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1. Homogeneous aqueous reactor (H.A.R.) systems have been the subject of 
a feasibility study at A.E.R.E., Harwell, since 1954. Biis paper presents the 
results of our investigations on some of the more important of the chemical and 
chemical engineering problems involved. Mich of the feasibility study has 
been devoted to a two-zone H.A.R, based on a urtmyl sulphate solution core of 
the same type as that developed at Oak Ridge, U.S.A. TIas chemical studies 
have ranged more widely through the possible H.A.R. systems, however, and we 
will discuss primarily those aspects which differ fr(»n the Oak Ridge design. 

2. A.description of the various types of H.A.R, has appeared in a recent 
publioationv^^ and it is considered unnecessary to include a general 
discussion of them here. 

1. AQUEOUS SOLUTION STUDIES 

1,1 The Corrosion Problem of the Two-Zone System 

3. The major factor which is holding back the rapid developaent of a 
two-zone H.A.R, system (?faich has nuclear advantages over a single-aone 
system) is the requirement for a neutron "window*» vessel between the fissile 
core and the fertile blanket. This vessel must be transparent to neutrons, 
have reasonable mechanical strength to withstand pressure transients, and have 
good corrosion resistance to the working fluids. 

4. Since aluminium has neither good mechanical strength nor sufficient 
corrosion resistance to aqueous solutions at 3OOOC., and since little is 

(3) Wells, I., and Newby, D. The hanogeneous aqueous reactor. 
Nuclear Engineering, 2: 14J6-151, 2: 275-2U5 (1957). 

*U.K. Atomic Energy Authority, A.E.R.E., Harwell. 
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known of low neutron cross sec t ion beryll ium, the choice for the window 
mater ia l i s r e s t r i c t e d to hafnium-free zirconium a l l o y s . Titanium and 
niobium may a l so be considered, but t h e i r neutron cross sec t ions are too high 
for use of these metals throughout the core vesse l - they could perhaps be 
used as l i n i n g s to a zirconium vessel i f they were found to have superior 
corrosion r e s i s t a n c e . t^i-x"* 

^nnon^\ ^^® ° ° ' ^ "'^^^^•^ ' ^ ^ ' ^ ^ subject to corrosion a t temperatures up to 
300°G. by an aqueous f i s s i l e so lu t ion on the ins ide and an aqueous f e r t i l e 
s lu r ry on the ou ts ide . Discussion of the corrosion problem below i s 
r e s t r i c t e d to the core f l u id . 

6. A solu t ion core for an H.A.R. might cons i s t of uranyl f luor ide , 
n i t r a t e , carbonate or su lphate . Under su i t ab l e pH condi t ions each of tinee eon-
pounds would have ample s o l u b i l i t y for use i n the reac tor ; a l l other com­
pounds may be el iminated on grounds of neutron economy. Since i t i s necessary 
to base the construct ion of the core vesse l on zirconium, we may neglect the 
use of uranyl f luor ide : excess hydrofluoric ac id necessary to prevent 
hydrolysis would have a ser ious e f fec t upon corros ion. 

^•T ^* ^ 2 ^ ^ ° ° ^ ' ™ r e l i e s for i t s corrosion r e s i s t ance upon a p ro tec t ive oxide 
fi lm. The r a t e a t which the metal i s transformed i n t o oxide by the 
ou t -o f -p i l e corrosion reac t ion i s dependent upon di f fus ion processes taking 
place within the oxide ^^-1. Unless the diffusion constants of the oxide can 
be modified by the inc lus ion of ions from the so lu t ion , the so lu t ion composi­
t ion woula be expected to have a neg l ig ib l e e f fec t upon the corrosion r a t e . 
This expectat ion i s confirmed by the r e s u l t s a v a i l a b l e . For ins tance 
corrosion experiments a t A.E.R.S. have shoyoi tha t the out -of -p i le corrosion 
behaviour of z i rca loy-2 i n standard t e s t so lut ion i s i d e n t i c a l with t h a t 
repor ted by Th<anasi.2; for corrosion by pure water. The standard t e s t so lu­
t ion i s defined a s : 0.04 M. uranyl sulphate, 0.02 M. sulphuric ac id and 
0.005 M. cupric sulphate . Thomas a l so l i s t e d a considerable nuniber of 
addi t ives whose presence in the water had no de tec tab le e f fec t on the 
corrosion process , 

8. Experiments a t Oak Ridge have shown tha t zirconium and i t s a l l o y s 
corrode l i n e a r l y with time under i r r a d i a t i o n and the corrosion r a t e i s 
dependent upon the f i s s i o n power dens i t y (3 ) . Again, so lu t ion cco5)osition 
appears to be a r e l a t i v e l y unimportant va r i ab l e . I t appears reasonable to 
discuss the problem of the core vesse l corrosion in general tenns, t he re fo re , 
without r e l a t i n g i t t o any speci f ic choice of core f l u i d . 

9. The design studyC^) of a 100 MW(E) two-zone breeder reac tor a t 
A,E,R.E. has required a neutron window vesse l f'• th ick . This dimension i s a 
de l i ca te balance between severa l opposing f a c t o r s . I f the vesse l i s apprec i ­
ably th inner then t h i s p laces severe r e s t r i c t i o n s on the device for pressure 

(2) Thomas, D.E. Metallurgy of zirconium. MoGaw-Hill Co. I n c . , National 
Nuclear Energy Ser ies , VII - 4 : 635 (1955). 

(3) Jenks, G.H. H.R.P. Civ i l i an Power Reactor Conference. U.S.A.B.C. 
Report TID-754O: 232-240 (1957). 
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balancing between core and blanket circuits, and if the vessel is thicker the 
position is soon reached where excessive neutron losses occur by capture in 
the zirconium and thermal stresses become unacceptable. Very little loss of 
thickness by corrosion could be tolerated, and a corrosion rate of 1-2 mil/year 
represents about the upper limit which is acceptable assuming that the vessel 
must remain in the reactor for 20 years. 

10. The proposed ^sign is based upon a minimum power density at the 
vessel wall of 15-17 kW^itre. The Oak Ridge data on zircalay-2 suggest 
that a penetration rate of^' 25 mil/year would be obtained at this power 
density: a factor of 10-20 greater than acceptable. 

11. Since the corrosion rate is dependent upon the power density in the 
solution, it is interesting to note the relative rates of energy deposition 
in the protective oxide film on a metal under irradiation. The oxide film 
will be subject to bombardment by several different types of radiation and it 
is important to decide vtoich radiation is responsible for the marked effect 
upon corrosion. In the reference design of reactor, calculation showed that 
the total energy deposition in a zirconium dioxide film one micron thick 
would be sub-divided approximately thus: 

Past neutrons Kl^o 
Beta decay energy 18 
Instantaneous gamna energy 69 
Fission recoil fragments 12 

Present evidence indicates that there is little effect on the corrosion rate 
from either beta or gamma radiation(^). Past neutrons might be as effective 
as the fission recoil particles at equal energy deposition rates, but 
fortunately the fast neutron flux is sufficiently low for this effect to be 
neglected. 

12. It appears, therefore, that total energy deposition rates in the 
protective oxide film are not directly related to increases in corrosion rate 
under irradiation. Rather it is the increased number of displaced atoms and 
vacancies in the oxide lattice which should be considered. This conforms 
much more closely with the experimental evidence that beta and gamma fluxes 
are the least damaging radiations present in the reactor. In the absence of 
any secondary effect, the result of irradiation of the oxide film with 
fission fragments or fast neutrons will be an increase in the diffusion 
constants of the oxide film, leading to an increased corrosion rate. It can 
be shov/n, however, that as a result of annealing effects and the high mobility 
of the defects produced, a stationary state is likely to be reached ̂liiere the 
diffusion coefficients are again constant although higher than in the 
unirradiated oxide. We would then expect the corrosion rate to be 
approximately linear initially, and greater than for unirradiated samples. 

