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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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supervision of Mr N. Thompson, Group Head. The member of staff who undertook the technical work involved in
the initial assessment of the available information and the construction and subsequent development of the Item was

Dr R. Cheesewright — Queen Mary College, London University
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HEAT TRANSFER BY FREE CONVECTION AND RADIATION – SIMPLY SHAPED 
BODIES IN AIR AND OTHER FLUIDS
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ESDU 77031
HEAT TRANSFER BY FREE CONVECTION AND RADIATION – SIMPLY SHAPED 
BODIES IN AIR AND OTHER FLUIDS

1. NOTATION AND UNITS

Excepting angles (degrees), pressure (bar) and temperature (degrees Celsius) the SI system of units is used
throughout.

surface area m2

, , linear dimensions m

fluid specific heat capacity at constant pressure J/(kg K)

diameter m

view factor

relative pressure factor, 

Grashof number based on characteristic length L, 

local gravitational acceleration* m/s2

height or length m

average heat transfer coefficient W/(m2 K)

characteristic dimension of body; D, H or M m

area/perimeter m

average Nusselt number based on characteristic length L, 

Prandtl number, 

pressure† bar

average heat flux (average heat flow per unit area per unit time) W/m2

absolute temperature‡ K

temperature °C

velocity of draught in vicinity of body m/s

width of vertical or inclined plate m

fluid volumetric expansion coefficient 1/K

temperature difference, K

For footnotes, refer to end of Notation Section

A

a b c

cp

D

F

f p/p0( )2

Gr L( ) βgL3ρ2∆T/µ2

g

H

h

L

M

Nu L( ) hL/λ

Pr cpµ/λ

p

q

T

t

V

W

β

∆T tw t∞–
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ESDU 77031
boundary-layer thickness m

total hemispherical emissivity (emissivity integrated over all 
wavelengths of thermal radiation and over a solid angle of  sr)

angle made by plate to vertical degrees

fluid thermal conductivity W/(m K)

fluid dynamic viscosity N s/m2

fluid density kg/m3

Stefan’s constant – equal to  W/(m2 K4)

angle between two plane surfaces degrees

Subscripts

refers to free convection

refers to properties at arithmetical average temperature, , 
denoted as film temperature

refers to standard conditions 

refers to radiation

refers to surface located near body

refers to surface of body

refers to surroundings of body

* Standard value at sea level,  m/s2 .
† Standard air pressure at seal level,  bar.
‡ Standard temperature of air surrounding body,  K.

δ

ε
2π

θ

λ

µ

ρ

σ 56.7 10 9–×

φ

c

f tw t∞+( )/2

0

r

s

w

∞

g0 9.81=

p0 1.013=

T∞0 288=
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ESDU 77031
2. INTRODUCTION

This Data Item is intended to be mainly used for calculating the average steady-state heat transfer by free
convection and radiation from internally heated, simply shaped, stationary bodies in still air at atmospheric
pressure and ambient temperature. A flow-chart guide to the use of the Data Item is given on page 39.

The heat transfer can be calculated for the following body shapes: 

(i) vertical, inclined and horizontal plates (Section 4), 

(ii) vertical and horizontal cylinders (Section 5), 

(iii) spheres (Section 6). 

Generally, these bodies are assumed to be isothermal and contained within a large isothermal free-space;
allowance is made, however, for radiative heat transfer to and from a surface in close proximity to the body
(Section 7.2). Factors that exert a controlling influence on the heat transfer are discussed in Sections 3 and
7, other factors that can sometimes be important are briefly discussed in Section 8. 

The methods presented here are expected to yield convective and radiative heat transfer data for air which
are accurate to within about  per cent. More detailed information concerning the accuracies of the
correlation equations for free convection is included in Appendix A. 

In the absence of condensation, the information presented can be used equally well for internally cooled
bodies. Throughout the remainder of the text, internally heated bodies are referred to as hot bodies, and
internally cooled bodies are referred to as cold bodies. 

It is also possible to use the Data Item to calculate the heat transfer for these body shapes in other fluids*.
An iterative process, shown in the flow-chart in Section 12, can be used to determine the surface temperature
of the body if the average surface heat flux is specified. 

