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SOME HEAT TRANSFER AND 
FLUID FLOW CONSIDERATIONS 

FOR A PACKED-BED FUEL ELEMENT 

by 

R. Viskanta 

ABSTRACT 

The p rob lem of heat t r ans fe r and fluid flow in a heat-
generat ing porous media has been studied analytically. The 
study is l imited to the range of p a r a m e t e r s of in te res t to the 
packed-bed fuel e lement concept. The available heat t r a n s ­
fer and p r e s s u r e drop cor re la t ions a r e reviewed, and a 
sys tem of pa r t i a l differential equations which govern the 
velocity and t e m p e r a t u r e fields in an isotropic porous media 
is derived. Steady-s ta te t empe ra tu r e distr ibution in a one-
dimensional packed bed is studied, and a numer ica l method 
is p resen ted for calculating t rans ien t tenaperature d is t r ibu­
t ions. P r e s s u r e drop in a hea t -genera t ing packed bed is con­
s idered, and flow and t e m p e r a t u r e s tabi l i t ies a re examined. 

1. INTRODUCTION 

There is no theore t i ca l upper l imit to the r a t e of energy r e l ea se by 
fission. In p rac t i ce , however, the maximum power level of a r eac to r is 
frequently de te rmined by the h e a t - r e m o v a l r a t e . Thus, in a nuclear r eac to r 
operat ing at a sus ta ined power level, the design of the core depends just as 
much on the t h e r m a l aspec ts as on nuclear considerat ions . The t ransfer of 
heat from fuel to coolant is faci l i tated by increas ing both the contact a r e a 
and the coolant volume. How^ever, the inc rease of the coolant volume gen­
era l ly r e q u i r e s additional f issionable m a t e r i a l to make the reac to r c r i t ica l . 

The heat genera ted in the fuel is t r a n s f e r r e d a c r o s s the solid-fluid 
interface to the coolant. F r o m the p rope r t i e s of the fluid and the flow cha r ­
a c t e r i s t i c s a reasonable predic t ion or an exper imenta l determinat ion of heat 
t r ans fe r coefficient can be made . Exper imental ly , a c r i t ica l heat flux of 
0.01728 Mw/cm^ has recent ly been repor t ed for subcooled water by Gambill 
and Greene,(•'•) but the p r e s s u r e drop in a t es t section 1.43 cm long and 
0.485 cm in ID was 56.6 a tm. It is doubtful, however, that a r eac to r will be 
designed in a near future with a design heat flux of this o rder of magnitude. 
Thus, to i nc rease appreciably the power density, we can inc rease the s u r ­
face a r e a per unit volume of the core . This , of course , is to be done by 
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keep ing the coo lan t v o l u m e c o n s t a n t so a s not 
to d e c r e a s e the m u l t i p l i c a t i o n f ac to r . F o r 
p u r p o s e s of c o m p a r i s o n t h r e e of m a n y p o s ­
s i b l e and ex i s t i ng fuel e l e m e n t s a r e g iven 
be low ( see F i g . 1): 

(A) The c o r e i s c o m p o s e d of a n u m ­
b e r of f u e l - b e a r i n g p l a t e s wi th the coo lan t 
f lowing b e t w e e n t h e m . 

(B) The c o r e i s m a d e f r o m a b lock of 
f u e l - b e a r i n g m a t e r i a l con ta in ing a g r e a t n u m ­
b e r of s m a l l h o l e s for coo lan t flow. 

(C) The c o r e i s c o m p o s e d of a p o r o u s 
fuel o r of a b e d of s m a l l p a r t i c l e s , the c o o l ­
an t f lowing t h r o u g h the i n t e r s t i c e s . 

The a p p r o x i m a t e f o r m u l a s for vo ids 
and a r e a d e n s i t i e s of t h e s e t h r e e s y s t e m s 
a r e g iven a s func t ions of p e r t i n e n t p a r a m ­
e t e r s in T a b l e 1. 

The a r e a d e n s i t i e s for t h e s e s y s t e m s 
c a l c u l a t e d f r o m the f o r m u l a s g iven in 
T a b l e 1 a r e p r e s e n t e d in T a b l e 2 for t h r e e 
v a l u e s of v o i d s . The a r e a d e n s i t y of p o r o u s 
m a t e r i a l c o m p o s e d of s p h e r i c a l p a r t i c l e s i s 
c o n s i d e r a b l y h i g h e r . P a c k e d - b e d fuel 
e l e m e n t s wou ld y i e l d an a r e a - d e n s i t y a d v a n ­
t a g e of a t l e a s t an o r d e r of m a g n i t u d e h ighe r 

over equ iva l en t , m o r e r e a l i s t i c e l e m e n t s of type A or B. 

FIG. I 

GEOMETRICAL ARRANGEMENT OF EXISTING 
AND POSSIBLE FUEL ELEMENTS 

T a b l e 1 

F O R M U L A S F O R VOIDS AND A R E A DENSITIES O F 
THE T H R E E F U E L E L E M E N T S 

Voids 

A r e a Dens i t y 

A 

s 
s + t 

2 
s + t 

B 

TTD^ 

8V3 c' 

TTD 

2 ^ 3 c^ 

C 

e 

6(1 - £ ) 
Dp 



Table 2 

AREA DENSITIES FOR t = D = Dp = 0.02 cm 
AS A FUNCTION OF VOIDS 

Voids 

0.3 

0.4 

0.5 

A 

70 

60 

50 

B 

60 

80 

100 

C 

210 

180 

150 

The possibi l i ty of using a packed-bed fuel element has recent ly been 
emphas ized by Rodin,(^) The study further shows that the packed-bed fuel 
e lement appears to offer some significant advantages: (1) possibi l i ty of 
achieving ve ry high power densi t ies and t e m p e r a t u r e s ; (2) high fuel surface 
per unit volume reconc i les high power densi t ies with smal l t empera tu re 
differences between the fuel pa r t i c l e s and the coolant; (3) the rmal s t r e s s e s 
produced in the pa r t i c l e s should be re la t ively unimportant since the t e m ­
pe ra tu r e gradients a r e smal l ; and (4) good heat t ransfer cha rac t e r i s t i c s 
and m o r e uniform t e m p e r a t u r e s . Thus, the possible use of a packed bed as 
a fuel e lement gives ample incentive for a study of fluid flow and heat t r a n s ­
fer c h a r a c t e r i s t i c s of this sys tem. 

The p r e sen t study has been under taken with the hope that it will con­
tr ibute toward be t te r understanding of the potential i t ies of a packed-bed 
fuel element . The purpose of the study was twofold: (1) formulation of the 
genera l heat t r ans fe r equations for flow of fluid in porous media; and 
(2) solution and clarif icat ion of some specific p rob lems . 

To this end, a shor t l i t e r a tu re survey of both fluid flow and heat 
t r ans fe r per t inent to hea t -genera t ing packed beds was made. The genera l 
heat t r ans fe r p rob lem was then formulated mathemat ica l ly . Methods of 
determining the flow field and t e m p e r a t u r e distr ibution were then examined. 

To fulfill the second purpose of this study, solution of equations for 
steady one-d imens ional flow were then considered. Tempera tu re d is t r ibu­
tion and the t e m p e r a t u r e difference between the fuel and the coolant were 
obtained. A method of determining the t r ans ien t t empera tu re distr ibution 
in a one-d imens ional packed bed was presen ted . Finally, p r e s s u r e drop for 
a one-dimensional bed with t empera tu re -dependen t viscosi ty and constant 
hea t -genera t ion ra t e was studied. 



2. REVIEW OF PRESSURE DROP AND HEAT TRANSFER LITERATURE 

2.1 Introduction 

The study of flow of fluids and of heat through porous media has 
become basic for many scientific and technical appl icat ions . The subject 
has been studied by many inves t iga tors in such diversif ied fields as soil 
mechan ics , pe t ro leum and chemical engineer ing, f i l tration, powder m e t a l ­
lurgy, and many o the r s . All of these branches of science and engineering 
have contributed vast amounts of information on the subject. The papers 
on p r e s s u r e drop and hea t t r ans fe r through porous media and packed beds 
have been published in a nunaber of j ou rna l s . No at tempt has been made to 
give a complete l i t e r a tu r e of these s tudies , and only a few per t inent r e f e r ­
ences a r e ci ted. In this review, emphas is is placed on m o r e recent exper ­
imental contr ibut ions. Before we proceed to review the l i t e r a t u r e , let us 
define some p a r a m e t e r s c h a r a c t e r i s t i c of porous media . 

A cha rac t e r i s t i c pa r t i c le dimension. Dp, is used to r e p r e s e n t the 
size of any pa r t i c l e . This par t ic le dimension is defined as follows: 

D = Effective par t i c le d iamete r = ^^/Ap/TT 

where Ap is the par t ic le surface a r e a . For a packed bed, the surface per 
unit volume of bed is given by Carman(3) as 

a = 6(1 - e)/Dp 0^ , (2.1) 

where e is defined as the fraction of voids in the bed or the poros i ty of the 
bed: 

e = Poros i ty = Volume of voids in bed/Volume of bed . 

The Carman shape factor $g is a function of spher ic i ty ,w) defined as 

IJJ = Spherici ty 

Surface a r e a of a sphere having volume equal to that of the par t ic le 
Surface a r e a of the par t ic le 

Essent ia l ly Eq. (2.1) is a re la t ionship between the effective par t ic le d iameter 
and a shape factor based upon the t rue par t ic le a r e a . The shape factor 0g is 
unity for a sphere and l e s s than unity for a l l other shapes . 

