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A B S T R A C T   

The hydrodynamic properties of ropes can significantly affect the underwater performance of midwater trawls, 
including their geometry, drag, fuel consumption, and rate of gear setting and hauling activities. In this study, we 
investigate the hydrodynamic properties of helix ropes compared to conventional polyethylene (PE) and nylon 
(PA) ropes. Flume tank tests were conducted using 17 different braided and twisted ropes of varying diameter 
(6 mm, 8 mm, 9 mm, and 14 mm). Samples of each rope type were subjected to a series of water velocities 
(0.5 m/s, 0.7 m/s, and 0.9 m/s) and angles of attack (0�, 12�, 20�, 45�, 61�, and 90�) in order to measure drag 
and lift forces. To understand how hydrodynamic coefficients vary with increasing Reynolds number (Re), we 
also evaluated a wider range of water velocities (0.3 m/s to 0.9 m/s) for 14 mm ropes. Our results showed that, 
when compared to conventional ropes of the same diameter, helix ropes produced increased lift force (L), 
verifying their description as self-spreading ropes. To our knowledge, these findings represent the first known 
evidence of its kind published in scientific literature with direct application to midwater trawling operations.   

1. Introduction 

Ropes are a dominant structural component of midwater trawls used 
for commercial fishing. They vary widely in their size, shape, and design 
and are found throughout the entire fishing system, including warps, 
sweeps, bridles, headline, fishingline, and forward panels of the trawl 
(Garner, 1978; Sainsbury, 1996). The resulting underwater shape of a 
trawl and the 3-dimensional (3D) position of various trawl components 
are greatly affected by the hydrodynamic properties of the ropes used in 
its construction. Thus, studies on the interaction between ropes and 
fluids can be helpful to fishing gear designers, in particular the impor
tance of the geometry and orientation of strands in a rope and how they 
affect the lift and drag forces in towing applications, such as midwater 
trawls. 

Helical ropes, commonly known as helix ropes, are similar in many 
respects to traditional ropes, but include the added feature of a smaller 
rope twisted over the surface of the main rope. The physical shape is 
very similar to a cylinder with thinner wire twisted over the surface. 

Thus, previous scientific findings on cylinders with an outer helical wire 
can be instructive for current and future studies on helix ropes used in 
fishing gears. There are a number of past studies on fluid patterns 
around plain, rough, and helical-covered cylindrical structures. By dis
rupting fluid flow around a cylinder by using rough elements or helical 
fins on the surface, a reduction in structural vibration and stress can be 
obtained, as well as enhancing the early transition of the laminar 
boundary layer into turbulent flow, resulting in a smaller drag coeffi
cient (Rhahi, 1991; Yang et al., 1994). Evidence has shown that the 
addition of roughness on the surface of a cylinder can shift the boundary 
layer at transition state to a lower Reynolds number (�8 � 104) 
compared to the transition state of a smooth cylinder at Reynold number 
(�2 � 105) (Achenbach, 1971; Potter et al., 2016). Moreover, adding 
rough structures on the surface may shift the separation point closer to 
the rear stagnation point, resulting in a smaller wake width and less drag 
(Rhahi, 1991). For instance, the attachment of a triangular wedge 
pointing downstream on the rear side of a smooth cylinder can reduce 
the drag coefficient from 1.19 to 0.89 (Hoerner, 1965). For 
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wire-wrapped cylinders below the subcritical regime, when the wire 
diameter is appreciably less than the size of the boundary layer thick
ness, there is no change in drag coefficient with respect to corresponding 
values of smooth cylinders. However, when the helical wire diameter is 
much larger than the estimated boundary layer thickness, the drag co
efficient becomes greater than the corresponding value for a smooth 
cylinder (Nassif et al., 1989). Winkel and Paschen (2005) documented 
the transverse force that is produced when these types of structures are 
placed in a flow field. 