3. CALCULATION OF HEAT TRANSFER – AIR AND OTHER FLUIDS

Free-convective fluid motion is generally confined to a boundary layer close to the body surface. The flow
in this boundary layer is laminar for small bodies but for sufficiently tall bodies there is a development in
the flow direction from laminar flow through a transitional state to fully turbulent flow. Evaluation of the
heat transfer is relatively simple in the laminar and turbulent flow regimes, but difficult in the transitional
regime. However, it is usually sufficiently accurate to evaluate the average heat transfer over the entire
body surface by neglecting the transitional regime and considering the flow to be either laminar or turbulent,
depending on the body size and the physical conditions. For vertical plates and horizontal cylinders, the
data do not require the flow regimes to be identified; for other body shapes, distinguishing criteria are given. 

The average free-convective heat transfer between an isothermal body and its fluid surroundings can be
calculated from an average heat transfer coefficient defined by

 . (3.1)

* These methods are not applicable in the near-critical region or to the special case of water when the surface to bulk fluid temperature
range includes the density maximum at 4°C.

20±

hc

qc

tw t∞–
------------------=
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ESDU 77031
In general, the average free-convective heat transfer coefficient can be related to the physical properties of
the fluid, the forces controlling the fluid flow and the body geometry, in terms of Nu(L), Gr(L), Pr, H/D
and . Both Nu(L) and Gr(L) are based on a length L that is characteristic for the body concerned and may
be D, H or M; Pr is a function of the fluid properties only. The factor H/D is the aspect ratio of a circular
cylinder. General equations from which the free-convective heat transfer can be calculated are given in
Appendix A and are applicable to most fluids. 

Since in many free-convection problems, the body surface is at a moderate temperature and the surrounding
fluid is air at atmospheric pressure and ambient temperature, the general equations have been simplified
for ease of use in this particular application. The method of simplification, which introduces negligible
error, is outlined in Appendix B. The resulting simplified equations apply to ambient air, defined as air at
any naturally occurring pressure on the Earth's surface and satisfying the conditions

For bodies in ambient air, the appropriate method of obtaining  for the body shape in question should
be selected from Sections 4 to 6 inclusive*. The thermal conductivity of air, which has to be evaluated in
order to use these methods, is obtainable from either Figure 1 or Equation (C1.1) in Appendix C. The
simplified equations contain a factor, f, that takes account of deviations of the air pressure from the standard
value at sea level. At altitudes lower than 300 m above sea level, the air pressure will usually lie within the
range

 , (3.3)

in which case  f can be taken equal to unity. For air under conditions not covered by the simplified equations,
or for fluids other than air,  can be calculated using the general equations in Appendix A. 

Radiative heat exchange between a body and its surroundings is frequently significant compared with the
heat transfer due to free convection. The methods in Section 7 should be used to calculate the average
radiative heat flux for a body immersed in air or in any other gas that does not significantly absorb radiation
(many gases fall into this category, but ammonia, carbon monoxide, carbon dioxide and steam have
significant absorption characteristics). Most liquids are virtually opaque to thermal radiation, and
consequently the net radiative heat exchange within them is negligible in comparison with free-convective
heat transfer. 

The total heat flux is obtained by addition of the average free-convective heat flux, , obtained from 
using Equation (3.1) and the average radiative heat flux, .

4. CONVECTIVE HEAT TRANSFER – FLAT PLATES IN AIR

The equations in this Section apply to single surfaces of plates, but the heat transfer for double-sided plates
can be calculated by considering the two surfaces independently. The heat transfer for a rectangular-sided
box with its faces orientated in vertical and horizontal planes is often estimated by the ad hoc method of

 
and (3.2)

* Data in Derivations 3, 9, 13 and 34 show that those equations which apply to laminar flow in Sections 4 to 6 can be used with little loss
of accuracy up to  as high as 400°C. The air flow can be considered to be laminar provided that  is less than  (i.e.

, see Appendix B) except where inclined or horizontal surfaces are involved. Appropriate laminar flow limits for these
surfaces can be obtained from Sections 4.2 and 4.3.

