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A B S T R A C T 

The thernial and thermodynamic conditions in the bomb reduction of 

OF are investigated. Preheating of the charge is stated to be necessary 
4 

to bring some portion of the charge to ignition temperature {about 800*C) 

and all of the charge to an average temperature (about 400*C) high enough 

to assure molten products. In the preheating period, the liner and charge 

are treated as a homogenous, right circular cylinder; the temperature 

distribution in the charge as a function of the thermal properties, dimen

sions of the bomb, and the preheating time are calculated on an ICL digital 

computer. 

By the use of an analog computer, radial temperature—time profiles 

have been determined for the preheating period of the bomb reduction 

process. The effect on radial ..temperature—time profiles of liners and 

charges vith different thermal properties -was determined. 



lo INTRODUCTION 

Uranium metal is produced technologically by the bomb 
reduction of uranium tetrafluoride (green salt) with calcium 
or magnesium. The basic function of the bomb reduction is 
to bring the green salt and the reductant together under con
ditions that will produce complete reduction of the uliV to 
form molten uranium metal and molten slag. The difference 
in densities of these two immiscible fluids will produce 
segregation into a uranium regulus and a supernatant slag, 

C i ) 
which may be seperated mechanicallyv y. 

The reduction step is an important factor in uranium 
yield and hence in the metallic fuel element cost. To im
prove and control the uranium yield, a critical analysis of 
the thermal situations in the reduction step must be perfor
med. This requires a study of the underlying principals of 
heat transfer and thermodynamics as applied to this process. 

Reduction of UF. to U metal on a laboratory-scale (1-220 
grams) has been performed in the Metallurgy Department of the 

(2) 
Egyptian Atomic Energy Commission^ '„ In the experiments 
steel bombs lined by graphite crucibles were used. The reac
tion charge, consisting of briquetes of a mixture of UEV and 
Mg powders of small particle sizes, was inserted in the lined 
bomb. The charged bomb was closed with a graphite cap and 
steel lid, placed in a crucible resistance furnace, and heated 
until a sudden rise in temperature, indicating the initiation 
of exothermic reaction, took place. The bomb was allowed to 
cool, and the reaction products were dumped to recover the 
uranium regulus from the bottom of the bomb. 

The thermal situations can be devided into three periods 
which are: the preheating period ( the period of heating the 
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the "bomb before ignition), the reaction period, and the coo

ling period. Heat transfer and thermochemistry play vital 

roles during these periods* 

The purpose of this report was to review the several 
thermal situations in a semi—quantitative way. This was to 

permit prediction of the effects of changes of reaction con

ditions and to serve as a guide to the selection of the best 

combination of conditions. Furthermore, considerable atten

tion was given to the thermal situation in the preheating per

iod. Computer calculations are made for the temperature dis

tribution in the charge as a function of the thermal proper

ties, dimensions of the bomb, and of the preheating time. 

This is essentially due to the importance of the prehea

ting period in the reduction reaction. During this period 

the temperature of at least a portion of the charge is raised 

to sufficiently high temperature to initiate the reaction 

at a rapid rate. Another vital function of the preheating 

period is to raise the temperature of the entire charge suff

iciently to assure that the product slag will be fluid, thus 

permitting segregation of the metallic uranium by gravita

tional settling. 
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2. THE THERMAL SITUATIONS DURING 
BOMB REDUCTION 

2 d . The preheating period; 

The preheating time may vary considerably. The average 

temperatures of the charge at the time the reaction ignites 

will depend upon the length of this preheating period, the 

furnace temperature, the packed density of the charge, the 

thickness and packed density of the slag liner, and the dim

ensions and general design of the reduction bomb. 

The higher the packing density of the charge, the greater 

the amount of charge possible per unit volume, the greater 

the heat generated per unit area of wall, the better the ther

mal conductivity,and the greater the heat penetration into 

the charge before the surface reaches ignition temperature* 

A low density charge has a low thermal conductivity and is 

more liable to premature local initiation of the reaction 

than is a high-density charge* A packing density no less 

than 3*0 g/c.c« is desirable^ • 

Since the initiating reaction apparently depends prim-. 
(4) 

arily on the Mg vapour cone ent rati onv , control of preignition 

time (at a given temperature) depends on control of this, quantity-, 
i0e*.., the Mg evaporation rate. Consequently, any method that 
directly or indirectly affects the Mg evaporation rate should 
alter the preignition time, such as furnace temperature, Mg 

(5 ) 
surface area and the presence of surface film around M g w • 

(a) furnace Temperature and Mg Surface area: 

Preignition heating times of bombs are conveniently leng

thened by decreasing the furnace set-temperature or the eff .-

ective surface area of the Mg and vica-versa* 
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(b) Variables that Influence Film Formation on Mg^b^; 

The condition of the Hg surface strongly influences the 
evaporation rate. !Ehe presence of adherent films on the sur
face of Mg would decrease the evaporation rate of Mg, and con
sequently , the preignition heating period of bombs would in
crease. An example is filming of Mg with MgF~ by reaction 

(7} 
of t h e metal with HF as follows w . 

*S + 2 H F a /eOO'C* M S F 2 + H 2 ' ( 1 ) 

HF can be directly generated in the bomb during preheating 
due to the presence of appreciable amounts of UOo^o? 

Metal-grade UF4 g e n e r a l l y contains 1-2«, 3% VQ^^ . 

