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of Fans for Elevated
Pressure Increases in
Fluidized Bed Boilers

The following article examines
centrifugal fans used in steam-ge-
nerating power plants with fluidi-
zed-bed combustion, specifically
circulating-type fluidized-bed boi-
lers. In VDI Guideline 2044, fans
are still described as turbomachi-
nes conveying gases with pressu-
re ratios up to p2/p1 = 1.1. However,
the fans in fluidized-bed boiler sy-
stems are required to provide pres-
sure ratios up to 1.3  and (slightly)
above. Nevertheless, the term
“fan” is retained in this context
since the rating and design of the-
se units can still be carried out on
the basis of VDI Guideline 2004.

Rating data

Fluidized-bed boilers are typically
equipped with forced-draft, primary,
and induced-draft fans. Depending
on plant design, additional booster
fans may be employed. The range of

typical fan specifications is summari-
zed in Table 1.

For forced-draft fans, inlet temperatu-
res of 25 to 50°C and volume flows
from 20 to 100 m3/s are specified.
The pressure increase depends on
the circuit design. If the forced-draft
fan must introduce primary and se-
condary air directly, a pressure in-
crease between 22000 and 37000 Pa
may be required. In systems using in-
terposed primary air fans (also refer-
red to as booster fans), the forced-
draft unit must still deliver between
10000 and 20000 Pa.

Primary air fans operating downstre-
am of the forced-draft fan, compres-
sing a partial airflow to the level re-
quired for injection into the bottom
part of the fluidized-bed chamber,
must be sized for pressure increases
between 12000 and 15000 Pa. Such
units achieve throughputs between
10 and 30 m3/s at temperatures of ap-
prox. 100°C.

Specifications for induced-draft fans
call for volume flows up to 150 m3/s at
inlet temperatures between 140 and
170°C and pressure increases from
4000 to 10000 Pa, depending on the
output of the power station block and

the number of induced-draft units in
place.  

Recirculation fans returning flue gas
to the fluidized-bed chamber from a
point downstream of the induced-
draft unit have been rated for pressu-
re increases up to 35000 at inlet tem-
peratures of about 150°C.

Aerodynamic dimensioning

Fans are dimensioned individually for
each application. The compression
work per unit mass required to produ-
ce the desired pressure increase is
determined on the basis of key
boundary conditions, i.e., inlet pres-
sure, inlet temperature, and gas den-
sity (Fig. 1). 

A suitable fan type is then selected
from numerous designs following ex-
tensive test-rig trials, evaluating as-
pects such as material strength, cha-
racteristic curves, and position of the
operating points on the performance
map.

Using similarity equations for geome-
trically similar models, the optimum
size of the given fan type is then sel-
ected for the requisite design
throughput and specific compression
work. Fan speed (rpm) usually is de-
termined by the synchronous speed
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2 Primary air 104 29,1 12350 1448 415 1884 x x
2 Forced draft 40 55,7 19500 1439 1198 2370 x x
1 Induced draft 150 96,4 6275 965 700 2660 x
1 Induced draft 150 96,4 6275 965 700 2660 x
2 Forced draft 50 55,3 29760 1640 1802 2650 x x
2 Induced draft 160 86,5 7850 990 761 2610 x x
2 Booster fan 300 8,4 37520 4200 377 1260 x
1 Recirc. air 160 8,9 18570 2967 193 1190 x
1 Forced draft 25 50,3 22100 1490 1208 2370 x
1 Induced draft 160 83,2 7660 990 737 2618 x
2 Forced draft 40 34,9 10475 1485 408 1680 x
2 Primary air 50 23,5 21000 1485 578 2240 x
2 Induced draft 168 56,1 7450 1485 500 1884 x
1 Forced draft 40 93,6 37802 1650 3700 2632 x x
1 Recirc. air 150 31,9 35252 3300 1195 1532 x x
1 Induced draft 120 146,5 6200 990 1032 2528 x x

Table 1: Fans for circulating fluidized-bed boilers
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of the electric motors. A characteristic
curve is prepared from these design
data, and design point and operating
point are marked in this diagram
which is also used to determine shaft
power requirements.

