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A. INTRODUCTION

The choice (and detailed specification) of a material known to be chemically resistant to a given
environment is one step in the selection process. Another step, of equal importance, is the choice of
proper design configurations and principles to permit the material to perform in the desired manner.
Listed below are a number of design related causes of corrosion in metallic systems.

1. Dissimilar metals.
2. Improper drainage.
3. Joints between metals and nonmetals.
4. Crevices.
5. Stray currents.
6. Complex cells.
7. Relative motion between two interacting parts or between a part and its environment.
8. Selective loss of one or more ingredients of the alloy.
9. Inability to clean the surface properly.

There is a third step in assuring good performance, which unfortunately is often given inadequate
attention. That is careful inspection and verification that design specifications and recommendations
actually are carried out in the installation.

The detailed methods by which corrosion may be mitigated by design are listed below and are
illustrated in the accompanying figures.

1. Where dissimilar metals are involved, select materials that have a minimum difference in
electrode potential under the conditions of temperature and electrolyte composition encoun-
tered.

2. Where feasible design structures so that butt joints rather than lap joints are employed, use
drip skirts to avoid moisture collecting under structures.

3. Support tanks on stanchions rather than pads if possible. If pads are required for tanks,
provide sufficient "crown" on the pads to assure drainage and to avoid "oil can" effects.
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For large field-erected tanks use domed, compacted, oiled sand where appropriate as a
support for tank bottoms.

4. Employ resiliant sealants to exclude moisture from potential crevices.
5. Employ cathodic protection where appropriate. This includes the use of galvanized steel or

alclad aluminum products or sprayed metals to provide cathodic protection in crevices.
6. Equalize the electrode potential between electrically interfering structures that are exposed

in the same electrolyte (e.g., underground or in large tanks). Cross-bonding, use of cathodic
protection, and careful grounding are important methods for accomplishing this.

7. Use special care to avoid turbulence. This involves study of flow patterns, avoidance of con-
strictions, or sharp changes in direction and attention to the relationship between pressure
and amplitude of motion between parts.

8. Select materials known to be compatible with the environment and with each other. For
important structures this implies pretesting.

9. Provide redundant systems for critical applications. This includes spare heat exchanger
bundles, replaceable spools in pipe systems, or scavengers for removal of dissolved heavy
metals.

10. Use nonmetallic materials when required.

B. DESIGN RELATED CAUSES OF CORROSION

1. Dissimilar Metals

The electromotive force (emf) series can be of qualitative guidance in predicting which material is
likely to be sacrificed in a dissimilar metal couple. Unfortunately, the emf series (which lists pure
metals in solutions of their own ions of unit activity) bears little relationship to actual applications.
Consequently, the predictions of the emf series are likely to be reliable only for those circumstances
where there is a very large difference in electrode potential. An example might be aluminum versus
copper (Fig. 1). In most circumstances, aluminum would sacrifice itself to protect copper in a
conductive electrolyte. The actual electrode potential of a given metal will be strongly influenced by
the composition of the electrolyte and the temperature. In practical cases, pure metals seldom are
used as materials of construction. More commonly alloys are employed. The addition of alloy
ingredients changes the electrode potential from that of the predominant pure metal ingredient. Thus
it is important to know the electrochemical relationships between dissimilar metal alloys under the
real conditions of exposure in order to assess the likelihood of dissimilar metal action. Figure 2
shows a galvanic series for alloys exposed in seawater.

The intensity of dissimilar metal action will be strongly influenced by the relative areas of the
dissimilar metals exposed in the electrolyte that is common to them both. Of particular interest is the
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FIGURE 1. Insulating material between dissimilar metals, such as copper and aluminum, prevents galvanic
corrosion.



Alloys are listed in the order of the potential they exhibit in flowing sea
water. Certain alloys indicated by the symbol: ••§ in low-velocity or
poorly aerated water, and at shielded areas, may become active and exhibit
a potential near —0.5 volts.

FIGURE 2. The galvanic series in seawater.

anode current density. In most metal systems exposed to aqueous environments, the corrosion
process is under "cathodic control." This means that the size of the cathode will control the anode
current density. The larger the area of the cathode as compared to the anode area, the greater will be
the anode current density. Thus the design should maximize the anode area and minimize the cathode
area were possible. It is good practice to avoid using rivets that are anodic to metal parts being joined
since such a practice would lead to failure of the joint by corrosion of the rivets.

