
U
sing gravity to initiate flow in 
the discharge of solid materi-
als from bins and hoppers is 
the simplest, and often best, 

approach to solving solids-han-
dling challenges. However, not all 
solid materials flow well by gravity 
alone. The propensity for fine solid 
materials to cake can lead to flow 
problems that will adversely affect 
your process. For situations where 
material caking disrupts gravity 
flow, a range of flow aid approaches 
are available to solve a variety of 
flow issues. This article discusses 
the operation of passive and active 
flow aids, and points out consider-
ations for their use. 

Particle caking
Cohesive strength is a characteristic 
of many materials, and fine solids 
tend to cake, agglomerate and pack 
because of it. But what is cohesive 
strength? Most of us understand 
it intuitively — gently reach into 
a box of laundry detergent and the 
detergent sifts or flows through our 
fingers, but squeeze or compact the 
material, and it retains its shape 
and no longer flows over our fingers 
(Figure 1). This effect is due to com-
paction or consolidation pressure, 
which is a key factor in bulk-solids 
handling. Consider that inside a bin 
or silo, the pressures acting on the 

solids are very high and can easily 
cause the material to consolidate.

Measuring the flow properties of a 
bulk solid is critical to understand-
ing how it will flow in a new system, 
or why it is troublesome in an ex-
isting system. Knowing the type of 
flow pattern that develops in a bin 
or silo is a prerequisite to reliable 
handling. Two major types of flow 
patterns can develop in solids flow: 
funnel flow and mass flow. In funnel 
flow, whenever any material is dis-
charged from a container, some ma-
terial moves while the rest remains 
stagnant. Funnel flow can lead to 
ratholing, erratic flow, flooding and 
segregation. When material flows 
in mass flow mode, all the material 
moves whenever any is withdrawn 
from the bin or hopper. This means 
that the material is sliding at the 
walls of the container and segrega-
tion is minimized, while ratholing 
and flooding generally do not occur. 

Several test methods are available 
to identify a material’s flow proper-
ties. The Jenike Shear Test method 
is the most important and has been 
the standard in the U.S. and Europe. 
The ASTM International consensus 
standard D 6128-06 for measuring 
bulk-solids flow properties is based 
on it. The method is named after 
Andrew Jenike, a pioneer of the 
theory of bulk solids flow. Jenike’s 

scientific approach to the storage 
and flow of bulk solids, developed in 
the 1950s, remains relevant today.

The device used for the Jenike 
Shear Test is considered a lin-
ear direct shear tester (Figure 2). 
Other devices include Schulze’s 
Ring Shear Tester, Brookfield An-
nular Shear Tester, Peschl’s Rotary 
Shear Tester and the Freeman Tes-
ter. Keep in mind that all of these 
devices compare their results to the 
Jenike Shear Test results.

Once information is gathered on 
the flow properties of a solid mate-
rial, it may be necessary to select a 
gravity flow aid to overcome parti-
cle caking. The following discussion 
of flow aids categorizes the devices 
into two types: active and passive.

mechanical flow aids 
Mechanical, or active devices include 
vibrating dischargers, vibrators, 
agitations and forced-extraction de-
vices. Air-operated devices, such as 
air blasters, air pads, air fluidizers 
and so on, are also included in the 
active flow-aid discussion.

Vibrating bin discharger 
Some mechanical flow-aid devices 
rely on internal components to force 
material to flow. Probably the most 
commonly used device is the vibrat-
ing bin discharger (Figure 3). A 
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Figure 1.  Many solids exhibit caking 
or packing properties when under pres-
sure, such as that seen in a bin or silo

Figure 2.  The Jenike Shear Test 
Method, for determining a solid’s flow 
properties, is used in an ASTM standard
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vibrating discharger can accommo-
date hopper openings from about 3 
to 15 ft and is intended to keep ma-
terial completely live over a hopper 
outlet’s entire cross-sectional area. 
This type of device is hung from a 
storage bin by rubber bushed links, 
and incorporates a rubber skirt to 
prevent leakage and to isolate the 
bin from the vibrations. Vibration 
is transmitted through an outer 
shell and into an internal dome or 
cone-shaped baffle by a motor with 
eccentric weights. A cohesive bulk 
solid can be broken up and made to 
flow, depending on the amplitude of 
vibration applied. 

Several issues should be consid-
ered when using a vibrating bin dis-
charger, including the following:
•  It must discharge over its entire 

cross-sectional area and be oper-
ated according to manufacturer in-
structions, which usually require 
it to be cycled on and off intermit-
tently. Otherwise, small preferen-
tial flow channels will form, af-
fecting solids flow and potentially 
causing structural problems

•  If solids in a bin are flowing in a 
funnel-flow pattern, the diameter 
of the discharger must be larger 
than the ratholing capability of 
the material (as long as the dis-
charger cross-section is fully live)  

•  A discharger cannot control solids 
flowrate and it is not a feeder. As 
such, it requires a feeder to con-
trol the discharge rate to the pro-
cess or system

•  Pressure-sensitive materials usu-
ally do not flow well through dis-
chargers. They tend to pack in the 
annulus created by the baffle and 
outer shell

Vibrators 
Vibrators have long been used to 
enhance material flow. Sledgeham-
mers or mallets are  probably the 
most common flow aid of this type 
used. These can be the the least ex-
pensive way to encourage flow in a 
bin (and in some cases modify the 
shape of a bin). There are however, 
vibrators available that will essen-
tially replace the sledgehammer.

Vibrators can be mounted on the 
side of a bin or chute in an attempt 
to initiate flow. These vibrators can 
be air- or electrically operated and 
come in all shapes and sizes. Rotary, 
piston, turbine, linear, electromag-
netic, eccentric and several others 
are specific types of vibrators (Fig-
ure 4). Some types are designed to 
provide high-frequency, low-ampli-
tude vibration to a surface. Others 
are used to generate high-amplitude 
vibrations, such as those required to 
provide a “thump.” Battering rams 
are even used to bang the side of a 
large bin in order to move material.

However, vibrators should be used 
with caution. Here are a number of 
considerations: 
•  The material in the bin should 

not be pressure-sensitive. If the 
material can be squeezed to form 
a “snowball,” it is likely to pack in-

side the bin, due to vibration
•  Do not operate a vibrator unless 

the solid material has somewhere 
to move. The feeder must be op-
erating or the gate opened; other-
wise packing will occur

•  Chutes are a good place to mount 
vibrators, as they will enhance 
flow down a shallow chute

•  Be aware of the vibrator’s effect on 
the structural integrity of the bin

Agitation 
Devices that agitate a solid product 
are available, and are typically com-
posed of multiple segmented helical 
sections that slowly rotate within 
the body of the discharger (Figure 5). 
This produces a downward flow into 
a discharge auger that controls the 
rate of withdrawal. For agitator-type 
flow aids, consider the following:
•  The conditioning auger operates 

slowly (about 1–2 rpm) to mini-
mize consolidation

•  The size of the unit is usually 
based on the arching dimensions 
of the material

•  These flow aids can have difficulty 
with flaky or cohesive materials

Cone unloading 
A cone unloader is a device simi-
lar to a vibrating-bin discharger 
but it has an internal cone that 
is raised into the product and vi-
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FIGURE 3.   Eccentric weights are at 
work in a vibrating bin discharger

FIGURE 4.  Vibrators can be mounted 
on the side of a bin to initiate � ow

FIGURE 6.   A cone unloader has a 
vibrating cone that extends into the 
product to initiate � ow

FIGURE 5.  Agitators produce a 
downward � ow of solids into a 
discharge auger
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brated to initiate flow (Figure 6). 
This device uses a vibrating cone 
that is intended to promote mass 
flow and break bridges. It can be 
used as a gate as well as a dis-
charging device. Cone unloaders 
are dust-tight, and if they fail, they 
will fail safe-closed.

Forced extraction
Traveling-auger unloaders have 
been in use for years and are typi-
cally used to discharge solids from 
flat-bottomed bins and silos. These 
heavy-duty, track-driven systems 
are designed for continuous opera-
tion under the most challenging 
conditions (Figure 7). Traveling 
augers cause solid material to dis-
charge, dragging products to a cen-
tered discharge point. Traveling 
augers work well with woodchips, 
biomass and granular or flaky ma-
terials. This type of flow aid occu-
pies minimal headroom.

Cone-bottom systems 
Cone-bottom storage and reclaim 
systems work for materials with 
moderate flow characteristics (Fig-
ure 8). The screw rotates about its 
own axis, moving material toward 
the center of the silo outlet. At the 
same time, the screw slowly ad-
vances, sweeping around the entire 
silo hopper. Material is discharged 
to the center of the silo hopper, then 
flows down through a central chute 
below the hopper and into a dis-
charge auger or conveyor for trans-
fer out of the silo and to the next 
step in the material handling pro-
cess. The cone bottom unloader uses 
a rotating auger to provide product 

withdrawal and a collecting 
auger to discharge material 
away from the silo. This type 
of flow aid handles dry meals, 
chemicals, plastics and small-parti-
cle wood waste.

Rotating-arm unloader 
Some materials, such as marl lime-
stone, sludge and clay, do not re-
spond well to vibration. However, 
a rotating-arm discharger may be 
used. These devices use a travel-
ing arm to discharge product. They 
drag material to a central discharge 
point. Advantages of the rotating-
arm unloader include first-in, 
first-out material flow, gentle han-
dling of material, and repeatable, 
accurate discharge rates, creating 
consistency in operation. The rotat-
ing arm unloader works well with 
sticky materials, such as synthetic 
gypsum, sludge and others. 

Cleanout devices 
Cardox systems use a tube or car-
tridge that is filled with liquid car-
bon dioxide. When the cartridge is 
energized by the application of a 
small electrical charge, the chemi-
cal inside instantly converts the 
liquid CO2 to gas. This conversion 
expands the CO2 volume and builds 
up pressure inside the tube until it 
causes the rupture disc at the end of 
the tube to burst. This releases the 
CO2 (now 6,000 times its original 
volume) through a special discharge 
nozzle to create a powerful heaving 
force, at pressures up to 40,000 psi. 
Keep the following in mind:
•		The	 rupture	 (shear)	 disc	 bursts,	

releasing a heaving mass of car-

bon dioxide, which breaks apart 
the surrounding solid material

•		This	 is	 a	 dangerous	 approach	 to	
encouraging flow from a bin, and 
is used in specialized situations

•		Cleanout	devices	can	create	large	
boulders of solid material that, 
when falling, can cause structural 
damage to equipment

Giro whips (Figure 9) are another 
type of cleanout device. They are 
powered by compressed air and ma-
neuvered by an operator who ma-
nipulates the cleaning head. They 
use a variety of whips and cutting 
edges. An advantage of this type 
of device is that they are mobile 
and can be easily positioned at the 
cleaning location.

Aeration
Air pads (Figure 10) have been used 
for years and work by discharging 
air along the walls of bins and hop-
pers. They provide localized fluidi-
zation to aid flow, and require sev-
eral pads to be effective. Users must 
be careful, because the pads may 
also obstruct flow.

