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Abstract —The formation and behavior of fog during partial condensation of humid air in a vertical tube bundle condenser has
been investigated. For this purpose a special glass condenser has been constructed which allows to measure the aerosol parameters
everywhere along the cooling tubes using an optical aerosol measurement system. At the operation conditions adjusted in the present
work fog occurs only in the presence of foreign nuclei by heterogeneous nucleation. It is shown, that the total mass of fog being
formed was not influenced by the number concentration of foreign nuclei. The formation of fog occurs immediately after the first
contact of the humid air with the cooling wall due to local supersaturation. After the fog has been formed in the entry of the condenser,
a strong decrease of fog particles has been observed further down with the total amount of fog being constant. The effect of various
process settings on the resulting aerosol parameters has been investigated. Both simple and rigorous one-dimensional calculations
and complex multi-dimensional simulations using CFD were carried out for the interpretation of experimental data. Although the
multi-dimensional simulations showed strong local effects the one-dimensional models were suitable to predict the conditions for fog
formation. [J 2000 Editions scientifiques et médicales Elsevier SAS

aerosol / fog / partial condensation / heterogeneous nucleation

Nomenclature Y concentration . .......... g vapgkg dry gasyt
z  vertical condenser position . . . . cm
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dny number volume averaged diameter m Greek symbols
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Le Lewis number r time s
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Ny volume concentration . . . . . .. chm— F  condensate film
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The formation and behavior of fog in a tube bundle condenser

1. INTRODUCTION path represents the course of concentration as a function
of the temperatureé’(r) in the bulk of the gas phase.
Formation of aerosols or fog can frequently be The curve of the process path is governed by the process
watched in industrial condensation processes especially Parameters and the Lewis numbee of the gas/vapor
during the condensation of solvents in the presence of in- SyStém:
ert gases like Mor air. Aerosols are gas-particle-systems A
with particle sizes between 0.1 and {uén [1]. Due to Le= ocoD @)
their small sizes the particles are hard to separate fromthe P
gas phase and can be easily carried to subsequent proces
stages or cause emission problems. In order to avoid these
problems in industrial plants it is convenient to consider a
possible formation of aerosols during the design step and
provide countermeasures. Therefore a profound knowl-
edge of the processes leading to aerosol formation is re-
quired.

Depending on the operation conditions during the
condensation of a gas/vapor-mixture the bulk gas phase
may become supersaturated due to simultaneous heat
and mass transfer, which is the basic condition for the
formation of fog. The degree of saturatiSns defined as
the quotient of the actual vapor pressyke in the bulk
gas phase and the presspres(T) of the saturated vapor
at the same temperatufe

Jarge vapor molecules are less movable which results in
a small diffusion coefficienD and therefore in a larger
Lewis number. This means that heat transfer is faster
than the mass transfer compared to smaller molecules.
As a consequence those systems will more likely become
supersaturated than systems with smaller molecules (e.g.,
water).

Colburn and Edison [6] made the first simple experi-
mental investigations on fog formation in condensers and
calculated the process path during condensation by com-
bining the balances of mass and energy. In many indus-
trial condensation processes the amount of condensable
vapor is small compared to the carrier gas phase (e.g.,
solvent recovery from exhaust air). Additionally the cool-
ing temperature often remains fairly constant due to high
coolant flows or evaporating refrigerants. For small in-

pv(T) let concentrationg™, constant film temperaturg: of
= m (1) the cqndensate and constant Lewis number the resulting
' equation for the concentration—temperature curve may be
The term vapor (V) comprises all condensable compo- written as [7]:
nents under the considered process conditions. Fog for-

mation occurs when the degree of saturatcexceeds a in r—1 °

critical valueSgit. In technical processes the critical sat- Y(t) = Ys(tr) + (Y - YS(’F)) [m} 3
uration is defined as the degree of saturation with the nu-

cleation rate/ exceeding a value between@m—3.s1 The upper graph ofigure 1 shows the process paths

