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1.0 INTRODUCTION

1.1 Objective

The objective of this test series was to determine noise and
temperature environments that joint seal materials experience on an
operational runway. This test series was part of the Joint Seals Pro-
ject sponsored by the Naval Facilities Engineering Command (NAVFACENGCOM)
Materials RDT&E Program. The overall objective of the Joint Seals Pro-
ject is to determine the characteristics of joint seal material, equip-
ment, and procedures for sealing and resealing joints in Portland cement
concrete airfield pavements.

1.2 Background

Impingement of exhaust flow from jet engines creates an "aero-
thermal environment" for joint seal materials that contributes to, and
accelerates, the deterioration and failure of joint seals. The term
"aerothermal environment" was coined during preparation of this report
to mean the properties of jet engine exhaust flow with potential to
transfer energy from the flow to joint seal materials. The aerothermal
environment possibly causes deleterious changes in the sealants. Spe-
cifically, two aerothermal properties of the flow were investigated in
this test series. They were:

1. Flow temperature.

2. Noise-induced and flow-induced pressure fluctuations (the
combined effects are called "noise" throughout this report due
to the inability to separate or distinguish between them).

Reference 1 discusses other factors contributing to the deterio-
ration and failure of joint seals, and gives examples of problems. In
addition to the aerothermal environment, joint seal deterioration and
failure may result from attack of chemicals spilled or dripped from
aircraft, from natural aging and weathering of the joint seal materials,
from improper installation of the joint seal, from deficient materials,
or from other factors. This report is concerned only with the noise and
temperature contributions to the aerothermal environment for joint seal
materials.

The potentially damaging effects of noise- and flow-induced pres-
sure tiuctuations as contributors to the deterioration of joint seal
materials were apparently nct considered signiififant during development
of the current procurement specifications for joint seal materials (Ref
2, 3, and 4). Thermal requirements are stated ini Section 3 and testing
procedures for quality assurance are stated in Section 4 of each of the
above-referenced Military Specifications. There are no requirements or
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testing procedures for withstanding the noise environment. Sealant
materials are tested and shown to meet the thermal specifications;
however, the materials often fail within 3 months after application on
operational runways. The conclusion is that the specifications may not
accurately represent conditions that the joint sealants will experience
after installation on an operational runway. The question is: "What
are the conditions that are not represented?" One possibility is that
the effects of noise and/or flow pressure are contributors to the fail-
ures of joint sealants. This test program was conducted to determine
the relative magnitudes of energy input to the joint seal materials from
the thermal environment and from the noise environment.
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2.0 DESCRIPTION OF TEST PROGRAN

The tests were conducted on Runway 04/22 at Edwards Air Force Base
(Edwards AFB). Figure 2-1 gives an overview of the main flightline area.
Runway 04/22 is the main runway at Edwards AFB. It is a concrete runway,
15,000 feet long and 300 feet wide, capable of handling all aircraft in
the military inventory. The designation 04/22 indicates the orientation
of the runway with respect to magnetic north. Planes taking off from
the southern end of the runway show a heading of apprcximately 40 degrees
clockwise from due north, while planes taking off from the northern end
of the runway show a heading of 220 degrees clockwise from due north.
The ends of the runway are designated as "Runway 04" (southern end) and
"Runway 22" (northern end). Because of the prevailing winds, most of
the takeoff and landing operations take place on "Runway 22," typically
in the first 3,000 to 4,000 feet.

Data were taken at two different time periods during the summer of
1988. The first set of data was taken 15-16 June 1988, and the second
set was taken 4 August 1988. Instrumentation was installed 10-14 June
1988 for the first test series, and was left in place after acquisition
of the first set of data. Immediately prior to the second test series,
however, some of the instrumentation was removed and the placement of
other instrumentation was changed. Instrumentation for each of the test
series is described below.

2.1 Instrumentation for the Test Series of 15-16 June 1988

Instrumentation was placed in three transverse joints and in the
centerline joint of Runway 22. The instrumentation consisted of:

1. Twenty-one thermocouples (only 15 were connected to data
recorders).

2. Three pressure transducers.

3. Three microphones.

Figure 2-2 shows that instrumentation was placed at Runway Stations
102+50, 104+00, and 105+50. During aircraft takeoff and landing opera-
tions, personnel conducting the tests had to remain more than 300 feet
from the edge of the runway (i.e., outside the "clear zone" of the runway).
Therefore, the recorders were placed 300 feet from the runway, and wiring
was laid out to bring the signals from the instrnmentation to the recorders.
Figure 2-3 is a photograph showing the test site (Runway 22 is in the
background, 300 feet on the other side of the van). Recorders were set
up in the van. Since the nearest 110-volt power source was more than
3,000 feet from the test site, power was provided by a 2-kW portable
generator brought from NCEL and a 15-kW mobile generator on loan from
the Edwards AFB Public Works Department. Electronic noise from the
generators resulted in some problems during data acquisition, which Will
be discussed later in the report.
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Figure 2-4 shows the placement of the instrumentation relative to
the centerline at each of the runway stations. Most of the thermocouples
were at the joint seal surface, but three were detached in order to mea-
sure air temperatures and two were embedded 1/8 inch beneath the surface
in order to measure subsurface temperatures. Placement of instrumentation
for the first series of tests was:

Station Instrumentation and Location Relative to Centerline of
Runway 22 (+ is to right, - is to left)

102+50: Air temperature: +3 feet
Joint seal surface temperatures: 0, -3, -6, -12, -15 feet
Joint seal subsurface temperatures: -3, -6 feet
Microphone: 0 feet
Pressure transducer: 0 feet

104+00: Air temperature: +3 feet
Joint seal surface temperatures: 0, -3, -6, -12, -15,

-40 feet
Joint seal subsurface temperatures: none
Microphone: 0 feet
Pressure transducer: 0 feet

105+50: Air temperature: +3 feet
Joint seal surface temperatures: 0, -3, -6, -12, -15 feet
Joint seal subsurface temperatures: none
(The temperatures at Station 105+50 were not recorded.
See the discussion in Appendix A.)
Microphone: 0 feet
Pressure transducer: 0 feet

Figure 2-5 illustrates typical installations of the thermocouples to
measure air temperatures, joint seal surface temperatures, and joint
seal subsurface temperatures. Figure 2-6 illustrates typical installa-
tions of the microphones and the pressure transducers. Figure 2-7 is a
photograph of one of the thermocouples and one of the extensions from a
pressure transducer installed at the centerline of the runway. Figure
2-8 is a photograph showing the case for the reference temperature junc-
tion adjacent to the runway at Station 104+00, with instrumentation leads
to it from each station. Figure 2-9 is a photograph showing continuation
of the instrumentation leads from the reference temperature junction to
the recorders in the van outside the "clear zone."

Procedures for calibrating the instrumentation and for reducing and
displaying the data are described in Appendix A.

2.2 Instrumentation for the Test Series of 4 August 1988

The second test series was run to measure temperatures of the flow
just above the joint seal as the aircraft engine exhaust heats the sur-
face. Prior to this test series, the pressure transducers and micro-
phones were removed from the runway centerline joint. Thermocouples
previously measuring joint seal surface temperatures at Stations 102+50
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and 104+00 were detached from the joint seal surfaces so they would mea-
sure air temperatures. Placement of instrumentation for the second series
of tests was:

Station Instrumentation and Location Relative to Centerline of
Runway 22 (+ is to right, - is to left)

102+50: Air temperatures: +3, 0, -3, -6, -12, -15 feet
Joint seal surface temperatures: none
Joint seal subsurface temperatures: none (previous in-

strumentation went bad)
(The temperatures at Station 102+50 were not recorded.
See the discussion in Appendix A.)
Microphone: none
Pressure transducer: none

104+00: Air temperatures: +3, 0, -3, -6, -12, -15, -40 feet
Joint seal surface temperatures: none
Joint seal subsurface temperatures: none
Microphone: none
Pressure transducer: none

105+50: Air temperature: +3
Joint seal surface temperatures: 0,-3, -6, -12, -15 f~et
Joint seal subsurface temperatures: none
(The temperatures at Station 105+50 were not recorded.
See the discussion in Appendix A.)
Microphone: none
Pressure transducer: none

During the second test series, battery-powered Campbell dataloggers
were used to record the temperature data. Procedures for calibrating
the instrumentation and for reducing the data are described in Appendix
A.

2.3 Test Sequence

Table 2-1 lists the takeoff and landing operations during which
data were acquired on 15-16 June 1988. After the instrumentation had
been installed, the test team waited for opportunities to take data
(i.e., they waited until aircraft arrived at Runway 22 for takeoff or
landing). For each takeoff data acquisition, notation was made of: (1)
the time and date of the takeoff, (2) the type(s) of aircraft (many of
the takeoffs involved two aircraft, one to the left of centerline of the
runway and one to the right of centerline), and (3) the approximate loca-
tion of the engine exhaust plane of each aircraft at the time it increased
power and started to roll. For each landing data acquisition, notation
was made of: (1) the time and date of the landing, (2) the type of air-
craft, and (3) the approximate height of the aircraft as it passed Station
102+50.
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Observations of the takeoffs and landings were made from approxi-
mately 500 feet perpendicular to the centerline of the runway. It was
not possible to see if the aircraft were aligned with the centerline, or
to see how far off the centerline they were. This information would
have been very helpful in interpreting the data; specifically, in deter-
mining whether the aircraft were aligned so that the engine exhaust flows
were impinging directly on the instrumentation and creating the highest
noise levels and temperatures experienced by the joint seals.

During the tests in June, the test team members did not realize
that arrangements could be made through the control tower to have each
aircraft stop at a marked station of the runway before increasing power
and starting its takeoff roll. In the first test series, there was wide
variation in the starting points for takeoffs. In some cases the in-
strumentation of Station 102+50 was of no value because the aircraft
started its takeoff after it was well past that station. During the
tests in August, however, the control tower requested that each pilot
align the cockpit with a marker at Runway Station 102+50, and begin his
takeoff roll from that point.

