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INTRODUCTION

During the transition from hovering to horizontal flight,
& VIOL aircraft may experience loss of lift and undesirable
pitching moments due to the effects of one or more je{g exhausting
normally into the crossflow created by the craft's forward motion.
Figuré 1 is a sketch which gives a qualitative description of the
flow field resulting from a single~jet VTOL aircraft transitioning
from hovering to horizontal flight. The interaction of the jet
and crossflow induces a pressure distribution on the lower surfaces
of the craff, resulting in logs of lift and,_in most casges, a
nose~up pitching moment. Although most VIOL craft employ multiple
Jets which are of a higher temperature than the surrounding air,
it is.genegally degirable to simplify the proﬁlem to a case
which }enés itsell fo experimental and theoretical analysis
while still retaining the basic characteristics of the jet—and
crossflow interaction process, Therefore, it is convenient
to restrict the ?moblem to that of a single, unheated, subsonic
Jet exhausting at largé angles through a f£lat plate into a subsonic
crossglcw. This simplified case has applications in problems
other than the transitioning of VPOL craft, such as the problem
of cooling éases in turbine combustors and the discharge of
effluent or cooling water into a waterway.

Early investigations into the problem of a jet in a cross-

flow were concerned with studies of the jet deflection resulting



from the interaction of the jet and crossflow. These studies
raesulted in empirical relationships for the jet centerline which
is'defined as the locus of points of maximum velocity in the
symmetry plane (ref. 1). Recent investigations into the vélocity
f£ield associated with a jet in a crossflow have shown the jet wake
region to be dominated by a pair of contrarotating vortices which
form downstream of the jet and to either side of the_symmetry
plane. TFearn and Weston (ref. 2) investigated the case of an
unheated jet exhausting pormally into a.crossflow and formulated
ehpirical relationships for the charaéteristics of the vortex

- pair, -

The pressure distribution on the flat plate has received
considerablé attention by several investigators. Fearn and
Weston (ref. 3), Thompson (ref. 4), and Bradbury and Wood {ref. 5)
investigated the flat plate pressure distribution for several jet
to crossflow velocity ratios. Wooler (ref, 6) and Thompson each
attempted to predict numerically the flat plate pressure distri-
bution by modelling the various features of the flow with potentigl
flow singularities. :h; development of potential flow models was'.‘I
1imited.by the lack of data concerning the characteristics of the
vortex pair. Also, the use of potentiaiuflow modelling alone resulted
in erroneous pressure calculations in the wake region downstream
of the jet.

‘This paper will present a method for calculating the flat
plate pressure distribution assgociated with a jet in a crossilow.

As in the models presented by Thompson and by Wooler, potential



.flow singularities are incorporated. However, in this study, the
model inecorporates the physieal characteristics of the vortex

pair, as described by Fearn and Weston (ref. 2) and extended

by Sellers (ref. 7). As a result, the model is more consistent
with the flow field actually observed than were the previous
mpdelling attempts. In addition, a means of dpproximating

the pressure distribution in the wake Tegion ig suggested.
Therefore, a fairly complete description of the flat plate pressure
digtribution, based on the physical characteristics of a jet in a’
érossflow, may be zccomplished. The model is applicable for all
velocity ratios, as long as a graphical or analytic description

of the vortex properties is available. For this study, it is desired
to demonstrate‘the applibability of this model whgn used in con-
junction with an analytic description of the vortex pair. Since
an adeguate analytic description of the vortex properties is
available only for a jet to crossflow velocity ratio of 8 (ref. 7,

the model presented in this thesis is regsiricted to this case.



LITERATURE REVIEW

In order to fully appreciate the problems encountered in
the analysis of the jet in a crossflow, it is necessary to review
briefly some past attempts at modelling the flow and predicting
the flat plate pressure distribution, Generally, attempts to
predict the pressure distribuﬁion on the f£lat plate have been
limited in success, due to the lack of data concerning entrainment
by the jet and the nature of the vortex pair,

Numerical predictions of the flat plate pressure distribution
generally rely on the use of potential flow singularities to
model the jet and vortex pair. The pressure field is related
to the numericaily calculated pbtential or velocity f£ield through
Bernoulli's equation, Generally, no account can be made for the
wake region through the use of potential flow medelling alomne,
sinece energy losses through viscous effects and sep#ration result
in the inapplicability of a potential flow solution.

Thompson, (ref. 4) attempted to predict the flat plate
pressure distribution by modeiling the jet and vortices with a
distribution of sinks and doublets placed along the jet centerline.
Since the vortex spacing is generally g;all compared to the distance
to a tyﬁicai field point, Thompson assumed that the vortex pair could
be modelled as a distribution of finite horseshoe vortices distributed
along the jet centerline. Since such a system of vortices is
equivalent to a distribution of axially normal source-sink doublets

(ref. 4 and ref, 8, pg. 96), Thompson placed a distribution of



doublets along the jet cen%erline. To accounf for mass entrainment
by the jet, a distribution of line sinks was also placed along the
jet centerline. Although Thompson recognized that the vortex
trajectories lie to either side of the symmetry plane and that their
projection onto the symmetry plane does not coincide with the jet
_ centerline, the doublets were placed along the jet centerline for
analyéical conVeﬁience. The doublet strengths were obtained through
experimental measurements of the velocity field, while the strength
of the sink distribution was assﬁmed constant and its value
determined by matching experimental and predicted upstream pressure
contours. Thompson analyzed several cases, for velocity ratios of 2,
4, and 8, both with and without the sink distribution., The pressure
distribution was accounted for fairly well by the model incorporating
both the sink and- doublet distribution. The model incorporating only
the doublet distribution could not account for the pressure
distribution upstream of the jet orifice. As expected, both models
failed in the wake region.

Wooler (ref. 6) attempted a numericai analysis of the filat plate
pregsure distribution using two different potential flow models.
The first, which Wooler called the vortiecity model, idealized the
jet as a system of horseshoe vortices ﬁiéced along the jet.center—
line. The strength of eaéh vortex was determined from the jet
momentum flux and the radius of curvature of the jet centerline. A
cont;ur plot of the pressure distribution on the flat plate shows
good agreement with the experimental results of Bradbury and Wood

(ref. 5) except for the wake region and the area upstream of the



jet orifice,

Wooler's second method, called the sink-doublet model, utilized
a system of sinks and doublets distributed along the jet centerline.
The doublets institute a blockage of the free stream by the jet,
essentially mod;lling the jet as a cylinder of elliptic cross
section. The sink distribution along the jet centerlfne models
entrainment of the surrounding air by the jet. The sink strengths
were determined by solving equations for the jet development such
that they provide a best fit with experimental test data. The
doublet strengths were obtained ¥rom the complex velocity potential
for two-dimensional f£low past an ellipse. Wooler did not attempt
to calculate the pressure contours on a flat plate using this model,
but instead caiculated wing loadings caused ﬁy'a jet igsuing from
the center of a wing, The numerical results for particular
spanwise and‘chordwise data points correlate well with Wooler's
experimental data. However) the choice of data points did not
include the wake region or the Tregion upstream of the jet.

