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Abstract 

Fuel treatment is planned at the Argonne National Laboratory 
on EBR-II spent fuel. The electrochemical treatment process is 
carried out in a cell with an argon atmosphere to prevent any 
reaction. The amount of fuel processed at any time is limited by 
the amount of energy which could be released by metal combustion if 
air is inadvertently allowed into the cell since the heat release 
would increase the cell pressure. The cell pressure is required to 
be below atmospheric even if combustion occurs to ensure no cell 
gas/aerosol is released to the environment. Metal fires can 
release large amounts of heat. In certain configurations such as 
fine particulate, metal can be pyrophoric at room temperature. 
When the metal is a nuclear fuel, it is important to be able to 
predict the reaction/heat release rate if the metal is 
inadvertently exposed to air. A realistic combustion model is 
needed to predict heat release rates for the many different flow 
and transport configurations which exist in the various fuel 
processing steps. A model for the combustion of uranium is 
developed here which compares satisfactorily to experimental data. 
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1.0 Introduction 
A model has been developed here which includes a heat balance 

on burning metal, the reaction rate of uranium oxygen, and the 
diffusion resistance of oxygen in an inert atmosphere to the metal 
surface. It compares satisfactorily with experimental data. This 
model allows an assessment of how much metal fuel can be exposed in 
cell for process operations (that is, out of defense-in-depth 
containers) and still meet the requirement to keep the pressure 
below atmospheric even in an accident which allows air into the 
cell. 

The principal reaction of interest in the combustion of 
uranium is 

U + 0 2 - U0 2 (1) 
Katz (1951, Chap. 11) discusses the chemistry of the uranium 
oxides. Although oxides are possible of U0 n where n < 2, in the temperature range of interest here, this is assumed to be 
negligible. Katz (1951, Chap. 11, Sect 1.2) states that "a range 
of uranium oxygen compounds, which do not lose oxygen except at 
very high temperatures, extends beyond U0 2 probably up to about U02.i5. Oxygen above this is loosely bound. Thus, any oxygen uptake 
beyond n=2 is endothermic (such as oxide fuel U3Oa) and not probable without energy addition. Other possible reactions (e.g., nitrogen 
Katz, Chap 6 and 10) are improbable. 
2.0 Oxidation Rate of Uranium 

The isothermal oxidation rate of uranium has been measured by 
Baker (1966a) in oxygen at constant pressure (200 mm) in the range 
of 3 00 to 625°C. The data were obtained in a metal "heat sink" 
reaction cell which minimized the temperature increase due to self-
heating. High reaction rates prevented obtaining isothermal data 
above 625°C. Typical deposition results are shown in Figure 1. 
These demonstrate an increasing reaction rate with time at 450°C 
and below (auto catalytic) and a decreasing rate at 500°C and above 
(protective oxide layer). 

For metal combustion, these rates are often fit with a power 
law of deposition versus time. There are several disadvantage of 
the power law fit, the first of which is that the rate cannot be 
correct at zero time if the exponent is not equal to one. It has 
a value of either infinity (>1) or zero (<1). The second is that 
the rate cannot be evaluated at zero time, the most desirable time 
to know it. The zero time rate represents the true metal-oxygen 
reaction rate since little or no oxide is on the surface yet. It 
is difficult to extract the reaction rate at later times because of 
the effect of diffusion through the oxide buildup on the surface. 
Third is that use of such a rate in an analytical model requires an 
initial deposition to be assumed because the 
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Fig. 1 Comparison of Zeroeth Order Reaction Rate Model 
with Baker (1966a) Data 
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oxidation will not start to build up since the rate starts at zero 
in the low temperature range. Lastly, this rate equation assumes 
that the rate is proportional to the concentration of the product 
instead of the reactants. 

A zeroeth order (that is, independent of concentration) 
Arrhenius reaction rate circumvents these problems and represents 
the data sufficiently. The rate obtained here is 

dw02/dt = 1.14xl04 mg/cm2 min EXP(-6946°K/T) (2) 
where W02=oxygen deposited (mg/cm2) , 

t=time (min), 
T=absolute temperature (K). 

