Solutions/Suggestions
Energy Conversion Fundamentals:

 1.
Students should easily be able to compile this list.  Get them to focus on how much energy they consume in a day!

 2.
If assume a teenager consumes about 2500 food calories/day = 2.5 x 106 cal/day = 1.05 x 107  J/day, then have 120 J/s = 120 W, about the same as a 100 W light bulb.

 3.
Some possible responses:  energy to extract and process materials used in computer manufacture; energy used in manufacturing facilities - for heating, lighting, motor drives, robots, etc.; energy used to transport raw materials and finished products; energy used at sales outlets; energy used to produce paper for printers;  and so on.

 4.
Of course, reduce amount of fuel needed; but other possibilities are: reduced production of waste products, fewer power plants needed with reduced construction and maintenance cost, lengthening of the time interval during which fuel resources available.

 5.
This question is intended to draw attention to the “Energy Releasing Reactions” table on the chart.

 6.
Possible responses:


Fission operates at a lower temperature and technology available now.


There are proposal to use Thorium in fission which would not have some of  the same drawbacks as current fission reactors.


Fusion has larger fuel reserves.


Fusion produces smaller amounts of radioactive which are shorter-lived.


Fusion produces more energy per mass.


No possibility of “run away” fusion reaction.


Fusion plants may be very high cost.


Feasibility not yet established for fusion.

 7.
(a)  Just E = mc2 = (l kg) (3 x 108 m/s)2 = 9 x 1016 J for l kg.


(b)  (1) From chart: (3.3 x 107 J/kg for coal) /(9 x 1016 J/kg for 100%)= 3.3 x 10-10 ( 3.3 x 10-8%


       (2)  2.3 x 10-3 %


       (3)  .38 %

 8.
Note:  problems 8, 9, 10 in this section can be used to generate data that can be used in class discussions comparing the three types of energy releasing reactions.


From chart, 1990 value is 341 EJ (341 x 1018 J).  35% of that is 119 EJ.  If operate at 33% then need input energy to be 3X the output, so need 3(119) = 358 EJ of energy from the reactions.


(a)  (3.58 x 1020 J)/(3.3 x 107 J/kg for coal) =  1.1 x 1013  kg of coal.


       With l kg having a weight of 2.2 lb, get 2.4 x 1013 lb = 1.2 x 1010 tons


(b)   V = m/( = (1.1 x 1013 kg)/(1.5 x 103 kg/m3 ) = 7.3 x 109 m3.

(c)
If assume coal with few impurities(!) then the coal is pure carbon.  One C combines with O2 to give one CO2.  Since the atomic mass of  C is 12 u and that of CO2  is 44 u,  then get 44 kg of CO2 for every 12 kg of C.  Then mass of CO2 is 44/12 the mass of  C, or 8.8 x 1013 kg.



At STP, one gm-mole occupies 22.4 liters (2.24 x 10-2 m3).  One mole of CO2 = 44 g = .044 kg.  So have (8.8 x 1013 kg)/(.044 kg) = 2.0 x 1015 moles ,  which occupy


(2.0 x 1015 )(2.24 x 10-2 m3 ) = 4.4 x 1013  m3 of volume.


Volume of shell of thickness, t = 10 km,  at distance,  R = 6.4 x 103 km (radius of earth) from center is (4 ( R2 )t = 5.1 x 109 km3 = 5.1 x 1018 m3.  So have


(4.4 x 1013 m3 ) /(5.1 x 1018 m3 ) = 8.6 x 10-6 ( 8.6 x 10-4 %.

How Fusion Reactions Work/ Three Important Fusion Reactions

  1.
The kinetic energy gets converted into potential energy , U=kq1q2/r ,at closest approach.  This k is the constant. 9 x 109 N m2/C2. 


(a)
U = (9 x 109)(1.6 x 10-19)2/(10-14 m) = 2.3 x 10-14 J = 144 keV = .144 MeV = combined KE


(b)
Since shared, each has 1.2 x 10-14 J.  So 3/2 kT (this k is Boltzman constant) = 1.2 x 10-14 J.  With k = 1.38 x 10-23 J/K, get  T = 5.8 x 108 K.


(c)
Charge of 3He is 2X that of a D, so U = 4.6 x 10-14 J = .288 MeV = combined KE.



Energy per particle is 2.3 x 10-14 J, giving T = 11.6 x 108 K.


Notes:  Can point out to students that the second is harder (need higher temperature) since more charge.  More importantly, point out that this simplistic calculation gives a higher temperature than needed.  First because of the distributions of velocities at a given temperature, there are some nuclei with a high enough energy for the fusion.  Furthermore, because of the quantum mechanical nature of the interaction, the nuclei do not have to completely “overcome” the electrostatic barrier, they can “tunnel” through.  When this is taken into consideration, a temperature of about  108 K is enough for the D-D reaction.  (For D-T reactions, about  107 K is sufficient)

 2.
(a)
Binding of 2 protons and 2 neutrons:


2 times 1.007276 u =  2.014552 u   (protons)


2 times 1.008665 u =  2.017330 u   (neutrons)


Total                           4.031882 u


4He                              4.001505 u

Difference                     .030377 u  (  28.3 MeV   Binding Energy


(b)
Since have 4 nucleons:  28.3 MeV/4 = 7.07 MeV per nucleon in agreement with the graph.

 3.
Including the electrons which annihilate with the positrons gives a net reactions of:


4 p + 2 e- ( 4He +  2 ( + (‘s.   The 2 e-’s annihilate the e+’s so that they do not show on the right side here.   Doing the masses :


4 p’s:       4.029104 u


2 e-’s:         .001095 u

Total:       4.030199 u


4He:
   4.001505 u

Difference   .028694 u  ( 26.7 MeV


Note:  considered no mass for the neutrinos (or gammas).

