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4 Compressors: Selection and Sizing

Intermittent Mode Compressors

Reciprocating Compressors

The reciprocating compressor 1s probably the best known and the most
widely used of all compressors. It consists of a mechanical arrangement
in which reciprocating motion is transmitted to a piston which is free to
move in a cylinder. The displacing action of the piston, together with the
inlet valve or valves, causes a quantity of gas to enter the cylinder where
it is in turn compressed and discharged. Action of the discharge valve or
valves prevents the backflow of gas into the compressor from the dis-
charge line during the next intake cycle. When the compression takes
place on one side of the piston only, the compressor is said to be single-
acting. The compressor is double-acting when compression takes place
on each side of the piston. Configurations consist of a single cylinder or
multiple cylinders on a frame. When a single cylinder is used or when
multiple cylinders on a common frame are connected in parallel, the
arrangement is referred to as a single-stage compressor. When multiple
cylinders on a common frame are connected in series, usually through a
cooler, the arrangement 1s referred to as a multistage compressor. Figures
1-4 and 1-5 are typical reciprocating compressor arrangements, begin-
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Figure 1-4. A three-stage single-acting reciprocating compressor. (Courtesy of
Ingersoll Rand )
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Figure 1-5. Cutaway of the frame end of a large multistage reciprocating
compressor. (Courtesy of Dresser-Rand )

The reciprocating compressor is generally in the lower flow end of the
compressor spectrum. Inlet flows range from less than 100 to approxi-
mately 10,000 cfm per cylinder. It is particularly well-suited for high-
pressure service. One of the highest pressure applications is at a dis-
charge pressure of 40,000 psi. Above approximately a 1.5-to-1 pressure
ratio, the reciprocating compressor is one of the most efficient of all the
COmMPressors.

Rotary Compressors

The rotary compressor portion of the positive displacement family is
made up of several compressor configurations. The features these com-
pressors have in common are:

1. They impart energy to the gas being compressed by way of an input
shaft moving a single or multiple rotating element.

2. They perform the compression in an intermittent mode.
3. They do not use inlet and discharge valves.

The helical and spiral-lobe compressors are generally similar and use
two intermeshing helical or spiral lobes to compress gas between the
lobes and the rotor chamber of the casing. The compression cycle begins
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as the open part of the spiral form of the rotors passes over the inlet port
and traps a quantity of gas. The gas is moved axially along the rotor to
the discharge port where the gas is discharged into the discharge nozzle
of the casing. The volume of the trapped gas is decreased as it moves
toward the outlet, with the relative port location controlling the pressure
ratio. Figure 1-6 shows a cutaway view of a helical-lobe compressor. The
spiral-lobe version is the more limited of the two and is used only in the
lower pressure applications. Therefore, only the helical-lobe compressor
will be covered in depth in this book (see Chapter 4).

The helical-lobe compressor is further divided into a dry and a flooded
form. The dry form uses timing gears to hold a prescribed timing to the
relative motion of the rotors; the flooded form uses a liquid media to
keep the rotors from touching. The helical-lobe compressor is the most
sophisticated and versatile of the rotary compressor group and operates at
the highest rotor tip Mach number of any of the compressors in the rotary
family. This compressor is usually referred to as the “screw compressor”
or the “SRM compressor.”

The application range of the helical-lobe compressor is unique in that
it bridges the application gap between the centrifugal compressor and the
reciprocating compressor. The capacity range for the dry configuration is
approximately 500 to 35,000 cfm. Discharge pressure is limited to 45 psi
in single-stage configuration with atmospheric suction pressure. On
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supercharged or multistage applications, pressures of 250 psi are attain-
able. The spiral-lobe version is limited to 10,000 cfm flow and about 15
psi discharge pressure.

The straight-lobe compressor is similar to the helical-lobe machine but
is much less sophisticated. As the name implies, it has two untwisted or
straight-lobe rotors that intermesh as they rotate. Normally, each rotor
pair has a two-lobe rotor configuration, although a three-lobe version is
available. All versions of the straight-lobe compressor use timing gears
to phase the rotors. Gas is trapped in the open area of the lobes as the
lobe pair crosses the inlet port. There is no compression as gas is moved
to the discharge port; rather, it is compressed by the backflow from the
discharge port. Four cycles of compression take place in the period of
one shaft rotation on the two-lobe version. The operating cycle of the
straight-lobe rotary compressor 18 shown in Figure 1-7.

Figure 1-7. Operating cycle of a straight-lobe rotary compressor. (Modifieo,
courtesy of Ingersoll-Rand)

Volume range of the straight-lobe compressor is 5 to 30,000 cfm. Pres-
sure ranges are very limited with the maximum single-stage rating at 15
psi. In a few applications, the compressors are used in two-stage form
where the discharge pressure is extended to 20 psi.