The constants were determined from the slope of the buildup data in 
Figure 1 at zero time. The comparison of this rate law to the 
Baker deposition data is shown in Figure l. The initial rate is 
described very well as is required. Equation 2 produces straight 
lines since the rate does not depend on time. The experimental 
data deviate at later times due to the effect of oxide build up. 
The data curve downward for temperatures over 450°C and curve 
upward at temperatures above 450°C, the former effect being due to 
diffusive resistance and the latter being due to the autocatalytic 
effect of the low temperature oxide (Baker, 1966a). 

The autocatalytic effect may not be significant in the 
calculation of heat release since it does occur at low temperature. 
The diffusive effect of the oxide layer is more important since it 
occurs at high temperature where the rate is high but it would only 
become controlling if it becomes thick enough to provide more 
resistance to mass transfer than the gas phase. The overall 
deviation of Equation 2 from the data is approximately the same as 
the model presented in Baker, 1966a and does not show the 
discontinuity exhibited at 450°C. 

Baker concluded that the reaction rate is independent of 
oxygen and uranium concentration. He came to this conclusion by 
taking and comparing data in oxygen at different pressures (Baker, 
1966a) and in air (Baker, 1966b). Although a reaction rate 
independent of the reactant concentration is a contradiction (for 
example, as the concentration of oxygen approaches zero, so must 
the reaction rate) , it appears to be approximately true which 
provides the basis for the assumption of a zeroeth order reaction 
rate of Equation 2. 
3.0 Uranium Combustion Model with Gas Phase Diffusion 

The purpose of this analysis is to model the time dependent 
release of heat from uranium and oxygen reacting in an argon, 
nitrogen, oxygen atmosphere, not just the ignition temperature. In 
conservative safety studies, ignition temperature is often used as 
the criterion to specify that a reaction is occurring. If the 
material is above this temperature, a heat release rate is assumed. 
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Such a model can provide a very conservative approach but one that 
does not provide information on the real time dependent heat 
release. Ignition temperature is not an intrinsic property but 
depends upon material configuration, heat generation, and the heat 
and mass transfer processes. 

Baker (1966b) presented a model which he used to calculate 
ignition temperature of uranium. It is a single node transient 
model which is limited only by the heat transfer to the 
surroundings and produces a very high combustion temperature 
(>3000°C) when the model is run beyond ignition. 

In order to provide a realistic model of the combustion 
temperature in a mixture of oxygen and inerts, gas phase diffusion 
must be introduced. Mouridian and Baker (1963) model the steady 
state gas phase diffusion and heat transfer to predict the 
temperature reached by metal burning in air. The reaction rate was 
made infinite by setting the concentration of oxygen equal to zero 
at the metal surface. This model produces a single temperature 
(the maximum combustion temperature) but does not provide a 
transient heat release. This maximum temperature depends on the 
heat release per unit mass of fuel reacted and will produce the 
same temperature for different metals with the same heat release. 

The model presented here combines both of these effects so 
that the heat release as a function of time can be determined. The 
energy equation in the solid is discussed first followed by a 
diffusion model in the gas phase. 

3.1 Energy Balance on the Solid 
The heat balance on the solid is given as 

Rate of 
Change of 
Energy of 

Metal 

Rate of 
Heat Released 

in the 
Me tal-Oxygen 

Reaction 

Rate of 
Energy 
Loss by 

Convection 

Rate of 
Energy 
Loss by 

Radiation 
to Furnace 

Walls 

(3) 

(1) (2) (3) (4) 

The following assumptions are made: l) that the temperature 
is spatially uniform in the solid, 2) that the product of pCp is 
invariant and is the same for the metal and the oxide, and 3) that 
the reaction area does not change with time. 
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With these assumptions, this equation may be written as: 

(1) (2) (3) (4) 

where Mm=mass of metal, 
Q=heat release per gram of Uranium reacted, 
A=surface area of metal, 
W02=weight of oxygen added to fuel by reaction (mg) . 

