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Abstract-A model describing the behaviour of an industrial scale shell-and-tube condenser is presented. 
The model can be used under steady-state as well as under transient conditions and is able to predict 
vapour and condensate flow rates, pressure drop and the temperatures of the vapour, condensate, wall and 
coolant. The derivation of the material and energy balances is presented. Thus the apparatus is subdivided 
into increments corresponding to the location of the baffles in the condenser. Each of these baffle spaces is 
assumed to be fully mixed. The heat and material fluxes between the phases are determined using local 
transfer coefficients which are calculated for each baffle space. The model also includes the determination 
of the pressure profile along the apparatus. The results of several simulations are compared with exper- 
imental data to achieve a validation of the model. Both the steady-state and the transient behaviour of the 
condenser were examined, the latter when the system was subjected to step changes in each of the five key 
loads that determine the condenser behaviour. These are the pressure, steam flow rate, air flow rate, coolant 
flow rate and coolant inlet temperature. The results of the simulations agreed well with the experimental 

data. 0 1997 Elsevier Science Ltd. 

1. INTRODUCTION 

In the design of a modern chemical process it has 
become important to satisfy high standards with 
regard to economy and environment. Lower energy 
and material input rates and lower production of 
waste products may be achieved by material and 
energy recycle streams. These may reduce production 
costs but the design and operation of the more com- 
plex chemical process plants that ensue, become more 
demanding and their transient behaviour can only be 
predicted by computer simulations. 

These simulations require models of every single 
process unit to allow simulation not only of the indi- 
vidual apparatus, but also of the whole installation. 
The models must satisfy two major demands. They 
must be detailed enough for an accurate prediction of 
the time dependent behaviour of flow rates, tem- 
peratures, pressures and concentrations at the outlet 
of each unit, but the calculations must also be quick 
enough to ensure that they are faster than the real 
time behaviour of the system. The model of a shell- 
and-tube condenser presented here is consequently 
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limited and it can be classified as being of intermediate 
complexity. 

It appears that the transient behaviour of industrial 
condensers has not been examined in detail, despite 
its relevance to start-up, safety and process control. 
Work has only been carried out on the calculation of 
temperature and velocity fields in power plant con- 
densers [l] as well as on investigating simple models 
for ideal cross flow condensers of rectangular shape 
[2] which are not usually validated by experimental 
data. In this work a model has been developed that is 
able to simulate the steady-state and dynamic behav- 
iour of a condenser under conditions in which it might 
be found in chemical process plants. The industrial- 
scale shell-and-tube condenser installed in the Pilot 
Plant at UMIST was instrumented so that the 
dynamic response of the system could be measured 
[3]. The system studied was the condensation of steam 
from air under reduced pressure. The model equations 
were solved within the dynamic process simulation 
tool DIVA [4] developed in the Department of Chemi- 
cal Engineering of the University of Stuttgart. A brief 
outline of the model and a discussion of preliminary 
results have already been given by the authors [5]. In 
the present paper the model is presented in detail, it is 
validated by comparing predicted and measured data, 
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NOMENCLATURE 

A heat exchange area [m’] Y mole fraction. 

CP molar heat capacity [kJ (kmol-’ K-l)] 
4 inner tube diameter [m] Greek symbols 
d 
df, 

outer tube diameter [m] heat transfer coefficient [kJ m-’ s-‘1 
binary diffusivity [m’ s-‘1 ; mass transfer coefficient 

R molar enthalpy [kJ kmol-‘1 [kmol me2 s-i] 
AZ? latent heat of vaporization [kJ kmol-‘1 6 film thickness [m] 

x 
number of moles [kmol] time constant [s] 
molar flow rate [kmol s-i] ; direction perpendicular to the 

li molar flux [kmol m-* s-l] interface. 
Nb number of baffles 
P pressure [N m-‘1 Subscripts 
PS saturation pressure [N m-*1 C coolant 
PI partial pressure [N m-‘1 G gas 
R number of tube passes I interface 
9 universal gas constant L condensate 

[kJ kmol-’ K-‘1 W wall 
s boundary layer thickness [m] i component i 
T temperature [K] (4 nth baffle space 
t time [s] (j) jth tube pass 
u internal energy FJ] in entering baffle space (n) 

volume [m’] out leaving bal3e space (n) 
molar volume [m’ kmol-‘1 0 inlet of the apparatus. 

and results of simulations describing the transient 
behaviour of the system are discussed. 

2. MODELLING 

The model describes the condensation of steam 
from a mixture with air in a shell-and-tube condenser. 
Figure 1 shows the equipment to be modelled. The 
shell-side where the condensation takes place is div- 
ided into N,,+ 1 compartments by Nb vertically cut 
segmental baffles. The gas enters the condenser at one 
end and is forced by the baffles to cross the tube 
bundle Nb + 1 times. Condensation takes place on the 
outside of the tubes and the condensate formed is 
collected at the bottom of the shell from where it flows 
towards the outlet because of the inclination of the 
unit. The tubes are cooled on the inside by cooling 

cooling weter 
inlet t t 

vapour vent 

water, which is fed to the inlet header and traverses 
the equipment several times according to the number 
R of flow passes provided. Figure 1 shows the two 
pass arrangement of the cooling water found in the 
UMIST condenser, which is used for the validation of 
the model. The shell side of the condenser is divided 
into eight baffles spaces. 

