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ABSTRACT  13 

The aim of this work is to simulate the thermoelastic behavior of the wall of the combustion chamber 14 

of the ALLISON-T56 turboprop under the influence of dynamic loads and turbulent diffusion flame. 15 

This work is presented in two sections:  The first step is to simulate and analyze the flame structure 16 

and determine for given fuel flow and preheating temperature of fresh gas the behavior of the 17 

thermodynamic parameters of combustion. The numerical approach is based on the resolution of basic 18 

equations of turbulent combustion using Ansys-Fluent software where the turbulence model 19 

viscous-SST k-omega is chosen. In the second step, the thermoelastic behavior of the wall of the 20 

combustion chamber is simulated. The simulation results are presented and discussed in the last 21 

section.The numerical results is validated by the experimental results realized on the turboprop engine 22 

Allison-T56 test bench of Air-Algerie Company.   23 
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1. INTRODUCTION 31 

Combustion is one of the means of energy conversion, characterized by a highly exothermic 32 

irreversible reaction between an oxidant and a fuel. The study of this phenomenon has a 33 

considerable interest in the aviation sector [1, 2]. The main preoccupation of manufacturers 34 

and researchers, is to master the behavior of various thermodynamic parameters for efficient 35 

and ecological combustion [3]. Our work is a contribution to the analysis and simulation of 36 

the structure of the turbulent diffusion flame in annular combustion chamber of turboprop 37 

ALLISON-T56 (Figure 1). The fuel used in our study is kerosene, which has a high calorific 38 

value of 43.15 MJ.kg-1 [8]. In this work we are interested first to the geometry of the 39 

combustion chamber studied; thereafter, we present the discretization of the computational 40 

domain by the mesh generation using the Gambit software (Figure 2). The equations 41 

governing the gaseous reactants flows are recalled in the previous section where a brief 42 

reminder of the k-e turbulence model used is presented. The simulation results are presented 43 

and discussed in the last section, and a comparison is made with the scientific literature. On 44 

the other hand, the temperature reached in the aeronautical combustion chambers exceeds the 45 

limit characteristics of thermal resistance of current materials; it’s for this reason that the 46 

temperature at the end of combustion must be controlled. The thrust of the engine is directly 47 

related to the temperature of gas emissions. We conceive the importance of having materials 48 

resistant to high temperatures, which have good mechanical strength and corrosion resistance, 49 

that they can supporting overheating without the risk of weakening before high stresses 50 

(creep), and finally, to be elaborate without need for heat treatment. To analyze the interaction 51 

of the turbulent flame on the structure, the thermoelastic behavior of the wall of the 52 

combustion chamber is simulated using Ansys-Fluent code. A brief reminder is given of the 53 

thermoelastic theory developed by W.D.KINGERY [18], as well as the most used elastic limit 54 

criteria for metals. The results of this section are presented and discussed below.  Finally, the 55 

transient temperature field through the wall of a cylindrical element of tubular combustion 56 

chamber will be simulated, taking into account the characterization of the thermal expansion, 57 

the thermoelastic stresses and strains with the physical properties of refractory materials. The 58 

mathematical model based on the heat equation in its general form (Transitional in three 59 

dimensions) [10], coupled with laws of thermoelastic behavior is solved using a house code, 60 
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where the boundary conditions of the problem are introduced from the simulation results 61 

obtained by Ansys-Fluent software such as the initial internal temperature of the wall, as well 62 

as the data provided by the engine test bench.  63 

   64 

 65 

 66 

2. MATHEMATICAL MODELS 67 

For this study, calculations are executed by using the Ansys software, where several models of 68 

turbulence are available in this code, the models with one and two transport equations use 69 

partial derivative equations to connect the fluctuations of flow to the average sizes of 70 

variables [6]. We limit as an example to present thereafter the SST k-omega model [5-7,9]. In 71 

the second section, the Ansys-Fluent code is used again to simulate the interaction of the 72 

turbulent flame on the structure and the thermoelastic behavior of the wall of the combustion 73 

chamber; a brief reminder is given of the thermoelastic theory developed by W.D.KINGERY. 74 

