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ince reliability 15 a key consider-
ation when selecting condensa-
tion equipment, and unsched-
uled downtime carries such a
high price tag, operators throughout
the chemical process industries (CPT)
are understandably cautious about
using new and relatively unproven
types of equipment [1] As a conse-
quence, most remain  conservalive
when selecting condensers, opting for
time-tested and proven designs.

However, in recent years, the num-
ber of successful installations of com-
pact process condensers has grown,
and in many of these applications, the
newer unit shows equal or betler reli-
ahility than the workhorse shell-and-
tube condenser. As a4 result, CPI oper-
ators are slowly becoming more
receptive to the new technology.

Cost — both total installed cost and
total operating cost — is an important
criterion when selecting condensers.
As discussed below, compact con-
densers offer the potential to reduce
not only the cost of the condenser it-
zelf, but also to save on costs associ-
ated with installation and ongoing op-
eration. Installation costs include
expenditures related to labor, vacuum
system design and installation, civil
engineering, piping and instrumenta-
tion, and auxiliary equipment such as
pumps. Operating costs include ex-
penditures related to maintenance,
downtime, startup time, makeup and
pumping of cooling water, and operat-
ing costs for the vacuum system,

Defining the terminology

Compact is a relative term, especially
when it comes to condensers. For in-
stance, in the literature, various defi-
nitions of the degree of compactness of
a heat exchanger can be found. Hes-
selpreaves |4] gives a definition of
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For condensing vapors, today’s compact systems can
reduce the cost of the equipment itself, and trim
installation and operating costs
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FIGURE 1. While shell-and-tube (S&T) condensers are not available in a compact
configuration, the S&T is considered the workhorse against which all other con-
densers are compared. The S&T system shown above operates with one pass on the
condensing side and one pass on the cooling side

=200 m%m® whereas Shah  and
Mueller |7] cites a threshold capacity
of 700 m?m?, However, when it comes
to condensers — especially vacuum
condensers — applying these defini-
tions is nob straightforward, duce to
the large volume of the vapor being
condensed.

Bagsed on their operation, condensers
may be classified as steam heaters ar
process condensers. In a steam heater,
a liguid process stream is heated by
steam, which functions as a utility
medium, and heat encergy is added to
the process stream as the steam con-
denses. In & process condenser, a
gase0us process stream i85 condensed
by a liquid utility medium, typically
cooling water, and heat energy iz re-
maoved from the process stream.

In an indirect condenser, the vapor
being condensed is kept apart from
the cooling medium by the design of
the condensation equipment. By con-
Lrast, in a direct condenser, the vapor
is in direct contact with the cooling
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medium. This article discusses the
pros and cons of each of the main de-
sigms that are available in the cate-
gory of compact, indirect process con-
densers,

Pressure drop

Any condenser operating at sub-at-
mospheric pressure has to be con-
nected to a vacuum system, where ei-
ther a vacuum pump or a water or
steam ejector is used to create the
needed suction. The costs required to
achieve the needed vacuum increase
rapidly, and the size of all vapor-han-
dling equipment becomes exponen-
tially larger, with deereasing pres-
sure. In addition, when designing the
vaguum system, one cannot look only
at the nominal load of non-condensed
gases (NC(z;  including  residual
vapor); rather, one must also consider
inevitable leaks (through flanges, for
instance) and hence size the equip-
ment for this additional load. In this
article, NCGs are defined as residual
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FIGURE 2. As shown in this
exploded view of a welded-block
plate condenser, operation is one-pass

on the condensing side and four-pass on the
cooling side. The four side panels can be removed
to eaze inspection and cleaning of the heat transfer surfaces

vapor and inert gases (note that the
content of residual vapors will be re-
duced il they subsequently condense
at a lower temperatiure).,

