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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work. ISO
collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Draft International Standards adopted by the technical committees are circulated to the member bodies
for voting. Publication as an International Standard requires approval by at least 75 % of the member
bodies casting a vote.

International Standard ISO 12241 was prepared by Technical Committee ISO/TC 163, Thermal
insulation, Subcommittee SC 2, Calculation methods.

Annexes A to C of this International Standard are for information only.
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Introduction

Methods relating to conduction are direct mathematical derivations from Fourier´s Law of Heat
Conduction, so international consensus is purely a matter of mathematical verification. No significant
difference in the equations used in the member countries exists. For convection and radiation, however,
there are no methods in practical use which are mathematically traceable to Newton´s Law of Cooling or
the Stefan-Boltzman Law of Thermal Radiation, without some empirical element. For convection, in
particular, many different equations have been developed, based on laboratory data. Different equations
have become popular in different countries, and no exact means are available to select between these
equations.

Within the limitations given, these methods can be applied to most types of industrial thermal insulation
heat transfer problems.

These methods do not take into account the permeation of air or the transmittance of thermal radiation
through transparent media.

The equations in these methods require for their solution that some system variables be known, given,
assumed, or measured. In all cases, the accuracy of the results will depend on the accuracy of the input
variables. This International Standard contains no guidelines for accurate measurement of any of the
variables. However, it does contain guides which have proven satisfactory for estimating some of the
variables for many industrial thermal systems.

It should be noted that the steady-state calculations are dependent on boundary conditions. Often a
solution at one set of boundary conditions is not sufficient to characterize a thermal system which will
operate in a changing thermal environment (process equipment operating year-round, outdoors, for
example). In such cases local weather data based on yearly averages or yearly extremes of the weather
variables (depending on the nature of the particular calculation) should be used for the calculations in
this International Standard.

In particular, the user should not infer from the methods of this International Standard that either
insulation quality or avoidance of dew formation can be reliably assured based on minimal simple
measurements and application of the basic calculation methods given here. For most industrial heat flow
surfaces, there is no isothermal state (no one, homogeneous temperature across the surface), but
rather a varying temperature profile. This condition suggests the need for numerous calculations to
properly model thermal characteristics of any one surface. Furthermore, the heat flow through a surface
at any point is a function of several variables which are not directly related to insulation quality. Among
others, these variables include ambient temperature, movement of the air, roughness and emissivity of
the heat flow surface, and the radiation exchange with the surroundings (often including a great variety
of interest). For calculation of dew formation, variability of the local humidity is an important factor.

Except inside buildings, the average temperature of the radiant background seldom corresponds to the
air temperature, and measurement of background temperatures, emissivities, and exposure areas is
beyond the scope of this International Standard. For these reasons, neither the surface temperature nor
the temperature difference between the surface and the air can be used as a reliable indicator of
insulation performance or avoidance of dew formation.
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Clauses 4 and 5 of this International Standard give the methods used for industrial thermal insulation
calculations not covered by more specific standards. In applications where precise values of heat energy
conservation or (insulated) surface temperature need not be assured, or where critical temperatures for
dew formation are either not approached or not a factor, these methods can be used to calculate heat
flow rates.

Clauses 6 and 7 of this International Standard are adaptations of the general equation for specific
applications of calculating heat flow temperature drop and freezing times in pipes and other vessels.
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1

Thermal insulation for building equipment and industrial
installations — Calculation rules

1 Scope

This International Standard gives rules for the calculation of heat transfer related properties of building
equipment and industrial installations, predominantly under steady-state conditions, assuming one-
dimensional heat flow only.

2 Normative references

The following standards contain provisions which, through reference in this text, constitute provisions of
this International Standard. At the time of publication, the editions indicated were valid. All standards are
subject to revision, and parties to agreements based on this International Standards are encouraged to
investigate the possibility of applying the most recent editions of the standards indicated below.
Members of IEC and ISO maintain registers of currently valid International Standards.

ISO 7345:1987, Thermal insulation — Physical quantities and definitions

ISO 9346:1987, Thermal insulation — Mass transfer — Physical quantities and definitions

NOTE —   For further publications, see annex C.

3 Definitions, symbols and abbreviations

For the purposes of this International Standard, the definitions given in ISO 7345 and ISO 9346 apply.

STANDARDSISO.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IS
O 12

24
1:1

99
8

https://standardsiso.com/api/?name=3c2cd415448fd4ccb9275abc1c7fe292


ISO 12241:1998(E) © ISO

2

3.1 Physical quantities, symbols and units

Physical quantities Symbol Unit
——————————————————————————————————

heat flow rate Φ W

density of heat flow rate q W/m2

linear density of heat flow rate ql W/m

thermodynamic temperature T K

Celsius temperature θ °C

temperature difference ∆θ K

thermal conductivity λ W/(m·K)

design thermal conductivity λd W/(m·K)

surface coefficient of heat transfer h W/(m2·K)

thermal resistance R m2·K/W

linear thermal resistance Rl m·K/W

linear thermal surface resistance Rle m·K/W

surface resistance of heat transfer Rs m2·K/W

thermal resistance for hollow sphere Rsph K/W

thermal transmittance for hollow sphere Usph W/K

thermal transmittance U W/(m2·K)

linear thermal transmittance Ul W/(m·K)

