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ABSTRACT

An Intensive review of literature pertinent to aircraft car.-er air flow clTflamic8

, '.~ and an evaluation of experiments were conduicted In order to ec-terinne the

effects ,L turbuilence on landing aircraft. P x~cular emphasisB was given to the

1= effects on carrier aircraft operations which occur as a result of Increasing

wind-over-deck (WOD) velocities, as well as carriir dynamics. The effects of

WOD velocities and carrier dynamnics on air bnda-y layer were a!; o cons~dered.

Rlecom mendations for future, more exacting data acquisition, experimients, andI 1; d!oretical studies are given.
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SECTION I

u [INTRODUCOTION

A major limitation to Increasing wind-over-deck (WOD) resulting from augmentc
ur aircraft carrier velocities is the probability of increased aircraft accidents, hard

landings, and bolters du.ring landing operations. These effects are attribuitable to

the nonpredictable characteristics of air flow dynamics, which affect aircraft

during the approach to the carrier ramp and over the deck immediately before

touchdown. With the advent of the high- 'xpoed aOrcraft carrier, the landing oper-

ation problem will become more acute. IMMa fuller understanding oi carrier

air flow dysamics !s imperative.

This stu4y program was undertaken primarily to determiae if it is possible to

lanld aircraft on carriers with ViOD velocities beyond the maximum limits re-

quaired under present procedures.

Many studies have b)eenundrrtakenin prev!ous years in which particula emphasisI was #.Ivan to the experimental aspects, while little or no consideration was given
to the theoretical aspects of air flow tyumics. The Initial considerations in this

btudy were based tin -kn tntenslve re ftew of the literature on carrier air flow

dynamics. Previous studies and expe.rimevntal programs have indicated that the

principal unknown factor pertaining to this problem Is carrier zir flow dynamics.

t Pasc(I upon the results3 of these studies, this Investigation %,-p concentrated onJ if)I-Iulating a workable concept of general air flow properties around a carrie'f fromh which predictions can be made conCeraing sir flow effects on aircraft

;arrter landing procedures. From this formull'.*d concept, an experimental

1)rograin has been outlined.
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r- SECTION 11

SUMMARY OF PROCEDURES AND RESULTS

The objective of this program was the investigation of all available Information

pertaining to the air turbulence properties within the wake of an aircraft% carrier.

From the information obtained, a prognosis was to be made concerning the flow

field dynamics of the carrier wace. With increased wizd-over-deck, theme ctynaxnics

could prove to be detrimental to) aircraft landing proceckires. Where io satisfactory

conclusions can be obtained, recommendations art made as to the methods to be

used :n acquiring thae necessary information. Bocause of the program's require-

ments and because of the time limitations, analyses hav~e not been carried out.

Previous programs have concentrated on the studies of air flow dynamic parameters

that are involved with the present landing praceckares. These experim~ent~s have been

conducted within the wakes of carriers and, using scaled models of the aircraft

carrier, within wind and water tunnels. The full-scale aircraft carrier wake measure-

ments were obtained through the use of specially instrumented aircraft following

zcrmal landing procedures. The pilot's psychological reactions were obtained as

well as control stability data of the aircraft. From analysis of these data, the

turbu~lence properties were defired; however, these results atre only applicable to

the wind velocity at the ti -e that the measurements were taken. Th'ey therefore

,:annot be projected to other wind velocity conditions.

Iunnei measurements were made within the wake of the carrier scale models.

in thuse. experimentst, measurements were taken along the 4-degree glide path.

zhitimal evaluation of the r~duced data contribuites little to the understanding of the fLr

fII-w dynamics around the carrier that could be pertinent to aircraft operations. The

t preceding statement is Uased on the fallowing: (1) The experiments and the subesequent
;izudymen were not performed with the tncent of making statistical correlation analyses

ots was also the case for those programs using instrumented aircraft); (2) aero-

ityiiaruiu scaling factoro between, the catrrer and its tunnel models are difficult toi

letternitne becaise of the lack of measurem~ents within the carlier's wake; lad (3)

A Z1 formulization of at concept, cr p!ctore, of the carrier's wake, bAed upn .nown

LIheoretical and experimental data, has not been undertaken.
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Ls a result of extensl.-, rtview of previous reports and documents and of theoretl-

cal wake analyses that have already been conducted, it is concluded that, based solely

.in these past efforts, rel$able predictions of the effects hat Incres.sed wind-over-

deck velocities will have upon aIrcrdt landing procedures cannot be determined.
Thus, it was necessary to reappraise carrier air flow dynamics so that a workable

I concept could be formulated prior to considering any rw measurement programs.

To substantiate this concept, an initial experimental program, uttlizing smoke

tunnel facilities, has been recommended in order to demonstrate the effects of

carrier dynamics upon flow field properties, particularly the turhl,-nt wake. Upon

the successful demonstration of these effects, a more detailed -,rind tunnel measure-

ment progra'm and a full-scle carrier measurement program csD, be developed.

|

I

!!L
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CONCLUDNS

In order to formulate a conceFt of the properties of the carrier's wake ttrbulence,

It was necessary to re-evaluate the experimental data already obtained. One im-

portent conclusion derived frorat reviewing these data is that the tlvw parameters

within the wake appear to be independent of the free atream veocity, the length

of the carrier, and the kinematic viscosity (Reywld's number). This is in

<A contradictio to known flying responses o( aircraft entering the wake at different

velocities of wind-over-deck (WOD). Steady state flow field data athmred In

varios experimental programs are basically the same with regard to ste y

state and turbulent flow properties.

Concurrently with this data re-evaluation a preliminary study was made of the

boandary laver properties for fluid flow over a flat plate. The heorstcal

studies for laminar flow over a flat plate have not taken into cokleration the

pressure graients withiln the fluid. As a result, these studes indicate that

the boundary layer thickness (the region between the flat plate am the point

at which the free stream begins to be affected) and the profile velocities

(which decroase the closer they are to the plate) are independent of the velocity

distribution Immediately above the surface of the plate. Conversely, a given

-,-inelty distribution does not infer a given boundary Ia, er thickness or

velocity profile.

When the flow over the flat plate exceeds the critical Reynolds number, the

boun11dary layer thickness increases with increasing fluid velocity. There are

m-'. indications that corresponding changes must occur within the turbulent

rt-=-orns immediately above the flat plate. From experimental data obtained

aft of the ramp of model carriers, It appears that the same conclusions apply

lor carrier turbulent flow fields as for the flat plate; I.e., the turbulent

propurtes are independent of the free stream veleaity.

L-J
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From the above conclusions and from knowu aircraft performace character-

istlcs within the carrier's wake, a concept of the wake must be formulatMd prior

to continuing exporiniental programs. This concept that is based on the premise

N that the carrier's wake turbuence consists of two dilereat physical states.

These states are:

- A steady-state dynamic pressure distribution around the carrier

and within the wake, tha maintains a fixed spaclal relationship

with the configuration of the carrier, is nltndep _ut of time, and

in independent o( all velocities exceeding aL critical vale. Tia~

steady-state pressure dist-iIation depmida only upon carrier

configuration and the relative direction cl the wind to the carrier.

- Superimposed upon this steady state pressure distribution are the

random turbulent flow fields. These are not stationary with

respect to the carrier and fluctutsi rapidly In time. This

turbulence Is Independent for all wid velozItles In assess of

a critical flow velocity.

Around the moving crr1*er and w.'nin Its wake, a major flow field Is produced.

"l'irt' flow field and the free stream laminar regions are separted by a

l- umiarv lavr. The division of the major flew fields are:

- From the surface of the carrier to the lower level of the boundarv

layer. Hiere, tere is always a turbulent low field superimposed

upon the steady-state dymamic pressure distribution.

- Bomndary laver that oscillates raonrwly betwaee Laminar and

turbulent flow conditions. Within this layer there are no steady-

,icate dynamic pressure distributions. With Increasing WOD

volocitles, both the height and thickness of this layer incream%.

'hills inte.rn.lttent boundary layer is believed to be the mechanism

that complicates aircraft landing procedures.

L4

._ ...... F
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I - External laminar laver that extends from the top of the inter-

mittent layer to infinity.

The thickness of the intermittent bottodary 'Layer increases not only with in-

creasing WOD velocities, but will increase with Increasing Ofthing am] heaving

motions of the carrier. When both pitch and heave motions are In phase, the

intermilttent boundary layer thicknmess will be mmdmum for a fixid WOD.
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SECTION TV

RECOMMENDATIONS

Investigations~ should be coni id Into both the experimental and theoretscll

aspects of the aircraft carrier wake turbulence, The varpos. of these Invest-.

-ations Is to determine the properties of wake that will be pertinent ti aircr:Lft

landing procedures with Increasing wind-over-deck velocities.

The experimntal program would consist of three phases. These phases are:

()De-monstration of the d~rnamic properties of the intarmitteat

boundarv loyer with different wind velocities and carrier dynamics.

Th1-is demonstration in to be initblly attempted in a thre-dimen-

sional smoke tunnel. The first series --. demonstrations will be

to oa~erve the intermittent bounday layer fo- two wadely asezvted

stream velocities. This demonstration is to be followed by a

series of experimentx in which the stre-.zn velocity Is maintained

constant and the model is dyinmially disturbed in pitch or heave,

or both siultaneouslv.

(2) S.cessful accomplishment of the previcus phase io to be followed

ay~ series of wind tunnel experiments. Theme experiments are to be

aerforr~e at higher wind velocities. Mesasurement. are to be made

tr dteermine wake turbulence proprties, particularly the growth

patte rn of the Inte rmittent boundary )t changing * nd vlcte n

d.ifferent conditions caused by the earzfer's pitch and heave motionts.

All wind tunnel measurements should be taken so that statistical

and currelittion analyses can be carried out.

(:1) easurements are to be made within the wake and arcunmi the air-

craft carrier. These measurements should be compared with

t hose measurements obtained from the wind tunnel. From the

cnimparison of these two sources of data, it will be pcilble tor

L _
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arrive at significant scaling factors to be used in fMture tunnel

testing of carrier models. The correlation analysis of measure-

I- ments made on the full-size carrier will be similar to that per-

formed with the wind tunnel measurements.

I Continuation of the theoretical aspects of the properties of turbulence will require,

In addition to a continued study of the literature, consultations with several

authorities. The major emphasis of turbulence studies in recent years has been

in the scnic and supersonic velocity ranges. Consequently, the technical literature

is deficient with regard to both experimental and theoretical investigations for

subsonic velocities.

WThe aspects of turbulence that should be parsued are: properties of the inter-

nmittent boundary layer, onset of turbulence, statistical correlation, and the

spectral distribution properties of the turbulence as a function of time.

In addition to the continuation of the study of the turbulence, an investigaticm

should be made of the dynamics of the carrier. The dynamic data required are

the magnitudes and phase relatiorships of pitch, heave, roll, and yaw of the

carrier as a function of carrier velocity.

JJ

L. .
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SECTION VII

DISCUM~ON

A. GENERAL INTRODUCTION TO CARRIER FLOW CONCEPTS

As of 1965 the accident rate of carrier aircraft landing operations conducted during

- - daytime operations~even under Ideal conditionsgreatly eaceeded that of conven-

tional airfield landings. The carrier rate Is tpproximately 3 par 10,000 landings,

which is surprisingly low in view of the difflwult piloting task ai~d the landing oper-

ating procedures required on aircraft carriers. To obtain this low accident rate

It is Imperative that the wind-over-deck (WOD) conditions remain below well-

defined maximum limits that haive been determined through trial and error. These

limits are promulgated by means of appropriate aircraft recovery bulletins

(Reference 7).

F~xpermental programs have been undertaken on both full-sized and scaled air-

craft carriers at approxcimate WOD of 35 knots and 120 feet per second, re-

spectively. Organized experimental programs have not been carried out with

large differences of WOD velocities on. either full or scaled models to as to

j i-nnhle an intelligent analysis of effects on aircraft operations caused by varying

WOO condittt~nsi0;: fiull-sized vehicler.

M~:~~~re~etswith regard to t~idr, characteristics o, -%.craft on aircraft

-ariers Indicate that safety conditions strongiy derA p.- OD properties, the

:,ngle of aircraft approach, the carrier design, and the type of aircraft. Figure 1.

taken from reference 1, relates the approximate time prior +-, touchdown where

the Incoming aircraft encounters the initial effect of the "burble". This effect

im primarily a dynamic updraft upon the Incoming aercraft which le foLl.owed by

. dogdowndraft immedioately aft of the ramp. To compesat^ for this effect

wilditlfl ti* th. t, t and maneuvering are sometimnes applied to ihs aircraft. With

Itteren.4ttng WOO) the available time required for this mianeuv'ering in reduced. In

...........to keep th!l time within the operating capabilities of both the pilot and mlr-

rrftho Tnrizliui WO(M} han been deterrmined for each alreraft type.
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dynamic parameters of aircraft landing chara~e-tr~s. These szo the only sets of
experimental data available that give some insighit as to what to anticipate under

different WOD conditions and general flying parameters.

