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A LUNAR POWER PLANT 

by 

R. H. Arms t rong , J, C. Ca r t e r , H. H. Hummel, 
M. J . Janicke and J. F . Marcha t e r r e 

ABSTRACT 

A concept of a n u c l e a r power p lant to be a s s e m b l e d on e a r t h and o p e r a t e d on the 
raoon i s p r e s e n t e d The two p r i n c i p a l des ign objec t ives a r e r e l i ab i l i t y and high speci f ic 
power Whereve r t h e r e i s an incompa t ib i l i t y be tween t h e s e two ob jec t ives , the dec i s ion 
f avor s r e l i a b i l i t y The des ign i s b a s e d on the p r e m i s e that the power plant m u s t be des igned 
on the b a s i s of c u r r e n t technology and with a m i n i m u m amount of r e s e a r c h and deve lopment 

The p r inc ipa l componen t s cons i s t of a fast r e a c t o r m a d i r ec t cycle with a m e r c u r y -
vapor tu rb ine The h i g h - f r e q u e n c y g e n e r a t o r , hydrogen c o m p r e s s o r for the g e n e r a t o r coo l ­
ing s y s t e m , n n e r c u r y - r e c i r c u l a t m g p u m p , and condensa te pump a r e on an ex tens ion of the 
t u rb ine shaft The m e r c u r y vapor is condensed and the hydrogen cooled m wing r a d i a t o r s 

The m a c h i n e r y is s e a l e d m a cy l i nd r i ca l shel l Fo r t r a n s p o r t a t i o n to the moon, the 
r a d i a t o r s a r e folded about th i s she l l so that the whole a s s e m b l y m a k e s a compac t cy l ind r i ca l 
s ec t ion of the t r a n s p o r t i n g r o c k e t Upon a r r i v a l , the power plant sec t ion i s d i sconnec ted and 
a n c h o r e d m a c r a t e r of the moon The r a d i a t o r s a r e unfolded to fo rm four wings at 90° to 
each o the r 

T h e r e i s no sh ie ld ing of any component and an abso lu te m i n i m u m of safety dev ices 
and con t ro l s The cos t of t r a n s p o r t i n g a heavy convent ional power plant is t r a d e d for a 
l igh t , fully a u t o m a t i c packaged unit which i s expendable after two e a r t h y e a r s at fu l l -power 
o p e r a t i o n 

The power plant c o n s i s t s of t h r e e iden t ica l un i t s , independent , but con t ro l l ed f rom 
the c e n t r a l con t ro l cen te r N o r m a l ope ra t i on r e q u i r e s two uni t s An expedi t ion can subs i s t 
with one Thus , the uni t s can be s t a n d a r i z e d , t h e i r outputs synch ron ized , and the i r s ize and 
weight be s t su i ted to the c a r r y i n g capac i ty of i t s t r a n s p o r t i n g rocke t 

The r e a c t o r i s of a c o n s t r u c t i o n quite s i m i l a r to E B R - I Mark III for which t h e r e is a 
l a r g e amount of opera t ing e x p e r i e n c e 

The working fluid is m e r c u r y Th i s is chosen b e c a u s e it is known that it is su i tab le 
for u s e m Rankine cyc les for long p e r i o d s of t i m e at the t e m p e r a t u r e s u sed m th i s des ign 

The r o t a r y c o n v e r t e r s , t u r b i n e , c o m p r e s s o r , and g e n e r a t o r a r e e s p e c i a l l y des igned 
for th i s duty The g e n e r a t o r i s a 4 0 0 - c y c l e a l t e rna t i ng c u r r e n t , b r u s h l e s s exc i t e r type 

The r a d i a t o r s a r e the unique component They a r e c o n s i d e r e d to be the only feas ib le 
m e a n s known now of r e m o v i n g the l o w - t e m p e r a t u r e hea t f rom the cycle They a r e a l so the 
h e a v i e s t components of the plant If m subsequen t des igns the t e m p e r a t u r e l eve l s of the 
cycle can be lifted, the r a d i a t o r weight wil l d e c r e a s e C o m p a r e d with e a r t h - b a s e d power 
p l a n t s , the speci f ic power of th is l una r power plant is v e r y low due to t he se r a d i a t o r s , but it 
IS felt tha t the des ign i s r e a l i s t i c m view of the opera t ing env i ronmen t and log i s t i c s 

The r a d i a t o r i s a v e r t i c a l t u b e - a n d - f m type built m c o n c e n t r i c cy l indr i ca l s ec t ions 
of i n c r e a s i n g d i a m e t e r The c u r v e d h e a d e r s a r e connected by swivel jo ints so that , upon 
a r r i v a l , the r a d i a t o r can be quickly unfolded f rom the compac t cy l ind r i ca l package it fo rmed 
dur ing t r a n s p o r t a t i o n 
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OBJECTIVE 

A lunar expedition that intends to r ema in on the moon for any length 
of t ime for the purpose of making scientific observa t ions will r e q u i r e e l e c ­
t r i c a l energy . 

Some of the faci l i t ies which may r equ i r e this e lec t r i ca l energy a r e : 

1 . m i l i t a r y ins ta l la t ions ; 

2. wea the r - fo recas t ing s ta t ions ; 

3. te levis ion r e l a y s ; 

4 . s t e l l a r o b s e r v a t o r i e s ; 

5. physical o b s e r v a t o r i e s ; and 

6. space craf t - refuel ing s ta t ions . 

The objective is to provide this e l ec t r i ca l energy with a lunar plant 
which can meet the following speci f ica t ions : 

1 . The power plant mus t be of a shape and weight that can be 
t r a n s p o r t e d by rocke t . 

2. The l i fe t ime mus t be two y e a r s at full-power continuous 
opera t ion with automat ic cont ro l . 

3. It mus t be capable of re jec t ing heat to the lunar 
envi ronment . 

4. The mach ine ry and cont ro ls mus t be able to withstand 
launching and landing shocks . 

The subject of this r epo r t is a conceptual design of such a power 
plant to be p r e a s s e m b l e d and tes ted in as near as poss ible a lunar envi ron­
ment before launching. 



RECOMMENDATIONS 

The development of high-power density fast r e a c t o r s for space use 
will u l t imate ly r e su l t in u l t r acompac t machines adaptable for m a r i n e , 
mi l i t a ry , or other mobile use on the ea r th . The ground ru les for this lunar 
r e a c t o r concept were based on the fact that m e r c u r y coolants have been 
used for many y e a r s in power plants and that the c h a r a c t e r i s t i c s of the 
EBR-I core have been thoroughly invest igated. This concept can be r e ­
garded as one which can be cons t ruc ted at the p resen t t ime with l i t t le or 
no development and, t he re fo re , can be a s tar t ing point for more advanced 
concepts . 

These advanced concepts will r equ i r e development p r o g r a m s in 
many di rec t ions and may be d i rec ted to ear th operat ions as well as to 
space appl ica t ions . 

For example , the use of h igh - t empera tu r e gas should be invest igated 
as a working fluid for a d i r ec t - cyc l e , compact fast r eac to r as should the use 
of l iquid me ta l s other than m e r c u r y . 

Para l l e l ing these the rmodynamic studies of other working fluids 
mus t be the development of h i g h - t e m p e r a t u r e fuels, s t ruc tu ra l m a t e r i a l s , 
tu rbomach inery , and ins t rumenta t ion . Studies must also be made to inves ­
t igate the effects of m e t e o r s and space environment on machine operat ion. 

A p r o g r a m is suggested to design an u l t racompact , d i r ec t -cyc le fast 
r e a c t o r to the following speci f ica t ions: 

1 . t h e r m a l output to be 56 Mw (minimum); 

2. core volume to be 56 l i t e r s ; 

3. m in imum efficiency of 30%; 

4 . pow^er densi ty 1 to 2 Mw/1; 

5. Average heat flux (liquid meta l ) of 37.67 cal/(sec)(cm^), and 
average heat flux (gas) 7.53 cal/(sec)(cm^); and 

6. Minimum turbine inlet t e m p e r a t u r e of 982°C. 
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0-0 INTRODUCTION 

The moon is cons idered to be the most l ikely objective of the f i rs t 
manned cosmic expedit ion. There is an excellent r ea son for this choice, 
namely, the re la t ive ly short dis tance to i t . The moon is an ave rage of 
238,000 mi les away, while Venus, the n e a r e s t of the major p lane t s , never 
comes c loser than 24 mil l ion m i l e s . Occasional ly a s t e ro ids pass fair ly 
c lose . H e r m e s in 1937 came within 400,000 m i l e s . 

The f i r s t United States Expedi t ionary F o r c e will r e q u i r e a source 
of e l ec t r i ca l energy . The cu r ren t thinking is that this source will come 
from the convers ion of nuclear to e l ec t r i ca l power . There a r e many ways 
in which this convers ion can be accompl ished . The Rankine Cycle is p r o ­
posed for this f i rs t design, which will be used as the bas i s of compar i son 
for the m o r e imaginat ive concepts . An idea of what the ex te rna l a p p e a r ­
ance of this Lunar Power Plant may look like on site is shown on Fig . 0-1 . 

The mach ine ry in the cycle is se lec ted on the bas i s of engineer ing 
techniques and the use of m a t e r i a l s for which the re a r e ear th ly p receden t s . 
Subsequent designs will venture beyond these and endeavor to obtain func­
tional excel lence compatible with the physical phenomena exist ing on the 
moon. 

The pr inc ipa l components of this design consis t of a fast r e a c t o r 
in a d i rec t cycle with a m e r c u r y - v a p o r tu rb ine , a m e r c u r y pump, and a 
r ad ia to r - type m e r c u r y condenser (see F ig . 0-2). A high-frequency gene r ­
ator is on an extension of the turbine shaft. 

The power plant, with four r a d i a t o r s folded and wrapped around it , 
forms a compact cyl indr ical sect ion of the rocket fuselage. Upon a r r i v a l 
on the moon the pov/er plant is disconnected f rom the rocket , anchored to 
the surface of the moon, and the four r a d i a t o r s unwrapped and s t r e tched 
out at 90° to each o the r . 

There is no shielding of any component, and an absolute min imum 
of safety devices and cont ro l s . The cost of t r anspor t ing a heavy conven­
tional power plant to the moon is t r aded for a l ight-weight , fully automat ic 
packaged unit which is expendable after tw ô ea r th ye a r s of full-power 
operat ion. 

It is bel ieved that power plants should consis t of mult iple units i n t e r ­
connected and control led f rom a common control cen te r . These units should 
be s tandard ized and of a s ize and weight best sui ted to the ca r ry ing capacity 
of the t r anspor t ing rocke t . 

The number of units in a power plant should not be l e s s than t h r ee , 
and each should have a capacity capable of keeping the base opera t ing at 
subs is tence level until all the expedi t ionary personnel can take off. 
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The operat ing p r e s s u r e s and t e m p e r a t u r e throughout the cycle a r e 
a compromise among many f ac to r s . The principal ones a r e re l iabi l i ty and 
weight. 

As the t e m p e r a t u r e i n c r e a s e s , the machinery becomes l e s s r e l i ab le , 
but the weight d e c r e a s e s . 

It is bel ieved that this f i rs t design should favor re l iabi l i ty , and that 
the degree of re l iab i l i ty occas ioned by the use of l o w - p r e s s u r e , low-
t e m p e r a t u r e m e r c u r y as the working medium offsets the i nc r ea se in size 
and weight of the r a d i a t o r . 

It would be quite easy to show a much bet ter plant on paper if a 
working medium of l e s s e r known c h a r a c t e r i s t i c s were used in the cycle at 
higher p r e s s u r e s and t e m p e r a t u r e s . 

There is enough exper ience with m e r c u r y at the planned p r e s s u r e s 
and t e m p e r a t u r e s to genera te confidence that it can be used in this mach in­
e ry for two y e a r s of un in te r rup ted operat ion at full power. 

Significant number s per ta in ing to the power plant a r e as follows: 

Capacity 1 Mw 

Specific Power 9.8 kg/kw 

Total Weight 9800 kg 

Overal l T h e r m a l Efficiency 12.2% 

Dimensions of Radiator #2 Folded 

(a) overa l l length 485 cm 

(b) d iamete r 214 cm. 



JC'> 

TRANSPORTATION 
VEHICLE 

FIG. 0 -1 
LUNAR POWER PLANT 

I I 



REFLECTOR CONTROL 
DRIVE MECHANISM 

MERCURY LIQUID RETURN 
TO MAIN CIRCULATING 

PUMP INLET 

HYDROGEN GAS COOLANT 
\NLET TO REFLECTOR 

CONTROL 

RIGHT AND LEFT HAND 
HELICAL DRIVE SCREW 

RECIRCULATING PUMP 
INLET 

MERCURY CONDENSATE 
INLET FROM MAIN 
RADIATOR O U T L E T 

TURBINE EXHAUST TO 
MAIN RADIATOR INLET-

HYDROGEN GAS COOLANT 
INLET TO GENERATOR 

HYDROGEN GAS INLET 
FROM GAS RADIATOR 

TO GENERATOR-
REFLECTOR BY-PASS 

HYDROGEN GAS OUTLET 

FROM GAS COMPRESSOR 

TO GAS RADIATOR 

MERCURY VAPOR 
SEPARATOR 

MERCURY VAPOR 
TO TURBINE INLET 

UPPER GRID 

REFLECTOR CONTROL 
ELEMENT 

REACTOR CORE 

LOWER GRID 

GAS COOLANT RETURN 
TO GAS COMPRESSOR 

SEPARATION PLATE 

MERCURY EXIT FROM 
MAIN CIRCULATING PUMP 

TO CORE INLET 

MAIN MERCURY 
CIRCULATING PUMP 

TURBINE INLET PLENUM 

TURBINE OUTLET PLENUM 

COUPLING 

SUPPORTS 

GENERATOR 

PRESSURE SHELL 

HYDROGEN GAS 
COMPRESSOR 

FIG. 0 -2 

PICTORIAL OF LUNAR REACTOR 



16 

1-0 REACTOR 

The significant numbers per ta in ing to the r eac to r a re as follows: 

Core d iamete r 

Core length 

Cr i t i ca l m a s s 

Enr i chmen t 

Power density 

Heat t r a n s f e r surface 

% voids at full power 

Speed of m e r c u r y enter ing core 

React ivi ty worth of re f lec tor 

A fast r e a c t o r with boiling m e r c u r y as the coolant appears to have 
the bes t combinat ion of nuc lear and t h e r m a l c h a r a c t e r i s t i c s . 

These c h a r a c t e r i s t i c s a r e high power densi ty, the abili ty to m a i n ­
tain an acceptable ra t io of 'H/Tjo during two y e a r s of continuous operat ion, 
good r e a s o n to believe that it has dynamic stabi l i ty, the lack of a r e ­
qui rement for any mode ra to r or shielding, and the apparent abili ty to be 
control led by the movement of a re f lec tor enci rc l ing the shel l . 

M e r c u r y was chosen as the coolant because it is the only liquid 
meta l that has been used successful ly for long pe r iods of t ime in a 
d i rec t , two-phase Rankine cycle . A s tee l containing 5% chromium and 
X% molybdenum is chosen for all sur faces in contact with m e r c u r y because 
there a r e y e a r s of exper ience to subs tant ia te the fact that the re will be no 
de te r io ra t ive effects occasioned by these two me ta l s in contact at the t e m ­
p e r a t u r e s which exist throughout the cycle . 

The s t r u c t u r a l fea tures of this r e a c t o r a r e quite s imi l a r to E B R - I 
Mark III, and, t he re fo re , the re is good r e a s o n to believe that it will be 
dynamical ly s table . 

There is no mode ra to r because it is a fast r e ac to r . 

Shielding shel ls may be t r a n s p o r t e d to the moon. They would be 
filled with lunar soil if shielding is r e q u i r e d for the r e a c t o r por t ion . Since 
the plant is to be fully automat ic and d i s ca rded at the end of its use fu lness , 
it is p roposed to place it behind a hill or in one of the moon c r a t e r s . 

41 cm 

41 cm 

492 kg 

35.6% 

150 k w / l (core vol) 

1.495 X 10^ cm^ 

73% 

50.5 c m / s e c 

17% 



Calculat ions indicate that the cyl indr ical shell ref lector surrounding 
the core will give sa t i s fac tory control c h a r a c t e r i s t i c s . 

The only maintenance contemplated is the addition of wetting agents 
to the m e r c u r y as needed and faci l i t ies for repai r ing holes in the rad ia to r . 
These holes may be caused by m e t e o r o i d s . 

C r o s s sect ions of the power plant without the r ad ia to r s a r e shown 
on F i g s . 1-1 and 1-2. 

The m e r c u r y coolant is pumped upwards through the co re , where 
boiling takes p lace . The l iquid-vapor mix tu re is separa ted in two arc 
s e p a r a t o r s (Fig. 1-3) above the core and the vapor is d ischarged to the t u r ­
bine sys t em. The liquid is r e tu rned to the rec i rcu la t ing pump. 

The choice of m a t e r i a l s for the plant and coolant was based on using 
a r eac to r core which can be built with exist ing technology without any ex­
tensive development p r o g r a m . Cer ta in ly other m a t e r i a l s can be used for 
core const ruct ion , and advanced technology with m a t e r i a l s capable of with­
standing higher t e m p e r a t u r e could lead to substant ial weight savings. The 
use of two a rc s e p a r a t o r s is ba sed on the work of Babcock and Wilcox^^i 
in s epa ra to r t e s t s . These s e p a r a t o r s appeared to have the maximum 
capaci ty of any of the s e p a r a t o r s t e s ted . 

Baffling is provided at the core inlet to dis t r ibute the flow in the 
inlet p lenum. No orificing is provided at the core inlet since calculat ions 
indicate that no pa ra l l e l flow ins tabi l i t ies will exis t . 

1-1 Mechanical Design 

a. Core 

The core is a s s e m b l e d into an annular f rame which includes 
an upper and lower gr id sect ion, and a m e r c u r y sepa ra to r at the upper end. 
The s e p a r a t o r p e r f o r m s the function of separa t ing the m e r c u r y vapor from 
the unvapor ized m e r c u r y liquid and channeling the fluids into the p rope r 
flow p a s s a g e s , the vapor to the turbine inlet and the liquid to the c i rcula t ing 
pump inlet . 

The a s sembly is done as follows: The annular f r ame , liquid m e r ­
cury p a s s a g e s , s e p a r a t o r , e l l ipsoidal head, and upper grid a re welded 
together , and the a s sembly is p laced so that the grid and s epa ra to r a re in 
a down posi t ion. The hexagonal fuel a s s e m b l i e s a r e then inser ted , s ta r t ing 
at the cen te r and working outward, then followed by the six segmenta l fuel 
subasse rab l i e s . The upper grid is then in se r t ed and tack welded or b razed 
into p lace . The re f lec tor control e lements a re then assembled with the i r 



assoc ia te components . The ent i re core section is then c losed by welding a 
separa t ion plate above the upper gr id . Pro jec t ing f rom the separa t ion plate 
a re a s e r i e s of space r s which engage the r ibs of the grid, thus providing 
additional support for the core a s sembly . The upper sect ion of the outer 
shell is then welded in p lace , thus enclosing the en t i re r eac to r section. The 
r e m a i n d e r of this outer shell will be welded in place after all of the power 
plant package is a s sembled and tes ted . This comple tes the a s sembly of 
the r eac to r sect ion. 

b . Fuel Subassembl ies 

The bas ic fuel rod is s imi l a r to the E B R - I fuel rod except for 
modified end plugs and the use of 5% chromium,-2-% molybdenum alloy tubing 
for cladding. This alloy was se lec ted over the EBR- I z i rconium tubing b e ­
cause of the proven c o r r o s i o n c h a r a c t e r i s t i c s of this alloy in m e r c u r y , which 
is backed up by 20 y e a r s of use in the General E l e c t r i c Company 's m e r c u r y -
cooled power p lants . The end plugs were redes igned to save weight and to 
faci l i tate manufacture . The bas ic fuel rod is a tube, 54.6 cm long with a 
0 .84-cm outer d iamete r and a 0 .03-cm th ickness . This tube contains a 
m a t r i x of u ran ium carbide and 356.5 gm of 35.6% enr iched u ran ium. This 
m a t r i x is 0.76 cm in d i ame te r by 40.6 cm long. 

There a r e two types of subassembl i e s (see F i g s . 1-4 and 1-5), 
of which 19 a r e hexagonal in shape and contain 61 fuel rods pe r a s sembly . 
The second type is segmenta l in shape and contains 3 7 fuel rods pe r a s ­
sembly; 6 a s semb l i e s of this type a r e requ i red . Thus the core contains a 
total of 1381 fuel rods with a total of 492 kg of 35.6% enr iched uran ium. The 
unit fuel subassembl i e s a r e not canned, but a r e a s s e m b l e d into end gr ids 
and made secure by a s e r i e s of hexagonal head bol ts which pass through 
the gr id c o r n e r s into tapped holes in the co rne r fuel rod end p lugs . Thus 
a m o r e uniform flow dis t r ibut ion is obtained and a weight saving is effected 
by the omiss ion of the canning. As in the EBR-I design, each fuel rod con­
ta ins th ree space r s to insure uniformity of flow p a s s a g e s and stabi l i ty under 
dyanmic flow condit ions. 

c. Reflector Control 

The annulus d i rec t ly around the core is divided by four s t r i n g e r s , 
thus providing space for the four con t ro l - r e f l ec to r e l emen t s . These e l e ­
ment s a r e s ta in less s tee l or i ron, each approximate ly 7.6 cm thick by 
40.7 cm long, and each fills o n e - q u a r t e r of this annular a r e a . These e l e ­
men t s a r e split hor izonta l ly and a r e actuated by four lead s c r e w s , each of 
which has a r ight and lef t -hand th read . When energ ized by the four s e rvo 
m o t o r s at the upper end of the power plant , the re f lec tor e lements move 
outward or inward as the need a r i s e s , thus effecting the n e c e s s a r y control . 
These ref lec tor e lements contain holes for cooling, which is provided by 
inlets for hydrogen gas in the upper end of the annulus. 



d. M e r c u r y Flow P a s s a g e s 

The m e r c u r y flows up through the core and into a sepa ra to r 
where approximate ly 10% in vapor form goes to the turbine through annuli 
c r ea t ed by dividers between the outer p a r t of the annular f rame and the 
inside of the outer shel l . The four other p a r t s of the annulus thus formed 
se rve as downcomers to the r ec i r cu la t ing pump for the liquid m e r c u r y . 
The turbine d i scha rges m e r c u r y vapor into a plenum from which the vapor 
goes to the r ad ia to r . The four r ad ia to r condensate r e tu rn l ines r e - e n t e r 
the shell at the lower end and a r e piped upward to the condensate pump. 

e. Hydrogen Gas Flow P a s s a g e s 

The cool gas f rom the rad ia tor en te r s the shell by four inlet 
ducts located in the upper pa r t of the extension at the lower end of the 
shel l , and then is ducted into the re f lec tor control a r e a and into the gen­
e r a t o r . The gas f rom the ref lec tor a r e a and the generator goes to the inlet 
side of the hydrogen gas c o m p r e s s o r . It l eaves the c o m p r e s s o r through 
four outlets located in the extension of the shell and goes to the rad ia to r . 

f. Ex te rna l F e a t u r e s 

The r e a c t o r plant is supported in a ve r t i ca l posi t ion by a 
cyl indr ical extension below the p r e s s u r e ves se l . Gussets extending from 
the gas plenum extension to this cyl inder provide additional stiffening. In 
the case of the foldout r ad ia to r (see F ig . 4-11) the cyl indrical extension 
t e r m i n a t e s in a 7 .6-cm thick by 213-cm d iamete r base . The support ing 
e lements a r e all made of s t r u c t u r a l magnes ium. 

In the case of the wrap around rad ia tor (see F ig . 4-13), the 
cyl indr ica l column is divided into two sect ions which contain bea r ings to 
p e r m i t the r e a c t o r plant to ro ta te as the rad ia tor is unwrapped. 

Adjacent to the m e r c u r y vapor outlet r i s e r s a r e a s e r i e s of 
hinge components to which the r ad ia to r sect ions per F ig . 4-11 a r e a s ­
sembled. These a r e not used for the rad ia to r per F ig . 4 -13 , nor a r e the 
r i s e r s . A conventional tubular r i s e r is used for the rad ia to r p e r F ig . 4 -13 . 



1-2 Heat T rans fe r 

Significant numbers per ta in ing to heat t r ans fe r in the core a re as 
follows: 

Coolant 

Reactor Power 

Inlet Velocity 

Total Flow Rate 

Pump Head Required at Ful l Flow 

Average Exit Quality 

Average Exit Vapor Volume F rac t i on 

Average Heat F lux 

Maximum Heat F lux 

Maximum Uranium T e m p e r a t u r e 

Core Heat T r a n s f e r A r e a 

Core Flow Area 

Equivalent Diamete r 

Hg + 0.02% Mg + 0.0001% Ti 

8.15 Mw 

50.5 c m / s e c 

940,000 k g / h r 

147 cm Hg 

11.7% 

94.5% 

54.3 wa t t s / cm^ 

122 wa t t s / cm^ 

648°C 

1.495 X 10^ cm^ 

4.2 X 10^ cm^ 

0.361 cm 

The mos t impor tant cons idera t ion in the heat t r a n s f e r c h a r a c t e r ­
i s t ics of boiling m e r c u r y appea r s to be that of insur ing the wetting of the 
heat t r ans fe r surface with the m e r c u r y . P r a c t i c e s at the South Meadow 
Generat ing Station of the Har t ford E lec t r i ca l Light Co. and the Schil ler 
Station of Publ ic Service of New Hampsh i re have indicated that this can be 
achieved by adding 0.35 ppm of t i tanium and 50-70 ppm of magnes ium. The 
impor tance of this addition on the heat t r ans fe r c h a r a c t e r i s t i c s of boiling 
m e r c u r y is borne out by the publ ished l i t e r a t u r e on heat t r a n s f e r to boiling 
m e r c u r y . Lyon et al.V'^) p r e s e n t e d data taken at a tmosphe r i c p r e s s u r e for 
pure m e r c u r y and for m e r c u r y with 0.02% magnes ium and 0.0001% t i tanium. 
The data were taken for boiling f rom a 1.9-cm OD hor izonta l s t a in less s teel 
tube. The r e su l t s with pure m e r c u r y suggested that the heat ing surface 
was not wetted by the m e r c u r y . The data indicated that the m e r c u r y was 
in film boiling over the en t i re range of heat fluxes t e s t ed . Data were a lso 
taken for m e r c u r y with magnes ium and t i tanium additions at heat fluxes up 
to 31.5 wat t s /cm^. There was no indication of an approach to a t rans i t ion 
in the boiling mechan i sm. 



Kutateladze et al.'-^) s u m m a r i z e s the resu l t s of the invest igat ions 
of the boiling p r o p e r t i e s of m e r c u r y and m e r c u r y amalgams in the USSR. 
The exper imen t s of Korneev and Styrikovich, Semenovker , and Sorin a re 
repor ted . The exper imen t s of Styrikovich were with pure m e r c u r y , those 
of Korneev with m e r c u r y with magnes ium added. Data for the c r i t i ca l heat 
flux as a function of magnes ium concentra t ion were presented . The max i ­
mum heat flux achieved was 43.5 wa t t s / cm^ with 0.05% magnes ium. 

Bonilla^ ' p r e s e n t e d data for a boiling m e r c u r y amalgam with 
0.02% magnes ium and 0.0001% t i tanium addit ions. The maximum heat flux 
in the exper imen t s was 63 wat t s /cm^. Again, the re was no evidence of a 
t r ans i t ion in the boiling m e c h a n i s m . An equation for the wall superheat as 
a function of heat flux and p r e s s u r e was p resen ted : 

A T = 0.22 (q") 
! i \0 .435 

,0.29 
Eq. 1-1 

where AT is in °F, q" in Btu/(hr)(ft^), and P is in ps i a (see Section 1-5, 
Nomencla ture) . A m e r i c a n Standard(5) p r e s e n t e d some p r e l i m i n a r y exper i ­
mental data for the ve r t i ca l upflow of m e r c u r y , with magnes ium and 
t i tanium addit ions. Heat fluxes up to 189 wat t s /cm^ were observed at 
2.24 a tm. No indicat ion of a change in boiling mechan i sm was observed. 
It was concluded that design heat fluxes of at l eas t this high were en t i re ly 
feasible at 11.6 a tm. These t e s t s were run in na tura l c i rcula t ion with exit 
vapor volume f ract ions approaching 99%- They were apparent ly able to 
mainta in s teady condit ions. 

