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Summary

This report summarizes an e�ort to compare
geometrical , 
ight, computational 
uid dynamics
(CFD), and various wind-tunnel studies for the
F-16XL-1 airplane and uses data fusion (overlay-
ing) wherever possible to provide additional insight
into the data sets. The resulting highly diverse
types of data sets were obtained over a wide range
of 
ow test conditions and have produced some
novel results.

Geometry

With respect to geometry, the upper surface of
the airplane and the numerical surface description
have a reasonably good comparison. The largest
di�erence measured over the wing was 0.24 in.

Flight, CFD, and Wind-Tunnel Surface

Pressures

For 
ight and CFD pressures, overall compar-
isons have been expedited by use of computational
graphical tools. At subsonic speeds, reasonably
good agreement was noted at angles of attack up to
10.4�. For angles of attack above 10.4� , the agree-
ments were much poorer because the suction peaks
were underpredicted. At transonic speeds, gener-
ally good pressure agreement was noted, especially
near the inboard leading edge at angle of attack
(�) of 4.4� and free-stream Mach number (M1)
of 0.97. The e�ect of small trailing-edge control-
surface de
ections (� 2�) in 
ight, not modeled in
CFD, led to poorer agreement for the aft pressures
and a shock not predicted. By contrast, an ex-
perimental 
uid dynamics comparison of the pres-
sure contours from the wind tunnel at � = 4� and
M1 = 0:95 with the aforementioned
ight data did
show a wind-tunnel shock location near the hinge
line for the aileron, which generally is in qualitative
agreementwith that determined from the transonic

ight results.

Boundary Layer

Anticipated relaminarization of the boundary
layer under the in
uence of high suction peaks near
the leading edge was not supported by the tur-
bulent signal output from 
ight hot-�lm gauges.
Thus, the 
ight leading-edge attachment line was
turbulent; this puts this data set in agreement with
other 
ight data. The grid used in the CFL3D code
produced Reynolds number like term for 
at-plate

turbulent boundary layer (y+) values much larger

than 2 at 
ight conditions; in fact, they were �82.
The \wall function" option in the code proved su�-
cient at subsonic speeds to represent the boundary
layers underneath attached 
ow and the primary
vortex but insu�cient underneath the secondary
vortex system at nominal angle of attack of 13� .
Moreover, the 
ight data indicate the presence of
an interaction of the secondary vortex system and
boundary layer, and the boundary-layer measure-
ments show that the secondary vortex was located
more outboard than predicted. Qualitative agree-
ment exists between predicted and measured skin
friction spanwise distributions because both CFD
and 
ight results show at least two regions of high
local skin friction coe�cient (cf), indicative of pri-
mary and secondary vortex presence, and they oc-
cur at spanwise positions near one another. How-
ever, the absolute levels of cf and the indicated
spanwise extent of the vortices di�er.

Data Fusion

Data fusion (overlaying) has been applied to a
variety of 
ow-visualization techniques for 
ight,
wind-tunnel, and CFD investigations with insight-
ful results. Among these are (1) combined surface
tufts images from three 
ight cameras compared
with CFD surface streamlines and vortex-core rep-
resentation atM1 = 0 :53 and� = 10.4� show gen-
erally good comparison; (2) the 
ight results of oil

ow with tufts and liquid crystals with tufts com-
pared well; and (3) the wind-tunnel comparison
of vortex-core and reattachment-point locations|
as determined from vapor screen and
compared with surface oil-
ow traces|though
showing promise, point to the need for further re-
�nement.

Introduction

The increasing capability of CFD to simulate
real airplane geometries and 
ow conditions is
found in the literature for both �ghter and trans-
port airplanes, for example, the F-18 HARV(ref. 3)
and the MD-11 (ref. 4). In the continuance of that
trend, this report details the results of a compara-
tive study of CFD, 
ight, and wind-tunnel data for
the F-16XL-1 airplane (�g. 1) over a wide range of
test conditions from subsonic to transonic speeds.
Though this airplane is not new, its cranked-arrow
planform is relevant to any high-speed (supersonic)
�ghter or transport, for example, the High-Speed



Civil Transport. When the F-16XL-1 airplane
was new, the kinds of testing done were related
to its operational characteristics (refs. 5 and 6)
and not focused on an understanding of its ba-
sic 
ow physics, the subject of the current inves-
tigation. This understanding was the subject of
the Cranked-Arrow Wing Aerodynamics Project
(CAWAP) and the results reported herein. Since
CFD predictions are being sought for purposes of
comparison with measured data for this airplane,
knowledge of the airplane geometry is �rst neces-
sary. Hence, a geometrical comparison was under-
taken for the complete airplane, including wingtip-
mounted missiles and tail . Other comparisons are
made between 
ight, wind-tunnel, and CFD data.

The scope of the planned comparisons was ex-
tensive, as shown in table 1; however, not all the
needed data were collected during the testing pro-
cess or proved reliable with the latter essentially
eliminating the load-factor and Rn 
ight studies.
Along with other constraints, this has led to the
availabil ity of only a subset of comparisons as de-
tailed in table 2. The reasons for the dearth of
data collection range from pressure sensitive paint
(PSP) not yet calibrated for use in 
ight, along
with other imaging andprocessing issues; hardware
for the 
ight vapor screen not available during the
testing time; and resource constraints forced the
elimination of the propylene-glycol-methyl-ether
(PGME) trace 
ight experiment. In addition to
these, at least two other planned tasks were also
not fully accomplished. For example, (1) the mod-
i�ed Preston tubes used to determine local skin
friction were to be located at the same fuselage
station as the boundary-layer rakes, but a more
aft position for the tubes was necessitated because
of easier installation on the airplane and avoiding
the 
ow o� a step in the leading-edge region and
(2) an attempt to correct the transition point lo-
cation used in CFD from the leading edge to some
point aft proved unnecessary at 
ight conditions
because the leading edge was already turbulent ac-
cording to hot-�lm measurements.

Notwithstanding these issues, a number of com-
parisons were made; these include on and o� sur-
face 
ow characteristics, that is, surface pressures,
upper surface 
ow, boundary-layer velocity pro-
�les, and local skin friction distribution, as well as
force and moment where possible. These compar-
isons are followed by analyses of data sets within a

given type, for example, wind tunnel only. (Ref. 7
details what was learned about the boundary-layer

ow over the F-16XL-2 airplane|the one used in
the supersonic laminar 
ow control (SLFC) 
ight
experiments.)

In addition to the basic comparison e�ort, a
brief introduction on the use of associated visual-
ization software tools is given in appendix A, and
a description of the data processes and mangement
system used for this project is given in appen-
dix B. Appendixes C and D contain a description
of the airplane instrumentation used and the asso-
ciated wind-tunnel test and vapor-screen systems,
respectively.

Basic Data Types and Test Conditions

Four basic data types are associated with this
comparison e�ort. Each type is important in its
own right and when utilized together form the
basis for this comprehensive undertaking. The
data types are geometry, 
ight, wind tunnel, and
CFD.

Geometry

Airplane description. The F-16XL-1 is a
single-place �ghter-type prototype airplane de-
veloped by the General Dynamics Corporation,
Ft. Worth Division (now the Lockheed Martin-
Tactical Aircraft Systems) by stretching the fuse-
lage of a full-scale development F-16A and adding
a cranked-arrow wing, a modi�ed fuel system, and
a modi�ed 
ight control system. This airplane had
scheduled leading-edge 
aps, elevons, and ailerons
on the wing for control. The technical speci�ca-
tions for the airplane are given in table 3. Details
on the construction of the airplane and its intended
missions are given in references 5, 6, and 8.

The design of the cranked-arrow wing was a
cooperative e�ort of the Langley Research Cen-
ter and the General Dynamics Corporation. The
new wing was designed to provide the F-16airplane
with improved supersonic performance while main-
taining transonic performance comparable with
that provided by the current F-16 design. As
shown in �gure 2, the resultant design had a
leading-edge sweep angle of 70� inboard and 50�

outboard of the crank. At the juncture of the wing
leading edge with the fuselage, an \S-blend curve"
was placed in the leading edge to alleviate a pitch

2



instability that occurred at high angles of attack
in wind-tunnel tests. Because the wing sweep and
general arrangement of the cranked-arrow wing of
the F-16XL-11 resembled the planform of a pro-
posed high-speed commercial transport concept
(�g. 3), this was reasoned to be a su�cient ba-
sis for using the airplane as a platform on which
to conduct high-lift research for the NASA High
Speed Research Program. All 
ight tests re-
ported herein were with the air dams|upper sur-
face fences mounted near the wing leading-edge
crank|and wingtip missiles installed, as shown in
�gures 1(c) and 2.

Details and comparisons.Much e�ort was ex-
pended to have a consistent airplane, wind-tunnel
model, and computational geometry so that com-
parisons between the various data sets of measured
and computational results would be meaningful.
To facil itate this consistency assessment, the mea-
sured geometries were compared with the numeri-
cal surface as generated from the geometry reports
(refs. 9 and 10), �les of lofting details, and digitiza-
tion of a mold made from a portion of the airplane
inlet region. This assessment was only fully done
for the 
ight vehicle.

A partial geometrical assessment of the 0.04-
scaled model determined that the wing panels had
a slight asymmetry about the centerline. This
model hadno force/moment balance; therefore, the
data collected for use herein are the oil 
ow, vapor
screen, and surface pressures. Because the oil-

ow and vapor-screen results are compared on the
same wing with no other data, they are consistent.
Moreover, PSP results obtained on both wings
(ref. 11) show only a slight e�ect of the geometrical
asymmetry on the results.

On the airplane, the upper surface of the ge-
ometry has been quanti�ed to within 0.002 in.
by using photogrammetry and 1089 targets. (See
�g. 4.) The photogrammetry was done with the
airplane defueled (only unpumpable fuel remain-
ing), leveled on jacks, and the control surfaces set
to zero. Figure 5 shows both the measured ge-

1 The airplane was on loan to NASA from the U.S. Air Force

F-16 Special Projects O�ce at Wright-Patterson Air Forc e Base,
Ohio. The loan agreement permitted NASA to conduct re -

search 
ights at bothDryden Flight Research Center andLangley

Research Center.

ometry and the numerical surface for the over-
all con�guration (�g. 5(a)) and detailed cross sec-
tions (�gs. 5(b) to (e)). The overall agreement is
seen to be reasonable, with the maximum di�er-
ence over the wing being 0.24 in. However, over
the airplane forebody length of �92 in., �gure 5(e)
shows the maximum upper surface di�erences to
be larger, reaching a vertical value of 1.65 in. or a
normal-to-surface value of 0.91 in. near the nose|
the measured surface was below the numerical one.
This di�erence leads to a nose droop angle of only
1� . An implied assumption here is that the fore-
body lower surface follows the upper surface in
the de
ection, which is reasonable, and since no
lower surface photogrammetry measurements were
made, it is a logical choice. This value of nose
droop angle should have minimal impact on the
pressure results but could slightly impact lift at
� = 0� and pitching moment at zero lift. The rel-
atively large di�erence at the nose, in comparison
with those on the wing, is not fully explainable
but is in the direction of structural de
ection as-
sociated with cantilevered weights mounted ahead
of the windshield. The weight is in two forms|
ballast (674 lb) and racks of instruments.

Flight

Data collected. Seven di�erent kinds of 
ight
data were collected; four are shown schematically
in �gure 6. Three were pressure based|surface
static pressures, boundary-layer rakes, and mod-
i�ed Preston tubes (ref. 12); three were video
recorded|surface tufts, surface oil, and surface
liquid crystals; and one was hot-�lm data. The
pressure and surface-
ow data are used for the
purpose of establishing the e�ects of variation in
Mach number on the local 
ow. These data serve
as the basis for comparison with other data sets.
The hot-�lm data are used to establish whether
boundary-layer transition occurs and under what
test conditions.

Procedures and accuracy of data collection.
The subsonic 
ight data were obtained at stabi-
l ized 
ight conditions at 5000, 10000, 17500, and
24000 ft at �nom = 5� , 10� , 13� , 15�, and 20� at
� = 0� for 30 sec. Each stabilized point was fol-
lowed by a slow � sweep and held at � 5� for at
least 5 sec. Subsonic datawere also obtained in sta-
bil ized level turns at altitudes of 5000, 10000, and

3



17 500 ft atM1 = 0:51 and � = 10� , atM1 = 0:42
and � = 13� , and at M1 = 0:38 and � = 15�.
By varying the altitude, transonic and supersonic
data were obtained at M1 = 0.9 to 1.5 and con-
stant Rn = 3:6� 106/ft at stabilized 1g conditions
and in slow wind-up turns (WUTs). AtM1 = 1:3,
the data were obtained in stabilized 1g 
ight con-
ditions and slow WUTs at Rn from 2:0� 106/ft to
5:0 � 106/ft.

ForM1 , the accuracy of key 
ight parameters
is �0:003 at subsonic speeds and �0:005 at su-
personic speeds; for �, �0:3� ; for �, �0:5�; and
for surface static pressure, �0:024 psi for the 5-psi
module and �0:048 psi for the 10-psi module.

Pressures. The right-wing surface pressures|
mostly upper surface|were measured by using
326 static ports, both 
ush and in streamwise
belts, through eleven 32-port electronically scan-
ning pressure (ESP) transducers, also called mod-
ules. (For the leading-edge ports, 10-psi modules
were used and elsewhere 5-psi modules were used.)
Table 4 shows that 360 ports were planned but
only 337 were plumbed because of aircraft struc-
tural constraints or other valid reasons; of these
ports, only 280 on the upper surface and 46 on the
lower surface proved reliable. The ports were ar-
ranged so that a su�cient number would be at a
given BL orFS for cross plotting, aswell as for cov-
ering other regions of special interest, that is, the
apex and ahead of and behind the hinge lines of
the trail ing-edge control surfaces. Figure 7 shows
a schematic layout of the requested arrangement
based on the port pattern of wind-tunnel model
and the actual or as-
own arrangement on the air-
plane. Table 4 contains the requested, actual, and
nominal port locations. Nominal FS andBL values
for the ports were needed in order to facilitate com-
parisons between the di�erent data sets; moreover,
adjusting the 
ight BL values was needed in order
to make chordwise plots of Cp. This need is due to
the BL locations of the streamwise ports di�ering
even on the same streamwise belt of pressure tubes
because the belt was composed of a group of tubes
located nominally at the requested location.

Figure 8 details the complete planned pres-
sure instrumentation system layout on the air-
plane, including the distribution of the static ports
by type, belt or 
ush, and boundary-layer rakes
or modi�ed Preston tubes. These static ports

are connected to internally mounted ESP mod-
ules through 0.0625-in-O.D. tubes (0.028-in. I.D.).
Each pressure tube in the belt was used to mea-
sure two separate values of pressure. This mea-
surement was accomplished by sealing each tube
about halfway along its length; thereby provision
was made for one forward and one aft port. The
numbers associated with the belt static ports in
�gure 8 were the values of the actual ports for that
belt. Figure 9 shows a photograph of the pressure
instrumentation suite 
own on the right wing.

Boundary-layer measurements were made by
using two rakes at a time at four di�erent posi-
tions on the left wing with the most inboard one
always used as a control. Each rake used 16 ac-
tive tubes, 15 total pressure and 1 static pres-
sure, of the 23 available. These two rakes were
connected to one 32-port ESP module located in-
side the left wing. Figure 10 shows a sketch of
the rake (overall height 2 in.) and denotes the ac-
tive tubes. When mounted on the airplane, each
rake was oriented into the local 
ow at an aver-
age angle over its height based on initial CFD pre-
dictions from the CFL3D code (refs. 13 and 14).
The 
ow conditions were for the complete airplane
(half-airplane modeledwith symmetry assumed) at
� = 13� , M1 = 0:29, and Rn = 46:1�106, that is,

ight condition (FC) 7 (table 5). Figure 11 shows
the four locations chosen|one well inboard of the
shed vortex systems, one underneath the primary
vortex, and two associated with the secondary vor-
tex, both underneath and at its separation point;
all are at a nominal position of FS 295 along the
predicted orientation which takes into account the

ow at and slightly o� the surface. The average
of these local 
ow directions was used to estab-
lish the rake orientation angles. These angles were
measured from the centerline with the rake point-
ing forward and inboard and have values of 7.5� ,
45� , 27.5�, and 23.5�, for rakes 3, 4, 7, and 5,
respectively.

The 16 modi�ed Preston tubes (�g. 6)|the
modi�cation to each Preston tube is the inte-
gration of a static-pressure port with the total-
pressure tube|are used for the determination of
local skin friction across the left wing near FS 330.
(See ref. 15 for a discussion of the basic Preston
tube.) These 32 pressures use the same ESP as
the rakes but not on the same 
ight. The tubes
were aligned with the local 
ow by using the same
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initial CFL3D solution at FC 7. The equation
used to generate the experimental 
uid dynamics
(EFD) cf values comes from reference 12 and re-
lates, through a process of calibration, the pressure
change between the total- and static-pressure tubes
to the local skin friction.

Visual. Video data were recorded with up to
six external cameras: two mounted atop the verti-
cal tail, one on either side of the fuselage behind
the canopy, and one in the nose of each dummy
missile. An internally mounted heads-up display
(HUD) camera was also used on occasion. Fig-
ure 12 shows the camera locations on the airplane.
The time was added to each image by a time-code
inserter (appendix C) so that the images could
be compared to form a composite and the 
ight
test conditions could be established. (See table 6
for the video-image times for the nominal 
ight
conditions.) Images of interest were digitized in
a 512- by 480-pixel format for further processing
to develop quanti�able video data. In addition
to the images, the other input quantities needed
for the processes, given in appendix A, are the
video targets (shown schematically in �g. 7) and
the position and calibration characteristics of each
camera/lens combination.

Hot �lm. Table 5 shows the minimum value
of R� to be �122. Reference 16 indicates that a
laminar 
ow reattachment line is not expected for
this 3-D wing unless R� is less than 100. Even
though the calculated values of R� for this test ex-
ceed those expected for laminar 
ow, 
ow relami-
narization was anticipated to occur because of the
high suction peaks in the vicinity of the leading
edge. Figure 13 shows the hot-�lm belt installed
on the airplane. Although there were 24 gauges in
a belt, only 12 were active on any one 
ight.

The anticipated relaminarization of the bound-
ary layer along the leading edge for the F-16XL-1
was not evident in the traces made from these
hot-�lm gauges; therefore, only turbulent 
ow was
present over the airplane.

The F-16XL-2 airplane wasused for SLFC
ight
experiments and employed hot-�lm sensors, as de-
scribed in reference 7. The di�erence in application
of the sensors was in the placement. For CAWAP,
the sensors were around the leading edge in a belt,

whereas for the SLFC, they were at various chord
locations.

Wind Tunnel

Table 7 provides a summary of the data previ-
ously collected as well as that taken speci�cally for
this research project. Note the variety of model
scales, Mach number, and Reynolds number over
which tests were conducted. As can be seen from
the table, not all models had the air dams installed;
this prevented those data sets from being uti-
l ized in the ensuing comparisons. In general, the
vast majority of the comparisons presented are for
data sets from complete con�gurations; however,
some Langley Basic Aerodynamic Research Tun-
nel (BART) results for a con�guration subset|
air dams o�|are shown in the section \EFD Ba-
sic Data and Comparisons."All wind-tunnel data
are for the con�guration with the control surfaces
unde
ected.

0.11-scaled model tests. The tests for the
0.11-scaled model tests were conducted in the
Ames 11-Foot Tunnel on the model described in
reference 17 and with the tabular results reported
in reference 18. This model was speci�cally built
to estimate the airloads for the airplane from
M1 = 0:60 to 2:0 using 109 ports on the left wing
upper surface and 81 on the right wing lower sur-
face. The ports are located in streamwise rows and
the positions are given in table 8 at airplane scale
for both actual and nominal values. None of these
streamwise rows nominally match those chosen for
the airplane. Because of data release restrictions
of these wind-tunnel Cp results, no direct compar-
isons are made with 
ight or CFD; however, un-
scaled transonic Cp;u contours are presented later.

