
INTERNATIONAL JOURNAL OF 

ENERGY AND ENVIRONMENT 
 

 
Volume 2, Issue 5, 2011  pp.783-796 
 

Journal homepage: www.IJEE.IEEFoundation.org 

 
 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2011 International Energy & Environment Foundation. All rights reserved. 

Experimental investigations and CFD study of temperature 
distribution during oscillating combustion in a crucible 

furnace 
 
 

J. Govardhan1, G.V.S. Rao2, J. Narasaiah3 
 

1 Department of Mechanical Engineering, AVN Institute of Engineering & Technology, A.P., India. 
2 Department of Mechanical Engineering, PIRM Engineering College, A.P., India. 

3 Department of Mechanical Engineering, PRRM Engineering College, A.P., India. 
 
 
Abstract 
As part of an investigation few experiments were conducted to study the enhanced heat transfer rate and 
increased furnace efficiency in a diesel fired crucible furnace with oscillating combustion. The results of 
experimental investigations of temperature distribution inside the crucible furnace during oscillating 
combustion are validated with the numerical simulation CFD code. At first pragmatic study of 
temperature distribution inside a furnace was carried out with conventional mode of combustion at 
certain conditions and later transient behavior similar to that is conducted with oscillating combustion 
mode with the same conditions. There found to be enhanced heat transfer rate, reduced processing time 
and increased furnace efficiency with visibly clean emissions during the oscillating combustion mode 
than the conventional combustion mode. In the present paper the temperatures inside the furnace at few 
designated points measured by suitable K type thermo-couples are compared with the CFD code. The 
geometric models were created in ANSYS and the configuration was an asymmetric one for 
computational reason. The experimental and numerical investigations produce similar acceptable results. 
The presented results show that the 3D transient model appeared to be an effective numerical tool for the 
simulation of the crucible furnace for melting processes. 
Copyright © 2011 International Energy and Environment Foundation - All rights reserved. 
 