The r e s u l t s f rom the exper imen ta l invest igat ions indicate that m e r ­
cury boils as a no rma l fluid if addit ions a re made so that the m e r c u r y wets-
the sur face . If this is t r u e , then the boiling theory that has been developed 
for other fluids can be applied to m e r c u r y . The theory of Zuber , ' " / which 
cons ide rs the s tabi l i ty of a l iquid-vapor in ter face , has been applied with 
success to pred ic t ing the c r i t i ca l heat flux for pool boiling of sa tu ra ted 

(7) 

l iquids. Kutate ladzev ' / a r r i v e d at a s i m i l a r equation from empi r i ca l con­
s idera t ions and suggested that it be used as a design formula, since forced 
flow of the liquid pas t the heat ing surface would i nc r ea se the work n e c e s s a r 
to form a continuous vapor fi lm, and i nc r ea se the value of the c r i t i ca l heat 
flux. The equation of Zuber , 

TTh 
fg 

24 Pc 
^g (Pf-pg) 

p' 

- i l / 4 r-

Pf+ Pc 

- , 1 / 2 

Eq. 1-2 

gives, in any consis tent se t of un i t s , the c r i t i ca l heat flux under lunar con­
ditions to be 

221 wa t t s / cm^ 



While the foregoing a rguments a r e by no means conclusive, it ap­
p e a r s that the maximum design heat flux of 122 wa t t s / cm^ is a conservat ive 
value. 

The l imit ing condition for the L P - 1 core then becomes the fuel e l e ­
ment center l ine t e m p e r a t u r e . The r e su l t s of fuel e lement i r r ad ia t ion 
exper iments (° ) indicate the U-2 w / o z i rconium fuel pins a r e stable to at 
l eas t 0.6 a /o fuel alloy burnup, provided the a lpha-be ta t r ans i t ion t e m p e r a ­
tu re (665°C) is not exceeded. There fo re , this t e m p e r a t u r e has been set as 
a l imi t on fuel e lement t e m p e r a t u r e . The t he rma l calculat ions were based 
on the following as sumpt ions : 

(1) Boiling film t e m p e r a t u r e differences were calcula ted by means 
of the equation of Bonilla. 

(2) All heat is genera ted within the fuel alloy. 
(3) There is no axial heat conduction. 
(4) Uniform heat generat ion is mainta ined in the fuel pin. 

The following hot channel fac tors were used in the t h e r m a l ana lys i s : 

^ « f 

1.05 

1.01 

1.00 

1.00 

1.6 

^ « c 

1.1 

1.06 

1.01 

1.10 

1.00 

^ b 

1.1 

1.02 

1.01 

1.00 

1.00 

^ « u 

1.1 

1.02 

1.01 

1.10 

1.00 

Uncer ta inty in Neutron F lux 

Deviations f rom Nominal Dimensions 

Inhomogeneity of Fue l Alloy 

T h e r m a l Conductivity 

F i l m - t e m p e r a t u r e Drop 

P r e c i s i o n of Measuremen t of 
Power Level and T rans i en t Over loads 1.04 1.1 1.1 1.1 

Overa l l Engineer ing Hot Channel 
F a c t o r s 

Overa l l Nuclear F a c t o r 

Overa l l Total 

The hot channel fac tors given h e r e should be cons ide red in the nature of 
specif icat ions that the design mus t mee t . The philosophy of using a hot 
channel factor a s s u m e d that all of the "hot spots" occur at the same place 
at the same t ime . This s t ipulat ion is n e c e s s a r y because of the nature of 
the plant and the need for re l iab i l i ty . 

The p rocedu re s for a hydraul ic analys is of a co re of this type a r e 
well developed.'••^•' In the r e a c t o r sy s t em at s t eady- s t a t e condit ions, the 

1.77 

1.8 

3.2 

1.43 

1.8 

2.58 

1.25 

1.8 

2.25 

1.37 

1.8 

2.47 
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cond i t i on i s t h a t p d P = 0 a r o u n d the c l o s e d p u m p loop . T h i s equa t ion c a n 
be w r i t t e n a s 

V ' 

2g C L 

^ N i + Nz + N3 + N4 + N5 + N6 + N7 + Ng 

g c ^g f e ^^£ - ^ f g ) - g c 
( P f - P f g ) - ( A P / p f ) = 0 E q , 1-3 

w h e r e 

N , := f 
D / \ p f A d 

Ni - F r i c t i o n a l r e s i s t a n c e 

i n d o w n c o m e r a n d 

e x t e r n a l p i p i n g . 

N , = 

2 
P f i 

^ - A T ^ -

N2 - A c c e l e r a t i o n of f l u i d 

a n d f r i c t i o n a l l o s s e s 

a t t h e c o n t r a c t i o n 

f r o m l o w e r p l e n u i n 

t o t h e h e a t e d s e c t i o n . 

N3 = 1 Zr 
Pf VDc,' ^ 

N3 - F r i c t i o n a l r e s i s t a n c e 
in the nonbo i l ing 
s e g m e n t of the h e a t e d 
c o r e and r e f l e c t o r . 

N4 = 2 ( ^ ) Pfi 

w h e r e 

N4 - A c c e l e r a t i o n of f luid 
due to f o r m a t i o n of 
v a p o r in t h e h e a t e d 
c h a n n e l . 

.=Ji^jy_ , xl 1 
(1 - as) Pf< 0^3 p Pf, 

N , pf'^Ku: 'ig 
N5 - F r i c t i o n a l r e s i s t a n c e 

in t h e bo i l i ng 
s e g m e n t . 
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N6 = 2pf m Xi 
Pf/_ 
PgU p ^p a. 

+ ( 1 - X 3 ) ' 

{ Ap (1 - a p ) —i-1 
1 - a3j 

N5 - P r e s s u r e c h a n g e due 
to e x p a n s i o n f r o m 
the c o r e . 

Pf 
N7 

Ns = P f ' R i - ^ ) f 

(1 -a) Pf, +a Pg 
A c ^ ^ N7 - P r e s s u r e l o s s a c r o s s 

s t r e a m s e p a r a t o r . 

Ng - F r i c t i o n a l r e s i s t a n c e 
in u p p e r r e f l e c t o r . 

E q u a t i o n (3) can b e so lved for the p u m p h e a d r e q u i r e m e n t . By e x p r e s s i n g 
Ap a s - K ( V c , / 2 g ) , t he e q u a t i o n s can b e s o l v e d for t h e n a t u r a l - c i r c u l a t i o n 
v e l o c i t y in the r e a c t o r d u r i n g s t a r t u p c o n d i t i o n s . 

The t w o - p h a s e f r i c t i o n f a c t o r m u l t i p l i e r s , R and R, can be c a l ­
c u l a t e d f r o m the fol lowing e q u a t i o n s : 

R = 1 + 1 _i 
Pfi 

Pfi 

~Pg 
X Eq. 1-4 

,zfg 

R = 1 + 1 -
^fg 

_P£ 
Pf'/ Pg 

X Eq . 1-5 

Kutateladze^-^^ s t a t e s t h a t on the b a s i s of t h e w o r k of G r e m i l o v t h e s e e q u a ­
t ions h a v e an a c c u r a c y of T20% for t h e v e r t i c a l upflo-w of m e r c u r y . 

F i g u r e 1-6 g i v e s the v a p o r v o l u m e f r a c t i o n f r o m t h e c o r e ex i t a s a 
funct ion of r e a c t o r po-wer d u r i n g n a t u r a l c i r c u l a t i o n . S ince the p o w e r r e ­
q u i r e d to r u n the p u m p s a t full flow i s only 4.6 kw, o r a r e a c t o r p o w e r of 
22 kw(th) ; t h e s y s t e m shou ld o p e r a t e s t a b l y u n d e r s t a r t u p c o n d i t i o n s . T h e 
m a x i m u m v a p o r v o l u m e f r a c t i o n h a s b e e n s e t a t 0.70. T h i s f r a c t i o n c o r ­
r e s p o n d s to a m e a n r e a c t o r p o w e r of 510 kw and i s m o r e t h a n a d e q u a t e to 
o p e r a t e t h e a u x i l i a r y s y s t e m s . 

S ince in a v e r t i c a l upflow bo i l i ng s y s t e m t h e v e l o c i t y of the v a p o r 
i s c o n s i d e r a b l y h i g h e r t h a n the v e l o c i t y of the l iqu id , i t i s n e c e s s a r y to 
have a g e n e r a l i z e d c o r r e l a t i o n of v a p o r v o l u m e f r a c t i o n s , v e l o c i t y r a t i o , 
v e l o c i t y d i f f e r e n c e , o r e x p e r i m e n t a l d a t a a t the c o n d i t i o n s of i n t e r e s t . One 
of t h e s e c o n d i t i o n s i s n e c e s s a r y in o r d e r to p r e d i c t t he m i x t u r e d e n s i t y in 
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the core . The data of Kutateladze(^) were used for this predic t ion. The r e ­
sults a re shown in F ig . 1-7. This curve gives the average axial density-
dis tr ibut ion in the core of the L P - 1 plant. These volume fract ions of vapor 
a r e considerably higher than a re normal ly run in a boiling r e a c t o r . The 
l a rge amount of Ak in the voids r a i s e s the problem of r e a c t o r instabi l i ty due 
to void osci l la t ions because of var ia t ions of flow pa t te rn . Should this be a 
p rob lem, it will be n e c e s s a r y to inc rease the pumping ra te to reduce the 
volume fraction, and a l so to orifice to main ta in ' th i s low volume fract ion 
a c r o s s the co re . The use of these high void fract ions will be dependent upon 
exper imenta l verif icat ion. 

No orificing was used at the channel inlets because it is not n e c e s ­
s a ry to mainta in low t e m p e r a t u r e s of the fuel e lements . Since the hydro ­
sta t ic head and ent rance effects can be neglected, the analys is of Ledinegg 
was used.(^°) The condition of stabil i ty is that the curve for p r e s s u r e drop 
for the core channels be single valued. The condition for the onset of in­
stabil i ty is that 

dAPp 
= 0 

dW 
This can be reduced to the single c r i t e r i on that 

A h c i < - — Eq. 1-6 

where 

A = f^cAgc Dc 

and 

B = (vf/vfg) hfg 

if the sys t em is to be s table . The value for the core en t rance condition is 
244 (watt)(sec)/gm. The operat ing value for the L P - l is 23.3 (watt)(sec)/gm; 
the re fo re , the sys tem should not exhibit pa ra l l e l channel instabi l i ty . This 
does not p rec lude the occu r r ence of other types as ment ioned prev ious ly . 

1-3 Nuclear Cons idera t ions 

a. C r o s s Sections 

The e leven-group c r o s s sect ion set of Loewenste in and OkrentU 1) 
was used in c r i t i ca l i ty ca lcula t ions . The c r o s s sect ions employed for m e r ­
cury were those p r e p a r e d by Amer ican Standard(^^) for use with this set 
of c r o s s sec t ions . 



26 

b. Buckling 

Values of the buckling B^ as obtained by diffusion theory and by 
asymptot ic t r an spo r t theory for the L P - l core a r e given in Table 1-1. Also 
given is the ra t io of B as calculated by asymptotic solution of the Boltzmann 
equation to that calculated by diffusion theory. This ra t io is approximately 
the same as that by which diffusion theory ove res t ima tes the core rad ius . 

Table 1-1 

BUCKLING VALUES FOR LP-1 CORE 

Vol % (U"5 + U"8) = 47.7 

Vol % U"5 

15.0 
20.0 
25.0 
15.0 
20.0 
25.0 

Vol % Hg 
( p = 13.6 gm/cm^) 

0 
0 
0 

31.7 
31.7 
31.7 

Vol % Fe = 20.6 

B^ X 100, cm"2 
(Diffusion theory) 

0.775 
1.028 
1.262 
1.013 
1.393 
1.745 

B(Transpor t theory) 
B(Diffusion theory) 

1.032 
1.050 
1.062 

1.030 
1.040 

c. Reactivi ty Calculat ions 

One-dimensional diffusion theory calculat ions have been used 
thus far in analysis of L P - 1 . F o r accura te study of the ref lec tor control , 
two-dimensional calculat ions would be requ i red , but this did not s eem to 
be justified at the p r e sen t stage of the study. The e r r o r in diffusion theory 
for this size of r e a c t o r , as indicated in Table 1-1, is sufficiently l a rge that 
one would p re fe r a t r a n s p o r t theory cailculation, but acceptable r e su l t s can 
probably be obtained by adjusting diffusion theory. 

The exact value of fuel enr ichment is not impor tan t at the 
p re sen t stage of the study, and no adjustment has been made in the p r e sen t 
work. 

One-dimensional calculat ions in cyl indrical geomet ry have been 
c a r r i e d out for the following p rob lem specif icat ions: 

P r o b l e m 1 Core 47.7 vol % fuel (U^^^ + U"^) 
20.6 vol % i ron 
31.7 vol % void 
Radius 20.4 cm 
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Reflector 100 vol % i ron 
Outer radius 31.0 cm (including extrapolat ion 

distance of 3.1 cm). 

Equivalent b a r e height 5 3 cm (actual co re height 
40.6 cm). 

P r o b l e m 2 Same as P r o b l e m 1 except that void in core is 
filled with liquid m e r c u r y ( p = 13.6 g/cm^). 

The following r e su l t s were obtained from these p r o b l e m s : 

The c r i t i ca l concentra t ion in P r o b l e m 1 was calcula ted to be 
19-4 vol % U^^^. and the radia l buckling was 0.0065 cm"^. 

The c r i t i ca l concentra t ion in P r o b l e m 2 was calcula ted as 
16.5 vol % U^^^ and the radia l buckling was 0.0078 cm"^. 

The difference in react iv i ty for the same U^̂ ^ concentra t ion in 
these p r o b l e m s was 8.0% k. F o r hot liquid m e r c u r y (p = 12.5 g/cm^) r e l a ­
tive to the voids, the difference would be 7.3% k. 

This calculat ion is not very sa t is factory since it does not give 
accura te ly the worth of m e r c u r y at the upper and lower core boundar ies , 
where the worth is a max imum. 

The reac t iv i ty worth of the ref lector was calcula ted for both 
c a s e s by calculat ing the c r i t i ca l buckling for a ba re r e a c t o r . Fo r the case 
of no m e r c u r y , a rad ia l extrapolat ion distance of 3.3 cm was used. The 
total worth of the re f lec tor was found to be 17% k. In the case of the 
m e r c u r y - f i l l e d core the extrapolat ion distance of the b a r e core was ca l ­
culated to be 2.2 cm. The ref lec tor in this case was found to be worth 
12.5% k. In the normal operat ing condition the core will contain mos t ly 
voids (see F ig . 1-7), which indicates the effective worth of the re f lec tor 
should be c lose r to 17% than to 12.5%. A value of 15% will be a s s u m e d for 
the total worth. 

The radia l m a x i m u m - t o - a v e r a g e power dis t r ibut ion for the ca se 
of complete voids is 1.42. F o r no voids the value of the ra t io of m a x i m u m 
to average is g r ea t e r , but the void case is the one of i n t e r e s t h e r e . The 
axial max imum is 1.24, which r e su l t s in a combined m a x i m u m - t o - a v e r a g e 
value of 1. 76. 

Under actual operat ing conditions the re will be an axial d i s ­
t r ibut ion of voids as given in F ig . 1-7. One-dimens ional calculat ions in 
s lab geomet ry were pe r fo rmed in the axial d i rect ion to evaluate the worth 



28 

of voids and the power dis tr ibut ion. F o r these calculat ions the core height 
was taken to be 40.6 cm, and the top and bottom ref lec tors to be 10 cm thick. 
These re f lec tors were a s sumed to be 68.3 vol % steel and 31.7 vol % coolant 
space . 

In P rob lem 3, the coolant space in core and axial re f lec tors 
was a s sumed filled with hot m e r c u r y (p = 12.8 g/cm^). An extrapolat ion 
distance of 2.9 cm was used at the outer boundary of upper cind lower 
r e f l ec to r s . 

In P r o b l e m 4 the axial m e r c u r y density distr ibution was a s sumed 
to be that given in F ig . 1-7. In this case the extrapolat ion dis tance at the 
top of the upper ref lector was 5.0 cm. In both p rob lems the radia l buckling 
was a s sumed to be 0.0060 cm~^, which, as seen f rom P r o b l e m s 1 and 2, is 
too low. The difference in reac t iv i ty between a core filled with hot liquid 
m e r c u r y and a core with the void dis t r ibut ion shown in Fig . 1-7 was ca l ­
culated to be 7.6%. This value is an overes t ima te because the effectiveness 
of the rad ia l ref lector actually va r i e s with the void content of the core in 
such a way as to reduce the reac t iv i ty difference. In Problem. 1 (all liquid) 
and P r o b l e m 2 (all vapor) in the coolant space , the radial buckling was 
found to be 0.00 78 and (3.0065 cm"^, respec t ive ly . This change in radia l 
buckling cor responds to a 2 vol % change in U^̂ ^ concentra t ion, or about 
5% k. Since there is sti l l some liquid in the r eac to r during operat ion, this 
change is an ove res t ima te of the co r rec t ion . Assuming the co r r ec t i on to 
be 3% to 4%, the reac t iv i ty in voids is approximate ly 4%. This figure is 
evidently a crude es t ima te which needs to be refined by doing two-dimensional 
calculat ions before a dynamic analys is can be c a r r i e d out. As a l ready noted, 
the one-dimensional calculat ions in cyl indr ical geomet ry for .complete void 
as compared to hot liquid m e r c u r y gave a reac t iv i ty difference of 7.3%. An 
es t imate of 5% Ak is based on the calculated p e r cent of vapor by weight at 
operat ing condit ions. 

The reac t iv i ty held up in voids is sufficiently l a rge that t he re 
is the poss ib i l i ty of exceeding p rompt c r i t i ca l i ty through fluctuation. This 
condition would be much m o r e se r ious in the p roposed fast r e a c t o r than in 
a w a t e r - m o d e r a t e d t h e r m a l r e a c t o r , since the fast r e a c t o r could have a 
per iod of the o rder of m i c r o s e c o n d s . Under these condit ions, accidents 
could occur , in which the re would not be t ime for the shutdown mechan i sm 
of format ion of coolant vapor to act . 

F r o m the flux dis t r ibut ion obtained in the axial p rob lem with 
voids a rough es t imate of the change in reac t iv i ty with nnotion of the r e ­
flector has been made . A one-group per tu rba t ion theory t r ea tmen t was 
used with the worth of the ref lec tor at any axial posi t ion a s sumed p r o p o r ­
tional to the square of the axial flux. This involves the assumpt ion that the 
effect of the ref lec tor opposite any axial posi t ion is to a l te r the t r a n s v e r s e 
leakage at that posi t ion, this leakage consti tuting an effective absorpt ion. 



The r e su l t s of this calculat ion a r e given in F ig . 1-8, where the fractional 
ref lec tor worth removed is given as a function of the distance that the two 
halves of the ref lector have each moved from the closed posi t ion at the 
cen te r . The total worth of the re f lec tor is es t imated to be about 1 5%o k, 
and 68% of th i s , or about 10% k, is e s t ima ted to be removed when the r e ­
flector is in the full-open posi t ion of a 24-cm separat ion of the halves (see 
F ig . 1-1). This should be sufficient to take c a r e of react iv i ty in voids, 
t e m p e r a t u r e coefficient, burnup, and shutdown. Thus, on the bas i s of r a the r 
crude and p re l im ina ry ca lcu la t ions , the reflector control as proposed here 
appears feasible un less the reac t iv i ty held in the voids has been significantly 
underes t ima ted . 

With the meta l fuel e lement a s sumed to be used, the re is no 
difficulty in incorporat ing sufficient Û -*̂  to achieve c r i t i ca l i ty and, in fact, 
the fuel alloy volume could be reduced if neces sa ry . With a ce r amic or 
c e r m e t fuel e lement the s i tuat ion would be different, and trouble might be 
encountered in obtaining a high enough fuel concentrat ion for this smal l a 
r e a c t o r . 

1-4 React ivi ty Variat ion 

This r e a c t o r is designed to operate at full power for two y e a r s . 
Enough excess reac t iv i ty was init ial ly designed into it and held in r e s e r v e 
in the form of ref lec tor pos i t ion so that it should r ema in c r i t i ca l over the 
pe r iod of operat ion. 

The isotopic content of the fuel and the neutron flux a r e continually 
varying because of t r ansmuta t ion due to neutron capture in the isotopes 
exist ing at any instant and because of neutron leakage from the co re . Since 
each isotope has a different set of c r o s s sect ions , the flux and reac t iv i ty 
mus t vary with i r r ad ia t ion t ime in o rde r to mainta in a constant power in 
the r e a c t o r . This is an enr i ched u ran ium fuel; the re fo re , the react iv i ty 
will d e c r e a s e with operat ing t ime . Theore t ica l ly , the react iv i ty would 
eventually inc rease if the life of the fuel rod were not l imi ted by i r rad ia t ion 
damage. 

The var ia t ion of neu t ron flux and react ivi ty during the two yea r s is 
cons ide red to be r e p r e s e n t e d by the following equat ions, the solutions of 
which a r e shown in F ig . 1-9- The nuc lear constants used a r e shown on 
Table 1-2. 

0(t) = -^^ 00 - 0-5 X 10^^ K - 147 
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d(FP) /d t = N - 0(t) 0 (F .P. ) N = 4.56 x 10 

H T T 2 3 5 

^ = -0(t) O^ U"^ 

18 

dt 

d U " ^ 
dt 

= 0(t) (a U"5 _ a_ u"6) 

=-0(t) (a^ u " 6 - cj^ u"^ ) 

237 
= X U " ^ - XNp" ^ N P - T, TT237 T, ^ T _ 2 3 7 

dt 

A T T 2 3 8 

i ^ =-0(t)a^u"« 

i ^ ' = 0(t) 0^ U"« - XU"9 

^ ^ P " ^ = XU"9 _ X Np"9 
dt ^ 

d P u " 9 

dt 
= XNp"9 - 0(t) a^ Pu"9 

i ^ ° = 0 ( t ) ( a ^ P u " 9 - a ^ P u 2 * ° ) 

d Pu^^^ 
dt 

= 0(t) (a^ Pu2^° - a^ Pu^^i) 



Table 1-2 

NUCLEAR CONSTANTS 

U235 

U236 

U237 

u"« 
U239 

Np" ' ' 

Np"9 

P u " 9 

p^240 

Pu^^^ 
p^242 

F . P . 

Of X 1 0"^24 

( b a r n s ) 

1.60 

0.11 

0.05 

0.32 

0.90 

1.80 

0.34 

1.94 

0.34 

a .x lO-^^^ 
(barns) 

1.92 

0.30 

0.50 

0.20 

0.20 

0.15 

0.15 

2.04 

0.51 

2.2 

0.51 

2.00 

a^ X 10+24 
(barns) 

0.32 

0.19 

0.15 

0.24 

0.17 

0.26 

0.17 

X(sec- i ) 

1.2 X 10"^ 

4.9 X 10"^ 

1 X 10"^ 

3.42 X 10"^ 

V 

2.51 

2.51 

2.51 

2.51 

2.51 

2.70 

2.70 

2.92 

2.47 

2.47 

2.47 

1-5 Nomencla ture 

A 

B 

C 

cp 

D 

F . P . 

f 

g 

gc 

h 

K 

k 

Area 

Buckling 

Constant 

Specific heat 

Equivalent d i ame te r 

F i s s i o n products 

F r i c t i on factor 

Local gravi ty 

Gravi ta t ional constant 

Heat t r an s f e r r a t e , enthalpy 

Loss coefficient 

React ivi ty 
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i 

N 

P 

q 

q" 

T 

t 

W 

V 

V 

X 

z 

a 

r) 

X 

P 

0 

Sub 

a 

c 

d 

e 

f 

f 

fg 

g 

o 

P 

r 

1. 2 , 

sc r ip t s 

3 , 4 , 5 , 6 

Length 

Fluid r e s i s t ance 

P r e s s u r e 

Heat generat ion pe r unit volume 

Heat flux 

T e m p e r a t u r e 

Time 

Mass flow 

Velocity 

Specific volume 

Vapor weight f ract ion 

Length of fuel rod 

Vapor volume fract ion 

F a s t f iss ion neut rons p e r t h e r m a l neutron capl 

Decay constant 

Density 

C r o s s sect ion, surface tension 

Absorpt ion 

Core , capture 

Downcomer 

Exit 

Liquid phase 

Sa tura ted liquid phase 

Boiling phase ; la tent heat 

Vapor phase 

Inlet 

P lenum 

R i s e r 

Refers to posi t ion in the sy s t em (see Fig . 7-5) 



33 

1-6 B i b l i o g r a p h y 

1. M o y e r , W. H,, F i n a l R e p o r t , S u b c o n t r a c t No. 534, B a b c o c k and 
Wilcox Co. R e p o r t No. 5316, 

2 . Lyon, R . E . , F r o u s t , A. S., and Ka tz , D. L . , Boi l ing Heat T r a n s f e r 
wi th Liquid M e t a l s , C h e m i c a l E n g i n e e r i n g P r o g r e s s S y m p o s i u m 
S e r i e s , 5_1, No. 17. 

3 . K u t a t e l a d z e , S. S. £ t a l , . L iqu id Me ta l Techno logy , S u p p l e m e n t to 
A t o m n y a E n e r g i a (1958), No .2 . 

4 . Boni l la , C. F . e t a l . . Poo l Boi l ing Heat T r a n s f e r wi th M e r c u r y , 
R e a c t o r Hea t T r a n s f e r C o n f e r e n c e , No. 1-2, New York , N. Y . ( l 9 5 6 ) . 

5. An E v a l u a t i o n of M e r c u r y - c o o l e d B r e e d e r R e a c t o r s , A m e r i c a n 
Standa^-dTReporrATL^X- 102^ 

6. Z u b e r , N. , H y d r o d y n a m i c A s p e c t s of Boi l ing Heat T r a n s f e r , A E C U - 4 4 3 9 
(June 1959)"! 

7 . K u t a t e l a d z e , S. S., Hea t T r a n s f e r in C o n d e n s a t i o n and Boi l ing , Second 
Ed i t ion , A E C t r a n s l a t i o n 3770. 

8. Ki t t e l , J . H. and P a i n e , S. H., Ef fec t s of High B u r n u p of Some C a s t 
U r a n i u m - Z i r c o n i u m Al loys , P r e s e n t e d a t the Win te r Mee t i ng of the 
A m e r i c a n N u c l e a r Soc ie ty , 1957. 

9 . L o t t e s , P . A. , P e t r i c k , M. , and M a r c h a t e r r e , J . F . , L e c t u r e Notes 
on Heat E x t r a c t i o n f r o m Boi l ing R e a c t o r s , A N L - 6 0 6 3 . 

10. L e d i n e g g , M. , U n s t a b i l i t a t d e r S t r o m u n g b e i N a t u r l i c h e m und 
Zwangsomlauf , Die W a r m e , pp . 891 -898 (1938) . 

1 1 . L o e w e n s t e i n , W. B . and O k r e n t , D. , The P h y s i c s of F a s t P o w e r 
R e a c t o r s , A S ta tus R e p o r t , P r o c e e d i n g s of the Second Uni ted Na t ions 
I n t e r n a t i o n a l C o n f e r e n c e on the P e a c e f u l U s e s of A t o m i c E n e r g y , 
Geneva (1958), Vo l . 12, p . 16. 

12. E v a l u a t i o n of M e r c u r y - c o o l e d B r e e d e r R e a c t o r s , A m e r i c a n S t a n d a r d 
R e p o r t , A T L 118 (1959) . 



F I G . 1 - 1 

REACTOR CROSS SECTION-VERTICAL 

LEGEND 

1 Hg VAPOR FROM REACTOR TO TURBINE INLET 

2 Hg VAPOR FROM TURBINE OUTLET TO RADIATOR INLET 

3 Hg CONDENSATE FROM RADIATOR OUTLET TO CONDENSATE PUHP INLET 

H Hg LIQUID FROM REACTOR TO CIRCULATING PUMP INLET 

5 Hg LIOUID FROM CIRCULATING PUMP OUTLET TO REACTOR 

6 GAS OUTLET FROM GAS COMPRESSOR TO GAS RADIATOR 

7 GAS INLET FROM GAS RADIATOR TO REFLECTOR INLET 

8 GAS INLET FROM GAS RADIATOR TO GENERATOR INLET 

9 GAS OUTLET FROM REFLECTOR OUTLET TO GAS COMPRESSOR INLET 

10 GAS OUTLET FROM GENERATOR OUTLET TO GAS COMPRESSOR INLET 



•CXAaONAL FUEL ASSEMBLY 
(PIS. !-•) 

SEBMEHTAL FUEL ASSEMBLY 
(FIB. 1-5) 

FIG 1-2 
REACTOR CROSS SECTION -HORIZONTAL 
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MERCURY VAPOR SEPARATOR 



FUEL ASSEMBLY 

yr^s V •. s ^ ^ j g f t ^ 

68 Cm. 

< . • > 

i 

t> 

6604 Gm^ 

.361 Gm. 

30.32 Kg. 

13.7 Gm^ 

^^j/z/c'-^a-
=Ks: 

7779-, 

V 7/J'•'''' 

DATA 

HEAT TRANSFER AREA 

EQUIVALENT DIAMETER 

WEIGHT OF ASSEMBLY 

FLOW AREA 

U235 IN ONE FUEL ROD 127.0 Gm. 

U238 IN ONE FUEL ROD 229.4 Gm. 

END REFLECTOR FUEL SECTION 

DETAILS OF SPACERS 

' f i f -Cm.O.D. X 
.031 Cm.T 

1.041 Cm. A PITCH 

END REFLECTOR 

8 Cm.- 41 Cm 

FUEL ROD DETAILS 

FIG. 1-4 
FUEL ELEMENT SUB-ASSEMBLY 

HEXAGONAL 
00 
- J 



SECTION THROUSH CENTER OF ASSEMBLY 
DATA 

HEAT TRANSFER 4-005 era 
EQUIVALENT DIAMETER .361 cm 
WEIGHT OF ASSEMBLY 18.« Kg. 