Table 2-2 lists the takeoff operations during which data were ac-
quired on 4 August 1988. No data were taken during landing operations
because early assessment of the data from the first tests showed that
temperatures and noise levels were very low during landing operations
compared to those during takeoffs. The obvious conclusion is that the
environment of the joint seals created during takeoffs, not landings, is
responsible for deterioration and loss of the joint seal material.
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TIME AIRCRAFT STARTING DATA TIME AIRCRAFT STARTING DATA
LOCATION LOCATION

I TEMPS NOISE I IITEMPS NOISE

Takeoffs, 15 Jun 88 Takeoffs, 16 Jun 88

1131 7-2 102+50-20 x 0754 A-7 102+50-30 X

F-4 102+50-60 X

1221 T-2 102+50-75 x x 0804 F-15 102+50-15 X X

1511 F-4 102+50+33 X X 0807 KC=135 102+50 X X

1517 F-15 102+50-20 x x 0854 KC-135 102+50-150 X x

1528 T-38 102+50+27 x x 0858 F-4 102+50-100 X
F-16 102+50-60 x

1607 F-16 102+50-100 X x 0916 747 102+50+05 x x
F-4 102+50-150 X K

1610 KC-135 K 0927 F-4 102+50-40 X X
F-18 102+50-60 X K

1617 KC-135 105+50 K x 0930 T-38 102+50-05 K

0946 F-16 102+50-75 x x
T-38 102+50-75 K K

TIME AIRCRAFT HEIGHT DATA 0952 T-38 102+50+150 x
AT 102+50 F-4 102+50+70 X

L 15 TEMPS NOISE F-15 102+50+50 X

Landings, 15 Jun 88

1140 F-4 5-10 ft X X 1103 T-38 102+50-200 X

A-7 0 ft X X 1109 T-38 102+50-40 x

T-38 10 ft X X 1126 A-7 102+50-30 X X
T-38 10 ft X X A-7 102+50-40 X X

1206 F-16 10-15 ft X X 1134 F-16 102+50+20 X K

1209 F-16 10-15 ft X X

1424 B-1 20 ft X X

1429 B-1 20 ft X X

1437 F-111 2 ft X X

1446 F-15 1 ft X

1450 F-15 5-10 ft X x

1500 F-4 30 FT X X

TABLE 2.1. TAKEOFF AND LANDING OPERATIONS DURING DATA
ACQUISITION, 15-16 JUNE 1988



TIME AIRCRAFT STARTING DATA TIME AIRCRAFT STARTING DATA
LOCATION LOCATION

I I I TEMPS NOISE TEMPS NOISE

Takeoffs, 4 Aug 88 1113 F-16 102+50-25 X

0931 C-130 102+50-25 X 1117 T-38 102+50-25 X
T-38 102+50-25 X

0946 T-38 102+50-25 X 1124 T-38 102+50-25 X
F-15 102+50-25 X

0947 B-52 102+50-25 X 1137 C-130 102+50-25 X

0951 F-16 102+50-25 X 1138 F-104 102+50-25 X
F-18 102+50-25 X

0954 KC-135 102+50-25 X 1337 F-4 102+50-25 X

0957 F-104 102+50-25 X 1338 F-15 102+50-25 X
F-14 102+50-25 X

1009 F-16 102+50-25 X 1342 KC-135 102+50-25 x
T-38 102+50-25 X

1013 T-38 102+50-25 X 1425 F-18 102+50-25 K
F-14 102+50-25 X

1015 F-4 102+50-25 X 1430 F-16 102+50-25 x
F-4 102+50-25 x

1020 T-38 102+50-25 X

1027 F-16 102+50-25 X

1054 F-4 102+50-25 X

1056 T-38 102+50-25 X
T-38 102+50-25 X

1057 F-14 102+50-25 X

1110 F-4 102+50-25 X

TABLE 2.2. TAKLJFF OPERATIONS DURING DATA

ACQUISITION, 4 AUGUST 1988
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3.0 RESULTS

Data are presented only from selected tests. Presentation of all
data would have been too voluminous. Furthermore, during landing opera-
tions and many of the takeoff operations, there were insignificant changes
in temperatures and the noise levels remained relatively low. During
takeoff operations in which two aircraft were on the runway at the same
time, it was usually the case that one plane was too far to the right of
the instrumentation and the other was too far to the left of the instru-
mentation for exhaust flow to cause response of the thermocouples. The
engines were audible to the microphones and pressure transducers, but
the sound power levels were very low compared to sound power levels
during tests in which the engines passed directly over the instrumenta-
tion. During landing operations, the planes passed rapidly over the
instrumentation with their engines at low power. Often the planes had
not "touched down" as they passed over the instrumentation. Under these
conditions, temperature changes were barely measurable and noise levels
were relatively low. Data from these operations offered little or no
information for presentation.

3.1 Temperatures of the Exhaust Flow Just Above the Surface

Figures 3-1 through 3-10 are plots of temperatures of the exhaust
flow approximately 1/2 inch above the joint sealant surface as various
aircraft perform takeoff operations. Data for these plots were taken 4
August 1988. The instrumentation is described in Section 2.2 of this
report and in Appendix A.

Data are presented for seven aircraft: an F-4 (Figures 3-1 and
3-2); an F-16 (Figure 3-3); an F-15 (Figure 3-4); an F-14 (Figure 3-5);
a T-38 (Figure 3-6); a KC-135 (Figure 3-7); and a B-52 (Figure 3-8).
The order of presentation is generally in decreasing order of tempera-
ture of the exhaust flow just above the surface of the runway. Figures
3-9 and 3-10 are crossplots of selected data from Figures 3-1 through
3-8. Specifically, they show the maximum temperature reading of each
thermocouple plotted versus distance from the runway centerline.

The data for Figures 3-1 through 3-8 were all taken at the trans-
verse joint at Station 104+00. Although the aircraft were usually roll-
ing fast when they reached Station 104+00, the response rate of the
thermocouples was fast enough to follow the ciinnges in temperature of
the hot exhaust gases.

Some observations and explanations of the flow temperature data are
given below:

1. The F-4 aircraft created the highest temperatures in the flow
just above the runway surface. Data from two different takeoff opera-
tions are presented in Figures 3-1 and 3-2. In one case, the flow tem-
perature exceeded 600 OF, and in the other case, the flow temperature
exceeded 500 OF. The F-4 creates the most severe temperature environ-
ment because the exhausts of its J-79 engines are directed toward the
runway surface at an angle of 5015' from the horizontal, which is a more
direct impingment than engine exhausts of any other aircraft monitored
during this test. The F-4 engines are underneath the fuselage, placing
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the centers of the exhausts only 66 inches above the runway, which are
closer to the runway than exhausts of other aircraft. Very little mixing
of ambient air and the engine exhaust gases can take place before the
engine exhaust gases impinge on the runway. Furthermore, with thrust of
17,000 lbf at afterburner power, the J-79 engines are relatively powerful
and the exhaust temperatures and flow velocities are relatively high.

2. The F-14, F-15, F-16, and T-38 aircraft all created flow tem-
peratures of 275 to 325 OF just above the runway surface. Engines of
these aircraft are higher above the runway surface than the engines of
the F-4, and the exhaust flows are more horizontal as they leave the
engine. Therefore, more mixing between the engine exhaust gases and
ambient air takes place before impingement, thereby cooling the gases to
a lower temperature at impingement.

3. Neither the KC-135 or the B-52 aircraft caused significant tem-
perature rise of the exhaust flow just above the runway surface. The
engines of these aircraft do not have afterburners, so the temperatures
of the exhaust flows leaving the engines are much lower than the flows
leaving the engines of the fighter-type aircraft. Also, the engines are
so far out on the wings that the exhaust flows might have by-passed the
instrumentation.

4. The crossplots of maximum temperature versus thermocouple
position (Figures 3-9 and 3-10) show that some of the aircraft were not
aligned with the runway centerline during takeoff. Whenever the maximum
temperature did not occur on the centerline, the aircraft was not aligned
with the centerline. Operationally this is no problem since the runway
is wide enough to handle at least two fighter-type aircraft taking off
together. However, from the standpoint of evaluating the test data, it
indicates an uncontrolled condition from one takeoff to another. In the
case of the F-15 (Figures 3-4 and 3-9), the aircraft was so far toward
the left side of the runway that only the outboard thermocouple at 40
feet from the centerline showed any temperature response. From the data
of Figures 3-4 and 3-9, it is not possible to determine where the center-
line of the F-15 was, so it is not possible to determine if the maximum
exhaust flow temperature was measured.

3.2 Temperatures of the Joint Seal Material

Figures 3-11 through 3-22 are plots of temperatures of the joint
seal material as four different types of aircraft performed takeoff
operations. Data for these plots were taken 15-16 June 1988. The
instrumentation is described in Section 2.1 of this report and in
Appendix A.

Data are presented for: an F-4 aircraft (Figures 3-11 through
3-13); an F-16 aircraft (Figures 3-14 through 3-16); an F-15 aircraft
(Figures 3-17 through 3-19); and a T-38 aircraft (Figures 3-20 through
3-22). For each aircraft, the first figure of the set compares five
surface temperatures and one flow temperature measured at Station
102+50; the second figure compares surface and subsurface temperatures
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at 3 feet and 6 feet from the centerline at Station 102+50; and the
third figure compares six surface and one flow temperature measured at
Station 104+00.