Keywords: Temperature distribution; Oscillating combustion; crucible furnace; furnace efficiency;  heat 
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1. Introduction 
In view of the impact on economy due to ever increasing energy prices globally and problems associated 
with global warming with the methods of energy utilization especially in the melting processes, there is a 
clear need for the heat transfer industries to focus on energy efficient methods and implementation of 
new technologies. The proposed new technologies shall be capable of utilizing variety of fuel resources 
with optimum release of heat energy and low emissions. Conventional combustion is generally used in 
the heat transfer industries for various melting operations. These systems using air-fuel mixture for 
combustion can be changed into oscillating combustion mode by introducing oscillations in the fuel flow 
rate as a parameter to improve the furnace performance. The furnaces which operate at high temperature 
produce large quantities of emissions are sometimes less productive and less efficient. There is a need to 
develop a technology that reduces emissions while increasing thermal efficiency for any furnace. John. C 
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and Wagner, in his NOx emission reduction by oscillating combustion technology urged industries to 
make their furnaces less polluting and more productive, whether they are firing with ambient-
temperature, pre-heated air, oxygen enriched air, or oxygen [1]. Optimizing emission levels from 
combustion operations, which include a system for optimizing combustion, was generated by oscillating 
the fuel by an oscillating valve is a recognized technology for the reduction of NOx and improvement of 
furnace efficiency in industrial furnaces [2]. Oscillating combustion is an innovative technology which 
utilizes forced oscillations which create alternately successive fuel-rich and fuel-lean flame zones within 
the furnace, leading to increased heat transfer rate. The increased heat transfer rate results in enhanced 
furnace efficiency and its productivity with reduction in fuel consumption. Oscillating combustion is 
relatively a simple process and a new methodology for overall improvement performance of an 
aluminum foundry furnace. Overall Equipment Effectiveness (OEE) of an oil fired furnace which is a 
metric for total productive maintenance initiative has been calculated from the experiments conducted. 
Delabroy O, Louedin O. et al. described that oscillating combustion system is a low-cost, low NOx, high 
efficient technology and can be integrated in any combustion system whose principle is based on a 
cyclical perturbation of the gas line [3]. The results of the experiments conducted during oscillating 
combustion led to significant reduction in fuel consumption, highly cost effective which results in 
revenue savings, enhanced heat transfer rate and increased furnace efficiency. To achieve these 
improvements it is important to ensure the thermal energy of the hot gases to be absorbed by the load and 
the furnace walls. Temperature distribution in the furnace is paramount for the optimization of the 
thermal energy. The thermal behavior of flame as well as combustion products is very complex due to 
turbulence, chemical reactions and radiative heat exchange. The intensity of heat transfer from hot gases 
to the load is a function of temperature distribution inside the furnace. Generally, the temperature 
distribution throughout a body varies with location and time. Temperature distribution in the crucible of 
a furnace is an important operation variable that is a function of the materials used in construction, 
temperature in the metal-refractory interface etc. [4]. The study of temperature distribution and changes 
of induction heating furnace can offer theory support to choose and determine a reasonable heating 
system in actual production by using numerical simulation [5]. The numerical simulation has been 
identified as a suitable tool for better understanding of the phenomena of turbulent combustion normally 
prevails inside the furnaces. Wei Dong has employed CFD technology as an effective computer 
simulation tool to study and develop the new combustion concepts, phenomenal and progresses in 
advanced industrial furnaces and boilers [6]. A 3D numerical simulation with experimental validation of 
a gas-fired self-regenerative crucible furnace was presented by Francisco cadavid et al. Turbulence, 
radiation and chemical reactions are simulated using the software Gambit V2 and Fluent V 6.2 [7]. The 
difficulty in measuring the load temperatures inside a reheating gas furnace may be circumvented by 
appropriate use of numerical models [8]. A general mathematical model was devised for the numerical 
simulation of heat transfer of the transient temperature distribution in the load during the heating and 
cooling periods is of interest for the design of the furnace and the metallurgical control of the process [9]. 
An approach based on the assumption of periodicity of the composite structure is utilized to develop a 
method for the calculation of transient temperature profiles in layered, fibrous or particulate composites. 
The results show that the predicted temperatures agreed well with the measured ones [10]. The CFD 
simulation was applied to investigate the cause of non-uniform heat distribution by the temperature 
measurement in the radiant section of a nine-burner heater [11]. Systematic experimentation with 
numerical simulation was carried out to study the distribution of temperature and CO concentration in a 
FLOX combustion chamber. To study periodically oscillating combustion processes, turbulent heat 
release with slow chemical kinetics (turbulence-chemistry interaction), thermal and mechanical 
interaction of combustion chamber walls with hot gas flows, thermal radiation and pollutant formation in 
flames (e.g. soot, NOx), Dr.-Ing. habil. B. Noll carried out in the Numerical Simulation research at the 
Institute of Combustion Technology, Stuttgart [12]. This present investigation describes the experimental 
study and numerical modeling of the oscillating combustion in a crucible furnace and also presents the 
experimental measurements validity with the results of numerical simulations. The geometric models 
were created in ANSYS and the configuration was an asymmetric one for computational reason. The 
geometric models created in 3-D to show different temperature points in a furnace. The boundary 
conditions for 13:1 air-fuel ratio and standard k-ε equation are chosen for modeling to generate better 
results in this case. Results show that the reasonable temperature distribution of the furnace can be 
obtained by optimizing the arrangement of the designated points in the furnace combustor according to 
the experimental measurements and numerical results to make the furnace combustor structure design 



International Journal of Energy and Environment (IJEE), Volume 2, Issue 5, 2011, pp.783-796 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2011 International Energy & Environment Foundation. All rights reserved. 

785

more efficient. Experimental results were validated with the numerical simulation and good agreements 
were found between simulation and experimental measurements. 
 
2. Computational model 
2.1 Points of temperature measurements 
T1 = Temperature of the aluminum load in the crucible during the melting operation. 
T2 = Temperature of the hot gases 10 cm away from the inner walls of the combustion chamber of the   
        furnace. 
T3 = Temperature of the hot gases at the entry of the stack.  
 
