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ABSTRACT 

Arno Frei graduated ( 1959) from St. Gall 
Technical College, Switzerland, with a de­
gree in Mechanical Engineering. He joined 
Sulzer in 1966 and was.first engaged in the 
design and development of primary recircu­
lation pumps for nuclear power stations. 
After activities in the field of nuclear heat 
exchangers, he rejoined the pump division, 
where he has been Head of the Mechanical 
Development Group since 1978. 

For proper sizing of pump shafts, many criteria need be consid­
ered such as stress, deformation, and rotordynamics. The authors 
try to shed more light on these areas in order to ensure economic, 
safe, and reliable pump operation. 

INTRODUCTION 

Undoubtedly, a properly designed shaft is one of the key success 
factors for high reliability of pumps. Often, the feeling is "The 
thicker the shaft, the better," and pumps are praised (or cursed), 
based on shaft thickness. Reference is made to "stiff shaft de­
signs," often without definition of this term. Concerning hydraulic 
behavior, it is undisputed that thinner shafts tend to increase 
efficiency, head coefficient, and improve suction behavior. The 
purpose herein is to shed more light on these conflicting require­
ments, to clarify terminologies, and to review shaft sizing proce­
dures with respect to stresses, deflection and rotordynamic behavior. 
A simplified model is used for ease and consistency of parameter 
studies. The study applies to multistage pump rotors as typically 
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shown in Figure 1, with three and more stages. The two rotors 
shown in Figure 1 serve as examples for the arguments presented. 
The relevant data are shown in Table 1. Machines with back-to­
back impeller arrangements are not directly modelled, but most of 
the conclusions also apply. 

-E

Pump A 

PumpB 

Figure 1. Rotors of Sample Pumps (to Same Scale). 

Table 1. Data of Sample Pumps. 

I Line 

Pump Type 

Speed (RPH) 

Head Htot {m/ft) 

Flow (1/s, GPM) 

Rotor mass (kg/lb) 491/1083 168/370 

Stages 13 

Shaft diameter, Dw (mm/inj 118.6/4�67 70/2. 76 

Bearing span., L (mm/in) 1998/78. 7 1951/76,8 

Impeller dia, D2 (mm/in.) 320/12.60 270/10.63 

10 Specific speed ng (m,m3/s//ft,GPM) 26/ 1482 19/1083 

11 Dia. clearances, 2h0, n.ew (mrn/in) .45/.0117 .5/ .0197 

There are two basic types of rotor design, "individual impeller 
fixation" (Pump A) and "integral impeller fixation" (Pump B). The 
latter is well proven for pumps with a head per stage not exceeding 
about 200 m (650 ft), and a total head not over about 2000 m, these 
limits being dependent on the design, materials, type of liquid, and 
severity of temperature transients. Where applicable, this design is 
economical both in initial cost and for maintenance. For higher 
requirements, individual impeller fixation is chosen, with impel­
lers individually shrunk on and axially secured. Just as important 
as overall shaft sizing is a careful design. Threads must be avoided 
in highly stressed areas, and grooves need be carefully designed to 
minimize stress concentrations. To avoid fretting corrosion, and 
for ease of maintenance, major components such as coupling, 
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balance drum, and thrust collar may be fixed by hydraulic shrink 
fits, as shown in Figure 1 for pump A. 

In designing a shaft, both stress levels and deflections under 
static and dynamic loads need be considered. Concerning deflec­
tion, sometimes the ratio L3/D w 

4 is used for judging shaft stiffness. 
It is a factor proportional to the deflection of a beam under a static 
load. This ratio should not be used for judging multistage pumps, 
as the load is not related to the pump, nor is the deflection related 
to the clearances, that is, the criterion is completely independent of 
pump size, speed etc. Furthermore, dynamic behavior is disre­
garded altogether. Another attempt in providing simple guidelines 
is the guidance chart shown in Figure 2 [1]. Although attractive on 
first sight, it has serious shortcomings. From simple beam theory 
it can be deduced that the design lines represent constant ratios of 
natural frequency in air to rotational frequency. The "Recom­
mended Design Line" corresponds to a ratio of approximately 0.3; 
for pumps with dry running capability, the ratio is approximately 
0.55. While the latter makes sense for the dry running condition, 
there is no explicit consideration for the wet running condition, 
and, as will be seen later, there is no reason for a pump with a 
natural frequency ratio in air of 0.3 to be better than a pump with 
a different frequency ratio. These considerations also illustrate 
that taking the various parameters and conditions into account is 
no simple matter, and that it is virtually impossible to give a simple 
criterion. 

SIZING OF SHAFTS FOR STRESS 

At the minimum, a shaft must be sized to safely transmit the 
maximum torque. Often, rough sizing of a shaft is based on a 
nominal torsional stress at the coupling, T

0
• Typical levels for T

0 
as 

a function of material yield strength are shown in Figure 3, 
together with the actual values of the two sample pumps. The 
safety factor against yield using Mises' criterion is calculated as: 
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Figure 2. Guidance Chart for Shaft Diameter of between Bearing 
Rotors [1}. Dashed line and frequency indications by authors. 
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Fig. 3. Relative shaft diameter at the coupling 

Figure 3. Typical Nominal Torsional Stress Level at the Coupling 
as a Function of Yield Strength. 

For high strength shaft materials, T
0 
has to be limited mainly for 

reasons of safe torque transfer via keys or shrinkfits from the 
coupling hub to the shaft and back onto the impellers. 

Given the allowable nominal torsional stress, the necessary 
shaft diameter at the coupling can be calculated from basic pump 
data [2]: 

3/ p H . IJIJ/2 n 2 'v F lot q 
1268 I"] • T

0 

(2) 

This relationship is shown in Figure 4 for a T
0 
of 60 N/mm2, again 

with the actual values of the two sample pumps. An approximate 
relationship for the efficiency and the head coefficient was as­
sumed as indicated in Figure 4. 
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Figure 4. Relative Shaft Diameter at the Coupling. 
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