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ABSTRACT

WING TIP VORTEX STAGNATION PRESSURE SURVEY

OF VARIOUS TIP SHAPES
Publication No.
Curtis Blaine Rath, M.S.
The University of Texas at Arlington, 1991

Supervising Professor: Donald D. Seath

The effects of wing tip shape on the tip vortex were
studied experimentally under flow conditions typical of
helicopter rotor tip operation (M = 0.75 and 0.78, with
Re=3.2%10° and 5.6*106). Four planforms were tested; rect-
angular, swept, tapered, and swept-tapered. Vortex stagna-
tion pressure surveys were conducted at 1, 3, and 6 chords
downstream of the tip. This yielded qualitative results in
the initial roll-up region. Comparisons were made of the
effects of Mach number, Reynolds number, downstream dis-
tance, and tip shape on the vortex size, shape, location,
and minimum stagnation pressure ratio. The effects of tip
shape were quite significant. The swept and swept-tapered

tips produced larger, more diffuse vortices than the rect-

angular or tapered tips.
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CHAPTER 1

INTRODUCTION

The familiar and annoying sound of a "chopper" is
sometimes the result of helicopter blade-vortex interaction
(BVI). This noise occurs when a helicopter rotor blade (main
or tail) passes very near or through the tip vortex of a
preceding blade (possibly even that of the same blade on an
earlier revolution) (ref. 5). Refer to Shenoy for a study of
the flight conditions under which BVI is most prevalent
(ref. 8). BVI noise is not only annoying, but for a military
helicopter may spoil the element of surprise or stealth with
possibly dire consequences. Additionally, the very rapid
fluctuations in the local aerodynamic loading caused by BVI

can result in aeroelastic problems (ref. 5).

It is widely suspected that changing the blade tip
shape to produce a more diffuse vortex core structure may
reduce the detrimental effects of BVI. Hence, Bell Heli~-
copter initiated this project to determine the effects of

tip shape on vortex core structure.

BVI and vortex mapping are active research areas at
the University of Texas at Arlington, particularly the

perpendicular interaction problem. In this problem a steady



vortex from an upstream generator interacts with an airféil
spanning the flow. Kalkhoran found large changes in blade
pressure distribution, evidence of spanwise vortex shift,
and possible vortex break up as a result of close interac-
tion (ref. 5). BVI research at UTA is especially notable for
being conducted (simultaneously) at high Reynolds number and

high subsonic to transonic Mach numbers (refs. 5, 10).

The interaction problem studies the effects of the
vortex on the airfoil pressure distribution and vice versa.
For this approach, what is required of the vortex is that it
have a consistent, predictable strength and steady trajec-
tory. Kalkhoran achieved this by mounting the vortex genera-
tor as far upstream as possible from the airfoil to ensure
that the vortex is fully developed. In contrast, in this
thesis the initial formation of the vortex itself is stud-
ied. It is hoped that the knowledge gained will assist in

alleviating the problems of BVI.

The experiment uses a wake rake to measure the stag-
nation pressure over a rectangular grid downstream of the
wing model, thus generating a map of the vortex core. Four
major parameters were varied in the investigation: tip
shape, downstream distance, Reynolds number, and Mach nuﬁ—
ber. The tip shape is of greatest interest since the de-
signer has full choice over this, while the other parameters

are largely dictated by operating conditions.



Although the end goal of the project is to find the
"best" tip shape, this study is limited in scope to iden-
tifying the effects of a few simple tip shapes on the vortex
core. The stagnation pressure mapping technique yields qual-
itative results. But this is suitable for a preliminary
study which can serve as a starting point for more focused

inquiries.

Completion of the stagnation pressure mapping does not
bring the project to an end. Faculty and students have
planned follow-on studies, including: stagnation pressure
mapping at another angle of attack; detailed velocity map-
ping of the vortex core using a five-hole cone probe; and
balance measurements of 1ift, drag and pitching moment to

correlate these with vortex structure.

This project was already underway when the author
joined the effort. The experiment had been designed and the
models fabricated. Although observed by the author, the
experiment was executed by Mr. Scott Stuessy. The author's
contribution was limited to compilation and analysis of the

raw data.