U^^^ IN ONE FUEL ROD 127.0 6ra. 

U^^® IN ONE FUEL ROD 229.4- 6m. 
MATERIAL 5!? CHROME - 1/2 MOLY 

FUEL ROD 

FIG 1-5 
FUEL ELEMENT SUB-ASSEMBLY 

(SEGMENTAL) 
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2-0 MERCURY VAPOR TURBINE 

Turbine power 
Speed 
Maximum blade speed 
Initial vapor p r e s s u r e 
Initial t e m p e r a t u r e 
Exhaust p r e s s u r e 
Weight 

The type of turbine r e p r e s e n t e d in this conceptual design is a two-
p r e s s u r e stage impulse turbine. There appears to be ve ry lit t le choice 
among this design, a s ing le - s t age impu les , and a velocity stage machine . 
It is felt that there is a slight gain in using p r e s s u r e staging for this 
application. The c r o s s section of the turbine is shown on Fig. 2 - 1 . 

Each of a s e r i e s of chamber s formed by para l le l d i sc - shaped 
par t i t ions , cal led diaphragm?, has a s imple impulse turbine enclosed in it. 
All wheels a r e fastened to the same shaft. Each chamber r ece ives the 
m e r c u r y vapor in turn through groups of nozzles placed on a r c s . 

The p r e s s u r e drop is divided into as many steps as there a r e 
c h a m b e r s , each being cal led a p r e s s u r e stage. The resu l tan t vapor 
veloci ty in each stage is re la t ive ly smal l , allowing reasonably lower 
blade veloci t ies and preventing excess ive loss by vapor friction. Fig­
u re 2-1 a l so shows the p r e s s u r e and velocity of the m e r c u r y vapor as 
it flows through the nozzles and blade. 

The Rankine cycle for this instal lat ion is show^n on Fig. 2-2. 
F r o m this cycle it is e s t ima ted that the t h e r m a l efficiency of the power 
plant is 12.2%. The t e m p e r a t u r e - e n t r o p y d iagram is on F ig . 2 - 3 . 

The vector d i ag ram in the blading and the detai ls of blading a r e 
shown in Fig. 2-4. 

The turbine and ci rculat ing pumps a r e p r ea s semb led and tes ted 
before final a s s e m b l y into the power plant. The turbine and pump 
a s s e m b l y is mounted into the annular casing and supported by the mount­
ing plate which is in tegra l with the pump volute. A mounting shoulder 
on the annular case ma te s with this mounting plate, and a meta l l ic gasket 
between them provides the n e c e s s a r y seal . Socket head sc r ews a r e used 
to t ighten the assembly . The pump d ischarge pipe is inser ted into an 
opening in the separa t ion plate and sealing between them is accomplished 
by m e a n s of a bellows e lement on the pump discharge pipe and by a 
supplementa l gas-f i l led "O" r ing, a l so a s sembled to the extension on the 
pump d i scha rge pipe. The turbine casing contains an in tegra l ring which 
pa ra l l e l s a r ing welded to the outer shell . Both r ings a r e tapped for 

1100 kw 
6000 rpm 
100 m / s e c 
11.9 a tmos 
538°C 
1.29 a tmos 
250 kg 
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as sembly purposes . After the mounting plate on the pump volute is secured , 
a separa t ion ring is a s sembled to the turbine r ing. The shel l ring thus p r o ­
vides an intake plenum for the m e r c u r y vapor . Here , a l so , sealing is a ccom­
plished by gaske t s , and as sembly by socket head s c r ews . Similar ly , the 
d i scharge plenum of the turbine is c r ea t ed by another separa t ion ring which 
m a t e s with a shoulder on the turbine case and a ring welded to the outer 
shell . Sealing and a t tachment is a l so accompl ished in a like manne r . This 
final separa t ion plate a lso contains mounting b racke t s for the gene ra to r . 
The gene ra to r is then mounted to these b r a c k e t s . Misal ignment between the 
turbine output shaft and the genera to r input shaft is co r r ec t ed by a mechan i ­
cal coupling. Finally, the hydrogen c o m p r e s s o r is a s sembled to the output 
shaft of the gene ra to r . The ent i re power package can then be p re tes ted . 
The final s tep is to weld the lower sect ion of the outer shel l into place. 

2-1 The Rankine Cycle 

The flow of working med ium and the power r equ i r ed by the mach in ­
ery operat ing in the Rankine cycle (see Fig. 2-2) a r e : 

Turbine power 
Flow of m e r c u r y vapor through the turbine 
Reci rcula t ing pump power 
Condensate pump power 
Heat r equ i r ed from the r e a c t o r 
Heat r e j ec ted 
Cycle efficiency 

2-2 Nozzles and Blading 

The following assumpt ions were made (see Section 2-5, Nomencla ture , 
for meaning of symbols) 

1. T) = 90% 
n 

2. Speed ra t io = 0.45 
3. Nozzle Angles = 20° 

4. 7 = /3 

5. T / R = 0.55 

6. One-half of the p r e s s u r e drop is taken in each set of nozz les . 

1100 kw 
24 k g / s e c 
10 kw 
3 kw 
8.15 Mw 
6.06 Mw 
12.2% 

The blade efficiency was de te rmined from the veloci ty d i ag ram Fig. 2-4. 
The ideal veloci ty leaving the nozzle is 25 x 10^ c m / s e c . 
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V2 = 22.46 X 10^ 

V^ = 10.09 X 10^ 

V^3 = 0 c m / s e c 

E ^ = 4.3 c a l / g m 

r)^_g=70.1 

c m / s e 

c m / s e 

Nozzle and Blade Dimensions 

Pi tch d iamete r of nozzles and b lades , cm 
Mean blade per iphery , cm 
Number of nozzles 
Nozzle angle, degrees 
Nozzle pitch, cm 
Nozzle height, cm 
Nozzle width, cm 
Number of blades 
Blade pitch, cm 
Blade height (entrance, cm) 
Blade height (exit, cm) 
Blade width, cm 
Length of nozzle , cm 
Angle of d ivergence 

1st Stage 

32.0 
95.8 
18 
20 

6.1 
3.8 
4.39 

63 
1.52 
4.1 
4.8 
2.5 
6.4 

10° 

2nd Stage 

32.0 
95.8 
18 
20 

6.1 
3.8 
4.39 

63 
1.52 
5.0 
2.3 
2.5 
6.4 

10° 

2-3 Bear ings 

The main bear ings a r e journa l bear ings lubr icated with m e r c u r y . 
The m e r c u r y , which runs out of the ends of the bear ing, is continuously 
blown down to the condenser . Since the genera to r and turbine a r e on the 
same shaft, one t h rus t bear ing is shown. It is of the Kingsbury type, 
m e r c u r y lubr ica ted (see Fig. 2 - l ) . 

2-4 Labyr inth Packing 

Labyr inth packing is used on the genera tor end of the shaft only. 
It is not r e q u i r e d on the th rus t bear ing end since this bearing is totally 
enclosed. The labyrinth packing (Fig. 2 - l ) h a s a l ternat ing cons t r ic t ions 
and en la rgemen t s so that a l l of the kinet ic energy developed by flow 
through a cons t r ic t ion is d i s s ipa ted by turbulence in the enlargement . When 
s teady flow is es tab l i shed through such a packing, the re will be nea r ly 
complete throt t l ing of the vapor . Since this packing is on the l o w - p r e s s u r e 
end of the turbine, the re will be v e r y l i t t le leakage. The leakage is blown 
down to the r ad ia to r condenser . 
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2-5 Nomencla ture 

^bi 
T 

R 

V 

^ b 

^ r 

^ w 

7 

^ n 

\ £ 

Blade work 

Vapor passage width 

Radius of blade 

Vapor velocity 

Blade speed 

Relat ive velocity of vapor 

Exit veloci ty of whir l 

Blade exit angle 

Blade ent rance angle 

Nozzle efficiency 

Blade efficiency 



PRESSURE 

-VELOCITY OF 
VAPOR LEAVING 

RADIATOR 
PRESSURE 

FIG. 2-1 
CROSS SECTION OF 
TURBINE ^PUMPS 

4^ 



Sd - 0.120 cal/ga °K 
Pd - 11.91 aUo> 
Td - 582 'C 
hd - 86.26 ca l /g i 

B 
njMP 

75.8« c«1/g* 

, -0.128 cal/gi °K 

, - 1.266 ataoi 

. - 371 'C 

0.915 

TURBINE 

Sa - 0.120 cal/ga '% 
Pa - I.286 ataoa 

Te - 371 °C 

ha - 71.« cal/ga 

X - 0.85 

Sa - 0.0279 cal/ga °X 

Pa - 1.286 atna 

Ta - 371 "C 

ha - 12.OS cal/ga 

FIG. 2-2 

RANKINE CYCLE 

ISOBAR 

ENTROPY 

F I 6 . 2 -3 

TEMPERATURE ENTROPY DIAGRAM 
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VELOCITY DIAGRAM PER STAGE 

DETAIL OF BLADING 

FIG. 2-U 
BLADING & VELOCITY PUGRAM 
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3-0 GENERATOR 

Type AC Brush l e s s 
Continuous Rating 1000 kva 
Power Fac to r 0.75, lagging to 1.00 
Overload 2 min 1500 kva 
Overload 5 s e c 2000 kva 
Speed 5700-6300 r p m 
Overspeed 7600 r p m 
Weight 454 kg 

It is proposed to conver t the mechan ica l energy of the turbine to 
e l ec t r i ca l energy by means of a 1000-kva genera tor sys t em to be devel­
oped by the Bendix Corporat ion, with the same fea tures as their cu r ren t 
b r u s h l e s s AC genera to r s y s t e m s . 

This type of generat ing systenn, in capaci t ies l e s s than 1000 kva, 
is used extensively in a i r c ra f t . It is proposed for this lunar power plant 
because of i ts proven re l iabi l i ty , light weight, compac tness and b ru sh ­
l e s s exci ter . 

3-1 The Brush le s s AC Genera to r System 

The b rush l e s s AC genera to r sys t em offers many advantages , but 
the mos t obvious is the absence of exci te r b rushes , thus el iminating the 
possibi l i ty of commuta tor t rouble and brush dust in the mach ine ry . The 
r ep lacemen t of the exci ter b rushes e l imina tes the need of usual m a i n ­
tenance, contingent upon thei r use . There is no corresponding m a i n t e ­
nance r e q u i r e d for the b r u s h l e s s genera to r rec t i f i e r , w^hich is a s tat ic 
device without moving p a r t s . This fea ture enhances the chances that the 
lunar power plant can opera te for two y e a r s w^ithout breakdown. 

A b r u s h l e s s exc i te r sy s t em (Fig. 3 - l ) is the unique feature of 
this gene ra to r . A 600-cycle pe rmanen t magnet gene ra to r , mounted on 
the main shaft, suppl ies p a r t of i ts output to the voltage regu la to r and 
control panel, where it is rect i f ied to energ ize a s t a t ionary exci ter field. 
This se ts up a flux which gene ra t e s an AC voltage in the exci ter field. 
P a r t of the exc i te r ro to r is a t h r e e - p h a s e wye-connec ted winding, the 
output of which is connected to t h r e e si l icon pow^er r e c t i f i e r s mounted 
on the ro to r . After being rect i f ied, this exci ter output is supplied as 
d i rec t c u r r e n t through the main AC genera to r field winding to produce 
the flux that is used to gene ra t e an AC voltage in the main AC genera tor 
s ta to r . Thus the sy s t em is capable of supplying gene ra to r excitation, 
and pow^er for voltage requis i t ion and protect ive functions without the 
a s s i s t ance of an ex te rna l power source . 



The genera to r is a c lass C, h igh - t empera tu re salient pole, 6000-rpm 
genera tor , together with a 12-pole AC exci ter and rec t i f ier , mounted so as 
to ro ta te with the exci ter a r m a t u r e and main a l te rna tor field assembly . 

3-2 Windings and Insulation 

The s ta tor core (Fig. 3-2) is cons t ruc ted of a stack of 3.25% si l icon-
iron laminat ions , p rope r ly annealed and t r ea ted to obtain optimum magnet ic 
p rope r t i e s , m in imum h y s t e r e s i s , and eddy cu r ren t l o s se s . It is f i rmly held 
together by a cage const ruct ion of nonmagnetic s ta in less s teel end r ings and 
support b a r s . The slots in the s ta tor core a r e insulated with a Teflon g lass 
slot cell . This m a t e r i a l is employed because of its excellent mechanica l 
ab ras ive r e s i s t a n c e , high s trength, and exceptional d ie lec t r ic and high-
t empe ra tu r e p r o p e r t i e s . This m a t e r i a l is ex t remely expensive but provides 
so much g r e a t e r protect ion agains t high t e m p e r a t u r e s due to sho r t - t ime 
overloads that it is cons idered to be worth the high cost. The insulation on 
the rec tangula r w i r e s cons is t s of a special ly wrapped g lass covering bonded 
with si l icon r e s in . 

The s ta tor end connections a r e miade by a method which provides 
for a lap connection between the tu rns of individual coils and a long or wave 
connection between group ends. The connection reduces the length and 
weight of these end connections and at the same t ime reduces the r e s i s t ance 
of the s ta tor winding by as much as ten per cent (lO%) in some ca se s . In 
addition, the new winding provides m o r e c learance between the end turns and 
thus provides be t te r cooling and m o r e adequate spacing between the turns of 
individual groups and between phases . 

The exci te r s ta tor core a s s e m b l y cons is t s of a short s tack of l ami ­
nations which contain twelve (l2) individual poles at the outer d iameter , 
which a r e ground to s ize so as to obtain the proper concentr ic i ty when 
ins ta l led in the s ta tor housing. A molded Melamine Glass insulator s u r ­
rounds the pole piece. The field coil is then machine wound into place. 
Each coil cons is t s of approximate ly 275 turns of Number 21 heavy s i l icon-
insulated wi re , and is impregna ted by vacuum t r ea tmen t with silicon r e s i n s . 
This field is des ignated to opera te with the sil icon t r ans i s to r regula tor , 
desc r ibed elsew^here. 

3-3 Rotor Construct ion 

The ma in gene ra to r rotat ing field (Fig. 3-3) consis ts of a s tack of 
Armco ingot i ron laminat ions a s s e m b l e d as a group, together with the 
A m o r t i s s e u r winding which is welded to the copper end punchings, skewed 
one (l) slot pitch and then p r e s s e d onto the main shaft, which is fluted or 
splined to provide a posi t ive p r e s s fit to the ro tor core onto the shaft. 
This method of attaching laminat ions to the shaft has been successful in 
preventing a r m a t u r e c o r e s from loosening, even when the r o t o r s a r e 



subjected to the wor s t possible to rs iona l vibrat ion. Melanaine Glass end 
punchings a r e used to insula te the ends of the core and a 0.015-inch thick 
asbes tos g l a s s m a t e r i a l is used to insulate the s ides of the pole p ieces . 
Rotating field coils of edgewise-wound construct ion a r e employed in this 
ro to r . To obtain the opt imum heat t r ans fe r c h a r a c t e r i s t i c s from the field 
coils to the cooling a i r , a l t e rna te pa i r s of tu rns a r e s taggered j ^ in. with 
r e spec t to the adjoining p a i r s . This pa r t i cu la r s tagger ing feature in­
c r e a s e s the effective cooling a r e a of the field coils m o r e than twice that 
which would be obtained with a s t r a igh t - s ided coil. The rotat ing field 
coils a r e wound out of s t r ip copper, 0.022 in. by 0.250 in. Special f ixtures 
a r e used to wind the coils without tension, which r e su l t s in coils which a r e 
uniform in r e s i s t a n c e and dimension. 

The coils a r e insula ted by naeans of a black oxide and Heres i t e coat. 
After the coils a r e put in place on the ro tor and p rope r ly wedged, the en t i re 
rotat ing field a s s e m b l y is given two (2) vacuum- impregna t ion t r e a tmen t s 
with si l icon res in . The insulat ion p rope r t i e s of this field a s sembly a r e 
such that the ro tor can be opera ted at 250°C continuously for well over 
1000 hour s . 

The coils a r e held f i rmly in place by means of a luminum wedges 
along the magnet ic length and by means of one ( l ) -p i ece , s ta in less s tee l , 
nonmagnetic support bands on the end windings. Over each coil end, 
immedia te ly under the band, a sma l l a luminum support piece is employed. 
This support piece is provided with r e v e r s e t ape red holes into which pure 
lead is swaged in o rde r to effect a p r e c i s e dynamic balance. 

The exci ter ro to r is compr i s ed of a shor t s tack of twenty-nine (29) 
gauge, 3.25% s i l i con- i ron laminat ions , held together by naeans of r ive t s 
below the magnet ic sect ion and connecting the support bands on the ends. 
A heavy Melamine Glas s , cup-shaped end punching is provided and made 
an int imate pa r t of this core a s sembly , together with a copper connecting 
disc , onto which th ree (3) spec ia l lock nuts a r e a t tached by smal l bolts 
and sma l l lock nuts . The si l icon diode type of rec t i f i e r is sc rewed tightly 
into the lock nut to make in t imate contact with the copper connecting d isc . 
In this design, th ree (3) 3 5 - a m p e r e Westinghouse si l icon diodes a r e e m ­
ployed in a t h r e e - p h a s e , half-wave connection to provide the field cu r r en t 
to the main field of the AC gene ra to r . 

The exci te r a r m a t u r e w^inding is a conventional, t h r e e - p h a s e , de l ta -
connected, 12-pole, AC genera to r winding. Teflon g la s s slot cel ls and 
si l icon g lass wedges a r e employed to re ta in the windings in the s lo ts . 
Solid s ta in less s tee l support bands a r e used over the end windings to re ta in 
them. F ina l dynamic balancing is provided by r e v e r s e taper holes in the 
outer support of the exci te r a r m a t u r e , with any co r r ec t ion r equ i r ed being 
applied to the dr ive end of the main genera to r ro to r . 



Locations of the r ec t i f i e r s were chosen in o rder to obtain optimum 
cooling for them and to provide means for ready replacement , should the 
r ec t i f i e r s become defective. Careful considerat ion was given to the effects 
of centrifugal force on the pe r fo rmance , durabil i ty, and life of the rec t i f ie r . 
The Westinghouse Company has indicated in technical papers that their 
rec t i f ie r const ruct ions will withstand a sa t i s fac tory force of fifteen thousand 
(15,000) g ' s , which is cons iderably beyond the forces which will be imposed 
upon them in mos t appl ica t ions . 

3-4 P e r m a n e n t Magnet Genera tor 

A permanen t magnet genera tor i s provided to feed into a t h ree -phase 
br idge rec t i f ie r and to provide DC power for the silicon t r ans i s to r regula tor 
and for other control pu rposes . 

3-5 Bear ings and Lubr ican ts 

Because of the choice of the insulating m a t e r i a l s , the overa l l pe r ­
formance of the genera to r has been upgraded so that the bearing problems 
stand out significantly in compar i son to any e l ec t r i c a l difficulties. To cope 
with this improved pe r fo rmance , a specia l shaft construct ion has been 
crea ted , which p e r m i t s cooling hydrogen to be taken from the an t i -dr ive 
end through pa s sages in the main shaft, back to the drive end bear ing. Heat 
exchanger support cas t ings a r e used to draw the heat from both the inner 
and outer r a c e s by m e a n s of this specia l ly ducted coolant hydrogen. Both 
bea r ings a r e a s s e m b l e d onto the shaft with a slight p r e s s fit which va r i e s 
from line to line by 0.0005 in. The to le rances a r e 0.0002 in. on both ID and 
OD of the bear ing, and 0.0003 in. on the shaft journal . A s tandard width 
bear ing is used at the an t i -d r ive end and the double width type at the dr ive 
end. The r ea son for this is that the dr ive end runs hotter and it is des i rab le 
to use a bear ing with l a r g e r m e r c u r y capaci ty in the hotter a r e a s . Both 
bear ings a r e p rec i s ion Class 7 bea r ings , having an in te rna l c learance of 
0.0007 in. to 0.00 11 in. They a r e both heat s tabi l ized for operat ion at 190°C. 

3-6 Genera tor -Cool ing System 

Hydrogen is forced through the genera to r by the hydrogen c o m p r e s ­
sor mounted on the main shaft. 

3-7 T r a n s i s t o r i z e d Voltage Regulator 

The voltage regula tor is a s tat ic t r a n s i s t o r i z e d voltage regula tor 
designed to supply exci tat ion to the gene ra to r . 

The voltage regula tor cons is t s of five basic c i rcu i t s . These a r e : 
voltage sensing and pulse modula tor , r eac t ive load division, sa turat ion 
ampl i f ier , power supply, and buildup c i rcu i t . 



3-8 Sensing and Pulse Width Modulator 

The t h r e e - p h a s e AC line voltage is fed to a half-wave rec t i f ie r 
c i rcui t made up of th ree sil icon diode pa i r s with a voltage rat ing in excess 
of any t rans ien t vol tages which may be i m p r e s s e d on them. No t r a n s f o r m ­
e r s a r e used in this c i rcu i t ry . The rect i f ied t h r e e - p h a s e voltage is applied 
to one leg of a r e fe rence bridge c i rcu i t containing the voltage re fe rence 
e lement . The r eac t ive load division sensing t r a n s f o r m e r output i s a s ing le -
phase, full-wave rec t i f ie r c i rcui t , raade up of two sil icon diodes with a 
voltage rat ing in exces s of any t r ans i en t vol tages which may be i m p r e s s e d 
on them. The rect i f ied output is applied to the second leg of the re fe rence 
bridge c i rcui t . 

The br idge output is balanced by means of a potent iometer when 
the input AC voltage is within the l imi ts defined by the governing specif ica­
tion. A filter network is a lso connected a c r o s s the sensing rec t i f ie r br idge 
and ac t s to shape the voltage r ipple to a 1200-cyc le -pe r - second t r i angula r 
wave with a peak- to -peak magnitude of 6 vol ts . At DC balance, this 6-volt 
t r i angular wave shape a p p e a r s at the sensing br idge c i rcui t . 

The r e f e r ence e lement used is a cold cathode voltage regula tor 
tube. This tube was se lec ted for i ts s table operat ing c h a r a c t e r i s t i c s over 
wide ambient t e m p e r a t u r e r anges . It is n e c e s s a r y to add to the voltage 
r e fe rence c i rcu i t a h igh- impedance , high-vol tage power supply to i n su re 
firing of the voltage re fe rence tube during buildup and to insure constant 
ignition during low-voltage t r ans i en t s . This power supply is obtained from 
a winding on the buildup t ransform.er . This a r r a n g e m e n t provides isolat ion 
and, since this t r a n s f o r m e r is powered from the pe rmanen t magnet g e n e r a ­
tor , posit ive voltage under main AC feeder fault conditions. 

3-9 Saturating Amplifier 

The ampli f ier is a four -s tage t r a n s i s t o r cu r r en t amplif ier . The 
four s tages a r e connected in cascade , and a voltage of ^ volt i m p r e s s e d at 
the input will cause al l s tages to s a tu ra t e . The load r e s i s t a n c e s and 
power-supply vol tages a r e so se lec ted that if the genera to r exci ter field 
is used as the fourth stage load, sa tura t ion of the amplif ier s tages will 
cause enough field c u r r e n t for the m a x i m u m excitat ion r equ i r emen t s of the 
AC gene ra to r . A one-vol t power supply is used to back bias the second, 
third, and fourth ampli f ier s tages when no input voltage appea r s at s tage 
one. This a s s u r e s no c u r r e n t leakage in the ampli f ier at e levated ambien ts 

The f i r s t - s t age ampli f ier is connected to the output of the vo l tage-
sensing br idge. At ze ro DC voltage, the f i r s t stage is dr iven from cutoff 
to sa tura t ion in an osc i l l a to ry manner by the 6-volt t r i angula r wave shape. 
Any change in the ave rage DC level a c r o s s the sensing bridge causes a 
shift in the t ime between cutoff and sa tura t ion of the amplif ier . This in 



turn changes the ave rage DC cur ren t applied to the exci ter field, and hence 
a change in the genera to r output voltage. As is evident from the above de ­
scr ipt ion, the ampl i f ier opera tes in one of two s tages : the saturat ion condi­
tion where the t r a n s i s t o r sees high cu r ren t and low voltage, and the cutoff 
condition where the t r a n s i s t o r sees no cu r r en t and high voltage. Both of 
these s ta tes a r e compat ible with the design objective of low diss ipat ion of 
t r a n s i s t o r power. 

The ampl i f ier s tages of the voltage regula tor during n o r m a l ope ra ­
tion turn "on" and "off" at 1200 cycles per second. However, during heavy 
genera tor load switching, the amplif ier , during the voltage t rans ient , will 
r e m a i n in the full "on" or "off" condition for the per iod of the t rans ien t . 

3-10 Power Supply 

The power supply cons is t s of a sil icon rec t i f ie r bridge supplied 
with t h r e e - p h a s e AC voltage from the pe rmanen t magnet genera tor mounted 
as an in tegra l pa r t of the b r u s h l e s s AC genera to r . The permanent magnet 
genera to r is capable of supplying the power n e c e s s a r y to operate the voltage 
regula tor and cont ro l panel during al l main AC genera tor faults, and is 
designed to be compatible with the voltage regula tor and exci ter field r e ­
q u i r e m e n t s . No t r a n s f o r m e r s a r e n e c e s s a r y for voltage convers ion in the 
power supply c i r cu i t ry . 

3-11 Buildup Ci rcu i t 

During n o r m a l operat ion of the voltage regula tor , the e r r o r signal 
to the ampli f ier is supplied f rom the AC line. During sho r t - c i r cu i t condi­
t ions and for genera to r buildup, no AC line voltage ex i s t s . A smal l t r a n s ­
fo rmer rec t i f ie r is incorpora ted in the voltage regula tor and supplies an 
e r r o r s ignal to the ampli f ier during the per iods of low AC line voltage. 
This t r a n s f o r m e r r ece ives i ts p r i m a r y voltage from the permanent magnet 
gene ra to r . At a l l AC line vol tages above 60 volts r m s , the buildup c i rcui t 
is e l ec t r i ca l ly disabled. This act ion in no way affects the operat ion of the 
voltage regula tor tube sus ta ine r c i rcu i t . 

All e lec t ron ic components in the voltage regula tor have been chosen 
with ex t reme c a r e . Voltage and c u r r e n t ra t ing of a l l the devices a r e at 
l ea s t 40% higher than values encountered at any condition that will be met 
during the life of the equipment. 

3-12 The Superv i sory or Control Pane l 

The Superv i sory Pane l is a t r a n s i s t o r i z e d superv i so ry panel 
(Fig. 3-4). The panel includes s ta t ic sensing c i rcu i t s for low-phase under ­
voltage protect ion, ave rage voltage overvol tage protect ion, underfrequency 
protect ion, and feeder fault protect ion. The supe rv i so ry panel a l so pe r fo rms 



the control functions as follows: manual control by means of ex terna l 
th ree -pos i t ion genera tor control r e l ay is contained within the supe rv i so ry 
panel and is ac tuated by the control switch and by the fault protect ion 
sys tem. The power ready r e l ay supplies output power for operat ion of the 
main line contactor . 

The Superv isory Pane l a lso contains s tat ic logic c i rcu i t s to pe r fo rm 
n e c e s s a r y control and protect ive opera t ions as des i r ed . Static logic is a l so 
incorpora ted to prevent cycling of any control or protect ive c i rcui t . As a 
design objective, c i r cu i t ry upon fai lure will actuate the protect ive function 
in which the fai lure occur red . 

All e lec t ron ic c i r cu i t r y has been designed to withstand the wide 
t e m p e r a t u r e l imi t s (-55°Cto +120°C) without damage or drift. Components 
were se lec ted for re l i ab i l i ty and low t e m p e r a t u r e drift. The c i r cu i t ry was 
designed to be able to withstand the max imum amount of component drift 
encountered over wide ambient changes, without any t e m p e r a t u r e -
compensating devices . 

Control pow^er for the superv i so ry panel is supplied from the sy s t em 
permanen t magnet gene ra to r , which is mounted as an in tegra l pa r t of the 
genera to r . Its output is del ta-connected, t h r e e - p h a s e , 600-cycle AC. The per 
manent magnet genera to r voltage supplies the excitat ion sys tem d i rec t ly 
without voltage convers ion t r a n s f o r m e r s . In this sys t em this voltage w^as 
cons idered too high for s u p e r v i s o r y panel operat ion, and hence a voltage 
t r a n s f o r m e r is incorpora ted within the panel. Since permanent magnet 
voltage is d i rec t ly propor t iona l to speed, it was deemed n e c e s s a r y to include 
in the supe rv i so ry panel a regula ted DC pow^er supply. This is fed from the 
voltage t r a n s f o r m e r ment ioned above. 

