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Mechanisms of Heat Transfer
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Fourier's law : q.ong = —kAT
I 1/ w \—
T1 Tz k:thermal conductivity [mO i K] . |
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Table 1-1 | Thermal conductivity of various materials at 0°C.

Thermal conductivity |8 ae ol IR
k ‘SJ)\V’ Al w40 *°
Material W/m - °C Btu/h - ft-°F
Metals:
Silver (pure) 410 237
Copper (pure) 385 223
Aluminum (pure) 202 117
Nickel (pure) 93 54
Iron (pure) 73 42
Carbon steel, 1% C 43 25
Lead (pure) 35 20.3 "
Chrome-nickel steel (18% Cr, 8% Ni) 16.3 9.4
Nonmetallic solids:
Diamond 2300 1329 Liquids:
Quartz, parallel to axis 41.6 24 Mercury 8.21 4.74
Magnesite 4.15 2.4 Water 0.556 0.327 \
Marble 2.08-2.94 1.2—-1.7 Ammonia 0.540 0.312
Sandstone 1.83 1.06 Lubricating oil, SAE 50 0.147 0.085
Glass, window 0.78 0.45 Freon 12, CCL,F, 0.073 0.042
Maple or oak 0.17 0.096 Gases:
Halrd rub?eiﬂ d 8(1)3 388; Hydrogen 0.175 0.101
Polyvinyl chloride . 05 .
Styrofoam 0.033 0.019 Eierhum 83‘; 882, 0
Sawdust 0.059 0.034 ' ' i
Glass wool 0.038 0.022 Water vapor (saturated) 0.0206 0.0119 —

Ice 2.22 1.28 Carbon dioxide 0.0146 0.00844
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B IR  Conduction Through Copper Plate

One face of a copper plate 3 cm thick is maintained at 400°C, and the other face is maintained at
100°C. How much heat is transferred through the plate?

B Solution

From Appendix A, the thermal conductivity for copper 1s 370 W/m - °C at 250°C. From Fourier’s
law

dT
__, 4
A dx
Integrating gives
AT  —(370)(100 — 400
9 _ BT _ZCON ) _37 MW/m? [1.173 x 10° Btu/h - ft*]

A Ax 3 x 102
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Newton's Law of Cooling: q.ony. = MA(Tyain — Teo)

-
225 ;5" 50 ol ol
50 — 1000 Slule jo ol olbxl
25— 250 ;5 o s L] u,él-"-’l?
50 — 20000 Slule o )bl ool

2500 - 10° B b s




Table 1-3 | Approximate values of convection heat-transfer coefficients.

h
Mode W/m? . °C Btu/h- ft* . °F
Across 2.5-cm air gap evacuated to a pressure
of 107% atm and subjected
to AT =100°C = 30°C 0.087 0.015
Free convection, AT = 30°C
Vertical plate 0.3 m [1 ft] high in air 4.5 0.79
Horizontal cylinder, 5-cm diameter, in air 6.5 1.14
Horizontal cylinder, 2-cm diameter,
in water 890 157
Heat transfer across 1.5-cm vertical air
gap with AT = 60°C 2.64 0.46
Fine wire in air, d =0.02mm, AT =55°C 490 86
Forced convection
Airflow at 2 m/s over 0.2-m square plate 12 21
Airflow at 35 m/s over 0.75-m square plate 75 13.2
Airflow at Mach number =3, p=1/20 atm,
Too = —40°C, across 0.2-m square plate 56 990
Air at 2 atm flowing in 2.5-cm-diameter
tube at 10 m/s 65 11.4
Water at 0.5 kg/s flowing in 2.5-cm-diameter
tube 3500 616
Airflow across 5-cm-diameter cylinder
with velocity of 50 m/s 180 32
Liquid bismuth at 4.5 kg/s and 420°C
in 5.0-cm-diameter tube 3410 600
Airflow at 50 m/s across fine wire,
d =10.04 mm 3850 678
Boiling water
In a pool or container 250035000 4406200
Flowing in a tube 5000-100,000 880-17,600
Condensation of water vapor, 1 atm
Vertical surfaces 4000-11,300 700-2000
Outside horizontal tubes 9500-25,000 17004400
Dropwise condensation 170,000-290,000 30,000-50,000
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Convection Calculation EXAMPLE 1-2

Air at 20°C blows over a hot plate 50 by 75 cm maintained at 250°C. The convection heat-transfer
coefficient is 25 W/ m? - °C. Calculate the heat transfer.

