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Abstract 
For arialysitig temperature in circular pipes or tubes with flowing liquid or gaseous 
fluids and extension of the coinputer code TASEF lias been developed. The heat 
transfer from the fluid to the pipe walls is estimated and the temperature iii the walls 
arid iii the fluid dowiistreams aloiig the pipe are computed. Analyses of flowing 
watcr in pipe and a ventilation duct penetratiiig a concrete wall are showii as 
illustrations. 
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Specific heat (Jkg K) 

Specific heat of fluid, constant pressure ( Jkg  K) 

Tube diameter (m) 

Convective heat transfer coefficient (W/m2 K) 

Conductivity of heat (Wlm K) 

Mass flow rate (kgls) 

Pressure (Pa = N/m2) 

Heat transfer rate (W/m2) 

Radius (m) 

Time (S) 

Gas velocity ( d s )  

Area 

Heat flux (W) 

Temperature 

Bulk temperature (K) 

Ambient temperahlre or refereiice temperature (K) 

Temperature of fluid (K) 

Temperature of solid (K) 

Density (kg(m3) 

Kinematic viscosity (m21s) 

Dynamic viscosity (kglm s) 

Dynamic viscosity at wall temperature (kglm s) 

hd 
Nusselt number = - 

k 

pud 
Reynolds number = - 

P 



Introduction 
Heat aiid Irigli teinperatlire may spread by corivection iii fluids iiiside tliicts, pipes 
and tubes. Heat also spreads tliroiigli peiietratioiis of veiitilatioii ducts tlirougli fire 
b. . ' airiers. Tliis new versioii of tlie coinputer code TASEF [ I ]  lias ttierefoi-e been 
developed for calculatiiig the bulk teiiiperature iii fluids flowiiig iii ducts. It lias 
been iiained Tube - TASEF. Oiily axisyniinetrical cases iiiay be coiisidered. Input 
data are aiiioiig otlier things fliiid eiitrance teiiiperature atid velocity. The heat 
transfer between tlie fluid aiid thc solid pliases is calculated by text-book type 
foriiiula with parameters clioseii by the Iiser. Guidarice oii how to specify these 
parameters are giveii iii the paper. 



2 The computer codes TASEF and Tube- 
TASEF 2 

The computer code TASEF (Temperature Aiialysis of Structures Exposed to Fire), 
based on the finite element inethod (FEM), is designed for calculatiiig teinperature 
iii fire exposed structures [ l ] .  Several riiaterials of varyiiig tlierinal properties and 
variom types of boundary conditioils and bouridary temperature histories, such as 
the standard fire curve (IS0834), natural fires, as well as coiistant or arbitrarily 
varying temperature may be considered. Heat transfer to the structure from the 
erivironiiiei~t by radiation aiid convection can be selected as input to TASEF. Two 
dimensional and axi-syinmetrical stmctures can be arialysed. 

A pre-processor INTASEF is also available for facilitating data input. TASEF aud 
INTASEF are written in FORTRAN and ruiis under the PC platform. 

Iii this study the Tube option of TASEF (Tube -TASEF) lias been outliried. The 
lieat transfer between flowing fluids (gas or liquids) iri tubes aiid tube walls is 
calculated by simple heat transfer expressioiis obtaiiied from text-books, e.g. [Z], 
and the structure (solid phase) teniperature and the fluid bulk temperature is 
siriiultaiieously obtained nuinerically. 

Iii Tube - TASEF only axisymmetrical problen~s may be considered, i. e. the 
temperatures calculated vaiy in the axial and radial directioiis, but are iiivariant in 
the angular directioii. Heuce, the finite element coiitrol voluines are concentric 
r i n ~ s ,  as indicated in figure I .  

Figure I .  The finite elenient meslt used in Tube-TASEF. The cnlculntion dom ab^ is 
divided in Inrge miniber of small contro1 vulwrre with the sltape of concentric rings. 



2.1 Governing equations in axisymmetrical problems 

2.1.1 Heat conduction in solid 

Heat transfer in the solid is calculated using the transieiit two-dimensional equation: 

where r- and y are cylindrical co-ordinates for radial and axial directions, 
respectively, T is the temperature, k the thermal conductivity, t is time, H the heat 
generated in the system and e the specific volumetric enthalpy defined as [l]: 

where T, is reference temperature, c and p are the specific heat capacity and the 
density of solid, respectively, and 1 is latent volumetric heat due to phase chaiiges 
or chemical reactions in the material, at various temperature levels i . .  

2.1.3 Heat transfer at interna1 boundaries 

The heat transfer between tube or pipe wall and the flowing fluid is assumed to be 
by convection only and is calculated simply by using the equation of Newton's law 
P I :  

where k is the convective heat transfer coefficient, A the area arid Tfl and T are 
temperatures of the fluid and of the solid surface, respectively. The h depeiids on 
physical properties of the fluid (i. e. fluid density, viscosity, temperature, 
conductivity and surface roughness of the tube wall) and the nature of the flow 
(lamiiiar or turbulent). The heat transfer coefficient must be calculated before being 
input to Tube-TASEF (see Appendix A). 