As a first step the model subdivides the condenser 
into the two headers and the shell where heat exchange 
and condensation takes place. The headers are then 
split into a number of separate units according to the 
number of flow passes provided. The further sub- 
division of the shell into smaller units follows the 
location of the baffles. Every unit then corresponds 
to one baffle space so that Nb+ 1 units have to be 
considered. Each baffle space contains R+2 control 
volumes, one for the gas phase, one for the condensate 

t 
vapour inlet 

cooling weter 
outlet t t 

condeneate 

Fig. 1. Schematic presentation of a shell-and-tube condenser ; the vapour inlet and the baffles are 90” 
rotated. 
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gas flow 

Fig. 2. Sectional view of one baffle space containing the four 
control units gas, condensate, coolant pass 1 and coolant 

pass 2. 

phase and one for each coolant pass. These control 
volumes are shown schematically for a two pass 
arrangement in Fig. 2. 

It is assumed that the variables of the gas phase do 
not change between the two coolant passes, that is the 
gas is fully mixed normal to the flow direction. For 
that reason, mean values of temperature TG,+), pres- . . 
sure pc,, compostnon JJ~,(~) and flow rate No,(., are 
used for the calculation of the physical properties of 
the gas-phase and the heat and material transfer 
coefficients in the baffle space (n). The condensate in 
the small pools fomled by the baffles at the bottom of 
the shell is assumed to be completely mixed and at 
constant temperature TLSCn,. All other variables in any 
baffle space differ between the two coolant passes 
which determine their values. Table 1 shows the vari- 
ables which depend only on the baffle space and those 
which are different between each coolant pass. It is 
clear that coolant temperature T,-, the tube wall tem- 
perature T, and the coolant-side heat flux Qc must be 

different for different cooling passes. The heat flux gL 
through the liquid film on the tubes depends strongly 
on the tube wall temperature and also influences the 
interfacial temperature TI and composition y,. Finally 
the heat flux @o through the gas film and the material 
flux fi over the interface depend on the interfacial 
conditions and therefore on the tube pass. 

All flow rates, temperatures, concentrations and 
heat and mass fluxes listed in Table 1 depend on their 
location in the condenser and on time. Their values 
can be determined by solving material and energy 
balances for each phase. These balances will be 
derived in the following sections. 

Figure 3 shows the control volumes in one baffle 
space. For the gas phase and the condensate in the 
shell only one control volume has to be considered for 
each baffle space. The balances over the other control 
volumes, that is the wall and the coolant and the 
equations describing the interface and the con- 
densation on the tubes have to be stated separately 
for each tube pass. In Fig. 3 only one tube pass j is 
shown. Material balances have to be written for the 
gas phase and for the condensate in the basin at the 
bottom of the shell. The temperatures of the gas, the 
interface, the wall, the coolant and the condensate in 
the shell follow from energy balances over the cor- 
responding control volumes. The model assumes that 
thermodynamic equilibrium at the interface gives the 
mole fraction y, of the condensable component at the 
interface. 

2.1. Material and energy balances for the gas phase 
The terms that have to be considered in deriving 

the material and energy balance of the gas phase are 
displayed in Fig. 3. The time dependent change in the 
number of moles in the gas phase in one baffle space 
(n) follows as the difference between, the convective 
flows entering and leaving the volume, and the flow 
of the condensing species towards the interface with 
the summation over the number of tube passes R. 

Table 1. Variables to be calculated for describing the behaviour of a shell-and-tube condenser 

Variables depending only on the baffle space (n) 

n’,S”, Gas flow rate 
T G*(n) Gas temperature 

P) 
Mole fraction of the condensable component in the gas 

L.(n) Condensate flowrate 
T L.(n) Condensate temperature 

Variables depending on the baffle space (n) and the tube pass (j) 

Coolant temperature 
Wall temperature 
Interfacial temperature 
Mole fraction of the condensable component in the gas at the interface 
Heat flux from the wall to the coolant 
Heat flux from the interface to the wall 
Heat flux from the gas to the interface 
Material flux over the interface 
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b>A:,j hj.tYGAl,j 

Interface j 

TI,j Yl,j 

GL.jAI,j kjRL,lAI.j 

Condensate 
on tubes j 

5.j = Tr,j 
I I 

QL,jAwL,j hjaL,IAr,j 

Fig. 3. Heat and material flows entering and leaving the 
different control units of one baffle space. Only one tube pass 

j is shown. 