If the total pressure drop from the
source of the vapor (the column, evap-
orator or boiler, for example) to the
vacuum-generating equipment can be
kept at a minimum, the vacuum sys-
tem ¢an operate at a higher pressure
and, thus, become less costly. There-
fore, one should strive for a low total
pressure drop in the condenser, inelud-
ing its inlet and outlet ducts and noz-
zles. The allowable pressure drop will
typically be a function of the absolute
pressure. A= a rule of thumb, one can
say that the pressure drop in the con-
denser should always be no more than
10-20¢% of the absolute pressure at
VAL,

Heat transfer
In most cazes, the heat transfer coeffi-
cient on the condensing side is signifi-
cantly higher than that on the cooling
sidde. When this is the case — for in-
stance, in a typical steam heater —
the liquid-side heat transfer coeffi-
cient is the size-determining factor.
However, there are also cases whern
the converse is true.

Umne example in which the condens-

ing side may be a boitleneck is when a
mixture of vapors with different dew-
points 15 being condensed. In this
case, the mass transfer resistance in
the gas houndary layer adjacent to the
condensate film may set the limit on
heat transfer (for details, see Rel 2]
and Ref. [9]). Another example of con-
densing-side limitations is the con-
densation of vapors with  large
amounts of NCGs.

A given condenser's ability to cool
any NCGs strongly influences both
the load and the size of the down
stream vacuum system. For example,
if a condenser can cool the NCGs to a
lower temperature (for instance, more
effectively), then there will be a
greater amount of condensate and a
smaller volume of remaining NCGs;
thus the load on the vacuum system
will be reduced, and that system can
be sized smaller.

Different types of condensers have
different NCG cooling capabilities,
mainly depending on the flow confipu-
ration, In any condenser, the coldest
part 13 where the cooling medium en-
ters. In a countercurrent condenser,
this is also where the NCGs exit, A
colder wall means that more of the
residual vapor in the NCGs will con-
dense, thereby decreasing the volume

FIGURE 3. In this installation, three shell-
and-tube (S&T) condensers are shown at the
lower left, and three welded-block plate con-

densers are shown at the top right. Despite
their small size, the block condensers have
50 greater capacity than the S&T units

of NCGs that remains, and reducing
the load on the vacuum system,

By contrast, in a ececurrent con-
denser, the condensing vapor and the
cooling liquid run in parallel. The di-
viding wall will be at its warmest
where both fluids exit, and more of the
residual vapor will leave without
being condensed.

A crossflow condenser is somewhere
in between a countercurrent and
cocurrent unit, in terms of efficiency,
Oiher factors such as geomelry and
heat transfer characteristics may also
influence NCG cooling capaeity, but to
a lesser extent.

Often the condenser is an integral
part of a plant’s energy-recovery sys-
tem. When this is the case, it is of par-
ticular interest to achicve as high a
temperature as possible for the outlet
temperature of the cooling liquid (such
as water). This puts specific demands
on the design of the condenser in terms
of a small temperature approach (that
is, the difference in temperature be-
tween the inlet vapor and the outlet
cooling liquid). The smaller you make
this difference, the larger and more ex-
pensive becomes the equipment. For
this reason, one must trade off energy-
TECOVETY Savings versus capital cost,
and the optimum will be different, from
case Lo case.

Another benefit of having a small
temperature approach is that the
amount of eooling liquid can be mini-
mized. This can result in substantial
savings as the cost for makeup and
pumping of cooling water can be re-
duced [3].

The reader interested in details on
designing condensers is referred to
Refs. [2, 4, 5, 6, 7. 9]. Readers should
note that to date, relatively little de-
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sign information for compact con-
densers iz publicly available, How-
ever, as interest from industry
grows, =0 do both publie and propri-
etary research efforts in the area of
compact condenzers, as well as el
forts to develop better design soft-
ware for such systems,

Pressure drop vs. heat transfer
Pressure drop and heat transfer are
intimately related to each other in
any heal exchanger system (Lthe con-
denser being a subzet of the heat ex-
changer), and the designer must de-
termine how to balance the two in
order to achieve an optimal con-
denser. At one extreme, a large pres-
sure drop can be used to achieve bet-
ter heat transfer and, thus, allow for a
smaller and less expensive condenser
for a given condensation duty, How-
ever, a design that accommodate a
larger pressure drop also requires a
larger, more costly vacuum system,

At the other extreme, if the design
is made for very low pressure drop,
the result is a significantly larger, and
mare expensive, condenser, The posi-
tive result of such an approach is that
the required vacuum system can oper-
ate at a higher pressure, and thus he-
comes less costly,

Condenser options

The most common types of process
condensers are reviewed below and
compared with respect to design, ap-
plicability and features. This discus-
gion is not a eomplete listing of con-
denser lypes that are available or
wsed in the CPL For greater detail,
see Ref. [4], where the available liter-
ature is surveyed more comprehen-
sively.

