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INTRODUCTION
The design of the pump inlet pipework 
defines the resulting hydraulic conditions 
experienced at the pump inlet/impeller. The 
importance of the pump inlet condition is 
often overlooked and, according to Jones et al 
(2008) is likely to be the single reason mostly 
responsible for the failure of pumps. Failure of 
the pump inlet design to produce a uniform 
velocity distribution at the pump inlet can 
lead to noisy operation, random axial load 
oscillations, premature bearing or seal failure, 
cavitation damage to the impeller and inlet 
portions of the casing, and occasional damage 
on the discharge side due to liquid separation 
(ANSI 2009). Typical components of pump 
inlet pipework (bends, valves, spool pieces, 
reducers, etc) create flow conditions that are 
prone to a non-uniform velocity distribution.

Reducer fittings used in pump inlet pipe-
work are divided into two types: concentric 
reducers and eccentric reducers. Design 
guidelines, pump operating manuals and 
design standards prescribe which type of 
reducer to use for various conditions. An 
eccentric reducer with the flat side on top is 
typically the prescribed reducer to be used. 
This reducer prevents air to accumulate at the 
upstream end of the reducer. In a case study 
presented by Van der Westhuizen (2011) the 
incorrect reducer selection was noted as one 
of the causes of a reported pump failure; in 
this case study the reducers installed in the 
pump inlet pipework were eccentric reducers. 
In the failure investigation, field pressures in 

the installed eccentric reducer fitting were 
measured at eight circumferential locations 
towards the downstream end of the fitting. 
These pressure measurements presented a 
non-uniform pressure distribution within the 
reducer, with the greatest difference being 
11 kPa (65% of the largest pressure reading). 
This contributed to the reported pump’s 
failure. This pressure distribution is caused by 
an acceleration in velocity along the bottom 
edge (with the flat side on top) of the eccentric 
reducer as the flow path narrows from below.

The geometry of an eccentric reducer is 
asymmetrical, and asymmetrical flow condi-
tions will result, introducing non-uniform 
velocity and pressure distributions at the 
pump inlet. These flow conditions are con-
tradictory to the recommended pump inlet 
designs, which recommend symmetrical flow 
conditions with a uniform velocity and pres-
sure distribution. The flow conditions result-
ing from a concentric reducer will be more 
uniform compared to the conditions result-
ing from an eccentric reducer. Prescribing 
eccentric reducers is based on the perception 
of the transportability of air.

Various relationships are used to evaluate 
the hydraulic transportability of air. The 
capacity for a pipeline to hydraulically trans-
port air is a function of the velocity of the 
liquid, the diameter of the pipeline and the 
slope of the pipeline (Van Vuurn et al 2004). 
If air can be hydraulically transported in a 
pipeline, why will air not have the ability to 
be transported through a concentric reducer?

Review of pump suction 
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reducers
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Eccentric reducers are traditionally recommended for the pump suction reducer fitting to allow for 
transportation of air through the fitting to the pump. The ability of a concentric reducer to provide 
an improved approach flow to the pump while still allowing air to be transported through the 
fitting is investigated. Computational fluid dynamics (CFD) were utilised to analyse six concentric 
and six eccentric reducer geometries at four different inlet velocities to determine the flow velocity 
distribution at the inlet to the pump. It was found that eccentric reducers with angles greater or equal 
to 15° and concentric reducers with an angle greater or equal to 20° did not pass the assessment criteria 
related to the inlet conditions. Air could be hydraulically transported through all of the concentric 
reducers modelled except for the 20° concentric reducer. A correctly designed concentric reducer will 
not only provide a more uniform velocity distribution in comparison to an eccentric reducer, but will 
allow for the hydraulic transportation of air through the reducer.
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The velocity distributions resulting from 
various eccentric and concentric reducer 
designs were studied with the use of compu-
tational fluid dynamics (CFD) under various 
flow velocities. The velocity distributions were 
assessed according to criteria prescribed by 
ANSI (1998) and the guidelines provided by 
Wallingford (2001) in Sinotech CC (2005), and 
Van Vuuren (2011). With the CFD analyses, 
together with the theoretical assessment of 
the hydraulic transportability of air through 
the reducers, a design recommendation on the 
selection of reducer geometry can be made.

An introduction to pump inlet design 
and a theoretical overview into the hydraulic 
transportation of air are provided in the 
next section of this paper. The setup of the 
CFD models and the selection of the reducer 
geometries are then presented. The paper 
concludes with a brief presentation of the 
results and recommendations.

PUMP INLET DESIGN – 
SELECTION OF REDUCER TYPE
Reducers are typically placed immediately 
upstream of a pump in order to operate the 
suction pipework at acceptable energy losses 
(NPSH available). Figure 1 shows a schematic 
representation of the inlet side of typical 
parallel centrifugal pumps.

The selection of the type of reducer to be 
installed on the inlet side of a pump has an 
influence on the hydraulic transportation of 
air within the suction pipework and the flow 
conditions exiting the reducer and entering 
the pump. Numerous references prescribe the 

type of reducer to be used in a suction pipe-
work – a summary of these design require-
ments is presented in Table 1. From this table 
it is observed that the eccentric reducer with 
the flat section on top is prescribed for all 
cases where the suction pipework enters in 
a horizontal plane. This prescription is to 

allow for the hydraulic transportation of air 
through the reducer by ensuring that an air 
pocket does not accumulate at the upstream 
end of the reducer, as illustrated in Figure 2. 
However, in the event of no potential for air 
accumulation or vertical inlet pipes, a con-
centric reducer is prescribed by ANSI (2009). 

