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The development is described of an improved jet—in-crossflow model for
estimating wind tunnel blockage and angle-of-attack interference. Experi=
ments showed that the simpler existing models fall seriously short of
representing far-field flows properly. A new, vortex-source-doutlet (VSD)
mode! was therefore developed which employs curved trajectories and experi=-
mentally-based singularity strengths. The new model is consistent with
existing and new experimental data and it predicts tunne) wall {i.e. far-
field) pressures properly. |t is implemented as a preprocessor to the wall-
pressure-signature-based tunnel interference predictor described in Part
| of the present report,

The supporting experiments and theoretica) studies revealed some
new results. Comparative flow field measurements with 1-inch ""free-air"
and 3-inch impinging jets showed that vortex penetration ‘nto the flow, in
diameters, was almost unaltered until 'hard' impingement occurrad, In
modeling impinging cases, 8 'plume redirection' term was introduced which is
apparently absent in previous models. The effects of this term were found
to be very significant.
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1.0 INTRODUCTION

1.1 Aims of the present work

The aim of the work described in this recnsrt is to adapt or develop
a jet-in-crossflow model for estimating wind tunnel interference with
primary emphasis upon non-impinging cases. A corresponding computer
program is required which can be used on an optional basis with the Part |
program for tests involving models with 1ifting jets o~ fans,

1.2 Background

Part | of this report describes a method for calculating wind tunnel
blockage and anqgle-of-attack corrections from pressure measurements made
along the tunne! surfac»s. Theoretical flow models employed are cons.ructed
from line singularities which represent the model and it's wake as 'perceived’
by the tunne!., The flow models can accommodate wing sweep, anale-of-attack
and offset from the tunnel center, though in many cases it has been found
that an unswept planar model! suffices. The approach may be considered semi-
inverse since the details mentioned are user-specified yet the sinqularity
strenaths and their axial locations are determined from wall pressures using
influence matrices.

It would be very useful if the above approach could be extended alowa
the same lines to lifting jets and allow trajectory shape, for example. to
be implied from the wall pressures, However, on reviewina the logistics
needed for doing this - particularly the likely size and conditioning of
the influence matrices concerned - it soon became apparent that a mcre
explicit approach was preferable. Subsequent experience, described later,
has shown that use of an explicit model for the jet plume is probably
essential.

It appeared initially that, with the exception of wall pressure
measurements, most of the needed experimental data and flow modeling exper-
ience would be available in existing literature. However an extensive
review of experimental data revealed that most experiments concerned iets
emergent from a plane or from models which are relatively complex. Jet-
from-pipe data, which was considered more suitable, was relatively scarce.
New experiments were therefore planned,using jets-from-pipes, to determine
wall pressures and to find parametric relationships between the new jet-
from-pipe and the existing jet-from-plane flow field data.

bt et e

A review was made of the very many theoretical models which have been
proposed for the jet-in-crossflow, Most had to be rejected because they
are too complex for the present application, However the models proposed
by Fearn (Ref. 1), by Heyson (Ref, 2) and by Williams and Wood (Ref. 3)
included at least some of the necessary physics and were reasonably simple.
These were therefore prime candidates in the earlier stage of the work and
it was hoped that one or more could be used directly.



The principal flow model property required for the present work is
the ability to predict far-field flows, A good test of this is to attempt
to predict tunne! wall pressures. It will be seen later that all of the
candidate methods failed this test quite badly. In retrospect, it is

apparent that all were suitable only for near-field applications.

As originally perceived, the main tashs were to interpret and
organize existing experimental data and modeling techniques far tunnel inter-
ference prediction. 1t has turned out that significant new studies were
needed in both areas In order to build upon existing technology. These
studies are the subject of the rest of :rhis report.

1.3 Layout of the Present Report

Section 2 will describe, in broad terms, the wav in which jet-in-
crossflow and "'rest of model' interference effects are determined and
combined. Sections 3 and 4 concern test details and results for jet-from-
pipe tests conducted as part of the present study. Jet hardware and
calibration procedures are described in more-than-usual detail because the
extra attention given to these aspects paid off well, The development of
a new flow mode!, designated the 'VSD' model! for Vortex/Source/Doublet, is
described in Section § and comparisons are made with predictions using
other methods. Section 6 gives the fairly comprehensive conclusions
which arose from the present work,

In the interest of shortening the main part of this report, the
majority of the experimental traverse data is presented as Appendices A and
B. For similar reasons, comments concerning Hevson's method for interter-
ence estimation appear in Appendix C. Proaram documentation and listings
are given in Appendix D.




2.0 INTERFACE TO THE PART | PROGRAM

For the reasons mentioned above, the jet-in-crossflow modeling program
developed here is used as a pre-processor to the main, Part | program.
Figure 2.1 depicts the general principles of operation of the Part t program.
Prior to a test, a theoretical flow model is constructed using model span,
sweep and angle-of-attack details, as needed. An influence matrix derived
from this model is used in conjunction with wall, roof and floor pressure
data to determine source and vortex strength distributions as a function of X.
Tunnel-induced angle-of-attack and blockaae increments are then calculated.

For jet- or fan-1ift models the general approach is the same but the
above routine is preceded by explicit jet-in-crossflow calculations (see
Figure 2.2). These accomplish two objectives. Firstly, a direct estimate
is made of the distributions of Adu and 3x, for subsequent addition to
corresponding 'rest-of-model' data., Secondly, the effect of the jet-in-
crossflow (or jets) is removed from the measured wall pressure signatures
prior to further processing. This step is very important because it removes
substantial non-planar effects from the data which would otherwise cause
errors due to 'cross' effects. In particular, offset blockage effects of
a strongly penetrating jet would be returned eventually as tunnel-induced
angle-of-attack in the absence of the preprocessing step,



3.0 TEST RIGS AND PROCEDURES

3.1 introduction

Figures 3.1 and 3.2 give a general view and dimensions of the test rig
for the jet-in-crossflow experiments. The main test measurements comprised
in-plume three-component velocity traverses, using the rake of S5-holed pitch
yaw probes shown, and wall pressures along the test section walls and roof
(see subsection 3.4). Boundary layer tangential blowing was available at the
roof, from a location 13-inches ahead of the jet exit, and was applied when
surface pressures on the roof centerline indicated the presence of flow break-
down. Sufficient blowing was applied to remove the standing vortex, ahead of
the jet impingement point, when it occurred. This parallels the approach
discussed in detail in Part | of the present report for jet-flapped wings.

In practice, the tangential blowing was needed only with the 3~inch jets at
high jet velocity ratios.

Figure 3.3 tabulates the jet configurations used and typical mainstream
and jet velocities for the nominal test velocity ratios. With the 3-inch
jets at velocity-ratio 8, a reduced mainstream speed was necessary because
of supply limitations.

3.2 On-line Tunnel Blockage Corrections

The conventional solid-plus-wake blockage equation has the form

Ue = Uy (Vv + g + cw) (3.1)
where U. is the corrected velocity at the mode) location
Ug is the calibrated empty tunnel velocity at the mode |

€5, t, are solid and wake blockage factors.

The above form was used because the full wall pressure signature approach
cannot be implemented without the flow mode! which will be developed from

the present experimen:s. A predecessor of the pressure signature method,
formerly designaied the 1q-pot' approach, was used to determine r,. A con-
ventional calculation was used for eg, the solid blockage, based upon jet
pipe dimensions. The velocity increase AU, due to wake blockage, is inferred
via linear assumptions from the pressure decrease M ¢, between the con-
traction exit piezometer ring and the (atmospheric) greather slots at the
start of the first diffuser. Thus

AU 1 AU 1 .
€ (Q 7 (-U—o-) T (A\Lpt) (32)
X =0 X =
On supplying the necessary calibration constants and removing the empty-
section value of aC,., , a working equation for blockage-corrected velocity ic
obtained at the modes location as
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1 o
Gc = g oU " = 1.0182 {1 + € +0.25 (3C,, - .04903)) Ap

[ ]

- 1.0182 (qC / qo) Ap (3.3)

where Ap is the measured contraction pressure drop
and Acpt = Apy / 1.0182 Ap.
The corresponding corrected static pressure at the model is
l -~
Pc = Hy = 3wUc” (3.4}

where Ho is obtained from the tunnel calibration, based upon contraction
entry piezometer pressures. Figure 3.4 shows typical values of blockage
ratio as a function of nominal jet velocity ratio RNOM‘

To complete the free stream data, tunnel density is obtained using Pc»
the measured tunnel temperature and the equation of state. Tunnel pressure
ratio (to p.), true speed and and blockage ratio (i.e. U, / Uy) are also
calculated.

3.3 Jet Hardware ard its Calibration

Kariloare

Figure 3.5 shows a longitudinal section through the jet plenum and
flow conditioning system with a 3-inch transition piece to a 1-inch inclined
jet fitted. For verticaljets, the transition piece is omitted. In the
latter cases plenum-to-jet pipe contraction ratios are 12.8 and 115 for the .
3-inch and 1-inch pipes respectively. Pre-straightening, from the supply
cones at the base of the plenum (Figure 3.6) is accomp!ished by a 2-inch
thick honeycomb of t-inch cell size. When installing the inclined, 1-inch
pipes the plenum position was adjusted to keep the jet exit location constant.

Calibration runs, using a total pressure rake at the jet exits, showed
a need to correct the 3-inch jet profile to match the more fully developed
I-inch jet profile. Figqure 3.7 shows an adjustable, profile-modification
device used to increase the velocity deficit around the 3-inch pipe. A
good match was obtained, after two adjustments, for the configuration shown,
The profiles themselves will be discussed in Section &.

Jet calibration

Pressure ratio, to corrected tunnel static, p., was the primary jet
control variable. Mass flow was also measured but this included roof
boundary layer control air, during forward speed runs with the larger jets
at high velocity ratio. The main calibrations were therefore made on the
basis of jet plenum-to-exit pressure ratio.

A rake of total pressure probes at 0.1-inch spacing was employed to
determine the thrust of the partially developed pipe flow profiles at jet
exit. Data were obtained across two diameters at right angles and integra-
t.ons were performed to determine mass flow, for comparison with direct
Mmeasurements, and thrust. Checks on the thrust gave good agreement, for

5



A

partially developed pipe flow skin friction, with data quoted by Ower and
Pankhurst

The following calculation procedure was gmp!oyed during data
reductions:

p,
\ 2 p \
LY m e - )
' MJet y =1 Pe ! } (3.5
y =1
TJet Tp /(1 + 3 M)et ) (3.6)
Pc ‘
Yy f RTTT (3.7
jet
——— -~
Ven = Mjet v R Tjet (3.7)

The mean jet velocity V) was obtained durina calibration from the
measured mass flow in via:

vy
\ = -V—- (_‘\]0\
th
\ is obtained during jet calibration and is used routinely to obtain the
flow coefficient CQ usinag
C 2 - 61 . .S.
Q A, TS0 A
o V A s
»‘C UC S AJ
*J Vien
=\ - (3.11)
ve Uc

where \ is a function of jet pressure ratio (see Figure 3.8)



As net jet thrust could not be measured directly, Iy and I,, defined via
equations 3.12 and 3.13 below, were evaluated from calibration rake data:

R 1y
. . 2 R By Jn r roo_ - I
m=n, 270 Vy, rdr=ny 27y Ry ¥ = &= dg =n2waVylhy (3.12)
VJ m m
o o
R AT : \
2 e m r r o
T-nz 270y I va r dr!-r\2 ZﬂpJ Rm*Vj [ (—\_/—) -: d -R—r;- = nZZﬂQJVJIZ (3.13)
J
o]

n. and n, are calibration factors which allow for the differences, due to
traverse coverage and other reasons, between rake integrations and true
values. Since m is known, we may find ny via (3.12), from

.
m

™ - — . (3.14)
ZHCJVJII

The final step contains the main assumption of the present calibration,
that " and n. are equal; i.e. the calibration factors for mass flow and
momentum flux“are the same. This assumption is supported by the fact that
good pipe skin friction estimates were obtained from the present cali-
bration data.

fony =, (3.15)
we may combine (3.i4) and (3.15) and substitute for ", in (3.13) to
obtain
T = —a ZﬂpJVJ“IZ
AnoJVJIl
" 12
= mV —
Y
1
= l:\VE
- Iz
From (3.10) T =m\vV__ — (3.16)

1

Finally, we may obtain the momentum flux coefficient C, S/A; from

il
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¢ 2= 2
Y AJ ‘\U :S AJ
cYc
mv I
- th .2 (3.17)
1 U"A L
2¥cte Ty
I, v

E
— , and — (i.e. \'IZ/II) are shown for th» three individual configu-

I Veh

rations in Figure 3.8, as a function of jet pressure ratio. It will be
noticed that \ and Vg/V., are much lower for the modified 3-inch jet than
for the clean pipes. This is because of the extra pressure drop caused
by the flow shaper in the former case.