Fluidizers are a popular means 
of achieving locally fluidize product 
along the walls of a hopper (Figure 
11). Fluidizers basically work by 
undercutting solid material to pro-
vide localized fluidization. They can 
be mounted externally so that aid 
can be obtained without emptying 
the bin.

Air blasters inject high-pressure 
air into a bin or silo that has trouble 

FIGURE 7.  Traveling-auger unload-
ers work well with woodchips, bio-
mass and granular or flaky materials

FIGURE 9. Giro whips 
are powered by com-
pressed air and manipu-
lated by operators

FIGURE 8.  Cone-bottom systems 
have scews that rotate around their 
own axes, while also advancing 
around the silo

FIGURE 10. AIrpads dis-
charge air at bin walls to 
provide localized fluidiza-
tion of products
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with arching, ratholing or both. An 
air blaster uses air or nitrogen that 
is stored in a tank at about 80 to 100 
psi. Air blasters also have a piston-
sealed exhaust and quick-acting 
valve to fire the high-pressure air 
at an arch or rathole. The expand-
ing air breaks bridges and causes 
material to flow.  

non-mechanical aids
Non-mechanical solids-flow aids 
are also known as passive aids, 
and there are several types. Among 
them are powders and chemicals 
that can be added to some solids to 
improve their flowability. Flow aid 
chemicals, such as fumed silica, can 
improve flow, reduce caking and im-
prove storage stability. 

Freeze conditioning agents 
These flow aids are available for 
products that are exposed to sub-
freezing conditions. Freeze-condi-
tioning agents interfere with the 
bonds between the solid mate-
rial and frozen moisture, creating 
a slush instead of a frozen block. 
Freeze-conditioning agents serve to 
reduce a solid’s arching dimensions.

Cone-in-cone 
This approach to aiding solids flow 
involves a conical hopper mounted 
within another larger conical hop-

per. The design is intended to mini-
mize hopper height and promote 
mass flow (Figure 12). The inner 
cone, which is open at the top and 
bottom, is designed for mass flow 
and it forces the material to flow 
along the walls of the shallow outer 
cone. The cone-in-cone design is 
used to perform the following: 
•		Help	 convert	 a	 funnel	 flow	 pat-

tern to mass flow
•	Prevent	segregation
•	Promote	blending
The surface finish of the hoppers is 
critical to ensure mass flow.

Letdown chute 
When dealing with solid materials 
that are fragile and tend to break 
down easily when handled using 
bins and feeders, a letdown chute 
may be used to minimize attrition 
(Figure 13). When using the let-
down chute, the material is depos-
ited in the top of the spiral chute, 
and is lowered to the bottom of the 
bin, where it gently spills out of the 
openings provided. 

Splitter
Often, a process requires two dis-
charge streams to provide product 
to two different processes, conveyors 
and so on. Most of the time, a pant-
leg-type hopper is used to discharge 
to the two points. This approach will 

work if both legs of the pant-leg hop-
per are discharging simultaneously. 
If, however, one leg of the pant leg is 
stopped, most of the material in the 
bin becomes stagnant. 

The preferred way to provide 
multiple discharge points is to use 
a splitter concept (Figure 14). If one 
leg becomes blocked, the vertical 
section above it will allow the pref-
erential flow channel that forms due 
to the flowing leg, to expand within 
it such that the product at the out-
let is fully live. This prevents the 
stagnation created by the stopped 
pant-leg hopper.   ■

  Edited by Scott Jenkins

FIGURE 12. Cone-in-cone devices 
are designed to convert funnel-flow 
patterns to mass-flow solids flow

FIGURE 13. Letdown 
chutes lower solid mate-
rial gently into the bin

FIGURE 14. Splitters pre-
vent stagnation of material 
when one discharge stream is 
stopped

FIGURE 11.  Fluidizers are 
an alternate method to gener-
ate localized fluidization, but 
they are mounted externally
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A
djustment and control of mois-
ture levels in solid materials 
through drying is a critical 
process in the manufacture of 

many types of chemical products. As 
a unit operation, drying solid mate-
rials is one of the most common and 
important in the chemical process 
industries (CPI), since it is used in 
practically every plant and facility 
that manufactures or handles solid 
materials, in the form of powders 
and granules. 

The effectiveness of drying pro-
cesses can have a large impact on 
product quality and process effi-
ciency in the CPI. For example, in 
the pharmaceutical industry, where 
drying normally occurs as a batch 
process, drying is a key manufac-
turing step. The drying process can 
impact subsequent manufacturing 
steps, including tableting or encap-
sulation and can influence critical 
quality attributes of the final dos-
age form.

Apart from the obvious require-
ment of drying solids for a subse-
quent operation, drying may also 
be carried out to improve handling 
characteristics, as in bulk powder 
filling and other operations involv-
ing powder flow; and to stabilize 
moisture-sensitive materials, such 
as pharmaceuticals.

This article provides basic infor-
mation on the sometimes compli-
cated heat- and mass-transfer pro-
cesses that are important in drying, 
and discusses several technologies 
used to accomplish the task. 

MechanisM of drying
Drying may be defined as the va-
porization and removal of water 
or other liquids from a solution, 
suspension, or other solid-liquid 
mixture to form a dry solid. It is a 
complicated process that involves 
simultaneous heat and mass trans-
fer, accompanied by physicochemi-
cal transformations. Drying occurs 
as a result of the vaporization of 
liquid by supplying heat to wet feed-
stock, granules, filter cakes and so 
on. Based on the mechanism of heat 
transfer that is employed, drying is 
categorized into direct (convection), 
indirect or contact (conduction), ra-
diant (radiation) and dielectric or 
microwave (radio frequency) drying.

Heat transfer and mass transfer 
are critical aspects in drying pro-
cesses. Heat is transferred to the 
product to evaporate liquid, and 
mass is transferred as a vapor into 
the surrounding gas. The drying rate 

is determined by the set of factors 
that affect heat and mass transfer. 
Solids drying is generally under-
stood to follow two distinct drying 
zones, known as the constant-rate 
period and the falling-rate period. 
The two zones are demarcated by a 
break point called the critical mois-
ture content.

In a typical graph of moisture 
content versus drying rate and 
moisture content versus time (Fig-
ure 1), section AB represents the 
constant-rate period. In that zone, 
moisture is considered to be evapo-
rating from a saturated surface at 
a rate governed by diffusion from 
the surface through the station-
ary air film that is in contact with 
it. This period depends on the air 
temperature, humidity and speed 
of moisture to the surface, which in 
turn determine the temperature of 
the saturated surface. During the 
constant rate period, liquid must be 
transported to the surface at a rate 
sufficient to maintain saturation.

At the end of the constant rate 
period, (point B, Figure 1), a break 
in the drying curve occurs. This 
point is called the critical moisture 
content, and a linear fall in the dry-
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Figure 1.  Segment AB of the graph represents the constant-rate drying period, 
while segment BC is the falling-rate period 
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Several types of batch 
and continuous dryers 

exist in the CPI  
for removing moisture 

from solids  
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ing rate occurs with further drying. 
This section, segment BC, is called 
the first falling-rate period. As dry-
ing proceeds, moisture reaches the 
surface at a decreasing rate and the 
mechanism that controls its trans-
fer will influence the rate of dry-
ing. Since the surface is no longer 
saturated, it will tend to rise above 
the wet bulb temperature. This sec-
tion, represented by segment CD in 
Figure 1 is called the second fall-
ing-rate period, and is controlled by 
vapor diffusion. Movement of liquid 
may occur by diffusion under the 
concentration gradient created by 
the depletion of water at the sur-
face. The gradient can be caused by 
evaporation, or as a result of capil-
lary forces, or through a cycle of va-
porization and condensation, or by 
osmotic effects.

The capacity of the air (gas) 
stream to absorb and carry away 
moisture determines the drying 
rate and establishes the duration of 
the drying cycle. The two elements 

essential to this process are inlet air 
temperature and air flowrate. The 
higher the temperature of the dry-
ing air, the greater its vapor hold-
ing capacity. Since the temperature 
of the wet granules in a hot gas de-
pends on the rate of evaporation, 
the key to analyzing the drying pro-
cess is psychrometry, defined as the 
study of the relationships between 
the material and energy balances of 
water vapor and air mixture. 

Drying endpoint
There are a number of approaches 
to determine the end of the drying 
process. The most common one is 
to construct a drying curve by tak-
ing samples during different stages 
of drying cycle against the drying 
time and establish a drying curve. 
When the drying is complete, the 
product temperature will start to 
increase, indicating the completion 
of drying at a specific, desired prod-
uct-moisture content. Karl Fischer 
titration and loss on drying (LOD) 

moisture analyzers are also rou-
tinely used in batch processes. The 
water vapor sorption isotherms 
are measured using a gravimetric 
moisture-sorption apparatus with 
vacuum-drying capability.

For measuring moisture content 
in grain, wood, food, textiles, pulp, 
paper, chemicals, mortar, soil, cof-
fee, jute, tobacco, rice and concrete, 
electrical-resistance-type meters 
are used. This type of instrument 
operates on the principle of elec-
trical resistance, which varies mi-
nutely in accordance with the mois-
ture content of the item measured. 
Dielectric moisture meters are also 
used. They rely on surface contact 
with a flat plate electrode that does 
not penetrate the product.

For measuring moisture content 
in paper rolls or stacks of paper, 
advanced methods include the use 
of the radio frequency (RF) capaci-
tance method. This type of instru-
ment measures the loss, or change, 
in RF dielectric constant, which is 
affected by the presence or absence 
of moisture.

