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I. INTRODUCTION

A. BACKGROUND

The use of thrust vector control (TVC) in future cruise .
missile guidance and control systems is presently being inves-
tigated. Removing external aerodynamic steering surfaces
(fins) would allow installation of a single weapon configuration
in multiple platforms with little or no restructuring of each
platform's unique launch capabilities, thereby reducing design,
development, and construction costs. 1In addition, the maneu-
vering envelopes required of present and future missiles may
contain regions in which external aerodynamic surfaces are
inadequate for control purposes.

The incorporation of TVC systems for m}ssile steering re-
guires the design of jet vanes, or other deflection devices,
that are mounted in the rocket exhaust flow. Such devices can
be rotated to various angles of attack in order to redirect the
flow, thus maneuvering the missile in the desired direction.
The vanes must be made to withstand severe steady and transi-
ent thermal loads, shock wave impingement, and erosion from
motor exhaust particulates during extended use.

One of the first steps in the design of such a vane is to
develop a model of the thermal environment to which the vane
will be subjected. This includes the determination of surface

heat transfer coefficients-for particular vane configurations

under forced convection conditions.

. .
’

-

- "y .
S

v'-}

e
YA B

-re
o
”




o v FRemmm

T IS

-~

et et et . et e ATt Attt . <Lt e e LI N o T e . e Lt e N
[ S R A R I o L. T L R N e e S TP I SR VR P IR A SR T P N
) b 2 b, WD, S S h L. . A A N S LS. A__A:‘\L(-\. h WO ULAY G AP TSR TEN.FL TS Py VTS W o v A "5.-5‘\1\-1

T et At et e - LA I g Ao -"_r‘-_r,?'.'i—_IAr‘l'_i".,‘.".v.r""'_T“"r_'—.r_v'.r_r.v.-v M S v o o Tw o™

The following discussion concerns the development of
experimental methods to determine a heat transfer coefficient
on a heated surface in subsonic flow. Utilizing state-of-the-
art infrared technology, in place of thermocouples, to determine
surface temperature gradients as a body is heated (or cooled,
as in this case) would reduce the time and effort required to
develop instrumented models. The method also has the potential
to reduce or eliminate the need for elaborate data acquisition
systems, while maintaining an accuracy that is at least as
good as that obtained from conventional methods. Finally,

the methods described here provide a global as well as local

view of surface heat transfer. Thus it is possible to detect

re -
...I"

and analyze regions of particular interest that might otherwise

afy
.
‘:n,l.l_'

go unnoticed in the data produced by point temperature

L
-
L]

measurements.

B. OBJECTIVES
The objectives of this study are to:

1) Design a typical TVC model instrumented for surface
temperature measurement using both thermocouples
and thermal imaging technology.

2) Record surface temperatures of the model in a subsonic
wind tunnel environment.

3) Compare the results from both measurement techniques in
calculating the heat transfer coefficient, using
Newton's Law of Cooling, and correlating the results

"with the theoretical solution for a flat plate under
identical flow conditions.

4) Utilize the thermal imaging technique to analyze the
surface temperature map of an actual TVC vane
configuration.

5) Present conclusions and recommendations for future
applications in this area.
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II. MCODEL DESIGN AND CONSTRUCTION

A. MODEL DESIGN

)
Cetatat
e

3

A double-wedge design was chosen for this experiment for

LA
4 LA

several reasons, including ease of construction, similarity

Y-

-t

D
.

to typical TVC configurations used in previous research, and
sufficient similarity to a flat plate to allow interpretation
of results. A drawing of the wedge is included as Figure 1.

The dimensions of the model were chosen to reflect essen-
tially full-scale, but constrained by the necessity of having
a Biot number less than 0.1. This constraint is mandated by
the use of the lumped-heat capacitance analogy in this experi-
ment to determine the heat transfer coefficient [Ref. 1].
This method of analysis assumes that the internal resistance
o of the body is negligible compared to the external resistance
and, therefore, a uniform temperature distribution exists
throughout the model. By ensuring that the model has a Biot
number less than 0.1, this analytical method will produce
reliable results.

The convection heat loss from the heated model is assumed
} to equal the decrease in its internal energy. Thus, the

energy balance expressing the rate of heat transfer, g, is:

10




h = heat transfer coefficient, BTU/hr—ft2-°F

A = surface area, ft2

T = model temperature at time t, °F

T, = free stream temperature, °F
d ¢ = heat capacity of model material, BTU/lbm-°F
E V = model volume, ft3
F k = thermal conductivity, BTU/hr-ft-°F
( p = density, lbm/ft3.

Given the initial condition of T = To at time t = 0, the

solution to the differential equation becomes:

T-T
-7 = exp - (Bi xFo)
o [oo)
where:
. , _ hv
Bi Biot number = K&
Fo Fourier number = Ji(é)zt
pc 'V

B. CONSTRUCTION

Copper was chosen as the model material due to its excel-
lent thermal conductivity (k = 230 BTU/hr-£ft-°F) and reasonably
good machinability. With the dimensions as shown in Figure 1,
giving V/A = 0.01297, the surface heat transfer coefficient

could theoretically rise to well over h = 1400 BTU/hr—ft2—°F

11
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before the restriction on Bict number would be violated. As
the expected heat transfer coefficient was less than 60, these
design decisions ensured excellent accuracy in applying the
method.

The copper wedge was instrumented with copper-constantin
(type T) thermocouples, 30 gauge. The thermocouples were
placed as shown in Figure 1, with one of the thermocouples
embedded at depth of 0.30 inches to detect any distinguishable
temperature difference between the surface and the interior.

As can -be seen in the subsequent tables and graphs, the assump-
tion of Newtonian cooling proved to be accurate. The wedge

was also covered with a thin coat of flat black paint to in-
crease the emissivity of the surface to a minimum of 0.95

[Ref. 1] in order to enhance the thermal image detection of the
infrared system.

