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Abstract - -  In processing, vapours often have to be separated from mixtures mainly containing inert gas, as for example in 
the cleaning of exhaust air and the recovery of pol lutant solvent vapours (volati le organic compounds, VOC). Whenever possible, 
condensation is applied for this task, since it is thermodynamical ly  the most energy-efficient process, it can be carried out 
successfully, provided that the vapour can be liquefied and removed separately. However, fog often forms through spontaneous 
condensation in the gas f low. The very small aerosol drops are diff icult to remove, and not all can be separated. Accordingly, 
there are limits to the separation of the gas-vapour mixture. The fact that mass and heat transfer occurs simultaneously at the 
cooling surface explains why the main f low of the gas-vapour mixture is supersaturated and fog can form from it. A method of 
preventing supersaturation and consequently avoiding fog has now been found. A relat ively small amount of heat is applied to the 
mixture during condensation to prevent a spontaneous change of phase. This is accomplished by regenerative means. The vapour 
condenses only at the cooling surface, where the condensate drains off by itself. There is no need to fi lter off  small condensed 
droplets of fog. Experiments have shown that far better separation is achieved by this fog prevention method; more condensate is 
recovered and there are fewer pollutants in the cleaned exhaust gas. Some particularly interesting applications are water-cooling 
and condensation of hot exhaust gases from a reaction, or low-temperature condensation in exhaust air cleaning and solvent 
recovery. © Elsevier, Paris. 

fog / mist / regenerative / prevention / vapour / inert gas / mixture / condensation / heat and mass transfer 

Resum~ - -  Emp~chement thermique r~gen~ratif de la formation de brouillard Iors de la condensation de vapeurs constituees 
de m~langes avec un gaz inerte. Dans la technique des procfidfis, il faut souvent proc~der ~. une sfiparation des vapeurs 
partir de m~langes comportant une proport ion pr~dominante de gaz inerte, par exemple Iors de la d~contamination des ~missions 
gazeuses et la recuperation des vapeurs de solvant, chargfies en produits nocifs pour I 'environnement (volatile organic compounds, 
VOC). Partout o0 cela est possible, on dolt uti l iser ~ cette fin la condensation ; d'apr~s les lois de la thermodynamique,  c'est le 
processus qui est ~nergiquement le plus avantageux. Ainsi, on peut effectuer la s~paration dans la mesure o0 I'on peut l iquefier 
la vapeur et I'~vacuer separ~ment. Souvent, il se constitue un brouil lard par condensation spontan~e dans le f lux gazeux. La 
s~paration de ces tr~s petites gouttes d'aerosol est difficile et ne peut se faire qu' incompl~tement.  De mani~re correspondante, 
la s~paration du m~lange gaz-vapeur est limit~e. Avec le transfert simultane de matiere et de chaleur qui s'effectue sur la 
surface de refroidissement, on peut mettre en lumi~re le fait que I ' f icoulement principal du mfilange gaz-vapeur est sursature et 
que, /t partir de cela, il peut y avoir formation de brouil lard. On a ~, present ~labor~ une m~thode permettant d'emp~cher cette 
sursaturation et d'f iviter de ce fait la format ion de brouil lard. Pendant la condensation, on ajoute au mfilange une quantit~ de 
chaleur relat ivement petite, qui empfiche tout changement de phase spontan~. Ceci s'effectue de fa~;on r~gendrative. La vapeur 
se condense seulement sur la surface de refroidissement, I/~ oh le condensat s'ficoule de fa(;on sfiparee, tl n'est pas n~cessaire 
d'effectuer une separation par f i l tration des petites gouttelettes de condensat du brouil lard. II a fit~ prouv~ Iors d'essais que, avec 
cette m~thode d'emp~chement de la formation du brouil lard, on atteignait des rendements de separation nettement meilleurs ; la 
quantite de condensat recup~r~e ~tait plus grande et il y avait moins de polluants dans les gaz d'f ichappement fipures. Pour ce qui 
concerne I'application, sont part icul ierement intfiressants par exemple le refroidissement et la condensation de gaz d'f ichappement 
de reaction tr~s chauds, ceci ~tant fait avec de I'eau de refroidissement, ou bien la condensation a basse tempfirature Iors de la 
d~contamination des ~missions gazeuses et la r~cup~ration de solvants. © Elsevier, Paris. 
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Nomenclature 

A I l l  9  ̀

a I l l  2 ' S - 1 

al  ~ a2~ a3 
B kg.kg~-~ 

Cp J . k g - l . K  -1 
~p J. kmol-  1 -K-  1 
D mS.s --~ 

f l  J.s --1 
k W - m - 2 . K  -1 
L m 
Le 
rh kg.s-  1 

Nu 
kmol.m -3  

/t kmol-s --1 

p Pa 
p~(r) 

Pa 

Pr 
r J.kg -1 

J .kmol-1 
i~ J . k m o l - l - K  -1 

Re 
S 
Sc 
Sh 
T 
Y 
Y 
Z 

Greek symbols 

c~ heat-transfer coefficient in the 
boundary layer . . . . . . . . . . . . . . . .  W . m - 2 - K  -1 

/3 mass-transfer coefficient in the 
film boundary layer . . . . . . . . . . . .  m-s-  1 

A difference 
5 boundary layer thickness . . . . . . .  m 
r/ dynamic viscosity . . . . . . . . . . . . .  Pa.s 
A thermal conductivity . . . . . . . . . .  W . m - 2 . K  -1 
p density . . . . . . . . . . . . . . . . . . . . . . .  kg-m -3 
t? temperature on centigrade scale °C 

Subscripts 

0 total, sum 
1 bulk of vapor-gas mixture 
2 interface vapor-gas mixture to 

condensate 
3 interface condensate film to wall 
4 interface wall to coolant 
5 bulk of the coolant 
I entry of the condensation process 

area . . . . . . . . . . . . . . . . . . . . . . . . . .  
thermal  diffusivity. . . . . . . . . . . . .  
coefficients 
mass charge . . . . . . . . . . . . . . . . . . .  