specific heat capacity at constant pressure cp kJ/(kg·K)

thickness d m

diameter D m

temperature factor ar K3

radiation coefficient Cr W/(m2·K4)

emissivity ε -

Stefan Boltzmann constant  (see reference [9]) s W/(m2·K4)

height H m

length l m

thickness parameter (see 4.2) C′ m

perimeter P m

area A m2

volume V m3

velocity v m/s

time t s

mass m kg

mass flow rate &m kg/h

density ρ kg/m3

specific enthalpy; latent heat of freezing hfr kJ/kg

relative humidity φ %
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3.2 Subscripts

ambient a
average av
cooling c
convection cv
design, duct, dewpoint d
exterior,external e
effective ef
final medium fm
freezing fr
interior, internal i
initial medium im
laboratory lab
linear l
pipe p
radiation r
reference ref
surface s
exterior surface se
interior surface si
spherical sph
soil E
total T
vessel v
water w
wall W

4 Calculation methods for heat transfer

4.1 Fundamental equations for heat transfer

The formulae given in this clause apply only to the case of heat transfer in the steady-state, i.e. to the
case where temperatures remain constant in time at any point of the medium considered.
Generally the thermal conductivity design value is temperature dependent  (see figure 1, dashed line).
For further purposes of this International Standard, the design value for the mean temperature for each
layer shall be used.

NOTE —This may imply iterative calculation.

4.1.1 Thermal conduction

Thermal conduction normally describes molecular heat transfer in solids, liquids and gases under the
effect of a temperature gradient.

It is assumed in the calculation that a temperature gradient exists in one direction only and that the
temperature is constant in planes perpendicular to it.

The density of heat flow rate q for a plane wall in the x-direction is given by:

q
x

= − ⋅λ θd
d

W m2 (1)
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For a single layer

( )q
d

= ⋅ −λ θ θsi se W m2 (2)

or

q
R

= −θ θsi se W m2 (2a)

where

l is  the thermal conductivity of the material, in W/(m.K);
d is the thickness of the plane wall, in m;
qsi is the temperature of the internal surface, in oC;
qse is the temperature of the external surface, in oC;
R  is the thermal resistance of the wall in (m²•K)/W.

NOTE — The straight curve shows the negligible, the dashed one the strong temperature dependence of λ.

Figure 1 : Temperature distribution in a single layer wall
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For multi-layer insulation

q
R

=
−

′
θ θsi se 2W m (3)

where R´ is the thermal resistance of the multi-layer wall

′ =
=

∑R
d j

jj

n

λ
1

2m . K W  (4)

NOTE —   The prime denotes a multi-layer quantity.

Figure 2 : Temperature distribution in a multi-layer wall
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The linear density of heat flow rate ql of a single layer hollow cylinder:

q
Rl

si se

l
W m=

−θ θ
(5)

where Rl
  is the linear thermal resistance of a single layer hollow cylinder:

R

D
D

l

e

i m K W=
⋅ ⋅

⋅
ln

2 π λ
(6)

De is the exterior diameter of the layer, in m;
Di  is the interior diameter of the layer, in m.

Figure 3 : Temperature distribution in a single layer hollow cylinder
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For multi-layer hollow cylinder:

q
Rl

si se

l
W / m=

−
′

θ θ
(7)

where

R
D

D
j

n

l m K / W′

=
=

⋅
⋅









 ⋅∑1

2

1
ln

π λ j

ej

ij1

(8)

with D0 ≡ Di  and  Dn ≡ De

Figure 4 : Temperature distribution in a multi-layer hollow cylinder
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The heat flow rate of a single layer hollow sphere is

Φ θ θ
sph

si se

sph
= −

R
W (9)

where Rsph is the thermal resistance of a single layer hollow sphere in K/W.

R
D Dsph

i e

1
2

1 1=
⋅

−








π ⋅ λ
K W (10)

De is the outer diameter of the layer, in m;
Di is the inner diameter of the layer, in m.

Figure 5 : Temperature distribution in a single layer hollow sphere
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The heat flow rate of a multi layer hollow sphere is

Φ θ θ
sph

si se

sph
=

−
′R

W (11)

where

R
D Dj j jj

n

sph
1

2
11

1 1 1′

−=
= ⋅ −









∑π λ

K W (12)

with D0 ≡ Di  and  Dn ≡ De .

Figure 6 : Temperature distribution in a multi-layer hollow sphere
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The heat flow rate through the wall of a duct with rectangular cross section is
given by

q
Rd

si se

d
=

θ θ−
W m  (13)

The linear thermal resistance of the wall of such a duct can be approximately
calculated by

( )R
d

P Pd
e i

2= ⋅
⋅ +

⋅
λ

m K W (14)

where

P i is the inner perimeter of the duct, in m;

Pe is the external perimeter of the duct, in m;

d   is the thickness of the insulating layer, in m.

Pe = Pi + (8•d) (14a)

Figure 7 : Temperature distribution in a wall of a duct with rectangular cross section
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4.1.2 Surface coefficient of heat transfer

In general the surface coefficient of heat transfer is given by:

( )h h h= + ⋅r cv W m K2 (15)

where

hr  is the radiative part of  the  surface coefficient of heat transfer;
hr is dependent on the temperature and the degree of emissivity of the

surface.

