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Introduction 
 
A butterfly valve is a fluid flow control device used widely in many industries. The purpose 
of this essay is to understand the importance of the Reynolds number and how it effects the 
flow around the valve and understanding the boundary conditions when the valve is 
opened.  
An analysis of the design and the material used is to be carried out to gain an understanding 
of the purpose of the valve. 
Modelling techniques for CFD play an important role in valve design by simulating fluid flow 
without having to make a scale model, saving time and money. Different methods to 
perform CDF are to be analysed with and the appropriate model selected to run the 
simulation. To confirm the simulation accurate, an experiment is needed to confirm the data 
is correct. How the experiment is set up and used is to be discussed.     
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PART 1 
 

Reynolds Number 

The Reynolds number is a dimensionless value used to predict whether fluid flow is laminar 
or turbulent and is the relationship between inertial and viscous forces in a fluid.  

𝑅𝑅𝑅𝑅 =
Inertial Force
Viscous Force

 =  
Fluid and Flow Properties

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
   

 

The number can be calculated using the following equation:      𝑅𝑅𝑅𝑅 = ρVL
μ

=  𝑉𝑉𝑉𝑉
𝑣𝑣

 

V = Velocity of flow (m/s) 

L = Characteristic linear dimension (m) 

ρ = Fluid density (kg/m3) 

μ = Dynamic viscosity (Pa.s) 

ν = Kinetic viscosity (m2/s) 

By observing the above equations, we can see that the Reynolds number, Re, is directly 
proportional to the fluid’s density, velocity, and length of travel, indicating that as any one 
of these increases, so will the Reynolds number. Conversely, the value of the viscosity, is 
inversely proportional to the Re, meaning that if this value is to increase, then the Reynolds 
number will decrease. (Reynolds Number , 2021) 

A low Reynolds number (< 2000) indicates that the flow is laminar, meaning that viscous 
forces are dominant. Whilst these forces are dominant, the fluid flow is smooth and 
predictable, with flow lines moving at different velocities and running parallel to one 
another, with the slowest moving velocities at the boundary layer, with each layer moving 
slightly faster the further away from the boundary layer they get, with almost no mixing 
between layers.  

A high Reynolds number (> 4000) implies that the flow is turbulent. In a turbulent flow the 
inertial forces are dominant. With dominant inertial forces in the fluid, the flow will become 
unpredictable with unsteady circular eddies mixing within the flow causing turbulence and 
energy loss. 

Transitional flow is the area between flows is a mixture of both laminar and turbulent flows. 
A disturbance introduced into a laminar flow will be amplified, and as a result will exhibit 
flows that are not only orderly in parts but also show irregular fluctuations in others. A mix 
of both.  (Durst, 2008) 

The importance of the Reynolds number is well documented with applications in many 
different industries and has an important role in heat transfer and fluid dynamics 
calculations. For example, it is extremely important for a hydraulic system used for heat 
transfer or to provide necessary cooling to a nuclear reactor core to maintain a suitable flow 
rate. This flow rate is affected by the valves and bends in the pipes, as well as friction within 
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straight pipes. Other heat transfer calculations often depend on flow regimes, with the 
value of other characteristic numbers, such as the Nusselt number depending on whether 
the flow in laminar, turbulent or in transition. 

(Glasstone, 1994) 

As well as important heat transfer applications, the Reynolds number is used to predict fluid 
flow around an aeroplanes wing or a helicopters propeller allowing engineers to design 
more efficient and safer vehicles. It is used to scale comparable flows, for example, a scale 
model of a race car can be used in a wind tunnel to obtain different desired flow scenarios, 
highlighting the flow separation over the car which in turn causes drag, allowing engineers 
to predict areas that will cause drag and make design alterations before scaling to the full-
size version, saving time and money. 

To estimate the Reynolds number around the valve firstly the fluid velocity is calculated using 
Bernoulli’s equation.  
 
Velocity = 9.9m/s 
 
The dynamic viscosity of petrol, gasoline = 0.008 Pa.s 
 (Viscosity Guide For Paints, Petroleum & Food Products, 2021) 
 
Density of petroleum, gasoline = 750 kg/m3   
(Fuels - Densities and Specific Volume, 21) 
 
By inserting these figures into the Reynolds equation, we get: 
 
𝑅𝑅𝑅𝑅 =  750𝑥𝑥9.9𝑥𝑥0.194 

0.008
 = 180,056. 

 
This shows the flow is turbulent. 
  



Rhodri Williams - 1910918 

4 
 

PART 2 

The boundary flow around the butterfly valve would differ at different degrees of opening. 
According to a paper by (Marimuthu & Chinnathambi, 2020) the angles of opening (AOP) 
have an important role in how the fluid behaves. For larger angles of opening the fluids 
velocity is distinctly lower than that of the smaller angles, indicating that the flow 
downstream will become less turbulent as the valve opens.  

