
Description of Boundary Layer

w: wall shear stresses
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In the immediate vicinity of the boundary surface, the velocity of the fluid

the velocity of theincreases gradually from zero at boundary surface to  

mainstream. This region is known as BOUNDARY LAYER.

Large velocity gradient leading to appreciable shear stress: 
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The nominal thickness of BOUNDARY LAYER is defined as the distance from  

the boundary where the velocity of fluid is 99 % of free stream velocity
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shear stress:   u 
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Shear stress acting at the plate surface

sets up a shear force which opposes

the fluid motion, and fluid close to the

wall is decelerated.

Theoretical understanding on Boundary layer development is very important to  

determine the velocity gradient and hence shear forces on the surface.

w: wall shear stresses

Consists of two layers:

CLOSE TO BOUNDARY : large velocity 

gradient, appreciable viscous forces.  

OUTSIDE BOUNDARY LAYER: viscous 

forces are negligible, flow may be  treated as 

non-viscous or inviscid.



The boundary layer thickness increases as the distance x from leading edge is

increases. This is because of viscous forces that dissipate more and more energy

of fluid stream as the flow proceeds and large group of particles are slow downed.

In laminar boundary layer the particles are moving along stream lines.

The disturbance in fluid flow in boundary layer is amplified and the flow become

unstable and the fluid flow undergoes transition from laminar to turbulent flow.

This regime is called transition regime.

Development of Boundary Layer



After going through transition zone of finite length the flow becomes completely

turbulent which is characterized by three dimensional, random motion of

fluctuation induced bulk motion parcel of fluid.

LAMINAR BOUNDARY LAYER PROFILE – PARABOLIC

TURBULENT BOUNDARY LAYER – PROFILE BECOMES LOGARITHMIC

Development of Boundary Layer



BL depends on Reynold’s number & also on the surface roughness. Roughness of

the surface adds to the disturbance in the flow & hastens the transition from laminar

to turbulent.

For laminar flow
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For Turbulent flow 
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Where ε is the eddy viscosity and  

is often much larger than µ

.
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Boundary Layer Thickness for  Laminar and Turbulent

For Turbulent flow

The boundary layer thickness is governed by parameters like incoming velocity,  

kinematic viscosity of fluid etc.

For laminar flow
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Flow Patterns and Regimes within Laminar  and Turbulent Boundary Layer

As mentioned above, very close to the plane surface the flow remains laminar and  a 

linear velocity profile may be assumed.

In this region, the velocity gradient is governed by the fluid viscosity
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Flow Patterns and Regimes within Laminar  and Turbulent Boundary Layer

In turbulent flow, owing to the random motion of the fluid particles, eddy patterns are

set up in the boundary layer which sweep small masses of fluid up and down through

the boundary layer, moving in a direction perpendicular to the surface and the mean

flow direction.



Flow Patterns and Regimes within Laminar  and Turbulent Boundary Layer

Conversely, slow-moving fluid is lifted into the upper levels, slowing down the fluid

stream and, by doing so, effectively thickening the boundary layer, explaining the

more rapid growth of the turbulent boundary layer compared with the laminar one.

Owing to these eddies, fluid from the upper higher-velocity areas is forced into the

slower-moving stream above the laminar sublayer, having the effect of increasing

the local velocity here relative to its value in the laminar sublayer.

In order to explain this

process, the eddy viscosity, ε

should be added in Shear

stress formulation.

   m     u

 y



Effect of Pressure Gradient On Boundary  Layer Development

The presence of a pressure gradient ∂p/∂x effectively means a ∂u/∂x term, i.e. the  

flow stream velocity changes across the surface.

for example, consider a curved surface, then the velocity variation can be  

shown as:



Effect of Pressure Gradient on Boundary  Layer Development

downstream direction, then

If the pressure decreases in the

the

boundary layer tends to be reduced in

thickness, and this case is termed a

favorable pressure gradient.

If the pressure

downstream  

boundary layer

direction,

thickens

then

rapidly;

increases in the

the

this

an adversecase is referred to as  

pressure gradient.