(4) Heston, B.O, and Silverman, M.D. Effects of electron irradiation on 
the corrosion of zircalqy-2. U.S.A.E.C. Report, QEatti-CP-56-2-2. 
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so lu t ion , a high propor t ion of the f i s s i o n fragment energy can be absorbed in 
the zirconium cxide f i lm. In f ac t the a t t a inab l e r a t e o f e n S g y d e p o s i t i L 

X l " u g ^ t e " " L ? u t i o n ^ ^ ^ ^ ^ ' " " " ^ ' ' r ^ * ^ ^ *^^" t h a H S ^ o t S T o i ^ h e uranyi suipnate so lu t ion i n the power r eac to r . An example of the re<5u1+« i« 

S i T ^ " v ! n S S l ' * l l ' ^ % ° " ' ^ ' " ' ^ ^ ^ ' "^^^"'^^ t h i c k H s f o L d on : S ^ l % s " 
S o S 0 ^ 0 ^ 5 S ^ ^ S ^ ° ^ f J ^ ' " ° ' ' ° ^ " ^ ^ ou t -o f -p i l e exposure to 0.04 M. 

§ ? / ; ^ M. H2SO4 solu t ion a t 30OOC. The f i lm was o r i g ina l l y m o n ^ l i n l e 

^ t i L ofs.'^r '̂ : rr'.'""^ '̂°"^^ ̂ '̂  «̂ cubir;s?gcL?oSTs'f° 
^ i i ? L f h i ^ i n t eg ra t ed f i s s i on fragment f lux . The transfonnation was 
f n S r S ^ ^ / a glancing-angle X-ray d i f f r ac t ion technique. Evidently an 
t o S S ^ e S a ^ ' f " ^r^^'S ^"^ f approximately 7.5xlOl4 per cm2 i s r e h i r e d 
a L r « S ^ t « ? ? " i o n T ° T * ^ ° ' ' * ^ ^ ^ ^^ equivalent to an i r r a d i a t i o n t i ^ e ?t 
approximately 100 days i n uranyl sulphate solut ion a t 5 kWAitre power dens i ty . 
The amount transfomned a f t e r the equivalent of one day under the Lme c o S J t i J A a 
i s ' ^ V and unless such a small amount of transformation could be shown t o 
r e s u l t in meohanioal fa i lu re of the oxide film t h i s mechanism for the c o r r o s i o i 
enhancement by i r r a d i a t i o n must be discounted. 

14. A fur ther mechanism for the enhanced i r r a d i a t i o n corros ion l i e s i n 
the p o s s i b i l i t y of a higher so lu t ion r a t e of the p ro tec t ive oxide f i lm. 
Out-of-p i le , the so lu t ion r a t e of zirconium dioxide in the type of so lu t ion 
we are considering i s neg l ig ib le and there i s no d i r e c t experimental evidence 
t h a t the r a t e i s incireased under i r r a d i a t i o n . Unt i l fur ther evidence i s 
ava i l ab l e , however, t h i s would seem to be the most probable explanat ion of the 
e f f e c t . Increased s o l u b i l i t i e s following i r r a d i a t i o n have been observed i n 
other systema(7,8). 

(5) Johnson, J .R. Development of a cubic oxide p ro tec t ive fi lm on zirconium. 
U.S.A.E.C. Report, CeNL-2029. 

(6) Wi t te l s , M.C. and S h e r r i l l , P.A, I r r a d i a t i o n induced phase t r a n s -
forTaation i n z i roonia . J . Appl. Phys. 27: 643 (1956). 

(7) Simnad, M. and Smoluchowski, R. The e f fec t of proton i r r a d i a t i o n on 
the r a t e of so lu t ion of PB^OT i n hydrochloric ac id . J . Chem. Phys-
23: 1961 (1955). 

(8) Gianola, U.P. Damage to s i l i c o n produced by bombardment with helitan ions . 
J . Appl. Phys . , 28: 868 (1957). 
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15. Other processes which might be expected to give rise to higher 
corrosion rates under irradiation have little or no supporting evidence. Two 
of these processes are the production of short-lived chemically active specie^ 

fo«^«rnf **'?/°'"''°l^^ '*''""' °̂  *̂ « "«*̂ lli° °̂ î « film by traS! fomation of small areas which act as nuclei for failure of the whole film. 

u •'•̂I .•'•* ̂ f " ° ^ reasonably certain that the major contribution to the 
n ^ ^ ° ? ^ ^ " : ^ 4 ! ''o^^osio" is due to bombardment of the protective zirconium 
^ ^ t t l l ^ \ ^ ^l"^ energetic fission recoil fragments. The mechanism by 
which they achieve this remains the subject for further investigation. 

r,f » « i l \ ^ ^ ^ the point-of-view of reactor design, there is a limited number 
of ways of attempting to reduce the corrosion to an acceptable rate. There 
b S e n '^bel^* °*^" methods of approach and these will be described vety 

(a) Control of solution composition. 

*/®: ^°°"^i»f*i°n of the facts that out-of-pile corrosion is relatively 
unaffected by solution composition and that fission fragments are probably 
responsible for increasing the corrosion rate suggests that any solution 
undergoing fission may have the same ultimate effect. Moreover the same 
argument might apply to dilute aqueous slurry fuel systems. It is true that 
in the latter some fission fragment energy will be absorbed in the solid fuel 
particles, but for a slurry of highly enriched fuel particles of diameter 
considerably smaller than the fission fragment range, and containing no inert 
diluent, it is possible for some QO/i of the energy to be deposited outside the 
particles V,ŷ . The rate afirtaich fission fragment energy deposition occurred in 
the zirconium oxide film would then be little different from the case of a 
fission solution. 

(b) Metallurgical methods. 

19. Little success has been achieved to-date with modification of 
alloying additions to the zirconium. Additions of elements which either 
change the structure of the protective oxide film or affect diffusion 
characteristics in some other way may give improved corrosion resistance and 
experimental work is being pursued along these lines. 

20. An alternative metallurgical protection method i*iich is being 
considered.is the cladding of the internal surface of the zirconium alloy core 
vessel with a more resistant metal. The corrosion rate of titanium at a 
solution power density of 15 kWAitre is only 2 mil/year'and there appears to 
be a much lower dependence on power density than for zirconium alloys'^T. 

21. Msthods have been devised for the successful application of a thin 
titanium sheet to a thicker zirconium sheet and good bonding characteristics 
are obtained. The primary factor which prevents the building of a 

(9) A fuller discussion of this aspect of slurry systems appears in the 
paper by Dawson, Long, Moseley and Sowden, The possibility of the 
direct application of fission recoil fragment energy to industrial 
chemical processes! Second Int. Cdhf. on the Peaceful Uses of Atomic 
Energy A/bonf .15/^/76 (1958). 