The following reactions occur in the-charge during the pre

heating period^ ^i 

U 0 2P 2 + Ha0 °°. + 2HF < 3> 

These reactions provide HF which causes the formation 
of a MgFo fiJja on the Mg;'hence, increasing the UOp^P concen
tration increases the preheating period,, Also the addition 
of Na HF2 to the charge increases the preignition time because 
HF is evolved at an appreciable rate at about 275°C fa?om NaHFp« 

HF can also generated within the bomb by an indirect me
thod. Appreciable quantities of water are carried into the 
bomb by the green salt (20-100 ppm H-, chiefly as HpO) and 
liner (40-100 ppm H^, chiefly as H20)o During preheating, 
this water is slowly released and reacts with II6V as. follows5 

2H 0 + UF4 — « * • U02 -5- 4HF (4) 
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•Thi s reaction takes place, to a large extent, at the 

liner — charge interface where the charge is hottest and 

results in a layer of UOp, at the interface-

Wa"cer can also be formed in the bomb by the use of an 

additive that either decomposes to yield water or that oxi-. 

dizes hydrogen to water • Additives used are UO^ to 
the bomb charge or liner, MgUOy, to the liner, and BaO~ to 

(9) the bomb charge w * . 

Another possible film formation on the Mg is a mixture 

of UOp and. MgF~ film* She addition of CGp, or additives that 

generate GOp, leads to the formation of MgO on the surface 

of the Mg which reacts with the surrounding UBV according to 
4--u j_- CIO J ^ 
the reaction^ J% 

2MgO + UF — * » U02 + 2UgP2 _ (5) 

Additives used to generate COp are FeCO, to the bomb charge, 

and oxalic acid to the bomb liner « Conversely, additions 

of materials that scavenge H-O and/or HF to the bomb charge 

or liner, will shorten the preignition heating times. Such 

additives are: addition of free U, Mg, or Ga to the liner; 

addition of UF, "to the bomb charge or liner. These addi

tives scavenge H..0 and/or HF according to the following reac-
(9) ^ 

tionsw': 

„ + 2„ao (g) iBo-aoo'c,, U(>2 + 2Ha (6) 

Mg + Ha0 (g) ~*•£ •» MgO + H2 (7) 

2UF3 + 2HF ^f_ a4 3 7. c » 2W4 + H2 (8) 

Bomb Geometry; 

Since the heat transfer into and out of reduction bombs 

is one of the fundamental factors affecting the bomb yield, 
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studies have been initiated to determine the effect of oomb 
C11' size and shapev' " on yield* The stuaies were based on the 

concept that the longer the period of time during which the 
products of reaction reraain molten, the better the yield. 
Shis can only be accomplished by retaining the heat inside 
the bomb for an extended period of time* 

The heat entering the bomb must first pass through the 
steel container and then through the refractory liner in 
order to reach the mixture of the charge. As the heat pen
etrates the charges the temperature gradient between the cen
ter of the charge and the inside surface of the liner becomes 
less* At the same time9 the reaction.*s initiation tempera
ture is more closely approximated, at the outer edge of the 
charge* This creates a tendency for the bomb to fire in a 
direction toward the centers This might not be desirable if 
the reaction were to proceed by this pattern at all levels 
in the bomb since the heat liberated would have a tendency 
to move in all directions specially out of the bomb* 

It is conceivable that a desirable condition might exist 
if the reaction were initiated at the center of the charge 
since the conservation of heat would be greater due to the 
greater resistance to the flow of heat out of the bomb, 
Since this condition is not lively to occur repeatedly, and 
since the uranium metal produced flows to the bottom of the 
charge cavity, probably the next most desirable firing chara
cteristic would be to have the charge fire from the top and 
proceed downward* This can be accomplished by properly lin
ing the bomb* However, this firing procedure alone would not 
necessarily result in the optimum bomb yieldo 

The rate of heat transfer out of the bomb after reaction 
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has occured is directly affected by: 
1- The resistance to heat flow*, 

2- She total area that is available for heat transfer, 

3- The "uemperature difference between the center of the 
charge and the atmosphere around the bomb* * 

Since it is desired to minimize this rate of heat trans

fer during the first few minutes after firing, means should 

be provided for resisting the heat flow «. A method for 

resisting the flow of heat would be to increase the resistance 

offered lay the steel container and the refractory liner* 
This would be undesirable from a production point of view 

since it would result in a longer heating period to ignition 

due to the slower transfer of heat into the bombo 

A method for effectively reducing the available area for 

heat transfer without effecting the charge size, would be to 

provide a minimum surface area to volume ratio * This ratio 

could be based on the surface and volume values for the slag 

produced by the reaction, sii*ce the slag has a tendency to 

freeze before the uranium metal can separate from it, thus 

resulting in a loss in yieldo The geometric forms of slag 

that wonld produce the desired ratio are a sphere 9 a right 

cylinder with its diameter equal to its height, and a cube* 

The present reduction facilities utilize a bomb that has the * 

form of a right cylinder* 

By reducing the temperature difference between the 

center of the "bomb and its surface, the rate of heat transfer 

could be decreased* It would be undesirable to decrease the 

temperature at the center of the bomb because this would 

freeze the products and make separation difficult. Thus, 

the only alternative would be to increase the temperature 

outside the bomb at the time of firingo 
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- 2*2. Thermal and Thermodynaffli c Conditions at Ignitions 