For spher ica l pa r t i c l e s the p a r t i c l e - t o - p a r t i c l e contacts a r e point 
contacts , and the ent i re par t ic le surface a r e a is effective in the t r ans fe r of 
heat . However, this is not t rue for pa r t i c l e s other than s p h e r e s . In addition 
to having a l a r g e r value of a, the nonspher ica l pa r t i c l e s have only a port ion 
of thei r surface a r e a avai lable for solid-fluid heat t r ans fe r due to significant 



par t ic le- to-par t ic le contac ts . The effective heat t ransfer a r ea per unit 
volume of bed can be wri t ten as 

A = a 0 = 6(1 - e)0/Dp 0g . (2.2) 

The Carman shape factor 0g should not be confused with the par t ic le shape 
factor 0, defined as 

. ^ , , ^ Effective surface a r e a for heat t ransfer 
0 = Pa r t i c l e shape factor = =; :—. . 

Pa r t i c le surface a r e a 
which r e p r e s e n t s the portion of the par t ic le surface which par t ic ipa tes in 
the par t ic le-f lu id heat t r a n s f e r . 

The t r ans fe r of heat from s ta t ionary par t i c les to fluids flowing 
through porous media can be exp res sed by the equation 

Q = hAAT , (2.3) 

where h is the conventional heat t r ans fe r coefficient and AT is the t empera ­
ture difference between the solid and the fluid. The product hA is some­
t imes called the volumetr ic heat t r ans fe r coefficient. The re su l t s of heat 
t r ans fe r studies a r e genera l ly co r r e l a t ed in t e r m s of a heat t ransfe r 
factor-Reynolds number re la t ionship , where 

= Heat Transfer Fac tor = j-^ „ ^ „ . ^ ^ ^ 1̂  ^ J 
CpM 

2/3 

(2.4) 

and a Reynolds number (often called modified Reynolds number) based on 
par t i c le d iamete r 

Re = DpC/M . (2.5) 

In o rde r to c o r r e l a t e data for pa r t i c l e s of var ious shape, the Reynolds 
number may be modified as follows: 

^ 6 G 6 G P '^S /^ /\ 
^ Aju a0jU (1 - e)jLt0 

2.2 Fluid Flow 

There exist s eve ra l excellent l i t e r a tu re surveys on fluid flow through 
porous media . The mos t recen t one is that of Scheidegger. ' ' •' This book 
p r e sen t s a coherent exposit ion of the physical pr inciples of flow through 
porous media ; however , it deals p r i m a r i l y with the low-veloci ty reg ime for 
which Darcy ' s law^'*' 



—» k 
^ = - -jT^g^^^ P-P'g) (2-7) 

is valid. The concept of permeabi l i ty k as introduced in Darcy ' s equation 
pe rmi t s phenomenological descr ip t ion of the flow through porous media in 
a low-velocity domain. However, an actual understanding of the phenomena 
can be obtained only if the concept of permeabi l i ty can be reduced to more 
fundamental physical quant i t ies . Reference is made to Scheidegger ' s 
t r ea t i s e for a detailed review of the var ious theor ies that have been p r o ­
posed to obtain cor re la t ions between the permeabi l i ty and the dynamic 
p roper t i e s of the porous media . 

Many a t tempts have been made to de te rmine the range of Reynolds 
numbers for which Darcy ' s law is valid. So far , however , no genera l 
pic ture has been disc losed, such, for example , as was made available for 
pipes by O. Reynolds. This is probably due to the fact that the re is actually 
no physical bas i s for the expectation that flows should be analogous if the 
Reynolds numbers a»e . The t rans i t ion f rom laminar to turbulent flow is 
somet imes difficult to define. Cornell and Katz '^ j used the t e r m "quasi-
turbulent" to designate the situation in which the flow is obviously not 
v iscous , as shown by lack of proport ional i ty between p r e s s u r e drop and 
flow r a t e , but where the smal l s izes of channels a r e difficult to reconci le 
with the usual definition of turbulence . As far as the "c r i t i ca l " Reynolds 
number is concerned, the re exis ts a g rea t d i sc repancy regard ing the 
"c r i t i ca l " Reynolds number above which the Darcy ' s law would be valid. 
The values range from 0.1 to as high as 7 5 . ^ ^ The uncer ta in ty of a factor 
750 about the "c r i t i ca l " Reynolds number may reflect in par t the inde te r ­
minacy of the par t ic le d iameter and the fact that porous media is not equiv­
alent to an a s semblage of s t ra ight tubes , as postulated by the hydraul ic 
radius theory for porous media . 

A commonly encountered co r re l a t ion of p r e s s u r e drop v e r s u s flow 
ra te data for porous media is formulated in t e r m s of a Reynolds number 
based on the so-ca l led "equivalent capi l la ry d i ame te r " and a friction factor, 
calculated by invoking the analogy between the laws of Darcy and Poiseui l le , 
which a r e valid only for low-veloci ty flow. This analogy would explain the 
deviation from Darcy ' s law at h igher flow r a t e s because of the emergence 
of the iner t ia effects in l aminar flow, not n e c e s s a r i l y due to onset of turbu­
lence within the i n t e r s t i c e s , which a r e visual ized as s t ra ight , pa ra l le l 
c ap i l l a r i e s . 

In reviewing the p r e s s u r e drop co r re l a t ions it is found that the re is 
a l a rge var ie ty of them. It is ce r ta in that they cannot all be un iversa l ly 
valid, since many of them contradic t each o ther . To mention just a few. 
Leva et al.VO/ reviewed the l i t e r a t u r e on p r e s s u r e drop and p resen ted their 
own data. The par t ic le s izes used in the exper iments were of the same 
order of magnitude that a r e of i n t e r e s t in the packed-bed fuel e lement de­
sign. Corre la t ing equations were given for l aminar (Re < 10), 



t rans i t ion (lO < Re < lOO), and turbulent (Re > lOO) regions . In the turbulent 
flow region, modified friction factor cor re la t ions were given for smooth 
pa r t i c l e s , rough pa r t i c l e s , and rough granules . 

Brownell e t_al .^ ' ' have found that par t ic le roughness is a minor 
factor in the flow of fluids through random-packed beds . He was able to 
c o r r e l a t e p r e s s u r e drop data for such flow to Moody's friction factors for 
pipe flow. A single curve was obtained when a modified friction factor was 
plotted ve r sus a modified Reynolds number . The two la t te r t e r m s were de­
fined as follows: 

^ ^ ' = ° p ^ ^ R e / i ^ ^^'^^ 

and 

f = 2 ĝ , D p p A p / L G ^ Ff , (2.9) 

where F|^g and Ff a r e factors which a r e functions of porosi ty and spherici ty 
only. These factors were obtained from exper imental data and a re given 
graphically(7) as functions of porosi ty with p a r a m e t e r s of par t ic le spheric i ty . 

A p r e s s u r e drop cor re la t ion applicable for all types of flow through 
beds of granular solids of any shape, s ize , orientat ion, and fraction of voids 
was developed by Ergun,^"/ using a theore t ica l as well as an empir ica l 
approach: 

= 300 V-^j + 3.5 . (2.10) 

This express ion is a resu l t of the addition of the Blake-Kozeny equation for 
l aminar flow (Re<6) and e<0.5 to the B u r k e - P l u m m e r equation valid for 
Re > 6,000. The Ergun equation, like many others that re la te p r e s s u r e 
drop to polynomials of the fluid m a s s flow ra t e , differs from them in that 
the coefficients have definite theore t ica l significance. 

The flow through porous media is determined by a l a rge number of 
va r i ab l e s , some of which a r e s ta t i s t ica l in na tu re . A major obstacle to an 
adequate analysis of flow through porous beds is the difficulty of securing 
geomet r ica l ly s imi la r beds over a wide range of porosi ty or of varying pore 
d iameter while retaining constant par t ic le d iamete r . A general ly applicable 
cor re la t ion for predict ing p r e s s u r e drop during fluid flow through porous 
media sti l l awaits development. It s eems probable that a controlling element 
in the m e a s u r e m e n t s is the bed configuration, a s ta t is t ica l concept with which 
none of the formulas published to date can cope. The available cor re la t ions 
a r e at best valid each for an application to par t icular sys tem. In this in­
s tance, the cor re la t ions may be ve ry useful for engineering applications to 



par t icu la r s y s t e m s , but proper caution should be used if they a r e applied in 
any other sys tem than for which they had been originally obtained. 

2.3 Heat Transfer 

A study of the l i t e ra tu re will revea l that exact mathemat ica l solutions 
of heat t ransfe r problems have been obtained only in the case in which the 
following th ree conditions a r e me t : (l) the coolant is flowing at a constant 
velocity, (2) the physical p roper t i e s a r e constant, and (3) the heat generat ion 
is a l inear function of t empera tu re of the porous solid. The theory, of the 
t ransfe r of heat between a porous body and a fluid has been developed by 
Anzel ius ,w) Schumann,'^ ^/ and o the r s . These authors have used a ma the ­
mat ica l model with two independent var iab les - the t ime and the distance 
along the ax i s . The problem was extended by BrinkleyV^^/ to the case in 
which the solid is generat ing heat . The heat generat ion was assumed to be 
a l inear function of the t empe ra tu r e of the solid and the p a r a m e t e r s of this 
function independent of position and t ime . Amundson,(l 2,1 3) by including 
both axial and rad ia l conduction, considered the problem from a more 
general point of view. 