I 
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sat isfactory core vessel of th i s nature i s the re la t ive ly high neutron 
absorption of titanium. This implies that only very thin layers may be 
tolerated, perhaps 0.010 inch TnATimum, 

22. Because of the good corrosion resistance of titaniiam there i s some 
incentive to investigate possible methods of producing separated ^^±, which 
occurs at about ^/o abundance in natural titanium. Since the neutron absorp­
tion cross section of SOji ig ^ factor of 40 l e s s than the natural mixture, i t 
would be possible to build the complete core vesse l of titanium with no 
greater neutron l o s s than i f i t vrere b u i l t of zirconium. Estimates have 
shown that separation of th is isotope by gaseous diffusion would be far too 
expensive, but there remains the p o s s i b i l i t y of developing an e f f i c i e n t and 
cheap chemical exchange process. The remaining 93fo of the titanium could 
s t i l l be used on the commercial market in the normal way, although the 
quantity involved would be re la t ive ly small. If th i s problem of isotope 
separation could be overcome, there i s a good prospect of constructing a 
sat isfactory corrosion-resistant core vesse l to withstand a solution power 
density of 15 kW/litre. Experimental evidence i s not yet available to show 
whether the corrosion rate would be acceptable at higher power dens i t i e s . 

23. Niobium has a rather lower neutron cross section than titanium and 
i t could be used as a core vesse l cladding in thicknesses up to 0.06 inch. 
The small amount of evidence available suggests that i t s corrosion resistance 
might be several times better than zirconium al loys under irradiation. 
Unfortunately, re la t ive ly large amounts of uranium are adsorbed from solution 
by the niobiiun oxide film; th i s could result in i n s t a b i l i t y of the solution 
and would increase the rate of f i s s i o n fragment energy deposition at the 
metal/oxide interface. Vfe have measured the uranium adsorbed on niobium 
specimens from high temperature uranyl sulphate solutions out-of-pi le by 
means of subsequent radioactivation. Iftider conditions where the amount 
absorbed in zirconium and titanium dioxide was, below the l imi t of detection 
('-Ipg/cmS) the niobium carried uranium up to 230^g/aar. It the uranium i s 
assumed to be uniformly distributed throughout the oxide film; th i s amount 
corresponds to lO/o uranium in the f i lm. If th i s deposition can be reduced 
by alloying the riiobivm, we may have a more corrosion res istant alternative 
to zirconium a l loys for the neutron window, 

(c) Physical control, " 

24. If it is accepted that increased corrosion under irradiation is due 
to fission fragment damage of the metallic oxide film, it may be possible to 
develop a physical protection method. This would take the form of a water 
film over the inside wall of the core vessel. The water film would require 
to be about 0.02 inch thick to screen the core vessel wall completely from 
the effects of the fission fragments. Die water film could be obtained using 
a double-walled core vessel, the inner wall being porous and fed with a 
supply of pure DgO from between the wall8(^0). The porous wall could be 

(lO) Spence, R. Porous lining for a'queous homogeiieoua reactor to minimise 
corrosion. U.K. Patent Application No. 15169/56. 

I 



- 7 - A/C0NF.15/P/46 
UNIT£;D KINGDOM 

^ j S ^ ^ M f w f ^ i " ^ or titanium. Apart from the' construction difficulties 
which this would involve, the complexity of operation of the reactor would be 
rat^^'Ji ''*!̂ ^ necessity to maintain pressure balancing between t L ^ 
rather than two separate circuits (the pressure in the DoO inter-wall feed 
must always be higher than the core circuit pressure to prevent access of 
fissile solution to the porous wall). 

25. iUrther experimental work is required before it wUl be possible to 
determine which of the suggested methods of attempting to reduce the corrosion 
problem is likely to be the most suitable. 

1.2 Nitrate systems 

26. We have investigated the feasibility of using nitisite solutions in 
homogeneous aqueous reactors. Bue nitrate is the only thorium salt with 
sufficient solubility for consideration as a solution blanket for the 
two-zone reactor. It was thought worthy of investigation, therefore, as a 
possible means of eliminating handling difficulties encountered in the thoria 
slurry blanket. Because of the high nitrate concentration required in the 
blanket, the naturally occurring mixture of nitrogen isotopes would give too 
high a neutron absorption and it would be necessary to use the low neutron 
absorbing isotope, ISN. There is a relatively cheap process .available for 
separation of this isotope from the natural nitrogen mlxture(ll). 

27. Nitrate solutions have also been considered for use as a core 
solution of a two-zone reactor, or as the working fluid of a single-zone 
burner reactor. The considerations of corrosion under irradiation discussed 
in Section 1.1 iaiply that probably there would be little advantage in 
substituting a nitrate for a sulphate solution. Nevertheless there may be 
other reasons for preferring the nitrate (for instance solution thermal 
stability) and it appears to be one of the few possible solutions v*iich might 
be feasible for plutonium utilisation (Section 1.3). 

28. Primarily our experimental work has been concerned with radiation 
stability of the nitrate ion. Solutions were sealed in evacuated silica 
ampoules, and irradiated in BEPO at a flux of about l6i-^n.csa~^3eo'^; after 
irradiation, gas analyses were carried out for H2, O2, N2, N2O, NO and CO2, 
and solution analyses for N02~ and H2O2. 

29. Three types of solutions were used: 

(a) Ca(N02)2 solutions over a nitrate concentration range I5.9 M. -
0.037 M.(12), Calcium undergoes insignificant interaction wi-Ui pile 
neutrons, and energy deposited is therefore exclusively frcsn the neutron 
plus gamma flux of the pile. Anderson-'-̂  has developed a calorimetric 

(11) Spindel, W., and Taylor, T.I, Separation of nitrogen isotopes by 
chemical exchange between NO and HNO3. J. Chem. Phys. 23: 981 (1955). 

(12) Sowden, R.G. The effect of mixed fast neutron-gamma irradiation on 
calcium nitrate solutions. U.K. Atomic Energy Authority Report, 

, ^ A.E.R.E. C/R-2197 (1957). 
(13) -Anderson, A.R. Calorimetric measurement of energy absorption from 

reactor radiation in BEPO. U.K. Atomic Energy Authority Report 
A.E.R.E. C/R-2253 (1958). 
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technique for co r re l a t ing energy deposi t ion with thermal neutron dose i n 
HiSPO, and h i s f igures were used to ca l cu la t e G va lues . 

4. -, ^ 2 ^®/ "*^" products of i r r a d i a t i o n (energy deposi t ion extending 
t o 7x10^^= eV/g.soln . ) were n i t r i t e , hydrogen and oxygen, with small 
amounts of ni t rogen from the more concentrated so lu t ions : GSc for a 
solut ion 9.4 M. in n i t r a t e ion was'-3xlO-3. N i t r i t e and oxygen y ie lds 
exhib i ted a s ca t t e r ed va r i a t i on with dose, though the r a t i o of the two 
products was roughly cons tan t . This might be explained by the f a c t t h a t 
temperature during i r r a d i a t i o n var ied frcsn 70 to 85OC., depending upon 
p i l e pos i t i on , and t h a t temperature af fected n i t r i t e back-oxidat ion. 
Indeed, maintaining the temperature of a 9.4 M. so lu t ion a t I7OOC. during 
i r r a d i a t i o n reduced the n i t r i t e y ie ld some 3-4 orders of magnitude. 
Added ac id a l so reduced the y i e l d . 

31. Hydrogen y i e l d s were found to be l i n e a r with dose and to depend 
upon ^ 0 3 - A . The s ignif icance of t h i s r e s u l t has been discussed 
elsewhereU4J. Since i t has l i t t l e e f fec t upon the design of a n i t r a t e 
r eac to r blanket i t w i l l not be discussed fu r the r . 

