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This paper gives the results of an experimental investigation of mois- 
ture transport in a capillary-porous solid subject to convective drying. 

The kinetics of drying capillary-porons bodies de- 
pends on the conditions of internal and external mass 
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Fig.  1. Radial  d i s t r ibu t ion  of mo i s tu re  
in the sphere  a t  d i f fe rent  t imes  : 1) T = 
= 0 sec;  2) 1200; 3) 2400; 4) 4200; 
5) 6000; 6) 8400; 7) 10800; 8) 13200; 

9) 15 600. C in kg/kg.  
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transfer; heat and mass transfer inside the body can 
be described by the following system of differential 
equations [1] : 

Ot OC 
c~/ = V(~Vt) + e v - -  , (1) 

Or O~ 

OC 

0 r  
-- v ( k v C  + k6vt) .  (2) 

In the genera l  case ,  the coefficients  k, 6, c, and a a re  
functions of the t e m p e r a t u r e  and mo i s tu r e  content  of 
the body and, hence,  an exact  solut ion of the s y s t e m  
of equat ions (1)-(2) can be obtained only by using spec i -  
fic re la t ionsh ips  k = f l (C,  t), 5 = f2(C, t), e = f~(C, t), 
and c = f4(C, t). 

The sepa ra t e  effect of t e m p e r a t u r e  and m o i s t u r e  
content  on the coeff icient  k was inves t iga ted  in  [2,3], 
and i t  was found that the mass  t r a n s f e r  dec reased  with 
reduct ion of mois tu re  content  and inc rea sed  with i n -  
c rease  in  t empe ra tu r e .  In actual  d ry ing  the t e m p e r a -  
tu re  of a body usual ly  i n c r e a s e s  with reduct ion  in 
moi s tu re  content,  and, hence,  i t  is of i n t e r e s t  to in -  
vest igate  the change in m a s s  t r a n s f e r  under  the in -  
f luence of these  opposing p a r a m e t e r s .  If the u l t imate  

r e su l t  is an ins ign i f ican t  i n c r e a s e  in  k, then k can be 
regarded as constant  in f i r s t  approximat ion  and this 
jus t i f ies  the calcula t ion of dry ing  p r oc e s se s  f rom ana -  
lyt ical  re la t ionsh ips  obtained for the case  of cons tant  
coefficients [1]. In the opposite case these r e l a t ion -  
ships will be appl icable  only in smal l  ranges  of mo i s -  
ture  content .  

In the p r e s e n t  work, we inves t iga ted  the mass  
t r a n s f e r  in a spher ica l  cap i l l a ry -porous  body sub-  
jec ted to dry ing  in  a forced flow of a i r .  The expe r i -  
ments  were  conducted in a c l o s e d - c i r c u i t  a i r  tunnel  
300 mm in d i ame te r  with an airf low veloci ty of 4.7 m / s e c ,  
a re la t ive  humidi ty  r = 6%, and a t e m p e r a t u r e  of 
323 ~ K. The exper imen ta l  body [a p l a s t e r  (gypsum) 
sphere  with a dens i ty  of 1500 kg /m 3] consis ted of th ree  
p a r t s :  two segments  and a disk enclosed be tween them.  
The disk  and one segmen t  together  formed one hemi -  
sphere ;  the contact  su r faces  were  carefu l ly  f inished.  
A 2 - m m - t h i c k  layer  of soft  rubbe r  was cemented to 
the f lat  su r face  of the second segment .  The disk was 
4 m m  thick. All the  pa r t s  of the sphere  were  held to- 
gether  by a c lamp,  and the l aye r  of soft r u b b e r  en-  
sured  uni form p r e s s u r e  on the disk. 

The sphere  was impregna ted  with water  in a vacuum 
and was placed in the d r y e r  so that the jo in t  planes 
were  pa ra l l e l  to the axis of the airf low. The axial 
s y m m e t r y  of the "working" hemisphe re  (d i sk-segment )  
permi t ted  the mo i s tu r e  d i s t r ibu t ion  to behave in  the 
same  way as it  would if it  had been pa r t  of an in tegra l  
sphere  without a r u b b e r  par t i t ion .  