2.2 Model geometry and mesh 
The geometry of the crucible furnace along with the crucible for melting process used in this study is 
shown as Figure 1. The total furnace volume = 0.0829 m3, Number of test points = 3, Chromel-Alumel 
(K-type) thermocouples used - Temperature range of -180C to 13720C; Accuracy =  ± 0.5 % ; Sensitivity 
= 40 µV/0C. A sensing probe and Digital temperature indicators used to read the temperatures. In order to 
understand temperature distribution in the furnace for optimization during the oscillating combustion 
mode five air-fuel ratios (13:1, 14:1, 15:1, 16:1 and 17:1) each two above and two below the 
stoichiometric ratio with three loads of aluminum were tested. Numerical simulation was carried out for 
13:1 air-fuel ratio at 20 kg of load since better results were achieved in this case. 
 

 
 

Figure 1. Schematic diagram of the crucible furnace for model geometry (in metre) 
 

2.3 Basic governing equations 
Conservation equations of mass can be written as  
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where mi  is a local mass fraction of each species in the system, ji  is a diffusion flux of species i’ which 
arises due to the concentration gradients, Ri  is the mass rate of creation or depletion by chemical 
reaction, Si : is the mass rate of any other sources. 
For laminar flows of dilute gas system, the diffusion flux meets the Fick’s law as. 
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where D mi ,'  is the diffusion equations of momentum can be described as Navier-Stokes equations as 
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where ρ the static pressure is τ ij  is the stress tensor. smi  is the momentum source in i direction.  
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where µ is the molecular viscosity. 
Conservation equations of energy equations can be written as 
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where: h jm jh =  
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The energy source due to chemical reaction can be expressed as  
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And the energy source due to radiation will be calculated in radiation models. 
 
2.4 Transport equations for the standard k-ε model 
In the k- ε  model, the k and ε can be obtained from the following transport equations as 
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where Gk is the generation of k due to the turbulent stress as  
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In these equations, Gk represents the generation of turbulence kinetic energy due to the mean velocity 
gradients, is the generation of turbulence kinetic energy due to buoyancy. CandCC εεε 32,1  are 
constants. σ k  and σ ε are the turbulent Prandtl numbers for k andε , respectively. 
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2.5 Modeling of turbulent viscosity 
The turbulent viscosity, µ t  can be evaluated by k and ε as  

εµρµ kCt
2

=  (12) 

where Cµ  is a dimensionless constant. 

In the k- ε model, the k and ε can be obtained from the turbulent transport equations as 
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where S is the modulus of the mean strain rate Sij as 
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where Prt is the turbulent prandtl number for temperature or enthalpy (0.85), and β is the coefficient of 
thermal expansion as 
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The standard k- ε model constants σ εσµεε ,,,2,1 kCCC  have the following standard values as 

3.1,0.1,09.0,92.12,44.11 ===== σ εσµεε kCCC  

 
2.6 The standard k- ε turbulence model 
A brief description of the standard k-ε model is included. The flow was assumed to be turbulent the 
effects of molecular viscosity are negligible. The standard k-ε model is therefore valid for fully turbulent 
flows. The simplest models of turbulence are two-equation models in which the solution of two separate 
transport equations allows the turbulent velocity and length scales to be independently determined. The 
standard k- ε model in FLUENT falls within this class of turbulence model and has become the 
workhorse of practical engineering flow calculations in the time since it was proposed by Launder and 
Spalding and J.S.Woo, J. Szekey et al [13]. Robustness, economy, and reasonable accuracy for a wide 
range of turbulent flows explain its popularity in industrial flow and heat transfer simulations. It is a 
semi-empirical model. 
 
