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MEASUREMENT OF VOLTAGE AND CURRENT IN ELECTRIC POWER SYSTEMS
Michael Davis
INTRODUCTION

A. B. Chance Company of Centralia, Missouri requested a study of the latest state-of-the-
art technology to measure voltage and current on a normal distribution power line. (4kV - 35kV)

The particular device that A. B. Chance needs must be relatively inexpensive, $200.00 per
measurement, reliable, and capable of being manufactured by them.

Four types of power line measurement techniques were investigated; electrooptics/magnetooptics,
present day measurement devices, the Raychem Line Monitor, and remote voltage and current
sensing (RVCS).

The remote voltage and current sensing idea is the basis of the following report.

THEORY

One common type of voltage and current measurement technique used in power systems is
voltage and current transformers. This type of measurement, while still effective, has just about
reached its developmental maturity. Also, the devices have some draw backs. For instance: they
are quite large and heavy, have the potential for catastrophic failure, and have low dynamic range.

Another possible way to perform power line measurements is with the use of optical
sensors, meaning electrooptics and magnetooptics. The theory behind optical sensors is beyond
my knowledge. However, the literature mentions that this technology needs much more research
and development. Also, projected costs for the device are very high and the major application for
these devices appears to be limited to the transmission level where voltages exceed I00kV.

Third, there is a device called the Raychem Line Monitor developed by the Raychem
Corporation. The basic design is a coaxial capacitor that has a high voltage tap to measure the line
voltage and a low voltage current transformer for measuring the line current. Even though the
device has already been developed and does work, some development work would still be
necessary to perform voltage and current measurement. Also, the projected cost of this device is
about $400.00 for both measurements.

Finally, an idea was proposed by Dr. Todd Hubing to use remote sensing to measure the



voltage and current of a power line. The basic theory behind this device is that if field sensors are
placed near power lines the electric and magnetic fields could be measured. With this information,
using electronics and a inexpensive digital signal processor the voltage and current on each line of a
three phase distribution power line could be calculated. Also, the cost of such adevice would be
about $200.00 per measurement, which is within the limits set earlier, and is capable of being

produced by A. B. Chance.

REMOTE VOLTAGE AND CURRENT SENSING
Dr. Hubing's proposal is to place field sensors near the three phase distribution
power line to detect the respective electric and magnetic fields produced. Figure 1shows a
possible arrangement of the field sensors around the power lines. Depending on how the sensors
are arranged, a constant and unique 3x 3 matrix of coefficients for each configuration can be

developed. Calculation of the matrix coefficients will be explained later.

d = distance from power line to sensor
Sx= distance between power lines
r= radius of power line

Figure 1
Remote Voltage and Current Sensing

Assuming the matrix coefficients are known. Equation 1shows the relationship between the

electric field, line voltages, and the matrix coefficients. It should be noted that the same equations



can be related to magnetic field and line current The only changes are to substitute magnetic field
for electric field and line current for line voltage.

Ei all al2 al3 \Vil
E2 a2i a22 a23 V2 (1a)

LE3J a3l a32 a33 LVv3]

Vv, all al2 ai3 Ei
V2 a2l a22 a23 E2 (Ib)
[V3  a3i a32 a3 EjJ

Electromagnetic theory was employed to determine the matrix coefficients. Appendix A
contains two lists of matrix coefficient equations. The first list o f equations are valid for sensor
configurations similar to Figure 1. The second list of equations is an approximated version of the
first that assumes an infinite ground plane and considers the effect produced by the image. For this
approximation to be valid there must be strong electric fields present and the distance between the
power lines should be small compared to the distance of the sensor from the line. The
approximated version will not be considered further. Dr. Hubing developed the matrix coefficient
equations which are explained as follows:

Figure 2 shows a two dimensional view of a possible sensor configuration with electric field lines.

Figure 2

Electrical Field Lines for Sensor Configuration
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Equation 2a & 2b show the basic form of the equations for the first and second list in Appendix A,
respectively. The 2 in the numerator of Eq. 2b came from assuming an infinite ground plane and 9
in Figure 2, is the angle that ai2, ai3, a2i*etc. makes with the vertical.

The theory behind the techniques is that each probe would be a single mono-pole that can
detect the vertical component of the total electric field from each power line. However, afaultof
some sorton one of the lines would cause a change in the voltage level and the resultant electric
field. Since this would be detected by the field sensors, the calculated line voltages would reveal
the fault.

With this in mind, initial development of the electronics to perform the matrix calculations
for the device began under the guidance of Professor Herrick. The electronics development began
on the TMS32010 Digital Signal Processing Development System. However, initial progress was
slow, partly because of the need to learn Assembly Language programming and also due to
limitations in the commands on the chip. Because of this, development was moved to the
Computer Research Lab CRL25 Development System for the TMS320C25 DSP chip in the UMR
computer lab. This system used the Fourth programming language. Converting a program from
Fourth to Assembly language is relatively quick with only a few differences in the list of
commands. Since the TMS320C25 is a higher member of the DSP family, the assembly language
program can be performed by the TMS32010 chip with the only difference being that some
commands on the TMS320C25 have to be two separate commands on the TMS32010.

The program was developed on the basis that there was a 60 Hz signal that could be
sampled 32 times per period. This sample rate is high enough to catch most fault conditions;
however, definitely not quick enough to detect faults from a lightning strike. A listing of the

program is provided in Appendix B and deserves further explanation.
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The program was written on fifteen screens of Fourth starting with screen #33
(SCR #33), screen #34 (SCR #34), etc. SCR #33 and #34 each contain a look up table fora 1.25
period sinusoid. The true values in the table are scaled for peak values of 1and -1; however, the
numbers listed in the table are between 32767 and - 32767 to make entering hexadecimal constants
easier. SCR #34 differs from SCR #33 by a 5.625 degree phase shift. This was done to
determine the error caused by not being able to represent +1 on SCR #33. SCR #34 eliminates this
error. Further calculation for this program have been done with SCR #33. SCR #35 is a program
that involves the electric field signal with the sinusoid look up table to produce the real and
imaginary components of the measured signal along with their relative phase, for each A/D
channel. An interesting feature of this is the fact that it extractes the 60 Hz component of the signal
by taking the Fourier Transform, thereby eliminating the second and third harmonics. SCR #37 is
used to plot sample waveforms to a printer. SCR #36 and #38 are used to derive three sample
signals given the first three values of each waveform. Again, the amplitude of the waveforms are

scaled to +1. The formulas used to calculate the first three values of the waveform are shown in

Equation 3.
uK=2x215xcos[(2 x 3.14)/ 32] (3a)
ny2=215xsin[(2x3.14)/32 + i3}, <g==phase shift (3b)
nYi = 215xsin(<}>) (3c)
namp = magnitude of electric field (3d)

SCR #39 is used to display the waveform on the monitor. SCR #40 was used to determine the
worst case conditions. These calculations provided the overflow limitations on the output.

SCR #41 solves the three simultaneous equations shown in Eqg. Ib. SCR #42 outputs the result on
the monitor. The output includes scaling factors for the matrix coefficients and the line voltages.
SCR #43 is the main program and it links all the necessary programs together. Screen #44 thru
#48 provide a list for matrix coefficients of different configurations and test cases to go along with
them. The first matrix configuration is for a symmetrical situation where the sensors are about

three meters away, called MATRIX L A second matrix configuration is for the unsymmetrical case
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about three meters away also. This one is called MATRIX2. Finally, the third matrix
configuration is for the sensors close to the lines, only about .3 meters away, called MATRIX3.
For the matrix coefficients, MATRIX1, the test cases that go along with it are; TEST1 - TESTA4.
For MATRIX2, the test cases are; TEST5 - TEST8. For MATRIXS, the test cases are: TEST9 -
TEST12.

The type of tests they perform is, assuming there is a three phase, 30kV distribution line,
Eq. la was used to calculate the electric fields generated. If phase A, B, or C were down, then this
would result in different electric field calculations. After the electric fields are calculated, Eq. 3a - 3d
are used to determine the first three points and the magnitude of each waveform. From these
points, SCR #38 of the program generates the hypothetical electric field waveforms. The process
just mentioned determines the theoretical signals detected by the field sensors for each A/D
channel. Since the matrix coefficients are known, SCR #41 performs the calculation of Eq. Ib

resulting in a scaled version of the voltage on each phase.

CONCLUSION

After is was determined that the line voltages could be calculated, a discussion with
Dr. Stanton of UMR about the possible applications of such a device took place. Several
comments from him were quite interesting and some appear below.

Such adevice could be implemented in three ways. One way would be for it to simply
detect if each individual iine is energized or not. Even though this method is possible, it is quite
primitive and will not be considered further.

Another possible application would be for it to actually reveal the calculated line voltage. If
the actual line voltages were known, along with some detailed information about the line, it would
be possible to determine the exact location of the fault, either direction from the measurement site.
While this method might be used in the future, further developments of such an application are too
sophisticated to be considered now.

The third way to implement the device would be to place the sensors at various locations



along the distribution line and have the device compare measured conditions to normal conditions.
From this it would determine if each phase had normal voltage, no voltage, or some useful
intermediate voltage range. For instance, if a fault occurred on phase C, then normal voltage
would be detected on phase A & B, but the voltage detected on phase C would vary according to
the impedance of the line. The same approach can be made for current measurement using a coil
sensor. If voltage and current measurements were available, fault currents on each phase could be
detected and combined with line voltages to provide even more information.

The results of this project showed that a Digital Signal Processing chip can easily perform
the computational aspects of this technique. Also, using the TMS32010 DSP, which is about
$6.00 per chip, along with additional digital logic and circuitry make the projected cost for such a
device to be about $200.00 per measurement.

Finally, the next step would be to build a prototype and make tests and design changes as

necessary.
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STUDY OFJOINT FLEXIBILITY IN STEEL FRAME STRUCTURES
Randy R. Frank

I. ABSTRACT

Joint flexibility plays an important role in the distribution of strains and displacements in the
frame structures of buildings, towers, automobiles, etc.. The objective of this project is to study the
effect of flexibility (or rigidity) of two simple mechanical joints in frame structures on the stress and
displacement distributions, using both experimental and analytical methods. Three welded and three
bolted samples were fabricated using A-36 low carbon steel in a two column and horizontal cross-
member (table) arrangement. This arrangement allows for both shear forces and axial forces in the
joint. From a three element rectangular rosette strain gage attached to the bottom of the cross-
member, strain readings were collected by a computer based data acquisition and processing system,
during point and line loading (elastic range) of the specimens by a load frame. These results were
compared to each other and to values found by analytical methods for the same arrangement with
theoretically rigid and theoretically completely flexible joints.

The data for the line loading of the samples were plotted and compared with the analytical
results. Also a quantitative flexibility index was developed and used to compare the bolted and
welded joints. The flexibility index is defined as the ratio of the difference between the actual and
theoretical rigid joint flexibility to the difference between the theoretical flexible joint and the
theoretical rigid joint flexibility in percentage. These comparisons were made for each sample at
load increments over 50 Ibs and within the elastic limit of the specimen. This was chosen because
of the linear relation of the data received in this range and the slight error of the experimental
apparatus at low loads. The test was conducted for each of the six specimens of the bolted and
welded joints (3 specimens per joint type) and then repeated. This allowed for error in the
measurement and in the manufacture of the specimens. The average flexibility index for the bolted
joint samples (line loading) were 52.23%, 50.46%, and 46.6% resulting in a total average flexibility
index of 49.73% with standard deviation of 3.21. The average flexibility index for the welded joint
samples (line loading) were 46.38%, 42.95%, and 42.27% resulting in a total average flexibility
index of 43.87% with standard deviation of 2.78. The data from the point loading runs were used
to see if anything unusual happened in this case. Because of averaging by the strain gage of the
values of the strain at the center due to the stress concentration of a point loading the values were
not used to compute a flexibility index. There were no unusual findings from the point loading
data.

The results show that the bolted joints used in this experiment were more flexible than the
welded joints for both line and point load. Furthermore, both joints did not act as completely
flexible or completely rigid joints. This fact confirms the importance of the joint flexibility
consideration in the design of steel frame structures.

n. INTRODUCTION

Steel frame structures are commonly used in the construction of buildings, bridges, towers
and automobiles. An important aspect to the effective and efficient design of a frame structure is
the flexibility in the joints. Most design theory does not account for the flexibility in joints. Thus,
once an engineer has designed a frame structure, extensive testing would need to be performed to
verify his design. This often results in redesign of the joints to reduce or increase the flexibility
followed by further testing. This iterative process increases the development time and cost of the
frames.

-11-



The objective of this project is to study the effect of flexibility (or rigidity) of two simple
mechanical joints in frame structures on the strains and displacement distributions, using both
experimental and analytical methods.

Figure 1 shows the design and dimensions of a bolted and welded steel frame structures
subjected to flexure, which will be investigated in this research. From the literature survey
conducted, no published literature was found on joint flexibility on frame structures which have
elements subjected to flexure. Most of the published work found were limited to single plate
framing shear connections, which consists of a plate welded to a support at one edge and bolted to a
beam web [1,2].

Joint flexibility of frame structures subjected to flexure must be known to make efficient and
effective design. Testing would be too time consuming and expensive in today’s competitive
markets. Standard sized bolted, welded, riveted and glued joints should be tested to evaluate the
flexibility. Their flexibility should be indexed to allow comparisons between different joint types.
The flexibility index information could be compiled and used as a reference for engineers when they
design frames. Some indexing has been developed by some finite element software manufactures.
They have setup an index called the Degree of Fixity, which is an index from 0-1 of how rigid a
joint acts [3]. A rigid joint is given a value of 1. This index would be used in the finite element
program to help model the actual stresses and displacements. The index was only done for four
general categories of joints. In this research, an index will be developed to aid in comparison of the

joints to different joints and to theoretical values of the joint flexibility Bolted and welded joints in
a steel frame structures will be investigated.

in SPECIMEN DESIGN AND ANALYSIS

General specimen: Three welded and three bolted samples were fabricated using A-36 low carbon
steel in a two column and horizontal cross-member (table) arrangement. The specifications of the
designs are shown in figure la and figure Ib for the bolted and welded joint respectively. This
arrangement allows for both shear forces and axial forces in the joint. The legs of the table
arrangement were designed to be rigid and the top plate to be flexible. Thus the thickness of the
legs were chosen to be much greater than the thickness of the top plate. The top plate thickness and
the distance between the legs were chosen by the relationship shown in equation (1) [4].

Sum between the legs m > = loo )
Top plate thickness (t)

The total length of the specimen was constrained by the size of the test equipment, corresponding to
the leg span (1) being chosen as 12.5 inches. The thickness of the top plate (t) was then found by
using equation 1to be 0.125 inches. The requirement of equation (1) is then satisfied by 1/t =
12.5/0.125 * 100. Standard sizes of material could now be used to fabricate the specimens.

Material: The material used was low carbon ASTM A-36 plate steel with properties shown in table
1 [5]. This material is widely used in frame structures and in general applications [1,2]. Therefore,

it was readily available at a local welding shop for very low cost. Other types of materials proved
to be too expensive be considered in this project.
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FIGURE 1B WIELDED SPECINEN
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Table 1
PROPERTIES Of TEST SPECIMENS: ASTM A-36 ASME SA36 LOW CARBON STEEL

Tensile Strength (Su) 65 KSI minimum
Yield Strength (Sy) 50 KSI minimum
Inertia of top plate (1) 0.0009765 in4
Top plate thickness (t) 0.125 inches

Loading: Typically in frame design plastic deformation is undesirable. Therefore it is necessary to
find the loading limits for the design. A safety factor of 2 for the specimen was chosen for

maximum loading. This will guard against any accidental permanent deformation of the sample
specimens.

The top plate, being the weakest pint in the specimen, will dictate the maximum load that can be
applied to the specimen. Figure 2a shows a line force at the center of the top plate of the specimen
acting downward parallel to the legs. The shear force and bending moment were found as a
function of the applied line force (F) to the specimen as shown in figures 2b and 2c respectively.

The maximum force (F.J to be applied to the specimen was obtained from the maximum bending
stress [2,8] given in equation (2).

S—* S» * M_c¢
2 [ (2)

where (Sy) is the yield strength of the material and 2 is the factor of safety, (M # is the maximum
bending moment, (c) is half of the top plate thickness (t/2) and | is the moment of inertia. The
maximum bending moment (M _J is obtained from figure 2c and is expressed as:

M _ * (F/2)X6.25 (3)

The maximum force (F.J that could be applied to the specimen was then obtained by substituting
equation (3) into equation (2):

F_ - (4)
6.25¢

Substituting the values for yield strength (Sy), the inertia (I) and half of the top plate thickness (c),
from table 1, the maximum loading force obtained was = 125 Ibs.
The force that could be applied for the point load was obtained in a similar fashion by

replacing the line load with the point load in figure 3. The force obtained was the same as for the
line load case.

Bolted Specimen Design: The main consideration in the bolted specimen was joint separation. It
was assumed that the bolts should be strong enough to keep the joint from separating when loaded
die maximum force. This was done by making a few simple conservative assumption to find the
deflection angle of the top plate (Theta) under maximum loading conditions with no bolts present
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and the corresponding bolt force necessary to keep the joint from separating. This calculation was
done using equation (5) [8] by substituting values of 125 Ibs for the maximum force applied (F),
12.5 inches for the span length (L), 30,000 KSI for Young’s Modulus (E) and 0.0009765 for the
inertia (1). Therefore, Theta was found to be 9 = 125x(12.5)2(16x30E6x0.0009765) = 0.04167
radians.

e = _ELf (5)
16EI

The force necessary to bring the plate back to a horizontal position or no joint separation was
calculated to estimate the force necessary for the bolts to withstand under maximum loading
conditions. Using trigonometry and the computed 0 value of 0.01467 radians and distance to the
bolts the distance needed to return the plate to a horizontal position (Y) was found to be 0.04165
inches. Thus, the force necessary for the bolts to withstand (P) was found using equation (6) [8].
Values for Young’s Modulus (E) and inertia (I) were taken from above to give P =
(3x30E6x0.0009765x0.04165)/(12.5)3 = 1.87 Ibs.

Y * EL! (6)
3EI

Stresses calculated using three 1/4 inch bolts on each side of the joint were found to be much less
than the yield strength of the bolts. The shear stresses in the bolts through the legs were calculated
and also found to be much less than the yield strength of the bolts. To confirm proper design of the
bolted joint, it was checked using a procedure from a article Machine Design by Edmund J.
Gohmann, Jr. of Purdue University [6]. Using Gohmann’s procedure it was confirmed that joint
separation (failure), under the maximum loads, would not occur. The drawing of the final bolted
joint design used in this project is shown in figure la.

Welded Design: The welded joint was done using Metal Inert Gas Welding (MIG) to weld the joint
on both sides of the legs to the top plate. This allowed for a smooth continuous weld to the thin top
plate. The final drawing of the welded design used in this project is shown in figure Ib. Note that
the overall dimensions are the same as the bolted design shown in figure la.

Strain Gage Selection: A strain gage was needed in order to record the strain at the center of the
top plate of each specimen at different load levels. A six step procedure was used in the selection
of an appropriate gage for this application. The procedure was taken from Measurements Group,
Inc. Bulletin 309B [7,10]. This procedure resulted in picking a 3 element rectangular rossette strain
gage (specification: CEA-06-250UR-120) from Micro-Measurements Division of Measurements
Group, Inc..

Theoretical Analysis: Values for strain of the specimen under theoretically rigid and completely
flexible joints were used for an analytically analysis of the data. Values for the strain at the bottom
center of the top plate were found using equation (2), for a theoretically completely flexible joint.
These values were complied by a software program written in basic. Strain values for a
theoretically rigid joint were found using the deflection at the center of a beam rigidly held (at the
end of the span between the legs) and a trigonometric relationship. The deflection at the center of a
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theoretically rigid joint specimen was found using equation (7) [9].

Y = FL3 ()
192E|

Where (Y) is the deflection at the center, (F) is the force applied, (L) is the span between the legs,
(E) is Young’s Modulus and (I) is the inertia. The strain was found using the relationship between
right triangles to find the change in length of the top plate divided by the original length of the top
plate. These values were compiled by a software program written in basic.

Flexibility Index: To compare the experimental results with the analytical results, a flexibility index
was developed. The flexibility index (FI) is defined as the ratio of the difference between the actual
and theoretical rigid joint flexibility to the difference between the theoretical flexible joint and the
theoretical rigid joint flexibility in percentage. The flexibility index is expressed as:

FI = ((Actual flexibilitv)-(Rigid flexibility)) (8)
((Flexible flexibility)-(Rigid flexibility))

The FI were computed for each sample at load increments over 50 Ibs and within the elastic limit of
the specimen. This was chosen because of the linear relation of the data received in the range and
the slight error of the experimental apparatus at low loads. An average value of the FI was
calculated for each test run. The data collected in this experiment was confirmed by multiple
repetitions of each sample and by multiple samples. This allowed for correction of error in
manufacture and measurement.

IV. EQUIPMENT AND EXPERIMENTAL PROCEDURE

Equipment: A computer based data acquisition and processing system was used to collect the data
when the specimen was continuously loaded in a load frame. The computer read data from four
channels. One channel was used for recording the load applied to the specimen. The other three
channels were connected to strain indicators that were attached to each of the three elements of the
rossette gage. This information was stored on disk for later evaluation. The software used in the
data acquisition system was developed by Dr. Hornsey for the Basic Engineering Laboratory.

Procedure: The specimen was placed in the holding fixture and put in the load frame. The strain
gage was connected to the strain indicator using a quarter bridge arrangement. Using two leads
from one tab of the stain gage it was possible to connect the gage so that it was not sensitive to the
lead wires. The gages were set to the proper gage factor of 2.06 and zeroed. The longitude gage
was hooked to data channel 1 of the data acquisition system. The load applied, 45 degree gage and
the transverse gage were hooked to data channels 0,2,3 respectively. The data collection program
(Univrsl.tst) was executed. The load range setting was set for the 0-600 Ib range. Strain ranges
were set to 0-600 microstrain. A calibration was done for the collection equipment. This allows
the software to set conversions for each channel so that the readings match the load readout and
strain readouts on the equipment. The loading was done using a round bar placed horizontally on
top of the plate under the load cell to apply a line load. A point load was achieved by using a ball
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bearing in a similar fashion. Data collection was done at equal increments of load under a
continuous loading of the specimen. Loading started at 5 Ibs and continued to 125 Ibs. After
finishing a test the data was loaded into a file on disk. This data file was converted to a more

usable format and loaded into a graphing program for graphical results. The file was also used by a
program in basic which converted the values to FI for each increment. An overall average value of

the FI for each test was also calculated. This procedure was repeated for all test of the specimens.

V. EXPERIMENTAL RESULTS

Line Loading: The line loading was run twice for each of the three specimens. The resulting data
was then plotted using strain versus load for each run. A qualitative analysis of the plotted data was
done to compare the flexibility of the bolted and welded joints. It was found that the bolted joint
exhibited higher values of strain for equal loads. In general the bolted joint was more flexible than
the welded joint. The flexibility index, developed in Specimen Design and Analysis, was used to
guantitatively analyze the data. = The average flexibility index for the bolted joint samples were
52.23%, 50.46% and 46.6% resulting in a total average flexibility index of 49.73% with standard
deviation of 3.21. The average flexibility index for the welded joint samples were 46.38%, 42.95%
and 42.27% resulting in a total average flexibility index of 43.87% with a standard deviation of
2.78. The individual average flexibility indexes for each sample were plotted versus load for the
bolted and welded joint specimens in figure 4 and figure 5 respectively.

Point Loading: The point loading was run twice for each of the three specimens. The resulting
data was plotted using strain versus load for each run. Like in the line loading case a qualitative
analysis was done using these plots. The bolted joint was again more ’flexible’ then the welded
joint. A quantitative analysis was not done on this data because values for the theoretical cases were

derived using a line loading of the sample. The purpose of the point loading was to qualitatively
confirm the line loading data.

VI. CONCLUSIONS

Based on the studies report here, the following conclusions were reached:
1. The bolted joints used in this experiment were more flexible than the welded joints for
both line and point loading. Both joints did not act as a completely flexible or completely

rigid joints. This fact confirms the importance of the joint flexibility consideration in the
design of steel frame structures.

2. The flexibility indexes were converted to the degree of fixity and were found to meet the
specifications given for the welded and bolted categories by the software manufacturer.

3. It is recommended that standards should be setup for joint flexibility. This could be done

using the flexibility index developed in this experiment or by using the degree of fixity
used by some finite element software manufactures.

4. The average flexibility index for the bolted joint samples were 52.23%, 50.46% and
46.6% resulting in a total average flexibility index of 49.73% with standard deviation of

-18-



Flexibility Index vs. Load

Bolted Specimens
Flexibility Index (%) FIGURE 4

60
+3 STANDARD DEVIATIONS m69.36%
55
* * L J
6 *
50
AVERAGE - 49.73% *
X X

45 % X
40 -3 STANDARD DEVIATIONS «40.10%
35 i i i i i - 1

60 60 100 110 120

80 90
Load (ibs)

Sample D *  Sample E x Sample F

Flexibility Index vs. Load
Welded Specimens
- Flexibility Index {%) FIGURE 5

43 STANDARD DEVIATIONS = 62.21%

50
* AVERAGE*43.87% .. *
45 v *
40
-3 STANDARD DEVIATIONS - 36.63%
35
50 60 70 80 90 100 110 120

Load (Ibs)

Sample A * Sample B X Sample C



3.21. The average flexibility index for the welded joint samples were 46.38%, 42.95%
and 42.27% resulting in a total average flexibility index of 43.87% with a standard
deviation of 2.78.

5. Further work is proposed to evaluate the effect of different plate thickness, beam
thickness, span to thickness ratio, number of bolts and type of weld.
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MODELING FOR SUPERSONIC MISSILE WING-BODY INTERFERENCE LIFT

Howard S. H. Ho

ABSTRACT

During the initial phase of amissile design, aquick and simple way ofestimating wing-bo-
dy interference is essential. A simple panel model based on the cross flow over a cylinder is devel-
oped to estimate the effect of the body on the wing lift This model produces quick and reasonably
accurate results, while little user expertise is needed. This model determines Kwb (upwash interfer-
ence factor) and  (sideslip interference factor), and is applicable to infinitely thin delta and clipped
delta fins on missiles in supersonic flight. The effects of the fin semivertex angle, span, taperratio,
free stream Mach number, angle of attack, and roll angle are investigated. The free stream Mach
numberranges from 2to 5. The angle of attack varies from 5to 15 degrees. The rolling angle varies
from 0 to 6 degrees. Fin semivertex angles of 30,45, and 60 degrees are tested. The fin span varies

from 1to 6 body radii. The model predicts acceptable results for conceptual and preliminary design.

NOMENCLATURE

Ap = Area of fin

Al = Area of individual panel

AR = Aspect Ratio of the wing

b = Wing span

a = Lift force coefficient

Cnw) = Lift force coefficient of the fin

Ci(wb) = Lift force coefficient of the fin in the presence of the body
Cra - Liftcurve slope

Clo» * Liftcurve slope of the wing alone
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Cr = Fin root chord
Cr = Tip chord for a clipped-delta fin

Kwb —Fin-body upwash interference factor

Kty - Fin-body sideslip interference factor

Lw = Lift on the fin alone

Lwb ~ Lift on the fin in the presence of a body

LPT = Linearized Potential Theory

M = Mach number

R = Radius of the missile body

r = Distance from body centerline to the point of interest
S = Fin span measured from the centerline of the body

SBT = Slender Body Theory

S/IR = Ratio of fin span to body radius

Vc * Circumferential velocity component of flow over a cylinder
Vh 3 Velocity component in the horizontal direction

Vn = Velocity component normal to the fin

Vy = Velocity component in the vertical direction

Voo = Free stream velocity

X,y = Coordinate axes based at the center of the missile body

a 3 Angle of attack of the missile

Cieq 3 Missile equivalent angle of attack

Oo = Angle of attack for wing alone

Aa = Change in angle of attack due to interference
Aotcg 3 Vortex interaction interference factor

P 3 Missile sideslip angle

e 3 Fin leading edge semivertex angle
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= Mach angle

& = Missile sideslip angle

INTRODUCTION

The complex flow field around a finned missile in supersonic flight is governed by nonlin-
ear partial differential equations1’3; however, the knowledge about aerodynamic interaction be-
tween the fins is vital for proper missile design. The effect of the aerodynamic interaction is espe-
cially important for missile design due to their small span and multi-numbers of fins. Numerical
schemes for solving the flow field are available4's, but they require high computing power, lengthy
computing time and a greatdeal of user expertise. During the preliminary phase of a missile design,
changes in configuration are frequently encountered. Therefore, aquick and simple way of predict-

ing the aerodynamic interaction accurately and economically is essential.

For preliminary design purpose, the component buildup method is often used because it
is capable of calculating the force and moment coefficients rapidly and accurately. The component
buildup method6"8is based on the assumption that one can obtain the forces and moments on a mis-
sile by summing the individual values on the isolated missile parts (ie, fuselage, fins, tails). These
individual values are added to calculate the overall loading by incorporating interference factors to
account for mutual interference effects. An important component buildup method is based on the
concept of the equivalent angle of attack9, which relates the normal force coefficient of a fin-body
combination to a fin—alone wing lift curve slope. The overall lift coefficient of the missile is related
to wing lift curve slope as:

CUnisMiU ~ 0Olgg * Q,a(W)

The equivalent angle of attack is defined as:9
ot«g = Kwb d + (4JAR)  Ctp + (A(Xeq)v (n

where the terms on the right hand side represent the effect of body upwash, fin sideslip and vortex

interaction, respectively. The body upwash interference factor £ wb, is defined as11011*
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AWB = VdVy = C1(WB) / CL(W) ()

where Q /wb), is the lift coefficient of the fin in the presence of the body and Cyw)denotes the lift

coefficient of the wing alone. The sideslip interference factor is defined as(910):

= (ACI / Ci(w))*(AR /4sin$) (3a)
ACI = CL(cLfy-C 1 (o, -0 (3b)

where ACI is the change in lift coefficient on a fin due to sideslip while Ckw) is the lift coefficient

for the wing alone.

The analytical solution for Kwb and  can be found in Ref 11; in which Nielson derives
Kwb and K as a function of S/R and the number of fins using Linearized Potential Theory (LPT).
The and Kwb values calculated by LPT are independent of flight conditions such as angle of at-
tack, Mach number, sideslip angle and fin configuration; they are functions of the ratio of the fin
span to the body radius (S/R) only.The purpose of this project is to develop a simple, accurate and
quick model to calculate Kwband K” and investigate the effect of various flight conditions and fin

configurations on Kwb and K”. Special interest is focused on the influence of roll angle on K~*

sincel2

jmP = sina sinty (4)
where p is the sideslip angle, a is the angle of attack and $ is the roll angle. From the dynamics of
flight, rolling isalways accompanied by simultaneous sideslipping, although the vice versa does not
hold true. In other words, when the missilerolls, the fins experience a sideslip velocity component
as well as the circumferential velocity component simultaneously. Based on this roll-sideslip rela-
tionship and with the effort to keep this model simple, itis desirable to evaluate the *-sideslip rela-
tionship in terms of roll angle $ instead of sideslip angle p. Nonetheless, one should keep in mind

that effects of rolling and sideslipping are physically identical for K* calculation.