The sliding-vane compressor uses a single rotating element (see Figure
1-8). The rotor is mounted eccentric to the center of the cylinder portion
of the casing and is slotted and fitted with vanes. The vanes are free to
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Figure 1-9. A sectional and end view of a liquid piston compressor. (Courtesy of
Nash Engineering Co.)

pressors, the exact port locations must be tailored to the desired pressure
ratio at time of manufacture. In the two-lobe design, two compression
cycles take place during the course of one rotor revolution.

The capacity range is relatively large, ranging from 2 to 16,000 cfm.
Like the sliding-vane compressors, the liquid piston compressor is wide-
ly used in vacuum service. The compressor is also used in pressure ser-
vice with a normal range of 5 to 80 psi with an occasional application up
to 100 psi. Because of the liquid piston, the compressor can ingest liquid
in the suction gas without damage. This feature helps offset a somewhat
poor efficiency. The compressor is used in multiple units to form a muiti-
stage arrangement.

Continuous Compression Compressors
Ejectors

Continuous compression compressors are of two types: ejector and
dynamic.

The ejector can first be identified as having no moving parts (see Figure
[-10). It is used primarily for that feature as it is not as efficient as most of
the mechanical compressors. Simplicity and the lack of wearing parts con-
tribute to the unit’s inherent reliability and low-maintenance expense.



“ompressors: Selection and Siz

‘ew compressors immune

2t of
re in
1 the
mes-
ount
5 are
tion

i es-



Figure 1-11. Radial-flow horizontally split muitistage centrifugal compressor.
(Courtesy of Nuovo Pignone)

radial or backward-leaning blades and a front and rear shroud. The front
shroud is optionally rotating or stationary depending on the specific
design. As the impeller rotates, gas is moved between the rotating blades
from the area near the shaft and radially outward to discharge into a sta-
tionary section, called a diffuser. Energy is transferred to the gas while it
is traveling through the impeller. Part of the energy converts to pressure
along the blade path while the balance remains as velocity at the impeller
tip where it is slowed in the diffuser and converted to pressure. The frac-
tion of the pressure conversion taking place in the impeller is a function
of the backward leaning of the blades. The more radial the blade, the less
pressure conversion in the impeller and the more conversion taking place
in the diffuser. Centrifugal compressors are quite often built in a mult-
stage configuration, where multiple impellers are installed in one frame
and operate in series.

Centrifugal compressors range in volumetric size from approximately
1,000 to 150,000 cfm. In single-wheel configuration, pressures vary con-
siderably. A common low pressure compressor may only be capable of
10 to 12 psi discharge pressure. In higher-head models, pressure ratios of
3 are available, which on air is a 30-psi discharge pressure when the inlet
is at atmospheric conditions.

Another feature of the centrifugal is its ability to admit or extract flow
to or from the main flow stream, at relatively close pressure intervals, by
means Of strategically located nozzles. These flows are referred to as side-
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streams. Pressures of the multistage machine are quite varied, and difficuit
to generalize because of the many factors that control pressure. Centrifu-
gals are in service at relatively high pressures up to 10,000 psi either as a
booster or as the result of multiple compressors operating in series.

Axial compressors are large-volume compressors that are characterized
by the axial direction of the flow passing through the machine. The energy
from the rotor is transferred to the gas by blading (see Figure 1-12). Typi-
cally, the rotor consists of multiple rows of unshrouded blades. Before and
after each rotor row is a stationary (stator) row. For example, a gas parti-
cle passing through the machine alternately moves through a stationary
row, then a rotor row, then another stationary row, until it completes the
total gas path. A pair of rotating and stationary blade rows define a stage.
One common arrangement has the energy transfer arranged to provide
50% of the pressure rise in the rotating row and the other 50% in the sta-
tionary row. This design is referred to as 50% reaction.

Axial compressors are smaller and are significantly more efficient than
centrifugal compressors when a comparison is made at an equivalent
flow rating. The exacting blade design, while maintaining structural
integrity, renders this an expensive piece of equipment when compared to
centrifugals. But it is generally justified with an overall evaluation that
includes the energy cost.
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50 Compressors: Selection and Sizing

that is equipped with a series of circumferential labyrinths operating with
a close clearance to the cylinder wall. Efficiency is sacrificed (due to gas
bypass) in order to obtain a low maintenance cylinder. This design is
mentioned primarily because it is unique and not widely manufactured.

Another feature necessary to the reciprocating compressor is cylinder
cooling. Most process compressors are furnished with water jackets as an
integral part of the cylinder. Alternatively, particularly in the smaller size
compressors, the cylinder can be designed for air cooling.