0.18-scaled model test. The test for the 0.18-
scaled model was conducted in the Langley 30-
by 60-Foot Tunnel; the pressure results have
not been formally published elsewhere, but the
force/moment results have been published in refer-
ence 19. The basic model has 30 right-wing, 
ush
upper surface ports located to yield pressures for
both streamwise and spanwise rows. These ports
are given in table 9 at airplane scale for both actual
and nominal values. These locations do not dupli-
cate those on the 0.11-scaled model. The ports
on the 0.18-scaled model are nominally duplicated
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on the airplane. Only two runs|one force/moment
and one pressure|are util ized from this test, and
both are at � = 0� .

0.04-scaled model test. The test for the 0.04-
scaled model was conducted in the BART at
� = 0� . This model has 82 ports, 57 on the right-
wing upper surface and 25 on the left-wing lower
surface; the actual and nominal values are tabu-
lated in table 10 at airplane scale. These 82 ports
were speci�ed to encompass the 30 ports of the
0.18-scaled model used in the 30- by 60-Foot Tun-
nel test. Moreover, the ports on the 0.04-scaled
model are nominally duplicated on the airplane.
Selected results from the BART test appear in ref-
erence 20, where they have been compared with
Euler code predictions.

CFD

CFL3D 
ow solver code and grid. The 
ow
solver code CFL3D was run in the Navier-Stokes
mode with a turbulent boundary layer employing
the Baldwin-Lomax with the Degani-Schi� turbu-
lence model (in the j-k directions) on a multiblock,
patched grid over a variety of wind-tunnel and

ight test conditions. Two separate gridswere used
to model half the airplane con�guration (with un-
de
ected control surfaces) and external 
ow �eld.
The initial grid had 36 blocks and was used with
version 3 of the 
ow solver to produce the initial
results upon which the locations and orientations
of the surface instrumentation were set. The cur-
rent grid had 30 blocks and was used with ver-
sion 5 of the 
ow solver to obtain the comparative
solutions reported herein. The current grid was
needed for two reasons: (1) to have the grid more
closely conform to the actual fuselage and wing ge-
ometries and (2) to improve the grid layout on the
wing and fuselage surfaces. Figures 14 and 15 pro-
vide the two grids on the wing-fuselage surface and
outer boundary, excluding the missile and missile
rail grids, which were e�ectively unchanged. For
the current grid, the inner region of the airplane
was modeled by 16 blocks, the outer region by 14
blocks, and all 30 blocks are shown schematically
in �gure 16. The boundary conditions were sym-
metry, solid wall for the outer mold lines, 
ow into
the duct inlet with the exhaust face faired over, and
Riemann-type conditions at the far-�eld bound-
aries. A total of 1 372096 cells (1 707117 node
points) were used to obtain solutions at speci�ed

test conditions (i.e., �, M , grid Rn, T ). To max-
imize computer resource allotments, the minimum
number of cells was used. The resulting grid spac-
ing normal to the numerical surface led to a value
of y+ of 2 at wind tunnel Rn, whereas at 
ight
Rn the average value of y+ was 82. In an e�ort
to compensate for the insu�cient grid spacing at

ight conditions, the \wall function" option was
used to augment the turbulence model in CFL3D.
The wall function is de�ned as that boundary-layer
growth rate expected from a turbulent mean 
ow
near the wall (ref. 21).

Thirteen separate CFD solutions were obtained
with the current grid and version 5 of CFL3D, and
they are referenced in the Program for Information
Storage andManagement (PrISM) data base which
is described in appendix B. In PrISM, these solu-
tions are numbered from CFD:CFL3D(001)Run:1
through CFD:CFL3D(001)Run:13, with CFD:
CFL3D(001)Run:4 and CFD:CFL3D(001)Run:12
not being converged, as shown in table 11. The
latter group of twelve had improvements made in
the grid and/or boundary-layer modeling, and se-
lected ones from this set are used in the compar-
isons presented herein.

Computer requirements and sample con-

vergence histories. All computations were per-
formed on an NAS Cray C90, located at the Ames
Research Center. On this machine, the algorithm
uses 65 megawords of storage and requires approx-
imately 13 �sec/cell/cycle. Converged results were
nominally obtained in 5850 cycles requiring about
24 hr of computer time for the grid. (The min-
imum and maximum values of cycles/computing
time were 5350/20 hr and 16850/79 hr, respec-
tively.) The number of cycles was su�cient to re-
duce the residuals by 2 to 3 orders of magnitude
and to reduce the oscillations in CL and CD to a
negligible level. The computations were performed
with multigrid and mesh sequencing. Two exam-
ples are shown in �gure 17, one at high Rn and one
at low Rn . The high Rn solution for FC 49 shows
good convergence properties, whereas the low Rn
solution for the BART test shows some small os-
cillations both in terms of L2 (residual) and CL
through 10400 cycles.

Using the solution �le. The solution �le
was readily usable in a standard postprocessing
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package, as described in appendix B for surface
pressure plotting; however, the processing needed
to determine the velocity magnitudes for compari-
son with the boundary-layer rake data was not as
straightforward. There were two reasons: (1) the
initial and current grids di�ered over the surface
so that the locations of the rakes did not occur at
current grid points and (2) the velocities needed to
be established along a normal to the surface at the
speci�ed points in order to be comparable with the
rake data. Since most o� the surface grid lines were
not normal to the surface over the length needed, it
was necessary to have software written to perform
the data interpolation|the one chosen was IBM
Data Explorer software (ref. 22)|and to establish
these velocities along surface normals at the rake
locations.

The cf distribution, calculated in CFL3D on
the wing upper surface near FS 330, has been
extracted from the results �les for the appropriate
inboard, upper wing surface blocks and is placed
into a single �le for later comparison with the EFD
results.

CFD Comparisons

This section contains CFD comparisons with
measured surface pressures, boundary-layer pro-
�les, local skin friction, and on and o� surface 
ow
features.

Surface Pressures

Comparisons of surface pressures were expe-
dited by using the World Wide Web (WWW) for
accessing the data �les on the Langley mass storage
system, as explained in appendix B. Flight pressure
data are primarily available for 
ights 143 to 154
which had good image data and are denoted in ta-
ble 5 by a �lled cell. However, it turned out that
not all the runs with good images in these 
ights
had pressure data. To distinguish between the two,
the table shows the ones with pressure data col-
ored yellow and the ones missing the data colored
red. Regardless of the image quality for the runs
in 
ight 145, its pressure calibrations were not re-
solvable and hence the data not recoverable. (Note
that the nominal values of test parameters are used
only for identifying similar data sets for compari-
son, but in the �gure caption the actual values of

test parameters are given.)

Because of changes in Rn , di�erences between
the 
ight and wind-tunnel pressure data sets are
expected to range from slight to large for most
test parameters. Additional slight changes are
due to small di�erences in � and M1 at a nom-
inal test point. Larger di�erences are associ-
ated with geometrical di�erences of control-surface
(leading-edge 
ap, elevon, and aileron) de
ec-
tions and aeroelastic deformations on the outboard
wing panels during 
ight. In addition, there may
be some 
ight pressure-�eld distortion caused by
the 
ow over the pressure belts. (The preferred
method of measuring surface pressures is with 
ush
ori�ces, as done in the wind-tunnel tests and in
the airplane leading-edge region; however, with
the wing containing fuel|precluding the penetra-
tion of the skin for such ori�ces|pressure belts
were used to provide the bulk of the 
ight surface-
pressure measurements.) All 
ight results pre-
sented herein are at 1g conditions. For reference
purposes, the white line on the airplane or model
indicates the location of the row of Cp ports.

Subsonic. Eight separate CFD subsonic solu-
tions were obtained (control surfaces unde
ected)
of which seven simulated 
ight test conditions and
one simulated a BART test condition. The 
ight
solutions correspond to FC 1, 7, 19, 25, 34, 46, and
49 from table 5. Unfortunately, the surface pres-
sure data for FC 7 and 19 are not available; hence
only data for the other �ve FCs are o�ered in �g-
ures 18, 19, 20, and 21 at �nom = 5�, 10� , 13�, and
20� , respectively. The fact that 
ight pressures are
missing for FC 7 is especially noteworthy because
they were for one of the chief 
ight conditions at
�nom = 13� andMnom = 0:29.

Three general observations can be made from
the cited group of �gures: the lower surface Cp
data are well predicted; the upper surface Cp data
are generally well predicted inboard of the crank;
and all 
ight Cp data show an unusual and un-
characteristic variation near 2y=b = 0:6 forFS 185.
The ports for the latter comment are located in and
towards the aft-end portion of the S-blend curve
part of the airplane, a region of the airplane where
the 
ow is very sensitive. Even with this unusual
behavior of Cp , these results are retained because
they do bracket the predicted data at these sub-
sonic values ofM1. Figures 18 and19, at the lower
values of � of 5.5� and 10.4�, show the main Cp
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features, including suction peaks, to be generally
well predicted, both chordwise and spanwise, but
not in all details. Whereas, at both higher values
of � of 13.0� and 20.0�, �gures 20 and 21 show the
suction peaks to be underpredicted; the spanwise
distributions are slightly better predicted than the
chordwise but neither one really well.

Figures 18(o) and 19(o) present overall compar-
isons ofCFD and
ightCp data forFC 1 (� = 5:5�)
and FC 46 (� = 10.4�), respectively. These �g-
ures were developed by using FAST (ref. 23) with
the CFD solution data serving as the background
color mirrored about the centerline and with the

ight Cp data superimposed. (These data are in
PLOT3D (ref. 24) format.) The 
ight port loca-
tions are denoted as black dots and the associated
Cp values by the color of the surrounding bub-
ble outline. Both �gures show the general overall
agreement to be good in that the colors of the bub-
ble outlines are indistinguishable from the CFD
surface, with its associated Cp color bar, over a
large part of the wing. More di�erences appear to
occur between the data sets in �gure 18(o) than
in �gure 19(o), because �gure 19(o) has a more
restricted Cp range. Where di�erences are noted
in �gure 18(o), the 
ight values are seen to be
more positive than the CFD values with the excep-
tion of six ports in the apex region. Figure 19(o)
shows some similar patterns; where di�erences do
occur, the measured values are generally more pos-
itive. However, they are primarily restricted to
the forward part of the wing. The exceptions oc-
cur in the apex region where the insert illustrates
the measured suction pressures for �ve ports to be
more negative than predicted, that is, a region of
strong vortex in
uence. Figures 18 and 19 show
the need for both the detail and overall Cp com-
parison graphs.

Figure 21 also contains the BART Cp data and
CFD predictions. A comparison shows the agree-
ment of the BART data with predictions to be
no better than that noted for 
ight. However,
there are oscillations in the predicted BART Cp
observed over the aft part of the wing, which may
be associated with the oscillations noted in the
solution (�g. 17(b)); there is nothing in the 
ow
physics to suggest such an oscil latory Cp behav-
ior. This behavior could be indicative of the solu-
tion not being fully converged at M1 = 0:10 be-
cause solution convergence is known to be di�cult

to obtain at very low values of M1. In addition,
�gures 21(a) to (n) allow for two other comparisons
between the two experimental data sets and the
two CFD solutions. The experimental data com-
parison in this low subsonic range (M1 � 0:24)
shows that the two sets roughly agree; this indi-
cates a small Rn dependence but with the BART
Cp values generally having slightly more suction.
This result is consistent with 
ow at lower values
of Rn leading to earlier separation and reaching
higher suction peaks on wings with thin or sharp
leading edges. Because the CFD solutions were for
the test conditions, at least two of the test param-
eters are di�erent between these sets: Rn di�ers
by a factor of 30 and M di�ers only slightly. The
result of the CFD comparison is that higher Cp suc-
tion peaks are predicted for 
ight than at BART
test conditions and these occur at or slightly out-
board of the BART locations. This prediction is
not consistent with experimental experience, and
this reversal in the Rn trend is likely attributed to
the grid and turbulence model used. These mod-
eling features worked well up to � = 10.4� but, as
already noted, do not yield the measured suction
peaks at � = 13�.

Figure 21(o) presents Cp;u for the BART test as
determined from PSP (ref. 11) and corresponding
CFD. Even though there is some misalignment
distortion for the two halves of the �gure, an
assessment of Cp;u shows that slightly more suction
is generated over the upper surface in the wind-
tunnel test than predicted. Regardless of these
di�erences, it is encouraging to note that some of
the key vortex-system features, such as location
of vortex origin and footprint, are captured by
both data types. (Note that even though the CFD
solution does not show the missile or its rail, they
were a part of the computation.)

Transonic. Four separate CFD transonic solu-
tions were attempted (control surfaces unde
ected)
at the test parameters for FC 68, 69, 70, and 79
from table 5; however, only the one for FC 70
was run to convergence due to resource limitations.
Hence, there is only one transonic Cp comparison
presented for CFD and 
ight and it is contained in
�gure 22.

Figure 22(r) shows the distribution of CFD and

ight Cp data atM1 = 0:97 and � = 4.4� (FC 70;

ight 152, run 5b); as before, the CFD solution
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data serve as the background color mirrored about
the centerline. The 
ight port locations are de-
noted as black dots and the associated Cp values
by the color of the surrounding bubble outline. A
comparison of the data in �gure 22(r), including
the insert, indicates very good overall agreement
by using this global Cp scale because the colors of
the bubble outlines are virtually indistinguishable
from the CFD over the wing. Figures 22(a) to (q)
show the detail agreement at both �xed BL and
FS. As before, the detail comparisons are needed
because the global Cp scale at FC 70 is too large
for the entire upper surface of the airplane to cap-
ture the details that exist over just the wing alone.
Nevertheless, remarkable detail agreement occurs
all along the leading edge and along the chords
at BL of 40 and 55. Regarding the interest in
whether a shock crosses the hinge line of an aft
control surface could be detected in 
ight and pre-
dicted at BL = 153.5, a shock is noted to occur
near x=c = 0:75 in the 
ight data. (See �g. 22(h).)
This location is aft of the aileron hinge line, and
this feature is not captured by the CFD of the con-
�guration with unde
ected control surfaces.

The fact that the Cp agreement is better in-
board and along the leading edge needs to be ex-
amined in light of the CFD assumptions that the

ight control surfaces were unde
ected and the
wing was rigid. A post
ight examination of the
angles of control surfaces for 
ight 152, run 5b
determined them to be for left elevon, 0.6� ; left
aileron, 1.8� ; right elevon, 2.0� ; right aileron, 1.8�;
right leading-edge 
ap, �9.0� ; and left leading-
edge 
ap, not available but assumed equal to that
on the right side; positive control-surface de
ection
is de�ned for any surface for which the 
ap edge is
down. Though these numbers for the trailing-edge
control-surface de
ections are � 2�, they can have
a powerful local e�ect on Cp and, consequently, on
wing shock location. Note the large disagreement
at the aftmost FS 450, 462.5, and 492.5 (�gs. 22(o)
to (q)); this indicates a shock hitting the surface
near 2y=b = 0:4 and outboard of 2y=b = 0:5 for
FS 492.5. Regarding wing rigidity, during the en-
tire 
ight test the outer wing was not as rigid as
the inboard wing, an expected occurrence; how-
ever, the e�ects at FC 70 should be minimal since
it is for 1g 
ight.

Contours. Figure 23 shows Cp upper surface
contours at M1 = 0:97 and � = 4.4� (FC 70,


ight 152, run 5b) for both 
ight and CFD. (CFD
contours are generated using FAST (ref. 23) and

ight contours from Tecplot (ref. 25).) There are
many similarities between these contours; overall ,
the CFD pressures are more negative, especially
near the leading edge and over the aft part of the
wing. Along the inboard edges, aft about one third
of the distance from the S-blend curve, both the

ight and CFD data of �gure 23 show a shock
followed by an expansion, whereas outboard only
the 
ight data show a shock aft centered near the
aileron hinge line. This elevon shock in 
ight has
been previously noted (�g. 22(h)), and because it
does not show up in the CFD solution it is most
likely attributable to di�erences in the control-
surface de
ections. The CFD modeling is with
the control surfaces unde
ected, whereas the 
ight
experiment has small, but measurable, trail ing-
edge de
ections.

Boundary-Layer Pro�les at FC 7

Figures 24(a), (b), (c), and (d) show the com-
parison of measured and predicted boundary-layer
pro�les for rake locations 3, 4, 7, and 5, respec-
tively, at FC 7. (See tables 5 and 12.) These lo-
cations were chosen because they had 
ows which
should be markedly di�erent at �nom = 13� and
subsonic speeds. At these respective positions,
the 
ows range from (a) being nearly streamwise,
(b) underneath the primary vortex, (c) at the sec-
ondary separation line, and (d) underneath the sec-
ondary vortex. Figure 24(a) also presents an esti-
mate of the pro�le repeatability for rake 3 because
this position was used as a control, 
own with each
of the others, andhad the most benign 
ow. As can
be seen, the experimental velocity ratios only have
a small deviation from one another, and the pro�le
is well estimated for y > 0:25. For y � 0:25, the
measured pro�le develops more quickly near the
surface than predicted, even with the \wall func-
tion" option being used in CFL3D.

Underneath the primary vortex (rake 4 loca-
tion), �gure 24(b) shows qualitative agreement be-
tween the measured and predicted results but not
quantitative. In particular, for y � 0:25 the pre-
dictions are less than measured, and for y > 0:25
the reverse is true. Moreover, both results indicate
a jet-type 
ow to commence at y > 0:3. Both

ows also show regions of quasi-linear variation
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of velocity with y , indicative of being outside the
boundary layer and just into the in
uence of the
primary vortex.

In the vicinity of the secondary vortex there is
general disagreement between the measured and
predicted values, as shown in �gures 24(c) and (d).
The predicted values are signi�cantly di�erent,
whereas the measured ones look to be similar;
moreover, the measured values do not look like
what is seen at rake 3 or 4 in �gures 24(a) or (b),
respectively. Regarding the EFD/CFD disagree-
ment for rake 7, the predictions indicate that at
the originally estimated location of the secondary
separation line, the pro�le develops the edge veloc-
ity value only a small distance o� the surface and
thereafter retains that level. This constancy is in
contrast to the measured values which only reach
edge velocity near the rake extreme. The measured
velocity is not asymptotic at the rake extreme; this
leads to the conclusion that the maximum velocity
has not been achieved at this location. The mea-
sured pro�le for rake 5, underneath the originally
estimated location of the secondary vortex, also
only achieves edge velocity near the rake extreme;
however, the predicted values are markedly di�er-
ent with jet-type 
ow velocities occurring near the
surface over most of the rake height. Comparing
only the EFD pro�les for rakes 7 and 5 in �g-
ure 25(a) shows the velocity distributions are very
similar. Although the plan was to use the results
of an initial CFD solution to measure two di�er-
ent boundary-layerpro�les associated with two dif-
ferent features of the secondary vortex over this
part of the wing, it is apparent that only one was
captured. The quasi-linear growth of velocity for
y > 0:5 for these pro�les is associated with vor-
tices around these boundary-layer rakes because
the velocity �eld produced outside a representative
vortex system core varies as 1=r .

Even though these predicted boundary-layer
pro�les were di�erent than those measured, some
understanding of the local 
ow measured closer to
the surface may be gained by examining the �nal
CFD solution. Figures 25(b) and (c) have been
prepared for that purpose. Figure 25(b) shows
the stagnation pressure contours at FS 295 and a
representation of these two boundary-layer rakes.
From this �gure, one can see that the two rakes are
computationally located in between the secondary
vortex and a third vortex system, as indicated

by the streamwise ribbons, and are not at the
planned positions associated with the secondary
vortex. (Because the third vortex system is located
outboard of the secondary vortex, this system is
not called a tertiary vortex. Moreover a tertiary
vortex would be under more of the in
uence of the
secondary vortex than it would be of the primary
system.) Figure 25(c) locates the origin of the third
vortex system as coming from that portion of the

ow which crosses the apex in the S-blend curve
region and from there proceeds over the primary
vortex. Hence, this 
ow gets swept under the
primary and moves outboard where it remains in
the vicinity of the wing leading edge, inboard of the
crank. This 
ow interaction accounts for the third
vortex sense of rotation. Such a vortex system
is unexpected, not seen in experiments, and most
likely an arti�ce of this CFD grid/solution.

Consider again the measured velocity pro�les of
rakes 7 and 5 in �gure 25(a). Based on the close
proximity of these two rakes, only a single vortex
system outboard of the primary vortex can be con-
�rmed and it is the secondary vortex. Moreover,
the actual secondary vortex must be more out-
board, and most likely larger, than the predicted
one shown in �gure 25(c). This 
ow feature is due
to both rakes being encompassed by the actual sec-
ondary vortex and the third vortex not really a
contributor.

