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Velocity measurements in a ship airwake are obtained in situ aboard a 108 ft naval training vessel. The

measurements and analyses aremotivated by the need for validation data for airwake computational fluid dynamics

simulations. Three-component anemometers are placed above the bow of the ship and at numerous locations above a

flight deck at the stern of the ship. Data are presented for a direct headwind (nominally 0 deg wind-over-deck). The

mean velocity field shows a clear structure to the flow, dominated by a recirculation region in the near-wake of a

hangar-like backward-facing step. The location of this primary vortex and the reattachment point on the flight deck

are estimated. Reynolds stresses are presented to quantify the turbulent fluctuations, which are required for the

prediction of unsteady loading on rotorcraft operating in this environment. Significant anisotropy is measured in

the wake, both within the primary vortex and in the far field. The peak Reynolds shear stress is located in the

recirculation region, while the streamwise normal stress is found to increase with height throughout the

measurement domain. Finally, auto- and two-point velocity correlations from the flight deck provide an estimate of

flow scales, showing the potential influence of turbulence on piloted helicopter operations.

I. Introduction

T HE launch and recovery of rotary-wing aircraft from naval
vessels presents a formidable challenge. Difficulties may arise

due to the motion of the flight deck, the turbulent airflow in the wake
of the ship superstructure, and interactions between the ship, sea,
and the aircraft. At present, launch and recovery envelopes are
determined through extensive flight tests that involve dedicated
underway testing and obtaining subjective inputs from experienced
test pilots. These tests are expensive and potentially dangerous and
do not always result in a complete flight envelope.

The development of tools that can reduce the need for launch and
recovery flight tests is a priority for many navies around theworld. A
validated computational fluid dynamics (CFD) simulation of the
airflow over a ship superstructure could help to greatly limit the
number of flight tests required, reducing the risk and expense of
flight-envelope determination. This may be done by identifying
a priori, via prediction of both steady and unsteady vehicle loads, the
approximate interface between safe and unsafe operating conditions.
Flight test pointsmay then be concentrated in these interface regions,
and testing of conditions that aremost likely unsafe need not occur. A
simulation capable of predicting vehicle loading will require more
than just computation of the airwake, as the vehicle dynamics and the
rotor wake play an important role. Still, an accurate airwake
prediction is a prerequisite for any complete simulation that is to be
used for the determination of operating envelopes.

A number of groups are currently developing ship airwake
simulations [1–4]. To be effective, these simulations are required to
accurately predict a number of steady-state and transient features of
the wake flow. In terms of the helicopter aerodynamics, flight
envelopes are often limited either because of a lack of adequate
control margin or because of excessive pilot workload required to
maintain station over the flight deck. Although rotor-control margins
can presumably be determined from knowledge of the mean flow,
pilot workload arises from the unsteady, turbulent interactions
between the rotorcraft and the wake. Prior research has shown that
the frequency bandwidth that has the greatest effect on pilot
workload is approximately 0.2 to 2 Hz [5]. Although this band is far
below the highest frequencies onewould expect to find in the flow, it
still imposes a burden on simulations to accurately determine the
size, location, and intensity of the most energetic turbulent eddies in
the ship airwake.

Because of the complexity of a ship airwake flow and the
importance of an accurate prediction, simulations must be
thoroughly validated before they can be of full use. Validation data
may take the form of either wind-tunnel measurements on a model
ship or in situ data frommeasurements aboard avessel at sea. In either
case, validationmust encompass a range ofwind directions aswell as
both mean and turbulent quantities. In situ measurements of air
velocities on surface ships are difficult and expensive, often requiring
cooperation of the weather, and as a result no complete results are
publicly available in the literature. Despite the challenges, both
individual navies and cooperative programs between navies have
attempted at sea measurements with varying success. Some of the
difficulties in performing in situ measurements are described by
Wilkinson et al. [6]. Measurements have typically used arrays of
sonic anemometers mounted at fixed locations over the flight deck of
a ship. Anemometers are capable of providing three orthogonal
velocity components, but they are often limited in temporal
resolution and must average over a measurement volume that is
larger than the smallest eddies in the flow.

The other main challenge of in situ data collection has been data
quantity. Simulations need to be validated over a relatively large
parameter space, encompassing a range of wind speeds, wind
directions, and measurement locations above and around the flight
path of a rotorcraft. Sample sizes for each measurement point also
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need to be large to accurately assess the full range of scales in the
flow. In past measurement campaigns, measurement duration has
been limited to severalminutes due to a range of factors including the
weather and the choice of test location. Ideally, individual data-
collection runs would last much longer to allow for accurate
computation of the lowest frequencies in the flow. In underway data
from Kowal [7], discussed in a paper by Zan et al. [8], measurement
with anemometers was limited to 30 s in duration, limiting the
statistical significance of the results.

