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In situ air velocity measurements in the near wakef a Navy training ship are presented
for an inflow of 15° to starboard. This data is required for the validation of ship airwake
simulations, which are used to determine the launcland recovery envelopes for shipborne
rotorcraft and for use in piloted flight simulations. The measurements are taken primarily
above an aft flight deck, which sits immediately beind a step-like hangar structure. A
description of the mean flow structure is included,as well as the Reynolds stresses at
numerous points along the ship centerline. Compasbns are made between the present?5
case and the case of a direct headwind, presentedepiously. Compared to the 0 inflow
condition, the flow symmetry is clearly broken witha cross-wind. The port and starboard
sides of the deck have very different mean flow pfides and turbulent stress components.
An updraft is visible over much of the starboard sile of the flight deck, which is not found
on the port side, or on either side under a headwith Along the centerline, the streamwise
normal component of the turbulent stresses are mucharger in the cross-wind case than in
the headwind case, while the shear components hasieilar magnitudes. This suggests that
the wake turbulence is similar, but that in the cr@s-wind case the flight deck is more heavily
burdened by inflow fluctuations from the atmosphere

Nomenclature

H = step height of hangar immediately forward dftili deck, approx 1.5-m.

R, = normal, streamwise Reynolds stress component

Ryw = Reynolds shear stress component

U = mean velocity in the horizontal plane, meastreh above the ship bow

Pij = two-point cross-correlation function

YP = Nauvy training vessel, 108-ft long.

u,v,w = velocity components in the x,y, and z directicmespectively

X = coordinate along the length of ship, with origirthe hangar face, positive aft
y = cross-ship coordinate, origin at the ship cemesitive starboard

z = vertical coordinate, origin at the flight deakface, positive up

I. Introduction

OTORCRAFT operating in a marine environment musgrface with a pitching, plunging, rolling flightedk,

while subject to turbulence from both the atmosphard from the wake created by airflow over thetngasn
ship superstructure. At present, launch and ragogavelopes for rotorcraft are determined fronalsriat sea,
which require a significant time commitment and pe@tion from the weather. Validated, real-timaidations of
the airflow over naval vessels would facilitate ttetermination of safe operating envelopes, graatliycing both
cost and pilot risk:

The simulation of the airwake from a ship supecttrre is challenging because of a number of faétor

Reynolds numbers based on ship length can Beoiigher, meaning the range of relevant lengiilescis
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extraordinary. The inflow condition is not unifor@nd must include both the mean shear and thelante from
the atmospheric boundary layer. Ship motion pkaysle — both the change in geometry due to shgh@nd roll,
and the linear translation of the ship with respedhe incoming shear flow. The yaw angle ofitt@ming flow is
also variable, and wind gusts are likely to havénagortant role in the overall dynamics.

Because wind tunnel measurements of a ship airypake many of the same challengessitu data for the
validation of ship airwake simulations is requireAn ongoing program at the United States Navald&oay uses
an instrumented 108-ft (33-m) Navy training veskahwn as a YP, to gather data on the air flonhim hnear wake
of the vessel, above a 18-ft by 22-ft (5.5-m by-@)/stern flight deck. A description of the fatyiland data for a
direct headwind has been discussed previously.

For ship airwake flows, flow topology is known ¢hange drastically with sometimes slight changéaséident
wind direction? This necessitates full-field validation data framumber of wind directions, to assess the atulfity
a simulation to capture changes in flow structurd the particular inflow conditions under which skochanges
occur. The data presented here is for an infloat i from 15 to starboard. The flow structure and turbulence
levels are quantified, and are compared to theipuswdata for the direct headwind.

[I. Experiment

A schematic of the experimental facility, YP676skown in Fig. 1. The ship is 33-m long, with dnhflight
deck and superstructure that resembles an ArleigheBClass Destroyer. Air velocity measuremengsaditained
using three-component sonic anemometers, which umeake full velocity vector at a rate of 20 Hz lwihinimal
instrument interference. Up to eight anemometeag racord data simultaneously, with one instruntenthe bow
at all times to record reference (inflow) condionThe ship is also equipped with a GPS data lofpgeneasuring
ship velocity and position, and an inertial measet unit (IMU) to record pitch, roll, and yaw.

