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ABSTRACT

An intensive review of literature pertinent to aircraft car:ier air flow dynamics
and an evaluation of experiments were conducted in order to dstermine the

effects «.f turbulence on landing aircraft. Fazticulir emphasis was given to the
effects on carrier airccaft operations which occur a8 a resiit of increasing
wind-over-deck (WOD) velocities, as well a8 carricr dyramics, The effects of
WOD velocities and carrier dynamics on air boundary layer were aiso considered.
Recoramendations for future, morc exacting date acquieliion, experiments, and

th=oretical studies are given.
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SECTION I :
INTRODUCTION

A major limitation to increasirg wind-over-deck (WOD) resulting from augmented
aircraft carrier velocities is the probability of increased aircraft accidents, hard
iandings, and bolters during landing operations. These effects are attributahble to
the nonpredictable characteristica of air flow dynamics, which affect afrcraft
during the approach to the carrier ramp and over the deck immediately before
touchdown. With the advent of the bigh- speed afrcraft carrier, the landing oper-
atfon problem will become more acute. Thaya fuller understanding ol carrier
air flow dymamics is imperative.

This study program was undertaken primarily to determine if it is poesible to
land aircraft on carriers with WWOD velocities beyond the maximum limits re-

aguired under present procedures.

Many studies have eenundertakenin previous years ir which particula: emphasis
was given to the experimertzi aspects, while little or no consideration was given
to the theoretical aspects of alr flow dynamics. The {nitisl considerations in this
study were based un 1n intensive re-'iew of the literature on carrier air flow
dyrnamics. Previous studies and experirmental programs have Incicated that the
principal unknown factor pertaining to this problem is carrier air flow dynamics.
NRased apon the results of these studles, this investigation w& concentrated on
termulating a workable concept of general afr flow properties around a carrier
from which predictions can be made conceraing sir flow effects on aircraft
currier landing procedures. From this formulized concept, an experimental

program has been outlined.
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r SECTION II
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 aircrait carrier.

s o e

From the information obtained, a prognosis was to be made concerning the flow
fieid dynamics of the carrier wake. With increased wind-over~deck, these dynamics
could prove to be detrimental to aircraft landing procedures, Where i:o satisfactory
conciusions can be obtained, recommendations are made as to the methods o be
usec 1 acquiring the necessary information. Becaise of the orogram's require~
ments sr:d because of the time limitations, analyses have not been carried out.

Previous programs have concentrated on the studies of air flow dynamic parameters
that are involved with the present landing procedures. These experiments have been
conducted within the wakes of carriers and, using scaled modelz of the aircraft
carrier, within wind and water tunnels. The full-scale aircraft carrier wake measure-
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ments were obtained through the use of specially instrumented aircraf* fcllowing
acrmal landing procedures. The pilot's psychological reactions were obtained as
well 28 control stability dsta cf the afrcraft., From analysis of these data, the
wurbulence properties were defired; however, these results are only applicabie to
the wind velocity at the ti -e that the measurements were taken, They therefore

cannol be projected to other wind velocity conditions.

I'unnel measurements were made within the wake of the carrier scale models,

in these experiments, measurements were taken along the 4-degree glide path.

inltinl evaluation of the raduced data contributes little to the understanding of the a.r
flow dynamics around the carrier that could be pertinent to aircraft operations, The
preceding statement {8 based on the fullowing: (1) The experiments and the subsequent
anulyses were not performed with the incent of making statistical correlation analyses
(ns wus also the case for those programs using instrumented aircraft); (2) sero-
dynamic scaling factors beiween the carrier and its tunnel models are difficult to

determine becaage of the lack of measuren:ents within the carrier's wake; and (3)

a formulization of & concept, cr p'cture, of the carrier's wake, based upou ..nown .

5

L;.heoreuc&l and experimental data, has not been undertaken, _J
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As a result of extensi: review of previouvs reportis and documents and of theoreti-
3 ) cal wake analyses that have already heen conducted, it is concluded that, hased solelv
on these past efforts, reliable prediciions of the effects thatl incressed wind-over-
deck velocities will have upon aircraft landing procedures cannot be determined.

2 X ‘Thus, it was necessary to reappraise carrier air flow dyvnamics so that & workable
concept could be formulated prior to considering &ny 2w measurement programs.
To substantiate this concegpt, an initial experimental progran:, utilizing smoke

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

carrier dynamics upon flow field properties, particularly the turbulrat wake, Upon

the successful demonstration of these effects, a more detailed #ind tunnel! measure-

A AN et B

ment progra-.a and a full-scale carrier measurement program can be developed.
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SECTION I
CONCLUBSIONB

In order to formulate 8 concept of the properties oi the carrier’s wake turbulence,
it was necessary to re-evaluaie the experimental data aiready obtained, One Im-
poriant conclusion derived fron: reviewing these data is that the f{low parameters
within the wake appear to be independent of the free stream ve:ocity, the length

of the carrier, and the kinematic viscosity (Reynold's number). This is in
contradiction to known flying responses of aircraft entering the wake at different
velocities of wind-over-deck (WOD). Steady state flow {ield data gathered in
various experimental programs are basically the same with regard to steady

state and turbulent flow properties.

Concurrently with this data re-evaluation 2 preliminary study was made of the
boundary layer properties for fluid flow over a fiat plate. The theoretical
studies for laminar flow over a flat plate have nct taken into consideration the
pressure gradients within the fluid, As a result, these studies indicate that

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

at which the free stveam begins to he affected) and the profile velocities

(which decroase the closer they are to the plate) are independent of the velocity
distribution immediately a'ove the surface of the plate., Conversely, a given
seloeity distribution does not infer a given boundary la: er thickness or

velocity profile,

When the flow over the flat plate exceeds the critical Reynolds numl:er, the
toundary iayer thickness increases with increasing fluid veiocity. There are
nu indications that corresponding changes musat occur within the turbulent
reyrions immediately above the flat plate, From experimental data obtained
it of the ramp of model carriers, it appears that the same conclusions apply
tor carrier turbulent flow fields as for the flat plate; {,e., the turbulent
proporties are independent of the free stream velecasity.

‘
- ——
"
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From the above conclusions and from known aircraft performaace character-

1
Ll

istics within the carrier's wake, a concept of the wake must be formulated prior

ARG

to continuing exporimiental programs. This concept that is based on the premise
that the carrier’s wake turbu'ence consists of two dufereat physical states.

pliities

These states are:

- A steady-state dynamic pressure distribution around the carrier
and within the wake, that maintaing a {ixed spacial relationship
with the configuration of the carrier, is independent of time, and
is independent of all velocities exceeding a critical valwe. Tiis
steady-state pressure distribution depanda only upon carrier
configuration and the relative direction of the wind to the carrier.

AR 4t

-  Superimposed upon this steady state pressure distribution are the
random turbulent flow {ields. These are not stationary with
respect to the carrier and fluctuate rapidly in time, This
turbulence is independent for all wind velocities in exeess of

SR T o

Y

a critical flow velocity.

Around the moving carrier and w.'hin its wake, 2 major flow fisld {s produced.
‘This flow fleld and the free stream laminsr regions are separated by a

boundary layer, The division of the major low fields are:

it A A

LA O o

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

"
el

layver. lere, taere i3 always a turbulent fiow fieid superimposed

i

upon the steady-state dynamic pressure distribution,

-  Boundary layer thatoscillates randomly betwaen lamina~ and
turbulent flow conditions. Within this layer there are no steady-
gate dynamic prassure distributions, With increasing WOD
velocities, both the height and thickness of this Iayer increas«.

This (ntern.ittent boundary layer {s believed to be the mechanism
that cormplicates aircraft landing procedures.
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~  Fxternal laminar laver that exteads ‘rom the top of the inter-

mittent layer to infinity.

B DR AT

i

. The thickness of the intermittent boundary :ayer increases not only with in-
. creasing WOD velocities, but will increase with increasing pitching and heaving
motions of the carrjer, When both pitch and heave motions are in phase, the
intermittent houndary layer thickness will be maximum for a fixad WOD.
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SECTION IV

RECOMMENDATIONS

Invesdgations should be contint ¥d into both the sxperimental and theoretical

aspeets of the aireraft carrier wake turbulence. The narpose of these investi-

wations is to determine the properties of waks that wili be pertinent to aircraft

landing procedures with increasing wind-over-deck velocities.

The experimentsi program would conslist of thrse phages. These phases are:

t3)

2}

8}

Demonstration of the dinamic properties of the intsarmittent
boundary lsyer with different wind vslocities and carrier dynamics.
Thia demonstration is to be initially attempted in 2 thres-dimea-~
sional smoke tunnel. The first series oi demornstrations will be

to odzerve the intermittent boundary ieyer fo~ two widely sepacsted
stream valocities. This demonstration is to be followed by &
series of experimentsa {n which the stre~m velonity s msintained
constant and the model {s dynamically distarbed In pitch or heave,
or both, simultaneous:y.

Successful accomplishment of the pravicus phase {s to be followed

By a series of wind tunnel experiments. These experiments are to be
performed at higher wind velocities. Msasurements are to be made
te determins wake turbulence propertiss, particularly the growth
pattern of the Intermittent boundary with changing wind velocities and
dlfferent conditions caused by the sarrisr's pitch and heave motions.
All wind tunnel measurements shouid be taken so that statistical

and correfation analyses can be carried out.

Measurements are to be made within the wake and srcund the alr-
craft carrier. These measurements should be compared with
thode measurements obtained {rom the wind tunnel. From the

comparison of these two sources of data, it will be possible to
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arrive at significant scaling factors to be used in fwture tunnel
testing of carrier models. The correlation analysis of measure-
ments made on tha full-size carrier will be similar to that psr-

formed with the wind tunnel measurements.

Continuation of the theoretical aspects of the properties of turbulence will require,
in addition to a contipued study of the literature, consultations with several
authorities. The major emphasis of turbulence studfes in recent years has been

in the scnic and supersonic veiocity ranges. Conseguently, the technical literature
is deficlent with regard to both expsrimental and theoretical investigations for

subsonic velocities.,

The aspects of turbulence that should be pursued are: properties of the inter-
mittent 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 investigation
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 functicn of carrier velocity.
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SECTION VII
DISCUSSION
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 conditions,greatly escesded that of conven-
tional airfield iandings. The carrier rate is ipproximately 3 ps: 10,000 landings,
which is surprisingly low in view of the diffizult ptloting task and the landing vper—
ating procedures required on aircraft carriers. To obtain this low accident rate

it is imperative that the wind-ever-deck (WOD) conditions remain below well-
defined maximum limits that have been determined through trial and error. These
Himits are promulgated by means of appropriate aircraft recovery bulletins

(Reference 7).

