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On distinguant 3 modes de convection :

• Convection naturelle : due aux différences de densité.

Exemple :

o L’air chaud qui monte près d’un radiateur.

o L’eau qui circule dans une casserole chauffée par le bas.

• Convection forcée :  Provoquée par une action extérieure mécanique (ventilateur, pompe, agitateur).

  Exemple :

• Le refroidissement d’un processeur par un ventilateur.

• L’eau qui circule dans un circuit de chauffage grâce à une pompe.

• Convection mixte

Résulte de la combinaison de la convection naturelle et de la convection forcée.

• Exemple :

o La ventilation dans une pièce chauffée : l’air circule à la fois à cause du ventilateur (forcé) et des différences de 

température (naturel).

Les flux d’air autour d’un véhicule chauffé par le soleil et en mouvement.



2.1 Introduction

In the previous chapter, the phenomenon of convection was considered solely as a boundary condition in conduction problems.

Sometimes, convection itself is a heat transfer mode independent of conduction. In industrial processes, convection plays a

crucial role as it allows heat transfer between a solid surface and a fluid, as well as between fluids themselves. Heat transfer by

convection is governed by Newton’s law, which is used to calculate the heat flux transferred by convection. The convection heat

transfer coefficient is an essential parameter to determine; it depends not only on fluid properties but also on the geometry of the

surface and the conditions in which the fluid is found, such as its velocity. The layer of fluid separating it from the solid surface

also plays an important role in the heat transfer by convection.



2.2 Definition and mechanisms of convection

Convection is defined as the mode of heat transfer between a solid surface and a fluid (liquid or gas) at different

temperatures. Therefore, it is a heat transfer accompanied by fluid motion.

In convection, heat transfer at the solid surface occurs only by conduction. However, in the parts of the fluid surrounding the

surface, two phenomena happen simultaneously: conduction and mass diffusion due to molecular and macroscopic

movement. This movement enhances the heat flux transferred; the greater the velocity, the more significant the heat transfer.

The mechanism of heat transfer by convection can be summarized as follows: the fluid in contact with the solid surface

receives heat from it by conduction, and then transmits it to the rest of the fluid not in direct contact with the surface by

diffusion, thanks to fluid motion.

At the solid surface, heat flux is thus calculated by Fourier’s law because it is conduction:

𝜙 = −𝜆𝑆
𝑑𝑇

𝑑𝑥
 2.1

In the other part of the fluid, farther from the surface, the determination of the heat flux exchanged by convection between 

the plate and the fluid is given by Newton’s cooling law:

𝜙 = ℎ𝑆 𝑇𝑝 − 𝑇∞ 𝑆𝑖 𝑇𝑝 > 𝑇∞ 2.2

𝜙 = ℎ𝑆 𝑇∞ −  𝑇𝑝  𝑆𝑖 𝑇∞ >  𝑇𝑝



The main problem to solve before calculating the heat flux is to determine the coefficient h, which depends on several 

parameters. The convection coefficient can be calculated by equating the heat flux at the contact with the solid surface:

−𝜆𝑆
𝜕𝑇

𝜕𝑦
= ℎ𝑆 𝑇𝑝 − 𝑇∞ ⟹ ℎ =

−𝜆𝑆
𝜕𝑇
𝜕𝑦

𝑇𝑝 − 𝑇∞
 2.3

The convection coefficient h depends on several factors:

• Geometry of the solid (or plate)

• Surface condition of the solid (smooth or rough)

• Physical nature of materials

• Physical properties of the fluid

• Fluid velocity

• Temperature difference



Convection modes and corresponding h values:

Mode de convection h

Convection naturelle Gaz 2 - 25

Liquide 50 - 100

Convection forcée Gaz 25 - 250

Liquide 50 - 20 000

Convection avec 

changement de phase

Ébullition ou 

condensation

2500 – 100 000



➢ In forced convection, h depends on Re and Pr: 

h = f(Re, Pr)

Pr is the Prandtl number.