The thermocouples were attached to a dual-channel strip
chart recorder, and to a digital temperature sensor. The
digital readout was used to obtain reference values of wedge
temperature during heatup, and free stream temperatures during
testing. All instruments and thermocouples were calibrated
from 32°F to 150°F using the Department of Mechanical Engineer-
ing calibration facility.

The wedge was then mounted on two aluminum stanchions,
attached to the plexiglass insert in the floor of the wind
tunnel test section. Within the plexiglass, a six-inch diam-

eter hole was cut for insertion of the infrared-transparent

12
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window through which the thermal imaging system could view
the wedge surface. This arrangement is shown in Figure 2.
Plexiglass sidewalls were added to form a thermal barrier to
attempt to negate any spanwise heat transfer from the wedge
sides, and to form a channel for uniform air flow past the
wedge. The model was heated by using an electric pad, capable
of raising temperatures from ambient to approximately 140°F

within a thirty minute time frame.

13
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III. THERMAL IMAGING SYSTEM

A. DESCRIPTION

The thermal imaging system used in this procedure is a

Probeye Thermal Video System, Series 4300, manufactured by

Hughes Aircraft Company [Ref. 2]. This system provides real-
'. time temperature maps of objects through 16 color bands dis-
played on a color monitor. The temperature range of the system

is from -4°F to 536°F (-40°C to +280°C). Each color on the

scale can represent temperature sensitivities from 0.5 to

36°F (0.5 to 20°C), depending upon the desired overall tempera-
ture range. Emissivity adjustments can be made from 0.0 to

1.0 in increments of 0.01, in the spectral wavelength band of
2.0 to 5.6 umeters. The unit includes a movable cursor which
can be placed at any location on the viewed surface, giving a

digital readout of the temperature at that location, and a

real time clock/calendar precise to 0.1 seconds for determining

. .
LAR A
s

time-variant conditions. 33
The use of this imaging system also required the use of i;
an infrared optic window for viewing the model while maintain- Ea
ing tunnel integrity. A six-inch diameter, two millimeter .E
thick window fabricated from magnesium fluoride was obtained éj
from Eastman Kodak Company. This type of material, tradename
IRTRAN 1, was chosen to match the optical wavelength charac- }
teristics of the imaging system. As manufactured, the window :

14
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. allowed over 95% transmittance in the 2.0 to 5.8 umeter »

) range, while capable of withstanding pressure differentials )
of 1 atmosphere at 25°C, with a factor of safety of four fE;

: [Ref. 3]. -5
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IV. EXPERIMENTAL PROCEDURE

SLIRA L | AOSE

A. WIND TUNNEL TESTING

[/

»
N
\
13

The model assembly, as shown in Figure 2, was installed
in the test section of the subsonic wind tunnel. This wind
tunnel is a pull-down system capable of producing test section
free stream velocities of up to 335 feet/second by means of a
variable speed fan located at the tunnel exit. The free-stream
turbulence level of the tunnel (0.2%-0.5%) was deemed suita-
ble for the purposes of this experiment [Ref. 4].

At the start of each test, with the tunnel fan off, the
wedge was wrapped with the heating pad, and brought up to
temperatures of approximately 130°F. The pad was then removed,
wind tunnel access doors closed, and the fan started. Runs
were made at 50% and 75% fan speed, corresponding to 200 and
306 feet/second, respectively. Free stream velocities were
calculated using the installed manometer, calibrated in inches
HZO' Free stream temperatures were determined by both a
calibrated thermometer and a thermocouple inserted in the flow.

The cooling process was then recorded using the installed

thermocouple output to the strip chart recorders, and the ther-

mal imaging system connected to a video tape recorder for A

simultaneous data acquisition. 1In initial tests, the tempera- !g;
Ao
L
ture sensitivity settings on the imaging system were selected e

at 5.0°F, which yielded an 80 degree range from 50°F to 130°F,

16 b




to view the entire cooling process. In subsequent tests, a
sensitivity of 2.0°F was selected, giving a 32 degree range
from 90°F to 122°F. This lower sensiti&ity/range setting was
necessary to obtain a good agreement with the thermocouple
data.

After a considerable amount of system testing, this process
was undertaken four times at each of the two fan speeds for

data evaluation and correlation.

B. DATA REDUCTION

Applying the formula for the lumped-capacitance analysis,
the transient data from the thermocouple readings and the
thermal imaging system were used to deduce the corresponding
heat transfer coefficients. The calculations were performed
using TK! SOLVER, a microcomputer spreadsheet [Réf. 5]. Tables
1 and 2 exhibit the program equations and variables, which
provide not only the heat transfer coefficient, but also an
estimate of the uncertainty of that calculation, and the
corresponding Biot number, for each of the two sensor types.
The uncertainty analysis of the héat transfer coefficient
calculation is included as Appendix A.

The reduction of the thermocouple data was fairly straight-
forward, as the output was temperature versus time. However,
reducing the thermal imaging system data required running the
video tape recording frame by frame (each frame corresponding

to 1/60 second) to determine the temperature at a given time.




