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? ; A NEW ANTI-G VALVE FOR HIGH-PERFORMANCE ATRCRAFT

INTRODUCTION AND BACKGROUND

The F-15 anti-G valve is similar basically to the anti-G valves
3 * used in jet fighter aircraft two decades ago. It was not surprising,
therefore, that-—due to tne increase in performance characteristics of
the F-15--the intlation rate of the anti-G suit was found to be too
slow for pilots flying this advanced fighter aircraft.

Consequently, }
the USAF School of Aerospace Medicine (USAFSAM) initiated development
] i
of an anti-G valve which would significantly surpass the performance of f
: i
the valve presently in the F-15. The approach to and results of this 1
3
i research and development program are reported herein. §
: {
; APPROACH ]
P
i

The rate of anti-G suit inflation is slowed by two passages of

high resistance to air flow--the valve itself, and the suit hose con-
necting the valve to the suit abdominal bladder. Reducing or eliminating
these resistances would increase suit inflation rates; yet, toou rapid
inflation of the G-suit could be uncomfortable to the pilot.

s g Y
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: The resistance of the G-valve was reduced by increasing the sizes

. of several ports within the valve (Fig. 1). This modification increased
: air flow through the valve by approximately 50%Z; for the air flow through
the stardard valve is approximately 15 ft3/min (0.42 m3/min), whereas

the modified hi-flow valve has 22 ft3/min (0,62 m3/min) air flow. This

modification was made by Alar Products, Inc.l/ under a USAFSAM contr.ct.
The modified valve is called the "Hi-flow" (HF) valve.

RIS SR

The resistance of the hose of the anti-G suit was circumvented by

: allowing the suit to fill with air to a pressure of 0.2 psi pricr to an

x Lo increase in G. This pre-G inflation allows for approximately 60% of the
: suit volume to be filled with air, thereby greatly reducing the amount

3 ' of air which must pass through the suit hose to increase suit pressure.

% This pre-G inflation technique is called "Ready P®ressure" (RP).

i i, e et R o s
2 et B L i s R M

A ready pressure device has been developed at USAFSAM (Fig. 2).
This device is adjustable, so that ready pressure caa be provided to the
suit at 1 G from 0.1 to 1 psi (0.2 psi appears to be favored by most

pilots). When 2 G 1. obtained, the ready pressure device becomes inoperable;

i iRt

1/ Aler Products, Inc., 9100 Valleyview Rd., Macedonia, OH 44056
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Figure 1. Schema of the Alar anti-G valve modification (shown in black).
Arrows indicate additional modifications--an enlarged spiracle,
and 3 spacers.
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Figure 2:

e i ’
3
View 2-A. '"Brassboard" model of HFRP anti-G valve used in
our study.
|
!
¢
1
i
J
|
1
!
y
3
:
View 2-B. '"Prototype" model of the HFRP anti-~G valve tested 3
on the USAFSAM centrifuge. )
Views A and B. These devices maintain suit presgure at 1 G
with spring tension against the valve's "press to test" button.
Ready pressure is controlled (+ 5mm Hg) via a diaphragmed
chamber connected by a tube to the anti~G wvalve which monitors
the G-suit pressure. The prototype model (View 2-B) has an
on/off switch for ready pressure.
5
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; and it remains so untii the acceleration fovce is onve agaln equul to or %
| less than 2 G. If ready pressure is not needed or derired by the 9
' pilot, it can be eliminated with an onfoff switch. The ready pressure
L device can be mated to the hi-flow anti~G valve or the standard ¥F-15

i ! valve, with minor valve modifications.

- EXPERIMENTAL PLAN
E.

L Little is known about uethods to test anti-G valves appropriately
] so that their function can be quantified in some meaningful manner
during aerial combat maneuvers (ACM). Typically, anti-G valves and
suits are testsd to determine their effect on G tolerances of relaxed
S subjects. Such tests measure the cardiovascular effect of the anti-G
i system. Unfortunately, they do not determine the support offered the
pilot at rapid G-onset rates or to high G (>6.0 G) wher: he may spend a
' gsignificant portion of his time during the ACM.

Much of the data relative to G-valve quentification must be obtained
from G-sult response, sfor the suit is that component of tlie anti~G
system which directly provides G-protection. Consequently, a physio-
1ogic test plin was developed using G-suit responses to determine if hi-
. flow, ready pressure, or combtined hi-flow ready pressure would be a
' significant improvement over the valve presently in the F-15. Two major
criteria of the test to demonstrate an improved valve were to quantify: §
(a) G-protection, and (b) pilot acceptance, Pilot acceptance in tunis )
regard is critical, especially because G-suits and valves are dynamic :
aquipment that covers a portion of the body and shares the cockpit with
the pillot. Of course, since pilot acceptance would include some evalu-

ation of G-protection, final valve selection used a combination of both
criteria.

P T
) o [T PR ITeY) g bl i AR e
EPIPRT TR TOR TSI I T P2l BT RESIIPE DL RS e ek G ALt

g
Ly

i SN e G A

Subject Selection

s

Because there is no known objective measure of pilot acceptance and
G-protection of suits and valves that critically evalvate chese param-
eters during ACM, much of the data had to be subjective. Subjective
data, however, may be extremely biased; tnerefore, determining pilot
prejudices regarding the F-15 anti-G system was important. Selection of . :
the type of test subjects to be used in this study was also very impor- -4
teat. Since pilot acceptance of the valve to be installed in the F-15
was critical, F-15 pilots were the subjects of choice. Fortunately, 8

volunteer F-15 pilots, from 2 USAF bases, were provided by the Tactical
Air Command (TAC) for this study.2/

b i

a6 Bt

o e e e ©
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2/ We gratefully acknowledge the fine cooperation of the partic ~ting
F-15 pilots from TAC: Capt. C. V. Bradford, Capt. T. R, Butler, Capt. R. E.

: Doehling, Capt. G. R. Gor=z, Capt. D. C. Hayes, Capt. S. J. Knight, Capt.
A N. L. Schoening, and lst Lt. M. R. Judge.
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Immediately prior to this study, each pilot's flying history and
physiczl condition were determined through a questionnaire which identi-
fied: (a) age and body size; (b) flying experience in the F-15;

(¢) exerclse routine; and (d) present physical condition. Each pilot's
biases regarding the anti-G system presently in the F-15 were likewise
determined by obtaining his opinions on: (a° F-15 G-valve adequacy;
{b) G-suit adequacy; (c) qualitacive value an anti-G system; and
(d) G-valve reliability. During the stud,,

1ing questionnaires
determined daily the pilot's fatigue status a.

previous ni~ht's sleep.
Biases of the pilots, concerning the specific valves to b rested,

were minimized by keeping the subjects and the principal investigator
completely "0lind" during the entire week of data collection.

Study Locatiou

The physical test-bed for the study war also very important. Two
possibilities existed: (a) to test the valves in the F-15 aircraft
during aerial combat maneuvers; or (b) to use a centrifuge where G
regulation would be more precise. The flight-test approach was aitrac-
tive in providing the “real world" environment, but several difficulties
made it unacceptable for the initial developmental test of these valves.
Specifically, difficulty in obtaining approval for the experimental
valves for F-15 flight was 2z major factor; and, since much of the data
of this study would be developed from daily comparisons of different
valves, closely regulated and reproduced G-profiles were essential.

Th' 1 condition was only possible using the centiifuge,

The specific centrifuge to be used also had to be determined.
Earlier studies ac USAFSAM, using similar anti-G valves, had found that
the F-15 anti-G valve performed well at 1 G/sec onset rates. This valve
became deficient onlv at 3 G/sec and higher G-onset rates. The only
centrifuge in the United States capable of exposing humans to these
rapid G-onset rates was at the Naval Air Developmeunt Ceanter (NADC),

Warminster, PA. Consequently, the study was performed with the coonera-
tion of the US Navy, using 1its centrifuge at NADC.2/

Valve Selection

The ready pressure device, in combination with the hi-flow valve
and standard F-15 valve, made it possible to have 3 experimental valves
with nperational characteristics superior to the F-15 valve. Thege
experimental valves were: (a) hi-flow valve alone; (b) hi~flow valve
with ready pressure; and (c) F~15 valve with ready pressure. However,
in order to maintain the double~blind aspect of this study (since ready
pressure application would be obvious to the pilot during the test),

g/ We gratefully acknowledge the use of the centrifuge facilities at NADC.
The study reported hereir would not have been accomplished without the use

of the NADC centrifuge and the fine cooperaticn of those responsible US
Navy personnel,
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an additional valve with ready pressure-~having overall poor performance
characteristicg--was needed in these tests as a ready pressure cottrol !
valve. This ready pressure control valve, as a fourth experimental i
valve, would provide the answer to the question: Can the pilet dis-

i criminate overall improved valve function from the obvious ready pressure?

e i L

Subjective data must be compared to a known standard if these data T3
are to be quantifiable. Since we were concerned about the function of
our 3 experimental valves relative tc the USAF F-15 valve, we had each .
pllot compare the responses of our experimental valves to the valve in
his F-15. We also included an F-15 valve (unknown to the pilcts) as a
fifth valve among the vaives to be tested during the week of our study.

T

bl

A pilot tested only one valve each day, and the valves were random-
ized on a daily basis among the pilots. Five days of testing were
required to complete the data collection, since 5 valves were to be

i tested--(a) F-15 valve alone; (b) F-15 valve with ready pressure;
: (c) hi-flow valve alone; (d) hi-flow valve with ready pressure; and

(e) ready pressure control valve. Each pilot provided his own anci-G .
' suit for the study.