Table 1 Summary of reducer design requirements

Reference Reference type Reducer 
selection Conditions for selection Reason for reducer selection

ANSI (2009) National standard

Concentric 
reducer

Vertical inlet pipes
Ensures no air accumulation

Installations where there is no potential for vapour accumulation

Minimum straight lengths of pipe are required Ensures disturbance-free flow

Eccentric 
reducer

Horizontal installations where air accumulation is possible
Allows for transportation of air

Flat section on top

Minimum straight lengths of pipe are required Ensures disturbance-free flow

Bloch (2010) Journal article Eccentric 
reducer

Flat section on top for suction pipe entering in a horizontal plane
Allows for transportation of air

Flat section on top for suction pipe entering from below

Flat section at the bottom for suction pipe entering from above Ensures no air accumulation

Mackay 
(2004) Pump station handbook Eccentric 

reducer Flat section on top

Eliminates the potential problem in 
eddy currents in a high point in the 
suction line that might travel into the 
impeller eye

Bloch & 
Burdis (2010) Pump station handbook Eccentric 

reducer
Flat section on top Allows for transportation of air

Minimum straight pipe and reducer length required Ensures disturbance-free flow

KSB (2012) Pump manufacturer 
operating instructions

Eccentric 
reducer Flat section on top Allows for transportation of airJones et al 

(2008) Pump station handbook

SAPMA 
(2002) Pump station handbook

Figure 1 Typical pump inlet design components

Isolation valve

Reducer fitting

Centrifugal pump

Spool pipe
Sweep tee fitting/branch

90° bend fitting

Figure 2 Design requirements allowing for air transport

Horizontal surface allows for 
hydraulic transportation of air

Air trapped within 
pump inlet piping



Journal of the South African Institution of Civil Engineering • Volume 56 Number 3 October 2014 67

A reason for this preference is, however, not 
provided by ANSI/HI.

The philosophy of prescribing the use 
of an eccentric reducer with the flat side on 
top will aid in the transport of air through 
the reducer. However, the following three 
aspects are not addressed:

 ■ The origin of air at this position in the 
pumping system. If a pump station sump, 
fore bay, intake bay, suction pipework and 
reservoir outlets are correctly designed it 
is impossible for air to accumulate. Pumps 
typically operate under positive suction 
pressure heads (when started) and there-
fore air should not be able to enter the sys-
tem on the suction side. Under first-time 
start-up conditions after construction or 
after maintenance where air may be pre-
sent in the system, the air may be released 
with a manual bleed-off valve.

 ■ The hydraulic capacity of the system 
to transport air. Trapped air in pipelines 
can be hydraulically transported along 
the length of a pipeline through valves 

and fittings depending on the pipeline 
slope, flow rate and fitting geometry. A 
concentric reducer with the correct flow 
rate and geometry will allow air to be 
hydraulically transported through it.

 ■ The non-uniform velocity distribution 
on the impeller created by the flow 
through the eccentric reducer. The 
geometry of an eccentric reducer is asym-
metrical, and flow through a fitting of this 
nature will produce asymmetrical flow 
conditions, such as non-uniform velocity 
and pressure distributions. These flow 
conditions are contradictory to the recom-
mended pump inlet designs, which recom-
mend symmetrical flow conditions with a 
uniform velocity and pressure distribution.

PUMP INLET PIPING REQUIREMENTS
Pump inlet piping requirements are typically 
prescribed according to a maximum allow-
able velocity in the suction pipework and 
valves, and an allowable velocity distribution 

at the pump inlet. A summary of recom-
mended maximum velocities for pump inlet 
piping as identified in a literature review is 
provided in Table 2. It can be observed that 
acceptable velocities for pump suction pipe-
work are typically in the range of 0.75 m/s to 
2.5 m/s, and the suction pipework is to be at 
least one size larger than the pump inlet noz-
zle, thereby defining the use of a reducer.

The requirements for maximum velocity 
distributions are to limit the radial thrust 
on the pump’s shaft and couplings. The 
phenomenon of radial thrust is illustrated in 
Figure 3, where the pressure/velocity differ-
ential between positions P1 and P2 causes an 
additional imbalance of forces on the pump’s 
impeller. The bearings, shafts and casings of 
a pump are designed to resist the anticipated 
radial load, but pumps have been destroyed 
within days, or even a few hours, through 
excessive wear in bearings, seals, shaft sleeves 
and wearing rings caused by excessive shaft 
deflections resulting from radial thrust 
(Jones et al 2008). The ideal is therefore that 

Table 2 A summary of recommended maximum velocities for pump inlet piping

Reference Reference type Recommended maximum 
velocity (m/s) Conditions for recommendation

ANSI/HI 9.6.6 
(2009) National standard 2.4

Suction pipe at least as large as the pump suction connection

Valves and other flow-disturbing fittings are to be at least one pipe size larger than the 
pump suction nozzle

Excludes slurries

Values greater than 2.4 m/s are to be evaluated with respect to flow distribution, 
erosion, NPSH, noise, water hammer and the manufacturer’s recommendations