and 16 cm—3.s71 [2, 3]. In the presence of foreign and  for two inlet conditions (points 1 and 2) for the sys-
wettable nuclei in the gas phase, that means in the case of tem air/water e ~ 1) and a hypothetical system with
heterogeneous nucleation, the critical saturation amounts Le= 2 with an identical equilibrium curvéS = 1). For
to Serit ~ 1.01 [1, 4]. In the absence of foreign nuclei Le=1 the process paths become straight lines whereas
homogeneous nucleation takes place at degrees of criti- a higher Lewis number results in upturned curved lines.
cal saturation greater than 2 and depends strongly on the As a consequence even inlet conditions with a low de-
temperature and the type of components. For the system gree of saturation (e.gt," = 50 gkg~* ands" = 70°C)
air/water in a temperature range from°ZDto 100°C the may lead to supersaturation in the process course. The
value of the critical saturation lies between 2 and 4 [5]. respective curves of the saturation degree in the lower
After nucleation, the particles grow due to the condensa- graph show, that the magnitude of saturation is higher for
tion of vapor on the surface of the fog particles resulting higher Lewis numbers and for high inlet concentrations
in an asymptotic decrease of the degree of saturation until with high saturation (low temperatures). For Lewis num-
S =1 isreached and the particle growth is stopped. bers below or equal unity a fog limit inlet temperature
The magnitude of the degree of saturation depends ¢an be identified for each inlet concentration above which
on the course of the saturation lin& = 1) and the no supersaturation occurs and therefore fog formation is

process path. The saturation line represents the saturation "0t possible.

concentration as function of the temperatutgr). In The topic covered in this article is the formation and
this work the concentratioly is defined as mass unit  behavior of fog in condensation processes. For this pur-
(gram) vapor per kilogram inert gas (air). The process pose a new experimental setup has been designed and
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Figure 1. Process paths and degree of saturation for the con-
densation of gas-vapor-mixtures with various Lewis numbers
at inlet conditions (Y1, t12) and (Y2, t1/2).

built which allows a view inside a shell and tube con-
denser. Mixtures of water and air have been used in this
work as example for a gas—vapor-system. Given the small
Lewis number of a water—air mixture the expected su-
persaturation is not high enough for homogeneous nu-
cleation. Therefore the main attention has been set on
heterogeneous nucleation. Experimental data for various
process parameters has been collected. Several differ
ent theoretical one- and multidimensional models have
been studied and compared with the experimental results.
These models include also the particle dynamics along
the condenser length. The objective of these investiga-
tions is to find means to prevent or reduce fog formation
in condensation processes.

2. EXPERIMENTAL

The main component of the new experimental setup
is a vertical tube bundle condenser (3) with a dou-
ble glass shellfigure 2. The height of the condenser
is 3 m and the inner diameter of the shell comes to
0.1 m. A laser-optical aerosol measurement device using
the Three-Wavelength-Extinction Method [8] is mounted
on a vertically moveable sled. This allows the deter-
mination of the aerosol parameters along the whole
length of the condenser. The information obtained by the
three-wavelength-extinction method (3-WEM) is the to-
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tal amount of fog (volume concentratidv, in cm® fog
per n? gas) and the parameters of the particle size dis-
tribution assuming a lognormal distribution (hnumber vol-
ume averaged diametdgy and standard deviatios).
Since the theory of the 3-WEM assumes spherical par-
ticles this method is especially suited to measure liquid
aerosols [9]. The number concentratidnis calculated
from the volume concentratiaiy, and the mean particle
diameterdyy :
6 M
Ty @
NV
The number concentratioV does not necessarily
represent the total number concentratiofp of the
foreign particles since not all of these particles may
serve as condensation nuclei under the given conditions
because of insufficient wettability of the particle material.

Due to the temperature decrease in the condenser the
specific volume of the gas which serves as reference vari-
able for the concentrationg and Ny is also decreasing.
Assuming a constant number of particles per kg air this
would lead to a discrepancy between the concentrations
in the inlet and outlet of the condenser. In the experiments
this discrepancy comes up to 20 %. However this value is
relatively small compared to the large influence of parti-
cle dynamics discussed later on.