specific heat . . . . . . . . . . . . . . . . . .  
molar specific heat . . . . . . . . . . . .  
diffusion coefficient . . . . . . . . . . . .  
enthalpy flow rate . . . . . . . . . . . . .  
over-all heat-transfer coefficient. 
characteristic length . . . . . . . . . . .  
Lewis number,  A/pcpD 
mass flow rate . . . . . . . . . . . . . . . .  
Nusselt number  aL/A 
molecular density . . . . . . . . . . . . .  
molar flow rate . . . . . . . . . . . . . . . .  
pressure . . . . . . . . . . . . . . . . . . . . . .  
vapor pressure at the tempera- 
ture T . . . . . . . . . . . . . . . . . . . . . . .  
Prandt l  number,  rlCp/)~ 
specific enthalpy of evaporation. 
molar specific enthalpy of evapo- 
ration . . . . . . . . . . . . . . . . . . . . . . . .  
gas constant . . . . . . . . . . . . . . . . . .  
Reynolds number,  Lvp/rl 
degree of saturation, pv/pv,~ 
Schmidt munber, ~I/(pD) 
Sherwood number, ~L/D 
absolute temperature  . . . . . . . . . .  K 
molar fraction . . . . . . . . . . . . . . . . .  kmol-kmol2~t~ ~ 

molar charge . . . . . . . . . . . . . . . . . .  kmol. kmol~-2~ 
coordinate . . . . . . . . . . . . . . . . . . . .  m 

O~ 

ae 
CH 
d 
de 
e 
G 
M 
V 

heat transfer 
aerosol, fog particles 
complementary heat 
diffusional mass transfer 
demand, deficit 
equilibrium 
gas 
vapor-gas mixture 
vapor 

1. SEPARATION OF VAPOUR 
FROM MIXTURES WITH INERT GAS 
BY C O N D E N S A T I O N  

M i x t u r e s  of v a p o u r  a n d  a h igh  p r o p o r t i o n  of non -  
c o n d e n s a b l e  c o m p o n e n t s - - t h a t  is, t h e  ine r t  g a s ~ f t e n  
have  to  be  s e p a r a t e d  in t h e  p rocess ing  indus t ry .  For  
example ,  t h e  recovery  of v a p o u r s  f rom vola t i l e  o rgan ic  
so lven ts  ( V O C )  has  b e e n  p r a c t i s e d  for severa l  decades  
for e conomic  reasons .  As awareness  of e n v i r o n m e n t a l  
p o l l u t i o n  caused  by  the se  s u b s t a n c e s  has  grown,  
s t a t u t o r y  l infi ts  for c l ean ing  e x h a u s t  a i r  have  b e e n  
set.  

In  i n d u s t r y  t h e  ine r t  gas  is f r equen t ly  n i t r ogen ,  wh ich  
is emp loyed  to fill t a n k s ,  r e a c t o r  vessels a n d  t h e  like 
above  t he  l iquid  in o rde r  to  p r e v e n t  explos ive  m i x t u r e s  
f o rming  w i t h  t h e  oxygen  f rom t h e  a m b i e n t  air.  T h e  
n i t r o g e n  b e c o m e s  s a t u r a t e d  w i t h  v a p o u r  f rom vola t i le  
o rgan ic  s u b s t a n c e s ,  wh ich  t h e n  have  to  be  s e p a r a t e d .  

C o n d e n s a t i o n  p e r m i t s  t h e  recovery  of so lven t  v a p o u r s  
ill t h e  p rox inf i ty  of t he  e x h a u s t  a i r  source  a n d  pr io r  to  
t h e i r  m i x i n g  w i t h  o t h e r  flows or  aux i l i a ry  s u b s t a n c e s ,  
t h e r e b y  p r o m o t i n g  t h e i r  re-use.  I t  is t h e  m o s t  energy-  
efficient p rocess  acco rd ing  to  t h e r m o d y n a m i c  pr inciples .  

C o n d e n s e r s  m a y  also b e  used  for explos ive  mix tu re s ,  
wh ich  t h e y  can  c lean  to  be low t h e  lower i gn i t i on  l imit .  
In  d r y i n g  c i rcu i t s  too ,  v a p o u r  is c o n d e n s e d  ou t  of t h e  
m o i s t  gas  v a p o u r  m i x t u r e  a n d  t he  gas  c an  a g a i n  be  
used  for d ry ing .  As c o n d e n s a t i o n  on ly  calls  for s imple  
a p p a r a t u s  a n d  large a m o u n t s  of v a p o u r  c an  b e  recovered  
efficiently, t h e  m e t h o d  is wide ly  employed ,  f r equen t ly  in 
c o m b i n a t i o n  w i t h  o t h e r  c l ean ing  processes .  

T h e  a c t u a l  c o n d e n s a t i o n  p rocess  s e p a r a t e s  on ly  t he  
v a p o u r  t h a t  l iquefies on  a cold  sur face  a n d  d r a i n s  
off by  itself. However ,  s p o n t a n e o u s  c o n d e n s a t i o n  o f t en  
takes  p lace  in t he  m a i n  flow, a n d  fog forms.  T h e  sma l l  
d r o p s  of c o n d e n s a t e  are  s u s p e n d e d  in t he  g a s - v a p o u r  
m i x t u r e ,  w h i c h  is why  t h e y  are  c o m m o n l y  de sc r ibed  
as c o n d e n s a t i o n  aerosols .  In  th i s  case t h e  gas v a p o u r  
m i x t u r e  can  be  s e p a r a t e d  to  t h e  e x t e n t  on ly  t h a t  t h e  fog 
d rops  can  be  e x t r a c t e d .  Drop  s e p a r a t o r s  cons i s t i ng  e.g. 
of wire  m e s h  l oca t ed  in t he  flow p a t h  of the  c o n d e n s e d  
gas  b r i n g  a b o u t  a p re s su re  d rop ,  a r isk of o b s t r u c t i o n  
a n d  c o m p l i c a t e d  m a i n t e n a n c e .  Drops  of on ly  a few m m  
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or less cannot be completely removed. An a t t empt  will 
now be made to condense all the vapour  exclusively on 
the cooling surface, where the condensate drains off by 
itself. 