Exper imenta l invest igat ions of the f luid-part ic le heat t ransfe r in 
packed beds have been made utilizing both steady and unsteady methods . 
Hougen and associates ' - ' '* ' - '^ '^" / studied simultaneous heat and m a s s t r a n s ­
fer in beds of spher ica l and cyl indrical pa r t i c l e s , Raschig and par t i t ion 
r ings , and Ber l saddles . By using the analogy between heat and m a s s t r a n s ­
fer , they obtain heat t r ans fe r co r r e l a t i ons . 

Denton^-' ' ' c a r r i e d out s teady-s ta te invest igations in which tes t 
spheres were placed at var ious positions in a packed bed and heat generated 
in the tes t spheres by means of r e s i s t ance hea t e r s inside each sphere . The 
heat was t r a n s f e r r e d to a fluid flowing through the bed. Using a i r as the 
coolant, the average heat t r ans fe r coefficient was de termined over a l a rge 
range of Reynolds n u m b e r s . Denton found that the influence of random pack­
ing on the average heat t ransfe r coefficient was negligible and that for values 
of N > 17.5 the wall effect is sma l l ; the average heat t ransfe r coefficient can 
be cor re la ted by the equation 

jj^ = 0.583 Re-°-^° (5,000 < Re < 50,000) . (2.11) 

Glaser and ThodosUo) invest igated the s teady-s ta te heat t ransfe r in 
the flow of var ious gases through fixed, random-packed beds consist ing of 
metal l ic sphe re s , cubes and cy l inders . A uniform generat ion of heat in the 
bed was obtained by passing e lec t r i c cu r ren t through the metal l ic par t ic les 
which were packed between perforated plate e l ec t rodes . External heat was 
supplied to the bed to el iminate radia l heat t r ans fe r . Direct t empera tu re 
measu remen t of both solids and gases in the bed was accomplished by the 
inser t ion of thermocouples in the in t e r s t i ces of the bed and by permanent 
a t tachment of thermocouples to the sur faces . The resul t ing express ion for 
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the heat t ransfe r factor for ei ther sphe re s , cubes, or cyl inders when the 
wall effect is negligible was found to be 

Jh =^ TTT^ 7 (100 < Re" < 9,200) . (2.12) 
(Re")°-^ - 1.6 

where the Reynolds number was modified to 

Re"=-^ f—^-T— (2.13) 
M(1 - e ) 0 

in o rde r to obtain a single cor re la t ion for each of the var ious par t ic le types 
employed. 

Steady-s ta te heat t r ans fe r between a random-packed bed of spheres 
and a s t r e a m of a i r was again a subject of investigation by Baumeis ter and 
Bennett.v-* "/ Heat was generated in the s teel spheres compris ing the bed by 
high-frequency induction coils which surrounded the tes t section. Average 
heat t ransfe r coefficients for the bed were calculated from knowledge of 
total heat generated in the pa r t i c l e s , the surface a r ea of the pa r t i c l e s , and 
the a r e a mean t e m p e r a t u r e difference between the par t ic les and the air 
s t r e a m . For the case of no wall effect, the following heat t ransfer c o r r e l a ­
tion -was obtained: 

Jh 0.918 Re"°-2^'^ (200 < Re < 10,000) . (2.14) 

Most recent ly , DeAcetis and Thodosv20) studied simultaneous heat 
and m a s s t r ans fe r to a i r f rom porous spher ica l pa r t i c les 1.59 cm in d iam­
e t e r . They co r r e l a t ed their r e su l t s by the equation 

Jh = riT^ (13 < Re < 2136) . (2.15) 
Re°-*^ - 1.5 

The re la t ionship between the ji^-factor and the Reynolds number was found 
to be independent of the type of packing a r r angemen t employed. 

The effect of wall voids on the average heat t ransfer coefficient for 
spher ica l pa r t i c les observed by var ious invest igators is shown in Fig. 2. 
It is seen that the heat t r ans fe r coefficient depends on the rat io of the con­
ta iner d iamete r to the par t i c le d iamete r , N, but the magnitude of the effect 
changes with the Reynolds number . It is believed that the wall effect on 
heat t r ans fe r and fluid flow will be smal l for par t ic les and bed s izes of 
i n t e r e s t to this study. 

The heat t r ans fe r cor re la t ions jus t reviewed a r e shown graphical ly 
in Fig. 3. They a r e not in good agreement with each o ther . Probably, the 
e r r o r s in the m e a s u r e m e n t of the par t ic le surface and the coolant t e m p e r a ­
t u r e s contribute the most to the d i sagreement between the var ious cor re la t ions . 
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As mentioned e a r l i e r , there is no physical bas is for the expectation that 
flows should be analogous if the Reynolds numbers a r e . For example, it 
has not been es tabl ished exper imenta l ly that one would obtain the same 
j}^-factor for a given Reynolds number if in one exper iment la rge par t ic les 
and low flow ra te s were used, whereas in another small par t ic les and high 
flow ra t e s were employed. It is therefore possible that the data of these 
inves t iga tors would be in a be t ter agreement if a different type corre la t ion 
were found. 

P a r t of the d iscrepancy between var ious corre la t ions may in part 
be due to the fact that the heat t r ans fe r coefficients determined in the papers 
reviewed were based on the total surface a r ea of the pa r t i c l e s . The use of 
the par t ic le shape factor in the heat t r ans fe r cor re la t ions accounts for the 
par t of the par t ic le surface a r e a which is not available to par t ic ipate in the 
par t ic le-f lu id heat t r ans fe r . In fixed beds , there a r e two phenomena which 
contribute to this unavailabil i ty of par t ic le surface . The f irst is the presence 
of pa r t i c l e - t o -pa r t i c l e contacts which, for all shapes other than spher ica l , 
cannot be point contacts and will therefore prevent a par t of the par t ic le 
surface a r e a from being available as effective solid-fluid heat t ransfer a r e a . 
The second is the inaccess ib i l i ty of a portion of the par t ic le surface a rea to 
the fluid s t r e a m . This effect occurs when pa r t i c l e s , such as Raschig rings 
and par t i t ion r ings , a r e employed, since these par t ic les present inner 
surface a r e a s which may be unavailable to the fluid s t r e a m . 



3. BASIC EQUATIONS 

3.1 General 

The predict ion of the state of flow of fluid and of heat in a packed 
bed requ i res the knowledge of the following quant i t ies : the velocity vector , 
two thermodynamic p rope r t i e s (usually t empera tu re and p r e s s u r e ) , and the 
t empera tu re of the solid. The prob lem is completely descr ibed if these 
quantit ies a r e known at every point in the fluid and the solid, and for all 
t imes subsequent to some init ial t ime . The flow may be descr ibed by a 
sys tem of differential equations express ing the conservat ion of m a s s , 
momentum and energy (for the fluid and solid phases) , and appropr ia te 
boundary conditions. The conservat ion equations a r e p resen ted below. 

3.2 Continuity Equation 

Since the flow space between the pa r t i c l e s is i r r egu l a r , it would be 
impossible to t r ea t the flow field in detail . We shall therefore take the 
packed bed as an isotropic porous medium and consider only the mean ve ­
locity of coolant flow through a unit a r ea perpendicular to the average 
m a s s flow. Consider any volume V in the in te r ior of the bed bounded by 
a closed surface S, and let IT be the mean velocity vector . Then for coolant 
flowing through the bed it follows from the law of the conservat ion of m a s s 
that the net m a s s of coolant enter ing any volume V mus t equal the inc rease 
in the m a s s of coolant in V over the same per iod of t ime : 

- r p u - d S = f ep- dV . (3.1) 

Js Jv ^-^ 

Hence, using Green ' s l emma, we t r ans fo rm the left-hand side of Eq. (3.1) 
and obtain 

e 1^ + div (pu) = 0 . (3.2) 

Equation (3.2) is the equation of continuity for a coolant flowing through a 
porous medium. 

3.3 Equation of Motion 

Darcy ' s law for flow of fluids through porous media is valid only in 
the low-velocity domain, outside of which m o r e genera l flow equations must 
be used to descr ibe the flow. The l imitat ions of Darcy ' s law due to turbu­
lence and due to molecular effects a r e not the only ones. A s e r i e s of other 
possible effects can cause Darcy ' s law to b reak down. 



The physics of fluid flow through porous media, when the t e m p e r a ­
ture of the coolant and the pa r t i c l e s a re not equal and uniform throughout 
the space considered, and the flow velocity is quite high, has been studied 
very l i t t le . The in teract ions between the coolant and the par t ic les a re 
much more difficult to desc r ibe analytical ly; in fact, the equation of motion 
for these types of conditions is not known. Fo r the problem considered 
h e r e , Darcy ' s law mus t be modified. Thus, assuming that the flow is 
laminar up to a "c r i t i ca l " Reynolds number , and turbulent above, we can 
postulate an equation of motion of the form suggested by Engelund:^'*' 

F(piu|)u = - grad p + pg , (3.3) 

where 

Ffoluh - 1 ^ / ^ (Re<Recri t ) 
F(p |u | j - | a . + bplTr| (Re>Reeri t ) 

Both a and b depend only on viscos i ty of the coolant and the s t ruc ture of 
the 'porous media. The force t e r m s in the equation of motion that account 
for the acce lera t ion of the fluid have been neglected. In Section 6 it is 
shown that the acce le ra t ion p r e s s u r e drop is real ly negligible compared 
to the fr ict ional p r e s s u r e drop, and therefore the simplification of the 
equation of motion is just if iable. 