In the models-presented by Wooler and by Thompson, singularities
modelling the vortex pair were placed along the jet ceﬁterline
rather than along the true vortex trajectories. In addition,
voftéx strengths were, in the case of ﬁébler‘s model, obtained
from assumptions concerning growth of the jet plune r?ther than
from an experimental description of the vortex pair,

A recent experimental study by Fearn and Weston (ref. 2) has
provided a quantitative description of the vorticity associated

with a jet in a crossflow. This information was found to be



usefui in the formulation of a more realistic model for calculating
the pressure distribution on the flat plate. The authors presented
two models for the vortex pair. The first, known as the filameﬁt
model, idealized the vortex pair as two filament vortices. It”

was assumed that the characteristi(.;s of the vortex pair change
slowly aelong the vortex curve. Hence,vthe velocity field at a

Cross sectiqn perpendicular to the vortex curve was agsuned to be
equivalent to that produced by two infinite filament vortices
perpendicular to the cross sectional plane. TFrom experimentally
determiﬁed Veiocities in the symmetry plane, the strength and
spacing of the filament vortices at the cross section were obtained.
The second ﬁodel, known as the diffuse’model, relaxed the assumptioﬁ
of concentrated vortieity and assumed the vorticity distribution of
_ each vortex to be Gaussian in nature. Figure 2 shows the coordinate

system used in the description of the diffuse ﬁodel. The _vorticity

at any point was assumed to be

a2
, -ﬁ""x.z -~ g
w(re) =w,(e” "~ e @
where W, is the maximum vorticity in the cross sectioﬁ; and A

ig the diffusivity of the vortices. The integrated strength f;

of a single diffuse vortex was defined as
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The net effective strength " of each diffuse vortex was defined

as the net flux of vorticity across the half plane of the cross
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[ = w(r,6) rdrd@ (3)
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The effective spacing h was defined to be the center of vorticity

T e

h =*)-’:ffw(r,e) Y, rdrd€ (4)
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Equations (3) and (4) were evaluated using the assumed d;stribution

of vorticity to give
[T=7 crf(pho) (5)
and

h=h./erf(gh) (6.
where .
phe .
erf(ghs) =f——'f%/ e at -

‘is the error function.  The anthors found that tﬁe parameters of
both vortex models were functions primarily of the jet to crossilow
velocity ratio, R, ané of arc distanc; along the vortex curve, s/D.
The results of.thi; investigation were presented graphically. It
was observed that the vortex strength rg determined from the diffuse
vortex model was not a function of 8/D and could be written as ‘

a4 linear function of R. The expression for the integrated

strength TL was written

b =AR N



whére-A is a constant equal to 0.72 and 5; is the integrated
gtrength, F;, non-dimensionalized by 2DUa> for convenience. The
quantity 2DUG) was found by Chang-Iu (ref. 9) to be equal to the
roll up of the vor%icity around a two dimensional cylinder.

Equations (5), (6), and (7) represent a descrptioniof the strength
_and spacing of the vortex pair, but contain two pa.rameters; /6 and ho’
which must be specified for the description to be complete;
in this study, it is desired-to demonstrate the ;se of the modél
in conjunction with analytic degscriptions of the vortex pair, even
though the model may be used with either graphical of analytic
descriptions of the vortices. At this time, analytic relationships
for A and ho have been developed only for a velocity fatio of 8,
Sellers (ref. 7), in an extension of the work by Fearn and Weston,
1 formulated relationships for‘ﬁ and h0 as functions of S/D and R=8.

The equations may be written

_ _8B
FP7 T ‘8’

and

-5

-gi-.-c:(‘!-e") | )

where B=2.11 and %::2.04 . With these analytic descriptions
‘for £ and h , the effective strength [ and spacing h of the
vortex pair for a velocity ratioc of 8 may-be calculated as a
funttion of S/D.

Equations (8) anq (9) are based on the assumption that the

vortices begin at the center of the jet orifice. Since most of



10

the velocity field data was taken at S/D»5, there is consi&erablq
doubt as to the mnature of the vo£tex trajectories close to the
jet orifice. Sellers also presented an equation for ho whiech
would result in the vortices intersecting the flat plate at the
edges of 1':he jet orifice. The equation, again valid only for
R=8, may be written
-ske
boc(i-e¥)rs
D
where C'=1,389 .
Fearn and Weston (ref. 2) also :Eormt;.late;i relatit;nships

-for the jet centerline and vortex curve. An equation of the form
b &
z/p = aR{X/D) (11)

describes the jet centerline and the vortex curve adequately. For
the jet centerline, a.c=0.9772, bc=0'9113’ and cc=0.3346 . For the
vortex curve, 8,=0.3473, b =1.127, and c =0.4291 .

The equations formulated by Fearn, Weston, and Sellers
give a falrly complete analyti‘c description of the vortex pair
for R=8, providing ;. basis for the formulation of a realistic
model for ce;.lculating the flat plate pressure distribution induced

by a jet in a crossflow.



FORMULATION OF THE FROBLEM

THe relationships for the charactéristias of the vortex
pair introduced by Fearn and Weston {ref. 2) and extended by
Sellers (ref. 7) make possible the formulation of a m;del Por
the vortex pair which may be used in a numerical analysis conducted
through the use of a digitsl computer. The relationships are

repeated for convenience,

) [ =T, erf(ph) (5
h = h.[erf(ghs) ®
R‘“‘ZDU&AR = ZADUJ ™

z/p = aR*(x/0) : (1)
- B _
»gf» =c(i-e7) @

Equations (5), (6), {7y, and {1il) are general i:n that they are
valid for all &/D and R within the range of the experiment, that
is, for 5¢S/D¢45 and 2¢R<10, Equations (8) and (9} are, as pointed
out ear'li‘er,qvalm only for E=8.

The vortices are modellsd in the compubter program by a
digtribution of. finite filament vortices placed élong the vortex
trajectories described by equations (8) and {(11). The strength; of
the finite filaments are given by equation (B). Although it is well’
‘established that the vortices are diffuse in the actual case of a

i1
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jet in a crossflow, it is assumed that the velocity induced at

a field point by a filament vortex will bhe indistingﬁishable

from the velocity induced by a diffuse vortex, as long as the
distance from tﬁe filament is large compared to the rad;us of

the diffuse core. . Since the diffuse vortices are obgerved to
vary in strength- along the vortex curve as a result of diffusion of
vorticity across the symmetry plane, the strengths of the filament
vortices are varied as a funct@on of &/D in the computer model.
Although this is inconsistent with Helmholtz's Laws, it should

be emphasized that the filament vortices are used for analytical
convenience and are modelling a diffuse vortex pair, for which
there are no restrictions regarding the variation in strength
along the vortex trajectories.

The distributioﬁ of filament vortices is composed of finite
straight line segments, the lengths of which are detéfmined by
the local radius of curvature of the vortex curve. Enough vortex
segments are generated such that the addition of more segments
results in negligible velocity changes at the plane of the flat
platé.‘

A distribution of line sinks is placed along th; experimegtalxy
determined jet centerline, defined by equation (11). Although
little data is available concerning entrainment by 2 jef_in a
crossflow, experimental and theoretical analyses are available for
a free jet which may providé a basis for estimating the amount of
entrainment by a deflected jet and thershy establishing the

strengths of the line sinks.
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A free jet is usually described in terms of two regions,
each characterized by different cross sectional velocity profiles
(r;f. 10). The first region, known as the zone of ggéablishment,
begins at the jet orifice and may be idealized as a jet core,
_characterized by a flat velocity profile, surrounded by a turbulenﬁ
.fluid. -The core is roughly conical in shape, and diminishes in
cross sectional area along the jet centerllne as a resulf of shear
produced by the differing mean veloclties of the jet .and the surround-
ing £1luid. When the core disappears (at some $/D defined as the
criticai length), the flow is said to be fully established, and
is characterized by 2a veiocity profile rougﬂly Gaugsgian in nature.