H Solution
From Newton’s law of cooling

g=hA(Ty — To)
— (25)(0.50)(0.75)(250 — 20)
—2.156 kW [7356 Btu/h]
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Multimode Heat Transfer

Assuming that the plate in Example 1-2 is made of carbon steel (1%) 2 cm thick and that 300 W
1s lost from the plate surface by radiation, calculate the inside plate temperature.

B Solution

The heat conducted through the plate must be equal to the sum of convection and radiation heat
losses:

=/

Radiant energy

Surrounding at Ty
dcond = 9conv T Grad Flow, T o hATy- T
AT /
—kA — =2.1564 0.3 =2.456 kW
Ax .

_ (—2456)(0.02)
~(0.5)(0.75)(43)

=—3.05°C [—5.49°F]

I Heat conducted
through wall

where the value of k is taken from Table 1-1. The inside plate temperature 1s therefore prome-

-
T; =250+ 3.05=253.05°C et
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Heat Source and Convection EXAMPLE 1-4

e

An electric current is passed through a wire 1 mm in diameter and 10 cm long. The wire is
submerged in liquid water at atmospheric pressure, and the current is increased until the water

boils. For this situation 2 = 5000 W/ m? - °C, and the water temperature will be 100°C. How much
electric power must be supplied to the wire to maintain the wire surface at 114°C?

B Solution
The total convection loss 1s given by Equation (1-8): \/

gq=hA (Ty — Tso)
For this problem the surface area of the wire is
A=mdL=n(1x1072)(10 x 1072) =3.142 x 10~* m?
The heat transfer is therefore
q = (5000 W/m2 .°0)(3.142 x 10 * m?)(114 — 100) =21.99 W  [75.03 Btu/h]

and this is equal to the electric power that must be applied.
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Qrad. = h,AAT
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Graqa. = E0A(Ty —T¢) = h, = e0(Ty + Te)(Th + TF)
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EXAMPLE 1-5 Radiation Heat Transfer

Two infinite black plates at 800°C and 300°C exchange heat by radiation. Calculate the heat
transfer per unit area.

B Solution
~ Equation (1-10) may be employed for this problem, so we find immediately

g/A =o(T} —Ty)

= (5.669 x 10~8)(1073% — 573%)
—69.03 kW/m?> [21,884 Btu/h - fi°]
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Total Heat Loss by Convection and Radiation

\/
A horizontal steel pipe having a diameter of 5 cm is maintained at a temperature of 50°C in a large O:Qb DJ\V’ Jlﬁ:’\ e %
room where the air and wall temperature are at 20°C. The surface emissivity of the steel may be i
taken as 0.8. Using the data of Table 1-3, calculate the total heat lost by the pipe per unit length.
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M Solution

The total heat loss is the sum of convection and radiation. From Table 1-3 we see that an estimate
for the heat-transfer coefficient for free convection with this geometry and airis 2 = 6.5 W/m? - °C.
The surface area is wdL, so the convection loss per unit length is

g/Llconv = h(nd)(Ty — T)
= (6.5)(r)(0.05)(50 — 20) = 30.63 W/m

The pipe is a body surrounded by a large enclosure so the radiation heat transfer can be
calculated from Equation (1-12). With 77 =50°C =323°K and 7> =20°C =293°K, we have

@/L)aq = €1 (rd)) (T} — T5)

= (0.8)(7)(0.05)(5.669 x 10~5)(323% —293%) \
—25.04 W/m el

The total heat loss 1s therefore St
q.r{L]tDt = Q/L]cnnv + ‘?/L]rad

=30.63 4+ 25.04 =55.67 W/m ’
In this example we see that the convection and radiation are about the same. To neglect either ‘ \)
would be a serious mistake. (