Types of dryers 
Adiabatic dryers are the type where 
the solids are dried by direct contact 
with gases, usually forced air. With 
these dryers, moisture is on the 
surface of the solid. Non-adiabatic 
dryers involve situations where 
a dryer does not use heated air or 
other gases to provide the energy 
required for the drying process

Dryer classification can also be 
based on the mechanisms of heat 
transfer as follows:
•	Direct	(convection)	
•	Indirect	or	contact	(conduction)	
•	Radiant	(radiation)	
•		Dielectric	or	microwave	(radio	fre-

quency) drying
Direct, or adiabatic, units use the 
sensible heat of the fluid that con-
tacts the solid to provide the heat of 
vaporization of the liquid.
With adiabatic dryers, solid mate-
rials can be exposed to the heated 
gases via various methods, includ-
ing the following:
•		Gases	 can	 be	 blown	 across	 the	

surface (cross circulation)
•		Gases	can	be	blown	through	a	bed	
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Table 1.  Comparison of DireCT anD inDireCT Dryers [4]

property Direct/adiabatic dryer 
(convective type)

indirect/non-adiabatic  
contact dryer  
(conductive type)

Carrier gas Uses sensible heat of gas 
that contacts the solid to 
provide the heat of vapor-
ization of the liquid

Little or no carrier gas is re-
quired to remove the vapors 
released from the solids

Heat transfer Heat transfer medium is in di-
rect contact with the surface 
of the material to be dried

Heat needed to vaporize 
the solvent is transferred 
through a wall

Risk of cross 
contamination

Persists Avoided, as the heat trans-
fer medium does not con-
tact the product

Solvent  
recovery

Difficult as there is a large 
volume of gas to be cooled 
to recover the solvent

Easier because of limited 
amount of non-condens-
able gas encountered

Operation 
under vacuum

Not possible Allows operation under vac-
uum, ideal for heat sensitive 
materials

Dusting High Minimized because of small 
volume of vapors involved

Explosion  
hazard

Higher rate Easier to control as vapors 
can be easily condensed

Handling of 
toxic materials

Not suitable Suitable because of low gas 
flow

Energy  
efficiency

Significant energy lost 
through exhaust gas

Higher energy efficiency 
as the energy lost through 
the exhaust gas is greatly 
reduced

Evaporation 
and produc-
tion rates

Higher than contact dryers Drying rates are limited by 
heat transfer area, lower 
production rates

Cost High Higher initial cost; difficult 
to design, fabricate and 
maintain
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of solids (through-circulation); 
used when solids are stationary, 
such as wood, corn and others

•		Solids	 can	 be	 dropped	 slowly	
through a slow-moving gas 
stream, as in a rotary dryer

•		Gases	can	be	blown	through	a	bed	
of	solids	that	fluidize	the	particles.	
In this case, the solids are moving, 
as	in	a	fluidized-bed	dryer

•		Solids	 can	 enter	 a	 high-velocity	
hot	 gas	 stream	 and	 can	 be	 con-
veyed	pneumatically	to	a	collector	
(flash dryer)

Non-adiabatic	 dryers	 (contact	 dry-
ers) involve an indirect method of 
removal	of	a	liquid	phase	from	the	
solid	 material	 through	 the	 appli-
cation of heat, such that the heat-
transfer	medium	is	separated	from	
the	product	 to	be	dried	by	a	metal	
wall.	 Heat	 transfer	 to	 the	 product	
is	 predominantly	 by	 conduction	
through the metal wall and the im-
peller.	 Therefore,	 these	 units	 are	
also	called	conductive	dryers.	

Although more than 85% of the 
industrial dryers are of the con-
vective	 type,	 contact	 dryers	 offer	
higher thermal efficiency and have 
economic and environmental ad-
vantages	 over	 convective	 dryers.	
Table	 1	 compares	 direct	 and	 indi-
rect	 dryers,	 while	 Table	 2	 shows	
the	 classification	 of	 dryers	 based	
on	various	criteria.	

Batch dryers
The	 following	 are	 descriptions	 of	
various	types	of	batch	dryers.	
Tray dryers.	 This	 dryer	 type	 op-
erates	 by	passing	hot	 air	 over	 the	
surface	of	a	wet	solid	that	is	spread	
over	trays	arranged	in	racks.	Tray	
dryers	 are	 the	 simplest	 and	 least-
expensive	 dryer	 type.	This	 type	 is	
most widely used in the food and 
pharmaceutical	 industries.	 The	
chief advantage of tray dryers, 
apart	from	their	low	initial	cost,	is	
their	versatility.	With	the	exception	
of dusty solids, materials of almost 
any	 other	 physical	 form	 may	 be	
dried.	 Drying	 times	 are	 typically	
long	(usually	12	to	48	h).
Vacuum dryers. Vacuum dry-
ers	 offer	 low-temperature	 drying	
of	 thermolabile	 materials	 or	 the	
recovery	 of	 solvents	 from	 a	 bed.	

Heat	is	usually	supplied	by	passing	
steam or hot water through hollow 
shelves.	 Drying	 temperatures	 can	
be	carefully	controlled	and,	 for	 the	
major	part	 of	 the	drying	 cycle,	 the	
solid	material	 remains	at	 the	boil-
ing	point	of	the	wetting	substance.	
Drying	 times	 are	 typically	 long	
(usually	12	to	48	h).
Fluidized-bed dryers. A gas-fluid-
ized	 bed	may	 have	 the	 appearance	
of	 a	 boiling	 liquid.	 It	 has	 bubbles,	
which	rise	and	appear	to	burst.	The	
bubbles	result	in	vigorous	mixing.	A	
preheated	stream	of	air	enters	from	
the	bottom	of	the	product	container	
holding	the	product	to	be	dried	and	
fluidizes	 it.	 The	 resultant	 mixture	
of	 solids	and	gas	behave	 like	a	 liq-
uid, and thus the solids are said to 
be	 fluidized.	The	solid	particles	are	
continually	caught	up	in	eddies	and	
fall	 back	 in	 a	 random	 boiling	 mo-
tion	 so	 that	 each	 fluidized	 particle	
is	surrounded	by	the	gas	stream	for	
efficient drying, granulation or coat-
ing	 purposes.	 In	 the	 process	 of	 flu-
idization,	 intense	mixing	occurs	be-
tween the solids and air, resulting in 
uniform	 conditions	 of	 temperature,	
composition	and	particle	size	distri-
bution	throughout	the	bed.
Freeze dryers. Freeze-drying is an 
extreme form of vacuum drying in 
which the water or other solvent is 

frozen	and	drying	takes	place	by	sub-
liming	the	solid	phase.	Freeze-drying	
is extensively used in two situations: 
(1)	when	high	rates	of	decomposition	
occur	during	normal	drying;		and	(2)	
with	substances	that	can	be	dried	at	
higher	 temperatures,	 and	 that	 are	
thereby	changed	in	some	way.
Microwave vacuum dryers.	High-
frequency radio waves with frequen-
cies	 from	 300	 to	 30,000	 MHz	 are	
utilized	in	microwave	drying	(2,450	
MHz	 is	 used	 in	 batch	 microwave	
processes).	 Combined	 microwave-
convective	drying	has	been	used	for	
a	range	of	applications	at	both	labo-
ratory	 and	 industrial	 scales.	 The	
bulk	 heating	 effect	 of	 microwave	
radiation causes the solvent to va-
porize	 in	 the	pores	of	 the	material.	
Mass	transfer	is	predominantly	due	
to	 a	 pressure	 gradient	 established	
within	 the	 sample.	 The	 tempera-
ture	of	the	solvent	component	is	el-
evated	 above	 the	 air	 temperature	
by	 the	 microwave	 heat	 input,	 but	
at a low level, such that convective 
and	evaporative	cooling	effects	keep	
the	 equilibrium	 temperature	 below	
saturation.	Such	a	drying	regime	is	
of	particular	interest	for	drying	tem-
perature-sensitive	materials.	Micro-
wave-convective	processing	typically	
facilitates a 50% reduction in drying 
time,	compared	to	vacuum	drying.

Table 2.  ClassifiCaTion of Dryers  [5]

Criterion Types

Mode of operation Batch 
Continuous*

Heat input type Convection*, conduction, radiation, electro-
magnetic fields, combination of heat trans-
fer modes
Intermittent or continuous* 
Adiabatic or non-adiabatic

State of material in dryer Stationary 
Moving agitated, dispersed

Operating pressure Vacuum* 
Atmospheric

Drying medium (convection) Air* 
Superheated steam 
Fluegases

Drying temperature Below boling temperature* 
Above boiling temperature 
Below freezing point

Relative motion between dry-
ing medium and solids

Co-current 
Countercurrent 
Mixed flow

Number of stages Single* 
Multistage

Residence time Short (<1 min) 
Medium (1–60 min) 
Long (>60 min)

*	Most	common	in	practice
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Continuous dryers
Continuous dryers are mainly used 
in chemical and food industries, due 
to the large volume of product that 
needs to be processed. Most common 
are continuous fluid-bed dryers and 
spray dryers. There are other dryers, 
depending on the product, that can 
be used in certain industries — for 
example, rotary dryers, drum dry-
ers, kiln dryers, flash dryers, tunnel 
dryers and so on. Spray dryers are 
the most widely used in chemical, 
dairy, agrochemical, ceramic and 
pharmaceutical industries.
Spray dryer. The spray-drying 
process can be divided into four 
sections: atomization of the fluid, 
mixing of the droplets, drying, and, 
removal and collection of the dry 
particles (Figure 2). Atomization 
may be achieved by means of sin-
gle-fluid or two-fluid nozzles, or by 
spinning-disk atomizers. The flow 
of the drying gas may be concur-
rent or countercurrent with respect 
to the movement of droplets. Good 
mixing of droplets and gas occurs, 
and the heat- and mass-transfer 
rates are high. In conjunction with 
the large interfacial area conferred 
by atomization, these factors give 
rise to very high evaporation rates. 
The residence time of a droplet 
in the dryer is only a few seconds 
(5–30 s). Since the material is at 
wet-bulb temperature for much of 

this time, high gas temperatures of 
1,508 to 2,008°C may be used, even 
with thermolabile materials. For 
these reasons, it is possible to dry 
complex vegetable extracts, such 
as coffee or digitalis, milk products, 
and other labile materials without 
significant loss of potency or fla-
vor. The capital and running costs 
of spray dryers are high, but if the 
scale is sufficiently large, they may 
provide the cheapest method.

Dryer efficiency
With increasing concern about 
environmental degradation, it is 
desirable to decrease energy con-
sumption in all sectors. Drying has 
been reported to account for any-
where from 12 to 20% of the energy 
consumption in the industrial sec-
tor. Drying processes are one of the 
most energy-intensive unit opera-
tions in the CPI. 

One measure of efficiency is the 
ratio of the minimum quantity of 
heat that will remove the required 
water to the energy actually pro-
vided for the process. Sensible heat 
can also be added to the minimum, 

as this added heat in the material 
often cannot be economically re-
covered. Other newer technologies 
have been developed, such as sonic 
drying, superheated steam, heat-
pump-assisted drying and others.

Concluding remarks
Drying is an essential unit opera-
tion used in various process indus-
tries. The mechanism of drying 
is well understood as a two-stage 
process and depends on the drying 
medium and the moisture content 
of the product being dried. 

Batch dryers are common in chem-
ical and pharmaceutical industries, 
while continuous dryers are rou-
tinely used where large production 
is required. Since the cost of drying 
is a significant portion of the cost of 
manufacturing a product, improv-
ing efficiency or finding alternative 
drying routes is essential.   ■

  Edited by Scott Jenkins
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Figure 2.  Spray dryers 
have high capital and oper-
ating costs, but can be the 
least expensive method at 

large scales
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Effective handling and processing of 
solid materials are vital to the chemical 

process industries (CPI). Engineers plagued 
with blocked conveyors, abraded mixer 
internals or potentially explosive dusts may 
regret that fact, and it is true that liquids are 
frequently easier to move, store, mix, heat, 
and meter. Yet, for a significant proportion 
of the CPI, the product takes the form of 

a powder or granular solid. For the rest, 
solids are sure to crop up somewhere in 
the process – as water-treatment chemicals 
on a pharmaceutical plant, for instance, 
or sulfur pastilles at a refinery. This brand-
new Special Advertising Section in CE 
addresses engineers’ need to handle and 
process solids in many different ways. Their 
presentations will inform and inspire you. ■

This system dries liquids 
to powder continuously
Thin-film dryers from GIG Karasek are 
versatile, and ideal for sensitive products

Thin-film drying technology from GIG Karasek can be used for 
continuous drying of suspensions, municipal sludges, slurries, 

pastes, wet solids, filter cakes and chemical products. It is also 
suitable for heat-sensitive products, such as polymers, foods and 
pharmaceuticals.

