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ABSTRACT

The influence of strakes placed along vortical flows
has been determined in order to define ways of drag reduction
on wake-1ike flow fields present on aircraft afterbodies.

Strakes of different aspect ratio and thickness were
tested at different angles of incidence with respect to a vortex
path in order to evaluate the best configuration which can
reduce, or minimise, the cross flow kinetic energy, thus the
vortex drag of a vortical flow.

The flow field in the vicinity of the boattail of a
scale cargo aircraft was studied. The aircraft was tested
with and without strakes placed on its afterbody, the results
confirm that when strakes are properly placed on the boattail,
a reduction in drag is achievable.
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angle of attack

@, strake angle of attack with respect to a vortex path
%g angle of aircraft strake referenced to boattail
wake path
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9 misalignment angle, or pitch angle
£ x distance downstream of delta wing trailing edge / §
p density of air
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1. INTRODUCTION

1.1 Previous investigation

Wind tunnel and flight test results have shown that when
strakes are mounted in the afterbody part of an aircraft (or so
called "boattail") a reduction in the overall drag may be
obtained.

Previous researchers have investigated the flow on
afterbodies of representative fuselages of high upswept angle.
Different devices such as strakes and flow deflectors have been
fitted to such configurations and qualitative conclusions from
visualization experiments were drawn. In some cases the effect
of applying suction along the boattail area was investigated
and the effects on the afterbody induced wake was as well deter-
mined qualitatively.

Although helpful, no previous work done on aircraft
afterbodies could define exactly what is the effect, and its
reason, when a strake is placed along a wcke-like flow, or
vortical flow, like the ones induced by aircraft with a large
unswept boattail angle.

This prompted the desire to carry out a series of
experiments at the von Karman Institute in order to define the
mechanisms of action of a strake in the presence of vortical
flows and it spplication on aircrafts as a way of drag reduction.
This repor >~ ~ibes such results.

...earch steps carried out

In order to carry out our proposed projects, several
steps were followed.

First, we investigated the flow field existent in an
aircraft where the fuselage-boattail combination induces a vortex
field.




Secondly, using a delta wing placed at a high angle of

attack, the flow field downstream of its trailing edge was
studied. This was done since previous research (Ref. 16) has
shown that the vortex field induced by aircraft afterbodies is
similar to the downstream vortex induced by separation on 1ift-
ing slender delta wings at high angles of attack.

By placing strakes of different configurations along
the vortex path downstream of the delta wing trailing edge, and
scanning the flow behind the strakes we determined the effect
of strakes in a vortical flow, and most important, defined ways
of drag reduction by defining which strake configuration mini-
mizes the vortex cross flow kinetic energy.

The above information served us to know how strakes
should be placed on aircraft afterbodies. This was done and
the results were validated by measuring the static pressures
along the aircraft afterbody surface.
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2. TRHEORY

2.1 Determination of vortex drag

The analysis proposed by Maskell (Ref. 5) which is an
extension of the theory due to Betz to calculate the drag of a
wing of finite span from a wake survey in one plane downstream
of the model was adopted, in order to define what parameters an
the wake-drag equation could be minimized so that its drag
could be reduced.

Consider the flow generated by a 1ifting wing of
finite 'span in a closed wind tunnel, where u,v,w are the x,y,z
components of velocity, PS the static pressure, HT the total
head and D the total draq of the wing. If the flow is assumed
steady, incompressible and irrotational outside boundary layers
and wakes the conservation of momentum equation within a control
surface bounded upstream and downstream of the wake requires
that

D = IJ [Psl+puf} ds - j[ [Psz+pu§] ds (1)

This equation does not take into account the effect of pressure
gradients between the control surfaces.

The total head formula is, by definition

H=Pg + % p (u2+v2+w2) (inside wake) (2) o
o
a e
and outside the boundary layer and wake of the wing EQi:
Hy = P+ Lol (3) '
« 2 AR
ey
where U_, P are the velocity and static pressure of the undis- 24:
turbed stream. fiﬁ

] "
. n.' EAS
.",l" ." ". .'
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Substituting equations (2) and (3) into (1) for the
two control planes respectively we obtain

f . 1 2 2
Dl = JJ (HT,J‘-HTZ) dS + E IJ (UI'UZ) dsS
W

N ((viw%)-(v?w?)] ds (a)
2 JJ U

where I[ denotes the integral over the wake region.

W

Equation 4 implies that the drag of a wake is propor-
tional to the sum of the cross flow velocity :components squared
at the control surface downstream of the wake. Also, as the
value of the U, velocity component approaches the undisturbed
stream velocity, the second term of the RHS equation (4) is
kept to a minimum.

Note that D; does not contain all the terms found in
a detailed vortex drag equation. Reference 14 details it
including wall effects and blockage terms.
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3. EXPERIMENTS

3.1 Data acquisition system and methodology

A1l measurements were acquired by means of the data
acquisition system which can be seen in figure la. It consists
of a floppy disk driver linked to a Commodore PET computer
which acquires a signal at a predetermined lapse by means of a
stepping motor-scanivalve combination. The data is digitized,
stored in a digital cassette and reduced by the VKI central
computing system. The data is reduced as well by the PET com-
puter and some of the results are prompted during testing in
order to check the validity of the data acquired. Al1l pressures
were checked against a Betz manometer. Figure lc shows the data

RS
:;EE' acquisition schematic used for our experiments. Depending on
ﬁﬁti whether it was surface static pressures or velocity field plots
I'_.‘

that we searched for, pressure taps or a five hole probe were
connected into a multiple portion scanivalve. A Validyne

A0 MP45-1 variable reluctance transducer measured the pressure
f&?f difference with respect to the tunnel static pressure. The

> voltage signal reached an amplifier of sufficient gain to opti-
I mize the accuracy of measurements : an analog to digital conver-
@ "

,5; ter was placed before:the PET Commodore computer.

Figures 2a and 2b show the five hole probe used for
our measurements. It was supported by a traversing mechanism

§$§§ fixed along one of the straight walls of the test section and
N flow field surveys were made by displacing the probe along
?ﬁgﬁ surface planes perpendicular to the test section. The stem -
ﬁff‘ which encloses the probes was aligned with the longitudinal
-i§5 axes of the wind tunnel. A detailed view of the five hole
ﬁ;: probe can be seen in figure 3 and the support system is shown
?ﬁ: in figure 4.

'5532 The calibration curve for the pressure transducer is
Agﬁgs shown in figure 5 showing the linearity of the instrument; its

Fatar deviation is 0.5%.
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ﬁf Appendix 1 includes the data acquisition program

implemented in the PET computer which was used for our tests.

3.2 Measurements using a five hole probe

Flow field measurements were done by means of a five
hole probe (Figs. 2a,3) in order to obtain a quantitative des-
cription of the three dimensional flow involved in our case.
This is of prime importance since we deal with vortex flows
where limiting streamline pattern, smoke injection and pressure
plots at the surface are not sufficient to understand the flow
behaviour.

The five hole probe method of measurement was used
since it can be set in a non-nulling mode of operation (i.e.,
the probe is inserted into the flow in a fixed attitude), and
physical quantities describing the flow can be deduced from
the pressures recorded by the probe.

Small measurement errors in vortical flows are expected
due to the finite probe size in flow gradients, unsteady effects
and probe response time.

~Disturbances produced by the probe own geometry are
accounted for by calibrating it in a free stream of known speed
and direction. The calibration speed was the same as test con-
ditions with pitch angle limits higher than the expected in
vortex flows.

3.2.1 Calibration of the five hole probe

—— e e e e e e mm ma e o e mae A = e e

.
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This type of probe enables the total local pressure - -
and velocity vector components to be deduced from the pressures i;-hi
sensed by the five tubes open to the flow in a configuration ;?EEE
shown in figure 3. .;:..;;::j:
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The calibration was done following a combination of
the methods described by Wickens (Ref. 10) and Meineke (Ref. 7).
The parameters listed below are deduced from the pressures

measured by the probe. These are :

PD = dynamic pressure parameter
1 V2
TP
cp = PT-P5 total pressure parameter
= pV2
P2-P4
= roll parameter
PHI = b1 p3

BIr - V(P2-P4) +(P1-P3)2
P5-P

misalignment parameter

where P1-P4 are the pressures at the probe defined in figure 6B.

These relations are sufficient to obtain a calibrated probe if
the flow direction is given by the pitch angle s, and the roll
angle ¢ normal to the probe head. The actual roll flow angle
-1 P2-pP4

can then be deduced from the relation tan .
P1-P3

The pitch and roll angles and the flow direction
quadrants are defined according to the convention shown in
figure 6b. The calibration duct used for our probe is shown in
figure 6a. By keeping its velocity canstant and varying the
pitch and roll angles covered by the different quadrants, the
calibration data shown in figures 7-11 was finally obtained.
These curves were approximated by a N degree polynomial (its
degree was chosen depending on the data scatter) and input
in the data reduction program. Each of the plots in figures
7-11 show the experimental data curves and points (dashed line)

and the polynomial curve (solid line) which was used to approxi-

mate the data. The polynomial formulas used can be read from
Table 1.
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Figure 10 shows the agreement between the calculated
roll angle and the one set in the calibration duct

The dynamic pressure parameter varfiation with
respect to the roll angle can be seen in figure 11. Although
not as symmetric as Wickens' results, its cyclic variation
with quadrants variations is well defined.

