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Abstract

This Course Handout serves as a comprehensive introduction to heat transfer, tailored
for undergraduate mechanical engineering students specializing in mechanical construction. It
adheres to the official academic curriculum and emphasizes the fundamental principles and
mechanisms of heat transfer: conduction, convection, and radiation. Structured into three
chapters, the course begins with a general overview of three heat transfer modes,
accompanied by practical examples to simplify understanding. Subsequent chapters delve into
steady-state one-dimensional conduction with detailed equations for various geometries,
followed by an exploration of free and forced convection, including methods for calculating
fluxes and key correlations. The final chapter addresses heat transfer by radiation, introducing
black body concepts, radiative surface properties, and radiation in semi-transparent media.
The course is enriched with solved exercises and appendices containing essential
thermophysical data, providing students with practical tools to master theoretical concepts and

apply them effectively in engineering contexts.

Keywords: Heat transfer, conduction, convection, radiation, temperature, heat flux.
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The multiple processes used in the industry very often involve heat transfers, either
because it is the desired goal (furnaces, casting, heat exchangers, thermoforming, induction,
quenching, cooling), or because they occur in an unavoidable manner. (Thermal shocks, heat
losses, radiation). Basic knowledge in this field is therefore necessary for the production or
development engineer to understand the physical phenomena they observe and to master the

processes and thus the quality of the products.

This handout for the heat transfer course is intended for students in the Bachelor's
program in Mechanical Engineering with a specialization in Mechanical Construction. It is in
accordance with the official program issued by the Ministry of Higher Education and
Scientific Research.

It is designed to enable students to acquire the basic mechanisms and concepts related to
the three modes of heat transfer: conduction, convection, radiation. According to the chapters
(particularly convection), certain prerequisites in thermodynamics, continuum mechanics,

fluid mechanics, differential calculus, and/or numerical analysis are necessary.

The handout is limited to three chapters. In the first chapter, we will present the three
modes of heat transfer in general terms with examples related to each mode, with the aim of
introducing the modes of thermal transfer in a simple and easy manner before moving on to
more difficult cases. This facilitates the understanding of theoretical considerations. Also, the
goal is to gradually familiarize the student with these phenomena that coexist naturally and

practically in our daily lives.

Next, we will present one-dimensional conduction in steady state where the general
differential equation of conduction has been developed in detail for the different
configurations encountered in practice (prismatic, cylindrical, and spherical). Also, the
problem of one-dimensional conduction with loss through the lateral surfaces (the typical

conduction problem in a solid, cooling by fins) is presented.

The second chapter provides a brief overview of free and forced convection. The

methods for quantifying the fluxes under this regime are presented for both types of



convection. The commonly used formulas in free and forced convection and the different

dimensionless numbers are also presented.

This section also includes the main correlations that allow the calculation of the

convection coefficient for different regimes and various geometries.

The last chapter concerns heat transfer by radiation. The concepts of black body and the
properties of radiative surfaces between surfaces are introduced, as well as some essential

notions on radiation in semi-transparent media, which are presented at the end of this chapter.

At the end of each chapter, we offer carefully selected solved exercises to better
understand the principles of the three modes of heat transfer and to reinforce the acquired
knowledge.

This course is finally complemented by a series of appendices gathering the main
thermophysical data necessary for solving a thermal problem.



Heat Transfer by Conduction

From the study of thermodynamics, we have learned that energy can be transferred by
interactions of a system with its surroundings. These interactions are called work and heat.
However, thermodynamics deals with the end states of the process during which an
interaction occurs and provides no information concerning the nature of the interaction or the
time rate at which it occurs. The objective of this course is to extend thermodynamic analysis
through the study of the modes of heat transfer and through the development of relations to
calculate heat transfer rates.

Heat transfer within a system only occurs if there are temperature gradients between
different parts of the system, which implies that it is not in thermodynamic equilibrium (the
temperature is not uniform throughout the system). During the transformation of the system
towards a final equilibrium state, the temperature will evolve both in time and space. The
purpose of heat transfer analysis is to identify the modes of transfer involved during the
transformation and to quantitatively determine how the temperature varies at each point in the

system over time.

Heat can be transferred in three different modes: conduction, convection, and radiation.
All modes of heat transfer require the existence of a temperature difference and all modes are
from the high temperature medium to lower temperature one.

There are three modes of heat transfer: conduction, convection, and radiation. Any
energy exchange between bodies occurs through one of these modes or a combination of
them. Conduction is the transfer of heat through solids or stationery fluids. Convection uses
the movement of fluids to transfer heat. Radiation does not require a medium for transferring

heat; this mode uses the electromagnetic radiation emitted by an object for exchanging heat.
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Heat Transfer by Conduction

Conduction through a solid Convection from a surface Net radiation heat exchange
or a stationary fluid to a moving fluid between two surfaces
T, >T T.=T.
! 2 <7 Surface, T,

T, T,

Moving fluid, T_ -l
N / 'nt\ Surface, T

q" :: ;‘ ! 41 wf
J—— IIII |—T\ 4z —

Conduction, convection, and radiation heat transfer modes.

1.2.1. Conduction

It is the transfer of heat within an opaque medium, without the movement of matter,
under the influence of a temperature difference. The propagation of heat by conduction within
a body is due to microscopic physical phenomena (agitation of atoms or molecules, flow of
free electrons...). It can be seen as a transfer of energy from the most energetic particles (the
hot particles with high vibrational energy) to the less energetic particles (the cold particles
with lower vibrational energy), due to collisions between particles. In solids, energy transfer
can also occur due to the movement of free electrons within the crystal lattice (for example, in

metals). Thus, good conductors of electricity are generally also good conductors of heat.

L
Phenomenon of conduction in a solid.
1.2.2. Heat transfer by convection
Thermal convection is the transfer of energy between two media, at least one of which
is a fluid, through molecular movement. It involves the combined effects of conduction and

fluid movement. In the absence of fluid movement, heat transfer is ensured exclusively by

pure conduction.
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Heat Transfer by Conduction

s

Phenomenon of convection in a liquid.

We distinguish between two types of convection:

: the movements are due to variations in density within a fluid
subjected to the gravitational field. Density variations can be generated by temperature
gradients (warm air is lighter than cold air) and/or by composition gradients.

. the movement of the fluid is caused by external mechanical
actions (pump, fan...).

- We will talk about when both types of convection coexist in a
system.

Buoyancy-driven
flow
— Hot components
Air P
flow / on printed
> circuit boards q"
e /V‘

—Cp— —
> bhEpmp@A@E

an T T T
(a) (h)

Convection heat transfer processes.(a) Forced convection. (b) Natural convection.

1.2.3. Heat transfer by radiation

Every material body emits and absorbs energy in the form of electromagnetic radiation.

The transfer of heat by radiation between two bodies separated by a vacuum or a semi-
transparent medium occurs through electromagnetic waves, thus without a material medium.

The phenomenon of a body's emission corresponds to the conversion of material energy
(the agitation of the electrons constituting the matter, the intensity of which depends on the

temperature) into radiative energy. The phenomenon of absorption is the reverse conversion.

N YA AT
NN

N\N\SNN—>
\

j : Radiation \ : \
‘ . \

Examples of thermal radiation.

e <
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Heat Transfer by Conduction

Energy transfers are determined based on the evolution of temperature in space and
time: T=f(x, Y, z, t). The instantaneous value of the temperature at every point in space is a
scalar called the temperature field. We distinguish two cases:

-Temperature field independent of time: the regime is said to be

- Evolution of the temperature field over time: the regime is said to be

If we gather all the points in space that have the same temperature, we obtain a surface
called an isothermal surface. The variation in temperature per unit length is maximum along

the normal to the isothermal surface. This variation is characterised by the temperature
gradient:

oT
ox

grad(T) = ﬁ.g—: , VT = gradT = Z—y (1.1)
T

0z

Isotherme Tp

grad(T)

Isothermal surface and thermal gradient.

A heat flux is an amount of energy transferred in the form of heat per unit of time. It is
therefore a power, expressed in Watts (J/s):

d
0=S3 W 1.2)
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Heat Transfer by Conduction

In general, the flux exchanged through a surface is not uniform across the entire surface.
We then define a heat flux density ¢, which corresponds to a heat flux per unit area.
1dQ [W
“Sa |

=Sd@ (I.3)

For each mode of heat transfer, there is a law that provides the expression for the heat

flux.

This transfer mechanism is governed by a phenomenological law established by Joseph
Fourier in 1822, stipulating that the flux exchanged by conduction is proportional to the

temperature gradient. This law, called Fourier's law, is written as:

@ = —\.S.grad(T) (1.5)
In general
= —A.S (0T> [.6
¢=-AS |5 (1.6)
With:

¢: Heat flux transmitted by conduction (W)
A: Thermal conductivity of the medium (W. m™.°C™)
x: Spatial variable in the direction of the flow (m)

S: Area of the heat flow passage section (m?)

/3T
T - Ty T, »@ =—AS (ﬁ)

Diagram of conductive heat transfer.

The sign (-) in Fourier's equation reflects the second law of thermodynamics: the heat
flow goes in the opposite direction of the temperature gradient, meaning that the flow moves
from the highest temperature to the lowest. So, this sign indicates that a negative temperature
gradient (decrease in temperature in the positive x direction) multiplied by the sign (- )gives a

positive heat flux in the positive direction of x.
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Heat Transfer by Conduction

The exchange surface S is the surface that is crossed by the heat flow. Figure 1.7 shows

how to calculate this area in different cases.

— ’f 5%
¢ D Qﬂ

S=axh S=2nrh S=nr S=dxs’

N,
o

Calculation of the exchange surface.

Thermal conductivity A depends on the nature of the material in question and generally
depends on the temperature. It translates the ability of a material to conduct heat. Thus, for a
given temperature gradient, the heat flux will be greater the higher the conductivity. For heat-

conducting materials, A will be high, and conversely, it will be low for insulators.

In , you will find the thermal conductivity values A of some of the most

common materials.

Thermal conductivity of certain materials.

Material A e K1
ICopper (pure) 399
Gold (pure) 317
Aluminum (pure) 237
{lron (pure) 80.2
ICarbon steel (1 %) 43
Stainless Steel (18/8) 15.1
Glass 0.81
|Plastics 0.2-0.3
Wood (shredded/cemented) . 0.087
ICork 0.039
Water (liquid) 0.6
|[Ethylene glycol (liquid) 0.26
[Hydrogen (gas) 0.18
[Benzene (liquid) 0.159
[Air 0.026

1.4.2. Heat flux exchanged by convection — Newton's law
This transfer mechanism is governed by Newton's law, which states that the heat flux
exchanged between a solid wall and a flowing fluid is proportional to the temperature

difference that gave rise to it.
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Heat Transfer by Conduction

The heat flux entering the fluid or leaving the solid if Tp > Too is expressed by Newton's
law:

@ =h.S.(Tp — To). 1 (1.7)
@ =h.S.(Tp — To) (1.8)

With:

¢: Heat flux transmitted by convection (W)

h: Coefficient of heat transfer by convection (W/m? °C)

T,: Surface temperature of the solid (°C)

Too: Temperature of the fluid far from the solid surface (°C)
S: Area of the solid/liquid contact surface (m?)

solid fluid
Ta

h

Diagram of convective heat transfer

h is a positive quantity called the convective heat transfer coefficient, in (W.m?.K™).
This coefficient depends on numerous parameters (fluid, type of flow, surface condition...)
and is therefore extremely difficult to quantify precisely.

Typical values of the convection heat transfer coefficient.

h

Process (W/m?+ K)
Free convection

Gases 2-25

Liquids 50-1000
Forced convection

Gases 25-250

Liquids 100=20,000
Convection with phase change

Boiling or condensation 2500-100,000
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Heat Transfer by Conduction

1.4.3. Heat flux exchanged by radiation — Stefan-Boltzmann law

All surfaces emit energy in the form of electromagnetic waves. In the absence of an
intermediate medium, the net and total heat transfer occurs between two surfaces at different
temperatures. The maximum value of the heat flux emitted by a surface is given by the
Stefan-Boltzmann law:

¢ =0.S.Tp (1.9)

Such a body is called an ideal body or a black body. In this expression, o is the Stefan-
Boltzmann constant:
6=5.67 x 10 (W m? K™);
T p: Surface temperature (K).
The heat flux emitted by a real surface is less than that of a blackbody at the same temperature
and is given by

@ =0.8.5.Tp (1.10)
Where ¢ is a radiative property of the surface termed the . With values in the range
0<e<l, this property provides a measure of how efficiently a surface emits energy relative to a
blackbody. It depends strongly on the surface material and finish.

The emissivities of some surfaces are given in

Emissivities of some materials at 300 K.

Material Emissivity
Aluminum foil 0.07
Anodized aluminum 0.82
Polished copper 0.03
Polished gold 0.03
Polished silver 0.02
Polished stainless steel 0.17
Black paint 0.98
White paint 0.90
White paper 0.92-0.97
Asphalt pavement 0.85-0.93
Red brick 0.93-0.96
Human skin 0.95
Wood 0.82-0.92
Soil 0.93-0.96
Water 0.96
Vegetation 0.92-0.96
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Heat Transfer by Conduction

Another important radiation property of a surface is its absorptivity a, which is the
fraction of the radiation energy incident on a surface that is absorbed by the surface. Like
emissivity, its value is in the range 0 <a< 1. A blackbody absorbs the entire radiation incident
on it. That is, a blackbody is a perfect absorber (o= 1) as it is a perfect emitter.

In general, both € and a of a surface depend on the temperature and the wave length of
the radiation. Kirchhoff’s law of radiation states that the emissivity and the absorptivity of a
surface at a given temperature and wave length are equal. In many practical applications, the
surface temperature and the temperature of the source of incident radiation are of the same
order of magnitude, and the average absorptivity of a surface is taken to be equal to its

average emissivity.

@absorbed = & @incident (W) (I.11)

Where @incigent 1S the rate at which radiation is incident on the surface and a is the
absorptivity of the surface. For opaque (nontransparent) surfaces, the portion of incident

radiation not absorbed by the surface is reflected back.

When a surface of emissivity € and surface area S at a thermodynamic temperature Tp, is
completely enclosed by a much larger (or black) surface at thermodynamic temperature T,
separated by a gas (such as air) that does not intervene with radiation, the net rate of radiation

heat transfer between these two surfaces is given by

@ =0.e.S.(Tp — T&) (1.12)

In this special case, the emissivity and the surface area of the surrounding surface do not have

any effect on the net radiation heat transfer.
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Heat Transfer by Conduction

1.5.General equation of conduction

In its one-dimensional form, it describes the unidirectional heat transfer through a flat

wall

L»e

-
-
.
—a
—a
—a
~a
—
—
—

A 4

==
=
=
+
o
=
o

One-dimensional heat conduction through a volume element in a large plane
wall.
Consider a thin element of thickness Ax in a large plane wall, as shown in figure 1.10.
Assume the density of the wall is p, the specific heat is cp, and the area of the wall normal to
the direction of heat transfer is S. An energy balance on this thin element during a small time

interval dt can be expressed as

at x atx + Ax inside the content of the

Rate of heat’ Rate of heat’ Rgg:e?;?gil l-ioaftfhc;feﬂ;n%f:
conduction |—| conduction |+| & ‘ = £)
element element

©Ox — QPxydax T Qg = Pst (|.13)

With

o =—(15.5) (1.14)
X

oT

and  @ypax = — (A SE)MX (1.15)

@g = ;. S.dx (1.16)
T

@st = p-Cp. S. dX'E (1.17)

By substituting into the energy balance and dividing by dx, we obtain:
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(x.s.g—z)xmx—(x.s.g—z)

dx

PR M 03 c 0T\ o oo ar (118)
+qS.S—p.cp.S.at=>ax(7\.S.aX)+qs.S—p.cp.S.at

And in the three-dimensional case, we obtain the heat equation in the most general case:

6(}\6T)+6(}\ 6T)+6( 6T>+, B aT [ 19
ax M ax) Tay\Way) Taz\Regy) Tds = PG (1.19)
aT .
p-Cp e = div[A. gradT] + g, (1.20)

The thermal conductivity A of a material, in general, depends on the temperature T (and
therefore x), and thus it cannot be taken out of the derivative. However, the thermal
conductivity in most practical applications can be assumed to remain constant at some

average value. The equation above in that case reduces to

qs 1 0T

2 —
VT + o=~ o (1.21)

The ratio a=A/(p.cp) is called thermal diffusivity (m2.s™), which characterises the speed of

heat flow propagation through a material.