3.4 Jet Mass and Momentum Flux Coefficients at Forward Speed

Figure 3.9 shows the nominal true velocity ratio, Rygm, as 23
function of jet pressure ratio, for typical runs at forward speed.
Decreased pressure ratios, for 3-inch jet cases at RNOM = 8§, reflect the
fact that these tests were run at a lower mainstream speed than the others.

In the case of the modified 3-inch and the 1-inch jets, Rygm was
found to be a very close approximation to the effective true velocity ratio
VE/Uc. This was also true for the clean 3-inch jet, up to Ryom =4, but
thereafter Vg/U_ increased faster than RyoM, to 8.25 at Ryom = 8.0.

Differences between jets were noticeable for both the flow coefficient
Cq (Figure 3.10) and the momentum flux coefficient €, (Figure 3.11) when
plotted as functions of the true velocity ratio RNoM. However, these are
the true test values applicable to RyoM values used in comparisons of jet
trajectory and vortex strength information.

It has been found that the spread between large- and small-jet curves
in Figures 3.10 and 3.1} is due predominantiy to the fact that the large
jets ran 10° - 15° F cooler. The effects on density ratio are shown in Figure
12. If RNyoM and Rygm-squared are weighted by the density ratio, as in
Figures 3.13 and 3.14, a much improved correlation is obtained between the
modified 3-inch and the 1-inch jets. The differences which remain reflect
firstly the fact that there are some slight inconsistencies amongst the
interim jet calibrations used for the various pipes during test runs.
Secondly, C;, in particular, should not correlate on an Rygm-squared basis
for differing profile shapes: the distinctions between average, RMS, and
jet transport velocities become involved.
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It may have been noticed that the calibrations and analvses described
above were made with especial care. This was necessary to insure that com-
parisons between large and small jets will truly reflect tunnel effects
rather than differences between the jets themselves.

3.5 Wall Pressure and Jet Traverse Measurements

Five sets of pressure orifices were installed, as indicated in
Figure 3.15, in rows which extended for most of the test section length.
Symmetry checks were possible using rows 3 and 5. However it was not
possible at the time of the test to install orifices on the right hand
wall, because it was all-glass.

Figure 3.1 shows the rake of seven pitch-yaw, five-holed pressure
probes used for jet flow traverses. This rake was mounted with the probes
horizontal and the rake axis vertical for all tests. This limited in-jet
traverses to locations no less than 6-diameters aft of the jet axis for
the velocity ratios of interest. Other traverses, just aft of the jet
(Figure 3.2), were restricted to a small region centered in the plane of the
jet exit.

The traverse measurements fell into two distinct sets. The in-plur
measurements at X = 6D were for the determination of vortex strength and
location in the plume. The remaining measurements, in the jet exit plane at
X = D and 6D were for use in matching jet velocities during plume modeling.
The two X-loca:ions may be regarded as representing ''wing' and tail”
locations.

Data were recorded and reduced using standard techniques, though
second-stage analyses-involving stream function and circulation calculations -
were fairly elaborate. These will be described more fully in Section &,



L.0 TEST RESULTS

4.1 Similitude Between 1- and 3-inch Jets

Jor veloclity profiics

Figure hﬁl shows typical velocity profiles, measured during static cali-
bration, for the unmodified and the modified 3-inch jets. For the 3-inch,
unmodified configuration, the core flow profile was tilted. The axis of the
tilt could be changed by biasing the supply (Figure 3.6) but it could not be
eliminated. Nonetheless, the velocity in the central core was uniform to
within about *2% and the difference between the clean and matched profiles
was sufficient to be useful for investigations into the effects of profile
shape.

Figure 4.2 gives a comparison between the modified 3~inch jet profile
and the 1" pipe profile to which it was matched. It is evident that a good
match was obtained.

Rase presses on Jet eylinders

The cylinder diameters and forward speeds used were sucy that the Reynolds
numbers for both ripes lay in the high-Cp, pre-transitional range. However,
the possibility was recognized that finite length effects might reduce the
drag coefficienc of the 3-inch pipe {see Prandtl and Tietjens - Applied Hydro
and Aeromechanics, p 97). So checks were made on cylinder biase pressures.

Figure 4.3 shows the base pressure distributions down each pipe for
three typical velocity ratios. Good matches are achieved between the l-inch
jet and the with-BLC, 3-inch jet data. The base pressurzs attain the two
dimensional value about 5- to 7-diameters below the jet exit. The reason for
the shift in the no-8LC, 3-inch jet cases is not understood. However, the
magnitude of the shift is not enough for it to be of great concern.

It appears that end-effects, on the 3-inch cylinder, do not cause serious
flow changes, relative to the l-inch data. Cylinder-induced effects upon the
jet development should therefore be the same in both cases.

4.2 Traverse Results: Flow Distributions

Measurements were made on a sample basis in the longitudinal and hori-
zontal planes and on a comprehensive basis in a transverse plane at x =60.
The longitudinal and vertical runs were to explore the general nature of the
flow. The transverse traverses provided vortex location and strength inform-
ation for flow modeling purposes: the traverse boundaries were selected
accordingly. Downwash data, in the jet exit plane, intended for use in modeling,

will be summarized below.

Lomgitadinal plane (Y =0)

An initial series of traverses, not mentioned previous'y, were made in
the longitudinal center plane of the jet using a laser velocimeter. Anomalies
found in these data, which were traced subsequently to a loose mirror in the
LV system, made retesting necessary using the pressure probe system described
above. The change restricted quite severely the choice of practical traverses.

10
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Though the LV data were useless as 'hard' data, for finding cross-flow
vorticity distributions, etc., they did give general guidance concerning jet-
trajectory in side view.

Figure 4.4 shows velocity vectors for the I-inch jet at Ryou =3. A good
impression of the flow structure is obtained, both in the jet bending region
and behind the cylinder. The flow vectors aft of the cylinder suggest clearly
that the increase in cylinder base suction towards the jet exit (Figure L.3),
is associated with jet-induced vertical flow. It is noted that Figure 4.4
shows only the upper four diameters of the l-inch cylinder.

Total velocity contour plots corresponding to Figure 4.4 were compared
with published total pressure data at the same velocity ratio for a jet
emergent from a flat plate. The comparisons made, at several Ryom values for
the 1-inch jet, indicated that the trajectory shapes were similar and suggested
that the form of the trajectory equations developed for jets-from-surfaces
should be applicable to the present data.

Borizental plane (Z=0)

Axial velocity distributions near the sides of the cylinder (Figure
4.5(a)) show the expected, doublet-like character. The wake region fills
and spreads quite rapidly opposite to the jet, which induces a strong down-
wash component there (Figure 4.5(t)). The downwash reaches a maximum about
three diameters aft of the jet. The zero downwash contour at X=6-inches lies
just to the outside of the plan-view of the vortex trajectory (see below) .

Figure 4.6(a) shows downwash at four locations in the jet exit plane
as a function of Ryom. The upper plots are for a location one diameter aft
of the jet, representing the near field; the lower plots are at 6 diameters
aft of the jet. The span locations were chosen so that comparable data were
available for both 1- and 3-inch jets. Downwash values quoted are means of
left- and right-side data in all cases.

On a simplified basis of classical angle-of-attack correction theory,
about one degree of downwash reduction should be experienced by the 3-inch
jet at Ryom=3. At higher jet velocities three dimensional and impingement
effects make such estimates inappropriate. Though Figure 4.6(a) exhibits
significant data ucatter, it is apparent that the anticipated downwash re-
duction for the 3-inch jet is absent. In thrae of the four plots the 3-inch
jet experiences more downwash, not less, than the I-inch jet.

Figure‘h.6(b) shows similar data for the inclined and vertical 1-inch
jets. The differences between jets are more marked, probably because of
changes in vortex spacing (see below).

Transverse plane (X = 6D) ;

The main 'production' measurements were made in transverse planes six
diameters aft of the center of the jet exit for five configurations (1"
vertical, two 3'" vertical and two 1" inclined jets) at five velocity ratios
(R=2,3,4,6 and 8). The primary flow measurements were total pressure, static
pressure, axial velocity, vertical velocity and lateral velocity. Axial
vorticity distributions (the curl of the transverse velocity field) and source
strength distributions (the divergence) were derived. Streamlines were

11



calculated from the axial vorticity distributions: this was a more con-
venient procedure and gave more intelligible results than working directly
with measured cross-flow velocity data.

First-stage 'production' plots for the twenty-five configuration/velocity
ratio combinations comprised: total pressure, vertical velocity and lateral
ve locity contours, cross-flow velocity vectors, vorticity and source strength
contours.

Only the more useful plots, of total pressure, vartical velocity, lateral
velocity and streamlines are presented in this report. These are consolidated
to show the effects of jet inclination in Appendix A and tc show the effects
of profile shape and jet size in Appendix B. Surmary data, taken from these
plots, will be presented in subsection 4.3.

Figure 4.7 repeats selected data from Appendix B and shows the effect
of jet size upon cross-flow streamline patterns as Ryoy is increased. The
effects of profile shape were found to be secondary. Llength scales in
Figure 4.7 are measured in diameters. The tunnel roof location, indicated
by the 'hatched' regions, consequently appears closer to the jet exit for
the 3-inch jet cases. Negative stream function contours arc denoted by broken
lines and the contour values are listed to the left of each plot, starting
with the innermost negative contour. The in%:g2rs to the upper left of each
plot are run numbers. (Test MTF68).

At R=2 and 3 (Figure 4.7(a) and (b)) the vortex penetration into the
flow has apparently not been affected by the proximity of the tunnel roof
to the plume for the 3-inch jet though there is somewhat less vertical elong-
ation of the vortex streamlines. At R=4 {Figure 4.7(c)), both a reduction
in vortex penetration and a marked flattening of the st-eamiines is evident
for the 3-inch jet. Another indication of roof-induced interference is the
reduced magnitudes of the stream function values at the vortex centers - a
consecuence of a reduction in vertical velocity between them.

In the R=6 and 8 cases (Figures 4.7(d) and (e)) the 3" jet impinges
strongly upon the tunne! roof and the flattening and the other effects noted
above are very pronounced At R=8 there was significant flow unsteadiness
not only for the 3-inch but also for the l-inch jet. Application of tangential
blowing of *he roof reduced the unsteadiness, though a tendency for the 3-inch
jet to bend sideways may still be seen.

The data of Figure 4.7, taken with data in Appendixes A and B and else-
where, indicate that the structures of the l-inch and modified 3-inch jets
are qualitatively similar at low values of jet-to-mainstream velocity ratio.
It may also be inferred from experience with the 3-inch pipe, that streamlines
for the l-inch pipe at R=38 are sufficiently far from the tunnel roof. as in
Figure 4.7(e), so that tunnel-induced local distortion may be assumed to be
negligible.

