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Abstract. Most unplanned outages in the Jorge Lacerda Power Plant, situated in Capivari de Baixo-SC, are due to tube failures in 
the boiler. Historical records and metallographic analysis indicate that the working metal temperature of the tubes of the final 
superheater and reheaters of the utility boiler is higher than the recommended value. The high temperature level of the tubes is the 
main cause of the tube failures by creep and is an important factor determining the remaining life-time of the tube bundles. This 
work presents the simulation of the combustion, flow and heat transfer of the utility boiler furnace to determine the metal 
temperature of the final superheater and reheater. The tube metal temperature is calculated taking into account local convective 
and radiative heat transfer. This calculation procedure is an extension of the Computational Fluid Dynamics based model for 
pulverized coal combustion already extensively used at Instituto Superior Tecnico. Comparisons are made between the calculated 
and measured values of metal heat transfer and the temperature distribution among the tube bundles. Simulations are presented for 
two different operational conditions in order to analyze theirs influences in the metal temperature.  
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1. Introduction  
 

The current electrical power generating capacity installed in Brazil is about 74 GW. The thermal power plants 
generate 17% of this amount, most based on the Rankine cycle using coal-fired boilers. The Brazilian electric system is 
strongly dependent on the water levels of the reservoirs, once it is also strongly based on the hydropower generation 
plants. Recently, a continuous absence of rain led the reservoirs to critical water low levels. This situation forced the 
Brazilian government establishing a global emergency plan and the population reducing the use of electrical energy.  

The motivation of this work is the increase of availability of existing thermal power plants in order to minimize the 
risk of new black-outs and to attend the growing demand of energy in Brazil. Following this purpose the Tractebel 
Energy Company is supporting an investigation focusing the operational trustworthiness of the power plant units of 
Jorge Lacerda in cooperation with the Federal University of Santa Catarina (UFSC). Among different tasks, a complete 
review has been performed of the original material selection, failure history, past maintenance, and other critical 
information, in order to determine if there are any operational conditions that impact the superheater and reheaters life.  
Long-term creep failures can normally be attributed to the localized high temperatures resulting from poor boiler 
design, operation at off-design conditions, burner-related problems, etc.  The failures in the tubes of superheaters and 
reheaters are the main cause of the unplanned outages in coal-fired utility boilers in Brazil (Felippe and Santo, 1998). 
Some poor design problems can be due to steam flow problems as a consequence of poor header designs or gas 
temperature imbalances resulting from firing arrangements or gas temperature stratification problems caused by wall 
firing configurations. Practically all boilers operate with some form of temperature distribution problem, resulting in the 
tubing suffering from accelerated creep damage accumulation. About 50% of failures are due to the creep phenomenon 
that occurs under conditions of high temperatures. The metal temperature measurement of the tube bundle is important 
for the determination of the remaining tube life (EPRI, 1985). Replacement of tubing is most often done as a result of 
failures at the hottest locations. Redistributing or smoothing out the temperature profile across the unit will reduce the 
temperature at hot spots while increasing temperature at the cooler locations. This will have the benefit of significantly 
increasing the life of the tubes. It has been shown that most amount of tubing is replaced prematurely. Minimizing the 
unplanned outages or tube replacements, increasing the tubing life, and decreasing the failure rate will 
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reduce the maintenance and capital costs. That is the main objective of this work. Additional to the experimental 
measurement of the metal tube temperature, it is important to predict with accuracy the metal tube temperature under 
different operational conditions. With this intention, a calculation procedure was developed at Instituto Superior 
Tecnico and added to a Computational Fluid Dynamics (CFD) based model for pulverized coal combustion already 
extensively used. Coimbra et al (1994) and Xu et al (2000) analysed the influence of operating conditions on furnace 
performance. The numerical model was also used to assist the design of furnaces using reburning by Coelho et al (1999) 
for an existing furnace and Toledo and Azevedo (2003) for new furnaces including different types of boiler design that 
were compared. Important parameters that can be analysed using the numerical model are gas mixing, heat transfer, 
particulate matter combustion and NOx formation from a post-processor model. 

