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EXECUTIVE SUNNARY 

Uranium metal r eac t s  ac t ive ly  with water t o  produce uranium oxide and 

hydrogen gas ,  and r ad io lys i s  of water a l so  produces hydrogen i n  fuel  

conta iners .  These fuel  r e a c t i v i t i e s  increase  the  po ten t i a l  f o r  over- 

p re s su r i za t ion  and pyrophoric events during s torage .  

water conten t  in  spent nuclear fuel wil l  be reduced by heat and vacuum. 

the  condi t ion ing  process,  f r e e  water i s  expected t o  be removed by vacuum 

drying a t  50 ' t o  75 'C, while chemically bound water can be re leased  during 

s torage  a t  temperatures ca lcu la ted  t o  be as  high as  150 'C. 

For these  reasons,  t he  

In 

The following ca l cu la t ions  were undertaken t o  examine t h e  problem of the  

r e l ease  of water trapped in subsurface voids during the  vacuum drying cyc les .  

Measured moisture r e l ease  i s  being s tudied  by performing the  whole element 

drying t e s t i n g  cu r ren t ly  i n  progress;  these  ca l cu la t ions  were focused on 

assess ing  t h a t  r e l ease  of moisture includes any water trapped i n  subsurface 

voids.  

mechanism during the  pos t  Cold Vacuum Drying (CVD) p ressure  r i s e  t e s t  f o r  

product acceptance.  

These ca l cu la t ions  a l so  add in s igh t  i n to  the  moisture r e l ease  

Free water wil l  boil as  t he  pressure in  the  vacuum system decreases ,  i t  

then cools  r ap id ly  and i s  removed from the  system. 

damaged fuel  subsurface voids has t o  evaporate and then flow o u t  through 

cracks and small openings t o  t he  surface.  

However, water trapped in  

Water f i l l i n g  the  pores o r  cracks 

in  fuel  w i l l  evaporate from the  open end; t he  water i n t e r f ace  wi l l  recede 

inward a t  a r a t h e r  high r a t e .  

flow models a r e  developed based on t he  k ine t i c  theory of gases.  The long tube 

To ca l cu la t e  t he  flow r a t e s  of t h e  vapor, f i v e  

1 
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model assumes t h a t  water i s  contained in  a pocket of a diameter much l a r g e r  

than t h e  diameter of t he  long tube t h a t  connects t he  pocket t o  t h e  sur face .  

The o r i f i c e  model i s  s imi l a r  t o  t he  long tube model except f o r  t h e  very sho r t  

tube.  The f i l l e d  pore model has water in  the  tube without a pocket. The 

porous bed flow model has water and a bed of granular  p a r t i c l e s  f i l l e d  in  t h e  

tube without a pocket. Calculations show t h a t  water can evaporate e a s i l y  in  

the  pocket. 

p ressure  provides the  dr iv ing  force  f o r  c rev ice  water removal. Analysis of 

gas flow cons iders  t h e  flow behavior from comparisons of t he  molecular mean 

f r e e  path and a tube dimension, from which gas flow i s  divided i n t o  th ree  

types:  

The d i f f e rence  between t h e  vapor pressure  and the  opera t ing  

viscous flow, molecular flow, and s l i p  flow in the  t r a n s i t i o n  range. 

The flow r a t e s  of t he  f i v e  models a re  ca lcu la ted  f o r  each of t h e  th ree  

The r a t e  of o r i f i c e  flow i s  much higher than t h a t  of long tube flow types.  

flow, and water f i l l e d  in pores of length 5 cm can be c leared  in  minutes 

during the  CVD process.  

rad ius  ranging from 10 pm t o  1 0 0  pm, and the  drying temperature i s  around 

50 'C, t h e  flow of water vapor through de fec t s  i s  s l ip  flow in t h e  t r a n s i t i o n  

range. 

s i g n i f i c a n t l y  with defec t  rad ius  below 100 pm and t h a t  t h e  pocket and de fec t  

s i z e s  may be estimated by performing whole element t e s t s .  

determine t h e  values of pocket and defec t  s i z e s  by performing pressure  r i s e  

t e s t s  on damaged fuel elements i s  discussed. 

Because most of t he  de fec t s  in  N Reactor fuel  have a 

Results show t h a t  t he  long tube flow ra t e ' o f  water vapor decreases 

The method t o  

2 
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RELEASE OF WATER TRAPPED I N  DAMAGED FUEL SUBSURFACE VOIDS 

1.0 INTRODUCTION 

The purpose of removing uranium fue l  from the K Basin wet s torage  t o  t h e  
200 Area dry  s torage  i s  t o  achieve a non-corrosive and s t a b l e  condi t ion  f o r  
s to r ing  t h e  fuel over an extended period of time. Water i n  damaged fuel wi l l  
be subjec ted  t o  chemical reac t ions  and r ad io lys i s ,  causing over-pressure and 
cor ros ion  problems in s torage  conta iners .  
water can be removed by applying heat and vacuum. Suf f i c i en t  energy wi l l  be 
provided t o  remove adsorbed and f r e e  water during the process of Cold Vacuum 
Drying (CVD). Hydrates a r e  expected t o  decompose during s tag ing  a t  moderate 
temperatures.  

remaining i n  t h e  element following CVD i s  the re fo re  of concern f o r  long term 
s torage .  Tests on s ing le  fue l  element under the CVD and s tag ing  condi t ions  
a r e  i n  progress t o  measure the water content a f t e r  CVD ( R i t t e r  1997; 
Marschman 1998). 
p red ic t  the pressure  increase  r e su l t i ng  from re l ease  of water by heat and 
vacuum. 
following the CVD has been s tudied  i n  a s epa ra t e  r epor t  (Huang 1997). 
r epor t ,  the flow behavior of water vapor trapped i n  subsurface voids through 
var ious  de fec t  shapes i s  inves t iga ted .  

During the CVD process the dryness of spent nuc lear  fue l  w i l l  be 
evaluated by a moisture monitor. As the pressure  i n  the vacuum system 
decreases  t o  t h e  p a r t i a l  p ressure  of water a t  the conta iner  temperature,  the 
free water begins t o  boil  and cools  rap id ly .  I t  i s  then removed u n t i l  
equi l ibr ium pressure  and temperature in the vacuum system a r e  reached. While 
the free water on the fue l  sur face  b o i l s  and i s  removed, t h e  water trapped i n  
subsurface voids i n  t h e  fuel wi l l  t ake  a longer  time t o  escape. The flow r a t e  
from t h e  subsurface voids va r i e s  s i g n i f i c a n t l y  depending on the s i z e  of 
defec t .  Some of the water may take  a long time t o  flow out  from subsurface 
voids so t h a t  the moisture monitor may not be capable o f  de tec t ing  whether the 
trapped water has been removed i n  a sho r t  t e s t  dura t ion .  
t r anspor t  behavior of trapped water is  analyzed t o  determine i f  i t  presents  
problems f o r  the CVD of fuel. 