Mabind M, e tan

i
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Acceleration Profiles

Since the F-15 valve was reported to be deficient only at rapid G-
onset rates, the G exposures used to test the valves were critical.
Five acceleration exposurcs were used, and always in this order:

it . ool P L el b

o m e o = 2 e S T

(a) 3 G for 15 sec--1 G/sec onset rate; (b) 7 G for 10 sec--1 G/sec
onset rate; (c) 7 G for 10 sec--3 G/sec onsget rate; (d) 7 G for 10
sec-~6 G/sec onset rate; and (e) a simulated ACM with three 7 G peaks
with all increases in G at a 6 G/sec onset rate (Fig. 3). Rests between ]
1
10 SEC 6 SEC
5 SEC
5 SEC
2 10 SEC
RATE OF ONSET 60 G/SEC 3 seC
RATE OF OFFSET 1.0 6/SEC
0 —t k. i L L 1 A A1 A )
0 0 20 30 40 50 60 70 80 90 00 10 120

TIME (SECI

Figure 3. The ACM has three 7-G peaks, with all increases in G at 6 G/sec.
Midway through the ACM, the G level was reduced below 2 G so that
the effect of ready pressure would be felt twice by the pilots
during each ACM exposure-—the G-valve without ready pressure
does not begin to inflate the G-suit until 2.2 G.
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G exposures were determined on the basis c¢f individual pilot preference,
and usually were iesz than 30 sec. A 6 G/sec onsat rate to 7 G was

chosen because it was the highest onset rate possible at NADC without

large G overshoots. At the completion of the study, the F-15 pilots

noted that 6 G/sec would be the maximum they would use in an ACM,

Several pilots thought 3-4 G/sec onset rates would have been more realistic.

e Lt

The use of an ACM as a G profile on the centrifuge has been found
by USAFSAM to be more appropriate for testing, relevant to high perform-
ance aircraft, than the sustained G exposures more common to acceler-
ation reasearch. These high-G profiles including the ACM were considered
by the pilots to be quite realistic, and a valid approach for testing
the G-valve, 1In the first questionnaire, the pilots noted that they
primarily used the G-suit to support their M-1 maneuver at high G. E

TV

N

Subjective Criteria in Valve Evaluation

Fatigue--Immediately before and after each pilot's daily centrifuge i
valve test, his fatigue status was quantified by scoring 10 questions :

E regarding his feeling of physical well-being. The difference in the o
P before and after fatigue scores was the net fatigue proliuced by the i
i

day's 5 acceleration exposures.

Effort--Pilot effort was quantified by having the pilot mark a .
chart scaled from moderate effort to maximum effort. Moderate effort oo
had a grade of 1, whereas maximum effort was recorded as 7. Any level
of effort between these extremes could be marked accordingly, so that a
graded effort scale was developed.

Suit Pressure at 7 G--The feel of G-suit pressure by the pilot
while he was at 7 G was graded, using the method employed for deriving
an effort score. The extremes for suit pressure ranged from too little

(grade 1) to too much (grade 7). Perfect suit pressure would have had
a grade of 4.

PRI VI N

Suit Support During G Onset--Since the pilot was exposed to the
respective onset rates of 1, 3, and 6 G/sec to 7 G (exposures 2, 3, and
4), the support that the suit offered during each of these onset rates P
was subjectively scored in a manner similar to that already described (in Pl
the paragraph on "Effort"). The minimum score of 1 was "poor"; and :
"excellent" received a grade of 7. The pilot was also asked if his
valve offered ready pressure.

oy

Experimental Valve Comparison With F-15 Valve--The pilot was asked
. to rate the valve tested against his valve in the F-15. This rating was
then scored in a mannar similar to the effort and suit pressure at 7 G
evaluations, with the extremes being "much worse" and "much better."
Much worse received a score of 1; and much better, 5. A score of 3
meant that the valve tested was similar to (same as) the F-15 valve, !
This valve rating score is termed "F-15 valve comparison" in this report. :

- T TR
e TR A s, s oo o

! Valve Comparison With All Valves Tested--After the last valve was i
A tested by each pilot on Friday, the pilot was asked to list the valves ¢

9




(days) in order of preference. He was still "blind" regarding the
valves he had tested, so that he could only identify valve function with
the day of the week on which a specific valve had been tested, The best
valve (day) received a score of 1; and the poorest valve, 5. This type
of valve rating score is termed 'rank-preference" throughout this report.

Pilot Acceptance-~After the study was concluded, and while the
pilot was still blind regarding the valves tested, he answered several
questions regarding acceptance in the F-15 of the valves he had tested
during the week. These questions also elicited his opinions on Ready
Pressure.

An additioral opinion of pilot acceptance of our USAFSAM anti-G
valves was solicited after the pilot had returned to his base and was
once again flying the F-15, Of course, this additional opinion was not
blind; for the pilot had now been told about the study. The primary
question was: ''Now that you have flown the F-15 again after our study
(and I'm sure you felt the G-suit inflate), do you (still) think that at
least one of our experimental G-valves is better than the one now in the
F-15? If so, please identify that valve."

Objective Criteria in Valve Evaluation

Physiologic Responses--Since the G-suit significantly affects
physiologic responses to high G exposure, several physiologic parameters
were determined and compared among the valves tested. These pairameters
included: (a) heart raythm; (b) various measures of heart rates; and
(c) maximum level of light loss, as reported by the pilot after each G
exposure.

G-suit Inflation (Valve Error Scores)--An objective measure of
valve responge was devised and called the "valve error score." The
analog voltage response for the accelerometer (G-profile) was compared
to the analog voltage response of the G-suit pressure inflation profile.
If the G-svit inflation rate was immediate, it followed the G profile
exactly. If, however, suit Inflation was slowed by a poorly performing
G-valve, the G-suit inflation profile lagged behind the G-profile. This
area of lag, called the valve error score, is indicated in Figure 4 as
the G-suit inflation error. Integration of this area resulted in =z
number without physical dimensions. The greater the valve error score,
the poorer the G-valve performance. Valve error scores were calculated
for all valves at the three different G-onset rates to 7 G.

G-suit Inflation (Maximum Inflation Rates)--Quite apart from the
"valve error scores," 4 valves (F-15, hi-flow, F-15 with ready pressure,
and hi-flow with ready pressure) were "bench tested" in the USAFSAM Crew
Technology Division laboratory using maximum air flow capability. Each
valve was connected to an anti-G suit with its volume restricted to
approximately 10 liters. The pressure inside the suit's abdominal
bladder was monitored, using a PM 131TC Statham Pressure Transducer,
via a small rubber tube introduced into the abdominal bladder through
the G-suit hose, The analog output of the transducers was recoxrded on

10
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a 4 Channel Brush Recorder. The pressure source to the valve was a 14-
liter air reservoir at 70 psi, connected to the G-suit by reinforced
plastic tubing (6 ft long X 1/2 in. id; or 182.88 cm X 1.27 cm). The
reservolr was fed by laboratory line air at 70 psi through reinforced
rubber tubing (2 ft long X 1/4 in. id; or 60.96 cm X 0.64 cm). The valve
was manually activated instantaneously to its maximum flow capability.

e 15P8I

G-SUIT
INFLATION
ERROR

G-PROFILE

G-SUIT INFLATION PROFILE

|

TIME

Figure 4. The method of determining "G-suit inflation error" (valve error
score). Integration of this difference between the G-profile
and G-suit inflation profile results in the valve error score
which is without physical dimensions.

Correlation of Valve Evaluation Criteria with Valve Selection

Since little is known regarding appropriate methods to test the
effectiveness of anti-G valves, the evaluation criteria used in these
studies to test valve function were statistically correlated with the
two types of valve selection methods: (a) F-15 valve comparison, and
(b) rank-preference. A statistical correlation was also considered
between those evaluation criteria which were found statistically to dis-
criminate significantly the various valves tested. This information would
be of value In selecting useful criteria for other future valve testing

programs.

RESULTS

Summarized in Table 1 are the responses of the eight F-15 pilots to
our initial questionnaire at the beginning of the study. Clearly, the
pilots were not satisfied with the anti-G valve in the F-15, although
the valve was considered to be reliable., The major problem regarding
the G-sult was excesgive bulging of the suit abdominal bladder, and the
majority of the pilots thought this problem rendered the anti-G suit
inadequate. They considered the anti-G suit most useful as a support
unit for their M-1, and less useful as a method to increase relaxed G-

tolerance.

11
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TABLE 1. INFORMATION PROFILE OF EIGHT F-15
THE 5 ANTI-G VALVES

PILOTS USED TO TEST

PILOT AGE AND SIZE:

Mean Range
AGE (yrs) 28.8 25-32
HEIGHT (in.) 70.6 66-75
WEIGHT (1bs) 167 140-190

PHYSICAL CONDITION: Excellent--2; Gooc--6

FLYING EXPERIENCE:

Aircraft Mean (hrs) Range (hrs)
F-15 151 20 - 350
F-4 487 0 - 1150
Others 567 50 - 1280

PILOTS' OPINION OF F-15 ANTI-G VALVE ADEQUACY:
Yes--0; No-~7; No Opinion~-1

The principz complaints were that:

valve response was too

slow, and started too late, with rapid onset of G.

PILOTS' OPINIOM OF ANTI-G SUIT ADEQUACY:

Yes--13; No--5

Excessive bulging of the C-suit abdominal bladder was the

major complaint.

PILOTS' USE OF THE ANTI-G SUIT:

6 pilots felt that the G-sult was useful to increase relaxed
tolerance and support the M-1l; and 2 pilots used the suit to

support the M-1 only.

PILOTS' EXPERIENCE REGARDING ANTI-G VALVE RELIABILITY:

12
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2 pilots had 1 anti-G valve failure, respectively; and the
other 6 pilots never had an anti-G valve failure.
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Physiologic Respuases

Light Loss--The maximum loss of peripheral and central lights was
recorded for each pilot after each 7-G run. The maximum loss of lights
neared 100% (black-out), on occasion. WMo siguificant differences occurred
in light loss relative to rate of G onset, type of 7-G profile, or type
of valve used. This finding indicated that the pilots maintained the
same arterial pressure at eye-level during 7-G exposures, regardless of
the anti-G valve used.

Heart Rate--Heart rates for each pilot were measured using 2 leads of
EKG (sterr . and biaxillary) and cardiotachometer. The following maximum
and mean % .art rates were determined and compared with the 5 anti-G valves
tested: (a) before and during each G profile, and (b) after the ACM
exposure for 5 min. No significant differences in heart rates relative
to the valve tested were found. The mean resting pre-G heart rate for 8
pilots was approximately 90 - 100 bpm. Maximum mean heart rate for
each 10-sec 7-G exposure was approximately 130 bpm, whereas during the
ACM the mean heart rate at 7 G reached 165 - 180 bpm. Heart-rate recovery
occurred rapidly after the ACM, returning to pre~G levels within 3 min.

Heart Rhythm--Irregular heart beats were identified using the analog
recording of the 2 leads of EKG which had been obtained from each pilot
each day. These irregular beats were grouped according to their cardiac
origin (supraventricular or ventricular) and relative to each G-valve.

No significant differences were found regarding the G-valves, although
irregular heart beats (atrial and ventricular premature beats) during G
exposure were quite common (Table 2). No serious heart arrhythmias were
identified.

