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Abstract 
 
A simple and inexpensive sharp-edged orifice demonstration is described for use in the 
laboratory or Fluid Mechanics classroom.  A steady-state demonstration is described which 
yields a discharge coefficient, CD, of 0.64, almost identical to coefficients described in the 
literature.  A time-dependent experiment employed CD to yield model results which were within 
3% of the experimental data obtained in draining water from the pipe through the orifice. 
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Introduction 
 
Although students are motivated differently, have different preferences for how they learn and 
wish to be taught, and respond differently to various teaching techniques,1 many engineering 
students are visual learners and do not respond well to instruction that is not engaging.2, 3  Lin 
and Tsai4 note that learning environments that are student-centered, peer-interactive and teacher-
facilitated significantly help students in learning complex engineering concepts. The literature 
describes a number of techniques for engaging students in the classroom including the use of 
virtual engineering laboratories;5 developing interactive, activity-driven classroom 
environments;4, 6-8 relating the curriculum to real life problems9 and even using games as teaching 
tools.2    
 
Fluid mechanics has been a popular subject for classroom engagement, both in the laboratory 
and as classroom demonstrations.  Fraser et al.10 described the use of computer simulations to 
enhance both the classroom and laboratory experience.  Wicker and Quintana11 extended the use 
of fluid mechanics to the design and fabrication of lab experiments by the students, and Walters 
and Walters12 used the combination classroom instruction and lab experience to introduce fluid 
mechanics to talented high school students.  Loinger and Hermanson13 used an integrated 
experimental-analytical-numerical approach in the teaching of fluid mechanics, and student 
surveys showed that 90% of their students preferred this re-designed class to the traditional 
lecture class, and also felt like they obtained a better understanding of the engineering 
fundamentals.   
 
The most widely used flow measuring device in industry is the orifice meter.  An orifice meter 
consists of an accurately machined and drilled plate, mounted between two flanges, with the hole 
most often set in the center of the pipe in which it is mounted (see Figure 1).  Pressure taps, 
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located upstream and downstream of the plate, are used to measure the pressure differential (see 
Figure 2), which is then used in calculating the flow rate.  The most common orifice plate is the 
sharp-edged orifice, which is usually beveled on the downstream side and has a sharp edge on 
the upstream side (see Figure 3).  The sharp-edge orifice is popular because of its low cost, 
simplicity, small size and the large amount of data available in describing its behavior and 
application.14, 15  Orifice meters containing sharp-edged orifice plates that are designed with 
standard dimensions yield discharge coefficients with errors of only 0.4-0.8%.15, 16     
 

 
Figure 1. Placement of the Orifice Plate 

 

 
Figure 2.  Operation of an Orifice Meter 

   
 
 
 

                                                                                               
 
 
 
 
 
 
 
 

Figure 3.  Sharp-edged Orifice Plates:  upsteam (left), downstream (right) 
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The objective of this paper is to describe the construction of a simple experimental apparatus 
containing a sharp-edge orifice, followed by the presentation of results obtained when using this 
apparatus in a classroom demonstration to determine the coefficient of discharge (CD) in a 
steady-state experiment.  The experimentally determined CD is then used to model the draining of 
the reservoir.  This demonstration experiment is important educationally because: 

• it requires students to correctly use a Bernoulli balance to model a steady state system, 
and a Bernoulli balance and mass balance to model a transient system. 

• it shows the students that this simple apparatus can yield a CD that is very close to the 
accepted value of 0.61-0.6517 for sharp-edged orifices. 

  
Experimental 
 
Apparatus 
 
A photograph of the experimental apparatus (and students participating in a classroom 
demonstration) is shown in Figure 4.  The apparatus consisted of a 4 in (10.2 cm) inside 
diameter, 24.25 in (61.6 cm) long PVC pipe (0.25 in walls), containing the sharp-edge orifice at 
the bottom of the pipe, and attached upright to a metal support tripod.  The PVC pipe had a sight 
glass tube (0.25 in clear PVC) attached to its side to observe liquid level in the pipe.  A 17 gal 
(64 liter) utility tub was used to collect water flowing from the pipe, and Erlenmeyer flasks and 
graduated cylinders were used to hold, feed and collect water flowing in and out of the system.  
A stopwatch was used for timing the flow of water. 
 

 
Figure 4.  Photograph of the Experimental Apparatus 

 
Figure 5 shows the PVC pipe from below, which shows the PVC plate containing the sharp-edge 
orifice (on the discharge side).  The plate was fashioned from 0.5 in (1.3 cm) PVC, was 4 in 
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(10.2 cm) in diameter and had a 0.25 in (6.35 mm) orifice at its center.  As was noted earlier, the 
orifice must be properly designed and constructed with standard dimensions to minimize the 
error in CD.  In this case, the orifice plate was machined with a 30° angle and a 0.020 in (0.5 
mm) land, the minimum orifice wall thickness (see Figure 6). 