Albertson (ref, 10) conducted a ﬁheoretical analysgis of a
‘free jet and formulated relationships for the entrainment'iﬁ the
.zone of eétablishment and in the region of established flow. .

lbertson found that the ratio of cross sect10na1 Jjet §olume

f1lux to volume flux at the jet orifice increased in a parabollc

form
'_g_oz 1+o.083(-g—)+o.0f28(§—-)2_ e

in the zone of establishment. In the zone of established flow,

the relationship is linear

2 -05() e

‘It is convenient to express the amount of entrainment in terms of



14

an entrainment coefficient E
. f d -
= = —Q_ (14)
E: Qs d{s/D) : :

Using Albertson's relationships, the entrainment coefficient may

be expressed -
_ (S oy
F = 0.083+0.0256(3) (15)
e
in the zone of establishment, and
E=o0.32 (16).

for established £low. The conétapt entrainment coefficient
of 0.32 for a fully developed jet has been confirmed by Ricou
and Spaulding (ref. 11) and Saha (ref. 15).

A free jet entrains surrounding £luid primarily through
turbulent shear resulting from the difference in velocity of
the jet and the surrounding fluid. The entrainment. mechanism
is considerably more complex in tﬁe case of a jet iﬁ a-crossflow.-
Keffg? (ref. 14) states that a jet in a crosaf low enérains surrounding
f1luid not only through turbulent shear, but also through the effects
of free stream and vortex upwash components perpendicular to the
jet trajectory. In addition, increased shear at the b'ounda.ry of -
the jet resulting from the presence of the crossilow regults in
a more rapid degradation of the jet core and a decréasé ingthe
‘cgit;car length.

Because of the lack of experimental data concerning entrainment.

by a jet in a crossflow, it is necessary to attempt to qualitatively
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estimate the entrainment coefficient E for use in the computer
model. It is logical to assume that the entrainﬁent coefficient
'ﬁ will be larger than 0.32, the value for a free jet. 1t ig assumed
that E is constant for a fully established deflected jet, based
on observations of free jets. An upper limit for the “entrainment
cﬁefficient has been suggested by Fearn (ref. 13) in an atfempt
to account for tﬁe observed jet trajectory entirely ;n the basis
of mass entrainment by the je%. For a velocity ratio of 8, an
entrainment coefficient of approximately 1.2 was calgulated for
the region of established f£low., Therefore, the value of E used
in the model would be expected to have a value between 0.32 and
1.2 .

The strength density of the line sinks is expressed in terms

of the change in jet volume per unit length §/D, or

= dQ
27 (s/0) an

Relations for g for a jet in a crossflow were found by assuming

ERTATACINC S

for the zone of establishment, and
2 = K, (5) (195
% = Ky(3
for established flow. These relations are of the same form asg

Albertson's egquations for free jets. By definition

_ A 4@ ‘
E = Qo d(slo) ~ Ky 0
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The coefficients K,, K

o and KS are found by applying boundary
conditions. It is assumed that Q=q_ at s/D=0, G E(QsTD' =0 at

s/D=0, and ékj%§5 is continuous at the critical length. Equations

(18) and (19) then become

~

Q D )
@ vz G " R

for the zone of establishment, and
Q@ S
— —— 2
. ED (22)

for established flow. From these relationships, the strength

density q may be written

3 = EQ, (S/D)
(s./D)

(23)

in the zone of establishment, and

_-_'EQO
>

(24)

for establi;hed flow. The amount of entrainment is therefore
defined by establishing values for E and Sc/D. From Keffer {(ref. 1%)
and Fearn (ref. 13), the critical length Sc/D is egual to about 3
for a velocity ratio of 8. "his value, although approximate, has
more éxperimental bagis than valuesnéf-ﬁ for deflected jets.
Therefore, E was the only parameter which was varied in the model.
The value for E was adjusted until the model provided good coverall
correlation with:the experimentally determined pressure distribution,

With the preceding description of the vortices and sinks

incorporated into the model, it was possible to calculate the
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velocity induced on the flat plate. This is accomplished through
vector summation of the velocities induced on tﬁe flat plate by'
each incremental vortex and sink filament, "Image” vortex and sink
distributions are instituted "below" the flat plate in order to
establish the boundary condition at the plane of the flat plate, aé
shown in Figure 3. With the velocity field on the £lat plate
determined, the pre;sure coefficient; at each field point may be

calculated from Bernoulli's equation. The pressure'éoefficient

is derived from Bernoulli's equation and may be written

2
C?P"/"'U: o _(25)
‘where U is the fluid speed at a particular field point.

The pressure distribution on the filat plate is most conveniently
presented by'defining the field points in terms of polar coordinates,
Figure 4 shows the tunnel and fiold point coordinate systems used in
the experimental investigations of Fearn and Weston (ref. 3). Each
field.point ig expressed in terms of r/D and 6. Féarn and Weston
‘preéented pressure coefficient data in terms of contour plots and
pressure distribution along rays (constant éngle ) aﬁd circles
(c;nstant r/D). The results of Fearn and Weston are used for
comparison with the theoretical resulté"oﬂ the model in Figﬁres 5
through 16.

As expected, the pressure coefficients predicted by the

model were found to be in considerable error in the wake region,
due to viscous effects and separation. For the purposes of this

- study, & wake boundary is defined by comparing contour plots of
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experimental and theoretical pressure distributions and fitting
a power curve through the points where the theoretical results
begin t; deviate significantly from the experimental contours.
This wake boundary, which is defined for tﬁe purposes of this study
only, should not be confused with that which would be observed
thrqugh 0il smear studies or other flow visualization techniques. ’
It is assumed that a point on the wake boun?ary defines the
pressure at all points in the wake region with the same X-coordinates
as the point on the boundary. The elimination of Y-dependent
pressures results iﬁ straight contour levels extending from the wake
boundary to the X-axis, From studying contour plots of the experi-
mental pressure distribution for various veloecity ratios (ref. 3),
it appears that this method for approximating the pressures in the
wake region should be spplicable for velocity ratios greater than 5,
At lower velocity ratios, the contours in the wake region cannot
be approximated by straight 1£nes, due to the tendency for the
contours to become increasingly curvilinear at lower velocity ratios;
1ift and pitching moments on the £lat plate are calculated
for the complete model. Lift is calculated by summing forces on
incremental areas of the flat plate. Moment ahout the Y-axis is
found by mﬁltiplfing incremental areas ﬂ& the distance from the

Y-axis, and summing over a large area of the £1at plate.



RESULTLS

The simplest form of the model consists of the v;rtex digtribution
alone, with the vortices intersecting the flat plate at the center
of the jet orifice, In this simplified form, it is assumed that the
flat plate pressure distribution results from the vortex pair and
free stream interaction only. Figures 5 through 8 compare the
experimental pressure coefficients with the theoretical.values
predicted for this case. Figures 5 and 6 show the variation of the
ﬁressure coefficient ﬁith radial distance from the center of the jet
orifi;e for given values of 8. The plots show fairly good agreeo-
ment with experiment from about 0=75° to 0=120°. From 120o to 1800
the theoretical values deviate considerably form the experimental
results, as expected, since conditions in the wake region render
potential flow considerations invalid. The theoretical-values from
e=o° to 9=75° a156 deviate significantly from the experimental
values, due to the neglection of jet flow entrainment, as will be
shown later. TFigure 8 shows a contour plot of the pressure
di-stribution induced by the vortices alone. The theoretical
contours clearly deviate greatly from experimental values outside
the 9=ﬂ5° to 9=120° range.

Figures 9 through 12 show the effects of adding a sink
distribution along the jet centerline to account for entrainment
effects. In this study, good results were obtained for E=0.6,
with a critical length of 3 jet diameters. The value of ﬁhe

entrainment coefficient is within the range expected, i.e. 0.32<g<L.2 .