Measured moisture r e l ease  is  being s tudied  by performing the whole 
element drying t e s t i n g  cu r ren t ly  in  progress (Marschman 1998); t hese  
ca l cu la t ions  were focused on assess ing  t h a t  r e l ease  of moisture includes any 
water trapped i n  subsurface voids. These ca l cu la t ions  a l s o  add in s igh t  i n t o  
the moisture r e l ease  mechanism during t h e  post CVD p ressure  rise tes t  f o r  
product acceptance. 

Free water and chemically bound 

Wet fue l  will be vacuum dr i ed  t o  remove f r e e  water.  The amount of water 

Calcu la t ions  a r e  performed based on e x i s t i n g  theo r i e s  t o  

The pressure  p r o f i l e  i n  s ing le  element c a n i s t e r s  during s tag ing  
In this  

Therefore,  t h e  

7 
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2.0 WATER EVAPORATION 

Water tends t o  evaporate when exposed t o  a gaseous atmosphere; t he  r a t e  
of evagoration i s  dependent on i t s  molecule energy, mainly i t s  temperature.  
A t  50 C ,  some of t he  water molecules have s u f f i c i e n t  energy t o  break away 
from the  water sur face  and en te r  t he  a i r  in  t he  vapor s t a t e .  
of t he  water molecules wil l  re -en ter  t he  water sur face  when an equilibrium 
condition i s  reach in  which the  r a t e  of evaporation i s  equal t o  t h e  r a t e  of 
condensation. In t h i s  condition, t he  a i r  above the water i s  s a tu ra t ed  with 
water vapor molecules, and the pressure on t he  water sur face  i s  ca l l ed  the  
vapor pressure .  
(see Appendix A f o r  der iva t ion  of t he  equat ion) .  

Eventually some 

The r a t e  of t he  vapor mass s t r i k i n g  the  sur face  i s  given by 

G = Pd(M/ZnRT) (1) 

A t  50 'C, t he  vapor pressure given in  the  Steam Table (ASME 1 9 8 3 )  i s  

P = 1 . 7 8 9 1  psi = 0 . 1 2 1 7  atm 

R = 0 .08206  atm-l/mol-K 

M = 1 8  g/mole; T = 323 K 

G = 1 . 2 6 5  g/cm2 per second 

The r a t e  of evaporation shown in Equation (1) pred ic t s  t h a t  t he  water in 
a void of 1 cm3 wil l  evaporate in  about 1 second from a f r e e  sur face  a t  50 'C. 
The water molecules a re  re leased  from t h e  sur face  qu i t e  r ap id ly  i f  t h e  
pressure  of t he  surrounding a i r  i s  l.ower than the  vapor pressure  of water.  

(2 )  

9 
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3.0 FLOW OF TRAPPED VAPOR 

Although water evaporates rapidly under vacuum it may take some time for 
the water vapor to flow through a long tube with a small diameter before it is 
removed out of the vacuum system. One important parameter for gases in a 
vacuum system is the mean free path, which is  the average distance traveled 
before collision with another molecule. 
large the mean free path of a molecule as compared to the characteristic 
dimension of the tube through which the gas i s  flowing. Because the higher 
the pressure the smaller the mean free path, collisions between molecules are 
more frequent than those between molecules and the tube wall under high 
pressures; the flow of an individual molecule is determined by the neighboring 
molecules and their net motion. 
system, the gas is considered to be viscous, the flow is analyzed hydro- 
dynamically and is called viscous flow. 
either laminar or turbulent which generally occurs at very high gas 
velocities. 

The flow rate of gas depends on how 

In the high-pressure condition of vacuum 

The flow at high pressures can be 

On the other hand, at low pressures the flow i s  called molecular flow 
because the mean free path is large compared to the characteristic dimension 
and the flow i s  predominated by molecular collisions with the walls of the 
tube; thus, molecular flow is dependent on the geometry of the tube and 
density differentials. When both types of collisions are important the flow 
is in the transition range. Therefore, the flow rates are formulated based on 
the ratio of mean free path (La) and characteristic dimension (a) 
(Knudsen number) as follows. 

Viscous Flow: L,/a < 0.01 

Molecular Flow: L,/a > 1.00 (3 )  

Slip Flow in Transition Range: 0.01 < L,/a tl.OO 

A flow rate is defined as the product of volumetric flow rate and 
pressure as foll ows: 

Q = P dV/dt = KT dN/dt (4) 

using the ideal gas law. T in Equation (4 )  i s  in K, K is Boltzmann constant, 
and dN/dt is the number of molecules per unit time; the Q is directly 
proportional to a molecule current. 
product of pressure difference and conductance which is 

The flow rate i s  sometimes written as the 

F = Q/(PZ - Pi) 

Since the mass of one molecule of water vapor is 2.99 x 
rate, w, i s  calculated from the following equation: 

g, the mass flow 

w = 2.99 x QIKT = MQ/RT 

= 2.1656 x F(P, - P1)/T g/s 
(5) 

11 
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where Q i s  in Pa.cm3.s-’ and T is in K.  In estimating the mass flow rate of 
water vapor, the flow type i s  first determined by checking the criteria 
established in Knudsen number (3 )  with defect size and average pressure, the 
flow conductance (F) for the flow type determined is then computed using the 
flow rates for viscous, molecular, and slip flow to be presented in the 
following sections. With P and 5 known under the operating conditions the 
mass flow rate can be evaluated from Equation (5). 

3.1 MEAN FREE PATH 

The mean free path (L ) i s  defined as the average distance traveled by a 
molecule. 
La is related to the molecular diameter of 6 by (Bird 1976) 

For an equi1ibr:um simple gas of hard sphere molecules the value of 

where n is the number o f  molecules per cubic centimeter and n is the viscosity 
of the gas. 

As shown in Equation (6), both mean free path and viscosity are dependent 
on temperature and pressure. 
following simple relationship between mean free path and pressure i s  widely 
used for approximation (Weis,sler 1979) 

If the average pressure is in micron o f  Hg the 

or 
La = 5/P, 

a/La = Zap, 

P, in micron of Hg 

P, in Pa 
(7) 

where P = (Pz +, P,)(2. 
given ii the criteria in (3) leads to 

Viscous Flow: aP, > 50 

Substituting the mean free path into the division 

Molecular Flow: aP, < 0.5 (8) 

Slip Flow in Transition Range: 0.5 < aP, < 50 

For example, the flow of gas in a long hole with a diameter o f  0.1 cm under an 
average pressure of 800 Pa (6 Torr) in vacuum system i s  viscous flow when 
aP, = 0.1 (cm) x 800 (Pa) = 80 > 50. 

12 
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3.2 VISCOUS FLOW 

The r a t e  of flow through a s t r a i g h t  tube  of c i r c u l a r  c ros s  sec t ion  i s  
ca l cu la t ed  using the Po i seu i l l e  equation: 

where: 

a = Tube rad ius  

= Tube length  

n = Viscos i ty  of gas 

The equation i s  appl icable  with assumptions t h a t  the gas i s  incompressible,  
the flow-velocity i s  constant and zero a t  t h e  tube  wa l l s ,  and t h e r e  i s  no 
tu rbu len t  motion of gas. 