4.3 Traverse Results: Data Summary

Ayt v T maat s g b Y 6
O LSO TTON AT X =60

Having calculated the streamline patterns, vortex centers, defined as
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maximum- or minimum-, points, may be found quite readily. Figure 4.8(a)
shows that vortex penetration into the flow, for the l-inch jet, is very
nearly proportional to RyoM. Comparison with Weston's data (Ref. &) shows
less penetration for his data, which are for a jet emergent from a plane:
this seems reasonable. However, it is pointed out that there are differences
between the present analysis and Weston's in the definition of vortex center.

The two sets of 3-inch jet data differ only slightly from each other,
mainty in vortex span, confirming the insensitivity to profile shape,
mentioned earlier. The jet penetratior curve for the 3-inch jets diverges
from the l-inch data at about Rygm =3 as the tunnel roof causes increased jet
turning. |t appears that the 3-inch curve wili asymptote to about 0.7D below
the roof at high jet velocity ratios.

Figure 4.8(b) shows that forward inclination of the l-inch jet causes
increased spreading of the vortex pair, but reduced penetration into the flow.
It will be seen later that the increased spreading is accompanied by reduced
strength, relative to the vertical jet, at high Rygm. At Ryom=2, 3 and L
vortex penetration for aft-inclined and vertical jets is almost the same.
Thereafter the aft-inclined and forward-inclined jet data are the more similar.
Vortex spreading is less for the aft-inclined jet than for the others.

1Ty é
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Toarpensth oar X =60

Aft:r considering a number of alternatives, a method of determining
vortex strength was selected based upon line integrals of velocity around the
stream! ne patterns derived from crossflow vorticity data. This is consistent
with the vortex center determination procedure, just described, and also per-
mits an economical description of diffuse vortex cores. By plotting vortex
strength as a function of the stream function (Figure 4.9) a family of similar
curves is obtained with Rygm 3s a parameter. Intercepts on the horizontal
axis are vortex center locations, in terms of .. The maximum circulation
strength is usually associated with the zero or a nearly streamline and is of
prime interest in the present work because tunnel effects relate to the far-
field. Central streamlines sometimes intersect the traverse boundary, which
is used to complete the integration circuit in such cases. This provides

the opportunity to calculate both clockwise and anticlockwise circuits for

the same central streamline and can give rise to the overlap region (both

open and filled points at given y) which is evident in Figure L.9 at Rygu = 6.
The occurrence of such a discrepancy is an indicaticn of net circulation
around the outer boundary of the traverse. Both Tmyy points will be shown
subsequently,

Figure 4.10 shows maximum values of vortex strength obtained from Figure
4.9 and other, similar plots. It should be noted that the data represent
the axial component of the vortex strength, not the total. Descite differing
exit conditions and differing methods for finding vortex strength, it is
found that the present results are quite similar to corresponding data,
derived from Ref. 4, for jet-from-surface cases. Since vortex strength is
greater in the present case, and. spacing is less, their product - which is
proportional to lift - tends to correlate better. Two apparently 'bad'
points, at R = 8 in Figure 4 10(a), were derived froma 7 - . curve which
had an inverted peak, unlike any ot“er data. This probably reflects an out-
of-range condition for the prtecnh prole, so these points have been ignored.

13



The 3-inch jet circulations in Figure 4.10(a) agree well with the l-inch
data at Ry, =2 but are somewhat lower at Ryoy =3 and 4. As impingement
intensifies, a circulation plateau is reached at about 2.5 U_D.

Complementary behavior between vortex strength and spgan is again ob-
served for inclined jet cases (Figures 4.10(b) and 4.8(b)). After behaving
similarly to the vertical jet at R=2, 3 and 4, vortices in the swept-forward
jet display ‘ncreased span but decreased strength. Conversely, vortices in
the swept-aft jet plume are less widely spaced but stronger than for the
vertical jet.

Vortex-1ift correlation
The vertical component of jet reaction 1ift is given by

Ly = ijjvf cosé where § is jet inclination to the vertical

and
l_1 0 V.\z a5
26, T ———= 2~ij—i4 cosd = “>4 R2coss (4. 1)
Pogpu 2R Pelle) e
Vortex-lif:, from the wake measurements, is given by
Lo = pelalpmaxdy
and
. L 20 U Tmax~Y b Tmax ay
2C, = — = == 2.- - (4.2)
2 30UZA; pLULE D? T U=D D

It is evident from Figure 4.11 that, for the l-inch vertical jet,
CZ: = C22 to a reasonable approximation, i.e. all of the jet reaction 1ift
is represerted by the vortex pair. For the inclined jets Cp, > Cz,. The
implication ray be that the vortex pair represents total jet thrust rather
than the lift component. Removal of the coss factor from Cz, improves the
correlation in Figure 4.11 but does not collapse the data entirely.

The above result is significant in relation to jet-in-crossflow modeling

because it provides a rationale by which vortex strength may be estimated if
the spacing is known.
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4,4 Tunnel Surface Pressures

- .

s gy 30 =

Datien rums ar Mo S
CLETER

n

Figure 4.12(a) shows tunnel surface pressures with the 3-inch jet pipe
installed but with both the blowing air and the grourd BLC turned off. The
upper part of the figure is an empty-tunnel-plus pipe case and shows suction
peaks, corresponding to the maximum cylinder/separation bubble diameter,
followed by a pressure rise towards an asymptote proportional to wake dis-
pilacement thickness. On installing the traverse gear (lower plot) this
pressure recovery is largely lost and further flow acceleration occurs
opposite to the traverse gear location, Fiaure 4.12(b) shows how the previous
distribution is modified when 'ground' BLC is appiied. Figure b .12(c) shows
corresponding data for the vertical l-inch jet pipe. Here, the effect of
the pipe itself is quite small, as expected, and the traverse gear ‘signature’
predominates, The effects of sweeping the jet pipe 30-degrees forward or
aft are found to be small.

in subsequent figures the appropriate jet-off datum values, depicted in
Fiqure 4.12, have been removed in most cases, Certain exceptions occur in
strong impinoement reaions where greater-than-mainstream total pressures
invalidate the » (1 -Cp)superposition technique which was used These reaions
are recognized readily since Cp > 1 at impingement.
b |
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This jet impinges at about Rygm ™ 3. By Rugpm 4, strong around impinae-
ment is present (Figure 4.12) and there is evidence of a separation vortex
aheag of the X = 0 station in the three no-BLC cases shown. Apnlyina BLC
(triangles) destroys this vortex and may reduce the impingement pressure.
Comparisons between sets of octagonal points show good repeatability between
runs and comparison of these points with the 'plus' points suggests. that the
effects of jet profile shape are not very great.

Figure 4.14 shows similar, no-BLC data for various Rygy VALUES. At
RNOM = ¢ and 8 the vortex suction peaks rove forward and becomes strong. it
is also evident that impingement Cp's become very high. There was considerable
unsteadiness in the flow at Rygy = B, which caused scatter in the data.

e e 2 . ‘. .
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At Ryom = 2, Figure 4.15(a) shows that the wall pressures are blockace-
dominated: there is a continuous acceleration along the test section. Super-=
imposed upon this, comparison between rails 1 and 3 or 5 shows, firstly, the
anticipated difference signature associated with positive jet 1ift but then,
downstream of about X = 0.2, a reversal which corresponds to negative jet
lift. This may be due to the fact that jet blockage effects are offset
towards the ''ground’ (i.e., the tunnel roof), Comparison between the upper
and lower plots in Figure b.15(a) shows that ground BLC has little effect at
R = 2,
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At Ryom =4 (Figure 4.15(b)), spreading between rails 1, 2 and 3 becomes
more noticeable as 11ft effects increase. Application of 'ground' BLC (lower
plot) reduces the spread significantly. This may be due to entrainment into
the BLC jet sheet, which will have an ac-elerating effect upon the flow at
rails 3 and 5.

Bv RNoM = 6 (Fiqure 4.15(c)) tunnel flow breakdown is well advanced
and the locus of the characteristic impingement "footprint'' and the vortex
ahead of it may be deduced quite readily. Since the vortex ts undoubtedly
skewed gquite strongly, the X/B-length scales in the pressure plots may exag-
gerate the vortex size. Rail 3 and 5 data, at Ryom = 6 suggest that sepa-
ration, vortex center and reattachment are at X/8 = -0,20, + 0.15 and + 0.70
approximately. At mid-sidewall (Rail 2 - triangles) the same features may
be identified, shifted downstream, but only the vortex peak location can be
estimated, at about X/B = 1,0 (upper plot, Figure 4.15(c)). This was
changed somewhat by 'ground' BLC (iower plot) but otherwise the BLC produced
no great effect. Some differences are observed between right and left sides
(Rails 3 and 5) at the two highest Rygm values (Figures 4.15(c) and (d)).
This is most likely caused by the jet bending sideways (see also Fiqures

4.7(d) and (e)).

Comparisons betwezn corresponding plots in Figure 4,15, which is for
*square' profiles, and Figure 4,16 ('pipe' profiles) show that differences
due to profile shape are almost negligible.
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Figures 4.17(a) and (b) comprise four pressure plots for Ryom values
of 3, 4 and 6, respectively. Curves for several jet inclination ang'es are
shown on each. The overall magnitude of the signatures are small prior to
impingement but the general trends are the same as those described above.
As might be suspected, the forward-inclined jet (5 = -30-deqrees) produces
greater effects at the walls than the vertical jet and the aft-inclined jet
produces smaller effects.

Figures &.18 and 4.19 include data for other rails at Ryoy = 4 and 8,
respectively. In the Rygy = L case the magnitudes of the signature are
starting. to become comparable with measurement accuracy and flow unsteadiness
effects. Nonetheless, the anticipated trends are present. The Ryom = 8
cases (Figure 4.19) may involve impingement and both lift and blockage effects
are starting to become noticeable.



5.0 THE 'VSD' FLOW MODEL AND IT'S DEVELOPMENT
5.1 Introduction

The present aim is to identify or develop a realistic theoret'cal
mode! of a jet-in-crossflow which is suitable for tunnel interference
estimation. The mode! will be applied with the standard wall pressure signa-
ture procedures, firstly to extract jet effects from powered-model-signatures
and then to provide jet-related interference velocities for addition later
to those determined for other parts of the test model.

Any flow model used for these purposes must be reasonably simple: this
eliminates the finite difference and the detailed vortex lattice technigues
used for many near-field studies. It was thought at first that an extension
of Heyson's work, probably towards the Fearn, curved trajectory model would
be adequate. However, both were found to have serious shortcomings and
considerable development work was needed to produce o theoretical model
which was reasonably simole, yet repioduced observed flow features properly.
The new flow model, desiqrated the 'VSD' model (Vortex,Source, Doublet) will
be described in subsection 5.2,

-y gy

GOt 2a8es

The terms of reference for the present work exclude impingement cases.
However, cases in which the theoretical plume strikes a tunne! surface
cannot just be ignored. Appropriate qeometric changes have therefore been
made, for impinging cases, which parallel Hevyson's treatment. Thouah this
approach appears reasonabie, detailed studies have not been made of the
impingement region itself or of ways to model it properly. Results obtained
here for impinging cases must therefore be considered speculative.

5.2 Description of the 'VSD' Model

SO Y

The data found most useful for modeling purposes were measured vortex
strengths and locations - augmented by the ‘Fearn' vortex mode! - and tunnel
wall pressures for the 3-inch jet.

As the work progressed, it became apparent that twin vortex models
such as Fearn's contributed only weakly to the wall pressure signatures:
Sources and/or curved lines of axially-directed doublets were needed to
match the observed tunnel blockage effects. As the main body of the jet
penetrates further than the vortices, the source/doublet lines were given
the greater penctration into the flow as sketched in Figure 5.1 {a) and (b).
On the basis of measured data at X/D = 6 and 2 < R 5 8, the 'Fearn' and the
‘Williams and Wood' trajectories respectively were selected for vortex and
source/doublet elements {see Fiqure 5,1(c)).

The line vortex and line source/doublet trajectories are defined for
the 'VSD' model via the equations;
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2/D = 0,352 (X/D) 0.429 R"'ZZ (5.1)

for the vortex pair,

0.333 g!.000 5.2)

for the source/doublet pair.

