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The effect  of t r apped  a i r  bubbles  and of columns of anomalous  condensate  on the evapora t ion  
of wa te r  f rom quar tz  c a p i l l a r i e s  is ana lyzed .  It is shown that these phenomena may r e t a r d  
the r e m o v a l  of m o i s t u r e  and may  cause  a r e d i s t r i b u t i o n  of l iquid in the c a p i l l a r y  volume.  

Porous  bod ies  not s a tu r a t ed  with m o i s t u r e  contain inc lus ions  of t rapped  a i r  which s e p a r a t e  l iquid-  
f i l led  p o r e s .  In o r d e r  to s imula te  the behav io r  of such s y s t e m s  dur ing evapora t ion ,  l iquid was poured  into 
cy l i nd r i ca l  c a p i l l a r i e s  and, at  the same t ime,  a i r  bubbles  were  in jec ted  to va r ious  d i s t ances  f rom the in-  
le t .  In this  way, the wa te r  in a c a p i l l a r y  channel  was b roken  up be fo re  evapora t ion  by an a i r  column 0.3- 
5.0 mm long. C a p i l l a r i e s  50-300 g in d i a m e t e r  were  used  he re  which had been drawn over  an oxygen 
b u r n e r  f rom fus ing -g rade  quar tz .  The d i a m e t e r  of each c a p i l l a r y  was m e a s u r e d  on the ocula r  sca le  of a 
m i c r o s c o p e .  The c a p i l l a r i e s  were  f i l led  with d e a e r a t e d  and t w i c e - d i s t i l l e d  boi l ing water .  

The c a p i l l a r i e s  were  sea l ed  at one end and p laced  in a d e s i c c a t o r ;  a s a tu ra t ed  sa l t  solut ion jus t  
cover ing  the bot tom main ta ined  a constant  r e l a t i v e  humidi ty  of a i r  (P0 in this  enc losu re .  The t e s t s  were  
p e r f o r m e d  at Tam b = 295.5~ and at va r ious  ~v 0 l eve l s  within the range  0.32-0.98. In o r d e r  to e l imina te  
the effect  of convect ive a i r  c u r r e n t s  in the d e s i c c a t o r ,  the c a p i l l a r i e s  were  suppor ted  in a rubbe r  m e m -  
b rane  cover ing  a few s m a l l  c h e m i s t r y  b e a k e r s  with the same  sa l t  solut ion.  A m e m b r a n e  was pul led  over  
the open end of a b e a k e r  and fas tened around i ts  edges  with c l amps .  The b e a k e r s  Were p laced  on a p o r -  
ce la in  t r a y  ins ide  the d e s i c c a t o r .  The rubbe r  m e m b r a n e  was punctured  in s e v e r a l  p l a c e s  with a needle 
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Fig,  1. Evapora t ion  of wa te r  f rom a quar tz  cap i l l a ry  
with the d i a m e t e r  d = 180 g and containing a t rapped  
a i r  bubble (2) L = 2.6 mm long; ~o 0 = 0.4, T = 295.5~ 
1) x = f 0 - ) ;  3) x=f( , /~- ) ,  x, mm; r , h .  
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F i g .  2. E v a p o r a t i o n  of  w a t e r  f r o m  quartz 
c a p i l l a r i e s  in which  s e c o n d a r y  c o l u m n s  
of  a n o m a l o u s  c o n d e n s a t e  ( length l ram) 
have f o r m e d :  T = 295.5~ "r, h; x ,  r am;  
a) d = 4 0 t ~ ,  ~0 = 0.58, x 1 = 2 . 2 m m ;  b) d 
= 130 p ,  ~0 = 0.95, x~ = 0 . 5 m m ,  a n d w a t e r  
c o n t a i n s  a t r a p p e d  a i r  bubb le  L = 1.3 m m  
long;  c) d = 130 ~, q% = 0.93, a n d s e v e r a l  
s e c o n d a r y  c o l u m n s  ( l t ,  t2, 13) have  f o r m e d  
s u c c e s s i v e l y .  

and the c a p i l l a r i e s  w e r e  i n s e r t e d  th rough  t h e s e  p i n h o l e s .  
They  w e r e  thus  " s u s p e n d e d "  a b o v e  the s a l t  so lu t i on  and he ld  
in p l a c e  by the f r i c t i o n  a g a i n s t  the  r u b b e r  m e m b r a n e ,  a t  a 
c o n s t a n t  d i s t a n c e  of 0.5 c m  f r o m  t h e i r  in l e t  ends  to the  s u r -  
f a ce  of the so lu t ion .  