An Icelandic gear technologist named Hj€ortur Erlendsson first 
invented helix rope for midwater trawling in 1997. The ropes are 
composed of three components, including a core or inner product, over 
braided sheath, and an outer helical rope as shown in Fig. 1. Use of this 
product in the forward sections of a midwater trawl to enhance mouth 
opening (referred to as self-spreading trawls) was soon developed and 
patented (Safwat and Perevoshchikov, 2005; Erlendsson and Safwat, 
2012). Since that time, self-spreading trawls have been successfully 
introduced to the global market (Hampidjan, 2018). However, little if 
any scientific literature has been published on the effectiveness of helix 
ropes and their potential benefits to midwater trawling. This has moti
vated us to answer how the physical size, orientation, and 
material-composition affect the hydrodynamic performance. 

The objective of this study was to investigate the hydrodynamic 
performance of helix ropes in comparison to conventional polyethylene 
(PE) and nylon (PA) ropes of the same diameter. We conducted a series 
of flume tank tests using helix ropes as well as braided or twisted PE and 
PA ropes of different lays and thicknesses. We measured the hydrody
namic drag and lift forces under various test conditions and calculated 
the associated hydrodynamic coefficients. The results are compared 
across the different types of ropes with a discussion on the application to 
midwater trawling. 

2. Materials and methods 

2.1. Materials 

In this experiment, seventeen different types of ropes were evaluated 
(Table 1). Samples were purchased from Hampidjan AS, Reykjavik, 
Iceland. Six of the ropes were helix ropes with varying diameters and 
helical rope configurations (Fig. 1). The core is hydrophilic, denser than 

water, accounting for 47% by mass. The over braided sheath is 
composed of polyethylene (PE), contributing 30% by mass. The outer 
helical rope is also composed of PE, contributing 23% by mass. The 
remaining eleven ropes were conventional PE and PA twisted or braided 
ropes with different diameters (Table 1). Each rope was given a code to 
identify its physical specifications. For example, HES-6 stands for Helix, 
S-lay, with 6 mm diameter. For helix ropes, letters ‘d’ and ‘D’ indicate 
the diameter of the helical and core ropes respectively, and ‘P’ indicates 
the pitch of the helical rope, which is the distance between the loops. 

A metal frame was constructed from round stock aluminum (diam
eter 12.7 mm) for supporting the ropes in the flume tank (Fig. 2) in the 
manner similar to Lee et al. (2007) and Madsen et al. (2011). Its di
mensions were 1.524 m � 1.524 m (L x W). Each rope type was 
sequentially mounted and tested using the frame. For 6 mm ropes, we 
mounted 18 rope strands of the same rope type on the frame spaced at 
7.5 cm between each strand. For 8 mm, 9 mm, and 14 mm ropes, we 
mounted 8 rope strands of the same rope type on the frame spaced at 
14 mm between each strand. 

Hydrodynamic evaluations were conducted using the flume tank 
located at the Fisheries and Marine Institute, Memorial University, 
Newfoundland and Labrador, Canada (see Winger et al., 2006 for 
specifications). Dimensions of the test chamber are 22.5 m � 8 m x 4 m 
(L x W x D). Maximum water velocity is 1.0 m/s. 

2.2. Test setup 

2.2.1. Measurement of lift and drag forces 
We applied a general crossflow principle for the measurement of 

drag and lift forces as it has been shown to work well in uniform water 
flow in subcritical flows (Re < 1 � 105) (see Garrison, 1985; Hoerner, 
1965; Norton et al., 1981). Lift and drag forces generated by the frame 
were measured in the manner similar to the evaluation of otter boards 
(Seafish, 1995). See Fig. 3a for an illustration of how the frame was 
arranged in the flume tank. We used two types of load cells: 22.7 Kg load 
cell (Model-LFS 270-UV, Cooper Instruments & Systems, USA) and 
45.4 Kg load cell (Model-No. 31, Honeywell, USA). One of the load cells 
was positioned parallel to the direction of the water flow for the purpose 
of measuring drag (D), while the other was positioned perpendicular to 
water flow for the purpose of measuring lift (L). Yaw rotation along the 
Z-axis was performed by shortening a pair of bridles on the port side of 

Fig. 1. Sample of 14 mm helix ropes of S-lay in left side and Z-lay on the right side.  
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the frame in order to produce mean angles of attack of 0�, 12�, 20�, 45�, 
61�, and 90�. The angle of attack of the frame for each rope and test 
condition was determined using an overhead camera filming top down 
in horizontal XY plane and analyzing the resulting images using Image J 
software. The corresponding bridle lengths were: 0.00 m, 0.87 m, 
1.08 m, 1.69 m, 1.89 m and 2.02 m, respectively. The length of pair of 
bridles on the starboard side were 2.02 m each. For each test condition, 
the metal frame with rope samples was subjected to water velocities of 
0.5 m/s, 0.7 m/s, and 0.9 m/s. 

