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Abstract- This work presents a numerical model for thermal
analysis of steel hollow tubular sections under high
temperatures. Curved and straight pipes are structural tubular
elements of essential application in the fluids transport,
chemical processes or energy generation plants, eventually
subjected at mechanical and thermal loading conditions.
Hollow tubular sections may have internal voids filled with air
(hollow columns, profile sections thermally insulated or steel
pipes). The internal temperature should be calculated with
some simplified formulas obtained from heat transfer
equations. The results obtained in this work, using the internal
void formulation, were compared with the thermal response
from finite element formulation, for heat conduction with
internal insulation and with corresponding results obtained
using the simplified heat conduction equation, according
Eurocode 3. For small values of the pipe thickness, the thermal
behaviour may be determined with high accuracy using one-
dimensional mesh approach, with axisymmetric boundary
thermal conditions across section.
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l. INTRODUCTION

Tubular structures exhibit complex deformations fields
given their toroidal geometry, and the multiplicity of the
configuration of external loading conditions. Beyond the
usual case of these structures subjected to mechanical loads,
tubular structures are frequently exposed to aggressive
thermal loads. The complexity of this analysis will need
some numerical techniques with high performance, which is
the case of the finite element analysis here described and
studied by different researches ™! For steel structures
design numerous research reports, thesis and scientific
papers were published by other authors %, The author of
this work developed a finite element program to model the
thermal behaviour of tubular sections exposed to thermal
conditions ®®. In this work different hollow tubular steel
sections will be submitted to external fire conditions to
verify the temperature level through all components. The
hollow tubular sections will be studied considering different
boundary conditions, externally radiation and convection
due fire conditions, and inside cross-section filled with air
or considering internal void. The internal voids temperature
will be calculated using a simplified equation. The obtained
numerical results will be compared using one and two
dimensional finite element solution, and the simplified
equation from Eurocode 3 . Conclusions are presented and
discussed about the importance of the temperature field
obtained in hollow tubular sections using two and one-
dimensional finite element modelling.

Il. THERMAL ANALYSIS: HEAT CONDUCTION

The governing equation for transient heat conduction is
represented in Equation 1, and as referred by [1-3].
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A is the thermal conductivity, Q the heat generated by
unit volume, o the material specific mass, C the specific

)

heat, & the temperature and t the time.

The temperature field which satisfies Equation (1) in Q,
must satisfy the following boundary conditions: prescribed

temperatures ¢ on a Part T, of the boundary; specified
heat flux @ on a Part T, of the boundary; heat flux by

convection between a Part I, of the boundary at

Temperature &, heat flux by radiation between a Part r, of

the boundary at Temperature & and the environment at the
Temperature @, , as shown in Figure 1.
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Figure 1 Boundary conditions used in heat transfer

The convection global effect is calculated by the
following equationon T, :
G =he(6-6..) )
where h, is the heat transfer coefficient by convection.

The heat radiation flux through a part T, of the

boundary at the Temperature ¢ and the environment at the
absolute Temperature @, is represented by Equation (3).

0, = Be(0° —0°) = Be(67 + 67)(0+6,) (0-0,) =h,(9-6,) ©)

h
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B is the Stefan-Boltzmann constant, ¢ is the emissivity
and h, is the heat transfer coefficient by radiation.

I11. THERMAL ANALYSIS: TEMPERATURE INSIDE THE VOID

Using finite elements to discretize the domain, a weak
formulation weigh functions based on the Galerkin Method
is used, giving rise to a system of differential equations as
follows:
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m is the total number of elements, N, and \ represent
element shape functions.

Based on Equation 5, for the heat transfer and
considering the hypothesis: the product between specific
heat and air density can be neglected, and air thermal
conductivity neglected when compared with steel thermal
conductivity, as referred by different researches °*?; the
following equation makes possible the temperature

development inside the void.
Neg

> [Nhadr;

e=1 1-;

eVoid N

> [N,N,hdr;

e=1 l“,?
where N, is the number of boundary elements at void

region, h is the coefficient by convection and corresponds to
the assumption of a non-participating media in the cavity
(where air is transparent to radiation) and @, is the

calculated temperature at each element node. At any time
the fictitious temperature inside void will be considered
uniform, determined by the heat fluxes received from all the
elements surrounding that region.

(6)

IV.STEEL THERMAL PROPERTIES

The steel thermal properties as function of temperature
as referred in Eurocode 3 P!, The unit mass of steel p may
be considered a temperature independent parameter and
equal to 7850[kg/m?]. The specific heat of steel in [J/kgK],
should be determined from the following equations:

425+7.73x1070-1.69x10°6% +2.22x10°¢*

606+ g 600°C <0 < 735°C (7)
C= 17820 0 0
55+ 735°C < 0 < 900°C
6g0-731 900°C < 4 <1200°C
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The thermal conductivity of steel in [W/mK], should be
determined from the following:

20°C <6 <800°C
800°C < 4 <1200°C

(®)

L |54-333x10%0
27.3

V. TEMPERATURE FOR UNPROTECTED INTERNAL STEELWORK

For an equivalent uniform temperature distribution in the
cross-section, the increase of temperature A@,, in an

unprotected steel member during a time interval At is
determined from the simplified equation from Eurocode 3 1.

