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Whcn designing a heat exchang-
er, an engineer first calculates
the surface area needed to car-

ry the heat load. Next, he or she devel-
ops the design to meet the standards of
the Tubular Exchanger Manufacturers
Assn. (TEMA) for heat exchangers,, or
other codes, and the company's stan-
dards. He or she then makes compara-
tive cost estimates, factoring in knowl-
edge from experience, and selects the
best tubing metal for the service. -

Most unexpected failures of heat ex-
changers can be traced to a factor that
had not been fully taken into account
when the tube material was selected. In
Tables 1, 2 and 3, these factors are
arranged according to, respectively,
water quality, the character of opera-
tion and maintenance, and exchanger
design. Tube materials considered are
copper alloys, stainless steels (Types
304 and 316), and high alloys (6% molyb-
denum, superferrities* and titanium).

Attention to this checklist
of selection factors will materially
reduce heat-exchanger failures

The impact of each factor is noted
without it necessarily being related to
that of other factors. In the tables, the
impact of each factor is rated one of
three ways: green means the tubing
alloy or alloy group has given good
performance under the stated condi-
tions; yellow designates that the tub-
ing may give good performance, but
may require a closer study of the con-
ditions at the site and relationships
with other factors; and red signifies
that the material has not performed
well under the stipulated conditions,
and special precautions are required to
achieve good performance.

Water quality
Water quality encompasses: cleanli-
ness, and the content of chloride, dis-
solved oxygen and sulfides, and resid-

*A new family of stainless steels high in chromium content (25-30%).

"Consultant to the Nickel Development institute, 15 Toronto St., Toronto, Ontario, Canada

ual chlorine and manganese. It also
includes pH, temperature and scaling
tendency (Table I).

Water cleanliness — Design engi-
neers tend to assume that cooling wa-
ter will be dean. This occurs only if the
right screens and filters have been
installed and operators have made
sure that they work properly. Debris
(such as sticks and stones) and sedi-
ment (such as sand and mud) that are
passed through or around the screens
and filters have been responsible for
many tube failures.

Long term, copper-alloy and stain-
less-steel tubes perform excellently in
clean water (i.e., free of sediment, de-
bris and fouling organisms). Too often,
however, sediment and debris find
their way into exchanger tubes. Corro-
sion under sediment is common with
tubes of these two materials. A high



1. Water cleanliness

concentration of sand can abrade the
protective film on copper-alloy tubes.T
Such service, therefore, requires a 70-
30 CuNi-2Fc-2Mn alloy in the copper-
alloy series, or stainless steel. A lodg-
ment of sticks, stones and shell
fragments creates downstream turbu-
lence, which can cause pinholes in cop-
per-alloy tubes.

The obvious cure for these problems
is to screen the water better. As a
safeguard, the newer 85-15 CuNi with
0.5 Cr, C72200 alloy and stainless-steel
tubes do well in withstanding the ef-
fects of lodgment turbulence. Copper-
alloy tubes effectively keep organisms
from becoming attached, and are pre-
ferred when environmental restric-
tions on the use of biocides would re-
quire frequent manual cleaning of
stainless-steel and higher-alloy tubes.

Chlorides — These provide a conve-
nient framework for differentiating
the stainless-steel alloys. Type 304
stainless steel resists crevice corrosion
at chloride-ion concentrations of less
than about 200 ppm, and Type 316 does
so atlevels up to about 1,000 ppm. (The
chloride content of U.S. fresh water is
typically less than 50 ppm, for which
Type 304 stainless steel is therefore
normally adequate.)

The 4'/,% molybdenum alloys suf-
fer crevice attack at chloride-ion con-
centrations from 2,000 to 3,000 ppm.
Both 4'/z% molybdenum-alloy and du-
plex (another new family of stainless
steels) tubes have been subjected to
sea water (20,000 ppm chloride con-
tent) and have undergone substantial
crevice corrosion beneath fouling. On
the other hand, the 6% molybdenum
and superferritic alloys, and titanium
have proved resistant to crevice and
beneath-sediment corrosion in salt
water.

Dissolved ozygen and sulfides —
Copper-alloy and stainless-steel tubes
perform best in water having enough
oxygen (about 3-4 ppm) to keep fish
alive. These tubes also do well in dc-
aerated water, such as that used in
water-flood oil wells. Copper-alloy
tubes do not stand up well in severely
polluted water in which dissolved oxy-
gen has been consumed in the decay

Tube Clean
metal

CA

SS

Sediment Biological

Mud Sand Debris foulants

CA = Copper alloy SS = Stainless steel
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2. Chloride content, ppm
<200 <1,000 >1,000 Sea water

' '
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4.5% Mo ( ¢
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6% Mo
= ¢

NiCrMo

Ti
The copper alloys, 6% Mo, NiCrMo and Ti tubes

perform well at all chloride concentrations.