Classification

Reciprocating compressors can be classified into several types. One
type 1s the trunk or automotive piston type (see Figure 3-2). The piston is
connected to a connecting rod, which is in turn connected directly to the
crankshaft. This type of compressor has a single-acting cylinder and is
limited to refrigeration service and to smaller air compressors. Most of
the smaller packaged refrigeration system compressors are of this type.
The compressors may be single or multistage. Approximate capacity is
50 tons in water-chilled refrigeration service and 75 scfm in air service.

Figure 3-2. Trunk-piston type two-stage compressor with fins for air cooling.
(Courtesy of Ingersoll-Rand)
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The more common type of compressor used in process service is the
crosshead type, as shown in Figure 3-3. The piston is driven by a fixed pis-
ton rod that passes through a stuffing or packing box and is connected to a
crosshead. The crosshead, in turn, is connected to the crankshaft by a con-
necting rod. In this design, the cylinder is isolated from the crankcase by a
distance piece. A variable length or double distance piece is used to keep
crankcase lubrication from being exposed to the process gas. This design
has obvious advantages for hazardous material. The cylinder can be either
single- or double-acting. The double-acting construction uses both sides of
the piston and compresses on both strokes of the piston during one revolu-
tion. Except for very small compressors, most reciprocating compressors
furnished to the process industry use the double-acting configuration.

Figure 3-3. Typical multistage crosshead type compressor. (Courtesy of Nuovo Pignone)

Arrangement

The trunk type compressor is generally arranged with the cylinder ver-
tical in the basic single-stage arrangement. In the vertical, “in line,” mul-
tistage configuration, the number of cylinders is normally limited to two.
Most multi-cylinder arrangements are in pairs in the form of a V, usually
at 45° from the vertical. These compressors usually have up to eight
cylinders and are normally used in compressing organic refrigerants.
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Reciprocating Compressors 53

Variable frequency motor drives are becoming more popular because of
the ability to provide capacity control.

Reciprocating compressors are available with a large variety of other
drivers, which include the piston engine, steam turbine, or, in rare cases,
a gas turbine. Next in popularity to the electric motor is the piston
engine. The arrangement lends itself to skid mounting, particularly with
the semi-portable units found in the oilfield. The unit is also popular as a
“lease” unit, which may be lifted onto a flat bed trailer and moved from
one location to another as needed. The engine is either direct-coupled or,
as with smaller compressors, it may be belt-connected.

A variation of the smaller, skid-mounted, engine-driven compressor is
a larger, engine-driven version in the form of the integral engine com-
pressor (see Figure 3-4). The compressor and the engine share a common
frame and crankshaft. When the engine cylinders are vertical or in a V
configuration and the compressor cylinders are horizontal, the machine is
called an angle engine compressor.

Figure 3-4. Cutaway of a two-stage piston engine driven compressor. (Courtesy of
Dresser-Rand)

A more rare form of driver is the steam cylinder. Most arrangements
combine the steam driver and compressor on the same frame with the
steam cylinder opposite the compressor cylinder. Each cylinder’s connect-
ing rod is connected to a common throw on the crankshaft. A flywheel is
used to provide inertia. For air service, the units are built as single- and
two-stage units, with other combinations available for process service.
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68  Compressors: Selection and Sizing

Figure 3-7. Cylinder with clearance pocket. (Courtesy of Dresser-Rand)

equipped with a set of sliding seals referred to as piston rings. Rings are
made of a material that must be reasonably compliant for sealing, yet
must slide along the cylinder wall with minimum wear. Different rings
are used for lubricated or nonlubricated service, with the rings in the
nonlubed cylinders needing good dry lubricating qualities. For lubricated
service, metallic rings such as cast iron or bronze as well as nonmetallic
materials such as filled nylon are used. The nonmetallic materials are
becoming more common. For nonlubricated service, the ring material is
nonmetallic, ranging from carbon to an assortment of fluorocarbon com-
pounds. Horizontal cylinder pistons feature the addition of a wear band,
sometimes referred to as a rider ring (see Figure 3-8).

Pistons may be of segmented construction to permit the use of one-
piece wear bands. One-piece wear bands are a requirement in API 618.
Pistons have a problem in common with humans—a weight problem.
Weight 1n a piston contributes directly to the compressor shaking forces
and must be controlled. For this reason, aluminum pistons are often
found in larger low pressure cylinders. Hollow pistons are used but can
pose a hazard to maintenance personnel if not properly vented. If
trapped, the gas will be released in an unpredictable and dangerous man-
ner when the piston is dismantled.