2. FOG FORMATION IN CONVENTIONAL 
CONDENSERS 

Great  impor tance  at taches to condensat ion aerosols 
in the Ear th ' s  a tmosphere because mist  and cloud arise 
in this form. These processes have been s tudied widely 
and comprehensively in respect of water  vapour /a i r  
mixtures.  In contrast ,  the condensat ion processes to be 
found in technical appl icat ions involve to ta l ly  different 
mixtures of substances. The pressure and t empera tu re  
ranges are also very different and there is a wider 
spect rum of foreign part icles ini t iat ing fog formation. In 
this research project ,  fog formation in condensat ion has 
therefore been s tudied exper imental ly  on a pilot scale. 

W h a t  interested us in our first experiments was: 
under what  processing conditions is fog formed? For 
this purpose a heat  exchanger with three-t iered helical 
cooling tubes was employed (figure 1). The cooling 
tubes were enclosed in a glass shell through which the 
gas--vapour mixture was conducted in an axial direction 
and perpendicular  to the cooling coils. This condenser 
was run in a test plant. The process flow sheet of this 
plant,  with another  type of condenser, is discussed and 
i l lustrated in § 5. 

Coolant outlet • Glass shell 

Va or/ as - ~ ' I ~  ~i-i i-~i 17 21 i ~ " ~  Purified gas 

Coolant entry insulated tube coils 
pipe 

Figure 1. Sketch of the test condenser for inquiries into 
the main influences on fog formation. It was used in the 
installation according to figure 9, instead of the condenser 
shown there. Dimensions: outside diameter of cooling tube 
12 mm; coil diameters 65 mm, 97 mm and ]28 mm; inside 
diameter of the glass shell ]5] mm; cooling area 1.5 m ~. 

Pure nitrogen was charged with a solvent and heated 
to the desired entry  temperature .  The composit ion could 
be set so tha t  the mixture entered the condenser either 
in a sa tu ra ted  or only par t ly  saturated,  i.e. overheated, 
state. The coolant entry  tempera ture  was also varied 
and controlled by the coolant flow rate, so tha t  the 
t empera tu re  of the  exit coolant could also be set. Thus 
it was possible to set the t empera tu re  difference between 
the gas-vapour  mixture and the eountereurrent  coolant.  

The two photographs in fig~zre £ were taken at the end 
of the cooling area, i.e. at  the outlet  of the purified gas: 
the left one in a ease with only slight fog formation, 
while the r ight-hand side shows the same section with 
dense fog. Tests were also carried out at different overall 
pressures, which showed minor influence on fog intensity. 

Figure 2. Fog formation during condensation of a mixture of 
ethanol and nitrogen, photographed through the glass shell 
(view marked in figure 1): left with very little fog, right with 
dense fog. 

In order to determine the quant i ty  and size of the 
condensation aerosols, a measurement  was made by 
laser at right angles through the glass jacket,  behind 
the cooling coils in the free flow of the mixture.  The 
employed laser three-wave-length-extinction measure- 
ment and its appl icat ion are described by Sehaber et al. 
[1]. A flow sample was taken continuously and isoki- 
rtetically from the emerging mixture  and the to ta l  sol- 
went charge was deterinined. This is plot ted in figure .~ 
against  the t empera tu re  difference A T  between the gas 
w~pour inixture entering the heat  exchanger (from left in 
figure 1) and the coolant leaving it (at left-hand side 
in fig~zr'e i). Nitrogen had been charged with ethanol- 
water of azeotropic composit ion (7 % by weight water, 
93 % ethanol) for these tests. Wi th  a modera te  tent- 
pera ture  difference A T  (left-hand side of figure 3), the 
mixture  without  any foreign part icles could be purified 
ahnost to equilibrium charge, and vir tual ly  no fog was 
measured or could be perceived. When  cooling was in- 
tensified, i.e. when the t empera tu re  difference A T  was 
increased with a higher coolant flow rate  (r ight-hand 
side of figure 3), thick fog formed. The eNuent  mixture  
contained a solvent quant i ty  many times higher than 
the anmunt corresponding to the equil ibrium value at 
the t empera tu re  of the emerging mixture  measured. 

In order to simulate mixtures with foreign particles,  
3 % by volume of cigaret te  smoke was added contin- 
uously ups t ream of the condenser. Even with a slight 
t empera tu re  difference quite a thick fo 9 formed and 
the charge in tile exhaust  gas flow was correspondingly 
large. It increased further with an increased tempera-  
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Condensation of mixtures: ethanol +nitrogen 
] Mixture entry saturated at: +30"C ] ~ . 
I TemperaMre of cootan en ry -30=C=C I / .-" 
i Total pressure ' 0 8 bar [ j f  

Mixture with Mixture w thou , , ' "  
~ .  foreign ¢tal foreign nuclei  ""* 

........ Z ,o,, 
(fog, mist) 

Ar*J exit temperature 

Too small C O O L I N G Too intensive 

30 35 40 45 50 55 60 
AT at condenser entry [K~ 

Figure 3. Charge measured at exit of countercurrent 
condenser, plotted against temperature difference A T  
= Tmi×t,,~ ~try -- Tcoolant exit, which was altered by vari- 
ous flowrates of the coolant. Only if the mixture contains 
no foreign particles and with a moderate A T  (left-hand side 
of graph) does the charge measured approximately follow 
the equilibrium change. When A T  is large (right-hand side) 
the charge including aerosols is considerably higher, as in 
mixtures with foreign particles such as the process gas at a 
chemical plant. 

C o n d e n s a t i o n  of  m ix tures :  e t h a n o l  + n i t rogen 
0.016 

"2( >" 
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o ] ~___-------o---y~ 
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!I 1.s 
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[ ]  
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2s 3o 3s 4o ~ so ss so 

"reml~mm~'ure of cootem entry : -3o'c 
aa Tote~ pressure : o,8 bar Area 

Figure 4. Aerosol charge in lean gas (left ordinate) and mean 
diameter of condensation aerosols (right ordinate), measured 
in condenser by laser optics on the three-wavelength extinction 
principle [1], The drop diameters were less than 3 mm in all 
the tests, even with widely varying temperature, pressure and 
relative saturation at the entry and with different solvents. It 
was not possible to produce larger drops, which could have 
been more readily separated mechanically. 

ture difference. It was found tha t  the smoke by itself 
was not detected by the measuring instruments.  