Even though the shell-and-tube
(5& T} heat exchanger is generally not
considersd to be compact, it must be
included in an overview of compact
process condensers, as it is considered
by many to be the standard apainst
which the performance attributes of
all other types of condensers in-
evitably must be measured.

Shell-and-tube heat condenser

Design. The general design of a S&T
heat exchanger is well known (Figure
1} and will not he described here. OF

Coolant
out

Vaporin

Condensate +
WCGs out

(gasketed)

FIGURE 4. Shown here is an exploded view of a gasketed plate-and-frame con-
denser. Once the unilt is opened, the heat transfer surfaces are fully accessible for in-

spection and cleaning

particular mterest for condensation
applications, however, is the choice
between exchangers that condense on
the tube side or the shell side.

For high-pressure vapors, it is ad-
vantageous to  have condensation
oecur inside the tubes, as this will
allow for lower design pressure on the
shell (8], Similarly, if the vapor is cor-
rosive, it should preferably be kept on
the tube side of the exchanger, as this
allows the use of a lower-grade shell
material. For vacuum service and du-
ties slightly above atmospheric pres-
sure, condensation is typically earried
out an the shell zside, to accommodate
large vapor volumes,

Applicability and features. For
many years, the S&T condenser has
been the dominant type of condenser
in the process industries. It has
rightly gained a reputation for being
sturdy and relatively straightfor-
ward to design, from hoth the me-
chanical and thermal points of view.
Due to its relative simplicity, it is
normally available from local manu-
facturers. Also, inlernationally ac-
cepted standards from the Tubular
Exchanger Manufacturers Assn.
(MEMA) and the American Petro-
leum Inst, (APL) facilitate the speci-
fication and use of S&T heat ex-
changers for condensation.

The design is very flexible and can
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be adapted to suit a large range of con-
densation duties, from extremely high
pressure to high vacuum, and from
large to zmall capacity applications,
The 5&T exchanger can be designed
with very small pressure drops on the
condenszing side, also for high-vacuum
applications,

However, once built and installed,
S&T condensers offer little fexibility
when it comes to being adapted to
changing duties, Another drawback 1s
the relatively poor heat transfer of
S&T exchangers, which leads to larger
surface arcas, volumes and weight
compared to those of many of the com-
pact condenser types.

The use of finned tubes and tube in-
serts can improve heal transfer, but
these modifications result in a more
costly design. Because it needs a large
amount of metal, another disadvan-
tage of the S&T is the cost of materi-
als, particularly when a high-grade
alloy is necessary for the tubes or the
shell, And, due to the mainly crossflow
eonfipuration, the S5&T cannot cool
NCGs very well,

Welded-block plate condensers
Design, In the welded-block plate
condenser, thin, corrugated metal
sheets are welded together to form a
centiral assembly of heat transfer
plates. (Figure 2.0 The plate stack




FIGURE 5. Note in this exploded view of a plate condenser how the size of the
connections have been designed to fit the condensation duly

shides inside a girder frame that is
bolted to pressure-retaining panels.
Inlet and outlet nozzles are welded to
the panels, and their size and posi-
tion are adapted to the specific duty
of the condenser, By design, it 15 a
erosaflow heat exchanger. Any num-
her of baffles can be inserted between
the plate stack and the panels to

make up the required number of

passes in a glohally cocurrent or
countercurrent condenser,

Applicability and features, This
type of condenser 15 normally
mounted horizontally, as shown in
Figure 2. The vapor enters through a
large nozzle in the top panel and is
distributed in the parallel channels.
Condensate and NCGs are extracted
through a nozzle in the bottom panel,
The eooling liguid enters through a
nozzle in one of the side panels. De-
pending on the mnlet and outlet tem-
peratures of both the hot and cold flu-
ids, the eooling liquid may run in
single or baMe-puided multipass Now
through the heat exchanper.

