was contine
wously variablewith a maximum spesd of 100 feet per second. The
setting of the turbulence grids at the entrance to the working section
gave a turbulence level of 4.4% at the leading edge of the plate.

The wind buanel was equipped with two static pressure taps
to.enable the working section dynamic pressure to be monitored withoub
the use of a pitot-static tube in the working section. One tap was
situated in the wall of the settling chamber and the other in the wall
immediately upstream of the working section.

Rer Alr Supply.

The crosaflow was provided by the uniform siream of the wind Hunnel.
The jet air was supplied by two tanks, of 750 cubic feet capacity each,
initially pressurised to 250 psi. The air passed through a reguwlating
valve, used to control the jet exit conditions, and into a 0,75 inch
internal dianeter flexible hose coﬁnected to the jet plenun chember.,

The exit conditions required s low mass flow such thét tue change in
exit conditions was negligible for the duration of the test.

2¢3 General Test arrangement, (nlate 2.1 and 2,2, filz 2.1)

Several factors determined the zonerel arrangemsnt of the apuaraius

and limited the number of conilguratieng that could be tested. The
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situation of the force balance under the working section floor dictated
the mounting of the flat plate and jet plenum chamber in the working
section ceiling. It was considered desirable to position the jet plenum
chamber outside of the working section to minimise the flow disturbance
for all configurations., 4n increase in jet inclination angle required
an increase in the length of the jet pipe. The height restriction above
the working section required that the jet chamber and nozzle block be
pivotted about the support plate (section 2.5) rather than about the

jet exit plane as originally intended. Each nozzle block required a

jet pipe of a different length.

A large angle of incidence together with & large jet inclination
angle entailed a considerable lowering of the plate. This was considered
to be undesirable as it would interfere with the flow conditions within
the.vworking section and consequently, a linit was imposed on the maximum
angle of incidence for a given jel inclination angle.

The plate was kept as close as possible to the working section
celling to minimise any floor interference effects on the jet flow.

The empiricel formulz from ref 32 was used to decide on the range of
magnitude of jet radii that could be employed within bthe given working
section. Having decided on a jet radius (section 2.6), the formula was
utilised to determine the waximum height above the working section floor
at which the plate could be positioned so that the jet did not impinge

on the floor, These considerations placed the jet exit plane at 26 jet
radii below the working section ceiling. Ab this postion, it was felt
that if the topside of the plate was kept reasonably 'cleant, tnat is,
the pressure lines were kept to one desp and attached firamly to the plate,.
then the only blockage incurred would be thal arising from the plate

thickness, supports and jet pipe; +the ficv over the plate surface would




then not be interfered with.

The plate and its aassociated support and jet pipe fairings wvere
installed in the working section. 4 test was conducted with the jet
off and at zero incidence to verify that in the region of interesg (~ 20
& X < 48,-40< Y <40) the flow over the plate surface was vniform, The
test revealed that this was so (see also Appendix B).

Further tests were conducted to determine how sensitive the surface
pressure distribution was to very small changes in pitch and bank of the
plate. These tests revealed that the actual pressure readings vere very
insensitive and zero incidence was defined as the postlon of the plate
when its XY plane was perfectly horizontal as determined by a clinometer.
The flov over the plate in this position was wniform (see also Appendix 3).

The boundary layer was measured on the plate surface ( at X= ~7,

Y= 3) and was found to be approximately 3.0 jet radii thick with a typical
one-sevsnth power profile.

2o Flot Piate. (Plates 2.1, 2.2)

The dimensions of the flat plate were 144 jet radii spanwise and
192 jet radii chordwise. The plate material was 0.5 inch thick perspex
gsuitably stiffened with two chordwise aluminiuwa angle bars. These bars
provided attachments for the supports and pressure lines. The jet ex—
hausted at s position 40 jet radii from the leading edge and on the plate
centreline. & leading edge {rip was fitted.

The plate was supported by four legs each of 0.5 inch diameter
screwed rod. The screw piich was‘OuOSinch° Bach leg was fitted throuzh
a hole in the wind tunnel roof and with the aid of adjusting nuts, the
plate could be set to soms desired angle of incidence up to a maximum
of approximately & degrees. The two front legs were each housed in a
KaCa 0025 fairing of chord 24 jet radii (co~ordinates frém ref 37).

The portion of the jet pipe protruding helow the working section ceiling
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and the nozzle block'pressure lines were housed in a NaCa 0025 fairing
of chord 40 jet radii. The fairing around the rear legs and pressure

lines from-the plate was a NaCa 0030 of chord 60 jet radii.

2.5 Jet Plenum Chamber (Plate 2.1;2.2 and fig 2.1)

The jet plenum chamber was designed to be positioned outside of
the working sectioﬁ for all configurations to minimise the blockage
between the top side of the plate and the ceiling., The chamber consist-
ed of a 4 inch internal diameter steel cylinder. The transition from
the 4 inch diameter chamber to the 0.5" dlameter exit was achleved by
using one of the family of curves, slightly modified, from ref 38. The
other end of the chamber contained the fitting for the flexible hose,
The chamber contained screens to aid flow.uniformity at exiti, a static
pressure tap (internal diameter 0.040 inch) and a thermocouple.

The chamber supportbing plate was slotted so that the chamber could
be ' rotated to a desired positicn and clamped by means of a bolt passing
through one of these slots and a bracket attached to the chamber,

The supporting plate was able to slide along an angls bar care-
fully positioned in a plane parallel to the plane containing the plate
centreline tc ensure that the jet exhausted symmetrically with respect
to the plate,.

2.6 Jet Nozzles (fig 2.1)

Each jet nozzle block consisted of a block of perspex 11 jet radii
chordwise and 7 jel radiil spanwise and was macnined to be a tight fit
in an existing recess in the plate. HNo leakaze was detected through the
discontinuity in the plate surface,

The copper jet pipe of C.5 inch internal diametesr was fixed in the
nozzle block'which had been previously drilled at the reguired angle for
thé given jet inclination. Jare was taken to ensure that the pipe was

flush with the surface of the nozzle block and that its cenwnreline was
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at the specified angie to the 2 axis in the XZ plane of the plate and
that the'projection of the pipe centreline onto the YZ plane of the
blate was parallel to the Z axis (i.e. the pipe was not yawed). The
length of the jet pipe was determined by the position of the plen&m
chamber, The Jjet pipe wés attached to the plenum chamber by means of
a gas Titting nui bearing down on to a flange at the end of the pipe.
The various characteristics of the Jjets are given in Appendix A,

2.7 Pressure Measurement Instrumentation.

The working section dynamic pressure was monitored on a water
micromanometer, The working section was calibrated with the model in
position and for each model configuration. The freestream stagnation
temperature was measured using a Bulb type mercury thermometer and the
airbient atmospheric pressure was measured using a Foriin barometer.

The plenum chamber pressure tap was monitored with a Prandtl
manometer (range 0 to 600mm), This tap was located immediately upstream
of the converyence to the exit plane (fig 2.1). 4 vacrum-eureka thermo-~
couple was installed in the plenum chamber to monitor the stagnation
temperature, Melting ice was used at the reference junction and the
output was digplayed on a digital voltlmeter.

The plate was instrumented with 357 static taps. The pressure
taps were located on a rectangular grid of variable apacing, thatl is
the spacing distance decreases with decreasing distance from the jet
exit (see Table 2.1.1)., This was to allow for tne large pressure
gradients in the immediate vicinity of the jet. The important factorn
in locating the taps was to ensure that adequate interference pressure
contours and sufficient points on contours furiher éway from.the Jet
could be obtained. A rectangular grid fulfills these conditions mozre
- satisfactorily than a polar grid. Pressure taps were also provided to
check the symmetry ana tae uniformiiy of.flow conditions and to aid the

installation of a given configuration (sce enc of Taple 2.1.6).
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The pressure téps consisted of P.V.G. tubing (internal diameter
0.035 inch, outside diameter 0,060 inch) inserted into a hole drilled
through the perspex, initially underéize then opened out using a taper
drill. Care was taken to ensure that the hole was normal to the plate
surface. A special P.V.C{perspex adhesive was applied to bond the
tubing to the plate. The protruding end of the tube was sliced flush
with the plate surface. The taps were observed under a microscope to
check that no burred edges existed. The P.V.C. tubing was sufficiently
flexible to undergo a 90 degree bend of small curvature without any
adverse effects. The tubes were attached, one deep, to the plate upper
surface and led to the nearest stiffener. Tpe tubes were routed along
the stiffeners to the rear legs and out of the tunnel,

The static pressure taps vwere positioned as close as was physic-
ally possible on the nozzle blocks and to the jet periphery but still
maintaining the correct grid position (Tables 2.1.2 to 2.1.6). The
nozzle block pressure lines were routed along the outside of the jet
pipe and out of the tunnel,

all the pressure lines were fed into the rear of a 'pressure!
console. The purpose of this console was to facilitate the handling
of a large number of pressure taps. The console consisted of 14 rows
of holes, each row containing 36 holes‘in 4 banks of 9 holes. &ach
bank was sealed with a blank cover. Four 'connecting blocks', each of
9 connections, were connected to hexans multitube tilting mancometer.
The incoming pressure lines were arranged sobthat the taps giving the
various distributions (end of Table 2.1.6) for symmetry and uniformity
of flow conditions could be observed together. The jet characteristics
and the jet penetration into the crossflow were measured with a total

pressure probe. This pressure was monitored on a Prandtl muanometer.
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2,8 Traversing Mechanism (Plate 2.2)

The total pressure probe (dimensions: 0,031 inch diameter head
and reinforced stem of 0.125 inch diameter) was supported by a traver-
sing mechanism so that its stem was parallel to the plane of the plate
and perpendicular to the freestream direction. The probe head was
parallel to the freeétream direction. The probe could be moved verti-
ically along a lead screw (20 turns to the inch or a pitch of 0.2 jet
radii) and rotated about its stem, The number of revolutions of the
lead screw and the angle of rotation of the probe determined the vert-
ical position of the probe head relative to the plate.

A small rail was atltached to the plate surface at a position Y =
~21.,125 Jjet radii, parallel to the X axis. This rail provided extra
atability to the mechenism. The rail was darilled every 2 jet radii and
thumb screws were used to fix the mechanism at a particular position
a¥ong the X direction., The other end of the iraversing mechanism passed
through a slot in the wind tunne; floor. This end was clamped to the
floor of the working section and, using the clinometer, the clamp was
positioned such that the axis of the mechanism was alwsays normal to the
plate surface (i.e. parallel to the Z axis). The horizontal position
of the probe head was determined from the position of the mechanism
along the rail and the angle of rotation of the probe.

The range of operation of the traversing mechanism was as follows:
horizontal movement -6 $ X < 18 depending on the angle of incidence of
the plate; vertical movement 6.25 < Z < 102; rotation through approx-

imately 150 degrees.



Table 2,1,1. Static Pressure Tap lo

cations: Flat Plate_

2.8

Tap Number | X | Y ! Tap Number| X | Y | Tap Number X Y
1 -32 0 28 ~16 8. 55 -12 1 20

2 -32! 8 29 -16 ' 10 56 -12 24'

3 =32, 16 30 16 | 12 57 -12 | 60

4 -321 24 31 —16§ 14 58 -10| 0

p, =321 32 32 -16 { 16 59 -10] 2

6 ~32{ 40 33 -16§ 20 60 -10| 4

7 ~32 60; 34 ‘ -16‘ 24 61 -0 6

8 -24! ol 35 ( ~16 | 32 62 -0} 8

9 24, 4 36 =16 | 40 63 ~10 | 10

§ 10 -24I 8 37 f -14¢{ 0 64 -10 1] 12
f 1 D245 12, 38 3 -4 . 2 65 1 =10 { 14
E 12 i -24% 16; 39 : -145 4 % 66 §-1o |16
13 | -24| 20/ 0 —14% 61 67 8! 0

{ 14 % -24 245 41 g “14; 8 68 -8 2
i 15 j -24% 32 42 j n14: 10 ; 69 -8 4
; 16 3 =24, 40, 43 Po=14 12 70 -8 6
17 [-20y 0l 44 14114 71 sl e

18 § =20 4i_wm*;$iw.m_émw:1éum1éw 72 -6 ;10

19 g -20 8§ 46 i -12{ 0 73 -8 | 12

20 f -20 12{ 47 ! 12 2 74 -8 |14

21 20! 16§ 8 i o-12) 4TS -8 |16

| 22 -2oé 20; 49 ; -121 6 76 -8 ézo
.23 -20. 24" 50 i o-12) 8 T -8 | 24
é' 24 —16§ OE 51 i -12 110 ? 78 -8 232
.26 7 ~16§ 45 53 g 12 114 é 80 % 1
? 27 6] 6 50 -12116 ° 81 i -6 E 2
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Table 2.1.1, Continued.

2,11

I i

Tap Number X ; Y Tap Number i X Y Tap Number X Y 2

244 11 E 7 271 ?16 12 | 298 o4 | 4 ;

245 1.8 272 116 |16 299 24 | 6 %
246 12 |0 273 16 120 300 24 | 8
247 12 1 274 16 {24 301 24 | 12
248 12 | 2 275 -16 32 302 24 | 16
249 12 3 276 16140 303 24 | 20
250 12 | 4 277 18 |0 304 24 | 24
251 12 1 5 278 18 | 2 305 24 | 32
252‘ 12 | 6 279 18 | 4 306 24 | 40
253 12 {1 280 18 | 6 307 48 | 0
254 12 8 ‘281 ‘18 8 308 48 8
255 12 {10 282 20 | 0 309 48 1 16
256 12 {12 283 20 | 2 310 48 | 24
257 12 |14 284 20 | 4 311 48 § 32
258 12 [ 16 285 20 6 312 48 | 40
259 12 | 20 286 20 | 8 313 48 | 60
260 121 24 287 20 |12 314 148 | 0O
261 14 | 0 268 20 |16 315 148 | 20
262 1 | 2 289 20 |20 316 148 | 40
263 14 | 4 290 20124 311 148 1 _60
264 14 6 291 22 0 318 28 | 60
265 . 14 1 8 292 22 | 2 319 68 { 60
266 16 0 293% 22 4 320 88 | 60
267 16 | 2 294 22 | 6 321 108 | 60
268 6 | 4 295 22 8 %22 128 {60
269 16 6 29 24 0 323 F52 -8
270 16 ] 8 297 do4 | 2 324 352 (=16




Table 2.1.1.

2,12

Continue. 7

pap somver | x| v |vep umver | x_| ¥ lrep qumper | x 1Y
525 2 24| 336 | olmz | a7 48 | -24
326 32 |-32 | 337 o {-14 | 348 48 {32
327 32 [-40 | 338 o |-16 1 349 48 | ~40
328 ~32 | =60 339 0 | -20 350 48 | ~60
229 ~12 | -60 340 0 |~24 351 68 | -60
330 0 -4 341 0 =32 352 88 | ~60
331 0 -5 342 0 }~40 353 108 | ~60
332 0] -6 343 8 | =60 354 128 | ~60
333 ol -1| 344 28 [-60 | 355 148 | -20
334 o -8 | 45 48] -8 | 3% 148 | ~40
335 01}-10 346 48 | =16 357 148 | =60




Table 2.1.2.

Static Pressure Tap lLocations: Nozzle Block, @ =0

<

Tap Number | X (Y |Tap Number X _} Y :Tan Number | X 1 Y
358 -5 0 385 5.5 13.0 . 412 ~1.5 | 2.5
A R 2 O LT I L LX)
360 -5 1.0 387 §-3 0.5 ! 414 -1 11.0
361 -5 1.5 388 Ema 1.0 415 -1 |1.5
362 -5 |2.0 389 §—3 1.5 416 -1 2.0
363 -5 2.5 390 =3 2.0 417 -1 2.5
264 -5 3.0 391 -3 2.5] . 418 -1 3.0
365 -4.5 10 392 i-3 3.0 419 ~0.5] 1.5
366 4.5 0,51 393 .25 (0 420 -0.5 2.0
367 -4.5 1.0 394 |-2.510.5 | 421 ~0.5| 2.5
368 -4.5 [1.5: 395 2.5 1 1.0 ! oge2 0,530
369 ~4.5 |2.0 396 -2.5 { 1.5 423 0 |1.5
370 =45 12.5 397 ~2.5 1 2.0 424 0 2.0
371 ~4+2 15:0 398 ~2.51 2.5 425 0 |25
e A4 o | w9 25300 a0 |0
53 |-4 0.5, 400 -2 0 | g2 0.5] 1.5
374 |-4  [1.0 401 -2 0.5 428 0.5] 2.0
315 -4 1.5 402 -2 1.0 429 0.51 2.5
376 -4 2.0 403 -2 1.5 430 0.5] 3.0
371 -4 2.5 404 -2 2.0 431 1 1.0
578 -4__|3.0] 405 —2 P25 432 1 1.5
319|350 a6 12 30] a3 |1 |20
380 23.5 0.5 | 407 1.5 0 434 1 |25
381 -3.5 1.0;_ 408 ~1:510.5 435 1| 3.0
382 -3.5 | 1.5 409 ~-1.5: 1.0 436 1.51 0
383 ~3.5 [ 2.0 410 ~1.5} 1.5 437 1.5] 0.5
384 1-3.512.5° 411 ~1.57 2,0 1,51 1.0

438




Table 2.1.2. Continued.