Nusselt number Nu also depends on Re and Pr :   𝑵𝒖 = 𝒇 𝑹𝒆, 𝑷𝒓

𝑵𝒖 =
𝒉.𝑳

𝝀𝒇
     ; Pr =

𝑪𝒑𝒇.𝝁𝒇

𝝀𝒇

𝑲𝒇, 𝝉𝒑𝒇, 𝝁𝒇: 𝒇𝒍𝒖𝒊𝒅𝒔 𝒑𝒓𝒐𝒑𝒓𝒆𝒕𝒊𝒆𝒔

➢ In natural convection, h depends on two dimensionless numbers, Gr and Pr:

h = f(Gr, Pr)

Where Gr is the Grashof number and Pr is the Prandtl number.

Nusselt number Nu also depends on Gr and Pr:        Nu = f(Gr, Pr)



Interpretation of numbers without convection-specific dimensions

Table 2.1 gives the expression and significance of these dimensionless numbers.

capaité thermique massique

𝐶𝑝: la capaité thermique massique à pression constante (en J kg
−1 K−1) 

https://fr.wikipedia.org/wiki/Capacit%C3%A9_thermique_massique


Main influencing factors:

• Reynolds number (Re): expresses ratio of inertial to viscous forces; determines whether flow is laminar or turbulent

• Prandtl number (Pr): relates the diffusion of momentum to thermal diffusion

• Nusselt number (Nu): relates convective transfer to conductive transfer and is used to calculate h by: ℎ =
𝜆.𝑁𝑢

𝐿

where 𝜆 is the thermal conductivity and L the characteristic length

❖ The value of h varies greatly according to fluid type and flow regime: turbulence and fluid thermal conductivity 

greatly increase heat transfer.



▪ The complexity of h arises from the influence of all previously cited characteristics. Their effect on h is predominant in 

a zone close to the solid surface called the boundary layer.

The boundary layer corresponds to the region near the solid surface where the fluid experiences viscosity effects: its velocity

varies from zero (adhesion to the wall) to the free stream velocity.

Near the surface, heat transfer thus depends on the same phenomena as the transfer of momentum. In this zone, two sublayers 

are often distinguished:

- The hydrodynamic boundary layer, where the velocity gradient dominates

- The thermal boundary layer, where the temperature gradient dominates

When considering heat transfer within the boundary layer that forms along a solid surface in contact with a moving fluid, 

two main mechanisms are involved: conduction near the wall and convection further from the surface. The balance 

between these two phenomena explains the value of h.



1- Conduction zone (near the wall)

In the very first layer of fluid, right at the contact with the solid, fluid molecules are almost stationary compared to the 

surface (adhesion). Here, heat transfer occurs mainly by thermal conduction: energy is transmitted from molecule to 

molecule, from the hot or cold surface to the fluid. This zone is very thin but essential, as it’s where the temperature 

gradient is highest.

2. Convection zone (farther from the wall)

As you move away from the wall, the fluid begins to move: heat transfer then becomes convective. Fluid movement 

carries the heat, transporting energy away from the wall.



• Thickness of the boundary layer and temperature profile

The key problem in convection is determining the convection coefficient h. It’s necessary to know the surface 

geometry and fluid flow conditions, and to identify the fluid part in direct contact with the solid surface. This very thin 

part is directly affected by the solid’s temperature and is called the thermal boundary layer.

The fluid is divided into two zones: boundary layer and free flow. The thermal boundary layer is defined as the zone in 

which the temperature drops from that of the wall to the following value: 𝑇 = 99% 𝑇∞ = 0.99 𝑇∞

The thickness of the thermal boundary layer, usually denoted δt, represents the distance from the surface to the point 

where the fluid temperature approaches that of the undisturbed ("bulk") fluid. It equals the vertical distance between the 

wall and the zone where :  
𝑇𝑃−𝑇

𝑇𝑝−𝑇∞
= 0.99

A temperature profile develops in this layer: it’s steep near the wall (dominant conduction) then more spread out farther 

away (dominant convection).