A thin-film dryer is a special type of wiped-film evaporator. The 
product to be dried is distributed over the circumference of the 
heating surface to form a downward-flowing thin film of liquid that 
is stirred by a specially shaped rotor system to create optimal tur-
bulence. These dryers can produce dry powder from a liquid feed. 
They can be used either alone, or as a pre- or post-dryer combined 
with other equipment. Horizontal thin-film dryers are ideal for dry-
ing slurries and pastes, while their vertical counterparts are pre-
ferred for continuous drying of liquids to wet solids in a single step. 
Both types feature short residence times (can be influenced), low 
holdup, self-cleaning characteristics, and low energy consumption. 
Closed-system operation allows toxic and dangerous products such 
as solvents to be handled safely. www.gigkarasek.com

Thin-film dryer unit from GIG Karasek

Mix solids with liquids, 
solidify and transport
Sandvik Process Systems offers solutions 
for handling mixtures of solids and liquids

Engineering company Sandvik Process Systems has developed 
upstream dosing, mixing and grinding solutions that enable the 

combination of liquid and solid products into suspensions ready for 
solidification on its Rotoform pastillation system.

This ability to supply complete mixing, solidification and handling 
systems enables the cost-effective production of speciality products 
such as multi-nutrient fertilizers.

A typical plant will use precise dosing and weighing together with 
a mixer and grinder to combine liquid melts and solid materials into 
a suspension. The suspension then undergoes further dispensing 
and grinding before it reaches the Rotoform.

Sandvik’s Rotoform pastillation system consists of a heated, 
cylindrical stator and a perforated rotating shell that deposits mol-
ten droplets onto a continuously running steel belt. Cooling water is 
sprayed against the underside of the solid steel belt and the result-
ing transfer of heat converts the liquid droplets into solid pastilles.

This indirect heat exchange ensures that there is no risk of cross-
contamination between the end product and the cooling medium. 
Dust is minimal, so no dedicated scrubbing is required for air purifi-
cation, and energy consumption is low.

Sandvik also supplies a full range of downstream systems includ-
ing elevators, conveyors, storage silos, bag filling systems and load-
ing equipment. www.processsystems.sandvik.com

Pastillation is just one of the technologies on offer
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Ultra-high speed powder dispersion made simple
Ross SLIM Technology employs high shear for rapid and complete mixing of powders 
into liquids, avoiding agglomerates and dust formation

The Ross Solids/Liquid Injection Manifold 
(SLIM) is a technology for dispers-

ing challenging powders like fumed silica, 

gums, thickeners and pigments using a 
specially modified high shear rotor/stator 
generator.

In both batch and inline designs, the SLIM 
is easy to retrofit into almost any process. In 
an inline set-up, the SLIM mixer pumps liq-
uid from the recirculation tank while simul-
taneously drawing powders from a hopper. 
As the liquid stream enters the rotor/sta-
tor assembly, it immediately encounters the 
powder injection at the high shear zone. 
The mixture is then expelled through the 
stator at high velocity and recirculated back 
into the tank. In just a few short turnovers, 
solids are completely dissolved or reduced 
to the desired particle size.

This method for high-speed powder injec-
tion is ideal for dispersing small concen-
trations of hard-to-wet solids like CMC or 
xanthan gum (>5%). It is equally effec-
tive for solid loadings as high as 70%, as 
in the case of titanium dioxide or magne-
sium hydroxide slurries. By introducing sol-
ids sub-surface where they are instantly 
subjected to vigorous agitation, issues 

like floating powders, excessive dusting 
and formation of stubborn agglomerates 
(“fish eyes”) are eliminated. Because the 
SLIM generates its own vacuum for pow-
der induction and does not rely on external 
eductors or pumps, it is free of clogging and 
simple to operate.

Several models are available including 
automated skid packages where the SLIM 
mixer is piped to a jacketed tank and sup-
plied with flowmeters, load cells, solenoid 
valves, level sensors and thermocouples 
all integrated into a PLC Recipe Control 
Panel. Each ingredient addition and process 
step can be pre-programmed so that mixer 
speed, mixing time, temperature, composi-
tion and batch weight are accurately repli-
cated in every run.

Established in 1842, Ross is one of the 
oldest and largest manufacturers of process 
equipment in the world. Specializing in mix-
ing, blending, drying and dispersion equip-
ment, Ross builds standard and custom 
designs for virtually any process or appli-
cation. www.highshearmixers.com

Ross SLIM technology as a packaged skid

Flexicon Corporation engineers and manufactures a broad variety 
of equipment that handles virtually any bulk material, from large 

pellets to sub-micron powders, including free-flowing and non-free-
flowing products that pack, cake, plug, smear, fluidize, or separate.

The line includes: Flexible Screw Conveyors, Tubular Cable Convey-
ors, Pneumatic Conveying Systems, Bulk Bag Unloaders, Bulk Bag 
Conditioners, Bulk Bag Fillers, Pallet Dispensers, Bag Dump Stations, 
Bag Compactors, Drum/Box/Container Dumpers, Weigh Batching 
and Blending Systems, and Automated Plant-Wide Bulk Handling 
Systems – all to food, pharmaceutical or industrial standards.

Custom engineered systems incorporate equipment manufactured 
by Flexicon as well as packaging machines, blenders, weigh feeders, 
screeners and any other process and storage equipment required – 
all integrated with the process and guaranteed to perform.

Large-scale bulk handling systems are managed by Flexicon’s 
Project Engineering Division that offers dedicated Project Managers 
as a customer’s single point-of-contact, Engineering Teams that 
ensure smooth integration with new or existing systems, and the 
resources and effectiveness only a major bulk equipment manufac-
turer can provide.

Flexicon’s worldwide testing facilities simulate full-size customer 
equipment and systems, verify performance prior to fabrication, 
demonstrate newly constructed equipment for visiting customers, 
and study the performance of new designs.

The company is currently doubling the size of its current 

90,000 ft2 (8350 m2) manufacturing facility and world headquar-
ters located in Bethlehem, PA, and also operates manufacturing 
facilities in Kent, UK; Queensland, Australia; and Port Elizabeth, 
South Africa. www.flexicon.com

Handle virtually any bulk solid material
Flexicon stand-alone equipment and automated plant-wide systems convey, 
discharge, condition, fill, dump and/or weigh batch bulk materials dust-free

Flexicon offers stand-alone bulk handling equipment as well as 
plant-wide systems integrated with new or existing processes
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Blending pasty 
products at high 
solids content
EKATO’s VPT vertical 
blender is up to the task

EKATO SYSTEMS GmbH offers “made in 
Germany” technology for mixing pasty 

products with high solid contents.
Quick and effective blending of 

such products requires agitation 
systems with high torque. Both 

Z-kneaders and 
horizontal ribbon 
blenders are quite 
expensive and dif-
ficult to discharge 
completely.

The EKATO 
SYSTEMS 

VPT verti-
cal pro-
cess 
blender 
offers 
25% less 
torque 

demand 
and a dis-

charge of up to 
98%, compared 

with horizontal drum 
blenders.

The VPT features a heavy-duty “top 
entry” agitator, combined with a baffle sys-
tem designed for liquid and solids blending 
to reduce both operation costs and batch 
times. The high impeller efficiency reduces 
energy input into the blend and avoids an 
excessive temperature rise during the batch 
cycle. Benefits include:
• vertical system with lower investment 

and maintenance costs compared to hori-
zontal systems;

• no product wetted seals mean longer life;
• GMP-compliant design available;
• fast liquid incorporation in bulk solids – 

30% less batch time;
• high-yield discharge system for maximum 

yield of valuable product – up to 98%;
• commercially proven design;
• worldwide sales and service network.
Applications include:
• PVC in methylene chloride paste;
• aluminum/water paste;
• pigments in petroleum paste;
• graphite plus water/oil paste;
• cocoa powder/palm oil paste.

www.ekato.com

Transferring toxic substances?
The new-generation Müller Containment Valve aids safe 
handling of highly potent or toxic materials

Whether operated manually or automat-
ically, the Müller Containment Valve 

MCV ensures that products transfer safely 
– from the intermediate bulk container into 
the process line and back into a container. 
After a successful start with their own split 
valve in 2009, Müller has now optimized the 
Containment Valve MCV to meet even higher 
requirements. The new valve generation is 
suitable for up to OEB Level 5 (SMEPAC), 
i.e. up to OEL <1 µg/m3. In addition to the 
higher OEB Level, the operator benefits 
from improvements in the valve’s handling. 
The new construction is lightweight, com-
pact and self-locking. The locking mecha-
nism is smooth-running but powerful, with 
no rollers or bolts, so there is no mechani-
cal wear. Changeover from a manual to a 
pneumatic version, or refitting position sen-
sors, is simple and easy. Several versions 
are available, covering options including 
pressure rating up to 6 bar, explosion pres-
sure shock resistance, and prevention of 
flame breakthrough for group IIB gases up 
to 10 bar (except valve size DN 250, which is 

“only” resistant up to 6 bar). All valves come 
in AISI 316L stainless steel, or Hastelloy if 
required. Available valve sizes are DN 100, 
DN 150, DN 200 and DN 250.

www.mueller-gmbh.com/qr/containment

Müller Containment Valve MCV: now 
meeting even higher standards

Dry biosolids at low temperature
The Buss-SMS-Canzler Thin Film Dryer saves energy in 
wastewater treatment, and can use waste heat too

Drying of biosolids – like sludge from 
municipal and industrial wastewater 

treatment plants – with Buss-SMS-Canzler 
Thin Film Dryers type NDS is a technology 
proven over more than 25 years in a huge 
number of installations. Drying typically 
takes place at atmospheric pressure and 
temperatures of 130–180°C.

To improve the environmental perfor-
mance and economics of biosolids treat-
ment, the trend is towards reducing energy 
consumption. One way to do this is to take 

advantage of low-temperature (80–130°C) 
waste heat that is often available from 
power plants or other parts of the process, 
for example.

To enable greater use of waste heat, bio-
solids can be dried under vacuum to reduce 
the necessary evaporation temperature.

Tests have shown that low-temperature 
vacuum drying using a Buss-SMS-Canzler 
Thin Film Dryer works well for biosolids, 
with a plant layout very similar to that used 
for conventional atmospheric-pressure dry-
ing. The advantages are:
• lower overall thermal energy 

consumption;
• use of waste heat, if available, improves 

economics and cuts emissions;
• minimized hazard potential because 

the product temperature remains below 
100°C – much lower than the ignition tem-
perature of biosolids; and

• downstream cooling is in most cases not 
required, since the product outlet temper-
ature is in the range 40–70°C.

www.sms-vt.com
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biosolids drying process
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Steel belts for chemical processing
Berndorf Band supplies high-quality stainless steel belts used to cool and solidify 
chemicals and a variety of other applications

Berndorf Band is a worldwide leader in top-quality process 
belts. The company uses selected grades of stainless steel and 

advanced manufacturing technologies to produce steel belts char-
acterized by improved machine availability and long working life.

