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A THEORETICAL STUDY OF Xe!35 POISONING KINETICS IN FLUID-FUELED,

GAS-SPARGED NUCLEAR REACTORS
M. T. Robinson

1. INTRODUCTION

One of the substantial advantages claimed for liquid fuels in very-high-power nuclear reactors
is the easy removal of Xe'3% from the fuel, with the consequent gains in neutron economy.'
This claim is at least partly supported by operating experience with the ARE.2 This report is

135 poisoning in a reactor in which this

concerned with a theoretical study of the kinetics of Xe
volatile poison is continuously removed by a stream of sparging gas. The theory is applied to
the experience with the ARE and is used to make predictions for the ART. Some comments on
full-scale aircraft power plants are also included.

The system is assumed to consist of two phases: the liquid fuel and the sparging gas. The
theory is concerned only with volume-averaged concentrations and neutron fluxes. Turbulent
motion of the two fluids is held to assure thorough mixing within each phase. The appropriate
differential equations which describe the behavior of the poisoning in such a system are derived
and solved. Steady-state behavior during high-power operation of the reactor is discussed.
Detailed kinetics of the poisoning during the approach to steady state are studied through a
series of calculations performed on the Oracle. A brief discussion of shutdown behavior follows.

135

A final section presents a rapid approximate method for calculating Xe poisoning in gas-

sparged fluid-fueled reactors.

2. DERIVATION OF THE DIFFERENTIAL EQUATIONS

135

The volume-averaged concentration of Xe in the fuel of a fluid-fueled nuclear reactor

changes because of a number of different processes, as shown schematically in Fig. 1. These

]W. R. Grimes et al., The Reactor Handbook, vol 2 (September 1953), p 973.

2M. T. Robinson, W, A, Brooksbank, and D. E. Guss, ANP Quar. Prog. Rep. Dec. 10, 1954, ORNL-
1816, p 124—125,
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Fig. 1. Processes Governing Xe '3 Poisoning in Fluid-Fueled Reactors.




processes are as follows (see Table 1 for definitions of all symbols used):

1. direct production from fission,

Rate 1 = yx°2f¢ ; 2.1
2. production from decay of 1133,
..a.at
Rate 2 = y|2f¢('| - e ) ; (2.2)
3. transfer from the gas phase to the liquid phase,
AegVe
Rate 3 = ; (2.3)
L
TABLE 1. DEFINITION OF SYMBOLS
English Greek
Letters Definition Letters Definition
A Area of liquid-gas boundary surface % ]OOyXeO'//O'u
ag Activity of Xe'35 in the gas phase a, 'IOOy,cr//O'u
a, Activity of Xe'35 in the liquid phase a, I\’/B/\/ = RTS; see Eq. 3.4
o Concentration of Xe!3% in gas phase ay Radioactive decay constant of | 135
<L Concentration of Xe 33 in liquid a, Radioactive decay constant of Xe!33
hase
P B vV, /Ve
&0 Concentration of 1'3% at ¢ = 0; see 135
Eq. 4.18 Y Fission yield of |
. . 135
R’ Mass-transfer film coefficient Yxe Fission yield of Xe
L a o+ A+ /\/ Rate constant for transfer of xenon
1 4 T A T AL o
from liquid to gas
k, a, + azﬁ)\/ + )\g N /
135 & v6’Va
2 Partial pressure of Xe in gas
phase A Txe®
% Rate of mass transfer A, Rate constant for transfer of xenon
from gas to liquid
R Universal gas constant
Nl - o Microscopic fission cross section
\) Solubility coefficient of xenon in fuel of U235
T Absolute temperature 2/ Macroscopic fission cross section
. of fuel
t Time
] o, Microscopic neutron absorption cross
ve Volumetric flow rate of sparging gas section of U235
Ve Volume of gas phase 2, Macroscopic neutron absorption cross
v, Volume of liquid phase section of fuel
x Xe'35 poisoning in fuel Oy Microscopic neutron absorption cross
9 * . 135
section of Xe
y "*Equivalent poisoning” in gas
phase; see Eq. 2.14 o) Volume-averaged thermal-neutron flux




