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Abstract-Precision in flow measurement has economic 
consequences and also necessitates fulfilment of stipulated 
requirement of straight length upstream and downstream of 
flow meter.   However, many times, the site constraints do not 
permit to fulfil this requirement. The use of ultrasonic meters 
for custody transfer applications has been grown substantially 
over the past several years.  IEC 41(1991) recommends the  
use of ultrasonic flow meter as a complimentary to other flow 
measuring techniques for hydro turbines and other flow 
metering applications. The motivation of the study on 
installation effects is drawn from the typical water conductor 
system of hydro plants where the penstocks are generally 
sloped conduit in nature.  The experimental investigation 
presented in this paper is to highlight and simulate the 
variation in accuracy for flow rate measurement for Reynolds 
number ranging from 0.5 x105 to 7 x105 with clamp–on 
ultrasonic flow meter with different sloped straight lengths 
The error in flow measurement by ultrasonic flow meter in 
straight length varied from -1.0% to +1.0% to the reference 
flow as per the acceptable level. Whereas, the increase of 
slope straight angle the percentage of shift in error is 
increases. The error in flow measurement in sloped pipe lines 
is increases with the increase in slope angles. The velocity 
distortion of the sloped pipes is also validated using 
commercial CFD Fluent solver.  These findings are useful in 
selecting a suitable location and reference for the installation 
of flow meter in case of adverse site constraints. 
 
Keywords:-ultrasonic flow meter: flow measurement: pen stock: 
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I. INTRODUCTION 
 

The importance of flow measurement in the industry 
has grown for the past years. Not just because it was 
widespread use of accounting purposes such as custody 
transfer of fluid for suppliers to customers. But also important 
due to its application in manufacturing processes and is 
significant for effective utilization of available resources. The 
custody transfer requires on entire metering system that is 
designed and engineered for the application and not just flow 
meters. It is easier to obtain a given measurement accuracy in 
pipes when compared to measurement in open channels. There 
is always a need to improve the measurement uncertainties, as 

it assumes greater importance when fluid is supplied on 
chargeable basis.  Flow measurement is typical in various 
sectors such as lift irrigation, city water supply, cooling water 
for thermal and atomic power stations, inter-basin                                                                            
Transfer of water, pump storage plants and inter-state water 
distribution.  Measurement of high flow rates through 
penstocks of hydropower plants is also important for assessing 
efficiency of turbine units vis-a-vis optimum water utilization.  
  

The selection of the proper instrument for a particular 
application is governed by many variables including cost. The 
use of ultrasonic flow meters for custody, fiscal applications 
has grown substantially over the past several years. The best 
technology in metering will not provide the expected results if 
it is not installed correctly or maintained properly. Hence, 
research study of installation effects is important in flow 
metering technology. 
 

The stipulated accuracy of flow meters is only 
achievable if uniform velocity distribution at flow measuring 
section exists. However the presence of flow disturbing 
elements like valve, bends, change in pipe cross sections, etc. 
in piping systems leads to asymmetric velocity distribution 
just downstream of these elements. To re-achieve the uniform 
velocity distribution at flow measuring section, downstream of 
above pipe specials, distorting the velocity distribution, it is 
essential to provide minimum requirement of straight lengths 
of pipe upstream and downstream of flow meter as 
recommended by standards. The value of this straight length 
(defined in terms of diameter – D of the pipe) depends upon 
the type of upstream disturbances. IEC 41(1991) recommends 
use of ultrasonic flow meter as complimentary to other flow 
measuring techniques for hydro turbines. Many times, the site 
constraints do not permit to provide the adequate upstream and 
downstream straight lengths recommended by these standards 
leading to errors in flow measurement.  However, the present 
BIS, ISO / IEC standards do not indicate the extent of 
deviation of measured flow rate from its true value when the 
recommended upstream straight lengths are not met. 
Installation effects have the potential to create swirl, 
asymmetric velocity profiles and secondary flows and flow 
separations. Each of these may be time dependent. 
Individually these effects may cause significant variations in 
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the performance of flow meters. One of the practical examples 
(Fig.1) is that of penstock of water conductor systems of most 
of the hydro power plants are of sloped straight pipe line 
section and the uncertainty in terms of accuracy of flow 
meters are not addressed yet. Thus, installation effects are 
considered as one of the most serious origin of errors in flow 
measurements and needs to be addressed.  

 
All commonly used flow meter types are too affected 

to different extent due to condition of installation in terms of 
upstream straight length [1].  It has also been shown by 
various researchers [2,3,4,5]  through their experimental work 
with single and double elbows in front of ultrasonic flow 
meter that it lead to error in flow measurement. Further it has 
been demonstrated [6,7] that pulsating flow will give rise to 
error in flow measurement .The effect of  velocity distribution 
at inlet  of ultrasonic flow meter  on  flow measurement 
accuracy was also studied [8].   Methods of evaluating the 
performance of electromagnetic flow meter are given in ISO 
9104 [9]. Experimental measurement of installation effects on 
flow meters is studied [10, 11, 12 and 13].  The accuracy of 
flow measurement of ultrasonic flow meters is also affected by 
different flow disturbances. The analysis of flow in sloped 
straight pipes is not addressed yet. The present paper 
addresses the effect of various degrees of sloped straight pipes 
using a single channel clamp on ultrasonic flow meter over the 
velocity from 0.5 to 6 m/s which has been established at flow 
calibration laboratory. 
 