The relatively short flow path on
the vapor side of a welded-block plate
condenser compensates for the narrow
(typically 5-mm or 0.2-in.) plate-type
channel, so0 that the pressure drops
are kept low, even at high vacuum.
Blue to a combination of highly effi-
cient heat transfer surfaces and the

use of batfles on the coolant side, close
temperature approaches and efficient
NCG cooling are possible with this
condenser option.

For applications involving larger
amounts of NCGs (typically =1% of
infel, vapor mass flowrate), a haffle
can be inserted on the condensing
side, next to the top panel, therchy
ereating a two-pass condenser. With
such a setup, the majority of the con-
densation takes place in the first pass
tdownward flow), while further con-
densation and NCOG cooling Lakes
place in the second pass (upward
flow), which also serves as a mist
eliminater, [n terms of ability to adapt
the once-built design to changing ser-
viee conditions the welded-block plate
condenser ranks between the S&T
and the plate-and-frame exchanger.

The design is quite compact, which
creates the potential for large installa-
tion cost savings, Figure 3 shows an
application involving ammonia, where
three welded-block plate condensers
perform aboul 50% more duty than
three S&T condensers, in just a frac-
tion of the space. In this particular
case, the cost of retubing S&T con-
densers with stainless steel tubes was
investigated but found to be consider-
ably higher than the cost of three new
welded-block  plate  condensers  in
stainless steel.
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Plate-and-frame condensers
Design. The plate-and-frame. con-
denser consists of thin, corrugated
metal  sheets  assembled  between
thick, pressure-retaining end plates
{Figure 4). The tightened plate pack-
are forms two separate flow compart-
ments, which are sealed by either gas-
kets or seam welds,

The hot Auid, vapor in this case, is
directed through one of the two upper
connections, through the manifold
duct and then downward into every
other channel. The condensate and
NCGs are extracted via the corre-
sponding lower outlet connection. The
conlant is similarky directed to the see-
and flow compartment where it may
flow either co-current or counter-cur-
rent to the vapor.

Applicability and features. Due
to issues of potential chemical or ther-
mal incompatibility, the use of rubber
gaskets often poses a restriction on
the use of plate-and-frame condensers
in CPl applications, In the pair-
welded design lin which seam welds
and rubber paskets alternate), every
second channel 15 sealed by a seam
weld, If the fluid that is ageressive to
rubber gaskets is contained in the
welded channels, the chemical com-
patibility problem can often be over-
LOIme,

In the all-welded design, all gaskets
are replaced by seam welds, so chemi-
cal eompatibility problems are elimi-
nated, In addition, the maximum op-
erating temperature is increased to
350°0 (BA0O°F). By comparison, the
praciical temperature limit with rub-
ber gaskets is 180°C (350°F)

The classical plate-and-frame ex-
changer was developed for liguid-to-
liquid duties but can be used for vapor
condensation in many cases. Particu-
larly for pressures above atmoespheric,
it can be a cost-competitive alterna-
tive to many olher condenser options,

The efficient heat transfer, in combi-
nation with true countercurrent flow,
enables a relatively small surface
areq, the possibility for heat recovery
with a very close temperature ap-
prisach of 1-2°C {24°F), and very effi-
cient NCG cooling, Other features of
the plate-and-frame condenser inelude
low weight, a small footprint and small
heldup or retention volume, Depend-
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ing on the sealing method (gasket/gas-
ket, gasket'weld, weldfweld), the
plate-and-frame condenser also offers
the possibility to add or remove addi-
tional plates to customize the amount
of surface area needed, and provides
easy aceess to the same for inspection
or maintenance.