The number of moles no,(n) in one baffle space can 
be expressed in terms of the geometric volume Vo,(n) 
of the gas in the baffle space (n) under consideration, 
and the molar volume ro of the gas. The geometric 
volume of the gas is assumed to be constant but the 
volume of the liquid pool at the bottom of the shell is 
neglected. This condensate volume may vary with time 
but is very small compared to the volume of the gas. 
The molar flow rates No,in and No,out are calculated as 
the arithmetic mean of the flowrates of the neigh- 
bouring volumes. With these assumptions the material 
balance for the gas phase turns out to be 

The mole fraction yo of the condensable component 
in the bulk of the gas in baffle space (n) follows directly 
from the gas flow rate flo,cn, in that baffle space and 
the values NGFO and ~o,~ at the inlet. The flow rate of 

the non-condensable air does not change along the 
condenser so that one can calculate yo from 

(1 -vo)& = (1 -Yo,Ll)l\jG,0. (3) 

For the derivation of the energy balance of the gas 
phase one has to take into account the 2+2R terms 
shown in Fig. 3, the convective enthalpy flows 
(jQL,n and (h%lc,OUt, the enthalpies &.+4ij of the 
condensing fluxes and the conductive heat fluxes from 
the gas towards all R tube passes, 

(4) 

The internal energy on the left hand side of equation 
(4) can be replaced by the molar internal energy, the 
molar volume and the geometric volume of the gas 
balance space. The molar internal energy is then con- 
verted to the molar enthalpy and finally to the tem- 
perature. Having introduced the material balance 
equation (2) into equation (4) and approximating the 
enthalpy flows (I&7)o,,” and (njZ&+, by the arith- 
metic mean of the values of the neighbouring baffle 
spaces the energy balance of the gas phase yields, 

2.2. Material and energy balances for the condensate 
phase 

All condensate produced on the tube bundle within 
one baffle space adds to the condensate in the basin 
at the bottom of the shell leading to an increasing 
condensate flow rate. The condensate material bal- 
ance follows as 

an,,,, 
at = I\jL,in -hil,out + i f+nnA,,. (6) 

j=1 

The number of moles nL,(,,) can again be calculated 
from the molar volume of the condensate and the 
geometric volume VL,(“) of the liquid filled region. This 
geometric volume, in contrast to that of the gas bal- 
ance space, varies with time. It equals the hold up 
between two baffles which is strongly influenced by the 
condensate flow rate itself. The higher the condensate 
flow rate, the greater the depth of the liquid in the 
pools of condensate needed to cause flow over the 
weirs formed by the baffles. Therefore two equations 
have to be added to determine the condensate level 
and the geometric volume of the condensate in each 
baffle space. The liquid level can be calculated 
approximately as a function of the condensate flow 
rate [6], and the geometric volume of the condensate 
then follows from the geometry of the condenser and 
the liquid level. 
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The condensate pools are assumed to be completely 
mixed, so that they may be modelled as continuous 
stirred tanks. Hence the flow leaving each condensate 
pool has the same properties as the upstream pool, . . 
N, = NC,- ,) and Ncfut = NC,). 

Knowmg the geometric volume I’,+(., of the con- 
densate pool between two baffles, the material balance 
of the condensate c.an be rewritten as, 

When deriving the energy balance of the condensate 
one has to take three terms into account, the con- 
vective enthalpy flows entering and leaving the bal- 
ance space and the enthalpy of the condensate which 
is produced on the tubes of the bundle and which 
drains to the condcensate pool in the shell. The tem- 
perature of the condensate on the tubes of each tube 
pass is assumed to be equal to the corresponding inter- 
facial temperature so that the energy balance of the 
condensate turns out to be 

As before, the internal energy of the condensate 
is expressed in terms of pressure, temperature and 
geometric volume and further the material balance 
equation (2) can be introduced into equation (8). The 
convective flows (IljmL,,,, and (NaL,oUt have the same 
properties as the baffle space they leave so that the 
final energy balance over the condensate in the shell 
follows as 

V c* L aTL 
&_- 

a VL (n) 

L,(n) v, at p- at A = ~(n-I)(~(n-I)-~(“)) 

+ 2 MJiL,I)(n.j) - f&,)‘+n,,. (9) 
j=l 

2.3. Interfacial conditions 
The temperature and the mole fraction of the con- 

densable component at the interface must be known 
for the determination of the heat and mass fluxes. The 
interfacial temperature is calculated from an energy 
balance over the interface. 

g,_ = ~9 + irAP* (10) 

The interface cannot accumulate energy so that the 
difference between the heat fluxes gL through the 
liquid film on the tubes and 49 from the gas to the 
interface must equal the heat released during con- 
densation of vapour at a molar flux ri. The heat of 
vaporization Ap’k used in equation (10) combines the 
latent and the sensible heats to cool the gas from TG 
to T,. 

ArP = Cp,G(~G-~,)+AP (11) 

The model assumes thermodynamic equilibrium at 
the interface. Hence the mole fraction of the con- 
densable component at the interface can be deter- 
mined as a function of the total pressure p and the 
saturation pressure of the condensable component at 
the interfacial temperature T,. 