-In steady state, we obtain the Laplace equation
V2T =0 (1.22)

This equation can be written in cylindrical or spherical coordinates as follows,

62T+16T+162T+02T+q5_16T L 23
or2  radr r2002 9z2 A aodt (1.23)

In the case of a problem with cylindrical symmetry where the temperature depends only on r
and t, equation (1.23) can be written in a simplified form:
1a< 6T> qs 10T

ror\'ar) T Taat (1.24)
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192GT) 1 @ T 1 T q, 14T
r or? +rzsin6'66< )

sme.% +—r2.sin29 a_(P2+ ) =56_t (1. 25)

The general heat equation expresses a relationship between the temperature function T
and the variables x, y, z, and t. The mathematical solution to this second-order linear partial
differential equation theoretically admits an infinite number of solutions. Also, its resolution
requires knowledge, on the one hand, of the initial condition, that is to say, the initial
distribution of temperatures at every point in the medium T(x, y, z, 0), and on the other hand,
the law of variation over time of the temperature or its derivative on the surface S. These are

the spatiotemporal boundary conditions.

It is the temperature distribution at the moment t=0, that is To=f(X, y, z, 0). Generally,

this condition is known.

At the boundaries of a material, different types of boundary conditions can appear in

problems commonly encountered in heat transfer.

The temperature distribution Tp at the considered boundary surface is given as a
function of time and for all points on the surface. T=f(x,y,z). The most common case is when
Tp depends neither on t nor on space (uniform in space).

Tp = constant

We impose the flux density on the surface, for all points on the surface as a function of

time: @4(x,y,2,t)

dT

b, = —A (E)s = f(Mg,t)  (1.26)
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Where (ZTTL) is the normal derivative at the surface.
S

Particular case of the adiabatic boundary: in this case, the heat flux crossing the

boundary is zero.

b = —A (g)s =0 (1.27)

-Convective exchanges on a wall

When a wall exchanges heat by convection with the outside, the density of the flux it
exchanges is proportional to the temperature difference between the wall and the external
fluid medium, multiplied by an exchange coefficient h in W/m2.K that takes into account the
different physical and kinematic properties of the fluid in contact with the wall. We impose a

temperature on the ambient fluid, which we will denote as T.,, that will be known.

dT

ds=-A(5), =h(Tp=T.)  (128)

-Radiative exchanges on a wall
The radiation from a wall can be a mode of exchange to consider, especially if the
temperature is high (above approximately 100 degrees). The flux density of a wall at

temperature T,exchanges by radiation with the external medium at temperature T is:

¢ =o.e(Tf—Tk) (1.29)

In such a case, the boundary condition at the border will therefore become:

oT
—A (—) =o.e(T-T2 .30

on/ yan ( P ) (30
-Perfect contact

At the interface S of the two media with different conductivities A; and \,, the

conservation of flux is written as:

A;.gradT; = A,.gradT, (1.31)
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Heat Transfer by Conduction

A second condition is obtained in the case of perfect contact. It concerns the
temperatures on S:

T1=T>
-Contact imperfect

In reality, this condition is not met: the two surfaces are not strictly in contact due to the
air present between the mediums. The temperatures are no longer equal. We consider a

contact thermal resistance Rc [m?.K.W™].

The condition obtained on the interface is then written as:

A.gradT; = A,.gradT, (1.32)
d=—(T,—T,) (1.33)
Rc¢

We consider a homogeneous and undeformable solid (or a fluid at rest) of thickness e
and large transverse dimensions, whose extreme faces are at temperatures T, and T,. We
assume that the thermal conductivity of the material is constant. Let's revisit the heat equation

established previously:

aT _
p.cp.E—AV T+ds (1.34)

In steady-state (permanent) conditions and without internal heat dissipation

) aT

gs =0 et Erin 0

Where ;

AT =0

Boundary conditions of the problem: The two faces of the wall are maintained at fixed
temperatures over time (Dirichlet conditions)

We will take x=0 for one of the faces and x=e for the other.

T=T; if x=0 and T=T, if x=e
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Heat Transfer by Conduction

The problem addressed is a one-dimensional problem. The temperature is solely a function of
the variable x.

9°T
AT—OSa?—O

dT A
dx (1)
=>T(x) =A.x+B

If x=0, T=T; = T(0)= A.(0)+B=T;

= B:Tl

\ 4
P

A\ 4

If x=e, T=T, =T(e)=A.e+T;=T,

Where A = %

One-dimensional conduction
T(x) = %x + T, (1.35) in a simple wall.

dT
QO = —A S&

Where ; @ = —A. .=l

e

T, -T

= A.S.
¢ e

(1.36)

T,-T : L
(%—2), this relation is analogous to

As

The relation (1.36) can also be expressed as: ¢ =

Ohm's law in electricity, which defines the current intensity as the ratio of the difference in

electric potential to the electrical resistance ( V1-V=R.l =1 = %). The temperature thus

appears as a thermal potential and the term % appears as the thermal resistance of a flat wall

of thickness e, thermal conductivity A, and lateral surface S. We therefore refer to the

equivalent diagram shown in

%,
T, — A AANN——T,

R=—o
AS

Equivalent electrical circuit of a simple wall.
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If the range of temperatures encountered in a conduction problem is such that the values

of A are different from one end to the other of this range, we can no longer assume A is

constant.

In this case, we can make the approximation that the thermal conductivity varies

linearly with temperature, i.e., A=Ao(1+bT) with Ao being the conductivity at T=0, and b

depending on the material.

For a wall, a one-dimensional problem, we must then return to the general equation of

conduction in the case of non-uniform thermal conductivity:

d [, dT\ _ . L T _
= (7\ &) = 0 (Without heat source =0, in steady state = 0)
d dT
= (R +bD ) =0

A (1+bT)dT—E
0 dx

7\0sz
AT + =EX+D (1.37)
x=0 =T, T,>T,
x=e T=T,

The distribution of temperatures is therefore parabolic within the wall.

We can solve the problem by considering two Dirichlet conditions:
Which lead to

bT?
D :)\0 Tl +T

And

E="2 [z -1+ (1, -]

By substituting into (1.37) and expressing T(X), we derive:

T = -2+ <1+T>2+2'E'X .38
N A LW (1.38)
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Three cases need to be considered. :

b>0, b=0 et b<0 e

b=0 : A=A : linear case between T; and T» T
. .

b>0 : concavity upwards
b<0 : concavity downwards.

(see ) 0 b

A 4

v X

Simple wall with conductivity
varying with temperature (case already handled)

1.7.3. Multi-layer wall
This is the case for real walls (schematized in Figure 1.14) composed of several layers of
different materials, where only the temperatures Ty and Ty, of the fluids in contact with the

two faces of the wall with lateral surface S are known.

}~\ . ';'.J. }-t
Flud 1 I N\

convection
coefficient h

convection
coeflicient by

€A <o L

Flusd 2

Schematic representation of the flows and temperatures in a multilayer wall.

In steady state, the heat flux is conserved as it crosses the wall and is expressed as:

ApS(Ty — T AgS(T, — T
@ =h.S.(T; = T)) = AS(Ty 2): gS(T, — Ts)

€A €B
AcS(T; — T,)
= % =h,.S. (T, — Tr,) (1.39)
C
Where ;
_ T — T,
P= ex , eg , €c 1 (1.40)
+ A+ B+

hS TAAS T AeS T AcS 1,5
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It was assumed that the contacts between layers of different natures were perfect and
that there was no temperature discontinuity at the interfaces. In reality, given the roughness of
the surfaces, a micro-layer of air exists between the hollows of the opposing surfaces, which
contributes to the creation of a thermal resistance (air is an insulator) called contact thermal

resistance. The previous formula is then written as:

Tey — Try

¢ = - (1.41)

S B € , 1L
hs Ta,s T Ras st Rec 3 5T s

The equivalent electrical diagram is shown in Figure 1.15.

P
Tn
— AN ——AA AMMAMA AMMAW——AMAA AR AMAWNN—
L < A R:\H °B RH(_ e[ L
h; S A, S AgS AcS hy S

Equivalent electrical diagram of a multilayer wall.

This is the most commonly encountered case in reality where the walls are not
homogeneous. Let's consider, for example, a wall of width L made of hollow blocks. (
).
Assuming unidirectional transfer and taking into account the axes of symmetry, we can
reduce the calculation of the flux through the isolated element on the right side of the figure
and calculate the equivalent thermal resistance R of a portion of the wall with a width L and a

height I = I; + I, + I3 using the laws of association of resistances in series and parallel by the

relation:
1
R: "Ry TRy
Where ;
_1 e e ) & €3
P h L 7T ALLLY T AL YT ALLLLY T AL L T ALLL T
1
" h,.LL
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Convection
h

b

. Schematic of a composite wall.

This can be represented by the equivalent electrical diagram shown in Figure 1.17.

Equivalent electrical diagram of the composite wall.

1.7.5. Long hollow cylinder

We consider a hollow cylinder with thermal conductivity A, an inner radius ry, an outer
radius r,, and a length L, with the temperatures of the inner and outer surfaces being T; and
T,, respectively. (cf. figure 1.18). It is assumed that the longitudinal temperature gradient is

negligible compared to the radial gradient.

Diagram of transfers in a hollow cylinder.

The conduction equation is:

. aT
AAT +q5 = p.cp.a (1.43)
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In the case of conduction without an internal source (qs=0 in steady state (‘;—I = 0)):
AT =0
In the case of the cylinder, the problem is radial and depends only on r. We recall that the

Laplacian in cylindrical coordinates (independent of o and z) is written as:

T 1dr

AT = dr2 r dr

d?T dT . d dT
Let: r—+—= r m—(r—):
et 5z + " 0 oraga T\ 0

After an initial integration:

dT _ A
r dr
dT _ A
dr r
Where from :

T(r) = A.lnr + B (1.44)
Let's consider Dirichlet boundary conditions:

T:Tl if =rq
T:Tz if =ro

Tl =A.lnr1+B

We obtain the system:{TZ = Alnr, +B

Let

T, —T T,Inr; — T;Inr
A: 1 r‘12 etB:(Z 1 I‘11 2)

In (a) IHE
Where from

_ Tl_TZ (Tzlnrl—Tl In rz)
T(r) = in(@) Inr + e (1.45)

rp r2

And by applying Fourier's law: ¢ = —A. S.j—z
Let:

@ =—A (2.1 L r).% if we consider a length L of the cylinder.
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dT_ TI_TZ 1

dr ] ry r
n(5)
Where from :
A 2.1 L
Q= —W (T, — T,)
n r,
A2.1L
o="2"(T, - T,) (1.46)
In (—2)
Iy
Thermal resistance is defined as:
T,1-T,
Ry =
ln(:—i)
Let R12 = m (147)

We have thus defined a new thermal resistance for a cylindrical pipe.

This relationship is represented by the equivalent electrical diagram:

P
T e— A " N AAINNANN—— T
r,
In| =
n
R =
12 2L

Equivalent electrical circuit of a hollow cylinder.

1.7.6. Multi-layer hollow cylinder

This is the practical case of a tube covered with one or more layers of different
materials, where only the temperatures Ty and Ty, of the fluids in contact with the inner and
outer faces of the cylinder are known; h; and h, are the heat transfer coefficients by

convection between the fluids and the inner and outer faces. (see )
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Fluid 2 I
h;
U I
i
: I';
Aa = ¥
d> 0
h, r n I3
el [ N ) T R OS] [ SRIARIn] ARET RSP ¥ P

Diagram of transfers in a multilayer hollow cylinder.

In steady state, the heat flux ¢ is conserved as it passes through the different layers and is
expressed as:
2T[}\AL(T1 - Tz) _ 21-[)\BL(T2 - T3)

In (%) - In (;—2)

Ty — T,

¢ =
1 n (;_f) In C‘i) 1

h2neL T 2maL T 2mAgL | hy2mr, L

(p = hl' ZT[ rl. L(Tfl - Tl) = = hz. 21TI'3L(T3 - sz)

Where from :

(1.48)

Which can be represented by the equivalent electrical diagram in
¢

2rh, L 2aigL

Equivalent electrical diagram of a multilayer hollow cylinder.

In the case of a composite circular tube, composed for example of n superimposed

materials limited by cylinders ro, r;... ry with respective conductivities A, A, ...... An.

The thermal resistance of each cylinder is:

(5o

7 2mAL

n
The total thermal resistance of the tube is: Ry = ZRi (series resistors) .
i=1
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If the extreme temperatures T, and T, are imposed, the flux can be calculated using the
relation:
LT
¢ = Ry
Where Ry is the total thermal resistance.

1.7.7. Concentric Spheres

In the case of conduction without an internal source ¢s=0 in steady state (‘Z—f = 0):

AT=0

Let's consider a hollow sphere with an outer radius r. and an inner radius ri. The problem is

radial (r). In spherical coordinates, we have:

d?T ZdT_
dr? +rdr_

Either

d ZdT)
—\rc—=)=0
dr( dr

Which leads to

T(r) ==—+B (1.50)
Considering Dirichlet boundary conditions:
T=T. if r=re
T=T; if I'=T;
We shoot
—A
T
Lo
Te=—+8
re
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( (Te - Ti)
4=711
ri re
DR TR0
L
\ Ti Te
1_1
r T;
T() =T + (T~ To) (.51)
rj Te

And by applying Fourier's law:

4mA
¢ = 1 1 (Tl - Te) (I 52)
YT,

This relationship can also be expressed as:

_ Ti_Te
¢ =R
12

With:
1 1

r; I,
Ry, = - —* (1.53)

The fins are good conductors of heat, with one dimension being large compared to the
others. They are used to improve the heat dissipation of a confined solid system in which the
heat flux densities are high.

The applications of fins are now very numerous and highly developed:
- Fins placed on hot water steam pipes to ensure heating (radiator)
-Engine coolings
- Heat exchangers (thermal power plants)
- Electricity: "radiators™ for cooling electrical components, like in transformers
- Microelectronics and micro informatics
As an example, below are some photos of fins sold commercially for microelectronics

or electricity, which are among the most important fields of application.
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1L
iy P

Some innovative fin designs.

In the previous paragraphs, heat transfer by conduction within the solid and heat transfer
by convection from its boundaries occurred in the same direction.

In systems with fins, the direction of the convective heat flow is perpendicular to the
main direction of the heat flow in the solid.

Let's consider the plane wall in The heat flux evacuated from the wall by

convection is expressed by Newton's law:

@ =h.Sech. (Tp — Too) (1.54)

If Tp is fixed, there are two possibilities to increase the heat flow removed: Increase the
convective heat transfer coefficient, h, by increasing the flow velocity and/or decreasing the
fluid temperature T... In most applications, increasing h to the maximum is not enough to
dissipate the desired heat flow, and often the cost is too high (installation of powerful and
bulky pumps or fans). Reducing T is often unfeasible in the installation. The second solution
is much simpler to implement: it involves increasing the heat exchange surface by using fins
extending from the solid into the surrounding medium (see ). The thermal
conductivity of the material constituting the fin must be high in order to minimize the
temperature gradients between the base and the tip of the fin.

The increase in heat flux will be maximum if the fin is at a uniform temperature at T,

(infinite conductivity).
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(@) (b)

Use of fins to increase the heat flow removed from the wall: (a) flat wall,
(b) wall with fins.

There are several configurations of fins (see figure below), the choice of which, in
practice, is conditioned by numerous criteria: the available space in the system, the weight,
the ease of manufacturing, the costs...It is also necessary to take into account the disruption of

the flow caused by the presence of the fins (pressure losses).