The application of CFD models to the boiler furnace was extended to the convection section of a parallel path boiler 
by Coelho (1999a) coupled with the calculation of radiation heat transfer in the enclosures between the tubes as 
presented by Coelho (1999b). This model application was performed using a two dimensional approach taking into 
consideration average properties obtained from a three dimensional numerical model simulation to the boiler furnace. 
The treatment of radiation heat transfer in the spaces between the superheaters panels is adopted here in the three 
dimensional numerical model to simulate the heat transfer process. This type of approach is also used in monitoring 
heat transfer models to boilers as described in Azevedo (2003). 

The present paper describes in summary a description of the boiler in section 2 and the adaptations done in the CFD 
based model in section 3. Section 4 presents results from the application of the model with emphasis on the temperature 
distribution in the cross section of the furnace exit.  

 
2. Description of the problem 
 

The utility boiler #6 of the Jorge Lacerda Power Plant produces superheated and reheated steam for a 125MWe 
capacity generator. A sketch of the boiler is shown in Fig. (1) 

 
 Figure 1. Utility boiler. 
 

The utility boiler consists of a natural circulation system with external downcomers and tube wall membranes 
connected to the same boiler drum. The furnace is front wall fired with sixteen burners divided in four rows 
corresponding to four pulverised coal mills. Each wall burner consists of several concentric inlets with two main 
annulus inlets, the inner inlet with 0.50m diameter with feeding coal transported by primary air, surrounded by another 
annulus with 1.02m for secondary air. The combustion gases flow upwards in the furnace and after the boiler arch 
through the final superheater and reheaters, which are located in the exit of the combustion chamber. Then the gases 
flow down through the primary superheater, secondary superheater and economizer that are located in the convection 
chamber.  

The final superheater is composed of 40 panels with transversal pitch of 300mm. Each panel has seven tubes in the 
flow direction with external diameter equal to 31.8 mm and 60m pitch. The reheater is composed of 78 panels with a 
transversal pitch of 150mm. Each panel has four tubes with external diameter equal to 44.5 mm and a longitudinal pitch 
of 70 mm. The position of the panels is shown in Fig (2). 
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Figure 2. Final superheater and reheaters. 
 

The metal temperatures of the final superheater are measured by thermocouples fixed near the steam collector. 
Large temperature differences are observed between the central region and near the furnace walls. The non-uniform 
temperature profile occurs mainly in the right side of the boiler, leading to values higher than 810 K, affecting the 
integrity of the metal, causing creep and reducing the residual tube life time. A metallographic study of the final 
superheater metal is reported in the work of Bernardini et al. (1999), showing that the degradation of the metal is caused 
by the creep phenomenon resulting from the high working temperature. 

 
3. Methodology 
 

The numerical model of the combustion chamber is based on the calculation of the turbulent flow based on balance 
equations for mass, momentum components and turbulence quantities: turbulent energy and its dissipation. These 
balances to the continuum gas are performed in an Eulerian base using a similar discretisation procedure for all, except 
for the continuity equation that is treated by the Simple algorithm to calculate pressure. Gaseous combustion is 
modelled using the mixture fraction and its variance based on a clipped Gaussian distribution. Gas temperature is 
calculated from an energy balance, considering the heat exchanged by radiation based on the discrete transfer method 
(Lockwood and Shah, 1981). The mixture fraction and energy balances consider source terms due to the presence of the 
particles that are simulated using a Lagrangian approach. The momentum and heat balance to the particle is calculated 
along representative particle trajectories, considering instantaneous gas properties from a stochastic model. Empirical 
models are used to describe coal particle devolatilisation and char combustion in sequence. More details of the general 
approach of pulverized coal boilers models are presented in the work of Eaton et al.(1999) or can be found in Toledo 
and Azevedo (2003). 