Figure 2.1 shows both the hydrodynamic and thermal boundary layers

Fig.2 .1 Hydrodynamic and thermal boundary layers [1].



Hydrodynamic and thermal boundary layers ensure the transition between fluid and solid. The velocity of free flow and its 

laminar or turbulent regime are key factors for calculating h. The more turbulent the flow, the better the mixing and the 

more efficient the heat transfer.

Transition from laminar to turbulent regime can be known by calculating the critical Reynolds number. 𝑅𝑒 =
𝑈∞ 𝑥

𝜈

𝑈∞ is the free flow velocity away from the solid obstacle and ν is the kinematic viscosity In m 2 /s : 𝜈 =
𝜇

𝜌
;

𝜇 ∶ 𝑒𝑠𝑡 𝑙𝑎 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡é 𝑑𝑦𝑛𝑎𝑚𝑖𝑞𝑢𝑒.

In the case of a flow in a cylindrical or spherical tube of diameter D, the Reynolds number is:

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 stream. It is generally on the order of 𝟏𝟎𝟓 to 𝟑 × 𝟏𝟎𝟔. For 

cylinders, it is typically equal to 2300. It characterizes the transition from laminar to turbulent flow, that is:



if 𝑹𝒆 < 𝑹𝒆𝒄, the flow is laminar

if 𝑹𝒆 > 𝑹𝒆𝒄, the flow is turbulent.

In general, the representative value of the critical Reynolds number is:

Rec = 5x105 for flat plates 

𝑹𝒆𝒄 = 𝟐𝟑𝟎𝟎 for cylinders and spheres

➢ The value of the convection coefficient h depends on the mode of transfer throughout the boundary layer:

• A thin boundary layer (steep temperature gradient and efficient conduction) leads to high h

• A thick boundary layer (shallow gradient) leads to low h

The transition from conduction near the wall to convection further away explains why h depends heavily on flow 

conditions (laminar or turbulent), fluid properties (viscosity, thermal conductivity, Prandtl number) and surface state.



Schematic summary:

• Near the surface: heat transferred by conduction in nearly stationary fluid

• Further away: heat transferred by convection — heat is carried by fluid movement

• Boundary layer thickness: defines the “frontier” where transfer becomes mainly convective

Studying this region (boundary layer) allows predicting thermal exchanges, optimizing cooling devices (fins, heat 

exchangers), and improving numerical convection simulations



2.5- Steps for Selecting a Correlation in Calculating the Convection Coefficient

In all cases of convection, selecting the correlation that allows calculation of the convection coefficient ℎ involves the

following steps:

- Identify the geometry of the solid surface by determining whether the flow is internal or external, or whether it occurs

on a flat plate or a cylinder.

- Calculate the specific or reference temperature 𝑻𝒓𝒆𝒇, which is used to find the fluid properties such as viscosity and

thermal conductivity in tables.

• For external isothermal flows:    

                                                                   Tref=Tp=T∞                    (2.12)

• For external flows with heat transfer:

𝑇𝑟𝑒𝑓 =
𝑇𝑝+𝑇∞

2
(2.13)

• For internal isothermal flows:

𝑇𝑟𝑒𝑓 = 𝑇𝑝 (2.14)



- For internal flows with heat transfer: the reference temperature is equal to 𝑻𝒑 for calculating the local Nusselt

number, and equal to equation (2.13) for calculating the average Nusselt number.

- Calculate the Reynolds number: to determine whether the flow regime is laminar or turbulent.

- Decide whether to use a local or average convection coefficient: the local coefficient is used to determine the heat

flux density at a specific point on the surface, while the average coefficient is used to calculate the heat transfer over

the entire surface.

- Select the appropriate correlation to calculate the convection coefficient h.