As a result of the challenges described previously, most
experimental work has focused on laboratory measurements of the
wake behind model ships in a wind tunnel. Wind-tunnel
measurements have been useful in determining the basic topology
of ship airwake flows. A series of studies by Rhoades andHealey [9],
Healey [10], and Johns and Healey [11] provided some of the first
quantitative experimental data on the characteristics of ship
airwakes. They studied the flow over a 1:141 scale ship model in a
wind tunnel with a simulated atmospheric boundary layer, using
three-component hot-wire anemometers, with the goal of establish-
ing an airwake database for use in future simulations. Velocity
spectra and turbulence intensities are presented for flow at a yaw
angle of 30 deg. More recently, Tinney and Ukeiley performed
particle image velocimetry and flow visualization at Re� 9000 on a
bare-hull wind-tunnel model described as a double backward-facing
step [12]. A thorough description of the flow topology reveals a
number of features, including a dominant horseshoe vortex
immediately aft of the first step, and a sketch of the reattachment line
on the deck below. They present mean-flow streamlines and single-
point turbulent statistics, which are compared to prior results from
both two-dimensional backward-facing step flows and separated
flows over wall-mounted cubes. Work by Zan and Garry presents a
similar flow topology for a simple frigate shape and includes
turbulent energy spectra for velocity measurements over the flight
deck [13]. Zan and Garry also present data suggesting a correlation
length scale for turbulent eddies in this region [14].

One difficultywithwind-tunnelmeasurements is the inclusion and
quantification of an atmospheric boundary layer. Work by Polsky
[15] and a review by Zan [16] emphasize the dramatic differences
between CFD simulations with and without an atmospheric
boundary layer. The inclusion of a boundary layer changes not only
velocity magnitudes but also the appearance and location of many
dominant flow structures. A number of ship airwake investigations
include a simulated boundary layer in the wind tunnel, but it remains
a challenge to reproduce a realistic inflow in a laboratory setting. For
in situ data, measurement of the incoming atmospheric flow profile is
extremely difficult. Complete inflow assessment would require
simultaneous velocity measurement at a number of elevations in a
location where the ship’s presence is not yet felt. Still, in situ
measurement of the inflow will be valuable for defining boundary
conditions for simulations and desired inflow conditions in the wind
tunnel, and work on this is ongoing.

Another atmospheric flow where the boundary layer is important
is in bluff-body flows, such as those over tall buildings. Wake
descriptions are available in the literature from simulations of the
flow over buildings [17] and from wind-tunnel experiments using
wall-mounted cubes and prisms [18,19]. In these flows, the wake is
typically dominated by a few large vortical structures, which may be
stationary or may be shed periodically. Incoming turbulence
typically results in enhanced mixing and entrainment, potentially
modifying the flow separation and wake structure. Not surprisingly,
the flight of a helicopter in the wake of tall buildings poses some
similar challenges to helicopter flight in the ship airwake [20]. A
review of bluff-body flows and their relationship to the ship airwake
problem may be found in [21]. Although the research on bluff-body
flows is of value in understanding the ship airwake flow, there are
significant differences between the two cases. The geometry, high
aspect ratio (length to beam), and independent motion of ships make
their interactions with a boundary layer muchmore complicated than
what is seen in the flow over a tall building. Furthermore, a ship
airwake flow is distinguished by the irregular nature of the ship
superstructure. Although tall buildings will often shed large vortical

structures, the numerous appendages and small-scale features aboard
a typical naval vessel breaks up most large structures and produces a
qualitatively different flow in the near-wake region. Although the
aircraft hangar typically found immediately forward of the flight
deck presents a clean trailing edge, the effects of the upstream wake
turbulence are still significant. The relatively low aspect ratio (height
to beam) of a typical hangar also, by itself, precludes the existence of
periodic vortex shedding.

Ideally, new ship airwake simulations will be validated with both
in situ data and with wind-tunnel measurements, which offer control
and repeatability. However, the lack of any published in situ data for
comparison with either wind-tunnel or CFD data is a major concern.
Wind-tunnel data alone cannot be used to validate CFD, especially
considering potential issues with recreating the atmospheric
boundary layer. Additional barriers to wind-tunnel validation will be
found in future simulations that incorporate ship motion and ship–
rotorcraft interactions.