After  the e lapse  of a ce r t a in  t ime  the sphere  was 
removed f rom the d r y e r ;  s eve ra l  f r agments  were 
chipped f rom the d isk  and immedia t e ly  placed in weigh- 
ing bott les with ground s toppers .  The t ime  f rom r e -  
moval of the sphere  f rom the d r y e r  to the t ime of 
c los ing the las t  bottle was not more  than 20 sec.  The 
m o i s t u r e  content  of the samples  was de te rmined  on an 
ADV-200 ana ly t ica l  ba lance .  Since the p l a s t e r  was not 
d is t inguished by high r e s i s t a n c e  to water  {in one ex-  
p e r i m e n t  the spec imen  los t  0.3% of its weight), we 
replaced the "working" segment  with a new one af ter  
every  two exper imen t s .  

F r o m  the obtained data we plotted the mo i s tu r e  
d i s t r ibu t ion  in the sphere  at  d i f fe rent  t imes  (Fig.  1). 
There  was some spread  of the calculated values  of 
local  mo i s tu r e  content.  (This can evident ly  be a t t r i -  
buted t~ the fact that,  although they had the same  volume 
of open pores ,  the individual  disks  and the s egmen t  
could s t i l l  differ  s l ight ly f rom one another  in the radia l  
d i s t r ibu t ion  of the pores . )  Despite  this ,  averag ing  of 
the data for six exper imen t s  gave, as Fig.  1 shows, a 
r a the r  d i s t inc t  p ic tu re  of the rad ia l  d i s t r ibu t ion  of 
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Local  Values of T e m p e r a t u r e  rand Mois tu re  Content  in Sphere  

sec 

1200 

2400 

4200 

6000 

8400 

10800 

220 

Note. In view of the compactness of the material the table gives 
of the experimentally measured temperatures on the surface of the 

! 
Moisture content C, ~ 
kg/kgfor ~(deg) 7 ; 

equal to 

721 t08 j ~  [ 0 45 90 135 

0 0.225 0,225 0 23,2 23.2 23.2 23,2 
1/3 0 .222 0.225 23,2 23.2 23,2 23.2 
2/3 0.220 0.220 23.2 23.2 23,2 23.2 

11/12 0 .205 0.205 23.4 23,2 23.2 23,2 

0 0.200 0.200 0.013 24.5 24,5 24.5 24.5 
1/3 0.200 0.200 24.7 24,7 24,5 24.5 
2/3 0_189 0.195 25.0 24.9 24.4 24.4 

11/12 0.164 0.175 25.4 25.4 24.1 24.2 

0 0.160 0.160 0,036 26.6 26,6 26,~ 26.6 
1/3 0.156 0.159 27.1 26.9 26. 26.5 
2/3 0.141 0.i48 28.4 27.8 26,1 26.0 

11/12 0.117 0.132 29.6 28.5 25.5 25.4 

0 0.120 0.120 0.225 31.3 31.3 31,3 31.3 
1/3 0.117 0.119 32.7 32,6 31,5 30,6 
2/3 0,105 0.105 33.3 33.7 31,0 29.6 

11/12 0.081 0,089 34.5 34.9 30.3 28.7 

0 0.079 0.079 0,003 41.4 41.4 41.4 41,4 
1/3 0.076 0.076 42.0 41.7 41.4 41.2 
2/3 0.062 0.065 42.6 42,2 41.1 40.6 

11/12 0.033 0.038 43.0 42.5 40.7 40.1 

0 0.066 0.066 0.00t 44.8 44.8 44.8 44.8 
I/3 0,063 0.062 45.0 45.1 44.8 44.7 
2/3 0.051 0.051 45.2 45.4 44.7 44.4 

11/12 0.024 0.025 45.4 4514 44.4 44.1 

0.055 0.055 0 46.1 46.1 46.1 46.1 
1/ 0.053 0.056 46.4 46.4 46.1 46.1 
2/3 0.041 0.042 46.4 46.5 46.1 46.1 

11/12 0.015 0.016 46.6 46.6 45.7 45.7 

the temperatures for ~ = 
sphere. 