NOTE: 10 3 converts from g to mg, 
Mu/M02=Molecular weight ratio of U to 0 2. This ratio 
allows w 0 2 to represent the weight of uranium reacted, 
T=temperature of burning metal, assumed uniform 

throughout the metal and deposited oxide, 
Ta=temperature of ambient gas in the furnace as well as 

the furnace temperature. 
Values used in this equation are as follows: CP=0.044 cal/g°K, 

Q=1089 cal/gu, Mu=238 g/mole, M02=32 g/mole, CT=81.6 X 10"12 cal/cm2 

min°K, e=0.75 and T a starts at 300°C increases at 10°C/min. 
3.2 Heat Transfer Coefficients 
Heat transfer coefficients developed in Mouridian and Baker 

(1963) are used here. They used the following gas phase properties 
for evaluation of correlations in air, 

Cp=0.0883 T f
1 6 5 {cal/gm°K) 

k =1.062xlO~A T f- 6 5 {cal/min cm°K} 
7 =1.071xl0"3 Tf1-605 {cm2/min} 
where Cp,k, and y are the specific heat, thermal conductivity, 

and dynamic viscosity of the gas evaluated at the film temperature 
(average of T and Ta) and film concentration for air (90% nitrogen 
and 10% oxygen). 

The following forced convection heat transfer correlations 
were used, 

vertical plate Nu=0.60 (Re) 5 

horizontal cylinder Nu=0.38 (Re) 5 

sphere Nu=2 + 0.55 (Re)-5 

where Nu=hL/k and Re=vL/7, the Nusselt number and Reynolds 
number respectively, h=heat transfer coefficient, v is a 
representative velocity, and L is a representative length. 

Baker, 1966b, ran uranium combustion tests with cubes of metal 
in a furnace which were used to verify the model presented in this 
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paper. The above correlations produced a representative Reynolds 
number of 200 for a test condition of v=500 cm/min oxygen (that is, 
2500 cm/min air) and L=0.85 cm. This is laminar flow which is far 
below the turbulent flow transition criterion of 2000 and is low 
enough to be almost free convection. Thus, this justifies using 
laminar flow gas heat and mass transfer in this model without 
concern for turbulence. 

3.3 Radiative Emissivity of Uranium 
The emissivity of uranium varies with the amount of oxide on 

its surface. Baker (1963) measured the emissivity of uranium for 
temperatures up to 1000°C. His averaged results are reproduced in 
Figure 2. The emissivity is almost independent of phase and 
temperature but strongly dependent on oxide thickness. The value 
ranges from 0.31 for polished uranium to 0.76 for a deposition 
layer of 1 mg/cm2. As mentioned previously, the emissivity of 0.75 
was used in the model. Since the oxide layer builds up to 1 mg/cm2 

very quickly, neglect of the variation in this property does not 
affect the results significantly. 

3.4 Diffusion Equation in the Gas Phase 
Figure 3 illustrates the model used to derive the diffusion 

equation for the concentration of oxygen. The problem is 
envisioned as that of flow over a flat plate of uranium where both 
sides are capable of reacting. The actual geometry of the reacting 
metal may be different from that of a flat plate, such as a cube, 
a wire, or a foil. The diffusion equation is written in the form 

dt y dy °> Bz2 

where XQ 2 is the molar concentration of 0 2, vy is the velocity of the gas parallel to the plate, D 0 2 is the diffusion coefficient of 0 2 relative to the gas mixture. 
There are several assumptions implicit in this equation, some of 
which include, 1) the net molar flux in the z direction is zero, 2) 
the velocity in the z direction is zero, 3) the diffusion is small 
in the y direction compared to the convective term, and 4) the 
velocity profile in the y direction is known. The first and second 
assumptions are only approximately true because there is a net 
molar flux of oxygen toward the plate where it is consumed and no 
gaseous product is produced to balance this out. An approximation 
to represent this flow (called Stephen flow) is presented in 
Mouridian (1963) but is not used here. It increases the molar flux 
of oxygen to the surface because there is a pressure drop toward 
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the surface. The third assumption is reasonable for sufficiently 
high flow rates. The y component of velocity will be discussed 
later. 