The energy balance in the tubes of the heat exchangers is made taking into account the convection and the radiation 
heat transfer from the combustion gases to the surface of the tube, conduction in the deposits and metal tube and 
convection to the steam inside the tube. Considering the segment S, of the tube T at the panel P of a heat exchanger, 
shown in Fig.(3), the heat flux transferred q(W/m2), from the gas to the tube is  
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expressing the sum of the convection and radiation heat transfer mechanisms.  Tg (I,J,K) and Tw (S, T, P) are the local 
gas temperature and the external wall temperature respectively and hg is the convection coefficient calculated using the 
correlation of Zukauskas (1998). The radiation contribution is calculated from the difference between the irradiation Gt 
and the emissive black body power Eb,t multiplied by the tube surface emissivity εt.  

 
Figure 3. Temperatures on a section of tube. 
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The irradiation in the p row of tubes is obtained using a simplified formulation based on the zone method, presented in 
Coelho (1999b):  
 

[ ]( ) ( ) ( ) ( )[ ]
( )[ ]( ) ( )[ ]rN

ht
1r

htThtgtgt

bgggr,bttr,btt2,in
rN

htr,btt1,in
1r

htThtg
r,t

L

L

F1F1D/SF1

EEEGF1EGF1)D(SF
G

−−

−−

−+−πτρ+τρ−

ε+τε+ε−−+ε−−πτ
=      (2) 

 
where τg  and  εg  are the transmissivity and emissivity of the gas respectively, ρ t is the reflectivity of the tube, Fht is the 
view factor of a infinite plane to a row of tubes, ST is the transverse pitch, D is the external diameter, NL is the total 
number of rows, Gin,1  and Gin,2   are the radiative energy incoming to the region of the heat exchangers crossing the 
fictitious planes 1 and 2 situated in the front and rear sides of the heat exchanger, respectively, as show in Fig.(4). 
 

 
 

Figure 4. Incoming and outgoing radiative energy across the fictitious planes. 
  
The value of Gin,1 for the final superheater is obtained from the calculation of the  irradiation onto a fictitious plane 

1 using the discrete transfer method. The side of the fictitious plane facing the furnace receives the incident radiation 
energy incoming from the furnace, Gin1, minus the outgoing radiative energy crossing the fictitious plane, Gout1 , so, the 
calculation of the heat flux onto the fictitious plane is iterative. The values of Gout,1  of the final superheater and Gin,1 for 
the reheater are determined by the model for the radiative transfer in tube bundles presented in details in Coelho 
(1999b). The value of Gin,2  for the reheater is estimated as the emissive power of a black body with the gas temperature 
after that reheater. This can be refined considering further rows of panels and cavities. 

The tube external surface temperature is calculated from the equality between the absorbed heat and the heat 
transferred, from the tube to the steam: 
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where T f (S,T,P) is  the inlet fluid temperature. Usf is the tube to steam heat transfer coefficient and is calculated by: 
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where hi is the internal convection coefficient and D and Di are the external and internal tube diameter. Rf and Rox are 
the heat transfer resistances respectively due to slagging and fouling and of the oxide layer in the internal side. Rf is 
considered as zero and Rox is equal to 0.0005 m2 K/W, this value is calculated based on the maximum measured oxide 
layer thick, equal to 0.3mm with thermal conductivity of 0.59 W/(m K).  

The steam temperature is calculated from the enthalpy calculated from an energy balance based on the upstream 
value: 
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where Sm& is the steam mass flow rate, hf(S) is the enthalpy of the steam in the sector S , Pf is  the pressure of the steam 
and AS is the external area of the tube. No pressure drop was considered at this stage.  

