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ABSTRACT 
 

Experimental Evaluation of the Flow Inside an Open Faced Impeller. (December 2003) 

Nader Samir Berchane, B.E., American University of Beirut 

Chair of Advisory Committee: Dr. Gerald Morrison 

 The pressure distributions and forces presented in a thesis by Hossain [1] for a 

centrifugal pump illustrated a somewhat complex inter-relationship between various 

geometric and operating parameters of the pump studied. The pump had an open faced 

impeller of 33.65 cm diameter with 5 blades of backswept design. It was felt that the 

best way to resolve some of the questions related to Hossain’s results was to determine 

the fluid velocity field inside the pump. Thus the flow field through the impeller 

passages was measured using a 1-D Laser Doppler Velocimetry (LDV) system. The 

LDV was used to measure the radial and tangential velocity components as well as the 

turbulence intensities over the region accessible through the two optical windows in the 

front of the pump housing. Five axial planes were investigated by recording 

measurements along two radial lines at azimuthal angles of 45° and 315° (with respect to 

the horizontal axis of the pump) for design operating conditions. A once per revolution 

signal was used to supply the LDV system with a reference for the rotor position. It was 

found out that a leakage flow existed near the front wall of the impeller at z/h = 0.11, 

which was generated by the pressure difference between the impeller exit and inlet. It 

was also concluded that the velocity field was not fully two-dimensional in nature. This 

was believed to be a result of the 90° turn that the fluid endures as it enters the impeller 

inlet from the suction pipe. 
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NOMENCLATURE  

 
Alphabetical 

 

A  Impeller tip area 

B.E.P.  Best efficiency point 

2−eD   Beam diameter 

df  Fringe spacing 

Dp  Pipe Diameter at inlet to orifice 

D0   Diameter of the orifice plate 

dm  Probe volume diameter 

f  Focal length 

fd  Doppler frequency 

h  Blade height of the impeller 

IR  Ingersoll-Rand 

k  Turbulence kinetic energy 

k   non-dimensionalized turbulence kinetic energy 

K  Flow coefficient   

LDV  Laser Doppler Velocimetry 

LES  Large eddy Simulations  

L2F  Laser-two-focus 

n  Total number of measurements having the same blade angle  

∆p  Pressure drop across the orifice plate 

PIV  Particle Image Velocimetry  

Q  Volumetric flow rate 

Qd  Design volumetric flow rate 

RANS  Reynolds averaged Navier-Stokes 

Re  Reynolds number 

R  Radius of the impeller 
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r  Radial distance from the impeller eye 

RPM  Revolutions per minute 

U   Phase averaged velocity 

ui  Instantaneous velocity 

u’  Velocity fluctuation in the horizontal direction of the LDV axes  

U*  Non-dimensionalizing velocity term  

Ubulk  Bulk fluid velocity 

Utip  Tip speed of the impeller   

v’  Velocity fluctuation in the vertical direction of the LDV axes  

Var  Variance 

Var   Non-dimensionalized variance 

V  Blade velocity 

Vh  Absolute velocity in the horizontal direction of the LDV axes 

Vrad  Radial component of the absolute velocity with respect to the pump axes 

Vtan Tangential component of the absolute velocity with respect to the pump 

axes 

Vv  Absolute velocity in the vertical direction of the LDV axes 

Vx  Absolute velocity in the x-direction of the pump axes 

Vy  Absolute velocity in the y-direction of the pump axes 

0D
w   Uncertainty in the orifice diameter 

Qw   Uncertainty in the flow rate 

pw∆   Uncertainty in the pressure drop across the orifice meter  

ρw   Uncertainty in the density of water   

x Distance from the pump center in the positive x-direction of the pump 

axes 

Y  Expansion factor 

y Distance from the pump center in the p[ositive y-direction of the pump 

axes 



 viii

z Distance from the front of the pump housing in the negative z-direction of 

the pump axes 

 

Greek Symbols 

 

α  Blade angular orientation 

λ  Laser wavelength       

κ  LDV half-angle 

β  Beta ratio (D0/Dp)     

θ  Angle between positive x-axis and radial line of measurement  

γ  Angle between pump and LDV x-axis 

ω  Impeller angular velocity 

ρ  Density of water 
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INTRODUCTION 
 

Centrifugal pumps and compressors operating with open-faced impellers are very 

common nowadays. They play an important commercial role, with applications that 

range from providing the cooling water for nuclear power plants, to service in chemical 

plants, and to functioning as an important element in aqueduct systems. 

 The performance of these devices has been shown to be very sensitive to the 

impeller and the volute casing designs as well as the clearances between the impeller and 

the casing. Many contemporary designs for these pumps have been developed primarily 

by using knowledge gained from experience. The successfulness of this approach to 

development can be evidenced by many pumps in which high operating efficiencies 

were obtained, but only for a very limited range of flow conditions. With our limited 

knowledge of the underlying fluid mechanics we are far from achieving a design tool 

that allows interactive evaluation of design modifications with knowledge of how these 

modifications affect the details of what is happening inside the pump. 

 Previous work reported by Hossain [1] studied the effects of various geometric 

and operating parameters on the overall performance of the pump. The geometric 

parameters include balance hole size, back clearance, and front clearance. The operating 

parameter is the flow rate. The pressure distributions presented illustrate a somewhat 

complex inter-relationship between these parameters that can not be fully understood by 

only considering overall performance characteristics and pressure distributions.   

 Computational flow models can be used to improve pump designs by predicting 

the flow through the impeller passages and volute region. But these models need to be 

verified by actual measurements of the flow field within the rotating blade passages of 

the impeller. Laser velocimetry systems provide the capability to obtain these 

measurements. They have advantages over conventional flow measurement techniques 

_______________ 
This thesis follows the style and format of A.S.M.E. Journal of Fluids Engineering. 
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in that they provide substantially more versatility, being virtually unrestricted in the 

location and number of measurements that can be obtained, and they are also not subject 

to flow disturbance problems, which can be encountered using a conventional intrusive 

measurement technique.  

This work provides an investigation of the velocity field within the rotating blade 

passages of an open faced, radial pump impeller of backswept design (Figure A1). The 

main objective was to obtain an in-depth knowledge of the complex interaction between 

the fluid and the rotating impeller of the centrifugal pump by recording velocity 

measurements of the flow field using a 1-D Laser Doppler Velocimetry System (LDV).   

 The running conditions for the LDV measurements were selected based on the 

performance curves generated by Hossain [1] for different geometric and operating 

parameters of the centrifugal pump. LDV Measurements were obtained for the following 

operating conditions:   

1- No balance holes. 

2- Front clearance: 0.635 mm 

3- Water flow rate: 31 lit/sec. 

4- Pump speed: 1400 rpm. 

5- Back clearance: 1.87 mm. 

Velocity measurements were recorded at 13 radial positions along 2 radial lines at 

azimuthal angles of 45° and 315° (with respect to the horizontal axis of the pump). Five 

axial planes were investigated starting from the tip of the impeller blades all the way to 

the hub. Relative velocity vectors obtained from these measurements are presented to 

demonstrate the magnitude and direction of the flow. Contour plots of absolute 

tangential velocities, radial velocities, and turbulence kinetic energy were generated to 

show the flow variations at different locations in the pump. 
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LITERATURE REVIEW 
 

Despite the fact that the centrifugal pump was developed in Europe in the late 

1600’s and was seen in the United States in the early 1800’s, its wide spread use has 

occurred only in the last seventy-five years [2]. The increased popularity of centrifugal 

pumps then demanded an increase in efficiency that led to a dedicated effort in research 

and development. 

 Howard and Kittmer [2] measured the velocity field in a rotating passage of a 

radial impeller with seven backward curved blades. Two versions were tested, one with 

an attached rotating shroud and the other with clearance between the blades and a 

stationary shroud surface. The impeller was operated at a speed of 140 rpm and a flow 

rate of 0.55 m3/sec (11 percent higher than the design flow rate). Flow visualization 

observations were made of hydrogen bubble traces generated from wires stretched from 

blade to blade. Velocity measurements in the mean passage and blade-to-blade 

directions were obtained at 5 different sections with a miniature cylindrical hot-film 

probe to define the distribution of primary and cross-passage velocity components. 

Hydrogen bubble streak lines showed no evidence of separation for either impeller 

configuration. Secondary flow appeared to consist of a weak double vortex in the 

shrouded case and a strong single vortex in the unshrouded impeller. Experimental 

measurements also showed that the primary flow pattern was stable with no tendency 

toward separation. The shrouded impeller had a secondary flow pattern that progressed 

from a single vortex at entry to a double vortex near each of the hub and shroud surfaces. 

The secondary flow pattern measured in the unshrouded impeller passage appeared to be 

very strongly influenced by the flow entering the passage through the clearance between 

blade tip and shroud.          

Eckardt [3] performed a detailed flow investigation within a high-speed 

centrifugal compressor impeller with radial blading. The primary interest was to 

investigate the centrifugal impeller internal flow field at real operation conditions, 

especially the problem of separation onset and the subsequent jet/wake interaction. 
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Detailed accurate measurements of velocities, directions, and fluctuation intensities were 

performed with L2F in the internal flow field at five locations from inducer inlet to 

impeller discharge, for the best efficiency point of 1400 rpm and 5.31 kg/sec. The test 

results in the low loaded inducer and the radial impeller entry region were in relatively 

good agreement with the calculation results based on theoretical predictions. The first 

pronounced flow distortion appeared at the third measurement area indicating a flow 

separation in the shroud/suction side of the flow channel. Separation onset was attributed 

to turbulence stabilization of the shroud/suction-side boundary layer, due to streamline 

surfaces curvature and system rotation effects. After separation onset there was a rapid 

growth of the wake area within the channel. The authors speculated that this effect is in 

strong interconnection with the strengthening secondary flow intensity, that peeled 

boundary layers off the channel walls feeding low energetic fluid into the wake, and 

system rotation and curvature effects that suppressed turbulent mixing at the jet/wake 

shear layer. 

  Alder and Levy [4] carried Laser Doppler investigation of the flow inside a 

backswept, closed centrifugal impeller. The primary aim of their work was to find out 

whether the design point flow in this type of configuration is more or less distorted than 

in open radial-exit impellers. The investigation was carried out at a Ma number of 0.065. 

The impeller used was closed with a shroud disc and had ten straight 10-mm thick, 

backswept blades. The impeller was driven at a speed of 2810 rev/min, and a flow rate 

of 0.288 m3/sec. Measurements were carried out at five different radii. It was found out 

that the inlet flow was distorted because of the small radius of curvature at the shroud, 

which caused the flow to separate near the shroud at the impeller inlet. The flow on the 

first two surfaces was not yet recovered from this separation so that a downstream wise 

decaying jet-wake structure was observed on these surfaces. The inlet distortion decays 

as the flow proceeds through the passage, though a trace of the inlet jet is still observed 

on the third and fourth surfaces. At the exit, the flow is almost uniform. The predicted 

flow in the radial impeller separated while it remained attached in the backswept 

impeller. Compared with the results of radial impellers, where the flow was unstable and 
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had an opposite tendency. The distributions of the deviation angles between the blade 

angle and the fluid radial velocity angle for the last three optical surfaces were plotted. It 

was found out that at the third surface the deviation angles were not yet well ordered, 

being still affected by the inlet distortion. On the last three surfaces, however, the flow 

stabilized and the deviation angles were symmetrically distributed. It was concluded that 

a comparison of shroud clearance effects with the symmetric deviation angle distribution 

could indicate the reason for higher efficiencies of closed impellers and more stable 

flow.       

 Murakami et al. [5] investigated the velocity and pressure distributions in the 

impeller passages of two centrifugal pumps with three and seven blades respectively. 

Measurements were carried out using a cylindrical yaw probe and an oil surface flow 

method. Velocity measurements were performed at 6 radial sections (r/r2 = 0.44 …0.99, 

where r2 was the impeller outer radius) and ten axial locations between the hub and the 

shroud.  The experiment was carried out at four different flow rates, that resembled 

design and off-design conditions, and at a rotational speed of 400 rpm. For the 7 blades 

impeller, it was found out that for the optimum efficiency flow rate, a cross flow was 

caused by the displacement of blade thickness at the inlet section of the impeller 

channel. This cross flow disappeared in the second half of the channel where a low 

velocity region was created near the suction side of the shroud. This low velocity region 

was attributed to a wake caused by a rapid change of flow direction at channel inlet. 

