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The interaction between hulls, their position and shape and the length of the side 
hulls of a multihull affect the amount of wave resistance. This paper presents 
computation based on Michell’s theory on the various configurations of pentamaran 
and correlates with towing test data that involves interference flow around the 
component hulls. The pentamaran hull form was featuring a warped chine for the 
main hull recommended by Savitsky and V model for outriggers. Analysis of both 
transversal and divergent waves was performed to assess the magnitude of wave 
resistance that occurs due to the placement of the side hull to the main hull. 
Furthermore, investigations on far-field wave pattern, wave interference, wave 
resistance as well as total resistance have been conducted. Changing of the side hull 
on clearance strongly affects the resistance characteristics than stagger. Configuring 
the pentamaran so that the main hull is placed at the centreline of each of the front-
side hull approximately 15°-18°could be an effective manner to reduce resistance. In 
general, all of the resistance components results showed that Michell’s theory agree 
with the test, particularly at Fn greater than 0.5, in which possible viscous factors 
were still influential at low speed where the theoretical prediction could not be 
potentially valuable.  
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1. Introduction 
 

In general, there are two types of ship resistance: frictional resistance and wave resistance. 
Identifying the wave resistance of multihull is very complicated due to the strong influence of 
things mentioned earlier. Configuration of the multihull in the placement of individual hulls is an 
attempt to minimise the wave resistance, which also reduces the total resistance. Certainly, it is 
related to the power energy required to propel the ship, which results in fuel consumption. Ikeda et 
al., [1] noted that the total resistance of a multihull could be minimised by the shape of the hull and 
proper configuration of outriggers. According to Oller et al., [2], longitudinal and transverse 
configurations between hulls are needed so they can be at an optimum placement as they can 
affect frictional resistance, stability and seakeeping performance. 
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Multi-hulls planning has been carried out for several decades. Savitsky and Dingee [3] began by 
testing parallel flat plate planning at very high Froude numbers. We can also find this test in Ocon 
et al., [4] for parallel plates in turbulent flow. Research on warp-chine on a multihull by Liu and 
Wang [5] by a tested series on planning catamaran and suggested an improvement empirical 
method of a single-hull lift by Savitsky [6]. According to Chengyi [7], symmetrical chine hull on 
catamarans had minimised the resistance of the waves, with its interference tending to fall to Fn > 
0.5. Ackers et al., [8] showed that using symmetrical chine hull had a significant effect on the 
interference resistance caused by the interaction between the waves and the bow, the main hull 
and the side hulls. On the contrary, E. O. Tuck and L. Lazauskas [9] showed that symmetrical chine 
hull gives the lowest resistance and the highest propulsive efficiency. Moraes [10] used symmetrical 
chine hull at catamaran ships and obtained similar results and compared them with Wigley. 
Furthermore, Blount [11] showed that chine forms have better dynamic stability at high speeds. 
The experiment of Begovic and Bertorello [12] showed that ships with a chine hull form have a 
deadrise angle of 25°, which is better for storm conditions; however, the experiments were 
conducted under calm water conditions. Furthermore, Bari and Matveev [13] obtained catamaran 
with chine form on deadrise angle until 20° lift coefficient force increased in line with the increase 
of deadrise and Fn and with a short distance of outriggers. 

Researches on multihull particularly on pentamaran were more dominated by configuration 
effects of stagger (ST) and clearance (CL) with commonly used models such as series NPL, series 60, 
series 62 and Wigley. Particularly the shape of Wigley was very dominant in pentamaran 
experiments by Yanuar et al., [14, 15]. Limitations hydrodynamic references of the warp-chine hull 
in the multihull, although some of the studies mentioned earlier have shown their superiority 
compared to another hull form. Therefore, this research about the hydrodynamic warp-chine on 
the pentamaran focuses on wave resistance and total resistance at a speed range corresponding to 
high wave resistance. The model was assembled as an arrow as trimaran formation in various 
configurations suggested from the optimum hull of multihulls. A series of tests were carried out on 
lateral separation or clearance of the front-side hull as CL1 on 1.05 Bmh and 1.2 Bmh, clearance of 
the after-side hull as CL2 on 1.2 Bmh and 1.5 Bmh, and longitudinal distance or stagger as ST on 
0.35L, 0.42L and 0.5L. The analysis was done using a computational solver based on Michell’s 
integral, fixed by Tuck and Lazauskas [16] and validated by a test model on a towing test. 
 