C] [
; This method generated the largest uncertainty in the calculation £¥
f because the visual color bands and digital readout of the sys- fﬁl
\ tem changed only when the tempefature of the body changed Eﬂ
i more than the sensitivity setting. For example, at a 5.0°F EEZ
{ setting, the readout would persist for perhaps three seconds rti
) of test time before changing from 110°F to 105°F, while in };_
? reality, as displayed by the thermocouple readings, the surface §§‘
; temperature could be any temperature within this range at a- g;
- particular instant. (This problem is analogous to that due ?‘
‘i to a large interval size in a finite-difference calculation.) _k
; There also existed occasions when, particularly at temperatures i&
' near thermal equilibrium, the readout would take relatively :5
_ long periods of time to stabilize, which made determining the
E exact temperature/time data difficult. However, these diffi- .
. culties were overcome by operator experience and use of the i;
; narrower sénsitivity setting for correlating data in smaller ii
? segments rather than over the entire cooling span. EE
: o
1 )?
]
; )
2 L
R
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V. EXPERIMENTAL RESULTS

A. FLAT PLATE CORRELATION

The analysis of a flat plate of identical material,

length, e

and width in identical flow conditions was used to attain a

following equation for the average Nusselt number:

1/2..1/3

Nu = 0.664 Re Pr

heat transfer coefficient from:

¢ degree of confidence in the accuracy of the results of the

i wedge experiment. This analysis is based upon determining
-
3

the Reynolds and Prandtl numbers for the flow, and solving the !E

[Ref. 6]

The Nusselt number was then used to determine the average

_ Nu k M
h = ) e
> &
S
e
where :j:
NG
e
2 = length of flat plate, ft. S
These procedures resulted in a heat transfer coefficient of S
22 BTU/hr-ft2-°F for free stream velocity of 200 ft/sec, and iﬁj
28 BTU/hr-ft2-°F at velocity of 306 ft/sec. The results of ‘i
this calculation are shown in Appendix B. .3:5
D
N
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- B. THERMOCOUPLE RESULTS
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Using the strip chart recorder traces, the heat transfer

coefficient at the surface thermocouple location was determined

from the lumped-capacitance solution of exponential temperature

decrease with time. For the free stream velocity of 200 ft/ !f»

-
N sec, h varied from 27.5 to 33.2 BTU/hr-ft2-°F, with an average o
N -

uncertainty band of £1.75 BTU/hr-ft2-°F.

At velocity of

306 ft/sec, h had values ranging from 41.03 to 42.7 BTU/

hr-ft2-°F, with average uncertainty of #1.80 BTU/hr-ft2-°F.

These calculations are shown in Tables 4-11.

C. THERMAL IMAGING SYSTEM RESULTS

As shown in Tables 12-1Y9%, using the same analysis and

temperature range, h values were determined to be 27.7 to

33.5 BTU/hr-ft%-°F, with an uncertainty band of :1.9 BTU/

hr-ft2-°F for the lower free stream velocity, while values of

39.9 to 41.8 were obtained at higher speed. Figures 3 and 4

show the comparison of wedge surface temperature versus time

for the two sensors at each velocity, and Figures 5 and 6

show the calculated values from each sensor versus time, again

at each speed.

It is important to note that this measurement corresponds

to conditions at a particular point on the wedge, that is, the =

location of the corresponding thermocouple. Further testing,

with the cursor positioned at other points, would allow the

development of a complete heat transfer map of the wedge sur-

face. However, viewing of the entire wedge surface showed that

'''''''
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the transient isotherm variation was essentially uniform over

a large portion of the surface {(with the exception of narrow
bands in the three-dimensional boundary layer regions near the
side@alls). Figure 7 is a still photograph of the wedge taken
from the video output, which clearly exhibits this condition.
Thus it may be deduced that the values determined above, at

the thermocouple location, are representative of conditions
over a major portion of the wedge surface. The ability to make
such observations is a significant virtue of the infrared

thermography method.

P. TVC VANE ANALYSIS

An actual TVC vane was received from NWC China Lake, Ca
for analyzing the effect of coﬁplex geometry on convective heat
transfer using the thermal imaging system.

This vane, shown in Figure 8, was constructed of copper-
impregnated tungsten (80% W, 20% Cu), with the following

material properties:

_ 1bm _ BTU _ BTU ]
Pom 17esa Ty k= MW pTreeer ¢ 7 94037 Ty e
R

The vane volume was calculated to be 2.295 ><10_5 ft3, with
a corresponding surface area of 1.5551 XIO-l ft2. All values rLﬁ

were then entered into a formula sheet as before, shown in
Table 3.
The vane was mounted on two aluminum stanchions with the

same baseplate used by China Lake in their experiments. The

21
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thermal imaging system was set up to view the vane through the
side port of the subsonic wind tunnel with the IRTRAN optic
window installed. The identical heating procedure was used,
however, for reasons unknown, the pad would only reach 105°F.
This was deemed sufficient, as it still gave a 40 degree tem-
perature differential. The wind tunnel was operated at 50%
flow speed (200 ft/sec).

Three test runs were performed, with the cursor at the
midspan for runs 1 and 3, and on the leading edge at the base-
plate boundary for run 2. The cursor was moved for run 2 to
investigate and analyze a more rapid temperature gradient
noticed in that area in the previous run. Run 1 yielded an
average h of 41.5 BTU/hr-ft2—°F +3.23, run 2 yielded an average
of 54.8 #4.41, and run 3 gave an average of 42.4 £3.9. The
largest Biot number was calculated as 0.0063, well within the
lumped-capacitance analysis criteria.

Figure 9 is a color thermograph of the vane during cool-
down. As compared to the thermogram of the double wedge
(Figure 7), the temperature map is fairly uniform over the
body, with the exception of faster cooling at the leading and
trailing edges, and an interesting area near the top of the
vane below the apex. While vane thickness would explain the
shape of most of the isotherms, the upper region undoubtedly
is affected by a unique flow field, which increases the heat
transfer coefficient by approximately 8% (Table 22). Tables
20-22 show the results of these tests, and Figures 10 and 11

are graphs of temperature and h versus time, respectively.
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The results obtained from the thermal imaging system are,
within a small experimental uncertainty, in agreement with
. the results of the thermocouples for all conditions tested
here. Both experimental method's results were also suffi-
ciently close to the theoretical flat plate solution to allow
confidence in their accuracy, primarily due to the small wedge }55;
angle used.

The primary disadvantage of the thermal imaging system is
the increase in size of the uncertainty band as the tempera- Qéib
ture sensitivity is widened. For large sensitivities of 5
degrees or more, the results become comparatively less accurate,
again similar to using large step sizes in finite element "
calculations. Future users of this system in experiments
similar to this one will have to adjust the sensitivity settings
with respect to the overall temperature range desired, most
likely by trial and error, to get the degree of accuracy
required.