After comparison with numerical data based on potential flow theory, it was observed 

that almost ideally distributed velocities were observed in the upstream half of the 

impeller passage, while in the downstream half the distributions were distorted by the 

secondary flow developed along the passage. At the lower flow rates, a wake was 

observed at the shroud surface at the inlet section of the impeller, which grew in 

dimension towards the suction side of the impeller blade till it reached the hub. In the 

three blade impeller the deformation was extreme in comparison with numerical data.  It 

was also observed that the constraint of the blades exerted on the flow was insufficient, 

and thus the experimental values of the slip factor were considerably larger than the 
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calculated ones, due to the extreme shift of flow toward the suction side of the passage 

caused by the rapid shrink of the inlet wake.            

 Miner et al. [6] performed two-dimensional potential flow analysis to calculate 

the velocity field in a laboratory centrifugal pump. The finite element technique was 

used to model the impeller and volute simultaneously, which allowed the interaction 

between these two components to develop as a natural consequence of the solution. The 

operating speed and design flow rate for the pump were 620 rpm and 6.2 L/s 

respectively. Comparison was made to laser velocimetry data, taken for the same pump. 

The complete pump analysis predicted significant circumferential variations in the 

velocity field that were a direct effect of the interaction between the pump and the 

volute. Differences in the relative velocity components were as large as 0.12 m/s for the 

radial component and 0.38 m/s for the tangential component, at the impeller exit. The 

magnitude of these variations was roughly 25 percent of the magnitude of the average 

radial and tangential velocities at the impeller exit. Upon comparison with experimental 

results it was shown that the potential flow solution was capable of predicting the 

velocity field in the pump under consideration.  At the design flow, the computational 

and experimental results agreed to within 17 percent for the velocity magnitudes and 2 

deg for the flow angle. One of the major factors yielding the difference is the 90 deg turn 

at the pump inlet which was not modeled in the two-dimensional analysis. 

 Dong et al. [7-8] performed quantitative visualization of the flow field within the 

volute of a centrifugal pump using the PIV technique. Velocity measurements within the 

volute were performed at different impeller blade orientations, on and off design 

conditions. The impeller was 9.95 inches (25.27 mm) in diameter, had seven blades, and 

was running at 890 rpm. The original casing of the pump was replaced with a fiber glass 

frame and Lucite windows, such that the entire perimeter and bottom side of the casing 

became transparent. The volute had a constant thickness of 0.975 inches (2.48 mm) 

which was equal to the thickness of the impeller. The primary interest was the 

investigation of the effect of impeller blade orientation and flow rate on the velocity 

distribution. It was found out that the entire flux within the volute was pulsating, and 
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reached a maximum value when the blade lined up with the tip of the tongue. The 

leakage between the impeller and the tongue was also dependent on blade orientation, 

and amounted to substantial portion of the total flux. Differences in the out flux from the 

impeller, which resulted from changes in pump flow rate, occurred primarily near the 

exit. The out flux increased very little when the flow rate was increased beyond design 

conditions. Near the exit the out flux remained positive only above design conditions.        

Rashid [9] used a laser-two-focus velocimeter to measure velocities and 

turbulence intensities within the blade passages of a centrifugal pump. The pump had an 

open-faced impeller of 254 mm diameter with five blades of backswept design. The flow 

field was examined under both design and off-design operating conditions by running 

the pump at specific speeds of ninety, eighty-six, and forty-seven percent of the deign 

value. Measurements were performed at each of three angular orientations within the 

pump and included 4 radial positions at which three axial depths were examined. The 

flow within the impeller was observed to be more uniform under design conditions than 

off-design conditions. For off-design conditions, measurements indicated the presence of 

a recirculation zone in the impeller channel, midway between the blade suction and 

pressure surfaces. A leakage flow was observed for all the operating conditions near the 

front wall of the impeller. The difference in pressure between the impeller exit and the 

impeller inlet generated this leakage flow in front of the impeller. The static pressure 

field within the pump (measured using pressure taps located circumferentially around the 

casing) was found to be asymmetric, even for design conditions. It was also found out 

that the general nature of the flow field was adequately two-dimensional to be measured 

with L2F, with the exception of a region in the volute near the pump discharge.       

Moran [10] used a laser-two-focus velocimeter to measure the flow field in a 

centrifugal pump. The pump had a shrouded impeller of 254 mm diameter with five 

blades of backswept design. Measurements were made at each of three angular 

orientations within the pump and included three radial positions within the impeller and 

one radial position in the volute beyond the impeller discharge. At each radial position 

three axial depths were examined. Both design operating conditions and off-design 
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conditions were investigated. The results were compared with the results generated by 

Rashid [9] for the same pump with an open-faced impeller. It was found out that the 

modification applied to the impeller resulted in a reduction of discharge head, and input 

power, and a loss of efficiency. Laser velocimetry measurements confirmed that the 

radial component of velocity at the impeller discharge was higher for the shrouded 

impeller while the tangential component was lower. An increase in the turbulence levels 

was noticed in the region outside of the impeller discharge, while the turbulence levels 

within the impeller were altogether reduced for the shrouded case. Leakage over the 

blade tips had served to generate areas of high turbulence in the open-faced impeller, 

which were not present in the shrouded version. In addition, the large circulation zone 

found in the impeller blade passage at off-design conditions by Rashid is still present, 

but is drastically reduced in the shrouded impeller.    

Hossain [1] investigated the effect of back clearance and balance holes upon the 

performance of a centrifugal pump. The impeller had a diameter of 33.65 cm with 

backswept design. The pump was operated at a speed of 1400 rpm and four different 

flow rates that corresponded to design and off-design flow conditions. Static pressure 

measurements were conducted on the front face of the housing, and the back surface of 

the pump casing for distinct geometric configurations comprising of varying positions of 

the impeller with respect to the back housing and different sizes of balance holes. 

Performance curves generated indicated higher efficiency for smaller back clearances 

and smaller or no balance holes.  A highly non-uniform pressure distribution existed 

inside the pump, and became more even as the flow approached the B.E.P at the 

operating speed. High pressure zones were witnessed near the exit of the pump due to 

the conversion of the fluid velocity head into pressure head at the increased flow area at 

discharge. The Balance holes allowed leakage flow from the backside of the impeller to 

the front side, and thus gave rise to low uniform pressures at the center of the shaft in the 

pressure side of the impeller. The axial thrust decreased as the back clearance and 

balance holes were increased. The incorporation of balance holes also reduced the 

pressure fluctuations both in magnitude and frequency content. It was also found out that 
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the magnitude of the moments did not vary much with different geometric 

configurations.            

Sinha and Katz [11] performed particle image velocimetry measurements to 

identify the unsteady flow structures and turbulence in a transparent centrifugal pump 

with a vaned diffuser. The impeller had five backward swept blades (with inlet and 

discharge diameters of 8.51 and 20.32 cm respectively) and was operated at a speed of 

890 rpm and a flow rate of 5.7 L/s. The transparent stator/diffuser with nine vanes had 

an inside diameter of 24.45 cm and a discharge diameter of 30.5 cm. Measurements were 

performed within the transparent part of the impeller, the gap between the rotor and the 

stator, between the diffuser vanes, and in the volute; at the mid-plane between the hub 

and the shroud. The results demonstrated that the entire flow was dominated by a series 

of wakes generated by the impeller blades, diffuser vanes, and unsteady separation 

phenomenon that extended well into the volute. The boundary layer on the diffuser 

vanes was strongly affected by the unsteady field associated with the impeller. It was 

also found out that the cyclic variations (variations caused by the difference in blade 

orientation) were higher than the turbulent fluctuations within the impeller and between 

the diffuser vanes, but decrease below the turbulence level with increasing distance 

downstream the trailing edge of the diffuser vanes. The impact of the unsteady out flux 

from the impeller due to potential effects remains near the leading edge of the diffuser 

vane, despite the relatively large gap between the impeller and diffuser.  

Wuibaut et al. [12] performed Particle Image Velocimetry measurements on an 

air test rig of a radial flow pump. Measurements of flow velocities were acquired 

simultaneously in the outer part of the impeller and in the vaneless diffuser of the pump 

at five planes, in the hub to shroud direction. The impeller had seven blades and an 

outlet radius of 256.6 mm. It was operated at 1710 rpm and six different flow rates 

(design and off-design operating conditions). Two different views were conducted for 

investigation, view one covered the outlet throat of the impeller while view two covered 

one of the blades trailing edge. For each operating and measuring condition, 230 sets of 

two successive images were registered. The synchronous averaged velocity, velocity 
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two successive images were registered. The synchronous averaged velocity, velocity 

fluctuations, and the kinetic turbulence energy were then calculated. It was found out 

that the so-called “jet and wake” structure was also observed inside the impeller blade 

passage as well as in the vaneless diffuser. At very low flow rates (Q/Qd = 0.26) large 

instabilities developed in the vaneless diffuser and even propagate in the outer part of the 

impeller with unsteady flow patterns.              

 Pederson and Larsen [13] performed Particle Image Velocimetry (PIV) and Laser 

Doppler Velocimetry (LDV) measurements of the flow inside the rotating passages of a 

six-bladed shrouded centrifugal pump impeller at design and off-design conditions. 

Optical access to the impeller passages was accomplished by manufacturing the entire 

test impeller in Perspex. The impeller had a design flow rate of 3.06 l/s. PIV and LDV 

measurements were acquired at the design load condition (Q/Qd = 1) and the quarter load 

condition (Q/Qd = 0.25), respectively, both at a constant speed of n = 725 rpm. Results 

included both instantaneous and ensemble averaged PIV velocity vector maps acquired 

in the mid-plane between the hub and the shroud of the impeller, as well as bin-resolved 

LDV mean fields. At design conditions both data sets showed a well-behaved vane 

congruent flow with no separation occurring. Apart from local curvature effects in the 

inlet, the flow in the blade-to-blade plane was dominated by rotational effects. At quarter 

load, a phenomenon consisting of alternate stalled and unstalled passages was observed 

in both data sets, with distinct flow congruence between every second of the six 

passages. In between the stalled passages, unstalled passages characterized by relatively 

well-behaved flow persisted. The detected “two-channel” stall phenomenon was steady 

and non-rotating. This was attributed by the authors to the even number of passages that 

enabled a stable equilibrium mode.  

 Byskov et al. [14] investigated the flow field in a shrouded six-bladed centrifugal 

pump impeller using large eddy simulations (LES). Simulations of two impeller 

passages were performed at deign load (Q = Qd), and severe off-design conditions at 

quarter-load (Q = 0.25Qd).The results were compared with results from standard 

Reynolds averaged Navier-Stokes (RANS) as well as with experimental data obtained 
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It was found out that at design load the LES revealed a well behaved flow dominated by 

curvature, causing a displacement of the flow towards the hub-to-suction side in the inlet 

section. Significant differences were revealed between the two adjacent impeller 

passages at 25 % of design load. One passage was dominated by rotational effects which 

caused high velocities along the blade pressure side, while the other passage exhibited a 

highly separated flow field where a significant stall was observed in the entry section. 

The stall was steady, non-rotating, and not initiated by interaction with stationary 

components. The velocities predicted from LES compared favorably with the 

experimental data, while the RANS simulations were not able to predict the complex 

flow field. It was concluded by the authors that using LES for analyzing the flow field in 

centrifugal pumps provides an improved insight into the basic fluid dynamics with 

satisfactory accuracy compared to experimental results. 
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EXPERIMENTAL FACILITY 
 
 

The experimental facility was made up of two main sections, the water flow 

system, and the velocity measurement system. 

 

Water Flow and Control System 

 

The flow loop consisted of a closed circuit comprised of a 10.2 X 7.6 X 33 cm 

Ingersoll-Rand pump, an orifice flow meter downstream of the IR pump, a control flow 

valve, a column to act as an accumulator, a cross flow heat exchanger, and a small 

circulation pump (figure A3).  

The IR pump suction and discharge pipe diameters were 10.2 cm and 7.6 cm 

respectively. It had a 33.65 cm diameter impeller with five backswept blades. The IR 

pump had a rated speed of 1800 rpm, and was operated by a 55 horsepower, 3550 rpm 

Westinghouse motor which in turn was controlled through an Eaton Corporation’s 

variable frequency AC drive (Model AF/IS – 5000 +). The variable frequency drive was 

used to set the speed of the IR pump to the desired rpm. The IR pump was connected to 

the Westinghouse motor by means of a chain coupling whose alignment was set to an 

accuracy of 25 µm.  