At )

Agat = ksh Am7/\/hnetd
: Cp .
where K, is the correction factor for the shadow effect,

A IV is the section factor for unprotected steel members

[m™], A, is the exposed surface area of the member per unit

length [m?/m], V the volume of the member per unit length

[m3m], hnet,d the design value of the net heat flux due to
convection and radiation per unit area given by expression:
hnet,d = yn,chnet,c + yn,rhnet,r [W/mZ] (10)
Vo and vy, are factors equals to unity, hnet,c should be
calculated according the equation:
e =1, (6, —6,) Wim'] (11)

h, should be taken as 25[W/m?K], 6, is the surface

temperature of the member, 900 is the gas temperature of
the surrounding environment member in fire exposure,
given in Equation 12.

A standard temperature-time curve 1SO 834 was adopted
which is given by the following equation, according
Eurocode 112

0, =20+345log,, (8t +1) (12)

t is the time in minutes [min].

([ is the design value of the heat flux due to radiation
per unit area given by expression:

=d-g, 567x10° [(4, +273)' - (0, +273)'] [W/m’] (13)

hnet,r res
® is the configuration factor, which should be taken
equal unity, 6, is the radiation temperature of the
environment of the member usually taken as 9. =6, , At
time interval, which should not be taken as more than 5

seconds and ¢, is the resultant emissivity.

VI1.STUDY CASE

Hollow tubular steel sections are submitted to external
fire conditions, using the standard fire curve 1SO834, as
represented in Figure 2a. The geometric parameters are
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shown in this figure and the thermal properties considered,
according Eurocode 3 . Four different hollow tubular
sections were studied with the following relations between
thickness and section medium radius h/r : 0.235, 0.118, 0.02

and 0.007, where medium radius is equal to 170[mm] and
thickness was considered equal to 40, 20, 3.4 and 1.2[mm],
respectively. Using the finite element program, three
different simulations were considered for each other:
considering an internal void (using Equation 5), an insulated
internal region and an internal cavity filled with air
(considering a solid internal mesh with thermal air
properties). For external boundary conditions, fire
conditions were assumed. According to the Eurocode 1 ™2,
in structural surfaces exposed to fire conditions, the
convection coefficient is equal to 25[W/m’K] and the
emissivity equal to 0.5. For regions not exposed to fire, in
this case, inside the cross-section, the convection coefficient
is equal to 9[W/m’K] and the radiation effect is neglected.
These conditions will be applied for inside void in all
tubular sections.
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Figure 2 The Biot number

A. Lumped Capacitance Method Application

The thermal transient analysis can be performed by
applying the so-called lumped capacitance method [ 31,
This method requires the temperatures gradients within the
solid to be negligible. The Biot number permits measuring
how well this condition is approximated. The Biot number
is a dimensionless heat transfer coefficient and is defined as
the ratio between the thermal resistance to convection and
the thermal resistance to conduction, as the following
equation;

(14)

where L, is the characteristic length of the solid,
defined as a ratio between the volume and the surface area
of the solid, A is the thermal conductivity of the solid and
h. is the convection coefficient with air.

Figure 2 shows the Biot number for all studied cases
using the Equation 14 and the thermal conductivity
depending on temperature.
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In all studied cases the Biot number is below 0.078.
When Bi<<1, it is considered a uniform temperature
through the cross solid section at any time during the
transient heat process *\. Based on the assumption of a
spatially uniform temperature distribution inside the solid
throughout the transient process the lumped capacitance
method could be applied. The temperature of a solid as a
function of time could be calculated using the Equation 15.

0, =(0-0,)e"™ 10, (15)

6. is the temperature difference at time t,

0

where 9(1) -

6, — 6, is the temperature difference at time t =0 and Fo
is the Fourier number.

The dimensionless Fourier number is calculated for a
time after step-change in ambient temperature, function of
the thermal conductivity, density and specific heat of solid
body, according the following equation:

Fo= LZ
pPCL
The results obtained from lumped capacitance method

will be presented and compared with the numerical results
and the simplified equation from Eurocode 3.