A further reasonable assumption is made that the transient 
term is small with respect to the convective term. The boundary 
condition at y=o is given as 

Xo2(t,0,z) = Xinlet(t) (6) 
The inlet mole fraction, Xinlefc, will in general, be a function of time but in the experimental data of Baker (1966b) is a constant. 
Even though the inlet mole fraction is a constant, the solution is 
a function of time because the reaction rate boundary condition at 
the plate is time dependent. Since the time derivative is dropped 
from Equation 5, no initial mole fraction can be specified. Two 
boundary conditions must be specified in the z direction. The 
boundary condition at z=oo is specified as being X i n l B t. The boundary 
condition at z=0 is a balance between the rate of oxygen diffusion 
to the reaction rate at the surface. The boundary condition is 

Pa *oa ~si dWia 
z=0 IF < a> 

where p a is the density (in kg/m3) of the ambient gas mixture. 
If the rate of transport would cause a negative wall mole fraction, 
it is replaced with 

X02 = ° (b) 
and the rate of transport is calculated with the negative of the 
left hand side of Equation a. Note that since the uranium 
temperature is spatially uniform and since the reaction rate (that 
is, dW02/dt) is independent of mole fraction and the specimen 
temperature is uniform, the reaction rate is the same for all 
values of y for a given time. When Equation 7a predicts a negative 
mole fraction, this means that the diffusion rate cannot supply 
enough oxygen to satisfy Equation 7a so it is replaced by boundary 
condition 7b. 

Reid (1958, Pp 274-276) gives values for the diffusion 
coefficient of 0.181 cm2/sec for nitrogen-oxygen, 0.175 cm2/sec for 
air-oxygen at 273°C and 0.20 cm2/sec for argon-oxygen at 293°C. 
The value D 0 2 = 0.18 cm2/sec was used for all of the calculations 
presented here. 

3.5 Velocity Profile in the Gas Phase 
It can be seen from the discussion of the boundary condition 

at the gas metal interface (Equation 7a), that as the temperature 
increases, the rate of reaction (Equation 2) will eventually reach 
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the maximum rate of transport of oxygen to the surface (that is, 
when XQ 2(Z=0)=0) . The higher that the diffusion coefficient is, the higher will be the maximum heat generation and the maximum 
temperature which the metal reaches. In fact, if this rate of 
transport is very high, then the maximum temperature will no longer 
be limited by the mass transport but by the balance between the 
heat generation rate and the heat loss to the ambient. This is a 
very high temperature (T0>3000°C) . 

The mass transport is highly dependent on the flow geometry. 
Flow over a cube can produce much more transport per unit area of 
exposed metal than can flow over a flat plate. Flow normal to a 
wire which is small compared to the boundary layer can also exhibit 
much more mass transfer per unit area. In order to scope the 
variation in mass transfer rates, three different variations in the 
velocity profile for a given velocity were investigated. A flat 
velocity profile was investigated to represent flows with a high 
mass transfer rate. The flow over a flat plate using the standard 
Blasius solution assuming constant properties was looked at to 
represent the case of low mass transfer. Finally, variations in 
the length of the flat plate were looked at for high mass transfer 
rates per unit area for small objects, such as wires, versus large 
objects, such as a cube. 

An approximate analytical solution for laminar flow over a 
flat plate was derived by Bird, Stewart, and Lightfoot (1960, P. 
143). The boundary layer thickness S(y) is approximated as 

5(y) = 4.64, v y 
\ v. (8) 

Note that S(0) = 0. The velocity profile is approximated as 
I* = 3 z _ 1/ z \3 (9) 
v„ 2 8 M 2 \ 8 (y) ) 

for z z 8 (y) 

Note that for air flowing over a 0.85 cm plate, the boundary layer 
thickness builds up at the end of the plate to 

5(.85) =4. 64*, 10.74 c^/min 0 m 8 5 c m a t 3 1 1 m K 500cm/min 
8 = 0.135cm 

Depending on the velocity and the length of the plate, the laminar 
boundary layer will break down into turbulent flow. Schlichting 
(1955, P. 109) states that the flow in the boundary layer remains 
laminar for Reynolds Number less than 5xl05. The previously 
calculated Reynolds Number of 40 for a cube of L=0.85 cm. indicates 
the flow will remain laminar for most cases of combustion of 
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interest here. This velocity profile will be used to represent 
flow over cubes by using the cube length. It will also be used to 
model flow over a wire or sphere by taking a small value of L to 
represent its diameter. 