Some observations and explanations of the joint seal temperature
data are given below:

1. The F-4 aircraft caused the highest joint seal temperatures.
Figures 3-11 and 3-13 show joint seal surface temperatures of 285 OF and
310 OF at Stations 102+50 and 104+00, respectively. The peak surface
temperatures were 135 to 150 OF above the equilibrium temperature of the
joint seal surface, where the equilibrium temperature is the temperature
of the surface immediately prior to, or long after, impingement of the
exhaust flow. The slightly lower temperatures at Station 102+50 are
explained by referring to Table 2-1, and noting that takeoff of the F-4
started with the aircraft engine exhaust plane already 33 feet past Sta-
tion 102+50 (i.e., 33 feet past the instrumentation). The aircraft then
passed directly over Station 104+00, placing the engine exhaust plane
closer to the instrumentation and exposing the instrumentation to the
portion of the exhaust plume with higher temperatures and velocities.

2. The F-15, F-16, and T-38 aircraft all caused increases of 40 to
80 OF in the joint seal surface temperatures. The increases are less
than those during F-4 takeoff, and follow the pattern of temperatures of
the flow just above the surface of the joint seal material. As explained
in Section 3.1, the F-15, F-16, and T-38 aircraft engines direct their
exhaust flows more horizontally and are higher above the runway surface
than those of the F-4, permitting more ambient air to mix with and cool
the engine exhaust gases before they impinge on the runway surface.

3. Joint seal surface temperatures did not increase perceptibly
during takeoff operations of KC-135, B-52, 747 and other multiengine
cargo and bomber aircraft. This was expected since the instrumentation
above the joint seal surface did not detect changes in the air tempera-
ture (see Figures 3-7 and 3-8), and increases in the air temperature are
necessary for heat input to cause temperature increases of the joint
seal material. Because all the surface temperature-time plots for these
aircraft showed only flat traces, and included no information for analy-
sis, none of the plots are included in this report.

4. Figures 3-12, 3-15, 3-18, and 3-21 include temperature-time
curves from the two thermocouples placed approximately 1/8 inch below
the surface of the joint seal material, at 3 feet and 6 feet to the left
side of the runway centerline, at Station 102+50. None of the curves
shows perceptible change of temperature due to energy input from the
engine exhaust flow. On the other hand, temperature-time curves for the
corresponding thermocouples at the surface do show temperature increases
as the engine exhaust impinges on the joint seal. Transient temperature
response of the joint seal to the energy input from the engine exhaust
flows is confined near the joint seal surface. Factors contributing to
this are the short duration of exposure to the engine exhaust, the low
thermal conductivity of the joint seal material, and its thermal capacity
(density times specific heat).
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5. The joint seal surface temperature data are "noisy." Plots of
the temperature readings fluctuate randomly as much as 5 to 10 OF. The
noise is possibly due to the poor quality of power from the portable
generators (i.e., deviation from a sinusoidal power signal), and the
difficulty of establishing a common ground potential between the gen-
erators, instrumentation, and recorders. Another possibility is that
the noise is introduced during digitizing of the data or other opera-
tions of the ASYST program (see the discussion in Appendix A). There
was insufficient time during the test schedule to isolate the cause of
the noise, and also insufficient time to eliminate it. However, it was
determined that the magnitudes and durations of noise-induced fluctua-
tions were small compared to temperature changes caused by flow impinge-
ment. For interpretation and analysis of the data, the effects of
electronic noise were eliminated or minimized by simply drawing smooth
curves through the temperature-time traces.

A second problem with the surface temperature data is that the
temperatures differ by as much as 35 OF under ambient conditions (i.e.,
just before or long after exposure to exhaust flow). Figure 3-14, for
example, shows thermocouples on the centerline and 12 feet to the left
of the centerline to have an equilibrium temperature of 145 OF, while
the thermocouple 3 feet to the left of the centerline has an equilibrium
temperature of 110 OF. Four possible causes have been considered: (1)
the shift could be related to the difficulty in establishing common
ground potential for all the equipment; (2) natural convection from the
runway surface could vary from one location to another, possibly due to
localized breezes or currents, and could temporarily cool portions of
the joint seal surface; (3) placement of the thermocouples at the joint
seal surface was not done exactly the same at each location (e.g., some
thermocouples were partially covered with joint seal material, and some
were not exactly horizontal), or (4) some sensors were shaded by the
aircraft awaiting takeoff. No firm conclusion was reached to explain
the cause(s) of the temperature shifts at ambient conditions. In Sec-
tion 4.1 of this report, thermal analysis of the joint seal material at
ambient conditions shows that slight decreases in solar irradiation or
slight increases in natural convection heat loss can change surface tem-
perature at least 35 OF. Lacking a firm conclusion as to the causes(s)
of the temperature shifts, the temperatures shown in Figures 3-11 through
3-22 were accepted as correct indications of what was sensed at the time
by the thermocouples. Differences were assumed to be due to slight dif-
ferences in installation. During analysis of the data, the recorded
temperatures presented in Figures 3-11 through 3-22 were used.

3.3 Acoustic Measurements at the Joint Seal Surface

Figures 3-23 through 3-44 are plots of acoustic data taken at the
surface of the joint seal material during takeoff operations of three
different types of aircraft. Data for these plots were ;aken 15-16 June
1988. The instrumentation is described in Section 2.1 of this report
and in Appendix A.

Data are presented for: an F-4 aircraft (Figures 3-23 through
3-30); a T-38 aircraft (Figures 3-31 through 3-38); and an F-15 aircraft
(Figures 3-39 through 3-44). For the F-4 and the T-38 aircraft, the
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eight plots of acoustic data include two plots for the microphone at
Station 102+50, two plots for the pressure transducer at Station 102+50,
two plots for the microphone at Station 104+00, and two plots for the
pressure transducer at Station 104+00. This also applies for the F-15
aircraft, except that no data are presented for the microphone at Station
104+00. The two plots for each combination of instrument and aircraft
are both of sound pressure level, expressed in decibels, versus fre-
quency. One plot presents the narrow band spectrum versus a linear
frequency scale, while the second plot presents the third octave band
spectrum versus a logarithmic frequency scale. The plots were printed
from the spectrum analyzer screen, and include notations to show the
settings of the spectrum analyzer. Appendix B describes the spectrum
analyzer notations.

Data from the microphone and pressure transducer located at Station
105+50 are not presented because: (1) aircraft were moving fast at Sta-
tion 105+50, and duration of the high intensity portlin of the noise
signal was too short to obtain multiple samples for averaging and trans-
forming from the time domain to the frequency domain; and (2) tempera-
tures from Station 105+50 were not recorded, so comparison of thermal
and acoustic energy levels qz Station 105+50 could not be made.

Some observations and explanations of the acoustic data are given
below:

1. The F-4 aircraft caused the highest noise levels at the joint
seal surface. Figures 3-27 and 3-29 show a noise level of approximately
164 decibels as the F-4 passed over Station 104+00. Figure 3-27 is from
the microphone at that station, and Figure 3-29 is from the pressure
transducer. Noise levels measured at Station 102+50 are shown in Figures
3-23 and 3-25. They were "only" approximately 152 decibels; however,
Table 2-1 shows that the F-4 engine exhaust was 33 feet past Station
102+50 when afterburner power was applied. Instrumentation at Station
104+00 oas much closer to the engine exhaust plane when the F-4 passed
that location. By examining the temperature-time traces for the various
thermocouples, it appears that the F-4 aircraft was aligned along the
runway centerline, so 164 decibels is probably the maximum for the joint
seal materials.

2. Noise levels measured during takeoff operations of F-15 and
T-38 aircraft were approximately 155 decibels and 148 decibels, respec-
tively. Drawing an analogy from the temperature data, one would expect
lower noise levels with these aircraft than with the F-4 because the
engines are higher and direct their exhaust flows more horizontally, and
the T-38 engines have less thrust. From examination of the temperature-
time traces from the takeoff of these aircraft, it appears that the F-15
was slightly to the left side of the runway centerline, but that exhaust
flow from the right engine was passing over the runway centerline. The
T-38 appeared to be displaced approximately 9 feet to the left side, and
there was minimal engine exhaust flow directly over the instrumentation
installed at the runway centerline. Possibly a noise level higher than
148 decibels would be measured during takeoff of a T-38 aircraft aligned
along the centerline of the runway.
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3. Noise levels measured with side-by-side microphones and pres-
sure transducers were consistently almost the same. For example, the
noise levels for the F-4 at Station 104+00 presented in Figures 3-27 and
3-29 differ by only 0.7 decibels (164.6 to 163.9). The noise levels for
the F-15 at Station 102+50 presented in Figures 3-39 and 3-40 differ by
only 0.5 decibels (154.9 to 154.4). And the noise levels for the T-38
at Station 104+00 presented in Figures 3-35 and 3-37 differ by only 0.1
decibels (145.7 to 145.8). Almost the same consistency was obtained
between instrumentation at Stations 102+50 and 104+00. For example,
noise levels for the F-15 were 154.9 or 154.4 decibels at Station 102+50
compared to 152.8 decibels at Station 104+00. Agreement was also close
during T-38 takeoff. During F-4 takeoff, the aircraft started 33 feet
past Station 102+50, so noise levels are not available with the engine
directly over that station.