Data Reduction Tools

Early in the work it was found that the existing

software for processing the vortex map data was inadequate.
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Data reduction was slow, laborious, and tedious to the point
of being error prone. The code was originally written during
the early development of the transonic tunnel facility.
Hence, there were more pressing needs than designing an

effective data reduction software package.

However, to deal with the large volume of raw data
generated by the current experiment more effective methods
were highly desired. Thus the second objective of this
thesis was born; to produce new data reduction tools which

would greatly reduce the burden on the analyst.

It was decided that four types of tools were needed.
General tools which would convert the raw data files pro-
duced by the data acquisition system to a more convenient
form. A code to process transducer calibrations. A program
specifically for processing vortex maps. And a library of
routines which would aid in the development of custom data

reduction programs in the future.



CHAPTER 2

THE EXPERIMENT

Wing Models - Tip Shapes

Four models, differing in tip geometry, were tested in
this experiment (shown in Fig. 1). One model is a constant
chord, rectangular tip wing, similar to most existing heli-
copter rotor tip shapes. As such it serves as a baseline for
comparison of the resulting vortex structures. The second
model has a constant chord with a thirty degree swept tip.
N2xt is a tapered tip model with a taper ratio of one half
and a straight quarter chord line. The last wing is a combi-
nation of the two previous models, having a tapered tip with

thirty degrees of quarter chord sweep.

All four models have an NACA 0012 airfoil section
across the entire 4.3-inch semi-span and no twist. The
thickness of the tapered tips is tapered to maintain the
NACA 0012 section. The models differ only from the 2.3-inch
span station outward to the tip. Inboard of the 2.3~inch
station the models are of the same design; 2-inch constant
chord with no sweep. The ends of the tips are rounded by

revolving the 0012 section about the mean chord line. Each
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Fig. 1. Ving planforms, NACA 0012 airfoils, dimensions in inches

model is mounted on a base plate 0.2-inch thick and approxi-
mately rectangular (see Fig. 2). The plate has a curved,
wedge shaped leading edge which presents the same geometry
to the oncoming flow regardless of angle of attack. The
models and their bases are made of stainless steel with

smoothly finished surfaces.

Test Pacilities

The tests were conducted in the UTA high Reynolds

number transonic wind tunnel (HIRT). It is a Ludwieg tube
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Fig. 2. Model base plate, mounts on test
section side wall, dimensions in inches

design capable of Reynolds numbers of up to 15 million based
on a 2 inch chord and Mach numbers ranging from approx-
imately 0.7 to 1.2. The test section is 7.34 inches high by
9.16 inches wide and 25.4 inches long with porous walls to
cancel shock and expansion wave reflections as well as pro-
viding boundary layer control. The porous walls vent to a
plenum cavity which exhausts through a ball valve providing
the primary Mach number control. See Kalkhoran (Ref. 5, ch.

2) for a complete description of the tunnel and operation.

The essential feature of the Ludwieg tube operation is
the movement of the expansion wave generated by the starting
devices (Fig. 3). Upon starting, the expansion wave travels

upstream in the tube. Once the wave passes the test section



and enters the charge tube, the test section flow becomes
steady state and remains steady until the expansion wave,
reflected from the upstream end of the charge tube, returns.
This is in contrast to a conventional blowdown tunnel which
can be operated at either constant test section dynamic

pressure or constant Mach number but not both (Ref. 6).

After the unsteady passage of the reflected wave
downstream of the test section, the wave reflects from the
downstream end of the tube. The wave then repeats its up-
stream travel and reflection, providing a second steady
state test interval. The wave spreads out as it travels. As
a result, the second test interval is shorter than the
first. At the end of this second interval, the wave again
returns and expands the flow to such an extent that the

exhaust valve unchokes bringing the test to an end.

During the second steady interval, the test section
Mach number is near that of the first interval but the
Reynolds number is approximately half that of the first.
Thus one test run can yield data at two flow conditions,

differing primarily in Reynolds number (Ref. 9).

The stagnation pressures downstream of the test model
are measured with a wake rake mounted on a vertical travers-
ing mechanism. The rake consists of 13 total head tubes

spaced 0.125 inches apart. Pressure leads from the rake and
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Fig. 3.