19
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‘It is evident that the addition of a sink distribution greatly
improves the accuracy of the model in regions upstream of the je#
orifice. The greatest errors outside the wake region occur at - .
low »/D («1.0) during the transition from positive to neéative
préssure coefficients in the range 0=20° to e=45°, as can be seen
'ianigure 9., However, Figure 12 shows that the theoretical and
experimental contours are quite close in éhis region. It may also
be - seen tﬁat the density of contours in this region inc.iicate‘ that
high pressure gradients exist. Hence, a small displacement of  the
contours results in a large change in pressure values displayed in
the radial plots, suggesting that the rather large errors observed
in the radial plofs for this region are a result of the manner
in which the data is presented, rather than a result of a serious
failure of the nodel. Good'agreement is obtainéd up to about
e=135°, at whiech point vis;ous effects and separation appea£ to
become important. The largest error observéed on the contour ’
‘:plot (Figure 12) is on the order of one jet diametéf, and involves
the ~0.2 cogtﬁur at sbout 450. This is not consideréd to be &
© particularly significani error, since insignificant variations ig
pressure can cauéé noticeable shifts in the placement of contour;
in regions of very small pressure gra&{éﬁts.

The potential flow model results in pressure coefficients
being too lerge in the wake reg¥6n. As stated earlier, tyé'failure
of thﬁ model in the wake region is not unexpectéd. However, &

compléfe description of the pressure distribution must take the

‘wake region into account in some manner. Figures 13 through 16
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show the‘resultigg pressuré field for a model incorporaéing both
jet entrainment énd wake region congiderations éescriéeﬁ in the
previous section. It may be seen that the accufacy of~t§e ‘
theoretical wake region pressures ig greatly improved, although_. -
good quantitative agreement hag not been acheived fo£ r/D of less
than 1.5 . Figure 16 shows the contour plot Ear tﬁe §0mp19te'
model. From the contour plot, it may be seen that the largest
discrepancies ocour in the wake region for Cp=w0.1 . This is not
considered to be significant, siﬁce thig region ig charscterized
by very low preésure gradients and a8 large uncertainiy én ecntour
placement., Figures 17 and 18 show the theoretical nésults of the
complete niodel cﬁmpafed with the experimental results of Thompson
(ref. 4) and Bradbury and Wood (ref. 5), It may be secn that the
contours sgree quite‘well with Thompson's results, Agfeament with
the results of Bradbury and Wood is not as close, but &s still
co#sidered to be within the Fange of experimental error,

#

r‘The 1ift and pitéhing moments on the £lat plate are qf s§90131
inte;e%t, particularly in thé case of transitioning - VIOL céaft.e
Figure 19 shows & plot of experimental values of M/TD and L/7T
ve?sus the velocity ratio R, The circles represent yalues of
MfﬁD and L/T predicted by the compi;teméodel for a veloovity ratio
of 8. The theoretical values show good agreement with the
experimental values,.

Sellers (féf. 7) formulated a model in which the vortices

intersect the £1lat plate at the edges of the jet orifiée, rathes

than at the center. Although this model may seem more physically
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.reasonable, the resulting pressure distribution predicted by the
‘model (Figure 20) deviates considerably from the experimental

data. The extremely low pressure coefficiénts result from a
comhination of- the effects of non-zero vortex strength at the
plane of the flat plate and the proximity of the filament vortices
to the field points closest to the jet orifice. It is evident that
s model based on vortices begimning at the edges of the jet orifice

is incompatible with the use of filament vortices.



CONCLUSION

The pressure distribution calculated from the model presented
in this thesis is in fairly good agreement with experimental data.
The use»sf this model was demonstrated for a velocity ;atio of
. 8 in order to make use of an available analytic description of the
characteristics of the vortex pair. The model is equally applicabile
for other velocity ratios when used in conjunction with graphical
descriptions of the vortex properties. The method for predicting
wake region pregsures is expected to be applicable for velocity

ratios greater than 5; at lower velocity ratios, curved lines may

be necessary to approximate the shape of the wake contours.

23
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Figure 1, Sketch of VIOL Aircraft Transitioning
from Hovering to Horizontal Flight
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Figure 2. Geometry of Vortex Models . '
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APPENDIX I

Derivation of Finite Filament Sink (Source) Flow

The computer model institutes a distribution of finite
filament sinks along tﬁe jet centerline. It is nebéssary to
formulate an expression relating the sink filamént strength
and length to the induced velocity at a field point. Consider
a digtriﬁgtion of equal strength sinks along the X-aXis ;f a
1;ca1 coordinate system. (The axes used in this derivation
sh&ﬁld.not be confused with the tunnel coordinate systém,deséribed

in.the main text.)

b4

|
:
§ |

The velocity potential induced.by the infinitesimal element df is

I S| y
49 = - Terya

‘The total velocity'potential.inducad by a line sirk of length b

45
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b
L S ) S—
11 ) [(x-6)*+ Y]

- The X-velocity induced may be found by the expression

Ux =~ ax = [‘fﬂfm]

Lnr[ 3 [f(x‘ﬂ’w’] *

may be written

Therefore
. (x ) df
U= - I(x £+ y’]
Let X~f=4
| df = -y
qd'z R [ , ] ,J
['z [ht+y 7" # [(x-)+r‘1" T [x T
g [l L
= T Y | AP OP
Similarly
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b oydf

W) [lxegl ey T

X=b X
Yoy L [(x-8)"#y*]™ [x*+y*]"

it

i

Z_. | cos &, ~ cos d;]
Yrh

The problem essentially reduces to a two dimensional

geometrical analysis. When the endpoints of the filament and
the field point are defined, the values of AP, OP, h, dl? and

b

Ux and UY onto the flat plate will yield the velocity.on the

may be found through planar geometry. The projections of

flat plate which is induced by the finite filament.



APPENDIX II

Derivation of Finite Filament Vortex Filow

The computer model institutes a distribution of finite
filament vortices along the vortex trajectories, Although the
vortex-endpoints and the field points are specified in three
dimensions, the problem is two dimensional as far as calculating
the induced velocities on the flat plate is concerned, Consider
a filament vortex aligned along the X—axis‘of a local coordinate
s&stem (not to be confused with the tunnel oriented coordinéte
system). The X-Y plane contains the f£ield point and the two

vortex endpoints,

Y

The general equation for the velocity induced by a f£ilament vortex is

= __—C_ gxdj(xf)
U=z 57

where " is the strength of the vortex. In vector form the terms

48



in the éeneral equation hecone
S = (X,=-X)T + V¥, ]
Y A,
dA(x) = dx'T

S Xd2(x) = yodx'k

Let q—;xo_x
Yo = h
Therefore X~ X,
=L n 4y k

T Yy 2 g 279/
{ e [Q +h]

. —‘ I X,-'Xz o Xo = X, T].’_{\
= G [ [x-xa ok ] T Txex)+ i 1™

= ‘f':h [cos 6 - cos o, [k

"If the field point and the endpoints of the vortex f;laﬁent
‘a?; defiged, the parameters h, 61, and 92 may be found through the
usé of planar geometry., The projeﬁtion of U onto the plane of the
’flqt plate will equal the velocity induced on the flat plate by ‘

the filament vortex segment.
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APPENDIX IIX

COMPUTER PROGRAM

FOR CALCULATING PRESSURE DISTRIBUTION

ON FLAT PLATE



¥00d ST AHYJ TYNIDIEC
. HHL 0 FITHSAd0UdEd

OO0

SO00

an

THIS PROGRAM CALCULATES THE PRESSURE COEFFICIENTS ON THE FLAT
PLATE INDUCED BY A JET ISSUING NDRMALLY INTO A CROSSFLOWA

DIMENSION X(200),Y(200)2(2601,CP(200),S(200)

DIMENSION RADI26),THETA{15)

DIMENSION P{26415) :

COMMON/ONE/GAM, CONPT, CONST

COMMON/TWO/RAD, THETA,P

COMMON/THREE/X9Z2S5+N
COMMON/FQUR/X0sYO0yZ0sX s Y19Z14X29Y2,22,VXTOT,VYTCT,VZTOT
COMMON/F I¥E/NOF IL sR s VIX 5 VIV, VIZ

INTEGER OPTIGN

COMMON/S IX/OPTICN

DATA RAD/04585046250e66704709047520.8050.90,1.0051.2051.40,1.60,
11.8092.009242592+505227593000+3+2553250534751%40034+5095.0045.50C,
26.00,7.00/

DATA THETA/O09105022020230007450+096040575+0,9040,105.0,120.0,
113509 150405 160409170.0,180.0/

AE=00.3473

BE=1.127

CE=0.4291

D1A=0L33333

U=127.0

READ {5,66) GPTION

IF OPTION =1y, THE VORTICES® START FRDM THE CENTER OF THE JET ORIFIGE.
IF OPTIONSZ2y’ THE VDRTICtS START FROM'THE EDGES OF THE JET ORIFICE.