2.14

Tep Wumber | X | Y |Tap Mumber | x | Y !rap Number | Xi! Y
439 1.5 1145 457 3 o 475 4 ‘ 2.0
440 1.5 {2.0 458 3 10.5 476 4 1 2.5
441 1.5 12.5 459 3 1.0 477 4 3.0
442 1.5 3.0 460 3 1.5 478 4.5 0
443 2 0 461 3 2.0 479 4.5 0.5
444 2 0.5 462 3 12.5 480 4.5 1.0 ;

445 2 1.0 463 3 13.0 481 4.5 1.5
446 2 1.5 464 3.5 10 482 4.5 2,0
447 2 2.0 465 3.5 10.5 483 4.5 2.53
Mo 2 (25| 46635000 484 | 48 30
449 2 13.0 | 467 3.5 1 1.5 485 510
450 72.5 0 468 3.5 | 2.0 486 5 0.5 |
451 2.5 0.5 469 3.5 1 2.5 487 5 | 1.0
452 2.5 | 1.0 470 5.513.0 488 5 1 1.5
453 2,5 [ 1.5 471 4 ;O 489 5 2.0 .
454 2.5 2.0 | 472 4 P05 490 5 1 2.5
455 2.5 2.5 47% 4 1.0 491 5 3.0
456 2.5 | 3.0 474 4 11.5 492 0 }-2.0

. e i, e 3+
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Table 2.1.3.3tatic Pressure Tap Locations: Nozzle Block, ¢ = 15°,

Tap Number | X g Y iTap Numoer X | Y Tap Numver | X . Y
e -5 0l ses w35 500 415 |10 s
359 -5 ?0-5 386 f-5 0 é 416 -1.0 ?2.0
360 -5 {1.0 387 §~3 0.5 é 417 ~1.0 iz.s
361 -5 1.5 388 3-3 1.0 ? 418 -1.0 33.0
362 -5 2.0 389 -3 1.5 419 -0.5 %1.5
33 . |=5> |2.5 390 "3 j2:0 | 420 -0.5 2.0
364 -5 13,01 391 3 los | g0 0.5 2.5
365 -4.5 {0 392 -3 3.0 ' g22 -0.5 !3.0
366 -4.5 10,5 393 §_2.5 0 i 42% 0 11.5
367 -4.5 (1.0 394 -2.5 0.5 | 424 10 {2.0
368 ~4.5 1.5 0 395 ?-2.5 1.0 - 425 0 l2.5
369 =4.5 2.0 396 =245 1.5 . 426 0 ;5.0
370 ~4.5 12.5 397 E—2.5 2.0 | 427 0.5 i[1.5
371 =4.5 13.0 398 -2.5 2.5 428 0.5 i2.0
372 -4 |0 399 =2.5 ;3.0 | 429 0.5 12.5
55 l-4 05| 400 2 0 | 430 |05 3.0
374 -4 1.0 | 401 d=2 0.5 431 1 1.0
375 -4 1.5 402 ~é 1,0 432 1 1.5
376 -4 2.0 40% -2 1.5 4%% 1 2,0
371 -4 2.5 404 -2 2.0 434 1 2.5
378 -4 3.0 405 -2 2.5 435 v 1 i3.0
379 ~3.5 10 406 - j-2 I3.0 NMMTE;;w“AM“‘N;i}:AE;mJ“
380 3.5 {0.5 |09 15 1o | asy 1.5 10,5
381 3.5 {1.0 410 ~1.5 1.5 438 1.5 11.0
382 -3.5 [1.5 | 411 .5 2.0 | 439 1.5 1.5
383 |-3.5[2.0 | 412 .5 25 | a0 | s 2.0
%84 -3.5 2.5 . 413 -1.5 %3.0" 441 15 12,5




Table 2.1.3. Continued.

£

Tap Humber

442

A S VLT TA PRI

443
444
445
446
447
448

454
455
456
457
458

RIN RN
1.5 13,0
2 0

2 10.5
2 }1.0
2 1.5 |
2 ]2.0
2 2.5
2|50,
2.5 |0

2.5 10,5
2.5 11.0
2.5 | 1.5
2,5 12.0
2.5 2.5
2.513.0
5 |0

5 }0.5

Tap Nunber | X | Y Tap Number
459 3 3 1.0 % 476
460 % 3 1.5 i AT7
461 3 |2.0 478
42 3 |25 419
463 3 |3.0 480
464 3.5 10 481
465 3.5 0.5 482
466 3.51 1.0 483
467 3.511.51 484
468 3.5 12.0 485
469 3.51 2.5 486

A0 3530 48T
471 4 1o 488
472 0.5| 489
473 4 1.0 490
474 4 115 491
475 4 2.0 492

I« TG I T B R G I

4.
4.5
4e5
4.5
4.5
4.5

i

A5

0.5
1.0
.1'5
2.0
2.5
5.0

"‘2-0




- Table 2.1.4. Static Pressure Tap Locations: Nozzle Block, $ = 30°,

Tap Number | X Y | Tep Number X .Y Tap Number| X f.I_é
558 =0 ‘MMMMéﬁ?MWMwmw:§;5, 2;9; 421 “°°5! 2:5 ¢
359 |-5  0.51 38 -3 |0 422 | -0.5, 3.0
360 -5 1.0 387 -3 | 0.5 423 0 | 1.5
361 =5 15| 368 -3 1.0 424 0o | 2.0
362 -5 22 0{ 389 -3 1.5 425 o | 2.5
363 -5 éz.s 390 -3 [ 2.0 426 0 | 3.0
o I ) I R S IE R R P
95 =450 | 32 |- 1300 4w | o2
366 ~4.5 io.s 395 2.5 1.01 429 0.5 2.5
367 4.5 1.0 39 2.5 1,51 430 | 0.5]3.0 |
768 ~4.5 51.5 397 ~2.512.0 1 431 1| 1.0
%69 -4.5 gz.o 398 ~2.5]2.5] 432 | 1 |1.5
S0 4o 2s 399 125 is0l 433 |1 |20

ERECT SR X IR I T BRETR B P
372 -4 O L 404 -2 2,00 435 | 1 |3.0
375 -4 ‘0.5 §' 405 -2 12,5 436 1.5 0
514 "4 00 406 -2 [3.04 0 437 1.510.5
375 4 s a0 ~1.511.5] 438 1.5 | 1.0
376 -4 2.0 411 -1.51]2.0 439 1.5 ] 1.5
377 -4 2.5 ) 412 -1.512.5 440 1.5 1 2.0

w208 A 30 413 (-5 0300 4 1.5 2.5
379 3500 1 45 |1 |1 442 115300
380 ~3.5 10,51 416 -1 2.0 443 2 |o
381 ~3.5 11.0 1 417 -1 |2.5| 444 2 0.5
382 =3.5 1.5 418 .lemml?AQN 445 2 [1.0
383 -3.5 12,0, 419 ;075 1.5 446 | 2 1.5
384 ~3.5 (2.5 1 420 ~0.5 12.0 447 .12 __12.0




Table 2.1.4. Continued.

rap vumer |_x__ Y |Tap Number i X | Y Tep Number | x|
448 2 ;2.5 3 13 |30 41 45 0

M9 2ol ese I 3slo a9 s 0.5
450 2.5 10 465 .5.5 0,5 ¢ 480 4.5 1.0
451 2.5 10.5 466 3.5 5.0 E 481 4.5 1.5
452 2.5 11.0 467 3.5 11.5 . 482 4.5 2.0
453 2.5 11.5 468 3.5 2.0 . 483 4.5 2.5
454 2.5 |2.0 | 469 5.5 [2.5 |__484 4.5| 3.0
455 | 2525|410 | 35030 485 |5 |o

a6 lesizol a4 fo | 4 |5 |os
457 3 o 472 4 0.5 | 487 5 | 1.0
458 3 0.5 473 4 |1.0] 488 5 | 1.5
459 3 1.0 474 4 |1.5] 489 5 | 2.0
460 5 {150 475 4 {20 | 490 5 | 2.5
461 3 2.0 476 4 ]2.5 491 .2 1.3:0
462 ' 3 i 2.5 477 4 3.0 492 0 ~2.0




 ‘Dable 2.1.5.

Static Pressure Tap Locations: Nozzle Block, O = 45

2.19

[v]

Top Nunber | X © Y | Tap mumber X | Y ! Tap mumber| x| ¥
358 -5 io 390 §-3 2.of 427 0.5 1.52
359 -5 ?0.5 391 L3 2.5? 428 0.5 | 2.0 |
360 -5 1.0 392 -3 130 429 0.5 2.5l
361 -5 1.5 396 -2.5 1.5§ 430 0.5 | 3.0
362 -5 12,0 397 2.5 2.0 431 1 1.0
363 -5 2.5 398 ~2.51 2.5 432 1 1.5
364 -5 13.0] 399 -2.513.01 433 1 |2.0]
365 ~4.5 10 403 -2 1.5 434 1 2.5
366 -4.5 ' 0.5 404 -2 2.0 435 1 3.0
367 -4.511.0 405 -2 2.5 438 1.5 11.0
368 =45 1.5 406 {2 13,00 439 1e5 11,51
369 ~4.5 .2.0 410 ~1.51 1.5 440 1.5 {2.0
370 -4.512.5 411 ~1.5} 2.0 441 1.5 (2.5
371 -4.513.0 412 ~1.512.,% 442 1.5 ] 3.0
et 0 A 15030 4 2 lo
373 -4 0.5 41; -1 1.5g 444 2 0.5
374 -4 1.0 416 -1 2.0} 445 2 11.0
375 -4 1.5 417 -1 2.5 446 2 1.
376 -4 2.0 418 -1 3.0 447 2 2.0

377 -4 2.5 419 0.5 1 1.5 448 2 2.5
378 -4 |3.0 420 -0.5 } 2.0 449 2 13.0
381 -3.5 (1.0 421 0.5 2.5 | 450 2.5 10
382 -3.511.5: 422 -0.5 13,0 451 2.5 . 0.5
383 -3.5 | 2.0 42% 0 1.5 452 2.511.0
384 ~3.5 1251 424 0 2.0 453 2.5 I{.s
%85 -3.513.0 425 0 2.5 454 2.51{2.0
389 -3 1.5 1 426 0 3.0 455 2.512.5




Table 2.1.5. Continued,
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Tap Fumber | X * Y | Tap Number % X by éTap Number | X J Y

456 2,5 ?3'_.9_ 169 | 3.512.5 82 4.55 2.0 !
457 3 0 g0 135130 483 4.5 2.5 |
458 5 0.5 4T 4 {0 484 4‘.5’ 5.0
459 3 11.0 472 4 10.5 g 485 5 |0
460 3 15 473 4 1.0 486 5 0.5
461 3 12.0] 474 4 {151 487 5 | 1.0
462 3 i 2.5 475 4 2,0 488 2 1eD

463 |3 izol a6 |4 jas| as |5 | 2.0

466 | 3500 | AT |4 g30) 40 |5 2o
465 3:510.5, 418 4.510 A > 130
466 5.5,1.0, 419 4.5 fo.s“ 492 0 1-2.0
467 5.5 1.5 480 4.511.0 |
468 3.5 12.0 § 481 4.5 11.5
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Table 2.1.6, Static Pressure Tap Locations: Nozzle Block, @ = 60°.

z
 Tap Number | X Y  |Tap Number _ X | Y. Tap Number | _X Y.E
360 -5 1.0 405 -2 2.5i 439 1.5 1.5§
361 "2 $1'5wmmjKﬁN“vai:?“Mmlﬁth; 440 1.5 2-0f
362 -5 gz.o 410 g--1.5 1.5 i 441 1.5 2.5!
s |5 2| o lesleo] e | 1)z
o364 [ 750300 412 -5 (25| 445 2 | 1.0
6 |-4515| 413 151500 a6 |z |15
369 -4.5§ 20| 415 ‘-1 1.5 44T 2 {2.0
370 “4.5 2,51 416 2-1 2.0 448 2 |2.5
371 -4.53.0 417 2-1 2.5 449 2 ‘3.9,'_'
15 |- s | e o (30l a0 | 250
376 -4 2.0 419 0.5 ‘1.5_: 451 2.510.5
11 -4 [2.5] 420 1-0.512.0 452 2.51 1.0 |
2 (35015 g loslnol ae | 2|0
383 ~3.5 ! 2.0 423 ﬁ 0 1.5! 455 | 2.5] 2.5
o4 |35 25 4 0 2o RIS
BECH EEIEE] BN RN X T P
389 -3 1.5 ;h“h425 L0 t;.o L 458 3 o.5i
390 -3 2.0 427 0.5 11.5 459 3 1.0
391 -3 2.5] 48 0.5 12.0 | 460 30015
92 13 [3.0 429 0.5 %2.5 461 31240
o Rt Bl - T 2NN R RS
397 ~2.51 2.0 432 LR R 1 S 3{ 3.0
398 ~2.50 2.5 433 1 52-9 464 3.5 0
2D | TBP20 4% 125 ] 465 3.5, 0:5
403 -2 1.5 o 435" 1 53-0 466 3.5 ; 1.0
404 -2 2.0 438 1.5 21.0 467 31?...:3.#.1?2,4




Table 2.1.6. Continued.

2022

top Numbez | X | ¥ |fap pumver | X | Y Tep Number | X | Y |
468 3.5 {2.0. 471 "4 3.0 . 486 5 ’ 0-5?
469 5.5 2.5 a8 i 4so | e 5 1.0
470 3.5 1 3.0 479 4.5 £0.5 488 5 L as
471 4 1o 480 | 4.5 }1.0 489 5 | 2.0
472 4 0.5 481 4.5 F1.5 490 5 2.5
473 4 1.0 482 4.5 (2.0 491 5 'j 3.0
474 4 |15 483 4.5 125 | 492 0 l-2.0
|4 a0l s | 45150
476 4_ f2.5 485 ) .5 o

Notes.

1. Taps 328, 327, 326, 325, 323, 1, 2, 3, 4, 5, 6 and 7 provided the
leading edge pressure distribution. |

2. Taps 357, 356, 355, 317, 316, 315 and 314 provided the trailing
edge pressure distribution.

3. Taps 350, 349, 348, 347, 346, 345, 307, 308, 309, 310, 311, 312
and 313 provided the spanwise pressure distribution at X = 48.

4. The chordwise pressure dis‘tribution at the plate tips w-a;,s given
by taps 7, 57, 214, 318, 313, 319, 320, 321, 322 and 317 at Y =
60, and by 328, 329, 343, 344, 350, 351, 352, 353, 354 and 357
at Y = =60,

5. The spanwise pressure distribution along the Y axis was given by
taps 342, 341, 340, 339, 338, 337, 336, 335, 334, 333, 332, 331,
330, 492, 423, 424, 425, 426, 127, 128, 129, 130, 131, 132, 133,
134, 135, 136, 137, 138 and 139, ~

6. Taps 1, 8, 17, 24, 37, 46, 58, 67, 358, 365, 372, 379, 386,

393, 400, 407, 436, 443, 450, 457, 464, 471, 478, 485, 173, 188,

197, 215, 224, 237, 246, 261, 266, 277, 282, 291 and 296 provided
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Notes. Continued.

the plate centreline pressure distribution,
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Figure 2.1._ Crosa~-section of the Plenum Chamber and Nowzle Block.
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Chapter 111

Bxperimental method and_ Accuracy

a3 Configuration.

The plate was adjusted to the required angle of incidence by

*

lowering the rear legs. The nozzle block was inserted. The jet plenum
chamber was rotated to the reguired angle, sel by the clinometer, end
clamped to the support plate. The support plate was moved along the
roof of the tunnel and the jet chamber was offered up to the flanged
end of the jet pipe (fig 2.1). Further adjustments were made to the
plate supports until the jet pipe flange was located within the recess
in the jet chamber. The plate was finally adjusted to the correct
incidence and height. The nozzle block surface was now flush with the

-plate surface,

32 Test Conditionse
The required pressure difference (Pp~Pw) was taken from the corr~
esponding calibration chart for the given configuration snd for a dynamic
pressure of 0,576 inch of water. This pressure difference was monitored
on a vater micromanometer and the wind tunnel speed brought up accord-
inglyo
The atmospheric pressure was measured by a Fortin baromeher and
the value of Pn.~F, was taken from the curve of *. P versus P for
Q& 4 o T A A
. . . . Tie . oo
the required velocity ratio. (see Appendix a). The pressure difference
(PS - PA) in the jet plenum chamber was read from the calibration of
P ~P, wversus F P, for the jet under consideration. This pressure
0% "A S A
difference was monitored by a FPrandil manometer.
The tunnel freestream dynamic pressure and the jet plenum pressure
vere constantly monitored, The change in mass flow rate after the jet
plenun temperature had stabilised at ambient was negligible. The use

of storage tanks for the jet air supply obviated the unwanted temperature
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increase which would have arisen if the air was fed directly from a
compressor.

3.3 Surface Pressures,

L]

All data from the plate surface was measured on the multitube
manometer inclined at 20 degrees to the horizontal. This data was
stored on melinex sheets.

The first wind tunnel run was to determine the jet off pressure
distribution on the plate surface. The second run was to determine
the interference pressure distribution. The rew data had the form

(Bret on = Ba) = (Preg opr = By )
and was inputted into a computer programme (Appendix B) which reduced
the data, calculated the interference pressure contours, integrated
the pressure distribution and plotted the contours, various selected

pressure distributions and integrated distributions.

3./ Jet Penetration.