Maximum velocity applies to any point in the suction piping

For fluids close to the vapour, pressure velocities are to be kept low enough to avoid 
flashing of the liquid in the piping

ANSI (1998) National standard 2.4

Velocities may be increased at the pump suction flange by the use of a gradual reducer

Higher velocities are acceptable, provided the piping design delivers a smooth inlet flow 
to pump suction (velocity distributions are specified)

The velocity in the pump suction piping should be constant or increasing as the flow 
approaches the pump

The velocity is to be large enough to prevent sedimentation in horizontal piping

There shall be no flow-disturbing fittings closer than five suction pipe diameters from 
the pump (fully open, non-flow disturbing valves, vaned elbows, long-radius elbows and 
reducers are not considered as flow-disturbing fittings)

The suction diameter is to be at least one size larger than the suction fitting on the 
pump, in such cases an eccentric or concentric reducer fitting is fitted

Mackay (2004) Pump station 
handbook The suction diameter is to be at least one size larger than the suction fitting on the pump

SAPMA (2002) Pump station 
handbook 0.75

The suction pipe should never be smaller than the suction connection of the pump and 
in most cases should be at least one size larger

Pipe velocities should be in the range of 0.5 m/s to 0.75 m/s unless suction conditions 
are exceptionally good

Elbows or tees located adjacent to the pump suction flange will result in uneven flow 
patterns which prevent the liquid from filling the impeller evenly

Bloch & Burdis 
(2010)

Pump station 
handbook 2.5

Maximum velocity applies to any point in the suction piping

Suction pipe at least as large as the pump suction nozzle

KSB (2012) Pump manufacturer 
operating instructions 2

For an individual suction lift pipe

If it is for a suction manifold, the flow velocity is to be kept as low as practically possible

Jones et al 
(2008)

Pump station 
handbook 1.8 ~ 2.4

The conditions in ANSI 2009 and ANSI 1998 are to be followed

The velocity is not applicable to suction manifolds where the recommendation is 1.8 m/s

The velocity applies to constant speed pumps
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the approach flow to a pump should be an 
undisturbed flow – free from unequal velocity 
distributions, unequal pressure distributions, 
entrained air or gas bubbles, vortices and 
excessive pre-swirl at the pump inlet – to 
minimise the unbalanced forces directed onto 
the impeller in the axial direction (ANSI 1998; 
Sulzer 2010; Jones et al 2008).

HYDRAULIC TRANSPORTABILITY 
OF AIR

Source of air in pipelines
Air can enter a pipeline, and specifically on 
the suction end of a pump, in the following 
manners (Van Vuuren et al 2004):

 ■ Air present in the pipes due to first time 
start-up or start-up after maintenance

 ■ Air released from solution at sufficiently 
low pressures

 ■ Air that enters the pipework due to insuf-
ficient seals and/or faulty connections

 ■ Air entering the pipe from a free surface 
due to an incorrect design and/or incor-
rect operating conditions.

This air present in the pipeline negatively 
affects pumps and pumping systems, and 
these negative effects include:

 ■ A reduction in the water cross-sectional 
area (Jones et al 2008, ANSI 2009)

 ■ An increase to the flow resistance (Jones 
et al 2008, ANSI 2009)

 ■ Possible loss of prime to the pump if a 
slug of air is swept into the pump case 
during a restart, causing a partial or com-
plete loss of prime (ANSI 2009)

 ■ The creation of an environment condu-
cive to corrosion (Jones et al 2008)

 ■ Creation of turbulence and air entrain-
ment (Mackay 2004)

 ■ Implosion of entrained air due to increas-
ing pressure at the eye of the impeller 
causing damage identical to that of cavi-
tation (Mackay 2004)

 ■ Noisy operation (Bloch & Burdis 2010)
 ■ Unbalanced axial loads (Bloch & Burdis 

2010).
It is therefore imperative to hydraulically trans-
port air through the inlet pipework and pump, 
and not allow an accumulation of air in the 
upstream pipework of the pumping system.

Fundamental equations for the 
hydraulic transport of air
The hydraulic transportability of air refers to 
the ability of a fluid flowing within a conduit 
to transport free air in the direction of the 
flow. This free air is then normally trans-
ported within the conduit until it reaches 
an air valve where it can be mechanically 
removed, or until it reaches the end reservoir, 
or until it reaches a position within the 

conduit where the fluid cannot transport 
the free air any further. The minimum fluid 
velocity required to transport free air within 
a conduit is referred to as the critical veloc-
ity (Van Vuuren et al 2004). The hydraulic 
transportability of air within a pipeline is 
a function of the pipe slope, the amount of 
accumulated air and the flow characteristics 
of the fluid within the pipeline (i.e. Froude 
number, flow velocity and flow rate) (Pothof 
& Clemens 2011; Van Vuuren et al 2004).

Various relationships for the assessment 
of the hydraulic transportability of air have 
been developed by various researchers. 
According to Van Vuuren et al (2004), the 
two most widely used relationships to calcu-
late the critical velocity are those presented 
by Kalinske and Bliss (1943) (Equation 1), 
and by Wisner et al (1975) (Equation 2). Van 
Vuuren et al (2004) also derived their own 
relationship to calculate the critical velocity 
(Equation 3).