READ {5465) NOFIL
READ(5,24T R
NOWAKE=1

IF NCWAKE EQUALS 1, SUBROUTINE WAKE IS CALLED.

18



NOSINK=1

IF NOSINK EQUALS 1, A SYSTEM OF LINE SINKS IS GENERATED ALONG THE JET
CENTERLINE. OTHERWISE, NO JET ENTRAINMENT IS ACCOUNTED FOR.

oo 0 o

GAM=0.0
pe 1100 M=1,15
PO 1100 K=1,26
PAKsM)=1Eb
1100 CONTINUE
N=NOFIL
CALL ENDPT
CPil1)=0.0
- 1F {ORTION.EQ.1l) CONST=2.04
IF (OPTION.EQ.2) CONST=1.389
00 17 M=1,15
DO 17 K=1426
ARC=0.0
THET=THETA(M)*3.1416/18040

DEFINE FIELD POINTS.

OO0

X0=—RAD{K)*COUS{THET)

YO=RAD(K)¥SIN{THET)

10=0.0 -

VYXT0=0.0

vY¥TO0=0.0

VZT0=0.0

IF(OPTION.EQ.1) Y{1)=0.0

IF{CPTION.EQ.2) Y{1)=0.5

IF {(NOWAKE.EQ.1.AND.THETA({M).GT.90) CALL WAKE (Ko M)

c 00 LOOP 1 GENERATES A SERIES OF VORTEX FILAMENT SEGMENTS -IN ORDER

(4]


http:NOWAKE.EQ.I.AND.THETA(M).GT.90
http:CONST=2.04

4004 SI TV TYNIDIEO
§HL JO ALTA0NI0ddEY

OO

OO0

TO APPROXIMATE A CURVED VORTEX FILAMENT.

DO 1 I=1,N

X1=X(1)

X2=X{1+1)

SEG=S1{1)

ARC=ARC+S5(1)
CP{I+1)=ARC+5(1I+1}/2.0
CONPT=CP{I)
HO=CCNST#(1,.~EXP{~ARL/8.0))
IF (OPTIBNLEQ.2) HO=HO+0.5
8D=2.11/SQRT{ARC)
ETA=8D*HO
Y{I+1)=HO/ERF{ETAY

Yi=Y (1) ’
21=7{1)

Y2=Y{1+1l)}

I2=111+1)

DO LOOP 4 GENGRATES TWO OBSERVED VORTICES AND TWO IMAGE VORTICES.

DO 4 J=l+A

IF({20.EQs0.0aAND. J.GEL3) GO TO 4
GO TO (996974+6),J

Yi=-Y1

Y¥2==-Y2

60 T4 9

L1=-71

12=-12

CONTINUE

CALCULATE DISTANCES FROM VORTEX SEGMENT ENDPOINTS TQ FIELD POINTS.

A=SQRT ({X1-XOL¥%24(Y1-YO)**24{Z1~Z10}**2)

€S



OO0

502
503

ooct OO0

15

-BHSQRTK(X2—X0)##2+(YZ-YO}**2+{ZZ—ZO)**2)

C=SQRT{(X2—X1L**2+(Y2*Y1)**2+(ZZ*11)**2)
T={A+B+( )} /2. .
BMOUT=T*{T-AY*(T-8)1*(T-C)

IF (BMOUT.LT<0.C) GO TO 502

E=SQRT(BMOUT)

G0 70 503

E=0.01

CONT INUE

H= PERPENDICULAR DISTANCE FROM VORTEX FILAMENT TO FIELD POINT.

H#2.%E/C

H=H*DIA -

IF (HelT:.001) H=.001

COS1={ A%¥2+CH¥2-BF*2) /1 2.,0%A*C)
COS2={ AR #2-B¥%2-C%x%2) /{2.0%B*C)
IF (R.EQ«8.0) CALL GAMMASR

G1=2 JO*GAM¥URDIA

FIND MAGNITUDB CF VELOCITY INDUCED AT FIELD POINT BY VORTEX SEGMENT.
Y=61#{C0S1-C0S2)/(4.0%3.1416%H)
CALCULATE VEGCTOR COMPONENTS FROM CROSS PRODUCT OF VECTOR A AND VECTOR 8.

AC=(21-ZOT*(¥2“Y0)—IZZ-ZU)*(Yl-YO}
BG=(XI‘XO)*(22*ZQ)-(XZ-XO)*(ZQ“ZO)
CC={Y1“YO)*(XZ~X0)“{X1—XO3*(YQ*Y01
GO TO (14915914415),4d

CONT INUE

AC=—~AC

BC=—BL

2%}


http:IF(I.EQ.NX

OO

e Nel gl

HOOd §I Ap¥d TVRIDHO
ZELI'E&ISEIGOH&E’&
' OO0

CEAR]
o0

CC=~CC
CONTINUE

FIND DIRECTIGN COSINES OF INDUCED VELOCITY VECTOR.

D=SQRT (ACA¥24BC# 42+ 4% 2)
DCOSA=AC/D
DCOSE=BL/D
peose=ce/o

SUM INDUCED VELOCITIES.

VXTO=VXTO+DCOSA*V
VYTO=VYTO+DCOSB*Y
VZTO=VITQ+DCOSCHY

CONTINUE

CONTINUE

1F(20.EQ«0.0) VXTO=2,0%VXTO
IE{702EQa0.0) VYTO=2.0%VYTO
{F(10.EQ.Ca0) V2T0=0.0
ViX=0.0 ¢

VJi¥=0.0

VJ2=0.0

1F (NOSINK.EQ.1) CALL JET

ADD VELOCITIES INDUCED BY SINK FILAMENT SEGMENTS.
VATO=VXTO+VJX
VYTO=VYTO+VJY.

VZITO=VITO#VJIZ
VXTO=VXTO+U

FIND TOTAL VELOCITY AND PRESSURE COEFFICIENT ON THE FLAT PLATE.
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VTOT=SGRT{VXTO#%2+VYTO**2+VZTO*%2}
PAKyM)=1. 0~ (VTOTH*¥2.0)/ (U*2.0)
CONTINUE

CALL EXPLP

CALL PRIMAT

CALL LIFT

FORMAT{F5.2)

FORMAT {13)

FORMAT (11}

sTGP

END

SUBROUTINE ENDPT

SUBROUTINE ENDPT GENERATES ENDPOINTS IN X AND Z FOR EACH VORTEX
SEGMENT. .

COMMON/THREE/X{200)+Z(200),S5(200) 4N
AE=0.3473

BE=1.127

CE=0.4291 .

R=8.0 :

Al=CE*AE%{R**BE)

2(1)=0.0

2(2)=.025

X(1)=(Z{1)/{ AB%{R%%BE)) )#*¥(1.0/CE}
X(2)=(2{21/{ AE¥ {R¥%¥BE)) )**{1.0/CE)
Stl)=l[X(Z)—X(l))**2-0*(2*2)-1(1))**2-0)**0Q5
SCNE=2.0*5(1) '

NN=N+1

TOTARC=0.0

£O 100 [=24+NN
DZ=A1¥{X{[)*%(CE-1.0)}

PHI=ATAN(DZ )
X{I+1)=SONE*COS(PHI)+X{1}

9g
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ZAI+1)=AEH(REXBEVX{X(I+1) )**CE

CALCULATE LOCAL RADIUS OF CURVATURE.