Two different fin configurations are used in this model; delta and clipped delta. Much work

has been done ondelta fin interference factors, which provides a proper base for evaluating the vali-
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dity of the model developed here.(910'1) Clipped delta fins have become a popular choice for many
supersonic missile designs. Therefore, the aerodynamic interference characteristics of clipped delta
fins are part of the interest for this research. The results for these two configurations will be dis-
cussed and compared. The modeling is kept as simple as possible. Therefore, shockwaves are not
included, though the flight Mach number is supersonic. All fins are assumed to be infinitely thin,
and located along the centerline of the body. All angles of perturbation are small and follow the
right-hand rule. Figure 1 shows the schematic of the missile configuration and helps to define the

nomenclature.

ANALYTICAL METHODOLOGY

Equation Formulation

The modeling of isbased on Slender Body Theory (SBT), which is a simplified version
of Linearized Potential Theory. SBT assumes that axial flow could be neglected compared to cross-
flow over the body when calculating the forces and moments. The cross flow is equivalent to the
basic flow over the cylinder expressed in terms of flight parameters. Given a cylindrical cross sec-

tion, the circumferential flow (Fig. 2) perpendicular to the fin is written as:

where VWV = Vkosina cos$ (5h)
But once the missile body rolls, V¢ is no longer perpendicular to the fin. To calculate the
the velocity component normal to the fin, one more remote velocity componentis used. From Fig.

3, Vh can be expressed as:

\h, the velocity component normal to the fin, can be expressed as:
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Vs = \bosina cosf>< costy + \oosing sinty ©

at a finite r. Vs is a function of r and f. As r goes to infinity, Vs becomes
Vs = Vy oms<p + Vil simp 7
The angle of attack (a) can be broken into two parts
a = ogt Aa (8)

where Oq is the angle of attack of the missile when $= P =0 and Aa is the perturbation in a due

to roll (sideslip). Recall thatsi/iP = sina simp, which describes the direct relationship between roll

and sideslip. Define angle of attack as:

a = Vs/Voo

so that @ = sina cos£ cos0 + sin/? sin0 (9a)

Note that a is a function of of position (r) along the fin span, the sideslip angle 3and the roll angle

$. Since etc is the angle of attack at $ = p =0, it can be written as

ao = (9b)

and the angle of attack of the wing (two fins joined at the root) becomes aw = sin a because the

body radius R is zero in this case.

Recall the definition of K+

(10
(ID
Apply Egs. (9a) and (9b), and express Aa/Oow (Eq. 12a) as:

Asinacos/?(m * £) €0SO +sin/?sin01 1

(
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which can be simplified to

(cospcos- 1) + sin/}sin$ / sina

when p and <rare small, Eq. (12b) can be expressed as:

sin/J sin<g/sina
This yields the final expression for Ka
_ AR f. gj\ sin/} sin0
*  4sinf?y r2 s$ie a
with the restriction of small a and $.
From Ref. 9, the aspect ratio for a delta fin is written as
AR -4tanz
For a clipped delta fin, its aspect ratio is defined as
AR =4(SIR- 1)/ {(1+X) Cr/R}

where Xis the taper ratio of the clipped delta fin, X -Q / Cr

The formulation of Kwb starts from the definition, as given by Eq. (2), where

(12b)

(12¢)

(13)

(14a)

(14b)

~wb = Vc/VW and from Eq. (5a) where Vc/Vy - (1 + R~r2). As aresult of combining Eq. (2) and

Eqg. (5a), one can express Awb in terms of r and missile body radius R only

“(14+£)

Panel Analysis

(15)

The KMand Kwb formulagiven by Eq. (13) and (15) representthe local value ofthe interfer-

ence factor ata given distance, r, from the centerline. In order to calculate the interference factors

of the fin, a panel analysis isused. In the panel analysis, the fin isdivided into an arbitrarily selected

number of panels. Panels are bounded by Mach lines as shown in Fig. 4. The panel size and shape
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are thus dependent of Mach number and fin aspect ratio. As the Mach number increases, the Mach
angle (jj.) approaches zero, which implies the panel boundary becomes parallel to the root chord.
The Mach line boundaries limit the effect of disturbances at the fin leading edge to the regions interi-
or to the Mach line as occurs in supersonic flight. The results of panel analysis yield the overall

expressions for K and Kwb for a given S/R as:
(16)

17

where A-is the area of ith panel and Ap is the area of the fin.
The number of panels (1) is chosen arbitrarily. A total of 20 panels per fin is used through
out the analysis. The calculations of and Kwb are based on the cross flow velocity along the fin

leading edge; therefore, the r, value represents the distance between the midpoint of the ith panel

and the centerline of the missile body.

The analysis is done on one fin only since the cross flow is symmetrical for Kwb. Although

this assumption does not apply to rolling, the K* calculation is focused on one fin only.

RESULTS AND DISCUSSION

A FORTRAN code was developed to calculate for andKwb atvarious flight conditions and
fin configurations. The calculations consist of the following parameter ranges: 4 Mach numbers (2,
3,4, and 5), 3 angles of attack (5°, 10°, 15°), 3 semivertex angles (30°, 45°, 60°), and 3 roll angles
(0°, 3°,6°). Two fin configurations are considered: delta and clipped delta. A taper ratio of 0.6 is
selected arbitrarily for clipped delta wings. A nominal case based on a = 10°, e = 45°, $= 6°, and
M « 3ischosen forreference. The range ofS/Rvaries from 1.0to 6.0. Typical S/R values for missiles

range from 2.5t0 4.0 (Table 1). All results are presented by changing one parameter at a time from

the nominal case.
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According to SBT, the values of K" are functions of S/R and the number of fins only. The mod-
el presented here, suggeststhat” isalso influenced by M, a, e, and 4> Special attention is focused
on the effect of roll angle on K*. Though is defined as sideslip interference factor, dynamics of
flight always couple sideslip with roll as indicated by Eq. (13). The Kwb values, on the other hand,
are expected to be primarily afunction of S/R. Results ofK$ and Kwb are plotted againstS/R. Every
graph contains several curves displaying the effect of one particular variable. The results between
the delta fins and clipped delta fins are discussed. An sample application of the results is also pres-

ented.

Delta Fins
Effects of angle of attack (ah Figs.5 & 6

Figure 5 shows that Kwb is unaffected by the changes in angle of attack, which is predicted
by LPT. Figure 6 shows the relationship between a andKp. Asa increases from 5°to 15°, K$ curves
shift downward and thus, K" decreases as a increases.
Effects of Semivertex angles (e). Figs. 7 & 8

Changes in semivertex angles alter the fin shapes, aspectratios and areas. Figure 7 shows the
relationship between Kwb ande atM=3,a = 10°,and =6°. Kwb is insensitive to changes in semi-
vertex angles. As e increases, Kwb increases slightly because the tin area decreases. As a result,
Fig. 7 suggests thatincreasing aspectratio increases Kwb slightly for adelta fin ata given S/R value.
Figure 8 shows that K"is strongly influenced by changing e. Foradelta fin, AR = 4tam, ahigher
semivertex angle means greater AR. Since K~ isanexplicitfunction of AR, highereresults in higher
K A
Effects of Mach number (M). Figs. 9 & 10

From Figs. 9 & 10, itis observedthatboth K~ andKwb are relatively insensitive to Mach num-
ber. Figure 9 shows slightincreases in Kwb as Mach number moves from 2.0 to 5.0, which suggests

more liftis generated by the body at high Mach number. On the other hand, K$ degenerates slightly
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as a result of increasing Mach number, which suggests that lower lift is contributed from sideslip

at higher Mach number.

Effects of roll angles £&L Figs. 11 & 12

Figure 11 shows that Kwb is completely independent of roll angles. Since sideslip is always
coupled with rolling, results from Fig. 11 suggest that Kwb is also independent of sideslip angle p.

When $ =0°, K+issimply zero since no sideslipping occurs at0°roll.  isproportional to < hence

higher $ values yield higher K” values as shown in Fig. 12.

Clipped Delta Fins

Upon inspecting Figs. 13 to 20, one sees that different fin configurations do not change the
relationship between interference factors with the flight condition and fin semivertex angles. De-
spite the fact that both configurations follow the same trends when responding to changes, differ-
ences in curve curvature and magnitudes are apparent For the same flight condition, clipped delta
fin yields consistently lower and Kwb values, and steeper curves than delta fins. The differences
are due to greater individual panel areas of clipped delta fins. Though interference factors are pro-
portional to panel areas, the effect is decreased by smaller local velocities and larger overall wing

area. The clipped delta fins also have lower aspectratios than delta fins at a given S/R and e value.
Comparisons

Numerical solutions for K*are available from the work of Jenn and Nelson9, which are used
here for comparison. Jenn and Nelson used a finite-difference Euler code (SWINT) to solve the
nonlinear flow field, and the results obtained from SWINT are well established and proven accurate
for K+calculations. A special flight condition of Af=3,a = 10°, e = 38.7°, and (3= 3° is evaluated
to provide a comparison of this model. The results and comparison of these two models are plotted
in Fig. 21. The K" values from this model is very sensitive to roll angles as indicated by the graph.
Small roll angles yield low K+values which are below SBT and SWINT value. For aroll angle of

10°, this model underestimates K+ up to the S/R = 5.0. For $ = 15°, the K$value agrees with to both
SWINT and SBT well up to S/R * 1.75.
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Sample Application

A sample application is performed to show the practical use of K§ and Kwbe The sample

application is done at the flight condition of Mach number = 3, a = 10° £ = 45°, and 9=6°. The

span(S//?) value is chosen to be 3.5 arbitrarily. Base on these specified parameter, K~ and Kwb values

are found to be 0.7 and 1.3, respectively, for a delta fin. Recall the

dgg = Kwb a + (4/AR)  a p + (Aoteq)v, where Aoteq= 0 for fixed fins.

oteg= (10.0*n/180) * {1.3 + (4/(4tan£))*0.70*Sin_1(sina sing>)}
= (10.0*n/180) » {1.3 + (1/tan45°)»0.70«Sin"Y(sinl0° sin60)}
= 0.2455 rad
= 14.07°

Recall Cijtussiu *Clow

where Clo* = -/

Therefore,
ALmissile 0.2455 * 1.414
=0.3471
Similarly, for a Clipped-delta fin with the same parameters and K™ = 0.18, Kwb —1-18, AR = 1
oteq= 0-2251 rad = 12.90°
CLmissUe= 0.2251 * 1.414
= 0.3183

From this sample application, one can conclude thatdelta fins will generate more lift forces
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than clipped delta fins at a given flight condition and a specified span.

CONCLUSIONS

A quick, simple and reasonably accurate model using SBT panel analysis is developed
herein to calculate aerodynamic interference factors Kwb and K$ for supersonic missiles. This mod-
el determines the effect of angle of attack, Mach number, fin semivertex angle, and roll angle on kK wb
and K8. The results indicate that Kwb is virtually unaffected by all changing these parameters, while
Kty is sensitive to most of these variables. The variation of K& and Kwb along the span agree with
published work. Kwb has the highest value of 2 for a very narrow fin span and then gradually de-
crease as the fin span grows wider. K<qis the lowest for missiles with vamishingly small fins, but
Kq then gradually increases as the fin span increases. The results obtained from this model compare
favorably with theoretical values and SWINT output for its simplicity. This model is over sensitive
to roll angle; however, the sensitivity of this model can provide more insight into the effects of vari-
ous parameters on K" This model’s ability to offer reasonable accuracy and user friendliness makes
it suitable for preliminary design use. However, the users should be fully aware of the model’s limi-
tation. This model is limited in the range of roll and sideslip angles and is prone to errors at higher

angles. This SBT panel—method does not take into account of shockwaves therefore the effect of

pressure jump behind the shockwave is not included.

This model offers great potential for furtherdevelopment Inclusion of shockwaves should
greatly enhance the realism of this model. Users are encouraged to expand the program capability
to handle trailing edge sweep to cover a wider variety of fin configurations. The effect of negative
roll angles should be evaluated and compared to the positive values. The application is not limited

to missile use only, greater S/R values could be used to simulate aircraft wings.
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Fig.2 Circumferential flow distribution for flow over the cylinder
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Ve * Voosina cos$ (1+R1/r2)

Vy = VoOsina COSS$.

Fig. 3 Flow pattern and velocity nomenclature under rolling

Fig. 4 lllustration for panel layout and nomenclature
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Delta Wing

K vs. S/R
wB

Fig. 5 The effect of angles of attack on Kwb vs. S/R, e = 60°, $=6°, M =3

Delta Wing

Fig. 6 The effect of angles of attack on K+ vs. S/R, £ = 60°, $=6°, M = 3
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Oelta Wing

kwe VS S/IR

S/R
Fig. 7 The effect of semivertex angles on Kwb vs. S/R, a = 10°, $=6°, M =3

Delta Wing
K$ vs. SIR

Fig. 8 The effect of semivertex angles on K$ vs. S/R, a = 10°, $=6°, M =3
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Oelta Wing
Kwe vs S/R

S/R
Fig. 9 The effect of free stream Mach number on Kwb vs. S/R, a = 10°, e = 60°, &= 6°

Delta Wing
K wvs. SR
S/R

Fig. 10 The effect of free stream Mach number on vs. S/R, a = 10°, e = 60° ¢9=6°
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Delta Wing

KW B vs. SI/R

Fig. 11 The effect of roll angles on Kwb vs. S/R, a = 10°, e = 60°, M =3

Delta Wing
K vs. S/R
$
S/R

Fig. 12 The effect of roll angles on K$ vs. S/R. a = 10°, e = 60°, M =3
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Clip Delta Wing

vs. S/R
W B

Fig. 13 The effect of angles of attack on Kwb vs.S/R, e -60°, $=6°, M =3

Clip Delta Wing
K§> vs. SR

Fig. 14 The effect of angles of attack on K+ vs. S/R, e = 60°, $=6°, M = 3
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Clip Delta Wing

KWB vs. S/R

Fig. 15 The effect of semivertex angles on Kwb vs-5//?, a = 10°, §=6°, M =3

Clip Delta Wing
K/ wvs.S/R

S/R
Fig. 16 The effect of semivertex angles on K$ vs. S/R, a = 10°, $=6°, M - 3
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Clip Delta Wing
K vs. S/R
W B

Fig. 17 The effect of free stream Mach number on Kwb vs. S/R, a = 10°, e = 60°, €= 6°

Clrp Delta Wing

S/R
Fig. 18 The effect of free stream Mach number on vs. S/R, a = 10°, e = 60°, ©=6°
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Clip Delta Wing
wa v s * S /R

Fig. 19 The effect of roll angles on Kwb vs. S/R, a = 10°, e = 60°, M =3

Clip Delta Fin

K‘ vs. S/IR

S/R
Fig. 20 The effect of roll angles on K$ vs. S/R, a = 10°, e = 60°, M =3

-43-



Comparison between SWINT, SBT and result

from this model (at 3 different roll angle)
for a delta fin

ma----- SBT
----- SWINT
- & =5
-0------ $ =10
- =15

S/R

Fig. 21 The comparison of  values between SWINT, SBT and the model
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Table 1

Table 1 Missile S/R values

Type of Missile
Air to Air Missile
Sparrow
Sidewinder
Air to Surface Missile
Shrike
Harpoon
Surface to Air Missile
Hawk
Chapparel
Surface to Surface Missile
Vigilant
Dragon
Surface to Surface/Air Missile
(Ship-borne)
Albatros
Sea Chapparel

45-

S/R
3.0-5.0
5.00
4.88
2.4-4.9
2.40
2.68
2.8-4.8
3.30
4.80
2.2-4.8
2.55
2.54
2.5-5.0

4.00
4.92



10.

11.
12.

13.
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VERTICAL AND ANGULAR MOTION OF AWING MODEL IN STEADY FLOW: A
PHYSICAL AND NUMERICAL EXPERIMENTAL STUDY

Andrew P. Johnston

Abstract

The dynamic response of a rigid wing in steady flow mounted on translational and
rotational elastic supports is investigated. This study presents both a numerical and a physical
experimental arrangement that can be employed to investigate the effect of a wide range of
parameters on the response of the wing subjected to steady flow. An interactive computer
program, which utilizes the fourth order Runge-Kutta integration scheme to solve the
governing differential equations, is discussed. The program output allows for quick visualiza-
tion of the change in response due to parameter changes. An experimental arrangement that
utilizes the new 18" x 18" subsonic wind tunnel is also developed. The experimental setup
allows for quick parameter changes as well as being adaptable to other one or two degree of
freedom systems. Low frequency oscillation at low speeds for flow visualization is obtainable
along with chaotic responses at higher flow speeds. Periodic, quasi-periodic, and chaotic
responses are observed in both experiments. A qualitative comparison of the results from the
two experimental setups is given.

Nomenclature:

A = Dimensionless aerodynamic parameter a p 1¢S/2m

a = Distance from aerodynamic reference to axis of rotation
CZ = Dimensionless translational damping constant a cz/(m/tc)
Ox = Dimensionless rotational damping constant = ca/(l/tc)

cl Wing lift coefficient

cz Translational damping coefficient

Rotational damping coefficient

Acceleration due to gravity

Wing mass moment of inertia

Dimensionless translational stiffness = kz/(m /tc2)
Translational spring stiffness

Ka = Dimensionless rotational stiffness * ka/(m./c2/tc2)
Rotational spring stiffness

Wing lift

Characteristic length

Dimensionless inertia parameter = maic/l
Wing mass

Wing area

Time

Characteristic time

Dimensionless time = t/tc

Free stream velocity

Dimensionless velocity in x-direction * U ./wc
Vertical flow (wing) velocity, u » dz/dt
Dimensionless velocity in z-direction * u /w ¢
Characteristic velocity

Vertical amplitude
Dimensionless wing vertical displacement =z //c

SR

=~
Q
"

o

o @9 o I I n

<sccHs Tn3Z

=
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a True angle of attack

0o Static angle of attack

5a Induced angle of attack

0) Angular wing velocity, to=da/dt

Q Dimensionless wing angular velocity = to /(1/tc)

P Air density

d/dt First derivative with respect to time

d2/dt2 Second derivative with respect to time

D/DT Dimensionless first derivative with respect to time

Introduction

The response of dynamic systems is an important topic in the education of future engineers
and is included in several college courses. However, a majority of the systems studied is not
fully investigated by the students. The experimental arrangements presented will enable the
user to investigate the response of a wing with two degrees of freedom through the use of
parametric studies. The opportunity to perform parametric studies becomes valuable when
there is a large parameter space involved and the response is no longer intuitive. The dynamic
system investigated is that of a rigid wing in steady flow mounted on translational and
rotational elastic supports. The objective of this paper is to present a guide on the design and
construction of numerical and physical experimental arrangements that allow for exploring the
dependence of the translational and rotational wing motions on the parameter space. The
governing equations, the numerical experiment, the physical experiment, and the results are
discussed in subsequent sections.

Figure 1. Awing model mounted on translational and rotational elastic supports.

Governing Equations

A schematic of the dynamic system investigated in this study is presented in Figure 1.
The rigid wing is supported by translational and rotational springs with spring constants kz and
ka respectively. Itis assumed that the wing can only rotate and move vertically, and hence it
is a two-degree of freedom system. Damping in the vertical and angular directions is
represented by the damping coefficients cz and ca respectively. The length a represents the
distance from the axis of rotation to the quarter chord. In the absence of flow, the wing makes
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and angle ac with the horizontal, and its axis of rotation sets at a height z = 0. When the
model is subjected to flow velocity LL, the wing angle of attack can be written as

a =cto-5a =cto- tan-i [v/UJ (1)

where u is the vertical flow velocity due to vertical wing motion. The wing lift normal to the
flow direction is given by

L=1/2p(U .2 +u2)Sch )

where p is the air density, S is the wing planform area, and s the airfoil lift coefficient. The
lift coefficient can be approximated as2

C =2jad 3)

The assumption here is that the airfoil is thin and symmetric with a large aspect ratio
and the wing angle of attack is below the static stall angle of attack. Also for this type to
wing, the lift acts along the quarter-chord line, and the airfoil moment coefficient is zero. In
the numerical experiment, the wing is considered to be stalled, ¢™ = 0, for angles of attack whose
magnitudes are greater than 12 degrees. With these assumptions the equations for vertical and
angular motions can be written as

m dzz/dt2 *-czdz/dt-kzz + Lcos (8a) 4
ld2a/dt2m-cada/dt - ka(a - c®) + a L cos (8a) (5)

Using equations (2) and cosiSa) = U~V U~ +u2 one can write
md2z/dt2= -Gjdz/dt-kjZ+ 1/2 pc’SU .V U J + (dz/dt)2 (6)

ld2<x/dt2» -c,,da/dt-ka(a-a0)+1/2o0pC£SU,_V +(dz/dt)2 (7)

Characteristic quantities for length, time, and velocity are chosen in order to write the
governing equations in a dimensionless form. The period of free oscillation of the system is
taken as a reference time t0 and the deformation of the spring due to the wing weight is taken
as the reference length A:. The ratio of Zc/tc is chosen as a characteristic velocity wc. Based on
these quantities, the characteristic quantity for time, length, and velocity can be written as
follows:

tc* 2xVm/kz (8)
c*mgAz 9
wc*g/(2nVm/kz (10

The second order governing Equations (6) and (7) can be rewritten as four first order
ordinary differential equations. Substituting Equations (8), (9), and (10) into Equations (6) and
(7), will lead to the following dimensionless equations:

DZ/DT-V (11)
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DV/DT =-(2k)2Z -CzV+A & uV u2+ V* (12)
Da/DT =a (13)

DQ/DT =-Qn)2Ka(a -aQ-CaQ + AM c£ UVU2+V?2 (14)

where A and M are the dimensionless aerodynamics and inertia parameters, Cz and Ca are the
translational and rotational damping parameters and Ka is the rotational stiffness parameter.
These dimensionless parameters are given as follows:

A =pgS/2kz (15)
M= agm2/ ~ (16)
Q =2ncz/ 4mkz 17
Ca = 2jccav(mkz) /1 (18)
Ka = mka/lkj (19)

As can be seen, the number of parameters is reduced to five dimensionless constants. Each set of
values of these constants represents a large number of combinations of the dimensional
parameters.

Computational Approach and Program Structure

The objective of the computer program is to integrate the governing equations in order to
enable the user to perform parametric studies to investigate the dynamic response of a rigid
wing with two degrees of freedom. To integrate the governing differential equations, the fourth
order Runge-Kutta integration scheme is employed. This method requires the evaluation of the
right hand side of Equations (12) and (14) at each time step. These functions represent the force
and the moment acting on the wing respectively. The integration scheme and the results
thereof are sensitive to the choice of the time step, and the program enables the user to
investigate this sensitivity.

(AIRFOIL]  Input >

COMPUTE  V/rt ScAng Motion of an Aircraft Wing in Steady Flow

GRAPH Figure 2. User interaction
llfI”E_EP Flow Speed, (m/s; 6. environment. The main menu is on
EXIT Wing Angle of Attack, (deg) 5. the left and the AIRFOIL submenu is
Maximum Time, (sec) 10. the riaht
Translational Stiffness, (N/m)  500. on the right.
Translational Damping, (N/m/? 50.
Rotational Stiffness, (Nm/rad) 35
Rotational Damping, (Nm/rad/s) 0.1
Elastic Axis Location, (m) 0.05
Time Increment, (sec) 0.02

All computer routines are written in C, employing the Microsoft Quick C compiler. The
language was selected because it provides direct access to most capabilities of a machine-
language instruction set. It has a large variety of data types and concise syntax for effective
conversions and indirections. Also, it has a very high degree of portability from one machine to
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another. These capabilities make C powerful, efficient, and well suited to PC applications
that involve user interfaces.3 An IBM PC/2 model 30-286 running at 10 MHz with a math
co-processor was used to integrate the system of equations.

The program consists of several functions that perform different tasks when called by the
main driver. The program interacts with the user with the use of a main menu, shown in Figure
2 on the left side of the screen, which allows for changing the parameter values, running the
program, visualizing the results in a graphical presentation, storing the results, obtaining help,
and exiting the program.

Once the input parameters are set and the option to perform the calculations is entered,
the program computes the required size of arrays based on the time interval requested by the
user and allocates memory for these arrays. This step is followed by functions that assign the
initial conditions and integrate the governing equations. Once the integration is complete, the
main menu is used to enable the user to visualize and/or store the results. Parametric
investigations can continue until the program is exited. Ascan be seen in the AIRFOIL submenu,
Figure 2 on the right side of the screen, nine parameters are involved in the parametric study.
Fixed variables are the wing mass, moment of inertia, and surface area. The graphical
presentation of the results is in the form of four graphs: Amplitude vs. Time, Angle of Attack
vs. Time, Velocity vs. Amplitude (phase plot), and Angular Velocity vs. Angle of Attack
(phase plot). The results may be stored on disk as an ASCII file for future plotting by selecting
the FILE option. The user interaction environment of this program allows for efficient
parametric investigations.

Physical Experiment

The objective of this portion of the paper is to present an approach to the design and
construction of a physical experiment used to observe the dynamic response of a wing model
with two degrees of freedom and subjected to steady flow. The design goal is to create a simple
experimental setup which enables the user to observe a pure two degree of freedom system and
perform parameter changes easily. The parameters that may be changed are the flow velocity,
static angle of attack, spring constants kz and ka, and the location of the axis of rotation, a. The
new 18"xI8" subsonic wind tunnel is used in conjunction with a removable test section with a
length of 54 inches. The tunnel is driven by a 20 hp DC motor that provides feedback control for
a tubular accustafoil fan. Test section flow velocities can be controlled in a range between 0 and
120 ft/sec.

As shown in Figures 3a and 3b, the majority of the wing support structure is located
outside of the wind tunnel to provide for clean flow and quick changing of the parameters. A
"flexible fork™ was developed to transmit the lift of the wing to the translational springs
located underneath the wind tunnel. A flexible tube is used to connect the support uprights and
provide a self-alligning fork. This eliminated the necessity of having to construct a perfectly
square fork and having to align the linear bearings exactly. A set of five linear bearings and
two rotational bearings confine the system to 2 degrees of freedom. The wing itself is a
semi-symmetrical airfoil constructed of a polystyrene core coated with clear epoxy. The wing is
mounted by the use of a connecting rod which passes through the rotational bearings and a tube
running spanwise in the wing. One rotational bearing is mounted on top of each of the uprights.
There are currently two tubes placed spanwise in the wing, one at the quarter-chord and one 4.5
cm. aft of the quarter chord, which allow for the location of the rotational axis to be changed.
Onone side of the fork a spring holder/angle of attack adjuster is mounted to the connecting rod,
and the angle of attack is adjusted by loosening the setscrews and repositioning the wing. The
rotational spring is a flat spring with one end cantilevered and the other end simply supported.
The spring constant is varied by repositioning the rotational spring rate adjuster, which slides
along the upright. The translational spring constant is adjusted by using different sets of
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compression springs. The height of the translational spring housing is adjustable to accommo-
date a wide variety of spring sizes. The translational spring housing is mounted on a separate
platform which is not connected to any portion of the tunnel in order to help eliminate any
vibration caused by the running of the wind tunnel.

< 94 in. *

K 1« In a PLEXIGLASS
TEST

Figure 3. a) Side view of the experimental arrangement; b) Front view.

The experimental setup meets the design goals of being simple and adaptable. The entire
test section is removable, and the experimental setup can be assembled or disassembled in a
half hour. All of the parameters, except the location of the elastic axis, can be changed while
the wind tunnel is running. Data gathering devices include an angle of attack indicator, a
vertical displacement indicator, and a Pitot-static tube used to measure the flow velocity.

Results and Discussion

Computational Experiment

The program proves to be a success in the ability to observe a wide range of dynamic
responses such as periodic, quasi-periodic, and chaotic oscillation. An example of the
graphical presentation of the results is provided in Figures 4a through 4d. A wing reference
area of 0.2 m2is selected. The wing mass and inertia are 2.0 kg and 0.2 kg m2 respectively. The
results show that initially the aerodynamic lift raises the wing upward from its static
equilibrium position and exhibits underdamped behavior as the wing moves to a steady state
height. The system is obviously stable. With a case such as this, the user can proceed to
investigate the effect of different parameters on amplitude, frequency, and stability.
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(a) (b)

Figure 4. Results for an underdamped case (see Figure 2 for values). 4a) Amplitude vs.
Time. 4b) Angle of Attack vs. Time. 4c) Vertical Velocity vs. Amplitude.
4d) Angular Velocity os. Angle of Attack.

This dynamic system may be used to simulate the stiffness of an airplane wing in order to
investigate wing flutter. Figures 5a and 5b present results for a divergent response which would
be characteristic of a wing in flutter. The transition speed between stable and unstable
behavior is found by a simple parametric study. The program also demonstrates that modes of

flutter occur at different flow speeds.

Figure 5. Results fora flutter case. 5a) Amplitude os. Time. 5b) Angle of Attack os.
Time. 5c) Vertical Velocity os. Amplitude. 5d) Angular Velocity os. Angle of Attack.

-53-



Physical Experiment

The physical experimental setup meets the design goals and provides an interesting yet
effective opportunity to enable the user to see the true dynamic behavior of the system. The
wing used in this study has a surface area of 0.07 m2 and a mass moment of inertia of 0.00015 kg
m2. The mass of the structure that is free to oscillate in the vertical direction is 1.0 kg. Steady
oscillations begin to appear at speeds of 5 m /s using the rotational spring with the lowest rate,
approximately 0.2 N m/rad. The system is usually seif excited, however manual excitation is
easily performed due to the experimental arrangement. The entire range of responses has been
observed, including modes of flutter at different speeds. The typical ranges for the amplitudes
of the vertical and rotational oscillations are 0.1 to 3.0 cm and 5* to 30* respectively. The
frequency of oscillation varies from 100 cycles per minute to upwards of 500 cycles per minute.
The setup can also be used to observe destructive flutter at high speeds if caution is used.

Direct quantitative comparison of the results from the two experimental setups is not
easily obtained due to the current inability to measure the damping coefficients. One case has
been investigated and the results of the program appear to correspond to the behavior observed
by the model. The case involved low frequency oscillation (flutter) at a speed of 55 m/s. With
the mass, surface area, spring constants and inertia known, reasonable damping coefficients
were found using parametric iteration to find the calculated response that matched the
behavior observed in the tunnel. Qualitative comparison is easily achieved by a general
observance of the effect of the individual parameters. Both experiments are extremely
sensitive to the location of the elastic axis and the rotational spring constant.

