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Abstract

Two analyses of the recovery system of the Anti-Submarine Penetrator
(ASP) test vehicle have been completed. The first of these analyses models
the dynamics and thermodynamics of the flotation system, which is de-
signed to return the ASP vehicle to the surface upon completion of the
water-entry portion of the flight. The results of this analysis indicate that
the flotation system is adequate to recover the vehicle in spite of heat
transfer that cools the flotation gas and results in a loss of buoyancy. The
second of these analyses models the dynamics of the surface-arrival process
of the ASP vehicle. The results of this analysis indicate that an excessive
terminal velocity during the ascent can result in the loss of the vehicle,
because of a reduction in buoyancy that occurs as the flotation bag reaches
the surface. This analysis was used to estimate the maximum terminal
velocity that can be attained without endangering the successful recovery of
the ASP vehicle.
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Nomenclature

Symbols

A Area

BF Buoyant force

Cq Drag coefficient

Ce Constant pressure specific heat

D Depth

d Diameter

Fq Drag force

Gr Grashof number

g Gravitational constant

H Height

h Heat-transfer coefficient

k Thermal conductivity

L Length

M Mass

Nu Nusselt number

P Pressure

Pr Prandtl number

Q Heat-transfer rate

R Gas constant

Re Reynolds number

Re’ Reynolds number based on the sum of the penetrator length and the length of the bag not filled with
flotation gas

T Temperature

t Time

v Velocity, positive upward

v Volume

w Weight

v Ratio of specific heats

At Time-step increment

P Density

u Viscosity

Subscripts

atm  Atmospheric property

b Flotation-bag property

f Property evaluated at the film temperature

fc Forced convection

g Gas property

nc Natural convection

p Penetrator-vehicle property

w Water property

1 Property evaluated at the current time step

la Intermediate property calculated when proceeding from the current time step to the next time step

2 Property evaluated at the next time step

600 Property evaluated at a depth of 600 ft



Analyses of the ASP Test
Vehicle Recovery System

1. Introduction

The Anti-Submarine Penetrator (ASP) test vehi-
cle contains a recovery system designed to return the
vehicle to the ocean surface upon completion of the

water-entry portion of the test flight. The recovery __

system, designed by D. W. Johnson of Division 1552, is
deployed after the vehicle has entered the water and
- decelerated to its terminal sink rate. The system
consists of a 4.1-ft diameter Kevlar ribbon parachute,
a Kevlar flotation bag, a urethane-coated nylon flota-
tion bag liner, and a gas generator built by Rocket
Research Corporation (RRC). The parachute is in-
tended to slow the wvehicle from its 50 to 55 ft/s
terminal velocity to approximately 10 ft/s while the
gas generator inflates the flotation bag liner. The
buoyant force produced by the gas is then transmitted
through the Kevlar flotation bag to the vehicle, re-
turning the assembly to the surface. The gases used to
inflate the flotation bag result from mixing the com-
bustion products of solid rocket fuel with carbon-
dioxide. The gas within the flotation bag is at an
elevated temperature immediately after bag deploy-

ment. Thus the possibility exists that heat transfer -

from the gas through the bag assembly to the sur-
rounding seawater could result in a loss of buoyancy
and a subsequent loss of the test vehicle. To determine
the effects of heat transfer on the performance of the
recovery system, an analysis was performed that mod-

eled the dynamics and thermodynamics of the ASP

“vehicle and its recovery system. The first section of

this report presents the details of this analysis and
provides performance predictions for the ASP recov-
ery system.

Tests were conducted at Lake Pend Oreille, Idaho,
prior to flight testing the vehicle to confirm the perfor-
mance of the recovery system under actual operating
conditions. During one of these tests, the vehicle
reached the surface at a relatively high rate of speed,
with a large amount of the flotation bag rising above
the surface. The vehicle then sank below the surface of
the lake, and continued to sink until restrained by a
line that had been attached to the nose of the vehicle.
Upon retrieving the vehicle with the line, the gas
in the flotation bag was found to have sufficient
buoyancy to enable the system to float with a relative-
ly small amount of the flotation bag above the surface.
To determine the cause of this behavior and to obtain
information useful for preventing this phenomenon
during the recovery of the flight vehicle, an analysis
was performed of the surface arrival of the ASP
vehicle. This analysis uses many of the same relations
used in the analysis of the recovery system, and thus a
description of it is included in the second section of
this report.
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2. Recovery System Analysis

Solution Technique

The analysis of the ASP recovery system has been
written in the form of the FORTRAN computer pro-
gram PENREC (PENetrator RECovery Analysis). A
listing of this program is included in Appendix A of
this report. The basic solution technique used by this
analysis is illustrated by the flow chart shown in

Figure 1. The first step in the analysis is to define

physical constants and the initial conditions of the
recovery system. The initial conditions include such
parameters as initial depth and velocity; vehicle phys-
ical constants such as dimensions, weight, and buoy-
ancy; and recovery system constants such as flotation
bag dimensions, drag coefficients, and inflation gas
physical constants. The program then writes output
headings and begins the calculation loop. The calcula-
tion loop is used to increment time, with the recovery
system properties that have been calculated at one
time used to calculate the properties at the subse-
quent time. Immediately after the initiation of the
calculation loop, the vehicle depth is checked. If the
vehicle has reached the surface, or if the depth is
below an input maximum depth, the program writes
either a surface-arrival or a vehicle-loss message and
then terminates. If neither condition is satisfied, then
the analysis proceeds.

The next step in the analysis is to check if the bag
inflation process is underway. The inflation process
occurs during the first 6 s of the analysis. An inflation
history in the form of gas buoyancy as a function of
time has been provided by RRC. This history is based
on inflation at a constant depth of 600 ft, the design
operating depth of the gas generator system, and
includes the effects of heat transfer from the gas
through the bag to the seawater. During the inflation
process a drag force for the current time is calculated
based on the current velocity. The vehicle acceleration
is then determined based upon the forces acting on the
vehicle, and from that acceleration, the velocity at the
next time step and, subsequently, the depth at the
new time step are determined. A two-step linear curve
fit to RRC’s data is then used in the program to
determine the gas buoyant force for the next time step
if the vehicle were at a depth of 600 ft. This buoyant
force is then corrected to the new vehicle depth by
compressing or expanding the gas in an isentropic
process. The gas is assumed to behave as an ideal gas
with the physical properties of carbon dioxide. At this

point the remainder of the gas properties are calculat-
ed, the results are printed if the current time is an
integer multiple of 0.1 s, and the program returns to
the beginning of the calculation loop.

The solution technique used by the analysis after
the inflation process is significantly more elaborate
due to the effects of heat transfer between the gas and
the surrounding seawater. Initially the water proper-
ties, bag properties, and gas properties are calculated
for the present time step. The Reynolds number of the
vehicle through the water is then calculated, and the
heat-transfer loop is initiated. The heat transfer is
calculated iteratively using the temperature of the
flotation bag assembly as an iterative parameter. The
iteration is begun assuming the bag temperature is the
same as in the previous time step. The natural convec-
tion heat transfer from the gas to the bag is then
calculated. This heat-transfer value must equal the
forced convectign heat transfer from the bag to the
surrounding seawater in the final converged solution,
and thus a bag temperature can be calculated from a
forced convection heat-transfer analysis that satisfies
this requirement. The bag temperature used in the
natural convection analysis and the bag temperature
calculated from the forced convection analysis are
compared, and if they are within 0.1°F, the solution is
considered converged and the heat-transfer loop is
terminated. If the difference between the two bag
temperatures is greater than 0.1°F, a new bag tem-
perature equal to the average of the two values is
calculated and the heat-transfer calculations are re-
peated. ‘

The solution technique after the completion of the
heat-transfer calculations is similar to the technique
used during the fill process. The drag force at the
current time is calculated. This force and the other
forces acting on the vehicle are then used to calculate
the acceleration, which is in turn used to calculate new
values of the velocity and depth. The properties of the
gas at the new time are calculated taking into account
both the effects of the heat transfer and the change in
depth, and an updated value of the gas buoyant force
is then calculated based on the new gas properties.
The results for the current time are then printed if the
time is an integral multiple of 0.1 s. The input vari-
ables are then reset to the values calculated for the
new time, and the program returns to the beginning of
the main calculation loop.
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“Governing Equations
The equations used to model the physics of the
ASP recovery system are included and described in
this subsection. Figure 2 illustrates the coordinate

system and some of the variable names used in this
analysis.

Water Surface

- Depth (D)

Jﬁ.

Penstrator L,

Figure 2. ASP Coordinate System and Variable Names
(Parachutes Not Shown)

Vehicle Dynamics

The drag force on the vehicle is calculated from
the relation

1 dy \*

which is derived from the definition of the drag coeffi-
cient.