Due to the high ambient operat ion r e q u i r e d by this supe rv i so ry panel 
and to the t e m p e r a t u r e l imi ta t ions of si l icon semiconductor devices , it w^as 
n e c e s s a r y to design al l c i r cu i t s with min imum in te rna l power diss ipat ion. 
It was, there fore , decided that power levels would be kept low in al l devices , 
and that a l l t r a n s i s t o r s would be used as swi tches . The t r a n s i s t o r s can be 
in only one of tw^o s t a tes : "off," in which no c u r r e n t flows through the device 
and the re is hence no power diss ipat ion, and "on," in which the t r a n s i s t o r is 
dr iven to sa tura t ion and the in te rna l power d i ss ipa ted depends on the c u r r e n t 
through the device and the sa tura t ion r e s i s t a n c e of the device. . All c u r r e n t s 
a r e kept as low as poss ib le and the t r a n s i s t o r types were se lec ted for low 
sa tura t ion r e s i s t a n c e . All t r a n s i s t o r ampl i f i e r s used have a negative bias 
supply to a s s u r e no leakage at e levated operat ing ambien t s . All t r a n s i s t o r 
c i rcu i t s a r e designed around a t r a n s i s t o r DC c u r r e n t gain of 10, and each 
component is checked at low ambient to a s s u r e this min imum ga,in. 



3-13 Undervoltage and Voltage-Indicator Circuit 

The undervoltage sensing c i rcui t in the Control Panel is s tat ic in 
na tu re and senses the lowest phase of the t h r ee -phase , AC input voltage. 
Sensing is accompl ished by rectifying each of the th ree AC phases and 
applying them to a diode "or" c i rcui t . The lowest phase supplies a signal 
to a two-s tage t r a n s i s t o r i z e d ampl i f ier . The output of the f i r s t stage gives 
the undervoltage signal. The output of the second stage supplies a vol tage-
indicator signal. The undervoltage and vol tage- indicator signals a r e then 
fed to the control panel logic c i r cu i t s . 

3-14 Speed Indicator 

The speed indicator is a s tat ic vol tage-sens ing c i rcui t which senses 
pe rmanen t magnet genera to r voltage. This voltage is propor t ional to 
genera to r speed. The signal from the speed ind ica tor - sens ing c i rcui t is 
applied to the control panel logic c i r cu i t . 

3-15 Underfrequency 

The underf requency c i rcu i t used in the Superv isory Panel is a 
t r a n s i s t o r i z e d counter - type c i rcu i t . It senses the pe rmanen t magnet g e n e r a ­
tor frequency and, hence, sensing will not become inoperat ive during the main 
AC c i rcu i t fault condit ions. The r e fe rence c i rcu i t used is a stable RC ne t ­
work. The underfrequency c i rcu i t conapares the t ime between voltage cycles 
of the pe rmanen t magnet gene ra to r with a fixed timing signal. The output 
e r r o r signal obtained feeds a t ime delay c i rcu i t and then pe r fo rms the n e c e s ­
s a r y logic functions. 

3-16 Overvoltage 

The overvo l tage-sens ing c i rcu i t is a s tat ic c i rcu i t sensing average 
t h r e e - p h a s e input vol tage. The t h r e e - p h a s e input magni tudes a r e added and 
applied to a two-s tage t r a n s i s t o r ampl i f ie r . Incorporated within this two-
stage ampli f ier is an RC c i rcu i t des igned to give the proper t ime-vol tage 
c h a r a c t e r i s t i c s to the overvo l tage-sens ing c i rcui t . The output of this c i rcui t 
is fed to the control panel logic c i rcui t . 

3-17 Control Pane l Power Supply 

The Control Pane l contains i ts own regula ted DC power supply. Its 
source of pow^er is the s y s t e m pe rmanen t magnet genera to r . The permanent 
magnet is rect i f ied and supplied to a two-s tage s e r i e s voltage regula tor . The 
output of this voltage regu la to r supplies the DC control power used within the 
cont ro l sys t em. The rec t i f ied power supply used in the control is a l so capa­
ble of supplying cont ro l power for c i rcu i t b r e a k e r s and other control devices . 



3-18 Tinne-Delay Circui t 

The t ime -de l ay c i rcu i t s used in the Control Pane l a r e completely 
stat ic and use a t e m p e r a t u r e - s t a b l e RC network as the t ime-de te rmin ing 
device. The c i rcu i t is designed to supply a constant cu r r en t supply for 
the RC network. This a s s u r e s repea tab i l i ty in operat ion of the c i rcui t . 
The t ime-de l ay c i rcu i t a l so employs the n e c e s s a r y components to a s s u r e 
its being nonintegrat ing in na ture . 
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4-0 RADIATOR 

Curren t ly the only obvious means of removing the heat of conden­
sation from the m e r c u r y in a lunar environment is by radiat ion to space 
and to the lunar su r face . Three r ad ia to r designs a r e p re sen t ed . The f i r s t 
is shown in sketch form in F i g s . 4-1 and 4 -2 . The heat t r ans fe r analys is 
outlined he re in is based on this design. Design No. 2, per F i g s . 4-11 and 
4-12, is a foldout r ad ia to r concept, and design No. 3, pe r F i g s . 4 - 1 3 , i s a 
wrap-a round rad ia to r concept. The engineer ing data per ta ining to r a d i a ­
tor No. 1 a r e l is ted below. 

Heat Removal Rate 

Flow Rate 

Turbine Outlet T e m p e r a t u r e 

Turbine Outlet P r e s s u r e 

Vapor Saturat ion Densi ty at Turbine Outlet 

Vapor Mixture Densi ty at Turbine Outlet 

Liquid Densi ty at Radia tor Outlet 

P r e s s u r e Loss in Supply Tubes 

P r e s s u r e Loss in Condenser Tube 

P r e s s u r e Loss in Condensate Return 

I so thermal Sonic Velocity at 371°C 

Adiabatic Sonic Velocity at 371°C 

Mean Radiator T e m p e r a t u r e 

Emiss iv i ty 

Wing-radiat ing Efficiency 

F in - to - tube and Tube- to- tube Radiat ing Fac to r 

F in Effect iveness (actual) 

Fin Type 

Fin Width 

Fin Root Thickness 

Fin Mate r ia l 

Fin T h e r m a l Conductivity 

Number of Radia tor Wing and Angle of Separa t ion 

6.06 Mw 

22.675 k g / s e c 

644°K 

1.3 a tmos 

0.0048 g m / c m ^ 

0.0054 gm/cm^ 

12.66 gm/cm ' ' 

0.0238 a tmos 

0.0136 a tmos 

0.484 a tmos 

15.5 X 10^ c m / s e c 

20.1 X 10^ a t m / s e c 

638°K 

0.90 

0.89 

0.978 VF (f-t) 
0.848 VF (t-t) 

0.873 

Straight T r i angu la r 

4.750 cm 

0.076 cm 

Copper 

0.8764 c a l / ( s e c ) 
(cm)(°C) 

4 at 90° 



Radiator Wing Length 22.0 m 

Number of Sections per Wing 6 

Number of Condenser Units per Section 30 

Condenser Tube OD 2.540 cm 

Condenser Tube Thickness 0.0889 cm 

Condenser Tube Mater ia l Steel 

Condenser Tube T h e r m a l Conductivity 0.0513 ca l / ( sec ) 

(cm)(°C) 

Supply Tube ID 10.160 cm 

Supply Tube Wall Thickness 0.1270 cm 

Total Radia tor Weight 3 700 kg 

Total Radia tor Specific Wt (elec) 3.7 kg/kwe 

The rad ia to r design is based on lunar envi ronmenta l conditions and 
the t e m p e r a t u r e l imita t ions of the turbine . The lack of substant ia l a t m o s ­
phere on the moon has the mos t m a r k e d effect on a d e p a r t u r e f rom ear th ly 
p receden t s in power plant des igns . The surface density of the a tmosphe re 
of the moon has been measuredv-'-/ to be 2 x lO"^'' of E a r t h ' s a tmosphe re . 
This near vacuum makes t h e r m a l radia t ion the only p r ac t i c a l mode of 
t r ans f e r r i ng heat out of the the rmodynamic cycle. The two mos t impor tan t 
cons idera t ions in this r.adiator design a r e min imum weight and re l iabi l i ty . 
Surface a r e a is a function of such p a r a m e t e r s a s r ad i a to r surface t e m p e r a ­
tu re , surface emiss iv i ty , condensing coefficient, fin conductivity, fluid p r e s ­
sure l o s s e s , and mutual radia t ing inefficiencies. The single most influential 
p a r a m e t e r is t e m p e r a t u r e , s ince r ad ia to r surface is inverse ly propor t iona l 
to the fourth power of the r ad ia to r t e m p e r a t u r e . For a r ad ia to r of min imum 
weight, the highest poss ib le t e m p e r a t u r e is sought. However, to p romote 
cycle efficiency, a paradoxica l ly low t e m p e r a t u r e is a lso sought. The opt i ­
m u m conditions for max imum turbine energy per unit a r e a of r ad ia to r o c ­
curs when the ra t io of turbine to rad ia to r t e m p e r a t u r e is approximate ly 0.75. 
The problena of trouble-free longevity of the r ad ia to r is ca tegor ized into 

(1) the mechanica l design of the sys tem, which can be control led; and 
(2) the p rob l em of meteor penet ra t ion , which is a p rob lem in probabi l i ty . 

The heat re jec t ion is 6.06 Mw and the m a s s flow ra te is 22.675 k g / s e c . 
The outlet t e m p e r a t u r e of the turbine is 644°K with a vapor quality 9-5% by 
weight. Turbine vapor en te r s a toroidal d is t r ibut ing ring which d i r ec t s the 
flow into the main supply l ines . Vapor d is t r ibut ion to individual condenser 
tube units follows. Latent heat of the vapor is t r a n s f e r r e d to the inside s u r ­
face of the tube, conducted to the tube and fin surface , and thernnally rad ia ted 
into space. Condensate now r e t u r n s to the sump tank. 



Figure 4-1 shows the geomet r ic construct ion of the rad ia to r . 
Extending from the main body of the plant a r e four wings perpendicular 
to each other and al l mutual ly perpendicular to the lunar sur face . Each 
wing is approximately 22 m e t e r s in length and is divided into six individual 
sec t ions ; a section is composed of th i r ty finned condensing tubes . Vapor 
supply and condensate r e tu rns a r e 10 . l6 -cm and 5.08-cm d iameter flexible 
hoses with corresponding wall th ickness of 0.127 and 0.076 cm. All vapor 
and condensate l ines a r e supplied with meteor b u m p e r s . 

An individual condenser unit is composed of a 2.54-cm OD s tee l 
tube with two s t ra ight t r iangular copper fins bonded meta l lu rg ica l ly to its 
side; a ful l -scale drawing of this unit is shown in F ig . 4 -2 . A s ta in less 
s teel tube wall th ickness of 0.089 cm is cons idered sufficient for a two-
year m e r c u r y cor ros ion life at 371°C. Fin width and root thickness a r e 
4.750 and 0.076 cm, respec t ive ly . A t h e r m a l conductivity of 0.8764 c a l / 
(sec)(cm)(°C) was used for the copper f ins. The minimum condenser 
height is 457.2 cm. The condenser units a r e separa ted between copper 
fin ends; this separa t ion allows for differential expansions and helps r e ­
duce s t r e s s p r o b l e m s . 

Pro tec t ion against coolant loss is provided by dividing the rad ia tor 
into twenty-four independent sec t ions . In the event of a me teor s t r ike , cut­
off valves at the inlet and outlet heade r s would t e m p o r a r i l y remove the 
malfunctioning sect ion from the main flow until r e p a i r s were m a d e . Sensin 
of the penet ra t ion was a s sumed to be fast enough that only a sma l l port ion 
of the m e r c u r y would e scape . A lunar mobile rad ia tor r epa i r unit con­
s t ruc ted of dua l -purpose p a r t s taken from the rocket t r anspor ta t ion vehicle 
was cons idered . 

4-1 Heat Trans fe r 

(a) Heat T ranspo r t 

Heat was re jec ted from the L P - 1 thermodynamic cycle by r e ­
moving the latent heat of the m e r c u r y coolant, t r ans fe r r i ng the heat by 
conduction to the outer sur faces of the condensing unit, and the rma l ly 
radiat ing the heat to space . 

Heat re ject ion of the m e r c u r y working fluid will r e su l t in a 
n e a r - i s o t h e r m a l rad ia tor (see F ig . 4-3) , The following situation ex i s t s . 
Radiant energy that leaves one rad ia to r surface and " s e e s " another will be 
reflected; pa r t of this ref lected energy r e tu rns to the rad ia to r surface from 
which it or iginated, where it again undergoes pa r t i a l ref lect ion. This proce 
proceeds indefinitely. Effectively, a port ion of the available sink medium 
has been removed for t r ans fe r r ing radiant energy. This remova l factor F12 
of a surface 1 with r e spec t to a surface 2 r e p r e s e n t s that fraction of the 



total energy emit ted per unit a r e a of Aj which is in tercepted by A2. This 
is r ep re sen t ed by the following equation!^'") 

1 1 /• /• cos 0, cos ©2 

The calculation of radiat ion exchange between gray bodies was 
facil i tated by an emiss iv i ty factor , Fg, which is based upon the sink and 
source geometr ic enc losure and the emiss iv i t i e s of the sink and source 
su r f aces . This factor is slightly m o r e complex than the geomet r i ca l fac­
tor Fx2, and the information concerning this aspect of radiat ion t r a n s m i s ­
sion is l imited to only a few s imple geomet r i ca l shapes . The re la t ionships 
that do exist , however, facil i tate the solution of mos t of the p rob lems that 
do a r i s e in p r a c t i c e . ! ' ) 

F in -and- tube radiat ions emit ted and in tercepted by configurations 
exactly as those proposed for the L P - 1 designs have been invest igated by 
Callinan and Berggren .^" ' These radiat ion f in- to- tube and tube- to- tube in­
efficiencies a r e r e f e r r e d to by the author as f in-v iew-fac tors and tube-
view-factors respec t ive ly . Fin and tube-v iew-fac tors a r e functions of 
d is tance along the fin width and a r e re la ted to the d i ame t r i ca l s ize of the 
coolant tubes . A significant influence that should be noted was the effect 
of f in-view-factor on fin effect iveness . The product of mean f in-view-
factor and fin effectiveness was cons idered to be the actual mean fin ef­
fect iveness for any pa r t i cu la r fin width. The var ia t ions of mean f in-view-
factor , fin effect iveness, and actual fin effectiveness a r e shown ve r sus fin 
width in F ig . 4 -4 . The effect of poor fin and tube- v iew-fac tors nea r the 
tube-fin junction was marked ly shown by noting the i n c r e a s e in weight r e ­
quired for ve ry shor t fin widths (see F ig . 4-5) . 

A s u m m a r y of the fac tors by which the heat t r ans fe r by radia t ion 
is affected is given in Table 4 - 1 , These a r e called t r a n s m i s s i o n efficiencies, 

Table 4-1 

TRANSMISSION EFFICIENCIES 

(1) Overal l Radiation to Space 
Geomet r ic factor 1,00 
Emiss iv i ty factor 0.90 

(2) Geomet r ic Fac to r for Mutual Wing 

Radiation 0.89 

(3) F in-v iew-fac tor 0.978 

(4) Tube-view-fac tor 0.848 

(5) Fin Effectiveness 0.893 

(6) Actual F in Effectiveness 0.873 



(b) Fluid Flow 

Vapor p r e s s u r e is d i rec t ly re la ted to the t e m p e r a t u r e at which 
vapor condenses ; reducing the vapor p r e s s u r e reduces the condensing t e m ­
p e r a t u r e . Recalling that rad ia tor a r e a is inverse ly proport ional to the 
fourth power of the radiat ing t e m p e r a t u r e shows the high pr ice that is paid 
for p r e s s u r e l o s s e s . Radiating t e m p e r a t u r e should be maintained as high 
as poss ib le . High p r e s s u r e losses a r e prevented by the use of la rge piping 
and low flows. The supply pipe, however , cannot be too large or the domi­
nant rad ia to r weight will be the supply piping. In the L P - 1 design, a com-
pronnise was made between the weight of la rge supply l ines and the additional 
weight requi red for rad ia tor a r e a caused by a p re s su re -dependen t t e m p e r a t u r e 
reduct ion. Due to p r e s s u r e losses the reduct ion in the t e m p e r a t u r e of con­
densat ion of m e r c u r y vapor amounted to 3.8°C. 

Fo r smal l p r e s s u r e s l o s s e s , when P2/P1 > 0.9, the p r e s s u r e 
loss of a two-phase compress ib l e fluid in the supply tubing was sa t i s fac­
to r i ly evaluated by the conventional express ions for i so the rma l condit ions: 

^ ^ . / ( r p / A ^ ) T P ^ ^ ^ X . / ( A p / A i ) L 

Here (Ap/A.^)'j>p denotes the p r e s s u r e gradient for the two-phase flow, 
( A P / A ^ ) L that of liquid flowing alone, and ( A P / A £)Q that of gas flowing 
a lone. Functional re la t ionships $ and X were those usual ly r epor t ed by 
Lockhar t and Martinelli .V') The volume occupied by the liquid plus the 
volume occupied by the gas was taken equal to the volume of the pipe, A 
p r e s s u r e of 0.0238 atmos was absorbed in the 10 . l 6 - cm ID rad ia tor supply 
l i ne s . The m a s s flow ra te was 0.9447 k g / s e c . 

The p r e s s u r e loss in the condensing unit was evaluated as 

AP = APf + APj^ + APj^ 

that i s , 

(Total p r e s s u r e loss) - (frictional loss) + (momentum gain) 

+ (head gain) 

Two-phase fr ict ional l o s se s for the condensing m e r c u r y cool­
ant were evaluated by a frict ion mul t ip l ie r supplied in a Kutateladze 
repor t , \^^) The r ea sons for this choice over other popular types were that: 

(1) the re la t ionship ag ree s with the exper imenta l two-phase 
flow of m e r c u r y ; and 
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(2) other fornnulations b reak down at very high quali t ies and 
predic t much higher values of two-phase frict ion than 
actually encountered. 

The momentum gain in the condenser tube was d i rec t ly propor t ional to the 
difference in the gas velocity, 22,4 m / s e c enter ing the condenser , and the 
liquid velocity, 11,2 m / s e c leaving. The p r e s s u r e gained through elevation 
was neglected. A fa i r ly good es t imat ion of the vapor quality was made by 
assuming it var ied l inear ly with d is tance . P r e s s u r e loss due to the con­
densing section was 0,0136 a t m o s . Kernl-^) notes that a method of c o n s e r v a ­
t ively approximating condensing p r e s s u r e losses may be simplified by taking 
one-half of the conventional p r e s s u r e drop computed ent i re ly on inlet condi­
t ions . The p r e s s u r e loss by this method was 0,0154 a t m o s . 

M e r c u r y inventory or holdup in the condensing section was 
based on a momentum model of the type proposed by Levy,(l'*) The m o ­
mentum model is not cons idered to be as conservat ive as that based on 
Lockhar t -Mar t ine l l i p red ic t ions ; however, the L P - 1 model is believed to 
give a reasonably c o r r e c t answer . One quickly r e a l i z e s that the degree of 
opt imism available to the des igner in predict ing the m e r c u r y inventory 
may va ry widely - all gas to all liquid. Any finalized prognost ica t ions of 
this problem will eventually r equ i re an actual mockup and exper imenta l 
support . 

F o r a completely separa ted flow mechan i sm, each phase 
should satisfy a momentunn equation of the Euler type . Consider an e l e ­
ment d^ of the condensing tube with a two-phase mix tu re flowing down­
ward as shown in F ig , 4 -6 , Writing a force balance on the gas phase , 
the re is obtained 

d P S 
d F = PAg + ( p + _ ) d A g - ( P + dP) (Ag + dAg) + T. Fg d£ + | - Ag Pg d i 

and the momentum change causing this force i s : 

( l / gc ) (Wg + dWg) (Vg + dVg) - Wg Vg - Vg dWg = dF , 

Assuming that 

Af (average) = — Af (exit), 

the final re la t ionship is 

Mass of condensing coolant = 

(Mass flow rate)(Length of condensing section) 

Inlet vapor velocity 
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or 

M = — 
g 

For the L P - 1 design conditions, an average m e r c u r y inventory 
of 6.36 gm is expected per tube, 

(c) Emiss iv i ty 

For most engineering purposes the usual assumption is made 
that total radiat ion may be expressed by a fourth-power t e m p e r a t u r e func­
tion modified by total values of emiss iv i ty , absorpt ivi ty , or t r a n s m i s s i v i t y 
t e r m s of the per t inent bodies . A total value of the absorpt ivi ty may be ob­
tained from appropr ia te integrat ion of the spec t r a l dis t r ibut ion curves or 
from total radiat ion m e a s u r e m e n t s . To de te rmine this value, the spec t r a l 
d is t r ibut ion of the incident radiat ion a r e a is mult ipl ied by absorpt ivi ty ot, -)^ 
for the same wave lengths and divided by the a r e a under the incident r ad i a ­
tion. The equation for total absorpt ivi ty is 

00 

7 
\^X^ dX 

00 

E> dX 
0 ^ b 

Also, the ra t io of the total emis s ive power of any body to the 
total emiss ive power of a black body at the same t e m p e r a t u r e is called 
the emiss iv i ty £ and is numer i ca l ly equal to the absorpt iv i ty . The follow­
ing a r e genera l ized s ta tements concerning the emiss iv i ty of a sur face : 

1. Highly polished me ta l s have low e m i s s i v i t i e s . 

2. The emiss iv i ty of inost subs tances i n c r e a s e s with i n c r e a s e s 
in t e m p e r a t u r e . 

3, Most nonmeta ls have high e m i s s i v i t i e s , 

4, The emiss iv i ty of any surface va r i e s widely with the 
condition of the su r face . 

The pe ro ra t ion then is that it will be n e c e s s a r y to apply a high-
emiss iv i ty coating to the meta l l i c sur faces of the r ad i a to r . An evaluation, 
however , of this h igh -e coating has not been fully invest igated. Some of 
the evaluations to be made a r e : 

1. the additional t e m p e r a t u r e reduct ion due to the poor 
h igh-e t h e r m a l conductivity; 



2. efficaciousness of the high-£ m a t e r i a l bond to the metal l ic 
sur face ; and 

3. the h igh-£ coat reac t ion to the lunar environment. 

A value of £ equal to 0.90 was assumed for the coating ma te r i a l , 
and the coating was also assumed to be thin and in good contact with the 
meta l l ic s u r f a c e s . These assumpt ions a r e felt to be slightly opt imist ic but 
not imposs ib le . 

(d) Condensing Heat Trans fe r 

Differences in Nusse l t ' s film theory a r i s e when the mechan ism 
of condensing is dropwise r a the r than f i lmwise . Metallic heat t r ans fe r 
media , c h a r a c t e r i z e d by dropwise condensation, have been noted to differ 
widely from N u s s e l t ' s p red ic t ions . Fo r example, the Genera l E lec t r i c 
Connpanyv^^/ has sa t i s fac tor i ly used values of 0.2034 and 0.4068 [cal / (sec) 
(cm )(°C)]in designing the i r m e r c u r y power p lants ; these values cor respond 
to 3-6% of what the theore t i ca l Nussel t re la t ionship p r ed i c t s . 

Two independent r e p o r t s from Bonilla(l3) and Kutateladzev^*^) 
agree that heat flux is p rac t i ca l ly independent of t e m p e r a t u r e difference 
A T for dropwise condensation of m e r c u r y vapor , that i s , for q" = hAT and 
h <x A T " . Thei r ag reement as to the value of the heat flux was also good. 

The L P - 1 heat t r ans fe r coefficient based on these published 
r epo r t s indicates that sufficient a r e a could be supplied in the 457.2-cm long 
condenser unit to condense the coolant and remove some heat for subcooling 
A reduced gravi ty of one-s ix th e a r t h ' s has been included in the calculat ions; 
however, all the implicat ions of the reduced gravi ty on condensate removal 
a re not c l ea r ly unders tood. 

Reduced gravi ty will affect the manner in which condensate 
b reaks away from the surface on which it was formed. This condensing 
mechan i sm is br ief ly desc r ibed as follows. A vapor p r e s s u r e , c o r r e s ­
ponding to the condensat ion surface t e m p e r a t u r e , es tabl ishes a differential 
p r e s s u r e which produces a vapor flow^ n o r m a l to the condensing sur face . 
Mercu ry condensate col lects in drople ts until it is sufficiently inc reased 
in size to b r eak away towards i ts gravi ta t ional a t t rac t ion . 

Admixtures of noncondensible gases in the m e r c u r y vapor can 
produce a vapor gas boundary that p revents condensation at a specified 
t e m p e r a t u r e . The adve r se effects of these noncondensible gases can en­
gender a se r ious p rob lem once the L P - 1 is in opera t ion. Detai ls of a g a s -
venting sys tem which preven ts admix tu res has not been worked out in 
detai l for the L P - 1 des ign. 



Other per t inent observa t ions on m e r c u r y condensation repor ted 
in the l i t e r a tu re include: (l) m e r c u r y condensation and heat t r ans fe r ra te 
a re a lmost independent of the condensing tube posit ion re la t ive to the h o r i ­
zontal plane, and (2) p r e s s u r e i n c r e a s e s have been noted to i n c r e a s e the 
heat t r ans fe r r a t e . 

(e) F ins 

The two mos t impor tan t cons idera t ions of a r ad ia to r design a r e 
to obtain a min imum rad ia to r weight and t roublefree longevity. Finning 
lowers the number of condenser tubes requ i red for heat re ject ion, and a 
fewer number of condenser tubes r educes the probabi l i ty of r ad ia to r punc­
t u r e . F ins pene t ra ted by m e t e o r s have v e r y l i t t le of the i r heat t r ans fe r 
a r e a removed and the concern for coolant is somew^hat reduced. 

C r i t e r i a used for obtaining the bes t fin width for the L P - 1 r a ­
diator were based on obtaining a min imum weight for a specified th ickness 
of condenser tube. The tube th ickness , based on c o r r o s i o n r a t e , was 
0.089 cm. F igure 4-5 shows the var ia t ions in rad ia to r weight as a function 
of fin width; min imum weight of 3,700 kg occu r r ed at a fin width- to- tube 
d iamete r ra t io of 1.87. The r ea sons for the choice of fin p a r a m e t e r s follow 

(1) A fin root th ickness of 0.076 cm was se lec ted p r i m a r i l y 
because of ease of cons t ruc t ion . 

(2) Copper finning m a t e r i a l was used because of i ts high 
t h e r m a l conductivity. 

(3) A t r i angu la r fin profi le was chosen for i ts high fin 
effectiveness per unit weight and for i ts cons t ruc tua l s impl ic i ty . 

Necess i ty d ic ta tes , however , that final r ad ia to r calculat ions 
mus t include a factor for puncture probabi l i ty . When reasonably accura te 
data become available on the frequency, density, s ize and veloci ty of m e ­
t e o r s penet ra t ing a sui table L P - 1 s i te , the bes t fin c r i t e r i a will then be 
based on a min imum weight for an allov/able number of punc tu re s . If the 
me teo r flux is high, extensive finning will be requ i red ; for low fluxes, l e s s 
finning will be r equ i r ed . A quanti tat ive compar i son of the number finned 
and nonfinned, one- inch d i ame te r tubes requ i red is given in F ig . 4 - 7 . This 
e s t ima te , however, is low for l a rge fin widths because , as the number of 
units i n c r e a s e s , the length of the supply l ines i n c r e a s e and the p r e s s u r e 
l o s ses i n c r e a s e ; these p r e s s u r e reduct ions in tu rn r e q u i r e m o r e rad ia to r 
un i t s . An es t ima te , based on condenser units alone, shows the wing length 
r equ i r emen t s for finned and nonfinned condenser units based on s imi l a r 
center l ine spacings (see F ig . 4-8) . 



Selection of a particular design of fin profile for space applica­
tions depends primarily on its effectiveness at a minimum weight. Profiles 
which require the least cross-sectional area to dissipate a given heat rate 
at optimum dimensions for the rectangular, triangular, and inverse para­
bolic profiles are given by Schneider!^-^z and are shown in the following 
equations: 

_ 0.252 
\—) ' (Rectangular) 

^T ^-Pk" 
0.174 /qo^^ 

^—j . (Triangular) 

and 

""IP-TA 
0.167 /qo'^ 

— ) . (Inverse Parabolic) 
To/ 

Notice the optimum rectangular fin area requires 51% more ma­
terial to dissipate the same heat rate as the optimum parabolic fin having a 
least profile area, and the optimum triangular fin profile area requires only 
4% more material than the parabolic consideration. These equations also 
show that the required weight of the fin is proportional to the specific 
weight p~^ of the material used and inversely proportional to the thermal 
conductivity k, i.e. weight is proportional to p~^k~ .̂ Where weight is pre­
mium, materials such as copper, silver, and aluminum should be considered 
as a supplemental material to iron and stainless steel. 

Optimum Dimensions for Straight Triangular Fin 

The optimum semithickness of the triangular profile is given 
by the equation 

5opt = ( 4 ^ ' V ^ ' o p t ^ ) ^ ' ' 

and thus the optimum width CDQP̂  is given by 

"̂ opt - V^opt ' 

where 

'*̂ ODt ~ 2.6188 (root determined by trial and error) 

A = Profile area 

hj. = Surface heat transfer coefficient 

k = Thermal conductivity 

00 = Profile width 

6 = Profile semithickness. 



