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Experimental Investigation of Pressure Gradient
Characteristics in a Mass Flow Rate Controlled
Pulsating Pipe Flow
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Pulsating pipe flows are generated either by periodically changing pressure gradient or by imposing
periodically changing mass flow rate. Most research works on this type of flow have been reported for
pressure-gradient driven pulsating flows and only a few for mass flow controlled pulsating flow. In the
present work, an experimental investigation of axial pressure gradient characteristics of a mass flow
rate controlled pulsating flow is performed. The investigation is done for a fully developed laminar
flow through 8 m long, 14 mm diameter pipe for three different types of pulsating flows (sinusoidal,
triangular and square waves). A constant non-dimensional mass flow rate of 0.935 with 1.0 Hz frequency
was imposed for all types of pulsation. The effect of the pulsating mass flow on the pressure gradient
and the damping of the pressure variation across the whole length of the pipe are discussed. It is
observed that the pressure gradient roughly follows the trend of different mass flow pulsation.
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f : frequency of pulsation

m� : mass flow rate

: non-dimensional mass flow rate

p : axial pressure

P : axial mean pressure

t : time period of pulsation

x : coordinate along the axis of the pipe

SubscriptSubscriptSubscriptSubscriptSubscript

A : time varying part of pulsation

M : time averaged mean part of pulsation

INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

The unsteady flows with periodic time variations of
mass-flow rate and pressure gradient are termed as
pulsating flow. The study of pulsating flow through a
pipe is both practically and fundamentally important.
This type of flow is observed in many practical situations,
such as, flow pattern in artificial heart1, blood flow

through arteries and breathing2, exhaust from internal
combustion engines3, flow fields in centrifugal pumps4,
etc. The investigations of velocity distribution, pressure
gradient and shear stress are important for designing
the above-mentioned systems. On the other hand due to
its intricacy and unsteadiness phenomenon the problem
is interesting for fundamental research as well. Due to
its importance, numerous analytical, numerical and
experimental studies of the flows are available in the
literature. However, most of the research works reported
in the literature are for pressure-gradient driven
pulsating pipe flows. In this type of pulsating flows the
imposed pressure gradient has the following form

(1)

where the first term on the right hand side of equation
(1) is the time averaged mean component and second
term is the time varying component. The time varying
part is described by a single frequency harmonic

oscillation, f and axial pressure gradient, . When

the first part is non-zero the flow is called pulsating flow
and when it has zero value, the flow is called oscillating
flow.

The analytical solutions of the pressure-gradient driven
pulsating flows are reported by various researchers5-10.
Moreover, several experimental investigations,
especially on the oscillating flows are reported by several
researchers11-13.
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It can be seen from equation (1) that if the axial pressure
gradient is given in the form of a Fourier series, the
velocity field and, hence, the mass flow rate for a laminar,
pulsating flow through a pipe can be obtained
analytically. However, in the case of a controlled mass
flow, complexity arises in the solution as the resultant
pressure gradient that occurs in the governing equation
is not known a priori. Earlier investigators carried out
an experimental investigation of varying volume flow
rate pulsating flow14 and measured the instantaneous
volume flow rate for different pulsating flows.
Investigation was also performed by combining the
analytical solution and measuring the instantaneous
local velocity at the centre of a pipe. The analytical
solutions of resulting pressure gradient and velocity
distribution for a prescribed, time-varying volume flow
rate through a pipe are reported by several scientists15.
The investigations of the starting flows with trapezoidal
variation in the volume flow rate with time and
sinusoidally oscillating flows for the fully developed
laminar flows were performed. The researchers have
developed an experimental setup, where a pulsating flow
is developed by a controlled mass flow rate16-19. The basic
principles needed to develop such an experimental setup
were explained16. By using the setup, the researchers
have carried out experiments for sinusoidal and
triangular mass flow controlled pulsation17. It was also
provided with the analytical solutions for sinusoidal,
triangular and power pulses and comparisons were made
with the experimental results. The velocity
investigations of four time-dependent periodic and non-
periodic laminar and turbulent flows were
experimentally done by the scientists18. Combined
analytical and experimental investigations of the
sinusoidal mass flow controlled pulsating laminar pipe
flows were carried out by several investigators19.  The
general variation of the mass flow17 rate through a pipe
for a periodic flow may be defined as,

(2)

where is the cycle-averaged mass flow rate and 
is the corresponding amplitude of pulsation flow. The
function fm(t)  is a periodic function in time and has a
period tp , such that fm(t +tp ) = fm(t).