The acceleration of the vehicle is determined from
Newton’s second law in the form

dv _ —W, +BF, + BF, + F,
dt M

(2)

P

where the numerator on the right side is simply the
sum of the forces acting on the vehicle, and the
denominator is the mass of the vehicle.

The velocity at time 2 is determined from the
vehicle properties at time 1 with the equation

dv
V, = At} —
2 t[dt]1+v‘ (3)
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and the depth at time 2 is calculated with an average
of the velocities at time 2 and time 1 with the equation

V,+V
Df=DV+L43_%Fu @)

Heat Transfer

The natural convection heat transfer from the gas
to the flotation bag was calculated with the empirical
correlation

Nu,, = 0.55 [Gr,Pr]*® (5)

where the Nusselt and Grashof numbers are defined

h,d
Nu,,, = hb (6)
and
- 32
Gl’f - —————gIT‘ TbIH‘pf (7)

Tt

and the subscript f means the property of the gas is
evaluated at the film temperature, which is the aver-
age of the bag and the gas temperatures. This correla-
tion was obtained from studies of transient natural
convection in closed vertical cylindrical enclosures.!

The heat transfer was then calculated from the
relation

Q=hA(T, -~ T,. @)

The forced convection heat transfer from the bag
to the surrounding seawater is dependent upon
whether the flow is laminar or turbulent, and whether
the velocity is positive (vehicle moving upward) or
negative (vehicle moving downward). The correlations
used are based upon flat-plate boundary layer theory
with transition occurring at a critical Reynolds num-
ber based on length of 5 X 10°

The Reynolds number used to determine transi-
tion is based upon total vehicle (penetrator and flota-
tion bag) length for negative velocities, and based
upon the height of the gas column within the flotation
bag for positive velocities. Thus, the Reynolds number
is calculated with the relation

pJVIL, + Hy)
He

Re (9)



for negative velocities, and

_ nJVIH,
Hy

Re

(10)

for positive velocities.

For laminar flow, Re < 5 X 10° the forced
convection heat transfer is calculated with the relation
Nu, = 0.664Pr2*2 Re®* (11)

for positive velocities, and

Nu,, = 0.664Pr2** [Re®® — (Re")*’] (12) .

for negative velocities, where Re’ is the Reynolds
number based upon the sum of the penetrator length
and the length of the bag not filled with flotation gas.
This last term is necessary to obtain the average
Nusselt number over only that portion of the bag that
contains the flotation gas.

For turbulent flow, Re > 5 X 10°% the forced
convection heat transfer is calculated with the relation

Nuy, = Pr2¥ [0.36Re®* — 836.] (13)
for positive velocities, and

Nu, = 0.36Pr2*3 [Re*® — (Re")°¢] (14)

for negative velocities, where Re’ is again the Reynolds
number based upon the sum of the penetrator length
and the length of the bag not filled with flotation gas.
The last term in Equation 13 corrects for the portion
of the flotation bag that is exposed to laminar heating
upstream of transition, and the last term in Equation
14 is necessary to obtain the Nusselt number over only
that portion of the bag that contains the flotation gas.
The special case of a negative velocity with transition
occurring on the portion of the bag that contains gas is
considered too infrequent to warrant inclusion in the
program logic.

The definition of the forced convection Nusselt
number is used to obtain the average heat-transfer
coefficient with the expression

- Nuck,
H

hy,

(15)

and the temperature of the bag is determined from the
natural convection heat transfer and the forced con-
vection heat-transfer coefficient with the expression

Tyo= —L 4+ T,. ’ (16)

hA,

This value of the bag temperature is then com-
pared with the bag temperature used to calculate the
natural convection heat transfer, and if they differ by
more than 0.1°F, the calculations are repeated with
the average of the two bag temperatures until the
solution converges.

Gas Properties

The properties of the flotation gas are calculated
differently during the fill process and after the fill
process. During the fill, the gas buoyant force as a
function of time and at a constant depth of 600 ft is
known. The gas pressure at the correct depth is calcu-
lated from the equation

P, = —Dp,g + Py - an

The gas buoyant force at the correct depth is then
obtained from the expression

P -1
BF, = BF,,,{-—P;—L v (19)

600

which assumes an isentropic compression or expan-
sion from the depth of 600 ft to the present vehicle
depth. A comparison is made between the current gas
buoyant force and the maximum buoyant force that
corresponds with a full flotation bag, and the gas
buoyant force is not allowed to exceed the maximum
value.

The temperature of the flotation gas is calculated
from the expression

P, =
T = T 55| 7 (19)

where T, gy is the temperature of the gas reported at
the completion of the gas fill at a depth of 600 ft. The
volume of the gas is then calculated from the expres-
sion

_BF, (20)

a8

These values of the gas temperature and gas volume
are calculated for completeness of the output data
during the bag fill. They are not necessary for the
calculations except as initial conditions for the full
analysis that occurs just after completion of the bag
fill process.
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The gas properties calculated after the completion
of the fill process must include the effects of both
compression and expansion due to depth change and
heat transfer. Initially the pressure, density, and mass
of the flotation gas at the current time are calculated
with the relations

P, = -Dp,g + P, (21)
P(

“TRT, (22)

and

M, =1, (23)

After completion of the heat-transfer loop and the
vehicle dynamics calculations to determine the new
depth, the new pressure is calculated with the equa-
tion

" P,,=—Dyp.g + P, (24)

and the new temperature is calculated in a two step
process with the equations

At
Ten = I\?,Cp + T,, (25)
{4
and
P ~1
Ty =T |32 - (26)
P"1

Equation 25 is based on the conservation of energy
and accounts for the rise in the gas temperature as a
result of the heat transfer, and Equation 26 varies the
temperature of the gas to account for the isentropic
compression or expansion that occurs as the vehicle
changes depth. With the new gas temperature known,
the new gas volume can be calculated with the ideal
gas law

MR.T
Vo = —%‘—"— (27)
2
The new gas volume is compared with the maximum
gas volume and limited to that amount. A new M, is
calculated using the maximum gas volume if the cal-
culated 7, was found to exceed the maximum value.
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After the calculation of the new gas volume, the new
gas buoyant force is calculated with the equation

BF,, = pog¥,. (28)

Analysis Results

Nominal Case

The program PENREC was initially run with
characteristics and initial conditions consistent with
the expected ASP test conditions to ensure that,
under nominal operating conditions, the recovery sys-
tem would return the vehicle to the surface. The ASP
vehicle is 65.4 in. long and weighs 803 1bf. The buoyant
force of the vehicle used in the analysis was 138 1bf,
yielding a submerged weight of 665 1bf. The drag
coefficient for the vehicle with a positive velocity was
assumed to be 3.824, using the frontal area of the 1.5-
ft-diameter flotation bag as the area in the drag
equation. This drag coefficient was chosen because it
gave a terminal upward velocity of 5 ft/s with a full
flotation bag. A more detailed discussion of the posi-
tive vertical velocity and its impact on the recovery
process will be presented in the second section of this
report. The product of the drag coefficient and para-
chute area for negative velocity conditions was 7 ft%.
This value is based upon the design of the ribbon
parachute, which slows the vehicle during the flota-
tion system deployment.

The flotation bag has a height of 92 in. and a
diameter of 18 in. A maximum buoyant force of 833.3
Ibf from the gas is possible with the 13 ft* volume of
the bag. The flotation gas was assumed to behave
similar to carbon dioxide with a gamma of 1.3 and a
gas constant of 35.12 (ft-lbf/lbm-R). The seawater
density used was 64.1 (Ibm-ft’) and the ocean tem-
perature was assumed to be 40°F below 600 ft and
vary linearly from 40°F to 70°F at depths from 600 ft
to the surface. The initial depth of the ASP vehicle
was assumed to be 450 ft and the initial velocity was
assumed to be 60 ft/s downward. A time-step incre-
ment of 0.01 s was used in the calculations. This value
is considered sufficiently small relative to the other
time scales within this problem to make Equation 3 a
reasonably accurate representation of the true vehicle
performance.



The results of this analysis using the nominal ASP
flight conditions are illustrated in Figures 3; 4, 5, and
6, which are plots of depth, velocity, temperature, and
gas buoyant force as functions of time, respectively.
An abbreviated program output for this case is pre-
sented as a sample output in Appendix B. For this set
of input conditions, the ASP vehicle reaches a maxi-
mum depth of approximately 480 ft at a time of 4.1 s
after the beginning of the recovery sequence. The
maximum buoyancy of 833.3 1bf is reached at 5.5 s,
and the terminal upward velocity of 5 ft/s is reached at
a time of 8.0 s. The cooling of the gas due to the effects
of heat transfer and expansion is never large enough to
cause the buoyancy to drop below its maximum value.
The gas temperature drops to a value equal to the
local water temperature at a time of approximately 50
s and continues to drop below the water temperature
as the vehicle rises. This indicates that, after this
point, the cooling of the gas due to expansion domi-
nates over the heating of the gas by the surrounding
seawater. The bag temperature never deviates from
the water temperature by more than 5°F, indicating
that the forced convection analysis may not have been
necessary and that the assumption that the bag tem-
perature equalled the water temperature would have
been valid for the nominal case. The vehicle arrives at
the surface 100.9 s after initiating the recovery
sequence without the buoyancy ever dropping below
the maximum value.