Endless steel belts can be used for various applications in 
chemical processing. These range from standard cooling applica-
tions, used to solidify chemicals, up to high-end applications such 
as film and foil casting on mirror-polished steel belts. Whatever 
the application, the use of an endless steel belt allows continu-
ous production.

The company chooses its materials to resist the dynamic stresses 
created by continuous running and repeated bending over drums 
and rollers. The belts are characterized by their perfect flatness, 
dimensional stability, and straight tracking.

Berndorf Band offers state-of-the-art field service for all its prod-
ucts. A wide variety of service activities are offered, from emergency 
repair to preventive maintenance. The company’s international ser-
vice network is supported by the service centre in Berndorf, Austria. 
As a result, customers always have rapid access to the latest repair 
methods and skilled technicians. www.berndorf-band.at

…yield high-quality products and long, trouble-free working lifeCarefully chosen material grades and manufacturing methods…

Get Chemical Engineering’s plant cost index to improve plant cost estimates… 
and delivered in advance of the print edition!

Subscribe today at www.che.com/pci

For more than 37 years, chemical process industries professionals- engineers, manager and technicians, have used 
Chemical Engineering’s Plant Cost Index to adjust process plant construction costs from one period to another.

This database includes all annual archives (1947 to present) and monthly data archives (1970 to present). Instead 
of waiting more than two weeks for the print or online version of Chemical Engineering to arrive, subscribers can 
access new data as soon as it’s calculated.

Sep ‘06
Prelim.

Aug ‘06
Final

Sep ‘05
Final

CE Index 513.1 510.0 467.2

Equipment 606.5 602.3 541.2

Heat Exchanges and Tanks 565.1 560.9 509.2

Process Machinery 559.6 556.2 521.7

Pipe, valves and fittings 734.7 731.7 620.8

Process Instruments 441.4 437.2 379.5

Pumps and Compressions 788.9 788.3 756.3

Electrical equipment 418.9 414.2 374.6

Structural supports 643.7 637.7 579.3

Construction Labor 314.7 312.9 309.1

Buildings 476.9 475.2 444.7

Engineering Supervision 350.7 351.9 346.9

510

500

490

480

470

460
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

•  Electronic notification of monthly updates as soon 
as they are available

• All annual data archives (1947 to present)

• Monthly data archives (1970 to present)
• Option to download in Excel format

Resources included with Chemical Engineering’s Plant Cost Index:

17817
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P
ressure variations result-
ing from the oscillatory flow 
patterns found in positive-
displacement machinery, es-

pecially reciprocating compressors, 
are referred to as “pulsations.” 
Found in both liquid- and gas-
handling systems, pulsations are a 
common phenomenon in the chemi-
cal processing industries (CPI). Op-
erational problems associated with 
pulsations include resonance condi-
tions, high vibrations, degradation 
of support systems and increased 
risk for fatigue failures caused by 
dynamic forces. To avoid potential 
pulsation-related problems in re-
ciprocating compressors and piping 
systems, there are two design con-
siderations that must be taken into 
account. The first focuses on mini-
mizing the magnitude of the har-
monic forcing functions. The second 
method examines physical modifi-
cations to the piping support or pip-
ing layout to mitigate issues related 
to natural frequencies and har-
monics. This article covers the first  
method in detail.

Excitation sources
In systems that employ positive-
displacement machinery, the pres-
sure and flow of the gas or liquid are 
not steady. Instead, the fluid moves 
through the piping at varied condi-
tions in a series of pressure pulses. 

These variations are superim-
posed upon the steady (average) 
and dynamic regimes in Figure 
1. In addition, flow pulses act as 
excitations that create pressure 
and flow modulations, namely 
acoustic waves, which propagate 
at a speed equal to the speed of 
sound through the process fluid 
as it moves through the piping 
system. The frequencies of flow 
pulses are a function of the me-
chanical properties of the com-
pressor, including the compres-
sor’s piston-displacement and 
crank-rotation behavior. The 
piston-displacement function 
for reciprocating compressors is 
shown in Figure 2. 

Flow variations, as plotted 
in Figure 3, appear as a saw-
tooth flow function at both the 
suction and discharge sides of 
the compressor cylinder. The 
shape of the saw-tooth is de-
termined by the rotational 
speed of the compressor, the 
single- or double-acting features 
of the compressor, the geometry of 
the cylinder-cylinder valve and the  
pressure ratio.

Actually, studying the crankshaft 
of a compressor allows for some pre-
dictability of the pulsation-producing 
behavior. Pulsations are produced at 
a rate equivalent to the compressor-
crankshaft displacement, in revolu-
tions per minute (rpm), and mul-
tiples thereof. Pulsation frequencies 
are generally expressed in cycles per 
second, or Hertz (Hz). For example, 
a 600-rpm compressor produces pul-
sations at 10, 20 and 30 Hz, as well 

as higher multiples. Compressors 
in natural-gas services are mostly 
double-acting, and compress gas on 
the head and crank ends of the cylin-
der. Double-acting cylinders produce 
more pulsation at the even multiples 
of crankshaft speed and less at the 
odd multiples. Therefore, a 600-rpm 
double-acting cylinder will produce 
its strongest pulsation at 20 Hz. 
When compressors have more than 
one cylinder, the crankshaft phasing 
of the cylinders will also cause cer-
tain multiples to be higher than the 
others. For example, if two double-
acting cylinders are phased 90 deg 
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apart, they will produce a signifi-
cantly higher pulsation level at four 
times the crankshaft rpm level. In 
the case of a 600-rpm machine with 
two double-acting cylinders phased 
90 deg apart, there will be a high 
fourth harmonic or 40 Hz. Gener-
ally, the higher multiples — some-
times called compressor harmonics 
or compressor orders — will contain 
less energy than the lower orders. 
When a discrete Fourier analysis is 
performed on the aforementioned 
saw-tooth function, the strength 
of the individual flow harmonics is 
determined. The discrete Fourier 

analysis of the flow’s 
saw-tooth function indi-
cates which harmonics of 
the compressor running 
speed produce the largest 
pressure amplitude, as 
seen in Figure 4.

In most pulsation 
analyses, the pressure 
amplitudes for the first 
to tenth harmonics are 
usually used in the 
acoustic model to predict 
the pulsations and un-
balanced forces. Any pul-
sations must be smaller 
than the limits given in 
API 618 [1], which de-
fines the minimum suc-
tion and discharge surge 
volumes required for 
pulsation control. Ad-
ditionally, unbalanced 
forces must not produce 
a fatigue failure on the 
piping system. Typi-

cally, the predominant 
pressure and flow modu-
lations generated by a 

reciprocating compressor are at 
frequencies that can be modeled as 
generalized one-dimensional waves. 
However, in high-speed reciprocat-
ing compressors, such as those with 
speeds between 750 and 1,000 rpm, 
this assumption is not correct and a 
three-dimensional analysis should 
be conducted on both compressor 
suction and discharge manifolds.

Pulsation control
Pulsation control in compressor pip-
ing systems can be accomplished by 
proper application of the basic filter 
elements, including pulsation damp-

eners, single- or double-volume bot-
tles, choke tubes and orifices. These 
elements can be combined in vari-
ous manners to achieve pulsation 
control ranging from attenuation of 
pulsations to true filtering.

Pulsation dampeners of any 
volume cause the dissipation of 
pulsative energy, preventing its 
transmission through a system. In 
most chemical plants, single-empty 
dampener volumes — usually 
spherical or cylindrical styles — 
are used. However, double-volume 
dampener filters with internal or 
external interconnection piping are 
also relatively common. The line be-
tween the two volume chambers in 
a two-volume dampener is referred 
to as the choke tube. Figures 5 and 
6 illustrate single- and double-vol-
ume dampeners, respectively. The 
double-volume model is shown in 
both internal and external types, 
with choke-tube parameters as fol-
lows: choke-tube length (Lc), choke-
tube area (Ac) and choke-tube  
internal diameter (dc).

In general, suction pulsation 
dampeners are mounted directly 
at the top of the cylinders, and 
discharge dampeners directly at 
the bottom. In fact, the API 618 
standard requires a top-to-bottom 
gas flow to allow for proper liquid 
drainage. To gain insight into the 
effectiveness of the various configu-
rations, the pulsation transmission 
factor (TF) is used. This factor is 
defined in Equation (1), in terms of 
a pulsation amplitude ratio, where 
Qin is the amplitude of pulsation 
at the dampener inlet and Qout 
is the amplitude of pulsation at  
the dampener outlet.
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TF = Qout /Qin  (1)

The frequency at which 
Qout is equal to Qin is 
called the passband fre-
quency. This frequency 
indicates a maximum 
in pulsations and is reg-
istered as resonance in 
the dampener. Thus, it is 
desirable to decrease TF 
by changing the damp-
ener dimensions and area 
ratio to minimize pulsa-
tion amplitude downstream. By 
comparing the transmission fac-
tor of each pulsation dampener 
with other types of dampeners, it 
is possible to gain knowledge of 
the strengths and weaknesses in 
each configuration. This matter 
is explained in more detail in the  
following sections. 

Single-volume dampeners
A single-volume (empty bottle) 
dampener, in either a cylindrical or 
spherical style, is attached to the 
suction or discharge of a compres-
sor. This volume provides surge 
capacity and acts as a filter, which 
can effectively isolate the piping 
fluid from the flow modulations 
induced by the compressor. Based 
on the standards set in API 618, 
the surge volume is defined as 21 
times the combined swept volume 
of the head and crank end of the 
compressor cylinder, corrected by a 
square root function for the speed of 
sound difference between a typical 
natural gas with a speed of sound of 
600 m/s. However, in most applica-
tions, assuming 30 times the piston 
sweeping volume is considered an 
acceptable preliminary estimation.

The TF value of this type of bottle 
is reduced with increasing volume 
and a decrease in the piping cross-
sectional area. In other words, the 
attenuation characteristics of the 
empty volume are a function of the 
volume enclosed by the bottle, as 
well as the expansion ratio of the 
attached pipe and bottle diameters. 
Moreover, according to API 618, 
for a single-cylinder empty volume 
bottle, the ratio of bottle length to 
inside diameter (L/D) shall not ex-
ceed four. However, in most prac-

tices, an L/D of approximately 
three is considered acceptable, 
with a general assumption that 
bottle diameter should be three to 
four times the compressor nozzle 
diameter. Bottle length should 
be minimized when comparing 
acoustic length response with the 
compressor excitation frequen-
cies; in this regard, dampener 
length should be selected to be 
less than one-fourth of the com-
pressor’s main harmonic wave-
length. Also, passband frequencies 
are controlled by the bottle length, 
because they occur at half of the  
pulsation wavelength.

It is important to understand the 
differing characteristics of spherical 
and cylindrical dampeners. In gen-
eral, a spherical single-volume type 
is much more efficient than the cy-
lindrical type, but because of restric-
tions on fabrication costs, the cylin-
drical dampener type is much more 
commonly used. The transmission 
characteristics of spherical and cy-
lindrical dampeners are illustrated 
in Figure 7. Here, it is seen that the 
cylindrical volume and the ideal 
volume are equal [2]. The spherical 
volume transmission indicates ex-
cellent attenuation characteristics, 
making it a very effective choice for 
pulsation dampening, if not for the 
high associated costs.