The conditions necessary for ignition of the reaction 
are determined "by a "balance between the rate of heat release 
from the reaction and the rate of heat loss from the react
ing zone to the material immediately surrounding it, The 
rate of heat release depends on the kinetics and the.thermo
chemistry of the reaction. At present there appears *bo be 
very little reliable quantitative information on the kinetics 
of reaction. Calculation of the rate of loss of heat from 
the reaction zone requires a hypothesis regarding the shape 
of the zone, and a knowledge of the thermal properties and 
heat transfer coefficients. These are substantially imposs
ible requirements since the reaction is a violent one accom
panied by changes in physical state, marked density changes, 
and on an unknown reaction mechanism. It is possible, hcw<-
ever, on the basis of general observations of the reaction 
ajid simple energy release considerations to make some impor
tant inferences about the conditions which mus't exist at 
igition^12\ 

The fact that the initiation temperature can be well 
below the melting point of Mg (650°C) indicates that the 
initiating mechanism in the bomb probably involves one of 
the following reactions: 

UF4 (solid) + Mg (solid), (1) 
UF4 (solid) + Mg (vapour), 0» 
UJF̂  (vapour)+ Mg (solid) , (VJJ) 
UEV (vapour)+ Mg (vapour), (hi) 

The possibilities of the reactions (»>) and. (V) are remote 
because the vapour pressure of UF^ in this temperature region 
is low (1,9 x 10"*4 m.m. Hg at 760°C)^ 1^. Solid-sloid reac
tions require both large contact areas and high activation 
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energies to proceed at the relatively fast rate characteristic 
of the "bomb reaction. 

It is considered more likly, therefore, that the reduc
tion of UP^ "by Mg is initiated as a solid-vapour reaction, 
the vapour pressure of Mg (about 0.1 m.m. Hg at 500°G)^ *' 
playing the predominant role, 

The rapid increase above 400°0 of the amount of MgFp 
formed on heating compacts of UEV and Mg powder was explained 

by O'Driscoll and Calvert on the basis of a HE\, (solid)-Me 
C14-) (15) 4 

(vapour) reactionv '. Piper*s^ -" J results using the diffe

rential thermal analysis techniques are certainly consistent 

with this type of initiating reaction. Purthermore, Paine, 

Huehle and Lewisv J showed that the reaction of UP^ and Mg 

vapour is appreciable at 5^0°G. The reaction was found to 

occur in two steps, with UF, being the only intermediate det

ected. With a limited amount of Mg vapour available at any 

given time (as in the bomb),*the first step, reduction to tO?*, 

was much faster than the reduction of UT?, to metal. The reac-

tions may be represented as follows? 

Ug (g) • 2UF4 (.) .*£,.„»- MT, (.) + MgP2 (.) . (9) 

UP,(S) + 3/aMg(g) a!";n,r» u (.) + a/a ugp0.(s) (10) 
3 V ' ' M a f e V & / at 540eC 

The first reaction (equation y) may very well be the 

initiating reaction in the bomb, and the second one (equation^ 

10) may become the rate controlling step, prior to the melting 

of Mg, as the reaction proceeds and heat is released^ Sharp 

increases in charge temperature would"result from relatively 
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small quantities of reacting Mg vapour via the reaction { 9) 
thus leading to a self-sustained reaction. Furthermore, in 
experiments in which bomb charges were heated oust short of 
firing and then quenched, the charge was found to contain XIF,* 

The mechanism of reduction of UF,, by Mg depend on the 
+ (12) * 

temperaturev • 
(a) Low Temperatures (up to 40Q°Q approximately)& 
The reaction in this temperature range is between solid 

UF* and solid Mg, The extent of reaction will be determined 
by the surface of Mg metal in contact with UF^* Limitations 
imposed by oxide films will normally be predominating. 
Factors tending to disrupt these films, for example applied 
pressure, will promote further reaction. In practice, how
ever, the solid-solid reaction is probably relatively unim
portant • 

(b) In termedia te Temperatures O00°C-900oC)s 

The reaction in this temperature range is berween solid 
TJF̂  and Mg vapour. 'The vapour pressure of UF„ does not 
reach significant proportions until about 900°C (0.1 m.m. Hg). 
The rate processes in this reaction will depend to a large 
extent on the vapour pressure of Mg and the rate of vaporiza
tion. 

The apparent initiation which would be determined by 
thermocouple measurements is the temperature at which the 
reaction rate accelerates rapidly. The heat evolved from 
reaction increases the rate of vaporization. This in turn 
produces further reaction and further heat and therefore the 
reaction will be accelerated. The direct effect of the heat 
liberated by the reaction may produce increase in the rate 
of vaporization merely by increasing the vapour pressure or 
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"by altering some physical characteristic such as the nature 

or physical properties of the oxide film on the Mg. 

It is of interest to note that the initiation of reac

tion falls mostly in the region of She melting point of Mg. 