2.6-  Practical Correlations for Calculating the Thermal Convection Coefficient

The correlation used to calculate the Nusselt number to obtain the value of the convection coefficient 𝐡 depends on the

geometry and the type of flow. Each case has its own specific expression. The local Nusselt number at location 𝐱 is

denoted by 𝐍𝐮𝐱, while the overall Nusselt number is denoted by 𝐍𝐮. 𝐍𝐮 = 𝟐 𝑵𝒖



2.6.1- Correlations for flow through flat plates

In all these cases : 

𝐍𝐮 = 𝟐𝑵𝒖𝑳

• Laminar Regime

These values are valid for 0.6 < 𝑃𝑟 < 50:

• The local Nusselt number is:

𝑁𝑢𝑥 = 0.332 𝑅𝑒𝑥
0.5 𝑃𝑟0.33 (2.16)

The global Nusselt number is:

᪄𝑁𝑢 = 2𝑁𝑢𝐿 = 0.664 𝑅𝑒𝐿
0.5 𝑃𝑟0.33 (2.17)

For liquid metals and silicones where 𝑃𝑟 < 0.05 or 𝑃𝑟 > 50 and 𝑅𝑒 > 100, the local Nusselt number is:

𝑁𝑢𝑥 =
0.3387 𝑅𝑒𝑥

0.5 𝑃𝑟0.33

1 + Τ0.0468 𝑃𝑟 0.67 0.25 2.18



• Constant heat flux

-For 0.6 < 𝑃𝑟 < 50, the local Nusselt number is:

𝑁𝑢𝑥 = 0.453 𝑅𝑒𝑥
0.5 𝑃𝑟0.333 (2.19)

This correlation is widely accepted for laminar flow over a flat plate with a constant surface heat flux.

-For 𝑃𝑟 < 0.05 or 𝑃𝑟 > 50, the local Nusselt number is:

 𝑁𝑢𝑥 =
0.453 𝑅𝑒𝑥

0.5 𝑃𝑟0.333

[1+(0.0207/𝑃𝑟)0.67]0.25 (2.20)



Example 2.6

In an industrial process, water at 30°C flows over a plate with dimensions 1m x 1m maintained at 10°C with a free stream

velocity of 0.3 m/s. Calculate the required heat flux to ensure the cooling of this plate.

Solution

This is a thermal convection problem. The heat flux is given by Newton's law:

𝜙 = ᪄ℎ𝑆(𝑇𝑝 − 𝑇∞)

where 𝑇𝑝 = 10∘𝐶, 𝑇∞ = 30∘𝐶. The convection coefficient ℎ must be determined.

Start by establishing the flow regime by calculating the Reynolds number:

𝑅𝑒 =
𝑉𝐿

𝜈
The properties of the fluid must be known. To do this, the reference temperature is calculated:

𝑇𝑟𝑒𝑓 =
𝑇𝑝 + 𝑇∞

2
=

10 + 30

2
= 20∘𝐶

According to table B-3, at this temperature:
𝜌 = 1000.52 kg/m3, 𝑐𝑝 = 4.1818 J/(kg K), 𝜈 = 1.06 × 10−6 m2/s, 𝜆 = 0.597 W/(m K), 𝛼 = 1.430 × 10−7 m2/s



Therefore, the flow regime is laminar.

The Prandtl number is calculated as:

𝑃𝑟 =
𝑐𝑝𝜇

𝜆
=

𝜈

𝛼
=

1.006 × 10−6

1.430 × 10−7 = 7.03

For flow over a flat plate in the laminar regime with 0.6 < 𝑃𝑟 < 50:

᪄𝑁𝑢 = 2𝑁𝑢𝐿 = 0.664 𝑅𝑒𝐿
0.5 𝑃𝑟0.33 = 0.664 × (2.98 × 105)0.5 × 7.030.33 = 1038.97 ≈ 1039

Since:

᪄𝑁𝑢 =
ℎ𝐿

𝜆
⇒ ℎ =

𝜆 ᪄𝑁𝑢

𝐿
=

0.597 × 1039

1
= 620.283 𝑊/(𝑚2𝐾)

The heat flux required for cooling the plate is:

𝜙 = 620.283 × 1 × 1 × (30 − 10) = 12405.66 𝑊 = 12.4056 𝑘𝑊



Example 2.7

Air at −10∘Cflows over a plate 3.1 mlong maintained at 10∘Cwith a free-stream velocity of 80 m/s.