NOTE —   The emissivity is defined as the ratio between the radiation coefficient of the surface and the black body
radiation constant (see ISO 9288).

hcv is the convective part of the  surface coefficient of heat transfer.
hcv is in general dependent on a variety of factors such as air movement,

temperature, the relative orientation of the surface, the material of the
surface and other factors.

4.1.2.1 Radiative part of surface coefficient hr

hr is given by:

hr = ar • Cr   ( )W m K2 ⋅ (16)

ar is the temperature factor. It is given by:

( ) ( )
a

T T

T Tr =
−
−

1 2
4 4

1 2
   K3   (17)

and can be approximated up to a temperature difference of 200 K by

( )a Tavr  4≈ ⋅ 3
   K3 (17a)

where

Tav is 0,5 3 ( surface temperature + ambient or surface temperature of a radiating surface in
the neighbourhood), in K;
Cr is the radiation coefficient, in W/(m2•K4).
Cr is given by

Cr = ε ⋅ σ
σ  = 5,67 ⋅ 10—8  W/(m²•K4)
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4.1.2.2 Convective part of surface coefficient hcv

For convection a distinction has to be made between surface coefficient inside buildings and in open air.
For pipes and containers there is a difference as well between internal surface coefficient hi and the
external surface coefficient hse.

a)  Inside buildings:

In the interior of buildings hcv can be calculated for plane vertical walls and vertical pipes for laminar
free convection (H3•Dq ≤ 10 m3•K) by

h
Hcv

21,32 W (m K)= ⋅ ⋅∆θ
4 (18a)

where

D  = θ θ θse a− , in K;

qse is the surface temperature of the wall, in °C;

qa is the temperature of the ambient air inside the building, in °C;

H is height of the wall or diameter of a pipe, in m.

For vertical plane walls, vertical pipes  and in approximation for large spheres inside buildings the
convective part hcv for turbulent free convection (H3•∆θ > 10 m3•K) is given by:

hcv
3 21,74 W (m K)= ∆θ . (18b)

For horizontal pipes inside buildings hcv is given by

- laminar airflow (De
3•Dq ≤ 10 m3•K)

( )h
Dcv

e

21,25 W m K= ⋅ ⋅∆θ
4  (18c)

- turbulent airflow (De
3•Dq  > 10 m3•K)

hcv
21,21 W (m K)= ⋅ ⋅∆θ3 (18d)

b)  Outside buildings:

For vertical plane walls outside of buildings and in approximation for large spheres the convective part
hcv of the surface coefficient is given by:

laminar airflow (v · H  ≤ 8 m2/s):

hcv
23 W (m K)= ⋅ ⋅,96

v
H

(18e)
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- turbulent air flow (v•H > 8 m2/s):

h
Hcv

25 W (m K)= ⋅ ⋅,76
4

5 v (18f)

For horizontal and vertical pipes which are outside buildings the following equation applies:

- laminar airflow (v ⋅ De ≤ 8,55 × 10-3 m2/s) :

h
D

v
Dcv

e e

2W (m K)= × + ⋅ ⋅
−8,1 10

3,14
3

(18g)

- turbulent airflow (v · De > 8,55 × 10-3 m2/s) :

h
v

D
cv

0,9

e
0,1

8,9= ⋅

   

W/(m2•K) (18h)

where

De is the external insulation diameter, in m;

v is the wind velocity, in m/s.

NOTE —   For calculation of surface temperature, formulas (18a) to (18d) should be used for wall and pipe instead
of formulas (18e) to (18h) when the presence of wind is not established.

Table 1 gives a selection of appropriate equations to be used for calculation of hcv.

Table 1  —Selection of  hcv

Location Walls Pi pes
vertical horizontal vertical horizontal

laminar turbulent laminar turbulent laminar turbulent laminar turbulent
inside
buildings

   18a   18b    1)   1)    18a   18b    18c   18d

outside
buildings

   18e    18f    18e    18f    18g    18h    18g    18h

1) Not  important for most practical purposes

All the equations for the convective part of the outer thermal surface coefficient inside buildings apply for
the heat transfer between surfaces and air at temperature differences DT < 100 K.

4.1.2.3 Approximation for the calculation of hse

For approximate calculations the following equations for the outer surface coefficient hse can be used
inside  buildings.

For horizontal  pipes

hse = CA + 0,05 ⋅ Dq    W/(m²⋅K) (19)
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For vertical pipes and walls

hse = CB + 0,09 ⋅ Dq    W/(m²⋅K) (20)

using the coefficients in table 2.

Equations 19 and 20 can be used for horizontal pipes in range of De = 0,25 m to 1,0 m and for vertical
pipes for all diameters.

Table 2 — Coefficients CA and CB for approximate calculation of total
exterior thermal surface coefficient

Surface CA CB ε Cr 3 10—8

W/(m²⋅K4)
aluminium, bright rolled 2,5 2,7 0,05 0,28
aluminium, oxidized 3,1 3,3 0,13 0,74
galvanized sheet metal, blank 4,0 4,2 0,26 1,47
galvanized sheet metal, dusty 5,3 5,5 0,44 2,49
austenitic steel 3,2 3,4 0,15 0,85
aluminium - zinc sheet 3,4 3,6 0,18 1,02
nonmetallic surfaces 8,5 8,7 0,94 5,33

For cylindrical ducts with a diameter less than 0,25 m the convective part of the external surface
coefficient can be calculated in good approximation by equation (18 c). For larger diameters i.e. De>0,25
m the equation for plane walls (18 a) can be applied. The respective accuracy is 5 % for diameters
De>0,4m and 10% for diameters 0,25<De<0,40m. Equation (18 a) is also used for ducts with rectangular
cross-section, having a width and height of similar magnitude.