" The plate and nozzle block surfaces were covered with a self
adhesive sheet. The traversing mechanism support rail was attached to
the plate surface (see Plate 2.2), The mechanism was initially posit-
ioned on the rail such that the probe head was as close to the nozzle
exit as possible. The lateral position of the probe was adjusted such
that the probe head lay in the X7 plane which, from symmetrical consid-
erations, was assumed to contain the jet centreline. A search was made
to determine the X and Z co-ordinate, relative to the plate axes, at
which the total pressure was a maximum. The traversing mechanism was
then moved to the next position along the rail, a distance 2 jet radii
downstream.
2e2 ACCUracys

The clinometer could be read to the nearest 0.5 ofga minute, The

Prandtl manometer and the Fortin barometer were accurate to + 0,01 mm of
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mercury., The calibr@tion chart of dynamic pressure in the working section
versus the pressure difference across the two pressure taps fitted to
the tunnel wall (pR— pw) as mentioned in Section 2.1 could be read to
+ 0.002 inch of water. The working section was calibrated with a *
gstandard pitot-static tube, the error inv&lved being 0.5 of {, or 1%
of q (ref 39).

Static pressure taps introduce an error because of their finite

size. Ref 40 suggests that the error is of the order of 4+ 0.005 ¢

wy ¢

Turbulence also affects the accuracy of the mean static pressure
measurement (ref 41). This reference suggests that the error is of the
same order as that incurred by the finite diameter taps.

The response time was of the order of 60 secs. This was felt'to
be reasonable considering the physical restrictions involved because
of the size of the piessure lines and taps. No fluctuation band of the
readings wvas evident even in the wake regign.

The order of accuracy of the multitube manometer was difficult
to estimate., The distance along any tube was measured to the nearest
0.016 inch. However, the angle of tilt did introduce errors, Since
the manometer was viewed, from above, then the further the meniscus was
from the eyes, the greater was the amount by which the pressure was
underread. However, the pressure reading was greater the further away
from the position of the eyes; so in all probability the percentage ervor
intreduced was virtually constant. In converting the pressures to inches
of yertical height, these multitube manometer errors were reduced by a
factor proportional to the size of the angle of tilt (in tnis case about
0.33). |

Figures 3.1 to 3.3 show the effect on the surface pressure dist-
ribution and the surface force distribution (see introduction to Chagpter

1V) of the uncertainty in the multitube readings., These figures were
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obtained by varying the readings by + 0.016 inch either side of the
recorded reading. The error baand increases as ICpl decreases and as
the distance from the jet increases. The error band is larger for the
upstream surface pressures than those in the lateral or wake regioﬁs.
The error band of the surface force distriﬁution over an area of five
jet radii is negligible. The corresponding changes in the suction

force coefficient over an area of five and ten jebt radii vere + 3% and
+ 4«5% respectively and the changes in cenire of pressure and pltching
moment coefficient were + 5.5% and + 11% respectively (see introduction
to Chapter 1V for definitions).

No wind tunnel wall corrections were made in this work. It has
been suggested that the parameter ma/h ( where m is the velocity
ratio, a is the jet radius and h is the clearance between %he lower
surface of the plate and the working section fioor) can act as an
apbropriate wall effect criterion ( ref 42). For a jebt inclined at
& degrees upstream (corresponding to a plate incidence of & degrees)

a value of ma/htin.A.was required to prevent separation of the free-
stream flow on the wind tunnel walls forward of the model. With a
velocity ratio of 12 and a clearance of 105 jet radiil (i.e. 105a) then
ma/h = 0.11. Since this criterion is considered to be conservative

it was assumed that adverse wall effects would Ea insignificant.

The calibration of the working section for the various model
configurations jet off, was aimed at allowing for blockaze effects
incurred for the basic model. The 6nly other blockage arises from the
potential core of the jet and the separated region bpehind the jet, Using

a one-~dimensional approach, that is

v . =1 + & where & = frontal ares of core and wake
correct p T = :

o working section area - frontal ares
indicated :

with a very conservative estimate of the frontal area of the potential
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core and separated region from ref 24, € is of the order of 0.004.

The repeatability of readings from one test to the next was fougd
to be within 0,08 of the Cp values. This was expressed as a mean‘
relative error such that the repeatability was ‘much better than this
value nearer the jet where the magnitude of the readings was higher.

Far away from the jet the error band of the readings was greater than
the actual magnitude { for le(<iO.l) 50 that the position of pressure
contours of low magnitude was not reliable (see also fig 3.1). The
repeatability in these regions was also bad. Figures 3.4 to 3.6 show

a comparison of the pressure distribution and surface force distribution
obtained from two separate tests under identical conditions. The
symmetry was found to be within 0.04 of the Gp value (checked along the
Y axis). Again this was expressed as a mean relative error and the
above comments are applicable. Figure 4.89 shows a comparison of thne
surface pressure distribution obtained from this work with that of ref-
erence 14 and 20.

The total pfessure reading fluctuation within the jet plume was
of the order of 0.00l of the reading. The total head probe was insens-
itive to a rotation of + 5 degrees within the plume and figure 3.7 shows
& typical plot from vwhich the plume centreline was determined. The un-
certainty in determining the plume centreline increased with increasing
distance from the nozzle exit as the total pressure decreased and vas
a maximum of * 0.5 jet radii. The determination of the jet plume was
repeatable from one test to another (see fig 3.8). During the freejet
tests (Appendix A) the head of the probe when placed at the centre of
the nozzle exit plane with a jet exit velocity of 600 feet per second,
was found to be displaced by about 0.2 jet radii. The fluctuation in
the jet chamber static pressure tap reading (PsuPA) was t&pically of

the order of 0.005 of the reaaing.
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Figure 4.102 sﬁows a comparison of the jet plume measurements
from &his work with that of references 19,24,27 32 for a normal jet.
A comparison of the inclined jet centreline with that of reference 284
is made in figure 4.56. )

Figure 3.9 shows the effect of the verticel support and probe
holder on the total pressure reading with the jet off, A% a position
within the X7 plane the effect of the mechanism wasg to reduce the total
head by sbout 3%. IHowever, the interference calibration was for &
uniform and essentially incompressible flow. The effect on {the probe
reading of the mechanism in an incompressible region and the probe head
within a compressible region of the Ilow field was not known. Hefereace
4d suggests that the compressibilby effects of the tobal pressure read-
ing would be negligible except when the kach number was close to unity.
As the compressible region of the Ilow was coﬁsidered to be more demine-

ant, 1t was assumed that the mechanism interference could be ignored.
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Chapter 1V

Results and Discussion

Table 4.l sunmarises the collected data. The datas was obtained
for a systematic variation of esch parameter (jet inclination 76,‘plate
incidence ¢l , velocity ratio, m ) while the other parameters remained
fixed. The surface force distribution, suction force coefficient and
centre of pressure were derived from the surface pressure distribubion.-
These quantities are defined helow. The surface pressure distribution
is presented in the form of isobar plots.

The surface force along a radial is denoted by G, where

F,
B
GF = Cp R dR , wvhere Gp is the interference pressure coefficient
R1 R is the radial distance from the jel exit

centre, non~dimensionalised with respect
to the jel radius.

The lower limit of integration , Rl, represents the jet periphery
and varies with the exilt geometry, e.g for the normal jet, Rl is unity,
The uvpper liait of integration, R2 vas assigned two velues,5 and 10,
Both Rl and R2 are non-dimensionalised with respect to the jet radius.
The surface force distribution refers to the variation of GF with in~-
creasing © , where & is the angular displacement in degrees from the

positive X axis (see fig R.2).

The suction force coefficient is denoted by CS where
2

27%
g = ~1 ., G8
s v F
0
' *Rz
= -2 C_ R dR dB
S b
“0-"R
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The upper limit of integration, R2, was 10. The.suction force

can be thought of as the force obtained by integrating the surface press-
ure distribution over a circular area with a radius of 10 jet ra?ii

(but excluding the jet exit area) and a centre coinciding with the jet
exit centre. The variation of the suction force coefficient with
increasing velocity ratio for each angle of inclination and incidence

is summarised in Figures 4.1 to 4.5. These curves can be crossplotted

to give the variation of the suction force coefficient with angle of

incidence or angle of inclination.

The centre of pressure is denoted by X, where

(2 (15
L= C, X R dR A6 , where X is the distance in the X
Jo IR, ' direction ( X = R cos ©).
2r (15
C_ R dR &
p
J0 R,]

The upper limit of integration, R2 = 15, was chosen to include as
large an area of the plate surface as possible. The lateral low pressure

region extends well beyond k, = 15 at moderate velocity ratios. It was

2
felt that, by using this value, a more accurate variation of the centre
of pressure at higher velocity ratios could be obtained without incurr-
ing too large an error at low velocity ratios ( see Section 4ele2e¢3)e

A positive value of X can be thought of as representing nose up pitching

and a negative value as nose down pitching. The wvariation of the centre

of pressure withn increasing velocity ratio for each configuration is

summarised in Figures 4.6 to 4.10. These curves can be crossplotted to
give the variation of the centre of pressure with inclination and incid-
ence.,

The pitching moment coefticient is denoted by CM where
3



AN

2 (15
G, = Gp X R dR d6.."

0 k1 )

The variation of pitching moment coefficient witih the suction
force coefficient (integrated over a circular area of radius 15 jet radii)
is summarigsed in Figures 4.1l to 4.15. These curves can be theuaght of
as the pitchng moment coefficient versus lift coefficient variation.

The jet trajectories for each configuration are summarised in
Figures 4.16 t0 4e34. These curves can be crossplotted to show the
varjation of each trajectory with one independent parameter while
the others remain constant. It should be noted that body axes were
employed throughout this work. The jet trajectories are plotted with
respect to the plate axes (defined in fig 2.2). The advantage of
using these axes is that the relative deflection of the jebt centre-
line is more discernible.

In the following discussion the effect of increasing the angle
of inclination, ﬁ (section 4.1), increasing the angle of incidence,(
(section 4.2) and inecreasing the velocity ratio, m (section 4.3) on
the surface pressure distribution, surface force distribution, suction
force ¢pelficient and jel trajectory is considered. Figures 4.1 to 4.34
Will be discussed in section 4.3

Lel Effect of Increasing the angle of Inclination,g{iFigures Lo35 t0 4e37)

A.l.l Surface Pressures,

Aelelol Forward and Lateral Regions.

v

The isobar plots (fig 4e35 t0 4039 which are drawn.fof an incid-
ence of zero and velocity ratio of 12) are cnnsidefed first., The extent
of the low pressure field to the side of the jet was reduced as the
inclination increased. AL the higher velocity ratios {n!> 6), the

extent of the low pressure field upstream of the jet was diminished.
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At low velocily ratios (m 5!6). little change was observed upstream.

As the angle of inclination is increased the jel exit geometry in the
plane of the piate changes. The exit dimension in the positive and neg-
ative X direction is increased and the position of any surface pressure
contour (eg -2 contour) wvery close to the jet is changed accordingly.
This occurence is localised because of the close proximity of {the jet
and caused little effect on the other derived guantities. The upstream
centreline surface pressure distribubion (fig 4.40 for (= OD, m= 12)
suggested that the flow decelerated less immediately upstream of thé
jet as the inclinastion was increased. If a s%agnation point actually
existed ab the higher angles of inclination then it was certainly very
locals It seems probable that the layers of fluld immediately above the
plate surface were given a vertical component of velocity by the entrain-
ment effect of the jet. As the inclination in&ea.sed, the fluid part-
icles retained more of their horizontal component of velocity and the
induced vertical component was reduced. The deccleration of the free-
stream was lessened, i.e. the blockage effect was reduced,

A comparison between the results of thls work and those of defer-
ence 19 was made in Figure 4.41 (for ©= 30°, m = 8, & = 0°). The qual-
itative agreement was reasonable. The quantitative agreement improved
closer to the jet. The discrepancies were probably due to the different
laboratory conditions (see Section 1.1.2 and 1.2). The data from refer-
ence 19 appeared to have a hizher effective velocity ratio than that of
this work as was indicated by the more extensive low pressure field.
This is. the only other existing data for inclined jets.

The overall effect was an apparent movement downstfeam of the low
pressure field as the inclination increésade

Jolele? Wake recion

allowing for the above mentioned geometry effect, the surface
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pressuré contours on the wake centrelinelbave moved little with a
change of inclination, Further to the sides of the wake region, because
of the appafent downstream movement of the lateral low pressure field,
the angle betwesn the wake centreline and the wake contours was deereased.
The low pressures occupled more of the wake region for large values of
inclination. The wake and lsteral region changes gave the low pressure
field a 'swept back lobe'! appearance (see fig 4e35 to 4.39). This
characterised the effect of increasing inclination.

There was a significant change in the dowustreém centreline sur-
face pressure distribution (fig 4.42) as the inclination increased. In
the case of the normal jet, there was a steadily decreasing rate of
pressure recovery. Initially, the rate of recovery was rapid in the
close proximity of the jet but moderated with distance away from the
jet. For an angle of inclination of 30 degrees and more, the initial
pressure recovery rate was very rapid followed by a pressure loss in
~the region 3 < X < 6 and a further pressure recovery at a more gradual
rate for X > 6. At low velocity ratios (m = 4), the pressure did in
fact become positive for X > 6 before suffering a gradval pressure loss
(fig 4.90 for ¥ = 45°, &= 2°). Generally, in the close proximity of the
jet, the pressures were lower for a lower angle of inclination. For X
> 6, there was little observed change in pressure., The position of the
occurrence of the pressure loss (except for low velocity ratios) appears
to have coincided with the transition from the potential core to the
curvilinear region (see fig 1.1 for definition of regions of jet flow).
The jet is closer to the plalte surface as the inclination incpeases.
This observed effect is probably caused by the strouger interaction of
 the vorticity entrainment and plate boundary layer. It is expecled thav
there would be an increasing rats of entralmment of the boundary layer

especially close to the rear of the jet. The resulis tend Lo confirm this.
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Lol e Integrated Sffects

Lele.2.1 Surface Forces (Fig Ah3 = 452 for m = 12, « = 0°)

The most significant observation from the swurface force distrib-
ubion was that the position at which the minimum surface force océurred,
Gm (the angular displacementb decreased as the inclination incressed.
This effect was more noticeable. for an inclination greater than 15

degrees. The minimwa surface force, C increassd (i.e. became less

Fm’

negative), e.g. for « = Oo, m= 12, C mchanged from about ~18 to -12(Rx=10)

o
while Gm changed from 900 to 300 as ¢5increasedo'rhe negative surface
force contribution from the wake increased while thalt from the forward -
and lateral region decreased. This was expected from the surface
.pressure changes.

Care must be exercised in the interpretation of the surface force

distribution. The integral CF contains the product of CD end e &

&

pafticular ordinate could have the same value if composed of a small
value of # and a large value of Cp or a large value of R and a small
value of G .
p

The surface force distribution for Pof 0° and 15° (£ig 4.43 and
44,) indicated that Gm has decreased but CFm has changed little. The
increase in the negative surface force contribution from the wake region
was balanced by the decrease in the lateral and forward regions. This
suggested that the overall effect of a moderate devialbion about the
normzl. was small.

There were no discontinuities in the curves and the gradient atb
8 = 0° and 180" was zero verifying the assumption that the flowlield
was symmetrical agbout the plate centreline. The major change occurrin:
was that the region bounded by U= 0° and 500 contributed more to the
surface force distribution while the reglon bouded by 9= 60" to 170°

conbributed less as the inclinaltion increased.
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The effect of varying the integration limits can be observed by
comparing Tigs 4e43 and 4e4B, Aeld and 4449 etc. nt 8= O and 180} the

magnitude of CF increases as the upper limit increases., The magnitude

4

of C.. increases and the rate of change of C_ with © increases..

Fm
Lele2.2 Suction Force Coefficient, gs '

r

The curves illustrating the variation of Cs with ¢ , at the higher
velocity ratios, show that GS decreases with increasing ¢ throughout
the range of investigation (fig 453). it a lower ratio (m<6), CS
changes very little over the range 0 to 154 CS decreases as @ increases
beyond lSﬁ There appears to be an asymptotic value asQ5approaches 904
This is expected. 4 value of 90°represents the case of a propulsive
jet exhausting close to,or along a horizontal surface, the only type
of entrainment being that of the free jet type, vortex entrainment bhe-
ing zero. 4s the velocity ratio increases, the curves become more
buﬂched especially at low inclination angles and do not diverge until
@ is greater than 30,

A practical point arises from these curves. In general CS decreases
as ¢ increases., I1f it is desirable to maintain a constant vertical

. component of thrust, the velocity ratio would have to be increased

initially as the inclination is increased. In fact, the jet velocity

ratio is increased proportionally to V/gecﬁr. The resulting 1ift loss
incurred from this configuration change can be less than that incurred
for the corresponding lower inclination case. (e.g. by going from

m= 4 at@= 0tom=6 at @ =60 ). Fig 4453 indicates that the 1ift
loss can be reduced by applying as much inclination as soon as possible.
The additional horizontal component of velocity will create some wing
borne 1lift reducing the need for the given level of vertical thrust.

- The inclined jet induces a more exténsive low pressure field in the

vake region. Placing the jet to the rear of the surface will reduce
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the 1ift loss.
The suction force coefficient variation with Qg s establishes the
angle of inclination as a primary parameter.

- . . L]

hele2e3 Centre of Pressure, X

The most significant observation from the curves describing the
variation of Z with 9é wes the increase in X as ﬁf increased (see fig.
4.54). generally, an increase in ;0 did not change the sign of Xo A
change of sign was caused by a change of velocity ratio. It is conceiv~
able that a curve of velocity ratio between 6 and 8 could experience a
sign change as the inclination increased.

The curves suggest that the lower the velocity ratio (m € 6) the
more rapid the increase in the centre of pressure as 95 increased, This
could cause handling problems near to the transition to wing borne flight
where the trim required is expected to be excessive, The curves show
the increasing extent of the induced low pressure field within the wake.

