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PART I BASIC OF PYROLOGY

Unit 1 Heat Transfer

Heat transfer is the science that seeks to predict the energy transfer that may take place be-
tween material bodies as a result of a temperature difference.

The usual progression in the educational process of the thermal systems engineering generally
starts with the study of energy in a beginning physics course, progresses to the thermodynamics se-
quence, followed by a beginning heat transfer course, and then goes on to specialized courses in
more advanced treatment of the basic modes of heat transfer and/or to applications oriented courses.

Thermodynamics teaches that this energy transfer is defined as heat. The science of heat
transfer seeks not merely to explain how heat energy may be transferred, but also to predict the rate
at which the exchange will take place under certain specified conditions. The fact that a heat-
transfer rate is the desired objective of an analysis points out the difference between heat transfer
and thermodynamics. Thermodynamics deals with systems in equilibrium; it may be used to predict
the amount of energy required to change a system from one equilibrium state to another; it may not
be used to predict how fast a change will take place since the system is not in equilibrium during the
process. Heat transfer supplements the first and second principles of thermodynamics by providing
additional experimental rules which may be used to establish energy-transfer rates. As in the science
of thermodynamics, the experimental rules used as a basis of the subject of heat transfer are rather
simple and easily expanded to encompass a variety of practical situations.

As an example of the different kinds of problems that are treated by thermodynamics and heat
transfer, consider the cooling of a hot steel bar that is placed in a pail of water. Thermodynamics
may be used to predict the final equilibrium temperature of the steel bar-water combination. Thermo-
dynamics will not tell us how long it takes to reach this equilibrium condition or what the tempera-
ture of the bar will be after a certain length of time before the equilibrium condition is attained. Heat
transfer may be used to predict the temperature of both the bar and the water as a function of time.

One generally identifies three basic mechanisms of transport: conduction, convection, and ra-
diation. Of these mechanisms, conduction and radiation can be considered as pure in the sense that
they can take place as the only propagating mechanisms. Convection, on the other hand, is a mix-
ture of conduction and mass transport of energy, with radiation present in significant or insignificant
amounts depending on the fluid present and the temperature levels. One might also want to include
phase change as a basic mechanism; however, even more so than convection, phase change is a
mixture of conduction and complicate mass transport processes in the fluid portion, in addition the
actual change of phase mechanism. It is, therefore, generally considered to be in a category by it-

self. Since most heat transfer occurrences involve more than one mode, it will be necessary to criti-
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cally examine the basic modes before considering more general happenings. In the discussion to fol-
low, then, we focus only on the three basic modes and their concepts and definitions.
Conduction Heat Transfer ’

When a temperature gradient exists in a body, experience has shown that there is an energy
transfer from the high-temperature region to the low-temperature region. We say that the energy is
transferred by conduction and that the heat-transfer rate per unit area is proportional to the normal

temperature gradient ;

g &
A ox
When the proportionality constant is inserted ,
aTr
Q=—kA — (1-1)
ox

Where () is the heat-transfer rate and d7/dx is the temperature gradient in the direction of the

heat flow in calculus notation. When the temperature is a function of only one variable ( distance x,

T temperature for example ) , we can express the temperature gradient by
profile means of the differential operator d as d7/dx. We can then ex-
/ press Equation (1-2) in the following form:
g ——————= dr
Q=-ht ' (1-2)
dx

The positive constant k is called the thermal conductivity of

the material, and the minus sign is inserted so that the second

‘ 1 principle of thermodynamics will be satisfied; i.e., heat must
Fig.1.1  Sketch showing ) o )
flow downhill on the temperature scale, as indicated in the co-

direction of heat flow
ordinate system of Fig 1.1. Equation (1=1) is called Fourier's
law of heat conduction after the French mathematical physicist Joseph Fourier, who made very sig-
nificant contributions to the analytical treatment of conduction heat transfer. It is important to note
that Equation (1-1) is the defining equation for the thermal conductivity and that & has the units of
watts per meter per Celsius degree in a typical system of units in which the heat flow is expressed in
walls.
The thermal-conductivity £ is generally a function of temperature. For solids, the variation with
temperature is usually not a strong one, but for liquids and gases, k can be a strong function of tem-

perature.
Words and Expressions

. thermodynamies [ 62 :moudainzemiks | n. #4 /)25
. combination [ kombi'nei'fon] n. 454, BeG, &9F, k&, LEY