3.4 Equations of Energy 

When heat is genera ted in a porous media through which fluid is 
flowing, heat may be t r a n s f e r r e d from one pa r t of the sys tem to another 
by four basic m e c h a n i s m s : (1) conduction of heat through the solid and the 
fluid phases ; (2) convective heat t r ans fe r between the solid and the fluid 
phases ; (3) physical movement of the fluid which c a r r i e s its own heat con­
tent; and (4) radiant heat t r ans fe r . The equations of energy for the fluid 
and the solid phases a r e der ived separa te ly , f i r s t for the fluid and then 
for the solid phase . 

Consider any e lement of volume V in the in ter ior of the porous bed 
bounded by a closed surface S. The equation of energy conservat ion for the 
fluid phase at any point in the bed, neglecting energy dissipation, the work 
of p r e s s u r e , and gravity fo rces , can be wr i t ten as 

^ = E i + E2 , (3.4) 

where E is the energy content per unit volume, Ej is the ra te of convection 
of energy a c r o s s the boundaries of V, and E2 is the heat t r ans f e r r ed from 
the solid to the fluid phase . Thermal conduction through the fluid phase 



was neglected. The validity of this assumption can be checked by di rect 
computation with m e a s u r e d effective conductivities for porous media 
through which fluids a r e flowing.(21) 

The change in heat content of the fluid in the element of volume V 
per unit of t ime is 

l f = X - ^ - , (3.3, 
where e is the energy content per unit m a s s . 

The ra te of convection of energy, E j , through the element of a r ea 
dS is given by 

El = - Tpeu-dS . (3.6) 

Transforming the r ight-hand side of Eq. (3.6) by Green ' s l emma, we 
obtain 

- / 
Jv 

div (peu) dV . (3.7) 
V 

The energy t r a n s f e r r e d from the solid to the fluid per unit of t ime, 
Ej , is given by 

E2 = r Ah ( t - T) dV . (3.8) 

Now substituting Eqs . (3.5), (3.7) and (3.8) into (3.4) and noting that 
the e lement of volume is a r b i t r a r y , we obtain 

e ^(££) + div (peu) = Ah (t - T) . (3.9) 
or 

Using the vector identity 

div (peu) = e div (pu) + pu-grad e 

and the continuity Eq. (3.2), we can wri te Eq. (3.9) as 

he 
• ep ^ + pu-grad e= Ah ( t - T) . (3.10) 

or 
In deriving Eq. (3.10) it was a s sumed that the fluid does not absorb and emit 
the rmal radiat ion. The effect of radiat ion is then onlyto change the surface 
t empera tu re of the p a r t i c l e s . 
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Consider a packed bed through which heat is t r ans fe r r ed by conduc­
tion, heat is genera ted in the solid, and heat is t r a n s f e r r e d at the interface 
of the solid and the coolant by convection. The law of energy conservat ion 
for the solid phase in the e lement of volume V bounded by the surface S 
can be exp res sed as 

ht 
I (1 - e) PgCg - ^ dV - I keff g r a d t-dS 

"'V ^S 

r q'" dV + r Ah (T - t) dV . (3.11) 

Jv Jv 

Transforming the second t e r m on the left-hand side of Eq. (3.11) by 
Green ' s l emma and noting that the e lement of volume V is a rb i t r a ry , we 
obtain 

(1-e) P s ^ s l ^ = div (keff grad t) + q'" + A h ( T - t ) . (3.12) 

The effective t he rma l conductivity kgff depends not only on the t empera tu re , 
p r e s s u r e , and chemical composit ion of the solid and the coolant, but also 
on the s t ruc tu re of the bed. In a bed of spheres or of par t ic les of other 
shape where essent ia l ly a point contact exis ts between separa te pa r t s of 
the solid, conduction cannot take place only in the solid but must also occur 
a c r o s s nar row gaps existing near each point of contact. Since the energy 
t ransfe r by t he rma l radiat ion cannot be formulated in a r igorous fashion 
because of the complex geomet r ica l a r r angemen t of the pa r t i c l e s , the con­
tr ibution due to t h e r m a l radia t ion is a lso included in kgff. 

3.5 Discussion of the Basic Equations 

In the der ivat ion, the bed was a s sumed to be nonadiabatic, so that 
heat t r ans fe r by conduction had to be taken into account. The par t i c les 
were a s sumed to be so smal l that the bulk and surface t empe ra tu r e s of 
the solid phase at any point were thus taken to be the same. This a s sump­
tion is most valid for smal l pa r t i c l e s of high the rma l conductivity. The 
major r e s i s t ance to heat t r ans fe r in this case is at the par t ic le surface. 
As the par t i c le size i n c r e a s e s , however, radial t empera tu re gradients 
will a r i s e within the individual p a r t i c l e s , and the diffusion of heat in the 
par t ic le may become the controll ing mechan i sm in the t ransfe r of heat. 
Equations of energy will have to be then modified to account for the t em­
pe ra tu re gradients in the solid p a r t i c l e s . 

Equations (3.2), (3.3), (3.10) and (3.12) together with the equation of 
state a re now completely sufficient for solution of the problem. If the 
boundary conditions and the heat source q'" a re given, the unknown quantit ies 



p, p, u, t, and T can be found. It is evident that an exact solution is i m ­
possible in the major i ty of c a s e s . However, some simplifying assumpt ions 
can be made and analyt ical solutions obtained. Fo r example, as an ex­
t r emely simplified approach to the problem, Greenl^^) has suggested the 
assumpt ion Ah = oo. Setting Ah to infinity is equivalent to assuming that at 
any point in the sys tem the solid and the fluid t e m p e r a t u r e s a r e equal. The 
assumption is tenable , however , only when the heat generat ion is smal l 
and /o r the m a s s flow ra te is ve ry l a rge . A c lose r approach to physical 
real i ty can be made if the main r e s i s t ance to heat t r ans fe r is a s sumed to 
be in the solid-fluid interfacia l f i lm, and the conduction in the solid phase 
is negligible. Special ca ses of equations p resen ted in this section are 
solved in the following sec t ions . 



4. T E M P E R A T U R E DISTRIBUTION IN A 
H E A T - G E N E R A T I N G P A C K E D BED 

4.1 T e m p e r a t u r e D i s t r i b u t i o n in O n e - d i m e n s i o n a l P a c k e d Bed 

Since no g e n e r a l so lu t ion of the p r o b l e m can be ob ta ined , s o m e 
s i m p l i f i c a t i o n s a r e i n t r o d u c e d to m a k e the p r o b l e m m o r e r e a d i l y t r a c t a b l e 
n n a t h e m a t i c a l l y . The c a s e of one independen t s p a c e v a r i a b l e is c o n s i d e r e d 
in th i s s e c t i o n . The a s s u m p t i o n s involved in the c a l c u l a t i o n of t e m p e r a t u r e 
d i s t r i b u t i o n in a o n e - d i m e n s i o n a l h e a t - g e n e r a t i n g p a c k e d bed a r e a s fol lows : 

(1) The coo lan t flow and h e a t t r a n s f e r a r e s t eady . 

(2) The p h y s i c a l p r o p e r t i e s a r e independen t of t e m p e r a t u r e . 

T h e s e a s s u m p t i o n s s impl i fy the p r o b l e m c o n s i d e r a b l y . The equa t ion of 
m o t i o n b e c o m e s u n c o u p l e d f r o m the e n e r g y equa t ion , and the so lu t ion of 
the con t inu i ty e q u a t i o n is j u s t a c o n s t a n t . Thus , the b a s i c equa t ions r e ­
duce to 

d^t 
keff 1 + A h ( T - t ) = - q' 

dx 
(4.1) 

a n d 

c „ G - ^ + A h ( T - t ) = 0 
t' dx 

(4.2) 

The p h y s i c a l m o d e l and the c o o r d i n a t e s y s t e m a r e shown in F i g . 4 . The 
bed is a s s u m e d to ex tend indef in i te ly in the 
d i r e c t i o n s n o r m a l and p a r a l l e l to the p lane of 
the f i g u r e . If the b o u n d a r y cond i t ions and the 
h e a t s o u r c e q'" a r e g iven , the unknown t e m ­
p e r a t u r e s T and t can be r e a d i l y so lved . F o r 
bed s i z e s and h e a t g e n e r a t i o n r a t e s of i n t e r e s t 
in t h i s s tudy , the coo lan t t e m p e r a t u r e r i s e u p ­
s t r e a m of the bed is neg l ig ib le c o m p a r e d wi th 
the t e m p e r a t u r e r i s e a c r o s s the bed , and 
t h e r e f o r e it is not n e c e s s a r y to c o n s i d e r the 
d i f f e r e n t i a l equa t ion g o v e r n i n g the t e m p e r a ­
t u r e d i s t r i b u t i o n of the coolan t in t h i s r eg ion . 

I n t r o d u c i n g the h e a t - g e n e r a t i o n d i s ­
t r i b u t i o n funct ion , ^ = q." ' /qa've' ^ '^^'^ indepen­
den t v a r i a b l e def ined a s r\ - x / L , E q s . (4.1) 
and (4.2) a r e w r i t t e n a s 

FIG. U 

PHYSICAL MODEL AND COORDINATE SYSTEM 

d ^ 

d7-|^ 
+ N i ( T - t ) = -N2cD(r]) ( 4 . i : 



and 

| ^ + N 3 ( T - t ) = 0 , (4.2) 

w h e r e 

AhL^ ^, qave L^ AhL 
N i = - , N 2 = — r and N3 =-—p^ . 

