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This paper provides an update on the programme of research and development into a new form of electric propulsion.  EmDrive technology provides direct conversion of electrical energy to thrust, using radiation pressure at microwave frequencies in a tapered, high Q, resonant cavity.  The work has been carried out with both UK government funding and private investment.  

A summary of the theory behind EmDrive is given, followed by answers to the most frequently asked questions concerning the production of net force, conservation of momentum and conservation of energy.  The theory clearly derives equations for both static and dynamic thrust from the basic laws of physics.

The experimental work completed to date is described.  The paper also gives a progress report on current programmes.  These include an experimental superconducting thrusters and development of a flight thruster.

A Demonstrator Satellite proposal is also described, propelled by a 67 W thruster.

1. Basic Principles
The technique described in this paper uses radiation pressure, at microwave frequencies, in an engine which provides direct conversion from microwave energy to thrust, without the need for propellant.

The concept of the microwave engine is illustrated in fig 1.  Microwave energy is fed from a magnetron, via a tuned feed to a closed, tapered waveguide, whose overall electrical length gives resonance at the operating frequency of the magnetron.

The group velocity of the electromagnetic wave at the end plate of the larger section is higher than the group velocity at the end plate of the smaller section.  Thus the radiation pressure at the larger end plate is higher that that at the smaller end plate.  The resulting force difference (Fg1 -Fg2) is multiplied by the Q of the resonant assembly.

This force difference is supported by inspection of the classical Lorentz force equation (reference 1).
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 If v is replaced with the group velocity vg of the electromagnetic wave, then equation 1 illustrates that if vg1 is greater than vg2, then Fg1 should be expected to be greater than Fg2.

However as the velocities at each end of the waveguide are significant fractions of the speed of light, a derivation of the force difference equation invokes the difference in velocities and therefore must take account of the special theory of relativity.

Relativity theory implies that the electromagnetic wave and the waveguide assembly form an open system.  Thus the force difference results in a thrust which acts on the waveguide assembly.

2.  Derivation of the basic thrust equation.

Consider a beam of photons incident upon a flat plate perpendicular to the beam.  Let the beam have a cross-sectional area A and suppose that it consists of n photons per unit volume.  Each photon has energy hf and travels with velocity c, where h is Planck’s constant and f is the frequency.  The power in the incident beam is then 
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The momentum of each photon is hf/c  so that the rate of change of momentum of the beam at the plate (assuming total reflection) is 2nhfA.  Equating this change of momentum to the force F0  exerted on the plate, we find
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which is the classical result for the radiation pressure obtained by Maxwell (reference 2).  The derivation given here is based on Cullen (reference 3).  If the velocity of the beam is v then the rate of change of momentum at the plate is 2nhfA(v/c), so that the force Fg on the plate is in this case given by
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We now suppose that the beam enters a vacuum-filled waveguide.  The waveguide tapers from free-space propagation, with wavelength (0, to dimensions that give a waveguide wavelength of (g and propagation velocity vg .  This is the group velocity and is given by
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(5)

Then from (4) and (5) (with (r = er = 1) the force on the plate closing the end of the waveguide is 
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(6)

see Cullen (p.102  Eq. (15)).

           Assume that the beam is propagated in a vacuum-filled tapered waveguide with reflecting plates at each end.  Let the guide wavelength at the end of the largest cross-section be (g1 and that at the smallest cross-section be (g2.  Then application of (6) to each plate yields the forces
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Now (g2 > (g1, due to the difference in cross-section, and hence Fg1  >  Fg2.

Therefore the resultant thrust T will be

   (7)


(7)

3.  Derivation of full equation for net Thrust

From (7) it can be seen that to maximise thrust, the taper design should ensure (g1 approaches (0 consistent with an acceptable maximum dimension. Also (g2 should approach infinity, which occurs when the minimum dimension approaches the propagation cut-off limit. This minimum dimension must be consistent with allowable manufacturing and thermal tolerances. 

            The resulting design must also ensure a low taper slope, to minimise the axial component of side wall forces. This combination of dimensional constraints requires an iterative numerical design approach, taking account of the highly non-linear relationship between radial dimensions and guide wavelengths. This relationship is illustrated in fig 2.  It is clear that if the minimum ????? was cut off, force ? would be zero.  However because there would still be a significant small end plate area, the projected area of the side wall would not equal the area of the large end plate.  Thus any attempt to show a resultant zero net force due to equalisation of areas is incorrect.