 Four acrylic windows were machined into the front casing of the pump to allow 

LDV measurements inside the pump (Figure A2). The pie shaped windows were 2.54 

cm thick and 9.53 cm wide with an arc of 30°. The windows were glued to the pump 

housing with polysulfide sealant. The inside surfaces of the windows were mounted 

flush with the inside surface of the housing. The flange at the pump suction was 

removed to allow laser accessibility. A 40 cm long pipe, threaded on one end, was press 

fit onto the suction of the pump housing. Two 0.16 cm diameter holes were drilled at the 

inlet and the outlet of the pump. Stainless steel tubes that were 2.54 cm long were 

inserted in these holes and glued in place, taking care that they were flush with the inner 
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surface of the housing; reducing the open holes to 0.79 mm. Plastic tubes connected 

these pressure taps to the pressure transducers. 

The orifice plate, which was mounted on the discharge side of the IR pump, had 

a hole diameter (D0) of 3 inches, and a beta (β)1 ratio of 0.75 (pipe diameter Dp of 4 

inches). The manually controlled valve was used to achieve the desired flow rate through 

the pump. The column was used as an expansion tank to accommodate volume change 

of water. The small pump was employed to circulate the water through the heat 

exchanger in order to maintain a low temperature level.  

A Validyne pressure transducer of the type DP-15 was used to record the pump 

inlet, pump outlet, and pressure rise across the pump (Figure A4). A T-type (Copper-

Constantin) thermocouple was used at the outlet of the pump to monitor the temperature 

of the flowing water. A magnetic RPM transducer mounted between the IR pump and 

the motor served to verify the speed settings within 1% accuracy. A differential pressure 

transducer was incorporated across the orifice plate to measure the flow rate. The orifice 

meter measurements had an uncertainty of ± 0.5%.  

An Omron (E3x-A11) photoelectric switch was mounted on the shaft of the 

impeller to provide the LDV system with a reference angle for phase averaging. The 

switch operates by emitting a continuous low power laser beam which when projected 

onto a reflective surface is detected by the photo-diode built into the switch. Whenever 

reflected light is detected, a spike in the voltage is evidenced at the output of the switch 

circuit. By placing a small strip of a reflective tape on a rotating shaft, light will be 

detected by the switch whenever the laser beam is incident on the reflective material, and 

this takes place once for each complete revolution of the shaft. 

 

Flow Measurement System 

 

The flow measurement system was composed of a laser source, the TSI Laser 

Doppler Velocimetry System, and a three dimensional traverse. 

                                                 
1  β = (Diameter of the Orifice / Diameter of the pipe)  



 14

Measuring the flow was accomplished using a one-dimensional LDV system in 

backscatter mode (figure A5). The LDV system was made up of the base-plate, laser 

source, transmitting optics, receiving optics, seed particles, photo-detector, and the 

signal processor. The laser source used was a Coherent 35 mw He-Ne laser, lasing at a 

wavelength of 632.8 nm. The base (model 9123-150) was black anodized aluminum 

with an aluminum honeycomb core. The laser source, transmitting optics, receiving 

optics, and the photo-detector were all mounted and fixed to the base-plate. An 

aluminum plate was machined and bolted at the end of the base-plate in order for the 

laser to fit on the base-plate. The transmitting optical train consisted of a polarization 

rotator, a beam splitter, a focusing lens, and a beam expander. By using a beam splitter 

(model 9115-2), the incident beam from the laser source is split into two equal intensity 

parallel beams that are focused to a point in space by the focusing lens (model 9169-450) 

to form an interference zone. As can be seen in figure A9, the interference zone is made 

up of light and dark fringes. The orientation of the fringes is parallel to the LDV optical 

axis, and perpendicular to the plane formed by the intersecting beams. The distance 

between adjacent fringes (fringe spacing) is a function of both the laser wavelength (λ) 

and the half angle κ, and is given by the following equation: 

 

df = λ/(2 sin κ)                                                         (1) 

 

where κ is equal to half the angle formed between the two intersecting beams [15]. Thus 

by knowing the laser wavelength and the half angle we can calculate the fringe spacing. 

The point at which the two beams interfere is called the probe volume and is defined as a 

portion of the beam waist enclosed by the surface whereupon the peak intensity falls to 

1/e2 of its maximum value. The diameter of the probe volume is given by the following 

equation: 

 

κπ
λ
cos

4
2−

=
e

m D
fd                                                            (2) 
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where dm is the probe volume diameter, λ is the laser wavelength, f is the focal length of 

the focusing lens,  is the diameter of the incident laser beams, and κ is the half-

angle [15]. A beam expander (model 9189) was also incorporated, the purpose of which 

was to increase the diameter of the two beams to achieve a smaller probe volume, and 

thus a higher light intensity in the probe volume and as a result a better signal to noise 

ratio. Figure A5 shows the optical train along with the laser source. 

2−eD

The flow was seeded with Polystyrene Latex particles averaging 6 µm in 

diameter with a specific gravity of 1.2. The choice of scattering particles is very critical 

for LDV applications as it has a very significant effect on the intensity of the reflected 

light detected by the photo-multiplier tube. In general larger particles reflect more light, 

but to achieve accurate readings the particles should be able to follow the flow fairly 

well and thus should have the minimum required aerodynamic size. As the scattering 

particle passes through the interference pattern it reflects light in a sinusoidal way. This 

sinusoidal wave (Doppler burst) has a frequency that is proportional to the velocity of 

the scattering particle. By knowing the fringe spacing in the interference zone and the 

frequency of the Doppler burst, the velocity of the particle can be calculated:  

 

ui = fd * df                                                                                        (3) 

 

where fd is the frequency of the Doppler burst, and ui is the velocity of the scattering 

particle perpendicular to the fringes, that is perpendicular to the LDV optical axis, and in 

the plane formed by the two intersecting beams [15]. Thus the LDV system can be used 

to obtain different velocity components by changing the orientation of the plane formed 

by the two intersecting beams. This can be done by rotating the beam splitter.    

The light scattered by the flowing particles is then collected and focused to a 

photo-multiplier tube (model 9162). This is accomplished by the use of a collecting lens 

(TSI model 9169-450) and a receiving focusing lens. The photo-multiplier tube converts 

the total flux of light energy striking the detector into a voltage that is the input to the 

signal processor (figure A6).  
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An IFA 750 Digital Burst Correlator was used to extract and measure the 

Doppler Frequency. To accomplish that accurately the Doppler signal has to be 

separated from the pedestal and background noise by passing through band pass filters. 

A high-pass filter eliminates the pedestal while a low-pass filter reduces the amplitude of 

the wide-band noise. For this current work the filter settings were chosen on a trial and 

error basis through the phase software according to the signal acquired through the LDV. 

A low pass filter of 10 MHz and a high pass filter of 1 MHz were applied. This insured 

that the filter settings did not affect the LDV measurements as we know for a fact that 

setting the filters too close to the actual signal results in a large value of error. After 

being amplified the signal is clipped to provide a quantized signal that is then fed into a 

burst detector. The burst detector is used to discriminate between the Doppler signal and 

the noise. When a signal is detected it is digitally sampled at multiple-sampling 

frequencies, and once the optimum sampling rate of the signal is determined, 256 

samples from the center portion of the signal burst are transferred to an Autocorrelator. 

The frequency of the incoming signal is calculated by determining the number of time 

delays that occur between contiguous validated cycles of the autocorrelation function. 

By knowing the sampling time period and the number of time delays and the number of 

cycles in the correlation function, the frequency is determined and sent to the computer.      

TSI Rotating Machinery Resolver (model 1989) was incorporated into the system 

to record the rotor angle with each velocity measurement. The photoelectric switch 

mounted on the shaft of the impeller provided the Rotating Machinery Resolver with a 

once per revolution reference signal. The interface between both the Correlator and the 

Resolver with the LDV system was made through the Phase software that is developed 

by TSI (figure A6). 

The three dimensional traverse had a 0.02 mm resolution in all three axes. It was 

controlled by a Velmex 8300 series control/driver, which can be operated manually or 

automatically through a computer. The Laser source along with the optical train were 

mounted on the base-plate which was bolted to the traverse. This made it possible to 
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investigate the flow at different azimuthal and radial points along different axial planes 

inside the pump. 
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EXPERIMENTAL PROCEDURE 
 

The experimental procedure consisted of performing the detailed Laser Doppler 

Velocimety measurements within the rotating impeller passages of the Ingersoll-Rand 

pump. Details of the experimental facility operation, measurement locations, geometric 

and operating parameters, velocity and pressure measurements are discussed in this 

chapter. The data reduction procedures to generate contour and vector plots are also 

discussed.   

  

Experimental Facility Operation and Control 

 

The pump speed was maintained at a constant speed of 1400 rpm through the 

adjustable frequency drive of the electric motor. The drive was controlled by a remote 

potentiometer connected to the logical board of the drive. By turning the potentiometer, 

the motor speed was varied and set to the desired value. This speed was 78 % of the 

rated speed for the IR pump. The pump could not be operated at higher speeds due to the 

power limitations of the Westinghouse motor. In an earlier thesis by Hossain [1], it was 

determined that the best efficiencies were obtained for the geometric configuration 

having a back clearance of 1.87 mm, a front clearance of 0.65 mm, and no balance holes. 

The best efficiency point (BEP) for that configuration was at a flow rate of 31 Liters/sec. 

For our measurements we adopted these same running conditions to investigate the flow 

at the BEP. Brass bolts were manufactured to seal the balance holes already drilled in the 

eye of the impeller. The back clearance was set to 1.87 mm by adding brass washers of 

known thickness onto the shaft of the impeller, which in turn was screwed into the shaft 

of the IR pump.   To keep the front clearance constant at 0.65 mm, gaskets (provided by 

the pump manufacturer) were inserted or taken out from the front casing accordingly. 

The flow rate was measured by the orifice meter and set to 31 Liters/sec by manually 

adjusting the flow control valve. 
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 A pneumatic dead weight tester was used to calibrate the Validyne pressure 

transducer as well as the Rosemount differential pressure transducer. Known pressures 

were applied to the transducers and the corresponding voltage outputs were recorded in 

calibration data files. The points thus obtained were used to generate least square fitted 

straight lines as calibration curves for each of the transducers. The calibrated Validyne 

transducer was used to record the inlet and outlet pressures and thus the pressure rise 

across the pump. The inlet pressure was used to measure the net positive suction head 

available (NPSHA). The NPSHA should be higher than the net positive suction head 

required (NPSHR), and thus the closed pump test loop was pressurized by shop air to 

avoid cavitation.     

After being calibrated, the differential pressure transducer was used to measure 

the volumetric flow rate of water passing through the IR pump. This was computed by 

the following equation: 

 

ρ
π pDYKQ ∆

=
.2.

4
.
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2

0                                                  (4) 

 

taken from “Orifice Metering of Natural Gas” ANSI 2nd edition (page 25 of reference 

16). K is the flow coefficient which is a function of the Reynolds number, acoustic ratio, 

meter tube diameter and the beta ratio. K is computed according to the following 

formulas: 
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Y is the expansion factor and has a value of 1 for water, D0 (cm) is the diameter of the 

orifice, ∆p (N/m2) is the pressure drop across the orifice plate measured by the 

differential pressure transducer, β is the Beta ratio, and ρ (kg/m3) is the density of water 

assumed constant here [16]. Knowing the desirable flow rate (31 Lit/sec), the required 

∆p was calculated from equation 4. The flow control valve was manually adjusted until 

the voltage output from the differential pressure transducer corresponded to the 

calculated ∆p.  

 

LDV Measurements 

  

The LDV system was aligned and fixed to the base-plate. The alignment was 

performed with special tools provided by TSI. The alignment of the LDV system is very 

critical to its application, because without proper alignment flow measurements cannot 

be achieved. The base-plate along with the optical train were mounted on the three 

dimensional traverse. Because of the space constraints the LDV was placed with its 

optical axis shifted with an angle of 14.5° with respect to the pump axis (figure A8). The 

LDV system had a 480 mm focal length (f), 7.71° half-angle (κ), and a wavelength (λ) 

of 632.8 nm which yielded, according to equations 1 and 2, a probe volume with a spot 

diameter of 61.5 µm and a fringe spacing of 2.35 µm. This provided a sufficient number 

of fringes to attain valid measurements from the system.  