Practical recommendations
Compressor manufacturers should 
provide pulsation bottles for both 
the suction and the discharge side 
of each cylinder, and cylinders op-
erating in parallel configurations 
can be connected to a common suc-
tion or a common discharge bottle, 
if possible, and in accordance with 

API 618 requirements. However, 
suction-pulsation bottles should be 
designed to prevent liquid trappage 
and should not be equipped with 
internals for moisture removal. As 
such, suction piping is sloped back 
toward the knockout drum to pre-
vent liquid accumulation in the ma-
chine suction bottles. Similarly, dis-
charge bottles must be self-draining. 
Moreover, if suction bottles and pip-
ing are provided by the compressor 
vendor, they must have attachment 
features or facilities for install-
ing insulation and heat tracing to 
maintain the metal temperature at 
least 6°C above the rated gas tem-
perature for the suction. It is recom-
mended that welding-neck flange 
types be used in bottle fabrication, 
except for inspection or cleaning 
flanges, and that long-welding-neck 
type (LWN) flanges be used for in-
strument devices. All welds in bot-
tle construction should be full-radi-
ography afterwards; the root pass of 
welding should be gas-tungsten arc 
welding (GTAW) type and the next 
passes should be shielded-metal arc  
welding (SMAW) type [3]. 
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should be installed in a goalpost-
type arrangement, and not on the 
compressor cylinder itself. It is rec-
ommended that tapping on the shell 
be minimized and pressure and 
temperature indicators be installed 
on the main nozzles or piping mani-
folds. One of the best practices for 
the design of volume bottles is to 
place the cylinder connections at 
the longitudinal center of both the 
suction and discharge bottles. In 
fact, the cylinder nozzle exit in the 
discharge bottle, or entrance, in the 
case of the suction side, can be the 
origin of the pressure pulsations 
in the bottle itself. If this origin is 
placed symmetrically with respect 
to the bottle ends, the pressure 
pulsations will hit the two opposite 
sides with the same phase, result-
ing in zero net pulsations.

In addition, the length of cylinder 
nozzle connections must be limited, 
because longer nozzle lengths re-
sult in more harmonic resonance in 
the section of pipe between the cyl-
inder and the volume bottle. How-
ever, there is an exception with very 
light gases, such as pure hydrogen 
or helium, because high gas-sound 
velocity and wavelength produce no 
resonance in short lengths of pipe. 
In this case, the minimum bottle 
acoustical natural frequency that 
could be excited in resonance is 
above the tenth harmonic.

Due to restrictions on machine 
component layouts, including cylin-

der arrangement, interstitial spaces 
between cylinders or supporting 
structures for the bottles, there are 
some cylinders for which reach-
ing the center of the cylinder is not 
possible from outside of the volume 
bottle. In these cases, a standard 
design practice is to insert a sec-
tion of pipe directly into the bottle 
to balance the volume-bottle cylin-
der’s connection to the center of the  
volume bottle (Figure 8).

Another best practice is position-
ing a fixed orifice plate in the cylin-
der flanges. Actually, as illustrated 
in Figure 9, the standing wave pat-
tern of the pressure pulsation is car-
ried from the valves through the cyl-
inder gas passages and the cylinder 
nozzle into the bottle, on each side of 
the cylinder. This pressure pulsation 
acts to produce varying positive and 
negative forces in the vertical direc-
tion. Dampening of this resonance is 
necessary to avoid excessive shaking 
forces inside the bottles and to pre-
vent damage to the cylinder valves 
on the other side [4].

As a result, orifice plates in the 
throat of the flanged inlet or outlet 
nozzle connections are mandatory 
to reduce the pulsation amplitude, 
called nozzle-mode frequency, which 
is present between the cylinders 
and the volume bottles. These ori-
fices must be located exactly at the 
outlet flange for the suction volume 
bottle and at the inlet flange for the 
discharge volume bottle. Orifice in-

stallation between cylinder flanges 
and pulsation dampener flanges has 
an advantage. When needed, the 
orifice plate can be easily changed 
during a plant overhaul or a rede-
sign for new operating conditions. 
Furthermore, orifices in outlet con-
nections for discharge bottles and in 
inlet connections for suction bottles 
can change piping cross-sectional 
area, increase TF and subsequently 
decrease the pulsation level prior to 
the dampener on both the suction 
and discharge sides. 

The orifices’ recommended pres-
sure drop is a maximum of 1% of 
the line’s mean pressure. They are 
typically large-bore orifice plates, 
and can provide equivalent pres-
sure drop in the order of a valve or 
approximately 1/100 the diameter 
of the pipe. The normal orifice dis-
charge coefficient (Cd) is 0.6, but or-
ifices lose their efficiency at higher 
frequencies and in these cases, the 
user might consider multiple-bore 
orifice plates [5]. The preferred 
material is stainless-steel type 
AISI 304 or 316 with 10-mm thick-
ness. Most orifices have a clearly 
marked flow direction and should 
be installed carefully. The flow di-
rection is always from the small-
opening end to the large-opening  
end (Figure 10).

Double-volume dampeners
Two-volume dampeners are an ex-
tension of the single-volume variety, 
and there are significant differences 
in these two types of dampeners, 
with regard to low-frequency char-
acteristics. The first bottle, which is 
directly connected to the compres-
sor cylinder, is called the surge vol-
ume and the second bottle is the fil-
ter volume. Recall that a choke tube 
separates the two volume chambers 
in a double-volume dampener, hence 
the volume-choke-volume label. The 
single most important characteris-
tic of a dampener’s volume-choke-
volume configuration is its acoustic 
natural frequency — or Helmholtz 
frequency. This is a value at which 
a frequency pulsation is amplified, 
followed by a rapid drop-off in pul-
sation levels (Figure 11). Equations 
(2) and (3) are used to calculate 
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FIGURE 11.  A volume-choke-volume 
dampener configuration results in a fre-
quency response (fH) where pulsations 
are amplified, and then drop off rapidly
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the Helmholtz frequency (fH) [6] in 
terms of the speed-of-sound propa-
gation through the process gas (C). 
L'c represents the corrected choke-
tube length.

f
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+




2

1 1
1 2π  (2)

′ = +L L dc c c0 6.  (3)
Figure 12 shows the realized 

response of double-volume damp-
eners, superimposed on the pul-
sation spectrum for a 300-rpm 
double-acting compressor. This 
figure exhibits a relatively high 
Helmholtz frequency compared to 
choke-tube passband and nozzle-
mode response frequencies. The 
passbands, which amplify certain 
frequencies, are related to design 
considerations, such as the length 
of choke tubes and inlet nozzles. 
The frequency of passbands must 
be carefully considered to ensure 
low dynamic-pressure transmis-
sion and good compressor isolation. 
Actually, passband frequencies are 
controlled with dampening by add-
ing pressure drop (orifices) or flow 
losses (choke tubes). However, add-
ing dampening reduces compressor 
performance and increases power 
losses and operating costs. The min-
imum surge volume requirements 
and dampening are controlled by 
pressure drop in the choke tube. At 
frequencies below the Helmholtz 
frequency, there will be no attenu-
ation of pulsations passing through 
the dampener. 

Meanwhile, there will be a sharp 
reduction of pulsation at about 20–
40% above the Helmholtz frequency 
and extending out to several Hertz 
before the passband frequency, due 
to choke-tube and cylinder-gas pas-
sage. In addition, it is very impor-
tant to account for margins between 
the compressor pulsation and the 
Helmholtz frequency. This margin 
can be evaluated in two ways. For 
speeds above 500 rpm, the Helm-
holtz frequency should be placed 
30% below the compressor pulsa-
tion (or rpm divided by 60). On the 
other hand, for compressor speeds 
below 500 rpm, the Helmholtz fre-
quency should be placed 33% above 

the compressor pulsation. 
This 33% margin can also 
be applied in other cases, 
due to economical restric-
tions, physical impractical-
ity, or when pressure drop is 
very critical in low suction 
pressures or when there 
is limitation in space for  
the compressor layout. 

Double-volume dampen-
ers can be used effectively 
to control pulsation with 
relatively high molecular-
weight components and 
relatively low-speed sys-
tems with velocities less 
than 600 m/s. Each bottle 
volume (surge and filter) 
is approximately sized to be ten 
times the piston sweeping volume. 
The preferred arrangement is sym-
metric, with equal length between 
the bottles and the choke tube. It is 
worth noting that in symmetrical 
dampeners, passband frequencies 
are minimized. Besides this, the 
inside diameter of the choke tube 
should be so small that pressure-
drop limits are minimized. Larger-
diameter choke tubes create less 
pressure loss but require larger 
volumes. In most applications, a 
common procedure is to limit the 
gas velocity to 30 m/s for initial  
choke-tube sizing. 

Double-volume dampeners with 
internal choke tubes and baffle 
plates are generally appropriate 
for speeds lower than 500 rpm and 
lighter gases. Conversely, dampen-
ers with external choke tubes are 
generally appropriate for speeds 
higher than 500 rpm and heavier 
gases. The bottles’ diameter should 

be three to four times the compres-
sor nozzle and outlet piping diam-
eter. Bottle length will depend on 
the acoustic design technique. With 
regard to nozzle frequencies, damp-
ening is controlled by the pressure 
drop in the nozzle, with the ideal 
location for pressure drop being the 
bottle’s connection. Design consider-
ations for controlling the main am-
plified frequencies are summarized  
in Table 1.

Comparison of dampeners
The selection of a pulsation damp-
ener depends on compressor speed, 
compressor construction, gas ther-
modynamic properties, sound veloc-
ity and the degree of pulsation con-
trol required. Figure 13 compares 
single-volume and double-volume 
dampener performance in terms of 
the transmission factor. The empty 
single-volume dampener provides 
adequate attenuation of pulsations 
between frequencies of 0 and 10 Hz. 
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After that, the two-volume damp-
ener has superior attenuation char-
acteristics in the 10–120 Hz spec-
trum. In other words, for maximum 
attenuation over a wider frequency 
range, two-volume dampeners 
may be a more appropriate option. 
However, in two-volume pulsation 
dampeners, the transmission fac-
tor strongly depends on compressor 
gas composition and speed, whereas 
single-volume dampeners exhibit 
steady behavior under a variety of 
operating conditions — a single-
volume dampener experiences 
very little efficiency decrease in a  
dynamic environment.

Actually, experience has shown 
that a single-volume dampener is 
effective and the preferred solution 
in pulsation dampening in most 
CPI plants. Moreover, pressure drop 
is lowest in this type, and there is 
much lower possibility for mechani-
cal problems or failure of internals. 

Conversely, in double-volume 
dampeners, internal component fail-
ure is a major weakness. Overall, 
operations are simpler and more 
flexible with single-volume damp-
eners. For example, double-volume 
dampeners must be synchronized 
according to the specified compres-
sor operation; this process is not nec-
essary for single-volume dampeners. 
For double-volume configurations, 
significant changes in operating con-
ditions or gas composition may re-
quire the replacement of the volume 
bottles and internals, but pulsation 
control in single-volume dampen-
ers can be adjusted by insertion of 
removable orifices or by additional 
volume located close to the existing 
bottle. Finally, due to the need for 
bottle internals in a two-bottle de-
sign, the cost of these devices is nor-
mally higher than that of a single 
empty-volume system. 

