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ABSTRACT Accurate flow measurement is a critical component of water management. The 

circular flume was developed as a simple, low-cost, and accurate alternative to existing flow 
measurement devices. Circular flumes are portable, easy to install, and designed to operate at a 
level slope. However, after installation the flume may shift away from the level slope position due to 
factors such as freeze thaw of the soil and water erosion. If not re-levelled discharge data will be 
affected. Examination of the discharge obtained over flows ranging from 0.13 l/s to over 107.23 l/s 
and slope classes ranging from 1 to 7% indicates that operation of circular flumes at other than 
level slope conditions will result in a general underestimation of discharge. The amount of error 
observed is greatest under low flow conditions. Level installation and monitoring of the slope of 
circular flumes is recommended. 

INTRODUCTION Accurate flow measurement is a critical component of water resources management, 

irrigation, drainage, water conservation, and hydrologic and environmental research (Soulis and Dercas 
2012). Flow measurement structures are generally designed to act as a control in the channel and provide a 
relationship between upstream head and discharge (Soulis and Dercas 2012). While many conveyance 
systems have measurement devices, effective management is limited by inaccurate measurements (Heiner 
et al. 2011). Inaccuracies in flow measurement may be due to inherent errors of the measurement device, 
errors in installation or poor maintenance of the measurement device. Flow measurement devices can be 
accurate to +/-2 to 5% for flumes and weirs and +/-10% for rated sections (Heiner et al. 2011). Two-thirds of 
the 70 sites tested by Heiner et al. (2011) had flow measurement errors in excess of design specifications 
with 37% of the devices overestimating the actual discharge. 

Flumes and weirs are well established flow measurement devices. Continuing development of flow 
measurement devices has examined ways to simplify construction and improve accuracy of open channel 
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flow measurement devices (Samani et al. 1991). The circular flume was developed as a simple, accurate, 
and low-cost alternative to existing flow measurement devices (Samani 1996). A circular flume is constructed 
of two pieces of PVC pipe, one installed vertically inside the other with the vertical inner pipe reducing the 
cross-sectional flow. This creates critical flow condition (Samani et. al. 1991). As a result this device does not 
require an elevation drop and can be installed at level slope. Non-level installation of circular flumes can 
provide inaccurate data when using flow curves based on level flume condition. Samani et al. (1991) 
observed errors ranging from 5.37 to 261% using a 20.32 cm flume with slopes varying +/- 1 and 2%.  

Circular flumes have been used in several research projects conducted by Alberta Agriculture and Rural 
Development (ARD). Over the course of the field season the slope of some of the flumes has been observed 
to change. Movement of the flume away from a level condition can be caused by freeze/thaw cycles that 
occur during the winter months as well as by the erosion of the soil around the flume during runoff events. 
The objectives of this study were to develop calibration curves and equations for a range of circular flume 
slopes and flow rates and to compare the results of the flow curves and equations derived at a level slope 
flume position to those obtained at the non-level flume slopes. 

MATERIALS AND METHODS 

Circular flume construction and installation The circular flume used for this study had been 

used in a previous study conducted by the Water Quality Branch, ARD (Fig. 1). The flume was constructed 
from high-density polyethylene (HDPE) pipe. The ratio of the diameter of the outside diameter of the vertical 
pipe to that of the inside diameter of the horizontal pipe is 0.3 which falls within the range of acceptable 
vertical to horizontal pipe ratio of 0.25 to 0.32 as suggested by Hagar (1988).  The upstream face of the 
vertical pipe was perforated with a series of holes beginning at the base of the pipe and extending in a 
straight line towards the top of the pipe. The holes were 0.008 m in diameter on a 0.01 m spacing. 