Considerable écatter of data was evident. This arises from the
value of the upper limit of integratlon and the ‘above mentioned error
in CF. The further away from the jet the greater is the relative error
of the pressure readings. This effect is worse for lower velocity ratios
where a greater part of the pressure field under ccn§ideration consists
of pressures having magnitudes little different from zero. These ierge
relative errors are then multiplied by a large value of R (for a large

distance from the jet) to form the ordinates required to evaluate GF

hele3 Jet Trajectories

The peneﬁration decreased and the deflection decreased as the
inclination increased (see fig 4.55 and 4.56). The trajectories were
deflected less in the initial region from their initiszl inclination as

©
P increased. at lower velocity ratios (m £ 8, fig 4.56) the 15 and
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C?curves converged d;wnstream; This observation was also noted in ref
28. Data at the limit of experimentally determined trajectories exhib-
ited a degree of scatter. As the jet asymptotically approasched the
undisturbed freestream direction, the total pressure excess decre;sed
making it diffiault to determine the centreline accurately. This
situation worsened as the inclination decreased. The total pressure

decay curves, presented as PT/PE versus S,vhere

fﬂ = P0 - PA ’ Po is the total pressure at the point, POE is the
- P

P Yoz = B4 total pressure at the jet exit and S is the disbance

along the jet centreline non-~dimensionalised with
respect to the jet radius.

indicated that the potential core length increased as the inclination
increased reaching a maximum for the 60-° jet (see Fiz 4.57 drawn
for m= 12, & = 0). The curves also suggested that the decay rate
waé less as the inclination increased. Data for ET/ PE small, exhib-
ited scatter as mentioned above. The scatter of points for PT / EE
of about unity arose because of the difficulty in determining the
centreline within the potential core.

Comparisons with the results of ref 28 (fig 4.56 for J = 0}
m = 8) revealed considerable discrepancies as did the comparisons for
the normal jet with other work (sect 4.3.3). The problem of comparing
centreline data was the different definitions used by various authors.
For instance, Patrick (ref 30) determined the centreline from a concen-
tration profile, a velocity profilé and Schlieren photographs. Keffer
and Platten (ref 28) utilised the velocity profile measured with a hot
wire. Jordinson (ref 24) and Mosher (ref 18) used the locus of maximun
total head (as does this work) while water vapour flow visualisation
was employed by lMargason (ref 32). The test conditions wére also

variable. Patrick exhausted a normal jet throuzh the wind tunnel floor
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into a section varyihg ffom Ot x 305t0 282 x 94 jet radii. Keffer and
Platten exhausted jets at varicus jnclinations through a circular plate
of 9é.jet radii diameter mounted above the wind tunnel floor into a
section 384 x 768 jet radii., Jordinson employed a plate mounted gbove
the tunnel floor and & section of 240 x 48 and 120 x 24 jet radii while
Margason suspended the jet in the wind tunnel and exhausted it into a
section of 168 k 240 jet radii., It is very doubtful wheﬁher some of
these sections allowed for adequate lateral spread of the jet or pre-
vented impingement at the higher velociiy ratios.

Orifices, tubes and nozzles have been employed all with differing
exlt profiles. The profiles of all the jets in this work were very
uniform (see Appendix 4). The less uvniform the profiles, the more severe
the .initial deflection as noted in section li2. This does not sppear
to be the reason for the discrepancy. Repeat experiments were performed
for the normal jet (see sect 4.3.3) at a lower freestream turbulence
level ( ©.7%). These results compared well with those of previous
works. It seems logical to argue that an increase in turbulence level
of the freestream increases the deflection rate of the jet, i.e. the
entrainment rate is augmented and the penetration is diminished, This
suggests that the vorticity entrainment in the curvilinear region is
gugmented by the interaction of the jet and a turbulent freestream.
This reguires further investigation. The effect of this phenomenon on
the surface pressures for the normal jet appears to be secondary (fig
4689 and sect 4e3+3)e

bio Lol Inﬁerpy_etatiqgL

The above observations Indicate a lowering of the entrainment
rate as inclination increases. The jet deflects less (fiz 4.55) until,
Q
at X5 = 60, trajectory has hardly been deflected from its initisl

O
inclination. The total pressure decay rate at 60 is lower than that
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of the other jets (fig 4.57). Deflection and totzl pressure decay are
syronymous with entrainment. It is logical to conclude that the prim-
ary effect of increasing inclinastion is a reduction in the entrainment
charecteristic of the jeb. *

It was stated in the introduction that a counter rotating vortex
pair is produced in the flow because of the large shearing stream
acting on the jet sides. For a normal jet, or one whose inclination
differs little from the normal, this production of vorticity would be
most pronounced in the initial stages where the uniform stream compon-
ent normal to the jet is a maximum.

The increase in entrainment rate with velocity ratio is not pro-
portional to that of momentum flux. This flux 1s transformed by the
uniform stream flux at a lower rate and the deflection of the traject-
ory is less. The potential core is extended. The profile may be expec-
ted to be relatively unchanged since, generally, the potential core is
not greatly deflected by the pressure field. The trajectories demonst—
rate that there is an initial portion which is almost linear. The
linearity 1is most evident as the inclination increases, where freejet
And vortex shear type entrainment are a minimum. This would account

for the observed character change in the surface pressure field he-

0 9
tween ¢ = 15 and 30. The total pressure decay curves indicate that
0 )
the decay rates of @=15 and O are similar. For inclinations greater
0

than ) = 15, the decay rate is lower. This behaviour of the initial
profiles indicates the importance of vorticity entrainment.

The freejet entrainment 1s expected to increase as the inclination
is directed upstream (i.e. for negative values of 95,, see ref 28) be~
cause the parallel freestream component is augmenied. The deflection
rate of the trajectory is a measure of the total entrainment rate and

the profiles suggest that the vorticity entrainment in the initial
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region is a minimum étsZ: 600( and zero at QOowhere the entrainment
mechanism is completely freejet and no deflection occurs) and a maximum
at zero. This would be consistent with the fact that the normel jet
experiences a maximun crossflow shearing component for the greategt
distance along the initial centreline.

Comparison of the flow exhausted normally with that at g= 30°
and 60°suggests that the generation of vorticity is more intense for
the normal jet (see also ref 28). Naturally, the greatest cross-stream
shear occurs and the vortex shear entrainment should be a maximum for
this configuration. The normal jet trajectory is expected to demonstr-
ate the maximum rate of approach to the horizontal where this type of
entrainment predominates. The results tend to confirm this.

4e2 Effect of Incressing the angle of Incidence, (Figs 4«58 0 4.82.)

hele) Surface Pressures (Figs_ he58-4e52 drawn for @= lﬁoand m = 8)

heRoled Forward and lateral Regions

It was difficult Lo draw any specific conclusions from the data
collected. 1t was apparent that the effect of a variation in the angle
of incidence was of secondary importance because most of the observed
pressure changes were at best only just outwith the error band of the
readings. The lower pressures close to the jel were least affected.
These were slightly more extensive %o the front and sides of the jet.
The higher pressures {contours =.5 to =~,1) experienced a greater change
but it must be remembered that the lower the megnitude of the pressure
and the greater its disvance from'the jet then the greater is the shift
in the contour due to the uncertainty in the pressure readings., These
higher pressures were more extensive to the sides-and front (see Fig
Le58~4e62)e The upstream centreline pressure distribubtion indicated
1ittle change with increasing incidence-(Fig Lied3)e

A comparison of the interference surface pressure contours on
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the flat plate of this work was made with the corresponding contours
on the lower surface of a wing (see Fig 4.64 ~ 4.67), these being the
only existing data illustrating the effect of incidence change (ref 22),
The qualitative agreement at m= 8, L = Ooand 6°was reasonable. éhe
quantitative agreement was poor. The wing contours were less extensive
to the front of the jet but more to the side (except =l confour).
Closer to the jet, the agreement between corresponding contours improved,
The pressure in the wake recovered more rapidly for the flat plate.

°
The comparison at m = 4, o = C:and 6 revealed large dissimilarities.,
The low pregsure field was far more extensive to the sides and rear of
the jet of the wing. Immediately upstream of ithe jebd, a siznificant
spreading of the positive pressure field‘on the wing was evident. This
spreading was localised on the flat plate to the immediasbe area upstrean
of the jet. This frontal pressure region on the wing has noe counter-
part on the flat plate (ref 1l). It would be expected that the surface
pressure distribution of the two cases would become similar as the
velocity ratio increases. The jet/crossflovw interference would become
predominant. At high velocity ratios, the flal plate should be & reason-—
able representation of the lifting case. In the lifting case, the
surface pressure changes with increasing incidence were more noticesble,
The contours were less extensive to the sides with little change up-
stream. In the wake region, the contours moved closer to the jet. The
wakes in the two cases bear little resemblance to each othery, These
changes disagreed wikth these of the flat plate.

There was one source of error in the wing data which would affect
the interference pressures on the wing to a zreabter extent than those
on the plate. The jet exit dynamic pressure was determined by assuming
that the jet exit sta%i& pressure was the freestream static value,which

in turn vas the ambient. The technique employed (identical to that of
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this work) in obtaining the required stagnation pressure always re-
sulted (regardless of angle of incidence} in the same value for the
plenum chamber stagnation pressure because this was referenced to the
freestream static value. The stalic pressure at jet exit was inc;eased
by the wing/freestream interaction as X increased (symmetrical wing)
causing a lower jet exit dynamic pressure and an effective velocity
ratio decrease. The flat plate/freestream interaction caused a much
smaller increase in the static value at exit. No allowance was made
in elther work for this effect which was considered to be of secondary
importance., The collected data indicated that the effect of a change
of incidence was secondary and this could explain the discrepancy be-
tween the results of the wing and the flat plate.

Aelele Wake Hegion

The surface pressure distribution withiﬁ the wake was not greatly
modified by an increase in incidence. Aas the contours in the lateral
region spread, the angle between the contours and the wake centreline
was decreased. The downsitream centreline pressure distribubion indic-
ated s lowering of pressures immediately to the resr of the jet. The
pressure recovery was more rapid for the higher incidence cases (fig
4¢68). The effect of varying the incidence appesred to have little

significance in the wake region.

hered Intercrated iffects

&eRo2:1 Burface Farces (Fiz 4e59=4.78 dravn for J= 157 m = 8)

There were no sisnificant changes in the surface force distribu-
tion. The value of the minimum surface force, CFm decreased as incid-
2

2 C © s o . <

ence increased from O to about 4 and then increased for . greater than 6,
. 2 . L .

The surface force at the centrelines (©= 0 and 180) showed very little,

if any change. The position of the minimum surface force, 6n1

]

appeared to remain constant. The gradient (d CF / 68 ) was
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zero ab btne centrelines and no discontinuities occurred. These observ-

ations were antlcipsated from the above consideration of the surface

pressures,
Le2e2.2 Suction Force Coefficient, C GS :

The suction force coefficient, Gs, reached a maximum at an incid-
Q
ence of between 49and 6 end then decreased (see fig 4.79, where the
9
meximum occurred at 6 ). The curves became more bunched as the velocity
ratio increased. The change in Gs with . was not as significant as
that with gﬁ as can be seen from figs 4.80 and 4.)l. No data existed
for the variation of the integrated suction force coefficient with in~
c¢idence, The gross aercodynamic forces for the wing were measured in
ref 22 bubl because of the above mentioned discrepancles no comparison
was made,

L2y

helo2e3 Centre of Pressure, X

The centre of pressure appeared to be independent of incidence
(fig 4.81l). The effects of a velocity ratio change or an inclination
change were far greater (sece figs 4.5 and 4.5/ ). Thesc results tend
to confirm that the importance of incldence changes was secondary.

Le2e3 Jet Trajectories.

The results for the normal jet (fig 4.82) showed that the L
= i)and Sfcases suffered a greater initial deflection than the normal
jet at zero incidence. In fact, the «L = Aocase appesred to have
suffered the maximum deflection in its initial region. For jinclinations
greater than zero, the trajectorieé at higher incidence tendesd to suffer
a greater deflection in their initial regions than tnose at lower in-
¢idences. It must be remembered that the axes employed in the trajec-
tory measurements were bﬁdy axes., The advantage was that the rates of

deflection of the various trajestories can be more easily compared.

No other data existazd for jet trajectories from a plate at incidence




4-3.6

80 comparison with other work was not possible,

Le244, Interpretation

The resuits obtained can be explained by an effective change in
.

inclination of the jet, Increasing incidence decreasesvthe angle of
inclination of the jet to the freestream direction. 4s mentioned in
the section concerning the effects of varying Jet inclination, increas-
ing the angle of inclination decreases the freejet and vortex entrain-
ment, In other words, as the effective jet inclination is decreased
by an increase in incidence the freejet and vortex entrainment increase.
This is reflected in the sufface pressure contour changes. GConsidering
the normal jet alone, an increase in incidence directs the jel upstrean
further.

Keffer and Flatten (ref 28) observed that the trajectory of a jeu
directed lﬁoupstream suffered the maximum deflection. The vorticity
entrainment was a maximun because the jet suffered the maximum cross--
flow shear compcnent for the grealtest distance along the initial centre-
line. The results from this work sugzest that the maximum deflecbion
oceurred at«{= 4°t0 6°upstream» This makes no allowance for the plate/
freestream interaction. The initial region of the jet will be subjected
to a non uniform freestream. Further out from the plate, the free-
stream will be more unfform. It is expected that the jet/freeétream

veraction will become more predominent as the velocity ratioc increases.
It is also expected that the platg/freestream interaction will be more
significant as incidence increases and this is probably the reason why
Q
C, decreases for {28 (Fig 4.79). The effect of the plate/frecstream
interaction would appear to cause the maximum deflection to accur at
a lover upstream inclination.

The surface {orce distribubtion and suction force coefficients



boll

give more support to this theory. The normal and D = lﬁojet show a
maximun value of GS between an o of AQand 6? Results for higher isclin-
ations did not extend to as hizh values of «L as for ﬁ5 = dband 15.

It is expected that CS will not show a maximum at higher inclinations

as the incidence will play a much less dominant role than inclilination.

The trend of the CS versus oL curves certainly sugzest an increase in

CS with increasing o but the occurrence of a turning point cannot be
dismissed uvntil further data for high incidences at high inclinations

is availlable.

A comparison of fiz 4.82 with fig 5 of ref 28 reveals distiuct
similarities between the respective tragjectories especlally after
allowing for an axes change (fig 5 uses wind axes), The deflection
rate of the trajectory is a measure of the total entrainment rate and
the profiles obtained suggested that the vorticity entrainment was a
maximun at an ./ of 43 60 incidence of the normal jet configuration.
This would be consistent wilh the observation that this configuration
is subjected to the maximum crossflow shearing componeni for the
greatest distance along the initial centreline., The other profiles
for other angles of inclinstion give additional evidence to suzsest
that the jet/crossflow interaction dominates that of the plape/cross~
flow interaction, especially at hish velocity ratios. An increase in
incidence can be considered as causingz an effective decrease in ﬁhe
inclination of the jet with respsct to the freestream. fThe changze in
incidence madifies the effective entrainment rate.

Le3 Sffect of Increasinz theVVelocitv satio, m (Fiz 4.83-4.103 and 4elehel4)

. 0 ¢
he3.d Burface Pregsures (fiz 4.83 to 4.87 drawn for i = 45, o = 2 )

s 3eded Forward and Iateral Region
The most siznificant change was the spreading of the low pressures

to the sides and front of the jet as the velocity ratio increased. The
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small high pressure fegien immedistely upstream of the jet was diminished.
This high pressure reglon was eventually enclosed by the low pressure
field. These observations sugzested an increase in entréinment as the
velocity ratio increased. The upstream centreline distribution (fﬁg £ .58
for }5= 452 d = 20) showed that a steady increase in pressure occurred
as the jet was approached at low velocity ratios (m = 4). 4t higher
velocity ratios (m% 8), a pressure loss occurred followed by a pressure
recovery as the jet-WaS approached. 1In general, the pressure was lowered
at a given point as the velocity ratio was increased.
These observations have been noted before (ref 14,20) and a sur-

face pressure comparison is made with these works in fig 4.89 (drawn
for ¢5= Of A= Oj m=8), The agreement is good and certainly within
the error bands shown in fig 3.l. The agreement is not so good close
to the jet but the pressure readings are sgspéct because of the lerge
préssure gradients which the pressure taps experience.

" The overall effect was an apparent extension and upstream move-
ment of the low pressure field.

he3el.2 Wake Rezion

The pressure distribution along the wake centreline indicated a
decreasing rate of pressure recovery as distance increased from the jet
at low velocity ratiocs (fig 4.90). &t higher velociby ratios, the
pressure recovery was very rapld close to the Jet and very gradual
further avay from the jet. Jenerally, the lower velocity ratios
produced lower .pressures close to the rear of the jet whereas the
hizher wvelocity ratios produced lower pressures further away from the
jet.

The pressure contours moved closer to the jet as the velocity
ratio increzsed. The lateral spread of the Low pressure field léssened

the anzle between the pressurse contours and the wake centreline., The
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contours vere norﬁal to.the wake centreline at low velocity raﬁios (fig
4e83). above a velocity ratio of 6, the angle between the centreline
and the contours became less as the velocity ratio increased and typified
the wake regii? at high velocity ratios. I = 6 was a special case fér

#=0 and 15. 4s the velocity ratio increased from 4 to 6, the wake
contours spread downstream. The wake contours moved upstream as the
velociby retio increased above 6, The initial rate of pressure recovery
for m = 6 was less and the contours extended much further downstream
than their counterparts for other values of m for a & of Gwor lﬁo(see
£ig 566, 5.9,5.12,5.15,5.18), This effect was noted by Mikolowsky, al-
thouzh not directly (ref 22) and by Fearn (but for m = 4, ref 20), both
for the normal jet. The reason for this observaiion was not known. The
jet path was noticeably further away from the plate surface at higher
velocity ratics (m 28). At Jower velocily ratios (m = 4) the jet was
very.close to the plate (fig 4.16= 4.25. ) . In this latter case, the
vorbtex entrainment must bhave a considerable effect on the wake boundary
loyer. 4t the higher velocity ratios this effect coula be less as re-
flected in the wake centreline pressure close to the jet. The case of
m = 6 represented the transition between these two conditions and this
is possibly responsible for this observed effect.