RADCUR=(1.08375% (X 1)¥%1.,04726T)*(1.42.41041%(X{1}**{~1.,14181)) )%

11.5
CSHII=SORTIAXIT+L)=X{ 1) }3%24+(Z{E+1)—Z2{1) )*%2)
TOTARC=TGTARC+S (1}

CALCULATE LENGTH OF NEXT FILAMENT BASED ON RADIUS OF CURVATURE.

IF{(TCYARC.GT.1.00) SONE=RADCUR/50.
WRITE{69101) TOTARC,RADCUR,SONE
FORMAT{SX* TOTARC,RADCUR,SONE ="'43F10.4)
CONTINUE

RETURN

END

SUBROGUTINE JET-

SUBROUTINE JET INSTITUTES A SERIES OF LINE SINKS ALONG THE JET
CENTERLINE IN ORDER TO ACCOUNT FOR MASS ENTRAINMENT BY THE JET.

DIMENSION X{200),Z(2C0),CP{200),5{200) , ’
COMMON/FOUR/X0,Y09Z0sAZ+B29CZ9724EZ+FZyHARPO,ZEPPE,GROUCH
COMMON/FIVE/NOFILsReVIXsVIY,VJIZ

COMMON/SEVEN/E, SCRIT :

CP{1}=0.0 .

AE=0.9772

BE=0.9113

CE=0.3346

U=127.0

DI1A=.3333

PI=3.14159

LS
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gt IS THE ENTRAINMENT COEFFICIENT. 'SCRIT* 1S THE CRITICAL LENGTH FOR
ESTABLISHMENT OF THE JET FLCW.

E=0.6
SCRIT=3.0 .

GENERATE THE ENCPOINTS OF TRE SINK FILAMENT SEGMENTS.

XT0T7T=0.0

270T=0.0

TOTARC=0.0

Zi 1)=0-0

Z121=4025

X{1)1=(Z( 1)/ (AB%{R**BE)) }**{1.0/CE)
X{2¥=(Z{2Y/ {AB*{R¥¥BEY) )¥%{1.0/CE)
SHELI=LIX(2I=XE1) 1¥22.04{2(2)-2(1))*%2.0)%%0.5
XTOT=X{2)-X{1)}

SONE=2.0%S{ 1]

NN=NGFIL+Y

ARCLTH=0.0

DO 100 Is24NN

DZ=CEXAE* (R&**BE)*{XTOT*¥{CE~1.0))
PHI=ATAN{DZ)

X({I+1)=SONEXCOS(PHI}EXTOY
Z({I+1)=AEX(REFBEIF(X{1+1) }**(E
SII)=SARTE(XEI+1)-XA L) )32+ (Z{I+1)~Z{1) }*%2}
XTOT=X{I+1)

ARCLTH=S({I)+ARCLTH

CALCULATE LGCAL RADIUS OF CURVATURE OF JET TRAJECTORY AND ADJUST LENGTH
OF NEXT SEGMENT ACCORDINGLY.

IF(X{I).LT.0401) GO TO 1C0
RADCUR=1.4475*(X(l)**l—l.béﬁé))/{1.+4.7315*(X(I)**(-1.3308111**1.5

8%
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RADCUR=14J/RADCUR
IF{ARCLTHLGT«3.00) SONE=RADCUR/50.
CONTINUE

VJX=0.0

VJI¥=0.0

V11=0.0

DO 13 I=1,NGFIL
TOTARC=TOTARC+5{1)
CP{I+1)=TOTARCH+S(I+11/2.0
CONPT=CP{ 1)

X1=X{I1}

X2=X(I+1)

Y1=0.0

¥2=0.9

1=21(1)

72=7(1+1)

DO 19 J=1,2
IFI70.EQJQ.0ANC.J.EQ.2) GO TO 19
1F (J.EQ.1) GO 740 21

I1=-21
12==22 |
CONT INUE

CALCULATE STRENGTH OF SINK FILAMENT SEGMENT.

UJET=R*U .
RO=UJETH {PI*{DTIA*%2)/4.0) :

IF (CONPT-LEJSCRIT) Q=E#CONPT*QO/{SCRIT*DIA)
IF {CONPTWGTJSCRIT) Q=E%QO0/CiA

GALCULATE THE DISTANCES FROM THE ENDPOINYS TO THE FIGLD POINT AND

THE BHEIGHT OF THE RESULTING TRIANGLE.

PA=SQRT ( { X0-X1) *#2+(YO~Y1)%%2+[Z0-21)*%2)

65
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PB=SQRTL{XO-X2 ) #¥2+{YO~Y2)**2+(Z0-22)%%2)
AB=SQRT{ {X1-X2)%¥24+{Y1-Y2)¥¥2+{Z1=712)%%2)
SL=(PA+PB#+AB}/2.0
ARZ=SL*{SL-PA}*{SL~-PB)*(SL~AB}
IF {ARZ.LE.0.0) GO YO 301
AK=SQRT(ARZ)
GP=2.0%AK/AB
GO TG 302
GP=.01
CONTINUE °
AQ=SART{{PA*¥2.0)~{QP*%¥2.01})
COS1={PARK24+ ABX¥2~PRE*2)/{2.0%AB*PA)
COS2={ AB*Z2 +PB*%24PA%*2 ) /{2.0%AB*PB)
IF{CO0S1.6T.140} C0S1=1.0
IF{C0S1.LTa~1.0) COS1=—1.0
IF{C052.GT.1.0) CB52=1.0
IF(C0S2.LT.~-1.0) C0S2=-1.0
€05 2=-0052
ANG1=ARCOS{COS1)
ANGZ=ARCG§(CU32)

i

CALCUtATE THE DIRECTION COSINES OF THE FILAMENT SEGMENT.

COSALF={X2-X1)X/AB
COSBET={Y¥2-Y1)/AB
COSGAM=(22-7'1)/AB

'‘CALCULATE THE Xy Yy AND Z CO-ORDINATES OF THE PQINT OF INTERSECTION
Of THE PERPENDICULAR LINE FROM THE FIELD POINT JO THE FILAMENT.

IF (ANG1.LT.P1/2.) GO TO 11
If {ANG14GT.P1/2,.) GO TQO 10
XGQ=X1+AQ*COSALF
YQ=Y1+AQ*COSBET

09
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ZQ=7Z1+AQ*COSGAM
60 7O 12
10 XQ=X1-AQ¥COSALF
¥YQ=Y1-AQ¥COSBETY
1Q=21-AQ*COSGAM
12 CONTINUE

CALCULATE THE DIRECTION COSINES OF THE PERPENDICULAR LINE FRDM
THE FILAMENT TO THE FIELD POINT.

COSPHI={X0-XQ)/CP
COSOMG=(Y0~-YQ)L/CP
COSZET=(20~1Q)/GP
CP=QP%#DIA

CALCULATE THE VELOCITIES INDUCED BY THE FILAMENT SEGMENT AT THE
FI1ELD POINT.

UY=Q*(C0S2-C0S1)/ (4. 03%P1*QP)
Ux=Q#{{1l. GIPA} {1.0/PB)) /(4. O*PI)
UX=UX/D1A :

VXS INK=UY#COSPHI

VYSINK=UY*COSOMG

VZSINK=UY#COSZET
UXSTNK=UX#COSALF

UYS INK=UX*COSBET
UZSINK=UX*COSGAN

ADD THE RESULTING VELOCITY COMPONENTS.

