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Exchan

ased on bare-tube heat-transfer
area, air-cooled heat exchangers
(ACHE:S) cost two to three times
more than water-cooled heat ex-
changers for the same heat duty (hardware
costs only). There are two main reasons
for this. First, the thermal conductivity of
air is considerably lower than that of
water. which results in a much lower heat-
transfer coefficient. Second. since design
ambient temperatures are always higher
than design water temperatures. the mean
temperature difference (MTD) is always
lower for an ACHE. especially at relative-
ly low process-fluid outlet temperatures.

As a result of these two factors. the
heat-transfer area ot an ACHE is consid-
erably larger than that ot a water-cooled
heat exchanger for the same duty. In addi-
tion. the larger area requires an claborate
structural support system. which increases
the cost further.

However. as all engineers know. the
capital (or fixed) cost of equipment is only
part of the story. What is important is the
total cost — the sum of the fixed cost and
the operating cost.

The operating costs for water cooling
are much higher than those for air cooling.
These include the costs of the initial raw
water itself. makeup water. and treatment
chemicals. the apportioned cost of the plant
cooling tower, and the pumping cost. For
ACHEs, e uperaung cost 1s just the cost
of the power required to make the air flow
across the tube bundles. As water becomes
scarcer. the operating costs of water-cooled
heat exchangers increase. thereby tilting the
economics further in favor of air cooling.

CHEMICAL ENGINEERING PROGRESS

gers

This article outlines the advantages and
disadvantages of ACHEs. explains and il-
lustrates what ACHEs are, elaborates the
various construction features available to
accommodate different application require-
ments, discusses the thermal design of
ACHEs and the optimization of the ther-
mal design, and examines several special
applications.

Pros and cons of ACHEs

Air-cooled heat exchangers otfer several
important advantages over water-cooled
exchangers.

Some of these are a direct result of water
not being used as the cooling medium. The
high costs of using water. including the
costs for the raw water. makeup water. and
treatment chemicals. are eliminated. The lo-
cation of the cooler. and thus the plant itself,
does not depend on being near a source of
water (such as a river or lake). Thermal and
chemical pollution of the water source are
prevented. Maintenance costs are reduced,
since frequent cleaning of the waterside of
the cooler (necessitated by fouling such as
scaling, biofouling. sedimentation. etc.) is
not needed. And. installation is simpler be-
cause water piping is eliminated.

Another advantage is that ACHEs can
continue to operate. albeit at reduced ca-
pacity. by natural convection when there is
a power fatlure.

Ana finally, controi of the process fluid’s
outlet temperature (and thereby the heat
duty) is easily accomplished through vari-
ous methods. such as switching fans on and
off. use of two-speed or variablegpeed mo-
tors. use of auto-variable fans (which allow
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the blade angle to be adjusted even
while the fan is in motion), and so on.

Limitations. Of course, ACHEs
also have some limitations.

As noted earlier, the initial capital
cost of an ACHE is considerably more
than that of a water-cooled unit be-
cause air has a much lower thermal
conductivity and specific heat than
water.

In cold climates, extensive winteri-
zation arrangements have to be incor-
porated to protect against freezing tem-
peratures. This increases the initial
capital costs even further.

An economical approach tempera-
ture between the outlet process fluid
and the ambient air is generally in the
range of 10-15°C, whereas in water-
cooled exchangers this approach tem-
perature can be as low as 3-5°C. This
disadvantage is mitigated by having air
cooling followed by trim cooling with
water.

Because of the larger heat-transfer
area, an ACHE requires a larger plot
area than a water-cooled exchanger.
However, this disadvantage can be
overcome by locating an ACHE on a
piperack so that no valuable plot area is
wasted.

The low specific heat of air requires
that large quantities of air be forced
across the tube bundles. This is accom-
plished by large-diameter fan blades
rotating at high speeds, which pro-
duces high noise levels.

The seasonal variation in air tem-
perature can affect performance, and
expensive control systems have to be
incorporated to ensure stable operation.

ACHEs cannot be located near large
obstructions, such as buildings, be-
cause air recirculation can set in and
reduce efficiency.

The design of ACHE:s is relatively
sophisticated. Because of this, there
are fewer vendors of ACHEs than
there are of water-cooled shell-and-
tube heat exchangers.

For cooling viscous liquids, ACHEs
become even more expensive due to
the extremely low tubeside heat-trans-
fer coefficient. (Such liquids yield con-
siderably higher heat-transfer coeffi-
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cients when flowing on the outside of
tubes in shell-and-tube heat exchang-
ers, due to the much higher turbu-
lence.) This situation can be remedied
to a large extent by the use of tube in-
serts. However, this technology has
still not become very popular.

Optimizing air
and water cooling

In many applications where the pro-
cess outlet temperature is relatively
low, air cooling alone may not be feasi-
ble. For example, cooling a light hy-
drocarbon liquid to 40-45°C may not
be feasible at a site where the design
ambient temperature is 42°C and the
design cooling water temperature is
33°C. In many such cases, a combina-
tion of air cooling followed by trim
cooling with water can be adopted.

For certain other services, air cool-
ing may not be economically viable at
all. For example, at the site just de-
scribed (ambient = 42°C, cooling water
= 33°C), air cooling may not be viable
for a naphtha stabilizer condenser with
inlet and outlet temperatures of 50°C
and 45°C, respectively, due to an inor-
dinately low temperature difference.
Here, water cooling alone would be
recommended.

Thus, there will be services where
air cooling alone is suitable, others
where a combination of air and water
cooling can be used, and still others
where only water cooling should be
employed.

The optimum temperature break-
point between air and water cooling
(that is, the temperature at which the
process fluid leaves the ACHE and en-
ters the water-cooled heat exchanger)
has to be established by the overall
economics for the specific project. It
will depend on the equipment costs for
the air-cooled and water-cooled heat
exchangers, the total cost of using
water, and the cost of power. Generally
speaking, this optimum temperature is
around 15-20°C more than the design
ambient temperature.

The important point to note is that
even for combination cooling (air plus
water cooling), the ACHE will address

the major heat duty — 80% or more of
the total — thereby considerably re-
ducing the cooling water flow.

When using combination cooling, it
is usually best to design the ACHE for
a somewhat lower ambient temperature
than would be used if there were no
trim cooling and to design the trim
cooler for that process fluid tempera-
ture which would be delivered by the
ACHE at the maximum (or near maxi-
mum) ambient temperature. This is be-
cause the increase in the trim cooler
cost will be much less than the increase
in the ACHE cost if it were to handle
air at the higher ambient temperature. .
This concept is illustrated by the fol-
lowing example.

Example 1. In a refinery, 71,848
kg/h of kerosene was to be cooled from
183°C to 43°C. The maximum and
minimum ambient temperatures at the
site were 42°C and 18°C, respectively.
Cooling water was available at 33°C.
The other relevant process parameters
were: fouling resistance of kerosene =
0.0004 hem2e°C/kcal. fouling resis-
tance of water = 0.0004 hem2+°C/kcal,
allowable pressure drop of kerosene =
1.0 kg/cm?. allowable pressure drop of
water = ().7 kg/cm?. kerosene viscosity
= 0.11 cP at 183°C and 0.9 at 43°C,
and total heat duty = 5.87 MM kcal/h.

The optimum break-point tempera-
ture between air and water cooling was
calculated to be 58°C. Thus, an ACHE
was designed to cool the kerosene
from 183°C to 58°C and a trim cooler
(using water) to cool the kerosene from
58°C to 43°C. Because there was to be
a trim cooler, 38°C was used as the de-
sign ambient temperature.

The ACHE was designed with one
section having two tube bundles in par-
allel and a total bare-tube area of 327
m?. Since the section had a high
length-to-width ratio (12.5 m x 3.8 m),
it uses three 9-ft-dia. fans.

A simulation of the ACHE’s perfor-
mance established that it the ambient
temperature were 42°C, the kerosene
outlet temperature would .be 60°C.
Therefore, the trim cooler was designed
for this heat duty, that is, fpr cooling the
kerosene from 60°C to 43°C. A single
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shell with a heat-transfer area of 157 m?
was found to be adequate.

Now consider what would happen if
the ACHE were to be designed for an
ambient temperature of 42°C and the
trim cooler for cooling the kerosene
from 58°C to 43°C. The ACHE bare-
tube area would increase from 327 m?
to 369 m* (and the fan diameter from 9
ft to 10 ft). whereas the trim cooler
heat-transfer area would decrease from
157 m? to 137 m? Thus. it would be
more economical to design the ACHE
for an ambient temperature of 38°C
and the tnm cooler for a kerosene tem-
perature equal to the outlet temperature
from the ACHE (that is. not 58°C but
60°C) when the ambient temperature is
the maximum (42°C).

Construction features

The American Petroleum Institute's
standard API 661. “Air-cooled Heat Ex-
changers for General Refinery Ser-
vices” (/). outlines the minimum re-
quirements for design. materials. fabri-
cation. inspection. testing. and prepara-
tion for shipment ot ACHEs. Although
this standard is intended specitically for
the petroleum refining industry. its use
is widespread in the petrochemical. fer-
tilizer. and general chemical industries
as well. In fact. it is considered to be a
standard for all ACHEs.

A discussion of construction fea-
tures should begin with a few basic
definitions:

Tube bundle — assembly of tubes,
headers. tube supports. und frames
(Figure 1).

Bav or section — the smallest inde-
pendent part of an ACHE. complete
with its tube bundles. tans. drives, mo-
tors, supporting structure. and so on
(Figure 2).

Unit — one or more bavs (sections)
for an individual service. such as a
condenser or a cooler.

Bank — two or more units located
one arter another on the same continu-
ous structure (Figure 3).

A bank consists of two or more
units, a unit consists of two or more
bays, and a bay consists of two or more
bundles. as illustrated in Figure 4.

28 o FEBRUARY 1997 o

B Figure 1. A
tube bundle is
an assembly of
tubes, headers,
tube supports,
and frames.

B Figure 2. A bay (or section) consists of two or more tube bundles.

Forced draft — twbe bundles located
on the discharge side of fans (Figure Sa).

Induced drafr — wbe bundles locat-
ed on the suction side of the fans (Fig-
ure 5b).

Finned tubes

The tube bundies are the heart of an
ACHE. The extremely low heat-trans-
fer coetticient of air makes the use of
extended surface tubes (on the airside)
unavoidable. Ihe most common and
least expensive form of extended sur-
face is the finned tube.

The base tube may be made of any
commercially available material —
usually carbon steel or stainless steel.
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The fins are of circular cross-section
and are normally made of aluminum.
since it has the most favorable thermal-
conductivity-to-cost ratio as well as
good cold-working properties. Because
these fins can be as thin as 0.4 mm., it is
common to pack in 433 fins per meter.

For maximum operating tempera-
tures in excess of 400°C. carbon steel
fins are used instead of aluminum.
These fins are much thicker than alu-
minum fins (usually about 0.8 mm). If
the atmospheric conditions are corro-
sive to carbon steel, the entire finned
tubes (carbon steel tubes and carbon
steel fins) are galvanized fgom the out-
side (tube outer surtace and total fin
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B Figure 3. A bank consists of two or more units on the same structure.
(Photo courtesy of ABB Lummus Heat Transfer.)

surface). However, galvanized carbon
steel finned tubes cannot be used for
process fluid temperatures above
300°C. The use of these tubes is not
very prevalent. (See (2).)