GALVANIC SERIES IN SEAWATER
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FIGURE 3. Design for drainage.

2. Drainage

Drains should always be located at the lowest point in a tank. The joint between the tank and the
drain pipe should be designed to permit free drainage (Fig. 3). Usually, this will mean the avoidance
of weld beads projecting into the tank that could trap residues or moisture. The use of sumps in large
tanks is a useful procedure to mitigate problems related to drainage, however, special care must be
made in the design of sumps to be sure that they are also free draining or can be inspected and
cleaned easily. Inspection flanges are convenient for such purposes. Large flat-bottom tanks present a
particular problem from the standpoint of drainage because of the difficulty of assembling such tank
bottoms in a manner that will avoid areas that are difficult to drain. The design should incorporate
some positive means of providing drainage, perhaps by sloping the bottom. Rain water or other
moisture on the exterior of tanks can be drawn under flat-bottom tanks by capillary action. Use of
"drip skirts" around the edges of such tanks will direct moisture to the ground rather then allowing
it to cling to the tanks and be drawn under the tanks and will reduce danger of trapping moisture
(Fig. 4).

Particularly for small to moderate size tanks, it is good practice to support them on stanchions
rather than on pads. This provides free access of air around the bottoms of the tanks and facilitates
periodic inspection. Metal cradles welded to the tanks that support tanks above grade provide another
option (Fig. 5).

Flat cement pads should be avoided as a supporting means for flat-bottom tanks. Instead, the pads
should have a crown from center to edge of ~1 mm/12 mm of radius (1 in/foot of radius). It is
difficult to manufacture a flat-bottom tank with a tank bottom that is actually flat. Consequently,
when the tank is empty the tendency is for the tank bottom to stand away from the base irregularly.
When the tank is filled, the tank settles onto the pad. However, each time the contents of the tank are
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FIGURE 5. Sealing and a metal cradle avoid accumulation of water under a pipe in outdoor construction.

emptied there is a tendency for portions of the bottom to rise away from the pad. Thus the bottom can
snap back and forth much in the manner of the bottom of an oil can and in so doing "pump" moisture
under the tank. The use of a crowned pad will prevent this pumping action. The diameter of the
supporting pad should be smaller than the tank being supported. The use of smaller size pads in
conjuction with drip skirts is effective in reducing the amount of moisture that collects under a tank.
For very large tanks set on the ground (e.g., large field storage tanks for oil), it is customary to use a
cement ring to support the edge of the tank and support the bottom on compacted, crowned, oiled
sand. The use of oiled sand serves to provide corrosion protection for the underside of the tank
bottom.
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FIGURE 4. A drip skirt reduces moisture collection under flat-bottom tanks.
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FIGURE 6. Crevices lead to concentration cell corrosion.

The use of butt welds rather than lap welds in piping systems tends to reduce the danger of
entrained solids collecting in the bottoms of pipes. It may be desirable in critical applications to
employ special procedures (e.g., grinding) to reduce the tendency for weld beads to trap solids.

3. Sealants

For lap joints and other "designed" crevices, special attention is warranted to avoid the introduction
of moisture (Fig. 6). In the presence of moisture, such crevices represent a serious likelihood of
crevice corrosion. Such action usually is initiated by differential aeration cells. In such cells, the
"oxygen starved" regions (within the crevices) normally are anodic with respect to the "oxygen
rich" areas outside the crevice and tend to corrode preferentially. Sealants (Fig. 7) used must be
selected with care. Ideally, a sealant will remain resilent during its expected life. Special attention
should be given to avoid sealants that harden or change dimensions with time under the conditions of
exposure. Where sealants cannot be employed the use of galvanized steel mating parts or the use of
alclad aluminum mating parts (in a riveted structure for example) can provide cathodic protection
within the crevice thereby mitigating the corrosion problem.

