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Abstract: The temperature distribution on a steel plate during a preheating process was compared
using gas torch models with and without guide vanes. Numerical simulations were done using
ANSYS FLUENT software, and experiments were done using thermal images obtained by a
TVS-200EX infrared thermal camera. Liquefied petroleum gas (LPG) was used as fuel for the gas
torch in the simulation and experiment. The temperature distribution on the steel plate and the
flame region were first compared. The temperature increase caused by the flame concentration
with the guide vanes was 65 ◦C. The transient and steady-state temperature distribution on the
back side of the steel plate were then examined. The results showed good agreement between the
simulation and experimental results. At steady state, the back-side temperature deviation of the
steel plate between the numerical simulation and experimental results was approximately 4.9%.
The effects of the equivalence ratio (Φ), Reynolds number (Re), and the downstream distance ratio
of the combustion gas from the torch outlet to the steel plate (H/d) on the temperature distribution
were also investigated. The highest temperature distribution was found in stoichiometric combustion.
The temperature of the plate increased as the Reynolds number increased from 2368 to 4876 but
decreased as the distance ratio (H/d) increased from 25 to 75. The guide vane angles at the gas torch
outlet were from 30 to 60 degrees, and the angle of 40 degrees resulted in the highest temperature of
the steel plate.

Keywords: gas torch with guide vanes; impinging flame jet; steel preheating; temperature
distribution; LPG/air mixture

1. Introduction

Impinging flame jets are widely used in industrial applications, such as preheating steel
before welding and glass processing. Jet impingement heat transfer has been well established as
a high-performance technique for heating due to high heat transfer. It is essential to understand
the heat transfer characteristics of a flame jet impinging on a steel plate. Various parameters have
significant effects on the heat transfer characteristics of an impinging flame jet, including the ratio of
the distance between the burner tip and the plate to the nozzle diameter (H/d), the Reynolds number
(Re), and the equivalence ratio (Φ).

Experimental work on single impinging flame jets has been reported by Li et al. [1,2], Zhen et
al. [3], Chander et al. [4], Katti et al. [5], Hindasageri et al. [6], Wei et al. [7], Zhao et al. [8], and Akram
et al. [9,10]. These studies were conducted with experimental methods, and the local heat transfer
distribution was presented. Many researchers have investigated the heat transfer characteristics of
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an impinging flame with a single nozzle through an analysis and numerical simulation method with
computational fluid dynamics (CFD), such as Remie et al. [11], Sahu et al. [12], and Tajik et al. [13].
Liu et al. [14] and Zhen et al. [15,16] studied the effect of the hydrogen concentration on the heat
transfer characteristics of a premixed liquefied petroleum gas (LPG) and hydrogen flame. The results
showed that the flame temperature and NOx emission increased at high hydrogen concentrations
but the CO emission decreased. They also compared the heat transfer between LPG-H2 and CH4-H2

mixtures and found that the heat transfer was enhanced for both mixtures when hydrogen was
added. The heat transfer rate of the CH4-H2 mixture was higher than that of LPG-H2 for various
hydrogen concentrations. Mohr et al. [17] studied the radial jet reattachment combustion (RJRC) flame
with a single nozzle for metal heating to achieve high convective heat transfer and low values of
impingement pressure coefficient. The RJRC flame was stable with a circumferentially symmetrical
surface-temperature profile and low production of CO and NOx.

Swirling flows have been commonly used to improve mixing between fuel and air to achieve flame
stabilization and enhance heat release. The heat transfer of an impinging flame jet with induced swirl
was studied to obtain more uniform heat flux distribution by Singh et al. [18–20], Huang et al. [21], Zhao
et al. [22], and Luo et al. [23]. Experiments showed that the local heat flux was higher at the stagnation
point of the impinging plate with the swirling flame than that without swirl. This occurred because
there was less unburned fuel around the stagnation region due to the swirling flow enhancing the air
and fuel mixing. Agrawal et al. [24] investigated the effect of the inclination of the plate with respect
to the horizontal direction. The investigated angles were 0, 10, and 30 degrees. The perpendicular
impinging plate (0 degrees) had the highest local heat flux.

Multiple impinging flame jets have been adopted for both industrial and domestic heating
applications. Jets with an array can help to enhance the heat transfer for heating a large surface area
and to avoid local hot spots [25]. Multiple impinging flame jet studies on laminar combustion have
investigated the effects of flame jet arrays [26–30]. Experiments revealed the effect of the parameters
on the local heat flux distribution on an impinging plate. Interference between jets reduced the heat
transfer rate in the interacting region at a small H/d ratio. For three jets, the highest heat transfer was
found when both H/d and S/d (the ratio of the distance between two jets to the jet nozzle diameter)
were around five [28,29].