In v iew of the long t e s t i n g  t i m e  (up to 15-20 days)  a t  
h igh ~00 l e v e l s ,  the d e s i c c a t o r s  w e r e  p l a c e d  in a c h a m b e r  
w h e r e  t e m p e r a t u r e  f l uc tua t i ons  d id  not e x c e e d  •176 The  
t e m p e r a t u r e  f l u c t u a t i o n s  w e r e  s m o o t h e d  out  by  p l a c i n g  the 
d e s i c c a t o r s  in t h e r m a l l y  i n s u l a t e d  e n c l o s u r e s .  

The  t r e n d  of  e v a p o r a t i o n  was  o b s e r v e d  th rough  a 
m i c r o s c o p e  and,  fo r  th i s  p u r p o s e ,  the c a p i l l a r i e s  w e r e  
p e r i o d i c a l l y  r e m o v e d  f r o m  the d e s i c c a t o r s .  One s e r i e s  of  
m e a s u r e m e n t s  invo lv ing  6 -8  c a p i l l a r i e s  in one b e a k e r  d id  
not  t ake  l o n g e r  than  15-20 ra in .  M e a s u r e m e n t s  w e r e  m a d e  
in 24 h i n t e r v a l s  a t  the beg inn ing  and in 72-120 h i n t e r v a l s  
l a t e r  on. Wi th  the a i d  of the guide  s c r e w s  u n d e r  the m i c r o -  
s c o p e ,  we m e a s u r e d  x, L ,  and a l s o  the d i s t a n c e  f r o m  a 
c a p i l l a r y  in le t  to the m e n i s c u s  a t  the  b o u n d a r y  of  the a i r  
co lumn  i n s i d e .  T h e s e  d i s t a n c e s  cou ld  be  m e a s u r e d  a c c u -  
r a t e l y  wi th in  0.1 m m .  

The  r e l a t i o n  x = f0") was  p l o t t e d  on g r a p h s ,  one of  
which  is  shown in F i g .  1. The  s o l i d  l i n e s  h e r e  i n d i c a t e  the 
p o s i t i o n  of  the e v a p o r a t i n g  m e n i s c u s  ( cu rve  1) and of  the  a i r  
c o l u m n  (curve  2) in  the c a p i l l a r y  in the c o u r s e  of the  t e s t .  
The  d a s h e d  l ine  (3) r e p r e s e n t s  the s a m e  g r a p h  r e p l o t t e d  in 
x,  ~-  c o o r d i n a t e s .  The  s lope  k of c u r v e  3 i s  r e l a t e d  to the 
d i f f u s i v i t y  of  w a t e r  v a p o r  a s  fo l lows :  

k -  l / 7  W /  RT 
x -- 2v,~Dp~ (q~ - -  q~o) " (1} 

The  v a l u e s  of  D in Eq. (1) w e r e  c a l c u l a t e d  f r o m  the 
da t a  of s e v e r a l  t e s t  s e r i e s  a t  ~0 = 0 .40-0 .58 ,  when v a p o r  
d i f fus ion  had  b e c o m e  the m a i n  m e c h a n i s m  of t r a n s p o r t  and 
the e f fec t  of f i l m  f low in wide c a p i l l a r i e s  had  b e c o m e  n e g l i -  

g ib le  [1, 2]. Our  c a l c u l a t i o n s  (with T = 295.5~ v m = 18 
c m 3 / m ~  Ps = 20.5 m m  Hg and (Ps ~ 1) have y i e l d e d  the 

mean value of diffusivity D = 0.25 i 0.015 cm2/sec, in close agreement with known tabulated values of D 
= 0.249 cm2/sec [3, 4] under the same conditions. Thus, evaporation from wide capillaries under iso- 
thermal conditions and with air bubbles present proceeds in accordance with known theoretical concepts. 
The fully understood jump of the evaporation rate occurs only after the evaporation of all the liquid between 
the inlet and an air bubble. It was important here that the position of an air bubble in a capillary remained 
unchanged during the evaporation process (Fig. i). Consequently, the pressure in the segments of liquid 
separated by an air bubble was the same and depended only on the curvature of the menisci. 