^eff l^eff "^p^ 

The c o m p l e m e n t a r y so lu t ion of t h i s s y s t e m of e q u a t i o n s is e a s i l y 
found to be 

T , = ci + C2 e " ^ ^ % C3e"^3r) ^ ( 4 3 ) 

w h e r e 

m2,m3 = N3/2 [-l + y i + 4 N i / N ^ ] . (4.4) 

H o w e v e r , b e f o r e a p a r t i c u l a r so lu t ion c a n be ob t a ined , the h e a t - g e n e r a t i o n 
r a t e m u s t be known. F o r the s ake of c o m p l e t e n e s s , u n i f o r m and s i n u s o i d a l 
h e a t - g e n e r a t i o n d i s t r i b u t i o n func t ions a r e c o n s i d e r e d , but in g e n e r a l the 
p r o b l e m c a n be s o l v e d w h e n $(7)) is any a r b i t r a r y funct ion of r^. T h u s , the 
p a r t i c u l a r so lu t i on for 0(7^) = 1 i s 

Tp - N2N3r)/Ni , (4.5) 

and ioT (^{r)) = sinTTT^ i s 

N2N3 N2N3(7r2+Ni) 
T^ = —; :; sinTTT) — cosTTTl . (4.6) 

P (7T '+Ni )2+(7rN3) ' 7r[(7r' + Ni ) '+ (7 rN3)^ ] 

T h e g e n e r a l s o l u t i o n of t h e c o o l a n t t e m p e r a t u r e d i s t r i b u t i o n i s 

T = T c + T p = Ci + C2e"^2^+C3e"^3 '^ + N 2 N 3 V N i (4 .7 ) 

a n d 

^ mz'H m,? ] N2N3 
T = Ci-l-C2e ^ ' - l - c^e ^ ' - 1 - — ; ; — smTTT) 

' ^ ' (7r2+Ni)2+(TrN3)2 

N2N3(7r2+Ni) 
COSTTT] ( 4 . 8 ) 

7r[(7r2+Ni)^+(7rN3)^] 

for $(r)) = 1 and $(T)) = sinTTT], r e s p e c t i v e l y 



The g e n e r a l s o l u t i o n f o r t e m p e r a t u r e d i s t r i b u t i o n in the so l id p h a s e 
is g iven by 

a n d 

S^th-f-"^"^ -N, ^ \ C3e'"'1 + N , N , V N , (4.9) 

m . m2T} 

' = ̂ i + (^ + NrJ^2^ M ^ ^ ^ ' ^ ^ ^ 
m . m3'n 

+ 
N 2 ( N i + 7 r 2 + N f ) 

(Tr '+Ni)^+(TrN3) 
- smTTT) -

N1N2N3 

7r[(7r^+Ni)^+(TTN3)^] 
COSIXT] (4.10) 

for <I>(r)) = 1 and<|)(T)) = sinTTT), r e s p e c t i v e l y . 

F o r the e v a l u a t i o n of the c o n s t a n t s of i n t e g r a t i o n in E q s . (4.7) 
t h r o u g h (4 .10) , t h r e e b o u n d a r y and i n i t i a l cond i t ions a r e r e q u i r e d . In 
g e n e r a l , t h e b o u n d a r y c o n d i t i o n s on t a r e of the f o r m t known, dt /dr) known, 
o r f(t ,T,dt/dT)) known, and T i s known a t r) = 0. It i s p o s s i b l e to p e r f o r m 
an e x p e r i m e n t in w h i c h the t e m p e r a t u r e of the i n c o m i n g coo lan t and the 
t e m p e r a t u r e a t bo th e n d s of the b e d a r e m e a s u r e d . As only a l ink in the 
t o t a l h e a t t r a n s f e r p r o b l e m i s e x a m i n e d , it i s i m p o s s i b l e to w r i t e down 
the t e m p e r a t u r e s t and T a t r] = 0 and r) = 1. H o w e v e r , s o m e i m p o r t a n t 
c o n c l u s i o n s c a n be r e a c h e d by c o n s i d e r i n g the m a g n i t u d e of the p a r a m ­
e t e r s m2 and m3. 

C o n s i d e r a p a c k e d bed c o m p o s e d of s p h e r i c a l UO2 p a r t i c l e s , 
200 m i c r o n s in d i a r a e t e r and of p o r o s i t y £ = 0 .35 . The bed t h i c k n e s s i s 
1.0 c m and it i s c o o l e d by He a t a p r e s s u r e of 40 a t m . Using the c o r r e l a ­
t ion of G l a s e r and Thodos(18) for the h e a t t r a n s f e r coef f ic ien t , the v a l u e s 
of p a r a m e t e r s m2 and m.3 w e r e c a l c u l a t e d and a r e t a b u l a t e d for v a r i o u s 
m a s s flow r a t e s in Tab le 3 . It i s e v i d e n t f r o m the v a l u e s of m2 and m3 
and E q s . (4.7) a n d (4.8) t h a t h e a t t r a n s f e r by c o n d u c t i o n i s n e g l i g i b l e . The 
effect of c o n d u c t i o n i s conf ined to the i m m e d i a t e v i c in i ty at the e n t r a n c e 
and exi t f r o m the bed , w h e r e the t e m p e r a t u r e d i s t r i b u t i o n d e p a r t s s l igh t ly 
f r o m a s t r a i g h t l i n e . 

Tab le 3 

VALUES OF 

G (kg/sec) 

^ 2 

m 3 

PARAMETERS m2 AND m^ 

0.5 

79 

-160 

1.0 

106 

-162 

2 

138 

-178 



It follows f rom Eq. (4.2) that the local t empera tu re difference 
(t - T) is given by 

( t - T) = m,C2e'^''^ + rr.,c,e'^''^+N,N,M (4-11) 

for the case <1>(T}) = 1. Since m2 and mj a r e la rge (t - T) is constant a c r o s s 
the bed, except at values of T) = 0 and T) = 1, for which the re is a smal l de­
pa r tu re f rom a constant value. In view of this fact, the heat t r ans fe r by 
conduction is negligible in p rob lems of in t e re s t to packed-bed fuel e lement 
design. The equations of energy therefore can be simplified. 

4.2 Tempera tu re Rise in the Coolant 

In this section the energy Eqs . (4.1) and (4.2) a r e considered. The 
energy t r ans fe r by molecu la r conduction is neglected, and only the one-
dimensional case is studied. Assuming that the flow is one dimensional 
and steady, Eqs . (4.1) and (4.2) reduce to 

i l - ^ * ( „ = 0 . (4.IZ, 

If the t e m p e r a t u r e of the coolant at the inlet to the bed is TQ, the solution 
of Eq. (4.12) is 

^ % ^ ( D ( 7 l ) dr )+ To . (4.13) 
^ P ^ 

Assuming that the specific heat of the coolant is constant , Eq. (4.13) can 
be wr i t ten in d imens ionless form as 

$(7)) dT] . (4.14) 

The coolant t e m p e r a t u r e r i se ca lcula ted f rom Eq. (4.14) is given in Fig. 5 
for uniform and s inusoidal heat genera t ion . 

Mate r i a l s l imi ta t ions frequently dictate that the max imum surface 
t empe ra tu r e of the fuel be the c r i t i ca l factor in de termining max imum r e ­
ac tor power densi ty. The axial surface and the coolant t e m p e r a t u r e v a r i a ­
tion, being a function of the d is t r ibut ions of the hea t -genera t ion r a t e , may 
be influenced by changing the fuel d is t r ibut ion; however , in packed-bed fuel 
e lements the max imum surface t e m p e r a t u r e occu r s at the exit of the bed, 
because the t e m p e r a t u r e drop a c r o s s the film is very sma l l compared to 
the coolant t e m p e r a t u r e . Thus , f rom the heat t r a n s f e r standpoint, it is 
n e c e s s a r y to use a coolant with the highest h e a t - r e m o v a l capacity between 
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the inlet and the outlet t e m p e r a t u r e s in o rder to obtain maximum power 
density. F o r this purpose four f luids: hydrogen, helium, water , and a i r , 
were investigated. The enthalpy and specific heat data for these coolants 
were taken from Refs. 23, 24, and 25. The resu l t s a re shown in F igs . 6 
and 7. The hea t - r emova l capacity of a liquid meta l , such as sodium, 
-would lie between those of water and a i r . On the bas i s of m a s s flow ra te , 
molecular hydrogen has the highest heat removal capacity; then follow 
helium, water (with vapor izat ion taking place in the bed), and a i r . On the 
mole-flow bas i s , water has the highest heat removal capacity and helium 
the smal les t . 
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5. TRANSIENT T E M P E R A T U R E DISTRIBUTION IN 
A H E A T - G E N E R A TING P A C K E D BED 

5. 1 I n t r o d u c t i o n 

M o s t i n v e s t i g a t o r s w^orking on h e a t t r a n s f e r p r o b l e m s in p a c k e d and 
p o r o u s b e d s have u s e d a m a t h e m a t i c a l m o d e l wi th two independen t v a r i a b l e s -
the t i m e , a n d the d i s t a n c e a long the a x i s of the p a c k e d bed . Th i s m o d e l i n t r o ­
d u c e s a n u m b e r of s i m p l i f i c a t i o n s in t h a t it a s s u m e s plug flow t h r o u g h the 
b e d and n e g l e c t s the v a r i a t i o n of t e m p e r a t u r e wi th the r a d i a l pos i t i on . In 
add i t ion , the h e a t conduc t ion a long the l eng th of the b e d is ove r looked ; even 
so , th i s o n e - d i m e n s i o n a l m o d e l h a s p r o v e d v e r y use fu l in s tudying , bo th 
e x p e r i m e n t a l l y a n d t h e o r e t i c a l l y , t he p e r f o r m a n c e of p a c k e d b e d s . H o w e v e r , 
the e q u a t i o n s wh ich d e s c r i b e even th i s s i m p l i f i e d m o d e l a r e a s a r u l e too 
c o m p l i c a t e d to be s o l v e d a n a l y t i c a l l y . 