Since the coetficient of linear ex-
pansion of aluminum is about twice
that of carbon steel. a gap resistance
between the tube and the fin material
develops. As the operating temperature
increases. the difference in the coetfi-
cients of expansion increases and so
does the resuiting gap resistance. Thus.
maximum operating  temperatures.
which depend on the type of bond be-
tween the tube and the fin. have been
established. (These are specified for
the various tvpes of finned tubes in the
following discussions.)

The standard tube O.D. is | in.. al-
though 14 in.. 1'%~ in., and even 2 in.
diameters are employed in cases where
the allowable tubeside pressure drop
does not permit the use of 1-in.-O.D.
tubes. The standard fin heights are %
n., 2 1n., and %4 in., with the latter two
being far more popular.

Single, L-footed finned tubes. This
is a circular fin wrapped helically
around the tube under tension (Figure
6a). Full coverage of the base tube by

the L-foot offers good protection
against atmospheric corrosion.

These fins tend to become loose
over time. resulting in significant deter-
ioratton in the airside performance due
to the gap between the tube and the
fins. Consequently, their use 1s limited
to applications where the process-fluid
inlet temperature is less than 120°C.
However. the majority of ACHE appli-
cations have process inlet temperatures
less than this.

Since the airside performance of

these finned tubes is likely to deterio-

rate due to the loosening of the fins.
they are generally not very popular.
One place where they are common is
in the corrosive marine atmospheres of
offshore platforms, since they afford
good protection against atmospheric
corrosion of the base tubes and are su-
perior to grooved fins.

Double, L-footed finned tubes.
These offer better coverage of the base
tube (Figure 6b). However, because
they are more expensive (about
10-15%) than single L-footed finned
tubes, they are preferred only in ex-
tremely corrosive atmospheres. The
upper limit on process-fluid inlet tem-
peratures for these finned tubes is
170°C.

Grooved (or embedded) or G-
type finned tubes. Here the fin is em-
bedded in the tube by first plowing a
groove in the tube wall and then
stretching the fin material into the
groove under sufficient tension to
achieve a specified bond strength (Fig-
ure 6¢). These are the most commonly
used finned tubes in ACHEs.

G-finned tubes require a heavier
tube wall than L-footed tubes. API 661
(Clause 4.1.11.3) specifies a minimum
tube wall thickness of 2.1 mm for cur-
bon steel and low-alloy steel. and 1.65
mm for stainless steel. For embedded-
fin tubes. this thickness is measured at
the bottom of the groove. Hence. em-
bedded fin tubes have to be thicker
than L-footed fin tubes by the groove
depth (which is usually 0.3 mm).

i Bundle
Section

B Figure 4. ACHEs
consist of bundles
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B Figure 5. The

ACHE's fans can be
in a forced-draft (a)
or induced-draft (b)
configuration. a.

)

I

These finned tubes can withstand
process-fluid inlet temperatures of up
to 400°C due to the strong fin bond
(the fin/bond resistance is considered
negligible). They can also withstand
cyclic operation without any loss of
fin/tube contact. The disadvantage of
G-finned tubes is that the base tube
material is exposed to the atmosphere.
s0 their use 1n aggressive atmospheres
(such as marine) is not recommended.

Bimetallic finned tubes. Bimetallic
finned tubes have G-type fins embedded
in an outer tube of aluminum that is
stretched over the base tube (Figure 6d).
These tubes we not used very often. but
they we well-suited for applications
where the process fluid is at high pres-
sure and corrosive, thereby requiring the
use of an expensive alloy. In these cases.
it may be cheaper to use bimetallic
tinned tubes with a thin-wall inner tube
than to use a heavy base tube with G fins.

Extruded finned tubes. These are
hasically double tubes. The usual con-
struction is an inner steel tube encased
in an outer tube of aluminum (Figure
6e). The fins are extruded from the
outer tube by a cold-working process.
Applications are similar to those of
bimetallic finned tubes.

For a detailed discussion of bond
resistance and the maximum operating
temperatures for various types of high-
finned tubes. see (3).
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Headers

Headers introduce the hot fluid into
the mbes and collect the cooled fluid.
They carry the inlet and the outlet nozzles
as well as the partition plates that create
the required number of tube passes.

Headers are amranged so that move-
ment within the side frame is possible to
accommodate thermal expansion. In ac-
cordance with APl 661 (Clause 4.1.6.1.2).
it the temperature ditference between the
mlet to one pass and the outlet from the
adjacent pass is greater than 111°C. split
headers are used to contain the differenual
expansion. A split header is, literally. a
header split into two (or more. in excep-
tional circumstances of very high tubeside
fluid temperature difference) headers. one
resting over the other. The upper header
can slide along the top of the lower header
to accommodate differential  expansion
between the tubes and the headers.

There are various types ot header
construction. each having specitic ad-
vantages and disadvantages. The most
common headers are as follows.

Plug headers. This is the most
common construction. It consists of a
rectangular. welded box with inlet noz-
zle(s) in the top plate and outlet noz-
zle(s) in the bottom plate (Figure 7a).
The tubes are either welded to the
tubesheet or expanded into holes in the
tubesheet. The plug hole opposite each
tube in the plug-sheet allows mechani-
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cal cleaning of each tube and plugging
in case of leakage.

This type of header is relatively
cheap and can be used for pressures up
to 175 bar. The disadvantage of plug
headers is that for frequent cleaning of
tubes in dirty services (where the foul-
ing resistance is greater than 0.0004
hem?2e°C/kcal). removal of the large
number of plugs is time-consuming
and costly. Thus, plug headers are pre-
ferred for clean and moderate- to high-
pressure (40—1735 bar) applications.

Cover-plate headers. For dirty ser-
vices, cover-plate headers (Figure 7b)
are preferred because it is much easier to
remove the cover plates than the numer-
ous plugs of plug headers. For easy re-
moval, cover-plate headers are equipped
with jack-screws and lifting lugs.

At higher pressures, this header
type becomes expensive as the cover-
plate thickness increases. Therefore,
cover-plate headers are usually not
used for pressures in excess of 40 bar.

Manifold headers. For very high
pressures. round manifold headers
(Figure 7c¢) are generally used. The
tubes are welded to the manifold by
means of stubs.

Due to manufacturing limitations.
the number of tube rows per manifold
is restricted to one or two. Thus. the
choice of number of tube passes 1s lim-
ited. For example. if a manifold has
one row of tubes. the number of tube
passes has to be equal to the number of
rows. If a manifold has two rows of
tubes. the number of tube passes has to
be half the number of tube rows.

Since cleaning of the insides ot the
tubes can be carried out only chemical-
ly or by cutting the U-bends. this type
of construction is not recommended for
dirty services. However. tor pressures
above 175 bar. it is virtually mandatory
that manifold headers be used.

Bonnet headers. In a bonnet con-
struction (Figure 7d). a semicircular
bonnet is welded or bolted to the
tubesheet. This is a relatively cheap
construction, but it has an inharent dis-
advantage in that the piping must be
removed for cleaning or even for plug-
ging a leaking tube.
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d.

B Figure 6. Finned tubes are available in a variety of fin stvles:
L-footed (a), double L-footed (b), grooved G-type (c). bimetallic

(d), and extruded (e).

Other tube bundle features

Tube supports. The finned tubes
are supported by special aluminum
support boxes or by zinc collars cast on
the tubes themselves.

Side frames. The ACHE's side-
frame serves two purposes. First. it
supports the headers and the tubes and
makes the tube bundle a ngid. sclt-
contained assembly that can be trans-
ported and erected conveniently. Scc-
ond. it serves as a seal and prevents the
bypassing of air.

Tube-to-tubesheet joint. At low to
medium pressures (less than 70 bar).
the tubes are cxpanded into double
grooves in the tubesheet. At high pres-
sures (greater than 70 bar). however.
the tubes are strength-welded to the
tubesheet. (Strength-welding produces
a proper fillet-welded joint with a
much higher strength than a seal-weld-
ed joint. which has no fillet.)

Fans and drives

Axial fans employed 1n ACHES dis-
place very large volumes of air against a
low static pressure (typically 0.6-0.8 in.
w.g.). These fans have characteristic per-
formance curves that are specific to each
fan manutacturer. The designer should

have access to fan curves that provide in-
formation regarding volume (or mass) of
air. static pressure. absorbed power. and
noise. Some fan manufacturers even fur-
nish computer software to aid the de-
signer in proper tan selection.

Fan diameter usuaily varies  be-
tween 6 ft and 18 ft. although fans with
smaller and larger diameters are em-
ployed in special circumstances.

A fan consists ot two basic compo-
nents — the hub and the blades.

The hub is mounted on the fan
shaft and the blades are mounted on
the hub. The hub may be made of cast
iron. cast aluminum. or fabricated
steel. Manufacturers usually conduct
static and dynamic balancing ot the
hub 1n the shop.

Two types of hubs are available.
With o manually adjustable hub. the
blade ungle can be altered only when
the fan is stationary. An auto-variable
hub includes a device (usually a pneu-
matic controller) that can alter the blade
angle even while the tan 1s in motion. in
order to control air flow. Control is usu-
ally effected by means of a signal from
a temperature indicator/controller (TIC)
responding to the outlet temperature of
the process fluid. (See (4).)

B Figure 7. ACHEs can use plug (a), cover-plate (b), manifold
(c), or bonnet (d) headers.

Blades can be of either metal (usual-
ly aluminum) or fiberglass-reinforced
plastic (FRP). Plastic blades are suitable
only for temperatures of up to 70°C.

Fan performance (air flow rate and
static pressure) is determined by the
number of blades. blade tip speed.
blade angle. and blade width.

The effect of a change in tip speed
on a fan's performance is dramatic.
The volume of air flow varies directly
with the tip speed. the pressure varies
as the square of tip speed. and the
power consumption varies as the cube
of tip speed. Tip speed is normally lim-
ited to 61 m/s. as noise becomes exces-
sive at higher speeds.

Increasing the number of blades in-
creases the fan’s ability to work under
pressure. Thus. one could use a 6-
blade fan operating at a lower tip
speed to deliver the same volume of
air as a 4-blade fan. However. this can
be carried too far — as the number of
blades increases beyond six. multi-
blade interterence may actually reduce
the efficiency of the fan. since each
blade works in the disturbed wake of
the preceding blade. Therefore, the
number of blades has tg be selected
carefully by the fan vendor.
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B Figure 8. The dispersion angle of the fan should be

less than 45°.

All the blades of a fan should be set
at the same angie for smooth operation.
Usually. the blade angle is set between
12° and 27°. This is because pertor-
mance deteriorates at lower angles and
becomes unstable at higher angles.

A fan with a wider blade can be op-
erated at a lower tip speed to achieve the
same performance. Consequentiy. tans
with wider blades operate less noisily.
This feature 1s exploited by fan vendors
who ofter special low-noise fans.

