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Experimental Validation of Numerical Model for Turbulent Flow 
in a Tangentially Fired Boiler with Platen Reheaters 

Chang Hao Zheng, Xu Chang Xu 
State Key Laboratory o f  Coal Clean Combustion, Tsinghua University, Beijing, China 100084 

Jong Wook Choi* 
School o f  Mechanical and A utomotive Engineering, Sunchon National University, Suncheon, 
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A 1 : 2 0  laboratory scale test rig of a 200 MW tangential ly fired boiler  is built  up with 

completely simulated structures such as platen heaters and burners, l so- thermal  turbulent  flow 

in the boiler is mapped by 3-D PDA (Particle Dynamic Analyzer) .  The 3-D numerical  models 

lbr the same case are proposed based on the solution of k - e  model closed RANS (Reynolds 

t ime-Averaged Navier-Stokes) equations,  which are written in the framework of general 

coordinates and discretized in the corresponding body-fi t ted meshes. Not only are the grid lines 

arranged to fit the inner /ou te r  boundaries,  but also to align with the streamlines to the best 

possibility in order to reduce the NDE (numerical  diffusion errors).  Extensive comparisons of 

profiles of mean velocities are carried out between experiment and calculation.  Predicted 

velocities in burner  region were quanti tat ively similar with measured ones, while those in other 

area have same tendency with experimental counterpart .  

Key W o r d s : T a n g e n t i a l l y  Fired Boiler, Turbu len t  Flow, PDA (Particle Dynamic Analyzer) ,  

General  Coordinates,  NDE (Numerical  Diffusion Error) 

N o m e n c l a t u r e  
/~i~: Discretized metric components  

gi : Contravar iant  base vector 

Ij : Base vector of Cartisian coordinates 

i : Unit  vector 

.[ : Jacobian of  the t ransformation 

k : Turbu len t  kinetic energy 

N : Total  number  of particles 

p ~ Pressure 

pk : Control  function 

r ~ Position vector 

At~ Time step 

(J"  Mean velocity of particles 

U : Velocity of a particle 

us : Velocity component  in the fixed Cartesian 

coordinates 

V;Z Contravar iant  velocity component  in the cur- 

vil inear coordinates 

x~ : Cartesian coordinates 

Greek symbols 
e : Turbulence  dissipation rate 

,u : Coefficient of viscosity 

p : Density of glass beans 

~i : General  coordinates 

A~: Distance between the nodes 

1. Introduct ion  
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The populari ty of a TF B  (Tangent ial ly  Fired 

Boiler) in power industry is due to its remarkable 

advantages such as suitability to various types of 

coal, easy ignit ion and flame stability. However, 

the problems such as GSEI (Gas -S ide -Energy-  

Imbalance) ,  erosion and slagging are becoming 
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more and more serious with the increase of the 

capacity of the boiler, and partially offset the 

enhanced efficiency resulted from the raised oper- 

ational parameters. 

Numerical investigation is highly expected to 

provide a detailed knowledge helpful to solve the 

problems, and much projects of such topics were 

carried out in recent years, e.g., Smoot and Pratt 

(1979), Honney and Kent (1989), Luo et al. 

(1991), Sandro (2000), Fan et al. (2001). Those 

numerical models are generally based on the flow 

field modeled by the solution of RANS (Rey- 

nolds time-Averaged Navier-Stokes) equations 

closed by turbulence model methods, and coupled 

with other sub-models describing concerned phy- 

sical or chemical phenomenon such as gas phase 

reaction, radiation and coal-particle dynamics, 

combustion and radiation. It is evident that the 

aerodynamic simulation plays the key role in the 

whole process. As a result, its accuracy and boun- 

dary conditions are crucial to the interested pre- 

dictions. 