(b) Ca(N002 solut ions s imi la r to those in (a) were i r r a d i a t e d , but 
impregnated Td.th su f f i c ien t U23502(N03)2 to ensure t h a t , i n the BEPO 
thermal fjux. > 95/e of the energy deposi ted was from f i s s i o n r e c o i l 
fragmentsU5; G_values were ca lcu la ted assuming a f i s s i o n c r o s s -
sect ion for U235 of 580 barns , and r e c o i l k i n e t i c energy re lease per 
f i s s i o n of 16O l&V. 

32. F i s s ion r eco i l energy deposi t ion extended to 5xlo21 eV per g. of 
so lu t ion . The main products were hydrogen, oxygen and n i t rogen, with 
smaller amounts of carbon dioxide and, in the case of concentrated so lu ­
t ions , n i t r o u s oxide. Scane p r e c i p i t a t i o n of UO^ was experienced in more 
d i l u t e so lu t ions , bu t t h i s was prevented subsequently by" adding about 
100 p.p.m, of Pe3+ to c a t a l y t i c a l l y decompose hydrogen peroxide. No 
peroxide, and only t r aces of n i t r i t e were found in so lu t ion a t the end of 
an i r r a d i a t i o n . 

33. Nitrogen y i e ld s were more than an order of magnitude g rea t e r 
than those observed from f a s t neutron-gamma i r r a d i a t i o n . Stoichiometry 
represented by the equation 

2HN0^ - > HgO + Ng | 0 2 (1) 

was obeyed well a t higher concentrat ions , but a t low concentra t ions 
carbon dioxide formation had t o be considered i n obtaining a reasonable 
balance between oxidised and reduced species . 

34. Figure 2 shows a p l o t of Ĝ jg "̂ s So^'^J, Tichich includes the 

(14) Sowden, R.G. The e f fec t of n i t r a t e ion on the y i e l d of hydrogen from 
water r a d i o l y s i s . J . 4ner. Chem. Soc.. 79: 1263 (1957). 

(15) Sowden, R.G. and Lynde (ivliss) S.M. The e f fec t of f i s s ion r e c o i l energy 
on calcium n i t r a t e so lu t ions . U.K. Atomic Energy Authority Report , 
A.E.R.E. C/R-248O (1958). 
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^(Z\ ^ S ^ . ? i ?Mo f °«"*ly published by Boyle and.MahlmandO on the 
Th(N03)^ U23502(N0 ) . system, and those of Bidwelld?) obtained fK)m 
experiments witR th^ tos Alamos water boi lers . The continuity of the 
curve indicates that cation variation has l i t t l e effect on nitrogen 
yields. Our data were obtained at 80Oc., ^ i l e the American data 
correspond to temperatures ranging from 370C. to 3OOOC.; temperature 
has therefore no significant effect on 0^2- Below a ni t ra te conceSra-
relat ionthi '^°^^'^ yields can be expressed by the empirical 

GN2 = 0.004 ^ 0 3 - _ / - ^ (2) 

(c) Thorium nitrate solutions.CI8) 

. l ^ \ ^ ® thorium nitrate solution used for irradiation was 11.8 M. 
in nitrate ion (corresponding to 65O g. Th per Kg. mter). It was 
anticipated that the results could be explained in terms of the exper­
ience gained in (a) and (b). Hovrever it was found that substantial 
amounts of nitrogen were produced which could be related neither to the 
thermal neutron flux nor to the fission energy arising from the small 
amounts of -̂=̂ 35 produced. Although no quantitative correlation could 
be made, irradiations within a cadmium shield and inside a hollow 
uranium slug indicated that fast fission of thorium was the causative 
factor. _ Boyle and I/ahlman do not report any anomalous behaviour on 
irradiating Th(N03)4 solutions without added u235, but the fast neutron 
spectrum could be verj- different for the two reactors employed. 

56. The results obtained show clearly that decomposition of 
nitrate ion to nitrogen by fission recoil energy is the chief factor 
to be considered in the assessment of nitrate systems. GN2 values may 
be readily applied to estimating the seriousness of the problem in both 
blanket and core. 

37. Let us consider a reactor solution in which power is generated 
at a density of (P)Mfl/iitre. Power from fission recoil kinetic energy 
dissipation will then be/N'O.S P I.r«7.1-1, and since 1 LRVhr. s 2.25xl028 
eV, the rate of nitrogen production will be 

0.aPx2.25x10^8x10-2 GN^ moles hr-ll"'' 
6.03x1023 

= 300 P.GN2 moles hr-1l-1 

'>'240 P.GN2 ft3(s.T.P.)hr"''l-1 

(16) Boyle, J.W. and Mahlman, H.A. Radiation-induced decomposition of 
thorium nitrate solutions. Nucl. Sci. Eng., 2: 492 (1957). 

(17) Bidwell, R.M., King, L.D.P. and Vykoff, W.R. Radiolytic yields of 
nitrogen and hydrogen in va-ter boilers. Nucl. Sci. Eng., 1: 452 
(1956). 

(18) Sowden, R.G. Thorium nitrate as a breeder blanket for the H.A.R. 
Part 2. Radiation stability. U.K. Atomic Energy Authority Report, 
A.S.H.S. C/^-2196 (1957). 
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Hence if V is the circuit volume at power, the total rate of nitrogen 
production is 

RN2 = 240 P,V.(^2 ft3(s.T.P.)hr"'' (3) 

38. The Harwell design study of a IOOMIV(E) two-zone H.A.R.C^) has 
provided blanket spec i f i ca t ions of a thorium concentrat ion of 880 gm.l-l and 
a power generat ion (PV in equation 3) of 92 OT(T), with a U233 concentrat ion 
a t equil ibrium of 2,6 g . 1 - 1 . If the blanket i s of thorium n i t r a t e so lu t ion , 
the concentrat ion w i l l be 3.8 M, and about 2M.HNO3 w i l l be required t o 
svtppress hydrolysis up t o 3000C.(19). 

39. The t o t a l n i t r a t e ion concentrat ion w i l l therefore be*-17 M, and 
from Figure 2 a safe lower l i m i t for GN_ can be f ixed a t 0.07. Subs t i tu t ing 
i n equation (3 ) , ^ 

R N 2 ' ^ 1700 f t3 ( s .T ,P . )h r - ' ' 

In the reference des ign( l ) the b lanket c i r c u i t volume i s 18,400 1, vAiich 
corresponds to a n i t r a t e inventory of 3.2xl05 moles, and the above r a t e of 
decon^jositicn would necess i t a t e " re f ix ing" of a l l the b lanket 1 5 N more than 
once weekly I This s i t u a t i o n could only be improved e i t h e r by reducing the 
Th(N03)jL concentrat ion and hence Gif_, or by rapid ex t r ac t i on of Pa233 to 
reduce ttie blanket power. Even i f ^ the f i r s t so lu t ion to the problem could 
be accepted on nuclear grounds, there would s t i l l be a l i m i t a t i o n due t o the . 
f ac t t h a t more acid i s required for thermal s t a b i l i t y as /jti^J d e c r e a s e s P ^ ' 
and i t i s doubtful i f 0^2 could be reduced more than a fac tor of two or three 
by t h i s device. The second so lu t ion seems to be so d i f f i c u l t t h a t any 
advantages of a so lu t ion blanket over a s lu r ry would be l o s t . We therefore 
conclude tha t a thorium n i t r a t e Q-^) blanket i s not a p rac t i cab le pos s ib i l i t y . 