4. Cathodic Protection

The use of cathodic protection either by use of galvanic anodes or by driven electrodes can be
effective in preserving the integrity of a designed structure. Attention must be given to adjacent
structures that may inadvertently either provide cathodic protection to the structure under consi-
deration or may receive cathodic protection from the structure. Examples are buried pipe lines that
may be in close proximity. It is not uncommon under these circumstances for current to flow from
one structure to the other. When this occurs, special corrosion is observed where current flows from
the structure into the electrolyte and protection occurs where the current flows from the electrolyte
into the structure. A common design procedure is to connect the neighboring structures electrically
with a suitable bond so that their potentials will become the same. Often such cross-bonding
procedures are incorporated with installation of cathodic protection.
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FIGURE 7. Gasket or sealant to avoid crevices.

5. Grounding

Leakage currents have been discovered on a number of metallic structures because of inadequate
grounding. Particularly in environments where there is a considerable fluctuation in the water table,
buried structures have suffered serious deterioration from leakage currents. The grounding of
electrical services to buried water lines is a common practice. Such structures should then be
connected to ground rods that are deep enough to be in permanent soil moisture. If the water table
falls below the level of the grounding system, there is increased danger that leakage currents will
result in wastage of the water piping.

6. Flowing Systems

In flowing systems, the relative motion between the environment and the parts operating in the
environment can lead to erosion-corrosion, cavitation, or abrasive wear. All of these types of
damage are related exponentially to the flow rate (relative motion). Thus it is good practice to reduce
the flow rate if feasible and to avoid localized constrictions or sharp changes in direction in flowing
systems. The entrance end of heat exchanger tubes is an example of a location where special damage
may occur. One way to mitigate inlet end corrosion (or erosion) of heat exchanger tubes is by the use
of metallic or nonmetallic ferrules inserted in the ends of the tubes. Damage ultimately requires the
replacement of such ferrules, however, the integrity of the system is maintained. Where ferrules are
cemented in place, special care must be exercised to avoid extruding sealant beyond the ends of the
ferrules since "stalactites" or collections of sealant can serve as local sources of turbulence in the
flowing system. Entrained trash, sand, or marine organisms such as crustaceans may collect in
flowing systems setting up not only local turbulence but also the possibility of crevice corrosion from
differential aeration cells. Structures should be designed so that they may be cleaned periodically
either by use of "pipe pigs," brushes, or sponge balls that can be pumped through the system. Such
procedures can result in dislodging of collected debris and can restore heat transfer in heat
exchangers. At sharp (unavoidable) changes in direction, localized impingement damage can be
mitigated by incorporation of wear-resistant devices (Fig. 8).

7. Liquid-Vapor Systems

Conditions that permit evaporation of splashed liquids or localized condensation of vapors, which
then can evaporate and become more concentrated, often can lead to special corrosion. Splashing can
be avoided by designs such as those shown in Fig. 9. Localized condensation usually can be avoided
by thermal insulation or by preheating liquids so that surfaces of piping or equipment are above the
ambient temperature (and dew point).
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FIGURE 8. Wear resisting designs to minimize corrosive wear.

8. Redundant Systems

In critical process applications, such as heat exchangers, it is common practice to design the system
so that several extra heat exchanger bundles are installed on a manifold to permit periodic inspection
and/or repair or replacement of systems without shutting down the entire plant operation. In piping
systems, it also is common practice to install heavy wall "spool" sections to bear the brunt of special
corrosion problems. An example is a piping system involving steel and aluminum alloy pipes
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FIGURE 9. Designs to minimize evaporation and concentration of solutions.
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FIGURE 10. Design that allows inspection to be carried out without interrupting operation.

(Fig. 10). To mitigate the effects of this potential dissimilar metal cell, a short length of heavy wall
(schedule 80, e.g.) alclad aluminum pipe may be inserted between the steel pipe and the aluminum
pipe. The alclad coating will provide cathodic protection to both the adjacent steel and aluminum
pipes and also will scavenge dissolved copper ions that may be present in the flowing aqueous system
thereby sparing the aluminum pipe downstream from dissimilar metal action. Periodically, the
system is shut off and the spool is examined and/or replaced if necessary. It is possible to put in two
such spool sections in parallel with suitable valving so that the system need not be taken out of
service during inspection and/or replacement.