The p u r p o s e of t h i s s e c t i o n i s to p r e s e n t a n u m e r i c a l p r o c e d u r e , 
known a s the m e t h o d of c h a r a c t e r i s t i c s , for so lv ing the e q u a t i o n s of the o n e -
d i m e n s i o n a l m o d e l . Th i s m e t h o d h a s b e e n u s e d wi th s u c c e s s in the f ie ld of 
c o m p r e s s i b l e flow and, b e c a u s e of m a n y a t t r a c t i v e f e a t u r e s , i s be ing e m ­
p loyed for the so lu t ion of a l a r g e v a r i e t y of p r o b l e m s . The m e t h o d of c h a r ­
a c t e r i s t i c s i s an a p p r o x i m a t e one , bu t i t is c a p a b l e of p r o d u c i n g n u m e r i c a l 
r e s u l t s of good a c c u r a c y . 

The t r a n s f e r of h e a t f r o m the so l id to the fluid for the o n e - d i m e n s i o n a l 
m o d e l i s g o v e r n e d by the e q u a t i o n s 

PCp ( c f + u f l . ) = Ah (t - T) 

and 

PgC ( 1 - e ) - ^ - q " ' + Ah ( T - t ) 

if, for s i m p l i c i t y , the m a s s flow r a t e i s c o n s i d e r e d to be cons t an t : 

G = PoU-o = c o n s t a n t 

T h e r e f o r e the i n i t i a l c o n d i t i o n s a r e 

T = To a t x = 0 for a l l T > 0 

(5.3) 
t = to a t T = 0 for a l l X > 0 

In the a n a l y s i s , t he p r e s s u r e d r o p a c r o s s the b e d i s a s s u m e d to be s m a l l in 
c o m p a r i s o n wi th the a b s o l u t e p r e s s u r e of the coo lan t . 

(5.1) 

(5.2) 



The problem at hand is then the solution of Eqs . (5.1) and (5.2) subject 
to the two conditions given by Eq. (5.3). The sys tem has been solved to date 
analytically only under the assumpt ions u = UQ for a l l T and x and q ' " is a 
l inear function of t. 

Equations (5. l) and (5.2) can, for convenience, be put into the following 
forms: 

dT d | epc 

and 

ht 1 
^T ( l - e ) p „ c . 

[ q " ' + A h (T - t)] , (5.5) 

s s 
where 

f. €x J, u. G constant 
t, = ; U* = ; UQ = = 

Uo Uo Po Po 
Therefore , the ini t ial conditions become 

T = To at ^ = 0 for a l l T > 0 
; (5.6) 

t = to at T = 0 for a l l ^ ^ 0 

5.2 The Method of Cha rac t e r i s t i c s 

Consider in the T - | plane two famil ies of l ines , I and II, such that 

d r / d l = l / u* for l ines I (5.7) 

and 

I == constant for l ines II . (5.8) 

Such curves a r e plotted in Fig. 8, and a r e known as c h a r a c t e r i s t i c s of the 
differential Eqs . (5.4) and (5.5). Since, now, 

dT _ S T 5 T d r / . Q) 
d^ " hi ^ hr di ^ ^ 

along an a r b i t r a r y direct ion in the T-^ plane, then, along any c h a r a c t e r i s ­
tic I, from Eqs . (5.4) and (5.7), we have 

( ! F ) = . - ^ ^ * ( ^ - T) = fi(t.T,^) . (5.10) 
\d? /̂  epcpU* 



FIG. 8 
NETWORK OF TWO FAMILIES OF CHARACTERISTICS FOR A PROBLEM 

OF TEMPERATURE DISTRIBUTION IN A 
HEAT-GENERATING PACKED BED 

The n o t a t i o n ( d T / d ^ ) j d e n o t e s the d e r i v a t i v e of T along the c h a r a c t e r i s t i c 

T = ^ + c o n s t a n t . (5.11) 

Along any c h a r a c t e r i s t i c II, f r o m E q s . (5.5) and (5.8), we have 

d t \ 1 
dTJ^^ ( l - e ) P s C ^ 

B e c a u s e of the i n i t i a l c o n d i t i o n s . 

[ q ' " + A h ( T - t ) ] = f2(ti ,T,^,T) (5.12) 

(5.13) T = To 

along the c h a r a c t e r i s t i c ^ = 0 a t a l l t i m e s , w h e r e a s 

t = to (5.14) 

a long the c h a r a c t e r i s t i c d r / d ^ = l / u * , wi th T = 0 when ^ = 0. 

E q u a t i o n s (5. lO) and (5. 12) a r e now two independen t o r d i n a r y dif­
f e r e n t i a l e q u a t i o n s wh ich have to be so lved n u m e r i c a l l y . The p r o c e d u r e s 
for s u c h a n u m e r i c a l c o m p u t a t i o n can be found in Ref. 26. It fo l lows. 



therefore , that the init ial conditions and the solution of Eqs . (5.10) and 
(5.12) provide a knowledge of the two dependent va r iab les , T and t, along 
the cha rac t e r i s t i c l ines ^ = const and d r / d ^ = l /u*. 

The c h a r a c t e r i s t i c s II a r e pa ra l l e l to the T axis . On the other 
hand, because u* is not constant, the c ha r a c t e r i s t i c s I cannot be drawn 
a p r io r i . A construct ion of the mesh network is shown in Fig. 8. F i r s t , 
an a r b i t r a r y Al is chosen, so that c ha r a c t e r i s t i c s II a r e 

? = nA^ , (5.15) 

where n is an integer . Then, as u* = 1 at 4 = 0, a line is drawn with 
the slope 

^ = 1 dt 

The in te rsec t ion of this line with the c h a r a c t e r i s t i c ^ = A^ is tentatively 
point (0,1), denoted by (O, l)i . Now, using the s imples t method known, the 
Euler method, for the solution of a differential equation, the approximate 
value of T ( 0 , 1 ) 2 follows from equation (5.10): 

T(0, l ) i = To + fi(0,0)A4 . (5.16) 

Since the t e m p e r a t u r e of the coolant at the point (O, l)i is known, the velocity 
at that point can be readi ly computed from 

u*(0, l) i = Po/P(0,l) i , 

where p(0, l)i is the density of the fluid at the point (O, l)i . It mus t be 
r e m e m b e r e d that because u*, T, and t a r e known along the T axis , fi(0,0) can 
be calculated a p r io r i . Of course , because of Eq. (5.6), t(0, l) = to-

The accu racy of T ( 0 , 1)I and u*(0, l) j can be improved by any one of 
the methods suggested in Ref. 26. This i te ra t ion converges quite rapidly 
and can be continued until both point (O, l) and, T(0, l) have been de termined 
with the des i r ed accuracy . 

The point ( l , l ) is tentat ively located at the in tersec t ion of the cha r ­
ac t e r i s t i c 4 = A^ and the s t ra ight line drawn from point (l ,0) with the slope 

dr/di = 1 

Then, 

T ( l , l ) i = To + f i ( l , 0 ) A | (5.17) 



a n d 

t ( l , l ) i = to + f2(0,l) A T ; ; , (5.18) 

w h e r e AT^'J = T ( 1 , 1 ) I - r ( 0 , l ) . The r e s u l t s of th i s s t e p can be i m p r o v e d by 
i t e r a t i o n , and, in i d e n t i c a l m a n n e r , the v a l u e s of T, t, and u* a long the c h a r ­
a c t e r i s t i c 4 = A^ can be d e t e r m i n e d . The s a m e p r o c e d u r e is a p p l i e d along 
the c h a r a c t e r i s t i c s ^ = nA^, wi th n - 2 ,3 ,4 , . . . un t i l the c o m p l e t e m e s h 
n e t w o r k is c o n s t r u c t e d . 

The t h e o r y of the m e t h o d of c h a r a c t e r i s t i c s i s t r e a t e d in d e t a i l in 
m a n y s t a n d a r d r e f e r e n c e s ( 2 7 , 2 8 ) a n d t h e r e f o r e f u r t h e r m a t h e m a t i c a l 
d e t a i l s a r e o m i t t e d h e r e . The m e t h o d of c h a r a c t e r i s t i c s r e p l a c e s two 
h y p e r b o l i c p a r t i a l d i f f e r e n t i a l E q s . (5.4) and (5.5) by two o r d i n a r y d i f fe r ­
e n t i a l e q u a t i o n s (5. lO) and (5. 12), wh ich a r e so lved by a s t e p w i s e p r o c e s s . 
The m e t h o d i s s i m p l e and s y s t e m a t i c ; i t s a c c u r a c y a t e a c h s t e p can be 
c h e c k e d and i m p r o v e d . By c o n s t r u c t i n g a f iner m e s h of c h a r a c t e r i s t i c s , 
the m e t h o d can be m a d e a s a c c u r a t e a s n e e d e d , and, f inal ly , it i s we l l 
su i t ed for p r o g r a m i n g on a d i g i t a l c o m p u t e r . 