Qc
2

gD5 = 0.707sinθ (1)

Vc
√gd

 = 0.25√sinθ + 0.825 (2)

Vc = a√gDθb (3)

Where:
Qc = Critical flow rate (m3/s)
Vc = Critical velocity (m/s)
g = Gravitational acceleration (m2/s)
D = Diameter of the pipe (m)
θ = Slope of the pipeline (°)
a = Constant (0.2178)
b = Constant (0.4007)

These relationships can be utilised to evalu-
ate the capacity of a pumping system to 
transport air through a concentric reducer, 
as it will represent flow conditions similar 
to that of a sloped pipe. The slope of the 
pipeline utilised in Equations 1 to 3 for a 
concentric reducer was calculated with the 
methodology described in Figure 4.

NUMERICAL MODEL (CFD SETUP)

Introduction
Computational fluid dynamics (CFD) is 
a defined set of methods that are used to 
numerically solve the governing laws of 
fluid motion in or around a material system, 
where its geometry is also modelled (Hirsch 
2007). CFD has recently experienced remark-
able growth in its application, and has been 
specifically elevated with the growth of the 
computational power of parallel computer 
processors, so that it now has a defined posi-
tion in the parallel experimental investiga-
tions of fluid dynamic problems and research 
(Strum 2010).

The commercially available CFD software 
produced by CD-adapco: STAR-CCM+ 
(Version 8.04.007) was utilised to study the 
velocity distributions resulting from four 
velocity inputs in six concentric and six 
eccentric reducer geometries. Each of the 
simulations was run for 1 000 iterations, 
which were found to provide sufficient con-
vergence and stable results.

Geometry and flow selection
The application of a range of constant 
velocities as inputs in the CFD calculations 

Figure 3 Development of radial thrust in a centrifugal pump
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allows for a single reducer dimension to be 
modelled, i.e. the flow patterns resulting 
from a 1 m/s flow rate through a DN 200 
to DN 150 reducer will be representative 
of the flow patterns through a DN 2000 to 
DN 1500 reducer if the reducer angles are 
equal. The DN 200 to DN 150 reducer was 
selected as the representative size reducer 
to be modelled with varying reducer angles 
(reducer transition lengths). With an increas-
ing reducer angle (shorter reducer transition 
length) the uniformity of the pressure and 
velocity distributions will decrease and the 
hydraulic transportability of air through the 
concentric reducer will decrease.

The reducer angles were defined to repre-
sent the typical range of reducer geometries 
as defined by local fitting manufacturers 
and the guidelines presented in AWWA 
C208 (2008). The definition of the reducer 
geometries is illustrated in Figure 4, and 
the geometries modelled are summarised in 
Table 3. In order to provide flow information 
resulting from the application of additional 
downstream straight lengths of pipe require-
ments, as described by ANSI/HI (2009), and 
to model the effect of the discontinuities at 
the upstream and downstream ends of the 
reducer, a straight pipe length of 600 mm (3 
x D1) was added upstream and downstream 
to all the reducer geometries. The 3D reduc-
er geometries were created in Autodesk’s 
Inventor and imported into STAR-CCM+ as 
Parasloid text files (*x.t).

The maximum velocity in the pump inlet 
pipework is typically recommended to be 
2.4 m/s (see Table 2). By using the maximum 
velocity in the study, the non-uniform 
flow profiles will be exaggerated while the 
hydraulic transportability of air will be at its 
maximum. A velocity of 1 m/s is often used 
in the industry and this velocity will therefore 

provide velocity distributions typically expe-
rienced, and the capacity of flow to hydrauli-
cally transport air through the fitting will be 
lower with this velocity than with a velocity 
of 2.4 m/s. Other flow velocities were selected 
ranging from 1 m/s to the maximum velocity 
of 2.4 m/s (1 m/s, 1.5 m/s, 2 m/s and 2.4 m/s) 
to provide a complete set of results.

CFD input parameters

Model selection
The CR 10 model was selected to be used as 
the model where the CFD input parameters, 
such as meshing models and physics values, 
were tested to produce a numerical model 
that accurately represents the fluid flow 
problem and that could be solved within 
an acceptable period of time with adequate 
solution stability. After an iterative process 
the CR 10 model provided an acceptable 
solution, and the remaining 11 reducer 
geometries were set up with the final CR 10 
model parameters. The significant inputs for 
the numerical models are described below 
(the numerous input parameters that were 
not changed, are not discussed).

Meshing models
STAR-CCM+ provides various meshing 
models that can be selected to suit the spe-
cific problem. The following meshing models 
were selected in this instance:

 ■ Surface remesher. The surface remesher 
re-triangulates a closed starting sur-
face to obtain a higher quality surface 
(CD-adapco 2012).

 ■ Polyhedral mesher. Polyhedral type 
cells (14 cell faces on average) produce a 
more accurate solution when compared 
to a tetrahedral mesh (4 cell faces) 
(CD-adapco 2012).

 ■ Prism layer mesher. Tu et al (2008) recom-
mended that geometries with flows within 
bounded walls have locally refined or 
clustered mesh in the vicinity of the wall 
boundaries to ensure that the viscous 
boundaries are properly resolved.

The input parameters for the meshing 
models used are provided in Table 4, and an 
example of the mesh of one of the models is 
provided in Figure 5.