To provide pressurized air for the experiments a
compressor is used. A small flow of heated air is piped
through the outer shell to prevent condensation of vapor
on the inside of the inner shell which would disturb
the 3-WEM measurement. To allow fog formation by
heterogeneous nucleation the main air stream (solid line)
is charged with condensation nuclei being sucked in with
a jet pump (1). The nuclei are provided by the smoke
of burning incense cones. In a packed column (2) the
air is saturated with water at a specified temperatgre
(Y™ = Ys(s)). Finally, the mixture is heated up to the
desired inlet temperaturd" and enters the condenser
through 4 radial inlets. In the majority of cases the
volume flow has been set to 3.5°th~1, corresponding
to a gas velocity ofv = 0.2 ms~1. The flow of the
cooling water has been chosen large enough to ensure a
constant cooling temperature betweerfC3and 15C.

The maximum saturation temperature in the experiments
was 70°C corresponding to an inlet vapor concentration
of approximately 265 ¢g 1.

Preliminary investigations without addition of con-
densation nuclei showed no fog formation by homo-
geneous nucleation even for high vapor concentrations.
This conforms with the low magnitude of saturation
(S < 2) due to the small Lewis number of the system
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Figure 2. Basic flowsheet of the experimental setup. Jet pump (1), pac

air/'water. As soon as condensation nuclei (smoke) are
added to the mixture a strong formation of fog can be ob-
served. The fog is not evenly distributed throughout the
cross-section but flows in strands which are temporarily
interrupted.

Figure 3 shows the aerosol parameters obtained by
3-WEM measurement at a fixed condenser position for
steady state process parameters. After a reference mea-
surement{ = 0 s) a burning cone is put under the suc-
tion inlet of the jet pump. A few seconds later all aerosol
parameters have come to a stable value throughout the
burning time. After 6 minutes the cone has been removed
and replaced by two ignited cones. The doubling of con-
densation nuclei resulted in a doubling of the number
concentrationV from roughly 210°-4.10° particles per
cm®. However, the volume concentratidfy, represent-
ing the total amount of fog remained constant. Stein-
meyer [10] reported an increase of fog amount with rising
number concentration of foreign nuclei betweer afd
107 1.cm~3. For nuclei concentrations above®1Dcm—3
yet this increase showed to be stagnating.

In the course of the experimental investigations two
objectives have been followed. First, the behavior of the
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Figure 3. Aerosol parameters of fog formed by heterogeneous
nucleation at Y™ = 140 g-kg~! and " = 70°C using one
incense cone (left side) and two incense cones (right side) as
condensation nuclei generators.

studied for steady state condensation using various inlet
conditions. Therefore measurements such as shown in

aerosol parameters along the condenser length has beenfigure 3have been made for up to 10 vertical positions of
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which the mean values of aerosol parameters have been the gas phase has been described. Two-dimensional sim-
calculated resulting in one stationary data point each. ulations (Simulation 2) have been made for the simple

Secondly, the effect of inlet temperature and concen- geo_metry accordingigure_4and three-dimensional sim-
tration on the total amount of fog has been investigated ulations hav_e bee_n carried out for the real condenser
by dynamic measurements with continuously varying in- 9e€ometry (Simulation 3).

let temperatures rising from initial saturation tempera-  The results, that means the fields of temperature and
turers at fixed inlet concentrations. On this occasion the concentration of these simulations have been used for
fog limit inlet temperatures have also been identified. a post-processing of the particle dynamics (Simulations

1P-3P) neglecting an interaction of the disperse (parti-
cles) and the continuous phase. It was assumed that in the

3. SIMULATION inlet all particles have already been formed by nucleation
and growth.

For the interpretation of experimental results the Firgt theT course_of the particles influenced by thermol—
condensation process has been simulated using four and dlffu3|_0phoret|c forces has been calculated. Parti-
models and various calculation tools. The main attention Cles touching the cooling wall have been regarded as
in all models has been set on the degree of saturation as 0SS decreasing the number concentrafioriThe ther-
prerequisite condition for fog formation and on particle
dynamics such as phoresis and coagulafiable |gives
a brief summary of the different types of simulation
models used in this work.