References 2 and 17?, in particular, relate the minimum safe angle of aircraft ap-
proach with different WOD and aircraft Jypee (see figure 2). Assuming a linear re-

lationship between WOD and the approximate minimum safe glide angle, for a WOD

o1 50 knots the safe glide angles would be S degrees and 7 degrees for propeller

Iand jet aircraft, respectively, and the time of the initial bvnrbiLe encounter will be
I from 2000 to 2700 feet prior to touchdown for aircraft with present-day approach

and engaging speeds.

I No conclusions have been arrived at concerning 'iedifferential flow directions and

Pressure gradient along the glide path as a functon of WOD and attack angle. The

I linearity assumption of a linear turbulence velocity distribution is an over-simplift-

cation, Soz;-e analytical solutions can be arrived at for turbulences a large distance

downstream from the wake of +he carrier body, but uo solutions are avalbible for

th1ose close to Vt~i bodiy (--eference 8). Only a measurement prog*- "zn yield in-
formation as to the flr,-! patterns and turbulent spectral distribution close to the body.

Two types of flow dynainics are to be considered in this program. There is a

steady state dyiamic flovi distribution which Is stationa.ry with respect to the air-

-raft carrier and which Is the reisult of the oombined effects of the vortex flow

rields around the ship's hull and that produced by disturbances introdsicd !.' the

design of the deck ,d the Island. The second ane the zion-ateady state flow fields

that re suptrimposed upon the steady state pafterns. The nou-staaly state flow

rtel(Is may have no correlatton with either any portion of carriert sdefign or the

wind conditions. Since this to of major importance to aircraft performance,

.ttteinpts must be mzde to determine if such a correlation do"s post.

M~esurements that have boon carried out an -coaled nudesi as fwiezx WOD (fig-

3,~~1 4, asu 5 of r~dere2oe 11 and refer:_.4 7 v 9 through 2U) orlv~
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Ir-deionstrate the steady state vortex-like flow peatterD-i. From thew. Patterns,

taken along a glide path, It Is observed that the aircraft will experbAoe diffej' ences

irn flow field directions along Its wings. IMhea. differences tend to rotate the alr-

!~rrft. This rotating effect Is experienced by pilots during landing operations (rex-

erences 1, 2, 7,and 17) and is observed to inerease with Increasing angle betm-,r.

the cenjter of hull line and the darection, of the WOD.

With increasing glide antle there will be a correspondingly rapid increase of the

~J accident rate and of the number of hard landings, bolters, and undershoots (ref-f erence 10). Similarly, an increase In the carrier's turbulence pattern and

steady state dynamic pressure ratbu~ will decrease bO the aircraft and pilot's

ability to respond. The pilot's respwise is determined kf the Cooper's hdex,

which represents an accumulation of all the ph~ysiological and payobological

j reatns of the pilot to the dynamics of th landing parameters. Cooper's bndex

in le~ss than four for present day carrier alzcraft landing proce&tree. When

the Index Is equal to or gre.Oor than five, the pilot's reactions are regarded as

unsafe.

Of the experimental literature Investigated, with the exception of that of ftstaemsLI: Techuio,.ogy Incorporated (reference 10), only a minimum of invest1ltions

r~ave ke,_en conc'nrued with the use of statiatical corr-latop mnaytical procedure
f-v studis'ng ..hr terrelationshipo.io- -:-q-,%rtIe* to the carrier's deslin

acdynancts. Data comparisons have i1w a aftempted to some dseree between the

full-size carrior and scaled modele, i, tthere Is isfi~ol~dxiuue

(zata on ac.7urd ' ehicles to determine procedures to be used fo.- model wcaling;,

tlie. eftre, these -.d tempted compa-tsons are not Y"l. On se n'atdsis, carrela-

Lion 1;ctween sIlmultwwe'-' "-neasuremeat h,% not baen attempted, aud it thereforeI bxeomes impossible to d*iotrrairts which parameters .1~ airflow ain4tm the carrier
ZL'C mlo~t domnnn in influencing the c-haracteristics of the carrier-slae
Tli In evident :ie-- ravizws the literabure and obeervv' the am-tg

twoedre that wae triad by various laboratoie to thu jj to"bi ctIisc 'at
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In all cases 0iy a ma.mal der "the expected results wan obtalned.

In the Dynasciences Cor- .. . - .t (reerence 9), good experimental data

have been obtained and evaLt, -.i' .. Ow 4-&,dr-ee glide path for the scrled

model, but flow data were not ev Iuated to determine if the turbulent portion
is random, and cross- aPA au, .,edzioa analysis was not attempted. From

their data the turbulent portic.k velocity flow can have peak-to-peak vari-

ations equal to approximately eijiht to ten times the offset of the steady state

mean flow rate. At appr "'imately 1.00 feet aft of the ramp the steady state free

stream flow of 125 feet per second is reduced by 20 percent, and, since the net

flow rate cannot change, the root-mean-square w the turbulent flow must make

up this difference. This data comparsoL, has not been demonstrated In this

teport.

I [ From their data and steady state flow patterns, it appears tih.e th &.,mlnant

I - influence on the dynamic pressure ratio distrlb.timi is the vortex flow gonerated

around the hull i combination with WOD that perirbates this flow field. Vari-

ous carrier niodificato .s alfempted, such an honeycombs n the vicinity of the

Island and -timerous ramp modifications, have had only a small effect upon this

Spattern. (References 16, 17, and 9.)

,craed models, approximately 1/110 V. i/150, for uae in water tunnels, wind

tunnels, and smoke tunnel have been employed to study the fluid flow character-

istics. (Referennnas 9, 11 *.!, 17, 18, 19% 30, 31. 32, 33. and 34.) Reynolds

;vailng basd n carrier size and WOI) velocities, has nct boon used for the

(*I".n~ng reason:

i. Reynolds number (Ne) is a measure of the distance traveled by laminur flow

*ver a body prior to going into a transitional region that oscillates between

laminar flow and three-dimensional unsteady turbulent flow. For a given

I I tree utrearn velocity 'U. and fluid kinematic viscosity W/x , No will be

: direct measiement of L, " shown in figure 6. For a stream velocity of

S-:05 knots (58 feet per second) and a carrier deck letgth of 1050 fet, the Ne

iL J



4IQ4~EC.255(RV. 7f~3)NAEE-ENG-7467 rjPLAIT. NO. 11.6? PAGE 5

is approximately 6 )0 million. Maintaing a lamina flow: for this condition -
* will require an ldeai non-viscous fluid, operating at supersonic speeds.

J For a flat plat, , the critical Ne of 330,000, an shown in figure 7, is the trans-

itional v~lue f-rom laminar to turbulent I'low. Many investigators are Jnclined

to regard all turbuilent measurements above this critical- value as independent
I of !4z. They regard al1 turbulence properties an the same for all Reynold's

Numbers greater than 300,0)00. When the data are compared between a 10-foot

model and a full-sized aircraft carrier, th- resuijant data are believed to be

equlvelent. In wind and water tunnel testing performed at Ne betweea 300,000

and I million, the results appear to be independent of Ne. The same inveatt-

gators o're of the opinion that any difference in flcw pattizrns around the full-

sized carrier and around VA, model are not directly related to their differences

in Ne. From this tbov have concluded that very large differences In N. pro-

duce only a small ef"~ct on the flow field properties (referencet 2141 and 2.

This statement is i contradizt~on tz- known p dnclples and wil be elaborsWe

upon In another section.

Another scaling factor that is often considered, particularly with regard

to vortex shedding, is the trouhal number. This factor represents the fre-

quency of vortex shedding from the object. .t is given as the product of the

f rtquency of shedding times the object length dividled by free searn velocity:

Since the carrier length, velocities, aiid frequencies, Le, .7 C, fc,are known,

die model frequencies fr can b3~ rePA.ly determined. This factor does not

;ifect the tunnel experimental conrdons but does determine the frequency

range that in measured and evaluated.

It. rNNEL MlEASTUREMENTS

Sitce data derived from tunnel tooting Is of critical importance with regard

to th (a study, the problems presented in using the tunnel techniques should

ho tinderston-!.

L -
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The principles of each technique apply equally well to air tunnels and water

tunnels. The Image technique haa the advartasge over the Ground Plane techniqjue

in that the niod& can be supported widiln the center of the tunnel and will there-

fore be iaol.-ied. rom any wall birbulence. This technique is based upon the

assumption that if a model is constructed with its mirror image, the resultant

flow patter± (laminar and. eddies) -will be identical around an image plante. This

can be clearly demonstrated for flows around a circular cylinder (Chapter X1

of reference 8 and references 35 through 381 where the flow piatternsa re similar

around both halves. As the strbam. velocity increases the vortices increase

in size, become dynamically unstable, and are then carried away by the external

flow. This detachment process is unstablie, oscillates incoherently (references

8 and 39), and the pressure distributions are wot predietab e by poten~ial flow

theory. For this condition the Image plane techique will not have a plane of

symmretry, and therefore the flow-pressure distributions will differ from that

-)f the Ground Plane techniquethat uses the model on a semtinfinite reference

* plan.

if there are unsteady vortex oscillations, the results of the Image technique

will not be applicable to the study of carrier wake phenomena. A Water Cavi-

tion tunnel apparatus, with either stroboatac visual observations or high-

speed, pulsed photography, is the procedure used for observation in order to

determine if this phenomenon exists for different flow conditions. Because

=O 14 te uncertainty of the existetice of unste;; y vortex oscillations, the Ground

Plane technique is usedi with an elfvated reference plane.

At the wind tunnel speeds used, approximately 120 feet per second, Laie wall

boundary layer is approximately 3 inches; ie., one-half the height of the

varrier mnodel. To use a Ground Plane technique the model must therefore

Is- ;ilacetd on a reference plane 3 inches above the tunnel floor.

C. INTER PRETATION8 OF AVAILABLE DATA

A uh!(qutous~ cond~tion appears to exist for all dat obtained and to clearly

e.\predd~ed In reference 9, page 32:
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Dynamic pressure rates and flow angularity are independent of the

carrier speed within the range of velocities tested.

From actual flight data of aircraft carrier operations, it has been established

that the WOD has a major effect on flow fields and upon aircraft performance

(references 4, 29, 40, 41, and 42). It may therefore be concluded that either the

experimental programs are in error due to the combination of techniques and

instrumentation procedures or that the observed experimental tunnel data are

not indicative of the flow field properties around the full-scale carrier. A

possibility for the discrepancy of these data may be misinterpretation of wind

tuinnel data. For a pitot-static tube the dynamic pressure ratio Is given by;

where r $ , is the velocity deviation from the average flow velocity 1f ,

and 6 is a factor that varies from one to three for small scale to large scale

turbulences. In obtaining this measurement for a given I,.R,1 either or the

ratio of 0...) may vary, thereby introducing an unknown oondition Into the dy-

ntiic pressure ratio. The same principle applies to hot-wire anemometers.

From some of the experimental results, there appears to be some discrepancy

1etween the results of the hot wire anemometers and of the pitot-static tubes.

fl'ti !,idI velocity obtained from the pitot-static transducer (Z_. 14; where

A P is the differential pressure andf the fluid density, is considered

.a thW. avwrage pressure which is compared with the average of that obtained

Itroi tht, hot-wire anemometer. This Is in error in that it is the root-mean-

s,|luttL values that must be compared.

It it:imental concepts that have not been considered in any of the previous pro-

-ranis :are the dimensional sonic wavelengths and the length of the aircraft

,Jrrier. For the carrier the critical cutoff frequency is approximately I cycle

p.er iweond. At an air acoustical velocity of 1100 feet per second the wave-

lIenpth I I I00 feet and approximately equal to the carrier length. From an

L nest p.fva\able CoPy
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aicoustical concept, the air above the carrier has sharp discontinuities at

the how and stern and is therefore capable of generating within the air above

Lhe dcck a standing wave pattern at I cycle per second. This wave effect is

clearlY cvidciA in the reduoed steady state data of the normalized velocity

changes in reference 10. This effect is similar to the "Lee" waves of rnetreo-

logical aerodynamics. To simulate this conditica in the wind tunnels, the stream

velocilty should be the same as for the full-scale vehicle, and the fundamental

frequency that should be investigated within the turbulent wake is that having

the same wavelength as the model (150 cycles per second for 7-foot model).