4. The noise of each aircraft had broad spectral distribution
(i.e., it had significant energy at all frequencies up to at least
10,000 Hz). The peak energy was between 250 Hz and 400 Hz for all the
aircraft. There were only slight differences in the spectral distribu-
tion measured by the microphones and the pressure transducers, including
slight differences in the frequency at which peak energy occurs.
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Figure 3-1. Temperatures of flow approximately 1/2 inch above surface of joint seal
during F-4 takeoff (takeoff at 1054, 8/4/88).
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Figure 3-23. Narrow band spectrum of noise at joint seal
surface during F-4 takeoff (takeoff at 1511,
6/15/88).
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Figure 3-24. One-third octave band spectrum of noise at
joint seal surface during F-4 takeoff (takeoff
at 1511, 6/15/88).
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Figure 3-25. Narrow band spectrum of noise at joint seal
surface during F-4 takeoff (takeoff at
1511, 6/15/88).
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Figure 3-26. One-third octave band spectrum of noise at
joint seal surface during F-4 takeoff (takeoff
at 1511, 6/15/88).
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Figure 3-27. Narrow band spectrum of noise at joint seal
surface during F-4 takeoff (takeoff at
1511, 6/15/88).
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Figure 3-28. One-third octave band spectrum of noise at
joint seal surface during F-4 takeoff (takeoff
at 1511, 6/15/88).
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Figure 3-30. One-third octave band spectrum of noise at
joint seal surface during F-4 takeoff (takeoff
at 1511, 6/15/88).
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Figure 3-31. Narrow band spectrum of noise at joint seal
surface during T-38 takeoff (takeoff at
1528, 6/15/88).
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Figure 3-32. One-third octave band spectrum of noise at
joint seal surface during T-38 takeoff
(takeoff at 1528, 6/15/88).
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Figure 3-35. Narrow band spectrum of noise at joint seal
s eal surface dunng t 38 takeoff at
1528, 6/15/88).
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Figure 3-36. One-third octave band spectrum of noise at
joint seal surface during T-38 takeoff
(takeoff at 1528, 6/15/88).
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Figure 3-37. Narrow band spectrum of noise at joint seal
surface during T-38 takeoff (takeoff at
1528, 6/15/88).
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Figure 3-38. One-third octave band spectrum of noise at
joint seal surface during T-38 takeoff
(takeoff at 1528, 6/15/88).
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Figure 3-39. Narrow band spectrum of noise at joint seal
surface during F-15 takeoff (takeoff at
1517, 6/15/88).
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Figure 3-40. One-third octave band spectrum of noise at
joint seal surface during F-I5 takeoff
(takeoff at 1517, 6/15/88).
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Figure 3-41. Narrow band spectrum of noise at joint seal
surface during F-15 takeoff (takeoff at
1517, 6/15/88).
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Figure 3-42. One-thi.d octave band spectrum of noise at
joint seal surface during F-15 takeoff
(takeoff at 1517, 6/15/88).
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Figure 3-43. Narrow band spectrum of noise at joint seal
surface during F-15 takeoff (takeoff at
1517, 6/15/88).
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4.0 ANALYSIS OF RESULTS

In addition to the temperatures and noise levels presented in
Section 3.0 of this report, the potentials for thermal and acoustic
energy input to the joint seal materials are of interest. Section 1.2
stated that the tests were conducted to determine the aerothermal envi-
ronment; therefore the analyses below are presented to determine the
potential for thermal and acoustic energy input.

Actually, the analyses for thermal and acoustic energy input are
not independent. It is possible that energy absorbed by the joint seal
material will cause an increase in the temperature of the material. It
is also possible that acoustic energy absorbed by the material will result
in changes in the chemical or physical structure of the sealant material.
For example, long molecules may be broken into shorter molecules due to
vibrations induced by the acoustic field. Regardless of the way in which
the acoustic field affects the material, the possibility that acoustic
energy may be absorbed must be included in the thermal energy analysis.
This is done in Section 4.1.2.

4.1 Analysis of Thermal Energy Transfer

For analysis of thermal energy input, energy balances at two
different conditions are considered. One energy balance is performed
when the joint seal is exposed only to normal ambient conditions, but is
not being heated by engine exhaust flow. This is called the "ambient
equilibrium" condition. The other energy balance is performed when the
joint seal material is being heated by engine exhaust flow.

4.1.1 Thermal Balance Without Engine Exhaust Flow Heat Input.
First, an energy balance is performed on a section of the joint sealant
assuming the sealant is not being heated by engine exhaust flow, but
rather is exposed to solar insolation and has reached an equilibrium
temperature distribution. The heat balance for this condition is
illustrated in Figure 4-1. The thermal balance is:

(Rate of Energy Storage) = 0 = (Rate of Solar Energy Absorption)
-(Rate of Reradiation)
-(Rate of Convective Heat Transfer)
-(Rate of Heat Loss by Conduction)

The mathematical expression follows, assuming conductive heat loss
from the joint seal material only occurs in the vertical direction, and
assuming a straight line equilibrium temperature distribution has been
established through the joint seal material. That is:

0 = S - -, hNc(TT4s TTAB) - k(TTs - TT (1)

Equation 1 can be solved for surface temperature, TT , if the
ambient conditions (S,, TT Af TT ,v wind) are known, as .ell as
material properties (a, 1 . Arh6ient conditions vary with season,
time of day, and the instantaneous weather conditions. Representative
values for solar insolation at Edwards AFB during June were obtained
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from Reference 5. Also, the ambient temperature, TAmB, had been measured
periodically on 15 and 16 June. Representative values for properties of
the joint seal material were obtained from Reference 6. The equation
for h is from Reference 7. Values used for ambient conditions, material
properties, and physical constants are listed below:

a = solar absorptivity = 0.9 (dimensionless)

e = emissivity = 0.9 (dimensionless)

k = thermal conductivity = 2.69 x 10-5 Btu-ft/ft 2-sec- 0 R

TT,AMB = ambient temperature, absolute scale = (TAMB + 460) 0 R

TT,Y = temperature of the joint seal material at the interface
with the "backer rod," absolute scale : TT,s

S = rate of solar insolation (from Ref 5), Btu/ft 2-sec

a = Stefan-Boltzmann's constant = 4.83 x i0-13 Btu/ft2-sec-°R4

hNC = (6.11 x 10-5)(TT,s -TTAMd )1/3 Btu/ft 2 -sec-OR

Figure 4-2 presents the diurnal variation of the joint seal surface
temperature under equilibrium conditions. The calculated temperatures
range from approximately 50 OF during evening and predawn conditions to
145 OF at 1200 hours when solar insolation is maximum, assuming no wind.
Surface temperatures as high as 145 OF were recorded during the tests on
15-16 June. The surface temperatures were measured only after the sun
was up and solar insolation was significant; therefore, it was not veri-
fied that the joint seal temperatures dropped to approximately 50 OF at
night.

The effect of wind on surface temperature should be noted. Wind
increases the convetLlvr hcqt transfer loss, and changes surface temper-
ature. Figure 4-2 shows that a four-fold increase in convective heat
transfer coefficient results in a reduction of peak surface temperature
from about 145 OF to about 133 OF.

4.1.2 Thermal Balance with Engine Exhaust Flow Heat Input. For
the second thermal energy balance, assume that the joint sealant is be-
ing heated by hot engine exhaust flow, and by solar insolation. For
completeness, the heating by the hot engine exhaust flow is assumed to
include the convective heat input (the thermal contribution) and the
acoustic energy input (the acoustic contribution)- Assume the joint
sealant temperatures are transient, due to the transient nature of the
heat input from the engine and the inability of joint sealant to conduct
heat rapidly enough to reach equilibrium with the convective heat input.
The heat balance for this condition is illustrated in Figure 4-3. The
heat balance is:
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(Rate of Energy Storage) = (Rate of Solar Energy Absorption)
-(Rate of Reradiation)
+(Rate of Convective Heat Transfer)
-(Rate of Heat Loss by Conduction)
+(Rate of Absorption of Acoustic Energy)

The energy balance is expressed mathematically below, with the (Rate
of Convective Heat Transfer) + (Rate of Absorption of Acoustic Energy)
transposed to the left-hand side where the sum becomes the unknown to be
determined. The sum is the rate of energy input resulting from the aero-
thermal environment created by impingement of the engine exhaust flow on
the joint sealant. In the remainder of the report, the sum will be called
the rate of exhaust flow energy input. That is:

(Rate of exhaust flow energy input) hFc (TT,r - TT,s ) + 0I

y=g
8YT 4 k 8(2

hFC(TT,r - TT,s) + I = pc dy -S + E6T,s + k yy(2)

y=O =

where p = density of the joint seal material = 65.5 lb m/ft 3

c = specific heat of the joint seal material = 0.7 Btu/lb -°Rp m

= fraction of incident acoustic energy absorbed by the joint
sealant, dimensionless

I = acoustic intensity (see Section 4.2), Btu/ft -sec

The terms on the right-hand side can be evaluated using test data
and knowing joint seal material properties and ambient conditions that
applied at the time of the test. The ambient conditions and material
properties are listed in the discussion of the steady-state thermal
energy balance, Section 4.1.1. To illustrate computation of the terms
on the right-hand side, use test data from the takeoff of the F-4 on 15
June 1988, and the ambient conditions that applied at the time of the
takeoff (1517 hours). Use the temperature-time history from Station
104+00 at the centerline of the runway (see Figure 3-13). Terms on the
right-hand side of Equation 2 are calculated in the following manner:

12 From Reference 5, the solar energy flux is typically 0.0738
Btu/ft -sec at 1517 hours during June at Edwards AFB. Approximately 90
percent of energy falling on the joint sealant is absorbed. That is:

(Rate of Solar Energy Absorption) = aS = 0.0664 Btu/ft 2-sec

2. The reradiation loss term can be calculated using the
temperature-time history measured by the thermocouple at the joint
sealant surface. Figure 4-4 shows the reradiation loss term as a func-
tion of time corresponding to the temperature-time history during an F-4
takeoff. That is:
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4
(Rate of Reradiation) = ECsTTs = (see Figure 4-4)

3. The heat conduction loss term is the same for a short-term
transient case as for the steady-state case. Temperature-time traces of
the subsurface thermocouples at Station 102+50 showed little or no tem-
perature increases when the surface thermocouples were responding to hot
exhaust flows. This means that the thermal conductivity of the joint
sealant is so low that transient conduction effects are negligible even
at 1/8 inch below the surface during the short duration of exposure to
engine exhaust gases. The same is true, therefore, at the bottom of the
joint seal:

(Rate of Heat Loss by Conduction) = k [ -TL] k (Tt's - TT'Y)t=0
y-Y Y

= 0 Btu/ft 2-sec

4. The net thermal energy gain of the sealant is evaluated from a
transient finite-difference solution of the one-dimensional transient
heat conduction equation. The solution is from Reference 7, and is de-
scribed in Appendix C. The finite-difference solution was programmed on
a LOTUS 123 spreadsheet. To run the program, the temperature-time his-
tory measured by the thermocouple at the joint seal surface was input as
a boundary condition, and the temperature distribution through the joint
seal just prior to impingement of the jet exhaust flow was input as the
initial condition. Figure 4-4 shows the variation of the net thermal
energy gain term as a function of time during an F-4 takeoff. The rate
of energy storage equation is:

yY

(Rate of Energy Storage) = pcpf aT dy (see Figure 4-4 and
P) at Appendix C)
y0-

The rate of energy input by convective heat transfer plus absorption
of acoustic energy is then calculated. There was no way to directly
calculate the value of the convective heat transfer rate because it was
not possible to measure the magnitudes and variations of all the aero-
dynamic conditions for computation of hFC and TT r Nor was it possible
to directly calculate the absorption of acoustic'energy because it was
not possible to measure 0, the fraction of incident energy actually
absorbed by the sealant. In Section 4.2, the procedure is presented for
computing acoustic intensity, I. However, knowledge of the magnitudes
of all of the other terms in the transient thermal balance equations
enables determination by simple algebra of the rate of exhaust flow
energy input.

Figure 4-4 plots the rate of exhaust flow energy input and other
terms in the energy balance at the point of most severe heating of the
joint seal material during takeoff of an F-4 aircraft at afterburner
power. The methodology outlined above can be applied to any point in
the joint seal and to the operations of any aircraft for which a
temperature-time history has been recorded by a thermocouple at the
sealant surface.
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Figures 4-5, 4-6, and 4-7 are plots of the rate of exhaust flow
energy input and other terms in the joint sealant thermal energy balance
during takeoff operations of F-16, F-15, and T-38 aircraft. Each figure
is for a different location, as well as for a different airplane. For
each aircraft, the location is at the position of the thermocouple where
the greatest temperature increase occurred, and the positions depended
on the aircraft and the alignment during takeoff. The exhaust flow
energy input rates for different aircraft are compared in Table 4-1.

4.2 Analysis of Acoustical Energy Input

Reference 8 defines three different scales for measurement of noise
levels. All use the designation "decibels" to represent the noise lev-
els. The scales are:

1. Sound Pressure Level:

(db)sPL = 10 log 0 p2

ref

where P2 is the time-average of the square of fluctuating pressure
resulting from the noise,

Pref is- ref rence pressurg, normally given the value 2 x
10 N/m = 4.17 x 10 lbf/ft for measurements of sound
pressure level in gases.

2. Sound Power Level:

(db)SPgL = 10 log10 P ref

where P is the rate at which energy due to the noise passes an ar-
ea,

Pref is ?2 reference power lev?, normally given the value 1 x
re 10 watts = 9.47 x 10 Btu/sec for measurements of

sound power level in gases.

3. Sound Intensity Level:

I
(db)SIL = 10 logo10 1rf

Iref.

where I is the rate per unit area at which energy due to the noise
passes a point in the noise field,

I is a referencT2 level of 2 intensity, nof•ally given theref value 1 x 10 watts/mi = 8.80 x 10 Btu/ft -sec for

measurements of sound intensity in gases.
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The data presented in Figures 3-23 through 3-44 are from measure-
ments of sound pressure level. For comparison of noise energy with
thermal energy, the noise data are needed in terms of sound intensity
level. With the noise data expressed in intensity units of Btu/ft -sec,
direct comparison can be made with convective heat transfer, also ex-
pressed in Btu/ft -sec.

Reference 8 gives the conversion from (db)SPrL to intensity, I.
That is:

2 p2Pgc Pe gc

I ref - lo[(db)SPrL/1 01  
(3)

P 0c J P 0 Co J

Calculations of intensities were made using measurements of (db) SPrL,
and

P = density of air just above surface = PAMB/(R x TTAMB)

(PAMB z 14.6 lbf/in2 = 2102 lbf/ft )

(R 53.3 ft-lbf/lbm-°R)

(TTAMB 760 0 R)

co speed of sound in airJ•)St above surface
(T x gc x R x TT,AMB)

(T =ratio of specific heats
1.4 (dimensionless))

J = Joules' constant for conversion of mechanical work
units to thermal energy units = 778 ft-lbf/Btu

gc = constant for conversion of mass-l1ngth-time units to
Force units = 32.2 Ibm-ft/lbf-sec

Table 4-1 presents peak acoustical intensities measured during
takeoffs of F-4, F-15, and T-38 aircraft. The intensities are from 2.50
Btu/ft -sec for the F-4 to 0.08 Btu/ft -sec for the T-38. It was noted
in Section 3.3 of this report that the noise readings for the T-38 are
probably low because the T-38 exhaust flow was displaced several feet to
the left of the acoustic instrumentation at the centerline of the runway.

Table 4-1 also directly compares the overall rate of exhaust flow
energy input with the potential acoustic energy input to the joint seal
material. The overall rate of exhaust flow energy input is approximately
1-1/2 to 2 times that of acoustic cnergy input for each airplane. The
conclusion drawn from this comparison is that the acoustic energy input
is certainly significant with respect to the thermal energy levels.
Since the instrumentation for the tests at Edwards Air Force Base was
not designed to separate the convective heat transfer rate from the
acoustic energy absorption rate, the only thing that can be concluded is
that:
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I is of the order of hFc (TT,r - TTs) + 5I

It was not possible for this report to determine the magnitude of 0 or
the relative magnitudes of 01 and h (T - TT ), although the
intuituve historical assumption hasFgeenf at 5 Is small and 01 << hFe
(TT,r - T T,s).

Table 4-1. Compari-o" of Total (Thermal + Acoustic) Energy Input
Rates and Acoustic Intensities from Engine Exhaust
Flow to Joint Seal Materials

Peak Rate of Total Peak Acoustic
Aircraft Energy Input Intensity

(Btu/ft -sec) (Btu/ft -sec)

F-4 3.50 2.50
F-15 0.55 0.32
F-16 3.47

T-38 1.73 0.08
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Figure 4-1. Thermal energy balance on joint seal material without
impingement of engine exhaust flow.
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Figure 4-4. Rates of heat transfer for joint seal material exposed to F-4
engine exhaust flow (F-4 takeoff at 1511, 6/15/88).

67



5.00

C " convection heat transfer
o 4.00

0

0 3.00
N-

I--
CO 2.00
* ,0

S 1.00

Caa
® 0.00 - .. . . . . . . . .

Li L

0-

0

S--1.00

-2.00
0 20 40 6O

Time After Initial of Exhaust Flow, Seconds

+ solar insolation
0 0.40- 0 conduction heat transfer

10A reradiation

,4

o 0.30-

.4-

O 0.20-

S 0.00- 4" - - - - - - - I - -- -- - 0 ÷ ÷ ÷ ÷ ÷ ÷ +

.4-

"I-

W) A A A A A A A A A AA A A- -. 10 -
(U A

cc" A

-0.20 .

0 20 40 60

Time After Initial of Exhaust Flow, Seconds

Figure 4-5. Rates of heat transfer for joint seal material exposed to F-16
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Figure 4-6. Rates of heat transfer for joint seal material exposed to F-15
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5.0 CONCLUSIONS

1. Takeoffs of the F-4 aircraft at afterburner power created the most
severe noise and temperature environments for the joint seal material.
Measured noise levels reached 164 db and temperature of the flow just
above the surface of the joint seal reached 600 OF. The temperature of
the joint seal material itself reached 310 OF, which was 165 OF above
the equilibrium ambient temperature of the sealant, when exposed to the
F-4 exhaust flow at afterburner power.

2. Takeoffs of the F-16, F-15, F14, and T-38 aircraft at afterburner
power all created severe aerothermal environments as well, but less
severe than the F-4. Temperatures approximately 1/2 inch above the
surface of the joint seal reached 275 to 325 OF. Temperatures on the
surface of the joint sealant increased 40 to 80 OF above the ambient
equilibrium temperatures. Noise levels of 148 to 155 decibels were
measured.

3. The potential for transfer of acoustical energy from the exhaust
flow to the joint seal material is nearly as great as for transfer of
thermal energy. For the F-4, 2 F-15, and T-38, the peak acoustical
intensity expressed in Btu/ft -sec was approximately two-thirds th2 peak
rate of exhaust flow energy energy input, also expressed in Btu/ft -sec.
The temperature rise of the joint seal material during impingement of
the jet exhaust flow is evidence that energy is transferred from the
exhaust flow to the sealant material. The analysis in this report is
based on the assumption that the temperature rise was due to the trans-
fer of thermal energy. However, if acoustical energy is absorbed by the
joint seal material, the absorption could manifest itself as a temperature
rise, or in other ways such as breaking of long molecules in the material
or as breaking of the adhesion to the concrete. There is a need to deter-
mine the effects of high-intcepRity noise on joint seal materials.

4. Aircraft without afterburners, particularly multiengine cargo and
bomber aircraft such as the KC-135 and B-52, created the least severe
noise and thermal environmental conditions at the joint seal surface.
Based on examination of the strip chart recordings of the noise read-
ings, noise levels were much lower than during takeoffs of the fighter-
type aircraft with afterburner power. The recorded noise data were not
calibrated, however, to quantify the decibel levels. Temperatures
changed less than 5 OF from those at ambient conditions.