4.1.2.4 External surface resistance

The reciprocal of the outer surface coefficient hse is the external surface resistance.

For plane walls the surface resistance Rse, in m2•K/W, is given by

R
hse

se

21 m K W= ⋅ (21)

For pipe insulation the linear thermal surface resistance Rle is given by:

R
h Dle

se e

1 m K W= ⋅ ⋅ ⋅π (22)

For hollow spheres the thermal surface resistance Rsph e  is given by

R
h D

sph e
se e

2
K W=

⋅ ⋅
1
π

   (23)
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4.1.3 Thermal transmittance

Thermal transmittance U is given by

U
q

=
i aθ θ−

⋅W (m K)2 (24)

For plane walls the thermal transmittance U can be calculated

1 1
U h

R
h

R R R= + = + +
i se

se
2m K W+

1
si

. (25)

For pipe insulation the linear thermal transmittance Ul can be calculated

1 1 1
eU h D

R
h D

R R R
l i i

l
se e

li l l
2m K W=

⋅ ⋅
+

⋅ ⋅
= + +

π π
+ . (26)

For hollow spheres the thermal transmittance Usph is given by:

1 1 1
U h D

R
h Dsph i i

2 sph
se e

2
K W=

⋅ ⋅
+ +

⋅ ⋅π π
(27)

The surface resistance of flowing media in pipes Rsi (in the cases predominantly considered here) is
small and can be neglected. For the external surface coefficient hse, equations (19) and (20) apply. For
ducts one also has to use the internal surface coefficient.

The reciprocal of thermal transmittance U is the total thermal resistance RT for plane walls and
respectively the total linear thermal resistance RTl for pipe insulation and RT sph

 for hollow spheres
insulations.

The thermal transmittance of a duct with rectangular cross sections can be obtained by eq. (25) by
replacing R by Rd (eq. 14).

4.1.4  Temperatures of the layer boundaries

The general equation for the heat loss in a multi-layer wall may be written in the following general form:

q
R

=
−θ θi a

T

2W m (28)

and

RT = Rsi + R1 + R2 + … + Rn + Rse   m²⋅K/W (29)

where Rl, R2 ... are the thermal resistances of the individual layers and Rsi, Rse are the thermal
surface resistances of the interior and exterior surface.
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Figure 8: The temperature distribution for a multi-layer plane wall in relation to the thermal
surface resistance and the thermal resistances of layers

The ratio between the resistance of each layer or the surface resistance with respect to the total
resistance will give a measure of the temperature change across the particular layer or surface in K.

( )θ θ θ θi si
si

T
i a− = ⋅ −

R
R

 

K (30)

( )θ θ θ θsi − = ⋅ −1
1R

RT
i a K

( )θ θ θ θ1 2
2− = ⋅ −R

RT
i a K

.

.

.

( )θ θ θ θse a
se

T
i a− = ⋅ −

R
R

K

RT is defined for plane walls according to equation (25), for cylindrical pipes according to
eq. (26), and for spherical insulations by equation (27).

4.2 Surface temperature

The surface temperature can be calculated by using eq. (30)
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For operational reasons it is often stipulated in practice that a certain surface temperature or
temperature of the surface higher than that of the ambience should be maintained. The surface
temperature is no measure for the quality of the thermal insulation. This depends not only on the heat
transmission but also on operating conditions which cannot be readily determined or warranted by the
manufacturer. These include among other things: ambient temperature, movement of the air, state of
the insulation surface, effect of adjacent radiating bodies, meteorological conditions etc. Further, it will
be necessary to make assumptions for the operating parameters. With all these parameters it is
possible to estimate the required insulation thickness using equation (30) or diagram 1 (see
reference [10]). It must be pointed out, however, that these assumptions will correspond to the
subsequent operating conditions only in very rare cases.

Since an accurate registration of all relevant parameters will be impossible, the calculation of the surface
temperature is inexact and the surface temperature cannot be warranted. The same restrictions apply to
the warranty of the temperature difference between surface and air, also called excess temperature.
Although it includes the effect of the ambient temperature on the surface temperature it assumes that
the heat transfer by convection and radiation can be covered by a total heat transfer coefficient whose
magnitude must also be known (see 4.1.2). However, this condition is generally not fulfilled because the
air temperature in the immediate vicinity of the surface, which determines the convective heat transfer,
mostly departs essentially from the temperature of other surfaces with which the insulation surface is in
radiative exchange.

Diagram 1: Determination of insulating layer thickness for a pipe at a given
heat flux density or for a set surface temperature  (see next page)

′ = ⋅ ⋅
−







 −













C
q h

2
1λ

θ θim a

se
(a)

′ = ⋅ ⋅
−
−









 −













C
h
2

1
λ θ θ

θ θse

im a

se a
(b)
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The equation for the thickness parameter C´ is derived from equations (24) and (26) by elementary
transformations. Equation (a) permits calculation of the necessary insulation thickness for a given linear
density of heat flow rate, whereas equation (b) allows calculation of the required insulation thickness for
a given temperature difference between the pipe surface (with insulation) and the ambient temperature.

