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ABSTRACT
To accomplish precise numerical simulation for transient problem in fluid machinery, a precise method was put
forward—numerical simulation based on external performance results. Wherein rotational acceleration was
taken into account and experimental results was taken as initial condition and boundary condition of numerical
simulation, The merits of sliding mesh technique and dynamic mesh technique were fully applied respectively.
The object is a low-specific-speed centrifugal pump, whose impeller is open and designed with straight
blades.There is a clear head impact phenomenon. Additional head of model pump mainly comes from rotational
acceleration and has nothing to do with flowing acceleration. The rise processes of flowrate and head evidently
lag behind that of rotational speed. Pressure difference between pressure side and suction side mainly
distributes at middle and exterior regions. With the advance of starting time, the distribution area of pressure
difference begins to spread towards center and the difference will augment. Rossby dimensionless number will
decrease and backflow region begins to appear. The influence of volute tongue on unsymmetrical flow field will
be more and more obvious.
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. INTRODUCTION

Centrifugal pumps have been used widely. These pumps usually work under stable operation
conditions, namely that rotational speed or load is constant or has tiny variation. By far, many scholars have
deeply researched them under stable operation conditions and obtained plentiful achievementst*™".. With the
development of application field, for example, rapid starting, stopping, transient characteristics of centrifugal
pump are more necessary to be researched. Unsteady flow may be caused by one or both of following reasons:
wall movement and self-inducing fluid. Starting and stopping of fluid machinery belong to the former.
Researches showed that transient effect is very obvious during rapid starting period®~*". At present, transient
researches mainly focuses on water hammer calculation of piping system, while the transient research for only
pump is very limited. Tsukamoto™ made a theoretical and experimental study on the transient characteristics of
a centrifugal pump during its rapid acceleration from standstill to final speed, they found that the impulsive
pressure and the lag in circulation formation around impeller vanes play predominant roles for the difference
between dynamic and quasi-steady characteristics of turbopump. In Lefebvre’s study™, results showed
substantial transient effects in overall impeller performance and demonstrated that the quasi-steady assumptions
commonly used for the design of impellers that operate under high transient (accelerating or decelerating)
conditions are not valid. Thanapandi™ tested a volute pump with different valve openings to study the dynamic
behavior during normal start up and stopping, its results showed that dynamic characteristics severely departure
from their steady-state characteristics. Wang and Wul*2~*"1 adopted different methods to study starting period for
centrifugal pump and mixed flow pump. In conclusion, those conclusions they achieved have some differences
due to different research objects, methods and test conditions,.

1. Numerical Simulation Method

The interior flow in pump directly determines external performance. When pumps work under unstable
operation conditions, it is very necessary to study interior flow field. Pump and piping system together
determine a operation point. If the whole system is calculated, it is very difficult to give boundary conditions
precisely. In order to eliminate the difficulty, a precise calculation method was put forward---numerical
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simulation based on external performance results. The method takes into account rotational acceleration and
takes experimental results as initial condition and boundary condition of numerical simulation, and then writes to
program by user defined function. Wherein rotational speed and flowrate are indispensable.

At present, three methods can be used to accomplish numerical simulation of transient problem. Moving
Reference Frame (MRF)“S]—Transient period is divided into finite time interval according to time sequence. In
any time interval, numerical simulation is carried out according to quasi-steady assumption. The method doesn’t
take into account rotational acceleration, and the relative position between blade and volute tongue isn’t
ascertained accurately. Dynamic mesh method™1—No any assumptions are used in numerical simulation, so it
is the very precise method in theory. The calculation idea is consistent with real rotation status completely. But
regenerate mesh magnitude is enormous and mesh distortion is very severe too, which make numerical
simulation difficult up to date. With the development of dynamic mesh technique and the enhancement of
computer capability, dynamic mesh method will become the preferred simulation method. Sliding mesh
method®*—The method is widely used to analyze the unsteady flow under stable operation conditions,
especially rotor-stator interaction. Its disadvantage is that rotational speed is invariable, so it isn’t competent for
transient problem. This paper fully applies the merits of sliding mesh technique and dynamic mesh technique to
accomplish precise numerical simulation. Rotational speed could be written to program by user defined
function, while sliding mesh technique accomplish slide link between rotor and stator. Rotational law of
impeller is consistent with objectivity.