This paper presents one part of a three-pronged effort aimed at
understanding and predicting the air flow over the superstructure of
Navy ships [22]. As a representative ship model, the U.S. Naval
Academy (USNA) has use of a patrol craft (YP), a 108 ft long training
vessel that is similar in configuration to amodern cruiser or destroyer.
Using this platform, the airwake is assessed in three ways: through
scale tests on a wind-tunnel model with matched Reynolds number
[23], computationally using a monotone integrated large eddy
simulation (MILES) method [24,25], and through in situ measure-
ments aboard the ship, while underway in the Chesapeake Bay. The
initial goal of the in situ measurements is to confirm the flow
topology discussed earlier and to provide data on both mean and
turbulent flowfield properties for CFD and wind-tunnel validation.

II. Experiment

A. Measurement Platform

The patrol craft (training), referred to as a YP, is a nonaviation
surface ship used as a training aid for midshipmen at the U.S. Naval
Academy. AYP (Fig. 1) measures 32.9 m (108 ft) in length, with an
above-waterline height of 7.3 m (24 ft). Although several times
smaller than a modern cruiser or destroyer (the Arleigh Burke class
destroyer is 154m in length), the vessel is similar in overall shape and
likely large enough to experience a qualitatively similar airwake.
Using the YP Craft as the ship platform for airwake assessment also
allowsmatching of Reynolds numbers (up towind-over-deck speeds
of approximately 3:6 m=s) with experiments in aUSNAwind tunnel.
The YP craft used for these measurements was modified to
accommodate the required instrumentation and to more closely
resemble the shape of a cruiser or destroyer. The most substantial
change was the addition of a 6.5 by 5.6 m flight deck on the aft end,
and amodification to the aft superstructure to resemble the hangar on
a modern destroyer. The hangar step height H is 1.50 m above the
flight deck. A sketch of the modified vessel is shown in Fig. 2.
Instrumentation consists of an array of three-component ultrasonic
anemometers operating at 20 Hz, a GPS unit for ship location and
velocity, and an inertial measurement unit for ship pitch and roll. Up
to six anemometers were used for the experiments, including one
instrument above the bow. All six anemometers are attached to a data
packer, which allows for simultaneous data acquisition among all
instruments.

B. Run Conditions

The data presented herein is for a single relative wind-over-deck
(WOD) angle of 0 deg, a direct headwind, obtained over a number of
days in the spring and summer of 2010. For data included here,WOD
ranged from 5.5 to 13 m=s, with 10th and 90th percentiles of 6.09
and 10:09 m=s, respectively. The sea state for each underway was
between 1 and 3, and ship pitch and roll never exceeded�3 deg. At
these conditions, the flow Reynolds number based on ship length is
on the order of 107.

With a direct headwind, a significant fraction of theWOD is due to
ship speed, vice ambient winds. Ship speed for these measurements,
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which may be assumed constant, is about 4 m=s (8 kt), and thus
linear ship motion contributes between 30 and 70% of the measured
velocities.We anticipate that the ship speed affects both the incoming
velocity profile and the overall velocity magnitude. However, the
motion of the ship into the wind, at constant speed, has the effect of
reducing variation in the shape of the incoming velocity profile
compared to what one would see in a stationary case. Therefore,
for this particular configuration, there may be more day-to-day
consistency in the data thanwhat onewould expect fromdata taken at
higher WOD angles with less relative ship motion.

With the present resources, the problem of short data streams and
overall insufficient data quantity has been addressed. Typical data
sampling (velocity measurements at a particular anemometer
location and for a nominally fixed WOD angle) are 20 to 30 min. A
number of runs have also been repeated to assess data repeatability,
scaling, or when data quantity was deemed marginal. For the next
analyses, any data patch with sustained deviation from the nominal
0 degWODbymore than 5 deg is discarded, as is anypatchwhere the
bow velocity drops below 4 m=s. This filtering, combined with

occasional equipment-related data dropouts, has only a small effect
on the calculation of mean quantities but significantly reduces the
length of continuous data streams for the analysis of large scale
phenomena. Data stationarity was determined using a run test, as
described in [26]. For the results presented here, data were found to
be stationary for durations between 5 and 30 min. All mean and
turbulent quantities presented are obtained over that averaging
period.