APL 661 (Clause 4.2.3) stipulates
the following tor tans and fan hubs for
ACHE-:

1. There should be at least two fans
along the tube length. However. a sin-
gle-fan design can be used in excep-
tional  circumstances  (such as very
small units) it agreed to by the pur-
chaser and the vendor. This two-fan re-
quirement isapparently based  on
considerations ot reliability — should
one fan stop functioning, the other will
be running and the unit will continue to
operate. albeit at a somewhat lower
heat duty. Furthermore. at lower loads
wnLichi leiiperuues.,
one fan may be stopped for better con-
trol of the process outlet temperature
and to conserve power. When auto-
variable tans are used. both fans need
not be auto-variable — one auto-vari-
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able fan and one manually adjustable
tan offer the necessary control.

2. Fans should be of the axial-flow
tvpe and cach fan should occupy at
least 40% of the tube-bundle face area
served by it

3. The dispersion angle of a fun
tFigure ¥) should not exceed 457 at the
centerline of the tube bundle.

4. The radial clearance between the
fan ring and the fan tip should not ex-
ceed (.5% of the fun diameter or 19
mm. whichever is less. Fan stalling
may oceur at larger clearances.

5. Fan tip speed should not exceed
01 nv/s unless approved by the pur-
chaser. and in no case should it exceed
S m/s.

Some additional recommended de-
sign guidelines are as follows,

The minimum distance between the
plane of the fan and the wbe bundle
(that is. the plenum heighty should be
one-half the tan diameter for forced-
dratt units and one-third the fan diame-
ter for induced-draft units. These re-
quirements are tor maintaining favor-
able acrodynaiics and wereby superi-
or performance of fans.

For both torced-draft and induced-
draft designs. the height of the fan
ring should be at least one-sixth the
fan diameter.
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W Figure 9. An A-frame configuration is well-suited to
condensing services.

Air seals should be provided be-
tween tube bundles and between tube
bundles and the plenum chamber in
order to minimize air bypassing. Any
zap wider than | ¢m should be consid-
cred excessne.

The fan drive provides the power
required by the fans o move air across
tube bundles. Fans can be driven by un
clectric. motor. steam wrbine, gas or
vasoline engine. or hyvdraulic motor.
The electric motor ix overwhelmingh
the most popular. Polvphase. squirrel-
cage totally enclosed fun-cooled induc-
ton motors are usually used. The re-
quirements for steam turbine drivers
are specitied m APLOLT (5.

The power is vansmitted trom the
motor (or turbine) o the fans through a
direct drive. V-belt drive. high-torque
drive (HTD). or gear drive. APL 661
(Clauses 4.2.8-2.10. 22,11, -3,
outlines the maximum fun pm\c rat-
ings for cach type of drive. A direct
drive. where the fan shatt is directly
connected to the driver. is usually used
with fan diameters of' 5 ft (1.53 m) or
less and dnves ol > hp (5.73 kW) or
less. A V-belt drive is used when the
speed rating (rpm) of the tan is less
than the speed rating of the driver: V-
belt drives may be used yith motor
drives rated 30 hp (22 kW) or less. An

-3.3)
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HTD may be used with motor drives
rated 50 hp (37 kW) or less. For elec-
tric motors rated above 50 hp (37 kW),
right-angle gear drives must be used.
All steam turbine drivers must employ
right-angle gear drives

Unlike flat and V-belts. HTD beits
do not rely on friction for their pulling
power. Rather. HTD belts utilize a new
tooth design that substanually im-
proves stress distribution and higher
overall loading.

HTD belts do not stretch due to
wear. are corrosion-resistant. and oper-
ate at reduced noise levels. The belts
are capable of transmitting higher
torque at lower speed. thus improving
the power capacity of toothed belts.

Maintenance is simple. No adjust-
ments are required due to stretch or
wear. HTD belts are ideal where main-
tenance is difficult or where downtime
could prove to be extremely expensive.

The plenum chamber is where the
air delivered by a fan is distributed to
(forced-drafty or collected from tin-
duced-drafty the tbe bundle. It con-
sists of a rectangular box or
conical/rectangular — transition  prece.
For torced-draft umits. the plenum
chamber can be square (or rectanguian
or conteal. whereas for induced-dratt
units. 1t 1s mvartablhy concal. A paru-
tion is provided between fans. and the
2up between the tube bundle and the
partiion plate should not exceed 20
mn.

For forced-dratt units. the plenum
chamber has a conical mlet at the bot-
tom 1o reduce mlet losses. When low-
noise tuns are emploved. this conical
indet i~ replaced by o bell-shaped
mouth.

Contiguration of ACHEs

Horizontal configuration. ACHLES
are usually contigured i the horizontal
position (Figure 3) because this makes
maintenance easier.

A-frame configuration. This de-
sign (Figure 9) is employed almost ex-
clusively in power plants tor condens-
ing wrbine exhaust steam. The tube
bundles are mounted on a triangular
frame with tans located below. The in-

clination trom the horizontal is usually
between 457 and 60°.

The A-tframe configuration occupies
30—0% less plot area than a horizontal
configuration. Additionally. though no
less importantly. the A-frame is ideal
tor condensing. as it facilitates conden-
sate drainage. The common header at
the top of the unit allows uniform
steam distribution with minimum pres-
sure loss. which 1s important for the ef-
ficient operation of vacuum steam con-
densers. The A-trame configuration is.
in fact. the basis of several patented
freeze-prooft designs.

Vertical configuration. \ertical
orientation (Figure 10) is generally em-
ployed for packaged systems. such as
compressors  with their intercoolers.
These units are used where floor space
Is at a premium.

A drawback is that they are much
more prone to performance deteriora-
tion due to cross-winds. Furthermore.
multipass designs are not teasible for
condensing services.

Naturai vs. mechanicai drart

Natural dratt involves no tans — ar
How i by natural convection due to the
stack etfect aeross the tube bundle. An
oxternal stack s sometimes installed wo
merease the dratt and thereby the cool-
mng. The principal apphication of natu-
ral dratt s 1 dry cooling towers in
power plants. where the large chimmney
of the cooling tower establishes an ap-
preciable dratt.

Most ACHE:S are of the mechanical-
draft design. Vast amounts of air are
moved across finned-tube bundles by
axial fans driven by electric motors.
There are two main types of mechani-
cal draft — forced draft and induced
draft. In forced draft (Figure 3a). fans
mounted below the tube bundles blow
air across the finned tubes. In induced
draft (Figure 5b). fans above the tube
bundles suck air across the finned
tubes. Each type has advantages and
disadvantages. and therefore preferred
applications.

Forced-draft ACHESs. Forced-draft
ACHE:s have several advantages. Be-
cause both fans and motors or drive
transmissions are located below the
tube bundles. accessibility for mainte-
nance is much better. Because the fans
are located below the tube bundles and
handle the colder incoming air. the air
pressure drop. and therefore the fan
power consumption. is somewhat
lower. Fan blade lite is longer, since
exposure is to cold inlet air. Further-
more. even for relatively high air outlet
temperatures (greater than 70°C). tiber-
reinforeed plasuce blades can be used.

There are four principal disadvan-
tages of forced dratt. First. distribution
of air across the wbe bundles 1 poorer,
since the air leaves the wibe bundles at
a much lower velocity.

Second. hot air recireulation is more
likely to oceur. due to the lower dis-
charge velocity and the absence of a
stack. resulting moa higher air inlet
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A Figure 10.

Packaged systems
typically employ
vertical configurations.
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temperature and consequently a lower
MTD. In low-MTD applications. the
deterioration in performance could be
significant. Consequently. forced draft
is not preferred where the cold-end
temperature approach (the difference in
temperature between the process outlet
and the inlet air) is less than 5-8°C.
Third. the ACHE is exposed to the
elements (sun. rain. hail. and snow) un-
less louvers or roofs are provided at the
top of the tube bundles. This results in
poorer stability and process control.
Finally. due to a very small stack ef-
fect. natural draft capability in the
event of fan failure is rather low.
Induced-draft ACHESs. The princi-
pal advantages of induced draft are:
better air distribution across the tube
bundles: lower probability of hot air re-
circulation (the air velocity at the dis-
charge is usually more than twice that
at the entrance): greater ability to oper-
ate following fan failure (due to the
much higher stack etfect); better pro-
cess control and protection from the ef-
fects of rain. snow. hail. or sun: and no
possibility of damage to fans or drives
due to leaking products (if corrosive).

Nomenciature
A = heat-transfer area
D = fan diameter in m
hte, = airside heat-transter coefficient
hte, = tubeside heat-transfer coefficient

HP = absorbed shaft horsepower

k = constant established by
performance tests or turnished by
the tan manutacturer for calculating
the overall sound power level

MTD = mean temperature difference

PWL = sound power level in dB
(reference level = 10-'2 watts)

() = heat-transter duty

, = twbeside fouling resistance

= airside fouling resistance

r, = wall resistance
SPI = <onnd pressure level in dB
(reference level = 0.0002
microbars)
TS = tipspeed inm/s
U = overall heat-transfer coefficient
34 .

However. induced draft does have
several disadvantages. The air pressure
drop and power consumption are high-
er because the air being handled is hot-
ter and lighter. In order to prevent dam-
age to fan blades. V-belts. bearings.
and other mechanical components. the
exit air temperature has to be limited to
about 90°C (70°C for FRP blades).
The fans. being located above the
plenum chamber, are less accessible
for maintenance. Further, maintenance
work may have to be carried out in the
hot air caused by natural convection.
Since the motor is usually located
below the tube bundle. a long shaft is
required to transmit the power to the
fan located above the bundle. This rep-
resents another potential problem area.

Thermal design

An ACHE. like any other heat ex-
changer. must satsty the following
basic equation:

A = QNUYMTD) (1)

The overall heat-transter coetficient.
U, is determined as follows:

VU = 1/hte, + Vnte, + r,,
+r,,+r, (2)

Since the airside heat-transfer coet-
ficient is generally much lower than the
tubeside heat-transfer coetficient. it is
necessary to use finned tubes to make
the airside heat-transter coefticient
more compatible with the tubeside
heat-transter coefficient.

Tubeside calculations. The tube-
side heat-transter coefticient and pres-
sure drop calculations are performed
just as they are in shell-and-tube heat
exchangers. whether tor single-phase
cooling, condensing, or a combination
of the two. This has been covered ex-
tensively in the literature (such as (6.
7)) and is rather common knowledge
among chemical engineers. so it will
not be discussed here.

Increased tubeside pressure drop.
It sometimes happens that the allowable
tubeside pressure drop is specified very
low. This can penalize the ACHE de-
sign considerably by requiring an inor-
dinately high heat-transfer surface area.
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For gases and condensers. the al-
lowable pressure drop is generally be-
tween 0.05 and 0.2 kg/cm?. depending
upon the operating pressure — the
lower the operating pressure. the lower
the allowable pressure drop. For lig-
uids, the allowable pressure drop is
generally 0.5 to 0.7 kg/cm?’. However.
if the liquid viscosity is high, a higher
pressure drop is warranted for an opti-
mum design.