2.3. Calculation of hydrodynamic coefficients 

Measurement of the drag and lift forces was based on Newton’s first 
law, sometimes called the first law of equilibrium. For each test condi
tion, the hydrodynamic resistance force on the frame was resolved into 
two components: drag (D) and lift (L) forces (Fridman and Carrothers, 

1986). The corresponding coefficients of the drag and lift force were 
determined by: 

Cd ¼
2D

ρSV2 (1)  

Cl ¼
2L

ρSV2 (2)  

where Cd and Cl are the drag and lift coefficients, D and L are the 
measured drag and lift forces respectively (kgf), ρ is density of the water 
(9.996 � 102 kgm� 3), V is water velocity (m/s), and S is the total pro
jected area (m2) of the rope strands. Estimates of projected area of the 
ropes on the frame were determined by image analysis of photographs 
for each test condition using Image J software. 

In order to investigate the relationship between hydrodynamic co
efficients and increasing Reynolds number (Re), each of the 14 mm 

Table 1 
List of ropes used in this study, including material, interlacing pattern, total projected area (S), and diameter (D). For helix ropes, d indicates the diameter of the helical 
ropes and P indicates the pitch of the helical rope.  

Sample Rope type Material Interlacing Pattern Code Number of ropes per sample S (m2) D (mm) P (mm) d (mm) 

1 Helix Composite S-lay HES-6 18 2.69E-01 6 17 4 
2 Helix Composite S-Lay HES-8 8 1.40E-01 8 27 5 
3 Helix Composite S-lay HES-14 8 2.17E-01 14 32 9 
4 Helix Composite Z-Lay HEZ-6 18 2.36E-01 6 17 4 
5 Helix Composite Z-Lay HEZ-8 8 1.38E-01 8 27 5 
6 Helix Composite Z-Lay HEZ-14 8 2.14E-01 14 32 9 
7 Braided PA – PA-6 18 1.94E-01 6 – – 
8 Braided PA – PA-8 8 1.18E-01 8 – – 
9 Braided PA – PA-14 8 2.09E-01 14 – – 
10 Twisted PA S-lay PAS-9 8 1.68E-01 9 – – 
11 Twisted PA S-lay PAS-14 8 1.69E-01 14 – – 
12 Twisted PA Z-lay PAZ-9 8 1.32E-01 9 – – 
13 Twisted PA Z-lay PAZ-14 8 1.29E-01 14 – – 
14 Braided PE – PE-6 18 1.95E-01 6 – – 
15 Twisted PE Z-lay PEZ-6 18 1.18E-01 6 – – 
16 Twisted PE Z-lay PEZ-8 8 1.95E-01 8 – – 
17 Twisted PE Z-lay PEZ-14 8 1.94E-01 14 – –  

Fig. 2. Line drawing of the aluminum metal frame with rope strands stretched horizontally across the frame.  
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ropes were also subjected to water velocities ranging from 0.3 to 0.9 m/s 
at 0.1 m/s intervals at a single angle of attack (20�). Our goal was to 
mimic the orientation of rope bars used in the meshes of wing panels of 
midwater trawls. Reynolds number (Re) was expressed as: 

Re¼
VD
ν (3)  

where V is the water velocity (m/s), D is the diameter of ropes (m) 
measured using Vernier calipers at 20 equally spaced locations along the 
rope samples, and ν is the kinematic viscosity of water at 10 �C 
(1.33 � 10� 6m2s� 1). 