4, loss by radioactive decay,

Rate 4 = —0uc,

5. loss by absorption of thermal neutrons,
Rate 5 = ~oy éc, ;
8. loss by transfer to the gas phase,

Rate 6 = —)\/CL

The over-all time dependence of the Xe'3®

sum of these six rates:

Ve

. s
L= Yx2y® ot vidpll - e ) ;7—'Arcc - (ag + oy @ + Ay

L
The processes which change the volume-averaged Xe
as follows:
7. transfer from the liquid phase,
/\/CLVL
Rate 7 = ——— ;
VG

8. loss by radioactive decay,

Rate 8 = -a,c. ;

9. loss by transfer to the liquid phase,

Rate 9 = -A c. ;

10. loss by flow of gas out of the reactor,

V6e
Rate 10 = ~

Ve

Several ways in which changes might occur in the concentration of Xe

been specifically neglected; these are:

11. loss by absorption of thermal neutrons;

(2.4)

(2.5)

(2.6)

concentration in the liquid phase is given by the

(2.7)

concentration in the gas phase are

(2.8)

(2.9)

(2.10)

2.11)

135 in the gas phase have

12. production from decay of 1'33 or from fission. This implies the neglect of transfer processes
P Y

(like 3, 7, 9, and 10) involving '35 or U235,
The over-all time dependence of the Xe'3%

of processes 7 through 10 to be

Ve
ce =TA/CL - {ay + /\’ +
G

In this discussion of the behavior of a nuclear reactor, the behavior of the Xe

v

>
C .
G

concentration in the gas phase is given by the sum

(2.12)

135 poisoning




is of primary interest and is defined as

1000y ¢,
X = Tu-— . (2.]3)
The related quantity y is defined as
]O(b’xecc
yo (2.14)

u

The virtue of this latter quantity stems from the identity

x CL

LA (2.15)
Y e

which will be required in deriving a relationship between )\/ and A. By the use of Eqgs. 2.7,
2.12, 2,13, and 2.14 and some abbreviations from Table 1, the differential equations for the

poisoning are written as

x = oA, + al)\L(l - e_a3t) + az)\/y - (o, + )\/ + )\L)x ; (2.16)

| y = B)\/x - (OL4 + aZB)\/ + )\g)y . (2.17)
The above equations apply during the nuclear power operation of a reactor. However, the
behavior of the poisoning during a shutdown must also be discussed. Inthis case it is necessary

to set A, = 0and to replace the first two terms of Eq. 2.16 by the source term

agdye 3 (2.18)

The boundary conditions needed in solving Eqgs. 2.16 and 2.17 are discussed in Sec. 4.

3. RELATIONS BETWEEN THE VARIOUS PHASE-TRANSFER RATE CONSTANTS

The problem of studying the kinetics of Xe!33

poisoning can be simplified by eliminating
one of the phase-transfer rate constants, defined in Eqs. 2.6 and 2.10. The total rate of transfer
of xenon from the liquid phase to the gas phase is )\/VLCL. The total rate of transfer in the
reverse direction is AV c.. Now, while it probably cannot be realized in practice, there exists
some pair of values (c’&, cz) corresponding to true thermodynamic equilibrium between the two
phases. The ‘‘law of mass action’’® requires that under these conditions the amount of material

entering a phase be the same as the amount leaving, that is, that

)\/VLCZ = )\'Vccz
or
Ve L
A= A — (3.1
Ve <&

3C. M. Guldberg and P. Waage, Etudes sur les affinities chimiques, 1867,




The solubility coefficient of a gas in a liquid is the equilibrium concentration of solute in the

liquid phase when the partial pressure of the substance in the gas phase is 1 atm. That is,
] = peS = cg RTS , (3.2
where the ideal gas law has been used in the form

pG‘= cGRT

135

to relate the Xe pressure to its concentration in the gas phase. A combination of Eqs. 2.1

and 3.2 gives the desired result:
1%

L
AT = A/ RTS W ’ (3.3)
whence
a, = RTS . (3.4)

Thus equilibrium solubility data may be used to eliminate the rate constant A
Also, a relation may be derived between the ‘‘true’’ rate constants, )\/ and A, and the *‘ap-

parent’ rate constant,? )\p. The latter is defined by

Net Xe'3% transfer rate = -)\ch . (3.5)

Equating this to the sum of rates defined in Eqs. 2.3 and 2.6, it is found that

A, = A - x,¥ :G , (3.6)
L L
or, introducing Eq. 3.3,
‘G
)\p = )\/ 1 -~ RTS Z) . (3.7)

If Eqs. 3.4 and 2.15 are introduced, then

a,y
’\p = )\/ 1 - (3.8)

Thus experimentally derived values of '\p may be compared with values calculated from the
solutions to Egs. 2.16 and 2.17.