Concluding Remarks

A physical and a numerical experimental arrangement used to investigate the transla-
tional and rotational dynamic response of a rigid wing model mounted on elastic supports and
subjected to steady flow is presented. Both experimental arrangements allow the user to
perform parametric studies to investigate the response of the system and the effects of the
parameters. These investigations enable the user to study a wide range of responses which are
generally not intuitive. The two arrangements can be qualitatively compared. These
experiments have been recently introduced into the aerospace laboratory course curriculum with
success.
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THE EDGE STRENGTH OF ANNEALED AND HEAT-STRENGTHENED GLASS

Gregory P. Sallee

Pre-Testing Setup and Research

It was once stated that "'a chain is only as strong as its weakest link."" In the specific
discipline of large commercial building design, this axiom takes no exception. Indeed, the
required strength and stability of a structure can be obtained only if its individual components
are sound.

It is for this reason, therefore, that engineers devote a great deal of their attention to the
design of structural elements and to the strict control and inspection of plan interpretation and
subsequent construction. Consider, for example, the analogous comparison of a modern
skyscraper building to the human body. Undoubtedly, the framework is of primary importance,
as it will determine how the structure will withstand physical loading. This framework takes
the form of steel and concrete beams and columns in the skyscraper, and bones, tendons,
ligaments and muscles in the human body. Also, the plumbing, electrical, and communication
network systems are very instrumental in an operational building, just as circulatory and
nervous systems are vital to the body's proper functioning. Yet, perhaps the most important
element from a standpoint of serviceability and aesthetics is the protective barrier which lies
between the structure’s in-service functions and the harsh external environment. In the case of
the human body, the skin serves this purpose well. Similarly, the "'skin* of a skyscraper takes
the form of glass windows.

Inarguably, the beauty of a building is a function of the condition of its glass covering.
Furthermore, cracked or broken windows are not only distracting in appearance, but also fail to
serve their primary purpose of weatherproofing and more importantly, thermal energy
conservation. Moreover, in today’s world of engineering economy and accompanying monetary
significance, the need for properly designed glass units is of great importance and therefore,
deserves much attention.

Sadly, up until now, very little research has been conducted in the field of glass window
strength. The purpose of this research, therefore, is to explore the topic of glass window
strength such that we might offer some conclusive evidence as to the probable in-situ perfor-
mance of structural windows. Our intention is to examine the specific phenomenon of therma-
lly- induced stress and its effect on glass strength. J. G. Croll explains the existence of this
well-documented problem. '""Whenever a structure is subjected to a varying temperature
distribution, or where it is prevented from free expansion, stresses will be induced that are
generally proportional to the difference in temperature from the unstressed state™ (Croll,
pp.181-182).

The importance of this research is clear in the case of the glass failure of the Merchants
National Bank and Trust Company Building in Fargo, North Dakota. In the fall of 1964, the
building began losing tinted, heat-absorbing panes due to thermally-induced stresses.
Specifically, the glass in the sunlight was heated while portions of the panes in the shadow,
or near the building's cool walls along the pane's edges, stayed relatively cold. The resulting
uneven thermal expansion caused cracks. These cracks were significant enough to require
replacement of the individual 10x14 feet panes which cost $1200 apiece (Ross, p. 274). Before
the problem was diagnosed, hundreds of windows had to be removed, costing tens of thousands
of dollars. Clearly, a better working knowledge of this problem could have saved the
headaches resulting from this particular incident. Our experimentation should be of great help
in an effort to obtain this working knowledge.
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The initial steps in this research involved theorizing and some guesswork/ just as in any
new process. We began by narrowing the scope of our problem to avoid too many experimental
variables. Since filed observations have shown that the window failures are governed by an
initial cracking originating at the pane edges (i.e. a comer in the glass window cross section),
we decided to focus our testing on this ""weakest link™. Hence, if we could experimentally
analyze the average edge strength of a window, we could then determine the probable
governing strength of the entire glass window.

Development of Testing Procedure

The primary difficulty we faced lay in the development of an accurate testing procedure
that would lead us to good results. Although the ideal modeling and testing procedure would
involve some type of thermal-loading, this could not guarantee us accurate information that
would lead us to our specific goal of obtaining the edge strength; therefore, another alternative
was developed. The design which we used involved a mechanical loading procedure that
would maximize stresses at the targeted edge of the glass. The testing equipment consisted of
glass samples, a hydraulic manually-operated load bar, an adjustible aluminum block, and
load measuring devices.

First, the most important consideration in our experimental design lay in the develop-
ment of a good loading procedure. From a practical standpoint, the procedure needed to be
simple to limit possibilities of experimental error. This simplicity was found to be optimum in
a third point bi-axial beam loading scheme. This type of loading would maximize a pure
bending stress at the edge of a glass beam, and consequently, would allow us to determine the
strength of the edge through simple mechanics of materials calculations.

The next step in building our testing procudure was to devleop the size and dimensions of
our glass samples. The sample thickness of 25 mm was an already present property of the large
glass panes from which our beams were cut This dimension controlled the depth of the depth
of the beam since a critical angle of loading, which is created by a depth/width ratio of 10:1, is
necessary in order to develop the maximum loading stress at the edge. This is a result of the
bi-axial bending theory found in advanced mechanics of materials. Also, we chose the length
of our samples to be 150mm (approximately 6 in.) along with the depth of 25mm. The reason for
these numbers lies in the fact that a ratio of length to width larger than this would result in

warping problems whereas a smaller ratio would have accompanying shear difficulties in the
loading.

After determining an appropriate sample size, we began considering exactly how we
would categorize our tests. We opted to test both annealed glass and heat-strengthened glass in
their respective subgroups of scored (cut) edge/ other (uncut) edge and air side edge/tin side
edge so that we could create a comparative edge strength study.

Samples from the annealed glass sheets were easy to obtain through a simple steel roller
scoring and manual breaking process. The heat-strengthened samples, however, could not be
obtained in this manner. Instead, they were manufactured by utilizing the state-of-the-art
water jet technology available in the Mining Engineering department at the University of
Missouri-Rolla. The water jet was altered experimentally until it could successfully cut the
glass to the size we had specified. At this point, the samples were polished at a local glass
shop so that their testing quality rivaled that of in-situ glass windows. Enough samples of
both annealed and heat-strengthened glass were cut so that we could obtain enough successful
tests to satisfy our quest for the glass edge strength.
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The next most important experimental consideration concerned the loading aparatus
itself. We designed and fabricated a manually-operated hydraulic loading bar which could be
lowered onto two small points on the adjacent edge of the edge to be tested. This would model
the third-point, pure bending load scheme which we desired. Also, an adjustable aluminum
support block was machined so that the glass beams could be rigidly placed under the loading
bar with the intention of loading to edge failure. Finally, the magnitude and rate of the bar
loading was monitored via stress/strain gages and experimental graphing of bar load versus
time. Importantly, these monitoring procedures were used to determine the failure stress in the
samples.

In short, our preparations were carefully researched and planned so that our experimen-
tation would yield satisfactory results. From these results, we could determine if there are
appreciable differences between the average edge strengths of annealed and heat-strengthened
glass.

Testing

The majority of the glass testing took place during the summer months of 1990. The
samples were all cut and effectively marked so that they could be re-examined for future
analysis. Also, the testing aparatus was manufactured and calibrated to avoid unecessary
errors. But, as is the case with any experimental process, some unanticipated difficulties and
required changes were encountered during the testing.

One particular problem which needed to be addressed concerned the rate at which the
samples should be loaded. This could only be examined through actual testing. Accordingly,
many "‘test’ samples were loaded at various rates so that we could determine the rate which
would give us the most consistent and reasonable results. Rates of 50 Ibs./min, 100 Ibs./min, 200
Ibs./min, and 250 Ibs./min, and 300 Ibs./min were all examined. After graphing and interpret-
ing the data from each of these rates, it was determined that the loading rate of 100 Ibs./min
yielded the most consistent results for both annealed and heat-strengthened glass. Thus, this
was the rate chosen for the sample testing.

The next problem we encountered was how to actually model the third point loading on
the inclined beam. Our solution was to transfer the bar load directly to two very small square
steel *'shoes'" which would be glued on the compression edge of the glass beam. These shoes
were carefully machined to sit on the inclined sample so that their tops would be in contact
with the horizontal load bar without creating an eccentricity in the beam. As a result, the
distributed bar load could be transfered directly to the two points on the beam.

Other additions were also employed during the course of the testing. For example,
plastic cushions were installed to prevent stress concentrations and resulting undesireable
failures at the beam supports. Also, thin strips of tin and copper were inserted in the contact
regions of the beam ends and the aluminum block support so that the uneven torsion and beam
slippage could be avoided.

Notwithstanding the pre-planning and changes, some problems were encountered. This
fact is clear when the low percentage of successful tests in the annealed samples is examined:
only 26.2% of the tests were satisfactory for experimental consideration. These problems were
seen as failures at points other than the theoretical location of maximum stress. Specifically,
uneven loading due to machine misalignment, torsional stress, and shear stress concentrations
caused failures to occur in undesireable places in the beam. However, all of these problems
were diagnosed and successfully corrected so that we could obtain enough data to satisfy our
requirements. In fact, we were able to achieve an 88.2% success rate in the second series of
heat-strengthened glass tests once we corrected our experimental sources of error.
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Furthermore, we were able to successfully test enough samples to be assured of a 95%
confidence level in our our final edge strength statistical calculations.

Results and Analysis

The primary objective of this research was to determine the relationship among the six
series of tests in regard to edge strength. We accomplished this goal by examining the samples
through the application of the basics of statics and mechanics of materials.

First, the failure loads were recorded for 20 samples in each of the following test
situations: annealed air side, annealed tin side, annealed scored edge, annealed other side
edge, heat- strengthened air side, and heat-strengthened tin side. It should be noted that the
air side is the side of the glass plate which is facing up during the manufacturing process.
Conversely, the tin side faces downward during the manufacture process. The scored edge is the
side which is cut with a steel wheel before breaking. The other edge is the side which is not
cut before before breaking.

Next, the bending stresses about both the x and y axes were calculated using a modeling
scheme developed from statics and mechanics of materials. The beam was analyzed as a
simply supported beam in bending about its short axis, and a double-fixed end beam in bending
about its long axis. The corresponding stresses were thus calculated and added linearly to give
a maximum theoretical total stress at the edge.

In comparing the heat-strengthened tin side to the air side, there was only a 0.13%
difference in failure stress. However, in the annealed glass air side/tin side, a difference of
8.6% was found. A comparison of annealed scored edge to other edge yielded a difference in
failure stresses of 17%. The greatest percent difference, 34% was found to exist between the
annealed and heat strengthened glass specimens. Therefore, we concluded that the heat
strengthened samples would be more resistant than the annealed samples to thermally-stressed
failures occuring at their edges. Also, the other edge would resist stress better than the scored
edge on annealed glass.

Theoretically, these hypotheses seemed accurate. The only problem we faced after this
statistical analysis was to account for failures occuring at places other than at the point of
maximum theoretical stress. In fact, we observed many failure indications beginning at points
along the long side of the sample cross section. This lead us to focus our attention to determining
the cause of these unforeseen failures.

We examined the possibility of changes in the loading angle as the cause for stresses
exceeding the desired maximum at the edge. However, calculations proved this effect was
minimal and therefore was of no consequence in our experimental analysis.

Our second hypothesis was formed using the possibility of shear and torsion developing
in the critical failure section of theoretical pure bending. A load differential at the two
loading points could have caused both shear and torsion to devleop in the failure section. After
extensive research and theoretical calculations, we found that only a 3% or less differential in
loading between the two points could cause a maximum stress to occur at a point other than at
the edge due to the combined loading of bending, shear, and torsional stresses. Our theory was
proven correct after we attached strain gages to the two loading points of the beam and
observed a difference that proved the 3% stress difference theory was correct.

One final portion of the experimentation process which has not yet been completed

involves the correlation of our results with previous work. There has been a proposed theory
which gives a direct relationship between failure stresses and glass fracture mirror radii. We
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are in the process of measuring, via microscope and micrometer, the radii of our sample fracture
mirrors. If the stresses we calculate from the theory correspond with our experimental stresses,
we can be much more confident that our results are good enough to give us the ability to suggest
how to best utilize glass from the standpoint of edge strength in thermally adverse conditions.
Moreover, our results thus far have certainly lead us very close to the completion of this goal.
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The composite graph is a finite undirected graph G with no loops and no multiple edges
and with positive integers associated with each vertex of G. The number of integers associated
with each vertex is the chromaticity of the vertex. The chromatic degree of a vertex v is the
sum of the chromaticity of v and the chromaticities of all vertices adjacent to v. The graph G is
a v-composite graph if the chromaticities are not equal.

The v-composite graph coloring problem (CGCP) is the problem of assigning consecutive
integers to each vertex of a graph in such a way that each vertex is assigned a number of
integers equal to its chromaticity, no adjacent vertices have an integer in common and the
number of integers used is a minimum. The minimum number of integers required to color agraph
is referred to as the chromatic number of the graph.

The composite graph coloring problem is closely related to the non-composite graph
coloring problem (GCP) and both are NP-complete. Exact algorithms for either of these
problems exist only for very small graphs, so heuristic algorithms must be applied to solve
practical problems.

For NP-complete problems, there is no known algorithm whose worst-case complexity is
bounded by a polynomial in the size of the input. Local optimizing heuristic algorithms are
often used to solve NP-complete problems approximately, i.e. to find "reasonable™ solutions
that are somewhat close to optimum. These algorithms explore a discrete space of reachable
configurations, S, in a deterministic fashion. The set of solutions that can be reached in one
change from a given configuration A is called the neighborhood of A. This is a generic
description of local optimization:

1. Get an initial configuration S.

2. While there is an untested neighbor of S do the following:
2.1  Let S'be an untested neighbor of S.
2.2 Ifcost(S") <cost(S), set S =S".

3. Return S.

Starting from an initial configuration, a sequence of configurations is selected until a
locally optimal solution is found. Typically, this local optimum is far from the globally best
solution. Nonetheless, a better configuration cannot be reached from this local optimum as to
escape this local region, an initial "bad" move must be accepted.

Simulated annealing (SA) is a randomizing heuristic algorithm recently applied to many
NP-complete problems. While similar in many ways to its local optimization brethren, it
differs in one important aspect. SA algorithms avoid local optimum through probabilistically
accepting "uphill" or bad moves, in order to escape local optimum regions. This acceptance of
uphill moves is controlled by a monotonically decreasing ‘‘temperature”. As the temperature
decreases, less uphill changes are allowed. This guides the algorithm to the global optimum
region where it finds the best configuration. The following is the basic structure of simulated
annealing in general:
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1 Get an initial solution S.
Get an ihitial temperature T >0.
3. While not yet *frozen' do the following:
3.1 Perform the following loop L times:
3.1.1 Pick a random neighbor S*of S.
3.1.2 Let A=Cost(S') -S.
3.1.3 If A<0 (downhill move),
SetS=S"
3.1.4 If A> 0 (uphill move),
Set S=S' with probability e-"T.
3.2 SetT=rT (reduce temperature).
4. Return S.

N

SA algorithms share four basic functions: accept, generate, update, and cost. The accept
function decides whether to accept the proposed configuration, S*. The generate function
generates this adjacent configuration, S'. The update function decreases the temperature by
multiplying it by a cooling ratio r, 0< r<1. The cost function generates the relative cost of a
configuration, which is used in comparing different configurations.

Simulated annealing has been applied to the non-composite graph coloring problem. The
results of these experiments prove that simulated annealing can perform as well as, if not better
than most existing algorithms for the CGP. Since the two types of graph coloring are closely
related, a method developed for the CGP was used for the CGCP.

Of the CGP simulated annealing methods developed, the penalty function method, was
the most suitable for conversion to the CGCP. An initial solution using this algorithm is a
partitioning of the vertices into color classes. This coloring (solution) is not required to be
feasible. An adjacent solution is generated by randomly choosing a non-empty color class and a
vertex within this color class. This vertex is then moved to a different randomly chosen color
class which may be empty. This allows the number of color classes to increase, reducing the
number of ""bad edges'* (adjacent vertices sharing colors).

The cost function used for penalty function annealing has two components, the first of
which favors large color classes, the second which favors independent sets. It is:

cost (U)=-X1QI2+S 21QI-1 Etl
i=l i=l

This cost function does not explicitly count the number k classes in PL it minimizes this number
as a side-effect of minimizing the cost of the configurations.

To convert this algorithm for use on the CGCP, modifications are needed. In generating a
random neighboring configuration, the complexity in finding a valid vertex is increased.
Instead of moving any random vertex, a vertex either starting or ending with the chosen color
class must be found. This is due to the fact that vertices must have consecutive colors (integers).
If a valid vertex in this color class does not exist, a new color class must be chosen. The constant
in the second part of the equation used to penalize bad edges was increased to place more
emphasis on independent sets. To ensure consistent convergence to feasible solutions, this
additional penalizing of bad edges with composite graph coloring is required.

A functioning sequential algorithm was developed, which did converge to feasible, while

not optimal, solutions. Developing the data structures to effectively implement simulated
annealing required considerable time and effort. While improvements could be made to the
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actual C program, it did incorporate dynamic lists and other techniques to reduce execution time
and conserve memory. Run times of this algorithm on substantial graphs are quite large, which
limited actual testing and timing of the algorithm. Instead, a parallel version of this
algorithm was developed for a distributed memory parallel processing computer.

The parallel version was designed for and executed on a 16-node IPSC/2 hypercube. This
application required the development of three separate programs: a host, a controller, and the
node program. The host program acquires the requested number of nodes, and initializes and
loads the cube. One node gets the controller program, the remaining nodes receive the worker
program. This parallel application can be massively parallelized —it can utilize any number
of processors.

The controller program is essentially a copy of the sequential version with the inclusion
of message passing within the outer loop. The worker programs contain only the inner loop of
the sequential version and are coordinated by the controller. This coordination is not achieved
through explicitly synchronized message passing, but is instead an inherent part of the
algorithm design. Each node traces a different path through the solution space S by executing
its inner loop a pre-specified number of times, then returning its best-solution-to-date to the
controller. The controller takes the best feasible solution received and returns this solution and
the decremented temperature to all nodes. This continues until the controller terminates the
entire algorithm in the same manner as the sequential version.

This application appears to offer increased consistency in convergence to optimal feasible
solutions with reduced running times. Since more paths from each common origin in the solution
space are investigated, it stands to reason (and limited observance) that an optimal path will
be located more efficiently in parallel. These predictions have yet to be proven, as conclusive
data was not obtained.

A major goal of this program was to learn about and design a reliable, efficient parallel
algorithm. While the sequential version took considerable work, the parallel version was the
end result. Once the sequential algorithm was reliable, conversion to parallel required only an
efficient system of message passing. This was especially critical as distributed memory
parallel machines have high communication overhead. The goal was met as the program was
reliable and promised increased efficiency.

Both the sequential and parallel versions of this algorithm prove that simulated
annealing are applicable to the CGCP. Since the research done was primarily a study on
parallelization and parallel algorithm design, little time was allocated for confirming the
actual results of simulated annealing. More work is needed optimizing the many different
parameters used (required by any simulated annealing application) before any realistic
comparison can be done to existing CGCP algorithms.
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VEHICLE ROUTING USING THE SWEEP ALGORITHM IN PARALLEL

Jana G. Beattie (Hendrix College)
and
Carol L. Spelman (Principia College)

ABSTRACT

This paper presents a parallel version of the Sweep Algorithm, a heuristic solution to
the smgle-termma] vehicle routing problem The Sweep Algorithm uses a duster-first
route-second approach in finding a near-optimal set of routes. The clusters of delivery points
are formed by using the terminal as the center and moving around it m a sweeping fashion
After a duster is defined, the route is found with a traveling salesperson algorithm.

The parallel version begins the sweep at different angles and performs both forward
and backward sweeps. Each node handles a sweep and returns information concerning total
distance traveled to the host. The host then derides which node has the best routes and
requests the specific information.

The traveling salesperson algorithm is the nearest neighbor method. This starts the
route at the point in the duster nearest the terminal and proceeds by visiting the nearest
unvisited point. Since this procedure is called many times in the course of finding all the
routes, the quick but good results that this method yields were attractive.

Also discussed are other parallel implementations of this problem and ideas for
further research.
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Vehicle Routing Using the Sweep Algorithm in Parallel

Vehicle routing is a generalization of the infamous Traveling Salesman Problem. The
mam difference between the two is that the vehicle routing problem can have more than one
‘salesman.' Also of concern m the vehicle routing problem is truck capacity, maximum
traveling distance for the driver, simultaneous pickup and delivery, and seasonal demand
Bott and Ballou point out several reasons for research m the area m their article 'Research
Perspectives in Vehicle Routing and Scheduling.” The most telling of the reasons cited is
that the “typical firm spends 10% of its sales dollar, and from one third to two thirds of its
logistics budget on transportation.” 1 Parallel processing provides a new arena to search for
better and more efficient results.

Many algorithms exist for solving vehicle routing problems. These can be broken into
three basic groups, including exact, interactive, and heunstic approaches. [11 The exact
methods use mathematical programming which consumes computation time and storage
space.2 The interactive approaches require a person to formulate the routes and acts more &
a 'cost calculator* There are various ideas in the heunstics approaches.

First, in the heuristic category, are the insertion procedures which begin with one stop
per route and combine routes until no gain is made by further recombination. Next are
improvement procedures which work with routes to reduce costs while maintaining
feasibility. Third is the route first, duster second approach where a large, infeasible route of
all the delivery sites is broken into dusters. Finally is the cluster first, route second approach
in which the delivery sites are first clustered and then routed. 11] This is where the Sweep
Algorithm falls.

The Sweep Algorithm

The Sweep Algorithm is an approach designed by Dr. Bill Gfllett (University of
Missouri-Rolla) and Dr. Leland Miller (Bowling Green State University) in 1970. Using the
coordinates of the delivery sites and the depot, the demand at each site, the maximum
distance for any one route, and the maximum caparity for a truck, the sites are broken into
dusters and then routed. This is a generalized version that can be altered to meet the specific
demands of a given situation. This might involve assigning distances rather than using the
coordinate distances or making some other modifications to fit the situation. The algorithm
generally lends itself to alterations for many variations. [1]

With the information above given, the first step is to order the sites by polar
coordinates with the depot being the ongin. With this ordering the sweep begms. Sites are
added to a duster in this order until the next one cannot be added without exceeding the
maximum caparity of the truck. The duster is then sent to a TSP procedure for distance
evaluation. If the distance returned from this procedure is greater than the maximum
distance for a route, then sites are subtracted form the duster until the distance constraint is
satisfied. This duster, now ordered by the TSP procedure, is considered a route.

~bott, K and Ballou. P<H., *Re®arch Perspective in Vehicle Routingand Scheduling' Transportation R.gseaich
May 1986: 239.

2 bott and Ballouactually ate an interesting example of a branch and bound exact method, which could provide
mterejtingparallel implementation. (Chri*tofid«J,Mingorri, and Toth. 1981)
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Next-begins an evaluation of the route. The points closest (Q) and next closest (NQ)
to the route are defined, as well as the point in the route which is both closest to the depot
and the next duster (called KID KI1 is chosen as such because it will be the easiest point to
add to the next route. If the points Q and NQ are not m the first five sites after the current
duster, then the evaluation is complete and the route is saved as is. This is because adding
either of these points to the route would only cause too much disturbance in the sweep Ifthe
sites are within the five site limit, the route is re-evaluated inducting each of Q and NQ and
excluding KIl. If this re-evaluation provides a better route, then the better route is saved, and
the sweep for the next cluster is begun. The sweep continues until all points have been
routed.

Implementation

First, the algorithm was implemented sequentially in nC, as it was originally
implemented in FORTRAN. To store the delivery site information, a doubly-linked list of
structures was used. Each structure holds the x and y coordinates, the polar coordinates, the
demand, and the list positioa route and route order number for a delivery site. A doubly-
linked list was implemented because of the ease of ordered insertion and dynamic storage.

Once the list is created and the elements of the structure assigned, the *“sweep* is
performed by proceeding down the list using the information stored in the structures. The
TSP applied is a nearest neighbor algorithm The algorithm requires starting at the site in the
cluster nearest the depot and successively visiting the nearest unvisited site until all sites
have been visited. This algorithm was chosen because of its ease of coding and good, fast
results, as compared to several other simple TSP heuristics. (21 The latter is of the upmecst
importance, since the procedure is called many times in the course of the sweep. The results
of the completed sweep are recorded into a file for the user.

The ongmal version of the Sweep Algorithm was modified by Qflett and Miller to ask
the user if another sweep was desired. By starting in a different position or sweeping a
different direction, different routes are achieved and perhaps a better set found. This
modification was implemented in the *C" version as well.

Tne parallel implementation involved many options. This program is in data
parallel, meaning that the same program is run on each of the nodes with different data
input. Tne algorithm had a natural inclination to this type of parallelization, because a
different sweep could be done at each node. The host program creates the list from a file
created by the user, and sends this list to the nodes. The host also tells each node where to
begin its sweep and in which direction to proceed. The values of the starting angles and the
directions are dependent on the number of nodes used This is to sav that if there are four
nodes used there will be two forward sweeps from 0 and 7t and two backwards sweeps from n
and 2n, etc This is the obvious advantage to the parallel version, because in the time it took
to run one sweep in senal many (dependant upon the number of nodes) sweeps could be
performed by the parallel version.

Although the time sending messages is cause for concern, the senal program required
user interaction and interpretation of the output, The parallel program makes its own
decisions on the best set of routes accorrimg to specified criteria. In its current
implementation the host program chooses the best set by the number of trucks used and the
minimum total distance. Other criteria could be implemented as well bv adding weights to
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the structures. The final action of the host is to create a file for the user that contains the
necessary output

Conclusions

As previously mentioned, the parallel version has the obvious advantage of
completing several sweeps in the time the senal version completes one sweep. One
extension to the program which would provide even more benefit would be to have the
nodes sweep from each site within their angle range. A node would keep track of the best set
of routes internally then return that to the host This would mean that a sweep, both forward
and backward, would be done from each delivery site.

Adthough complete testing with the nearest neighbor TSP procedure has not been
done, the results should prove to be favorable. The idea behind the TSP in this program is for
it to be “quick and dirty* This means that the focus is not on optimization, but speed,
because ofthe numerous times the procedure is called. A comparison between the program
with this TSP procedure and another (perhaps the spacefilling curves heuristic discussed m
121) would be interesting A parallel TSP algorithm was considered, but the results were not
quick or optimal Simplicity is a key here.

Parallel implementation seems to be a good option for vehicle routing problems. The
previously mentioned exact algorithm (see footnote 2) implemented in parallel would
provide an interesting comparison to this algorithm. As well, a route first, cluster second
approach could be organized in a parallel manner similar to the Sweep Algorithm After
each of these are implemented and tested, a recent article in the ORSA Journal on Computing
gives an idea for using neural networks for choosing between different vehicle routing
heuristics. 13L The article claims that vehicle routing problems with different characteristics
are bettersolved by different heuristics This is as well a further idea for research in parallel
processing in the arena of vehicle routing
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Results

The following results were obtained using a consecutive pomt TSP procedure, which does not
provide even dose to optimal solutions. This TSP was used as a substitute due to the time
constraints Of the summer NSF program Results with the nearest neighbor procedure have
not been produced The mam objective of the Sweep Algorithm is the clustering and this
output shows the different clustenngs

Problem

Number of Locations is 22

Depot Coordinates are (145,215 ).
Maximum Load Capacity is 6000.
Maximum Distance is 200.

Position X Y Demand
7 151 264 1100

159 261 700
10 130 254 800
1 128 252 1400
4 163 247 2100
8 146 246 400
3 161 242 800
9 142 239 100
2 163 236 500
6 148 232 600
12 128 231 1200
1 156 217 1300
13 129 214 1300
18 146 208 300
21 164 208 900
17 141 206 2100
15 147 193 1000
20 164 193 900
14 129 189 2500
19 155 185 1800
16 139 182 700

The dusters formed with one node are

Route 1

21 20 19
Route 2

17 14 13
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Route 3
12 11 10 9 8 7 6

Route 4
5 4 3 2 1

Notice that the sweep was a backwards one and the switching of positions 15 and 17,
which would have been accomplished in the KIlI re-evaluation.

The clusters formed with 4 nodes are

Route 1

1 2 3 4
Route 2

7 8 9 10
Route 3

14 15 16
Route 4

17 18 19

Note that the above clusters are the same ones that are formed with 16 nodes. Thus in

this case the forward sweep from 0 provides the best results.
Looking at the best ratio of trucks/distance with 18 nodes gives the following dusters.

Route 1
16 15 14

Route 2
13 12 11 10 9

Route 3

5 4 3 2 1
Route 4

21 20 19 18 17

In this case the sweep that gave the best results was a backwards sweep starting at 34/ 2.

The above results show several of rhe scenanos that are possible from different sweeps.
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COMPUTER VISUALIZATION OF ERROTATIONAL FLOW OVER
BLUFF AND STREAMLINED BODIES

Nora Okong'o

ABSTRACT

Computer programs were developed to visualize irrotational flow over bluff
bodies (circular cylinders and half-bodies) and streamlined bodies (elliptical
cylinders and airfoils). The method of superposition of flows was used, with
stream functions or complex velocity potentials for fundamental flows being
added to obtain the flows over the bodies. For the flow over the circular
cylinders, half-bodies and elliptical cylinders, the stream function was calculated
directly. The flow over the airfoil was obtained by Joukowski mapping of the
imaginary part of the complex velocity potential for flow over a circular cylinder.

The programs developed will be valuable learning tools for undergraduate
aerospace engineering students. The students will be helped to understand the
equations used to describe the flows by studying the effects of varying various
parameters. Future work on these programs may include modifying them to
calculate and plot the velocity and pressure distributions, and to calculate the
aerodynamic forces on the bodies.

NOMENCLATURE

a Radius of circular cylinder

c Joukowski mapping constant

d Source-sink separation in flow over elliptical cylinder or complex
doublet flow

h Asymptotic height of half-body

/ Length of elliptical cylinder

q Source, sink or doublet strength in complex flow

r Distance from origin in cylindrical coordinates

U x-component of velocity

v y-component of velocity

Voo Magnitude of freestream velocity

X Cartesian coordinate abscissa

X0 Source, sink, doublet or vortex x-location
XP Joukowski mapping parameter

XX  x-coordinate of point on streamline

y Cartesian coordinate ordinate

y0 Source, sink, doublet or vortex y-location
yP Joukowski mapping parameter

yy y-coordinate of point on streamline

z Complex coordinates, X + iy
z0 Source, sink, doublet or vortex location in complex coordinates
zp  xP+ iyP

<X Uniform flow angle of attack
T  Vortex strength
A Increment in quantity
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Angle from x-axis in cylindrical coordinates
Doublet strength

Source or sink strength

Velocity potential

Stream function

Complex velocity potential

"_"EE-V:D X o

INTRODUCTION

The purpose of the project described in this report was to develop computer
programs to visualize two-dimensional, irrotational (potential) flow over bluff
and streamlined bodies. The bluff bodies were half-bodies and circular cylinders,
the streamlined bodies were elliptical cylinders and airfoils. The stream function
was used to describe the flow over the various bodies. The computer programs
are designed as learning tools to introduce undergraduate aerospace engineering
students to the principles involved in visualizing irrotational flows. The computer
programs calculate and plot the streamlines for the various types ot flows.