Sensitivity Analysis

The analysis of the ASP recovery system indicat-
ed that, in the nominal case, the vehicle would return
to the surface without loss of buoyancy due to heat-
transfer effects. To determine what factors of safety
were built into the recovery system, a sensitivity anal-
ysis was conducted to learn how much various initial
conditions and operating characteristics could be al-
tered without losing the vehicle. This sensitivity anal-
ysis is also useful for obtaining a feeling for the quality
of the answers produced by the analysis. If the sensi-
tivity analysis indicated that the recovery system was
marginal, then the quality of the assumptions made in
the analysis could significantly affect the results.
+ However, if the recovery system was found to be
tolerant of significant changes in the various initial
conditions and operating characteristics, then small
inaccuracies in the correlations and assumptions used
in the analysis would not be expected to affect the
prediction of a successful vehicle recovery.

The calculations within the analysis in which the
author has the least amount of confidence are the

“heat-transfer calculations. The expression for the nat-

ural convection within the flotation bag is based upon
experimental studies made using vertical cylinders.
The exact conditions used in these studies are not
known by the author, and the heat transfer within the
flotation bag could conceivably differ from the value
calculated using the experimental correlation. An
analysis was performed in which the amount of heat
transfer within the analysis was increased while leav-
ing the other operating parameters unthanged. The
results of this analysis indicated that the heat-transfer
rate could be increased by a factor of 100 without
creating a sufficient loss of buoyancy to cause the loss
of the vehicle. This is a result of the increase in
buoyancy due to the expansion of the gas as the
vehicle rises dominating over the loss of buoyancy due
to heat-transfer effects. Thus, it is apparent that, even
with a significant amount of inaccuracies in the heat-
transfer portion of this analysis, the recovery system is
shown to be adequate to return the test vehicle to the
surface.

A second quantity not known with certainty is the
terminal velocity of the test vehicle as it is rising
towards the surface. A detailed discussion of this
quantity and its effect on the successful surface arrival
of the vehicle will be presented in a later section of this
report. However because this quantity is not known
with the certainty of other parameters within this
analysis, it was treated as a variable in a sensitivity
analysis. Vertical velocities larger than the 5 ft/s used
as the nominal value are not a problem from a buoyan-
cy standpoint because, although the forced convection
heat transfer on the outside of the flotation bag would
be enhanced, the amount of time for the loss of
buoyancy to occur is significantly reduced. The ex-
pansion of the gas as the vehicle rises rapidly domi-
nates over heat-transfer effects, and thus the higher
velocities reduce the chance of losing the vehicle due
to loss of buoyancy effects. Velocities less than the
nominal 5 ft/s increase the amount of time during
which heat transfer can occur and could conceivably
result in the loss of the vehicle. In the sensitivity
analysis, drag coefficients were increased, resulting in
terminal velocities as low as 1 ft/s. In each case, the
loss of buoyancy due to heat transfer was insufficient
to result in the loss of the vehicle. Velocities lower
than 1 ft/s are not considered realistic, and thus it is
apparent that variations in terminal velocity cannot
result in loss of buoyancy and the subsequent loss of
the vehicle due to heat-transfer effects.
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The operating performance of the gas generator
used in this analysis is based upon both the results of
experiments and theoretical predictions performed by
RRC. Experiments conducted at Sandia National
Laboratories in Albuquerque, in which the gas genera-
tor was operated into a closed vessel, indicated that
the device performed better than the prediction that
was used in this analysis. Thus, the buoyancy provid-
ed by the gas generator should be more than sufficient
to recover the ASP vehicle from the 450 ft nominal
depth. However, the possibility of a gas generator
malfunction does exist, and a sensitivity analysis was
performed to determine what factor of safety exists in
the amount of buoyancy provided by the flotation
system. In this analysis, the buoyancy generated dur-
ing the fill process was decreased by a constant factor,
resulting in a partially full flotation bag at the end of
the fill process. It was found that the gas generator
system could produce as little as 83% of the predicted
buoyancy without resulting in the loss of the vehicle.
This fact, in conjunction with the results of Sandia’s
test of the gas generator system, indicates that the gas
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generator has a sufficient factor of safety, and slight
errors in its predicted performance should not result
in the loss of the vehicle.

The deployment system is activated by a timing
mechanism initiated at water impact. A pitch-over
during water entry, or a higher sink rate than antici-
pated, could conceivably result in the recovery system
being activated at a depth in excess of the 450-ft
design depth. To determine the maximum possible
deployment depth, a sensitivity analysis was per-
formed in which the initial depth in the analysis was
increased until a loss-of-buoyancy situation devel-
oped. The analysis predicts that the recovery system
can successfully recover the ASP vehicle to depths of
582 ft. At depths slightly greater than this value, the
vehicle begins to rise, but the heat transfer results in a
loss of buoyancy and the subsequent loss of the vehi-
cle. The accuracy of this maximum operating depth is
certainly subject to the limitations of the analysis, but
this value is sufficient to provide guidelines for the
timer settings should recovery from depths greater
than the design depth be desired in future flights.



3. Surface Arrival Analysis . __

Solution Technique

The solution technique for the surface-arrival
analysis is very similar to the technique used to ana-
lyze the recovery system. The effects of heat transfer
are not considered significant, and thus the analysis is
considerably less complex than the recovery system

analysis. The calculations are initiated with the vehi-

cle at a depth of 10 ft rising at a terminal velocity with
the flotation bag fully inflated. The most significant
difference in the governing equations is that the buoy-
ant force caused by the flotation gas is limited to the
force caused by that quantity of gas below the surface
of the water. Thus, as the flotation bag breaks the
surface, the buoyancy is decreased accordingly.

The analysis of the surface-arrival process has
been written in the form of the FORTRAN computer
program PENSUR (PENetrator SURface analysis). A
listing of this program is included in Appendix C of
this report. Figure 7 is a flow chart of this program
that outlines the major steps in the analysis. The first
step in the analysis, like the recovery system analysis,
is to define physical constants and set the initial
conditions. The headings for the output are then
written, and the calculation loop is initie.ed. The
initial step within the analysis loop is the ¢ alculation
of the gas properties at the present de ,th. These
properties include pressure, temperature, iensity, and
volume. The gas buoyant force is the 1 calculated
based only upon that portion of the flotation gas
below the surface of the water. The drag force is then
calculated based upon a constant drag coefficient, and
the sum of the forces acting on the penetrator is then

used to determine the vehicle’s acceleration. From this

value of the acceleration, the velocity and depth at the
new time are calculated. The results are then written,
the variables are reset, a check is made to determine if
the analysis has reached a preset time limit, and if not,
the analysis returns to the beginning of the analysis
loop. If the time limit has been reached, the analysis is
terminated.

.

Define Physical Constants
Set Initial Conditions
Write Heatings

1

Begin Calculation
Loop

- Coalculate Gas
Properties

o

Calculate Gas Buoyant Force,
Drag Force. and Acceleration
at the Current Time

A 4

Calculate Velocity and
Depth ot the New Time

Write the Results and
Reset the Variables

Check if Time Limit

No

has been Exceeded

Yes

Figure 7. Flow Chart for the Program PENSUR
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Analysis Results

The initial purpose of this analysis was to deter-
mine the cause of the sinking of the test vehicle in the
Lake Pend Oreille test, which was discussed briefly in
the introduction. In this test, the vehicle reached a
terminal velocity of approximately 10 ft/s during the
ascent. Upon reaching the surface, the vehicle rose to a
point at which a significant fraction of the flotation
bag was above the surface, and then sank to the end of
a safety line attached to the vehicle’s nose. When the
vehicle was returned to the surface with the safety
line, it was found to be positively buoyant.

The surface-arrival analysis was used to predict
the performance of the vehicle with a terminal velocity
'of 10 ft/s. Figure 8 is a plot of the predicted depth as a
function of time, and Figure 9 is a plot of the predicted
net buoyant force of the ASP vehicle and the recovery
system as a function of time. The depth plotted in
Figure 8 is measured from the junction of the flotation
bag and the ASP vehicle to the surface. The dotted
line represents the depth at which the top of the
flotation bag reaches the surface. Thus, when the
depth line is above the dotted line in this figure, part
of the flotation bag is exposed above the water surface.
It can be seen in this figure that the analysis predicts
the loss of the vehicle, similar to what occurred in the
experiment.