The time required fo r  water vapor t o  flow from a pocket i n s ide  a damaged 
fuel element t o  the low pressure a rea  can be estimated by using Equation (9 ) .  
Figure l a  dep ic t s  a void of nD3/6 w i t h  a long hole lead ing  t o  the su r face  of 
fue l  element. The pocket is ha l f  f u l l  of one gram of water.  As estimated i n  
Section 2, i t  t akes  only 1 second t o  evaporate one gram of water a t  50 ‘C. 
The steam pressure  i s  given i n  ASME Steam Table (ASME 1983): 

a = 0.1 cm; = 5 cm; T = 323 K; P, = 1.7891 ps i  = 12334 Pa 

P, = 3 Torr = 400 Pa; P, = 47.76 Torr = 6367 Pa 

n = 10.6 x Pa s; K = 1.38 x J/K 

The flow i s  viscous flow as  aP, = 636 > 50 (see  C r i t e r i a  8 ) .  
Equation (9) we have Q = 2.63 x IO5 Pa.cm3.s”. 
of molecules t h a t  c ross  the  plane per u n i t  time can be estimated. 
water c ross ing  the plane per second (w) i s  equal 3.52 x 
t akes  about 5 minutes f o r  the water vapor of 1 g t o  flow from the pocket t o  
t h e  opening of the long tube w i t h  a rad ius  of 0.1 cm. 

I f  water f i l l s  up the  5-cm channel t he  water i n  the pocket may not 
evaporate before t h e  channel i s  c leared .  
channel subjec ted  t o  the  low pressure will evaporate f i rs t  w i t h  a r a t e  of 
1.265 x n (0.1 x 0.1) = 0.04 g /s .  
recedes,  i t  will take  a longer time f o r  t h e  water vapor t o  flow out  o f  the 
tube.  

Thus ,  from 
Using Equation (5) the number 

The mass o f  
g .  Therefore,  i t  

In this  case  the water a t  the end of 

However, a s  t h e  water i n t e r f a c e  i n  t h e  tube  

T h i s  sub jec t  w i l l  be discussed i n  more d e t a i l  i n  Section 4.2. 
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3 . 3  MOLECULAR FLOW 

For condi t ions  of aP, < 0.5 where the mean f r e e  path i s  g r e a t e r  than t h e  
c h a r a c t e r i s t i c  dimension, the molecular flow r a t e s  f o r  flow through long tubes  
and o r i f i c e s  a r e  given below (Knudsen 1911). 

Flow Throush Lonq Tubes 

perimeter H ca lcu la t ed  by Knudsen i s  
The conductance of a long tube of length  t ,  va r i ab le  c ros s  sec t ion  A, and 

where v, i s  given i n  Equation (A6). 
l ength  of e ,  the flow r a t e  i s  

For a cy l ind r i ca l  tube  of r ad ius  a and 

9 = Ft(P2 - PI) 

F, = 2n/3(a3/t)va = J(32n/9) (a3 / t )  (RT/M)’” s-’ 

where 

R = 8.3133 x lo6 Pa.cm3-deg-’K.g-mole-’ 

Flow Throuqh Or i f i ces  o r  Short  Tubes (Dushman 1922) 

9 = F,(PZ - Pi) 

F, = tK(na2)va = dn/2)Ka’(RT/M)”‘ s-’ 

where: 

K = (1 t 3t/8a)-’  

and 

R = 8.3133 x IO6 Pa.~m~-deg-~K-g-mole-~  

As : 

F,/Ft = 3 t /8a ,  F, = F, when t / a  = 8/3. 

14 
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3.4 SLIP FLOW IN TRANSITION RANGE 

As t h e  pressure  decreases t o  a pressure  below the viscous limit, the flow 
ve loc i ty  a t  t h e  tube  wal l s  becomes s i g n i f i c a n t  and con t r ibu te s  an addi t iona l  
conductance a s  " s l i p "  cor rec t ion .  In this  t r a n s i t i o n  range, both viscous flow 
and molecular flow a r e  in f luen t i a l  i n  eva lua t ing  t h e  r a t e  of s l i p  flow. With 
an opera t ing  pressure  of 400 Pa and t h e  water vapor pressure  of 12300 Pa a t  
50 'C, s l i p  flow i s  important i f  the rad ius  of pore i s  i n  the range of 10 pm 
t o  100 pm, according t o  t h e  c r i t e r i a  in (8) (0.5taP t50 ) .  As shown i n  
Figure 2, t h e  c rack  s i z e  i n  fue l  elements i s  about 30 pm; t h e  flow r a t e  o f  
water vapor i n  de fec t s  can be estimated more accura te ly  by cons ider ing  viscous 
flow cor rec ted  f o r  s l i p .  

The flow r a t e  f o r  s l i p  flow in  t h e  t r a n s i t i o n  range i s  given by ( see  
Appendix B f o r  d e t a i l s )  

F = Ft(F,/Ft + Z )  

= F,(0.1472(a/La) + Z )  

Z = (1 + 2.507(a/La))/(1 + 3.095(a/La)) 

Equation (13) a l s o  can be wr i t ten  in terms of viscous conductance F,: 

F = F, (1  + 7.793(La/a)Z) (14) 
The mean f r e e  path La i s  dependent on t h e  average pressure  P,. A t  high 

pressures ,  a/La is l a rge ,  and Z approaches a small value o f  0.81 compared t o  
t h e  value of FJF, i n  Equation (13),  thus, the flow i s  predominated by viscous 
flow. On t h e  o the r  hand, when a/L, is  small a t  low pressures ,  Z approaches 1 
and FJF, becomes smal 1 ,  t h e  conductance F approaches mol ecul a r  flow F,. 
Figure 3 shows a semi-log p lo t  of F/F, a s  a func t ion  of a/La t o  i l l u s t r a t e  the 
type  o f  flow. The value of mean f r e e  path of s a tu ra t ed  steam given vreviously 
is used t o  eva lua te  i t s  r a t i o  t o  de fec t  rad ius :  a/L, = 2 aP (cm.Pa)- . This 
r a t i o  is used t o  ca l cu la t e  t he  r a t e  of s l i p  flow from Equatgions (13) o r  (14).  
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4.0 CALCULATION 

Water trapped in  a pocket with a sho r t  tube and l a rge  o r i f i c e  can 
evaporate e a s i l y  a t  50 'C under vacuum as  shown i n  Equation (2) .  
pockets with a long and small c ross  sec t ion  tube,  water may p a r t i a l l y  f i l l  t he  
pockets o r  a l t e r n a t e l y  they may be f i l l e d  up t o  t h e  end of t h e  tube.  In some 
fuel  defec ts  water may f i l l  t he  pores without subsurface pockets as  shown in  
Figure lb .  The water-air  i n t e r f ace  may be anywhere in  the  pocket o r  t he  tube.  
From t h e  f r e e  sur face  of t h e  in t e r f ace  water molecules will break away as  
discussed i n  Section 2.0 and provide pressure d i f f e rence  as  a dr iv ing  force  
f o r  water removal. To estimate the  flow r a t e  of water vapor t h r o u g h  de fec t s ,  
flow models a r e  developed with assumptions t h a t  a l l  voids have a pocket and a 
long tube or o r i f i c e ,  or they have only pores f i l l e d w i t h  water. The flow 
r a t e s  f o r  water i n t e r f ace  in a pocket or a pore a r e  estimated based on t he  
flow r a t e  equations given above. 