θ

10 tf 85  ,< <–

10 t∞ 40 .< <–






hc

tf f∆TL3/λf
4 2 107×

Gr L( )Pr 109<

0.95 p 1.08< <

hc

qc hc
qr
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ESDU 77031
adding individual contributions for each of its six faces. These contributions can be calculated using
equations in Sections 4.1 and 4.3, Equation (3.1) and the appropriate surface areas. The neglect of
interactions between the boundary layers at the edges of the box (especially the vertical edges) is a weakness
of this method, but in the absence of more rigorous methods, it is the best available. 

4.1 Vertical Plates

The average heat transfer coefficient for free convection along a vertical rectangular flat plate in ambient
air is calculated using the equation

(4.1)

This equation, applicable over the laminar, transitional and turbulent flow regimes, is derived from
Equation (A2.1) in Appendix A. Strictly, Equation (4.1) is valid for

However, either or both of these criteria may be exceeded for tall plates. Equation (4.1) is expected to apply
up to H/W = 5 without appreciable loss of accuracy; limited use of the equation beyond the upper bound
of  is permissible, but may give lower accuracy.

4.2 Inclined Plates

The average heat transfer coefficient for free convection from an inclined rectangular plate is calculated
using one of three equations depending on whether the plate faces upwards or downwards and on whether
the flow is laminar or turbulent. As a consequence of the direction of the component of the free-convective
driving force perpendicular to the surface of the plate in each case, an upward facing hot plate is equivalent
to a downward facing cold plate, and a downward facing hot plate is equivalent to an upward facing cold
plate. 

The value of the parameter  can be used to determine the approximate limit between the turbulent
and laminar flow regimes for ambient air. These regimes are illustrated in Figure 2; a positive value of the
angle  corresponds to a hot plate facing upwards (or a cold plate facing downwards) and a negative 
corresponds to a hot plate facing downwards (or a cold plate facing upwards). 

In the laminar flow regime beneath the line in Figure 2, the average heat transfer coefficient in ambient air
is calculated for both upward and downward facing plates using the equation

 , (4.3)

where the characteristic dimension H is measured along the length of the plate (see Figure 2). 

In the turbulent flow regime for negative , the average heat transfer coefficient in ambient air is given by

 , (4.4)

 
and (4.2)

hc 0.825 λf /H( )1/2
0.605 f∆T/λf( )1/6

+[ ]
2

=

7
3–×10 f∆TH

3
/λf

4
2

10×10  ,<<

H/W 2 .< 





f∆TH3/λf
4

f∆TH3/λf
4

θ θ

hc 0.68λf /H 1.31 f∆T/H( ) θcos[ ]1/4
+=

θ

hc 1.1 f∆T θ2
cos[ ]

1/3
=
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ESDU 77031
whilst for turbulent flow with positive ,

 . (4.5)

Equations (4.3), (4.4) and (4.5) are derived from Equations (A2.2), (A3.1) and (A3.2) in Appendix A.
Strictly, Equations (4.3), (4.4) and (4.5) are valid for

However, the equations are expected to apply up to H/W = 5 without appreciable loss of accuracy. 

4.3 Horizontal Plates

The average free-convective heat transfer coefficient for a horizontal plate of arbitrary shape* in ambient
air is obtained using one of two equations depending on whether the flow is laminar or turbulent. Upward
facing hot plates are equivalent to downward facing cold plates, and downward facing hot plates are
equivalent to upward facing cold plates. 

For laminar flow 

 , (4.7)

where M is a characteristic dimension that is equal to the surface area of the plate divided by its perimeter
(one quarter of the side length of a square plate, or one quarter of the diameter of a disc). 

For turbulent flow

 . (4.8)

Equations (4.7) and (4.8) are derived from Equations (A4.1), (A4.2) and (A4.3) in Appendix A. Values of
the parameter , which indicates the ranges of validity of Equations (4.7) and (4.8), are given in
the table together with values of the constants  and . 

 

and (4.6)

* These data are not appropriate to a highly elongated shape. For an upward facing hot (or downward facing cold) surface, the data should
be applied only for a plate that is either rectangular with the ratio of its side lengths lying in the range from 1 to 4, or for a shape that can
be totally enclosed by a minimum area rectangle of this type. Experimental data for downward facing hot (or upward facing cold) surfaces
are very sparse, and strictly only applicable to approximately square plates. However, cautious extrapolation to other shapes is usually
permissible in view of the low values of  encountered.