The a n a l y s i s h e r e h a s b e e n l i m i t e d to t hose p r o b l e m s w h e r e the 
nnass r a t e of flow and the t e m p e r a t u r e of the e n t e r i n g coo lan t w e r e 
c o n s t a n t . T h e s e , h o w e v e r , a r e no t l i m i t a t i o n s on the m e t h o d of c h a r a c t e r ­
i s t i c s , wh ich can be u s e d a l s o , e s s e n t i a l l y wi th no m o d i f i c a t i o n s , when the 
r a t e of flow and the t e m p e r a t u r e of the e n t e r i n g coo lan t a r e known funct ions 
of t i m e . 



6. PRESSURE DROP 

6.1 Derivation of Equation for P r e s s u r e Drop 

In o rder to invest igate the flow and t empe ra tu r e stabil i ty of a 
hea t -genera t ing packed bed, the p r e s s u r e drop for steady flow of coolant 
through porous media mus t be studied. Exact solution of the p r e s s u r e 
drop problem would r equ i re the solution of the sys tem of conservat ion 
equations, including the equation of s tate for the coolant. Because of the 
nonl inear i ty of the conservat ion equations, an exact solution is not possible 
to obtain by analyt ical means , and an a l te rna te approach is taken to obtain 
the p r e s s u r e drop in a hea t -genera t ing packed bed. 

Consider steady one-dimensional flow of incompress ib le fluid 
through a porous medium. Since the m a s s flow ra te , G = PoU-o - P^> ^^ 
constant throughout the medium, pu may serve as an independent var iab le . 
The mechanica l work is given by equation 

vdp + d F + ^ i ^ : ^ 0 . (6.1) 
gc 

The fr ict ional force dF is expres sed as 

G^ 
dF = ?— -— + S 

^pL^^ 
dx , (6.2) 

where the p a r a m e t e r s a and j3 a r e 

_ c i ( l - e ) " _ c 2 ( l - £ ) 
a - -^ , A - ^ . 

The mechanica l work due to the change in elevation has been neglected; 
however, s ince the t empe ra tu r e of the fluid i n c r e a s e s with the distance x, 
the effects due to changes in the momentum of the fluid [ las t t e r m in 
Eq. (6.1)] cannot be ruled out a p r io r i . Dividing Eq. (6. l) by v and in t ro­
ducing the va r iab le pu gives 

pdp + p^dF + p ( p u ) — - 0 . (6.3) 
gc 

Since 

dG = d(pu) = 0 =: pdu + udp 

Eq. (6.3) can be rewr i t t en as 

pdp + p^dF - - ^ ! ^ = 0 . (6.4) 
gcP 
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F o r a c o n s t a n t r a t e of h e a t g e n e r a t i o n (any h e a t g e n e r a t i o n can be r e a d i l y 
t r e a t e d ) , the t e m p e r a t u r e of the coo lan t a t any pos i t ion in the m e d i u m is 
ob t a ined f r o m Eq . (4.13) a s 

T = Tn + 
'L'" 

CpG n (6.5) 

Since the v i s c o s i t y of the coo lan t a p p e a r i n g in the Reyno lds n u m b e r v a r i e s 
wi th t e m p e r a t u r e , we e x p r e s s the R e y n o l d s n u m b e r a s 

Re 

Reo 

GD^ 

GD^ 

Mo 

1 

Mo \ M o j 
(T/To) m (^r (6 .6 ) 

w h e r e Reo i s the R e y n o l d s n u m b e r at the e n t r a n c e to the p o r o u s m e d i u m and 
m is a c o n s t a n t d e t e r m i n e d f r o m the v i s c o s i t y da ta . A s s u m i n g tha t the 
coo lan t is a g a s ; the d e n s i t y i s g iven by 

Mp 

Z R T 
P (6.7) 

w h e r e Z is the c o m p r e s s i b i l i t y , R is the gas cons t an t , and M is the m o l e c u ­
l a r weigh t of the coo lan t . Subs t i tu t ing E q s . (6.7) and (6.6) into (6.4) and 
r e a r r a n g i n g , we ob ta in 

~ d(p^) + 
OTG^ T \ m 

RenV Tn/ 
dr) -

OTG^ 

g r 

i^) 
p_ 

a T 

= 0 (6.8) 

The l a s t t e r m on the r i g h t - h a n d s ide of t h i s equa t ion cannot be r e a d i l y i n t e ­
g r a t e d . F o r p r o b l e m s of i n t e r e s t h e r e , the v a r i a t i o n of coolant t e m p e r a t u r e 
i s a t l e a s t an o r d e r of m a g n i t u d e g r e a t e r than the p r e s s u r e v a r i a t i o n . T h e r e ­
fo re a s an a p p r o x i m a t i o n i t i s a s s u m e d tha t the p r e s s u r e is cons t an t . 
Subs t i tu t ing Eq . (6.5) into Eq . (6.8) and i n t e g r a t i n g , we ge t 

p % 
a G ^ T o + -

' " L 7 ] 

2g^ ( £ E ) (q-L/cpG) 

a To + 
m 

(2 + m ) Reo To"^ 2 2 
T +^"'^'^ 

r p̂̂  \ 
- n 

(6.9) 



Mul t ip ly ing by 2 and pu t t ing in the l i m i t s of i n t e g r a t i o n , p 
and p = p a t "H = r) , we f ina l ly get 

Pi a t T) = 0 

2 2 
Pl -P 

a ToGVg 
(VOp) 

X 
1(1 + X-q) 

a(l + X^)"^ A ^' 
+ — (2 + m) Reo 2 

a 

(2 + m) Reo 2 
•+ 2X r] 

w h e r e 

(6.10) 

X 
q " ' L 
c„ToG 

If t h e r e i s no h e a t g e n e r a t i o n in the p o r o u s m e d i a , X = 0> 3-nd the 
t e m p e r a t u r e of the coo l an t r e m a i n s c o n s t a n t . Without m a k i n g t h e a s s u m p ­
t ion tha t the change in p r e s s u r e i s s m a l l in c o m p a r i s o n wi th the a b s o l u t e 
p r e s s u r e , E q . (6.8) can be i n t e g r a t e d e x a c t l y , and we get 

a 

^2 „2 
P l - P 

ToOVi 
a 

+ — 
Reo 2 

Pi 
+ 2 1n 

P 

(6.11) 

6.2 D i s c u s s i o n of R e s u l t s 

The r e s u l t s g iven h e r e w e r e b a s e d on the E r g u n c o r r e l a t i o n for t h e 
p r e s s u r e d r o p [ s e e E q s . (6.2) and (2 ,10)] , e x c e p t t h a t the c o n s t a n t s Cj and c^ 
w e r e t a k e n to be 350 and 4, r e s p e c t i v e l y . The f i r s t t e r m on r i g h t - h a n d s ide 
of E q . (6.2) , r e p r e s e n t i n g v i s c o u s e n e r g y l o s s , i s a m o s t i m p o r t a n t f a c t o r a t 
low flov/ r a t e s and of l i t t l e s i g n i f i c a n c e a t h igh flow r a t e s , w h e r e a s the s e c o n d 
t e r m on the r i g h t - h a n d s i d e of E q . (6 .2) , r e p r e s e n t i n g the k i n e t i c e n e r g y l o s s , 
is the m o s t s i gn i f i can t a t h igh flow r a t e s , and of l i t t l e i m p o r t a n c e a t v e r y low 
flow r a t e s . 

The exponen t m in E q . (6.10) d e p e n d s on the c o o l a n t . H e l i u m , for 
w h i c h m = 0 .57 , w a s c h o s e n a s a coo l an t for the c a l c u l a t i o n s r e p o r t e d h e r e . 
In g e n e r a l , the v i s c o s i t y of g a s e s i n c r e a s e s wi th i n c r e a s e in t e m p e r a t u r e , 
and the exponen t m wil l be g r e a t e r t h a n z e r o ; t h e r e f o r e the r e s u l t s r e p o r t e d 
h e r e shou ld a g r e e in t r e n d wi th t h o s e for o t h e r g a s e s a s w e l l . 

In Sec t i on 3 i t w a s a s s u m e d t h a t the a c c e l e r a t i o n p r e s s u r e d r o p i s 
neg l i g ib l e c o m p a r e d wi th the f r i c t i o n a l p r e s s u r e d r o p . It c an be s e e n f r o m 
E q . (6.10) tha t , e v e n in c a s e s w h e r e the gas a c c e l e r a t e s t h r o u g h a r e g i o n of 
s t r o n g p o s i t i v e t e m p e r a t u r e g r a d i e n t , the a c c e l e r a t i o n p r e s s u r e d r o p , t ha t 
i s , the l a s t t e r m in E q . (6 .10) , i s i ndeed n e g l i g i b l e . The d e p e n d e n c e of p r e s ­
s u r e d r o p on the t e m p e r a t u r e r i s e p a r a m e t e r i s shown in F i g . 9 . The a d d i ­
t i ona l p r e s s u r e d r o p due to m i c r o s c o p i c i n c r e a s e in the m o m e n t u m of the 
expand ing coo l an t h a s b e e n n e g l e c t e d . 
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FIG. 9 

VARIATION OF THE PRESSURE DROP WITH THE TEMPERATURE RISE PARAMETER 

The curves in F igs . 10 and 11 suggest operation of the packed-bed 
fuel e lement at the point of min imum p r e s s u r e drop. However, this may 
not be always advantageous. A choice of two al ternat ive posit ions, high 
t e m p e r a t u r e , low flow ra te or low t empera tu re , high flow ra te , is available 
for each value of the p r e s s u r e difference establ ished ac ros s the bed. 