(a) Expansion wave (EW)
just after start, t=o0t.

(b) Expansion wave in
charge tube before
reflection from end.
Steady test section (TS)
flow.

(c) Expansion wave after
reflection from end.
Steady TS flow.

(d) Return passage of
expansion wave through
test section. Unsteady
TS flow.

(e) Reflected expansion
wave on second trip
upstream in charge tube.
Steady TS flow.

Expansion wave movement through a Ludwieg tube
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from the plenum cavity and charge tube static and total
ports are connected to differential pressure transducers.
The plenum cavity transducer has a range of 0-100 psig, the
others have a range of 0-250 psig. The transducers, in turn,
are connected to the DSP Technology data acquisition system
which conforms to the CAMACl standard. The CAMAC crate con-
tains programmable amplifiers, 12-bit analog to digital
converters, and a 48~channel transient recorder. The crate
is connected to and controlled by an IBM compatible personal
computer running PSP data acquisition system software, also
from DSP Technology. For this experiment the system was con-
figured to record all pressure signals 1024 times at 0.5

millisecond intervals.

Test Setup and Matrix

The test setup is shown in Fig. 4. The model is
mounted on the side wall of the test section at the desired
distance from the wake rake. Angle of attack is set by
selecting the appropriate mounting holes in the model base

plate. Angle of attack was set at 8 degrees for all runs.

For each tip shape, the vortex is mapped at three
locations downstream of the model, and two Mach numbers.

Reynolds number is also a test parameter, since each run

1cOmputer Automated Measurement And Control



WAKE RAKE OF 13
TOTAL HEAD TUBES

VERTICAL TRAVERSING MECHANISM

Fig. 4. Pictorial of test setup

yields data at two Reynolds numbers. But it is not explic-
itly included in the test matrix, since only one run is
required for both Reynolds numbers at a given Mach number.
The downstream locations are 6 chords, 3 chords, and less
than 1 chord downstream of the wing root trailing edge. For
the position less than 1 chord downstream, the model was
mounted as close as possible to the wake rake without physi-
cally interfering with it. The Mach numbers tested were to
be 0.75 and 0.78, nominally. The test matrix is summarized

in table 1.

11
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Table l.--Experiment test matrix

Aoa Rake Downstream Location
Tip Shape Mach deg <ic* 3¢ 6c
Rectangular 0.75 8 X X X
0.78 8 X X X
Swept 0.75 8 . ee X X
0.78 8 oo X X
Tapered 0.75 8 X X X
0.78 8 X X X
Swept-Tapered 0.75 8 X X X
0.78 8 X X X

*The swept tip could not be tested at less than 1 chord.

Procedures

A vortex map is made from the stagnation pressures on
grid points of a rectangular region perpendicular to the
freestream flow at some distance downstream of the model.
This grid of data is measured one row at a time by the wake
rake. One row per test run. Typically, seven runs are made
to get seven rows of data 0.125-inch apart for each grid.
These runs are referred to collectively as a sweep, since
the rake sweeps across the vortex. Each sweep produces two
vortex maps, one per steady state test interval. Sweeps are

referred to by name, see appendix A for the name convention.
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Each run was performed according to standard operating
procedures, except that the charge tube temperature was not
measured. Immediately after each run, the charge tube pres-
sure history was displayed graphically on the control com-
puter to verify that the data were obtained. That is, that
the steady state interval was steady and that the data

acquisition system was triggered in time to record the data.

Each sweep was performed by setting the rake at either
the top or bottom of the map rectangle, then performing a
run. Next the rake was moved 0.125 inch, up or down, to the
next run position. This was repeated for each run of the
sweep. The rake was consistently moved in one direction
throughout each sweep to guard against systematic error in

positioning due to slack in the traverse mechanism.