θ

hc 1.2 f∆T[ ]1/3
=

2
3×10 f∆TH

3
/λf

4
10

10<  ,<
80 θ 60< <  ,–

H/W 2.5 .<








hc

hc C1 f∆T/M( )1/4
=

hc C2 f∆T( )1/3
=

f∆TM3/λf
4

C1 C2
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5. CONVECTIVE HEAT TRANSFER – CIRCULAR CYLINDERS IN AIR

The equations in this Section apply to the curved surfaces of cylinders; if the ends of the cylinders are
included in the heat transfer surface, end effects must be considered for short cylinders, i.e. for

 . (5.1)

For short vertical cylinders, it is recommended that the total free-convective heat transfer should be
estimated by addition of individual contributions for the curved surface and the two end surfaces. These
contributions are calculated from equations in this Section and Section 4.3, Equation (3.1) and the
appropriate surface areas. An overestimate of the heat transfer may be incurred using this procedure, but
underestimation is unlikely. 

For short horizontal cylinders, the flows over the cylindrical and end surfaces are likely to interact with
unknown effects on the total heat transfer. However, if the area of the curved surface is less than about 10
per cent of the total area of the two end surfaces , the body can be treated as a double-sided
vertical plate and it is recommended that the heat transfer should be calculated using Equation (4.1) with
H replaced by D. 

5.1 Vertical Cylinders

The average free-convective heat transfer coefficient for a vertical cylinder in ambient air is calculated
using one of two equations depending on whether the flow is laminar or turbulent.

For laminar flow, the following equation derived from Equation (A5.1) in Appendix A is applicable,

 . (5.2)

Laminar Regime – Equation (4.7) Turbulent Regime – Equation (4.8)

 range Derivation  range Derivation

Upward 
facing hot
or
downward 
facing cold

70
to 1.27 30 and 38 to 1.71 5 and 38

Downward 
facing hot
or
upward 
facing cold

to 0.46 5
No data, but region of little practical 

importance.

f∆TM3

λf
4

----------------- C1
f∆TM3

λf
4

----------------- C2

2 104×

2 104×

107

102

107

H/D 5<

H/D 0.05<( )

hc 0.52λf /D 1.4 f∆T/H( )1/4
+=
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Equation (5.2) is valid for

For turbulent flow, vertical cylinders and plates are equivalent as far as the free-convective heat transfer is
concerned when the following conditions are satisfied:

In this case, Equation (4.1) should be used to calculate . Limited data for cylinders with H/D exceeding
50 show an increase of heat transfer in comparison with data for vertical plates. 

5.2 Horizontal Cylinders

The average heat transfer coefficient for free convection around a horizontal cylinder in ambient air is
calculated using the equation

 . (5.5)

This equation, applicable over the laminar, transitional and turbulent flow regimes, is derived from
Equation (A6.1) in Appendix A. Equation (5.5) is valid for

 . (5.6)

6. CONVECTIVE HEAT TRANSFER – SPHERES IN AIR

The average heat transfer coefficient for predominantly laminar free-convective flow of ambient air about
a sphere is calculated using the equation

. (6.1)

This equation, derived from Equation (A7.1) in Appendix A is valid for

. (6.2)

Whenever the upper limit of this criterion is exceeded, the flow is likely to be turbulent over a significant
portion of the surface of the sphere, but there are no known experimental data with which to establish an
equation for this condition.

 
and (5.3)

 
and (5.4)
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7. RADIATIVE HEAT TRANSFER

Heated or cooled bodies immersed in gases will generally exchange a significant amount of heat with their
surroundings by thermal radiation. The heat exchange may be simply calculated by the methods given here
if the gas is only a weak absorber of radiation and a diffuse-grey approximation can be made. This
approximation requires the emissivities of the surfaces involved in the radiative interchange to be
independent of the direction and wavelength of the radiation. All these requirements are reasonably well
satisfied for unpolished surfaces in air. Polished surfaces do not show diffuse-radiation behaviour, but their
emissivities are small, and consequently the radiative heat exchange between these surfaces and their
surroundings is usually negligible in comparison with the free-convective heat transfer. 