P,(T,) 
YI = - 

P 

2.4. Material and energyfluxes 
The flux of the condensing component i always 

consists of a diffusive and a convective part. 

rii = J+y& (13) 

The diffusive part J is caused by a concentration 
gradient and can be evaluated by Fick’s law. In the 
case examined of one single condensable component 
the material flux rii equals the total flux ti, over the 
interface so that equation (13) can be transformed 
into 

P ay rii = -~D12,1+_~lii> (14) 

where D12 is the binary diffusivity and c is a coordinate 
perpendicular to the interface. With the definition of 
a mass transfer coefficient 

(15) 

one can solve equation (14) to give the Colburn- 
Hougen equation [7], 

1 -Y1 ri=/?i21n - ( > l-Y, 

for the determination of the material flux ri of the 
condensable component over the interface. The mass 
transfer coefficient /I,* can be determined from the 
gas-side heat transfer coefficient by analogy [8]. 

Three heat fluxes have to be determined when solv- 
ing the model equations. These are the heat flux from 
the gas to the interface, the one through the con- 
densate film and the coolant-side heat flux. The gas- 
side heat flux, which has to be transferred from the 
gas to the interface and which causes the sensible 
cooling of the gas, is calculated as 

(17) 

It appears as the product of the temperature driving 
force and the heat transfer coefficient xo modified for 
mass transfer. The term QT/(eer- l), first introduced 
by Ackermann [9], takes into account the influence of 
the mass transfer upon the simultaneous heat transfer. 
The parameter @)T is the ratio of the sensible gas coo- 
ling from TG to the interfacial temperature TI and the 
heat flux go. It is defined as 
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The gas side heat transfer coefficient ho is identified 
as the single phase heat transfer coefficient for the 
same geometry and may be calculated according to 
standard correlations given in the VDI-Warmeatlas 
DOI. 

The heat flux & through the condensate film on the 
tubes follows from the temperature difference between 
the interface and the wall as 

4L = %(TI - Tw). (19) 

The heat transfer coefficient tlL used in equation 
(19) is given in Ref. [ 1 l] as a superposition of a shear 
stress controlled and a gravity controlled heat transfer 
coefficient. It is corrected in the model by inclusion of 
the heat transfer resistances of the wall and of the dirt 
layer on it. The coolant-side heat transfer coefficient, 
required for calculating Qc, is taken from the VDI- 
WPrmeatlas [lo]. 

2.5. Energy balances for wall and coolant 
An energy balance over the wall is necessary for the 

inclusion of the effect of heat accumulation in the 
tubes of the condenser during unsteady conditions. It 
is derived as, 

This equation includes the specific density pw and 
the specific heat capacity cw of the tube material and 
inner and outer diameters a’,,, and d,,O. 

The terms to be considered when deriving the 
energy balance for the coolant are shown in Fig. 3. 
These are the convective enthalpy flows &&, and 
hiH,,, and the heat flux transferred through the tube 
wall. After expressing the internal energy in terms of 
temperature, pressure and the geometric volume Vc,(,,, 
and approximating the enthalpy flows by the arith- 
metic means of the values of the neighbouring control 
spaces, the energy balance of the coolant results. 

2.6. Pressure drop 
The pressure in the shell of the condenser strongly 

influences the saturation temperature of the vapour 
and consequently the temperature driving force and 
the heat flux over the interface. It is therefore essential 
to have an exact knowledge of the pressure profile 
over the equipment. This is calculated following the 
method of Bell, as given by Taborek in [12]. The 
pressure drop consists of two major parts, the so- 
called crossflow pressure drop occurring when the 
fluid crosses the tube bundle and the window pressure 
drop in the baffle clearance where the gas changes its 

direction. In addition to these two parts the model 
also includes an accelerational pressure drop to 
account for the decrease of gas velocity when the 
vapour condenses, an Ackerman-type-correction for 
the influence of the mass flux of condensation on 
the pressure drop and a two-phase correction factor, 
accounting for the influence of condensate flow, which 
may be dispersed or stratified. 

3. NUMERICAL TREATMENT 

The material and energy balances presented in Sec- 
tion 2 are formulated as time-dependent partial 
differential equations. Apart from these the model 
consists of many algebraic equations describing the 
heat and mass fluxes, the pressure drop, the mole 
fractions and all the physical properties which are 
calculated as a function of temperature, pressure and 
composition for every control volume. Thus the model 
leads to a system of algebraic and time-dependent 
partial differential equations (DAE-system). 

The numerical solution of the system was carried 
out within the dynamic process simulation environ- 
ment DIVA [4, 131 which has been developed in the 
Department of Chemical Engineering of the Uni- 
versity of Stuttgart. DIVA is a flow sheet orientated 
tool for the dynamic simulation of chemical process 
plants comprising many unit operations. Hence the 
model implemented for a shell-and-tube condenser 
can be used not only for the simulation of the dynamic 
behaviour of a free standing single condenser but also 
for the simulation of a whole process plant including 
shell-and-tube condensers in conjunction with other 
unit operations. 