The literature shows that the pulsations, having wave
forms other than sinusoidal, for example, triangular
pulsations with time, have not yet been investigated,
probably because of the experimental difficulties
associated with accurate and reproducible generation
of the desired pressure gradient. It may also be noted
that there is no experimental study reported in the
literature for the pressure drop measurements along
with the full length of the pipe for different pulsating
pipe flows. The present work addressed both these issues
and the pressure drop characteristics are measured by
all the eight pressure sensors across the length of the
pipe for three different types of mass pulsations, namely,
sinusoidal, triangular and square. The objective of the
present paper is to study the effect of pulsating mass
flow on the pressure gradient and the damping of the
pressure variation across the whole length of the pipe.
To meet these objectives an experimental test bed with
a mass flow controller has been installed. Three different
types of mass pulsations are generated, ie, sinusoidal,
triangular and square waves. The pressure
characteristics are measured at different locations of the
pipe for all such cases.

EXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENTALALALALAL SETUP SETUP SETUP SETUP SETUP

The present experimental investigations of mass
controlled pulsating flow are done with newly installed
pulsating flow setup in the Fluid Mechanics Laboratory
of Mechanical Engineering Department, Indian Institute
of Technology Guwahati. The setup is procured from
LSTM-Erlangen, Germany and its design concepts and
descriptions of various parts have already been described
by earlier researchers16. A schematic diagram of the
setup is shown in Figure 1.

The setup consists of mass flow control unit, flow
conditioner, 8.0 m long and 14.0 mm diameter copper
pipe, pressure transducers and velocity measuring probe.
Along the length of the pipe there are eight pressure
transducers, which measure the static pressure of the
pulsating flow. The velocity is measured at the end of
the pipe with a Testo make vane probe anemometer. The
controlling and generating pulsation of the mass flow
rate is done with an electronic circuit which is operated
by LabView programme. A computer with data

Figure 1 Schematic diagram of the experimental setupFigure 1 Schematic diagram of the experimental setupFigure 1 Schematic diagram of the experimental setupFigure 1 Schematic diagram of the experimental setupFigure 1 Schematic diagram of the experimental setup1616161616
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acquisition (DAQ) interface is connected to the controller
and the pressure transducers. The NI (National
Instruments) made DAQ interface is used both for
generating pulsation and controlling the mass flow rate.
Moreover, it is used to obtain the signal from pressure
transducers through the LabView programme. The
accuracy of the mass flow controlled pulsating flow
depends mainly on the control unit. The mass flow
control unit used in the present work is capable of
generating any kind of preset time-dependent mass flow
rate variations. The control unit possesses also a very
high cycle to cycle repeatability and accuracy in the
range of 0 g/min to 217.8 g/min.

EXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENTALALALALAL INVESTIGA INVESTIGA INVESTIGA INVESTIGA INVESTIGATIONTIONTIONTIONTION

For the present work, the mass flow rate control system
is supplied with the pressurized air at a pressure of five
bar from a compressor. An externally produced signal
from the computer is used to supply the time-dependent
mass flow rate signal to the mass flow control unit. The
signal can be, in principle, any function of time and can
be processed by the LabView software. After the mass
flow control unit, the flow is conditioned with wire
screens and a flow straightener, which reduces the
turbulence and dust particles flowing through the pipe.
Copper pipe of 8 m length and 14 mm diameter is
connected at the exit of the flow conditioner. Under
steady state condition, the flow through the present
experimental setup remains laminar up to the Reynolds
number of 6000. However, the present investigation is
performed at a very low Reynolds number of 1059 for
all the pulsation flows. Static pressure measurements
are performed with eight pressure transducers
distributed along the length of the pipe. The operating
range of the pressure sensors is 20 mbar with an
accuracy of ± 0.25% and repeatability of ± 0.1%. The
pressure transducers are also temperature compensated.
The natural frequency of these transducers is
approximately 1.0 kHz, which allows tracking of fast
pressure changes resulting due to pulsating flows. All
the measurements are digitized simultaneously by the
computer through a 16 bit 333 kHz DAQ card and
measurements are synchronized with input signals of
the mass flow rate controller, which are produced by a
12 bit 200 kHz DAQ card.

RESULRESULRESULRESULRESULTS TS TS TS TS AND DISCUSSIONSAND DISCUSSIONSAND DISCUSSIONSAND DISCUSSIONSAND DISCUSSIONS

Since, the setup is newly installed, the mass control unit
has to be calibrated before any experimental
investigation. The calibration of the mass controller is
done by specifying a known amount of mass flow to the
controller through the LabView program and measuring
the corresponding average velocity by the vane probe
anemometer at the exit from the pipe. The mass flow
rate is calculated based on the measured velocity.

A calibration graph of the input mass flow rate (given to

controller) against output flow rate (measured) is made
as shown in Figure 2. The calibration graph shows the
best fit curve based on ‘least square method’ with an
error of 0.008%. Moreover, the slope of the best fit line
is 45° indicating the exact match of input mass flow rate
with measured flow rate.