Future tunnel tests must give consideration to this physical aspect In all data

analysis.

Asi It is the prerogative of an investigator to doubt the validity of the experi-

myental results obtained from various laboratories, there Is also a responsibility

to assume that the data are correct and that different conceptual approaches

should be carefully undertaken.

lit the classical Niavier-Stokes solution to flow over a flat surface (references

:19 anfd 431 through 47), the computed boundary layer thickness is independent of

the assumed velocity distribution tor laminar flow regions (Ne less than

:10,0OO) aund the houndary layer thlckness(es) is given ae:

where ,Is the distance measured along the flat plate from the leadig edge

(Itigure 0). igure 7 Is4 an experimental plot of the relationship of Ne andl the

(hiimcflInldss quantity ~~4e, as obtained from references 44 and 46.

11he Vatio nK decreases with Ne within the laminar region. At the critioai

.ulte* the. bundary layer is at its minimum value and then Increases with In-

~ri -as I tg Ne. FI gure 8 Is a plot 4 f 71 , as a function of ,. to a m aximum val ne of 1050.

:~ i,~IaII thse' aesof5 with that of an aircraft carrier must be done only

III it descriptive manner and shouild be tised only as a guide to further Inventf-

.'.atlou. Ont- 4onclumion 1Is that measurements within the laminar roginn will u,,I

LJ
Best Available COPY
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yield information pertinent to the turbulence, and for this reason low velocity

wind tunnel experiments are not to be considered for this study.

Extending this two dimensional principle to a semi-infinite plane that terminates

:it 1050 feet (figure 9) and neglecting the effects cf the ships' hull and the influence

of the sonic wavelength (Lee waves), the distance that the aircraft is In the tur-

indent region is KA_.)ta " . For a 3.5 degree glide slope angle and with

b equal to 10, 20, and 30 feet, the distances that the aircrtit enters the tur-

indent regions are 164, 328, and 492 feet. The distances behind the ramp are

14, 178, and 340 feet (the touchdown point is 150 feet forward of the ramp). The

strong burble effect is normally encountered at approximately 100 to 150 feet

from the ramp. With increasing -- , the spacial distribution of the turbulent

region will change and will be elevated as Is the boundary layer, and consequently

*he "heart" of the turbulence will approach the glide path.

The classical boundary layer 6 for laminar flow is defined as a fixed percentage

r#duetion of free. stream velocity. In turbulent flow the classical boundary thick-

ft"4s is ho.ated within an intermittent region that fluctuates between laminar

and turbulent flow (figures 6 and 9). The flow fields within this region change

r;,i'idlv fr,,m position to position and, at any given position, change rapidly in

,,. Thue uQow field patterns art- random. Por a flat plate the upper limit of

i4 itrriiItt4,nt region is 1.2 .andfor all distances larger than this value

tIP)Ve the plate the flow fields are laminar. The lower limit is 0.46 and for all

,1,,1tulcus abmove the plate less than this distance flow fields are turbulent. The

Iayer t 'tnes4 is opproximately 0.8 $ .

SI.abilltieH of these boundary layers are difficult to observe, measure,and inter-

,ret (references 39 and 48). With low speed smoke tunnels, fluctuations withintw

,nt. r m it tent region are readily observed, and the size of this region is approximately

-111,11 [4) ti, h)InIdary layer height. Air speeds of the smoke tunnel should be Increased

, ;aIJhr4 .11 iiamtely 20 feet per second In order to increase the effective Ne. Further

*j swlh; ,1 the inudarv layer thickness may then be observed. To observe this

, l.fti., h igh-tlpsed IhotL)graphy should be used In combination with high intensity

,,,I t*rotnI I lght 51 reea4. Visual data can then be studied at slow sped projecttos.
L _j
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ruxperin,,nts must x' carried out at two widely difterent wind speeds so that pre-

dictions ean be :ittemnpted at higher WOD velocittes.

The effect of carrier pitch rotion upon the steady-state dynamic pressure distribution

Is demons trated in reference 11 and included in the studies of references 10 and 41.

Carrier heave motion has never been included within any experimental program.

It is felt that a simultaneous in-phase occurance of a strong heave with Pitch will in-

crease bv sev erads of matude the size of the boundary layer thicdnes. and the

pre ssure fluctuations withn this layer. Referring to figure 8, the boundary layer

height b for a given model size, X, increases with Ne within turbulent regions.

These changes of S can cause a corresponding increase of the Intermittent regions.

[Hu s, differenccs observed In flow dynamics will be proportional to differences of

No. To predivate the changing flow dynamics that wouid occur with changingWOD

v Vl'. itics, experimental data at widely different Ne must be obtained. Higher speed

wind twuiels have the advantage in that their parameters can be suffoisently varied

:,, that a wide range of Reynolds numbers can be studied, and the resultant quanti-

tative data are capable of analytical evaluation. For this study wind tunnels should

io used. Water tunnel measv-'ements are excellent for visualization over wide Ne

rmanges, anid for measurin, .. evady state flow parameters, but the instrumentation

Iir measurements t turbulent properties is still in the development phase.

11 inst rumentation capable Of measuring up to 500 cycles per second is developed,

i,*, watt" tuitnel should be considered tor the study program. An operational

i: .- iv u tiLad4 of the water tunnel is that experiments are more diffioult to perform,

.111 ,ni4IA-I moidifications are more time consuming. Closely related tothe above

, n, .t~ ,4 t" ttrm ttnt boundary line are the varied reactions of alrcraftpilots

r i', I, tditigs at high WOD velocities. Many investigators regard the pilot's ex-

iI a ttti1it.4i Li tht!ir reaetions with skepticism. During landing operations the air-

4 raII i: .c4,es th rough the Intermittent region, which is unpredictable with regard

tI I 14ow I itld prtiertles. and, therefore, the time duration and turbulent magnitudes

w Ic'lendls upon ti. time that the airt-raft is In this region and thus vary.

F rsit i thl. pre ql isd forimil ated t,,,ept of carrier wake turbulence, several pro-

,I Its,-11I .0i ,i,! it- Invetlgatt'ga with regard to modifying flow field distributions fit ordet

LB A l C
Best Available Copy
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Ft 0 accommodate increased WOD and still maintain safe landing operations. These

methods are:

1. Delay boundary separation from the deck of the carrier by use of suction

techniques. The reduction of the boundary layer thickness aft of the carrier ramp will

be proportional to the distance between the bow and the suction section. In figure

1.0 four dashed lines (1), (2)0 (3), and (4) represent suction locations. At present

operating WOD, no suction devices are employed. With increasing WOD number

station (1) Is turned on. Upon further increasing WOD, numbers (1) and (2) are

on, and eventually all stations are on. Suction devices can also be used on the

island to minimize and control its effects.

2. Use of fins at various locations to direct the air flow over the deck and

therei~by control and regulate the boundary layer profile.

3. "Suction!' air to be exhausted in the aft portion of the hull to generate

wi~d control the vortex patterns aft of the carrier.

A major contrihutor to wake turbulence properties is the combined effect of the

carrier's pitching and heaving motions. When these two dynamic parameters are

ir phase and of sufficient amplitude, the Intermittent boundary thickness will.

i.trkedlv- increase. Effects of the island, deck, and hull design upon wake pro-

perties will remain essentially unchanged with increasing WOD, beyond a criti-

:11 'ipet(I.

1). ME;ASUJREMENTS AND EXPERIMEFTAL PROCEDURES TO USE FOR

F.VAILVA ITN(; I1TTURE AIRCRAFT LANDIN4G CAPABILITES ON AIR-

'; LA FT CARRlIERS AND MODELS AS A FUNCTION OF WOD

At thc heginning of this section (pa'agraph A), an estimate was made of expected

It titd I ng (-itaraete ristics for 50 knots WOD. This was predicated on al [near ansmp-

tiwoi that has no experimental justia cation. Also, on the basis of experiments

i oiit [sit I windi and water tunnels, it Is not possible to make predictions

,,I %vake propertletn duie to a lack of correlation data and analysis, questionable

tiI ing InIttorti, and bEeause it( data were obtained thatdemonstrated changen wth

ili~Tt~t~lro Wo.bXetain a reliable index of scaling factors and to correlate tie

'.'ng1 r, I the airvraftcarrtr with the dynamic wake parameters, mewure--

L III1tmiN at t ituitins of two (III ferrnitWOD conditions are recomfmended.

Best Available Copy
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FTurbulence is a statistically tion-stationa~ry property in both position and time, and
has bo0th a zero cross-correlation and auto-corralittion function. This is equivalent

to "white noise", as used in Information Theory, which indicates that the dynamics

of the fluid cannot be related to any other physical process within the system

(references 43 arid 49). On the other hand, steady state flow fields are related to
geometry of the model. Experiments on full-size aircraft carriers and scaled

models have riot beep. carried out with the objective of correlating experimental

flow field data with configurations. To obtain cross-correlation, the experimental

data at two different locations should be multiplied together and then integrated

over a given~ time interval. For auto-correlation the experimental data taken at two

different times in the same location should be multiplied sand then integrated over a

given time interval. These functions art.

I7?

where Ryand Rxx are eross-correlation amd auto-correlation, respectively

(see figure 11). In the experimental pr3g %-rn flerw data within the wake will be

compared and correlated with flow characterbs-i-5 a~bove Use~ z,&T-rier ra-ip,

alougthe ship's hull (particularly inthe aftportionwhere srr';re~"tn r

anticipated, reference 5), and in the vicinity of the !Bland. Th o ysa.c,c<

mecters to be comjpared art, velocity flow vectors and dynamic pressu,%,,e tnzloa.

From thiis experimental data the power spectral density distributions can be

ob~tained. Steady state and vortex data must be clearly differentiated from the

Ii twia i ngL tiIu rbuleonce data.

i. Trunnel Study Prograun.

previous tunnel tests were performed to mtudy the turbulent jpropertirs

along thet aircraft, glide pathi and to. investigate methods for reducing the effectst
or' this turituiegie upon aircraft p~erformance and, more recently, to use these
data to) proudiet thie turbulent properties athigher WOD velociUcs, In general, thit;
aCCrluitlalon of oximtrhimettal data has contributed little to the overall under-

rstunding (if the tturbident wake proprties and ind!cates either that the eilxtrf-

IMIauu ;Wrovednrent .Uld Elie vormespnding data evaluations are in error, or tiat
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re-evaluation of the required measurements be made to determine which are

pertinent to aircraft rerformanz-e.

In a previous section emphasis was directed to the fact that within a laminar do-

main the boundary layer thickness decreases with increasing No up to te crit! ;tl

Ne. With increasing Ne, the boundary layer increases in thickness, turbulen-i
ensues, and the Intermittent portion of the boundary layer wlh chae.

Aircraft carriers are operated at very high Ne which are impossible to match

with scaled models. For flows over sharp edges, the implication of Ne has no

meaning. Once a vortex flow has been generated and detaches Itself from tlh

body, the increase in fluid velocity has no effect other than to move the vortex at

a faster velocity downstream. Thus, it is concluded that beyond a given No the

turbulent portion of the wake is unaltered except for its free stream v2loclty. ibl-

creasing stream velocity will seriously affect the height and thickness of the

boundary layer and the properties of the turbulent aspects of this regIon.

a. Smoke 'runnels. Attempts at visual observations, In combinatf-In with

simple flow field measurements of the intermittent boundary layer should be made

prior to Initiating any extensive wind tunnel experiments and aircraft carrie-

measurement programs. The simplest method by which this can be aceem-

plished Is with the use of a three-dimensional smoke tunnel capable of woring

with two ranges of wind velociies. The velocities are to be approx!mately?, 10 "ld

I('v oet per secon1, \ h ich will give equivalent Reynolds numbers of 210,000, 300,00-1,
;inid (;00,o00. In 'odur to Improve the data evaluation the fotL, wig Inst.rI enta-

tion must he incorp)rated:

() Motion picture camera moving at a rate of sip to apprtixl-

mately 50-100 frames per second. This iztobev* Lr,

combination with n svnchronized pulsed llht source.

() Ilot-wire anemometers, preferably cross tyle.