Temperature, ~ K for ~p (deg) equal to 

180 

23.2 
23.2 
23.2 
23.2 

24.5 
24.5 
24.4 
24.3 

26.6 
26.1 
26.1 
26.3 

31.3 
30.6 
30.7 
31.5 

41,4 
4I .2 
41.3 
41.6 

44.8 
44.6 
44.6 
44.7 

46.1 
46.1 
46. t 
46.1 

1/12 instead 
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m o i s t u r e  content  in  the s p h e r e .  The d i s t r i bu t i on  curves  
we re  r e c o r d e d  for  the  fol lowing angles  of a t t ack  of the 
a i r f low:  4o = 0, 72, 108, and 180 ~ (By angle  of a t t a ck  
we mean  the angle  be tween the  d i r e c t i o n  of the a i r f low 
and the n o r m a l  to the s p h e r e  s u r f a c e  a t t h e  g ivenpoin t . )  
An ana lys i s  of the obtained da ta  showed t h e i r  comple t e  
a g r e e m e n t  a t  the con t ro l  poin t  ( m o i s t u r e  content  in 
cen te r  of sphe re ) .  Each  curve  can be f a i r l y  a c c u r a t e l y  
r e p r e s e n t e d  by the equat ion of a quad ra t i c  p a r a b o l a .  
The m a x i m u m  point  of the c u r v e s ,  whose pos i t ion  is 
d e t e r m i n e d  by the r a t i o  of the e x t e r n a l  d i f fus ion r e -  
s i s t a n c e s  of the f ron t  and r e a r  p a r t s  of the s p h e r e  (in 
our  c a s e  i t  was 1.22), was shi f ted  s l igh t ly  to the r e a r .  

An examina t ion  of Table  1 and F ig .  1 t oge the r  in -  
d i ca t e s  the d e g r e e  of a s y m m e t r y  of the p r o b l e m  at  
d i f f e ren t  t i m e s .  The a s y m m e t r y  deve loped  g radua l l y  
and r e a c h e d  a m a x i m u m  at  T = 4800 sec  (C = 0.114). 
The g r e a t e s t  s u r f a c e  m o i s t u r e  content  was o b s e r v e d  
at  q~ = 108 ~ i . e . ,  a t  points  whe re  the m a s s  t r a n s f e r  
coef f ic ien t s  we re  lowest .  Beginning at  T = 8400 s e c  
(C = 0.052) the p r o b l e m  can be r e g a r d e d  as  p e r f e c t l y  
s y m m e t r i c a l ;  this  is  due to the fac t  that  a t  C < 0.052, 
the p r o c e s s  is  con t ro l l ed  comple t e ly  by in t e rna l  d i f -  
fus ion ( this  l a s t  conclus ion  was de r i ved  f r o m  an ana -  
l y s i s  of the d r y i n g - r a t e  cu rves  r e c o r d e d  fo r  d i f f e ren t  
ve loc i t i e s  of a i r f low:  at  C = 0.05 al l  the cu rves  m e r g e d  
into one). 

In add i t ion  to the m o i s t u r e  d i s t r i b u t i o n s ,  we a l so  
r e c o r d e d  the t e m p e r a t u r e  d i s t r i bu t i ons  in the sphe re .  
F o r  this  p u r p o s e  we ca s t  two p l a s t e r  h e m i s p h e r e s .  
Along the d i a m e t e r  of one of them we p laced  s ix  t h e r -  
mocoup les ,  f r o m  which two Ieads  we re  brought  out to 
the su r f ace .  The h e m i s p h e r e s  w e r e  then jo ined  toge the r  
by a p l a s t e r  so lu t ion  made  up with the s a m e  p r o p o r t i o n  
of w a t e r  as  the h e m i s p h e r e s  (40 p a r t s  of w a t e r  to 100 
p a r t s  of p l a s t e r  by weight) .  The s p h e r e ,  mounted on 
an eboni te  ho lde r ,  was i m p r e g n a t e d  with w a t e r  and 
in s t a l l ed  in the d r y e r ;  the t h e r m o c o u p l e  l eads  e m e r g -  
ing f r o m  the s p h e r e  a t  one poin t  p a s s e d  through a hole 
in the column and were  connected  to a p o t e n t i o m e t e r .  
Thus,  t e m p e r a t u r e  m e a s u r e m e n t  began 300 s e c  a f t e r  
the s t a r t  of d ry ing .  We c a r r i e d  out  t h r ee  e x p e r i m e n t s ,  
each  with t h r e e  d i f f e ren t  s p h e r e s  for  each  angle  of 
a t tack ;  the va lues  of the ang les  of a t t a ck  in the e x p e r i -  
ments  w e r e  0, 45, 90, 135, and 180 ~ 