For water 

4.1 LONG TUBE MODEL 

The long tube model i s  depicted i n  Figure l a  f o r  a fuel  c r ev ice .  Water 
i s  deposited in  the  pocket ready f o r  evaporation a t  temperatures maintained a t  
40 OC o r  higher during the  CVD. The long tube leading t o  t he  sur face  of fuel  
i s  empty f o r  vapor t o  flow toward low pressure space. As an example, t he  flow 
r a t e  of water vapor a t  50 O C  through a tube with a length  of 5 cm and a 
diameter of 100 pm i s  computed as  follows. The t e s t  condi t ions  a r e  t h e  same 
as  those  l i s t e d  in  Section 3.2. F i r s t l y ,  t he  c r i t e r i a  i n  Equation (8) a re  
checked t o  determine the  type of flow. With a = 50 pm = 50 x 
P, = 6367 Pa, and 0.5 < aP, = 32 < 50, t he  flow i s  found t o  be s l i p  flow in 
t r a n s i t i o n  range according t o  t he  c r i t e r i a  in  ( 8 ) .  Using Equations (11) and 
(13) we found t h a t  F, = 1.020 x 
long tube flow, the  mass flow r a t e  in  terms of a i s  estimated from t h e  same 
equations t o  be: 

cm, 

cm3/s and F = 9.545 x cm3/s. For 

w1 = 0.00492 x (P2 - PI) x (0.1472a(P2 + P,) + Z)a3/(gT1") g /s  
(15) 

Z = (1 + 2.507a(P2 t P l ) ) / ( l  + 3.095a(P2 + PI))  

where a and l a r e  in cm, P is  in  Pa, and T i s  in  K. 
estimated from Equation (7) t o  be 63.67, t he  following r e s u l t s  a r e  obtained: 

The value of a/L, i s  

aP, = 32 < 50 ( s l i p  flow) 

7. = 0.811; F,/Ft = 9.387 

w1 = 8.319 x IOv7 g / s  

= 2.995 x g/h 

The mass flow r a t e  i s  computed from flow conductance with Equation (5 ) .  
Figure 4 shows the  mass flow r a t e  in  terms of de fec t  rad ius  up t o  500 pm f o r  
temperatures of 40 'C, 50 'C, and 75 OC. The time, t = m/wl = lrpD3/6w,, 
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required to remove the water in a pocket of 1 cm diameter (about 0.53 g) 
through a 5-cm long tube with a radius of 50 pm is about 180 hours. 
of much smaller cross sections, as the one shown i n  Figure 2 where the 
diameter of a crack is about 30 pm, it may take months for the water to flow 
out of the channel. As shown in Figure 5, the time required for water vapor 
to flow out from a long tube increases rapidly with tube radius smaller than 
100 pm. 

For tubes 

4.2 FILLED PORE MODEL 

channel, water vapor will flow through the orifice, and the water interface i s  
lowered until y = 8a/3 when orifice flow conductance (F,) is equal to 
molecular flow conductance (F,) (Figure lb); below that height the flow 
conductance i s  calculated using the rate equation of the long tube model. 
Upon evaporation the interface recedes with time as expressed by (see 
Appendix C): 

If water is filled in a pore with interface close to the opening of the 

y = (20.68at - 0.0053)1'2 
t = (y' + 0.0053)/20.68a 

At y = 5 cm and a = 50 pm, t = 241.8 s. Neglecting the small value of y for 
orifice flow, the mass flow rate of a filled pore, which i s  time dependent, is 
given by 

w, = O.O0492x( P,-P,)x(O. 1472a( P2+Pl)tZ)a3/( (20.68at - 0.0053)T)1'2 g/s 
(16) 

2 = (1 + 2.507a(P2 t P,))/(l + 3.095a(P2 + PI)) 
for 

0.053 < t 
The mass flow rate decreases with increasing time or the distance between 

the opening and the interface. 
interface reaches the end of the pore where the mass flow rate equals the rate 
for the long tube model with the same tube length (Figure 6). 
higher flow rates it does not take long to remove the water in the filled tube 
(241.8 seconds for a defect of the size given above). 

(e2  + 0.0053)/20.68a 

The rate continuously declines until the 

Because of 

4.3 ORIFICE MODEL 

A water pocket may be located beneath a cladding defect (Figure IC). The' 
For mass flow through an orifice i s  computed by Equations (12) and (13). 

cladding with a thickness of 0.07 cm, the mass flow rate i s  given by 

w, = 1.845~1O-~x(l + 0.02625/a)-'(O.1472a(P2+P,) + Z)(P2-Pl)a2T~' g/s 
(17) 

2 = (1 + 2.507a(P2 + Pl))/(l + 3.095a(PZ + P,)) 
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The mass flow r a t e  f o r  o r i f i c e  model a s  a func t ion  of de fec t  size i s  p lo t t ed  
i n  Figure 7. With residual water of 1 g, t h e  time t o  remove the f r e e  water 
through o r i f i c e  i s  shown i n  Figure 8. A comparison between Figures 4 and 7 
ind ica t e s  t h a t  the o r i f i c e  flow r a t e  i s  60 times h igher  than t h a t  from t h e  
long tube  model. A t  50 O C  and a = 50 pm, the mass flow r a t e  of the o r i f i c e  
model i s  found t o  be w, = 4.86 x g / s ,  which is  lower than t h e  flow r a t e  
(1.3 x 
proposed by Pajunen. 
f a s t e r  than t h a t  of the l a t t e r  as  the de fec t  size increases  i n t o  the viscous 
flow range a s  seen i n  Figure 9. 

g / s )  under the same condi t ions  computed from an o r i f i c e  model 
However, t he  r a t e  of the former o r i f i c e  model increases  

4.4 EXHAUST OF WATER VAPOR 

The flow r a t e s  evaluated above a r e  based on the cons tan t  vapor pressure  
The water 

In 
maintained by the water i n  a pocket a t  t h e  operating temperature.  
cont inues  t o  evaporate as t h e  vapor flows out  through a tube  o r  o r i f i c e .  
t h e  case  where only water vapor i s  present ,  the pressure  i n  t h e  void of volume 
V changes w i t h  time and the conductance F var i e s  w i t h  p ressure ,  t h e  r a t e  of 
exhaust i s  given by -VdP/dt = FP. Let Po des igna te  the pressure  i n  the vacuum 
system during the exhaust. Using Equations (7) and (13),  we obta in  

(18) -Vd(P - P,)/dt = Ft(0.1472a(P + Po) + Z)(P - Po) 

Solving t h e  d i f f e r e n t i a l  Equation (18) g ives  

PI - P, + 2'/0.1472 a - Z'F, 
P, - Po + Z'/O.1472 a I - -  V (tz - tl) 

where P, i s  the pressure a t  time t,, P, i.s t h e  pressure  a t  time t , and 
t > t,. cm3/s a t  
56"C and Po = 400 Pa (3 Torr ) ,  and 2'  = Z + 0.2944aPO, the following results 
are obtained: 

For a tube  of length 5 cm, rad ius  50 pm, F, = 1.020 x 

P, = 12334 Pa (92.53 Torr ) ,  P, = 1593.3 Pa, t, - t, = 799.5V sec/cm3; 

PI = 1593.3 Pa (11.95 Torr ) ,  P, = 519.3 Pa, t, - t, = 1438.3V sec/cm3; 

PI = 519.3 Pa (3.90 Torr ) ,  P, = 411.9 Pa, t, - t, = 1591.0V sec/cm3. 