Example 2. A vacuum-column bot-
toms cooler was to be designed for the
hydrocracker unit of an oil refinery.
The principal process parameters were:
heat duty = 5.764 x 10° kcal/h, flow
rate = 93,278 kg/h, inlet temperature =
180°C., outlet temperature = 70°C, al-
lowable pressure drop = 0.5 kg/cm?,
inlet viscosity = 4.2 cP. outlet viscosity
= 15.0 cP. and fouling resistance =
0.0006 hem2°C/kcal. Carbon steel
tubes of 25 mm O.D. and 2.5 mm
thickness were to be used. Since the
ACHE would be located on a 12-m-
wide piperack. the tube length was to
be 12.5 m. The design ambient temper-
ature was 42°C.

Since the liquid viscosity was rather
high. the allowable pressured drop of
0.5 kg/em- was rather low. However. 1t
was used to prepare a preliminary ther-
mal design. as shown in Tuble 1.

Due to the low allowable tubeside
pressure drop. the tubeside heat-trans-
fer coefficient  was only  68.6
kcal/hem’s C.  which  represented
86.6% of the total heat-transter resis-
tance. In order to produce a more-eco-
nomical design, a higher tubeside pres-
sure drop of 1.6 kg/em® was permitted.
The revised design is aiso outlined in
Table 1. The overdesign was 8.85%.
the same as in the original design.

Note that in the revised design. the
tubeside heat-transfer coefficient was
97.3 kcal/hem?s C (compared to 68.8
kcal/hem:C for the original design).
and the overall heat-transfer coetficient
was 80.07 kcal/hem«°C (instead of
59.72 kcal/hem+°C). As a result. the
number of sections could be reduced
from three to two and the overall bare-
tube heat-transter area fron? 2,027 m-
to 1,536 m=. The net result was a con-
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siderable reduction in the cost and the
plot area of the unit. Although the
power consumption of each fan in the
revised design was more (18.9 kW vs.
15.5 kW), the total power consumption
of 75.6 kW was less than the 93.0 kW
of the onginal design because there
were fewer fans. The only negative ef-
fect of the revised design was that the
design pressure of the vacuum-column
bottoms circuit increased marginally,
resulting in a very minor increase in
the cost of the other heat exchangers in
the circuit upstream of the ACHE.

Airside calculations. The airside
heat-transfer coefficient and pressure
drop calculations are rather complex
because they involve extended surface.
For a detailed discussion on this sub-
ject, see (8-10).

However. the designer should keep
in mind that whereas the airside heat-
transfer coefficient varies to the 0.5
power of air mass velocity. the pressure
drop varies to the 1.75 power of the
same.

Mean temperature difference.
The MTD calculations tfor ACHEs are
somewhat different from those of
shell-and-tube heat exchangers. since
ACHEs employ pure crossfiow. Thus,
the MTD curves turnished in the Tubu-
lar Exchanger Manufacturers Associa-
tion (TEMA) standards (/7) are not ap-
plicable to ACHEs. One source of in-
formation on cross-flow MTD determi-
nation is (/2).

Interestingly. as the number of tube
passes increases in an ACHE. the MTD
also increases. For four or more tube
passes. the MTD becomes equal to the
true countercurrent MTD  determined
trom the four terminal temperatures.

In water-cooled heat exchangers,
the cooling water outlet temperature 13
usually  Timited to 43—45°C. based
upon considerations of scaling by re-

verse-solubility ~alts. In the case of

ACHESs. however. there is no such lim-
1tation. Consequently. the air How rate
and its outlet temperature can vary to a
greater extent.

When the air mass-flow rate is low-
ered, the air outlet temperature in-
creases. thereby reducing the MTD.

Table 1. Superior desigm with increased tubeside
pressure drop (Example 2) .

Original Design, | Revised Design,
Lower increased
Pressure Drop Pressure Drop

Number of sections 3 2
Number of bundles per section 2 2
Number of tube rows 8 8
Number of tubes per row 44 50
Number of tube passes 8 10*
Tubeside heat-transfer coefficient, kcal/hem°C 68.8 97.3
Tubeside pressure drop, kg/cm? 0.5 1.54
Overall heat-transfer coefficient, kcal/hem2e°C 59.72 80.07
Total air flow, kg/h 2,090,000 1,600,000
Mean temperature difference, °C 68.19 67.14
Total bare-tube area, m? 2,027 1,536
Power per fan, kW 155 189
Total power, kW 33.0 75.6
Degree of overdesign, % 8.85 8.85

*In the revised design, two passes in each of the two upper rows and one pass in each of the six

remaining rows.

Furthermore. the airside heat-transter
coefficient iIs reduced due to the lower
mass velocity. thereby reducing the
overall heat-transter cocetticient. Both
these eftects increase the required
heat-transter area. The gain is in the
power consumption. as both the re-
duced flow rate and the consequently
lower pressure drop result in a lower
power requirement.

The optimum thermal design will
be the one that best balances these op-
posing tendencies. This balance will
depend upon the extent to which the
airside heat-transfer coefficient is con-
trolling. Optimization of thermal de-
sign is discussed m detail in the next
section.

Design ambient temperature. The
selection of an appropriate design am-
bient temperature is of the utmost im-
portance. Without reanhzing the conse-
quences. many customers specify the
highest temperature as the design air
temperature. This is an extremely con-
servative practice and will result in an
unnecessarily high cost for the ACHE.

For example. if a plant site has a
summer peak temperature of 45°C and
a winter low temperature of 2°C. the
design air temperature should not be
45°C. but rather somewhat lower. say
42°C. It is not prudent to penalize the
ACHE design by basing it on a peak
temperature that may occur only for a
few hours during the entire year. The
cost difference between the two cases
may be appreciable. especially if the
MTD is low.

The usual practice is to select that
temperature which 1s not exceeded dur-
ing 2-3% of the total vearly hours of
operation. Thus. a temperature varia-
tion chart at sutficiently short intervals
throughout the vear is needed for a
proper estimate of the design ambient
temperature. Such data are available
from the meteorological office.

Example 3. An ACHE was to be
designed for condensing the overhead
from a naphtha splitter. The principal
process parameters were: flow rate =
95.628 kg/h. operating prgssure = 2.55
kg/cm? abs.. allowable pressure drop =
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Table 2. Effect of design air temperature (Example 3).

0.2 kg/cm-. inlet temperature = 70.5°C.
outlet temperature = 55°C. and touling
resistance = (.0003 hem-+>C/kcal.

Using a design ambient temperature
of 42°C. the following thermal design
was prepared: number of sections = 4.
number of bundles per section = 2.
tube dimensions = 32 mm O.D. x 2.5
mm thick x 10.500 mm long. fin height
= 64 mm. fin density = 433 fins/m.
total bare-tube area = 1.248 m-.

Varying the design ambient tempera-
re from 40°C to H4°C resulted in a
sharp reduction in the MTD. with a con-
sequent increase in the heat-transfer area.
Tuble 2 presents the degree of overdesign
at various ambient temperatures. indicat-
g approximately how much more (or
fess ) area would be required.

Noise. Noise pollution often repre-
sents a constraint in the design of
ACHESs. Fans and drives have to be
selected to comply with local noise
regulations.

The sound power level. the total
sound emitted by a system to the envi-
ronment. is an absolute quantity. The
sound pressure level is a relative quan-
tity. and 1s the measured sound pres-
sure related to a tixed value. largely de-
pending upon the distance from the
source of the noise.

The sound power level emitted by
ACHE- to the environment is produced
almost entirely by the fans and drives,
with the fan drive often accounting for
as nucn as hali of the wtal. Ty pical
sound power levels ure 60-80 dB, for
electric motors. 6065 dB, for V-belt
drives. and 70-100 dB, for gear boxes.

The major part of the noise pro-
duced from axial fans is by vortex

36 .
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Design Ambient Mean Temperature Degree of
Temperature, °C Difference, °C Overdesign, %
40 1753 12.92
41 16.51 6.79
2 154 Nit
3 1437 -£.31
a4 1331 -137

shedding at the trailing edge of the
blades. The noise power produced by
the fans will vary approximately to the
third power ot the fan tip speed. Fan
manufacturers generally tend to limit
the tip speed to about 60 m/s. Special
low-noise fans are also designed for
quieter operation at a given horsepower
— these employ more blades or wider-
chord blades (or both).

The overall sound power level
(PWL) of an ACHE installation can be
expressed as:

PWL =4k +301log TS

+ 10 log HP (3)

For a forced-draft instailation. the
maximum sound pressure level (SPL)
at a distance of 1 m trom the fan 1s
given by:

SPL =46+ 301og TS

+ 10log HP-20log D (4

An induced-draft installation will
generate an SPL that is 3 dB less than
the SPL for a forced-draft system as
determined by Eqg. 4.

From the above. it can be seen that
i the tip speed ot a fan is reduced trom
60 n/s to 40 n/s, the SPL will drop by
3.3 dB.

When two sounds of equal intensity
are added together. the resufting sound
level increases by 10 log 2. or 3 dB.
Theretore. when the number of fans is
doubled from one to two. the sound
level tncreases by only 5 db. Tie sanie
effect results when the number of fans
15 doubled from two to four. four to
eight. and so on.

The distance between the observer
and the fan also has an important bear-
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ing. The sound pressure level varies as
20 log (d+/d,). where (d-/d|) is the dis-
tance ratio. This translates into a reduc-
tion of 6 dB for a doubling of distance
from the fan. Further discussion of
noise generated by ACHEs can be
found in (/3. 14).

Optimization of
thermal design

Optimization of thermal design is
much more challenging. and reward-
ing, for ACHESs than for shell-and-tube
heat exchangers. In the latter. the cool-
ing water flow rate is essentally fixed
by its inlet temperature and maximum
outlet temperature. usually a tempera-
ture difference of 10-12°C. However.
there is much more flexibility in the se-
lection of an ACHE's air flow rate.
which must be optimized carefully.

[n addition to the air flow rate, the
other vanables that have to be opti-
mized in terms of lowest total cost
(fixed cost plus operating cost) are:

* tube length:

* tube O.D.:

* fin height:

* fin spacing:

* number of tube rows:

« fan power consumption:

* tube pitch: and

* number of tube passes.

Another complication i~ that fan
size 1s linked to tube fength and section
width. thereby muking the total opti-
mization rather difficuit. The use of a
sophisticated computer program  thus
becomes essential tor this task. [For in-
formation on such software. see e
1997 CEP Sofvware Directory, pub-
fished in January. —- Editor]

Let us now consider the individual
variables in more detail.

Cibe fengin

The number of sections (or bays)
should be minimized as shouid the
number of shells in series or parallel in
shicti~ana-woe hieai eachangers). Usu-
ally, there are two tube bundles in a
section. although there can be more for
very large units. Bundle width is usual-
ly limited to 3.2-3.5 m for gonvenience
of transportation. Thus. a section hav-
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ing the usual two tube bundles is 6.4-7
m wide.

A 12-ft (3.657 m), 13-ft (3.962 m).
or 14-ft (4.267 m) diameter fan fits in
this width quite comfortably. Since
there must be at least two fans along
the tube length as noted earlier. a tube
length of 8—10 m will satisfy the mini-
mum 40% fan coverage criterion speci-
fied in AP 661.

Sometimes. an ACHE section may
be highly rectangular (that is. the
length-to-width ratio is 2.5 or more).
This may arise. for example. in the
case of a large plant with a wide piper-
ack (and thus a long wbe length) but a
small number of low-duty ACHEs. In
such cases. three tans may be used
along the tube length. Since the cost
for such designs is higher. a 3-fan-per-
section design should be a last resort.