Wi th  other  solvents tested too, the temperature 
difference exerted the greatest  effect on fog formation. 
The other  process parameters  tha t  we studied were less 
significant in terms of fog formation. For example,  even 
superheat ing the mixture  ups t ream of the condenser 
by 15 K above dewpoint  only brought about  slightly 
reduced fog formation. 

We tr ied to find parameter  settings at which larger 
aerosol drops would form, since this would facil i tate 
subsequent separation.  The mean drop size measured 
for the fog in the same series of tests mentioned so 
far is entered on the r ight-hand ordinate  in figure ~. 
In the mixture,  without  any foreign particles, it ranged 
between 1 and 2.5 gin; in tha t  with foreign particles,  
it ranged between 2.6 and 2.7 gin. Wi th  the vN)ours 
s tudied (methanol,  azeotropic mixture  of ethanol  and 
water, toluene, dichloromethane),  the drop size was 
about  2.5 gm or less in most cases. It was not possible 
to produce drops larger than 3 gm. 

In the same test condenser we were able to investigate 
fog formation in process gas from a chemical plant.  The 
gas was taken from the top of a rectification colunm 
in which mother  liquor from a preceding crystal l isat ion 
process was destined. Under the same conditions as 
for mixtures with and without  artificial foreign nuclei, 
fog formation in the process gas was par t ly  stochastic,  
though, in the major i ty  of cases, it was the same as in 
the mixture  with foreign particles,  with fog appear ing 
even with a small t empera tu re  difference. 
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3. FOG FORMATION AS A RESULT 
OF SUPERSATURATION 
AND NUCLEATION 

3.1. Fog-formation phenomena 

The prerequisites for fog formation,  notably  super- 
sa tura t ion  and the presence of condensat ion nuclei, will 
first be briefly presented. Following this the phenomena 
leading to tile condensat ion process and the resultant  
supersa tura t ion  will be discussed, and finally its math-  
ematics will be smnmarised.  

A survey of aerosol formation in industr ial  processes 
was carried out  by Schaber [2]. Fog does not form 
until  the vapour  content of the mixture  is higher than  
in the sa tura ted  state,  tha t  is. until  the equil ibrium 
concentrat ion has been exceeded. As a cri terion of this 
supersa tura ted  state,  the degree of sa tura t ion  is defined 
as follows: 

S - -  pv (1) 
p~(T) 

The actual  par t ia l  vapour  pressure pv is compared 
with tha t  at equil ibrium pc. Consequently, for a 
gas-vapour  mixture it is compared with tile boiling 
pressure ps(T) of the condensable component  at the 
t empera tu re  T of the nfixture. The term supersaturation 
is commonly employed for the relat ionship S according 
to equation (1). 
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Supersaturat ion,  however, is not the only prerequisite 
for the formation of condensat ion aerosols. Only when 
nuclei, too, are present do liquid aerosol drops grow on 
them by the condensat ion of excess vapour. Two types of 
nucleation are known: homogeneous and heterogeneous. 

For instance, nuclei may be present in the gas vapour  
mixture as foreign particles and tr igger heterogeneous 
nucleation even if the degree of sa tura t ion  is only slightly 
over one, as established by Hinds [3]. This also applies to 
mist and cloud formation in the atmosphere,  where the 
substances are predominant ly  salt crystals produced 
by drops and splashes of sea water evaporat ing and 
particles of desert  sand carried by the wind across 
continents. Water  vapour condenses on to the solid 
particles in the atmospheric  air. The small drops of 
moisture thus created may be suspended in the air as a 
mist for a long t ime or may grow through condensation 
and coagulat ion of a number of several snmll drops into 
larger ones and descend as rain drops. In industr ial  
processes, growth by coagulation is l imited to drops of 
only a few gm in size because the dwell t imes in the 
compact  appara tus  are generally short. 

The size and number of condensat ion aerosols also 
depend on the degree of supersa tura t ion  and the number  
of foreign particles acting as nuclei. Only rarely can the 
number  of nuclei be influenced in practice. The addi t ion 
of foreign particles is sometimes not allowed, while, in 
many other cases, the mixture  a l ready contains a large 
number  of foreign nuclei. 

In cases where there are no foreign particles in the 
mixture,  condensat ion nuclei may be created sponta- 
neously through homogeneous nucleation, providing suf- 
ficient vapour  molecules combine to form moisture par- 
ticles capable of growth. This occurs only in the event of 
a higher degree of supersaturat ion,  e.g. S > 2 . . .  10 for 
various organic solvents, as in the experiments  repor ted  
by Steinmeyer [4 i. In mixtures without  any foreign par- 
ticles fog formation can be prevented by maintaining 
supersa tura t ion  below these levels. In the condensat ion 
tests  this was accomplished by limiting the t empera tu re  
difference between the gas-vapour  mixture at entry and 
the coolant.  As a rough guideline 20 to 25 K should not 
be exceeded. 

However, should the mixture  a l ready contain foreign 
particles,  which is to be expected in many areas of 
application,  these measures will not be sufficient to pre- 
vent fog formation. We shall therefore investigate more 
closely the other  precondition,  tha t  of supersaturation. 
For the vapour  to be separa ted  from a gas-vapour  mix- 
ture, it must  reach the cooling surface, condense on it 
and dra in  off by itself either as a film or in a trickle 
(figure 5). The gaseous mixture  loses vapour  in the re- 
gion of the liquid interface, but  is enriched with the 
non-condensable component  (inert gas). 

There is a concentration gradient which forms from 
the bulk flow to the condensation surface, and as a 
consequence vapour  is diffused from the bulk flow onto 
the cold surface. This mass transfer is impeded by 
the boundary  layer enriched with inert gas, which the 

1 5 4 3 2 

Condensat 
film 

Figure 5. In condensation of a gas-vapour mixture a mass 
flow rate d~v and a heat flow rate dQ~ are simultaneously 
transferred from the bulk (1) to the phase boundary (2). 
This results in reductions in temperature dO and vapour 
concentration d Y  in the bulk of the mixture. 

vaponr has to penet ra te  before condensing oil the cold 
surface. 