In both cases hse must be assumed or calculated (see example B.7).

4.3 Prevention of surface condensation

The surface condensation does not only depend on the parameters affecting the surface temperature
but also on the relative humidity of the surrounding air which very often cannot be stated accurately by
the customer. It is all the more difficult to state the higher the relative humidity is, in which case
fluctuations of the humidity or of the surface temperatures make themselves felt strongly. Unless other
data are available assumptions have to be made as in diagram 3 (see clause 9) to calculate the
necessary insulation thickness to prevent dew formation on pipes. Using equation (30) the necessary
insulation thickness to prevent dew formation can be obtained by iterative techniques. The allowed
temperature difference (in °C) between surface and ambient air for different relative humidities at the
onset of dew formation is given in table 3.

5 Calculation of the temperature change in pipes, vessels
and containers

5.1 Longitudinal temperature change in a pipe

To obtain the accurate value of the longitudinal temperature change in a pipe with a flowing medium, i.e.
liquid or gas, the following equation applies:

θ θ θ θ α
fm a im a e K− = − ⋅ − ⋅l (31)

where

α = ⋅
⋅

U
m c

l

p

-1m
3 6,

&

(32)

qfm is the final temperature of the medium, in °C;
qim is the initial temperature of the medium, in °C;
qa is the ambient temperature, in °C;
cp is the specific heat capacity at constant pressure of the flowing

medium, in kJ/(kg•K);
&m is the mass flow rate of the flowing medium, in kg/h;

l is the length of the pipe, in m;
Ul is the linear thermal transmittance, in W/(m•K).

Equations (31) and (32) can also be used for ducts with rectangular cross section. Then Ul has to be
replaced by Ud (eq. 25).

Since, in practice, the allowed temperature change is often small, for approximate calculation the
following equation applies:

∆θ = ⋅ ⋅
⋅

q l
m c
l

p

3,6
K

&

(33)

Dq is the longitudinal temperature change, in K;
ql is the linear density of heat flow rate, in W/m.
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For the calculation of ql equation (24) can be used or equations (5) and (7) if the external surface
coefficient can be neglected.

Equation (33) will yield results of satisfying accuracy only for relatively short pipes and a relatively small
temperature change [∆θ ≤ 0,06 ⋅ (θim 2 θa)].

5.2 Temperature change and cooling times in pipes, vessels and
containers

The allowed cooling time tv  for a given temperature change is calculated by

( ) ( ) ( )
( )

t

m c

q Av

im a p
im a

fm a
ln

3,6
h=

− ⋅ ⋅ ⋅
−
−

⋅ ⋅

θ θ
θ θ
θ θ

(34)

where

( )
q

d
h

=
−

+

θ θ

λ

im a

se

2W m1 (35)

q is the density of heat flow rate, in W/m2;
A is the surface area of the container or vessel, in m2;
tv is the cooling time, in h, producing the temperature drop;
m is the mass of contents, in kg;
cp is the specific heat capacity, in kJ/(kg•K), of the medium.

For a spherical container q•A is replaced by the heat flow rate Φsph from equation (11).

The accurate calculation of the time-dependent temperature change is performed according to section
5.1, using equation (31) and replacing l by t and α by α9.

The approximate time-dependent temperature drop can be calculated by equation (36):

with ′ = ⋅ ⋅
⋅

α U A
m c

3 6,

P

∆θ = ⋅
⋅

⋅ ⋅q A
m c

t
p

3,6 K (36)

NOTE —   In calculating the cooling time it is assumed that no heat is absorbed by the media during cooling. The
obtained cooling time is the fastest, which means there is a safety factor built in by modelling (design calculation).
For small containers the heat capacity of the container itself is taken into account and in equation (34) an analogous
term as in equation (37) is added.
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6 Calculation of cooling and freezing times of stationary
liquids

6.1 Calculation of the cooling time for a given thickness of
insulation to prevent the freezing of water in a pipe

It is impossible to prevent the freezing of a liquid in a pipe, although insulated, over an arbitrary long
period of time.

As soon as the liquid (normally water) in the pipe is stationary the process of cooling starts. The linear
density of heat flow ql of a stationary liquid is determined by the energy stored in the liquid cpw•mw and in
the pipe material cpp•mp as well as by the freezing enthalpy required to transform water to ice. If
mp•cpp << mw•cpw then mp•cpp may be neglected.

The time until freezing starts is calculated using the following equations :

( ) ( ) ( )
( )

t
m c m c

q lwp

im a w pw p pp
im a

fm a

wp

ln

3,6
h=

− ⋅ ⋅ + ⋅ ⋅
−
−

⋅ ⋅

θ θ
θ θ
θ θ

(37)

where

( )
q

D
D h D

wp
im a

e

i se e

W m=
⋅ −

⋅
⋅ +

⋅

π θ θ

λ
1

2
ln

1
(38)

and

l is the length of the pipe, in m;
θim  is the initial medium temperature, in °C;
θfm is the final medium temperature, in °C;
θa is the ambient temperature in °C;
cp  is the specific heat capacity, in kJ/(kg•K);
mw  is the mass of water, in kg;
mp  is the mass of the pipe, in kg.