In order to study the behaviour of mass flow rate
controlled pulsating flows through the pipes, three types
of pulsation, namely, sinusoidal, triangular and square
mass flow rate pulsations are applied with constant flow
frequencies16 of f = 1 Hz. The resulting axial pressure
gradients are measured at eight different locations. The
first pressure sensor is placed at a sufficient distance
away from the pipe entrance such that the flow may be
considered fully developed at that position. For all the
pulsations, a constant dimensionless mass flow rate

amplitude of = 0.935, is used. The dimensionless

mass flow rate amplitude,  is the ratio of  amplitude

of the time-varying part of the mass flow rate, to

the cycle-averaged mass flow rate, . The high mass

flow rate amplitude is taken because, at low amplitude
mass flow rate, a phase difference of mass flow and
pressure gradient occurs which may lead to an
inaccurate measurement of the pressure profiles.

The axial pressure gradients for the sinusoidal mass flow
pulsation acquired by all eight pressure sensors are
shown in Figure 3. It is observed that the pressure
gradient follows the sinusoidal trend with a higher
duration of time for first half than the second half. For a
fixed time the value of the acquired pressure gradient
reduces from the first sensor to eighth sensor. Thus for
a particular time the maximum value of pressure
gradient is shown by the first sensor and the minimum
value by the eighth sensor. Thus the amplitude of the
pressure gradient decreases as the flow progresses from
inlet to the outlet due to frictional losses.

Figure 4 shows the axial pressure gradient for the
applied triangular mass flow pulsations with the same

Figure 2 Calibration curveFigure 2 Calibration curveFigure 2 Calibration curveFigure 2 Calibration curveFigure 2 Calibration curve
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amplitude and frequency as in case of sinusoidal
pulsation. It is clear from the pressure gradient wave
forms that, the resultant axial pressure-gradient also
appears to be triangular. However, the shape of the
pressure gradient is characterized by un-equal changes,
where the accelerating or decelerating flow changes
suddenly. This behaviour may be due to the fact that
the mass flow variation can no longer be represented as
a perfect triangular wave. In this case, the amplitude of
the pressure gradient decreases from inlet (first sensor)
to outlet (eighth sensor).

The axial pressure gradient for the square mass flow
pulsation acquired by all eight pressure sensors are
shown in Figure 5. It is observed that the resultant axial
pressure gradient hardly follows the square wave trend.

This behaviour may be due to the difficulty in generating
variation of the mass flow rate represented by the square
wave. In this case also the decrease of amplitude of
pressure gradient also is observed from inlet to outlet of
the pipe. However the amount of decrease of amplitude
is lower from first sensor to eighth sensor compared to
that in previous two cases, ie, sinusoidal and triangular
cases. From Figures 3, 4 and 5 it is observed that the
pressure gradient profiles do not follow the exact profile
of the input mass flow pulsations. This may be due to a
limited response time of the long pipe. The mass flow
changes rapidly at the controller whereas the test pipe
section cannot respond due to its low inertia and
frictional losses.

CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS

Axial pressure-gradient characteristics of a mass flow
rate controlled pulsating flow are investigated
experimentally. Three different types of pulsation
(sinusoidal, triangular and square waves) with 1.0 Hz
frequency are applied to a fully developed laminar flow
through 8 m long and 14 mm diameter pipe. The mass
flow controller is calibrated before measurements with
least square error of 0.008%. It is observed that,

q In all types of pulsating flow, the pressure gradient
profiles roughly follow their respective input mass
flow pulsations.

q The amplitudes of the output pressure gradient
decrease from the inlet to the exit of the pipe and
are minimum in the case of square type of flow
pulsation.

Figure 3 Pressure gradients for sinusoidal mass flow pulsationFigure 3 Pressure gradients for sinusoidal mass flow pulsationFigure 3 Pressure gradients for sinusoidal mass flow pulsationFigure 3 Pressure gradients for sinusoidal mass flow pulsationFigure 3 Pressure gradients for sinusoidal mass flow pulsation
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Figure 4 Pressure-gradients for triangular mass flow pulsationFigure 4 Pressure-gradients for triangular mass flow pulsationFigure 4 Pressure-gradients for triangular mass flow pulsationFigure 4 Pressure-gradients for triangular mass flow pulsationFigure 4 Pressure-gradients for triangular mass flow pulsation
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Figure 5 Pressure-gradients for square mass flow pulsationFigure 5 Pressure-gradients for square mass flow pulsationFigure 5 Pressure-gradients for square mass flow pulsationFigure 5 Pressure-gradients for square mass flow pulsationFigure 5 Pressure-gradients for square mass flow pulsation

0 0.2 0.4 0.6 0.8 1

Time, s

d
p

/d
x,

 P
a

/m

45

40

35

30

25

20

15

10

5

0

 Sensor 1
 Sensor 2
 Sensor 3
 Sensor 4

 Sensor 5
 Sensor 6
 Sensor 7
 Sensor 8



Volume 89, July 2008 15

ACKNOWLEDGEMENTACKNOWLEDGEMENTACKNOWLEDGEMENTACKNOWLEDGEMENTACKNOWLEDGEMENT

The authors acknowledge the initial help of Mr. Sampath
Kumar Chinige, an M Tech student of the Department
of Mechanical Engineering, IIT Guwahati in the
installation of the setup in Fluid Mechanics Laboratory.