The connection of the rate constant z\/ to the usual mass-transfer film coefficient may be
shown by noting that the total net current of matter across the boundary between the liquid and
gas phases is

0’ = —)\/VLCL + AV, = —/\/VL(CL ~ RTS cG) . (3.9)

According to the usual mass-transfer analysis,> the total current may be written as

Ql

~k’Ala, - ag) . (3.10)

4. L. Meem, The Xenon Problem in the ART, ORNL CF-54-5-1 (May 3, 1954).
SG. G. Brown et al., Unit Operations, p 510 #, Wiley, New York, 1950.




Both phases are assumed to be ideal. The xenon activity in the liguid may be replaced by the
concentration. Therefore the standard state in the gas phase must be considered as that pressure

of xenon in equilibrium with unit concentration in the liquid. Thus
ag = pS = RTSCG .
Then Eq. 3.10 becomes
Q" = ~k’Alc;, - RTSc;) . (3.11H)

Comparison of Egs. 3.9 and 3.11 yields

(3.12)

In principle, the film coefficient £” can be computed from the geometry of the system and

the physical properties and flow rate of the liquid fuel through a relation of the type

ks

= [(Sc, Re) , (3.13)
L

135

where s is a characteristic dimension; D, is the diffusion coefficient of Xe in the liquid;

Re is the Reynolds number of the liquid; and Sc, the Schmidt number, is given by

143

Sc = ,

D,
in which v, is the kinematic viscosity of the liquid. It does not appear practical to calculate

)\/ in this way, because of the complicated geometry and flow regime obtaining in the ARE and

ART.

4. SOLUTION OF THE DIFFERENTIAL EQUATIONS

135

The time dependence of the poisoning of a nuclear reactor due to Xe may be expressed

by the differential equations

x o= [0 + ady — kyx (4.1)
and
y = Bhx = kyy (4.2)
The source term is
£ = agh, + ar, (1 = & 3 (4.3)

when the reactor is in operation and
t

-
fo(t) = a8ge 3 (4.4)
otherwise. The quantity &0 is related to the amount of |35 present at ¢ = 0.

By solving Eq. 4.2 for x, differentiating with respect to ¢, ond comhining the results with




Eq. 4.1, the differential equation

Y+ kg + k)y 4+ (kyky = aBN)y = BAf () (4.5)
is obtained. The solution to this equation may be written as

—K.It

y = CDn(t) + Ae + Be , (4.6)
where
1
2
= ey + &y + Vb, — k)7 + da,p2?] (4.74)
1
Ky = 5 [kz + k- \/(k2 - le])2 + 4a2[3)\ﬂ , (4.7b)
-Qnt
(g + a)BMAL B e 3
q)](t) — - ’ (4.8a)

kiky = aBAT (k) = ag)(ky — 0g) — BN

B agge Y
() = : (4.85)
(ky = ag)lky — a;) ~ azﬁ)‘/z

Combining these results with Eq. 4.2 yields

kz—Kl kz—K

- 2 -
x = 0 () + Ay B 2 (4.9)
B BAs
where
-a3t
(o.0 + a])kz)\L a.])\L(le2 - a3)e
0,0 = - . (4.104)
kiky — aBA (kg = ag)(ky — ay) — a,BA
...aat
aydglky ~ age
0,0 = . (4.100)
(k] . 0.3)(/e2 - a3) - ZBAf
The most general boundary conditions are
As t — 0, x—> %, and y—>yq - 4.11)
Inserting these conditions into Eqs. 4.6 and 4.9, the integration constants become
ky = Ky BA/
A, =——lyg = 2,00 - —— [x, ~ 6,(0)] (4.12a)
Ky = Ky Ky = Ky
and
ky = Ky B)\/
B, = "W lyg - ®_(0)] + TKZ [xo - 0,00 . (4.125)



in this report three special cases will be considered:

Case |. Reactor operation starting with '‘clean'’ condition. ~ The poisoning is given by
Eq. 4.9, using the function 4.10a. The integration constants are found from Eqs. 4.12a and b,
using xg = y, = 0 and the quantities ®,(0) and ©,(0).