Fin pe r fo rmance is defined as the ra t io of the total heat 
d iss ipated by the fin to that which would be diss ipated if the en t i re fin 
surface were at Tp. The effectiveness of the s t ra ight t r i angu la r fin, 
e = qa/qoi is given by the equation 

e M l / C ) I i (2Q Io(2C) , 

where 

C= (o:^/^) h^ /kA. 

Radiant Surface Heat T rans fe r Coefficient 

A simplified surface heat t r ans fe r coefficient for a radia t ing 
body may be obtained by equating the following equations: 

Q - ea(T^ - T J ) A 

and 

Q = h rA(Tr - Tg) 

to produce 

h , -- eo{T% - T t ) / ( T , - T3) . 

For € = 1.0 and Tg = 0°K, t h e r e is found 

h - OTI r r 

(f) Solar Radiation 

The prob lem of L P - 1 so la r r ad ian t -hea t exchange is of i m p o r ­
tance in the cont ro l sys t em design of the nuc lear power plant. This problem 
is t r ea t ed as a nons teady-s ta te problem since the position of the sun va r i e s 
with t i m e . 

Net energy, Q(net), emit ted from the L P - 1 sur faces may be ex­
p r e s s e d as 

Q(net) = Qa + Q ^ - Qs ' 



where 

Qg = energy rece ived by the rad ia to r sur faces d i rec t ly from the sun 

Qj^ - energy emit ted to the surface of the moon 

Q = energy emit ted to outer space . 

The amount of radia t ion that a body will absorb depends upon its t e m p e r a ­
t u r e , amount of sur face , sur face finish, and the angle at which the r ays 
s t r ike the sur face . 

Direc t energy from the sun, Qg, which is absorbed by the L P - 1 
rad ia to r wing surface is given by the equationV^'^) 

dqg = egr t r Fg(i_2) T | dAj, (ca l / sec) 

where 

e sj. = absorp t iv i ty of the rad ia to r wing surfaces for so lar 

radia t ion 

tj. = t r a n s m i s s i v i t y of the lunar surface a tmosphere 

dAj. = e lement of r ad ia to r surface a r e a 

Fg( \ = so la r configuration factor 

Tg = t e m p e r a t u r e of the sun ~ 5,500°K. 

Fo r flat su r faces , Fg/j_2) is equal to ( r /R)^ cos 0 where r - radius of the 
sun, R = dis tance from the sun to the sur face , and 9 = angle between the 
sun ' s r ays and the n o r m a l to the su r f ace . 

The value of cos 9 m a y be de te rmined by the equation 

cos 9 - cos I ^1 - I2I - sin ?i sin ^2 (1 - cos l^j - ^2! ) 

where 

^1 - angle between the sun and the lunar surface ver t i ca l 

I2 - angle between the rad ia to r surface no rma l and the lunar 
sur face ve r t i ca l (90°) 

^I - az imuth angle of the sun 

1̂2 = azimuth angle of the r ad ia to r no rma l to the lunar sur face . 



The value of Ki - I2I iriust be l ess than 90 d e g r e e s , whereas the value of 
1̂ 1 - ^21 nnust be l e s s than 90 degrees or g r e a t e r than 270 degrees for the 

rad ia to r surfaces to see the sun. Angles different from these indicate the 
rad ia tor surface does not see the sun and does not rece ive any d i rec t so la r 
radia t ion. 

Fo r a descr ip t ion of the angles per t inent to the de terminat ion 
of cos 0, see F ig . 4 -9 ; also notice that the magnitude and t ime var ia t ions 
of cos 6 a r e a function of the L P - 1 si te locat ion. 

The immedia te incidence of so la r energy on any pa r t i cu la r 
wing will be a function of (1) t ime var iance of the magnitude of cos 6 and 
(2) the quantity of shadowing that perpendicular wings produce on each o ther . 
F ig . 4-10 was used to i l lus t r a t e the probable magnitude and t ime var ia t ion of 
so la r energy on the four L P - 1 rad ia to r wings during a typical lunar day. 

(g) Genera tor and Reflector Heat Reject ion 

In addition to the requ i red heat re jec t ion for the thermodynamic 
cycle, the genera to r and ref lec tor control shel l heat generat ion is to be 
cons idered . Four methods a r e available for removing this heat . They a r e : 

1. A re f r ige ra t ion sys tem which would allow for opera t ion of 
a genera tor at a lower t e m p e r a t u r e than the r a d i a t o r - c o n d e n s e r . The un­
favorable c h a r a c t e r i s t i c s of such a sys tem include a penalty because of a 
high specific weight and the de te r io ra t ion of the r e f r ige ran t in a nuc lear 
radia t ion envi ronment . 

2. A gaseous medium for t r anspor t ing the heat from the gen­
e ra to r and ref lec tor shel l s to a rad ia to r s i m i l a r to the m e r c u r y coolant 
re ject ion s y s t e m . The m e r c u r y condensing rad ia to r r e j ec t s heat a lmos t 
i so the rma l ly at a high t e m p e r a t u r e and has good working fluid heat t r a n s ­
fer c h a r a c t e r i s t i c s ; however , the gas rad ia tor would have a compara t ive ly 
poor heat t r ans fe r coefficient and would have t e m p e r a t u r e differences b e ­
tween inlet and outlet condi t ions. Unless high gas t e m p e r a t u r e s can be ob­
tained, which means a high genera tor t e m p e r a t u r e , the gas rad ia to r appears 
to be unfavorably heavy. 

3. A h i g h - t e m p e r a t u r e genera tor (750-800°F) that would be 
ducted or por ted w^ould ut i l ize the re turn ing condensate to c a r r y away the 
heat . This method of removing heat sounds p laus ib le , but the e l ec t r i ca l 
c h a r a c t e r i s t i c changes of such a sys tem have not been fully invest igated. 

4. A sys t em that would opera te at a sufficiently high t e m p e r a ­
tu re to rad ia te i ts heat to outer space with a min imum of conveyor mecha­
n i s m s . T e m p e r a t u r e s of 1000-1800°F would be a reasonable range to conside 
for these s e l f - r ad i a to r s and definitely for future s t a t e - o f - t h e - a r t concepts . 



The conclusions a r e that (1) and (2) resu l t in unfavorable 
weight sy s t ems but can be made to work for the L P - 1 genera tor and r e ­
flector heat r emova l condit ions. These methods will uti l ize a reasonably 
sized auxi l ia ry rad ia to r if this r ad ia to r can be maneuvered so as to or ient 
itself and to e l iminate the so la r and lunar surface t h e r m a l effects. 

4-2 Discuss ion of the Analysis 

The turbine contribution to the overa l l sys tem weight is very smal l , 
but the abil i ty of the turbine to function at high t e m p e r a t u r e s grea t ly affects 
the s ize of the dominant weight - the r ad i a to r . Two simple re la t ionships 
exemplify the problem of min imiza t ion of rad ia tor weight. They a r e : ( l ) for 
max imum work per unit a r e a , r ad ia to r t e m p e r a t u r e is approximately j of 
turbine inlet t e m p e r a t u r e , and (2) r ad ia to r a r ea is inverse ly propor t ional to 
the fourth power of the radiat ing t e m p e r a t u r e . Maximizing the sys tem t e m ­
p e r a t u r e min imizes the rad ia to r weight, and obtaining a high sys tem peak 
t e m p e r a t u r e becomes a problem of maximizing the h igh - t empera tu re capa­
bi l i t ies of the tu rb ine . These high t e m p e r a t u r e quests a re p r i m a r i l y a s s o ­
ciated with a reduct ion in rad ia to r weight and must be carefully evaluated 
with the other systenn components , e.g., the r eac to r , and turbine and gen­
e r a t o r , which favor a low t e m p e r a t u r e . 

Fo r purposes of turbine re l iabi l i ty , the p resen t L P - 1 design was 
based on a r ea l i s t i c peak turbine tennperature of 538°C. The resul t ing 
371°C turbine outlet t e m p e r a t u r e , thus approximate radiating t e m p e r a t u r e , 
was cons idered ve ry low by p r e sen t a e r o - s p a c e s t anda rds . As a resu l t of 
this low t e m p e r a t u r e of heat re jec t ion , the L P - 1 specific weight was ap ­
prox imate ly twice that of some published advanced s t a t e -o f - t he - a r t space 
r e a c t o r des igns . However, noting that peak operat ing t e m p e r a t u r e s of 
2000°F were common for the advanced sys t ems immedia te ly indicates 
where and why the L P - 1 and advanced sys tem specific weights differ so 
w^idely. 

A fur ther ref inement for the rad ia to r analys is will include the effect 
on me teo ro ids w^ith r e spec t to vulnerable rad ia tor a r e a . The effect of m e ­
teor vulnerabi l i ty on rad ia tor s ize is a function of si te location and radia tor 
design speci f ica t ions . Data concerning meteoro id frequency and their pen­
e t ra t ing power can be co r r e l a t ed with the rad ia tor th i cknesses , m a t e r i a l 
densi ty , and vulnerable a r e a to r e so lve a value for the probabi l i ty of r a d i ­
ator punc ture . This analys is would help evaluate the cost of rad ia to r specifi 
weight if addit ional protect ion is cons ide red . 

Fo r a specified t e m p e r a t u r e , the two-phase m e r c u r y sys tem is 
l ighter and l e s s vulnerable to m e t e o r incident than a s ing le -phase iner t 
gas s y s t e m . However, the p r i c e paid for this choice a r e the usual p r o b ­
lems inherent in mos t h i g h - t e m p e r a t u r e liquid meta l s y s t e m s , namely , 
m a t e r i a l t r a n s p o r t , e ros ion , and c o r r o s i o n . 



4-3 Discuss ion of Meteors 

The frequency of some in t e rp l ane ta ry me teo r i c impactsv'^/ was 
r eco rded during the flight of P ioneer I. Eleven low momentum impac ts 
were made during the f i r s t nine h o u r s , which gave a mean flux of 
9 X 10"^ m~^ sec"^ in the momentum range from 3 x 10~* to 10" (gm)(cm)/ 
sec ; only one count was observed in the momentum c las s above 10" (gm)(cm) / 
sec . During the flight of P ioneer II, the r e su l t s of me teo r impact were con­
s iderab ly different. During a one-minute in terva l , s ixteen s t r i ke s were 
made , indicating a flux of 6.1 m"^ sec"^. An es t imate of the densi ty of low-

7 / '̂  

momentum m a t t e r in i n t e rp l ane ta ry space has been placed at 10" / m . This me 
teor ic densi ty was obtainedby assuming the mean velocity to be 4 x 10'* m / s e c . 

Designing a rad ia tor for zero penet ra t ion is imposs ib le . The thick­
nes s of r ad ia to r tubes requ i red to stop a ce r ta in s ize of me teo r during a 
pa r t i cu la r t ime in te rva l is a function of the d iamete r of the m e t e o r , f r e ­
quency of o c c u r r e n c e of me teo r impact , me teo r densi ty , veloci ty of the 
me teo r , rad ia to r m a t e r i a l densi ty , and sonic velocity of the r ad ia to r m a ­
t e r i a l . To design a radia tor for an a r b i t r a r y number of pene t ra t ions would 
mean that a re l iab le valving sys tem mus t be incorpora ted into the design to 
absorb the loss of a percen tage of r ad ia to r a r e a and working fluid. If the 
sys tem were not re l iable one hundred per cent of the t ime , a single punc­
tu re could be ca tas t rophic to the r ad ia to r s y s t e m . Quanti tat ive knowledge 
of the dis t r ibut ion, density, and s ize of the me teo r i c m a t t e r penet ra t ing the 
lunar surface is s t i l l ve ry vague. This las t s ta tement is exemplified by the 
flux data between Pioneer I and II, which was shown to va ry as much as 
1000. The idea of deciding on a tube condenser th ickness based on me teo r 
incidents with the p resen t data would only resu l t in a euphoric des ign. 
There fore , tube wall t h i cknesses for L P - 1 were not cons idered a function 
of probable puncture ; however , a low vulnerable a r e a was mainta ined. 
Meteor penet ra t ion is recognized to be a ve ry se r ious p rob lem, and it was 
not neglected for s impl ic i ty . 

4-4 Al terna te Radiator Design No. 2 

Foldout Type Radiator 

This design (see F ig . 4-11) cons i s t s of four bas ic sec t ions , each 
of which contains 25 concent r ic r ad ia to r e lements , which in t r a n s i t nest 
against the r eac to r vesse l and a r e unfolded at the s i t e . A unit r ad ia to r 
e lement is compr i sed of an inlet header at the upper end, 2.54 cm thick 
by 10.2 cm high, an outlet header at the lower end, 2.54 cm thick by 
5.08 cm high, and a s e r i e s of r ad ia to r tubes (see F ig . 4-12) a s sembled 
betw^een these h e a d e r s . Since the a rc lengths of the heade r s vary with 
the rad ia l posit ion, the i nne rmos t is the sho r t e s t and contains the l eas t 
number of tubes , whereas the ou t e rmos t is the longest and contains the 
l a rge s t number of tubes . Each side of the units contains a s t r u c t u r a l 



channel which provides additional r ig idi ty to the unit and provides a surface 
to asse inble the hinges which connect adjacent radia tor s egmen t s . Hinge 
pins a s sembled to the inne rmos t segment engage hinge sockets welded to 
the r e a c t o r ves se l , thus providing a pivot for the rad ia tor quadrants to 
open outward on the lunar s i t e . Since each radia tor element is a movable 
unit, m e r c u r y flow between adjacent e lements is achieved by modified 
swivel jo in t s . To unfold a rad ia to r sect ion, a conveyor ra i l is at tached to 
the swivel in the upper head of the r e a c t o r . This ra i l is hinged for s torage 
during t r a n s i t and i s opened on the s i t e . A s e r i e s of bipod supports provide 
l a t e r a l b rac ing . 

Rol ler a s s e m b l i e s containing hanging b a r s a r e connected to sockets 
on the outside of the rad ia to r outlet manifolds as the rad ia to r is pulled out 
on this conveyor . Each rad ia to r quadrant contains eight se ts of adjustable 
bipod support b r a c e s equispaced along the length of the r ad ia to r . These 
suppor ts nes t in the rad ia to r for t r a n s i t , yet may be opened and lengthened 
on the s i te to provide the n e c e s s a r y side suppor t s . The conveyor hangers 
a r e then disconnected and the conveyor moved 90° to the next rad ia tor s e c ­
tion where the opera t ion is r epea ted . This same method is used for the 
th i rd and fourth s ec t i ons . The conveyor can then be dismant led or left in 
p lace as the s i tuat ion d e m a n d s . 

All liquid and gas l ines a r e p r e a s s e m b l e d so that the rad ia tor is 
ready for operat ion when all sect ions a r e unfolded. Pro jec t ions on the inlet 
and outlet h e a d e r s extend beyond the h e a d e r s . To these project ions a r e a s ­
sembled the flexible hoses which connect with the r e a c t o r . The four upper 
hoses connect to four modified 10-cm solenoid valves which, in tu rn , a r e 
connected to the four m e r c u r y vapor r i s e r duc ts . The four lower hoses 
a r e connected to four 3.80-cm solenoid valves which, in tu rn , a r e connected 
to the four m e r c u r y condensate r e t u r n l ines extending below the r e a c t o r . 
Thus , any malfunction in one w îng can be isolated by actuating the inlet 
and outlet va lves , and the sys tem can s t i l l opera te at reduced power . 

The rad ia to r unit in ou t e rmos t posit ion is used to cool the hydrogen 
gas from the c o m p r e s s o r and also can be isolated by solenoid valves in te r ­
posed between the r ad ia to r hoses and the inlet and outlet openings at the 
lower end of the r e a c t o r . An opened rad ia tor quadrant is 473 cm high by 
2305 cm long and is supported at 288-cm in t e rva l s . The rad ia to r tubing 
pe r F ig . 4-12 is p r e s u m e d to be made of 5% ch romium-1 /2% molybdenum 
alloy s t ee l . T e s t s now in p r o g r e s s , however , indicate the poss ibi l i ty of 
using a t i tanium alloy. If proven feas ib le , the use of this m a t e r i a l would 
effect a 45% weight saving. 



4-5 Radiator Design No. 3 

This design (see F ig . 4-13) cons is t s of four bas ic sec t ions , each 
containing 67 hor izonta l ly a s sembled tubing un i t s . The unit is a tubular 
m a t e r i a l supplied as a flat r ibbon that can be inflated at a p r e s s u r e of 
about 85 a tmos into conventional tubing with in tegra l f ins . The tubing 
m a t e r i a l is a s sembled into h e a d e r s which, in turn , connect through so le ­
noid valves to the outlet and inlet l ines of the r e a c t o r . Since this m a t e r i a l 
is essen t ia l ly a flat r ibbon in i ts ini t ial s t a te , the four sect ions can be 
concentr ica l ly wrapped around the r e a c t o r , thus providing a r e a c t o r r a ­
diator package of about 183-cm d iamete r for rocket t r a n s i t . 

Ver t ica l and hor izonta l b r a c e s , plus bipods s imi l a r to those used 
on rad ia to r design No. 2, provide the n e c e s s a r y support . The base is s i m ­
i lar to that desc r ibed for rad ia tor design No. 2 except that the cyl indr ica l 
column is divided into two sect ions w^hich contain bear ings that p e r m i t the 
r eac to r plant to ro ta te as the rad ia to r is unwrapped. 

To open up the r ad ia to r , four conveyor r a i l s extend rad ia l ly from 
the upper end of the r e a c t o r . These r a i l s a r e hinged for s to rage during 
t r ans i t , and a r e unfolded and a s sembled to the center pivot point on the s i t e . 
As in rad ia to r design No. 2, bipods a r e provided for brac ing the conveyor . 
A m o t o r - d r i v e n or manual ly opera ted winch device provides the mechanica l 
force r equ i red to pe r fo rm the unwrapping opera t ion . Dividers in the ve r t i ca l 
inlet and outlet h e a d e r s pe rmi t the four lower tubes to be used for the gas -
cooling c i rcu i t , the r ema inde r of the tubes being used in the m e r c u r y c i rcu i t . 
The bas ic tube c r o s s sect ion, when expanded, is the s ame as that specified 
for des ign No. 2; the lengths , however , will be different. The comments 
made on p . 75 regard ing the use of t i tanium alloy also applies to this des ign. 

4-6 Nomencla ture 

a r e a 

hydraul ic d i ame te r 

monochromat ic emiss iv i ty of a b lack body 

actual fin effectiveness 

force 

emiss iv i ty factor 

geome t r i ca l factor 

so la r configuration factor 

fr ict ion factor 

acce le ra t ion due to local gravi ty 

^ b 

A 

D 

E 

e 

F 

Fe 

F l 2 

F s 

f 
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g^ g r a v i t a t i o n a l c o n s t a n t 

h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t 

h ^ s u r f a c e h e a t t r a n s f e r c o e f f i c i e n t f o r r a d i a t i o n 

Ij^(X) m o d i f i e d B e s s e l f u n c t i o n of o r d e r n 

K t h e r m a l c o n d u c t i v i t y 

i l e n g t h 

M m a s s 

P p r e s s u r e 

Q t o t a l h e a t 

q h e a t g e n e r a t i o n 

qo r a t e of h e a t d i s s i p a t i o n of e n t i r e s u r f a c e i s a t TQ 

q " h e a t f l u x 

s d i s t a n c e b e t w e e n t w o s u r f a c e e l e m e n t s 

T t e m p e r a t u r e 

T Q a b s o l u t e t e m p e r a t u r e a t f i n r o o t 

t j . t r a n s m i s s i v i t y of l u n a r s u r f a c e a t m o s p h e r e 

V v e l o c i t y 

V£ v i e w f a c t o r 

W f l o w r a t e 

a t o t a l a b s o r p t i v i t y 

6 f i n p r o f i l e s e m i t h i c k n e s s 

£ e m i s s i v i t y 

£ a b s o r p t i v i t y of t h e r a d i a t o r w i n g s u r f a c e f o r s o l a r r a d i a t i o n 

0 a n g l e b e t w e e n b e a m a n d n o r m a l t o t h e r a d i a t o r s u r f a c e 

X w a v e l e n g t h 

1 a n g l e of b e a m 

p d e n s i t y 

Ti l o c a l t r a c t i v e f o r c e 

CD f i n w i d t h 

a S t e p h a n B o l t z m a n c o n s t a n t 
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outer space 

black body 
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moon 

init ial 
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rad ia tor 
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two phase fluid 
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22 Htar t 

FIG. U-l 

GEOMETRIC ARRANGEMENT OF DESIGN I I RADIATOR WINGS 

FIG. t - 2 

TRIANGULAR FINNED CONDENSER UNIT 

T ° K 

F I S . »»-3 

TEMPERATURE-EMTROPY DIAGRAM 
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P + dP, A„ + dA„, W„ + dW-

A, + dA,, W, + dW, 

FIG. U-6 

HOLD-UP MODEL OF MERCURY 

CONDENSATE 

d1 dw, = -dw, 

3000 - -

2500 

£2 2000 - -

1500 - -

1000 

500 

H 1 1 1- H H -+- H 1 1 1-- I H 
5 6 7 8 9 10 I I 12 13 

CENTER LINE SPACING OF CONDENSER UNITS (cn] 

H h -H 1 h 
14 15 (6 17 18 

FIG. U-7 

NUMBER Vs. CENTER LINE SPACING OF CONDENSER UNITS 
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TUBES PLUS FINS 

B 6 7 8 9 10 I I 12 13 l>t IS 16 17 18 

CENTER LINE SPACING OF CONDENSER UNITS, (cn) 

F IG. 1-8 

RADIATOR WING LENGTH Vs. CENTER LINE SPACING OF CONDENSER UNITS 

BAIIATOI! Hma 
SUEFACE 

FIG. 4-0 
e-ANGLE lETWEEN THE SUN'S RAVS AND 
THE NORMAL TO THE RADIATOR SURFACE 
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EXTENDED RADIATOR WING (LENGTH - 23.06 m) 
SHOWING BIPOD SUPPORTS AND CONVEYOR 

GAS HOSE 

POSITION I 

POSITION 2 

OSITION 3 

POSITION H 

POSITION 5 

POSITION 6 

VIEW IN DIRECTION "Y" 

DATA POD ONE WING 
POSlJ 

1 
? 

^ ^ 6 
6 
7 
8 

fl 

RADIUS 

35. eu 
an. BO 
HI .afi 
U14.2I 
117.07 
im.oa 
62.78 
66.611 
58. SO 

NO.OF 
TUBES 

e 
7 
7 

9 
8 

10 

POSI-
TIQfJ 

10 

1? 
13 
114 
IB 
le 

" 1 '̂  12 1 Ift 

RADIUS 

61 .36 

67.07 
69.93 
72.78 
76.611 
78.50 
81.36 
au.2i 

NO.OF POSI-

11 in 
13 pn 
13 21 
13 
15 
16 
16 
17 
ia__ 

?? 
?3 
?« 
?6 

RADIUS 
cm 

87.07 

92.78 
95.6U 
98.60 

101.36 
1011.22 

NO.OF 
TUBES 

17 

18 
20 
20 
32 

TOTAL HEAT TRANSFER AREA 1 WINGS > 1010.6 i^ 

FIG. 4-11 
RADIATOR DESIGN #2 
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I 058 cm 

Bl-METAL 
TYPE "D" BERYLLIUM CLAD 
TYPE "E" ALUMINUM CLAD 
TYPE "F" MAGNESIUM CLAD 

TYPE "C" (EXTRUDED) 
TITANIUM ALLOY 

.0139 cm STAINLESS STEEL LINER 
(5% CHROME - 1/2^ MOLY.) 

£ .115 cm I BRAZE OR ELECTRONIC WELD 
- r 

TYPE "A" (TWO SECTIONS) 
TITANIUM ALLOY 

TYPE "B" (WELDED FIN) 
TITANIUM ALLOY 

NOTES: 
TUBE I.D. TO CONTAIN MERCURY AT 371 °C AND 6.86 ATMOS. 
TYPE "D" "E" AND "F" MAY BE FABRICATED THE SAME AS TYPE "A" 

FIG. 4 - 1 2 
RADIATOR TUBE DESIGN ^ 2 



RADIATOR VERTICAL 
SUPPORT 

RADIATOR 
OUTLET MANIFOLD 

CONVEYOR 
SUPPORT 

RADIATOR INLET 
HANI FOLD 

CONVEYOR SUPPORT 
COLUMN 

GAS INLET > 
OUTLET LINES 

MERCURY CONDENSATE 
RETURN TO REACTOR 

NOTE: 
TUBING IN FLATTENED STATE DURING TRANSIT 
AND BLOWN UP ON SITE AFTER UNWRAPPING -
REACTOR ROTATES WHILE UNWRAPPING - EXTENDED 
LENGTH OF ONE WING > 23.112 • 

WINCH DRIVE GEAR 

FIG. 4-13 
RADIATOR DESIGN #3 00 

-J 



5-0 PUMPS AND COMPRESSOR 

5-1 Recircula t ing and Condensate Pumps 

Two m e r c u r y pumps (see Fig . 2-1) a r e r equ i r ed in the sys tem: 
the rec i rcu la t ing pump to provide c i rcula t ion in the r e a c t o r , and the con­
densate pump to take the m e r c u r y from the condenser and r e t u r n it to 
the r e a c t o r s . 

The c i rculat ing pumps handle a l a rge volume of m e r c u r y at low 
p r e s s u r e ra t io , and the condensate pump handles a smal l volume at a high 
p r e s s u r e ra t io . Since the output of both pumps goes to the inlet header of 
the r eac to r , the i r impe l l e r s a r e in tegra l with s epa ra t e inlets and a common 
volute, thus saving weight and space for piping and cas ing . 

A rad ia l flow impe l le r is u sed for the condensate pump because of 
the l a rge p r e s s u r e rat io and smal l volume of m e r c u r y . A mixed flow im­
pe l l e r is used for the rec i rcu la t ing pump because of the smal l p r e s s u r e 
ra t io and la rge volume of m e r c u r y . 

The in tegra l impe l le r unit is mounted on an extension of the main 
turbine shaft; thus the weight and loss of efficiency entai led in i n t e rmed ia t e -
energy conve r t e r s is saved. Also, a shaft seal is e l iminated, because the 
pump and turbine cas ings a r e in tegra l . 

The c h a r a c t e r i s t i c s of these two pumps a r e as follows: 

Type 
Flow, k g / s e c 
Head, cm of Hg 
Inlet p r e s s u r e , a tmos 
Outlet p r e s s u r e . 
Inlet t emp, °C 
P r e s s u r e Ratio 
Speed, rpm 
Pump power, kw 

a tmos 

Condensate 
Pump 

Radial 
22.68 
1097 
1.27 
14.0 
371 
11.8 
6,000 
3 

Circu la to ry 
Pump 

Mixed flow 
56.94 
293 
11.9 
14.0 
576 
1.2 
6,000 
10 

Weight of both i m p e l l e r s 
and volute, kg 68 

5-2 Hydrogen C o m p r e s s o r 

Hydrogen is used to cool the windings of the m a i n gene ra to r and the 
windings and bea r ings of the auxi l ia ry motor because a gas pos ses s ing good 
physica l p r o p e r t i e s for heat t r a n s f e r by convection is r equ i r ed to rennove 



the heat from the main gene ra to r windings. Hydrogen also has the highest 
ra t io of specific heats of any gas . This p roper ty makes it des i rable as a 
working medium in gas c o m p r e s s o r s where weight and volume a r e at a 
p r e m i u m . 

The cooling sys tem cons is t s of an axial flow c o m p r e s s o r (see 
Fig. 5-1) for c i rculat ing the hydrogen and a rad ia tor for removing the 
heat from the hydrogen. The c o m p r e s s o r is a lso on an extension of the 
main shaft. Information per ta in ing to the c o m p r e s s o r is tabulated below. 

Type of c o m p r e s s o r axial with a i r foil type blades 
Number of s tages 6 
Working medium hydrogen 
Flow of Hydrogen 15 kg /min 
P r e s s u r e at inlet 6.8 a tmos 
P r e s s u r e ra t io 1.2 
T e m p e r a t u r e of Hydrogen enter ing 66°C 
Head pe r stage cm o f H 2 8 . 7 x 1 0 
C o m p r e s s o r work 19.25 kw 
Speed 6000 rpm 
Flow number 0.42 
P r e s s u r e number 0.553 
Thrott l ing number 0.32 
Specific speed 1.001 
Avg. dia. of blade tips 21.6 cm 
Avg. blade height 1.0 cm 
Number of blades per wheel 64 
Mate r i a l aluminum 
Weight 27 kg 

5-3 Radiator 

The rad ia to r r emoves the heat from the hydrogen cycle by radiating 
it to space . It is identical in cons t ruc t ion to the main condensing rad ia tor . 
The t e m p e r a t u r e of space is cons idered to be absolute ze ro . 

Tempera tu re leaving the rad ia to r 10°C 
T e m p e r a t u r e enter ing the rad ia to r 84°C 
Tempera tu re enter ing the machinery 10°C 
Tempera tu re leaving the mach ine ry 66°C 
Flow 15 kg /min 
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FIG. 5-1 
CROSS SECTION OF 

HYDROGEN COMPRESSOR 
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6-0 CYCLE FLUID 

An ideal fluid for the Rankine cycle should have the following 
p rope r t i e s : 

1. The latent heat of vapor izat ion should be l a rge and the heat 
capaci ty smal l re la t ive to each other . This condition is exemplified in 
the t e m p e r a t u r e - e n t r o p y d iagram of Fig . 6 - 1 . 

