Appendix A: UUV Size Trade-Off Study

Here we discuss the trade-off of UUV size versus UUV capability for a family of geometrically similar UUVs. We scale the vehicles by their diameter and assume that the UUVs are otherwise geometrically identical.  In particular, we assume:

	The fineness ratio is constant for the UUVs.
	L/D = 8

	The UUVs have a hemispherical nose.
	Lnose  = 0.5 D

	The length of the payload section of the UUVs is constant..
	Lpayload = 2.5 D

	The length of the battery section of the UUVs is constant.
	Lbattery = 3.0 D

	The length of the tail section of the UUVs is constant.
	Ltail = 2.0 D

	The length of the SAS transducer array is constant for the UUVs.
	AL = 2.5 D

	The energy density of the batteries of the UUVs is constant. 
	Edens = 100Whr/l


The total drag coefficient is calculated based on the figures and equations found in the paper by Brooks and Land [1]. The total drag coefficient accounts for tail section length and shape, length of the cylindrical mid-body, nose shape and length, and fin surface area. We have assumed turbulent flow and have applied a correction factor of 1.6 times the Cd given by Brooks and Land to account for roughness (he assumed smooth bodies) and the effects of appendages and non-uniformities (e.g., antenna masts, transducers, docking latches, mounting holes, and fasteners). This correction factor brings these coefficients into agreement with the limited number of UUVs for which test data is available.

The remaining parameter that must be set is the Hotel load.  The sensor payload dominates the hotel load.  For the USS mission, a synthetic aperture sonar (SAS) is the only wide-area coverage sensor that can provide the high probabilities of detection and classification (and the low probability of false alarms) required, while maintaining a reasonable area coverage rate. The power draw of a SAS is only weakly dependant on the array length. The other contributors to the hotel load (a forward-looking gap filling sonar, the CAD/CAC computer, the vehicle control electrons, the navigation suite, the acoustic communication package, and the DC/DC converters) are generally the same for all USS vehicles. Thus, we can realistically assume that any vehicle that will be employed for the USS mission will have a hotel load that is essentially independent of the vehicle diameter. 

Based on the power information contained in the proposal, we will set the Hotel load to 200 W for this analysis. (We have performed a similar analysis considering a low Hotel-load 8”-diamter vehicle that tries to trade off low cost and large numbers to offset the low area coverage rate of a non SAS system. We find that a fleet of 8”-diameter USS vehicles carrying the SAS is significantly more effective at the USS mission than a larger fleet of less capable 8”-diameter vehicles.)

From the curves in Figure 1, we see that Cd increases as UUV diameter decreases. This is easily understood upon recalling the decreasing relationship of Cd with the Reynolds number, Re = U*L/, where U and L are the speed and characteristic lengths of the UUV, and  is viscosity (10-6). 

Given Cd, one can find the optimal survey speed from the equation 

[image: image1.wmf]V

H

C

D

opt

d

=

F

H

G

I

K

J

h

r

p

/

2

2

1

3

b

g


However, since Cd  is itself a function of UUV speed, a simple search algorithms is used to the unique optimal pair of Cd and Vopt. These quantities are shown in Figure 1A and 1B, respectively. We have verified that these quantities are indeed the optimal quantities for each diameter D, by calculating the propulsion power using Cd and Vopt and comparing to the hotel load power. The propulsion power is confirmed to be exactly half of the hotel load power, as it should be for optimal energy usage per distance traveled [2].

In the remaining figures, the total energy on-board each UUV is calculated as a function of diameter by assuming a completely filled cylindrical battery section of length 3*D. The total survey time is then calculated by dividing the total energy by the total power consumption. Total survey time (i.e., maximum vehicle endurance at the optimal velocity) is shown in Figure 2B.

Now, having determined maximum endurance, we can calculate the total survey coverage for a SAS UUV, with array length equal to 2.5 D, using the formula 

ACR = (0.24 nmi2/hr)*AL/(1ft).

Figure 2C clearly demonstrates the advantage of using a larger diameter vehicles to increase total area coverage. For the 21” vehicle, total area covered per dive equals 34.8 nmi2 at 200 W hotel load. For the 8” UUV, the total AC is only 0.7 nmi2. Thus, 47 dives by 8” diameter vehicles would be required to equal the area covered by a single 21” vehicle during a single dive. Furthermore, the use of a fuel-cell on larger diameter vehicles would increase vehicle endurance by a factor of 4 or greater, yielding a significantly larger total area coverage.

This result is not necessarily obvious, but there is a way to understand it.  The total area covered is proportional to the product of the area coverage rate and the vehicle endurance. These two factors compound to give the extraordinary relative performance of the small- to mid-sized (12” and larger) vehicles.  The area coverage rate is proportional to the array length, which is in turn proportional to the diameter. As all systems have comparable hotel loads (and thus have comparable total power draw when running at their optimal speed), the endurance is simply proportional to the mass of batteries each vehicle carries.  This will, of course, scale as the cube of the vehicle diameter. Thus, the total area covered per dive goes up as the vehicle diameter to the fourth power!

Figures 3 and 4 give the raw data from which Figure 2 was generated. In Figure 4, we have normalized all values to those of the 8” vehicles. By examining the normalized total area coverage numbers in Figure 4, and comparing the 8” and 16” vehicles, we see immediately that the Fourth-power law is confirmed. Thus, the performance advantages of larger diameter vehicle are dramatic. Furthermore, this result is independent of hotel load. 

The combination of improved SAS ACR and longer endurance provides a strong argument to employ larger diameter vehicles. However, logistical considerations also impose significant pressure to decrease vehicle size. The trade-off between the total area coverage of a system of vehicles, total cost to procure and field the system of vehicles, and reasonable logistical constraints on the size and number of vehicles required are illuminated by this analysis. In conclusion, we recommend using the largest diameter vehicle that is consistent with reasonable logistical effort. Therefore, in consideration of the maximum diameters allowed by the AO FNC exit criteria, we have chosen to employ 12” SCM and RIM vehicles to conduct the USS mission and a 21” vehicle to conduct the C/NA mission. 
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Figure-2: Comparison of Optimal Speed, Total Mission Endurance, and Total Area Coverage as a function of UUV diameter and Hotel Load. Area coverage is computed assuming a SAS with array length equal to 2.5 times the diameter of each UUV.  
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Figure‑3: Comparison of UUV performance as a function of vehicle diameter and hotel power consumption. The calculation for total energy on-board each UUV assumes a cylindrical battery section 3*D in length and filled with batteries of effective (neutral) energy density of 100 W-hr/liter. The calculation of total area coverage assumes a SAS array that is 2.5 times the UUV diameter in length.
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Figure‑4: Same a previous figure, except all values have been normalized to those for the 8” diameter vehicle for each hotel load. As is obvious from this normalization, the relative performance of the different UUVs is independent of the hotel load. The larger vehicles perform significantly better in terms of total area coverage, due to the fact that larger vehicles have greater endurance and can support longer SAS arrays. (Note that the power, array length, and ACR numbers were inadvertently normalized to the 12” vehicle.)

Figure 1:


UUV Total Drag Coefficient based on x-sectional area vs. D


 UUU Optimal Velocity (minimum Energy per unit length) vs. D.
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