 4.
D + T ( 4He + n  (This is an example in How Fusion Reactions Work part of Section 2 in this guide.)

 5.
Mass energy converted to kinetic energy.  Momentum, p, conserved.  Assume p=0 before.  This is not unreasonable considering the “low” kinetic energy of the reacting particles compared to the kinetic energy of the products.  Since have two products, their momenta must be of same magnitude and opposite direction to add to zero. Now compare the kinetic energies.  Use in the form K=p2/2m.  With p’s the same, since mass of helium is 4X that of n, energy of n should be 4X that of helium.  Looking at numbers from chart see that 4(3.5 MeV) = 14 MeV!  

 6.
(a)
(3.9 x 1026 W)/(4.3 x 10-12 J) = 9.1 x 1037 “chains per second”


(b)
(1.0 x 109 W)/(2.8 x 10-12 J) = 3.6 x 1020  reactions per second  (17.6 MeV per reaction) 


(c)
20% requires 5X input to get same output, so 1.8 x 1021 reactions per second


(d)
(a) and (b) give total reaction rate.  When multiplied by the densities, the reaction rate graph gives the reactions per unit volume.  Even if the densities were the same, the much larger volume of the sun’s core gives more reactions/sec, even though the reactions per volume are smaller than for the D-T.

 7.
(a)
(105 kg/m3)/(1.67 x 10-27 kg/proton) = 6.0 x 1031 protons/m3.


(b)
Reaction Rate in reactions/sec/m3 = (Reaction Rate Coefficient)(number density)2 /2    (since p-p involves identical species).  From graph, R = 10-49 m3/s.  So, Reaction Rate = (10-49)(6.0 X 1031 )2 /2 = 1.8 X 1014 reactions/s/m3.



Energy released per reaction:  26.7 MeV so Power Density (Energy/time/volume)  is just



 (26.7 MeV/reaction)(1.8 x 1014 reactions/s/m3) = 4.8 x 1015 MeV/s/m3  or  770 W/m3 .


(c)
From 6, total = 3.9 x 1026 J/s .  Then



Volume = (3.9 x 1026 J/s)/(770 J/s/m3 ) = 5.1 x 1023 m3.  With the sun’s radius = 7.0 x 108 m get volume = 1.4 x 1027 m3, so that the fraction is 5.1 x 1023/1.4 x 1027 = 3.6 x 10-4  (.036%).



Since V proportional to r3, the ratio of the radii is (3.6 x 10-4 )1/3 = .07 .

 8.
(a)
Similar to 7 (a) above.  For this reaction, R = 10-22 m3/s from graph.  Since different species just multiple this times product of densities;



Reaction Rate = (10-22 )(1020)(1020) = 1018 reactions/s/m3


Energy per reaction = 17.6 MeV so (17.6)(1018) = 17.6 x 1018 MeV/s/m3 = 2.8 x 106 J/s/m3 or  fusion power per m3 = 2.8 MW/m3.


(b)
(109 J/s)/(2.8 x 106 J/s/m3 ) = 360 m3 plasma volume

Plasmas - the Fourth State of Matter

 1.
Look at some of the examples in the plasma section of this guide.

 2.
Get the temperatures from the graph on the chart.  Use k = 1.38 x 10-23 J/K.

 3.
Again, get the temperatures from the graph and from this use 3/2 kT to get average energy per particle.  Then energy/m3 = (particles/m3)(energy/particle).  Particles/m3 also from the graph.

 4.
Mass of Sun = 2.0 x 1030 kg


Masses of planets ( mostly the major ones!) = 2.8 x 1027 kg


So fraction not plasma = .0014,  giving plasma fraction = .9986  (99.86% plasma)

 5.
Although average energy per particle is large enough for the plasma to be classified with this temperature, the density is so low that few collisions occur.  Therefore little transfer of energy (heating).  

Creating the Conditions for Fusion

 1.
(a)  Get from K = ½mv2, but must convert K to joules.  v = 1.4 x 106 m/s.


(b)
Using  r = (mv)/qB), get  r = (2)(1.67 x 10-27  kg)(1.4 x 106 m/s)/(1.6 x 10-19 C)(3 T) 



r = 9.6 x 10-3 m = .96 cm.


(c)
(1)
vpar = v cos( = 7.0 x 105 m/s



(2)
vper  = v sin( = 1.2 x 106 m/s



(3)
Use vper  to calculate r,  giving r = .82 cm



(4)
T = d/v = 2(r/vper = 4.3 x 10-8 s



(5)
d = vpar t = .03 m = 3 cm.  

 2.
f = (qB)/(2(m)


proton:  f = (1.6 x 10-19 C)(3T)/(2()(1.67 x 10-27 kg) = 4.6 x 107 s-1 


D:
f = 2.3 x 107 s-1  ; T: f = 1.5 x 107 s-1 ; 3He:  f = 3.0 x 107 s-1; 4He: f = 2.3 x 107 s-1
 3.
Use “right hand rule” with velocity of particle tangent to circular path and field component along radius.  Gives a force along the axis, opposite to the “end” of the bottle.

 4.
Energy per atom in joules = 1.6 x 10-14 J.  50 MW = 5 x 107 J/s.  Therefore


atoms/second = (5 x 107 J/s)/(1.6 x 10-14 J/atom) = 3.1 x 1025 atoms/s

Progress Toward Fusion Power

 1.
(a)
Getting values of number density from the chart in the plasma area, solve for t



1020 s/m3 = nt  so, t = 1020/n = 1 second


(b)
t = 10-6 seconds