Most previous models as mentioned were dis- 

cretized and solved on Cartesian coordinates and 

corresponding orthogonal meshes with the grid 

lines parallel to the furnace boundaries. Because 

the jets from corner-positioned burner are highly 

deviated from the grid lines, well-known NDE 

(Numerical Diffusion Error) could not be avoid- 

ed and may damage the accuracy seriously. Thou- 

gh the attentions were being paid on the calcula- 

tion while various methods were being tried, more 

attempts are still welcomed, since it is not a trifle 

mission to consider the NDE in the engineering 

cases with the complex flow pattern in 3-D geo- 

metrical domain. On the other hand, it is neces- 

sary to consider the structure of the platen heater/ 

reheater in the modeling, especially when 

the study is focused on describing such pheno- 

menon as the GSEI, which is taken place on top 

of the furnace and is affected by the existence of 

heating devices there. Unfortunately, much previ- 

ous studies omitted or simplified the structures for 

the convenience of treating boundary conditions. 

Finally, the measurement of turbulent flow in a 

TFB model is necessary to the validation of nu- 

merical model and it was seldom done before 

with the 3D-PDA,  a sophisticated and advanced 

devices based on a phase Doppler anemometer, 

with which more accurate and comprehensive 

measurement can be expected. In the present 

study, a 200MW TFB has been carefully modeled 

both experimentally and computationally. De- 

tailed comparison is made between experiment 

and calculation in order to assess the efficiency of  

the proposed numerical model. 

2. Experimental 

2.1 Test  facility 
A 1 : 20 model of  a 200MW boiler furnace was 

built (Su, 1999). The model has the cross-section 

of 683 ×583 mm, and the height of 2208 mm as 

shown in Fig. 1. The side walls were made up of 

the plate-glasses. A set of aluminum plates fixed 

on the upper furnace represented plate-heaters. 

Two groups of  burners were positioned at each 

corner and were directed at 38.5 ° and 45.8 ° to the 

wall. Each group comprised of four primary-air 

burners sandwiched by two secondary-air ones, 

and the upper group had an additional tertiary- 

1. furnace, 2. plate heaters, 3. plane-glasses. 4. hon- 
eycomb, 5. tracer, 6. tracer storage, 7. hoses, 8. en- 
trance duct, 9. venturi throat, 10. contraction, 1 I. thr- 
ottle valves, 12. cyclone separator and filter system, 
13. exhaust blower, 14. tracer, 15. collection bucket 

Fig. I Schematic diagram of TFB boiler model 
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/ /  
1. tracers, 2. throttle valves, 3. pressure meters, 
4. Venturi throat, 5. square duct, 6. throttle valves, 
7. air 

Fig. 2 Schematic diagram of entrance duct 
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air burner at the top. The burner was simulated 

by a square-section duct, which has a venturi 

throat and a particle-feeding bypass for primary 

burner as shown in Fig. 2. A honeycomb posi- 

tioned at the exit of the furnace simulated the 

impact of the heaters (in horizontal flue of a real 

boiler) on the aerodynamic character near the 

exit. 

Air was induced into the furnace by the ex- 

haust-blower, and the primary, secondary and 

tertiary air velocities were set as 17, 25 and 30 

m/s, respectively. The glass beans (p=2990 kg/ 

m 3) with the size distribution as shown in Fig. 3 

were introduced into the air with the total mass 

flow rate of about 5 kg/h. 

2.2 Measurement  instrumentation 
Velocity measurement was made with the 3D- 

PDA (3D-Particle Dynamic Analyzer) develop- 

ed by DENTEC, which is a three-color phase- 

Doppler anemometer (Choi et al., 2002). It can 

measure the velocity and the size of the spherical 

particle simultaneously. A power-adjustable ar- 

gon-ion laser source was used with the maximum 

power of 5 W. The optics arrangement with three 

colors-six beams was introduced to measure three 

components of the particle velocity. The 40 MHz 

frequency shift was made by Braggcell for one of 

two beams with same color. 