Past research has shown that the drag and lift forces of nets vary as a 
function of net solidity, Reynolds number, and angle of attack to water 

Fig. 3. (a) Schematic drawing of the experimental setup in the flume tank, (b) Components of resistance force resolved into Drag (D), and Lift (L), and resistance 
force is resolved into normal (N) and tangential (T) force components. 
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flow (Bi et al., 2014; Hosseini et al., 2011; Lader and Enerhaug, 2005). 
Of all the models proposed, the cross-flow principle developed by 
Hoerner (1965) is the best fitting model for predicting hydrodynamic 
coefficients (Madsen et al., 2011). Here, we modified the form of the 
equation suggested by Hoerner (1965) by considering frictional co
efficients that we determined at Re ¼ 0 (i.e. at no flow condition), the 
coefficients of drag (Cd (θ)) and lift (Cl (θ)) as function of attack angle are 
expressed as: 

CdðθÞ ¼ ðCd90 � Cd0Þ sin3θ þ Cd0 (4)  

ClðθÞ¼ ðCd90 � Cd0Þ sin2θ cosθ þ Cl0 (5)  

where Cd90 and Cd0 are the calculated coefficient of drag at 90� and 
0� attack angles, and Cl0 is the calculated lift coefficient at 0� attack 
angle. 

2.4. Normal and tangential resistance forces 

The hydrodynamic force on a rope is represented only in the plane 
defined by water speed and the rope which is sum of lift and drag forces. 
Lift (L) is the sum of vertical forces due to components pressures and 
shears, and Drag (D) is the sum of the horizontal forces due to compo
nents pressures and shears (Cengel, 2010; Garrison, 1985; Hoerner, 
1965). This is put into a more general form referred to as the cross-flow 
principle; where L is normal to the flow and D is inline with the flow, 
both of which are components of the resistance force (R) which is normal 
to the rope when rope aligned at a certain angle to flow direction. 
However, the resultant resistance force direction is dependent on drag 
and lift forces (Fridman and Carrothers, 1986; Hoerner, 1965) (see 
Fig. 3b). Moreover, when the rope is parallel to the water flow, the 
resistance force will be in the same direction as of flow and drag. The 
magnitude of the resistance force (R) is expressed as: 

R¼
�
L2 þ D2�1=2 (6) 

The resistance force also can also be defined as) the sum of normal 
force (N) and tangential force (T), and its magnitude expressed as: 

R¼
�
N2 þ T2 �1=2 (7) 

However, the tangential and resistance forces are related by an 
equation; 

T ¼
N

tanθ
(8)  

where θ is the angle of attack. In a similar manner, the coefficient of 
resistance force (CR) can be obtained from drag and lift coefficients. The 
coefficient of tangential force (CT) can be determined from the angle of 
attack and normal force coefficient (CN). 

2.5. Data treatment and statistical analysis 

Millivolt signals generated by the load cells were processed using a 
signal-conditioning amplifier which boosted the signal to a level (0–10 
VDC) compatible with our data acquisition hardware which logged the 
data at a frequency of 50 Hz. The resulting loads (kgf) were imported 
into MS Excel for initial data exploration and removal of outliers (see 
Tsukrov et al. (2011) for methodology). The known force of the bare 
frame (without ropes) for each test condition was then subtracted to 
determine the forces generated by the ropes themselves. The processed 
dataset was saved as text-tab delimited file for statistical analysis using 
R-studio software. 

For comparison of the drag and lift coefficients, we used the two- 
sample Kolmogorov Smirnov test to compare each of the datasets 
collected at each water velocity and angle of attack. We used one-way 
ANOVA and Tukey HSD (Tukey honest significant difference) to 

compare the mean lift and drag forces produced by the ropes. 

3. Results 

3.1. Coefficients of lift and drag 

Fig. 4a–c illustrates the relationship between the coefficient of lift 
(Cl) and angle of attack for conventional and helix ropes at varying water 
velocities. In general, the maximum Cl was obtained at 45� and 61� for 
all rope types, while the minimum Cl was obtained at 0� and 90� angles 
of attack. Variation among the rope types was most notable at the 61�

angle of attack. For example, at a water velocity of 0.9 m/s and an angle 
of attack of 61�, the Cl for HES-6, HEZ-6, and PA-6 were 0.62, 0.66, and 
0.47 respectively. For 8 mm ropes under the same conditions, the Cl for 
HES-8, HEZ-8, and PA-8 were 0.55, 0.59 and 0.54 respectively. Simi
larly, for 14 mm ropes, the Cl of HES-14, HEZ-14, and PA-14 were 0.55, 
0.57 and 0.57 respectively. However, despite few variation in Cl values, 
most pairwise comparisons revealed no significant differences among 
the coefficients for a given rope diameter, water velocity, and angle of 
attack (i.e. D value <D critical at α ¼ 0.25). In other words, neither the 
direction of lay (S or Z), material (PA or PE), or the presence/absence of 
the helix helical had a detectable effect on the resulting coefficient of lift 
(Cl) (p > 0.05). 