Some flowing systems are significantly contaminated by heavy metal ions such as copper, lead,
and so on. These ions tend to be plated out on steel or aluminum piping downstream and can result in
corrosion of the downstream piping. This can be avoided readily by the inclusion of a "heavy metals
trap*' upstream from the steel or aluminum piping (Fig. 11). A typical trap might be a tank or drum
filled with aluminum machinings. Periodically, it would be necessary to dispose of exhausted
machinings by replenishing with new machinings.

9. Welded Joints

In design of equipment, involving use of carbon steel to stainless steel welded joints, there is the
possibility of alloy dilution in the welded joints. This presents the potential problem of reduced
corrosion resistance at welded joints. This problem may be mitigated by designs such that shown in
Figure 12. Joints in piping systems provide opportunities for the inadvertant incorporation of
crevices. Vigilance to avoid such crevices is urged (see Fig. 13). When attaching dished heads to the
sidewall of pressure vessels it may be necessary to machine the surface of the dished head to
accomodate the thickness transition. It is recommended that the dished heads be sized such that this
final machining operation be performed on the exterior of the vessel (Fig. 14).
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HEAVY METALS TRAP

FIGURE 11. Heavy metals trap to remove heavy metals from a process stream.

10. Nonmetallics

Nonmetallic materials can be exceedingly valuable in providing corrosion resistance or ease of
maintenance under circumstances where metallic systems are inadequate. The use of nonmetallic
materials such as fiber reinforced plastics requires special design attention to avoid premature
failure. In the case of the fiber reinforced products, special attention must be given to avoid wicking
of moisture up the fibers. This normally means that a finish coat is required, which will prevent
exposure of the environment directly to the "raw ends" of the reinforcing material. Attention also

PREVENT BASE METAL DILUTION

(Contains Cu ions)

SOLUTION
IN

BARREL

CONTAINING
ALUMINUM
MACHININGS

SOLUTION
OUT

Steel

Stainless
Steel

Possible Dilution of Stainless Steel
by Carbon Steel in Weld

Preferred

Steel

Stainless
Steel

FIGURE 12. Design to prevent base metal dilution.
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FIGURE 13. Designs to avoid crevices caused by incomplete weld penetration.

must be given to the effect of temperature on the mechanical properties of plastic materials. Plastics
are considerably more susceptible to fatigue failure than are metals. They must also be protected
from degradation by ultraviolet light. Thermal expansion of plastic materials is considerably greater
than metals, a particularly important consideration when considering piping systems or composite
structures such as plastic lined pipe. Special attention must also be given to the possibility of fire
damage. A number of suggested joint details are given (Fig. 15). Table 1 lists a number of types of
failures that have occured in plastic systems. Many of these could have been avoided by careful
design, fabrication, and installation.
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FIGURE 14. Design of attachments to the sidewall of pressure vessels so that the final machining operation is
carried out on the exterior of the vessel.
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FIGURE 15. Joint designs.

TABLE 1. Major Types of Failures in Reinforced Plastics and Their Causes

System

Piping

Tanks and process vessels

Scrubbers and absorbers

Ducts, fans, and stacks

Type of Failure

Cemented joint
Chemical attack

Impact damage
Chemical attack

Internal pressure
External pressure (vacuum)
Secondary bond failure
Impact
Chemical attack

Vacuum damage
Impact
Fire

Joint failures
Chemical attack

Fire

Cause

Failure to follow recommended practice
Poor resin selection or change in

environmental conditions
Various (generally handling damage)
Poor resin selection, or environmental data

wrong
Operational errors and poor process design
Poor equipment design
Faulty fabrication
Handling damage
Service conditions wrong and change in

process specs
Poor equipment design
Handling damage
Lack of maintenance, lack of adequate

safeguards, lack of interlocks, possibility
lack of employee training, or no scrubbing
liquid

Generally — glue line
Poor resin selection, wrong, or changed

service conditions
80% of fires originate from an internal or

process source, while 20% of fires
originate externally. Lack of sprinkler
protection is by far the largest single reason
for large losses occurring.
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Surface Sanded Va" Wider
Than Widest Overlay
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Detailed
in Table 1

Ends Tapered
to 5° Angle

Overlays
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Surface Sanded W1 Wider
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There are numerous applications of ceramic or glass materials in the chemical and
pharmaceutical industries. Successful use of this class of materials requires that they be protected
from impact loadings or flexure.
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