. function [ ‘fapkfon] n. INfiE, YER; PR%L
. conduction [ kon'dakfon] n. Gl Hiik, 54,15 %]
. convection [ kan'vek[an] n. ( =transmission) f&ik; (#) Xfif

W =

o
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6. radiation [ reidi‘eifan]| n. ﬁﬁgﬁ iﬁgﬁ %ig?t Rzt

7. mechanisms [ 'mekonizom | n. HLAE, LB E [ 4544 |

8. significant [ sig'nifikont] adj. A2 X, EARM, HTEMH ;LY. i (of)
9. gradient [ 'greidiont | n. 3R BRRE; BESE ;b4 (IREE, JUEM) k3
10. proportionality [ propa: [orneeliti| n. FOf (1), ¥ (1), HFR

11. caleulus [ "keaelkjulas | n. A (5)

12. heat transfer f&# (%)

13. starts with PL------ Hih

14. principles of thermodynamics #7775

15. energy-transfer HE i F% it

16. equilibrium temperature iy it [

17. on the other hand 53— Jy[fi]

18. phase change F17F, fftif]

19. in addition 74h

20. temperature gradient i B

21. proportionality constant H {71 %X

22. thermal conductivity F#ME (FRE)

Exercises

1. Put the following into Chinese.

(1) energy-transfer (2) equilibrium temperature  (3) principles of thermodynamics
(4) temperature gradient (5) heat transfer

2. Answer the following question, according to text.

(1) What is heat transfer?

(2) What is the difference between heat transfer and thermodynamics?

3. Translate the paragraph 3, 4 of the text into Chinese.
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Unit 2 The Convection Mode

When a fluid at rest or in motion is in contact with a surface at a temperature different from the
plate, energy flows in the direction of the lower temperature as required by the principle of thermo-
dynamics. We say that heat is convected away, and we call the process convection heat transfer.
Fig. 1.2 shows some possibilities.

For both situations shown in Fig. 1.2, we express the overall effect of convection, we use New-

ton" s law of cooling;

Q=hA(Ty-T,) (1-3)
T T,
T,
/ \
u, ey o
// Tw\
L= . |
Tw>T,
(a) (b)

Fig. 1.2 Convection concepts for a fluid in contact with a solid surface

(a) fluid far from surface at rest, and (b) fluid far from surface. In motion with respect to the surface.

The temperature T is that directly at the surface in contact with the plate, and the temperature
7', is the fluid temperature far enough away from the surface so that no influence of the surface is ev-
ident. The area A is the surface area in contact with the fluid and we should note that A is perpen-
dicular to the direction of the heat flux (). The proportionality factor A is called the heat transfer co-
efficient (also the unit area conductance or the convective conductance) and depends on the geo-
metrical arrangement, orientation, and surface condition ( smooth or rough), as well as on the
properties and velocity of the fluid.

There are two convection modes: forced convection and natural convection. If a heated plate
were exposed to ambient room air without an external source of motion, a movement of the air would
be experienced as a result of the density gradients near the plate. We call this natural convetion (or
free convection) , as opposed to forced convection, which is experienced in the case of the fan blo-
wing air over a plate.

Table 1.1 lists some representative values for the heat transfer coefficient under a variety of en-

gineering conditions.