2/D = 0.758 (x/D)

and
Y/D=0.076a (x/p) 0440 g!-000 (5.3)
for both vortex and source/doublet
pairs.

Porrer serength
Since the Fearn equation for vortex strength agreed well with the
present data, this Is used directly in the 'VSD' model, i.e.

r R- _ .=0,035(x/D)"
U:B 0.600(i75) (1 € ) (5.“)

Srupse grpenstn

The source system is selected so as to model the physics of the
observed wakes. The system described is the original one, derived as stated:
no adjustments to constants were used to improve the match to the wall
pressure signature.

For elements of the initial part of the plume, the data show that an
almost parallel-sided wake is required (e.g. Fiqure Al, all R). The total
volume Q12 emanating from a line source between points 1 and 2 in the
initial plume may be written

Q2 * Us Y (12 '-Z]) (5.5)
where Y is the far-wahe displacement width, For the initial plume, a
value AY = D (i.e. Cq = 1) appears to be appropriate. For a plume
developing without a crossflow, entrainment adds to the mass flow in the
jet at about a 23% rate. An improved approximation for AY is therefore

PR
3y = 0 V(1+0.23 /D)

Recognizing that mixing depends upon path length, S, the flow physics
is better represented by :

ay = 0 {1+0.23 s/0)

Substituting into (5.5) we obtain

‘/'*
Qiz = UaD (2 - 2y) +'(140.23 5,,/0)



The local source strength, per unit length along the plume, is then given
bv

M. % e & e ¥ 140.23 $92/0 (5.6)
12
1\512 4812

Poublet strength

In addition to the sources, a doublet system was introduced in
response to features observed in the wall pressure signatures. In this
case, local peaks made it apparent that solid blockage was present, which
requires either a source-sink model or a set of upstream-directed axial
doublets. These are sized to match the jet diameter at exit and grow at
the same rate as for the sink system. The axial doublet strength distribu-
tion is then given by:

T > ! . \
Mg =TT UD" v(l+0.23 $12/D,

(5.7)
No vertica! doublets are required because 1ift is represented by the vortex
system. In evaluating (5.6) and (5.7) the approximation Sy2 = Xy2 is made.

5.3 Tunnel Surface Pressures
Simthesie of the 'WAD! maded

The development of the VSD model and the reasons for it's final form
are best illustrated in terms of measured and predicted wall pressures.
The case with the 3-inch jet at R = 2 (i.e. no impingement) will be used to
demonstrate the matching procedure.

Figure 5.3(a) shows that Fearn's vortex model causes almost negligible
effects at the tunnel sidewall (Rails 1 to 2) and represents rail 4 con-
ditions poorly. |t may be inferred that the jet 1ift, and the vortex drag
implied by the Fearn mode!l affect the wall pressures very Jittle. A separate
ertimate was made of vortex drag and used to size axial doublets in a flow
mode!l like Heysons (see Appendix €). The results (Figure 5.3(b)) were
similar to those for the Fearn model.

In view of this failure of established methods to predict wall
pressures, the properties of line sources and line doublets were investigated
when laid out along a curved jet trajectory. Use of constant-strength
sources or constant strength axially-directed doublets, sized to qive far
wake width D and cylinder diameter D, respectively (Equations (5.6 and (5.7)),
gave the triangle and circle results in Figure 5.4. The plus symbols, for
graded sources (Eguation 5.6 with Sy2/D term removed) reflect reducina line
source strength along the plume as needed to maintain constant wake width
far downstream. The latter results are remarkably similar to those for the
doublets.
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Comparison of Figure 5.4 results with experimental data (Figures
5.2 and 5.3) showed clearly that at least sources are needed to complete the
flow model. On the basis of wall pressure comparisons, there is a temptation
at this point to omit the vortex system, However, this would be incorrect
because the assoziated upwash inteference would be lost.

Figure 5.5 shows measured wall pressures and predictions from a vortex
pair/split line source model, with constant strengih sources. The comparisons
are encouraging. However, Figure 5.6 shows that some improvement is possible
bv grading the source strengths as indicated earlier, Because of their sim-
ilar properties, it is evidently possible either to increase the source
strengths or introduce upstream-directed doublets to improve the correlation.
The latter choice was made on physical grounds.

Figure 5.7 shows that the introduction of doublets, which completes
the VSD model, generally improves the wall pressure correlations. Further
fine tuning is obviously possible but was not considered worthwhile on the
basis of one flow case. Comparison of Figure 5.8 with Figure 5.7 shows
that the changes in wall pressures on removing the vortex system from the VSD
mode! are almost negligible. However, the full VSD model was retained for
the reasons indicated earlier,

Figures 5.9(a) and (b) show wall pressures for the l-inch jet at R = 2
and R = 4 respectively. As the measured pressures are of verv low level
and are a residue which remains after removing the (larger) traverse gear
effects, good comparisons are unlikely. VNith a single exception, however,
the predictions appear qualitatively correct. The exception concerns Rail
L at R = 4 (Figure 5.9(b), which has obvious problems at lar e X/B. Ffigures
5.10(a) and (b) show VSD and S0 results respectively for an impingement
case: the 3-inch jet at R = 4, Rails 1 and 2 correlate quite well but the
Rail 3 ard 4 results show that the impingement flow is not well represented
by the \%) model.

Blacnergy Slow ofF¢

In converting flow velocities aenerated by the theoretical models to
pressures, it is necessary to use Bernoulli's equation and assume that the
flow next to the wall has mainstream total pressure. This not so in the
jet impingement region, as evidenced by experimental points near X/B = 0 for
Rail 4 in Figure 5.10. It is apparent from the experimental curves that a
stagnation pressure of about three times mainstream is present here. It
appears highly likely that the Rail 3 pressures are also directly affected
by impingement total pressure effects, which are not modeled by the present
scheme.

5.4 Interference Velocities
The tunnel interference flow, at the model centerline, comprises

velocities due to the image system of the model and it's wake as it exists
in the tunnel and velocities associated with any redirection of the model
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wake caused by tunnel surfaces, The second effect is usually ignored.

Figure 5.11 illustrates this breakdown for an impinging jet-in-crossflow.
Generally, in-tunnel measurements, term (i), are corrected by removing

image effects, term (ii),on the assumption that the wake is unchanged, We
have seen in Section L that this is well justified for jets prior to impinge~
ment. However if terms (i) and (i1} are combined for the impinged case
shown, the result obtained is for a 'kinked' plume. Terms (iii) and (iv) may
be introduced to estimate the effects of redirecting the plume so as te
straighten out the kinked region, Though these effects will be evaluated

and discussed below, it is again emphasized that the present work is incom-
pletc because no systematic attempt has been made either to measure or to
model the impingement region itself.

The remainder of this subsection will comprise a description, within
the above framework, of interference predictions first for the 1-inch and
then for the 3-inch jet using the VSD flow model, Comparisons will then be
made with similar predictions using other methods.

One-inch Jet (Figure §5.10)

The R = 2, L and, to a larqe degree the R = 6 cases for the 1-inch
jet are of primary interest in the present work because impingement is not
involved. For this reascn, the complications connected with plume impinge-
ment and redirection (see above) do not arise. Though small, the blockaae
and angle-of-attack increments at R = 2 and 4 increase with X/B in the
expected way and asymptote appropriately far downstream (Figures 5.12(a),
(b). and (d)).

At R = 6, non-planar eifects become important for this jet. In
particular, first-image trailers, which are offset towards the tunnel
model, gives rise to large local angle-of-attack increments {(Fiqures 5.12(a)
and (b)).

Figure 5.12(c) shows the increments associated with plume red:rection,
to be added to the previous, image-induced effects. Redirection at R =6
involves swinging the plume through about 7-degrees about the impingement
point, which is at X = 2.64B. At R = 8 impingement is at 1.068B and the
angular change is 14-degrees. The effect of redirection is to increase the
local blockage correction somewhat (Figure 5.12(c), upper), because the
trailing vortex pair moves further from the tunnel centerline during
redirection.

The 'bottom line' for angle-of-attack is shown in Figure 5.12(d). At
low R, the interference is as expected for simple- planar cases. As a
result of non-planar image effects, Aa increases faster than R-squared the
rate for planar assumptions. :

hpee-inen Jet (Figure §, 137
For this jet, only the R = 2 case is non-impinging: most of the
previous comments apply in this case. For the remaining, impinging cases,

the previous cautionary remarks apply. The data will be further discussed
because of some interesting findings concerning the redirection term,
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In the absence of the along-surface elements (Figqure 5.13(a)) the
interference effects are quite insensitive to R. Once impingement occurs
(R = 4, 6 and 8), the VSD mode! comprises a curved cylinder joining the jet
exit to the impingement point, which has limited movement over this Rerange,
Blockage effects are therefore almost the same at R = 4, & and 8 (Figure 5.13(a)).
The movement of the angle of attack peak follows that of the impingement point
as it progresses forward with increasing R,

The introduction of along-surface elements (Figure 5.13(b)) and their
subsequent redirection (Figures 5.13(c) and (d)) have major, but opposing,
effects upon the corrections. The two corrections illustrate the importance
of redirection vividly. Figure 5.13(b) shows apparent interference calcutated
for a 'kinked-plume' case (Fiqure 5,11, sketch (i)). Here the plume is held
next to the tunnel surface artificially and high anale-of-attack increments
result (compare Figures 5.13(a) and (b)). Since the true plume position is
much further from the tunnel centerline, most of the spurious trailer-induced
effect in Figure 5.13(b) is removed when the plume redirection term (Fiqure
5.13(c)) is applied. As a result, the magnitude of the net interference
(Figure 5.13(d)) is several! times less than some of it's constituents. This
is not a reflection of any real effect but rather a demonstration that the
intermediate, along surface model of Figure 5.13(b) (or Figure 5.11, sketch
(ii1)) is inappropriate. Methods which fail to pick up the redirection term
must be considered suspect or, at best, incomplete.

5.5 Comparisons Between Methods

Comparisons will be made firstly on the basis of effective source and
doublet distributions (Fiqure 5.14), then in terms of interference predicted
by the VSD, Heyson and other methods (Figures 5.15 and 5.16) and finally in
relation to resuits calculated directly from wall pressures using the
program from Part | of the present report (Figure 5.17). Further comments
on Hayson's method, as interpreted herein, are given in Appendix C.

Sovcotive sawree and dowblet distributions
To illustrate the nature of the 'VSD' and Heyson flow models, Figure

5.14(a) and (b) expresses doublet effects in terms of equivalent circular
cylinder diameter, plotted with the trajectory in the upper parts of the
figures and expresses source effects in terms of displacement.

For the 'VSD' model (Figure 5.14(a)), the effective cylinder diameter
(upper plot) is essentially that of the jet: the spreading term is weak. In
the lower plot, the full line shows continuously increasing mass flow due
to the (explicit) line sources. The broken line shows the implied mass flow
due to the point source effects at the joints between doublet lines {see
also Appendix C). For the VSD model, this effect is related oniy to draa.

The total source effect is shown by the chained line, It is evident
that a rapid increase occurs in the first few diameters to a level somewhat
exceeding the jet volume flow. Thereafter the rate of increase declines as
the jet bends.
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In Figure 5.14(b) a comparable Heyson case is illustrated for the same
1ift and for the same effective cylinder diameter. The source effects are
much weaker because only doublet-related sources are present. The drag-
related source effect, in the vicinity of the model is weakened by a sink-
effect at the jet exit caused by the lifting doublet system.

Despite having forced the Heyson model to match the VSD cvlinder
diameter, it is evident that it suffers from serious shortcomings regarding
source effects and their distribution.

Figures 5.14 and 5.15 show blockage and angle-of-attack interference
increments respectively for the 3-inch jet at various values of R. The
'Fearn'-vortex model and the 'SD' source-doublet model combine to form the
'VSD' model. Comparison is also made with results from the present inter-
pretation of Heyson's method.