Since ACHEs are usually located on
top ot a piperack and across it. the tube
length is determined by the piperack
width. The tube length is usuaily 0.5 m
greater than the piperack width for
convenience of locating the plenum
chambers.

Sometimes. ACHEs are  grade-
mounted. In such cases. the above lm-
iation will not apply and tube length
can be better optimized.

It is evident that the number of wibe
bundles will have to be an even num-
ber. as two of them are combined to
form one section.

Tube 0.D.

Just as in shell-and-tube  heat ex-
changers. the smaller the tube diame-
ter. the less expensive the ACHE will
be. However. the smaller the tube di-
ameter. the more difficult it will be o
clean the tubes.

The smallest tube diameter recom-
mended by APL 661 (Clause 4.1.11.1)
is 1 in. or 25 mm O.D.. and most
ACHE- wre constructed with tubes of
this size. However. in pressure-drop-
nmiung cases. a larger tube diameter
may result in a better design. For ex-
ample. o particular design with 25-
mm-0.D. twbes and two tube passes
may have a pressure drop exceeding
the permitted value. If' the number of

Table 3. Details of crude column overhead condenser
design with 25-mm and 32-mm 0.D. tubes (Example 4).

Design #1 Design #2 Design #3
25-mm 0.D., | 25-mm 0.D., | 32-mm 0.D.,

2 Passes 1 Pass 2 Passes
Number of sections 3 3 3
Number of bundles per section 2 2 2
Number of tube rows 5 6 5
Number of tubes per row 48 46 38
Fin height, mm 16 16 16
Fin density, fins/m 433 433 433
Transverse pitch, mm 67 67 73
Bare-tube area, m? 1,384 1,51 1,401
Total heat-transfer area (bare-tube + fin), m? 33,050 37,988 30,691
Number of fans per section 2 2 2
Fan diameter, m 4.572 4572 4.267
Tubeside pressure drop, kg/cm? 0.573 0.072 0.214
Tubeside heat-transfer coefficient, kcal/hem2e°C 21128 1,027.2 1,3815
Air flow rate, kg/h 2,130,000 2,750,000 2,420,000
Airside pressure drop, mm H,0 5.8 10.97 11.95
Airside heat-transfer coefficient (based on

bare-tube area), kcai/hem2e°C 7133 826.04 741.32

Overalt heat-transfer coefficient, kcal/hemze°C 4334 364.8 400.9
Power per fan, kW 9.72 23.12 21.87
Degree of overdesign, % 378 3.61 361

tube passes is reduced to one. the pres-
sure drop will decrease to approxi-
mately one-seventh the earlier value
and will be acceptable. However. the
tubeside heat-transter coefficient will
decrease appreciably. thus necessitat-
mg a larger heat-transter arca. In this
situation. 3T-mm-O.D. tubes and two
tube passes vield @ much more cco-
nomical design.

Example 4. An overhead condenser
on a crude column was to be designed
for a refinery with the following pro-
cess parameters: heat duty = 19.584 x
100 Keal/h. flow rate = 139800 kg/h.
infet vapor weight fraction = 1.0, outlet
VAPOr welgnt Iraction = U.U4, operaung
pressure = 2.3 kg/cm? abs.. inlet tem-
perature = 123°C. outlet temperature =
65°C. allowable pressure drop = ().25
kg/em®, fouling resistance = 0.0002
hem-=e C/kcal. and design ambient tem-

perature = 38.0 “C. Tubes were to be
carbon steel and 12,500 mm long.

A design was prepared with 25-
mm-O.D.. 2.5-mm-thick tubes. with
two tube bundles in each of three sec-
tions: the other construction detaits are
listed in Table 3. With two tube passes.
the tubeside pressure drop of .573
kg/em- far exceeded the  allowable
limit of 0.25 keg/em®. Due to the rather
high tbeside heat-transter coetticient.
a low airside heat-transfer coetticient
could be tolerated and a low airside ve-
locity could be maintained. leading to
an unusually Tow power consumption.
However. the design was not accept-
apie because of the mgn wbeside pres-
sure drop.

A single-pass design wag prepared
next. Since the tubeside heat-transter
coefficient was significangly lower. the
heat-transter area required was much
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larger. The number of tube rows in-
creased from five to six. Note that the
penalty for the single-pass design (as
will be discussed later) has not been in-
cluded. so the actual heat-transfer area
will be even larger.

Since the design with 25-mm O.D.
tubes and one pass was uneconomical.
the next design considered used 32-
mm O.D.. 2.5-mm thick tubes. and two
tube passes. This design was much
more economical. as the heat-transfer
area was appreciably less.

Fin height

The usual fin heights are ¥ in.. />
in., and % in. The selection of fin
height depends on the relative values of
the airside and the tubeside heat-trans-
fer coefficients. Where the airside heat-
transfer coefficient is controlling (that
is. it is the major resistance to heat
transter), a larger fin height (15.875
mm) will usually result in a better de-
sign. 1If. however. the tubeside heat-
transter coefficient is controlling. it
will be prudent to use a smaller fin
height (12.7 mm).

A higher fin height leads 0 a
areater efficiency in converting pres-
sure drop to heat transfer on the ar-
side. However, with higher fins. fewer
tubes can be accommodated per row
for the sume bundle width.

In cases where the airside heat-trans-
ter coetticient is controlling. a higher
heat-transter coetticient achieved by use
of higher fins results in a significant in-
crease in the overall heat-transfer coetti-
cient. thereby reducing the heat-transter
area and thus the number of tubes per
row. Hence. it usually becomes more
cconomical to use higher tins for ser-
vices where the airside heat-transter co-
efficient is controlling. such as in steam
condensers and water coolers.

For gas coolers and viscous liquid
hydrocarbon  coolers, however. the
tubeside heat-transfer coefficient is
controlling, so the use of shorter fins 1s
economically advantageous.

This reasoning is illustrated by the
following two examples. one in which
the airside heat-transfer coefficient is
controlling and another in which the
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Table 4. Effect of varying fin height
in an application where the airside heat-transfer
coefficient controls (Example 5).

Fins: %in. high Fins: %-in. high

Number of sections 2 2
Number of bundies per section 2 2
Number of tube rows 4 4
Number of tubes per row 48 Alternately 42 and 43
Transverse pitch, mm 60 67
Fin density, fins/m 433 433
Airside heat-transfer coefficient (based on

bare-tube area), kcal/hem2°C 830.6 961.0
Air flow rate, kg/h 2,200,000 2,200,000
Air pressure drop, mm H,0 13 12.219
Power consumed, kW 3483 34.93
Tubeside pressure drop, kg/cm? 0.41 0.5
Degree of overdesign, % 4.15 416
Bare-tube area, m? 739 654
Fin area, m? 12,355 14,978
Total area (bare-tube + fin}, m? 13,094 15,632

tubeside heat-transfer coefficient is
controlling.

Example 5 (airside heat-transfer
coefficient controlling). A closed-cir-
cuit tempered-water cooler was to be
designed for a retinery application with
the following parameters: tlow rate =
220.000 kg/h
200.000 kg/h multiplied by a safety
factor of 1.1 to account for uncertain-
ties in simulation. variations in feed-
stock quality. or capacity increases).
inlet temperature = 120.8°C. outlet
temperature = 60°C. allowable pres-
sure drop = 0.5 kg/em-. fouling resis-
tance = 0.0002 hem-+ C/kcal. heat duty
= 13376 MM kcal/h (12,16 MM
keal/h > |.1). and design ambient tem-
perature = 42°C. The tubes were made
of carbon steel. had dimensions of 235
mm O.D. % 2.5 mm thick x 12.500 mm
Jong. and had embedded (G-type) fins.

Two designs were prepared. one
using ‘2-in.-high hins and the other
using Y4-in.-high fins: these are de-
tailed in Table 4. The overdesign and
power consumption were the same to
allow a meaningful comparison to be
made.
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(base flow rate of

As expected. since the airside heat
transter controls. the design using %-
in.-high fins proved to be more eco-
nomical. For the same overdesign and
power consumption.  the 7~ --in.-tin-
hetght design had a sigmncantly lower
bare-tube arca (11.5% ). While it 1s true
that the finned area was greater
(21.2%%). this represents a smaller in-
crease in cost than the savings due to
the lower tube cost. (The tabrication
cost. which represents a mgjor compo-
nent of the cost of a finned tube, de-
pends upon the length of tubing to be
finned and does not vary o any signifi-
cant extent with tin height) Since the

s-in.-fin-height  design  requires  the
tinning of 11.53% fewer wbes. the over-
all cost of this design will be less, as
both the tube cost and the nnning cost
will be less.

An unusual situation arises some-
times where. although the tubeside
heat-transter coetticient 1s controlling.
a design with higher tins proves to be
more economical. This happens when
the tubeside pressure drop is not fully
utilized. and therefore thg tubeside
heat-transter coefficient is not maxi-

AT
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mized. Any increase in the number of
tube passes results in the tubeside pres-
sure drop exceeding the allowable
limit. For example. by switching from
'2-in.-high to “-in.-high fins. the num-
ber of tubes can be reduced by about
10%. thereby leading to roughly an 8%
increase in the tubeside heat-transter
coefficient.

Example 6 (tubeside heat-trans-
fer coefficient controlling). A vacu-
um-column bottoms cooler had to be
designed for a refinery hydrocracker
unit. The principal process parameters
were: flow rate = 93.278 kg/h (84.798
kg/h x 1.1), inlet temperature = {80°C.
outlet temperature = 70°C, inlet viscos-
ity = 4.2 cP. outlet viscosity = 15 cP.
heat duty = 5.764.000 kcalh
(5.240.000 x 1.1). allowable pressure
drop = 1.6 kg/cm-. fouling resistance =
0.0006 hem-+-C/kcal. and design ambi-
ent temperature = 42°C. The specified
tube size was 25 mm O.D.. 2.5 mm
thick. and 12.500 mm long: the tube
material was carbon steel.

Because the tubeside viscosity was
rather high. the tubeside heat-transter
coetticient was controlling. Theretore.
a design was made with tubes having

>-in.-high fins and 276 fins/m «the tol-
lowing section on fin spacing explains
why the maximum fin density ot 433
fins/m was not used) as detaled
Table 5.

The airside heat-transfer resistance
wus only 12.29% of the total resistance.
whereas the tubeside resistance was
82484

Next an alternative design was pre-
parcd with tubes having
fins. The number of tubes per row was
reduced from 30 to 45 so that the bun-
die width would be the same as in the
original (the tube pitch i the second
design was 67 mm. v, 60 mm tor the
design with ':-in.-high tinsy. The air-
side flow rate  was  adjusted  to
FAANOON Lath to maintain the came

Ce-in-high

power consumption. The tubeside pres-
sure drop. 1.85 kg/em?, was excessive.

Reducing the number of tube passes
to nine resulted in the design becoming
undersurfaced by 3.84%. Unfortunate-
ly. the number of tubes per row could

not be increased. as the bundle width
was already at the permitted maximum
of 3.2 m. As expected (since the airside
was not controlling). increasing the air
flow rate made no significant improve-
ment in performance.