40. The core s i t u a t i o n , however, shows g rea t e r promise. Hsre the 
A.E.R.E. design study f igures are PV = 3O6 M/ir(T) with a uranium concentra t ion 
of 0.004 M, and an acid concentrat ion of 0.02 M. requi red to ensure thermal 
s t a b i l i t y a t operating temperature. Secoy has shown^20) -t^at d i l u t e 
so lu t ions of uranyl n i t r a t e exh ib i t hydroly t ic i n s t a b i l i t y above 26oOc., but 
l i t t l e da ta i s ava i lab le on the suppression of hydrolysis by added ac id . 
Assuming approximately twice the ac id concentra t ion required for opera t ional 
s t a b i l i t y i n the sulphate case , the t o t a l n i t r a t e molar i ty would be O.O5, 
and from equation (2 ) , 

Gug*^ 4x10-5 

(19) Sowden, R.G. and Jones, P.G. Thorium n i t r a t e solut ion as a breeder 
blanket for the H.A.R. P a r t 1 . Thenral H tab i l i t y . U.K. Atomic Energy 
Authority Report, A.E.R.E. C/iI-298 (1956). 

(20) Secoy, C.H. Survey of homogeneous reac tor chemical problems. 
In te rna t iona l Confereiw:© on the Peaceful Uses of Atomic Energy. Geneva, 
A/Conf.8/p/821 (1955). 
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Substituting in equation (3) we have 

% 2 = 3.6 molea.hr"'' =2.8 ft3(S.T.P.)hr-'' 

Assuming the stoichicaastry of equation (1 ) . nitrogen-oxygen mixture wi l l be 
evolved at the rate of about 10 ft3(s.T,P.)hr~'' . I t may presumably be 
flashed off at intervals , af ter recanbination of D2 and O2, scrubbed free 
from ac t iv i ty , and adjected to atmosphere. DNO3 make-up would be required 
at the rate of about 1,5 tons per annum (with some f lashing-off of D2O as 
required by equation ( l ) ) . Estimation of the costs involved are too 
speculative at th i s stage, but the rate of ni trate decomposition alone would 
not appear to exclude the use of nitrate solution f u e l s . Recent work has 
shown, however, that there may be l i t t l e advantage to be gained by using 
uranyl nitrate rather than the sulphate, and plutoiyl ni trate probably has 
insuff ic ient thermal s t a b i l i t y . 

1.3 Plutonium solution fue l s 

41 . The United Kingdom, in embarking upon an extensive programme of 
e l e c t r i c i t y production from natural uraniimi,. w i l l ultimately be producing 
large quantit ies of ^39pu as a by-product. We have investigated some of the 
chemical aspects of employing th i s plutonium as a fuel for H,A.R. systems. 

42. The plutonium fue l led reactor could u t i l i s e e i ther a plutonium 
aqueous solution or a d i lute suspension of an insoluble compound. Flutonia 
suspensions are discussed in Section 2 ,2 ; in the present section we are 
concerned with possible solut ion fue l s . 

43 . In order to be acceptable, the primary requirements that a solution 
must f u l f i l are: 

Plutonium s a l t soluble in'the range 1-10 g / l i t r e . 
Thermally stable up to <»/300^0. 
Radiation stable . 

The experiments reported here were performed to obtain information on the 
f i r s t two of these requirements. 

44. For similar reasons to those irioich apply to uranium solutions 
(neutron absorption and coril-osion l imitat ions) the choice of anion i s 
res tr ic ted to n i tra te , carbonate and sulphate. The s i tuation i s more 
complicated for plutonium owing to the greater s t a b i l i t y of the lower oxida­
t ion s tates in aqueous solution. The most stable ^oxidation state in any 
particular set of conditions wi l l depend upon a number of factors , such as 
oxidation-reduotion potent ia ls , complex formation, disproportionation 
reactions and hydrolysis . A ccxaplete assessment i s not possible a t the present 
stage since only a very small amount of information on these topics i s 
available above 700C. 

45. Thei« i s negl ig ible hydrolysis of tr ivalent plutonium solutions at 
pH 5 at room temperature. I t seems reasonable to suppose that high 
temperature hydrolysis might be suppressed at pH 2. Hofsvever, since 
quadrivalent plutonium i s precipitated as the hydroxide at the l a t t e r ac id i ty . 

http://molea.hr%22''
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i t must be ensured that the plutonium remains in the t r ivalent s ta te . Nitrate 
ion i s known to be able to oxidise Pu(IIl) and.Pu(lV) to hexavalent s tate and 
the reaction i s very fast a t temperatures as low as 100OC.(2l) Hence 
tr ivalent plutonium nitrate solution may be elindnated from further considera­
tion. 

46. Trivalent plutonium sulphate solution has been found to have a 
!f ®^*i^ coefficient of solubili ty, similar to that of the t r ivalent lanthanidee 
In 0.025 M. sulphuric acid the solubil i ty decreases to a value much less 
than 1 gAi t re a t 2150C. (22) Such solutions are not, therefore, suitable for 
reactor application, ' 

47. Trivalent plutonium carbonate i s appreciably soluble in concentrated 
alkal i carbonate solutions. At high temperatures, however, a large over­
pressure of carbon dioxide would be required to prevent hydrolysis and i t 
might also be diff icul t to maintain reducing conditions in the system. 

8. Failing the avai labi l i ty of a suitable t r ivalent plutonium solution 
we mâ  examine tiie possibi l i ty of quadrivalent solutions. Quadrivalent 
plutonium appears to require a much higher acidity than Pu(IIl) or Pu(VI) to 
prevent hydrolytic precipitation a t high temperatures. I t has been shown, 
for instance, that in the plutonium concentration range 4-I6 g / l i t r e 
irreversible precipitation occurs above approximately 190OC. in a solution of 
0.5 M. sulphuric acid(22;. JQ suppress hydrolysis up to 3OOOC. would 
evidently require a very acid solution. Containment problems would then 
became more severe. 

49. I t i s interesting to examine how close an analogy i t i s possible to • 
draw between plutonyl and uranyl solutions. The uranyl ion i s relatively 
stable a t high temperature, uranyl sulphate i s s tabi l ised a t 3OOOC, by the 
presence of 0.02 M. sulphuric acid. Experiments have shown, however, that 
Pu(VI) in 0.05 M. sulphuric acid i s reduced to Pu(lV) a t a measurable rate ^ 
even a t lOQOC. This cannot be at tr ibuted solely to reduction.by hydrogen 
peroxide fonnation from the effect of alpha par t ic les on water(23^ i t i s 
necessary to postulate that water i t s e l f acts as the reducing agent, the . 
process probably proceeding in two stages: 

Pu(VI) + H2O = Pu(v) + H*" + OH 

* 2 Pu(v) = Pu(lV) + Pu(Vl) 

There i s no fundamental reason Trtiy this reduction should not have been 

(21) Connick, R.E., Oxidation s ta tes , potentials and equil ibria of oxida­
tion-reduction reactions of plutonium. National Nuclear Energy 
Series, IV-14A, McGraw-Hill Co., Oiapter 8 (1954). 

(22) Grant, D.W. and Glanville, D.E. The hydrolytic behaviour of plutonium 
ions in sulphuric acid. U.K. Atranic Energy Authority Report 
No. A.E.R.E. C/^-2155 (1957). 

(23) Glanville, D.E. Unpublished work. 
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observed previously in work at room ten^yerature, but presumably the rate of 
reaction was then too low. j-jr ̂ xw raiw oi 

50. In principle, Pu(VI) sulphate could be stabilised against this 
reduction by decreasing the acid concentration, but it is probable that the 
^?^n,'J?if/^'^" ''**̂  *° suppress hydrolysis would be dose to the maximum 
t^i*^ ? '^^ *° suppress reduction. It would consequently be very 
difficult to ensure the thermal stability of such a fuel solution. 