7.1 Body in Large Enclosure

The average heat flux, , from an opaque body to an enclosure that is large compared with the body can
be calculated from the equation

. (7.1)

This equation is applicable to black enclosures, i.e. enclosures that absorb all of the radiation emitted by
the body. This is strictly true only if the walls of the enclosure are black . However, an enclosure
made up of lower emissivity walls can still be treated as black provided that it is large enough for most of
the radiation emitted by the body to be lost to the enclosure walls by a process of multiple reflection and
absorption without returning to the body. The total hemispherical emissivity  should be evaluated at the
body surface temperature  whenever the data permit. Emissivity data for a number of commonly used
surfaces are given in Table 11.1; further data may be obtained from Derivations 8, 14 and 26.

7.2 Body and Nearby Surface in Large Enclosure

The information in this Section applies to the situation in which a simply shaped body is in close proximity
to another surface. The effect of a nearby surface on the radiative heat transfer can be considerable. The
free-convective heat transfer can also be affected under certain circumstances, briefly discussed in
Section 8.4. 

In the following simplified analysis, both the body surface and the adjacent surface are assumed to be
opaque and diffuse-reflecting, and it is further assumed that neither surface is re-entrant. These conditions
will be met in most practical situations in which one of the body shapes dealt with in this Data Item is
located near to a plane surface (such as a wall) or a convex surface. 

The total net average radiative heat flux from the body to surroundings that comprise the nearby surface in
an effectively black enclosure is given by

. (7.2)

The view factor, or configuration factor, , in this equation is defined as the fraction of the radiation
from the surface of the body which strikes the nearby surface. View factor data for the body shapes dealt
with in this Data Item and adjacent plane surfaces are given in Figures 3 to 6. The usefulness of these
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Figures can be extended by employing the algebraic techniques of Appendix D. If the combination of body
and adjacent surface shapes under consideration cannot be dealt with by the use of these Figures and
techniques Reference 2, which contains a useful catalogue of known view factors, should be consulted. 

In many practical situations, either or both of  and  will be close to unity and the denominator of
Equation (7.2) will approximate to unity. A further simplification is possible if the nearby surface may be
considered to be black  giving, for any 

. (7.3)

8. OTHER FACTORS THAT MAY AFFECT THE HEAT TRANSFER

8.1 Non-uniform Surface Temperature

The equations in this Data Item apply to body surfaces at uniform temperature, which is the boundary
condition most often approximated in practice. In some applications, such as electrical heating, the heat
flux may be nearly uniform over the surface of the body. For laminar flow, the surface temperature will
then be non-uniform. 

It is shown in Derivation 10, that for laminar flow along a vertical plate the same equation for the average
free-convective heat transfer is applicable for both uniform temperature and uniform heat flux boundary
conditions, provided that, in the latter case, the surface temperature at the mid-height of the plate is used
to form the temperature difference . If the flow is fully turbulent,  is effectively
independent of vertical height and the two boundary conditions are equivalent. The temperature at the
mid-height of the plate is also an appropriate temperature for radiative heat transfer calculations in the
uniform heat flux case. 

Except for a horizontal plate and as a first approximation, it is therefore reasonable to use the equations in
this Data Item for uniform heat flux conditions by setting  equal to the surface temperature at the
mid-height of the body. At the present time, the data for horizontal plates are extremely sparse, and the
distributions of surface temperature are unknown. It is therefore only possible to deal with horizontal plates
if the integrated average surface temperature (or a reasonable approximation to it) is known, or if it is
required to calculate this average temperature. 

In some applications, neither the surface temperature nor the surface heat flux can be considered to be
uniform. Whenever variation in  (or  becomes appreciable compared with the average value, such
a situation would be expected to arise, but its analysis is difficult and there are few experimental data.
However, methods reviewed in Derivation 20 do provide guidance for free-convective heat transfer
calculations with laminar flow and various distributions of temperature and heat flux over the height of a
vertical plate. 

8.2 Draughts

If air movement other than that caused by the heated or cooled body occurs, the convective heat transfer
may be appreciably modified. However, in the case of ambient air, provided that

 , (8.1)
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