The programs are written in the C programming language. (Refs. 1-3). C was
used since it has several advantages over FORTRAN for programs of this type.
The main advantages are: powerful and built-in graphics routines, ease of
interaction with the user, a high degree of modularity, and ease of
implementation on personal computers. When the program is compiled and
linked, a DOS-based executable File is produced.

GENERAL METHODS

The general method for visualizing the flows over the various bodies consists of
two main steps: Finding the points on the streamlines, and plotting the
streamlines. The points on the streamlines are found by: generating a grid,
calculating the stream function values at points on the grid, Finding the points
with the same stream function values, calculating the body proFile, and
eliminating the points inside the body. A grid is deFined by x- and y-coordinates
ranging from -1 to 1. Grid divisions of 0.1 are used.

The stream function is found by the method of superposition of flows—stream
functions for fundamental flows are added to obtain the stream functions for
flows over various bodies. The method used to Find the points with the same
given stream function value is based on that described by Chow. (4) The method
used is similar to subroutine SEARCH in program 2.2. The essence of the
method is to approximate the location of a point (xx*, YYK that has a given
stream function value, \J/a (See Figure 1 for terminology.) Its location is
approximated by:

XX* = X,

(D

m ~yj* \<Pa-4>y\ + I<bka-~ |
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Figure I.  Approximating location of point with stream function value \Ja

The equation for the body profile is obtained by setting the stream function equal
to zero. The equation may be solved analytically or numerically to find the
coordinates of the points on the body profile. Since the equations used to
describe the flow are only valid for irrotational two-dimensional flow, they are
not valid for points inside the body shape. Using the equation of the body
profile, it is possible to determine if a point calculated as being on a streamline
is inside the body shape. Ifit is, it is eliminated. For this project, a maximum
of forty points can be plotted per streamline, and. at most, fifteen lines, including
the body shape, are plotted.

FLOW OVER CIRCULAR CYLINDERS

The flow over the circular cylinder is obtained by adding uniform, doublet and
vortex flows. For the vortex and the doublet located at the origin, the stream
function is given by (5):

— a .
+=V J cosa- Vi sinatr o (2)

where r—Jx*+y2 and a — 27V,

The body shape is a circle of radius a. To obtain the body shape, 2n radians are
swept out in increments of AO radians, and the coordinates of the points on the
body shape are calculated for each 6. The increment AG is :

A0 = _2n (3)
number of points to be plotted —1

The x- and y-coordinates for the points on the circle are given by:
X =acos0, Yy —qsinb 4

Points are eliminated if (v2+y 2 < a2
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FLOW OVER HALF-BODIES

The flow over a half-body is obtained by adding uniform and source flows. For
the uniform flow at zero angle of attack and the source on the x-axis, the stream
function is given by (5):

N —
=V v+ 2ntan VX - x0 J (5)
or
* =V~ (hx+y) (6)
where h = is the asymptotic height of the half-body.

2VC
The body shape, obtained by setting Ip = 0, is given by:

A
Y= owy tan "(tA ) @)
To calculate the x- and y-coordinates of the points on the body, equation (7) is
solved numerically; (2n —2p) radians are swept out, where

n

P=tan X( --— -— — AT ~ — ] ®
H ' Xm*x ~ X0 2 X number of points to be plotted
A point is eliminated ify < InVe tan \( « Yx O)J

FLOW OVER ELLIPTICAL CYLINDERS

The flow over an elliptical cylinder is obtained by adding uniform flow along the
x-axis to a source and a sink. If the source and sink have the same strength and
are at the same distance from the origin, the stream function for the flow is (6):

(9)

The body shape is obtained by setting ip=0. The length

+ 1 d (10)

Also,from equation (9)

if 2drsind \
y = oy tan (1D
\' r2- f J

Equation (11) has to be solved iteratively for x and y. To do this, 2n radians are
swept out in A6 increments and / length units are swept out in Ar units where
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- 2n
AO = : ‘ (12)
. number of points to be plotted - 1
2 x int

Ar = /
r= . (13)
number of points to be plotted

Points are eliminated, if

v < A tan tan (14)

2nW -'(e M - a*+ d

FLOW OVER AIRFOILS

To visualize the flow over the airfoil, the Joukowski transformation is used. Both
the body shape and the streamlines of the flow over the cylinder are mapped to
the How over an airfoil.(7) The transformation parameters are shown in Figure
2: the circular cylinder is in the x"-y" plane, and the airfoil is in the x-y plane.

The circular cylinder is first shifted to the x'-y' plane, with its center at (Xp,»),
with Xp always less than zero. The system of equations for the coordinate

transformation from Xx"-y" to x-y is:

Zp = xf> + iyP (15)

z'= 277 + zp (16)
. r2

Z=7"+-V (17)

-79-



where ¢ is a constant. yPdetermines the camber of the airfoil, and is zero for a
symmetrical airfoil. A negative value of» will give an airfoil that is curved
downward.

Since the transformation uses complex coordinates, the complex potential for flow
over a circular cylinder is used (6):

0-V 00+ V00-£ +.g.i,z (18)

where b2=

nVoo
The stream function is obtained as the imaginary part of the complex velocity
potential. Once the stream function for the flow over the cylinder is found,
streamlines and body profile are found as for the flow over the circular cylinder,
and are then mapped using the Joukowski transformation.

SPECIAL CONSIDERATIONS

Since the programs developed to visualize the flow are intended as learning tools,
it is important to obtain results quickly but with reasonable accuracy. The
numerical schemes used in visualizing the flow are intended to give the user a
general idea of what the streamlines and body shape look like.

The method for finding the points on the streamlines works best for flows
approximately parallel to the x-axis. So, there are problems in finding points on
a streamline that has orientations parallel to the other coordinate axis. Because
the numerical calculations for the body shape would take too long, the program
cannot visualize flow over very thin elliptical cylinders.

RESULTS AND DISCUSSION

Sample results of the programs developed are shown in figures 3 through 6.
Figure 3 shows the results for flow over a circular cylinder. The circulation (or
vortex) in figure 3 removes the symmetry of the streamlines about the x-axis. The
streamlines are closer together on top of the cylinder for clockwise circulation.
Figure 4 shows the results for flow over a half-body. A larger source strength
increases the height of the half-body. Figure 5 shows the results for flow over an
elliptical cylinder. Decreasing the distance between the source and the sink
results in a smaller, rounder body. Figure 6 shows the results for flow over an
airfoil. Decreasing c increases the thickness of the body, and a non-zero value
ofypgives a cambered airfoil.
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Figure 3.  Flow over circular cylinder; =1,1—0, K=05, F =3

StrtM lintf *r«und h«tf-k«4y

Figure 4.  Flow over half-body; =2,A=40,1y=0

81



Figure 5.

*T B

Figure 6.

StrttaUnti around e«lliytical cylinder

Flow over elliptical cylinder; = 1.

Flow over airfoil; =1,q=1,d-02, F

82

, d =

body

0.25



CONCLUSIONS AND RECOMMENDATIONS

The program developed in this project should prove to be valuable learning tools
for undergraduate aerospace engineering students. The visualization programs
may be used to explore the effect of varying various parameters on the flow
pattern and body shape obtained, and to give the users an idea of how the
equations used to describe the flow translate into a physical flow pattern.

The programs have a few limitations, some of which may be removed by
incorporating different numerical methods or optimization techniques. The
effects of decreasing the grid divisions or of increasing the number of points
and/or streamlines that are plotted might be investigated to optimize
computational time and accuracy. Future work, on the visualization software
may include comparison of the computer-generated results with experimental
results, and visualization of flow over additional bodies, and incorporation of
routines to calculate and plot the pressure and velocity distribution, as well as to
calculate the aerodynamic forces on the bodies.
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THE TRAVELING SALESMAN PROBLEM
A PARALLEL BRANCH AND BOUND SOLUTION

Tracy Orton (Mid-America Nazarene College)
and
Lan Tran (Rockhurst College)

ABSTRACT

A book published in Germany in 1852 said of the successful

traveling salesman: "The most iIimportant aspect is to
cover as many locations as possible without visiting the same
location twice." This quote is the earliest mention of the

"Traveling Salesman Problem”™ (TSP). There are many algorithms to
solve the TSP, the one we iImplemented was the Branch and Bound
algorithm. The TSP graph G is completely connected by a set of
edges E, with a non-negative cost Cfj associated with each edge.

A tour of the graph is a cycle containing all vertices once and
only once, starting and ending at the same vertex. A graph with
N vertices has (N-1)! possible tours through the graph. A 50
city graph wojild require 1047 years to solve on a computer

running at 109 additions per second.

The Branch and Bound algorithm consists of starting at a
given vertex and calculating the cost of the edge from V to all
of the other vertices in the graph. There are three main
heuristics that describe how to choose the next vertex in the
cycle, they are breadth-first, depth-first, and best-first? we
implemented the best-first algorithm.

To implement the B&B algorithm in parallel, we used a
distributed list, with and without load balancing. In the
distributed list algorithm, the supervisor creates N initial
nodes and sends them to the N workers, where N is the number of
processors. Each worker has it own separate list. A worker
expands the nodes from its list. It also puts the children back
on the same list. When a worker finds a new best cost, it
updates 1its best cost and broadcasts the new best to others.

Each worker will stop when its list is empty. The algorithm
terminates when all the workers have finished.

In the load balancing algorithm, we used the nearest
neighbor method. The worker asks its nearest neighbors for
work when it is Ffinished. The neighbors then share their loads
with the requester.

Our results were not quite what we had expected. The best
speed up that we accomplished was 1.56 times when we increase the
number of processors from 2 to 4. This is less than the ideal
2.0. in other cases, we did not achieve much speed up. When
increasing the number of processors from 2 to 16, we only achieve
2.6 times speed up, which is much less than the expected 8.0.
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THE TRAVELING SALESMAN PROBLEM
A PARALLEL BRANCH AND BOUND SOLUTION

Our project was to solve the Traveling Salesman Problem
(TSP) using the Branch and Bound heuristic. We implemented this
heuristic on a IPSC/2 Hypercube using a distributed list, and
distributed list with load balancing.

The term "Traveling Salesman Problem™ arose in mathematical
circles in the early 1930°"s. The TSP is the problem of a
salesman visiting all the cities in his route once and only once
while minimizing the cost by taking the shortest route possible.

In 1954, the paper "Solution of a Large-Scale Traveling
Salesman Problem"™ in the Journal of the Operational Research of
America by Dantzig, Fulkerson, and Johnson was a major event in
the study of combinatorial optimization. The authors proposed an
algorithm to solve a large TSP (42 cities), but they refused to
claim the credit it.

Mathematically speaking, the TSP graph G is completely
connected by a set of edges E with every vertex V is connected to
every other. There 1s a non-negative cost to connect each
pair of vertices with CH » ® a tour of G is a cycle that
includes each vertex once and only once and ends up where it
started. The cost of a tour is the sum of the edges in the tour.
To find the optimal tour one must minimize the cost while still
maintaining a complete tour. The mathematical expressions for
the TSP are as follow:

| Ic. x.
i« j«Vv 9y

Subject to the constraints of no subtours and only visiting

each city only once.

_EXn * 1 for every ieV and _EXn = 1 for every jeV
Jev iev J

E E Xu > 1 for all ScV, S#o
US j«V-S J

Xfj * 0 or 1 for every i,jcVv

Where Xf, * 1 if the path from vertex i to vertex j Iis
included in the solution and X{ * 0 if not.

The TSP 1is part of the NP-hard class of problems for which for
all known algorithms reguire exponential time as the problem
grows. There are (N-1)! possible solution to a N city TSP. The
time to find all possible solutions to a 50 city problem and add
up all the costs of all the tours would require 1047 years to
solve on a computer running at 109 additions per second [3].

This 1is, however, only the worst case, which iIs extremely rare.
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THE BRANCH AND BOUND HEURISTIC

Since it is iImpractical to solve the TSP by examining every
possible solution, heuristics have been developed. The TSP has
been solved using Neural Networks and Simulated Annealing, but
the most popular approach is Branch and Bound (B&B).

The origins of B&B go back to Dantzig, Fulkerson, and
Johnson when they attempted to solve the 42-city TSP. The basic
concept iIn B&B is to breakup (branch) the feasible-solution-set
into successively smaller subsets, then calculate the bounds
(lowest cost) for those subsets. Using the newly found lowest
cost we can discard all the subsets that have greater cost. This
branching and bounding process forms a ""Branch and Bound™ tree.
This tree has the original set as i1ts root. When the root Iis
branched, it produces subsets or children. As the process
continues, the tree iIs further expanded.

Generally speaking, the Branch and Bound heuristic consists
of 3 main parts: selecting, branching, and bounding. When
branching, the B&B tree produces many children (or nodes). We
need a method to select which node is to be expanded. The
popular methods are best-first, depth-first, and breadth-first.
Best-first selects the node that has the lowest cost. Depth-
first selects the node that is at the highest level of the B&B
tree. Breadth-fTirst selects the node that is at the lowest level
of the tree. In this project, we used the best-first method.

Once a node is selected, it is branched into many children.
Branching is accomplished by incrementing the number of cities In
a given path. For example, in a 50 city problem, the path of the
root has only 1 city: city number 1. Since it is possible to
travel from city 1 to 49 other cities, we can branch the root by
creating 49 other nodes going from city 1 to city 2, 1 to 3, 1 to
4 and so on.... When we Tfinish branching the root, we should have
49 children.

After branching a node, we have to find its bound. This
bounding process consists of 2 parts: solve the relaxation
problem and prune the B&B tree. In the beginning of B&B, we set
the best cost (the bound) to infinity. We then "relax" the TSP
by allowing subtours in a path (a path that has a subtour
contains a city more than once). Fortunately, the relaxation
problem of the TSP iIs the Assignment Problem, which i1s easy to
solve and requires less time than the TSP. The solution for the
Assignment Problem is the lowest cost path for a given node. If
the returned path is NOT a tour (i.e., 1t has sub-tour) and its
cost is less than the current best cost, we store it in a list
for later expansion. IT the path IS a tour and its cost is less
than the cost of the current best cost, we have found a new best
cost. IT neither of the above conditions is met, we discard the
node. Once we obtain a new best cost, we go back to the list and
remove the nodes that have greater cost. This 1is called pruning
the tree.
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IMPLEMENTATION OF B&B ON THE 1PSC/2 HYPERCUBE

There are two popular ways to implement B&B on the
hypercube: the centralized list and the distributed list. The
centralized list has a controller and (N-1) workers, where N 1is
the number of processors on the hypercube. The controller keeps
the list of the nodes to be expanded. It sends each worker a
node to expand. The worker expands the node and returns the
children to the controller. IT a worker finds a new best cost,
it broadcasts this cost to all processors. When all the nodes
are expanded, the current best cost is the solution.

Since the centralized list has already been done by others,
we will only use the distributed list. Unlike the centralized
list, the supervisor of the distributed list (nhot the controller)
creates N initial nodes and sends them to the N workers. Each
worker has it own separate list. A worker expands the nodes from
its list and puts the children back on the same list. When a
worker finds a new best cost, it updates its best cost and
broadcasts the new best cost to others. Each worker will stop
when i1ts list is empty. The algorithm terminates when all
workers have fTinished.

The distributed list is quite easy to implement, however, it
has a problem: A worker may finish expanding its list after a
few expansions, while others may have to work much longer. Since
the speed of the algorithm is measured by the speed of the
slowest worker, this can be disastrous. The way to eliminate
this problem is to use load balancing: Share the load among the
workers until all are finished. In this project, we used the
load balancing algorithm suggested by Ma, et al, [2]. When a
worker is finished, it sends requesting messages to all
processors. IT others have work to share, they will share their
works with the requester. Each processor keeps track of its
neighbors® condition. IT the request message is denied (nho work
to share), the processor will mark the denying process as
finished. When all processors are marked as finished, the final
processor will terminate itself. We made a minor change in Ma®s

algorithm. Instead of sending requesting messages to all of its
neighbors, a processor only sends request messages to its nearest
neighbors according to the hypercube architecture. For example,

if the dimension of the hypercube is 2, which means the 4
processors are arranged in a rectangular configuration with the
vertices in the order of 0, 1, 3, 2. Processor 0"s neighbors are
1 and 2. The threshold index, the minimum length of the list
when a processor ignoring its neighbors®™ request, is set a 4.
When a processor receives a work request from its neighbor, 1if it
has more than 4 nodes, it send (length/(dim+l1l)) nodes to the
requester, where length is the length of the list and dim is the
dimension of the iPSC/2. By changing Ma"s technique, we reduce
the number of requesting messages and allow a processor more
working time.
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RESULTS

The results are not what we had expected. Ideally speaking,

when we increase the number of processors, the run time should
decrease linearly. In other words, we should achieve linear
speed up. The best speed up that we obtained from the
distributed list, when we iIncrease the number of processors from
2 to 4, is 1.58. This is less than the 2.0 expected, but it is
acceptable. However, when we increase the number of the
processor from 2 to 16, the best speed up we obtained was 2.6,
which was much less than the linear speed up of 8.0. In some
cases, the run time increases as the number of processors
increases! The results from the distributed list and the
distributed list with load balancing are essentially the same
(see table 1 and table 2). Theoretically, they should be
different. We suspect that this problem is the result of the
matrices that were used. For each problem we used 10 matrices.
These matrices were generated randomly (using the random function
provided by the C math library). We take the average the run
times at the end. Observing the run times of a problem, we
discover that some matrice has very long run time while others
have relatively short run time. In taking the average run
times, one long run time can distort the entire set of data. We
believe that we need better random matrices to achieve better
results.
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Number of
Cities

10 cities

20 cities

30 cities

40 cities

50 cities

DISTRIBUTED LIST WITHOUT LOAD BALANCING

Dim

A WONPE

A WNPE

A WNBE P WNER A WNE

Table 1

Run_time

(sec)

1.176
0.652
0.503
0.451

34.060
17.886
17.890
19.920

64.810
52.030
135.780
141.960

59.040
47.770
41.370
63.554

146.050
85.070
87.000
78.240

90-

Worker
Efficiency

0.6758
0.5169
0.4678
0.6651

0.8345
0.7106
0.5249
0.5010

0.8421
0.7277
0.5724
0.4460

0.8444
0.7153
0.5473
0.6024

0.8700
0.7185
0.3475
0.4308

Nodes
Expanded

89
77
81
A

305
299
371
599

140
179
980
1692

117
149
228
322

279
365
317
323



Number of
cities

20 cities

30 cities

40 cities

50 cities

DISTRIBUTED LIST WITH LOAD BALANCING

Dim

A WNPE ArWNEFE ~AWNPR

A WNE

Table 2

Run_Time
(in~sec)

43.2490
34 .3096
25.5300
20.9656

288.3795
224 .9050
230.2425
130.7876

119.1140
84.5110
94.9791
75.7183

168.9500
206.4330
210.5000
150.2670

-91-

Worker
Efficiency

0.7664
0.7200
0.5318
0.5626

0.8547
0.6927
0.4897
0.5503

0.8117
0.5232
0.3856
0.3789

0.7905
0.5737
0.4245
0.2553

Nodes
expanded

414
514
509
550

480
876
1638
2722

242
241
298
345

379
695
835
837
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[2]

[3]
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Identity Authentication Based on Keystroke
Latencies Using Neural Networks

Angela hammers, Rockhurst College
and
Sharon Langenfeld, Briar Cliff

Most computer security systems verify the identity of a user through objects in the user's
possession such as keys or magnetic cards, or through knowledge the user has, such as a
password or PIN number. There are, however, two other methods of user verification, which
have as yet received little or no attention. There has been some work done on the third method,
recognition of physiological patterns (such as finger prints, retinal patterns, or voice patterns),
but this work has been limited and requires expensive hardware to implement. The final method
of user verification is through actions such as signature or behavior patterns.

Because each person's signature is unique, it has been used for verification and
authentication since man learned to write. This uniqueness is due to the complex physiology of
the human hand. The factors that make the human signature characteristic of a single person,
also produce a unique pattern of latency times (or time lapsed between keystrokes). It has been
shown that this pattern remains fairly constant, especially within words often entered [Joyce SC
Gupta].

Some work has been done on the use of keystroke latency patterns for user identification
and verification. The majority of the systems involve the entry of a particular string several
times initially in order to form a mean reference signature of latency times. The standard
deviation of this reference signature was used as a measure of tolerance for each login attempt.
When a person wants access to the system, he identifies himself by typing his password. The
latency vector this produces is compared to the reference signature entered previously, and access
is granted if the two are statistically similar [Joyce & Gupta].

Our system makes use of neural networks rather than statistical references in order to
classify login attempts as acceptable or non-acceptable. Rather than performing a sequential set
of instructions, neural networks are capable of exploring many competing hypotheses in parallel.
Because of this quality, neural networks are considered to have the greatest potential in the area
of pattern recognition [Lippmann]. The neural network we have developed is trained to
recognize a person’s unique keystroke latency pattern and will accept or reject subsequent login
attempts based on the attempt's approximation of the previously learned pattern.

Inherent in the system is the desire to maximize the number of times the correct user is
accepted (called a user success) and the number of times an intruder is rejected (called an
intruder failure). At the same time it is desirable to minimize the number of times the correct
user is rejected (a false alarm) and the number of times an intruder is allowed access to the
system (a break-in).

To make the system more robust, multiple neural networks are trained and tested. One
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neural network is located at each processor, thus parallelizing the learning and testing. Each
processor or neural network receives its own unique initial weight vector which is produced by
a random number generator. The neural networks are trained on the inputs and each ends up
with its own unique learned weight vector depicting the user's signature.

The first step involves educating the neural networks by entering a password string many
times and teaching each neural network to recognize the string. As the string is typed in
repeatedly, the system records the time between keystrokes. These times are used to train the
neural networks, one located at each processor of the system, to recognize the latency pattern.

Neural networks learn the electronic signature of the user by adapting the set of weights
associated with the input until the result is within a desired range [fig. 1]. The initial weights
are obtained through a random number generator. After the learning has taken place, these
weights represent the digital signature of the user.

Each neural network learns by taking
the inputs (the array of latency times) and
multiplying each of the elements of the time
vector by its associated weight vector and
summing:

/1?7 =E

where R is the result, X the input vector, and
W is the weight associated with the input [fig.

2].

: If the result of the summation

converges to 1 (the desired output), then the

neural network is said to have learned the inputs. The network converges due to adjusting the
weights of the neural net and sending the inputs back through the network again.

The weights are adjusted accordingly:

The error e is calculated by subtracting the
result obtained (R) from 1 (the desired result):

cji-=1 -R

The change in weight W is then found using
the equation:

AWTr ae(Xr zW)

This function is a variation of the Hebbian
rule:
Our function has some interesting properties including:
1. It looks like a Hebbian algorithm with error instead
of output.
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2. It reduces weights and keeps them from growing too large.

3. It controls excessive jumps in response to the error.

We found our function caused the output to converge to the desired output (1) rather quickly.

Once the networks have learned the user's signature, the program requests attempts for
access to the system. Each attempt is taken as input to each of the trained neural networks. The
inputs are multiplied by the learned weights and summed to produce a result. If the result of an
individual network falls within the allowed acceptance range, the processor sends a message of
acceptance back to the controller. 1f the majority of the processors accept the signature, the user
is granted access to the system and the attempt is integrated into all the networks. If there is not
a majority acceptance, the user is denied access and the attempt is discarded.

In the experimentation with the program, many parameters were varied. First, the size
of the acceptance range and the size of the password were tested. Not surprisingly, using small
passwords (3 characters in length) and a small acceptance range (.90 to 1.10) rendered the most
break-ins and the most false alarms. Meanwhile, using medium sized passwords (7 characters
in length) and a bigger acceptance range (.85 to 1.15) yielded the same number of break-ins, but
fewer false alarms. Using big passwords (9 characters in length) and a small acceptance range
(.90 to 1.10) produced no break-ins, but incurred the greatest number of false alarms. The best
alternative was a medium sized password (7 characters in length) and a small acceptance range
(.90 to 1.10) This combination provided few break-ins and even fewer false alarms.

Next, the use of input to the system was altered. Originally, the neural networks were
trained on five separate inputs from the user —one after the other. This, however, invoked the
problem of an inaccurate digital signature if the last password entered was not indicative of the
user because of a pause or slip during entry. Because the last entry was learned most recently,
the neural network looked for the inaccurate pattern during the attempt stage. Therefore, the
average of the inputs was used as a basis for training the neural networks. Not surprisingly, the
average of the inputs produced more user successes than did the sequential learning of the
individual passwords, while maintaining the same number of break-ins.

Finally, the function in the learning algorithm was altered. Using a linear function:

R ~ X 7

where R is the result, X is the input vector, and W is the weight vector, provided 10% more user
successes than did the nonlinear function:

R=nxfwt

where the input vector was squared before being normalized. Altering the function type had no
effect upon the number of break-ins incurred: as user successes increased, false alarms decreased.

Therefore, the best combination of the parameters tested are: taking the average of the
inputs of medium sized passwords trained on neural networks containing a linear function and
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tested in a small acceptance range. Figure 3
shows the number of user successes, intruder
failures, false alarms, and break-ins for each
of the four program types we tested
(sequential inputs with a linear function,
sequential inputs with a nonlinear function,
averaged inputs with a linear function, and
averaged inputs with a nonlinear function).
Tests shown were conducted with mid-sized
password and small acceptance range. Our
tests overall produced a 75% success rate
(user successes and intruder failures). Of the
25% failure rate, only 3% were due to break-
ins. (22% were due to false alarms.)

Figure 3

From our results we are able to conclude that keystroke latency is a valid measure of
security when implemented with password checking and other common security measures.
Neural networks not only make the implementation of the keystroke latency security system
easier, but also grow and adapt with each user-thus making them superior to statistical keystroke
security systems by increasing the flexibility of the system. Parallelizing the system makes it
more robust than when implemented on a single processor since more than one neural net is

trained and tested on each input.
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MODEL CALCULATIONAL APPROACHTO THECONFORMATION
OF ADSORBED POLYPEPTIDE FRAGMENTS

Timothy J. McKeon

Introduction

The focus of the paper is to examine possible conformational changes of peptides when
placed in the presence of a poly-synthetic material. A major concern in the pharmaceutical
industry is the loss of potency of polypeptide drug products during processing, packaging and
storage. An example of this is polymer syringes being used in place of glass ones. The effect is
that some protien-derived products experience structural changes due to contact with the
polymer. This is otherwise known as surface denaturation. Inorder to understand the energetics
of interfacial polypeptide systems, a calculational approach was used via the program
Alchemy. The organization of this paper is as follows: first, is the manner in which the
peptide bonds are arranged and the ways in which they were synthesized on the computer
screen and shown in three dimensional space. ldeas incorporated into the "experiments™ will
follow. In conclusion, a comparison of the stable structures to those in the model interfacial
systems will be given. If these experiments can be shown to give reasonable results this setup
could potentially save time and money, and further be used in the development and understand-
ing of potential laboratory experiments.

Background

In discussing this project and its concepts it is necessary to have a basic working
knowledge of the peptide nomenclature. Polypeptide structures generally have four types of
structures, primary, secondary, tertiary and quartemary. In this paper, the secondary structure
is the most significance. The secondary structure or conformation has three specific subgroups
within it, alpha-helical, beta-sheet and random coil structures. These structures become stable
due to the internal hydrogen bonding. Insetting up the model molecules bond angle information
was needed. More specifically what was discovered is that the two main structures of interest
alpha-helix and beta-sheet were described in terms of torsion angles. The peptide bond is often
considered to be planar which infers that the HNCO atoms all lie within the same plain.
Then, came the more difficult task of defining phi and psi, the torsion angles on either side of
the peptide bond. These can be more fully explained by refering to Figures 1and 2, in which phi
is described as the rotation of the the HN bond about the NC bond with respect to CC bond. Psi
however resides on the other side of the peptide bond, and is rotation of the NC bond about the
CC bond with respect to the OC bond. Where C refers to the alpha-carbon with the R group
attached to it, and C is the carbon double bond oxygen. These angles are said to be zero when
the molecule was flat and the bonds on each end of the torsion angle are in acis configuration.1
In other papers x-ray data had been used to determine regions of stability and the phi and psi
angles that corresponded to these low energy states. These stable regions can be seen in Figure
32

The modeling package being used to complete the calculations and minimum energy state
determinations is Alchemy. Alchemy contains programs for some good "hands on structure
building" and the minimizer program which were the two main features which brought it to be
the package of choice. Alchemy takes into account all the energies in the molecules from bond
energies to van der Waal effects. The equation used by Alchemy for the total energy is E= E,* +

E-S+Etcr + Eydw+ Eoop where the subscripts describe the energies considered as follows:
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str - bond stretching

ang - angle bending

tor - torsion deformation

vdw - van der Waal's interactions
oop - out-of-plane bending

The bond stretching and angle bending are self-explanatory. The torsion deformation is
the moving of a torsion angle away from the zero torsion angle. The van der Waal's interac-
tions are the attractions and repulsions between two atoms in a molecule as determined by their
atomic radius, the distance between them and any charge they might contain. This includes
bonded and nonbonded atoms within the molecule. Out-of-plane bending is the term that takes
into account the interactions of perimeter atoms attached to a central atom, this includes sp2
and aromatic atoms in which a modification to the equation is used. In the case of sp3 atoms,
the plane refers to the trigonal base opposite the atom in question. For the latter cases the out-
of-plane distance refers to the distance from the base line between the two adjacent atoms.3

Experimental Design

In experimental design the idea was to choose appropriate molecules such that the
experiments could be easily visualized and manipulated, since some of the concepts were very
complicated. Also, there was some need to attempt to keep the experiment relevant to a process
enviroment. With this in mind, the two polymers chosen for study were polyethylene and
polyvinylalcohol. Since, many of todays storage media are polymeric materials rather than
glass these seemed to be good choices. They were simple structures and both hydrophilic and
nonhydrophilic interactions could be studied. The peptide chosen was glycine, since it had the
simplest R group side chain. At times the pictures become confusing and difficult to understand,
S0 it was necessary to use one that was simple in the beginning.

The alpha-helix that was used is a right hand structure and if it had chiral centers
would be an L-amino acid, as these are more common. From figure as described above stable
angles of phi and psi equal to 120 degrees. This structure was built as well as the structures for
the polymers and each was minimized individually. Then, each of the polymers was placed in
the presence of the alpha-helix and these were each minimized.

Results
alpha-helix E(kcal/mol) E*r B« Etor EoopEvdw
alone 23.48 3.09 9.40 48.11 .3287-37.45
ethylene 12.44 4.05 9.97 48.46 .4135-50.46
alcohol 26.83 7.03 20.0 56.17 .2544-56.61

The overall energy of the alpha-helix and polyvinylalcohol system is slightly higher
than the alpha-helix alone, and the alpha-helix and polyethylene system is by far the
lowest. The alpha-helix and polyvinylalcohol system has the largest potential for intermo-
lecular interactions as reflected by the large of 20 kcal/mol as opposed to 9-10 kcal/mol for
the other 2 systems.