The reason the vehicle sank can be seen in the plot
of the net buoyancy, Figure 9. Initially the vehicle had
a net buoyancy of 168.3 1bf, which corresponds to a full
flotation bag. As the vehicle is rising, the gas is ex-
panding due to the decrease in hydrostatic pressure,
and vents out at the bottom of the bag. The bag is
constructed with a vent at the base to prevent the gas
pressure from exceeding the local hydrostatic pres-
sure. When the vehicle reaches the surface at a time
between 0.2 and 0.3 s, the buoyancy falls due to the
bag rising above the surface. The gas continues to
expand and vent out of the bottom of the bag until the
minimum depth is reached and the vehicle’s velocity
reaches zero. At this point the vehicle has a negative
net buoyancy because inertial effects have carried it
above its neutrally buoyant point. The vehicle then

begins to settle down into the water, with the net
buoyancy rising as the bag continues to submerge. The
bag becomes completely submerged at a time of ap-
proximately 1.8 s after the start of the analysis. The
net buoyancy at this point is only 94.4 1bf due to the
compression of the gas as the depth of the bag vent
increases. This amount of buoyancy is not sufficient to
arrest the downward motion of the vehicle before
further compression of the gas causes the net buoyan-
cy to drop below zero at a time of approximately 3.9 s.
Thus, the vehicle continues to sink. The amount of gas
in the bag is constant from the point at which the
vehicle reaches its minimum depth, and thus when it
was brought to the surface with the line in the experi-
ment, sufficient buoyancy existed to allow it tg float.

The results of the Lake Pend Oreille test and this
analysis indicated that the vehicle was lost due to
excessive terminal velocities during the ascent, which
caused the vehicle to lose an excessive amount of
buoyancy as the top of the flotation bag rose above the
surface. Thus, the remaining amount of buoyancy was
insufficient to stop the resulting downward motion of
the vehicle. To decrease the terminal velocity of the
vehicle, an inverted parachute was designed and at-
tached to the bottom of the flotation bag to increase
the drag of the recovery system and thus decrease the
terminal velocity. This parachute was designed to
provide enough drag to slow the vehicle to approxi-
mately 5 ft/s at maximum buoyancy conditions. A
series of PENSUR runs with different drag coeffi-
cients indicated that a terminal velocity of less than
approximately 9 ft/s is necessary to ensure a success-
ful surface arrival. Figures 10 and 11 are plots of depth
and net buoyant force for a terminal velocity of 5 ft/s.
A copy of the PENSUR output for this case is includ-
ed as Appendix D. In this case, the vertical velocity is
sufficiently low such that the top of the bag remains
above the surface as the vehicle oscillates about the
neutral buoyancy point. A second test conducted at
Lake Pend Oreille with the inverted parachute at-
tached to the flotation bag resulted in the successful
recovery of the vehicle.
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4. Conclusions

The analyses described in this report have been
used to predict the performance of the ASP vehicle
during the recovery portion of the test flight. The
performance of the recovery system during deploy-
ment and ascent has been modeled with the program
PENREC. The results of this model indicate that the
effects of heat transfer on the gas buoyancy are not
significant, and loss of the vehicle due to cooling of the
gas in the nominal case is not possible. In addition to
resolving the heat-transfer issue, this analysis has
been used to estimate safe operating limits of the
recovery system, including maximum deployment

depth and minimum gas generator performance. The
surface arrival analysis, written in the form of the
program PENSUR, has been used to explain the loss
of the vehicle during the first test of the recovery
system, and to estimate the necessary reduction in
terminal velocity to ensure successful recovery of the
vehicle.

Reference

1]. P. Holman, Heat Transfer, Third Edition (New
York: McGraw-Hill Book Company, 1972) p. 224.
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SANDIA NATIONAL
LABORATORIES

PROGRAM PENREC

++« THIS PROGRAM CALCULATES THE TIME HISTORY OF THE
.+. PENETRATOR RECOVERY SYSTEM FROM INITIAL CONDITIONS
++«s AT A PREDETERMINED DEPTH TO FLOTATION AT THE SURFACE.

REAL MUF,KF,NUFNC, MG, MUG,KG, MUW, KW, LPEN,NUFC,KB
OPEN (UNIT=7,FILE=’PENREC.OUT® ,STATUS="NEW?)
DEFINE PHYSICAL CONSTANTS

PI=3,14169268
G=32.174
GC=32.174
RECRIT=6.E6
PATM=14 .0982144.

SET INITIAL CONDITIONS

NWC=0

IFLAG=0

TIME=8.

DELTAT=0.01

DB=1.6

TB=40.+480.

HB=92./12.

LPEN=686.443/12.
DEPTH=-468.

RHOW=64.1

P8OO= (608 .oRHOWsG/GC) +PATM
VEL=-60.

CD=3.824

CDCHUTE=7.

WGHT=6083.

BFPEN=138.

BFG=0.

VOLG=@.

BFGMAX=833.3

VOLGMAX= (BFGMAX/RHOW) «GC/G
TG8P0=227 .+460.

TG=TGéoS
PG=(-1.eDEPTHeRHOWeG/GC) +PATM
RG=35.12

GAMMAG=1 .38

C
g ..« WRITE HEADINGS

WRITE(7,993)

983 FORMAT (BX, ’PENREC RESULTS’)
WRITE(7,984)

904 FORMAT(///,16X,*TIME’ ,6X, *DEPTH’ ,6X, *VELOCITY, 4X, *VOL .-G’
84X, *TENP .-G, 4X, *TEMP.-B} , 4X, *TEMP.-W?,
$6X,’8.F.-G’,

OO N NOONND

(aXaXal
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SANDIA NATIONAL
LABORATORIES

[a1aXs) oD 6 H 0O ONO OO 0N

OO 6 O

(aY e}

88X,°D.F.?,7X,’Q-D0T?,2X, ’N?, /)
... BEGIN CALCULATION LOOP
188 IF (DEPTH.GE.®..OR.DEPTH.LT.-8080.)G0 TO 900
... CALCULATE PROPERTIES DURING BAG-FILL
IF (TIME.LT.8.) THEN
... CALCULATE DRAG FORCE, ACCELERATION, AND NEW VELOCITY AND DEPTH

DF=-0.5¢CDe (P1e (DB/2.) ¢¢2) sRHOWeABS (VEL) ¢ VEL /GC
IF(VEL.LT.9.)DF=-0.5¢CDCHUTE «RHOWe ABS (VEL) sVEL /GC

DVDT=(-1.eWGHT+BFG+BFPEN+DF) / (WGHT/G)
VEL2=VEL+DELTAT«DVOT
DEPTH2=DEPTH«+ ( (VEL+VEL2) /2.) sDELTAT

... CALCULATE GAS BUOYANT FORCE FOR BAG FILL AT 08 FT. DEPTH

IF§TIHE.LE.0.4)BGF2BOG=O.
IF(TIME.GT.0.4.AND.TIME.LE.3.7)
BFG2600=198.13¢ (TIME+DELTAT) -721.13+842.
IF(TIME.GT.3.7.AND.TIME.LE.S8.)
BFG2820=36.09 (TIME+DELTAT) -133.63+842.

<+« CALCULATE GAS BUOYANT FORCE AT NEW DEPTH

PG2=(-1.eDEPTH2eRHOWe G/GC) +PATM
BFG2=BFG2600s (PG2/P620) s s (-1 ./GAMNAG)

IF (BFG2.GT.BFGMAX) BFG2=BF GMAX

TG2=TG80Rs (PG2/PB0OR) o ( (GAMMAG-1.) /GAMMAG)
VOLG2= (BFG2/RHOW) ¢GC/G

TW=( (DEPTH2+600.) /800.) e (70 .-40.) +40.+4680.
%:(;:.LT.BDO.)TW=BD¢.