I t  t akes  a t o t a l  of 64 minutes t o  exhaust t h e  vapor from a l-cm3 pocket 
through a long tube  t o  an vacuum environment of 400 Pa a t  50 'C. 
show t h a t  the time required t o  reduce the pressure  10% increases  w i t h  
decreas ing  pressure .  Compared t o  t h e  long tube flow r a t e  (w,), t h e  r a t e  of 
vapor exhaust i s  about 35 times slower because t h e  flow conductance decreases  
w i t h  time a t  the s t a t e d  pressure.  

Resul t s  a l s o  
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4.5 POROUS BED FLOW MODEL 

The d e f e c t s  shown in Figure 2 suggest t h a t  the fue l  i s  l i k e l y  t o  have 
pores o r  cracks packed with a bed of dense swarm of p a r t i c l e s .  
f o r c e  from steam pressure f o r  flow t o  the fuel element sur face  i s  s i m i l a r  t o  
t h a t  f o r  the f i l l e d  pore model descr ibed i n  Sect ion 4.2. 
of granular  p a r t i c l e s  as  a porous mass, the flow r a t e  of water vapor through a 
porous mass i s  ca lcu la ted  using an empirical r e l a t i o n  of Darcy's equation: 

The d r i v i n g  

Considering the bed 

where: 
v = -(k/n)grad P 

v = The r a t e  of flow through a sur face  element o f  u n i t  a rea  

k = The permeabi l i ty  of t h e  porous mass 

P = The pressure 

Equation (20) i s  modified t o  maintain t h e  equi l ibr ium between t h e  forces  
ac t ing  on a volume element of f l u i d  - the pressure grad ien t ,  the divergence o f  
the viscous s t r e s s  tensor  and the damping force  caused by t h e  porous mass 
(Brinkman 1947). The modified equation i s  in  t h e  form of 

grad P = - ("/k)v t "'Av 

This equat ion . i s  good f o r  a wide range of permeabi l i ty  of the porous 
mass. For low values of k, Equation (21)  i s  approximated t o  be Equation (20); 
i f  k i s  l a r g e ,  the f i r s t  term on t h e  r i g h t  hand s i d e  of Equation (21)  i s  
neglected.  A so lu t ion  can be obtained by imposing Equation (21)  with the 
condi t ion of incompressibi l i ty:  d iv  v = 0. Let the t o t a l  volume of N 
p a r t i c l e s  of  rad ius  R and t h e  volume of pore be V, and V ,  r espec t ive ly ,  

V, = (4n/3)R3N, V = h a '  

Assuming n' = n, t h e  r a t e  of flow i s  

Using t h e  bed voidage and t h e  diameter of p a r t i c l e  given i n  
(Pajunen 1997), the  N, D,, V,, and V can be est imated a s  follows: 

E = 0.6 = 1 - V,/V o r  V, = 0.4 V 

D, = 15 pm = 1.5 x cm 

S u b s t i t u t i n g  these  da ta  i n t o  Equation ( 2 2 )  g ives  

v = 1.969 x IO-' (Pr - P,)/".! 
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T h u s ,  the mass flow r a t e  of porous bed flow model i s  given by 

w3 = 1.34 x 10”3a2P,(P, - P,)/(nl!T) g /s  (24) 

The mass flow r a t e  of a pore ( a  rad ius  of 50 pm and a length  of 5 cm) 
w i t h  a bed of porous mass a t  50 ‘C can be ca lcu la ted  from Equation (24).  

w3 = 1.49 x 10” g / s  
= 8.94 x g/min 

Therefore,  the mass flow r a t e  i n  a 5-cm-long pore w i t h  a swarm of 
p a r t i c l e s  i s  about 165 times slower than the one without p a r t i c l e s .  However, 
because t h e  r a t e  i s  dependent on pore length and time, the r a t e  of flow 
through a dense swarm of p a r t i c l e s  is  much higher when the i n t e r f a c e  i s  near 
t h e  opening of the channel as  discussed i n  Section 4.2 f o r  the f i l l e d  pore 
model. 

As derived i n  Appendix C ,  t he  length  of bed d r i ed  i n  a p a r t i c u l a r  time 
( t )  can be found a s  follows: 

where: 

This equation i s  s imi l a r  t o  Equation 9.2-10 i n  (Pajunen 1997) except t h a t  
the l a t t e r  i s  mul t ip l ied  by a shape f ac to r .  For comparisons the l eng ths  of 
d r i ed  bed a r e  ca lcu la ted  f o r  t he  two porous bed flow models w i t h  t h e  same 
cons tan ts  given i n  Figure 9.2-4 i n  t h e  Reference. After drying a t  50 OC f o r  
1 hour, t h e  lengths  of d r i ed  bed a r e  ca lcu la ted  t o  be: 

y = 2.65 cm from Equation (25),  th is  work 

L, = 1.78 cm from Equation 9.2-10, HNF-1851 

The present  porous bed model p red ic t s  t h a t  t h e  c racks  f i l l e d  w i t h  porous 

I f  t he  present  model cons iders  a shape f a c t o r  (&) o f  0.6 f o r  

(26) 

mass in  the damaged fue l  i s  dr ied  f a s t e r  by 33% than t h e  one proposed i n  
(Pajunen 1997). 
the length  of d r i ed  bed i n  t h e  form of 

L, = Y x & 
L, is found t o  be 1.59 cm from t h e  present flow model, which i s  11% 

shor t e r  than L,. Therefore,  they  appear t o  agree each o the r  i f  both a r e  
assumed t o  have a same shape f ac to r .  
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5.0 RESULTS AND DISCUSSION 

The mass flow r a t e  of sa tura ted  steam flowing through a long or short 
tube of de fec t s  in uranium fuel has been estimated based on t h e  gas flow 
models. The r a t e  of vapor exhaust i s  a l so  estimated f o r  fuel  de fec t s  f u l l  of 
water vapor without l i qu id .  All of t he  flow r a t e s  a r e  found t o  depend on the  
water vapor pressure and the  s i z e  of defec t .  
and s i z e  of de fec t ,  es t imates  of res idua l  water inventory and time required t o  
r e l ease  trapped water from fuel subsurface voids during t h e  CVD a r e  d i f f i c u l t  
t o  make. 
fuel  de fec t s  a r e  the same. 

