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Abstract

Seismic streamers are utilized extensively for offshore petroleum exploration. Optimal
steering of the streamers is one important aspect of improving the efficiency of seismic
operations. A simulation study has been performed for comparing the efficiency of symmetric
rudder profiles for lateral steering of towed underwater seismic streamers. The profiles are in
two categories: NACA symmetrical profiles and Schilling profiles. In the first set of
simulation runs, profiles proprietary to Laboratorio de Ondas e Correntes (LOC) at
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UFRJ/COPPE are utilized. Lift- and drag curves based on both laboratory experiments
performed at LOC and Computational Fluid Dynamics (CFD) are utilized. In the second set
of simulation runs, a series of profiles from Nguyen & Ikeda (2014) are utilized.

The performance data for the various profiles have been implemented in a seismic streamer
steering simulator. The same simulation run is run for each of the rudder profiles, where the
simulator is set to follow a predefined path. The aim is for the streamer to follow the
predefined path as closely as possible with the least amount of rudder drag. Based on the
simulation data it is suggested that the Schilling rudders have higher steering performance
compared to the NACA profiles.

Keywords: Seismic Streamer Steering, Hydrodynamics, Schilling Rudder, CFD, Cable
Dynamics

INTRODUCTION

Seismic towed underwater streamers are used extensively for offshore petroleum
exploration. A number of streamers with numerous seismic sensors installed are towed behind
a vessel (Fig. 1). At the tail, a tailbuoy is attached for identification to other traffic and for
facilitating installation of positioning and other devices, as well as assuring streamer tension.
At fixed time intervals in the order of 10 seconds, an array of pneumatic devices fires,
generating sound waves. The sound waves penetrate the water column and underlying seabed
strata. Subsequently, reflected pressure waves are recorded by sensors at the towed streamers.
The collected data can then be processed to generate images of the hydrocarbon structures in
the area.

The streamers also contain instruments such as positioning devices and tension meters,
and they have ballast weights installed to reduce depth control workload. While depth control
of streamers has been conducted for decades, more recently lateral steering has also become
standard for the industry. Steering birds for combined depth and lateral steering, with
variations of between 2 and 4 rudders, are mounted at intervals along the streamer.

Improved lateral steering can increase survey efficiency by reducing the risk of tangling
resulting from narrower streamer separation and longer streamers, and by improving 4D
seismic repeatability, where the streamers follow the path of historic surveys (Grindheim et
al., 2017a). In general rudder drag should be minimized as the steering induced noise reduces
the seismic signal to noise ratio. Additionally, turn maneuvers in seismic surveys are time
consuming and expensive, and increased lateral control will reduce turn time and expense.
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Fig. 1: 3D marine seismic survey configuration. (A courtesy of Petroleum Geo-Services.)

The objective of the present work is to model rudder designs that reduce rudder drag and
increase lift. The improved rudder design is to be compatible with existing production bird
cores. Some contemporary birds utilize detachable wings, facilitating wing design changes.

The Schilling rudder has been shown to potentially increase maneuverability of ships
substantially compared to conventional rudder designs (Bingham & Mackey, 1987). This
improved rudder design was developed by Karl Schilling and first fitted on a seagoing vessel
in 1975. The concept being similar to the Gurney flap, it employs a fishtail shape at the
trailing edge. The increase in lift is attributed to the high pressure developing at the concave
face on the rudder pressure side (Nguyen & lkeda, 2014).

Nagarajan & Hasegawa (2008) performed a simulation study on rudder performance for a
very large crude carrier, concluding that the Schilling rudder could potentially increase the
maneuverability and reduce fuel consumption compared to a conventional mariner rudder.

For seismic streamer steering, more conventional rudder designs are generally employed.
This study aims at investigating potential performance benefits associated with utilizing
Schilling rudder designs compared to conventional rudder design like the NACA series
symmetric profiles. Some modern streamer steering birds employ detachable wings, hence an
improved rudder design could be implemented on existing bird designs (Grindheim et al.,
2017b).