Figure 3-8. Piston rings and wear band. (Courtesy of Nuovo Pignone)

The piston rod is threaded to the piston and transmits the reciprocating
motion from the crosshead to the piston. The piston rod is normally con-
structed of alloy steel and must have a hardened and polished surface,
particularly where it passes through the cylinder packing (double-acting
cylinders). Rod loading must be kept within the limits set by the com-
pressor vendor because overloading can cause excess runout of the rod
resulting in premature packing wear. This in turn leads to leakage,
reduced efficiency, and increased maintenance expense.

In unloaded or part-load operation, rod reversals must be of sufficient
magnitude to provide lubrication to the crosshead bearings. The bearings
are lubricated by the pumping action of the opening and closing of the
bearing clearance area.

Tail rods are dummy rods that protrude from the head end of the cylin-
der (see Figure 3-9). The purpose of the rod is to pressure-balance a piston
or to stabilize a particular piston design. Because of the personnel hazard,
a guard must be specified and provided. In a tandem cylinder arrange-
ment, the outboard cylinders are driven with a rod similar to the tail rod.

Valves

The compressor cylinder valves are of the spring-loaded, gas-actuated
type in all but a limited number of portable compressors. This kind of
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STOPPLATE

VALVE SPRINGS

VALVE GUIDES

W™ e

Figure 3-10. An exploded view of a cushioned channel valve. (Courtesy of
Dresser-Rand)

The poppet valve (see Figure 3-13) consists of multiple, same-size
ports and sealing elements. The advantage of the valve is that has a high
flow efficiency due to the high lift used and the streamlined shape of the
sealing element. The disadvantage is that the valve is not tolerant of



Figure 3-13. Cutaway of a poppet valve. (Courtesy of Dresser-Rand)
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dem cylinder is used. The packing may consist of a number of rings of
packing material and may include a lantern ring (see Figure 3-14). The
lantern ring provides a space into which a gas or liquid may be injected
to aid in the sealing process. If cooling of the packing is required, the
packing box may be jacketed for liquid coolant.

Figure 3-14. Rod packing box. Lantern rings in packing provide space into which a
buffer may be injected to aid in sealing. (Courtesy of Dresser-Rand)

Crankshaft and Bearings

Larger compressors, normally above 150 to 200 horsepower, have
forged steel crankshafts. Cast crankshafts are used in medium-size
machines. Crankshafts should have removable balance weights to com-
pensate for rotary unbalance as well as reciprocating unbalance. The
crankshaft should be dynamically balanced when above 800 rpm.

When pressure lubrication is used, the crankshaft oil passages should
be drilled rather than cored in the cast construction. Figure 3-15 shows a
drilled crankshaft. On machines above 150 horsepower, the main and
connecting rod bearings should be split-sleeve, steel-backed, babbitted-
msert type. Figure 3-16 shows a connecting rod. The main bearings of
smaller compressors are the rolling element type. Crosshead pins should



Figure 3-16. A large connecting rod.

have replaceable bushings if available, See Figure 3-17 for some typical
crossheads. Figure 3-18 shows split sleeve main bearing caps. Replace-
able bushings are standard on larger, multistage compressors and option-






Reciprocating Compressors 77

al as the size decreases. On the smaller, standardized single-stage
machines, they are not available at all. On large multistage compressors,
flywheels are sometimes used to dampen torque pulsations, minimize
transient torque absorbed by the driver, and to tune torsional natural fre-
quencies. In most applications however, flywheels are not used and the
driver inertia must absorb torque pulses.

Frame Lubrication

Frame lubrication is integral on most reciprocating compressors. The
small, horizontal, single-stage compressors, particularly 100 horsepower
and smaller, use the splash lubrication system. This system distributes
lubricating oil by the splashing of the crankthrow moving through the
lubricant surface in the sump. Dippers may be attached to the crankshaft
to increase this effect.

The pressurized lubrication system is a more elaborate lubrication
method (see Figure 3-19). The system has a main oil pump, either crank-
shaft or separately driven, a pump suction strainer, a cooler when needed, a
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Outside-operated
plug-type unloader

Outside-operated
port-type unloader

Figure 3-24. Port type unloader. (Courtesy of Dresser-Rand)

plates open. Control of all the described unloaders is the same, in that a
piston operator is used. Additional control may be obtained by using a
cooled bypass line from the discharge to the compressor suction. The
bypass is normally used with discrete unloading steps.
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Outside-operated
inlet valve unloader

Figure 3-25. Plunger type unloader. Note the plunger finger used to hold the valve
open when energized. (Courtesy of Dresser-Rand)

A tew words of caution when using the valve unloading method: A
problem arises with the possible loss of rod load reversals. Rod reversals
are needed to provide lubrication to some of the bearings, as discussed
earlier in this chapter. While the reversal problem is generally associated
with unloading a double-acting cylinder from one side, it should be
checked for all unloaded cases, including pocket unloading. If operation
without rod reversals is absolutely mandatory, auxiliary lubrication must
be brought to the bearings affected. The second caution is the anticipated
duration of a totally unloaded condition. While the capacity has been
reduced to zero, the gas in the outer end of the cylinder is being moved
about in a reciprocating manner following piston movement. The move-
ment of uncompressed gas will generate heat, and prolonged unloaded
operation without proper cooling may cause severe overheating. In any
case, investigation of potential problems should be undertaken with the
equipment manufacturer.