The effect of Cycle A on Cycle B would be negligible and the 
efficiency of the Rankine cycle (A and B) would essent ia l ly be that of 
Carnot Cycle B. 

2. The c r i t i ca l point should be above the highest operating t em­
p e r a t u r e to allow the t e m p e r a t u r e of hea t addition to Cycle B to be in­
c r e a s e d to the highest poss ib le value that the m a t e r i a l s can withstand. 

3. The vapor p r e s s u r e at the h ighes t operating t empera tu re 
should be low. High p r e s s u r e i n c r e a s e s design cos ts and produces ma in ­
tenance p r o b l e m s . 

4. The vapor p r e s s u r e at the lowest operating t empera tu re 
should be higher than a tmosphe r i c p r e s s u r e , thus preventing a mix ture 
p r e s s u r e i n c r e a s e . This mix tu re p r e s s u r e of exhaust for the turbine 
grea t ly cont ro ls the work output. 

5. The entropy of the sa tu ra ted vapor should not change markedly 
with change in p r e s s u r e . However, the angle should not be such that the 
vapor is in the superhea t region as it en te r s the condenser or becomes 
wet in pass ing through the turbine . 

6. The p r o p e r t i e s of the fluid should be conducive to high ra tes of 
heat t r ans fe r to engender min imum surface a r e a s and t empera tu re 
differences. 

7. This ideal fluid should be low in cost, s table , nonexplosive, and 
noncorros ive under all conditions of operat ion. 

The na ture of the fluid which sat isf ies these des i rab le c ha r a c t e r i s t i c s 
is shown in p a r t in the t e m p e r a t u r e - e n t r o p y d iagram of Fig. 6-2. 

The ideal Rankine fluid shows that the p rope r t i e s of the working fluid 
a r e int imately re la ted to the output of the Rankine cycle . 

Of pa r t i cu l a r i n t e r e s t a r e the h igh - t empera tu re coolants which oc­
casional ly resu l t in high operat ing p r e s s u r e s . These h igh -p re s su re coolants 
produce excess ive penal t ies with r e spec t to sys tem w^eight due to s t r e s s 



cons idera t ions . Converse ly , l o w - p r e s s u r e coolants r e su l t in excess ive 
penal t ies of weight due to a high specific volume requ i rement . Water and 
m e r c u r y a r e examples of working fluids which violate excess ive p r e s s u r e 
r equ i r emen t s . Bismuth and lead have excess ive specific volumes due to 
their low p r e s s u r e s . While rubidium, sodium, and po tass ium offer advan­
tageous h igh - t empera tu re cyc les , the i r t e m p e r a t u r e ranges a re not con­
comitant with long turbine life. P a s t exper ience dic ta tes that m e r c u r y 
be used as the working fluid because its feasibi l i ty has been proven in 
many c o m m e r c i a l power p lants . 

The physical p r o p e r t i e s of nnercury which a r e of in te res t in this 
investigation a r e show^n on F igs . 6-3 to 6-14. 

belov/. 

rence 

Additional per t inen t information on physical p rope r t i e s is l i s ted 

Gas constant 4.108 a tmos , cm^/°K gm 
Volume inc rease on fusion 3.6% 
The heat of fusion 2.80 c a l / g m 
Fusion t e m p e r a t u r e -38.9°C 

For detai ls and fur ther re fe rence , see or iginal sources.^ ' " ' ' 

6-1 U r a n i u m - M e r c u r y System 

(a) The Consti tutional Diagram 

The u r a n i u m - m e r c u r y sys tem has been studied by Wilson^'*/ 
and by Fros t , (^ ) with v i r tua l ly identical r e s u l t s . The essen t ia l diffe 
was that F r o s t studied the sys tem by sealing samples and allowing the 
p r e s s u r e to r i s e , while Wilson worked at a p r e s s u r e of 1 a tmos . The 
p r e s s u r e - t e m p e r a t u r e d iagram of Fig . 6-3 is that of F r o s t . Since data 
above the boiling point of m e r c u r y (358°C) were obtained by means of a 
sealed sys tem, the p r e s s u r e va r i ed and was as high as severa l hundred 
a tmosphe re s . 

A d iag ram by Wilson is identical , except that m e r c u r y vapor was 
in equi l ibr ium with the u r a n i u m - m e r c u r y compounds and with u ran ium 
above the boiling point of m e r c u r y . 

This is a very difficult systenn to study. A special means of 
p repar ing alloys is n e c e s s a r y , the high vapor p r e s s u r e of m e r c u r y p r e s e n t s 
a special p rob lem, and the in te rmeta l l i c compounds a r e pyrophoric in 
nature and, the re fore , r equ i re special techniques in handling. 

It is of i n t e re s t that Wilson and F r o s t used the same method of 
alloy prepara t ion . Essen t ia l ly , it cons is ted of hydriding uran ium, dehydrid-
ing under vacuum, and react ing m e r c u r y w^ith the resul t ing uranium powder. 
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(b) Crystallograiphy 

Tabulated crys ta l lographic data for UHg2, UHg3, and UHg4 a re 
available from the works of Rundle.(°) F r o s t has repor ted s imi l a r infor­
mation for UHg2 and UHg3 but was unable to obtain a m o r e cer ta in analysis 
of the UHg4 s t ruc tu re . According to F r o s t , UHgg is c lose-packed hexagonal 
with a = 4.934 A and c = 3.503 A, whereas UHg3 is c lose-packed hexagonal 
with a = 3.320 A and c = 4.875 A. The UHg3 s t ruc ture is repor ted to be a 
random structure . (1) 

It has been reported(^) that the unit cell volumes of these com­
pounds, within the l imit of accuracy of the work, a re equal to the additive 
atomic volumes. This equivalence is in terpre ted to mean that the binding 
is purely metal l ic in nature . 

P h a s e Type 
D i m e n s i o n s , 

A 

Number 
of 

Molecu les 

Dens i ty , 
g / c m ' 

X - r a y Other 

Space 
Group 

R e m a r k s 

Del ta Hexagonal a = 4.99 l O . O l 
(UHgz) c = 3.23 + 0.01 

Eps i lon Hexagonal 
(UHg3) 

Zeta 
(UHg4) 

B c c 

a = 3.327 t 0.005 
c =4.888 + 0.005 

a = 3.63 

15.29 

14.88 

14.5 

15.3 C 6 / m m m C32- type , 
AIB2 
s t r u c t u r e 

Ten ta t ive 
an a ly s i s 

6-2 Mercury Corros ion 

Our p resen t knowledge concerning the res i s t ance of engineering 
ma te r i a l s to m e r c u r y at elevated t empera tu re s can be at t r ibuted a lmost 
ent irely to the efforts of A. J. Nerad and his assoc ia tes in connection with 
the developnaent of the n i e rcu ry -vapor turbine by the General E lec t r ic 
Company. They were concerned chiefly with fe r rous al loys. In mos t 
c a s e s , only equil ibrium solubility data a r e available upon which to judge 
the res i s tance of other m a t e r i a l s to attack by m e r c u r y (see Table 6-1). 

Ear ly , shor t - t ime exper iments near the normal boiling t e m p e r a ­
ture of m e r c u r y indicated that iron and s teels were prac t ica l ly unal tered 
by m e r c u r y . However, over long per iods of operation it was found that 
the inside tube walls in the cooler zones of la rge m e r c u r y - v a p o r bo i le rs 
became plugged with a crys ta l l ine deposit of iron. 

Dynamic labora tory tes t s were c a r r i e d out in hundreds of so-cal led 
"ha rps , " wherein m e r c u r y was c i rcula ted by thermal convection through 
the heating of one leg and the cooling of the top and other leg of a closed 
loop of pipe. Most tes ts were c a r r i e d out at 650°C and some tes ts a t a s 



high as 800 C, and the I O C t empe ra tu r e differences which were nnaintamed 
between the hot and cold zones resu l ted in very slow flow of the m e r c u r y 
(approximately 3.05 c m / s e c ) . In the following d iscuss ions where r e s i s t ance 
to flowing or dynamic nnercury is r e f e r r e d to, it will be understood that the 
specimens were tes ted in these h a r p s . 

Studies in these sys t ems were made of the ra te of at tack by m e r c u r y 
as a function of alloying e lements in the s teel , of addit ives to the liquid 
meta l , and of such va r iab les as t ime and t e m p e r a t u r e . It was found that 
some low-alloy s t ee l s , e.g., S icromo 5S (4-6 chromium, 0.45-0.65 molyb­
denum, and 1-2 sil icon), had be t t e r r e s i s t ance to at tack by m e r c u r y than 
low-carbon s teel . However, of even g r e a t e r impor tance was the discovery 
that the control led addition of ce r t a in e lements (titanium and magnesium) 
to the m e r c u r y resu l ted in negligible at tack on even low-carbon s teel . 

(a) Mechanism of Attack on Steels by Mercury 

Whereas f e r rous al loys a r e prac t ica l ly una l te red by m e r c u r y 
in static s y s t e m s , they a r e d ras t i ca l ly a t tacked in dynamic sys tems where 
m e r c u r y flows very slowly and where even slight t e m p e r a t u r e gradients 
exis t . A theore t i ca l d iscuss ion of the differences in the mechan i sm of 
a t tack by m e r c u r y and that by NaK has been offered by Eps t e in .w; 

The at tack on s tee ls by m e r c u r y appears to be la rge ly governed 
by a solution m e c h a n i s m whose ra te is de te rmined by the ra te of diffusion 
of i ron in m e r c u r y . Since a t ta inment of equi l ibr ium solubility of i ron in the 
liquid boundary l ayer is ex t r emely rapid, the ra te of a t tack is de te rmined 
by the ra te of diffusion of the dissolved i ron f rom the sol id-l iquid interface 
into the bulk of the liquid. The m o s t recen t information indicates that the 
equi l ibr ium solubility of i ron in nnercury is very low, but that an apprec iable 
t e m p e r a t u r e coefficient of solubility ex is t s - the solubility v a r i e s f rom 
0.015 ppm at 25°C to 0,96 ppm at 700°C. Unlike the case for i ron in NaK, 
calculat ions for dynamic s y s t e m s , taking the flow ra te of m e r c u r y into 
account and assuming that equi l ibr ium solubility is achieved in both the 
hot and cold zones , give r a t e s of a t tack on s teel that a r e in good agreement 
with exper imenta l observa t ions . 

At 500°C and above, the ra te of at tack i n c r e a s e s approximately 
by a factor of 5 for every 100°C r i s e in the m e r c u r y t e m p e r a t u r e . For ex­
ample , the ra te of a t tack (based on weight changes) on low-carbon s teel in 
a harp tes t i nc reased f rom 5 mpy at 500°C to 560 mpy at 800°C. 

(b) Effect of Alloying E lemen t s in Low-carbon Steel 

A l a rge number of t e s t s were made in an effort to develop low-
alloy s tee ls which would r e s i s t a t tack by flowing m e r c u r y . Selected tes t 
data a r e given in Table 6-2. The following d iscuss ion is based a lmos t 
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ent i re ly on these data. Low-carbon s tee ls have good r e s i s t ance to at tack by 
flowing m e r c u r y below about 400°C, l imited r e s i s t ance up to about 540°C, 
and poor r e s i s t ance at higher t e m p e r a t u r e s . 

Alloying e lements which, when added in smal l amounts , make 
low-carbon s tee ls m o r e r e s i s t an t to at tack by m e r c u r y in dynamic sys tems 
include chromium, sil icon, t i tanium, and possibly molybdenum, whereas 
aluminum shows li t t le p r o m i s e . Various combinations of these e lements 
in smal l amounts , especia l ly of chronnium, silicon, and molybdenum, r e ­
sult in seve ra l s teels which have good res i s t ance to at tack by flowing 
m e r c u r y up to about 600°C. 

Chromium, in amounts as low as 0.2 and 0.4 wt-%, inc reased 
the r e s i s t ance of low-carbon steel to at tack by dynamic m e r c u r y by a 
factor of about 6. A 4 wt-% chronnium addition was much l e s s effective, 
probably because of the fornnation of nonadherent ch romium oxide f i lms. 
Averages of a l a rge number of harp t e s t s , as well as long- t ime exposures 
in operating m e r c u r y b o i l e r s , resu l ted in weight l o s s e s of a 5 wt-% c h r o ­
mium steel which were half those of low-carbon s teel . 

The addition of 0.5 wt-% molybdenum to low-carbon steel had 
l i t t le , if any, influence on its abili ty to r e s i s t a t tack by dynamic m e r c u r y , 
but a 20 wt-% molybdenum addition reduced the at tack by m e r c u r y at 650°C 
to a negligible amount. 

Additions of 1, 2, and 3 wt-% silicon to low-carbon s teel were 
uniformly successful in lowering the ra te of at tack by flowing m e r c u r y at 
640°C by about a factor of 10. 

Titanium additions of 1 and 2 wt-% to low-carbon steel resu l ted 
in a four to fivefold inc rease in the r e s i s t ance to at tack by flo"wing m e r c u r y . 

The r e s i s t ance of low-carbon steel to a t tack by dynamic m e r ­
cury was somewhat improved by the addition of snnall amounts of a luminum 
plus chromium; however, in genera l , the benefits were not so g rea t as those 
der ived from chromium additions alone. The bes t of these alloys was a 
commerc ia l ly available Nitral loy, not ni t r ided, containing 1.23 wt-% a lumi ­
num and 1.49 wt-% chromium, which had l imi ted r e s i s t ance to a t tack by 
flowing m e r c u r y (4 mpy) at 650°C, be t t e r than a tenfold improvement over 
ord inary low-carbon s teel . The equi l ibr ium solubility of i ron from Ni t ra l ­
loy was found to be p rac t ica l ly the same as that found when pure iron was 
exposed to m e r c u r y . 

Low-alloy s tee ls containing 4 to 6 wt-% chromium, 0.45 to 
0.65 wt-% molybdenum, and 1 to 2 wt-% silicon (Sicromo 5S or Croloy 
5-silicon), which a r e used in m e r c u r y b o i l e r s , were found to be about 



20 t imes as r e s i s t an t as low-carbon steel to at tack by flowing m e r c u r y over 
a wide t empe ra tu r e range . Steels containing g r e a t e r amounts of chromium 
and molybdenum were found to have even be t te r r e s i s t ance to attack by 
m e r c u r y . 

The h igh-chromium ferritic"^stainless s tee ls had good r e s i s ­
tance to at tack by static m e r c u r y at 550°C, but these s tee ls were not tes ted 
in h a r p s . The ch romium-n icke l austeni t ic s ta in less s tee ls showed poor 
r e s i s t ance to at tack by dynamic m e r c u r y at 650°C. Other high-nickel f e r ­
rous al loys, however, r e s i s t ed a t tack by stat ic m e r c u r y at 550°C. 

(c) Effect of Additives to the Mercu ry on Attack on F e r r o u s 
Metals 

Attack by m e r c u r y on f e r rous alloys can be reduced to negl i ­
gible amounts by the addition of an inhibitor to the m e r c u r y , the bes t of 
which is t i tanium, as indicated by the data l i s ted in Table 6 -3 . 

The p r e sence of 1 0 ppm ti tanium dissolved in the m e r c u r y 
reduces the rate of a t tack on f e r rous me ta l s at 650°C to an inappreciable 
value, and as l i t t le as 1 ppm t i tanium is s imi la r ly effective at 4550°C. 
Zi rconium, ch romium, nickel , and aluminum a r e a lso effective as in­
h ib i to rs , but l a r g e r concent ra t ions a r e requ i red . Copper , lead, and tin 
in m e r c u r y inc rease i ts a t tack on low-carbon s teel . 

In addition to the p r e s e n c e of an inhibitor, it was found d e s i r ­
able to have a wetting agent p r e s e n t in the m e r c u r y . Its function is twofold: 
(1) to reduce oxides on s teel sur faces in o rde r that wetting and optimum 
heat t r ans fe r nlay be rea l ized , and (2) to r eac t with the free oxygen, n i t r o ­
gen, and water vapor in the m e r c u r y in o rde r to keep the inhibitor act ive . 
Wetting agents mus t , the re fo re , have a g r e a t e r affinity for oxygen and 
ni t rogen than both the inhibitor m a t e r i a l , t i tanium, and iron. 

The alkaline e a r t h s , especia l ly magnes ium and ca lc ium, have 
been found to be ve ry effective wett ing agents and do not have any de le ter ious 
effects. Magnesium is p r e f e r r e d on the bas i s of low cost and higher solu­
bili ty in m e r c u r y . Approximate ly 20 ppm magnes ium is r equ i red at 650°C 
to effectively tie up free oxygen, thereby allowing t i tanium to r ema in active 
as an inhibitor. 

The alkal i m e t a l s , especia l ly sodium, a r e l e s s sa t i s fac tory as 
wetting agents . They tend to form compounds, such as Na20-Fe203, which 
a r e both insoluble in m e r c u r y and r e s i s t an t to reduction. This m a t e r i a l 
tends to plug openings in dynamic sys t ems and can be very t roub lesome. 



(d) Nonferrous Metals 

The dear th of exper imenta l evidence that is available makes it 
difficult to judge nonferrous me ta l s as containing m a t e r i a l s for m e r c u r y at 
elevated t e m p e r a t u r e s . The only me ta l s tes ted in dynamic harp sys tems 
were molybdenum, tungsten, and Stel l i te . Several me ta l s have been tes ted 
in static m e r c u r y , but the r e su l t s a r e only qualitative and may be mis leading 
if used as a ba s i s for the design of dynamic sys t ems . Solubility data, much 
of it at room t empe ra tu r e only, a r e a lso avai lable; however, exper ience r e ­
garding m e r c u r y at tack on fe r rous me ta l s indicates that these data a r e 
probably of l imi ted usefulness to the designer of an engineering sys tem. 
However, sufficient exper imenta l evidence is available to indicate that 
tungsten, molybdenum, chromium, and bery l l ium can be cons idered for 
long- t ime use in contact with m e r c u r y at e levated t e m p e r a t u r e s . 

Although the available information is very meage r , there is 
r eason to believe that the following e lements might r e s i s t a t tack b y m e r c u r y 
at elevated t e m p e r a t u r e s : tantalum, columbium, si l icon, and t i tanium. The 
following can be used at t imes to contain m e r c u r y at low tenapera tu res , but 
they have l imi ted r e s i s t ance to at tack by m e r c u r y at e levated t e m p e r a t u r e s : 
nickel, Inconel and Monel, copper and copper -base braz ing a l loys , cobalt 
and Stel l i te , plat inum, manganese , and z i rconium. 

Severa l e lements a r e re la t ively soluble in m e r c u r y , including 
aluminum, b ismuth , cadmium, ce r ium, gold, lead, magnes ium, s i lver , tin, 
and zinc. Alloys containing apprec iable amounts of these e l emen t s , especia l ly 
in the free s ta te , a r e not recommended for use with m e r c u r y . 

(e) Nonmetals 

In the labora tory , m e r c u r y is ord inar i ly handled in g l a s s . F r o m 
f r ee -ene rgy cons idera t ions it is evident that c e r a m i c m a t e r i a l s can be ex­
pected to withstand at tack by m e r c u r y . The negligible solubility of carbon 
in m e r c u r y at its no rmal boiling point indicates that graphi te might a lso 
be used as a containing m a t e r i a l . 

6-3 Enthalpy-entropy Diagram and Thermodynamic P r o p e r t i e s 

The enthalpy-entropy d iagram for m e r c u r y is shown on Fig. 6-15. 

The thermodynamic p rope r t i e s of m e r c u r y a r e shown on Fig. 6-16. 
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BfflLE 6-1 
RESISTANCE OF MAIERIAIfi TO LIQUID MERCUBT 

Oj. 200 hqo 6QO 8OO 1000 1200 lî OO w o 60( 

1—r I \ \ 1 I 
100 200 300 iKJO 500 600 TOO 800 

Ferrous Metals 

Ferrous Metals (Ti and Mg In Hg) 

Lovr-C Steel 

T,nvr-n Steel + 0.1 to 4 Al 

Low-C Steel + < ij- Cr 

5 Cr Steel 

Lw-C SteeX + Q.'7 Mo 
T,ov-C steel + 20 Mo 

LOTf-C Steel + 1 to 3 Sj 
T.OW.C. Steel + 1 to 2 Tj 

LgvT-C Steel +< 2 Al + < 2 Cr 
m t r n l l n y ( l .P3 AT + 1 .It-Q Cr-) 

Lgvf-C Steel + .'̂ •T Cr t 1.? Cii 
Lgff-C Steel +< 'f.'? Cr + < 'f.̂  Mo 
T,nw-ri Rt.PPi + S.7 HT- 4- 1 .P W 

Lovr-C S t e e l + 15 t o 20 Mo + 3 S i 

Lov-C S t e e l + 8 Cr + 0 .5 Al + 0 .3 Mo 

Sicromo 55 (5 Cr. 0. ' ; Mo. 1.5 S i ) 

LOTT-C S t e e l + 5.5 Ci; + 6.k Mo + l .U Si 

TVpes ?Olt RTifi ^10 R.R. f C r , Ni ]> 

High Hi-Fe and Hi-Cr-Fe Alloys 

rerrltic Stainless Steeli? (Cr) 

Nonferrous Metals 

Al , B i , Cd. Ce. Au. Fb. Mg. Ag. Sn. Zn 

Hon-t^etfiAff 
Glass 

Ceramics 
Graphite (C) 

Resistance Ratings: 

(These ratings refer to liquid-metal 
resistance only - not to temperature -
dependant mechanical strength or metallurgical 
stability. See text for further discussion) 

Good - Consider for relatively long time use 

Limited - Short time use only 
Poor - Ho structural possibilities 

I Unknown - Information inadeq.uate 

1 - Dynamic mercury harp and Industrial boiler tests. 

D - Dynamic mercury harp tests. 

S - Static mercury tests. 



Table 6-2 

DYNAMIC "HARP TESTS ON FERROUS ALLOYS IN MERCURY' 

Material 

Low-C steel 
(mild steel) 

Low-C steel 
(+AI) 

Low-C steel 
(+Cr) 

5 wt % Cr steel 

Low-C steel 
(•fMo) 

Low-C steel 
(+Si) 

Low-C steel 
(+Ti) 

Low-C steel 
(•^Ai-^Cr) 

Nitralloy 
(not nitrided) 

Low-C steel 
(•i-Cr-i-Cu) 

Low-C steel 
(+Cr-i-Mo) 

Low-C steel 
(•fCr-i-W) 

Low-C steel 
(+Mo+Si) 

Low-C steel 
(•^AI-^Cr•^Mo) 

Low-C steel 
(+Cr-^Mo+Si) 

Low-C steel 
l+AkCr-fMo-i-Si) 

Type 304 S.S. 
Type 310 S.S. 

Major Alloying 
Elements, wt % 

0.2 C 

0.1 A l " 
0.2 A l " 
0.5 A l " 
1 A l " 
4 A l " 
4 A l " 
0.2 C r " 
0.5 C r " 
4 C r " 
5 Cr 

0.5 M o " 
20 M o " 
1 S i " 
2 S i " 
3 S i " 
1 T i " 
1 T i " 
2 T i " 
2 T i " 
0.1 Al, 0.1 C r " 
0.5 Al, 0.5 C r " 
2A I , 2 C r " 
2A I , 2 C r " 
1.23 Al, 1.49 Cr 

5.7 Cr, 1.2 C u " 
0.5 Cr, 0.5 M o " 
4.5 Cr, 4.5 M o " 
4.9 Cr, 0.5 Mo 

5.7 Cr, 1.2 W 
15 Mo, 3 S i " 
20 Mo, 3 S i " 
0.5 Al, 8 Cr, 

0.3 M o " 
4.6 Cr, 0.5 Mo, 1.23 S i " 
4.6 Cr, 0.45-0.65 Mo, 

1-2 Si 
(Sicromo 5S or 
Croloy 5 Si) 

5.5 Cr, 6.4 Mo, 
1.4 S i " 

0.8 Al, 5 Cr, 0.5 Mo, 

0.9 S i " 
18 Cr, 8 Ni 
25 Cr, 20 Ni 

Time of 
Test.tir 

« 
* 
« 

162 
48 

257 
95 

113 
48 
46 

138 
138 

* 
a 

• 
* 

161 
64 
67 

107 
67 

329 
329 
329 
329 
136 
137 
48 

142 
165 

2 

161 
140 
140 
161 

100 
89 
88 

140 
140 

« 

« 
» 
* 

280 
982 
H I 

450 
460 

400-500 

Maximum 
Harp Temp., 

OC 

482 
538 
593 
649 
625 
650 
625 
620 
630 
650 
650 
615 
625 
482 
538 
593 
649 
670 
650 
640 
640 
640 
620 
675 
625 
640 
625 
630 
620 
650 
650 
615 

670 
650 
640 
670 

660 
655 
655 

650 
640 

482 

538 
593 
649 

588 
620 
650 

650 
652 
650 

Rate of Attack 
(Weight Change Data) 

mg/cm2/month 

- 7 
-15 
-37 
-88 
-28 
-18 
-64 
-52 
-69 
- 7 
-13 
- 7 
-23 
- 3 
- 7 
-17 
-42 
-86 

< - 0 . 5 
- 7 
-11 
- 7 
- 9 
-39 
- 7 
-15 
-46 
-37 
-44 
-13 
- 7 

6 

- 8 
- 6 
- 6 
-86 

-26 
- 1 

< - 0 . 5 

- 1 
- 6 

- 0.3 

- 0.80 
- 1.8 
- 4 

- 0.7 
- 0.8 
- 0.8 

-64 
-32 
-77 

1 

mils/year 

4 
9 

22 
53 
17 
11 
40 
32 
43 

4 
8 
4 

14 
2 
4 

10 
25 
53 

< 0.3 
4 
7 
4 
6 

24 
4 
9 

29 
23 
27 
8 
4 
4 

5 
4 
4 

53 

16 
0.6 

< 0.3 

0.6 
4 

0.2 

0.5 
1.1 
2.5 

0.4 
0.5 
0.5 

38 
20 
47 

•Average of a large number of laboratory tests as well as samples from large-scale boiler operations, exposures of 
up to 10,000 hr. 

•'Alloys made in G.E. laboratory by melting portions of a single low-carbon steel billet and adding desired 
alloying elements. 