Physics input parameters
The physics models and input parameters 
were selected to best suit the flow problem. 
Brief descriptions of the Star-CCM+ physics 
input parameters follow:

 ■ Space. The space model selected is the 
three-dimensional space model.

 ■ Time. The time physics model controls the 
iteration and/or time stepping of the solv-
er. The steady time model was selected.

 ■ Material. The material model controls 
the definition of the substances being 
analysed, liquid in the case of this study.

 ■ Flow. Segregated flow was selected to 
represent the incompressible water flow.

 ■ Viscous regime. The flow being modelled 
is viscous and is in the turbulent zone. 
Therefore the turbulent viscous regime 
was selected. By selecting the turbulent 
viscous regime, the Reynolds-Averaged 
Navier-Stokes (RANS) turbulence model 
was auto-selected.

 ■ Equation of state. The equation of state 
model is used to compute the density and 
density derivatives relating to temperature 
and pressure. Temperature does not form 
part of this study, and the change density 
of the water will be insignificant due to the 
pressure loss experienced in the pump inlet 

Figure 5  CR 10 polyhedral and prism layer 
mesh representation

Prism layer

Polyhedral 
cells

5 mm

Table 3 Geometries of the reducers modelled

Geometry 
name Reducer type D1 

(mm)
D2 

(mm)
θ  
(°)

L 
(mm)

t  
(mm)

ID1 
(mm)

ID2 
(mm)

ER 30

Eccentric reducer

219.1 165.1

30.0 94

4.5 210.1 156.1

ER 20 20.0 148

ER 15 15.0 202

ER 10 10.0 306

ER 5 5.0 617

ER 2.5 2.5 1 237

CR 20

Concentric reducer

20.0 74

CR 15 15.0 101

CR 10 10.0 153

CR 5 5.0 309

CR 2.5 2.5 618

CR 2 2.0 773

Table 4  Input parameters for the meshing 
models

Parameter Value

Polyhedral base size 5 mm

Tet/Poly density 1.0 (default value)

Polyhedral growth factor 1.0 (default value)

Number of prism layers 10

Prism layer stretching 1.5 (default)

Relative size of the prism 
layer thickness

33.3% of base size 
(default)
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piping. The constant density model was 
selected to model the equation of state.

 ■ Reynolds-Averaged turbulence. A model 
needs to be selected to provide closure to 
the RANS equations. The K-Epsilon model 
was selected for this study, as it provided 
a lower computational cost and was well 
suited to the flow properties of the study.

 ■ K-Epsilon model. STAR-CCM+ provides a 
choice of seven different K-Epsilon models. 
The selection of the K-Epsilon turbulence 
model is determined by the wall treatment 
(near-wall modelling assumptions), the 
Reynolds number and the coarseness or 
the fineness of the mesh. The standard 
two-layer K-Epsilon model and the realis-
able two-layer K-Epsilon model offer the 
most mesh flexibility. They can be utilised 
on a wide range of y+ values (all – y+). The 
two-layer all y+ wall treatment and reali-
zable K-Epsilon two-layer were automati-
cally selected on selection of the K-Epsilon 
turbulence model. This selection cor-
responds to the guidelines described above 
and was not changed in the study.

Boundary conditions
Appropriate boundary conditions that repre-
sent the real physical fluid flow conditions are 
required to be selected in the CFD software. 
The boundary types selected to represent the 
fluid flow problem are velocity input, pressure 
outlet and fluid wall. The locations of these 
boundary conditions are illustrated in Figure 
6. Descriptions and input parameters for the 
selected boundary types are provided below:

 ■ Velocity inlet. This boundary type was 
selected for the inflow boundary (upstream 
end) of the model and represents normal 
flow conditions entering the pipe perpen-
dicularly, with a constant velocity that is 
supplied as an input parameter.

 ■ Pressure outlet. This boundary type was 
selected for the outflow boundary (down-
stream end) and represents a uniform 
constant pressure at the outlet that is 
supplied as an input parameter. The pres-
sure was set to 150 000 Pa (150 kPa) to 
provide a positive pressure for the model.

 ■ Wall. A wall boundary represents an 
impermeable surface and is applicable as 
an impermeable boundary for inviscid 
flows and as an impermeable, non-slip 
boundary for viscous flow simulations 
(CD-adapco 2012). A roughness value 
(0.06 mm) was added to the fluid wall to 
enable near-wall turbulence and thereby 
apply friction to the model in order to 
accurately model the pipework. The 
roughness value utilised was obtained 
from Wallingford and Barr (2006) for 
an epoxy-lined steel pipe in a normal 
condition (typically the type of lining 

used for fittings in water pump stations in 
South Africa).

CFD visualisation and reporting
In order to visualise the magnitude of the 
velocity distribution through the pump inlet 
pipework, two scalar scenes were created. 
The first scene was created on the X-Y plane 
at the downstream end of the reducer – this 
scene allows for the visualisation of the 
simulation velocity results. The second scene 
was created on the Y-Z plane to visualise 

the propagation of the velocity differential 
through the reducer. In addition to the 
scalar scenes, X-Y plots of the velocity were 
generated along both the x-axis and y-axis 
of the pipe at four different positions (probe 
positions). The four probe positions are 
defined with Probe Position 1 starting at the 
downstream end of the reducer and repeated 
at intervals of 1 x D2 (downstream diameter), 
ending at Probe Position 4. XY velocity plots 
along two circles with diameters of 0.8 x ID2 
and 0.6 x ID2 at Probe Position 1 were also 

Figure 6 CFD boundary conditions
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created. The orientation of the scalar scenes, 
the locations of the four probe positions 
and the orientation of the x-axis, y-axis and 
z-axis are illustrated in Figure 7.