(l) Mecainlca. assemly for pitching the motP,' iturlr xlvaut i1!;I c,'nltr otl pitch. A full -scale carrier w li have a naxihtnt

iL
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L r pitch aniliude of approximately rM~isx per secod. T~o

obtain an tqdivalent aiotihal rut1rber for Pa 5Stt -i-onde1 as cord-

pared to 105(3-foot earer, will reqir.e that the model be

capable of oscillating Lip to 203 cycles per second, *vith an

arntpllkude of + 1 degree. Heaving motions of the catir are

approximately 15 db greater than that of pitch and are apprxI-

mately the sam n frequency (reference 10). Considera'i"rns

should be givei o incorporatte this motion with pitch after a

satisfactory demt.-istration has been accomplished of tne

influences of !he pitch dynamics.

(4) Multi-channel strip chart recorder. Sirnult-Amejus recording

of hot-wire anemoirneter data and dynamic motion of model,

ca rrier. B~ecause of the high turbulent osclillations, the standard

m~echanical recorders are not to be considered. Optical galvazi-

ometer recorders, useful to several hunded cycles per second,

must be useci.

(5) Thermocouple for measuring as stream temperature.

Measurements and observations should be taken s :t di :nces ecuivplent ,125,

250, '00, an~d U1,00 fe-t beyond. tflc ramp, In the plane of the 1C.de path, and per-

,:Pldicuiar to the iorof the tunonel.

Z.Wind Tyinnels (Reference. 50). Aftt'r 8atisfactor-i deionstrating

III(. iltvernittkiit proptertiv.4 of the bouzaciary layer and Lite influence of shnp's

j dvnaltu it's urxm 1111 he psition aiid time distrit.ons of the flow &V~s quantitative

A i~pruoz an' should be carried out on m~rger size models (approximately 10 feet) with

hvher wid velocities. The primary oLt,'.tfve would be to determnine. the physiertI

asfwe(t4 of 1'* botindary layer; the second objective would be the determlu~ktion of

t fluifa propf-rtie along the glide path. As In the smoke tunnel testing, Swo

'JIlfv-ent wind ttunnel- veluivltce8 8hould be investigated. Wind velocities of 80 anid

I tit *4,I it re i'o ne;eI



1'T1* !n Ufa1 ..': h'n~ 7~e made or, the P4M eiS pndlicl ;6 the

tI-anna trer-.f wp ane and pastng through Zhs2e -ikth tadefa*owrlae

.5"V! 4C,:1 :0 10 feet be vo~d i-t, rwrar. App z0 i'ir- for sets Sf inea-

surtiments are to he obtaine &t 64-h Of theS-9 c-j4tSUIC,-. Al' Artin~it,

to te -nkde above the h~ Aght of the ideel. 1Li order t- rj_tatn corrslatcoi raocx-o

mmsnt '- 'jrz~ c rosq h ot-wire ar~amometkrs muett be QsOA simnal eoa* S?

both the wike -i ett±Ver oi. or aroz±istl the carrier model. Fo:- steady state flow

fj.jJp. ittst tul~es mm--z t--e used, From the steady state data

A~I root-mean-square i.relocifier. c.v 1o obtained. *Th ise will be compared with

the rc-teai-sciare velocity measurerncants of the ht t-wire inentomears.

flata must he recorded on mantctape in order to c(.,snpiute both th spcta

ps~wer density of the turbulent flow and the cross- and auto-correlation functins

Optical real time recordipg should be used during the experiment as bdb an aid

to the expe ri mente r and as a check on the quality of toe Information on Me magnetic

tape at the time of data analyses. Measurements are to be concentrated on ob-

taining the profile of the Intermittent boundary layer as a function of dif,%erent

wine. velocities and of carrier pitch and heave dynamics.

To acconiaodate a 1/144 to 1/100) scaled-size model on a reflecting plans, the

wind tunnel size should be appro..-inately 5 feet by 7 feet. Provisions are to be

i:l')ratetI onto the model so tnat the dynamic motions of pitch and heave can

I)#, introdiice'. To nzateh the Strouhal number of the carri'er, attempts should be

inaie to %a:r% the o'!,ctliatlons of the model up to n maximum frequency of 40 cycles

kkalvr wrnnel rncatiur-enents a-*e satisfactory for evaluating the gene-ral pattern

lil flokw ffe-Id~. but, because of L-fstrurnent limitations, turbulent data have not been

zI~IItIIf'(. Wht-n proven inetrumets, such as hot film anemometers, are availkbktF- :-i*at*'ur*- the turbulent properties, the measurements should Ie carrieid ata
!i$IInf. i..,a1 w:atcr and wind tunnels. The major advantage of the water tunnel in

!I..i Hit- low pazttertis v~an 1w. photographed with higih tntensity short duration

I 10a I 1 :uihen. .HitIiiar to the process ttt.'d for smoke tunnels.

L
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u'mrnel rmeasurement data reduction differs from carrier measuremmnts in that

the frequency responses are considerably higher. This rules out the use of time-

division muitipiexing procedures. Data acquisition must be done with frequency-

division mal'"iplexing.

2. Full-Size Carrier and Wake Stdy Program,

a. Carrier Wake Measurements. The daea to be taken from the full-

sizi- airc -aft carrier will consist of movabie and stationary probes that contain

both flow and, sensois. Information recel ;d will be time-stationary;
i.e., all nzasuremeuts will be made at the same time relative to the ship, and
there-fox- .omplet " correoatkin an4ylIs of the fid dynamics can be computed.

Measured dat. .-obtained within the carrier wake may or may not be position or

t1n)c siationary. s e staticuary ditta implies that many measurements in the

ramp ,uust be accomplis!.: simultaneously. Therefore, at every position in the

wake wiere a measurement is - luired, a he01cepter must be available. For ten

positions, an equal number of aircraft will be required. Such requirements are

unfeasible. To fly an bistrumental helicopter through the wake will girt mea-

surements -as a function of position and time. Such measurements cannot be

,'eadily correlated. This is evident upon inspection of the Pow*; 1pectral Density

ditbLibutiou of tLhe velocity turbulence (Appendix B Cf reference 10). The critical

itiJ ....-_Ii : pproximately I radiar per second (6.28 seconds per x. 3volu-

!'"nj. in ,rk-c" t.a ,btain reliable measurements along the flight path, &Il

!41.'.tll'(1|-it should ht takei, within 0.628 second. Foradistanceof 1400feet

iif is will -equi:'e t velocity of 3bOO feet per second. The carrier wake measurements

,l l th r,.nv,ft' heW karri,.d out to insure that the relativc position of the prob ote
J , :r;'c' r'un;miiu fixod! According to the cutoff frequency response of 1 radian

j -: m ,mti, witIhii ithe turbulent flow, t e estimated (me at each location should

:,it n:econds. This time duration wili enable a better understanding of the
--d% .,,h -;,tate versus the turbulent properties. The instrumented package at

F1
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f-this location must be confined! ;n a volume that will not change more than *3 feet

in any direction during the measurement time intervals. This dimension is

det~r-nined by the scaling factor of 1/120 for the wind tUnnel testing wherein the

size of the pressure probP is 0.25 Inch diameter. The helicopter carrying tile

sensor rack must therefore maintain its position relati~vely fixed with respect

to the carrier. Figure 1:3 depicts the recommended measuring system.

Several problems are encountered in attempting to Aix the rack's position with

respect to the glide path. One of the possible con'iguratlons In to age the PLAT

system and an optical range indicator to fix the position of the rack along the

glide path. The difficulty with this approach is that a displacement from the

desired position will require hel~copter corrective action of either translation,

pitch, or yaw. Roll motion it, evident by observations of the horizonta and

vertical portions of the r'xwk. 1n most cases a combination of corrective

mianeuvers is required. Since rotational coordinate system:: are antisyinmetric,

the corrective actions wili be difficult and time consuming. If, instead, the rack

Is positioned on the glide path by the PLAT system and the optical range systern

is set at a prescribed angle to the deck for accurate positioning of the helicopter,

the displacements of the instrument pane! by pitch and Yaw cannot be deter-

mi nedl unless the PLAT system Is capable of better then +3 minutes of resolu-

tion. ff .. o oti.Ing Instruments are set within a few feet of each other at

a:1 .Istanct!. Do) itY)3 the to..,ah own point at designated vertical angles 001 and

y (il t6 the -i-ck, buth then helicopter and rack can tbe acc-urawcy posttItned,

- An-:is -Ove'nas

-00 &k, 4-

11 :,id if designate! rack awld heI Ic o j owhe

9Is. vw~ -glie angle between the deck and the rack fromn the TD point.

;si th, fcri'ontal distance from touchdown to the rack, and 1. the dIlatanca

from !H raek's eeoitor to the holicopter's center of grsvity. Translation of

L
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r-the helicopter'., position is corrected from its optical range indicator and hall-

copter rotary -notion from the rack's optical rwige indicator. Wvhzc.- the rack's

position has been fixed, i.e. 1 3 feet, recordings of data are Initiated simultaneously-f on both the carrier and the helicopter.

In the previous section a concept was formulated In which It was concluded that

both~ theo boundarv laver distribution and the turbulence properties had to be deter-

mined. The above helicopter mneasurements will give data that could be either

within the turbulent or free stream regions. At each station aft of the ramp, three

positions, In addition to the one on the glide slope, will have to be measured.

Positions are to be vertically separzted by approximately 10 feet. Locations

aft of the ramp are to be approximately 12-5 feet, 250 feet, 450 feet, and 1000 feet.

Measurements are to be taken at a total of 12 positions aft of the ramp.

Trainsducers on the rack are similar to those to be used on the deck and around

the hull of the carrier. FIgure 13 is a sketch of the bblicopter carrying the in-

strumented rack. The rack will carry five transducervssemblles. Eight mea-

surements are required per assembly for a total of 40 measurements for the

entire rack.

All data are to be multiplexedi onto mnultichannel magnetic tape from which Infer-

nition is then bt~h recorded on staneard strip ehart recorders and computer

processedi for correlation data and power spectral density analysis.

jb. Measurement nf Fluid _Dynamics on Full-Size Carriers. Measure-

mentfl of flct%% characteristics around the carrier can be accomplished by Installing

Ii w'~~~i sil~d the hull and on the n ck as shown In fig-ure 14. Data from these

sture.. will consist (if the following- measurements:I~0 () I our for crosq hot-wire anemometer

(2) lwor for sensor location

(3) Onew for tenspo-raturo

(4) Oneu for hu nidtv
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F For z:2 transducers the number of measuraments required will be 336. To these1
f I must be added carrier roll, pitch, yaw, and heave. A total of 340 measurements

is required for the carrier.

Measurement close to ramp can be accomplished by ilng an ext~ndable tripod

su.pported at the stern of the carrier (figure 15). This can be designed to men-

sure the Clow field to a maximum position of approximately 75 feet aft of the

ramp.

Atiotal of 348 measurements is required for flow measurements around the

carrier and within th't wake. To fulfill the requirements of the Shannoa-Hartley

Information Law, approximately four measurements must be made within theIj' cycle at the highest frequency. A frequency of am cycle per second requires a

mini-num number of four samples per second per data point. For 348 data points

the sampling, or multiplexing, rate Is 1392. An eight-channel magnalk tame

5 1 recorder will use one channel for time svnchronization; another for general

purpose Information, such as Instrumentation rack position, ms~terological con-

dition, aircraft carrier dynamic conditions, ae; and six channels for multi.-

plex data at a multiplexing rate of 232 samples per second.

I The ahfwe transducers on the deck and around the hull will give data wft ',, the

I turb~ulent laver. 'ro obtain the boundary layer distribution, orta Instrument

f ASS~bl. nni an adjustable length mount Is required. This will be used to probe

I ~ ~the 1xiundarv laver contour around the carrier. Indications are that this

13--e-- Ca extend :30 fNet above the deck. Since these measurements are not

- I !- corrrelation analysis, this experiment need not be run simultaneously with

ainy other mensureme'nts of the program and can be simultaneously recorded

on magnetic tape! and strip char-t recordet -). Because of the simplicity In ob-

tailnlnr the- boundary distributioni measur ;rents, It Is felt that, If this phase

is itialiv carritd out, a clearer v'sight ca,, be made of the conceptual Patre

01 wako prop' rtics prio-r to proceeding to the use of the helicopter. Power

-ipnctral nlysis will be requi red for all measurements.
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U F"
c. lclicopter Instrument Rack Assembly. To meamre the flow pro-

perties within the carrier wake will require that an instrumeMd rack, supported

from a helicopter, be maintained w'thin a fixed position. If the distance between the

helicopter and the instrumented rack Is not sufficient, the rotor's downwash will

alter the local flow fields around the rack. Figures 16 and 17 illustrate thks effect.

With increasing airspeed the rotor downwash angle decreases, and therefore the

instrumented rack can be placed closer to the helicopter. For a dynamic pres-

sure rat..; of 0.98, the separation at hovering conditions must be gr-aater than one

rotor diameter. With airspeed, this height is reduced by a factor of the sine of

the air wake angle. For a 40-foot rotor at a minimum estimated forward speed of

25 knots, the separation must exceed 31.5 feet.

