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Phénomènes de Transferts

Examen Final – 11/06/2015

Exercice 1

On s’intéresse à une colonne en béton à l’extérieur d’un bâtiment. Cette colonne, de diamètre D =
30 cm et de hauteur H = 3.5 m se trouve au petit matin à une température uniforme de Ti = 16◦C.
Elle est alors chauffée par l’air ambiant, dont la vitesse est d’environ Vair = 3 m/s et la température
moyenne Tair = 28◦C.
Déterminer le temps qu’il faudra attendre pour que la surface de la colonne atteigne une température
de TS = 27◦C.

Indication : Avant de se jeter sur une formule inappropriée, on veillera à se calmer, à prendre une
grande respiration et à bien réfléchir aux différentes étapes de la méthode qui vous amènera à une
réponse réaliste.

Exercice 2

Une personne en tenue légère se sent à l’aise dans une pièce thermalisée à Ta = 22◦C, et dont les
parois sont également à température Tp = 22◦C.
Par un jour de grand froid, la température des parois de la pièce tombe à T ′p = 18◦C.

À quelle température T ′a faut-il monter l’air de la pièce pour que la personne se sente aussi bien dans
la même tenue ?
On considèrera que l’émissivité de la personne est ε = 0.95, et que les mouvements d’air dans la pièce
se font à une vitesse de l’ordre de 0.2 m/s.

Exercice 3

Un revêtement métallique d’épaisseur e est parcouru par un courant électrique d’intensité constante et
uniforme. Ce courant produit, par effet Joule, une densité volumique q d’énergie thermique supposée
uniforme dans tout le revêtement. La face supérieure du revêtement est maintenue à la température
T0, tandis que la face inférieure est isolée thermiquement.
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e zz+dz
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La couche est supposée assez large dans les directions transversales pour que la température ne dépende
que de la variable z.

1. Exprimer le flux de chaleur ΦΣ à travers une surface Σ du plan horizontal d’ordonnée z, dans la
direction des z positifs, en fonction de k, Σ et du profil de température T (z).

2. Effectuer un bilan thermique pour le volume élémentaire dV , compris entre les éléments de surface
Σz et Σz+dzd’ordonnées z et z + dz (cf schéma ci-dessus).
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3. En déduire l’équation vérifiée par la distribution de température T (z).

4. Écrire les conditions aux limites en z = 0 et z = e.

5. Donner alors la distribution de température T (z), et calculer le flux surfacique sortant à travers la
face supérieure du revêtement.

Données :
— Constante de Stéphan-Boltzmann : σ = 5, 67 · 10−8 W ·m−2 ·K−4

— Masse volumique du béton : ρb = 1600 kg/m3

— Capacité calorifique massique du béton : cb = 840 J · kg−1 ·K−1

— Diffusivité thermique du béton : αb = 5.9 · 10−7 m2/s
Pour l’air, on prendra (à ' 25◦C) :
— Diffusivité thermique : αair = 22 · 10−6 m2/s
— Conductivité thermique : kair = 0.026 W/ ·m−1 ·K−1

— Viscosité cinématique : νair = 16 · 10−6 m2/s
— Des éléments de référence concernant les diagrammes de Heissler et les corrélations pour la

convection forcée sont donnée ci-après. (d’après Y. A. Cengel, ”Heat and Mass Transfer :
Fundamentals and Applications”, ISBN : 0073398128.)
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which is not bad for a day’s worth of work. The plant manager is also a big win-
ner in this venture since the heat losses will cost him only $320/yr during the
second and consequent years instead of $8093/yr. A thicker insulation could
probably be justified in this case if the cost of insulation is annualized over the
lifetime of insulation, say 20 years. Several energy conservation measures are
being marketed as explained above by several power companies and private
firms.

SUMMARY

The force a flowing fluid exerts on a body in the flow direction
is called drag. The part of drag that is due directly to wall shear
stress !w is called the skin friction drag since it is caused by
frictional effects, and the part that is due directly to pressure is
called the pressure drag or form drag because of its strong de-
pendence on the form or shape of the body.