3. Numerical procedure 
ANSYS FLUENT version 12, CFD commercial software was used which solves the governing equations 
based on the boundary conditions numerically by the finite volume method. The geographical model was 
created and the configuration was asymmetric and three dimensional since turbulence has to be treated as 
three-dimensional. Figure 2 shows the grid structure to mesh the model for numerical simulation. A 
structured 3D mesh with 29,563 quadrilateral cells applied on the domain considered. To ward off the 
expected sudden changes in fluid flow close to the burner exit and around the fuel nozzle (mixing and 
reaction zone) the grid was refined. To optimize the performance effects of oscillating combustion 
attention was drawn towards the temperature distribution and the heat transfer rate. The standard k-ε-
model was used to describe the effect of turbulence in the flow field. For the description of the diffusion 
combustion a model was used which solved the transport phenomena of every relevant gas phase species. 
Eddy dissipation model was used to account the effects of turbulence on the chemical conversion rates. 
P1 model was used for the radiative heat transfer in the furnace combustor. The standard wall functions 
option for the near wall treatment was applied as well as the no slip condition at the wall. At the chamber 
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wall no slip boundary conditions and no species flux normal to the wall surface are applied. The thermal 
boundary condition on the chamber wall is observed as adiabatic wall condition. A rapid convergence 
has been reached at 10-8 accuracy with implicit multi-grid and a coupled solution of the momentum and 
continuity equation. The inlet temperature of air is considered to be uniform at 303K. A fixed uniform 
velocity for steady state 58 m/s is specified at the air inlet. The velocity of fuel during the oscillating 
combustion was 13 m/s is specified at the diesel inlet with ambient condition and the mass flow rate of 
fuel was 1.32 g/s. 

 
 

Figure 2. Computational model- grid mesh 
 
 3.1 Boundary conditions 
 
Combustion air inlet temperature Ambient 
Combustion air inlet velocity 58 m/s (constant) 
Fuel Used Diesel (C10 H22) 
Fuel inlet temperature Ambient 
Fuel inlet velocity 13 m/s 
Mass of fuel 1.32 g/s 
Air-fuel ratio 13:1 
Time-step 10 minute 
Burner and combustor Asymmetric, Three Dimensional 
Commercial CFD package ANSYS  FLUENT-12 
Turbulent Model Standard k-ε 
Transport equation for species transport 
Formulation Implicit 
Chemical conversion rate/mixing Eddy dissipation model   
Radiation heat transfer P.1 model 
Conservation equations  (for effect of fluctuations) PDF (Double delta function) 
 
 
3.2 Oscillating combustion temperature contours 
The oscillating combustion temperature contours and the contours of path lines of temperature are shown 
in Figures 3 and 4. 
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(a) 10 min 

 
(b) 20 min 

 

(c) 30 min (d) 40 min 
 

Figure 3. Temperature contours (a, b, c, d) 
 
4. Experimental results and discussions 
3D design modeled due to turbulent combustion by using a CFD code. This provides the information 
about the temperature distribution in the furnace otherwise difficult to characterize. The measurements 
are difficult to perform for practical reasons related to the operations and quite extreme fluctuating 
conditions in the crucible furnace combustor. Modeling validation is performed by the comparison of the 
following computed and experimental measured data. Tests are performed on crucible furnace with 
diesel as fuel at ambient conditions. Modeling was carried out on the furnace for temperature distribution 
in the furnace during oscillating combustion. The results of ANSYS FLUENT CFD code used for the 
analysis of turbulent flows to study temperature distribution have been validated against the experimental 
results. 
 
4.1 Temperature distribution during the oscillating combustion mode 
Thermal convection is an important factor for heat and mass transfer from the hot gases in the furnace to 
the load during the oscillating mode. Temperature distribution in the furnace is completely coupled with 
the flow, because the load melt density is the function of temperature. Strong, turbulent flow heat 
exchange is expected in the furnace while the thermal conductivity effect should be reasonable during 
this mode of combustion. During this simulation and experiments the mass flow rate of fuel was 
perturbed deliberately causing oscillations in the flow resulting in oscillating combustion. The inlet 
velocity of the fuel was changed where as the combustion air inlet velocity kept constant. During the 
oscillating mode of combustion the turbulent flame travels rapidly around the furnace and the high 
turbulence and high temperature fields of oscillating combustion flame transfer thermal energy into the 
load by impingement and due to more luminous and fuel rich zone flame. Enhanced heat transfer rate to 
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the load was observed and this can be attributed to the existing temperature gradients in different zones 
of the furnace combustor during the oscillating combustion. 
 