Without knowledge of t h e  type 

However, rough es t imates  can be made by assuming t h e  s i z e s  of a l l  

5.1 RELEASE OF TRAPPED WATER 

In damaged f u e l ,  water may be trapped in  the  following one o r  more types 
of fuel  subsurface vo ids  evaluated (Figure 1 ) :  

1. A long tube of rad ius  a and length e constrained by a water pocket 
of volume V 

An o r i f i c e  of rad ius  a with a water pocket of volume V 

A pore (a and e )  without pocket i s  f i l l e d  with water 

A long tube and a pocket l i k e  Type 1 defec t  but f u l l  of vapor only 

2. 

3.  

4. 

5 .  A pore i s  f i l l e d  with water and a bed of granular  p a r t i c l e s .  

f o r  purposes of comparisons, t he  flow r a t e s  and thus the  time spent t o  
remove t h e  water vapor from the  four types of de fec t  a r e  ca l cu la t ed  using the  
above r a t e  equations with the  following assumptions. 
l ength  t o  diameter is 100. 

The r a t i o  of de fec t  

a = 50 pm, 

T = 50 'C, P = 12334 Pa, and Po = 400 Pa. 

= 5 cm, V = 1 cm3, m (mass of water) = 0.53 g, 

Results a r e  l i s t e d  in  Table 1. Because de fec t  Type 1 conta ins  much more 
water than Type 4, i t  t akes  a longer time t o  reduce t h e  pressure  in  Type 1 
pocket t o  t h e  system pressure.  The water trapped i n  o the r  types  of defec t  
genera l ly  does n o t  take long t o  flow o u t  of voids during t h e  CVD process.  

t h e  l a t t e r  flows a t  a much higher r a t e .  The water in  de fec t  Type 1 will 
continue t o  flow out a t  a constant r a t e  un t i l  no l i q u i d  i s  l e f t ,  the flow r a t e  
then slows down t o  equal t he  r a t e  of Type 4. Clear ly ,  t h e  fewer t h e  Type 1 
de fec t s  in  fuel  t he  e a s i e r  the trapped water wil l  be re leased .  
damaged fue l  i s  l i k e l y  t o  have more de fec t  Types 2, 3 ,  4, o r  5 most of f r e e  
water should be removed during the  10-hour CVD process.  

Defect Types 1 and 2 contain the  same amount of water,  b u t  t h e  vapor in  

Since t h e  
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Defect Type 

1. Long tube with l i qu id  in  pocket 
2. Or i f i ce  with l i qu id  in  pocket 
3. Pore f i l l e d  with l i qu id  
4. Long tube with only vapor in pocket 
5. Pore f i l l e d  with l i q u i d  and 

porous mass 

Mass Flow Rate 
( s h i n )  Time 

4.994 x 7.5 day 
2.92 x 1 0 - ~  3 hour 

6 . 8 6 ~ 1 0 - ~  - 4 . 9 9 4 ~ 1 0 - ~  4 minute 

l . Z l ~ l O - ~  - 8 . 9 4 ~ 1 0 ~ ~  4 hour 
6.47 x 13 minute 

&;sidered t o  be a 'small  p a r t  of de fec t  type 1. To es t imate  the  maximum 
res idua l  water (M,) f o r  one type of de fec t  with each defec t  assumed t o  be 
cons t ra ined  t o  a spher ica l  water pocket with a diameter of D ,  t he  res idua  
water i s  given by (Pajunen 1997) 

M, = wg(n/6)D3/wi 
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where wi i s  w,, w2, o r  w, given i n  Equations (15), (16), o r  (17) which  is  a 
func t ion  of de fec t  s i ze .  As indica ted  by Equation (28), f o r  a value of wt 
s e l ec t ed  from pressure  r i s e  t e s t i n g ,  the res idua l  water can be estimated only 
i f  t h e  r a t i o  of water pocket and de fec t  s i z e  (diameter r a t i o  D/d) i s  known 
because wi i s  dependent upon t h e  parameter d .  
dependence of D/d on w and temperature f o r  t h e  long tube  model and o r i f i c e  
models f o r  res idua l  waier content of 1 gram, respec t ive ly .  
implies,  t h e  r a t i o  D/d is  no more than 120 f o r  a pressure  rise r a t e  of 
3 Torr/h.  Converting t h e  pressure r i s e  t o  wt using Equation (27) and res idua l  
water should be l e s s  than 1 gram t o  meet t h e  se l ec t ed  t e s t  c r i t e r i o n .  From 
Figure 4 a s ing le  water pocket must be constrained by a de fec t  of rad ius  50 pm 
f o r  the se l ec t ed  wt; thus, t h e  value of D=120 x 100 p = 1.2 cm confirms 1 g 
water i n  t h e  pocket. The r e s u l t  a l so  proves t h a t  w =. w l ,  and M, = nD3/6, a s  
shown i n  Equation (28), which ind ica t e s  t h a t  the va'iue of D i s  obtained only 
i f  t h e  amount of res idua l  water i s  given, and t h a t  t h e  value of D/d i s  unknown 
unless t h e  e n t i r e  system has only one s i n g l e  de fec t  and water pocket. 

Since t h e  fue l  elements contain more than one de fec t ,  t h e  r e l a t ionsh ip  
between water pocket s i z e  (0) and t h e  s i z e  (d) of i t s  cons t ra ined  de fec t  has 
t o  be e s t ab l i shed  t h e o r e t i c a l l y  o r  empir ica l ly  before t h e  res idua l  water i n  
damaged fue l  can be estimated. 

Figures 11 and 12 show t h e  

As Figure 11 

5.3 ESTIMATE OF RESIDUAL WATER 

Assuming t h e  measured increases  i n  p ressure  a r e  1 x o r  1 x los4 g/s 
a t  50 "C and 1 x los3 g/s a t  75 'C f o r  the o r i f i c e  model, t h e  values o f  D and a 
( r ad ius  =d/2) can be computed from Equations (15) and (28) f o r  var ious  amount 
of res idua l  water (Figure 13). 
pocket diameter can be any value o the r  than 1.2 cm f o r  1 g of res idua l  water 
depending on the measured increase  i n  p ressure  ( see  curves 1, 3, 5 i n  
Figure 13). 
known values o f  D and a ,  the amount of res idua l  water can be estimated from 
s i m i l a r  p l o t s  of D versus a constructed f o r  various amounts of res idua l  water.  
For example, a measured wt of 1 x g /s  p red ic t s  1 g of res idua l  water i f  
the values of D/a is  e i t h e r  0.75 cm/50 p (= 75, poin t  x i n  Figure 13) o r  
1.17 cm/100 p (= 58, poin t  y ) ;  the res idua l  water conten t  would be 2 g i f  D i s  
l a r g e r  (1 cm) with a same value of a (100 p )  as  designated by poin t  z i n  
Figure 13. Although t h e  curve of pocket diameter versus de fec t  rad ius  is  
near ly  l i n e a r ,  the r a t i o  D / a  is  not unique i n  r e l a t i n g  t o  res idua l  water 
conten t ,  a s  demonstrated by poin ts  x and z where both values of r a t i o  D/a a r e  
c lose  t o  74 but p red ic t  d i f f e r e n t  amounts of res idua l  water (1 g and 2 9) .  