From the foregoing discussion, it should be clear that cylinder capacity
can be controlled. While the automatic control is normally limited to cer-
tain finite steps, the steps can be selected in size or number to minimize
any adverse effect especially in conjunction with prudent use of the vari-
able volume pocket.
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P% = maximum allowable peak-to-peak pulsation level at any discrete
frequency, as a percentage of average absolute pressure.
P;... = average absolute line pressure.

The objective of this approach is to improve the reliability of the sys-
tem without having to design acoustical filters. For many systems, this is
all that is needed. API 618 contains a chart that recommends the type of
analysis that should be performed, based on horsepower and pressure.

The pulsation control elements can have several forms, such as plain
volume bottles, volume bottles with baffles, bottles and orifices, and pro-
prietary acoustical filters. See Figure 3-26 for an example of a compressor
with a set of attached volume bottles. Regardless of which device or ele-
ment is selected, a pressure loss evaluation must be made before the selec-
tion is finalized because each of these devices causes a pressure drop.

For those installations where a detailed pulsation analysis, API 618
Design Approach 2 or 3, is required, several consulting companies offer
these services. Until the 1980s, the most common method was to per-
form the pulsation analysis on the analog simulator of the Pipeline and
Compressor Research Council of the Southern Gas Association. The

Figure 3-26. Manifoid-type volume botties are used where cylinders are operated in
parallel, as on this two-stage, motor driven compressor. (Courtesy of Dresser-Rand)
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136 Compressors: Selection and Sizing

impeller (see Figure 5-3). The casing is also attached to the gear box.
This style is built in both the single and multistage configuration. The
most common form of multistage is the plant air compressor, which also
has intercoolers included as part of the machine package.

Figure 5-3. Overhung, gearbox mounted centrifugal compressor. (Courtesy of Atlas
Copco Comptec Inc.)

Arrangement

The single stage can be arranged, as has been discussed in the previous
paragraphs, in the overhung style. Figure 5-4 shows a schematic of the
compressor. Note that the flow enters axially and exits in a tangential
direction. For a comprehensive discussion, it should be mentioned that
the overhung style is, on very rare occasions, constructed in the multi-
stage form, usually overhanging no more than two impellers. The over-
hung compressor is generally more competitively priced than the
between-bearing design. Careful application must be made because the
overhung impeller configuration is more sensitive to unbalance than the
between-bearing design. If impeller fouling is anticipated, this design
may not be acceptable.
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Figure 5-12. A double-flow compressor with inlets on each end and a common
center discharge. (Courtesy of Elliott Company)

the diffuser. There are various physical arrangements to accomplish the
double-flow compression. One variation is to use two back-to-back
stages for the final compression and join the flow either internally, prior
to leaving the case, or join two separate outlet nozzles outside the case.
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Figure 5-16. A tandem driven muiti-body centrifugal compressor train with a steam
turbine driver. (Courtesy of Demag Delaval Turbomachinery Corp.)

Centrifugal Compressors
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as much of the remaining velocity head as possible into pressure. With
intermediate extraction, or for some of the in-out designs, a compromise
must be made, reducing large passages to preserve axial length.

Having gotten the flow in and out of the machine, a closer examina-
tion of just how the compression takes place is needed. An important
concept to maintain throughout the following discussion is that all work
done to the gas must be done by the active element, the impeller. The sta-
tionary element is passive, that is, it cannot contribute any additional
energy to the stage. It can only convert the energy and unfortunately con-
tribute to the losses. Figure 5-20 is a schematic diagram of an impeller
and the basic inlet and outlet flow vector triangles.

The impeller will be covered in detail in the following sections; there-
fore, a brief review of the various impeller components is in order. The
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Casing inlet and outlet nozzles are normally flanged. General prefer-
ence, in process service, 1s for all casing connections to be flanged or
machined and studded. On steel-cased machines, this normally is not a
problem. On the smaller, refrigeration compressors that are highly stan-
dardized, constructed of cast iron, and originally designed for other than
process service, connections will generally have flanged inlet and outlet
nozzles. However, most of the auxiliary connections on these machines
will be screwed. It is desirable to use standard flanges throughout the
connections on the casing. However, for space reasons, on rare occa-
sions, a nonstandard flange arrangement may become necessary. It is
quite important to have the equipment vendor furnish all nonstandard
mating flanges and associated hardware.

