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Abstract
Rotating machinery acceptance parameters in terms of vibration and 
protection is one of the key considerations in detailed engineering 
and design process. For these activities, API standards are used 
normally in oil and gas industries.
For centrifugal pumps, API 610 and 670 may mandate too stringent 
requirement for particular type of pumps in terms of acceptance 
criteria irrespective to actual duty of pump. There is a growing 
desire for using hydrodynamic bearings irrespective to energy 
level of pump in a general believe that they have virtually infinite 
life span.
The acceptance criteria during shop tests as mandated by API 610 
has not recognized the bearing and foundation flexibility. 
This is a potential grey area for machinery engineers from end 
user/contractor engaged in detailed engineering. The objective of 
this article is to provide the insights of the aspect.
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I. Introduction 
Rotating machinery acceptance parameters in terms of vibration and 
protection is one of the key considerations in detailed engineering 
and design process. For these activities, API standards are used 
normally in oil and gas industries.
For centrifugal pumps, API 610 and 670 can mandate too stringent 
requirement for particular type of pumps in terms of acceptance 
criteria. This issue has been recognized lately . 
Incidentally, Hydraulic institute standards recognizes the vibration 
acceptance criteria based on foundation/base frame flexibility 
whereas API 610 apparently assumes that tests are conducted on 
rigid foundation but does not mandates explicitly. 
This is a potential grey area for machinery engineers from end 
user/ contractor engaged in detailed engineering. The objective 
of this article is to provide the insights of the aspect.

This article is divided into two parts:
First part demonstrates with a practical example that how 1. 
wrong selection of bearings and subsequent measurement 
parameters can lead to rejection of a centrifugal pump based 
on API 610 11th editions while in reality, it meets acceptance 
criteria with its hydrodynamic performance and various ISO 
standards. 
The second part of this article provides a note to ascertain 2. 
realistic acceptance values for vibration of a pump using relative 
shaft vibration as monitoring and protection parameters. 

Most onerous method of monitoring and subsequent protection shall 
be based on at which location of measurement can give maximum 
value of vibratory motion i.e. dynamic condition of equipment. This 
is based on mechanical impedance (to be understood same way 
as electrical impedance). Mechanical impedance is a measure of 
how much a structure resists motion when subjected to a harmonic 
force.

Fig. 1: Typical API 610 BB1 Type Pipeline Pump With Antifriction 
Bearings 

The mechanical impedance is the ratio of vibratory force to 
vibrational velocity which depends upon stiffness and inertia of 
system.
There are two types of mechanical impedance. One is generated 
from rotating element of machine due its stiffness and one that is 
being transferred to bearing housing/casing. Obviously, journal 
bearing shall create vibration damping due to oil film and some part 
of vibration shall be damped due to high mechanical impedance of 
casing also. The term "Mechanical Impedance" is used to simply 
the understanding of dynamic stiffness ratio.

The selection of type of bearings for a centrifugal pump is based 
on following factors – capability to handle dynamic and static 
loads, DN factor and energy density of pump. 
In API 610 11th Edition, high energy is defined as pumps with heads 
per stage greater than 650 ft. (200 m) and power per stage greater 
than 300 HP (225 kW). As per API 610 11th edition, hydrodynamic 
radial and thrust bearings are mandated when the energy density 
(i.e., pump rated power times the rated speed) is 5.4x10^6 hp/min 
(4.0x10^6 kW/min) or greater.
There are mainly two types of rotor-bearing systems in rotating 
machinery:
1. With antifriction bearing or
2. With hydrodynamic journal bearing each with different vibration 
damping characteristics.

Rotors with Antifriction Bearings (AFB) can be selected if bearings 
are capable of handling dynamic and static loads with higher rates 
of heat dissipation to atmosphere from bearing housing and meets 
the DN factor 450000 for oil lubricated bearings. DN factor is 
defined as the product of pump RPM multiplied by the bearing 
nominal diameter. Size in millimeters the rotor with AFB have 
direct metal contact to machinery casing as shown in fig. 1. If a rotor 
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is mounted on antifriction bearings, the damping is negligible and 
vibration at rotor is mostly transferred to bearing housing / casing 
provides onerous information about machinery condition.