The drag coefficient CD is a dimensionless number that rep-
resents the drag characteristics of a body, and is defined as

where A is the frontal area for blunt bodies, and surface area
for parallel flow over flat plates or thin airfoils. For flow over
a flat plate, the Reynolds number is

Transition from laminar to turbulent occurs at the critical
Reynolds number of

For parallel flow over a flat plate, the local friction and con-
vection coefficients are

Laminar:

Turbulent:

The average friction coefficient relations for flow over a flat
plate are:

Laminar:

Turbulent:

Combined:

Rough surface, turbulent:

The average Nusselt number relations for flow over a flat plate
are:

Laminar:

Turbulent:

Combined:

For isothermal surfaces with an unheated starting section of
length ", the local Nusselt number and the average convection
coefficient relations are
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CHAPTER 7
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These relations are for the case of isothermal surfaces. When a
flat plate is subjected to uniform heat flux, the local Nusselt
number is given by

Laminar: Nux ! 0.453 
Turbulent: Nux ! 0.0308 

The average Nusselt numbers for cross flow over a cylinder
and sphere are

which is valid for Re Pr " 0.2, and

which is valid for 3.5 # Re # 80,000 and 0.7 # Pr # 380.
The fluid properties are evaluated at the film temperature
Tf ! (T$ % Ts)/2 in the case of a cylinder, and at the free-
stream temperature T$ (except for &s , which is evaluated at the
surface temperature Ts) in the case of a sphere.

In tube banks, the Reynolds number is based on the maxi-
mum velocity !max that is related to the approach velocity ! as

In-line and Staggered with SD ' (ST % D)/2:

Staggered with SD ' (ST % D)/2:

where ST the transverse pitch and SD is the diagonal pitch. The
average Nusselt number for cross flow over tube banks is ex-
pressed as

where the values of the constants C, m, and n depend on value
Reynolds number. Such correlations are given in Table 7–2.
All properties except Prs are to be evaluated at the arithmetic
mean of the inlet and outlet temperatures of the fluid defined as
Tm ! (Ti % Te)/2.

The average Nusselt number for tube banks with less than
16 rows is expressed as

where F is the correction factor whose values are given in
Table 7-3. The heat transfer rate to or from a tube bank is de-
termined from

where (Tln is the logarithmic mean temperature difference de-
fined as

and the exit temperature of the fluid Te is

where As ! N)DL is the heat transfer surface area and m· !
*!(NT ST L) is the mass flow rate of the fluid. The pressure
drop (P for a tube bank is expressed as

where f is the friction factor and + is the correction factor, both
given in Figs. 7–27.
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Nu D, NL
! FNuD

NuD !
hD
k

! C Re m
D Pr n(Pr/Prs)0.25

!max !
ST

2(SD , D) !

!max !
ST

ST , D !

Nusph !
hD
k

! 2 % [0.4 Re1/2 % 0.06 Re2/3]Pr 0.4!&$

&s"
1/4

Nucyl !
hD
k ! 0.3 %

0.62 Re1/2 Pr1/3

[1 % (0.4/ Pr)2/3]1/4 #1 % ! Re
282,000"

5/8$4/5

Re 0.8
x  Pr1/3

Re 0.5
x  Pr1/3

REFERENCES AND SUGGESTED READING

1. R. D. Blevin. Applied Fluid Dynamics Handbook.
New York: Van Nostrand Reinhold, 1984.

2. S. W. Churchill and M. Bernstein. “A Correlating
Equation for Forced Convection from Gases and Liquids
to a Circular Cylinder in Cross Flow.” Journal of Heat
Transfer 99 (1977), pp. 300–306.

3. S. W. Churchill and H. Ozoe. “Correlations for Laminar
Forced Convection in Flow over an Isothermal Flat Plate
and in Developing and Fully Developed Flow in an
Isothermal Tube.” Journal of Heat Transfer 95 (Feb.
1973), pp. 78–84.

4. W. M. Edmunds. “Residential Insulation.” ASTM
Standardization News (Jan. 1989), pp. 36–39.

5. W. H. Giedt. “Investigation of Variation of Point Unit-
Heat Transfer Coefficient around a Cylinder Normal to an
Air Stream.” Transactions of the ASME 71 (1949),
pp. 375–381.

6. M. Jakob. Heat Transfer. Vol. l. New York: John Wiley &
Sons, 1949.

7. W. M. Kays and M. E. Crawford. Convective Heat and
Mass Transfer. 3rd ed. New York: McGraw-Hill, 1993.

8. F. Kreith and M. S. Bohn. Principles of Heat Transfer, 6th
ed. Pacific Grove, CA: Brooks/Cole, 2001.

9. H. Schlichting. Boundary Layer Theory, 7th ed. New
York, McGraw-Hill, 1979.

cen58933_ch07.qxd  9/4/2002  12:13 PM  Page 407

3



240
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FIGURE 4–16
Transient temperature and heat transfer charts for a plane wall of thickness 2L initially at a uniform temperature Ti

subjected to convection from both sides to an environment at temperature T! with a convection coefficient of h.