In this paper, the research object is a low-specific-speed centrifugal pump, whose impeller is open and designed
with straight blades. Transient effect was investigated by three methods, namely theoretical analysis, hydraulic
test and numerical simulation.

. HYDRAULIC TEST
2.1 Experiment Equipments
Model pump is a small flowrate centrifugal pump, whose impeller is open and designed with straight

blades. Design parameters are as below: flowrate is 2.5m’ /h, head is120m, rotational speed is 2900 rpm.

Hydraulic test was carried out on closed test bench with B grade precision. Experiment equipments are shown in
Fig.1.

Power source is variable-frequency motor, transient flowrate is measured by LWGY turbine flowmeter,
transient rotational speed is measured by JC1A rotation speed sensor and JW-2A microcomputer torque meter.
Acquisition and disposal of test datum are accomplished by PCI-6023E data acquisition card and LabVIEW
virtual instrument platformt®. KF1851 electric capacity type differential pressure transmitter is used to measure
pressure at inlet and outlet.

1.variable-frequency motor; 2.torque meter; 3.test pump; 4. pressure sensor(outlet); 5.pressure sensor(inlet);
6.data acquisition card; 7.computer; 8.turbine flowmeter; 9.cylindrical stabilizer; 10.locomotive support; 11.gate
valve; 12.gas-water separator; 13.vacuum pump; 14.motor; 15.0il-gas separator 16.vacuum manometer;
17.thermometer; 18.level meter; 19.vessel; 20.exhaust pipe

Fig.1 Experimental equipments

2.2 Results and Analysis
Rotational speed accelerates from still to maximal stable value during rapid starting period. When
maximal rotational speed is 2930 rpm and valve opening is 1.44 times rated flowrate, the experimental results

are shown in Fig.2.
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Fig.2 Experimental results

Test results show that it takes about 0.8s to accomplish 95% accelerating process. There is a
approximate linear relation between rotational speed and time. Rotation speed reaches maximum
2930 rpmwhen starting time is 1.7s. The reason for the phenomena is power source—variable-frequency motor,

its starting performance directly determines the starting performance. In other words, rotational speed nearly has
nothing to do with resistance of piping system. The difference of time histories between flowrate and rotational
speed is obvious. Flowrate has a approximate linear relation before 0.7s, and after a transitory smooth process, it
increase rapidly again. When time is 2.6s, flowrate reaches maximum. For large valve opening, friction
resistance and hydraulic loss of piping system are less, which cause high flowrate. The time that flowrate
reaches maximum depends on resistance of piping system. The more resistance is, the less time is. When
rotational speed reaches maximum, flowrate doesn’t reach maximum. The rise process of flowrate and head
evidently lags behind that of rotational speed, which may be directly have relevant to inertia effect of still fluid
at the beginning of starting.

1. THEORETICAL ANALYSIS
3.1 Additional Head
Assumptions are as follows: Medium is ideal and incompressible, and no interference among adjacent
flow layers each other. According to theorem of moment of momentum, universal expression of transient theory
head of centrifugal pump is as below!®”

UV, —UV 0] o(v, r).
H — 272 1%ul + x u dVVI (1)
S Eo

where dW is volume element, dW, = rdédrdb, db is thickness of flow layerW ,  is transient angular

velocity, Q, is transient flowrate. The first item in Eq. (1) is stable head expressed by flow parameters at inlet and

outlet, which is reckoned as the stable head under corresponding rotational speed. The second item is unstable
head which takes into account fluid inertia under transient operation conditions, which will bring transient effect.

In any transient process, angular velocity (@) and flowrate (Q,) are only relate to time(t ), while not relate to
coordinate. Therefore
0 d d
Al =5 TBaw = p 22 [[[ raw - p S w e @
dt -7, F-tgp
Where

da)

p—”rdW Q,-D°- o

®3)

de U W =0 D dQ,
F- tgﬂ dt

where Q is rotational inertia coefficient of fluid in impeller, @ is flowing inertia coefficient of fluid in

impeller, D is nominal diameter of impeller. In centrifugal impeller, D = D, .