The stagnation point observed in some previous works (ref 43) was
not apparent in the wake region. The considerable quantity of data
collected indicated that this stagnation point did not exist on the
plate surface. |

4eds2 Inteprated aZffects

[+ o
Le3e2a) Surface Forces (fic 4.91=4.95 drawn for @ = 45, J =2 )

The wvaluve of the minimum surface force, CFm and its anyular dis-
H

placement, & _were increased for an upper limit of integratiorn,R, = 5.
? m O H P

The surface force in the wake reglon was increased and that in the
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forward and lateral region was decreased (i.e. more -ve). This was
anticipated from the observed surface pressure changes. The same
observaitionsg applied for an upper limiti of 1d except that CFm decreased
in value. The distribution was continuous and the gradient approaehed
zero at the centreline indicating the symmetry of the problem,

The surface force distribution of the normal jet exhibited a
maximum value (Fig 5.11) for all incidences at m = 6 and an upper limit
R2 = 10 within the wake region. This was possibly connecled with the
above mentioned wake characteristics at m = 6, This maximum point also
existed at approximately the same position in the data of ref 14 (but

at an m of 2 and 4).

4.%.2.2 Suction Force Coefficient, C_ (Fig 4.1 to 4.5)

The suction force coefficient increased as m increased. The rate
of change of CS witﬁ m decreased for m == 8 ( the cufves suggested that
Cs.was constant in value for m > 12 foxr a normal jet). The reason why
the curves for thé normal and 15° inclined jet exhibited a constant
value was that the upper limit of integration wes sufficient to include
the major part or all of the low pressure field within the wake. At
higher inclinations, only part of this low pressure field was included.
A comparison of the data obtained was made with that of xef 14 which
used an identically defined suction force coefficient (see fig 4.1).
The data from this work was of a higher magnitude and did notl show the
above constant value of CS until a much higher velocity ratio. This
illustrated that large differences could occur in the value of'C8 for
surface pressures that were in reasonable agreement., These differences
arose from the error inherent in the surface force evaluation mentioned

previously.,
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lo3.2.3 Centre of Pressurs, £ (Fiz 4.6 to 4.10)

' The centre of pressure decreased as the velocity. ratic increased.
The sign of +the centre of pressure, b4 changed from positive to negaiive,
at a velocity rabio between 6 and 7. This coincided with the chaﬁge
in the surface pressure distribution noted above. For X greater than
zero, the rate of change of i with m was far greaterAthan for I less
than zero. The curves showed a itendency for the centre of pressure o
become very large as the velocity ratio decreased (an increasing down-
stream movement of the centre of pressure)., At low values of the velo=
city ratio, the wake contribution to the surface force was greater be=-
cause of the close proximity of the jet and the greater entrainment
incurred, The centre of pressure would be expected Lo move downe
stream. This was also supported by the surface pressure changes.
Intuitively, the centre of pressure would be expscted Lo be zero at
m = 0 since there would be no interfersnce effect. For this to happan,
there must be a sudden decrease in Lhe value of X} leg2e. a maximum
turning point between m = (. and 4 or a discontinuity in the veriation
of X with me large trim and large trim changes are requirsd as the
transition to wing borne flight is approached,

The curves appear to have an asympbotlc value for velociby ratios
greater than 12 and the centre of pressure shows a weak dependence on
velocity ratio for high velocity ratios. This weak dependence indic~
ates the attenuation of the 1lift loss as the entrainment causes a rise
in the low pressures within the wake region. Intuitively, the centre
of pressure ought %o be zero as the velocity ratio becomes very large.
The jet would dominate the flowfield which would effectively become
that surrounding a freejet. Since the pressure distribution about a
freejet 1s uniform, then the centre of pressure would bz zero. Ths.
plate or airerait is neutrally stable in the hover mode,

Considerable scaitar of data was evident. This arose from the
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_error mentioned in previous discussions of the centre of pressure. A4
comparison of the results from this work with tnose of ref 18 arec shown
in fig 4.6. The qualitstive agreement was good but the data from ref

*

18 was of a lower magnitude in X.

lin3e2ed Pitching Moment Coefficient (Fig 4ell- 4.15)

The pitcﬁing moment coefficient was computed so that a pitching
moment coefficient variation with 1ift coefficient could be determined.
The significant feature of these plots was the large rate of decrease
of pitching moment with increasing suction force. The rate of decrease
increased as GS increased. The scatter of data observed arose from the
same source as the centre of pressure scatter noted previously.

4e3e3 Jet Trajectories {(Fig lelb-4e34)

The most significant observation was that the profile undervent
a less abrupt deflection on entering the freestream, or more succinctly,
thé penetration increased as the velocity ratio increased. The jet
profiles have been invesbigated before and a comparison with cther data
is made in Fig 4.102. At first, the comparison appears Lo be rather
poor. However, f£ig 18 of ref 32 shows considerable scatter which 1s
typically of the order of 5 jet radii at a position X = 8, for tho same.
configuration as fig 44102 (= 0 4= 0, m = 8).. This scatter is not
surprising considering ‘the different definitions of the jebt centreline
used (as discussed in section 1.2 and 4.1.3)» The data from this work
lies just on the lower limit of the data shown in fig 18 of ref 32.
It was thought that the discrepandy between this and other works vas
attributable to an effective velocity ratio change brought sbout oy
the different laboratory conditions (for instance, ref 19,24, 32 re-
port no temperabture monitoring but ref 28 does). The good agreemenﬁ
between ref 19,24, and 32 tewds o exclude this reason. The signife-

lcant condivion that did differ between this work and others was the
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level of turbulence of the freestream (Lei%)e Data was recorded for
two different configurations (@= Of A= O: m=10 and m = 12) and is
shown (fig 4.10%) with the corresponding results from ref 18 and 32

for a freestream turbulence level of 0.7%. The correlation of data is
much improved. The higher freestream turbulence level appears to in-
crease the rate of entrainment of the freestream fluid into the jet and,
hence, the deflection increases and the jet penetrates less ( see also
sect 4ele3)e The data reported in ref 28 shows a smaller deflection
than that of refs 19,24 and 32 (fig 4.102). The reason for this
is not known. However, since the normal jet trajectory lies above that
of this work, then this does explain, in part, the discrepancies noted
in sect 4e.le3 and fig 4.56.

At lower velocity ratios (m = 4), the profile was not a tangent
to the Z axis (fig 4e16). The potential core had been deflected by the
pressure field around the jet (see ref 26). The total pressure decay
curves (fig 4.101) shoved a family of quite evenly spaced curves having
a similar decay rate. The curves agreed with the general trend observed
in ref 26 and suggested that the total pressure decay rate would be
universal if a virtual origin was substituted at the end of the potent-
ial core. The potential core length increased with increasing velocity
ratio. The respective values of the core length (from fig 4.10L) vere
approximstely 3¢5, 4.0, 4e5 and 5.5 for velocity ratios of 6,83,10 and 12,
The decay curves exhibited the familiar scatter in the initial jet re-
gion attributed to the difficulty in determining the centreline in the
potential core and in the far field region atiributed to the difficulty
in determining the cenireline where the excess total head was small,

Le3.4 Interpretation

fntrainment and jet penetration increase as the wvelocity ratio

increases because the initial mean momentum flux of the jet has been
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increased. The incréase in entrainﬁent rate with velccity ratio is not
proportional to that of momenium flux. The uniform siream flux alters
the greater jet momentum flux to a lesser extent in the initial region.
The deflection of the jet trajectory is less severe. For the sameﬁrea-
son the potential core is extended. Freejeit entrainment increases as

the difference hetween the jet velocity and the parallel freestream
component is augmented. This will increase with increasing velocity
ratioc, The surface pressure contours clearly show the effect of this
increasing entrainment rate and the less severe initial defléction as
the velocity ratio increases. The flowfield analysis of ref 18 indic-
ated that the effect of increasing the velocity ratic was to primarily
increase the Jjetv entrainment. It was also concluded that the effect of
the change in jet trajectory was secondary. This seems contradictoxry
because the vortex entrainment and jet deflection are synonymous and

tﬁe vortex entrainment is greatexr than the freejet entrainment and in-
creases with velocity ratio in the initial region (ref 28). The surface
force distribution shows a decreasing contribution (i.e. force increases
(less -ve)) from the wake region as the entrainment causes a rise in the
low pressures in the wake as the velocitiy raiic increases, At low velocity
ratios, the Jet deflection is abrupt on entering the freestream and the
effect of the vortex entrainment on the wake fluid boundary layer is
greater, This procesas has less effect on the wake as the initial de-
flection becomes less severe and the jet begins to entrain more fluid
frow the lateral Tregion. With further increases in velocity ratio, more
and more fluid is entrained from the lateral and forward regions until
the limiting condition is reached. Ireejet entrainment predominates

and fluid is entrained uniformly from.the surrounding fluid. The

results tend to coniirm this.
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Table 4.1. Summary of Data.

¢ || m _ Comments _

0 0 4 !Figures: 3.8, 4.1, 4.6, 4.11, 4.16, 4.53, 4.54, 4.64,‘
4.80, 5.6, 5.7, 5.8

6 iFigures: 4.1, 4.6, 4.11, 4.16, 4.53, 4.54, 4;80, 5.9,
5.10, 5.11

8 |Figures: 4.1, 4.6, 4.11, 4.16, 4.53, 4.54, 4.56,
4.66, 4.80, 4.89, 4.102, 5.12, 5.13, 5.14

10 !Figures: 4.1, 4.6, 4.11, 4.16, 4.53, 4.54, 4.80,
4,103, 5.15, 5.16, 5.17

112 [ Figures: 4.1, 4.6, 4.11,.4.16, 4.35, 4.40, 4.42,
443, 4,48, 4.53, 4.54, 4.55, 4.57, 4.8@,4%
4,103, 5,18, 5.19, 5.20
2 | 4 [Figures: 4.1, 4.6, 4411, 4.17

6 §Figures: 4.1, 4.6, 4.11, 4.17
8 | Tigures: 4.1, 4.6, 4.1, 4.17
10 | Figures: 4.1, 4.6, 4.11, 4.17
12 . Figures: 3.7, 4.1, 4.6, 4.11, 4.17 .

4 4 | Figures: 4.1, 4.6, 4.1, 4.18

6 | Figures: 4%1, 4.6, 4.11, 4.18
8 | Iigures: 4.1, 4.6, 4.11, 4.18

10 | Figures: 4.1, 4.6, 4.11, 4.18

12| Figures: 4.1, 4.6, 4,11, 4.18, 4.82
6 4 | Figures: 4.1, 4.6; 4,11, 4.19, 4.65
6 | Figures: 4.1, 4.6, 4.11, 4.19
8 | Figures: 4.1, 4.6, 4.11, 4.19, 4.67
10 | Figures: 4.1, 4.6, 4.11, 4.19

J2 | Figures: 4.1, 4.6, 4.11, 4.19

8 4 | Figures: 4.1, 4.6, 4.11, 4,20




Table 4.1. Continued.
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. Figures

| Figures:

4.2, 4.7,

4.12, 4.23, 4.60,

4.71, 4.76, 4.79, 4.81

T 4.2, 447,

4412, 4.23, 4.79,

4.63, 4.68;

4.81

e o GOmments
8 | 6 |Figures: 4.1, 4.6, 4.11, 4.20
8 |Figures: 4.1, 4:6, 4.11, 4.20
10 {Figures: 4.1, 4.6, 4.11, 4.20
12 |Figures: 4.1, 4.6, 4.11, 4.20, 4.82 -
0 | 4 |Figures: 4.2, 4.7, 4.12, 4.21, 4.53, 4.54, 4.79,
4.80, 4.81
6 |Figures: 4.2, 4.7, 4.12, 4,21, 4.53, 4.54, 4.79,
4.80, 4.81
8 |Figures: 4.2, 4.7, 4.12, 4.21, 4.53, 4.54, 4.56,
4.58, 4.63, 4.68, 4.69, 4.74, 4.79, 4.80,
4.81
10 |Figures: 4.2, 4.7, 4.12, 4.21, 4.53, 4.54, 4.79,
4.80, 4.81
12 |Figures: 4.2, 4.7, 4.12, 4.21, 4.36, 4.40, 4.42,
40445 4449, 4.53, 4.54, 4.55, 4.57, 4.79,
B0y A BT e
2 | 4 |Figures: 4.2, 4.7, 4.12, 4.22, 4.79, 4.81
6 (Figures: 4.2, 4.7, 4.12, 4.22, 4.79, 4.81
8 |Figures: 4.2, 4.7, 4.12, 4.22, 4.59, 4.63, 4.68,
4.70, 4.75, 4.79, 4.81
10 - Figures: 4.2, 4.7, 4.12, 4.22, 4.79, 4.81
12 %Figures: 4.2, 4.7, 4.12, 4.22, 4.79, 4.81
4 1 4 iFigures: 442y 44Ty 4212, 4,23, 4,79, 4.81
6 zFigures: 4.2y 4.7, 4.12, 4.23, 4.79, 4.81
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Table 4.1. Continued,
7/ I Comments N
15| 4112 |Figures: 4.2, 4.7, 4.12, 4.23, 4.79, 4.81
6 4 |Figures: 4.2, 4.7, 4.12, 4.24, 4.79, 4.81 ‘
6 TFigures: 4.2, 4.7, 4.12, 4.24, 4.79, 4.81
8 |TFigures: 4.2, 4.7, 4.12, 4.24, 4.61, 4.63, 4.68,
4.72, 4.77, 4.79, 4.81
10 | Figures: 4.2, 4.7, 4.12, 4.24, 4.79, 4.81
12 | Figures: 4.2, 4.7, 4.12, 4.24, 4.79, 4.81
8 { 4 |TFigures: 4.2, 4.7, 4.12, 4.25, 4.79, 4.81
6 | Figures: 4.2, 4.7, 4.12, 4.25, 4.79, 4.8
8 | Figures: 4.2, 4.7, 4.12, 4.25, 4.62, 4.63, 4.68,
4.73, 4.78, 4.79, 4.81
10 | Figures: 4.2, 4.7, 4.12, 4.25, 4.79, 4.81
|| ....j2 | Figures: 4.2, 4.7, 4.12, 4.25, 4.79, 4.81 i
30 .1 O 4 | Figures: 4.3, 4.8, 4.13, 4.26, 4.53, 4.54, 4.80
6 | Tigures: 4.3, 4.8, 4.13, 4.26, 4.53%, 4.54, 4.80
8 | Figures: 4.3, 4.8, 4.13, 4.26, 4.41, 4.53, 4.54,
4.56, 4.80
10 ; Figures: 4.3, 4.8, 4.13, 4.26, 4.53, 4.54, 4.80
) 12 ; Figures: 4.3, 4.8, 4.13, 4.26, 4.37, 4.40, 4.42,
b 45, 4050, 453, 454, 4255, 457, 4.80
2 1 4 % Figures: 4.3, 4.8, 4.13, 4.27
! 6 } Figures: 4.3, 4.8, 4.13, 4.27
g g Figures: 4.3, 4.8, 4.13, 4.27
! 10 é Figures: 4.3, 4.8, 4.13, 4.27
g 12 f Figures: 4.3, 4.8, 4.13, 4.27 )
44 E Figures: 4.3, 4.8, 4.13, 4.28 . E
§ 6 | Figures: 4.3, 4.8, 4.13, 4.28 ‘mmmmmj
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Table 4.1. Continued.
|| m Comments
30 | 4 5 Figures: 4.3, 4.8, 4.13, 4.28
10 | Figures: 4.3, 4.8, 4.13, 4.28 )
12 | Figures: 4.3, 4.8, 4.13, 4,28
6 | 4| Figures: 4.3, 4.8, 4.13, 4.29
6 | Figures: 4.3, 4.8, 4.13, 4.29
8 | Figures: 4.3, 4.8, 4.13, 4.29
10 | Figures: 4.3, 4.8, 4.13, 4.29
12 | Tigures: 4.3, 4.8, 4.13, 4.29 -
45 0 4 | Figures: 4.4, 4.9, 4.14, 4.30, 4.53, 4.54, 4-90,.
6 | Figures: 4.4, 4.9, 4.14, 4.30, 4.53, 4.54, 4.80,
4,101
8 | Figures: 4.4, 4.9, 4.14, 4.30, 4.53, 4.54, 4.56,
4480, 4.101
10 | Figures: 4.4, 4.9, 4.14, 4.30, 4.53, 4.54, 4.80,
4,101
12} Figures: 3.1, 3.2, 3.3, 4.4, 4.9, 4.14, 4.30, 4.38,
4.40, 4.42, 4.46, 4.51, 4.53, 4.54, 4.55,
R e ATy B0y A O e e
2| 4| Figures: 4.4, 4.9, 4.14, 4.31, 4.83, 4.88, 4.90,
’ 4.91, 4.96
6 | Figures: 4.4, 4.9, 4.14, 4.31, 4.84, 4.88, 4.90,
4.92, 4.97
8 | Figures: 4.4, 4.9, 4.14, 4.31, 4.85, 4.88, 4.90,
4.93, 4.98
10 | Figures: 4.4, 4.9, 4.14, 4.31, 4.86, 4.88, 4.90,
4.94, 4.99
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Table 4.1. Continued.
O || m Comments
45 | 2 |12 |Figures: 4.4, 4.9, 4.4, 4.31, 4.87, 4.88, 4.90,
4 4 |TFigures: 4.4, 4.9, 4.14, 4.32
6 |Figures: 4.4, 4.9, 4.14, 4.32 -
8 |Figures: 4.4, 4.9, 4.14, 4.32
10 | Figures: 4.4, 4.9, 4.14, 4.32
12 WAFigu§g§jm§;4, 4.9y 4.14, 4.32
60 | O | 4 |Figures: 4.5, 4.10, 4.15, 4.33, 4.53, 4.54, 4.80
6 | Figures: 4.5, 4.10, 4.15, 4.33, 4.53, 4.54, 4.80
8 | Figures: 3.4, 3.5, 3.6, 4.5, 4.10, 4.15, 4.33, 4.53,
4.54, 4.80
10 | Pigures: 4.5, 4.10, 415, 4.55, 4,53, 4.54, 4.80,
| B.2, B.3, B.4
12 | Figures: 4.5, 4410, 4.15, 4.33, 4.39, 4.40, 4.42,
e e ATy A:52y 453y 4e34y 4255y 4.57y 4.80
2 | 4 !Figures: 4.5, 4.10, 4.15, 4.34
6 | Figures: 4.5, 4.10, 4.15, 4.34
8 | Figures: 4.5, 4.10, 4.15, 4.34
10 ! Figures: 4.5, 4.10, 4.15, 4.34
12 | Figures: 4.5, 4.10, 4.15, 4.34
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Figure 4.3. Variation of Suction Force Coefficient with Velocity
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Figure 4.5. Variation of Suction Force Coefficient with Velocity
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Tigure 4.8. Variation of Centre of Pressure with Velocity Ratio
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Figure 4.9. Variation of Centre of Pressure with Velocity Ratio
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Figure 4.10. Variation of Centre of Pressure with Velocity Ratio
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Figure 4.12. Variation of Pitching Moment Coefficient with Suction

Force Coefficient ( @ = 15° ),
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Figure 4.13. Variation of Pitching Moment Coefficient with Suction

Force Coefficient ( ¢ = 30° ).
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Figure 4.18. Jet Trajectory ( ¢ =-0°, oL =4%).