Therefore. the only alternative was
to increase the number of tube rows
from eight to nine. The number of tube
passes was kept at ten (two in the first
row and one in each of the subsequent
seven rows) and the air flow rate was
reduced from 1.660.,000 to 1.600.000
kg/h to have the same airside power
consumption.

This design was acceptable. as it
was 5.7% oversurfaced and the tube-
side pressure drop was 1.39 kg/em-.
However. while the bare-tube area was
only marginally higher than that of the
onginal design (1554 m- vs. [.532
m-). the tinned urca was considerably
higher (24037 m* vs. 17.504 m-).
Consequently. the original design was
superior.

Tin spacing

The logic desceribed above for fin
height i~ applicable here. oo — 0
higher tin density is cconomically fa-

vorable for services where the airside
heat-transfer coefficient is controlling.
Fin spacing can be optimized while
fine-tuning a design. It usually varies
between 7 and 11 fins/in (276 to 433
fins/m). A higher tin density will result
in a higher airside heat-transfer coetfi-
cient, as well as a higher airside pres-
sure drop.

Example 7. For the tempered-water
cooler discussed in Example 5. the
variations in airside heat-transfer coef-
ficient and pressure drop with fin den-
sity are shown in Table 6.

For a typical air mass velocity. the
reduction in the airside heat-transter
coefficient is significantly more than
that in the air pressure drop and power
consumption. In other words. a higher
fin density is more efficient at convert-
ing pressure drop to heat transfer.
Therefore. whenever the airside heat-
transfer coefficient is controlling. a
higher fin density should be employed.

However. where the airside heat-
transfer coefficient 1s not controlling. it
is sensible to use a lower fin density to
reduce power consumption. This is be-
cause a higher airside heat-transter co-
etficient will not result in an apprecta-

idesigmfcwevaluatingfincheight-

maatuhesndeeontmlhmpphcaﬂom(ﬁampl&ﬁ)

Fins: %-in. high

Number of sections 2
Number of bundles per section 2
Number of tube rows 8
Number of tubes per row 50

Number of tube passes

10 {2 passes in each of the first 2 rows,
1 pass in each of the tast 6 rows)

Air flow rate, kg/h 1,600,000

Air inlet temperature, °C 42

Air outlet temperature, °C 56.9

Bare-tube area, m: 1,536

Total area (bare-tube + fin), m2 17,942 m2

Fan dlameter, m 4572

Number of fans per section 2

Total power consumption, kW 193 kW/fanx 4fans =77.2 .
Tubeside pressure drop, kg/cm? 1.54
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Table 6. Variation in airside heat-transfer coefficient and pressure drop

with fin density (Example 7).

ble increase in the overall heat-transter

coefficient. so the increased power
consumption will not be justified.

One might argue that instead of
using a fower fin density in such cases.
a lower air mass-flow rate may be used
along with a higher fin density so that
the power consumption is the same.
However. the lower air flow rate will
result in an increase in the outlet air
temperature and therefore a reduction
in the MTD. This will result in an mnfe-
rior design.

Numper of tube rows

The minimum number of tube
rows recommended to establish a
proper air tflow pattern is four. al-
though three tube rows can also be
used in o exceptional  circumstances
while muaintaiming a higher overde-
sign. Most ACHEs have four to six
tube rows. although eight or even ten
rows may be used occasionally.

The advantage of using more tube
rows is that more heat-transter area can
be accommodated in- the same bundle
width. This leads to a reduction in the
number of wbe bundles and sections.
thereby reducing the plot area required
tor the ACHE and thus the cost.

The disadvantage is that in addition
1o increasing the fan horsepower (for
the sume air velocity), it also reduces
the airside flow area for a given heat-
transter area and thereby the air flow
rate itself. thus lowering the MTD. In
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fact, this is one of the fascinating as-
pects of ACHE design — even the
coolant flow rate is variable and has to
be optimized. For water-cooled heat
exchangers. the cooling water flow rate
is virtually fixed, depending upon its
inlet temperature and maximum outlet
temperature.

The airside pressure drop increases
directly with the number of tube rows
and so does the heat-transfer uarea.
However. as the number of wbe rows
increases. the airside velocity will have
to be reduced for the same tun horse-
power. and this will translate into a
lower airside heat-transter coefficient.
This is why the number of tube rows
has to be optimized carefully. For sim-
plicity. this may be summarized by

stating that the larger the number of

tube rows. the lower will be the airside
heat-transter coefticient.

[t follows. then. that when the tube-
side heat-transter coetticient is control-
ling, a larger number of tube rows may
be used because the lower airside heat-
transter coefticient will not adversely
affect the design (since it is not con-
trolling). However. when the airside
heat-transter coefticient is controlling,
the number of tube rows will have 10
be limited to a lower value for an opti-
mum design.

Thus. for services such as con-
densers. water coolers. and light hydro-
carbon liquid coolers having a high
tubeside heat-transter coefticient. the
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11 fins/in. 10 fins/in. 9 fins/in. 8 fins/in.

433 fins/m 394 fins/m 354 fins/m 315fins/m | 276 fins/m
Airside pressure drop, mm H,0 12.219 11.63 11.039 10.472 9.911
Step-wise reduction in air pressure drop, % — 4.8 5.1 5.1 54
Airside heat-transfer coefficient (based on

bare-tube area), kcal/hem2e°C 961.0 8839 804.8 1216 650.2

Step-wise reduction in airside heat-transfer coefficient, % — 8.0 9.1 9.6 10.6
Power consumption, kW 34.93 33.68 3243 31.22 30.03
Step-wise reduction in power consumption, % — 3.58 n 373 381

optimumn number of tube passes is like-
ly to be four or five. However. for gas
coolers and viscous liquid coolers, the
optimum number of tube rows is likely
to be six. seven. or even higher. with the
maximum generally being eight to ten.
This is because with a larger number of
tube rows. the airside heat-transfer coet-
ficient will be inordinately low (due to
the low velocity sustainable tor a nor-
mal power consumption) or the airside
pressure drop will be inordinately hich
t1if a normal airside velocity is used).

Fan power consumption

Fan power varies directly as the vol-
umetric air low rate und the pressure
drop: the volumetric air low rate varies
directly as the air mass velocity. while
the pressure drop varies to the 175
power of air mass velocity. Thus, air
pressure drop varies to the 1.75 power
and tan horsepower to the 2.75 power
of the air mass velocity. In sharp con-
trast. the air heat-transter coefficient
varies to the 0.5 power of the air mass
velocity. This is represented graphic .-
ly in Figure 11.

Thus. when the air mass velocits i
increased. the air pressure drop and the
fan power increase rather sharply (es-
pecially the latter). whereas the airside
heat-transfer coefficient increases at a
much slower rate. It follows. therefore.
that there will be an optimum air mass
velocity bevond which any turther in-
crease will be wasteful. This optimum




SRR i’kf"—’m

air mass velocity will depend upon the
extent to which the airside heat-trans-
fer coefficient is controlling. In a situa-
tion where the airside heat-transfer co-
efficient is highly controiling, the opti-
mum air mass velocity will be higher
than in a situation where the airside
heat-transfer coefficient is much less
controlling.

Example 8. For convenience. the
tube metal resistance (which is negligi-
ble) will be ignored. and the tubeside
fouling resistance and tubeside film re-
sistance will be combined into a single
term called the tubeside resistance.

Let us first look at what happens
when the airside is controlling. The air-
side heat-transfer coefficient (htc,) =
800 kcal/hem2e°C and the tubeside
heat-transter coefficient (hrc,) = 4.000
kcal/hem?2¢°C: so, the overall heat-
transfer  coefficient (U) = 667
kcal/hem?+>C. If the air flow rate is in-
creased by 25%. htc, will increase to
894.4 kcal/hem2+°C. so that U will in-
crease to 731 kcal/hem2+°C. a differ-
ence of 9.6%. This has heen achieved
at the expense of a (1.25)7% or 48%.

increase in air pressure drop and a
(1.25)275, or 85%. increase in fan
power consumption.

Now let's consider the case where
the tubeside is controlling, with Atc, =
800, hrc, = 250, and U = 190.5. all in
units of kcal/hem+°C. The same 25%
increase in air flow rate will again
cause hrc, to increase to 894.4
kcal/hem?e°C. Here. U will increase
from 190.5 to 195.4 kcal/hsm-+°C. an
increase of only 2.6%. As earlier. the
airside pressure drop will increase by
48% and the fan power consumption
by 85%.

Thus. for the same increase in pres-
sure drop and fan power consumption.
the increase in the overall heat-transfer
coefficient is 9.6% when the airside is
controlling but only 2.6% when the
tubeside is controlling. Therefore.
while this increase in air flow may be
justifiable when the airside controls
(depending upon the actual heat-trans-
fer area. air pressure drop. and fan
power consumption). it is certainly un-
likely to be justifiable when the tube-
side controls.
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@ Figure 11. Variation of airside heat-transfer coefficient, pressure drop, and power

consumption with air mass velocity.

Tube pitch

Although tubes can be laid out in
either a staggered or an in-line pattern.
the former is almost invariably em-
ployed because it results in much better
performance in terms of conversion of
pressure drop to heat transfer. Tube
pitch has a very profound effect on air-
side performance. The transverse pitch
is more crucial and is what is implied
by the term “tube pitch.” The longitu-
dinal pitch has much less influence and
is usually 80-90% of the transverse
pitch. in order to minimize the height
of the tube bundles and thereby the
cost.

Designers tend to use the following
standard combinations of bare-tube
O.D.. finned-tube O.D.. and tube pitch.
as they tend to be optimum:

1-in./2-in./2.375-1n.
(25-mm/50-mm/60-mm)

1-in./2.25-in./2.625-1n.
(25-mm/37-imm/67-mm)

However, in many situations. these
may not be the opumum. So. the tube
pitch should be varted and the opti-
mum established tor cach application.

The normal range of tube pitch for
the 1-in./2-in. (bare-tube O.D./finned-
tube O.D.) combination is 2.125 in. 10
2.5 in. Similarly. for a 1-in/2.25-in.
combination. the normal range of tube
pitch is 2.375 in. to 2.75 in.

At a relatively lower tube pitch. the
air pressure drop and theretore the
power consumption tend to be high for
the same airside heat-transter coetti-
cient. In other words. as the tube pitch
is decreased. the airside pressure drop
and power consumption increase more
rapidly than does the airside heat-trans-
ter coefficient.

This is illustrated by the results of a
study summarized in Table 7. The
tubes were 1-in.-O.D. tubes with -
In.-ingil ins, fout tube  piches —
2.125in..2.25in.. 2.375 in.. and 2.5 in.
— and four fin densities — 5 fins/in.
(fpi), 7 tpi. 9 fpi. and 11 fp1 — were
evaluated. The combingiion of 2.625
in. tube pitch and 11 tpi was consid-
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Table 7. Effect of tube pitch and fin density on heat-transfer

coefficient (HTC) and pressure drop (PD).