A numerical simulation was performed for the standard operational condition of 125MWe, with the 1st, 2nd and 3rd 
rows of burners operating with 23 kg/s of pulverized coal with 164.8 kg/s of air. In this condition the steam production 
is 395 ton/h at 788K at the pressure of 121.6 bar in the final superheater and 27.5 bar in the reheater. The inlet 
temperature is 700 K in the final superheater and 660K in the reheater. Two swirl burners’ arrangements have been 
tested, and are denoted by case A and case B as shown in Fig. (5)(a) and (b), respectively. 
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Figure 5. Swirl burners’ arrangements. 
 

The numerical results are obtained using a non-uniform grid of 40 x 69 x 129 cells for the flow calculations, with 
finer grids in the burners’ zone, and uniform grid of 17 x 12x 40 cells for the radiation heat transfer calculation. About 
3000 iterations were required to achieve a converged solution, with an interval of 10 iterations for the call of the 
calculations of trajectory, radiation and heat transfer in the tubes bundles.  
 
4. Results 
 

The gas temperature and velocity in a vertical plane crossing the first column of burners from the right side are 
presented in Fig. (6) (a) and (b), respectively. The flow is characterized by the formation of a large recirculation zone at 
the ash pit region and a deflection of the flow from the burners at the back wall of the furnace. This leads to higher 
velocities close to the furnace arch where the flow is deflected towards the superheater panels. The location of the main 
flame region can be identified from the temperature distribution. Following the inlet, larger temperatures are observed 
at the center of the furnace where most volatiles are burned. The gases are then cooled when deflected towards the 
furnace exit. As can be observed  from  this figure at  the furnace  exit  the  higher  temperature is observed  close  to the 

(a) temperature (b) velocity              (c) velocity 
 
Figure 6. Gas temperature and velocity in the furnace. 
 



furnace arch. The gas velocity in a plane parallel to the burners, situated 5m from the back-side wall, is presented in Fig. 
(6) (c), it can be observed a recirculation in the flow  in the top-left region. The results shown here correspond to the 
swirl arrangement B in Fig. (5) that are the actual operating condition of the furnace. Figure (6) (c) shows that the flow 
is deflected mainly towards the right side of the furnace, forming a recirculation pattern in the top-left region. This is a 
result of the orientation of the burners swirl and has consequences on the flow and temperature distribution facing the 
superheater panels as discussed below. 

The temperature and normal velocity field in the plane upstream of the final supeheater are shown in Fig. (7) and 
Fig. (8), respectively. It is observed that the velocity and temperature are larger at the lower section of the superheaters 
as expected. These figures shows that the higher gas velocity and temperature are observed at the left side of the 
furnace, although on average the gas temperature is higher in the right side of the furnace. This fact is most accentuated 
for the case B as a consequence of the orientation of the swirl motion from the burners. 
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(a) case A 
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(b) case B 

Figure 7. Gas temperature in the plane upstream of the final supeheater. 
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(a) case A 

30

32

34

36

38

40

10
9
8
7
6
5
4
3
2
1
0

u (m/s)

 
(b) case B 

Figure 8. Normal velocity in the upstream section of the final  superheater. 
 

The irradiation field onto the fictitious plane in front of the final superheater is shown in Fig. (9). As expected 
larger values are observed at the lower section and decrease along the height. As for temperature, the irradiation is 
larger on the right side of the furnace. These values are used as boundary conditions for the radiation heat transfer in the 
superheater panels and were obtained after an iterative procedure with the calculations for the radiation panels. 

The predicted temperatures of the wall and the steam in the first row of tubes of the final superheater are shown in 
Fig. (10) and Fig.(11), respectively. From Fig. (10) it can be observed that the panels situated near the furnace walls 
have lower metal tube temperatures than the central ones, and the panels on the right side have larger temperatures. The 
maximum values in this side exceed 810K. The steam temperature shows that the heat extraction is larger in the right 
side panels. The inlet temperature for the front tubes is already larger at the right side due to the larger heat absorbed in 
the first descending path in the tubes. 
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(a) case A 
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(b) case B 

Figure 9. Irradiation onto the fictitious plane of the final superheater. 
 

(a) case A       (b) case B 
Figure 10. Final superheater wall temperature. 
 