GO TO 8ge
ENDIF
... CALCULATE WATER PROPERTIES
TW= ((DEPTH+608.) /606.) ¢ (70.-48.) +40.+460.
IF(TW.LT.500.) TW=500.
MUW= (TW-500.) e (-3 .933E-7) «3.23E-6
KW= (TW-508.) ¢ (2.637E-7) +9.028E-6
PRW= (TW-600.) e (-6.1693) +11.6
CPW=PRWeKW/ (MUWeGC)

<« CALCULATE GAS BAG PROPERTIES
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DO OO0 O

[aXaXa]

(aXa Yo NN o)

HG=(VOLG-(((DB/2.)ss3) e4. oPI/O ))/(PIs(DB/2.)0e2)
AG=PIeDBeHG+2.9PIe (DB/2) 092

CALCULATE GAS PROPERTIES

RHOG=PG/ (RG#TG)
MG=RHOGeVOLG

MUG=2. se1s-7.2(491 .84400.)/ (TG+400.)) » (TG/491.8) #91.6
KG=2.336E-8e ((491.8+4808.)/ (TG+4806')) o (T/491.8) 4016
CPG=PRGeKG/ (MUG#GC)

. CALCULATE REYNOLDS NUMBER

IF(VEL.LT.®. gRE=RHOWoABS(VEL)o(LPENoHB)/(MUWoGC)

IF (VEL . GE . ©.) RESRHOWe VEL o HG/ (MUWe GC)
NFLAG=6 ,

BEGIN HEAT TRANSFER LOOP

DO 1 N=1,20

CALCULATE GAS PROPERTIES AT THE FILM TEMPERATURE

TF=0.65e (TB+TG)

RHOF=PG/ (RGeTF)

MUF=2.861E-7e ((491.6+489.) /(TF+480.)) e (TF/491.6) 001.6
KF=2.336E-80 ((491.6+4800. ;/ETF0400¢ ;).(TF/491.3)..1.5
CPF=PRF oKF / (MUF #GC)

CALCULATE NATURAL CONVECTION HEAT TRANSFER (BAG TO GAS)

GRF= (GeABS (TG-TB) o (HGe#3) o (RHOFe2) ) / (GCoGCoTF o (MUF002))
NUFNC=8 .56 (GRFoPRF) ¢ 9. 25
HNC=NUFNC «KF /DB

QDOT=HNC#AGs (TB-TG)
CALCULATE FORCED CONVECTION HEAT TRANSFER (WATER TO BAG)

IF (RE.LT.RECRIT) THEN
IF (VEL.GT.®.) THEN
EE§§'° .864¢ (PRWe 0 .333) ¢ (RE¢#8.6)
RELPENB=RE e (LPENOHB-HG; / ELPENoHB
gg:‘.6640 (PRWe o9 .333 (REe¢8.65) - (RELPENB##9.5))

ELSE
IF (VEL.GT.®.) THEN
NUFC=(PRWeoe@.333) ¢ (8.9384 (REe+0.8) -836.)
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ELSE
RELPENB=RE s (LPEN+HB-HG) / (LPEN+HB)
NUFC=@.036¢ (PRWe@.333) % ( (RE¢+8.8) - (RELPENB++0.8))
ENDIF
ENDIF
HFCsNUFCeKW/HG
CHECK FOR CONVERGENCE IN BAG TEMPERATURE
TB2=-1.¢ (QDOT/ (HFCeAG) -TW)
TPROD= (TG-TB) « (TB-TW)
IFiTPROD.LT.B..AND.TG.GT. T82=TW+8.2
IF(TPROD.LT.®..AND.TG.LT.TW) TB2=TW-8.2
DELTB=ABS (TB2-T8B)
IF (NFLAG.EQ.1)GO0 TO 2
IF (DELTB.LE.®.1)NFLAG=1
TB= (TB+T82) /2.
CONTINUE
CONTINUE
CALCULATE THE DRAG FORCE, ACCELERATION, AND NEW VELOCITY AND DES

DF=-2.5¢CDs (PIe (DB/2.) ¢ #2) sRHOWeABS (VEL) s VEL /GC
IF(VEL.LT.0.)DF=-8.5+CDCHUTEsRHOWsABS (VEL) ¢ VEL/GC

DVDT=(-1.sWGHT+BFG+BFPEN+DF) / (WGHT/G)
VEL2=VEL +DELTATeDVDT
DEPTH2=DEPTH+ ( (VEL+VEL2) /2.) sDELTAT

CALCULATE NEW GAS TEMPERATURE DUE TO BOTH HEAT TRANSFER
AND COMPRESSION

TG1A= (QDOTeDELTAT/ (MGeCPG))+TG

PG2=(-1.sRHOWsDEPTH2¢G/GC) +PATM
TG2=TG1Ae (PG2/PG) s o ( (GAMMAG-1.) /GAMMAG)

VOLG2=MGeRGe TG2/PG2

IF (VOLG2.GT . VOLGMAX) MG= (PG2¢VOLGMAX) / (RGe TG2)
IF (VOLG2.GT. VOLGMAX) VOL G2=VOL GMAX

CALCULATE THE NEW BUOYANT FORCE

BFG2=RHOWeV0OLG2+G/GC
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8980 CONTINVE
. WRITE THE RESULTS AT .1 SECOND INTERVALS

IF(NWC.EQ.8.0R.NWC.EQ.18) THEN

WRITE(7,9901) TIME,DEPTH,VEL,VOLG, TG, T8, TW,BFG,DF,QDOT,N
901 FORMAT(5X,F9.2,2X,9(F18.3,1X),12)

NWC=0

ENDIF

NWC=NWC+1

RESET THE VARIABLES

TIME=TIME+DELTAT
DEPTH=DEPTH2
VEL=VEL2

- BFG=BFG2
VOLG=VOLG2
T6=TG2
PG=PG2

GO T0 102
998 CONTINUE
+«+» DETERMINE AND WRITE SURFACE TIME

IF (DEPTH.GT.®.) THEN
TSUR= (-1 .eDEPTH/VEL) +TIME
WRITE (6,9902) TSUR
WRITE (7,902) TSUR
962 FORMAT(//,5X, "PROGRAM PREDICTS SURFACE ARRIVAL AT °,F6.2,
:éNgggouos.')

. WRITE LOSS OF VEHICLE MESSAGE

1F (DEPTH.LT.-60@.) THEN
WRITE (8,906
WRITE(7,905
905 EggMéT(//,sx,’PROGRAH PREDICTS LOSS OF VEHICLE.'’)
1

(2l Xo TN o TN o] OOA OO O
: .
.

(aXaTlg]
.
.

sTOP
END
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This appendix includes an abbreviated sample output of the program PENREC. This output is in the
form of a table, with the columns containing the following variables:

Column 1: Time (seconds)

Column 2: Depth (ft)

Column 3: Velocity (ft/s)

Column 4: Gas Volume (ft°)

Column 5: Gas Temperature (°R)

Column 6: Bag Température (°R)

Column 7: Water Temperature (°R) -

Column 8: Gas Buoyant Force (1bf)

Column 9: Drag Force (1bf)

Column 10: Heat Transfer Rate (Btu/s)

Column 11: Number of Iterations within the Heat Transfer Loop

The first two pages of the complete output are included in this Appendix to provide details of the bag
fill and the recovery system performance through the time at which the vehicle reaches the terminal
vertical velocity. The last page of the output is included to provide details of the recovery system at the

time of surface arrival. The output pages during the terminal velocity portion of the ascent are not
included because they provide little additional information.
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40

PROGRAM PENSUR

<+« THIS PROGRAM CALCULATES THE TIME HISTORY OF THE
«++ PENETRATOR RECOVERY SYSTEM DURING SURFACE ARRIVAL.

REAL MUF,KF,NUFNC, MG, MJG,KG,MUW, KW, LPEN,NUFC,KB
OPEN (UNIT=7,FILE="PENSUR.OUT’,STATUS="NEW’)
... DEFINE PHYSICAL CONSTANTS

PI=3.1415928
G=32.174
GC=32.174
PATM=14.0808e144.

« SET INITIAL CONDITIONS

=0

TIME=S.

DELTAT=0.01
TIMEL=30@.+DELTAT

RG=38.12

GAMMAG=1 .30

0B=1.6

LPEN=85.443/12,

HB=92./12.

RHOW=84.1

CD=3.824

WGHT=803.

BFPEN=138.

BFGMAX=833.3
VOLGMAX = (BF GMAX /RHOW) ¢GC /G
DEPTH=-10.
PGO=((~1.+RHOWeDEPTH) ¢G/GC) +PATM
TC=404 .

MG= (PG@aVOLGMAX) / (RGeTG)
VEL=SQRT((BFGMAX»BFPEN-WGHT;.GC/
8(0.5eCOsPIeRHOWS (DB/2.) 002)

C

g ... WRITE HEADINGS
WRITE(7,903)

903 FORMAT (8X, ’PENSUR RESULTS’)
WRITE(7,904)

904 FORMAT(/// IOX,’TIME’ 8X, *DEPTH’,6X, *VELOCITY?,6X,
s’ MASS-G’,4X"VOL .-G’
$4X, 'TEMP.-G5,4X, ?B.F.-G?,6X, *B.F.-N’8X, ’D.F.?,/)

... BEGIN CALCULATION LOOP
1000 CONTINUE

«»+ CALCULATE GAS PROPERTIES

OO N OO

OO
.
.