2.3 Measurement  and uncertainty 
Five horizontal planes were selected for the 

measurement. Three of them were in the port 

region, where intensive mixing happens and nu- 

merical diffusion is liable to appear in the calcu- 

lation. The other two planes were in further 

downstream. One vertical plane at the exit of 

furnace was also measured, where the velocity is 

spatially non-uniform which is related to the 

GSEI. The uniform grids with 12 × 18 nodes were 

used in measurement. At the typical sampling rate 

of 0.2-I kHz, 3000 validated data were collected 

at each node. The range of the phase angle is 

validated in case the sum of the phase angles 

should not be greater than 15 degree. 

The velocities of the particles less than 9/zm 

were considered to be equal to those of the gas. 

The error come from this assumption would be 

neglectable, since the relaxation time scale (about 

10-4s) for the attitude of the particle dispersion is 

small enough even compared with turbulent time 

scale (about 10-2s). The well-known uncertainty 

in the statistical process is called 'biased errors' 

(Adrian and Yao, 1987), which comes from the 

non-uniformly distributed velocity samples. The 

interval-time weighted method was used to re- 

duce such error in the present study. 

Uj-  ~,7:~ UjAt~ 
~=~A t~ (1) 

~}-} = [ ~f : l  ( UJ, i -  U J) zAti ] x/z 
Nf=~At~ (2) 

The total error was expected not to exceed 5% by 

Eq. (l) for mean velocities and 10.0,go by Eq. (2) 

for root mean square fluctuations, respectively. 

3. Computation 

3.1 Mathemat ica l  formulation 
Continuity equation can be expressed in terms 

of primitive variables as Eq. (3). 
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L f  p v '  ~ =o 
aS;\ ] / (3) 

where, J is the Jacobian of the transformation as 

Eq. (4). 

1 02(xl, X2, Xs) 
(4) 

] a(S 1, S ~, S 3) 

The momentum equation expressed in the 

strong conservative form (Yang et al., 1994) in 

the general coordinate system is selected. It can be 

written in terms of primitive variables as Eq. (5). 

3 ( p V  1 \ a / g~.g.k 03uj~ l . g '  0p 
a ~ , ~ - u J ) = ~ [  ~' 7 a~kJ -" T ~  (5) 

where Vi=g~.V is contravariant velocity com- 

ponent in the curvilinear coordinate. 

The turbulence kinetic k and its dissipation rate 

are governed by Eqs. (6) and (7) in terms of 

primitive variables. 

0 [ P V i k \  c~ gi gk as T " ok ) 
o'h ] a& - (6) 

+~(G-oe) 
3 ( /z g i . gk  3e 

(7) 
I +-~( C~,G- C~pe) 

7 

The expression of G and the constants of C~1, C~2, 

o'k, o¥ are discussed in other literatures. 

3.2 Numerical  procedure 
Equations (3)- (7) are discretized using a finite 

difference method in the generalized coordinate 

space, with the metric information expressed in 

terms of area vectors. The equations are solved 

on a structured, non-staggered grids. The velocity 

components in fixed Cartesian directions are 

treated as scalars after the transformation from 

physical coordinates to computational space coor- 

dinates. To approximate the convection across the 

cell surfaces, the based EDS (Exponential Differ- 

encing Scheme) is used. Cross-derivatives in the 

momentum equations caused by non-orthogona- 

lity are dropped into source terms to retain the 

diagonal dominance of the matrix. The incom- 

pressibility constraint is enforced by the pressure 

correction methods where the pressure-velocity 

coupling is handled by SIMPLE-like methods. 

A generalized wall-boundary approach is used 

and the velocities and distances in the equation 

are calculated in the local Cartesian coordinate 

systems. The governing equations for the scalars 

and pressure correction equations are solved se- 

quentially in the each outer iteration. A strongly 

implicit procedure is used to solve the Poisson- 

like linear systems in the inner iterations. 