Velocity measurements are concentrated above itpet ffleck on the aft end of the ship. Anemometers
mounted on rigid poles at heights ranging from agpnately 0.3-m to 2.0-m above the deck. Data sifipn is
composed of a series of runs, where the ship tteuil at a constant speed (approx. 8-kts) while taimimg a
constant wind-over-deck angle. The wind speed dinelction from the bow anemometer are known to the
craftmaster in real-time, and are used to mairtb@ading during a run. Data is collected in the Sabeake Bay,
where the width of the bay and the prevailing winften allow for runs lasting approximately 30 mis

For the data presented here, lengths are nondioralgied using the step height (1.5-m) of the hangar
located immediately forward of the flight deck. |o@ties are nondimensionalized with the horizomtamponent
of the bow velocitylJ,,. The coordinate system has its origin on the shigierline, on the flight deck, immediately
aft of the hangar. The x-direction is aft, y isstarboard, and z is up. Measurement locatiotiséry plane for the
current subset of data are shown in Fig. 2. Bexabtifluctuations in the ambient wind, the raw damast be filtered
for both direction and speed. All data where threambow velocity is less than 4-m/s is removedsaadl data
outside at5° window of the target wind-over-deck anglel&f from starboard.
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Fig. 1 — Schematic of facility, YP676. Measuremestare taken from the aft flight deck, and from a bav anemometer
located 5.9 m above the water.
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Fig. 2 — Measurement Domain

I1l. Results

A. Mean Flow
Mean velocities from five cross-sectional profiaser the flight deck are shown in Fig. 3. Multiglerows at a

single point indicate different data runs, gengratiquired on different days. Consistency betvwibere data points
show qualitatively the repeatability of the expegith The major wake feature visible from this figus the
recirculation zone, located immediately aft of tiengar. The recirculation is primarily visibletime center plane,
(b), and in the two adjacent planes, (a) and {d)is vortex structure is generally the same asdbatrved in the
flow over wall-mounted cubes or prisms, and is alsible in the ship airwake with a direct headwfifd At an
angle of0° wind-over deck, the wake flow is symmetrical. Td¢lenge in wind-over-deck angle frodh to 15°
creates a shift in the position of the vortex, dots not appear to change the overall strengtheotructure.

There is a notable change in the sign of the \@rtielocity component when comparing velocitieslifferent
lateral positions. In planes (c), (d), and (ekréhis significant updraft, particularly in the hey end of the
measurement domain. A direct comparison betweeasurements at/H = —0.6 and aty/H = 0.6 show that
this is true for virtually all measured velocititgat do not lie directly in the recirculation zon@he downdraft,
visible here on the port side of the ship and actbe entire flight deck & is presumably due to the low pressure
in the wake, again similar to what is seen for wadlunted cubes or backward-facing step flows. Upédraft,
therefore, is the result of an additional flow sture that is unique to the ship airwake. Becdhieis seen on the
starboard, upstream side of the ship, it may besaltr of the flow moving around the lower hull bétship and over
the edge of the flight deck. Streamlines begindiafpw the deck height are likely pushed upwardlisgp up and
over the deck and creating a flow feature not fowmitti a simple headwind. These streamlines wbalde a very
different history than those coming from over thgper ship superstructure, and therefore the waltmilence in
this region may also be qualitatively different.
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Fig. 3 — Mean velocity profiles at five sections @v the flight deck. Note the lack of symmetry betwen sections (a) and (c).
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Figure 4 shows the mean velocity profile in §&plane, at a distance/H = 1.1 from the hangar structure.
This is the view one would see standing on thenstéthe ship, looking forward, at a cross-sectidnich sits within
the primary recirculation. From this perspectilie tipdraft over the starboard side of the deckeiarcas is the
resulting mean shear. In the symmetric case twmteo-rotating vortices are expected, while ongdavortex is
visible here. It is unclear whether a second, Emabrtex is present on the port side, since nasueements are
available for that region.
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Fig. 4 — Mean velocity in theyz plane.