Nevertheless, the results obtained in this experiment
lead to the conclusion that the thermal imaging system, when L
properly employed, would be a very good alternative to thermo- B0
couples in applications similar to this one. It provides

accurate local and global readings with no need for
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complicated data acquisition/reduction equipment and extensive
instrumentation. The system is transportable, very reliable,
and easy to operate. Although the system requires special
infrared optic material for viewing models in an enclosed
environment, several vendors were found who are capable of
providing the material in various shapes and sizes at a reason-

able expense in time and money.

B. RECOMMENDATIONS
The findings of this research lead to a recommendation for
using this system for surface temperature measurements in the
next phase of this project, using the wedge model in a super-
sonic wind tunnel for the same heat transfer coefficient calcu-
lation. This model was designed for ease of installation in
the supersonic tunnel, when it becomes available, and an optic
window has been obtained that will allow infrared viewing of
the model while withstanding the environment (temperature and
pressure differentials) in supersonic flow. Particular problems
that might be encountered in supersonic applications include:
1) Sufficient difference in model and free stream
temperatures to cause adequate heat transfer--the
model may have to be heated prior to testing by
some internal means (installation of wires for
Joulean heating) to increase the recovery factor.
2) The on-site supersonic tunnel has a significantly
smaller run-time available due to its pressure
vessel configuration, thus yielding short run
durations (a few minutes) and long (hours vice
minutes) pressurization durations between tests.
3) As other model shapes and materials are considered,

the necessity for maintaining the Biot number less
than 0.1 could become critical, or another method

24
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of analysis would have to be chosen if the lumped-
capacitance assumption is not wvalid.

It is also recommended that the next experimenter familiar-
ize himself with the system thoroughly, and invest time in
viewing the video tape outputs of the system to get experience
in temperature determination. This experience will prove to

be a great factor in enhancing the accuracy of the results.
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APPENDIX A E

4
a

UNCERTAINTY ANALYSIS CALCULATIONS

.‘"'l'.n
e

LW

R
By dget

-

) Formula used in calculation

_ =23n0fpc V) .
h = — T solving for h

....
. \
WY
L X

o1 D

h = F(O,t,A,V,p,c)

P
" .

~
_ oh 2 3h 2 3h 2 5h 2 -
Ah = [(55 AG)Y S + (5% At) T + (=% AA) T + (55 AV) i;

- 1/2 e
oh 2 5h 2. g
+ (53 Ap) ™ + (E Ac) 7]

where A's are the uncertainty of the measured quantities.

. 1/2 R
sh _ _ pcv,,_ N 2 1 2 X
(1) 35 80 = - ggell- 7400 + (G 4l

where: :
2 > 1/2 N

N = T-T_, D= To -T,, ON = (AT” + AT_) ’ g

2 1/2 o

AD = (AT. + ATD) , AT = 1.0 °F, AT = 1.0 °F e

o o ARS

o)

N

AT = 2.0 °F for IR data, AT = 1.0 °F for thermocouple 3

data
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3h _ _in @ pcv e
(2) ﬁ At = —;;:2—— At, “‘:.

where: Q

Ty

At 2.7778 E -5 hours ny

0.1 seconds

from IR system timer precision.

(3) 3h \p - - Zn 0 pc V. ,a e

JA Azt l

where:

2 2 3%
AR ©0.001 in® = 6.9444E-6ft e

[ from machining precision. o
b <

3h 4o - _ &n0pc .o g

(4) v At

where: } T

3 3 N

Av 1.0E-9 in = 5.7878E-13 ft N

from machining precision.

3h _ _&n 0cV N
(5) o~ AQ - A t AQ ’ ~\:..":

where: R

1bm e
6.9082 ——§ [Ref. 7] :

Ap

27 RO

R e e N R I N N .- \J, T AT AT X
. . . ) e N T .
"_4}_. Ag-‘-‘z;\A--n‘hﬂ"¢'\‘.‘v. uL.‘-A A AN AN e dach SRR T VLT SENEARAN I I A ATVE PC AN s';.& = -._1'




LA e
e
P

(6) %g Ac = =2%R 0oV o )

LALA

5 where: ' N
d i
3 S

' 0.001 —o2Y

*

oy

[Ref. 7]
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All above equations were included in the data reduction
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programs to solve for the uncertainty in h (delh). s
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FLAT PLATE SOLUTION

'l

.
vat

¥

pror e o v
.
-

1&

Fot b M i

Given: T = 60°F = 520°R l"HZO = 0.0361 psi

> Find: h from the empirical flat plate in parallel flow S
* equation:
No = 0.664 Re./2 prl/3 T

[Ref. 6] o]

_ Nuk
P : L

|

(1) Rex: For T_ 520°R: [Ref. 7]

- lbm BTU
air 1.2039E_5 me—c- . ) 0.01561 m

=
]
i)
[a]
I
o
~
[
A~
]

0.0743 lE% Xx = 2.50 in = 0.2083 ft
£t

¢ (8.9"H,0) (0.0361) (64.348) (144)
m Y 0.0743

PP I r
(2] ' N
» RPRRTIRY
""" l' 'Q" 2
. . o

2
] Ui = 40080.4 EET’ u,6 = 200.2 %; for experimental
s low speed flow

’l

) B

a
.
.

s
[y W

0, U = 306.1 fe for experimental

2 h S high speed flow

R
€, 5 A

For Ap = 20.8" H

.
"

o st
N &

PRI B

|
[N}
0
s 2
’

P S

.
~




s fa !