Case |l. Reactor operation at zero nuclear power, after a period of bigh-power operation. ~
The poisoning is given by Eq. 4.9, using the function 4.106, The initial conditions are found
from solutions to the problem of case I. In this instance A, = 0, and the quantity &0 is found

from the equation

’,

), (4.13)

, -a3t
a3&0 = al)kL(] - e
where A is the value of A, for the preceding period of high-power operation and ¢’ is the time

of operation.

Case lll. Sparging of reactor after a period of complete shutdown, during which no xenon is
removed. - The poisoning is given by Eq. 4.9, using the function 8,(¢). In this case A| =0,
yo = 0, and &0 is found from

at’ a 7,
_3 -

t
a8y = a M1 ~e ) ¥, (4.14)
where t”" is the time between the shutdown and the time ¢ = 0. The quantity xq is calculated
from

’
s alAL -a3t' -a3t" —-a,t”
S L Sy, [

Py (e e ' (4.15)

where xg is the poisoning at reactor shutdown, found from the solution to the problem of case |.

In dealing with cases Il and Il above, it is of interest to know whether or not the quantities
x and y reach their extreme values (maxima) at the same time. When x reaches its maximum

value, from Eqs. 4.1 and 4.2, then
ky* = BAf3 = (kyky - azBA/z)y* ' .16)

where the asterisks indicate the special time value. It can readily be shown that the coefficients
of /3 and of y* are both always positive quantities. Thus y* can vanish only if
B,
y* = — L (4.17)
kiky — azﬁ/\f
Comparison of this equation with Eq. 4.6 shows that Eq. 4.17 cannot be satisfied in general, so
that the extreme behavior of x and y cannot be examined by studying the differential equations

alone.




5. STEADY-STATE OPERATION OF A REACTOR

For very long times of high-power operation, the poisoning reaches a steady-state value.

From Egs. 4.12 and 4.7, the steady-state values of x and y are®

(ao + a])kz)\L o)

2
k]kz - azﬁ)t/

and

(aO + a]))\Lﬁ)\/ B)\/ 52)
= X . 5.

yoo = 00
2 k
kiky ~ azﬁ)\/ 2
These relations can be used in estimating the steady-state poisoning of a reactor under various
conditions. The most convenient way to make these estimates is first to calculate
a
)\/( .t )\g)

A\? = . (5.3)
p a, + )\g + azﬁ)\/

This result is obtained by substituting Eqs. 5.1 and 5.2 into Eq. 3.8. If the mean lives

'r;" = )\% (5.42)
?
and
1
T = +— (5.4%)
/
are now introduced, then
TH =T+ -m . (5.5a)

Since a, << )\g, this expression may be rewritten as

RTS VL
T e T — . (5.55)
v
G
Then x__ is computed through the relationship

(a0 + a,))\l_
X, = . (5.6)

a4+)\l_+)\p

The data in Table 2 have been used to estimate the steady-state poisoning, x_, in the ART for
various assumed values of the phase-transfer mean life. The results are presented in Fig. 2.
It is of interest to examine briefly the expected behavior of ART-type reactors of higher

power, Although the poisoning of an unsparged reactor of this type is essentially independent

6By an argument similar to that at the end of Sec, 4, it may be shown that x and y do not reach steady-
state values simultaneously. Egquations 5,1 and 5.2 apply only after both quantities reach steady state.
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TABLE 2. DATA FOR NUMERICAL CALCULATION

Numerical Data

a, = 0.254% R = 82.0567 cc-atm/mole/°K
a, = 4.74% T = 1033°K (1400°F)

a, = 0.0509 $ = 6 x 10”7 moles/cc-atm®
a, = 2.87 x 1073 sec™! o, = 1.7 x 10 barns(®’

3 Xe

a, = 2.09 x 105 sec~!