(c) Heat transfer (from H. Gröber et al.)
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(a) Midplane temperature (from M. P. Heisler, “Temperature Charts for Induction and 
Constant Temperature Heating,” Trans. ASME 69, 1947, pp. 227–36. Reprinted by permission
of ASME International.)

(b) Temperature distribution (from M. P. Heisler, 
“Temperature Charts for Induction and Constant 
Temperature Heating,” Trans. ASME 69, 1947, 
pp. 227–36. Reprinted by permission of ASME 
International.)
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FIGURE 4–17
Transient temperature and heat transfer charts for a long cylinder of radius ro initially at a uniform temperature Ti

subjected to convection from all sides to an environment at temperature T! with a convection coefficient of h.

250150 35014012070503026221814108643210
0.001

1.0
0.7

0.5
0.4
0.3

0.2

0.07

0.05
0.04
0.03

0.02

0.1

0.007
0.005
0.004
0.003

0.002

0.01

T0 – T!

Ti – T!

(a) Centerline temperature (from M. P. Heisler, “Temperature Charts for Induction and 
Constant Temperature Heating,” Trans. ASME 69, 1947, pp. 227–36. Reprinted by permission
of ASME International.)

0

3

2

6
7

8
9

4

5

0.1
0.2

0.3
0.4

0.5
0.6 0.8

1.0 1.2
1.6

10
12

16 18

20
25

30 35
40 45

50

60

70 80

90 100

14

1.4
1.8

2.5

3.5

100

(c) Heat transfer (from H. Gröber et al.)

Q
Qmax

k
hro

rro
0

Initially
T = Ti

T!
h

T!
h

(b) Temperature distribution (from M. P. Heisler, 
“Temperature Charts for Induction and Constant 
Temperature Heating,” Trans. ASME 69, 1947, 
pp. 227–36. Reprinted by permission of ASME 
International.)

=1
Bi

100101.00.10.01

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
0

0.4

0.6

0.8

0.9

1.0

r/ro = 0.2

= 1
Bi

k
hro

Cylinder

10–5 10–4 10–3 10–2 10–1 1 10 102 103 104

Bi = hro /k

Cylinder Cylinder

B
i =

 0
.0

01
0.

00
2

0.
00

5
0.

01
0.

02
0.

05
0.

1
0.

2

0.
5

1 2 5 10 20 50

q0 = 

t = at/ro
2

Bi2t = h2at/k2

T – T!

T0 – T!

q
q0

  = 

cengel_ch04.qxd  1/5/10  2:26 PM  Page 241

5



242
TRANSIENT HEAT CONDUCTION

FIGURE 4–18
Transient temperature and heat transfer charts for a sphere of radius ro initially at a uniform temperature Ti subjected to
convection from all sides to an environment at temperature T! with a convection coefficient of h.

0

4
5 6

7 8

9

0.2

0.5

1.0
1.4

1.2
1.6

3.0

3.5

10

12 14

16
25

35

45

30
40

50

60 70

9080
100

2.8

0.05

0.35

0.75

250200150100504030201098765432.521.51.00 0.5

1.0
0.7
0.5
0.4
0.3

0.2

0.1
0.07
0.05
0.04
0.03

0.02

0.01
0.007
0.005
0.004
0.003

0.002

0.001

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0.01 0.1 1.0 10 100

(a) Midpoint temperature (from M. P. Heisler, “Temperature Charts for Induction and 
Constant Temperature Heating,” Trans. ASME 69, 1947, pp. 227–36. Reprinted by permission
of ASME International.)

Q
Qmax

k
hro

=1
Bi

rro

Initially
T = Ti

T!
h

T!
h

(b) Temperature distribution (from M. P. Heisler, 
“Temperature Charts for Induction and Constant 
Temperature Heating,” Trans. ASME 69, 1947, 
pp. 227–36. Reprinted by permission of ASME 
International.)

0

0.4

0.6

0.8

0.9

1.0

r/ro = 0.2

2.62.2
2.0

1.8

k
hro = 1

Bi

20

18

0.1

(c) Heat transfer (from H. Gröber et al.)

10–5 10–4 10–3 10–2 10–1 1 10 102 103 104

Bi = hro /k

Sphere

B
i =

 0
.0

01
0.

00
2

0.
00

5
0.

01
0.

02
0.

05
0.

1
0.

2

0.
5

1 2 5 10 20 50

Sphere

Sphere

2.4

T0 – T!

Ti – T!
q0 = 

t = at/ro
2

Bi2t = h2a t/k2

T – T!

T0 – T!

q
q0

  = 

cengel_ch04.qxd  1/5/10  2:26 PM  Page 242

6