The potential measurement locations are arranged in a grid over
the flight deck, limited by the locations in which an anemometer may
be rigidly mounted. Measurement locations over the flight deck are
shown in Fig. 3. In the coordinate system used here, x is positive aft, y
is positive to starboard, and z is positive up. In the horizontal (x–y)
plane there are 20 potential measurement locations, each with
11 potential vertical (z) positions. Due to time constraints, this
matrix is not fully populated. The data set contains 214 distinct
measurement points in thewake, a number of which are repeat points
from different days. Due to mounting inconsistencies, these repeat
points may differ by up to 6 cm in terms of their actual measured
location over the deck. In all data presented, the physically measured
values are used to note instrument location. In z, the measurement
heights vary between z=H� 0:3 and 1.4, where H (1.5 m) is the
height from the flight deck to the top of the hangar structure. The
number of data points in z varies from location to location, with
generally more data available for points along the ship centerline.
The data points are concentrated on the starboard side of the ship, as
the flow is expected to be symmetrical for the case of a direct
headwind. Several measurements on the port side, at y=H��0:5,

Fig. 1 Patrol craft YP 676, with a modified flight deck and aft hangar-
like superstructure.

5.9 m

inertial measurement unit

H x

z

2.9 m

Fig. 2 Schematic of the modified YP. Hangar, flight deck, and location of bow anemometer are highlighted. The hangar height isH � 1:5 m, and the

flight deck dimensions are length of 5.6 m and width of 6.7 m. The coordinate system used throughout is shown, with the origin at the ship centerline.

Fig. 3 Spatial arrangement of anemometers in the x–y (horizontal)
plane. Dimensions are normalized with hangar height H � 1:5 m
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were obtained to confirm the symmetry assumption. A reference bow
anemometer is located above and forward of the ship’s bow to
measure inflow conditions with minimal ship-related flow distortion
[3]. The bow anemometer remains in place for all measurements and
is located at x=H��18:953 and z=H� 2:065.

III. Scaling and Repeatability

Incoming flow conditions vary significantly between data samples
depending on the daily weather conditions (wind speed and
direction, atmospheric pressure and temperature, and sea state) and
the ship’s operating conditions (engine speed and craft master
experience.) Variations in the mean streamwise bow velocities
between 5:34 and 12:11 m=s are observed over the entire data set.
Even among data collected on a single day, significant variation can
be observed. Data repeatability is tested qualitatively from two
perspectives: first through examination of the mean velocity above
the flight deck, and second through examination of the Reynolds
shear stresses. During testing, velocity measurements from the same
location were frequently recorded on different days, which resulted
in different atmospheric conditions. (In practice, the first data-
collection run on a given day would often repeat the last data run on
the previous day.) In the data set, there are 198 points that share the
same interrogation region as another point. Of these points, 90 have a
mean velocity greater than 0:75 m=s and are used for repeatability
testing. Figure 4 shows the percent difference of data points sharing
an interrogation region both before and after scaling by themean bow
velocity. Before scaling, mean velocity from data pairs sharing an

interrogation region varies from less than 1% to a maximum of 82%,
with a median value of 10%. When these velocities are scaled by the
mean bow velocity, the results are muchmore consistent; variation in
themeanvelocity ranges from0 to 16%,with amedianvalue of 3.8%.

As an additional validation for the use ofU1 as a velocity scale, a
weighted joint probability density function (JPDF) of the streamwise
and vertical velocity fluctuations is employed to analyze the
turbulence structures generating high Reynolds shear stress. The
JPDF, P�u;w�, is defined as

1�
Z 1
�1
P�u;w� du dw (1)

where u andw are the fluctuating velocity components in the x and z
directions, respectively. Figure 5a shows the contour lines of
the weighted JPDF measured at x=H� 2:15, y=H� 0, and
z=H � 0:67. The dashed and solid contour lines indicate the
measurements for U1 � 6:07 and 7:56 m=s, respectively. The first
and third quadrants contribute to the negative Reynolds shear stress,
and are not associated with the turbulence structures, but the second
and fourth quadrants are expected to provide a characterization of the
flow turbulence. As shown in Fig. 5a, there is considerable difference
between the solid and dashed contour lines, and vastly different
turbulent structures from the two data sets may be expected.
However, when the velocity fluctuations are normalized with the
corresponding mean streamwise bow velocities, there is qualitative
agreement between the two data sets, as shown in Fig. 5b. Therefore,
these analyses indicate that scaling with the streamwise mean bow
velocity is a reasonable assumption over small changes in flow
Reynolds number. The remaining disagreement is potentially due to
a number of factors, including differing atmospheric conditions.

IV. Results

A. Mean Velocities and Flow Structure

The mean streamwise and vertical velocity components over the
flight deck are shown in Fig. 6. Note that, in the coordinate system
used here, x is positive in the streamwise direction and z is positive
up. Velocities from each data-collection run are scaled by the mean
streamwise bow velocity for that run, as discussed in Sec. III. The
streamwise bowvelocity is also shown for comparison in each figure.
Instrument locations in all three coordinates are independently
measured before each data run, and variability between nominally
identical locations is less than 0:04H (6 cm). In Fig. 6 the
anemometer positions in x and z are plotted exactly, whereas the y
planes have a small thickness that allows inclusion of data points that
fall slightly to one side or the other of the plane.

