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~sing the arithmetic mean temperature difference is less than 1 percent. But 
the error increases to undesirable levels when AT, differs from llT; by greater 
amounts. Therefore, we should always use the logarithmic mean temperature 
difference when determining the convection heat transfer in a tube whose sur
face is maintained at a constant temperature T,. 

f7·6 THERMAL ENTRY LENGTH 

The Reynolds number for flow inside pipes of diameter D was defined in 
Chap. 12 as 

I R~~,~:t:wg .... (t1 .. J?J 

where ·y, is mean fluid velocity and v = J.Lfp is the kinematic viscosity of the 
fluid. Under most practical conditions, the flow in a pipe was said to be lami
nar for Re < 2300, turbulent for Re > 4000, and transitional in between. 

Relations for hydrodynamic entry length were developed in Chap. 12 by 
considering a fluid entering a circular pipe at a uniform velocity. We now con
sider a fluid at a uniform temperature entering a circular tube that is at a dif
ferent temperature. This time, the fluid particles in the layer in contact with 
the surface of the tube will assume the surface temperature. This will initiate 
convection heat transfer in the tube and the development of a thermal bound
ary layer along the tube. The thickness of this boundary layer also increases 
in the flow direction until the boundary layer reaches the tube center and thus 
fills the entire tube, as shown in Fig. 17-23. The region of flow over which 
the thermal boundary layer develops and reaches the tube center is cal1ed the 
thermal entry region, and the length of this region is called the thermal en
try length L1• The region beyond the thermal entry region in which the di
mensionless temperature profile expressed as (T - T,)I(Tm - Ts) remains 
unchanged is called the thermally developed region. The region in which the 
flow is both hydrodynamically and thermally developed is called the fully de
veloped flow. 

Note that the temperature pn-?{ile in the thermally developed region may 
vary with x in the flow direction. That is, unlike the velocity profile. the 
temperature profile can be different at different cross-sections of the tube in 
the developed region, and' it usually is. However, it can be shown that the 
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FIGURE 17·23 

The development of the thermal boundary 
layer in a tube. (The lluid in the tuhe is 
being cooled.) 
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CHAPTER 17 
Forced Convection 
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FIGURE 17·24 

Variation of the friction factor and the 
convection heat transfer coefficient in the 
flow direction for flow in a tube (Pr > I). 

T, = constant 

Fully developed 
laminar flow 

FIGURE 17·25 
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dimensionless temperature profile defined above remains unchanged in the 
thermally developed region when the temperature or heat flux at the tube sur
face remains constant 

In laminar t1ow in a tube, the magnitude of the dimensionless Prandtl 
number Pr is a measure of the relative growth of the velocity and thermal 
boundary layers. For t1uids with Pr = 1, such as gases, the two boundary lay
ers essentially coincide with each other. For fluids with Pr ?> 1, such as oils 
the velocity boundary layer outgrows the thermal boundary layer. As a result' 
1he hydrodynamic entry length is smaller than the thermal entry length. Th~ 
opposite is true for fluids with Pr ~ 1 such as liquid metals. 

The hydrodynamic and thermal entry lengths in laminar and turbulent 
flows are given approximately as 
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In turbulent flow, the intense mixing during random fluctuations usually over
shadows the effects of momentum and heat diffusion, and therefore the hydro
dynamic and thermal entry lengths are of about the same size. Also, the 
friction factor and the heat transfer coefficient remain constant in fully devel
oped laminar or turbulent.flow since the velocity and normalized temperature 
profiles do not vary in the flow direction. 

Consider a fluid that is being heated (or cooled) in a pipe as it flows 
through it. The friction factor and the heat transfer coefficient are high.est at 
the pipe inlet where the thickness of the boundary layers is zero, and decrease 
gradually to the fully developed values, as shown in Fig. 17-24. Therefore, 
the pressure drop and heat nux are higher in the entry regions of a tube, and 
the effect of the entry region is always to enhance the average friction and 
heat transfer coefficients for the entire tube. This enhancement can be signif
icant for short tubes but negligible for long ones. 

Precise correlations for the heat transfer coefficient for the entry regions 
are available in the literature. However, the tubes used in practice in forced 
convection are usually many times the length of either entry region, and thus 
the flow through the tubes is assumed to be fully developed for the entire 
length of the tube. This approach, which we will also use for simplicity, gives 
reasonable results for long tubes and conservative results for short ones. 

17·7" FORCED CONVECTION IN PIPES 

We mentioned earlier that flow in smooth tubes is laminar for Re < 2300. The 
theory for laminar flow is well developed, and both the friction and heat trans
fer coefficients for fully developed laminar t1ow in smooth circular tubes can 
be determined analytically by solving the governing differential equations. 
The Nusselt number in the fully developed laminar flow region in a circular 
tube is determined from the energy equation to be (Fig. 17-25) 

Nu :r l.81 
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