5 fins/in. 7 fins/in 9 fins/in. 11 fins/in.
197 fins/m 276 fins/m 354 fins/m 433 fins/m
PD HTC PD HTC PD HTC PD HTC
Tube Pitch = 2.125in. 74.2 61.3 9.7 76.4 109.8 30.6 1295 104.7
Tube Pitch =2.25in. 65.9 59.9 81.1 745 96.2 88.7 1129 101.9
Tube Pitch = 2.375in. 59.1 59.0 727 731 86.4 86.8 100.0 100.0
Tube Pitch = 2.5 in. 53.8 58.0 65.9 722 713 854 89.4 98.1
|

ered the base case (since this a very
common configuration). and 100 units
were assigned for both heat-transfer
coefficient (HTC) and pressure drop
(PD). The performances of the other
combinations. in terms of heat-transter
coefficient and pressure drop, were de-
termined relative to the base case.

As expected. the reduction in pres-
sure drop was much sharper than the
reduction in heat-transfer coefficient.
Typically. for each step change in tube
pitch. the pressure drop decreased by
about 10%. whereas the heat-transter
coefticient decreased by only  about
2%, This pattern was essentially the
same for all the vanious fin densities.

The designer may. theretore. teel
that the higher the wbe pitch. the better
the performance ot an ACHE. While
this is basically true. there is another

and 2.75 in. with 2.625 in. being the
most common.

It is important to realize that tube
pitch is a powertul variable in ACHE
design. It can be fine-tuned in very
small steps — as little as | mm (and
not necessarily s-in. increments). de-
pending upon the situation at hand. For
example, tube pitch can be decreased
to accommodate the required number
of tubes per row within the maximum
permitted tube bundle width (which is
determined by transportation con-
straints) at the expense of a somewhat
higher power consumption. Similarly.
it can be decreased or increased to
allow the use of a standard fan diame-

E ’ﬁhl&aiVétiaﬁhﬁuﬁbeﬂtimmmﬂﬁtuhwpass
: distributiomicatwo:passicondenser{Example 9).

ter in order to meet the APl 661 stipu-
lation of a minimum fan coverage of
10%.

Number of tube passes

The distribution ot tubes in the vari-
ous passes need not be uniform. For in-
stance. an ACHE with six tube rows can
have four tube pusses with two rows in
each of the upper two passes and one
row in each of the lower two tube passes.

This feature is especially useful in
condensers — the flow area in each
pass can be gradually reduced as the
liquid traction tand theretore the mix-
wre density) increases  progressively.
thereby obtaining a more uniform pres-

extremely important factor that §l1<)ul.d 1st pass, 1st pass, 15t pass, 1st pass,

not be overlooked: As the tube pitch is 4 rows; 3 rows: 25 rows: 2 rows;

increased for a given number of tubes, 2nd pass, 2nd pass, | 2nd pass, 2nd pass,

the tube bundle width will increase 1row 2rows 25rows 3rows

(even the fan diameter will increase at

a certain point). thus pushing up the Tubeside heat-transfer coefficient,

cost of the ACHE. Consequently. the kcal/hem#°C 2,309.5 2,576 2673 2732

tube pitch should be optimized in the Overall heat-transfer coefficient,

overall context. . kcal/hemae©C 4808 1934 19756 499.9
While the optimum wbe pitch may

vary from situation (o situation. design- Mean temperature difference, °C 38.63 399 39.92 39.59

ers typically prefer to use a 2.375-in. Degree of overdesign, % 0.82 6.88 7.84 7.45

tube pitch for a t-in./2-in. combination. Tubeside pressure drop, kg/cm? 0.483 0.496 0.634 0919

as uils ECllCl'd”_y feprescils the best Ratio of tubeside heat-transter

compromise between the two opposing coefficient to pressure drop 4,782 5,194 4,216 2,973

tendencies of performance efticiency

N

and cost. For a 1-in./2.25-in. combina-
tion, the following tube pitches may be
used — 2.375 in.. 2.5 in.. 2.625 in..

Note: An additional design, with one row in the first pass and four rows in the second pass, was
not feasible because the tubeside pressure drop was greater than the operating presgure.
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Table 9. Process parameters, and construction
and performance details, for Example 10,

a combined service.

sure drop in the various passes than
would be possible in an even distribu-
tion of 1.5 tube rows in all passes.
This results in a higher overall pres-
sure-drop-to-heat-transter conversion.
which i turn results in a lower heat-
transter area.

This can be restated as tollows: It

the number of tubes per pass were to
be identical in all the passes. the imual
passes (where there is more vapor and
consequently  a lower density) will
have a higher pressure drop without a
correspondingly  higher heat-transfer
coetticient. The subsequent tube passes
will have much lower pressure drops.
The design will. therefore. not be opti-
mum with respect to the best utiliza-
tion of available pressure drop.
Example 9. An atmospheric-col-
umn overhead condenser using air as
the cooling medium was to be de-

ACHE #1 ACHE #2 ACHE #3

Stripped Light | Stripped Heavy | Circulating Heavy
Service Cycle 0il Cooler | Naphtha Cooler | Naphtha Cooler
Flow rate, kg/h 48,949 19,216 74114
Heat duty, MM kcal/h 248 1.02 1.64
Inlet temperature, °C 210 165 177
Outlet temperature, °C 66 138
QOperating pressure, kg/cm? g abs. 94 8.8
Aliowable pressure drop, kg/cm? 0.5 0.7
Fouling resistance, hem2°C/kcal 0.0004 0.0003 0.0003
Iniet viscosity, cP 0.3 0.28
Outlet viscosity, cP 2.66 0.7 0.36
Number of tubes per row 15 12
Number of rows 6
Number of tube passes 4
Approximate bundle width, m 1.0 0.8
Air flow rate, kg/h 370,700 115,800 88,700
Air inlet temperature, °C 42 42
Air outlet temperature, °C 69.9 726 119.0
Static pressure, mm w.g. 130 13.0 130
Tubeside pressure drop, kg/em? 0.2 0.6
Mean temperature difference, °C 52.8 50.9 739
Heat-transfer area (bare), m2 235 735 58.8

signed for the crude distillation unit of
a refinery based on the following pa-
rameters: heat duty = 67.98 MM kcal/h
(56.65 x a safety factor of 1.2). over-
head vapor flow rate = 501.74 kg/h
(+18.120 ke/h x 1.2) (hydrocarbon =
95.8 Cewt. and steam = 4.2 %wt.). inlet
temperature = [44.67C. outlet tempera-
wre = 65°C. weight fraction con-
densed at outley = 0.995. operating
pressure = 3.7 kg/em? abs.. allowable
pressure drop = 0.5 kg/em-. fouling re-
sistance = 0.0002 hem-s C/kcal. and
design ambient temperature = 42°C.
An exchanger was designed with
eight sections and two tube bundles per
section. Each tube bundle had 48 tubes
per row and five tube rows. Tubes were
made of carbon steel. 25 mm O.D., 2.5
mm thick. and 12.500 mm long. with
12.5-mm-high aluminum fins spaced at
1433 fins/m. Several possible tube pass

arrangements were examined, as sum-
marized in Table 8.

The design having three tube rows
in the first (upper) pass and two rows
in the second (lower) pass had the
highest efficiency for converting pres-
sure drop to heat transfer. Thus, this is
the optimum design.

It should be noted that the variation
in tubeside heat-transfer coefficient
among the different designs is nomi-
nal. On the other hand. the variation in
tubeside pressure drop is considerable.

It should also be noted that having a
full row of tubes in one pass results in
a better tubeside distribution than hav-
ing fractional rows per pass. Thus, for
a 6-row/4-pass design, it is better to
have two passes of two rows each and
two passes of one row each than to
have four passes of 1.5 rows each.

Special applications

We will conclude by discussing sev-
eral special applications — combined
services, recirculation ACHES, humidi-
fied ACHEs. tube inserts. variable
tinning density. natural convection, and
air-cooled vacuum steam condensers.

Ccompinea services

A difficulty arises when several
small coolers need to be located on a
broad piperack. say. § m wide. Be-
cause the heat-transter areas are rather
small. single tbe bundles of narrow
width (1 m to 3 m) may suffice. In
these cases. it is @ common practice to
combine several such coolers 1n a sin-
gle section. For example. three tube
bundles of widths | m. 2 m. and 3 m
may be combined to form a section a
little over 6 m wide: two tube bundles
for one service may be combined with
one tube bundle for another service to
form a section: and so on. This is illus-
trated by the following example.

Example 10. Three ACHEs were to
be designed for a fluid catalytic crack-
ing (FCC) unit of an oil refinery using
a design ambient temperature of 42°C
and the process parameters detailed in
Table 9.

Carbon steel tubes. 23 mm O.D. x
2.5 mm thick x 10.500 mm long, were
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to be used. as the ACHEs were 10 be
mounted on a 0-m-wide piperack.
Since the heat duties were rather small.
a combined design was prepared
wherein three tube bundles (one for
each service) were combined in a sin-
gle section. using G-finned tubes with
12.5-mm-high aluminum fins. spaced
at 43 fins/m, at a transverse pitch of 60
mm, as elaborated in Table 9. Two
fans, 3.657 m in diameter, were select-
ed to force the total air flow rate of
575.200 kg/h against a static pressure
of 13 mm w.g., consuming 16.4 kW
each: two motors of 18.75 kW each
were selected to drive the tans. Split
headers were used to handle all three
bundles. since all of them had design
temperatures in excess of 200°C and
the first two had a high temperature
difference (between the inlet and the
outlet temperatures of the process
fluid) as well.

It may be noted that the air outlet
temperature  from ACHE #3 was
rather high. at 119°C. This was a di-
rect conscquence of the high MTD.
which required a relatively small heat-
transfer arca and therefore u rather
small face arca. through which oniy a
relatively fow flow rate of air could be
passed.

The disadvantage in combining dif-
ferent services in one section is the loss
of individual control. Consequently.
this practice is not recommended for
condensers. but is limited to product
coolers.

Recircuiation ACHEs

There are sitsations where a mini-
mum tubewall temperature must be
maintained. An example is the over-
head condenser for a sour water strip-
per. where it the tubewalf temperature
falls below 70°C. solidification touling
takes place due 10 the deposition of
ammonium salts. Since the ambient
temperature varies from dav to night
and from season to season. a special
arrangement is needed to maintain a
constant air temperature (the design
ambient temperature) at all times 10 the
fans delivering air to the condenser
tube bundles (forced draft).
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& Figure 12. Automatic louvres on recirculation ACHESs maintain a constant air
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Such a situation can employ a recir-
culation ACHE. wherein automatic lou-
vers at the top and side(s) of the hous-
ing control the extent of recirculation.
As shown in Figure 12, 4 part of the air
leaving trom the top of the tube bundles
is recirculated and mixes with fresh air
entering from the sidecs). so that the
combined temperature is precisely the
design ambient temperature. Obviously.
the lower the ambient temperature. the
greater will be the extent of recircula-
tion. Automatically controlted louvers
(sensing the wir temperature just below
the fans) at both the top and the sidets)
ensure the desired air temperature at all
times. This wrrangement can also be
used for cooling heavy crude ~tocks
with high pour points.