Fan control

Since the fan must accommodate a
range of plant operating conditions it
has to  be controlled. This is habitual-
ly achieved via a simple multi-vane
damper on the inlet or outlet side, va-
riable inlet vanes (Fig. 2), rotary
speed (r.p.m.) control, or a combinati-
on of variable inlet vanes and rpm
control, respectively. The following
criteria are considered when selec-
ting the ideal control strategy:

With regard to the power requirement
at the fan coupling, it can generally be
stated that damper control is the least
favourable solution from an energy
efficiency viewpoint. Variable inlet va-
ne control is more efficient, while rpm
control will generally be the ideal
choice. The energy saving potential
of an rpm control is particularly high in
systems with a parabolic flow resi-

stance line that intersects the design
point (“optimum point”) on the fan’s
characteristic curve, as is the case,
e.g., in induced-draft fans. If flow resi-
stance lines with a steeper or even
downward gradient must be accom-
modated (e.g., for the fluidized bed)
involving small volume flows at high
pressures, the advantage of rpm con-
trol in terms of energy efficiency redu-
ces itself gradually. But then again,
no control system operates entirely
without losses, cf. hydraulic losses of
variable-speed turbocouplings or
converter losses on frequency-con-
trolled motors. For an ideal configura-
tion, one must determine the overall
energy consumption for the intended
operating regime over a specific time
period. 

The control system adopted can
greatly influence the stability the plant
will run at its specified operating
points.

Unstable operating conditions may
be a result of the following:

� Non-steady states of the fan itself
� Control system instabilities

� Resonance phenomena within the
overall system

� Shape and position of the system’s
flow resistance graph

� Oscillation of the system’s flow resi-
stance graph

As a rule, centrifugal fans do not pos-
sess a clear-cut stall limit. Assuming
proper incoming flow conditions and a
stable square-law flow resistance
curve, they will therefore retain their
operating stability down to very low
volume flows, at least under test-rig
conditions. Only fans operating at
high specific rotational speeds - e.g.,
units with wide impellers for large vo-
lume flows - may show pressure va-
riations or even hysteresis on the left
side of the performance map. When
compounded by pressure fluctuations
in the ducting, such instabilities may
become severe enough to result in
fan “pumping”. This effect can be pre-
vented by an array of variable inlet
vanes. If the fan operates near its op-
timum point at the design volume flow
because the gas inlet speed and di-
rection match the geometry of the bla-
de channel, the inlet flow across the
blades will be less favourable at lower
volumetric throughputs, resulting in
reduced efficiency. Vortex formation
will occur in one or more blade chan-
nels and may give rise, in the worst
case, to rotary eddies extending into
the inlet chamber. The hitherto conti-
nuous gas flow may stall as a result.
By slightly closing the variable inlet
vanes, an angular momentum (spin)
is imparted to the gas flow in the di-

Fig. 1: Spectrum of fan types, sizes and speeds for a given application. Only the range not mar-
ked by the lines is of practical relevance.

Fig. 2: Variable inlet vane assembly for a gas
recirculation fan of largely gas-tight design, in-
ternal inlet diameter D = 2730 mm

Design:
V̇ = 20 m3/s

�pt = 10000 Pa

Y � 8000 Nm / kg
t = 20°C
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rection of the rotating impeller. This
improves the inlet flow towards the
blades, and the fan characteristic be-
comes stable for this particular inlet
vane setting. The benefits of this spin
effect explain the higher efficiencies
obtained with variable inlet vane con-
trol systems over mere damper con-
trol.

With variable inlet vanes largely clo-
sed, so-called stationary pressure
waves in a frequency range between
25 and 80 Hz have been observed.
These are partly attributable to sy-
stem conditions; interfering with the
excitation vortex is the remedy of
choice.

In fluidized-bed boiler plants the fans
usually operate at high pressure coef-
ficients, i.e., low specific rotational

speeds. With their large impeller to in-
let diameter ratio, these fans have
fairly long blade channels and are not
prone to “pumping” by nature. Never-
theless, operating instabilities may
occur due to the particular form of the
system resistance graph and the as-
sociated oscillation characteristics
(translating into system pressure fluc-
tuations).

The fan will naturally respond to pres-
sure fluctuations (e.g., caused by the
fluidized bed or by control system
hunting) by changing its volumetric or
mass flow rate in accordance with its
operating characteristics. However,
the air mass flow rate is a key deter-
minant for the fluidization and combu-
stion process in the fluidized bed; it
must therefore be kept constant at the

relevant operating point. Conse-
quently, it is desirable to have steep
fan operating characteristics, even
under part-load conditions. This is ea-
sier to achieve with variable inlet va-
nes than with an rpm control system. 

As a general rule, a stable operating
point is ensured if the fan characteri-
stic and the system flow resistance
curve intersect at a large angle. In the
case of induced-draft units with their
parabolic flow resistance curves star-
ting at the zero point, this condition
can be met by any control technology. 