Fig. 5a–c illustrates the relationship between the coefficient of drag 
(Cd) and the angle of attack for conventional and helix ropes at varying 
water velocities. For all rope types, the lowest Cd occurred at 0�, 
increasing rapidly with increasing angle of attack. Deviation in Cd 
among the different rope types was most notable at the 61� and 90�

angles of attack. For example, at a water velocity of 0.9 m/s and an angle 
of attack of 90�, the Cd for HES-6, HEZ-6, and PA-6 were 1.91, 1.99, and 
1.79 respectively. For 8 mm ropes under the same conditions, the Cd for 
HES-8, HEZ-8, and PA-8 were 1.81, 1.72 and 1.71 respectively. Simi
larly, for 14 mm ropes, the Cd for HES-14, HEZ-14, and PA-14 were 1.81, 
1.8 and 1.72 respectively. However, despite few variation in Cd values, 
most pairwise comparisons revealed no significant differences among 
the coefficients for a given rope diameter, water velocity, and angle of 
attack (D-value <D-critical, α ¼ 0.25). In other words, neither the di
rection of lay (S or Z), material (PA or PE), nor the presence/absence of 
the helix had a detectable effect on the resulting coefficient of drag (Cd) 
(p > 0.05). 

Fig. 6 illustrates the drag and lift coefficients of 6 mm rope samples 
calculated using the cross-flow principle described in Equations (4) and 
(5). Both conventional and helix ropes show a very similar trend with 
increasing angle of attack. The relationship for Cd was sigmoidal, 
characterized by an increasing slope near 30�, maximum steepness near 
60�, decreasing slope near 80�, with maximum Cd values observed at 
90�. The relationship for Cl was bell shaped, characterized by minimum 
values at 0� and 90� and maximum values near 55�. The trend was also 
very similar to that obtained by Madsen et al. (2011) and Kristiansen 
et al. (2015) for different fiber net panels. 

3.2. Lift and drag forces 

Figs. 7 and 8 provide a direct comparison of the lift and drag (kgf) 
forces observed for the different rope types at a water velocity of 0.9 m/s 
and 20� angle of attack, which are the conditions most comparable to 
trawling applications. The results reveal that, for a given rope diameter, 
the type of rope had significant effect on both the lift and drag measured 
(see Table 2~a b for ANOVA results). These differences were statistically 
detectable for both lift and drag at all three diameters (p < 0.001). For 
6 mm ropes, the mean lift force for HES-6, HEZ-6 and PA-6 was 2.24 kg, 
2.49 kg, and 2.08 kg respectively. Similarly, for 8 mm ropes, HES-8 and 
HEZ-8 showed 9.32% and 9.74% increase with respect to PA-8. Once 
again, for 14 mm ropes, HES-14 and HEZ-14 gained 7.9% increase and 
8.6% increase with respect to PA-14. 

For 6 mm ropes, drag force for HES-6, HEZ-6 and PA-6 were 5.51 kg, 
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Fig. 4. Relationship between coefficient of lift (Cl) and angle of attack for the different rope types at 0.5 m/s, 0.7 m/s, and 0.9 m/s water velocities.  
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Fig. 5. Relationship between the coefficients of drag (Cd) and angle of attack for the different rope types at 0.5 m/s, 0.7 m/s, and 0.9 m/s water velocities.  
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5.58 kg, and 4.85 kg respectively. Similarly, for 8 mm rope samples, 
HES-8, and HEZ-8 possessed 6.9% and 9.3% increase with respect to PA- 
8. For 14 mm rope samples, HES-14, and HEZ-14 gained a 19.5% and 
15.5% increase with respect to PA-14. Subsequent pairwise comparisons 
are shown in Fig. 9. 