[MAD)

"
-
.
.
.
-

YU x
= @ _ (0.0743) (200.2)(0.2083) _
Rex v = 1 30395=5 = 2.573E5
_  (0.0743)(306.1)(0.2083)
Rex = 1. 3039E-5 3.935E5
Assuming Recrit = 5.0E5, laminar flow conditions exist in both
cases.
(2) Nu: For low speed flow:

Nu

(3)

ol

o g

=

= 0.664(2.574E5)1/2(0.71)1/3

For high speed flow:

For

For

= 0.664(3.935E5)Y2(p.71)1/3

low speed flow:

(300.5) (0.01561)

0.2083

high speed flow:

(371.6) (0.01561)

0.2083

30

= 300.5

= 371.6

BTU
hr-ft =-°F

22.5

BTU

27.8 —
hr-ft"-°F
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" TABLES =%
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) TABLE 1 n
) FORMULA SHEET FOR THERMOCOUPLE DATA REDUCTION E
- St Input Name Qutput Unit Comment
| L theta dimensionless !
temperature Nk
L Tt F temperature at time t '-L._:,
Tinf F free stream -
. temperature _.:-_j.
- Ti F initial wedge . -y
)8 temperature o
L h ' ——hi:%—— heat transfer oS
P hr-ft“-°rF coefficient ot
b L delh —ﬂ;— uncertainty in h value e
hr-ft<-°F .
' .27777778 a ' ft72 wedge wetted perimeter
y L t hours o
% 558 ro lbm/ft"3  copper density :::E:
y .091 c : btu/1lb-F specific heat capacity oy
- .00346013 v ft™3 wedge volume
i L q btu/hr heat transfer Ry
> btu o e
3 230 k Fr—ft=°F wedge conductivity .\_(:h
+ L BIOT ied
L time seconds -,
u (dh/dtheta) * (delta theta) s
. vv (dh/dt) * (delta t)
3 w (dh/dA) * (delta a) ol
- X (dh/dv) * (delta V)
. ~.
: y (dh/dro) * (delta ro) =
2 z (dh/dc) * (delta c) e
- . bt
o
: o
- 31 o
.' -
: o
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S Rule

* theta

* theta

* BIOT

* time

* u = (ro*c*V)/(theta*at))*((1.4142*(Tt-Tinf)/(Ti-Tinf)"2)

* yvv o=

* delh

TABLE 1 (CONTINUED)

(Tt-Tinf)
(Ti-Tinf)

(- (h*a*t)
exp (ro*c*vy)

1

h*a* (Tt-Tinf)

h*v

(k*a)

t*3600

+ (1.8868/(Ti~-Tinf))"2)

(2.777777e~5*1n(theta) *ro*c*V/(a*t"2))

(In(theta) *ro*c*vV*6.9444e-6/(a"2*t))

(ln(theta) *ro*c*5.787e-13/(a*t))

(In(theta) *c*V*6.9082/ (a*t))

(In(theta) *V*ro*.001/(a*t))

= sgrt (U 24vv"2+w " 2+x"2+y"2+272)

IR
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TABLE 2

FORMULA SHEET FOR INFRARED SYSTEM DATA REDUCTION

St Input Name Output Unit
L theta
L Tt F
Tinf F
Ti F
L h _btu
hr—ft2—°F
L delh __2__btu
.27777778 a r=fee-°F
L t hours
558 ro lbm/ft"3
.091 o) btu/lb~-F
.00346013 vV £t"3
L o btu/hr.
230 k __btu _
hr-ft-°F
L BIOT
L time seconds
u
vV
W
X
Yy
z
S Rule
* theta = %%%;%%%%%
* theta = exp(%é%;%;%%)
* g = h*a*(Tt-Tinf)
33

Comment

dimensionless temperature
temperature at time t
free stream temperature
initial wedge temperature

heat transfer coeffi-
cient

uncertainty in h value

wedge wetted perimeter

copper density
specific heat capacity
wedge volume

heat transfer

wedge conductivity

(dh/dtheta) * (delta theta)
(dh/dt) * (delta t)
(dh/dA) * (delta a)
(dh/dv) * (delta V)
(dh/dro) *{(delta ro)
(dh/dc) * (delta ¢)
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TABLE 2 (CONTINUED)

*
* BIOT = '(TE%T
* time = t*3600

* u = (ro*c*V/(theta*a*t))*((1.4142*(Tt-Tinf)/(Ti-Tinf) "2)

+ (2.2361/(Ti-Tinf))"2)

* yv = (2.777777e~5*1n(theta) *ro*c*v/(a*t"2))

* w = (ln(theta)*ro*c*vV*6.9444e-6/(a"2*t))
* x = (ln(theta) *ro*c*5.787e~13/(a*t))
* y = (ln(theta)*c*Vv*6,9082/(a*t))

* 2z = (ln(theta)*V*ro*.001/ (a*t))

»*

delh = sqgrt(u”2+vv”2+w"2+x" 24y~ 2+2"2)




TABLE 3

FORMULA SHEET FOR TVC VANE DATA REDUCTION

E V.V, U - v w w w

S Rule
X _ (Tt=-Tinf)
i * theta = Tor—7TrEy
: * theta = —(h*a*t)

;} exp (Tro¥cw)

* g = h*a*(Tt-Tinf)

*
* BIOT = T}I%T
* time = t*3600

* u = (ro*c*V/(theta*a*t))*((1.4142*(Tt-Tinf)/ (Ti-Tinf) "2)

+ (2.2361/(Ti-Tinf))"2)

* yv = (2.777777e-5*1n(theta) *ro*c*Vv/ (a*t"2))

* w = (ln(theta)*ro*c*vV*6.9444e-6/(a”2*t))
* x = (ln(theta) *ro*c*5.787e-13/(a*t))

* y = (In(theta)*c*Vv*6.9082/(a*t))

* z = (1ln(theta) *vV*ro*.001/ (a*t))

* delh = sgrt (U 24+vv"2+w " 2+x"2+y"2+272)
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St Input
L
L 81
61
97
L
L
.155507
L
1076.544
.037
.00229545
L
148
L

