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Abstract— The aim of this project is to create a flow
restriction device to be fitted in the FSAE (Formula Society of
Automotive Engineers) car being built by Team Gear Shifters
of BITS-Pilani, Dubai. The car is an open-wheeled race vehicle,
designed to go from 0-100 kmph in under 4 seconds and have a
top speed of about 140kmph. In order to comply with the rules
of the competition imposed by FSAE, a single circular
restrictor of 20mm diameter must be placed in the intake
system between the throttle and the engine and all engine
airflow must pass through the restrictor. This is done
primarily to limit the power capability from the engine. Since
the maximum mass flow rate is now a fixed parameter because
of the restrictor, the aim is to allow the engine to achieve the
maximum mass flow with minimal pull from the engine. In
short, the pressure difference between atmosphere and the
pressure created in the cylinder should be minimal, so that
maximum airflow into the engine at all times. From the data
gathered through the numerous simulations in SolidWorks
Flow Simulation, it can be observed that the optimized values
for converging angle and diverging angle of the Venturi were
found to be 18 degrees and 6 degrees respectively.

Index Terms— Air Flow, Design Optimization, FSAE Air
Restrictor, SolidWorks Flow Simulation

I. INTRODUCTION

HE aim of this project is to create a flow restriction
device to be fitted in the FSAE (Formula Society of
Automotive Engineers) car being built by Team Gear
Shifters of BITS-Pilani, Dubai Campus. The car is an open-
wheeled race vehicle, designed to go from 0-100 kmph in
under 4 seconds and have a top speed of about 140kmph. In
order to comply with the rules of the competition imposed
by FSAE, a single circular restrictor of 20mm diameter must
be placed in the intake system between the throttle and the
engine and all engine airflow must pass through the
restrictor. This is done primarily to limit the power
capability from the engine [10].

An Internal Combustion Engine takes in air from the
environment and the air-fuel mixture is combusted inside
the engine cylinders to generate the power required to run
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the vehicle. In a naturally aspirated engine, the engine
creates a low pressure during the intake stroke, causing the
air from the atmosphere to enter the cylinders [2]. The
higher the rpm, the greater the pull, and the lower the
pressure created inside the cylinder. According to the
stoichiometric air-fuel ratio, to burn 1 gram of gasoline 14.7
grams of air is required. By reducing the diameter of the
flow path from 50mm to 20mm, the flow cross-section area
has reduced drastically [11]. At low rpm’s of the engine
when the engine requires less air, the reduction in area is
compensated by the accelerated flow of air through the
throat (20mm section). But since the car is designed to run
at high rpm’s (6,000rpm to 10,000rpm with the restrictor
attached), the flow at the throat reaches sonic velocities
(also known as Critical Flow condition), and therein lays the
problem. Critical Flow exists when the mass flow is the
maximum possible for the existing upstream conditions, and
the average velocity closely approximates the local sonic
velocity (speed of sound in air = 330m/s, or Mach 1) [3].
Since the maximum mass flow rate is now a fixed parameter
because of the restrictor, the aim is to allow the engine to
achieve the maximum mass flow with minimal pull from the
engine. In short, the pressure difference between
atmosphere and the pressure created in the cylinder should
be minimal, so that maximum airflow into the engine at all
times.

II. METHOD OF RESEARCH

A. Deciding an Appropriate Kind of Obstruction Meter

Air Restrictor that is being designed is basically a kind of
an Obstruction Meter. Since the aim is to optimize the Mass
Flow rate we will first study different kinds of Obstruction
Meters available. Broadly there exist two obstruction meters
used in industries — Orifice and Venturi meters.

a. Orifice.

An orifice plate is a thin plate with a hole in the
middle. It is usually placed in a pipe in which fluid flows.
When the fluid reaches the orifice plate, the fluid is forced
to converge to go through the small hole; the point of
maximum convergence actually occurs shortly downstream
of the physical orifice, at the so-called vena contracta point.
As it does so, the velocity and the pressure change. Beyond
the vena contracta, the fluid expands and the velocity and
pressure change once again. By measuring the difference in
fluid pressure between the normal pipe section and at the
vena contracta, the volumetric and mass flow rates can be
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obtained from Bernoulli’s equation. It generally has a
Coefficient of drag around 0.65 [7]
b. Venturi.

The Venturi tube or simply a Venturi is a tubular setup
of varying pipe diameter through which the fluid flows. It
follows the same laws as the orifice meter (for compressible
fluids, the velocities have to be subsonic). The Venturi
effect is a jet effect; as with a funnel the velocity of the fluid
increases as the cross sectional area decreases, with the
static pressure correspondingly decreasing [4]. According to
the laws governing fluid dynamics, a fluid’s velocity must
increase as it passes through a constriction to satisfy the
principle of continuity, while its pressure must decrease to
satisfy the principle of conservation of mechanical energy.
Thus a drop in pressure negates any gain in kinetic energy a
fluid may accrue due to its increased velocity through a
constriction. An equation for the drop in pressure due to the
Venturi effect may be derived from a combination of
Bernoulli’s principle and the continuity equation. It
generally has a coefficient of drag around 0.85 [8].