A preliminary analysts made of an aerodynamically shaped pod, with mounted In-

strumentation probes, towed by a helicopter with the aid of a 40-foot leng cablk

U proved to be unfeasible for this application. This pod would be particularly affected

by changee in the free wind velocities that can give rise to large swaying motion.

These uncontrollable motions could be disastrous If the motion of the pod becomes

increasingly divergent. The helicopter would then be weqired to execute large and

difficult maneuverings in order to maintain the pod's position. Conbisd wfIt

these swaying motions are the vertical gusts that will also affect forward flight.

These gust actions would divert the helicopter off both the vertical and the

zzimuthal path.
If the lxd -.nnfiguratio, is : feet in diameter by 15 feet long, the lateral or side

;11rea would be app.'. dizmtely -15 square feet. The dynamic pressure for a 50 foot

pei- :w-cod wind is :3 pounds per fiqutare foot, and this pressure will generate a

side force of 13 pcupds on the pod. For this condition the away angle will be:

- SieForce 1_135_We-'13iln 27 degrees

(r~sWeightj:00ls
Th i s will give a sway distance of z1 feet for a 40-foot tow line.

L
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r , control ziYstcm would be able to stabilize this type of motion. It is therefore

coxcluded that any towed object would not be feasible for this application.

However, the use of a rigid frame design (shown In figure 18) would be feas'ble

for stabilizing an instrumentd rack, and the stability weuld be determined by the

helicopter's stability control capabiitiess. This frame concept would use a rigid

1b-,om extending 30 to 40 feet from the bottom of the helicopter. Several fo-rms of

the rigid boom were analyzed, including circular aluminum tubes and streamlined

tubes, both hollow and honeycomb-filled. At 60 knots speed, the total wind force

on a 6-inch-GD tube will be aheat 6.67 pounds per square foot. For a 3-Inch-OD

tube the wind force on the tube will be about 1/2 of this, or 3.34 pounds per square

foo. The 6-inch rigid booi. proved to be too heavy and It has too high a moment of

inertia. The 3-inch tube will have appropriate Inertia, but its radius of gyration is

too small in columnar action.

In view of these difficulties, the initial concept of the suspension structure has been

changed to one where the grid suspension member is subjected only to the tension
" -* due to the weight of the grid and It& instrumentation and to any beam action due

to transverse wind iorces. Allowing the suspension member to pas through a

pivoting collar having a hole with a clearance of 1/64 inch between suspension and

ring will elimniite the buckling tendency of the boom. The collar in turn will be

seei red to the helicopter body by an A-frame. The collar will not support the sms-

pension member In the horizontal plane, but, because of the slip fit in the hole, it

,-:tnrott impose an :xla!2 "oad on the boom. The concept is shown in figure IS. This77

,I i fhtre shaws the A-frame supporting the grid structure and the pulling chords for

positioning the entire agsmbly under the fuselage of a helicopter.

Preiiiitnary assumptions made for this design are as follows:

(1) Critical freq'iencies of vibration of the helicopter will have no

effect upon the structure.

(I) Crltial strt-.s points of the helicopter are known so app'mit,!

structurcis can lie adequately supported.

L_ J
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rhle moment of Inertia of the frame assembly Is approximately 350 slug-feet

squared about Its point if attachment, and 1.28 slug-feet squared about Its center

of gravity. The Instrument frame, which weighs ap' -- xrnately 10 pounds, has

moments of inertia around the A-frame attachment of 50)0 slug-feet squared and

9 slug-feet squared. Total J for the complete assembly is approximately:

J 850 slug -feet squared

J =10.28 slug- feet squared
x

For the helicopter the oerresponding values for the moments of inertia are

approximately:

J Y= 27,500 slug-feet squared

J 90su.fe qae

J 59 2,00 sug-feet squared

Aince the rodios of J Y j vand Jxjxare large, the frame assembly will have very

little effect upon helicopter stability, and the positional accracy of the lnstru-

Tment frame will depend up-- the stability of the helicopter a&d the ablilty of the

pilot to maintain a fixed relationship with the aircraft carrier. (See references

.,I through 53.)

Tbo' position of the helicopter wlt.' respect to the carrier will be accomplished

with a c'mbinntion nf the two Optical Range measuring systems and voice

communications. Recording systems on the carrier and helicopter must be

tt iter-synchron!zed in order to correlate measurements.

d. Transducers, An Investigation into the various methods for deter-

mining the velot.-ty vector at prescribed locations In the turbulent wake and

I.r-iund~ the. carrier has been performed. The application of existing Inhtru-

itti-ntlation with known acceracy w as of primary concern. Of the vartoas devices

-i-aflable for the measurement of fluid flow parameters needed for velocity

3thtern!natiot%3 the pitot-static tube and the hot-wire anemometer are the most

j~rflA~~eg.The iollowing factors were also considered: methods for adapting tihear

L _
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F-devices to the measurement of velocity, an evaluation of each method, and

the determination of tr e most suitable method.

(I) Pitot-Static Tube. For flow data that must be obtained

for a carrier operating at speeds between 30 and 50 knots, a piltot-

static tube would have an accuracy of + 0.5 perceat. The tube would have

to be oriented into the main velocity direction. This velocity vector orisstation

of a spherical-ended pitot-static tube can be misaligned as rouch as ± 20 pt --

-] cent before the accuracy of the measurement becomes seriously affected. In

the turbulent stream, where thc velocity vector is random, the pitot-static

= tube must be continuously directed Into the stream line. Simultaneous read-

outs of both position and pressure dlffervmtIal must be made.

Figurp 19 shows the concept for a pitot-static tube mounted in a glmbal system.

A differential pressure transducer Is used to measure the difference between

the dynamic and static pressure. Fo" the carrier waM measurements, the

I tube coefficient is taken as 1.00 and compressibility effecta are neglected. The

stream root-mean-square velocity is given as [Z A were

is the transducer reading, and P is the local air density. (See refereoets 54

through 58.)

it should be noted that when making turbulent measurements with pitot-static

tubes, two detrimental effects on probe performance occur. A minor effect

- is the variation of the probe's calibration constant with Ne. The major effect

is that resulting from the turbulent fluctuations that occur with the moving

medium. The turbi lent fluctuations have velocity vector component- of VC,

and if with an average value of zero. For a mean flow In the .

direetion, the fluid velocity components are respectively V*'V" ,

and -, . Pressure messurements are the squate of the root mean-square of

the velocity. For Incompressible fluid flow the ptot-static tube pressure

measu res:

L2 v
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U F-
and the static pressure is:

IL

For isotropic turbulence -,

Dynamic and static pressures are reduced to

P L +ff 2 ' -+1f-2

The pressure difference measured with the pljo-static tubt is:

yY 2

and the dynamic pressure ratio is:

£i

h'Alen turbulence is considered as a statistical ememble of eddies of different

sizes and ot different phases of rotation. the probeIs performance is furither

affected. Small size eddies result In little or no correlations at the orifices,

and, therefore, the static pressure reading will be high. For large si e tur-

bulence, the pressure at all ports Is the same, but the tube axls wbllbW &l uatng

angle of attack with the gas flow and the pressure measurement will be low. Mw

previous equation is then modified by Inserting a turbulence corrective factor. )

L Y-
where¢

(Sm.L' scale turbulence) I f ( j 3 (large scale turbulence).

Sin-e both tlhe scale of turbulence and Its direction are unknown, the mechanical

,;ipp)rt shown in fig-ure 19 must be a gimbaled arrangement so that the probe

1..m het directed into the stream. This instrumentcwusotbe usedfor tunnel mea-

i, r-.nts because both the scale of turbulence and the nature of the fluctuatloas are

iti known. For carrier measurements the turbulent scale factor t can

i.f- set equal to uritv. The gimbaled system must have a critical

-.itaff frequency of I cycle per second. Severe oscillations In the gimbaled

L _
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-systems will complicE te the data reduction analysis. With this arrangeient the

general direction of the velocity vector would have to be known within 180 degrees

from a plane through the fixed housing frame; that is, the jetermination of left to

right or right to left flow would have to be known tr dete :mined by -otation of the

instrument before data are taken. To circumvent this problem an elaborate

j arrangement of slip ring assemblies in both rotating axes are required.

(2) Hot-Wire Anemometers. To circdmvent the difficulties of the

mechanic'd pitot-static tube arrangement, the hot-wire anemometer instrument

is to be considered as the primary transducer. (See references 59 and 64;)

Thie anemometer consists of a fine electrically heated wire, stretched betweerx
! two prongs, by which the air speed oan be dietermined through the measurement

of the change in the wire's electrical resistance due to the heat convection from

the wire. This principle can be used in either of two ways: The wire can be

I L heated by a constant current and the speed determined by measuring the rols-

tance, or the wire can be maintained at a constant temperature and the speed

determined from the measured value of the current.

The operation of the hot-wire anemometer is given by King's Law for heat

dissipation:e -Z y K C f Y C. '7
C'o + C, S )/

(Constant temperature)

,ld C I are constants, f is gas density, and NC stream velocity. For

incompressihle media, where the stream velocity is less than 0.3M, the results

ol the hot-wire readings are acceptable for velocity measurements. These in-

sb uments have a 5-percent velocity error, and since the pressure is proportional

t,, the square of the velocity, the pressure error will be 10 percent. For veloci-

Lts greater than 0.3M, the gas can no longer be considered as incompressible,

and II Is now a function of the gas density. Usual ipt. ations are 5 percent

-ri'or for vielocities up to 70 feet per second.
IIt-wire aneronieter readings are more dependent on velocity direetions than

L2 in pito'--mUttc tubes. The effective cooling is a function of angle between _j
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the wire and the velocity vector. This angle correction is incorporated into

King's equation as follows:

Co4C, (V')%7(51 )O9

If two hot-wires are placed perpendicular and in the same plan0, the heat

transfer will be expressed as the cosine for one wire and sine for the other. The

ii ratio of the two measuremots will give the tangent of the velocity vector. Use of

one cross-wire set yields information that can be 180 degrees in error. Therefore,

ia moving gimbaled system will be required. To eliminate the requirement for a

gimbaled system, two cross hot-wire anemometer sets, separated I small distance

and directly in line with each other, can be used This riethod depends on the

fact that cooling of one cross-wire set is influenced by the wake of the other set.

Li
I'

I. .
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ifterprise
Carrier irOTE: F4B Aircraft uied with approach

velocity of 134 Kqets225 fps.

Ram

Right to I-eft Crosswinds
-5 to 6 Knots

Wind Over Deck 24-34 Knots

No Cross Wind

IWOD 22-28 Knots

~7

II

No Cross Wind

-. woD 36 Knots

911

Figure 1. Approximate Times Whn intal BurbleIs E tered for
Vattous Appresoho.
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1. D _-sa, T.S.,. "Carrier L.uW .Anag lisl'" Teoh.ical Reozj No, 137-2;

Systems Technoloy, Inc; February 1967.

The objective of this study was to provide assiplytic base for use in the develop-

ment of Improved carrier aircraft landing methods and systems.

Considered were the interaction cf aircraft carrier motions, the optical

landing system, the pilot-aircraft combination, air wake disturbances, and the

landing signal officer. A quantitative mathematical deecripten of the complete

landing process was formulated. Methods are presented for determining

terminal landing errors and resulting operational performance indexes. A

new concept !g described for stabilizing the optical landing systems against

carrier motions. This concept Is termed "Compensated - Meatball Stabilization"

(CMS). This technique consider- the dynamics of the carrier landing system

elements and the optimization of the computer logic for controlling the FLOLS

for improved landing performance. Simulator experiments to determine the

potential accident rate reduction with this stabflization method show that

there are signiflosAt effects rolato'to the aircraft's lift-curve slope (CL ).

These effects were analyzed, and the performance-limiting aspects for both

manual and automatic control were delineated..

A description is given of the carrier air wake based on extensive data re-

suiting from tunnel measurements, Carrier landing accident rates over a 10-

year period are included, and description of the pilot's lead-generating capa-

hilities using the FLOLS i also contained in this study.

L
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r-The nominal margins available under steady deck conditions and for a perfectly

controlled approachwere found to be an Il-foot clearance of the ramp, 8-feet-per-

second sink rate, and ±60 feet in touchdown poLt. Also, when the aircraft's

nertial path is precisely controlled, the carrier's heave motion directly alters

the ramp clearance by a 1 to I ratio and changes the touchdown point by a 14 to I

ratio. Likewise, ±l degree of carrier pitch produces ±9 feet of deck motion at

the ramp and a ±80 foot change in the touchdown point. The heave and pitch

motions also cause large vertical deck velocities and thus drastically reduce

the avails npact velocity margin.