The major disadvantage is most ap-
parent below atmospheric pressure,
when the narrow distance between the
plates (typically 3 to 5 mm, or 0,142
i, ), will ereate relatively high pressure
drop. ln order to achieve a reasonable
pressure drop, more plates have to be
added, but this tactic can easily over-
size the unit in terms of heatl transfer
ares, which may make this type of con-
denser less cost-competitive than other
options. Another disadvantage is that
the dimensions of the connections are
not well-suited for low-pressure va-
pors, as the velocities throuph these
connections will be too high.

Plate condensers
Desigr. The plate condenser 15 based
on the plate-and-frame heat ex-

changer, but it is tailor-made for low-
pressure condensation, In this con-
text, low-pressure refers to pressures
below 0.2 bar absolute (3 psia). The
plates are pair-welded, again to avoid
the need for rubber gaskets and thus
allow these condensers to be able to
handle aggressive vapors that flow in-
side the welded channel.

Meanwhile, the connection sizes
have been adapted to fit the volumet-
ric flowrates of the inlet and outlet
streams (Figure 5.) A large inlet con-
nection  can accommodate  large
amounts of low-pressure vapor with
mederate velocity and small pressure
drop. Condensate and NCOs are ex-
tracted through two smaller connec-
tions at the bottom. The coolant enters
and exits through two centrally
placed, medivme-sized connections.

Applicability and features. The
plate condenser can be used advanta-
geously for high-vacuum duties where
the normal plate-and-frame fails. The
pressure drop in the vapor channels 1s
kept very low due to a relatively short
flow path and a large channel gap on
the vapor side. The patiern of the
plates iz designed to keep the vapor
pressure losses low yet allow for a

high turbulence corresponding to a
high heat transfer capacity.

The large channel gap for the vapor
is counteracted by a small gap on the
eoolant side, where it is important to
keep a high velocity and turbulence,
in order to get a good heat transfer
performance. Due to the countercur-
rent flow, NCGs can be cooled very ef-
hciently, which decreases the load on
the downstream vacuum system,

The low pressure drop and cus-
tomized connection siges, in combina-
tion with the features of the pair-
welded plate-and-frame, make the
plate condenser the most cost-efficient
choice for most low-pressure conden-
sation applications.

Spiral condensers

Design. The spiral condenser, like the
spiral heat exchanger, consists of a
long metal sheet that iz wound like a
spiral around its center. Studs are
spotwelded to the sheet to keep the
distance to the next outer turn of the
sheet, and thereby create two separate
flow channels. These are originally
apen along their outer edges and can
either be lefi completely open for lat-
eral flow, or welded so that a channel
15 closed on either one or both sides.

Standalone condenser, The wound
spiral body is welded to the inside of a
cylindrical vessel, as shown in Figure
6. The vapor enters through a nozzle
atl the top and Nows through the open
channel, where it iz exposed to walls
that are cooled by the coolant., The
coolant flows in the spiral channel
that is closed on both sides. Conden-
sate and non-condensed gases are ex-
tracted at the bottom of the vessel
through separate nozzles. This design
offers a very low pressure drop and
the possibility to handle large
amounts of NCGs.

Top-mounted. The vessel assembly
can also be placed directly on top of
any column o drastically reduce the
need of piping, pumps and structures
{Figure 7). Here, the vapor enters from
below, flows up through a central pipse,
makes a 180-deg turn and then down
through the spiral body, as in Figure 6.
The condensate can either be directly
refluxed back into the column or ex-
tracted via a baffle arrangement.

Applicability and features. The
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FIGURE 6. As shown in this schematic
of a standalone spiral condenser, the
vapor channel is completely open both
at the top and the bottom to provide very
low pressure drop

open  flow channels for the vapor
makes the spiral condenser well-
suited for condensation duties at very
low pressures (typically below 0.1 bar
absolute, or 1.5 psia). Also, large
amounts of NCGs can be effectively
handled in all designs. At pressure
above atmospheric, the spiral con-
denser works equally well, but may
not always be cost-competitive. As
with S&T and plate-fin condensers,
there is virtwally no flexibility in
adapting the design for changing du-
ties once the unit has been built,

From a heal transfer point of view,
the spiral eondenser outperforms the
S&T condenser when the cooling side
15 the thermally limiting factor. This
i5 due to the turbulence-promoting
stods and the curvature of the sur
face, which help to enhance the heat
transfer performance. As with the
S5&T condenser, cooling of NCGs iz not
particularly effective in a spiral con-
denser, due to eross-low.