Figure 5.15(a) shows u-component blockage interference, due to the
tunnel image sets, for several theoretical jet-in-crossflow models. At
R=2and R = 4, the interference predicted by the present method is an
order of magnitude greater than that of Heyson. This reflects the fact that,
being largely drag-based for blockage the Heyson results have strong R-
dependence. The SD and VSD present results, on the other hand, depend
heavily upon measured wall pressures which have much less R dependence. The
R =2 and R = b results are not affected qreatly by the redirection term so
the results shown in Fiqures 5.15(a) and (b) are almost the same.

In Fiqure 5.15(b) it is evident that the vortex ‘cross' effects upon
blockage become more significant as R increases. With no redirection
term (Figure 5.15(a)) this effect is very strona, but spurious. However,
the Figure 5.15(a) result at hiagh-R shows how important it is to include
the redirection term for vortex models.

Anglearreatrank interSerence

The R = 4 case in Figure 5.16(a) or (b) characterizes tne various
methods quite well. Though the 5D mode] has no vertical doublets, the
angle-of-attack curve is very similar in form and magnitude to that of
Heyson, except that the SD impingement point is located {more correctly)
further forward.

As a result of vortex inclination near the jet exit and in the early
plume, the vortex contribution (i.e. the Fearn result) is shifted aft at
medium R-values. This causes an angle-of-attack plateau to occur where
negative dia/dx for the SD model and positive dda/dx for the vortex models
are about equal. This local detail tis undoubtedly very sensitive to modeling
assumptions and should not be taken too serfously. )

As R increases, the vortex contribution (Fearn) to angle-of-attack
dominates increasingly, pa ticularly prior to redirection (Fiqure 5.16(a)).
It is interesting to note that the magnitudes of the image-effect corrections
are comparable with corrections calculated on a simple, S(S/C)CL basis,

The fact that redirection reduces the angle-of-attach correction bv a factor
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of three or four (Figures 5.16(a) and (b), lower parts) may explain the
preference of some V/STOL experimentalists not to apply (image-based)
tunnel corrections.

Direct use of wall pressures and the Fart I me thod

It is obviously possible to ignore the non-planar aspects of the jef-
in-crossflow problem and use the Part | program directly to obtain a rough
estimate of interference. If the jet is small enough or if R is low enough
this should produce acceptable results. Figure 5.17(a) confirms this for
one-inch jet tests at low R values. The blockage level is low (about 1.6%
at most) and wall pressure signals are subject to scatter. Nonetheless the
'Vv$D' model predictions (crosses) are in quite good agreement with the
results from the matrix method of Part I. This agreement also confirms that
the 'VSD' method operates properly as planar conditions are approachad.

Figure 5.17(b) shows the corresponding results for the three-iach jet.
Here, the blockage is an order of magnitude greater. These comparisons are
particularly interesting because, though the previous comments larjely apply
at R=2, by R=L4 the non-planar effects have become significant. The full,
'VSD' treatment gives 3 blockage curve which levels out as the je: bends
(crosses). However, for the early part of the characteristic, where the
jet penetration is incomplete, the results from the planar and non-planar
predictions are in remarkable agreement.

It is tempting to conclude that, if impingement is absent, direct use
of the Part | method will produce good interference estimates. This is
probably true for blockage at the model! position, though not a’t of this.
However, serious problems can be anticipated in estimating ancle-of-attack
interference on the basis of the Part | method if used with an influence
matrix for center-tunnel elements. Runs paralleling those for Figure 5.17
confirmed that the latter procedure yields entirely spurious angle-of-
attack estimates. This occurs because (as seen previously) tirue jet lift
effects are almost "'invisible' at the tunnel wall. The Part | method
would respond predominantly to the eross'' effects of offset blockage and
return corresponding, Spurious angle-of-attack predictions.
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6.0 CONCLUSIO0S

6.1 Scope of the Present Work

The aim of the work described, to adapt or develop a jet-in-crossflow
model for estimating wind tunnel interference, has been met successfully.
A study of measured and predicted wind tunnel surface pressure signatures
shows that the two most likely existing candidates - the models of Fearn and
of Heysor - fall seriously short of representing the flow physics properly
for the present application. A new, vortex-source-doublet (VSD) model was
therefore developed with significantly improved flow physics. This incorporates:

o a curved, varying-strength vortex pair based upon the
‘Fearn' near-field jet-in-crossflow model.

o a pair of curved, varying-strength source-doublet fines
extending beyond the vortex pair but with the same hori-
zontal development.

o source-doublet strengths based upon viscous wake measurements,
jet cylinder diameter,and jet growth considerations.

The 'VSD' flow model is employed in a pre-processor program which
removes jet effects from whole-model wall pressure signatures and provides
jet-induced tunnel interference data. The revised wall pressure signatures
and the interference data become input to the subsequent ''rest-of-model"
interference calculation described in Part | of this report.

The above development was backed experimentally (see 6.2, below) and
by a number of theoretical studies (see 6.3, betow). It is not easy to val-
idate methods such as the present one: 6.4, below, deals with this topic.
Subsection 6.5 considers the special topic of impingement cases.

6.2 Experimental Studies

Though a great volume of jet-from-surface data exists, its relevence
to the tunne! interference problem was in doubt: a jet-from-cylinder repre-
sents a typical V/STOL configuration better., Experiments were therefore
carried out on jets emergent from chimney-like cylinders mounted on the
tunnel floor. The jets, of 1- and 3-inch diameter, emerged from 15-inch
high cylinders mounted in the Lockheed-Georgia 30- by 43-inch wind tunrel.

Three component velocity measurements were made in the planes X = 60
and Z = 0 over a range of jet velocity ratios, 2z s R g 8. Two jet profile
shapes were investigated for the (vertical) 3-inch jet and three jet angles
were investigated for the l1-inch case (30-degrees forward, vertical and 30-
degrees aft). Especial care was taken in calibrating the jets. The experi-
ments lead to the following main conclusions:

o The jet flow measurements at X = 6D showed that jet-from-
cylinder vortex trajectories and strenaths, for non-impinaing
cases, were in general agreement with jet-from-surface data.
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0 Results for square and pipe jet exit velocity profiles, were
essentially indistinguishable at the same Cu.

o Comparisons cf 1- and 3-inch jet data showed that vortex
penetration (in diameters) into the flow was almost unaltered,
during tests at increasing velocity ratio R, until 'hard'
impingement occurred.

o Careful integrations of the X = 6D cross flow data showed that
the product of trailing vortex axial strength and lateral spacing
closely approximated the jet lift, This demonstration is believed
to be a 'first',

o The above three facts were helpful when developing the flow model.

Tunnel wall pressure 'signatures' were measured along five longitudinal
‘rails' for all of the above conditions. The 3-inch jet data provided the
orimary checks during VSD-model development.

6.3 Theoretical Studies

The 'vsD!

nd planar rodels

o

Studies with the completed 'VSD' flow mode! revealed the following:

o The contribution to the wall pressure signatures of the vcrtex
portion of the VSD mode! is almost negligible: the 1ifting
system is essentially ‘invisible' to the tunnel walls.

0 Angle-of-attack corrections due to the jet-in-crossflow must
therefore be estimated entirely on the basis of the jet-in-cross-
flow theoretical model.

Demonstration runs were made by submitting jet-in-crossflow wall
pressure signatures to the (planar) Part 1 analysis program. These revealed
the following:

o At low-R for the 1-inch jet, the VSD and planar programs gave
blockage estimates which agreed well with each other, as should
be expected.

o For the 3-inch jet the agreement was good in the vicinity of the
jet but, aft of the jet, a continuously rising blockage correction
for the planar analysis was replaced by asymptotic behavior for
the full, VSD mode!, The latter is more credible on the basis of
previous experience.

o Predicted angle-of-attack corrections, using the planar method,
were entirely erroneous. This was because the method interpreted
offset blockage interference in terms of angle-of-attack.

These results of the theoretical studies prove that the pre-proces<or
approach to handling jet-in-crossflow interference is not just expeditious;
it is essential, 26



Seudies using the 'Hepsor! molld

Both Heyson's proaram itse!f and a new, equivalent program which
extends it for wall pressure calculations were implemented. Al a qualtitative
level the studies were fairly successful. Source-like properties of line
doublets in Heyson's model were identified and interpreted and some inherent
shortcomings, relative to the present, flow-based model, were uncovered,
Quantitatively, the present studies with Heyson's model were unsatisfving,
largely because no balance data were available, The problem was compounded
by difficulties in deciding upon ground rules for comparing force-based and
flow-baced methods.

6.4 Vva'idation

A direct validation of a jet-in-crossflow interference model is .ikely
to be difficult because of the presence of other components for any practica!
jet-powered configuration. The VSD model, in contrast to others reviewed,
is supported by the following facts:

o MWall pressures are matched quite well for the 3-inch jet.

o For the l-inch jet, wall pressure matching is gualitatively
correct and of the right magnitude: this is the most that can
be expected of the data.

o it foliows that far-field predictions by the method,and hence
tunnel blockane nredicticns, are of the correct order.

o Downwash differences, between 7 = 0 data fo- 1- and 3-inch jets,
were too small to be of practical use in validating angle-of-attack
inteference estimates.

o Angle-of-attack interference estimates, therefcre, rest heavily
upon Fearn's vortex model, which is incorporated in the BHE
mode!. The Fearn model is supported by extensive test data
gatherecd by the origiral authors and by more limited experiments
described herein.

o Comparisons with the planar method (see above), show that the
VSD method performs properly as this limit is approached.

6.5 Cases with Jet Impingement

The experimenta' studies includec a significant number of impinged
cases. Here, floor tangential blowing was applied as required to remove
the vortex induced suction peak ahead of impirgement. The thenretical studies
arknowledged impingement but did not make anv attemot to model it explicitly
except with regard to a jet 'redirection’ effect {see below.,. The followina
conclusions were reached:
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o By simplifying the floor flow, tangential blowing :s likely
to have eased the task of modeling impingement cases.

o The use of a 'kinked' theoretical jet olume, with line elements
along the tunnel floor, may cause spurious interference effects,
particularly if vortices are used in the flow model.

(o} The introduction of a thecretical 'plume redirection term
(Figure 5.11), which restores the plume from it's kinked forr o
a free air trajectory, can reduce tihe apparent interference by
a factor of three or four.

The last finding is considered very significant.
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igure 3.6 Oblique view of jet rig, showing supply details.

37



EIGHTEEN, L"'-DI!A.
BOLTS WITH 20°

“?////-CONICAL POINTS

}// (LOCKING AND

BOLT-HEAD DETAILS
ARE NOT SHOWN)

—

ADJUSTABLE

S5 prpe

NOTE: DEVICE WAS LOCATED
APPROX. 1.7 INCHES ABOVE
MAIN PLENUM.
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Figure 3.10 Flow ccafficients for 1- and 3-inch jets.
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Wall pressures for vertical and inclined jets at R
(a) Rails 4 and 3
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Fiqure 5.1

Flow model geometry
{a) General layout
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Figure 5.1 (Continued) Flow model geometry
(b) Trajectory shapes
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Image effects.

(a)

15 Comparisons between present blockage corrections and other methods.

Figure 5.
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APPENDIX A

WAKE TRAVERSE DATA FOR ONE-INCH JET
AT -30°, 0° AND +30° TO THE VERTICAL
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APPENDIX B

WAKE TRAVERSE DATA FOR ONE-INCH.
THREE-INCH AND SQUARE-PROFILE JETS
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Figure 82 (continued) Effect of jet profile and size on vertical velocities: R=3
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APPENDIX C

SOME COMMENTS UPON HEYSON'S METHOD

Heyson's mode! differs from the VSD model not only geometrically
(see Figures 5.1(a) and C!) but also because it relies entirely upon
doublets. A further significant factor is that, as a result of being force-
based, the form of dependence upon R may differ,

Heyson's mode! involves only line deoublets, However, these can have
source-like properties which permit for example, a non-zero, wake-blockage-
like asymptote far downstream. The simplest example of this concerns the drag-
related line doublet which streams along the tunnel wall from the impinge-
ment point. The upstream-directed doublet vector aligned with this line
element becomes in effect, & long thin ring-vortex tube which pumps fluid
along it's center in the upstream direction. It may be shown mathematically
that the induced flow field is identical to that for a source situated at
the upstream end plus a sink far downstream, The volume flow Q, ft3/sec is
numerically equal to the line doublet strength u ftb/sec/ft. The inclined
doublet line from the jet-exit may be regarded similarly, giving a source at
the upstream end and an equal sink at the impingement point each with a
strength proportional to the doublet strenath component parallel to the
line between them. However, these contributions create the equivalent of
positive solid blockage (rather than wake blockage) since the net scurce
strength within the test section is zern, A vertical doublet component,
corresponding to 1ift, has no wake-like contribution. it has a negative
solid blockage effect when considered as above.