Like  the m o i s t u r e  cu rve s ,  the t e m p e r a t u r e  cu rves  
for  d i f f e ren t  q~ a g r e e d  p e r f e c t l y  a t  the cont ro l  poin t  
( cen te r  of s p h e r e ) .  An examina t ion  of the t e m p e r a t u r e  
cu rves  showed that  the  t e m p e r a t u r e  d i s t r i bu t i on  in a 
m o i s t  s p h e r e  d r y i n g  in a f o r c e d  a i r  flow was much 
m o r e  complex  than the m o i s t u r e d i s t r i b u t i o n :  fo r  angles  
of a t t a ck  of 0, 45, and 180 ~ the s u r f a c e  t e m p e r a t u r e  
g r ad i en t s  w e r e  d i r e c t e d  toward  the ou t s ide  of the s p h e r e ,  
while  for  ang les  of a t t a c k  of 90 and 135 ~ , they we re  
d i r e c t e d  inward;  fo r  angles  of a t t a ck  of 0, 45, 90, and 
135 ~ , they r e t a i n e d  the s a m e  s ign  when the cons ide r e d  
point  moved a long the r a d i u s ,  and fo r  q~ = 180 ~ the s ign  
changed when the value of ~ was a p p r o x i m a t e l y  0.5. 
At  ind iv idua l  poin ts ,  the t e m p e r a t u r e  g r ad i en t s  r e a c h e d  
a high value (to 180-200 ~ K / m )  and, hence ,  could have  
a g r e a t  e f fec t  on the m o v e m e n t  of m o i s t u r e  ins ide  the 
m a t e r i a l .  

Compar ing  the d i s t r i bu t ion  of the t e m p e r a t u r e  g r a -  
d ien ts  and loca l  m a s s  t r a n s f e r  coef f i c ien t s  r e l a t i v e  to 
the coord ina te  9,  we can come to th is  conclus ion:  the 
pos i t ion  of the t e m p e r a t u r e  g r a d i e n t s  i s  such that  they 
enhance the nonuni formi ty  of the m o i s t u r e  d i s t r i bu t i on  
due to the v a r i a t i o n  of the m a s s  t r a n s f e r  coef f ic ien t  
with (p. 

At  points  where  the coef f i c ien t  fl had high va lues  
(9  = 0 - 4 5 ,  180~ the t e m p e r a t u r e  g r ad i en t s  c r e a t e d  
an addi t ional  r e s i s t a n c e  to the m o i s t u r e  flux, thus 
l ead ing  to m o r e  r ap id  d r y i n g  of the su r f a c e  l a y e r s ,  
w h e r e a s  a t  points  with a low value  of fl (9  ~ 90-135~ 
the t e m p e r a t u r e  g r a d i e n t s  c r e a t e d  an addi t iona l  d r iv ing  
fo rce  fo r  t r a n s p o r t  of m o i s t u r e  to the s u r f a c e .  

Before  p roc e e d ing  to the quant i ta t ive  a n a l y s i s  of 
the obta ined data ,  l e t  us ment ion  that  we r e c o r d e d  
s e v e r a l  t h e r m o g r a m s  fo r  a s p h e r e  with a 2 - m m - t h i c k  
r u b b e r  i n t e r l a y e r  ove r  the p lane  with the t he rmocoup l e s  
(to e s t i m a t e  the hea t  f lux through the r u b b e r  pa r t i t i on  
in the m o i s t u r e - d i s t r i b u t i o n  e x p e r i m e n t s ) .  We did not 
not ice  any s ign i f i can t  d i s t o r t i o n  of the t e m p e r a t u r e  
d i s t r i bu t ion .  (The t he rmocoup le s  s i tua ted  at  a d i s -  
tance  of 2 m m  f r o m  the s p h e r e  s u r f a c e  showed an 
i n c r e a s e  of 0.3 ~ K dur ing  the f i r s t  240 see . )  

We w r i t e  the b a s i c  m a s s  t r a n s f e r  equation fo r  an 
e l e m e n t  d F  of the s p h e r e  s u r f a c e :  

[(0c) )] i = - k , , v  ~ , ,  - ~  ,, . (3) 