Experimental programs have bsen undertaken on both full~sized and scaled air-
craft carriers at approximate WOD of 35 knots and 120 feet per second, re-
spectively. Organized experimental programs have not been carried out with
large differences of WOD valocities on either full or scaled models #0 as to
anable an intelligent enalysis of effects on aircraft operations caused by varying

WOD conditionk a5 full-gized vehicles.

Muasurémsnts with regard to ianding characteristics of alrcraft on aircraft
carriers Indicaie that safety conditions strongly deéssnd upen WOD properties, the
angls of atreraft approach, the carrier design, and the type of afreraft, Fgure 1,
tuken from reference 1, relates the approximate time prisr ¢o touchdown where
the incoming alrcraft encountsrs the initial effect of the "burble'. This effect

is primarily a dynamic updraft upon the incoming eircraft which is {cilowed by

# strong downdraft immadiately aft of the ramp. To compeasata for this effect
addition § thruat and maneuvering are sometimes applied to ihe aircraft, With
increastng WO the available time required for this maneuvering is reduced. In
sy to keep thin time within the operating capabliities of both the pilot and air-

eraft, the mexinium WO has been detarmined for each airaraft type.
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References 1 through 6 appear to be the first experimental attenpts to evaluate the—!
dynamic parameters of aircraft landing charact:.cistinrg, These sro the only sets of
experimental data available that give some insigiit as to what to anticipate under
different WOD conditions and general {lying parameters.

References 2 and 17, in particular, relate the minimum safe angle of aircraft ap-
proach with different WOD and aircraft ‘ypes (see figure 2), Assuming a linear re-
Iatiomship between WOD and the approximsate minimum safe glide angle, for a WOD
ot 50 knots the safe glide angles would be 8 degrees and 7 degrees for propeller
and jet aircraft, respectively, and the time of the initial bnrkie encounter will be
from 2000 to 2700 feet prior to touchdown for aircraft with present-day approach

and engaging speeds.

No conclusions have been arrived at concerning ‘re differential fiow directions and
pressure gradient along the glide path as a function of WOD and attack angle. The
linearity assumption of a linear turbulence velocity distribution is an over-simplifi-
cation, Boxn e analytical solutions can be arrived at for turbulences a large distance
downstreara from the wake of the carrier body, but o solutions are availablz for
those close to the body {veference 8). Only a measurement progre=. <an yield in-
formation as to the flov, patterns and turbulent spectral distribution close to the body.

‘Two types of fiow dynainics are to be considered in this program. Thers is a
steady state dyaamic flow distribution which {s stationary with respect to ie afr-
eraft carrier and waich is the result of the combined effects of the vortex flow
fields around the ship's hull and that produced by disturbances introdnced by the
design of the deck and the island, The second are ikz non-asteedy state flow fields
that re superimposed upon the steady state patterns, The non-steady state flow
ftelds may have no correlction with either any portion of carrier's Cesign or the
wind conditions. Since this {s of major importancs ¢o airorait performance,

4itempts must be mede to determine {f such a correlaticn doae mxist,

Meusurements that have been oarried out ca =oaied moudsis at fixed WOD (fig-
uros &, 4, and 5 of reference 11 and referssows 7 exd 0 through 26) clgerly

e -

[ —
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rdemonstrtte the steady state vortex-like flow patterp1. From theawe patterns, —'
taken along a glide path, it is observed that the aircraft will experisace diffe,ences
in flow {ield directions along its wings. These cdifferences tend to rotats the air-
araft. This rofating effect is experienced by pilots during landing operations (ret-
erences 1, 2, 7,and 17) and is observed to increase with increasing angie betvrec:.
the center of hull line and the darection of the WOD,

WWith increasing glide angie there will be a correspondingly rapid increase of the
accident rate and of the number of hard landings, bolters, and undershoots (ref-
erence 10), Similariy, an increase in the carrier's turbulence pattern and
steady state dynamic pressure rating will decrease both the aircraft and piiot's
ability to respond. The pilot's response is deberminsd v the Cooper's adex,
which represents an sccumulation of all the physiological and psychological
reactiong of the pilot to the dynamics of the landing parameters. Cooper's Index
{s less than four for present day carrier aircraft landing nrocedures, When
the Index is equal to or greatsr than five, the plloi's reactions are regarded us
unsafe,
Of the experimental literature investijjated, with the exception of that of Systems
Technoiogy Incorporated (reference 10}, only a misimum of investigations
pave hzen concarned with the use of statiatical corre=iation snalytical procedures
for studving <h= interrelationships of the ' -~ mparties tothe carrier'sdesigs
and Gynamics, Data comparisons have Lues sttempted to some de groe between the
full-8ize carrier and scaled modele, . tthers is insufficient sublished, meusured
uata on acatal vehicies to detarmine procedures to be used fo.' model gesling;
thesefore, these attempted compe~{gons are nof velid, On sesls rauvdsis, corrala~
tiontetwoen simultanec -~ »gagsuremante has not hoen atiempted, ard it thersfore
becomes impossible to3etsrmice which parameters f airflow avoued the carrier
are most dominant in influencing the characteristics of the caxriertz waka,
This I8 evident =2 ine ravisws the literabtire and obszrvos the smpirivel
nrocedures that wers tziad by various laboratories to 72du 25 s wurblc sfiiect.

L o
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‘ f_In all cases culy 2 minimal des . 7 the expected results waa obtained. —‘
g In the Dynasciences Coyyoy. - :'t-«t (reference 8), good experimental data
E have been obtained and evaw: . 4 . o, the 4~de cee glide path for the sceled

3 model, but flow data were not v iuated to determine if the turbulent portion
is random, ard cross- and av.s - . i.eldtion analysis was not attempted. From

‘ their data the turbulent portit: - .e velocity flow can have peak-to-pesk vari-
ations equal to approximately eiyht to ten times the offset of th2 steady atate

B~ mean flow rate. At appr -imately 100 feet aft of the ramp the steady state free

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

flow rste cannot change, the root-mean—-square of the turbulent fiow must make

up thig difference, This data comparisor: has not bsen demonstrated in this

S
r
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From their data and steady state flow patterns, it appears thzt s dsmirant
influence on the dynamic pressure ratio distribuiicn is the vortex flow ygenerated
! around thz hull i combination with WOD that perturbates this flow fisld, Vari-

I
| S———

S s

ous carrier modificaticie stiampted, such as honeycombs in the vicinity of the
: % g isl2xd and sumerous ramp medifications, have had only a small effect upon this
% e pattern, (References 16, 17, and 9,)
: § ,éj Scaled models, approximately 1/110 ¢+ i/150, for uvie in water tunnels, wind
4 g tunnels, and smoke tunnesiz have heen employed to study the fluid flow character-
5 3 istics. (References 9,11 13, 17, 18, 19, 30, 31, 32, 33, and 34,) Reynolds
i % - s:-aling, based suon carrier size and WOD velocities, has nct beon used for the
e § f 5o ag reason:
g P iteynolds number (Ne) is a messure of the distance traveled by laminar flow
’ f £ zver a body prior to going into a transitional region that osciliates hetween
? e Inminar flow and three~dimensional unsteady turbulent flow. For a given
s 2 ) irec stream velocity N7, and fluid kinematic viscosity Zx , Ne will be
; - a direct meas:rement of L, us shown in figure 6. For a stream velocity of
¢4 45 knots (38 (ect per second) and a carrier deck letgth of 1050 fess, the Ne
T
+

L -

=
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is approximately 60 million, Mairtaining a laminar flov: for this condition
will require an idea: non-viscous fiuld, operating at supersonic speeds.

For a flat plate, the critical Ne of 330,000, as shown in figure 7, is the trans-
itiongl velue iom laminar to turbulent flow. Many investigators are inclined
to regard ali turbulent messuremonts above this critica! value as independent
of Ne. They regard all turbulence properties as the same for all Reynold's
Numbers greater than 300,000, When the data are compared between a 10-foot
model and a full-sized aircrait carrier, th. resul.ant data are belisved to be
equivalent, In wind and water tunnel testing performed at Ne betweea 300,000
and 1 mulion, the results sppear to be independent of Ne, The same investi-
gators ere of the opinion that any difference in flcw pattzrns around the full-
sized carrier and around its modei are not directly related to their differences
in Ne. From this thav have concluded that very large differences in Ne pro-
duce'only a small ef*2ct on the flow field properties (raferences= 22 sad 25).
This statement is in contradiction v kmown principles and wil! be elaborated

upon {n another section.

Another scaling factor that is often considered, particularly with regard

to vortex shedding, is the Strouhel number. This factor represaats the fre-
quency of vortex shedding from the object, .t is given as the product of the
frequency of shedding times the object length divided by free stream velocity:

S.fL
“ Uc

Since the carrier length, velocities, aud frequencies, Lo, T ¢, {¢,are known,
the model frequencies f;, can b2 rea.ly determined, This factor does not
afect the tunnel experimental conditions but does determine the frequency
range that {s measured and evalustad.

B. TTNNEL MEASUREMENTS

since data derived from tunnel testing is of critical importance with regard
to this study, the problems presented in using the tunnel techniques should

bx: understond,
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The principles of each technique apply equally well to air tunnels and water
tunnels. The Image technique has the advariage over the Ground Plane techricue
in that the modal can be supported within the center of the tunnel and will there-
fore be isol..ted .rom any wall turbulence, This technigue is based upon the
assumption that if a model s constructed with its mirror image, the resultant
flow pattern (laminar and eddies) will be identical around an image plane. This
can be clearly demcnstrated for flow around a circular cylinder (Chapter XI

of reference 8 and references 35 through 38 where the flow patterns cre similar
around both halves. As ‘he stream velocity increases the vortices increase

in size, become dynamicsally unstable, and are then cerrjed away by the externul
flow. This detachment process is unstavie, oscillaies incoherently (references

8 and 39}, and the pressure distributions are rot predictab e by poten:ial flow
theory. For this condition the Image plane technique will r.ot have a plane of
symmetry, and therefore the flow-pressure distributions will differ from that

of the Ground Plane technique, that usesthe model on a semi-infinite reference

plan,

If there are unsteady vortex osciilations, the rem:ita of the Image technique
will not be applicable to the study of carrier wake phenomena. A Water Cavi-
tation tunnel apparatus, with either struboatac visual observations or high-
speed, pulaed photcygraphy, is the procedure used for observation in order to
determine if this phenomernon exists for differeat flow conditions, Because

of the uncertainty of the existeuce of unstesdy vortex oscillaticns, the Ground

Plane technique is used with an elrvated reference plane,

At the wind tunnel speeds used, approximately 120 fest per second, tac wall
houndary layer is approximately 3 inches; i.e,, one-helf the height of the
varrier model. To use a Ground Plane technique the model must therefore

1 ptaced on a reference plane 3 {nches above the tunnei floor.
(‘. INTERPRETATIONS OF AVAILAELE DATA

A ublquitous condition appears to exist for all data ohtained and is clearly

eapressed in reference 9, page 32:

L -
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Dynamic pressure rates and flow angularity are independent of the
carrier speed within the range of velocities tested,

IF'rom 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
tunnel data. For a pitot-static tube the dynamic pressure ratio is given by:

2 Lo

where -Jéz , 18 the velocity deviation from the average flow velocity {/ ,
and & 1s a factor that varies from one to three for small scale to large scale
turbulences. In obtaining this measurement for a given (..2.) either ‘6 or the
Catio of | b ( Yf) may vary, thereby introducing an unknown oondltton int» the dy-
namic pressure ratio, The same principle applies to hot-wire anemometers.
rom some of the experimental results, there appears to be some discrepancy
between the results of the hot wire anemometers and of the pitot-static tubes.
i+ (luid velocity obtained from the pitot-static transducer (.2%2)‘/% where
A ‘z is the differential pressure and f the fluid density, is considered

an the average pressure which is compared with the average of that obtained
trom the hot-wire anemometer. This {s in error in that it {s the root-meaan-

nyuare values that must be compared.,

rundamental concepts that have not been considered in any of the previous pro-
prams iare the dimensional sonic wavelengths and the length of the aircraft
varrier, For the carrier the critical cutoff frequency is approximately 1 cyole
pe'r mecond., At an afr acoustical velocity of 1100 feet per second the wave-
length I8 1100 feet and approximately equal to the carrier length, From an

] pest A\!af\\ab\e copY ]
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acoustical concept, the air above the carrier has sharp discontinuities at

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

the deck « standing wave pattern at 1 cycle per second. This wave effect is
clearly evident in the reduced steady state data of the normalized velocity
changes in reference 10, This effect {8 similar to the '"Lee' waves of metereo-
logical aerodynamics. To simulate this conditica in the wind tunnels, the stream
velocity should he 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.

Asg it i8 the prerogative of an Investigator to doubt the validity of the experi-
mental results obtained from various laboratories, there {8 also a responsibility
to assume that the data are correct and that different conceptual approaches
should be carcfully undertaken,

In the clagsical Niavier-8tokes solution to flow over a flat surface (references
39 and 43 through 47), the computed boundary layer thickness is independent of
the assumed veloeity distribution for laminar flow regions (Ne less than
130,000) and the houndary layer thickness(es) {8 given ae:
()= S
A/ 1 Me

where o s the distance measured along the flat plate from the leading edge
itigure 6), Figure 7 is an experimental plot of the relationship of Ne and the
dimensionless quantity > J_,V"em , as obtained from references 44 and 46,

hes ratlo ( l) decreases with Ne within the laminar region. At the critioal
<thae, the hboundary layer {s at its minimum value and then increases with in-
creasing Neo Figure s isaplotof 7, as afunction of £ to a maximum value of 1060,
Comparing these values of §  with that of an aireraft carrier must be done only

in o descriptive manner and should be used only as a guide to further investi-

pation, One conclusion 1y that measurements within the laminar region will not

Best Available Copy
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vield 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
at 1050 feet (figure 9) and neglecting the effects of the ships' hull and the influence
of the sonic wavelength (Lee waves), the distance that the aircraft is {n the tur-
bulent region is K-B(%)ta“" e?. For a 3.5 degree glide slope angle and with

% equal to 10, 20, and 30 feet, the distances that the aircruft enters the tur-
nulent regions are 164, 328, and 492 feet. The distances behind the ramp are
14, 178, and 340 feet (the touchdown point {8 159 feet forward of the ramp). The
strong burble effect is normally encountered at approximately 100 to 150 {eet
from the ramp. With increasing :E- , 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 0 for laminar flow is defined as a fixed percentage
reduction of free stream velocity. In turbulent flow the classical boundary thick-
ness is located within an {ntermittent region that fluctuates between laminar

and turbulent flow (figures 6 and 9). The flow fields within this region change
rapidly from position to position and, at any given position, change rapidly in
e, ‘The flow field patterns are random. For a flat plate the upper 1imit of
s intermittent region {8 1,2 5 ,and for all distances larger than this value
wnve the plate the flow fields are laminar, The lower limit i{s 0.4§ and for all
distances above the plate less than this distance flow fields are turbulent, The
Lyer thickness 18 approximately 0.8 § .

Stabilities of these houndary layers are difficult to observe, measure, and inter-
pret (references 39 and 48), With low speed smoke tunnels, fluctuations withinthe
intermittent region are readily observed, and the size of this region is approximately
copeal to the houndary Llayer helght, Air speeds of the smoke tunnel should be Increased
iapproxtmately 20 feet per second Inorder to increase the effective Ne, Further
irowlh of the boundary lnyer thickness may thenbe observed. To observe this
eHeet, high-speed photography should be used in combination with high intensity

wilerodecond Hght sonrees, Visual data can then be studied at slow speed projections,

Best Available Copy
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rExpcrinwnts must be carried out at two widely difterent wind speeds so that pre=- j
dictions can be attempted at higher WOD velocit'es.

The effect of carrier pitch rmotion upon tie steady-state dynamic pressure distribution
{s demonstrated 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 hv several orders of magnitude the size of the boundary layer thickness and the
pressure fluctuations within this layer. Referringtofigure 8,the bonndarylayer
helght 3 for agiven model size, ¢, increases with Ne within turbulent regions.

These changes of § cancause a corresponding increase of the intermittent reglons.
thus, differenccs observed in flow dynamics will be proportional todifferences of
Ne. Topredicate the changing flow dynamics that wouid occur with changing WOD
velocities, experimental data at widely different Ne must be obtained. Higher speed
wind tunnels have the advantage in that their parameters can be sufficiently varied
so 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
i used, Water tunnel measv-ements are excellent for visualization over wide Ne
ranges, and tor measurin, ..eady state flow parameters, but the ingtrumentation
for measurements of turbulent properties is still in the development phase.
1 instrumentation capable of measuring up to 500 cycles per second is developed,
the water tunne! should be considered tor the study program. An operational
acaadvintage of the water tunnel is that experiments are more difficult to perform,
-l medel moditications are more time consuming. Closely related to the above
conceptof U interm ttent houndary line are the varied reactions of aircraft pilots
| vinring landings at high WOD velocities, Meny investigators regard the pilot's ex-
planations ot their reactions vrith skepticism, During landing operations the afr-
craft passes through the intermittent region, which is unpredictable with regard
tottow field properties, and, therefore, the time duration and turf)ulent magnitudes

acpends upon th.e time that the alreraft is in this region and thus vary.

From the propoged formulated concept of carrier wake turbulence, several pro--

cduren shouid e investigated with regard to modifying flow fleld distributions tn orde:

L -
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r_t.o accommodate increased WOD and still maintain safe landing operations. These 1

methods are:

1. Delayboundary separationfrom the deck of the carrier by use of suction
techniques. The recduction of the boundary layer thickness aft of the carrier ramp will
he proportional to the distance between the bow and the suction section. In figure
10 four dashed lines (1), (2), (3), and (4) represent suction locations. At present
operating WOD, no suction devices are employed. With increasing WOD number
station (1) {8 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
thereby control and regulate the boundary layer profile,

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

and control the vortex patterns aft of the carrier.

A major contributor 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
m.rkedly increase. Effects of the island, deck, and hull design upon wake pro-~
perties will remain essentially unchanged with increasing WOD, beyond a criti-

il speed,

1, MEASU l{l'IM ENTS AND EXPERIMEMNTAL PROCEDURES TO USE FOR
EVALUA I'ING FUTURE AIRCRAFT LANDING CAFPABILITIES ON AIR-

CitA 11 CARRIERS AND MODELS AS A FUNCTION OF WOD

At the bepinning of this section (paragraph A), an estimate was made of expected
Emding characterlstics for 50 knots WOD. This was predicated onalinear assump-
bion that has no experimental justii‘cation. Also, on the hasis of experiments
carrvied ont In wind and water tunnels, it I8 not possible to make predictions

ol wake properties due to a lack of correlation data and analysis, questionahle

scealtng Lactors, and because no data were obhtained that demonstrated changes with
mereasing WOD, T obtain a reliable index of scaling factors and to correlate the:

seomelry of the aleevaft carrier with the dynamic wake parameters, meanure-
l_m-~ntn ut ominimum of two ditferent WOD conditions are recommended. ]
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r_'l‘urhulcnce is u statistically non-stationary property in both position and time, and —l
has both a zero cross~-correlation and auto~corralationfunction. This is equivalent

AND+NAEC.2455(REV. 7-61)
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to "white noise', as used in Information Theory, which indicates that the dynamics

of the fluid cannot be related to any other phyeical process within the system
(references 43 and 49). On the other hand, steady state flow fields are relatad to
geometry of the model. Experiments on full~size aircraft carriers and scaled
models have not heen carried out with the objective of eorrelating experimental
flow fleld 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-correlationthe experimental data taken at two
different times in the same location should be multiplied and then integrated over a

glven time interval. These functions arc.

R)}:’ = %‘jnZ(t)[;(ffAf)c/t
T
R’)Lj =~TL'1[f4. (f)}c'y (f'f"At) df

where Ryy and Rxx are cross-correlation and suto-correlation, respectively
(see figure 11}, In the experimental progsam Tew data within the wake will be
compared and correlated with flow characterisii.s abcve the carrier ramy,
along the ship's hull (particularly in the aft portion where stror.” cortex ~~tien. sre
anticipated, reference 5), and in the vicinity of the island. Thoyhyaion: =y <
meters to be compared are velocity flow vectors and dynamic pressuie rutics.
From this experimental data the power spectral density distributions can be
obtained, Steady state and vortex data must be clearly differmntiated from the

Muetuating turbulence data,
f. Tunnel Study Program,

Previous tunnel tests were performed to study the turbulent propertics
along the airceraft glide path and t. investigate methods for reducing the effects
of this turbulence upon aircraft performance and, more recently, to use these
data s predict the turbulent properties at higher WOD velocities, In general, this
accumulation of experimental data has contributed ittle to the overall under-
stunding ol the turbulent wake properties and indicates either that the exper-

mental procedures and the corresponding data evaluations ave in error, or that

L -
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re-evaluation of the required measurements be made to determins which are

pertinent to aircraft nerformance.

In a previous section emphasis was directed to the fact that within & laminsr do-
main the boundary layver thickness decreases with increasing Ne up to the crii! ;2!
Ne. With increasing Ne, the boundary layer increases in thickness, turbulen- 4

ensues, and the intermittent portion of the boundary layer w!ii change.

