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7. Laminar and turbulent flow

[This material relates predominantly to module ELP035]

7.1 Real fluids
7.2 Examples of Laminar and turbulent flow

7.1 Real Fluids

The flow of real fluids exhibits viscous effect, that is they tend to “stick” to solid surfaces
and have stresses within their body.

You might remember from earlier in the course Newtons law of viscosity:

This tells us that the shear stress, 7, in a fluid is proportional to the velocity gradient - the
rate of change of velocity across the fluid path. For a “Newtonian” fluid we can write:

T=/,15

where the constant of proportionality, /4, is known as the coefficient of viscosity (or simply
viscosity). We saw that for some fluids - sometimes known as exotic fluids - the value of i/
changes with stress or velocity gradient. We shall only deal with Newtonian fluids.

In this Unit we shall look at how the forces due to momentum changes on the fluid and
viscous forces compare and what changes take place.

7.2 Examples of Laminar and turbulent flow

If we were to take a pipe of free flowing water and inject a dye into the middle of the
stream, what would we expect to happen?

Would it be this....
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Actually all would happen - but for different flow rates. The top occurs when the fluid is
flowing fast and the lower when it is flowing slowly.

The top situation is known as laminar flow and the lower as turbulent flow.
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In laminar flow the motion of the particles of fluid is very orderly with all particles moving
in straight lines parallel to the pipe walls.

But what is fast or slow? And at what speed does the flow pattern change? And why might
we want to know this?

The phenomenon was first investigated in the 1880s by Osbourne Reynolds in an
experiment which has become a classic in fluid mechanics, shown on the next page.
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He used a tank arranged as above with a pipe taking water from the centre into which he
injected a dye through a needle. After many experiments he saw that this expression

pud
u

where p= density, u = mean velocity, d = diameter and 4 = viscosity

would help predict the change in flow type. If the value is less than about 2000 then flow is
laminar, if greater than 4000 then turbulent and in between these then in the transition
zone.

This value is known as the Reynolds number, Re:

_pud
u

Re

Laminar flow: Re <2000
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Transitional flow: 2000 <Re <4000
Turbulent flow: Re > 4000

What are the units of this Reynolds number? We can fill in the equation with SI units:

po=kg/m’, u=mls, d=m
U= Ns/m* =kg/ms

i.e. it has no units. A quantity that has no units is known as a non-dimensional (or
dimensionless) quantity. Thus the Reynolds number, Re, is a non-dimensional number.

We can go through an example to discover at what velocity the flow in a pipe stops being
laminar.

If the pipe and the fluid have the following properties:

water density o= 1000 kg/m’
pipe diameter d=0.5m
(dynamic) viscosity, f=0.5 5x10° Ns/m*

We want to know the maximum velocity when the Re is 2000.

_pud

Re =2000
20004 _ 2000%0.55%107
“TT T 1000%05
u=00022m/s

If this were a pipe in a house central heating system, where the pipe diameter is typically
0.015m, the limiting velocity for laminar flow would be, 0.0733 m/s.

Both of these are very slow. In practice it very rarely occurs in a piped water system - the
velocities of flow are much greater. Laminar flow does occur in situations with fluids of
greater viscosity - e.g. in bearing with oil as the lubricant.

At small values of Re above 2000 the flow exhibits small instabilities. At values of about
4000 we can say that the flow is truly turbulent. Over the past 100 years since this
experiment, numerous more experiments have shown this phenomenon of limits of Re for
many different Newtonian fluids - including gasses.
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What does this abstract number mean?

We can say that the number has a physical meaning, by doing so it helps to understand
some of the reasons for the changes from laminar to turbulent flow.
_pud

U

_ inertial forces

Re

viscous forces

It can be interpreted that when the inertial forces dominate over the viscous forces (when
the fluid 1s flowing faster and Re is larger) then the flow is turbulent. When the viscous
forces are dominant (slow flow, low Re) they are sufficient enough to keep all the fluid
particles in line, then the flow is laminar.

In summary:
Laminar flow
e Re <2000
* ‘low’ velocity
* Dye does not mix with water
* Fluid particles move in straight lines
* Simple mathematical analysis possible

* Rare in practice in water systems.

Transitional flow

e 2000>Re <4000

* ‘medium’ velocity

* Dye stream wavers in water - mixes slightly.

Turbulent flow

* Re>4000

* ‘high’ velocity

* Dye mixes rapidly and completely

* Particle paths completely irregular

* Average motion is in the direction of the flow
* Cannot be seen by the naked eye

* Changes/fluctuations are very difficult to detect. Must use laser.
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* Mathematical analysis very difficult - so experimental measures are used