. . 51. It is possible that sufficiently oxidising conditions could be 
Obtained in a nitrate system to retain plutonium in the hexavalent state. 
Experiments on the thennal stability at elevated temperatures have shown, 
however, that hydrolytic precipitation takes place unless the solution 

.'J^^^^^^T rpS^^ T ^ * ° ^ * ^"^ "̂ "̂ "̂  ̂ * required in the corresponding 
uranyl 80lutiQn(23). Por instance, plutonium at a concentration of 

i^Sii JfiL^Kr^*'^?^!!*'*^ irreversibly in silica tubes at temperatures in the 
range 200-250OC. if the solution is 0,1 M. in nitric acid. Increasing the 
acidity to 1.0 M. does not appear to increase the precipitation temperature 
above 250OC. Work is being continued on this system to detemine more 
precisely the conditions for thermal stability, particularly the effect of 
high oxygen overpressures. 

52. It is known(24) that P u O T is oxidised to Pu(Vl) in concentrated 
carbonate solutions at lOOoo. There is no information at the present time 
ccHiceming the high temperature thermal stability of Pu(Vl) in alkali 
carbonate solutions. Unless the alkali carbonate is present at high 
concentrations (>3 M.), difficulty is ex»erienced in maintaining the 
Plutonium in solution at room temperature (25). This appears to be due to 
reduction of Pu(VI) to Pu(lV) by hydrogen peroxide arising frca the alpha 
particle bombardment of water and would present severe problems in the 
storage of such solutions, A further disadvantage would be that given also 
for the Pu(III) carbonate system: namely, a high additional working 
pressure of carbon, dioxide. 

53. In summary it would appear that the choice of possible plutonium 
solution fuels is much more restricted than for uranixjm fuel solutions. 
Probably the greatest possibility of plutonium utilisation in an H.A.R, 
system lies in the use of a slurry of plutonium dioxide as discussed in 
Section 2,2. 

2. AQUEOUS SLURRIES 

54. Slurry systems have a number of different possible applications in 
homogeneous aqueous reactors. Chemical investigations at A,E,R,E, have 
covered the preparation and properties of slurries of Th02, UO3 and PUO2. 

(24) Yakovlev, G.N, and Gorbenko-Germanov, D,S, Coprecipitation of Am(V) 
with double carbonates of U(Vl) and- Pu(Vl) with potassium. 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
A/Conf. 8/^/677 (1955). 

(25) Grant, D.W. tftipublished work. 
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Our Theological studies have been confined to the thoria system. Recent 
work on the l a t t e r i s discussed in Section 2 .1 , and preliminary work on 
plutonia i s described i n Section 2.2. 

2.1 Thoria s lurr ies 

55. I t was shown in Section 1.2 that a thorium solution blanket for a 
two-zone breeder H.A.R. would be impracticable. We are forced, therefore to 
consider a slurry system; the required concentration would be in the region 
of 1000 g. Th02/litre D2O. The experimental work has also covered concentra­
tions down to 300 g.„Th02/litre, since th is would be of in teres t for a single-
zone H.A.R. using a ^^•%/232Th fuel system. 

56. I t was considered necessary to examine these s lurr ies on a 
fundamental basis to determine what would be the variables which exert a 
controlling influence on the handling character is t ics . 

57. Studies have been made of the variation in properties of thoria with 
method of preparation, impurity levels and additives. Since, however, the 
results do not differ, significantly from previously published work a t 
Oak Ridge('^°-', they will not be discussed in de ta i l . 

58. The physico-chemical problems presented by a slurry are mainly those 
of the ionic solid-aqueous phase interface. Kruyt(27) considers that a 
slurry may be regarded as a lyophobic colloid, with a tendency to se t t le 
because of large micelle size, and thus the techniques and modes of thought of 
colloid chemistry are useful guides to the study of s lur r ies . 

59. A slurry may be dispersed or flocculated, i t s condition depending 
largely upon the e lectr ical condition of the oxide surface. A dispersed 
slurry se t t l es slowly to a dense di latant bed uriiich i s d i f f icul t to 
redisperse; whereas a flocculated slurry se t t l es more rapidly to a loose, 
readily dispersible bed. Redispersion considerations, therefore indicate 
that a flocculated slurry would be easier to handle, but Lyon(28) has proposed 
that flocculation i s one of the factors contributing to caking. Thus, 
although i t i s not possible to decide definitely at this stage whether 
flocculation or dispersion i s required, i t i s clearly desirable to be able to 
define conditions under vdiich the degree of flocculation or dispersion can be 
predicted. 

60. A physical quantity which has been related to s t ab i l i ty i s the 
J -potent ia l . PowisC27) proposed that flocculation in an oil-water 
suspension occurred Yihen the potential fe l l below a c r i t i c a l value, and the 
concept has since been applied to lyophdbio colloids, though i t s val id i ty has 

(26) McBride, J , P . , Information on s lurr ies . U.S. Atcsoic Energy Commission 
Report No. CF-57-3-21. 

(27) Kruyt, H.R., Colloid Science, Vol.1, Elsevier (1952). 

(28) Lyon, R.N. The choice of thorium oxide s lur r ies for the prevention of 
caking in circulating systems. U.S. Atomic Ihergy Ccjmmission Report 
No. ORNL-57-4-77 (1957). 
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been disputed by some authors(29) . wie have made some observations on the 
d ispers ion of thor i a i n var ious HCl so lu t ions , and these ind ica t e t h a t the 

c r i t i c a l j - p o t e n t i a l * concept i s inappl icable to t h i s system. Thoria 
(prepared by dropwise addi t ion of 1 M. oxalic ac id to 1 M. thorium n i t r a t e 
so lu t ion a t 70^0. , followed by ca l c ina t ion a t 900O0.) was used to prepare 
suspensions (10 g . A i t r e ) i n water and HCl s o l u t i o n s . Figure 3 i s a^photo­
graph of the suspensions a f t e r f ive hours s e t t l i n g , following vigorous 
shaking, and shows c l e a r l y t ha t d ispers ion i s obtained only a t HCl concentra­
t ions g rea t e r than 10-3 M. I f i t i s assumed t h a t the p a r t i c l e s ize d i s t r i bu ­
t i on of t ho r i a prepared by t h i s method contains'-'6^1 < 1 micron diameter(3l) 
then Figure 3 a l so shows that " f ines" are removed by f loccula t ion a t low ' 
hydrochloric acid concentrat ions since Stokes ' law ind ica t e s t h a t 1 micron 
p a r t i c l e s w i l l take 5 hours to s e t t l e 10 cm. a t 20Oc. 

61. Measuraaents were made of ^ - p o t e n t i a l s by e lec t rophores i s of vety 
d i l u t e ( < 10 m g . / l i t r e ) suspensions. 

HCl 
(M.) 

0 r 
10-6 
10-5 
10-4 
10-3 
10-2 

^ (mV) 

> 2 0 
47 
48 
20 

9 
-10 

They show the same trend as the data of Anderson(30) ^ -,̂ 10 a l so observed a 
depression of J a t higher HCl concent ra t ions . Thus d i spers ion appears to be 
r e l a t e d t o a low value of % , cont rary to the concept of Powis. I t should be 
pointed out tha t i n Figure 3 only the suspensions with HCl concentra t ions 0, 
10-3, 20-2, may be assigned the ^ -va lues of the t a b l e . Analysis of the super­
natant l i q u i d indicated t h a t , in the other three cases , ion exchange on the 
thor ia surface had increased the pH, and the so l id was therefore in equ i l ib r iun 
with an HCl concentra t ion lower than tha t ind ica ted by the l a b e l . 

