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 Laminar Forced Convection in a Pipe 
 Velocity profile, 
 Pressure drop, 
 Temperature profile, 
 Convection coefficient, Nu

Assumptions:
• steady laminar flow, 
• incompressible fluid, 
• constant properties,
• fully developed region, and 
• straight circular pipe.

• The velocity profile u(r) 
remains unchanged in the 
flow direction.

• no motion in the radial 
direction=> v=0.

4.3.3 Internal Forced Convection
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 Velocity Profile during LFC in a Pipe 
 Force balance in the flow direction gives:

d du dPrr dr dr dx
     Substituting ௗ௨

ௗ௥

Rearranging and integrating   1 2
1 ln4

dPu r C r Cdx
      … … (3.3.8)

࢞

4.3.3 Internal Forced Convection: LFC
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 Velocity Profile during LFC in a Pipe 
  1 2

1 ln4
dPu r C r Cdx

      … … (3.3.8)

 Boundary conditions:
– For min/max velocity:

ௗ௨
ௗ௥ at r = 0, 

– No-slip condition, u=0 at r=R
  2 2

214
R dP ru r dx R

        
  2 2

2 2 2
0 0

2

2 2 14
                              8

R R
avg

R dP rV u r rdr rdrR R dx R
R dP

dx




         
     

 
… … (3.3.9)

  2
22 1      ;     2avg avg

ru r V u VR
     

max2 1      ;     2avg avgu r V u V  
… … (3.3.10)

At r=0, 

4.3.3 Internal Forced Convection: LFC



 The steady flow energy balance for a cylindrical shell element can be expressed as
0p x p x dx r r drmc T mc T Q Q      

1
2

x dx x r dr rp
T T Q Qc u dx rdx dr      

 Temperature Profile during LFC in a Pipe 

1
2 p

T Qu x c rdx r 
   



 Substituting ௖and rearranging, we get:

 Using Fourier Law of Conduction, డ்
డ௥, we get:

Where, ௞
ఘ௖೛… … (3.3.11)
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Fig. Cylindrical shell element

4.3.3 Internal Forced Convection: LFC



 Temperature Profile for Constant heat flux 

… … (3.3.11)
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࢙ ૛
૛

Substituting u and 

… … (3.3.12)

 Applying Boundary conditions, we get: 

 Boundary conditions:
– For min/max temp, ௗ்ௗ௥ at r = 0, 
– At r=R, T=Ts

2 4
2 4

3
4 4

ss
q R r rT T k R R

      


4.3.3 Internal Forced Convection: LFC



 Nusselt Number for Constant heat flux 
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2 4
2 4

3
4 4

ss
q R r rT T k R R

      


  2
22 1      ;     2avg avg

ru r V u VR
     

࢙
࢙ ࢓ ௦ ௦ ௠… … (3.3.13) Using 

Where, 
௠ ௔௩௚ ଶ

ோ

଴

By integration, 
௦ ௠ ௦

Using (3.3.13), we get: 

 Nu for Constant Surface Temperature 
… … (3.3.14)

… … (3.3.15)

4.3.3 Internal Forced Convection: LFC
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,laminar 0.05RehL D 

, , 10h turbulent t turbulentL L D 

,laminar ,laminar0.05Re Pr Prt hL D L    
,laminar ,laminar0.05Re Pr Prt hL D L    

Laminar flow  :   Re < 2300 

4.3.3 Internal Forced Convection: LFC
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For a circular tube (D, L)

 
  2 3

0.065 Re Pr3.66 1 0.04 Re Pr
D LNu D L

     

 Hydrodynamically developed and thermally
developing flow (Edwards et al. 1979):

 Both hydrodynamically and thermally
developing flow (Seider and Tate, 1936):

ଵ/ଷ ௕
௦

଴.ଵସ

The fluid properties are evaluated at the bulk mean fluid temperature Tb = (Ti + Te)/2, 
except for ࢙ࣆwhich is evaluated at surface temperature.

4.3.3 Internal Forced Convection: LFC
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EP# 3.9
Consider the flow of oil at 20oC in a 30-cm-diameter pipeline at an average velocity
of 2 m/s. A 200-m-long section of horizontal pipeline passes through a icy waters of
a lake at 0oC. Measurements indicate that the surface temperature of the pipe is very
nearly 0oC. Disregarding the thermal resistance of the pipe material, determine—

(a) The temperature of the oil when the pipe leaves the lake
(b) The rate of heat transfer from the oil

Jan 13, 2019

Assumptions:
1. Steady operating conditions exist.
2. The surface temperature of the pipe is very nearly 0°C.
3. The thermal resistance of the pipe is negligible.
4. The inner surfaces of the pipeline are smooth.
5. The flow is hydrodynamically developed when the pipeline

reaches the lake.

MECE 371: 3.3.4 Laminar FC in Pipes
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EP# 3.9 SolnAt 20°C we read (Table A-13) = 888 kg/m3  = 9.429 × 10-4 m2/s
k = 0.145 W/m°C cp = 1881 J/kg  °C
Pr = 10,860

 
  2 3

0.065 Re Pr3.66 1 0.04 Re Pr
D LNu D L

     

Jan 13, 2019
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 Most correlations for heat transfer coefficients in turbulent flow
are based on experimental studies.

 For fully developed turbulent flow in smooth tubes, Nusselt
number is calculated by the Dittus–Boelter equation

 The fluid properties are evaluated at the bulk mean fluid 
temperature Tb = (Ti + Te)/2.

 These are used when the difference between the fluid and the 
surface temperature is not large.

0.8 Re 10,000      0.4 0.023Re Pr  0.7 Pr 160 0.3 
n n heatingNu n cooling

       

4.3.3 IFC: Turbulent FC in pipes
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 When the difference between the fluid and the surface
temperature is large, the Seider and Tate (1936) equation is
used

଴.଼ ଵ/ଷ ௕
௦

଴.ଵସ

 The fluid properties are evaluated at the bulk mean fluid
temperature Tb = (Ti + Te)/2, except for ௦which is evaluated at
surface temperature.

4.3.3 IFC: Turbulent FC in pipes
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 The Nusselt number relations are fairly simple, but they may give
errors as large as 25 percent.

 This error can be reduced considerably to less than 10 percent by
using more complex but accurate relations such as the second
Petukhov equation:

 The fluid properties are evaluated at the bulk mean fluid
temperature Tb = (Ti + Te)/2 These are not very sensitive to thermal conditions at the tube
surface

଴.ହ ଶ ଷ⁄ ସ ଺

  2 60.79ln Re 1.64      3000<Re<5 10f   

4.3.3 IFC: Turbulent FC in pipes
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EP# 3.10
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Water is to be heated from 15°C to 65°C as it flows through a 3-cm- internal
diameter 5-m-long tube. The tube is equipped with an electric resistance heater that
provides uniform heating throughout the surface of the tube. The outer surface of
the heater is well insulated, so that in steady operation all the heat generated in the
heater is transferred to the water in the tube. If the system is to provide hot water at
a rate of 10 L/min, determine the power rating of the resistance heater. Also,
estimate the inner surface temperature of the pipe at the exit.

MECE 371: 3.3.5 Turbulent FC in Pipes

Assumptions 
1. Steady flow conditions exist.
2. The surface heat flux is uniform. 
3. The inner surfaces of the tube are smooth.