B. Turbulent Stresses

An understanding of the flow turbulence in the shipvake is required for the estimation of the fliating
loads on an immersed rotorcraft, and thereforepile workload. One of the most useful descripticof the
turbulent fluctuations is the Reynolds stress,raefias

Rij = utu]/Ugo

whereU,, is the horizontal component of the bow velocityjs the fluctuating part of the local velocity, attne
overbar denotes averaging. The normal ReynoléssR,,,,, along the ship centerline at various points akitee
flight deck is shown in Fig. 5. Figures 7 and @whhe Reynolds shear stress,,, and the turbulent intensity,
u'/U, respectively. For comparison purposes, the squamtities for the case of a direct headwiffid=0) are
shown in Figs 6, 8, and 10.

From Fig. 5, the normal stress component alonghiiyg there is a clear trend of increasing strats increased
height above the flight deck. This appears torbe for both points that are still within the magcirculation
region, as in Fig. 5a, and for points that arertjedownstream of the primary structure, in Figchc-Compared to
the same measure at the same locations with awirdbndition of = 0 (Fig. 6), the normal stresses are larger
significantly larger in the cross-wind case. Omasgible explanation for this is that much of thecfuation inu is
due to atmospheric turbulence (some of which iseay large scales), and less is due to the wakeilemce. In the
cross-wind case, the measurement regions haveegmgiosure to the inflow, meaning that the shigesstructure
has had less opportunity to break up the largeesdtiat result in measurement of laRjg.
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Figures 7 and 8 show the Reynolds shear stRegs, plotted at various heights along the centerlimefoth
B =15 and 8 = 0 winds. Reynolds shear stresses are known to &eciased with the presence of turbulent
structures and can be revealing when exploringdpelogy of a new flow. For both inflow conditignthe max
shear stresses are found at an intermediate higiglall positions except for the farthest downstneaThis is in
contrast to the normal stresses, which increas#u )i throughout the entire measurement domain. A §ipeci
height for the peak shear stress cannot be detedndue to a lack of spatial resolution, but theremir
measurements tend to mirror those frgre 0, for which many more data points are available #wedpeak height
was determined to be approximatedyH = 0.7. From wind tunnel measurements over a ship stroetsre
(without a simulated boundary layer), other resears have observed the same trend®,jp.. In terms of
magnitude, the shear stress appears to be similgioints at a given height for the three planemres the hangar
step. For the farthest plane, magnitudes belovhémgar height are similar while the shear stressathe hangar
is considerably larger. These trends are alsedhge for both inflow conditions, and unlike tRg, values, there is
no clear difference in magnitude as a result dbimfdirection. The reason for lardg,, at the highest levels in
Fig. 7d is likely due to vortex structures shednirthe upstream ship superstructure, although it aiay be
influenced by the updraft coming over the flightkidrom below. Compared to the headwind case, nmote
vorticity is likely formed along the starboard edgé the flight deck. This turbulence would be acteel
downstream and across the deck, and should be rabssat higher values of/H. To the extent of the current
data, the shear stresses at the most downstreatioposppear slightly larger in the crosswind csan in the
headwind case, but this cannot be determined wittainty.

The turbulence intensity, defined as the averaghefoot-mean-square of the component velocitgtdiations
normalized by the mean velocity, is displayed ig. B for the crosswind case and in Fig. 10 foriteadwind case.
The turbulence intensity appears structurally simib the normal Reynolds streRg,,, which is not surprising
considering that is the stress component with teatgst magnitude. There is also little differemt®n comparing
the turbulence intensity for the two wind direcon The trends appear to be identical, and thesrdifice in
magnitudes, if any, is slight. This data perhaseas the point that, as an averaged quantityutbelence intensity
is not as useful for understanding the flow (or #dféect of the flow on a helicopter) as the indivadl stress
components. The turbulence intensity and the edldtirbulent kinetic energy (TKE) give an estimafethe
magnitude of fluctuations, but lose informationisotropy and on the potential sources of the tubcg. For the
purposes of helicopter flight, regions of the flaith high turbulence intensity may not be as chrajlag for flight
operations as regions with lower intensity turbakebut more turbulent shear.