A primary fan forcing air into the bot-
tom part of the fluidized-bed chamber
must deliver very high pressures at
small volumetric flow rates; this pres-
sure decreasing with increasing volu-
me flow. At large volume flows, the

Fig. 3: Variable inlet vane control and speed (rpm) control

Fig. 4: Flow resistance lines plotted into the variable inlet vane / speed (rpm) control map
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square-law effect of the friction resi-
stance becomes a factor, making the
flow resistance curve drop initially be-
fore assuming a more or less hori-
zontal course. As a result, boiler sy-
stem and fan characteristics will
touch in a “trailing” manner under
part-load conditions if speed (rpm)
control is adopted, i.e., the volume
flow is not fixed. However, stable cha-
racteristics can be obtained with the
aid of variable inlet vanes. 

Fan design

Impeller

The extreme pressure increases ex-
pected from this type of centrifugal
fan can only by achieved at high peri-
pheral impeller speeds (p proportio-
nal to u2). While values near 140 m/s
will suffice for an induced-draft unit,
some forced draft fans operate at an
impressive 230 m/s. The figure is still
higher for  booster fans, which have
been reported to run at 270 m/s.

In the case of fan impellers - welded
assemblies comprising the shroud,
blades and backplate - such figures
approach the strength limits of cur-
rently available materials. Impellers
are subject to high centrifugal stres-
ses which will necessarily give rise to
significant expansion effects, specifi-
cally in the impeller backplate bore
area. To keep the impeller centred
during rotation, flange mounting has
been adopted. Depending on space
availability in the inlet chamber, a
flange mounting system using a dual
circular hole pattern and reamed bolts
or interior centering are employed. 

The centrifugal forces also impose an
entirely static load on the impeller;
this is addressed by selecting appro-
priate component cross-sections.
Single-inlet fans are additionally ex-
posed to (comparatively low) fatigue
loads due to reversed bending of the
backplate in the flange area. Dynamic
loads are imposed by pulsating gas
forces known to act on outer shroud
surfaces and blade tips. 

These dynamic effects are counter-
acted by recessing the blade tips and
by providing a reinforcing ring on the
outside of the shroud, thereby increa-

sing the load-bearing cross-section
while raising the unit’s natural fre-
quency. 

The shaft is a flanged forging one, si-
zed to withstand operational fatigue
loads and the first critical bending
speed. Due to this latter criterion, the
shafts become very thick for sub-criti-
cal operation at high speeds. The flow
obstruction resulting from the large
shaft diameter leads to an increased
inlet pressure loss across the impel-
ler. Operating the fan at a speed abo-
ve critical is a viable remedy and in-
deed, standard practice with centrifu-
gal fans. This nevertheless practically
excludes speed control.

Design

Single-inlet fans may be designed as
overhung units, with one-side bearing
only, or with bearing assemblies on
both sides of the impeller. Criteria for
adopting either of these options will
include the bearing and shaft sizes
and the expected imbalance due to
caking or wear. In the range discus-
sed here, our single-inlet machines
delivering 50 m3/s at 1500 rpm are
generally of the overhung impeller ty-
pe. For smaller volume flows up to 20
m3/s, this design has also be selected
in 3000 rpm fans. Beyond these li-
mits, the impeller should preferably
be supported in bearings on both si-
des.

Fans may be bolted directly to a con-
crete foundation or erected on anti-vi-
bration mounts. As a general rule, an-
ti-vibration mounting is mandatory if
there is a risk that adjoining compo-
nents may be excited unduly by inevi-
table impeller imbalance forces, e.g.,
when the fan is mounted on frame-
work. The magnitude of the forces
transmitted to surrounding structures
is solely determined by the effectiven-
ess of the anti-vibration mounts and
the degree of fan imbalance. In other
words, the forces imparted at the
fan’s rotational frequency will be the
same regardless of whether it is erec-
ted on its anti-vibration mounts with or
without baseframe, or with a heavy
concrete support structure or concre-
te screeding. Damping masses, such

as a concrete slab, can merely redu-
ce the vibrations. 

Compact design

The overall machine design will be in-
fluenced by the following factors:

� flow geometry (determined largely
by measurements on the model)

� inlet and outlet direction
� forces, stresses and deformations

caused by weight loads, pressures
and thermal expansion effects;

� corrosion, wear, caking and flow-
tightness considerations

� requirements regarding handling
and transport, mounting/dismant-
ling, and ease of maintenance

� vibration stability and operating sa-
fety

Fans placed on anti-vibration mounts
must form a coherent structure of ma-
ximum overall flexural and torsional
rigidity in relation to the anti-vibration
mounting plane. A circumferential fra-
me, limited in height by the projecting
spiral casing, cannot always accom-
plish this goal, however sophisticated
and costly its design. In addition, the
metal enclosures placed on the frame
(e.g., the inlet box and fan casing) will
be subject to their own different flexu-
ral and torsional oscillations, e.g., ex-
cited by pressure pulses. 