2.1 SST k-omega model   75 

The results obtained by the model, according to Menter are very sensitive to the value of w 76 

imposed outside the boundary layer, the model SST k-w therefore represents a model 77 

alternative. It combines both models k-w and k-ε. Two equations are solved, one for the 78 

specific dissipation w and the other for the kinetic energy of turbulence k, so the equations for 79 

k and w are, more details can be given by the ref [7,9,24]: 80 
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Fig.1a. Allison T56 engine combustion   Fig.1b. T56 Gas turbine combustor liner [21] 

chamber assembly [14] 
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The constants k ,  , and  are determined from the relation [7]:     2111 1  FF    83 

2.2 Boundary conditions 84 

The main boundary and initials conditions used in fluent software are obtained from reference 85 

[22,23]. The initial conditions mainly concern the parameters of air and fuel admission to the 86 

combustion chamber of Allison engine T56 are given by the table 1. These operating conditions 87 

are used in our study. 88 

Table 1. Operating conditions during take-off with specific boundary conditions 89 

Combustor inlet temperature [K] 566.15 

Combustor inlet pressure [Pa] 923897 

Total mass flow rate, ma [kg/s] 14.154 

Air/flow ratio 50 

Inlet flow velocity [m/s] 30 

Conduction coefficient of wall [W/m²K] 288 

Turbulent intencity [] 7 

Turbulent viscosity ratio 10 

 90 

Table 2. Cartesian cordinate system of flow direction at the dome holes  91 

 92 

Holes  

Number 

Direction of flow 

Cartesian coordinate 

system  

X Y Z 

 

 

 

N°1 -0.97 0 0.24 

N°2 -0.686 -0.686 0.24 

N°3 0 -0.97 0.24 

N°4 0.686 -0.686 0.24 

N°5 0.97 0 0.24 

N°6 0.686 0.686 0.24 

N°7 0 0.97 0.24 

N°8 -0.686 0.686 0.24 

 93 

 94 
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The distribution of the mass flow of air through the different holes of a single flame tube of the 95 

combustion chamber is given in Fig.2 by ref [22,23]. 96 

 97 

Fig.2. Airflow distribution of Allisson T56 engine combustor liner [22] 98 

2.3 Thermoelastic approch 99 

Developed by KINGERY [18], this approach in terms of constraints assumes a homogeneous, 100 

isotropic and elastic linear mechanical behavior [4-10-13]. In a state of biaxial stress, the 101 

thermally induced stress at the surface during instantaneous cooling is given by: 102 

 

 

.α.ΔT
σ

1 ν
ideal

E



                       (7)                                                                               103 

E: Young's modulus (MPa), α: Coefficient of thermal expansion (° C
-1

), ν: Poisson's ratio and 104 

ΔT: Temperature difference (°C)  105 

2.4. Isotropic elasticity  106 

In the elastic case, two elastic constants are sufficient:                            107 

The Young's modulus E and the Poisson's coefficient,  108 

More precisely, the matrix of the elastic constants is written for an isotropic material [15-19]: 109 
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          (8) 110 

The Constraint vector is given by:  111 

    
T

x y z y z z x x y      
               (9)                     112 

The elastic deformation vector is given by:  113 

 el 
T
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              (10)            114 

The matrix of elastic constants becomes:  115 

Now, in the case of any constraint state, the elastic deformations are related to the constraints 116 

by the general Hooke law [20]: 117 

So:          
1
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

  118 

The complete Hooke's law (valid in the thermoelastic deformations case) is then written: 119 
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a
T 

 
  

 
is the coefficient of linear thermal expansion and ΔT corresponds to the change of  122 

temperature. Hooke's law also allows to evaluate the stresses from deformations: 123 
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Where 
2(1 )

xy yz xz

E
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v
  


   ,    

32 3 ² 1h v v                         (14) 125 

Thermal stresses, sometimes referred to as "thermal stresses", come from the fact that a 126 

material subjected to a change in temperature is constrained in such a way that it cannot 127 

deform freely. In this case, the thermal deformation is compensated by elastic deformation.      128 