Figure A7 shows the optical windows and the LDV measurement locations inside 

the pump. Also because of space constraints, only windows A and B were selected for 

measurement. Measurements were taken at 13 radial locations (from r = 80 mm to 140 

mm at a point to point spacing of 5mm) and five axial planes (z/h of 0.11, 0.29, 0.47, 



 21

0.66, and 0.84). The radial lines along which the probe was traversed were at azimuthal 

angles of 45° in window B, and 315° in window A (figure A7 (a)). Azimuthal angles are 

measured counter clockwise from the horizontal line as the observer faces the suction 

side of the pump. A pinhole was glued onto the pump casing and was used as a reference 

spatial location for the probe volume.   

The traverse was controlled automatically through the phase software (figure 

A6). Position files were written and then automatically executed as part of the data 

acquisition process. 350,000 measurements were performed at each physical location 

and phase averaged for every 1° increment of rotor position.  

The flow inside the pump was assumed to be two dimensional. Two different 

velocity components were measured in order to calculate the velocity vector and the 

turbulence kinetic energy. Thus at each physical location, velocity measurements were 

performed twice, each time measuring a different component (vertical and horizontal). 

For this purpose the plane of intersection of the two beams was oriented at two different 

angles (vertical and horizontal). By performing these measurements, the mean and 

fluctuating value of the flow was attained at each of those locations. 

The velocity information was then post processed through several C++ programs 

to reach the final form that is to be presented.  As part of the data reduction process, the 

vertical and horizontal data were phase averaged to obtain the mean vertical and 

horizontal velocities as well as the vertical and horizontal variances for every 1° 

increment of the rotor position from 1 to 360°. The mean velocity was calculated at each 

angular position by the following equation: 

 

n
u

U
n

i∑= 1                                                       (5)                           

 

where ui is the instantaneous velocity measurement and n is the total number of points 

that have the same blade angle associated with it. The variance was calculated by the 

following equation: 
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The angle between the LDV system and the pump axis was then accounted for in 

the mean velocities but not in the variances. This was done by multiplying the horizontal 

velocities (Vh) by cos(γ), where γ is the angle difference between the pump and LDV x-

axis which is equal to 14º (fig. A8). The vertical velocity Vv was left unchanged because 

the y-axis of the pump and the LDV coincide and thus Vv = Vy. The absolute velocity 

vector was then resolved into the tangential and radial components by the following 

equations: 

 

θθ cossintan yx VVV +−=                                                 (7) 

 

θθ sincos yxrad VVV +=                                                  (8) 

 

where θ is the angle between the radial line of measurement and the positive x-axis, 

which is ± 45 in our case.    

Finally, the turbulence kinetic energy was estimated assuming isotropic 

turbulence from the equation: 

 

)''''(
2
5.1 vvuuk +=                                                        (9) 

 

where u’ and v’ were the velocity fluctuations in the horizontal and vertical directions 

respectively.  

 The velocity components were non-dimensionalized by U* which is given by: 
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22*
tipbulk UUU +=                                                         (10) 

 

A
QUbulk =                                                              (11) 

 

(Q : flow rate, and A : tip area ) and Utip = ω r. The turbulence kinetic energy was 

nondimensionalized by the following expressions: 

 

2*

2
1U

kk =                                                      (12)    

 

Both contour and vector plots were generated from the reduced data by a graphical 

software “Tecplot”. In these plots the radial distances of the 13 radial measurements 

were nondimensionalized by the radius of the impeller (R), and the depths of the five 

axial planes of measurement were nondimensionalized by the blade height (h).   
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RESULTS AND DISCUSSION 
 

 
The results of the velocity investigations inside the Ingersoll-Rand centrifugal 

pump are presented in this chapter. Two types of plots were generated to visualize the 

flow inside the impeller passages, planar plots and radial surface plots. Planar plots show 

the variation of the velocity information with radial distance and blade angle, while the 

radial surface plots show the variation of the velocity information with axial depth and 

blade angle. The measurement locations had a radial range from 80 to 140mm, which 

was nondimensionalized by the pump radius (R = 168mm), and thus the generated plots 

had r/R ranging from 0.48 to 0.83 and the blade angle (α) ranging from 1 to 360˚. 

Measurements were conducted at five axial planes within the impeller passages. The 

axial depth was nondimensionalized by the blade height. The pump impeller had a 

counterclockwise rotation direction, and thus the pressure side of the blade is at a higher 

angle than the suction side according to the sign convention depicted in figure A1. The 

counterclockwise direction was taken as the positive tangential direction and the outward 

direction was taken as the positive radial direction. In the case of the planar plots the 

radius and blade angle were converted through “Tecplot” to polar coordinates in order to 

achieve polar plots that give better intuitive representation.  

Planar contour and vector plots and radial surface contour plots of the mean 

velocities for the five different planes in windows A and B are discussed first. The 

vector plots were generated by plotting the radial and relative tangential components of 

the velocity vector, and thus the vector plot has its coordinate system with positive axes 

lying along the positive radial and tangential directions. This can help us visualize 

negative radial velocities in the pump passages that might indicate backflow or other 

phenomena. As the blades pass through the probe volume of the LDV system, they 

obstruct one or two of the intersecting beams and no data are recorded. This is depicted 

by the five blank areas in the vector plots. Two types of planar contour plots were 

generated for the mean velocities, one showing the distribution of the radial component 
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of the absolute velocity vector, and the other showing the distribution of the tangential 

component. 

 This is followed by planar and radial surface contour plots of the velocity 

fluctuations that consist of the distribution of the turbulence kinetic energy along the line 

of measurement. The effect of the blade passing through the probe volume is also 

manifested in the planar contour plots as the plotting software is interpolating the data on 

the edges of the blades to produce some structures that are not part of the flow. In some 

of the planar contour plots the structures corresponding to the passage of the blades were 

discernable and for that reason they were left uncovered, while in some other planar 

contour plots the structures were not clearly related to the passage of the blades and they 

were covered for clarification. In the case of the radial surface contour plots, the “no 

data” areas were clearly related to the blade passage. Comparisons are performed 

between the plots of different depths as well as between the two windows. 

 

Mean Velocities   

 

Mean velocities obtained for the five different axial depths in both windows are 

shown in figures B1 through B38. Figures B1 through B15 are planar plots of the flow 

velocity measured through window A at a circumferential angle of -45°, while figures 

B16 through B30 are planar plots of the flow velocity measured through window B at an 

angle of +45°. Figures B31 through B34 are radial surface plots of the flow velocity 

measured through window A, while figures B35 through B38 are radial surface plots of 

the flow velocity measured through window B. 

Figure B1 is a vector plot of the relative velocity at an axial depth of 0.11, near 

the blade top/housing clearance. The velocity field is not uniform, as the direction of the 

velocity vectors close to the blade pressure side change drastically as the vectors rotate 

in the counterclockwise direction while the velocity vectors close to the blade suction 

side rotate in the clockwise direction, as we move circumferentially towards the center 

of the passage. This takes place because the vectors close to the blade pressure side 



 26

acquire a positive relative tangential velocity in addition to its positive radial velocity, 

and the vectors close to the suction side acquire a negative radial velocity coupled with a 

positive relative tangential velocity. This change in the direction of the flow as the fluid 

moves towards the center of the blade passage forms a recirculation zone where the flow 

separates from the main flow and moves in the reverse direction at the center of the 

blade passage. At high radii the velocity magnitude in the recirculation zone drops to 

almost zero, marking the end of this zone. This distribution repeats itself as the five 

blades pass through the measuring locations. These measurements were performed at an 

axial depth that is very close to the front wall of the pump casing, thus the non-

uniformity in the flow field at this plane is attributed to the 90º turn that the fluid endures 

as it enters the impeller inlet from the suction pipe. Figure B2 is a contour plot of the 

radial velocity component of the velocity at the same axial depth of 0.11. It is evident 

from the plot that the radial velocity is negative in the majority of the measurement 

section. A negative contour level is not adopted in these plots but it is clear that all the 

sections having negative values will show the color of the level zero. This inward radial 

flow constitutes the leakage flow and exists between the impeller front surface and the 

pump housing wall. The fluid in the front clearance does not experience the centrifugal 

force from the rotating blades. The pressure difference between the impeller inlet and 

exit generates this negative flow through the front clearance. Closer to the blade’s 

pressure side a high radial velocity zone develops at the inlet and extends till the middle 

of the measurement section. The highest radial velocity is reached midway between the 

blade to blade passage in the upstream half of the measurement section. The radial 

velocity decreases as the radius increases, and this is in accordance with the potential 

theory which dictates the radial velocity to decrease as the tip area is increased for the 

same flow rate. From figure B3 we can notice how the tangential velocity component 

increases as the fluid moves towards larger radii, and this is due to increased tangential 

velocity of the blade at a larger radius. The tangential velocity has its maximum 

occurring midway between the blade suction and pressure surfaces.  
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Further in away from the front wall the velocity field becomes more uniform as 

there is no evidence of the recirculation zone in the plane having an axial depth of 0.29 

(figure B4). But the influence of the inlet conditions is still evident at the inlet of the 

measurement section close to the blade suction side where a zone of high radial velocity 

exists. The high radial velocity component that the fluid acquires in that zone has the 

effect of directing the flow perpendicular to the blade surface in contrast to the rest of 

the flow field where the flow is directed parallel to the blade. From the radial plot (figure 

B5), we observe that the flow is radially outward, and the zone of high radial velocity 

develops further as it moves closer to the blade suction side. In comparison with the first 

plane the high radial velocity zone has increased to reach a maximum value double that 

evidenced in the first plane. The tangential velocity decreases as we move to the second 

plane, and the maximum tangential velocity is reached at the outermost radial location 

midway between the blade suction and pressure side (figure B6). The same profile 

repeats itself with the passage of the five different blades through the measurement 

volume, which is an indication of the geometrical similitude of the centrifugal impeller. 

In the third plane (z/h = 0.47 depicted in figure B7), the vector field is even more 

uniform than the second plane (figure B4). The high radial velocity zone at the blade 

suction side is less distorted as it bends more in the clockwise direction to become more 

parallel to the blade suction side. The contour plot (figure B8) shows that the high radial 

velocity zone has moved further into the suction side of the blade, to attach to it, and 

further downstream into the blade passage to lie midway between the inlet and exit of 

the measurement section. The maximum radial velocity reached is at a comparable level 

with that of the second plane. A small section of very low radial velocity develops at the 

inlet midway between the blade suction and pressure side. The tangential profile (figure 

B9) shows reduced levels of the tangential velocity in all the sections. The high velocity 

zone is reduced and pushed further into the outer radius midway between the blade 

pressure and suction side. A low tangential velocity area moves into the inlet of the 

measurement section. 
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The vector plot in figure B10 does not show much variation from figure B7. The 

flow appears to be more uniform, with the high radial velocity zone more adjusted to the 

blade curvature. The radial velocity throughout the plot is positive pushing the flow 

away from the center, and the relative tangential component is mainly negative which 

directs the flow parallel to the blade. The contour plot (figure B11) also shows the radial 

velocities to be all positive. The high velocity zone is further reduced and diffused along 

the blade suction side up till the exit of the measurement section. The tangential 

velocities in the fourth plane (figure B12) increase at the outer radial location while it 

decrease at the inner radial location keeping a similar profile to the previous three 

planes. The very low tangential velocity zone that developed in the previous plane at the 

inlet of the measurement section spreads out and reaches lower values. 

At z/h = 0.84, the vector field is the least distorted (figure B13), as the fluid 

closest to the blade suction side slightly changes direction as we move into the fifth 

plane. In this plane the radial velocity (figure B14) decreases in level in comparison with 

the previous planes. The high velocity zone totally disappears, and the low velocity zone 

is more developed at the inlet of the section midway between the blade suction and 

discharge surfaces. The tangential velocity (figure B15) increases at the outer radial 

location while it decreases at the inner radial location. The low velocity zone at the 

section inlet that was evidenced in the previous plane is more developed in this plane. 

The area of “no data” due to the passage of the blade increases as the depth of the 

measurement plane increases. This is due to the fact that at a greater depth, the two 

crossing beams that form the probe volume are obstructed at a larger range of angles by 

the blade passage. 