Because of the known importance of the carrier air wake, a representative model

was sought. Wake data from the Oceanics, Incorporated, water tunnel tests

were utilized to establish the mathematical descriptions of the air disturbance

inputs to the complete system. These data consisted of measured water flow

angularity (using a recirculating-type water tunnel) and dynamic pressure

variations behind a 33-inch long model of a FORRESTAL(CVA-59) carrier.

The three separate components of the air wake as id.tntfled and measured

by Oceanics. consist of:

a. Steady-State Burble - A time-invariant and space-stationary component

caused by the mere presence of the ship in a uniform air flow.

b. Pitch-Induced Wake - An oscillating airflow caused by the pitching cycle

of the ship (velocity perturbations).

c. Carrier-induced Random Turbulence - The non-deterministic and

uncorrelated air disturbances resembling gusty air in an open environment.

L _J
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F- rhe pilot-aircraft system responses to random vertical and horizontal turbulence

gusts were analyzed for a WOD of 25 knots. The LSO model assumes (In com-

binatlon with the pilot) that it is 90 percent effective in preventing both under-

shoots and hard landings. The LSO mathematical model used as a computer

input was determined by probability theory. The "nnety-by-ten" average @t

tistical model for wave offs operates on both potential ramp strike and hard-

landing accidents, but this model did not influence the bolter rate. The accident

and bolter rates per pass, assuming no LSO or pilot-initiated wave offs, were

computed on the basis of Gaussian distributions of pertinent terminal motion

parameters.

Results of the statistical analytical approach using water tunnel data, aircraft

performance, ships dynamics, and instrument properties give a good explanation

and performance capabilities of the FLOLS system. Results were directed

towards obtaining conclusions for a maximum WOD of approximately 35 knots;

however, predictions of performance above this speed cannot be made due to

the lack of turbulence datacarrier dynamics data, and the interrelations be-

." .. these two parameters.

2. "An Investigation of Means of Reducing Aircraft Carrier Air Turbulence

to Facilitate Recovery of Planes"., Report No. DCR-205, Dynasciences Cor-

poration. Blue Bell, Pennsylvania; November 1966.

Existing carrier wake airflow data was analyzed to determine the relative

importance of the various factors which contribute to wake turbulence. A

number of ship modifications which reduce the degree of turbulence were

Ljnvestigated experimentally and analytically. J
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Wind-tunnel tests were performed with the CVA(IN 19, CVA 41, CVA 62, and

CVA 65 carriers, and aercdynamic data (time-varying velocities, frequencies,

and time-average velocity) were obtained in the carrier wake for the basic

carriers and for various carrier modifications by the David Taylor Model Basin.

Further studies including observations of the effects of carrier motions on the

carrier wake flow were conducted with various models in a water tunnel.

To obtain Information concerning carrier wake turbulence along the aircraft

approach path, instrumented aircraft made repeated landings on a carrier at

various wind-over-deck (WOD) speeds and directions.

The results of the wind tunnel tests show that:

a. Wake turbulence is created mostly by the island, deck overhang,

and hull.

b. WOD direction is an important factor in the determination of the

carrier wake flow field.

c. Amplitudes of the time-varying fluctuations are of significant

magnitude.

d. Predominant turbulence frequencies, using the Strouhal number for

frequency scaling, ai in a range which could affect the dynamics of the landing

aircraft.

c. The most effective modification is a honeycomb screen located aft

of the island.

f. Carrier modifications tested affect the wake flow only up to about 500

feet aft of the carrier.

L _
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r 3 . Seckel, E., Miller, G.E., Nixon, W.B., TLateral-Directional Flying

-- Qualities for Power Approach". Princeton University Report No. 727;

September 1966.

Simulated carrier approaches were flown by Navy carrier pilots in a variable

stability Navion airplane. The approaches were visual, in daylight, and at a

closure speed of 105 knots. The flight path used for this task was a simple

lefthand racetrack pattern around the Princeton runway. The glide slope angle

was set at 2.70, and it intercepted the runway 850 feet from the threshold.

Moderate natural wind turbulence and the carrier turbulence wake were

simulated. Lateral-directional handling qualities data In the form of Cooper

rating number and pilot commentary were obtained for variations in control

sensitivity, roll damping, dihedral effect, numerator transfer function character-

istics, dutch roll damping, and vagnitude of turbulence. The data are presented

as iso-opinion graphs of the parameters involved. Turbulence was found to

be a factor of commanding importance in the handling qualities of an aircraft

] configuration. The poor handling qualities were found to be chargeable to the

large value of the dihedral effect and the associated sensitivity to turbulence.

Very low values of dihedral effect were objectionabie because of the yawing

motions e"cited ! turbulence.

These results of the test program are by no means the complete story on

lateral-directional handling qualities for power approach landings on carriers.

L _4
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1-This particular test concentrated on only one value of dutch roll period and

spiral mode time constant. More values of dutch roll periods and spiral mode

constants are needed Sn order to obtain a more complete evaluation with the

various parameters involved.

4. Eney. John A.. "Comparative Flight Evaluation of Longitudinal Handling

Qualities In Carrier Approach", -Princeton University Report No. 777. NONR-

1858 (52); May 1966.

Simulated carrier approaches utilizing natural turbulence effects to simulate1

turbulence response of Princston's variable stability airplane were evaluated.

Frequency (WSp) and damping (Y Sp) of the short period mode were varied

through augmentation of the M. and Me derivatives. Control sensitivity

(stick-to-elevator gearing) was a third variable. These flights were all

daylight operations with light to moderate air wake turbulence. The approach

speed of 105 knots wa. used during these tests. The ubjective of this test

was to determine the desirable short period characteristics for landing approaches

aboard an aircraft carrier.

The tests were conducted with the aid of a Princeton variable stability navion

aircraft. The aircraft was equipped with an extensively modified Minneapolis-

Honeywell 3-Axis E-12 autopilot. The variable longitudinal feedbacks were

. gle of attack (-), pitch rate (0), and airspeed (V). When fed into the -v

,Irvator servo, these feedbaoks effectively altered the M.', Mw and MV

derivatives, respectively. The gain between stick motion and surface deflection

w.m vari:tble in flight. This allowed control sensitivity (M6E8) to be an
L J..
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j-additional variable. A race track landing aircraft pattern was flown and In-

vestigated at Princeton's Forrestal airfield. Each run started in the down-

wind leg at an altitude of 800 feet. The configuration gains were set by the

safety pilot on command from the ground.

Final approach began approximately I mile out. A 3 1/2 degree glide slope was

maintained using a light-bar optical landing aid. In order to match computer

response to the navion aircraft's response, three derivatives required adjustment.

The airplane's open loop dynamics were altered for this study by varying M

and M to achieve the desired valves of WSp andYsp. For the phugoid mode,

high destabilizing gains on M and M were necessary to approximate the short

period characteristics of current carrier aircraft. The 3peed stability derivative

(MV) would have had to have been so extremely large In order to keep the phugoid

frequency low, that it was decided to eliminate the variable (MV; from the study.

The results include pilot ratings (Cooper Index scale) versus oontrol sli-

f.vlties. Comparisons were also obtained between pilot ratings and proposed

short period criteria. Included in these test data results were proposed criteria

to the curr=nt military specifications for alrcraft handing, flying, and qualities

(MIL-F-878 5).

-since Princeon's Navion variable-stability airplane is limited for longitudinal

simulation of heavy jet aircraft in the power approach flight condition, all the

results are not conclusive.

L
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115 . Lehman. August F., "An ExperimetStudy of the Dymto and Steady -'

State Flow Disturbances Encountered by Aircraft During a Carrier Landing

Approach", Report No. 64-16. Oceanics Incorporated, Prepared for Office of

Naval Research Department, Washington, D.Cz September 1964.

Investigations were undertaken In a water tunnel to obtain greater Insight into

disturbances encountered by aircraft landing on a carrier. These studies were

un.Jertaken at Reynold's numbers higher than those normally achieved in wind

tunnel investigations. Ground pilane technique was used with a fixed water

velocity.

The studies included observations of the dynamically disturbed flow patterns

due to carrier motions Induced by waves, using the cavitation technique and

high speed movies. Two models of different sizes were used.

The downstream wake is periodic, with the periodicity having a direct relation- =

a ship to the pitching and heaving motions of the ship. The overhang of the deck

and the island are the two principal causes of the flow disturbances. Pitch

motions produce flow disturbances more violent in nature than those occurr!ng

from pure heave motions.

Form and nature of disturbances and the downstream wake field vary markedly

between models in a fixed position or undergoing pitching and heaving niations.

Roll motions of the carrier have no significant influence on the flow disturbances.

LJ
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'The flow disturbances occurring from the deck and those occurring from the

island tend to merge Into a single major disturbance in the general region of

about 500-feet aft of the carrier. Results obtained can be used as an input

to study aircraft dynamics within the wake.

6. Lehman., Auxust F.,, "Some Cavitation Observation Techniques for Water

Tunnels and a Description of the Oceanics Tunnel", Cavitation Research Facflities

and Techniques, Presented at Fluids Engineering Division Conference, ASME,

Philadelphia. Pennsylvania; 18 May 1964.

A description and operational procedures, which are necessary in order to make

an objective evaluation of the data acquired from flow patterns around a scaled

model aircraft carrier, are given for Oceanics Incorporated water circullting

tunnels, Such pertinent points as the size of "air bubbles" that are necessary

for observations and still sufficiently small so as not to perturbate the flow fields

are considered. Estimated size is believed to be approximately 0.002 to 0.004

inch.

A major short coming of the entire report that is of primary concern to the wake

turbulent study is that no considerations are given to scaling factors and to the

instrumentation used to measure dynamic flow properties.

L__



Amo-NAEC.455(REV. 75-3) MAEE-ENG-7467

PAGE 63

f-7. Cantone, A., "Smoke Tunnel Studies on Wind Velocities Over the Deck of-

a Carrier". NAEL-ENG-7140; 3 Ma.-ch 1964.

The .'jective of this report Is to establish a procedure to be used for measuring

the relative wind velocity of the aircraft carrier. It involves a knowledge of the

turbulent flow fields around the vehicle. Although the report gives no tiformatti

that is of value to ramp turbulence, it does illustrate the variability of the tur-

buience profile at the carrier's bow with different wind over deck conditions.

8. Oldmixon, W.J., Lieutenant, USN. "The Acquisition, Reduction, and

Analysis of Turbulence Data Associated with PA Configuration Approaches to

Carrier Landings", Aeronautical Engineering. Princeton University; July 1963.

An analysts was made of flight test data to obtain information representing the

turbulence inputs to the test aircraft. The basis of the method was the use of

the linearized motion equations for aircraft, with the addition of certain terms

representing the aerodynamic effects of the turbulence on the aircraft.

The equations were set up on an analog computer and verified by the technique of

m:tching transient response flight data. Then, through the use of a feedback

system, the desired turbulence quantities weie obtained as system otputs.

n.,ts to the system were the aircraft response and control deflections, obtained

from the flight test data. The method was found to be valid, assuming the aircraft

.mnalogue was correct. The resulting data cppeared suitable for further analysis

I ,, determine its statistical qualities.

L_
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I i The approach to a carrier was simulated as closely as possible and Include.

effects of atmospheric disturbances. The turbulence effects were to take the

form of recorded signals applied as inputs to the electronic servos driving

the control surfaces of the variable stability aircraft.

A suitably instrumented Navy fighter aircraft F4B from the Naval Air Test Center,

Patuxent River, Maryland, made a series of 33 carrier approaches to the aircraft

carrier USS ENTERPRISE under varying conditions of WOD.

The result of this investigation was that:

a. Representations of atmospheric turbulence may be obtained by the

analysis method described in the report, assuming that the aircraft analogue is

valid.

b. The consistent similarity in the magnitude of the angular velocity gust

quantities and the s!milarity in the magnitudes of gust angular quantities indicated

that the turbulence away from the immediate vicinity of the carrier was isotropic

in character.

c. The turbulence in the vicinit, of an aircraft carrier is characterized by

a btrung "burble" in the vicinitN of the approach end of the carrier deck.

d. Based on these results, it is not possible to give aquantitativedescrip-

ti,.i uf tis turbulence, although it appeared that the character of the "burble" did

,A %.r noticeably witr changing relative wind conditions. However, the point .:t

:,,- {he "burble" is initially encountered is a funccion of the relative wind con-

,ditions.
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F 9 . Barnett, William F., White. Herbert E,. "Comparison of the Airflow

Character istics of Several Aircraft Carriers", Report I008; David W. Taylor

Model Basin, Aerodynamic Laboratory; May 1963.