C
C
<
C
<



SANDIA NATIONAL
LABORATORIES

OO O H O 6 [aXaXe]

YY)

[aXaXe]

PG= ((-1.oRHOWeDEPTH) ¢G/GC) +PATM

TG=TGe (PG/PGO) oo ( (GAMMAG-1.) /GAMMAG)
RHOG=PG/ (RGsTG)

YOLG=MGeRGeTG/PG

IF (VOLG.GT.VOLGMAX) MG= (PGeVOLGMAX) / (RGeTG)
IF (VOLG.GT.VOL GMAX) VOL G=VOL GMAX

CALCULATE FORCES AND DETERMINE NEW VELOCITY AND DEPTH

BFG=RHOWeVOLG#G/GC

IF (-DEPTH.LT.HB) BFG=BFG-RHOWsP1e ((DB/2) ¢¢2) s (HB+DEPTH) ¢G/¢

BFN=BFG+BFPEN-WGHT
DF=-8.6+CDe (PIe(DB/2.)92) ¢sRHOWsABS (VEL) ¢ VEL/GC
DVDT= (-1.eWGHT+BFG+BFPEN+DF) / (WGHT /G)
VEL2=VEL+DELTAT«DVDT
DEPTH2=DEPTH«+ ( (VEL+VEL2) /2.) sDELTAT
WRITE THE RESULTS AT @.1 SECOND INTERVALS
IF(NWC.EQ.0.0R.NWC.EQ.10) THEN
WRITE(7,901) TIME ,DEPTH,VEL ,MG,VOLG,TG,BFG,BFN,DF
FORMAT (8X,F9.2,2X,8(F10.3,1X))
NWC=0
ENOIF
NWC=NWC+1
RESET THE VARIABLES
TIME=TIME+DELTAT
DEPTH=DEPTH2
VEL=VEL2
PGO=PG
CHECK FOR COMPLETION AND RETURN

IF(TIME.GE.TIMEL)GO TO 999
GO TO 1000

STOP
END
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APPENDIX D

Program PENSUR Sample Output
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This appendix includes a sample output of the program PENREC. This output is in the form of a
table, with the columns containing the following variables:

Column 1: Time (seconds)

Column 2: Depth (ft)

Column 3: Velocity (ft/s)

Column 4: Gas Mass (Ibm)
Column 5: Gas Volume (ft®)
Column 6: Gas Temperature (°R)
Column ;: Gas Buoyant Force (1bf)

Column 8: Net Buoyant Force (1bf) -

Column 9: Drag Force (1bf)
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PENSUR RESWULTS

2.60

8853833803 83:385335a88:888%

NONNELLAAARLALLMNWOROI GO WWENNN

OEPTH

-10.060¢
-9.5600
-9.000
-8.600
-8.000
-7.600
-7.007
-8.639
-8.108
-6.726
-5.397
-6.128
-4.922
-4.781
-4.706
-4.699
-4.769
-4.881
-5.068
-6.278

VELOCITY

MASS-G

2.628
2.504
2.481
2.468
2.436
2.413
2.390
2.368
2.349
2.331
2.3168
2.303
2.294
2.287
2.284
2.203
2.283
2.2683
2,283
2.283
2.283
2.283
2.283
2.283
2.203
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2,283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2,283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

VOoL.-G

13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.000
13.00¢

13 .000

13.0600
12.999
12.983
12.961
12.904
12.847
12.783
12.716
12.847
12.680
12.518
12.462
12.413
12.373
12.341
12.318
12.306
12.302
12.308
12.324
12.348
12.380
12.418
12.469
12.603
12.647
12.690
12.830
12.668
12.698
12.721
12.739
12,749
12.762
12.747
12.736
12.718
12.691
12.662
12.830

TEMP .-G

404 .000
402.911
40]1.813
490.704
399.586
398.466
397.332
396.264
396.266
394.368
393.684
392.948
392.456
392.1186
391.940
391.923
392.068
392.368
392.780
393.302
393.893
394.623
396.162
396.786
396.373
368.908
397.3768
397.768
396.0768
398.298"
398.423
398.466
398.392
398.239
398.002
397.698
397.336
398.938
398.622
3968.103
396.699
396.322
394.986
394.699
394.470
394.306
394 .208
394.183
394,226
394 .343
394.520
394.761
396.023
396.324

8.F.-G

833.300
833.300
833.300
833.300
833.300
814.420
768.613
706 .666
666.782
613.399
676.194
646.722
522.368
508.394
497.982
497 .084
502.810
514.800
631.860
662.892
677.118
603.092
629.664
666.761
660.623
763.196
723.176
739.988
763.262
762.734
768.221
769.620
768.916
760.266
7608.060
736.080
721.439
704.479
686.000
669.122
662.109
636.337
622.292
610.372
60P.887
594.072
6590.087
589.026
590.906
696.632
602.962
612.624
623.861
636.417

8.F.-N

166.300
168.3090
168.300
168.300
168.300
149.420
93.613
49 .666
-8.218
-61.601
-88.606
-119.278
-142,.632
-166.606
-167.038
-187.936
-162.199
-160.4090
-133.360
-112.108
-87.882
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-8.274
-8.412
-8.E45
-8.870
-8.782
-8.877
-8.963
-7.008
-7.040

-7.047 -

-7.831
-8.992
-8.931
-6.862
-8.768
-8.664
-8.6544
-8.433
-8.326
-8.224
-8.133
-8.066
-6.994
-6.960
-6.926
-6.920
-6.936
~5.969
-8.020
-8.087
-8.168
-8.263
-68.348
-8.439
-8.631
-8.6818
-8.692
-8.767
-8.809
-8.8456
-8.866
-8.868
-8.864
-8.824
-8.779
-8.720
-8.6862
-8.678
-8.495
-8.414
-8.338
-68.282
-8.196
-8.149
-8.097
-8.086
-8.068
-8.049
-6.062
-8.099

-1.3768
-1.363
-1.298
-1.189
~1.042
-0.862
-0.867
-0.434
-0.199
0.042
9.281
9.506
8.706
0.871
0.998
1.877
1.112
1.103
1.063
9.968
0.848
0.699
9.530
9.348
0.151
-0.048
-0.246
-0.431
-9.696
-0.733
-9.838
-9.908
-9.938
-9.930
-0.888
-90.814
-0.712
-0.6588
-0.442
-9.283
-9.116
©.066
0.224
9.382
9.523
0.640
0.728
9.788
2.811
©.804
8.788
8.701
2.611
0.601
9.374
0.234
0.088
-9.062
-9.209
-0.347

2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

. 2.283

2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

12.596
12.562
12.529
12.499
12.472
12.449
12.431
12.418
12.410
12.408
12.412
12.422
12.436
12.465
12.478
12.603
12.630
12.567
12.683
12.608
12.631
12.660
12.665
12.676
12.683
12.684
12.680
12.672
12.669
12.642
12.623
12.601
12.578
12.566
12.633
12.612
12.494
12.478
12.466
12.467
12.462
12.451
12.466
12.462
12.473
12.487
12.504
12.522
12.542
12.561
12.681
12.599
12.615
12.629
12.648
12.647
12.651
12.662
12.648
12.641

396.641
396.960
396.269
396.667
396.814
397.034
397.209
397.334
397.407
397.424
397.387
397.297
397.1%8
396.978
3968.761
396.621
396.267
3968.010
3965.769
396.624
396.313
396.132
394 .988
394 .888
394.827
394.816
394 .6860
394.929
396.060
3965.206
396.389
396.593
396.607
396.024
396.236
398.432
396.609
398.759
396.877
396.961
397.007
397.014
396.981
398.912
396 .807
396.873
396.514
398.339
396.1564
396.9688
396.764
396.613
396.4680
396.330
396.2286
396.167
396.119
396.118
3965.148
396.213

849.870
683.887
8768.093
888.279
699.215
708.662
716.007
721.3684
724.471
725.240
723.663
719.787
713.838
708.093
696 .928
6868.760
878.031
666.182
664.832
844,764
636.917
628.381
822.389
618.121
816.7e3
616.203
6168.837
619.938
624,960
831.441
839.118
647.838
666.847
666.7768
674.673
683 .008
690.486
896.849
701.890
706.445
707 .403
707.700
706.329
703.3651
698. 987
693.200
886.489
879.086
671.243
663.338
666.658
648.481
642.069
636.639
832.373
629.4086
827.838
827.711
829.836
831.749

-15.338
-1.933
11.e903
23.279
34.216
43.562
61.007
66.364
69.471
60.249
68.663
64.787
48.636
41.093
31.928
21.7680
11.031

0.182

-10.368

-20.238

-29.083

-38.6819

-42.611

-48.879

-49.297

-49.797

-48.363

-46.0662

-40.060

-33.669

-26.884

-17.362
-8.363

8.778

9.873
18.008
26.486
31.849
36.890
40.445
42.403
42.700
41.329
38.351
33.907
28.200
21.489
14.066