VJIX=VXSINK+UXSINK+VJIX
VJY=VYSINK+UYSINK+VJIY
VJIZ=VZISINK+UZSINK+VJIZ

19 CONTINUE -

19
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CONTINUE

1F{20.EQ.0.0) VIX=2.0%VJX
IF(20.EQeD.0) VIY=2.0%VJY
RETURN

END

SUBROQUTINE GAMMASB

SUBROUTINE GAMMA8S SELECTS AN APPROPRIATE VORTEX STRENGTH
FOR EACH VORTEX FILAMENT FOR A VELOCITY RATIO GF 8.0 .

COMMCN/ONE/ GAM, CONPTCONST
INTEGER OPTICN
COMMCON/SIX/0PTION

sCCNPT' IS THE DISTANCE ALONG THE VORTEX TRAJECTORY TO THE CONTROL POINT
OF THE VORTEX SEGMENT BEING ANALYZED.

IF (CGNPTJEQ.0.0) 60 TO 103
BD=2.110268/SQRT(CONPT)
HO=CONST#*{1.~EXP{—CONPT/8:0))
I1F{OPTION.EQ.2) HO=HO%0.5
ETA=BD*HO
GAM=0.T72*8.0%ERF(ETA}

GO TC 104

IF {OPTIGNL.EQJSY) GAMs0.O
IF{GPTIONJEQe2) GAM=5.76
CONTINUE

RETURN

END

SUBROUTINE PRTMAT

SUBROUTINE PRTMAT PRINTS CALCULATED PRESSURE COEFFICIENTSy
EXPERIMENTAL PRESSURE CCEFFICIENTS,

THE DIFFERENCE BETWEEN

(AL


http:GAM=5.76

4

VO
ARy

gHVE Tl

,H004 81
e

3O FIrTEN0

il

oo o

OO0

(e Nele

OO

999

CALCULATED ‘AND EXPERIMENTAL PRESSURE COEFFICIENTS, AND UNWEIGHTED
STANDARD DEVIATION. . '
DIMENSION DIFF{26,415) :
COMMON/TWO/RADL26) 3 THETA(L5),P{26415)
COMMGCN/F IVE/NOF IL #R, HUP 4 TYP , THREEP

"INTEGER OPTIOCN

COMMON/SIX/0PTIGN

COMMCN/SEVEN/Ey SCRIT

COMMON/TEN/D{21,26)

DELPT=040 ’

SUMDIF=0.0

DO 999 M=1,415

DO 999 K=l.26

CALCULATE. DIFFERENCES IN EXPERIMENTAL AND THEORETICAL VALUES.

CDIFFIKyM)=P{KyM)=D(MuK)

IF (ABS{DIFF(KsM))4GT.10) DIFFIK;MI=1ES
IF(DIFF({KyM) JEQ.1ES) DELPT=DELPT+1.
IF(DIFF{KM) JEQL.LE6) GO TO 999
DIFF(K,MY=DIFF{K,M}3*Xx2
SUMD;F=SUMDIF£DIFE(K1M}

CALCULATE PERCENT DIFFERENCE FOR EACH POINT.

DIFF(K,M)=SQRT(DIFF{K,M))*1G0.
CONT INUE :

CALCULATE UNWEIGHTED STANDARD DEVIATION.

STDEY=SQRT{ (SUMDIF/ (390.-DELPT)))
WRITE{6,1011) NOFIL,R
WRITE{6,1013) E,SCRIT

£9
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1004

1005

1000
1001
1002
1002
1006
1007
1009
1010
1014

IF (CPTIGN.EQ.1) WRITE(6,1009)}

IF (OPTIONG.EQ.2) WRITE(6,1010)

WRITE {6,1012) '

WRITE{6,1007)

WRITE{6,1001)

WRITE{6,1002) {RAD{K}K=1413)

WRITE{6, 10017

WRITE(6+1006)

DO 1004 M=1,15

WRITE(6,1003) THETA(M),{P{K,M)yK=1,13)
WRITE{6,1014) {D{MyL),L=1,13)
WRITE(6,1015) {CIFF{K,M)sK=1413)
CONTINUE .

WRITE{641000)

WRITE{6,1007)

WRITE{6,1001}

WRITE{6,1002) {(RAD(K},K=14426)
WRITE{6,1001)

WRITE{(6,1006)

DO 1005 M=1,15

WRITE{6,1003) THETA(M), (P{K,M),K=14,26)
WRITE{6,1014) (D{MyL}sL=14,26)
WRITE{6,1015) {DIFF{KsM}sK=14,26)

CONT INUE

WRITE{6,1016) STDEV

FORMAT{1H1,y//7/955Xs 21HPRESSURE COEFFICIENTS,///)
FORMAT{1X,127(1E*")}

FORMAT(15Xs 13{F5.254X7)
FORMAT{3XsF4.0,2X,1H" +5X413(F743,2X})
FORMAT(4Xy* ANGLE",/}

FORMAT{64X, "R/D')

FORMAT{5X,*OPTION=1A, VCRTICES START FROM CENTER OF JET ORIFICE.")
FORMAT(5X,?OPTION=2A, VGRTICES START FROM EDGE OF JET ORIFICEa.")
FORMAT{1X,'EXP< VALUES®,3Xs13(F7.3,2X))
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1015 FORMAT(1X,'P(T. ERROR? 3 4X913{F7.342X) /)
1016 FORMAT{1H1,5X+*STANDARD DEVIATION =1,F10.44/) ,
1011 FORMAT (1H1,5%,13,1Xs*VCRTEX AND SINK FILAMENT SEGMENTS ARE USED',
1/45Xs*VELOCITY RATIO =*,F5.24//)
1012 FORMAT (7/7,55X,"PRESSURE COEFFICIENTS,///)
1013 FORMATIS5X,*ENTRAINMENT CQEFFICIENT =1 Fbaby /95X "CRITICAL LENGTH
1 FOR JET FLOW ESTABLISHMENTY =¥y Fbehs1X,'S/D}
RETURN
END
SUBROUTINE LIFT

SURROUTINE LIFT CALCULATES LIFT AND PITCHING MOMENTS ON THE FLAT
PLATE FROM BOTH EXPERIMENTAL AND CALCULATED PRESSURE COEFFICIENTS.

DIMENSION AZIMTH{3G)
COMMCGN/TWO/RADL126), THETA(15),P(26,415)
COMMON/TEN/D(21,26)

*  RADIAN=3,141592€5/18C.0
GINF=19.935
VJ=0.1247 .
WP=6.66
WMACH=0.93
T=148.10
TE=(T+4597) /(1.0404 2% WMACH**2)

CALCULATE THRUST OF JET.

THRUST=WP/32 1 T¥HMACH*4 G JO2#SQRT(TE)
EXLIFT=0.0

EXPPCH=0.0

DLIFYT=0.0

PMOM=0.0

R=4.0

TAREA=0.0

. G9
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DO 209 M=1415

AZLINTHIM)STHETA(MYI*RADIAN

D0 210 K=1,23

DO 210 M=1,14

DTHETA=AZIMTH{M+1)~AZIMTHIM)

CALCULATE INCREMENTAL AREA.
AREA=R#R#*{RAD{K+1)*#%2~RAD{K }**2}*DTHETA/ 2.
CALCULATE AVERAGE PRESSURE COEFFICIENTS OVER AREA.

CPAVG= (P (KeM) 4P {KF1yMI+P Ik MELI 4P LK +1sM+1)) /440
DELFOR=CPAVGHQINF#AREA/ 144,40

CALCULATE MOMENT ARMa.

PMARM;R*(RAD{K+1}+RAD(K)S*CUS(AZIMTH(M+1)—DTHETA/2.)/2-
PMOM1=PMARM*DELFOR/12.