3.3. Effect of Reynolds number 

Hydrodynamic coefficients of ropes in trawling applications depends 
on their geometry, material composition, and Reynolds number (Frid
man and Carrothers, 1986). Using data collected in the previous 
experiment, we examined the hydrodynamic coefficients (Cl and Cd) 
with increasing Reynolds number (Re) for the 14 mm ropes (HES-14, 
HEZ-14, and PA-14). Fig. 10 reveals inconsistency at lower Reynolds 
numbers; however, for Reynolds numbers above 8 � 103, the mean de
viations of Cl of the HES-14 and HEZ-14 with respect to PA-14 were 

31.3% and 18.8%. For Cd, both conventional and helix ropes showed 
very similar values for Re ranges from 4 � 103 to 10 � 103, however for 
Re above 10 � 103, the mean deviations of Cd of the HES-14 and HEZ-14 
with respect to PA-14 were 5.1% and 7.7%. Kolmogorov Smirnov 
pairwise comparisons revealed no statistical difference 
(D-value <D-critical, α ¼ 0.05) for any corresponding pair of Cl and Cd 
at each water velocity. 

3.4. Coefficients of normal and tangential resistance forces 

Normal (CN) and tangential (CT) force coefficients were calculated 
for 14 mm rope samples, specifically: HES-14, HEZ-14, and PA-14. 
Table 3 lists the resulting values at different angles of attack and a 
water velocity of 0.9 m/s. Overall, the coefficient of tangential force (CT) 
showed a declining trend with increasing attack angle, however the 
coefficient of normal force (CN) showed an increasing trend with 

Fig. 6. Modeling of the drag and lift coefficient using crossflow principle for 6  mm at 0.5 m/s.  

Fig. 7. Box plots of the lift forces observed for 6 mm, 8 mm, and 14 mm ropes at 20� attack angle at 0.9 m/s water velocity.  
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increasing attack angle as it is mainly dependent on the drag coefficient. 
Moreover, tangential force coefficients in conventional and helix ropes 
are shown to be very similar at different attack angles. 

4. Discussion 

Previous studies evaluating the hydrodynamic forces produced by 
ropes and netting have been conducted at flume tanks located in South 
Korea (Lee et al., 2007) and Denmark (Madsen et al., 2011). Our study 
was similar to these experiments in its use of a metal frame rotated in the 
yaw direction to achieve different angles of attack to the water current. 
However, our experimental design differed with respect to instrumen
tation. Lee et al. (2007) and Madsen et al. (2011) both mounted their 
metal frame directly to a multi-axis force/torque sensor for the mea
surement of lift and drag forces. Our design by comparison, used 
two-inline load cells for the measurement of drag and lift forces. Our 
yaw rotation was controlled by shortening a pair of bridles, which was 
time consuming, and proved difficult for attaining a desired attack 
angle. Nevertheless, our approach was found to perform well, producing 
accurate and repeatable estimates of lift and drag. 

Lift forces were higher for helix ropes compared to conventional 
ropes when tested at the same water velocities and angles of attack. This 
represents the first known evidence of its kind published in the scientific 
literature. It supports the claims of existing patents (e.g., Safwat and 
Perevoshchikov, 2005; Erlendsson and Safwat, 2012) and validates the 
concept of self-spreading midwater trawls (Hampidjan, 2018). Though 
not directly investigated in this study, the ability of helix ropes to in
crease lift has significant application for midwater trawling. Use of helix 
ropes could theoretically increase the mouth opening of a trawl, 
allowing vessels to achieve the same mouth opening as conventional 
trawls, but with reduced door size, floatation on the headline, and 
weights on the footline. This in turn, could reduce fuel consumption, 
gear size, speed up hauling and setting operation, and improve fishing 
efficiency. 