DOI:10.9790/1813-0712011724 www.theijes.com Page 19



Starting characteristics investigation on a small prototype pump

J 32 2 171
_ _ 4
o :g( 5 Df) ?
" o8lyp9B, wids,

where D, D, ,b, ,b, are relative dimensions respectively. D, =D,/D,D,=D,/D ,b =hb /D
,b, =b, / D .Where D, and D, are the diameters of inlet and outlet on middle stream surface respectively.
b and b, are the widths of water-carrying section of inlet and outlet on middle stream surface
respectively. » andy are the crowding coefficients at inlet and outlet on middle stream surface respectively. s,

and g are the setting angles of blades at inlet and outlet on middle stream surface respectively. So the additional
heads of centrifugal pump are as below during transient operations.

Hu = Hul_Hu2 ®)
Hy = ° 'QJ'DS'(Z_G)

P9Q, dt 6)
H,, :L.QM .DZ.&

P9Q, dt

where H , is the additional head brought by rotational acceleration, H ,is another additional head brought by
flowing acceleration.

3.2 Analysis of Transient Behavior
Main geometry parameters of centrifugal impeller are shown in tablel.
Table 1. Geometry parameters of centrifugal impeller

parameter value | parameter | value
B 90° D,/m 0.05
B, 90° D,/m 0.27
Z 8 b, /m 0.017
v, 0.91 bz /m 0.005
v, 0.96 D/m 0.27

According to experimental results and geometry parameters, flowing inertia coefficient can be written as.
Q, =0 )

The conclusion shows that transient behavior of centrifugal pump with straight blades mainly comes
from rotational acceleration of impeller and basically has nothing to do with flowing acceleration. Fig.3 and Fig.4
show theory calculation results. In the process of starting, the influence of rotational acceleration on theory head
is very evident. The influence of flowing acceleration on theory head is neglectable, or additional head is
approximately equal to zero. The centrifugal impeller with straight blades has special 90° setting angles, so the
area of water-carrying section increases in the light of approximate linear law. The rise tendency of flowrate is
similar to that of the area of water-carrying section, which may lead to tiny head consumption during accelerating
period. The rise process of stable theory head is nearly consistent with that of rotational speed. The additional
head that rotational acceleration brings mainly generates at the beginning of starting, and reaches maximum when
time is about 0.6s. Hereafter, rotational speed continues to rise, but angular acceleration decreases rapidly, which
leads to rapid decreasement of additional head and reaches zero when roation speed is invariable. When time is
about 1.5s, rotational acceleration appears again and it leads to additional head again. Fig.4 shows that there is a
clear head impact phenomenon during rapid starting period, which is consistent with references published®*),
Pressure implusion may be the reason for impact at the beginning of starting. The boundary layer is very thin at
the beginning of starting, and the flow is regarded as potential flow. Nearly no flow separation appears, this may
be also a important reason for presssure impact.
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Fig.4 Transient theory head

V. NUMERICAL SIMULATION
4.1 Calculation control
Unsteady flow was calculated by CFD software —FLUENT that based on finite volume method,

Yakhoth and Orzag put forward RNG K — £ turbulence model in 1986, which has been made sure that it well
suited to interior flow of pump and well disposed flow of high strain rate and high curve degree. In calculation
region, multi-block mesh technology and local mesh refinement technology are used to catch flow detail, and the
total number of grids is 760,000. Open impeller are shown in Fig.5. Time discretization of transient term adopts
one order implicit scheme, space discretization of convection term and diffusion term respectively adopts one
order upwind scheme and central difference scheme with second order accurate, space discretization of source
term adopts standard scheme(linearization). The coupling between pressure and speed is accomplished by
SIMPLE algorithm. The convergence criterion is 0.001.

Fig.5 Open impeller

4.2 Boundary condition and initial condition

Boundary conditions and initial conditions should be given simultaneously. To accomplish precise datum fitting,
sectional fitting is adopted here.