4.39

7 i 1 1
50 |- |
m= 12
V m = 10
m=8
ms=6 =
ms= 4
1
0 { ! i
0 10 20 30 X

= 69,

| \ ‘ .
°0 10 ) 30X

Tigure 4.20. Jet Trajectory ( ¢ = 09, « = 89).
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Figure 4.22. Jet Trajectory (@ = 15°, £ = 27 ),
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Figure 4.23. Jet Trajectory (¢ = 15%, oL = 4° ).
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Figure 4.24. Jet Trajectory ( @ = 157, & = 6°).
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Figure 4.26, Jet Trajectory (@ = 30°, o= 0°),
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Figure 4.27. Jet Trajectory ( @ = 30°, oL = 2
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Figure 4.28. Jet Trajectory ( ¢ = 30°, & = 4° ).
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Figure 4.30. Jet Trajectory ( ¢ = 45°, &= 0° ).
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Figure 4.34. Jet Trajectory (@ = 60°, 4 =2°),
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Figure 4.37. Surface Pressure Distribution (¢= 30°,d= 0 m = 12).
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Figure 4.42. Downsiream Centreline Pressure Distribution

(el= 0% m=12 ).
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Figure 4.43. Surface Force Distribution (#= 0°,4= 0%, m = 12, R, = 5)
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Figure 4.44. Surface Force Distribution (¢= 157, = 0%,m = 12,R2 = 5)
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Figure 4.45. Surface Force Distribution (¢:= 30°,cL=‘0°,m = 12,32 = 5)
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Chapler V_

Analytical Model

503 Introduction

-

The jet interference problem is so complicated that it has defied
a detailed theoretical treatment. Several analytical models have been
proposed which attempted to predict the interference eff'ect based on
some empirical information concerning particular characteristics of the
flow (usually the jet). These models use a potential flow representation
of the interference flowfield but differ from each other in the way in
which the flowfield is represented and the factors influencing the flow-
field that are accounted for. References 44, 45, 46 and 47 represent
the state of the art.

5.2 Initial Considerations Involved in Forming an anglytical Model

The experimental resulis given in Chapter 1V have shown that a
flﬁt plate throusgh which a turbulent jet exhausts experiences asro-
dynamic interference effects which result in 1ift losses and adverse
pitching moment changes for velocity ratios relevant to the VIOL
transition phase., ILow pressures developed on the surface of the plate,
The low pressures became more extensive and moved upstream wnile the
pitching moment changed from nose up to nose down as the velocity ratio
increased. It is of interest to be able to predict these trends. The
objective of this chapter is to demonsirate the use of a simple two-
dimensional steady potential flow model to study the interference effects
resulting from a circular jet exhéusting normally from an infinite plane
into a crossflow.

The simplicity of a tWOmdimensional potential flow model makes
the approach to the analysis of the problem very attractive. Potential
flow sinzularities can be selected to represent The grosé effects

observed and are quite distinct so that the effect of each element can
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be analysed separately. The model should aid the interpretation of the
ekperimental results and can be used as a basis for the development of
e three-dimensional model.

The experimental results show an extensive low pressure regi;n
behind the jet. Thersurface flow patterns of reference 14 indicate that
a separated region exists behind the jet. The total pressure surveys
of ref 24 show that a low total pressure region exists behind the jet
and extends above the surface as well. The results of more recent
experiments within the wake region (fef 31,33 and 34) suggest that a
von Karman vortex street exists and that the freestream separates from
the sides of the jelt as in the case of a solid body. The extent of the
separated region is not known. The entrainment of the freestream fluid
into the jet predominates beyond the potential core region. This free-
jet and vortex type entrainment is probably sufficient to prevent any
separation away from the potential core and the measurements of ref 48
suggest this. It appears logical to argue that the crossflow separates
around the potential core because of the adverse pressure gradient
experienced around the core surface as in the case of separation aboul
an equivalent solid body. The potential core length increases and the
core presents a larger frontal area to the oncoming freestream as the
velocity ratio increases. The separation point moves forward because
of the increased blockage and because the potential core is less de-
flected than at lower velocity ratios (see ref 26). The flow photo-
graphs of ref 14 indicate a more eitensive separation at higher veloc-
ity ratios.

A potential flow model cannot simvulate the flow in regions of |
energy loss. The surface flow photographs of ref 14 indicate that the

0

vwake covers a region of at least # 30 either side of the wake centre-

line. The representation of the entire freestream by a constant total
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pressure potential fiow model is too strong a requirement and consequent=
ly a region downstream of the jet covering a total angle of QOUhas been
excluded from the analysis. |

Before ehding the discussion on the wake region, it is intef%sting
to note the contribubion of the wake region to the suction force co-
efficient obtained from experiment with the wake region excluded. The
contribution from the wake is expressed as a fraction:

CS(Wake Included) - OS(Nake Excluded) = z&CS

Cs(Wake Trcluded) Cg

The variation of this fraction with velocilty ratic is illustrated
in fig 5.1 covering areas up to five and ten jet radii from the jet
exit. For a circular area extending up to five jet radii the maximum
contribution from the wake region is 15% at a velocity ratio of 4 and
decreases with increasing velocity ratio to 3% at a velocity ratio of
2. The corresponding values for the larger area are 12i% and 25%.

The exclusion of this region should still provide a useful model for
studying the interference effects at all values of the velocity ratio
observed in the experiments.

The experimental observations (Chapter 1V) indicate that the
jet plume is close to the surface downstream of the jet at low values
of the veloclty ratio. 4s the velocity ratio increases the jel penet-
ration is increased. The proximity of the plume to the surface at
low velocity ratio (i.e.m = 4) has a significant effect in the wake
region. The important feature is the link between entrainment and
deflection. The more rapid the deflection rate the higher the entrain-
ment rate (see ChaptlV and ref 28)., The proximity of the plume to the
surface causes the entrainment of more fluid from the separated region

of flow and the boundary layer than at higher velocity ratiocs where the
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Beflection is less severe, This is reflected in the positive centre
of pressure observed experimentally at low values of velocity ratio.
A8 the wveloeity ratio increases, the deflection of the initlal centre-—
liné is less severe, the plume is less close to the surface and c;n—
sqquehﬁly, less fluid is entrained from the wake region. This is
supported by the upstream movement of the centre of pressure observed.
The three-dimensional effects of the jet deflection at low values of
the velocity ratio can be expected'to be confined to the excluded

region and have little effect elsewhere.

The jet deforms at the end of the potential core given by 2/m=

0.6 ( ref 24). The change in jet shape occurs further from the sur-
face as the velocity ratio increases. The effect of the jel deformation
can be expected to be less at higher velocity ratios than lower velocity
ratios.
The experimental observalions showed that the potential core
length inereased as the veloclty ratio increased., The core presents
a larger frontal area to the oncoming flow. 4s noted above, this
causes a wider separation region i.e the blockage effect of the core
on the oncoming freestream increases as fhe velocity ratio increases.
This has a significant effect on the surface pressure distribution
as Was obgerved in the experiments. The blockage due to the jet plume
beyond the core can be considered to be negligible because entralinment
predominates in regions béyond the core. In these regions the static
pressure difference across the jet is neglizible and, as noted above,
it seems unlikely that the freestream separates in these regions.
The-only other three-dimensional effect to be considered is the
increase in the vertical component of velocity close to the jeb, This
compeonent increases in magnitude with increasing velocity raﬁio. The

upstream centreline pressure distribution obtained experimentally along




with the ohservations of ref 24 indicate that this induced vertical
component becomes significant at high velocity ratios and the two-
- dimensional model cannot be expected to allow for this.,

The entrainment properties of the deflected jet dominate the‘
flowfield as seen from the experiments and from olher observations
(ref 14 and 28). The surface flowfield photographs of ref 14 show
the termination of streamlinesat the jet periphery and at the wagke
boundary. The entrainment into the wake was also obserwved in refs 25,
31 and 33. It would be desiréble to obtain information about the
entrainment rates directly. No experiments have been devised which
control the entrainment rate directly. Experimental results,which
have been interpreted by matching. Yo those results obtained from
empirical models invol¥ing postulated entrainment functions,indicate
that the entrainment of the jet causes the jet to deflect and deform
which in turn induces the observed pressure field (ref 28). The
entrainment rate increases with increasing velocity ratio and two tLypes
occur: freejet entrainment and vortex entrainment.

Analytical models proposed in the past which did not take account
of entrainment showed poor correlation with experimental data. In
particular the models proposed in references 49 and 50 required an
excessive drag coefficient and jet spread respectively to predict
the experimentally determined centreline. The resulis of reference
28 indicate that the freejet entrainment coefficient is roughly indep-
endant of velocity ratio and the ofder of magnitude agrees with that
of reference 51. The vortex entrainment coefficient was found to be
an order of magnitude greater than the freecjet and dependent on the
velocity ratio. The vortex induced velocity reacned a maximum at a

0

deflection of about 30 from the initial centreline before‘decreasing.

It appears that the entrainment rate will vary significantly in the
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region close to the éurface. This is also supported by the results of
the analysis of reference 45 in which the entrainment coefficients were
allowed to vary in the potential core region.

Finally a consideration of the effect of the surface bounda£y
layer must be made., Fig 5 of reference 14 indicates that the surface
pressure distribubion is affected by the boundary layer thickness.

This effect appears to be small under experimental conditions as wit-
nessed by the comparison of various reported experimental results (ses
chapterlV), However, the potential flow model takes no account of the
boundary layer or the changes in boundary layer thickness that occur
in the vicinity of the jet. The discrepancies noted close to the jet
in reference 45 and in part in reference 46 can be attributed to this
change in boundary layer thickness.

The proposed model should account for these observed trends with-
in'the limitations noted above. The freestream is expected to be inv-
iscid outside the‘jet, the separated region and the boundary layer,

A potential flow model to describe the freesiream would seem reasonable.
For simplicity, the entrainment parameter is assumed to be constant..
This is not correct but the overall trends predicted should agree gual-
itatively with those observed experimentally. The entrainment is
represented by a single sink placed on the centreline downstream of the
jetse This is in accordance with the experimental observation concern-
ing the inflow of freesiream fluid throuzh the wake boundaries. This
sink accounts for the gross effecﬁ of entrainment due to the vorticity
and freajet effects. Il secms reasonable to assume that the effects

of the position of the plume relative to the surface downstrean of the
jet can be accounted for by varying the position of the sink. The
movement of the Sink as a function of wvelocity ratio should be in the

same direction as that of the centre of pressure. .




Since the wake is not amenable Lo analysis, the blockage effect
can be simulated by a source situated on the jét periphery or down-
stream of the jet in the manner of reference 52. The resulting after—
body‘shape should represent the separation points aﬁd width of the‘sep~
arated region. The separation points should move upstream and the after~
body width should increase as the velocity ratio increases. The effect
of the additlon of an afterbody was poted in reference 47 and Wooler
(ref 45) stated that some improvement was expected in the prediction
by placing a source distribution at the rear of the jet periphery.
Bradbury and Wood (ref 14) observed that the surface pressure distrib-
ution about a circular cylinder obtained experimentally bore little
resemblance to that predicted by potential flow because of the separated
region causing an area of low pfessure downstream. Fig 5.3 illustrates
a considerable improvement in the two-dimensional prediction outside
th; wake region by the use of an afterbody.

' The proposed two-dimensional model can be expected to give reason=
able results if the wake region is excluded. The surface pressure
contours are.expected to show good agreement far from the jet where
the three-dimensional and boundary layer effects are very smell. Poor
agreement 1s expected near the jet where the induced vertical component
of velocity is large and the effect of boundary layer thickening is
measureable., The resulting surface force distribution and suction force

lcoeffieient would show very poor agreement with experiment., If the
agreement of the surface pressure distribﬁtion is sacrificed then the
lsurface force and suction force predictions can be improved considerably.
5¢3 The Model. |

Consider & tWOudi@ensional, incompressible, irrotational steady
flow, uniform at infinity, past a body, symmetrical with respect to the

incident flow in the z plane (zl = x + 1y)e The basic flow past the
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circle (fig 5.2) is the famillar combination of a uniforﬁ flov in the
direction of the real axis plus the flow from a suitable doublet at the
origin. To this is added the flow from a source of strength 2Q2 located
at the intersection of the circle and the positive x axis ( a, 0)
and from its image sink at the origin. ( The combination of a double
gource on the circle and a sink at the origin satisfies the boundary
condition on the circle, It is the limiting case of the combination
of‘a source outside the circle and its image source and sink inside. )
Similarly the flow from a sink of strength Ql located on the
positive x axis at a distance h from the origin (where h 2 a) and the
flow from its image sink and source inside the circle iz added. The
complex potential of the resulting flow is .
u1(z1) = V.,o(z1 + g?) + _C_ll(lnz1 = 1n(z1 ~‘%2) - ln(z1 - h))

21 n

+ -(-%_2-(21n(z1 - a) - lnz1)
21

and the complex velocity in the z4 plane is

q(Zﬁ) = u(zh) - iv(z1) = “ngTl
dz
1
=V -a) vl - A~ 1 )+ _2 1)
2 T % (21_51__2’) (2.1-11) zg(z1—a) 24

h
The upstream flow from the source creates symmetrical stagnation points

on the cirecle located at S1 and 32. These are found by setting\qu1)0Ad o,

= 0 from which a relation between GS and Q2 is obtained. The complex
potential is non-dimensionalised with respect to the jet radius a and

the freestream velocity V,. Hence
' -e -c . o
n(2) = (Ré3 &) « K1(ln(Rele) - ln(HBelx) - ln(Rzeiﬁ)) +
R _ .
16

Kz(zln(R1ei*) - 1n(Re™"))



where K1 = Q'i. , represents the sink entrainment
2{"\Vuaa~
K, = Q , represents the source outflow or blockage
2nina

and in the usual notation

% = Reia where R = r/a and O = arctan(1/X),
jA ; ~_v/ 2 2 ~
%, = R,e where R, = /(X - 1)° + ¥° and oL= arctan(¥/(X - 1))
1 1 1 :
Z, = R?ej'()> where R, = /(X - H)2 +¥°  and = arctan(Y/(X - H))
2, = R, 3 here Ry . 1% + 7% and § = arctan(¥/(X - 1/H))

The stagnation points S,l and S? are found to occur at

zz+z(1£2-2)+1=0
7o - 3 - - 2 £
or Z = = (K2 2)11/i (K2 2) for K2 < A
3 4

and @S = arc‘can(Ys/Xs) where ¥

i
4\11;\
—
H
Py
=]
=~
H
N
N
N

Xy == (K, - 22
2

The variatioh of GS with K2 is illustrated in fig 5.4 The streanm

function is given, in non-dimensional form, by
P(z) = sinBR ~ 1/&) + K, (O~ P -¥) + K24 -0) + (K, ~ K;)

The additional constant T((K.] ~ K,) ensures that the value of Y for ©
=T is zero., 4 grid of values of the stream function can be generated
and the streamlines 3181' and 8232' can be found (see Appendix B).