(a) &)

Different types of fins: (a) straight fin with constant section, (b) straight fin

with variable section, (c) annular fin, (d) needle-shaped fin with variable section.

We seek to determine to what extent the presence of fins can improve the heat transfer
from a solid surface to the surrounding fluid. Let's consider the fin with a constant cross-
section schematized in , immersed in a fluid in motion at the temperature T... To
quantify the heat transfer associated with this fin, we must first determine the temperature
distribution along the fin based on an energy balance that we will establish by making the
following assumptions:

- The regime is steady and there is no internal heat dissipation.

- The thermal conductivity of the fin A is constant.

- The convective heat transfer coefficient h is uniform over the entire surface of the fin.

- We neglect heat transfer by radiation.
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- The problem is one-dimensional, meaning that the heat flow only propagates in one
direction (the x direction). It is thus considered that the temperature is uniform in a given
section of the fin in x, which is generally ensured by the use of thin fins.

Beonv. h
Q=
. ft
! ¢T ﬂi‘*rl_\' X
Il
v <

dx

To

e

Let's perform an energy balance on the system consisting of a slice of the fin between x
and x + dx:

. Energy balance on a fin slice of thickness dx.

Px = Pxtdx T Pconv

e @y heat flux transmitted by conduction in x :

©x = —A.S. (j—z)x

e  @x+dx heat flux transmitted by conduction at x + dx:

daT
Px+dx = —A.S. (a))ﬁdx

o ®d.nx flux evacuated by convection at the boundary between x and x + dx:
QPconvx = h.p. dx(T(x) — Ts)

Where :
S is the area of the cross-section through which the conduction flow passes.

p is the perimeter of the fin (perimeter of convective flow exchange).
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As(dT> xs(dT) = h.p.dx(T(x) — T,.)
S\&) L M &) = p-dx(T(x o

dT dT h.p
< (&)m - (&)X = 55 (TE) — To,)

<dT> (dT) 3 [(dT> +d<dT) ] (dT) _dZTd
dx/yiax \dx/y  \dx/, dx dx/,  dx? X

d2T h.p
= Fre dx = IS dx(T(x) — T,)
d’T h.p

The temperature field in the fin T(x) is thus determined by solving this equation
(sometimes called the beam equation) associated with two boundary conditions, written at the
base and at the tip of the fin.

Let's ask

0(x) = (T(x) = T,,) et m? = ‘;—g

Equation (1.55) becomes:

e

« h convective exchange coefficient (W.m?2.K™).

« \ thermal conductivity of the material constituting the fin (W.m™.K™).
« S fin section (m?).

* p fin perimeter (m)

For a rectangular fin of thickness e and width I: S = t.w and p = 2.(t+w)

For a cylindrical fin of radius R: S=n.R? and p=2n.R
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The differential equation (1.56), of order 2, linear and homogeneous with constant
coefficients, admits a general solution of the form:

6 = Ae™ + Be™™* (I.57)
Where 0 = A;ch(mx) + B;sh(mx) (1.58)

The constants A, B, A;, and B; are determined from the boundary conditions at the base and
the tip of the fin.

For a fin of "infinite" length, the temperature at the tip will be equal to the temperature

of the surrounding medium T..

Thus, 6.— 0 if L—oo. The boundary condition in X = L is then written:
In x=0:00)=To-T» ()
In x=L:6L)=0 (b)

() = A=0
(@) =>B=To-T.

Where;
T(X) - Too —mx
TO——TOO =€ (I 59)

The flux dissipated over the entire surface of the fin can be calculated by integrating the local

convection flux:

L
Qp = fo h.p [T(x) — T ]dx

Or more easily by noticing that in the case of the steady state, it is the same as that transmitted

by conduction at the base of the fin, namely: ¢, = @¢x=0)

dT h.p
= — _ = — —_ — (_mX) = D —
©, A S'(dx>x=0 AS.(Ty — Te)(—m)e avec m S
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Where from :

¢@p = /h.p.A.S(Tp — T) (1.60)

Note:
In practice, the assumption L—oo will be considered valid if

0
L < 0.01(= 1%)(ou T, = 0.99T,),

8o

mL > In(10)

Wh L>4'6 it _ [P
ere L2—— witg m= |-

I.8.4. Rectangular fin with constant cross-section isolated at the tip

The solution of the second-order differential equation is of the type:
8(x) = A;ch(mx) + B;sh(mx)  (1.61)
We determine A; and B, from the boundary conditions:

T(X=0)=T0=>9(0)=T0—T00=90

dT do
—A.S. (—) = 0 (conservation of heat fluxatx = L) = (—) =0
dx x=L dx x=L

8, = A;ch(m. (0)) + Bysh(m. (0)) = A, = 8,

—0,.sh(mL)

(de) = A,.sh(mL) + B,ch(mL) = 0 = B, =
x=L_ 1- S e = 1 chmL

dx
The temperature distribution is then written as:

0osh(mL)

0(x) = Bych(mx) -

sh(mx)

- 800 = 6, 'ch(mx).cthC;nslflll(mL).sh(mx)
= 0(x) = 0, -—Ch(T}E;; x)

The solution can be written as:

(T(x) = To) _ ch(m(L —x))
To—T,  chmL

(1.62)

And the total flow dissipated by the fin is expressed as:
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@p = m.A.S. tanh(m.L)(Tp — To) (1.63)

I1.8.5. Efficiency of a fin

The efficiency of a fin is defined as the ratio between the heat flow removed by the fin

op and the heat flow that would be removed without the fin @max:

The flow exchanged by this ideal fin would be:

Omax = 0. S. (Ty — To) (L. 64)

> In the case of the "infinite length™ fin, the efficiency is written as:

@p = y/h.p.A.S(Tp — To) (I1.65)

€= (pp
(pmax
_ JhpAS(Ty - To)
T TS (T, - Ty)
Ap
= E= ﬁ (I 66)

> In the case of the "finite length L" fin,

@max = h.p. L. (Tp — To) (L.67)

Efficiency is written as:

h.p
@®p _ m.AS.tanh(m.L)(Ty — T,) 7+ A S.tanh(mL) _Jh.p.AS

& =

©max h.p.L. (T — Te) h.p.L
_tan h(m.L) Leg
T TTmL (1.68)

.tanh(mL)
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The effectiveness of a fin is established if € >1. Thus, the efficiency of the fin is improved by:

v The choice of a high-conductivity material.
v The choice of the fin geometry, such as high 2 (use of thin fins).

v The choice of a "relatively" low convective heat transfer coefficient (while

ensuring a high ¢, evacuated flow).

Thus, the use of fins will be more justified in cases where the flowing fluid is a gas rather than

a liquid, and when heat transfer occurs by natural convection.
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Calculate the thermal flux as well as the thermal flux density through a flat and homogeneous
plate with a thickness of 50mm if it is:

* In stainless steel (Aa=16W/m.K) with dimensions 3m x 2m.

* In concrete (Ap,=0.92W/m.K) with dimensions 30m x 20m.

In both cases, the temperatures at the surfaces of the plate are maintained constant and equal
to: Tp;=100°C, Tp,=90°C.

-In stainless steel (Aa=16W/m.K) with dimensions 3m x 2m.

1

A
P =S (T, —Tp)
The heat flux density

@, 19200 _ ,
g =5 =3~ =3200W/m

-In concrete (A,=0.92W/m.K) with dimensions 30m x 20m.

= A (T, - T, = 092 30.20)(100 —90) = 110400W
oo =5 (T = T) = 55765 (30:20) -
The heat flux density
_ ¢y, 110400 )
P =g =350 — 184W/m

-Determine the heat flux through a flat wall with a thickness of e=10cm and a conductivity of
A=8.5W/m.K. The temperatures on the limiting faces of the wall are respectively equal to
100°C and 30°C. The surface area of the wall S=3mz.

- Find the temperature gradient in the direction of flow.

-Calculate the depth of the wall where the temperature is 60°C.
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—}‘S(T T,) = 85 3)(100 — 30) = 17850W
¢ =55 —=T)=15=0-G) =

~ }\SdT
=T
:dT_—cp_—17850
dx ~ AS  85.3

T,—T
T(x) = (le)x +T, = T(x) = —700.x + 100

= —700K/m

100 — T(x) 100 — 60
X = =

700 700 =0,057m=5,7cm

The heat flux density @ is 5000 W.m™ at the surface of an electric heating element. The
temperature of this same element is 110°C when it is cooled by forced convection in air with
a temperature of 60°C.

-What is the average exchange coefficient h?

-What will be the temperature of the heating element if the flux density is reduced to
2000 W.m™?

Using the expression for the total exchanged flux density, one can determine the average

exchange coefficient:

@ 5000

—_—— = -2 -1
AT = Tio—gg = 100W.m 2K

h=
If the flow is reduced, the forced convection coefficient remains the same, so the temperature
difference will be:

@ 2000 .
AT:Telement_60 :H:W: 20 C

So the temperature
Tejement = AT 4 60 = 20 + 60 = 80°C
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A pipe transports steam through a large room where the air and walls are at a temperature of
25°C. The external diameter of the pipe is 70mm and the surface temperature is 200°C. Its
emissivity is 0.8.

1. What is the power emission flux density of the surface of the duct?
2. What is the density of the radiation power flux from this surface?

3. The convection coefficient from the surface to the ambient air is 15W/m?2-K and the surface
IS considered gray.

-Calculate the heat transfer flux density of this surface per unit length of the pipe?

1.Emission power flux density:

Qsurface = £.0.TF = 0.8x5.67x1078x(200 + 273.15)* = 2270W/m?
2. Radiation power flux density:

Qmax = 0.T* = 5.67x1078x(25 + 273.15)* = 447W/m?

3. Heat transfer flux from this surface:

Qrot = Qray + Qeony = W.S.(Tp — T,,) + &.S.0.(Tg — T2)

S = mxDxL = mx70x1073xL

Qror = mxDxLx[h. (Tp — T,,) + &.0. (Tt — T2)]

Heat transfer flux density of this surface per unit length of the pipe:

qtot% = T[XDXLX[h. (Tp — To) + €. 0. (Tg - T;‘g)]

= x70x1073x[15. (200 — 25) + 0.8x5.67x1078((200 + 273.15)* — (25 + 273.15)4)]
= 998W/m

A 15 cm thick concrete wall separates a room at a temperature of Ti= 20 °C from the outside
where the temperature is Te= 5 °C.

We are given: hi = 9.1 W.m-2.K™*, he = 16.7 W.m-2.K*, A =1.74 W.m™. K,

Calculate:

- The total thermal resistance.

- The flux density.

- The internal and external temperatures of the wall.
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(Ti — Te)
(p=h(T Tlp)_ (Tlp ep)=he(Tep_Te)= 1R -
With
R=t+ o4 b=ty 200 L os6amz kW
“h "ATh, 917174 006 oO0em®
(,-T.) 20-5 5
P = R = 02562 58,546W.m

From the first equality:

Tip =T — hg =20-58,546.0,11 = 13,6°C
i
In the same way

T, =T, h3—5+58546 0,06 = 8,5°C

p

Calculate the flux passing through a glass pane with an area of 1 m2 and a thickness of

3.5 mm. The temperature of the inner surface of the glass is 10°C, while that of the outer
surface is 5°C.

1-Deduce the thermal resistance of the glass, knowing that the thermal conductivity of the
glass is: Ag= 0.7 W.m™.K™*

2-For the same wall temperatures, calculate the flux passing through 1 m2 of a 26 cm thick
brick wall.

3-Deduce the thermal resistance, knowing that the thermal conductivity of the bricks is:
A= 0.52 W.m™*. K™,

-Flux passing through 1m?2 of glass:

A

-Thermal resistance of 1m?of glass:

(Tl - Tz) 10 5 _3 °
Rglass = ” 1000 — =5.10 W
Or
R e _3,5.10‘3 _ 5 10-3 °C
verre "3 s 0,7.1 O w
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-Flux passing through 1m? of brick wall:

)

2
.1.(10-5) =10 W

A
¢ = E-S- (T; —T) = 0.26

-Thermal resistance of 1m?2 of brick wall:

(Tl - T2) 10 - 5 OC
Or
W e _ 02 _ . °C
brick "3 57 052.1 W

A double glazing consists of two glass panes separated by a layer of still dry air. The
thickness of each glass pane is 3.5 mm and that of the air layer is 12 mm.

The thermal conductivity of glass is equal to 0.7 W.m™.°C"' and that of air is
0.024 W.m™.°C™ in the studied temperature range. For a temperature drop of 5°C between the
two extreme faces of the double glazing, calculate the heat losses for a 1m? window.

Compare these thermal losses to those that would be obtained with a single pane of glass with

a thickness of 3.5 mm.
-Double glazing consists of three thermal resistances in series.
RtOt = RV + Ra + RV

The flux passing through this double glazing is given by:

Tint — Text _ Tint — Text Tint — Text _ (Tint — Text)- S

@Pdouble glazing = Riot = Rg ¥R, + Rg = e_g €,
7\gS Ay. S

e, e e
+rict s 275+ 2

2g.S A R
5.1

QPdouble glazing = 35.10-3 12. 10-3
27707  T70,024

=9,8W
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Let's compare the flux passing through double glazing to that passing through a single glass
pane for the same surface area and the same temperature difference.

1 single pane = = R = = Z (Tint — Text)
g g

0,7.1

P1 single pane = W .5=1000 W

Calculate the flux passing through the 50 m? facade of a house. The wall is made of bricks 26
cm thick. The facade is pierced with 4 windows of 2 m? in surface area and 3.5 mm in
thickness and a wooden door of 2 m2 and 42 mm in thickness.

It is assumed that the internal wall temperature is equal to 10°C for all the materials
constituting the facade, likewise, the external wall temperature is 5°C.

Thermal conductivity of glass: Ag = 0.7 W.m™*.K™*

Thermal conductivity of bricks: Ab = 0.52 W.m™.K™

Thermal conductivity of wood: Aweod = 0.21 W.m™. K™

The facade can be likened to 3 resistances in parallel: that of the windows, that of the door,
and that of the brick wall. We therefore calculate each of these resistances to deduce the

equivalent resistance and finally to calculate the flux passing through the facade.

-Thermal resistance of windows:

f s 35.1073
81asS ™ X Sglass  0,7. 4. 2

=0,625 .1073°C/W

-Thermal resistance of the door:

€door 0,042
Rypor = = =0,1°C/W
door = 3 vod- Sdoor  0,21.2 /

-Thermal resistance of the wall:

R _ Cwau 0,26
wall = 3. Swan 0,52.(50 —4.2 —2)

=0,0125 °C/W
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-Equivalent resistance of the facade:

11 N 1 N 1 1 N 1 N
R Ryire Rporte Rmur 0,625.1073 0,1 0,0125

= 1690W/°C

1
— — -3 o
R—1690 0,592.10 C/W

So the flow passing through the facade is:

(T, — T,)
P facade =5 = 5. 1690 = 8450 W

Exercise 09:
Let's consider a wall composed of several layers of different materials illustrated below with

the dimensions in the three directions. Assuming one-dimensional conduction and knowing
the temperatures of the left and right surfaces, respectively, Tp: and Tp? as well as the
thermal conductivities of these different layers.

-Calculate the heat flux per unit area through this wall.

Data:

Tpe1 =200°C, Tp2 =50°C, ka =70 W/m.K, kg =60 W/m.K, k¢ =40 W/m.K, kp =30 W/m.K,
ke =20 W/m.K

g
—
=)
‘IPZ" -
To1 f*”'
pl, -
_l%

To simplify the calculation, we must represent the equivalent diagram of the wall in question,

of course based on the analogy existing between thermal and electrical quantities.