 

Figure 1. Profile and front view of circular flume 

The circular flume was installed in an existing concrete structure at the Water Measurement Testing and 
Demonstration Facility located at the Alberta Irrigation Technology Center in Lethbridge, Alberta (Fig. 2a). 
The cut-off wall of the flume was placed into a metal frame which was bolted to the concrete structure. The 
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connection between the flume and the structure was sealed to prevent water from flowing around the cut-off 
wall. The seal was created using a sealing compound and flexible solid foam material placed along the edges 
of the flume (Figure 2b). The flexible solid material allowed the flume to be adjusted to various slopes as 
required by the calibration testing while still providing a water tight seal. The slope of the flume was adjusted 
using a scissor jack attached to the underside of the flume near the downstream end and set on a concrete 
block placed on the channel bottom (Figure 2c).  

a)  b)  c)  

Figure 2. a) view from the rear of the installed circular flume b) front of circular flume showing sealing 

compound and flexible foam material c) scissor jack used for support and slope adjustment. 

Proper testing slope was established by surveying the front and back elevation of the flume. The back of the 
flume was then adjusted using the scissor jack to obtain the desired slope. Flume slopes were checked at the 
start of each day by surveying the front and back elevation of the flume and adjusting as required. Slope was 
monitored during testing by using a laser level attached to the outside of the flume and a ruler placed on the 
railing over the channel. If the laser stayed at a constant location on the ruler then the slope of the flume was 
considered to be unchanged. 

Site Instrumentation 

Data related to the depth of water in the flume and the canal was collected using float potentiometers and 
dataloggers. A high resolution, 10 turn, float potentiometer using Lakewood software was installed in the 
vertical pipe (Fig. 3a). The potentiometer was connected by cable to a 32k CP-X Lakewood datalogger 
located in a stilling well upstream of the circular flume installation (Fig. 3b). These devices were used to 
collect time-stamped data on the height of water in the vertical pipe of the circular flume. The height of water 
in the circular flume was also recorded using a metal ruler marked in 1mm increments and attached to the 
front of the vertical pipe to act as a staff gauge (Fig. 3c). 

 A second 10 turn float potentiometer located in the stilling well and connected to the datalogger was used to 
monitor and record the depth of water in the channel up-stream of the circular flume. The float was zeroed 

with the inlet sill of the circular flume. 

a)  b)   c)  

Figure 3. (a) Float potentiometer located in the circular flume, (b) stilling well located upstream of circular 

flume (c) ruler attached to front of vertical standpipe. 
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The data collected was viewed in real time on a laptop on-site using the ProLog program (Lakewood 
Systems, 2011). Air and water temperature were collected using a portable thermometer, while wind speed 
and direction were collected using either a Kestrel 3000 Pocket Weather Meter or a Davis weather station 
located at the site.  

Pumping Systems Three systems were used to control and monitor the rate of water being passed 

through the circular flume. For flows ranging from 18.93 L s
-1

 to the maximum rate for each slope, a turbine 
pump was used (Fig. 4a). Water was drawn from a dugout, pumped through a 250 m buried PVC pipeline 
and discharged at the head of the Demo Canal (Fig. 4b). The water flowed through the circular flume and 
back into the dugout. Flow rate was monitored using a Siemans Sitrans FM Magflo 5100W (DN 250) sensor 
with a 5000 transmitter installed in the buried pipeline and accessed through a manhole. This combination 
has an accuracy of 0.4%. Rate was adjusted using a butterfly valve located near the turbine pump. 

a)  b)  c)  

Figure 4. (a) pond and turbine pump installation (b) head of Demo canal looking downstream(c) diffuser in 

place behind dam. 

For flows less than 18.93 L s
-1

 a second pumping system was used as the lower flow rates were difficult to 
maintain using the turbine. This system pumped water from the dugout using a gas powered Honda pump. 
The water was pumped through a supply hose and discharged into a modified area of the canal upstream of 
the circular flume. The canal had been modified by placing a plastic tarp across the canal approximately 4 m 
upstream of the circular flume creating a small dam (Fig. 4c). The edges of the dam were secured using 
sandbags and mud to create a watertight seal. Water was discharged into this area through a diffuser, which 
reduced water velocity and turbulence (Fig. 4c).  Rate was controlled using an in-line butterfly valve and 
monitored with an in-line mag meter. 