 
 

Figure 5.  Photograph of the Discharge of the Orifice, as Shown from the Tube Bottom 
 

 

 
 

Figure 6.  Design of Sharp-edged Orifice 
 
Experimental Procedure  
 
To begin an experiment, the entire apparatus (tripod, pipe and tube with orifice) was placed in 
the utility tub.  The orifice was plugged with a short length of Tygon® tubing, and the pipe was 
filled with water.  Additional water was made available, as needed, for the experiment.  Five 
students were recruited to perform the experiment. 
 
To execute a steady state experiment, the plug was first removed from the orifice.  Water was 
continuously poured into the reservoir to maintain the liquid level at the very top.  Once steady 
state was reached, in a few seconds, the water flowing through the orifice was collected in a 
2,190 mL (volume completely filled to overflowing) Erlenmeyer flask.  The time to fill the flask 
to overflowing was recorded.  The plug was then replaced, and the experiment was repeated, as 
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desired.  To execute a time-dependent experiment, the arrangement was essentially the same, 
except that the water was allowed to drain with time (as opposed to maintaining a constant level) 
after removing the plug. 
 
Experimental Data  
 
Table 1 shows the raw experimental data for student-generated steady state experiments.  Five 
runs were made collecting 2,190 mL of water. Results from a time-dependent run are shown in 
Table 2, as the height of the water in the tank as a function of time.      
 

Table 1.  Experimental Data for the Steady State Experiment 
Run Collection time, s 

1  30.98 
2  30.90 
3  30.86 
4  31.01 
5  30.90 

                        *the diameter of the pipe was 4.0 in (10.2 cm) 
 

Table 2.  Experimental Data for the Time-dependent Runs 
Time, s Fluid Height, cm 

0 60.96 
  7.24 55.88 
13.59 50.80 
20.28 45.72 
27.53 40.64 
35.17 35.56 
42.75 30.48 
52.15 25.40 
61.82 20.32 
73.11 15.24 
86.36 10.16 

           103.1   5.08 
           133.6 0 

 
Model Development 
 
The basic Bernoulli Balance, with no work in the system and negligible friction losses, is 
described by Wilkes et al.18 

 
𝑣𝑣12

2𝑔𝑔
 + z1 + 𝑃𝑃1

𝜌𝜌𝜌𝜌
 = 𝑣𝑣2

2

2𝑔𝑔
 + z2 + 𝑃𝑃2

𝜌𝜌𝜌𝜌
        (1) 

 
For application in this experiment, point 1 was selected as the fluid level in the pipe, and point 2 
was selected as the location of the vena contracta, which is located one-half of an orifice 
diameter from the orifice entrance.19  Since both ends of the tube were open to the atmosphere, 
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p1 = p2.  The velocity at the top of the liquid in the pipe, v1, may be neglected, and the vena 
contracta is at zero height, so that z2 = 0.  With these simplifications, Equation (1) may be 
rearranged to solve for v2, the velocity at the vena contracta, vvc: 
 
 v2 = vvc = �2𝑔𝑔𝑧𝑧1         (2) 
 
The CD of the orifice may be described by the equation 
 
 Q = CD A2 vvc          (3) 
  
where A2 is the area of the orifice, equal to 𝜋𝜋𝑑𝑑𝑜𝑜

2

4
.  Thus, CD may be calculated as 

 
 CD = 𝑄𝑄

𝐴𝐴2�2𝑔𝑔𝑧𝑧1
          (4) 

 
for the steady state system, where the volumetric flow rate is calculated as the volume of water 
collected, divided by the time of collection (Q = 𝑉𝑉

𝑡𝑡
).   

 
In considering the time-dependent system, the simplified Bernoulli balance of Equation (2) must 
be combined with the mass balance, 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

 = m1 – m2          (5) 
 
For a draining tank, m1 = 0, since there is no water flowing into the tank.  Furthermore, 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 may 

be written as ρA 𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

, and m may be written as ρvA.  Thus, Equation (5) becomes 
 
 ρA1 

𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

 = -ρv2A2         (6) 
 
Combining Equations (2) and (6) yields 
 
 𝑑𝑑ℎ

𝑑𝑑𝑑𝑑
 = -𝐴𝐴2

𝐴𝐴1
 �2𝑔𝑔ℎ          (7) 

 
Separating variables and integrating Equation (7) from h = h0 at t = 0, and h = h at t = t yields, 
with rearrangement 
 

 h = �𝐶𝐶𝐷𝐷𝑡𝑡𝐴𝐴2�2𝑔𝑔
−2𝐴𝐴1

+ �ℎ0�
2
         (8) 

 
Finally, taking the square root of each side yields 
 

 √ℎ = 𝐶𝐶𝐷𝐷𝑡𝑡𝐴𝐴2�2𝑔𝑔
−2𝐴𝐴1

+  �ℎ0         (9) 
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Thus, a plot of √ℎ  vs. t will yield a straight line, the usual method of presenting this type of data.  
 
