PAGE  
1
Ways to reduce AUV energy consumption Part 1 of 2


Lower Speed

Summary:  The power consumption required by a given vehicle traveling at a given velocity is proportional to the cube of that velocity.  But the energy is also proportional to the velocity the vehicle is traveling.  Therefore, the energy used by a vehicle is directly proportional to the square of the velocity of the vehicle for a given transect length.  So if a vehicle uses a given energy at one velocity, and the vehicle sped up to twice that velocity, the vehicle would use four times the original energy required.  

As a specific example, the ALTEX vehicle used ~160W for propulsion to cruise at 3 knots (~1.5m/s).  For a transect length of 60km, the vehicle would use ~1.78kWhr.  If the vehicle slowed to 2 knots (~1.0m/s), the vehicle would use ~47W for propulsion and use ~0.79kWhr.  At $14k/kWhr, the difference in cost for a given vehicle for various velocities is:

	Velocity
	Energy Cost
	Ratio

	3 knots (1.5m/s)
	$24,920
	1.00

	2 knots (1.0m/s)
	$11,060
	0.44

	1.5knots (0.75m/s)
	$6,220
	0.25

	1 knot (0.5m/s)
	$2,770
	0.11


Controllability is the obvious drawback to a vehicle going slower.  If the vehicle becomes unstable at a lower velocity, then the system will have to compensate by going faster. Science requirements may also dictate a faster velocity.  

Multiple Vehicles

Summary:  There are two separate cases when considering using multiple vehicles.  The first assumes that the overall event time won’t change and that multiple vehicles can cover the area at a slower velocity.  The second assumes that an investigator specifies the interval between samples, which dictates a constant velocity for a given area.  

In the first case, a single vehicle traveling at 3 knots covering 60km will take a little over 11 hours to complete the transect.  If two vehicles can take 11 hours to complete the same 60km transect, each covering half the distance, then they can both travel at half the speed or 1.5 knots.  If three vehicles can take 11 hours, then they can all travel at 1 knot.  

At $14k/kWhr, for a 60km mission:

	# of 

vehicles
	Mission duration
	Vehicle

Speed(s)
	Constant Propulsion Power per vehicle
	Mission Energy cost 
	Ratio

	1
	11hours
	3.0 knots
	160W
	$24,920
	1.00

	2
	11hours
	1.5 knots
	20W
	$6,220
	0.25

	3
	11hours
	1.0 knots
	6W
	$2770
	0.11


In reality, the vehicles may not be controllable at these lower velocities, and the energy cost savings will be reduced in order to achieve a controllable velocity.  

In the second case, increasing the number of vehicles on a given mission will decrease the cost of an individual vehicle, by decreasing the distance each vehicle will travel, but will likely increase the cost of the overall mission, especially if the vehicles aren’t properly managed.  The only advantage using multiple vehicles offers is the potential to increase the transect area.  

Assuming the cost of a mission may be divided into the cost of a given vehicle plus the cost of the energy required to complete the mission:

$$$ = Vehicle$ * #vehicles + Energy$

then, if the vehicle costs are fixed, the energy costs dominate the changes in the overall cost.  Since the energy costs are directly proportional to the distance traveled by the vehicle, using two vehicles to accomplish a given mission distance will cut the energy required by each vehicle in half.  

For instance, for a 60km mission where each vehicle travels at 3 knots, using 160W for propulsion, each vehicle will require 0.866kWhr, while a single vehicle would require 1.732kWhr.   

At $10k/kWhr, for a 60km mission:

	# of 

vehicles
	Energy required 

per vehicle
	Energy cost 

per vehicle
	Ratio
	Minimum Mission Energy Cost

	1
	1.732kWhr
	$17,320
	1.00
	$17,320

	2
	0.865kWhr
	$8,650
	0.50
	$17,320

	3
	0.577kWhr
	$5,770
	0.33
	$17,320

	4
	0.433kWhr
	$4,320
	0.25
	$17,320


However, the total cost of the mission also includes the cost of the vehicle.  If that vehicle cost includes maintenance, then using four vehicles means that there are three more vehicles to maintain for a given mission.  So for a given mission, the number of vehicles used on the mission dominates the overall cost of that mission even though using more vehicles reduced the price of the individual vehicles.  

Smaller Diameter

Summary:  The energy consumption depends on the ratio between the length and diameter of the vehicle, with the dominating factor typically at a ratio of L/d = 5.  The energy consumption required by a vehicle is directly proportional to the square of the radius of the vehicle, if the form drag dominates.  If friction or sheer drag dominates, then energy consumption is directly proportional to the radius of the vehicle.  

For instance, if form drag dominates, a 12” diameter vehicle will consume 0.33 of the energy required by a 21” diameter vehicle for a given distance traveled at the same velocity.  

According to Ian, the Bluefin 21” vehicle would use between 7 and 10kWhr (as an example, 7.85kWhr) while the 12” vehicle would use about 4.5kWhr to cover the same distance.  This indicates that friction drag may be the dominating factor in power consumption.  If this is also true for a 9” vehicle, then it would use about 3.4kWhr.  Ian also mentioned that the 12” tailcone isn’t as efficient as the 21” tailcone, so that may not allow a direct comparison between the two numbers.

At $14k/kWhr, the energy costs for a given diameter for a given transect are:

	Diameter
	Friction Drag Energy Cost
	Ratio
	Form Drag Energy Cost
	Ratio

	21”
	$110,600
	1.00
	$110,600
	1.00

	12”
	$63,000
	0.57
	$36,500
	0.33

	9”
	$47,600
	0.43
	$20,300
	0.18


This all assumes that the vehicle is running straight into a current.  As soon as there is a cross current, the ‘Ap’ term in the force of drag equation becomes elliptical, rather than circular, as the length of the vehicle becomes a factor perpendicular to the flow.  