When using the Tube-TASEF the fluid flow velocity, initial and entrance 
temperature and its thermal parameters, specific heat and density, are additional 
input parameters. From the knowledge of these input parameters Tube -TASEF 
then calculates the mass flow of the fluid. 

Assuming constant specific heat, c,,, over a length of the tube, the total energy 
added iii the tube caii be expressed in terms of bulk temperature difference by 
equation 



where T,, and T,,, are the bulk temperatures at the idet and exit, respectively, and 
»L is the mass flow of the fluid equal (u  ) (p  )(m2). This must be equal the total heat 
transfer between the tube wall and the duid 

where A and L are the interna1 area and the length, respectively, and q and T, are 
the average values of the tube wall and the bulk fluid temperatures. In reality the 
fluid and wall temperatures may vary along the length of the tube. The calculation 
domain is therefore divided into number of small control volumes (concentric 
rings). The values of temperatures are evaluated in each node and are updated at 
eacli time step. The fluid domain inside the iube is not subdivided in radial 
directions, i. e. all nodes in the fluid are located in centre of the tube at different 
length co-ordinates, see Fig. 2. Thus only the bulk temperatures are considered. 

ii. 
m, c,, 

Figure 2. Mode1 of hearflow berwee~tfluid and interior- tube wall as calculated by 
Tube-TASEF. 

The heat transfer, Q, through the interface between the tube wall and the fluid for 
each control volume i during a given time step, is expressed as (cf. eq 5) 



where r is the radius of the tube, Ay is the length of the control volurne in axial 
direction The energy flow balance for the same control volume can be expressed as 
(cf. eq 4) 

Equation (7) can be used to sequentially calculate the bulk temperature along the 
tube for a new time step at f+dr starting at the entrance node where the temperature 
is given 

The heat transfer Q, is approximated by its value at time t .  This new set of nodal 
bulk flow temperatures is then used to calculate values of Q, at time t+At, which 
theii used to calculate new surface temperature by the finite element analyses of the 
solid doinain of the analysed structure. 

A numerical analyses of the problem yields that this forward difference calculation 
of the bulk flow temperature is only nuinerically stable if the inequallity of the kind 

is fulfilled. Observe this criteria is independent of the time increment 

2.2 Calculation of internal convective heat transfer 
coefficient 

Inside the tube the heat transfer coefficient, h is calculated by the following 
e m p i r i 4  expression to fully developed turbulent flow according to Sieder and 
Tate, see Holinan [2]: 



where d is the intemal diameter of the tube k and v, the conductivity and kinematic 
viscosity of fluid at bulk temperature, respectively, u fluid velocity in the tube, Re 
= (ud/v) the Reynolds number, Pr the Prandtl number, /.i and /.i,7 the dynamic 
viscosity of fluid at bulk and wall temperatures, respectively. In the entrance region 
where the flow is not developed, the followirig equation is recommended [2]: 

where L is the length of the tube. The equation (1 1) is valid for length-diameter 
ratios, Ud, between 10 and 400 [2]. 

For laminar flow, i. e. Re < 2 300, the expression for heat transfer coefficient may 
be computed as (Sieder and Tate) [2]: 

Equation (12) is the average heat transfer coefficient is based on the arithmetic 
average of inlet and outlet differences. in Equation (12) is evaluated at tube wall 
temperatures, all other properties are evaluated at the mean bulk temperatures. 



3.2 Example 2 - Air flow in a pipe exposed to fire 

A ventilation pipe made of thin steel with diameter of 0.40 m and a total length ot 
20.40 m penetrates a 0.40 m thick concrete wall. On one side of the wall the pipe is 
exposed to fire and on the other side to ambient conditions with a temperature of 
20°C, see figure 4. The gas temperature at the fire side of the wall is assumed to 

follow the standard fire curve, according to I S 0  834. Air at temperature of 20°C 
and a velocity of 0.5 d s  enters the pipe at the end which is exposed to fire. An 
internal convective heat transfer coefficient of 5.0 W / m Z ~  is assumed. 

Fire I S 0  834 Ambient coiiditions 20 "C 

Figur-e 4. Veritilntiorl pipe perietr-rrtirig cr coi~cr-ete wnll ivit11,fir-e coiirlitioiis ori the lefl 
Iinilrl side of the wnll arid mlbierit corirlitioiis o11 the right Iinrld side. 

A way of calculating the convective heat transfer coefficient from the sui~ouiidiiig 
to the pipe wall with fire condition and ambient coiiditioiis are given iii Appendix 
A, sections Al and A2, respectively. In the fire room the gas velocities are 
assumed to be iii the order of 5 d s  perpendiculas across tlie pipe. Air flow iii the 
pipe cools the pipe walls, so that the teinperature beconies considerably lower than 
the fire gases. Thus the external coiivective heat traiisfer coefficieiits are calciilated 
to 12.8 and 4.75 W/m2K at the fire exposed and the ambient side, respectively. 
The external pipe surface emissivity is assuined to be 1 .O at the fire as well tlie 
ambieiit side. 