One difficulty  with recirculation
ACHEs will be startup during winter.
Or even summer cvenings it the ambi-
ent temperature falls below the design
ambient temperature. This problem can
be overcome by placing steam coils
below the tube bundles — the cold am-
bient air is warmed up to the design
ambient temperature by passing low-
pressure steam through the coils and
having total air recirculation until the
air temperature reaches the design am-
bient temperature. The steam supply

CHEMICAL ENGINEERING PROGRESS

can then be stopped. us the ACHE will
be able to take care of itself.

Humidified ACHEs

Normal air-cooled heat exchangers
can cool a process fluid only to a tem-
perature that is higher than the drv-
bulb temperature oi° the ambient air.
Thererore. in hot und arcas. the utility
of air cooling is severely limited.

However. by humidifving the hot
dry air. the temperature can  be
brought down considerably. thereby
extending the capability of air cooling
significanty.

Humidified ACHEs we normally of
the induced-dratt  tvpe.  Water s
sprayed nto the air stream before it
comes in contact with the heat ex-
changer surface. thereby lowering the
air temperature  due 1o evaporation.
Mist eliminators are needed to prevent
droplets of water from entering the
tube bundle. The water that does not
evaporate is collected in a basin be-
neath the cooler and recirculated.

The installed cost of humidified
ACHEs is rather high. And. the cost of
makeup water represents an additional
expense. Another limitation of humidi-
fied air cooling is that sott vater must
be used, otherwise there will be scaling




of the finned tubes with consequent de-
terforation in cooler performance.

However. since humidification en-
hances the cooling capability consid-
erably, a proper economic study will
have to be carried out to establish the
viability of this type of exchanger. It
is important to remember that in arid
areas. the scarcity of water may ne-
cessitate this mode of cooling for ser-
vices with streams that must be
cooled to temperatures below summer
day temperatures.

An important factor to consider is
that humidification of the coolant air
will be required only during the day-
time in the summer, which may repre-
sent only 4-5% of the total operation
of the equipment. Certainly, the selec-
tion of the design ambient temperature
will have to be done very caretully.

Tube inserts

Tube inserts considerably enhance
the tubeside heat-transfer coefficient
under laminar flow conditions. The
first-generation tube inserts were twist-
ed tapes that imparted a swirling mo-
tion to the tubeside fluid. thereby aug-
menting heat transfer. The second-gen-
cration wbe inserts are wire-hn tube in-
serts (Figure 13) that increase turbu-
lence dramatically by promoting radial
mixing from the tubewall to the center
of the tubes. thereby eliminating the
boundary-wall problem. By virtue of
the increased tubeside (and thereby
overall) heat-transter coetficient. wire-
fin tube inserts are very usetul in
ACHESs cooling viscous liguids. espe-
cially in an oftshore plattorm where
floor space 1s at a premium,

Example 11. Three coolers were to
be designed tor an offshore platform
and incorporated in a plotarca of 2.2 m
x 7.0 m. The process parameters are
detailed in Table 0. The design ambi-
ent temperature was 40°C.

The arigingl design nsed carhon
steel tubes that measured 1in. O.D. x 12
BWG (minimum. under groove). Due to
the rather high viscosity. laminar flow in
all three coolers resulted in extremely
low tubeside heat-transter coefficients.
Consequently, the required plot area was

Table 10. Process parameters and thermal design for
Example 11, designing three coolers for an offshore platformss

ACHE# ACHE #2 ACHE 3

Fluid handled Synthetic oil Turbine oil Turbine oil
Flow rate, kg/h 2,074 7,438 35,449
Inlet temperature, °C 74 66 75
Outlet temperature, °C 54 54 54
Operating pressure, kg/cm? abs. 6.2 46.0 710
Allowable pressure drop, kg/cm? 0.7 1.0 1.0
Fouling resistance, hem2°C/kcal 0.0004 0.0004 0.0004
Heat duty, kcal/h 19,030 44,440 373,670
Inlet viscosity, cP 8.3 10 9.2
OQutlet viscosity, cP 14 21 21
Number of tube bundles 1 1 1
Number of tubes per row 2 4 3
Number of tube rows 7 7 7
Bundle width, m 0.2 0.34 1.47
Number of tube passes 2 1
Tubeside pressure drop, kg/cm?2 0.7 0.91 1.0
Heat-transfer area {bare), m2 7.2 143 823
Air flow rate, kg/h 13,000 26,000 149,530
Inlet air temperature, °C 40 40 40
Outlet air temperature, °C 46.1 471 504
Mean temperature difference, °C 19.9 15.0 174
Overall heat-transfer coefficient,

kcal/hem2e°C 207 261

| U

considerably higher than the allowable
value, and the wbeside pressure drops
exceeded the allowable limits.

Theretore. revised designs were ut-
tempted incorporating wire-fin inserts in
tubes that were 6.5 m long and had ! >-in.-
high aluminum fins spaced at 433 finvm.
A combined section using one tube bun-
dle for each service could be easily ac-
commaodated within the specified plot
area (the actual plot arca was 2.01 m x
6.5 m). The features of the thermal design
are detailed in Table 10. Three fans. 1.524
m in diameter. were emploved to drive
the total air flow of 188.530 kg/h across
the three tube bundles.

It should be highlighted here that
the overall heat-transter coefficients of
133, 207. and 261 kcal/hem-+°C ob-
tained with wire-fin tube iInserts are

order-of-magnitude times higher than
what can be achieved with bare tubes.

fananle rinning density
Variable finning density can be usetul
for the cooling of liquids with viscosity
that changes considerably from inlet to
outlet. With the increase in viscosity. the
tubeside  heat-transfer  coetticient  de-
creases as the fluid flows from top o
bottom. As mentioned previously. u
higher tinning density is favorable when
the airside heat-transfer coefficient is
controlling and a lower finning density is
favorable when the tubeside heat-trans-
fer coefficient is controlling. Thus. as the
tubeside heat-transfer coetficient de-
creases, the tubeside resistance becomes
more and more controlling and a lower
finning density becomes more favorable.
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Consequently. when cooling a
viscous liquid. it is often advanta-
geous to have a higher tinning densi-
ty in the upper rows and a lower
finning density in the lower rows.
The degree of overdesign may be
slightly less, but there will be an ap-
preciable savings in power consump-
tion. Furthermore. the greater the
variation in viscosity of the tubeside
liquid. the greater is the potential for
this type of variable finning.

The vacuum-column bottoms cooler
discussed in Example 6 earlier had two
sections, each having two tube bun-
dles. and each bundle having 50 tubes
per row. eight rows, and ten tube pass-
es. The fin density was 276 fins/m. The
effect of alternative finning can be
evaluated by keeping the fin density at
276 fins/m in the top six tube rows and
changing it to 197 fins/m in the lower
two tube rows. The fan power require-
ment drops from 18.92 kW to 18.4 kW,

L.
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whereas the degree of overdesign falls
from 8.85% to 8.25%. Switching to
276 fins/m in the upper four rows and
197 fins/m in the lower four rows re-
duces the fan power requirement fur-
ther to 17.88 kW and reduces the
overdesign to 7.56%. Thus. for a 1.2%
reduction in overdesign, the power
consumption is cut by 5.8%.

Natural convection

In cases where the heat duty is very
small and the tubeside heat-transfer co-
efficient is rather low. no fans need be
used, so that power consumption is
saved (/5). This is illustrated by the
following example.

Example 12. A vacuum residue
cooler for a refinery was to be designed
based on the following data: heat duty
= 476,400 kcalh. flow rate = 17,604
kg/h, inlet temperature = 267°C. outlet
temperature = 220°C. inlet viscosity =
18 cP. outlet viscosity = 25.3 cP. foul-
ing resistance = 0.002 hem2«°C/kcal.
and allowable pressure drop = 1.0
kg/cm?. Carbon steel tubes. 25 mm
0.D. x 2.5 mm thick x 6.0 m long.
were to be used.

A nawral-dratt ACHE was  de-
signed as follows, Tt had one section
having one tube bundle. 40 tubes/row.
four tube rows. and eight tube passes.
Fin height was 12,5 mm. transverse
tube pitch was 60 mm. and tin density
was 433 fins/m. A 3-m-high stack was
incorporated.

The tubeside and airside heat-transter
coefficients were 61.53 Kealhemss C
and 239.8 Keal/hem-s C. representing
704% and 18,190 of the overall resis-
tance. respectively. The airside pressure
drop was only 0.576 mm w.g.. whereas
the tubeside pressure drop was 0.74
kg/em®. The total bare-tube area was
only 66.0 m. Since the air flow rate was
only 24.267 kg/h. the air outlet tempera-
ture was rather high. at 118°C. Louvers
were provided to cut off the air flow
(even though it was small) when the unit
was not in use. so as to prevent congeal-
ing of the vacuum residue.

It should be noted that since the
tubeside heat-transter coefficient was
extremely low. the use of fans would




e e e~

————

FYEIEOT b

R

V‘/l

"\.\‘;‘,'\"- "o 53‘9, AR

\ \\“

\\m \\\\ 5

3 oo VD

a

v 4 ::V

B Figure 13. Wire-fin tube inserts improve heat transfer by increasing turbulence.

(Photo courtesy of Cal Gavin, Ltd.)

have resulted in a negligible increase in
the overall heat-transfer coefficient.
However, the cost would have been sig-
nificantly higher because of the costs
for the fans, drives. plenums, and so on.

Air-cooled vacuum
steam condensers

Steam turbines are very widely used
in the chemical process industries for
driving not only electric generators. but
also various types of pumps. fans,
compressors. and other equipment.
Steam condensers are required to con-
dense the exhaust of these turbines and
return the condensate to the boiler.
This condenser can either be water-
cooled or air-cooled. (The advantages
and disadvantages of each are the same
as elaborated at the beginning of the
article.) A typical A-frame air-cooled
vacuum steam condenser (ACVSC)
shown in Figure 9.

The main problem with the ACVSC
is not the condensation of the steam.
but the evacuation of the noncondens-
ables. (The noncondensables are the
gases that enter the vacuum section of
the power cycle from the atmosphere
as well as from the chemicals used for
the treatment of boiler feedwater.) Fail-
S
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ure to eliminate the noncondensables
can cause freezing of condensate in
winter, loss of performance due to
blanketing of the heat-transfer surface.
and absorption of noncondensables by
condensate and subsequent corrosion
of wbe metal. Thus, a successtul
ACVSC must continuously and totally
collect and eliminate all noncondens-
ables from the system.

The trapping of noncondensables
inside the condenser tubes is a direct
consequence of the varation of coolant
air temperature across the tube bundle.
Consider a single-pass condenser hav-
ing four tbe rows. The tubes of the
fowest row are exposed to the coldest
air while the tubes of the upper rows
are exposed to progressively hotter air.
Theretore. the tubes in the lowest row
condense more steam (due to the high-
er MTD). while those in the upper
rows condense less and less steam.
Consequently. the pressure drop will
be the highest in the tubes in the lowest
row and progressively lower in the
tubes of the upper rows. This will
cause a backflow of noncondensables
from the tubes of the upper rows to the
tubes of the lowest row. which can
eventually lead to gas blanketing of a
substantial fraction of the heat-transfer
surface. This problem will be less
acute in, but not absent from, a 2-
Pass/4-10w constructon.

In order to address this situation. a
correction factor has been proposed by
Rozenman et al. (16), wherein extra
heat-transter area is incorporated as per
the penalty factor evaluated.
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