As tile face t empera tu re  is lower than  tha t  of the 
mixture,  heat transfer occurs simultaneously: thereby 
cooling the gas--vapour mixture  in the bulk flow. Tha t  
the course of the bulk flow between entry  and exit is not 
isotherm is therefore ra ther  a consequence of the heat  
transfer and not a precondit ion for the condensat ion 
process. The mixture  in the bulk flow need not be 
cooled to dew point to condense on the cold face. So 
long as the face t empera tu re  is below dew point,  vapour 
will condense, even when the bulk flow is mainta ined at 
a constant  temperature .  

Mass and heat  are transferred simultaneously in 
the santo flow field with both  processes having a 
permanent  interrelat ionship with each other. In many 
cases the gas vapour  mixture  cools during condensat ion 
to such an extent  tha t  the s ta te  of the main flow 
approaches and exceeds saturat ion,  thereby giving 
rise to supersatura t ion.  A large mass flow with a 
simultaneous,  not too large heat  flow would be required 
in order to prevent it. However, only by coolant 
t empera tu re  opt imisat ion can these combined processes 
be adjus ted  slightly in favour of transfer  of substance,  
but  supersa tura t ion  cannot  be completely avoided. 
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In order to quantify the degree of supersaturation,  
the changing state of the gas-vapour mixture nmst 
be calculated and compared with the saturat ion state. 
The combined heat and mass transfer is described for 
an infinite volume element of the condenser (figure 5), 
following which a balance is drawn for the bulk flow of 
the mixture to determine its change of state. A steady 
state process is assumed with the loss of pressure being 
neglected. The condensate film is taken to flow as a 
layer and to have a smooth surface. (Investigations on 
the condensation in presence of a noncondensable gas 
and a wavy interface were done by Kim and Kang [5]). 
The enthalpy from cooling of the diffusing vapour and 
that from subcooling of the condensate are not taken 
into consideration. Heat and mass transfer are assumed 
to occur exclusively at right angles to the bulk flow, 
perpendicular to the cooling surface. For the bulk flow 
only the temperature-sensitive enthalpy is shown in 
figure 5. An alternative model was presented by West 
and Hansen [6], but the experimental correlation was 
obtained with humid air. 

3.2. Heat transfer 

The following heat flow from the gas-vapour mixture 
results from the temperature difference between the 
bulk flow and the phase boundary: 

d<)~ = a12 (~1 - ~)2) dA (12) 

The condensation heat 

d~)d = d m v , d  r v  = dr tv ,d  r 'v  (3) 

is released on the surface of the condensation film only 
and has no direct influence on the temperature in the 
bulk flow. The sum of these heat flows is conveyed to 
the coolant: 

dQ~ + d<)d = k25 (v% - 45) dA (14) 

The heat transfer coefficient k25 covers the resistance 
of thermal conductivity through the condensate film 
and cooling wall and heat transfer in the coolant. 

3.3. Mass transfer  

The diffusing nmss flow in the vapour dCtv,d n o w  has 
to be determined. As for heat transfer, mass transfer will 
also be dealt with here in one-dimensionality. According 
to Fick's basic law the mass flow by diffusion for unit  
area is 

d ~ v , d  __ DVG dn____y_v (5) 
dA dz 

where DVG is the diffusion coefficient of the vapour 
in the gas and dnD/dZ is the concentration gradient. 
Allowance must be made for the fact that  the inert 

gas stagnates in front of the condensate film and is 
diffused back counter to the vapour flow, as described 
by Stefan [7]. With  integration through the thickness 
5 of the diffusion boundary  layer we arrive at the 
following equation for the nmss transfer of the vapour in 
a mixture with a s tagnating gas component by diffusion 
and convection: 

dflv DvG ~ ~M -- nV2 DVG p_~ In 1 - Yv2 
- -  - - - n M  In = - - -  - -  

dA 5 nM - -  n V 1  f~ ~TM 1 -- yVl 
(6) 

A detailed derivation can be found e.g. in Stefan [7]. 

As the thickness of the diffusion boundary layer 
is unknown, the coefficient ~ for  the mass transfer is 
introduced in analogy with heat transfer: 

DVG 
,312 - 5 (7) 

'312 is discussed in the next section employing Lewis's 
analogy. If, in addition, we now apply the molar charge 
Y = i~v/flG as a proportion of concentration and insert 
it in (6), we obtain: 

d5v ~ PM In l + Y w  
dA --/~12 N T~-; 1 + Yv~--~ (8) 

3.4. The analogy of combined heat 
and mass transfer 

We now need the coefficient o~12 of heat transfer for 
equation (2) and the coefficient fll~ of mass transfer for 
equation (8). Both are dependent upon a number  of 
substance properties and flow conditions. To reduce the 
number of variables affecting forced convective transfer 
of heat and substance, dimensionless coefficients for the 
transfer of heat and substance are employed, containing 
a and .d respectively: 

a L  '3L 
Nu  = ~ and Sh = ~ (9),(10) 

The Nusselt number  Nu and the Sherwood number 
Sh are only dependent on two variables only: Nu on the 
Reynolds number  Re and the Prandt l  number  Pr, and 
Sh similarly on Re and also on the Schmidt number Sc. 
For a turbulent  flow of constant cross-section, simple 
correlations may be used as in equations (11) and (12) 
with Sc and P r  representing fluid properties only. 

N u  = a l  R e  a2 P r  aa (11) 

Sh = al Re ~2 Sc ~a (12) 

Finally, the ratio of Sc and P r  is introduced and we 
arrive at the Lewis number  Le: 

S c  aM /kM 
- -  - -  - ( 1 3 )  

Le Pr DvG DvG pM CpM 
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Le is also a dimensionless coefficient and a substance 
quantity. It is employed to find a relationship between 
the coefficient fl for mass transfer and the coefficient a 
for heat transfer. By dividing the equations (11) and 
(12) we obtain the ratio: 

Nu 1 
Sh Le ~3 (14) 

By employing the definitions of the Nusselt, Sher- 
wood and Lewis numbers (see nomenclature) and equa- 
tions (13) and (14) we arrive at the following equation 
for the coefficient ~ for the mass transfer: 

312 -- a12 1 PM CpM Le 1-"a (15) 

Equation (15) shows that  the coefficient for the 
mass transfer can be calculated from the heat transfer 
coefficient, and that  the two are proportional to each 
other. Consequently, if the mass transfer is intensified 
through a higher flow velocity and turbulence, heat 
transfer will also increase. With a turbulent flow, 
however, the coefficient a3 = 0.4 or more and the ratio 
~qlo,/a12 is therefore higher than with a laminar flow, 
where a3 = 0.33. This applies to mixtures with Le > 1, 
where the fog risk is greater in any case. 