3.3 Special  treatments  
Special techniques employed in the solution 

include : Firstly, to take into account the smooth- 

ness properties of the coordinate mapping, which 

appears essential for locally non-smooth meshes 

(Wesseling et al., 1998). Secondly, the secondary 

pressure correction method is used as the acc- 

eleration means (Ferziger and Peric, 1995). In 

this method, the commonly neglected cross-direc- 

tion terms in the transformed pressure correction 

equation are considered iteratively. It is proved 

that those terms are essential for the fast conver- 

gence especially when the grids are highly non-  

orthogonal and the number of the nodes is large. 

Thirdly, the momentum interpolation method 

(Xu and Zhang, 1998) by Rhie and Chow is 

extended to the present case with the pressure 

gradient terms being differentiated in the way that 

the mass conservation is strictly followed as Eq. 

(8). It is appeared that pressure oscillations could 

be safely avoided in the non-staggered meshes 

due to the reduced discretization error in our 

scheme. 

A$i (8) 

q 
2A$ i 

where subscript 'f '  refers to a surface. It is shown 

that those techniques are essential for the ac- 

curate and computationally efficient solution of 

the present case where the grids are locally non-  

smooth and highly non-orthogonal due to the 

fact that the grids have been generated to adapt 
the complex flow patterns to the best possibilities. 



Experimental Validation of  Numerical Model for Turbulent Flow in a Tangentially Fired Boiler with ... 133 

3.4 Mesh generation 

The grid of the furnace of the TFB was gen- 

erated by numerical solution of the elliptic partial 

differential equations (Thompson et al., 1985, 

Kim and Lee, 2002) and by properly specified 

boundary conditions. In the present study, we 

employed the Poisson equation with the control 

function as generation system. Actual computa- 

tion was done in the transformed region. The 

corresponding transformed equation is written in 

the vector form as Eq. (9). 

.. o~- , k * *  0 r  - 
g "  0~,o3~ ~. + ~g P ) ~ - = 0  (4) 

where r = x , d m  (summation on the indices). 

The control function ph is designed with ex- 

ponential functions as Eq. (10). 

T 

P~ 

(a) (b) 

Fig. 4 3D grids of boiler and horizontal grids at 
different planes 

Fig. 5 Horizontal grid plane at burner region 

n 

P * = -  5] a , S g n ( ~ - ~ ' ) e x p ( - b , T ~ )  
l=1 

T , =  C , . ( ~ - ~ ' )  2 

(10) 

By adjusting the constants of a ,  b ,  Cz in the Eq. 

(10), neighboring coordinate lines are attracted 

to the specified lines ~ = ~ t .  

The meshes as shown in Fig. 4(a) were gen- 

erated to adapt the flow patterns to the best 

possibilities. In particular, the horizontal grid 

lines in the burner region were arranged as shown 

in Fig. 5, where the grid lines near the ports 

approximate to the diagonals and those around 

the center approximate to a circle. In the upper 

part of the furnace, the horizontal grid lines are 

nearly parallel to the boundaries. In the region 

between the above two planes, the directions of 

the horizontal grid lines changed gradually with 

the height of the plane as shown in Fig. 4(b). 

4. Results  and Discussion 

Horizontal velocity vectors at five measure- 

ment planes are shown in Fig. 6. At the planes 1 

and 2 positioned at two upper primary-air-port  

regions, the measured velocity vectors show that 

the jets from the ports shift to the boundary while 

mixing with the swirl flow in full of the section. 

This is also evident in the prediction. Generally, 

there is good agreement between prediction and 

experiment, except that the directions of some 

vectors near the middle of the boundary are not 

align with the measured ones. The skewness of the 

grid lines and streamlines may account for this. 