The boundary layer is a thin layer of fluid that is in contact with an object or surface that it is 
flowing over where velocity is zero. This is the area of the fluid flow where the viscous 
effects are significant. As the fluid moves over the front of the disc, the molecules in contact 
with its surface stick.  (Schlichting Herrmann, 2000) Once opened, the fluid moves around 
the butterfly valve. The boundary layer on the surface of the valve is dependent on its angle 
of opening. When the valve is fully open at 90° there is minimal disturbance between the 
fluid layers, however due to the design of this specific valve with it two joining rivets on the 
disc face, and the protruding shaft to which the disc is join to on the back, the aerodynamic 
forces generated between the fluid and the valve would be greater than it would be on a 
more streamlined design. 

When fully open, the fluid starts to move around the valve. The fluid moving over the face 
of the valve exhibits a lower velocity than the fluid flowing over the back side of the valve, 
this is due to the shape of the valve. The boundary layer on the front of the valve the flat 
profile until it encounters the rivets. The rivets protrude from the surface causing a sharp 
transition of fluid flow around them, at this point if the fluid is no longer able to follow the 
contour of the valve and begins to separate from the surface, this is commonly referred to 
as a boundary layer separation. At 
the separation point the fluid 
shears from the surface, and it as 
this point where vortices form as 
recirculated fluid moves backwards 
between the surface and the 
separation streamline. This 
turbulent wake causes a loss in 
energy and turbulence within the 
fluid.  

When the valve is partially open, 
the effects of the rivets are decreased due to the angle the fluid flows over them. As the 
fluid contacts the rivets at a more favourable angle, the separation occurs closer to the 
following surface and there is less space for recirculation to occur. As the fluid flows through 
the smaller opening its velocity increases, which as we know is directly proportional to the 
Re value. The boundary layer remains in contact with the valve until it reaches its tip, and it 
is at this point the high velocity of the fluid being forced through these gaps shears from the 
surface. The jet of fluid rapidly spreads out, with the thickness of the mixing layer increasing 
as the fluid moves downstream. Similarly, to the separation caused by the rivets, the abrupt 
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transition leaves a separation streamline, and a large area for the reverse flow eddies to fill, 
causing drag and energy loss.  

With the stem located behind the centreline, the contact between the disc and seat is 
minimised before full closure of the valve. Reducing the contact would imply that this valve 
has been designed with the goal of extending its service life by minimising the wear on the 
valve where it encounters the seat, or the seal between the valve and seat. By doing this 
there will be less wear on the edge of the valve and the seat/seal and therefore less chance 
of leakage, which is desirable when controlling fluid. Its design implies that manufacture of 
this valve would be relatively cheap and simple, with easily manufacturable components 
and a simple assembly. This, combined with the goal of extending its service life by 
minimising contact between its surface will mean the valve will be cost effective, providing 
cheaper and less frequent maintenance. This design however would be less effective in high 
pressure and temperature applications, where the selection of a triple offset valve would be 
more suitable. A triple offset valve would be more efficient and last longer than the single 
offset design seen in this essay, meaning that if it were to be used in these high 
temperatures and pressures then its initial cost effectiveness would be minimised do to 
more maintenance and repair. 



Rhodri Williams - 1910918 

6 
 

PART 3 

The butterfly valve is to be manufactured from glass fibre reinforced plastic (GFRP), which as 
a material is used to improve the corrosion resistance of properties of more traditional cast 
iron valves which are governed by BS3952:1965. However, BS EN ISO 16136:2006+A1:2019 
dictates the requirements for butterfly valves made of thermoset plastic material such as 
GFRP must have a lifetime of 25 years which is not a requirement of more traditional 
metallic valves. (standardsdevelopment, 2021) 

According to (Bai, 2013) the advantages offered by GFRP include a high strength to weight 
ratio and high corrosion resistance. GFRP is made from thermoset resins which offer the 
corrosion resistance properties infused with glass fibres wound or woven in certain angles 
or patterns to meet the strength requirements of the application. The polymer has good 
resistance to the compressive loading on the valve, and the glass fibres are good at resisting 
the tensile forces acting upon the valve. The corrosion resistance for GFRP coupled with the 
above-mentioned properties make for a good selection of material for this valve, however, 
(Schutte 1994; Ellyin and Maser 2004) state that high pressure, temperature, and moisture 
environments cause a degradation to the fibre matrix bond. This drawback however would 
seem not as important as first thought as the design of the valve implies use for a low 
temperature and pressure environment.  