The  s i t u a t i o n  b e c a m e  d i f f e r e n t ,  h o w e v e r ,  when w a t e r  was  e v a p o r a t i n g  f r o m  the s a m e  c a p i l l a r i e s  
into an a t m o s p h e r e  with a h i g h e r  h u m i d i t y  l e v e l .  A~ of  s e c o n d a r y  l iqu id  c o l u m n s  n e a r  a c a p i l -  
l a r y  in le t ,  c a u s i n g  the mode  of e v a p o r a t i o n  to change ,  was  o b s e r v e d  s o m e t i m e s  at  ~0 = 0.58 and 
a l w a y s  a t  ~0 = 0 .93-0 .95 .  L e t  us  f i r s t  e x a m i n e  F i g .  2a.  B e f o r e  the beg inn ing  of  evapora t i on~  the w a t e r  
l e v e l  in a c a p i l l a r y  was  fu l l .  A p p r o x i m a t e l y  a few d a y s  a f t e r  the b e g i n n i n g  of e v a p o r a t i o n ,  a s m a l l  s e c o n d -  
a r y  c o l u m n  of  l i qu id  l = 1 m m  long  was  d e t e c t e d  a t  a d i s t a n c e  x 1 = 2.5 ram f r o m  the m e n i s c u s .  The  s p o n -  
t a n e o u s  f o r m a t i o n  of  c o n d e n s a t e  in the  f r e e  zone of a c a p i l l a r y  was ,  a p p a r e n t l y ,  of the s a m e  n a t u r e  a s  the  
f o r m a t i o n  of s e c o n d a r y  c o l u m n s  of a n o m a l o u s  l i qu id s  which  had  b e e n  d i s c o v e r e d  e a r l i e r  by  F e d y a k i n  [5]. 
C o l u m n s  of  a n o m a l o u s  c o n d e n s a t e  d u r i n g  the e v a p o r a t i o r l  of  w a t e r  f r o m  c a p i l l a r i e s  w e r e  a l s o  o b s e r v e d  in 
[6, 71. 
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a s  a func t ion  of  x de f in ing  the p o s i t i o n  of the 
m e n i s c u s  of w a t e r  e v a p o r a t i n g  f r o m  a c a p i l -  
l a r y :  1) d : 4 0 g ,  ~v 0 = 0 . 9 3 ,  x l = 2 m m ;  2) 
d = 200 ~t, ~o 0 = 0.95, x, = 1.5 m m ;  3) d 
= 1001.,  r = 0.95, x, = 3.5 m m ;  4) d = 40~t, 
rp 0 = 0 . 5 8 ,  x~ = 2 . 5 m m ;  5) d = 3 1 ~ t ,  ~o 0 

A f o r m i n g  s e c o n d a r y  co lumn did not r e m a i n  s t a t i o n -  
a r y ,  but  m o v e d  beh ind  ~he r e c e d i n g  m e n i s c u s  d r i v e n  by the 
a i r - p r e s s u r e  d rop  ( F i g .  2a). W a t e r ,  whi le  e v a p o r a t i n g ,  
c o n d e n s e d  on the m e n i s c u s  of the s e c o n d a r y  co lumn,  the  
v a p o r  p r e s s u r e  r  above  which  had been  r e d u c e d  [8, 9] by  
the  p r e s e n c e  in i t  of a d i s s o l v e d  nonvo la t i l e  c o m p o n e n t , ?  
The  r a t e  of th is  m a s s  t r a n s f e r ,  a t  ~o s ~ 1, i s  

vx = vmDps (I - -  qD,)_ (2) 
R T x ,  

The  m a s s  t r a n s f e r  in the zone b e t w e e n  a s e c o n d a r y  
c o l u m n  and the s u r r o u n d i n g  m e d i u m  p r o c e e d s  at  the  r a t e  

v2 = v,~Dp~ (q0. - -  %) , (3) Rrx~ 
w h e r e  v 2 > 0 c o r r e s p o n d s  to e v a p o r a t i o n  of  p l a i n  w a t e r  
(so[vent)  f r o m  a s e c o n d a r y  c o l u m n  (when ~0, > ~00) and v 2 
< 0 c o r r e s p o n d s  to c o n d e n s a t i o n  of w a t e r  v a p o r  f r o m  the 
s u r r o u n d i n g  m e d i u m  onto a s e c o n d a r y  co lumn (when ~0. 