If the density PM = p/(RM T) is replaced in equa- 
tion (15) and equation (15) is inserted in (6), we obtain 
the molar vapour flow discharged per unit area as: 

d/tv O~12 1 1 + Yvl 
- _ - -  I n  - -  ( 1 6 )  

dA CpM Lel-~3 1 + Yw 

whereby C~M = MMCpM is the molar specific heat 
capacity of the mixture at constant pressure. 

With the substance and heat flows withdrawn from 
the bulk flow, equations (16) and (2), we calculate the 
change in the state of the gas-vapour mixture for the 
infinite volume element. From the energy balance: 

dQ~ = -d/ i /  

it follows that:  

0~12(~I - -  02)dA = hM:pM (-dO) (17) 

The enthalpy flow dnv,d ~v carried to the phase 
boundary with the diffusing vapour flow is not consid- 
ered in this balance because it does not influence the 
temperature of the bulk flow. 

From equation (17) we obtain the temperature drop 
in the volume element in the direction of the bulk flow: 

d0 = a:2(0:. ~ -  02)dA (18) 
nMCp M 

By analogy with the mass balance, we bring about 
the reduction in the molar charge dY = d/~v//ta: 

d Y -  a l ~  1 l n ( l + Y w ' ~  
rt G CpM ne 1-aa \ 1 - - - ~ v 2 ]  dA (19) 

Replacing flM//~G = 1 + Yv, we divide equations (19) 
and (18) by each other to produce an important 
interpretation with this quotient: 

dY _ 1 + Yv1 1 In ( 1 + Yv1 x (20) 
dO O~ -- "02 Le 1-a~ 1 ~-Vv-~2)]  

The expression for the vapour concentration at the 
phase boundary may also be described by employing 
the boiling pressure pv (v%) of the vapour component at 
the corresponding temperature and the total pressure p: 

1 
1 + Yv2 = (21) 

1 pv(02) 
P 

Equation (20) represents the gradient of the process 
line in a I/,,0 graph (figure 6). Integration to obtain 
tile process line is generally performed numerically. If 
constant material properties in a simplified form for a 
mean composition, and if a constant phase boundary 
temperature 02 is assume& algebraic integration is 
possible. 

However~ the most important question in respect of 
supersaturation is: how great is the process gradient 
dY/dO compared with the gradient of the saturation 
line dYe~dO? For many mixtures the process gradient 
proves to be smaller than that  of the saturation line. 

Consequently, the state of a gas vapour mixture 
approaches the saturation line, crosses it, and is then in 
the supersaturated region. This was already established 
by Brouwers and Chesters [8]. Further, they pointed out 

Y[-] 

Supersaturation Ye(~)~ 
Superheat 

, / / / / "  

i /  : ~o 

02 01 0 [°C] 

Figure 6. In the charge versus temperature diagram the 
process line (broken line) shows the states through which 
the gas-vapour mixture passes between the entry I and exit 
II of the condenser. If they are above the saturation line, fog 
may form. The process gradient dY/dO depends mainly on 
the condensation temperature and on particle sizes. 
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that  under certain conditions, supersaturation and thus 
fog formation can take place in the boundary layer, even 
if the bulk flow is superheated. 

If the temperature at the phase boundary is raised 
in equation (20) so that  the temperature difference 
v~ l -  4~ becomes smaller, a greater process gradient 
will be formed. In this way, the risk and extent of 
supersaturation may be reduced. This finding tallies 
with the observation made in the tests and described 
above. In the case of a saturated mixture, however. 
the process gradient only approaches the equilibrium 
gradient as the temperature difference disappears. 
If a non-saturated (superheated) gas vapour mixture 
is condensed, there is an optimuin phase boundary 
temperature; this is described in more detail by 
Kauflnann [9]. 

The previous finding is that  the state of the mixture 
in the condenser approaches saturation and exceeds it in 
many instances. Generally, this phenomenon cannot be 
prevented by adjusting tile mass transfer independently 
of heat transfer. 

Detailed consideration of this finding is given in 
figures 6a c. which represent the temperature-sensitive 
energy flows at a infinite volume element for the transfer 
area dA. At this element, tile heat flow dQ~ is removed 
from the bulk flow. Starting from a saturated entry 
state and with adjustment at the element according to 
the simultaneous heat and mass transfer, the resultant 
state at the exit is generally d/i/d~ below s~turation. 
Three consequences are possible. 

• Supersaturation without fog formation (figure: 7a): 
the enthalpy deficit d/i/d~ ill the bulk flow is maintained, 
resulting in a temperature below saturation temperature 
in the bulk flow. 

• Fog forwzation (figure 7b): this happens when 
sufficient nuclei are present in the bulk flow, either 
through heterogeneous or for homogeneous nucleation. 
Drops of liquid (aerosols) are formed and the enthalpy 
deficit is compensated for by the condensation heat 
being released di~YD. 

• Compensating for the enthalpy deficit d[t~ by 
supplying heat (figure ?c): this last possibility will be 
discussed further in the following section. 

4. PREVENTION OF FOG 
BY REGENERATIVE HEAT SUPPLY 

4.1. The principle: the supply 
of  a small amount  of  heat prevents 
supersaturat ion in the condenser 

Calculated examples show that  supersaturation is 
generally inevitable in the condensation of vapours from 
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dA 

\ 14. 