Traditionally corrosion of components in the Petro-chemical industry is a big problem. A 
study by the US Federal Highway Administration in 2002 showed that the cost of metallic 
corrosion in a wide range of industries was estimated in the US to be $276 billion. (G.Koch, 
M. Brongers, N. Thompson, P. Virmani, J. Payer) Although this study is not directly 
addressing the corrosion of valves in use with petroleum, it does show a worrying trend. 
Historically metal valves were used until GFRP, and other thermoset resins were developed, 
and with the higher rate of corrosion within metal over these newer materials a switch to 
GFRP was needed to increase capital savings as the vales will last longer, decrease 
maintenance costs, and lower the risk of environmental accidents. 

More recently, in a 2019 study carried out by (Marquéz MC) it was shown that the skin 
structure on the short fin mako shark reduces its skin friction drag by 8%. Inspired by this 
(Marimuthu & Chinnathambi, 2020) conducted a study on the effects of a hollow pattern 
biometric butterfly valve(HPBBV) compared to regular smooth surfaced valves and found 
that the HPBBV not only reduced skin friction and the turbulence kinetic energy, but also 
increased the net mass flow rate of the pipe.  

Taking tips from nature is currently aiding in the development and efficiency in many 
different applications. This coupled with the increasing research of nano- reinforced 
thermoset plastics and composites based on renewable bio-resins indicates an exciting 
future for development of not only valves, but engineering in general. 
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PART 4 

Computational Fluid Dynamics (CFD) is based on three main numerical approaches – the 
Finite-Element method (FEM), Finite-Difference method (FDM) and the Finite-Volume 
method (FVM).  

 

Finite-Element Method 

The finite element method (FEM) works by subdividing a CAD model into geometrically 
simple shapes. The collection of these small finite sized elements makes up the finite-
element mesh.   

The equations used if FEM depend on what physics is needed for modelling. When the 
scope of analysis is known, then a system of field equations that describe the physics is 
applied to each element. The fields within 
the elements are approximated as a simple 
function within the degrees of freedom of 
each. These equations describe the local 
physics around each element and when 
assembled into the larger matrix of the 
object can be solved by the CFD software 
to show an accurate representation of the 
system in question.  

Different applications for FEM are tailored 
to use different physics, and therefore 
show unique structural imprints of the 
matrix.  

Finite-Difference Method 

The most direct approach to discretizing partial differential equations is the finite-difference 
method (FDM). With an approximate difference formula, generally derived from a Taylor 
series expansion, replacing each derivative. By divided the computational area into 
hexahedral cells, FDM incorporates discrete 
equations in the place of continuum 
representations of the equations of the 
object to gain the solutions for each node 
added.  

Finite-Volume Method 

Like FEM, the Finite-Volume Method (FVM) 
divides a CAD model of an object into small, 
geometrically simple shapes of finite size. 
Firstly, FVM changes to concept of 
elements, instead referring to them as cells. 
This, along with utilising some physical laws 



Rhodri Williams - 1910918 

8 
 

known as conservation laws where what force is applied to one side of the cell will need to 
leave the other side of the cell. This idea lends to a formulation that is made of flux 
conservation equations, which are defined as an average over the cells (Manganih, 2016). 
Fluxes are important in FVM as the resulting equations require fluxes of the conserved 
variable, which only need to be calculated at the cell boundaries and not at every node. Due 
to the conservation laws involved, FVM can handle non-linear problems which cause 
discontinuities in the solutions. Simply, what goes in, must come out. FVM ability to solve 
fluid flow problems has been historically successful.   

Method Selection 

To select the best method to simulate the fluid flow around the butterfly valve we must 
consider the advantages of each. One of FEM’s biggest advantages is that it can be used to 
combine different functions to approximate each elements solution. These mixed 
formulations allow for different functions such as heat transfer and structural analysis to be 
tightly combined within the matrix allowing for the combination of accurate solutions. 
These mixed formulations are relatively straightforward for FEM to model; however, they 
are very difficult or impossible with the other methods.  

For time dependant simulations FD and FV methods have a clear advantage over FEMs. A 
previous study conducted by (Gohil T, McGregor RHP & Szczerba D) observed that the 
computing time for FVM was far lower than it was for FEM. Along with this fact, FEM can be 
more difficult to apply than the other two methods, this is due to having more complex 
mathematics to implement, compounding the time needed to run a simulation. 

