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Ship Airwake Correlation Analysis for the San Antonio Class Transport Dock Vessel

INTRODUCTION

Computational assessments are a necessity if one wishes to evaluate several alternative ship
topside design concepts in a timely and cost-effective manner. We have conducted numerous
such computational investigations in recent years to assist ship designers in determining the
extent to which alternative topside configurations do or do not meet design objectives. In order
to make that determination it is necessary to have a quantitative performance metric against
which the design alternatives can be judged. In some cases the metric concerns the operational
conditions sailors must function in on the flight deck [1, 2]. In other cases the primary metric is
the magnitude of the temperature of the stack gas that is impinging upon electronic components
and the duration of those exposures [3]. A recent operational metric we have applied in our
computations is the concentration of the various toxic gas constituents which might be ingested
into crew living spaces [4, 5]. An aspect of air-capable ship operations of great concern is the
safety of the landing and takeoff of air vehicles. There is unfortunately no specific quantitative
metric to use in assessing whether one alternative topside design has better or worse unsteady
aerodynamics than another for landing and takeoff safety. This problem will only become
magnified as the Navy and Coast Guard move toward smaller manned and even unmanned air
vehicles, since these will be more at the mercy of the environment and may not have the control
authority necessary to counteract the unsteady external exciting forces of the ship shed vorticity
field.

A ship topside design which we investigated several years ago for validation of our
computations against wind tunnel laser velocimetry data [6, 7] showed surprising velocity bursts
off the transom. Unexpected velocity bursts, in an otherwise benign flow environment, could be
extremely dangerous or fatal if it occurred during a landing attempt. We therefore decided to
return to this data and investigate the bursting to see if we could understand how it arose. We
also sought to develop a quantitative method for predicting how frequently spaced such bursts
might be. This would then enable assessment of possible landing “windows of opportunity”
between bursting events, much as is done for the landing period designator, associated with
wave-induced motions and lulls between large amplitude ship motion events [8, 9].

Time correlation functions are a natural candidate for such an investigation, particularly since
ship wake velocity time-histories have already been computed at many data points in and behind
the landing zone.

Manuscript approved April 24, 2008.



2 Jason Geder

TIME CORRELATION FUNCTION ANALYSIS

In order to investigate relationships between wind velocity evolutions at various spatial
points above the deck of an LPD-17, a time correlation analysis is used. The Pearson product-
moment correlation coefficient, 7, is used to measure the linear relationship between n pairs of
observations as [10]:

n
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An expanded version of (1), where correlations are taken over a range of lag times, £, is
given in (2). This temporal cross correlation function gives us a measure of the extent to which a
velocity at one point in time is related to a velocity at a different point at some future time:
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The subscripts “—” and “+” denote the first and last n-k data values, respectively. For lag
times approaching the limits of the sample data, a significant amount of data is lost causing the
calculation to be statistically inaccurate. This necessitates limiting the use of this equation to lag
times such that k£ < n/2. Temporal autocorrelation is a special case of (2) measuring how well a
value or signal matches a time-shifted or lagged version of itself rather than another data set:
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DATA SET

Color contour video of wind velocity profiles above an LPD-17 ship deck was monitored
visually (Fig. 1) and areas with possibly interesting data were marked for further inspection.
Propagating pockets and sudden bursts of high velocity are of particular interest. The ability to
accurately predict the sudden appearance and spatial shifts of high wind gusts is essential to the
goal of avoiding them for helicopter landing or during launch and recovery operations for UAVs.
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t=108 sec _ t=117 sec

Fig. 1. Color contour images of wind velocity profiles across the hull at varying times.

One region defined by two branches of air movement originating from a common point
above the back of the aviation spaces is observed (Fig. 2a). This bifurcation originates just aft of
the stack and propagates into two distinct branches. Wind velocity time histories for a series of
points along these branches were analyzed to determine the strength of the velocity correlations.
A new set of wind velocity data for each point was interpolated from the raw data set to have
even time spacing and ten data points per second. Velocity time correlation analysis was also
carried out for areas aft of the transom (Fig. 2b) where high velocity bursting was observed.
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Fig. 2. (a) Spatial points defining two fore-aft diverging branches above hull deck. (b) Spatial
points defining region above and aft of hull deck.

(b)
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RESULTS

Temporal Autocorrelations

Using (3), temporal autocorrelations for points along the branches in Fig. 2 are computed.
We want to determine if wind velocities at a given point and time are useful in estimating the
wind gusts which may occur at the same point at a future time. Thus, if a high velocity
measurement is taken, we would like to be able to estimate when the next high velocity wind
gust will occur to provide guidance to air operations on what measures must be taken to avoid it.
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| Bottom Branch Autocorrelations
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Fig. 3. Autocorrelation plots of  vs. time (s). Velocity correlations fore-aft (blue), port-starboard
(red) and up-down (green) are displayed.
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We can see from Fig. 3 that many of the fore-aft velocities for points along the top branch
display a periodic autocorrelation. In particular, points 6 through 13 of the top branch show the
correlation oscillating with a period of 50-60 seconds. These points display a minimum r-value
of approximately -0.3 at a 25 second lag. This r-value translates to an r* ~ 0.1, meaning that only
10% of the variation in fore-aft wind velocity at a lag of 25 seconds is explained by this linear
model. Similarly, a maximum r-value for these points occurs at a lag of about 50-60 seconds,
and again yields a small r’-value. The results from bottom branch show even weaker
correlations. Sets of data points from a random sampling of spatial points and lag times indicates
that there is not some higher order, nonlinear relationship that the linear correlation does not
measure, but rather that there is no apparent strong relationship of any order. An example wind
velocity time-history is given in Fig. 4 showing little, if any, discernable temporal
autocorrelation.