For a first approach a one-dimensional model was
used considering only the gas phase balances with the
film temperature being equal to a constant cooling wall
temperature (Simulation 1). The heat and mass trans-
fer has been calculated using the film model including
Stefan-flow and Ackermann-correction. In contrast to the
model represented by equation (3) the Lewis number is
considered to be dependent on temperature and concen-
tration. For this model the condenser geometry has been
replaced by a simple shell and tube condenser with the
same flow cross-section and cooling area compared to the [ ube bundle tube and
real geometryfigure 4. condenser shell condenser

To study the process in more detail multi-dimensional . _—
. . . . Figure 4. Substitution of the real condenser geometry by a
S_|mU|at|0_n5 have I_:)een carried out using the computa- simple shell and tube condenser for one- and two-dimensional
tional fluid dynamics program FIDAP. As before only =~ modeling.

TABLE |
Summary of the simulation models used in this work.
Type Description Geometry Dimension  Post-processing of  Nucleation and
particle dynamics  particle growth

1) Shell and tube condenser simulation simple 1 yes (1P) no
using film model

2) Shell and tube condenser simulation simple 2 yes (2P) no
with FIDAP

3) Shell and tube bundle condenser complex 3 yes (3P) no
simulation with FIDAP

(4)  Simulation of condensation in a tube simple 1 no yes
with SENECA
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mophoretic velocity is [11]:

radTl
Vth = — Kin(dp) n9

(5)

There are many models in literature for the calculation
of K [12] which lead to values between 0.2 and 1
for particle sizes between 1 andin. Therefore an
average value of 0.5 has been used in this work. The
diffusiophoretic velocity can be written as [13]:

My D grady
yMy+ 1 —-y)Mc (1-y)

Secondly, the loss of particles by coagulation has been
calculated which again leads to a decrease of the number
concentration. The rate of thermal coagulation due to
Brownian movement is [1]:

dN

dr

(6)

Vdiff = —

— K (T)N? (7)

For typical particle distributions appearing in the
condensation process (median diametgs ~ 2 and
geometric standard deviatien~ 1.5) Hinds calculated
the coagulation coefficient to:

Ki(T)=35-10"° (8)

298 K
The rate of cinematic coagulation due to velocity gradi-
ents can be written as:

dN N 2 8UZ d3N2
dc = 39x ©

wheredv, /dx is the gradient of velocity perpendicular to
the direction of the main gas flow.

The formation of particles itself has been considered
in the last model (Simulation 4) using the simulation code
SENECA (Simulation with Extrapolation methods and
Newton techniques of Chemical processes with Aerosol
formation) which was developed in our Institute [14, 15].
This code uses a one-dimensional description of con-
tinuous gas—liquid contact devices based on energy and

(9)

mass balances in all participating phases (gas, conden-

sate, cooling water and aerosol droplets) as well as rig-
orous heat and mass transfer equations, including nucle-
ation and particle growth.

4. RESULTS AND DISCUSSION

Figure 5 shows the typical course of the aerosol pa-
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Figure 5. Development of aerosol parameters along the length
of the condenser at steady process parameters with inlet
concentration 265 g-kg~! and inlet temperature 102 °C.

condensation process. Each pointin the graph is the mean
value of a 5 minutes measurement while the errorbars
represent the degree of fluctuation. In all cases with fog
being detected, the formation of fog could be seen with
the naked eye at the first contact of humid air with the
cooling wall. The standard deviatiom remains fairly
constant at a value of 1.5 (n= 0.4) whereas the par-
ticle size is continuously increasing throughout the con-
densation process. The volume and number concentration
show a more complex behavior which can be divided in
two sections:

In the inlet section (0—-50 cm) the concentratiagvis
and Ny are rising steeply indicating that this section
is governed by heterogeneous nucleation and droplet
growth. This will be confirmed by the SENECA simu-
lation results later on (sdegure 11 which show that the
formation and growth of fog particles happens during a
short residence time<(1 s).