Data is shown for five planes that step uniformly athwartships.
One data plane (a) is located on the port side, y=H��0:6, one (b) at
the centerline, y=H� 0:0, and three (c–e) on the starboard side of the
vessel at y=H� 0:6, 1.2, and 1.7, respectively. Planes a and c are

Fig. 4 Percent difference between mean velocities that share an

interrogation region, before and after scaling by the mean bow velocity.

Fig. 5 JPDFs of the streamwise andvertical velocityfluctuations in theflow, a) presented as rawdata andb) scaled by themean streamwise bowvelocity.
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symmetric about the ship centerline, and the measured velocities are
likewise consistentwith each other. Figure 7 shows themeanvelocity
from these two planes of symmetry plotted on the same axes.

Overall flow structure is generally consistent with that described
by other authors from wind-tunnel measurements and numerical
simulations. The dominant feature is a large recirculation zone
immediately aft of the hangar structure, similar to the recirculation
documented byRhoades andHealey [9]. At the centerline, the height
of the vortex core is slightly above the midpoint of the hangar,
estimated to be around z=H � 0:6. Aft of the recirculation zone, the
separated flow reattaches to the flight deck. The stagnation point
designating the reattachment, again at the centerline, is estimated to
be between x=H� 1:5 and x=H� 2:0. The parameters that define
the location of the primary flow structure, that being the recirculation

zone, should be consistent for all experiments and simulations that
use this flow geometry, provided that the Reynolds number is
sufficiently high [27,28]. To a certain extent, this is affirmed by the
clarity of the structure in Fig. 6, itself determined frommeasurements
with varying inflow velocity.

Outside of themain recirculation, there is significant downwash as
the air moves through the low-pressure zone in the wake of the entire
ship superstructure (including both the hangar and the pilot house
further upstream). Velocity magnitudes also increase away from the
centerline but remain well below the bow velocity at all points over
the flight deck.

Mean velocities in the y–z plane, at a distance x=H� 1:1 from the
hangar surface, are shown in Fig. 8. The aspect ratio of the hangar
face, approximately 4:3:1, is not to scale in the figure. This slice is

Fig. 6 Mean velocity over the flight deck in the streamwise plane. Velocities are scaled by the mean streamwise bow velocity, shown in each figure for
reference. From the centerline velocity (b), the recirculation behind the hangar structure is visible.
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within the main recirculation zone, which can be confirmed by a
comparison with Fig. 6b. Notice again the overall downwash and the
mean inflow toward the centerline through at least y=H� 1:2.

As with most other ship airwake studies, no periodic von Kármán
vortex shedding is observed. This is primarily due to the aspect ratio
(height to width) of the ship superstructure, which would need to be
much larger for this to be a possibility. The experiments by Tinney
and Ukeiley [12] show no periodicity even with a bare-hull model
and a uniform inflow. In the near-wake, there is an irregular buildup
and release of vorticity, resulting in a flow structure that is clear (i.e.,
from the mean profiles) but not necessarily visible in every snapshot
of the flow. Figure 9 shows a histogram of velocity at a point within
the recirculation region with mean reverse flow. The point is located
at x=H� 1:1, y=H� 0, and z=H � 0:4, and the distribution is of the
streamwise velocity component. Despite being located well within
the recirculation zone, the streamwise velocity at this point is
negative only 79%of the time. A positive velocity here indicates that,
at that time, the vortex has either disappeared or moved significantly.
Histograms of velocity at other points in the wake show a similar
distribution to Fig. 9. Besides the hangar shape, theflowunsteadiness
is influenced by both upstream wake turbulence and by the
atmospheric boundary layer. The effects of upstream wake turbul-
ence are an important consideration for wind-tunnel testing of ships
because the degree of detail to include in a wind-tunnel model must
be determined. An atmospheric boundary layer is likely to influence

both the position of the main flow features and the unsteady
characteristics of theflow.Similar towhat is observed in theflowover
surface-mounted cubes [19], one may expect to see a larger and
higher main vortex, and a different reattachment point, from
simulations that do not include any mean shear in the inflow. The
relative influences and interaction between atmospheric turbulence
and turbulence generated from the flow over the forward ship
superstructure are unknown.