Alrcraft carriers are operated at very high Ne which are impcssible {c 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 the
body, the increase in fluld velocity has no effect other than to move the vortex at
a faster velocity downstream. Thus, it is concluded that beyond a givan Ne tha
turbulent portion of the wake is unaltered except for its {ree stream vzlocity. i~
creasing stream velocity will seriously affect the heignt and thickness of the

houndary layer and the properties of the turbulent aspects of this region.

a. Smoke Tunnels, Attempts at visual observatfons, in comhination with

simple flow fleld measurements of the intermittent boundary laver should be made
prior to initiating any extensive wind tunnel experiments and aireraft carcrie
meagurement programs. The simplest method by which this can bs acoem-~
plished Is with the use of a three-dimensional smoke tunnel capable of woridng
with two ranges of wind velociies. The velocities are to be approximately 2, 10 and
2ileetper second, which will give equivalent Reynolds numbers of 210,000, 300,009,
and 600,000, In order to Improve the data evaluation the folivwing instrumenta-

tion must be incorporated:

(1) Motion picture camera moving at a rate of up to appruxi-
mitely 50-100 frames per second. This is to be psesd in

combination with a svnchronized puised ilight sowrcs.
() lHot-wire anemometers, preferably cross tyge.

(%) Mechanlcal assembly for pitching the mods' surcier ahout ity

coenter of pltch, A full-gc¢ale carrter wiif have a maximum
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r pitch amplinude of approximately &.& radigx per secvnd. To i

obtain ax sqeivalent Sirovhel nimber for 2 5-tpst madel a8 com-
pared (¢ 1080~feot carrier, will require that the model e
capabiz of oscillating up {0 20 cyciea per aecond, »ith ar
amplifude of £ 1 degree. Heaving motions of the carricr are
approximately 15 db greater than that of pltch and are approxi-
mately the sam ° {requency {reference 10). Coasiderstions
should be giver .o incorporate this motion with pitch after 8
satisfactory demensiration has been accomplished of tne

influences of the pitch dynamica.

(4) Multi-channel strip chart recorder. Simultaneous recording
of hot~wire anemometer data and dynamic motion of model
cerrier. Because of the high turbulent osciilations, the standard
nisechanical recorders are not to be considered. Optical galvan-
ometer recorders, useful to several hund-ed cycles per second,

must be used,
(3} Thermocouple ior measuring 7as stream temperature,

Measurements and observations should be taken «t diziances ecuivalent *9 125,
250, sG0, and 1600 feot beyond the ramp, In the plane of the yl.de path, and per-

rendicuiar te the {leor of the tunnel,

b, Wind Tunnels (Reference 50). After satisfactorily de.renstrating

the inteemittent properties of the houndary layer and ine influence of %nip's
dynamics upon the position and time distriiut.ons of the flow {idds, = quantitative
program should be carried out on targer size models (approximately 10 feet) with
hivher wind velocities, The primary oujenrtive would be to determine the physicil
aapects of the boundary layer; the second objective would be the determination of
the Muto properttes along the glide path. As in the smoke tunnel tesiing, two
dilfervent wind tunnel velocities should be investigated, Wind velocities of 80 and

120 knotsa are recommended,
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Tiw Inttial 8ef . n.cgsulensnizs 33 be mede cn the gisns pesyendionias o the
rannel refarence piane ang passing throvgh the gilde path st a dietancs aquivalent

ko 123, 258, 506 . ! 100G feet bevord 0o rarmp. Appri¥imaieiv fout seis of mea-

guraments ara to he ohiglnad &t ¢zch of these distancag, All measscemexts are

to he ~ads above the | . ight of the deck. (n ofder i¢ cuiatn correlntios mecive~

A !
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ments s 9rsl erose € hot-wirs anemometers muat 6 Read sirouilensotsic In
both the wake . elther ow. or around the carrier modsl. Feor sisady stzts flow
figid §~.eatigations, plict-statle tubes must he uged, From the stesdy state data
the root-mean-sguare valocities ¢ be obtained. Thise will be compared with

the root-mean-agvars veloelty measuremants of the hut-wire inemometars.

Data must be recorded on magnetic ¢{ape in order to cosnpuws both the spectral
power density of the turbulent flow and the cross- and auto-carreiation functions.
Optical real time recerding should be used during the sxperiment as huth an aid
to the experimenter and as a checkonthe éualltyofthe {nformation on the magnetic
tape at the time of data analyses. Maasurements are to be concentrated on ob-
taining the profile of the intermitient boundary layer as a function of different

wind velocities and of carrler pitch and heave dynamies.

To accominodate a 1/144 to 1/100 scaled-gize model on a reflecting plans, the

wind tunnel size should be appro:imately 5 feet by 7 feet. Provisions are o be

incorporatad onto the model so that ths dvnamic motions of pitch and hesve can
be introduced. To match the Strouhal number of the carrier, attempts should be
mie to vy the ueclllations of the model up to « max{num frequency of 40 cycles

per second.

Water tunnel measurements a-e satisfactory for evaluating the gencral pattern

ol How flelda, but, because of 1.-strument limitations, turbulent data have not been

WA, T T

ohtained, When proven instruments, such as hot film anemometers, are avalluble

1o easuri- the turbulent properties, the measurements should be carvied sui

using both water and wind tunnels. The major advantage of the water tunnel is
thai the flow patterus can be photographed with high tintensity shost duration

Hght tlashes, siinllar to the process us-d for smoke tunnels.
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Turinel medsurement deta reduction differs from carrier measurements in that
the {requency responses are considerably higher, This rulea out the use of time~
division muitipiexing procedures. Data acquisition must be done with frequency-

division muliiplexing.

2. Full~Size Carrier and Wake Study Program,

a. Carrier Wake Megsurements. The daa to be taken from the full-

N size aircyait carrier will conefst of movabi¢ and stationary probes that contain
) both flow and velocity sensors, Information recef .d will be time~stationary;
: * j.e., all msasurements will be made at the same time relative to the ship, and

thersfore compleie correlation analyeis of the f13id dynamics can be computed.
Measured dat: obtained within the carrier wake may or may not be position or
time slafionary, lioe atationary duta implies that many measurements in the
ramp must be accomplisn< sinivitaneousiy. Therefore, at every position in the
wake where a measurement is ratulired, a zeliccpter must be available. For ten
positions, an equal number of aircraft will be required. Such requirements are
unfeasible, To fly an instrumental helicopter thecugh the wake will give mea-
surements as a function of position and time. SBuch measurements cannot be
readily correlated, This is evident upon inspection of the Pows; Spectral Density
distributinn of the velocity turbulence (Appendix B ¢f reference 10), The critical
s utoff frequency s approximately | radian per second (6.28 secowis per ) 2volu-
tion). In order to obtaln reliable measurements along the flight path, all
measurcisents should be taken within 0,628 second, For adistance of 1400 fest
thiswill requireavelocity of 3000 feet per second, The carrier wake measurements
st therefore be carrvied out to insure that the relative position of the probeis the
capcier remains hixed  According to the cutoff frequency response of 1 radian
1+t svaond, within the turbulent flow, tl e estimated {ime at sach location should
e 30 geconds. This time duration wili enable a better understanding of the

E

E séeady -state versus the turbulent properties, The instrumented package at
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rthis location must be confined in a volume that will not change mcre than +3 feet —]
in any direction during the measurement time intervals. This dimension is
det2rminad by the scaling factor of 1/120 for the wind tunnel testing wherein the
size of the pressure probe is 0.23 inch dlameter. The helicopter carrying the
sensor rack must therefore malntain its position relatively fixed with respect

to the carrier. Figure 13 depicts the recommanded measuring system.

Several problems are eacountered in attempting to iix the rack's position with
respect to the giide path. One of the possible con’igurstions is ‘o use the PLAT
system and an optical range indicator to fix the position of the rack along the
glide path. The difficuity with this approach s that a displacement from the
desired position will require hei‘copter corrective action of either transiation,
pitch, or vaw. Roil motion is evident by observations of the horizontal and
vertical portions of the rack. In most cases a combination of corrective
maneuvers is required. Since rotational coordinate system: are ant{symmetric,
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 system
is set at a prescribed angle to the deck for accurats positioning of the helicopter,
the displacements of the instrument pane! by pitch and yaw cannot be deter-
mined unless the PLAT systeni s capable of bettar then +3 minutes of resolu-
tion. If .. o optical eange instruments are set within a few feet of each other at
Bt «Hq!-mcf- Do [rom the totuchdown polnt &) deslznated vertical angles ¢0R and
[ "0 to the deck, both the helicopter and rack can ha accuralely positioned,

Angles are glven as;
-

- i

= i

Yo T tan g/ (2164

[ cos®7 Da/03 ,f

-8 a "’0/2
Pon '1, - J’/D&-

12 and H deslgnate rack aid helicoptsr; wh ef‘

= X {a the glide angle between the deck and the rack from the ED polnt,

éaﬂ + t/C _I

Dy, is the harizontal distance from touchdown to the rack, and I. the dlstance

from the rack’s center to the helicopter's center of gravity. Translation of
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r.the helicopter's position is corrected from its optical range indicator and helf- ‘—'

copter rotary motion from the rack’s optical range indicator. Wken the rack's
position has heen fixed,f.e. + 3 feet, recordings of data are initiated stmuitaneously

on both the carrier and the helicopter.

In the previous section a concept was formuiated in which it was concluded that
both the boundary laver distribution und the turbulence properties had to be deter-
mined. The above helicopter measurements 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 separ~ted by approximately 10feet. Locatlions

aft of the ramp are to be approximately 125 feet, 250 feot, 450 foet, and 1000 foet.
Measurements are to be taken at a total of 12 positions aft of the ramp.

Transducers on the rack are similar to those to He used on the deck and around
the hull of the carrier. Figure 13 is a sketch of the bbdiicopter carrying the in-
strumented rack. The rack will carry flve transducer-assemblies. Eight mea-
surements are required per assembly for a total of 40 measurements for the

entire rack.

All data are to be multiplexe¢ onto multichunnel magnetic tape from which infor-
mation {s then both recorded on standard strip ehart recordsrs and computer

processed for correiation data and power spectral density analysis.

h. Meagurement of Flui¢t Dynamics on Full-Size Carriers. Measure-

ment of flew sharcacteristics around the carrier can be accomplished by {nstalling
sensors aiotind the hull and on the deck as shown In figure 14. Data from these

sources will consist of the following messurements:

(1} Four for cross hot-wire anemometer
(2) D'wo for sensor location
1) (ne for temperature

() One for humiditv
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r For «:2 transducers the number of measurements required will be 336. To these

must be added carrier roll, pitch, vaw, ar:d heave. A total of 340 measursments

Is requirced for the carcier.

Measurement close to ramp ¢an be accomplished by v3ing an extsndable tripod
supported at the stern of the carrler {figure 15). This can be designed to mea-
sure the fiow field to a maximem position of approximately 75 feet aft of the

LR i ,l.‘q,l:’hv gl

ramp.