8.243
-1.862
-9.344

-18.619

-22.931

-208.361

-32.627

-36.594

-37.164

-37.289

-35.9656

-33.261

12.762
12.499
11.348
9.621
7.303
5.002
2.908
1.268
8.2688
-0.012
-0.630
-1.719
-3.348
-5.103
-8.876
-7 .804
-8.327
-8.197
-7 .469
-8.279
-4.818
-3.288
-1.€91
-0 .804
-9®.163
9.018
©.406
1.249
2.390
3.619
4.723
6.622
5.900
5.816
5.30e6
4 .459
3.412
2.314
1.313
©.640
©.090
-9.021
-@.337
-9.983
-1.840
-2.756
-3.671
-4 .1567
-4 .427
-4 .361
-3.9656
-3.309
-2.616
-1.687
-9.939
-9.370
-9.062
9.028
©.294
©.809



11.49
11.69
11.682
11.70
11.80
11.990
12.00
12.190
12.20
12.30
12.40
12.60
12.60
12.70
12.80
12.99
13.00
13.10
13.20
13.30
13.40
13.6¢
13.80
13.7¢
13.80
13.99
14 .22
14.10
14.20
14.30
14.40
14.60
14.80
14.70
14.80
14.99
165.0¢
16.10
16.20
16.38
16.40
16.60
16.60
16.7¢
16.80
16.990
16.09
168.10
18.20
18.38
16.40
16.50
18.60
18.7¢
16.80
18.90
17.00
17.10
17.20
17.30

-8.131
-8.183
-8.244
-8.312
-8.883
-8.454
-8.623
-8.688
-8.848
-8.896
-8.733
-6.769
-8.772
-8.772
-8.768
-8.732
-8.896
-8.647
-8.692
-8.631
-8.487
-8.403
-8.341
-8.284
-8.232
-8.189
-8.168
-8.134
-8.123
-8.126
-8.138
-8.162
-8.197
-8.241
-8.292

-8.347

~8.406
-8.463
-8.6519
-8.671
-8.817
-8.6568
-8.6886
-8.704
-8.713
-8.711
-8.898
-8.874
-8.6841
-8.8060
-68.563
-8.602
-8.449
-8.396
-8.346
-8.297
-8.268
-8.221
-8.196
-8.178

-0.469
-0.678
-0.846
-9.6968
-0.717
-8.709
-8.876
-9.616
-5.6386
-0.436
-9.322
-8.197
-0.0888
0.088
0.199
8.321
0.429
9.517
0.5684
9.628
0.843
9.835
9.603
0.648

0.474

9.383
9.279
0.168
0.047
-0.074
-0.191
-8.300
-0.398
-0.475
-8.534

- =-0.671

-0.684
-0.676
-0.644
-0.493
-0.424
-0.340
-90.245
-9.141
-9.032
8.078
9.186
9.284
8.371
0.441
0.494
9.625
8.63¢8
9.628
0.498
0.447
9.383
0.304
9.2156
9.119

2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

12.631
12.818
12.603
12.687
12.669
12.662
12.636
12.619
12.606
12.493
12.484
12.478
12.476
12.476
12.478
12.484
12.493
12.606
12.618
12.633
12.648
12.664
12.579
12.694
12.606
12.817
12.826
12.831
12.633
12.633
12.83¢
12.623
12.615
12.0604
12.692
12.578
12.664
12.649
12.638
12.623
12.612
12.603
12.496
12.491
12.489
12.489
12.492
12.498
12.508
12.616
12.627
12.540
12.663
12.568
12.679
12.699
12.600
12.6069
12.616
12.820

396.308
396.430

. 895.572

396.728
396.893
396.068
3968.219
396.368
396.602
396.6814
396.701
396.761
398.792
396.791
396.760
398.700
396.814
396.604
396.377
3968.238
396.089
396.940
396.796
396.6862
396.643
396.443
396.368
896.314
396.289
396.292
396.323
3965.381
396.462
396.564
396.681
395.810
396.944
396.079
398.209
396.329
396.438
396.624
396.692
396.838
396.668
396.661
396.620
396.668
396.490
396.398
396.288
396.170
396.048
396.923
396.804
396.694
396.597
396.517
3965.467
396.418

635.732
849.827
648.763
663.317
680.228
667.206
673.983
680.3067

6865.948

690.7067
694.421
698.964
898.261
698.239
698.928
694.378
698.701
686 .081
880.661
674.729
668.510
662.263
668.199
660.674
846.582
641.398
838.168
635.993
834.964
636.084
636.37¢6
638.7768
642.178
646.438
661.371
666.774
882.428
888.102
673.686
878.687
883.182
886.910
689.779
691.889
892.514
692.286
690.991
é88.688
886.476
681.494
676.913
871.921
888.724
681.5268
6568.628
661.918
647 .86¢0
644 .504
841.966
649.332

-29.268
-24.193
-18.247
-11.883
-4.774
2.206
9.983
16.307
20.948
26.707
29.421
31.964
33.261
88.239
31.928
29.378
26.701
21.081
16.661
9.729
3.510
-2.747
-8.801
-14.426
-19.418
-23.602
-26.834
-29.007
-30.048
-29.918
-20.624
-268.224
-22.822
-18.682
-13.6829
-8.226
-2.5674
3.102
8.686
13.667
18.162

21.910

24.779
26.669
27.6514
27.286
26.991
23.688
20.476
16.494
11.913
6.921
1.724
-3.474
-8.472
-13.084
-17.140
-20.496
-23.836
-24.668

1.479
2.813
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17.40
17.60
17.60
17.70
17.80
17.90
18.90
18.10
18.20
18.30
18.40
18.60
18.60
18.70
18.80
18.99
19.00
19.10
19.20
19.30
19.40
19.60
19.60
19.78
19.80
19.9¢
20.00
20.10
20.20
20.30
20.40
20.60
20.80
20.70
20.80
20.90
21.00
21.10
21.20
21.30
21.40
21.60
21.6¢0
21.70
21.80
21.99
22.00
22.10
22.20
22,30
22.40
22.60
22.680
22.70
22.80
22.99
23.00
23.10
23.20
23.30
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-8.172
-8.176

-6.188

-8.211
-8.242
-8.260
-8.324
-8.371
-8.421
-8.470
-8.617
-8.680
-8.698
-8.829
-8.863
-8.887
-8.873
-8.889
-6.866
-6.834
-8.604
-8.668
-8.627
-8.482
-8.438
-8.399
-8.347
-8.307
-8.272
-8.244
-8.223
-6.210
-8.208
-8.211
-8.224
~8.248
-8.274
-8.308
~8.347
-8.389
-8.432
~8.474
-8.618
-8.662
~-8.6584
-8.810
-8.629
~8.640
-8.843
-8.838
-8.824
-6.604
-8.678
-8.643
-8.608
~8.487
-8.428
-8.388
~8.348
-8.314

9.018
-0.983
-0.181
-9.271
-0.349
-9.413
-0.469
-0.487
-0.496
-0.486
-0.4686
-0.409
-0.348
-0.274
-0.191
-0.101
-8.007

0.087

0.177

0.2680

0.332

0.389

0.431

©.466

0.461

0.449

0.420

9.3768

9.317

0.248

0.189

0.0856
-0.003
-0.090
-0.174
-0.260
-9.318
-0.369
~0.408
-0.427
-90.431
-0.419
-0.390
-0.347
-0.291
-0.226
-0.161
-0.871

9.012

0.094

9.172

9.243

9.303

0.361

©.386

0.403

0.408

0.392

0.364

0.322

2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.203
2.283
2.283
2.203
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.203
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

12.621
12.6820
12.617
12.812
12.604
12.694
12.684
12.672
12.560
12.548
12.638
12.6268
12.617
12.609
12.603
12.600
12.498
12.499
12.603
12.608
12.616
12.624
12.534
12.646
12.666
12.667
12.57¢
12.688
12.698
12.603
12.809
12.612
12.613
12.612
12.608
12.603
12.696
12.688
12.678
12.668
12,667
12.647
12.637
12.628
12.520
12.614
12.609

12.608 -

12.606
12.607
12.510
12.616
12.622
12.630
12.639
12.649
12.6568
12.668
12.678
12.688

396.402
396.409
396.440
3965.493
396.666
396.654
396.766
396.668
396.980
396.094
396.203
396.303
396.391
396.463
396.617
396.560
3968.663
396.564
396.623
396.473
396.404
396.320
396.226
3968.123
3968.018
396.910
396.809
396.718
396.838
396.570
396.621
396.492
396.482
396.493
396.524
396.673
3965.639
396.719
396.809
396.908
396 .008
398.106
396.199
396.284
396.3686
398.418
396.402
396.487
396.494
396.482
396.451
398.403
396.340
396.264
396.179
396.087
396.993
396.901
396.813
396.733