L 47.3

- TABLE 3

Name Output

el tedh S te . Nl et St Mk Tl A0 d At SAN SIS aot ui

theta
Tt
Tinf
Ti

A < 0

BIOT

time

(CONTINUED)
Unit Comment
dimensionless temperature
F temperature at time t
F free stream temperature
F initial TVC vane
temperature
btu ..
— heat transfer coefficient
hr-ft™-°F . .
uncertainty in h value
££72 TVC vane surface area
hours
lbm/£ft"3 TVC vane density-80% W,
20% Cu
btu/1lb-F specific heat capacity
££°3 TVC vane volume
btu/hr heat transferred
btu . ..
Rr=ft-°F TVC vane conductJ.Vlty
seconds
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TABLE 4

RESULTS OF THERMOCOUPLE CALCULATIONS, LOW TUNNEL SPEED

Run: #1

Tunnel Air Velocity: 201.3 ft

secC

Average Biot Number: 0.00164

btu

hr-ft2-oF

Average Uncertainty in h: + 2.28

btu

Time (Seconds) Temperature (°F) h (m

0.0 117.5,

6.7 112.5 30.92
14.5 107.5 30.00
22.7 102.5 30.32
32.0 97.5 30.42
43.0 92.5 30.21

55.0 87.5 30.54
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TABLE 5

RESULTS OF THERMOCOUPLE CALCULATIONS, LOW TUNNEL SPEED

Run: #2
Tunnel Air Velocity: 193.3 L&
' ‘T sec
Average Biot Number: 0.00156
Average Uncertainty in h: £ 1,95 btg
hr-£ft"-°F
Time (Seconds) Temperature (°F) h ( btu )
' hr-ft-°F
0.0 114.5
3.5 112.5 - 24.32
;: 5.6 110.5 30.99
: 9.3 108.5 28.56
- 12.8 106.5 28.24
N 16.0 104.5 28.85
- 21.0 102.5 26.97
24.6 100.5 27.48
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TABLE 6

RESULTS OF THERMOCOUPLE CALCULATICN, LOW TUNNEL SPEED

Run: #3

Tunnel Air Velocity: 197.6 Lt

secC

Average Biot Number: 0.00159

btu

hr-ft2—°F

Average Uncertainty in h: + 1.53

Time (Seconds) .Temperature (°F) h (

0.0 120.0

10.0 113.3 28.70
20.0 107.0 29.47
30.0 101.7 29.39
40.0 96.7 29.92
50.0 92.8 29.54

60.0 89.2 29.54
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. TABLE 7

i \

s RESULTS OF THERMOCOUPLE CALCULATIONS, LOW TUNNEL SPEED

1
ey

- Run: #4

. . ft
Tunnel Air Velocity: 207.9 v

G o] R

‘v

Ry

Average Biot Number: 0.00182

btu :
hr-ft2-°F -

Average Uncertainty in h: + 2.41

btu ) ‘?

Time (Seconds) Temperature (°F) h (gr—fFe==F NG

0.0 111.0 %
S RS
5.0 107.7 32.44 5

10.0 104.3 34.23 R
15.0 101.4 33.72
20.0 98.7 33.71

25.0 96.2 33.69

30.0 93.7 33.82

. f
I

h

35.0 91.6 33.57 N

37.0 91.0 33.17

-
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: TABLE 8 o
’ RESULTS OF THERMOCOUPLE CALCULATIONS, HIGH TUNNEL SPEED 5
: T
: o
Run: 45 o~
) Tunnel Air Velocity: 308.2 Lt
. sec R
b .
' Average Biot Number: 0.0022
&

. . btu a

Average Uncertainty in h: +1.88 >

hr-ft“~°F o

:}:':,

btu 3

ma ° — e

Time (Seconds) Temperature (°F) h (hr—ft-°F) _

J Y
: 0.0 119.0 :
5.0 114.3 40.37 ' =

10.0 109.7 41.45
15.0 105.5 - 41.73

20.0 101.7 41.95

\ 25.0 98.3 42.03 S
: <
X 30.0 95.2 ' 42.00 S
35.0 92.2 42.26 =

37.0 91.0 42.66
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TABLE 9

RESULTS OF THERMOCOUPLE CALCULATIONS, HIGH TUNNEL SPEED

Run: #6
Tunnel Air Velocity: 303.8 £t
. sec
Average Biot Number: 0.0022
Average Uncertainty in h: £ 2.11 btu
hr-ft =°F
Time (Seconds) Temperature (°F) . h (——EEE———)
P hr-ft-°F
0.0 119.0
5.0 114.5 38.15
10.0 110.3 38.64
15.0 106.7 ) 37.48
20.0 102.1 40.84
25.0 98.5 41.52
30.0 95.6 41.07
35.0 92.4 41.88
38.0 91.0 41.54
42
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TABLE 10

RESULTS OF THERMOCOUPLE CALCULATIONS, HIGH TUNNEL SPEED

Run: #7
Tunnel Air Velocity: 305,0.Jﬁi
sec
Average Biot Number: 0.0022
Average Uncertainty in h: + 2,28 btg
hr-ft™=-°F
Time (Seconds) Temperature (°F) h (——EEE———)
hr-ft-°F
0.0 119.0
5.0 114.4 38.06
10.0 110.0 39.13
15.0 105.7 40.30
20.0 102.0 ’ 40.32
25.0 98.5 40.70
30.0 95.4 40.57
35.0 91.4 43.12
37.5 91.0 41.03
43
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TABLE 11

CALCULATIONS, HIGH TUNNEL SPEED

Run: #8
. . ft
Tunnel Air Velocity: 306.0 —
sec
Average Biot Number: 0.0022
Average Uncertainty in h: t 1.96 btu
hr-ft"=-°F
Time {Seconds) Temperature (°F) h (———EEE——)
hr-ft-°F
0.0 119.0
5.0 114.4 39.57
10.0 110.0 39.89
15.0 105.8 40.81
20.0 102.2 40.61
25.0 98.6 41.18
30.0 95.5 41.23
35.0 92.5 41,70
38.0 91.0 41.53
44
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TABLE 12