In view of the foregoing we prefer a
frameless self-supporting fan confi-
guration design (compact design).
The large hollow sheet metal bodies
(inlet box, fan casing, motor pedestal)
are given a high inherent flexural and
torsional stiffness by appropriate bra-
cing. These sheet metal box structu-
res are joined via connecting ele-
ments, ideally at three points in each
case for maximum flexural and torsio-
nal strength. To achieve this, the
connecting elements must be secu-
red to the stiffest components, e.g.,
the spiral casing. With hot-duty fans,
it is an additional advantage that the
connecting elements may be made
flexible in a direction transverse to the
tension/pressure force (cf. the diago-
nal link between the motor pedestal
and the spiral casing wall, Fig. 5) thus
reducing stresses due to thermal ex-
pansion. With this design, the natural
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frequency of the overall structure is
raised clearly above the fan speed.

The anti-vibration mounts are arran-
ged under the vertically stiff elements
such as the casing wall or motor pe-
destal face plate.

Bearing assembly

The impeller is supported in oil-lubri-
cated self-aligning roller bearings or
sliding bearings. Anti-friction bearings
are subject to an rpm limit dictated  by
their size, which makes sliding bea-
rings mandatory on high-speed fans.
The latter also offer advantages in
terms of longevity, heat dissipation (in
combination with a forced-circulation
oil lubrication system), and load resi-
stance. A sliding bearing’s imminent
failure will normally announce itself by
a rise in temperature. By switching off
the fan at once, the damage can be li-
mited to the bearing shell which is fai-
rly straightforward to replace.

As a rule, bearing temperatures
should be monitored. High-speed
fans and units tending to develop im-
balances due to wear or caking
should additionally be equipped with
a vibration monitoring system. Both
monitoring systems come with an
alarm and shutdown feature.

Coupling

The coupling transmitting the drive
torque is a torsionally flexible, resili-
ent pin coupling. It is capable of com-
pensating for certain alignment tole-
rances such as angular, radial or axi-
al offset. The damping and spring
characteristics of the rubber buffers
are selected to reduce torque impact
upon start-up and torsional vibrations
during normal operation. This last
property is important, e.g., with
speed-controlled motors powered via
frequency converters, since such pri-
me movers have a torsional oscillati-
on superimposed over their output
torque. In the present example (Fig.
6) the key oscillation constituents lie
at 6 and 12 times the conversion fre-
quency, the amplitude being 10 and
8%, respectively, of the nominal mo-
tor torque. The diagram plots the two
excitation frequencies and the three
natural frequencies of the four-mass
torsional oscillation system over the
converter output frequency and shaft
speed. Points of resonance situated
within the speed control range are ex-
amined in the torsional oscillation
analysis (Fig. 7). The latter shows the
excitation torque at the motor’s air
gap and the oscillation response of
the motor shaft, coupling, and fan
shaft. Proceeding from this analysis,

it remains to be examined whether
these amplitudes remain below the
acceptable oscillating torque levels; if
not, the calculation would have to be
repeated with a “softer” coupling.

Brake

The impeller should be equipped with
a brake if there is any risk of the fan
being caused to rotate, in its unused
state, by a gas flow passing through
it. A distinction must be made bet-
ween the following cases:

- Reverse flow of gas causing the fan
to turn against its direction of rotati-
on: This will damage the drive motor
upon start-up, except in the case of
variable-speed motors equipped
with a speed limiting feature. In the
worst case, high pressure differen-
ces may drive the fan at speeds ex-
ceeding its nominal rpm level, which
may result in mechanical damage. 

- Forward gas flow driving the impel-
ler in its design direction, or prolon-
ging its afterrunning cycle. 

- In both cases, care must be taken to
prevent the sliding bearings from
running under semi-fluid friction
conditions for extended periods.
This is achieved by a brake or a
tight-closing damper.

