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This experiment demonstrates the dynamics of water flowing out of a tank. Using the
rate change of mass for an emptying cylinder, we investigate the application of Bernoulli’s
equation and the resulting Torricelli’s theorem. We also observe the effects of constriction
on the parcel of water flowing out of the tank. Students will investigate fluid dynamics,
pressure and will relish how a phenomena as simple as water flowing out from a tank can
lead to rich dynamics that can be explored mathematically.
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1 Conceptual Objectives

In this experiment, we will,

1. understand and apply Bernoulli’s equation,

2. understand Torricelli’s law,

3. understand the continuity equation,

4. learn how to numerically differentiate data, and

5. make plots of variables derived from directly measured quantities.

∗No part of this document can be re-used without explicit permission from Dr. Muhammad Sabieh
Anwar.
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2 Theoretical background

A fluid is a collection of molecules held together by weak cohesive forces. Usually liquids
and gases are termed as fluids because they deform in response to external forces. Some
general properties of fluid flow are summarized here.

1. Steady or non-steady: The flow of a fluid is described by pressure, density and
flow velocity at every point of the fluid. If these variables are constant in time then
the flow is steady.

2. Compressible or incompressible: If the density of a fluid remains constant and
does not depend on x, y, z and t, then the flow is incompressible.

3. Viscous or non-viscous: Viscosity is the resistance towards flow. When a fluid
flows such that there is no energy dissipation, then it is non-viscous flow. Such a
flow is really an idealization.

4. Rotational or irrotational: If any element of the fluid does not rotate about an
axis through the center of mass of the element, then the flow is irrotational.

2.1 Pressure inside a fluid

Consider a small segment of the fluid of density ρ at a distance y above some reference
level as shown in Figure 1(a). This segment is a thin disk with thickness dy and area A,
as illustrated in part (b) of the diagram. The mass of the element is dm = ρdV = ρAdy
and its weight W = (dm)g = ρgAdy. Since there is no acceleration the net vertical force
is zero,

dy

y

(dm)g

A

PA

(a)
(b)

dy

Figure 1: A static fluid. (a) Small element at rest inside the fluid, (b) forces acting on a
small element.

ΣFy = PA− (P + dP )A− ρgAdy = 0, (1)
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yielding,

dP

dy
= −ρg. (2)

This equation describes the variation of pressure with elevation above some reference level.

As the height increases (dy positive), the pressure decreases (dP negative). For an in-
compressible and homogeneous liquid with difference in height, the pressure difference is
found by integrating the Equation (2)

P2 − P1 = −ρg(y2 − y1), (3)

and if the liquid has a free surface exposed to the atmospheric pressure Po, then,

Po − P = −ρg(y2 − y1),

P = Po + ρgh, (4)

where, y2 − y1 = h. This shows that the pressure in a liquid increases with depth but

Po

Po + pgh

h

would be same at all those points that are on the same level.

2.2 Bernoulli’s equation

In our discussion on pressure, we have seen how pressure depends on the weight of the
fluid above a level. However, pressure will also change with speed and elevation. You
must have noticed how an object could be pulled into the wake of a fast-moving train; or
by narrowing the hose of a water pipe, the stream of water can go further.

Q 1. Why do hordes of birds fly in a characteristic V-shaped pattern?

When a fluid moves through a region in which either the speed of the fluid or elevation
above the earth’s surface changes, the impact is that the pressure in the fluid changes.
The relationship between fluid speed, pressure and elevation was first derived by Daniel
Bernoulli in 1738. Bernoulli’s equation, a fundamental relation in fluid mechanics is deriv-
able from basic laws of Newtonian mechanics, as well as from the work-energy principle
which stems from the conservation of energy.

Consider a steady, incompressible and nonviscous flow of a fluid through a pipeline from
the position shown in Figure 2(a) to (b). The portion at the left has a cross sectional area
A1 and at an elevation y1 from some reference level. A mass of fluid ∆m gradually rises
and after time ∆t, it moves to the right end with cross sectional A2, at an elevation y2.

According to the work-energy theorem, the work done by the resultant force that acts
on a system is equal to the change in kinetic energy. Assuming that there is no viscous
force, the only forces that do work on the system are the pressure forces and the force of
gravity. The net work done on the system by all the forces is,

W = P1A1∆l1 − P2A2∆l2 − (∆m) g(y2 − y1). (5)
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Figure 2: A fluid is flowing through a pipe from position (a) to (b). The net effect is the
transfer of the element (∆m) from the left to the right end. We calculate the work done
in this transfer process.