Fatigue--These 5 successive G--exposures in rapid order did not pro-
duce significant fatigue in any of the pilots using any of the valves
(Table 2). However, the greatest amount of fatigue for a valve group did
occur with the standard F-15 anti-G valve. Exposing the pilots to a
fatiguing amount of G was not the intent of this study. Their mental
concentration was required for evaluating G-suit inflation--not for
fighting fatigue.

Ef fort—--The effort required to maintain vision, as measured subjec-
tively during 7-G exposures, was significantly greater (P < 0.05) for
pilots using the F-15 anti-G valve than for those using the hi-flow ready
pressure valve (Table 2).

Effort scores were significantly (directly) correlated with several
other subjective determinations: (a) G-suit inflation support at 3 G
and 6 G/sec onset rates to 7 G; (b) G-suit pressure while at 7 G; and
(c) G-valve selection using either "rank-preference" (inversely corre-
lated) or "F~15 valve comparison" (Table 3). The pilots considered effort
rather heavily in selecting their valve preferences. The coefficlents of
determination (correlation coefficient squared) for rank preference was
0.40 and 0.46 for F~15 valve comparison; i.e.,valve selection was based

13
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! TESTED (MEAN % SE)

4 ; TABLE 2. PHYSIOLOGIC RESPONSES OF F-15 PILOTS TO THE 5 ANTI-G VALVES

agubjective scores (refer to section on "Methods');

CF-15 = valve in F-15;

dRP = ready pressure;

L ©RPC = ready pressure control valve; and
' fHF = hi-flow valve.

Valve Fatiguea Effort? Heart rhythmb
SV v
f F-15¢ 2.6 + 1.23 5.1 + 0.63 1.3 % 0.5 0.8 + 0.3
F-15 + rpY 0.6 * 0.71 4.7 + 0.60 0.8 + 0.4 1.3 £ 0.8
= rPC® 0.8 + 0.72 4.0 £ 0.53 0.9 % 0.4 0.5 * 0.2
n HF® 1.1 + 0.74 3.7 £ 0.59 2.1 £ 1.4 0.9 % 0.5
- HF + RP 1.2 + 0.88 3.1+ 0.61 1.7 0.7 0.1 # 0.1
= F-15 vs. HF+RP N.S. 0.05 N.S. N.S.
i (P<)

, number of irregular heart beats per pilot per day (SV = supraven-
§ tricular origin; and V = ventricular origin of irregular beats);

TABLE 3. CORRELATION COEFFICIENTS OF PARAMETERS USED TO EVALUATE ANTI-G
VALVES VS. VALVE SELECTION METHODS (F-15 COMPARISON OR RANK
PREFERENCE)

F-15 Rank

Evaluation parameter comparison preference

Error Scores:

1 6/s -0.28° 0.18
3 G/s —0.37b 0.27
6 G/s -0.39" 0.34°
Subjective Valve Response:
1 6/s 0.59° -0.45°
3 6/s 0.79° -0.58°¢
6 G/s 0.77¢ -0.61°
Ef fort ~0.68° 0.63°
Suit Pressure at 7 G 0.26 -0.39b

8Correlation coefficients with 37 degree: of freedom;
bP < 0.05 = 0.317, or greater; and
P < 0.001L = 0.408, or greater.
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47 to 46% or the amount of effort used duriag tbhe G exposures. Effort
wes also directly correlated (P < C.05) with the calculated valve errovr
scayes, but only at 6 G/sec onset rates to 7 G.

G-Valve Tunction

Suit pressure at 7 G--The support at 7 G offered by the G-suit
y préssure, as subjectively quantified by the pilots, is shown in Table 4.
: koth hi-flow valves offered significantly (P < 0.01) better support at
7 G than did the F-15 valve, even though G-suit pressure at 7 G was the
same for all of the valves, Apparently, the delay in the pressurization
of the suit at 7 G, due to the slow functioning F-15 valve, was trans-
. lated into a difference in total suilt pressure at 7 G. This finding was
, borne out with a significant direct correlation (P < 0.0l) between G-
suit pressure at 7 G and valve response at 6 G/s2c. However, G-suit
pressure at 7 G was only slightly considered by the pilots for valve
selection--P < 0.05 regarding rank preference (coefficient of determina-
tion of only 0.15), and no significant correlation for F-15 valve compari-
son (Table 3).

LEAbe ook Masia i Lol e e e
n
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: TABLE 4. G-SUIT SUPPORT SCORES OFFERED BY THE 5 ANTI-G VALVES AS SUB- ;
- JECTIVELY DETERMINED BY PILOTS (MEAN * SE) .
i valve® Suit pressure Valve response
at 7 G 1 G/secb 3 G[secb 6 G/secb ,
- 3
) F~15 2.6 + 0.41 4.2 £ 0.40 3.9 * 0.46 3.7 * 0.54 %
] F-15 + RP 3.4+ 0.48 4.2 +0.70 4.1 % 0.67 4.0t 0.65 i
b REC 3.1 £ 0.22 4.8 £ 0.44 4,7 * 0.41 4.7 % 0.45 1
E: HF 4.1 % 0.35 4.0 * 0.68 4.5 % 0.62 5.0 £ 0.53 § 3
1k HF * RP 3.7 £ 0.31 5,7 £0.24 5.5%0.26 5.6 % 0.41 i
i1 F-15 vs. HF + RP 0.01 0.01 0.02 0.02 ;]
| (P<) g
§ . b
AValve identification is shown in Table 2. K s
1, 3, or 6 G/sec onset rates to 7 G. £ .

Valve Responses At Different G-Omset Rates-~Quickness of valve

response, as subjectively determined by the pilots, is shown in Table 4.

At 1 G/sec onset rate, the F-15 valve performed in a satisfactory manner.

o This finding is not surprising, since the valve was found deficient in :

; the aircraft only at rapid G-onset rates. As the rate of G onset !
increased, however, the F-15 valve response deteriorated. By comparison,
the hi-flow ready pressure valve maintained a significantly (P < 0.01 -

‘ 0.02) improved valve response at all G-onset rates--remaining superior ;

! to all of the other valves tested.
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Correlation analysis found various valve responses to be highly
correlated (P < 0.0l) between the different G-onset rates, as might be
expected (Table 3). Also, as might be expected, valve response was
heavily considered by the pilots iIn their selection of valves. The
coefficlent of determination concerning valve response at 6 G/sec was
0.37 for rank-preference, and 0.59 for F-15 valve comparison. Approxi-
mately 607 of valve selection, comparing the valves tested with the
valve in the F-15, was based on valve response during rapid G-onset.

Valve Error Scores--Valve errors (G-suit inflation error) at various
G-onset rates, as quantified using evaluations described previously
(Fig. 4), are in Table 5. The F-15 valve had the largest valve error
scores of the valwes tested. The hi-flow ready pressure valve had
significantly (P < 0.001) smaller error scores than the F-15 valve.
However, the hi-flow ready pressure valve did nct have the lowest error
scores; the electronically controlled ready pressure control valve
consistently had the best error scores. These small error scores were
recorded even though this valve had been delayed by 0.2 sec at G onset
to better resemble the F-15 valve Obviously, a greater delay should
have been programmed into that valve, so that it would have better
approximated the slowness (valve error scores) of the F-15 valve.

TABLE 5. VALVE ERROR SCORES AS CALCULATED [REFER TO TEXT AND FIG. 4
(MEAN * SE)]

.alve? 1 G/secb 3 G/secb 6 G{secb
F-15 2.7 * 0.09 2,3 + 0.18 2.4 £ 0,21
F-15 + RP 2.1 ¢ 0.10 1.7 £ 0.16 .. £ 0,12
RPC 0.9 + 0.09 1.1 + 0.13 1.5 £ 0.16
HF 2.4 £ 0.08 2.0 £ 0.10 1.9 + 0.10
HF + RP 2.1 £ 0.05 1.6 * 0.07 1.6 = 0.08
F-15 vs. HF + RP 0.001 0.001 0.001
(p<)

8yalve identification is shown in Table 2.
1, 3, or 6 G/sec onset rate to 7 G.

Interestingly, this electronic valve--which had a small error
score~--did not rank high during valve selection by the pilots. The
slight programmed delay in valve response must have been considered by
the pilots as a reduction in total valve function. Along this line of
pilot selc:ztion of anti-G valves, valve error scores were only barely
significantly correlated (P < 0.05), with valve selection offering
coefficients of determination of 0.12 and 0.15 regarding rank-preference
and F-15 valve comparison (Table 3). Although valve error scores are
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objective measures of valve response during G-onset ratcs, these scores

do not appear to measure accurately the valve response as determined
subjeccvively by the pilots.

|
|

Maximum G-Suit Inflations--The maximum rates of pressurization (in-
flation) of the G-suit for four types of anti-G valves, using the "bench
test" apprnach, are shown in Figure 5. The G-suit inflation schedule of
the valve presently in the F-15 is sigmoidal, thus indicating the exist- oo
3 ence of two slow phases: one, early in the inflation schedule (suit %
) ’ inflation up to 1 psi); and the other phase, later in the schedule (suit L
E pressure above 7 psi). A rapid suit-inflation phase occurs between the
1 two slower phases. In order to improve G-suit inflation rates signifi- :
) : cantly, both slow phases have to be modified (improved) because they
consumed approximately 75% of the total G-suit inflation time. Of
course, an increase in the rapid suit~inflating phase (G-suit pressures
from 1 to 7) would also be beneficial, and would imprcve G-suit infla-

: -
? tion rates. o
: é
10
‘ =
: n 8 i
o j
g .
-3 2 ¢ ©=F-15 i
-4
W ®=F-15 + RP i
a 3} a=HF i
= =H
3 . 4= HF +RP
O < ;

0 1 1 | |
1 0 1 2 3 4 5 !
| .
‘ TIME (SEC) i
} Figure 5. Maximum G-suit inflation schedules for four anti-G valves. b

. (For key to abbreviations, refer to Table 2 footnote.)

i
. The early lag phase was reduced using the Ready Pressure (RP) con- ;
cept of inflating the suit prior to G exposure. The benefit of RP only, ]

without the hi-flow valve, was determined by fitting the RP unit onto an

F-15 anti-G valve. The effect of RP is shown in Pigure 5 (F-15 + RP curve).
Clearly the early lag phase is eliminated; however, the remaining two .
phases of suit inflation are not significantly affected, for the suit o

inflation schedule parallels the G-suit inflation profile of the F-15
anti-G valve without RP.
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The rapid suit-inflation phase, and the following slow inflation
phase, were improved considerably with the use of the hi~flow valve
alone without RP (Fig. 5). As expected, without RP, the early slow
phase of the P-15 anti~G valve remains even with the use of the hi~flow
valve. Consequently, the combination of the hi-flow and RP results in a
G-suit inflation profile that is nearly optimum (Fig. 5).