Two ranges of flow were controlled using this set-up. For flows ranging from 0.13 L s
-1

 to 3.78 L s
-1

 water was 
pumped through a 5.08 cm supply hose with a flow rate monitored using a Siemans Sitrans FM Magflo Mag 
1500 W (DN25) sensor combined with a 6000 transmitter. This flow meter combination has an accuracy of 
0.2% +/-1 mm s

-1
. For flows between 3.78 L s

-1
 and 12.62 L s

-1
 water was pumped through a 7.62 cm supply 

hose with rate monitored using either a Seametrics WMP101 (in 2010) or WMP104 (in 2011) mag meter. 
Both of these meters have an accuracy rating of +/- 1% of reading between 10% and 100% of maximum flow 
and +/- 3% of reading between cutoff and 10% of maximum flow. 

CALIBRATION PROCEDURE AND DATA COLLECTION 

Circular flume calibration was carried out from August through October 2010 and July through September 
2011. Calibration was conducted at several rates over eight slope classes. Slope classes were: level, 1, 2, 3, 
4, 5, 6, and 7%. Each slope used approximately the same flow rates during calibration. Flows ranged from 
0.13 L s

-1
 up to at least 107.3 L s

-1
. The maximum flow for each slope class varied somewhat according to 

the condition of the pumping system at the time of the calibration (Table 1). 
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z – l sec-1 
y – all head measurements in cm 

Once the slope of the flume was established various rates of water were sent through the system. From a 
rate of 0.13 to 0.63 L s

-1
 the rate was increased in 0.13 L s

-1
 increments. From 0.63 to 12.62 L s

-1
 the 

incremental increase was 0.63 L s
-1

 and from 12.62 L s
-1

 to the maximum rate the incremental increase was  

Table 1. Flow rates and adjusted head values used to develop calibration curves. 