Reactor Data

ARE(¢) ART(d)
v, 5.35 ft® 5.64 f*
Ve 16 0.31 #3
Ve 0.25 cc/sec 1000 STP liters/day
é 8 x 10'! neutrons/cm?/sec 1 x 10" neutrons/cm?/sec
B 5.35 18.2
A 1.36 x 1076 sec™! 1.7 x 1074 sec™!

(a)R. F. Newton, personal communication.
“’)w. K. Ergen and H. W. Bertini, ANP Quar. Prog. Rep. March 10, 1955, ORNL-1864, p 16.
(C)J. L. Meem, personal communication and ARE Nuclear Log Book, ORNL Classified Notebook 4210.

(dy, T, Furgerson and J. L. Meem, personal communication.

of power, very large increases in poisoning are possible with increased power when efficient
sparging is employed. Only the most optimistic case will be considered, with 7= 0. Equation
5.6 may then be written as

(a0 + a,))&L

Yo TN+ o RTSV,) 5.7

If there are no major differences in design of such a reactor and in particular if the fuel volume

and dilution factor are about the same as in the ART, the poisoning may be estimated on the

basis of ART data, by simply adjusting A, in proportion to the power change. The results are
presented in Fig. 3.7

7A scale for the amounts of helium required may be visualized by noting that an ordinary cylinder of
helium contains 220 scf of gas (6230 liters). It may also be remarked that if’f/ is obout 5 min, requiring
5000 STP liters of helium per day to maintain about 0.5% poisoning in a 300-Mw reactor, and if the aircraft

flies at a speed of 1000 mph (about Mach 1.3 at sea level), the plane will get some 18 miles per gallon of
helium.
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ApWy, other things being equal, the sparging-gas flow rate must increase linearly with

power, to maintain constant poisoning.

It should be noted that while a decreased fuel volume

increases the term [vG/(RTS V, W in Eq. 5.7, this is roughly compensated by a corresponding

increase in )\L,

which is proportional to the volume-averaged flux.

6. KINETICS OF Xe'35 POISONING IN THE ARE

An extensive series of calculations has been performed on the Oracle,®

to aid in studying

the approach to steady state of the Xe!3% poisoning in the ARE. Typical results are presented

in Figs. 4 through 7.

Figure 4 illustrates the dependence of the Xe'3® poisoning kinetics on the value of )\/.

Note that curves for all values of )\/ > 6 x 10-3

sec™ ! fall together on the scale chosen in the

8Coding and supervision of the calculations were done by C, L. Gerberich, ORNL Mathematics Panel,
Results were obtained by using Eqs. 4.1, 4.2, and 3.8, together with numerical data from Table 2, except

as noted in the text.
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figure. This results from the small volumetric flow rate of off gas in the ARE. This flow rate
is rate-determining, making an accurate estimate of )\/ from experimental data difficult.

Figure 5 illustrates the poisoning effects that occur as a result of variations in the sparging-
gas flow rate, v, at a value )\/ =6 x 10~% sec=!. A comparison of Figs. 3 and 4 shows that

at early times (up to 10 hr or so) the rate of Xe 33

removal is primarily governed by the rate of
phase transfer, while for longer times the gas flow rate becomes controlling. Thus, under ARE
conditions, fission-gas removal may be termed ‘‘off-gas controlled.’’

Figure 6 illustrates the effects of A, on poisoning kinetics. As might be anticipated, the
results are roughly proportional to A, .

Figure 7 presents results on the time dependence of )\p, which is called here the “‘apparent
rate constant” for transfer of Xe '35 from fuel to off gas. The large decrease in )\p with time is

clearly evident. Note also that d)\p/dt is everywhere negative.