REFERENCESREFERENCESREFERENCESREFERENCESREFERENCES

1. P Hochareon, K B Manning, A A Fontaine, S Deutsch and J M
Tarbell. ‘Diaphragm Motion Affects Flow Patterns in an Artificial
Heart’. Artificial Organs, vol  27, no 12, 2003, pp 1102-1109.

2. D  Elad, S Naftali, M Rosenfeld and M Wolf. ‘Physical Stresses at
the Air-Wall Interface of the Human Nasal Cavity During Breathing’.
Journal of Applied Physiology, vol 100, no 3, 2006, pp 1003-1010

3. O Chiavola. ‘Integrated Modelling of Internal Combustion Engine
Intake and Exhaust Systems’. Journal of Power and Energy, vol 215,
no A4, 2001, pp 495-506

4. J S Choi, D K McLaughlin and D E Thompson. ‘Experiments on
the Unsteady Flow field and Noise Generation in a Centrifugal Pump
Impeller’. Journal of Sound and Vibration, vol 263, 2003, pp 493-514

5. T Sexl, Ü Den Von and E G Richardson. ‘Entdeckten Annulareffekt’.
Z Phys, vol 61, 1930, pp 349-362.

6. P Szymanski. ‘Velocity Distribution for Unsteady State Start-up
Flow in a Circular Tube’. J Math Pure Appl  Ser,  vol 11, 1932, pp 67-
107.

7. J R Womersley. ‘Method for the Calculation of Velocity Rate of
Flow and Viscous Drag in Arteries when the Pressure Gradient is
Known’. J Physiol, vol 127, 1955, pp 553-563.

8. J R Womersley. ‘An Elastic Tube Theory of Pulse Transmission
and Oscillatory Flow in Mammalian Arteries’. WADG Technical
Report, No TR56-614, 1957.

9. P Lambossy. ‘Oscillations Forcees d'un Liquide Incompressibile et

Visqueux Dans un Tube Rigide et Horizontal. Calcul de la Force
Frottement’. Helv Physica Acta, vol 25, 1952, pp 371-386.

10. S Uchida. ‘The Pulsating Viscous Flow Superposed on the Steady
Laminar Motion of Incompressible Fluid in a Circular Pipe’. J Appl
Math Phys, vol 7, 1956, pp  403-422.

11. E B Dension, W H Stevenson and R W Fox. ‘Pulsating Laminar
Flow Measurements with a Directly Sensitive Laser Velocimeter’.
AIChE J, vol 17, 1971, pp 781-787.

12. T Muto and K Nakane. ‘Unsteady Flow in Circular Tube (Velocity
Distribution of Pulsating Flow)’. Bull  JSME, vol 23, 1980, pp 1990-
1996.

13. L B Shemer and E K Wygnanski. ‘On the Impedance of the Pipe
in Laminar and Turbulent Pulsating Flows'. Exp. Fluids, vol 3, 1985,
pp. 185-189.

14. F Durst, M Ismailov and D Trimis. ‘Measurement of Instantaneous
Flow Rates in Periodically Operating Injection Systems’. Exp. Fluids,
vol 20, 1996, pp 178-188.

15. D Das and J H Arakeri. ‘Unsteady Laminar Duct Flow with a
Given Volume Flow Rate Variation’.  Transactions on ASME, J Appl
Mech, vol 67, 2000, pp 274-281.

16. F Durst, U Heim, B Ünsal and G Kullik. ‘Mass Flow Rate Control
System for Time-Dependent Laminar and Turbulent Flow
Investigations’. Meas Sci Technol, vol 20, 2003, pp 893-902.

17. S Ray, B Unsal, F Durst, O Ertunc and O Saleh. ‘Mass Flow Rate
Controlled Fully Developed Laminar Pulsating Pipe Flows’. ASME J
Fluids Engg, vol 127, 2005, pp 405-418.

18. B Unsal and F Durst. ‘Pulsating Flows: Experimental Equipment
and its Application’. International Conference on Jets, Wakes and
Separated Flows, 2005, pp 5-8.

19. B Unsal, S Ray and F Durst. ‘Pulsating Laminar Pipe Flows with
Sinusoidal Mass Flux Variations’. J  Fluid Dynamic Research,
vol 37, 2005, pp 317-333.