Figure 5 shows the calculated air and wall temperatures of the pipe after one hour 
exposure. Within the 10 in passage the air temperature in the pipe rises to iiearly 
500 "C due to fire and cools within the next 10 m passage on the other side of the 

concrete wall, to about 350 "C. 

O  2  4  6  8  1 0 1 2 1 4 1 6 1 8 N Z Z  

Distance from air inlet [m] 

Figure 5. Calculated tert7perature of air (solid lirle) in the pipe and ofthe pipe wall 
(dashed Line) after otie hour exposure tofire according to the IS0834. 



4 Conclusions and discussions 

With cettain assumptions of heat transfer conditions in tubes or pipes several axi- 
symmetrical cases interesting for fire safety engineering can now be analysed. The 
intemal heat transfer conditions (by convectioii only) must be specified by a heat 
transfer coefficient which depeiids on media, velocity and temperature. The net heat 
transfer by radiation is deemed iiegligible in tubes with small diameters less than of 
the order of lin unless the fluid emissivity is extremely high or the tube is short and 
the end conditions must be considered. The temperature dependence of the heat 
transfer conditions is difficult to consider with the TASEF software but the effects 
can often be considered in an acceptable way for engineering purposes. 
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Appendix A - Calculation of externa1 heat 
transfer coefficients as input data of example 2 

A l  Pipe exposed to fire 

At external boundaries the heat exchange between the fluid and the pipe wall is 
obtained by the equation generally used in TASEF [l]: 

where E is the surface emissivity, p and y the convection factors and power, 
respectively. The first term on the left hand side of equation (Al) is the radiation 
contribution to the heat transfer and the second term is the convectioii cotribution. 

The convection factor, P, is largely dependent on the temperature, velocity and 
flow nature of the fluid in contact with the pipe wall, i. e. whether the flow 
direction is along the length direction or in transverse direction of the pipe or 
whether the flow is turbulent or laminar. For estimating the parameters for 
particular cases the text-books as Ref. [2] are recommended. 

Ofteii y is assumed equal unity and hence the convection term in the equation (Al) 
can be written 

where f l  is replaced by h, which is used as a symbol for heat transfer coefficient in 
calculations presented below. 

For the calculation of the convective heat transfer coefficient in example 2 the fire 
gas temperature is assumed to be 1000 "C and have a velocity of 5 mls in 
transverse direction of the pipe. The fluid properties are evaluated the arithmetic 
inean of the free stream air temperature and tube wall temperature, T,, [Z], Le. the 
film temperature 

For fluid temperature of 1000°C and wall temperature of 20°C the film temperature 

becomes 510°C. Gas density, p,, in film temperature is evaluated using the ideal 
gas equation of state 



where p is thepresswe and R the uiiiversal gas coiistant. With ainbieiit values of p 
= 1.0132 x 10- N/inZ aiid R = 287 JkgK the gas deiisity iii the film teiiiperature 
5 10°C becoines 0.455 kg/m2. 

Additioiial properties for air are at tliat teiiiperature, accordiiig to Holinaii [ 2 ] :  

k, = 0.0569 W/mK 
pt = 3 . 5 7 6 ~  kglins 
Pr, = 0.688 

The Reyiiolds nuinber is tlieii evaluated at film teiiiperature 

where 11- is the uiidisturbed gas velocity across the tube 

The Nusselt number is calculated by equatioii 

where C and I I  are eiiipirical coiistaiits. For Re, =25447 the coiistaiits C alid n iii 

equatioii (A6) have values 0.193 arid 0.618, respectively [2]. The Nusselt iiuriiber 
is theii evaluated 

of which 

This value is used at the fire exposed side of the pipe. 



A2 Pipe in ambient atmosphere, natural convection 

For the sake of simplicity, a constant pipe wall temperature of 140°C is assurned. 

On tlie interface between pipe wall and surrounding air at 20°C the natural 
corivection situation arises. Film temperature in this case calculated using tlie 
equation (A3) is 80°C (353 K). 

Properties for air in this teinperature are (agaiii taken from tables in Ref. [2]): 

The Nusselt number is now defined as 

where Gr is Grashof nuinber and, C and 111 are empirical constants, respectively. 
The product of Grashof number and Prandtl number is calculated from formula [ 2 ] :  

where g is acceleration due to gravity and P is here the volume coefficient of 
expansion I n .  

The product of Grashof and Prantl numbers is then evaluated, at the film 
temperature of 80°C, using equation (A10) to be 3.344 x 10'. The values of 
constants C and n i  are 0.53 and 114, respectively. Thus the Nusselt number is 
71.7. The average convective heat transfer coefficient is theii becomes: 

This value is used at the part of tlie pipe not exposed to fire 