In practice, for the calculation of qwp the exterior thermal surface resistance should be neglected for
insulated pipes.

If a comparison is made between uninsulated and insulated pipes the influence of the surface coefficient
of the uninsulated pipe must be taken into consideration. The density of heat flow rate of the uninsulated
pipe is given by:

( )q hl se im a e W m= ⋅ − ⋅ ⋅ ⋅θ θ 2 π D (39)

As an approximation the cooling time is given by:

( ) ( )
t

m c m c

q lwp
w pw p pp im fm

wp 3,6
h=

⋅ + ⋅ ⋅ −
⋅ ⋅

θ θ
(40)
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The time until freezing starts is calculated by using the procedure above with θfm equal to the freezing
point of the liquid.

Diagram 2 shows examples for the cooling time before freezing starts for a range of pipe diameters and
ambient temperatures, for water initially at 5 °C.

6.2 Calculation of the freezing time of water in a pipe

The freezing time is dependent on the heat flow and the diameter of the pipe. It is given by:

t
f D h

qfr
ice ip

2
fr

fr
= ⋅

⋅ ⋅ ⋅
⋅ ⋅100 3 6 4

ρ π D
,

   h (41)

with

( )
q

D
D

fr
a

e

i

W m=
⋅ −

⋅
⋅

π θ

λ
1

2
ln

(42)

and

f is the percentage of water that is frozen;
Dip is the interior pipe diameter, in m;
hfr  is the specific enthalpy = latent heat of ice formation = 334 kJ/kg;
ρice is the density of ice at 0°; ρice = 920 kg/m3.

The percentage f of water that is frozen shall be chosen according to a requirement, i.e 25% (f = 25).

The allowable cooling time may be taken as well from diagram 2.

Due to the reduction of the cross-section of slides, taps and fittings cooling and freezing times are
reduced as well. It is advised to decrease the cooling and freezing times twp and tfr given in 6.1 and 6.2
by 25%. The allowed cooling times may also be taken from diagram 2.

7 Thermal bridges

Pipe mountings, supports and armatures may be thermal bridges which cannot be calculated by normal
means. They cause additional heat losses, which can be taken into consideration in different ways. For
pipes, components in the insulating layer like spacers and supports are taken into account by an
additional term ∆λ to the reference thermal conductivity λ of the insulation material (see clause 9):

λeff = λ + ∆λ (43)

The effect of valves, slide valves and flanges may be taken into account according to table 4 by adding
a fictitious pipe length ∆l to the given length l:

leff = l + ∆l (44)

Like in pipes, the real temperature drop in containers is much affected by thermal bridges. A substantial
increase in thickness of the insulation in containers is necessary.
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8 Underground pipelines

Pipelines are laid in the ground with or without thermal insulation either in channels or directly in the soil.

8.1 Calculation of heat loss (single line)

At present, the following two methods are used for pipe-laying without channels:

The heat flux per metre of an underground pipe is calculated from

q
R Rl,E

i sE

E
W m=

−
′ +

θ θ

l
(45)

θi is the medium temperature, in °C;
θsE is the surface temperature of the soil, in °C;
RE is the thermal resistance for a pipe laid in homogeneous soil, in

m•K/W;
λE is the thermal conductivity of the ambient soil, in W/(m•K);
HE is the distance between the centre of the pipe and the surface, in m.

The thermal resistance for the ground (figure 9) is calculated in accordance with equation (46)

R
H

DE
i

arcosh=
⋅ ⋅

⋅ ⋅ ⋅1
2

2
π λE

E m K W (46)

Figure 9 —  Underground pipe without insulation
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whereby equation (46) is simplified for HE/Di > 2 to

R
H

DE
E

E

i
ln

4
m K W=

⋅ ⋅
⋅

⋅
⋅

1
2 π λ

(47)

For underground pipes with insulating layers in accordance with figure 10, the thermal resistance is
calculated in accordance with equation

R
D

D
j

jj

n

l
  e

i
m K W′

=
=

⋅
⋅









 ⋅∑1

2
1

ln
1

π λ j
(48)

Figure 10  — Underground pipe comprising several concentric layers ,
e.g. consisting of insulating material and sheathing (e.g. jacket pipe), embedded in a bottoming

(e.g. sand) with a square cross-section

The square cross-section of the outer layer with side length a is thereby taken into consideration with an
equivalent diameter

Dn = 1,073 ⋅ a (49)
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Internal diameter Di is identical to Do  ( where j = 1). The thermal resistance of the ground RE results for
this case at

R
H

DE
E

E

n

1
2

arcosh
2

m K W=
⋅ ⋅

⋅
⋅

⋅
π λ

(50)

Calculation methods are available for the determination of the heat flow rate and temperature field in the
ground for several adjacent pipes, i.e double lines or laid systems, see references [12] to [14] in
Annex C.

In the case of commonly used jacket pipes which are laid adjacent to each other, if λ1 << λE, calculation
as an individual pipe is generally sufficient as an initial approach, as the mutual effects can be
disregarded.