(1) Rotational speed. The time history of rotational speed is divided into seven segments to fit by polynomial.
For example, for 0.6s<< t <0.8s,
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n =46670t* —111000t* + 87830t — 20320 (8)
(2) Inlet boundary condition. At inlet, velocity-inlet condition was selected. Time history of flowrate is divided
into four segments to fit by polynomial and exponential function. For example, for 0.1s<<t <C0.6s and 0.6s<t <
2.6s,the fitting functions are as follows respectively.

Q=-28.12t" +38.31t> —18.35t* +5.068t —0.1592 (9)

t-2.584 t—32.67]2

Q= 2-704e7( = + o.gozse{ 4016 w0

+ 0.0954e_(2’-71%)2 + 0.2756e_[%)2

(3) Outlet condition. At outlet, outflow condition is given.
(4) Wall condition. No slip boundary condition is adopted on wall. Standard wall function is also adopted.

4.3 Results and analysis

Fig.6 and Fig.7 are the distributions of total pressure and velocity field during starting period
respectively. For precise rotational speed in simulation, impeller rotates to different positions at different time.
The rotational speed is low at the beginning of starting, but some common laws are existent. Pressure on pressure
side is obviously higher than that on suction side at the same radius. With the augment of radius, pressure will
enhance. Pressure difference between pressure side and suction side mainly distributes at middle and exterior area
at the beginning of starting, which may be relate to still fluid. The pressure difference isn’t too obvious near
central area. With the advance of starting time, the distribution area of pressure difference begins to spread
towards center and the difference value begins to augment. Impeller has rotated 1.74 times circle when time is
0.05s. At this time, high pressure regions on pressure side begin to move toward tips of blades, while low pressure
region on suction side begins to move toward center. Subsequently, with the augment of rotational speed and
flowrate, pressure will enhance as a whole. The influence of volute tongue on unsymmetrical flow field will be
more and more obvious.

(2)0.004s (b)0.01s (c)0.05s (d)0.65s (e)2.0s
Fig.6 Total pressure distribution during starting period

(a)0.004 (b)0.65s (c)2.0s (d)2.6s
Fig.7 velocity field during starting period
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Starting period is a transient process, the flow is from laminar flow to turbulent flow. Reynolds number
will sharply rise from zero to millions, and hydraulic loss will also sharply rise, therefore flow state is very
complex. No backflow appears at the beginning of starting period, which may be relate to still fluid and low
rotational speed. Subsequently, the backflow region of low pressure begins to appear at suction side of blades
which are located between first section and third section. Rossby dimensionless number can reflect the influence
blade curvature and rotation on backflow in impeller., this formula manifests the ratio of inertial
force(centrifugal force) to Coriolis force. Wherein curvature brings inertial force and rotation brings Coriolis
force. The pump simulated is low-specific-speed, its stable flowrate and relative velocity are both low. While its
circular velocity is far higher than its relative velocity, so Rossby dimensionless number is low. With the
advance of starting time, it will become lower. At that moment, backflow and secondary flow is easy to appear
in calculation region. Except above reason, ring type volute may is one of reasons.

V.  CONCLUSIONS

In this paper, the research object is a low-specific-speed centrifugal pump, whose impeller is open and
designed with straight blades. Transient effect was researched by theoretical analysis, experimental study and
numerical simulation during starting period. Conclusions are as follows.
(1) A precise calculation method was presented—numerical simulation based on external performance results.
The method takes into account rotational acceleration and takes experiment results as initial conditions and
boundary conditions of numerical simulation. The merits of sliding mesh and dynamic mesh were fully applied.
(2) Experimental study approves that the rise process of flowrate evidently lags behind that of rotational speed.
(3) Theoretical analysis shows that there is a clear head-impact phenomenon. Transient effect of straight blades
centrifugal pump mainly comes from rotational acceleration of impeller and has nothing to do with flowing
acceleration.
(4) Numerical simulation shows that pressure difference between pressure side and suction side mainly
distributes at middle and exterior area. With the advance of time, the distribution area of pressure difference
begins to spread towards center and the difference value will augment. Rossby dimensionless number will
minish and backflow area begins to appear. The influence of volute tongue on unsymmetrical flow field will be
more and more obvious.
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