Theory and experiment may be compared as follows.” By employing the abbreviations

~agt
M0 = agr, + ap, (1 —e %) (6.1a)
and
gl) = o + A+ AG) (6.15)
. the differential equation 2.16 may be written as
x(t) = f&) - gl)x(0) . (6:2)

Expanding each of the functions in Eq. 6.2 about the origin,

4 ...t3

Xot Xo

x{t) = :Eot + + 5 + e, (6.3a)
. fot?

f€) = fo + for + Fouee, (6.3b)
. got”

glt) = 8o + 8ot + + .., (6.3¢)

where the subscript zero represents values at the origin (¢ = 0). If Eqgs. 6.34, b, and c are

introduced into Eq. 6.2 and if the coefficient of each power of ¢ is equated to zero, then

xo = /;) - /080 = (ala3 - aogo)AL ’ (6.4b)

This approach was suggested by D. K, Holmes, ORNL Solid State Division.
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%o = fo = fo80 = fol&2 + 28¢) = la;a2 + ajazgy + a5(e2 + %)M, (6.4c)

Now, in principle, a set of experimental data may be fitted to a power series (Eq. 6.32), and the
various coefficients of the series (Eq. 6.3c) can be determined from Eqs. 6.4a, b, and c. Note
that from Eq. 3.8
MO = 2,
so that the value of the coefficient g, (i.e., the behavior of the poisoning near the origin) is of
primary concern.
The experimental data on poisoning in the ARE'? are given in Table 3, along with calculated

contributions due to Sm'4? and to burnup of U235, The neutron capture cross section of Sm!4°

was taken as 53,000 barns,” and the burnup effect was calculated from'!

<Ak> 0.232AM
G ST
urnup

where & is the infinite multiplication constant and M is the mass of U235 in the reactor. Other

149

data were taken from Table 2. Since the Sm and burnup contributions are well within the

experimental error in the total poisoning, the experimental results are taken to apply to Xe!33
poisoning alone.

The results from the ARE cannot be treated by the method described above for two major
reasons:

1. The ARE data are based on the assumption that the origin of the (x,t) coordinates was
at the start of the experiment. Since about 7 hr of high-power operation preceded the ‘‘xenon

experiment,’’'? both 1135 and Xe'3% were present in the core at the time “zero’’ in Table 3.

104RE Nuclear Log Book, ORNL Classified Notebook 4210.

”S. Glasstone and M. C. Edlund, Elements of Nuclear Reactor Theory, p 338, Van Nostrand, New
York, 1952,

TABLE 3. EXPERIMENTAL DATA ON ARE POISONING

Calculated Poisoning (%)

Time Total Poisoning
(hr) (%) Burnup Sm149 Xe135
0 0 0 0 0
1.3 0.003 * 0,001 0.0001 0.0000 0.004
12,7 0.006 * 0,002 0.0006 0.0003 0.110
13.7 0,009 + 0,002 0.0006 0.0003 0.119
16.0 0.012 *+ 0,002 0.0007 0.0004 0.144
20,2 0.015 = 0,003 0.0009 0.0006 0.182




2, Applicatiapsabmthe method outlined above requires knowledge of A,- This quantity
governs the scale of the x-coordinate. For the present calculations, a value of 1.36 x 10~%
sec™! was assumed, based on 1.7 x 10% barns for the Xe!35 cross section and 8 x 101!
neutrons/cm?2/sec for the ARE thermal flux.

135 ross section in the ARE is nearer 1.4 x 10°

It has recently been shown that the Xe
barns.'? The flux value employed was based on the values 575 barns for the U235 fission cross
section; 173 Mev per fission absorbed in the reactor; fuel density 3.24 g/cc; composition 13.59
wt % uranium, 93.4% enriched; and 2 Mw reactor power. The resulting value for the flux is not
more precise than +20%. It does not appear possible to expect agreement better than about a
factor of 2 between theory and experiment.

On this basis, results from the ARE have merely been compared with calculated curves

similar to those of Fig. 4. It is concluded that )\f must be larger than about 5 x 10~4 sec™! and

is probably around 1 x 103 sec™'.

7. KINETICS OF Xe'35 POISONING IN THE ART

In this section the results of Oracle computations of the time dependence of the Xe!3%
poisoning in the ART are presented and discussed. The data employed are those of Table 2,

except as noted. Typical results are shown in Figs. 8 through 12,

12w, K. Ergen and H. W. Bertini, ANP Quar. Prog. Rep. March 10, 1955, ORNL-1864, p 16.
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Figure 8 illustrates the dependence of poisoning kinetics on the value of A/’ for a valve of
)\g = 4.53 x 10~3 sec™! (vg = 1030 STP li'fers/dcly).‘3 The effects of sparging-gas flow rate
are presented in Figs. 9 and 10 for two different values of )\/. Because of the much higher
sparging-gas flow rates, the ART will not be as insensitive to the rate of phase transfer as was
the ARE. Examination of Figs. 9 and 10 shows that the reactor will be more sensitive to off-
gas flow rate if )\f is comparatively small than it will if )\f is comparatively large. Poisoning
kinetics in the ART can be termed neither ‘‘off-gas controlled’’ nor *‘phase-transfer controlled,”’

both processes being appreciably rate determining.