We note that if the forces had been the mechanical result of a working fluid within the closed waveguide assembly, then the resultant force would merely introduce a mechanical strain in the waveguide walls.  This would be the result of a closed system of waveguide and working fluid.

In the present system the working fluid is replaced by an electromagnetic wave propagating close to the speed of light and Newtonian mechanics must be replaced with the special theory of relativity.  There are two effects to be considered in the application of the special theory of relativity to the waveguide.  The first effect is that as the two forces Fg1 and Fg2 are dependent upon the velocities vg1 and vg2, the  thrust T should be calculated according to Einstein’s law of addition of velocities given by 
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The second effect is that as the beam velocities are not directly dependent on any velocity of the waveguide, the beam and waveguide form an open system.  Thus the reactions at the end plates are not constrained within a closed system of waveguide and beam but are reactions between waveguide and beam, each operating within its own reference frame, in an open system.

From (7) and (5) we find
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Applying the above addition law of relativistic velocities we obtain
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(8)

where the correction factor So is
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We suppose that the composite waveguide is resonant at the frequency of the microwave beam and that the conductive and dielectric losses are such that there are Q return paths (each at power P0).  Then the total thrust is finally given by
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4.  Compliance with an open system satisfying the conservation of momentum

The concept of the beam and waveguide as an open system can be illustrated by increasing the velocity of the waveguide in the direction of the thrust, until a significant fraction of the speed of light is reached. Let vw be the velocity of the waveguide. Then as each plate is moving with velocity vw ,  the forces on the plates, given by equation 6,  are modified as follows:
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The thrust is then given by
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                   The solution to (10) is illustrated in Fig 3. Note that to maintain the principal of the conservation of momentum, the acceleration of the waveguide due to thrust, is opposite to the actual thrust direction. Thus, in Fig 3, the sign convention for the waveguide velocity axis is:
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Fig 3. Solution to equation 10

When the waveguide is accelerated along the acceleration vector, the thrust approaches a maximum of 1.However as the velocity of the waveguide increases in the direction of thrust, the thrust will decrease to zero. This point is reached when vga = vgb.  Fig 2 illustrates the solution to equation 9 for values of vg1  = 0.95 c and vg2 = 0.05c. It can be seen that if vw is increased beyond the value of 0.7118c, the thrust reverses.

Equation 9 illustrates that the thruster is an open system, where guide velocities are independent of waveguide velocity, and it is the relative velocities that give rise to the forces. Note that if Einstein’s law for the addition of velocities had not been used, relative velocities would exceed c, and the thrust would go above the theoretical limit of 1. 

5. Compliance with the conservation of energy
We now examine the implications of the principle of the conservation of energy when the thrust is first measured on a static test rig, and then when an engine is used to accelerate a spacecraft.


With the microwave engine mounted on a static test rig all the input power P0 is converted to electrical loss.  In this case the Q of the engine may be termed Qu, the unloaded Q.

Now 
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where Pc is the circulating power within the resonant waveguide and Pe is the electrical loss. From (11) we find
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Where Df  is the design factor
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Then
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Thus if the circulating power remains constant, for instance in a superconducting resonant waveguide, then T will remain constant.  This will be important in non spacecraft applications where very high values of Qu could be employed to provide a constant thrust to counter gravitational force.

If the engine is mounted in a spacecraft of total mass M and is allowed to accelerate from an initial velocity vi to a final velocity vf in time (t , then by equating kinetic energies we obtain:
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where Pk is the output power transferred to the spacecraft. From this we obtain






[image: image15.wmf](

)

(

)

i

f

i

f

k

v

v

v

v

M

t

P

+

-

=

D

2

,

so that  



[image: image16.wmf]a

v

M

P

k

=

           (12)

where 
[image: image17.wmf]v

 is the average velocity over time (t and a is the acceleration of the spacecraft.

Now M.a is the force due to the acceleration of the spacecraft, which opposes the thrust of the engine. Then
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(14)

where Ql is the loaded Q of the engine when it is delivering an output power Pk.


 The electrical power losses Pe are assumed to be I2R losses and thus for any value of Q ,
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where  Pe0 is the loss for Q=1. From the static case, we have
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so that 
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For an accelerating spacecraft,
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Substitution of (13) and (14) into this last equation then yields
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(15)




Fig 4 shows the solution to (15) for values of 
[image: image19.wmf]v

 up to 10km/sec and for values of Qu equal to 5x103, 5x104 and 5x105. The value of Df  is taken to be 0.945.
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Fig 4   Solution to equation 15.