3.2.2 Calculation of total pressure and

During tests, the central and circumferential pres-
sures measured from the five hole probe were recorded. These
results were used to calculate ¢, deduce the quadrant from
which the flow is coming, and the value for BIR. Knowing BIR,
|6 | could be found from the calibration curves.

Secondly, the parameter PD could be obtained from
the calibration polynomials. This allowed us to deduce the
value of the local velocity vector using the following
relation

1. e

2

The parameter CP was then found from the calibration
plots. Finally, the total local pressure could be obtained by

using PT = P5 + 1 oV2CP.
2

The probe axis system and the Cartesian system are
shown in figure 6b. The transformation formulas used were

P
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sinjal = sinje| x cos|¢]| .
."_¢
iﬁ; cosly| = cos|o]
R V1-sin2|g|xcos2[¢]
e
Sy
and vice versa
tan|e| = Sinlyl
tanjal
cos{g| = cos|la| - cos|y]

Velocity component signs were given by knowing the
flow quadrant. The quadrant numbering convention was defined
as follows :

Quadrant I: a > 0° y > 0° .
g P1 > P3, P4 > Pp2 ==
o N .
Quadrant II: o« > 0° y < 0° :::-
3'5\ P1 > P3, P2 > P4
e
)
‘ﬁﬁ Quadrant III: o < 0° y < 0°
‘J
29 P3 > P1, P2 > P4
\‘.'-.
) Quadrant IV: a < 0° y < 0°
P3 > PI1, PG > p2 oo

t s
o
L

T

Finally, the flow velocity components were calculated
using the following relations :
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3.3 The VKI L-2A wind tunnel

The L-2A is an open return closed test section wind
tunnel as shown in figure 12. The speeds at which all our
measurements were taken was at 29 m/s (50 mm H,0)). In order
to ensure that the cross flow velocity irregularities present
in the clean tunnel would not influence the accuracy of our
experiments, two flow surveys were made at different test sec-
tion stations; measurements of turbulence were carried out as
well. Figure 13 shows the cross sectional view of the L-2A.
The solid line bounds the area where the flow surveys were
made and the dashed line is the boundary of the turbulence level
measurements. All flow field and turbulent maps are shown
looking upstream of the test section.

3.3.1 Flow quality

Figure 14 shows a flow field map of one of the test
section stations surveyed. The magnitude of the cross flow
velocities is of the order of 0.50 m/s, which gives an average
flow angularity on the tunnel of about 1.0 degree. The rota-
tional motion seen in figure 14 is thought to be inherent of
tunnels of such classes. The magnitude of the cross flow velo-
cities is small compared to the results of our experiments,
therefore no large margin of error was expected. Isolines of
total pressure are also shown across the test section. In
case one is to compare the magnitude of the cross flow vectors
by looking at the length of the arrow-vector itself, the reader
should note that the cross flow vector plot of figure 14 is not
plotted in the same proportion as the rest of the cross flow
vector plots existing in this report.

3.3.2 Turbulence measurements

Figures 15a and 15b show turbulence levels and iso-
lines found at the same station as the cross flow survey was
done. The average percent of turbulence found at the center
of the test section was of about 0.50%.
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Figure 16 shows isolines of Pr, found in the L-2A
test section.

Figures 17a and 17b show a schematic from the models
tested during our research as they were positioned in the

tunnel with the boundaries of flow quality survey and turbulence.

Geometric blockage calculations indicate that for the
models tested their value was of 3%.

3.4 The aircraft model

In order to study the flow field in the vicinity of
an aircraft afterbody, a 1/72 scale model of a Lockheed Hercules
C-130 E was used. Figures 18a and 18b show the aircraft tested,
the upswept angle at the fuselage-boattail junction is of approxi-
mately 25° and reaches values as high as 30° at the end of the
boattail. Forty eight pressure taps were installed in a circum-
ferential manner along the fuselage boattail on four different
fuselage stations (12 orifices along each station) and their
values measured by means of tubing installed through the air-
craft wing (Fig. 57). A1l tests on the aircraft were done at
Zero degrees fuselage angle of attack. The Reynolds number
of tests based on fuselage diameter was of 1.8 x 105. Transi-
tion strips which consisted of sand of height dimensions vary-
ing between .420 and .590 mm were placed along the beginning
of the fuselage and on the upper surface of the wing. The
first one was placed in order to ensure having turbulent flow
at the afterbody; the transition strip over the wing was placed
to create the correct downwash angle of the wing along the
boattail.

Figure 19 shows the experimental set up as the model
was installed in the test section. For measuring the static
pressures on the boattail, the 48 port scanivalve placed on
the lower left corner was used. The traversing mechanism
seen on the right was used to displace the five hole probe.
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WY A three view picture of a C-130 model is seen in
figure 20. The side view denotes the different fuselage
stations where the flow field was surveyed. Fuselage station
No. 1 is located at the fuselage-afterbody junction and No. 5
is at the end of the boattail whereas No. 6 is located one
fuselage diameter downstream of No. 5.

Note that fuselage station 3 of the aircraft corres-
ponds to the same wind tunnel longitudinal station at which
the flow quality survey and turbulence measurements were made.

Pressure taps were installed along fuselage stations
Nos. 1,2,3,4 and their positioning can be seen in figure 57.

3.4.1 011 smoke visualization

By inserting oil smoke upstream of the aircraft the
boattail induced wake could be visualized. Such is the cacz2 of
figure 21 which was taken at fuselage station No. 3. Even
though photographic quality is not the best since the pictures
were taken with a camera outside the test section focused on a
mirror inside, the wake could clearly be seen which also gave
us an estimation of the measurement domain of our flow field
surveys. The smoke flow visualization results agree qualita-
tively with the flow field surveys using the five hole probe.

3.4.2 Flow _field surveys

In the case of the C-130 where there is a high surface
curvature at the junction of the fuselage side panels and the
afterbody lower area, the three dimensional boundary layer flow
seems to leave the surface near this junction and roll up into
trailing vortices which travel along the boattail as they are =
swept upwards. Such is the indication of the flow field surveys e

.‘_-:_\::\
starting at fuselage stations No. 1 to No. 5. A complete wake RS
can be deduced to exist at the end of the boattail area (No. 5) ¥§3§1
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. and this is validated when the flow field is surveyed downstream
[ of the aircraft (F.S. No. 6). The measurement domain could not
ﬁﬁ go higher since the horizontal tail interfered with the probe

< ‘,_:

stem.

-' "".
)

s 4
LR A A

: Isolines of Pr indicate two areas of pressure loss
e at the end of the boattail as indicated by figure 26b. The
- first is along the side of the boattail and the second of
slightly less loss, is a bluff wake which leaves the fuselage
right behind it. When isolines of cross flow kinetic energy

3;{: are plotted non dimensionalized with respect to the free stream

i?é' velocity squared, the location of the wakes is more easily

;i?l deduced, as shown in figure 26c.

=

,jsj The flow field survey downstream of the boattail

V&? (Fig. 27a) shows the final geometry of the wake as it leaves

.gﬁl the aircraft in conjunction with other small wakes like the
; one near the vertical tail. Isolines of Pn (Fig. 27b) denote

- two areas of large pressure 10ss which probably are the boat-

_j% tail induced trailing vortex, and the bluff wake which leaves

ﬁ%ﬁ the aircraft through the corner of the end of the boattail.

agﬁ Figure 27c agrees with the previous figure by locat- §3§
;ﬁﬁ- ing the position of the boattail induced vortex with isolines ?ﬁ:
ifi of cross flow kinetic energy. IEE
e
%3;3 3.4.3 Limiting streamlines visualization R
2

Qﬁﬁ Limiting streamlines visualizations was done by mixing
) :: talc, oleic acid, titanium dioxide, gasoline and oil and placing

3&& small dots on the afterbody surface. Figure 28a shows the

G;E top view of the aircraft, where limiting streamlines travel-

o 1ing close together tend to separate in different directions.

X Figure 28b gives an idea of the embracing of the flow over the
,:?i boattail as well as the downwash angle induced by the wing.
ldggz Two separation lines can be seen, one at the side-panel-bottom

Lo Junction and the other which is also seen in figure 28c,
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corresponding to the bluff wake that leaves the boattail
through the afterbody corner. Note on figure 28c the result
of stagnated flow present on the upper end of the boattail;

IR

some of the mixture used to visualize the l1imiting streamlines
ol did not move.

3.5 The delta wing

A delta wing of aspect ratio = 1.0 (Fig. 29) placed
at 20° angle of attack was positioned on a flat plate and tested
in the wind tunnel.