A conduit is any pipe, tube, or duct that is completely filled with a 
flowing fluid. Examples include a pipeline transporting liquefied 
natural gas, a microchannel transporting hydrogen in a fuel cell, 
and a duct transporting air for heating of a building. A pipe that is 
partially filled with a flowing fluid, for example a drainage pipe, is 
classified as an open-channel flow.

The main goal of this chapter is to describe how to predict head loss. 
Predicting head loss involves classifying flow as laminar or 
turbulent and then using equations to calculate head losses in pipes 
and components.

Effect of Pressure Gradient on Boundary  Layer Development



Classifying Flow

The flow in a conduit may be classified as: (a) whether the flow is 
laminar or turbulent, and (b) whether the flow is developing or 
fully developed. 

Laminar Flow and Turbulent Flow

Flow in a conduit is classified as being either laminar or turbulent, 
depending on the magnitude of the Reynolds number. The original 
research involved visualizing flow in a glass tube as shown in Fig. 
10.1a. Reynolds 1 in the 1880s injected dye into the center of the 
tube and observed the following:

- When the velocity was low, the streak of dye flowed down the tube 
with little expansion, as shown in Fig. 10.1b. However, if the water 
in the tank was disturbed, the streak would shift about in the tube.

- If velocity was increased, at some point in the tube, the dye would 
all at once mix with the water as shown in Fig. 10.1c.

- When the dye exhibited rapid mixing (Fig. 10.1c), illumination with 
an electric spark revealed eddies in the mixed fluid as shown in Fig. 
10.1d.



Figure 10.1 Reynolds' experiment.

(a) Apparatus.

(b) Laminar flow of dye in tube.

(c) Turbulent flow of dye in tube.

(d) Eddies in turbulent flow.

Figure 10.1 Reynolds' experiment.



Reynolds showed that the onset of turbulence was related to a π-
group that is now called the Reynolds number (Re = ρVD/μ) in 
honor of Reynolds' pioneering work. Reynolds discovered that if 
the fluid in the upstream reservoir was not completely still or if the 
pipe had some vibrations, then the change from laminar to 
turbulent flow occurred at Re ~ 2100. However, if conditions were 
ideal, it was possible to reach a much higher Reynolds number 
before the flow became turbulent. Reynolds also found that, when 
going from high velocity to low velocity, the change back to laminar 
flow occurred at Re ~ 2000. Based on Reynolds' experiments, 
engineers use guidelines to establish whether or not flow in a 
conduit will be laminar or turbulent. The guidelines used in this 
text are as follows:

(10.1)

Reynolds' experiment.



The range (2000 ≤ Re ≤ 3000) corresponds to a the type of flow that 
is unpredictable because it can changes back and forth between 
laminar and turbulent states. 

Recognize that precise values of Reynolds number versus flow 
regime do not exist. Thus, the guidelines given in Eq. (10.1) are 
approximate and other references may give slightly different 
values. For example, some references use Re = 2300 as the criteria 
for turbulence.

There are several equations for calculating Reynolds number in a 
pipe

Reynolds' experiment.



Derivation of the Darcy-Weisbach Equation

To derive the Darcy-Weisbach equation, consider Fig. 10.4. Assume 
fully developed and steady flow in a round tube of constant 
diameter D. Situate a cylindrical control volume of diameter D and 
length L inside the pipe. Define a coordinate system with an axial 
coordinate in the streamwise direction (s direction) and a radial 
coordinate in the r direction.



The net efflux of momentum is zero because the velocity 

distribution at section 2 is identical to the velocity distribution at 

section 1. The momentum accumulation term is also zero 

because the flow is steady. Thus, Eq. (10.5) simplifies to ΣF = 0.  

Forces are shown in Fig. 10.5. Summing forces in the streamwise 

direction gives

(10.5)

Figure 10.5 Force diagram.

Since, sin  = (z/L), the equation 

becomes,



Next, apply the energy equation to the control volume 

shown in Fig. 10.4. Recognize that hp = ht = 0, V1 = V2, and α1 = α2. 
Thus, the energy equation reduces to

Combine the equation from the momentum and the above (form 

the energy) and replace L by L. Also, introduce a new symbol hf

to represent head loss in pipe.

Rearrange the right side of Eq. (10.9).