3.6 Geometry Limitations 
The total heat which can be released is, of course, limited by 

the amount of material available to react. The thickness of 
uranium consumed is obtained from stoichiometry as in the 
following. The thickness of deposit to the amount of oxygen 
reacted by the weight of U0 2 growth/mg of 0 2 deposited is given by the ratio of molecular weights. 

m&o2 27 0 
cm' 32 = 8.44 

m9uoz 

cm' 

Since the density of U0 2 = 10.96 g/cc, the thickness of the oxide is 

8.44mgm 

cm' 
1cm- Iff 
10.96c- lOOOmo- = 7.7 microns 

So for every mg of 0 2 deposited per cm2, there is 7.7 microns thick 
of U0 2 growth. For every mg of 0 2 which reacts (i.e. is deposited), there is 238/32 = 7.44 mg of U reacted. Therefore the thickness of uranium 
reacted per mg/cm2 deposited is 

* * s 
_ lmg02 

cm' 
x 7 . 4 4 x 1cm' gm 

1 9 . 0 5 g n ? lOOOflja-
=3.9 microns 

The depth to which the metal can react is limited by the 
amount of material available. This can be related to the initial 
specific area, S, defined as the initial reacting area/unit weight. 
(Note, results of burning experiments are often presented in terms 
of S.) This relationship is derived for the following geometries 
of interest: 

3.6.1 Flat plate of depth D, length L, and width W. 
Neglecting the side areas the specific area is S=2LW/LWDp. 

Solving for the depth, D=2/Sp. Since the reaction can occur on two 
sides, the maximum depth of reaction is one half of the thickness. 
This can be related to the maximum of 0 2 deposited by dividing this thickness by reacted metal ratio or 

MD = D 
2R„ 

127 
spRm 

(10) 
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3.6.2 Cube of length L 
The specific area is S=6L2/pL3. Solving for the length, 

L=6/pS. Although a shrinking core model would be more accurate, if 
the area of the cube is considered constant, the oxygen can react 
only to a depth of L/6 (i.e., the total volume, L3, is reacted when 
the total area, 6L2, is reacted to a depth L/6) so that the maximum 
depth of oxygen deposited is 

MD » 
6Ra 6pSRm SpRa 

which is the same as above. 
3.6.3 Sphere of Radius R 
The specific area is S=3/pR. Solving for the radius, R=3/pS. 

Again, assuming the area of the sphere remains constant, the oxygen 
can only react to a depth of R/3 so the maximum depth of oxygen 
deposited is 

Mr, = 
3Rm SpRm 

which is the same as above. 
Thus, the reaction is assumed to stop when the oxide thickness 

is computed to be 1/SpR,,,. 
4.0 Numerical Solution Method 

The diffusion and energy equations were solved by finite 
difference methods. At each time step, the diffusion equation is 
solved first followed by the energy equation. 

The diffusion equation was written in implicit finite 
difference form as: 

$(y,z) • X ( I + 1 ' J ) ~ X{I.J) = rX(I+l,J+l) - 2X(I+1,J) + X(I+1,J-1) 
AT| AZ2 

where i\ = —, <(>=— and v_ = the free stream velocity 
vm vm 

Let R = * { y ' z ) ±?1 
D AX\ 

X(I+1,J+1) - [R+21 X (I+1,J) + X(I+1,J-1) = -RX(I,J) (11) 

At the boundary of the flat plate, an imaginary point was 
introduced so that the error would remain of order (AZ 2) when the 
flux boundary condition is used. The boundary condition is 
combined with Equation 11 centered at the wall to eliminate the 
imaginary point. Equation 11 evaluated at the wall is 

X(I+1,+1) - (R+2) X(I+1,0) + X(I+1,-1) = -R X(I,0) 
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The boundary condition in finite difference from is 

•X-U+1,+1) -*(J+1,-1) = - ^ 
pD 

Eliminating the mole fraction at J = -1 

2 X(I+1,+1) - (R+2) X(I+1,Q) = - ^ ^ £ - RX(I,0) 
pD dt 

The results are an equation with two unknown mole fractions at J = 
0 and J = 1. Combining this equation with Equation 11 centered at 
J = 1 will eliminate the mole fraction at J = 0 but introduces the 
mole fraction at J = 2. This process can be continued each time 
resulting in an equation with two unknown mole fractions at higher 
values of J. After each step, this equation can be tested to see 
if a high enough value of J has been obtained by assuming the mole 
fraction for the larger value of J is equal to the initial mole 
fraction, X i f the mole fraction for the smaller J value can be 
solved for. When this tentatively calculated mole fraction is 
equal to Xi, then it is concluded that J is large enough. With 
these two mole fractions, the back substitution process can proceed 
since each of the combined equations now contain only one unknown. 
The last mole fraction solved for is the one at the wall. If this 
value is greater than or equal to zero, the solution is accepted. 
If it is less than zero, the boundary condition of X 0 2 = 0 is taken instead of the flux condition and the equations are resolved. This 
means the solution is diffusion controlled and the value of dW02/dt must be obtained from the boundary condition rather than the rate 
law. 

