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SUMMARY

The size of the aft control surfaces is an important element in the design of a submarine. The size required will depend on the submarine’s length/diameter ratio, and the desired stability in the vertical plane. This paper presents a simplified way of determining the size of the aft control surfaces in order to achieve the desired level of stability in the vertical plane at the very early stage in the design of the submarine. The results are compared with the sizes of the aft control surfaces on a range of existing submarines, and it is shown that there is good agreement between the simplified prediction approach, and the actual sizes used.

NOMENCLATURE




	Ae

	Effective aspect ratio




	BG

	Vertical distance from the centre of buoyancy to the centre of gravity (m)




	CD

	Drag coefficient (based on area)




	CLα

	Lift coefficient (based on area)




	D

	Diameter (m)




	g

	Acceleration due to gravity (m/s2)




	GH

	Horizonal stability index




	GV

	Vertical stability index




	lapp

	Longitudinal position of aft control surface (m)




	L

	Length (m)




	m

	Hydrodynamic Mass (of envelope) (kg)




	M

	Pitch moment (Nm)




	N

	Yaw moment (Nm)




	O

	Origin




	q

	Pitch velocity (rad/s)




	r

	Yaw velocity (rad/s)




	Sa

	Projected area of control surfaces (m2)




	u

	Surge velocity (m/s)




	v

	Sway velocity (m/s)




	w

	Heave velocity (m/s)




	xG

	Longitudinal position of centre of gravity (m)




	Y

	Sway force (N)




	Z

	Heave force (N)




	γ

	Correction to vertical stability index due to forward speed






A prime superscript (') denotes a non-dimensionalised quantity. The non-dimensionalising system is the usual value for submarine manoeuvring, based on: density; velocity; and length.


1. INTRODUCTION

Military submarines have been used for many years. The first submarine to sink a warship was the CSS Hunley, in February 1864. German submarines were very effective during both world wars, in particular the second world war, in sinking merchant ships, which seriously threatened Britain’s lifeline. This had the potential to result in Britain’s defeat in the war. In February 1941 they sank a total of 71 ships in the Atlantic and Winston Churchill (war time Prime Minister) famously said that the U-Boat threat was his most serious concern during the early stage of the second world war (Churchill, 1959).

However, all early submarines were really just submersibles as they were unable to operate submerged for long periods. They primarily operated on the surface, submerging to avoid detection, and/or to carry out an attack. Their design owed a lot to surface ship design, and their speed underwater was very low. An example of a typical WWII submarine is given in Figure 1.
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After WWII the true submarine was developed, with high underwater speeds, and only limited need to operate close to the surface to recharge batteries. The establishment of nuclear propulsion for submarines in the 1960s then completely removed the need for submarines to operate on, or close to, the surface. An example of a modern nuclear propelled submarine is given in Figure 2.
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The difference between the earlier submarines, designed to operate most of the time on the surface, (Figure 1), and the modern submarine designed exclusively for underwater operations, (Figure 2), can be seen by comparing these photographs. The main point of interest here is the aft control surfaces. The former has these located aft of twin propellers, whereas the latter has them forward of the propulsor (pumpjet in this case).

Military submarines are generally only able to dive to around 200 – 400m, and so have to operate in a very narrow vertical depth range. When travelling at high speeds it is therefore essential to ensure that depth control is maintained. This is crucial when turning, due to the out of plane loads on a submarine (Kim et al, 2021, 2022a, 2022b) or when a failure occurs, such as a control surface jam (Renilson 2018).

Thus, determining the size of the aft control surfaces is an important element in the design of a submarine. The size of these control surfaces will affect the design of the actuators, and possibly also the volume needed for them at the aft end of the submarine. Aft control surfaces which are too large will cause additional drag, and degrade the flow into the propulsor.

The object of this paper is to present a simplified way of determining the size of the aft control surfaces at an early stage in the design of the submarine. The paper will focus on the aft control surfaces that provide a vertical force. Those that provide a horizontal force (turning moment) are not included in this work as these are also influenced by the size and location of the bridge fin.

2. CONTROLS FIXED STABILITY

The axis system used is given in Figure 3. The origin is taken as midships, and the non-dimensional longitudinal distance from the origin to the centre of gravity is denoted: x′G. For this work, x′G was taken as 0.039, which was the value used for most of the cases in Kim et al (2023), and was considered a realistic value for modern submarines with the range of L/D used. However small changes in this value don’t make a very large difference to the results.
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The controls fixed stability of the submarine in the horizontal and vertical planes can be assessed by the values of GH and GV respectively, as given in equations 1 and 2.
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In equation 2 the effect of the hydrostatic moment is neglected due to the assumption of infinite speed. If this is included then the stability index, including the influence of gravity is given by equation 3 (Miller et al, 2021).
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where:
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At high speeds γ becomes negligible, and hence the second term in equation 3 becomes small, and the value tends to the high-speed stability index given in equation 2.

As a high degree of manoeuvrability in the horizontal plane is desirable, GH is usually a small positive value. This has a significant influence on the turning circle.

On the other hand, as a high degree of stability is desirable in the vertical plane, GV is usually in the range of 0.5 – 0.8 (Ray et al. 2008). This is important for the safety of the submarine, and is the focus of the current paper.