Rheology 

62, These s l u r r i e s weare expected to be non-Ne-^tonian, i . e . , to show 
v i s c o s i t i e s dependent upon shear r a t e . Each s lu r ry would then be cha rac t e r ­
i sed by a shear diagram and inves t iga t ions have been made of the e f f ec t of a 
considerable number of va r i ab le s on the l a t t e r . The experiments w^re jjerfomed 
using a simple v e r t i c a l p ipe - l ine viscometer i n which s lur ry was t rans fe r red 
from a lower to an upper s t i r r e d vesse l through one of a 

(29) E i l e r s , H. and Korff, J . The s ignif icance of the phenomenon of the 
e l e c t r i c a l charge on the s t a b i l i t y of hydrophobic d i spe rs ions . ^ 
Faraday Society Discussions on the E l e c t r i c a l Double La3rer ^1939). 

(30) Anderson, P . J . On ce r t a in i o n i c e q u i l i b r i a a t the thor ia e l e c t r o l y t e 
i n t e r f ace . U.K. Atomic Energy Authority Report No. A.E.R.E. M/R-2194 
(1957). 

(31) Aldred, V.D., Buxton, S.R. and McBride, J . P . Charac te r i s t i c p rope r t i e s 
of thorium oxide p a r t i c l e s . J . Phys. Chem., 6TI 117 (1957). 
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^^! This design was chosen as one which might readily bv adantad t^ hi »k 

^ i H n r S i d T a^ifSfS""^.*^' '"^"*"°* °̂  fu«iamental propertief 
^ k shL?d b e ^ o J ? ^ ^ temperatures and pressures, the results of th is 
«par rSfcou?f l h f ^ ^ "i '^^°^' operating temperatures. Purthemore, the 
i t i S S n o S « ll designed to operate with small quantit ies of slurry so that 
r:lZ^^ ? ^ necessary to prepare large quantities of any part icular 
^ ^ I r e t i i S . ' " ^ " ' ' *° ' " " ^ variations in shear diagram w i S ^ n T t S of 

ivn™ ftl-^^?!*"" ^^t^'^^ °^ * n ^ e i " of s lurr ies are shown in Figures 4 and 5. 
From these i t can be seen that the s lurr ies are neither true BinSam p laS ioa 

t h i T t J i I f « > r « L ^ ^ ' ' ' °* ^i"**' '- ^^^''^'y ^ Kitzes(32) have shown thJ t 
o f ? h ? n a u i d t ^ d i u ^ n f S "*r ''* «^l*^i"«d on the a s s ^ t i o n that a fraction 
^ ^ r ? ! i : ^ ? ?^ " " °^ *̂ ® ^^""'•y ^°"»8 * lyosphere about the solid 
par t ic les and increases the effective solids volume. As the t ^ J c ^ a s of 

v o i : a i ^ ? : S ' S e r e ? i ' ' f."^ ^"^^^ ^*^^^ ' " * ^ ^ y « * - ' - ^^^ ^ ^ ^ ^ S " Solids 
l ^ ^ t ^ i J ^ ^ t Z *^%*^PP*«"t viscosity) vary. Correspondence of the 
present data with those of the above authors i s shown in Figures 6 and 7 
S^Sm^%r?f'^*%/^''* ''*''° ^̂******̂  *̂  ^^ ^^*" °f lyospheS thickS^s to 
part icle radius, t / a , against shear s tress r . In each case the date a r T i n 
reasonable agreement with the equation. 

i =cr-o-2 
a 

obteined by the above authors with thoria s lur r ies vrtiich had been circulated 
a t h i ^ temperatures. The constant (o) characterise* the various s lu r r ies . 
I t i s independent of concentration for a given slurry but insufficient data 
are a t present available to enable an analysis of the dependence of the 
constant on other factors to be made. I t i s clearly affected by par t ic le 
size as shown by comparison of the results for a given commercial thoria 
after pumping with the resul ts for the same material in the "as-received" 
stete ^Figure 6) . Some preliminary results of measurements of the effect 
of SÔ^ " ion on the shear stress diagram of a slurry, (which was 
defloooulated in the "as-received" stete) show that (c) varies as the s ta te 
of aggregation of the slurry solids changes, (Figure 8) . This effect i s 
being further investigated. 

Loop studies 

65. TSna study of the behaviour of s lurr ies in pumped loops was under-

(32) Crawley, P.R, and Kitzes, A,S. Rheologioal behaviour of thorium oxide 
s lurr ies in laminar flow. Industrial and Ehgineering Chemistry, 
49J 888-892 (1957). 
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taken in part to ensure that viscometer resu l t s could be correlated with the 
pressure drop-flowrate resu l t s from a loop system and in addition to study 
the variation in shear diagram of the slurry with changes occurring as a 
resu l t of c irculat ion. Further,'other aspects such as the se t t l ing of 
s lurr ies during flow and the general development and performance of slurry 
handling equipment would be covered in these operations. The appl icab i l i ty 
of the results of low pressure loop studies would be confirmed l a t e r in high 
pressure loops. Por a l l loop studies , thoria available in quantity 
commercially ( f ir ing temperature llOOOC.) would be used on the assumption 
that i t s behaviour would be correlated with i t s Theological properties and 
fundamental properties. 

66. Investigations of pressure drop and flow rate have been made to date 
under anibient temperature and pressure conditions. Early experiments(35) 

^ showed that, for s lurr ies up to 600 g. Th02Aitre in | in . and 1 i n . pipes, 
f r i c t i o n factor data plotted versus a Reynold's number using the v i s c o s i t y of 
water at the working ten^erature and the density of the slurry were i n 
reasonable agreement with the f r i c t i o n factor data for water in the same 
pipes plotted on a similar bas i s . Further studies at higher thoria concentra­
t ion are in progress, in conjunction with studies of the shear diagrams of the 
material being pumped. In addition, the l inear ve loc i ty at which the so l ids 
distribution ceases to be uniform across*the diameter of a horizontal pipe 
has been observed using a gamma source and counter to scan the pipe diam©ter.C34) 
I t has been found that the average v e l o c i t i e s at yiiich inhomogenelty i s 
observed in 0.94, 1.18 and 1.74 in . I.D. pipes are I .40 , 1.42 and 1,46 f t / s e c . 
and are independent of concentration. This method has been shown to be 
extremely sens i t ive ; for Instance, for a particular slurry no maldistribu­
t ion was observed ^ l l e c irculat ing the slurry at a mean ve loc i ty of 
1,49 f t / s e o . in a 1,8 in . pipe for 2 hours, but inhcanogeneity was observed 
in 10 minutes at I .42 f t / s e c . 

67. A complete analysis of t h i s phenomenon cannot be given unt i l further 
experiments have been performed over a wider range of pipe lengths and 
diameters. ' 

68. The f inal check of flowrates in the low pressure loop studies was by 
weigh tank measurement. A simple Venturi type meter however, has given 
good re su l t s when ccnnpared with the weigh tank. In addition, an e leotro-
magnetio flow meter (Altoflux Limited) has been shown te give excel lent results. 
The usefulness of the l a t t e r type meter has resulted i n the construction of 
a similar meter for operation at high temperature and pressure, 

69. I t has been found that the technique described by Hitchon(34) for 

(33) Hitbhon, J,W, and Murdoch, R. The pumping of aqueous- tfaoria s lurr ies , 
U.K. Atomic Energy Authority Report No. A.E.R.E, CE/tt-l89. 