These streamlines, passing through' the stagnation points S_l and 32,
correspond to the boundary of the afterbody representing the wake effect
on the freestream. It is analagous to the representation of the wake
behind a circular cylinder (ref 52). 51 end &, are the equivalent sep-

aration points. To keep the model simple no transformatio'n is pe-rformed-

so that the resulting intersection of the afterbody and the jet occurs
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at right sngles instead of at a tangent. Tﬁe floﬁ close to the stag-
nation points will be affected and irregularities will occur in the
surface force distribution especially whenéas 2 45, i.e. S1and S, are
outside of the excluded region. *
The complex pressure coefficient can be determined at any point

and is given by Bernouilli's eguation

p* %d‘i(%)z, = Doy * 30V

Or in non~-dimensional form where Q(Z) = U(Z) -~ iV(Z)
¢, = 1 - 0(2)* - v(z)?

where U(2) = 1 - c0820 + K. (c0s@ ~ cosf> - cos¥) + K, (2c0sd ~ cosC)

1 ‘ — e e
R2 R R2 RB R,l R
and V(Z) = - sin2d + K, (8in0 - sinf -~ sin) + K (251n&. sind)
RZ R R2 R3 R1 R

The pressure coefficient can be determined at any point in the flow
field. The regzion bounded by ‘ZI =1 and O= +7T0/4 is excluded. The
position of the surface contours can be found using Isomet (see Append
~ix B).

If values of K2 and H are supplied then the average value of K1
can be obtained by comparison with the experimentally determined press—~

coefficients along the radial®©={T. For this condition V{Z) = 0 and

U(Z)2 =1 ~ C From the above equation for Cp and U(Z)

Ky = _g_b 4_? ~ 0
wher.e F= (201 - 1/R2) - 2K (2/a - 1/K))/D
¢ = ((1-1/8%3 p = 1K, (1/R-—2/h) +2n2(1--1/R)x
(1/8 - z/R1>)/D2
and D =

1/112 + 1/R3 - 1/R
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only the root K, > 0O is vhysically meaningful. The value of K1 is

1

determined at each point, considered from the experiméntal value of Cp

at that point, and the average value of K1 is computed (see Table 5.1).

-

The surface force is given by direct integration from
RR

~

C_ = Cp R dR wihere RR has the values 5 and 10

ﬂ/4

5.4 Model Parameters.

The method of choosing the model parameters which portrayed the
experimentally observed results was as follows:
" 1. A speed ratio was selected,

2. Avalue of K, was chosen by referring to the flowfield photo-

2
graphs of ref14 and obtaining an estimate off?s. The value of K2 wa.s
determined from fig 5.4.
3, A value of H was selected.

The entrainment parameter K1 was calculated by matching the experimental
upstream centreline pressure distribution (O=7) (see Section 5.3).
This method was chosen because the resulting calculations were greatly
simplified by the fact that the flow direction for O =% is in the X
direction (i.e. V(Z) = 0).

If the plate pressures predicted by the model are to correlate
with the experimental data then the velocity u must equal the local test
velocity along O=1, However, as mentioned in Section 5.2, there is a

vertical component of velocity induced in the vicinity of the jet. The

pressure coefficient predicted must try and represent this additional
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component.

Ideally, the calculated value of Ky should be the saﬁe for all
X. However, there was a variation of Kl with X, Kl increasing as the
jet was approached (see table 5.1). Table 5.L indicates the increasing
effect of entrainment as the jet is approached. The value of Kl used
to calculate the induced surface pressure distribution was taken to be
the average of the values calculated from the experimental data. Better
results were obltained by considering points closely spaced ﬁear the jet
and sparsely spaced far from the jet. This is reasonable because the
three~dimeﬁsional effects are more influential clese to the jet. Fig
505 illustrates the comparison between predicted and experimental data.

The model predicts lower pressures far from the jet ( |X[>5)
and higher pressures near the jet for | 1< 5. These higher pressures
result because the flow stagnates at the front of the jel whereas the
experimental data suggests that the real flow does not, This 1s caused
by the additional component of veloeity which contributes to the sur-
face pressures. If this vertical component did not exist and the real
flow ves truly two~dimensional then it seems likely that the real flow
would also stagnate i.e. the model can only represent the horizontal
and lateral components of velocity of the real flow and to match the
surface pressures the values of the magnitude of these components must
be increased to allow for the additional contribution from the vertical
companent.

after the model parameters had been selected, the surface pressure
distribution, the surface force distribution and the suction force co-
efficients were calculated and compared to the experimentally determined
results. Generally, the calculated distribution did not correlate with

the eiperimental data. The values of the parameters (K H) were

1,5

adjusted until good agreement with experiment was obtained. The
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criterion for a 'best fit‘.model was that the surface forcé distribution
and suction force coefficient over an area up to five jet radii from
the origin agreed well with the experimental measurements; When this
agreement was obtained, the parameters were adjusted slightly to improve
the surface pressure distribution as much as possible without losing
the good surface force and suction force correlation. The 'best' model
obtained.was the result of considering a wide range of sink strengths,
sink positions and source strengths.

The constitution of a'best fit! model 1s difficult to defline.
4 direct comparison of detailed pressures may appear to be the most
direct means bul the experimental uncertainty of the pressure far from
the jet could result in differences between the prediction and the
measurements of several hundred per cents The experimental error hand
increases as the magnitude of the pressure decreases (see Chapter 11l).
If the same experimental error band is considered based on the bound-
aries of the experimental band in Chapter 111 i.e. the new error band
is twice that of the experimental band, then tnis band seems a reason-
able measure by which the prediction can be compared to the measure-
ments far from the jet. &n error band criterion appears to be the only
direct means of assessing the results. However, there will be regions
where the agreement can never be good. The obvious example is immedia~
tely upstream of the’jet or close to the wake region. Since the accur-~
acy of the model decreases with distance from the jet, all assessmentis
of the predicted integrated distributions were based on an area covering
; radial distance of five jet radii. The problem with these integrated
quantities is that the inaccuracies occurring far from the jet are
multiplied by the corresponding radial distance (sec Chapter 1V) to
form the product Cp Re The larger the area of integration £he more

suspect these guantities become and hence the restriction to the area
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basedon five jet radii, The'best £it'! model f£inally produced predicts
regions in which the agreement with the experimental dats is bad be-
cause of the inability of the two-dimensional model to represent three~
“dimensional effects. )
5+5 Results

The surface pressure distributions and surface force distributions
resulting from the ‘best £it' models are shown in Figures 5.6 ©o 5.20
vhere the solid curves represent the predicted results from the model
and the broken curves repregent the corresponding experimental data.
The values of the entrainment parameter, K1 the blockage parameter,

2

Kz’ and the sink position, H , are shown as functions of the wvelocity
rabtio in Flgures5.22, 5.23 and 5.24. The predicted suction force co-
efficients are compared %o the corresponding experimental values, both
evaluated over a circular area of radius five jet radii and excluding
the; wake region (450 < O £ 180(:)111 Figure 5,21,

" The surface pressure distributions (Figs 5.5,5:9,5.12,5,15,5.,13)
- show a fair correl%tion with the experimental results for a range of
e, 900 ¢ O € 180i and for R< 5, espscially the contours of value -1,
-e5 and ~¢3. OContours of value -.2 and ~.l generally lie outside this
region and show poor agreement. The model is unable to predict the
lateral spread of the low pressure region and the agreement far from
the jet worsens as the velocity ratio increases. This poor agreement
vas anticipated because of the inability of the model to describe the
three-dimensional effects (seé Secf 5.2) and because the good agreement
of the surface pressure distribution in regions far from the jet vas
sacrificed to improve the azreement close to the jet so thap the surface
forces and the suction force coefficients ( for upper limits of integra-

tion, KR = 5) showed a good correlation with the experimental values.

The surface pressure distribution is greatly affected in the region 90
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< 915450by the closé proximity of the singularities. The results
show poor agreement in this region. The use of a distribution of
singularities rather than the use of discrete singularities would
probably improve the agreement in this region but would also makefthe
model more complicated.

The surface force distribution (Fig 5.7, 5.10, 5.13, 5.16, 5.19)
for an upper limit of integration, RR = 5, shows gond correlstion
between the model and experiment in the lateral and forward regions and
for velocity ratios less than 1b. The resulis for the near wake region
do not agree well with experiment because of the close proximity of the
singularities., A4s the velocity ratio increases above 8, the agreement
between the model and experiment worsens (Fig 5.1, 5419). The first
regson for this poor agreement is the expected inability of the model
to allow for the large induced vertical component of velocity, close
to'the jet (see Section 5.2). The second resson 1s the inability of the
model to predict adequately the diminishing rezion of low pressures in
the near wake region as the velocity ratio increases. This arises be-
cause the sink has toovgreat an effect on this region and the values
of the entrainment parameter required to predict the surface pressures
in the lateral and forward regions, over predicts the surface pressures
in the near wake region.

The surface force distribution (Fig 5.8,5.11,5414,5.17,5.20), for
Rit = 10, shows a poor agreement between experiment and the predicted re-
sults for velocity ratios less than 10. For velocity ratios greater than
10, the correlation of data between experiment and the model improves
(see Fig 5.20).

The predicted suction force coefficients, integrated 6ver an area of

5 jet radii, show excellent agreement with the corresponding experimantal

results for velocity ratios less than 12 (Fig 5.21), For
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velocity ratios greater than 10, the model appears to be unable to pre-
dict the weak dependence of the suction force coefficient on the veloc-
ity ratio. The reason for this excellent agreement is not difficult
to find., The surface force distribubion curves (see above) show ghat
the predicted curves lie above and below the experimental curves and
the swmmation involved in the evaluation of the suction force coeffic-
ient cancels or hides the regions of poor agreement.

The variation of the entrainment parameter, Kl, with velocity
ratio (Fig 5.22) shows thét the value of the entrainment parameter is
an order of magnitude greater than that of the equivalent freejet. This
arises because ihe entrainment parameter represents the overall entrain-
ment and consists of the vorticity entrainment, which is an order of
magnitude greater than that of the freejet (Ref 28), and the freejet
entrainment. The value of the entrainment parameter increases with
inéreasing velocity ratio and shows a weak dependence on velocity
ratio at high velocity ratios (m>8). as the velocity ratio increases
the vorticity entrainment will have a reduced effect on the plate Sure
face because the jet is deflected less and the vortices are further away
from the plate surface. In the limiting case, the only entrainment
mechanism will be the freejet type and it is expected that the entrain-
ment parameter will rapidly approach the equivalent freejet value as
the velocity ratio becomes large. Fig 5.22 tends to confirm this.

~ The blockage parameter, K, increases with increasing velocity

2,
ratio (Fig 5.23) and,. like the entfainment parameter, shows a weak
dependence on velocity ratio for high values of the velocity ratio.
The blockage increases as the velocity ratio increases because the
length of tﬁe potential core increases (see Fig 4.101 and Section 5.2).

The increase in potential core frontal area causes a larger separated

region to form behind the jet (see Sect 5.2 and the flowfisld photo-
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graph of ref 14). Tﬁe poﬁeniial core length approaches that of the
freejet at high velocity raties and the blockage parameter can be ex-
pected to show a weak dependence on velocity ratio, Fig 5.23 shows this
to be so although possibly a little prematurely. ’

The variation of the sink position, H, with velocity ratio (Fig
5.24) shows that the sink position approaches the rear of the jet as
tﬁe velocity ratio increases. This is in accordance with the experi-
mentally observed shift in the centre of pressure (Fig 4.6) arising .
from the diminishing contribution to the surface force from the wake
region as the velocity ratio increases.

An interesting comment arises from a consideration of Figures 5.22,
5023 and 5.24. It appears thnat two separste functions could be used Lo
relate the change in model parameter with veloeity ratio: one function
would describe the chanzes for a velocity ratio less than & and the
other would describe the changes for a velocity ratio greater then 8
with a discontinuity existing between 6 and &. This observation cow
incides with the experimental observation concerning the change in
surface pressure distribution for velocity ratios below and above 8
(Section 4.3.1.2). Figure 5.9 shows very poor agreement between the
predicted and experimentsl position of the -0.1 contour which arises
because the model attempts to predict the effect of the more extensive
dow pressure region in the near wake and wake rezions observed at a
velocity ratio of 6. The agreement of the higher maganitude contours
is generally good along with the pfediction of the surface force
distribution (Fig 5.10) and suction force coefficient (Fig 5.21).

Despite the limitation of the two-dimensional model it is capabls of

predicting the surface force distribution and suction force coefficient
(both for upper limits of integration,.k = 5) for a velocity ratio less

than 10 with good azreement between exneriment and prediction. The correlation
IS) &5 b
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of data for the surfaée pressﬁre distribution is good in the reglon i

4 5 and 900 <0< lBOf The trend in the variation of the model para~
meters with increasing velocity ratio accord with the experimentally
observed trend in those physical characteristics which the paramsters

represent.

5.6 Parametric Study.

It is interesting to examine the effect of varying the parameters
of the model in a controlled manner. The values of the parameters
obtained for the 'best fit! model to predict the experimental data for
a velocity ratio of 8 were chosen as the reference values, The values

werezKl = le82; K, = 071; H = 3; Cs = 1495, These will bhe denoted

2
by the subscript 0. K. and K, were varied by + 10 per cent of the value

1 2
of KlO anf K2O respectively. The effective sink location, H, was varied
between 1 and 5 (i.e. % 665 % of Hy «) For a particular variation in
oné parameter, the others remalned fixed at their respective reference
value, The surface force distribution (Figs 5.25,26 and 27) and the
suction force coefficient, G (both integrated to an upper limit of 5),
were calculated, neglecting the wake region as before. The values of Cqy
obtained are compared to the reference walue CSO by the fraction a,

Wwhere

Iz =:é2§ x 100 = Cs "_Gso x 100

CsO CSO

The percentage change in CS is then divided by the corresponding
percentage change in the parameter under consideration. These values

are presented as a fraction B, where

B = A for example, if K1 was being considered then
A(Parareter) x 100
(Parameter)o
B = GS - GsO b'd K1
C K, = K



These values are presented in Table 5.2

The entrainment parameter, Kl,has the greatest influence on the
suction force coefficient. The value of the suction force coefficient
increases as the entrainment increases. The surface force distribution
(Fig 5.25) shows that the sink has a greater effect in the near wake
region and a lesser effect upstream. This is expected because the sink
induced velocity is proportional to the inverse of the distance from
the sink;

The blockage parameter, K, is the next most influential para-

2}
meter (see Col B, Table 5.2). The suction force coefficient decreases
in value as the blockage increases. The source induced velocity is also
inversely proportional to distance from the source and consequently the
effect of the source is greater in the near wake region than upstream
(Fig 5.26).

The sink position has the least effect on the suction force co=
efficient. The suction force coefiicient decreases as the sink moves
downstream (Col a4 and B, Table 5.2). The surface force distribution

2

(Fi

773

5,27) shows the greatest effect of a change in H occurs in the

near wake and lateral region. This is expected since a forward move=-
ment of the sink will influence the near wake and lateral region more
than the upstream regzion because the sink induced velocity is inversely
proportional to the distance from the sink. The change in slope of the
surface force distribution (Fig 5,27) as the sink moves avway from the
jet appears to be caused by irrggularities in the pressure distribution
around the afterbody/jet intersection and Figure 5.27 sugzests that some
form of coupling.between the sink position and the Blﬂckage is respons«
ible,

In practice, it was found ﬁhat the sink strength and position were

more important than the blockage. The source outflow, Kp was of an
~3
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order of magnitude less tnan that of K1, A ten per cent change in K1

-will therefore have a greater effect on the predicted flowfield than

a ten pef cent change in Ke'and this is refléctéd in column A of Table
5¢2. Generally, the actual changes in K1 and K2 were less than 10%)
vhereas the change in H was greater thap 102>when determining the 'best
fit' models. K1 and K2 were used ag fine adjustments fo the predicted
flowfield and H was a coarse adjustment. Column A of Table 5.2 reflects

the 'practical' changes in Cs with the various parameters rather than

Column B which shows the actual changes.
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“Table 5.2, Effect of the Variation in Model Parameters on the Suction

Force Coefficient.

i Comments’ Cs A B
Increase k1 by 10% 17.56 17.4 1.74
Decrease k1 by 105 12.45 ~16.7 1.67
Increase k2 by 10% 13.84 ~T.4 ~047T4
Decrease k2 by 10% 16,09 7.6 ~0.76
Increase H by 66%% 10.49  |-29.8 -0.45
Decrease H by 66%% 20.08 34.4 ~0.52
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Chapter V1

Conclusions and Hecommendations.

6¢1 Conclusions,

£

The experimental data collected has identified the jet inclination
angle and the velocity ratio as being of primary importance in determin-
ing the interference characteristics of a turbulent jet exhsusting into
8 subsonic freestream. The incidence of the surface through which the
jet exhausted was of secondary'importanceo |
' The extent of the low pressure field to the sides and front of
the jeb waé decreased as the jet inclination increased downstream. The
surfece force was increased (ie. became less negative) in the upstream
and lateral regiéns. The suction force coefficient was decrecased and
the centre of pressure moved downstream. The_jet penetrated the free-
stream less and the deflection of the jet was decreased as the jet
in;lination increased. The potential core length of the jet increased
and approached the freejet value and the total pressure decay rate
along the jet centreline was lovwered. The entrainment rate of the jet
was decreased as the jet inclination increased. |

An increase in the incidence of the surface through which the jet
exhausted caused changes in the surface pressure distribution and the
surface force distribution which were within the error band arising
from the unceriainty in thne pressure readings. The variation of the
suction force coefficient with incidence exhibifted a maximum at an
incidence of between AQand é? Thé variation of the cenire of pressure
was independent of incidence. The deflection of the jet trajectory
generally increased as incidence increased except for the normal jet
where the incidence caused the jet to be directed upstream and the A?

case suffered the maximum deflection.