The time behavior of the apparent rate constant, )\p, is somewhat different from that in the
ARE, because of the much greater sparging-gas flow rate in the ART. Examination of Figs. 11
and 12 shows that at high gas flow rates )\p reaches its steady-state value very rapidly ~ only
about 3 hr being required, compared with about 40 hr in the ARE. Physically, this means that
the gas phase in the ART reaches a steady state with the fuel phase very rapidly.

Recause of the rapid approach to steddy state of )\p, it is possible to use the approximate

method of Sec. 9 for rapid calculations of ART poisoning kinetics.

]3|n converting the values of A_to the values of v quoted, it has been assumed that the gas pressure
in the ART swirl chamber was about 2 psig. Then Ve (STP liters/day) = 2,27 X 10° Ag (sec_]).
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Ll 8. KINETICS OF Xe'35 POISONING DURIN® SHUTDOWNS'#

In this section a brief analysis will be made of the expected behavior of the Xe!3%

poisoning
of the ART during shutdowns. For this purpose the equations derived in Sec. 4 for cases Il and
Il will be employed.

First to be considered is a shutdown of nuclear power during which fuel flow and sparging
are continued. The reactor is assumed to have been at steady state prior to shutdown. The
data given in Table 2 for the ART are chosen, with Ui taken as 5 min. The result is not shown
since values for all the terms other than the one for 1'3% decay are always negligible. Under
the assumed conditions, the poisoning will not rise by as much as 1 or 2% of the steady-state
value. It is thus concluded that decreases in reactor power will cause no troublesome transient

135 poisoning in reactors of the ART type.

increase in the Xe

A more serious problem is concerned with the growth of xenon during a total shutdown. The
behavior of the ART is examined in this regard by assuming that after the reactor reaches steady-
state operation it is shut down totally and the xenon is allowed to grow in until it reaches its
maximum concentration. At this point, sparging is started and conytinued, at zero nuclear power,
It is necessary to determine how rapidly the poisoning can be reduced to the high-power steady-
state level. The behavior in this respect governs in large part the amount of ‘‘xenon override’’
which must be built into the reactor. The data used are from Table 2, with 7'/=5 min. The
maximum poisoning was calculated from Eq. 4.15,

135

After the reactor is shut down, the Xe poisoning rises to a maximum of about 12%. If no

sparging were used, it would then decrease slowly, reaching the full-power steady-state value
in about 70 hr. During almost all this time, operation of the reactor would be impossible with
the control rod presently proposed for the ART. However, if sparging is started at the time of

135 concentration (11.2 hr after shutdown), rapid reduction in poisoning occurs.

135

maximum Xe
Figure 13 shows that Xe is reduced to the full-power steady-state value in about 36 min.
Since this time is less than that necessary to start up the ART after a total shutdown, '® there
seems to be no reason to provide large amounts of ‘'xenon override’ in the control rod. This

statemen? remains true even if 7 is significantly larger than the value used here.

9. NOMOGRAMS FOR XENON-POISONING CAL CUL ATIONS

Two simple nomograms have been constructed to speed rough calculations of Xe33 poisoning.
Nomogram 1 (Fig. 14) describes the steady-state poisoning
(g + oA, o)
X, = , .
Ay ooy + Ap

14 o . . . . R . . . .
Although it is somewhat illogical to use the term *‘poisoning’’ in discussing conditions during a
reactor shutdown, it is convenient to do so. Difficulties are thus avoided in comparing shutdown con-
ditions with those during nuclear power operation,