Skin Friction at FC 7

Figure 26 provides the measured and predicted
cf values at FS 330 for similar conditions in 
ight
and for CFD. This �gure can be used to locate
and assess the impact of the vortex systems be-
cause they produce high velocities on the surface
which are measured by the modi�ed Preston tubes.
Qualitative agreement is shown because both data
sets have at least two regions of high cf , which
is indicative of primary and secondary vortices.
These vortices occur at BL values near one an-
other, for example, �89 versus �84 for the primary
and �108 versus �103 for the secondary, with the
measured results given �rst. The signi�cant dif-
ferences for the primary vortex are (1) the more
restrictive range of BL over which the vortex in
u-
ence occurs in 
ight, and (2) the greater levels of
cf reached; that is, measured levels are 39 percent
larger than predicted. For the secondary vortex,
the measured and predicted levels are comparable
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but the predicted vortex covers a much narrower
range of BL. This result is consistent with the pre-
vious discussion of the predicted vortex systems
given in �gures 25(b) and (c) because the presence
of the third vortex is expected to reduce the span-
wise extent of the secondary vortex. Moreover, at
least two other cf plateaus or peaks are predicted
outboard of the secondary vortex, one at BL �107
and one very near the leading edge at BL �113.
The most inboard plateau or peak is more likely to
re
ect the presence of the predicted third vortex
than the one very near the leading edge because
at FS 295 the third vortex is located laterally mid-
way between the secondary vortex and the leading
edge. (See �g. 25(c).)

On and O� Surface Flow Features at

FC 46

Figure 27 was constructed with Intell igent Light
FIELDVIEW software (ref. 26) and shows the fu-
sion (overlaying) of surface tuft images from three

ight cameras with CFD surface streamlines and
vortex-core representation at M1 = 0:53 and
� = 10.4� (FC 46, 
ight 144, run 3b). In par-
ticular, �gure 27(a) presents the combination of
the three 
ight-camera images projected onto a
grid representation of the airplane. Figure 27(b)
shows the CFD surface streamlines compare well
with these tuft images. Figure 27(c) presents iso-
surfaces of the stagnation pressure (PLOT3D) at
a value of 0.78 and represents the locations and
extent of the various airplane vortex systems. Fig-
ures 27(b) and (c), with transparency employed
for the vortex systems iso-surfaces, are combined
to form �gure 27(d). As expected from the results
of the surface comparison, the vortex system is well
located with respect to the 
ight tufts.

EFD Basic Data and Comparisons

This section provides basic, low-speed wind-
tunnel force and moment data for the F-16XL-1
airplane and provides comparisons of wind-tunnel
surface pressures, wind-tunnel on and o� surface

ow features, and 
ight surface 
ow features.

Forces and Moment in Wind Tunnel

Figure 28 presents the longitudinal forces and
moment obtained on the 0.18-scaled model in the
Langley 30- by 60-Foot Tunnel. The data show
the model has well-behaved force characteristics

and is approximately neutrally stable over this
range of � and CL at low M1 . Moreover, if the
aerodynamic center shift has been well controlled
by planform shaping, one could expect only slight
elevon de
ections to be needed for trimmed 
ight
from subsonic to supersonic speeds.

Surface Pressures in Wind Tunnel

The e�ects of model scale and Rn variation on
Cp data from di�erent facilities at low speed are
presented along with transonic Cp contours in this
section.

E�ect of model scale and Rn on Cp at low

speed. Figures 29 to 31 and �gures 32 to 34 pro-
vide representative streamwise (constant BL) and
spanwise (constant FS), respectively, Cp data col-
lected during the BART and 30- by 60-Foot Tun-
nel tests for the 0.04- and 0.18-scaled models at Rn
of 0:5 � 106, 1:0 � 106, 1:12 � 106, and 2:1 � 106

and � of 5� , 13�, and 20� . This restricted set of
data was further limited to only those BL or FS
which had results (sometimes only on the upper
surface) at all four values of Rn . Tables 9 and 10
con�rm that these models have comparable num-
bers of upper surface ports at the values of BL
and FS chosen. For reference, the resulting four
values of BL have three locations inboard and one
outboard of the air dam, and the two FS have loca-
tions well forward of and across the air dam. Two
expected e�ects occurred from all these results,
namely, little di�erence between the two data sets
near Rn ' 1:0 � 106 and larger Rn e�ects on the
upper surface than the lower surface. A more de-
tailed study of the remaining features begins with
the BART data (0:5 � 106 � Rn � 1:12 � 106).
For these three data sets, signi�cant di�erences in
Cp occur on the upper surface. However, a general
assessment is that the suction peaks occur at the
same locations and the peak values increase with
Rn and �.

A comparison of the Cp data from the BART
and 30- by 60-Foot Tunnel tests in �gures 29 to 34
shows the general e�ect of increasing Rn from
1:0 � 106 to 2:1 � 106 is a higher suction peak
in Cp for � = 5� and 20� but lower peaks at
� = 13�. A portion of this reversed trend at
� = 13� is attributable to the test results from
the 30- by 60-Foot Tunnel being at 12.5� rather
than the 13� in BART. Peak suction values of Cp
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usually occur at the same location but the distri -
butions are markedly di�erent. Di�erences noted
between the two wind-tunnel data sets are not well
understood. Many factors, including di�erences
in turbulence characteristics, 
ow quality, model
scale, and model installation between these two
tunnel tests would be expected to produce some of
the di�erences noted. Therefore, even though Rn
is highest in the 30- by 60-Foot Tunnel, due to its
larger model, and the Cp peak values generally in-
crease with Rn and �, there can be signi�cant local
di�erences pointing to model scale andRn e�ects|
only a portion of which can be sorted. Beyond the
slight model asymmetry di�erences mentioned pre-
viously for the 0.04-scaled model, data uncertainty
is an issue. The fact that the location of the peak
Cp remains essentially �xed with changes in Rn
attests to the aerodynamic sharpness of the wing
leading edges of these models. (See ref. 27 for an
example of Cp peak location dependency on Rn
for a small-radius, rounded, leading edge.) The
more negative values of Cp with increasing Rn for
a �xed � is attributed to the vortex system be-
coming more tightly organized or coherent which
leads to a stronger in
uence on the surface 
ow
and pressure �eld.

Transonic Cp;u contours. Figure 35 is devel-
oped from the 0.11-scaled model data from 109 up-
per surface pressure ports (ref. 18), re
ected about
the centerline, from which the unscaled Cp;u con-
tours were created by FAST. This �gure shows
the e�ect of increasing � from �2:27� to 20:04�

at M1 = 0:95 and is used to assess when the
shock crosses the trailing-edge hinge line. Between
� = 2:04� and 4.27�, the coalescence of positive Cp
isobars is evidence of a shock crossing the aileron
hinge line. This shock strengthens on the aileron
hinge line and moves inboard onto the elevon sur-
face by � = 6:54�. Figure 35 shows that the
trailing-edge shock remains a prominent 
ow fea-
ture through � = 11:35�, even in the presence
of the leading-edge vortex system. However, by
� = 15:44�, the leading-edge vortex system and its
attendant cross-
ow features in a transonic 
ow
cause the trailing-edge shock to be pushed beyond
the last set of ports. With the distribution of pres-
sure ports available, no strong shock forms across
the elevon hinge line over the entire range of �.
The location of the shock near the hinge line of the

aileron is generally in qualitative agreement with
that determined from the transonic FC 70 
ight
results reported previously. (See �g. 22(h).)

On and O� Surface Flow (Air Dams O�)
in Wind Tunnel

Some examples of using FAST to fuse on and
o� surface data are presented in �gure 36 for
visual data taken in BART at low speeds. This
�gure shows the superposition of vortex core and
reattachment point paths extracted from vapor-
screen images2 onto surface oil-
ow images for
� = 10�, 13� , and 15� at Rn = 1 � 106 and
0:5� 106 on the model with the air dams o�. The
general trend is for the core projections to agree
well with the surface oil-
ow features and for the
reattachment projections to be slightly outboard
of the features. As expected, progressive inboard
movement of both projected paths occurs with
increasing �, and only a small change in the surface
oil 
ows occurs with increasing Rn at a particular
� because of the small/sharp leading-edge radius.
Overall , the best agreement between the data sets
occurs for � = 15� and Rn = 0:5 � 106.

Improvements in the comparisons of these data
sets can only be achieved by two re�nements. The
�rst is to improve the quality of the image data
collected by doing more thorough planning and
execution of the vapor-screen portion of the test.
The second is to improve the application of the
image-process algorithms.

Surface Flow in Flight

Two examples of the fusion of image data are
given for upper surface 
ows on the F-16XL-1
airplane: tufts with liquid crystals (�g. 37) and
tufts with oil 
ow (�g. 38). All tuft and liquid
crystal image data were takenon the left wing with
the right wing reserved for oil 
ow. These images
were taken from two cameras mounted near the
top of the vertical tail, left and right side. Both

2 Some of the projec tion paths, as discussed in appendix A,

are not straight but disjointed. This is primarily associated with

the particular vapor-screen image used and, with four exceptions,
all images were of the instantaneous type. The exc eptions used

the average image and were employed when the instantaneous
image did not contain all the vortex features. They occurred for

(1) � = 13� and Rn = 0:5 � 106 at FS 435; (2) � = 13� and

Rn = 1:0 � 106 at FS 225; (3) � = 15� and Rn = 1:0 � 106 at

FS 257.5; and (4) � = 15� and Rn = 1:0 � 106 at FS 350.
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�gures show that the tuft data are represented
by \vectors," solid-line segments with the same
orientation, origin, and length of the respective
trailing tufts. (See appendix B and ref. 28.)

Figure 37 shows the liquid crystals exhibit a
high shear (dark) region, which is caused by the
highly energetic vortex core and system scrubbing
the upper surface for the test condition of � � 13�,
M1 = 0:28, and Rn = 47 � 106. Thus, the
liquid crystal data correspond well with the 
ow
features detailed by the tuft data. (See section
\Skin Friction" for a discussion of corresponding
on and o� surface 
ow.)

Figure 38 displays tuft data mirrored about the
aircraft centerline, \vectorized," and then over-
layed onto a portion of the right wing with the
oil 
ow, also at � � 13� , M1 = 0:28, and
Rn = 47 � 106. Good agreement is observed be-
tween these two types of surface 
ow techniques in
the highlighted and enlarged region shown at the
right.

Concluding Remarks

This report has focused on the comparative ef-
forts regarding data obtained from 
ight, compu-
tational 
uid dynamics (CFD), and wind-tunnel
studies for the F-16XL-1 airplane supported, wher-
ever possible, with the aid of data fusion (overlay-
ing). The resulting highly diverse set of data types
was obtained over a wide range of test conditions.
From these comparative studies and the basic data
taken, the following remarks and observations can
be made:

1. The aircraft geometry compared closely with
the numerical surface description, di�ering by
at most 0.24 in. over the wing; one exception
was over the airplane forebody where the dif-
ferences were larger and reached a maximum
value of 1.65 in. near the nose. However, even
this di�erence leads to a nose droop angle of
only 1�, which should have minimal impact on
the pressure results.

2. Overall upper surface pressure coe�cient (Cp;u)
comparisons of CFD and 
ight results have
been expedited by use of computational graph-
ical tools.

3. At subsonic speeds, the 
ight suction peaks and
distributions were generally well predicted at

� = 5:5� and 10.4� (where � is angle of attack),
but underpredicted at �nom = 13� and 20�

(where �nom is nominal angle of attack).

4. At transonic speeds, generally good pressure
agreement was noted for 
ight and CFD at
� = 4:4� especially near the leading edge in-
board of the crank. The e�ect of small trail ing-
edge control-surface de
ections (� 2�) in 
ight,
not modeled with CFD, may have led to poorer
agreement for the aft pressures and to an un-
predicted shock.

5. The location of the shock near the hinge line
of the aileron, as determined from wind-tunnel
Cp;u contours near � = 4� at a free-stream
Mach number (M1) of 0.95, is generally in
qualitative agreement with that determined
from the transonic 
ight results at � = 4:4� and
M1 = 0:97.

6. Turbulent signal output from hot-�lm gauges
demonstrated that the 
ight leading-edge at-
tachment line was turbulent; this makes this
data set in agreement with other 
ight data and
does not support the anticipated relaminariza-
tion of this boundary layer under the in
uence
of high suction peaks near the leading edge.

7. The grid used in the CFL3D code produced
Reynolds number like term for 
at-plate tur-
bulent boundary layer (y+) values much larger
than 2 at 
ight conditions; in fact they were
� 82. The \wall function" option in the code
proved su�cient at subsonic speeds to repre-
sent the underneath attached 
ow and the pri-
mary vortex of the boundary layers but insuf-
�cient underneath the secondary vortex system
at �nom = 13�. Moreover, the 
ight data indi-
cate the presence of an interaction of the sec-
ondary vortex system and boundary layer.

8. Qualitative agreement is indicated between pre-
dicted and measured skin friction spanwise dis-
tributions at subsonic speeds because bothCFD
and 
ight results show at least two regions of
high local skin friction coe�cient (cf), which
is indicative of primary and secondary vortices
at spanwise positions near one another. How-
ever, the absolute levels of cf and the indicated
spanwise extent of the vortices di�er.

9. Data fusion (overlaying) has been applied to
a variety of 
ow-visualization techniques for
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ight, wind tunnel, and CFD with insightful re-

sults. In particular, combined surface tuft im-

ages from three 
ight cameras compared with

CFD surface streamlines and vortex-core rep-

resentation show generally good agreement at

M1 = 0:53 and � = 10:4� , and the 
ight results

of oil 
ow with tufts and liquid crystals with tufts

compared well , but the wind-tunnel comparison of

vortex core and reattachment locations|as deter-

mined from vapor screen and point compared with

surface oil-
ow traces|though showing promise,

point to a need for further re�nement.
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Appendix A

Visualization Tools

Four di�erent visualization tools are discussed|
ILLUME, MAPPER, Core- and Reattachment-
Point Locator, and Tuft Representer. An expla-
nation of each tool and its function are as follows.

ILLUME

Light-sheet 
ow visualization experiments per-
formed in wind tunnels or in 
ight require con-
�guring a recording camera to capture the exper-
iment and a light sheet to illuminate particles in
the 
ow �eld. Often valuable experimental time is
expended trying to determine the optimal place-
ment of the camera and light sheet. The software
package named ILLUME (Interactive Light Sheet
Locator Util ity and Modeling Environment) allows
for the computer simulation of either experimental
wind-tunnel or 
ight test camera and light sheet
locations, in combination with the geometry of in-
terest, in order to ensure a highdegree of visualiza-
tion success before the start of the test. ILLUME
is interactive and allows the user to simulate the
position and orientation of one or more cameras
and one or more light sheets while viewing, from a
selected camera, the intersection of these elements.
For each camera, the user can simulate the e�ect of
changing the lens on the �eld of view to determine
the preferred one from those available for the test.

ILLUME can also be used, as done for this test,
to view the geometry and any surface features of in-
terest. This viewing could include those represent-
ing the location of the video targets. A su�cient
number (� 6) of viewable video targets per video
camera are required in order to establish the cam-
era position and orientation; this process is called
space resection in reference 29. This can lead to the
establishment of 
ow features as quanti�able data
when the video images are projected to the sur-
face. Additional information about ILLUME can
be found in reference 30.

MAPPER

MAPPER is an updated version of a soft-
ware package called Reconstructor (refs. 27 and
31), which enables a 2-D visual image, existing
at a camera image plane, to be projected onto
the 3-D surface where it occurred. This pro-
cess has been applied to both wind-tunnel vapor-
screen and 
ight surface-
ow (tuft) images in
these references. (These papers are retrievable
from the NASA Langley Technical Report Server
at http:==techreports:larc :nasa:gov=ltrs=ltrs:html :)
Additional information about the use of this pro-
cess is also available from reference 32.

Core- and Reattachment-Point Locator

The Core- and Reattachment-Point Locator
software tool is an update of the Extractor package
described in reference 27. Its use is to locate the
vortex-core and approximate reattachment-point
positions from vapor-screen images obtained in the
BART. It can be exercised from UNIX platforms
using the Precision Visuals Workstation Analysis
and Visualization Environment (PV WAVE) soft-
ware system.

Tuft Representer

The Tuft-Representer software tool depicts in-
dividual tufts in a tuft image as a straight-line seg-
ment. The origin is on the surface at the base of the
free trailing tuft with the segment pointing along
the average direction of the trailing tuft. With the
characteristics of origin and direction, this repre-
sentation is a vector (without arrowhead) in nature
and is so referred to in that manner. This tool op-
erates on a Sun workstation and requires the loca-
tions of the video targets and camera parameters
as input data. (Flight values of video targets and a
schematic representation are given in table A1 and
�g. 7, respectively.) With the use of MAPPER,
this vector representation can be projected onto
the upper surface of the airplane. Additional de-
tails about the Tuft Representer can be found in
reference 20.
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Table A1. Video Targets Measured at Dryden Flight Research Center on F-16XL-1 Airplane

Target FS BL WL

1 159.712 �24.391 102.008
2 163.961 �38.667 90.697
3 174.118 �30.260 95.106

4 172.851 �40.776 91.630
5 187.337 �20.662 111.121
6 182.924 �39.493 93.194
7 182.040 �53.637 90.917

8 195.672 �41.192 94.583
9 195.025 �52.305 92.941
10 202.439 �11.686 120.854

11 218.023 �21.643 109.554
12 209.345 �54.023 94.248
13 207.507 �66.298 91.365
14 255.566 �9.497 118.915

15 276.779 �20.845 108.481
16 275.204 �37.794 99.424
17 254.526 �71.183 94.841

18 268.979 �90.684 89.992
19 282.760 �80.433 94.617
20 319.019 �70.367 96.999
21 311.541 �94.559 93.405

22 305.890 �103.870 89.276
23 354.705 �35.863 100.601
24 345.123 �71.892 96.859
25 327.117 �111.547 88.813

26 353.944 �90.010 95.659
27 345.800 �118.396 88.436
28 383.740 �62.037 96.447

29 380.734 �95.101 95.466
30 378.884 �118.190 92.682
31 402.714 �38.917 101.689
32 403.856 �72.841 95.834

33 401.002 �103.350 94.970
34 398.664 �126.490 92.244
35 431.257 �69.354 95.169

36 429.992 �93.525 94.958
37 433.816 �115.440 94.295
38 452.936 �67.818 94.603
39 449.874 �84.811 94.600

40 450.587 �101.896 94.438
41 466.305 �82.975 94.283
42 460.331 �124.085 97.253

43 470.263 �179.820 93.004
44 457.041 �197.147 91.778
45 440.980 �197.296 90.903
46 423.935 �198.037 90.136

47 202.557 �26.507 73.928
48 249.466 �28.655 76.361
49 276.735 �28.553 79.282
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Appendix B

Data Processes and Management

Two main topics are covered in this appendix: the various processes used to get the data from its
as-received or reduced form to that needed for display and the management of the data and its meta-data.
These two topics have been handled in an integrated manner from near the beginning of this project.

Data Processes

Data from experimental tests in wind tunnels and 
ight along with predicted values from CFD all
require some processing in order to be utilized in a comprehensive way. They are discussed in order.

After de�ning a common data format|TOAD (ref. 33)|for the pressure and force and moment data
and employing data translators to bring all experimental results into that format, the �les of pressure data
generally required two other processes applied before they could be used. The �rst was, if necessary, to split
the pressure �les of complete upper and lower surface data into separate �les, split flight or split BART,
and the second was to slightly alter the coordinates of the ports from actual to nominal values, act to nom,
in order that the Cp values be directly comparable with other data sets. These two processes, along with
the TOAD �le plotting package, tplot, can be exercised from UNIX platforms by using the Precision
Visuals Workstation Analysis and Visualization Environment (PV WAVE) software system.