Table 1.1 Representative values for the heat transfer coefficient

h/ h/
(Bw/h - i + F) (kW/m? - K)

Condition

Free convection, air 1~6 0.006~0.035
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h/ h/
Condition ) .
(Bw/h « fi= = F) (kW/m" - K)
Forced convection, air 5~150 0.028 ~0.851
Free convection, waler 30~200 0.170~1.14
Forced convection, water 100~4000 0.570~22.7
Boiling water 1000~ 15000 5.70~85
Condensing steam 10000 ~ 30000 57~170
Forced convection, sodium 20000 ~ 40000 113~227

Convection Energy Balance on a Flow Channel

The energy transfer expressed by Equation (1-3) is used for evaluating the convection loss for
flow over an external surface. Of equal importance is the convection gain or loss resulting from a flu-
id flowing inside a channel or tube, as shown in Fig. 1.3. In
this case, the heated wall at T loses heat to the cooler fluid
which consequently rises in temperature as it flows from inlet

conditions at T to exit conditions at T,. Using the symbol i

to designate enthalpy (to avoid confusion with A, the con-

Convection in a channel

vection coefficient) , the energy balance on the fluid is Fig. 1.3
g=m(i —i,) (1-4)
Where m is the fluid mass flow rate. For many single phase liquids and gases operating over
reasonable temperature ranges Ai=¢ AT and we have
q=ﬁ1('!_( T-T)
which may be equated to a convection relation like Equation (1-3)
g=me, (T,~T;)=hA(T, ..~ Tius. ag) {1=5)
In this case, the fluid temperatures T, T, and T, are called bulk or energy average tempera-

tures. A is the surface area of the flow channel in contact with the {luid.
Words and Expressions

1. perpendicular [ pa: pon‘dikjulo] adj. HE 1Y, [E5EAY;n. HELL
property ['[)ropati] n. PRI, etk

representative | repri‘zentativ | n. {04 ; adj. A, AR
consequently [ konsikwontli | adv. MIfii, K1

confusion [ kan'fju: 3on]| n. {RAEL, RIE

enthalpy [ "enBlpi, en'Oalpi]| n. [#)]45, 4R

at rest G, MR, #ik

. surface area [ FH

. convection heat transfer % i fZ 1

10. Newton's law of cooling 2113 A1

(S

W A~ W

© % N o
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‘®

11.
12.
13.
14.
15.
16.
17+
18.

YL DRSS 3

proportionality factor FLI|[H ¥, H ] %L

heat transfer coefficient &3 25K

properties of the fluid Yt {4144

forced convection 5 1H X i

natural convection [ R

flow channel Y& LI 5 i sl (iX8G) KAE;<iidd
mass flow rate Jii i i ot

average temperatures YR

3

Exercises

1. Put the following into Chinese.

(1) forced convection

(2) natural convection

(4) at rest (5) mass flow rate

2. Answer the following question, according to text.

(1) What is convection heat transfer?

(2) What are the modes of convection heat transfer?

3. Translate the paragraph 3, 4 of the text into Chinese.

R O A O O O O O O O O O O O O O O O OO )

(3) average temperatures
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Unit 3 Radiation Heat Transfer

In contrast to the mechanisms of conduction and convection, where energy transfer through a
material medium is involved, heat may also be transferred through regions where a perfect vacuum
exists. The mechanism in this case is electromagnetic radiation. We shall limit our discussion to e-
lectromagnetic radiation which is propagated as a result of a temperature difference; this is called
thermal radiation.

Thermodynamic considerations show that an ideal thermal radiator, or blackbody, will emit en-
ergy at a rate proportional to the fourth power of the absolute temperature of the body and directly
proportional to its surface area. Thus

—— (1-6)

Where o is the proportionality constant and is called the Stefan-Boltzmann constant with the
value of 5.669x10°W/m” - K*. Equation (1-6) is called the Stefan-Boltzmann law of thermal ra-
diation, and it applies only to blackbodies. It is important to note that this equation is valid only for
thermal radiation; other types of electromagnetic radiation may not be treated so simply.

Equation (1-6) governs only radiation emitted by a blackbody. The net radiant exchange be-
tween two surfaces will be proportional to the difference in absolute temperatures to the fourth
power, 1. e.

Qoctexchangs
TOCO'(T:_T;) (1-7)

Where ¢, xhue 18 the net radiant exchange.

