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Centrifugal pump operation
at off-design conditions
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The following is the first in a series of three articles which examine the

performance of centrifugal pumps operating at flows either higher or lower than
the rate for which they were designed to uchieve their highest efficiency. Part 1
examines the effects on radial thrust and temperature rise in the liquid pumped
when pumps operaie with flows below or exceeding the capacity for hest
efficiency. Part 2, scheduled for the May issue, will discuss internal recirculation,
driver overload in high-speed pumps, and air-binding in pumps operating helow
capecity with liquids containing high concentrations of dissolved or entrained
gases. Part 3 in the June issue will examine the manner in which by-passes must
be arranged when process demands fall below minimum flow values recom-

mended by the pump manufaciurers.

Igor J. Karassik, an international au-
thority on pumps and their applications,
has more than 50 years of experience in
the area of gas and fluid flow. He is a
prolific author as evidenced by the sev-
eral books and more than 460 technical
articles, including a number that have
been published in CHEMICAL PROC-
ESSING Magazine, to his credit. Mr.
Karassik is also a popular speaker at the
Table-Top Shows sponsored by both
CHEMICAL PROCESSING and PLANT
SERVICES Magazines.

Theoretically, as long as the NPSH (net

positive suction head) available is greater
than the required NPSH, a centrifugal
pump is capable of operating over a very
wide range of capacities. The exact oper-
ating capacity is determined by the inter-
section of the pump head-capacity curve
with the system-head curve. This operat-
ing capacity can be changed by altering
either one or both of these curves: vary-
ing the pump speed will alter the head-
capacity curve, while throttling the pump
discharge will alter the system-head
curve. -

But at any given speed, the perform-
ance of a centrifugal pump is at its
optimum at only one capacity point, and
that is the capacity at which the effi-

ciency curve reaches its maximum. Atall
other flows, the geometric configuration
of the impeller and of the casing no
longer provides an ideal flow pattern.
Our definition of “off-design” condi-
tions must, therefore, be any condition

wherein a pump is required by circum-
stances to deliver flows either in excess

of or below the capacity at best effi-
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Operation at high flows
There are two circumstances which
might lead to the operation of a pump at

. flows in excess of its best efficiency or

even of its design point. The first occurs
when a pump has been oversized by
specifying excessive margins in both
head and capacity. Under these circum-
stances, the pump performance and its
relation to the system-head curve is
shown in Fig. 1. The head-capacity curve
intersects the system-head curve at a
capacity much in excess of the real
required flow. Of course, the pump can
be throttled back to the required capacity
and the power reduced somewhat. But if,
as frequently occurs, the pump runs
uncontrolled, it will always run at the
excess flow indicated on Fig. 1. Unless
sufficient NPSH has been made avail-
able, the pump may suffer cavitation
damage and, of course, the power con-

sumption will increase for pumps with a
specific speed under about 4500 rpm.

The second circumstance occurs when
two or more pumps are used in parallel
and one of the pumps is taken out of
service because the demand has been
decreased. Fig. 2 describes the operation
of two such pumps. Whenever a single
pump is running, its head-capacity curve
intersects the system-head curve at flows
in excess of the design capacity. This is
called the “run-out™ point. Here again
the available NPSH and the size of the
driver must be carefully selected to sat-
isfy the conditions that will prevail at the
run-out point.

Operation at low flows
The most frequent cause of operating a
pump at reduced flows is a reduction in
demand of the process served by the
pump. However, it may be that two
pumps operating in parallel are unsuit-
able for service at reduced flows. One of
the pumps on the line may have its outlet
check valve closed by the higher pressure
developed by the stronger pump.
Operating _centrifugal pumps at re-
duced capacities leads to a number of
unfavorable conditions which may take
place separately or simultaneously. Some

~of the consequences which must be antic-

ipated or circumvented are:

1. Operation at less than best efficiency.
If the reduced flows are required by
the characteristics of the process
served by the pump, this effect can be
obviated somewhat by using variable
speed drives or by using several
pumps for the total required capacity
and shutting down pumps sequen-
tially as the total demand is reduced.

2. If the pump is of the single volute
design, it will be subjected to a higher
radial thrust which will increase the
load on its radial bearings. A pump




Fig. 3: Radial forces in single-volute pumps at
best efficiency point

Fig. 4: Radial forces in single-volute pumps
operating at reduced flow

that is expected to operate at lower
than rated flows must be able to
handle a higher bearing load.