Rs
— NN
T-"’—fv\lfL R g
1 Re R, AP
—/VW\_._/\N\I\_

Equivalent electrical diagram
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The heat flux is therefore given by:

TP1 - Tp2

® = Ra+ Ry + Ry

such as;
(Ry=—a - 998 oo11ek/w
KpSs 70.012.045
Lg 0,24
Re = 1S, T30, 006, 045  M148IK/W
Le 0,12
1 Re = kos. ~20. 006, 045 ~ YIILIK/W
Lp 0,12
Ro =15 =30, 006, 045  V148IK/W
Lg 0,08
| RE =45, 20, 012, 045 ~ 0740K/W
1 1 1 Rg+Rc+Rp

=— 4+ =
Req Rg  Rc+Rp  Rp. (Rg+Rp)

_ Rg.(R¢ +Rp)

SRyy=o—
I Rg+Rc+Rp

_0,1481. (0,1111 + 0,1481)
4™ 0,1481 40,1111 + 0,1481

(Tpy — Tpa) (200 — 50)

= 0,09425K/W

® T Ra+Req+Rg 002116+ 0,09425 + 0,0740

= 791,94W

A stainless steel tube (k=19W/m.°C) with a 3cm inner diameter and a 5cm outer diameter is

insulated by a layer of asbestos (k=0.2 W/m.°C) with a thickness of 2.5cm. Knowing that the

temperature of the inner wall of the tube is maintained at 578°C and that of the outer wall of

the insulation is at 92°C.
1. Provide the equivalent electrical diagram.

2. Calculate the heat loss per meter of length.
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1. Equivalent electrical diagram:

Ti Te

In(r, /1,) In(ry/ry)
Zﬂ.kTL Zﬁ.k!L
2. The heat flux lost per meter of length:

AT T-T,
(p_ZRi_RT‘l'RI

_ In(r,/ry)
T 2mke. L

_ In(r;/r;)
'™ 2wk L

21 L(T, — T.)

¢= In(r,/ry) + In(r3/ry)
Ky K

¢ ZTE(Ti B Te)
= Z =

B In(r,/ry) + In(rs/ry)
ke ky

© 21t(578 — 92)

L In(25/15) _In(5/2,5)
19 K

= 874,3087W/m
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Let's take a stainless steel spoon (A= 15 W/m.°C), partially immersed in boiling water at 93°C

in a kitchen at 24°C. The handle of the spoon has a cross-section of 0.2cm*1.3cm and extends

18cm into the air above the water's surface. If the heat transfer coefficient at the surface of the

spoon exposed to air is h=17 W/mz2.°C, determine the temperature difference at the surface of

the spoon’s handle. Indicate your hypotheses.

Hypotheses:

1. The temperature of the submerged part of the spoon is equal to the temperature of the

water.

2. The temperature of the spoon varies along the spoon T (x).
3. The heat transfer from the tip of the spoon is negligible.

4. The heat transfer coefficient is constant and uniform across the entire surface of the spoon.

5. The thermal properties of the spoon are constant.

6. The heat transfer by radiation is assumed to be negligible.

Noting that the cross-section of the spoon is constant and x has its origin at the free surface of

the water. The temperature variation along the spoon can be expressed as:

T(x) — T __ cosha(L —x)
T, — T,  coshaL

Where ;
P = 2.(0,002 + 0,013) = 0,030m

S. = (0,002)(0,013) = 0,000026m?

_ e _ 17003
4= |xsc~ [15.0,000026 "™

Ty

hl T«X

L=18cm

0.2cm

1.3cm
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The temperature of the tip of the spoon is determined by:

cosha(L — L)
T(L) = Ty T, — T, ————
(L) + (T ) coshalL
cosha(0
T(L) = 24 + (93 — 24) © = 24,2°C

cosha(36.0,18)

Therefore, the temperature difference across the entire exposed handle of the spoon is:

AT =T, — T(L) = (93 — 24,2) = 68,8°C
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Thus far we have focused on heat transfer by conduction and have considered
convection only to the extent that it provides a possible boundary condition for conduction
problems. We used the term convection to describe energy transfer between a surface and a
fluid moving over the surface. Convection includes energy transfer by both the bulk fluid
motion (advection) and the random motion of fluid molecules (conduction or diffusion). In
our treatment of convection, we have two major objectives. In addition to obtaining an
understanding of the physical mechanisms that underlie convection transfer, we wish to
develop the means to perform convection transfer calculations.

This chapter is developed primarily to achieving the former objective. Physical origins
are discussed, and relevant dimensionless parameters, as well as important analogies, are

developed.

Convection is defined as the mode of heat transfer between a solid surface and a fluid
(liquid or gas) at different temperatures. It is therefore a transfer of heat accompanied by
speed.

In convection, the transfer of heat at the solid surface occurs only through conduction.
But, in the parts of the fluid that surround the surface, two simultaneous phenomena occur:
conduction and mass diffusion through movement at both the molecular and macroscopic
levels. Thanks to this movement, the transferred heat flow is greater. The higher the speed, the
greater the heat transfer. We can summarize the mechanism of heat transfer by convection as
follows: the fluid in contact with the solid surface receives heat from it through conduction
and then transfers it to the rest of the fluid that is not in direct contact with the surface through
diffusion, thanks to the movement of the fluid.

We can consider two types of convection, depending on the causes that produce the

movement of the fluid: forced convection and free or natural convection.
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occurs when the movement of the fluid is a consequence of imposed
external actions (pump, fan, wind, etc.). In this case, the temperature field is convected by an

imposed external flow.

is produced by a movement of the fluid, caused by a difference
in density between the cold and hot parts of the fluid. The distribution of temperature

generates its own movement by creating rotational Archimedean forces.

* When both types of convection exist simultaneously without one being negligible compared

to the other, the convection is said to be

Convection heat transfer is complicated by the fact that it involves fluid motion as well
as heat conduction. The fluid motion enhances heat transfer, since it brings warmer and cooler
chunks of fluid into contact, initiating higher rates of conduction at a greater number of sites
in a fluid. Therefore, the rate of heat transfer through a fluid is much higher by convection
than it is by conduction. In fact, the higher the fluid velocity, the higher the rates of heat

transfer.

Experience shows that convection heat transfer strongly depends on the fluid properties
dynamic viscosity m, thermal conductivity A, density p, and specific heat cp, as well as the
fluid velocity U. It also depends on the geometry and the roughness of the solid surface, in
addition to the type of fluid flow (such as being streamlined or turbulent). Thus, we expect the
convection heat transfer relations to be rather complex because of the dependence of
convection on so many variables. This is not surprising, since convection is the most complex

mechanism of heat transfer.

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
@=h.S.(Ts —Ty) (1. 1)

Where

h : convection heat transfer coefficient, W/m?-K

S : heat transfer surface area, m

Ts: temperature of the surface, °C

T..: temperature of the fluid sufficiently far from the surface, °C.
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Fluid flow is often confined by solid surfaces, and it is important to understand how the
presence of solid surfaces affects fluid flow.

All experimental observations indicate that a fluid in motion comes to a complete stop
at the surface and assumes a zero velocity relative to the surface. That is, a fluid in direct
contact with a solid “sticks” to the surface due to viscous effects, and there is no slip. This is
known as the no-slip condition. A fluid layer adjacent to a moving surface has the same
velocity as the surface.

A consequence of the no-slip condition is that all velocity profiles must have zero
values with respect to the surface at the points of contact between a fluid and a solid

surface( )-
. Relative
Uniform velc:)c‘ilief.
approach of fluid layers
velocity, ¢ 2=
_} -
= Zero
, velocity
> I ’ at the
,—)"1
3 . surface
Plate

A fluid flowing over a stationary surface comes to a complete stop at
the surface because of the no-slip condition

An implication of the no-slip condition is that heat transfer from the solid surface to the
fluid layer adjacent to the surface is by pure conduction, since the fluid layer is motionless,

and can be expressed as

oT

@conv = @Pcond = —A ﬂuid-s-a_y B (H' 2)
y=0

Where T represents the temperature distribution in the fluid and Z—;J is the
y=0

at the surface. Heat is then from the surface as a result of fluid
motion. Note that convection heat transfer from a solid surface to a fluid is merely the
conduction heat transfer from the solid surface to the fluid layer adjacent to the surface.

Therefore, we can equate Egs. 11.1 and 1.2 for the heat flux to obtain
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T
—A fluid- Gy
h = y=0 (1L 3)
(TS - oo)

Convection heat transfer is closely tied with fluid mechanics, which is the science that
deals with the behavior of fluids at rest or in motion, and the interaction of fluids with solids
or other fluids at the boundaries. There is a wide variety of fluid flow problems encountered
in practice, and it is usually convenient to classify them on the basis of some common
characteristics to make it feasible to study them in groups. There are many ways to classify

fluid flow problems, and here we present some general categories.

When two fluid layers move relative to each other, a friction force develops between
them and the slower layer tries to slow down the faster layer. This internal resistance to flow
is quantified by the fluid property viscosity, which is a measure of internal stickiness of the
fluid. Viscosity is caused by cohesive forces between the molecules in liquids and by
molecular collisions in gases. There is no fluid with zero viscosity, and thus all fluid flows
involve viscous effects to some degree. Flows in which the frictional effects are significant
are called . However, in many flows of practical interest, there are regions
(typically regions not close to solid surfaces) where viscous forces are negligibly small
compared to inertial or pressure forces. Neglecting the viscous terms in such

greatly simplifies the analysis without much loss in accuracy.

A fluid flow is classified as being internal or external, depending on whether the fluid is
forced to flow in a confined channel or over a surface. The flow of an unbounded fluid over a
surface such as a plate, a wire, or a pipe is . The flow in a pipe or duct is

if the fluid is completely bounded by solid surfaces. Water flow in a pipe, for
example, is internal flow, and airflow over a ball or over an exposed pipe during a windy day
is external flow. The flow of liquids in a duct is called open-channel flow if the duct is only

partially filled with the liquid and there is a free surface. The flows of water in rivers and
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irrigation ditches are examples of such flows. Internal flows are dominated by the influence of
viscosity throughout the flow field. In external flows the viscous effects are limited to
boundary layers near solid surfaces and to wake regions downstream of bodies.

A flow is classified as being compressible or incompressible, depending on the level of
variation of density during flow. Incompressibility is an approximation, and a flow is said to
be incompressible if the density remains nearly constant throughout. Therefore, the volume of
every portion of fluid remains unchanged over the course of its motion when the flow (or the
fluid) is incompressible.

To address a convection problem, it is important to determine the flow regime of the
fluid. The convective heat transfer coefficient depends heavily on the flow regime. Some
flows are smooth and orderly while others are rather chaotic. The highly ordered fluid motion
characterized by smooth layers of fluid is called The word laminar comes from the
movement of adjacent fluid particles together in “laminates.” The flow of high-viscosity
fluids such as oils at low velocities is typically laminar. The highly disordered fluid motion
that typically occurs at high velocities and is characterized by velocity fluctuations is called

( ). The flow of low-viscosity fluids such as air at high velocities is
typically turbulent. The flow regime greatly influences the required power for pumping. A
flow that alternates between being laminar and turbulent is called transitional.

The transition between laminar and turbulent flow can be determined by calculating the
critical Reynolds number. In the case of a flat wall:

_Uoo.x

Re, (IL.4)

\Y

U is the free stream velocity far from the solid obstacle and v is the kinematic viscosity

in m?/s:

<
I
IS RS

w is the dynamic viscosity.
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In the case of flow in a cylindrical tube of diameter D, the Reynolds number is:

_Up.D_ p.Uy.D
==

(IL.5)

Re,

The Reynolds number represents the ratio of inertial forces to viscous forces.

The critical Reynolds number depends on the surface roughness and the level of
turbulence of the free flow. It is generally on the order of 10° to 3x10°. In the cylinders, it is
generally equal to 2300. It characterizes the transition from laminar flow to turbulent flow,
that is to say:

If Re < Recthe flow is laminar

If Re > Re.the flow is turbulent.

In general, the representative value of the critical Reynolds number is:
Re. = 5x10° for flat plates
Re. = 2300 for cylinders

. 1
laminaire transition turbulent

Development of boundary layer on a long flat surface
Three flow regimes are visible: laminar (1), transitional (2), and turbulent. (3).

A fluid flow is said to be natural or forced, depending on how the fluid motion is
initiated. In forced flow, a fluid is forced to flow over a surface or in a pipe by external means
such as a pump or a fan. In natural flows, any fluid motion is due to natural means such as the
buoyancy effect, which manifests itself as the rise of the warmer (and thus lighter) fluid and

the fall of cooler (and thus denser) fluid.
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The term implies no change at a point with time. The opposite of steady is

The term uniform implies no change with location over a specified region. These
meanings are consistent with their everyday use (steady girlfriend, uniform distribution, etc.).

The terms unsteady and transient are often used interchangeably, but these terms are not
synonyms. In fluid mechanics, unsteady is the most general term that applies to any flow that
is not steady, but transient is typically used for developing flows. The term periodic refers to
the kind of unsteady flow in which the flow oscillates about a steady mean.

To introduce the concept of a boundary layer, consider flow over the flat plate of Figure
I1.5. When fluid particles make contact with the surface, their velocity is reduced significantly
relative to the fluid velocity upstream of the plate, and for most situations it is valid to assume
that the particle velocity is zero at the wall.

These particles then act to retard the motion of particles in the adjoining fluid layer,
which act to retard the motion of particles in the next layer, and so on until, at a distance y=6
from the surface, the effect becomes negligible. This retardation of fluid motion is associated
with  acting in planes that are parallel to the fluid velocity ( ). With
increasing distance y from the surface, the x velocity component of the fluid, u, must then
increase until it approaches the free stream value u.. The subscript « is used to designate

conditions in the outside the boundary layer.

The quantity ¢ is termed the boundary layer thickness, and it is typically defined as the
value of y for which u = 0.99.u.,. The boundary layer velocity profile refers to the manner in
which u varies with y through the boundary layer. Accordingly, the fluid flow is characterized
by two distinct regions, a thin fluid layer (the boundary layer) in which velocity gradients and
shear stresses are large and a region outside the boundary layer in which velocity gradients
and shear stresses are negligible. With increasing distance from the leading edge, the effects
of viscosity penetrate farther into the free stream and the boundary layer grows (J increases

with x).
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The significance of velocity boundary layer stems from its relation to the surface shear
stress 15, and hence to surface frictional effects. For external flows it provides the basis for
determining the local friction coefficient.

Ts

Ce

Assuming a Newtonian fluid, the surface shear stress may be evaluated from knowledge
of the velocity gradient at the surface.

ou
Ts =Hoo (I1.7)
Yly—o
L.
W, Freestream 5 ()
u. _

_ > u_ Velocity
3 - 5 L= T boundary
L - oy [~ layer

||

Velocity boundary layer development on a flat plate.

Just as a velocity boundary layer develops when there is fluid flow over a surface, a
thermal boundary layer must develop if the fluid free stream and surface temperatures differ.
Consider flow over an isothermal flat plate ( ). At the leading edge the temperature
profile is uniform, with T(y) =T... However, fluid particles that come into contact with the
plate achieve thermal equilibrium at the plate’s surface temperature. In turn, these particles
exchange energy with those in the adjoining fluid layer, and temperature gradients develop in
the fluid. The region of the fluid in which these temperature gradients exist is the thermal
boundary layer, and its thickness 8 is typically defined as the value of y for which the ratio
[(Ts-T)/(Ts -Teo)]= 0.99. With increasing distance from the leading edge, the effects of heat

transfer penetrate farther into the free stream and the thermal boundary layer grows.
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The relation between conditions in this boundary layer and the convection heat transfer
coefficient may readily be demonstrated. At any distance x from the leading edge, the local
surface heat flux may be obtained by applying Fourier’s law to the fluid at y=0. That is,

oT

b= lf.—
dy
y:

(I1.8)
0

This expression is appropriate because, at the surface, there is no fluid motion and

energy transfer occurs only by conduction. Recalling Newton’s law of cooling, we see that

® =h.(Ts — Ts) (1L 9)

And combining this with Equation (11.8), we obtain

(11. 10)

Hence, conditions in the thermal boundary layer, which strongly influence the wall
temperature gradient 9T /dyl,-,, determine the rate of heat transfer across the boundary
layer.