3. Dissolved oxygen and sulfides Sulfide
>3-4 ppm O2 Dearated polluted
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4. Residual chlorine
<2 ppm

CA
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tAll alloys form a protective film in corrosive lijjuids; on
stainless steel, it is chromium oxide; on copper ailoy, it is
cuprous hydroxychloride.

5. Manganese content
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6. Water pH
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7. Temperature, F
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process and sulfides are present.
Tubes of higher-alloyed stainless steel
or titanium have served successfully
in such water.

Residual chlorine — Both copper-al-
loy and stainless-steel tubes have per-
formed well in water containing up to 2
ppm residual chlorine, and have failed
in heavily chlorinated water. Although
the usual objective is to keep residual
chlorine at about 0.5 ppm at the inlet
tubesheet, this level is sometimes ex-
ceeded and the residual is normally
higher at the point of injection.

Acidity — In aerated water of pH
less than about 5, a protective film
does not easily form on copper-alloy
tubes, so they corrode and thin rapidly.
In deaerated water of low pH, copper-
alloy tubes resist corrosion well. For
high-pH water, copper-nickel or stain-
less-steel tubes are preferred to admi-
ralty- (71% copper, 28% brass, 1% tin)
or aluminum-brass tubes, which tend
to corrode under highly alkaline condi-

Leaving an
exchanger full,
or even only
wet, invites
corrosion

ever, copper-alloy and higher-alloyed
tubes have fared well in such water.

Scaling tendency — Copper-alloy
and stainless-steel tubes perform well
in both hard (sealing) and soft (nonseal-
ing) water. The Langelier saturation
index* is frequently used to distinguish
scale-forming from corrosive (to carbon
steel) water.

Operation and maintenance
Among these factors are type of oper-
ation (regular vs. intermittent) and the
frequency of deaning (Table 2).

TABLE 2-- Operation and maintenance practices
that extend tube life

1. Length of time exchanger left full or in wet standby

Tube <3 daZs 4:Lda,ys > week
"::' ~ i "" ¢ W""

SS I ¢
2. Scheduled cleanings

Weekly Monthly-quarterly Annually
~Up~

"A( ¢

SS( ¢

CA = Copper alloy SS = Stainless steel

tions. Stainless-steel tubes have per-
formed well at a pH less than 5 and
greater than 9.

Temperature — A protective film
readily forms on copper alloys in warm
water (in about ten minutes at 60°F), but
forms very slowly in cold water. It de-
velops almost instantaneously on stain-
less steel in both warm and cold water.

Manganese — Type 304 stainless steel
tubes have failed in fresh water having an
appreciable manganese content. How-

Character of operation — Lengthy
startups have been responsible for
many failures of copper-alloy and
stainless-steel tubes. These occurred
because water had been left in, or it
had only been partially drained from,
tubes for a long time. Such failures
have also been caused by extended
outages from normal operations.

Leaving an exchanger full, or even
only wet, invites corrosion. The water
will become foul, creating an environ-

*This index indicates the tendency of a water solution to precipitate or dissolve calcium carbonate. It is calculated from total
dissolved solids, calcium concentration, total alkalinity, pH and solution temperature.

ment in which bacteria thrive, promot-
ing microbiologically induced corro-
sion. Corrosion will also take place un-
der sediment. If an exchanger is to be
left full for more than 2 or 3 days,
water should be pumped through it
once a day to displace the stagnant
water. If an exchanger will be down
for at least a week, it should be drained
and blown dry.

Cleaning schedule — Heat ex-
changers should be periodically
flushed out, opened and brush deaned,
to remove sediment and debris and to
restore heat transfer capability. Ex-
changers handling water high in bio-
logical foulants or sediment should be
cleaned weekly. Micro-organisms will
corrode stainless steel if they and oth-
er deposits are not removed.

Monthly or even quarterly mechan-
ical cleanings of copper-alloy and
stainless-steel tubes are adequate
with most waters. The optimum in-
terval can be critical because the pro-
tective film on copper alloy tubes can
be damaged by deaning with metallic
brushes and some types of abrasive
blasting. Mechanical deaning is
sometimes put off for a year, and
even longer, particularly if restoring
an exchanger's heat-transfer rate is
not critical to plant performance. Be
cautioned, however, that corrosion
beneath sediment frequently occurs
when sediment removal is delayed by
more than three months.