1. Determine the abscissa 𝑥from which the flow becomes turbulent.

2. Calculate the local convection coefficient at that location, considering the flow to be turbulent.

Solution

1. The flow becomes turbulent when: 𝑅𝑒𝑥 > 5 ⋅ 105.Thus: 𝑅𝑒𝑐 = 5 ⋅ 105.

𝑅𝑒𝑥 =
𝑉𝑥

𝜈
⟹ 𝑥 =

𝑅𝑒𝑥×𝜈

𝑉
The abscissa at which the flow becomes turbulent therefore corresponds to:

𝑥 =
𝑅𝑒𝑐×𝜈

𝑉
To determine the kinematic viscosity, we compute the reference temperature:

𝑇ref =
𝑇𝑝+𝑇∞

2
=

10+ −10

2
= 0∘CWe interpolate the viscosity values between 250 K and 300 K from table B-4:



⇒ 𝜈(273.15) =
𝜈(300) − 𝜈(250)

300 − 250
(273.15 − 250) + 𝜈(250)

𝜈(273.15) =
15.69−11.31

300−250
× 10−6(273.15 − 250) + 11.31 × 10−6 = 13.34 × 10−6 m2/s

Therefore:

𝑥 =
5 × 105 × 13.34 × 10−6

80
= 0.0833 m

This length is smaller than 𝐿, hence turbulence exists along the plate.

Turbulence exists in the plate.

2. The local Nusselt number is: 𝑁𝑢𝑥 = 0.0296 𝑅𝑒𝑥
0.8 𝑃𝑟0.33

We interpolate from Table B-4 to find the Prandtl number at 0°C:

𝑃𝑟(273.15) =
0.708 − 0.722

300 − 250
× (273.15 − 250) + 0.722 = 0.715

𝑁𝑢𝑥 = 0.0296(5 × 105)0.8× 0.7150.33 = 960.26



ℎ𝑥 =
𝜆𝑁𝑢𝑥

𝑥
; We calculate 𝜆 by interpolation:

𝜆(273.15) =
0.02624 − 0.02227

300 − 250
× (273.15 − 250) + 0.02227 = 0.02411 𝑊/𝑚𝐾

ℎ𝑥 =
0.02411 × 960.26

0.0833
= 277.93 𝑊/𝑚2𝐾

2.8.3 Correlations for Flow Around a Cylinder

The flow around a cylinder generates streamlines as shown in figure 2.2.

Fig. 2.2 Flow across a cylinder



There are several correlations for this type of flow. One of the simplest is the following, which is valid for liquids for

2 × 104 < 𝑅𝑒 < 4 × 105 and 𝑃𝑟 > 0.2:

For liquid metals:

 𝑁𝑢𝐷 = [0.8237 − ln(𝑃𝑒𝐷
0.5)]−1 (2.25)

2.8.4 Correlations for Flow Around a Sphere

For 0.71 < 𝑃𝑟 < 380 and 3.5 < 𝑅𝑒 < 7.6 × 104, the following correlation is applicable:

𝑁𝑢𝐷 = 2 + 0.4𝑅𝑒0.5 + 0.06𝑅𝑒0.67 𝑃𝑟0.4
𝜇

𝜇∞

0.25

 2.26



2.8.5 Correlations for Internal Flow in Tubes

Laminar Regime

The laminar regime in tubes is determined by 𝑅𝑒 < 2300.