It is therefore the elastic deformation (which corresponds to a displacement of the atoms with 129 

respect to their equilibrium position, which has changed with temperature) which is at the 130 

origin of the stress, it is only indirectly that the temperature change induces a stress. 131 

2.5 Elastic limit criteria         132 

In a one-dimensional tensile test, the elastic limit is defined as the stress for which the first 133 

plastic deformations appear. Below this limit, all deformations generated during the loading 134 

of the specimen can be recovered. This definition of the elastic domain for an axial plain test 135 

must be generalized in the case of complex loading. This three-dimensional generalization is 136 

called the plasticity criterion. It allows to define. In the space of the stresses, the region for 137 

which the material will have an elastic behavior. The definition of the two most widely used 138 

isotropic criteria for metals, the Tresca and Von Mises criteria is given below. 139 

2.5.1 Criterion of Tresca  140 

The maximum shear stresses are given by the expressions: 141 

                                           (15)                                                                          142 

Where:      Maximum shear stress and  Main stress.  143 
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The material must meet the following strength requirements:  144 

  and                                (16)                                                                                                                                              145 

Where:  allowable stress 146 

2.5.2 Criterion of Von Mises 147 

There exists another criterion to check the resistance condition, it is the one given by 148 

Von-Mises, it defines the equivalent stress by: 149 

                                    (18) 150 

The material must meet the following strength requirement: , where                                                                                151 

 is an equivalent stress. 152 

3 RESULTS AND DISCUSSION 153 

Among the obtained results, we shows on the (Fig.2) and (fig.3) respectively the mesh of 154 

combustion chamber and boundary layer at the outlet wall of the combustion chamber 155 

realized by Ansys workbench software, we note here that the Inflation layer thickness 156 

should be defined to capture the boundary layer. This depends upon the flow 157 

characteristics and will need to be evaluated on a case by case basis.  158 

 159 

     160 

    Fig. 2. Mesh of combustion chamber 161 

        Of the Allison T56 engine   162 

                  163 

           164 

Fig.3 Mesh and boundary layer at the 

outlet wall of the combustion chamber 
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We observe on the figure 4 the iso-temperature map in the combustion chamber. The 165 

distribution of the temperature in the combustion chamber reaches a maximum of 2130 K at the 166 

end of the primary reaction zone (Fig.4) and (fig.5) , Air are provided by the primary holes to 167 

support the flame and a recirculation flow is produced in the primary zone due to the impact of 168 

the primary jets on the fuel flow, it ensures that some of the fuel can pass with the direction of 169 

the flow to be mixed with inlet air; Hence increase the air / fuel flow and consequently the 170 

combustion temperature increases. We can easily see that the symmetry of the flame formed is 171 

quite good.  172 

 173 

Fig.4. Simulation of turbulent flame in the combustion chamber (iso-total temperature map) 174 

 175 

Figure 5 illustrates the influence of the preheating temperature of the air / fuel mixture on the 176 

combustion temperature along the combustion chamber. Concerning the maximum 177 

temperature, it is noted that the increase in the inlet temperature raises the maximum 178 

temperature, thus for a preheating temperature of 450 K; The Max temperature is of the order 179 

of 2050k, whereas for an input temperature of 566k, the Tmax = 2280k. As well as for that of 180 

the outlet by increasing the inlet temperature, the outlet temperature varies from 1210 K to 181 

1420 K. This allowed us to conclude that the preheating of the air / fuel mixture improves 182 

combustion efficiency. 183 
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 184 