C. Analysis of large scales

To better understand the effects of the large #oales, two-point cross-correlations are computtdiden the
bow anemometer and the anemometers on the flight de€he cross-correlatiop;;(t), as a function of lag time
is computed as:

lf%z@ DD e=otze

1

[ 2,0 D=0 €= 01,2
pij(8) = o

vV Cii(o)\/ Cjj (0)

wherei is a bow velocity componerijtjs the corresponding wake velocity component, argdthe record time.
For the data shown in Fig. 11, this is computedvbeh the bow anemometer, located/at = —18.953, and an
anemometer over the flight deck. For all threaufds, the cross-correlation function between the bod all
anemometers in a given bin are averaged to prdkeleesult shown. For Fig. 11a, the bin is 009K < 1.3,y/H >
1.0, andz/H > 0.5. For Figs. 11b and 11c the rangexfid changes to 2.0 */H < 2.4 and 3.1 «/H < 3.5,
respectively, while the restrictions jnand z are unchanged. Simply, the figures show the G@ioe between
velocities at the bow and velocities at three défe positions within the wake, with those posii@ach located on
the starboard side of the ship and at least orfehhabar height above the deck.

7
American Institute of Aeronautics and Astronautics



2.5

Fig. 7 — Reynolds shear stresses, measured at varsdocations over the flight deck, along the shipenterline. Data is for a

(@

R wH=11
W

2.5

*0

x 10

©

R aH=22
W

x 107

8
3

®
*
.
.
2 4 6 8
Ruw X 1073
(d R, wH=27
.
LX)
.e
-
2 4 6 8
R x10”

crosswind of 8 = 15; compare to Fig. 8, showing same data for a headmd.

25

25
® ®
2 1 2 1
15 .o 15 .
oo ., .
o % o i Py
& 1 w1 . ’o
* o ¢ »
ce * o -
0.5 0.5
- "o e
. sos
0 0
0.5 0.5
0 1 2 3 4 5 6 7 [ 0 1 2 3 4 5 6 7 8
R x10° R x10
2.5 25
© R =22 @ R WH=27
2 4 2 4
1.5 15
. cee *
. °®
o . i .
[ o [ .
¢ e 0
0.5 hbdd 0.5
L4 cotiee &
X
0 0
0.5 . . 0.5 . .
0 1 2 3 4 B 5 7 [ 0 1 2 3 4 B 3 7 8
R x10” R x10

Fig. 8 — Shear stress over the flight deck with agadwind, from Brownell et al®

8

American Institute of Aeronautics and Astronautics



25 25
(a) TL x/H = 1.1 (b TLxH=16
2 ] 2 ]
1.5 1.5
*® *
§ 1 § 1
* *
0.5 0.5
* » L 2
0 0
03 0.05 0.1 0.15 03 0.05 0.1 0.15
u/U, uil_
25 2.5
(©) TL x/H = 2.2 (D TLxH=2.7
2 1 2 1
15 15
*
* ”»
81 81
* -
0.5 0.5
. L4
0 0
03 0.05 0.1 0.15 03 0.05 0.1 0.15
u T

Fig. 9 — Turbulent intensity, measured at variousdcations over the flight deck, along the ship centéne.

a

ax

crosswind of 8 = 15; compare to Fig. 10, showing same data for a headlvd.

2.5

25

® ®
2 — 2 —
1.5 - L5 .
% “ep’
] i
S0 501 -3
*e -
o' » o
0.5 - 05 o oooee
* . o
0 0
0.5 . 0.5 . .
0 0.05 0.1 015 0 0.05 0.1 0.15
u /Um u /U[z
25 25
© @
2 — 2 —
15 L5
* - -
.
L d
i *» il
g . [ .
o ten .
0.5 hd 05
L3 L ad
LR
0 0
0.5 0.5
0 0.05 0.1 015 [} 0.05 0.1 0.15
u/ usU

Fig. 10 — Turbulence intensity forg = 0, from Brownell et al.>

9
American Institute of Aeronautics and Astronautics

Data is for a



In the figures, lag time has been normalizedt’as: tU, /L, whereU,, is the mean bow velocity in the
direction, approximately 7.8 m/s, ardis the distance between bow and wake anemometbish varies from
approx. 30 m to 33 m. If the bow velocity is thgpeopriate large-scale advective velocity for tleavf one would
then expect to see a correlation between bow athe welocities at a lag time of= L/U,,, the time it takes for a
turbulent eddy to translate downstream a distdncé&or clarity, a vertical line has been added&oheof the three
plots in Fig. 11 at* = tU,, /L = 1.