Figures B16 through B30 are planar plots of the flow velocity measured through 

window B at an angle of +45°. This window is located close to the cut-water that has its 

tip at an angle of 56° (figure A2). Thus the flow field measured through this window is 

affected by the interaction between the impeller, the volute tongue, the pump discharge, 

and the small clearance (6 mm) between the impeller tip and the volute tongue. The 

vector field in window B at z/h = 0.11 (figure B16) is non-uniform with the velocity 
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vectors bending in the counterclockwise direction as the fluid moves towards the center 

of the blade passage, to rotate back in the clockwise direction at the suction side of the 

blade. In comparison with figure B1, we notice that the two vector fields are similar but 

that of window B is less distorted. The recirculation zone that was evident in window A 

is not clear in window B. At the center of the blade passage we don’t notice any section 

of the fluid acquiring a negative radial velocity and a positive relative tangential velocity 

that directs the flow in the reverse direction as was noticed in window A. In window B 

we notice a section of the flow with zero to positive relative tangential velocity and 

positive radial velocity directing the flow perpendicular to the blade’s surface. This can 

be further clarified by the plot of the radial velocity (figure B17) where we can notice 

the high radial velocity zone as a small part of a bigger positive radial velocity section. 

This renders the transition smoother unlike the first window, where a high velocity zone 

was in the middle of a bigger negative velocity section. In figure B17 the negative 

velocities exist only at the periphery of the measurement section, while the high velocity 

zone lies at the inlet of the measurement section close to the blade pressure side. The 

maximum radial velocity reached is almost the same in figure B2 and figure B17. The 

tangential velocity (figure B18) shows the same profile as seen in window A in general. 

Low values at the inlet of the section which tend to increase and spread radially outward 

to form a high tangential velocity zone that covers most of the blade to blade section at 

the highest r/R. In comparison with the tangential velocity in window A for the same 

axial depth we notice that the tangential velocities reached in the latter are higher, 

mainly at the exit of the section. 

Figure B19 shows the flow field to be more uniform at z/h = 0.29. Similar to 

what was evidenced in window A, there is a high radial velocity zone close to the blade 

suction side that pushes the flow in that region in the radial direction perpendicular to the 

blade’s surface. The radial velocity (figure B20) shows an increase in comparison to the 

previous plane, as the high velocity region spreads more into the blade passage closer 

towards the blade suction side and the exit of the measurement section. Similar 

development was noticed in window A, the difference being the lower radial velocity 
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levels in window A. In comparison, the maximum radial velocity reached in figure B20 

is about 10% higher than that in figure B5. The tangential velocity (figure B21) drops 

down as the fluid moves into the second plane. This trend of increasing radial velocity 

and decreasing tangential velocity from the first to the second plane is consistent with 

the trend evidenced in window A. The general outline of the tangential velocity profile 

agrees well with the general profile of all the tangential plots, with the velocity 

increasing radially outward as the radius increases, and the rotational effects become 

more dominant. The maximum tangential velocity zone is attached to the pressure side 

of the impeller and centered midway between the blade suction and discharge surfaces. 

The flow field is even more uniform at z/h = 0.47 (figure B22). The high radial 

velocity zone at the blade suction side rotates in the clockwise direction to match more 

closely the blade curvature. The radial velocity (figure B23) decreases in the third plane 

as the high velocity zone shrinks in area. The general layout is the same with the high 

velocity zone restricted to the blade suction side and extending from the inlet to the exit 

of the measurement section.  The tangential velocity (figure B24) shows a drop in the 

third plane with respect to the second plane. A comparison with figure B9 shows that the 

levels reached in both cases are almost the same with the only difference of a very low 

velocity zone developing at the inlet of the measurement section in figure B9.  

As is expected according to previous trends, the vector field in the fourth plane 

(z/h = 0.66 depicted in figure B25) is even more uniform than in the third plane (figure 

B22). With increasing depth the flow is adjusting to the blade angle, and the velocity 

field in general becomes less distorted as the flow direction does not show any drastic 

change throughout the plot. From figure B26, we can notice that the high radial velocity 

zone diffuses and spreads downstream into the exit of the measurement section. In this 

plane an unprecedented high velocity zone develops towards the blade pressure side at 

the exit of the measurement section. Going from the third to the fourth plane the 

tangential velocity (figure B27) increases at the exit of the measurement section and 

further decreases at the inlet, similar to what was experienced in window A. 
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The velocity vector field is the least distorted at z/h = 0.84 (Figure B28). The 

flow field forms a streamline that is parallel to the blade at both the suction and 

discharge sides, with a smooth transition in the vectors direction as we translate 

circumferentially in the blade to blade passage. This is further clarified by the contour 

plot of the radial distribution (figures B29) where it is evident that the radial velocity is 

almost uniform throughout the plot. The high radial velocity zone on the pressure side of 

the blade that was first evidenced at z/h = 0.66, is more developed in this plane as it has 

increased in size and value, while the high velocity zone on the blade suction side has 

completely disappeared. The tangential velocity (figure B30) shows a continuation of the 

trend of increasing velocities at the measurement section exit, and decreasing velocities 

at the inlet.       

Figures B31 through B34 are radial surface contour plots of the flow 

measurement through window A at a circumferential angle of -45°, while figures B35 

through B38 are radial surface contour plots of the flow measured  through window B at 

a circumferential angle of +45°. Flow measurements were performed at five different 

axial planes throughout the impeller height, the first plane being very close to the tip of 

the impeller, and the last plane very close to the impeller hub. The radial surface contour 

plots show the variation of the velocity information with axial depth and blade angle at a 

specific radial location. In appendix B, plots at different radial locations are generated on 

top of each other to help visualize the fluid flow as it moves through the blade passage 

towards the exit of the impeller. In these plots the “no data” areas due to the passage of 

the blades are the thin vertical structures that have zero values. Through the data 

reduction software the velocity information that are associated with the blade passage 

were set to zero. In the radial surface plots, the blade suction side is at a lower angle than 

the blade pressure side, that is the left side of the blade is the suction side and the right 

side is the pressure side.  

Figure B31 shows the distribution of the radial velocity in window A at the first 

seven radial locations (r = 80 mm to 110 mm). At r = 80 mm there is a high radial 

velocity zone close to the suction side of the blade. This high radial velocity area spreads 
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out and moves closer to the suction side at r = 85 mm. This trend continues up till r = 

100 mm, where the flow reaches its highest radial velocity and the high radial velocity 

zone is attached to the blade suction side. We also notice that at r = 100 mm the high 

radial velocity zone is centered in the mid-plane of the impeller, while at smaller radial 

locations the high radial velocity zone was centered closer to the front plane of the 

housing. As the flow moves further into the blade passages, the radial velocity decreases 

and the high radial velocity zone shrinks as is noticed at r = 105 mm and 110 mm. This 

trend of decreasing radial velocity at higher radial locations continues as the high radial 

velocity zone totally disappears at r = 125 mm (figure B32) and is not evidenced in the 

rest of the measurement locations (r = 130 mm – r = 140 mm).         

Figure B33 shows the distribution of the absolute tangential velocity in window 

A at the first seven radial locations. At r = 80 mm there is a high tangential velocity at 

the front plane, a negative velocity gradient with depth, and a low tangential velocity at 

the back plane close to the impeller hub. As the flow moves further into the blade 

passage, the tangential velocity increases, but this increase in the velocity is not uniform 

between the front and the back plane, with the back plane tangential velocity 

experiencing faster increase than the front plane. This non-uniform change with radial 

location causes a change in the tangential velocity gradient with depth as we notice that 

the velocity gradient between the front and back plane at r = 80 mm is much higher than 

at r = 110 mm. This trend of non-uniform change in the tangential velocity between the 

back and the front plane continues even for higher radial locations (r = 115 mm – 140 

mm, depicted in figure B34). We can notice that at r = 140 mm the tangential velocity is 

almost uniform throughout the depth of the impeller (6% difference in the value of the 

tangential velocity between the front and back), that is the velocity gradient between the 

front and the back is very small in contrast to the velocity gradient at r = 80 mm (75 % 

difference in the value of the tangential velocity between the front and the back). 

Figure B35 shows the distribution of the radial velocity in window B at the first 

six radial locations (r = 80 mm to 105 mm). The plots show similar profiles to what was 

evidenced in window A. A jet of fluid having a high radial velocity component starts at 
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the front plane at a small radial location (at r = 80 mm) and gains radial momentum and 

moves to the mid-plane at higher radial locations to reach its highest values at r = 100 

mm. As the flow advances into the blade passage it moves closer to the suction side of 

the blade to finally attach to the suction side at r = 95 mm. At higher radial locations the 

radial momentum gradually decreases and the high radial velocity zone starts to shrink (r 

= 110 mm, depicted in figure B36). In addition to this trend that we have already 

experienced in window A, there is an unprecedented fluid behavior that can be drawn 

from figure B36. At r = 120 mm the high jet of water starts to split into two small jets 

one at the suction side of the blade and the other at the pressure side. This high radial 

velocity at the blade pressure side was also detected in the planar contour plots of the 

radial velocity in window B (figure B26 and B29). 

Figure B37 shows the distribution of the absolute tangential velocity in window 

B at the first six radial locations. The velocity profile is very similar to window A. The 

tangential velocity at the front plane is always the highest and decreases with increasing 

depth. This causes a high gradient in the tangential velocity between the front and back 

plane that decreases radially outward to reach a minimum at the r = 140 mm (figure 

B38).                                       

 

Mean Velocity General Trends  

 

There are some general trends that can be concluded from the mean velocity 

distributions. With respect to the vector field we notice that the flow is most distorted at 

the front measurement plane, z/h = 0.11 (the plane closest to the front wall). The 

distortion in the flow field at this plane is associated with the negative radial velocity and 

the positive relative tangential velocity that results in a recirculation zone in the center of 

the blade to blade passage. As we move deeper into the second measurement plane the 

recirculation zone disappears but the effect of the inlet conditions are still evident. A 

large section of high radial velocity, and low relative tangential velocity zone exits at the 

blade suction side. In this section the high radial velocity pushes the flow in the radial 
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direction and directs it perpendicular to the blade’s surface. With increasing depth this 

high radial velocity zone changes its direction as the flow field in that area gradually 

rotates in the clockwise direction to reach the most uniform distribution at the fifth plane 

where the flow at the suction side is parallel to the blade. This trend is common to both 

windows although window A is more distorted than window B. It is believed that the 

leakage flow through the front clearance, in addition to the 90º turn that the fluid endures 

as it enters the impeller from the suction pipe contribute to the distorted behavior in the 

flow.  

The radial velocity does not appear to be decreasing radially outward as is 

predicted from the potential theory. In both windows there is a high radial velocity zone 

that is developed at the inlet of the measurement section midway between the blade 

pressure and suction side in the first measurement plane. This high radial velocity zone 

moves inwards into the blade passages and closer to the blade suction side with 

increasing depth. It reaches its peak in the middle planes (second and third planes) and is 

significantly reduced in the fourth plane to vanish in the fifth plane. At the overall level 

we observe that the radial velocity increases as the depth increases up to the middle 

planes, where it starts decreasing as the depth is further increased. A flow reversal in the 

form of negative radial velocity is evident in the first measurement plane inside the 

Ingersoll Rand pump. This inward flow constitutes the leakage flow and exists between 

the impeller front surface and the pump housing wall. Howard and Kittmer [2] observed 

such a leakage flow in the clearance between the front wall and the impeller front 

surface. The fluid in this area does not experience the centrifugal force from the rotating 

blades. From the pressure distribution at the front plane obtained by Hossain [1] for the 

same running conditions as our current study, it is evident that the pressure increases 

radially outward. This pressure difference between the impeller inlet and exit is believed 

to generate the negative flow through the clearance that is also called the leakage flow. 

In window B a high velocity zone develops at the blade pressure side in the fourth plane 

at z/h = 0.66. It then reaches higher values in the fifth plane at z/h = 0.84. This high 

radial velocity zone is believed to be a result of the interaction between the impeller and 
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the pump discharge. In the general sense the radial velocities measured through window 

A attest lower levels than those measured through window B for all five planes. 