Drag forces were higher for helix ropes compared to conventional 
ropes when tested at the same water velocities and angles of attack. We 
attribute this finding to the fact that our flume tank could only achieve a 
maximum velocity of 0.9 m/s. Thus we conducted our experiment 
within the subcritical region (low Re) (Nassif et al., 1989) and were not 
able to observe an earlier transition and a quick declining trend of drag 
for the helical ropes. We speculate that a reduction in drag would have 
been detected had we tested at higher velocities (i.e., higher Re). 
Achenbach (1971) found that the surface roughness of the cylinder had 
no effect on drag at low Reynold numbers in subcritical regions. How
ever, at upper end of subcritical, the early transition of the laminar 
boundary to turbulent boundary can be obtained through the addition of 
a helical wire on a smooth cylinder (Yang et al., 1994). This transition 
might be attained at Re between 2 � 104–10 � 104 (Potter et al., 2016). 
Goldstein (1938) found at Re above 5.0 � 104, drag reduction could be 
attained by placing thinner wires at � 65� from front stagnation point 
around a smooth cylinder. This arrangement was able to delay the 
separation by causing the boundary layer to become turbulent which 
resulted in reduced drag. In another study, Ferro (1990) documented 
that stranded (rough) cables had lower drag coefficient than smooth 
cables when towed behind a research vessel at velocities between 
0.4 m/s ~2.8 m/s. Taken together, these results lead us to speculate that 
at higher water velocities, the helix ropes used in this study would 
exhibit reduced drag in comparison to conventional ropes. Moreover, 
trend of the hydrodynamic coefficients at low Reynolds numbers 
(<0.3 m/s flow speed) should be investigated in the future. 

5. Conclusion 

In this study, we observed the basic parameters that are essential for 
characterizing the hydrodynamic properties of ropes (helix, nylon, and 
polyethylene) used for construction of midwater trawls. Using a flume 
tank, we evaluated the drag and lift forces for 17 different ropes at 

Fig. 8. Box plots of the drag forces observed for 6 mm, 8 mm, and 14 mm ropes at 20� attack angle at 0.9 m/s water velocity.  

Table 2a 
Analysis of variance (ANOVA) of the mean lift forces observed at 20� attack 
angle.  

Category Parameters DF Sum of 
squares 

Mean 
squares 

F 
value 

p-value 

6 mm ropes Sample 4 5.84 1.46 393.2 <2e- 
16*** Residuals 245 0.91 0.0037 

8 mm ropes Sample 3 1.052 0.3506 66.02 <2e- 
16*** Residuals 196 1.041 0.0053 

14mmropes Sample 5 2.491 0.4983 310.3 <2e- 
16*** Residuals 294 0.472 0.0016 

Significance code (α): 0 ‘***’. 

Table 2b 
Analysis of variance (ANOVA) of the mean drag forces observed at 20� attack 
angle.  

Category Parameters DF Sum of 
squares 

Mean 
squares 

F 
value 

p-value 

6 mm 
ropes 

Sample 4 17.292 4.323 436 <2e- 
16*** Residuals 245 2.429 0.010 

8 mm 
ropes 

Sample 3 18.178 6.059 651.9 <2e- 
16*** Residuals 196 1.822 0.009 

14 mm 
ropes 

Sample 5 27.037 5.407 1468 <2e- 
16*** Residuals 294 1.083 0.004 

Significance code (α): 0 ‘***’. 
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Fig. 9. Tukey HSD plot for comparison of the means of lift and drag forces of 6 mm (a), 8 mm (b), and 14 mm (c) rope samples at 20� attack angle and 0.9 m/s 
water velocity. 

G.E. Kebede et al.                                                                                                                                                                                                                               



Ocean Engineering 195 (2020) 106674

11

various water velocities and angles of attack. In summary, we found 
these results based on comparative analysis in specified test conditions 
[4.51 � 102 < Re < 1.24 � 104];  

� No statistical difference was detected among coefficients of lift (Cl) 
and drag (Cd) for helix and conventional ropes.  

� Lift (L) forces were higher for helix ropes compared to conventional 
ropes.  
� Drag (D) forces were higher for helix ropes compared to conventional 

ropes. 

In conclusion, the hydrodynamic properties of helix ropes are 
uniquely different from conventional polyethylene (PE) and nylon (PA) 
ropes. However, the study was not without its limitations. Due to the 
slower water velocities used (�0.9 m/s), we did not detect a reduction in 
drag for helix ropes, which was expected. We recommend future studies 
be conducted at higher velocities (higher Re) as well as numerical 
simulation using computational Fluid dynamics (CFD), both of which 
can more closely approximate actual towing speeds [2.8–4.0kn] of 
midwater trawls. 
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61� 1.44 0.80 1.30 0.72 1.5 0.8 
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