Each configuration was tested by performing a sweep at
one Mach number with the rake moved in one direction. The
next Mach number for the same configuration was tested with
the rake starting from the ending position of the previous
sweep. Thus if the first sweep, at Mach 0.75 say, started at
the bottom and moved upward, the next sweep, at Mach 0.78
say, started at the top and moved downward. Although this
saved a small amount of time, it is possible that it intro-
duced a small systematic error between the vertical posi-
tions of the mapped rectangles at the two Mach number tests

of each configuration.
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Since the testing occurred over a period of a month,
transducer drift was a concern. To negate this possibility,
the transducers were calibrated daily before testing. The
calibration procedure is detailed in Ref. 5. But since it
pertains to a section of the next chapter, the procedure

will be summarized here.

The charge tube total pressure is monitored not only
by the data acquisition system but also by a very accurate
and stable transducer, referred to as the master transducer.
This master transducer is connected to a digital volt meter
(DVM) which is monitored during tunnel pressurization. It is

this transducer which serves as the standard for calibrating

the others.

To calibrate the system transducers, the data acqui-
sition system is triggered several times during the tunnel
pressurizing process to record the pressures read by the
system transducers. Before each triggering the tunnel £ill
valve is closed and the pressures allowed to stabilize to
assure that each pressure port correctly sensed the tunnel
pressure. At each triggering, the DVM reading of the master
transducer, and hence the reference calibration pressure,
was recorded manually. Thus, readings of all the transducers
at several accurately known pressures are made available for

the calibration.



CHAPTER 3

DATA REDUCTION

Although each vortex map produced from the experiment
is made from just 91 pressure values, the data reduction
process was initially found to be awkward, slow, and tedious
to the point of being error prone. The existing software
tools for manipulating and analyzing the data were simply
inadequate. As a result, the second objective of this thesis
was born; to develop new software tools which ease the anal-
ysis of data from the experimental facilities in the UTA
Aerospace Research Center (ARC). This chapter discusses
these new tools as well as other pertinent aspects of the

data reduction.

New Tools

The tools developed include general programs for ac-
cessing data stored in PSP sessions without regard to the
specific experimental setups, and programs more specific to
use of the transonic tunnel and processing vortex maps.
Briefly, PSP2ASC converts a PSP session to a convenient
ASCII file format, PSP2HST produces calibrated time history

results directly from a session, CALTRANS processes

15
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transducer calibrations, and VRTXMAP processes vortex maps.
The VRTXMAP program will be discussed in the last section of
this chapter rather than in this section. In addition, a
library of routines, USEPSP.LIB, was written in Microsoft
FORTRAN which simplifies accessing PSP sessions from custom

purpose FORTRAN programs.

Structure of a PSP Session

A working knowledge of the structure of a PSP session
will aid in understanding the new software tools. The fol-
lowing is a summary description of the PSP session structure

(for more detail refer to the PSP Users Manual, Ref. 3).

A PSP session contains all information needed to
reconstruct the data of an experiment or run monitored by
the data acquisition system under the control of the PSP
software. The session is stored in two files, one for con-

figuration information, the other for the data.

The configuration file contains general session
information (such as name, date, number of runs, etc.),
system device information, and actual device parameters at
the time of data sampling for each record of data. The
device parameters include data format and scaling factors

needed for converting the stored data to useful results.



The data is organized as records of samples. Samples
are values recorded sequentially from one device, typically
forming a time history of the signal. Records may have
different numbers of samples. There is one record per signal
per run. A session may contain multiple runs (this is how
the transducer calibration data is collected in one ses-
sion). Records are numbered sequentially in the order that
they are collected. For example, if there are 3 runs with 10
signals (devices) each in a session, there are 30 records:;
records 1-10 from run 1, records 11-20 from run 2, and
records 21~30 from run 3. The data samples may be stored in
one of essentially four formats; byte; short integer, long
integer, floating point. The format used depends on which
device recorded the data; this information is stored in the

configuration file.

The PSP session files are in a binary format not well
suited to direct access from FORTRAN programs. The PSP soft-
ware includes a library of routines, FILEMGR.LIB, callable
from Microsoft FORTRAN or Pascal for accessing the session.
Still, these routines are awkward to use from FORTRAN. More
convenient tools are needed for the nature and quantity of
the custom programs that would be required for the many

research projects carried out in the ARC.