The above procedure is repeated for each value of y. After 
the rate of oxygen consumption dW02/dt has been obtained at each value of y, the reaction rate at the plate to be used in the solid 
energy equation is determined by summing these, and multiplying by 
Ay/L. 

The metal temperature at the new time is obtained from the 
energy equation (4) which is solved for explicitly in time by 
evaluating the right hand side oat the old time. The heat transfer 
coefficient is obtained from the appropriate correlation from 
Section 3.2. When the total amount of oxygen deposited (or metal 
consumed) exceeds the limit of Section 3.6, dW02/dt is thereafter assumed equal to zero. Temperature changes after that are only due 
to heat gains or loses by convection and radiation. 
5.0 Experimental Results 

Baker (1966b) presented complete burning curves (i.e., a 
temperature time measurement through heatup, ignition, and 
combustion) of a 0.85 cm. cube of uranium. The experimental 
apparatus consisted of a reactor tube installed in a furnace. The 

m 
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reactor was a mullite tube 2.54 cm in diameter clamped vertically 
in hinged-type "Hevi-Duty" combustion tube furnace. The cube had 
a small hole drilled in one face and was placed on top of a 
thermocouple suspended in the center of the tube. The oxidizing 
atmosphere was admitted at the bottom of the reaction tube and then 
flowed upward over the cube. It was preheated before reaching the 
sample by passage through ceramic beads packed in the lower section 
of the tube. The furnace and oxidizing atmosphere were designed to 
be at the same temperature and both were increased at 10°C/min. 

Figure 4 presents results of Baker (1966b). He was primarily 
interested in ignition temperature so he concentrated on reporting 
measurements in the low temperature regime but still reported some 
higher temperature results. In the low temperature region, the 
curve identified as oxygen lags behind that of the increasing 
furnace temperature curve. At 35 minutes, the cube temperature 
increases above that of the furnace and within another 9 minutes 
has increased beyond the ability to measure it (thermocouple is 
limited to 1400°C). Since gaseous diffusion does not limit the 
rate of transfer to the surface in an oxygen atmosphere, this 
temperature will increase until it reaches another limit such as 
that provided by oxide build up on the surface, consumption of all 
the metal, or heat loss from the specimen. The convex nature of 
the rate data at temperatures above 450°C (see Figure 1) indicates 
that an oxide layer does build up to limit the mass transfer in an 
oxygen atmosphere. 

Baker defines the ignition temperature based on the burning 
curve as the intersection of two tangent lines, one drawn from the 
upper portion of the curve and one from the lower part. The curve, 
marked as air, behaves considerably different than the oxygen curve 
even though the "ignition temperatures" are approximately the same 
for both oxygen and air but they don't behave the same. Baker 
(1966b) states that burning curves of uranium in air do not show 
the same characteristic bright flash upon ignition as observed in 
oxygen nor is the burning sustained. Note, that these curves are 
both for a volumetric flow rate based on a velocity of 500 cm/min 
of oxygen so the gas velocity in the air experiment (20% oxygen) is 
five times that of the 0 2 experiment or 2500 cm/min. 

Figure 4 shows similarity in early part of the burning curves. 
The specimen temperature in air increases to 1180°C at almost the 
same time as the specimen in oxygen but after a large increase, the 
temperature comes down to 800°c within five minutes. A second 
increase occurs within another five minutes, then another reduction 
to 1000°C before increasing a third time. Thus, the heat release 
rate is quite different between the two oxidizing atmospheres. It 
should be noted, although Baker did not include air burning curves 
above 1180°C or beyond 75 minutes, he mentioned in the text that 
the temperature reached as high as 1500°C and that the thermal 
cycling continued until all the metal was completely consumed. 
Extrapolation of this curve (dashed line) yields temperature close 
to this temperature in both humps. Note also that the difference 
in the two minimums of 800 and 1000°C is largely explained by the 