2. Methodology 
2.1. Wave Resistance Based on Michell’s Theory  

 
The expression provided by Michell [17] for the wave resistance based on beam/length ratio 

was thin ship. According to Tuck and Lazauskas [16], Michell’s investigation of the wave produced 
by a ship could be rapid, accurate and also capable of fine detail of wave pattern.  

 
2.2. Multihull Resistance 
 

In this study, a pentamaran was used with the main hull representing as a hard chine 
recommended by Savitsky and four identical V forms as outriggers. The two side hulls (outriggers) 
located on the portside and starboard as a trimaran formation were presented in Figure 1. And the 
pentamaran dimension were described in Table 1. Related to the warp-chine hull form that can 
reduce the drag of pentamaran accuracy of stagger, clearance and Froude number (Fn). This study 
sets the distance of the center of first clearance (CL1) of the front-side hull to the center of the main 
hull are 1.05 and 1.2 of the main hull beam (Bmh). The second clearance (CL2) of the center of the 
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after-side hull to the center of the main hull beam (Bmh) are 1.2 and 1.5 of the main hull beam 
(Bmh). For stagger (ST), which is the distance from the transom of the side hull to the transom of 
the main hull is 0.36, 0.42 and 0.5 of the mainhull waterline length (LWL).  

Some of the researchers, i.e. Tuck and Lazauskas [9], Moraes [10], Hanhirova [18], Peng [19], 
Day et al., [20] and Yeung et al., [21], agreed that wave resistance of a high-speed monohull and 
multihull as given by Michell’s integral was quite good with computed values in a towing test. The 
characteristic of the hull shape allows interference factors between the divergent and the 
transverse systems to generate wave resistance. By increasing the ship speed, the energy produced 
from the movement of the ship will be absorbed more by the transverse than the divergent system, 
leading to a strong behaviour interference. Hence, it took a good choice in determining the exact 
hull placement in a pentamaran in order to cancel the wave and minimise interference. 

 

 

  
Fig. 1. Hull plan model and set-up pentamaran configuration 

 
Table 1 
Main dimension of model pentamaran 
Dimension Main hull Outrigger 

WL length (mm) 1435.9 414 
Beam on WL (mm) 126.7 30 
Draft (mm) 24 12 
Height (mm) 90 78 
Deadrise (degree) 20 35 
Wetted area (mm2) 17.68 × 104 14.87× 103 
Volume(displacement) (mm3) 20.45 × 105 69.01 × 103 
Displacement (Kg) 2.0378 0.0688 
Total Displacement (Kg) 2.313 

 
The wave resistance based on Michell’s, the stream energy far from the ship explain the wave 
heights of inducing the actual wave resistance (Rw) by free-wave spectrum integration to the angle 

of propagation ().  
 

𝑅𝑊 =
𝜋

2
𝜌𝑈2 ∫ |𝐴(𝜃)|2𝑐𝑜𝑠3𝜃 𝑑𝜃

𝜋

2

−
𝜋

2

           (1) 

 
The flow quantities of wave resistance represent wave elevation z = Z(x, y), which is created by hull 
Y(x, y).  
 