 The absolute tangential velocity has a general trend that governs its distribution 

throughout the five measurement planes in both windows. It is observed that the 

tangential velocity increases radially outward from the inlet of the measurement section 

up till the exit. This is expected because the blade velocity increases with radial location 

according to the following formula: 

 

wrV =                                                           (13) 
 

The highest blade velocity (within the measurement section) exists at the outer location 

of the measurement section and is calculated through equation (13) to be 24.61 m/sec. It 

is noticed that the highest levels of tangential velocity develop midway between the 

blade pressure and suction side from the section inlet to exit to create a high tangential 

velocity zone. The highest velocity in this zone is also achieved at the outer location of 

the measurement section and approaches, in the first measurement plane, the highest 

blade velocity to within 95 %. With increasing depth the tangential velocity levels, as a 

whole, decrease up till we reach the mid-plane (third plane at z/h of 0.47). Thus, the high 

velocity zone is pushed further into the exit of the measurement section and is reduced in 

value as well, and a low velocity area develops at the inlet of the section midway 

between the blade pressure and suction side. As we go deeper from the third plane and 

up till we reach the fifth plane we observe that the low velocity zone develops even more 

and decreases in value, but unlike what was noticed in the first half of the impeller depth 

where the high velocity zone was decreased in value, in the second half the high velocity 

zone tends to develop and spread more in area to reach higher values. In general the 

tangential velocity in window A is higher than what was evidenced in window B for all 

the measurement planes, unlike the radial velocity distribution that was higher in 

window B. This can be attributed to the interaction between the impeller and the pump 

discharge, as window B is positioned very close to the cutwater and the pump discharge 
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which has an effect of increasing the radial velocity and decreasing the tangential 

velocity. 

 From these general trends we can form an idea of the fluid path inside the 

impeller passages. The fluid entering through the inlet pipe has a high momentum in the 

z-direction of the pump axes that pushes the flow to separate from the front plane of the 

pump casing at the inlet and move towards the impeller back because of the sudden 

change in direction that the flow experiences. This separation phenomenon was also 

observed by Alder and Levy [4] where it was found out that the inlet flow was separated 

and distorted because of the small radius of curvature at the shroud. The flow through 

the inlet pipe and the impeller passages form some sort of streamlines that change 

direction from axial to radial as the flow goes through the 90° curve. These streamlines 

are not two dimensional in nature as they have an axial displacement mainly at low 

radial locations. As the flow advances into the passage, the axial displacement decreases. 

It is only the middle streamlines that has the best adjustment to the sudden angle change, 

and thus it is the middle streamlines that maintain the highest level of momentum by 

gradually and most efficiently converting the axial momentum into radial momentum as 

the flow moves further into the blade passages. This explains the high radial velocity 

zones at the middle planes depicted in the planar and radial surface contour plots of the 

radial velocity. As we have already mentioned, the highest radial velocity reached in the 

radial surface plots was at r = 100 mm, and this is believed to be due to the fact that the 

flow becomes mainly radial at that radius, while at smaller radii the flow is still changing 

from the axial to radial direction, and part of the momentum is still axial. At radial 

locations higher than 100 mm, the radial velocity starts decreasing radially outward as 

the rotational effects become more dominant and the inlet effects loose significance. 

This explains the disappearance of the high radial velocity zone at r = 120 mm and the 

continuous drop in radial velocity at larger radii. This is also why the radial velocity 

becomes more uniform with depth at high radial locations except at the front plane 

where there is negative radial velocity due to the leakage flow through the front 

clearance. It is expected according to the potential theory that, assuming we have the 



 37

same flow rate, the radial velocity drops at larger radii as the tip area increases. As the 

flow moves into the blade passages it is being sucked by the low pressure zone at the 

suction side of the blades created by the wake resulting from the passage of the blades. 

This explains the high radial velocity jet that tends to attach to the blade suction side at 

higher radial locations (r = 100 mm). It is only when the rotational effects become more 

dominant that we expect the high radial velocity flow to migrate to the pressure side of 

the blade. This was not evidenced in our work because measurements were not 

performed at radial locations higher than 140 mm.    

 Measurements through window B were performed at an angle of +45º, close to 

the tongue that has its tip at an angle of +56º. It is believed that the stagnation on the tip 

of the tongue causes a relatively low leakage flow through the small clearance between 

the impeller tip and the tongue (6 mm), which forces the fluid into the pump discharge 

redirecting the flow radially outward. This explains the higher radial velocity in window 

B and the difference between the negative velocity dominance at the front plane in 

window A (figure B2) and the small areas of negative velocity at the front plane in 

window B (figure B17). Due to the interaction of the impeller with the cutwater and the 

pump discharge, the high radial velocity zone that disappears in window A at high radial 

locations, still exists in window B, where it splits into two small jets one at the impeller 

pressure side and the other at the suction side.         

Wherever the fluid has high momentum in the radial direction this means that the 

flow moved faster into the blade passage without experiencing the blade rotational 

effects for a sufficient amount of time (less resident time) unlike the low radial velocity 

fluid. This explains the lowest tangential velocity levels in the middle planes where the 

radial velocity reaches its highest values. This might also be an explanation for the 

highest tangential velocity at the front plane for all the radii. The flow in that plane is re-

circulating, and thus the resident time is higher and the rotational effects are more 

pronounced and thus the flow acquires higher tangential velocities. At the inlet from the 

pipe the flow is dominated by the inlet conditions but with increasing radius the 

rotational effects become more dominant which render the flow more uniform. This 
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explains the almost uniform tangential velocity distribution with depth at high radial 

locations (r = 140 mm), and the large difference in the tangential velocity between the 

front and back plane at low radial locations (r = 80 mm).   

 

Fluctuation Intensities 

 

Velocity fluctuations obtained for the five different axial depths in both windows 

are shown in figures B39 through B50. Figures B39 through B43 are planar plots of the 

fluctuations measured through window A at a circumferential angle of -45°, while 

figures B44 through B48 are planar plots of the velocity fluctuations measured through 

window B at an angle of +45°. Figure B49 is a radial surface plot of the velocity 

fluctuation measured through window A, while figures B50 is a radial surface plot of the 

fluctuation measured through window B.   

Figure B39 is a contour plot of the turbulence kinetic energy (as defined in the 

experimental procedure) of the velocity field at z/h = 0.11. The turbulence kinetic energy 

contains information about both the horizontal variance and the vertical variance. From 

figure B39 we can notice how an area of high turbulence kinetic energy develops very 

close to the blade suction side at the inlet of the measurement section, and moves further 

apart from the suction side as the radius increases to eventually vanish at very high 

radius. A very low turbulence zone develops at the blade pressure side, in the upstream 

half of the measurement section.  

At z/h = 0.29 (figure B40), the high turbulence kinetic energy is still attached to 

the blade suction side but it moves further into the blade passage towards the exit of the 

measurement section. The highest turbulence kinetic energy reached at this depth shows 

an increase of about 18 % with respect to the first plane. As the blade passes it is 

exerting high pressures on the fluid on its pressure side while resulting in a low pressure 

wake at its suction side. The fluid directly in contact with the blade’s suction side is 

being drawn in, and it is evident from the plots that this layer of the fluid is experiencing 

the highest levels of turbulence kinetic energy. This might be an explanation for the drop 
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in turbulence level as we translate circumferentially from the blade suction to pressure 

side. 

 In figure B41 the high turbulence kinetic energy zone moves radially outward, 

and shrinks in area. In general the fluctuation intensity still shows a decrease as we go 

further away from the blade suction side to reach its minimum levels at the blade 

pressure side where a large zone of very low turbulence level is developed at this depth. 

In comparison with figure B40, we notice that the overall turbulence levels show a 

decrease as the axial depth is increased, with the low turbulence area at the blade 

pressure side spreading out, and the high turbulence zone near the blade suction side 

shrinking. In general the high turbulence intensity is accompanied by significant mean 

velocity gradients. Thus the high turbulence area in figure B41 is believed to be caused 

by the high radial velocity gradient in figure B8 due to the presence of the high radial 

velocity zone.   

In figure B42 we notice that the area of very high turbulence kinetic energy 

vanishes as we move into the forth measurement plane (z/h = 0.66), because of the slight 

variation of the radial and tangential velocities with r and α. Low turbulence areas are 

attached to the blade pressure side while moderate levels tend to attach to the blade 

suction side.  

After the turbulence kinetic energy showed a decrease while going from the third 

to the fourth plane, it then shows a slight increase as we move into the last plane z/h = 

0.84 (figure B43). This is believed to be a result of the more pronounced tangential 

velocity gradient as shown in figure B15.  

Figures B44 through B48 are planar plots of the velocity fluctuations measured 

through window B at an angle of +45°.  The general profile of the turbulence kinetic 

energy in window B at z/h = 0.11 (figure B44) follows the same guidelines that were 

experienced in the first window, a zone of low turbulence attached to the blade pressure 

side while a zone of high turbulence develops close to the suction side. The area of low 

turbulence is associated with the low radial and tangential velocity gradients at the blade 
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pressure side in figures B17 and B18 respectively. The turbulence levels reached at this 

plane are lower than what was evidenced in window A (figure B39).  

In window B the level of turbulence kinetic energy decreases as we move into 

the second measurement plane at z/h = 0.29 (figure B45), unlike what was evidenced in 

window A (figure B40). The turbulence kinetic energy does not show any significant 

change in the third measurement plane at z/h = 0.47 (figure B46). As we get closer to the 

back-wall of the impeller, the turbulence kinetic energy increases slightly (z/h = 0.66, 

depicted in figure B47). Still there is no sign of any high turbulence, but the moderate 

turbulence zone spreads out, to cover the majority of the section while a thin area of low 

turbulence still exists at the pressure side of the blade.  

The turbulence kinetic energy shows further increase as we reach the fifth 

measurement plane (z/h = 0.84, depicted in figure B48), as the trend of development of 

the moderate turbulence zone and shrinkage of the low turbulence zone continues. We 

can see in figure B48 how the low turbulence zone is now restricted to the inlet 

circumferential area. This is attributed to the higher tangential velocity gradient at the 

fifth plane (figure B30). 

Figure B49 is a radial surface contour plot of the turbulence kinetic energy at 

seven different radial locations in window A, at a circumferential angle of -45º. There is 

a high turbulence intensity zone that starts close to the front plane at low radial values, 

which then increases and moves towards the mid-plane at r = 120 mm, to then drop in 

value at higher radial locations to reach the lowest levels at r = 140 mm. we can also 

notice from the plot that the turbulence intensity is higher at the blade suction side at all 

the radial sections.     

Figure B50 is a radial surface contour plot of the turbulence kinetic energy at 

seven different radial locations in window B, at a circumferential angle of +45º. It is 

evident the turbulence levels in window B are lower than in window A. Also in window 

B it is evident that the turbulence intensities are higher at the blade suction side at all the 

radial locations.   
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There are some general trends that can be concluded from the fluctuation 

intensity distributions. In windows A and B we notice the high turbulence intensities at 

the front plane for the majority of the radial surfaces which decreases at the highest 

radial locations. This is due to the separation of the flow from the front wall at the inlet 

and the recovery of the flow at the highest radial locations (r = 135 mm, r = 140 mm). In 

window A, and at higher radial locations, the highest turbulence intensity moves into a 

higher depth and closer to the blade suction side. This high turbulence is due to the wake 

created by the blade passage, and is associated with the high radial velocity zone that 

reaches its peaks at the middle plane close to the blade suction side. At the last radial 

locations the turbulence intensity decreases, as the inlet distortion effects become less 

dominant similar to what was experienced with the high radial velocity zone. In other 

words it is believed that the high mean radial velocity gradients at the blade suction that 

lead to the high radial velocity zone are accompanied by high turbulence intensities. This 

explains the decrease in turbulence intensity at the blade suction side beyond the radial 

surface of r = 120 mm. This also explains the higher turbulence intensities at the blade 

suction side in window B. There are two major differences between window A and B. 

The first difference is that in window B the turbulence levels do not decrease with 

increasing radius. The intensity levels drop down up till r = 110 mm, and then the levels 

start increasing radially outward again. This is due to the distorted flow at the inlet 

(which causes high turbulence at low radial locations), and the interaction between the 

impeller and volute tongue that has more significant effects at high radial locations 

(which causes high turbulence at high radial locations). The second major difference is 

the higher turbulence intensities in window A.      