SUM LIFT OVER AREA.

DLIFT=DL IFT+DELFOR

SUM MOMENTS.

PMOM=PMOMAPMOM1

SUM AREA. NOTE TOTAL AREA INCLUDES ONE-HALF OF FLAT PLATE.
TAREA=TAREA+AREA '

CALCULATE AVERAGE EXPERINENTAL PRESSURE COEFFICIENTS AND SUM LIFT AND
MOMENTS.
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EXPAVG=(BHM,K)+D(M+1,K}+D(M,K+1)+D{M+1,K+1))/4.0
EXPFOR=EXPAVE*Q INF¥AREA/ 14440
EXPMCM=PMARM*EXPFOR/ 12,

EXLIFT=EXLIFT+EXPFOR

EXPPCH=EXPPCHHEXPMOM

CONTINUE

BY SYMMETRY, CALCULATE TOTAL LIFT, MOMENT, AND AREA BY MULTIPLYING ABOVE
RESULTS BY THO.

DLIFT=2.0%DLIFT
PMOM=2.0%PMOM
TAREA=TAREA*2.0
EXLIFT=2.0%EXLIFT
EXPPLH=2 0*EXPPLH

NON-DIMENSIONALIZE LIFT AND MOMENTS.

EXLIFT=EXLIFT/THRUST
EXPPCH=EXPPCH/ ( THRUST*0.2333)
POVERT=DLIFT/THRUST

TM=PMOM/ (THRUST*0.3333)

CALCULATE WELIGHTED STANDARD DEVIATION.

TOTFOR=0.0

TOTAR=0.0

00 211 M=1,15

00 211 Ks1,25

IF (M.EQ.15) THET2=180.0

IF{M.NE.15) THET2={THETA{M+1)+THETA(M))/2.
RAZ2=(RAD{K+1X¥RAD(K) /2.

IF(K.EQe1) RAY=0.50

L9


http:RA*I=.50
http:IF(M.NE.18

iz X s

211

IF(M.EQ. 1Y THET1=0.0

IF{K.NE+1) RAI={RAD(K=1)+RAD{K))/2.
IF{MJNE. 1) THETI={THETA(M-1)+THETA(M)) /2.
AREAI=R¥RF{RA2¥F2-RALIX%2) ¥ ( THET2-THETL) #RADIAN/2Z.
CPDIFF=P(KyM}—-D{M,;K)
IF(ABS{CPDIFF).CTJ50.3 GO TO 211
FORDIF={CPDIFF*AREAL)%%2
TOTFGR=TOTFOR+FORDIF
TOTAR=AREAL*%24+TOTAR

CONTINUE

STDEV=SQRT{TOTFOR/TOTAR)

WRITE{6,212} STOEV

WRITE(693) THRUST

WRITE(6y2) TAREA

WRITE{6, 1Y PGVERT,TM

WRITE(6,4) EXLIFTHEXPPCH

212 FORMATI(SX.'WEIGHTED STANDARD DEVIATION =',Fl0.4,//)
4 FORMAT(///+5Xs* EXPERIMENTAL VALUES?T 9 75Xy YRR IRk kdk Rk ok A% 1 4

L17¢5Xy "LIFT =%3F10.49/25Xs'PITCHING MOMENT =V,F10.4}
FORMAT{5X,*TOTAL NON-DIMENSIONALIZED LIFT =% ,F10.497//+5X»? TOTAL
1 NCN-DIMENSICNALIZED PITCHING MOMENT =',F10.4)

FORMAT {SX+'TOTAL AREA ='4F10.4, "SQUARE INCHES's///)
FORMAT{5X s 1 THRUST =1,F1044) -

RETURN

END

' SUBROUTINE EXRCP

SUBRUUfINE EXPCP CONVERTS RAW DATA FROM SCANIVALVE PORTS TO VALUES
CORRESPONDING -TO SPECIFIC FIELD POINTS SPECIFIED BY RADIUS AND ANGLE .

COMMON/TEN/D(21,26)
DIMENSIGN CP{10,46)
DO 3 J=1,21 '

D@ 3 K=1,26
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http:IF(K.NE.1X

x el

3 D{JsK)=100. -
READ EXPERIMENTAL DATA.

- READ(546) (I1CP{TIsdds 1512100 9d=L1945),(CP{1+46)s1=1+9)

6 FORMAT{10¥8.41) : : : '
DO 50 J=1,20
1F{J.6T.16} 6O T0 50
D{Js1)=CPLLsd)
D{Je2)=CPl1ls4+17)
D{Jy4)=CP12,J+9)
B{J15)=C9321Jt30}
D{Jy6)=CP{34d¢1)
D{JsT)=CPl34J+22)
D(Jd9)=CPd4,d+14)
D{Js11)=CP{54,J%6)
D(J112,=CP(50J+23}
D{Js14)=CP{6sJ+15)
D(Js16)=CP{7,J+7)
C{Js17)=CP(7,3+28)
DtJ,19)=CP{84d+20)
D{J+21)=CR{9,J412)
D{J,22)=CP(99J*29)
D(Jy23)=CP{102J)
D{Js24)=CPL10,J+1T)
1F(J.6T.15) GO TO 50
DlJ,10)=CP{4,J+31)
1F{J.6T.14) GO TO 50
D(J+758)=CPL4,d) .
D!J+2'13)%CP(69J}
IF{J.B6T.12} 60 TO 50
0{J+9420)=CP 9, J)
IF{J.6T.10) GO TO 50
D{J,15)=CP16,J%36)
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IF{J.6T.9) GG TC0 50
D(Js20)=CP(B,4J+37)
IF(J.GT.8) GO TG 50
D{Je3)=CP(1yJ+38)
D(J+8+31=CP(:2,4)
IF(J«GT.7) GB TC 50
L{J,8)=CR(3,J¥39)
IF1J.6T.6) GO TG 50
0(J+154510)=CP{5¢J)
D{J+10,15)=CP{T7,J)
1F{J.6T.5) GO TQ 50
D{I41642)Y=CP{1,0433}
D{J+16+4)SCP (2,4 3+25)
DlJ+1646)SCP(3,J+17)
D(J+16,12)=CP{5,J%39)
D{J+16y14)=CPl65J431)
D{J+16416)=CP{T,J+23)
IF(J.6T.4) GO TG 50

D{J+3,25)=CP{10,J+341)

IF{J-GT.3) GB8 TC 50
D{J+8525)1sCP{10,J+381
0{J+1,18)=CP(8,J}
D({1,13)=CP(5,45)
D{2513)=CP{5446)
D{1,18)=CR{7+46)
D{21,1)=CP{1,17}
D(21,3)=CP{2,9)
D{21,51=CP1{3,1})
D(21,7)=LP{3,39)
N(21,9)=CP(4,31)
D{21,11)=CP{5,23)
D(21,13)=CP{6,15)
D(21,15)=CP1T+7}
D(21,17)=CP{7,.45)
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D(21,19)=CP{8537)
D(21,21)=CP{94+29)
D{21+22)=CP{9y46)
D(21,23)=CP(10,17)
D{21,24)=CP({10,34)
D{15,25)=CP{10,42)
D{5,26)=CP{1043)
D(112263=CP({10,44)
D{15,26)=CP(10,45)
RETURN

END '
SUBROUTINE WAKE {KaM)

SUBROUYTINE WAKE DEFINES TEMPORARY FIELD POINTS FOR USE IN:
CALCULATING PRESSURE COEFFICIENTS IN THE WAKE REGION.

COMMON/FQUR/ X0, YO0
XW=X0

L

DEFINE WAKE BCUNDARY.

YW=1.819%({XW*%0.926)
IF{Y0.6T.YW) GO TO 10
YO=YH

RETURN

END
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