Fig. 2: ISO 5199-2002 Vibration Acceptance Criteria

Most onerous method of monitoring and subsequent protection 
is based on mechanical impedance (to be understood same way 
as electrical impedance). Mechanical impedance is a measure 
of how much a rotating machinery system resists motion when 
subjected to harmonic forces.
The mechanical impedance is the ratio of vibratory force to 
vibrational velocity which depends upon stiffness and inertia of 
system.

II. Case Study
An oil transfer “Single Stage API 610 Type BB1” pump with 
opposed volute design of 300 kW rating, operating at 1500 RPM 
was required to have sleeve bearings by specification laid by an 
end user. 
Standard pumps were available with antifriction bearing design 
with proven track records and as per API 610 definition it was 
on bottom line of hydrodynamic bearing requirement and did not 
require hydrodynamic sleeve bearings based on DN parameters.
The argument provided by end user is - hydrodynamic bearings 
have infinite life. In line to this requirement, pump needs X-Y 
shaft displacement probes.

With a good track record of hydraulic design of similar pump, the 
manufacturer constructed the pump with hydrodynamic sleeve 
type’s bearings with same shaft diameter to that of AFB design. 
When this pump (with hydrodynamic sleeve bearings) was 
operated at AOR (allowable operating range) during performance 
test at vendor works, shaft displacement showed higher that 
recommended values in API 610 table 9. 

The ratio of relative stiffness of bearing pad and supports and 
mass ratio between rotor and casing were compared.

Shaft displacement values were above API 610 but well within 
ISO 7919-3 - Zone A.
The vibration velocity measurement probes mounted on bearing 
housing showed values within acceptable limits mandated by API 
610 and ISO 10816-3.

Recently published ISO/TR 19201 [1] describes an analytical 
method that can be used when selecting an ISO standard, based 
on the dynamics of a given machine, characterized by the dynamic 
stiffness ratio α. Equivalent vibration ratio β can be written as = 
1 / α 
The method is particularly applicable to select in between ISO 
7919 and ISO 10816 as acceptance criteria guideline. Example 
of selecting proper standard is described below -

For many machines, the broad-band vibration consists primarily of 
a single frequency component often at shaft rotational frequency 
(f).

Fig. 3: Flow Chart to Select Vibration Measurement Standard as 
Per ISO/TR 19201

Assuming the vibration velocity of a single-frequency component 
(f) v1 is known, the peak-to-peak displacement d of casing may 
be evaluated from the relationship per ISO 10816-1 as 

d = 450 * v1/ f, 

When the subject pump was operating at N=1500 RPM, with a 
shaft height >315 mm, casing vibration was measured as value of 
v1 = 1.68 mm/sec RMS, it gives the value of casing displacement 
as 41.8 um pk -pk.
At same RPM, maximum shaft vibration measured by proximity 
probe was 132 micron pk -pk Here in this case, β = 132 / 41.8 = 
3 which advises that shaft relative vibration measurement using 
X-Y probe is not a good method for machinery monitoring .
The shaft relative displacement measurement is carried out only 
when equivalence ratio β is 5 or above. ISO 79719 mandates that 
when the vibration of the structure, on which the shaft-relative 
transducer is mounted, is small (i.e. less than 20 % of the relative 
shaft vibration), either the relative shaft vibration or absolute shaft 
vibration may be used as a measure of shaft vibration;

The reason of high shaft vibration (displacement) was poor journal 
loading at NDE and lower mechanical impedance of shaft. This 
was determined by iterative modifications in already rejected 
pump.

Fig. 4: Mass Added to Increase the Mechanical Impedance 
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Fig. 5: Detail of Proposal for Mass Addition on NDE 

It is to be noted that ISO 13373-1 Table A.1 (snap shot shown 
below) systematically recognizes the actual measurement 
requirement based on types of machines.

Fig. 6: Snapshot of Table A.1 ISO 13373 -1 

In-spite of acceptable mechanical and hydraulic performance 
based on normal casing vibration spectrums, this pump was 
rejected by end user at test bed.
Later on, shaft size had to be increased to increase inertia and 
stiffness by 22 % thereby increasing the mechanical impedance 
with a considerable delay in project execution. This change brought 
down the shaft vibration to API 610 11th edition acceptable 
limits.
This case highlights a gap between actual need v/s recomm-
ended.