3.5.1 Flow field surveys downstream of it

Surveys were made in order to determine the position
of the vortex path as it travels downstream. Figures 30a,b,c
show the flow field, Pr and CFKE isolines of a plane ¢ = 0.625
downstream of the trailing edge. Figures 3la,b show the cross
flow field and CFKE values of a plane ¢ = 1.875 downstream of
the trailing edge.

Results of the flow field survey at ¢ = 2.5 are shown
in figures 32a,b and c¢. The control plane has been increased
compared to the ones shown in figures 30 and 31.

The ¢ = 2.5 station is the basis for our analysis
when we will compare these results against the same control
plane but having strakes placed before it.

. .
=
WA
A
-t e
- .t
e e
ISR
RN
-~ » -~
! -~
N -
f Chl
DS
. ..
~ " " .
. - -
o . -
.

3.5.2 VYortex core travel path ekt :
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Figure 33 shows the travel path that the delta wing o

-P_.h' o,

induced vortex follows as it leaves the trailing edge. Note AN

AL

that the helix makes an angle with respect to the momentum i

AR S

flow direction and that as it travels downstream it tends to e

curve referenced to the tunnel axis., The height of the vortex 1333

core is approximately constant as it moves downstream. gﬂihﬂ
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3.6 Strakes placed downstream of the delta wing

3.6.1 Thin strakes

Different strake configurations were placed downstream
of the delta wing, and pivoted at ¢ = 1.25, in order to change
the angle of incidence with respect to the incoming vortex.

Figure 34 shows how strakes were placed on the flat
plate and their position with respect to the wing. The flow
field downstream of the strake was studied (at the ¢ = 2.50
plane).

Measurements of static pressures on the strake
surfaces were also done.

Figure 35 shows the different strake configurations
that were tested. Water tunnel flow visualization studies were
made by placing a delta wing of AR =1 at 20° angle of attack
and observing the vortex path and the field downstream of the
strakes qualitatively. Figure 36 shows the set up used. The
vortex formed by the delta wing leading edge separation as it
travels downstream was observed and strakes were positioned
along the path.

The height of the strake was chosen so that it would
reach three different levels of H (as defined in figure 37).
If we look upstream on the Pr isolines plot of figure 32b, wake
dimension D is the distance from the vortex core to the Pr = 1.1
isoline (the largest). Therefore H = 0 when the strake reaches
Pr = 1.1 on the lower side and 1.0 when it reaches the highest
point along the curve, H = 0,5 when the height of the strake

reaches the vortex core. The angle of attack sign can be de-

fined in the conventional way. It is positive when the leading
edge of the strake is moved right and negative when it moves
left. The zero alpha position was when the strake is aligned
and in the center of the vortex path.
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Figure 38 shows that when the strake H = 0 is placed
at a negative angle, as the helix moves along the strake the
lower part of the vortex which cannot jump to the other side
continues having a vortical type motion, but the flow coming
out of the forward facing side is streamlined as a result of
not having rotational energy or vorticity contributed by the
flow on the opposite side of the strake.

The same sort of effect is present when @, = 0,
although the streamlined flow has changed positions and the
main vortex core has been displaced.

For positive incidence, the appearance of an opposite
direction vortex field from the main appears in the lower right
corner with small values for its cross velocities. For negative
incidences, the values of the velocities are higher than for
angles of zero or above.

The same trend is followed by strakes of ratio H = 0.5
(Figs. 41-43) although the magnitude of their cross flow veloci-
ties is smaller than for the H = 0 case, especially when @, = 0,
which produces a streamlining effect clearly noticed.

At positive angles of attack, a double vortex is
definitely present which reduces the magnitude of opposite
direction velocities of the velocity vector integral, thus
reducing the vortex energy loss.

Water tunnel visualization for H = 0.5 strake is
shown in figure 44 which confirms the result shown by the cross
flow velocity components plots : an existing vortex is still
present at a, = -15 and is streamlined as @, = 0; at positive
angles of attack, part of the vortex flow is redirected due
to the influence of the strake presence and still maintains
vortex motion, and the other plot “jumps over" (Fig. 44b) the
strake with its core finding a new equilibrium position near

the lower corner of the control plane.
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Similar observations are found for strakes of H = 1.0 3\2;};

(Figs. 45-47) with the difference that the velocity .components ,23;‘
are higher than H = 0.5 and H = 0.expect for @, = -15°. Strakes &;gi{
of H = 1.0 have a wider area of pressure loss where a vortex ;55555
core is present. This can be observed on the P_ isoline plots. %s;g:'

Water tunnel visualization for strakes of different
H and constant a is seen in figure 48. For the case of strake
placed in the lower edge of the vortex, the wing induced vortex
does not get influenced as much as the other two cases do.
For the H = 1.0 case the vortex impinges on the forward facing
surface and does create a more disorganized flow than the
H = 0.5 case.

3.6.2 Thick strakes

In order tc evaluate the effect of thickness on the
cross flow kinetic energy, strakes of H = 0.5 ratio were tested
at different angles of attack. The resultant flow field
agrees in trend and in approximate magnitude with the thin
strakes placed at similar incidences. Results show that at
= 0 the flow field is much more streamlined than a, = -15

r r

and that for a. = 15° a double vortex formation of opposite

velocity direction occurs.

a

3.7 Pressure measurements on strakes

Figure 52 shows the three different thick strake
configurations that were tested and where static pressure
measurements were made on each surface. The reason for these
measurements was to find out which strake configuration bends
providing a reduction in CFKE, would at the same time create

1ift or favourable force along its axis. RS
Figures 53,54 and 55 show pressure distribution for j:fﬁ$

H=20, 0.5, 1.0 strakes at three different angles of attack. 15525
':\ :'-_ ::

e
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The results are similar for the three strake configu-
rations. This implies that the height of the strakes is
irrelevant for its pressure sensed. When strakes are placed
at angles of attack with respect to the incoming vortex of 0°
or less, the net result is an increase in 1ift, which as a
result provides an increase in thrust along the strake axis.

.
»
o

Calculations of 1ift integrals are not possible since
the amount of pressure drop was not considered enuyugh. The
results, though, give an indication of how a strake works.
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3.8 Aircraft model with strakes mounted

on its boattail

3.8.1 Criteria_for_placing the afterbody strakes
Although it will be discussed in detail in the con-
clusion section, integrals of DCFKE for all strake configura-
tions tested indicate that CFKE is lowest for strakes of
H= 0.5 and for a. = 15°,

In order to place strakes along the boattail of the

aircraft, the location of the wake and its distance from the ;' .
fuselage had to be found. NN
Figure 56a shows the wake path along the boattail :555;1

area as it moves downstream. With that information at hand, ;: ..
a pair of strakes of the same height/length ratio as the ones .j{ﬁ{]
tested were built whose height when positioned on the boattail, m
reached the afterbody wake core (Fig. 56b). SN
\:_'.'*.;J'

R

The strakes were placed at an o = 15 with respect to ﬁ&ﬁﬂﬂ

the wake core and supported to the nearest pressure tap hole.
This allowed us to check the pressure measured by the strake
and compare that to the pressures obtained in the delta wing-
strake combination set up. Besides, the static pressures along
the boattail including strakes were measured as shown by

figure 57.
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Although the best overall configuration (lowest CFKE,
highest 1ift) would be H = 0.5, a, = 0 strake, ag = 15° were
used in order to validate the CFKE criteria on which our
investigation was based.

The location along the fuselage where strakes were
placed was arbitrarily chosen along the region where the pri-
mary separation line was found from the limiting streamlines
visualization.
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Figures 58a,b show how strakes were placed along the
boattail and their angle with respect to the afterbody lines.

3.9 Limiting streamlines visualization

Limiting streamlines flow visualization of the aircraft
with strakes is shown in figure 59, Figure 59a shows how the
strake delays the primary separation line; figure 59b shows
that the downwash angle along the boattail is reduced, stream-
lining the flow, probably due to the pressure field induced by
the strake. Figure 59c compared to limiting streamlines without
strakes shows that the flow is attached to the boattail as it
reaches the énd of the afterbody area, eliminating the pressure
loss and wake induced by the afterbody alone.

3.9.1 Pressure_measurements in_the aircraft strake

The pressure measured by the strakes placed on the
aircraft (Fig. 54c) agree with the results obtained from the
pressure measurements study; that is, the strake feels a nega-
tive 1ift on its surface. Its value agree <closely with the
ones measured on the flat-plate-delta-wing-strake set up.
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4. ANALYSIS OF RESULTS

"SR

4.1 On strakes

Besides the observations noted earlier on the flow
fields some analysis is considered necessary by looking at
figure 60. It shows the values of the cross flow kinetic energy
obtained for different strake ratios H and different angles of
attack. For all ratios of H, the CFKE is lowest at positive
angle of attack.