Schilling rudders tend to give increased maximum lift coefficients, which could be
beneficial for seismic steering, especially at line-changes, where the complete spread is turned
180°. Line-changes are time-consuming and costly, thus optimal steering is of great
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importance for reducing the time to turn (Ersdal, 2004). It is suggested that the Schilling
rudder could aid in reducing the time necessary for line-changes by giving increased
maneuverability of the streamers.

1 PRESENT STUDY

A simulation study has been performed for comparing the performance for a variety of
rudder profiles for lateral steering of a seismic streamer (cable). The rudder profiles are
divided into two main categories: Schilling type (“Fishtail”’) and conventional NACA type. In
the simulation, all rudders have equal surface area of § = 0.208 m?, where S is the upper
surface area. Since the profiles are symmetric, also the lower surface area will be equal to S.

Lift- and drag coefficient (C; and Cp, respectively) curves for the rudder profiles utilized
in the present simulation study are presented in Fig. 10. Cp and Cp are defined as:

L
CL = _S
9o
(1
D
Cp=——
q.5
where ¢, is the dynamic pressure defined as:

oo signifies free stream value, L is lift, D is drag, V is fluid velocity, p is fluid density and S is

wing surface.

The code FDM _streamer is utilized for simulations. It solves the six partial differential
equations describing the cable dynamics of a towed underwater cable (Eq. (3)) using the
Finite Difference Method. The streamer’s dynamics could be defined by six coupled nonlinear
partial differential equations (Burgess, 1991; Grindheim et al., 2017a; Grindheim et al.,
2017b):

dy _ Oy
LN 3
s o 4 ©)
where
y= [T v v. v, 6 (p]T 4

M and N are 6x6 matrices, while q is a 6x1 vector accounting for hydrodynamic and
buoyancy forces, including sea current, which may be unique at each streamer node. There are
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three equations resulting from the cable kinematics and three equations for the equilibrium of
forces.

The hydrodynamic forces are represented by the Morison equation. The model uses a
local coordinate system following the cable tangent ¢, with n and b as the normal (nadir) and
bi-normal (horizontal) vectors, respectively. In Eq. (4), v is velocity (m/s), T is cable tension
(N), and @ and ¢ are orientation angles in the horizontal and vertical planes, respectively.

As indicated by its name, FDM_streamer is customized for seismic streamers, employing
tailbuoy, control birds (rudders), and optionally components installed at the streamer.
Parameters such as cable properties, location and properties of birds and components, node
spacing in the FDM, environmental properties and sea current can be defined by user.

The cable has 25 rudders uniformly distributed along the cable length, 300 m between
each. The cable length is 8000 m, diameter 6 cm, and normal drag coefficient is 1. Cable
elasticity is 9.5° 10° N/m?, and p=1025 kg/m3 for the surrounding fluid. The streamer has
neutral weight in water, while each bird has a weight in water of 10 N. Depth control is not
employed in the simulations, hence the cable has a curvature shape in the depth dimension
with zero depth at front and tailbuoy (Fig. 2, lower plot). Nominal streamer front tension
without birds installed is 20425 N at 2.315 m/s. In the FDM the cable nodes are generally
spaced 20 m apart.

The towpoint runs in a straight line at 2.315 m/s, and initially the cable is straight. The
cable’s reference path is a sine-path with wave height 40 m (i.e. maximum 40 m offset from
the straight line) and wave length ca. 3770 m. Time step size is 8 seconds.

Sea current is simulated in the lateral plane. The x- and y-components are uncorrelated,
each simulated according to a random walk process in time with white noise of standard
deviation 0.02 m/s per timestep (Brown & Hwang, 1997, p. 220). Correlation in distance
along cable is implemented by using a two state RTS smoother according to a Gauss-Markov
process with standard deviation 6=0.5 m/s” and decorrelation distance =50 m (Brown &
Hwang, 1997, p. 313). The exact same current is utilized for all simulation runs. In the depth
dimension, sea current is set to zero. A sample simulation plot is given in Fig. 2.