< 0o). 

= 0.98, x 1 = 0.4 m m ,  U s u a l l y  r  < ~o 0 a t  the i n s t a n t  when a s e c o n d a r y  
co lumn  b e g i n s  to f o r m ,  and the l a t t e r  con t inues  to bu i ld  

up c o l l e c t i n g  w a t e r  v a p o r  f r o m  the l i qu id  in the  c a p i l l a r y  on one s i de  a s  w e l i  a s  f r o m  the s u r r o u n d i n g  m e -  
d ium on the o t h e r  s i d e .  A f t e r  the a n o m a l o u s  c o m p o n e n t  has  been  d i lu t ed  so  much  tha t  r  e x c e e d s  ~0, the 
m a s s  t r a n s f e r  i s  e f f e c t e d  b y  p a s s a g e  th rough  the s e c o n d a r y  c o lumn .  On the r i g h t - h a n d  m e n i s c u s  of the 
s e c o n d a r y  co lumn  the v a p o r  c o n d e n s e s ,  whi le  a t  the l e f t - h a n d  m e n i s c u s  the w a t e r  e v a p o r a t e s  into the s u r -  
round ing  m e d i u m .  The  r a t e  a t  which  the l eng th  of  a s e c o n d a r y  co lumn  c h a n g e s  can be  e x p r e s s e d  as  fo l -  
lows:  

v v,~Dp, la 1 - q ~ / O -  r  
dl _ v l - -  _(tx 1 

T h i s  equa t ion  h a s  been  d e r i v e d  with a l o g i c a l  change  of v a r i a b l e s  x 2 = x - x t - I  (F ig .  2a) and on the 
b a s i s  of  an a p p r o x i m a t e  v e r s i o n  of  R a o u l t ' s  law,  the l a t t e r  r e l a t i n g  the v a p o r  p r e s s u r e  ~o, to the c o n c e n -  
t r a t i o n  of the a n o m a l o u s  c o m p o n e n t  in a s e c o n d a r y  c o l u m n  [81: 

I I 
- -  _ - -  (5) 

I a l--q0. 

A c c o r d i n g l y ,  the e v a p o r a t i o n  r a t e  of the p r i m a r y  l iqu id  in the c a p i l l a r y  i s  

v , ,DPja  
= ~ = - -  ( 6 )  

d~ RTlxz  

E l i m i n a t i n g  r f r o m  Eqs .  (4) and (6), we ob ta in  the  fo l lowing  d i f f e r e n t i a l  equa t ion :  

dl 1 - -  x~l - -X l l  a - - x l l c p o _  - (7) 
dx Xla - -  xlla - -  lal 

w h e r e  x 1, l a ,  and qo 0 a r e  c o n s t a n t  u n d e r  t h e  g iven  t e s t  c o n d i t i o n s .  

Equa t ion  (7) d o e s  not  have  a s i m p l e  a n a l y t i c  so lu t i0n  and,  t h e r e f o r e ,  we wi l t  only  d i s c u s s  i t  h e r e .  
F i r s t  we n e g l e c t  a l l  t e r m s  of s e c o n d - o r d e r  s m a l l n e s s ,  c o n s i d e r i n g  tha t  l a << x, l << x, and x 1 << x. Then  