Exchanger design
The principal design factors that in-
fluence tube performance are water
velocity, tube diameter, shape (i.e.,
once-through or U-bend), orientation,
venting, tubesheet material, channel
(waterbox) material and channel inlet
arrangement (Table 3).

Fluid velocity — At velocities of
less than 3 ft/s, sediment deposit, de-
bris buildup and biological fouling in
and on tubes can be excessive, result-
ing in the need for frequent mechani-
cal cleaning, which can cause copper-
alloy and stainless-tube tubes to fail
prematurely.

Copper alloys can be conveniently
differentiated according to their wa-
ter-velocity tolerance. Approximate
maximum design velocities for tubes
of copper-base alloys and stainless

q



steel in salt water are listed in Table 3.
Maximum velocity is usually arrived
at as a compromise between the cost
of pumping and the advantage in heat
transfer. The design velocity usually
falls in the range of 6-8 ft/s, and may
reach 12-15 ft/s when extra cooling
demand is placed on an exchanger,
such as in summer.

Copper-nickel tubes stand up reason-
ably well to variations in velocity, al-
though some erosion and corrosion
may occur at the inlet. The C72200 alloy
resists inlet-end erosion and corrosion,

· as well as corrosion downstream oflodgments. The 2Fe-2Mn modification
of the C71500 alloy resists inlet erosion
and. corrosion excellently. Copper-nick-
el tubes, after their protective film has
aged, wiihstand considerable velocity
excursions without significant inlet
erosion. Stainless-steel tubes perform
best at high velocity and are useful up
to velocities that induce cativation. Cop-
per will tolerate somewhat higher ve-
locities in fresh water, 10 ft/s being a
common design velocity for copper
tubes in air-conditioning condensers
cooled with fresh water.

Tube diameter — Tubes of large di-
ameter are preferred for heat ex-
changers because any solids that pass
through screens will also flow
through the tubes. By one rule of
thumb, tube diameters should be at
least twice the diameters of the
screen openings. Tubes should not be
less than '/2 inch if the water to the
exchanger is not filtered.

Once-through or U-bend — Be-
cause U-tube bundles are difficult to

· dean, the water must be very dean
(e.g., boiler feedwater quality), or at
least well-filtered. Both stainless-
steel and copper-alloy tubes are liable
to corrode beneath sediment. U-tubes
are particularly prone to such corro-
sion if sediment and debris are not
removed from their bends. Once-
through and 2- to 4-pass bundles are
easily deaned by flushing, water lanc-
ing, or brushing.

Orientation — Heat exchangers,
particularly condensers, are normally
placed horizontally, with water flow-
ing through the tubes. Both stainless-
steel and copper-alloy tujjes perform
well in such exchangers. In those un-
usual circumstances that require that

TABLE 3 -- Exchanger design features that influerice tube performance

1. Recommended fluid velocities for tube materials
. .Salt water velocity, ft/s

Tube ,3 3-5 5-6 6-9 9-12 >12
metal MmpM "~~

Copper m 1"7m m m m

^'m"""y mi m ¢mmm

"°'°° mmmN= m t

""00 mmM=¢=cc"?
C72200 m m /'/' " '"; 'i '," , FT¢ "I,:' ) ', I

!?e'!Mn mmmmmi !
SS mc"¢¢mmmN jc

2. Tube diameter, inches
Exchangers Condensers

5/8-1 3/8-1/2 7/8-1'h
F

CA '"" 'X T,,:,'",)'

" ' " '/
ss j:g' ,j, #,"j ': bA:,,,/A) :

3. Type of tube flow
Once-through 2-4 pass U-tube

'A I ¢
SS I ¢

4. Exchanger orientation and water location
Horizontal Vertical

Tubeside Shellside Shellside
'" ''

CA ==

' 1/
Z t R

' ' ' '/

SS !' ,,,/, , L.!/$.,',g.. ..

5. Venting arrangement
Vented Not vented

CA ( ¢

SS I ¢
6. Tubeshell material Stainless

Steel Copper alloy steel

"^ mmm %mmc

SS ¢mmM ( ¢

7. Channel material
Steel Copper alloy Stainless

Bare Coated (CuNi) steel (316)

CA I ¢1 ¢ ~ m¢
SS 1 ¢1 ¢ ~ L=/

CA = Copper alloy SS = Stainless steel



the cooling-water flow on the shell-
side of a horizontal exchanger, sedi-
ment and debris cannot be kept from
building up around the support plates
and lower tubes. This results in corro-
sion beneath the sediment. The build-
up can be eliminated, or at least re-
strained, by upstream filters, but
these will not prevent fouling organ-
isms from thriving in low-flow areas.
When the water, even clean water,
must be on the shellside, the tubes
should be of high alloy.