Shorter Length

Summary:  According to Andy Hamilton, the first order effects of energy required is directly proportional to the length of the vehicle.  The second order effects relate to the fact that the vehicle uses it’s shape as an inefficient wing to compensate for positive buoyancy, and changes to length vary the lift/drag characteristics of that wing.  I also mentioned in the section describing the smaller diameter, the cross section becomes elliptical and directly changes the drag force when the vehicle pitches over to “fly”.  

It looks like the energy required is proportional to the length divided by the square root of the length of the vehicle based on a brief review of the fluid mechanics equations.  Subtracting the power required for propelling the nose and tail sections (~20W), the vehicle energy costs vs. length for a 60km mission running at 3 knots at $14k/kWhr are:

	Vehicle
	Cylindrical Surface Length
	Predicted Propulsion Power Reqd.*
	Energy required
	Energy Cost
	Ratio



	Altex
	143”
	140W
	1.56kWhr
	$21,788
	1.00

	Multibeam
	92”
	112W
	1.24kWhr
	$17,422
	0.80

	CTD
	77”
	103W
	1.14kWhr
	$16,022
	0.73

	Battery mid
	43”
	77W
	0.86kWhr
	$11,978
	0.55

	Uncut shells
	13”
	42W
	0.47kWhr
	$6,533
	0.30


*These numbers and the underlying equations should be evaluated by an engineer who is more familiar with fluid mechanics and hydrodynamics than I am.  These numbers also assume a vehicle traveling straight and level into a non-moving volume of water without any cross-currents or off-level pitch.  

The total surface area of a full double-sided uncut AUV shell is 5179.6in2.  A typical AUV eliminates 2” of that cylindrical volume, resulting in a total wet surface area of 5113.6in2.  The uncut shells are also 93.250” long.  For an uncut shell traveling at 3 knots through seawater at 16C and 35000ppm salinity, the Reynolds number is 3036602 and friction drag coefficient is about 0.0035 (Ref 1).  Therefore, the drag force that propulsion is required to overcome on an uncut shell is 13.4N, and the power required to maintain 3 knots is 20W.  

Lower cost energy storage

Summary:  The high-reliability long-term deployment aspect of this project dictates that proven energy storage be used on this system.  Primary batteries are not an option due to the long-term deployment, so secondary batteries are the best option.  A 20 unit ultralife battery pack will fit in a typical 21” vehicle glass sphere and provide ample energy for a 60km mission while reducing the overall energy cost by 75%. 

	Battery
	Capacity
	Cost
	$/kWhr
	Density

	20x Ultralife BB-2590/U
	3.2kWhr
	$7,600*
	$2,398
	0.11kWhr/kg

	Bluefin 2kWhr
	2kWhr
	$20,000
	$10,000
	0.08kWhr/kg


*Note that the price for the Ultralife batteries doesn’t include a 1atm housing or managing electronics.  

Energy storage types considered and dropped since most are impractical for a docking system or need further work to become a viable solution:

Liquid/Solid Fuel / Combustion

Pressure Volume

Fuel cells

Primary / Secondary batteries

· Li-Ion

· Lead Acid

· Alkaline 

· Lithium primary

· NiCad

· ZnBr

· AgZn

Super capacitors 

– high-dielectric thin films 

Thermal storage


- thermonuclear peltier

Bio cells 

– de Long / Girgius

Mechanical fly wheel

Argonne National Laboratory

Superconductor

Argonne National Laboratory

[image: image1.emf]chemistry/vendor capacity(kwhr)cost ($) Initial Cost ($/kWhr) cycles $/kwhr cycle

bluefin lpb 1 10000 10000.00 1000 10.00

ept l-ion (optimistic) 4.3 42000 9767.44 1000 9.77

ept l-ion (nameplate) 4.043 42000 10388.33 1000 10.39

ultralife bb-2590/u 0.17 415 2441.18 500 4.88

Ag/Zn 0.054 192 3555.56 50 71.11

alkaline 0.018 0.54 30.00 1 30.00

Saft High Capacity 3.0996 90351 29149.25 2100 13.88

Yardney 1.4 22000 15714.29 1000 15.71


Table from Hans Thomas & Mark Sibenac presentation “AUV Power Trade Study”

Equations and References
FD = Cd*Ap*ρ*0.5*Vo2 
· Cd is the coefficient for drag

· ρ is the density of the fluid

· Vo is the velocity of the object, or free-stream velocity
· Ap is the projected area of the object perpendicular to the plane of the flow
Re = V * D * ρ  / μ = V * D / ν 

· Re is Reynolds Number

· ρ is the density of the fluid
· V is the free stream fluid velocity
· D is the characteristic distance or length
· μ is the dynamic fluid viscosity
· ν is the kinematic viscosity
Cf = 1.33 / ReL½
· Cf is the shear-stress coefficient

· ReL is the Reynolds Number based on the approach velocity and length of surface
Fs = ½ * Cf * B* L * ρ *Uo2
· Fs is the shearing force

· Cf is the shear-stress coefficient

· B is the width of a surface

· L is the length of a surface

· ρ is the density of the fluid
· Uo is uniform velocity of the fluid before reaching the surface
Work = Force * Distance

Power = Force * Velocity = Work / Time

Energy = Power * Time = Work * Distance / Velocity

Kinematic viscosity of seawater at 16c and 35000ppm is 1.17e-6 m2/s

Density of seawater at 16c and 35000ppm is 1030 kg/m3
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