𝐴(𝜃) = −
2𝑖

𝜋
𝑘0

2 𝑠𝑒𝑐4𝜃 ∬ 𝑌(𝑥, 𝑦) 𝑒𝑥𝑝(𝑘0𝑧 𝑠𝑒𝑐2𝜃 + 𝑖𝑘0𝑥 𝑠𝑒𝑐𝜃) 𝑑𝑥𝑑𝑧      (2) 

 
Hull was integrated with transom stern require modification of Eq. (2) which indicated by Y (xs, z) as 
offset transom: 
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𝐴(𝜃) = − 2𝑖
𝜋⁄ (𝑘0𝑠𝑒𝑐2𝜃)2 ∫ ∫ 𝑌(𝑥, 𝑧)𝑒𝑖𝑘0𝑥𝑠𝑒𝑐𝜃∞

−∞

0

−∞
𝑒𝑘0𝑧𝑠𝑒𝑐2𝜃𝑑𝑥𝑑𝑧 +  

2
𝜋⁄ (𝑘0𝑠𝑒𝑐3𝜃) ∫ 𝑌(𝑥𝑠, 𝑧)

0

−∞
𝑒𝑘0𝑧𝑠𝑒𝑐2𝜃𝑑𝑥𝑑𝑧  (3) 

 

k () = k0 sec2 ; k0 = g/U2, g is gravity, and U is ship speed.  Where wave pattern of ship, (x,y) 
 

𝜍(𝑥, 𝑦) = 𝑅𝑊 ∫ 𝐴(𝜃)𝑒−𝑖𝑘(𝜃)[𝑥 𝑐𝑜𝑠 𝜃+𝑦 𝑠𝑖𝑛𝜃]𝑑𝜃
𝜋

2

−
𝜋

2   (4) 
 

is generated from wave propagation at various angles  to the x-axis direction of the ship’s motion. 
A nondimensional wave resistance coefficient (Cw) presented as 
 

𝐶𝑊 =
𝑅𝑊

1
2⁄ 𝜌𝑈2𝑆⁄   (5) 

 

where  for water density, U forward speed, and S ship wetted area. Then, for the viscous 
resistance was using the International Towing Tank Conference (ITTC) 1957 line to determined 
coefficient friction (CF)  
 

𝐶𝐹 = 0.075
(𝑙𝑜𝑔10𝑅𝑛 − 2)2⁄  (6)

  
and Prohaska method is used in the form factor (k + 1) by utilizing test data at low Froude numbers 
(0.12 < Fr < 0.24). 
 
𝐶𝑉 = (1 + 𝑘)𝐶𝐹 (7) 
 

For multihull with N hulls, j numbered of hull is located at (x,y) = (xj,yj), Aj() wave amplitude, then 
the total far-field wave is  
 

𝜍(𝑥, 𝑦) = ∑ 𝑅𝑊 ∫ 𝐴𝑗(𝜃)𝑒−𝑖𝑘(𝜃)[(𝑥 −xj)cos 𝜃+(𝑦−𝑦𝑗) 𝑠𝑖𝑛𝜃]𝑑𝜃
𝜋

2

−
𝜋

2

𝑁
𝑗=1  

(8)
  

 

𝜍(𝑥, 𝑦) = 𝑅𝑊 ∫ 𝑒−𝑖𝑘(𝜃)[𝑥 cos 𝜃+𝑦 𝑠𝑖𝑛𝜃] ∑ 𝐴𝑗
𝑁
𝑗=1 𝑒𝑖𝑘(𝜃)[𝑥𝑗 cos 𝜃+𝑦𝑗 𝑠𝑖𝑛𝜃]𝑑𝜃

𝜋

2

−
𝜋

2

  (9) 

 
where amplitude function in Eq. (8) is modified from the expression Eq. (2) to  
 

𝐴(𝜃) = ∑ 𝐴𝑗(𝜃)𝑒𝑖𝑘(𝜃)[𝑥𝑗 𝑐𝑜𝑠𝜃+𝑦𝑗 𝑠𝑖𝑛𝜃]𝑁
𝑗=1  (10) 

 
𝐴𝑗(𝜃) = 𝜎𝑗𝐴0(𝜃)  (11) 

 

j represents the fraction of the total displacement of multihull. Then the following expression is 

given for combined wave amplitude A() 
 
 𝐴(𝜃) = 𝐴0(𝜃) 𝐹(𝜃)

 
  (12) 

 

F() as interference between the hulls is 
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𝐹(𝜃) = ∫ 𝜎𝑗𝑒𝑖𝑘(𝜃)[𝑥𝑗 𝑐𝑜𝑠𝜃+𝑦𝑗 𝑠𝑖𝑛𝜃]𝑁

𝑗=1   (13) 
 

where F() is an independent factor of wave-making of individual hulls measured by A0(). 
 