Since (Ts-Tw) is a constant, independent of x, while &; increases with increasing X,
temperature gradients in the boundary layer must decrease with increasing x. Accordingly,

The magnitude of 0T /dy|, -, decreases with increasing x, and it follows that ¢ and h

decrease with increasing x.

. — T Free stream 5,(x)
— 1 Thermal
y [—> I boundary
O layer
— | y

AN
e DR

Thermal boundary layer development on an isothermal flat plate.
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The methods for solving a convection problem can be classified into different categories
based on the approach used to analyze the phenomena. Here is a detailed description of the
four methods you mentioned:

The analytical method involves the use of differential equations to model and solve
convection problems. This approach allows for exact solutions, as long as it is possible to
formulate and solve the equations governing fluid dynamics and heat transfer. The equations
generally used include the Navier-Stokes equations for fluid dynamics and the heat equation

for thermal transfer.

-Precise results: it allows obtaining exact solutions under certain idealized assumptions (such
as simple geometries and well-defined boundary conditions).

-Experimental verification: it provides a basis for validating experimental results.

-Theoretical analysis: it allows for understanding the fundamental mechanisms behind the

phenomenon of convection.

-Difficulty of application: the application of this method quickly becomes complex, even
impossible, for geometries or complex boundary conditions.
-Simplifying assumptions: this method often requires assumptions that simplify reality

(laminar flows, steady-state regimes, etc.).

The dimensional method, also called dimensional analysis, is based on the use of
dimensionless numbers (such as the Rayleigh number, the Nusselt number, or the Prandtl
number) to establish relationships between the different physical quantities that characterize

the convection problem.
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- Simplification: it reduces the complexity of the equations by expressing them in a
dimensionless form, which helps to identify the dominant parameters of the problem.
-Experimental guidance: it directs the experiments and allows the definition of experimental
conditions based on simple relationships between physical quantities.

-ldentification of trends: it helps to generalize results from a specific case.

-Approximations: although it identifies general trends, it does not always provide an exact
solution to the problem.
-Dependent on experience: experimental validations are often necessary to corroborate the

results.

The analogical method consists of transposing solutions from one mode of energy
transfer to another. For example, one can draw an analogy between heat transfer and mass
transfer, or between heat transfer by conduction and that by convection, using physical or

mathematical similarities.

-Extension of solutions: allows the use of known solutions for a phenomenon (for example,
conduction) to deduce results in another field (for exemple, convection).

-Ease of use: it provides an intuitive approach based on similar phenomena.

-Restricted validity: the analogy may not apply correctly to all regimes or flow conditions.
-Approximations: the solutions obtained by analogy may be less precise than those obtained

by methods specific to the phenomenon studied.

This method is based on experimental measurements and direct observations of the
convection phenomenon. Based on the collected data, empirical relationships are established
between the different quantities involved. These relationships are often guided by the results

of analytical and dimensional methods.
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-Realistic approach: it takes into account real phenomena without requiring simplifying
assumptions.

-General validity: empirical relationships can apply to a wide range of conditions and
configurations.

-Practice: it allows testing complex cases or those not analytically soluble.

-Cost and time: experiments can be expensive and time-consuming to set up.
-Deduction of laws: it is sometimes difficult to generalize results from empirical relationships.

These four methods for solving a convection problem are often used in conjunction with
each other. The analytical method and the dimensional method provide a theoretical
understanding and general trends, while the experimental method allows for testing and
validating results under real conditions. Finally, the analogical method can simplify certain

problems by using solutions derived from similar phenomena.

We can express physical quantities in terms of a limited number of fundamental
dimensions.

Examples: Speed: L.T™; dynamic viscosity: M.L-1.T™; force: M.L.T™

In these examples, we see that the number of fundamental dimensions is 3: Mass M,
Length L, Time T.

These three fundamental dimensions are not always sufficient. For heat transfer
problems, it is necessary to add a 4th dimension: temperature 6 and, when the exchange of
energy between mechanical quantities and thermal quantities is not measurable, we will add
the amount of heat Q which will be considered a 5th dimension.

The method of dimensional analysis, which is based on the principle of dimensional
homogeneity of the terms in an equation, is known as the Vaschy-Buckingham theorem or the
n-group theorem.

So all physical quantities are expressed in the following fundamental dimensions:

* The mass (kg) M

* Length (m) L

* Time (s) T

* Temperature (K) 6
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The basic variables of heat transfer problems and their dimensions are given in

Units and dimensions of variables in heat transfer by convection.

Quantities Symbol S.1. Unit | Dimensional Equation
Speed U m/s LT
Characteristic length D m L.
Fluid density p Kg/m® M.L"
Dynamic viscosity of the n Kg/(m.s) M.LETH
fluid

Specific heat capacity C J(kg.K) LT%0"
Thermal conductivity of the A W/(m.K) M.L.TZ.0"
fluid

Convective heat transfer h W/(m?.K) M.T3.07
coefficient

Temperature difference Tp-To K 0

The VASCHY-BUCKINGHAM theorem allows us to predict that the most general form of
the physical law describing the studied phenomenon will be written as:
F(my, m,, M3, m,) =0

Where the mi are dimensionless groups of the form:

m; = D2, AP, UC. pd, pue. CLh8. (Tp — Ty,)! (I.11)

The number of independent variables in the convection heat transfer problem (D, A, U, p, u,
C, h, Tp-Tw)isn=38.

According to the BUCKINGHAM theorem, we can formulate N = n - r dimensionless
variables, where (r) represents the rank of the matrix defined by the exponents of the

dimensions of the variables given in

. Equations with dimensions of the 8 quantities.

D U P v A C h | Tp-Tw
Length L 1 1 -3 -1 1 2 0 0
Mass M 0 0 1 1 1 0 1 0
Time T 0 -1 0 -1 -3 -2 -3 0
Temperature 0 0 0 0 0 -1 -1 -1 1

The matrix defined in Table 11.1 has rank r = 4. According to BUCKINGHAM, we can
therefore formulate
N =8 - 4 = 4 dimensionless parameters for heat transfer problems by convection.
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Each parameter (ni) will be formulated by potential expressions of the basic variables.

m= (L) (LM T3. 7). (LT O (L3 MY (L ML T (L2 T2 07D
(M*1.T=3.071)8.(0)!

Or with the grouped dimensions

[T[] — [M] (b+d+e+g)_ [L](a+b+c—3d+e+2f)_ [T] (—3b—c—e—2f—3g)_ [9](—b—f—g+i) (H. 12)

For m to remain dimensionless, it iS necessary to eliminate the dimensions; the
exponents in parentheses must have a value of zero, which defines the following system of

linear equations.

b+d+e+g=0
at+b+c—3d—e+2f=0
—3b—-—c—e—2f—-3g=0
-b—f—g+i=0

(11.13)

In order to determine the dimensionless parameters mi, we must solve the system of
linear equations (I1.1). For the definition of each parameter xti, we can choose four coefficients
arbitrarily (usually set to zero) and calculate the other four coefficients using the equation
(1.2).

We obtain the following dimensionless parameters for thermal convection using the

dimensional analysis method:

g =1To obtain a law of the formh=f(...)

c=d=0 The group n found will not depend on the kinetic energy of the fluid p U?
1=0 The found m group will not depend on the temperature difference Ty - Te.
Resolution of the system determining the first dimensionless group 7

With g=1 and c=d=i=0

b+d+e+g=0 bt+te=-1
at+tb+c—3d—-e+2f=0 atb—e+2f=0
—3b—c—e—2f—3g=0 = —3b—e—2f—-3g=3 (IL.14)
—-b—-f—-g+i=0 -b-f=1

=2a=1b=-1,e=0,f=0
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m; = D2.AP. U pd. pue.CLh8. (Tp — Ty, )!

With: a=1, b=-1, c=0, d=0, e=0, =0, g=1, i=0

h.D

=T = Nu = T (H 15)

m; = DA AP, UC. pd. p®.CEL h8. (Tp — Ty,)!
4 out of the 8 parameters can be chosen arbitrarily

b=0, f=0, g=0, i=0

b+d+e+g=0 d+e=0
a+b+c—3d—-e+2f=0 at+c—3d—e=0
—3b—c—e—2f—3g=0:> —c—e=0 (11.16)
—-b—f—g+i=0 i=0

= d=1, c=1, a=1, e=-1
Then

a=1, b=0, c=1, d=1, e=-1, =0, g=0, i=0

.U.D
=>m, =Re = pT (I.17)

m; = D2, AP, UC. pd, pe. CL h8. (Tp — Ty,)!
4 out of the 8 parameters can be chosen arbitrarily
a=0, ¢=0, g=0, i=0

In such a way as to retain only the characteristics of the fluid: p, p, A, C

With a=c=g=i=0
b+d+e+g=0 b+d+e=0
a+b+c—3d—e+2f=0: b—3d—e+2f=0
—3b—c—e—2f—3g=0 —3b—e—-2f=0 (I1.18)
-b—-f—g+i=0 —-b—-f=0
=b=-1, d=0, e=1, f=1
wC
> 1y =Pr=— (I.19)
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11.8. Interpretation of Dimensionless Numbers
+ The ratio of inertial forces to viscous forces characterizes the type of

flow in a pipeline.

Re = —— (11. 20)
p: density of the fluid [kg/m?],
U: average velocity of the fluid [m/s],
D: smallest geometric dimension of the problem, diameter Dh for a pipe in [m], width L for a
plate,
w: dynamic viscosity of the fluid [Pa.s].

Dy: hydraulic diameter, Dy, = % (S: surface, P: perimeter)

-Rectangular tube:
4.a.b 2.a.b

D= asb) - @a+b)

-Annular space:
_ 4le@i-Dfl _
P 4.(tD, +1.Dy)  ?

_Dl

-Space between two planes: D = 2.b

*
The ratio of the amount of heat exchanged by convection to the amount of heat

exchanged by conduction.

Nu = h.D .21
h: convective heat transfer coefficient in [W/m2.K],

A: thermal conductivity of the fluid in [W/m.K].
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+
This number compares the fluid's ability to diffuse momentum through its viscosity to its
ability to diffuse heat through its thermal diffusivity.

I Cp v
===
Cp: specific heat capacity of the fluid in [J/kg.K].

Pr (11.22)

+
Ratio of heat flux to a reference heat flux by convection.

h Nu

40 U.Cp RePr

(11.23)

+
Characterizes the flow in natural convection (replaces Re), an increase in Gr indicates an

increase in the intensity of natural convection.

B.g.AT.p2.D3
Gr=—2——"" (11.24)
n2
B: fluid expansibility in [K™],

AT: temperature difference between fluid and wall: AT = Twan — THuid

*

Characterizes the flow in natural convection (remplace Re)

g.B.AT.D3
Ra = Pr.Gr = EEEwv— (I1.25)

a=A/(p.Cp) : thermal diffusivity [m?/s],

v =/ p: kinematic viscosity of the fluid [m#s].

The knowledge of the convection coefficient h is mediated by the Nusselt number,
whose expression, yet to be determined, is a function only of the Reynolds number and the
Prandtl number (forced convection) or the Grashof number and the Prandtl number. (Free

convection).
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Nu = f(Re, Pr) Forced convection
Nu = f(Gr, Pr) Free convection(natural)
Due to the difference in flow characteristics for laminar and turbulent regimes, we present

correlations specific to each case.

The relations accounting for experimental studies of heat transfer in natural convection

are generally of the form:
Nu;, = C(Gr..Pr)® = C(Ray )™ (11. 26)

The physical quantities involved in the Grashof and Prandtl numbers must be calculated for

Too

Tp+
the average temperature PT

The exponent n will take the following values:
n=1/4 when the convection is laminar
n=1/3 when the convection is turbulent.

The value of the coefficient C depends on the convection regime as well as the geometry and

inclination of the wall. This value is given in

Constants C and n.

Geometry and C
orientation of the wall Characteristic . . :
dimension L Laminar convection | Convection turbulente
n=1/4 n=1/3
Vertical plate Height 0.59 0.13
10"<Ra <10° 10°<Ra <10"°
Cylinder Outer diameter 0.53 0.10
10°<Rap<10’ 10°<Rap<10"
Upper surface of a heated Width 0.54 0.14
plate or lower surface of Or 10°<Ra, <2x10’ 2x10%<Ra; <3x10%°
a cooled plate S/P
Lower surface of a heated Width 0.27 0.07
plate or upper surface of Or 3x10°<Ra, <3x10% 3x10'%<Ra, <10
a cooled plate S/P
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-Churchill and Chu offer for the entire Ra, range:

(11.27)

2
0.387Ra’®
1+ (0.492/Pr)8/27

Nu, = <0.825 +

This correlation can be applied to a vertical cylinder if:
D - 35
T =~ 1/4
L Grp

Churchill and Chu also propose a more precise correlation in the case of laminar flows:

1

- 0.67Ra?
Nu, = 0.68 + - (I1.28) Ray, < 10°
919
0.492\16
L+ ( Pr ) ]

Archimedes' buoyancy has two components: normal and parallel to the surface of the
plate. The reduction of the parallel component leads to the reduction of convection. The
convection coefficient can be approximately calculated using vertical plate correlations by

replacing g with g.cos(0) for 0<6<60°.

The average Nusselt number based on the cylinder diameter:

— h.D
Nup = - = C.Ra} (11.29)

C and n are constants whose values are given in Table I1.4.

Constants C and n

Rap C n
107107 0.675 0.058
10%-10° 1.02 0.148
10%-10* 0.850 0.188
10*-10’ 0.480 0.250
10"-10" 0.125 0.333

For a horizontal cylinder, the average Nusselt number for a wide range of Rayleigh
numbers has been correlated by Churchull and Chu (1975) as follows:
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2
_ 0.387Ray/° .
Nup = | 060 + 550, pry e/ (11.30) Rap < 10

For spheres, by extrapolating the results of Churchill and Chu for cylinders, the
expression for the average Nusselt number for Pr> 0.7 and Rap < 10”11 is given by Churchill
(1983):

0.589Ray) *
[1+ (0.469/Pr)®/16]4/9

Nup =2+ (11.31)

For a vertical channel with constant and identical wall temperatures, Elenbaas

determined that:

Nu, = i.Rae (E){1 —exp [— ﬁi/m]}m (IL. 32)

This correlation is semi-empirical and valid for symmetrically heated channels where:

q 3
_ e Tp — Ty )e
Nue=< /S )_ ot Rae=gB( P )

Tp — Ty /A a.v
Are the average Nusselt and Rayleigh numbers based on the spacing "e™ between the plates.

-For channels with isoflux plates, the local Nusselt numbers are defined as follows:

No. =[P\
Nu,, = <TP,L = Too> > (11.33)

L refers to the condition x=L where the temperature of the plate is maximum.