We have mentioned that a blackbody is a body that radiates energy according to the T* law. We
call such a body black because black surfaces, such as a piece of metal covered with carbon black ,
approximate this type of behavior other types of surfaces, such as a glossy painted surface or a pol-
ished metal plate, do not radiate as much energy as the blackbody ; however, the total radiation e-
mitted by these bodies still generally follows the T,* proportionality. To take account of the gray”
nature of such surfaces, we introduce another factor into Equation (1-7), called the emissive € ,
which relates the radiation of the* gray” surface to that of an ideal black surface. In addition, we
must take into account the fact that not all the radiation leaving one surface will reach the other sur-
face since electromagnetic radiation travels in straight lines and some will be lost to the
surroundings. We therefore introduce two new factors in Equation (1-6) to take into account both
situations, so that

q=F_F.0A (T,-T;) (1-8)
where F_ is an emissive function, and F, is a geometric “view factor” function.
Radiation in an Enclosure

A simple radiation problem is encountered when we have a heat-transfer surface at temperature

T, completely enclosed by a much larger surface maintained at T,. The net radiant exchange in this

case can be calculated with
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g=e€ ,04,(T-T5) (1-9)

Values of € are given in Appendix A.

.
.
\
.
(e

Radiation heat-transfer phenomena can be exceédingly complex, and the calculations are
seldom as simple as implied by Equation (1-9).

Summary

We may summarize our introductory remarks very simply. Heat transfer may take place by one
or more of three modes: conduction, convection, and radiation. It has been noted that the physical
mechanism of convection is related to the heat conduction through the thin layer of fluid adjacent to
the heat-transfer surface. In both conduction and convection Fourier’s law is applicable, although
fluid mechanics must be brought into the convection problem in order to establish the temperature
gradient.

Radiation heat transfer involves a different physical mechanism-that of propagation of electro-
magnetic energy. To study this type of energy transfer we introduce the concept of an ideal radiator
or blackbody, which radiates energy at a rate proportional to its absolute temperature to fourth pow-
er.

It is easy to envision cases in which all three modes of heat transfer are present, as in Fig. 1.4.
In this case the heat conducted through the plate is removed from the plate surface by a combination

of convection and radiation. An energy balance was given as
_kA((']l_Z: =hA (Ty-T,) +F_F. oA (Ty-T) (1-10)
Y lvan
where
T'. =temperature of surroundings
Ty, =surface temperature
T, =fluid temperature

radiant energy
surrounding at 7

=hA(Ty~T,)

—_— - Dean

flow. 7, }
b

‘ heat conducted
through wall

Fig. 1.4 Combination of conduction, convection, and radiation heat transfer

To apply the science of heat transfer to practical situations, a thorough knowledge of all three

modes of heat transfer must be obtained.
Words and Expressions

1. electromagnetic [ ilektrou'meaegnetik | adj. HL#ET)
2. Stefan-Boltzmann 3% 7 I /5 345
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3. radiate [ ‘reidieit] vr. B, SRS, GRG0l SO, RS, WEE
4. emissive [i'misiv] n. [#) &ZHH
5. geometric [ dzia'metrik | adj. JUATHY) | JLA[27 )

6. enclosure [in'klouzo] n. FIfE, ML, PUJEAG & el B ES 137
7. in contrast to fl-+---- TR EE

8. electromagnetic radiation FHL %% 5

9. thermal radiation #A4H 5

10. thermal reactor #4Jsz )i HE

11. Stefan-Boltzmann law 7 I /R 2% 2 1
12. carbon black ZEHHAK

13. in addition %34}

14. take into account H AR, &

15. view factor ffl %L

16. blackbody 2K

Exercises
1. Put the following into Chinese.
(1) in contrast to (2) carbon black (3) in addition
(4) take into account (5) Stefan-Boltzmann law

2. Answer the following question, according to text.
(1) What is radiation heat transfer?
(2) What are the factor related to radiation heat transfer?