We in t eg ra t e  both p a r t s  of the equat ion f r o m  0 to F 
and d iv ide  by F and,  then, a f t e r  in t roduc ing  the quan-  
t i t i e s  kR,av  and 5R,av  (the a v e r a g e  of coef f ic ien ts  k 
and 5 R ove r  the s u r f a c e  F) ,  we have 

F 

0 
F 

6 I ( ot ) d F ]  
I-o/-r ]R J 

0 

(4) 

The va lues  of ( a C / 0 r )  R and ( a t / 0 r ) R  w e r e  found by 
g r a ph i c  d i f f e r en t i a t i on  of the cu rves  C = f l ( r ,  ~), t = 
= f z ( r ,  ~) for  r = R. To c o r r e l a t e  the va lues  of t h e l o c a l  
g r a d i e n t s ,  we p lo t ted  the g raphs  of (F ig .  2) 

Ot ( O0--~-)R,r =Ft(T) and (--~r )R.~ =F~(,~): 

We found ( a C / a r ) R , a v  and ( 0 t / 0 r ) R , a  v g r a p h i c a l l y ,  
as  shown in F ig .  3; c o r r e c t e d  va lues  of the  loca l  g r a -  
d ien ts  w e r e  p lo t ted  on the y - a x i s .  

It should be noted that  de sp i t e  the f a i r l y  high va lues  
of (~ t / a r )  R (up to 180-200 ~ K / m ) ,  t h e i r  mean  integral 
values  did  not  exceed  18 ~ K l m .  If  we a s s u m e ,  on the 
bas i s  of the da ta  of [4], that  the coef f ic ien t  5 l i e s  in the 
r ange  0 -0 .01  ~ K / m ,  w e f i n d t h a t  6max(Ot/Sr)R,av" max = 
= 0.18 l / m ,  and the r a t i o  5max(Ot/Sr)R,av.max/(SC / 
/ a r ) R , a v  l i e s  in the  r a n g e  0 .03-0 .06 .  I t i s  v e r y  un l ike ly  
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Fig. 2. Correlation graph for moisture gradients: 
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Fig. 4. Variation of kR,av of plaster sphere 
drying at air temperature 323 ~ K. C in kg/kg, 

k R in m2/sec. 
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that  5ma x c o r r e s p o n d s  to ( S t / ~ r ) R , a v . m a x ,  and, hence ,  
the cont r ibu t ion  of the  second  t e r m  in Eq. (4) is  v e r y  
s m a l l .  

F r o m  the cons ide r ed  example ,  we can d r aw  the 
fol lowing g e n e r a l  conclus ion:  in c a s e s  in which the 
boundary  condi t ions  of m a s s  t r a n s f e r  a r e  nonuniform,  
t he re  may  be a d i s t r i bu t i on  of t e m p e r a t u r e  g r a d i e n t s  
ove r  the s u r f a c e  of the body such that ,  d e s p i t e  t h e i r  
c o n s i d e r a b l e  loca l  va lues ,  the to ta l  t h e r m a l  m o i s t u r e  
conduct ion i s  s m a l l .  This  may  occu r  in the  c a s e  of 
d ry ing  of s ing le  bod ies ,  s i nce  for  a body in a bed,  as  
inves t iga t ions  showed,  the boundary  condi t ions  can be 
r e g a r d e d  as  un i form.  

We used Eq. (4) to c a l c u l a t e  kR,av,  which in th is  
c a se  is  a r e g i m e  p a r a m e t e r .  The v a r i a t i o n  of kR,av  
under  the ac t ion  of two p a r a m e t e r s  ( t e m p e r a t u r e  and 
m o i s t u r e  content)  in r e l a t i o n  to the a v e r a g e  m o i s t u r e  
content  of the m a t e r i a l  i s  s h o w n i n F i g .  4. As the f igu re  
shows,  when C changes  f rom the in i t i a l  value  C i = 
= 0.255 k g / k g  to  C = 0.02 kg /kg ,  the m a s s  t r a n s f e r  
kR,av  changes  by a f a c t o r  of 20, and,  hence ,  so lu t ion  
of the s y s t e m  of equat ions  (1) - (2)  by a s s u m i n g  k = 
= cons t  would not  c o r r e s p o n d  to ac tua l  condi t ions  in 
this  ca se .  