 

Uncertainty Analysis   

 

 The uncertainty in the measurements of the instantaneous velocity (ui) acquired 

through the LDV system was determined by the error involved in measuring the Doppler 

frequency (fd) and the fringe spacing df (eq. 3). The uncertainty in measuring the fringe 
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spacing is determined by the accuracy in measuring the half-angle κ (eq. 2). In addition 

there is an error involved in measuring θ and γ. Including all of these errors, the 

uncertainty in the calculation of the mean velocity was within one percent. The mean 

turbulence was calculated with respect to the LDV system of axes, and not the pump 

axes, thus the variances are an approximation of the true values. Repeatability of the 

LDV measurements was verified on a number of occasions. Measurements were 

repeated within the blade passages. Repeatability of these measurements ensured that the 

flow conditions were properly matched, the traverse system had accurately positioned 

the measurement volume, and that the velocimetry system was working reliably.   

 The volumetric flow rate of water passing through the IR pump was computed 

by: 
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There are three possible sources of uncertainty in the pressure drop across the orifice 

meter. First, inaccuracy of the transmitter response to a differential pressure across the 

orifice plate, second the inaccuracy of the calibration curves in converting transmitter 

output to pressure, and third the fluctuations in the differential pressure due to the 

dynamic property of the flow at a given flow rate. The overall uncertainty is mainly due 

to the accuracy of the transmitters, p∆ω = 0.00075 F.S = 0.075%. Between 80ºF and 

120ºF, the density of water increases about 0.6%, thus the uncertainty in water density, 

ρω = 0.6%. The uncertainty for the orifice diameter was approximated by, 
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The uncertainties in the pipe diameter and water density are the biggest contributors to 

the uncertainty of the flow rate. 

 The instrumental accuracy of the RPM transducer is 1 RPM, which is 0.07% in 

terms of percentage. The measured uncertainty of rpm was 0.15%. The measured 

uncertainty was more than the accuracy of the transducer. The difference is mainly due 

to the operation of the variable drive controlling the motor speed. It does not have a 

feedback loop for RPM, but operates by controlling the current going through the motor. 

The RPM needed some manual control as the motor heated up during the pump 

operation. The overall RPM control was satisfactory considering the variation of speed, 

which is very small. 

The LDV traversing system that positioned the probe volume had a resolution of 

0.0025 mm. The azimuthal position of the probe volume was within ±1°. The accuracy 

in the azimuthal positioning was checked physically by measuring the angle between the 

horizontal reference line and the probe volume using a digital protractor. The traverse 

was controlled automatically through the computer. Position files were written and 

executed through the phase software during the data acquisition process. This made sure 

that no illegitimate errors were involved. For this same reason the probe volume was 

positioned at a spatial reference before and after each data acquisition cycle.       
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CONCLUSIONS AND RECOMMENDATIONS 

 
A Laser Doppler Velocimetry (LDV) system was used to perform velocity 

measurements within the impeller passages of an Ingersoll-Rand centrifugal pump. 

Velocity measurements were taken at different radial and azimuthal locations at five 

axial planes within the impeller housing. The following conclusions are drawn from the 

flow field studies in the centrifugal pump. 

1. A leakage flow was observed near the front wall of the impeller at z/h = 0.11. 

The difference in pressure between the impeller exit and inlet generated this leakage 

flow in front of the impeller.   

2. From Hossain [1] we notice that the static pressure field in the IR pump 

housing was asymmetric as the pressure was high at the volute region near the pump 

discharge. High energy fluid exiting through the discharge generated the increase in high 

wall (static) pressure near the exit. The non-uniform volute area across the pump 

housing also contributed to the pressure variation. The interaction between the impeller, 

the volute region, and the pump discharge is believed to be the reason for the variation in 

the flow field between windows A and B. 

3. The velocity field in the centrifugal pump was not found to be fully two-

dimensional in nature, mainly at small radii. As the flow curves through the 90º turn at 

the inlet from the suction pipe, it separates from the front wall of the pump housing. It is 

only at higher radial locations that the flow becomes fully two dimensional after it 

recovers from the separation at the inlet.     

4. A zone of high radial velocity was evidenced at the suction side of the blades. 

The existence of this zone was attributed to the inlet conditions, as it is believed that 

after the 90º turn, a jet of high radial velocity is formed. This high radial velocity jet is 

drawn to the suction side of the blade by the low pressure created in that area due to the 

passage of the blade.  

5. The flow at the exit of the measurement section was found to be much more 

uniform than at the inlet, with uniform radial and tangential velocity with depth, except 
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at the front plane where the leakage resulted in negative radial velocities and higher 

absolute tangential velocities. The uniform flow at the exit was believed to be a result of 

the less significant inlet effects at higher radial locations and the more dominant 

rotational effects which force the flow to behave in a similar fashion, irrespective of 

depth.   

6. The tangential velocity was found to be increasing radially outward throughout 

the impeller depth due to the rotational effects of the impeller. 

 7. It was also found out that the high turbulence intensity existed at the blade 

suction side, and was related to the high radial jet of fluid that was drawn into the blade 

suction side. 

8. The interaction between the impeller, the volute tongue, and the pump 

discharge resulted in redirecting the flow radially outward at spatial locations close to 

the cut-water, which lead to an increase in the radial velocity and a decrease in the 

tangential velocity of the flow measured through window B at an angle of +45°.   

9. High turbulence intensities were found at the front measurement planes for the 

majority of the radial surfaces. This was associated with the separation phenomenon that 

was evidenced at the entrance from the inlet pipe. 

 

Recommendations  

 

1. The present study involved measurements of the flow field within the impeller 

passages. The design of the discharge region highly influences the flow upstream and 

downstream. It is recommended that flow velocities near the pump discharge be 

measured.  

2. The flow separation at the volute tongue near the pump discharge contributes 

to the generation of a high turbulence zone in that region [9]. The boundary layer 

developed at the tongue might contribute to the turbulence losses. An investigation near 

the tongue would provide interesting information related to the flow at that region. 
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3. The change in the flow direction from the inlet pipe to the impeller eye 

influences the flow downstream. It is recommended that velocity measurements near the 

pump eye be performed. 

4. The measurements performed in the current study were restricted to a limited 

radial section of the blade. It is recommended that measurements be performed for all 

the radial locations from the blade passage entrance up till the exit of the passage. This 

will provide us with a complete picture of the flow variation within the impeller 

passages and also at the inlet and exit from the impeller. For all of these measurement 

locations to be possible, it is recommended that the pump housing and the inlet pipe be 

manufactured from Perspex. 

5. Current measurements were performed for only one flow rate corresponding to 

the design condition of the pump at 1400 rpm with no balance holes and 1.87mm back 

clearance. It is recommended that measurements be performed at design and off-design 

conditions for all the remaining geometric configurations based on the work of Hossain 

[1]. This will allow interactive evaluation of design modifications with knowledge of 

how these modifications affect the details of what is happening inside the pump.  

6. Because of space constraints, the second half of the centrifugal pump was not 

accessible for flow measurements. Measurements at those locations provide a detailed 

idea of the complete flow field inside the pump. It is recommended to design and build a 

smaller traverse that can allow LDV measurements in windows C and D.   

7. Theoretical analysis of the flow field within an impeller blade channel is 

extremely complex. It involves the combined effects of relative flow circulation, coriolis 

acceleration, passage curvature, and centrifugal acceleration. It would be of great interest 

to complete a radial survey of the velocity within the passage, from the impeller eye all 

the way out to the impeller discharge to form the basis to develop theoretical models of 

the flow.    
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Figure A1: Impeller inside the housing. 
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Figure A2: Optical windows machined into the front casing.



 

Photo-electric switch

Flow control valve

Orifice Flow Meter

Heat 
Exchanger C

O
L
U
M
N

Circulation 
pump

IR test pump

RPM sensor
Chain coupling

Motor

 
Figure A3: Hydraulic loop for the Ingersoll-Rand pump. 
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Figure A4: Instrumentation setup of the test rig. 
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Figure A5: Laser Doppler Velocimetry System.  
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Figure A6: Schematic of LDV electronics.  
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Figure A7: Measurement locations in IR pump: (a) radial locations, (b) axial planes.   
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Figure A8: Orientation of the LDV system with respect to the pump axis. 
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Figure A9: Interference pattern. 
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Figure B1: Vector plot of the relative velocity field in window A, at z/h = 0.11.
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Figure B2: Contour plot of the absolute radial velocity in window A, at z/h = 0.11.
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Figure B3: Contour plot of the absolute tangential velocity in window A, at z/h = 0.11.
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Figure B4: Vector plot of the relative velocity field in window A, at z/h = 0.29.
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Figure B5: Contour plot of the absolute radial velocity in window A, at z/h = 0.29.
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Figure B6: Contour plot of the absolute tangential velocity in window A, at z/h = 0.29.
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Figure B7: Vector plot of the relative velocity field in window A, at z/h = 0.47.
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Figure B8: Contour plot of the absolute radial velocity in window A, at z/h = 0.47.
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Figure B9: Contour plot of the absolute tangential velocity in window A, at z/h = 0.47.
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Figure B10: Vector plot of the relative velocity field in window A, at z/h = 0.66.
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Figure B11: Contour plot of the absolute radial velocity in window A, at z/h = 0.66.
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Figure B12: Contour plot of the absolute tangential velocity in window A, at z/h = 0.66.
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Figure B13: Vector plot of the relative velocity vector in window A, at z/h = 0.84.
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Figure B14: Contour plot of the absolute radial velocity in window A, at z/h = 0.84.
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Figure 15: Contour plot of the absolute tangential velocity in window A, at z/h = 0.84.
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Figure B16: Vector plot of the relative velocity field in window B, at z/h = 0.11.
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Figure B17: Contour plot of the absolute radial velocity in window B, at z/h = 0.11.
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Figure B18: Contour plot of the absolute tangential velocity in window B, at z/h = 0.11.
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Figure B19: Vector plot of the relative velocity field in window B, at z/h = 0.29.
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Figure B20: Contour plot of the absolute radial velocity in window B, at z/h = 0.29.
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Figure B21: Contour plot of the absolute tangential velocity in window B, at z/h = 0.29.
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Figure B22: Vector plot of the relative velocity field in window B, at z/h = 0.47.
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Figure B23: Contour plot of the absolute radial velocity in window B, at z/h = 0.47.
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Figure B24: contour plot of the absolute tangential velocity in window B, at z/h = 0.47.
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Figure B25: Vector plot of the relative velocity field in window B, at z/h = 0.66.
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Figure B26: Contour plot of the absolute radial velocity in window B, at z/h = 0.66.
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Figure B27: Contour plot of the absolute radial velocity in window B, at z/h = 0.66.
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Figure B28: Vector plot of the relative velocity field in window B, at z/h = 0.84.
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Figure B29: Contour plot of the absolute radial velocity in window B, at z/h = 0.84.
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Figure B30: Contour plot of the absolute tangential velocity in window B, at z/h = 0.84.
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Figure B31: Radial velocity at the first seven radial surfaces in window A.
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Figure B32: Radial velocity at the last six radial surfaces in window A.
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Figure B33: Absolute tangential velocity at the first seven radial surfaces in window A. 
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Figure B34: Absolute tangential velocity at the last six radial surfaces in window A.
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Figure B35: Radial velocity at the first six radial surfaces in window B.
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Figure B36: Radial velocity at the last six radial surfaces in window B.
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Figure B37: Absolute tangential velocity at the first six radial surfaces in window B.
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Figure B38: Absolute tangential velocity at the last six radial surfaces in window B.
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Figure B39: Contour plot of the turbulence kinetic energy in window A, at z/h = 0.11.
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Figure B40: Contour plot of the turbulence kinetic energy in window A, at z/h = 0.29.
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Figure B41: Contour plot of the turbulence kinetic energy in window A, at z/h = 0.47.
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Figure B42: Contour plot of the turbulence kinetic energy in window A, at z/h = 0.66.
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Figure B43: Contour plot of the turbulence kinetic energy in window A, at z/h = 0.84.
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Figure B44: Contour plot of the turbulence kinetic energy in window B, at z/h = 0.11.