For pipes embedded in insulating masses without additional insulation, the simplified calculation is not
permissible.
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9 Tables and diagrams

Table 3: The allowed temperature difference in °C between surface and
ambient air for different relative humidities at the onset of dew formation

Ambient
air

Relative air humidities, %

temperature
°C

30 35 40 45 50 55 60 65 70 75 80 85 90 95

-20 - 10,4 9,1 8,0 7,9 6,0 5,2 4,5 3,7 2,9 2,3 1,7 1,1 0,5
-15 12,3 10,8 9,6 8,3 7,3 6,4 5,4 4,6 3,8 3,1 2,5 1,8 1,2 0,6

-10 12,9 11,3 9,9 8,7 7,6 6,6 5,7 4,8 3,9 3,2 2,5 1,8 1,2 0,6

-5 13,4 11,7 10,3 9,0 7,9 6,8 5,8 5,0 4,1 3,3 2,6 1,9 1,2 0,6

0 13,9 12,2 10,7 9,3 8,1 7,1 6,0 5,1 4,2 3,5 2,7 1,9 1,3 0,7

2 14,3 12,6 11,0 9,7 8,5 7,4 6,4 5,4 4,6 3,8 3,0 2,2 1,5 0,7

4 14,7 13,0 11,4 10,1 8,9 7,7 6,7 5,8 4,9 4,0 3,1 2,3 1,5 0,7

6 15,1 13,4 11,8 10,4 9,2 8,1 7,0 6,1 5,1 4,1 3,2 2,3 1,5 0,7

8 15,6 13,8 12,2 10,8 9,6 8,4 7,3 6,2 5,1 4,2 3,2 2,3 1,5 0,8

10 16,0 14,2 12,6 11,2 10,0 8,6 7,4 6,3 5,2 4,2 3,3 2,4 1,6 0,8

12 16,5 14,6 13,0 11,6 10,1 8,8 7,5 6,3 5,3 4,3 3,3 2,4 1,6 0,8

14 16,9 15,1 13,4 11,7 10,3 8,9 7,6 6,5 5,4 4,3 3,4 2,5 1,6 0,8

16 17,4 15,5 13,6 11,9 10,4 9,0 7,8 6,6 5,4 4,4 3,5 2,5 1,7 0,8

18 17,8 15,7 13,8 12,1 10,6 9,2 7,9 6,7 5,6 4,5 3,5 2,6 1,7 0,8

20 18,1 15,9 14,0 12,3 10,7 9,3 8,0 6,8 5,6 4,6 3,6 2,6 1,7 0,8

22 18,4 16,1 14,2 12,5 10,9 9,5 8,1 6,9 5,7 4,7 3,6 2,6 1,7 0,8

24 18,6 16,4 14,4 12,6 11,1 9,6 8,2 7,0 5,8 4,7 3,7 2,7 1,8 0,8

26 18,9 16,6 14,7 12,8 11,2 9,7 8,4 7,1 5,9 4,8 3,7 2,7 1,8 0,9

28 19,2 16,9 14,9 13,0 11,4 9,9 8,5 7,2 6,0 4,9 3,8 2,8 1,8 0,9

30 19,5 17,1 15,1 13,2 11,6 10,1 8,6 7,3 6,1 5,0 3,8 2,8 1,8 0,9

35 20,2 17,7 15,7 13,7 12,0 10,4 9,0 7,6 6,3 5,1 4,0 2,9 1,9 0,9

40 20,9 18,4 16,1 14,2 12,4 10,8 9,3 7,9 6,5 5,3 4,1 3,0 2,0 1,0

45 21,6 19,0 16,7 14,7 12,8 11,2 9,6 8,1 6,8 5,5 4,3 3,1 2,1 1,0

50 22,3 19,7 17,3 15,2 13,3 11,6 9,9 8,4 7,0 5,7 4,4 3,2 2,1 1,0

Example: At an ambient temperature of 20° C and 70 % relative humidity the allowed surface
temperature is 20 °C 2 5,6 °C = 14,4 °C.

a) Valves and slide valves

To account for the presence of valves and slide valves in a piping system, add additional length in
metres from  table 4 to the real length of the pipeline before calculating the heat loss. These values
account for the valve and its own flanges, but not for the flanges where the valve mounts in the piping
system [see b)].

Values in table 4 assume typical industrial insulation thicknesses for the temperatures given, and
thermal conductivities of λ = 0,08 W/(m•K) at 100 °C mean temperature, and λ = 0,10 W/(m•K) at
400 °C mean temperature.
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Table 4: Additional heat losses due to components in a pipeline

Pipe diameter Di in m 0,10 0,50

Medium
temperature

θi  in oC 100 400 100 400

Pipe inside
non-insulated valve
2/3 insulated valve
3/4 insulated valve

6
3,0
2,5

16
6,0
5,0

9
4,0
3,0

25
10,0
7,5

Pipe outside
non-insulated valve
2/3 insulated valve
3/4 insulated valve

15
6,0
4,5

22
8,0
6,0

19
7,0
6,0

32
11,0
8,5

b) Pair of flanges

To account for the heat losses from a pair of flanges in a piping system (including the flange pair when a
valves is mounted ):

Non-insulated flanges: From the table above, use one third of the
length given for a valve of the same diameter.
Add this to the real length of the piping before
calculating the heat losses.

Insulated with flange boxes: To the real length of the piping, add one meter
for each flange with flange box, before
calculating the heat losses.