) o
e e 6

1

A total of 348 meusurements is required for flow measuremsnts around the
: carrler ard within the wake. To fulfill the requirements of the Shannoca-Hartley
- Information Law, approximately four measurements must be mads within the

cvcle at the highest frequency. A frequency of ene cycle per second requires a

‘I,,”,:h(‘}yu‘ el t ‘L"‘“;r‘ i ;l‘m‘“fh‘l“ ‘.!q[ n““ul o 'llll‘l‘v gl

mintnum number of four samples per second per data point. For 348 data points
the sampling, or multiplexing, rate is 1392. An eight-channel magnefic tape

recorder will use one channel for time synchronization; another for general

A

ki

purpose information, such as instrumentation rack position, materological con~

il

it

dition, aircraft carrier dynamic conditions, etc; and six channels for mult!-
plex data at a multiplexing rate of 232 samples per second.

‘ K
R o

‘The ahove transducers on the deck and around the hull will give data wit:{,; the

wurbulent layer. To obtain the boundary laver distribuilon, one instrument
assembls on an adjustable length mount is required. This will be used to probe

L {or the boundary laver contour around the carrler. Indications are that this

g o

laver can extend 30 f2et above the deck. Since these measuraments are not

Wi

far correlation analysis, this experiment need not be run simultaneously with

any other measurements of the program and can be simultaneously recorded

i Ll on magnetic tape and strip chart recorders. Because of the simplicity in ob-

taining these boundary distribution measur ;ments, it is felt that, If this phase

is Inltially carried out, a clearer !rnsight cau he made of the conceptuai plature
ol wake propr rties prior to proceeding to the use of the helicopter. Power

spesetral analysts will be required for all measurements,

L J
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¢. Helicopter Instrument Rack Assembly. To measure the flow pro-

perties within the carrier wake will require that an instrumemsted rack, supported
from a helicopter, he maintained within a fixed position. If the distance botween the

helicopter and the instruniented rack is not sufficlent, the rotor's downwash will
alter the local flow fields around the rack. Figures 16 and 17 tllustrate th.s 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 rauc of 6,98, the separation at hovering conditions must be grsater 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 mintmum estimated forward speed of

25 knote, the separation must exceed 31.5 feet.

A preliminary aralysis made of ar aerodynzmically shaped pod, with mounted in-
strumentation probes, towed by a helicopter with the aild of a 40-foot leng cabls
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 thc motion of the pod becomes
increasingly divergent. The helicopter would then be required to execute large and

difficult maneuverings in crder to maintain the pod's position, Combined with
these swaying mctlons are the vertical gusts that will also affect forward flight.

These gust actions would divert the helicopter off both the vertical and the
azimuthal path,

If the pod ~onfiguration {s 3 feet in diameter by 15 feet long, the lateral or side
area would be app-oximately 15 square feet, The dynamic pressure for a 50 foot
per second wind s 3 pounds per square foot, and this pressure will generate a
stde force of 135 pounds on the pod. For this condition the sway angle will be:

.. ~1] Side Force .i ., =11 135 lbs,
st Stle Force 3 -1} 130 1be. §
{n {;‘.rnss Weight| >0 [:%ss ibs.] 7 degrees

This will glve a sway distance of 21 feet for a 40-foot tow line,

L.
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- [Ti+ control system would be able to stablize this type of motion. It {s therefore |
concluded that any towed object would not be feasible for this application,

However, the use of a rigid frame design (shown in figure i8) would be feas’ble

for stabiiizing an instrumentad rack, and the stability weauld be determined by the
helicopter’s stability control capabiiities. This frame concept would use a rigid
bom extending 30 to 10 feet from the bottom of the helicopter. Several fGrms 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 abeut 6,87 pounds per square foot, For a 3-inch-OD
tube the wind force on the tube wiil be about 1/2 of this, or 3.31 pounds per square
‘. foot. The 6-inch rigid bool. proved to be tooc heavy and it has too high a moment of
o inertia. The 3-inch tube will have appropriate inertia, but its radius of gyration is

too small in columnar action,

a———y
L ——

p

In view of these difficulties, the initial concept of the suspension structure has been
changed to vne where the grid suspension member {s subjected only to the tension
o due to the weight of the grid and its instrumentation znd to any beam action due

] to transverse wind forces. allowingthe suspension member to pass through a

. pivoting collar having a hole with a clearance of 1/64 inch between suspension and
;ﬂ ring will elim{nate the buckling tendency of the hoom. The collar in turn will be

secured to the helicopter body by an A-frame. The collar will not support the sus-

Bl oA

pension member {n the horizontal plane, but, because of the slip fit {n the hole, it

gy

canpot impose an izl “oad on the boom. The concept {s shown In figure 18, This

figmire shows the A-frame supporting the grid structure and the pulling chords for

PIOp—_,
(TS

positioning the entire assembly under the fuselage of a helicopter,
Preiiminary assumptions made for this design are as follows:

(1) Critleal frequencies of vibration of the helicopter will have no
effect upon the structure,

(&) Critical stre-s points of the helicopter are known so appande!

sl

structures can he adequately supported,
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r'l‘he moment of Inertin of the frame sssembly is approximately 350 slug-feet
squared about its point of attachment, and 1.28 slug-feet squiared about its center
of gravity. The instrument frame, which weighs apr-~ximately 10 pounds, has
moments of inertia around the A-frame attachment of 500 slug-feet squared and
9 slug-feet squared. Total J for the complete assembly {s approximately:

o | X ik 4 |
L S G b I SR A W e

———

-

J‘_ = 830 slug - feet squared

-

Jx = 10.28 slug - feet squared

For the hellcopter the cerresponding values for the moments of inertia are

I '

appreximately:

= 27,500 slug-feet squared

.,:“ !
[

0

5900 siug-feet squared

“ "
RSN i o

1
Gt "cd‘

23,000 slug~feet squared

z

AL Py I
iy

Since the ratios of 3}"/ J, and 3"/‘]:: are large, the frame assembly will have very
little effect upon hellcopter stabllity, and the positional accuracy of the instru-
ment frame will depend up~~ the stability of the helicopter and the ability of the
pilot to maintain a fixed relationship with the aircraft carrier. (See references

.1 through 53.)

The position of the helicopter with respect to the carrier will be accomplished
with a combination of the two Optical Range measuring syvstems and volce
communications. Recording systems on the carrier and helicopter must be

T time-synchronized in order to correlate measurements.

d. Transducers, An {nvestigation into the varfous methods for deter-
mining the velocity vector at prescribed locations {n the turbuleat wake and
araund the carrfer has been parformed. The application of existing instru~
mentrtion with known accuracy was of primary concern. Of the varicus devices
avaflable for the measurement of fluid flow parameters needed for velocity

dotermination, the pitot-static tube and the hot-wire anamometer are the most

promistng, The jollowing lactors were also considered: methods for adapting these

L J
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devices to the measurement of velocity, an evaluation of each method, and
the determination of tte most suitable method.

(1) Pitot-Static Tube. For flow data that must be obtained
for a carrier operating at speeds betweea 30 and 50 knots, a pitot-

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

to be oriented into the main velocity direction. Thig veloeity vector orisatation
of a spherical-ended pitot -static tube can be misaligned as rauch as +20 pe -~
cent before the accuracy of the measurement becomes seriously affected. In
the turbulent stream, where the velocity vector is random, the pitot-static

tube must be continuously directed into the stream line. Stmultaneous read-
outs of both position and pressare differ2ntial must be made.

Figure 19 shows the concept for a pitot-static tube mounted in a gimbal system.
A differential pressure transducer i3 used to measurs the diffe:ence between
the dynamic and static pressure. Fo: the carrier walid measurements, the
tube coefficient is taken as 1.00 and compressibility effects are neglected. The
stream root-mean-square velocity is given as [2 A%] % , Where B
is the transducer reading and f is the local air density. (See referemoes 54

through 58.)

It should he 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
iz that resulting from the turbulent fluctuations that occur with the moving
medium. The turbtlent fluctuations have velocity vector component« of /y ,
?.;';‘, , and UF? with an average value of zero. For a mean flow inthe X
direction, the fluid velocity components are respectively V+vy , Uy ,
and _,} . Pressure messurements are the squate of the root mean-square of
the velocity. For incompressible fluild flow the pitot-static tube pressure

measures:

pus prdevies a5
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and the static pressure is:

Ps= Pa"'fl.f [m”‘-fl/j‘_].

For isotropic turbulence E?xi . 7;2 . }:. equal N7
C

Dynamic and static pressures are reduced to
Portor ¥ PV*+Z £V 2
Yo=Poa £V 2
The pressure difference measured with the pilot-static tube is:
Se-yevalia Yo
and the dynamic pressure ratio is:
When turbulence is considered as a statisticul ensemble of eddies of different
sizes and of different phases of rotation, the probe’s performance is further
affecte:dd., Small aize eddies result in little or no correlations at the orifices,
and, therefore, the static pressure reading will be high. For large size tur-
bulence, the pressure at all ports is the same, but the tube axis will hbave a flectusting

anple of attack with the gne fiow and the pressure measurement will be low. The
previous equation {s then modified by inserting aturbulence correctivefactor, ﬂ :
- . 1 2 v 3
AP T VTP }
where
(Sm.! scale turbulence) 1 & D & 3 (large scale turbulence).
Since both the scale of turbuience and ita direction are unknown, the mechanical
support shown in figure 19 must be a gimbaled arrangement so that the probe
can be directed into the strezm. This instrument cannot be used for tunnel mea-
~urcmoents because both the scale of turbulence and the nature of the fluctuations are
not known, For carrier measurements the turbulent acale factor /5 can

in- 3¢t ecqual to unity, The gimbaied system must have a critical
«utoff {requency of | cycle per second. Severe oscillations in the gimbalad

L
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1

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

r_Systems will complic:te the data reduction analysis., With this arrangement the

irom a plane through the fixed housing frame; that is, the uetermination of left to
right or right to left flow would have to be known ur dete *mined by ~otation of the
instrument before data are taken. To circumvent this problem an elaborate
arrangement of slip ring assemblies in both rotating axes are required.

(2) Hot~Wire Anemometers. To circamvent the difficulties of the

mechanicnl pitot-static tube arrangement, the hot~wire anemometer instrument
is to be considered as the primary transducer. (Bee references 59 and 64,)
This anemometer consists of a fine electrically heated wire, stretched between
two prongs, by which the air speed can be determined through the measurcment
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
heated by a constant current and the speed determined by measuring the resis-
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

H=Ke +e (znKe, fre) '
= Co*C, (f\f)\lz‘

dissipation:

(Constant temperature)

e aid Cp are constants, f is gas density, and “¢" stream velocity. For
incompressible media, where the stream velocity is lesa than 0,3M, the results

ot the hot-wire readings are acceptable for velocity measurements, These in-
struments have a 5~percent velocity error, and since the pressure is proportional
to the square of the velocity, the pressure ecror will be 10 percent. For veloci-
ties greater than 0,3M, the gas can no longer be considered as incompressible,
and H 13 now a function of the gas density. Usual spe  :ations are 5 percent

crror for velocities up to 70 feet per second,
Hot-wire anemometer readings are more dependent on velocity direciions than

L_uu: pitol-static tubes. The effective cooling is a function of angle hetween N
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the wire and the velocity vector. This angle correction is incorporated into
King's equation as follows:

H-C+C, (V)" (5me)*

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

transfer will be expressed as the cosine for one wire and sine for the other. The
ratfo of the two measurements will give the tangent of the velocity vector. Use of
one cross-wire set ylelds information that can be 180 degrees in error. Therefore,
a moving gimbaled system will be required. To eliminate the requirement for a
gimbaled system, two cross hot-wire anemometer sets, separated & small distance
and directly in line with each other, can be used This riethod depends onthe - -
fact that cooling of one cross-wire set is influenced by the wake of the other set,

e AR Xl AR
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1. T "Carrier si.'. Technical R 0, 137-2;

Systems Technology, Inc; February 1967.