Pilot selection of the various G valves is nicely correlated with
these maximum G-suit inflation rates relative to the length of time
required to inflate the G-suit to 7.5 psi (suit pressure at 7 G). Both
HF and F-15 + RP valves required approximately the same amount of time
(2 sec) to inflate the G-suit to 7.5 psi (Fig. 5); and both valves
received similar pilot selection scores (3.1 and 3.2), based on either
F-15 comparison or rank performance valve selection criteria (Table 6).
Likewilse, HF + RP and F-15 valve function (Fig. 5) and valve selection

(Table 6) were directly correlated. HF + RP received the highest marks,
and the F-15 valve scored poorly.

TABLE 6. VALVE SELECTION SCORES BY THE PILOTS, AS BASED ON TWO SUBJECTIVE
METHODS OF VALVE QUANTIFICATION

Gl bt kB e

i ARt LA AT o L e

a F-15 Rank Pilots'
Valve comparison preference choiceb
F-15 2,5 +0.33 4.2 +0.33 0
F-15 + RP 3.1 £ 0,40 3.1 +0.52 1
RPC 3.8 #0.27 2.8 + 0.41 1
HF 3.2 £+ 0.36 3.2 + 0.53 1
HF + RP 4.2 +0.16 1.6 £+ 0.32 5
F-15 vs, HF + RP 0.001 0.001 -

(P<)

iValve identification is shown in Table 2.

Pilots' choice of the anti~G valve they would prefer to have on the
F-15.

G-Valve Selection

The final selections of the best anti-G valves, as determined by the
F~15 pilots and as based on two separate subjective approaches, were quite
similar (Table 6). Valve selection by listing the valves in order of
preference (rank-preference)--as compared with a selectich process in
which the pilot compared the valve being tested with the ;-15 valve (as
he remembered it)--was significantly correlated (P < 0.01) with a
correlation coefficient of 0.74 with 37 degrees of freedom. The hi~flow
ready pressure valve was the only experimental valve unanimcusly pre-
ferred over the F-15 valve by the pilots.

18

: O T B VI Y
i Emw—*ma.mhxu U TTINEE WP ST T PRFA TE SN e P sa ko A B

i Lok

oo = L i i




Each pilot was asked to specify the valve (day) that he would like
to have incorporated into the F-15, Of 8 pllots, 5 selected the hi-flow
ready pressure valve; 2 pllots selected the same valve for thelr second
choice; and the remaining pilot named this valve as his third preference.

This selection process was completed by the pilots while they were still
"blind" as to the valves used in the study.

The final questionnaire, mailed to all 8 of the F-15 pilots 3 weeks
after the end of the study, was returned by 7 of the pilots. These sub-
jects agreed that their valve of choice was the hi-flow ready-pressure
anti-G valve. Of course, in this instance, theilr selection was with bene-
fit of complete knowledge of the study and much knowledge of the results.

DISCUSSION

he importance of using F-15 pilots in this study canuot be over-
emphasized, for two reasons: (a) the G-valve and G-suit act directly
on the body of the pilot, so that comfort or rather lack of comfort
(pain) must be considered; and (b) no known evaluation criteria for G-
valves and G-suits are based on physiologic requirements. Hence the
anti~G system is in a unique category of personal equipment. All other
support equipment can be objectively measured using physiologic parameters,
so that the support necessary to sustain the pilot can be calculated and
provided; but this is not possible with anti-G equipment. Moreover, since
the anti-G equipment developed in the 1950s has (until i.ow) been found
adequate by pilots of high-performance aircraft, there has been littie
demand to develop a method for adequate evaluation of anti~G systems.
Moreover, devising a method of evaluating anti-G systems is difficult until
the equipment deficiencies and modifications have been identified.

Identification of the deficiency in the anti-G system--as that of
G-valve function at rapid G onset rates--made possible the modifying of
the anti~G valve to correct this deficiency. When these modifications
were perfected, a method could be developed for testing these experimental
valves and determining if the deficiencies had been eliminated. Of
course, the only persons available whn could evaluate these valve modi-
ficat ions experimentally, relative to their impact on the deficiency,
had to be F-15 pilots. These pilots also were needed to determine if
our valve modifications (such as ready pressure) would offer some diffi-
culty to the pilot while flying the aircraft.

Since no objective criteria are known for measuring anti-G protection
during ACMs, subjective evaluation became of great importance. However,
the primary difficulty with obtaining such subjective data, maintainirg
an unbiased subject population, can only be possible when the principal
investigator 1s blind regarding the order of valve testing and the
pilots are as blind as possible (within the limits of human experimenta-
tion regulatioas) regarding: (a) experimental design; (b) wvalves to
be tested; and (c¢) order of valve testing.

13

- o




e o U o ﬂg

E
In our study, 1t was possible to maintain this total experiment é
3 hlind to such an extent that the pilots were unaware (and quite surpriged) 3
3 that one of the valves they had tested was the valve presently in the F-15. ;
This factor increased the credibility of the pilots' low rating of the 3
L F-15 valve in the study. It is emphasized here that, for all valve ;
3 evaluation criteria (Tables 2, 4, 5, and 6), the current F-15 valve

consistently received the poorest marks. !

The primary difficul that we encountered in maintaining a subject
blind involved the existence of ready pressure in some of the experimental
anti-G valves. Ready pressure was easily identified by all of the
pllots prior to G exposure. We circumvented this difficulty by testing
three different types of ready pressure valves. Since only one ready-
pressure valve was identified as being superior by the majority of the
pilots (5 out of 8), it is clear that they were able to discriminate among
the various types of readyepressure valves being tested.

o ok
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Several questions were asked of the pilots concerning theilr opinion
on the use of ready pressure in the F-15. All pilots stated that: They
liked the idea «f ready pressure; it was comfortable at 1 G; and they
would use ready pressure if it were in the F-15. All preferred an

on/off switch for ready pressure, because they planned to use it only in
the aerial combat arena.

i g
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Two different approaches were used in having the pilots select the
valves which they considered to be superior and to be compatible with
the F~15. The comparison of the test valve with their recollection of
the F-15 valve, on a daily basis, was quite different from the evaluation
of the various valves. (The pilots, of course, did not realize that .
one of the valves tested was the F-15 valve,) Although each approach k
was quite different, the order of valve selection was similar. This
observation is further supported by the high correlation coefficient of 3
0.74 (P < 0.01), comparing these 2 types of valve selection. This ;

approach gave additional support to their selection of the hi-flow ready-
pressure valve.

s R el AT

The test plan was developed using every subjective and objective

; parameter that was conceivable while using pilots as experimental

j subjects. Those parameters which had significant differences between
the F-15 and the hi-flow ready pressure valves were identified: (a) effort
(Table 2); (b) suit pressure at 7 G (Table 4); (c) valve respunse at 1,
3, and 6 G/sec (Table 4); and (d) valve error scores at 1, 3, and 6
G/sec (Table 5). Correlation coefficients were determined for these
paremeters relative to the 2 methods of valve selection in Table 6.
These correlation coefficients are listed in Table 3. Clearly the most
significant relationships are within the subjective parameters, as might
be expected; for valve selection has a subjective basis. Subjective
valve response was highly correlated with both valve selection methods,
especially at the higher G-onset rates (3 and 6 G/sec). Surprising,
however, was the high correlation between effort scores and valve selec-
\ tion. Since the G-suit's main function was considered by the pilots as
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a method of supporting the M-1l, these experimental valves reduced the
amount of effort required by the pilut to tolerate high G Instituting

the hi-flow ready-pressure valve in the F-15 should significantly reduce :
¥ pilot fatigue during ACM.

i Clearly, our approach in using a simulation of an ACM in this study ;
Lo was useful to the pilots iIn their evaluation of these anti-G valves. i
N All of the pilots remarked that our ACM profile was a reasonable simulation
: of an F-15 ACM. Surely, this type of test-bed is reguired to evaluate

anti~-G equipment; for fighter pilots use the anti-G suit primarily to
support the M-1 at high G (Table 1).

L In summary, the pilots selected the hi-flow ready-pressure valve
Do for installation in the F-15. Their choice was based primarily on

' subjective evaluations of G-suit support during the rapid G-onset rates
¢ and effort required to tolerate high G exposures. Their subjective

N evaluations appear to have objective support, as measured using valve
Cod error scores and maximum suit inflation rates.
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velocity. However, numerous cxperiments show that this is
E not the casc and that Cd and Cm show considerable variations
3 from those just cited above. Even though no one has suggested

g . a better alternative, the use of the Morison's equation gave

it Al bt W R ,&L.L::L-:n.;.':;,mes_::z;.-»..;téﬁ

rise to a great deal of discussion on what values of the two

‘coefficients should be used. Furthermore, the importaice of

o b o L

the viccosity effect has remained in doubt since the experi-

mental evidence published over the said period has been quite E

inconclusive.

The drag and inertia coefficients obtained from a large

- number of field tests, as compiled by Wiegel [5], show exten-

sive scatter whether they are plotted as a function of the

Reynolds number or the so-called period parameter UmT/D. The

reasons for the cobserved scacter of the coefficients Cm and

Cd remained largely unknown. The scatter was attributed to

, ‘several r~asons or combinations thereof such as the irrequ-

larity of the ocean waves, free surface effects, inadequacy

TR TS R TR

—

of the average resistance coefficients to represent the actual
variation of the nonlinear force, omission of some other

important parameter which has not been incorporated into the

ST e G ATV

analysis, the effect of ocean currents on separation, vortex

e renitibe

formation, and hence on the forces acting on the cylinders,

etc.

; ' The most systematic evaluation of the Fourier-averaged

i drag and inertia coefficients has been made by Keulegan and

E Carpenter [6] through measurements on submerged horizontal

cylinders and plates in the node of a standing wave, applying
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theoretically derived values for velocitics and accelerations.