A comparison of the airflow characteristics of several aircraft carriers was

made with a view toward establishing correlations between configuration and

airflow. Numerous surveys of the airflow patterns about various carriers have

been conducted, both in full scale and model scale.

The sources of data are the results of wind-tunnel tests and full scale observations

and measurements.. The wind-tunnel data conat of surveys of local dynamic

pressure at various points in the wake of 1/100 scale models of the carriers

CVA 62, CVA 64, CVA 65, CVS 36, and CVB 41 ('eferences I through 6). Fuil-
scale observations and measurements were taken aboard the CVA 61 by the

Naval Air Test Center (NATC), Patuxent River. The NATC data consist of

pIlot obse.rations. In addition Bendix carried out measurements of wind speed

and direction on the flight decks of the carrier CVA 61.

Itessilts show that correlations between major features of carrier geometry and

airflow patterns can be established. However, prediction of the flow about one

carrier from a knowledge of another is not very successful.

To optimize the carrier configuration from an airflow standpoint, a wind-tunnel

program could be establis-ed wherein the effects of each carrier component

couli' be investigated separately. This type of testing would utilize various

components from which carrier models with various hull lines, islands, flight

decks, and other features could be constructed.

L -J
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FIsolation of the contributtn mechanisms of turbulont wake by studying the

individual components is based ow-the assumption that when two effects are

combined, the resulting effects are the sum of the individual effects. Studies

of interference and diffraction have continuously demonstrated that such is

not the case and that very rare'y car results be obtined using summation

concepts.

10. Rigtleb, FO., "Three Dimensional Smoke Tunnel of the Naval Air Engineer-

ing Laboratory in PhiladeIh-oia. Pennsylvania", NAEL-ENG-6818; July 1961

A description of the w~nd tunnel (5-bv-5-by-8 feet), Its operationb, and its

measurement procedures and technique, for producing smoke tunnels is given.

A primary litmitation of the tunnels' usefulness !s the narrow range of wind wi-

cities, which vary from 3 to 10 feet per second. These wind velocities produce

low speeds because Reynolds scaling of superstructure (aircraft carriers) is so

great that similarity can never _)e achieved. Also, dissimilarities of the flow

fields are not believed to be directly related to differences in R .ynolds number.

(It should be noted that the author never considers other scaling factors; for

exampie,trandel,crtltcal Reynolds, or velocity ratios.

Data are extremely difficult, if not impossible, to interpret. Photographic pro-

-edures were neither stereographic nor taken with pulse illumination techniques.

results appeared to be based upon the operators capabilittes,and these results

-e subject to data evatuatlon.

L_
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F
tIt is anticipated that in the past 6 years, considerable improvement In mnea-

surement techniques has been accompylished; if not, this apparatus to of little

value for turbulent wake analyses.)

1i. Hingleb. F.O.. "Stud'es of the Airflow over an Aircraft Carrier". Report

NAEL-ENG-6923; 7 Septemb~r, 1962, Report NAEL-ENG-7019; 4 1,ri 1963.

TJhe causes of strong turbulence n' f~wover an aircraft carrier and, in partic-

ular. near the landing area of aircraft have been determined by model studies

in the three dimensional smoke tunnel of the NAEL laboratorynPhldpha

Pennsylvania.

The foliorwiug have been tested: (a) Model of Forrestal .A ind, (b) 'Model Df

Ranger W11t Streamlined Island, art-, (c) Model of Enterprlae Ialand.

--hese studies furnished tie following data: Two basic elements determnine the

* ;inirflow pattern in the environmient of an aircraft carrier, namely, the vorte-

forn~ation when a flowk passes over a sharp edge, and the vortex formation

--ocated with the circulation around a body under ang!. oi attack, both

ohenoniena being related to each other.

he flnw parsing ovte the island of a carrier forms3 a ( n&, tip vortex behind the

-!-n6 which rotates in one or the other direuo.on depending on the angle of atta-,(-k

ind provides the strongest disturbance of tlk flow within the landing area of the

iircraft. Trhe numerous vortices forming at the edges of the NAjad at the island

provide furth;,. -.11siurbances. However, not only thze Island but the total body of thte

ship contribules to the circulation whic'i mainly disturbs the flow in the stern area.

t-
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-From smoke tunnel observations two basic design rules for aircraft carriers can-

be derived: Sharp edges on the over water structures of the ship and especially at

the deck should be avoided, and the aircraft carrier and, in particular, its

island should be surrounded by an airflow without circulation (wing tip vortex).

12. lpblF.O.. "Smoke Control Studies for CVA-59 Class Aircraft Carriers"

Hleort NAE --ENG-6399 1 28 May 1958.

Qualitative experimente have been carried out to find a means by which smoke

em.inatLng from stack of an aircraft carrier can be prevented from flowing down-

a rd and disturbing deck operation, it was observed that the sharp edge of the

smoke :,tack creates a rotating vortex behind the edge which causes a downward

motion of the smoke. The problem of smoke control, therefore, consists of

finding devices which counteract the possibility of vortex formation.

\ simple way to remove a vortex from a fixed position is to direct an airflm,

.tround the boundary of the vortex in order to blow the vortex tway from its

P. -iti';. in the case of the smoke stackthis can be done by surrounding it

wth ,t p rabolic shield which is open toward the wind. The air entering the

.hied. flows around the smoke stack,and the air is blown out at its rear In an

upwlr, direction blowing away the vortex which otherwise forms behind the

rear edge of the smoke stack.

second method consists of a flat plate placed above the smoke ptpe. A

vorte:x is then formed behind the lower edge of the plate. The vortex draws

L
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the smoke and the air behind the smoke stack upward and removes the original1

vortex duo to the fact that vortices wLlch r"tate in opposite directions attract

each other. The newly created vortex is trapp-rd behind the plateand the original

vortex can be removed in the upward draft.

The two devices for the smoke control around the island of an aircraft carrier

using known principles of flow contrcl are effective not only on scale models

but also on full scale aircraft carriers. It Is conceivable that airflow control at

other parts of the aircraft carrier may be achieved by applying the two descrilbed

flow control principles.

13. Hoover. C., "Carrier Airflow Analysis CVA-66 Glide Path Studies",

BbIVEPS WEPTASK RSSH 99-008/200/9.

The three-dimensional smoke tunnel of the Philadelphia Navy Yard was used to

evaluate the flow field along the aircraft glide path.

Conclusions, that were obtained by the author ior carrier design recommendations,

such as island removal, rounding of decks, and movable flaps, are conclusions

which are not based ut.'n any experimental demonstration that can illustrate the

effects of the above parameters.

14 Hoover, C., "Carrier Airflow Analysis Smoke Tunnel and Full Scale Com-

Earison of CVA-fi"; WEPTASK 1SSH-9S-008/200/9, Bureau of Naval Weapons;

I June 1961l.

Ih,. purpose of this report uas to obtain a correlation of flow fields between the

.t,"i:raft c.rrier and sniok( tunnel models of the carrier. Deck measurement

L coin parisons were the only tests made. The data comparison was that of
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i 1:arity of flow fields and the reference measurements that were. carried ouL

'#e'i'itx Av'iation Corporation aboard several different types of aircraft carriets

~ifme these experiments were carried out, there was no desire among Pe r-

in this field of studies to make correlation data comparisons tand spectral

In lieu of this the author is unaware that the turbulence problem is a

t: me fluctuating phenomenon that cannot be studied by the procedures used

the smoke tunnel.

S ifannegan. E.A.. Badger. H.J., "Optimum Wind Over Deck for Shipboard

r,.w'*)verv-Pprations with Carrier-Based Airplanes".* PTR-RSBH-31003. Naval

.i-test Center. Patuxent River, Maryland; I February 1961; Final Report 21

mai~ry 1962.

Sdisturbance aft of the ramp and in the landing area is one of the most

4 9cant adverse influences on the pilot's ability to make a precise carrier

iri chi anti landing and is primarily affected by the Wind-Over-DeckWOD).

:;.s were conducted on board USS MDWAY (CVA-41). USS RANGER (CVA-f 1),

t', FAI SEA (CVA-43), and USS SARATOGA (CVA-(7O) In order to determine

.it, mutm WOI) and to evaluate the significance of variation from an optimumi

.. tiiding parameters such as approach speed, sinking speed, off-center

a' : nti bolter rates.

i vti. w~ere carried out with the following fleet squadrons and model airplanes:

l eqet. Squadrons-:- P Model Airplanes-

'7; ~h;FJ - 4B

ALz .&2' A41D -2J
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Fleet Squadrons: Model Airplanes:

VA 12 1 A4D - 2

\'All - 1213 A3D - 1/2

V'F -121 FJH -2

Qualitative evaluation was made of day carrier approaches and landings under WOD

conditions varying between 15 and 45 knots for jets and between 7 and 30 knots for

propeller airplanes. Optimum WOD tests were conducted aboard the CORAL SEA

with three model A4D) and two model F8U airplanes in order to obtain a repre-

sentative sample or quantitative data (207 landings) for WOD values of 25 knots and

3-- knots. Each pilot and airplane combination was maintained throughout the tests

in order to provide a statistical comparison between a 25-cnot WOD with a 3 1/2-

degree glide slope and a 335-knot WOD with a 4-degree glide slope for the following

airpiane lan~ding parameters:

ai.. Approach speed

1,. Actual anti theoretical sinking speeds

O.(ff-center distance at both the ramp and at touchdown

d. Actuatl anro theoretical touchdown distances from the ramp

e. Nfain gear to ramp clearance

f. Rioll angle at touchdown

All data for the above parameters were obtained from camera coverage of the

landing area. except for airplane approach speed which was obtained from ti e ship's

L -
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FTlirflow lsturbanc2! aft of the ramp. or "burble", is generally described as a down 7 '

draft of varying intensity immediately aft of the ramp. followed by a resultant up--

-j draft c' varying and shifting location in the vicinity 1000 feet astern. Airflow

I disturbances in the landing area are caused by the relationship of fixed and

variaible factors. Ship design characteristics vary considerably among classes and

I e-er! a :.;ignificant influence on the air mass through which the pilot must fly.

"Fest iresu~:s show that for a given magnitude of WOD the airflow in the landing area

is ste.iiust %%hen the relative wind direction is parallel to the angled d.-ck center-

j line Airflow conditions in the landing area improve when ihe magnitude of the

f W(11)i s rediuced.

The -burble" aft. of the ramp becomes stronger when the magnitude of WOD. the

Init between relative wind and the angled deck centerline. and natural wind

I eon: xyitienft increase.

1 ~h 11w : !its of these tests were as follows:

I -r the pilot's viewpoint alone. 2iknots WO01 for all jet airplanes and

I I .~- 'i"10 foi- all propeller airplanes (WOD parallel to the angled dookcenter-

I jjfl&~.is optimun;

bi. vol- let airpiane recoveries, a :;::-degree glide slope is required for

-mL'us WO!) while a 4-degree slope is required for WOI) values In excess of .3u

knotsc.
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F c For propeller airplane recoveries. a :1 1/2-degree glide slope is satis-

factory for 1- knots %V()!). while a 4r-degree glide slope is sat~sfa&-tory for a '!.r

knot \\o)D

'I nis -.: the only report available thait :.iearlv demcnstrates the effect of turbulence

upon the at1rvtft!x performance as: function of wind over d-ck (WOD).

if C'orcos G.M.. Symposium of Yeasurernents in Unsteady Flow. National

Science Foundation. tASIME Meeting - Worcester. Njassachusetis); 23 May 19( 2

'e ptA:rpose of this s% mposiam was to present the state of the existing knowiedge

-r.d orne zecent developments in the tcchiiiques of unsteady flow nmeasuren.enti

th-~ p.aper dliscusses the measurement of the statistical properties of turbulen*

Jrc: sut-e fields and dictates that flow and measuring equipment fulfill a certain

r.:niblei- of requirements. These requirements include the isolation of the ioca*

o% Pi (.ssure field of interest from other sources of pressur-e fluctuations and

Iron. raited noise. The sensitivitY of the measuring equipment to other sign:'.-

su-ch is vibrations and linen ritv. over a wide freque'ncy range is also required.