The values of CFKE obtained with a thick strake of
H = 0.5 are close to those obtained with a thin strake. Also
the resultant flow field induced by a thick strake is similar
in trends, and close in magnitude of velocity vectors to the
one obtained by a thin strake. This allows us to conclude
that the pressure distribution on strakes and their behaviour
along a vortex is similarly independent of its thick ones.
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4.2 0On the pressure distribution along the boattail

The pressure distribution along the aircraft boattail
with and without strakes is shown in figure 61. It shows that
by properly placing strakes on it, the pressure on the afterbody
increases. In other words an extra "push” or "thrust" is
created due to the effect induced by the strakes on the surface.

The extra axial force obtained when strakes are placed on the :{i?;
surface was found by multiplying the wedge pressure of each ‘ni fﬁ
tap by the projected boattail area of each hole, which was Q‘ﬁi
chosen by drawing centerlines along mid distance points between 5&58!
taps. It was found to be 23% extra. This force is subtracted iigﬁﬁ
from the total drag of the aircraft. An estimated reduction in :&Eﬂé
drag for a typical cargo aircraft would be of approximately Ixﬁii
0.004 Cx under the conditions described in this section. 533?3
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5. UNCERTAINTY ANALYSIS

Measurement errors as a result of instrumentation
inaccuracies as well as test conditions fluctuations were
deduced from calibration curves, and by monitoring deviations
that occurred on certain test parameters.

5.1 Accuracy range of equipment used

A1l pressure measurements were calibrated against a
Betz manometer whose accuracy is within £+ 0.1 mm H,0. The
deviation of the pressure transducer used for the probe and
surface pressures is of 0.5%.

Variations in the tunnel.velocity were kept to
+ 0.2 mm Hy,0 with set test conditions.

Pressure variations in the five hole probe tubes when
being calibrated were of about 1.0 mm H,0.

Angle settings in the calibration duct could be easily
set within 0.2°.

5.2 Error margins in test data

From the five hole probe calibration data we can
deduce its roll and pitch angle deviation. The accuracy of the
roll angle is within 2.5° at low values of & and of 0.89° at

larger settings. The probe misalignment angle is as low as 0.4°
and a maximum of 2.5°.

From flow quality measurements, the flow angularity
of the wind tunnel was found to be of about 1°.

Static pressure coefficients measured on the aircraft
boattail and on the strakes surfaces varied within &+ 0.05 of C
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6. CONCLUSIONS

The main conclusions which can be drawn from this
study are

Aircraft which have a highly upswept afterbody induce
a wake-like flow which leaves the boattail as it moves upward.

Strakes, when placed along the path of a vortex,
streamltine the flow, thus its cross flow kinetic energy is
reduced.

When strakes are placed at positive incidence, the
resultant flow field downstream of it includes two vortices
of opposite direction. By that, the cross flow velocity
components integral is reduced.

Strakes provide 1ift when placed at angles of attack
of zero or lower than zero with respect to the vortex path.
Therefore, a thrust is created.

When strakes are placed at angles of attack equal or
greater than zero, a reduction in the cross flow kinetic
energy occurs. Therefore, the vortex drag is aiso reduced.

Strakes placed properly on an airplane boattail
reduce its overall drag by increasing the static pressure in
the afterbody surface.
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TABLE II

Tl - Flow field velocity vectors tabulation for figure 32a
(¢ = 2.5)

T2 - Flow fieid velocity vectors tabulation for figure 27a
(F.S. 6)

Note in all cases, figures are shown looking upstream.

P

The y-axis increases to the left, and z-axis increases

)

»~

upwards.

The data columns are tabulated in y,z,v,w order
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< APPENDIX I ~ COMPUTER PROGRAM LISTINGS
':‘
Jﬁi A - Cassette digital data readout and implementation of
33 pressure transducer coefficients
YOS
) B - Program for operating data blocks
~n c - P}ogram used to interchange data points
Y
234 D - Program for altering data
£
i E - Calculation of velocity vectors, preparation of stream-
%} lines, data matrix, and creation of pressure isolines
ﬁj block
%b F - ~Calculation of velocity vectors and creation of cross
{f flow kinetic energy isolines block
e
.g} G - PET Commodore program used for calibration of five
s hole probe
. - H - PET Commodore program used for data acquisition into d°
Ao digital cassette (G and H require machine language
'\: . L]
3§ program to relate scanivalve A at set intervals of
R{ time)
& .:a
*
e
o
Lo
N
\".‘
R
N
e
o sa
!'P

»

35

LA,




RExD FILE CREATEZD (COX AND REYWRITE 1T AFTER APPLYING COEFFICIENTS

NAKE ' JEUS

RUTHOR ; aTTE &,

DRTE ¢ 1o-pay-272
SUERBUTINES CALLED @ PARAML, SETUDXN

OO0 0

L3 I B B S i S B o Y 00

PRGGRAM JEUS

%

DIKENSION COEFC2Y, FC(5)
LeGICAL®T YES

NCAN=3
CaLL PARAMI (COEF.,2.1)

CALL GETLCDX C(NCHN,COEF.FL.FRiT®

STOP

- SUBRAUTINRE GETCLX (NPTS,COEF . FE . FRTT »

DIRENSION IVALC(SO), [BUFL1C25¢ 7, 1BUF2¢ 256 »,CU
LOGICAL*T FILEICIS),FILE2CIS), YES

Ivi=ti

1y2=1

FACT=1. I JEUSETTE

TYPE |

FORHATC/’ RAW DaTa FILENAHE  ‘$;
CARLL GETSTR (S,FILEL,14)

CALL ASSIGH C(1.FILEL:

DEFINE FILE 1 C0,236,U,1V1)

TYPE S00

FORNATS* NEW FILENAME

CALL GETSTR (J,FILEZ, 149

CALL ASSIGN ¢(2,.FILE2?

DEFINE FILE 2 €0¢,236,U,1V¥2)

1IDLbT=0

TYPE 1111

FORMATC’ OUTPUT VYERIFICATION ? LY/N) @ ‘%)
IFCYESC )Y IDUT=1

RERD C1°1IV¥Y1) IBUFI1
WRITE €2’1v2* [BUF1

A’l
Hn

NCAN=IBUF1(27
IFCNPTS.GT.0) GO TO S

£O TO &

IFCNCAN NE.NPTS) NCAN=NPTS

NREC=IBUF1(3)

IFCNPTS. GT.IBUF1C(2)) NREC=NREC/NCAN®IBUFICS
IREC=0

J1=1

J2=NCAN

RERD C(171V1)> I1BUF!

120

DO 2% J=d1,42

I=1+1 -

B A
Y Y

N

[“

Wl

EQ.¢) GO TO 4900
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23 CONTINUE A2

IREC=IREC+1
1G0=1
IFCIREC . NE NREG) GO TO 1904
IFCIREC . ER.NREC) GO TO 49
Ji=d2+ ¢
IFCJ1 ER 257> WRITE (271¥2 ) IBUFZ
IFCSL1 . ER.257) GO TO 1¢
J2=Jd [+NCaN-1
IFCd2.LE. 258> 30 TQ 15
I=d
DY 25 J4=41.2%6
I=1+1
IYRLCIDN=IBUFIC )
33 CONTIRUE
- 160=2
G0 TQ 1060
70 BRITE (2°I¥2x IBUF2
Ji=1
J2=42-25%
GO TO 11

P -1
D

1000 K=0
JE=J2
IFCIGO . EQR .27 JE=25¢
0o 300¢ Jdd=41.4E
=K+ 1
FCCK»=COEFC1L?
60 2000 [1=2,2
FCOK2=FCCK)+COEFCII )*FLOATCIVALCK »p%%0 I [-11%
20900 CONTIHUE
I1BUF2¢Jd Y=FCC(KI/FRCT
30060 CONTINUE
: IFCIOUT.EQ. 1> TYPE 9999,41,d2,CI¥ALCNY . N=1,53,CIBUF2(R),N=2J},JdE)
9999 FORMATC2I6,° t *,816," ¢+ *,S163
GN TO (€¢,703.1G0
4040 0O 5004 JJd=d,256
$00¢ 1BUFZ2Cddd 1=¢
40 CORTINUE
BRITE (2°1y23 IBUF2
CALL CLOSE (1:
CALL CLOSE (2)
RETURH
END
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PROGRAM APPEHD E3l
LOGICRL *1 HAHNELIC1S:,.NAMEZ2( 1S3 .YES
DIMRENSION JBUFC23462, IVALCS)

£

5 TYPE 1¢

10 FORURTC’ INPUT FILENAME @ "8
CaLL GETSTRCS.HAMEL,14)
DEFINE FILE 1 €6,236,8.1¥1
CALL ASSIGH (1.NAHEL:
Ivt=t

TYPE 15

.19 FORMATCY QUTPUT FILENAMKE @ ‘%
CALL GETSTR(S.NAMEZ2,14)
CALL ASSIGN (2,NANE2)
DEFIME FILE 2 (¢.5,U,Iv2)
I¥2=1

20 CALL GETYALCS.IVAL, ISTAT,HAME IV¥1) ! LECTURE TRAIN DE CRHAUX
TYPE 1234.Ival
1234 FORMATCSILG)
- WRITEC2° I¥23IVAL - -
IFCIVALCTI?». ER.0Y GO TO 30 s
GO T 20 _ el

o
4 .