 For Df equal to 0.945 and an average velocity of 3 km/s, the specific thrust is obtained from (9) and (15) and is given in fig 6. This illustrates that the specific thrust increases to a maximum of 333 mN/kW at this velocity.
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              Fig 6 Specific thrust at 3km/s.
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Sheet1

				solution to equation 15

		Vav		Ql		Vav		Ql/Qu												Qu		Ql		Qu		T(mN/kW)

		0		50000		0		1												1000		991		1000		6

		100		49219		100		0.9844												2000		1963		2000		12

		200		48450		200		0.9690												3000		2916		3000		18

		300		47693		300		0.9539												4000		3852		4000		24

		400		46949		400		0.9390												5000		4769		5000		30

		500		46217		500		0.9243												6000		5669		6000		36

		600		45498		600		0.9100												7000		6552		7000		41

		700		44790		700		0.8958												8000		7418		8000		47

		800		44095		800		0.8819												9000		8267		9000		52

		900		43412		900		0.8682												10000		9100		10000		57

		1000		42741		1000		0.8548												20000		16574		20000		104

		1100		42082		1100		0.8416												30000		22677		30000		143

		1200		41435		1200		0.8287												40000		27642		40000		174

		1300		40800		1300		0.8160												50000		31675		50000		200

		1400		40176		1400		0.8035												60000		34953		60000		220

		1500		39564		1500		0.7913												70000		37624		70000		237

		1600		38963		1600		0.7793												80000		39808		80000		251

		1700		38374		1700		0.7675												90000		41603		90000		262

		1800		37795		1800		0.7559												100000		43086		100000		271

		1900		37228		1900		0.7446												200000		49645		200000		313

		2000		36672		2000		0.7334												300000		51348		300000		323

		2100		36126		2100		0.7225												400000		51995		400000		328

		2200		35591		2200		0.7118												500000		52298		500000		329

		2300		35067		2300		0.7013												600000		52458		600000		330

		2400		34553		2400		0.6911												700000		52547		700000		331

		2500		34049		2500		0.6810												800000		52597		800000		331

		2600		33555		2600		0.6711												900000		52622		900000		332

		2700		33071		2700		0.6614												1000000		52631		1000000		332

		2800		32596		2800		0.6519

		2900		32131		2900		0.6426

		3000		31675		3000		0.6335

				Qu=5E+3		Qu=5E+4		Qu=5E+5				Ql/Qu		Ql/Qu		Ql/Qu

		Vav		Ql		Ql		Ql		Vav		Qu=5E+3		Qu=5E+4		Qu=5E+5

		0		5000		50000		500000		0		1		1		1

		100		4992		49219		427414		100		0.9984		0.9844		0.8548

		200		4984		48450		366720		200		0.9969		0.9690		0.7334

		300		4976		47693		316755		300		0.9953		0.9539		0.6335

		400		4969		46949		275953		400		0.9937		0.9390		0.5519

		500		4961		46217		242677		500		0.9922		0.9243		0.4854

		600		4953		45498		215436		600		0.9906		0.9100		0.4309

		700		4945		44790		192979		700		0.9890		0.8958		0.3860