A PI-controller is utilized for adjusting the rudder deflection for keeping each rudder as
close to the predefined sine-path as possible. The PI-controller is tuned individually for each
profile at the midpoint of the cable, using the Ziegler-Nichols method.

For each simulation, all rudders installed have the same profile. Initially, the cable is a
straight line. Subsequently, the rudders force the cable into the sine path. The towpoint is run
for 60 minutes, but only the last 20 minutes are retained, as some initial time is spent
“forcing” the cable into the sine path. One 60-minute simulation takes ca. 27 seconds on a
standard laptop.
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Fig. 2: Coordinate plot for the simulation wit rudder profile Fishtail 04, at simulation time 53.3 minutes.
At the upper plot, the cable sine shape can be seen, with ‘“wave height” of ca. 40 m, and some irregularity
due to the simulated sea currents. The rudders are shown as green dots.

SIMULATION #1: UTILIZING LOC-PROFILES

The profiles utilized in simulation #1 are proprietary models at Laboratério de Ondas e
Correntes (LOC) at UFRJ/COPPE. There are four profiles: NACAO0015, NACA-Schilling,
Blunt Schilling and Slender Schilling (Fig. 3, Fig. 4).

Fig. 3: Profiles utilized in Simulation #2, from Machado et al. (2013). From above, profile #1 is
NACAO0015, #2 is NACA-Schilling, #3 is Blunt Schilling and #4 is Slender Schilling.
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Fig. 4: LOC Schilling profiles (Lima & Fernandes, 2010; Machado et al., 2013). From left:
NACA-Schilling, Slender Schilling and Blunt Schilling.

The LOC model dimensions are described in Table 1. For the models, chord length ¢ =
0.20 m and aspect ratio is 1.75.

Table 1: LOC profiles used in Simulation #1 (Machado et al., 2013) (Fig. 3). Note: c is chord
length.

Trailing
Maximum Edge
Profile Thickness Thickness

NACAOQ0015  0.15¢ 0.00c
NACA-
Schilling 0.15¢ 0.09¢
Slender
Schilling 0.13¢ 0.07¢
Blunt
Schilling 0.18¢ 0.11c
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In Lima & Fernandes (2010), the lift- and drag curves for the four profiles were
determined by experiments performed in the current channel at LOC (Machado et al., 2013).
The forces were measured using two load cells, one for axial direction and one for normal
direction. Channel flow velocity was measured using Acoustic Doppler Velocimetry (ADV).
Each test run endured about 3 minutes, and the results were averaged. Water velocity was
varied between 0.3 and 0.6 m/s, giving an upper Reynolds number of 1.09-10°. In Machado et
al. (2013), the experimental results were cross-validated with CFD results. NACA
experimental results for the NACAQO015 profile were utilized in CFD validation (Jacobs &
Sherman, 1937).

In the present study, the C;- and Cp curves for Reynolds number 1.09- 10° has been
utilized for all four profiles, which is the highest Reynolds number for which experimental
results are available for the LOC Schilling profiles (Machado et al., 2013). This is less than
the seismic operational Reynolds number, but since the present study is a pure comparison of
different profiles this should be acceptable. For the NACAOO15 profile, the experimental
results from Jacobs & Sherman (1937) have been utilized by interpolation between the two
closest Reynolds numbers.

For the Schilling profiles, the CFD results from Machado et al. (2013) have been utilized.
These CFD results were obtained using grids of 80,000 quadrilateral cells, giving grid
independent solution (Machado et al., 2013). The turbulence model utilized was the two-
equation SST x— @wmodel, as it has been shown to be appropriate for the present problem
(Eleni et al., 2012). Convergence limit was set to RMS < 107, and steady state results were
obtained, assuming incompressible flow. Note that for the NACAQ0O015 profile, the CFD
tended to overestimate lift coefficient compared to Jacobs & Sherman (1937) (Machado et al.,
2013). Hence CFD lift coefficients for the Schilling profiles may be somewhat overestimated
as well.