The outlet section 50 cm) shows a stagnation of the

rameters along the condenser length during a steady state volume concentration and — conditional on the simulta-
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carried out.Figure 7 shows the degree of saturation in
a vertical cross-section of the upper third of a single shell
and tube condenser (Simulation type 2). The horizon-
tal axis represents the condenser length from 0 to 1 m
and the vertical axis characterizes the split between tube
(r =108 mm) and shell{= 115 mm). The cooling wall

is located at the bottom of the diagram and the inlet is
on the left side. The colored lines represent locations of
equal degree of saturation. It is clearly visible that a zone
of high supersaturation (red lines) is formed immediately
at the inlet near the cooling wall.

This indicates that the formation of fog happens
always at the first contact of the mixture with the
cooling walls, provided that fog formation is possible
at all. Figure 8 shows the respective three-dimensional
simulation result near the inlet gt=5 cm (Simulation
type 3). For symmetry reasons it was sufficient to model
only one eighth of the tube bundle condenser. As shown

neous increase of particle size — a strong decrease of the before, zones of supersaturation can be seen near the

number concentration. The loss of particles can be ex-
plained by phoretic forces or coagulation. Since the total
amount of fog (represented by the volume concentration)
remains fairly constant in this section, it is more likely
that coagulation is the decisive mechanism for this de-
crease.

To investigate the influence of various process para-
meters several experiments have been carried out for dif-
ferent inlet concentrationgd’” = 60-265 gkg™1), tem-
peraturegs" = 45-140°C) and volume flows{ = 3.5—
10.5 n?-h~1). The volume flow has shown not to affect

cooling walls.

Naturally, the two- and three-dimensional simula-
tions require a higher computational effort than one-
dimensional calculations. The question is whether such
an effort is necessary for the characterization of fog
formation. Figure 9 shows the degrees of saturation
along the condenser obtained by the different models
(Types 1-3). For two- and three-dimensional simula-
tion the saturation has been averaged over the horizontal
cross-section. The one-dimensional curve shows a good
accordance with the other results. This indicates that one-

the aerosol parameters. This behavior could be confirmed dimensional calculations are sufficient for the determina-

with one-dimensional simulations (Type 1) which indi-
cate no influence of volume flow on the maximal degree
of saturation in the condensation process. The inlet tem-

tion of the degree of saturation in a condensation process.
Especially the maximal value of the degree of saturation,
which is important to answer the question whether or not

perature has the strongest influence on the aerosol pa- fog might be formed, can be easily obtained by simple
rameters. With rising temperature a strong decrease of one-dimensional calculations (Type 1).

particle size, number concentration and volume concen-

As pointed out earlier, the number concentration of

tration has been observed. This can be explained by the foq particles decreases strongly after the initial nucle-

evolution of the degree of saturation. figure 6satura-
tion paths are plotted for'™™ = 265 gkg~! and different
inlet temperatures. With rising temperature the maximal
saturation decreases resulting in a lower rate of fog for-
mation. Above the fog limit temperatui@” > 140°C)
no supersaturation and thus no fog formation occurs.

The one-dimensional simulation results predict that
the position in the condenser at which fog starts to form
is shifting deeper into the condenser with rising temper-
ature. However, in all experiments the first strands of fog
were visible immediately after the air/vapor-mixture has

ation and growth. This fact has been theoretically inves-
tigated considering various mechanisms of particle dy-
namics mentioned in the previous section. The mecha-
nisms treated in this work are diffusio- and thermophore-
sis and coagulation due to Brownian movement (thermal
coagulation) and flow fields (cinematic coagulation). The
influence of these mechanisms on the number concen-
tration is shown infigure 10.The volume at standard
conditions (1.013 bar and°@) has been used as refer-
ence variable for the normalized number concentration
Nn to avoid an influence of the temperature. The up-

entered the condenser. To solve this discrepancy two- and permost line shows the influence of thermal coagulation.
three-dimensional simulations using FIDAP have been For each of the next lines another mechanism has been
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Figure 7. Degree of saturation in a vertical cross-section of a single shell and tube condenser (Simulation type 2). z=0-1 m, r =108~
115 mm. Y™ =200g-kg~* and ™ = 70°C.