Conclusions and Future Work

From the data obtained it can be seen that there is a significant difference in the overall
energy of the molecules in the different systems. It can be seen also from Figures 3,4, and 5 that
there is a difference in the structure from the initial alpha-helix consisting of bond angles of
120 degrees for phi and psi. The angles varied in some instances by as much as 20 degrees. The
low value for E in the polyethylene system shows that adsorption would be probable. Since the
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major influencing factor is the large value with respect to EMdw/ while the other values are
essentially the same as those in the single molecule system. The slight difference in overall

energies of polyvinylalcohol/alpha-helix systems shows that there would be none, or maybe
slight adsorption.

In the future these ideas will hopefully be carried on and the systems under consideration
will become more realistic. There is another sytem to be considered called Sybil which is more
accurate and could possibly handle larger systems. Another consideration is certainly the
dynamics of such a system, how long does it take for this change to occur. In the future this
could hopefully provide insight without the loss of costly chemicals and/or time.
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Development of a Learjet Model 24D
for the UMR Flight Simulator

Richard Stigall

Department of Mechanical and Aerospace Engineering
and Engineering Mechanics

ABSTRACT

A flight simulator was recently developed at the University of Missouri-Rolla for a single
engine aircraft. The need soon arose for a higher performance aircraft. After exploring
several possibilities, a Learjet Model 24D was chosen to include the high performance
aircraft.

The purpose of this project was to develop a model for the Learjet 24D. This was
accomplished by examining the computer code previously written and determining the
changes needed. The code for the simulation is located in various subroutines. Each
subroutine was analyzed to determine if changes needed to be made. When a modification
was needed, appropriate methods were used to determine the parameter. When this process
was complete, the aircraft was flown on the simulator. Each flight was used to analyze the
performance of the aircraft and then compared to the Operating Manual for the Learjet.
After evaluating the performance of the flights, changes were again made to meet the
performance of the Learjet. Several assumptions were made in this process with the end
justification being the performance of the simulation. The completed Learjet model has
produced a simulation which flies much like the actual aircraft.

This report will outline the steps employed to develop the Learjet model, the assump-
tions made, and the results of evaluating the model performance.

1. Introduction

Flight Simulation is becoming an increasing alternative to the high cost of aircraft
operational costs, and is being used by industry to train new pilots, refresh veteran pilots,
and train emergency techniques that are too dangerous to perform in actual operations.
For university students, the flight simulator can be used as an inexpensive and safe way
to teach the basic principles of piloting an aircraft, as well as to reinforce principles of
performance and stability & control learned in the classroom. Based on these motivations
a set of computer programs, written in Fortran and run on an Apollo DN10000VS computer
were developed. The Apollo computer is capable of operating at speeds which allow the
simulation to occur in real time. The simulator setup is designed to receive input from
the pilot through a keyboard, mouse, and joystick and display graphics output to the
user via a 10 foot projection screen and a computer terminal. The computer terminal is
used to display a basic instrument cluster consisting of five instruments and sixteen text
outputs. The instruments include an airspeed indicator, an artificial horizon, a clock, a
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vertical compass, and a vertical speed indicator. The text instruments are capable of being
changed to read practically anything the pilot desires to see.

The flight simulator was originally developed modeling a single engine propeller driven
Cessna 210. The need for a high performance aircraft was considered and found to be an
appropriate addition to the simulator. Work began in January 1990 on the modeling of a

small business jet. After looking at several aircraft, a Learjet Model 24D was chosen to
fulfill the role.

2. Simulation Process

As shown in the block diagram of Figure 1, the simulation begins by accessing shared
memory. Shared memory access prepares the shared memory between the aircraft and
graphics programs for parallel processing. The next step in the simulation is initializing
the timing mechanism, which defines the rate at which the simulation is ran. Aero-Load
and Atmos-Load subroutines initialize variables needed in the simulation. Aero.Load loads
the lift, drag, and moment data tables, and Atmos-Load loads the standard atmosphere
tables. Table.prep prepares these tables for the simulator to use.

and orientation to
shorad nonary

Figuro 1. Simulation Proonss Flowchart
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The real-time portion of the simulation is begun with the start-timing block. A real-
time process is one in which the execution time of the computer is synchronized with the
actual time of the system being modeled. If the computer calculates all the information
needed it must wait until the next pass is required. This process is accomplished in the
timing mechanism of the program.

The pilot inputs generated by the stick, mouse, and keyboard are supplied to the shared
memory. According to this pilot input data, the subroutine Crew-station then calculates
stick, throttle, rudder pedal, and flap switch position. The engine subroutine is then called
to calculate the engine thrust based on throttle position and altitude. The flight controls
subroutine then calculates the aileron, rudder, elevator, and flap positions. The next sub-
routine called is equations of motion, which then calls Ac_forces_and_moments to determine
the total forces and moments acting on the aircraft. This subroutine then calls the aero
subroutine to calculate the aerodynamic forces and moments. Ac_forces_and_moments also
calls the ground reactions subroutine which calculates the forces due to inertia, friction,
braking, and nose wheel steering while the aircraft is on the ground. Once these sub-
routines have been called, the equations of motion subroutine integrates the angular and
linear acceleration equations once to yield linear and angular velocities and again to yield
positions and orientations. The velocities and orientations are then sent to shared memory
for use by the graphics to update the visual displays. End timing determines whether it is
time to begin a new pass through the simulation. This process is then repeated until the
pilot elects to stop the simulation.

This briefreview of the flight simulation should be enough to give a basic understanding
of how the simulator operates. It is not the purpose of this report to outline the entire
operation of the flight simulator. For additional details, the reader may refer to [lj.

3. The Learjet Model 24D

The Learjet is designed to carry 8-10 people, cruise at Mach numbers around 0.8,
Velocities around 470 knots, and at altitudes up to 45,000 feet. There is a single low wing
which is swept back to allow operation at high speeds. The aircraft is equipped with two
engines mounted on the aft fuselage, each capable of producing 2,950 pounds of thrust
at sea level. The total amount of fuel carried is approximately 5,590 pounds. With full
fuel the aircraft has a maximum takeoff weight of 13,000 pounds. The jet incorporates
conventional control surfaces: aulerons, elevator, and a rudder. Flaps can be used to aid
in takeoff and landing.

4. Modifications
4.1 Stability and Control Derivatives

Stability derivatives are changes in aerodynamic forces or moments due to motion about
one of the aircraft axes. Several of the derivatives for this simulation were obtained from
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[2], many ofthese are located in a namelist called s_and_c.nml in the Learjet_data directory.
For this simulation many of the stability derivatives were assumed to be constant over the
range of speeds and weights the aircraft will operate. This assumption is justified in part
by the fact that many of the derivatives change very little throughout the flight envelope.
The derivatives, which do change, were taken as the values at the high speed end of the
flight envelope. This was done in part because this is where the majority of the simulation
time will be spent. Normally the aircraft will takeoff then cruise at speeds where the
derivatives are correct. Another reason for choosing the high speed derivatives was the
handling qualities of the aircraft. At high speeds the plane became hard to control if the
low speed values were used.

Some of the derivatives are located in the aero subroutine. These derivatives are
changed through each pass of the simulation. One major difference in the Learjet model
and the Cessna model is the coefficient of lift. The Cessna model uses table lookups to
determine this value, but the Learjet model calculates the value. All equations for modi-
fications came from either [3] or [4].

Another difference between the two models is the moment curve slope. The slope for
this simulation is allowed to change with a change in the center of gravity location. At
stall, a decrease in lift should cause a pitching down of the nose. Since the lift and moments
are calculated separately, the decrease in lift near stall did not directly cause a nose down
pitching moment. To overcome this problem a new variable, cm_stall was selected. Below
stall, cm-stall equals zero, but at stall and above, cm-stall takes on a value to cause the
needed moment to pitch the nose down.

4.2 Control Surfaces

The Learjet has a movable horizontal stabilizer which is used to trim the plane. The
input for this horizontal stabilizer deflection is located in the Cst.sub subroutine. The
movable horizontal stabilizer allows the pilot to fly the simulator without constantly hold-
ing the stick forward, which is what would have to be done when flying at high speed. The
trim tab was developed for the Learjet, but was also installed on the Cessna model. The
keys to activate the trim tab are: *u*for nose down, ** to zero the tab, and’m’ for nose
up. The variable introduced to accomplish this task was called delta-tab. The deflection
of delta-tab is limited to five degrees up and down.

The actual control surface deflections are calculated in the flight controls subroutine,
Fc.sub. The Learjet has different ranges of control surface deflections than the Cessna s
all these had to be changed. The deflections are: aileron 18 degrees, elevator 15 degrees,
and rudder 30 degrees, these deflections were obtained from [6]. The flap operating speeds
are also located in this subroutine. The flaps are extended by two settings. The maximum
speed to extend the flaps to eight degrees is 190 knots, the maximum speed to extend the
flaps to 40 degrees is 153 knots.

To ease the pilot in controlling the aircraft with the small joystick at high speeds, the
elevator and aileron deflections are scaled above 200 knots by the ratio of the aircraft
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velocity to 200 knots. A similar equation is used for delta_a, the aileron deflection.
4.3 Forces and Moments

Forces and moments are dealt with in Lm.sub and ground.sub. F_m.sub contains the
equations that compute the forces and moments while the aircraft is in the air. Two values
that had to be changed in this subroutine were the maximum structural g’s the aircraft
could withstand. The values from [5] are +4.5 to *1.5 g’s. These values were not used in
the simulation due to the joystick. The joystick is so sensitive that at high speeds with the
low values of g limitation the wings were to easily torn off. For this reason slightly higher
values of +5 to -2 were chosen.

Several other values that had to be changed in this subroutine dealt with geometric
distances involving the landing gear. A drawing of the meaning of the geometric data can
be found in [lj. The geometric distances for the Learjet were obtained from [6]. Some
of these distances include the X, y, and z positions of the gear fully retracted and fully
extended. These distances are needed to perform the simulation of the gear being raised
and lowered. The gear in the Cessna move in two motions, first moving in, then back to
stow in the fuselage. The gear on the Learjet only move up into the wings so this process
had to be changed.

The ground subroutine contains the forces acting on the aircraft when the aircraft is
on the ground. Several variables in this subroutine had to be modified. There are some
geometric distances in this subroutine as well as f_m.sub, which had to be changed. The
damping coefficients and the spring constants of the landing gear had to be modified. Two
values of each constant were used, one for small displacements of the struts and one for
larger displacements. These values were determined by trial and error. The values had to
be larger for this aircraft, but care had to be taken in raising them.

4.4 Additional Modifications

The weight and balance subroutine contains information about the loading of the air-
craft and the moments of inertia. The aircraft for this simulation is loaded with 4 people,
414 gallons of fuel, and 50 pounds of baggage. This brings the takeoff weight to 11000
pounds, which would be a typical configuration for this aircraft. Provisions have been
made to easily modify the weight by simply choosing a different passenger loading. The
center ofgravity is also calculated in this subroutine. The ac-moment needed for the center
of gravity calculation is acquired by adding the weights of different components multiplied
by there moment arm. The weights of the components as well as the moment arms are
listed in [5]. The moments of inertia were obtained from [2].

The engine subroutine contains the equation for thrust. The method used for deter-
mining thrust assumes that the thrust of the engines varies directly with air density. This
subroutine was changed to reflect the Learjets more powerful engines.

The instrument panel for a Learjet is much different than a Cessna’s, so two instruments
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were changed. The airspeed indicator for the Cessna went to 200 knots, the maximum
speed of the Learjet is much faster, so the airspeed was increased to 600 knots. The code
for the airspeed indicator is located in the instruments directory in the file airspeed.ftn.
Similar adjustments for the vertical speed indicator were also performed. The Cessna
vertical speed indicator range was between >2000 feet per minute and 2000 feet per minute,
this was changed to + 6000 feet per minute. All the other instruments were compatible
with the Learjet.

Another modification made to the simulator was not specific to the Learjet model. A
new scene was created. For details on how to create a new scene, see [7]. The scene created
was a night scene, which included a lighted runway and lighted cities.

5. Results

The purpose of this project was to create a model of the Learjet for the existing simu-
lator at UMR. The justification for all the changes made, rested in the final performance
of the simulation. The main analysis for the results came from flying the aircraft and
checking the performance against the Operating Handbook, [5]. Several phases of flight
were evaluated in great detail. These were takeoff, cruise, landing, and flight at slow
speeds, including the stall. Final flight tests indicated the simulation performs very close
to the actual aircraft. A table of comparisons between actual and simulation performance
numbers appears below.

Table |

Results
Performance Parameters Flight  Simulation

Manual Results

takeoff speed (knots) 115 118
takeoff ground roll (feet) 2250 2050
maximum Mach number 0.82 0.82
landing ground roll (feet) 1500 1450
stall speed, flaps at 0° (knots) 107.0 110.0
stall speed, flaps at 8° (knots) 95.0 93.0
stall speed, flaps at 40® (knots) 86.0 83.0
climb gradient at 10000 feet (%) 3.2 3.3
climb gradient at 20000 feet (%) 0.5 0.55

6. Conclusions and Recommendations

The purpose of this project was to modify existing code to perform similar to a high
performance aircraft, the aircraft chosen was the Learjet Model 24D. Steps were taken to
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analyze and determine the changes needed in the original code, then obtain new informa-
tion for the simulator by various methods. The performance of the aircraft was then com-
pared with the Operating Manual. Once the performance tests were completed, changes
were made to correct the simulation to more closely match the performance numbers in the
Manual. Final flight tests indicate a very good simulation of a high performance aircraft
has been developed. In the future, this simulation will be used with the other models
currently in the simulator to benefit all Aerospace Engineering students at the University
of Missouri-Rolla.

The simulation could be greatly improved with the addition of a cockpit and real
controls. The joystick does not provide the feel of an actual control stick. The rudder
controls are currently on the keyboard, which does not allow the pilot of feeling the position
of the rudder. With the addition of a cockpit, a q-feel system could be incorporated into
the model. Q-feel is a system by which the velocity of the aircraft is felt in the controls.
As it is now, the pilot can move the stick as easily at 500 knots as can be done at 100 knots,
which is not the case in an aircraft. The cockpit would also give more of an impression of
flying, than is currently felt with the simulation.

One of the most important uses for the simulator could be the simulation of aircraft
being designed in the senior design class. With the aid of this paper and reference [8] it
should be a fairly simple task to modify the code to fit a generic model. This would benefit
the design students, and offer something that very few, if any other university could offer
a senior design student.
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DEVELOPMENT OF A LARGE COMMERCIAL TRANSPORT MODEL FOR A REAL-TIME
DIGITAL FLIGHT SIMULATOR

John Francis Winkler

Abstract

In order to test the adaptability of the University of Missouri-Rolla's flight simulator to
different types of aircraft, a basic mathematical model of a large commercial transport aircraft
is developed. The original aircraft model is based on the Cessna 210, and in order to accommo-
date the drastic differences between the Cessna 210 and the Boeing 747, many changes are made
to the simulation code. The aircraft geometric data, stability and control derivatives, and
weights data are altered to match those of the 747. Changes are made within the various
subroutines to include thrust reversal, spoilers, and a variable incidence horizontal stabilizer.
In order to simplify the model, various modifications to the 747s lift, moment, and drag data
are made based on an order of magnitude analysis.

This paper gives an overview of the procedure used in creating the new mathematical
model and the various problems encountered during the model's implementation. The various
assumptions that are made to simplify the modeling of the transport aircraft and the reasoning
behind each assumption are discussed in detail. Finally, the flight characteristics of the
developed model are compared with those of a real-world aircraft to determine the validity of
the model.

It appears from flight testing that the final model does indeed offer the flight
characteristics of a large transport aircraft.

Introduction

Recent rises in fuel costs make the need for practical and realistic flight simulation
extremely important. With a well-designed flight simulator, industry can train pilots on the
ground, thereby saving flight time and fuel. An engineer can model a slight configuration
change on an aircraft and immediately see its effects on the flight characteristics. Moreover,
by changing the magnitude of the stability and control derivatives, one may be able to see the
difference in the handling of the aircraft. Large aerospace companies are currently using
advanced flight simulators to optimize the flight characteristics of an aircraft in the initial
design stage. In this sense, they may eliminate a large number of problems before the aircraft is
ever built. Test pilots are now finding that the test aircraft are flying very close to the
simulator model on which they were trained.

The University of Missouri-Rolla flight simulator project was started in 1987 by graduate
student Michael Sinnett, and a mathematical model of a Cessna 210 general aviation type
aircraft was completed in 1989. The computer code for the simulator is written in FORTRAN
and runs on an Apollo I0000ws workstation. The program itself is divided into two major
routines: the math model and the graphics model. Each model runs on a different central
processing unit, and they communicate with one another through a shared memory location. An
instruments program runs interactively with the math model and graphics model on an Apollo
4500 workstation. The graphics are displayed on a IKdiagonal glass screen with an overhead
rear projector. At this time the pilot input is read in through the use of a joystick, mouse, and
keyboard.

Since the completion of the Cessna model in 1989, new graphic scenes have been added
and a weather model containing wind, turbulence, and microbursts was developed to enhance
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the realism of the simulation.6 Furthermore, an interest has come about in being able to
develop mathematical models for different types of aircraft.

The purpose of this project was to develop a mathematical model of a large commercial
transport type aircraft for the digital flight simulator at the University of Missouri-Rolla.
The large transport aircraft model is based on the Boeing 747, and it is clearly apparent that
this aircraft is much different and much more complex than the Cessna 210. Many changes had
to be made to the Cessna model to accommodate the drastic differences between the two
aircraft.

This report discusses the differences between the Cessna 210 and the Boeing 747 and the
changes that have to be made to model the 747 properly, and it gives a very basic overview of
the various problems encountered during the model's implementation. The various assumptions
that are made to simplify the modeling of the transport aircraft and the reasoning behind each
assumption are discussed in detail. Finally, the flight characteristics of the developed model
are compared with those of a real-world aircraft to determine the validity of the model.

Problem Formulation

As it was previously mentioned, UMR's flight simulator was originally designed to
model a Cessna 210 general aviation aircraft. The Cessna is a fairly simple plane driven by a
single Propeller engine, and it contains only the basic required control surfaces (Figure 1).
Ailerons are used for roll control; simple flaps are used to augment the lift, and a basic elevator
and rudder are used for pitch and yaw control, respectively. Moreover, this aircraft flies in the
low subsonic flight regime where lift, drag, and moment calculations are relatively simple to
perform.

The Boeing 747, however, is a very large and complicated jet aircraft (See Figure 2). Itis
Propelled by 4 turbofan engines, and it contains numerous control surfaces. Outboard ailerons are
used for low-speed roll control while inboard ailerons are used for high-speed roll control. The
flap system on the 747 is very complicated, containing a combination of leading edge Krueger
flaps and triple-slotted trailing edge flaps which can be used together to augment the lift.
This larger aircraft also possesses inboard and outboard elevators for pitch control along with a
split rudder for yaw control at different speeds. The flight envelope of the 747 is much greater,
as it may fly at altitudes up to 45000 feet above sea level and at speeds around 800 nautical
miles per hour. Its maximum cruise speed lies within the transonic regime, and therefore
supersonic pockets may form on the wings, complicating lift, drag, and moment calculations.

Although the simulator was originally written in a fairly general format, it is easy to see
that several changes and additions will have to be made to model the more complex Boeing 747
aircraft. It should be noted here that the original intent of this project was to model a large
commercial transport based on the 747, and hence the final developed model was not intended
to behave exactly like the Boeing aircraft. Nevertheless, many changes still had to be made in
order to develop a simplified generic commercial aircraft.

Mmodeling Data and Table Lookups

The original Cessna model only has a few different table lookups due to the lack of a
large amount of information, as it is very difficult to get companies to release detailed and
accurate information pertaining to the lift, drag, and moments acting on their aircraft.
Therefore the Cessna model has only four one-dimensional lookups to determine the atmo-
spheric temperature based on altitude, the atmospheric density based on altitude, the change
in the zero-lift pitching moment due to flap deflection, and the ground effect on drag based on
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Figure 1 - Cessna 210
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the height above the ground. It also has two three-dimensional lookups to determine the lift
coefficient and drag coefficient based on angle of attack, flap deflection, and Mach number.

Lack of data was not a problem for the commercial transport model, as Boeing1 provided
the same data that its engineers initially used to model the 747 in a NASA simulator. Lift,
drag, moment, and ground effect data are all given in graphical form. This graphical data was
employed to generate tables that can be utilized by the computer code. The procedure for
creating tables of data from graphical data was used to create tables for the lift, drag, and
moment coefficients as functions of angle of attack and Mach number and as functions of angle of
attack and flap deflection.

All in all. the commercial transport model contains the original one dimensional lookups
to determine the atmospheric temperature and pressure based on altitude, and 10 two-
dimensional lookups to determine the values of the above variables. This extra data involved
setting up new variable arrays and adding them to the common blocks in the subroutines. The
data tables and new variable arrays can be seen in the Subroutine Aero-load, found in
Winkler.11

Aircraft Geometry Changes

The areas and dimensions of the aircraft were taken from Boeing,2 stored in a data file,
and read into a menu structure. These values may be changed within the menu substructure to
see the effect on the flight characteristics of the aircraft, but the default values may always be
restored from the data file.

Weight Properties
Aircraft Weight and Balance

The maximum takeoff weight for a Boeing 747 aircraft varies anywhere from 620000 Ib to
820000 Ib depending on the model and configuration (See Janes9). A value of 660000 Ib was
chosen for simulation use. In reality, this weight would depend on the number of passengers,
the amount of payload, and the amount of fuel. Moreover, over a long range flight, the weight
of the aircraft would vary as fuel is used up.

For simulator purposes, however, the weight is assumed to remain constant throughout
the flight time. One will normally not be flying the simulator for a long period of time that
will cause the weight to change substantially. For short flight times on the order of an hour or
so, this kind of assumption appears to be relatively valid.

According to Boeing,1the center of gravity (eg) may vary anywhere from about 14% of the
mean aerodynamic chord to about 33% of the mean aerodynamic chord. The center of gravity
will depend on the number and positioning of passengers, the amount and location of payload,
and the amount and location of fuel.

The simulation of die commercial aircraft assumes the eg to remain constant at 25% of the
mean aerodynamic chord, which is 1250 inches from the nose of the aircraft (See Boeing2)-
Again, one will probably not be flying the simulator for a long period of time, and hence the
weight and location of the fuel will not change drastically enough to warrant changing the
aircraft eg. Moreover, it can be assumed with reasonable accuracy that the majority of the

passengers will remain in their seats during the flight and hence the eg will remain relatively
constant
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Aircraft Moments of Inertia

The aircraft moments of inertia are required by the simulation to integrate the equations
of motion. The values of Ixx, lyy, 1zz, and Ixz will change with the weight distribution of the
aircraft. For the Cessna model, it was a valid assumption to make Ixz = 0, but because of size of
the 747 and the nonsymmetrical weight distribution in its xz plane, this is not true for the 747.
Values of the moments of inertia for landing gear up and landing gear down were obtained from
Roskam.7.

Stability and Control Derivatives

The original Cessna model assumes that the stability and control derivatives remain
constant throughout the flight envelope. For the low altitude and low speed envelope of the
Cessna 210, this is a reasonable assumption. The 747, however, has a much larger flight
envelope; it can cruise at altitudes up to 45000 feet and Mach numbers up to 0.92. Because many
of the basic stability and control derivatives are functions of both Mach number and altitude,
some way had to be devised to take the compressibility effects into account.

The Cessna 210 is equipped with one set of ailerons, one elevator, and one rudder. Hence,
the Cessna model is only set up to model this simple case. The 747, however, is equipped with
inboard and outboard ailerons, inboard and outboard elevators, and a split rudder. This is to
insure that the aircraft will have good control characteristics over its entire flight regime. At
lower speeds, the outboard ailerons are used to roll the aircraft, and at high speeds, the
inboard ailerons are used for roll control. The elevators and split rudder are used likewise.

These multiple control surfaces cause their respective control derivatives to vary
substantially with velocity. The values of the important stability and control derivatives
were obtained from Roskam? for three different flight conditions and can be found in Winkler.11
Each flight condition pertains to a specific velocity. In order to include the effect of these
multiple control surfaces, an expression is set up to vary the magnitude of the aileron, elevator,
and rudder control derivatives with velocity as per each flight condition. Because the control
derivative for the aileron, elevator, and rudder varies automatically with velocity, it is in
effect modeling both the inboard and outboard control surfaces. Hence, the single control
derivative for the ailerons can be thought of as an average of the control derivatives of the
inboard and outboard ailerons, and this removes the requirement of having two separate
derivatives - one for the inboard ailerons and one for the outboard ailerons. The same analysis
applies to the split rudder and the inboard and outboard elevators.

Aerodynamic Forces and Moments

The original equations for the total lift, drag, and pitching moment coefficients in the
Cessna model had to be altered for the commercial transport model because of the different
type of data that was obtained from Boeing.1 The Boeing data was very detailed, and in order
to simplify the model, the higher order terms for each force and moment coefficient were
thrown out. Because the purpose of this project was to develop a basic model of a commercial
transport, neglecting the higher order terms seems to be reasonable. A detailed analysis of the
changes made in the calculation of each coefficient is given in Winkler.11.

Landing Gear
The original Cessna model uses a simple landing gear setup with one nose gear and two

main gear. When retracted, the main gear rotates inward and then backward, and the nose
gear rotates forward.
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Only the nose gear and the inside back main gear were modeled for the commercial
transport aircraft. This simplification was made in order to keep from having to rewrite the
entire Ground Subroutine. The aircraft model will still take off and land without problems, and
such a simplification does not affect the flight characteristics.

The simulation code was altered slightly to change the rotation of the gear. The nose
gear on the 747 rotates backward during retraction while the inside main gear rotate forward.
The spring constants and damping coefficients for each set of gear were increased until the gear
provided a reasonable response during landing and takeoff (See Winkler11).

VISUAL OUTPUT

The cockpit of the original Cessna model is set about 3 feet above the ground; the Boeing
747 cockpit, however, is about 27 feet above the ground, and therefore the visual output had to
be modified. This was accomplished by adding an increment of height to the altitude which is
sent to the Graphics Model.

The instruments on the original Cessna model have maximum values that apply to that
particular aircraft. The airspeed indicator has a maximum value of 200 knots, while the rate
of climb indicator has a maximum value of 200 feet per minute. Since the Boeing 747 can fly at
speeds over 500 knots (See Janes9) and climb at a maximum rate of 16000 feet per minute (See
Boeingl), the maximum value on the airspeed indicator was therefore changed to 600 knots, and
the maximum/minimum values on the rate of climb indicator were changed to 16000 feet per
minute.

The original simulation world has several small aviation airports with 2000 foot
runways. These runways can easily handle the small Cessna for takeoff and landings, but they
realistically cannot handle an aircraft the size of the 747. According to Janes,9 a fully loaded
747 may take Just over 10000 feet to take off and clear a 36 foot obstacle. Inorder to compensate
for this takeoff distance, a 10000 foot runway was created and placed in a large commercial
airport.

Flight Controls

It was desired to employ spoilers, thrust reversal, and a variable incidence stabilizer on
the commercial transport model to simulate the 747 more accurately. Changes are therefore
made in the Crew Station Subroutine so that a stabilizer switch can be set, thrust reversal can
be turned on or off, and spoilers can be deflected or retracted.

Additional code was added to the flight Controls Subroutine so that it can calculate the
stabilizer position based on the information calculated in the modified Crew Station
Subroutine.

The subroutine checks to see if the flaps are deflected past their maximum value for a
given airspeed, and if they are, it automatically retracts them to the next lower setting. The
maximum speed for any flap deflection can be found in TWAZ3 The Flight Controls Subroutine
also keeps the control surfaces from deflecting past their maximum deflections. The maximum
values of deflection for the rudder, aileron, and elevator for the 747 were obtained from Boeingl
and can be found in Winkler,11 along with the previously mentioned subroutines.

Engine Routine

The original engine model is a very simple subroutine which calculates thrust based on
throttle position and density. At full throttle setting and sea level, the thrust calculated will
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basically be equal to the static sea level thrust of the engine. As altitude increases, the thrust
of the engine is decreased by the density ratio factor. For the commercial transport model, a
check was added to see if reverse thrust is being employed to slow the aircraft during landing.
If so, the sign of the thrust is made negative.

The engine options for the Boeing 747 are numerous, and Janes9 lists several different
types along with their maximum static sea level thrust. The Rolls-Royce RB211-524D4 engine
with a static sea level thrust of 53110 pounds was chosen for the simulation. Hence, with four
of these engines, the simulation model is able to develop 212440 pounds of thrust at sea level.

Performance Evaluation

There is really no exact method for evaluating the performance of the commercial
transport model on the simulator. Itwas easy to get a pilot's opinion on the simulator’s realism
for the Cessna model, as general aviation pilots are numerous and easy to find. Boeing 747
pilots, on the other hand, are too few and extremely hard to find, and there were none
available to test the flight characteristics of the simulator model. The model does seem to
behave like a large aircraft would, as it appears to react slower than the corresponding Cessna
model. The following performance of characteristics of the commercial transport were
evaluated and compared with the corresponding characteristics of the Boeing 747.

« Takeoff Distance - The takeoff distance obviously varies between the different
models of the 747, and it depends immensely on the takeoff weight. According to
Janes,9 the 747-100B takes 10000 feet to take off and clear a 35 ft high obstacle, while
the 747-200 will take as much as 10,800 ft to take off and clear a 35 ft high obstacle,
depending on the version. The commercial transport model, with the horizontal
stabilizer deflected downward, will lift off before the end of the 10.000 ft runway.
The exact ground roll distance depends on the deflection of the stabilizer. The
aircraft climbs rather quickly after takeoff, and it therefore will dear a 35 ft high
obstacle right around 10000 ft.

¢ Maximum level speed - The maximum level speed for the Boeing 747-100B at an
altitude of 80,000 ft above sea level is given by Janes9 as 525 knots, and the maximum
level speed for the 747-200 ranges from 623 knots to 630 knots, depending on the
version. The commercial transport model has shown its capability of reaching a
level speed of right around 520 knots at a 30,000 ft altitude.

Concluding Remarks

A simplified model based on Boeing 747 that will give the flight characteristics of a
large commercial transport aircraft was developed for the University of Missouri-Rolla flight
simulator. This model met the performance characteristics of the 747 with reasonable
accuracy.

With this new model, students in aerospace engineering should be able to get a better
feeling of how a large commercial transport actually flies through "*hands on experience."” By
using the menu structure, they can change various stability and control derivatives and see
what happens to the flight characteristics of the aircraft. Through altering the flight
conditions, the students ought to be able to see how varying the altitude, velocity, and weather
conditions affect the aircraft's performance. Moreover, with this new model, students could
team more about how and why wind shear has caused various airliner accidents during takeoff
and landing.
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In the future, if one wanted to change the model from a generic transport model to a more
exact representation of the 747, several things could be done. The engine subroutine could be
rewritten to calculate thrust as a function of throttle position, Mach number, and altitude. A
new subroutine could be written that would calculate the stability derivatives as a function of
Mach number and altitude to take compressibility into account, thus bypassing the menu
structure. Lastly, one could include the higher order terms that were neglected in the various
coefficient calculations. The task of obtaining an exact model of the 747 would take a long time
and a lot of hard work, but it may be well worth attempting.