Fig.5. Distribution of the temperature in the combustion chamber as a function of the   185 

preheating temperature 186 

 187 

The figure 6 presents pathline colored by total temperature, it is clear that at the exit of the 188 

combustion chamber the temperature reaches the TIT (Turbine inlet temperature) limited by 189 

the manufacturer [9,22-23]. 190 

 191 

 192 

Fig.6. Pathline colored by total temperature [k] 193 

 194 

Figure 7 presents the contours of turbine inlet temperature (TIT) for the non symetrical 195 

dilution holes positions at the outlet combustion chamber (real case) [k]. We notice that the 196 

temperature TIT is low at the wall because of the flow of dulition, and it is maximum in the 197 
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center of the exit section of the chamber, but there is a decymetry in the distrubituion of the 198 

temperature because a non-symmetrical positions of the dilution holes. Consequently, we 199 

propose in figure 8 a possible modification of the dilution holes position, so that the hot flow 200 

at the outlet of the combustion chamber is symmetrical and consequently improves the 201 

distribution of thermal stresses at the wall, the efficiency and the life time of the combustion 202 

chamber and turbine. The numerical exit temperature distribution (TIT) is validated by the 203 

experimental results shown on the figure 13  realized on the turboprop engine Allison-T56 204 

test bench of Air-Algerie company and is within an error of less than 9 percent. 205 

 206 

   207 

Fig.7. Contours of turbine inlet temperature (TIT) for the non symetrical dilution holes 208 

positions at the outlet combustion chamber (real case) [k].     209 

 210 

 211 

 212 

Fig.8. Contours of turbine inlet temperature (TIT) for the symetrical dilution holes positions 213 

at the outlet combustion chamber (possible modification-proposed case) [k] 214 

Figure 9 depict a frontal view of the temperature distribution on the wall of the dome, at the 215 

operating conditions specified in table 1. In this figure we introduced the cartisian velocities 216 
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components of flow instead of the axial flow according to the boundary conditions specified 217 

on the table 2, and this in order to create a film of air, which embraces and protects the 218 

internal wall of the dome, against the thermal stresses caused by the dynamic combustion 219 

loads and the proporable backfire which degrades the structure of the dome see figure 10 ref 220 

[26]. Note that the simulated wall temperature of the dome is much lower than the maximum 221 

temperature of the combustor material where the maximum allowable temperature for 222 

Hastelloy-X (material of the combustor) is approximately 1175k [25]. 223 

 224 

 225 

Fig.9. Dome wall temperature and exit temperature distribution 226 

 227 

 228 

Fig.10. Defects on combustor dome [26] ; (a) Crack formation on dome wall,  229 

b(Thermal distortion of the splash cooling devices on the inside of the dome 230 
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Figure 11 depicts, the vectors velocity variation of the internal flow field according to the 231 

boundary conditions of Table 1 and 2. It is apparent that the flow field is in the form of a 232 

cyclone which embraces the internal wall of the dome. 233 

 234 

Fig.11. Velocity vectors colored by velocity magnitude at the dome section [feet/s] 235 

 236 

Figure 12 depicts, the variation of the velocity victors of the internal flow through the 237 

combustion chamber, it can be seen the weak recirculation zone due to the quite high speed of 238 

flow at the level of the injector, which allows the fuel droplets to mix with the oxidizer but at 239 

the level of the walls, the velocity of the fluid mixture is relatively low because of the 240 

pressure drops. The mixture (fuel-air) in the core of the combustion chamber passes through 241 

the primary combustion zone without taking part in the recirculation zone. The recirculation  242 

 243 

Fig.12. Velocity vectors through the combustion chamber [feet/s] 244 

 245 
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zone is weak and is situated too far downstream from the dome, thereafter, the flow becomes 246 

more stable in the dilution zone where the combustion gases are cooled before reaching the 247 

outlet of the combustion chamber. At the outlet of the combustor the ejection velocity is of 248 

the order of 600 [feet/s]. 249 

Fig.13 depicts the variation of the turbine inlet temperature TIT as a function of fuel flow, it is 250 

noted that the variation of the TIT is proportional with the fuel flow, on the other hand the 251 

figure presents two curves, the first is the result of the simulation by the Ansys-fluent 252 

software, and the second is an experimental result obtained on the Air-Algerie turboprop 253 

test-bench, it is clear that the two results coroborate each other with a relative difference of 254 

less than 9, in addition the experimental results serve as validation to previous numerical 255 

results. We can conclude that fuel flow is the most important factor in combustion because it 256 

is the only parameter that can be controlled manually through a throttle, also it ensures the 257 

control of the TIT and consequently the performance of the engine. 258 

 259 

 
 