4. RESULTS 

The usefulness of the model was assessed by a large 
number of simulations. Comparisons with exper- 
imental data validated the model for both the steady- 
state and dynamic conditions. The experiments were 
performed at UMIST in Manchester [3]. In the fol- 
lowing sections these comparisons are presented and 
the steady-state and transient behaviour of the appar- 
atus is examined. 

4.1. Condensation under steady-state 
The pressure drop across one baffle space depends 

on the gas velocity at that location which itself is a 
function of the local molar flow rate. In condensation 
processes, the molar flow rate decreases along the 
apparatus because of the removal of the condensable 
component. The correlation used for the heat transfer 
therefore has a strong influence on the calculated pres- 
sure drop. Hence for a validation of the pressure drop 
correlation, one must compare the predicted pressure 
profile with.experimental data obtained from a single- 
phase heat exchanger. For that reason a number of 
gas cooling experiments were performed in which the 
condenser was fed with hot air only. These exper- 
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Fig. 4. Comparison of predicted and measured pressure and gas temperature profiles over the condenser 
when it is operated as single phase heat exchanger and fed with hot air. 

iments were carried out with the outlet at atmospheric 
pressure and the measured pressure and gas tem- 
perature profiles ‘were compared with the results of 
the corresponding; simulations. 

Figure 4 displays the measured and the predicted 
gas temperature and pressure protiles of one typical 
run. The inlet conditions of the particular run were 
an air load of 25 mol s-‘, an inlet gas temperature of 
6521°C a cooling water flow rate of 0.69 kmol s-i 
and a cooling water temperature of 13.7”C. The pres- 
sure drop is the same over all baffle spaces. It is a 
function of the g;eometry of the apparatus and the 
local gas velocity which depends mainly on the gas 
flow rate. The irnhrence of the changing gas tem- 
perature on the density and consequently on the gas 
velocity is taken mto account in the calculations but 
is found to be very small in that there is an almost 
constant pressure drop in the first seven baffle spaces. 
A noticeably higher pressure drop occurs between the 
last baffle and the outlet. This is caused by the pressure 
drop in the outlet nozzle which has to be added to the 
pressure drop in the last baffle space. The pressure 
drop in the inlet nozzle is very small compared to that 
in the outlet because of the larger diameter of the inlet 
nozzle. The pressure profile over the whole length 
of the apparatus including the two nozzles is well 
predicted. The rnodel also calculates the gas tem- 
perature accurately, indicating that the single-phase 
heat transfer coelficients for the gas- and the coolant- 
sides are correctly determined. 

A large number of condensation experiments were 
carried out and used for the further validation of the 

model. The ranges of the inlet conditions of these 
experiments are given in Table 2. The table also high- 
lights two runs which will be discussed in detail. The 
steam feed was in all experiments super-heated and 
its inlet temperature was always about 105°C. When 
comparing the measured and the predicted gas tem- 
peratures, it was found that the calculated value was 
always much higher than the measured one at and 
close to the inlet. The predicted gas bulk temperature 
decreased only slowly as the gas flow moved along the 
condenser whereas the measured temperature drop- 
ped sharply over the first baffle space and based on 
predictions the gas was saturated from baffle 1 
onwards. This quick cooling of the super-heated gas is 
probably due to the entrainment of many condensate 
droplets into the gas flow. These droplets have a lower 
temperature than the gas and lead to a large additional 
heat transfer area cooling the super-saturated gas 
down to its saturation temperature. This process of 
heat exchange between the gas and the condensate 
droplets is not taken into account in the energy bal- 
ance of the current model in the gas phase. Although 
the sensible heat transfer has a strong influence on the 
gas temperature, it can be neglected compared to the 
latent heat transferred from the gas to the tube wall. 
The effect was considered by calculating the saturation 
temperature of the gas during the simulation and using 
this value for the comparison with the experimental 
data. The saturation temperature of the gas 

TV,, = Tmt(Pi) (22) 

depends on the partial pressure pi which itself can be 

Table 2. Values of the inlet variables 

Variable Minimum Maximum Run 1 Run 2 unit 

Steam flow rate nt, 6 20 19 16 mol s-’ 
Air load ni, 0.25 1.6 1 0.28 mol s-’ 
Pressure p I 62 38 14 kPa 
Cooling water flow rate Nc 680 1330 1130 1300 mol s-’ 
Cooling water temperature To 25 34 31.6 29.8 “C 
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Fig. 5. Comparison of predicted and measured pressure and gas temperature profiles over the condenser. 
The upper diagrams show run 1, the lower diagrams represent run 2. The inlet conditions of both runs can 

be taken from Table 2. 

determined by Dalton’s law as pi = yap from the total 
pressure p and the steam mole fraction JJ~ in the bulk 
of the gas. 