Forces and moments which the compressor can accept without causing
misalignment to the machine are to be specified by the vendor. Many
factors go into this determination, and as one may guess, the limits are
determined quite arbitrarily in most cases. With all the many configura-
tions a compressor can take, a single set of rules cannot fit all. Despite
this. NEMA SM-23[13] for mechanical drive steam turbines 1s used as a
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Figure 5-34, A fabricated centrifugal compressor impeller. (Courtesy of A-C
Compressor Corporation)

Figure 5-35. A centrifugal compressor impelier during manufacture. The blading
was milled with a five-axis milling machine. The blading is integral with the back
plate. (Courtesy of Dresser-Rand)
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control oil is generally required for steam and gas turbine drivers. Gear
bearing loads at present are higher than can be carried by current magnet-
ic bearing designs.

The magnetic bearing is made up of a series of electromagnets located
circumferentially around the shaft to form the radial bearing. The electro-
magnets (Figure 5-42) are laminated to limit the eddy current losses. The

Figure 5-42. Radial magnetic bearing with a view of the circumferential electro-
magnets. (Courtesy of Mafi-Trench Corp.)

Figure 5-43. Radial magnetic bearing rotor sleeve. (Courtesy of Mafi-Trench Corp.)
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same reason. The thrust is carried by a single-acting or dual-acting set of
electromagnets (see Figure 5-44) depending on the need for a unidirec-
tional or bidirectional thrust load. The magnetic bearing operates with a
fixed air gap so there is no contact under operating conditions.

Sensors are incorporated in the bearing assemblies to sense position of
the rotor relative to the bearing. A servo control system uses the position
information provided by the sensors to increase or decrease the bearing
force on the rotor as needed to keep the rotor properly positioned. Mag-
netic bearings react differently than hydrodynamic or rolling element
bearings in that the mechanical bearings react immediately to a load
change, while the electromagnet in line with the load change must
increase its force at the same rate to maintain rotor position. The actual
rate at which the servo amplifier can increase the force is a function of
volt ampere product of the amplifier. If the rate at which the load is
applied exceeds the capability of the servo control, a temporary perturba-
tion will be experienced before the shaft is brought back to its normal
position.

The magnetic bearing load capacity on a per-unit basis is less than that
available from hydrodynamic bearings. The specific load limit is at
approximately 80 psi with typical design values of 60 psi. Higher values
can be achieved with special magnetic materials, but these are not nor-
mally used in compressor applications. The load carried by bearing may
be compensated by increasing the physical size of the bearing. The heavi-
est compressor rotor weight has been approximately 4,000 pounds.
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remain in the levitated position until the power is removed should a full
shutdown be required.

Balance Piston

It 1s desirable to have additional axial-load control on the multistage
compressor. A balance piston, also referred to as the balance drum, can be
located at the discharge end (see Figure 5-46). The balance piston consists
of a rotating element that has a specified diameter and an extended rim for
sealing. The area adjacent to the balance piston (opposite the last stage
location) is vented, normally to suction pressure. The differential pressure
across the balance piston acts on the balance piston area to develop a
thrust force opposite that generated by the impellers. The pressure on the

_r )

Balance
Piston
i) il ; —_/
- i'i o s -
a f‘ A {‘"‘f! Ib‘.‘; : .7:- ; '.I /
1 . f“’ -%%—'a

-
Iso-Cooler
Return

Figure 5-46. Balance piston. (Courtesy of Elliett Company)
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Figure 5-51. Mechanical shaft seal. (Courtesy of Elliott Company)

ration. By careful application, the isolating seal can also act as a backup
to the primary seal.

In all situations, seals must function over the entire operating range,
including startup and shutdown. If a compressor shuts down and is to be
restarted hot after being down only a short time, the possibility exists of
differential growth of the various components, closing the clearances to
the point of seizure of the parts. The seal should be selected well inside
its operating pressure range. With the liquid buffered seals, a value for
the allowable leakage toward the gas side must be determined. This lig-
uid is removed from the compressor by traps, referred to as sour oil pots,
even when the fluid can be recycled. On small to intermediate compres-
sors, the leakage flow should not be more than three to five gallons per
day (gpd). Large compressors can have larger leakages, but should not
average more than ten gpd per seal.
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Figure 5-54. Cutaway of a tandem arrangement non-contacting dry gas seal.
(Courtesy of John Crane international)

The double opposed seal is used in applications where a zero process
leakage is mandated. The seal consists of two seal faces, with the process
side seal reversed. An inert gas is injected between the two seals at a pos-
itive differential over the process gas pressure. A small amount of the
inert gas leaks into the process. The process must be able to accept the
contamination of the buffer gas for this seal to be used.