Correct design of pulsation devices 
is an important step in ensuring safe 
and reliable operations by mitigating 

vibrations of compressors and pip-
ing-manifold systems. Usually, when 
designers adhere to the initial sizing 
procedures for pulsation dampeners, 
a final acoustic and vibration study 
will indicate the need for only minor 
equipment modifications, such as 
adding orifices or changing the  
support-piping type or layout. ■

Edited by Mary Page Bailey
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TABLE 1. CONTROLLING AMPLIFIED PULSATION FREQUENCIES
Helmholtz resonance Choke tube passbands Nozzle-mode response

Volume of 1st chamber
Volume of 2nd chamber
Length of choke tube
Area of choke tube

Length of choke tube
Chamber length (if not 
center-fed by nozzle)
Choke tube pressure drop

Cylinder passage volume
Effective cylinder length
Length of nozzle
Volume of first chamber
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    I
n an integrally geared cen-
trifugal compressor (Figure 1), 
several impellers are mounted 
on the ends of high-speed pin-

ion shafts, which are rotated by a 
bull-gear. Each impeller’s casing is 
mounted directly on the horizon-
tally split gear casing. As is the case 
for any turbomachinery type used in 
the chemical processing industries 
(CPI), there are advantages and 
disadvantages associated with the 
use of integrally geared centrifugal 
compressors. When compared to 
conventional centrifugal compres-
sors, integrally geared compressors 
are more compact and generally 
less expensive. Also, an integrally 
geared centrifugal compressor can 
offer higher efficiency compared to 
conventional compressors, mainly 
due to improved intermediate cool-
ing capabilities and the optimiza-
tion of impeller speed at the final 
impellers, where the gas volume 
has been reduced after encounter-
ing the initial impellers.  Also, since 
the compressor stages use indepen-
dent three-dimensional (3D) impel-
lers, there are more opportunities 
for intermediate cooling. 

On the other hand, integrally 
geared compressors are quite com-
plex, potentially leading to dy-
namic and reliability issues. This 

article details some practical de-
sign considerations and presents 
some process data for integrally 
geared compressors.

Design and operation
In an integrally geared centrifugal 
compressor, a two-part gear casing 
permits the gears and bearings to be 
readily checked without removing 
the compressor casings. This cas-
ing has its upper and lower halves 
joined at their horizontal flanges. 
Each individual compressor stage 
has a vertically split casing design. 
The pinion shafts each rotate at a 
high speed, enabling the impellers 
fitted on each end to efficiently com-
press the gas. The pinion-shaft as-
sembly is removable, providing easy 
access for maintenance. The high-
speed rotor design should be tuned 
based on both lateral and torsional 
dynamic results. 

In the CPI, tandem dry-gas seals 
are commonly used in integrally 
geared compressors, which require 
longer pinion rotors, making rotor-
dynamic issues more complex. For 
the high-speed rotors in integrally 
geared compressors, tilted-pad jour-
nal bearings, either with or without a 
squeeze film damper, are most often 
used. Investigations show that the 
machines equipped with squeeze film 
dampers usually perform better than 
the ones with only the tilting-pad 
journal bearing.

The rotor design is the most im-
portant factor in securing mechani-
cal stability against destabilizing 
fluid forces. Destabilizing forces 
usually increase as the actual dis-
charge pressure increases. For high-
pressure stages, for instance those 
above 70 bars, the stability of the 
rotor, including the pinion, two im-
pellers and seals, should be ensured. 
There are usually concerns about 
high-speed shaft vibrations and 
the temperature of the bearing pad. 
Particularly important in the design 
phase are the vibrations of the rotor 
and the temperature rise in the 
high-speed bearing pads. These phe-
nomena should also be confirmed in 
compressor performance tests. Gen-
erally, the temperature in the high-
speed bearing pads should be less 
than 100°C. However, in actual op-
erations, the observed temperature 
for the entire journal bearing pad is 
often lower than 70°C. 

The shafting in the two impellers 
is nearly symmetrical, resulting in 
a relatively balanced aerodynamic 
thrust. Thrust loads from impellers 
and gears should be absorbed by 
individual thrust bearings on pin-
ions, or transmitted to the bull-gear 
thrust bearing by means of thrust-
rider rings fixed to the pinions and 
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bull-gear. The latter approach is 
commonly used in integrally geared 
centrifugal compressors. In many 
machines, a large degree of thrust 
balancing may be achieved by the 
helix thrust-force direction of the 
gearing, which offsets impeller aero-
dynamic thrust forces. Integrally 
geared compressors are typically 
fixed to the mounting plate and, if 
avoidable, should not be moved for 
alignment — this can cause distor-
tion of the integral gear unit. 

Integrally geared centrifugal 
compressors are offered with differ-
ent frames, and are available in a 
wide range of sizes for many appli-
cations. As a very rough indication, 
each frame is around 50–120% big-
ger than the previous frame. Tables 
1 and 2 show some typical frame 
schemes for integrally geared com-
pressors, illustrating capacity range 
and power range, respectively.

Lubrication oil systems
The lubrication oil system in inte-
grally geared compressors is critical 
for operations, and proper design is 
key in minimizing potential issues. 
For small- and medium-sized com-
pressors, the lubrication oil system 
is usually part of the compressor 
package. Often, the integral gear 

casing (the main casing) has a hole 
in its bottom, through which the re-
turn oil travels directly down to the 
lubrication oil reservoir. This reser-
voir is a wide, low-depth reservoir 
integrated within the common base-
plate. The primary oil pump is often 
driven by the main equipment shaft 
in a direct-coupling arrangement or 
through a gear system. This connec-
tion or gear system needs special 
attention, since in some machines, 
these components can potentially 
cause operational difficulties. The 
lubrication oil pump and its gear 
connection should be provided ac-
cording to American Petroleum 
Institute (API; Washington, D.C.; 
www.api.gov) standards, specifically 
the requirements specified for gear 
systems in chapter three of API-617. 
The lubrication oil itself can also be 
the source of problems, especially 
due to the high sensitivity of inte-
grally geared compressors. 

Generally, centrifugal compres-
sors are sensitive to operating con-
dition irregularities — this includes 
changes in gas composition or lu-
brication oil temperature. For ex-
ample, in a given integrally geared 
compressor in a CPI plant, a 15% 
increase in compressed-gas density 
resulted in 14% more destabiliz-
ing forces at the same compressor 
discharge pressure. In another ex-
ample, an integrally geared com-
pressor was designed to operate at 
a lubrication oil supply tempera-
ture of 43°C; there were no issues 
or rotor instability when operating 
at this lubrication oil temperature. 
However, during a short period of 
time, because of a problem in the 
lubrication oil skid, the oil supply 
temperature was raised by 10°C, 
causing an asynchronous vibra-
tion in the compressor. Generally, 
investigations have shown that 
integrally geared compressors are 
affected by any deviation in lubrica-
tion-oil temperature, whether it in-
volves the temperature decreasing 
or increasing. Usually, for large and 
operation-critical integrally geared 
centrifugal compressor packages, a 
sophisticated lubrication oil system 
should be provided, designed ac-
cording to chapter two of API-614. A 

robust and properly designed tem-
perature-control system is crucial 
to the lubrication oil system. 

Additionally, excessive oil tem-
perature can sometimes be caused 
by lubrication oil foaming. The gear 
casing should be designed to permit 
rapid drainage of lubrication oil to 
minimize oil foaming. Proper atten-
tion should be given to the design 
of certain components, including 
windage baffles, false bottoms, sump 
depth and drain connections. Remov-
able and gasketed inspection covers 
should be provided in the gear cas-
ing to permit direct visual inspection 
of the full-face width of all pinions 
and the bull-gear. For some compact 
machines, this design may not be 
possible, but the inspection opening 
should be provided at least for one-
half the width of the gear face.

Other considerations must also be 
taken into account in the design of 
the lubrication oil system of an in-
tegrally geared compressor. Where 
practical, gear casings should be de-
signed with internal oil passages to 
minimize external piping, as external 
piping that supplies lubrication oil 
to the gear casing usually decreases 
the reliability of the machine. The 
design of internal piping and tubing 
should also provide proper support 
and protection to prevent damage 
from vibration, as well as damage 
sustained from shipment, operation 
and maintenance activities.

The commonly used lubrication 
oils for integrally geared compres-
sors are ISO VG 32 oils. In some 
cases, ISO VG 46 oils might be used, 
especially in sites with relatively hot 
ambient temperatures or relatively 
high-temperature operations. Oils 
with extreme-pressure additives 
may be used for some gear units, but 
these oils should not be used for in-
tegrally geared compressors.

Side-stream applications
Integrally geared compressors are 
commonly used in applications 
where space or budget are limited. 
Their low weight and compact de-
sign make them a popular choice for 
many functions. For instance, facili-
ties with marginal power availabil-
ity may use these machines because 
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TABLE 1: EXAMPLE CAPACiTy 
rAngE FOr A FivE-FrAME 

inTEgrALLy gEArED 
COMPrESSOr

Compressor 
frame

Capacity range 
(m3/h)

1 1,000–4,000

2 4,000–20,000

3 20,000–50,000

4 50,000–110,000

5 110,000–300,000

TABLE 2: EXAMPLE POWEr 
CAPABiLiTiES OF A ninE-

FrAME inTEgrALLy gEArED 
COMPrESSOr

Compressor 
frame

Power range (MW)

1 2–4.5

2, 3, 4, 5, 6 5–25

7, 8, 9 25–65
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of their efficiency. An important ap-
plication field for integrally geared 
compressors is services requiring 
side-loads or side-streams. 

Compressors with side-streams 
(also known as side-loads) have 
been extensively used in some CPI 
plants due to the potential for opti-
mization with these machines. Ex-
amples of compressor systems with 
side-loads include some process re-
frigeration systems, as well as pro-
cess units where a recycled stream 
is cycled back to a reactor. Con-
ventional compressors with side-
streams have complex aerodynamic 
issues and complicated operational 
behavior. The mixing of flows in-
side conventional compressors can 
be difficult and problematic. How-
ever, integrally geared compressors 
can manage side-loads and side-
streams without the same issues as  
conventional compressors. 

Capacity control via an IGV
In order to enable operation at par-
tial loads with reasonable efficiency, 
an inlet guide vane (IGV) system is 
used in an integrally geared cen-
trifugal compressor. Essentially, an 
IGV system provides safe capac-
ity control. With an IGV system 
in place, the flowrate can usually 
be reduced with an approximately 
constant discharge pressure. De-
pending on IGV and compressor de-
tails, the minimum flowrate could 
be between 50 and 70% of the rated 
flow. Commonly used designs of 
integrally geared centrifugal com-
pressors can offer 60–100% capac-
ity control with an automatic IGV 
at the first stage. 