Limitations
In the analyses, uniform flow conditions 
were provided at the inlet of the geometry; 
in engineering applications this may seldom 
be the case. These non-uniform flow condi-
tions may influence the velocity distribution 
in such a way that a concentric or eccentric 
reducer within the recommended range may 
produce a velocity distribution that is outside 
of the acceptance criteria, which needs to be 
quantified when designing the inlet pipework 
to a pump.

ASSESSEMNT CRITERIA
Further to the velocity and approach flow 
requirements provided in Table 2, assess-
ment criteria were defined in order to 
compare the performance of the various 
reducer geometries. ANSI (1998) and Jones et 
al (2008) specified the requirement for time-
averaged velocities at the pump suction to be 
within 10% of the cross-sectional area aver-
age velocity. Wallingford (2001) in Sinotech 
CC (2005), and Van Vuuren (2011) provided 
the following guidelines for velocity distribu-
tion variations in suction pipework:

 ■ Velocity variation along line ABCD is 
less than 10% of the average velocity (see 
Figure 8).

 ■ Maximum velocity variation along a 
circle AEDF is ± 5% of the average veloc-
ity (see Figure 8).

The requirement described by Wallingford 
(2001) in Sinotech CC (2005), and Van 
Vuuren (2011) did not indicate the location 
of the circle AEDF. Two circles were 
therefore defined (0.6 × D2 and 0.8 × D2) to 
assess the sensitivity of the location of the 
circle. The assessment criteria were labelled 
and the final assessment criteria used are 
summarised in Table 5.

RESULTS AND DISCUSSION
The results that were obtained are reflected 
under the following headings:

 ■ Scalar scene results
 ■ Results – Criterion 1 and Criterion 3 y-axis
 ■ Results – Criterion 2
 ■ Results – Criterion 3 x-axis
 ■ Results – Hydraulic transportability of air
 ■ Results matrix

Scalar scene results
The scalar scenes generated through the study 
allow for the development of the velo city dis-
tribution through the reducer to be visualised. 

Table 5 Definition of the assessment criteria

Criteria Definition of average velocity Acceptance criteria

Criterion 1 Average velocity along line 
ABCD

Velocity variation along line ABCD is less than 10% of 
the defined average velocity

Criterion 2 
HRW 1

Average velocity along circle 
AEDF

Velocity variation along circle AEDF is less than 5% of 
the defined average velocity

Criterion 2 
HRW 2

Average velocity along circle 
BGCH

Velocity variation along circle BGCH is less than 5% of 
the defined average velocity

Criterion 3 
x-axis

Cross-sectional area average 
velocity

Velocity variation along line EGHF (x-axis) is less than 
10% of the defined average velocity

Criterion 3 
y-axis

Cross-sectional area average 
velocity

Velocity variation along line ABCD (y-axis) is less than 
10% of the defined average velocity

Figure 9 YZ plane scalar scenes (1.5 m/s)
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Four scalar scenes for an input velocity of 
1.5 m/s are provided as examples in Figure 
9 and Figure 10 to illustrate the difference 
in velocity distributions resulting from the 
different reducer types and geometries. The 
main observations resulting from the scalar 
scenes are:

 ■ The downstream flow distribution evens 
out rapidly and presents a typical uniform 
distribution by the time it reaches a dis-
tance of 1 x D2 from the reducer (Probe 
Position 2).

 ■ The velocity distribution for the 
concentric reducers produce velocity 
distributions that are symmetrical around 
the centre of the pipe, i.e. the velocity 
contours are circular in shape.

 ■ The eccentric reducers produce areas 
of high velocities towards the bottom 
(sloped) side of the reducer, which result 
in non-uniform velocity distribution 
at the downstream end of the reducer 
(Probe Position 1).

 ■ The magnitude of variance in the velocity 
distributions increases with an increase 
in reducer angle.

 ■ In the case of the reducers with larger 
angles, the resulting velocities may be of 
such a nature that they will fall outside of 
the acceptance criteria.

Results –  
Criterion 1 and Criterion 3 y-axes
Criterion 1 requires the velocity variation 
along line ABCD to be less than 10% of the 
average velocity along line ABCD. Criterion 
3 y-axis requires the velocity variation along 
line ABCD (y-axis) to be less than 10% of 
the cross-sectional average velocity. The 
average velocities at the downstream end of 
the reducer (at ID2) were calculated and the 
average velocities along line ABCD (y-axis) 
at Probe Position 1 were calculated for all 
the simulations. The average velocities along 
line ABCD are within 0.9% (0.4 m/s) of the 
average velocity. Therefore the Criterion 1 
and Criterion 3 y-axes were assumed to be 
equal for the assessment, and the assess-
ment was conducted on the cross-sectional 
area average velocity. The results for Probe 
Positions 2, 3 and 4 are not provided due to 
the uniformity in the velocity distribution at 
these positions, as illustrated in Figure 9.