I he most findaiment.-! difficulty attending the measurement of pressure, withir

;talihulent flow is that it is difficult to Introduce a probe in the stream without

altering the veilocit% and the pressure fields. In a stead,. locally uniform streamn

ti.talv easy to ensure that the static pressure at the holes ib equal tc hew

ai(. pr#=-, sure of the stream once the pi-obe is removed. But. for a turbulent

;ox' :h.' ins;tantaineous- velocity iE a vector whose direction and magntitude charm- -.

..ndomn " ta the probe instant. neously experionces a cross-flow which ;, i

III-( Ae.l Illditlonna pressure field. The r-elativel order of magnitude of this effect

L...icpen's on the probe gvoinetry anti on the scale of thte turbulence.
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F In pressure measurements another problem, although less fundamental but im-

portant nevertheless, is that or vibrations. In a turbulent flow, sources of excitation

iIhoundl,.fl the result i.- tisuallY :i very large signal clue to vibrations.. In the case

o)f :i statistical pressure probie. since It is a cantilever structure required byv

aerodyvlnic cons ideratjons to be slender, it Is therefore not very rigid in strong

viblraiting nlow. Good pickup response can be achieved with piezo-electric elements

ifOr tr-insducer faces directly in contact with the pressure field) up to a frequency

e.jua to perhaps two-tii s o1 the first natural frequency of the element.

Velocity fluctuations in in.% f'low field produce pressure fluctuations. Turbulent

pressure fluctuations :ire raindom functions of time and space.. Some quantitative

information is presented- Finzilly some of the results of measurements In the

fully turbulent flows of tir in a pipe are presented as an illustration of the tech-

niq(ues 'liscusscdl.

K l~ipp~eh A. -f'iowVisuialization in Two and Three Dimensional Flow

VieLis h'v I se o01 SfiEke Filaments", The AmericanSocict' of Mechanical Engi-

*er5S,.-njp)sitw nit I- ot.~ % isit! itation, 30I November 1910.

* a pep *Ies& rl hes lit- -ois! riaction ind operation of two andl three dimensional

Ite tutmv;e,- I hei 'lu tie todat to produce the smoke has smoke generator

Abuwte tile ,it;- :,jac ' J hv in cks which are led through heating coils. The use of

Alii -4fi1oke !Ie' tit- aI4h %ii.1ge that the lines and thin tubes are kept open and can be

-lvaned ea.sil% ModIel i h.ornic van be incorporated into the testing facilities

*ft emionstrsite titi~s itf propellers and the Influence of the angle of attack

L Io l% ilsBest Available COPY -
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-r
A fluid, whose flow potential io kmwcan be used to determine the theoretical

course of the stream lines. It is then necessary to transform the flow potential.

Observation and photographic recording of the flow patterns are all that is re-

quired to indicate the course which an investigation of a special problem should

follow. Since most theoretical t,-eatments of aerodynamic problems require

some simplification to obtain a useful solution, the flow observation indicates

in such cases which terms of the analytical equations can be neglecttd.

Boundary layer phenomena with low turbulence have been t.bserved in three-

dimensional smoke tunnels.

I"1. Wfite. Herbert E.. Blalock. Jamps, E.. Foster, John J., Anderson, Arnold

W.. Nickols. Frank. A.. "Wind-Tunnel 'rests to Determine the Air-Flow Charac-

teristics in the Wake of Five Aircraft Carrier Models". conducted in the Wind-

Tunnel of the David Tyalor Model Basin during the titre from 1953 until 1959.

Wind-tunnel tests wer made on scale models of various aircraft carriers in

order to obtain data in the form of ratios of dynamic pressures at various local

I-)ints in the approach zone of aircrafts to the free-stream dyanamic pressure.

A!so$ attempts were made to obtain velocity ratios in the wake of an aircraft

e:.rrier by using an instrumented trailing bomb which was "3wed from a hell-

.'opter. This full s'ale test was cancelled because the data obtained were un-

ste.Adv and unreliable- nd only ' ind tunnel tests were conducted.

L J
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The wind-tunnel tests were performed on 1/144 scale models In the 8-by-10-foot

wind-tunnel of the David Taylor Model Basin. Yaw angles of 0 degrees and 10

degrees were tested for the straight deck and yaw angles of 0 degrees, 10 degrees,

and 20 degrees were tested for the center deck. Special racks had been used, con-

sisting of 42 piWt-static tubes for dynamic pressure measurements In the wake of

the carriers up to 1440 feet aft the ramp and one reference pitot-static tube located

outside the model's field of influence. The pressures sampled by the pitot-static

tubes were indicated on vertical manometer boards and photographed for later

e% a'suation.

Data analyses showed considerable scattering of the dynamic pressure ratios

and also these ratios above :nd aft of the flight deck were flatter than expected.

There was a sharp change in the dynamic pressure pattern between 10 degrees

and 20 degrees of the crosswind.

The scatter of the data va s attributed to errors in film readings. The flattening

out of the curves was :ssumed to be due to the fact that the airspeed of the air-

Craft is much greater t;an that of the aircraft carrier. The scope of the test

did riot permit j determin:ation of the angie between 10 degrees and 20 degrees

crosswind which would give the ma.ximum dynamic pressure pattern.

F requency response characteristics of the instrumentation was a limiting feature

for determining reliable wind tunnel turbulence measurements.

L_ -
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Siv Kiellmann T.K.. Colt. It.13. "Survey Report of Wind Direction adSed

IAcross teFlgt Deck of the U.S.S. TICONDEROGA CVA 14 (CVA 19 Angled Deck

ClahsY"_ Index No. NS' -i1-O2i 1. Contract Nobs 7213i7. lBendix Aviation Corporation.

I Friez Instrument D~ivision. Bal timore. -Marvland; August 1957.

Fiftv-six tests were conducted aboaird the I SS TICONDEROGA to determine how

-A the relative wind velocit% differs .at various locations on the carrier. Test con-

ditions were chosen to represent uind stgnificant for aircraft operations. helicopter

oeais.andi t rue meteoro' ogical wind computations. Data presented show the

I relative wind variations heticen _-t.iins.

It i.. suggested that the present % rdarni wind dletector locatWons are unsuitable for

measuring deck 'inds -,z for cotrputing t rue meterological wind. Alternate wind

detector locations 3re recomnmenided for optinmum accuratc% Ior all operating con-

ditions. The measurine equipment used for evaluating the winds at the various

ioca-tions- on the ship con~4site(I of eight %% Lad detectors and eight recorders.

- i he tolloi'nng eight St-io ns %k ere -vleuzed for the installation of the wind detectors:

j <'al on Irepre-.ened thie viuchdou n ixint for landmniz operations.

ion ~-Icte- t ~'.~ev~~eddb. %ind effec* im the island

c -t;!on :;v pre-.cntv: th tR-tif Po,!nt ui& en a fl inding Is not

t_
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Fd. Stations 4 ;ind represented the catapult take-off points.

e. Stition f; was- selected as a he:ter position for wind sampling than the

vardarin wind detectors "A" and "it" being mounted fairly close to the Island

structure.

i. Stations 7 and '~were added to observe the v. Ind effects over the bow and

forw-trd edge of the angled deck at various heigbts above the deck.

All wind detectors wt.re niount d 1/2 feet above the flight (deck except Station 6

which w.-s supported 2feet above fltght deck and yardarm detectors "A" and "B"

which were supported ti-0 feet aixive E~ight deck.

A constant ship speed of appro.,ximately 11,knots was maintained and for each 30-

degree course. five minute records were taken for relative wind Velocity and

abhsolute ship's velocit- From this data. the true meterological wind for each

detector of interest w-is computed.

T11he test results indic:.icd that k-. most dleck stations the wind velocity during

he test pleriod'- v_-zro steadh ind1 it varied markedly in both speed and direction.

I he veioclt% ari; ed cnsideraibiv in direction and magnitude. These variations

became ex~aggerated 1w the presence of the island superstructure.

Furthermore, it wva found that the loca-tion of the present yardairm wind detector

did no, give repres.e'v mi lye wind condittions for fl i ht deck operations. St-ation

SIMi give the mnos t Ide riivewn esurements,%hen directional cot -

reclion tai(tors tre con -idered !oi Ob~talining the correct reitve (leck wind1

Vt- It \i1so re at-- onputit ions for relative bo%% winds would t* more

~~c.r rt .t'Is t~ er thi n the- %-darrm detectors A~or "11 would be us-4-
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'tile data supplied should be considered representative of wind conditions for the

CVA 19 class carrier onlv.

20. Kiellman. T.K. Colt ILB., '"Survey Report of Wind Direction and Speed

1I Across the Flight Deck of the USS RAINGER CVA 61 (CVA 59 ClasY _Index

NS 681-026-03, Contract NObs 72137, Bendix Aviation Corporation. Erietz Wntru-

inent Division, Baltimore, Maryland; April 1958.

A Sixty tests were conduicted aboard the USS Ranger CVA 61 to determine how the

relative wind velocity differs at various locations on the ship with respect to] th yararm ind etecor.Test conditions were chosen to represent winds

ignificant for aircraft operations, helicopter operatons9, and true meteprulogical

wind computations. Data presented show the average relative wind variation at these

locations. 'Measuring equIWr-ent used for evaluating wind at various locations

H consistedt of eight wind detectors and eight wind recorders.

T7he detector locations were chosen and numbered as follows:

a. Stations I and Zersn touchdown points for landing operations.

Vta iwa i:'vV ind condition t the angled dIck catapult take-off,

v. ltaions 4 a:ireprese~nt the tn-rward catapult take-off points.

d. Station 6 waS -.- ected as a F"i--sile alternate location of the existingIardai-n- witnJ detectors -'and S.

v.Stations 7and gaged% vrtical wind directi-In forward of a--&led deck

.-nd the ho-'t



4W.WzC.2?A55 RE. 7-63) NAEC-ENG-7467
[ r A_--+ - . ... PAGE 80

• mI wind detectors r .;ounted 7 1 '2 feet above the flight deck, except Station 6

and Stations P and S -itij were supported l4 feet above flight deck.

The resulting data indc.ated that the present yardarm wind detectors do rft give

the reliable data for all Hight deck locations. The velocity varies up todegrees

and .3 knots. The relative wlad is distorted by varying amounts at all stations

measured. due to the geonier" of the carrier. Average correction factors may

be applied to the yardarm wind detectors to determine the relative winds on

- deck. These factors will vary with the relative wind speed and direction.

"Wind Surve; of CVA Type Carrier-Final Report". Nobs-72l17.

N S -02' - 1-2 I Frietz Instrument Division, HendNx Aviation Corporation.

Nay' Department-Bureau of Ships; June 191i to May 195,.

This retort is a summtr. of measurements carried out on different model air-

craft carriers. Conciusions are that the location of mind detectors on the ships

deck a--re unsatsac.o, Pr or ,eraIton use.

[horn. A. -,w:rt "-The Forces on an Airfoil :t, Verst I. Ses

I*.- i- ovai A.. .. _ . .. .. t -vietk Pa e v - :

le torces on -ns-red tt -arious angles - ditack for lleynoid's

nm-ners from , ., -mo +I beve experimet-.s sere undertaken to Study the

ene ! .ch.vior of An irfoil A siweas= ,fhe experime-s were made to

ieter':t~ne wh.at r!|o:L li=e, ni'--.; N,m'er reduction wu1l i changes

L .... j.sc..+ . cne
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f i expected in cirulatior or on lift when the point was reached where viscosity

prevented the formation of eddies. These measurements were made in a

I5-inch by 5-inch channel using either water or oil as the fluid medium.

Several arrangements were tried during the course of this experimentoand,

due to difficulties that had been encountered in dealing with these small Re.old's

Numbers, no definite conclusion was determined on forces on airfoils for

low Reynold's Number.

23. Schubaur. G.B.. Skramstad, H.K., 'Laminar Boundary - Layer Oscilla-

tions and Stability of Laminar Flow", NACA Technical Report 909; February

1947.

An account is given of an experimental investigation conducted at the National

Bureau of Standards in 1940 and 1941 in which sinusodial velocity fluctuations

were discovered in the laminar boundary layer of a flat plate. The characteristics

of these fluctuations were studied In detail and found to agree with the charac-

teristics predicted earlier by tie Tollmein stability theory. The fluctuations

are termed "I.aminar Boundary-Layer Oscillations" to distinguish them from the

irregular velocity fluctuations previ,)usly observed by other investigators.

This present investigation was conducted in a wind tunnel having a turbulence oi

less than 0. 1 percent of the free stream velocity. The oscillations were de-

tected and studied hy means of the hot-wire anemometer.

A description is given of the methods used to proiuce and study boundary-layer

oscillations By these methods the oscillations vwere found to consist of a wave

motion in the btoundary-laver. These results wer, all obtained with zero

L pressure gradient.
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