2.3. Interference Resistance 
  

Generation of low resistance on multihull with warp-chine can be performed by evaluating the 
design of hull forms on varying parameters such as deadrise angle. In addition, the interaction 
between hulls that can build wave interference and whisker spray interference should also be taken 
into consideration. Several studies about the optimum of warp-chine, i.e. Begovic and Bertorello 
[12], Bari and Matveev [13], Savitsky [22], Ghassemi [23], Taunton et al., [24] and Schachter [25], 
focused on the deadrise angle 20° for the main hull and 35° for the side hulls. 

Tuck and Lazauskas [9] provided an assumption that transverse waves can eliminate with 

determined main hull on a half of total displacement and each side hulls on a quarter ( = 1/4), 

which staggered longitudinally by an odd multiple of a half wavelength and that stagger s = /k0 
takes the minimum value to cancel transverse waves. The total resistance minimisation of multihull 

determined by individual outrigger displacement (), stagger (s), clearance (w) on minimising 

complex expression Eq. (13) with G () is 
 

𝐺(𝜃) = |𝐹(𝜃)|2  (14)
 

 
References on multihull interferences were also given by Gotman [26], and even Tuck [16, 27] 

used Michell’s thin-ship theory to develop a computational program ‘Michlet’ [28] for resistance 
components and wave spectrum, which appear from the effect of hull shape and hull placement. 

This tool was by input set of offsets (red dot) defining the hull ship y = Y(x, y) for wave elevation z 
= Z(x, y) points or free-wave spectrum, which are presented in a grid data as shown in Figure 2(a), 
described as a body with waterlines and section. Figure 2(b) shows the coordinate system of 
pentamaran measured relatively to the main hull (as the origin) indicating a nominal point x = s i, y = 
w and z = 0.

 
 

a)  
 

  
Fig. 2. (a) Offsets defining the main hull; (b) coordinates system program of pentamaran 

 
2.4. Towing Test Set-Up 
 

The tests on the calm water were conducted in the towing tank of Institut Teknologi Sepuluh 
Nopember (ITS) Surabaya. Its principal dimensions are 50 m, 3 m and 2 m for the length, width and 
depth, respectively. The tank is equipped with three cameras mounted on the front of the right 
side, the centre between the main hull and the side hull, as well as on the centre of the stern. The 

b) 
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set-up test of the model to be even keel at the design drafts and the geometrical design is 
summarized in Table 1, in which the models were made from fibreglass coated with epoxy to 
smoothly attach on the surfaces of the hull. The test range of Froude number, Fn = U/(g.L)0.5, is 
from 0.1 to 0.6, corresponding to model speeds between 0.58 m/s and 2.30 m/s. In Figure 1, there 
are six variations of towing-tank test hull configurations, and detailed test schemes and hull 
spacings were described in Table 2.  

 
Table 2 
Model test configurations 

Configuration Stagger (m) Cl-1 (m) Cl-2 (m) 

A 0.36L 1.20Bmh 1.20Bmh 
B 0.36L 1.05Bmh 1.50Bmh 
C 0.42L 1.20Bmh 1.20Bmh 
D 0.42L 1.05Bmh 1.50Bmh 
E 0.50L 1.20Bmh 1.20Bmh 
F 0.50L 1.05Bmh 1.50Bmh 

  
3. Result 
3.1. Comparison of All Configurations 
3.1.1. Computation results 
 

The report computations as shown from Figure 3 to Figure 5 were using Michell’s integral for 
coefficient of: wave, interference and total resistance.  

Figure 3 shows the results of all configurations for the transversal wave coefficient in (a) Cw-
trans and the divergent wave coefficient in (b) Cw-div. It can be seen that Cw-trans tends to rise to 
the highest transversal wave at Fn above 0.5, and then its value gradually falls. While Cw-div, the 
highest value starts at Fn 0.4 and it gradually decreases. The highest Cw-trans is obtained 
successively by models A and B, then C and D and the lowest E and F, while the highest Cw-div is 
obtained by F and A, then C and E and the lowest B. 