\ 
\ 
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\ - =! H.-,J~4. 
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c) 
Figure 7. Assuming a saturated state at the entry, the change 
in temperature and vapour content at the exit, produced by 
the simultaneous heat and mass transfer, results in a state 
generally d/ tde below saturation. There are three possible 
consequences: a) supersaturation without fog formation: the 
enthalpy deficit is maintained and the temperature in the bulk 
f low is lower than saturation temperature; b) fog formation: 
if sufficient nuclei are present in the bulk flow, drops of 
liquid (aerosols) are formed and the enthalpy deficit is 
compensated for by the condensation heat dTiae'r D released; 
c) enthalpy deficit d~/de compensated for by supplying heat: 
thus no supersaturation (no super-cooling) occurs and fog is 
prevented. 

mixtures with inert gas. The combination of simultane- 
ous heat and mass transfer cannot be overruled to avoid 
supersaturated states~ however the energy balance may 
be suitably adjusted by supplying a complementary 
heat flow. 
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Fig'are 7c is a flow diagram showing the te inperature-  
sensitive enthalpy for an infinite volume element with 
a transfer area dA. If the bulk flow is assumed to be 
sa tura ted  at both  entry  and exit, the result of drawing 
up a mass and energy balance is an enthalpy deficit: 

d/i/de = rftG dha~ (22) 

To prevent the bulk flow from dropping below the 
sa tura t ion  line, a relat ively small, com.plemer~tar!~ heat 
flow 

dQCH = d/t/de (23) 

must be supplied to the infinite volume element. It has 
to compensate  for the excess of energy in terms of the 
combined heat and mass transfer taken from the bulk 
flow. It could also be said tha t  the nfixture is re-heated 
from a supercooled s ta te  to sa tura t ion  temperature .  

The effectiveness of this complementary  heat  supply 
for preventing fog formation during condensation has 
a l ready been demonst ra ted  by Colburn and Edison [10]. 
I t  applies regardless of whether any foreign part icles are 
present in the mixture~ because condensation aerosols 
cannot form without  supersa tura t ion  in either case. A 
suitable method of supplying the complementary  heat 
in industr ial  applicat ions must now be developed. 

4.2. The concept of internal 
regenerative heat transfer 

Condensers for indnstr ial  applicat ions involving fog 
prevention should not call for the use of an external  
heat  source. The energy required should be recovered 
internally by precooling the relatively warm mixture 
entering the condenser. Fig~tre 8 outlines the principle 
of such energy recovery with corresponding tempera ture  
profiles. The mixture  entering at I is precooled to a lower 
t empera tu re  at II, while the heat flow Qcn is transferred 
to the bulk of the condensation channel from III  to IV. 
Following precooling, the mixture  is passed froin II to 
the condensation entry at III. The cooling heat  flow 
t)~o~ causes the vapour to condense and cools the 
mixture down further from III  to IV. The relatively 
small (compared to (~ttot); complementary  heat  flow 
0e l l  prevents supersa tura t ion  and thus fog formation 
in this zone. Some of the vapour  may also condense in 
the precooling zone. 

4.3. The concept compared 
to conventional condensation 
with fog separation 

The prevention of fog formation causes the vapour  to 
condense exclusively on the cooling surface, where the 
condensate drains off by itself. Thus more condensate 
is recovered and the inert gas is cleaned more 
effectively without  the necessity for any drop separators.  

J 

~@' 

. . . . . . . . . . . .  

Exchanger area A 

Vapour-gas- 4 " 

mixture i ...................................... ~. 
. . . . .  . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . .  

~-~ ~ ~ Purifieo 

. . . . . . . . . .  ...... ,J ° " '  

a ~ ~ 1 Condensate 
• Coolant 

Figure 13. New concept for thermal prevention of fog during 
condensation: while the heat flow rate (~o is extracted from 
the condensation zone from Ill to IV and passed to the coolant 
(VI to VII), vapour condenses and the gas-vapour mixture cools 
down from III to IV. In order to prevent supersaturation and 
fog formation a small heat flow rate (~cn is supplied. This is 
accomplished regeneratively by precooling and pre-condensing 
the gas-vapour mixture from I to II. 

Cleaning of exhaust  gases by condensat ion reduces 
emissions of substances tha t  pollute tile environment.  
If condensat ion can be accomplished without  fog 
formation in a mult i -s tage process, minute moisture 
droplets  will not be transferred to later stages, thereby 
preventing resul tant  damage such as corrosion or 
deposits  in pipes and plant.  The addi t ional  expendi ture  
in condensers with fog prevention is the heat-exchange 
area, which is required between precooling and the 
condensat ion zone. It can be a very simple structure,  
since it has only to wi ths tand the slight pressure 
difference caused by pressure drop at the preeooling 
stage. 

In contrast  to that ,  in conventional condensat ion fog 
droplets  of only a few gin in size may form, and very 
fine-mesh filter s t ructures  are required to separate  these. 
These cause a loss of pressure and may become dir ty  
and clogged, involving addi t ional  servicing and cleaning. 
This is not necessary if fog is prevented, and the flow 
cross-section for the mixture remains unobstructed,  
thereby offering advantages par t icular ly  for multiple- 
product  plant such as is used in biotechnology, 
pharmaceut icals  or the food industry. 

Fog prevention with regenerative cooling is self- 
adjust ing over wide ranges of throughput .  Higher 
flowrate creates an increasing need for complementary  
heat  in the condensat ion zone. In addit ion,  the  heat  
flowrate increases automat ica l ly  because this higher 
mass flowrate passes through the precooling. The fog is 
still prevented even with a par t ia l  load. In conventional 
condensers, however, par t icular ly  dense fog forms at low 
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throughput  and is not sat isfactori ly removed because 
normal drop separators  are less efficient at a lower 
flowrate. 

5. T E S T  RESULTS FOR T H E  C O N D E N S E R  
W I T H  FOG P R E V E N T I O N  

A simple geometry was selected for the test condenser 
(figure 9). Four concentric tubes form the three annular  
flow channels, namely for precooling (outermost) ,  
condensat ion (middle) and coolant (inner). A V-shaped 
duct  is inserted at the bo t tom of the condensat ion 
channel, in which the condensate can drain off without  
running onto the heated outer  surface. Tile gas 
vapour  mixture  enters the  outermost  annular  gap (the 
precooling zone) at  the r ight-hand side and passes 
through it to the left. From there it is re turned 
external ly and passed into the condensat ion zone on 
tile r ight-hand side. In tha t  zone vapour condenses on 
the inner tube,  while heat  from precooling comes in 
from the outer  tube  and prevents fog formation. On 
the left-hand side the cleaned gas is withdrawn through 
holes around the circumference, and the condensate 
flows along tile duct  to the left end and into the 
condensate pipe. The coolant flows through tile plant  in 
tile opposi te  direction, from left to right. For comparison 
with conventional condensat ion a "no preeooling" mode 
is also possible, with the mixture being passed direct ly 
into the condensat ion channel. 