-Pour les canaux avec les plaques isoflux symétriques dans le régime complétement

développé :
1/2
Nu,,, = 0.144 [Ray (%)] (I.34)
And the modified Rayleigh number by:
., _ 8Bppe’
Rae = A al.)v

And for axisymmetric conditions with an isolated surface at the boundary:
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1/2

Nugy, = 0.204|Ray (E)] (I1. 35)

Azevedo and Sparrow conducted experiments in inclined channels filled with water. For the
conditions of isothermal plates and isothermal-insulated plates for 0<0<45° within the limit of
Rae(e/L)>200, the average Nusselt number is given by:

e\11/4
Nue = 0.645 [Ra, (I)] (IL.36)
And the properties of the fluid are evaluated at the film temperature. : T; = %
T, — T,)L3
Ra, = gB(hi ~ I 1 o0g
d. VvV
Lorsque les surfaces sont verticales
e For low aspect ratios [Catton]
H
o Pr 028 rpr.—1/4 2 < L <10
Nuy =022 [RaL (0.2 n Pr)] [E] (I1.37) Pr < 10°
103 < Ra;, < 101
e For very low aspect ratios [Catton
. 1<2<2
JNu,, = 0.18 [Ra, (- ZP:PF)] (IL.38) 10-3 < Pr < 10°
’ 103 < Ray,.Pr
0.2+Pr
e Pour de grands rapports de forme [McGregor]
H
-03 10 < I <40

L H
_ 1/4 0.012 |__
Nu;, O.42.RaL .Pr [L] (I1.39) 1 < Pr < 2x10%

10* < Ra;, < 107

Pour une large plage de rapports de forme[McGregor]

1< 2 <40
Nu, = 0.046.Ra’? (I1. 40) 1 < pr <20
10 < Ra;, < 10°

. T.+T
-For all these correlations T =-—2-2
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a)- Laminar regime

In the fully developed region, the Nusselt number Nu is characterized by:

Nup = 3.66 uniform temperature T, = Cte
{ Nup = 4.36 uniform flux density ¢, = Cte

In the entry region, the energy equation is more difficult to solve, and only two
analytical solutions have been obtained. In the thermal entry region, the average Nusselt

number Nup is given by Edwards' correlation.(1979)

0.065.Rep. Pr.%

Nup = 3.66 + L
1+ 0.04(Rep. Pr. f)2/3

.Tp = Cte (I1.41)

We can verify that for L—o0, Nup=3.66

For a developed laminar flow, Sieder & Tate (1936) propose
1/3 0.14
) <i> 0.48 < Pr< 16700 (1.42)

D
Nup = 1.86 (ReD.Pr.—
Hp

L

b) - Turbulent regime
Turbulence homogenizes the temperature at the core of the flow, and a strong thermal

gradient is observed near the walls. Empirical correlations are quite numerous.
We will only mention:

-Colburn correlations:
1
Nup = 0.023.Red8. Pr3 (I1.43)
0.7 <Pr <160
Rep > 400
x/D =10
-Dittus—Boelter correlation(1933)

Nup = 0.023.Rel8. Prn (1. 44)
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0.7 <Pr<160
Rep = 10000
= > 10
D=
. n=0.3 cooling T, >Tp
With {n = 0.4 heating Tn <Tp

In the entrance region of a fully developed turbulent flow (x/D<10), the Colburn correlation

must be corrected as follows to account for the variation in the velocity profile:

D 0.7
Nup = 0.023.Rel8. Prt/3 [1 + (;) l (11. 45)

c)- Non-circular tubes
If the cross-section of the tube is not circular, a first approximation can be used by replacing

the tube's diameter with its hydraulic diameter (Dy), and it is this diameter that is used to
determine Rep and Nup.

4.5
Dh=_

S is the passage section and P the wetted perimeter.

Example: rectangular duct with sides a and b

4.a.b 2a.b
Dh = =
2(@+b) (a+Db)
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During the flow of air at Too=20°C over a plate surface maintained at a constant temperature
of Ts= 160°C, the dimensionless temperature profile within the air layer over the plate is
determined to be

Ts— T

—-ay

Where a=3200 m™ and y is the vertical distance measured from the plate surface in m.
-Determine the heat flux on the plate surface and the convection heat transfer coefficient.

Airflow over a flat plate has a given temperature profile. The heat flux on the plate surface
and the convection heat transfer coefficient are to be determined.

Assumptions

1 The given nondimensional temperature profile is representative of the variation of
temperature over the entire plate.

2 Heat transfer by radiation is negligible.

Properties

The thermal conductivity of air at the film temperature of

Tf=(Ts + T7)/2 = (160°C + 20°C)/2 =90°C is k = 0.03024 W/m-K.

Analysis
Noting that heat transfer from the plate to air at the surface is by conduction, heat flux from

the solid surface to the fluid layer adjacent to the surface is determined from

) ) i oT
q9 = Gcond = —Kfuid- 3
dy y=0

Where the temperature gradient at the plate surface is

T
oyl (Ts — Too)ale™]yog = (Ts — To,)(—a) = (160 — 20)(—3200)
y=0
= —4.48x10°°C/m
Substituting, the heat flux is determined to be

g = —0.03024x(—4.48x10%) = 1.35x10*W /m?

Then the convection heat transfer coefficient becomes
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~Hsuuia (35)
. fluid \ 5y y=0 _ —0.03024x(—4.48x10%) — 96.8W/m% K
o Ts=T, 160 — 20 - e

By following the approach used in forced convection, perform a dimensional analysis to

derive the expression for the Grashof number in natural convection.

The quantities related to natural convection are:

* Fluid characteristics: A, p, 1, Cp, B, g, AT

*Temperature difference in the boundary layer AT

*Geometric characteristic of the wall: length L

We therefore have n=7 physical quantities, which are expressed using k=4 fundamental units:

M, L, T, 6 (mass, length, time, and temperature).

By applying the Vaschy—Buckingham theorem, with n-k=3 we write the relationship with the
dimensionless groups 1, T2, 73!

l.I](T[l, 1T2, T[S) = 0
By choosing 4 base quantities Af, p, u, L, these three groupings are expressed:

m = A2 pPL pct 191 h
M, = A%%,pP2, u°2 192, 8. g. AT
My = A3, pP3.ue3. L93,. Cp

a) The dimensional equations of the different parameters are:

[L]=L, [p]=Pas=MLLT[A]=WmlLK!1=ML1LT3.01
[Cpl =].kg L. K1 =12T2.07!,[h] =W.m 2K 1 =M. T 3.971
[p] = M.L73,[gBAT] = L. T2

By writing the dimensional equation of the group n2 (the one that involves BgAT), we obtain:

[m,] = (M.L"LT3,071)%2 (M. L™3)P2, (M. L"L. T~1)2. (L)%, (L. T™2)

T, = [Ma2+b2+c2_La2—3b2—c2—d2+1_T—3az—c2—2_ e—az] =1
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The exponents are the solution to the system:

a2+b2+c2=0

a2 —3b2—-c2—-d2+1=0
—3a2—-c2—-2=0

a2 =20

We find: a,=0, b,=2, c,=-2, d>=3. This therefore leads to:

_ B.g.AT.p?. L3
Ty, = A?.pz.u 2.L3.B_g_A9 = T
With the kinematic viscosity of the fluid v=pw/p :

B.g.AT.L3
vZ

m, =
The grouping m; is called the Grashof number:

_ B.g.AT.L?

Gr
VZ

In a cylinder with a diameter of 4 cm, air flows at an average speed of 26.5 m/s.
-Calculate the heat transfer coefficient h given that:
p=1,2 kg/m®, Cp = 0,24 kcal/lkg°C, n = 1,9 10°Pa.s,k = 6,2-10°kcal/m s °C

Nu = 0,023 Re *&.pr%*

Air 26.5m/s

_wCp  19. 1075 0,24

Pr="— 6.2 . 10-6

= 0,735

_pupd_ 265.004 .12

Re L 19.10°5

= 66947

Nu = 0,023 Re %8.pr®4=1475

Y
YK

=>h=2,286 .107% [kcal. m~2.s71.°C1]
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A thin plate with a length of 3m and a width of 1.5m is subjected to an air flow at a speed of
2.0m/s and a temperature of 20°C, in the longitudinal direction. The temperature of the plate
surfaces is 84°C. It is requested to calculate:

1. The heat transfer coefficient by convection along the length (for Pr=0.71);

2. The heat flux transmitted by the plate to the air.

The characteristics of the air at 20°C are:

p=1.175 kg/m?, u=1.8x10"° kg/m-s, k=0.026 W/m-K, and Cp=1006 J/kg-K.

1. The convective heat transfer coefficient h:
-The nature of the flow:

_p.Lu_1175.3.2

R =
©=7u T180.10

= 391666,67 < 500.000

= The flow is therefore laminar, we apply in this case:

h.L 0,66.Re%>, Pro33 k
Nu = < = 0,66.Re%>. Pro33 = h = 3

b= 0,66.(391666,67)%°.(0,71)%332.0,026

3 = 3,1972W/m?.K

1. The heat flux transmitted by the plate (the latter has two walls, lower and upper) to the air
is given by:
¢ =2.h.S(T, — T,) = 2.3,1972.(3.1,5). (357 — 293) = 1841,587W

Calculate the amount of heat transmitted by the flow of water moving in a forced manner
through a coil made of a tube with a diameter of 20mm. The water flow rate is 0.28 kg/s and
its temperature is 120°C. The temperature of the inner wall of the pipe, which is 4 m long, is
considered constant and equal to 95°C.

The characteristics of water at 120°C are:

p=945.3 kg/m®, p=2.34x10"* kg/m.s, k=0.68 W/m.K, and C p =4250 J/kg.K.

The convective heat transfer coefficient h:
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The nature of the flow:

D
Re = p-1
m
CpSusu=" 0.28 = 0,943
Q=pSu=u="c= s m ooz »Hm/s
o.u.D 9453 . 0,943 .0,02
Re = - = 76189,56 > 2300

M 2,34. 1074
The flow regime is therefore turbulent

L
D > 60, 1000 < Re < 120000 etPr > 0,7

L 4
1000 < Re < 120000; D= 0,02 = 200> 60

_wCp 2,34 107*. 4250

P =1,45> 0,7
=% 0,685
h.D 0,023 .Re%8 . Pro33 k
Nu = = = 0,023.Re%8.Pr%33 = h = 5

0,023 .(76189,56)%8 . (1,45)%33. 0,685
h= 0,02

= 7164,01W/m?.K

The heat flux transmitted by the water (to the inner wall of the tube) is given by:
@ =h.S.(T.—T,) = h.m.D.L.(T. = T,) = 7164,01.m. (0,024). (393 — 368)

@ = 45,012kW

The wall of a building is 6 m high and 10 m long. Under the heating due to the sun, its outside

temperature reaches Tm=40°C. The ambient outside temperature is Tair = 20°C.
We provide the following physical properties of air at a temperature of 30°C:
*Density: pair = 1.149 kg m—3

*Thermal conductivity: As = 0.0258 W m *K™*
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*Dynamic viscosity: par = 18.4x10—6 Pa s
*Specific heat capacity: Cpair = 1006 J kg—1K-1

Calculate the heat flux exchanged by convection between the wall and the air.

In natural convection, such an exchange is calculated by experimental correlation:

Nu = C(Gr.Pr)"
The Grashof number is:
_ B.g.AT.pZ,.13
ugir
=0,0029K 1, g =9,81m.s™1, AT = 20K, p, = 1,149kg.m™3,

Gry,

1
(273+30)

Wlth . Bair =
T 18,4.107° Pa.s,L = 6m
air

We obtain:
_ 0,0033.9,81.20.(1,149)%(6)3

- — 5,45 .10
L (18,4 .10-6)2

The Prandtl number

Wir CPair 18,4 .106.1006
Pr = = = 0,718
T 0,0258

We then calculate the product Gr.. Pr=Ra, which determines the natural convection regime
(laminar or turbulent), the critical value being 10°:

Gr..Pr = Ra, = 5,45.10'1.0,718 = 3,91.10%!

We are therefore in a regime of turbulent natural convection and we use the coefficients

C=0.10 and n=1/3 in the previous correlation. We deduce the value of the Nusselt number:
h.L
Nug, = 3— = C(Gr..Pr)" = 0,10.(3,91. 1011)1/3 = 731
air
Thus, the convective heat transfer coefficient h is:

_ A4r-Nu _ 0,0258.731
L 6

So the heat flux exchanged over the entire surface S is:

¢ =h.S. (T, — Tair)

h =3,14W.m 2 K1
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Let
¢ =3,14.6.10.(40 — 20) = 3768W

A horizontal pipe with an outer diameter of 0.1m, used for transporting high-pressure steam,
runs through a large room where the air and wall temperatures are 23°C.

The outer surface of the pipe at a temperature of 16.5°C and an emissivity of 0.85.

-Estimate the thermal flux released by the pipe per unit length.

165+23

Air: Ty = =94° , A=0,0313W.m™! ,v=228m%s !a=328.10"°m2s?

and Pr = 0,697

1 3
_ gB(Tg — T,)D3 3 9,81. W(165 —-23)0,1

= =5,073.10°
a.v 32,8.107¢ .22,8.107°

RaD

Nue = (064 0,387.(5,073.106)/¢ 2_23 \
N [1+ (0,559/Pr)9/16]8/27 | — ==

_ Nup.A 233 .0,0313
D 0,1

=7,29W.m 2 K1

@eony = h.T.D. (Ts — T,) = 7,29.1.0,1. (165 — 23) = 325W. m™1
@raq = £.0.T.D. (T¢ — T4) = 0,85.5,67.1078.10.0,1. ((165 + 273)* — (23 + 273)%)
= 441W.m™!

© = Qeony + Praq = 325 + 441 = 766 W.
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Any heated body emits electromagnetic radiation from its outer surface, the power of
which depends on its temperature; this is thermal radiation. The spectral analysis of this
radiation shows a majority of short wavelengths at very high temperatures and a majority
of long wavelengths for temperatures below 500 K.

All bodies, regardless of their state: solid, liquid, or gas, emit radiation of an
electromagnetic nature. This emission of energy occurs at the expense of the internal
energy of the emitting body.

Radiation propagates in a straight line at the speed of light, and it consists of

radiations of different wavelengths as demonstrated by William Herschel's experiment:

absorbent screen

Principle of William Herschel's experiment.

Passing through a prism, the radiations are more or less deviated according to their
wavelength. We therefore send the radiation emitted by a source at temperature T, onto a
prism and project the deflected beam onto an absorbing (blackened) screen, thus obtaining
the decomposition of the total incident radiation into a spectrum of monochromatic
radiations..

If a thermometer is moved along the screen, it measures the temperature Te
characterizing the energy received by the screen at each wavelength. By constructing the
curve Te = f(A), we obtain the spectral distribution of the radiated energy for the

temperature T, of the source. It is then observed that:
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- The emitted energy is maximum for a certain wavelength A, that varies with To.

- Energy is emitted only over a wavelength interval [A;, A,] characterizing thermal
radiation.

The different types of electromagnetic waves and their corresponding wavelengths
are represented in . It should be noted that the thermal radiation emitted by

bodies ranges between 0.1 and 100 pm. It should also be noted that radiation is perceived

by humans:
- By the eye: for 0.38 um <A < 0.78 um visible radiation.
- Through the skin: for 0.78 um <A <314 pum infrared radiation (IR).
! Thermigue logselA)
[ I [ [ I R I T
1 1 11 T A N R N N N N R R
-0 9 48 716 5 4 3 2 -1 0 1 2 3 405
— 1 xi ik i
" i il i |" T :
! P : i
! b1 visible | :
o I H
E_;lﬁ:ruware Fadio wave TElEplanE;:'

Spectrum of electromagnetic waves (A in m).

I11.3. Classification of bodies subjected to radiation
Depending on the nature of the body and the wavelength of the incident radiation,
one of three phenomena reflection, transmission, and absorption may be predominant.

111.3.1. Transparent Bodies

The propagation of thermal radiation occurs in a vacuum in a straight line, and at the
speed of light (c=3x10® m/s), without any decrease in the transported energy. It is said,
therefore, that a vacuum is a perfectly transparent medium. When radiation does not
undergo any attenuation while passing through a medium, it is said that the medium is
transparent to that radiation; this is also the case for certain simple gases (O3, Hz, Ny) in the

visible and infrared ranges.
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The vast majority of solids and liquids are said to be opaque because they stop the
propagation of any radiation right at their surface: these bodies heat up by absorption or
radiation.

On the other hand, some bodies are partially transparent because the electromagnetic
wave can propagate through the medium in question. The propagation is accompanied by
electromagnetic absorption that increases the energy of the medium traversed.

Let ¢; be the incident flux, ¢, the reflected flux, ¢t the transmitted flux, and ¢a the

absorbed flux, the conservation of energy is written as:

¢; = & + by + P (1I1. 1)

b b,

b 4

Decomposition of the incident flux.