II. EXPERIMENTAL INVESTIGATIONS 
 
A. Test Circuit  
 

Experimental investigations were undertaken in high 
precision flow meter calibration facility to assess the extent of 
deviation in flow rate indicated by the ultrasonic flow meter 
owing to existence of various flow distorting pipe elements 
upstream of flow meters vis-à-vis shortage of straight length 
between above pipe elements and flow meters. Over the 
operating range, the value of flow rate displayed by the flow 
meter was found to be deviating as compared with true value 
of flow rate as measured by primary volumetric standard. This 
deviation was due to distorted flow profile owing to presence 
of flow distorting elements installed in the test circuit for 
experimental purpose. This facility at CWPRS, equipped with 
a primary volumetric standard with traceability to National 
Standards, is being used for volumetric calibration of flow 
meters as well as for assessing performance of other flow 
elements like valves and filters etc. (Fig.1). The discharge 
delivered by the main service and booster pumps is fed 
through the test line where test flow meter is installed. The 
various undesirable piping configurations upstream of flow 

meter were simulated in this length for experimental 
investigations. 
 

 
Fig.1: Calibration circuit at CWPRS, Pune 

 

 
Fig. 2: Installation of ultrasonic flow sensors at straight pipe 

 
B.  Instrumentation 
 
The details of instruments used: 
 
Flow meter : Controlotron 1010, Ultrasonic Clamp on        

type flow meter 100 mm NB 
Flow Rate : + 0.3 % by volumetric method 
Time  : 0.001 second with digital timer 
Flow stability : 0.001 % of set flow rate 
 
C. Research Studies 

 
The effects of presence of flow distorting elements 

on flow measurement uncertainty were established by clamp 
on type Ultrasonic Flow meter. The experiments were 
conducted on various piping configuration of straight pipe 
line, sloped pipelines of 3ᵒ, 6ᵒ, 12ᵒ and 24ᵒ degree with 
sufficient length at upstream and downstream of the pipes as 
per standards. 

 
Fig.3 and 4 shows the experimental setup for pipe 

lines sloped at 6ᵒ and 24ᵒ degree configured sections. The 
sensors of the ultrasonic flow meter were installed on pipe in 
‘V’ traverse of ultrasonic beam method i.e. with reflect mode.  
These experiments were conducted with 100 mm dia of piping 
and the percentage errors in flow measurement with respect to 
true flow indicatedvolumetrically are observed in flow range 
of 10 to170 m3/hr. 
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Fig. 3: Ultrasonic flow meter installed at 6ᵒ sloped pipe 

 

 
Fig. 4: Ultrasonic flow meter installed at 24ᵒ sloped pipe 

 
III. RESULTS AND DISCUSSIONS 

 
Exhaustive experiments were conducted with 3ᵒ, 

6ᵒ,12ᵒand 24ᵒ piping configurations using single channel 
ultrasonic clamp-on flow meter. The associated extent of 
errors in the flow  measurement on diameter of 100 mm NB 
with varying flow rate at flow distortion configurations are 
indicated in Tables 1- 5. The table 1 indicates that the extent 
of error in flow measurement for a straight length of pipe line 
varies from -1.0 to +1.0 percentage of the measured value.  
The extent of error in flow measurement in 3ᵒ and6ᵒdegree 
sloped pipe lines varies from -9.0 to -12.0 percentages.  Where 
as in the case of 12ᵒand 24ᵒ  degree sloped pipe lines, the 
extent of error varies up from -12 to -15.0%. Figure 5-15 
shows respective errors with   different flow rates in terms of 
Reynolds numbers and velocity distortion using CFD Fluent 
solver. 
 

Table 1: Error on Straight Length Pipe Using UFM 

 

 
Fig. 5:% Shift in Error with Reynolds Number 

 

 
Fig. 6: Velocity Magnitude on Straight Pipe 

 
Table 2: Error for 3ᵒ Sloped Pipe using UFM 

 
 

 
Fig. 7: Velocity Magnitude on 3ᵒ Slope Pipe 
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Table 3: Error for 6ᵒ Sloped  Pipe Using UFM 

 
 

 
Fig. 8:% Shift in Error with Reynolds Number 

 
Table 4: Error for 12ᵒ Sloped Pipe Using UFM 

 
 

 
Fig.9: Velocity Magnitude on 12ᵒ Slope Pipe 

Table 5: Error for 24ᵒ Slope Pipe Using UFM 

 
 

 
Fig. 10: Velocity Magnitude on 24ᵒ Slope Pipe 

 

 
Fig. 11:% Shift in Error with Reynolds Number 

 
IV. CONCLUSION 

 
The present BIS, ISO /IEC standards do not indicate 

the extent of deviation of measured flow rate from its true 
value, when recommended straight lengths are not met. On 
this background, an attempt had been made through the 
present studies to quantitatively correlate the effect of 
significant upstream flow conditions in sloped straight lengths 
on the accuracy of flow measurement using Ultrasonic Flow 
Meter.  The results shows extent of deviation of measured 
flow rate from its true value for sloped pipe lines is more than 
straight length of piping due to installation effects and flow 
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turbulences.  In general, it may be concluded that the 
ultrasonic flow meter is sensitive to swirl due to piping 
configuration and site conditions. The percentage of errors 
increases with the sloped pipe angles. The percentage of errors 
is of negative when compared to true values.   Hence 
ultrasonic flow meter can be used better in accuracy for 
straight length configuration with sufficient straight length at 
upstream and downstream conditions. 
 

These results may be considered as a reference to 
where standard straight lengths are not available. These 
findings are also useful in selecting suitable location for the 
installation of ultrasonic flow meters and need attention to 
upgrade in the available ultrasonic metering technology for 
usage in slope pipes. Presently ultrasonic flow meters do not 
address the biased errors due to installation effects under 
sloped pipe condition. Therefore the existing ultrasonic flow 
metering techniques need attention for up gradation in 
considering site effects. The future scope may explored for 
slope pipe lines in reverse direction. 
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