91

x/R

y/
R

-0.5 0 0.5

-0.5

0

0.5

4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Turbulence Kinetic Energy
100*(K/0.5 U*2)

Figure B45: Contour plot of the turbulence kinetic energy in window B, at z/h = 0.29.
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Figure B46: Contour plot of the turbulence kinetic energy in window B, at z/h = 0.47.
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Figure B47: Contour plot of the turbulence kinetic energy in window B, at z/h = 0.66.
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Figure B48: Contour plot of the turbulence kinetic energy in window B, at z/h = 0.84.
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Figure B49: Turbulence Kinetic Energy at different radial surfaces in window A.
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Figure B50: Turbulence kinetic energy at different radial surfaces in window B.
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Phase Averaging Program 
 
 
 

This program phase averages the 349 K data points acquired through the  
LDV system at each physical location into 360 bins covering a whole revolution of 360º. 
The user provides the program with the name of the raw data file (.p01) and the program 
outputs the reduced file (.q01) with a predetermined name based on the input file name. 
The output file has four columns: 1- bin number, 2- number of pts in that bin, 3- average 
velocity, and 4- the Variance.    
 
 
#include <iostream> 
#include <fstream> 
#include <iomanip> 
using namespace std; 
 
int main () 
{  
float Ic[361], sum[361], ubar[361], sumvar[361], var[361], num, channel, ncycle;  
float time, resolvance, velocity; 
int J; 
int K, L, M; 
char F1[12], F2[12], F3[12]; 
char Index[3], first[3] ; 
   
   
cout << "Input name of first file to be reduced  \n"; 
cin >> F1; 
cout << "Number of files to be reduced \n";  
cin >> K; 
 
   
 
strcpy (F2, F1); 
strcpy (F3, F1);   
F3[7] = 'Q';   
first[0] = F1[8]; 
first[1] = F1[9]; 
M = atof (first); 
cout << M <<endl;  
// F1 is the name of the first input file 
// F2 is the name of the input file being processed from 1 - 13 (taken from F1) 
// F3 is the name of the output file (taken from F1)  
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// S1 is an output stream related to F3 
// S2 is an input stream related to F2 
// S3 is an input stream related to F2 
 
for (L = M; L <= K+M-1; L++) 
{ 
 
for ( J=0; J<361; J++) 
{ 
Ic[J]=0; 
sum[J]=0; 
ubar[J]=0; 
sumvar[J]=0; 
var[J]=0; 
}  
    
itoa (L, Index, 10); 
   
if ( L < 10) 
{ 
F2[9] = Index[0]; 
F3[9] = Index[0]; 
} 
else  
if ( L > 9) 
{ 
F2[8] = Index[0]; 
F2[9] = Index[1]; 
F3[8] = Index[0]; 
F3[9] = Index[1]; 
} 
 
 
cout << F2 <<endl; 
cout << F3 <<endl; 
 
ifstream S2(F2); 
ofstream S1(F3); 
 
if (!S2)  
{ 
cout << " cant open  input file.\n"; 
return 1 ; 
} 
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if (!S1)  
{ 
cout << " cant open output file.\n"; 
} 
 
while (S2)  
{    
                                                                                  
S2 >> num >> channel >> ncycle >> time >> resolvance; 
velocity = (ncycle*2.3584*1000)/time; 
for (J=1; J<361; J++) 
 { 
if ( resolvance < J*10) 
{ 
++Ic[J]; 
sum[J] = sum[J] + velocity; 
break; 
} 
 } 
  } 
 S2.close (); 
 
 for (J=1 ; J<361 ; J++) 
{ 
if ( Ic[J]==0 ) 
ubar[J]=0; 
if ( Ic[J] != 0); 
ubar[J] = sum[J]/Ic[J]; 
} 
  ifstream S3(F2);   
if (!S3) { 
cout << " cant open  input file.\n"; 
 return 1 ; 
} 
while (S3)  
{S3 >> num >> channel >> ncycle >> time >> resolvance; 
velocity = (ncycle*2.3584*1000)/time; 
for (J=1; J<361; J++) 
{ 
if ( resolvance < J*10) 
{ 
sumvar[J] = sumvar[J] + (velocity - ubar[J])*(velocity - ubar[J]); 
break; 
} 
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} 
} 
for (J=1 ; J<361 ; J++) 
{ 
if ( Ic[J]==0 ) 
var[J]=0; 
if ( Ic[J] != 0) 
var[J] = sumvar[J]/Ic[J]; 
} 
for (J = 1; J < 361 ; J++ ) 
{ 
S1 << setw(8) << left << J << " " << setw(8) << left << Ic[J]; 
<< " " << setw(10) << left << ubar[J]<< " " << setw(10) << left << var[J] <<endl;  
} 
}       
return 0; 
} 
 
 
 
Post Processing Programs 
 
 
 

1. The following program combines the thirteen points along one plane into one 
file. The user provides the program with the name of the first input file and the number 
of files to be combined, and the program outputs the combined file with a predetermined 
name based on the name of the inputs files 
 
 
 
 
#include <iostream> 
#include <fstream> 
#include <iomanip> 
using namespace std; 
 
int main () 
{  
float num, pnum, velocity, variance;   
 
int I, K, L, M, N; 
 
char F1[12], F2[12], F3[12]; 
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char Index[3], first[3] ; 
   
cout << " This program combines thirteen points along a plane into one file\n";   
cout << " Input name of first file to be combined  \n"; 
cin >> F1; 
cout << " Number of files to be  combined \n";  
cin >> K; 
 
strcpy (F2, F1); 
strcpy (F3, F1); 
 
F3[7] = 'd'; 
F3[8] = 'a'; 
F3[9] = 't'; 
 
first[0] = F1[8]; 
first[1] = F1[9]; 
 
M = atof (first); // converting the character into an integer 
 
cout << M <<endl; 
 
// F1 is the name of the first input file 
// F2 is the name of the input file being processed from 1 - 13 ( taken from F1) 
// F3 is the name of the output file (taken from F1)  
// S1 is an output stream related to F3 
// S2 is an input stream related to F2 
// S3 is an input stream related to F2 
 
 
ofstream S1(F3); 
 
//S1.setf(ios::left); 
//S1.width(8); 
//S1.precision(2); 
 
if ( K == 13)  
N = 140;  
 
if ( K == 12)  
N = 135; 
 
for (L = M; L <= K+M-1; L++) 
{ 
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itoa (L, Index, 10); // converting the number into a char string  
  if ( L < 10) 
{ 
F2[9] = Index[0]; 
} 
else  
if ( L > 9) 
{ 
F2[8] = Index[0]; 
F2[9] = Index[1]; 
} 
ifstream S2(F2); 
if (!S2)  
{ 
cout << " cant open  input file.\n"; 
return 1 ; 
} 
if (!S1)  
{ 
cout << " cant open output file.\n"; 
} 
//while (S2)  
for ( I =1; I < 361; I++) 
{    
S2 >> num >> pnum >> velocity >> variance; 
S1.setf(ios::left); 
S1.width(8); 
S1 << num; 
S1.width(8); 
S1 << pnum; 
S1.width(14); 
S1 << velocity; 
S1.width(14); 
S1 << variance; 
S1.width(8); 
S1 << N <<endl; 
  } 
N = N - 5; 
S2.close (); 
} 
return 0; 
} 
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2. The following program combines the horizontal and the vertical velocities into 

one file that contain the absolute velocity information. The user provides the program 
with the name of the input files containing the horizontal and vertical data, and the 
program outputs the absolute velocity information file with a predetermined name based 
on the name of the input files.  
 
 
 
#include <iostream> 
#include <fstream> 
#include <iomanip> 
#include <cmath> 
using namespace std; 
 
int main () 
{ 
 
float bldang1, ptsperbin1, velh, varh, r1, bldang2, ptsperbin2, velv, varv, r2, Vx, Vy, 
Vtan, Vrad, V, flowang;  
int M; 
char F1[12], F2[12], F3[12], first[2]; 
 
cout << "Input name of the horizontal plane  \n"; 
cin >> F1; 
cout << "Input name of the vertical plane  \n"; 
cin >> F2; 
//cout << " output file name \n"; 
//cin >> F3; 
strcpy (F3, F1); 
F3[3] = '-'; 
ifstream S1(F1); 
ifstream S2(F2); 
ofstream S3(F3); 
strcpy (F3, F1); 
if (!S2)  
{ 
cout << " cant open second  input file.\n"; 
return 1 ; 
} 
if (!S1)  
{ 
cout << " cant open first input file.\n"; 
} 
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if (!S3)  
{ 
cout << " cant open  output file.\n"; 
} 
while (S2)  
{    
S1 >> bldang1 >> ptsperbin1 >> velh >> varh >> r1; 
S2 >> bldang2 >> ptsperbin2 >> velv >> varv >> r2; 
 
first[0] = F1[2]; 
M = atof (first);  // changing a character to an integer. 
 
if (M == 1) 
{ 
Vx = velh * cos(15*3.14/180); 
Vy = velv; 
V = sqrt(pow(Vx, 2) + pow(Vy, 2)); 
Vtan = -(Vx*sin(-3.14/4) - Vy*sin((3.14/2)+(3.14/4))); 
Vrad = Vx*cos(-3.14/4) + Vy*cos((3.14/2)+(3.14/4)); 
flowang = (180/3.14)*atan (Vy/Vx); 
} 
if (M == 2) 
{ 
Vx = -velh * cos(15*3.14/180); 
Vy = velv; 
V = sqrt(pow(Vx, 2) + pow(Vy, 2)); 
Vtan = -(Vx*sin(3.14/4) - Vy*sin((3.14/2)-(3.14/4))); 
Vrad = Vx*cos(3.14/4) + Vy*cos((3.14/2)-(3.14/4)); 
flowang = 180 - ((180/3.14)*atan (Vy/-Vx));  
} 
if (ptsperbin1 <= 50) 
{ 
Vx = 0; 
Vy = 0; 
V = 0; 
Vtan = 0; 
Vrad = 0; 
flowang = 0; 
varv = 0; 
varh = 0; 
} 
if (ptsperbin2 <= 50) 
{ 
Vx = 0; 
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Vy = 0; 
V = 0; 
Vtan = 0; 
Vrad = 0; 
flowang = 0; 
varv = 0; 
varh = 0; 
} 
S3 << setw(4) << left << r1 << " " << setw(6) << left << bldang1 << " " << setw(6) << 
left << ptsperbin1 << " "<< S3 << setw(10) << left << velh << " " <<setw(10) << left << 
varh << " " << setw(6) << left << ptsperbin2 << " " << S3 << setw(10) << left << velv 
<< " " <<setw(10) << left << varv << " " << setw(10) << left << Vx << " "<< S3 << 
setw(10) << left << Vy << " " <<setw(10) << left << Vtan << " " << setw(10) << left << 
Vrad << " " << S3 << setw(10) << left << V << " " <<setw(10) << left << flowang 
<<endl; 
} 
return 0; 
} 
 
 
 

3. The following program outputs the text file that is to be plotted through the 
plotting software “TechPlot”. The user provides the program with the name of the input 
file that has the information to be accessed, and the program produces the output file 
with the specific information to be plotted. Only the radial plot program is included in 
this appendix. But different text files for different plots can be obtained by simply 
changing the output command in the program.   
 
 
 
#include <iostream> 
#include <fstream> 
#include <iomanip> 
#include <cmath> 
using namespace std; 
 
int main () 
{ 
 
float bldang, ptsperbin1, velh, varh, r, ptsperbin2, velv;  
float varv, Vx, Vy, Vtan, Vrad, V, flowang, rn, Vradn, bldang2;  
 
char F1[14], F2[14]; 
char type [] = "rad.dat";  
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cout << "Input name of the plane  \n"; 
cin >> F1; 
 
 
strncpy (F2, F1, 6); 
F2[6] = '\0'; 
strcat (F2, type);  
 
F2[3] = 'n'; 
 
 
ifstream S1(F1); 
ofstream S2(F2); 
 
if (!S1)  
{ 
cout << " cant open input file.\n"; 
return 1 ; 
} 
if (!S2)  
{ 
cout << " cant open output file.\n"; 
} 
 
while (S1)  
{    
S1 >> r >> bldang >> ptsperbin1 >> velh >> varh >> ptsperbin2; 
 >> velv >> varv >> Vx >> Vy >> Vtan >> Vrad >> V >>flowang; 
 rn = r/168; 
Vradn = Vrad/24.67; 
bldang2 = bldang * (3.14/180); 
S2 << setw(14) << left << rn << " " << setw(14) << left << bldang2;  
<< " " << setw(14) << left << Vradn <<endl; 
} 
return 0; 
}  
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