5. The F-4 created the most severe aerothermal environment because
its engines are beneath the fuselage, resulting in the exhaust gases
being only a few inches above the runway surface when they leave the
engines, and being directed slightly downward from the horizontal. Very
little mixing occurs between the exhaust gases and ambient air before
the exhaust gases impinge on the runway and the joint sealant. There-
fore, at impingement, the exhaust gases are relatively hot and moving at
a relatively high velocity. The engines of other aircraft equipped with
and using afterburner power during takeoffs (F-16, F-15, F-14, and T-38)
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all have engines with exhausts higher above the runway surface and
directed more horizontally. Greater mixing between the exhaust gases
and ambient air takes place before the exhaust gases impinge on the
runway, so the temperatures and flow velocities are not so high.

6. During landing operations, noise and temperature environmental
conditions on the joint seal material were much less severe than during
takeoff operations. Again, a quick examination of the noise levels
plotted on the strip chart recorder revealed much lower noise levels
than during takeoffs. The noise data were not calibrated to get decibel
readings. Also, during landings no measurable changes occurred at the
surface of the joint sealant, or even in the air temperature just above
the joint seal.

7. Thermocouples mounted approximately 1/8 inch below the surface
of the joint seal material showed no perceptible change in temperature
at that depth, even during takeoff operations of the aircraft equipped
with afterburners. The low thermal conductivity and relatively high
thermal capacity (density times specific heat) of the joint seal material
apparently limits the temperature fluctuations due to aircraft operations
to a thin layer near the surface.

8. Spectral analysis of the noise data shows that all the aircraft
at afterburner power have a broad-band spectrum with peak power in the
frequency range 250 to 400 Hz. However, significant power occurs at all
frequencies at least up to 10,000 Hz.

9. Ambient conditions in the desert can raise the temperature of
the joint seal material to about 145 OF at about 2 p.m. in June at Edwards
AFB. This is the time of day at which solar insolation is maximum. The
ambient equilibrium temperature (i.e., the temperature at which the joint
seal material is in thermal equilibrium with ambient conditions) varies
with time of day. Wind and nonhorizontal orientation of the surface
receiving solar insolation can reduce the ambient equilibrium tempera-
ture. Nonhorizontal orientation of some of the thermocouples at the
joint seal surface, and/or wind, may be the cause of variations of as
much as 20 OF in the temperatures of joint seal material even when not
affected by engine exhaust flows.

10. Temperature data recorded on 15-16 June had significant elec-
tronic noise-to-electronic signal ratio. The electronic noise was pos-
sibly due to the nonsinusoidal output of the 15-kW mobile generator which
was the power source for the temperature instrumentation and recorders,
or to the inability to establish a common electronic ground level, or
possibly due to the software used. The cause was not isolated and cor-
rected during the tests. Electronic noise was not significant in the
acoustic instrumentation and recorders. Power for the acoustic instru-
mentation and recorders was from the 2-kW portable generator.
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6.0 RECOMMENDATIONS

1. Expand the data base showing the equivalence of potential for energy
input to joint seals from exhaust flow noise and from exhaust flow temper-
ature, performing the tests where conditions can be more closely controlled.
Any subsequent testing should be done on a run-up pad or taxiway rather
than on an active runway. Preferably the testing can be conducted where
the following factors can be controlled:

(a) 110-volt power is available from the utility grid.

(b) There is ready access to the sensors installed in the joint
seal (access on an active runway is extremely limited).

(c) The aircraft can be positioned to align with the sensors and
to establish the desired distance between the engine exhaust
and the sensors.

(d) Duration of exposure of the joint seal material to the exhaust
conditions can be specified.

2. Conduct analyses and basic tests of the influence of intense noise
fields on joint seal materials (i.e., the actual rate of energy absorption
by the materials and the resulting changes in joint seal material proper-
ties).

3. If the recommended tests show noise criteria should be included,
revise the joint seal material specifications.

73



REFERENCES

1. Naval Civil Engineering Laboratory. Memorandum to files on the
effects of chemical, environmental, and aircraft exhaust on portland
cement concrete airfield pavement joint seals, by Charles C. Dahl and
Melvin C. Hironaka. Port Hueneme, CA (in preparation).

2. Federal Specification SS-S-200E: Sealants, joint, two-component,
jet blast resistant, cold-applied, for portland cement concrete pave-
ment, 15 Aug 1984.

3. Federal Specification SS-S-1401C: Sealant, joint, non-jet-fuel-
resistant, hot-applied, for portland cement and asphalt concrete pave-
ments, 15 Aug 1984.

4. Federal Specification SS-S-1614A: Sealants, joint, jet-fuel-
resistant, hot applied, for portland cement and tar concrete pavements,
15 Aug 1984.

5. National Bureau of Standards. "Hourly solar radiation data for
vertical and horizontal surfaces on average days in the United States
and Canada," National Bureau of Standards Building Science Series 96,
Apr 1977, pp 202-203.

6. Handbook of Chemistry and Physics, 36th Edition. Cleveland, OH,
Chemical Rubber Publishing Company, 1954-1955.

7. Max Jakob and George A. Hawkins. Elements of heat transfer, 3rd
Edition, New York, NY, John Wiley & Sons, 1950, pp 71-72 and 127-131.

8. William K. Blake. Mechanics of flow-induced sound and vibration;
Volume I, General concepts and elementary sources. San Diego, CA,
Academic Press, Inc., 1986, pp 31-32.

74



Appendix A

PROCEDURES FOR CALIBRATING INSTRUMENTATION
AMD FOR

REDUCING AMD DISPLAYING DATA

TEMPERATURE MEASUREMENTS

All temperature measurements were made with chromel-alumel (K-type)
thermocouples. The thermocouples were "Ribbon Contact Thermocouples,"
NANMAC Corporation Model RCF/Part No. B4-1, with junctions already made
and attached to thin arrow-shaped sensing elements for rapid response.

Temperature Measurements Made 15-16 June 1988

For the temperature measurements made 15-16 June, the thermocouples
were connected to a reference temperature junction (Kaye Instrument Uniform
Temperature Reference) placed at the edge of the runway, from which the
wires were run 300 feet to the data recorder. The reference temperature
junction eliminates the need for calibrating individual thermocouples,
and eliminates the need for ice bath reference junctions. An explanation
of the principle of operation of reference temperature junctions is given
in the publication by Omega Engineering, Inc., "Complete Temperature
Measurement Handbook and Encyclopedia," pages T6-Tl1. Figure A-1 shows
circuitry associated with the reference temperature junction. Confidence
in the thermocouple temperature measurements using the reference tempera-
ture junction was established by comparison within 1 OF with readings
from a calibrated Fluke 8024A multimeter probe at ambient conditions.

During the tests of 15-16 June, temperature data were recorded on a
Zenith Model Z248 microcomputer with an 80287 math coprocessor using the
ASYST program to digitize the analog temperature signals, set up files
for the data, convert the voltage readings to temperature, and store the
temperature readings on 5-1/4-inch floppy disks along with corresponding
times. For display of the data for the report, the ASYST graphing routine
was used.

The ASYST program was only able to handle 15 temperature readings
simultaneously. Therefore, temperature readings were taken only from
Stations 102+50 and 104+00. No temperature readings were taken from
Station 105+50. However, temperatures of the joint seal at 105+50 were
less than those at 102+50 and 104+00 because the aircraft were moving
rapidly and the times of exposure of the joint seal to the hot exhaust
flows were less at the downstream station.

Measurements of temperatures during the first test series were
plagued by electronic noise in the signals. The Zenith Z248 computer,
Its monitor and printer, and the power supply for the external reference
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temperature junction were all powered by the 15-kW mobile generator.
The generator output was not a clean sine wave. Also, establishing a
common ground for all the equipment was difficult in the dry desert
conditions. Small ripples, due to electronic noise, were always evident
in the digitized temperature data. Randomly, large errors also occurred,
showing up as "spikes" in the temperature traces. Before plotting the
data from the ASYST files, a digital filtering option available in the
ASYST program was used to eliminate the temperature "spikes."

Temperature Measurements Made 4 August 1988

During the tests on 4 August, temperature data were taken with
different equipment. Figure A-2 shows the schematic of the instrumen-
tation. Data at Station 104+00 were recorded on a Campbell Scientific
Model 21X Micrologger datalogger. Instrumentation was not available to
record data from Stations 102+50 and 105+50.

The microphones and pressure transducers installed for the earlier
tests had been removed before the second tests, so no noise or pressure
data were taken. An advantage to using the Campbell dataloggers was
that they are battery-powered, so electronic noise, which was a nuisance
during the first tests, was eliminated.

Figure A-2 shows that a reference temperature junction (Kaye
Instrument Uniform Temperature Reference) was used in the second test
series as it was in the first. The external reference temperature
junction was used, even though each Campbell datalogger has an internal
temperature reference, because it was again necessary to extend thermo-
couple wires approximately 300 feet from the edge of the runway to the
edge of the "clear zone" where the dataloggers were located, and con-
sequently it was necessary to know the temperature at the junction where
wires from the thermocouples were connected to wires to the dataloggers.

In the field, the Campbell dataloggers converted the analog milli-
volt signal from each of the connected thermocouples to digital signals,
and stored the results in appropriate files for later retrieval. Storage
capacity of the Campbells was sufficient to record data from approximately
20 takeoffs, with each set of data being for a period of i5 to 30 seconds.
The dataloggers were started just as the aircraft increased engine power
and started to roll for takeoff, and were stopped when the aircraft were
well downstream of Station 104+00.