Yet r e p l a c e m e n t  of the a s y m m e t r i c  p r o b l e m  by a 
s y m m e t r i c  one by the in t roduc t ion  of a v e r a g e  va lues  
of k r , a v  and 6 r , a v  ove r  the s p h e r i c a l  s u r f a c e s  s i m p l i -  
f i es  the in i t ia l  equat ions  (1) and (2), f i r s t ,  by a l lowing 
c o n s i d e r a t i o n  of the o n e - d i m e n s i o n a l  p r o b l e m  in s t e a d  of 
the t w o - d i m e n s i o n a l  one and,  second,  by the fac t  that ,  
m this  o n e - d i m e n s i o n a l  p r o b l e m ,  t h e r m a l  m o i s t u r e  
conduct ion can  be neg lec ted .  We m u s t  s t i pu la t e ,  how-  
eve r ,  tha t  such an ope ra t i on  i_s val id  when i t  is  a p r o b -  
l em of f inding a r e l a t i o n s h i p  C = f (T) .  In addi t ion ,  the 
ques t ion  of how g e n e r a l  the condi t ion 5 r , a v ( ~ t / S r ) r , a  v 

0 is  for  the  a s y m m e t r i c  p r o b l e m  r e q u i r e s  e x p e r i -  
men ta l  ve r i f i c a t i on .  

The obta ined c u r v e s  for  the m o i s t u r e  d i s t r i b u t i o n  
in the s p h e r e  we re  used for  an i n d i r e c t  ve r i f i c a t i on  of 
the c o r r e c t n e s s  of d e t e r m i n i n g  loca l  m o i s t u r e  con-  
ten ts .  Since s a m p l e s  for  m o i s t u r e  content  w e r e  a lways  
taken f r o m  the d isk ,  in the ca se  of bad contac t  be tween  

the d i s k  and s e gme n t  the mean  i n t e g r a l  m o i s t u r e  con-  
tent  c a l cu l a t ed  f r o m  the e x p e r i m e n t a l  cu rves  would 
d i f fe r  f r o m  the va lues  taken  f r o m  the d ry ing  curve  of 
an i n t e g r a l  s p h e r e .  We found, however ,  that  t h e w e i g h t  
of m o i s t u r e  in the s p h e r e  a t  any t ime ,  d e t e r m i n e d  by 
d i r e c t  weighing,  was exac t ly  the s a m e  as  the weight  
found by g raph ic  i n t e g r a t i o n  of the m o i s t u r e  d i s t r i b u -  
tion c u r v e s  for  the s a m e  t i m e s .  

NOTATION 

t - i s  the m a s s  t r a n s f e r  coef f ic ient ;  C is the l oca l  
m o i s t u r e  content  of m a t e r i a l ,  kg /kg ;  C i s  the vo lume 
a v e r a g e  m o i s t u r e  content ,  kg /kg ;  6 is  the coef f ic ien t  
of t h e r m a l  m o i s t u r e  conduct ion,  ~ s i s  the phase  
change c r i t e r i o n ;  c is  the  spec i f i c  heat ;  7 is  the den-  
s i t y  of the m a t e r i a l ,  kg/m3;  F i s  the s u r f a c e  of the 

s p h e r e ;  i is  the m o i s t u r e  f lux dens i ty ,  k g / m  2 �9 sec ;  
i is  the  a v e r a g e  m o i s t u r e  f lux dens i ty  ove r  the s u r -  
f ace  of the s p h e r e ;  k is  the m a s s  t r a n s f e r ,  m2 / sec ;  
kR ,av  is  the a v e r a g e  e f fec t ive  m a s s  t r a n s f e r  ove r  the 
s u r f a c e  of the s p h e r e ,  m 2 / s e c ;  X is  the t h e r m a l  con-  
duc t iv i ty ;  r is  the ins tan taneous  r a d iu s ;  R is  the r a d i u s  
of the sphe re ;  t is  the loca l  t e m p e r a t u r e ,  ~ T i s  the 
t ime ;  v i s  the hea t  of vapor i za t ion ;  ~ is  the  r a t i o  of the 
ins tan taneous  r a d i u s  to the s p h e r e  r a d iu s ;  ~ i s  the 
angle  of a t t ack  of the a i r f low.  S u b s c r i p t s :  i i s  the in i t i a l  
value;  av is  the a v e r a g e  value;  R r e f e r s  to the s u r f a c e  
of the sphe re .  
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