		800		4937		44095		174301		800		0.9875		0.8819		0.3486

		900		4930		43412		158618		900		0.9859		0.8682		0.3172

		1000		4922		42741		145322		1000		0.9844		0.8548		0.2906

		1100		4914		42082		133945		1100		0.9828		0.8416		0.2679

		1200		4906		41435		124123		1200		0.9813		0.8287		0.2482

		1300		4899		40800		115576		1300		0.9797		0.8160		0.2312

		1400		4891		40176		108081		1400		0.9782		0.8035		0.2162

		1500		4883		39564		101463		1500		0.9767		0.7913		0.2029

		1600		4876		38963		95581		1600		0.9751		0.7793		0.1912

		1700		4868		38374		90324		1700		0.9736		0.7675		0.1806

		1800		4860		37795		85599		1800		0.9721		0.7559		0.1712

		1900		4853		37228		81332		1900		0.9705		0.7446		0.1627

		2000		4845		36672		77460		2000		0.9690		0.7334		0.1549

		2100		4837		36126		73933		2100		0.9675		0.7225		0.1479

		2200		4830		35591		70707		2200		0.9660		0.7118		0.1414

		2300		4822		35067		67746		2300		0.9644		0.7013		0.1355

		2400		4815		34553		65019		2400		0.9629		0.6911		0.1300

		2500		4807		34049		62500		2500		0.9614		0.6810		0.1250

		2600		4799		33555		60166		2600		0.9599		0.6711		0.1203

		2700		4792		33071		57998		2700		0.9584		0.6614		0.1160

		2800		4784		32596		55979		2800		0.9569		0.6519		0.1120

		2900		4777		32131		54094		2900		0.9554		0.6426		0.1082

		3000		4769		31675		52330		3000		0.9539		0.6335		0.1047

				Qu=5E+3		Qu=5E+4		Qu=5E+5		m/sec		km/sec		Ql/Qu		Ql/Qu		Ql/Qu

		Vav		Ql		Ql		Ql		Vav		Vav		Qu=5E+3		Qu=5E+4		Qu=5E+5

		0		5000		50000		500000		0		0		1		1		1

		500		4961		46217		242677		500		0.5		0.9922		0.9243		0.4854

		1000		4922		42741		145322		1000		1		0.9844		0.8548		0.2906

		1500		4883		39564		101463		1500		1.5		0.9767		0.7913		0.2029

		2000		4845		36672		77460		2000		2		0.9690		0.7334		0.1549

		2500		4807		34049		62500		2500		2.5		0.9614		0.6810		0.1250

		3000		4769		31675		52330		3000		3		0.9539		0.6335		0.1047

		3500		4732		29531		44984		3500		3.5		0.9464		0.5906		0.0900

		4000		4695		27595		39436		4000		4		0.9390		0.5519		0.0789

		4500		4658		25847		35100		4500		4.5		0.9316		0.5169		0.0702

		5000		4622		24268		31619		5000		5		0.9243		0.4854		0.0632

		5500		4586		22839		28765		5500		5.5		0.9171		0.4568		0.0575

		6000		4550		21544		26381		6000		6		0.9100		0.4309		0.0528

		6500		4514		20368		24362		6500		6.5		0.9029		0.4074		0.0487

		7000		4479		19298		22629		7000		7		0.8958		0.3860		0.0453

		7500		4444		18322		21126		7500		7.5		0.8888		0.3664		0.0423

		8000		4410		17430		19810		8000		8		0.8819		0.3486		0.0396

		8500		4375		16613		18648		8500		8.5		0.8750		0.3323		0.0373

		9000		4341		15862		17615		9000		9		0.8682		0.3172		0.0352

		9500		4308		15170		16690		9500		9.5		0.8615		0.3034		0.0334

		10000		4274		14532		15857		10000		10		0.8548		0.2906		0.0317
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Sheet1

				solution to equation 15

		Vav		Ql		Vav		Ql/Qu												Qu		Ql		Qu		T(mN/kW)