The digital data in the Campbell 21X dataloggers were stored on
Campbell data storage modules (SM192 or SM716) at the site. The storage
module data were transferred to an IBM PC. At NCEL, a program called
SPLIT was used to convert the recorded millivolt readings to temperature
and corresponding time files on 5-1/4-inch floppy disks. From the floppy
disks, the temperature and time files were imported to LOTUS 123 files,
and the LOTUS 123 graphing routine was used to plot temperatures versus
time.

PRESSURE TRANSDUCER MEASUREMENTS

Three Kulite Miniature ISR Pressure Transducers, Model XST-190,
were installed at Stations 102+50, 104+00, and 105+50 along the runway
centerline. Figure A-3 illustrates the Kulite XST-190 transducer and
lists its performance characteristics.
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A "positive shunt calibration" was performed for the pressure
transducers. This is basically a calibration in which the instrument
voltage outputs are determined in the laboratory at various pressures
imposed on the transducer, and the instrument outputs can be simulated
in the field for calibration of the signal processing and recording
equipment. The steps of the calibration are:

In The Laboratory

1. Measure output (millivolts) 2 of the pressure transducer as a
function of applied pressure (lbf/in ). Pressure was applied with a
King Nutronics Corporation Pneumatic Calibrator, Model 3540.

2. Connect the pressure transducer leads to the signal conditioning
circuit depicted in Figure A-4. The signal conditioning circuit is part
of the calibrator/amplifier unit, a Validyne Signal Conditioner Model
SG71. Determine the shunt resistance which results in output voltage
with the shunt switch closed equal 2 to that when a preselected calibration
pressure (in this case, 2.5 lbf/in above atmospheric) is applied to the
transducer with the shunt switch open. The preselected calibration pres-
sure is designated PCAL"

In The Field

3. Connect the pressure transducers to the calibrator, amplifier
(Validyne Signal Conditioner Model SG71), and recorders (Honeywell Model
101 14 Track Tape Recorder, Honeywell Visicorder Model 1858 Strip Chart
Recorder) as shown in Figure A-1.

4. Start with pressure transducer P1 for calibration of the
installation in the field. With the shunt switch open, and with the
pressure transducer exposed to the local atmospheric pressure, make a 3-
to 5-second record on the Honeywell tape recorder of the output dc voltage
from the Validyne Signal Conditioner. This is the "zero" voltage, V(0),
for the selected pressure transducer.

5. For the same pressure transducer, close the shunt switch of the
calibrator. Make another 3- to 5-second record on the Honeywell tape
recorder of the output dc voltage from the Validyne Signal Conditioner.
This is the voltage corresponding to the preselected calibration pressure,
V(PCAL), for the selected pressure transducer.

6. Repeat steps 4 and 5 for each pressure transducer.

7. Record data with the shunt switches of the calibrators open.
Start the tape recorder at 15 inches/second tape speed just before the
start of a takeoff or landing, and stop it when the plane is clear of
Station 105+50. For each transducer, this records the time-dependent
analog voltage signal, which is proportional to the instantaneous pres-
sure incident on the transducer. On the voice channel (channel A),
record the time, type(s) of aircraft, whether the plane is taking off or
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landing, and any other significant information. For further reference,
also record time from the Systron-Donner Model 5154 Time Code Generator
on channel 14.

During Data Reduction

8. Connect the Honeywell Model 101 14 Channel Tape Recorder to the
data processing equipment as shown in Figure A-5. Playback of channels
14 and A through the Time Code Generator and a speaker, respectively,
enables one to locate and identify the records on the tape.

9. Locate the records for V(O) and V(PPAL) for the first pressure
transducer. Play them back through adc vol meter (Hewlett-Packard Model
3456A Digital Voltmeter), and read V1 (0) and VI(PCAL). Calculate the
calibration constant:

k P CAL - PATM
1 = V1(PCAL) - V(0)

10. Repeat step 9 for each pressure transducer.

11. Locate the analog record to be analyzed for noise during a
takeoff or landing. Displaying the record on an oscilloscope (Techtronix
Model 5441 Storage Oscilloscope with Model 5A48 Dual Trace Amplifier)
helps determine the duration of the signal and the peak values of voltage,
which in turn helps in the selection of settings for the spectrum analyzer
(Scientific Atlanta Spectral Dynamics Model SD375 Dynami'- Analyzer II).
Play the selected transducer record into the spectrum analyzer. Display
the spectrum initially as volts versus Hertz, narrow band, both linear
scales. Change the y-scale to "engineering units," and input the k
which is the calibration factor for thq selected transducer. This n
changes the y-scale to units of lbf/in . Next, display the results in
pressure versus Hertz, x-scale 1/3 octave, y-scale linear. Move the
cursor to the peak pressure, and read it. Calculate db as follows:

PPEAK - PATM PPEAK - PATMdbpEAKog= 2REFog = 20 Log 02
PEAKREF PAT 2.89 x 10-9 lbf/ft2

Input the calculated value of db PEAK' " is completes calibration of the
results.

12. Display the results on the CRT of the spectrum analyzer as
desired. Obtain "hard copies" of the results from the Techtronix Model
4632 Video Hard Copy Unit.

MICROPHONE MEASUREMENTS OF NOISE

Three quartz microphones, Model 106B from PCB Piezotronics Inc.,
were installed at stations 102+50, 104+00, and 105+50 along the runway
centerline, as near as possible to the Kulite pressure transducers.
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Figure A-6 illustrates the Model 106B microphone and lists its performance
characteristics.

A calibration curve is provided by the manufacturer for each micro-
phone purchased. The calibration is for the microphone itself, however,
and not for the field installation. The procedures for determining any
change from the manufacturer-supplied calibration and for calibration
the field installation are explained below.

In The Laboratory

1. Measure output (milli~olts) of the microphone as a function of
applied sound pressure (lbf/in ). This was done using the microphone
adapter of a Bruel & Kjaer Hydrophone Calibrator Kit, Type 4223. For
the microphones used in the tests at Edwards AFB, the laboratory cali-
bration verified the calibration curves furnished by the manufacturer of
the microphones.

2. Connect the microphone leads to the signal conditioning circuit
depicted in Figure A-7. The signal conditioning circuit is built into
the microphone amplifier unit (PCB Piezotronics, Inc., Model 483M92).
Set up the signal conditioning circuit so that closure of the "calibra-
tion switch" inputs a voltage to the amplifier equal to that when a
presel~cted calibration sound pressure level, PCAL' (in this case, 2.5
lbf/in ) is applied to the microphone.

In The Field

3. Connect the microphones to the calibrator/amplifier (PCB
Piezotronics, Inc., Model 483M92) and recorders (Honeywell Model 101 14
Track Tape Recorder, Honeywell Visicorder Model 1858 Strip Chart Recor-
der) as shown in Figure A-1.

4. Start with microphone Ml for calibration of the installation in
the field. With the calibration switch open, and with the microphone
exposed to the local atmospheric pressure, make a 3- to 5-second record
on the Honeywell tape recorder of the output dc voltage from the PCB
Calibrator/Amplifier. This is the "zero" voltage, V(0), for the selected
microphone.

5. For thn same microphone, close the calibration switch of the
calibrator/amplifier. Make another 3- to 5-second record on the Honeywell
tdpe recorder of the output dc voltage from the PCB Calibrator/Amplifier.
This is the voltage corresponding to the preselected calibration pressure,
V(PCAL), for the selected microphone.

6. Repeat steps 4 and 5 for each microphone.

7. Record data with the calibration switch of the calibrator/amplifier
open. Start the tape recorder at 15 inches/second tape speed just before
start of a takeoff or landing, and stop it when the plane is well clear
of Station 105+50. For each microphone, this records the time-dependent
analog voltage signal, which is proportional to the instantaneous pressure
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incident on the microphone. On the voice channel (channel A), record
the time, type(s) of aircraft, whether the plane is taking off or
landing, and any other significant information. For further reference,
also record time from the Systron-Donner Model 5154 Time Code Generator
on channel 14.

During Data Reduction

8. Connect the Honeywell Model 101 14 Channel Tape Recorder to the
data processing equipment as shown in Figure A-5. Playback of channels
13 and 14 through the Time Code Generator and a speaker, respectively,
enables one to locate and identify the records on the tape.

9. Locate the records for V(O) and V(P AL) for the first pressure
transducer. Play them back through a dc vol1meter (Hewlett-Packard Model
3456A Digital Voltmeter), and read V1 (0) and VI(PCAL). Calculate the
calibration constant:

PCAL - PATM
1 Vl(PCAL) - VI(0)

10. Repeat step 9 for each microphone.

11. Locate the analog record to be analyzed for noise during a
takeoff or landing. Displaying the record on an oscilloscope (Techtronix
Model 5441 Storage Oscilloscope with Model 5A48 Dual Trace Amplifier)
helps determine the duration of the signal and the peak values of voltage,
which in turn helps in the selection of settings for the spectrum analyzer
(Scientific Atlanta Spectral Dynamics Model SD375 Dynamic Analyzer II).
Play the selected microphone record into the spectrum analyzer. Display
the spectrum initially as volts versus Hertz, narrow band, both linear
scales. Change the y-scale to "engineering units," and input the k
which is the calibration factor for th2 selected microphone. This n
changes the y-scale to units of lbf/in-. Next, display the results in
pressure versus Hertz, x-scale 1/3 octave, y-scale linear. Move the
cursor to the peak pressure, and read it. Calculate db as follows:

PPEAK- PATM PPEAK - PATMdbpA = 20OLog =,- 20 Log-
PREF - ATM 2.89 x 10-9 lbf/ft2

Input the calculated value of db PEA. This completes calibration of the
results.