Wind Velocities - Pt. 10

sz = c

-

welocity (mis)
i
1

/Wﬁ (\J\{j\f-f\wﬂ/\\/\wf qﬂ \/\ J[\;

4 1 1 I I
B0 g0 100 120 140 160

time (=)

Fig. 4. Wind Velocity Data

Temporal Cross Correlations

Using (2) we again look at the branches from Fig. 2 focusing on fore-aft wind velocity.
These branches appear from the color contour video (Fig. 1) to have velocity bursts propagating
along their path above the landing deck. Computing temporal cross correlations between the
vertex of the branches, point 1, to points on the top branch, it is clear that no more than a weak
relationship exists past point 2 for any lag time (Fig. 7a). And at this point the correlation of r =
0.55 (' =0.30) at a lag time of 0.7 seconds is the only moderate correlation observed (Fig. 7b).
These results indicate that the points selected along a diagonal line do not accurately track the
sinuous path of the high velocity upper branch that is observed in the visualization of the velocity
time history (Figs. 5,6). Our linear estimates of the path of the bifurcating velocity trajectories
along which the correlation function analysis has been carried out are apparently not sufficiently
accurate to track the observed bursting events.
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t=62.0 sec t=64.8 sec t=67.1 sec

Fig. 5. Visualization of first upper branch propagation.

t=68.8 sec t=73.2 sec t=77.0 sec

Fig. 6. Visualization of second upper branch propagation.

A slightly stronger correlation exists between points further along this top branch. From
point 6 to point 9 on the upper branch there is a moderate to strong correlation in fore-aft
velocities at these points for certain lag times. Specifically, a correlation between points 6 and 7
shows r = 0.88 (r* = 0.77) about 0.6 seconds after the start time (Fig. 8b). Correlations between
point 6 and point 8, and point 6 and point 9 also show moderately high peak correlations (r =
0.68 at a lag of 1.2s, and r = 0.50 at a lag of 1.8s, respectively). Cross correlations of all points
from 7-13 to point 6 show similar trends over longer lag time scales (Fig. 8a). Superposition of
our diagonal correlation function computation line with the flow visualization at the
representative selection of times confirms that some of the points along the line did indeed lie in
the high velocity path during that particular interval. The high correlation at 1 second indicates
that the velocity burst moves from point 6 to point 13 in about 1 second. The correlation at 55
seconds, in conjunction with the autocorrelation data indicating high correlations of point 6 with
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itself and point 13 with itself both at 50-60 seconds, indicate that high axial velocity bursts are
propagating along the branch and are coming 50-60 seconds apart. Also, because the number of
sample data points is large for all the correlation measurements (~2500 points), there is a high
level of confidence that our Pearson product-moment correlation coefficients are significant.
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Fig. 7. Fore-aft cross correlation between point 1 and points downwind. (a) longer (60 second)
time scale. (b) shorter (5 second) time scale.

Fore-Aft Velocity Cross Comelation with P16
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Fig. 8. Fore-aft cross correlation between point 6 and points downwind. (a) longer (60 second)
time scale. (b) shorter (5 second) time scale.

Correlation analysis was also performed with the similar results for other areas of interest
along the ship hull (Figs. 9-12). Further analysis over a wider range of points must be done to
compute cross correlations which will allow us to determine the best possible landing and takeoff
timing and trajectories for helicopters and an assortment of unmanned air vehicles on an LPD-17
transport vessel.
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t=48.6 sec

Fig. 9. High velocity ceiling and lower air channel.

t=89.0 sec t=190.5 sec t=192.8 sec

Fig. 11. Burst propagation.
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t=105 sec

t=107 sec t=109 sec t=113 sec

Fig. 12. Top and bottom bursts followed by third top branch propagation.

CONCLUSIONS

This study has taken the first step toward developing a quantitative method for analysis of
unsteady shipboard wake velocity time-histories. We have shown that a visual examination of
the evolving wake can provide important information on the locations where bursting events may
occur and the time intervals between such bursts. Such information could be critical to avoid
unexpected and dangerous gust impacts on landing manned and unmanned air vehicles. The next
steps required to continue this effort are to examine a broader range of time intervals in the
selected wake plane and also to develop a means of spanning the entire plane so that one is not
constrained to pre-select a gust linear propagation path. If one makes even small errors in gust
propagation path selection then, as would be expected, quantitative correlation measures will be
lowered. This does not mean that bursting events are unlikely but rather they are not highly
correlated along the path we selected. The three-dimensional extension requires an arbitrary
maximum velocity component gradient approach for burst spatial correlation, followed by an
investigation of temporal evolution. There is however no further Navy-sponsor interest in this
work and hence it has been terminated.
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