Figure 4 (a) presents graphs of wave coefficient, Cw, which have similarity trend with the 
divergent wave in Figure 3(b). At range Fn 0.5–0.6, model F still has the lowest Cw from all 
configurations, demonstrating that the divergent waves predominate at high speeds. For the 
interference wave coefficient, Cw-int, model F has the lowest interference (negative interference) 
at low Fn < 0.5, but model A has the highest, precisely at Fn 0.45, as shown in Figure 4(b). The 
negative interference represents less wave resistance of cross waves between hulls. It can be seen 
that parallel to the increasing Fn, all trends of configurations almost coincide with model C, which 
has the lowest interference at high Fn (1.0). 

For the total resistance, CT, results are given in Figure 5. It can be seen that all configurations 
have an increasing trend at Fn 0.4, and then decreases, same as in Figure 3 (b) and Figure 4 (a). 
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Fig. 3. Results of computational calculation based on ‘Michell’: (a) coefficient of transverse wave, Cw-
trans; (b) coefficient of divergent wave, Cw-div 
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Fig. 4. Results of computational based on ‘Michell’: (a) coefficient of wave resistance, Cw; (b) interference 
resistance, Cw-int 
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Fig. 5. Results of computational based on ‘Michell’on 
total resistance, CT 

  
3.2. Comparison between Test and Computational 
 

The comparison between computational calculation and test of wave resistance and total 
resistance is presented in Figures 6 to 8. For the test calculation, ‘Prohaska’ method was used to 
determine the form factor and the International Towing Tank Conference (ITTC) 1957 line for 
friction coefficient Eq. (6). 

The results show that at stagger of 0.36L, 0.42L and 0.5L, the trends of all configurations were 
consistent with the test at Fn > 0.5. In the test model at stagger of 0.36L, the average of the wave 
and the total resistance of models A and B decreases by 15.13% and 0.879%, while in the 
computational calculation, the average of the wave and the total resistance increase by 1.739% and 
0.375%, respectively. At stagger of 0.42L, as shown in Figure 6, the trend of the wave resistance 

a) b) 

a) b) 
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coefficient of models C and D is similar with that in Figure 7. The average wave resistance in the test 
model decreases by 19.766%, but the total resistance increases by 7.793%, while in the 
computational calculation, both the wave and the total resistance decrease by 1.193% and 0.188%, 
respectively. For models E and F in Figure 8, there is a slightly different trend compared to others 
i.e. the average wave resistance decreases by 21.663% and the total resistance increases by 1.6%. 
In the computational calculation, both the wave and the total resistance decrease by 2.037% and 
0.443%, respectively. 
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Fig. 6.  Comparison between test and computational on stagger 0.36L 
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Fig. 7.  Comparison between test and computational on stagger 0.42L 
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Fig. 8.  Comparison between test and computational on stagger 0.5L 

 
Changing at stagger 1.2 Bmh where CL1–CL2 is in the same line with models A, C, and E, the 

model test results show that both the wave and the total resistance are decreasing on average: A to 
C, 0.985% and 10.188%; C to E, 4.521% and 2.609%. In the computational calculation, both the 
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wave and the total resistance have decreased: A to C, 1.090% and 0.344%; C to E, 3.798% and 
0.879%, respectively. And changing at stagger where CL1–CL2 is not in the same line with models B, 
D and F, in general, gives decreasing results of the test model on both the wave and the total 
resistance: B to D, 6.386% and 2.332%; D to F, 6.778% and 8.204%. Moreover, the results of the 
computational calculation also show a reduction on both the wave and the total resistance: B to D 
by 3.942% and 0.903%; D to F by 4.619% and 1.132%. 
 
3.3. Far-Field Wave Pattern 
 

The wave spectra were illustrated in Figure 9 and Figure 10 at Fn 0.6 on provides ‘Michlet’ 
program, which is a linear superposition of the far-field free-wave patterns on the sectoral patch, 
an area of the back of the ship. The colour indicates the value of Z (x, y), with dark blue indicating 
the deepest troughs and nearly white indicating the highest crests.  