Also, the experimental swirl center in the plane 2 

is unaccountably displaced away from the center 

of the furnace. It is shown that both predicted and 

measured diameters of tangential circle in the 

plane 2 are slightly smaller than those in the plane 

I. This reason is that the air-supply condition 

near the corners in the plane 2 is better than that 

in the plane l, and thus the driving pressure 

difference between two sides of each jet flow is 

smaller in the plane 2, causing less shift to the 

boundary. 
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Fig. 6 Comparisons of velocity vectors tbr plane l-plane 5 

At locations 4 and 5, further up the furnace, the 

! 

flow pattern is purely a swirl. It is evident that the 

swirl velocities decrease gradually as the down- 

stream gas flows of the furnace. The basic simi- 

larity between the measurements and predictions 

is evident in the planes 4, 5. At the plane 3 just 

positioned above the burner region, the swirl is 

shown to be at transitional status between jet-  

forced swirl and free one. Both experiment and 

calculation agreeably illustrate such feature. (a) 
In order to illustrate the dependence of the 

NDE on the grid pattern as well as the impact of  

such error on the result in the burner region of  the Fig. 

TFB, the contrast numerical experiment was car- 

ried out based on the commonly used orthogonal 

mesh system with the grid lines parallel to the 

boundaries. Both predictions based on such mesh 

and those based on the body-fitted mesh are 

shown in the Fig. 7. For the prediction based on 

orthogonal grid, the grid lines are obviously 

deviated from the streamlines near the ports 

where the gradient of  the velocities is steep. In the 

prediction based on (b) Prediction based on 

orthogonal grid body-fitted grid 

7 Predictions for velocity vectors with different 

grid systems at plane I 

circumstance, the serious NDE appears and is 

illustrated by unreasonable radial expansion and 

the rapid slowdown of the jets as they are ejected 

from the ports into the furnace. On the contrary, 

for the case of BFG (Body-Fitted Grid),  there is 

not visible impact of  the NDE on the flow pattern 

of the jets, which are ejected from the ports more 
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tightly and more deeply into the swirl flow. As 

the prediction is verified below by its compari- 

sons with the experiment, it is concluded that the 

NDE is kept within limit by employing BFG in 

the present study while the solution quality has 

been improved remarkably. The better solution 

quality is mainly contributed by the alignment of 

the grid lines on the BFG with the streamlines 

near the ports as shown in the Fig. 7. 

Figures 8-10 give detailed comparisons of 

measured and predicted mean velocity compon- 

ents at planes 1, 3, and 5, respectively. In the 

plane 1, both transverse u-component and stream- 

wise w-component are well predicted, compared 

with measured ones. The main structure of high 

speed jet in cross-flow is depicted in the profiles 

of u-components, where the peaks of jet velocity 

are flattened rapidly before the jet is entirely 

merged into ambient air near the center line of the 

plane. The correctly predicted jet direction sug- 

gests the effectiveness of grid lines arrangement 

for reducing the NDE in the present study. The 

streamwise velocities in the region of the center 

and the boundary are higher than those in the 

middle ring due to inflation effect of the jets. 

At the plane 3, the transverse velocity compon- 

ents are similar as those at the plane I, whereas 

the streamwise velocity components on two 

planes are quite different. The w-velocity is lower 

in the center region than that in the middle ring. 

The adverse pressure gradient, which is caused by 

the streamwise decay of the swirl, may account for 

this. However, the w-velocity is overpredicted, 

especially at the center region• And there is also 

some discrepancy near the center point of the 

plane where small peaks of the measured w-ve- 
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locity appear. The  discrepancy implies that the 

turbulent  model  overestimates the diffusive trans- 

port of  momentum in the streamwise direction, 

and cause the flatten velocity distribution. 

The predicted swirl velocity components  in ane 

5 are mainly featured as so l id -body-mot ions ,  are 

in general agreement with measured ones, which 

however  show some local f ree-vor tex-mot ions .  