B. Turbulence Metrics

An assessment of flow turbulence is necessary for any ship
airwake simulation used for flight-envelope determination. Not only
do the “static” large-scale features of a ship airwake fluctuate in
position and strength, but many of the smaller, intermittent turbulent
eddies are strong enough to affect helicopter performance and pilot
workload. Atmospheric simulations for fixed-wing aircraft typically
employ Taylor’s hypothesis to create a stationary flowfield that the
aircraft traverses. This is inappropriate for many rotorcraft
simulations, and particularly for simulations involving the launch
and recovery of rotorcraft [29]. For the ship airwake/helicopter
flowfield, the mean advection velocity of the air is possibly several
times larger than the velocity of the helicopter fuselage, precluding
the use of a stationary turbulent field. An uncoupled simulation of
aerodynamic loading on a rotorcraft must therefore include, at a
minimum, a complete statistical description of the flow. The
influence of turbulence on rotor thrust is also an active area of
investigation [30], requiring similar verification data.

Although a number ofmetricsmay be used for CFDvalidation, the
most important quantities are those that may be used as inputs to
rotorcraft dynamic models. Despite advances in computing, fully
coupled, real-time, predictive Navier–Stokes-based CFD simu-
lations of the ship/helicopter dynamic interface will not be available
in the near term [31]. Airwake simulations that now or in the future
incorporate helicopter flight may model the airwake-rotorcraft
interaction using a number of different techniques [29]. There is
debate over the relativemerits ofmodeling the interaction using time-
accuratewake simulations, requiring a large amount of data, or using
stochastic models, which are simpler but at the cost of lost flowfield
information [32]. The stochastic modelsmay quantify thefluctuating
velocities using an autocorrelation function, a power spectral density
approach, or a number of other statistical measures.

The analyses herein may be used for validation and assessment of
turbulence models as well as for broad guidance in the development
of newmodeling techniques.We assess the turbulentflow structure in
two ways: using autocorrelations and two-point spatial correlations
of the measured velocity, as well as Reynolds stress calculations.
Reynolds stresses, equivalent to the integral of the energy spectra, are

Fig. 7 Comparison of mean velocity on symmetrical planes.

Fig. 8 Mean velocity in the y–z plane, at position x=H� 1:1 aft of the

hangar. The rectangle depicts the hangar structure as would be seen

from the aft of the deck, looking forward.

Fig. 9 Histogram of the streamwise velocity component from a single

point over the flight deck. This point is located in the primary

recirculation region and has a negative (backward) mean velocity.
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useful for identifying turbulent energy content, local flow structure,
and isotropy. Put another way, the Reynolds stresses describe the
intensity of the turbulent fluctuations in the wake, and the
correlations describe the spacing of the same fluctuations.

The streamwise (Ruu) and vertical (Rww) normal Reynolds stresses
are shown as a function of height over deck in Figs. 10 and 11,
respectively. All data are from the centerline, and four different
streamwise locations, x=H� 1:1, 1.6, 2.2, and 2.7, are shown. These
Reynolds stresses are the product of the fluctuating component of

the velocity (e.g., u�U � �U) normalized by the square of the
streamwise bow velocity:

Rij � uiuj=U2
1 (2)

where the overbar denotes averaging. The vertical line in the figure
designates z=H � 1, equivalent to the hangar height immediately
forward of the measurement region. The average velocity is
determined by computing the mean velocity over a 15 s window
surrounding the point of interest to damp out large-scale variance due
to, e.g., shifting winds or craftmaster steering.

A general trend of increasing stress with height is observed,
particularly with Ruu. This trend becomes slightly more pronounced
as x=H increases, corresponding to a move away from the
recirculation zone and toward regions with higher local mean
velocity. An interesting comparison is found with the wind-tunnel
measurements from Tinney and Ukeiley [12], who also present
Reynolds shear stress components for a 0 deg yaw flow. On a bare-
hull ship model, a maximum streamwise normal stress was found to
sit below the hangar step height, roughly corresponding to the center
of the recirculation zone. In magnitude, their maximum measured
normal stress, calculated using Eq. (2), is approximately 0.063,
which is slightly lower than the maximum values presented here.
Unlike the present observations, they found Ruu to decrease
significantly for locations above the step and out of the primarywake.

This discrepancy can be partially explained by the differences in
geometry between their wind-tunnel model and the present ship. On
the YP, there is a significant superstructure above the hangar step,
albeit several meters upstream. For a direct headwind, the flow
moving over the top of the hangar already has residual turbulence
from being in the wake of the pilot house. Although this explanation
is sensible, another important factor is the amount of turbulence at the
inflow. On the YP, a significant streamwise Reynolds stress
component wasmeasured by the bow anemometer:Ruu � 0:007, at a
height of z=H� 2:065. Although the value of Ruu at the bow is less
than the peak values in thewake, it is much higher than what is found
in the far field in a laboratory flow without background turbulence.
Last, low-frequency variations in inflow velocity, which would be
absent in the wind-tunnel measurements, would result in increased
normal stresses in regions where the stress would otherwise be low.