At this temperature the oxide film will tend to he disrupted 

since there is a considerable increase in volume of Mg on 

melting and in addition the film, will no longer have a solid 

support» 

(c) High Temperatures (̂ OQ°G and above); 

Once the temperature has reached the point where^ UliV 

vapour has a significant value (say 0*1 mem«,) the reaction 

proceeds "between Mg vapour and U1<Y vapour« This will be 

particularly fast reaction and leads to the high maximum 

temperature obtained (probably in excess of 14-00°-1500°C)o 

No further comment on this stage of the reaction is required 

as it is extremely unlikely that any experimental measure

ments of the kinetics would be possible* 

2«3» Thermal and Thermodynamic Conditions at the 

Cooling Period; 

Under the usual conditions of preheating, it appears 

that the mean charge temperature is between 370°C-450°C 

at the time of ignition* This means that molten reaction 

products are produced having temperatures in the neighbor

hood of 1370°C to 1480°C» The reaction is accompanied by 

a marked decrease in volume, so that the products fill only 

approximately one-half of the charge cavity. 

Since the temperature of the products is well above the 

temperature of the liner material, the products begin to 

cool immediately wherever they are in contact with the liner. 

Because the heat capacity of the liner is relatively a larger 
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quantity ', a significant amount of heat is absorbed by the 
liner before any heat is transferred out through the wall of 
the reduction bomb, This means that at least in its initial 
stages, the cooling problem must be considered as transient 
or unsteady state conduction to the liner material. 

During the initial stages of the after-reaction period, 
the MgEU and U products are both liquid. The much denser 
uranium settles to the bottom of the bomb, while the molten 
MgP2 collects and floats to a supernatent position,, The 
rate of this~ settling will depend upon the globule sizes of 
the two materials and on their viscosities a.s well as their 
density difference. 

Most of the separation probably takes place quickly, but 
some small percentage of the products is in small globules 
which separate slowly and may not coalesce even after separa
tion. This is evidenced by the mixture of metal and slag of
ten found on the surface of the reguluso 

Whatever the rate and conditions of settling, it is clear 
that all separation must take place before the reacted mass 
has cooled to 1263°Cg the freezing point of MgF~. 

It is pertinent here to consider what properties of the 
liner actually determine the cooling rate* If the heat capa
city of the liner was negligible, only the conductivity would 
be important. From the curve shown in Fig.(l) , it is shown 
that for a slag liner, the value of the thermal conductivity 
is practically linearly proportional to the liner density* 
Wê  may conclude, therefore, that the rate of chilling of hot 
slag by "contact with cold liner material1*will be reduced in 
direct proportion to reduction in the packed density of the 
liner. Low density liner would seem, to be desirable^'/. 
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3. CAlXJuLATIQIT OE TZ& CiiAKlxB TEMPERATuKS 

UUKIHG THE XXtmMATING PEEIOi) 

The importance of the preheating period in the reduction 
of FJ?. "by Mg or Ga has "been discussed earlier, A prediction 
of the mean charge temperature as a function of the preheat
ing time can be calculated for certain specified conditions. 

The differential equations describing heat transfer in 
the preheatin period may be written, hut their analytical 
solution is impractical* However, the equations, with appro
priate boundary conditions, are easily solved by using an 
analog computer^ ^ Also, a simplified fo rm of these equa
tions can be solved on a digital computer. 

The solutions to the equations describing heat transfer 
during the bomb preheating time would be useful for the fol
lowing reasons; 

1- Make accurate estimates of reaction ignition tem

peratures. 
2- Make accurate estimate of the charge enthalpy. 
3~ Detect pre-reaction during the preheating period 

Dy comparing measured and calculated temperatures. 
4- estimate the effect of using liners having different 

thermal properties. 
5- Estimate the effects of using different liner-charge 

geometries. 

3.1. Calculations Performed on an IGL digital Computers 

The differential equation for heat conduction in cylinder 
(radially) is ('1^) s 

XL = ^ f±L + _L.I>T) _ _ _ _ _ ( 0 
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where ~]~ is the temperature, 
fc is the tine s 
c*. is the thermal diffusivity, and 
f is the radius. 

This form suggests that a likely solution may be made up of 
terms which are the product of an exponential function of 
the time and a Bessel function« The values of such functions 
ares however, tabulated in readily accessible form and there
fore it is a simple matter to compute" particular examples 
when the equations are known/* ' • 

In the case of linear heating of the surface, the time 
term must be of the shape (l-e~ ) since I must vanish for 
t=0 and must approach a limiting steady state, as t increases, 
in which all parts cf the body change uniformly• 

(21) Williamson and Adamsv y have tabulated solutions of fou-
rier series, for various geometries, including cylinders, 
by which center, centerline, or center plane temperatLires may 
be obtained* The relationship is given by the equations 

/w T-Tj ?A fer ~ A ' J, (M„) 

where, Tj = the initial uniform temperature of charge and 
liner • 

17 = the constant surface temperature at which the 
bomb is held for time t„ 

*c = radius of the charge 
f] = outer radius of the liner (radius of the charge 

puis the liner thicknessJ, 
oi = thermal diffusivity of the charge and liner* 
1̂ , = the mean temperature of the charge at the end 

of time* 
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t = the pr-eheating time. 

tfn- the roots of the equation, J0C^n^ = 0. 

3ol,l. Assumptions: 

A rigorous description of the heat transfer occuring in 

the bomb would include the thermal effects of the reduction 

vessel. However, because the vessel wall is thin compared 

with the charge raduis, and because its thermal diffusivity 
2 2 

is so much greater (0.4-5 ft /or for steel, versus 0.01 f t /hr 
fop") 

for liner . ) v , the thermal resistance of the vessel can be 
neglected. 