Additional mcasurements have becen made by Sarpkaya [7] of the
in-line as well as transversc forces acting on cylinders and
spheres in a sinusoidally oscillating fluid and it was found
that the drag cocfficicent as well as the inertia coefficient
for a strictly sinusoidally oscillating fluid (no mean vel-
ocity) is a function of UmT/D and that the effect of the
Reynolds number is rather secondary and certainly obscured

by ﬁhe excellent correlation of the d&ta,with the period param-
eter UmT/D.

On the basis of the above discussion, one would assume
that Morison's equation would apply equally well to periodic
flow with a mean velocity where u = V - U,cos @ and that Cy,
and le will have constant, time-invariant, Fouri:r or least-
squares averages. This, in turn, implies that Cdl and le
are independent of the associated flow phenomena. There is,
however, no a priori assurance in the principles of fluid
mechanics of theory of models that this is, in fact, the case.
Thus the effect of the combination of a uniform current and
harmonic oscillations on the time-average and oscillatory
forces acting on circular cylinders will have to be re-examined
and the limits of application of the Morison's equation be
delineated.

It is a priori cvident that both u = -Umcose and
us=Vv- ;mcose yield the same acceleration du/dt. Thus, the

force in-phase with the acceleration in Morison's equation
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remains unaffocted by the prescnce of the mecan flow. The
results presented herein show that this is not the case.
Furthermore, the use of the Morison's equation as

2
. (Tt S D” du
F = O.Spcd(v UmF°SO)|v Umcosel + Cmpwz- ac (2)

requires that the time-averaged drag force be calculated by
increasing the force calculated from the steady flow by a
factor [1 + O.S(Um/V)z ]l. The results presented herein show
that such an analysis appreciably underestimates the measured
mean forces. It suffices to state that the fluid flow phen-
omena for bluff bodies are significantly affected by the
combination of currerts and harmonic oscillations and that
thé results for steady currents alone and oscillations alone
cannot be combined to yield reliable estimates of forces due
to both acting together.

The time-dependent forces pef unit length in the present

study are analyzed according to the following three-coeffici-

ent equation:
2

=2 DT a_ 27
P=0. scdpnv + C nP"i 3T (- Umcosf—t) -

0.5 CdDUmzp lcos tl cos -—-t {(3)

which may be written as,

i
E 2%
9 5e092 = %a * Cn v (u_1/p) (D/¥1) ®sindTt -
catu_1/p) % (0/7m) 2 | cos,%‘lt, cos,-f,l’-t ()
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in which Cn and Cd arc given by their Fouricer averages as

2n
= . 3 AP 2
Cm = (2UmT/J D)J[(IJLHO)dO/(Um D) (5)
0
and
2n
Cd = - (3/4) ‘/.(Fcose)dO/(Umzb) . (6)
0
Evidently, C4, C ., and Ea are functions of VT/D and ;
. i
UmT/D or A/D. They may depend also on the Reynolds number ﬁ

which does not explicitly appear in the above expression be- 1

cause of the assumptions made in the formulation of the basic
force equation.

In the foregoing, neither the coefficient E& is assumed
to be equal to the steady-state drag coefficient for a uniform
flow at the constant velocity V, nor Cm and Cd are assumed to
be identical to those obtained for a strictly harmonic oscil-
lation. In fact, the results show that Ea's cd (steady) only
for Um = 0, and Cd and cm are equal to those obtained for the
harmonic oscillation only for VT/D=0.

The equation proposed above is general enough to be appli-
cable to both in-lire and transverse oscillations. In the case
of transverse oscillations, however, the mean net force in the

direction of oscillation is zero, i.e., E&-o, and thus, one has

F(transverse force) 2 s 2 2%
= = C_.m°(u_T/P "/VT) “sins"t -
0.5pbV°L ml® m T
Cdl(Um?/P)z(D/VT)zIcos%ltlcos%lt (7)
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In the foregoing, the inertia and.drag cocfficients have been
denoted as le and Cdl in order to distinguish them from those
gorresponding to in-linec oscillations. The subscript "1"
carries the meaning of "Lift" or force in the direcction trans-
verse to the stream. ‘
Ordinarily, for a perfectly sinusoidal oscillation of the
cylinder, the coefficients le and cdl would be given by
equations (5) and (6). However, when the oscillations are
not perfectly harmonic, it is relatively more accurate to use
the velocities and the accelerations encountered in the exper-
ments rather th#n assuming them to be simple harmonic motions.

It is with this objective in mind that the equations (5) and

(6) were rewritten as

W
Jrein eas
le - 2T 0 i:in d (8)
" w2pfpy_ ofsinzede
and
2m
-yl f 950
cdl - T Fcos"d (9)

20p™ A2 of::rosze I cos G'de

as they would be obtained from equation (3) in the usual
application of the Fourier analysis. Evidently, had the oscil-

lations been perfectly harmonic the integrals appearing in the

denominators of the above equations would have reduced to
an

jsinzede - (10)
o .
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2n

_/;oszelcos 9'd0 =

0

w|»

(11)
The cquations (8) and (9) together with equations (10) and
(11) would have reduced to equations (5) and (6).

Since in the present study the periodic oscillations were
not perfectly sinusoidal partly by design in order %o obtain
greater generality and flexibility in the experimentation and
partly due to the constraints imposed in the design of the
oscillation mechanism, it became necessary to incorporate into
equations (8) and (9) the exact form of the oscillations
encountered in the experiments. For this purpose the dry force,

which is an exact representation of the oscillations, was norm-

alized as
F-dry
£(8) F-dry(maximumq (12)
and then the equations (8) and (9) were rewritten as
cml = 2T2 ij F.-£(6)adeo (13)
p'nzD Um
2
f“ £(0)ae
0
and
27
2 oJE-gn/2)00 (14)
Ca1* - T3

7f(e + m/2)|£(6 + 1r/2)’d9

0
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It is easy to show that cquations (13) and (14) reduce to

equations (8) and (9) oxr to equations (5) or (6) for purely
harmonic oscillations for which f(0) = sin 0. The advantage
of the use of the equations (13) and (14) is rather obvious

for all types of periodic oscillations. Furthermore, the

independent evaluation of the denominators of equations (13)

and (14) and their comparison with n and 8/3 respectively (as
they would have been equal to had the oscillations been har-
monic) gave an indication of the deviation of the observed
periodic oscillations from a purely harmonic oscillation.

The fcrce acting on the cylinder in the in-line direction
due to the oscillations in the transverse direction is expressed
in terms of a nean drag coefficient, denoted by Edi' given as

- Force in the in-line direction (15)
2

Cai =
0.5 pLDV

Evidently, E&i' C,y and C4, depend on o/VT, U, T/D or 2WA/D,
and possibly on the Reynolds number.

The experimental data are analyzed using the computer pro-
gram given in Appendix A written according to the equations

(13), (14), and (15) and are plotted in terms of A/D-and

either D/VT or VT/D.
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IV. DISCUSSION Or' RRSULTS

The results will be discussed in two parts. The first
will be the average in-line force acting on the cylinder
undergoing forced periodic oscillations in the transverse
direction. The second will be the time dependent transverse
force.

Evidently, the average in~line force is coupled with
secondary oscillations due to vortex shedding. However,
such oscillations are rather small in both steady and peri-
odic flows and éertainly not larger than about seven percent
of the average force. It is for this reason that only the
average of the in-line force acting on the oscillating cylin-
der is presented here.

Figures 5, 6, and 7 show the variation of the normalized
in-line force (Eai) as a functioﬁ of D/VT for A/D =0.25,
0.50 and 0.75 respectively. Each figure represents the data
obtained with two velocities, namely, V=0.84 and V=1.3. 1In
normalized form these velocities correspond, for the one
inch cylinder used, to the Reynolds numbers Re=VD/v = 7000,
and Re = 10,833.

Evidently, the in-line force increases with A/D since
the cylinder, undergoing transverse oscillations, presents
a larger apparent-projected area to the mean flow. This,
however, is only part of the explanation. In addition, the
vortex growth and motion are affected by the oscillation of

the cylinder which in turn-affect the in-line and transverse

32

el

SREPT TR

B e i 2 x e e
b i AL o a2 gyl s L



AR e A L ke

R

TR TR T TR TR S Ty

TR T e T T T e

e

£ ESRALTI LI T AT AR S LR L

forces acting oﬁ the cylinder. This is evidenced by the fact
that the in-line¢ force for a given A/D incrcasces at first,
reaches a maximum, and then decrcases as D/VT increcases. A
simple minded cdlculation bascd on the steady flow drag co-
efficient for a stationary cylinder and the apparent projected

area for the in-line force F, which may be written as

' F
Cie = — = C,.(1 + 2A/D)
di %pVIDL ds

yields values which are almost equal to the maximum values
given in figures 5, 6, and 7. It should be noted, however,
that the phenomenon is far more complex, and that such a
simple minded procedure should not generally be used, even
though the results are surprisingly good.

For the purposes of comparison, the figures 5, 6, and 7
are combined in figure 8 by drawing mean lines through the
data points. Figure 8 shows that the in-line force coeffici-
ent reaches its maximum at D/VT between 0.18 and 0.20. Ordin-
arily, the Strouhal number for a stationary cylinder would be
0.22 for the Reynolds numbers cited previously, and one would
expect that the forces acting on the cylinder will undergo
dramatic changes as the vortex shedding frequency given by
the Strouhal number coincides with the frequency of the cylin-
der oscillations. The present results show that such a syn-
chronization takes place at a frequency slightly lower than
the Strouhal fregquency.

Also shown in figure 8 is the normalized amplitude of

the oscillations in the in-line force for A/D=0.5. As noted
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earlicr the oscillations are quite negligible relative to the
mean force and certainly under 7 per-cont. It should ke noted
that the amplitude of the oscillations, like the average force
show an almost sudden increasc in the vicinity of D/VT nearly

equal 0.19 and remain at that value fcr larger values of D/VT.

The occurrence of synchronization as well as the increase of

the amplitude of oscillations are shown most dramatically in
figure 9. This figure was obtained by setting the free stream
velocity at 0.84 feet per second and the A/D ratio equal to
0.5. Then, beginning with the case of ‘the non-oscillating

cylinder, the frequency of the oscillations was gradually

‘increased up to about four cycles per second and the resulting

in-1line force was continuously recorded. The figure shows
that the in-line force increases rapidly but with very little
oscillations superimposed on it. As soon as the state of
synchronization is reached, the Amplitude as well as the fre-
quency of the force oscillations increases.