g
/l
’

3¢ CatL CLOSE (17

e
'.l’l
agal 0t

i

[ ]
» ""l

- TYPE 5¢
5G FORMATC’ DATR FILENAME TO APPEND [v’H1 @ ‘¢
- IFC HOT.YESC)Y) GO TO 55
- TYPE &0 - : :
6¢ FORMATC’ IRPUT FILENAHE : ‘¢
CALL GETSTR (S5,NAMEL, 14
.o CALL ASSIGN C1,MAMEL)
e DEFIHE FILE 1 €¢,256,4,1¥1}
I¥t=1
o GO To 20 : -
5SS CONTINUE
0N Sé 1=t.5
-1 : IYALCT »=0
o WRITEC2’Iv¥2) IYAL
CALL CLOSE (2)

v ".‘éf

TYPE 40
40 FORUATCY DO Y0U WANT TO CONTINUE ? CY/N] : *$)
- IFCYESCYY GO TG 9
ENC

SUBROGUTINE GETYAL (NPTS,IVAL,K,FILE,IV1)
DIMENSION IVALC1), IBUF(C2%56)
DATA IDEB/O/
LOGICAL*1 FILECIS) : :
K=¢ { STATUS INITIALIZATION
IFCIDEB.NE 0> GO TO 3¢
I¥i=l :

o,
3 o
PNENE

Y
BT
e OGS

4 .
" "
a !
2 5} anin

L)
e
R ARRR
o

INFILE=0 ! FILE NOT DEFINED BEFORE CAL I i:

00 2 11,15 . S O
IFCFILECID>.NE. *)> GO TO 3 ! NO BLANC STRING, FILE EXISTZ .3
2 CONTINVE .

, GO TO 4 : .- e e e
3 INFILE=] | FILE DEFINED BEFOR RS

A
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BTt
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109

19

13
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33

40

| B2

FORMATC/ ' RAW DATH FILENAME : “$:
CALL GETSTR (S,FILE, 142

CALL MASSIGN C(1,FILE)

DEFINE FILE 1 (¢.2%5,U,1IV1:

REWD C171IV1Y IBUF
NCAN=TBUF2)
IFCNPTS . GT 0> G0 TQ 5§

G0 TN 6

IFCHNCAN.NE RPTS) NCHN=HPTS
NREC=IBULUF(3)
IFCNPTS . GT.IBUFC23)> NREC=NRREC/NCAN®IBUFIS)
IREC=¢

di1=1

Jd2=NCHN

REwED C(1°1IV¥V1:x 1BUF

I=¢

03 25 J=d1.42

I=1I+¢

IVRLCTID)=TIBUFCY )
IFCTIYYILCT 2 ER .07 GO TO 40
CONTIHUE

IREC=IREC+!

IDEB=1

IFCIREC.NE.NREGC Y RETURN
Ga TQ 49

Ji=4J 2+1

IFCY L . ER . 257) GO TO 19
J2=J {+NCAN-1

IFCJ42 LE.2358) GO TO 13
1=0

00 35 J=41.296

I=1+1 :

IYRLCT :r=1RBUFCS

COHTINYUE

READ 1’ 1Iv1l) 1BUF

d1=1

f2=§2-25¢6

G0 T 2¢

IDEB =

CORTIRUE

IFCINFILE EQ.90s URLL CLOSE <1
K=-1

RETURH

END

jﬁﬁﬁf?fﬁ
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5¢

60
70

73
B

10%¢

2000

883

21393
cce

4800

4010

4020

PROGRNN UPDATE - (:l - 38 -
DIMENSICN IVAL(S ), JVAL(S)

LOGICAL*1 NAME1C1S),NAKEZC 1S3, YES

TYPE 20

FORMATC’ NAME OF FILE TO BE WPGATED @ ‘$:
CALL GETSTR (S NAHEL. 147

CALL ASSIGN (1, NAMEL

DEFINE FILE 1 (@,5,U,1Iv1)

TYPE 40

FORMATCY RECORD NUMBER T BE REPLACED : *$)
ACCEPT 54, 1Rt

FORMATCIS )

IFCIRL EG .0} 60 TG 999

TYPE 7¢

FORMATC " NRME OF FILE TQ FICK UP RECORD :@ ‘%)

CALL GETSTR (5,NAHE2. 14
CALL ASSIGH €2,NAHEZ)

DEFINE FILE 2 6,5, 1v2)

TYPE 50 :

FORMATC’ RECORD NUMBER TO FICK UP : ‘$)
ACCEPT 50, IR2

IFCIR2.ER 0) GO TD 889

READCI‘IRL) IVAL

TYPE 1000.1¥AL

FORMATCSTIIO)

READ(2IR2Y JvaL

TTFE 1000, JYAL

TYPE 2600

FORMATC® RECORED 0.K.7 [Y/HT @ ‘§3

IFC . NOT.YESC ) GO 10 75

WRITECL' IR1) 4VAL

CALL CLOSE (2)

G0 TO 30

CONTINME

CALL CLOSE (21

CORTINUE

CRLL CLOSE (12

TYPE 4000

FORMATC’ OO0 YOQU HWANT 70 DELETE RECORDS 7 [Y
IFC _NOT.YESC): GO TO 3000 .
TYPE 401¢

FORMATC " NUMEER OF RECORDS 7O BE DBELETED :
ACCEFPT S¢.NRDEL

TYPE 4¢24

FORMATC’ START DELETING FROM RECDRD NUHMBER
#ECEPT 9¢,ISTaRT

JR=ISTART+NRDEL

JW=ISTART
READCI’JREND=F¢00,ERR=5000) IVAL
TYPE 300G, W, JR, I¥AL

FORMATC?IC)

WRITEC1’JW) IVAL

JR=4R+1
da g+t
IFCIVALCTI )Y NE . 0> GO TO 402¢

CALL CLOSE <13

TYPE 2000 :

FORMATC’ DO YOU WAHT TO CONTINGE 2 [¥/M] ¢
IFCYES/)) GO TO 10

sTOP | o

END

/HI

"$)

LI 2 ]

‘8

‘S
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PROGRAN BIN
ARUTHOR:GUS
PGM REPLACE
TO YALUE WS
DINENSION I
LOGICAL Nam
TTPE 20
FARMATC" IH
CALL GETSTR
CALL ASSIGN
DEFINE FILE
I¥i=1

TYPE 3¢
FORNMATC” BL
ACCEPT S0¢.N
FORMATCIS )
N=N+1

NR =N
REARDC1I7N Y 1
TYPE 40
FORMBTC’ NI
QLCEFT S0,K
TYPE 100
FORIMAT ¢’ E
ACCEPT 56.1
IBBFCK }=1%R
WRITE (!°NR
CALL CLOSE(
STOF

END

AN Ak WK A s

DI

QRIONEZ RR‘'B2-23

3 YALUE FOUND IN Ra¥ CATH FROM DIGITAL CARSSETE
SIGHNEDR BY THE USER

BUF(236 1

E1¢139

FUT FILENAME: ‘s>

(5.HANMEL.14)

C1,NAMEL)
1(0.256,U,1%¥1

OC¥ NUNBER TO BE MODIFIED:!’ ¢

BUF

MEER OF YALUE IN BLOCK:’'s$)

HTER NEW VRLUE:'$)?
YaL

L

> IBUF

t?
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54

1
AR

S,
0
R )

:
»

. N,
" NN
) lea ;‘I .'.J.f-’ A'.l'

LRSS
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100

11

5349

WCCEPT 520, TITLE

PREPRRE A DATA FILE FQR <S7wiaMi [HEDS PLATTIHG PROGRAN 48l TSCGLIRES
NRIE : HEYSUES

GUY OQRLONEZ gR'22-83

DATE : 2e-Muy-27

PG CRLEULKTES CROST FLAM WELAUITY COWMPORERTT akd T4HTaL PREISURE
ARG PREPGLUFES DnTg FIR STREWMLINEG PLGT FING @l (SGL[HED BF

TOTAL PRESSURE

PROGRSA HPVGYS

CONMON RXFOSua.¥uBu . @i30s. IVAL: 95, FCB ., RPLIS G B9

COMMOY MNPE: 503, ¥ROSO Y YRYSEG  TITLES DY MU LNY

LOGICR »1 HOMEICLIS ), HAREZ 19 MupdR 70 132, YEL

G=9 . 20v3S5e

TYPE 190

FORMATC" NUMEER 0OF FOINTS OH R-AXIS @ “$)
ACCEPT 110, %Y :

FORWRTCID &

TYPE 120

FORMATCY NUMBER OF POINTS AN Y-HX1IS @ "€
RCCDEPT 11¢.HY

TYPE 139

FORMATC Y INITIAL VYALUE FOR X ' ‘473

HIZCEPY 149,51

FOARMATIF 19

TYPE 15¢

FORNMATC, INITIAL YALUE FOR ¥ @ "8%)

ACCEFT 140.Y%1

TYPE 155

FORMARTC® STEF FOR X/7Y : ‘%

RCCEPT 140,STEP

TYPE 180
FORMATC” DRTA INPUT FILENAME : ‘87

~CRLL GETSTR (S.NAWEL. 14

CALL ASSIGH Cf,NAMEL X
DEFINE FILE 1 CQ,35.U,1I%1}
I¥i=1

H=HX*#NY . ! TOTuL NUMBER OF POINTS
NHH=H
Nl=Hd+1
CHLL A5SIGN
DEFINE FILE

(2,”STREAH OQUT*
2 CO,8,U,1VE

TYPE 5006 -
FAORMAQT¢ QUTPUT FILENRME FIAR JSOLINES ¢ 78§ ’ - - :
CALL GETSTR (5, HANEZ. 14 3
CRLL A351GH (3 . NaARE3)

TTPE 3510

FORMATC’ TITLE FOR ISOLINES PLOT @ "%

FORMAT(20xd
WRITE(3,525) TITLE t RECORD 1 FOR PLIS

FORMATCIX , dvAd

WRITEC3, ) NK,HNY { RECORD 2

KP(Cfr=0.