Figure 9 shows a similar wave pattern of models A, C, and E that had produced deeper and 
wider divergent waves illustrated by sharp contours of blue and wide. Whereas the enveloping 
wedge of models B, D, and F has widened slightly with lighter blue as shown in Figure 10.  

 

   
Fig. 9. Characteristics of far-field wave pattern of models A, C and E at Fn 0.6 

 

   
Fig. 10. Characteristics of far-field wave pattern of B, D and F at Fn 0.6 

 
3.4. Discussion 

 
The comparative analysis of the computational reports and the measurement test on waves and 

total resistance had quite a similar trend above Fn 0.5. The average deviations of the total 
resistance coefficient (CT) were obtained: 1.78% for A, 0.67% for B, 6.85% for C, 0.73% for D, 8.70% 
for E, and 6.89% for F. The average deviations of the wave resistance coefficient (Cw) were: 2.78% 
for A, 20.55% for B, 0.44% for C, 21.53% for D, 1.26% for E, and 25.17% for F. This comparative 
analysis proves that the computation "Michlet" tool adequate in respect of the total resistance 

Fn 0.8 Fn 0.6 Fn 0.2 

Fn 0.8 Fn 0.6 Fn 0.2 
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measurement accuracy but poor agreement for wave resistance. We previously had predicted this 
likely deviation owing to difficulties in determining the correct form factor (1+k) of the multihull (7). 

All configurations report has an increasing trend below Fn 0.5 and then decrease afterward. We 
suppose the complexity of the interference factor at high speeds generate the destructive wave of 
hull-to-hull interaction and dominant in influencing the magnitude results of the wave resistance. It 
is related to the configuration of the multihull. And finally, directly affects the reduction in total 
resistance.  

The angle of the line between the centreline of the main hull to each of centreline of the front-
side hull of models B, D and F approximately 15°-18° has a good cancellation to transverse wave 
that is appropriate with Tuck and Lazaukas [9] for the ship with arrow tri-hull.  

Referring to the wave pattern of the computational program ‘Michlet’ at Fn > 0.5 from Figures 9 
and 10 indicates conformity with the test as shown in Figures 11 and 12 (left figure). The model 
where CL1–CL2 is in the same line (A, C and E) had some degree of reduction within a certain range 
of Fn, likewise at the model where CL1–CL2 is not in the same line (B, D, and F). But generally, the 
clearance at CL1–CL2 is not in the same line give more reduction on the wave and total resistance. 
The boundary layer and wake due to the shape of the hull, as well as the placement of the side hull 
in such a way that it reduces the interference of the bow and the stern wave systems.   

 

 
Fig. 11. Wave characteristic of test results of models A, C and E at Fn 0.6 
between the main hull and the side hull (right), and after stern (left) 

 

 
Fig. 12. Wave characteristic of test results of models B, D and F at Fn 0.6 
between the main hull and the side hull (right), and after stern (left) 

 
4. Conclusion 

 
The tests have been performed in compliance with the ITTC standards. It is agreed that the 

computational reports and the measurement test on waves and total resistance had indeed a 
similar trend, although there were some discrepancies at range Fn 0.4–0.5. More length at stagger 
would increase the total resistance due to unfavourable wave interference between hulls. But 
changing of the side hull on clearance strongly affects the resistance characteristics than that on 
stagger as shown on models B, D and F, where the trend resistance interference of all models 
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tends to decrease when increasing hull separation with the front-side hull closer to the main hull. 
Aligning placement of the main hull to the side hull with formation arrow tri-hull near to Kelvin 
angle would cancel the wave formed by the leading hull. In general, thin-ship theory by Michell 
which predicts the coefficient component resistance of model with warped chine yields quite good 
results in the towing test. 

Further work must be undertaken with regard to optimization of clearance and stagger to verify 
the best minimum resistance. Less resistance means reduced use of horsepower (power energy), 
hence resulting in reduced fuel consumption. 
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