The objeotive of this study was to provide amsigalytic 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

ittt it

landing system, the pilot-aircraft combinatfon, air wake disturtances, and the -

TR

P landing signal officer, A quantitative mathematiocal description of the complete

pritsln bt

landing process was formulated. Methods are presented for determining

terminal landing errors and resulting operational performance indexes, A

new ooncept {3 described for stabilizing the optical landing systems sgainst

carrier motions, This concept {8 termed "Comgpensated - Meatball Stabilization"

m
DI I "vwﬂl,

(CMS)., This technique considerr the dynamios of the carrier landing system

E elements and the optimization of the computer iogic for controlling the FLOLS

for improved landing performance. Simulator experiments to determine the
potential acoident rate reduction with this stabilization method show that

there are signifionut effects related to the alroraft's iift-curve slope {Cy_).

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

manual and automatic control were delineated,.

A description {s glven of the carrier air wake hased on extensive data re~
sulting from tunnel measurements, Carrier landing accident rates over a 10-

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

by b Dol R s

hilities using the FLOLS {s also contrined {n this study.

L d
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r'l‘he nomwinal margins availabie under steady deck conditions and for a perfectly _]
controlled approachwerefound to be an ll-foot clearance of the ramp, 8-feet-per-
second sink rate, and +60 feet in touchduwn poiat. Also, when the aircraft's
‘nertial path is precisely controlled, the carrier's heave motion directly alters
the ramp clearance by a 1 to 1 ratio and changes the touchdown point by a 14 to 1
ratto, Likewise, +1 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 avallz npact velocity margin,

Because of the known importance of the carrier ajr 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 recirculsting-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 idantified and measured

by Oceanics, consist of:

a, Steady-State Burble - A time-invariant and space-stationary oomponent

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),

¢. Carrier-Induced Random Turbulence - The non-deterministic and

uncorrelated afr disturbances resembling gusty air in an cpen environment.

- -




e e a eﬁﬁff”{%?gwmwﬁ;%

:Jl " v‘ﬂk,‘

NAEL-ENG-T467

AND.NAFC. 248§ (REV. 7.61)
- PAGE 56

PLALE nNo. 1196

AR
3

r_’I‘hta pilot-aircraft system responses to random vertical and horizontal turbulence

T 1t O

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

bination with the pilot) that it is 90 percent effsctive in preventing both under-

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

{nput was determined by probability theory, The '"ninety~by-ten" averaige stat

A R O

tistical model for wave offs operates on both potential ramp strike and hard-
landing accidenis, but this model did not influence the boiter rate. The accident

and bolter rates per pass, assuming no LSG or pliot-initiated wave offs, were

g AR g

computed on the basis of Gaussian distributions of pertinent terminal motion

parameters,

M A e

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

N
R

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

and performance capablilities of the FLOLS system. Results were directed

T N Pk

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

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

Utk b o
AT Lt

the iack of turbulenee data,carrier dynamics data, and the interrelations be-

¢ .1 these two parameters,

2, "An Investigation of Means of Reducing Alrcraft Carrier Air Turbulence

TN

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

S s

poration, Blue Bell, Pennsylvania; November 1965,

Existing carrier wake airflow data was analyzed to determine the relative

KR A

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

HATULIAATEN

number of ship modifications which reduce the degree of turbulence were

|_jnvestigated experimentally and analytically, -
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Wind-tunnel tests were performed with the CVA(N) 19, CVA 41, CVA 62, and
CVA 65 carriers, and aercdynamic duta (time-varying velocities, frequencies,
and time-average velocity) were obtained in the carrier wake for the baric

carriersand 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 ohtain 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 resuits of the wind tunnel tests show that:

a, Wake turbu'ence is created mostly by the island, deck overhang,
and hull,

b. WOD directicn i{s an important facter in the determination of the
carrfer wake flow field.

c. Amplitudes of the time-varying fluctuations are of significam
magnitude,

d. Predominant turbulence frequencies, using the Strouhal number for
frequency scaling, ars in a range which could affect the dynamics of the landing
aireraft.

e. The most effective modification i{s a honeycombh screen located aft
of the fsiand,

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

feet aft of the carrier.

L

-
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ra. Seckel, E., Miller, G,E., Nixon, W,B., "Lateral-Directional Flying

Qualities for Power Approach', Princeton University Report No, 727;

September 1966,

Simulated carrier approaches were flowa 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 paitern around the Princeton runway. The glide slope angle

was set at 2.7°, and it intercepted the runway 850 feet from the threshold.

Moderatz natural wind turbulence and the carrier turbulence wake were
simulated, Lateral-directional handliing qualities data in the form of Cooper
rating number and pilot commentary were obtzined for variations {n control
sensitivity, roll damping, dithedral effect, numerator transfer function character-
{stics, dutoh roll damping, and magnitude of turbulence. The data are presented
as iso-opinion graphs of the parameters involved, Turbulence was found to

be a factor of commanding {mportance 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 excited b turtulence,

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

lateral-directional handling qualities for power approach landings cn ocarriers.

- W
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1

r'rhls partioular test concentrated on only one value of dutch roll pariod and
spiral mode time constant. More values of dutch roll perfods and spiral mode

constants are needed in 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 (50); May 19866,

Simulated carrier approaches utiiizing natural turbulence effects to simulate
turbulence response of Princzton's variable stability airplane were evaluated,
Frequency (Wgp) and damping (f Sp) of the short period mode were varied

through augmentation of the Mg and M @ 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 aireraft carrier,

‘I'he tests were conducted with the aid of a Princeton variable stability navion
aircraft, The aircraft was equipped with an extensively modified Mirneapolis-
Honeywell 3-Ax{s E-12 autopilot, The variable longitudinal faedbacks were
sugle of attack ¢<), pitch rate (@), and airspeed (V). When fed into the -v
slevator servo, these feedbacks effectively altered the M., M, and My
derivatives, respectively. The gain between stick motion and surface deflection

wan variable in flight, This allowed control sensitivity (Mgpg) to be an

i
o
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1

raddmonal variable., A race track landing aircraft pattern was flown and in-
vestigated at Princeton's Forrestal afrfield, 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 1 mile out, A 3 1/2 degree glide slope was
maintained using a light-bar optical landing 2id., In order to match computer
response to the navion afrcraft'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 Wgp andfsp, For the phugoid mode,

high destabilizing gains on M and M were necessary to approximate the short
period characteristics of current carrier aircraft. The speed 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 (M4 from the study.

The results i{nclude pilot ratings (Cooper Index scale) versus control seasi-
tivities, Comparisons were also obtained between pilot ratings and proposed
short period criteria., Included in these test data results were proposed criteria
to the currant military specifications for alroraft handling, flying, and qualities

(MIL-F-8785),

Since Princeton's Navion variable-stability airplane is 1imited for longitudinal
simulation of heavy jet airoraft in the power approach flight condition, all the

results are not conclusive,
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rs. Lehman, August F., "An Experimestal Study of the Dynamic and Steady —1

State Flow Disturbances Encountered by Airoraft During a Carrier Landing

Approach", Report No. 64-16, Oceanics Incorporated, Prepared for Office of

Naval Research Department, Washington, D.C,; 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
unJjertaken at Reyrold's numbers higher than those normally achieved in wind

tunnel {nvestigations, Ground piane 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 perfodicity having a direct relation-
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 occurriag

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 metions.

Roll motions of the carrier have no significant influence on the flow disturbances,
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The flow disturbances occurring from the deck and those cccurring from the
{sland tend to merge into a single major disturbance in tiz 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, August F.,, "Some Cavitation Observation Techniques for Water

Tunnels ard a Description of the Oceanics Tunnel", Cavitation Research Facilities

and Techniques, Presented at Fluids Engineeriug 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 zircraft carrier, are given for Oceanics Incorporated water circulsting
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 6.004
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.
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. Cantone, A,, "Smoke Tunnel Studies on Wind Velocities Over the Deck of ]

a Carrier'", NAEL-ENG-T140; 3 Mazch 1964,

The :-7jective of this report is to establish a procedure to be used for measuring
the relative wind velocity of the alrcraft carrier. It invoives a knowledge of the
turoulent flow fields arounc the vehicle, Although the report gives no {sformatioa
that is of value to ramp turbulence, it does {llustrate the variability of the tur-

buience profile at the carrier's bow with differsnt wind over deck conditions.

8, Oldmixon, W.J., Lieutenant, USN, ""The Acquisition, Reduction, and

Anaiysis of Turbulence Data Associated with PA Configuration Approaches to

Carrier Landings", Aeronautical Engineering, Princeton University; July 1963.

Ananalysis was made of flight test data to obtais information representing the
turbulence inputs to the test aircraft. The basis of th» method was the use of
the linearized motion equations for aircrafi, with the addition of certain terms

represanting the aerodynamic effects of the turbulence on the aireraft,

The equations were set up on an analog computer and verified by the technique of
matching transient response flight data. Then, through the use of a feedback
system, the desired turbulence quantities wexe obtained as system outputs.

Inputs 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
analogue was correct. The resulting data appeared suitable for further analysis

tv determine {ts statistical qualities.
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= ' The approach to a carrier was simulated as clossly as possible and included

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 varisble 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,

it

The result of this investigation was that:

W ATy

a. Representations of atmospheric turbulence may be obtained by the

el

it

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 {sotropic

in character,

c. The turbulence in the vicinity of an aircraft carrier is characterized by

« strong “purble™ in the vicinity of the approach end of the carrier deck.

4 d. Based on these results, it is not possible to give a quantitativedescrip-
tiv.s of this turbulence, although it appeared that the character of the "burble" did
! vary noticeably witr changing relative wind conditions. However, the point :t
s tich the ""burble” {s initially encountered i{s a function of the relative wind con-

Jitions,
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rs. Barnett, William F., White, Herbert E., "Comparison of the Airflow —l

Characteristics of Several Alrcraft Carriers", Report 1908; 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 coreelations 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 consist of surveys of local dynramic
pressure at various points in the wake of 1/100 scale mcdels of the carriers

CVA 62, CVA 64, CVA 65, CVS 36, and CVB 41 (references 1 through 6). Fuil-
scaie observations and measurements were taken aboard the CVA 6l by the

Naval Alr Test Center (NATC), Patuxent River. The NATC data consist of

pilot observations. In addition Bendix carried out measurements of wind speed

and direction on the flight decks of the carrier CVA 6l.