added. The solid line characterizes the influence of all concentrationVy as a function of the condenser length
mechanisms. While coagulation causes a continuous de- for a varying number concentratiabp of foreign nu-
crease, the influence of phoresis is restricted on the inlet clei. The diagrams show that a rising number concentra-
zone where the gradients of temperature and concentra- tion Np of foreign nuclei has little effect on the volume
tion are high enough for a notable effect. However, the concentration but it decreases the fog particle size. The
simulation results do not correspond with the experimen- process of fog nucleation and growth is completed after
tal data marked as solid squares. As mentioned earlier the approximately 15 cm which corresponds to a residence
fog is not uniformly distributed throughout the condenser time of less than a second.

cross-section. A higher particle concentration in the fog
strands might be the reason for a higher rate of coagula-
tion.

Since the number of foreign nuclei is seldom known,
the fog particle size is hard to predict. However, the vol-
ume concentration being a crucial parameter for the char-
The independence of the fog amount on the number acterization of processes with fog formation is rather

concentration of foreign nuclefigure 3 has been con- insensitive to the nuclei concentration and therefore
firmed by using the SENECA code (Simulation type 4). well predictable.Figure 12 shows the volume concen-
Figure 11 shows the particle diametetr and volume tration as a function of inlet temperature and concen-
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Figure 8. Degree of saturation in a horizontal cross-section of the tube bundle at z =5 cm (Simulation type 3). Y =200g-kg* and
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Figure 12. Volume concentration near the condenser inlet (z =
15 cm) as a function of the inlet temperature " obtained with
dynamic measurements using various inlet concentrations Y.
Comparison with SENECA simulation results (Np = 10° 1-cm~3).

tration obtained by dynamic measurements (symbols)
and SENECA simulation (lines). The simulation results
match very well with the experimental data. The curves
of the volume concentration show an exponential de-
crease with the inlet temperature and an increase with
the inlet concentration. The maximal amount of water
(1 cm?-m~3 ~ 1 g water per kg air) being bound as fog
at saturated inlet temperature comes to about 5% of the
inlet concentration.
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Figure 13. Fog limit as a function of inlet temperature and
concentration for a cooling temperature of 15 °C. Experimental
and theoretical results.

The highest inlet temperatut@ at which fog is de-
tectable (fog limit temperature) can be read off for each
given inlet concentration. In simulations the fog limit
is reached when the maximum degree of saturation be-
comes unity. Irfigure 13the fog limit is shown as a func-
tion of inlet temperature and concentration for a cool-
ing temperature of 15C. The solid line represents re-
sults of SENECA simulations and the dashed line was
obtained by the much simpler one-dimensional model
without consideration of fog formation. Both theoretical
models are well suited to describe the experimental re-
sults (circles) and therefore a rigorous simulation includ-
ing fog formation (SENECA) is not necessary.

The knowledge of the fog limit is an important
criterion for the design and operation of condensers.
Inlet conditions above the fog limit line result in fog
formation. For inlet conditions below the fog limit no
fog will occur. The slope of the fog limit line depends
strongly on the cooling temperature. A higher cooling
temperature results in a steeper curve whereas a lower
cooling temperature leads to a curve with a smaller slope.
This fact can be used to prevent fog formation in two-
staged condensation processes.

5. CONCLUSION AND SIGNIFICANCE

The formation and behavior of fog in a condenser
could be successfully characterized exemplarily for the
system water/air with a new experimental setup. The
number concentration of foreign nuclei shows no influ-
ence on the amount of fog provided that a certain level of
number concentration is exceeded. The maximal amount
of fog being formed in the condensation process amounts
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to 5% of the inlet vapor concentration. Hence it is not
necessary to consider fog formation in the thermal design
of a condenser. Despite that two- and three-dimensional
simulations showed strong local effects the crucial infor-
mation of whether or not fog is being formed can be pre-
dicted by a simple one-dimensional model. It is also pos-
sible to calculate the total amount of fog using a rigorous
one-dimensional model including nucleation. These re-
sults are expected to be transferable to other systems with
a greater technical significance such as organic solvents
in air. This will be verified in future investigations.
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