The behavior for angle-of-attack interference is the converse nf that
just described: lift-related doublets generate a positive la asymptote
downstream and drag-related doublets give an antisymmetric pattern of
urwash and downwash.

Though the individual elements have the nroperties just mentiored; i.e.
appropriate asymptotic behavior and the ability to provide ‘peaky' behavior
near the model, the geometric restrictions of Heyson's model are quite
severe - particularly with regard to the limited range of jet skew angle,
which is found in practical cases. (For 2 ¢ R« 8, 58,3° s \ ¢ 4B.6" where
¥ is from the vertical.

oyt . : 7407 ks :
Jependency uron Jet-veloetty ratio, R

The form adopted by Hevson is a generalization of the familiar ANx= 3§,
§a =58, S/C +C equation to include cross effects. Thus

[enq B2
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where 511 and 63% are the influence factcrs for drag on u and lift on w and
fy and f3 are related to drag and lift respectively., These take the form of
the product of model-to-tunnel area ratio and a characteristic velocity, Thus

; Ay Yo L Ay Vo ,
e T LS Sl S VY (c2)

Yo and W, are defined via

D = -cAH VR Uo and L = - cAM VR Wo
where the product Ay Vg represents the jet mass flow in the present case. So

D=-mUg and L == mW,

givingUy = - D/m and Wy = = L/m (c3)
If Ay is taken here a< jet exit area, then Vg = V) and Ay = m/. (c¥)

Substituting into Equations {(C2) from (&) and (C3) gi es

‘/CV ./DV
f, = /evy) -2 and f_ = o L
1 C h U, 3 C m U
-D -L
f SV UaC and  fy VU (c5)

L is the net lift on the model, which we shall assume equals jet gross
thrust for the present vertical jet. Thus

L = DAJ VJ'

giving from (C5)

A vl A
% J,

. e B = . . )

fy = v, T R (cé)

This is the form needed if Heyson's program is used directly. For the
calculation of wall pressures, however, a special version of the present
program is used which reproduces the Heyson model. This requires input of
doublet strength, u3. given by

A A, -pA VJ'A
el W = = J from (C3)
3 7 ° 7- .
) m
1
w o — AV (cn

2 J

pa————
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Drag

For the most meaningful application of Heyson's method to the present
case it would be preferable to employ balance data, In it's absence, jet
drag will be estimated from the traverse data ar X/D = 6, since experimental
vortex strengths and core sizes are available, tor a solid-body vortex core,
which is a reasonable approximation to the present case:

2ol b | | 1
D = 5 {‘Oge (-a" - 1) + K} (c8)
where b is the vortex spacing and a is the core radius. It was noted from
experiments described in Section 4.3 that the vortex cores touch, implying

that b = 2a. For (his case, the argument of the log in Equation (c8) is
unity and the first term becomes zero. Thus

“

D = %7:; (c9)

Substituting Equation (€9) into Equation (C5)

-

~d

Fy =gmvjuc

- L JJ .Y R
Now T = 500 T ThUL b R
A 2ULT
and T2 = 3 RY
b2
A Uy~
giving .“ - - -B}: { R™
© bV UL
J
oA A

(c10)

-A ACY
-(Zi)“ & J e

1)« M -

b CAJVJ
A

-1 J 3

s = RAL cre
(47)° b? J (
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The R- cubed power in Eguation (C11) is unexpectedly high. However
the dependency is weaker than this {though still greater thar R-sguared)
because the relationship for b takes the empirical form

b= {(a+ 8R)D {(C12)

where = = 3 and 8 = 0.3 for the 1-inch jet dat at X/D = 6 in Figure 4.8(a).
it is found upon suvstituting (c12) into (C11) that the resulting alues of
v, are far too small: the implied cylinder diameter values are an order of
magnitude less than the jet. The assumption was therefore made that b = O:
this gave a match to the jet diameter for R = 7.38. Because of the cubic
dependency (Egquation (c11)), the effective diameter decreases very rapidly
with R. On making the substitution b = D and clearing, we obtain

A
1 J 2

4 1 1 R

an —_— =

u_n* vE
o0

Unless stated otherwise, Equation (c13) or {C14) was used to determine

doublet strength for the Heyson examples quoted in the mair text of this

report.
The Jet exew ang.o€ X
The sweep-back of the jet doublet line, from the vertical, is related

to the velocity ratio R by the equation

1 « -1 1
= — [_ —
=75 + tan R} {(Lis)
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PROGRAM DESCRIPTION

Carakilities

This program computes the effect of a single jet of an arbitrary
diameter at an arbitrary location with respect to the global, tunnel
coordinates. Using the model described in the main text and using an
imaging technique, the additional jet effects are calculated at the spec-

ified wall points and at the tunnel centerline.

A limited option is provided via the flag ICAL (see Input Description
below) to study the effects of individual components of the theoretical
model, if so desired. An option flag JMOD also lets this program be run
to study the effects of jet only when it is not desired to run the Part |

program for further aralysis using the modified wall signatures.

As of now the theoretical jet medel is restricted to jets issuing at
90° to the mainstream. To consider the effects of jets at other angles,
the input constants as well as the program coding defiriing the geometry and

strengths of singularities will have to be appropriately modified.

Compatibilivu with the Part-I Progran

To ci.ain the total interference of a mode! with a lifting jet, the
Part I! program must be run first as a pre-processor. This program creates
two mass <torage files via FORTRAN UNITS 10 and 11, which subsequently
become part of the input files for the Part | program, with the same
FORTRAN UNIT-numbers. Additionally, the Part | program must be ‘'signalied"
to expect the pre-processed jet-effect output, This is done by assigning

a non-zero value to a variable JETEFCT, which is the last variable of

Input Card Number-2 in the Part | program.
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Imrut Desorirtion

1

[ 1cac ! JMOD ]

1CAL:

JMOD:

Format --- 1615

A calculation index (0 < ICAL s 4)

0 - No calculations are to be performed.
Print the model geometry and singularity
strengths.

1 - Calculate jet effects using vortex pair
singularity only,

2 - Calculate jet effect using source singularity
only

3 - Calculate jet effect using doublet singularity
only.

Use all three singularities (Recommended value)

2~
]

A non-zero value implies that the effects of jet
should be taken out of existing wall pressure
signatures, The wall pressure signatures to b2
modified should be available in UNIT - 7, The
modified signatures will be written to UNIT - 10,
and the interference effect due to jet alone will

be written to UNIT - 11,

|f JMOD = O, no input is sought from UNIT - 7. The
wall pressure signatures due to the jet alone are
written to UNIT - 10, and the interference velocities

due to the jet alone are written to UNIT - 11,
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TITL

TiTL:

AZ

BZ

4

AZ

B2

€2z

AY

AY

BY

BY

AG

GB

Co

AG
BG

€6

ACL

BCL

CCL

ACL

BCL

cCL

Format --- (20Al4)
A title with no more than 80 characters.

Format --- (8F10.6)
Tunne! width

Tunnel height in same units as that of B.
Format (810.6)

Non-dimensional constants for definiticn of
Z-coordinate of vortex curve (see £9. 5.1). See

sample input for recommended values.
Format --- (8F19.6)

Non-dimensional constants for the def‘nition of
Y-coordinate of vortex curve. (See £g. 5.3) See

sample input for recommended values.
Format --- (8F10.6)

Non-dimensional constants for the definition of
circulation strengths. (See Eq. 5.4) See sample

input for recommended values.
Format --- (8F10.6)

Non-dimensional constants for the definition of
Z-coordinate of jet centerline. (See Eq. 5.2).

See sample imput for recommended values,
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8 | TNSPv_| NCAL | NWALL | LAYER |  Format === (1615)

10

N

NSPV: Number of singularity points in the X-direction
on the vortex line. (Note: These points will be
connected by stréight line segments to produce
the required links., The same number of points
are used for sources and doublets)

NCAL: Number of calculation points in the X-direction
for both wall pressures and the centerline inter-
ference velocity points.

NWALL : Number of rails on tunne! surfaces.

LAYER: Number of image iayers to be used. (Recommended
value: 5)

XNG1 XNG2 .o XNGNSPV Format --- (BF10.6)

XNGi: X-coordinate of i-th singularity point normalized
with respect to tunnel breadth, B

xC, XC2 xR XCNCAL format --- (BF10.6)

xci: Xx-coordinate of i-th calculation point normalized
with respect to tunnel breadth, B.

YWALL YWALL, see YWALL AL L Fcrmat --- (8F10.6)

SYWALL , : Y-coordinate of i-th rail on tunnel surface

i

normalized with respect to tunnel breadth, B.

164



12

13

15

Z\JALLl Z\JALL2 s ZNALLNuALL Format --- (8F10.6)

ZUALLi: Z-coordinate of i-th rail on tunnel surface norm-
alized with respect to tunnel height, H.

IFLOR | 1RoOF | twaLt | ALz | Format --- (1615)

IFLOR: The rail number for floor signature.

IROOF : The rail number for roof signature

IWAL: The rail number for the signature on sidewall 1.

IWAL2: The rail number for the signature on sidewall 2.
(Note: These should be compatible with the values

defined in Card No. 10 of the input for
Part | program)
F]TEST IRUN IPOINT Format --- (1615)

ITEST: Test Number

IRUN: Run Number

IPOINT: Point Number

R D YJET ZJET Format --- (8F10.6)

R: Velocity ratio, Vjet/Um

D: Jet diameter, normalized with respect to tunne!
height, H.

YJET: Y-coordinate of jet origin normalized with respect
to tunnel breadth, B.

ZJET: Z-coordinate of jet origin normalized with respect

to the tunnel height, H.
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Mass Storage Requirements

In addition to the standard input and output files (UNITS § and 6),
the coding also requires that three more mass storane files be pre-assigned
to UNITS 7, 10 and 11, The purpose and format of these data files are as
follows:

UNIT-7 Input file. This file should have the measured
wall pressure data for the tests done with the
mode! and taz jet. The format of the data is the
same as the corresponding wall pressure data
file used by the PART | program. This file need
not be assigned if the jet alone option is used

(i.e., JMOD = 0) in running this program.

UNIT-10 OQutput file. This file will contain the waf!
pressure signatures as modified by the presence
of the jet. This will be in the same format as
UNIT-7 and can be used as it is for the auxillary
input file for Part | program. If the option
JMOD = 0 is employed, the file will contain the

wall pressures due to the jet alone.

UNIT-11 Output file. This will contain the interference
velocity at the tunnel centerline due to the jet.
The Part | program will add these values to tha
mode) interference to obtain the total interference
due to the model with jet. This file should be
assigned to UNIT-11 again while running the Part |

program for further analysis.
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Dutput Description

The output produced by this program consists of the following
sections: (1) Turnel geometry and the values of constants used for
defining the model as specified in the input to the program. (2) For a
given jet diameter and R-value, the complete definition of the model.
(3) The velocities induced by the jet at the pressure rzils on tunnel
surface and the new values of wall pressures as modified by the jet.

(4) The interference velocity due to the jet alone.