The inlet guide vanes should be 
located as closely as possible to the 
eye of the impeller. According to 
API-617, a cantilevered vane design 
is preferred, rather than a center-
supported vane design. The control 
logics and failure options are also 
important with IGV systems. The 
IGV system should be designed 
such that the vanes tend to open on 
loss of the control signal. 

Use of IGV systems can introduce 
some issues, though, of which engi-
neers should be aware. The rotating 
impeller induces flow motion inter-

actions that can affect the IGVs, the 
impellers’ volute and the compres-
sor piping. These interactions in-
duce turbulent, unsteady flow pat-
terns throughout the compressor 
package. The distortion patterns in 
front of an impeller appear to be dif-
ferent from the distortion measured 
at the exit of the impeller, where 
flow disruptions due to the volute 
are dominant. However, detailed 
investigations show that the flow 
fields in the front of the impeller 
are defined by both upstream and  
downstream components. 

Simulations and investigations 
show that significant aerodynamic 
activities and complex flow pat-
terns exist near the surface of an 
IGV. These activities and complex 
flow patterns indicate strong re-
actions between the IGVs and the 
inlet flow. Generally, the IGVs have 
two main effects on the inlet flow. 
The first effect is the pre-swirl, 
which is the predominant effect at 
small IGV angles. The second effect 
is the flow-restriction effect, which 
is active at moderate and large IGV 
angles (in addition to the pre-swirl). 
Where there is a moderate or large 
IGV angle, the IGVs reduce the 
inlet flow area and speed up the 
axial flows to the 3D impeller. 

IGV placement and orientation is 
also an important factor. The IGV 
angle range can often extend from 
–25 to 75 deg. With a moderate IGV 
angle, the turning of the IGV (the 
pre-swirl effect) and the accelerat-
ing axial flow (the flow-restriction 
effect) generate thicker boundary 
layers at the IGV surfaces. With a 
large IGV angle, these effects can 
be intensified and flow separations 
could occur near the IGV surface. As 
the IGV separates the flow field into 
different compartments, the flow 
fields inside these compartments 
subsequently display their own pat-
terns that could be comparatively 
independent of each other. 

Another feature of IGV-induced 
flow patterns is the formation of 
wakes after the IGVs. The wakes 
can usually be divided into two 
types. The first type consists of the 
wakes generated by the finite thick-
ness of the IGV. The second type is 

made up of wakes generated by the 
setting angle of the IGV. The for-
mer is most noticeable at small IGV 
angles. The latter is observable in 
moderate or large IGV angles.

The most significant fluctuations 
are usually caused by impeller rota-
tion. The unsteadiness induced by 
the impeller exists in all upstream 
and downstream components. The 
sizes of these periodic waves are 
usually the same scale as the size 
of the impeller’s blade pitch. The in-
tensity of the waves can be related 
to the IGV setting.

For integrally geared centrifu-
gal compressors, oftentimes, all 
fluctuations of field quantities in 
all directions are approximately of 
the same order of magnitude, most 
likely due to the impeller. Other 
contributors are the structure of 
each stage and the complex pip-
ing network between the differ-
ent stages and inter-stage coolers, 
which propagate the fluctuations 
in 3D patterns. The intensities of 
these fluctuations are inversely 
proportional to the distance from 
the rotating impeller.

Simulations and field investiga-
tions have confirmed that a periodic 
wave pattern is present near impel-
ler inlets. The number of waves is 
usually the same as the number of 
impeller blades. Once again, these 
waves’ sizes are related to the im-
peller blade pitch. To avoid the pos-
sibility of resonance, the number of 
IGVs is chosen so that there is no 
common divisor of the numbers of 
the impeller blades, crossover vanes 
and diffuser vanes. For example, 
in an integrally geared compres-
sor, seven IGVs and 17 impeller 
blades prevent the exact match of  
blade pitches.

IGVs can introduce a variety of 
reliability and operational prob-
lems, if not properly installed or 
designed. IGVs oscillate due to the 
unsteadiness of the flow field inside 
a compressor stage. The force and 
torque on the IGV system require 
special attention. Robust design 
and proper manufacturing can help 
to mitigate some intrinsic problems 
with IGVs, including fewer oscilla-
tions and increased reliability. 
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The dynamic forces on IGV com-
ponents are mainly composed of 
two components induced by pres-
sure and viscosity. The asymmetric 
flow patterns in the system nor-
mally have the same frequency as 
the impeller rotation. Fluctuations 
at lower frequencies are usually 
induced by the IGV system. IGV 
angle is also a factor. The effects 
are weak for small IGV angles and 
are stronger for moderate and large 
IGV angles. The twisted shape of an 
IGV impacts the inlet flow field and 
causes unsteadiness in the flow, at 
the same time applying more dy-
namic forces on the IGV system. 
The force and torque on the IGV re-
spond to the impeller-rotating fre-
quency rather than the blade pass-
ing frequency. The low-frequency 
oscillations inside the flow field are 
induced by the IGVs. 

Other reliability issues related to 
the IGV system involve failures due 
to material deterioration, such as 
corrosion or erosion. An excessive 
liquid carryover from interstage 
coolers and improper material se-
lection for IGV components are also 
significant issues that could result 
in IGV failure. The materials of all 
critical parts, especially IGV compo-
nents, should be carefully selected 
with respect to the worst possible 
design conditions. In a case study, 
a failed IGV resulted in a severe 
surge that caused major damage  
to the machine.

Package piping
A sophisticated piping design is 
required for an integrally geared 
compressor package, because the 
flow must be routed from the dis-
charge of each impeller to the next 
stage, usually through an inter-
cooler arrangement. The flow inlet 
to each impeller should be axial. 
An elbow, as well as a straight run 
of pipe, should be provided at the 

suction of each impeller. As a very 
rough indication, the straight run 
should be six times the suction di-
ameter. A straightener can be used 
in a very compact layout to reduce 
the required axial distance. When 
the elbow forces the flow into a 
turn, changing from vertical to hor-
izontal, the flow will be distorted. 
When the flow leaves the elbow, 
the tangential velocity forms two 
counter-rotating vortices. These 
vortices also generate fluctuations 
inside the compressor stage. Also 
because of these vortices, the pres-
sure distribution on IGV surfaces 
can result in complex flow pat-
terns. In other words, the distor-
tion induced by the elbow can be 
coupled with pre-swirling, as well 
as the inherent distortions induced 
by IGVs and impellers, resulting in 
convoluted aerodynamic patterns 
and complicated excitations. 

This aerodynamic unsteadiness 
propagates to the flow field up-
stream of the impellers at the suc-
tion piping of the stage. This un-
steadiness is also present upstream 
and downstream of the compressor 
stage. In fact, the entirety of the 
compressor piping system will expe-
rience the dynamic effects of the im-
pellers and IGVs. Furthermore, the 
flow field’s fluctuation is affected 
by the package piping, especially 
the elbows, which direct piping 
from different stages to intercoolers  
and vice versa. 

Nozzles are another important 
component in the piping package. 
API-617 defines allowable nozzle 
loads for integrally geared com-
pressors, which generally are lower 
than the requirements for conven-
tional compressors. In most cases, 
the allowable nozzle load is the 
maximum load that can be achieved 
while requiring expansion joints at 
large nozzles. This is particularly 
important for processing applica-

TABLE 3.  PROCESS DESIGN DATA FOR  
SEVEN-STAGE INTEGRALLY GEARED COMPRESSOR

Impeller 
diameter 

(mm)

Speed  
(rpm)

Pressure  
ratio

Discharge 
temperature 

(°C)

Flow  
(m3/h)

Required 
power 
(MW)

First stage 760 7,600 1.89 118 55,000 1.46

Second stage 800 7,600 1.93 130 29,900 1.50

Third stage 410 14,700 1.94 130 15,800 1.50

Fourth stage 410 14,700 1.95 130 7,780 1.50

Fifth stage 220 23,900 1.72 115 3,990 1.19

Sixth stage 220 23,900 1.72 115 2,295 1.19

Seventh stage 130 42,100 1.72 115 1,331 1.19
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tions where the operating tem-
perature differs greatly from the 
ambient temperature.

Vibration and reliability
Since the API-617 vibration limit 
is a function of speed, the vibra-
tion limit can be relatively low for 
high-speed pinion shafts, making 
vibration monitoring an important 
part of the compressor package. 
For example, for shafts operating 
at 30,000, 40,000 or 60,000 rpm, 
the displacement vibration limits 
would be around 16, 14 and 12 μm, 
respectively. In a shop or site perfor-
mance test, the expectation is that 
the vibration appears at shaft rota-
tional speed with an amplitude well 
below the vibration limit and with 
no significant asynchronous vibra-
tion. An asynchronous vibration is 
characteristic of rotor destabiliza-
tion or an issue in the compressor 
gear systems. 

Vibration monitoring is key for an 
integrally geared centrifugal com-
pressor, particularly for its high-
speed pinion shafts, low-speed bull-
gear, gear systems and the driver. 
Generally, dual vibration measure-
ments (usually oriented at ±45 deg) 
on each bearing of the pinion shafts 
and the bull-gear shaft should be 
installed. In addition, accelerom-
eters and velocity meters should be 
installed on the main casing. Some 
relevant frequencies that should be 
monitored are as follows:
• Shaft running speeds
• Shaft running speed harmonics 
• Gear-mesh speed
• IGV pass frequencies
• Vane pass frequencies
• Blade pass frequencies
•  Harmonics of IGV, vane and blade 

pass frequencies
•  Frequencies related to bearing is-

sues and gear-system faults
As an example, for a given a four-
stage integrally geared compres-
sor driven by a 1,785-rpm electric 
motor, the first pinion speed (first 
and second stages) and the sec-
ond pinion speed (third and fourth 
stages) were around 14,700 and 
21,900 rpm, respectively. The gear-
mesh speed was around 749,000 
rpm and the vane passing speed 

was around 363,000 rpm. All of 
these speeds and frequencies, 
along with their harmonics, were 
monitored in the equipment’s 
vibration-analysis scheme. 

Putting it all together
The previous sections of this article 
covered some design considerations 
and practical recommendations for 
integrally geared compressors. Now, 
this information is illustrated in 
the following example, involving a 
process-type, seven-stage integrally 
geared centrifugal compressor in 
a CPI plant. The given compressor 
provided a pressure ratio of around 
70. The average pressure ratio of 
each stage would be the seventh root 
of 70, approximately 1.83. Table 3 
shows the process and design data 
for this machine. It can be seen that 
the pressure ratios of the four ini-
tial stages (1.89, 1.93, 1.94 and 1.95) 
were greater than the average value 
of 1.83, while the pressure ratios of 
three last stages (1.72) were smaller 
than the average value. The aver-
age estimated efficiency was around 
77% for all stages. The machine used 
an automatic IGV on the first stage, 
providing capacity control in a range 
of 65–104% of the rated capacity. The 
estimated power for the compressor 
was around 9.53 MW. The estimated 
driver power was 11 MW. 

With this article, engineers should 
have the information they need to 
understand the design and operation 
of integrally geared compressors.  ■

Edited by Mary Page Bailey
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