Define a new π-group called the friction factor f

that gives the ratio of wall shear stress (o) to kinetic pressure 
(ρV2/2):

In the technical literature, the friction factor is identified by several 

different labels that are synonymous: friction factor, Darcy friction 

factor, Darcy-Weisbach friction factor, and the resistance 

coefficient. There is also another coefficient called the Fanning 

friction factor, often used by chemical engineers, which is related 

to the Darcy-Weisbach friction factor by a factor of 4.

This text uses only the Darcy-Weisbach friction factor. Combining 

the previous equations, gives the Darcy-Weisbach equation:



To use the Darcy-Weisbach equation, the flow should be fully 
developed and steady. The Darcy-Weisbach equation is used for 
either laminar flow or turbulent flow and for either round pipes or 
nonround conduits such as a rectangular duct.

The Darcy-Weisbach equation shows that head loss depends on the 
friction factor, the pipe-length-to-diameter ratio, and the mean 
velocity squared. 

The key to using the Darcy-Weisbach equation is calculating a value 
of the friction factor f.

Define a new π-group called the friction factor f



Moody Diagram



Minor Losses

• In addition to head loss due to friction, there are always 
other head losses due to pipe expansions and contractions, 
bends, valves, and other pipe fittings.  These losses are 
usually known as minor losses (hLm). 

• In case of a long pipeline, the minor losses maybe negligible 
compared to the friction losses, however, in the case of short 
pipelines, their contribution may be significant.



Losses due to pipe fittings

where hLm= minor loss

K = minor loss coefficient 

V = mean flow velocity

g2

V
Kh

2

Lm 

Typical K values

Type K 

Exit (pipe to tank) 1.0

Entrance (tank to pipe) 0.5

90 elbow 0.9

45 elbow 0.4

T-junction 1.8

Gate valve 0.25 - 25

Minor Losses



Sudden Enlargement

 As fluid flows from a smaller pipe into a larger pipe through 
sudden enlargement, its velocity abruptly decreases; causing 
turbulence that generates an energy loss.  

 The amount of turbulence, and therefore the amount of energy, is 
dependent on the ratio of the sizes of the two pipes.  

 The minor loss (hLm)is calculated from;

(4.16a)

where is KE is the coefficient of expansion, and the values depends on the
ratio of the pipe diameters (Da/Db) as shown below.
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a

ELm 

Da/Db 0.0 0.2 0.4 0.6 0.8

K 1.00 0.87 0.70 0.41 0.15

Values of KE vs. Da/Db



Flow at Sudden Enlargement

Sudden Enlargement



Sudden Contraction

The energy loss due to a sudden contraction can be calculated using 
the following;

(4.16b)

The KC is the coefficient of contraction and the values depends on 
the ratio of the pipe diameter (Db/Da) as shown below.
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CLm 

Db/Da 0.0 0.2 0.4 0.6 0.8 1.0

K 0.5 0.49 0.42 0.27 0.20 0.0

Values of KC vs. Db/Da

Flow at sudden contraction

Sudden Enlargement



Example 

 Water at 10C  is flowing at a rate of 0.03 m3/s through a pipe.  The pipe 
has 150-mm diameter, 500 m long, and the surface roughness is estimated 
at 0.06 mm.  Find the head loss and the pressure drop throughout the 
length of the pipe. 

Solution:
 From Table 1.3 (for water): r = 1000 kg/m3 and m =1.30x10-3 N.s/m2

V = Q/A   and A=R2

A = (0.15/2)2 = 0.01767 m2

V = Q/A  =0.03/.0.01767 =1.7 m/s
Re = (1000x1.7x0.15)/(1.30x10-3) = 1.96x105   > 2000   turbulent flow

To find , use Moody Diagram with Re and relative roughness (k/D).
k/D = 0.06x10-3/0.15 = 4x10-4

From Moody diagram,      0.018
The head loss may be computed using the Darcy-Weisbach equation.

The pressure drop along the pipe can be calculated using the relationship:  

ΔP=rghf = 1000 x 9.81 x 8.84

ΔP = 8.67 x 104 Pa
.m84.8

81.9x2x15.0

7.1x500
x018.0

g2

V

D

L
h

22

f 