RESULTS OF INFRARED SYSTEM CALCULATIONS, LOW TUNNEL SPEED

Run: #1
. e ft
Tunnel Air Velocity: 201.3 Sec
i Average Biot Number: 0.00164
Average Uncertainty in h: + 1.88 ___EEg___
hr-£ft"-°F
Time (Seconds) Temperature (°F) h ( btu )
| hr-£ft-°F
[ -
' 0.0 117.5
6.1 112.5 : 33.96
13.0 107.5 33.46
22.0 102.5 31.29
31.5 97.5 30.90
41.7 92.5 31.15
52.5 87.5 31.99
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. TABLE 13

RESULTS OF INFRARED SYSTEM CALCULATIONS, LOW TUNNEL SPEED

Run: #2
S . . ft
o Tunnel Air Velocity: 193.3 g&c
5
i Average Biot Number: 0.00151
Average Uncertainty in h: + 2.16 bty
hr-ft"=~°F
Time (Seconds) Temperature (°F) h ( btu )
pe hr-ft-
0.0 114-.5
3.1 112.5 ' 28.40
6.1 110.5 28.46
9.5 108.5 27 .96
13.3 106 .5 27.18
17.0 104 .5 27 .15
21.5 102.5 27 .33
24.4 100.5 27.71
406
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TABLE 14 : A

RESULTS OF INFRARED SYSTEM CALCULATIONS, LOW TUNNEL SPEED e

Run: #3 )

Tunnel Air Velocity: 197.6 1t 'ui
sec o

Average Biot Number: 0.00161 v

Average Uncertainty in h: + 1.98 -——EE%———

hr-ft“=-°F

. btu
Time (Seconds) Temperature (°F) h (ﬁ?:fE:?F) .
0.0 119.0 ' Ry

5.5 115.0 30.68 g

11.5 111.0 30.52 o
-:_\:‘

18.9 107.0 29.05 o
'1':':' i

26.5 103.0 28.91
32.3 99.0 31.15 At

40.4 95.0 31.54

50.4 91.0 31.32
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TABLE 15

RESULTS OF INFRARED SYSTEM CALCULATIONS, LOW TUNNEL SPEED

Run: #4
Tunnel Air Velocity: 207.9 Lt
sec
Avérage Biot Number: 0.0018
Average Uncertainty in h: + 2.14 ———EE%———
hr-ft“-°F
Time (Seconds) Temperature (°F) h (——EEE———)
hr-ft-°F
0.0 111.0
2.8 109.0 34.61
6.0 ~107.0 33.02
9.4 105.0 32.35
12.4 103.0 33.48
16.3 101.0 32.64
19.3 99.0 33.94
22.8 97.0 34.44
27.0 95.0 34.19
31.8 93.0 33.65
36.6 91.0 33.53
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TABLE 16 oy
RESULTS OF INFRARED SYSTEM CALCULATIONS, HIGH TUNNEL SPEED b

g i
Run: #5 AN

: S ft
Tunnel Air Velocity: 308.2 == R

Average Biot Number: 0.0021 Lt

Average Uncertainty in h: + 1.85 i‘;———

hr-ft™-°F L

btu g

Time (Seconds) Temperature (°F) h (hr-ft-°F

0.0 119.0 R

4.7 | 115.0 | 35.91
8.9 111.0 39.44 o
13.7 107.0 40.08
19.3 103.0 39.70
23.8 99.0 42.27 LI
29.6 95.0 43.05 :

37.8 91.0 41.75
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Run:

Tunnel Air Velocity:

2AOOO0SE  SDLEES  GOOOEGEY 1 20

Average Biot Number:

Time (Seconds)

Average Uncertainty in h:

Temperature (°F) h (

TABLE 17

RESULTS OF INFRARED SYSTEM CALCULATIONS, HIGH TUNNEL SPEED

#6

ft

secC

303.8

0.0018

btu

* 1.77 5
hr-ft™-°F

btu

21.6
26.5
32.7

39.6

.....................
...........

hr-ft-°F

119.0

115.0 35.45

111.0 37.69

107.0 36.91

103.0 35.47

99.0 37.97

95.0 38.97

91.0 39.86
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TABLE 18

RESULTS OF INFRARED SYSTEM CALCULATIONS, HIGH TUNNEL SPEED

Run: #7
Tunnel Air Velocity: 306.0 Lt
‘ Y sec
Average Biot MNumber: 0.0021
. . btu
Average Uncertainty in h: + 1.86
hr-ft*-°F
Time (Seconds) Temperature (°F) h (__lztu_)
P hr—ft-°F
0.0 119.0
| 5.0 115.0 36.14
o 9.0 111.0 38.26
‘ 14.0 107.0 38.45
|
| 18.9 103.0 39.70
i 24.0 99.0 41.00
29.7 95.0 41.90
36.8 91.0 41.81
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- TABLE l 9 \{::.
[ b
RESULTS OF INFRARED SYSTEM CALCULATIONS, HIGH TUNNEL SPEED 5
- o
4 "
. o
{ Run: #8 &x

Tunnel Air Velocity: 306.0 —

Average Biot Number: 0.0022

L SRR

3 Average Uncertainty in h: t1.83 ——m—o e

hr-ft“-°F el

Time (Seconds) ) Temperature (°F) h btu ) -

. < hr-ft-°F =

0.0 119.0 7

4.9 115.0 37.14 éﬂ

g 10.3 111.0 37.46 7
o 14.7 107.0 37.45

-:"