12. Display the results on the CRT of the spectrum analyzer as
desired. Obtain "hard copies" of the results from the Techtronix Model
4632 Video Hard Copy Unit.
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Figure A-2. Schematic of instrumentation for acquisition of data, 4 August 1988.
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MINIATURE IS® PRESSURE TRANSDUCER

XST-190 SERIES
LOW PRESSURE HIGH OVERLOAD
N*25 To 200 Times Overpressure

Without Damage
111 Integrated Sensor (IS)m
"* Easy Installation
"* Operational Mode

Sealed Gage (SG)
Absolute (A)

76 NO-A

-A SENSITIVE

AREA 073

~~i D 2 U N F A I 157 NOM 319
A CONDUCTON SHIELDED CARL( ~

2' TE.~P COI.P 0 RING 07 ONOMI
IIODULE 17Is AC M SCREEN STANDARD. 006 HOLES ON 0)0 CENTERSI

OR250 SERVICE SUINA N (sACK)
FOR 350-F SERVICE SILICONE (RED! JF

NO SCREEN TIP DIA I4

Rated Presaure psi 5 0

Mfximum Pressure psi 1000 5000

Outpuf(noml) 75mv

Input Impedance (min) 5000
Output Impedance (nom) 3500

Acceleration~ Sensitivity

PerpenIcular .006 00Transverse .06000013

Natural Freq~uency 10041Hz 20041lz

Excitation 1OV DC or AC (20V max)

Bridge Type Fully active four arm Wheatstone Bridge

Zero Balance ± 3% FS imaxi

Combined
Nonliniearlty anld 2 0 3%. FS 8FSL
Hysteresis

Repeatabdility 0 1%1 FS

Compensated
Tempierature Range 80'F to 180'F (25 C to 80 C) Any 200*F range within the operating range on request

Ter.erurs Range -5 'F to 250 F I - 55'C to 120 C) Temperatures to 350 F (175 *C available on special order

Chan'e '"Sest~y
W.It TepI etn 2 0%h1l00'F Imaxi

Cng01No-Loaid
Oututwoth Temperature 2 2 0%PSJIOOP Iimam,

Resolution infinite

Figure A-3. Kulite model XST-190 pressure transducer and performance characteristics.
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QUARTZ SOUND PRESSURE7
MICROPHONEson
w/ built-in amplifier PESR

Models 106B & 106B50 I

MODEL 1068
'0 32 Thd

Coaxil Cornnecta

Models 1068 & 106850 voltage-mode vibration 9 16 He.
9 16 t8 Tril

compensated sound pressure microphones with 77JAiaNu
built-in amplifier measure acoustic phenomena. iupid

tModlr106B i voltage-mode lCP version of the high- 90065A37
tempratre odel116 wih a uil-inlow-noise isola-

tion (line-driver) amplifier, which improves resolution and U
simplifies system operation. It functions to transfer 30-j-----435 Da
acoustic phenomena in gases or liquids into electrical 1970,a t 4----
signals compatible witn readout and analyzing instru- DIMENSIONS Model 1066
ments. The Model 106850 is a larger, more sensitive
version with a resolution! 6O dB. These instruments916OT
usually install in a steppeo hole, seal at a shoulder and96tTh
are retained by a hollow clamp nut. Optional ground-
isolated installations are available with nylon-type plastic 45
or emralon coating. Battery type power units offer the 87
lowest electrical system noise

SPECIFICATIONS. Model No. 1066 106660 437D0.

Range 12 5 voilt output) Ps, 83 50 55.

Maximum Pressureelsiow) psi 1000 500 INSTALLATION PORT forModel 1066
Resolution irms( psi 08) 00001 (91) 0 00003 (80)

Sensitivity mYJ psi (my Pal 300(004) 50040 07) MODEL 106850
Resonant Frequency kl-z 60 40

Low Frequency (-5%) Hz 0 5 05
Rise Time msec 5 a I0t 2h
Discharge Time Constant sec 1 0 1 0 c1a0a Cx32 Thr

Linearity (best straight l'ine) 10 1 0 13/4 Hal*3/4 - 16 Thd

Output impedance ohms 100n 100laoim Nupiet
Output Bills(nominal) volts 4 4 16 06n cihkN,
Acceleration Sens~itv;ty psi g 0002 0002 S
Temperature Coefficient % F 003 003 filing

Temperature Range F -65t0 -250 -6510 -250 76 lS$uedtO

Flash Temperature F 3000 3000
Vibration, Shock 9 s peak 1000.2000 500.1000

30 1L_ _ 61ISO's
Seal Welded Hermetic Hermetic 6870.ia
Case Diaphragm s S S s

Weigh gm 5 32DIMENSIONS Model 106950

Connector micro tO 32 10-32 3 4 16trho
Dimensions in 0 5 x1 5 0 7 x 1 6

Excitation Voltage V1> - 18 to 24 - 18 to 24 28 -

Excitation Current (constant) mA 2 to 20 210o 20 463 :i~

A typical laboratory or field system (Model GK1O6B)
consists of 1068 sensor. 480006 battery power unit 625 Da4 1 1
with gain. 002A10 coaxial sensor cable and 002C03 7030Dim
scope cable (with BNC connector) INSTALLATION PORT for Model 106660

Figure A-6. PCB model 106B microphone and performance characteristics.
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Appendix B

SPECTRUM ANALYZER NOTATIONS

This appendix presents the typical notations found on noise plots
from the spectrum analyzer. Figures B-1 and B-2 display the location of
the data. The following explanations correlate with the note locations
on Figures B-i and B-2:

Note 1. Horizontal scale is linear, going from 0 Hz at the leftmost
vertical line to 10,000 Hz at the rightmost vertical line.
Each vertical line represents 1,000 Hz.

Note 2. Horizontal scale is logarithmic, going from 12.5 Hz at the
leftmost vertical line to 10,000 Hz at the next-to-rightmost
vertical line. Each vertical line represents doubling of
frequency.

Note 3. The vertical scale range is 100 to 170 decibels, and a
reference sound pressure level (in this case, 20 microPascals)
represents 0 decibels.

Note 4. The vertical scale is log10 of "A", where "A" is the signal
representing sound pressure level.

Note 5. A narrow band spectrum is plotted.

Note 6. A 1/3 octave band spectrum is plotted.

Note 7. A gain of 0 decibels has been applied to the vertical scale in
order to show the range as 100 to 170 decibels.

Note 8. "Hanning" weighting was selected and applied to the input
signal by the spectrum analyzer.

Note 9. "Full" wo{&htlig was selected and applied to the input signal
by the spectrum analyzer.

Note 10. The approximate RMS voltage of signal "A" from the tape
recorder to the speztrum analyzer was 0.50 Volts. The 0.50-
volt scale on the spectrum analyzer was the lowest scale which
did not "chop off" peaks of the input signal.

Note 11. Five samples of signal "A" were averaged.
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Note 12. The total sound pressure level, integrated over the entire
frequency spectrum, is 164.6 decibels.

Note 13. At 250 Hz, maximum sound pressure level of 156.6 decibels

occurs.

Note 14. The spectrum was analyzed up to 10,000 Hz.

Note 15. 250 Hz represents the 24th third octave band from
log1 0 ( freqency)=0.
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Appendix C

METHOD OF COMPUTATION OF RATE OF THERMAL
ENERGY STORAGE IN JOINT SEAL MATERIALS

One-dimensional, transient conduction of heat through a material
with constant thermal conductivity is described by the following partial
differential equation:

aT a2T

p at a- 2

One approach to solve for T = T(t,y) is to use finite difference
analysJs. Make the following approximatiors.

aT - T(t + At,y) - T(t,y)
at At

aT - T(t,y) - T(t,y - Ay)
ay Ay

2 T(t,y + Ay) - T(t,y) _ T(t,y) - T(t,y - Ay)

aY2 A Ay

= T(t,y + Ay) - 2T(ty) +T(t,y-ty)
2

Ay

Substitute the finite difference approximations for the partial
derivatives, and solve for T(t + At, y).

T(ty + Ay) + P C p - ?] T(t,y) + T(t,y - Ay)T(ty + Aty) + k At Y2______ _ _ _ _ k At.

T(t + At,y) =p Ay2

k At

2

The nondimensional grouping (p c Ay /k At) is called the
"modulus," M. The value of the modulEs is restricted. If M < 2, the
finite difference solution is unstable (i.e., a large value of T(t,y)
results in a small value of T(t + At, y)). If M >> 2, the number of
computationel steps is far greater than necessary. Preferably, 3 < M <
4.
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For a specific material, the properties of the material (p c_, k)
are given. The value of modulus M can be controlled by selectingPAy and
&t. In the solutions for the thermal energy stored in joint sealant,
the following values were used:

At = 2 seconds

Ay = Y/20 = 0.025 inches = 0.002083 feet

Y = 0.5 inches (typical thickness of joint seal)

p = 65.5 lbm/ft3 (density)

c = 0.7 Btu/ibm- 0 R (specific heat)P

k = 2.69 x 10-5 Btu-ft/ft 2-sec-°R (thermal conductivity)

M = 3.6977

To carry out the finite difference solution, an initial condition
and two boundary conditions were applied:

Initial Condition: At t = 0, the temperature distribution through
the joint seal, T(0,y), was input for each node,
spaced at intervals of Ay = 0.025 inches.

Boundary Condition 1: At y = 0, the temperature-time history from
a surface thermocouple, T(t,0), was input
for each time interval of 2 seconds.

Boundary Condition 2: At the bottom of the joint seal, y = 0.5
inches, the rate of heat was assumed to be
constant at the value occurring during
ambient conditions. The governing equation
at the bottom node is:

T(t + AtY) = 2T(t,Y - Ay) + (M - 2)T(t,Y) _ 2T(0,Y - Ay) - 2T(O,Y)
' M

After solving for the temperature distribution, the rate of energy
storage was calculated at each time step:

(Rate of Energy Storage) = 2 Ay T(t,y) - T(t - At,y) +
py)2Ay

T(t,y - Ay) - T(t - At,y - Ay)]Ay
At 2
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