Flight simulation is becoming more and more important as the rising fuel and maintenance
costs make actual flight testing of aircraft extremely expensive. The more work that can be
accomplished through simulation, the larger the savings will be to industry. The development
of flight simulation on the university level is therefore extremely important, as new research
may bring forth many advances in the modeling of various aircraft. The advancement and
continuation of flight simulation research will clearly benefit not only industry and education,
but the entire scientific community.
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SYNTHESIS AND CHARACTERIZATION OF AN 18 MEMBERED MACROCYCUC UGAND
CONTAINING 2,2 -BIIMIDAZOLE FOR SELECTIVE BINDING OF TRANSITION METAL
IONS

Mark Barnett

Abstract

A description of the synthetic approach to the preparation of an 18 membered macrocycl-
ic ligand containing 2/2'-biimidazole is presented. A diol derivative of 2,2'-biimidazole is
tosylated with p-toluene sulfonyl chloride making it susceptible to bimolecular substitution
with a disodium salt of tetratosylated triethylenetetraamine. The final desired product is an
18N6 macrocycle, 4,7-(1,I'-(2,2'-biimidazolo))-1,4,7,10,13,16-hexaazacyclooctadecane, poten-
tially capable of binding transition metal ions in various combinations with three chelating
sites. Initial characterization includes NMR and IR spectroscopic analysis.

Introduction

Natural biological chemical systems that contain macrocyclic chemical units can be
extremely complicated molecules and characterization to discern their structure and function is
very difficult. Thus, whenever possible, it is desirable to chemically prepare and characterize
very basic macrocycles as models that may allow understanding the more complex nature of
such entities found in naturally occurring species. These models may typically imitate
behaviors related to structure, molecular interaction, or chemical reactivity found in natural
systems. Studies that are of interest today include reversible reactions with small molecules,
such as that demonstrated with reversible dioxygen binding by the heme macrocycle of
hemoglobin; roles as active sites in catalytic processes (30% of enzymes contain transition metal
complexes of macrocyclic ligands that provide catalytic activity); and selective metal ion
binding that is useful in studying chelation processes. The characteristic properties of
macrocyclic complexes, i.e., after metal complexation, include marked kinetic inertness,
stabilization of high oxidation states of bound metal ions, and high thermodynamic stability.

The goal of this project is to investigate the synthesis of a unique 18-membered macro-
cyclic ring system containing 2,2'-biimiddazole and characterize it via the application of
electronic spectral analysis before and after metal ion complexation. The use of electrochemi-
cal, elemental, and magnetic characterization methods will ultimately be used to provide a
more thorough investigation of this ligand.

Experimental
Preparation of LT-Dihydroxyethyl™~-biimidazole Ditosylate

The preparation of the macrocycle which this paper describes begins with the synthesis
of 2,2/-biimidazole, first reported in 1856 by Debus. The formation of 2,2/-biimidazole is
achieved via the exothermic and spontaneous reaction of glyoxal and ammonia. Glyoxal,
usually obtained as a 40% solution in water, is added to an equal volume of concentrated aqueous
ammonia with constant stirring. The reaction results in a mixture of dark brown liquid and a
brown biimidazole precipitate. The solid biimidazole is collected by filtration and recrystal-
lized several times from boiling water producing an off-white or light tan crystalline solid.
Typical yields ranged from 10 to 20%.
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The biimidazole is then transformed into I,I'-dihydroxyethyl-2,2'-biimidazole (HEB)
by replacing the protons on the nitrogen atoms with hydroxyethyl groups. For this prepara-
tion, a 5.0 gram quantity (0.0373 mol) of biimidazole is placed in a three-necked, 500 mL round-
bottom flask. A 200 mL portion of ethanol and 50 mL portion of water are added to the flask
and slowly heated to 50 degrees C. Then a solution of 5.96 grams of NaOH in 25 mL of wtaer is
added to the mixture and stirred for four hours. An additional 2.25 grams (0.017 mol) of
biimidazole is added during the first hour. After four hours, 734 mL (d-1.201 g/mL, 0.108 mol)
of I-chloro-2-ethanol is carefully added over a one-hour period. The mixture is then
neutralized with dilute HCL, roto-evaporated to one-third the initial volume and then
filtered. To the collected yellow-orange solution is added successive amounts of acetone
followed by azeotropic roto-evaporation of the solvents and filtration to remove precipitated
salts. The sample is then dried and redissolved in boiling acetone and filtered again. The
acetone solution contained both HEB and mono-HEB (a side product in which only one of the
biimidazole protons is substituted with an hydroxyethyl group). This solution is roto-
evaporated to approximately one-third its initial volume and allowed to stand at room
temperature for several days to permit crystallization of the mono-HEB derivatives. The HEB
enriched solution is decanted, leaving the red-orange crystals of mono-HEB behind. Thin layer
silica-gel chromatography analysis was used to confirm the purity of the soluble portion
obtained. The enriched soluble component can be further purified by a redissolved dried sample
in metahnol and treating the mixture on a flash chromatographic column. The mono-HEB
followed by HEB (distinct yellow band) are eluted using a 3:8:1 solvent mixture of propa-
nol:hexane:ethanol to give a 20-25% yield of the pure HEB derivative.

2,2'-Biimidazole HEB Tos-HEB

In order to make the diol reactive, it is tosylated with p-toluene sulfonyl chloride. To a
chilled solution of 0.2 g HEB (8.8x10** mol) dissolved in approximately 10 mL pyridine, 034 g
GsClI (1.76x10-3 mol) was added in small portions; the solution was maintained around 20
degrees C, as the reaction is extremely exothermic, giving off HC1 which is adsorbed by the
pyridine. The resultant solution was stirred for an additional three hours and after unsuccessful
attempts to remove the pyridinium hydrochloride, the mixture was allowed to set several days
while the solvent evaporated. The reaction went mostly to completion. In this form, the
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tosylated HEB is susceptible to bimolecular substitution by strong base, the preparation os
which is described next.

Preparation of DiSodium Salt of TetraTosTETA

44 Grains of triethylenetetraamine (0.03 mol TETA) was dissolved in a solution
grams of NaOH in 25 mL water. While this was vigorously stirred, a solution of 229 g p-
toluene sulfonyl chloride (0.12 mol) dissolved in 60 mL diethyl ether was added dropwise
resulting in the white precipitate tetratosylated triethylenetetraamine, tos-TETA, and stirred
for one hour. This tosylation was to deter undesired attack on the non-terminating nitrogen
atoms. The tos-TETA was washed with ethanol/water, filtered, and dried. The yield was
approximately 40%.

86.7 Grams of tos-TETA was reflused in ethanol for two hours. To this was added
dropwise an ethanol solution of sodium (0.63 g Na in 18.25 mL ethanol). The solution was
refluxed for an additional two hours, filtered, and the filtrate was rotoevaporated to about
half its initial volume. Upon standing a day or two, a white crystalline precipitate formed.
The salt was filtered and washed with an ethanol, giving a typical yield of 40%.

TETA tos-TETA tos-TETA-diNa
Preparation of Macrocyde

The macrocyde is formed by the reaction of the tosylated diol, tos-HEB, and tosylated
disodium salt of TETA, tos-TETA-diNa. Each of these materials was dissolved in N,N-
dimethylformamide (DMF) to form very dilute solution; 0.62 g tos-HEB (0.0012 mol) in 20 mL
DMF was added dropwise over a period of four hours at 110 degrees C to 0.946 g tos-TETA-diNa
(0.0012 mol) in 50 mL DMF and stirred for an additional hour. However, it was discovered that
this dibase reacted mostly with the troublesome pyridinium hydrochloride to form tos-TETA
and NaCl. So, another stoichiometric equivalent of dibase was added under the same
conditions to form the macrocyde. The macrocyde is believed to form via a bimolecular
nucleophilic substitution, where one end of the base displaces the tosylate, which is an
excellent leaving group. The solutions are dilute so as to minimize the possibility of another
base molecule substituting the remaining tosylate of the tos-HEB. The other end of the base
then displaces the other tosylate leaving group, forming the macrocyde. Most of the DMF was
removed by azeotropic distillation with water under reduced pressure using rotoevaporator. In
aqueous solution, the unreacted amine becomes insoluble tos-TETA, leaving the macrocyde in
solution. Yields are around 20%.
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tos-TETA-diNa macrocycle

Discussion and Conclusions
Nomenclature

In general, macrocycles are classified according to the size of the ring and number of
nitrogen atoms contained in the ring structure. The macrocyde discussed in this paper is an
18N6; the first number represents the number of atoms composing the ring structure, N for
nitrogen, and the last number represents the number of nitrogen atoms in the ring. Specifically,
the completed macrocycle has the following formal name, in accordance with the nomendature
rules of the Union of International Pure and Applied Chemistry (UIPAC):

4-7-(1,1'-(2,2'-biimidazolo))-1,4,7,10,13,16-hexaazacydooctadecane
Initial Characterization by NMR and IR

Initial spectroanalysis by proton NMR supports the formation of the tosylated
macrocyde; for peak assignments refer to Table of NMR Assignments at the end of this paper.
Without detosylation, the final macrocyde was complexed with copper (I1) chloride resulting
in a maize colored material. It was found that the IR peaks of the complexed macrocyde were
shifted towards higher energies when compared to the non-complexed material. This evidence
indeed, supports the formation of the macrocyde, see Table of IR Assignments at the end of this
paper.

Future Investigation

Initial evidence supports the formation of the tosylated macrocyclic ligand. The next
step is to detosylate and characterize the macrocyde. After this, the ligand will be exposed to
a variety of metal cationic salts for binding studies. There are potentially three binding sites
in this macrocyde. Itis desirable to gain insight as to which chelating cavity is preferred by
the metal cation or whether the cavities have priorities for the binding of various metals
simultaneously. Ultimately, characterization of this specific macrocyde wil not only help us
gain insight into more complex naturally occurring macrocydes, but may lead to exciting new
applications in microelectronics as a molecular semiconducting material.
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Result

Material Mol. Wt (g/mol) Exp. Yield Description
Biimidazole 134.0 20% Lt tan-off white, crys.
HEB 226.3 20% Yellow solid (pure)
Tos-HEB 530.5 99% Yel-brown cryst.
tos-TETA 763.1 38% White solid
tos-TETA-diNa 807.0 40% White crys. solid
tos-Macrocycle 949.1 20% Pumkin orange residue

Table of IR Assignments

NMR Characterization of 18-Membered Macrocyclic Ligand

Group Assignment Tos-Mac (ppm)
C-H (Biimazole) 78-8.8

Ar-H (Tosyl) 72-77

D20 (solvent) 4.7

C-H (Triene) 3.7-4.5

CH3 (Tosyl) 23

TMP (zero std) 0.0

IR Characterization of 18-Membered Macrocyclic Ligand and Complexed Ligand

Frequencies,cm 1

Group Assignment Tgs-M"c Complex
S-N (tosyl) 1399 1399
Ar-C-H (tosyl) 3038 3038
para subst At (tosyl) 814 814
C=N (biimidazole) 1599 m 1599 vw
C-N (aliph) 1638 1638
C-N (bum) 1668 -
C-H (asym/sym str, triene) 2921 2921
In-plane C-H bend (biim) 1044 1049
Out-of-plane C-H bend (biim) 955 -
Ring Torsional vibr (biim) 683 696
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INFLUENCE OF THE McDOWELL SANITARY LANDFILL ON GROUNDWATER QUALITY,
PHELPS COUNTY, MISSOURI

Christine E. Bough

Abstract

This is a case study of the groundwater quality near the McDowell Sanitary Landfill in Phelps
County, Missouri. The landfill is located in section 21 ofT37N R8W off of Missouri State High-
way CC. This landfill is a near surface solid waste disposal facility above the groundwater table
located in an abandoned area of a rock quarry. The thickness, lithology, and structure of the ma-
terial beneath the landfill, and the design of the landfill itself, will influence the time of contaminant
transport and degree of modification In the event that leachate escapes the landfill. Among the
more important topographic features in Phelps County, Missouri, is the widespread occurrence of
karst features, which results from solution and erosion of limestone and dolomite bedrock. Karst
features in Phelps County pose a threat to groundwater contamination because of the potential
large capacity for open channel flow. There are two major aquifers in Phelps County that could
be contamination by a leaking landfill. These are the Roubidoux Sandstone and the Gunter
Member of the Gasconade Dolomite. The Roubidoux Sandstone is the shallowest aquifer and thus
is the one that has the highest probability of being contaminated. Based on our Atomic Absorption
analysis for calcium, magnesium, sodium, potassium, total iron, and chloride, it was found that the
groundwater is not contaminated in Phelps County near the McDowell Sanitary Landfill. These
results show that if landfills are properly designed for each hydrogeologic setting, groundwater
contamination can be avoided.
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Introduction

This report describes the investigation of groundwater quality near the McDowell Sanitary
Landfill. The landfill is owned and operated by the Phelps County Landfill Board, which was or-
ganized in August 1973 and is comprised of the chief elected official of each city in Phelps County,
in addition to the presiding Judge of the Phelps County Court.

Landfills are surface or near surface solid waste disposal facilities above the groundwater table.
Soluble substances in the waste material may be gradually removed by solution in percolating wa-
ters that originate from precipitation, surface runoff, or addition of fluids to the landfill. These
soluble substances, known as leachate, often form a liquid sometimes containing heavy metals and
organics. The thickness and character of the unconsolidated deposits beneath a landfill, and the
design of the landfill itself, influence the time of waste transport and degree of modification before
leachate reaches the water table. Both bedrock lithology and structure may also influence the travel
time and chemistry of the leachate.

Leachate reaching the water table tends to maintain its chemical integrity with dilution occur-
ring mainly where it contacts the groundwater. If the leachate escapes the landfill it will move in
the direction of groundwater flow as a plume whose shape is determined by the flow characteristics
of the aquifer, a geologic unit that supplies water for wells and springs.

This report discusses the general characteristics of the physiography, geology, and groundwater
near the landfill site. It also discusses specific details on the groundwater quality of the study area.

Site Description
Location
The landfill is located in Phelps County off of Missouri State Highway CC approximately 2

miles west of U.S. Highway 63 in section 21 T37N R8W. The site is in an abandoned area of a
rock quarry on the William McDowell property. The site location is shown in figure 1 below.

McDowall Sanitary

Figure 1. Map of Phelps County Showing Location of Landfill
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Physiography

Phelps County lies in the northeastern part of the Salem Plateau section of the Ozark Plateau
physiographic province just west of the divide between the Gasconade and Meramec River Basins.
The Salem Plateau is underlain by essentially flat Cambrian and Ordovician sandstones, limestones,
and dolomites; therefore, the topography of the area is controlled by the stratigraphy.

Topography and Drainage

Among the more important topographic features in the Ozark Region of Missouri is the
widespread occurrence of karst features, which result from solution and erosion of limestone and
dolomite bedrock. The term karst designates areas characterized by thin clayey soils and bedrock,
sinkholes connecting surface and groundwater, caverns and small openings serving as underground
conduits, springs bringing groundwater to the land surface, and losing streams transporting water
underground. These features form a unique topography with very irregular surface and subsurface
drainage patterns. There are no significant springs, caves, or sinkholes in the area that would effect
the landfill.

The entire eastern part of Phelps County is deeply dissected by short, abrupt, deeply cut stream
channels separated by narrow ridges. The ridge tops are nearly level, continuous, and remarkably
uniform in shape. They are covered by residual materials to depths of 30 feet or more. The lowest
point in the area, 640 feet above sea level, is at Boulware Ford in the northwest comer of the
County, and the highest point, 1244 feet, is Pilot Knob in the southeast quarter. Therefore, the
maximum relief of the area is 596 feet. The elevation at the landfill is approximately 980 feet with
a slightly rolling topography.

The surface drainage of the area empties into the Gasconade and the Meramec River Basins.
The Little Piney Creek, gathering the largest percentage of the Phelps County drainage, flows from
the southeastern comer north to the center of Phelps County and then turning west to join the
Gasconade River. Several smaller creeks collect the drainage of the southern and eastern parts of
the area and flow into the Little Piney Creek. The basin of the Little Piney creek is limited on the
north by Pea Ridge which crosses the Phelps County from Rolla to the Gasconade River. The
surface drainage from nearby points that are higher than the rim of the landfill was routed around
the landfill by diversion ditches to the natural drainageway lying to southwest of the landfill to
prevent ponding in the pit. There are no significant creeks or lakes in the area that would have an
affect on the landfill.

Climate

Phelps County has a humid climate with relatively mild winters and warm summers. The an-
nual average temperature is 56.2 degrees Fahrenheit. The average temperature for July is 77.8 de-
grees Fahrenheit and for January is 32.9 degrees Fahrenheit. The average annual precipitation is
39.7 inches per year. See figure 2, a graph of average monthly precipitation values.

-135-



5.5

Fh_w'ﬁ'r\) o

Month

Figure 2. Average Monthly Precipitation (National Weather Service)

Geology

Stratigraphy

All of the stratigraphic units that outcrop in Phelps County are part of the Canadian Series of
the Ordovician System. The strata of the Canadian Series in Central Missouri are composed pre-
dominantly of arenaceous and cherty dolomite and sandstone. The stratigraphic units will be dis-
cussed from youngest (the Jefferson City Formation) to oldest (the Gasconade Formation). See
figure 3 for the stratigraphic column, which is a graphical representation of the geologic units dis-
cussed here.

The Jefferson City Formation is composed of crystalline dolomite with chert as nodules and
lenses. Green shale partings and sand are present along bedding planes but are not subordinate.
The dolomite beds are thin except for one , the ""Quarry Ledge', which is about 20 feet thick. Much
of the dolomite is earthy and weathers to a buff stone locally called, "cotton rock™. The Jefferson
City forms the tops of the uplands in the Rolla area. It has a thickness ranging from 125 feet to
350 feet. The landfill is located in the Jefferson City Formation.

The Roubidoux Formation consists of three well developed sandstone beds with inter-bedded
chert and dolomite. The sandstones tend to form red-stained outcrops and the dolomite dissolves
away when weathered. The Roubidoux forms a pronounced upland surface. The thickness of the
Roubidoux ranges form 100 to 250 feet.

The Gasconade formation consists of three units: an upper unit of coarsely crystalline dolomite
with very small amounts of chert, a middle unit characterized by a cherty horizon, and the lower
unit consisting of a basal sandstone, the Gunter Member. The upper unit tends to be cavernous
and is readily leached by groundwater. The steep walled valleys of the Gasconade and the Little
Piney rivers are developed in this upper portion of the formation. The Gunter Member varies from
a sandy dolomite to a true sandstone. The average thickness of the Gasconade formation is 300
feet.
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Figure 3.  Geologic Units in Phelps County (Howe, 1961).

Structure

Phelps County lies within the stable Mid-Continent area. The dominant structural feature is
the Ozark Uplift that is responsible for the uplift of the St. Francais Mountains in southeastern
Missouri. There have been at least six mild uplifts since the time of the St. Francais Mountains
which are shown by unconformities in the stratigraphic record. The uplift is asymmetrical and dips
steeply on the southeast and east into the Illinois Basin.

There has been a considerable amount of faulting and folding associated with the Ozark uplift.
However, the strata in Phelps County is relatively flat with only minor faulting occurring. The
largest area of faulting occurs in a belt about two miles south of Newburg, Missouri. These faults
trend in a northwest - southeast direction. These faults do not appear to affect the hydrology of
Phelps County.

A test hole drilled in April 1980 revealed a 17 foot layer of dense dolomite below the floor of

the proposed landfill. This thick layer of rock suggests that the landfill should not cause any
harmful fracturing to occur that would result in the escape of leachate into the groundwater.

Investigation of Groundwater Quality

Groundwater

Aquifer Characteristics

There are two principle fresh-water aquifers that yield a dependable supply of water in Phelps
County. They are the Roubidoux Formation and the Gasconade Formation. See figure 4 for the
relationship of the aquifers. The groundwater reservoir in this area consists of a section of more
than 2000 feet of Cambrian and Ordovician dolomite and sandstone. 1Tie aquifers will be discussed
from youngest to oldest.

-137-



. . Thick ,
System Series  Formation Lithology Hydrogeology
ness
Cotter Dolomite  55-355 Cherty dolomite o
This unit acts
. Dolomite with as a major aquifer
8 c Jefferson City ~ 125-350 chert lenses in this area.
o} 0 Roubid Sandstone and )
> oubidoux 100-250 cherty dolomite Wiater from this,
'0 8 Crvstalline dolomit aquifer is a
Upper Gasconade 40.100 -~ o ine dolomite  colcium-magnesium
0 (9 and chert :
bicarbonate type

Lower Gasconade 235-320 Quartzose Sandstone \glls open to the
Gunter Member  25-50 total thickness

Figure 4. Relationship of Aquifers

The Roubidoux formation consists of sandstone, dolomitic sandstone, and cherty dolomite. In
central Missouri, the formation consists of sandstone horizons between bedded dolomite and chert.
The sandstone is composed of fine to medium grained quartz sand which is characteristically sub-
rounded and frosted. The sandstone is, in many places, characterized by well preserved ripple
marks, mud-cracks, and cross bedding. The thickness of the Roubidoux ranges from 100 to 250
feet. The Roubidoux produces approximately 20 gallons per minute (gpm), which is enough for
ordinary household and small farm use.

The Gasconade dolomite is a light brown to gray, cherty dolomite that averages 300 feet in
thickness. The upper 50 to 75 feet is dense crystalline dolomite with very little chert . This dense
rock forms a good aquitard. The next 100 to 150 feet consists of fractured chert and dolomite.
This zone produces 25 gpm and is an adequate aquifer for small farms and industries when large
yields are not required. The City of Rolla utilizes the Gasconade dolomite for part of its municipal
water supply.

The Gunter Member, which is the 25 foot thick basal member of the Gasconade Dolomite, is
composed of sandstone and sandy dolomite. It is the lower most Ordovician unit in Missouri. The
depth to the Gunter Member is about 575 feet in depth at Rolla. This unit produces between 50
and 100 gpm throughout the area.

The Roubidoux formation is the closest aquifer to the Jefferson City Formation in which the
landfill is located. The water producing zone lies approximately 165 feet below the bottom of the
landfill. Because the Roubidoux Formation is the closest aquifer to the landfill, it has the highest
potential for groundwater contamination.

Groundwater Flow

Groundwater, like surface water, flows in a down gradient direction. This down gradient di-
rection of groundwater flow was determined from Water Well Records obtained from the Missouri
Geological Survey. This was done to determine the area in which to look for possible groundwater
contamination. In general, groundwater flows from wells with a higher static water level than those
with a lower static water level.

As one can see from figure 5 the groundwater in Phelps County flows in a southwest direction.
This map was created by using static water levels taken from Water Well Records at the Missouri
Geological Survey. Once the static water level was obtained each point was given a unique x-y
coordinate, with the landfill located at point (12,12), in order to create the 3-D surface map. Itis
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not only important to know which direction the groundwater is flowing, but also to know at what
rate it is flowing. The exact rate at which the groundwater flows in this area was not determined
but because of the well developed karst topography it can be assumed to have a high rate of infil-
tration and flow.

Figure 5.  Southwest Direction of Groundwater Flow in Phelps County

Sample Collection and Treatment

Water samples were collected from residential housing and springs within the study area. They
will be referred to by either the section number or by the distance and direction from the landfill.

At each site a | liter sample was collected directly from an indoor tap in a new sample bottle
that had been rinsed in the lab with nitric acid and distilled water. Before a sample was taken the
water was run for a period of 5to 10 minutes and the sample bottle was washed 3 to 5 tunes. This
was done so that the system could be purged of any solid materials that may have precipitated out
of solution and settled in the pipes and to avoid metals, for example copper, which might have gone
into solution during prolonged contact time with the pipe system.

Each sample was then tested for pH in the field immediately after collection and in the labo-
ratory at the end of the clay. After the pH had been tested in the laboratory, the samples were
acidified with concentrated nitric acid (10 ml / L) to preserve the sample for storage.

Chemical Analysis of the Samples

The samples were analyzed in the Geochemistry Laboratory at the Lnivcrsity of Missouri-
Rolla. The equipment used for the analysis is a specific ion electrode for the pH and chloride
concentration and a Perkin Elmer (Model 2100) Atomic Absorption Spectrophotometer for
calcium, magnesium, sodium, potassium, and iron. See figure 6 for tabulated chemical analysis
data.
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Section pH Calcium Magnesium Sodium Potassium Total Chloride

lron

1 70.00 41.00 3.45 1.65 0.01 4.50
3 8.05 64.00 48.50 4.95 2.00 0.10 8.00
4 7.90 71.00 50.00 3.60 2.40 0.64 5.50
5 8.00 50.00 31.00 4.30 0.82 0.01 12.50
7 7.70 55.00 37.00 4.50 1.20 0.06 18.00
10 7.85 51.75 33.95 3.40 1.25 0.65 5.75
14 7.15 85.50 49.50 11.38 1.86 0.71 15.00
15 7.80 45.00 39.50 2.85 1.81 3.10 5.50
16 7.80 54.00 31.00 11.30 1.39 0.08 16.00
21 7.40 63.00 49.50 12.65 0.98 0.45 16.50
22 59.00 36.00 4.55 1.48 0.03 5.00
23 7.65 73.00 50.40 6.30 2.05 2.31 9.20
24 7.27 137.67 89.00 7.83 3.00 3.22 9.67
29 47.00 27.00 2.57 1.03 0.03 4.50
31 8.20 40.00 25.00 2.00 0.85 0.90 3.00

36 7.70 72.50 44.00 7.78 2.00 .05 11
Average 7.68 63.52 41.74 5.41 1.54 0.75 8.55
Standard 0.33 21.32 13.97 3.33 0.59 1.02 5.07

Deviation

Figure 6. Tabulated Chemical Analysts ot' Groundwater Samples.

Specific ion electrodes are used to measure the concentration of a selected ion in solution. The
concentration is measured by inserting an indicator electrode and a reference electrode into a test
solution, creating a galvanic cell. The voltage of the cell, which varies with the concentration of the
ions to which the indicator electrode is sensitive, is measured and compared to a calibration plot

in which the measured potential is plotted as a function of the concentration in known standards
of the specific ion.

Atomic Absorption (usually referred to as AA) is an analytical method based on the absorption
of ultraviolet or visible light by gaseous atoms. The sample is converted into atomic vapor by
spraying the solution into a flame. A hollow-cathode lamp containing the element to be
determineed is used as the light source. The atoms of this element in the flame absorb at precisely
the wavelength emitted by the light source. The wavelength spread is extremely narrow, both for
the emission line of the light source and the absorption line of the same element in the flame. For
this reason, interference from the spectral lines of other elements is almost zero.

Results and Discussion

The data from the collected samples were statistically analyzed and compared to water quality
data obtained from the Missouri Geological Survey. The sample sets were compared and tested for
homogeneity by a simple f-test. The results of the f-test indicate that there is no significant differ-
ences in water quality since 1985.

In order to have the most information available to study the trends in ionic concentration near
the landfill the two data sets were combined and the average concentration for each ion was deter-
mined for each section. Cross-sectional graphs were created using the average concentration for
each section as described. A diagram of T37N R8W sections used to create the graphs can be seen
in figure 7 below.
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Figure 7. Diagram of T37N R8W sections used to create graphs.

The landfill is located in section 21 and is point 0 on the graph. For the graph in the
northeast-southwest direction data was taken along the line from A to A'. For the graph in the
northwest-southeast direction data was taken along the line from B to B'. The negative and positive
ends were chosen such that the negative end is the area behind the landfill and the positive end is
the area in front of the landfill in terms of the flow direction. The graphs of ionic concentration
vs. distance can be seen in figure 8.

NE SW Cross-Section NW SE Cross-Section

Scale For Dashed Lines

Figure 8.  Graphs of Concentration vs. Distance.

As you can see in the graphs of concentration vs. distance the concentration of all the ions,
except chloride, show a high concentration over the landfill in the northeast southwest direction.
In the northwest southwest direction sodium and magnesium show a peak concentration: calcium,
potassium, and iron show an intermediate and increasing concentration; and chloride shows and
intermediate and decreasing concentration. It is interesting to see the concentration peak in the
northeast southwest direction, however the ionic concentrations are well within recommended
concentration limits set by the U.S. Environmental Protection Agency.
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Summary and Conclusions

The McDowell Sanitary Landfill is located in Phelps County, Missouri off of Missouri State
Highway CC. The topography in the area is controlled by the stratigraphy and is composed of very
irregular surface and subsurface drainage patterns that are caused by extensive karst development.

Landfills are surface or near surface solid waste disposal facilities above the groundwater table.
The buried refuse in sanitary landfills is subject to leaching by percolating water derived from pre-
cipitation and surface runoff. The thickness, lithology’, and structure of the material beneath a
landfill, and the design of the landfill itself, influence the time of waste transport and degree of
modification before leachate reaches the water table.

There are two major aquifers in Phelps County that could be contamination by a leaking
landfill. These are the Roubidoux Sandstone and the Gunter Member of the Gasconade Dolomite.
The Roubidoux Sandstone is the shallowest aquifer and thus is the one that has the highest prob-
ability of being contaminated.

If landfills are situated in appropriate hydrogeologic settings groundwater contamination can
be avoided. This study has concluded that the shallow groundwater, within a 4 mile radius of the
McDowell Landfill, is not contaminated. This investigation could be expanded by analyzing for
certain trace elements (e.g. heavy metals and mercury), other anions (e.g. nitrate, phosphate, and
ammonium), and dissolved organic compounds.
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ANALYSIS OFTWO CIRCUITS FORDETECTING SUPERCONDUCTING TRANSITION
TEMPERATURES

Terry Bowness

Introduction

When measuring the transition temperature of large numbers of high Tc superconducting
samples it is desirable to have available equipment that is both easy to operate and reliable.
In addition should anything malfunction, the device should be relatively simple to repair.
One method of measurement involves placing a sample in the magnetic field of an inductor, the
inductor being an active member of some type of oscillating circuit. There are many standard
oscillator designs which can be used for this type of application. In this report two such circuits,
the tunnel diode and Hartley oscillators, will be examined and evaluated on their potential as
measurement devices for superconductor transition temperatures.

Experimentand Observations

Indirect measurement of transition temperatures is possible via direct measurement of the
resonant frequency of some oscillator circuit. Placing any conductor in the time-varying magnetic
field of an inductor will create eddy currents in that conductor, thereby decreasing the
inductance, L, of the inductor. Consider for example a parallel LC circuit whose resonant
frequency is amply

w = (L*C)- 5.

Clearly, achange from L = Lqto L = .25L0 would double the frequency. A superconducting

sample occupying space in the magnetic field of an inductor would have little effect on L until
the transition temperature is reached, at which point the sample's eddy currents would cause
significant change in L and, as a result, w.