   Slope class   

 Level      1%     3%     5%   7% 

Target 
Flow

z
 

Actual  
Flow

z
 

Adj. 
Head

x
 

Actual 
Flow 

Adj. 
Head 

Actual 
Flow 

Adj. 
Head 

Actual 
Flow 

Adj. 
Head 

Actual 
Flow 

Adj. 
Head 

0.13 0.11 0.9 0.13 1.7 0.13 0.9 0.12 1.2 0.13 1.6 

0.25 0.27 1.2 0.25 2.1 0.25 1.5 0.25 1.3 0.25 1.9 

0.50 0.50 2.1 0.50 2.6 0.50 2.3 0.50 2.2 0.50 3.0 

0.63 0.63 2.5 0.64 3.0 0.63 2.4 0.63 2.4 0.63 3.1 

1.26 1.27 3.3 1.29 4.1 1.26 3.5 1.26 3.6 1.26 4.6 

3.16 2.92 4.9 3.16 6.0 3.15 5.4 3.15 6.0 3.15 7.1 

4.42 4.36 6.1 4.43 6.9 4.44 6.7 4.43 6.9 4.44 7.8 

5.05 5.02 6.8 5.05 7.2 5.03 7.1 5.03 7.5 5.06 7.9 

6.31 6.91 8.1 6.95 8.3 6.97 8.1 6.93 8.5 6.93 9.1 

7.57 7.61 8.5 7.59 8.5 7.58 8.4 7.58 8.7 7.57 9.2 

8.83 8.79 9.0 8.84 9.0 8.82 8.8 8.81 9.4 8.85 9.7 

9.46 9.43 9.4 9.47 9.3 9.48 9.1 9.45 9.5 9.49 10.0 

12.62 12.62 10.5 12.62 10.7 12.68 10.8 12.93 11.8 12.81 12.5 

18.98 18.86 13.0 18.49 12.8 18.74 12.6 18.67 12.7 18.36 13.9 

25.24 24.98 14.7 25.11 15.0 25.61 14.7 25.05 14.7 25.61 15.4 

31.55 30.79 16.1 31.48 16.5 31.61 16.4 31.80 16.5 31.17 17.5 

37.85 37.66 17.6 38.04 18.0 37.79 18.3 38.04 18.5 38.11 18.7 

44.16 43.91 19.0 43.47 19.3 44.23 19.7 43.97 19.6 43.78 20.0 

56.78 57.85 21.5 56.65 22.4 56.53 22.3 56.65 22.1 55.77 22.6 

63.09 62.90 22.7 64.29 23.7 63.03 23.2 62.71 23.4 63.66 23.4 

75.71 75.65 25.1 75.77 25.3 75.58 25.5 75.65 25.5 75.14 25.6 

82.02 81.51 26.2 81.89 26.3 82.21 26.5 81.70 26.6 81.83 27.7 

94.64 96.97 28.5 94.57 28.2 94.57 28.4 94.32 28.6 94.64 29.7 

100.94 99.24 29.3 101.13 29.2 101.13 29.2 100.94 29.5 101.51 30.5 

107.25 104.73 30.1 107.44 30.1 107.44 30.0 107.13 31.0 107.06 31.4 

Max 119.24 31.4 115.33 30.7 111.86 30.6 115.90 32.1 110.72 32.0 
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6.31 L s
-1

. Due to pressure fluctuations in the system and the limitations of the butterfly valve used to set the 
flow rate, setting an exact rate was difficult. As a result flows were set to within +/- 2% of the target rate. 
Once the rate was set and the height of water in the canal had equilibrated data collection began. The 
system at any given rate of flow was considered to be in equilibrium when there were no changes in the 
stilling well water depth measurement for a minimum of three minutes. 

At equilibrium, flow rate and datalogger readings, as observed using ProLog, were recorded. The staff gauge 
value on the front of the vertical standpipe in the circular flume was recorded and either an image (2010 
testing) or a short video (2011 testing) of the gauge was collected. Additionally, data related to the height of 
water in the stilling well at equilibrium, the time of data recording, and the air and water temperature was 
collected. Flow rate and height of water in the stilling well data were re-checked prior to setting the next flow 
rate. Due to the impact of wind speed and direction on the readings, testing was suspended when a 
consistent  

  

wind speed of greater than 30 km h
-1

 was observed. Under these conditions there was a concern that wave 
action in the canal and circular flume could affect the data. 

Each combination of flow rate and slope was tested once with the exception of the 3.78 L s
-1

 rate. This rate 
was tested using both low flow configurations to ensure no major change in the data was present that could 
be related to the meters being used.   

DATA ANALYSIS 

Raw water height measurements were adjusted to account for inactive head in the flume. As water flows into 
the flume its movement is impeded by the vertical pipe causing it to pool in front of the vertical pipe. Inactive 
head refers to the maximum depth of water that pools in front of the vertical pipe just prior to it beginning to 
flow around the pipe and out of the flume (Figs.5a and b).  This depth is subtracted from the height of water 
measurement to account for the area of the flume that is not transporting water. The height of water used in 
calculations is the height as measured by the float potentiometer not the external staff gauge. 

a)  b)  

Figure 5.  (a) water just flowing around the vertical standpipe looking upstream (b) buildup 
of water in front of standpipe (inactive head) facing downstream. 

The adjusted data was graphed and examined for outliers using SygmaPlot 11.0. The final data set was then 
re-graphed and calibration curves for each slope class generated using the Regression Wizard, two 
parameter power curve selection option in SygmaPlot 11.0 (Table 2). This is the same type of flow equation 
developed by Samani et al. (1991) for use with the circular flume. 
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Table 2. Circular flume calibration equations for all slope classes. 

Slope (%) Calibration Equation 

Level y = 0.1212(x-IH)1.9947      r2 = 0.9989 

1 y = 0.0859(x-IH)2.0979       r2 = 0.9996 

2 y = 0.0888(x-IH)2.1014      r2 = 0.9992 

3 y = 0.0928(x-IH)2.0719       r2 = 0.9998 

4 y = 0.0880(x-IH)2.0923       r2 = 0.9997 

5 y = 0.1045(x-IH)2.0277       r2 = 0.9988 

6 y = 0.0832(x-IH)2.1027       r2 = 0.9995 

7 y = 0.0844(x-IH)2.0761       r2 = 0.9977 

IH – inactive head (cm) 
x – Water depth (cm) 

Caution must be used interpreting the calibration curves beyond the range of flows used in this study. The 
range of flows tested did not reach the mid-point of the flume diameter. Therefore, as the flow increased the 
relative increase in depth in the flume was smaller. If testing had continued and the height of water had 
exceeded the mid-point in the flume the relative increase in the depth of water with changing flows would be 
greater. The effect of this change on the calibration curves is not known. 