From the figure, correlations in tlveandw velocity components, particularly those in theviake, display the
shape expected considering the assumed adveciveitye The correlation functions have minimal skesss, and
have a clear peak at = 1. An alternative view of this result is that itopides a confirmation that the velocity as
measured by the bow anemometer is the appropedoeity for scaling measurements in the wake folf example,
the measurements from the bow were already sigmifig disturbed by the presence of the ship, theretwould be
no reason for any of the correlation functionstovs a peak at™ = 1.

Compared to the correlationsvrandw, the correlations i have a very different shape and different peak lag
time. For all three deck positions, the correlagiinu show a delayed peak with very little correlationiluat least
t* = 1. The correlation functions then rise rapidly, aaper to a broad peak centered aroting 2.2. The overall
function has significant positive skewness, whiohtcasts sharply with theandw correlations.

Several explanations for the behavior of the cati@h function inu have been considered. First, the
component of velocity is by far the largest on ager, and eddies due to atmospheric turbulence ack targer in
the horizontal plane than in the vertical planehil/velocity changes iw, and to a certain extent in are due to
turbulent eddiesy is more susceptible to large, low-frequency flatimns in the wind speed. This may explain the
breadth of the peak, but it does not address thecplar shape or position of the correlation fuont For a flow
with a fluctuating mean velocity, there are presbiyas many points where the local mean is gretiien the
sample mean as when it is less. A greater locanmelocity would cause eddies to reach the deeknameter(s)
faster than expected, and would result in greatemretation over the rangé < t* < 1. This result is not found in
the data.

A more likely explanation for the increased cortiela lag time is the velocity deficit in the waké the ship.
Because the bow anemometer is not influenced bytésence of the ship, the cross-correlation isnineabe a
measure of atmospheric turbulence, largely unatebly details of the wake. If the inflow were esly uniform,
there would be no correlation in any of the velpcibmponents. However, the effect of the wakebigiausly to
decrease the local mean velocity, and for eddiastthvel in a straight line between the anemorsetée transit
time is likely not determined by the simple functiabove. These eddies, traveling in this directiwould have a
large u velocity component (relative to the other compdseand would therefore have a much greater etfact
P than on anything else.

Interestingly, ship motion plays a small role. hltigh it is not clear from the figures includedéiehere is a
small but distinct peak in the correlation functiahtU,/L = 0 for all velocity components and at all deck
locations. Because the anemometers are all motmténd same rigid platform, this can only be duship motion
effects.

IV. Conclusions

Velocity measurements in the wake of a US Navyasgrfship have been presented for an inflow comditio
15° to starboard. The bulk of the measurements &emtabove an aft flight deck, and in this regiom flow shows
a distinct mean structure. An asymmetric reciroitazone sits immediately behind the aft hangéhe primary
recirculation is strongly influenced by an updraftm the starboard side, presumably due to th8aiing up and
over the starboard edge of the deck. This asynymedis not observed in measurements of the flow withirect
headwind.

Turbulence statistics in the form of Reynolds stessare presented for points along the ship cereerllt is
observed that, compared to the case of a direciwied, the normal stres®,,, is larger with the crosswind while
the shear stress and the overall turbulent inteasé& mostly unchanged. The increase in the medswrmal stress
is possibly due to increased exposure to atmosphetiulence, i.e. the apparent ship superstrudtura crosswind
may be viewed as either smaller or more streamiooepared to what the flow sees with a headwind.

Velocity correlations between bow and wake anemerseire used to assess the large scales of the flow
Significant differences are observed depending bithvvelocity component is correlated, smaller efifinces are
observed depending on which wake anemometers etaled in the correlation.
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