The shape of the inductor is important here. A previous experiment utilized a cylindri-
cal coil wound around an insulating tube of 1/8" inner diameter and 1/4” outer diameter. Inside
the tube was placed some amount of superconducting powder. Samples generally come as solid
discs, so rather than grinding each one up as was done before we opted to wind a flat coil 5/8" in
diameter, one layer thick horn 28 gauge copper wire.

The TunnelDiode Oscillator

The first to be examined is the tunnel diode oscillator (TDO). lllustrated in Figure 1, this
circuit’s resonant frequency is expressed asl

After turning up several diodes it was determined that only about 120 mVjc across the diode
was needed to produce oscillation. The resulting sinusoidal output ranged from 400 to 500 mV pp.
With no sample attached to the coil the circuit specified in Figure 1 resonated at 7.85 MHz.

The TDO falls short in several areas. For one, the diode itself is relatively expensive,
several dollars. Given the ease with which one can be inadvertantly fried, the TDO s
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unreliable and could quickly become unnecessarily expensive. Furthermore, this circuit was seen
to be extremely sensitive to environmental conditions. A region exists from about one to five feet
away in which the presence of a human being causes all oscillation to cease. Finally, the
output voltage is too small; a voltage follower would be needed to send the signal to a scope or
meter with a relatively low input impedance.

The Hartley Oscillator

We turn now to the Hartley oscillator shown in Figure 2. This design is of interest
particularly because of its simplicity. One problem present in actually building this circuit
arose from the supply voltage being connected to a center-tapped coil. Again, it was important
that a flat inductor be used. The arrangement worked by having two of them face-to-face as
shown in the Figure 2 insert. Through trial and error it was found that the relative size,
position, and winding direction of one to the other is very crucial.

With the component values listed in Figure 2 the output was a healthy 6 Vpp. No need
for a voltage follower here! Below is a sketch of vO0.

The Hartley oscillator fails in one crucial way: at superconducting temperature the
transistor does not operate. For it to work, the transistor must be separated horn the rest of the
circuit or isolated from the cold in some other way. Despite this obstacle, the Hartley
oscillator is exxtremely reliable; it is composed of no special components, and is, unlike the
TDO, not extremely susceptible to outside interference.

One noteworthy observation was made as the circuit (sans transistor) was dunked into a
cup of liquid nitrogen. The frequency dropped initially but then increased to level off above the
original, room-temperature frequency, f°. Sample data from one particular dunk shows

fG=9045 kHz
liquid nitrogen =886 kHz
liquid nitrogen frmex = 967 kHz

This sort of behavior was also observed when a cylindrical coil was substituted for the
flat ones.

Conclusions

To build a device for simultaneously measuring the transition temperature(s) of several
superconducting samples it would be beneficial to explore the possibilities of oscillators other
than the two described in this report. The TDO is easily damaged yet very simple. The
Hartley oscillator is quite simple and dependable but hindered by the necessity of having to
isolate the transistor. It would be wise to examine designs not employing transistors or special
parts such as tunnel diodes.
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STIMULATION OF AMORPHOUS LAYERS IN THE CO-SI SYSTEM BY THIRD ELEMENT
ADDITIONS

Denise Brandt

Introduction

Multilayer thin films play an important role in our technology today. They can be found
in many devices such as magnetic hard disks, microelectronic circuits, and x-ray optical
elements. In many of these metal-metal and metal-metalloid multilayers, amorphous layers
have been discovered using various techniques such as extended x-ray absorption fine structure
(EXAFS) and high resolution transmission electron microscopy (HTEM). These amorphous
layers enhance the magnetic and electrical properties of the alloy. They also affect the
mechanical and structural properties of the system.

The solid state amorphous reactions (SSAR) occur whether the layers are formed by
epitaxy or by sputtering. The amorphous phase occurs if there is a large negative heat of
mixing between the initial components.1 This indicates that it requires less energy for the
amorphous phase to form than for the crystalline phases to form. The reaction is also limited
by diffusion rates. In order for the amorphous phase to form, one of the components must have a
much larger diffusion rate in the intermixed layer between the components.1?2

Although SSAR is a very active research subject, no studies have explored the possibility
that the formation of amorphous layers might be promoted by adding a third element to the
layers. To be effective, the third element should lower the free energy of the system and
promote faster diffusion of the mobile component in the system. Research is currently being
done on this idea. In this paper, the first stages of this research will be discussed. The
research is being conducted on the Co-Si system. The Co-Si system is similar to the Ni-Si
system but while the Ni-Si system forms amorphous layers the Co-Si system does not. Ti and
Rh are to be used as the third elements in the system. The samples are made by two different
sputtering techniques. This will show the effect of the quality of vacuum on the amorphous
reaction.

The Co-Si System

Nickel and cobalt have lattice parameters that are within 2% of each other, their
atomic sizes are within 1%, their melting points are within 50 C, they are both the mobile
element during silicide formation, and they form similar phases with Si. Therefore, one may
expect the systems to react similarly under the same conditions. However, this is not the case
when thin films of the two systems are formed. The Ni-Si system forms amorphous layers that
grow during the annealing process.

In the Co-Si system interlayers of 4.5 nm thickness are formed. The interlayers are
mostly amorphous with a small amount of compound crystallites, which are unaffected by
annealing at 250 C. Annealing at 300 C produces a mostly crystalline microstructure.2 From
previous experiments it has been determined that nickel-silicon reactions occur approximately
105 times more rapidly than cobalt-silicon reactions. This implies that by increasing the
reaction rate of Co-Si reactions, amorphous layers might be produced. The reaction time can be
increased by reducing the heat of mixing or by increasing the diffusion rate. The addition of a
third element may increase the reaction rate.
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Third Element

By examining free energies of mixing and relative sizes of atoms in comparison with Co
and Si, educated guesses were made of third element additions that might alter the diffusion
factor or the thermodynamic factor independently. Ti and Rh respectively, were selected for
the Co-Si system based on the above criteria and experimental convenience.

The diffusion factor was estimated using an empirical equation developed by Bemardini3
that predicts the diffusion behavior of impurity elements in the grain boundaries of binary
alloys. The equation was developed from an equation of grain boundary energy and theories on
adsorption. The addition of solute B to A affects the grain boundary self-diffusion of A
according to the formula:

t"AB/A = DfcA/AQ + (by AB/A - 2 sB)cB) .

Where DDbAB/A js the boundary diffusion coefficient of A in AB, Dt/A is the self diffusion
coefficient of A along the grain boundaries, bvAB/A is the temperature dependent coefficient for
the effect of solute B on the lattice self-diffusion of A, sBis the ratio of solute concentrations in
the boundary and in the lattice, and cB is the bulk concentration of B. This equation suggests
that solutes having small sB values and large bv values have been established for few
combinations of elements, so they must be estimated more indirectly from heats of solution4and
other empirical correlations.5

These estimates led to the choices of Ti and Rh. For Ti, by is large, which indicates that
it will speed up the diffusion of the Co, which is the rate controlling step in the Co-Si system.
Its sB value is also large, but not large enough to overcome the effect of by. Thermodynamically,
Ti behaves similarly to Si, so Ti should exert its effect mainly on the diffusion factor. On the
other hand, for Rh, by is unknown and sBis small, which indicates that it will not segregate
appreciately. Accordingly, rh would be a suit third element to examine the effect of the
thermodynamic factor in the Co-Si system.

Sample Preparation

Co-Si layers were formed by sputtering instead of epitaxy because sputtering requires less
of a vacuum, it produces larger grains which should minimize the effects of grain boundary
diffusion within the layers, and it is faster and cheaper than epitaxy. The sputtering was
performed on two different types of sputtering machines. 100 runand 50 nm layers were made on
a (100) Si wafer about 1 in square on a high vacuum sputtering machine at the National
Nanofabrication Facility at Cornell University. Similar samples are to be made on a table top
sputtering machine that is normally used to sputter gold and palladium on SEM specimens.

The samples from the table top sputterer will consist of one layer of sputtered Co on a
silicon wafer and a second silicon wafer similarly coated and inverted on top of the cobalt
layer. These layers are not bonded very well to the Si and therefore will be annealed under
pressure in hydrogen at 300 C for a short time to improve the bonding. The samples will then be
cut to approximate TEM specimen size before the anneal so that they will later fit in the
specimen holder. Once the layers are bonded the specimens are ready for the addition of the
third element.

The third element will be deposited from an aqueous solution on to the faces perpendicu-
lar to the layers before being annealed. After the anneal, TEM specimens will be prepared for

inspection of the extent of penetration of third element along the layers and changes in the
extent of intermixing.
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Holding Device

The holding device required for the first anneal of the samples made from the tabletop
sputtering machine had to be designed. To promote the bonding of the layers in these samples,
the first anneal must occur under pressure. The final design is shown in Figure 1.

The pressure was accomplished by using two different alloys with two entirely different
coefficients of linear expansion. From the expansion coefficient and the annealing temperature,
the strain in the materials can be determined using

e =aAT
and the effective strain determined from:

©effective * Cscrew “ Ctube*
Then the stress in the screw can be determined by
cr=eE.

Using Invar for the tube and 316 stainless steel for the screw, a pressure of approximately 135
ksi would be reached in the screw at 300 C and thus in the sample. The actual pressure should
be smaller because the coefficient of expansion reduces at higher temperatures for the stainless
steel while the coefficient for invar remains constant for this temperature range. Using

y=FI/A

the stress in the tube can be determined. For the dimensions shown in Figure 1, the pressure in
the tube is only 2.9 ksi.

The tensile and compressive strengths of these materials must also be taken into
consideration. The Invar has a strength of approximately 72 ksi which is well above the
pressures applied and is not of concern. However, the screw must withstand much higher
pressures. The 316 stainless steel when cold rolled achieves tensile strengths of 100 to 150 ksi
and yield strengths up to 135 ksi. These high strengths should support the pressure produced by
the temperature with little plastic deformation occurring. Many alloys would lose their
increased strength from cold work at 300 C but for steels the recrystallization temperatujres are
much higher and they can maintain high strength at this temperature.

Precautions must be taken to ensure that the threaded portions of the device do not strip
under pressure. The minimum length of thread contact can be determined by the following
equation.*6

Le™* 2At/(3.1416Kn [M2+5773Sn<E% min -Kn nuu)>>*

The above equation is valid for threads of the same material. The values needed for
calculations can be found on the attached table.6 If the threads are of two different materials,
the following calculation must be done:

Jj_ Agx tensile strength of external thread material
An x tensile strength of internal thread material
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where

As = 3.1416nLeKj, 11/(2n) + 57735CE* mm - Kn and

An=3.1416nLeDs ™ [I/(2n) +57735(D9 " - Hh m™)].
If Jis greater than 1, then

Q=JLe
where Q is the length of thread engagement required to prevent stripping. For the holding
device the length of the thread contact was calculated to be .758 in for a size 8 screw with a
thin thread series. To have a small safety factor we made a contact length of 500 in.

At the annealing temperature under pressure the threads will have a tendency to weld
together. A boron nitride spray is sprayed on to the threads before the anneal to prevent this
problem. The boron nitride contains additives that will allow it to stick to the metal and form
a protective coating that remains at high temperatures.

One end of the screw is rounded to about a 3/8 in radius. A metal pad is placed on the
rounded end. The pad can then move to assure even distribution of pressure on the specimens.
The screw is tightened just enough to hold the specimens in place. The actual pressure is
applied gradually with the temperature change before the anneal.

Continuing Research

This project is being carried on by another student next semester. This student will make
the samples in the tabletop sputter, anneal them, anneal all of the samples with third
elements, prepare TEM specimens from these samples, view them with the TEM, and determine
the results.
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TWO-PHASE FLOW MEASUREMENT

Glenn Brenneke

INTRODUCTION:

Liquid fuel engines have many applications in today"s world.
Diesel, spark-ignition, and gas turbine engines, and furnaces are
just a few of the many applications of liquid fuel sprays. With
the rising cost of fuel and need for energy conservation it is
imperative that more efficient engines be developed. Analyzing
liquid fuel spray characteristics non-intrusively could unlock
the door to powerful highly efficient engines in the future.

The vaporization of Ffuel 1iIs mandatory iIn Qliquid Tfuel
combustion. Vaporization and the fuel to air ratio are important

characteristics of the spark-ignition engine. Compression
ignition is controlled by the parameters of the injected fuel
spray.- By developing an accurate non-intrusive method of

measuring the fuel spray parameters, data collected could be used
to develop fuel injection methods that increase the power output,
and raise the fuel effeciency of an engine.

The infrared absorption method of determining Tfuel spray
characteristics provides a non-intrusive method to measure vapor
concentration, but little is known of its accuracy. The goal of
this project, which 1is being sponsored by the National science
Foundation, is to develop an accurate method of measuring
evaporating sprays and their spray distribution. The non-
intrusive laser method uses the known absorption of hydro-carbon
fuels at a wavelength of 3.39 microns to measure spray
characteristics namely accurate quantitative measurements of the
vapor phase.

GOALS OF THE PROJECT:

The goal of the project is to develop a method to test the
accuracy and limitations of the infrared absorption method. To
do this the infrared method will be used In an environment with a
known flow rate in order to test the accuracy of the hardware as
well as the method itself. To simulate the two-phase spray,
polystyrene seed will be injected into a methane gas spray. This
"two-phase TfTlow™ gives more flexibility in two-phase measurement
because of the range of vapor-solid ratios that can be varied.
Since the vapor-solid ratio 1is known, the accuracy of the
infrared technique can be easily tested. In order to develop an
environment with a known flow rate and an adjustable vapor-solid
ratio input, a two-phase flow test section was developed.

The focus of the summer project was to develop a two-phase
flow test section to meet the criteria of the project as
suggested in the NSF proposal. This test section injected a
methane spray with polystyrene seed into a moving air TFflow. A
window in the test section would allow the laser based diagnostic
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equipment to measure the characteristics of the two-phase spray

including particle size, and Ffuel vapor concentration. A
schematic of the test section is attached. A design for the air
moving system and preliminary sizing of the test section had to
be completed. In addition, a translating fuel nozzle system, ad
an air Tfiltration system, which provided clean air, had to be
developed for the test section. Supply companies needed to be

contacted for materials, and organization of the building of the
section needed to be completed.

PROJECT OVERVIEW:

To begin the project a review of the project proposal was
necessary. Jumping into the design cold could be time consuming
as well as lead to a faulty design. The design criteria, which
were outlined in the proposal, would be met more completely when
a solid feel for the project was gained. Although the design
criteria did not specifically outline the size and shape of the
test section, certain characteristics needed to be met. First, a

two meter per second flow speed iIn the section was needed. This
speed provided ample exhaust for the combustible gases, but
maintained uniform flow In the test section. Secondly, the test
section must be wide enough to accommodate the spray patterns to
be tested. It was decided that the test section needed to
sustain a 30 degree cone 15 1inches from the injector. To
maintain this spray pattern the section needed to be 10 inches
wide. Finally, the section must be Ilong enough to provide a
relatively smooth uniform flow in the section. A floff

straightener, which is nothing more than an aluminum sheet with a
honeycomb pattern, helped develop the uniform Tlow. The added
length of the test section above the view window helped maintain
uniform flow as well. By skimming other similiar project
proposals, 1deas were developed on how to overcome these
obstacles and develop the best test section design possible.

DESIGN:
Section Size and Shape:

Preliminary sizing of the section was needed next. The test
section shell shape, which would be either square, round or
hexagonal, needed to be determined. After discussion with

Professor Drallmeier, a ten inch square design was decided upon*
This would allow for the nozzle movement necessary for testing*
This size would also provide the needed fuel nozzle spray area*
A square design would allow for easy placement of fused quartz
windows 1In each side providing the viewing area TfTor the laser
based infrared extinction equipment. In the round or hexagonal
shape the window placement would be more difficult. The square
design also provided an easy method of attachment to the support
stand, and could be -easily fabricated out of the material®
purchased. (Diagrams of the test section are attached following
the report.)
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Air Moving System:

Next the design consisted of developing an air moving system
for the test section. The ailr moving system had to develop two
meter per second flow in the section but also have a high enough
exhaust fTlow rate so that back pressure would not develop in the

section. Two meter per second flow in a 10 inch square section,
requires a fTlow rate of about 300 cfm. A fTlow rate greater than
300 cfm was needed from the 1lab hood exhaust. Checking the

specifications of two blowers owned by the University indicated
that at the proper speed one of the blowers would provide the air
flow needed for the experiment. After finding the proper blower,
aluminum ducting to run from the blower to the section entrance
and from the section exit to the exhaust hood was ordered. With
the proper blower found, sufficient exhaust provided, and the
adiquate duct work ordered the air moving system was complete.

Acquiring Materials:

In order to build the section and get the project off the
ground supply companies needed to be contacted. One task was to
determine materials that were needed for the test section and
then order those from various companies. Names and telephone
numbers of various supply companies were found 1in the Thomas
Register. By consulting the Thomas Register an idea of the
materialsthat were available for the design of the test section
was obtained. After studying the register i1t was decided that
many of the designs had to be adjusted to fit the materials that
could be acquired for the test section, with material
availability being a Ilimiting Tactor. Minumum orders hampered
the material acquisition process. The first design for the test
section was a ten 1inch square tube. This tube could not be
purchased without a sizeable order, therefore the design needed
to be changed. The square test section needed to be formed out
of four aluminum sheets. Problems such as this one slowed the
project and forced many design changes.

Leveling Mechanism and Test Section Shell:

After gaining an understanding of the materials available,
plans for the design were put down of paper. The plans were to
be developed using the Macintosh Draw 11 software available for
project use, after gaining a working knowledge of the software.

A leveling stand for the structure was needed to insure

accurate experimental results. This leveling stand provided a
means not only to level the two-phase flow test section but also
to transverse the section in the horizontal direction. Movement
of the section was 1iImportant to provide enough measurement
positions for the laser based flow measuring device. Drawings of
the leveling stand are attached. Plans were also drawn for the
test section shell itself. It was to be constructed of one-
fourth inch aluminum plate on the viewing sides and one-eighth
inch aluminum sheet on the non-viewing sides. The one-eighth

inch sides would then be screwed to the one-fourth inch viewing
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side plate. This method provided a sturdy section which resists
buckling and also provided a thick side to attach the fused

guartz window. The drawings of all designs were reviewed,
approved by Professor Drallmeier and then turned into the machine
shop for construction. The test section shell drawings are
attached.
Window:

The window design was a baffling problem, but with a fev
ideas from Professor Drallmeier the problem was soon conquered.
The window was to be rigidly supported but also maintain a smooth
inside surface so as not to disrupt air flow inside the test
section. A four and one-half inch window was agreed upon to give
the needed size for the spray measurements to be taken by the
laser. To support the window to the front plate of the test
section the plate was machined to a depth of three-sixteenth of
an inch to fit the window dimensions. The one-sixteenth of an
inch of aluminum supported the quartz on the inside, and a small
aluminum plate was added over the outside edge to fasten the
fused quartz firmly to the text section shell. This design
provided the needed support of the window, and the small inside
section variation would not disrupt the air flow inside the test
section. (Figure attached)

Injector Movement:

Now that the support stand and test section shell had been
completed it was time to ~concentrate on the fuel injector
movement. The injector needed to be capable of horizontal
movement and vertical movement. As mentioned before, the support
stand provided horizontal movement in one direction. A mechanis*
for vertical and perpendicular horizontal movement needed to ha
designed. This movement problem was overcome by using threaded
rod movement of a small support inside the section itself. W
turning the threaded rod outside the section the injector inside
is moved horizontally to the correct position. A simple set
screw in the block is loosened to allow the fuel injector
vertical movement to any position needed in the desired test
zone. The traversing method provided the means to measure the
fuel spray in any position deemed necessary.

Intake and Exhaust Convertors:

Intake and exhaust from the ten inch square section was ais®
a design problem that developed during the summer project.
unusually large size of the test section shell raised problems i*
finding the necessary duct work fittings. From the blower a si*
inch round aluminum duct was used in order to provide enough ai*
flow and because of the ease with which the flexible alumina*
duct could be positioned. But a round six inch to square t**
inch convertor was needed to complete the blower connection*
A fter consulting the Thomas Register again it was decided tha
this fitting could not be purchased and would have to @8
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designed. A local sheet metal shop fabricated a convertor for
both the top and bottom of the section. The bottom convertor
section consisted of a sheet metal box with a six inch exhaust
outlet, enough room at the bottom for any liquid that might
collect there 1f a liquid spray were used, and a small drain to
allow for the removal of this liquid. The much simpler top
convertor section again consisted of a sheet metal box, but the
six inch air inlet was at the top instead of the side as in the

bottom section. The top convertor was long enough so that the
entering air would become relatively uniform over the test
section cross-section before being probed with the laser. These

convertors completed all but one major part of the air flow
network.

Filters:

Filters are used to clean the entering air, and collect seed
from the exiting air. Both the entrance and exit filters needed
a small pressure drop with a flow rate of nearly three hundred
cubic feet per minute, and also required a high efficiency at the
one to three micron range. Filtering particles of this size
woulld eliminate some measurement errors caused by particle
interference. Also, due to the expense of the polystyrene seed a
method of recovering the seed was necessary to keep experimental
cost as low as possible. An exit fTilter would be needed to carry
out this task. After discussing the project and Tilter
parameters with several companies it was found that the necessary
Ffilters could be acquired, and the design of the test section as
a whole was then complete.

Conclusion:

The design of the test section components was not an easy

task and many difficulties arose. Many Tfirst designs were
changed because better 1i1deas were suggested, or because of the
lack of the necessary materials needed to build the design. A
minimum order, which was required by many companies, also
hampered plans for the project. But despite the problems
encountered along the way 1 enjoyed working on the project
tremendously and 1 believe | learned a great deal from working

one on one with Professor Drallmeier.

The summer research program is not only an excellent method
to attract students to graduate school, but it is also a good
learning experience for undergraduate students. By working with
the professors iIn a one on one environment much can be learned
about project design, research, and personal relation with
outside companies. The research program gives the student an
opportunity to get a taste of graduate studies and also gain
knowledge that will help 1in the outside world. Professor
Drallmeier used the test section project to give me First hand
knowledge of research work but also showed me design techniques,
company research, and methods to communicate project needs with
outside companies. When a professor works closely with a student
the many problems encountered In a project can be overcome.
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ESTABLISHMENT OF A PHASE/DOPPLER PARTICLE ANALYZER FOR TWO PHASE
FLOW EXPERIMENTS

J. L Burget

Introduction

The accurate measurement of liquid spray drop size and velocity is important in a variety
of applications. These applications include agricultural sprays, furnaces, spark ignition and
compression ignition engines, gas turbines, and a variety of industrial processes. Because of the
need to improve combustion efficiency and minimize soot and other harmful emissions, one of
the most active areas of research is fuel spray combustion. Quantitative measurements of the
vapor phase in fuel sprays is vital to the understanding of spray dynamics and the operation of
combustion devices.

There are various measurement techniques available to measure vapor phase character-
istics in a fuel spray including schlieren photography, vapor fluorescence using exiplex
emission, and mechanical isokinetic probes. Schlieren photography and vapor flux fluorescence
using exiplex emission are nonintrusive techniques which provide only a qualitative picture of
the vapor phase. Mechanical isokinetic probes have provided a quantitative picture of the
vapor phase, but have the disadvantage of disrupting the flow field.

The Aerometrics Phase Doppler Particle Analyzer (P/DPA) is a laser based instrument
that provides a quantitative, nonintrusive method to obtain simultaneous size and velocity
measurements. This instrument incorporates the Laser Doppler Velodmeter for flow measure-
ments with particle sizing methods.

My role in this project consists of setup and validation of the P/DPA. This includes
developing an appropriate spray set up and making measurements in a variety of spray
environments for the validation of drop size, velocity, and liquid volume flux measurements.
The instrument will ultimately be used in the investigation of two phase flows, including the
measurement of particle size and velocity distributions in fuel sprays.

Experimental Setup

Spray Setup For validation of the P/DPA a spray apparatus using water was constructed.
This apparatus provides the ability to deliver water at a constant pressure to the nozzle. The
basic spray apparatus is shown in Figure 1. The spray apparatus functions in the following
manner. With the air line valve off, water is introduced into the tank by the T-valve located
at the bottom of the tank. When the tank is filled to an appropriate level, the T-valve is shut
off and the tank is pressurized by turning on the air line valve and adjusting the pressure
regulator. A readout of the pressure in the tank is provided by a pressure gage. To produce
spray, the T-valve is opened in the direction of the line flowing to the nozzle. The spray
collection bucket functions to collect the spray through the aid of gravity and a vacuum port,
which drawls the spray into the bucket. The manually operated pump functions to expel the
water from the bucket into a laboratory drain. The pressurized water tank was attached to the
side of a moveable cart, and the cart was modified with an additional set of wheels and frame
structure to hold the collection bucket. This was done to provide mobility of the spray
apparatus.
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P/DPA Background Theory

The optical diagram for the P/DPA is shown in Figure 2. A drop passing through the
intersection of the two beams produces a scattered light interference fringe pattern similar to
the one shown in Figure 3. The spacing between these projected fringes is proportional to the
drop diameter, light wavelength, beam intersection angle, drop refractive index, and the
location of the receiver. These fringes move past the detectors at the Doppler difference
frequency and produce a Doppler burst signal at each detector which is similar to the one shown
in Figure 4. The Doppler burst produced at each detector is shifted in phase from one another.
Figure 5 shows the Doppler burst produced at each detector after high pass filtering to remove
the low frequency component. The phase shift between detector 1 and 2 is determined by
measuring the time difference between zero crossings of each signal and dividing by the
measured Doppler frequency.

<*12=02. x 360° .V
TD

These measurements are averaged over all cycles occurring in the burst signal. This phase
shift is related to the drop size by the linear relationship shown in Figure 6. This relationship
was computed from a mathematical representation of the scattered light fringe pattern. In this
figure, the drop size is made non dimensional by a parameter (DELTA) which is an assumed
fringe spacing formed at the intersection of the beams, and which is a function of light
wavelength and laser beam intersection angle. Three detectors are used to eliminate the
uncertainty in measurement and to provide two sensitivity ranges shown as curves ol-2 and el-3
in Figure 6.

Assuming the drops remain spherical, the method described above provides the ability
to measure drop sizes in the range of 0.5 to 3,000 micrometers. Because the drop size and velocity
are measured simultaneously, the P/DPA is capable of providing a complete description of the
drop distribution within the spray.

P/DPA System Description

The P/DPA consists of five major components. These components are a transmitter,
receiver, signal processor, motor controller, and computer. A very general description of each
component follows.

The Aerometrics, model XMT-1100-4S transmitter shown in Figure 7 generates two equal
intensity laser beams and focuses them at an intersection point which serves as the measure-
ment region. The transmitter contains a Spectrum-Physics model SP-106, 10 milliwatt,

polarized helium-neon laser and optical components which serve to focus, partition, and
collimate the laser beam.

The Aerometrics model RCV-2100 receiver shown in Figure 8 collects scattered light and
provides the signal phase shift required for determination of drop size. The package consists of
a highly efficient lens system for light collection, a spatial filter for exact probe volume

definition, a light partitioning prism assembly, and multiple detectors complete with
preamplifiers.

The Aerometrics DSA 3000 signal processor, not shown, is a state-of-the-art frequency
domain signal processor which analyzes and processes the Doppler burst signals. The proper
selection of instrument parameters is necessary in order to obtain reliable data. The selection of
instrument parameters is accomplished through software that provides complete control of the
processor in all stages of data acquisition, analysis, and presentation. Some of the instrument
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parameters selected through the software includes various filtering networks, mixer frequency,
frequency shifting, sampling frequency, number of samples, signal threshold, and velocity
range.

The Aerometrics model MCB-71001-1 motor controller, not shown, monitors both the
frequency shift and track select motors located in the transmitter. In addition, the motor
controller serves as a multiplexor for other accessories connected to the system.

The data management system consists of a Kapro personal computer, Amdek color
monitor, and a Fujitsu DL3300 Printer. The personal computer is enhanced with expanded
memory, an 80287 math coprocessor, and an EGA card. The computer contains the system
software which allows control of the signal processor, and is used for data handling and
reduction. The system produces histograms of the droplet size and velocity on the monitor as
the data is accumulated. Sample time and the number of samples recorded is also displayed.
When a preset number of samples have been measured, the tabulated results can be printed or
stored on disk.

Results

The original goal of this project was to use operate the Phase Doppler Particle Analyzer
to make measurements in a variety of spray environments under controlled conditions for the
validation of drop size, velocity and liquid volume flux measurements. This was a new piece of
equipment being purchased by the university and was scheduled to be delivered prior to the
beginning of the project. Due to a series of delays on the part of the manufacturer, the equipment
did not arrive until the middle of the fall semester and validation of the system became
unrealistic given the time constraints. Therefore, the sensitivity of the system to variation in a
few setup parameters was investigated using the spray apparatus discussed previously.

The setup parameters investigated were the photomultiplier tube (PMT) voltage and the
high pass filter settings. The effect of these setting on Sauter mean diameter (SMD) and mean
velocity can be seen in Figures 9 through 12. The PMT voltage basically provides a gain to the
Doppler burst signal and therefore determines the size of particle data that will be processed.
Figures 10 and 12 show a decrease in SMD and mean velocity as the PMT voltage is increased
from 300 to 350 Volts and then an increase in both quantities as the voltage is increased to 400
Volts. The low pass filter helps to improve the signal to noise ratio before the signal is
sampled. Figures 9 shows a decrease in SMD as the filter setting in increased past 10 MHz, and
Figure 11 shows a decrease in mean velocity as the setting is increased from 5 MHz to 20 MHz
and then an increase in mean velocity at the 40 MHz setting.

Canduskxis

Due to a series of delays by the manufacturer of the equipment that the major part of this
project was dependant upon, the objective of validating the system was not accomplished. Even
though this major objective was not accomplished, a spray apparatus was constructed and a
small amount of time was spent operating the system and investigating it,s sensitivity to
variations in system parameters. The system was found to be sensitive to variations in both of
the parameters investigated. A more complete picture of the variation of the system could be
obtained if a larger number of data points are obtained with a spray setup that produces a
known, constant size particle. Even though the major objectives of the project were not
accomplished, this project provided experience in the area of experimental research, and an
introduction to fuel spray characterization and basic laser diagnostic principles.
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PAIESSLPE REGULATOR

Figure 1 Spray Setup

MEASUREMENT

Figure 2 P/DPfl Optical Dlcyan
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Figure 3 Scattered Light Interference Fringe Pattern
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Figure 5 Linear Phase Shift Variation with Drop Size

Figure 7 Transmitter Model XMT-1100-4S
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Figure 8 Receiver Model RCV-2100
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EXTRAPOLATION OF THE EXPERIMENTAL
DATA
OF ELECTRON SCATTERING

Hansen Chen

Physics Department, University of Missouri-Rolla

I Introduction
Our problem of interest is electron-atom scattering. One type of experiment is to measure
the number of electrons exciting an atom from a initial s-state to a final p-state. These
measurements are proportional to the differential cross section (DCS). Theoretically the DCS is
given by
DCS = do/dQ = (n
where 7”7 is an complex amplitude for exciting a particular magnetic sublevel with magnetic
guantum numberm, and T"-T ",
Experimentally it is very difficult to measure absolute scattering cross sections. There is a
quantity called the generalized oscillator strength (GOS) which is proportional to the DCS
GOS=/= AEI4 k/k, q'XJ/IT"'f (2)
where
] =k2+17-21”"cosS 3)
Here $is the scattering angle for the electron, and AE is the energy change of the atomic electron.