Various mesh types are used for accurate fluid flow, such as tetrahedron, hexahedron, 
prism, and polygon. FDM can only use a hexahedron mesh, this makes simulating basic 
geometry simple and efficient, however this type of mesh struggles with complex geometry, 
a problem that FEM and FVM doesn’t have as it can utilise the other shape meshes. 
According to (Woowon Jeong a, 2013) FVM based software shows similar results whether 
tetrahedron or hexahedron meshes were used. This was not the same for FEMs, which 
would seem to have more variation when the mesh type is changed. As the cells do not 
need to be structured in FVM, complex geometry can be easy to model, with the ability to 
refine the mesh around areas of interest, in the same way as FEM does. However, once the 
approximations are made using FVM, the solutions cannot be easily made of a higher order, 
leaving it at a disadvantage to FEM. 

The method to be selected to simulate the flow around the butterfly valve is the Finite-
Volume Method. Whilst FEM has some practical advantages over other methods, the 
computational power and time needed is higher and increases with its complexity. FVMs 
faster computational time, coupled with its easy handling of complex geometry, simpler 
mathematics involved and historical success in solving fluid flow problems has resulted in it 
being the chosen method. 
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PART 5 

To test the fluid flow around this valve a prototype is created to assess the accuracy of a 
CFD simulation.  

Apparatus:  

• Prototype valve 
• Hydraulic bench 
• Pitot tube  
• Manometer 
• Osborne Reynolds Apparatus 
• Recording Device  
• Clear Tubing 

 

The prototype valve is to be fixed into position within the clear tubing and connected into a 
circuit containing the hydraulic bench. The hydraulic bench, equipped with a pump that can 
be calibrated so that the pressure of the fluid on the face of the valve matches the 
hydrostatic pressure of the petroleum that the final valve will experience.  

An Osborne Reynolds Apparatus is set up for visual analysis. A tank containing a dye is 
connected to the upstream of the valve that when opened a constant flow of dye follows 
the fluids path around the valve.  

A U-tube monometer containing mercury is to be fitted so that the first opening is before 
the valve in the upstream, and the second behind the valve in the downstream. This is to 
see the change in pressure of the fluid as the valve opens. 

A Pitot Tube is to be fitted in the downstream where is the velocity of the fluid is likely to be 
at its highest. The position of the Pitot tube can be adjusted so once the reading is taken 
towards the top of the tube it can be moved to the middle and then the bottom, measuring 
the velocity of the fluid at different areas of the flow.  

Once the experiment is set up, and the pump is set to match the hydrostatic pressure the 
valve can be opened at pre-determined angle. The Osborne Reynolds Apparatus releases 
the dye as the valve is opened, giving a visual indication of the flow type around the valve. 
Whist there are no readings to take with this visual test, a recording device is used to record 
the flow so that it can be compared to the simulation.  

The opening of the valve and the subsequent change in pressure will be measured with a U-
Tube monometer. By measuring the difference in hight of the mercury contained in the 
monometer the pressure drop can be calculated and recorded. The equation used is: 

 P1 – P2 = ρgh. 

The Pitot tube is to be firstly placed at the top of the tube for the valve opening, this 
measures the difference between the static and total pressure, and once these values have 
been obtained, then a rearrangement of the below equation will result in a velocity of the 
fluid. 

P2 = P1 + 1/2 ρu12   
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Once the velocity is measured and recorded the pitot tube can be adjusted towards the 
centre and then the bottom of the tube, recording the results of each. 

Once all the measurements have been recorded, the experiment can be reset, and the valve 
opened to a different angle and repeated until the valve is fully open.  

With all the measurements recorded for different degrees of opening, they are then plotted 
onto a graph, and compared to the results of the simulation. It is very important that the 
boundary conditions are the same for the experiment and the simulation. If the data 
correlates between both techniques, then the simulation results can be used. If the data 
does not match, then there is likely an issue with within the CFD program that will require 
adjusting.  

 

Conclusion 

The Reynolds number has been shown to be very important in fluid flow problem, with 
turbulence being unpredictable and hard to model. The number relating to the flow around 
the valve was estimated to be 180,056. This shows the flow to be turbulent, however there 
may be errors in the calculation due to the complexity of the hydraulic diameter. It has been 
shown that the angle of opening of the valve influences the flow of the fluid, with the 
downflow becoming less turbulent as the valve opens.  

 The benefits of GRFP have been shown to have good a good strength to weight ratio, 
and a high level of corrosion resistance, and will outlast more traditional metallic valves. The 
valve design implies use for low pressure and temperature applications which coincide wit 
the GFRP properties.  

 The Finite-Volume Method was selected to simulate the flow around the valve for its 
accuracy, speed of calculations and historical success with fluid flow problems. An 
experiment was set up to check the accuracy of the simulation, including what apparatus 
was needed and how the experiment should be conducted.  
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Tetrahedral Mesh  

 

Hexahedral Mesh 

(Polyhedral, Tetrahedral, and Hexahedral Mesh Comparison | Symscape, 2021) 

 