The bomb charge and liner used in the plants are' shaped 

very nearly as a right circular cylinder, although there is 

a slight taper of the charge cavity to facilitats removal 

of the mandrel. In this analysis, it was assumed that the 

charge and the liner are long right circular cylinders. This 

assumption is valid at all sections of the bomb except those 

relatively near to the bottom of the cylinder. 

We shall assume also that negligible heat is generated 

or absorbed within the charge because of chemical reaction. 

Finally, we assume that the thermal diffusivity, c=< , of 

the slag liner and of the charge are the same, constant and 
f 22 ) 

independent of temperature. Beatty^ y found that the the

rmal diffusivity for the charge and liner changes with 

temperature ass 

at 70"F at 550°F 

UF4 + Mg (density 2.9 g/c.c.; 0.01 ft2/hr 0.0115 ft2/hrj 

Liner (density 2.09 g/c.c.) 0.0072 ft2/hr 0.00?6 ft2/hri-

'i'hese data, and the data for variations of diffusivity with '; 

density, are shown in Fig.(l), and Fig.(2)» 
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It is "believed that the values of dirfusivity may be as

sumed constant within the limits of reproducibility of liner 

and charge pack density. However, it should be pointred out 

•chat the thermal diffusivity of a powder is strongly depen

dent upon the nature of the interstitial gas* For his measure

ments, Beatty used a stream of 1T2 to insure constancy of the 

interstitial gas. In a bomb, any water in the green ̂ alt will 

be vaporised during the preheating period and will become int

erstitial gas. Decomposition of water or reaction of water 

with HEV, will also alter the interstitial gas. As little 

as 0.05% water ihUFV can change the composition of the inter

stitial gas appreciably. In that event, if the thermal diff-

usivity is not constant, the direct application of these solut

ions is invalid. It appears, however, that the assumption 

that diffusivities are equal should give a satisfactory 

estimate of conditions for most cases. 

3-1.2. Procedure and Results; 

From equation (2) we can see that: 

Since ?ijr] 9 c^t/rj^ 9 said "X^ are dimensionless, a tabula

tion or graph of %, versus <=<t n* with Ĵ /K) as a para

meter will serve for any radius of bomb, any conditions of 

"IT and ~7/ » any thickness of liner, and any values of o< 

and t • For this study a FORTRAN program was made and run 

on an IGL digital computerv ^ . The results are given in 

Table (I) and are presented graphically in Fig.(3)« These 

dimensionless presentations can be used for any set of con

ditions, but it is convenient to use dimensional forms for 

the dimensions and temperature conditions in most common use. 
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Table (l)s Dimensionless mean temperature5 "J* s irithin a cylinder as a 
^ 2 function of dimensionless time, =<D/r1? and position r /r. 

X G* X 

Lt/r* j-
Dimensionless Position9

 r
c/

r\ 

I 

J 0.04 
0.08 

8 

f 0 . 70 j 0 . 75 0,82 0.86 
I i 

0.875 ! 0.90 ! 0 .95 

I i 
I i 
I 0.168 1 
! I 
i 0.360 
1 

0.12 J 0.472 
0.16 

J 0.20 
j 0,24 

I 0.28 

I 0 .32 

! 0 .36 

\ 0.40 

! 0.44 

0.558 

0.654 
I 
I 0 .733 
J 0 .786 
S 0.833 

0.862 

! 0.890 

S 0.914 

j 0 = 48 J 0.930 I 
J 0.52 j 0.943 J 
! 0 .56 i 0.954 I 

! 0 .60 I 0 .963 

0.179 

0.368 

0.496 

0.560 

0,673 

0.741 

0.811 

0.846 

0.881 

0.898 

0.921 

0.938 

0.952 

0.962 

0.970 

0.232 S 0.282 

0.429 I 0.462 
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The effect of increessing"Che liner thickness (i.e., dec
reasing the value of the ratio, r /r, ) is to decrease, the 
mean temperature of -she charge at any given time orsalter
natively, to increase the time required to reach a specified 
mean charge temperature<> This can be seen by reference to 
Fig»(3)s and it will also be noted that the degree of, sensi
tivity of mean temperature to changes in liner thiciaiess dec
rease somewhat with increased length of heating time-

A second effect of increasing the liner thickness is 
to decrease the ratio between the maximum temperature in 
the charge and its average temperature „ This is not directly 
observable from Fig.(3)9 but may be inferred by comparison 
of the mean temperature for different value s-'laf r^/r at a 
given time,. 

Also j, it is of interest to compare the amounts of heat 
added to the charge during successive time intervals and also 
to consider the effect of changes in furnace temperature on 
the heating rates. For this study, a FOHTBAH program was 
madê - ̂ , The calculations were made for different scales 
of bombs, starting with ' 2-scale bomb up to 14-os -scale: bomb, 
and for different bomb surface temperatureso The exact va.lue 

of the thermal diffusivity of the charge and liner is- not 
2 - (22) known, but a reasonable average value is OoQl ft /hr. 

Based on this diffusivity and the dimensions given above 
we have calculated the mean temperature in the charge as a 
function of the heating time in minutes for both laboratory-
scale and production-scale bom'bo The results are given in 
Figs0 (4—10) 
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^•2. Analog Computer Solution for Temperature Distribu
tion in the "bomb during the preheating period. 