Insulated flanges: No adjustment required; calculate heat
losses based on real length.

c) Pipe suspensions

Add to calculated heat loss (without previous compensation for other components).

in interior spaces: 15 % of the heat loss
in the open air without wind: 20 % of the heat loss
in the open air with wind: 25 % of the heat loss

d) Supports for sheet-metal pipelines jackets

Additions to thermal conductivity: for steel supports        0,010 W/(m•K)
for ceramic supports   0,003 W/(m•K)
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Diagram 2: Determination of cooling times from 5 °C to 0 °C

The maximum allowed cooling time of water in pipes of different diameter and with different insulation
thicknesses at different ambient temperatures to avoid freezing of the water in the pipe. The initial water
temperature θ = 5 °C, the wind speed v = 5 m/s, λ = 0,04 W/(m•K), he=20 W/(m2K)

Example: For a given pipe diameter of 300 mm with an insulation thickness of 60 mm and an ambient air
temperature of 210 °C, the maximum allowed cooling time is 40 h.
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Diagram 3: The required insulation thickness to prevent dew formation

Ext. Relative air humidity 80 % Relative air humidity 85 % extern.

diam. pipe
∅ Medium temperature in °C Medium temperature in °C diam.

mm +15 +10 +5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 +15 +10 +5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 mm
17,2 17,2
21,3 21,3
26,9     15      30      40      50 65 80 26,9
33,7 15      25      30 40      50      65  33,7
38      90 38
42,4 42,4
48,3 48,3
60,3 80     100 60,3
70      15 70
76,1 25 76,1
82,5      40 82,5
88,9 90 50 88,9
95      65 95
101,6      80     120 101,6
108 108
114,3 114,3
121 121
127    100 90 127
133    100 133
139,7 139,7
159 25 159
177,8 30    120 177,8
193,7 193,7
219,1 40 219,1
244,5 244,5
273    140 273
298,5 298,5
318 120 318
323,9      50 323,9
355,6      15 25 30 40      50      65 80 355,6
406,4 406,4
419      90      65    160 419
470 470
508     100      80 508
558,8 558,8
609,6 120 90     100 120     140 609,6
711,2     160   711,2
812,2    140     180 812,2
914,4 914,4
1016 1016
∞ ∞

The required insulation thickness in mm for refrigerant pipes of different diameters and different
temperatures at different relative humidities of the ambient air.
The thermal conductivity of the insulation at θ = 10 ° is λ = 0,04 W/(m•K),
The thermal conductivity of the insulation at θ = —100 °C is λ = 0,033 W/(m•K),
Ambient air temperature is 20 °C, hse ≈ 6 W/(m2•K)
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Annex A
(informative)

Comments on thermal conductivity

There is a distinction between the laboratory and the declared thermal conductivity as well as the design
value of the thermal conductivity of an insulation.

A.1  Laboratory thermal conductivity  λlab

An important description of the quality of a thermal insulation (see ISO 8302) is the laboratory thermal
conductivity, measured with a guarded hot plate in accordance with ISO 8302 or the heat flow meter in
accordance with ISO 8301 on plane samples. It is dependent on the kind of thermal insulation, its
composition, structure and density and on the temperature.

The laboratory thermal conductivity is measured with unused, dry samples in the given temperature
regime in steps of 20 K, 50 K or 100 K (see ISO 9251). The laboratory thermal conductivity for plane
products is called λlab, P and is given as a function of the mean test temperature.

The laboratory thermal conductivity of dry thermal insulations of hollow cylindrical specimens like pipe
sections (see ISO 9229) in different diameters and thicknesses is determined with the pipe testing
apparatus according to ISO 8497. This value includes besides the temperature difference parameters,
which are due to the test conditions, for example the influence of longitudinal or transverse joints and of
single or multiple insulation layers, i.e. effects of workmanship. It is given in the relevant temperature
regime as a function of the mean temperature. This value is called λlab,R.   

A.2  Declared thermal conductivity  λdec

The declared thermal conductivity stated by the manufacturer must take production-related fluctuations
into consideration. The declared value for plane products is based on the laboratory thermal conductivity
λlab,p and the declared value of pipe sections on λlab,R. A method to derive the declared thermal
conductivity from the laboratory thermal conductivity is given in ISO 13787. Another approach for the
derivation of the declared and designed values is given in reference [8].

A.3  Design value  λd

The design value of an insulation is warranted by the contractor who does the actual application. The
evaluation of the design value is done either on the basis of the declared thermal conductivity or on the
basis of the laboratory thermal conductivity.

In addition the thermal conductivity has to be increased by allowance factors taking into account the
influences of the actual temperature difference of the installed material, of workmanship, changes in
density or structural changes (see BS 5422).

If, in the case of pipe insulation, the declared thermal conductivity is used as basis, the value might
already include these parameters. However, one has to prove that they are of sufficient magnitude.

If a vertical thermal insulation is permeable to air and if there exists an air layer within the insulation,
then an appropriate allowance has to be considered.
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The influence of other thermal bridges, which are due to the installation of the insulation material such
as spacers, carrying and support constructions has to be included with allowance factors according to
clause 7 and table 4 of this standard.

The resultant design value is only a warrantable quantity if the allowance factors due to thermal bridges
are known with sufficient accuracy.

For other kinds of constructions the allowance factors have to be determined either experimentally or by
calculation.

NOTE — More advanced calculation techniques for thermal bridges are given in reference [14].

The laboratory thermal conductivity of a specimen, taken from an installed insulation may be only
checked if no material or structural changes occurred during mounting.
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