For circular tubes with a uniform surface and under laminar regime with constant flux, the Nusselt number is 

constant:

𝑁𝑢𝐷 = 4.36 (2.27)

In the case of circular tubes with constant surface temperature, the Nusselt number is also constant:

                                                               𝑁𝑢𝐷 = 3.66 (2.28)

Turbulent regime

The most commonly used correlation for smooth tubes is the following:

𝑁𝑢 = 0.023 𝑅𝑒0.8𝑃𝑟𝑛 2.29  where: 𝑛 = 0.3 for cooling and 𝑛 = 0.4 for heating.



2.8.6 Correlations for Natural Convection

In natural convection, the Prandtl (𝑃𝑟) and Grashof (𝐺𝑟), thus Rayleigh (𝑅𝑎), numbers are used in the correlations.

All the correlations have the following form:

𝑁𝑢 = 𝐶(𝐺𝑟 × 𝑃𝑟)𝑛 = 𝐶 × 𝑅𝑎𝑛 2.30  C and n depend on the geometry of the surfaces.

Vertical Plates

᪄𝑁𝑢𝐿 = 0.59 × 𝑅𝑎𝐿
0.25  104 ≤ 𝑅𝑎𝐿 ≤ 109 (2.31)

᪄𝑁𝑢𝐿 = 0.10 × 𝑅𝑎𝐿
0.33  109 ≤ 𝑅𝑎𝐿 ≤ 1013 (2.32)

A more general correlation can also be applied in all these cases, regardless of the Rayleigh number:

᪄𝑁𝑢𝐿 = {0.825 +
0.387 𝑅𝑎𝐿

0.16

[1 + (0.492/𝑃𝑟)0.56]0.3}2 (2.33)

Horizontal Plates

For a hot surface with flow below or a cold surface with flow above (cases A and B in figure 2.3):

᪄𝑁𝑢𝐿 = 0.27𝑅𝑎𝐿
0.25105 ≤ 𝑅𝑎𝐿 ≤ 1010 (2.34)



For a hot surface with flow above or a cold surface with flow below (cases C and D in figure 2.3):

᪄𝑁𝑢𝐿 = 0.54𝑅𝑎𝐿
0.25104 ≤ 𝑅𝑎𝐿 ≤ 107 (2.35)

᪄𝑁𝑢𝐿 = 0.15𝑅𝑎𝐿
0.33107 ≤ 𝑅𝑎𝐿 ≤ 1011 (2.36)

Horizontal Cylinders and Spheres

For flow around horizontal cylinders:

᪄𝑁𝑢𝐷 = {0.60 +
0.387𝑅𝑎𝐷

0.16

[1+(0.559/𝑃𝑟)0.56]0.3}2𝑅𝑎𝐷 ≤ 1012 (2.37)For flow around horizontal spheres:

᪄𝑁𝑢𝐷 = 2 +
0.589𝑅𝑎𝐷

0.25

[1 + (0.469/𝑃𝑟)0.56]0.44 𝑅𝑎𝐷 ≤ 1011, 𝑃𝑟 ≥ 0.7 (2.38)


















	Diapositive 1
	Diapositive 2
	Diapositive 3
	Diapositive 4
	Diapositive 5
	Diapositive 6
	Diapositive 7
	Diapositive 8
	Diapositive 9
	Diapositive 10
	Diapositive 11
	Diapositive 12
	Diapositive 13
	Diapositive 14
	Diapositive 15
	Diapositive 16
	Diapositive 17
	Diapositive 18
	Diapositive 19
	Diapositive 20
	Diapositive 21
	Diapositive 22
	Diapositive 23
	Diapositive 24
	Diapositive 25
	Diapositive 26
	Diapositive 27
	Diapositive 28
	Diapositive 29
	Diapositive 30
	Diapositive 31
	Diapositive 32
	Diapositive 33
	Diapositive 34
	Diapositive 35
	Diapositive 36
	Diapositive 37