3. As the capacity is reduced, the tem-
perature rise of the pumped liquid
increases. To avoid exceeding per-
missible limits, a minimum flow by-
pass must be provided. The by-pass,
which can be made automatic, will
also protect the pump against the
accidental closing of its check valve

Fig. 2: Two- and one-pump operation while the pump is still running.
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Fig. 5: Radial thrust in volute pumps

4. At certain flows below that at best
efficiency, all centrifugal pumps are
subject to internal recirculation, both
in the suction and discharge areas of

radial reaction is a function of the total
head and of the width and diameter of the
impeller. Thus, a high-head pump with a

at extremely reduced flows is caused by
the heating up of the liquid handled by
the pump. The difference between the
brake horsepower consumed and the wa-

large diameter impeller will have a much

the impeller. This can cause hydraulic
surging and damage to the impeller
material similar to that caused by
classic cavitation, although taking
place in a different area of the im-
peller. .

5. High specific speed pumps have
power curves that rise with reduced
capacities. Unless the driver size has
been selected with this fact in consid-
eration, it may be overloaded when
operating capacities are reduced.

6. If the liquid contains an appreciable
amount of entrained air or gas, and if
the pump capacity is reduced below a
certain minimum, the pump can be-
come air-bound.

Each of the effects may dictate a
different recommended minimum oper-

ating capacity. Obviously, the final deci-
sion must be based on the greatest of the
individual minimums. We shall now ex-
amine the effects in greater detail except
for the first effect which is self-evident.

Radial thrust

In a single-volute pump casing design
(Fig. 3), uniform or nearly uniform pres-
sures act on the impeller when the pump

is operated at its best efficiency capacity. .

At reduced capacities, the pressures
around the impeller are not uniform (Fig.
4) and there is a resultant radial reaction
(F). Fig. 5 shows that this unbalanced
force is greatest at shut-off.

For any percentage of capacity, the

greater radial reaction force at partial

capacities than a low-head pump with a

small diameter impeller.

For a given shaft and bearing size, the
reactions lead to increased deflection and
bearing loading at reduced capacities.
Since it may be uneconomical to supply
oversize shafts and bearings in many
cases, pump manufacturers generally in-
dicate the minimum recommended flow
for single volute pumps, frequently at
50% of the best-efficiency-capacity, On
the other hand, because this limitation
may in itself be uneconomical, it became
desirable to design standard units capa-
ble of accommodating the effect of radial
thrust.

One solution is to use a so-called
double-volute design (Fig. 6). Basically
this consists of providing two volutes,
located at 180° from each other and
joined into a common discharge. Such a
design comes very close to balancing the
radial reactions over the entire range of
capacities. Small size pumps may not be
readily adaptable to the double-volute
design because of foundry problems.
They are frequently built with modified
concentric casings which reduce the un-
balanced radial thrust appreciably when
compared to single-volute pumps, as
shown in Fig. 3.

Temperature rise effect
The thermodynamic problem that arises
from the operation of a centrifugal pump

ter horsepower developed represents the

power losses within the pump itself,
except for a very small amount lost in the
pump bearings. These power losses are
converted into heat and transferred to the
liquid passing through the pump.

If the pump is operating against a
completely closed valve, the power
losses are equal to the shutoff brake
horsepower and, since no flow. takes
place through the pump, all this power
goes into heating the small quantity of
liquid contained within the pump casing.
As this process occurs, the pump casing
itself heats up and a certain amount of
heat is dissipated by radiation and con-
vection to the surrounding atmosphere.
If the amount of heat added to the liquid
is small, it can be transmitted through the
casing with a low differential in tempera-
ture between the liquid in the casing and
the outside air. However, if the power loss
is very high, the liquid temperature
might have to reach an exceedingly high
value, far in excess of the boiling temper-

_ature at suction pressure, before the

amount of dissipated heat equals that
generated in the pump proper. Operation
of the pump under such conditions would
have disastrous effects.