(a) 10 min (b) 20 min 

(c) 30 min (d) 40 min 
 

Figure 4. (a-d) Contours of path lines of temperature 
 
4.2 Validation  
The time-averaged value was used to present the temperature at the chosen points in the furnace 
combustor. The time-averaged temperature fields are shown for experimental and numerical simulation. 
The oscillating combustion temperature contours and the contours of path lines of temperature are shown 
in Figures 3 and 4. The temperature distribution during the oscillating combustion was compared with 
the experimental results which are summarized in Table 1 and Figure 5 for the temperatures T1, T2 and 
T3. Experimental results are shown with deviation percentage with the CFD results. Figure 5 shows the 
deviations of experimental measurements with numerical results and also the magnitude of temperatures 
obtained during oscillating combustion. The T1 temperature point for experimental and simulation 
predictions are in quite convincing and the deviations are negligible. But there are few deviations noticed 
at T2 and T3 which are discussed as. 
 

Table 1. Temperature values for T1, T2 and T3 
 

T1 (K) T2 (K) T3 (K) Time 
(min) Exp CFD Exp CFD Exp CFD 
10 575 594 621 871 735 871 
20 778 843 791 1040 1043 1080
30 921 912 977 1150 1051 1150
40 974 938 1053 1170 1123 1222
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Variation of Temperature during Oscillating Combustion 
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Figure 5. Comparison of experimental and CFD results 
 

4.3 Comparison of experimental measurements and CFD results on temperature distribution 
It can be seen from Table 2 and Figure 6 that for T1 the experimental measurements and CFD results are 
hand in hand, grows almost linearly from start to end with minor deviations around 3.1% to 7.7% which 
can be treated as small. But from Table 3 and Figure 7 the deviation found to be in disagreement for T2, 
which varies from 28.7% to 23.9% from beginning to 20 minutes of time interval. Perhaps this may 
require some finer meshing for flow simulation. The use of eddy-dissipation model for combustion 
seems to cause some over predictions. It also can be seen from Table 4 and Figure 8 that the temperature 
T3 was found to be high at all time-intervals but the deviation was found to be in control. This is due to 
the fact that most of the radiation flux was available at this designated point and near the furnace wall. 
Predictions of CFD temperatures are also seem to be closer to the experimental values. The deviation 
was found to be slightly high in the beginning around 15.6% but changed to 3.42% to 8% during the next 
part of the time-steps. 
 

Table 2. Deviation rate for temperature T1 
 

Time (min) 10 20 30 40 
CFD 594 843 912 938 
Exp. 575 778 921 974 T1 

(K) Deviation % 3.1 7.7 -0.9 -3.8 
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Figure 6. Comparison of temperature T1 
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Table 3. Deviation rate for temperature T2 
 

Time (min) 10  20  30  40  
CFD 871 1040 1150 1200
Exp. 621 791 977 1053

T2 
(K) 

Deviation % 28.7 23. 9 15 12.2 
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Figure 7. Comparison of temperature T2 
 

Table 4. Deviation rate for temperature T3 
 

Time (min) 10 20 30 40 
CFD 871 1080 1150 1222 
Exp. 735 1043 1051 1123 T3 

(K) Deviation % 15.5 3.42 8.6 8 
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Figure 8. Comparison of temperature T3 
 