The res idua l  water (M,) is  described by the  values of geometric f ea tu res ,  
D and a ,  f o r  each measured increase  i n  pressure  (w ) a t  a given temperature 
(T) a s  shown i n  Equation (28). Using Equation (28\ t h e  s i z e  of de fec t  can be 
estimated from two pressure  rise t e s t s  a t  two d i f f e r e n t  temperatures w i t h  two 
sets of wt,  P, and T. 
following equation: 

Because t h e r e  a r e  more than one de fec t ,  t h e  

With  t he  measured pressure  r i s e  (wt) i n  terms of mass and t h e  

The value of de fec t  rad ius  a i s  ca l cu la t ed  from the 
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where: 

f (a ,  P) = 0. 1472a(P,+Pl) + ( l t 2 .  507a(P,+Pl))/( 1+3 .095a(P,+Pl)) 

With the  value of a determined, t h e  mass flow r a t e  can be evaluated and 

For pressure  r i s e  tes ts  performed a t  50 
t h e  only unknown va r i ab le  f o r  es t imat ing  the res idua l  water inventory i n  
Equation (28) i s  pocket diameter D. 
and 75 "C, the de fec t  rad ius  of t h e  damaged fue l  element i s  evaluated a s  a 
func t ion  of wlt/wrt r a t i o  as  shown i n  Figure 14. The de fec t  s i z e  i s  small f o r  
w JwZt < 8, but becomes s e n s i t i v e  t o  the r a t e  r a t i o  as  i t  approaches 9.3. 
p l o t  shown i n  Figure 14 ind ica t e s  t h a t  t he re  i s  a l a r g e  uncer ta in ty  i n  
determining de fec t  s i z e  using Equation (28) i f  the pressure  r i s e  r a t e  r a t i o  
(75 "C t o  50 "C) i s  l a r g e r  than 9.3. Since the value of M, is l i n e a r l y  
dependent on D which cannot be evaluated from pressure  r i s e  t e s t s ,  t h e  present  
ana lys i s  i s  capable of determining the res idua l  water inventory of damaged 
fuel only i f  t h e  pocket size of voids can be measured. 

The 

On t h e  o the r  hand, t h e  value of D can be ca lcu la ted  from Equation (28) i f  
t h e  amount of res idua l  water i s  obtained from a whole element tes t  by vacuum 
and hea t ing  a t  50 t o  75 "C f o r  a long period of time and summing up t h e  t o t a l  
amount of moisture monitored throughout the entire t e s t .  T h u s ,  t h e  geometric 
f ea tu res  of subsurface voids i n  damaged fue l  can be charac te r ized  by 
performing two pressure  r i s e  t e s t s  a t  d i f f e r e n t  temperatures and heating t h e  
fue l  element t o  a high temperature a t  the end of t h e  t e s t .  The tes t  da t a  wi l l  
be used t o  eva lua te  the pocket and defec t  s i z e s  f o r  each damaged fue l  
elements. 
fue l  element 0309M (Oliver 1998). 

i n  Figure 15. 
mass flow r a t e  was ca lcu la ted  t o  be wZt = 2.25 x 
with V = 10,000 cm3. 
temperatures,  wl t  = 1.98 x 
T h u s ,  the de fec t  rad ius  and mass flow r a t e  a r e  found t o  be 40 pm and 
1.97 x g / s  according t o  Figures 14 and 7, respec t ive ly .  
hydrates wi l l  be decomposed t o  r e l ease  hydrated water a t  temperatures higher 
than 75 "C, only t h e  water re leased  during the entire CVD t e s t  i s  used a s  the 
amount of res idua l  water t o  es t imate  t h e  pocket s i ze .  Resul t s  of drying tes ts  
on element 0309M show 5 g of water re leased  during t h e  CVD process;  t he re fo re ,  
t h e  value o f  D i s  ca lcu la ted  t o  be 0.94 cm. The above da ta  a r e  summarized a s  
follows: 

The following i s  sample ca l cu la t ion  made from results of damaged 

Results of pressure  r i s e  t e s t  performed a f t e r  t h e  CVD a t  50 'C a r e  shown 
The r a t e  of water vapor pressure increase  was 0.28 Torr /hr ,  t h e  

g / s  a t  75 "C i s  assumed giving wlt/wZt = 8.8. 

g / s  using Equation (27) 
There i s  no pressure  r i s e  t e s t  performed a t  o the r  

Because more 

Sample: damaged fue l  element 0309M 

Tes t  temperature = 50 "C, 75OC 

Pressure r i s e  r a t e  wZt = 2.25 x 

Assumed pressure  r i s e  r a t e  wl t  = 1.98 x 

g / s  a t  5OoC 

g / s  a t  75 O C  
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Defect  mass f low r a t e  wo = 1.97 x 

De fec t  r a d i u s  a = 40 pm 

Residual water M, = 5 g 

Pocket d iameter  D = 0.94 cm 

g/s a t  50 O C  

21 



HNF-2191, Rev. 0 

This page intentionally left blank. 

28 



HNF-2191, Rev. 0 

6.0 CONCLUSION 

Water trapped i n  fuel subsurface voids wi l l  evaporate e a s i l y  during the 
cold vacuum drying a t  50 'C. The d i f f e rence  between the water vapor pressure  
and t h e  opera t ing  pressure provides the dr iv ing  fo rce  f o r  the vapor t o  flow 
out  from water pockets. Five flow models a r e  developed t o  eva lua te  t h e  flow 
r a t e s  based on t h e  k ine t i c  theory of gases.  Depending on de fec t  size the flow 
r a t e s  of long tube  and o r i f i c e  flow models vary s i g n i f i c a n t l y ;  the r a t e s  drop 
r ap id ly  a s  t h e  de fec t  rad ius  decreases t o  less than 100 pm. Water trapped i n  
a pore without a pocket evaporates from t h e  open end w i t h  the water i n t e r f a c e  
receding a t  f a i r l y  high r a t e s .  The flow r a t e  of water vapor through a bed of 
granular  p a r t i c l e s  i s  found t o  be much slower than t h e . r a t e  through a pore 
f i l l e d  o f  only water.  In genera l ,  most of the water trapped i n  damaged fue l  
subsurface voids is  expected t o  be removed in a few hours by co ld  vacuum 
drying. The flow behavior of vapor through c rev ices  i s  analyzed; r e s u l t s  of 
pressure  r ise t e s t s  performed during the CVD process may be used t o  e s t ima te  
the i n i t i a l  res idua l  water in  t h e  damaged fue l  elements provided t h e  geometric 
f e a t u r e s  o f  the voids (D,d) a r e  known. 
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Figure 1. Flow Models f o r  Water Trapped i n  Fuel Subsurface 
Voids (a )  Long Tube Model, (b) F i l l e d  Pore Model, 