Additional antecedent processes were required in order to get the 
ight pressure time histories, collected
at the Dryden Flight Research Center, ready for use in the preceding processes. First, a particular time
interval from the 
ight time history had to be established by examining the video data from the three
cameras to determine a 2-sec segment when acceptable image data were recorded from all cameras. Second,
the pressure �les were processed at Dryden for these times. Third, these �les were transferred to Langley
where they were rewritten into the TOAD format. Also transferred were selected parameter statistics and
the associated pressure �le name so that a summary report (meta-�le) could be created. Fourth, these
summary reports were processed locally on a Silicon Graphics workstation using the nonnumeric TOAD
editor procedure, nnted, a variation of the TOAD editor procedure (ref. 34), ted, that can accommodate
nonnumeric data in printing, and the results sent to the data management system for automatic data-�eld
population. Only the items related to Test Technique were added to the database for each 
ight/run.

Two processes were required to generate the needed CFD Cp �les. First, the software package
FIELDVIEW (ref. 26) was utilized to cut the entire solution at the surface for selected BL and FS values
on both the upper and lower surfaces and to save the resulting �les. Second, these �les were translated
into TOAD format for subsequent use.

Data Management

System. The Program for Information Storage and Management (PrISM) (ref. 35) is a graphical,
direct-manipulation Structured Query Language (SQL) interpreter. Users are able to query, add to, and
modify data in a database without needing to know the internal representation of the data as tables and
columns.

PrISM consists of a graphical user interface, database interface functions, and PrISM internal database
tables. The PrISM internal database tables consist of core tables, which are constant and unchanging
across all PrISM databases; kernel tables, the values of which depend upon the speci�c PrISM database
and determine the PrISM functionality available to users; and tables which support the PrISM Security
System.

The application of PrISM to the F-16XL-1 High-Lift Project and the Cranked-Arrow Wing Aerody-
namics Project (CAWAP) involves the storage of information about 
ight tests, wind-tunnel tests, and
CFD solutions. The database stores administrative information about the tests (meta-data) and the full ,
mass storage, path name of the resulting data �les. For EFD measurements, the experimental data stored
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are �les of pressure, force/moment, still photographs, and two-dimensional images digitized from videotape
(both instantaneous and time averaged); for CFD predictions, the grid and solution �les are stored as well
as Cp data at selected FSs and BLs. The F-16XL-1 database also supports the viewing of 3-D render-
ings of the 2-D 
ight images through MAPPER. Queries for selected pressure data and 2-D 
ight image
data are available to WWW users by completing the appropriate form under Program for Information
Storage and Management, F16XL High-Lift Project CAWAP given in reference 36. As a result of
performing such a query, data retrievals are possible. For example, depending on the selection made, one
may have either (1) the contents of selected pressure �les viewed through hypertext links and/or the �les
retrieved and made local for further processing or (2) the 2-D 
ight image �les viewed through hypertext
links.

Pressure �le naming convention. Designations of particular F-16XL components making up a
con�guration tested, the facil ity used in its testing, the research engineer, and/or the test conditions
may appear in the names of the pressure �les saved on mass storage. Three basic F-16XL wind-tunnel
con�gurations have been tested and they are designated as b1, b2, and b3 con�gurations. Con�guration b1
is the model with air dams, b2 is the model with air dams and missiles, and b3 is the model with missiles.
At Langley, low-speed tests were made for all three con�gurations in BART but only for con�gurations b2
and b3 in the Langley 30- by 60-Foot Tunnel. At the Ames Research Center, high-speed tests were made
for con�guration b2 in the Ames 11-Foot Tunnel.

The �le names used in the keys in the presented pressure data plots di�er from the names by
which they have been saved on mass storage in four ways: (1) they have been simpli�ed by re-
moving nonvital information, (2) they have been simpli�ed by removing test or solution information,
which has been placed in the �gure caption, (3) they re
ect the wind-tunnel facility and not the
test engineer, and (4) they are pressure surface speci�c as a result of processing the saved �le. Ex-
amples of the changes to the �le names for wind-tunnel and 
ight are as follows: the �le name
\dmss:@jelama/BART/press.bart.Q40.b2.basic" is split into two �les \BART,up" and \BART,low"
for the basic F-16XL model with air dams and missiles (con�guration b2) at q1 = 40 lb/ft2

or M1 = 0:17 and Rn = 1 :12 � 106; the �le \dmss:@jelama/hahne/press.409.b2.basic" becomes
\30 by 60,up" for the same con�guration at q1 = 6:7 lb/ft2 or M1 � 0:07; and the 
ight �le
\dmss:@jelama/f16XL.
ight/
ight144/
t0144.tp16b.cp.toad" is split into two �les \Flt144.Run16b,up"
and \Flt144.Run16b,low," thereby, uniquely identifying the 
ight-and-run and consequently the speci�c
nominal 
ight conditions from table 5 for the same con�guration. For certain wind-tunnel data comparisons
with an Rn variation, the simpli�ed �lename will have a su�x added, e.g., \R2.1" to signify Rn = 2:1�106.
A CFD example is �le \dmss:@jelama/garriz/F16XL/aoa19.84m0.242/BL55.up.toad" being reported as
\CFL3D" at FS 55 and the actual 
ight conditions of � = 19:8� and M1 = 0:24.

Files of 
ight, nominalized upper and lower surface pressures have also been saved on mass storage and
have a naming convention typi�ed by \dmss:@jelama/f16XL.
ight/
ight144/
t0144.tp16b.cp.up tmp" and
\dmss:@jelama/f16XL.
ight/
ight144/
t0144.tp16b.cp.low tmp," respectively.
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Appendix C

Airplane Instrumentation

Due to the complexity of the airborne research
systems for the basic airplane, the 
ight testing
was divided into three parts, designated \Parts 1A
to 1C." These were ordered according to increased
levels of instrumentation complexity. Part 1A
was the initial phase and had a limited but su�-
cient instrumentation suite for airplane documen-
tation at the Langley Research Center. The suite
also included video cameras to capture the im-
ages from the HUD and some surface-
ow fea-
tures. Part 1B, also performed at Langley, was
done with additional instrumentation for both air-
plane positioning and surface-
ow studies and in-
cluded additional video cameras. Part 1C, later
known as CAWAP, was performed at the Dryden
Flight Research Center and had the most exten-
sive instrumentation suite for detail surface-
ow
measurements. This suite included instrumen-
tation to measure the pressures from 
ush and
belted static ports, boundary-layer rakes, modi-
�ed Preston tubes, and the electrical signals from
a hot-�lm belt. (See �g. 6.) Details of the in-
strumentation suites, the modi�cations made, and

ight practices with them are given in the following
sections.

Instrumentation Suite

The core of the airborne instrumentation sys-
tems was the Airborne Test Instrumentation Sys-
tem (ATIS). The ATIS had associated with it ei-
ther a �rst- or second-generation System Control
Unit (SCU) so that the �nal designation is ei-
ther ATIS-SCU1 or ATIS-SCU2. The ATIS-SCU1
is a 10-bit (�5.12 to +5.12 V) pulse-code mod-
ulated (PCM) modular data system and was in-
stalled originally by General Dynamics for USAF

ight testing. For the Cranked-Arrow Wing Aero-
dynamics Project (CAWAP), ATIS-SCU2, a 12-bit
(�10.24 to +10.24 V) PCM was used and the sys-
tem reprogrammed to accommodate the measure-
ments list. Some airplane parameters proved to
be from di�cult to impossible to recalibrate after
the upgrade from the 10-bit to the 12-bit system;
therefore, the existing 10-bit calibrations were used
but only after rescaling the parameter voltages
(and engineering units) to 12-bit decimal counts.
For example, if a 10-bit system channel was pro-
grammed with O�set = 0 and Gain = 1, �5.12 V
would correspond to 0 counts and +5.12 V to 1023
counts. In the 12-bit system, �10.24 V corre-
sponds to 0 counts and +10.24 V to 4095 counts.
Therefore, a parameter whose voltage output for a

given engineering unit value is�2.56 V would equal
256 counts in a 10-bit system but 1536 counts in
a 12-bit system. Zero o�set and gain settings for
each PCM channel were taken into consideration
when doing calibration conversions. The param-
eters that were corrected in this manner included
pitch, roll, and yaw as well as rudder, elevon, and
aileron forces and hinge moments (which all to-
gether accounted for 16 measured parameters). All
other airplane parameters were recalibrated using
the 12-bit data system. The ATIS also provided
time code for insertion into the �ve airborne video
cassette recorders for synchronization of data in
the CAWAP.

Modi�cations

The speci�c research modi�cations relative
to the basic airplane instrumentation suite for
the preliminary on surface-
ow measurements,
Part 1A, were as follows:

External paint scheme for on and o� surface

ow visualization

Externally mounted lipstick cameras on either
side at the top of the vertical tail with asso-
ciated VCRs and time code inserters, one for
every two VCRs, in the forward equipment bay

Video camera for the HUD and associatedVCR
and time code inserter in the forward equip-
ment bay

Enclosure of the lower surface AMRAAM mis-
sile cavities

Enclosure of the gun muzzle trough

The external paint scheme (�g. 1(a)) was based
on the scheme used on the Dryden F-18 High-
Angle-of-Attack Research Vehicle. The upper
surfaces of the airplane were painted 
at black to
provide su�cient contrast with the tufts, oil, and
liquid crystals so that the on surface 
ow patterns
could be visualized in Parts 1A and 1B. The gold
stripes on the wing were used to identify the lead-
ing edge in the video images and were to be of par-
ticular value for the o� surface 
ow-visualization
portion of the test, which did not occur.

Two tail-mounted video cameras (left tail cam-
era shown in �g. C1) were used to provide coverage
over the upper surfaces of the wings. The loca-
tions of these cameras are shown in �gure 12. The
�elds of view of these cameras could be changed
by three methods: (1) installing lenses of di�er-
ent focal length, (2) adjusting the camera pivot
angle (angle of the camera centerline with respect
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to vertical) up to �25� , and (3) install ing one of
four camera mounting blocks, which provided cant
angles (angle between the camera centerline and
the longitudinal axis of the airplane) of 8.5�, 17.5�,
26� , and 36�. Lenses used in these locations were
almost exclusively 7.5 mm.

The AMRAAM lower surface cavities were cov-
ered with plates to produce a 
at surface. The gun
muzzle trough was smoothed over with a plug to
preclude the formation of extraneous vortices not
associated with the basic cranked-arrow wing plan-
form. The gun trough is shown with and without
the plug in �gure C2.

Part 1B began with the instrumentation suite
of Part 1A and added other items to bring it to the
required level. The changes included

Modi�cations to the ammo drum bay instru-
mentation pallet

Global Positioning System (GPS)

Wingtip video cameras installed in dummy mis-
siles noses (2)

Fuselage-mounted video cameras (2)

Enhanced measurements of airplane state
parameters (linear accelerometers at the air-
plane center of gravity, attitude gyros, rate
gyros, 
ow vanes, and nose-boom pitot-static
transducers)

Engine instrumentation

Tail-mounted microphones (3)

An instrumentation pallet, based on a design
provided by the Air Force Armament Laboratory,
was installed in the ammo drum bay which is an
unpressurized compartment in the fuselage located
aft of the cockpit. The pallet, shown in �gure C3,
could be raised while installed in the airplane to
permit access to components located on the lower
shelves. The pallet contained components associ-
ated with the GPS, the measurement of the en-
hanced airplane parameters, and the microphones.
It also contained the two additional VCRs added
for Part 1B and their associated time code inserter.

The GPSwas installed to provide accurate real-
time airplane position and to improve the accuracy
of the airspeed calibrations. Because of the limited
internal volumes in the airplane, the components
were distributed throughout the vehicle including
on the ammo drum bay pallet.

For Part 1B, there were seven video cameras
and �ve VCRs, an increase of four and two, re-
spectively, over Part 1A. These were added to pro-
vide a more complete video coverage of the wing

apex regions and leading edges. Note that the apex
regions were viewed by lipstick cameras mounted
externally on the fuselage (�g. C4), just behind
and to the side of the cockpit, whereas the cam-
eras used to view the leading edges were mounted
in the heads (�g. C5) of dummy, but properly mass
distributed and ballasted, AIM-9L missile bodies.
The fuselage cameras had 4-mm lenses and were
con�gured such that they could feed video signals
to either the VCRs located in the forward equip-
ment bay or the ammo bay, depending on the cam-
eras needed for a particular 
ight. The missile
cameras had 15-mm lenses and were con�gured to
only feed video signals to the VCRs in the ammo
bay. (Table C1 summarizes the nominal center of
lens camera locations for the video cameras, and
table C2 summarizes both lens location and orien-
tation, as determined by resection (ref. 29), for the
CAWAP 
ights. The camera angles are de�ned in
�g. C6.)

The CAWAP instrumentation suite began with
that of Part 1B and other items were added to
bring it to the required level. The changes occurred
because of the need to measure the following items:

Pressures for 
ush and belted static ports

Pressures from boundary-layer rakes

Pressures from modi�ed Preston tubes

Electrical signals from a hot-�lm belt

Practices

Pressure location measurements and as-
signments. In order to compare the pressure mea-
surements from the 
ight experiments with CFD
predictions and wind-tunnel model measurements,
the ports on the airplane were distributed in the
same relative locations as those on the wind-tunnel
models. Becasue the airplane had more available
pressure measurements, additional ports were in-
cluded in both spanwise and chordwise distribu-
tions. In particular, 
ush ports were located in the
leading-edge region of the right mainwing with the
pressure belts being used to complement these lo-
cations on the main and outboard right wing pan-
els. The pressure belts, composed of multiples of
10 tube subbelts, were necessary because the wing
contains the fuel and cannot be pierced except at a
few cavity locations. Care was taken in the selec-
tion and installation of the belts in order to mini-
mize the e�ect of the belts on the measured pres-
sures. Tubing diameter was kept at a minimum by
maintaining short belt lengths to the appropriate
pressure transducer. In addition, noninstrumented
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tubing was placed outside of the tubes with ports,
and then ramps from the wing surface to the top of
the tubes were faired in. Figure C7 shows a cross-
sectional sketch of the tubing and ramp layout on
the wing. Similarly, a single ramp was added to
the forward end of the tubes, in the vicinity of the
leading edge, in order that the 
ow be disturbed
as little as possible, as shown in the photograph of
�gure C7.

The �rst step in placing the ports on the wing
was to identify the desired locations by measuring
fromknown reference points on the wing. After the
pressure belts were installed, the static-pressure
measurement (port) holes were punched into the
belt material at the desired locations. Some ports
had to be relocated because of wing surface condi-
tions. Once the ports were in place, a second mea-
surement was made by using a theodolite method
to determine the exact location of each port on the
wing surface. Since the geometry of the airplane
was �rst measured with photogrammetry, leading-
edge and trailing-edge locations and chord lengths
were determined from these measurements.

Di�erences were noted between the speci�ed
port locations and those laid out. The di�erences
were due to keeping the pressure belts streamwise,
which makes the BL values vary along the FS, and
the physical constraints associated with the under-
lying structure in the vicinity of the wing apex and
leading edge. Therefore, these measurements had
to be adjusted to nominal values after installation
in order that comparison plotting could be done.

For the belts it was just a matter of changing the
BL value from actual to nominal. However, for
the 
ush ports along the leading edge and in the
apex region, an adjustment in the actual BL and
FS was needed. In order to make these 
ush port
adjustments, each port was assigned a nominal FS
and BL based on the actual value of the FS and
the desired BL. The FS for the 
ush ports was es-
tablished based on the intersection of the desired
BL with the wing leading edge. Table 4 lists the
actual locations as measured and the new nominal
locations.

Video. Prior to each 
ight, the researchers se-
lected the �ve video cameras whose signals were
to be recorded. Typically, the HUD camera was
recorded only during airspeed calibrations and the
aeroacoustics and handling qualities 
ights. Dur-
ing the 
ow-visualization 
ights, the outputs from
as many as �ve external cameras were recorded.
(See �g. 12.)

For CAWAP, an initial video recording was
made on the right wing to establish the status of
the pressure belts. The cameras were located on
the right side of the airplane atop the vertical tail
and on the fuselage. During later 
ights, the focus
was the wing surface 
ow �eld as depicted by the
tuft patterns on the left wing. These patterns were
video recorded from the cameras located atop the
left vertical tail, on the fuselage, and in the left
missile nose.
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Table C1. Nominal Center of Lens Camera Locations for Part 1B and CAWAP

Camera position FS BL WL Lens, mm

Left tail 563.322 �2.042 223.058 7.5
Left fuselage 181.24 �15.9 119.7 4

Left missile 403.68 �201.046 91.74 15
Right tail 563.322 2.042 223.058 7.5
Right fuselage 181.24 15.9 119.7 4
Right missile 403.68 201.046 91.74 15

Table C2. CAWAP Center of Lens Camera Locations and Orientations as Determined by Resection

Camera position FS BL WL ! , deg �, deg �, deg Lens, mm

Left tail 559.309 �2.044 226.817 �131.800 44.528 121.073 7.8223
Left fuselage 181.388 �19.125 117.798 �149.290 �3.384 154.513 3.9106
Left missile 408.016 �206.524 89.185 �1.082 44.565 �0.795 15.877
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Camera

Close-up view

Figure C1. Video camera installation on vertical tail (left side) of F-16XL-1 airplane.
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(a) Without plug.

(b) With plug.

Figure C2. Gun muzzle with and without plug.
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Ammo drum bay pallet

Figure C3. Ammo drum bay instrumentation pallet.

Camera

Figure C4. Fuselage-mounted video camera used for viewing leading-edge apex region of wing.
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Camera

Figure C5. Dummy AIM-9L Sidewinder missile used as wingtip video camera pod.
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Figure C6. Euler angles used for airplane cameras.
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50:1 Fairing Dummy tubes Active tubes

0.0626 O.D.3.1

Figure C7. Sketch of pressure belt cross section showing active tubes and ramps. Dimensions are in inches.
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Appendix D

Description ofWind-Tunnel Test and

Vapor-Screen Systems

In support of this project, three Langley wind-
tunnel tests of F-16XLmodels were conducted, one
in the Langley 30- by 60-Foot Tunnel (ref. 37) as
test 50 in 1994 and two in the Langley Basic Aero-
dynamics Research Tunnel (ref. 38) as tests 3 and
4 also in 1994. A brief description of tests 50 and
3 follow. Test 4 is described in reference 11 and it
was a pressure sensitive paint study of the upper
surface with no air dams, which has no counterpart
in 
ight or CFD.

Test in Langley 30- by 60-Foot Tunnel

This open-jet wind-tunnel force/moment and
surface pressure measurement test 50 was con-
ducted in the 30- by 60-Foot Tunnel with a 0.18-
scaled model mounted on a six-component balance
in an aft-sting arrangement (�g. D1) atM1 � 0:07
or q1 = 6:7 lb/ft2 and Rn = 2:1� 106. The model
was tested at � = �5:0�, �2:5�, 0.0�, 2.5� , 5.0�,
7.5� , 10.0�, 12.5� , 15.0�, 17.5� , 20.0�, 22.5� , 25.0�,
27.5�, and 30.0� and at � = �20:0� , �8:0� , �2:5�,
0.0� , 2.5� , 8.0� , and 20.0� . Various combinations
of control-surface de
ections andother geometrical
variations of the baseline model were tested. Only
the results for the baseline model at � = 0� are re-
ported because no other 
ight or CFD results are
available for comparison. (The pressure port loca-
tions on this model are nominally represented on
the airplane by a subset. Compare tables 9 and 4.)

For reference, o� surface 
ow results were ob-
tained by using the vapor-screen technique. The

ow was seeded with propylene diglycol vapor,
il luminated by a nearly normal laser sheet (lo-
cated far outside the tunnel 
ow) sweeping over
the right half of the model in a small arc, and
recorded with a �xed video camera located behind
the model. However, because of the di�culty in re-
solving the camera parameters, these results could

only be considered qualitative and therefore are not
presented.