Inference:

After analysing the two kinds of obstruction meters
available it can be concluded that the appropriate
obstruction meter for designing the Air restrictor would be
Venturi meter with Cd (~0.85), which is greater than the Cd
(~0.65) of Orifice meter.

B. Deciding the Parameter to Be Optimized

The main objective of using the Venturi design in the air
restrictor is to maintain a constant mass flow rate with
optimum flow of air. The mass flow rate can be maintained
constant by varying any one of the parameters namely -

a. Energy

b. Velocity

¢. Mach number

d. Pressure.

For practical applications calculating the Energy, Mach
number and Velocity is an intricate process. Mach number
is calculated using the equation:

M=
a (1)
Where,

M is the Mach number,
v is the velocity of the source relative to the medium and
a is the speed of sound in the medium.

When the medium is changed the velocity of sound in the
medium will change accordingly and knowing the exact
value for it is difficult. Due to this using velocity and Mach
number as a parameter in a fixed Venturi apparatus is not
feasible. For a permanent installation of air restrictor it is
tedious and impracticable to deal with the above parameters
for an optimum result.

Inference:

Pressure is the most ideal parameter that can be varied to
hold the flow rate constant because pressure difference
across the two ends of a Venturi can be measured easily
using a simple U-shaped manometer [9].
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III. THEORY AND FORMULAE

For this we use theoretical data and formulae of the
Venturi meter in the following way. Using Bernoulli’s
equation in the special case of incompressible flows (e.g.
the flow of water or other liquid, or low speed flow of gas
V), the theoretical pressure drop p;-p, at the constriction is
given by [13]:

DP—D, :g(‘é _Vlz)

2
Where, o is the density of air.
Volumetric flow rate Q is given by: -
O=v4,=v,4, 3)

Where A the area of cross-section of Venturi at any point
and v is the velocity of air at that point.

bh—pP,= B("; _V12)
2 4
Then

)

But as we can see, all the above calculations have been
made based on one assumption — Incompressible Flow.
Unfortunately, the fluid under observation is Air, and air is
compressible, meaning that we have to take the
compressible part of air into account. To derive the equation
for Mass Flow Rate of an Ideal Compressible Fluid, we
have to go back to the basics [10].

The conservation of mass is a fundamental concept of
physics. Within some problem domain, the amount of mass
remains constant; mass is neither created nor destroyed. The
mass of any object is simply the volume that the object
occupies times the density of the object. For a fluid (a liquid
or a gas) the density, volume, and shape of the object can all
change within the domain with time and mass can move
through the domain [1].

The conservation of mass (continuity) tells us that the
mass flow rate through a tube is a constant and equal to the
product of the density p, velocity V, and flow area A:

m=p*V*A (6)

Considering the mass flow rate m equation, it appears that
for a given area A and a fixed density ©, we could increase
the mass flow rate indefinitely by simply increasing the
velocity V. In real fluids, however, the density does not
remain fixed as the wvelocity increases because of
compressibility effects. We have to account for the change
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in density to determine the mass flow rate at higher
velocities. If we start with the mass flow rate equation given
above and use the isentropic flow relations and the equation
of state, we can derive a compressible form of the mass flow
rate equation. We begin with the definition of the Mach
number M and the speed of sound a [12]-[5]:

V=M%*a=M*sqrt (y *R *T) (7

Where y is the specific heat ratio, R is the gas constant,
and T is the temperature.

Now substitute (7) into (6):
m=p*A*M*sqrt (y*R *T) ®)
The equation of state is:

p=P/R*T)
©)

Where P is the pressure. Substitute (9) into (8):
m=A*M*sqrt (p*R*T) *P/ (R *T) (10)
m =4 *sqrt (y/ R) * M * P /sqrt(T) an
From the isentropic flow equations:

P =Pt *(T/ ) /(r-1) (12)

Where Pt is the total pressure and Tt is the total
temperature. Substitute (12) into (11):

m = (A * Pt) /sqrt(Tt) *sqrt (y// R) *M *(T/T)(y + 1)
/2*(y-1)) (13)

Another isentropic relation gives:
T/Tt=(1+.5%@y-1) *M"2) ™1 (14)
Substitute (14) into (13):

m = (A * Pt/sqrt[Tt]) * sqrt(y /R) * M * [1 +.5 * (y-1) *
M2 ][y + DA(y-1)2] 15)

This equation is shown in the red box below (NASA). It
relates the mass flow rate to the flow area A, total pressure
Pt and temperature Tt of the flow, the Mach number M, the
ratio of specific heats of the gas v, and the gas constant R.
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Fig 1. Formulae for Mass Flow Choking [9]
Calculations:

The values taken for substitution in Equation #10 are:
Pt=101325Pa

T =300K

y=14

R (air) =0.286 kJ/Kg-K

A4=10.001256 m’

M =1 (Choking Conditions)