Fig.13. Influence of fuel flow variation on the TIT (turbine inlet temprerature) 260 

Figure 14 and figure 15 depict respectively, the variation of the equivalent stress with 261 

Von-Mises criterion and the variation of the maximum main stress using 262 

Ansys-fluent-Structure software, according to the physical characteristic of the combustor 263 

material (Hastelloy-X) specified on the table 3. We note that both the equivalent stress and the 264 

maximum main stress follow the same behavior as the temperature through the combustion 265 

chamber (figures 4 & 5), so they start to increase in the primary zone of the combustor until 266 

they reach a maximum and then they gradually decrease in the secondary zone of the chamber 267 

where the temperature stabilizes at the TIT. 268 
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 269 

Fig.14. Variation of the equivalent stress with Von-Mises criterion  270 

 271 

Table 3.  Main physical characteristic of the combustor material (Hastelloy-X) given by Ansys 272 

fluent data base and ref [25] 273 

 274 

Physical propriety    value 

Volumic masse [kg/m
3
] 8874 

Yong moduls [MPa] 2e+05 

Poisson coefficient 0.3 

Compressibility modulus [Pa] 1.6667E+11 

Shear modulus [Pa] 7.6923e10 

Isotrope thermic conductivity [Wm
-1

k
-1

] 16.9 

Specific heat [J.kg
-1

k
-1

] 

Fusion temperature [c] 

446 

1452.9 

 275 

 276 

Fig.15. Maximum main stress 277 

 278 

4. CONCLUSION  279 

In this study devoted to the numerical simulation of the turbulent diffusion flame in the 280 

combustion chamber of the engine Allison T56, it has been realized the mesh of the rather 281 

complex geometry of the combustion chamber using Ansys –Fluent software, a sensitivity 282 
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study is made for the choice of optimum mesh. Furthermore this study allowed us to see the 283 

influence of the injection gas temperature or preheating temperature on the flame structure. We 284 

can easily see that the symmetry of the flame formed is quite good, the temperature is 285 

maximum at the center which is logical and the turbine inlet temperature (TIT) is between 286 

1200 and 1400 k. This allowed us to conclude that the preheating of the air / fuel mixture 287 

improves combustion efficiency. On the other hand, there is a decymetry in the distrubituion 288 

of the TIT (fig.7) because a non-symmetrical positions of the dilution holes. Consequently, 289 

we propose in figure 8 a possible modification of the dilution holes position, so that the hot 290 

flow at the outlet of the combustion chamber is symmetrical and consequently improves the 291 

distribution of thermal stresses at the wall, the efficiency and more life time of the combustion 292 

chamber and turbine. Another possibility of modification can be applied to the dome of 293 

Allison T56 combustion chamber, it concerns the introduction of the cartisian velocities 294 

components of flow instead of the axial flow in order to create a film of air, which embraces 295 

and protects the internal wall of the dome, against the thermal stresses caused by the dynamic 296 

combustion loads and the proporable backfire which degrades the structure of the dome. 297 

The numerical exit temperature distribution (TIT) is validated by the experimental results 298 

shown on the figure 13  realized on the turboprop engine Allison-T56 test bench of 299 

Air-Algerie company and is within an error of less than 9 percent. Furthermore, the variation 300 

of the equivalent stress with Von-Mises criterion and the variation of the maximum main stress 301 

for the same Hastelloy-X (material of the combustor) follow the same behavior as the 302 

temperature through the combustion chamber. It is concluded that the thermal stresses are 303 

highest for high temperatures and become minimum for low temperatures. 304 

 305 
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