(c )  Or i f i ce  Model, (d) Vapor F i l l ed  Long Tube Model. 
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Figure 2. Metallography for Heat Tinted Specimen 5-SIA-A1A Showing Portion 
of Crack Network, Hydrided Area Along Cracks, and Carbide Inclusions. 
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Figure 3 .  Ratio o f  Total Conductance t o  Molecular Flow 
Conductance (F/F,) Versus a/L, f o r  Cy1 ind r i ca l  Tube. 
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Figure 4 .  Variation of  Mass Flow Rate 
w i t h  Defect Radius f o r  Long Tube Model. 
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Figure 5. Test Duration Versus Defect Radius for Long Tube Model. 
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F i g u r e  6. Mass Flow Rate Versus Test  Dura t i on  for F i l l e d  Pore Model. 
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Figure 7. Variation of Mass Flow Rate 
with Defect Radius f o r  Or i f i ce  Flow Model. 
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F i g u r e  8. Test  Dura t ion  Versus Defec t  Radius f o r  O r i f i c e  Flow Model. 
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Figure 9 .  Comparisons of  Mass Flow Rates Calculated 
from Two Different Orifice Flow Models. 
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Figure 10. P lo ts  of Pressure Rise Versus Time 
for Undamaged Spent Nuclear Fuel Element 1990 .  
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Figure 11. Ratio Pocket Diameter/Defect Diameter Versus 
Pressure Rise Mass Rate f o r  Long Tube Model. 
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Figure 12. Ratio Pocket Diameter/Defect Diameter Versus Pressure 
Rise Mass Rate at Various Temperatures for Orifice Flow Model. 
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Figure 13. Pocket Diameter Versus Defect Radius at 50 O C  

and 75 OC for Various Amounts of Residual Free Water. 
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Figure 14. Defect Radius Determined from Pressure Rise  Rate 
Ratio at 50 O C  and 75 OC for Orifice Model. 
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Figure 15. Drying o f  Spent Nuclear Fuel Element 0309M, 
Post-CVD Pressure Rise Test. 
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Figure 16. Drying of Spent Nuclear Fuel Element 574411, Cold Vacuum Drying. 
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A P P E N D I X  A 

EVAPORATION RATE 
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APPENDIX A 

EVAPORATION RATE 

According t o  t h e  k ine t i c  theory of gases the  number of t he  vapor 
molecules s t r i k i n g  un i t  a rea  o f  a sur face  per un i t  time is (Bird 1976) 

v = Nv,/4 (AI) 

where N i t  t h e  number of molecules per cm3 and v i s  t he  mean ve loc i ty  of t he  
molecules. The mass of t h e  vapor molecule strikaing t h e  u n i t  f r e e  sur face  per 
u n i t  time i s  

G = pv,/4 (A21 

where p i s  t he  dens i ty  o f  t he  vapor. For an ideal gas 

PV = nRT = GRT/M 

p = G/V = PM/RT 

where M i s  t h e  molecular mass i n  grams. Combining Equations (A2) and (A3) 
gives 

G = PMv,/~RT (A4) 

Gas dynamic theory a l so  gives the  pressure in terms of root-mean-square 
molecule speed, v,,, 

p = PV,,,2/3 

The mean molecular ve loc i ty  i s  r e l a t ed  t o  the  root-mean-square ve loc i ty  
through Maxwell-Boltzmann d i s t r i b u t i o n  of gas molecular ve loc i ty  (Bird 1976) 
as  follows. 

v, = 2J(2~T/nm) = 2J(2RT/nNAm) 
(A61 

v,, = . \ / (3KTh)  (A71 

= 2J(2RT/nM) 

where K = 1.38054 x losz3 J/K i s  Boltzmann constant and m is mass of p a r t i c l e .  

v e l o c i t i e s  i s  
From Equations (A6) and (A7) the  r e l a t ionsh ip  between these  two molecular 

v, = vr,*.\/(8/3n) 

Combining Equations (A4), (A5), and (A8) gives the  r a t e  of t h e  vapor mass 
s t r i k i n g  t h e  sur face  

G = PJ(M/2nRT) 
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A P P E N D  I X - B  

SLIP FLOW RATE 
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APPENDIX B 

S L I P  FLOW RATE 

The viscous conductance corrected for slip is (Kennard 1938) 

4q ( 2 - f )  (%)1/2) (Bl) na4 
8r1@ f a P g  2M 

F=- Pg ( 1 + ~ 

Equation (BI) can be rewritten to be 

F=F + 2 k f F  
v 1 6  f c  (B2) 

F, = na4P,/8n! 

where F, is the viscous conductance from Equation (9) and F, the molecular 
flow conductance from Equation (IO). 
transfer ratio o f  momentum ranging between 0.8 and 1.0. Equation (13) clearly 
combines the characteristics of both viscous and molecular ranges. 
empirical relation with'pressure dependence was formulated by Knudsen for slip 
flow in the transition range: 

The value of f in this equation is the 

An 

F = F,(F,/F, + Z) 
where 

Z = (1 + 2.507(a/La))/(1 + 3.095(a/La)) and F,/F can be expressed in 
terms of a/La using 
and (A6). 

= 0.499pvaLa obtained from Equation (6), Equations (A3) 

FJF, = 0.1472(a/La) 

Equation (83) also can be written in terms of viscous conductance F,: 

F = F, (1 + 7.793(La/a)Z) (B5) 
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A P P E N D I X  C 

INTERFACE I N  FILLED PORE MODEL 
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APPENDIX C 

INTERFACE I N  FILLED PORE MODEL 

Assuming a 5-cm long pore with a radius of 50 pm is filled with water and 
the distance from the interface to the opening is y, an increment of y due to 
water vapor removal i s  

AY = wAt/na'p 

Thus, 

dy/dt = 2.1656 x F(P, - P,)/na'T (C1) 

At the orifice F = F,, use of Equation (Cl) and Equation (12) gives 

dy/dt = 0.3899/(1 t 0.375yla) 

y = ((25.44a' t 8.32at)' -5.333a)/2 (C2) 

for 

0 < y 5 8a/3 and T = 50 OC 

At y = 8a/3 [see Equation (12)], t = 0.053 s .  
to y = 8a/3 (0.0133 cm), the flow rate is estimated for slip flow and 
F = F (0.1472(a/La) t 2) as given in Equation (13). 
cornpuked using Equation (Cl) and Equation (11). 

As the interface recedes 

The change rate of y is 

dy/dt = 10.34a/y for y > 8a/3 and T = 50 OC 

y'/2 = 10.34at t C 

C = - 0.00265 for the initial conditions at t = 0.053 s for flow at orifice. 

y = (20.68at - 0.0053)'" 

t = (y' t 0.0053)/20.68a 

59 
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