The tempera ture  and composit ion of the mixture  
were measured both at  the entry and exit of each 
channel and at five posit ions along the flow path.  
The tests tha t  gave the results repor ted below were 
carried out under tile following conditions. A mixture 
of 14.8 kg.h -1 nitrogen and 0.94 kg.h -1 isopropanol 
vapour was introduced into the condenser at 24.7 °C. 
Condensat ion nuclei were mixed with 3 % by volume of 
cigaret te  smoke immediate ly  before the condenser. The 
total  pressure in the gas vapour mixture was 0,899 bar. 
1 058 kg-h -1 liquid methanol  flowed into the condenser 
at minus 8.4 °C as the coolant.  

Results for the overall condensation process with 
regenerative precooling for fog prevention are given 
in figure 10 and compared with those from the corre- 
sponding test without  precooling, i.e. with conventional 
condensat ion (values in brackets).  8.5 % more conden- 
sate was obta ined with preeooling, namely 0.293 kg.h-1 
(0.270 kg.h-1).  0.023 kg.h -1 was condensed  in the ac- 
tual  precooling channel. Given the small cooling sur- 
face in the test  appara tus  the mixture could only be 
cooled to 7.0 °C (5.1 °C), so the charge of the cleaned 
gas tha t  could be obtained was not very deep; it was 
0.0439 kg.kgN~ (0.0457 kg.kgN~ ). Tile 4 % rednction in 
charging therefore seems relatively small. Wi th  a sepa- 
rat ion rate of 

A = (B~t~y - Bout,~ff)/(B~try - B~(Tout)) (24) 

2 1 8  

Va~ourlnRrogon mixture 

Pre~ling o n e (  ~lant [Heating) Coneeo.~ate  

Condensali duct 

Figure 9. Diagram of installation for tests on fog prevention 
during condensation of vapour from mixtures with inert 
gas: a) circulating fan, b) heater, c) evaporation column, d) 
solvent tank, e) dosing pump, f) test condenser, g) aerosol 
laser measuring unit, h) Condensate tank, i) vacuum pump, 
k) cooling circuit with circulating pump. Regenerative fog 
prevention with four concentric tubes in the test condenser: 
the gas-vapour mixture flows first through the outermost 
annular gap (the precooling zone) then through the middle 
one (the condensation zone). The inner annular gap contains 
the coolant. The condensate is drained out of the condensation 
channel in the V-shaped duct, so that it does not run onto the 
heated outer tube. 

tile charge reduction obta ined is compared with the 
reduction which would have been obtained given an 
equil ibrium charge at  tile t empera tu re  measured on 
exit. The separat ion rate rose by a third with fog 
prevention and by 12 to 25 % in other tests. 

The decisive factor in preventing fog is tha t  the 
degree of sa tura t ion  at  exit (of S = 1.23) can be 
lowered to S = 1.04. In figure 1I this is p lot ted against  
the flow distance in the various channels. In the "no 
precooting" mode the area where fog forms is marked. 
Wi th  precooling, its actual  s ta te  and also tha t  in 
the actual  condensat ion channel are vi r tual ly  always 
below sa tura t ion  (S < 1), so no fog forms in the main 
flow. However, vapour s imultaneously condenses on the 
cooling surface and is thus effectively separa ted  from 
the gas. 

6. F INAL  R E M A R K S  

Fog often forms during conventional condensat ion of 
vapour  from mixtures containing a major  propor t ion  of 
inert gas, sometimes considerably reducing the amount  
of condensate recovered and the pur i ty  of the gas. In 
conventional condensers fog formation can only be re- 
duced by maintaining a small  t empera tu re  difference 
between the gas -vapour  mixture  and the coolant,  and 
can only be avoided altogether,  providing the mixture  is 
free of foreign condensat ion mlclei. The la t ter  restr ict ion 
is not fulfilled in the major i ty  of industr ial  applications,  
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Figure 10. Comparison between condensation with regenera- 
tive fog prevention and conventional condensation: mixture of  
0.94 kg,h -1 isopropanol and 14.8 kg.h - ]  nitrogen enters the 
condenser at 24.7 °C and 0.899 bar. Coolant temperature: 
--8.2 °C, cooling area 0.38 m 2. Temperature at gas exit: with 
fog prevention 7.0 °C, without precooling 5,1 °C. 

because minute foreign particles are present in the 
mixture and trigger fog formation even with a slight 
temperature difference. Incidentally~ mist formation in 
the earth's atmosphere is also triggered by smallest solid 
particles. 

The novel method described permits the total 
prevention of fog in condensation processes, regardless of 
any- foreign particles in the mixture. A relatively small 
heat flow is fed into the gas vapour mixture during 
condensation, thereby preventing supersaturation of 
the mixture and consequently fog formation. The 
heat is supplied regeneratively through precooling 
of the incoming, warm gas-vapour nfixture. This 
condensation method with fog prevention produced 
larger condensate flows and cleaner exhaust gases in 
the test than conventional condensation under the 
same conditions. The results are also confirmed by 
mathematical modelling of the process. 

Obvious applications for fog-free condensation are 
processes where there is a large temperature difference 
between the gas vapour mixture and the coolant, e.g. 
low-temperature condensation in exhaust air cleaning 
and solvent recovery or condensation of vapour from 
hot reaction gases using cooling water. A more detailed 
discussion of fog formation, the method of its prevention 
and draft plant designs may be found in the book 
(Kaufmann 1998). 
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Figure I1. Degree of  saturation S --  pv/p,(T) of  gas- 
vapour mixture, calculated on the basis of  concentrations and 
temperatures measured locally and plotted against the f low 
distance in the condenser: in condensation with regenerative 
precooling S is always < 1, whereas in conventional 
condensation fog forms within the ~' > 1 range. 
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