Dry gas seals use a separation seal on the bearing side of the seal as a
barrier. The purpose of the barrier seal is to prevent lubricating oil from
migrating along the shaft and into the dry gas seal. This seal also serves
the purpose of preventing any gas leakage from the dry gas seal from
leaking into the bearing cavity.

The barrier seals come in two basic forms. One is a labyrinth design,
which is probably the most common. It has the features of a conventional
labyrinth discussed earlier. The alternative is the carbon ring seal. The
carbon ring is used either as a single ring or, in some cases, it is of a mul-
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Figure 5-55. Single-stage centrifugal with movable inlet guide vanes. (Courtesy of
A-C Compressor Corporation)

Maintenance

At the risk of misleading the reader, this section will just touch a few
points concerning maintenance. One frequently asked question is, what is
critical and what needs special consideration when performing mainte-
nance on the centrifugal compressor? While there are many areas that
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Figure 8-6. Lube oil console. (Courtesy of Elliott Company)

should be individually returned, including the relief valves, and piped
into stilling tubes that discharge below the suction loss oil level. An auto-
matically closing fill opening should be installed in the top of the reser-
voir and should include a strainer to prevent entrance of foreign material
with the oil during fill operations. A breather-filter cap should be used to
cover the fill opening. A flanged opening should be placed on the top and
blind flanged for an optional, user-furnished vent stack. Some form of
level-indicating device should be provided, mounted on the side of the
reservoir. A top-mounted dipstick is also required, with the dipstick
marked in liquid units of the type in use at the plant location.

The reservoir should be sized for five minutes of normal flow, with a
retention time of eight minutes. The retention time should be calculated
using normal flow and total volume below the minimum operating level.
Provision must be made for the oil rundown from the field located pip-
ing. It should be checked on all systems, but particularly on the larger
sizes. It is quite embarrassing to take a new compressor through commis-
sioning, have a shutdown and overflow the reservoir on rundown, espe-
cially if all the company executives are there to witness the event. Addi-
tional features for the reservoirs and the defined operating levels are
shown 1n Figure 8-7.

Heaters should be considered for the reservoir. While they are normal-
ly thought of as cold-weather features, they aid in keeping the oil dry if
the compressor i1s shutdown long enough for the oil to cool. The heater
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Figure 8-17. Dry gas seal console. (Courtesy of A-C Compressor Corporation)

Dry Gas Seal System Control

The control system should be kept as simple as possible to maintain
reliability. For tandem seals, the system control for the seal gas supply has
traditionally been a differential pressure control, using a direct-operated
control. The differential pressure vsually was set at 10 to 25 psid. The
flow using this control is generally much higher than needed. The differ-
ential pressure control can be modified to measure the pressure drop
across an orifice and the control converted to a volume control. A velocity
across the inner labyrinth of 5 fps would be considered sufficient to pre-
vent back diffusion. This arrangement does have the advantage of reduc-
ing the seal gas requirement. For a practical design, the velocity should be
increased to at least 10 to 15 fps to allow for wear. Many of the compres-
sor manufacturers will recommend a higher value for more margin.

For the double-opposed seal, normally an inert gas is injected between
the two opposed seals. This gas is pressure controlled to maintain a dif-
ferential pressure higher than the process side pressure. The supply to
this seal is critical because a failure will permit the differential pressure
across the outer seal to reverse, which will result in a seal failure. This
seal arrangement usually incorporates a buffer to the process side of the
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cal, a liquid separation system must be included with the filters. On sys-
tems with heat tracing, liquid separation may be desirable as a backup.

Gears

Whenever there is an inherent speed mismatch between a compressor
and driver, several solutions are available. For small sizes, V-belts offer
advantages in flexibility. For compressors where the power levels
approach 100 hp, a more positive drive should be considered. Depending
on the application, this value may move up or down by 25 hp.

Most of the discussion has been about compressors over 75 hp and has
leaned toward critical or semi-critical equipment. This type equipment
requires a gear unit external to the compressor with the gears arranged
for increasing or reducing speed as dictated by the application (see Fig-
ure 8-18). Alternately, the gear may be integral to the compressor as
shown in Figures 8-19 and 8-20. API has two gear standards, AP1 613 [9]
for special purpose gears and API 677 for general purpose gears.




Y,

Figure 8-19. Section illustration of the gearing of an integral geared compressor.
(Courtesy of Elliott Company)
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where

o = angular misalignment per mesh, deg
d = pitch diameter of the teeth, in.
N = shaft speed, rpm

Flexible Element Couplings

Flexible element couplings transmit torque and accommodate mis-
alignment by use of flexible diaphragms or discs. These elements are of
metal construction and may be used singularly or in packs. Refer to Fig-
ure 8-22 for a multiple element coupling of the diaphragm type. A single
element, diaphragm type is shown in Figures 8-23 and 8-24. A flexible
disk is illustrated by Figure 8-25.