The measured and the calculated pressure and satu- 
ration temperature profiles are shown for two typical 
runs in Fig. 5. The inlet conditions for these two runs 
are given in Table 2. Run 1, shown in the upper .half 
of the figure, is typical of operating conditions where 
only a small part of the heat exchanger surface is 
needed for the condensation of the vapour. The pres- 
sure drop is highest over the first two baffle spaces 
which indicates that the bulk of the condensation 
takes place there. Further downstream the pressure 
profile is flatter signifying that most of the vapour has 
already condensed and that mainly air cooling occurs 
in this region. The good agreement in the pressure 
profile shows the accuracy of the model as it indicates 
that both the gas flow rate and the local condensation 
rates are correctly predicted. This is particularly pleas- 
ing because, with Ap cc u]-~, pressure drop is very sen- 
sitive to flow. 

Clearly the correct prediction of the pressure profile 
is only significant when the pressure drop is relatively 
high. As can be seen from the figure, this is only the 

case close to the inlet, where high gas flow rates are 
still present. Further downstream the gas flow rate is 
so small that significance is lost. Nevertheless, the 
model can prove its usefulness in that region, by an 
accurate prediction of the saturation temperature of 
the gas, of which measured and calculated values are 
shown for run 1 in the upper half on the right hand side 
of Fig. 5. The measured and the predicted saturation 
temperature do not decrease within the first two baffle 
spaces although the pressure sharply decreases in that 
region. This is due to the high mole fraction of steam 
in the inlet gas. Even though most of the condensation 
has taken place close to the inlet of the apparatus, the 
steam mole fraction does not decrease significantly. 
The mole fraction and hence the saturation tem- 
perature only decrease when most of the steam has 
already condensed so that the amount of non- 
condensing species is of the same order of magnitude 
as the remaining vapour. The accurate prediction of 
the saturation temperature is therefore a good indi- 
cation of the application of the model in the region, 
where the right prediction of the pressure profile is 
not as meaningful. The marked difference between the 
measured and predicted temperatures at the outlet 
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arises because the model does not account for the 
geometry of the condenser at this point. In the con- 
denser the vapour llows across, and is influenced pref- 
erentially by, the warmest coolant pass because the 
vapour outlet nozzle is situated on the top of the 
condenser. In the model the temperature is calculated 
as if the vapour follows the same path as in all the 
other baffle spaces and is equally influenced by both 
coolant passes, i.e. as though the outlet nozzle was 
located at the centre-line. 

The second run., of which the results are shown in 
the lower part of Fig. 5, is characterized by a lower 
pressure and therefore a smaller temperature driving 
force. Consequently more of the heat exchanger sur- 
face is required for the condensation of the steam. 
Pressure drop is highest at the beginning and has 
significant values -in the first four baffle spaces. Only 
in the very last pa.rt of the apparatus is the pressure 
profile almost flat indicating that comparatively little 
steam is present i-n the gas flow. This indicates that 
the main condemation rate takes place in the first 
four baffle spaces. The steep gradient in saturation 
temperature, indicating the location of the con- 
densation front, occurs further downstream compared 
to run 1 because of the lower material flux over the 
interface. Further, the saturation temperature close to 
the inlet of the condenser decreased more steeply than 
it did in run 1. This is because of the lower pressure, 
which gives the pressure drop a stronger influence on 
the change in saturation temperature. The tem- 
perature at the outlet is again badly predicted because 
of the outlet geometry of the test condenser which is 
not taken into account by the model. 

Comparisons of calculated and experimental data 
were not only carried out for the two cases presented 
but for a large number of additional runs. Figure 6 
compares the calculated and measured overall pres- 
sure drop for all runs of the present study. The con- 
densation experiments are displayed by crosses 
whereas circles represent the air cooling runs. It can 
be seen that the discrepancy in predicting the overall 
pressure drop is less than 10% for most runs with air- 
steam mixtures as well as for those using only hot air. 
The dependence of pressure drop on u’.* would imply 
that flow rates in condensation are predicted within 
f 5%. The pressure and saturation temperature pro- 
files of most runs also agree well with the experimental 

1 

Fig. 6. Comparison of predicted and measured pressure drop 
over the condenser. The circles represent air cooling exper- 

iments, the crosses stand for condensation runs. 

values, indicating that the local condensation rates 
and therefore the distribution of the gas flow rate and 
the steam mole fraction is accurately predicted by the 
model. All comparisons showed a good prediction 
of the steady-state behaviour of the shell-and-tube 
condenser. 

4.2. Dynamic behaviour of the apparatus 
The dynamic behaviour of the system was examined 

by imposing a step change in turn to each of the five 
key loads that determine the condenser behaviour. 
The values of these five variables before and after the 
step change are shown in Table 3. All step changes 
were imposed in both directions ensuring reproducible 
experimental results. In the following the transient 
behaviour of the system after a step change in pressure 
and a step change in steam flow rate will be discussed. 