Resalts 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 s not very successful,

To optimize the carrier configuration from an airflow standpoint, a wind-tunnel
program could be establ{sFed whereln the effects of each carrier component
couli be {nvestigated separately. This type of testing would utilize various
components from whick carrier models with various hull Hnes, islands, flight

decks, and other features could be constructed.

- -
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rlsolation of the contributing mechaniams of turbulont wake by studying the }

I GG 01 0 W

{ndividual components i{s based omrthe assumption that when two effects are

by

o

combined, the resulting effects are the sum of the individual effects. Studies

s

of interference and diffraction have continuously demonstrated that such is

i

not the case and that very rarely car results be obtained using summation

concepts,

1o. Ringleb, F.0)., "Three Dimeasional Smoke Tunnel of the Naval Air Engineer-

ing Laboratory in Philadelphia, Pennsylvania', NAEL-ENG-6818; July 1961.

A description of the wind tunnel (5-by-5-by-8 feet}, its operations, and its

measurement procedures and techniquez for producing smoke tunnels is given.

A primary limitatior of the tunnels' usefulness is the narrow range of wind welo-
cities, which vary from 3 to 10 feet per second. Thése wind velocities produce
low speeds because Reynolds scaling of superstructure (aircraft carriers} is so
great that similarity can never oe achieved. Also, dissimilarities of the flow
ftelds are not beileved to be directly related to diffocrences in R :yaolds number.
3 (1t should be noted that the author never considers other scaling factors; for

example, Strandel,critical Reynolds, or velocity ratios.

Data are extremely difficult, if not impossible, to interpret. Photographic pro-

;; 8

~edures were neither stereographic nor taken with pulse iilumination technigues.
:. results appeared to be based upon the operators capabilities,and these results

a~¢ =t subject to data evaiuation,

|-
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It is anticipated that in the pust 6 years, considerable improvement in mea~

surement techniques has been accomgplished; if not, this apparatus is of little

£ ‘ E value for turbulent wake analyses.)

1. Ringleb, F.0., ""Studtes of the Alrflow over an Aircraft Carrier', Report

g NAEL-ENG-6923; 7 Septemusr, 1962, Report NAEL-ENG-7019; 4 April, 1963.

The causes of strong turbulence o7 flce over 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 laboratory in Philadelphia

"5 Pennsylvania.

The foiiowing have been tesied: {a) Model of Forrestal :;land, (b Model of

Ranger With Streamlined Island, anv (c) Modeil of Enterprise Island.

These studies furnished the following data: Two basic elements deterinine the
airflow pattern in the environment of an aircraft carrier, namely, the vorte.
fornation when a flow passes over a sharp edge, and the vortex formation
1ecgeiated with the circulation around a body urder ang!.- ot attack, both

phenomena being related to each other,

“he finw passing ove the island of a carrier forms a v (ng tip vortex behind the

-1anG which rotates in one or the other dire:iion depending on the angle cf attack
ind provides the strongest disturbance of thz {low within the landing area of the

‘,; 3 tircraft. The numerous vortices forming at the edzes of the aligmamnd at the {sland
provide furthi, .iisturbances. However, not only the island but the total body of tie

.3 ship contribv‘es to the circulation which mainly disturbs the flow in the stern area.

L _
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From smoke tunnel observations two basic design rules for alroraft carriers can——l
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, Ringleb, F.O., "Smoke Control Studies for CVA-59 Class Aircraft Carrfers"

Report NAE}.-ENG-6399; 28 May 1958,

Qualitative sxperimente have been carried out to find a means by which smoke
enuinating irom stack of an aircraft carrier can be nrevented from flowing down-
»ard and disturbing deck operation. it was observed that the sharp edge of the
smoke ntack creates a rotating vortex behind the edge winich 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 o remove a vortex from a fixed position is to direct an atrflow
around the boundary of the vortex in order to blow the vortex away from its
p ~ftlo=. In the case of the smoke stack,this can be done by surrounding it
with a pirabolic shield which is open toward the wind. The air entering the
shie.d flows around the smoke stack,and the air is blown out at {ts rear in an
upwarc direction blowing away the vortex which otherwise forms behind the

rear edge of the smole stack.

* second method consists of a flat plate placed above the smoke pipe. A

vortex 1s then formed behind the lower edge of the plate, The vortex draws
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r;he smoke and the air behind the smoke stack upward and removes the original B
vortex due to the fact that vortices whlch rntate in opposite directions attract
each other. The newly created vortex is trapped behind the plate,and the original

vortex can be removed in the upward desdt.

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 described

flow contro! principles.

13. Hoover, C., "Carrier Airflow Analysis CVA-66 Glide Path Studies",

BUWEPS WEPTASK RSSH 99-008/200/8.

The three-dimensional smoke tunnel of the Philadelphia Navy Yard was used tc

evaluate the flow fleld along the aircraft glide path.

Conciusions, that were obtained by the author for carrier design recommendations,
such as isiand removal, rounding of decks, and movable flaps, are conclusions

which are not based uznn any experimental demonstration that can {llustrate the

effects of the above parameters.

i4 Hoover, C., "Carrier Airflow Analysis Smoke Tunr.el and Full Scale Com-

parison of CVA-61", WEPTASK RSSH-95-008/200/9, Bureau of Naval Weapons;

I June 1961,

The purpose of this report was to obtain a correlation of flow fields between the
atreraft carrier and smoke tunnel mordels of the carrier. Deck measurement

L_(:umparigons were the only tests made. The data comparison was that of _
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1 1xrity of flow fields and the reference measurements that wer2 carried oui

~+enrlix Aviation Corporation aboard several different types of aircraft carriefs

' time these e*periments were carried out, there was no desire among per-
ir: this fleld of studies to rﬁake correlation data comparisons and spectr.l
In lieu of this the author is unaware that the turbulence problem is a
time fluctuating phenomenon that cannot be studied by the procedures used

the smoke tunnel.

' Hannegan. E.A., Badger. H.J., "Optimum Wind Over Deck for Shipboard

neoovery Operations with Carrier-Based Airplanes', PTR-RS8SH-31003, Naval

2t test Center, Patuxent River, Maryland; 1 February 1961; Final Report 21

“*vflow disturbance aft of the ramp and in the landing area is one of the most
...»ificant adverse influences on the pilot's ability to make a precise carrier
-erouch and landing and is primarily affected by the Wind-Over-Deck(WOD).

;.8 were conducted on board USS MIDWAY (CVA-4l), USS RANGER (CVA-(}),
Uy HAL SEA (CVA-43), and USS SARATOGA (CVA-€0) in order to determine
v atimum WOD and to evaluate the significance of variation from an optimum
.. «amding parameters such as approach speed, sinking speed, off-center

.« . und bolter rates.

1 sty were carried out with the following fleet squadrons and model airplanes:

«leet Squadrons: OOQ\; Model Airplanes:
o
vy Q@};\@' FJ - 4B
éh A4D - 2 2
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Fieet Squadrons: Model Airplanes:
VA - 125 A4D - 2
VAH - 123 A3D - 1/2
VF -121 F3H - 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 39 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-

I
il AT ST

it

sentative sample of quantitative data (207 landings) for WOD values of 25 knots and

I

35 knots. Each pilot and airplane combination was maintained throughout the tests

i,
J—

in order to provide a statistical comparison betwveen a 25knot WOD with a 3 1/2-

it

degree glide slope and a 35-knot WO with a 4-degree glide slope for the following

e

i
W

G

airpiane landing parameters:

a.. Approach speed

g Ao

L. Actual and theoretical sinking speeds

¢. Off-center distance at hoth the ramp and at touchdown

foil i i

«. Actual ana theoretical touchdown distances from the ramp

e. Main gear to ramp clearance

f. Roll angle at touchdown

All data for the above parameters were obtained from camera coverage of the
landing areua. except for airplane approach speed which was obtained from tt e ship’'s

vadar,

L J
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r-:\irﬂow disturbanc > aft of the ramp, or "burble", is generally described as a down-—‘

draft of varyving intensity immediately aft of the ramp. followed by a resultant up-
draft ¢ varying and shifting location in the vicinity 1000 {eet astern. Airfiow
disturbances in the landing area are caused by the relationship of fixed and
variable factors. Ship design characterisiics vary considerably among classes and

excrt a =ignificant influence on the air mass through which the pilot must fly .

Test resuits show that for a given magnitude of WOD the airflow in the landing area
is steadicst when the relative wind direction is parallel to the angled d.ck center-
line  Airflow conditions in the landing area improve when ihe magnitude of the

WO is reduced.

The “"burble” aft of the ramp becomes stronger when the magnitude of WOD, the
imgzic hetween relative wind and the angled deck centerline. and natural wind

component increase.
the resuits of these tests were as follows:

« P rom the pilot's viewpoint alone. 25 knots WOD for all jet airplanes and
Ls nif- MOD for all propeller airplanes (WOD parailel to the angled deockcenter-

finet is oplimum

b, For jet airpiane recoveries. a i !/J-degree glide slope is required for
2% hnots WOD while a +degree slope is required for WOD values In excess of 30

RNOLE,
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¢ For propeller anirplane recoveries. a 3 1/2-degree glide slope is satis-
factory for 13 knots WO, while a +-deyree glide siope is satisiactory for a 25
knot WD
‘i nis 1~ the only report available that - learly demcnstraies the effect of turbuience

upon the aireraft!s performance as 2 function of wind over d~ck (WOD).

) bl e ly I " i) | T i
Gl R R B e i il

1 Corcos G.M.. Svimposium of Measurements in Unsteady Flow. Nationa!

0

.
Uit

Science_Foundation. (\SME Meeting - Worcester, Massachusetis); 23 May 19t 2,

e purpese of this syvmposium was to present the state of the existing knowiedge

ind ~ome recent developments in the techiiques of unsteady flow measurements

P A P e T

hi~ paper discusses the measurement of the statistical properties of turbulent

AR

pressure fields and dictates that flow and measuring equipment fulfiil a ceriwin :

iy

m
il

nimber of requirements. These requirements inciude the isolation of the iocal

fiow picssure field of interest from other sources of pressure fluctuations and

Bl IR iy

trom radiated noise. The sensitivity of the measuring equipment to other sign:zis.

such s vibrations and linearity. over a wide frequency riange is also required.