15 



1500-r— 

HOG-

1300-

1200-

1100-

1000-

* 

oc aoo-I _, 
CD 7<XH Q-
3E 
* = 600-

500H 

400-

300-

200-

100-

FURNACE 
(MEASURED) 

AIR 
(MEASURED; 

INDICATES EXTRAPOLfflON 

80 
TIME, min 

Fig. 4 Burning Curves at a Constant Furnace Heatup Rate of 
(10°C/min) for a Uranium Cube of 0.85 cm 

16 



rise in furnace temperature. The maximum temperature would be 
lower if 500 cm/min of air had been used instead of 2500 cm/min. 
6.0 Comparison of Analytical and Experimental Results 

Three analytical results are presented in Figure 5, the first 
for a constant velocity in the boundary layer equal to that of the 
free stream, and the second and third using the previously 
mentioned developing velocity profile. The free stream air 
velocity of 500 cm/min was the same for the first and third and 
2500 cm/min was used for the second. The analytical curves show 
that the rapid temperature increase occurs about ten minutes before 
that of the experiment. A change in the model heat transfer 
coefficient could make up this difference. 

The 2500 cm/min velocity profile model yields a temperature of 
1050°C as the diffusion controlled regime begins. The flat 500 
cm/min velocity profile yields a high temperature of 1390°C whereas 
the laminar profile reaches 860°C before becoming diffusion 
limited. The flat velocity profile yields a higher temperature 
because more mass is transported to the surface than in the laminar 
profile cases (both the 2500 and 500 cm/min). Although the model 
does not allow oscillations in the velocity profile, the two 500 
cm/min cases predict the minimum and maximum temperatures of the 
air curve fairly well whereas the 2500 cm/min case produces an 
intermediate result. This leads to the conclusion that the flow 
and the velocity profile may have been oscillating in the 
experiment causing the oxygen transfer rate to the surface to vary 
and the resultant temperature fluctuations. One minor point; the 
temperatures in the analysis are seen to drop for the two velocity 
profile cases when the metal is all reacted. In the flat velocity 
case, no limit was included on the metal mass so its temperature 
did not drop. 

The analysis compares well with the low temperature data 
(before "ignition") and could be made to agree better by adjusting 
the reaction rate equation, heat transfer coefficients, or 
radiative emissivities. Changes to these quantities will affect 
the "ignition temperature" significantly but not the heat release 
rate after ignition occurs. The low temperature portion of the 
model isn't affected by diffusion because of the zeroeth order 
reaction assumed. Thus improvements in the fluid flow and 
diffusion models will not enhance agreement in this region. 

The high temperature data (after "ignition") shows that the 
model does not describe the transient behavior in that region. The 
high temperature regime is diffusion controlled and is not 
dependent on the reaction rate. That is, the reaction rate is so 
high in this region that the mass transfer limited boundary 
condition of Xo2=0 is used rather than the equation of the mass transfer and the oxygen consumption rate. Thus, changes to the 
mass transport modelling would significantly affect the transient 
heat release but improvements in the reaction rate model will not 
enhance the agreement. Instead, the improvement must come from 
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modelling the flow field better so the mass transfer is accurately 
modelled. In this regime, the rate of metal reacted will be the 
same for any metal the only difference being the heat release per 
unit mass for the particular reaction. Therefore, plutonium and 
tertiary compounds of uranium, plutonium, and zirconium will burn 
essentially the same as uranium in this region. 

The cause of these temperature oscillations could be due to 
flow and diffusion effects which were dropped to in the above 
analysis such as the convective flux in the direction of the 
surface, transient momentum, fluid movement due to body forces, and 
the transient effects in the convective flow equation. These could 
account for the temperature fluctuations. 

The model compares well enough to the data to conclude that 
the major mechanisms have been modelled and the areas where 
improvements are needed have been identified. 
7.0 Conclusions 

A realistic model of uranium combustion was developed here 
which includes a heat balance on burning metal, the reaction rate 
of uranium oxygen, and the diffusion resistance of oxygen in an 
inert atmosphere to the metal surface. It compares satisfactorily 
with experimental data. This model allows an assessment of how 
much metal fuel can be exposed in cell for process operations (that 
is, out of defense-in-depth containers) and still meet the 
requirement to keep the pressure negative even in an accident or 
incident that opens an air pathway into the cell. 
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