Since it is experimentally impossible for q to be 0. However, experimentalists conjectured
that for a final p- state, the GOS will extrapolate to the OOS for <7=0, where OOS stands for the
optical oscillator strength. One of the reasons this method is so attractive is that OOS is
independent of the initial electron energy, and only depends on AE.

The purpose of this project was to investigate validity of the extrapolation procedure. We
used the following mathematical basis for our extrapolation procedure. We consider/, the
generalized oscillator strength, as an restriction of an analytic function on an appropriate domain,
containing a closed interval with left end point 0, and right end point the physically obtainable
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maximum of g2>the square of the magnitude of the change in momentum of the outgoing and
incoming electron. A well known theorem in complex analysis states that, if two analytic functions
in a common domain coincide on an infinite point set with one of its cluster points inside the
domain, they will be constantly equal to each other everywhere in the domain. As an result, if we
could find an analytic extension function o f/, it would be the only one we are after. Consequently

we searched for a method to extent the function from the physically allowed interval on the <2axis
to that appropriate domain to determine if the values of/ at -0 were the same independent of
initial energy.

The simplest theoretical treatment of this problem is called the plane wave Bom
approximation. In this approximation,/is a fractional function with only a simple pole off the
positive real line of the cf-axis. It has the optical oscillator strength as its value at the origin.

The plane wave Bom approximation is known not to be accurate enough. However
Lassetrelclaims that even if PWBA (plane wave Bom approximation) is not reliable, a more
accurate theory should still extrapolate to the optical oscillator strength.

The theory we are using is significantly better than the PWBA. According to Lassetres
theorem, our theory should extrapolate to the optical oscillator strength. The objective of this
research project was to check this theory.

Il Methodology

In our theory,

7" =ZZa, C(l,m)PJz) (m--1, 0, 1) (4)
zef

and
z = cosO while ze[-1, 1]

where a,, C(I,m) are coefficients of the expansion generated by the theory, and 6 stands for the

scattering angle.

1 Lassetre, Edwin N., J. Chem. Phys. 43, p.4479-4486 (1965)
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We proved2that if any function is analytic inside and on an ellipse with foci -1 and /, its

Legendre polynomial expansion uniformly converges on that compact ellipse. T<®must approach
infinity at =0 so that/ will be finite at the origin. Since -0 corresponds to a pole, there is a
potential problem for large numerical errors as we approach the pole.We hoped that we could get a
good result by the following method. Set up a smaller major axis such that the ellipse excludes
ze>7, which is such that q(z=z=0, and keep on approaching the major axis to ze If the numerical
result is accurate enough, we should be able to see the trend. Since this is a singularity, however,
a small shift of the zero point of g and the pole of T** in the numerical calculation will possibly
result in serious deviations, which is what we unfortunately found.

We generated a Fortran code to evaluate the Legendre Polynomials with recurrence
functions. The coefficients we calculated for the physical region should remain valid for that
enclosed by the ellipse. Consequently it is only necessary to calculate the value of/at z-major
axis using equation (1) and (2).

Appendix | and Appendix Il show the comparisons between the analytical PWBA result
and the corresponding results obtained from our numerical method. The columns labeled
"Analytical” denote the result of the analytical calculation; those labeled "numerical” are of
numerical calculation. We can see that the analytic results deviate from the numerical calculation
significantly as z approaches closer to the critical point ze which is equal to 1.005219 when the
initial energy E=54.4. In fact the numerical results do not ever have the proper behavior near zc

which indicates that there is a serious problem in the numerical method for calculating 7<nt(z) and

f(z)t when /z/>7.
We first suspected that there may be a problem with the accuracy of our evaluation of the

Legendre polynomial PJz). We tested the subroutine used to calculate them and compared the

generated value for both /z/<7 and /z/£7 with those on a handbook. They agreed with each other.
Finally, we checked the accuracy of the coefficients of the Legendre expansion calculated
by the numerical method. We recalculated these Legendre coefficients using the conventional

inversion:

a* = (I-m)H(+m)! f 1f n¥x)P,Jx) dx (6)
where a* is the coefficient of
Tnf=Lal>Jz) (7)

2 The proof is too long to be typed and presented here.
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However, from Appendix HI, we can see that the cross sections for m=0 obtained by using eq(6)
and (7) are even worse then the those generated numerically, even in the normal region [-1,1J.

11 Conclusion
We were not able to obtain an extrapolation procedure which was numerically stable.
Evidently the Legendre series expansion is unable to produce values for the pole of T rewhich are

sufficiently accurate numerically. As a result, we have not been able to determine whether or not
the experimental extrapolation are valid.
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Appendix 111

The following iIs the comparison of the cross sections
for m=0 calculated using the coefficients from eq(6)
(by numerical calculation), the numerical and analyti

N

solutions. Z c is the critical point of z.
CROSS SECTION
z eq (6) numerical analytic
0.9964000 17.59354 1.658E+01 1 .665E+01
0.9968000 19.30448 1.817E+01 1 .824E+01
0.9972000 21.27625 2.001E+01 2.007E+01
0.9976000 23.56468 2.215E+01 2.219E+01
0.9980000 26.24119 2.465E+01 2.466E+01
0.9984000 29.39923 2.761E+01 2.757E+01
0.9988000 33.16152 3.116E+01 3.103E+01
0.9992000 37.69249 3.546E+01 3.517E+01
0.9996001 43.21677 4 _075E+01 4 _020E+01
1.000000 50.04342 4_.73 6E+01 4 _639E+01
1.000400 58.61216 5.580E+01 5.412E+01
1.000800 69.55167 6.684E+01 6.3 96E+01
1.001200 83.78282 8.164E+01 7 .674E+01
1.001600 102.6775 1.021E+02 9.377E+01
1.002000 128.3184 1.313E+02 1.172E+02
1.002400 163.9262 1.745E+02 1.505E+02
1.002800 214 .5656 2 .408E+02 2 .004E+02
1.003200 288.3530 3. 465E+02 2 .800E+02
1.003600 398.4980 5.213E+02 4 _184E+02
1.003999 566.8372 8.207E+02 6.918E+02
1.004399 829.9591 1.351E+03 1.357E+03
1.004799 1249.917 2.316E+03 3.773E+03
c=1.005199 1932.939 4 _118E+03 3.413E+04
1.005599 3062.533 7 .548E+03 3.360E+04
1.005999 4957.213 1.418E+04 3.753E+03
1.006399 8172.682 2.712E+04 1.353E+03
1.006799 13680.27 5.258E+04 6 .903E+02
1.007199 23179.92 1 .028E+05 4_.176E+02
1.007599 39644 .59 2 .020E+05 2.796E+02
1.007999 68271.29 3.977E+05 2 .002E+02
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COMPUTER MODELING OF A LIQUID FUEL SPRAY

Clement R. Goodin, Jr.

The initial phase of this project involved manipulation of a
lengthy FORTRAN computer code named "Kirwan.' The code originated
from England many years ago and was transferred to UMR by Dr. Drall-
meier. Dr. Drallmeier had the code on a series of 5.25 inch floppy
diskettes and the objective of the project was to load the code on
to the Apollo computer system and be able to use it. Basically, the
code was designed to accept several parameters concerning the liquid
fuel type and the injector type and predict what the fuel droplet
size and distribution was after a finite period of time and Fflow
distance. The code had previously ran successfully on the Univer-
sity of Illinois Urbana-Champaign campus. It was realized from the
onset of the project that once the code was loaded, the FORTRAN
compiler used here could possibly be incompatible with the code and
compilation would be impossible. The Ffirst few weeks of the project
involved becoming familiar with the Apollo system. Once this was
achieved, the assistance of Michael Johnston was employed in operat-
ing the "PC emulator”™ of the Apollo system. The PC emulator is an
integral program of the Apollo system which allows the shell/batch
system to be transformed into a personal computer environment. This
area allows for transference of code, which is how the Kirwan code
was transported. Once the code was contained iIn account, attempts
were made to compile. A lengthy list of errors were reported with
compilation attempts. Upon reviewing the code, it was found that
these errors stemmed from the numerous data statements throughout

the code. The worst case was realized. Obviously, the U of 1
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compiler had allowed data statements to go unchecked, whereas the
Apollo compiler did not. Solving this problem would have involved
deleting and adding data, which would be a very tedious project
manageable only by a participant who had intricate knowledge of the
program®s internal workings. Dr. Drallmeier deemed this incompa-
tible with my involvement iIn the program and this phase was halted.
The second phase of the project was begun in early November 1990
and is currently ongoing. The objective of this project is to
predict "Rosin-Rammler™ (RR) distribution equations for a fuel

spray, given scattered intensity data. The RR distribution is given

as:

VO

where D, the mean droplet diameter, and S, the distribution width

parameter, are constants for a particular fuel spray and are the

points of iInterest here.

The project centers around the experimental setup of Figure 1*
In this experiment, a laser beam is directed through a projected
fuel spray flow, scattering light. This scattered light Is detected
by a flat, concentric ring detector (Figure 2) which detects the

light as an energy, given by:

®

dD

This gives the energy incident upon one ring.
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The energy given by Equation 2 is measurable and is recorded
data. Note, however, the containment of V(D), the size distribu-
tion, 1in the integral of Equation 2. The distribution is unknown
and, to be solved for, must be assumed. Several distributions have
been suggested by various researchers. As noted, this project
assumed the function to be a Rosin-Rammler distribution, given by
Equation 1. This is a widely accepted assumption.

Note also iIn Equation 2 the a term. a is given by:

The dependence of a upon drop diameter, D, makes Equation 2 all the
more complicated (X is wavelength of the laser light, a known con-
stant) . In addition, a is an argument of the Bessel functions,
complicating matters further still. Also, note the 6 term iIn Equa-
tion 2. (di - $¥) is the angle from the bottom of the ring to the
top of the ring.

An iterative procedure has been chosen to solve Equation 2 for
for V(D), or more specifically, D and 6. To do this, a curve-fit
method is to be employed.

Educated guesses will be made for D and S and energies calcu-
lated from Equation 2. This will then be compared to energy data
from experiment and adjustments made in D and S with repetition
until the calculated energies equal the experimental energies.

Once the energies are equal, the correct D and S values are known.
Although this appears as a cookbook operation, Equation 2 is not a
simple equation to solve. The first step in this project has been
to write computer code to evaluate this integral equation. To do

so, data from a calibration reticle was employed. A calibration
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reticle is a thin gold foil slide which has been precisely etched.
The gold is etched away to leave a known number of known diameter
particles, simulating fuel drops on a slide. With all numbers of
particles and particle diameters known, the D and S parameters of
the Rosin-Rammler distribution equation are also known. This data
can then be inserted iInto Equation 2. The second step in creating
the simulation code was actually writing the code. The Ffirst hurdle
overcome was writing from scratch a Bessel function subroutine.
This was completed by using polynomial expressions for Bessel func-
tions as displayed in a math CRC handbook. Once the Bessel function
subroutines were operable and checked with CRC table values, the
integral equation had to be encoded. This was done by using a
Simpson Rule approximation from calculus. The function is inte-
grated from a minimum diameter to a maximum diameter in incremental
steps of discrete diameter sizes (all of this information for diame*
ter sizes came from the calibration reticle data). Note that Equa-
tion 2 computes energy for a finite angle range. To decide upon
this range, a radius for the rings must be decided upon. Initial
calculations were run using a logarithmic radius for each ring. The
calculations were then run again using inner and outer radii of each
ring. The inner and outer radii calculations were used since this
was the basis for the calibration reticle calculations.

Figure 3 is a plot of calibration reticle energy values and the
energy calculations made by the Simpson code discussed here. The
trends match very well with the exception of one data point which is
suspected to be a data entry error. Once it has been established

that this code makes an accurate prediction of ring energies (which
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it appears that a little polishing of the code will bring about), it
will then be used for the iterative procedure discussed above. It
is conceivable that the present code will be integrated into a much
larger code which will accept Rosin-Rammler parameters and produce
the calculated energies. An extension of this plan is for the code
to automatically run through a group of RR parameters and match up
the best calculated energy with the inputted experimental energy.
This would resemble a linear best fit routine, but would instead be

non-linear.

-185-



Spray

Figure 1) Experiment Setup
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USING SOFTWARE TO DEMONSTRATE KINEMATICS OF GEAR SETS

John F. Hall

Abstract

The research was done in the area of developing software which could be used to
demonstrate the motion of gears. To demonstrate this motion involved learning about
programming using graphics. Engineering skills were used in the programming in various ways.
One way was in developing and implementing the equations and theory. The more critical
engineering aspect of this project is in determining what is effective in demonstrating the
kinematic principles associated with gear sets.

The programs will be a helpful aid in showing students what is happening with the
motion of gear sets. Not only will instructors be allowed to display drawings of gears quickly,
but the important data will be displayed also. The instructor will be able to demonstrate how
a slight change in a gear size will change the output in an instant. Overall this program will
allow students to cover much more material pertaining to gear sets in much less time.

Introduction

The design and analysis of gear trains involves geometrical restraints, angular velocity
ratios, and iteration. As a consequence of these factors visualization of the motion of gear sets is
not always intuitive. This is particularly true for planetary gear sets in which some of the gear
axes are not stationary.

The basic equation which governs gear ratios is:

Product of teeth which are driving
Product of teeth which are being driven

where %' is the train value for a set of gears which are in mesh with each other. This equation
will allow the output speeds to be found since '¢' is proportional to gear speeds.

The first program, Gear Train Design, makes computations for a gear train and will also
create a scaled display of a model designed by the user. There is no actual movement in Gear
Train Design, however, the program is able to demonstrate the direction of motion from the
computations made.

The second program, Planetary Gear Design, will make computations for a planetary gear
set. This program involved displaying the rotation of gears. The program is still in the
developing stage. However, the subroutines which animate the motion of the gears have been
written as well as a subroutine which verifies data.

In the following text, the ways that these programs will be helpful to students of

engineering will be shown by discussing the usage. The design of the program will also be
discussed to give a better feel for the program.
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Gear Train Design
Program Usage

Gear Train Design was written as a means to analyze and design a five-gear gear train.
The user is asked to enter certain characteristics of the gears, such as size and input speed, and
in doing so a system is generated. The program itself is user-friendly and self explained.

There are five gears available to the user to construct the gear train. There are four
available gear axles which means that two gears must be placed on a single axle when using all
five gears. The components can be seen on the following page. Gear 2 serves as the driver gear,
while gears 3 and 4 share a common axis to control the speeds of the following gears, gear 5 can
be used to give the desired direction for the output, and gear 6 is the output gear. The user has
the option to use only the driver and output gears, but he/she may incorporate the other two
axles which gears 3 and 4, and 5 rotate about. The user must use either both or neither of gears 3
and 4 since 3 is only in contact with gear 2 and gear 4 is only in contact with gear 5 or 6
(depending on whether or not gear 5 is used as an idler). The program is very descriptive in
explaining use of the program functions. There are axis examples of gear trains, along with a
description, which can be designed with Gear Train Design.

Not only could students use Gear Train Design to visualize the working part of a gear
train and to make basic computations, but design is also possible. For example, say that one
wanted to design a gear train with a certain train value; The user would start off by entering
what is thought to give the desired output value. Once the output is obtained it can be checked
to see if the value was correct. If the output is incorrect, say the train value was too low, the
user could press the 'R key to redesign the train. Once we have the desired values, we may

want to reduce the size gear 5 for space purposes. However we also should consider wear on the
axle bearings.

The user has the opportunity to interact with the program. To start with, the user will
have the opportunity to enter gear sizes based on radius, diameter, or number of gear teeth. The
next screen will give the user an organized table where values can be entered. Once the user has
entered the values, the program makes some computations and then graphically displays the
designed gear train with direction arrows and output table which contains calculated gear
speeds. At this time the design part of the program becomes possible. At the output screen the
user may enter 'R’ to Redesign the gear train. For example, the user may leave out gear 5 to
change the direction of the output, decrease the output speed by making gear 3 larger or gear 4
smaller, or completely take out gears 3 and 4. Minor to major modifications can be made an
unlimited number of times. While in the design mode, the user may enter a piece of data which

the program finds to be unsuitable (i.e. a negative gear value). However, the program will
catch the error and alert the user with an explanation.

After the user has decided to exit the design mode (by pressing a key other than 'R' after
new gear screen), there will be an opportunity to exit the program or to design another gear
train. The program is capable of doing this by recording the last data input by the user and
then allowing the user the option to reuse this data.

The help screens at the start of the program have made it possible for a student, even
with little understanding of gear ratios, to use the program. Once the student has begun to use
Gear Train Design, the student will be made aware of any mistakes he/she has made in
entenng data and why. Students can find this program to e a great time saver. Computations
can be made in an instant as well as scaled diagrams. A copy of the screen can be made by
pressing TrtSc' on the keyboard while the system is in the GRAPHICS mode.
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Program Design

Gear Train Design was written using Borland Turbo Basic Software. The program has a
main body, which consists mainly of gear train computations, and a series of subroutines at the
end. Subroutines are used to generate the graphical displays. A brief description of each part of
the program will help an observer to understand the logic behind the program. Some of the
general parts of the program which pertain mostly to this project will be discussed.

At the beginning of the program we can observe help screens to explain the program. As
we go down the page, we see a label entitled GEARTRAIN,, this is the heart of the program.
'GEARTRAIN’ consists of a structured IF-THEN statement which is about 75 lines long. In
'GEARTRAIN' | have actually made the computer determine if the user is entering useful data
while at the same time having the capacity to make computations for the gear speeds.
Towards the top of the 'GEARTRAIN' block we can see the calculations being made for a gear
train which consists of all five gears. As we move even lower, the input error messages can be
seen.

Some other features that |1 would like to point out is that one part of the program actually
centers the gear train in the upper part of the screen, while another part of the program looks
at the horizontal and vertical distances to allow the largest gear train possible without going
off the screen.

Planetary Design
Program Usage

Planetary gear design is a program which will delve into the motion and computations
associated with a planetary gear set. The gear sets will be based on the twelve types gear sets
according to Levi.l

This program will be useful to the student as it will be very user friendly. The data entry
subroutine will make sure that no 'bad’ data is entered. Ina planetary gear set, such as one
where we have some gears in between a center gear and an outer gear with inside teeth, we must
make sure that the number of teeth will mesh. For example, suppose that we have a sun gear of
diameter 12 inches in the center of the gear train and on the outside we have a ring gear with a
diameter of 24 inches. This means that die planet gear must be at a diameter of:

d=(24-12)/2 =6 inches

If the diameter is any bigger the gear will not fit into the mesh. On the other hand, if the
planet gear is too small, and it is the only one in between, it will not work either. For this
reason, the computer will only allow the user to enter the sizes of a certain amount of gears since
the computer will be able to compute the sizes needed for the remaining. This also goes for the
input of gear speeds. The program will only allow the user to enter a certain amount so that the
remaining can be computed. | should mention that the program does let the user decide what
gears are going to be assigned which values pertaining to size and speed.

Once the program is operational, the student will be able to see the motion of the gear set
by both a front and side view. |felt as if both were needed due to the complex configuration of
some planetary gear sets. When looking at the front view, one can only see the gears which are
in front. However, in some cases, where we have many gears composing the planetary gear set,
we may not be able to see the background work. By the side view, we can completely understand
what is going on with the program. Although I have not yet experimented with showing a
back view of the gear set, this is one of my future plans and it will be even better in helping one
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grasp an understanding of planetary gear sets. The program is useful for students to visualize
what happens with the motion of a planetary gear set since the planet gears have rotation
about their own axis, which is itself being carried by the arm in a circular path. This has been
found to be a particularly difficult concept to visualize.

Program Design

To understand the usage of the program utilizing motion we will begin by analyzing what
happens with the motion of a single gear. The gear looks like four arcs of 750 each. The arcs
are separated by 150. With these four arcs in a circular formation, we can change the
orientation of the arcs to animate rotation. There is a part of the program which determines
how much rotation is needed foreach arc. 1used about 0.1 radians for rotation since this proved
to give a smooth rotating effect. Each time the program runs through the subroutine for the
arcs, the value which represents the start of an arc is decreased by 0.1 while the value which
represents the end of the arc is increased by 0.1 for counter-clockwise motion. Since counter-
clockwise motion is positive for programming, motion in the clockwise direction requires
another subroutine. The program will go through this loop of rotating the arcs for a number of
times which corresponds to the speed at which the gear is turning. | should also note that the
program could be changed to make the gear rotation increment correspond to the gear speed
instead of using 0.1 radians. Indoing this we would only need to send the program through the

rotation procedure one time per gear, However, our rotation may not appear to be as smooth for
incrementation which is large.

The next item which should be incorporated with gear rotation is actual movement of a
gear from one location to another. This is will need to take into consideration the speed at
which the arm of the planetary gear set is moving. By considering the amount of rotation of the
arm we can determine how far a gear has moved around the center of the planetary gear set.
We must now move the gears which are attached to the arm in a circular path and rotate it at
the same time. What | have done is made the program look at each gear to determine if its
location has changed since the last time it went through the rotation loop. If the gear has

changed, the program completely erases the old and re-draws the new gear with the
appropriate rotation.

I have established the screen format for the program and error traps for the data which
is entered. The screen is laid out so that the data is entered in the left side of the screen while

the gear is drawn in the right side of the screen. Two views of the planetary gear set will be
seen, a front view and a side view.

Conclusions

Writing this program not only made use of technical skills that | have learned through
my 84*die* in mechanical engineering, but it also required intuitive skills. | had to decide
which functions should be created to best aid the engineer who uses the program.

Whatever | wrote this program, | thought of a similar project 1 once had during a co-op
term witnGeneral Motors. Itpertained to having a certain amount of gears which could be used

m a transfer cased to cause certain motion of the output gear. With a program like this I now see
how much time one can save.

Future plans include animation of the motion of the gears. The capacity for this can be
seen in the planetary gear program. Other future plans include allowing the user unlimited
number of axles and gears to design a gear train.
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COMBUSTION AEROSOL MORPHOLOGY
Ronald P. Holland

Introduction

The following report entitled Carbon Aerosol Morphology is
the result of research done through the University of Missouri -
Rolla Graduate School program entitled Opportunities for
Undergraduate Research Experience (OURE). My appointment was for
the Summer - 1990 with the Cloud and Aerosol Sciences Laboratory,
Department of Physics, located in Norwood Hall. The goal of this
appointment was to study the size and morphology of combustion
aerosols whose characteristics are dependent on the history of
the particle, e.g. exposure to chemicals, scavenging effects, and
other time dependent factors. Computer image processing software
iIs available iIn the department for this purpose.

This research experience included several facets with the
main portion of time spent on the development and perfection of a
combustion chamber, specifically the burner assembly itself. This
combustion chamber 1is used in the Cloud Physics laboratory to
supply combustion aerosols of liquid fuels, primarily aviation
fuel JP-4 supplied by McDonnell Douglas Corporation. These
aerosols are used In the study of the effects of jet engine
emissions iIn the atmosphere and thus upon global environment.

The appointment began with exposure to the operation of the
equipment and instruments used within the Cloud Physics
laboratory. This equipment being used to isolate and
characterize aerosols by size, mobility, and critical
supersaturation (SSc), the latter being a measurement of the
amount of water vapor present iIn air to cause the particle to
grow by the accumulation of water vapor. The understanding of
these methods iIs important as they are used routinely to classify
and characterize aerosols produced by nebulizers and by
combustion processes.

As my project goal was to study aerosols produced by
combustion processes, 1t was Tirst necessary to perfect the
operation of the combustion equipment which operated inadequately
for the collection of these aerosols. The torch assembly used
for combustion produced a flame which was unsteady in nature and
not easily controlled. This problem had to be eliminated as the
oscillations of the flame produced particles of iInconsistent
nature as seen by production of varying amounts of soot. The
torch was analyzed and its problems were found. Based on a great
deal of research time, the burner assembly was modified to
produce a flame which was very stable and easily controlled.

This required at least a month of the summer to accomplish.

Upon the perfection of the torch, it was then possible to
produce a consistent flame pattern from which carbon aerosols
were collected and analyzed by scanning electron microscopy. Due
to the amount of time required to perfect the torch assembly it
was not possible during the summer to complete the goal of the
project. As such, time was taken during the Spring 1991 semester
to continue to collect and analyze particles. It is from this
work that significant data and conclusions have been possible.
This information is in the following report.
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In addition to the improvements of the combustion process,
time was used to improve the operation of a wire-egression
droplet generator which is currently being used by another
department for the production of single droplets. Also, a
computer software system (JAVA) for image processing was studied
for its application to the characterization of the carbon
aerosols collected.

Additional plans related to this research appointment
include two presentations at regional science meetings. The
first of these is the Missouri Academy of Sciences Meeting (VAS)
on April 19, 1991 in Fulton, Missouri for a presentation entitled
Combustion Aerosol Morphology. The second is at the Midwest
Association for Cloud and Aerosol Physics (MACAP) at the
University of Wisconsin, Madison, on May 17, 1991 for a
presentation entitled A laboratory liquid fuel burner and the
properties of the associated combustion aerosols.

Pollution

One of the greatest concerns facing the world today is the
need to regulate and reduce environmental pollutants. Of
particular interest are anthropogenic, that is man-made, air
pollutants which arise from combustion processes as iIn power
plants and factories. These atmospheric pollutants subsequently
affect global surface conditions as they are removed from the
atmosphere by natural precipitation processes like rainfall. Air
pollutants pose iImmediate health hazards to man such as lung
disease due to particulate matter. These pollutants also cause
long-term global effects associated with chemical reactions and
the Greenhouse Effect. As these effects are critical to the
environment and its stability the need for pollution control
becomes increasingly important.

Pollutants fall into five major categories which are
particulate matter, nitrogen oxides, sulfur oxides, hydrocarbons
and carbon monoxide. Each of these categories is associated with
a damaging process to the environment such as acid rain
production. This research iIs associated with the production and
effects of particulate matter to the atmosphere, particularly
that which is produced by organic fuel combustion.

Airborne particulate matter can arise from different
sources. These sources can be of mineral origin such as milling
and demolition operations or as organic origin such as forest
fires and fossil fuel combustion. Organic particulate matter
includes soot and flyash which may be as large as 100 microns or
larger iIn diameter and combustion nuclei which may be as small as
0.01 micron in diameter. Figure 1 provides information relating
Par™cle sizes with associated features for reference.

Aerosols

An aerosol 1s a suspension of solid or liquid particles
dispersed in a gas medium which is ailr iIn this case. The
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combustion of fossil fuels produces carbon aerosols whose sizes
range from those of nuclei to those of soot. This study is
concerned with the particles produced by aviation fuels which
have a size range from 0.01 micron to 0.10 micron in diameter.
This aerosol size range is Important to study as they act as
initiation sites for the phase change of water vapor within the
atmosphere. Particles which act as sites for the accumulation of
liquid water are known as cloud condensation nuclei (CCN). If
the particles acts as sites for ice crystal deposition they are
called ice nucler (IN). Scavenging theory, that is the rate at
which particles are removed from the atmosphere, was Tirst
studied by Greenfield (1957) who studied scavenging processes by
Brownian diffusion, turbulent shear diffusion and i1nertial
capture. He found that small particles (less than 0.1 micron
radius) and larger particles.(greater than 1.0 micron radius) are
affected by Brownian diffusion and inertial capture resulting in
greater scavenging rates for those particles. This produces a
minimum scavenging rate for particles between those minimum and
maximum radii which is referred to as the Greenfield Gap. This
relationship between scavenging rate and particle size was also
demonstrated by Slinn and Hales (1971) with a minimum scavenging
rate of particles with a radius of 0.01-0.15 micron (0.02-0.30
micron diameter). This is pertinent to the particles which we
are studying whose sizes fTall within this minimum scavenging
range suggesting that these particles will be long-lived in the
atmosphere.

Cloud condensation nuclei occur by natural phenomenon such
as salt particles generated by bursting bubbles over oceans.
Other sources for such nuclei occur by man-influenced chemical
reactions within the atmosphere such as ammonium sulfate
formation or particles produced by combustion processes. As
already mentioned these nuclei act as sites where water vapor can
change phase to a liquid or solid depending on temperature. As
such, their presence reduces the amount of supersaturation, that
is the amount of water vapor present, required for a phase change
to occur. Much higher supersaturation levels are necessary IiIn
the absence of nucleir to iInitiate the phase change which will
occur at lower supersaturation levels in the presence of nuclei.
Once the phase change is initiated, the water droplet continues
to grow by vapor deposition until its size and interaction with
other particles plays a greater role iIn its growth than does
vapor deposition. The particle as a droplet may begin to fall
and impact with other droplets at that point. Thus, the presence
of carbon aerosols results iIn their action as condensation nuclei
which i1nfluence the behavior of water vapor within clouds. The
combustion aerosols produced by jet engines are studied for their
actions and influences as condensation nuclei.

Production of Aerosols

To study the size and morphology of the carbon aerosols produced
from jet fuel, a laboratory combustion and aerosol collection
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system is used. This system consists of a combustion chamber

in which liquid fuel and air are mixed for rapid combustion and a
commercial instrument which removes the aerosols produced. Other
Cloud and Aerosol Laboratory equipment is available for further
characterization of the aerosol produced. Description of these
systems follow and are represented visually by the attached
Figure 2.

In an effort to study the production of combustion particles
by a jet engine a chamber, made of a cylindrical stainless steel
bell jar (44 cm diameter x 61 cm height) equipped with sealed
viewing ports is used to house a torch-like liquid fuel burner.
Within this sealed chamber i1s fixed a burner assembly iIn which
pressurized liquid fuel and filtered air enter, preheat and
premix before combustion occurs. This burner allows the control
of temperature, Tfuel flow and air flow to any desired parameter.
It 1s entirely accessible from outside the chamber to ensure a
controlled combustion environment within the chamber. The burner
head i1tself i1s constructed of stainless steel with
interchangeable cores by which the flame diameter may be altered.
The head also uses an internalfjet passage which ensures the
atomization and mixing of the fuel and air. Combustion occurs
with a flame stabilized at the head by a fine stainless steel
mesh. Figure 3 illustrates a lean-burn flame produced by the
combustion of JP-4 aviation fuel iIn the combustion chamber.

The ability to control the flame parameters is critical to
this study as it predicts the type of particle produced. Flame
stability is necessary for the stability of the resulting
combustion aerosol. Aerosol stability, in turn, is needed to
accommodate the various aerosol characterization facilities
available i1n the Cloud Physics aerosol laboratory. The actual
combustion process is very complex in which the chemical
reactions take place. This process amounts to reaction zones iIn
which the fuel and oxidizer are heated to reaction temperatures.
Reaction zones occur in which rapid oxidation of the jet fuel
produces heat, flame, water vapor, carbon dioxide, aerosols, and
other by-products. C