Test in BART

BART has an open return and a test sec-
tion made of Rohm and Haas Plexiglas mate-
rial. The test 3 was conducted with a 0.04-scaled
model, mounted on a single pedestal (�g. D2), for
ranges of M1, q1 , and Rn from 0:07 to 0:17,
8:4 lb/ft2 to 40 lb/ft2, and 0:50�106 to 1:12�106,
respectively. The model was tested at corrected
values of �, which took into account the in
uence
of the sidewall pressures determined at start of test.
The test values of � were 0.0� , 5.0�, 10.0�, 13.0� ,
15.0�, and 20.0� at � = 0�. No control surfaces
were de
ected but di�erent model components and
geometrical variations were examined. In addition
to surface pressures, an oil-
ow study was done on
the surface for the same values of �. The pres-
sure port locations on this model are nominally
represented on the airplane by a subset. (Com-
pare tables 10 and 4.) O� surface studies using
a �ve-hole probe and vapor screen were done over
a restricted set of the test �; namely, 10�, 13� ,
and 15�. This was done to emphasize the take-
o� and landing portion for the High Speed Civil
Transport study. The �ve-hole probe data were
collected within survey boxeswhich used the model
right wing upper numerical surface description as
a lower boundary at two fuselage stations, which
have full-scale values of FS 225 and FS 350. The
other boundaries for the two boxes were BL 41.5
and BL 50.625 inboard, BL 92.15 and BL 145.55
outboard, WL 125 and WL 150 top, and WL 87.5
and WL 87.5 bottom at FS 225 and FS 350, re-
spectively. The vapor-screen studies were done by
seeding the 
ow with propylene digylcol vapor, i l-
luminating the 
ow with a translating laser sheet
(mounted outside and atop the tunnel) shining on
the top of the model, and recording images with a
�xed video camera mounted atop and ahead of the
test section. Images were taken at seven fuselage
stations which have full-scale values of FS 167.5,
FS 225, FS 257.5, FS 300, FS 350, FS 390, and
FS 435. Sample images are shown in �gure D3.
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Figure D1. 0.18-scaled model of F-16XL in Langley 30- by 60-Foot Wind Tunnel.
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Figure D2. 0.04-scaled model of F-16XL in Langley BART.
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Left wing
primary
vottex

FS 225

FS 300

FS 435

Figure D3. Sample vapor-screen images for 0.04-scaled model of F-16XL airplane in Langley BART at

� = 15� , M1 = 0:15, and Rn = 1 � 106.
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Table 1. Planned F-16XL CAWAP Data Comparisons

Item Data comparison Data source

1 On and o� surface 
ow
Tufts Flight
Static pressures in a row Flight

Vapor screen Flight
Particle traces CFD

2 Surface 
ow and pressure
Oil 
ow Wind tunnel
Pressure sensitive paint Wind tunnel

3 Surface pressure
Pressure sensitive paint Wind tunnel

Calculations CFD
4 Vortex core location

Vapor screen Wind tunnel
Particle traces CFD

5 Vortex core location
Vapor screen Flight, wind tunnel
Particle traces CFD

6 Surface 
ow
Oil 
ow Flight
Tufts Flight

Liquid crystals Flight
7 Surface 
ow

Oil 
ow Flight
Tufts Flight
Particle traces CFD

8 Surface 
ow
Oil 
ow Flight, wind tunnel

Particle traces CFD
9 Surface pressure

Pressure sensitive paint Wind tunnel
Static pressures in a row Wind tunnel

10 O� surface 
ow
Vapor screen Flight, wind tunnel
Five-hole probe Wind tunnel

11 On and o� surface 
ow
Oil 
ow Flight
Vapor screen Flight

Particle traces CFD
12 On and o� surface 
ow

Oil 
ow Flight, wind tunnel
Vapor screen Flight, wind tunnel
Five-hole probe Wind tunnel

13 Surface 
ow
Oil 
ow Flight

Tufts Flight
Liquid crystals Flight
Propylene-glycol-methyl-ether traces Flight
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Table 1. Concluded

Item Data comparison Data source

14 Surface 
ow
Oil 
ow Flight
Tufts Flight

Particle traces CFD
Propylene-glycol-methyl-ether traces Flight

15 Vortex core location
Vapor screen Wind tunnel
Dye traces Water tunnel
Particle traces CFD

16 Surface pressure contours

Static pressures Flight, wind tunnel
Calculations CFD

17 Surface pressure
Pressure sensitive paint Flight
Static pressures in a row Flight, wind tunnel

18 Surface pressure
Pressure sensitive paint Flight
Static pressures in a row Flight, CFD

Static-pressure surfaces CFD
19 On and o� surface 
ow

Tufts Flight
Particle traces CFD
Stagnation pressure contours CFD

20 Boundary-layer pro�le
Rake Flight

Velocities CFD
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Table 2. Actual F-16XL CAWAP Data Comparisons

Item
(a) Data comparison Data source
3 Surface pressure contours

Pressure sensitive paint Wind tunnel
Calculations CFD

6 Surface 
ow
Oil 
ow Flight
Tufts Flight
Liquid crystals Flight

12a On and o� surface 
ow
Oil 
ow Wind tunnel
Vapor screen Wind tunnel

16a Surface pressure contours
Static pressures Flight
Calculations CFD

17a Surface pressure
Static pressures in a row Flight, wind tunnel

18a Surface pressure
Static pressures in a row Flight, CFD
Static-pressure surfaces CFD

19 On and o� surface 
ow
Tufts Flight
Particle traces CFD
Stagnation pressure contours CFD

20 Boundary-layer pro�le
Rake Flight
Velocities CFD

a\a" in item number signi�es reduction in number of items being compared.
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Table 3. Airplane Speci�cations

Aspect ratio, A . . . . . . . . . . . . . . . . . . . . . . 1.75

Wingspan, b, ft . . . . . . . . . . . . . . . . . . . . . . 32.4

Wing area, ft2 . . . . . . . . . . . . . . . . . . . . . . 646.37

Wing surface area, Sref, ft
2 . . . . . . . . . . . . . . . . . . 600

Reference wing chord, �c , ft . . . . . . . . . . . . . . . . . 24.7
Theoretical root chord, cr , ft . . . . . . . . . . . . . . . . . 41.75
Height, ft . . . . . . . . . . . . . . . . . . . . . . . . 17.606

Length, ft . . . . . . . . . . . . . . . . . . . . . . . . 54.155
Typical takeo� weight, lb . . . . . . . . . . . . . . . . . 35 000
Engine . . . . . . . . . . . . . . Pratt & Whitney F100-PW-200

Maximum thrust, lb . . . . . . . . . . . . . . . . . . 23 830

38



Table 4. Requested, Actual, and Nominal Aircraft Pressure Port Locations

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
1 160.75 36.00 160.95 35.88 161.10 36.00 Flush, US
2 161.25 36.00 161.45 35.89 161.59 36.00 Flush, US
3 165.50 36.00 165.63 35.88 165.77 36.00 Flush, US
4 166.00 36.00 166.12 35.89 166.24 36.00 Flush, US
5 169.00 36.00 169.12 35.90 169.24 36.00 Flush, US
6 170.00 36.00 170.08 35.90 170.20 36.00 Flush, US
7 171.00 36.00 171.06 35.91 171.16 36.00 Flush, US
8 172.00 36.00 172.06 35.90 172.18 36.00 Flush, US
9 176.00 36.00 176.03 35.93 176.12 36.00 Flush, US
10 185.00 36.00 184.94 35.95 185.00 36.00 Flush, US
11 162.00 37.00 162.19 36.87 162.35 37.00 Flush, US
12 162.50 37.00 162.69 36.87 162.85 37.00 Flush, US
13 163.25 38.00 163.46 37.87 163.61 38.00 Flush, US
14 163.75 38.00 163.93 37.89 164.07 38.00 Flush, US
15 166.00 38.00 167.14 37.88 167.28 38.00 Flush, US
16 169.00 38.00 169.14 37.88 169.29 38.00 Flush, US
17 170.00 38.00 170.13 37.88 170.27 38.00 Flush, US
18 171.00 38.00 171.12 37.88 171.26 38.00 Flush, US
19 172.00 38.00 172.11 37.89 172.24 38.00 Flush, US
20 176.00 38.00 176.08 37.89 176.21 38.00 Flush, US
21 185.00 38.00 184.97 37.90 185.07 38.00 Flush, US
22 164.50 39.00 164.73 38.87 164.88 39.00 Flush, US
23 165.00 39.00 165.23 38.87 165.39 39.00 Flush, US
24 165.50 40.00 165.72 39.87 165.87 40.00 Flush, US
25 166.00 40.00 166.22 39.86 166.38 40.00 Flush, US
26 169.00 40.00 169.18 39.87 169.33 40.00 Flush, US
27 170.00 40.00 170.17 39.87 170.31 40.00 Flush, US
28 171.00 40.00 171.15 39.87 171.29 40.00 Flush, US
29 172.00 40.00 172.14 39.87 172.28 40.00 Flush, US
30 176.00 40.00 176.12 39.87 176.26 40.00 Flush, US
31 180.00 40.00 180.06 39.87 180.20 40.00 Flush, US
32 185.00 40.00 185.02 39.88 185.15 40.00 Flush, US
129 202.50 40.00 202.50 39.78 202.50 40.00 Belt
130 215.00 40.00 215.00 39.84 215.00 40.00 Belt
131 230.00 40.00 230.00 39.78 230.00 40.00 Belt
132 240.00 40.00 Does not exist
133 250.00 40.00 250.00 39.48 250.00 40.00 Belt
134 257.50 40.00 257.50 39.46 257.50 40.00 Belt
135 282.50 40.00 282.50 39.60 282.50 40.00 Belt
136 300.00 40.00 300.00 39.66 300.00 40.00 Belt
137 337.50 40.00 337.50 39.76 337.50 40.00 Belt
138 375.00 40.00 375.00 39.86 375.00 40.00 Belt
139 390.00 40.00 390.00 40.07 390.00 40.00 Belt
140 407.50 40.00 407.50 40.10 407.50 40.00 Belt
141 425.00 40.00 425.00 40.15 425.00 40.00 Belt
142 437.50 40.00 437.50 40.09 437.50 40.00 Belt
143 450.00 40.00 450.00 40.14 450.00 40.00 Belt
a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
144 462.50 40.00 462.50 40.18 462.50 40.00 Belt
145 183.00 55.00 183.00 54.09 183.00 55.00 Belt
146 184.00 55.00 184.00 54.17 184.00 55.00 Belt
147 185.00 55.00 185.00 54.24 185.00 55.00 Belt
148 187.50 55.00 187.50 54.37 187.50 55.00 Belt
149 190.00 55.00 190.00 54.45 190.00 55.00 Belt
150 192.50 55.00 192.50 54.55 192.50 55.00 Belt
151 195.00 55.00 195.00 54.66 195.00 55.00 Belt
152 197.50 55.00 197.50 54.73 197.50 55.00 Belt
153 200.00 55.00 200.00 54.75 200.00 55.00 Belt
154 202.50 55.00 202.50 54.84 202.50 55.00 Belt
155 205.00 55.00 205.00 54.97 205.00 55.00 Belt
156 210.00 55.00 210.00 55.06 210.00 55.00 Belt
157 215.00 55.00 215.00 55.14 215.00 55.00 Belt
158 220.00 55.00 220.00 55.21 220.00 55.00 Belt
159 230.00 55.00 230.00 55.26 230.00 55.00 Belt
160 240.00 55.00 240.00 55.64 240.00 55.00 Belt
161 250.00 55.00 250.00 55.72 250.00 55.00 Belt
162 257.50 55.00 257.50 55.75 257.50 55.00 Belt
163 265.00 55.00 265.00 55.81 265.00 55.00 Belt
164 282.50 55.00 282.50 55.86 282.50 55.00 Belt
165 300.00 55.00 300.00 55.97 300.00 55.00 Belt
166 337.50 55.00 337.50 56.06 337.50 55.00 Belt
167 375.00 55.00 375.00 56.07 375.00 55.00 Belt
168 390.00 55.00 390.00 56.16 390.00 55.00 Belt
169 407.50 55.00 407.50 56.16 407.50 55.00 Belt
170 425.00 55.00 425.00 56.18 425.00 55.00 Belt
171 437.50 55.00 Does not exist
172 450.00 55.00 Does not exist
173 462.50 55.00 Does not exist
174 465.00 55.00 Does not exist
182 500.00 55.00 Does not exist
33 208.51 70.00 206.38 69.12 209.56 70.00 Flush, LE
36 210.00 70.00 207.82 69.14 210.92 70.00 Flush LS
37 210.50 70.00 208.33 69.15 211.42 70.00 Flush, LS
34 210.75 70.00 208.58 69.11 211.77 70.00 Flush, LS
38 211.00 70.00 208.81 69.16 211.86 70.00 Flush, LS
35 211.50 70.00 209.31 69.11 212.49 70.00 Flush, LS
39 212.00 70.00 209.76 69.14 212.85 70.00 Flush, LS
40 213.00 70.00 210.82 69.18 213.99 70.00 Flush, LS
41 214.00 70.00 211.84 69.09 215.07 70.00 Flush, LS
42 215.00 70.00 212.81 69.06 216.08 70.00 Flush, LS
43 216.00 70.00 213.84 69.06 217.12 70.00 Flush, LS
44 209.00 70.00 207.10 69.11 210.30 70.00 Flush, US
45 209.50 70.00 207.37 69.13 210.52 70.00 Flush, US
46 210.00 70.00 207.84 69.13 210.99 70.00 Flush, US
47 210.50 70.00 208.31 69.15 211.39 70.00 Flush, US

a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
48 211.00 70.00 208.82 69.15 211.91 70.00 Flush, US
49 212.00 70.00 209.77 69.16 212.80 70.00 Flush, US
50 213.00 70.00 210.79 69.20 213.72 70.00 Flush, US
51 214.00 70.00 211.79 69.23 214.64 70.00 Flush, US
52 215.00 70.00 212.76 69.24 215.57 70.00 Flush, US
53 216.00 70.00 213.78 69.26 216.54 70.00 Flush, US
183 220.00 70.00 220.50 67.69 220.50 70.00 Belt
184 222.50 70.00 222.50 68.07 222.50 70.00 Belt
185 225.00 70.00 225.00 68.13 225.00 70.00 Belt
186� 227.50 70.00 227.50 68.22 227.50 70.00 Belt
187 230.00 70.00 230.00 68.32 230.00 70.00 Belt
188 232.50 70.00 232.50 68.42 232.50 70.00 Belt
189 235.00 70.00 235.00 68.50 235.00 70.00 Belt
190� 237.50 70.00 237.50 68.60 237.50 70.00 Belt
191� 240.00 70.00 240.00 68.70 240.00 70.00 Belt
192� 245.00 70.00 245.00 68.85 245.00 70.00 Belt
193 250.00 70.00 250.00 68.99 250.00 70.00 Belt
194 255.00 70.00 255.00 69.02 255.00 70.00 Belt
195 257.50 70.00 257.50 69.11 257.50 70.00 Belt
196 265.00 70.00 265.00 69.22 265.00 70.00 Belt
197 270.00 70.00 270.00 69.27 270.00 70.00 Belt
198 275.00 70.00 275.00 69.30 275.00 70.00 Belt
199 282.50 70.00 282.50 69.40 282.50 70.00 Belt
200� 290.00 70.00 290.00 69.50 290.00 70.00 Belt
201 295.00 70.00 295.00 69.65 295.00 70.00 Belt
202 300.00 70.00 300.00 69.74 300.00 70.00 Belt
203 310.00 70.00 310.00 69.85 310.00 70.00 Belt
204 320.00 70.00 320.00 69.96 320.00 70.00 Belt
205 330.00 70.00 330.00 70.00 330.00 70.00 Belt
206 337.50 70.00 337.50 70.15 337.50 70.00 Belt
207 350.00 70.00 350.00 70.18 350.00 70.00 Belt
208 360.00 70.00 360.00 70.42 360.00 70.00 Belt
209 375.00 70.00 375.00 70.48 375.00 70.00 Belt
210 390.00 70.00 390.00 70.53 390.00 70.00 Belt
211 407.50 70.00 407.50 70.60 407.50 70.00 Belt
212 425.00 70.00 425.00 70.60 425.00 70.00 Belt
213 437.50 70.00 437.50 70.72 437.50 70.00 Belt
214 450.00 70.00 450.00 70.00 450.00 70.00 Belt
215 462.50 70.00 462.50 70.00 462.50 70.00 Belt
216 465.00 70.00 464.50 70.00 464.50 70.00 Belt
217 470.00 70.00 Does not exist
218 472.50 70.00 Does not exist
219 475.00 70.00 475.00 69.69 475.00 70.00 Belt
220 477.50 70.00 477.50 69.76 477.50 70.00 Belt
221 480.00 70.00 480.00 69.83 480.00 70.00 Belt
222 485.00 70.00 485.00 69.88 485.00 70.00 Belt
223 492.50 70.00 492.50 69.98 492.50 70.00 Belt

a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
224 500.00 70.00 500.00 70.07 500.00 70.00 Belt
54 235.50 80.00 232.85 78.97 236.57 80.00 Flush, LE
64 243.00 80.00 233.10 79.02 236.69 80.00 Flush, LS
55 236.00 80.00 233.40 78.92 237.26 80.00 Flush, LS
56 236.50 80.00 233.90 78.96 237.65 80.00 Flush, LS
57 237.00 80.00 234.39 78.97 238.10 80.00 Flush, LS
58 237.50 80.00 234.89 79.01 238.49 80.00 Flush, LS
59 238.00 80.00 235.38 79.02 238.95 80.00 Flush, LS
60 239.00 80.00 236.39 79.05 239.88 80.00 Flush, LS
61 240.00 80.00 237.38 79.07 240.79 80.00 Flush, LS
62 241.00 80.00 238.39 79.08 241.77 80.00 Flush, LS
63 235.70 80.00 239.37 79.11 242.66 80.00 Flush, LS
66 236.70 80.00 232.96 78.97 236.71 80.00 Flush, US
67 237.15 80.00 234.52 79.03 238.08 80.00 Flush, US
65 236.00 80.00 234.77 79.07 238.22 80.00 Flush, US
68 237.50 80.00 234.85 79.03 238.41 80.00 Flush, US
69 238.45 80.00 235.79 79.04 239.31 80.00 Flush, US
71 240.00 80.00 237.26 79.09 240.64 80.00 Flush, US
72 241.00 80.00 238.28 79.12 241.57 80.00 Flush, US
73 242.00 80.00 239.27 79.11 242.56 80.00 Flush, US
74 243.00 80.00 240.24 79.13 243.48 80.00 Flush, US
70 244.00 80.00 241.22 79.14 244.41 80.00 Flush, US
225 250.00 80.00 250.00 78.99 250.00 80.00 Belt
226 257.50 80.00 257.50 79.19 257.50 80.00 Belt
227 270.00 80.00 270.00 79.42 270.00 80.00 Belt
228 282.50 80.00 282.50 79.55 282.50 80.00 Belt
229 300.00 80.00 300.00 79.69 300.00 80.00 Belt
230 320.00 80.00 320.00 79.88 320.00 80.00 Belt
231 337.50 80.00 337.50 79.99 337.50 80.00 Belt
232 350.00 80.00 350.00 80.06 350.00 80.00 Belt
233 375.00 80.00 375.00 80.00 375.00 80.00 Belt
175 470.00 55.00 470.00 80.00 470.00 80.00 Belt
176 472.50 55.00 472.50 80.00 472.50 80.00 Belt
177 475.00 55.00 475.00 80.00 475.00 80.00 Belt
178 477.50 55.00 477.50 80.00 477.50 80.00 Belt
179 480.00 55.00 480.00 80.00 480.00 80.00 Belt
180 485.00 55.00 485.00 80.00 485.00 80.00 Belt
181 492.50 55.00 492.50 80.00 492.50 80.00 Belt
75 276.41 95.00 274.08 93.99 277.09 95.00 Flush, LE
76 277.00 95.00 274.61 94.06 277.43 95.00 Flush, LS
77 277.50 95.00 275.10 94.11 277.76 95.00 Flush, LS
78 278.00 95.00 275.60 94.18 278.08 95.00 Flush, LS
79 278.50 95.00 276.09 94.20 278.50 95.00 Flush, LS
80 279.00 95.00 276.58 94.26 278.84 95.00 Flush, LS
81 280.00 95.00 277.55 94.33 279.61 95.00 Flush, LS
82 281.00 95.00 278.54 94.40 280.42 95.00 Flush, LS
83 282.00 95.00 279.53 94.45 281.24 95.00 Flush, LS