AL

il

‘The most fundament.! difficulty attending the measurement of pressure, withir

turhulent fiow {s that it is difficult to introduce a1 probe in the stream without

altering the velocity and the pressure fields. In a steady. locally uniform stre.n:

i~ relatiselv easy to ensure that the static pressure 21 the hoies is equal tc the
~iutic pressure of the stream once the pyobe {8 removed. But, for a turbulent
‘iow ihe instantaneous velocliv g 4 vector whose direciion and magnitude chanze

¢ andom. ~6 that the probe instiant: neously experences a1 cross-flow which wiis
¢ s ulditional pressure field. The relative order of magnitede of this effect

H
Ld(-;wn-!s on the probe geometry and on the scale of the turbuignce, —
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In pressure measurements another problem, although less fundamental but {m- —]
portant nevertheless, is that of vibrations. In a turbulent flow, sources of excitation
thound,and the result ix usually @1 very large signal due to vibrations.. In the case
ol a statistical pressure proble. since it is a cantilever structure required by
aerodvnamic considerations to be slender. it is therefore not very rigid in = strong
vibrating flow. Good pickup response can be achieved with piezo-electric elements
(for transducer faces directly in contact with the pressure field) up to a frequency

equal to perhaps two-thi. ds of the first natural frequency of the element.

Velocity fluctuations in unyv tlow field produce pressure fluctuations. Turbulent
pressure fluctuations are random functions of time and space.. Some quantitative
information is presented. Finully some of the results of measurements in the
tully turbulent tlows of uir in u pipe are presented as an illustration of the tech-

niques discussed,

i Lippisch A M. “Flow Visualization in Two and Three Dimensional Flow

Fields by Use ot Smoke Filaments”, The American Society of Mechanical Engi-

seers Symposium on biow Visualization; 50 November 19¢0.,

Ches paper desceribes e construction and operation of two and three dimensional
ﬁ.'nkz- tunnei~  the s stem used today to produce the smoke has smoke generator
where the oi s soiked ap by wicks which are led through heating coils. The use of
ot smoke s the advatage that the lines and thin tubes are kept open and can be
~leuned easily - Model dvnamies can be incorporated into the testing facilities
rotemonstrate wtions of propellers and the influence of the angle of attack

apon tlow Helds

Best Available Copy
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r 7

A fluld, whose flow potential iz kmowsican be used to determine the theoretical

R """..‘ns;‘

course of the stream lines. It {8 then necessary to transform the flow potential.

Observation and photographic recording of the flow patterns are all that i{s re-

it sl A

quired to indicate the course which an investigation of a special problem should

follow. Since most theoretical ti-eatments of aerodynamic problems require

A b

some simplification to obtain a useful solution, the flow observation indicates

in such cases which terms of the analytical equations can be neglected.

BRI

Boundary layver phenomena with low turbuience have been «bserved in three-

ki

dimenstonal smoke tunnels.

il
b

18, White, Herbert E., Blalock, James, E., Foster, John J., Anderson, Arnoid

W.. Nickols, Frank. A.. "Wind-Tunnel Tests to Determine the Air-Flow Charac-

1 teristics in the Wake of Five Aircraft Carrier Models'. conducted in the Wind-

Tunnel of the David Tyalor Model Basin during the tire from 1853 until 1959,

Wind-tunnel tests wer made on scale models of various aircruaft carriers in

Rt o b

arder to obtain data in the form of ratios of dvnamic pressures at various local

points in the approach zone of aircrafts to the free-stream dyanamic pressure.

Also, attempts were made to obtain velocity ratios in the wake of an afrcraft

~arrier bv using an {nstrumented tratling bomb which was *owed from a heli-
opter. This full s~ale test was cancelied because the data obtained were un-

- steadv and upreliable. : nd only wind tunnel tests were conducted.
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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 pitot-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
outaide the model's field of influence. The pressures sampled by the pitot-static

tubes were indicated on vertical manometer hoards and photographed for later

evaiuation.
Data analyses showed considerable scattering of the dynamic pressure ratfos
and also these ratios above und aft of the flight deck were flatter than expected.

There was a sharp change in the dvnamic pressure pattern between 10 degrees
and 20 degrees of the crosswind.

The scatter of the data was attributed to errors in film readings. The flattening
out of the curves was assumed to be due to the fact that the airspeed of the air-
craft is much greater than that of the afrcraft carrier. The scope of the test
did not permit a determination of the angie between 10 degrees and 20 degrees

crossw ind which would give the maximum dynamic pressure pattern.

I requency response characteristics of the instrumentation was a limiting feature

for determining rellable wind tunnel turbulence measurements.
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f_ 1§2 Kiellmann T.K.. Colt. R.B, ""Survey Report of Wind Direction and g)eed_'

Across the Flight Deck of the U.£.8. TICONDEROGA CVA 14 (CVA 19 Angled Deck

Class)". Index No. N§ <1-02¢ 1. Contract Nobs 72137 Bendix Aviation Corporation.

Friez Instrument Division. Bultimore. Maryvland; August 1957,

Fifty-six tests were conducted abo:uard the 1SS TICONDEROGA to determine how i

the relative wind velocity differs st various locations on the carrier. Test con-

ditions were chosen to represent wind significant for airceraft operations. helicopter
3 operations. and true meteorslogical wind computations. Data presented show the

reiative wind variations between stations.

It is suggested that the preseni v :rdarm wind detector locst oans are unsuitable for
474 ¥ i

measuring deck winds o1 for computing true meterological wind. Alternate wind
detector locations :ire recommended for optimum accuracy for all operating con-

ditions. The meusuring equipment used for evaluating the winds ai the various

loc:tions on the ship consisted of eight wind detectors and eight recorders.

fhe oliowliny eight st.eions were ~elecied for the installation of the wind detectors:

Station § represenied the ioachdown point for lunding operations.

w1 ~elected ta shserve eddy wind effec: from the isiand

IF R i

¢ Station 5 represented the tahe-off point when a il Linding {s not

weeomplished,

1y A b A AU AR U
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d. Statlons 4 anid 5 represented the catapult take-off points. -‘

e. Station # was selected as a belter position for wind sampling than the

vardarm wind detectors "A" and "B" being mounted fairly close to the island

structure.

[. Stations 7 uand -~ were added to observe the v. ind effects over the bow and

forwrd edge of the angled deck at various heighis above the deck.
All wind detectors were mountcid ~ 1/2 feet above the flight deck except Station 6
which was supported 52 feet above flight deck and yardarm detectors A" and "B"

which were supported &1 feet above fiight deck.

A constant ship speed of approximately 1% knots was maintained and for each 30~
degree course, five minute records were taken for relative wind velocity and

absolute ship's velocits  From this data. the true meterological wind for each

detector of interest was computed,

The test results indic:ied that a1 most deck stations the wind velocity during
the test periods wis not steady and it varted markedlv in both speed and direction.
the velocity varied cansiderablv in direction and magnitude. These variations

became exaggerated by the presence of the island superstructure,

Furthermore, {t was found thit the lociation of the present yvardarm wind detector

iid not give represeniative wind conditions for flight deck operations. Station 6

wiil give the most relfbic relative wind measurementsywhen directional cor -

rection Lactors ire constdered for obluining the correct reiative deck wind
\iso true »ind compatations for relative bow winds would be more

Leiocih B

rither thn the vardarm detectors “A” or "B” would be ‘lSC:ij
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rjl'he data supplied should be considered representative of wind conditions for the 1
CVA 19 class carrier only.

20, Kjeliman, T.K., Colt, I.B,, ""Survey Report of Wind Direction and Speed

Acrogs the Flight Deck of the USS RANGER CVA 61 (CVA 59 Class)”, Index

NS 681-026~-03, Contract NObs 72137, Bendix Aviatior Corporation, Frietz Instru-

ment Division, Baltimore, Maryland; April 1958,

Sixty tests were conducted aboard the USS Ranger CVA 61 to determine how the
relative wind velocity differs at various locations on the ship with respect to

the yardarm wind detector. Test conditions were chosen to represent winds
significant for aircraft operations, helicopter operaiions, and true metesrological
wind computations. Data presented show the average relative wind variation at these
iocations. Measuring equipr:ent used for evaluating wind at various locations

consisted of eight wind detectors and eight wind recorders.
The detector locations were choser and numbered as follows:

a. Stations | and Z represent touchdown points for landing operations,
b, Ytatlon 3 gieed wind conditions at the angled deck catapult take-off

i,

an:! s represent the {orwvard catapuit take-off points,
d. Station 6 was selected as a possible alternate location of the existing
sardarm wind detectors P and 5.

«. Stations 7 and = gaged \ vrtical wind directi-:n forward of angled deck

and the bew,
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All wind detectors w=r- nounted 7 i “? feet above the flight deck, except Station 6 —l
and Stations P and § a=icit were supported 4 feet ubove flight deck.
The resulttng data indfc.ted that the present yardarm wind detectors do rat give
the reliabie data for all {light deck iccuations. The velocity varies up to + 7 degrees
o and :3 knots. The relative wiad is distorted by varying amounts at all stations
) measured. due (o the geomerry of the carrier. Average correction factors may
L be applied to the yardarm wind detectors to determine the relative winds on :
o deck. These factors will vary with the relative wind speed and direction.
- 2% ‘ind Surves of CVA Type Carrier-Final Report”. Nobs-72137,
i NS-831~02¢ -1-213  Frietz Instrument Division, Bendix Aviation Corporation.
Navy Department-Bureau of Shins; June 195 to Maxv 1953. :
this report is a summuar: of measurements carried out on different model air-
i3
craft carriers. Conciusions are that the location of wind detectors on the ships b s
H H
deck z:re unsatizfuciton for cperation use. s
2 Thom, A. Swart P. “The Forces on an Airfoil at Very Low Speeds™
the forces on «n .urioil were measured ai various angles of tack for Revnold's

numbers {rom v 10 6 T hese experimeatis nere underiaken to study the

xenerai hehavior of rioil 4t low speeds. ihe experimenis were mide to

fetermine whatl ciferts Kevaoles Number reduciion would have on changes
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expected in cirulatior. or on lift when the point was reached where viscosity
prevented the formation of eddies. These measurements were made in a

5-inch by 5-inch channel using either water or oil as the fluid medium.

Several arrangements were tried during the course of this experiment,and,
due to difficulties that had been encountered in dealing with these small Reynold'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 Stabflity of Laminar Flow" K NACA Technical Report 909; February

1947,

An account {s given of an experimental investigation conducted at the National
Bureau of Standards in 1940 and 194! 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 tue Tollmein stakilitv theory. The fluctuations

are termed "Laminar Boundary-Layer Osciilations" to distinguish them from the

irregular velocity fluctuations previnusly observed by other investigators.

This present investigation was conducted {n a wind tunnel having a turbulence oi
less than 0.1 percent of the free stream velocity. The oscillations were de-
tected and studied by means of the hot-wire anemometer.

A description {s given of the methods used to proJuce and study boundary-layer

oscillations By these methods the oscillations were found to consist of 2 wave

motion in the boundary-laver., These results wer: all obtained with zero

L. pressure gradient. -
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