A listing of the program, a sample input and output are given below.
The following list of subroutines are the same as in Part-i program and
they have to be additionally !inked with the present program: [INFLU,

CRDTEG, LNVXGN, LNVXEQ, LNSCGN, LNSCEQ, LNDBGN, LNDBEQ, CPREAD,
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e telaisiskaiaieieisisiainlnl

[aRe

C
C-

C

PROGRAM JETFFFCT
FILD... JETEFFCT.7OR;Y

Calcuaitas effect of a jet on tunnel wa'ls and modif tes the wall
gressure signature accordingly. Also, determ nes the interference
velocity components at the tynnel (anter _1ine cue tle jet.

INPUT filles
UKIT_5 : Flow paramnters and otler kay values.
YNIT_7 : Measured Wall_pressure daty.
QUTPUT Files:
UN'T_6 : Prant o
UNIT_18 @ Moditied Wall oressure dats.
UNIT_11 + Interference valocitis nue to the fet

DIMENSION XPV(BG).YPV(3J).7PV(3H).XPR(3“-,YPP'JE).TPP(ZB).XNG(BH).

1 XPSIo28),¥PSI30) . 7PS(3U) . XCi 3, Ve 3€), 20380,
1 VMS (3A) ,GAMI3)  VMU(34), vi3d) VB V3R, EPE36.,3),
1 VWL I3, LRFE30) VWALLOLMY (ZWal Lt tn P1YPLA L TITLC2)

COMMON /IMAC/ B.H.LAYLR MINIT, IBUS
CCMMON /DIRC/ DCXO, PCYaQ, [CZ0
CCMMON /LOAL/ ALFU,POU,)ON, (MUY, CLYU.CIU. (MU

Pl = 3.141592554
IBUG = B

READ_IN GEOMETRICAL FAFAMETERS FOR THE JET_MOOtL

READ (5,518 ICAL ., JMOD
R{aD (5,528) TITL

READL  (5,508) B.H

WRI1IE (6,608) B,H

WRPI1E (6,601 TITL

REGD 15,5080 AZ,BZ,CZ
WRITE (6,612)

WPTIE (6,6308) AZ P77 ,C7
FLaD  (5,90¢) AY,BY

WRITE (6,t14)

WPITE (6,630) AY,3Y

RLAD (5,500) AG.BG.CG
WR,TE (6,616)

4P 1Tt (6,636) AG.E-,CC
READ (5,541 ACL,ECL.CCL
WRITE (6,018)

JPTTE (6,020) ACL,ECL,CCL

READ _IN CALCULATINN PLRAMITERS

PEAL (5,51€) NSPV NCAL ,fMWALL,LAYEP

PEAD (5,530 OXNG 1Y, 1=1.10PV)
PEAD (5,508 (xUOL) o1 N ALY
piAD (5,508 CyWALLCL: , T=1 . MWALL)

JTFFCT
JTFFCT
JTEECT
JTHECT
JTHECT
JTF+CT
JTIFECT
JTFECT
JTFLCT
JTHFCTY
JTFECT
JTFFCT
JTFECT
JTEECT
JTFFCT
JTFFCT
JTELCT
JIFFCT
JTFICT
JTFiCY
JTFECT
JTHECT
JTFFCT
JTHECT
JVRECT
JTERCT
JIE#CH
2TELCH
JIHECT
JTEHCT
JTFCT
JIF CT
JTFICT
JTE+ T
JTir CT
JIERCT
JTHHCH
JIFFCT
IJTIeCy
JI (T
JiF gt
JTHECT
JTHECT
JTFFCT
JTHICT
JT: CT
JTEYCO
JIEECTY
JiErCY
Jreser
JTHECH
JTHi LT
JTHiCT
JTEs el

e
A2
B3
Udad
Evb
Bou
537
ecy
09
vio
[\ B Y
pl2
/13
g14
By
A16
a1z
glg
g13
.o
(1 AR
we?
B3
B4
(Lt
2’6
ey
[N 8
ne9
L)
[cR
B2
A
4
A
)0
act?
#38
Ay
AL
widl
e
XN
(4R}
B45
H46
0na7
[VRR]
nd4y
(A ]
¥l
wee
o3
(LR

ALIYND ¥cod Ho

LAS0

s gp s
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B
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691

[aXuXal

-

18

12

22

35

READ (5,588} (ZWALLET) T~ 1  NWALL)
READ (5.51#) IFLOR,IROOF,IMALT, 1waL?z

N ALL = NJALL~1
YOUNWALL)Y = B,
ZC A NVALL)Y = B

pc 18 1 = 1, N3PV
XHGU1) = XNG(i)*B

pC 11 1 = 1,NCAL
XCL1) = NCU1)*B

L2 12 1 = 1, NWAlLL
ViWALLI!) = YWALLUTD™B
ZwALLE ) = ZWALLUII™H
CUNTINUE

READ_IN TEST PARAMETERS

READ (5,518,END=99) ITEST.IRUN,IPOINT

READ (5,588) R, D, YIFY.2Z
IFtOMOD .NE. A) Catl (P

DEFINE VORTEX CURVE ., SOUFCE/DOUBLET_LINE AND CIRCULZTION STRENGTHS

0D = D*H
YJET = YJET=8
70 = ZJIET™M

JLELT = NCPVel
Celt = @.5*H

If tLAYER . EQ. 0) CEIL = #.1E+32

VEVILY = 8.25°0 ¢ YJIET

ZEvil) = 2JET

LAMUL) = 8.0

Yot tl) = XPVIL)

YPRUL) = YPVLY)

ZPPil) = ZPVLL)

XPSt1) = AFVILD

YPE1) = YPVOD)

ZESU1) = JPVLL)

pe 4B 1 = 2 NGPV

r7 = XNGUI)/D

2PVil) = XNG!T)

YFvitl) = AV®({(X*"BY) /R _[g*N*"R ¢ YJIET
FPvil) - AZ* (XX *(Z)*L"(R**BZ"
YEPULIY = XPVUD)

VPRLL)Y = APVED)

cextly = TEIL

Xratlr = XPVEID)

YESLETY = YPVLDD .

vstl) = ACIH * XX*=CCL)*D* P**8BCL) ¢ ZI)ET
GhY = P

GrMULy - GAMASD QITU*R*R/61. €

1§°1 .GT. 1SECT) GO TO
Zhr il = ZPVUDD)

Ive7PVELY LT, CEIL) GO TO 49

READ (ITEST,IRJN,IPOINT, CP, MNCAL)D

+ LJET

G Xyl - EXPL-CETYXWAN) ) 4 BL*TANHE X))

JTFFCT
JTEACT
JTHECT
JTF'CT
ITFICY
JTFECT
JTFECY
JTFLCY
JTFFCT
JTHICT
JTFvCT
JTEFCT
JTRECT
JTFHCT
JTHICT
JIfFtCT
JTFECT
JIFRCT
JTFFCT
JTEFCT
JIFFLT
Jreicf
JTrbCT
JTE"CT
JTFECT
JYFECT
JTFFCT
JTHECT
JTFFCTY
JTIFECT
JTFEPCH
JTrdCT
JTFECT
JIFICTY
GTERe T
JTFECY
Jikt T
JTHEC
JIiEC
JTEC
JTrfC
JTETC
JIFECT
JTE+ CY
JTFLCT
JUFELT
JTEFLC!
JTEECT
aTEL T
JTHEC

T
T
T
T
T

g
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(i~I1diA-11)¥cA) i

e (1-1234Z-¢1 1302 /7¢t1-124d7-113D) ¢ (1-1})ddA = (]1)e A
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JJ = IMANe]
oLl o o= 1,30
GAM/, « GAMLU]) ‘D
WRITE (6.%48) J
COHTINGE

WeITE (L,621)
1o = JMAXZ+]

GC €2 3 = 1.,3)

WEITE (6,64€) 0, XPS{J)/D YPS{IV/D,ZP3L. /D, VYMS(J) /0. VyMULIY/D/D

CCNTINUE
1F(ICAL .EQ. A) GO TO 22
DEFINE COMPCNENTS OF MODEL

WRITE (6,62.2)

ne g1 = 1,3

F1Yrdl) = @

IFCICAL.EQ.1 .ORP. ICAL.FQ.4) ITYP(]) = 1}
Ge TO “€5,6€.57),1

TFLITYPOL) N2, B) WRITE(H.623)
GC 10 72

ITCITYPUL:Y NE. 9) WPITE(/.€24)
sC 10 72

LFOLTYPOLY ONF, 8 WRITE!H.625)
CONTINUE

CTMFUTE WAL L_PRESSURE AND CENTERLINE INTERFERINCE
DC “5 NW - 1, NWALL

DC 75 1 = 1, NCAL

VOUD) = YJALL (W

701 = ZYHALLUNW)

CONYINUE

MINIT = @

ITenw £, NWALL ) MINIT =

WRIIE (6,626 LAYER MINIT
IFIHINIT FO. 0) WRIIF (6.F27) NJ
IFIMINIT . nE. 8) WRITE (5.058)
wEITE (6,529
Ivd =
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uirry =
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JTHECH
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JTEECY
JTHECT
JTIe0 ¥
JTreCy
JTEECT
JIfFr T
JTEfCh
JIHICT
JTIFLCT
JTis T
JTFELC
JYEC
JTEECT
JTEF.TY
JITEHCT
JIFFCT
STEETT
JTHECT
JTFECT
JTFECT
JTH Y
JTriCT
JIHr 07
ITFHCT
Jibiey
JIFILTY
JTFICT
JTFFCT
ITF.CT
JTFrCY
JTIFLCT
JTFICT
JTFHCT
J174 QT
JNFCT
JIvtCT
JTHECT
JTEECT
JTFFCT
JrsEey
JIFECT
JTVriCY
JIiricT
JIEECT
JTHECT
ITHECT
JTHiCY
JIRECT
JTRICT
STRECT
GIFESCT
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LAOLD e LAYER

LAYER = 8

0C £1 J = ISECT, NSV

celt !NFLJ(XPR(J).(PR(J).IFP(J’, XPR’Je1  ,YPR Je13 ,2iREI+1Y,
SGAMI D) 2, YW 1T XCel). vy @ceny, £51.DVi, OWL )

yval e 2.B*YJET-YPRUJ:

Ypil = SLPAVINT-YPR )

CARLL 1NFLU(7PV(JD.Y”R1,ZP’(J). YPP(J‘I).VPR?,TPF(J‘lI. ’

CAMI Y, 2, 1YW 1M, XCils vCUD Z2C T, DU N2, 02 )

1

Crl: o= ytly - put - bl

vila = vil)y = 91 - bVC

Wil s Wil - EWD - w2

TONTINUE

LAYER = LHOLD

CONTINUE

VEFF = ULD)

1F1oMuD NE. J) ULFF = SOPT(ABS(l.—(P(l.nv)‘)nl.a - D

CPUL  NWY = SYEFFs/ 2. BeULFL v - yi].**2 - Mt d

1FAMINLT  £EQ. 8 WKITE (6.616) l,¥C|l)/3.V((!‘/l.7Cll);ﬁ.
- Ui VET) WEDy CFOT NV

IFI(MINIT.ONE. O WOITE (6.648) I,KC\I;JS.V((I'/!.2;{1’;",
- Uty Vil Wil

IFtNW.CQ. IWALL .OR. NW.EQ. IWALZ2: LML) = UWL 13 ¢ D)

1FEvw. EQ. 1RGO ) WRF (L) = JEFCTY » nely

IFttwW . EQ.TFLORD URF{Ll) = vEECD) - LD

CUNTINUE

CONTINUE

WPiTE RESULTS 7O MASS_STNIAGE FILES

TALL JETlNT(I’EST.!RUN.IPJINY.F. ¥ . JwWl URF, L,v.\W. NCAL )

Crit CPWRITCLT ST.1PUKN IPOINT, CP hKCAL:

3¢ 70 20
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f22 FCAIMAT (/7/° COMPUTATIONAL MCDEL [MCeLUNES /0 THE TOLLCWIANG ° JTFFCT 328