RESULTS AND DISCUSSION 

Using the calibration equations, discharge values for several depths of water at each slope class were 
calculated. It was observed that as the slope increased the value of the inactive head decreased. The 
increase in slope allowed flow around the standpipe to occur at a lower depth. Comparison of the discharge 
values at level slope to the non-level slope discharge values indicates a general decrease in discharge with 
increasing slope (Table 3). For water depths from 0.04 m to 0.25 m there is an initial decrease in discharge at 
1% slope followed by an increase at 2% slope. Discharge generally decreased for the remaining slope 
classes. At water depths of 0.30 m and 0.40 m the initial decrease at 1% slope does not occur and the values 
tend to increase and stay higher than the level slope position through the 4% slope position. Discharge then 
decreases to below the level slope position with 7% slope providing the lowest discharge values. 

Table 3. Comparison of calibration equation discharge (L s-1) at various water depths. 

Water Depth (m) Slope (%) 

 0 1 2 3 4 5 6 7 

0.04 1.92 1.57 1.64 1.64 1.60 1.74 1.53 1.50 

0.08 7.67 6.74 7.02 6.90 6.82 7.08 6.59 6.33 

0.10 11.97 10.76 11.22 10.95 10.88 11.14 10.54 10.06 

0.20 47.72 46.07 48.13 46.04 46.41 45.42 45.27 42.40 

0.25 74.47 73.58 76.92 73.10 74.03 71.40 72.37 67.39 

0.30 107.13 107.86 112.83 106.66 108.41 103.34 106.18 98.40 

0.40 190.16 197.22 206.53 193.58 197.91 185.19 194.44 178.80 

The variation in discharge values from level slope compared to non-level slopes may be the result of a 
change in the point at which flow moving through the flume changes from sub-critical flow to super-critical 
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flow. According to Samani the structure of the flume creates a critical flow area at the point where the vertical 
pipe is installed. Flow changes from sub- to supercritical at this point and knowing the depth of water 
upstream of this point allows the determination of the discharge. The circular flume modifies flow features 
related to streamline curvature and uniform velocity distribution (Hager 1998).  

Increases in the slope of the flume resulted in a change in the point at which flow makes the transition from 
sub- to supercritical. During testing this change in flow was observed. With the flume installed at level slope 
water flowed into the flume in a generally non-turbulent manner, flowed around the standpipe and dropped on 
the other side of the standpipe. With increasing slope water entering the flume would undergo an elevation 
drop as it entered rather than flow straight in. The water between the front of the flume and the standpipe 
became increasingly turbulent as flow increased. After passing the standpipe the water would drop again on 
the downstream side.  Figure 6a shows the staff gauge at a level flow and low rate compared to Figure 6b 
with a greater slope and higher flow rate. Eventually, as slope increased, a second critical flow point was 
established beyond the lip of the flume and in front of the vertical pipe. A hydraulic jump was observed in both 
locations (Fig. 6b).  In a paper by Baiamonte and Ferro (2007) examination of the functioning of a flume using 
similar design features for discharge calculation found that in some situations, when slopes exceeded level 
by even 0.5%, incoming flows became supercritical. As a result the authors chose not to use these values in 
their analysis. 

a)  b)  

Figure 6. (a) view of staff gauge at level slope and low flow rate (b) view of staff gauge at steeper slope and 
higher flow rate. Two critical flow areas are visible. 