The flexible element coupling requires no lubrication, which is a dis-
tinct advantage. The need for lubrication is always a problem with gear
couplings. This advantage is partially offset in the flexible element by the
need for corrosion-resistant materials for the normal chemical plant
atmosphere. Inconel 718 and 15-5 PH have been used and have been rea-

Figure 8-22. Cutaway of a muitiple diaphragm fiexible element coupling. (Courtesy
of Zurn Industries, Inc., Mechanical Drives Division)
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Figure 8-23. Cutaway of a single diaphragm flexible element coupling. (Courtesy of
Lucas Aerospace Power Transmission)

PILCTED SUARD

Figure 8-24. Section drawing with parts identification of a single diaphragm fiexible
element coupling. {Courtesy of Lucas Aerospace Power Transmission)



mg Mmomecit Hnposca Ui Sfdll Cius. 1018 Cdll DC a PruDICil WILL LIS Zear
coupling, particularly if the loading is high or lubrication poor. The flexi-
ble element, because of the elastic member, has a predictable bending
moment which is normally much lower than the comparable gear cou-
pling [8]. Axial loads transmitted are much less than for a gear type cou-
pling. This greatly reduces thrust bearing loads. Absence of radial clear-
ances through the major components makes it possible to obtain a
precision repeatable balance. Flexible element couplings are available in
both single and multiple element form.

Flexible element couplings tend to be somewhat heavier than the com-
parably rated gear coupling. On a retrofit, heed the earlier warning about
lateral criticals. The coupling can handle axial misalignment but is more
restrictive than the gear type.
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The two recognized standard sensors are the ISA type J thermocouple
(iron-constantan) and the 100 ohm at 0°C platinum 3-wire RTD. Addition-
al attributes such as TFE insulation and stainless overbraid are specified.
The sensors are installed in a drilled hole at the location shown, with the
objective being to place the sensor approximately .030 inches to the rear of
the base of the babbitt. Surprisingly, steel conducts at approximately the
same coefficient as the babbitt, so there is no significant temperature drop
at the metal interface. The sensor is potted in place, with some of the over-
braid included, to provide strain relief. An alternate to potting is to use a
spring and clip arrangement, which has the advantage of an easy sensor
replacement. Figure 8-29 shows a radial bearing with a temperature sensor
installed. Figure 8-30 depicts an instrumented thrust bearing.

Flow

Flow is another one of the basic compressor parameters. It can be
deferred back to pressure, since most of the flow involving compressors
is measured flow by a primary device such as an orifice and a differential
pressure sensor as discussed in the section on pressure. For plant use,
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Figure 8-30. Thrust bearing pad with a temperature sensor installed. (Courtesy of
Turbocare, A Division of Demag Delaval Turbomachinery Corp., Houston facility)

where relative flow is generally of more interest, the flow is usually
recorded on a flow chart. The chart is calibrated in square root units.
Unfortunately, unless all the constants can be located, the relative flow is
not of much value. If a differential transducer is connected across a pri-
mary element with a known bore and pipe size, and if the element was
calibrated, the calibration chart will provide the raw data that will permit
the generation of meaningful flow information.

Torque

Torque meter instrumented couplings are available using the strain
gauge for the measuring element. A standard coupling is sent to the
torque meter supplier for application of the electronics and the strain
gauges. The torsional strain, as measured by the gauges, is telemetered to
a stationary cylindrical receiver placed concentric to the coupling. The
received data are processed and converted to a signal proportional to the
transmitted torque. It may be displayed locally and/or transmitted to a
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remote location such as a control room. Figure 8-31 shows a coupling
instrumented for torque measurement.

Speed

With the introduction of the new instruments, speed is basically taken
for granted. It is a very important parameter for reciprocating compres-
sors, however, because speed is one of the factors in generating dis-
placed volume. For the axial and the centrifugal compressor, speed
offers a multiple influence. In the fan laws stated in Chapter 5, speed
was the common parameter in both capacity and head. In fact, since
head is proportional to speed squared, it becomes quite important that
the speed be accurate.

The electronic counter circuit contributed to the development of mod-
ern tachometers. By using a toothed wheel and a magnetic pickup with
the counter, a direct reading digital speed output may be derived. While
not too common, the signal can be put through a digital-to-analog con-
verter and an analog meter reading made available. The digital readout is
useful for performance testing because it requires no interpolation. The
analog meter reading is good for startups or gross adjustments where the
rate of response 1s part of the information.
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