- ‘S'NC LARTITES "3 JTFECTY 321
623 FrOMAT (3an” VOITEX PLLP . JTEECT 332
624 FURMAT (3.!)(."5("1“(.{‘}’7 JTHFCT 353
625 FU MAT oAk, TCasLETS ) JTEECT 324

oot FCORMAT o/, THAGE LAYERS =',12,'. SINLTIAL =0 12D JYFECT 325
w27 FCRMAT U JET LEFELT ON RAIL - L 120 JTEECT 3356
57 FCPMAT (' JET inLRr‘PENC’ VEL oC1TY AT TUNNEL CENTEF_ LINE P JTHICT 357
<29 FCRMAT /2y, °1 .sx.'v/u Y LY BT LN T T oL usnot, 5X, JTEHCT 338
- *DELVIUD" . 5X. LWsuQc . 4y . CIP_MODID /¢ JTFFCT 329

JTE: €0 3420

£38 FCFMAT (25x,5718.6) JTFECT 41
6ad FC:mAT (14,14.3F10. 4.1, 4712.8) JTFECT
: JTFECT 343
[ 1] JTEECT 344

Lona

g
- .
<



S

fale]

14
2r

38

S0

588
H51n
520
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SUBROUTINE CPREAD{ITEST IPUN,IPNT, (P, KO)
READS_IN "XPERIMENTAL CP_JU/LUES FPOM UNI™_7.
CCMMON /LOAD/ ALFLU POV, QMY CMUY,CLLU.CU.OCMU

UIAENSTON CEAE3E .y,
Pevd = 0

SLAL (7,950 END=30) NTEST NRUN, NPHNT

br 8 J = 1,8

RELE (2. 518) "CPUI, ), I"1.NO)

REL, L7,57¢) ALIU,FOU, Q0 (MUL CLU,C(DI,CMY
TFOPTEST . EQ.THEST JARD. NFUN.EQ.IFUN LAND.
- MPLT O JEU. JPNHT ) RETURN

GC 10 18

IFCIREW NF. J3) GO TO 90

IREV = 1

GC 10 1@

WEITE (6,608) ITEST_ IPUN,IFNT, NTEST NRUN,NPN™

S10f

FCTMAT (1615

FCRMAT {24,978.4)

FOEMAT (7R 1020

FLRMAT (/77 %«% NO DATA IN UNIT_7 WITH 17EST/ RUN/IPCINT =*
. 301373, »*« /74X, "LATY DATA G(OINT FESL IS & 7,
- CIYEST, IRUN/IPOIET =7, 3¢13, .7/

END '

CPPFAD
CPHLAD
CPILAD
CPEIAD
LPELAD
[ 4 R QS
CPEIAD
CPFIAD
CPriAD
CPHEAD
CUFAD
CPF LD
CPFtAD
CrFtAaD
CPF!AD
CPHEAD
CPELAD
CPELAD
CPFEAD
CPFELD
CPFtAD
COF 0D
CPFLLD
CPrLAL
CPItAl
CPFLAD
CPEEHAD
CPrHtAD
CPI AL
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1189

SURPOUTING JETINT(ITCST IPUN,IPNT. B,4C. UWL L URF . U,V W, NO)
WRITE_OUT JET INTERFEFNCE VELOCITIES TO UNIT_"1
DIMENSION XC(?@), UWLI3T) LRF (34, AT R E (e T R L 1 B

WP ITE (11,1£83) ITEST, IFUN.IFNT

N Tg 1 o= 1, N

WRITE (11,1162 1, XCUI/B. UWLEDIY LR, ye vy W)
CONTINUF

RETLRN

FCRMAT (16!15)
FCAIMAT ([:,7E12.4)
€MD

JETINT
JETINT
JLTINT
JETINT
JETINT
JETINT
JET NG
JETINT
JETINT
JET Y
JETINT
JETNT
JETINT
JETINT
JETINT
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pa2
P
r.4
wre
¥.'b
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Hi2
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S )
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TUNNEL GEOMETRY: 8=
JET MCPEL.

CONSTALTS FCP. ..
JORIEX CURVE. TEX)

YCRTEY CURVE, YiX)
VORTE® ZTEINGTH
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IMAGE LAYTRS = §,

JET EFFECT ON RAIL -~
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xzs8
g.8149

-9.4651

8.3721
9.2791
g.166n
8.8910
f./400
8.0698
0.15%9%
9.2493
a.2791%
#.3485
3.4186
g.4604
U.%674
B.0477
9.8372
£.9767
1.1161
I.25%8
1.395%3
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-8.5090
-9.4%2.wae
-8.5088
-8.5022
-f.%0ry
-b.5089

=-0.5800

-8.509L0
~0.5@8x
-£.599¢
~B.5000
~0. 5400
-0.501n0
~.5¢39

H;lNlTlAL -0

Z/H

e.anrg
¥.9089
C.nNue8
g.0080
g.r00a
G.Eone
[T
g.u0ee
e.AGLE
g.90a80
#.0000
H.0068
0. vl
¥ . 90K
g.8000
0.4548
e.nnea
8.00u¥
0.000e
g.u0e8
e.0008

M-INITIAL = @

Lt -2
Y/8

8.0808C
n.0MY3
8.00)9
g.nene
g.anm
B.J000
g.0enH
H.o0Nyg
A.0999
g.0¢ny
B.0o00R
g.s00d
B.8089
B.R002
A.000Y
A.OV0Y
B.o89
3.90vs
8.A0M(
B.ABPY
a.8600

Z/H

8.50230
0.5860
g.5008
£.5000
a.5360
6.5/
¢.SHul

.5099
0.5¢68
$.5008
c.napn
[T
G.SM&”

JRIHE

.erﬁ
¢.5809
0.5018

'@
0.5ues
[ TH
u.5068

M-INITIAL = 1}
PHEPENCE VELOCLTY AT TUdNEL CENTER_LINE

DELY/uO

¥, ANCTE-32
g, WLe7E-n2
A, 14298 =y
@.H5188-u2
ﬂ.?btlt-ﬂz
L 2HMPE-1]
.I
B.lE/€E~-H1]
g, "T46E-01
g. L6280~
B.23t-0m1
B¥,3015%E~31
@.34/77€-01
0.1714E-#1
G.AHISE-g]
g.4215L-41
J.4655E-0]
.1Y965E-91
U.U?SZE-UI
LIBE-#]
u.%?ssc-nn

nELv/sun

B.A24P9E-02
-{.1185F~-y3
-0 76E-n2
~¢.9943E~42
~3.V46E-H2

g.11'86¢ -@2

“0.681L =2
0.t E-2

D, 3A 48 -2

[LVA- T SEN |

K.0016E-01

S.2VCAE-M]

F.I33E-01

g.1011e -0t

V. 1497€-01

8.3°03E-01

0. WBIE~-4]

PR RY IR

3.4754E-4)

ﬂ.hlsst ¥.h}
SN TE-)

11E=s)

DELV/VO

-£.3634E-03
“f.3372E-03
-£.39 0E-63
~0.3300LE-H3
-4,
~0.1983E-02
~E L IRE-H1S
~F.10E-H12
“F. 18 3c-42
=F.10MPE-D
b P T U
-f.194pc-02
“f.IE-D,
~F.I98VE-N3

=N INE-83
-£.,18E-13
~F. 97!" (U

~£.931u%e-01
-£.32597-03

NELV/IUO

g.7319.E~-09
£.7300E -0
fo21000 -9
£.3080E =49
C.olttreg-ge
F.40..t-4b
£.U244E-08
AL L2330 -0
B.Y7GTE~-8
F. e -8
C.lol0C-0Y
BoHILBE-42
K. CE-0H
= 15 6E -41b
F.2730L -9
8.79.3E-28
. 1249€ -6
LA [ 1 1]
F.AALOE 118
8.0 E-49
e 1dusi-n7

ISE-DT -k

DELW/UO

-F.AQSFE-B3
-f.148¢F-82
~F IO -82
-3 . 291k~
. 3954E- 92
-€.:5461-82
~k.6416E-82
~e.127:E-82
~E6 . BO1AE-B2
-k RN -92
- . Y9dE-02
~€ 373'E-02
~E .93t E-02
-5,

“{ U8 E~02
~£.24017-D2
“f.3lakk-42
~&., 773 k-02
-£.733'E-1n2

prLv/Lo

-ge

o
n
0
L)
[

CP_MODFD

~§.9835¢t-02
-3.8033E-82
~-3.88851-02
~g.'1p7€E-01
-A.1%20E-01
- .4pACE-DB1
~9.3045¢-061
~¥.3793E-41)
A AL5¢CE-p]
~-4.5274€E-01
-J.5%%4uf-01
-9.654€-01
~-4.7684E-01
~8.7574E-01
~A.0201E-01
«3.482a8-41
- 3.95CLE-01
~3.161E+00
-3, 1A75E+00
~J. 11380 +08
~3.1187L+09

GP_MODFD

-3.805008F-02
A.635E-03
A.5587E-52
A. 118 E-01
J.19AVE~@1

-3.21748-082
J.1927€-91
9.8b95E-02

- 7HE-01
-4.3625E-61

~3,.489.L-01

-3.5%614E-01

~d.6I5RE =g

-3.6524E-C1

-J.711/6-0})

~B./647E-R1

-3, 43I29E-0]
~3.9914E-01

-~3.97350-11

-.idba k0@

-8, 12218408

SAMPLE OUTPUT

(JET EFFECT O TUNMEL SURFACE)

4G

ATHOD 520d




D=
A -
[ X% |
3L
0.
n &>

LI« 4

; Q.
2 QO
36
e
0

(143r oL 300 ERTENEELEFRTD

1nd1n0 31dHVS

G4Q0KW" d2

Iy 2 R L WA
h: R P2 I
Py R HI A B
bg B R TR NS R BY
2A-41L82° 3-
LR R IWA R B
CP-1.6%9° ¥~
MUENE 18 AR B
cdg-111231" a3~
20-Ye9? ¥~
PR FA'S
H-Hi1ps -
CH-AIGEY TS
MR I A R
2M-1192€° 3
2d-398S° 3~
P R RA O DA B
2@-3ivi -
FA-A%11e" 9~
£O-1300S° 5=
99-33862°93-

oN/21340

G- 1908F Y
LY B B L )
LTI 11699 0 IS 4
[T AT AT |
BU-5r01° g
[ R TN
D FL S ‘g
g-smretcy
n-lret 3
Ap-39311°8
WUW-XIrelc
Cif~3030 "X
[T R LI |
A-P05€1° 0
sy-3nlel°d
80-3.621°8
8U-3HL° Y
byY~-3.L98° M
A -30NY¢O" P
off- W/t g
60-38098°89

0on/AISC

1A-3C205° (1
19-38616°8
19-3/768°0
1A-30r5° A
19-18284 "0
17-36368°0
1/-3889¢°8
10-386EL "0
15-313i°0
1A-3C0hT "0
1o-3v120°0
1#-36Jv.°A
19-322:0°8
1n-32961°0
189-395.1°8
18-3190c° 0
19-1090 "8
te-35641°9
2A-3969¢° 9
-36241° 8
2H-3E8LL° 0

on/nvia

Ny’
8098 °
pang’
dRud”
LA
srng”
anen -’
aneas’
fsANY"
LT
LD
2300°
LI
[ A
88y’
oeve "
HAuA°
BYYE’
aane’
[LEF3 /Y
Y14 N

H/Z

[
I}
2
1
L]
v
g
f
)
@
]
']
3
]
)
8
4]
8
)
[}
9

[N A )
Gens' o
LHICO
rags°f
IS AN ]
ICET A
LA A ]
AP
edpy '@
TP ICAN )
LA
CuAB 8
Al O
erga ‘o
YR A
80o8° 0
LR
LB00° ¥
snrpa‘ e
LAY
(117 M}

8/A

=

pE6R" 8
M-
l6L2° 8-
12¢€°a-
15978~
arig @8-

/X

182

ot ot nt ot et s o wu O R

I SO D TR TITN OO T

[ 24