3. HYDRODYNAMIC COEFFICIENTS

In order to determine the value of GV from equation 2 it is necessary to know the values of the relevant hydrodynamic coefficients, which can be estimated with sufficient accuracy in the early design stage using empirical methods.

For simple axisymmetric shapes they will be functions of the value of L/D.

Expressions for Z′wHull and for M′wHull taken from experimental results published by Praveen and Krishnankutty (2013) for an axisymmetric body as functions of L/D were developed in Renilson (2018) and are given in equations 5 and 6. The experimental data covers the range 10 ≤ L/D ≤ 14, however these expressions are assumed to be valid for smaller values of L/D.
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Expressions for Z′qHull, M′qHull and m' for an axisymmetric underwater body were developed numerically by Kim et al (2023) and are presented as functions of L/D ratio in equations 7 – 9. These are valid for the range: 6 ≤ L/D ≤ 14.
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Using equations 5 – 9 it is possible to estimate the value of GV as a function of L/D for an unappended submarine from equation 2. The result is plotted in Figure 4.
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As discussed in Renilson (2018) the influence of the aft control surfaces on the value of Z′w can be obtained from equation 10, where Z′wapp is the contribution from the aft appendages.
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The value of Z′wapp can be obtained from equation 11.
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The values of CLα and CD will depend on the aspect ratio of the aft control surfaces, (see for example Lyons and Bisgood, 1950). A simplified approximation for CLα as a function of effective aspect ratio is given in equation 12.
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In addition, the values of CLα and CD will be influenced by the way that they interact with the aft end of the submarine, as discussed by Dempsey (1997), Kirkby et al (2019), Mackay (2001, 2003) and Bettle (2014).

For simplicity, values of CLα = 3.0 and CD = 0.1 were used for the calculations presented here. It is considered that these represent typical aft control surfaces in their usual locations on a modern submarine.

Once the value of Z′wapp due to the aft control surfaces has been obtained, as described above, the contribution of the aft control surfaces on the other coefficients can be obtained using equations 13 – 15.
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In equations 13 – 15, l′app is the non-dimensional horizontal coordinate of the centre of pressure of the appendage. A value of −0.45 was used for the calculations in this paper.

4. AREA OF AFT CONTROL SURFACES REQUIRED

Once expressions for the influence of the aft control surfaces on the coefficients are available, as functions of the area of the aft control surfaces, this can be used to determine the size of the aft control surfaces to achieve the desired level of stability in the vertical plane, GV.

This was done for two values of GV, 0.5 and 0.8. The results are given in Figure 5 and equations 16 and 17. This can be used to estimate the required area of the aft control surfaces. Knowing the value of L/D the required value of Sa/L2 can then be obtained using the desired value of GV. This is a good first estimate of the area required to give adequate stability in the vertical plane.
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For GV = 0.5:
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For GV = 0.8:
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5. RESULTS FOR SAMPLE SUBMARINES

In order to compare the predicted area required, as given in Figure 5 and equations 16 & 17, with the values for typical submarines, a number of different submarine designs were considered. These included both submarines with conventional cruciform aft control surfaces and those with X – form aft control surfaces. The submarines chosen are given in Tables 1 and 2 for those with cruciform aft control surfaces and for those with X – form aft control surfaces respectively. The data used was all obtained from the open literature, and it is acknowledged that this may not be precise.
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For the submarines with X – form aft control surfaces the projected area in the vertical plane was used, and doubled to account for the four planes.

The results for the sample submarines are plotted on Figure 6, along with the predicted requirements to meet GV values of 0.5 and 0.8 as shown in Figure 5 and equations 16 & 17.
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As can be seen from Figure 6 the different submarines considered have aft control surface areas close to those predicted as the values required for GV between 0.5 and 0.8. The reason for the outliers (Victor, with a larger area than predicted as being required, and Gotland with a smaller area) is not clear.

It is worth noting the good agreement between the predicted value of GV and the actual values, even for L/D values less than 10. This is although the claimed range of applicability for equations 5 and 6 is only for L/D values of above 10.

6. CONCLUDING COMMENTS

The aft control surfaces on a submarine are required to give it stability in both the horizontal and the vertical planes. A very simplified method, useful in the early design stage, for estimating the required size of the aft control surfaces, as a function of L/D, to give the desired level of stability in the vertical plane has been developed.

The results have been compared with a selection of existing submarines, and the predicted areas of the aft control surfaces required has been shown to be similar to the typical areas used on these submarines.

It is therefore recommended that this approach be used at a very early design stage to determine the required area of the aft control surfaces to give the desired level of stability in the vertical plane.
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‘Table 1. Submarines with cruciform aft control surfaces

Class D S/
Kilo 73 0.0073
Zwaardvis 80 00076
Alpha 86 00054
Trafalgar 87 0.0052
Permit 88 00047
Song 89 00040
Victor 95 0.0082
Astute 97 0.0050
Type 209 99 00044
Scorpene 99 0.0041
Lada 101 0.0053
Type 214 103 0.0045
Tin 108 00036
Vanguard 17 00048

Borei 126 0.0034
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‘Table 2. Submarmes with X — form ait control surfaces

Class IZ) S/
Walrus 81 00058
Type 212 82 00058
Soryu 92 00058
Gotland 97 00027
Collins 99 00043

Ula 109 0.0037