a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
84 282.50 95.00 280.02 94.48 281.67 95.00 Flush, LS
85 283.00 95.00 280.53 94.51 282.09 95.00 Flush, LS
86 277.00 95.00 274.60 94.02 277.51 95.00 Flush, US
87 277.50 95.00 275.08 94.05 277.91 95.00 Flush, US
88 278.00 95.00 275.56 94.07 278.31 95.00 Flush, US
89 278.50 95.00 276.05 94.10 278.74 95.00 Flush, US
90 279.00 95.00 276.53 94.12 279.17 95.00 Flush, US
91 280.00 95.00 277.51 94.14 280.07 95.00 Flush, US
92 281.00 95.00 278.48 94.17 280.96 95.00 Flush, US
93 282.00 95.00 279.44 94.18 281.87 95.00 Flush, US
94 282.50 95.00 279.94 94.19 282.36 95.00 Flush, US
95 283.00 95.00 280.42 94.19 282.83 95.00 Flush, US
234 287.50 95.00 Does not exist
235 290.00 95.00 Does not exist
236 292.50 95.00 292.50 92.76 292.50 95.00 Belt
237 295.00 95.00 295.00 92.85 295.00 95.00 Belt
238 297.50 95.00 297.50 92.95 297.50 95.00 Belt
239 300.00 95.00 300.00 93.08 300.00 95.00 Belt
240 302.50 95.00 302.50 93.18 302.50 95.00 Belt
241 305.00 95.00 305.00 93.30 305.00 95.00 Belt
242 307.50 95.00 307.50 93.39 307.50 95.00 Belt
243 310.00 95.00 310.00 93.49 310.00 95.00 Belt
244 315.00 95.00 315.00 93.63 315.00 95.00 Belt
245 320.00 95.00 320.00 93.76 320.00 95.00 Belt
246 325.00 95.00 325.00 93.85 325.00 95.00 Belt
247 330.00 95.00 330.00 93.87 330.00 95.00 Belt
248 337.50 95.00 337.50 94.00 337.50 95.00 Belt
249 350.00 95.00 350.00 94.14 350.00 95.00 Belt
250 360.00 95.00 360.00 94.18 360.00 95.00 Belt
251 375.00 95.00 375.00 94.29 375.00 95.00 Belt
252 390.00 95.00 390.00 94.41 390.00 95.00 Belt
253 407.50 95.00 407.50 94.48 407.50 95.00 Belt
254 425.00 95.00 425.00 94.61 425.00 95.00 Belt
255 437.50 95.00 437.50 95.00 437.50 95.00 Belt
256 450.00 95.00 450.00 95.00 450.00 95.00 Belt
257 462.50 95.00 462.50 95.00 462.50 95.00 Belt
258 465.00 95.00 465.00 95.00 465.00 95.00 Belt
259 470.00 95.00 470.00 94.82 470.00 95.00 Belt
260 472.50 95.00 472.50 94.87 472.50 95.00 Belt
261 475.00 95.00 475.00 94.92 475.00 95.00 Belt
262 477.50 95.00 477.50 94.96 477.50 95.00 Belt
263 480.00 95.00 480.00 95.05 480.00 95.00 Belt
264 485.00 95.00 485.00 95.15 485.00 95.00 Belt
265 492.50 95.00 492.50 95.22 492.50 95.00 Belt
266 500.00 95.00 500.00 95.34 500.00 95.00 Belt
96 304.15 105.00 301.61 104.04 304.09 105.00 Flush, LE
103 304.30 105.00 301.81 104.01 304.36 105.00 Flush, LS
a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
97 304.50 105.00 302.13 103.98 304.76 105.00 Flush, LS
98 305.00 105.00 302.61 103.98 305.25 105.00 Flush, LS
99 305.50 105.00 303.14 104.02 305.65 105.00 Flush, LS
100 305.70 105.00 303.35 104.01 305.90 105.00 Flush, LS
101 306.50 105.00 304.12 104.04 306.57 105.00 Flush, LS
102 307.00 105.00 304.63 104.04 307.06 105.00 Flush, LS
104 308.00 105.00 305.62 104.05 308.01 105.00 Flush, LS
105 308.50 105.00 306.12 104.05 308.52 105.00 Flush, LS
107 309.50 105.00 307.13 104.08 309.42 105.00 Flush, LS
108 310.00 105.00 307.65 104.11 309.88 105.00 Flush, LS
106 310.50 105.00 308.12 104.10 310.36 105.00 Flush, LS
109 311.00 105.00 308.64 104.12 310.84 105.00 Flush, LS
110 312.00 105.00 309.62 104.12 311.77 105.00 Flush, LS
111 313.00 105.00 310.65 104.15 312.73 105.00 Flush, LS
112 314.00 105.00 311.66 104.15 313.74 105.00 Flush, LS
116 304.30 105.00 301.83 104.05 304.26 105.00 Flush, US
113 304.50 105.00 302.14 104.06 304.56 105.00 Flush, US
114 305.00 105.00 302.62 104.09 304.96 105.00 Flush, US
115 305.30 105.00 302.94 104.13 305.16 105.00 Flush, US
117 306.70 105.00 304.28 104.14 306.45 105.00 Flush, US
118 307.00 105.00 304.54 104.15 306.70 105.00 Flush, US
119 307.50 105.00 305.02 104.16 307.13 105.00 Flush, US
120 308.00 105.00 305.51 104.17 307.58 105.00 Flush, US
121 308.50 105.00 306.00 104.18 308.05 105.00 Flush, US
122 309.00 105.00 306.49 104.20 308.48 105.00 Flush, US
123 309.50 105.00 306.99 104.21 308.95 105.00 Flush, US
124 310.00 105.00 307.48 104.22 309.41 105.00 Flush, US
125 311.00 105.00 308.46 104.26 310.29 105.00 Flush, US
126 312.00 105.00 309.45 104.28 311.21 105.00 Flush, US
127 313.00 105.00 310.43 104.30 312.13 105.00 Flush, US
128 314.00 105.00 311.41 104.32 313.05 105.00 Flush, US
267 317.50 105.00 Does not exist
268 320.00 105.00 320.00 102.64 320.00 105.00 Belt
269� 322.50 105.00 322.50 102.70 322.50 105.00 Belt
270� 325.00 105.00 325.00 102.81 325.00 105.00 Belt
271 327.50 105.00 327.50 102.93 327.50 105.00 Belt
272� 330.00 105.00 330.00 103.04 330.00 105.00 Belt
273 332.50 105.00 332.50 103.11 332.50 105.00 Belt
274 335.00 105.00 335.00 103.19 335.00 105.00 Belt
275� 337.50 105.00 337.50 103.26 337.50 105.00 Belt
276 340.00 105.00 340.00 103.37 340.00 105.00 Belt
277 342.50 105.00 342.50 103.47 342.50 105.00 Belt
278 345.00 105.00 345.00 103.55 345.00 105.00 Belt
279 347.50 105.00 347.50 103.62 347.50 105.00 Belt
280� 350.00 105.00 350.00 103.67 350.00 105.00 Belt
281 355.00 105.00 355.00 103.68 355.00 105.00 Belt
282 360.00 105.00 360.00 103.76 360.00 105.00 Belt

a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Continued

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
283 365.00 105.00 365.00 103.86 365.00 105.00 Belt
284 370.00 105.00 370.00 103.93 370.00 105.00 Belt
285 375.00 105.00 375.00 104.01 375.00 105.00 Belt
286 390.00 105.00 390.00 104.12 390.00 105.00 Belt
287 407.50 105.00 407.50 104.24 407.50 105.00 Belt
288 425.00 105.00 425.00 104.31 425.00 105.00 Belt
289 437.50 105.00 437.50 104.41 437.50 105.00 Belt
290 450.00 105.00 450.00 105.00 450.00 105.00 Belt
291 462.50 105.00 462.50 105.00 462.50 105.00 Belt
292 465.00 105.00 465.00 105.00 465.00 105.00 Belt
293 470.00 105.00 470.00 104.63 470.00 105.00 Belt
294 472.50 105.00 472.50 104.75 472.50 105.00 Belt
295 475.00 105.00 475.00 104.84 475.00 105.00 Belt
296 477.50 105.00 477.50 104.92 477.50 105.00 Belt
297 480.00 105.00 480.00 105.00 480.00 105.00 Belt
298 485.00 105.00 485.00 105.09 485.00 105.00 Belt
299 492.50 105.00 492.50 105.19 492.50 105.00 Belt
300 500.00 105.00 500.00 105.28 500.00 105.00 Belt
301 370.00 127.50 Does not exist
302 372.50 127.50 372.50 126.71 372.50 127.50 Belt
303 375.00 127.50 375.00 126.87 375.00 127.50 Belt
304 377.50 127.50 377.50 127.03 377.50 127.50 Belt
305 380.00 127.50 380.00 127.18 380.00 127.50 Belt
306 382.50 127.50 382.50 127.30 382.50 127.50 Belt
307 385.00 127.50 385.00 127.37 385.00 127.50 Belt
308 390.00 127.50 390.00 127.52 390.00 127.50 Belt
309 395.00 127.50 395.00 127.66 395.00 127.50 Belt
310 400.00 127.50 400.00 127.70 400.00 127.50 Belt
311 407.50 127.50 407.50 127.80 407.50 127.50 Belt
312 415.00 127.50 415.00 127.88 415.00 127.50 Belt
313 425.00 127.50 425.00 127.94 425.00 127.50 Belt
314 415.00 153.50 415.00 152.86 415.00 153.50 Belt
315 417.50 153.50 417.50 153.02 417.50 153.50 Belt
316 420.00 153.50 420.00 153.11 420.00 153.50 Belt
317 422.50 153.50 422.50 153.24 422.50 153.50 Belt
318 425.00 153.50 425.00 153.35 425.00 153.50 Belt
319 427.50 153.50 427.50 153.47 427.50 153.50 Belt
320 430.00 153.50 430.00 153.50 430.00 153.50 Belt
321 432.50 153.50 432.50 153.57 432.50 153.50 Belt
322 437.50 153.50 Does not exist
323 445.00 153.50 445.00 152.91 445.00 153.50 Belt
324 450.00 153.50 450.00 153.01 450.00 153.50 Belt
325 455.00 153.50 455.00 153.01 455.00 153.50 Belt
326 462.50 153.50 462.50 153.22 462.50 153.50 Belt
327 470.00 153.50 470.00 153.29 470.00 153.50 Belt
328 475.00 153.50 475.00 153.41 475.00 153.50 Belt
329 477.50 153.50 477.50 153.45 477.50 153.50 Belt
a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Table 4. Concluded

Port Requested Actual Nominal Port type
(a) FS BL FS BL FS BL (b)
330 485.00 153.50 485.00 153.28 485.00 153.50 Belt
331 487.50 153.50 487.50 153.37 487.50 153.50 Belt
332 490.00 153.50 490.00 153.44 490.00 153.50 Belt
333 492.50 153.50 492.50 153.51 492.50 153.50 Belt
334 495.00 153.50 495.00 153.59 495.00 153.50 Belt
335 500.00 153.50 500.00 153.73 500.00 153.50 Belt
336 510.00 153.50 510.00 153.50 510.00 153.50 Belt
337 450.00 184.50 450.00 184.06 450.00 184.50 Belt
338 452.50 184.50 452.50 184.19 452.50 184.50 Belt
339 455.00 184.50 455.00 184.30 455.00 184.50 Belt
340 457.50 184.50 457.50 184.43 457.50 184.50 Belt
341� 460.00 184.50 460.00 184.55 460.00 184.50 Belt
342 465.00 184.50 465.00 184.12 465.00 184.50 Belt
343 470.00 184.50 470.00 184.22 470.00 184.50 Belt
344 475.00 184.50 475.00 184.27 475.00 184.50 Belt
345 480.00 184.50 480.00 184.39 480.00 184.50 Belt
346 485.00 184.50 485.00 184.49 485.00 184.50 Belt
347 487.50 184.50 487.50 184.57 487.50 184.50 Belt
348 490.00 184.50 Does not exist
349 495.00 184.50 Does not exist
350 497.50 184.50 Does not exist
351 500.00 184.50 500.00 184.36 500.00 184.50 Belt
352 510.00 184.50 510.00 184.45 510.00 184.50 Belt
353 520.00 184.50 520.00 184.53 520.00 184.50 Belt

a� Deleted port.

b LE is leading edge; LS is lower surface; US is upper surface.
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Run number for flight number of —

Table 5.  F-16XL CAWAP Flight Conditions and Associated Flights and Runs

[PT, Preston tube; RK, boundary-layer rake; HF, hot film; FV, flow visualization; WUT, wind-up turn; PO, pushover; NA, not available]

βnom,
deg

αnom,
deg

Loadnom,
g units

a131
PT

(d)

aFlight pressure data not available.

bFlight pressure data available for all or most runs.

cFlight pressure data available for some runs.

a132
PT

a133
PT

a134
RK

b135
RK

(d)

b137
RK

(d)

b138
RK, HF

(d)

a139
HF

a141
HF

a142
HF

a143
FV

c144
FV

(d)

a145
FV

(d)

146
FV

a147
FV

c151
FV

(d)

c152
FV

(d)

b153
FV

(d)

b154
FV

Rθ

5 0 1 2b 17b 17b 17b 10b 17b 17b 14b 9b 12b3.46 248.27
5 +5 1 2c 17c 17c 17c 10c 17c 17c 14c 2c3.46 293.35
5 –5 1 2d 17d 17d 17d 10d 17d 17d 14d 9c 12c3.46 215.41

10 0 1 3b 18b 18b 18b 11b 18b 15b 10b 13b2.16 196.16
10 +5 1 3c 18c 18c 18c 11c 18c 15c 10c 13c2.16 231.78
10 –5 1 3d 18d 18d 18d 11d 18d 10d 13d2.16 170.20
13 0 1 4b 19b 12b 19b 19b 19b 16b1.79 178.57
13 +5 1 4c 19c 12c 19c 19c 19c 16c1.79 210.99
13 –5 1 4d 19d 12d 19d 19d 19d 16d1.79 154.94
15 0 1 5b 13b 20b 20b 20b 17b 12b 15b1.61 169.35
15 +5 1 5c 13c 20c 20c 20c 17c 12c 15c1.61 200.11
15 –5 1 5d 13d 20d 20d 20d 17d 4b1.61 146.94
5 0 1 12b 12b 12b 12b 7b 12b 12b 8b 6b3.26 240.98
5 +5 1 12f 12c 12c 12c 7c 12c 12c 8c 6c3.26 284.74
5 –5 1 12g 12d 12d 12d 7d 12d 12d 8d 6d3.26 209.09

10 0 1 13b 13b 13b 13b 9b 3c 3b 13b 13b 9b 7b 11b2.03 190.16
10 +5 1 13f 13c 13c 13c 9c 3d 3c 13c 13c 9c 7c 11c2.03 224.69
10 –5 1 13g 13d 13d 13d 9d 3e 3d 13d 13d 9d 7d 11d2.03 165.00
13 0 1 14b 14b 11b 14b 14b 14b 14b 10b 5b1.71 174.53
13 +5 1 14f 14c 11c 14c 14c 14c 14c 10c 5c1.71 206.23
13 –5 1 14g 14d 11d 14d 14d 14d 14d 10d 5d1.71 151.44
15 0 1 15b 15b 15b 15b 15b 15b 11b1.56 166.70
15 +5 1 15f 15c 15c 15c 15c 15c 11c1.56 196.97
15 –5 1 15g 15d 15d 15d 15d 15d 11d1.56 144.64
20 0 1 16b 16b 16b 16b 8b 16b 16b1.28 151.00
20 +5 1 16c 16c 16c 16c 8c 16c 16c1.28 178.42
20 –5 1 16d 16d 16d 16d 8d 16d 16d1.28 131.02
5 0 1 7b 6b 7b 7b 7b 4b 7b 7b 5b3.03 232.33
5 +5 1 7c 6c 7c 7c 7c 4c 7c 7c 5c 4b3.03 274.52
5 –5 1 7d 6d 7d 7d 7d 4d 7d 7d 5d 4c3.03 201.58

10 0 1 8b 7b 8b 8b 8b 5b 8b 8b 6b1.88 183.00
10 +5 1 8c 7c 8c 8c 8c 5c 8c 8c 6c1.88 216.23
10 –5 1 8d 7d 8d 8d 8d 5d 8d 8d 6d1.88 158.79

FC

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

FC

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Mnom

0.56
0.56
0.56
0.35
0.35
0.35
0.29
0.29
0.29
0.26
0.26
0.26
0.61
0.61
0.61
0.38
0.38
0.38
0.32
0.32
0.32
0.29
0.29
0.29
0.24
0.24
0.24
0.71
0.71
0.71
0.44
0.44
0.44

hnom,
ft

5 000
5 000
5 000
5 000
5 000
5 000
5 000
5 000
5 000
5 000
5 000
5 000

10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
10 000
17 500
17 500
17 500
17 500
17 500
17 500

Rn/ft
× 10–6

d               Preston tube or boundary-layer runs.

                 First choice for flow when pressure file exists.

                 First choice for flow when pressure file does not exist.
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Run number for flight number of —

βnom,
deg

αnom,
deg

Loadnom,
g units

a131
PT

(d)

aFlight pressure data not available.

bFlight pressure data available for all or most runs.

cFlight pressure data available for some runs.

a132
PT

a133
PT

a134
RK

b135
RK

(d)

b137
RK

(d)

b138
RK, HF

(d)

a139
HF

a141
HF

a142
HF

a143
FV

c144
FV

(d)

a145
FV

(d)

146
FV

a147
FV

c151
FV

(d)

c152
FV

(d)

b153
FV

(d)

b154
FV

Rθ

13 0 1 9b 8b 9b 10b 9b 9b 9b 9b1.58 167.77
13 +5 1 9c 8c 9c 10c 9c 9c 9c 9c1.58 198.23
13 –5 1 9d 8d 9d 10d 9d 9d 9d 9d1.58 145.57
15 0 1 10b 9b 10b 10b 10b 10b 10b1.45 160.72
15 +5 1 10c 9c 10c 10c 10c 10c 10c1.45 189.90
15 –5 1 10d 9d 10d 10d 10d 10d 10d1.45 139.45
20 0 1 11b 10b 11b 11b 11b 6b 11b 11b 7b1.20 146.21
20 +5 1 11c 10c 11c 11c 11c 6c 11c 11c 7c1.20 172.76
20 –5 1 11d 10d 11d 11d 11d 6d 11d 11d 5b1.20 126.86

5 0 1 2b 4b 2c 2c 2c 2c 2c 2c 2c2.82 224.13
5 +5 1 2c 4c 2d 2d 2d 2d 2d 2d 2d2.82 264.83
5 –5 1 2d 4d 2e 2e 2e 2E 2e 2e 2e2.82 194.47

10 0 1 3b 5b 3b 3b 3b 3b1.77 177.57
10 +5 1 3c 5c 3c 3c 3c 3c1.77 209.81
10 –5 1 3d 5d 3d 3d 3d 3d1.77 154.07
13 0 1 4b 6b 4b 4b 4b 4b1.46 161.27
13 +5 1 4c 6c 4c 4c 4c 4c1.46 190.56

FC

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

FCMnom

0.37
0.37
0.37
0.34
0.34
0.34
0.28
0.28
0.28
0.81
0.81
0.81
0.51
0.51
0.51
0.42
0.42

hnom,
ft

17 500
17 500
17 500
17 500
17 500
17 500
17 500
17 500
17 500
24 000
24 000
24 000
24 000
24 000
24 000
24 000
24 000

Rn/ft
× 10–6

51 0.42 24 000 13 –5 1 4d 6d 4d 4d 4d 4d1.46 139.93
52 0.38 24 000 15 0 1 5b 7b 5b 5b 5b 5b1.32 153.34
53 0.38 24 000 15 +5 1 5c 7c 5c 5c 5c 5c1.32 181.19
54 0.38 24 000 15 –5 1 5d 7d 5d 5d 5d 5d1.32 133.05
55 0.32 24 000 20 0 1 6b 8b 6b 6b 3b 6b 6b 3b1.11 140.62
56 0.32 24 000 20 +5 1 6c 8c 6c 6c 3c 6c 6c 3c 3b1.11 166.15
57 0.32 24 000 20 –5 1 6d 8d 6d 6d 3d 6d 6d 3d 3c1.11 122.01
58 0.51 5 000 10 2.2  LT 3e 18e 18e 10e 13e3.15 236.88
59 0.51 10 000 10 1.8  LT 8b 13e 13e 13e 13e 9e2.73 220.53
60 0.51 17 500 10 1.3  LT 8e 11e 8e 6e2.18 197.06
61 0.42 5 000 13 2.1  LT 4e 19e 12e 19e 19e 11b 3b2.60 215.21
62 0.42 10 000 13 1.7  LT 8c 14e 11e 14e 14e 14e 10e2.25 200.20
63 0.42 17 500 13 1.3  LT 10e 9e 9e 9e1.79 178.57
64 0.38 5 000 15 2.1  LT 5e 13e 20e 20e 12d 4c 2b2.35 204.60
65 0.38 10 000 15 1.7  LT 8d 15e 15e 15e 15e 11e 6b2.03 190.16
66

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
660.38 17 500 15 1.3  LT 10e 10e 10e1.62 169.88

0
0
0
0
0
0
0
0
0

Table 5.  Continued

[PT, Preston tube; RK, boundary-layer rake; HF, hot film; FV, flow visualization; WUT, wind-up turn; PO, pushover; NA, not available]

d               Preston tube or boundary-layer runs.