The results for all four velocities pre-
sented similar outcomes. The upper end of 
the eccentric reducers (ER 15, ER 20 and ER 
30) and the CR 20 model concentric extend 
past the upper limit of the acceptance enve-
lope and therefore do not pass acceptance 
Criterion 1 and Criterion 3 y-axes. The 
remaining concentric reducers (CR2, CR 
2.5, CR 5, CR 10 and CR 15) and eccentric 
reducers (ER 2.5, ER 5 and ER 10) all fall Figure 10 XY plane scalar scenes at Probe Position 1–1.5 m/s
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within Criterion 1 and Criterion 3 y-axes. 
The results for the velocity distributions 
along the y-axis (line ABCD) for the 1.5 m/s 
velocity are provided as an example of the 
results obtained for Criterion 1 and Criterion 
3 y-axes in Figure 11.

Results – Criterion 2
Criterion 2 HRW1 requires the velocity 
variation along circle AEDF to be less than 
5% of the average velocity along circle 
AEDF, and Criterion 2 HRW2 requires 
the velocity variation along circle BGCH 

to be less than 5% of the average velocity 
along circle BGCH. The results for Probe 
Positions 2, 3 and 4 were not plotted due to 
the uniformity in the velocity distribution 
at these positions, as was demonstrated 
in Figure 9. The concentric reducers were 
not assessed according to Criterion 2, as 
their velocity distributions are symmetrical 
around the centre of the pipe, i.e. the veloc-
ity contours are circular in shape and will 
produce results that will fall within the 
acceptance envelope.

The velocities along the circumference 
of the two circles are plotted on the y-axis 
and an angle relating to the position of 
the cylinder is plotted on the x-axis. This 
angle is a component of the coordinate 
system illustrated in Figure 12. The result 
for the ER 15 Model at 1.5 m/s is provided 
in Figure 13 as example of the results 
obtained for Criterion 2. Models ER 20 and 
ER 30 fall outside both the HRW 1 and 
HRW 2 criteria, and the ER 15 model falls 
outside the HRW 1 criteria. Therefore ER 
15, ER 20 and ER 30 do not pass acceptance 
Criterion 2. The remainder of the eccentric 
 reducers (ER 2.5, ER 5 and ER 10) are within 
the acceptance envelope for Criterion 2. 
This highlights that the positions of the 
Criterion 2 circles have an effect on the 
outcomes of the results.

Results – Criterion 3 x-axis
Criterion 3 x-axis requires the velocity varia-
tion along line EGHF (x-axis) to be less than 
10% of the cross-sectional average velocity. 
The results for Probe Positions 2, 3 and 4 are 
not provided, due to the uniformity in the 
velocity distribution at these positions, as 
illustrated in Figure 9.

The results for all four velocities 
presented similar results. The CR 20 model 
falls outside of acceptance Criterion 3 x-axis 
for all four flow velocities, and the ER 30 
model falls outside of acceptance Criterion 
3 axis for the 1.5 m/s, 2 m/s and 2.4 m/s 
velocities, and falls within the criteria for the 

Figure 12  Section view of pipeline illustrating 
the defined angular coordinate 
system for Criterion 2
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Figure 11 Criterion 1 and Criterion 3 y-axis 1.5 m/s velocity distributions
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1 m/s velocity. The remainder of the models 
(CR 2, CR 2.5, CR 5, CR 10, CR 15, ER 2.5, 
ER 5, ER 10, ER 15 and ER 20) all fall within 
the Criterion 3 x-axis acceptance envelopes. 
The results of the velocity distributions along 
the x-axis (line EGHF) used in Criterion 3 
x-axis for the 1.5 m/s velocity are provided 
as an example of the results obtained for 
Criterion 3 x-axis in Figure 14.

Comparison –  
Hydraulic transportability of air
The critical velocity for each of the 
concentric reducers was calculated with the 
upstream (larger) diameter (D1) as the input 
diameter in the calculation, as the velocity 
increases through the reducer, thereby 
increasing the capacity to hydraulically 
transport the air. The calculated critical 
velocities are provided in Table 6. The 
values calculated with Equation 1 and 
Equation 3 are representative of one 
another. However, the values calculated 
with Equation 2 are not representative 
(this could be due to the addition of a 
constant of 0.825 x (gD)0.5 that affects the 
equation at low velocities). Only the values 
obtained with Equation 1 and Equation 3 
were utilised to assess the hydraulic 
transportation of air through the models. 
The only model where air could not be 
hydraulically transported through it is the 
CR 20 model at 1 m/s. This model, however, 
also fails Criterion 1 and Criterion 3. It is 
noted that the critical velocity is a function 
of the pipe diameter (Equations 1, 2 and 
3), and other results will differ from the 
results presented for the DN 200 upstream 
diameter utilised in this study. The 
hydraulic transportability of air will need to 
be assessed during the design of the pump 
station pipework.

Results matrix
The final assessment of the 48 models 
simulated with CFD according to the four 
criteria, is provided in Table 7. Concentric 
reducers CR 2, CR 2.5, CR 5, CR 10 and CR 
15, and eccentric reducers ER 2, ER 5 and 
ER 10 all produce velocity distributions that 
fall within all four of the acceptance criteria 
at all four flow rates modelled. The CR 20 
concentric reducer and eccentric reducers ER 
15, ER 20 and ER 30 all fail one or more of 
the assessment criteria.