3. Translate the paragraph 1, 4 of the text into Chinese.
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Unit 4 Basic Concepts of Thermodynamics

Thermodynamics is a basic science that deals with energy and has long been an essential part of
engineering curricula all over the world. This introductory text contains sufficient material for two se-
quential courses in thermodynamics, and it is intended for use by undergraduate engineering
students and by practicing engineers as a reference. The objectives of this text are to cover the basic
principle of thermodynamics.

The basic abstraction of thermodynamics is the division of the world into systems delimited by
real or ideal boundaries. The systems not directly under consideration are lumped into the environ-
ment. It is possible to subdivide a system into subsystems, or to group several systems together into
a larger system. Usually systems can be assigned a well-defined state which can be summarized by a
small number of parameters.

Thermodynamic Systems

A thermodynamic system is that part of the universe that is under consideration. A real or imag-
inary boundary separates the system from the rest of the universe, which is referred to as the envi-
ronment. A useful classification of thermodynamic systems is based on the nature of the boundary
and the flows of matter, energy and entropy through it. There are three kinds of systems depending
on the kinds of exchanges taking place between a system and its environment ;

® jsolated systems; not exchanging heat, matter or work with their environment. An example
of an isolated system would be an insulated container, such as an insulated gas cylinder.

® closed systems: exchanging energy ( heat and work) but not matter with their environment.
A greenhouse is an example of a closed system exchanging heat but not work with its environment.
Whether a system exchanges heat, work or both is usually thought of as a property of its boundary,
which can be

* adiabatic boundary: not allowing heat exchange ;

# rigid boundary : not allowing exchange of work.

® gpen systems: exchanging energy (heat and work) and matter with their environment. A
boundary allowing matter exchange is called permeable. The ocean would be an example of an open
system.

In reality, a system can never be absolutely isolated from its environment, because there is al-
ways at least some slight coupling, even if only via minimal gravitational attraction. In analyzing an
open system, the energy into the system is equal to the energy leaving the system.

Thermo Dynamics and Energy

Thermodynamics can be defined as the science of energy. Although everybody has a feeling of
what energy is, it is difficult to give a precise definition for it. Energy can be viewed as the ability to
cause changes.

The name thermodynamics stems from the Greek words therme (heat) and dynamics ( power).

which is most descriptive of the early efforts to convert heat into power. Today the same name is
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broadly interpreted to include all aspects of energy and energy transformations, including power gen-
eration, refrigeration and relationships among the properties of matter.

One of the most fundamental laws of nature is the conservation of energy principle. It simply
states that during an interaction, encrgy can change [rom one form to another but the total amount of
energy remains constant. That is, energy cannot be created or destroyed. A rock falling off a cliff,
for example, picks up speed as a result of its potential energy being converted to kinetic energy
(Fig. 1.5). The conservation of energy principle also forms the backbone of the diet industry: a
person who has a greater energy input ( food) than energy output ( exercise) will gain weight ( store
energy in the form of fat) , and a person who has a smaller energy input than output will lose weight
(Fig. 1.6). The change in the energy content of a body or any other system is equal to the differ-

ence between the energy input and the energy output, and the energy balance is expressed as [, -

E, =AE.
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Fig.1.5 Energy cannot be created or destroyed ; Fig.1.6  Conservation of energy principle for
It can only change forms( the first law) the human body

Words and Expressions

1. boundary [ baundari] n. P15, FEii 6

. entropy [ "entrapi | n. [ 91, [ JG] FIEE i

. permeable [ pa; miobl] adj. AEMER, GEEL M

. fundamental [ fandormentl ] adj. FEREAY, FEAHT jn SEACJSUN] | BREAC ST
. absolutely [ @bsalu; ti] adv. 5E4H, 4a%]H

. kinetic [ kai'netik | adj. (i8) sy, ahJ1 (7F¢) W)

. dynamics [ dai'neemiks | n. 8l 1%

. conservation [ konsa ( ;) ‘veifon]| n. T#4F, {#FF, ~FE

. energy principle HE it J5UH
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10. conservation of energy fiE i 5 {H
11. power generation A Hi

12. energy balance HE i V-

13. kinetic energy BfiE

14. isolated systems IR R 40