(a) case A       (b) case B 
 
Figure 11. Final superheater steam temperature. 
 

The total amount of heat transferred to the wall furnace and to the panel heat exchangers, calculated and measured 
by the difference of enthalpy of water/steam in the outlet and inlet sections of these  components   are  presented  in  
Tab. (1). It is also presented the radiative and convective parcels of the transferred energy. The calculated value of heat 
transferred to the walls is 30% higher than the measured one, an opposite behavior is observed for the superheater and 



reheater, where the calculated values of heat transferred is 32 and 51% lower than the measured ones. The area of the 
reheater in the numerical simulations was lower than in the real boiler as some of the panels have an additional tube 
passage. The area considered in the simulations is 9.8% smaller, partially justifying the relative differences obtained in 
the simulations.  

The higher heat absorption in the furnace walls gives a lower exit gas exit temperature decreasing, in this way, the 
heat transferred to heat exchangers. A higher value of the calculated heat transferred to the furnace walls suggest that 
input wall conditions are different from the real ones; a higher emissivity and a lower wall temperature give a more 
effective heat transfer. The radiation is the most important mode of heat transfer in the furnace. It can be also observed, 
for the heat exchangers, that the parcel of energy transferred by radiation is higher for the superheater, due to the direct 
contribution of furnace irradiation while the relative contribution of radiation for the reheater is lower. 

 
Table 1. Heat transferred to the heat exchangers.  

 

Heat 
exchanger 

Qtotal(MW) 
measured 

Qtotal(MW) 
calculated Qradiative(MW) ( )%

Q
Q

total

radiative  Qconvective(MW) 
( )%

Q
Q

total

convective

 
Furnace walls  176.9 230 205.7 89 24.3 11 
Superheater 27.6 18.7 10.0 54 8.7 46 

Reheater 30.8 15.2 4.4 29 10.8 71 
 

The calculated and measured gas and steam outlet temperatures are presented in Tab. (2). It can be observed that 
the calculated gas temperatures are lower than the measured ones ,  as commented before; the higher value of heat 
transfer to the furnace walls gives a lower value of gas temperature. It can also be observed that the calculated outlet 
temperatures is  lower than the measured ones, since the heat transferred is sub estimated.  

 
Table 2. Calculated and measured outlet temperature of the heat exchangers. 

 
Position T (K) calculated T (K) measured 

Furnace exit 1119 1397 
After superheater 1091 1292 

After reheater 1037 1148 
Superheater outlet 760 788 

Reheater outlet 726 788 
 

The values of the tube temperature near the outlet section are showed in Fig. (12). The predicted values of metal 
temperature are very similar, however a more uniform temperature distribution is observed for the case A than for the 
case B. The predicted values of the metal temperature are in agreement with the measured values , the average 
difference between them is about 2%. 
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Figure 12. Superheater metal temperature. 
 

 
 
 



5. Conclusions 
 

A methodology to predict the metal and steam temperature in tube bundles of utility boilers is presented. Two 
different swirl arrangements have been tested. The outlet steam temperature, as well the radiative and convective 
parcels of heat transferred are independent of the swirl arrangement. The radiation is the most important mode of heat 
transfer in the furnace, with a contribution of 89%. In the final superheater 54% of heat is transferred by radiation, most 
part due to the irradiation coming from the furnace. In the reheater the convection contributes with about 71% of the 
heat transferred, being the most important mode of heat transfer in this section. The estimated amount of heat 
transferred to the furnace walls is higher than the measured value; which suggests that the input wall conditions (e.g. 
emissivity and thermal resistance) are different of the actual ones. The overestimation of the heat transferred to the 
furnace wall results in lower exit furnace temperature, thus lowering the heat transferred to the tube panels. A sensitive 
analysis is planned in order to determine how the furnace and tube walls conditions affect the results. The predicted 
values of metal temperature are in agreement with the measured values and a more uniform temperature distribution is 
observed for the case A. 
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