Table 4. Error caused by sloping installation of circular flume 

 1% 2% 3% 4% 5% 6% 7% 

Qmax (L sec-1)z 107.44 107.95 107.44 107.25 107.13 108.07 107.06 

Qest  (L sec-1) 107.84 102.89 107.13 107.13 114.37 107.84 117.34 

Percent error 0.37 4.69 0.29 0.11 6.76 0.21 9.6 

Qmin (L sec-1)y 0.13 0.13 0.13 0.12 0.12 0.13 0.13 

Qest (L sec-1)x 0.35 0.04 0.10 0.15 0.17 0.35 0.31 

Percent error 169 69 23 25 42 169 138 

 The impact of the second critical area near the front of the flume on discharge values may be greater due to 
the construction of the flume. The circular flume used in this calibration exercise is not constructed to the 
same specifications as outlined in the paper by Samani et al. (1991). Samani et al. (1991) state the standpipe 
is to be located three pipe diameters in from the mouth of the flume. The flume that we used did not meet 
those criteria. The impact on the function of the flume and the results obtained are not known however, 
increasing the distance between the front of the flume and the vertical pipe may allow for flow to stabilize 
prior to reaching the standpipe and result in a more accurate water height value for discharge calculation. 
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Samani states that approach sections ranging in length from 0.61 to 3.66 m had a less than 1% impact on 
flow prediction (Golding 1993) however, the tests conducted did not exceed 2%. 

 The presence of flow turbulence and surface waves at the vertical pipe made accurate measurement using 
the outside staff gauge difficult resulting in the use of the standpipe as a stilling well to obtain a water depth 
measurement. This method was acknowledged by Samani as well as a method to improve accuracy of the 
water depth readings. The use of a longer approach section is recommended to reduce the turbulence in the 
water prior to reaching the vertical pipe.as potential solutions to establishing uniform flow at the vertical pipe 
(Golding 1993). Baffles have also been used to attempt to reduce the impact of surface waves (Golding 
1993).  

There is a large amount of error in discharge values when the circular flume is not installed and maintained in 
a level slope position. For example, using data from Table 3, for a water depth of 0.04 m, the rate of 1.92 L s

-1
 

for level installation compared to 1.50 L s
-1

 for 7% installation results in an underestimation of 36,288 L over a 
24 h period. At greater depth of 0.40 m the 7% slope installation underestimates by 981,504 L over 24 h.  

Table 4 shows the discharge error caused by installing the flume at other than a level condition. The 
measured maximum and minimum discharge for all slope installations was compared to the estimated flow 
rate using the calibration curve for level slope. Maximum flows show the lowest error. With the exception of 
the 2, 5, and 7% slopes the error values are less than 1%. However, the minimum flows display a large error 
with values ranging from 23 to 169%. 

z – Qmax = discharge measured at 107.30 l s
-1

. 
y – Qmin = discharge measured at 0.1262 l s

-1
. 

x – Qest = estimated discharge from calibration curve at zero slope. 

These results are similar to those found by Samani et al. (1991) who found greater errors at low flow rates. 
The Samani  et al. (1991) study did not identify as large an error at the minimum flows as was described in 
the current study however, the high percentage error at minimum flows is in keeping with general issues of 
low flow measurement.  Errors in measurement at low flows tend to magnify as the error can be a large 
percentage of the total flow while the same amount of error at higher rates will not result in as large a 
percentage error.  

CONCLUSIONS 

Calibration curves were developed for a 0.908 m diameter circular flume installed at slopes ranging from level 
to 7%. Comparison of the non-level installation curves to the level installation curve indicates that, generally, 
operation of circular flumes at non-level installation will result in an underestimation of the discharge. 

Operation of the circular flume in the recommended level position allows the creation of a point of critical flow 
at the vertical pipe in the flume. Water height data recorded will provide a discharge value. Operation at non-
level positions may result in the formation of a second critical flow point at the entrance to the flume. Flow 
past this second critical flow point will then enter the critical flow point at the vertical pipe but the water height 
will be affected resulting in erroneous, and generally underestimated, discharge values. The amount of error 
at even low flows can be approximately 36,000 L between level and 7% slopes. At higher flows the difference 
is much greater, just over 981,000L. The percentage error is greater at low compared to high flows as any 
error is greatly magnified under low flow conditions.  

While more accurate measurements of water depth are obtained by using the vertical pipe as a stilling well, 
the use of the staff gauge on the front of the vertical pipe can be used if flow is reasonably non-turbulent so 
that accurate readings can be collected. Increasing the distance between the entrance to the flume and the 
vertical pipe and the use of baffles are recommended to reduce surface turbulence.  
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As the circular flume can be used to collect data over long periods of time it is very important to ensure it is 
kept as level as possible to keep the critical flow zone occurring in the proper location. Even small increases 
in slope can have significant effects. 
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