Let's ask:
p= E reflection factor
¢;
_ $a :
o = — absorption factor

i
ol .
T = — transmission factor
i
The conservation of energy is written as: p + o + © = 1. These parameters
characterize the behavior of a body in relation to the received radiation. The coefficient is
important in thermodynamics: it measures the proportion of conversion of incident

electromagnetic radiation into thermal energy.
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The coefficient a is low for polished and non-oxidized metal surfaces. It increases for

bodies that appear black but always remains less than one.

The flux of a source S is called the power radiated, denoted ¢ by S, in all the space

surrounding it, across all wavelengths. The flux ¢ is expressed in W.

- The flux sent by a surface element dS into an elementary solid angle dQ is denoted
d%p

- The flux sent throughout space by an elementary surface dS is denoted de.

- The flux sent by a surface S in the solid angle dQ surrounding the Ox direction is
denoted dox.

We therefore have the following relationships:

d(p=f d?¢ et cp=f d(p=J- doy (11L. 2)
S Q

It is the total flux emitted per unit area of the source:
s (i)

~ds \m?
d¢&l—,[\
}d‘s

Emittance of a source, in W/m2.

M (111.3)

A surface element dS emits a certain flux of energy by radiation in all directions of
the half-space. This flux is distributed over a range of wavelengths. If we consider the
energy flux de}t% emitted between the two wavelengths A and A+dA, the

monochromatic emissivity of a source at temperature T is defined by:
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A+dA
depz)”

Mar = 35 an

(111 4)

It is the heat flux density emitted by radiation by dS over the entire spectrum of
wavelengths. It is no longer a function of the temperature T and the nature of the source:

A=c0 d([)
A=0

The solid angle dQ characterizes directions originating from a point and contained
within a portion of space. He is to space what the angle is to the plane. The solid angle
under which a surface X is seen from a given point O is equal to the area cut out on a unit

sphere by the cone with vertex O surrounding the surface X.

1

7/ . ds
0 Q . ds

Sy S

R=OM._

n

o]

R~ OM~.

Construction of the solid angle Dw. . Projection of any
surface onto a sphere of radius R.

To evaluate dQ, let's construct the sphere centered at O with a radius of R=OM. The
projection of the surface element dS onto the sphere of radius R=0OM cuts out a spherical
cap dS’. The solid angle is equal to the surface projected from the surface dS onto the unit

sphere.

B ds’ _dS.cos8

d=17="xe

(Stéradian Sr) (111. 6)

Let there be a direction i that makes an angle 6 with the normal to the surface of an

emissive body. If don is the fraction of flux radiated in the elemental angle dQ, the total

Page 78



Heat Transfer by Radiation

energy intensity of a source in the direction 1 is called the flux radiated per unit solid angle
in that direction. It is expressed in Watts per Steradian. (W.Sr™).

(I11.7) N, o = ds/D?

Intensity of a thermal source

We define the luminance L, of a surface area dS source, in the direction 1, as the
quotient of the intensity I, of the source in that direction, by the apparent surface area dS’

of the source in the same direction.

Bt I,

Ln = ds’ ~ ds. coso

(111.8)

) dS cos (0)
Luminance of a source in a direction

En effet, vu de la direction 1, tout se passe comme si le flux était émis par la surface
projetée dS’=dS.cosf. En introduisant la définition de I’intensité (I,), la luminance

s’exprime par la relation :

Indeed, from the direction 1, everything happens as if the flux were emitted by the
projected surface dS’=dS.cosf. By introducing the definition of intensity (In), luminance
is expressed by the relation:

do
dﬂn _ d*Pn

L. = -
" dS.cos® dQ.dS.cosb

(111.9)

Page 79



Heat Transfer by Radiation

The concept of emittance is replaced, for incident radiation, by the illumination of
the receiving surface. The spectral illuminance E; (W.m?2.um™) is the rate of transfer of
radiant energy received at the wavelength X in all directions per unit of receiving surface
area, per unit of wavelength d around A.

This is how we refer to the total flux received by the receiving surface unit:

_ (" _do
E_L Ex dA = (111. 10)

llluminance E is expressed in W.m?.

It is therefore the flux density arriving on the unit receiving surface dS, coming from the

half-space visible from this surface.

It is said that a source follows Lambert's law (or that it is diffusely emitting) if its

luminance does not depend on the emission direction. Most emissive bodies verify this

property.

L.=L

A black body is an object that will absorb all incident radiation striking it, without
reflecting or allowing any fraction to escape, regardless of the wavelengths and directions
of propagation. Similarly, a black body will be capable of radiating at each wavelength the
maximum amount of thermal energy theoretically storable in this frequency band at a
determined temperature level T. Such a body, thermally ideal, does not exist in nature.

In all that follows, the quantities related to the black body will be assigned a

superscript "0". Thus, for example, the monochromatic emittance of the black body at the

wavelength A will be denoted M}.
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This law relates the monochromatic emittance of the black body M} to the wavelength A
and its absolute temperature T. She expresses herself in the form:

0 2m.h.C2. 173
MY = (1L 11)
ekAT — 1

With:

C = Co/n: n is the refractive index of the medium, and Co = 2.9979 x 10® m/s
« h: is Planck’s constant, h = 6.6255 x 10 J.s
« k: is Boltzmann's constant, k = 1.3805 x 102% J/K.

When radiation propagates in a medium whose refractive index is equal to one,
which is strictly the case for a vacuum, and for air in the first approximation, PLANCK's
law can be expressed in the following simplified form, which is the one that will be used in
everyday practice:

C, A5

MY = (111.12)

eCZ/AT -1

C; and C; are two physical constants whose values are given, in Sl units, in the following

The values of physical constants.

T & C, = 2mhC? _ h¢, M;
©2=5

K m 3.741 .10 wW.m? 0.014388 m.K w/m?

K| um 3.741 .10° W.um?/ m? 14.388 ym.K W/(m?.um)

Figure 111.9 below represents the curves of variation of the monochromatic
emissivity of a black body, calculated using relation (111.12), for various values of the
absolute temperature of this black body. Each curve shows a maximum at a certain

abscissa Am, which is more pronounced the higher the temperature T.
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M (1)

£n

Wim?. pm)

AN oEn Mt
Monochromatic Emittance of the Black Body.

111.7.2.2. Wien's Laws

The abscissa Am of the maximum of M2 shifts towards shorter wavelengths as the

temperature increases. This is what the "displacement law" of expresses:

. T=2898 um.K  (111.13)

This law provides the value of the maximum M . as a function of T. She expresses
herself in the following way:
MY, =B.TS (111 14)

The constant B is given in the following

The values of constant B

T A B MY
K m 1.287 .10° W/(m®.K>) w/m®
K {m 1.287 .10 W/(m®.um.K®) W/(m?.um)

111.7.2.3. Stefan-Boltzmann Law
This law provides the total emissivity of black body radiation in a vacuum, as a
function of its absolute temperature. We can establish it by integrating over the entire

spectrum, the relation (I11.11) expressing
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The Is expressed by the relation:

M°=0.T*  (IIL.15)

o is the Stefan-Boltzmann constant, whose expression and numerical value are given in the

following

The value of the Stefan-Boltzmann constant.

2m® k* T M°
°~ 15 C2n?
5.67.10° W/(m”.K% K W/m?

The evaluation of the emissive properties of real substances is done in relation to
those of a black body placed under the same temperature and wavelength conditions, using
coefficients called emissivities, total or monochromatic, hemispherical or directional.
Thus, the total and monochromatic emittance of a given real surface will be provided by

relations of the type:

M=2eM? et M =¢g.M;

Relations in which ¢ is the hemispherical emissivity of the body, and e, its
monochromatic emissivity at the wavelength A.
As for the luminances L and L, of the body, they will be related to those of the black
body by the relations:
o MO M}
LOX = &ox- L° = EOx-? et LOX,?\ = EOX,)\'?
In which gox is the total directional emissivity of the body, and eox; its monochromatic

directional emissivity.

Simplifying assumption: all surfaces present will have emissivity independent of the
emission direction and wavelength, just like a black body, but at lower energy levels. Such
bodies can then be classified as gray, and will be characterized in terms of their radiative

properties by the following relations: eox = € ox). = € = Constant.
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The total emissivity of a gray body will then be deduced from that of a black body
given by the Stefan-Boltzmann law:

\'\
M=¢o0.T* en (Ill. 16)

below provides some values of emissivity &.

The emissivity values.

Nature of the substance Emissivity €
Refractory 0.8

Reflective paint 0.3

Polished Iron 0.15 (a20°C) a 0.35 (a900°C)
Polished Aluminum 0.05

Oxidized Aluminum 0.15

This law establishes a relationship between the emissive and absorptive properties of
a body. To demonstrate this, we consider a body placed in a closed enclosure whose walls
possess the properties of a black body. The entire system is in thermal equilibrium at a
uniform temperature T, and the body in question therefore neither gains nor loses heat.

Under these conditions, a surface element dS of the body emits in a solid angle
element dQ surrounding a direction Ox inclined at an angle [ to the normal a

monochromatic flux:

|d2@oxa]. .. = €oxa L3 dS cos dQ (111.17)

émis
Simultaneously, the surface dS receives, in the same solid angle dQ and at the same
wavelength A, a flux emitted by the black body which has the value :

L) dS cos6 dQ (III. 18)

The body in question will therefore absorb part of it:

|d2®oxal o peq = Toxa L3 dS cosb dQ (111.19)

The thermal equilibrium of the body implies the equality of emitted and absorbed fluxes,

hence the following relationship that expresses Kirchhoff's Law:

EOX,A = 0(OX,?\
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In the case where the radiations emitted and received by the body are perfectly
distributed over all directions of the hemispherical space (case of diffuse emission and
illumination), the previous Kirchhoff law is also applicable to the hemispherical
monochromatic properties:

&y = Qy

It is generally not possible to extend Kirchhoff's law to the total radiation emitted and
absorbed by any body, and therefore to consider that o = .
Indeed, the total emissivity (T) of a body is defined by the relation:

M(T) [, & M3 (T) d)
MO(T) o T4

e(T) = (111 20)

This function (T) is a characteristic property of a single emitting body, depending
on its monochromatic emissivity &, and varying with its temperature T. On the other hand,
the total absorption coefficient of the same body is the fraction a absorbed by the body,
over all the incident wavelengths. If E; is the monochromatic illumination falling on the
body, we have:

L J,” oy Ex dA ~ J," o By dA
[Eydr E

(1. 21)

The absorption coefficient o therefore also depends on the body in question, through
the oy, but also on the spectral composition E, of the received radiation, and thus ultimately
on the nature and temperature of the body that emitted the absorbed radiation.

That is why the total absorption coefficient o cannot be an intrinsic characteristic of a
body, as its total emissivity ¢ is.(T).

Generally speaking, we will therefore have: a # & There are two important

exceptions to this situation:

-The black body, defined by the properties: €, =1 and o, = 1 for all A
It immediately follows that: € = a

-Grey bodies, defined by the property: €, = € for any A

The relation: &, =a, therefore leads to: o, = ¢ for any A,

That is to say: € = a.

Page 85



Heat Transfer by Radiation

In general, in a real case, several bodies are placed in mutual interaction. Each body
emits radiation in all directions of space and receives complex radiation that is the result of
direct emissions from the bodies surrounding it and a large number of reflections
depending on the considered geometry.

Although an exact and precise calculation is generally difficult, standard geometries
can be considered to analyze radiative exchanges in order to determine the net exchange
flux. These particular cases also require having information on the behavior of the surfaces

and volumes considered with respect to radiation: black body, opaque, gray, or transparent.

The equation:
d%¢p,_, = L%, dS; cosp; dQ;_,, (111.22)

describes the total flux emitted by a surface element dS; of a black body in the solid angle
dQ,_,,(direction D).

With:
dS, cosf3,
40, = =2 (111.23)
So
M2, dS, cosB; dS,cos
A2, ., = 7TT1 1 .3212 2€0Sf3; (1L 24)

Let there be a second black body whose surface element dS; intercepts the radiation
emitted by dQ, —1. So when body number 2 is a black body, this flux is completely

absorbed. Simultaneously, dS, (at the temperature 2T;) emits towards dS;:

M2, dS, cosB; dS,cos
A2, ,, = RTZ ! 832 2€05P; (111. 25)

Le bilan de I’échange est :

dz(|)12 = dz(|)21 = d2¢1—>2 - ((1123(')2_)18 ds g
1 COSP4 2COS[35
=o(T} = T;) —

(111 26)

By integration, one obtains The total flow exchanged between S; and Sy:
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dS, cosB; dS,cos
Py = o(TF — TP) ff 1 cosP 2 i (111. 27)
m.d
S, S,
b1 = 0(T14 - T24)-S1F12 = 0(T14 - T24)-52F21 (111.28)

With

dS, cosB; dS,cos
S Fy, = S,F,y = ﬂ ! il pE 2€05B, (111. 29)
51 SZ .

F12 and F,; are purely geometric and dimensionless quantities.
F12: Form factor under which S; sees S,
F21: Form factor under which S; sees S;

As a result, the problem of calculating exchanges is reduced solely to the calculation of
these shape factors.

We define form factors by:

dS; cosf; dS; cosp;
SiFy; = SFji = ff : i‘ d2] Py (111.30)

Si S
The form factor Fij is also the fraction of the hemispherical flux that reaches Sj from Si:

i

=g

(1. 31)

Let a surface Sj be decomposable into two surfaces (Sj1 and Sj2), the integral operator being
a linear operator, we obtain the relation:

The symmetry of the expressions of F1, and F,; leads to the reciprocity of the form factors.

Sl' F12 = Sz. F21 (III. 33)
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In a closed enclosure, the flux emitted ¢; by a surface i is likely to be received by the n

surfaces that constitute the surface (the surface i understand ).

n n n
S0,=) @ = Z Fi;j®; = ¢i2- Fj; (II1. 35)
j=1 j=1 j=1

Fromwhere, Y7 F;j=1

111.9.1.3. Estimation of form factors

There are several calculation methods to estimate the desired form factor. For

example, we cite:
- Use of reciprocity and enclosure relationships. This method is only possible for

simple cases.
- Use of formulas and charts(see Appendix R.3, R.4, R5).

111.9.1.4. Representation of radiative exchanges between black surfaces by electrical

analogy
The relationship expressing the net flux exchanged between two black surfaces

¢1,2 = U(T14 - T24)51-F12 = (Mf - Mg)sr F12 (IH- 36)
From where:
b1
M2 — M9) = — [11.37

v v .

g_' | X Rg 2 l' E
My ou 1/(5) Fyy) g

1/(52 F,,)

111.9.2. Radiative exchanges between opaque gray surfaces separated by a perfectly
transparent medium.

Radiative exchanges between gray surfaces are more complex because the surfaces
reflect by radiation, leading to multiple reflections in a closed enclosure. A new concept is

being used: it is the radiosity J.
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DA

The radiosity of the surface is the sum of the emitted flux and the reflected flux per unit

area.
] = @e + @ (1. 38)

From where:

@, =pE=(1—-aE=(1—-¢)E (For the gray body: a = €)

Case of two infinite parallel planes (total influence):

. _

5 82
For S; we have:
Qe =@, =¢.0.T} (111. 39)

or =1 —¢2).];

J, constitutes the illumination of Sy, J; constitutes the illumination of S,:

Ji=¢1+]-(1—&) (111. 40)
Jo =@, +]1- (1 — &) (111 41)
The final expression of the illuminances is:

@1+ (1 —¢g)o,

= I11.42
T TTa—ea-e) (1 42)
@z + (1 —g)¢,
= I11.43
TGPy ey (1H-43)
The flux @12 Is written as:
&€&
P12 = S19012 =511 —J2) =5 1—(1— ;;(1 — ) o(T¢ = T;)

(111. 44)
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b12 _ . €18 4 4
s =Ui—) =1 TGS o(TH—T3) (111 45)
With: S; =S, =S

For this type of body, we must introduce the transmission 1, the balance becomes:

a+tp+t=1 (111. 46)

When a radiation @g penetrates a semi-transparent medium, it gradually diminishes
through absorption; between x and x + dx, it will have lost a certain percentage of its value
at x. If this percentage is proportional to dx, we will have:

9 _ 1 (111. 47)
o) '

And after integration
P(x) = poe™™™  (1I.48)  (Beer-Lambert law)

In fact, the problem can be decomposed into a sum }; ¢, (x) with a coefficient K; for each

wavelength:

dr(x) = pre™*  (111.49)

A gas layer of thickness L will therefore absorb (not to be confused with L the luminance):

$abs = Po — b = Po[1 — 7] = by o (111.50)

a, = 1 — e KL s therefore the absorption coefficient of the L layer. The transmission

factor will therefore be:

=e X =1-q (111.51)

The extension of Kirchhoff's law for gases of thickness L is written as

gL = oy = 1 —ekab (111. 52)

Gases are not gray bodies: g, # ay,
Indeed, &_depends on the temperature of the gas, whereas o, depends on the temperature

of the absorbed radiation.