00 530 I=2.,NK¥

XPCLi=dPCI-1>+STEP : : S T e e
WRITE(3,*) (XPLK), K=1,NX) { RECORD 3 - X-COORD.
KPC1b=d,

DO 540 Jd=2,NY : mese s
XPCJ=XPCJ-1)4STEP
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A

Las e
R
%

I

=YI-STEF
1o TYPE 1ot
R FARE Y77 RTIMGSPHERIC PRESSU:Y - §5
ACCEFRT 149, PaT
TYPE 1924
Le2n FREMATC? TEMPER4TURE
ACCERT 149, Ta
TTYPE 10730
10320 FARMATI Y DYHQRIC PRESSHEE w78 EI3% 5 7§
HCCERT 144, 0FMH
CTE=CPtTH*G
*PU 1 a=H{1-37EP

B
LA R A A

ey

R

6O 3¢ J=1.KY
Jh=d

AR

TF=YP+STEF -
sIG=1. .
IFCHADIYL,.2Y ER 02 SIG=-1 o
e oo
AMIH=AT
KHRA=STEPAF L YuiCHE -1 04T
o

140 IFCHODLJIL 27 EQ. G RPCI)Y=KHEL+CTEF
IFCBQETdL, 20 HE &) XPUI¥=rMIi-CTED

00 20 I=1,H%
XKPCI=XPCls+STEF#*SIG
IFCT 6T, 1% XPULI=KP I-1)+STEF xS g
RE&4D (1°1IY¥1) 1YWL
0O 186 K=1.3
PCEDI=FLOATCIVALCK ¥
B9 CONTIRUE

[ye PV

CRLL CALCUL (P,YARG .WRRG.PRT,TU,.ET

<3

YOI X=YARG
BOT Y=HARG :
APRCI»=BT/CTE .

20 © O CONTINUE

200 PO 216 K=1.HX
BRITEC 29 TY2 Y XPCK Y. YR, WK HOK
219 CONTIHUE

IFCHATCdL 27 . EQ.0) GO TO 4y
KER=¢C
DO 200 K=HY,1.-1
KR=KR+{
Jo0 XPLISO(KR )=XAFRIK Y
BRITE 3, %3 (XPLISOCK . K=t By V' RECORD 5
TYPE 1111 CRAPLISO K K=l ,Hx)
1118 FORMAT(SF12 3.,
GO 1D 30 .
400 WRITE(3,#) CXPRCK) ,K=1,NX> ! RECORD S
TTPE 1111 CAPR(K v, K=1,N%)

36 . . CONTINUE | e
CALL CLOSE (1 . - DRI
CALL CLOSE ¢23y - i — KOOI




ORI TSR A ANE P A o QP s St i i it et e it gt A A IO A T Rt vevs IOR Rt . RJORAS IR R
e RO
R - e . R
Caik CLOSE ¢33 Ei:s ]
CHLL HSSIGH C1,NAMET) o
SHLL ASSIAN (2.0 ISOLINES 5u7
READCT.525% TITLE R
READCT &% MK, HY . E.
READY S %3 (RPROK D, K=t NI .
READCT %7 CRPROK I K=1,K7 sl
N N
DO 2999 J=1,HY : O
CREADCT # ) (XPLISOCK Y. K=1. HY: ‘ e
WRITE(2,22223% (KFLISOUR Y. K21 M4 el

[
[ U
ry

2 FORWATI IR, 10F12. 33 L
" 8999 CONTINUE e
, CALL CLOSE (1) RO

- CLOSECUNIT=2,DISP= PRINT L

€ oS
CALL PEVERS - RN

C A e .
STOP ey
ENE ._:‘.:‘

L mmmmm = mm e e e m —m mmm e ——————————————— N

£ DATA REDUCTION RAUTINE FOR UPDATED OATH. )

c CROSS FLOW YELOCITY COHPONEWTI 4Wn TUTal PREISURE AFE CALCULATED .
SUBROUTINE CALCUL P ¥ 8, FRT . TU.6T ) o
DIMNENSION P12 e

cece REINCKISATANCX/SORTCL . -Xeg)) e

- teg RCOSTXISATANCSRARTCL ~XeX)/ X) - NS
¢ ra
PHOY = CP(1I*PC2)+P(3I4P (41000 25 S
FL2)=PC2)+18 : e

PCLI=P(1 2410 e
27 = PC2I-PC4) e
EE = PC1)-P(3) nia
ADD = ABSCDD) -
HEE = ABS(EE: o
FF = REE - RDE o
IF (EE.EG.0.) G0 TO 2 Sy
GG = ABS(DD/EE) i
FIR = ATAKNCGED . N
Fl = 180 .%FIR’Z.141539% e
6o 10 3 -
2 FI. = 9¢.¢ R
FIR = 3.14159/2.0 N
3 RA = DDO*DDYEESEE o
BI = SARTI(RA e
BIR = BI/RBS(P(5:-PHOY Yy
IF CFF.LE.O 0vS: G0 TO ¢ o
IF CEE.GE ¢.013 GO TO 5 N
T1 = 13.72858¢BIR+( -2 112223E-1 #BIR*#2-( 942642¢ eB[R*e3+ Y
1 €2 .933134E-1)+BIR¥*4 N
T2 = -(2.697529E-2)%E1Rvx5 A
TH = T1 + T2 - 1.241217 -
o1 = (5 . 87010%E-12+(4 454 1d44E-2 )%xTH2( -3 990502E~4 xTH*#2 X
P2 = (-5.362912E-6/#TH*+3+(S5.SI2JI3E-7 )*THex4 o