A condenser is sometimes oriented
vertically, with the cooling water on
the shellside, to improve heat trans-
fer. This allows noncondensable gas-
es to collect under the top tubesheet,

Tubesheet material — Tubesheets
of carbon steel, common copper alloy,
Muntz metal (a brass composed of 58-
61% copper, up to 1% lead, with the
remainder zinc), admiralty brass and
aluminum bronze are anodic to cop-
per-alloy tubes. The galvanic protec-
tion that these tubesheet materials
afford copper-alloy tubes does not
eliminate all inlet-end corrosion, but
often does help to keep it at a tolera-
ble level.

Stainless-steel tubesheets are rarely
used with copper-alloy tubes, because
stainless steel is cathodic to copper
alloy. Installing stainless-steel or tita-
nium tubes in copper-alloy tubesheets
has accelerated the corrosion of the

TEMA standards
recommend that exchangers

be installed level, but
they should really be sloped

letting the temperature of the tube
walls in the gas pocket get almost as
hot as the incoming gas being con-
densed, evaporating the water and de-
positing scale on the hot tube sur-
faces. Sediment also tends to build up
in the bottom of a vertical condenser.

In vertical installations, both Type
304 and Type 316 stainless-steel tubes
are prone to stress corrosion and
cracking just under the top tubesheet.
Remedies include: venting gas
through the top tubesheet; changing
to copper-alloy or copper alloy-stain-
less steel bimetallic tubing or to high-
alloy tubing, or orienting the ex-
changer horizontally. Although the
TEMA standards recommend that ex-
changers be installed level, exchang-
ers should really be sloped slightly so
that they will drain completely when
shut down, avoiding corrosion where
tubes sag between support plates and
retain water even after being drained.

Venting — Exchangers are normal-
ly fitted with vent cocks so they can
be purged to clear gas pockets. Con-
densers, particularly when chlorine is
used as a bioeide, tend to suffer corro-
sion when gases are not vented.

tubesheets. Stainless steel and titani-
um polarize so readily that the entire
inside surface of the tubes (not just the
part adjacent to the tubesheet) must
be considered as the cathode to the
copper-alloy tubesheet anode.

The normal cure for this anode-
cathode problem is' to protect the cop-
per-alloy tubesheet with an im-
pressed-current cathodic protection
unit. The unit's potential must be con-
trolled to avoid hydrogen embrittle-
ment of ferritic stainless steel, or hy-
driding of titanium. An alternative is
to resort to tubes of 6%-molybdenum,
which resist hydrogen embrittlement
without the need to carefully control
an applied potential.

Tubesheets for austenitie stainless
steel should be of identical composi-
tion. Tubesheets of high-alloy austen-
itic stainless steel are used with tubes
of ferritic stainless steel, because tu-
besheets of matching composition are
not available. Solid or clad titanium
tubesheets are preferred with titani-
um tubes.

Channel material — Corrosion
products from bare-steel and east-iron
channels (exchanger inlet chambers)

have occasionally caused the corro-
sion taiiure of copper-alloy and stain-
less-steel tubes. Coatings applied to
steel and east-iron channels for the
purpose of reducing corrosion some-
times deteriorate and spall, leading to
tube corrosion and failure. Coated
channels are also liable to deep local
corrosion at pinholes in coatings
brought on by an adverse galvanic
couple between the steel channel and
the alloy tube and tubesheet.

Copper-nickel and aluminum-
bronze (solid or weld-overlaid surface)
channels are preferred with copper-
alloy tubes, and may also be used with
high-alloy tubes. The adverse galvan-
ic effect is diminished in such installa-
tions, because the area of the channel
is larger than that of the tubesheet,
and the channel and tubes are not
contiguous. Channels of Type 316
stainless steel (solid or overlaid) are
preferred with stainless-steel tubes.

Channel inlet arrangement — Un-
even flow, restricted water passages
and poor inlet-piping entry arrange-
ments have caused numerous failures
of copper-alloy tubes, as well as a few
failures of stainless-steel tubes. Basi-
cally, the entry and flow pattern in both
large and small channels should distrib-
ute the water uniformly to all tubes
with as little swirling as possible.

If a review of the foregoing factors
indicates that an exchanger's tubes
must be of a metal that is even more
corrosion resistant than a copper alloy
or stainless steel, an engineer fre-
quently resorts to a more highly al-
loyed metal, such a 6f%-molybdenum
stainless steel, a superferritic or titani-
um. These materials provide outstand-
ing resistance to corrosion in crevices
and beneath sediment.
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