Table 6-3 

E F F E C T OF ADDITIVES IN MERCURY ON THE RATE OF ATTACK 
ON LOW-CARBON STEEL 

Additive 

None -̂  
None 
None 
0.1 wt% Sn 
1 wt% Cu 
1 wt% Pb 
1 0 wt% Pb 
1 wt% Na 
0.25 wt% AlJ 

• 

0.25 wt% Cr 
1 wt% Ni 
0.0001 wt% T i ' 
0.001 wt% Ti 
0.04 wt% Zr 
0.02 wt% Zr J 

Time, h r 

Test ing 
pe r iods 
ranging 
from 40 
to 175 hr 

Tes t s of 
100 to 
2000 hr 

T 

°c 

r482 

* 

649 
800 
640 
650 
650 
700 
650 

1650 
600 
600 

r 454 
538 

1 625 
[ 6 2 5 

Rate of Attack* 

m g/c m^/m onth 

6.5 
- 88 
- 990 
-4200 
- 360 
- 280 
- 280 
- 80 

0.6 
-<- 0.5 
<- 0.5 
<- 0.5 
<- 0.5 
<- 0.5 

1 

m i l s / y e a r 

4 
53 

560 
2590 

222 
173 
173 

49 
0.37 

<0.3 
<0.3 
<0.3 
<0.3 
<0.3 

0.66 

*There is evidence that the ra te of at tack does not change 
apprec iably with t ime . 
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FIG. 6-1 

THE RANKINE CYCLE 

Max. 
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for liquid 

P r e s s u r e to el iminate 
a tmos . inleakage 

High Latent heat of vaporizat io 

Steep saturat ion 
locus to avoid 
mois ture in the 
turbine 

FIG. 6-2 

THE CHARACTERISTICS 
OF AN IDEAL FLUID 



.01 

.001 

.0001 

1 

/ 
/ 
/ 
/ 
/ 
/ 

^ 

1 1 / 
/ 

/ 
/ 
/ 
/ 
/ 
/ 

/ 
/ 

1 

/ 

/ 

1 

/ 
/ 
/ 
/ 
/ 

/ 

/ 
/ L 

1 

/ 
/ 

/ f 

^wifcr 

/ 
/ 

/ 

- NBS 

/ 
/ 

/ 
/ 

/ 

100 

10 

.1 

200 >(00 
TEMPERATURE 

600 800 

FIG. 6-3 

MERCURY SATURATION PRESSURE 
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Figure 6-16 

THERMODYNAMIC PROPERTIES OF MERCURY: PRESSURE TABLE 

Pressure 
(lb/in.2) 

0.010 
0.020 
0.030 
0.040 
0.050 

0.075 

0.100 
0.200 
0.300 
0.400 

0.500 
0.600 
0.700 
0.800 
0.900 

1.00 
2.00 
3.00 
4.00 

5.00 
6.00 
7.00 
8.00 
9.00 

10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

200 
225 
250 
275 

300 
350 
400 
450 

500 
600 
700 
800 
900 

1000 
1100 

Temp 
(OF) 

233.57 
259.88 
276.22 
288.32 
297.97 

316.19 

329.73 
364.25 
385.92 
401.98 

415.00 
425.82 
435.23 
443.50 
451.00 

457.72 
504.93 
535.25 
557.85 

575.7 
591.2 
604.7 
616.5 
627.3 

637.0 
706.0 
750.6 
784.4 

812.1 
835.7 
856.4 
874.8 
891.5 

906.8 
921.0 
934.3 
946.6 
958.3 

969.4 
979.9 
989.9 
999.5 

1008.8 

1017.2 
1038.0 
1057.2 
1074.8 

1091.2 
1121.4 
1148.4 
1173.2 

1195.0 
1236.8 
1173.3 
1306.1 
1336.2 

1364.0 
1390.0 

Enthalpy (Btu/lbm) 

Saturated 
Liquid 

5.568 
7.532 
8.068 
8.463 
8.778 

9.373 

9.814 
10.936 
11.639 
12.159 

12.568 
12.929 
13.233 
13.500 
13.740 

13.959 
15.475 
16.439 
17.151 

17.741 
18.233 
18.557 
19.035 
19.381 

19.685 
21.864 
23.277 
24.345 

25.203 
25.940 
25.585 
27.159 
27.680 

28.152 
28.595 
29.005 
29.390 
29.748 

30.090 
30.415 
30.724 
31.018 
31.290 

31.560 
32.204 
32.784 
33.322 

33.824 
34.747 
35.565 
36.315 

37.006 
38.245 
39.339 
40.324 
41.225 

42.056 
42.828 

of Evapo­
ration 

127.732 
127.514 
127.540 
127.486 
127.442 

127.361 

127.300 
127.144 
127.047 
125.975 

125.915 
125.868 
125.825 
125.788 
125.755 

125.724 
125.512 
126.377 
126.275 

126.193 
125.124 
125.065 
126.011 
125.952 

125.919 
125.509 
125.407 
125.255 

125.131 
125.024 
124.931 
124.849 
124.774 

124.706 
124.541 
124.582 
124.526 
124.474 

124.424 
124.376 
124.331 
124.288 
124.249 

124.209 
124.115 
124.029 
123.950 

123.876 
123.740 
123.620 
123.509 

123.406 
123.221 
123.058 
122.910 
122.775 

122.649 
122.533 

Saturated 
Vapor 

134.400 
135.146 
135.508 
135.949 
136.220 

136.734 

137.114 
138.080 
138.685 
139.134 

139.484 
139.797 
140.058 
140.288 
140.495 

140.683 
141.988 
142.815 
143.436 

143.934 
144.357 
144.722 
145.045 
145.343 

145.504 
147.473 
148.584 
149.500 

150.334 
150.964 
151.516 
152.008 
152.454 

152.858 
153.237 
153.587 
153.916 
154.222 

154.514 
154.791 
155.055 
155.306 
155.539 

155.769 
156.319 
156.813 
157.272 

157.700 
158.487 
159.185 
159.824 

160.412 
161.465 
162.397 
153.234 
164.001 

164.705 
165.361 

Entropy Btu/(lbm)(°R) 

Saturated 
Liquid 

0.01137 
0.01259 
0.01332 
0.01386 
0.01427 

0.01504 

0.01561 
0.01699 
0.01783 
0.01844 

0.01892 
0.01932 
0.01955 
0.01994 
0.02021 

0.02045 
0.02205 
0.02302 
0.02373 

0.02430 
0.02477 
0.02515 
0.02551 
0.02583 

0.02610 
0.02800 
0.02918 
0.03004 

0.03070 
0.03127 
0.03175 
0.03218 
0.03255 

0.03290 
0.03321 
0.03350 
0.03377 
0.03401 

0.03425 
0.03447 
0.03468 
0.03488 
0.03506 

0.03523 
0.03565 
0.03603 
0.03637 

0.03669 
0.03725 
0.03775 
0.03820 

0.03861 
0.03932 
0.03993 
0.04047 
0.04095 

0.04139 
0.04179 

of Evapo­
ration 

0.18428 
0.17735 
0.17332 
0.17044 
0.16821 

0.15415 

0.15126 
0.15432 
0.15024 
0.14736 

0.14511 
0.14328 
0.14172 
0.14038 
0.13919 

0.13814 
0.13116 
0.12706 
0.12434 

0.12188 
0.12002 
0.11846 
0.11712 
0.11588 

0.11483 
0.10779 
0.10361 
0.10068 

0.09839 
0.09652 
0.09493 
0.09356 
0.09234 

0.09127 
0.09027 
0.08938 
0.08855 
0.08778 

0.08707 
0.08640 
0.08577 
0.08518 
0.08464 

0.08411 
0.08287 
0.08178 
0.08079 

0.07989 
0.07828 
0.07688 
0.07555 

0.07455 
0.07264 
0.07102 
0.06961 
0.06837 

0.06726 
0.06525 

Saturated 
Vapor 

0.19555 
0.18994 
0.18664 
0.18430 
0.18248 

0.17919 

0.17587 
0.17131 
0.15807 
0.16580 

0.16403 
0.16260 
0.16137 
0.16032 
0.15940 

0.15859 
0.15321 
0.15008 
0.14787 

0.14618 
0.14479 
0.14362 
0.14262 
0.14171 

0.14093 
0.13579 
0.13279 
0.13072 

0.12909 
0.12779 
0.12568 
0.12574 
0.12489 

0.12417 
0.12348 
0.12288 
0.12232 
0.12179 

0.12132 
0.12087 
0.12045 
0.12006 
0.11970 

0.11934 
0.11852 
0.11781 
0.11716 

0.11658 
0.11553 
0.11453 
0.11386 

0.11316 
0.11196 
0.11095 
0.11008 
0.10932 

0.10855 
0.10804 

Specific 
Volume 
V U 1 U 111 w 

of Saturated 
Vapor 

3537 
1893 
1292 
986.0 
799.0 

545 

415 
217.3 
148.6 
113.7 

92.18 
77.84 
67.45 
59.58 
53.40 

48.42 
25.39 
17.50 
13.38 

10.90 
9.26 
8.04 
7.12 
5.39 

5.81 
3.09 
2.14 
1.648 

1.348 
1.144 
0.998 
0.885 
0.797 

0.725 
0.657 
0.617 
0.575 
0.538 

0.507 
0.478 
0.453 
0.431 
0.410 

0.392 
0.354 
0.322 
0.297 

0.276 
0.241 
0.215 
0.194 

0.177 
0.151 
0.132 
0.118 
0.106 

0.098 
0.090 
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7-0 DYNAMICS 

T h e c o n t r o l and d y n a m i c s t a b i l i t y of t h i s power p l an t a r e e s p e c i a l l y 
i m p o r t a n t , s i n c e i t w i l l have to o p e r a t e w i th a u t o m a t i c c o n t r o l s for a p e r i o d 
of two y e a r s . Only a q u a l i t a t i v e d i s c u s s i o n can be inc luded in t h i s r e p o r t . 

The c o n t r o l loop a s p r e s e n t l y c o n c e i v e d i s shown in F i g 7 - 1 . P r i ­
m a r y c o n t r o l i s b a s e d on the s y s t e m output v o l t a g e . T h i s s y s t e m h a s t h e 
a d v a n t a g e tha t t he s t e a d y - s t a t e e r r o r of the s y s t e m is unaf fec ted by r e a c t o r 
i n t e r n a l f e e d b a c k ga in , and thus the s y s t e m is f r e e of any d r i f t of the output 
v o l t a g e o r f r e q u e n c y , and the f e e d b a c k g a i n s need only be known a p p r o x i ­
m a t e l y to d e s i g n the s y s t e m for the r e q u i r e d a c c u r a c y 

I n c l u s i o n of an a n t i c i p a t o r y f e e d b a c k d e r i v e d f r o m a w a t t m e t e r -
c i r c u i t m e a s u r e m e n t of a c t u a l p o w e r c o n s u m e d by the load m i n u s a n e u t r o n -
d e n s i t y m e a s u r e m e n t of p o w e r g e n e r a t e d in the c o r e e n a b l e s the s y s t e m to 
r e g u l a t e a l m o s t i n s t a n t a n e o u s l y a g a i n s t a f u l l - s c a l e load t r a n s i e n t . With the 
s y s t e m o p e r a t i n g in s t e a d y s t a t e a t t he p r o p e r output v o l t a g e and f r e q u e n c y , 
but a t z e r o ou tpu t load , full load can be i n s t a n t l y app l i ed and the v o l t a g e and 
f r e q u e n c y w i l l hold c o n s t a n t w i th in 1%. T h i s is p o s s i b l e only b e c a u s e of the 
f a s t r e s p o n s e i n h e r e n t in t h e r e a c t o r , w h i c h can be safe ly u t i l i z e d wi th p r o p ­
er c o n t r o l loop d e s i g n . T h a t t h i s i s p o s s i b l e can be s e e n f r o m t h e fol lowing 
s e q u e n c e of e v e n t s . 

C o n s i d e r the s y s t e m to b e o p e r a t i n g a t n o r m a l output v o l t a g e and 
f r e q u e n c y but a t z e r o load c u r r e n t . F u l l - l o a d c u r r e n t i s sudden ly s w i t c h e d 
on. T h e k i n e t i c e n e r g y a l r e a d y in t h e r o t a t i n g s y s t e m p r o v i d e s the p o w e r 
i m m e d i a t e l y r e q u i r e d . The a u x i l i a r y f e e d b a c k p a t h s e n s e s t h i s change of 
c o n s u m e d p o w e r and , by v i r t u e of a su f f i c ien t ly h igh ga in in the a u x i l i a r y 
loop, i m m e d i a t e l y i n c r e a s e s n e u t r o n d e n s i t y by an a m o u n t e q u i v a l e n t to the 
change in c o n s u m e d p o w e r . T h u s , by t h e t i m e the l o s s of k i n e t i c e n e r g y of 
the s y s t e m h a s r e s u l t e d in open ing of t h e t h r o t t l e v a l v e , the p o w e r g e n e r a t e d 
in the r e a c t o r i s a l r e a d y s e t a t t h a t p r e s s u r e wh ich wi l l be r e q u i r e d to m a i n ­
t a i n t h e r e q u i r e d p r e s s u r e a t the t u r b i n e input 

The d y n a m i c c h a r a c t e r i s t i c s of t h e r e a c t o r depend upon the i n t e r ­
a c t i o n of the i n t e r n a l f e e d b a c k s w h i c h a r e in the r e a c t o r by d e s i g n and the 
r e a c t i v i t y i m p o s e d by the m o v e m e n t of the r e f l e c t o r in r e s p o n s e to power 
c h a n g e s . 

A c h a n g e in p o w e r l e v e l i n i t i a t e s the m o v e m e n t of the r e f l e c to r . The 
i n t e r n a l f e e d b a c k s modi fy t h e ef for t of t h e r e f l e c t o r to ad jus t the r e a c t o r to 
the d e s i r e d p o w e r l e v e l . 

T h e d y n a m i c s of the r e a c t o r a r e then d e p e n d e n t upon the d e s i g n e r . 
T h e w o r t h and m o v e m e n t of t h e r e f l e c t o r m u s t be m a t c h e d to the c h a r a c ­
t e r i s t i c s of t h e i n t e r n a l f e e d b a c k s so a s to r e t u r n the r e a c t i v i t y m u l t i p l i c a ­
t ion f a c t o r to one a s swif t ly and s m o o t h l y a s p o s s i b l e a f t e r a change in the 
o p e r a t i n g c o n d i t i o n s of the r e a c t o r . 



The significant sou rces of feedback a r e cons idered to be those due 
to a change in the number of a toms of u ran ium per unit volume of core and 
to the var ia t ion in densi ty of the boiling m e r c u r y . 

The var ia t ion of reac t iv i ty due to a change in the volume of the co re 
w e r e de te rmined by calculat ions at s ta t ic s ta te conditions to be 

Ak /k = A(Ai /g) 

Ak/k = B ( A r / r ) 

Ak /k = C(Ap/p)f(t) 

The s t r u c t u r a l a r r a n g e m e n t of this core is quite s imi l a r to that of 
EBR-I , Mark III; the re fore , it is a s sumed that the mechan ica l c h a r a c t e r i s ­
t ics will be the same and that they will modify the feedback due to volume 
change in the same manner . 

The r e a c t o r w^ith i ts feedback m e c h a n i s m s is cons idered to consti tute 
a closed loop sys t em which wil l respond in some nonl inear manner to a v a r ­
iation in reac t iv i ty caused by an induced movement of the re f lec tor . 

The solution of the equations which compr i s e this sy s t em a r e the 
r e a c t o r k ine t ics , the equations which define t e m p e r a t u r e d is t r ibut ion in the 
fuel and s t r u c t u r e a s a function of t ime , the equations which define the non­
l inear movement of the fuel r ods in r e sponse to the t h e r m a l forcing functions 
and the equations which r e l a t e a d i s tu rbance of dynamic equi l ibr ium of the 
boiling m e r c u r y to reac t iv i ty . The two las t groups of equations a r e unique to 
this p a r t i c u l a r r e a c t o r . 

7-1 Equations 

All of the equations defining the concomitant physica l phenomena 
which significantly affect in t e rna l feedback in the r e a c t o r during the per iod 
of pe r tu rba t ion a r e der ived f rom ana lys i s of the phys ica l c h a r a c t e r i s t i c s of 
the co re . 

The equations which d e s c r i b e the phenomena fall into five ca tegor ies : 

(a) neutron kinet ics ; 
(b) heat t r ans fe r in m e t a l s ; 
(c) e las t ic i ty in m e t a l s ; 
(d) nonl inear mechan ics of me ta l expansion; and 
(e) dynamics of boiling m e r c u r y . 



(a) N e u t r o n K i n e t i c s 

dn - ^ n ( t ) + kex(t) (1 -/3)no 

dt i 

dCi ^in(t) + kex( t ) f^i^o 
d t Z 

1 h^i 
i = i 

XiCi ; (i = 1 - * 6 ) 

Eq. 7-1 

Eq. 7-2 

i = 1 X 10 - 7 
s e c 

Keep in C o n s t a n t s 

/3i Xi 

1 
2 
3 
4 
5 
6 

Heat T r a n s f e r 

0 .000234 
0 .001377 
0.001257 
0.002760 
0 .000974 
0.000228 

in M e t a l s 

0.0127 
0.0318 
0.1153 
0.3110 
1.4000 
3.8700 

Hea t g e n e r a t e d in the u r a n i u m by f i s s ion flows to the s u r f a c e of 
the u r a n i u m by conduc t ion . It c o n t i n u e s t h r o u g h the n o n g e n e r a t i n g s t e e l 
c ladd ing by conduc t ion and , a t the o u t e r s u r f a c e of the s t e e l , i s t r a n s f e r r e d 
to the m e r c u r y by c o n v e c t i o n and conduc t ion . 

It i s a s s u m e d tha t the c u r v e s of p o w e r v s . the d i s t a n c e a long the 
long i tud ina l and r a d i a l a x e s do not change shape and tha t the l e v e l of power 
v a r i e s d i r e c t l y a s the n e u t r o n d e n s i t y . 

The b a s i c e q u a t i o n s of hea t flow for th i s p a r t i c u l a r a r r a n g e m e n t 
a r e c o n s i d e r e d to be : 

1. R a d i a l t e m p e r a t u r e d i s t r i b u t i o n in the u r a n i u m 

aT(r,t) ^ y T ( r t) ^ 1 5 T ( r , t ) 
o r ^ r or + — q t 

no 
Eq. 7 -3 

H e a t i s a s s u m e d to be g e n e r a t e d u n i f o r m l y and no a c c o u n t i s t a k e n of the 
effect of a x i a l flow of h e a t . 

2. R a d i a l t e m p e r a t u r e d i s t r i b u t i o n in the s t e e l c ladding 

S^T( . ST(r . t ) 

a 
r , t) 1 5T(r . t )1 
—J— + ^ -I- 0 r r 6r J Eq. 7-4 



3. Heat t r a n s f e r r e d from the surface of the s teel cladding to 
liquid Hg 

Q - hS ^^^' ~ ^^^'^ '^'^^^ ~ '-^^g'^ . Eq. 7-5 

\ Ts2 - THg2 / 

It was not feasible to a t tempt a continuous solution of these 
fundamental equations of heat flow with an analog computer . It was n e c e s ­
sary to r e s o r t to a step solution of the t h e r m a l equations. The fuel rods 
were sect ional ized into cyl indr ical shel ls of th ickness AR and length AZ 
(see Fig . 7-2). The ave rage conditions in each cyl indr ical e lement w e r e 
summed over the volume of a rod. The ave rage t e m p e r a t u r e in an e lement 
of volume 27TriAzj was de te rmined from the t ime-dependent heat balance on 
the e lement : 

Storage = generat ion -f enter ing - leaving. 

The inlet m e r c u r y t e m p e r a t u r e to e lement A Zj is the outer 
m e r c u r y t e m p e r a t u r e f rom the e lement A Z j . i . Log mean t e m p e r a t u r e dif­
fe rences were used between s teel and Hg in computing the convection heat 
t r ans fe r . The convection heat t r ans fe r r a t e in each fluid phase of the m e r ­
cury is a function of velocity, the geomet ry of the flow channel and the t e m ­
p e r a t u r e of the m a t e r i a l s involved in the heat t r ans f e r . 

A rod w^as not a s sumed to be homogeneous but b imeta l l i c , the 
s teel being a nongenerat ing conductor and playing a significant p a r t in the 
calculation of Ai/Z and A r / r . 

(c) E las t i c i ty in Metals 

The rad ia l s p a c e r s bet'ween the rods a s s u r e that the center l ines 
of the rods r e m a i n essen t ia l ly in the s ame re la t ive posi t ion and that the 
force of t h e r m a l expansion is e x p r e s s e d as s t r a in energy in the me ta l s of 
the co re . As the t e m p e r a t u r e s of the me ta l s i n c r e a s e , the re is compres s ion 
of the rods and s p a c e r s , but s t re tching of the s t r u c t u r e containing them. 
Concurrent ly , the volume of the u ran ium i n c r e a s e s , the volume of m e r c u r y 
d e c r e a s e s , the veloci ty of the m e r c u r y i n c r e a s e s , the convection heat t r a n s ­
fer r a t e i n c r e a s e s , the mic roscop ic c r o s s sect ions of isotopes change, and 
there is a Doppler effect. All of these apparent ly have l i t t le effect upon r e ­
activity, except for the changes in the number of a toms of u ran ium and 
m e r c u r y per unit volume of core . 

The effect of axial expansion is that of inc reas ing the length of 
the rods and of the s t r u c t u r e . The rods at the center of the core will t r y 
to expand m o r e than the rods at the pe r iphe ry . Any plane which was p e r ­
pendicular to the center line of the core axis at the s t eady- s t a t e condition. 



except that plane through the peak of the neutron buckling along the axis , 
will appear as a surface of revolut ion during the change in power and 
possibly after . 

The actual expansion of any rod is dependent upon t he rma l con­
dit ions, and the r e s t r a in ing effect occasioned by contact with adjacent rods 
or shell , as each rod a t t empts to move through the compacted bundle of 
rods . 

The amount of r e s t r a i n t depends upon the interface contact 
p r e s s u r e between adjacent longitudinal e lements . This p r e s s u r e is due to 
manual clamping and to r e s t r a i n e d rad ia l t he rma l expansion. Throughout 
the range of t e m p e r a t u r e the coefficient of expansion of s ta in less steel is 
g r ea t e r than the equivalent coefficient of expansion of the bimetal l ic rod. 

The coefficient of expansion of s ta in less s teel is near ly con­
stant over the range of t e m p e r a t u r e s to which it is subjected, but the coef­
ficient of u ran ium v a r i e s widely over the range of t e m p e r a t u r e . The 
coefficient of u ran ium is expres sed as a function of t e m p e r a t u r e in the 
model . 

The r e s t r a in ing effect of the cladding upon the radia l and axial 
expansion is cons idered f i rs t and then the effect of the rad ia l s p a c e r s . 

The uran ium rod is clad with a drawn-on s tee l tube. The ab ­
solute t e m p e r a t u r e s in the u ran ium a r e higher than those in the steel, and 
the coefficient of expansion of the u ran ium is approximately th ree t imes 
that of the s teel . The u ran ium w^ill be in compress ion and the s teel in ten­
sion. S t ra in -energy methods a r e used to de te rmine how much the uranium 
can expand against the r e s t r a in ing influence of the s teel . Equi l ibr ium 
exis ts when the s t ra in energy of the u ran ium equals the s t ra in energy of the 
steel , and the i nc r ea se in length and d iamete r of the uran ium and steel will 
be that concomitant with this condition. 

The clad rod p r e s e n t s a th ree -d imens iona l p rob lem in e l a s t i c ­
ity. However, in the i n t e r e s t of s implic i ty it is t r ea ted as a two-dimensional 
and an axial s t r a in problem. 

The expansion of the u ran ium in the b imeta l l ic rod provides al l 
of the driving force and p a r t of the re ta rd ing force assoc ia ted with the move­
ment of the uran ium. 

Since the re a r e r ad ia l space r s assoc ia ted with each rod and since 
the bundle of rods is init ial ly clamped by a c i rcumferent ia l band, the center 
l ines of the rods r ema in essent ia l ly in thei r same re la t ive position and the 
energy of t h e r m a l expansion is converted to s t ra in energy in the metal of the 
core . 



The rad ia l movement of the uranium, r e t a r d e d only by the s teel 
cladding, is de te rmined from the condition that the i n c r e a s e in rad ius of 
the s tee l mus t equal the d e c r e a s e in the outer radius of the uranium. 

The difference in rad ius (6) of the u ran ium and s tee l f rom that 
which it would have been if both rod and cylinder were pe rmi t t ed to expand 
fully is de te rmined by equating the s t r a in energy in each; 

V . ^ ( a ^ + a D - ^ a ^ a t + ^ ^ T ^ t ' Eq. 7-6 

where 

V = Strain energy 

T = Shear s t r e s s 

Gj. ^ = Radial and tangential s t r e s s 

V - Po i s son ra t io 

A = C r o s s - s e c t i o n a l a r e a of rod or cylinder 

E = Modulus of e las t ic i ty . 

The boundary conditions a r e that Qj. is the p r e s s u r e at the inter­
face of the u ran ium rod and s tee l cylinder and that the der iva t ive of Oj. with 
r e s p e c t to r is ze ro at the center of the u ran ium rod: 

( A l ) = (aAT)3 + 6 Eq. 7-7 
s 

A[(aAT)u - (aAT)s - 6] - 6 + B(aAT)s W). -
where 

and 

s AB 

A - r [ l+a (T t=o - 27°C) - 6 ] ^ 

B = r [ l + a { T t . o - 27°C)]3 . 

Eq. 7-8 

The quantity, A r / r provides a clamping force in the core and 
blankets which is a function of the t h e r m a l conditions in the r e a c t o r . 

The summat ion of Ar / r is A R / R . 

The axial movement of the u ran ium re t a rded only by the s teel 
cladding is de t e rmined in a s imi l a r manner . 



The coefficients of t h e r m a l expansion of uranium and steel a r e 
different (cx^ >^"s)- Therefore , an i nc r ea se in t empe ra tu r e produces com­
p r e s s i o n in the u ran ium and tension in the s tee l . 

The unit elongation of both me ta l s must be the same on this 
b a s i s : 

Ai (aAEAT)u + (aAEAT)s 
^ f = - = ( A E ) , . (AE)3 • ^ ^ • ' - ' 

The effect of the r ad ia l s p a c e r s is that of holding the re la t ive 
spacing of the fuel rods nea r ly constant. As the rods tend to bend or buckle, 
they a r e r e s t r a i n e d by these r ad ia l s p a c e r s . The s t ruc tu ra l sys tem of the 
core is s ta t ical ly inde te rmina te , and the shape of the center line of a rod is 
that concomitant with energy equi l ibr ium. The contact p r e s s u r e between a 
s tee l spacer and fuel rod causes a much g r e a t e r re la t ive d e c r e a s e in d i am­
eter of the spacer and, thus , g r e a t e r s t r e s s . The space r s would be the f i rs t 
to be c o m p r e s s e d beyond the e las t ic l imi t as the t e m p e r a t u r e gradient in­
c r ea sed . As long as the t e m p e r a t u r e gradient is such that the space r s a r e 
not c o m p r e s s e d beyond the i r yield point, the bundle of cyl inders will r e tu rn 
to i ts or ig inal posit ion with point contact between pa ra l l e l cyl inders . If the 
rod is r e s t r a ined , r eac t ive couples (M) along the length of the rod t ry to 
reduce the cu rva tu re due to nonuniform heating (see Fig. 7-3). 

The s t r a in energy in a space r rod is the sum of that due to the 
bending moment and that due to the r ad ia l p r e s s u r e . If two e las t ic objects 
with convex sur faces a r e p r e s s e d agains t each other in the di rect ion of 
thei r common normal , the i r r e spec t i ve surfaces become flattened and high 
local s t r e s s is p re sen t . In the case of the rod and spacer the contact s u r ­
faces a r e na r row rec tang les of a width 2a which is a function of s t ra in 
energy in the rods : (5) 

(1) 

This rec tangle of width 2a is the contact surface with adjacent rods and s t ruc­
tu re . He re rj is the rad ius of the rod and v^ is the rad ius of the spacer . 

The p r e s s u r e P is de te rmined from a synthes is of tes t r e s u l t s . 
It was a question of de te rmin ing how tight was tight. 

(d) Nonlinear Mechanics 

If the he terogeneous a s s e m b l y of m a t e r i a l s compris ing the core 
and blankets and contained in the s t a in less s teel shel l expanded freely, the 
axia l movement of a rod would be given by Xf = A.̂ , but the re is mechanica l 
r e s t r a i n t so the movement is some other value X, which is Xf r e t a rded in 
t ime and modified in magni tude. 



An osci l la t ion of the forcing functions causes this a s sembly of 
m a t e r i a l s to expand and cont rac t a l te rna te ly . The mechanica l r e s t r a i n t s in 
the form of friction phenomena consti tute the damping in the forced osc i l ­
lation of a redundant e las t ic s t r u c t u r e . 

Since bowing and e las t ic buckling a r e obviously of l i t t le conse ­
quence in this pa r t i cu l a r r e ac to r , some nonlinear effects a r e due to 
mechanica l r e s t r a i n t s and friction phenomena. 

The mechanica l r e s t r a i n t s a r e due to friction bet-ween rods 
moving re la t ive to each other and to the i r containing s t r u c t u r e . The no rma l 
force in the friction phenomena is par t i a l ly due to ini t ial manual clamping, 
a re la t ively sma l l effect, and to rad ia l t h e r m a l expansion. 

When the bundle of rods becomes hot, t he re is a r andom t h e r ­
mal d is tor t ion and contact betw^een adjacent rods and between rods and 
s t ruc tu re . Since the bundle of rods is c lamped c i rcumferent ia l ly , an in­
c r e a s e in A r / r of each rod further i n c r e a s e s the no rma l forces at the s u r ­
faces of contact and thus i n c r e a s e s the r e s i s t a n c e to re la t ive movement of 
rods and s t r u c t u r e . Thus the free r e sponse to t h e r m a l forcing functions is 
modified. 

It would be imprac t i ca l to t r y to take into account the exact 
movement of every unit volume of the core . There fore , a dynamical ly 
equivalent model of core must be used. It is cons idered that the dynamic 
c h a r a c t e r i s t i c s of the var ia t ions in core d imension can be s imula ted by 
analogy to a single rod in a tightly bound bundle of r o d s . While this is not 
a refined analogy physical ly, it is cons idered to be a good dynamic s imula ­
tion and the constants a s soc ia ted with the equivalent friction phenomena a r e 
plausible . 

A rod is r e p r e s e n t e d by a s e r i e s of segments of m a s s m s e p ­
a ra t ed by spr ings which r e p r e s e n t the modulus of e las t ic i ty of the rod 
(Fig. 7-4). The force of t h e r m a l expansion is manifes t as a change in the 
equi l ibr ium length of the spr ings . The movement of each raass is r e t a r d e d 
by the friction force dragging on i ts sur face . The equation of motion of a 
m a s s m is cons idered to be that of a s imple harmonic osc i l l a tor with s tat ic 
and sliding coulomb friction forces added: 

mX = (gEA/ i ) (Xf-X) - cX - F - F^. Eq. 7-11 

For 0 < X < e : 

F r = MoN ; F - 0 

For X > e : 

F r = 0 ; F = /iN 



(e) Dynannics of B o i l i n g M e r c u r y 

The d e n s i t y of a bo i l i ng m i x t u r e in the c o r e of a f o r c e d -
c i r c u l a t i o n r e a c t o r d e p e n d s upon the fluid d y n a m i c c o n d i t i o n s ex i s t i ng in 
the s y s t e m . Any d i s t u r b a n c e to the e q u i l i b r i u m of t h e s y s t e m r e s u l t s in a 
v a r i a t i o n of the d e n s i t y of t h e m i x t u r e and t h u s in t h e r e a c t i v i t y wh ich feeds 
b a c k on t h e s i g n a l w h i c h d i s t u r b e d the e q u i l i b r i u m . The v a p o r i s s e p a r a t e d 
f r o m the m i x t u r e l e a v i n g the r e a c t o r . The v a p o r p a s s e s t h r o u g h the t u r b i n e , 
is c o n d e n s e d , and r e t u r n e d to t h e i n l e t of the r e a c t o r t h r o u g h a c o m m o n 
c h a n n e l . 