Reduced Results and Discussion 
 
Steady-State Results 

The average volumetric flow rate was calculated from the experimental data in Table 1 (Q = 
7.085 m3/s) and combined with the geometrical variables (A2 = 3.17E-5 m2, z1 = 24.375 in 
[0.610 m]) in Equation (4) to yield a CD of 0.641.  Wilkes et al.18 note that the discharge 
coefficient should be about 0.63 for these operating conditions (Reo = 14,000).  This agrees well 
with the experimental value from the steady state runs of 0.641.  
 
Time-dependent Results 
 
Figure 7 shows plots of √ℎ  vs. t for the experimental data and the model prediction from 
Equation (9).  The drain time predicted by the model agreed very well with the experimental 
data, within about 3%, except for the last data point.  
 

 

Figure 7.  Plot of Time-dependent Experimental Data with the Model Prediction of Equation (9) 
 
Educational Use and Value 
 
The sharp-edge orifice demonstration/experiment has been used with success in junior-level 
Fluids and Heat Transfer Laboratory and in sophomore-level Fluid Mechanics.  A typical class 
size for Fluid Mechanics is 60-80 students per semester.  After tank draining had been covered in 
lecture, the time-dependent experiment was performed in class with students recording all the 
relevant data.  Student groups then used the data and the equations learned in class to calculate 
CD.  The students were asked to prepare a report which discusses the assumptions made in their 
calculations and their appropriateness.  Once the report was graded and returned, an in-class 
discussion addressed poor assumptions such as a pseudo-steady state assumption for the time-
dependent experiment. 
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Although there was no formal assessment of the value of this activity in the classroom, all 
instructors reported anecdotal student comments that the exercise was very useful in improving 
their understanding of orifice construction and the measurement of discharge coefficients.  
Formalized assessment will be a focus of this activity in the future. 
 
Conclusions 
 

1. The experiment is an excellent teaching tool because it shows students how a sharp-
edged orifice must be machined, and applies the Bernoulli and mass balances to reduce 
experimental data and develop a tank draining model.  

2. The well-designed orifice yielded discharge coefficients which were almost identical to 
those described in the literature, with errors of about 3%. 

3. This experiment meets all the requirements of a well-designed classroom experiment:  
• The apparatus is inexpensive 
• The experiments can be easily and quickly conducted in the classroom 
• Fundamental principles can be applied to model the experiment 
• The experimental results agree with literature data 
• The experimental data and model predictions are easily compared using linear 

plots; agreement is excellent 
 
Nomenclature (SI units shown) 
 
Latin Symbols 
 
A  Area, m2 

A1  Area of the PVC pipe, 0.0081 m2
 

A2  Area of the orifice, 3.17 x 10-5 m2 

CD  Orifice discharge coefficient, dimensionless 
do  Diameter of orifice, 0.0064 m (0.25 in) 
g  Gravitational constant, 9.8 m/s2 
h  Height of the liquid in the tank or pipe, m 
ho  Initial height of the liquid in the tank or pipe, m 
m  Mass, kg 
m1  Mass of water entering the pipe, kg  
m1  Mass of water entering the pipe, kg  
p1 = p2  Pressures at top of liquid in the pipe and at exit of orifice, kPa 
Q  Volumetric flow rate, m3/s  
t  Time, s 
te  Time to empty the tank or pipe, s 
V  Volume of water collected from apparatus, m3  
v  Velocity, m/s 
v1  Velocity at the top of the water in the pipe, m/s 
v2 = vvc  Velocity leaving the orifice; velocity in the vena contracta, m/s 
z1   Height of water in the pipe, m 
z2   Height of water at the orifice, arbitrarily set a 0 m 
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Greek Symbols  
 
ρ  Density of water, 1000 kg/m3 
μ  Viscosity of water, 0.1 kg/m·s 
 
Dimensionless Groups 
 
Reo  Reynold’s number through the orifice, 𝑑𝑑𝑜𝑜𝑣𝑣2𝜌𝜌

𝜇𝜇
, dimensionless 
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