(34) Hitchon, J.W, The use of a radiometric technique to invest igate the 
se t t l ing of aqueous thoria s lurr ies , U.K. Atomic Biergy Authority 
Report No, A,E,R.S. CIB/U-188, 
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measuring the homogeneity of a slurry in a pipeline may also be util ised to 
measure the concentration of slurry in the pipeline. A unit has been 
constructed for this purpose and i t i s intended that this method will be used 
in high pressure loop studies in preference to sampling techniques. 

Sedimentation 

70. The settling rates of commercial and a nuniber of specially prepared 
thoria samples have been measured over a range of temperatures from 20^0. to 
2950G. and a range of ccaacentrations from 250 g. Th02/litre to 1500 g, 
Th02Aitre, using a windowed autoclave. The results of this work(35) ghow a 
great increase in settling rate with increased temperature, and reduoticm 
in settling rate with concentraticm. There are marked differences between 
the different preparations, prebably due to particle size differences. In 
only one case was a slurry observed to be partially deflocculated at low 
temperature; in this case the slurry became flocculated at high temperature 
and remained so on ooollng. 

71. Mich work remains to be done before the behaviour of sliurries in 
terms of the fundamental properties of the oxide can be steted with preaision. 
The use of the Crawley-Kitzes equation should, however, allow the rheology 
of a slurry to be oc»5>letely determined from a-few viscometer measurements 
and i t i s possible that a study of the dependence of the constant in ttieir. 
equation may permit the rheology to be determined frcm more fundamentel 
properties. I t remains to show how turbulent flow data can best be related 
to the shear diagrams given by these relationships. 

2,2 Plutonia slurries 

72. We have shown in Section 1,3 that the ouiiook for the util isatipa 
of plutonium in the form of a homogeneous solution reactor fuel i s not 
promising. An oxide slurry system has a nuniber of attractive features. 

73. A slurry fuel provides the opportunity for a relatively wide raftge 
of concentration and constituent variation without the stebil i ty problems 
encountered in a solution fuel. Radiolytic gas production would be less in 
a slurry than in a solution system owing to absorption of some of the fissioiB 
recoil fragment energy in the slurry particles. I t would not be possible to 
ut i l i se the internal recombination oatelyst irtiich has been developed for the 
uranyl a»alphate solution dnd the choice of such a eatelyst remains one of tbe 
problems of a slurry system. Even in a concentrated slurry of Th02, i* *>*• 
been shown that the slurry particles themselves do not have a sufficient 
eatelytlo activity for the recoinbinaticaa(36). The development of a suitable 
eatelyst for additiaa to the system can be forseen, and soma suggestions have 
been made already(3'/, A relatively dilute sltirry of small diameter 
particles i s expected to be much less erosive tium the concentrated thoria 
slur5y_envisaged_for_i^eJ>lanket_of a two-zone_breedjer_react(5r. 

(35) Cheney, A.G. Unpublished work, • -
(36) Sowden, R.G, and Francis, K.B. The problem of eatelytlo recombiaation 

of radiolytic gas in the slurry blanket of the H.A.R. A.E.R.E, 0/M.-335 
119575 

(37) Morse, L.E. Catelysts for the recombination of radiolytic gases over 
thorium dioxide slurries. U.S. Atomic Saergy Ccwmiission Report 
No. ORML 57-1-117 (1957) 
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74. Our attention to date has been devoted to a preliminary study of some 
of the chemical problems associated with dilute suspensions of plutonium 
dioxide: the study may have to be extended to a Pu02/rh02 system or Pu02 in 
solid solution in an inert carrier oxide if the chemical engineering problems 
of very dilute suspensions are ultimately shown to introduce unexpected 
difficulties. 

75. Experiments have been performed on the variation of physical 
properties of Pu02 with method of preparation, including calcination of the 
oxalate, sulphate, lodate, nitrate and hydroxide. The results are sunmarised 
in Table I. Surface areas were measured by the B.E.T. method, and densities 
in carbon tetrachloride. Approximate particle size distributions were 
obteined visually using an optical prejection microscope at a magnification 
of XIOOO. 

TABLE I 

Some physical properties of Pu02 

1 Method 
of preparation 

Sulphate 
f ired a t 
760OC. 

lodate 
f ired a t 
6OOO0. 

Oxalate 
f ired at 
5000c. 

Nitrate 
f ired at 
5000c. 

E^droxide 
f ired at 
3000c. 

Specif ic surface 
area m ĝ"̂  

39 

31 

112 

10 

Too low to measure 

Densitv 
gm.ce-' 

11.32+0.06 

10.15+0.13 

10.31+0.08 

-

9.81+0.17 

Tap density 
gm. CO""' 

2.0 

1.3 

0.9 

2.2 

5 .4 

Part ic le s ize 
dis tr ibut icn 

Very uniform 
approx. 1-2 M.. 

Very unifera 
approx. 1-2 M.. 

Wide range of 
par t i c l e s 1-10 M.. 

-

Large particles^ 
b r i t t l e . 

76. I t i s evident from the particle size observations that the sulphate, 
lodate and oxalate yield the most satisfactory products for a slurry. The 
sulphate density corresponds to the theoretical value within the 
experimental error, ?Aiile those of the lodate, oxalate and hydroxide 

products are significantly below theoretical. The large particle size of 
the oxalate sample compared with i t s extremely high speoiflo surface area 
iitdicates a very open structure relative to Ha sulphate preparatl(»u Oils 
i s supported by the effect of calcination temperatere on specific surface 
(Figure 9); the structure apparently collapses rapidly on heating to 
temperatures above 500Oc. 
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77. The e f f ec t of high tempertiture water on plutonium oxide frca 
sulphate has been examined by heating a se t t l ed suspension i n a s t e t i c auto­
clave At 300^0. for 170 hours. The surface area showed no detecteble 
change (from 33 to 32 iD2/g,) and microsoqpio observation confizned no 
substential a l t era t ion in p a r t i d e s i z e distr ibution. Examination for water 
retention on a quartz spiral thenaogravimetrie balance showed that >99.5^o of 
water was expelled below lOOOc. in a i r and there was no evidence of hydr«te 
formation. 

78. Hardness tests on a sulphate-prepared santple revealed that plutonia 
wi l l scratoh both quartz and chromium and i s therefore at l e a s t as hard as 
thoria (7 cai Moh's s c a l e ) . 

79. Apart .from i t s possible e f f ec t upon slurry s t e b i l i t y , the 
e l ec tr i ca l condition of the surface of slurry par t i c l e s may a f f ec t their 
tendency to adhere to conteiner wal l s . Extensive plating-out on the walls 
of heat exchanger surfaces could be a serious problem, particularly in 
di lute slurry systems. In the A.E.R.E. design study reactor( l ) , a core 
c i rcu i t volume of 14,600 l i t r e s and a c i rcu i t surface area of 25,000 f t 2 
imply that the uniform deposition of a Isyer of Pu02 only one mioron thick 
would reduce the concentration of a 2 g . / l i t r e slurry by nearly 80 per cent. 
An assessment of methods of overcoming th i s p o s s i b i l i t y must await further 
experimental work on the surface characterlst ios of d i lute slurry p a r t i c l e s . 

80. Much more experimental work i s necessary before a comprehensive 
assessment of the po ten t ia l i t i e s of Pu02 s lurr ies can be made. For 
instance, there i s no evidence on the e f fect of irradiation upon the 
important parameters which determine slurry behaviour. Also the adsorption 
properties of the PUO2 for f i s s i o n and cozrrosion products are unknown. 
The work so far, however, has not shown liiat any serious d i f f i c u l t i e s would 
be encountered in a reactor system of th i s type. 
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