From an engineering point of view the significance of the
magnitude of the in-line force is that a cylinder or cable
excited by the flow to oscillate in the transverse direction
may be subjected to in-line forces several times larger than
assumed in its design. Furthermore, the deflections caused
by the in-line force on sufficiently flexible cylinders tend
to couple with transverse ocsillations and not only affect
tae magnitude of the transverse oscillations but also the
path of the cylinder motion. Thus it is ndt uncommon to see
heat exchanger pipes or cﬁimneys exhibit oscillation patterns
in the plane normal to their axis.
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The time dependent transverse force is described, as
rioted earlicr, in terms of a drag cocfficicent Cdl and an

incrtia cocfficient le given by

Transverse Force=C anZd (-U_cosO) - C,,pDU 2cos elcos 0
4 dt 2
Figures 10, 11, and 12 show Cdl and le as a function of

Vr/D for A/D - 0.25, 0.50 and 0.75 respectively. These co-
efficients were obtained without the Ea term in the general-
ized Morison equation (see equation 3) since the mean of the
transverse force is zero.

It is seen from these figures that important variations
in C&l and le occur particularly in the vicinity of the
Strouhal frequency (here VT/DZ4.5 to 7) where the natural
eddy-shedding at the Strouhal frequency is both enhanced and
correlated by the oscillations.

The inertia coefficient or the normalized in-phase com-

ponent of the transverse force undergoes a rapid drop as the

frequency of the oscillation approaches the Strouhal frequency

from both the upper and lower limits. In other words, syn-
chronization or lock-in is miaifested by a rapid decrease

in inerfial force and a rapid increase in the absolute value
of the drag force.

This fact, which has not been recognized before, shovs
that the lock-in phenomenon is a phase transformer. The
total force which is nearly in phase with the motion before
synchronization becomes nearly out of phase at or after syn-

chronization. It should bé noted in passing that the success
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of many cmpirical models dealing with this type of oscillation
comes partly from thc manipulation of the phase angle near
synchronization. It is now apparent that the fluid force to
be used in the equations exprcssing the motion of a cylinder
or cable should be given by the data presented herein. Such
_data'take care, not only of the variation of the phase angle,
but also the amplitude of the transverse force as a function
of the normalized fregquency.

Figure 13 depicts an example of the occurrence of syn-
chronization as the period of oscillation is gradually de-
creased. The upper trace shows the phenomenon as frequency
is increased from the non-oscillating case to just beyond
the synchronization frequency. The lower trace provides an
exploded view of the phenomenon near the synchronization fre-
quency. The transverse force sharply decreases as soon as
the point of synchronization is reached. Beyond that point,
the changes in the transverse force with frequency are quite
small. The phenomenon is reversible and one would obtain a
figure similar to figure 13 if one gradually decreased the
frequency. The possibility of the occurrence of an hysteresis
has not been investigated.

The drag coefficient Cdl or the normalized out-of-phase
component of the total instantaneous transverse force given
in figures 10, 11, and 12 show that Ca1 becomes negative for
VT/D values between approximately 4.5 and 7 (i.e. for norm-
alized frequencies between 0.14 and 0.22). ‘Outside this

range the drag is positive, thus in the opposite direction
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to the motion of the cvlinder. Within the range of VT/D valucs
cited above, the drag force is in phase with the direction of
motion of the cylinder and helps to magnify the oscillations
rather than damp them out. For this reason, the region in
which Cdl is negative is sometimes referred to as the negative
damping‘region. The fact of the matter is that this is not
damping in the proper use of the word but rather an energy
transfer from the fluid to the cylinder via the mechanism of
synchronization. The values of VT/D at which Cdl changes its
sicn depend on A/D as seen in figures 19, 11, and 12 even
though the negative C4, region roughly lies within the Vr/D
values of 4.5 and 7. The envelopes of the two zero crossings
determine thé region of self excited oscillations. A precise
determination of such an envelope and its dependence on the
Reynolds number will require experiments with additional A/D
values and other Reynolds numbers. For purposes of the present
investigation, it suffices to note that thé maximum absolute
value of Cdl in the synchronizationvrange decreases rapidly
as A/D increases. Field studies have shown that synchroniza-
tion does not occur for relative amplitudes larger than vaity.
The trend of the present data is in conformity with such
observations.

Finally, an unexpected and previously unknown observation
in connection with the variation of Ca1 will be described.
For normalized frequencies (D/VT) smaller than about 0.14
the data yield positive drag coefficients. Between 0.14 and

0.22, the synchronization takes place and the drag coefficient
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is negative as noted above. Ordinarily one would have expected
that the drag cocfficient will remain positive and continue

to increase with increasihg frequencics beyond D/VT = 0.22 and
eventually reach a value which would be identical to that
obtained by oscillating the cylinder in a fluid otherwise at
rest. However, an interesting phenomenon takes place at fre-
quencies between approximately 0.22 and 0.27, depending on
the A/D ratio. For example for A/D=0.75, Cdl increases
rapidly at D/VT = 0.26 and then decreases sharply to nearly
zero. At first it was suspected that this might ke due to an
experimental error. However, the repeatzbility of the experi-
ments and the observatioﬁ of the same phenomenon at other
relative amplitudes and velocities have shown that there is
indeed a dramatic change in C4, at D/VT = 0.26 for A/D = 0.75,
at b/VT = 0.24 for A/D = 0.5 and at D/VT= 0.31 for A/D = 0.25.
It is further noted from the data presented herein that,
particularly for A/D = 0.25 and 0.5, Cdl becomes once more
negative in a narrower range of D/VT values (D/VT from 0.345
to 0.45 for A/D = 0.25) and shows the existence of a second
region of synchronization. The D/VT value at which Cdl
acquires its second minimum value in the case of A/D = 0.25

is almost exactly twice that of the first minimum. The
occurrence of this second region of synchronization at higher
frequencies depends on the A/D value. The fact that is
demonstrated here is that there is not a single region of
synchronization and that there is at least one and possibly

more regions of frequency in which synchronization can occur.
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The narrowness of the regions of frequency in the second
region of synchronization makes it rather difficult to observe
the phenomenon. 1In fact one may easily miss such a region by
simply not taking smaller increments in frequency. It suf-

fices to say that a cylinder may be excited first at fre-

_quenéies near the Strouhal frequency and then at the multiples

of the Strouhal frequency. However, the largest energy trans-
fer from the fluid to the cylinder occurs in the first syn-

chronization region near the Strouhal frequency.
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has shown that;

V. CONCLUSTON

The experimental investigation of the transverse oscilla-
tions of a cylinder in a flow with an ambient mean velocity

V has yielded the force coefficients Cqi’ Cpy and C4q; and

a. The mean flow has significant effects on the force
transfer coefficients and that the result of experiments with
harmonic oscillations in a fluid otherwise at rest are not
applicable to the transverse oscillations of a cylinder in a
uniform flow;

b. It is possible to excite transverse oscillations for
A/D smaller than about unity. 1In a region of D/VT in the
vicinity of the Strouhal frequency, the out-of-phase compo-
nent of the total force becomes negative and some energy is
transferred from the fluid to the cylinder. The rate at
which energy is transferred decreases witi increasing rela-
tive amplitudes. Furthermore there is at least one, and
possibly more, narrower bands of frequencies at which syn-
chronization occurs.

¢. Transverse oscillations give rise to an increased
drag force in the direction of the mean flow. This force
depends on A/D as well as on D/VT and reaches a maximum at
about D/VT = 0.18. This value corresponds to a normalized
frequency slightly below the Strouhal frequency and is well
within the synchronization region. Prom a practical point of

view this is a matter of concern for sound design of cables
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and other striuctures which may bé subjected to transverse
oscillations;

d. A meaningful dynaﬁic analysis of the vortex excited
transverse oscillations may be carried out only through the
use of the force transfer coefficients presented herein.

However, it is necessary that additional data be obtained at

other amplitudes and Reynolds numbers. Furthermore, additional

experiments may also have to consider the roughness of the

oscilluting structure.

4]

RS e S LA b i il s

Ll e B el

sl b gl

A




TP e * G MR TICRT R P TV B AT R R T T MR S T NPT ST FHRTF RV o ki W
1 Ve ) Sop gy , TP IR T I T R T T T R A A IR R Tl Riac » il

3

62°0 = G/V 403 LA/Q SPSIOA JUDLD134000 BBJp Bui|-up ueayy § 613
$2°0 02°0 91°0 21°0 ¥0°0 0 |
[y r.ﬂh -t~ o QcP ,,

t

T
e
]

HE
Gas
“iohd
t
I

% %

'L

i
ks
e R
3}

i

i)

i

1

1

i
t
l
ml
Alifee. 1%
!
3.
¥
ol 8
i ]
1t

]
it

ia
e es

o

STl e ~ o
, i B $
i sl ER . :
m i E=3 D et bape o
= 9°1
3
: SO
-. Mn"- .
L

LT e .
L 4
-
4

L]

-

L d

.

‘I

.

&

et el o A St Ao s et




) PP, (o0 0 13

P

e Lt o0 e e Tl e

82°0

T RFIRITSN HTE

LE

it

9

T

F.

T o N THRRCTT T,

eL’o

TN Zh R TN

05°0 = Q/Y 404 LA/Q SNSAIA JuaLd144300 Sedp aup|-up ueay g *6yy

S
o

§ L THIEERE
Syt f.a prpvn ¢
— [Fe PR WSS PERy SRR
hd
L ﬂ“wﬂuﬁ 5ailend
AT SR gpui) ipsny paded
[ohel B4R 1 Fanny FoR by s
SEHHEE AR
kbaug pirui by |44
e ii bl ba0el Font:
Vobay Apash bleil iy o
SRy Rpaby Shany X e d=H
o) =
e T
"
5
e T
vl
[EnS H
43
M
’LJ.

rrtftere
i

-
3
o

e
St

at.

P

i

Y

t+fe

o3
4

4
-1
PRy
t 131
PR
bete
EX)
It
i
d
T}
! *.
114
¥
Att!

o°tL

LAl

9°l

8°1

y°z

8*2

0°¢

T

43

NP NRYIT N




b T T EAait" g R T T Y SR T

llean in-line drag coefficient versus O/YT for A/D = 0.75

Fig. 7

i

i il e




T T ST T g e

Nt Ly e PRI TR T YT GLE ALt LELA

SL°0 *05°0 *S2°0 = Q/V 403
.—.P\o SNSJ4OA ucﬂwummmaou mosv uc.nwlzw :mm: s SOALNID cOmmLmanu Q .mmm

82°0 $2°0 02°0
ST RE .