d._l_l = l - -  x j . ( l - - % )  = l _ A  // (7') 
dx laX x 

t The  f o r m a t i o n  of  s e c o n d a r y  c o l u m n s  of a n o n v o l a t i l e  a n o m a l o u s  c o m p o n e n t  d u r i n g  e v a p o r a t i o n  has  b e e n  
c o n f i r m e d  by  m e a s u r e m e n t s  of t h e i r  t h e r m a l  e x p a n s i v i t y .  It was  d i s c o v e r e d  in a l l  c a s e s  tha t  the  t e m -  
p e r a t u r e  at  which the c o n d e n s a t e  c e a s e d  to f o r m  had  d r o p p e d  by  a few d e g r e e s .  
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It fo l lows  f r o m  th i s  equa t ion  that ,  if  1 > A l / x  > 0, the bu i ldup  r a t e  of a s e c o n d a r y  co lumn dl/&r > 0 
m u s t  l ag  beh ind  the r a t e  a t  whieh  the m e n i s c u s  of the p r i m a r y  l i q u i d r e c e d e s , d x / d T  > 0. In th i s  e a s e  l e s s  
l iqu id  e v a p o r a t e s  f r o m  the s e c o n d a r y  co lumn  into the s u r r o u n d i n g  m e d i u m  than i s  c o l l e c t e d  by  e o n d e n s a -  
t ion  of v a p o r  f r o m  the p r i m a r y  eo lumn.  If A l / x  << 1, h o w e v e r ,  then dl /dx  ~ 1. T h i s  m e a n s  tha t ,  u n d e r  
t h e s e  c o n d i t i o n s ,  a s e c o n d a r y  co lumn  b u i l d s  up a t  the e x p e n s e  of p r i m a r y  l iquid:  a l m o s t  no m a s s  t r a n s f e r  
to the s u r r o u n d i n g  m e d i u m  o c c u r s ,  and the e v a p o r a t i o n  r a t e  of the l iqu id  i s  a m i n i m u m .  F i n a l l y ,  if  A l / x  
> 1, the l eng th  of the s e c o n d a r y  c o l u m n  can  d e c r e a s e :  d l / d x  < 0, which  c o r r e s p o n d s  to dl/d'r < 0 when 
dx /dT  > 0. In th i s  c a s e ,  the r a t e  a t  which  the l iqu id  e v a p o r a t e s  into the s u r r o u n d i n g  m e d i u m  b e c o m e s  
h i g h e r  than the r a t e  a t  which  the v a p o r  c o n d e n s e s  on the s e c o n d a r y  co lumn.  As  can  be  s een  f r o m  this  a n a l -  
y s i s ,  the c o n d i t i o n s  of m a s s  t r a n s f e r  a r e  g o v e r n e d  by  the p a r a m e t e r  Al /x .  

F r o m  th is  s t andpo in t ,  then,  we wi l l  now t r y  to e xp l a in  the e x p e r i m e n t a l l y  d e r i v e d  r e l a t i o n s  l = f(x),  
s o m e  of  which  b a s e d  on s e v e r a l  t e s t s  a r e  shown in F i g .  3. F o r  v a I u e s  of ~00 c l o s e  to un i ty ,  when A is  s m a l l  
( c u r v e s  1-  3), qui te  soon a f t e r  the f o r m a t i o n  of a s e c o n d a r y  c o l u m n  the dl /dx  ~ 1 mode  wi l l  p r e v a i l .  A t  ~0 = 0.58 
(curve  4), when A is  l a r g e ,  cond i t i ons  of  m a s s  t r a n s f e r  in the t r a n s i t  mode  wi l l  p r e v a i l ;  0 < d l / d x  < 1. 
The  v a l u e s  of A can  a l s o  be  r a t h e r  l a r g e  when the quan t i ty  of the a n o m a l o u s  componen t  in a s e c o n d a r y  
c o l u m n  is  s m a l l  ( / a  - -  0). A p p a r e n t l y ,  th i s  c a s e  c o r r e s p o n d s  to c u r v e  5, w h e r e  (even though q)0 = 0.98) 
d l /dx  i n c r e a s e s  whi le  l agg ing  beh ind  x and r e m a i n i n g  s m a l l e r  than  uni ty ,  in a g r e e m e n t  with Eq. (7').  

We wi l l  now c o m p a r e  the e v a p o r a t i o n  r a t e s  of the l iqu id  f r o m  a c a p i l l a r y  into the s u r r o u n d i n g  m e d i u m  
v 2 in the p r e s e n c e  of  s e c o n d a r y  c o l u m n s  and v 0 in the a b s e n c e  of  s e c o n d a r y  c o l u m n s :  

vmDp~ (1 - -  %) 
Vo (8) 

RTx 

The ratio of these velocities is 

v~ x (%  - -  %) 
. . . .  ( 9 )  

v o x 2 ( I  - -  %) 

Since x > x 2 while (q).-~o0) < (~0s-~O0) , hence the evaporation rate can either increase or decrease, 

depending on the position of the secondary column and on the concentration of the anomalous component in 

it. When x is small, the difference between x and x 2 = x-xi-I being large, the evaporation may be accele- 

rated, especially when also ~o. is close to ~o s. When x >> xi + I, the difference between x and x 2 being 

small, the evaporation rate decreases: the lower ~0. is, the slower becomes the evaporation. Evapora- 

tion ceases at ~o. = ~o 0 and, when ~o. < ~o0, even condensation of vapor in the capillary is possible. The 

causes of anomalous condensation are not yet quite understood. Similar problems concerning the modifi- 

cation which liquids undergo during condensation of their vapors have been analyzed in [10, ll]. 