The range of angles modelled is represen-
tative of a wide range of reducers, separated 
by large increments in order to keep the sam-
ple group manageable (i.e. ER 2.5, ER 2, ER 10 
and not ER 1, ER 2, ER 3, etc). The reducers 
that have been listed for the maximum allow-
able slopes (CR 15 and ER 10) may be conser-
vative. For example, a concentric reducer of 

Table 6 Calculated critical velocities (m/s)

Model Slope  
(°)

Diameter  
(m)

Critical velocity 
(Eq 1)

Critical velocity 
(Eq 2)

Critical velocity 
(Eq 3)

CR 2 2.0 0.2191 0.293 1.278 0.422

CR 2.5 2.5 0.2100 0.328 1.259 0.451

CR 5 5.0 0.2100 0.463 1.290 0.596

CR 10 10.0 0.2100 0.654 1.334 0.787

CR 15 15.0 0.2100 0.798 1.367 0.925

CR 20 20.0 0.2100 0.918 1.394 1.038

Figure 14 Criterion 3 x-axis 1.5 m/s velocity distribution

Velocity distributions for 1.5 m/s models – X axis at probe position 1
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16° may still provide acceptable results, as the 
slope is less than the CR 20 reducer that did 
not pass the various criteria.

CONCLUSIONS
Figures 15 and 16 present charts illustrating 
the standard reducer sizes (from AWWA 
C208 and from the fitting manufacturers) 
and maximum slope of the acceptable size 
reducer, as defined in Table 7. From these 
charts it can be observed that various stan-
dard size reducer fittings fall outside of the 
acceptance criteria for the eccentric reduc-
ers. For the eccentric reducers this includes 
AWWA C208 standard eccentric reducer 
(angle of 14°). The addition of a straight 
length pipe may be used on the downstream 
end of the selected reducer to produce a more 
uniform velocity distribution at the pump 
inlet. This addition, however, decreases the 
NPSH available and increases the pump sta-
tion’s footprint and cost.

Table 7 Final results matrix

Acceptance CR 2 CR 2.5 CR 5 CR 10 CR 15 CR 20 ER 2.5 ER 5 ER 10 ER 15 ER 20 ER 30

1 
m

/s
 v

el
oc

it
y

Criterion 1 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✗ ✗ ✗

Criterion 2 HRW 1 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✗ ✗ ✗

Criterion 2 HRW 2 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✓ ✗ ✗

Criterion 3 X ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓

Criterion 3 Y ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✗ ✗ ✗

Air transport ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓

1.
5 

m
/s

 v
el

oc
it

y

Criterion 1 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Criterion 2 HRW 1 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✗ ✗ ✗

Criterion 2 HRW 2 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✓ ✗ ✗

Criterion 3 X ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✗

Criterion 3 Y ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Air transport ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓

2 
m

/s
 v

el
oc

it
y

Criterion 1 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Criterion 2 HRW 1 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✗ ✗ ✗

Criterion 2 HRW 2 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✓ ✗ ✗

Criterion 3 X ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✗

Criterion 3 Y ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Air transport ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓

2.
4 

m
/s

 v
el

oc
it

y

Criterion 1 ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Criterion 2 HRW 1 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✗ ✗ ✗

Criterion 2 HRW 2 N/A N/A N/A N/A N/A N/A ✓ ✓ ✓ ✓ ✗ ✗

Criterion 3 X ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✗

Criterion 3 Y ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗

Air transport ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓

✓ Simulation passes the criterion ✗ Simulation fails the criterion N/A Criterion not applicable

Figure 16 Eccentric reducers standard sizes and acceptable slope of reducer
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RECOMMENDATIONS

Review of pump inlet criteria
Based on the results obtained from this 
research it is recommended that concentric 
reducers be considered to improve the inlet 
conditions at pumps and that the following 
criteria should be considered during the 
assessment of pump suction pipe work:

 ■ Criterion 1: Velocity variation along line 
ABCD is less than ±10% of the average 
velocity along line ABCD.

 ■ Criterion 2: Velocity variation along line 
EGHF is less than ±10% of the average 
velocity along line EGHF.

 ■ Criterion 3: Maximum velocity variation 
along a circle AEDF is ±5% of the average 
velocity along circle AEDF; the diameter 
of circle AEDF is 0.8 x ID.

 ■ Criterion 4: Maximum velocity variation 
along a circle BGCH is ±5% of the average 
velocity along circle BHCG; the diameter 
of circle BGCH is 0.6 x ID.

 ■ Criterion 5: Time-averaged velocity at any 
point is to be within ±10% of the cross-
sectional area average velocity.

 ■ Criterion 6: Air must be able to be 
hydraulically transported through the 
reducer.

Intended further research
It is recommended that:

 ■ Additional examples with various bends, 
elbows and sweep tees typically found 
in pump inlet pipework that could pos-
sibly create swirl or non-uniform flow 
conditions entering into the suction 
reducers, are to be modelled. With this 
information, guidelines on typical suction 
manifold and suction pipework can be 
developed.

 ■ Additional CFD modelling and/or physi-
cal model studies should be performed, 

where the hydraulic transport of air 
through the concentric reducer is 
explored, to assess which one of the 
hydraulic transport of air equations best 
suits this problem.
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