1 . R
5W. B. Cottrell, personal communication.
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where all symbols are defined in Table 1 and values are given in Table 2. To derive the nomo-

gram, let
U = log R -1, (9.2a)
¥
V = log ()\p + a,) (9.26)
W = logi, . (9.2c)
Then, introducing Egs. 9.2 into Eq. 9.1, the equation for bars B, Cy, D of the nomogram is
U=V -W, (9.3)
Furthermore, by letting
Z = log Oxe ¢ (9.44)
S = logo , (9.45)
the equation of bars 4, B, C, may be written
W=2Z4+S5. (9.5)

The five bars are laid off with linear scales in the variables S, Z, U, V, and W. The distances

between bars is

AB = BC = CD . (9.6)

To use nomogram 1, lay a straightedge from the value of Oy, ©n bar A to the value of ¢ on
bar C,, locating their product (A, ) on bar B. Lay the straightedge from this point on bar B to
the value of )\p on bar D, locating x_ on bar C,. The procedure is illustrated by an example
shown on the nomogram by faint dashed lines.

Nomogram 2 (Fig. 15) describes the approach of the poisoning to its steady-state value.

The equation employed is

b -
E=l o1 memat D (7 ey (9.7)
xw a - aa
where
a =0, + A + )\p .
%
b = ——— = 0.949 .
% *t %
To derive the nomogram, let
U=e"%, (9.82)
vo=e 3, (9.80)
ab
Vese—_ (9.8)
a = 9%

21




UNGCLASSIFIED
SSD-C-1158
ORNL-LR-DWG-6012

A

/

22

\\

©)

o

O
3y

@)

ll\l[lll¢]m

\

-

llllll/llllll

@

\

Imlluulllllllll1IHHJ

I'I'I'IIIIIIIIIIJ/'V"I""I CPTITTN

\

T AN T
y/rlllllllll Tls
o

Q\

j—

©)

muEnh

BRI

| | I|l|lHI]| |||I|I|I|Ill|

o
e

2

~_

A

0}

7
(hr)

00
50

el

lll‘!|l|lll| IIII|

n
o

|11

15—

|

@)

Iq,(l) l\\ll
T T T TTTT] r\

oV

|

\\i}
i

a
oePt )‘p
(sec!)

o,
[¢]

Z

x

o
oo

(%’
o

S,

|
o]

”lHllIHl"”l P I'I'l'l’l'l'l
@)

00

NN

e
-/

-\

Fig. 15. Nomogram 2: Time Dependence of Xe!35 Poisoning.




E=1-U~-WwU-V). (9.9

Then Eq. 9.7 becomes

Further, let
Z=WU-V)=1~U-- ¢, (9.10)

Bars Cy/ E,, D, are linear scales in the variables U, V, and (U = V), respectively, the sub-
traction being performed on this subnomogram. Since the numerical value of (U ~ V) is not

required, no scale is inscribed on bar D,. Bars A, F, D, constitute a nomogram for the operation

z .L: v -v). (9.11)
w

Bar A is a linear scale in Z. Bar F is a scale in (1/W), constructed to obey Eq. 9.11, with the

Z and (U - V) scales both linear. Bars A, C,, and B constitute a nomogram for the operation
E=1-U-2. (9.12)

Bar B is linear in the variable £. The bars C,, D,, E, are used as a subsidiary nomogram to

perform the operation
log (at) = loga + logt . (9.13)

These bars are linear in the variables log ¢, log at, and log a, respectively. The distances

between the five vertical bars are

AB = BC = CD = DE . (9.14)

Bar F is laid off between the origins of bar A (Z = 0) and bar D, (v - v) =0l

To use nomogram 2, proceed as follows: From bar B of nomogram 1, read the value of
A, =0y,% and add to it the value )\P. Enter this result on both bars E, and F. Lay a straight-
edge from the desired time on bar C, to the value on bar E,, locating the value (at) on bar D,
Transfer this value to bar C,. Now lay the straightedge from bar C, to the desired time on bar
E,, locating a point on bar D,. Lay the straightedge from this point on bar D, to the value
marked on bar F, locating a point on bar A. Finally, lay the straightedge from bar A to the point
marked on bar C,, locating the desired value £ on bar B. The procedure is illustrated by an
example shown on the nomogram by faint dashed lines.

The accuracy of these nomograms is limited by the precision of the input data, the process
of drawing, and the means of reproduction. It is believed that the versions given in this report

are accurate to around +5%.
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