The  differences between experimental  w-veloc i ty  

components  and predicted ones are still evident, 

with the flattened and enlarged reversal regions 
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Fig. 12 Variations of streamwise velocity compon- 

ents at three equally spaced stations at the 

exit cross-section 

in the calculations.  Again,  the weakness of  turbu- 

lence model  for swirling flow accounts for such 

defect, which appears to exaggerate s o l i d - b o d y -  

mot ion and thus smears out  free-vortex motion in 

reality. 

Figure 11 shows the contours of  the streamwise 

components  of  the velocities at the exit cross-  

section of  the furnace. General  agreement is achi- 

eved between computa t ions  and experiments. The 

measurements show high velocities near the r ight-  

hand side and low velocities near the left of  the 

middle line. The  predictions show a similar  gen- 

eral pattern except that low velocities are also 

shown near the r igh t -down corner. The predicted 

maximum and min imum velocities agree fairly 

well with the measured ones. Transverse profiles 

for the streamwise mean velocities as shown in 
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Fig. 13 Comparison of predicted and measured turbulent kinetic energy normalized by inlet value on plane I 

Fig. 12 further manifest fairly good comparison 

except some under-predictions near the right-do- 

wn corner. 

Figure 13 shows the distributions of turbulent 

kinetic energy on the horizontal plane in the bur- 

ner region. Both results share common features 

as the high-speed jets from the ports provoke 

strong turbulent oscillations by impinging and 

mixing with the low-speed swirl. It is depicted 

that turbulent kinetic energy is transported and 

dissipated with the fluid flow from the jets and 

its distribution largely depend on the pattern of 

fluid flow, which also emphasizes how important 

it is to accurately simulate the transportation of 

fluid flow in this region. The difference lies on the 

fact that the measured turbulent kinetic energy on 

the plane I is generally higher than the predicted 

one and its pattern is not so smooth and regular 

as that of the calculation. The reason for the 

discrepancy is likely because of the deficiency of 

k-epsilon turbulent model, which is based on the 

isotropic assumption of the microscopic eddies 

for well-developed turbulent flow in the parallel 

duct. The assumption may not be the case for the 

turbulent flow in the burner region of the TFB, 

which is far away from being well-developed and 

has a large scope of the turbulent scale of the 

eddies. 

5. Conclusion 

Though it is usual and simple way to adopt 

Cartesian coordinate and orthogonal grid in the 

calculation for the turbulent flow in the furnace 

of utility boiler, whose geometrical boundaries 

are rather simple, it may not be a reasonable 

choice for the case of the TFB, because the dis- 

advantageous deviations between grid lines and 

streamlines appear in the burner region of the 

furnace where the gradient of velocities is steep, 

and it leads to the serious NDE devastating the 

accurac~ of the solution. 

The body-fitted coordinate was adopted in- 

stead of Cartesian coordinate for modeling com- 

bustion in the TFB in the present study, while the 

physical domain was discretized in the manner to 

keep the grid lines aligned with the streamlines of 

fluid flow as well as the geometrical boundaries. 

These methods are justified as an effective way to 

reduce the NDE by satisfactory comparisons of 

computation and experiment. 

Since the grid lines were arranged to fit both 

the flow patterns and the geometrical boundaries 

as a whole, the quality of the mesh featured by 

local non-smoothness and highly non-orthogon- 

ality was not so good that it may heighten the risk 
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of other numerical problems such as oscillation 

and divergence. The remedies of it in the present 

study were dependent on two special numerical 

techniques employed. The one is to smoothly 

dicretize metric factors by considering its geome- 

trical property, and the other is to use secondary 

pressure correction method which is an enhance- 

ment to the projection method for accelerating the 

convergence rate of the solution of continuum 

equation in relatively poor curvilinear mesh. 

A fully-elliptic numerical method for the solu- 

tion of the full Navier-Stokes equations has been 

applied to the computational modeling of the 

isothermal flow in the TFB. The main features of  

the TFB flow appear to be captured correctly. 

The code and the grid systems provide a reliable 

bases for the combustion modeling in the utility 

furnace. 
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