839.660
639.974
641.261
843.468
6468.497
860.223
864.490
669.121
663.931
868.729
875.332
877.666
681.273
684 .320
6868.699
688.029
688.668
688.169
é8e.876
684.732
681.832
878.299
874.279
669.939
666.463
880.997
666.743
662.861
649.4682
848.701
G44.863
643.422
643.021
643.478
844.767
846.842
849.612
862.962
866.7563
660.832
6685.036
669.198
873.160
878.773
879.9801
682.432
684.274
686.369
686.660
686.136
683.8356
681.804
879.129
876.921
672.313
668.452
664.493
860.689
666.892
863.539

~-26.340
-26.026
-23.739
~21.634
-18.603
-14.777
-10.610
-6.879
-1.089
3.729
8.332
12.666
18.273
19.320
21.699
23.029
23.568
23.189
21.875
19.732
16.832
13.299
9.279
4.939
0.453
-4 .903
-8.267
~12.149
-16.638
-18.299
-20.337
-21.678
-21.979
-21.624
~20.233
-18.168
-16.388
-12.038
-8.247
-4.168
9.936
4.198
8.160
11.773
14.901
17.432
19.274
20.359
20.660
20.138
18.836
18.604
14.129
19.921
7.313
3.462
-0.607
-4.411
-8.1086
-11.461

-8.022
0.046
0.219
0.493
0.821
1.148
1.421
1.598
1.663
1.681
1.396
1.126
£.814
®.606
0.246
©.068
0.900
-8.861
-8.211
~8.466
-9.740
-1.821
-1.261
-1.394
~1.432
~1.369
~1.189
-0.960
-0.678
-9.413
-8.193
-8.048
 ©.000
©.066
0.204
0.422
0.673
©.916
1.111
1.229
1.263
1.181
1.026
0.812
©.672
©.341
©.163
£.834
-0.201
-9.069
-0.198
-9.396
-8.619
-8.831
-9.998
~1.996
-1.107
~1.036
-9.891
-0.897



23.40
23.60
23.60
23.70
23.80
23.9¢
24 .00
24.10
24.20
24.30
24.40
24.60
24.60
24.70
24.80
24.90
25.09
26.10
26.20
26.30
26.40
25.560
26.80
26.70
25.80
26.99
26.060
28.10
26.20
26.30
26.40
26.60
28.680
26.70
26.80
26.99
27.00
27.18
27.20
27.30
27 .49
27.60
27.60
27.70
27.80
27.90
28.00
28.10
28.20
28.30
28.40
28.60
28.80
28.70
28.80
28.90
29.00
29.10
29.20
29.30

-8.284
-8.2681
-8.244
-8.234
-8.232
-8.238
-8.251
-8.272
-8.296
-8.329
-8.3686
-8.402
-8.441
-8.478
~8.514
-8.648
-8.5673
-8.696
-8.6811
-8.819
-8.820
-8.614
-8.808
-8.680
-8.666
-8.624
-8.491
-8.466
-8.419
-8.383
-8.349
-8.319
-8.294
-8.274
-8.280
-8.263
-8.263
-8.259
-8.273
-8.292
-8.317
-8.348
-8.379
-8.413
-8.448
-8.481
-8.613
-8.641
-8.666
~8.683
-8.698
-8.802
-8.602
-8.694
-6.581
-8.662
-8.637
-8.609
-8.478
-8.445

8.268
0.206
8.134
0.058
-0.019
-0.098
-8.169
-0.236
-9.292
-0.338
-0.368
-0.382
-0.383
-0.389
-0.341
-0.300
-0.248
-0.187
-0.119
-0.047
8.028
0.099
8.188
9.230
0.282
9.322
0.360
0.383
8.382
0.348
©.320
0.280
0.229
0.171
8.108
0.837

-9.033

-0.102
-0.168
-0.224
-0.273
-0.310
-0.336
-0.348
-0.344
-0.329
-0.361
-0.282
-0.213
-8.168
-0.094
-0.028
0.039
0.104
8.1656
0.219
0.286
0.299
0.321
2.331

2.283
2.283

2.283

2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283
2.283

12.693
12.699
12.803
12.608
12.608
12.806
12.602
12.697
12.590
12.682
12.674
12.56684
12.666
12.548
12.8637
12.529
12.523
12.617
12.514
12.611
12.611
12.513
12.618
12.521
12.627
12.636
12.643
12.661
12.680
12.6689
12.677
12.686
12.691
12.696
12.699
12.601
12.801
12.600
12.698
12.691
12.586
12.678
12.678
12.662
12.663
12.646
12.8637
12.830
12.626
12.620
12.617
12.618
12.618
12.617
12.621
12,6286
12.631
12.638
12.648
12.654

395.664
396.609
396.570
396.547
396.543
396.65668
396.587
395.834
396.696
396.769
396.661
3965.938
396.028
3968.114
396.198
396.270
896.334
396.384
396.420
396.439
396.441
3968.427
396.3908
396.360
396.291
396.221
396.143
396.060
395.978
396.893
396.816
396.748
395.888
396.840
396.6086
396.691
396.690
396.6808
3965.6837
396.883
3965.741
396.809
396.884
396.983
396.043
3896.121
396.194
396.269
396.3156
396.3867
396.388
396.401
396.399
396.383
3968.362
3968.307
396.261
3896.188
396.113
396.038

660.6654
848.343
848.688
845.748
6465.5567
648.123
647.424
649.404
661.981
6665.049
668.484
662.146
6865.888
669.668
673.039
678.174
678.867
680.987
682.488
683.306
683.407
682.792
681.483
679.634
877.029
674.070
878.779
687.288
663.737
660.283
667.000
664.0780
661.581
649.826
648.273
647.8572
847 .5661
648.208
649.518
6651.427
863.868
866.706
669.860
683.192
668.571
689.8688
672.949
675.704
678.030
679.839
681.088
681.688
681.6156
680.916
879.5968
677.712
676.340
672.678
669.540
688.345

-14.348
-168.857
~18.312
-19.262
-19.443
-18.877
-17.678
-16.698
-13.019
-9.961
-8.618
-2.866
8.888
4.668
8.939
11.174
13.867
16.987
17.488
18.306
18.407
17.792
16.488
14.534
12.029
9.070
6.779
2.288
-1.263
-4.737
-8.000
-106.930
-13.419
-16.376
-168.727
«17.428

- =17 .449

-18.792
-165.482
-13.673
-11.144
-8.295
-6.140
-1.808
1.671
4.868
7.949
10.704
13.030
14.839
18.068
16.868
18.615
16.916
14.596
12.712
10.340
7.878
4.640
1.346

-0.484
-0.282
-0.121
-8.023
0.003
0.083
9.193
0.373
8.673
0.759
8.903
0.982
0.988
0.916
0.781
9.806
0.414
9.2356
2.098
9.016
-0.606
-0.968
-0.190
-0.366
-0.534
-0.699
-0.823
-8.888
-0.884
-8.813
-0.687
-0.628
-0.3654
~-0.198
-0.0768
-0.009
0.007
8.070
2.188
9.338
0.500
0.6847
©.764
0.807
0.797
9.728
0.610
8.461
0.306
9.186
0.080
0.608
-0.010
-0.073
-0.184
-8.324
-0.471
-0.602
-9.698
-2.738
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290.40
29.50
29.60
290.70
20.80
29.99
30.00

-8.412
-8.380
-8.36¢
~-8.324
-8.2301
-8.284
-8.273

0.328
8.212
6.2084
0.245
0.198
0.143
0.083

2.203
2.203
2.283
2.283
2.283
2.283
2.283

12.662
12.67¢
12.677
12.584
12.689
12.693
12.696

395.961
396.887
396.0818
396.768
396.7¢4
396.6656
396.630

882.121
669.993
867.081
864 .493
662.326
660.66¢9
849 .664

-1.879
-6.8087
-7.919
-10.687
-12.874
-14.341
-16.448

-8.723
-0.8564
-0.642
~-0.466
-8.283
-9.138
-0.048



INTERNAL DISTRIBUTION ONLY:

1510
1530
1540
1550
1551
1551
1551
1552
1552
1552

1553 -

1553
1554
1555
1555
1556
8100

8152
8152
8152
8152
8301
8462
8024
3141
3141

J. W. Nunziato

. W. Davison

. C. Luth

. C. Maydew
. K. Cole

. E. Hailey
. P. Wolfe
. W. Peterson
. W. Johnson
. E. Waye

. McAlees, Jr. (5)
. W. Kuntz (10)
. D. McBride
. R. Barton
. R. Rollstin

. L. Oberkampf

. E. Ives

ttn: J. B. Wright, 8150
. C. Swearengen

. N. Everett

. T. Ferrario

E. Rychnovsky

. R. Bolton

. D. Sorensen

. W. Dean

. A. Landenberger (5)

. L. Garner

gmwmgpgwh>mgrgccchogouwsr
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