                 First choice for flow when pressure file exists.

                 First choice for flow when pressure file does not exist.
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67 0.60 6 000 4.6 1 6b 2c 2c 13c 2c 12c 8b 2c3.60 253.24
68 0.90 19 600 3.7 1 9b 5b 4b 5b 10b3.60 253.24
69 0.95 21 300 3.6 1 10b 6b 6b 2b 4b3.60 253.24
70 0.98 22 300 3.6 1 11b 7b 7b 3b 5b3.60 253.24
71 1.10 25 800 3.3 1 13b 9b 9b 4b 7b3.60 253.24
72 1.30 30 800 3.0 1 11b 10b 10b 8b 7b 5b3.60 253.24
73 1.50 34 900 2.7 1 3b 12b 11b 6b 8b3.60 253.24
74 0.90 8 700 2.9 1 7b 4b 12b 3b 11b 13b 3b5.00 298.45
75 0.90 36 800 6.3 1 4b 13b 12b 5b 9b2.00 188.75
76 1.30 20 800 2.3 1 12b 8b 8b 9b 6b5.00 298.45
77 1.30 44 500 4.9 1 5b 14b 13b 7b 8b 3b2.00 188.75
78 0.60 6 000 12.0 3.7  WUT 6d 2e 2e 13e 2e 12e 8d 2e3.60 253.24
79 0.90 19 600 9.3 3.7  WUT 9d 5d 4d 5d 10d3.60 253.24
80 0.95 21 300 8.8 3.5  WUT 10d 6d 6d 2d3.60 253.24
81 0.98 22 300 8.1 3.2  WUT 11d 7d 7d 3d 5d3.60 253.24
82 1.10 25 800 7.4 3.0  WUT 13d 9d 9d 4d 7d3.60 253.24
83 1.30 30 800 6.5 2.7  WUT 11d 10d 10d 8d 7c 5d, 5f3.60 253.24
84 1.50 34 900 5.8 2.5  WUT 3d 12d 11d 6d3.60 253.24
85 0.90 8 700 8.4 5.0  WUT 7d 4d 12d 3d 11d 13d 3d5.00 298.45
86 0.90 36 800 10.5 2.0  WUT 4d 13d 12d 5d 9d2.00 188.75
87 1.30 20 800 5.1 3.0  WUT 12d 8d 8d 9d 6d5.00 298.45
88 1.30 44 500 6.8 1.5  WUT 5d 14d 13d 7d 8d 3d, 3f2.00 188.75
89 0.60 6 000 0.5  PO 6c 2d 2d 13d 2d 12d 8c 2d3.60 253.24
90 0.90 19 600 0.5  PO 9c 5c 4c 5c 10c3.60 253.24
91 0.95 21 300 0.5  PO 10c 6c 6c 2c3.60 253.24
92 0.98 22 300 0.5  PO 11c 7c 7c 3c 5c3.60 253.24
93 1.10 25 800 0.5  PO 13c 9c 9c 4c 7c3.60 253.24
94 1.30 30 800 0.5  PO 11c 10c 10c 8c 5c3.60 253.24
95 1.50 34 900 0.5  PO 3c 12c 11c 6c3.60 253.24
96 0.90 8 700 0.5  PO 7c 4c 12c 3c 11c 13c 3c5.00 298.45
97 0.90 36 800 0.5  PO 4c 13c 12c 5c 9c2.00 188.75
98 1.30 20 800 0.5  PO 12c 8c 8c 9c 6c5.00 298.45
99

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
991.30 44 500

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 0.5  PO 5c 14c 13c 7c 8c 3c2.00 188.75

Run number for flight number of —

Table 5.  Concluded

[PT, Preston tube; RK, boundary-layer rake; HF, hot film; FV, flow visualization; WUT, wind-up turn; PO, pushover; NA, not available]

βnom,
deg

αnom,
deg

Loadnom,
g units

a131
PT

(d)

aFlight pressure data not available.

bFlight pressure data available for all or most runs.

cFlight pressure data available for some runs.

a132
PT

a133
PT

a134
RK

b135
RK

(d)

b137
RK

(d)

b138
RK, HF

(d)

a139
HF

a141
HF

a142
HF

a143
FV

c144
FV

(d)

a145
FV

(d)

146
FV

a147
FV

c151
FV

(d)

c152
FV

(d)

b153
FV

(d)

b154
FV

RθFC FCMnom hnom,
ft

Rn/ft
× 10–6

d               Preston tube or boundary-layer runs.

                 First choice for flow when pressure file exists.

                 First choice for flow when pressure file does not exist.

4
9



Table 6. F-16XL CAWAP Tuft Video Times for Flights and Runs at Speci�ed Flight Conditions

Video (yr, 1966) hnom, �nom, �nom, Loadnom;

Flight Run day:hr:min:sec FC Mnom ft deg deg g units

144 3b 074:09:18:30 46 0.51 24000 10 0 1

144 3c 074:09:19:09 47 0.51 24000 10 5 1

144 3d 074:09:19:28 48 0.51 24000 10 �5 1

144 4b 074:09:20:36 49 0.42 24000 13 0 1

144 4c 074:09:21:13 50 0.42 24000 13 5 1

144 4d 074:09:21:31 51 0.42 24000 13 �5 1

144 5b 074:09:22:35 52 0.38 24000 15 0 1

144 5c 074:09:23:15 53 0.38 24000 15 5 1

144 5d 074:09:23:35 54 0.38 24000 15 �5 1

144 6b 074:09:24:30 55 0.32 24000 21 0 1

144 9b 074:09:37:30 34 0.37 17500 13 0 1

144 9c 074:09:38:11 35 0.37 17500 13 5 1

144 9d 074:09:38:35 36 0.37 17500 13 �5 1

144 9e 074:09:39:28 63 0.42 17500 13 0 1

144 10b 074:09:41:17 37 0.34 15700 15 0 1

144 10c 074:09:42:22 38 0.34 17500 15 5 1

144 10d 074:09:42:43 39 0.34 17500 15 �5 1

144 10e 074:09:43:23 66 0.38 17500 15 0 1.3

144 11b 074:09:45:06 40 0.28 17500 21 0 1

144 11c 074:09:45:54 41 0.28 17500 21 5 1

144 16b 074:10:04:03 25 0.24 10000 21 0 1

144 16c 074:10:04:43 26 0.24 10000 21 5 1

144 16d 074:10:05:03 27 0.24 10000 21 �5 1

145 5b 078:13:26:12 28 0.71 17500 5 0 1

145 6b 078:13:29:09 31 0.44 17500 10 0 1

145 6c 078:13:30:04 32 0.44 17500 10 5 1

145 6d 078:13:30:30 33 0.44 17500 10 �5 1

145 6e 078:13:31:44 60 0.51 17500 10 0 1.3

145 9e 078:13:41:36 59 0.51 10000 10 0 1.8

145 10e 078:13:46:19 62 0.42 10000 13 0 1.7

145 11b 078:13:47:53 22 0.29 10000 15 0 1

145 11c 078:13:48:47 23 0.29 10000 15 5 1

145 11d 078:13:49:18 24 0.29 10000 15 �5 1

145 16b 078:14:03:44 7 0.29 5000 13 0 1

145 16c 078:14:04:47 8 0.29 5000 13 5 1

145 16d 078:14:05:23 9 0.29 5000 13 �5 1

145 17b 078:14:07:01 10 0.26 5000 15 0 1

146 3b 079:13:06:49 74 0.9 8700 2.9 0 1

146 5b 079:13:10:50 68 0.9 19600 3.7 0 1

146 5d 079:13:13:32 79 0.9 19600 9.3 0 3.7

146 6d 079:13:16:17 80 0.95 21300 8.8 0 3.5

146 10b 079:13:32:15 72 1.3 30800 3 0 1

146 11d 079:13:38:09 84 1.5 34900 5.8 0 2.5

151 2c a100:08:20:15 43 0.81 24000 5 0 1

151 2d a100:08:20:56 44 0.81 24000 5 5 1

151 2e a100:08:21:17 45 0.81 24000 5 �5 1

151 3b a100:08:27:27 45 0.32 24000 20 5 1

aFlight where reported video times were 1 hr earlier than other data because chronometers for video time code inserters were not updated

when change made to Paci�c daylight time.
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Table 6. Concluded

Video (yr, 1966) hnom, �nom, �nom, Loadnom ;

Flight Run day:hr:min:sec FC Mnom ft deg deg g units

151 3c a100:08:27:43 57 0.32 24000 20 �5 1

151 5b a100:08:29:36 42 0.28 17500 20 �5 1

151 4b a100:08:38:48 29 0.71 17500 5 5 1

151 4c a100:08:39:08 30 0.71 17500 5 �5 1

151 6b a100:08:44:11 13 0.61 10000 5 0 1

151 6c a100:08:44:51 14 0.61 10000 5 5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

152 2c 102:09:14:51 67 0.6 6000 4.6 0 1

152 2e 102:09:16:16 78 0.6 6000 12 0 3.7

152 3d 102:09:19:48 85 0.9 8700 8.4 0 5

152 4b 102:09:23:37 69 0.95 21300 3.6 0 1

152 5b 102:09:26:51 70 0.98 22300 3.6 0 1

152 5d 102:09:28:13 81 0.98 22300 8.1 0 3.2

152 6b 102:09:36:15 76 1.3 20800 2.3 0 1

152 6d 102:09:37:40 87 1.3 20800 5.1 0 3

152 7b 102:09:33:54 21 1.1 25800 3.3 0 1

152 7d 102:09:35:03 82 1.1 25800 7.4 0 3

152 8b 102:09:49:31 73 1.5 34900 2.7 0 1

152 9b 102:09:46:09 75 0.9 36800 6.3 0 1

152 9d 102:09:47:30 86 0.9 36800 10.5 0 2

152 11b 102:09:55:40 16 0.38 10000 10 0 1

152 11c 102:09:57:08 17 0.38 10000 10 5 1

152 11d 102:09:56:45 18 0.38 10000 10 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

151 6d a100:08:45:09 15 0.61 10000 5 �5 1

152 12b 102:10:04:06 1 0.56 5000 5 0 1

152 12c 102:10:04:58 3 0.56 5000 5 �5 1

152 13b 102:10:07:45 4 0.35 5000 10 0 1

152 13c 102:10:08:26 5 0.35 5000 10 5 1

152 13d 102:10:08:48 6 0.35 5000 10 �5 1

152 13e 102:10:10:10 58 0.51 5000 10 0 2.2

152 15c 102:10:15:55 11 0.26 5000 15 5 1

153 2c 107:13:29:56 2 0.56 5000 5 5 1

153 3b 107:13:31:34 61 0.42 5000 13 0 2.1

153 4b 107:13:33:27 12 0.26 5000 15 �5 1

153 4c 107:13:35:06 64 0.38 5000 15 0 2.1

153 5b 107:13:39:09 19 0.32 10000 13 0 1

153 5c 107:13:40:01 20 0.32 10000 13 5 1

153 5d 107:13:40:27 21 0.32 10000 13 �5 1

153 6b 107:13:41:16 65 0.38 10000 15 0 1.7

153 8b 107:13:54:40 77 1.3 44500 4.9 0 1

153 8d 107:13:55:32 88 1.3 44500 6.8 0 1.5

154 5f 109:10:37:48 83 1.3 30800 6.5 0 2.7

aFlight where reported video times were 1 hr earlier than other data because chronometers for video time code inserters were not updated

when change made to Paci�c daylight time.
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Table 8. Actual and Nominal Pressure Port Locations at Airplane Scale for 0.11-Scaled Model

Actual Nominal

Port FS BL FS BL

293 175.09 48.00 175.09 48.00

294 183.93 48.00 183.93 48.00

295 194.98 48.00 194.98 48.00

296 209.33 48.00 209.33 49.00

297 242.10 48.00 242.10 48.00

298 281.87 48.00 281.87 48.00

299 328.62 48.00 328.62 48.00

300 372.07 48.00 372.07 48.00

301 417.35 48.00 417.35 48.00

302 462.27 48.50 462.27 48.00

303 475.53 48.50 475.53 48.00

304 487.68 48.50 487.68 48.00

305 504.24 48.50 504.24 48.00

306 516.02 48.50 516.02 48.00

308 211.73 69.00 211.73 69.00

309 220.66 69.00 220.66 69.00

310 235.75 69.00 235.75 69.00

311 257.01 69.00 257.01 69.00

312 284.12 69.00 284.12 69.00

313 317.08 69.00 317.08 69.00

314 356.51 69.00 356.51 69.00

315 392.55 69.00 392.55 69.00

316 427.35 69.00 427.35 69.00

317 462.78 69.00 462.78 69.00

318 475.41 69.00 475.41 69.00

319 486.50 69.00 486.50 69.00

320 502.52 69.00 502.52 69.00

323 262.86 88.00 262.86 88.00

324 270.21 88.00 270.21 88.00

325 282.64 88.00 282.64 88.00

326 299.89 88.00 299.89 88.00

327 322.21 88.00 322.21 88.00

328 349.35 88.00 349.35 88.00

329 381.56 88.00 381.56 88.00

330 411.23 88.00 411.23 88.00

331 437.10 88.00 437.10 88.00

332 462.97 88.00 462.97 88.00

333 475.14 88.00 475.14 88.00

334 485.80 88.00 485.80 88.00

335 500.76 88.00 500.76 88.00

338 319.37 109.00 319.37 109.00

339 324.79 109.00 324.79 109.00

340 334.27 109.00 334.27 109.00

341 347.24 109.00 347.24 109.00

342 364.26 109.00 364.26 109.00

343 384.77 109.00 384.77 109.00

344 409.15 109.00 409.15 109.00

345 431.60 109.00 431.60 109.00

346 447.46 109.00 447.46 109.00
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Table 8. Continued

Actual Nominal

Port FS BL FS BL

347 463.33 109.00 463.33 109.00

348 474.75 109.00 474.75 109.00

349 484.81 109.00 484.81 109.00

350 498.93 109.00 498.93 109.00

353 378.52 131.00 378.52 131.00

354 382.40 131.00 382.40 131.00

355 388.70 131.00 388.70 131.00

356 397.68 131.00 397.68 131.00

357 409.21 131.00 409.21 131.00

358 423.29 131.00 423.29 131.00

359 439.91 131.00 439.91 131.00

360 455.19 131.00 455.19 131.00

361 468.59 131.00 468.59 131.00

362 478.65 131.00 478.65 131.00

363 487.90 131.00 487.90 131.00

364 500.77 131.00 500.77 131.00

368 401.86 142.00 401.86 142.00

369 406.59 142.00 406.59 142.00

370 416.29 142.00 416.29 142.00

371 424.26 142.00 424.26 142.00

372 433.96 142.00 433.96 142.00

373 446.89 142.00 446.89 142.00

374 459.82 142.00 459.82 142.00

375 472.75 142.00 472.75 142.00

376 482.34 142.00 482.34 142.00

377 491.23 142.00 491.23 142.00

378 503.58 142.00 503.58 142.00

383 419.11 157.00 419.11 157.00

384 422.75 157.00 422.75 157.00

385 430.72 157.00 430.72 157.00

386 437.18 157.00 437.18 157.00

387 445.06 157.00 445.06 157.00

388 456.26 157.00 456.26 157.00

389 467.27 157.00 467.27 157.00

390 478.37 157.00 478.37 157.00

391 487.46 157.00 487.46 157.00

392 495.84 157.00 495.84 157.00

393 506.84 157.00 506.84 157.00

398 435.76 172.00 435.76 172.00

399 438.79 172.00 438.79 172.00

400 445.01 172.00 445.01 172.00

401 450.11 172.00 450.11 172.00

402 456.25 172.00 456.25 172.00

403 465.50 172.00 465.50 172.00

404 474.84 172.00 474.84 172.00

405 484.09 172.00 484.09 172.00

406 492.56 172.00 492.56 172.00

407 500.34 172.00 500.34 172.00

408 511.32 172.00 511.32 172.00
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Table 8. Continued

Actual Nominal

Port FS BL FS BL

413 452.76 187.00 452.76 187.00

414 454.99 187.00 454.99 187.00

415 459.30 187.00 459.30 187.00

416 462.97 187.00 462.97 187.00

417 467.43 187.00 467.43 187.00

418 474.92 187.00 474.92 187.00

419 482.32 187.00 482.32 187.00

420 489.81 187.00 489.81 187.00

421 497.65 187.00 497.65 187.00

422 504.98 187.00 504.98 187.00

423 515.20 187.00 515.20 187.00

458 196.19 �48.00 196.19 48.00

459 204.48 �48.00 204.48 48.00

461 228.31 �48.00 228.31 48.00

463 296.35 �48.00 296.35 48.00

465 380.97 �48.00 380.97 48.00

467 465.60 �47.50 465.60 48.00

468 478.03 �47.50 478.03 48.00

469 489.43 �47.50 489.43 48.00

470 504.97 �47.50 504.97 48.00

473 211.73 �69.00 211.73 69.00

474 220.66 �69.00 220.66 69.00

476 257.01 �69.00 257.01 69.00

478 317.08 �69.00 317.08 69.00

480 392.55 �69.00 392.55 69.00

482 462.78 �69.00 462.78 69.00

483 475.41 �69.00 475.41 69.00

484 486.50 �69.00 486.50 69.00

485 502.52 �69.00 502.52 69.00

488 262.86 �88.00 262.86 88.00

489 270.21 �88.00 270.21 88.00

491 299.89 �88.00 299.89 88.00

493 349.35 �88.00 349.35 88.00

495 411.23 �88.00 411.23 88.00

497 462.97 �88.00 462.97 88.00

498 475.14 �88.00 475.14 88.00

499 485.80 �88.00 485.80 88.00

500 500.76 �88.00 500.76 88.00

503 319.37 �109.00 319.37 109.00

504 324.79 �109.00 324.79 109.00

506 347.24 �109.00 347.24 109.00

508 384.77 �109.00 384.77 109.00

510 431.60 �109.00 431.60 109.00

512 463.33 �109.00 463.33 109.00

513 474.75 �109.00 474.75 109.00

514 484.81 �109.00 484.81 109.00

515 498.93 �109.00 498.93 109.00

518 378.52 �131.00 378.52 131.00

519 382.40 �131.00 382.40 131.00

55



Table 8. Concluded

Actual Nominal

Port FS BL FS BL

521 397.68 �131.00 397.68 131.00

523 423.29 �131.00 423.29 131.00

525 455.19 �131.00 455.19 131.00

526 468.59 �131.00 468.59 131.00

527 478.65 �131.00 478.65 131.00

528 487.90 �131.00 487.90 131.00

529 500.77 �131.00 500.77 131.00

533 401.86 �142.00 401.86 142.00

534 406.59 �142.00 406.59 142.00

536 424.26 �142.00 424.26 142.00

537 433.96 �142.00 433.96 142.00

538 446.89 �142.00 446.89 142.00

540 472.75 �142.00 472.75 142.00

541 482.34 �142.00 482.34 142.00

542 491.23 �142.00 491.23 142.00

543 503.58 �142.00 503.58 142.00

548 419.11 �157.00 419.11 157.00

549 422.75 �157.00 422.75 157.00

551 437.18 �157.00 437.18 157.00

552 445.06 �157.00 445.06 157.00

553 456.26 �157.00 456.26 157.00

555 478.37 �157.00 478.37 157.00

556 487.46 �157.00 487.46 157.00

557 495.84 �157.00 495.84 157.00

558 507.45 �157.00 507.45 157.00

563 435.76 �172.00 435.76 172.00

564 438.79 �172.00 438.79 172.00

566 450.11 �172.00 450.11 172.00

567 456.25 �172.00 456.25 172.00

568 465.50 �172.00 465.50 172.00

570 484.09 �172.00 484.09 172.00

571 492.56 �172.00 492.56 172.00

572 500.34 �172.00 500.34 172.00

573 511.32 �172.00 511.32 172.00

578 452.76 �187.00 452.76 187.00

579 454.99 �187.00 454.99 187.00

581 462.97 �187.00 462.97 187.00

582 467.43 �187.00 467.43 187.00

583 474.92 �187.00 474.92 187.00

585 489.81 �187.00 489.81 187.00

586 497.65 �187.00 497.65 187.00

587 504.98 �187.00 504.98 187.00

588 515.20 �187.00 515.20 187.00
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Table 9. Actual and Nominal Pressure Port Locations at Airplane Scale for 0.18-Scaled Model