The vertical component of the normal Reynolds stress, Rww, is
generally smaller than Ruu, especially at larger z=H. Although there
is less change in Rww with elevation as compared to Ruu, it appears
that the stressesmeasured above the hangar height are at least as large
as those measured inside the recirculation region. A possible
explanation for this is the same as that previously provided forRuu. A
quantitative comparison of the normal components of the Reynolds
stress show significant anisotropy in the wake. Isotropy has
important implications for flow-modeling techniques and for a
number of rotorcraftmodels. An isotropy ratio I can be defined by the
ratio of the streamwise and vertical rms velocities and is also equal to
the square root of the normal stress ratio:

I � urms=wrms � �Ruu=Rww�1=2 (3)

In the present domain, this varies between a low of 0.9 and a high
2.1, with values generally increasing with both y=H and z=H. This
range is consistent with numerous measurements from backward-
facing step flows. The values less than unity, where vertical

Fig. 10 Streamwise (Ruu) normal stresses as a function of height over deck. All data are from the ship centerline, and the vertical linemarks the location

of the top of the hangar. Values are found to increase with increasing height, including points that are above the hangar height.
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fluctuations are larger than horizontal fluctuations, are found in
regions with a significant mean vertical velocity component: on
either side of the primary vortex or close to the deck near the
reattachment point.

Figure 12 shows theReynolds shear stressRuw along the centerline
of the flight deck and at the same four stations as before. Unlike the
normal stresses, where themaximum values were found on the upper
boundary, a maximum shear stress is found at approximately z=H�
0:7 for the three measurement stations closest to the hangar. This is
near (slightly above) the center of the main recirculation and is
indicative of a strong velocity gradient in the region. The differences
in the trends between Ruu and Ruw are interesting and unusual for a
wake flow. One possible explanation is that the difference is due to
varying inflow conditions. Large, low-frequency fluctuations in the
incoming velocity would result in an increased streamwise normal
stress in the more exposed flow regions. The shear stress, however,
would not necessarily increase with these inflow changes unless
they are also accompanied by additional transient eddies. The
recirculation immediately behind the hangar is a stable feature,
largely independent of flowReynolds number and the low-frequency
behavior of the inflow, and therefore the turbulent statistics from that
region are more typical of other wake flows. A rigorous test of this
hypothesis would require a spectral analysis on a longer data series,
without the conditional sampling employed here.

Figure 13 shows the turbulence intensity (TI) calculated here from
the Reynolds stresses:

TI �
�������������������������������������������
1

3
�Ruu � Rvv � Rww�

r
(4)

The turbulence intensity is ameasure of an rms velocityfluctuation
divided by a mean velocity. The mean bow velocity is used rather
than a mean local velocity to remain consistent with the rest of the
analysis. The distribution of the turbulence intensity is similar in

appearance to Ruu, the largest of the Reynolds stress components,
and is presented here to facilitate comparisons with other data.

C. Velocity Correlations

Velocity correlations from measurements over the flight deck
provide a direct estimate of the relevant length scales in the flow. An
autocorrelation function may be defined as

�i �
ui�t�ui�t� ��

ui�t�2
(5)

where t is time, � is the time since t, and the overbar again denotes
averaging. Assuming the flow consists of a range of turbulent
structures that are advected downstream, then the autocorrelation
indicates, in a broad sense, how long a particular eddy is expected to
reside at a particular point in the flow. Velocities at different points
within the same eddy are likely to be correlated, whereas velocities at
different points within different eddies are likely to be independent.
The autocorrelation is a function of time and is typically multiplied
by a characteristic flow velocity to estimate a length scale (i.e., the
size of a coherent structure or eddy). Because these measurements
are from the wake, the natural choice of velocity scale (the bow
velocityU1)may not be the appropriate local advectivevelocity. The
local mean velocities over the flight deck are much smaller than
the bow velocity, but they also differ significantly from one point on
the deck to another. With no other suitable advective velocity, the
autocorrelations presented here are normalized using the bow
velocity U1 and the hangar height H. However, because of these
issues, the autocorrelations are not directly comparable to the cross
correlations presented later.