This is the work done as the mass ∆m displaces from (a) to (b). The pressure force
P2A2∆l2 bears a negative sign because its direction is opposite to the horizontal displace-
ment ∆l2. The gravitational force is also negative because it acts in a direction opposite to
the vertical displacement. As A1∆l1 = A2∆l2 is the volume of the fluid (∆V ) displaced,
we can replace this ∆m/ρ. The change in kinetic energy, therefore is,

∆K =
1

2
∆mv22 −

1

2
∆mv21

=
1

2
∆m(v22 − v21)

= P1A1∆l1 − P2A2∆l2 − (∆m)g(y2 − y1) (6)
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This can be rearranged to give,

1

2
∆m(v22) + P2A2∆l2 + (∆m)gy2 =

1

2
∆m(v21) + P1A1∆l1 + (∆m)gy1 (7)

Dividing each side by the respective volume of the element A2(∆l2) = A1(∆l1),

P2 +
1

2
ρ v22 + ρgy2 = P1 +

1

2
ρ v21 + ρgy1 . (8)

The above equation is often expressed as,

P +
1

2
ρ v2 + ρgy = constant. (9)

This is a statement of Bernoulli’s equation.

The relation in Equation (8) can be modified in many different ways depending upon the
situation. This leads to interesting corollaries. If the fluid is at rest i.e. v2 = v1 = 0 then,

P1 + ρgh1 = P2 + ρgh2, (10)

where the term (P + ρgy) is called the static pressure.

Likewise, if both ends of the pipe are placed at same height then Equation (9) can be
re-written as,

P1 +
1

2
ρv21 = P2 +

1

2
ρv22, (11)

showing that high speeds corresponds to low pressures. The term 1
2
ρv2 has dimensions of

pressure and is called dynamic pressure.

2.3 Continuity equation

The equation of continuity for incompressible fluids states that,

ρAv = constant (12)

where v is the velocity and ρ is density of the fluid. This relation is easy to understand.
Consider Figure (3) which shows a tapered horizontal pipe. The area at the left end is
A1 and at the right is A2<A1. In a unit time ∆t, a mass of liquid ∆m is transported
between the ends. Since the fluid cannot be compressed, we must conserve the mass of
fluid transferred, otherwise the liquid will turn denser in some regions and rarer in others.
Therefore,

ρA1∆l1 = ρA2∆l2, (13)

which dividing by ∆t yields the equation of continuity, (12).
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Figure 3: A tapered horizontal pipe. The horizontal velocity vectors are depicted by
arrows.

Q 2. A giraffe needs a strong heart because of its long neck. Suppose the difference of
height between the aortic valve (the place where the arterial blood comes out of the heart)
and the head of a giraffe is 2.50 m, and the artery leading from near the aortic valve to
the head has constant cross section all the way to the head. Blood is an incompressible
fluid with density 1.0 g/cm3. Assume the pressure at the head is zero.

(a) What is the minimum required pressure at the aortic valve? Compare this pressure
to the peak output pressure of the human heart (1.6 × 104 Pa)?

(b) What would be the effect on the giraffe if the artery diameter narrowed down as it
approached the brain?

2.4 Water discharge from a cylinder

A cylinder contains water that flows out from a narrow circular orifice at a fixed height y2
from the base. [right]right The orifice has a small area A2 compared to the cross sectional Consider

Fig (4)area A1 of the cylinder. As time progresses, the level of the water y1(t) in the cylinder
descends and water issues out with a speed v2(t). Let’s apply Bernoulli’s law to points
1 and 2. Note that at the orifice, the jet of water is also exposed to the atmospheric
pressure Po. From Bernoulli’s principle,

��Po +
1

2
ρv21 + ρgy1 = ��Po +

1

2
ρv22 + ρgy2 (14)

Since A1 � A2, v1 ≈ 0, leading to

1
2
ρv22 = ρg(y1 − y2)

v22 = 2gh, (15)
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Figure 4: A cylinder with water flowing out from a narrow orifice at a fixed height y2
from the base.

that shows the relationship between the speed v2(t) and the instantaneous head h(t) of
water above the orifice.

2.5 Torricelli’s Law

Torricelli’s Law describes the relationship between the velocity of fluid leaving the cylinder
v2 and the height h of the fluid. This relationship is given in Equation (15). In its simplest
form, the speed, v, of a liquid flowing under the force of gravity out of an opening in a
tank is proportional to the square root of the vertical distance, h. The speed of efflux is
independent of the direction of flow. The theorem is named after Evangelista Torricelli,
who formulated it in 1643. Notice that this speed is identical to the speed acquired by a
mass falling under gravity through a height h.