Actual Nominal

Port FS BL FS BL

1 184.87 55.49 185.00 55.00

2 201.55 55.49 201.55 55.00

3 215.17 55.49 215.00 55.00

4 250.20 55.49 250.00 55.00

5 295.24 55.49 295.24 55.00

6 215.17 69.72 215.00 70.00

7 229.35 69.72 229.35 70.00

8 250.20 69.72 250.00 70.00

9 295.24 69.72 295.24 70.00

10 340.55 69.72 340.55 70.00

11 282.17 95.24 282.17 95.00

12 298.85 95.24 300.00 95.00

13 319.70 95.24 319.70 95.00

14 347.50 95.24 347.50 95.00

15 375.30 95.24 375.00 95.00

16 407.83 95.24 407.50 95.00

17 375.30 127.49 375.00 127.50

18 389.20 127.49 389.20 127.50

19 407.83 127.49 407.50 127.50

20 430.90 127.49 430.90 127.50

21 407.83 148.01 407.50 147.50

22 423.95 148.01 423.95 147.50

23 440.35 148.01 440.35 147.50

24 458.70 148.01 458.70 147.50

25 436.46 172.64 436.46 172.50

26 448.97 172.64 450.00 172.50

27 461.48 172.64 462.50 172.50

28 479.55 172.64 480.00 172.50

29 407.83 111.20 407.50 111.20

30 407.83 76.45 407.50 76.45
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Table 10. Actual and Nominal Pressure Port Locations at Airplane Scale for 0.04-Scaled Model

Actual Nominal

Port FS BL FS BL

10 160.00 �30.00 160.00 30.00

11 160.00 30.00 160.00 30.00

12 160.00 33.25 160.00 33.25

14 185.00 �55.00 185.00 55.00

15 185.00 �50.00 185.00 50.00

16 185.00 37.50 185.00 37.50

17 185.00 42.50 185.00 40.00

18 185.00 50.00 185.00 50.00

19 185.00 55.00 185.00 55.00

21 202.50 55.00 202.50 55.00

22 215.00 �70.00 215.00 70.00

23 215.00 �62.50 215.00 62.50

24 215.00 �55.00 215.00 55.00

25 215.00 42.50 215.00 40.00

26 215.00 50.00 215.00 50.00

27 215.00 55.00 215.00 55.00

28 215.00 62.50 215.00 62.50

29 215.00 70.00 215.00 70.00

30 230.00 70.00 230.00 70.00

31 257.50 �85.00 257.50 85.00

32 257.50 �80.00 257.50 80.00

33 257.50 �70.00 257.50 70.00

34 257.50 �55.00 257.50 55.00

35 257.50 55.00 257.50 55.00

36 257.50 62.50 257.50 62.50

37 257.50 70.00 257.50 70.00

38 257.50 80.00 257.50 80.00

39 257.50 85.00 257.50 85.00

40 282.50 95.00 282.50 95.00

41 300.00 �100.00 300.00 100.00

42 300.00 �95.00 300.00 95.00

43 300.00 �80.00 300.00 80.00

44 300.00 �55.00 300.00 55.00

45 300.00 55.00 300.00 55.00

46 300.00 70.00 300.00 70.00

47 300.00 80.00 300.00 80.00

48 300.00 87.50 300.00 87.50

49 300.00 95.00 300.00 95.00

50 300.00 100.00 300.00 100.00

51 337.50 62.50 337.50 62.50

52 337.50 80.00 337.50 80.00

53 337.50 95.00 337.50 95.00

54 337.50 105.00 337.50 105.00

55 337.50 115.00 337.50 115.00

56 375.00 70.00 375.00 70.00

57 375.00 95.00 375.00 95.00

58 375.00 105.00 375.00 105.00

59 375.00 120.00 375.00 120.00

60 375.00 127.50 375.00 127.50
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Table 10. Concluded

Actual Nominal

Port FS BL FS BL

61 390.00 127.50 390.00 127.50

62 407.50 �147.50 407.50 147.50

63 407.50 �137.50 407.50 137.50

64 407.50 �105.00 407.50 105.00

65 407.50 �55.00 407.50 55.00

67 407.50 95.00 407.50 95.00

68 407.50 120.00 407.50 120.00

69 407.50 127.50 407.50 127.50

70 407.50 137.50 407.50 137.50

71 407.50 147.50 407.50 147.50

72 425.00 62.50 425.00 62.50

73 425.00 147.50 425.00 147.50

74 425.00 160.00 425.00 160.00

75 437.50 147.50 437.50 147.50

76 437.50 160.00 437.50 160.00

77 437.50 172.50 437.50 172.50

78 450.00 80.00 450.00 80.00

79 450.00 147.50 450.00 147.50

80 450.00 160.00 450.00 160.00

81 450.00 172.50 450.00 172.50

82 462.50 �172.50 462.50 172.50

83 462.50 �147.50 462.50 147.50

84 462.50 �105.00 462.50 105.00

86 462.50 105.00 462.50 105.00

88 462.50 172.50 462.50 172.50

89 492.50 �172.50 492.50 172.50

90 492.50 �147.50 492.50 147.50

91 492.50 �105.00 492.50 105.00

92 492.50 �55.00 492.50 55.00

93 492.50 80.00 492.50 80.00

94 492.50 120.00 492.50 120.00

95 492.50 147.50 492.50 147.50

96 492.50 160.00 492.50 160.00
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Table 12. Boundary-Layer Velocity Pro�les

(a) Flight 135

Boundary-layer pro�le for run|

y, in. 6b at| 6b at| 10b at| 10b at| 11b at| 11b at| 12b at| 12b at|
RK 3 RK 5 RK 3 RK 5 RK 3 RK 5 RK 3 RK 5

0.02 0.690 0.718 0.692 0.711 0.709 0.711 0.709 0.702
0.06 0.742 0.781 0.738 0.789 7.750 0.781 0.753 0.779
0.10 0.760 0.821 0.764 0.828 0.773 0.819 0.782 0.815
0.14 0.781 0.846 0.780 0.850 0.792 0.838 0.799 0.839
0.18 0.798 0.874 0.799 0.875 0.808 0.862 0.813 0.862
0.28 0.848 0.909 0.848 0.907 0.951 0.989 0.858 0.895
0.38 0.874 0.932 0.878 0.926 0.888 0.915 0.892 0.915
0.48 0.898 0.940 0.910 0.939 0.913 0.922 0.939 0.929
0.58 0.928 0.951 0.938 0.948 0.942 0.938 0.951 0.935
0.68 0.942 0.952 0.957 0.953 0.966 0.942 0.971 0.941
0.88 0.970 0.930 0.980 0.960 0.980 0.954 0.990 0.951
1.08 0.982 0.963 0.988 0.968 0.998 0.960 0.999 0.960
1.28 0.991 0.972 0.993 0.974 0.995 0.968 0.988 0.972
1.48 0.995 0.980 0.999 0.982 0.999 0.972 0.995 0.978
1.88 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

(b) Flight 137

Boundary-layer pro�le for run|

y , in. 4b at| 4b at| 9b at| 9b at| 14b at| 14b at| 19b at| 19b at|
RK 3 RK 7 RK 3 RK 7 RK 3 RK 7 RK 3 RK 7

0.02 0.702 0.670 0.700 0.670 0.715 0.666 0.709 0.671
0.06 0.743 0.754 0.739 0.755 0.752 0.750 0.749 0.762
0.10 0.768 0.791 0.762 0.785 0.776 0.789 0.774 0.791
0.14 0.786 0.817 0.782 0.826 0.795 0.821 0.789 0.815
0.18 0.801 0.850 0.798 0.843 0.811 0.851 0.809 0.841
0.28 0.843 0.879 0.840 0.872 0.856 0.884 0.846 0.876
0.38 0.872 0.917 0.877 0.909 0.892 0.924 0.887 0.906
0.48 0.903 0.925 0.906 0.916 0.921 0.928 0.913 0.914
0.58 0.924 0.938 0.940 0.930 0.949 0.938 0.939 0.925
0.68 0.939 0.942 0.950 0.938 0.968 0.940 0.956 0.932
0.88 0.971 0.953 0.976 0.945 0.990 0.949 0.980 0.939
1.08 0.980 0.969 0.985 0.962 0.995 0.960 0.988 0.958
1.28 0.991 0.974 0.994 0.968 0.999 0.970 0.990 0.961
1.48 0.995 0.980 0.999 0.981 1.000 0.980 0.992 0.978
1.88 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Table 12. Concluded

(c) Flight 138

Boundary layer pro�le for run|

y , in. 2c at| 2c at| 4b at| 4b at| 9b at| 9b at| 14b at| 14b at| 19b at| 19b at|
RK 3 RK 4 RK 3 RK 4 RK 3 RK 4 RK 3 RK 4 RK 3 RK 4

0.02 0.738 0.921 0.701 0.799 0.709 0.798 0.711 0.810 0.706 0.805
0.06 0.780 1.018 0.750 0.886 0.760 0.888 0.760 0.900 0.758 0.895
0.10 0.810 1.068 0.775 0.937 0.780 0.938 0.785 0.944 0.781 0.942
0.14 0.822 1.125 0.789 0.968 0.797 0.969 0.804 0.981 0.797 0.975
0.18 0.843 1.145 0.809 0.988 0.820 0.991 0.818 1.000 0.811 0.990
0.28 0.872 1.162 0.850 1.009 0.855 1.009 0.864 1.018 0.860 1.011
0.38 0.900 1.818 0.882 1.024 0.892 1.023 0.898 1.027 0.891 1.022
0.48 0.920 0.880 0.911 0.849 0.927 0.840 0.931 0.838 0.921 0.838
0.58 0.935 1.172 0.939 1.022 0.950 1.023 0.956 1.027 0.949 1.021
0.68 0.941 1.161 0.951 1.020 0.965 1.022 0.970 1.025 0.964 1.023
0.88 0.960 1.140 0.972 1.019 0.991 1.020 0.995 1.041 0.989 1.020
1.08 0.974 1.122 0.990 1.017 0.998 1.018 1.000 1.029 0.999 1.012
1.48 0.991 1.071 0.977 1.013 1.002 1.010 1.004 1.011 0.998 1.010
1.88 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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(a) Initial 
ow-visualization paint scheme on airplane near Langley Research Center.

(b) Modi�ed 
ow-visualization paint scheme and video targets on airplane at Dryden Flight Research Center.

Figure 1. F-16XL-1 airplane in-
ight.
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(c) Missiles, tufts, modi�ed 
ow-visualization paint scheme, and video targets on airplane at Dryden Flight
Research Center.

Figure 1. Concluded.
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Air dam

50°
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BL

Figure 2. Three-view drawing of F-16XL-1 airplane. Linear dimensions are in feet (inches).
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Figure 3. Artist's rendition of a High-Speed Civil Transport concept.
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FS 0.000

FS 215
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FS 300

FS 375

FS 469

BL 41.5

BL 95

BL 172.51
Spacing, in.

3
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Single point

Figure 4. Layout of photogrammetric targets on F-16XL-1 airplane. Approximately 32 additional single points
from previous measurements; approximately 30 additional single points of white 
ow viz targets.
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Targets over wing
attachment bolts

Numerical surface
description

Typical line of
targets

(a) General.

Figure 5. Geometrical superposition of upper surface photogrammetric targets (depicted by lines) with
numerical surface description of F-16XL-1 airplane.
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(b) Cross section of airplane at FS 295 and details on left wing; maximum di�erence 0.09 in.

Figure 5. Continued.
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(c) Cross section of port wing at BL 40 and leading-edge details; maximum di�erence 0.24 in.

Figure 5. Continued.
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(d) Cross section of right wing at BL 165 and midchord details; maximum di�erence 0.19 in.

Figure 5. Continued.
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Numerical description

Line of targets

1.65 in.

(e) Cross section of forebody at BL 0 with detai ls at nose and canopy.

Figure 5. Concluded.
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Flush and belt static ports

Modified Preston tubes

Hot-film sensors
Boundary-layer rakes

Leading
edge

Figure 6. Schematic of instrumentation on surface of airplane.
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Figure 7.  Schematic of requested and actual pressure port layout and flight video targets on airplane.
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Belt static ports with number
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Figure 8.  Details of requested complete pressure instrumentation suite and layout on airplane.
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Figure 9. Front view of pressure instrumentation layout on right wing of F-16XL-1 airplane.
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Figure 11. Suite of instruments on F-16XL-1 left wing, including rake locations and predicted local 
ow near
surface. � = 13�; M1 = 0:28; Rn = 46:1� 106.
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Figure 11. Continued.

79



FS 294.59, BL –96.06

(e) Rake 5.

Figure 11. Concluded.
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Figure 12.  Locations of components of airborne video system installed on F-16XL-1 airplane.
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Hot film

(a) General.

(b) Surface details.

Figure 13. Hot-�lm belt layout on airplane.
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(a) Initial.

(b) Current.

Figure 14. Grid on wing-fuselage upper surface.
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(a) Initial.

(b) Current.

Figure 15. Grid on wing-fuselage lower surface.
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(a) Inner.

Figure 16. CFD block structure layout for F-16XL-1 airplane.
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(b) Outer.

Figure 16. Concluded.
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Figure 17. Reynolds number e�ect on convergence histories for two solutions.
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Figure 17. Concluded.
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Figure 18. Predicted and measured 
ightCp distribution on F-16XL-1 airplane at FC 1 (� = 5:5� ;M1 = 0:52;

Rn = 77:71� 106).
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Figure 18. Continued.
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Figure 18. Continued.
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Figure 18. Continued.
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Figure 18. Continued.
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Figure 18.  Concluded.
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Figure 19. Predicted and measured 
ight Cp distribution on F-16XL-1 airplane at FC 46 (� = 10:4� ;

M1 = 0:53; Rn = 46:90 � 106).
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Figure 19. Continued.
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Figure 19. Continued.
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Figure 19. Continued.
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Figure 19. Continued.
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Figure 20. Predicted and measured 
ight Cp distribution on F-16XL-1 airplane at �nom = 13� for FC 34

(� = 13:5�; M1 = 0:37; Rn = 40:05� 106) and FC 49 (� = 13:0�; M1 = 0:44; Rn = 38:97� 106).
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Figure 20. Continued.
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Figure 20. Concluded.

111



 Flt144.Run16b,up 
 BART,up 
 BART,low 
CFL3D_FC25
CFL3D_WT-BART

0 .2 .4 .6 .8 1.0
–1.0

–.5

0

.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

–Cp

x/c

(a) BL 55.

 Flt144.Run16b,up 
 Flt144.Run16b,low 
 BART,up 
 BART,low 
 CFL3D_FC25
 CFL3D_WT-BART

0 .2 .4 .6 .8 1.0
–1.0

–.5

0

.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

–Cp

x/c

(b) BL 70.

Figure 21. Predicted and measured 
ight and WT Cp distributions on F-16XL-1 airplane at �nom = 20� for

FC 25 (� = 19:8�; M1 = 0:24; Rn = 32:22� 106), BART (� = 20:0�; M1 = 0:15; Rn = 1:06 � 106), and
CFD for BART (� = 20:0�; M1 = 0:10; Rn = 1:12 � 106).
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Figure 21. Continued.
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Figure 21. Continued.
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Figure 21. Continued.
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Figure 21. Continued.
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Figure 21. Continued.
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Figure 21.  Concluded.
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Figure 22. Predicted and measured 
ightCp distribution on F-16XL-1 airplane for FC 70 (� = 4:4�;M1 = 0:97;

Rn = 88:77� 106).
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22. Continued.
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Figure 22.  Concluded.
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Figure 23.  Cp,u contours on F-16XL-1 airplane for FC 70 (α = 4.4°; M∞ = 0.97; Rn = 88.77 × 106).
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Figure 24. Predicted and measured velocity pro�les for boundary-layer rakes on F-16XL-1 airplane for FC 7
(�nom = 13�; �nom = 0�; M1 = 0:29; h = 5000 ft; Rn = 44:4 � 106).
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Figure 24. Concluded.
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Figure 25. O�-surface 
ow features for boundary-layer rake locations 7 and 5 on F-16XL-1 airplane for FC 7
(�nom = 13�; �nom = 0�; M1 = 0:29; h = 5000 ft; Rn = 44:4 � 106; FS � 295).
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Figure 25. Concluded.
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Figure 26. Predicted and measured cf on F-16XL-1 airplane at FC 330 for M1 ;avg = 0:33, �avg = 11:9� ,

�nom = 0�, Rn;avg = 45:6 � 106.
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(a) Tuft images projected from three cameras onto aircraft grid.

Figure 27. Flight tuft data from three cameras on F-16XL-1 airplane and CFD solution at FC 46 (� = 10:4� ;
M1 = 0:53; Rn = 46:90 � 106).
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(b) Combination of tuft images and CFD surface streamlines.

Figure 27. Continued.
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(c) Vortex systems determined from CFD stagnation pressures (PLOT3D) at 0.78.

Figure 27. Continued.

138



(d) Combination of tuft images, streamlines, and vortex systems.

Figure 27. Concluded.
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Figure 28. Longitudinal aerodynamic characteristics of 0.18-scaled model of F-16XL-1 airplane with air dams
and missiles on and controls unde
ected atM1 = 0:07 and Rn = 2:1� 106.
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Figure 29. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 5� at
M1 � 0:2.
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Figure 29. Concluded.
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Figure 30. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 13� at
M1 � 0:2.
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Figure 30. Concluded.
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Figure 31. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 20� at
M1 � 0:2.
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Figure 31. Concluded.
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Figure 32. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 5� at
M1 � 0:2.
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Figure 33. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 13� at
M1 � 0:2.
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Figure 34. E�ect of Rn variation on local Cp for 0.04- (BART) and 0.18-scaled ( 30 by 60) models of F-16XL-1
airplane in BART and 30- by 60-Foot Tunnel, respectively, with air dams and missiles for � = 20� at
M1 � 0:2.
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Figure 35. E�ect of � on Cp;u contours for 0.11-scaled model in Ames 11-Foot Tunnel at M1 = 0:95 and

Rn = 2:3 � 106.
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Figure 35. Continued.
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Figure 35. Concluded.
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(a) � = 10�; M1 = 0:15; Rn = 1 � 106.

Figure 36. Superposition of projected core path and reattachment path onto oil 
ow image for F-16XL-1 BART
model without air dams.
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(b) � = 13�; M1 = 0:07; Rn = 0:5� 106.

Figure 36. Continued.
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(c) � = 13�; M1 = 0:15; Rn = 1� 106.

Figure 36. Continued.
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(d) � = 15�; M1 = 0:07; Rn = 0:5� 106.

Figure 36. Continued.

156



Reattachment path
Core path

(e) � = 15�; M1 = 0:15; Rn = 1� 106.

Figure 36. Concluded.
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Figure 37. Superposition of liquid crystal and tuft image data for F-16XL-1 airplane at � � 13�, M1 = 0:28,
and Rn = 47� 106.
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Data

fusion

Figure 38. Superposition of liquid crystal and tuft image data for F-16XL-1 airplane at � � 13�, M1 = 0:28,
and Rn = 47� 106.
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