There found to be slight disagreements or deviations of experimental results from the CFD simulation 
results. It was noticed that the experimental results were in good agreement with CFD predictions for the 
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boundary conditions chosen during steady state combustion mode. However, some disagreements were 
noticed during the oscillating combustion mode. Though the deviations are slightly high but are well in 
control. In the beginning temperature point T2 was found to be with a deviation of 28.7% which is 
disagreeable but reduced to 12.25% by the end of the process time. Also, the temperature point T3 was 
seen with a deviation of 15.6% in the beginning but was well in control during the next time-steps of the 
operation. The noticeable changes during oscillating combustion were due to the change in the boundary 
condition of the inlet velocity of the fuel for the numerical simulation. Based on the change, the 
predictions of the CFD computations were found to be high. However, the temperatures of the same 
designated points for T2 and T3 during the tests were found to be low during oscillating combustion 
mode. This can be attributed to the phenomenon of oscillating combustion during the experiments. It can 
also be stated that the salient features of the oscillating combustion are such that due to the oscillations in 
fuel flow the combustion becomes oscillated which results in alternately successive fuel-rich and fuel-
lean flame zones. As said earlier, the fuel-rich zone is highly luminous, radiative and turbulent, longer in 
length and enhances the heat transfer rate to the load. The fuel-rich and fuel-lean zones eventually mix up 
in the furnace combustor after the heat has been transferred from the fuel-rich zone to the load and 
escapes in to the stack. This results in the reduction in the crown temperature of the furnace combustor 
thereby reduced temperatures of the designated points which are seen from the experimental values. 
Also, the slight disagreements between the tests and modeling may be assumed by  
• The inadequate boundary conditions of the inlet fuel and combustion air velocities and flow rates. 

Sometimes due to the small variations in the boundary conditions the simulation results may appear 
to be varying with those of measured during the experiments. 

• A portion of the error could also be addressed due to the measurement errors due to the deterioration 
of thermo-couples and escape of hot gases resulting in heat loss.  

• The other portion of errors arises from the computational errors caused by the assumptions in the 
turbulence, combustion and the radiation models adopted to simulate the problem.  

• Attention has to be drawn towards the evaluation of thermal conductivity of the silicon graphite 
crucible insulation that affects dramatically the thermal field in the furnace. Nevertheless, the CFD 
measurements are in good agreement with the experimental results. 

 
4.4 Numerical analysis of radiation contours 
Table 5 presents the numerical results of three-dimensional radiation contours obtained from the Figure 9 
(a-d) during oscillating combustion mode and are presented for the radiation at the entry, middle and at 
the exit points in the furnace combustor. The results show that enhanced heat transfer rate was observed 
during the oscillating combustion mode. This was due to the high turbulence and luminous flame zone of 
the oscillating combustion providing enhanced heat transfer rate. There is a noticeable variation in the 
magnitude of radiation in the radiation profiles. This may be due to the assumed heat transfer coefficient 
in the boundary conditions for the radiation model, since the heat transfer coefficient depends upon the 
thermal conductivity and diffusion coefficient of the flow field. 
 

Table 5. Radiation contours –numerical simulation 
 

Radiation (W/m2) Oscillating Combustion mode 
Zone & Time Entry Middle Exit 
10 min 2.7xe4 2.72xe4 2.74xe4 
20 min 8.36 xe4 8.38 xe4 8.38 xe4 
30 min 2.04 xe5 2.04 xe5 2.04 xe5 
40 min 1.63 xe5 1.63xe5 1.64 xe5 
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(a) 10 min (b) 20 min 

(c) 30 min (d) 40 min 
 

Figure 9 (a-d). Contours of incident radiation 
 
5. Conclusion 
The following conclusions were arrived from the experimental investigations. 

• Temperature difference is a potential for driving the radiation flux. The temperatures at the load 
observed during the oscillating combustion indicates high heat transfer rate. 

• Heat transfer rate in the furnace found to be more during oscillating mode due to oscillations in 
the fuel flow rate and these conditions are important in many applications of heat transfer 
industries. 

• The increase in heat transfer rate is from 2.72% to 8.45% and increase in furnace efficiency from 
2% to 6.54%. 

• Fuel savings increases from 7% to 28% during the oscillating combustion mode depending upon 
the operating condition than conventional combustion mode. 

• There was considerable increase in furnace efficiency during the oscillating combustion mode. 
• The melting time was lower with oscillating combustion mode. 
• Decrease in 19 minutes of melting time was observed during oscillating combustion mode. 
• During the oscillating combustion mode, the combustion process was extended over a larger 

volume in the furnace with fuel-rich and fuel-lean zones of combustion and subsequent mixing 
results in low furnace crown temperature, reduced stack gas temperature and reduced NOx 
formation. 

• The experimental temperature contours validation with the CFD numerical simulation 
predictions was found to be in good agreement. 

• Visibly apparent clean and reduced flue gas volumes with low emissions were observed. 
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