—
1

91°0 21'0  80°0 v0° 0
F RIS o IO W RN
A. RN |
i SN EEERERE
Q/¥ 40} 23103 Duf-u} AW
111950 3y3~30 wﬁ»:@% pazyer
I.....ul .17...|.. . ...Jc.lwu..., seand - o

4

\

e e

o

h
]

.

i

[
- “—
.
.
T
H
1 .
[0S FYOR ST e
e -
i

TH E BT TR

—

Pl i

{
N IR I <

'
1
Y

{
1

...‘_.'..

compos dvacfocrteia oo

T S

T
1.
{

[P EE T g

BN PN I,
1

s e i
i

vofee s

a—por
13

.

. H : S
I S : P

e e i N R
m

{

e o e e xR
RE I R 4
-nr-.b

0°0
20
»*0
9°0
8°0
0°1
2'L
"l
9t
8t
0°2
22
ye
9°2
8¢
0°¢

i i o i ALt i e s e i A b S

45




T A T AT el e B e SR W SRR TR A T e R 2 e 1y 2 PR T R t ” . 7 P 4T P BT

*(L€°0 03 0 = LA/Q *8°0 = A *05°0 = Q/v) *Aoudnbsay uoije| 1250 Suiseaddu)
LLYM 3uy SNSUIA 3d40) duLl-U] ‘uorIRLISUOLD] |edrbojousuoudyd ¢ *Bid

-t e A T LAY

BREER T B SRR RS N i Tei T 7 ) T T L2
R bk 5.8 B I O . o RN HERNA RN BEREY ERNE AT
P i 1 ; M 1 < 1 ; 3
| ECEEEEN I N AN E I LN B L ——t
(O NN A 't | SEN B8R a = .,
L L i S — : R RREwn. W N - L3 ! B Y L
ERgu S, AP EE BEww NREruERhSdcantREs Frpuivanss sugsd Ryennaile
s - g b aqL,—.. -+ u_,\ L . AT | V -1+ I*n - _(.-- | E0 S
M | ) 1 ”I i < : ) + BN BN I S S “+ —M . -
. : T Gw T T T Y 1 ’ oY T ! SR v 3 v, i ﬂ
[k H o N R i 1 el ! ’ g ’
EEEES Aidorentt —H - : g naw
IS H b N 12
: 4 4 - “+—¢ 4 4
M i L y i 3 "1l
11 i B B Uue R R N
. ) 1 - 1 i .Hﬂlnvr:ﬁ!. LV»& H. il P«W o
SESSsess : Has e
R ] i T TESIT1TT R i
Tt ' X w ™ 1 : bw ™1 T 1 .rm.r 2 m
s il i J 1Y - :
b T t -1 nyReusH s T . r a =
= ] T g o
R BRI B N . 1 i
mu! 1 ! ' =i L o ]
i L ! [ v . ’
. i i H m w ! b.,rl _r : + 3 y
i ; ; (g A I SESH 5 ) )| ] = e
i g -+ % W IBNEE RN T i Je*
il -d. M .f{
L4 w : + |1 1€ 3 ws peew —1-} .A‘L u
“ + . - wﬁ H Hﬁ 4 1 A.ﬁ—.hv u ]
=t st - L + —— ] -
- 7 + 4= 4 BEE NS R L&t - _[.w = ++
IR A ; ™ ' [ HEDY 1 L i
14 1y - T IO AT W e 3. u.uﬂ.&.uu %Qﬁl& BEBEE & B
1 H " 1
E e R T |
o4 1] 4311 _:44...”1J i ] 1+ 1IM ¥ i+ THE 4+ ﬁ .
M ~1. 3 ~ M ' P
4 + §-dai- P B Y - <t Lr.T — —v—4 $-4 - kFTu_ +- . e .V_ - prut
- B lml.. [uﬁ Fi- 4+ u .rLT.IL ~1443- 4 4+ —w‘ i LI[ ..u -
’ 1 By T - . 5 afu il AFBSY B ;
1 Y 11 T T N Thect HiaSe An
t M N "
H. 1rvl OMIP = L:., + : JT.T.v T.T' mL. i .lulu-_l +~ IA.” E-
1} B i 1164 A.H 1 1“ .|+._ } } {
] s N : ‘
x T» 1] M w 1 1 .l*L. —- L—”lll*’!w L 4 1 ‘. A.
. 1 ~1. - ]
: + - Lb] .TwLL. 1 T |
; " ] b al B 7 W
H il +- | b o i : vH\ —t 4+ >y 4
! [ [ Ti.1. .
) 1 1 . 1 M M )
: t i B o . F B 95N il'l; - tTj I
- +H Tt 3 + 1 + : 11192404 U}
| T . n b IEA RS RSN AEe INEEEEEY SRN
i 1 B! 1 N S ERT-Y A ) IR TLiR i 11
. . b § ) »




it LA R s

s ]

L

- oeb-

T

==
ot

.
-
0 s o

".':&:.

st

RpS Souivay i

0°L-

[0S

4

R Y oas
POOSH

0°9-

R SN ipipdag ¢

1

-t

i

[
i Pt B

P T XY

pol e
. - - —
[l o el s

LT

0°S-

—
-4

Ee=sl
11

SREY PR RE Krivy

ot

3
i

[P PR N
4

=5
e
- Q.A.
.-
o bos

[=3

RN it

P s ey

47

0°¢-

0°2-

0°0

0°l

0°¢

0°t

1
]
i

P S

B T T N T S

T TP TR U LI F TR My




3 il
‘
A !
KJ
. L ]
) (=]
n
e r
- o 3
L]
¥
N
<
S
Y
i o
v
=
N
} 9
L) m
> k:
3
Lp=— ;
: |
F ;
]
: = |
o |
— i
©
Q
- L)
4
: .
1y o |
‘oo .
v ;
o
- hall
Y ;
! Q i
[+] %
v :
L] _“
o s
o :
| 1
m I
=4 )
pm
< |
[ = -
s ,
b3
& 1.
-]
0 ;
(3] j
o )
L. |
(]
>
L]
]
.
L)
=
hd |
3
(S
.. -
- —
L J
o
pw
P U
: 48 -




i

X

ot e

11

J

[

*

pe
&

5]

b

‘i

g
togy foe—

0°2-

5°l-

o°t-

s°0-

S°0

0°t

5°L

0°e

o et b At

i
H

49




Aouanbouay uuyeqlyaso
ayy bupseauadsut o:.zz QUL SNSJIBA BO40) DSAIASURA) tuOLIRJISUCUIP |edjbojoudsoudyy g °Big

, _ 55 W 0 1anied ‘ yco» zsz od&i

. e ek e et e CHP- o




f

L T e I T e ——

Aouonbaay uorieliidso .
oy DU1SeaJOUl D)IyM D)) SNSIDA DD404 DSJADASUDL] :UDJITAISUOLDP |BI)6OjOUBIOUdYY GE) *6)4

P

ol

: T...““.‘."

NHOA AN ‘OTV3IN0 | NO:VIOCU

.
]
.
- R - P ﬁ . ® ‘ .
- - et nms - e —— o
o - . e L o L o L

51

Craa lr..,_liu‘ i

¢




A T T NI R T

DR S AL

o
S
S
: !
; l
‘;;V i

]

APPLIDIX A
CO..PUT..R FRUGR.J.
o BLALARAWM S REDAALAY ROV SLSLEE] oX & ("f RN g A o W R} C(CFCCECCCCCCCCCCC"CE '
S e eeeiee e e . . T S
¢ WV AT AT VT LE M T e pe (YL TIpEERS c r
o bt 2N /-".'.A "".'.‘!.\ -"u;r (1'-, ,p“‘.'\“) C C
e e AET LT RE NS L L el NTEPACL AT (HRAYEPERSDLA) —mmee e G e e ¢ -
) VU™ 30 = F ot h SR FECOUENCY PACANFTYER ¢ o
PO CF =0V o Ty T c-;cr C
- .r...- . - “?..‘-_no.:‘ [ Rl -r ;‘r ~cy| !”'.,F‘- ‘ . rrc' -~-....-..m.w.....-..-........-,.,.-..,....r...._.- POPa—, C . -
. fl ‘.Ql“,e_ . |.’\‘.!""*“' . " (1] '?"' , 'D' F"! T r C
UV RN S JE S ARSI 1) IR IS0 (5.4 (Cll.\"' PEFTLO/CHARTSPERD) e e e e Coone.
r MDY BN ) "!'.lt’!"!r. C C
. v LT 0T O FTRrs v u‘“* U”[Tt C C
R R R IR ot Bt A TON X R CRR A Y W Sl T TX Y Sl e r——— e e e - -
{ Eeiarty e v F '~"'f AR T IH"TQ C (.
L e TR LAY KN l-- N 1Yy (l'l\"-" UNTITS C C
T TUFL WA \UTT ASE WY T RARER N CHASY UNITS T T T T T T Tt e el
: P S ST R Y e ¢ C
SN DRSS o5 L0 SAP N oty SaN L BE SR 15 53 S — R oSNNI o
C et Ayt YEOOATY SR C C
¢ LR AL AU e C c
- . .. e - .. e e e .c.,-...-__..... ¢ e am——
ceceergr e wgeeeneen r'rrfrrrrcc’rcrccccccr:crcccc:rcrtcccccc
. ."ct"f(?\n CHeTI0N) y FRAX(20), STVA (20D ) ,COSA(300)
C span on matanserid nien donr AERR B HE T DATA S LY |
¢
- S S — -~ o e en e oSt et i e fn = 1ot mm— o am s
I L
“.;"_?-(‘.)!1 LN BT AR L L [ F'l,lNXo(N,F\‘ 14X F(U'J.ND-\Y
{"n&§5:ilyvf[t01
< LSl TR e m) ey )
TTT UL S I T TV ) W4 ANy T T T T T T S e e e e
CIV (e R 8 ) (FTECR (KD K21, ARY)
P —— Ll: -:.: ® ‘. 1 '.' /~ - e . o—om— ——— ————
Tt Ee Y g0 K
s Yi-a Tt \
, - & l--.-.-‘.ta'l-.l¢-g-..--- OV e b e m et st e me o e - e o o= = et e e e S > e am—— - —— e v+ mee— < e e
) CLr o020 |
V.71, \\
e T T 2 T T T {hGITYCLT ) L e, lw‘) -t T TTTTITT T T rmIm T T T T e s e e
A IR TR & S -] § Yoo L) )
e YRLT LTI DT ST s = = s i o - c——
r
C
---(~~-—--— -r‘ erdiged -'- N v“rQ- ( cb F}-‘c '-ll"c-—— ——— e [ R SO R — -— e