17
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PSP2ASC - PSP to ASCII Conversion

This program converts all necessary session and device
information and session data to a single convenient ASCII
file format. It can convert all or a subrange of samples
within the data records. The records need not contain the
same number of samples. The number of samples converted is
not limited by the program. Multiple records, all (up to
256) or a subrange, are converted and stored in a single
file. More records can be accommodated by converting sub-
ranges and storing in several files. All data formats

produced by PSP are supported.

All user inputs are fully prompted and suitable
default responses are supplied where practical. This im-
proves convenience and shortens the learning curve. The
session to be processed must be in the current subdirectory,
however the program may be in any directory in the DOS path.
All other files may be in any directory, provided the file
names include full path specifications. The requirement that
the session be in the current directory arises from the
FILEMGR.LIB routines from PSP. It is also necessary to load
the Btrieve record manager program before starting PSP2ASC
(see appendix C, page 114). Table 2 depicts the computer
screen upon completion of a session conversion. Samples 1
through 5 of records 1 through 5 of session BELL were con-

verted with the output stored in the file BELL.ASC.
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Table 2.--Computer screen from PSP2ASC conversion of a PSP session

C:\THESIS\PSP>PSP2ASC

Convert PSP binary files to a convenient ASCII file format
by Curtis Rath

PSP Session: BELL
ASCIT file <.ASC>: BELL
Number of records in Session: 16
Select records to convert; lst, last <all>: 1,5
Number of samples in longest record: 1024
Select samples to convert; lst, last <all>: 1,5

Convert another <y/N>: N
Stop - Program terminated.

C:\THESIS\PSP>

Since there may be many sessions to be processed, a
script input mode was implemented which allows batch pro-
cessing of many sessions. This not only reduces user time
and attention but also reduces the possibility of mistyped
inputs which could result in the loss of data. The script
file is a simple ASCII text file which can be produced (and

double checked) using any editor.

Table 3 depicts the screen upon completion of several
session conversions using the script input mode, while
table 4 shows the contents of the script file that produced
the conversions. The script file name is indicated by pre-
ceding the name with an at-sign, @, on the input line for

the session. PSP2ASC then takes the file as a script rather



than as a session to be converted. The input script file
SAMPLE.SCA instructed the program to convert sessions BELL,
CIRCLE, and SQUARE. The summary table on screen tracks the
progress of the conversions. The script file SAMPLE.SCA
contains three lines, one for each seséion conversion (see
table 4). Each line contains the same information, in the

same order, that would otherwise be input manually.

Table 3.--Computer screen from PSP2ASC script mode operation

20

C:\THESIS\PSP>PSP2ASC

Convert PSP binary files to a convenient ASCII file format
by Curtis Rath

PSP Session: @SAMPLE

Session  ASCII File Records Samples

BELL BELL.ASC 1- 5 1 - 5
CIRCLE \THESIS\CIRCLE.ASC 3- 7 13 - 16
SQUARE SQUARE.ASC 2 - 7 597 - 604

Convert another <y/N>: N
Stop - Program terminated.

C:\THESIS\PSP>

Note: the default extension for PSP2ASC script file names is ".SCA"

Table 4.--Script file SAMPLE.SCA, used by PSP2ASC in table 3.

’BELL’, ’BELL.ASC?, 1,5, 1,5
'CIRCLE’, ’\THESIS\CIRCLE.ASC’, 3,7, 13,16
’SQUARE’, ’SQUARE.ASC’, 2,7, 597, 604
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Table 5 shows the contents of a converted session. The
first three lines of the PSP2ASC output format contain gen-
eral session information. (The title of this session is
blank because it was not filled in when it was originally
created.) Next is a header describing the contents of the
record header information fields (includes device informa-
tion). The contents of the record headers are defined in
table 6. Following the record headers, the record data is
arranged in columns of samples. Column width depends on the

PSP data format.

The program was coded and tested incrementally to
ensure that all code sections were tested. Comparisons of
the output with that of the PSP sample program PSPASCII,
which converts one record at time, verified the correctness

of the code.

There are three main uses for PSP2ASC: convert a cali-
bration session for input to the CALTRANS program; convert a
session to produce a convenient and readable record of the
device information; convert a session for input to custom
programs that need access to the device information. How-
ever, this last use may be better served by directly
accessing the session using the routines in the library

USEPSP.LIB.
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