The resulting C;- and Cp curves for the four LOC profiles at Re=1.09- 10° are shown in
Fig. 5. Recall that the LOC-NACAOO015 curves are based on the experimental results from
Jacobs & Sherman (1937), while the curves for the Schilling profiles are based on the CFD
results of Machado et al. (2013).
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Fig. 5: C;- and Cj, curves for the LOC profiles for Re=1.09-10° (Cp, are the lower curves). The LOC-
NACAO0015 curves are based on Jacobs & Sherman (1937), while the curves for the Schilling profiles are
based on Machado et al. (2013).

The aim is to minimize both offset from predefined path and drag. The performance
factor P, is defined according to

P=w mean(0,,) w mean(D,,) )

max(0,,) 2 max(D,,)

, where O,, is average bird offset from predefined path for each timestep, and D,, is average
added drag per timestep, where the initial straight-run streamer drag with no birds installed
(20425 N) is subtracted. w; and w; are weights. In the present study, w, =w, =1, meaning that

equal weight is given to the two performance criteria.

Simulation results are presented in Figs. 6~8.
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Deflection for streamer midpoint rudder
12 T T T T T

LOC-Slender—Schilling |
10F LOC-NACA-Schilling /]
LOC-Blunt-Schilling |

LOC-NACA0015

0 | | | AN | | | |

40 42 44 46 48 50 52 54 56 58 60
Time (minutes)

Fig. 6: Simulation #1 (LOC profiles simulation): Rudder deflection for streamer midpoint rudder.
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Fig. 7: Simulation #1 (LOC profiles simulation): Mean rudder deflection.
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Mean offset from predefined path
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Fig. 8: Simulation #1 (LOC profiles simulation): Mean offset from predefined path for each
profile.

In Table 2, the average results from Simulation #1 are presented, sorted according to
increasing performance factor Pr(Eq. (5)). Recall that in the mean added drag column
(column # 4), the initial straight-run streamer drag with no birds installed (20425 N) is
subtracted. The results given in Table 2 are also visualized in Fig. 9.

Table 2: Simulation #1 (LOC profiles simulation): Average results for 20 minutes simulation, sorted
according to performance factor P (column #2). The reference path has a sine shape with maximum
deflection of 40 m from the straight line, and there is a simulated sea current. The aim is to minimize Py.

Mean of O,, Mean of D,, Mean rudder

Performance (i.e. mean (i.e. mean deflection = Mean Lift
Profile factor Pr offset) (m) added drag) (N) (deg) Force (N)
LOC-Slender-
Schilling 0.52 2.90 3605 7.2 345
LOC-NACA-
Schilling 0.53 2.98 3533 7.3 343
LOC-Blunt-
Schilling 0.54 2.89 3702 7.2 346
LOC-
NACAO0015 0.82 5.38 3036 8.3 299
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Fig. 9: Simulation #1 (LOC profiles simulation): Plot of normalized offset, normalized total rudder drag
and the product of the two (performance factor Py), for the LOC profiles simulations. The values are also
given in Table 2. The x-axis corresponds to the row number in Table 2.

For the LOC profiles simulation, the Schilling profiles give the better performance results
(Table 2). The Schilling profiles give better steering authority and hence follow the
predefined path more closely compared to the NACA profile (Fig. 8). The NACA profile
gives lower bird drag, but according to the performance factor Pr (Table 2) the improvement
in offset outweighs the increase in drag, assuming equal weight w; and w; to the two
performance criteria (Eq. (5)). For Simulation #1 there is no large difference in performance
between the Schilling profiles, but the slender Schilling gives the best result. Recall that the
CFD generated lift coefficients for the LOC Schilling profiles may be overestimated, which
may impact the performance factor in their favor compared to the NACAOO15 profile.

SIMULATION #2: USING RUDDER PROFILES FROM NGUYEN & IKEDA (2014).