Result: Mass Flow Rate at Choking = 0.0703 kg/s

IV. DATA ANAYLSIS

A. Aim

To maximise pressure recovery at outlet

B. Variables

a. Dependent Variables:
Delta Pressure (= Inlet Pressure — Outlet
Pressure)

b. Independent Variables:
Converging angle and Diverging angle

c. Constants:
Inlet, Outlet and Throat diameter, Type of Fluid
-Air, Temperature - 300K

C. Boundary Conditions

a. Inlet Face: Total Pressure = 1 bar
b. Outlet Face: Mass Flow Rate = 0.0703kg/s

D. Software Used

1. Modelling - CATIA V5

2. Analysis - SolidWorks 2012-2013
3. Data Tabulation - MS Excel 2007

4. Data Interpretation - MATLAB

5. Data Compilation - MS Word 2007

6. Paper Formatting - Adobe InDesign
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E. Data Collection and Analysis Inference:
From the table and graph above, it can be seen that Delta

Table I. Delta Pressure for Different Converging and Pressure keeps increasing after 18 degrees as the

Diverging Angles Converging Angle increases. It is inferred that the Minimum
value for Delta Pressure is achieved when the Converging
Min valua " .
in R Riverging Angles Angle is 18 degrees and the Diverging Angle is 6 degrees.
sarpune | M valua a € S 10 12 15 20

in Calumn

10 000 19398 19504 486 32047 I 730313 F ]mages OfData Analysis in SOlld WOl”kS 2012—13
12 19948 19700 19326 19679 19960 19887 F3RAR
14 22249 19621 610 TR 3R 19585 HAdd
15 19274 | 1844z | 31747 | 10601 | J0ats | 196RR | 22392 e Pressure Variation for Venturi - Converging Angle 18* and Diverglog Angle 6°
16 21203 0240 54 I08IS 19242 20055 24341 !
18 19556 | 18204 | 06T nane | 22123 | 290R | 20830 [ 2
20 318 18523 063 2719 22180 11733 74019 ;

Converging Angles

For the calculated Maximum Mass Flow Rate of 0.0703

kg/s, the Delta Pressure (Inlet Pressure — Outlet Pressure) _. __/——\ S
was calculated for different converging and diverging o, T A\

angles. The minimum angle that can be manufactured with
considerable precision was estimated at 4 degrees, hence the
diverging angle has been considered from 4 degrees. The L
Diverging angle range was considered until 20 degrees
because the value of Delta Pressure was increasing abruptly Fig 2. Pressure variation — Converging angle 18 degrees
after 15 degrees, clearly visible by the lack of any minimum and Diverging angle 6 degrees

value in the 20 degrees columns. The Converging Angles

have been considered from 10 degrees referring to the

estimates of Venturi designs previously made [6]. B

Density Variation for Venturd - Converging Angle 18 and Diverging Angle §°

In the Data collected the Minimum Delta Pressure Value
was marked for every row and column as shown in the table I ::,
above to find out the best combination of Diverging and s
Converging angle. From the above table, we can see that e i
most of the minimum values are achieved when the [ K\ <
Diverging Angle is 6 degrees. Therefore we shall
concentrate on 6 degrees as the Diverging Angle and extend
our testing to Converging Angles of 22 degrees and 25
degrees, also because a persistent trend was lacking. The
data for Diverging Angle of 6 degrees is shown below [2].

|||||||

Fig 3. Density Variation — Converging Angle 18 Degrees

Table II. Table of Delta Pressure for Diverging Angle of and Diverging Angle 6 Degrees
6 Degrees .
-. = Velocity Varkatlon for Venturi - Converging Angle 18° and Diverging Angle 6°
¥, x¥¥ | Min Yaue Delta Pressure |
IE 1935 e s
" 12 19700 e A
E 14 19521
fu 15 1Rd43
E 16 3N
& 17 17811 P
E 0 17RA7
d A2 A0SR . . oy .
7 ORI Fig 4. Velocity Variation — Converging Angle 18
: Degrees And Diverging Angle 6 Degrees
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V. CONCLUSION

The optimum solution to achieve maximum possible mass
flow rate of air as quickly as possible is to minimize the
pressure loss through the flow restriction device. The best
general design for this objective is to use the Venturi design.
From the data gathered through the numerous simulations, it
can be observed that the values for converging angle and
diverging angle of the Venturi are 18 degrees and 6 degrees
respectively.

FSAE is about speed, acceleration and economy. Therefore
a majority of the parts that need to be fabricated for the
FSAE car are made using sheet metal. Also procuring a
billet of diameter greater than 50 mm and the subsequent
machining of the part to our specifications using a lathe was
significantly more difficult and expensive, and so it was
finalised that sheet metal will be used. Galvanised iron
sheets were beaten into their respective profiles, welded,
primer and spray-painted. The total cost borne was AED 15
for the primer coat and the spray paint; the sheet metal and
welding services were borrowed from the Mechanical
Workshop of the College.

The manufactured restrictor serves the purpose of
complying with the rules with minimal compromise on
power. As soon as the effective vacuum pressure created by
the suction strokes of the engine cylinders reaches
~17800Pa, maximum mass flow rate is achieved and
subsequently maximum power of the engine as well (for the
same rpm using any other restrictor specification).
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