		0		50000		0		1												1000		991		1000		6

		100		49219		100		0.9844												2000		1963		2000		12

		200		48450		200		0.9690												3000		2916		3000		18

		300		47693		300		0.9539												4000		3852		4000		24

		400		46949		400		0.9390												5000		4769		5000		30

		500		46217		500		0.9243												6000		5669		6000		36

		600		45498		600		0.9100												7000		6552		7000		41

		700		44790		700		0.8958												8000		7418		8000		47

		800		44095		800		0.8819												9000		8267		9000		52

		900		43412		900		0.8682												10000		9100		10000		57

		1000		42741		1000		0.8548												20000		16574		20000		104

		1100		42082		1100		0.8416												30000		22677		30000		143

		1200		41435		1200		0.8287												40000		27642		40000		174

		1300		40800		1300		0.8160												50000		31675		50000		200

		1400		40176		1400		0.8035												60000		34953		60000		220

		1500		39564		1500		0.7913												70000		37624		70000		237

		1600		38963		1600		0.7793												80000		39808		80000		251

		1700		38374		1700		0.7675												90000		41603		90000		262

		1800		37795		1800		0.7559												100000		43086		100000		271

		1900		37228		1900		0.7446												200000		49645		200000		313

		2000		36672		2000		0.7334												300000		51348		300000		323

		2100		36126		2100		0.7225												400000		51995		400000		328

		2200		35591		2200		0.7118												500000		52298		500000		329

		2300		35067		2300		0.7013												600000		52458		600000		330

		2400		34553		2400		0.6911												700000		52547		700000		331

		2500		34049		2500		0.6810												800000		52597		800000		331

		2600		33555		2600		0.6711												900000		52622		900000		332

		2700		33071		2700		0.6614												1000000		52631		1000000		332

		2800		32596		2800		0.6519

		2900		32131		2900		0.6426

		3000		31675		3000		0.6335

				Qu=5E+3		Qu=5E+4		Qu=5E+5				Ql/Qu		Ql/Qu		Ql/Qu

		Vav		Ql		Ql		Ql		Vav		Qu=5E+3		Qu=5E+4		Qu=5E+5

		0		5000		50000		500000		0		1		1		1

		100		4992		49219		427414		100		0.9984		0.9844		0.8548

		200		4984		48450		366720		200		0.9969		0.9690		0.7334

		300		4976		47693		316755		300		0.9953		0.9539		0.6335

		400		4969		46949		275953		400		0.9937		0.9390		0.5519

		500		4961		46217		242677		500		0.9922		0.9243		0.4854

		600		4953		45498		215436		600		0.9906		0.9100		0.4309

		700		4945		44790		192979		700		0.9890		0.8958		0.3860

		800		4937		44095		174301		800		0.9875		0.8819		0.3486

		900		4930		43412		158618		900		0.9859		0.8682		0.3172

		1000		4922		42741		145322		1000		0.9844		0.8548		0.2906

		1100		4914		42082		133945		1100		0.9828		0.8416		0.2679

		1200		4906		41435		124123		1200		0.9813		0.8287		0.2482

		1300		4899		40800		115576		1300		0.9797		0.8160		0.2312

		1400		4891		40176		108081		1400		0.9782		0.8035		0.2162

		1500		4883		39564		101463		1500		0.9767		0.7913		0.2029

		1600		4876		38963		95581		1600		0.9751		0.7793		0.1912

		1700		4868		38374		90324		1700		0.9736		0.7675		0.1806

		1800		4860		37795		85599		1800		0.9721		0.7559		0.1712

		1900		4853		37228		81332		1900		0.9705		0.7446		0.1627

		2000		4845		36672		77460		2000		0.9690		0.7334		0.1549

		2100		4837		36126		73933		2100		0.9675		0.7225		0.1479

		2200		4830		35591		70707		2200		0.9660		0.7118		0.1414

		2300		4822		35067		67746		2300		0.9644		0.7013		0.1355

		2400		4815		34553		65019		2400		0.9629		0.6911		0.1300

		2500		4807		34049		62500		2500		0.9614		0.6810		0.1250

		2600		4799		33555		60166		2600		0.9599		0.6711		0.1203

		2700		4792		33071		57998		2700		0.9584		0.6614		0.1160

		2800		4784		32596		55979		2800		0.9569		0.6519		0.1120

		2900		4777		32131		54094		2900		0.9554		0.6426		0.1082

		3000		4769		31675		52330		3000		0.9539		0.6335		0.1047

				Qu=5E+3		Qu=5E+4		Qu=5E+5		m/sec		km/sec		Ql/Qu		Ql/Qu		Ql/Qu

		Vav		Ql		Ql		Ql		Vav		Vav		Qu=5E+3		Qu=5E+4		Qu=5E+5

		0		5000		50000		500000		0		0		1		1		1

		500		4961		46217		242677		500		0.5		0.9922		0.9243		0.4854

		1000		4922		42741		145322		1000		1		0.9844		0.8548		0.2906

		1500		4883		39564		101463		1500		1.5		0.9767		0.7913		0.2029

		2000		4845		36672		77460		2000		2		0.9690		0.7334		0.1549

		2500		4807		34049		62500		2500		2.5		0.9614		0.6810		0.1250

		3000		4769		31675		52330		3000		3		0.9539		0.6335		0.1047

		3500		4732		29531		44984		3500		3.5		0.9464		0.5906		0.0900

		4000		4695		27595		39436		4000		4		0.9390		0.5519		0.0789

		4500		4658		25847		35100		4500		4.5		0.9316		0.5169		0.0702

		5000		4622		24268		31619		5000		5		0.9243		0.4854		0.0632

		5500		4586		22839		28765		5500		5.5		0.9171		0.4568		0.0575

		6000		4550		21544		26381		6000		6		0.9100		0.4309		0.0528

		6500		4514		20368		24362		6500		6.5		0.9029		0.4074		0.0487

		7000		4479		19298		22629		7000		7		0.8958		0.3860		0.0453

		7500		4444		18322		21126		7500		7.5		0.8888		0.3664		0.0423

		8000		4410		17430		19810		8000		8		0.8819		0.3486		0.0396

		8500		4375		16613		18648		8500		8.5		0.8750		0.3323		0.0373

		9000		4341		15862		17615		9000		9		0.8682		0.3172		0.0352

		9500		4308		15170		16690		9500		9.5		0.8615		0.3034		0.0334

		10000		4274		14532		15857		10000		10		0.8548		0.2906		0.0317
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