Tertiary and further columns observed in many tests alongwith secondary ones complicate the pattermof 
mass transfer even more (Fig. 2c). According to this diagram, secondary columns appear approximately 

within the same capillary segment near the inlet and then extend deeper as the primary liquid evaporates. 

The tests have also shown that, when the distance between the primary liquid and the secondary 

column is sufficiently large (x i = 1 ram), the presence of trapped air bubbles in the capillary has no effect 

on the evaporation process. The air bubbles remained stationary during the evaporation of liquid, also in 
the tests recorded in Fig. I. 

When a secondary column forms near an evaporating liquid (Fig. 2b), the pattern changes. Accord- 

ing to the diagram, a trapped air bubble begins to move toward the sealed end of the capillary. This can 

be explained by the mass transfer which occurs through the bubble and by the resulting difference between 
the partial pressures on the left hand and on the right hand meniscus. Apparently, when the secondary 

column is near, it becomes possible for the anomalous component to penetrate - by way of surface diffu- 

sion - into the volume of liquid filling the capillary. The anomalous component, eventually distributed 

over the volume of liquid, will reduce the vapor pressure on the menisci according to Raoult's law. Since 

an air bubble represents a high resistance to diffusion, both the concentration of the anomalous component 

and thus also the partial pressure of vapor drop sharply at its ends, which in turn causes the mass transfer 
discussed earlier. TMs experiment demonstrates also how, at high ~0 0 levels, the predominant mass trans- 

fer can proceed between the liquid and the secondary column without loss of moisture to the surrounding 
medium. According to Fig. 2b, the total volume of all the liquid in a capillary was conspicuously unchanged 
in the course of an experiment. 
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The pecu l i a r i t i e s  of m a s s  t r a n s f e r  d i scovered  in these exper imen t s ,  due to the format ion  of second-  
a ry  columns and the p r e s e n c e  of t rapped a i r ,  may evidently appea r  also during evaporat ion on porous  
bodies .  By p e r f o r m i n g  tes t s  with individual cap i l l a r i e s ,  where  columns can be eas i ly  detected by optical  
methods ,  it has been  poss ib le  to study some c h a r a c t e r i s t i c s  of the physical  mechan i sm on a model sys tem.  
A sca le  of magnitude for  evaluat ing the effect  and the conditions of capi l la r i ty  in bodies  will have to be 
es tab l i shed  in fu r the r  s tudies .  

L 
d 

~P0, (Ps, (P* 

X 

T 

D 
R 

T 

V m 

Ps 
X2 

Xl 

VI 

V2 

l 
la  

NOTA T I O N  

is the length of an a i r  bubble; 
is the d i am e t e r  of the capi l la ry ;  
a r e  the re la t ive  humidity of a i r  in the chamber ,  above the meniscus  of evapora t ing  water ,  
and above the men i scus  of a secondary  column, respec t ive ly ;  
is the dis tance between the cap i l l a ry  inlet and the meniscus  of the evapora t ing  liquid; 
~s the evapora t ion  t ime;  
is the diffusivity of vapor  through a i r ,  cm2/sec ;  
is the gas constant,  e r g / m o l e .  ~ 
~s the t e m p e r a t u r e  ~ 
is the molal  volume of liquid, cm3/mole ;  
~s the p r e s s u r e  of sa tu ra ted  vapor ;  
~s the dis tance between the cap i l l a ry  inlet and the nea re s t  men i scus  of a secondary  column; 
is the dis tance between liquid in a cap i l l a ry  and a secondary  column; 
~s the r a t e  of  m a s s  t r a n s f e r  along the segment  between the liquid and the secondary  column, 
e m / s e c ;  
is the ra te  of wa te r  evapora t ion  f rom the secondary  column into the surrounding medium,  
c m / s e c ;  
is the length of the secondary  column; 
is the length of the secondary  column, r e f e r r e d  to only one anomalous  component  p resen t .  
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