L DU S P A LA SN (1] ASC L oF 1IINA NP )
Pedmm( r T -'.:""--.(,v-)/(( u'-r'\'!ﬁp!q(.;a'chMuJ e

-'T——'--'—' .0\.\‘—-' Y. - . T meAm e e - - - - - - - — -

DETp gt VYT
LL W I{vaae=tA /200
LE T b 1)1 g UP Pee X o CMy NRUM

JTATE (0, 3

frrtnApom. Vg P - — -

FOIF L iz, )
[ €. q v =9 "f:\‘ 1R}

_-_—f"‘!-' ——— ——

EAKY asig) .
Fwvi '-313 " F,\!Q!f‘lt (‘,
.“—‘0;5.-‘:‘“..740:‘ - - - -
l"':-’.'f"" (l /‘(f
FAV g )E 2 ys 'AF'\

“r cas - - ——

———— e VSR A r,- A e - e m——— et ene i o en -
f S (F )2 (TOECE(V )= Fl)‘"'l\‘”
Y4 FooT7 0013
e £ o JT <1 "T‘*n_‘_" T T e T ared s
For (e Y a= (P B (Y ) =EF AL
o & SR ";;:'.‘.
- R
. FAAY AT AN FAX( R ) =FINEAN)
—— g - (‘ "o’ "N,' ———————————— ——————— el ettt + > 4 — - —————— ————— e ——

("}-'fr‘-. -~
Y U SN L 1A/ (VP AIIFE ] —

(IR ARTIE Y HI RN 1.1 o 9 T (N,
Ti»Ce ),

ST O . S,

E
!
|
:
1
g




TNz  \CHELTAT

."‘“v

2797 Cf;

———— et . e — -

= as ,-J‘..);.‘.:.g..‘__ — - vome ———— { ]
T B :
GV "y
. e & ¥ a..’: =S PRI RS - - —— . -
(ol B P |
CrMe ™ 0
ST —————— ..\_': 'L';"" - V,‘ L‘ /l " \r ‘ et - e T Tt i e 3
r ]
PR (SRS (S50 F A7 § ¥ S ‘l -EL l,.‘..l.......__-.......
rL s \.‘.,-~
OF 1 ks, F T 5
e N LIS 18 R AN Wl B B I 2 P s -— - e e e e i
TR Ve |=!'An ‘ 1
SN L1 MY LR VR RETRCIT A E LW R LT 2T 1IN S
Wy ! P KL
TV K)=E R
NN < t SRF R Tl IS I Cm o= s e e e - -
*TYry LT |‘:0|.‘v_l_'.‘--/2.-'x
NETREEIAL D] -
S (YA E T IEAT A AN ARG CIESEHTCIONTS - ~ —- '
a o
AT "\1'\ - 3
e NS i' 1' ’J v STt T mmmemmTeemes - T e 3
g (YR SIIEe R O K LS L (YAL) DRI FAX (L) ]
———dfe TN C———— c— S R —— :
Frr S0 (a)et vCE(rel))s2 ! ]
» s iisaegEay \ j
-—-—-.—-----:"u;_.c Vool X} '“ﬁ(\)*'.“:,‘tﬂ," .- - e —.— ---—-------—-----—--‘---‘——-..F.-_-----——-.--.- ----- ——— e }
, R EIEAARTUE SN . ‘ |
e DTLUETY R RS ) )OS KNS N |
LSy i QT L () ‘ ! j
- FLC vadlal rr () . b
SISO S AN Il SIS D ok N . - e et e . e :
Catzaet ey ;
Frrma((r TSR TSN )/ 2,00 =F ;
——— Tt T AR TR ) T - e e e e e - - — e .
o A TTr 0 3A(K)
— TER NS e S - T ;
N T i (g S5 TINC I SAUK) g STHALK) o F o FOCAS, EDST Ny FMMM,FMET , FCCSA, FSTN
- Al el e -~

- ——

LYROR

— e e Akt o e 4t e s s 5 et 2 o = :
E
:
- R - R j
i
- !
1
:
i
1
4
1 )
- . ]
/ ]
i
53

1

- - S



. — R T

.H i
Y AR Yy ) e . e o
o TTEQ S CTLYAE TTNTIE D) N 2600
Coon{g)=S" r(x+ )
S SIS § I L ANEN T8 EA TN T N— e e
? rero=C SEABT(CTSAIR H”l""QMKD"Cl SMKI
FOONTY 2ree T (K
e B R L L N A B e
CO=p G Te(l,
Coelp St per ) L _ e e
R I A X N AT 1 N 0 %l a0 B V2 %D B 5
ST ACEIITACTIRA(K )
oo L s LAaRT N8 A(K)
‘I.‘\;‘ 'y,¢i\:!?£
CunC 0 pFERT 8N
..._-.._......—'.-‘::‘,‘--’ pef - . e — ceee ———— et e = - - - -— S— - ——a -
LN RO U N B A
CA-=" Y el ur g _ _ e o e .
R A A ‘..- .'¢‘l el W RS AL O Jibe Tl
* = ((l' (rAD ) /2N YD ARCL
,..._l'..‘..'..‘.' ALY e e meeamae - rmemim o e e e e .
NEER S N PO Y " =T ‘.S—(k ). lf‘&(K).F. Dl"’?f.g FOSIMyFMMM EMNET ¢ FCCSL G FS TN
————— :F;g-=-.=~“,' ST YO LRI £ B6) n - e e i e te e ——— it e e e
X (:‘F.’-.--:f‘cl‘_’ NPT L2 HD
izttt ey U S
"'—’.—'—-—'-~['2 TRty "“-'["_ T m s mes el e

I :‘53.&,-‘u* ."-l Ter

n—-—--'-w—-——t‘-l‘-if.. JLLT .-
- Cov=z? ',-f- RIE “FL'AT

- g -

—— e = 4o

LR

SEfan vl — -~

= ‘vr[r
Y=t /0 (el L _ e
s A CYET 7 e e
Con=Cya/fviee
SR §-  PVS | §f D— —_ -
N (‘), _)F})
AT (G d N )0N oC“ Pﬁtﬁo"""“"‘ r"‘ﬂloCDN

-—-—.——--—---43:‘::( " "_’ -
vt

»)

; }5 ™ TSIy 2T T

41)STidH, (ﬂ%'P,V‘”"m FMEAN o F

st e e —

foby 2Kyt AUDE
-fw-' 1F 30042
LL Xy TCISA

DAPS PR 3Y

"1'3‘3

.b,l‘a 4'17'

2

8

avEAm.pmc,CFwa

J?‘)&"

————

') -

FRe4g 2Ky IPFPE @y e e e
p i yti=t, 1g)

XptSTMAT O 0 F 1, 5%, ¢ EDCNS 45Xy,

3 .Rx.'TNS!N'l

.3'f’3’°"'7*“VP*”B='v7x.°Fweaws‘w7x.-*~~- -

FMAY = !

4
KRS LS
IR S S
LoEEITe
SRS T TR ). S 1520 U4 SO
LT AR AR YAy G,
11 Ffoaar(ise, ¥, 750
i e pt pT (T 0 VT
by 2y Tl XaFrae, b
e ‘-'-*-rrh-;-*‘--} 0',"\1’{‘(: "'r.'n.vni ' ;'
3 ECRNAC(ION 101N, 4)
30 FIISATAAD 0, TN, NN,
v lir'll-r A4 0"['9“?,0’
40 FS 8T '”"(".‘121"’
et Y T
- 42 '.~:.'..'~ '(-;qz"'s"-]"_‘ 2.)-
- 'rr"“‘r"v"/‘("f'w'i) cel
L
6h ' ‘\"'(“" 1 TXg PSS TR
26 L3 AT(030 4 E1204)

.SX,'C')I\Q"'g8X.'Zl*’g9X;'ZZ"|

¢ e
£ND

PP IR Ty CUET WIS SPURER R

e Aplace b et 8

i i

.

s b B e

3




R o S O,

e R - e

LIST OF REFLIINCES

Parkinson, G.V., "flathcmatical Models of Flow-induced
Vibrations on Blufl fodies,” Flew-Induced Structural
Vibrations (ed. Eduard Naudasciwer}), spranger-Vuerlag,
Berlin, 1v74, vp. 81-127.

Currie, I.G., #artlen, R.T., and Martin, W.W., “"The
Response of Circular Cylinders to Vortex Shedding,®

Flow-Induzed Stroctural Vibrations (ed. tfduard hauvdascher),

Springer, Verliag, Jderlin, 1974, pp. 128-157,

Hartlen, R.T. and Currie, I.G., "Lift-Oscillator Model
of Vortex-Induced Vibration,” Proc. ASCE, EMS, Oct.

Morison, J.R., et al., "The Force Exerted by Surface
Waves on Piles,” Petroleum Trans., Vol 189, 1950, pp.
149-157.

Wiegel, R.L., Oceanocrraphical Encineering, Prertice-lkall,
Inc., Englewood Clit:is, N.J., 1964, pp. 256-264.

Keulegan, G.H. and Carpenter, L.H., "Forces on Cylinders
and Plates in an Oscillating Fluid,® Journal of Research,
NBS, Vol. 60, 1958, pp. 423-410.

Sarpkayd, T., "Forces on Cylinders and Spheres in a
Sinusoidally Oscillating Fluid,"” Jour. of Appl. Mechs.
Trans. ASME, Vol. 42, YNo. 1, 1975, pp. 32~37.




INITIAL DISTRIBUTION LIST

Defense Documentation Center
Camcron £Lation
Alexandria, Virginia 22314

Library, Code 0212
Naval Postgraduate School
Montercy, California 93940

Profecsor T. Sarpkaya, Code 59
Departrent of Mechanical Engineering
Naval Postgracuate School

Monterey, California 939:0

Lieutenant Commander David W. Meyers
296 Payne Avenue
North Tonawanda, New York 14120

Department of Mechanical Engineering

Naval Postgraduate School
Monterey, Califcrnia 93940

56

No. Copies

2

e e 2 -