Plate-fin condensers

Design. Fin structures are fixed by
brazing, and located between non-cor-
rugated parting sheets that are typi-
cally made of aluminum, The fins have
two functions: Lo enlarge the available
surface area, and to act as structural
support between the plates. From a
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pressurc-retaining point of view, the
core of plates and fins is self-support-
ing. External headers and side plates
are fitted to make the heat exchanger
complete. The construction is based on
the crossflow principle and allows
multi-stream design. Up to 18 streams
have been used in the same core.
Applicabilily and features. As a
condenser, the plate-fin heal ex-
changer has found use mainly in cryo-
genic applications, such as air separa-
tion, hydrocarbon  processing, and
industrial and natural gas liquefac-
tion. At higher temperatures, typi-
cally 150°C or 300°F, the mechanical
characteristics of aluminum are less
well-suited, and stainless steel or cop-
per often replaces aluminum as the
construction material of choice.
Multi-streaming iz the practice by
which many different streams within
one heat exchanger body are used o
cool, heat, condense or wvaporize.
Plate-fin condensers that use multi-
streaming are able to use different
coolants al different temperatures,
which makes this type of condenser
extremely compact when compared to
a configuration in which several con-
densers are connected in series. By
contrast, many other types of con-
densers are typically able to handle
one coolant stream within one body.

FIGURE 7. In this instal-
Iation, a column-mounted
spiral condenser is in-
stalled on top of a dehy-
drator column {and high-
lighted in the circle)

Multi-streaming  also
facilitates efficient NCG
cooling, A small hydraulic
diameter, typically 1 to 2
mm (.04 to .08 in.), en-
ables relatively high heat
transfer, a very compact
design and a temperature
approach of 1-2°C
(2—4"F), However, for vac-
uum applications, the re-
sulting pressure drop will
restrict the use of this type
of condenser, Another
drawback 1= a lack of flexi-
bility once the condenser
i5 build.

Some final thoughts

Today, there are many compact alter-
natives that perform as well as, or bet-
ter than, the workhorse S&T con-
denser. In many cases, they are
superior to the S&T in terms of oper-
ating and installation cost, heat trans-
fer and size. It is fair to say that none
of the compact types are as widely ap-
plicable as the S&T, but for most du-
ties below about 300°C (570°F) and 30
bar (440 psi), it iz possible to find a
suitable compact alternative.

To help users to overcome resistance
to these newer options, manufacturers
and vendors of compact condensers
must continue to demonstrate the via-
hility of existing and new compact con-
densers, in terms of reliability and sav-
ings: However, in order for the CPI to
capitalize on the cost and performance
improvements of compact condensers,
ongoing research-and-development ac-
tivities are also required. For instance,
new theories and correlations for heat
transfer and pressure drop must be de-
veloped for compact designs.

New types of condensers will also
need new design paidelines, and these
must be based on extensive live testing.
Here, it will be helpful if design proce-
dures are incorporated in design soft-
ware suites, such as those from Heat
Transfer Research, Inc. (www. htr-

net.com) and Heat Transfer and Fhad
Flow Service (www. hifs.com), and in
commercially available process-simu-
lation software.

Furthermore, product development
must he focused on dedicated con-
densers, not on all-purpose compro-
mises. The plate condenser is a good
example of a new tailor-made con-
denser that arose from the well-known
and proven plate-and-frame technol-
ogy. Large cost savings are available,
but concerted efforts from universities
and research institutes, equipment
manufacturers, contractors and end
users will be necessary in order to
achieve these savings in the end. W

Edited by Suzanne Shetley
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