An unusual application of the analog computer, and a 
most useful ons. was the simulation of the heat transfer in 

(24) a reduction bomb during the preheating period^ y. 

Early efforts to simulate transient heat flow in solids 
involved the use of the passive components, resistors and 
capacitors, to simulate heat flow and time-temperature rela
tionships. Various special—purpose passive—component com
puters have been designed and built to facilitate siich 

(25) studiesv . Such methods are relatively straight-forward 
in simulating heat flow in a single dimension. The methods 
have "been extended to problems in two and even, three dimen
sions y however, the number of passive components and the 
required component changes becoms excessive and difficult 
to handle in these instances^ '» With the advent of the 
electronic analog computer, such simulations are much more 
easily accomplished-

3,2.1. Procedure; 

Using the same assumptions as those used for the digit
al computer calculations, the inner cylinder, representing 
the charge has a thermal diffusivity ex., , a thermal con
ductivity £,, and a radius r . Corresponding symbols for 
the outer cylinder, representing the liner, are c<2 » Kp, and 
r, • For the inner cylinder the equation of heat conduction is: 

\*) 

For the liner section, the corresponding equation is: 

At the interface between slag and liner, assuming no contact 
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pos-1' st',:iiiC,:::'- the "boundai^ por^t"' o^ Via.-<ri"ae. 

' - K, (2?Jrt-" = - K*C3?)«* U) 
At the ouuer c y l i n d e r i c a l surface the "boundary condi t ions are 
as fo l lows: 

fo r t <* 0: 11~T^0 VT- i s the ambient tempera ture) . 

fo r t ^' 0: 1=1-, (T. i s the furnace tempera ture) . 

The "cemperature, t ime, and r a d i a l sca les a re chosen as fo l lows: 

1- Eeduced temperature / ~ i 
x l x i 

_ . i -

lieduced time 9 = —LL 
r.2 

3~ The unit, of radial length, r 9 is the outer radius of 
the outer cylinder, r-,. 

4- Interface location £ ~ rc/rl • 

With these definitions, the equations of conduction are put 
in reduced forms and may be applied to cylindere of various 
sizes when subjected to various furnace temperatures* The 
reduced equations are as follows: 

These equations were solved with the analog computer using 
the finite difference aDproximation in a modification of a 

( 26) 
method developed by Paschkis and Heisler J • 

Specifically, eight temperature locations were used in 
programming the computer, and temperatures were obtained at 
the following radial positions; axis,4/4» 4/2 * 34/4-» £ s>4-+ 
izi-* { + ZU-zkl 9 and t + ^ f ^ - • • 

In order to program the boundary conditions at the 
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interface, i"c is necessary to inow the slope of the temperature-

radius curve on either side of the interface. Slopes -obtained 

by direct application of the finite difference method are not 

sufficiently accurate. Therefore, empirical equations were 

derived for the temperature-radius curves and diffe.xentiated 

to obtain values of the slopes for use in equation(9,).> The 

constants in the empirical equations are linear functions of 

temperatures. Thus, the boundary equation at the interface 

becomes a linear equation relating the interface temperature 

to the other radially located temperatures used in deriving 

the empirical equation. This boundary equation can be easily 

programmed. 

The computer results were obtained on an X-Y recorder as 

a series of curves of reduced temperature, "7" , versus reduced 

time, 9 , for specified reduced radii. 

To program the computer, it is necessary to know »4;> /pi, s 

K^/K, , and £. When these parameters are specified, a unique 

solution is obtained for equations 7-9° 3!he procedure is as 

followsj 

1- select a value for v • 

2- select a value for 0̂ 7 /<=JS , and calculate coefficients 

for finite difference method of programming* 

3- specify a value for IL,/^ ? ^ calculate the boundary 

equations. 

4- install coefficients in the computer and operate to ob

tain curves of reduced temperature versus reduced time. 

5- . specify other values for K^/K, , retaining the same 

value of k and c-'vj U , and operate computer to obtain 

desired curves „ 

6- select other appropriate ratios of o^,^, and repeat 

the process for appropriate Kp/K-,8 ratios* 
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7- choose another value i'or x and repeat the process for 
auoropriate "values of c4- /-<.. $ and iL-VK-, • 

In this fashi an s a family of curves can he built up which 
cover almost any practical situation. The values of the para
meters investigated in this study were as follows; 

1- Ratios of cylindrical radii (inner to outer; of 0.75, 
0»S?0o869 and 0.9« 

2— Hatios of thermal conductivities (of the outer cylin
der to the inner cylinder) of 2o5» 5 » and 10, 

3~ Ratios of thermal diffusivities of lf and 10c 

For situations in"cermediate to those shown on the curves, 

suitable da"ca may "be obtained by cross plotting, 

3*2.2. Computer Programming Procedures 

The general finite difference method equations, derived 

by Paschkis and Heisler̂ - ^ for passive component electrical 

analogy studies of two-dimensional, heat transfer in cylinders, 

were written for programming on the electronic analog computer. 