(16)

VII. RESULTS AND DISCUSSION

The temperature field was obtained using two and one-
dimensional finite element meshes. For a two-dimensional
mesh, only one-quarter of section was considered, as show
in Figure 3b in radial tubular direction. Due to the symmetry
of boundary condition and geometry, only an angular
segment would be used. For one-dimensional mesh the
entire pipe length in longitudinal direction was used, Figure
3c.

e

b x BERuE b) C)

Figure 3 Hollow tubular structure under fire conditions (a)
Two-dimensional mesh cross-section (b)

One-dimensional mesh through length (c)
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Figures 4, 5 and 6 represent the temperature field
obtained in a thick tubular section (h/r=0.235) using a two-

dimensional mesh.
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Figure 4 Temperature field obtained with internal insulated region
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Figure 6 Temperature field obtained with internal void

The results were obtained by finite element formulation
and compared with the solution obtained using the
simplified equation from Eurocode 3 . Changing the
relation, the temperature across the pipe thickness varies and
the simplified equation does not correspond to the actual
value. The same is applied for the one-dimensional mesh. It
is possible to conclude, the one-dimensional modelling may
be applied to thin tubular sections, giving good results.
Figures 7 to 10 show the temperature evolution for all
studied hollow tubular sections, using the finite element

Feb. 2013, Vol. 2 Iss. 1, PP. 9-14

solver for two and one-dimensional meshes. The results are
compared with the simplified equation from Eurocode 3 !
for all different section factors and with lumped capacitance
method using Equation 15.

120

100 4

80

Temperature[“C]
=
=

40
20
Timel[s
0 | | | | | [s]
0 100 200 300 400 500 600
—(2D) _Insulated (2D) Cavity
=== (2D)_Modelled air — (1D} Pipe Element
Simplified equation EC3 » +« Lumped capacitance method
Figure 7 Time history of temperature, h/r =0.235
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Figure 9 Time history of temperature, h/r =0.02
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Figure 10 Time history of temperature, h/r =0.007

For thin structural pipes, the temperature variation
across thickness is small and does not increase with fire
action. For higher tubular thickness, the curves are not
coincident, with a temperature variation, as can be seen
using the two-dimensional models. The calculated Biot
number, smaller than 1, determines uniform temperature
fields inside the body. The temperature evolution calculated
from lumped capacitance method agrees well with all results
presented.

Figure 11 represents the temperature variation across
tubular thickness for different relations h/r at two different

instant times.
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Figure 11 Temperature variation across pipe thickness

In tubular sections due to the axisymmetry, considering
the same boundary conditions along the section radius, the
inside surface temperature is uniform. As temperature is
uniform inside voids, heat flux by radiation should not be
considered, neglecting this type of heat transfer in tubular
structures. Decrease of temperature gradient across the pipe
thickness has been verified for thin structures and a uniform
temperature should be considered as well the Eurocode 3
proposals ), with the simplified heat equation. It is possible
to obtain the temperature field for thin tubular structures
using one-dimensional finite element model.

VIII. CONCLUSIONS

The obtained results permit comparing different
calculations, including one and two dimensional finite
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element solution, and the simplified equation from
Eurocode 3 ™. The two dimensional solutions were applied
for the case of thick tubular structures. For thin-walled
tubular section, a simplified one dimensional solution as
well as the Eurocode 3 simplified equation ™ is acceptable
and should be applied. According to results from Figure 10,
thick tubular structures should be considered for grater
values than h/r=0.02.

The modelling of internal voids is important during the
temperature evolution in structural elements. The computing
effort on meshing the internal void (filled with air) will be
greater than the simplified formula used to model the
internal void, with no advantage in temperature calculation.
The results obtained with the developed program have been
compared with the simplified heat conduction equation
proposed by Eurocode 3 !, Based in the analysed case
study, it is concluded that for thin tubular structures
(h/r<0.02), the temperature field can be obtained with less
computational effort using one-dimensional mesh for an
external axisymmetric boundary condition. With this
condition, the internal temperature of the pipe is uniform
because there is no heat exchange by radiation in the cavity.
We can neglect what happens in the internal void, except if
there is a forced longitudinal ventilation of cold air or an
induced fluid motion.

NOTATION
The following symbols are used in this paper:

A, /v = section factor for unprotected steel,

A, = exposed surface member area per unit length;

B, = Biot number;

c = specific heat;

h = section thickness;

h.  =heat transfer coefficient by convection;

h, = combined convection and radiation heat transfer
coefficient;

h,  =heat transfer coefficient by radiation;

hnet‘d = heat flux design value due convection and

radiation per unit area;

h..., = heat flux design value due radiation per unit area;
kg, = correction factor;
L, = characteristic length;

N N; =shape functions;

g = specified heat flux;

g, = heat radiation flux;

Q = heat generated by unit volume;

I  =section medium radius;

t =time;

V. = member volume per unit length;

B = Stefan-Boltzmann constant;

& =emissivity;

e = emissivity related to the surface material;



Frontiers of Engineering Mechanics Research

&; =emissivity related to the fire compartment;
£, = resultant emissivity;

Fo = Fourier number;

6  =temperature,;

6 = prescribed temperature;

0y, = temperature inside void;

6, = environment temperature in member exposure to
fire;

A =thermal conductivity;

£ = material specific mass;

A6,, = temperature increase in an unprotected steel
member

At =time interval;
® = configuration factor;
Q  =domain of heat conduction.
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