N 20.6 103.0 37.20

v 25.9 99.0 38.85

A 31.5 95.0 40.45 -
- 38.2 91.0 41.32 K
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TABLE 20

k]
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" A

RESULTS OF TVC VANE CALCULATIONS

» 'r'i"
'(
¥

{ i

Run: #1

Tunnel Air Velocity: 214.3 — ey
, sec o

Average Biot Number: 0.0041 ;

Average Uncertainty in h: + 3.23 —

LA S

; : o btu s
Time (Seconds) Temperature (°F) h (hr-ft-°F) ::_::
=
0.0 99.0
5.5 95.0 38.52 o
| i
10.8 91.0 41:41 RSt
17.0 87.0 41.89 e
23.5 83.0 43.19 R
31.6 79.0 43.31 R
Y
“»

42,2 75.0 42.50 E
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TABLE 21

RESULTS OF TVC VANE CALCULATIONS

Run: #2

Tunnel.Air Velocity: 220.5 Sec

Average Biot Number: 0.0053

btu
hr-ft™-°F

Average Uncertainty in h: * 4.41

btu

) o
Time (Seconds) Temperature (°F) h (E;:?E:?F

0.0 97.0

4.0 93.0 62.33
9.0 89.0 ' 59.10
16.4 85.0 52.33
23.2 81.0 53.63

33.0 77.0 52.01

47.3 73.0 49.17
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RESULTS OF

TABLE 22

TVC VANE CALCULATIONS

Run: #3
Tunnel Air Velocity: 220.5 Lt
sec
Average Biot Number: 0.0042
Average Uncertainty in h: + 3.90 bt;
hr-ft~-°F
Time (Seconds) Temperature (°F) h (——EEE———)
perar hr-ft-°F
0.0 97.0
6.2 93.0 41.43
13.0 89.0 42.25
21.7 85.0 40.95
28,7 81.0 45.06
40.4 77.0 44 .39
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FIGURES
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Figure 1. Diagram of Wedge Model
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Figure 2. Rear View of Wedge Model Assembly
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Color Thermogram of Wedge

Flow Direction Relative

Figure 7.
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Photograph of TVC Vane

Figure 8.
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oS

rettuinncnurses fou 41 yE g g . -, A . o
e e ....‘.\-\. R oL, ), e ! , A
! e .ttt * LN : S : *
v LA DN I A \ .....
YR A S R UL

awt] sA aanjexadws] 3ueA DAL 3FO ydeas -Q1 2aInbtd

(SAN0J3S) INILL
Sy ov ce o¢ 52 0z et o1 S 0

09

ANIOIT : .

04

Y
gL

65

v
<8

08
(d.) JYNLVIIdNIL

06

ool

AWLL SA FINLVIIdWNEL ENVA JAL




OSSP (PR AR (MO (PSRRI | SN R
awrl sSA Yy a2uepA DAL Jo ydean 1T 2anbrtd
. (sanN023S) ANIL
0¢ {4 4 oF 14 0oe [ 02 114 (111 G 0
] L : ! 2 ! | 1 A o
o - (N
, E#NAY=vV . L=
y 2#NNd=o
: I#NNd =0 =~
ANIOAT
_ N
. (-]
F. o o
L N e
. (4] 8
. » M
“ IO/ V)
jos) \e)
- u_u
. o . u,.
o ] (n] v o v © v .o
v < l”l-“u\
B [e] uM
o) o
o e
I On
(e} -]
[~]
(o]
-]
(7 ]
-3
(-]

JWIL SA H INVA DAL



LIST OF REFERENCES

X 1. Holman, J.P., Heat Transfer, Third Edition, Chapter 4, ) &
: , McGraw-Hill Book Company, 1972. :

"

2. Hughes Aircraft Company, PROBEYE Thermal Video System !;j

Series 4000 Operating Manual, Industrial Products Division,
September, 1983. '

3. Eastman Kodak Company Publication U-72, Kodak IRTRAN
Infrared Optical Materials, Kodak Apparatus Division, 1981.

4, Department of Mechanical Engineering Memorandum NC4(69XR),
Flow Quality in Department of Mechanical Engineering Wind e
Tunnel in Building 500, by P. Ligrani, September 1985. P

S. Software Arts, Inc., TK! SOLVER, Wellesley, Ma, 1982. .Ei

6. Incropera, Frank P., and David D. Dewitt, Fundamentals of L
" Heat Transfer, Chapter 7.2, pp. 325-330, John Wiley and 0%
Sons, 1981. o

7. Bolz, Ray E., and George L. Tuve, Handbook of Tables for S
Applied Engineering Science, Chemical Rubber Company g
Press, 1983.

Sy By,

s < SO

A

A
.

J.I oy

&y
AN

&y 5
- L

67

L

S ) . A e e U I A R TR TRt Tt T TRITUR TS I SRR ~ N e O |
N AT A T UL T I A A i T T T R S . P SCIRCELI - e
ORI TR Y5 P R L AR A A AT, S R LRt e s T N e e




INITIAL DISTRIBUTION LIST

Defense Technical Information Center

Cameron Station

Alexandria, VA 22304-6145

Library, Code 0142
Naval Postgraduate School

Monterey, California 93943-5002

Department Chairman, Code

Department of Mechanical Engineering

Naval Postgraduate School

69

Monterey, California 93943-5000

Professor Robert H. Nunn,

Department of Mechanical Engineering

Naval Postgraduate School

Code 69Nn

Monterey, California 93943-5000

LCDR Timothy M. Spence
2409 Torrejon Place

Carlsbad, California 92008

68

Pt aan giam o

0

~

W
No. Copies Ekf
b
2 oS
2
2
3
1

'
A A
. f

.
.
S
e
5
T
e

Y 2

L ]
.
Iy 2, 8
,

2
]

.,
s %0t
Chit)

»

AN




«¥etate'a’a’

o S ey

UV o de- o, %4,

g Lp o T, 3
Wiyt Ay Spioty WA AR AL AS M R AGYASILELLSNCIMLSNOU LI g R AR