p3 (-7.405356E-9)xTHa»S N

PO = (D1+D2+03)s1 .0

C1 = (7.065830E-4)#TH+(-3 032390E-4)4TH#¢2+C4 334588E-5)
1 *TH#*e3 -3

C2 = (-1.430398E-6)8TH#44+(2.612108E-8)TH#25-C2,319786E-10) —- "
1 *THesg . S

gs
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E4

1o RHT = PRT/(287 OxTdl
aN = BBSCOLP{DX-PHOYXF2  /XPR*RHT 73
wy = SQRTCAV
eT = POGXY4CP#PHT# QW 22wt 9
IF COPCT 2 . BE . PUT oy AND . (P4 GE P20 gU = 1t
IF CCPLI Y GE.PO3 0 AND . (FC2) GE Foddi By = 4.
IF (CPCLP.LE.PYZ ) ANR.LFC2 BE.FUEI3) gy = 3.
IF CSPCT P LE . PCT Y AND C(FL 4 GE . Pu 2okl ge = 4.,
=~ TH = TH*7.14139/718¢ .4
A IF (CP.LT.0. > CP = 0. ¢
IFCTH.LY &L > GO 70 332
- SSTH=SIN(TH?
SSFIR=COSCFIR
SAL = SIHCTHIXCOSCFIR)
CTE=1. -SRAL#*3AL
CGH=COSCTH)/SRRTIICTE »
N
£cce CGA = COSCTHX/CSRRTCABSCL . ~SAL*SAL >}
CAL=8SRRT( L. ~SAL*3AL )
SGARA=SARTC L ~LGER*CER)
cce TYPE ,TH,FIR.SSTH,.SSFIR.3AL,CGA,CTE
gcee FORHATC ' TH . FI . STH,CFI.SaL . COA-CTE'/7F1IQ.4)
YU=Cuilwl Gaa 3
YO RLeS3RAsH Y
W=sSublxay
IFCQU EQ . L. Of . O EF .3 $¥=-¢
IFCEQU EQ L. 0Ff D E%.2. ) d=-4
50 TO 333
832 Yz
bz 03 )
UU=wnY
833 RETURH
4 IF (DQ.LE4O.01> &G0 T0 £
T1 21 . 5308 72xRTR-17 34523 %xRTR#%2
T2 = 42 AFJOZTrCIRY AT -T I4ETIG4B A
T3 = (5 . FQGITOEE-1 1B RenP- 4 (4837 0E~-2 4B iR2+e
TH = J1 + T2 + 73 -  74rindd : :
b1 = {§ A0RT2BIE-1040 S 1334T0E-4)2TH-(6 . ?277612E~-5)xTH=®%2
.2 = 0-F AALIFE-BisTH4»T+( -1 SZ7E24E-T7 hxTHE4
¢3 2 (] €¢93839E-E 1€ TU xS+ =3 24770 0E-10 inTHE*p L
PL = (DL+DR+DT I O By ot
c1 =2 (=3 2544G8E-304THi | ZiZ05TE~T)nTHERD -0} 4360 SE-4 % li}
i TH*=3 A
g2 = {8 ToS02GE-G pkTH el v *2.17;??95 TIETH*#3+40 1 9¢7005E-9) i}:
1 »TH#¥G o
ce E C14T2+9 77758684 S
R B B R
5 Tl = j7 iugAdwRIF=-2 753 L74eRIF a2
T2 = 5,748 909*P19**7-ii.145fﬁ21 R iRNewd
T2 = (J . FE92VEE-1¥#BIR*23-(2 27w IE-27%EIR%*§
TH = T1+T2+Tq+v.49413 1
ot 2 (9. 9920CE~-174(7 S9F77QE~F i TH+( ] SE4dS7E-4 1nTH®#»2
02 g (-4 F4F53AFE-Fo#THex3+(2 16294 0E~6)xTHxxd
03 2 (=4 .3BOFSIE-B *TH#*I+( 2 24074 E~1Q ' eTHxxg
eD 3 (D1+D2+D3I »x1 . C .
ci = (=2.836863E~32*TH+: & 199220E-4)¢TH*22-(3 455378E-S)*%TH*=3
c2 = (1.651172E-G)*#TH*x®d -2 S17231E-8 )% TH*254+(7 €316902E-11)
f sTHe%o : -
DY o = C1+02+1 402665E-3
60 TN 1o s
) T1 = 12.12255«BIR+C2.329531 )»({BiRsw2)-3 229860v+EiR*s3+ s emeeeees s

1 (1.284063)*BIR»=4

. - LM RLATERUALE 1 N\ABRIB AR ar i ACDRDSE Al o
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- 44 -

ATV e
J2R5E-1 2+4C2 BTVVBHE-3*T
25 16E-SI*TH**3+( 5 92892
FILSLIE- 9)*TH**‘

L EDE DI

130’40E 4;#TH (2. 0658938~
(=4 375329E-7 reTH»+d+( 2 32%¢3
Cl+C2+47.536941E-4

10

TH
g1

' G2
&3
PD
ci
c2
cP
GO T
END

=

E-4:%TH#%2

n !.0 45 Ll [ ]
N AR )
#* Ul
D29
R N V]
~

e THx #2402 82943CE-SxTHx*3
E-9 3 TH=x3

[~ TR ' AP S T * SO (T TR}

L SUBROUTINE USED TO PLOT CROSS FLOW VYELOCITIES O# PLP PLOTTER
- : SUBROUTINE REVERS :
COMMON XPCS50),¥(S503,W(S0 2, IVALCS,PC(SX, XPLISOCT0)
CONMON XPR‘SO) VR(SO) WRUSOU), TITLECZ2CI, N, NY

CALL ASSIGHN (2,'STREAM.OUT ')
DEFINE FILE 2 (0.8,U,1Iv2)
192:1 — . -

CALL ASSIGN (3,'STREARNP . QLT
DEFINE FILE T (¢,8,U,IVZ)
Iv3=t '

RERDC2'IY¥Y2) N,NZ,RHNZ
WRITE(3'1IY¥3)>» N.NZ,RNZ

DO 40 J=1,NY

PO 10 I=],NX

RERDC2'IV2)Y XPC(T 2, ¥ ,¥CI ). WCIY
10 CONT INUE

L=0
D0 20 K=NX,1,-1
L=L+1 :
YROL b==¥(K)

: WRCL »=H(K )

290 - CONTINUE

DO 20 K=1,NX

GRITECT TV33 XPCKD, ¥, VRCK Y, WRCE > N
36 CONTINUE o
40 CONTINUE -

CALL CLOSE« 27 S

CALL CLOSEC 32> .

RETURN :

END - 0

v rs Ty
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g REFRRE A 0ATA FILE FOR  ISQLIHES
< HERE : HEW PROBE AND WELAZITIED WIHETIOC (HPYHIRET
£ NABIFIED FAOR CROSS FLIYW KINETIC ENERSY IHTEGRAL - G . CQREONEC
” DATE ‘ 2e-HAY-812
N PG FREPASES [ATY FOR KINEZTIT ZHERGY T19QLIKT I ARG
¢ CALCULATES CPNS FLAOM KINETIT [KTISRAL NONDINEHIIONGLTIZD HRT
“ HAINSTREAD YELOQCEITY

PROGRAI RFVEINET

DIMEHSION KPODOX VO30 BIS0r, IYaLy 5,
DIREMHSTION X¥PR(OSO Y ¥YROSG Y RSO TITLRE
LIGICAL*] NAMELC IS 3, NEHEZCO (90 N

RHOAIR=1.223
RHOWAT=1Q00
L=2.286623%
TrPE 100
109 FARMAT" NUMBER OF POINTS OK H-AKIS ¢ ‘€3
RCCEPT 1146, HK
11¢ FORMATCIS)
TYPE 120
12¢ FaRMaT " HUMBER OF PDINTS ON ¥-A341S
ACCEFT 114, NY
TYPE 139
139 FOIRMATCT INITIAL YALUE FOR X : '$3
ACLEFT 14¢,X1
149 EOARNATLFLIO . O
TYPE 150
130 FORMATS Y INITIAL VALUE FOR Y
ALCEPT 144,71
TYPE 1595
FARMATL " STEP FOR XA7Y ¢ %)
ACCEPT 140,3TEP

&)

..

‘s

.

—
A
Do)

S

TYPE 180

FRaeKaTd/ DaTa IRFUT FILEHAMKE @ '¢1%
Catl GETSTR (53, NuMEL, 147

Catl #SSIGN 1, NaskEL

DEFINME FILE 1 C(G,3,U,1IVtL:

Ivist

s - ()
LS }
FeS

I X s RS VIR R S S R R R Y K SV I S TR
Vg b e i
RN

N1=N+1

TyeE T
“EMg . SaTERT FILEKRAME EA8 T TH
CHaLl BETATE 5 O N@HEZ 14y
Cale HSSinH 7, NANET)
CALL #4SSIGNJd . KINER. QUT &
DEFIHE FILE & “¢,E8,1.1V4
LIvd=2
TYPE St0
St FAPMATCY TITLE FaF [SALIHES FLOT &t 5%
FICEPT S26¢, TITLE
329 FORMATC200d
WRITELT,5257 TIiTLE 'RICSBRT 1 FIR FLIS
3275 FORMATCIX , 20A %
GRITEC 3, %% NX,HY t RECBRD 2
YPi10=0.
0O 53¢ I=22.NX
330 KPC Y »uXPCI~-13+45TEP .
WRITE(3,%) C(XPCK),.K=1,R¥X> ! RECQRD 3~;r

1’&4

s}

0

ol
o
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DY 549 J=2.NY

PO =XFCd-13+STEP

BRITEC3, *)> (KPCK), K=1,NY) ! RECORD 4 - Y-COOFRD.

YF=Yi-STEP

TYPE 1010

FORBNaTC’ ATHOSFHERIC PRESSURE . “§03
ACCEPRT 14¢.PaT

TYPE 1¢20

FORRATCY TEMPERMTURE M 2
ACCEFT 140, To

TYPE 1030

FORMATCY BYNAMIC PRESSURE (HM KHZO)» ¢+ "3
ACCEFT 14¢,DPHH

YELSG=(2 yRHOWATHLPMH I/ (RAGHIRY 1G0G 3
CTE=DPHH*G

KPCI)=Xi-STEP

-DCFKET=0 .

dh=f
tF=YP+37EF
$15=

IFCHGROdL, 20 ER. 0 SIB=~1

ANIN=XI .
AMAN=STEP*FLOATONN-13+K1

IFCHADCIL 20 EG. 03 APLI p=XfAni+a7
IFONGLCHL 20 . BE. Q) RP{T 35X MHIbh-37

ba 2¢ I=1.H8X
CRPCT)=XPC T P+STEPXSIG

IFCT . GT. 1) APCIO=XPlI-13+STEPaS (G
READ 171Vl TYAL

60 1848 K=1,3

PCEDI=FLDOATCIYALCK )