Fig. 5: Sectional view of a compact-design fan Fig. 6: Diagram showing points of resonance in
the torsional oscillation system

Range of operating speed (rpm)

rpm
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Spinning device

If there is a chance of hot gases flo-
wing through the stationary (cold or
still cooling) fan, the use of a spinning
device is recommended. Otherwise
the hot gases would pass from the in-
let bellmouth directly towards the out-
let connection through a limited seg-
ment of the stationery impeller, i.e.,
over a mere 2 to 3 blade channels.
This results in partial heating of the
impeller, causing localized expansion
of the affected segment that will throw
the impeller off balance. Needless to
say, the same applies to the reverse
case of cold gases entering a hot fan.
Thermal distortion of the shaft is ano-
ther genuine possibility. When the fan
is re-started, its shifted centre of gra-
vity will cause imbalance oscillations;
these may disappear, in the most fa-
vourable case, once the impeller has

regained a uniform temperature.
Spinning will maintain a uniform tem-
perature distribution at all times.

Comparison with previous
machines

The fans presented here were built
for contemporary fluidized-bed boi-
lers and deliver an extremely high
pressure increase.

Similar demands had been raised
earlier by the chemical industry.
Thus, in 1973, a two-stage fan attai-
ning �p = 73000 Pa at 3000 r.p.m.
was built with sliding impeller bea-
rings.

Initial operating experience

Compact design

In the past, fans erected on anti-vi-
bration mountings were subjected to
extensive vibration measurements.
Time and again, these measure-
ments revealed points of resonance
below the nominal rpm level during
start-up and shutdown on fans with
circumferential frame structures. For
space reasons alone it is often im-
possible to build the frame with the
cross-section required for ensuring a
sufficiently high natural frequency
(Fig. 5).

On the compact design fans presen-
ted here, points of resonance below
operating speed have never been ob-
served. It follows that the self-suppor-
ting design is particularly suitable for
variable-speed fans erected on anti-
vibration mountings.

Control of fans for fluidized-bed
boilers

(Fig. 8) Induced-draft fans have ob-
vious square-law flow resistance cha-
racteristics and can therefore be ope-
rated in a stable mode with variable
inlet vane on speed control.

The other fans (forced draft, primary)
are up against complex flow resi-
stance patterns, with graphs initially
falling with increasing volume flows at
small loads due to fluidization in the
fluidized-bed chamber, then rising
again slightly as square-law flow resi-
stance conditions begin to prevail. It
may be imagined that the fluidized
bed initially sits on the nozzle grate li-
ke a plug and produces more or less
intense pressure “jumps” during start-
up and at low boiler loads; these sud-
den transients must be accommoda-
ted by the fan characteristic. Conspi-
cuously, during the dimensioning pro-
cess we have obtained no pressure
data for smaller volume flows to the
left of 20% boiler load. It is likely that
most fans are run on variable inlet va-
ne control only, given the steeper per-
formance curve and more straightfor-
ward design.

In one case where the volumetric flow
variations caused by defined pressu-

Fig. 7: Torsional oscillations on a 4-mass oscillation system

Torsional moment

Torsional moment

Torsional moment

Fan shaft

Coupling

Motor shaft

Speed (r.p.m.)

Excitation torque

Speed (rpm)

Excitation torque

rpm



7 Dimensioning and Design of Fans for Elevated Pressure Increases

re jumps had to be minimized by de-
sign, we combined the advantages of
the steeper �p response offered by
variable inlet vane control with the su-
perior energy efficiency of a speed
(rpm) controller. As the operating
point drops, the variable inlet vanes
are initially closed somewhat and the
fan speed is corrected in compensati-
on (follow-up control). Depending on
the point on the performance map,
the variable inlet vanes must not be
opened beyond certain minimum
throttling positions if one intends to
maintain sufficiently steep characteri-
stics towards smaller volume flows.
The control priority rule (inlet vane ad-
justment first, followed by rpm con-
trol) also matches the fan’s speed be-
haviour. The variable inlet vanes are
set by an actuator programmable to
complete the change between 0 and
100% (corresponding to the “fully
open” and “fully closed” positions, re-
spectively) within a broad preselecta-
ble interval (8 to 120 seconds). The
speed controller must additionally en-
sure the acceleration or deceleration
of the rotating masses.

It is a fact that a number of forced-
draft and primary fans have been
equipped with speed controllers by
now; from the tenor of discussions
held on the sidelines of the VGB Con-
ference “Fluidized-bed Boilers and
Steam Generation 1988”, it emerges
that these units are operating to their
owners’ satisfaction. It was also ob-
served that the fans are well overdi-
mensioned, a fact which operators
gladly accept in view of the more
energy-efficient speed control capa-
bility. 

Overdimensioning gives sufficient
spare control capacity for providing a
control damper outside the fan pro-
per. The resulting “fan-to-damper”
subsystem, viewed as a pressure ge-
nerating unit, again allows steep �p
curves to be obtained.
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Fig. 8: Combined inlet vane and speed (rpm) control
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