Velocity autocorrelations over the flight deck are shown in Fig. 14,
at both z=H� 0:4 (Fig. 14a), directly behind the hangar structure,
and at z=H � 1:1 (Fig. 14b), which is slightly above the top of the
hangar. Both plots are from the ship centerline (y=H� 0) and at

Fig. 11 Vertical (Rww) normal stresses as a function of height over deck. All data are from the ship centerline, and the vertical line marks the location of
the top of the hangar. Values of Rww are lower than Ruu and do not appear to increase significantly with height.
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Fig. 12 Reynolds shear stresses Ruw along the centerline at four stations: x=H� 1:1, 1.6, 2.2, and 2.7. For the three stations closest to the hangar, the

largest shear stress is found at a height below the top of the hangar step.

Fig. 13 Plots of TI along the centerline of the flight deck.
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x=H� 1:6. The solid line is �u, the dashed line is �v, and the dash-
dot line is �w. Themean bow velocity for the subset of data presented
in this figure is U1 � 5:0 m=s. In Fig. 14a, the correlations in the x
(streamwise) and z (vertical) directions are larger than those in y, due
to the location of this interrogation region within the recirculation
zone, where the mean flow is rotating in the x–z plane. The
correlations have all fallen off below �� 0:3 by �U1=H � 5, which
corresponds to approximately 1.5 s of residence time. This time
easily falls within the range of frequencies estimated to impact pilot
workload most significantly. In Fig. 14b, from measurements above
the top of the hangar, a decline in correlation lengths is seen in all
components. In particular,Rww has decreased significantly compared
to Ruu due to the fact that this is no longer in the recirculation zone.
The turbulence in this region is due to atmospheric conditions and the
upstream ship superstructure, but it does not have anything like the
large eddies that are seen in the near-wake of the hangar.

An alternative measure of the size of turbulent structures is the
two-point cross correlation of the velocity, calculated here as

�12 �
u1�t�u2�t�

�u1�t��2�u2�t��2
1=2

(6)

Unlike the autocorrelation, this is explicitly a function of length
(i.e., the distance between interrogation points) and is therefore
normalized by a length (the hangar height) without need for an
advective velocity. Figure 15 shows a comparison of two-point
velocity correlations, at x=H� 1:6 and y=H� 0. The circles,
squares, and triangles represent the u, v, andw velocity components,
respectively. In each case, u1 is the velocity nearest the flight deck
(z=H� 0:2) and u2 is the velocity at a distance r=H above u1, where
r is the distance between the interrogation points. It is important to
note that spatial homogeneity, often assumed when computing two-
point statistics, is not present here. As with the autocorrelations, the
correlations in the x and z directions are noticeably larger than in the y
direction. The correlation in z is actually larger than in x over most
separation distances, probably due to the particular placement of this

measurement with respect to the wake. The position x=H� 1:6 is at
the tail end of the recirculation region, where the magnitude ofW is
often larger than the magnitude of U. Combined with the fact that
the separation distance r is measured in the vertical direction, this
observation is not surprising. At least one component of the
correlation remains above �� 0:3 through approximately
r=H � 0:4, indicating that many of the eddies have a characteristic
size that is quite a bit smaller than the hangar height H. As stated
before, this cannot be directly compared to the autocorrelation
because of the lack of an appropriate advective velocity. However,
the turbulent length scales are in a range that may affect helicopter
operations, through either unsteady fuselage loading or rotor–
turbulence interactions.

V. Conclusions

In situ measurements of air velocity in the near-wake of a 108 ft
naval vessel are presented for a case of a 0 deg headwind. The flow is
found to separate over a hangar-like backward-facing step, with a
persistent recirculation zone immediately aft of the step face. The
flow reattaches to the flight deck downstream, in the range x=H�
1:5 to x=H� 2:0. Calculation of the Reynolds stresses in the wake
show anisotropy both in the near-wake immediately over the deck
and at points above the top of the hangar. The vertical distribution of
the shear stress component Ruw shows a maximum value below the
height of the hangar, whereas the normal stress component Ruu
continues to increase through at least a height of z=H� 1:4. Both
auto- and two-point spatial correlations in thewake provide estimates
of the sizes of turbulent structures in the wake. In both cases, scales
were found to fall directly within the range assumed to have the
largest impact on rotorcraft operations.

The objective of this work is to provide validation data for ship
airwake simulations and wind-tunnel measurements. As a baseline
case, the measurements herein are for a nominal headwind of 0 deg
from the bow,�= � 5 deg. Although validation at this yaw angle is
required, evidence suggests thatflow structure can change drastically
as the direction of the wind over deck changes. The ability of a
simulation or experiment to capture these changes and the points at
which they occur is as important as reproducing the features for a
given flow condition. Future work at the U.S. Naval Academy will
involve flow mapping over a range of inflow conditions, where the
inflow is comprised of ambient wind direction, ship speed and
heading, and a more complete description of the atmospheric
boundary layer.
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