The amount of analog equipments available allowed programming 

for eight points or segments of a unit radius cylinder. Seven 

equations were written,, each is a representation of the finite dif

ference approximation to the second-order differential equation 

at the point in question. The coefficients involved were sepa

rated so that the term, representing the diffusivity coeffici

ent was represented by a separate computer potentiometer. An 

eight-equation was derived to represent the conditions at the 

boundary of the charge and liner. This equation was programmed 

and inserted in the original program as the charge-liner boun

dary equation. Preliminary runs showed that the computer pro

gram closely simulated to the time-temperature relationship of 

points within a homogeneous cylinder (constant diffusivity 
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coefficient for all segments} when subjected to a step-func
tion input. 

In applying the computer program as used for the homo
geneous cylinder to the two component cylinder, the unit rad
ius was specified as 0.86 charge and 0.14 liner. The equations 
were written with the outer three computer—simulated cylinder 
sections assigned to the liner and the inner four sections ass
igned to the charge. The diffusivity potentiometers of the 
outer three sections were set to represent liner thermal dif— 
fusivities, and the inner four potentiometers were set to 
represent charge thermal diffusivities. f 

The computer program is shown in Pig.(11). The equations 
programmed are as follows: 

General Equations; 

For the center: ^ = -f~~x ( T - T0 ) V<>) 

At radius m A r: ^ T ^ _ <*• L_. ,,T u-^-r . /,*. ,\T" 1 

Bauations Programmed 

(a) For the "bomb charge: 

A t - ----03) 

A t """SIT — ^ 

For the charge=liner interface when 4 = 0»86, Kp/K-, =5: 

ttf) 



3 

4 

SIGN 
ADDITION ANO COEFFCIENT DtFFUSMTY INTEGRATION PHANRF 
BTRACTION COEFFICIENT C A U™ CHANGE SUBTRACTION 

> 

0.1 [ K 

o.t r K 

o r o- .a o f "D^ 
2 M ( A T ) 2 P C 

AMPLIFIER FUNCTION DIAGRAM 

OUTPUT (Ym ) 

(P0ST1VE POTENTIALS 

0.4 35 
—O- fr O- IH—E> 

y> 
0.2/7 
-o— 

^oS > • 

Oz J>J Î L, 
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The coefficients of Changes for each ratio of E^/KTJ ajl^L 

under investigation. These coefficients for each ratio are -
shown in the appendix as calculated for this study , toge
ther- with the derivation of the general form of equation (lb), 

Cb) li'or the liners 

*2U*.25J('Oi-2*7J-+S7SJ - ^ = ^ _ u g ....(17; 

*/g is the input temperature, a step function* 
% through "7̂  were obtained as the output of the integrating 
sections and were recorded as a function of time • 

3<»2,3» Results; 

The curves obtained from an EAI, PAGE TR-4-8 analog com-
puter are shown in Figs,£12) through (.15)- Because of the 
approximations involved in the finite difference method and 
in obtaining the interface boundary equation, the initial 
values of interface temperature Con the curves) were too 
low for early reduced times* These portions of the curves 
were omitted. 
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Fift*'1*). UNSTEADY HEAT CONDUCTION IN A TWO-COMPONENT 
C¥UNBER 
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4. DISCUSSION AND CONCLUSIONS 

In the present sta"oe of knowledge regarding the nature 

of the ignition process, it is difficult to draw definite 

conclusions about the proper or ideal conditions for prehea-. 

ting. On first thought, one is inclined to feel that the most 

desirable preheating conditions from the standpoint of reac

tion temperature would "be -chose which bring the reactants to 

a fairly uniform elevated temperature by the time the* reaction 

igniteso Ihis could be achieved by the use of thicker liners 

or by programmed heatingv but a"c a cost of increased preheat

ing tine . 

Second though might lead us to question whether a uniform 

preheating is unqualifiedly desirable, Por ignition; there 

is good evidence that some "portion of the charge must reach 
( 27) 

a temperature in the neighborhood of 54-0°Cv ' . For the 

magnesium fluoride product to be molten, however, the- reac-

tant temperature need only be somewhat in excess of about 
(23) 

205°CV if the reaction is completely adiabatic. With un

iform heating, the entire charge would have to be at approxi

mately 54-0°C before firing, thus requiring a long heating pe

riod and perhaps producing an undesirably high reaction tem

perature. With non-uniform heating, the high ignition temp-e— 

rature could be attained locally without raising the average 

temperature of the charge above some selected iainimum. Ex

perimental data on the ignition mechanism and the effect of 

reaction temperature will be needed before a completely sati

sfactory answer can be made to the question of ideal preheat 

procedure and condition. 

Prom the curves shown from Figs.(4-10), it can be shown 
that an obvious way in which heating rates might be increased 

is to increase the furnace temperature. 21his solution, how-
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ever, is limited by the necessity of avoiding premature igni
tion of the bomb and by the wording limits of plant furnaces. 
In general, the probability of premature thermal ignition of 
the bomb increases as the liner-charge interface temperature 
is increased beyond 3^0°Q>^'J. 

Also, from these curves, it can be shown that decreasing 

the bomb diameter has a pronounced effect on charge center 

heating rates. Also, increasing the thermal diffusivity would 

increase the heating rate since the heating rate is directly 

proportional to this quantity* This can be clearly shown in 

Fig.(15). 

As a Conclusion we may Notice the Following? 