The rate of heating the liquid in the
pump casing for a given power loss
depends both upon the volume of water
contained in the casing and upon the
surface of casing that can dissipate heat.
For practical reasons, dissipation of heat
by radiation can be ignored, and the
temperature rise can be determined from
the formula:

T./Min=
in which:
- T/Min = Temperature rise, in degrees
Fabrenheit per minute
BHF, =Brake horsepower at shutoff
42.4 =Conversion from brake
horsepower inte BTUs per
minute
W, =Net weight of pump, in
pounds -
C, = Specific heat of pump metal
W
C

42.4 BHP,
W,C,+W,C,

(approximately 0.13)
«  =Netweight of liquid in pump,
in pounds
»  =Specific heat of liquid (1.0 if
liquid is water)
Because the temperature rise may be so




Fig. 6 (above): Cross-section of double-volute
casing pump. Fig. 7 (above, right): Centrifugal
pump performance curve including temperature
rise curve. Fig. &8 (right): Temperature rise in
centrifugal pumps related to total head and
efficiency

rapid that there is no time to transmit the
heat from the liquid to the pump casing,
it is generally safer to neglect the casing
altogether. The formula is then simplified
to:
T/Min. = 42.4BHP,
Ww.C,

For example, if the pump handles water
(C.=1.0) and contains 100 Ib of liquid,
and if the brake horsepower at shutoff is
100, the water temperature will increase
at the rate of 42.4°F per minute. Opera-
tion at shutoff under these conditions is
very dangerous. But with a low-head,
high-capacity pump that contains 5,000
Ib of water and that takes the same
amount of power at shutoff, the rate of
temperature increase will be only 0.85°F
per minute—hardly serious if the opera-
tion against a closed discharge valve is
not prolonged.

If liquid is flowing through the pump,
conditions become stabilized and the
amount by which the temperature at the
discharge will exceed the suction temper-
ature can be calculated for any given
flow. The heat transmitted to the liquid in
the pump is equivalent to the product of
the difference between the brake horse-
power and the water horsepower by
2,545 (Btu equivalent of 1 hp-hr). The
temperature rise can therefore be calcu-
lated from the formula:

(BHP — WHP) x 2545
(Flow in Ibs/hr) x C,,

A more convenient formula relates the
temperature rise to the total head and to

°F rise =

e
et

the pump efficiency:
°R __Total Head in Feet (1 ]
rise = £y
778Cy e

This formula can be used to plot a
temperature-rise curve directly superim-
posed on the performance curve of a
centrifugal pump (Fig. 7) which repre-

3 g SRR »
AR
SRR

sents the characteristics of a boiler feed
pump designed to handle 550 gpm of
250°F feedwater against a total head of
1,800 ft. As shown, the temperature rise
increases very rapidly with a reduction in
flow. This is caused by the fact that the
losses at low deliveries are greater when
the flow of liquid that must absorb the
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heat developed in the pump is low. For
example, Fig. 7 shows that for a capacity
of 50 gpm, the temperature rise is 17°F,
whereas, at the full capacity of 550 gpm,
it is less than 1°F

The chart in Fig. 8 gives a graphical
solution of this formula for water and
allows determination of the minimum
permissible operating capacity, once the
maximum permissible temperature rise
has been selected. When liquids other
than water are handled by the pump, it
becomes necessary to correct the result-
ing answer for the difference in the
specific heats of the liquids.

If the pump is fitted with a balancing
device, a certain portion of the suction
capacity is returned either to the pump
suction or to the suction supply vessel.
Thus, the discharge capacity does not
represent the true flow through the pump.
In addition, a temperature rise takes
place in the balancing device leakage
caused by the breakdown in pressure
through the device. This additional tem-
perature rise can be estimated as:

dT °F in balancing device=

Head drop through the device

778

The formula for the temperature rise and
the chart in Fig. 8 can still be used,
provided a correction is made to take
care of the increase in pump flow repre-
senting the balancing device leakoff and
temperature rise in the balancing device.

The maximum permissible tempera-
ture rise varies over a wide range, de-
pending on the type of installation. The
fundamental objective is to avoid
destructive flashing within the pump.
With homogeneous liquids such as water,
flashing must be avoided altogether. With
multifraction liquids, such as most hy-
drocarbons, some flashing can be toler
ated. For hot water pumps, such as boiler
feed service, it was generally recom-
mended to limit the temperature rise to

"15°F, and this established the minimum
permissible flow. With our expanded
knowledge, other factors than tempera-
ture rise establish minimum recom-
mended flows for these pumps, as.will be
seen later. When pumps handle cold
water, the temperature rise may be per-
mitted to reach 50 or even 100°F in some
cases. Again, other restrictions may be
used in establishing minimum flows. ®
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