Page 90



Heat Transfer by Radiation

For a black body maintained at 115°C, determine:
1. The total emissive power
2. The wavelength at which the maximum spectral emissive power occurs.

3. The maximum spectral emissive power.

M? =06.T* =5,67.1078.388* = 1285W.m™?

2897,6

Amax. T = 28976 = Apax = —3o— = 7,47um
(M) = 3,742.10°A°°  3,742.10%.7,47°° 113,06 Wom-2. w1
M max = (1,439.104>_1_ (1,439.104)_1‘ atiatl

Xp AT €XP\ 747388

A 100 W lamp is powered at 220 V. It consists of a tungsten filament placed at the center
of a spherical bulb with a diameter of 8 cm, inside which a vacuum is created. For the light
to be sufficiently white, the temperature of the filament must be 2600 K.

1) Determine the diameter and length of the filament if the total hemispherical emissivity
factor of tungsten is 0.3 (tungsten resistivity 88 pQcm).

2) Determine the power radiated in the visible range (between 0.4 and 0.7 um) if the
hemispherical spectral emission factor is 0.45 in this range.

3) What is the power absorbed by the bulb assuming the glass is perfectly transparent up to
2.7 um and behaves like a black body beyond that, given that the hemispherical spectral
emission factor of tungsten is 0.2 in the entire range beyond 2.7 um?

4) Determine the temperature of the bulb if the total hemispherical emissivity factor of the

glass is 0.93, neglecting heat losses due to natural convection.
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1) Determine the diameter and length of the filament if the total hemispherical
emission factor of tungsten is 0.3 (tungsten resistivity 88 uQcm).
2)
M2 =er,.0.T*=10,3 . 5,67.1078.2600* = 7,77 .10°> W/m?

@ = S.M% = 100W

100 100
MO 7,77.105

S=mn.D.L =

D.L=4.10"5m?

The electrical resistance of the wire is:

2 2
Re =5 =20 = 4840

R, = péz 4840

4

L
ﬁ=43197 .10* m™!

L=0,898m,D =4,56 10"5m

2) the power radiated in the visible range (between 0.4 and 0.7 um) if the hemispherical
spectral emission factor is 0.45 in this range:

0,7 0,7 0,4
Piisible = S. M3 rdA = S. €yisible < f M3 pdA — f M?\O,Td)‘>
0,4 0 0

= S. &yisible- (F0—0,7.T - FO—O,4.T)- 0. T*

A = 04um et T =2600K > A;.T =04 . 2600 = 1040um.K — Fo_q ;7 = 0,0005
A =0,7um et T =2600K > 2,.T =07 . 2600 = 1820pum.K - Fo_o 1 = 0,0418
Poicibie = T D. L. £y1cip1e (0,0418 — 0,0005).5,67 .10~% . 2600*

Poicbie =T 4,56 .1075.0,898. 0,45.(0,418 — 0,0005).5,67.10~% .2600* = 6,2W

The calculation can be done differently:

Prota = € . S.0.T* =P = 100W
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The total power radiated by the wire is:

¢ o s P_100
.O. —8—0’3

Evisible

Piisible = S- Evisible- (F0—0,7T - F0—0,4T)- c.T* =P, (Fo 0,71 — Fo- 04T)

3) the power absorbed by the bulb assuming that the glass is perfectly transparent up to 2.7
um and behaves like a black body beyond, assuming that the hemispherical spectral
emission factor of tungsten is 0.2 throughout the domain beyond 2.7 pm:

Puat = S-2uisvie- (1 = Fo_a71).0. T = P22 (1 = Fy_y ;1)

A; =2,7um et T = 2600K = A;.T = 2,7 . 2600 = 7020um.K
80,97

= Fo_z71 = W = 0,8097

0,2
Ps = P. lf(1 Foozr1) = 100.ﬁ(1 —0,8097) = 12,7W

4) Steady state: the power absorbed by the glass is equal to the power radiated by the glass
to the outside, hence:

Sglass- €glass - O- T glass — P1nf =12,3W

With egiass, the total hemispherical emission factor of the glass.

12,3 12,3

T = =
Sglass- Eglass- O 0,93 . 5,67.1078 . 4 .m.(4.1072)2

glass

Thass = 1,16 . 101°K K = Typoee = 328K

A cylindrical furnace with a diameter of 75 mm and a height of 150 mm is open at the top
to an ambient temperature of 27°C. The lateral and bottom surfaces (assumed to be black
bodies) are electrically heated and maintained at temperatures of 1350°C and 1650°C,
respectively.

- What is the radiative heat flux lost by the furnace upwards?What is the radiative heat flux

lost by the furnace upwards?
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@ = @13+ Qz3 = S1.Fi3.0.(TF = Tf) + S,. Fpz.0. (T — TF)

S; =mD.L=m0,075.0,15 = 0,035m?

_ D m(0,075)?

— 2
S2 = ;= 0,0044m

r 37,5

R1=R2=_—_=0,25 \ 2
h~ 150 1 R
1+ R? 140,252 }_’F”:EX_ X2_4(R_2) = 0,056
X=1+—pr=1+— =18 L

R 0,252
F21 + F23 =1- F21 =1- F23 =1- 0,056 = 0,94‘4‘

F,, =22 F —0'00440944—0118—F
12_51' 21 — 0'035 ) — VY, — 113

@13 = S;Fy5.0. (T — T4) = 0,035.0,118..5,67 . 108[(1923)* — (300)*] = 1639W

@23 = S,Fy3.0.(T# — T2) = 0,0044.0,056.5,67 .1078[(1923)* — (300)*] = 205W

¢ = 1639 + 205 = 1844W

Let there be three infinite gray flat surfaces (1, 2, and 3) with semi-infinite dimensions (see

figure):

- Calculate the following shape factors (see figure): Fi1, Fi2, F13, F21, F22, F23, Fa1, Fa2, Fas.

- Provide the radiosity of each surface.
- Provide the definition of the net flux of surface 1.

- Calculate the net flux of surface 1.

82:0.5, TZZSOOOC, L2:0.3m

»

81:0. 15, T]_: 1006C, L]_:O.Sm

P 83:0.5, T3:500°C, L3:O.4m
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Calculate the following shape factors (see figure):
F11,F12,F13,F21,F22,F23,F31,F32,F33.
F 11 =F 22 =F 33 =0 flat surfaces.

Application of Hottel's Rule:
_ Sl + Sz - Sg

_Sl+Sz_Sg_L1+L2—L3_0,5+0,3_0,4‘ 0,4‘

F,, = = =04
12 25, 2L, 2 .05 1 =0
_S1+5;-5, _L1+L3—L2_0,5+0,4—0,3_0,6_06
ve o2, 2L, 205 1 7
_Sz+S3_Sl_L2+L3—L1_0,3+0,4‘_0,5_0,2_1
237 2S, B 2L, B 2 .03 06 3
L 0,31 ‘
Sz. F23 = Sg. F32 = F32 = L_z F23 = 0’_45 = 0,25 %
M
-5,
S,.F,, =S..F F Ly F 0’504 2 b
. = . = = —_—, =—04 ==
2 21 1 12 21 LZ 12 0,3 3
L, 0,5
S3. F31 = Sl' F13 = F31 = L_3 F13 = ﬁ0,6 = 0,75

*Radiosity of different surfaces:

Ji = @1+ (1 —e)[Fi1.]1 + Fip. ]z + Fi3.5]
Jo = @2 + (1= &;)[Fp1.]q + Fpp.]p + Fpz.J5]
Js = @3+ (1 — &3)[F31.]; + F3p.]5 + Fas.J5]
*Definition of the net flux of surface 1:
The net flux of surface 1 is equal to the difference between the emitted flux and the

absorbed flux.

S1&
1 nette = Tal(Mg —J1)
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eCalculation of the net flux of surface 1.

—@, -1 (1-¢)F, (A —¢g)Fy3| /)y
<_(PZ> = [(1 —&)Fy -1 (1 —€,)Fy3 (]2)
—@3 (1 —e3)F3; (1 —¢3)Fs, -1 I3

A L Y
—SZ.O'.T24 = § -1 g (]2)
—£3.0. T4 I3

0,375 0,125 -1

» L -034 051,

16466 | =| —= 1 ~ J2

16466/ | 0375 0125 1 |3
[K] = [M].[]]

[M]~% K] = [M]™%. [M]. )] = [J]

After inverting the matrix:

J, = 29934

J, = 25536]
Js = 29785

€
(I)l,nette _ 1 (Mf — ]1) = —4477W.m™ 2
Sl 1 - El

Surface 1 receives heat.
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Appendix

Appendix R.1 : Solar radiative properties of materials

Solar Emissivity, &, Ratio, Solar
Description/composition Absarptivity, a; at 300 K asle Transmissivity, =,
Aluminum
Polished 0.09 0.03 3.0
Anodized 0.14 0.84 0.17
Quartz-overcoated 0.11 0.37 0.30
Foil 0.15 0.05 3.0
Brick, red (Purdue) 0.63 0.93 0.68
Concrete 0.60 0.88 0.68
Galvanized sheet metal
Clean, new 0.65 0.13 5.0
Oxidized, weathered 0.80 0.28 2.9
Glass, 3.2-mm thickness
Float or fempered 0.79
Low iron oxide type 0.88
Marble, slightly off-white (nonreflective) 0.40 0.88 0.45
Metal, plated
Black sulfide 0.92 0.10 9.2
Black cobalt oxide 0.93 0.30 3.1
Black nickel oxide 0.92 0.08 11
Black chrome 0.87 0.09 9.7
Mylar, 0.13-mm thickness 0.87
Paints
Black (Parsons) 0.98 0.98 1.0
White, acrylic 0.26 0.90 0.29
White, zinc oxide 0.16 0.93 0.17
Paper, white 0.27 0.83 0.32
Plexiglas, 3.2-mm thickness 0.90
Porcelain tiles, white (reflective glazed surface) 0.26 0.85 0.30
Roofing tiles, bright red
Dry surface 0.65 0.85 0.76
Wet surface 0.88 0.91 0.96
Sand, dry
Off-white 0.52 0.82 0.63
Dull red 0.73 0.86 0.82
Snow
Fine particles, fresh 0.13 0.82 0.16
Ice granules 0.33 0.89 0.37
Steel
Mirror-finish 041 0.05 8.2
Heavily rusted 0.89 0.92 0.96
Stone (light pink) 0.65 0.87 0.74
Tedlar, 0.10-mm thickness 0.92
Teflon, 0.13-mm thickness 0.92
Wood 0.59 0.90 0.66




Appendix R.2: Fraction of energy FO-AT radiated by a black body

between 0 and A

100
80 A
o / J' Mo, dn
F =

60 / 0-AT 4
9 / cT
h 50 /
“ 40

30 /

20 /

10

0 / . . . . :
5000 10000 15000 20000 25000 30000
L T (um.K)

b 0 40 80 120 160 || g™~ 0 40 80 120 160
1000 [ 003 | 005 | 008 ] o011 | 016 7800 | 8480 | 8497 | 8514 | 8530 | 8547
1200 | 021 | 020 | 038 | 049 | 062 8000 | 8563 | 8578 | 8594 | 8510 | 8625
1400 | 078 | 096 | 1417 | 141 1,68 8200 | 8640 | 8655 | 8669 | 8683 | 8698
1600 1,97 2,30 2,66 3,06 348 8400 87,12 87,25 87,39 87,52 87,66
1800 | 394 | 442 | 494 | 549 | 607 8600 | 87,80 | 8792 | 8804 | 8817 | 8829
2000 | 668 | 731 | 797 | 865 | 936 8800 | 8841 | 8853 | 8865 | 8877 | 8888
2200 | 1000 | 1084 | 1161 | 1240 | 1321 9000 | 8889 | 8911 | 8922 | 8933 | 8944
2400 | 1403 | 1486 | 1571 | 1657 | 17,44 9200 | 8955 | 8965 | 8976 | 8986 | 89,96
2600 | 1832 | 1920 | 2000 | 2099 | 2189 9400 | 9006 | 90,16 | 9026 | 9035 | 9045
2800 22,79 23,70 24 61 2551 2642 9600 90,54 90,63 60,72 80,81 80,90
3000 | 2733 | 2823 | 2013 | 3003 | 3092 9800 | 9099 | 9108 | 9116 | 9125 | 9133
3200 | 3181 | 3270 | 3358 | 3445 | 3532 || 10000 [ 9142
3400 | 3618 | 37,03 | 3788 | 3871 | 3954
3600 | 4036 | 4118 | 4198 | 4278 | 4356 b
3800 4434 451 4587 46,62 47 36 @ 0 200 400 600 800
4000 | 4809 | 4881 | 4953 | 5023 | 5092 10000 | 9142 | 9181 | 9219 | 9254 | 9287
4200 | 5160 | 5228 | 5294 | 5360 | 5425 || 11000 | 9318 | 9348 | 9376 | 9402 | 9427
4400 | 5488 | 5551 | 5613 | 5674 | 57,34 12000 | 9450 | 9473 | 9494 | 9514 | 9533
4600 | 5793 | 5851 | 5900 | 5065 | 6021 13000 | 9551 | 9568 | 9584 | 9600 | 96,14
4800 60,66 61,30 61,83 62,35 62,87 14 000 96,29 96,42 96,54 96,67 96,78
5000 | 6338 | 638 | 6437 | 6485 | 6533 15000 | 9689 | o700 | 9710 | 97,19 | 97,29
5200 | 6580 | 6626 | 6672 | 67,16 | 6760 || 16000 | 9737 | 9746 | 9754 | 9762 | 9769
5400 | 6804 | 6846 | 6888 | 6930 | 6970 || 17000 | 9777 | 9783 | 9790 | 9796 | 9802
5600 | 7011 | 7050 | 7089 | 7127 | 7165 18000 | 9808 | 9814 | 9819 | 9824 | 9829
5800 | 7202 | 7238 | 7274 | 7300 | 7344 19000 | 9834 | 9838 | 9843 | 9847 | 9851
6000 73,78 74,12 7445 | 7478 75,10 20000 98,55
6200 | 7541 | 7572 | 7603 | 7633 | 7663 || 30000 | 99,53
6400 | 7692 | 7721 | 7749 | 7777 | 7805 || 40000 | 99,78 | Utilisation :

6600 | 7832 | 7859 | 7885 | 7911 | 7936 || 50000 | 9989 | AT=a+b

6800 79,61 79,86 80,10 80,34 80,58 60 000 99,93

7000 | 8090 | 8104 | 8126 | 8147 | 8170 || 70000 | 9996 | Exemple: 2T =2720umK
7200 | 8192 | 8213 | 8234 | 8255 | 8275 || 80000 | 9997 selita 2600 + 120
7400 | 8295 | 8315 | 8334 | 8353 | 8372 || 90000 | 9998 dol : Fpyr =20,99 %
7600 | 8391 | 8400 | 8427 | 8445 | 8462 || 100000 | 9998




Appendix R.3: Geometric Radiation Shape Factors
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Appendix R.4: Geometric Radiation Shape Factors
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Appendix R.5: Geometric Radiation Shape Factors
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