Simulation #2 is identical to Simulation #1, except that the rudder profiles are different.
In this case, the lift- and drag curves utilized are based on Nguyen & Ikeda (2014), and all are
for the identical Reynolds number of 6.0 10°, since from this point on the curves are no longer
significantly affected by Reynolds number. However, this is higher than for seismic
streamers, where the Reynolds number is typically around 6.6 10°, based on a wing chord of
0.3 m and velocity 2.315 m/s. But for a comparison study of different rudder profiles this may
be acceptable since all curves are for the same Reynolds number. “Fishtail” is equivalent to
Schilling rudder. The profiles utilized are described in Table 3.
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Table 3: Profiles used in Simulation #2 from Nguyen & Ikeda (2014). c is chord length.

Maximum

Thickness. Trailing

(c is chord Edge
Name length)  Thickness

Fishtail 01 0.24c 0.026¢

Fishtail 02 0.24c 0.05¢
Fishtail 03 0.24c 0.07¢
Fishtail 04 0.24c 0.09¢
NACA0024  0.24c 0.00c

Fishtail 05 0.18¢ 0.026¢
Fishtail 09 0.12¢ 0.026¢
NACAO0012 0.12¢ 0.00c

C;- and Cp curves for the various profiles utilized in Simulation #2 are given in Fig. 10.

CL— and CD curves (Nguyen and lkeda, 2014)
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Fig. 10: C;- and Cj curves for the rudder profiles used in simulation #2, based on Nguyen & Ikeda
(2014). C; are the upper curves, Cp are the lower curves.
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The results for Simulation #2 are given in Table 4, sorted according to performance factor

Pr.

Table 4: Simulation #2: Average results for 20 minutes simulation, sorted according to P (column #2).

The reference path has a sine shape with maximum deflection of 40 m from the straight line, and there is a
simulated sea current. The aim is to minimize Pp.

mean(0,,) mean(D,,) (i.e. Mean rudder

Performance  (i.e. mean mean added drag)  deflection = Mean Lift

Profile factor Pr offset) (m) (N) (deg) Force (N)
FishtailO1 0.40 2.40 3258 6.8 352
Fishtail02 0.44 2.47 3443 6.9 352
Fishtail05 0.44 2.72 3162 7.1 346
Fishtail09 0.47 2.93 3149 7.3 341
Fishtail03 0.48 2.48 3762 6.9 354
Fishtail04 0.51 2.35 4265 6.8 360
NACAO0012 0.52 3.57 2852 7.7 329
NACA0024 0.67 4.57 2865 8.3 312

The results given in Table 4 are visualized in Fig. 11.
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Fig. 11: Simulation #2: Plot of normalized offset, normalized total rudder drag and the
product of the two (performance factor Pr). The x-axis corresponds to the row number in
Table 4.
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Fig. 12: Simulation #2: Rudder deflection for streamer midpoint rudder.
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Fig. 13: Simulation #2: Rudder deflection, average of all rudders.
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Mean offset from predefined path
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Fig. 14: Simulation #2: Mean offset from predefined path for each of the profiles.

CONCLUSIONS

The Schilling rudder profiles utilized in this study show increased steering authority as
they are able to keep the cable closer to the predefined path compared to the conventional
rudders. Now, this comes at a slightly higher cost in drag. However, based on the products of
normalized path-offset multiplied by normalized drag, the higher steering performance of the
Schilling rudders outweighs the cost in higher drag, assuming equal weights to the two criteria
(Table 4, Table 2). In general, Schilling type rudders tend to have lower lift-to-drag ratio
compared to NACA profiles (Machado et al., 2013).

For Simulation #1 where the LOC profiles are utilized, the Schilling profiles show higher
performance compared to the NACA profile. In this case there is no large difference in
performance between the three Schilling profiles (Table 2).

For Simulation #2, FishtailO1 gives the best performance factor Pr (Table 2). This is a
Schilling profile with small trailing edge, which gives low increase in drag. Increased trailing
edge size increases the lift, but at the same time the drag increases significantly (Nguyen &
Ikeda, 2014). This is seen from the Cp-curves of Fishtail01~04 (Fig. 10).

It is concluded that Schilling type rudders are able to increase the steering performance of
seismic streamers compared to traditional rudder types, when giving equal weight to the two
criteria of minimized drag and minimized offset from predefined path.
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