(1) In small reaction vessels, the surface/volume ratio 
is greater "Chan in larger vessels, and the thermal losses oc-
curing during reaction are greater* 

{2) At every stage in the bomb reduction process, from 

preheating to final cooling9 the heat transfer characteristics 

play a vital role. The heat transfer characteristics' alone, 

however, are not significant to describe the vital reaction 

period in which.the rate of heat generation is a function of 

the thermochemistry of the several reactions and particularly 

of their Kinetics, It appeared that more detailed calcula5-

tions of the conditions in the bomb and of the effects of 

selected variables on these conditions would best be prece-

eded by some consistent study of "Che Kinetics of the reaction, 

including ignition and the reaction mechanism. 

(3J The predominant factors in the reduction are prob

ably the vapour pressure of Mg and the rate of vaporization. 

The rate of reduction of UK is probably largely controlled 

by the vapour pressure of Mg. The rate of vaporization is 

probably of most significance at the lower temperatures before 



- 40 -

the Mg melts, once this occurs, the oxide film on the Mg no 
longer impedes the rate of vaporization. 

(4-} Liners that are too thin result in initiation of 
the reaction before sufficient heat has entered the major 
part of the charge, and in weakening of the bomb wall while 
pressure is higtu In addition, thin liners cannot insulate 
well enough after the reaction to allow the molten metal to 
collect before it freezes, Ihe larger the reaction vessel 
the thicker should be the lining." 

(5) 'ihe use of graphite liners give rise to a new set 
of technical considerations. The higher thermal conducti-̂ v 
vity of the graphite either requires the use of lower fur
nace temperatures so that the charge will heat more gradually, 
or requires the use of a charge with higher thermal conducti
vity. Low-density charges, those hand-tamped or jolt-packed, 
and particulary those using precipitated UF„S generally req
uire more gradual heating than do high density charges such 
as those "produced by machine compacting. 
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APPENDIX 

THE DERIVATION OF THE GENERAL FORM OF THE EQUATION FOR THE 

CHARGE-LINER INTERFACE, AND THE CALCULATIONS OF THE 

COEFFICIENT OF T^OR DIFFERjeMT RATIOS OF £ ,AND J^/K^ 

At the "boundary between charge and liner, the heat flux 

through the liner must equal the heat flux through the charge, 

If the finite difference approximation is used directly to 

evaluate the -uemperature gradients, see Fig„(16,)9 the app

roximated value of (Xr)eT is •^zzr ^d- l e s s tnan the actual 

gradient at £". The approximated value of (-̂ /£ is -^^^and is 

greater than the actual gradient at £ ..Thus 9 a serious compound 
error results if these values are used in equation (1;«, To 
get accurate values for the gradients, the temperature was 
expressed as a polynomial function of r for each section, 
and the polynomials were differentiated and evaluated at 

1 1 
. . j . . . . , , , . . . . . . . . , s *,t* * » / / / / / / > / / >/*/.t/l /Ht ft/tJ*A/'J>tJ /tS* 

l/W£f CYLMteR 

?=i 

d= 
3 v « / 

— • »• r 
idcfciovk t/trough Oj^Wers 

? i g e ( l 6 ) s Nomenclature and l o c a t i o n of computer po in t s 
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iPor the charge section: 

where the 7^ ana Cj s Cj > C3 J a ^ £*f a^e functions of time< 

Then: 

Xf=Cl + 2Clr +3C3 rz 4 ^ C 4 r 3 , 
but 12* = o 

"3r a£ r~o 
therefore, 

So 0/ = 0 

3 ^ P - 2C2 r -r3C3 rl + <+£ <+ r 
z 

-fcrv 2<*C 

The first, second, third, and fourth derivatives are evaluated 

"by using the finite difference approximation, (see the foll

owing tabled , and thus the constants, 0, through C., are 

evaluated. 
h n f u ; 

a 

h£ 

hV 

multiplin 

1 
K 
1/6 
1/12 
fc 
1/6 
1/12 
1/12 

1 
1 
1/12 
1 
1 
1/12 
1/12 

Differentiation formula coeff—0 
-1 | 1 
ZJL 4" 
^Xl 
--2j| 
-1 
-2 
-3 
1 

1 
2 
"2 
T-
1 
11 

18 
48 
SL 

"& 
-JLO 
-8 

=-2 
-5 
-104 
••K>£9k»-

-2 
•=20 

-1 
-y 
-36 
1 

2 
16 

6 -1 
18 -6 
0. 

1 
4 
114 
1 
1 
6 

-x -X, -jo 

8 

-1 
-56 

0 
4 
16 

-3 
» 

1 
-1 

11 

j 
-1 
-1 
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^n f (.n; 

nVv 

multiplin 

1 

l 
l 
i 

Differentiation formula coeff— 

—1 

-3 
-1 

1 
T 
1 

3 
18 
10 
a 

-4 
-4 

-3 
-24 
-3 
-12 

6 
6 

1 
14 
1 
6 

-2 

-4 
-4 
-4 

-3 

-1 
1 

1 

The final expression for the temperature gradient on the cha
rge side of the interface iss 

For the liner section, the following equations were useds 

T s L0 + L, r •* L, r̂  

• £T = 2 i-2 
Again using finite difference method to calculate the deriva

tives, the following equation is obtained? 

•+ rrr; ( ^ - 2 ? 5 -*-"^) *»*».*. 
,sr£r - (3J 
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when equations(2) and (3; are inserted in equation (1.) with 

appropriate values of K0/ E^ and d, the required boundary eq

uations are obtained as follows: 

€ 
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