The fluid d y n a m i c s y s t e m ( F i g . 7-5) i s a c l o s e d c i r c u i t c o n s i s t ­
ing of c o n d u c t o r s in p a r a l l e l and in s e r i e s , wi th a p u m p in a s ing le l ine wh ich 
c l o s e s t h e c i r c u i t s . T h e s u m of t h e p r e s s u r e d i f f e r e n t i a l s a r o u n d any c l o s e d 
c i r c u i t in the sys t em, m u s t be z e r o for s t e a d y - s t a t e flow. 

The p u m p in t h i s s i n g l e l ine a s s u r e s t h a t the t o t a l flow a r o u n d 
the c i r c u i t w i l l be t h e s a m e , bu t t h e flow wi l l not be s t a b l e n o r p r o p e r l y 
p r o p o r t i o n e d in t h e p a r a l l e l c o n d u c t o r s u n l e s s they a r e d e s i g n e d c o r r e c t l y . 
T h e r e a r e a s m a n y d e g r e e s of f r e e d o m in the s y s t e m a s t h e r e a r e p a r a l l e l 
c o n d u c t o r s . F l u i d s t a b i l i t y in t h e p a r a l l e l c o n d u c t o r s , and e s p e c i a l l y in 
t h o s e in w h i c h h e a t t r a n s f e r i s o c c u r r i n g , r e q u i r e s t h a t f e a t u r e s be d e s i g n e d 
in to t h e r e a c t o r so t h a t a n y t e n d e n c y t o w a r d i n s t a b i l i t y w i l l d a m p out . 

The d e s i g n p r o c e d u r e i s t h a t of p o s t u l a t i n g a l i ke ly p h y s i c a l 
s y s t e m , c r e a t i n g a m a t h e m a t i c a l m o d e l of i t , and then p r e p a r i n g an e l e c ­
t r o n i c a n a l o g of t h i s m o d e l . T h e d e s c r i b i n g funct ion of the s y s t e m can t h e n 
be d e t e r m i n e d a n d t h e p h y s i c a l f e a t u r e s of t h e p o s t u l a t e d s y s t e m changed 
un t i l the s y s t e m h a s the d e s i r e d d y n a m i c c h a r a c t e r i s t i c s . 

The s i m p l i f i e d e q u a t i o n s for a s i n g l e , h e a t e d , p a r a l l e l c o n d u c t o r 
in t h e r e a c t o r a r e s e t f o r t h . T h e e q u a t i o n for t h e o t h e r g e o m e t r i c a l l y i d e n ­
t i c a l p a r a l l e l c o n d u c t o r s w i l l v a r y on ly in the a m o u n t of h e a t g e n e r a t i o n . 
T h e e q u a t i o n s for e a c h e x t e r n a l c i r c u i t a r e w r i t t e n b e c a u s e t h e r e a r e dif­
f e r e n c e s in t h e i r p h y s i c a l c h a r a c t e r i s t i c s . 

The e q u a t i o n s for t h e d y n a m i c m o d e l a r e : 

L iqu id h e a t i n g s e c t i o n 

Q = hNTTDZf ( L . M . T . D . ) Eq. 7 -12 

( L . M . T . D . = i n m e a n t e m p e r a t u r e d i f f e r e n c e ) 

w i th 

W T ^ p ( T s a t - T i ) 

h-7rD( L . M . T . D . ) 
Eq . 7 -13 
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w h e r e 

Bo i l ing s e c t i o n 

W5hf5 + ( I - X 3 ) W3hf3 = Wihfi 

(hf2-hf i ) W2 = q'-TTDZf 

X = q"7TDZfg/W3hfg 

a. 

(X3/I -X3) (Pf /Pg)"^ ^ 

2gcAc Pf 
iNi ( Z f g ) ( P f - P f g ) - ^ = 0 

Eq . 7 -14 

Eq . 7 -15 

Eq . 7 -16 

Eq . 7-17 

Eq . 7 -18 

The p r e s s u r e d i f f e r e n c e A P i s d e t e r m i n e d a s a funct ion W-j- f r o m the p u m p 
c h a r a c t e r i s t i c c u r v e . 

Pb 1 ^ 
2 Pf 

N2 = Pf 

N4 = 21! pj 

1 - -— + K 
Ad 

Eq . 7-19 

Eq- 7-20 

Eq . 7-21 

Eq . 7-22 

Y J- l^ l i l i ^Jd 
( l - a 3 ) p f a3Pg Pf 

Zfg N3 = PfR (5-^ 

/ A c 
N . = 2 p f ( -

+ (1 - X3)' 

Eq . 7 -23 

x: , Pf 

Ac 

/ Ac 

\ A p a p 
1 ' 

" a 3 

1 
Ap( l - t tp) 1 - a3 

N7 - (1 -a3)pf \A 

Eq. 7 -24 

Eq . 7 -25 

file:///Apap


a r e : 

f ^r\ 
Ns =PfR h f ^ f 

V-^r/ 

K - I -^ 11 - ^^\ ^^ X 
V Pi) Pg 

^fgo/o V Pf/ 

Condensing Section 

Pf 

Pg 
X 

Eq. 7-26 

^ne t = qa + q m + qs Eq. 7-27 

qs = C i T | Eq . 7-28 

q m = CzK - T ^ ) Eq. 7-29 

qa = C 3 ( T ^ - T | ) Eq. 7-30 

/ d P \ fG^(l - X ) ^ / ^ ^ N ^ ^ , , 
T 7 = - T^i-. \ T u b e s Eq . 7-31 

y d i / f PfD(2g) 

The t r a n s p o r t l a g s ( F i g . 7-5) a r o u n d the fluid d y n a m i c c i r c u i t s 

P a t h T 

1—^2 h e a t i n g l iquid m e r c u r y to s a t u r a t i o n t e m p e r a t u r e Ti_2 = Zf/V^ 

2—^3 bo i l ing m e r c u r y ( l iquid to v a p o r ) "^2-3 = ^ f g / ^ f g 

3—^4 r e a c t o r to c o n d e n s e r (vapor ) ^3-4 = -^3-4/^f 

4—^5 condens ing m e r c u r y (vapor to l iquid) '̂ '4-5 = 24_5/Vfg 

5 - ^ 6 c o n d e n s e r to p u m p (l iquid) ''"4-5 = -^4 -5 /^^ 

3 - ^ 6 r e a c t o r to p u m p ( l iquid) T-3-6 = Z i-b/V^ 

6 •"*• 1 p u m p to r e a c t o r ( l iquid) T"6-i = ^ 6 - 1 / ^ ^ 

The a b o v e 31 e q u a t i o n s c o n s t i t u t e the m a t h e m a t i c a l m o d e l of 
the r e a c t o r only . T h e a d d i t i o n a l e q u a t i o n s n e c e s s a r y to def ine a m o d e l of 
the e n t i r e pow^er p l an t a r e not i n c l u d e d in t h i s r e p o r t . 
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7-2 N o m e n c l a t u r e 

A a r e a ; c o n s t a n t 

B c o n s t a n t 

C c o n c e n t r a t i o n of n e u t r o n p r e c u r s o r s ; c o n s t a n t 

C£ c o n s t a n t of p r o p o r t i o n a l i t y 

c v i s c o u s d a m p i n g coef f ic ien t 

Cc c r i t i c a l v i s c o u s d a m p i n g coe f f i c i en t 

Cp s p e c i f i c h e a t 

D e q u i v a l e n t d i a m e t e r ; d i a m e t e r of r o d 

E m o d u l u s of e l a s t i c i t y 

F k i n e t i c f r i c t i o n f o r c e ; f i s s i o n p r o d u c t s 

F c c o n s t a n t n o r m a l f o r c e 

F j . s t a t i c f r i c t i o n f o r c e 

f f r e q u e n c y . F a n n i n g f r i c t i o n f a c t o r 

G m a s s flow 

g a c c e l e r a t i o n due to g r a v i t y 

g(, g r a v i t a t i o n a l c o n s t a n t 

h h e a t t r a n s f e r r a t e ; e n t h a l p y 

hfg h e a t of v a p o r i z a t i o n 

K l o s s coe f f i c i en t ; c o n s t a n t 

k t h e r m a l c o n d u c t i v i t y ; r e a c t i v i t y ; s p r i n g c o n s t a n t 

kgj^ e x c e s s r e a c t i v i t y 

1 n e u t r o n l i f e t i m e ; l eng th 

M r e a c t i v e coup le 

m m a s s 

N t o t a l n o r m a l f o r c e ; n u m b e r of r o d s 

n n e u t r o n d e n s i t y 

P p r e s s u r e ; p o w e r 

Q t o t a l h e a t 

q h e a t p e r un i t v o l u m e p e r un i t t i m e ; t o t a l h e a t 

q" h e a t f lux 

R r a d i u s of a r e g i o n ; t w o - p h a s e f r i c t i o n f o r c e m u l t i p l i e r ; t h i c k n e s s 



r radius of a rod 

5 surface for heat transfer 

T temperature 

t time 

U uranium 

V strain energy; velocity 

W mass flow 

X restrained motion of mass; wt-% of vapor 

Xf free motion of m 

X x/i ; vapor 

Xf Xf /^ 

Z total length of a rod 

a coefficient of expansion; jJ-o/^> vol-% of vapor; 

(6 fraction of delayed neutrons 

6 Ar concomitant with V; relative jump 

e an arbitrary velocity 

X decay constant 

^ damping ratio 

jLi kinetic friction coefficient 

/ig ratio friction coefficient 

p density 

a stress (plain) surface tension 

V Poisson ratio 

T stress (shear); time constant; transport lag. 

Subscripts' 

a lunar surface 

fg boiling phase 

c core 

d do-wncomer 

f liquid phase 

g vapor phase 



moon 

upper ref lec tor ; r ad ia to r ; r ad ia l 

s epa ra to r ; surface; s teel ; space; sun 

total 

tangential 

u ran ium 

> points in fluid c i rcu i t (see Fig. 7-5) 
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8-0 WEIGHTS 

The weights of the power plant a r e l is ted in F ig . 8 - l a n d a r e stated 
in three ways . Column one is based on the ent i re plant being made of 5% 
chromium-1 /2% molybdenum steel alloy. As stated e lsewhere in this r e ­
port, this ma te r i a l is well proven for use with m e r c u r y . Column two is the 
same as column one except that the radia tor and associa te manifolds a r e 
based on the use of t i tanium alloy. Whether or not this may be used in con­
tact with m e r c u r y at the operating conditions of p r e s s u r e and t empera tu re 
will depend upon the resu l t s of a long- t e rm program now in p r o g r e s s . If 
its use is possible , a weight saving of 1878 kg will r esu l t . The third col­
umn is based on the use of a titaniunn p r e s s u r e vesse l lined with steel and 
a radia tor using magnesium tubing with a s teel l iner (Fig.4-12 type "F" ) , 
If proven prac t ica l , this concept will resu l t in a weight saving of 3008.2 kg 
over the steel plant in column one. In all three concepts the base and sup­
porting s t ruc tu re a r e made of magnesium alloy. 

A detailed analysis of all components can resu l t in further weight 
reduct ions . 

FIG. 8-1 

POWER PLANT WEIGHTS 
(Radiator Design No. 2 Used as an Example; AM Weight in Kiiograms) 

1 
Aii Steel, 
Except Mg 
Base and 
Supports 

Steel Reactor 
Ti Radiator 

Mg Base 

3 
Combination Steel 

and Ti Reactor, 
Mg-clad Radiator, 

Mg Base 

REACTOR 

Pressure Vessel, Ducts, Grids, Separation 
Plates, and Misc. Hardware 

Core 

Reflector Controls and Operating 
Mechanisms 

Turbine and Pumps 

Generator 

Compressor 

Reactor Total 

Base and Radiator-Scaffold 

RADIATOR 

Radiator Tubes 

Manifolds 

Misc. Hardware 

Valves and Hoses 

Radiator Total 

Mercury Inventory 

Total Plant Weight 

Weight, kg/kwt 

Weight, Icg/kwe 

1062.2 

686.5 

637.8 

318.0 

454.0 

27.0 

3185.5 

133.0 

3450.8 

807.0 

429.7 

477.0 

5164.5 

1315.0 

9798.0 

1.225 

9.798 

1062.2 

686.5 

637.8 

318.0 

454.0 

27.0 

3185.5 

133.0 

1929.0 

451.0 

429.7 

477.0 

3286.7 

1315.0 

7920.2 

.990 

7.920 

920.0 

686.5 

574.0 

318.0 

409.0 

24.0 

2931.5 

133.0 

1052.0 

451.0 

429.7 

477.0 

2409.7 

1315.0 

6789.2 

.849 

6.789 



9-0 SITE 

Man's f i rs t space frontier will be the Moon. For this task, an 
enormous expenditure of energy has been d i rec ted to el iminate as many 
unknowns as possible . Some geological considerat ions for locating a "best" 
a r e a for establishing lunar bases have been repor t ed by the U.S. Geological 
Survey and the Army Enginee r s . A compilation of lunar photographs was 
used as the bas is for this f i rs t study. Fu r the r geological studies will in­
clude the "hard" and "soft" landing of lunar probes for data repor t ing. 
Other future lunar probes that orbi t the moon will be util ized to observe 
m i c r o m e t e o r i t e pa r t i c les in a gravi ta t ional environment other than E a r t h ' s 
and to study the blocking effect that Ea r th has on the passage of par t ic les 
from var ious d i rec t ions in space toward the moon. 

F r o m ear th , me teo r i c phenomena have been observed which help in 
the L P - 1 site select ion. We observe the frequency of m e t e o r s on Ea r th to 
be approximate ly four t imes g r e a t e r in the dawn than in the evening. The 
lunar s i te should be so located that during the E a r t h evening it would be 
facing the Ear th . This position pro tec t s the site during the Ea r th morning 
when the forward side of the Ea r th is slightly m o r e exposed to me teo r i c 
bombardment (see Fig. 9-1). 

Meteor showers and s w a r m s a r e genera l ly named for the posit ions 
of the rad ian t s they produce among the conste l la t ions . Meteor showers 
occur only where the orbi t of the swa rm c r o s s e s the E a r t h ' s orbi t and 
when the E a r t h and swarm a r r i v e coincidently on that path (see Fig. 9-2). 
This occasion de te rmines the date of the shower. Examples of this dating 
would be the two me teo r showers that a r e a s soc ia ted with Hal ley 's comet; 
they a r e the Eta Aquarids in May and the Orionids in October. For nnore 
examples of me teo r showers , their intensity, and their penetrat ing power, 
see Tables 9-1 and 9-2. E a r l y lunar space invest igat ions should de te rmine 
accura te ly the direct ion and intensi ty of the major i ty of expected showers 
that i n t e r sec t the Ea r th -moon orbit ; with this information it can be d e t e r ­
mined on which moon hemisphe re the si te would be safest from meteor 
incident. 

Lunar power station te levis ion communicat ion with Ea r th will 
provide a v isua l r e c o r d during the expedition. Television t r a n s m i s s i o n 
waves t r ave l in s t ra ight l ines; this r equ i r emen t a l so places the site on or 
nea r the side of the moon, always facing Ear th . 

F r o m a rad ia to r safety view point, a min imum meteoro id flux 
appears to be the c r i t e r ion to use in the si te select ion for the U.S. L P - 1 
power station. Unless t he re a r e unforeseen r e a s o n s , it appea r s the L P - 1 
will be located in the a r e a indicated on Fig. 9 -3 . A choice si te in this a r e a 
could be the level t e r r a i n of Mare Imbrium, Mare Seren i ta t i s , or Mare 
Cr i s ium. 



Table 9-1 

METEOR DATA 

Name 

Nocturnal 

Quadrantids 

Lyr ids 

P e r s e i d s 

Giacobinids 

Orionids 

Taur ids 

Leonids 

Geminids 

Urs ids 

Daylight 

•/]-Aquarids 

P i sc ids 

Ar ie t ids 

f^-Per seids 

5 4 - P e r s e i d s 

3-Taur ids 

: ' -Orionids 

'".-Geminids 

X-Geminids 

'3-Aurigids 

Date of 

Maximum 

Jan. 3 

Apr i l 21 

Aug. 12 

Oct. 10 

Oct. 19 

Nov. 3-10 

Nov. 16 

Dec. 12 

Dec. 22 

May 4 

May 7 

June 4 

June 6 

June 26 

July 3 

July 12 

July 12 

July 12 

July 25 

Mean Hourly 
Rate at 

Maximum 

100^ 

10^ 

50^ 

1,400^ 

15^ 

10^ 

10^ 

60^ 

10^ 

10^ 

30^ 

60^ 

40^ 

30^ 

40^ 

50^ 

60^ 

30^ 

2 0 " 

Duration 
(days) 

2 

2 

12 

0.2* 

10 

27 

5** 

5 

1 

10 

9 

6 

15 

8 

10 

5 

5 

5 

11 

*Giacobinids show apprec iab le display only occasional ly (about 
once in every 12 yea r s ) 

**Leonids show occasional concent ra ted displays (periodici ty 
33 y e a r s ?) Hourly r a t e given is the n o r m a l one. 

r = from r a d a r observat ions v = from visua l observa t ions 
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Table 9-2 

THE PENETRATING POTENTIAL OF METEOROIDS 

M e t e o r 

V i s u a l 

M a g n i ­

t u d e 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

T o t a l 
K i n e t i c 
E n e r g y 

( e r g s ) 

1.0 X 10^^ 

4 . 0 X 10^^ 

. 6 x 10^^ 

6 .3 x l O " 

2 . 5 X l O " 

1.0 X l O " 

4 . 0 X 10^° 

1.6 X 10^° 

6 .3 X 1 0 ' 

2 . 5 X 1 0 ' 

1.0 X l O ' 

4 . 0 X 10^ 

1.6 X 10^ 

6 .3 X 10^ 

2 . 5 X l O ' 

1.0 X 10^ 

M a s s 
( g m ) 

1.25 

0 . 5 0 

1.98 X 10"^ 

7 .9 X 10"^ 

3 . 1 X 1 0 " ^ 

1.2 X 1 0 " ^ 

5.0 X 10"3 

2 . 0 X 10-3 

7 .9 X 1 0 - ^ 

3 .1 X lO-'^ 

1.2 X IQ-'^ 

5 .0 X 10"^ 

2 . 0 X 1 0 - ^ 

7 .9 X 1 0 " ^ 

3 . 1 X 1 0 " ^ 

1.2 X 1 0 - ^ 

R a d i u s 

( c m ) 

0 . 4 6 

0 . 3 4 

0 . 2 5 

0 . 1 8 

0 . 1 4 

1.0 X 10"^ 

7 . 4 X 10"^ 

5 .4 X 1 0 " ^ 

4 . 0 X 1 0 " ^ 

2 .9 X 1 0 - ^ 

2 . 2 X 1 0 " ^ 

1.6 X 1 0 " ^ 

1.2 X 1 0 " ^ 

8 .6 X 10-3 

6 .3 X 10-3 

4 . 6 X 10-3 

P r o b a b l e 

E n c o u n t e r 

p e r 2 4 h r 

1.2 X 10-8 

3 .1 X 10"8 

7 .7 X 10"^ 

2 .0 X l O - ' ' 

4 . 9 X 10-'^ 

1.2 X 1 0 " ^ 

3 . 1 X 1 0 " ^ 

7 .7 X 1 0 " ^ 

2 . 0 X 1 0 - 5 

4 .9 X 1 0 " ^ 

1.2 X 1 0 " ^ 

3 .1 X 1 0 - ^ 

7 .7 X 1 0 - ^ 

2 .0 X 10-3 

4 .9 X 10-3 

1.2 X 10~2 

P e n e t r a ­

t i o n i n 

A l ( c m ) 

10 .9 

8 .0 

5.9 

4 . 3 

3 .2 

2 . 3 

1.7 

1.3 

0 . 9 3 

0 . 6 9 

0 . 5 1 

0 . 3 7 

0 . 2 7 

0 . 2 0 

0 . 1 5 

0 . 1 1 
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10-0 INSTRUMENTATION* 

The ins t ruments assoc ia ted with the control sys tem of this power 
plant have not been designed at this t ime . 

A qualitative discuss ion of the ins t rumenta t ion for the unique duty 
follows. 

10-1 Ionization Chambers 

The p resen t s tate of the a r t has produced ionization chambers that 
have withstood 650° C for a l i t t le over 1000 hours at modera te radiat ion 
l eve l s . It is not c lear that the no rma l p r o g r e s s in the next few ye a r s will 
be able to i nc rease the l ifetime by a factor of 20. 

The major factors st i l l to be invest igated a r e the effects of r ad i a ­
tion damage on the r e s i s t ance of the feedthrough sea l s , the combined ef­
fects of t e m p e r a t u r e and radiat ion damage on s t ruc tu ra l pa r t s , and the 
adhesion or diffusion of the sensi t ive m a t e r i a l (U^'S) into the walls of the 
chamber . 

It is known that the p re sen t -day c e r a m i c sea ls show a d e c r e a s e in 
r e s i s t ance as a r e su l t of radiat ion damage or high t e m p e r a t u r e . It is not 
known if the 1000° t e m p e r a t u r e will have an annealing effect upon the r a ­
diation damage or whether these two effects a r e addi t ive . However, the 
saving factor in this case is that the input impedance of the e lec t ronic c i r ­
cuits can be low enough so that a ve ry high insulat ion r e s i s t ance is not 
needed (l megohm is sufficient). 

Also, it is not known what l o n g - t e r m effect a high t e m p e r a t u r e will 
have upon the diffusion of the u ran ium into whatever m a t e r i a l s is used to 
cons t ruc t the ionization c h a m b e r . Probably t i tanium will be used if u r a n i ­
um will adhere to i t . With the p r e sen t flux of 2 x 10^* n/(cm^)(sec) and the 
weighted c r o s s sect ion for U 3̂5 Qf j 5 ba rns , the burnout over a two-year 
per iod is l e s s than ^% . A coated a r e a of about ten square cen t ime te r s 
would be sufficient to give us a cu r r en t output at full power of about one 
m i l l i a m p e r e . 

One other factor that should be invest igated is the effect of 
long- t ime high t e m p e r a t u r e upon welds . The problem is not pa r t i cu la r ly 
se r ious on ear th , where the p r e s s u r e is the same on both s ides of the weld. 
However, on the moon ' s surface there will be a 15-pound differential ex i s t ­
ing a c r o s s the weld, and under these conditions a slight leak would be 
se r ious over a two-year per iod . 

* D. C. Thompson of the E lec t ron ic Division of the Argonne National 
Labora to ry , 9700 South Cass Avenue, Argonne, I l l inois . 
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10-2 Cables 

The p resen t day state of cable making has produced seve ra l cables 
that, at l eas t the manufac turer c la ims , can be opera ted at 538° C. As far 
as is known, they have been tes ted only for a few hundred hours at these 
t e m p e r a t u r e s . The one cable that has been checked at Argonne for r e s i s ­
tance at 538° C gave a reading of 500 megohms, which is m o r e than adequate 
for ionization chamber u s e . 

The same prob lems of radia t ion damage that a r e mentioned under 
ionization chambers also apply h e r e . The common prob lem to both cables 
and ionization chamber s , as far as r e s i s t ance is concerned, is the t i m e -
t e m p e r a t u r e - p o w e r curve; that i s , if one can br ing the r eac to r up near the 
operat ing point f lux-wise fas ter than the t e m p e r a t u r e r i s e s , the instal la t ion 
prob lem will not be ve ry s e v e r e . However, if one has to get the r eac to r up 
to t e m p e r a t u r e and then br ing it up to full power, it may be difficult to m a i n ­
tain sufficiently high cstble r e s i s t a n c e s . 

10-3 Elec t ron ic Ins t ruments 

There a r e two major channels that will be requi red : one is the level 
indicator , and the other is the period indica tor . The r equ i r emen t s for these 
two channels a r e that they mus t have a wide dynamic cu r r en t input range , 
opera te for two y e a r s v/ithout fai lure, be smal l and light weight, and r equ i r e 
a smal l amount of power to ope ra t e . 

The s ta r tup flux would give such a low cu r r en t reading from the ion­
izat ion chamber that magnet ic ampl i f i e r s a r e out of the question at these 
fluxes, but they a r e cer ta in ly one of the answers at - or near - the operat ing 
power leve l . It appea r s that the answer to this would be two se t s of i n s t r u ­
ment s : one for s ta r tup and the in te rmedia te range, and one set for the two-
year operat ion at the fixed power level . The f i r s t set of i n s t rumen t s could 
be of a va r i e ty which have low re l iabi l i ty and whose de tec to r s will be de l ib­
e ra te ly sacr i f iced . The p r e s e n t - d a y state of the a r t is sufficient to produce 
both se ts of in s t rumen t s if the two-year set is opera ted r emote ly . Exclud­
ing power supplied, each ins t rument can be built in a 7 .6 -cm cube with our 
p r e sen t knowhow. That s ize can be reduced if n e c e s s a r y by spec ia l m i n i a ­
tur iza t ion techniques . 

10-4 Detector Locat ions 

The choice of the detector location is dic ta ted by seve ra l f ac to r s . 
Among these is the value of the flux, t e m p e r a t u r e , absence of shadowing 
due to the motion of control rods , and the absence of any nearby m a t e r i a l 
which could change the energy spec t rum of the flux. With these cons ide r ­
at ions in mind, it appears that the bes t choice is underneath the a l t e rna to r 
by the gas c o m p r e s s o r . The advantage of this location is that the de t ec to r s 
a r e not shadowed by the motion of the control rods , and the min imum flux 



they see is somewhat l e s s than it would be at the interface between the core 
and the control rod, and the t e m p e r a t u r e is lower . Hopefully, the gas 
used to cool the c o m p r e s s o r will not have a gamma-neu t ron reac t ion . 

10-5 Dynamic Range 

In consider ing the operat ing set of i n s t rumen t s , the prac t ica l l imit 
of the dynamic range for both the l inear level and period channels is about 
eight decades . This is based on the chamber cu r r en t of 1 ma at full-power 
opera t ion . The t ime constant of the l inear level channel, assuming 0.8 km 
of cable, will be in the o rde r of l e ss than 1 m s e c at full power. This will 
a lso hold t rue for the period m e t e r . However, r ea l problems occur in the 
period m e t e r when one is operat ing at a sma l l e r cur ren t , in that the t ime 
constant will i nc rease inverse ly proport ional to the cu r r en t . This means 
that at 10"^° amp the t ime constant of the period m e t e r with 0.8 km of cable 
will be in the o rde r of lO'^^^^sec. For use in controll ing a fast r eac to r , 
this t ime constant s eems out of the quest ion. There a r e two possibi l i t ies 
of overcoming this p rob lem. One may come about in the next few y e a r s in 
the development and use of r ad i a t i on - r e s i s t an t components which can be 
built into a p r e - a m p package located c loser to the r eac to r which reduces 
the cable capaci ty . The second way is to provide two se t s of i n s t r u m e n t s . 
The init ial s t a r tup ins t rumenta t ion will reduce the requ i red dynamic range 
of the operat ional channels . If the r eac to r has a one-watt source or has a 
shutdown power of one watt, the r eac to r itself will cover only seven decades , 
so that a compromise cer ta in ly can be made in overlapping r a n g e s . 

The s ta r tup ins t ruments will use l a r g e r de t ec to r s , so that one has a 
l a r g e r signal and a sma l l e r t ime constant to contend with during the s ta r tup 
and in te rmedia te range opera t ion. At some p rede te rmined c u r r e n t output 
of these i n s t rumen t s , the m a s t e r p r o g r a m m e r can be made to switch over 
to the operat ing set of i n s t r u m e n t s . The de tec to r s for the s t a r tup channels 
can be located essen t ia l ly on the ground level outside of the r e a c t o r . The 
s t a r tup ins t rumen t s will probably have to be s o l a r - b a t t e r y powered. The 
radiat ion damage on this set will cer ta in ly be grea t enough so that they will 
be inoperat ive after a ve ry shor t per iod of operat ion at full power. This in ef­
fect will prevent a second s ta r tup of the r e a c t o r . 

10-6 The Mas te r P r o g r a m m e r 

Being located roughly 0.8 km away from the r eac to r and hopefully 
with some shielding due to the i r r e g u l a r surface of the moon, the p r e s e n t -
day techniques of cons t ruct ion fo resees no difficulties in building this p a r t i ­
cular unit, but the re may be problems with some of the p r e s s u r e and t e m p e r a ­
tu r e and other t r a n s d u c e r s as far as radiat ion damage is concerned . However, 
with a li t t le thought both p r e s s u r e and t e m p e r a t u r e can be suitably t r ansduced 



by s e v e r a l means , such that the radiat ion damage will not be a problem. 
It is believed that c e r a m i c - c o a t e d wi re will give sufficient insulation to 
p e r m i t the operat ion of these t r a n s d u c e r s . 

Both period and level information have been a l r eady used to p ro ­
vide, not only a ve ry stable r e a c t o r power level, but a s e m i p r o g r a m m e d 
s t a r tup . 