An increase in incidence caused an effective change in the jet
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inclination aﬁd modified the entrainment rate accordingly, st small
incidences the‘jet flovw dominated the flowfield. at relatively large
_incidences; the plate/jet interaction became more important and caused
the effective entrainment rate to fall. ’

4 comparison between the surface pressure distribution on the flat
plate with that on the lower surface of a two~dimensional wing for the
case of the normal jet showed that the flat plate data was not entirely
applicable to the wing. The qualitative agreement was reasonable and
the quantitative agreement improved closer to the jet for velocity
ratios greater than 8. at lower velocity ratios, a large increase occur-
red in the extent of the high pressure region upstream of the jet which
had no counterpart on the flat plate.

The low pressures spread to the lateral and forward regions of
the {lowfield as the velocity ratio increased; The surface {orce was
increased in the wake region and was decreased (i.e. became more nega-—
tive) in the lateral and forward regions. The suction force coefficient
increased with increasing velocity ratio but snowed a weak dependence
on veloclty ratio at high values of the wvelocity ratio. The centre of
pressure moved upstream and also showed a weak dependence on velocity
ratio at large values of vélocity ratio. The jet penetrated the free-~
stream more and suffered a less abrupt initial deflection as the vel-
ocity ratio increased. The potential core length increased but the
total pressure decay rate along the jet centreline remained about the
same. The entrainnment rate was increased as the velocity ratio increased,

A two-dimensional potential flow model was developed to represent
the important physical charscteristics of the jet interference problem
which governed the surface pressure distribution. The characteristizs
represented were the enirainment and the biockage arising from the

potential core of the jet and the separated region behind the



6.3

jete The surface forces and the surface pressures predicted close

to the jetrand in the lateral and upstream regions correlated well
with the corresponding expefimental data for velocity ratios less than
10, The resulting suction force coefficient was found to agree véry
well with the experimental wvalue. For velocity ratios greater than 10,
the two-dimensional model was unable to allow for the three-dimensional
effects which began to dominate the flowfield. The trends in the
variation of the model parameters with increasing velociity ratio were
similar to the trends in the variation of their physical counterparts

with increasing velocity ratioce.

6.2 rnecommendations.

1. The extent of the low pressure field induced on the surface by the

jet causes serious 1ift losses and handling problems. Where the aircraft
allows for a STOL capability, the problem can be partially overcome by
embloying as large an angle of jel inclination as possible with the

jet exit placed to the rear of the surface. However, the close proximity
of the plume, which penetrates the freestream less in this case, to

the aircraft could induce an adverse flowfield about the tailplane. For
a direct jet 1lift VIOL aircraft, this solution is not possible. 4 method
of reducing the extent of low pressure field is required. The investe
igation could take two different forms. The first approach could
investigate ways of reducing the spread of the low pressure field by pro-
viding attachments to the surface; the second approach could lnvestigate
ways of modifying the jet flow suﬁh that the effective entrainment rate
is reduced. This approach could also include methods of suppressing

the low pressure region formed behind the jeb.

2+ The effect of turbulence characteristics of the freestream on the

jet flow reguire further investigations The surface preésure distrib-

ution appears not to be affected. The jet appears to penetfate less
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as the turbulence ]ﬁ§81 inereases. The atmospheric turbulence level
is greater than that of the freestream in the experimental tests and
it is important to know how much less the penetration will be because
the plume will be closer to the tailplane, )

3. There is a need for a comprehensive survey of the flowfield, in the
forward as well as the lateral and‘wake reglons, induced by inelined

jets and jelts exhausting through surfaces at incidence to aid the

development of any fubure mathematical modellinge.
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Jet Gharacteristics

Initisl experiments were conducted to determine the freejet
characterisﬁics of the five jets. The total pressure distribution‘
across each jet exit and the total pressure decay along each jet
centreline were investigated. These initial tests were motivatgd by
the conclusion of ref Al which stated that the jet induced effects
vere strongly influenced by the jet pressure decay characteristics.

It was considered desirable to ensure that the characteristics
of all the jet exit geometries were similar.

The jet plenum chamber was placed on a cradle positioned in the
working section of the tunnel such that the jet centreline and ftunnel
centreline were coincident. The jet could exhaust some 12 to 15 feet
before enceountering any.obstfuction. The air supply was identical to
thét described in Section 2.2.

" The traversing rig was instelled in the working section complete
with the total pressure probe (Section 2.8, Plate 2.2). The firsi
experiment was to calibrate the reading of the static pressure tap
within the jet plenum chamber (pS - pA) against that of the exit total
pressure (pOE - pA). The total pressure probe was positioned at the
centre of the jet exit plane. The second experiment determined the jet
exit total pressure distribution in the exit plane normal to the jet
centreline. Using the calibration from the first experiment, the
desired exit conditions were set (ﬁsuaily VJ = 200ft/sec). The exit
plane was traversed. The results are given in fiz a1 to n.5. In fig
A.1 an additional traverse is giveﬁ for a jet exit velocity of 600ft/sec.
The results are presented in the form of a total pressure coefficilent:
Pp . Py~ P, where po.is the total pressure at any pdint and

Po  Pom ~ Py Pog 1s the exit total pressure at the jet centre

~line,



The jet exit total p£essure profiles were uniform to within 1% for
~0¢6 TD £0.6 or R2 0.6. This was considered to be satisfactory
especially as the jet exit geometries were dissimilar.

The third experiment measured tvhe jet total pressure decay ;iong
the jet centreline. The results are presented in fig 4.6 to 4410 using
the above total pressure coefficient. The freejet total pressure decay
curves were very similar for all geometries. The potential core lengith
was about 11 jet radii which agreed well with the resuits of ref a2

(potential core length quoted as about 12 jet radii).

A+t Jet Dynamic Pressure

The method of determing the jet dynamic pressure was as follows:
the freestream dynamic pressure was selected (in this work 9= 1.07mm

of mercury). The jebt exit dynamic pressure was given by

2 2
Qp = Mg, where m = JAJ eJVJ da

'vaﬁzﬁg
now if the jet and crossflow fluld are the same and obey the ideal
zas equation of state and the preséure at the jet exit is the same as
the freestream pressure (static) and if the jet is unheated (i.e.

0o = eJ) then m simply becomes, for V; constant, m = VJ/YN.

Using the isentropic pressure ratio at the jet exit
¥

B

_ 2, ¥=1
pOE - pS(1 + _l(...'émj, MB )

Assuming p, = p = p, (wind tunnel breather should give B = pa)

where Mﬁz = ij/ani and aJis the acoustic velocity at the jet exit

I

mz%zqm/?fnn
2
Hence py, - p, = p (1 + (§- )0/ ) -1 P

i

A
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using a value of 1.4 for ¥

| 5 3.5
Pos - B, = 2,01+ B0/ - s,

From this last eguation, curves of Pog— P, versus pu‘for verious
values of the veloeity ratio, m, with Qo = 1407mm of mercury vere
constructed. These curves showsd a very liﬁear relationship between
Poz ~ Py and Py» the discrepancy being less than any errors incurred
experimentally. No allowance was made for the non-isentropicity of

the jebt £low,
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a1 OQusterhout, D.S. An Experimental Investigation of a Cold
Jet Emitting from a Body of Revolubtion
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Appendix B

Computer Programmes

B.l BExperimental Programnme

-

4 multistep programme written in PL1 was implemented on the £RCC
system 370/158 and latterly the WUMAC System 370/168. This programme
processed the data generated from the wind tunnel tests, evaluated the
surface force distribution, suction force coefficient, cenire ol press-
ure and pitching moment coefficient (for definitions see Chapter 1V)
and presented certain of the results in a graphical manner. The inpub
data consisted of the values of the parameters (see Table B.l for an
example of the input data) which defined the wind tunnel test followed
by a stream of data consisting of the height of hexane recorded at a
pfessure tap (measured from the melinex sheet see Section 3.3) along
with the coordinates defining the location of that pressure tap. These
coordinates (I and J) defined the position within the array receiving
the data. The relationship between the physical position and array
position was

X=(I-65)/2 for 0 €I €113

1]

i

Y=(J=-1)/2 for 0 £J £ 81
The pressure heights were converted into interference pressure
coefficients. The pressure coefficients were smoothed using an oxrtho-
gonal ledast squares curve fitting routine (Forsythe's Method see ref
B 1l). This routine was also employed to 'f£ill the holes', by inter-—
polation, in the static pressure fap distribution caused by the con-
straints on a particular configuration. (e.g. missing tap at X =-6,
Y = 0 and generally upstream of the inclined nozzles in the rezion
6K X 4, see also Table 2.1)s The input array of pressure coefficients

was comnpleted by interpolation between the existing values to form a

grid of values with a mesh size of % (jet radii) for -32 € X €24,
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0£Y £40.

- Certain colwans and rows of the input array consisted of data
showing the chracteristiecs of the flat plate with f.‘ne jet off and of
data showing the symmetry of the problem. These pressure di;tribuzions
were presented in graphical form (see figs B.5 =~ B.11l and end of Table
Releb)

The pressure coefficient array was passed as input to a procedure
called Isomet (ref B2). This procedure generated the coordinates of
isometric contours from the data consis%ing of values on a rectangular
grid and of the value for whicih the contours were required. The contours
of constant pressure were presented in graphical form (see figz B.l and
B.2)

The definition of the surface force and suction force involved a
polar coordinate system (see Chapter 1V). It was decided, for comput~
ational simplicity, to generate  pressure coefficients based on a
regular polar coordinate system by interpolation from the Cartesian
system used by the pressure tap distribution. & tabular interpolation
routine was used. All numerical integrations were performed using
Simpson's rule. The lower limit of integration, Rl, was taken to be
the jet periphery (Rl = 1 for the normal jet) and the radial stepsize
was taken to be one twentieth of the difference between the upper and
lower limits of integration. The angular stepsize was three degrees.
The suction force coefficient to upper limits of integration, R2 =5 and
10(including and excluding the waké region (see Chapter V)), the centre
of pressure and the pitching moment coefficient were calculated (see
Table Be2). The surface force distribution was presented in graphical
form (see figzs B.3 and B.4 and also Table B.2),

The graphs plotted were as follows:

the surface pressure distribution for the range ~20< X $24, 02 Y <40
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(Fiz Bel);
the sui‘face pressure distribution for the range -10<X <8, 0 £Y<18 (Fig,3.2);

the surfaée force distribution for an upper limit, R2 = 5, (fig B.3);

i

the surface force distribution for an upper limit, R 10, (Fig B.Z);

2
the iﬁterference pressure distribution along the ¥ axis (Fig B.5);

the pressure distribution along the Y axis (jet off ) (Fiz B.6);

the pressure distribution at the leading edge (jet on )(Fig B.7);

the pressure distribution at the trailing edge (jet on) (Fig B.7);

the interference pressure distribution along the X axis (Fig B.8);

the pressure distribution along the X axis (jet off) (Fig B.9);

the pressure distribution along the plate tips (¥ = # 60, jet on) (FigB.10);
and the pressure distribution along X = 48 (jet on) (Fig Boll).

The distribution along the X and ¥ axis recorded the flat plate distribbr
tions. These were wsed to ensure that no adverée effects occurred on

the plate in the region of interest (~20 £X <24, 0 <Y €40 and in part-
icular the area included in a radial distance of about 15 jet radii from
the jet centre). In fact, all the above distributions were used to
check the pressure distribution on the flat plate (jet off), whenever

a configuration change dictated adjustment to the plate, prior to an
experimental test. Fig B.9 shows a fall in pressure over the leading

edge which affects the region X<-25. Fig B.1l0 shows a fall in pressure
towards the rear of the plate along the tips. This is caused by the
rear fairings interfering with the lower surface flow. This appears

to be confined to the tips and of no consequence. The conditions in

the region of interest appear to be uniform as stated in Section 2.3;

The jet induced flow appeared not to affect the leading edge, trailing
edze or tip distribution and these can be considered as representative
of the flat plate pressure distribution. The pressure distribution

along the Y sxis and X = 48 snowsthe symmetry of the problem.




The complete programme reguired 100 CPU seconds for execution.

Be2 Theory Prosramue

This programme was written in PLl and implemented on the ER?C
system 370/158 and the NUMAC System 370/158. The programme was similar
to the experimental programme described above. The input step of that
programme Was replaced by a procedure which generated the array of
pressure coefficients and stream function values ( to determine the
afterbody shape) from the theory given in Chapter V. The stagnation
points were computed to give the separation angle, G?S. Isomet comp~
uted the afterbody shape and the cecnstant pressure contbours,

The numerical integration of the surface force and suction force
coefficients employed Simpson's Hule. The radial stepsizes were 0.5,
0425, 0.125 and 0.0625 and the surface force value was converged more.
rapidly using Richardsop's Ixtrapolation. The integration converged
after four iterations. The angular stepsize was 3 degrees,

The surface pressure distribution and surface force distribultion
were presented in graphical form (see figs 5.6, 5.7 and 5.8 for example).

The complete programme required 40 CPU seconds for exscution.
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Téble'B.1. Example of Input Data.
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e _B.l. Continued,
101 5 0.0160 040065
161 9 «0.0010 -0.0006
101 13 ~040630 ~0.0254
101 17 ~0.,0780 -0.0315
105 1 0.0310 0.0125
105 . 5 0.0160 0.0065
105 - 9 040010 0.0004
105 13 ~0.0630 -0.0254
105 17 ~0,0630 - =0.0254
105 25 040630 -040254
105 33 ~040470 -0.0190
105 41 -0.0310 -0.0125
105 49 -0.0310 -0.0125
109 1 Ne0310 0.0125
109 5 0.0310 040125
109 9 040010 040004
109 13 -040160 ~040065
109 17 ~0.0470 ~0.0190
113 1 040310 0.0125
113 5 00630 0.0254
113 9 040310 0.0125
113 13 =040010 ~0.0006
113 17 ~040310 -0.0125
113 25 '=0.0310 ~0.0125
113 33 -0.0310 ~0.0125
113 41 -0.0160 “0.0065
113 49 ~0.0160 ~0.0065
113 65 -0.0010 ~0.0006
113 &) .0.0010 60000
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t, Centre of Pressure and Pitching Moment

lclen

»

Force Coeff
Coefficients.

T0+36R11° 1~
10+30€21" I~
10+32101° 1~
10+319%0° [~
00+3668L°6-
00+3084L°8~
00+30%06° L~
00+328L6°9=
00+30690° 9~
00+3L85€° S
00+36528° #-
. 00+318EY v
00+357L2° 7=

242

*ON NNY $33¥93d

00+31L1°S-

00+31912° 5~

00+36291° 4~
00+421E6° %=
00+39L1L° %=
00+352€2* 7=
00+3T%w6°C~-
00+36%795°C~-
00+328s1*€~
00+3609R°2~
00+31529°2-
C0+3L62%°2~
00+3883C* S~

14D

$334930

10+40009°¢
10+34000¢€E°¢€
T0+30000°¢
10+30002°2
[0+3000%°2
I10+36001°*¢
10+30007° 1
10+30005° T
10+30002°1
00+4000u°5
00+40000°9
00+20000°€
00+30006°0

(S344930) vL3HL

0G*01 = o>\ﬁ>

. Table B.2, Example of the Evaluation of the Surface Forces, Suction
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Centinued,

Table B.2.

10+3E966°c~

SI INIIDIA430D LNINOW ONIHOLIM

GO+ 3dnLEw- 1~

TO+341241°
0C+3L095°%

SI 3WNSSAHd 40 38LNID

SI O1=d
SI S=4

(G30N7T0X3 3INVA) INFIOI 44300 30u04 NOILOAS

10+32pee° 1
00+45025€°S

SI O01l=u
ST G=do

(G30NTONT 3MYM)ANZIOI 4300 30803 NOILINS

00+3L£60° 2~ 10-35v96° 2~ 20+30008° 1
00+301I80°2- AOImeNrcml NQ+M©0NN.H
00+3€0%T°2= 10-3€10T°€~ 20+300%2° 1
00+382220 2= 10-3LLw6 € 20+3001L°1
00+35€62% 2= 10-36899% 9= 20+30089°1
00+3095€° 2~ 10-3121E°S- 20+30059° 1
00+3L18€% 2~ 10-39619°5~ 20+300¢9°1
00+3TS0%°2- 10-362€6° 5= 204300661
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Figure B.1., Surface Pressure Distribution (¥= 60°,4 = 0%m =
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Figure B.3. Surface Force Distribution (Y= 60°, = 0°%m = 10,R, = 5).
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Figure B.4. Surface Force Distribution ( @ = 60°, A = Oo,m = ‘IO,R2 = 10).
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Figure B.5. Interference Pressure Distribution along the Y Axis

(;ﬁ=60°, o =0% m=10),
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Figure B.6. Pressure Distribution along the Y Axis ( Jet Off )

(¢ =60°% £=0°% m=10),
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Figﬁre B.7. Pressure Distribution at the Trailing Edge (above) and

Leading Edge (below) for Jet On (@= 60°, k= 0% m = 10).
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Fﬂgure B.8. Interference Preassure Distribution along the X Axis

(@ =60°%, d=0%m= 10 ),
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Figure B.9. Pressure Distribution along X Axis ( Jet Off )
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Figure B.10. Pressure Distribution along Plate Tips Y = -60 (above)

and Y = 60 (below) for Jet 0n (¢= 60°, d= 0°ym = 10).
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Figure B.11., Pressure Distribution along Span X = 48 ( Jet On)

(#=¢60° L=0° m=10).