The change in any of the key variables was imposed 
by opening or closing a valve. Although this was car- 
ried out automatically, an ideal step could not be 
realized because of the finite time required for the 
movement of the valve. Similarly an ideal step-func- 
tion should not be used as input for the simulation. It 
was rather found that the measured change of the inlet 
variable Y is better reproduced by an exponential 
function of form, 

Table 3. Overview over the keyloads of the systems and how they were changed for the dynamic experiments and simulations 

Steam 
flow ra1.e 

ni, 
Air load 

NA 

Step change in 
Cooling water 

Pressure Flow rate Temperature 
P NC TC 

10.28 t-t 16.67 12.94 11.11 
0.2E;4 0.286~ 1.155 0.271 

14.1 45.5 13.6~40.5 
1283 1230 1283 

32.1 36.3 36.0 

11.16 11.17 
0.285 0.282 

14.1 14.1 
1076~ 1282 1283 

32.1 25.1~29.1 

mol s-’ 
mol s-’ 

kPa 
mol s-’ 

“C 
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Fig. 7. Imposed step change in pressure. The solid line rep- 
resents the measured values, the dashed line stands for the 

exponential function which was imposed to the model. 

1 
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Time I[s] 

Fig. 8. Imposed step change in steam flow rate. The solid 
line represents the measured values, the dashed line stands 
for the exponential function which was imposed to the model. 

Y= Y,,+AY(l-exp(&$) (23) 

in which Y, is the value before the step, A Y the height 
of the step, to the time when the change starts and 7 

the time constant of the exponential function. Figures 
7 and 8 show experimentally measured variations of 
the two key variables, outlet pressure and inlet flow 
rate, that were imposed to the experimental system 
for measuring the response. The figures also display 
the functions approximating the measured variations 
which were used as input for the dynamic simulations. 
Experimentally the change in pressure could only be 
imposed relatively slowly and the time constant of the 
corresponding exponential function was found to be 
5 s. In contrast the change in steam flow rate pro- 
ceeded faster leading to a time constant of 0.7 s. 

Figure 9 shows the response of the actual gas tem- 
peratures and the predicted saturation temperatures 
at different locations along the condenser to an 
increase in condenser outlet pressure from 13.85 to 

39.42 kPa. The other operating parameters can be 
read from Table 3. The increase of the outlet pressure 
leads to a higher pressure in the system which pro- 
duces a higher saturation temperature and hence a 
higher temperature driving force. Consequently the 
condensation front in the apparatus moves upstream 
as less of the heat exchanging surface is required for 
condensing the fed steam. 

It can be seen from Fig. 9 that the actual new steady- 
state is characterized by a higher gas temperature 
opposite the first two baffles and a lower one at the 
other locations compared to the conditions before 
the change in pressure. The temperature opposite the 
baffles near the inlet increase because of the increasing 
pressure which brings about a higher saturation tem- 
perature. This higher saturation temperature in the 
inlet region gives a higher temperature driving force 
so that more steam is condensed in the first baffle 
spaces after the change in pressure. Consequently the 
mole fraction of the steam in the baffle spaces down- 
stream becomes smaller, the partial pressure decreases 
and therefore the saturation temperature at those pos- 
itions decreases. 

The mechanism is clarified in Fig. 10 which shows 
calculated profiles of the steam mole fraction at 
different times during and after the change in pressure. 
The time-difference between adjacent profiles is 
At = 0.5 s. It can be seen that the mole fraction was 
reduced to an outlet value of 0.4 when the condenser 
was operated at low pressure. The decrease in the 
steam mole fraction proceeded relatively slowly 
remaining above 0.9 for the first three baffle spaces 
and reached its highest gradient only in the fifth baffle 
space. After the change to a higher pressure, the mole 
fraction is seen to decrease to a much lower outlet 
value of 0.14. The highest gradient, indicating the 
location of the condensation front, moved upstream 
to the third baffle space. The figure shows that the 
mole fraction changed by less than 25% in the first two 
baffles, but by more than 60% over the downstream 
locations. Hence, the change in mole fraction only 
dominated the partial pressure, and consequently the 
gas temperature, at locations close to the outlet, 
whereas the gas temperature in the first two baffle 
spaces was mainly controlled by the changing total 
pressure. 

It can be seen from Fig. 9 that the model sat- 
isfactorily predicts the effects of the pressure increase 
with the first two temperatures increasing and the rest 
decreasing. The steady-state values before and after 
the change are predicted as accurately as the transient 
behaviour during the change. The only noticeable dis- 
crepancies in the two steady-state profiles are the old 
steady-state temperature opposite baffle 6 and the new 
steady-state temperature opposite baffle 3, which is in 
both cases close to the location of the condensation 
front. In the latter case the temperature profile over 
the exchanger is very steep in that region so that a 
small error in the prediction of the position of the 
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Fig. 9. Transient response of the gas temperature opposite baffles 14 and 6 after a step increase in pressure. 
The left diagram shows the measured values, the right one the calculated saturation temperatures. 
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Fig. IO. Steam mole fraction profiles over the condenser at 
different times after the step increase in pressure. The time 

difference between the shown profiles is At = 0.5 s. 

condensation front leads to a comparatively large 
error in the predicted temperature. 