In the experiment, you will observe if a linear relationship between v22 and h exists.
Furthermore, v22 will in fact be observed to be smaller than 2gh. The discrepancy will be
accounted for by water’s viscosity, and the effective narrowing of the orifice.

3 The Experiment

3.1 Preparation

You are provided a graduated cylinder with an orifice at a fixed height y2 from the base.
Place it on the provided PhysLoad balance which is connected to the PhysLogger. Connect
the PhysLogger to your PC’s USB port and open the PhysLogger app. Using a USB-C
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cable, connect the PhysLoad to one of the digital channels of the PhysLogger (PA, PB,
PC , or PD). Further, place the provided plastic box in line with the orifice to collect the
water being discharged and running through the plastic water guide tube. Complete the
assembly as shown in Figure 5.

Figure 5: The experimental assembly for observing the rate of discharge from a graduated
cylinder.

In the PhysLogger app, select ‘PhysLogger’ and then click Continue. In Options >
Preferences, define an appropriate destination folder where the experimental data will
be stored. When prompted with ‘I want to’, select ‘Measure’. Next, scroll and select
‘Force’ and click on ‘Proceed’. A signal should appear on the plot. Refer to Figure
6 and Table 1 for a description of the different relevant widgets and icons of
the PhysLogger workspace. Click on the ‘Time’ icon and choose a sampling rate of
0.2 Hz which means that a sample is acquired after every 5 s. Once these settings are
completed, PhysLogger will begin plotting data acquired from PhysLoad.

Once you have set your axis you should tare the weight of graduated cylinder. For that
purpose, click on the PhysLoad icon and select ‘Tare’. Alternatively, you may tare using
the hardware Tare button on the PhysLogger. “Taring” means setting the reading of
PhysLoad to zero. After you have your desired data acquired and displayed in PhysLog-
ger’s window, you can export the data using the ‘Save’ option. (Quantities need to be
dragged and dropped on the respective table’s columns before you click on save the table.)
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Figure 6: The workspace of the PhysLogger Desktop App. Refer to Table 1 for a descrip-
tion of all icons and widgets.
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No. PhysLogger widgets and their descriptions

1
Overlap layout
Displays overlapping graphs when more than one graph is being plotted.

2
Cascade layout
Displays cascaded graphs when more than one graph is being plotted.

3 Plot a new graph

4 Take screenshot

5 Edit layout

6
Time setup
Allows adjustment of sampling frequency.

7
Analog input channels A−D
Indicate the voltage readings of the four analog input channels of PhysLogger.

8
Output channels A and B
Indicate the voltage readings of the two output channels of the PhysLogger.

9
PhysInstrument icon
Any PhysInstrument connected to the PhysLogger will appear here and allow
the user to adjust instrument-specific settings (such as taring a PhysLoad).

10 Clear live plot and recorded data

11 Pause data logging and live plotting

12
Record
To be used if data needs to be collected for only a specific, predefined period.

13
Save
Saves and exports the plotted data points.

14
Workspace setup
Allows the present hardware state of the PhysLogger to be saved for later use.

15 Create a new page

16 Widgets and advanced tools

17
Plotted quantity label
Allows the units of the plotted quantity to be changed and the autoscaling of
vertical axis to be toggled.

18 Display options of the plot

19
Options
Allows the user to set Preferences and exit the PhysLogger application.

Table 1: Different widgets of PhysLogger (numbered as per Figure 6) and their functions.
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3.2 Experimental procedure and analysis

In this experiment, you are required to verify a linear relationship between v22(t) and h(t).
The balance will return the mass of water at each time step. Refer to Table 2 for the
description of important values you will be needing in the analysis.

Apparatus Parameters Values
Graduated cylinder diameter (69 ± 1) mm
Diameter of the orifice (1.9 ± 0.2) mm

Table 2: Various parameters pertaining the apparatus that will be required for analysis.

Write a computer programme that converts the obtained mass to the mass flow rate.
From your programme, you should be able to compute the following quantities.

1. Rate of decrease of mass versus time.

2. Speed v2 of the discharging water jet versus time.

3. Height h of the descending water level versus time. Note that h is the head above
the orifice and the orifice is at a height of 300 mL above the base of the cylinder.

4. Plot v2 versus h.

5. Plot v22 versus h. Fit this data to a linear relationship. Is it a good fit? Does the
data corroborate Torricelli’s theorem? Ideally the slope of the v22 verses h graph
should have a slope 2g. Is the slope of your data smaller or greater than 2g? How
do you account for the difference?
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