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FUNDAMENTALS OF THERMAL-FLUID SCIENCES
k = 0.72 W/m·°C
= 0.42 Btu/h·ft·°F

Discussion Note that the thermal conductivity value of a material in English
units is about half that in SI units (Fig. 16–10). Also note that we rounded the
result to two significant digits (the same number in the original value) since expressing the result in more significant digits (such as 0.4160 instead of 0.42)
would falsely imply a more accurate value than the original one.

16–3
FIGURE 16–10
The thermal conductivity value in
English units is obtained by multiplying
the value in SI units by 0.5778.
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FIGURE 16–11
Heat transfer from a hot
surface to air by convection.
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convection

Natural
convection
Air

Air
hot egg

hot egg

FIGURE 16–12
The cooling of a boiled egg
by forced and natural convection.

■

CONVECTION

Convection is the mode of energy transfer between a solid surface and the
adjacent liquid or gas that is in motion, and it involves the combined effects of
conduction and fluid motion. The faster the fluid motion, the greater the
convection heat transfer. In the absence of any bulk fluid motion, heat transfer between a solid surface and the adjacent fluid is by pure conduction. The
presence of bulk motion of the fluid enhances the heat transfer between the
solid surface and the fluid, but it also complicates the determination of heat
transfer rates.
Consider the cooling of a hot block by blowing cool air over its top surface
(Fig. 16–11). Energy is first transferred to the air layer adjacent to the block
by conduction. This energy is then carried away from the surface by convection, that is, by the combined effects of conduction within the air that is due to
random motion of air molecules and the bulk or macroscopic motion of the air
that removes the heated air near the surface and replaces it by the cooler air.
Convection is called forced convection if the fluid is forced to flow over
the surface by external means such as a fan, pump, or the wind. In contrast,
convection is called natural (or free) convection if the fluid motion is caused
by buoyancy forces that are induced by density differences due to the variation of temperature in the fluid (Fig. 16–12). For example, in the absence of a
fan, heat transfer from the surface of the hot block in Fig. 16–11 will be by
natural convection since any motion in the air in this case will be due to the
rise of the warmer (and thus lighter) air near the surface and the fall of the
cooler (and thus heavier) air to fill its place. Heat transfer between the block
and the surrounding air will be by conduction if the temperature difference between the air and the block is not large enough to overcome the resistance of
air to movement and thus to initiate natural convection currents.
Heat transfer processes that involve change of phase of a fluid are also considered to be convection because of the fluid motion induced during the
process, such as the rise of the vapor bubbles during boiling or the fall of the
liquid droplets during condensation.
Despite the complexity of convection, the rate of convection heat transfer is
observed to be proportional to the temperature difference, and is conveniently
expressed by Newton’s law of cooling as

Qconv  hAs (Ts  T)

(W)

(16–4)

where h is the convection heat transfer coefficient in W/m2 · °C or Btu/h · ft2 · °F,
As is the surface area through which convection heat transfer takes place, Ts is
the surface temperature, and T is the temperature of the fluid sufficiently far

cen54261_ch16.qxd

1/22/04

1:54 PM

Page 723

723
CHAPTER 16

from the surface. Note that at the surface, the fluid temperature equals the surface temperature of the solid.
The convection heat transfer coefficient h is not a property of the fluid. It is
an experimentally determined parameter whose value depends on all the variables influencing convection such as the surface geometry, the nature of fluid
motion, the properties of the fluid, and the bulk fluid velocity. Typical values
of h are given in Table 16–5.
Some people do not consider convection to be a fundamental mechanism of
heat transfer since it is essentially heat conduction in the presence of fluid motion. But we still need to give this combined phenomenon a name, unless we
are willing to keep referring to it as “conduction with fluid motion.” Thus, it
is practical to recognize convection as a separate heat transfer mechanism despite the valid arguments to the contrary.
EXAMPLE 16–4

Measuring Convection Heat Transfer Coefficient

A 2-m-long, 0.3-cm-diameter electrical wire extends across a room at 15°C, as
shown in Fig. 16–13. Heat is generated in the wire as a result of resistance
heating, and the surface temperature of the wire is measured to be 152°C in
steady operation. Also, the voltage drop and electric current through the wire
are measured to be 60 V and 1.5 A, respectively. Disregarding any heat transfer
by radiation, determine the convection heat transfer coefficient for heat transfer between the outer surface of the wire and the air in the room.

SOLUTION The convection heat transfer coefficient for heat transfer from an
electrically heated wire to air is to be determined by measuring temperatures
when steady operating conditions are reached and the electric power consumed.
Assumptions 1 Steady operating conditions exist since the temperature readings do not change with time. 2 Radiation heat transfer is negligible.
Analysis When steady operating conditions are reached, the rate of heat loss
from the wire will equal the rate of heat generation in the wire as a result of
resistance heating. That is,



Q  E generated  VI  (60 V)(1.5 A)  90 W
The surface area of the wire is

As  pDL  p(0.003 m)(2 m)  0.01885 m2
Newton’s law of cooling for convection heat transfer is expressed as


Qconv  hAs (Ts  T)
Disregarding any heat transfer by radiation and thus assuming all the heat loss
from the wire to occur by convection, the convection heat transfer coefficient is
determined to be

h


Qconv
90 W

 34.9 W/m2 · °C
As(Ts  T  ) (0.01885 m2)(152  15)°C

Discussion Note that the simple setup described above can be used to determine the average heat transfer coefficients from a variety of surfaces in air.
Also, heat transfer by radiation can be eliminated by keeping the surrounding
surfaces at the temperature of the wire.

TABLE 16–5
Typical values of convection heat
transfer coefficient
Type of
convection

h, W/m2 · °C*

Free convection of
gases
Free convection of
liquids
Forced convection
of gases
Forced convection
of liquids
Boiling and
condensation

2–25
10–1000
25–250
50–20,000
2500–100,000

*Multiply by 0.176 to convert to Btu/h · ft2 · °F.

T∞ = 15°C
152°C

1.5 A
60 V

FIGURE 16–13
Schematic for Example 16–4.