Note, however, the flow and t empera tu re instabili ty may a r i s e 
because of the t empe ra tu r e dependence of the coolant viscosi ty. Should a 
local ized heating occur in the bed because of some inhomogeneity of the 
porous ma te r i a l , the i nc rease in v iscos i ty would tend to dec rease the flow 
in that region, thus increasing the t empera tu re and aggravating the s i tua­
tion. The t empe ra tu r e could i nc r ea se in this fashion until melting occur red 
In view of this , it would appear that s tabil i ty considerat ions may requ i re 
operat ion on the high-f low-ra te side of the optimum point, where the p r e s ­
sure drop is dominated by the quadra t ic nonviscous t e r m of Eq. (6.2). In 
addition, it is expected that s tabi l i ty would be promoted by high heat 
capacity of the coolant. 
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FIG. 10 

VARIATION OF PRESSURE DROP WITH MASS FLOW RATE FOR To=300°K AND e=0.»4 

Figure 12 shows the re la t ionship between the p r e s s u r e drop and the 
fractional thickness of the bed for var ious m a s s flow r a t e s and bed thick­
n e s s e s . It should be noted that the p r e s s u r e gradient i n c r e a s e s with the 
dec rease in the coolant p r e s s u r e , thus suggesting operat ion of the sys tem 
at a high p r e s s u r e . 
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7. CONCLUSIONS 

Consideration is given in this r epor t to some heat t ransfe r and fluid 
flow problems of a packed-bed fuel e lement . The conclusions l is ted below 
a re based on packed beds made of pa r t i c les ranging in size from 50 to 
300 mic rons in d iameter and with Reynolds numbers ranging from 1 to 500. 

(1) Little exper imenta l work in the range of par t ic le size and fluid 
flow ra t e s of in te res t to the packed-bed fuel element design has been done. 
In pa r t i cu la r , there has been no exper imenta l work repor ted on fluid-
par t ic le heat t ransfer (without s imultaneous m a s s t rans fe r ) at Reynolds 
numbers below 60. This is evident from the cor re la t ions given in Fig . 3. 
The investigations reviewed in this r epo r t involve par t i c les for which the 
effective d i ame te r s range from 0.23 to 8.4 cm. Because the heat t ransfe r 
cor re la t ions a r e based on data for la rge par t ic les and low flow ra t e s it is 
not ce r ta in whether the cor re la t ions would hold for smal l par t ic les and high 
flow r a t e s , even though the Reynolds numbers might be the s ame . 

(2) The s teady-s ta te t empe ra tu r e distr ibut ions calculated for a one-
dimensional , hea t -genera t ing packed bed show that, for conditions of in te res t 
to the packed-bed fuel e lement design, the in te rpar t i c le conduction is negl i ­
gible compared to the heat generat ion. In view of this fact, the conduction 
t e r m can be neglected from the energy equation, thus simplifying the solu­
tion of the problem. 

(3) In genera l , the t empe ra tu r e drop a c r o s s the film is smal l , and 
therefore the highest t empe ra tu r e in the bed will occur at the exit. To in­
c r e a s e the power density it is suggested that a coolant with the highest hea t -
removal capacity be used. F r o m the study of a few coolants it was found 
that molecular hydrogen has this capabil i ty. 

(4) A study of p r e s s u r e drop indicates that instabil i ty of the flow 
rate and the bed t empe ra tu r e may a r i s e from the t empera tu re dependence 
of the coolant v iscos i ty . The stabil i ty considera t ions requ i re operat ion on 
the l ow- t empe ra tu r e , h igh-f low-ra te side of the min imum p r e s s u r e drop 
point. The stabil i ty of flow through the bed is improved by high heat capacity 
of the coolant and high flow r a t e s , which tend to dec rease the t empe ra tu r e 
r i se for a given power densi ty. 

(5) Calculations based on the heat t ransfe r co r re la t ions available 
at the p resen t t ime indicate that the packed-bed fuel e lement is capable of 
operating at power densi t ies of 50 Mw(t)/ i (of core) , and possibly h igher . 
The power density of this type of fuel element will l ikely be l imited by con­
s iderat ions other than heat t r ans fe r , i .e . , the s inter ing t empe ra tu r e and pres 
sure of the pa r t i c l e s , radiat ion damage to the fuel, length of operat ion, and 
so forth. 



37 

(6) In o rde r to obtain an analyt ical solution of a heat t ransfer and 
fluid flow problem for a packed bed, it i s n e c e s s a r y to make many simplif i­
cations and a s sumpt ions . Thus, in some cases an exper imenta l approach 
would appear to be more fruitful. 



8. RECOMMENDATIONS 

In view of the potential of a packed-bed fuel e lement , some general 
heat t r ans fe r and fluid flow exper iments for porous media a r e suggested. 
Even if the feasibil i ty of the packed-bed fuel element concept is not 
demons t ra ted exper imenta l ly , information obtained in the exper iments would 
be useful for other appl icat ions . 

(1) Undertake fluid flow studies with coolant and par t ic le s izes of 
i n t e re s t to the packed-bed fuel e lement concept, and approach rea l i s t i c con­
ditions of t e m p e r a t u r e , p r e s s u r e , and m a s s flow r a t e . 

(2) Investigate heat t r ans fe r to porous media in the region where 
no exper imenta l work has been repor t ed . The author recognizes the dif­
ficulties involved in an exper imenta l study of this type. Two major problems 
a r e : (a) the m e a s u r e m e n t of par t ic le surface t e m p e r a t u r e ; and (b) the gener ­
ation of about Mw(t) / i of heat in a bed - in out-of-pile or in-pi le exper iments . 
The power density of 1 0 Mw(t) / i (of bed) is about the minimum n e c e s s a r y to 
rea l ly prove the feasibil i ty of the concept. 

(3) Because of the difficulty of analyzing the flow and t empera tu re 
stabil i ty in a hea t -genera t ing porous media , an exper imenta l approach is 
suggested. 
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N O M E N C L A T U R E 

Symbol Def in i t ion 

A Effec t ive a r e a d e n s i t y for h e a t t r a n s f e r def ined by 

E q . (2.2) 

Ap Sur f ace a r e a of the p a r t i c l e 

a A r e a d e n s i t y of the bed def ined by Eq . (2.1) 

Ci, C2, C3 I n t e g r a t i o n c o n s t a n t s in Eq. (4.3) 

c Speci f ic h e a t of the coo lan t a t c o n s t a n t p r e s s u r e 
P 

Cg Speci f ic h e a t of the so l id 

TT D Effec t ive p a r t i c l e d i a m e t e r def ined a s / A p / 

E E n e r g y c o n t e n t of t h e coo lan t p e r uni t v o l u m e 

E j R a t e of c o n v e c t i o n of e n e r g y a c r o s s the b o u n d a r i e s of 

a un i t v o l u m e 

E2 R a t e of e n e r g y t r a n s f e r to the coo lan t a t the s o l i d -
fluid i n t e r f a c e 

e . E n e r g y c o n t e n t of the coo lan t p e r un i t m a s s 

F F r i c t i o n a l f o r c e def ined in Eq . (6.2) 

F ( p | u | ) F u n c t i o n def ined in Eq . (3.3) 

f Modif ied f r i c t i o n f a c t o r def ined in Eq . (2.9) 

G M a s s flow r a t e 

g G r a v i t a t i o n a l c o n s t a n t 

g A c c e l e r a t i o n v e c t o r due to g r a v i t y 

h H e a t t r a n s f e r coe f f i c i en t 

jj^ P a r a m e t e r def ined by Eq . (2.4) 

k P e r m e a b i l i t y 

kgff Ef fec t ive t h e r m a l c o n d u c t i v i t y 



Bed Thickness 

Molecular weight of the coolant 

Constant defined in Eq. (6.6) 

P a r a m e t e r s defined by Eq. (4.4) 

Ratio of the container d iameter to par t ic le d iameter 

P a r a m e t e r s defined in Eqs . (4.1) and (4.2) 

P r e s s u r e 

P r e s s u r e at the inlet of the bed 

P r e s s u r e at the exit from the bed. 

Volumetr ic heat t r ans fe r ra te defined by Eq. (2.3) 

Heat generat ion ra te per unit volume 

Gas constant 

Reynolds number defined by Eq. (2.5) 

Modified Reynolds number defined by Eq. (2.6) 

Reynolds number defined by Eq. (2.8) 

Reynolds number defined by Eq. (2.13) 

Tempera tu re of the coolant 

Tempera tu re of the solid 

Superficial coolant velocity in the x direct ion 

Superficial coolant velocity vector 

Dimensionless velocity defined by u* = u/uo 

Specific volume of the coolant 

Compress ib i l i ty factor of the coolant 



G r e e k S y m b o l s 
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S u b s c r i p t s 

P a r a m e t e r def ined in Eq . (6.2) 

P a r a m e t e r def ined in Eq . (6.2) 

P o r o s i t y 

D i m e n s i o n l e s s t h i c k n e s s of a bed , y / L 

D y n a m i c v i s c o s i t y 

I n d e p e n d e n t v a r i a b l e def ined a s e x / U Q 

D e n s i t y of the coo l an t 

D e n s i t y of the so l id 

P a r a m e t e r def ined a s Z R / M 

T i m e 

H e a t g e n e r a t i o n d i s t r i b u t i o n funct ion def ined a s q" ' /q" ' 
a v e 

P a r t i c l e s h a p e f a c t o r for h e a t t r a n s f e r 

C a r m a n s h a p e f a c t o r 

S p h e r i c i t y 

P a r a m e t e r def ined a s q " ' L / c p TQ G 

R e f e r s to the f i lm 

R e f e r s to i n l e t cond i t i ons 
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