The predicted response times are shorter than those 
of the experiment, a discrepancy which becomes larger 
the closer the examined temperature is to the outlet. 
This is probably caused by the thermal inertia of the 
condenser. In the model only the heat capacity of the 
tube bundle is taken into account, but not that of the 
shell or baffles. 

The model proves its worth in predicting the small 
peak in gas temperature opposite baffle 3, which 
occurs as the condensation front moves to the third 
baffle space from further downstream. The mech- 
anism leading to this effect is explained in Fig. 11 
which displays the transient responses of the total 
pressure, the steatm mole fraction and the partial pres- 
sure at the position examined. During the first few 
seconds, when fhe saturation temperature increases, 
the partial pressure at baffle 3 is more strongly influ- 
enced by the increasing total pressure than by the 
decreasing mole fraction. When the partial pressure 
and the saturat:ion temperature have reached their 
maxima, the mole fraction has only decreased by 25% 

-0.6 

Fig. Il. Variation of the total pressure p, the steam mole 
fraction y, and the partial pressure pi with time at baffle 3. 
The increasing total pressure and the decreasing steam mole 
fraction influence the partial pressure such that it peaks dur- 

ing the first seconds after the change. 
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Fig. 12. Transient responses in the total pressure p. the steam 
mole fraction yG and the partial pressure pi at baffle 6. The 
partial pressure decreases in the first seconds after the change 
in outlet pressure to a value which is smaller than the new 

steady-state one. 
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Fig. 13. Transient response of the gas temperature opposite baffles 1-6 after a step increase in steam flow 
right. The left diagram shows the measured temperatures, the right one the calculated values. 

to 0.65 while the total pressure has already increased 
by 50% to more than 20 kPa. Afterwards the partial 
pressure decreases as the mole fraction decreases fur- 
ther and its influence becomes stronger than that of 
the total pressure. 

The same mechanism leads to the minimum in the 
predicted saturation temperature opposite baffle 6. 
The total pressure at this location responds in almost 
the same way as that at baffle 3, but the change of the 
mole fraction proceeds at a lower level. This causes 
the mole fraction to dominate the partial pressure in 
the first seconds whereas the increasing total pressure 
later causes the partial pressure to recover, Fig. 12. 
The calculated saturation temperature is determined 
by the partial pressure and consequently behaves in 
the same way. This predicted minimum is not 
observed because it is dominated by the effect of the 
equipment’s thermal inertia which is not fully taken 
into account by the model. An effect similar to that 
described for saturation temperature at baffle 6 could 
be, together with the energy accumulation, the reason 
for the measured cross-over of the two temperatures 
opposite baffles 3 and 4. 

The measured and predicted responses of the satu- 
ration temperatures at different locations in the con- 
denser to a step increase in steam how rate are shown 
in Fig. 13. After the increase in steam flow rate more 
heat exchanger area is required and therefore the con- 
densation front moves downstream. Because more 
steam is fed to the system, the mole fraction at every 
location in the condenser becomes higher, increasing 
the local partial pressure and leading to a higher satu- 
ration temperature of the gas. It can be seen from the 
figure that the model correctly predicts the system 
response to the increase in steam flow rate. The orig- 
inal steady-state temperatures opposite baffle 4 and 5 
are overpredicted, indicating that the calculated pos- 
ition of the condensation front was not exactly right. 
The response times are again somewhat under- 
predicted, especially those of the temperatures in the 

downstream part of the apparatus, the region which 
is at last affected by changing inlet conditions. It is 
again clear that the calculated response times in that 
region become too short if the model does not fully 
include the equipment’s thermal inertia. 

5. CONCLUSIONS 

The steady-state and the transient behaviour of a 
shell-and-tube condenser have been modelled. The 
condenser is subdivided into smaller units defined by 
the location of the baffles. Every baffle space is mod- 
elled as a number of control volumes which are 
assumed to be fully mixed. Material and energy 
balances were derived for each of these control vol- 
umes and heat and material fluxes between the shell 
side and the coolant were calculated using correlations 
from the literature. The model is of intermediate com- 
plexity so that it can be used for simulation of the 
dynamic behaviour of a single condenser or a whole 
process plant. 

The model was validated by a comparison with 
experimental data obtained from an industrial-sized 
condenser at UMIST. Steady-state temperature and 
pressure profiles were compared for many different 
inlet conditions including the use of the exchanger for 
single phase gas cooling only. The success in pre- 
dicting the steady-state behaviour indicates that the 
spatial divisions are sufficient to allow for axial mixing 
effects. 

The dynamic behaviour of the system was examined 
in five different experiments, each corresponding to a 
step change in one of the five key loads. The results 
were also compared with experimental data. The 
model is able to predict the effects of a change in each 
of the five key loads on the saturation temperatures 
in the equipment. Measured effects including fine 
structure such as the small peak in the time-dependent 
saturation temperature were predicted and can be 
explained. Problems in predicting the response times 
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of the temperatures close to the outlet of the condenser 
are probably due to the failure to account for some of 
the thermal inertia of the condenser. 
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