III. Proposed Change in Bearing Selection Criteria in 
Upcoming API 610 12th Edition - 
Currently in the 11th edition, hydrodynamic radial and thrust 
bearings are mandated when the energy density (i.e., pump rated 
power times the rated speed) is 5.4x10^6 hp/min (4.0x10^6 kW/
min) or greater. For the upcoming API 610 12th edition, this 
requirement remains for all services except for pipelines (the pump 
of case study) where higher energy density levels of 14.3x10^6 
hp/min (10.7x106 kW/min) are proposed. Justification for this 
higher level is basis various successful field installations. 
From API 610 12th edition, classification of high-energy pumps 
shall be based on specific speed vs. total pressure rise per stage 
also.
Except API 610, all other standards are not explicit on bearing 
housing frequency analysis. A computer program is required to 
FRF (frequency response function) analysis of bearing housing 
/ casing to calculate and decide which ISO guideline needed to 
be followed. [2]
Previously shown as bullet point till 11th edition, 12th edition of API 
610 shall mandate Finite Element analysis of the bearing housing 
to determine the types of bearings to use in a prototype model.

It is interesting to note that if 12th edition of API 610 edition is 
applied, the subject pump meets the acceptance criteria of vibration 
as mandated by API 610 by using antifriction bearings [3].

IV. Setting of Alarm and Trip Setting for Pumps Using 
Hydrodynamic Sleeve Bearing - 
Setting of alarm and trip for machines using plain sleeve bearing is 
based fluid film thickness as well as which is described below.
As suggested by Journal bearing designer the l/d ratio and clearance 
ratio are known. The journal bearing design calculation is based 
on Somerfield equation and Raimondi and Boyd charts.
The minimum film thickness hmin can be estimated from 
(Trumpler’s design criteria): 
Minimum oil film thickness hmin = 0.5DΨ(1 – ε) or hmin >_ 
0.005+ 0.0004d mm where d is diameter of shaft in mm, 
Ψ – relative bearing clearance Ψ = (D-Dj)/D
D – bearing diameter, Dj - journal diameter, ε is eccentricity
The eccentricity ratio decreases while attitude angle increases 
with an increase in L/D ratio. The minimum oil film thickness 
increases with an increase in L/d ratio. The maximum film 
thickness increases with increases in offset factor (eh).
 A back calculation is carried out to check maximum allowable 
temperature rise in bearing pad using journal load with a design 
factor of 1.5 to 2 if a higher viscosity oil is used to damp the 
NDE side vibration. The results directed to a possible thermal 
fatigue of pads .

Fig. 7: A Typical Plain Sleeve Bearing
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Values of Somerfield number and geometry parameter B/D 
determine the bearing eccentricity ε, which is obtained from the 
eccentricity chart ε (So, L/D).
Minimum oil film thickness hmin = 0.5DΨ(1 – ε) or hmin >_ 
0.005+ 0.0004d mm

where
Ψ – relative bearing clearance Ψ = (D-Dj)/D,
D – bearing diameter,
ε – eccentricity ,

A minimum of 4-5 times of hmin must be maintained as a dead 
band for determining shaft vibration alarm and trip settings taking 
care of peripheral thermal elongation of journal.

For journal bearings of fixed or variable geometry , two different 
methods are also used to set alarm and trip values for shaft 
vibration. 

Erskine / Sohre Method - In this method the bearing health is 
judged by R/C and journal speed where R is relative shaft vibration 
pk-pk and C is the running clearance of bearing / journal .

McHugh method takes the bearing pad fatigue strength at operating 
temperature and bearing operating eccentricity ratio measured by 
X-Y probes using DC gap voltage of proximity probes. 

V. Conclusion
Before selecting hydrodynamic bearings for comparatively 
medium energy pump, a sensitivity analysis must be carried out. 
The end user and OEM (Original equipment manufacturer) shall 
jointly decide the vibration level acceptance criteria for pump 
performance at various flow regimes with a view to API 610 
standard and realistic interpretations. The interpretations can be 
carried out at test bed by using various band pass filters . 
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