CONTINUE

CalLLl CALCUL (P,YARG.WARS.FaT . To 3

VT I=VaRGg
BLI)=RARY
TFHREL: oz ysel2egl ] ey
DOFKELZ T )=0FRELT I 3/CYEL S5

COFRE =0 IFhe T vulia L 10

TYPE PtilUedL T
AFR{II=DUFabLi i

<

CANTIHUE

FFenaf(dl g s Ed. .0 B T Lo

i(;':;i'f

B Fee K=tk l.-1

FR=KR+{

GFLISOCKR )=XPRIX 2

MRITEC3.%3 (XPLISBCKEI,K=1,.HYX ..t RECORD S
3 299 1=40.N%

BITITE <47 Ivad NOIDX, BIT 3, 0CFKELCT »,DCFKET

cad I [HUE

TYFE L1101 (WCDl), 8 1), DCFKELCT ), VELSQ, DCFKET, 1=1,NX)

et
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] = T = [
THEOCOR T s - ,
HE R AR ML
o it
: SRICE
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=1 =sw v T
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: Tl = FOTHOACUIRRTY AR I vl Al T
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< ol i
TURELRR st s THLSEF R L Sat N Tk
” SRR | X cr Y 3THLLE L A I < TR 4
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Y s R
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o bmge
833 SETUS .
4 I T K 0 IR
T s DR I W I B -
LS ForE AT A e e - F ST L e e
) = AN L SO SO IO AU i oo
T T 2o-03 T
LR = S RTINS
) a T VA S I e
3 =y SETE -3 Tl N - - o a e e
F i = - o
L1 S 5 TavTHe U 20 ToiTEe O e U DT S
‘ TH++3
C2 T (B 7eRA20F ¢t aTHE S 41 =3 [ K A L i R RELERERYTIL ¥ SIS I
1 rTH*& b o
ce = LI+l P77S5ApE-4
0 GO Ty in
'ﬁj 5 T1 17 . 260944R1IR-8 7354240215« ]
bi 72 = F TAGINeRIRYRT-0 2 Mo v Raev
N T3 (3 FRF276E-] "R[PP ra=y 2 S510diE-21%BIR* %4 -
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OFEM 1.4 (5'

OFEH 4.4.4
POEE =242.5
FOKE 251,
FOEE &532.
FOKE 252,
PRINT#4: FEH ENRELES E’FHF DIAGHOSTICS
LIM T|-1 .':,"-',': T,='| ==
DIM LF“* Y
STilo=
FERD E
DATA 237
FOR I=1TOS:REEAD CF{IXxHEXT
DETA 133.32.3. cu::Jc.4 SEESSE+O4, £524, 2.1

IHFHT"DHTE" I3, T4y, IS

FOKE 252.4

IHPUT"HUHEEE OF TRAMSDUCERS TO CALIBRATE.@ TO ENHLD"HT
IF HNT=8 THEH 1864

FOKE &58.1

IMPUT"MHEH RERDY TYFE 1":EKK

IF KK<>1 THEH 128

HF=8

INFUT"YALUE OF POIMT AHD UMIT IHDEX":EF.IX

IF Ix=8 THEHW 225

HF=HF+1

REM CLERRE AMD IHITIALIZE STOREE

..'T'!:IZ E:""l"ll. b

CHP O =RP#CF 18D

V=PEEH(SEB§$25£+PEEH£861h 243

HOHPO =Y PRINT ¥:GOTO 218

GOSUE S8008:REM LIMERR REGREESSION

FEIMT#1, "CALIEBRATION OF CHAMHEL™

FRIMT#1

FRIMT#1."FRESSURE" . "DIGITS". "CALCULATED PRESSURE"
ER=8

FOR J=1T0O HF

YOI =Ra+A1#HC T

ER=ER+ABS YT I T v 1001 .

FRIMTHL. YOI PR ST YOI 20 "PRY (HERT

FRIMT#1

IF ER<1.88 THEH 428
410 FREIMT#1,"FOSSIELE ERROR IM CALIBRATION OF CHAMMEL"
420 FPRIMT#1."REGREZSION COEFFICIEHTS “".AS.AL
448 FEINT#1."MEAH ERFOR"ER:FRINTH#1
453 GO To 118
1688 FOKE 259.9
1612 IHPUT"P-ATHM.COMY 1 FOR HG. 2 FOR H2O":PAT.IC
1613 PAT=FAT*CFIC

.p»-n-‘

V0T, g
AT - BOCO
atatat SN -

a ... s
“2"a

i'-"

Gt 00 o K3 Lol 0 o Gl P0 P2t PO TS B0 PO o) bt b bt ot pete ot s L0 005 =] O 0 00 T000 0 GO0 = O 1 IO e

A CR L B D P Pd s 3000 B 00 D e 150 A0 0 B 0 P e a0 0D T 0T ) a5

Do SO ¢ B I o0 O O ot B o I R o IO B o0 B o R w1 B A I 0w B! B on A )

..

-* -.
S
.\.l
-
o
-
-
.
S
e

0 = o oy
l. |}
’."i

0] LA (3L
=
DovIDDOINR | RN
v

4 "'

)

'l

e 1614 IHPUT"FP-DYM IM MM HZO":F1
Fo ¥ 1815 P1=F1%CF(2)

N 1617 IMPUT"AHGLE OF ATTACK":AL
S 1628 IHPUT "TRAYERSE A".IC{2>
@7 ~ 1620 POKE 82,123

et 1631 POKE ©1.123 :REM INI UZR ADD
I 1@32 INPUT "TEST HUMEER".IC13
AR 1933 FOR J=1TO3

2ol 1634 A=USR(ICID)

f.'f:): 18-." HE:"')nT J

P 1640 A=USF(-1)

LI 1690 INPUT"TOTAL TEMF IM DEG-C";Td

B 1092 TO=Ta+272.
1695 RHT=PAT/(RAT@)

oo 1096 U1=SGR(2¥F1/RHT)
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Pk ks i ik ook ok ek et ke b b ok Pk e ek
CIAIDILIPATIPIPIPRIDPIPI IR PRI IS

f'.:l — 1_‘-'_-5 l.f| - — l:;,,:l lﬁp I‘ﬁl [ ] ('_:.:,l |_':f| d r'_:f. l‘jl

1::8
1345
13568
I8 5
13268
15395
1480 !
1430
1446

1442 F=

1443
1445
1455
14608
1465
1458
1482
1474
1475
1426
1484
1435
1486
1327

LFay
1525
152:

1;41

WD Qa Q0o =~ cnene
LU E N ) QO OY
AR IR RN U]

ok ik ks pad frh fd ook Pk i

SGEQ
saia
S826
838
o848
859
=15
o870

FRIMNT#1."DRATE" ;1030 1040 TLS  PRINTHL
FRINT#1,"TESTS COMDITIOHS":FRINT#1
FEIMTH#1."ATHM FREESSURE" FAT. "FAR"

FRIMTH#1."TEMF TOTALE":TG: "K"

FEIMNT#1."TRAVERSE A" :I2 *§”F_"

FRIMTH#1, "TUNHEL SPEEL™ UL M
FREINT#1."FR.DYH":P1"FR"

MU=1.43c2E-BE#TE T .S/ 0TE+1 260 (5 22
FE=RHT#U1#%, 852 MU

FREINT#1."RE HO.":RE:FPRINT#1

FRINT#1."TEST HUMEER"; ICL1) PRIMNTHLIFRINTH#I FRINT#1:FRE
FOI=t

IHFUT"EQUITLIBRATION DELAY"ED

FOKE S43.ET

POEE 524553, 252 'REM WIA DDR PIMS 8.1 IHFUT

FOKE S9471. 1_ REM FUTS 1 TO OUTFUT FIMS 283
POI=POI+1

FDE J= 1TU

POKE 59471, 4:FOR K=1T035:HEXT
FOKE S3471.12:FOR K=1TOS80:HEXT
Y

y
e
i
-
—
3t
[y
I
0
-t
-
-]
s
[y

ST 9450
”‘FEEL'EEE'+__t+FEE}L:t1 -20
F{Jr=A04+R1#Y

LSRN

HEXT
PRIMTH#1,"POIHT s POI, " HEE WS PSS PRIMTH#1

PHOY= POl 2P C2a4P 30 +F (40 2 "4

FOP=CPS-FHMOY - F1

Ih=PC2y-F{4) HH Fola=pidn

ARDD=RES<D0OY :AREE=AEBZCHH» :FF=AEE-ADLI

IF D=3 THEM 1475

GG=ABSCHHATD: FIR=ATHIGG) ‘FI=120%FIR-"2. 14152 GO TO 1428
FI=24

FA=ID#%DI+HH#HH

BI=SRRCER >

BIFR=EI-ABS{F{SH—FHOY

CP=1-(P{S2/F1>

IF Pil122=PC(30ANDPC42=F{2) THEH fil=1

IF PE1)3=FC3)ANDRP (22 =P {43 THEH uu__

IF PC14=PC20AMDPCZ 3 >=F 04> THEH QU=

IF Pl a<=FC32ANDRC42=FC2y THEH QU= 4
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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>