Li et al. [31] simulated the combustion characteristics in four-point lean direct injection combustors
with hydrogen and air. The total temperature increased rapidly at an axial distance and then increased
slowly to the theoretical equilibrium temperature. Pantangi et al. [32], Muthukumar et al. [33],
and Boggavarapu et al. [34] conducted experiments and CFD simulations to investigate the thermal
efficiency as a function of the equivalence ratio for a burner with multiple jets. Wu et al. [35] did
experiments on the characteristics of an array of RJRC flames at different nozzle spacings. A certain
nozzle array produced lower NOx emissions, and the flame temperatures were higher inside the
reattachment zone. Tajik et al. [36] performed a two-dimensional axisymmetric CFD simulation by
using FLUENT software to find the heat flux and pressure coefficient. The results were in good
agreement with the experimental data from Wu [35].

Comprehensive literature reviews reveal that multiple flame jets could enhance the uniformity of
temperature distribution during preheating process. Unfortunately, most of the previous studies on
impinging flame jets are on laminar combustion. However, most practical applications of impinging
flame jets are related to turbulent combustion. In addition, during the preheating process, a pertinent
guide vane angle at the outlet may have the possibility of enhancing the temperature distribution of a
steel plate, but such a study has rarely been found. LPG is considered as a clean fuel compared with
diesel and gasoline and has an advantage for achieving clean combustion with higher combustion
efficiency and reduced pollutant emissions [9]. Therefore, LPG was used as a fuel for the gas torch in
this study.

The objectives of this study are to examine the effect of guide vanes on enhancing the steel plate
temperature during a preheating process and to investigate the trends of the temperature distribution
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with respect to the angle of the guide vanes at the outlet of the torch. A numerical simulation was done
using ANSYS FLUENT 18.2 for impinging flame jets with an LPG/air mixture as the fuel, turbulent
combustion, and an array of premixed flame jets. An experiment was also done for the validation
of the simulation results. The temperature distribution on the back side of the steel plate during the
preheating process was examined in terms of the equivalence ratio (Φ), Reynolds number (Re), and the
ratio of the torch outlet distance to the nozzle diameter (H/d). Optimization of the guide vane angle
was then carried out to achieve the highest steel plate temperature.

2. Steel Preheating Process and Numerical Simulation

2.1. Description of Steel Preheating Process

Figure 1 shows the steel preheating with a gas torch, the expected results of the flame temperature,
and the steel plate temperature. The fuel and air are mixed together in the gas torch for combustion.
The mixture of the fuel and air after leaving the exits of the gas torch is ignited, and then the combustion
flame is used for preheating the steel plate. The hole diameter of the gas torch outlet and the distance
from the gas torch outlet to the steel plate are denoted as d and Y, respectively. The plate has a width
of 0.8 m, length of 1.5 m, and thickness of 0.02 m.
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jets, as well as typical expected temperature distributions of the flame jet and the steel plate.

2.2. Three-Dimensional Gas Torch Model

A schematic diagram of the gas torch is shown in Figure 2. The gas torch is made of stainless steel
and consists of one inlet and multiple outlets. The cylindrical inlet tube has a diameter of 35 mm and
is connected to a rectangular block with 115 exit holes on the outlet surface. Each exit hole diameter is
2 mm. The LPG/air mixture enters the cylindrical tube and leaves the rectangular block through the
holes. The mixture is then ignited, and the flame generated at the outlets preheats the steel.



Energies 2019, 12, 869 4 of 21

Energies 2019, 12, x 4 of 23 

 

 
Figure 2. Three-dimensional gas torch model. 

2.3. Numerical Simulation  

2.3.1. Mathematical Model 

The governing equations include the continuity, momentum, energy, and species conservation 
equations, which were solved by ANSYS FLUENT 18.2 [37]. Multiple simultaneous chemical 
reactions can be modeled with reactions occurring in the bulk phase (volumetric reactions). To solve 
these conservation equations for chemical species, ANSYS FLUENT predicts the local mass fraction 
of each species, Yi, through the solution of a convection and diffusion equation for the ith species. 

Continuity equation: 

.( ) 0u
t
ρ ρ∂ + ∇ =

∂


 (1)

Momentum equation: 

( ) ( ) ( )( ) 2. . .
3

T

t
u uu p u u uI
t

ρ ρ μ μ∂  + ∇ = −∇ + ∇ + ∇ + ∇ − ∇ ∂  

    
 (2)

Energy equation: 

( )( )( ) . E . j j h
j

E u p k T h J S
t

ρ ρ
 ∂ + ∇ + = ∇ ∇ − + ∂  


 

 (3)

Equation (3) shows the energy transfer in a control volume. The first term on the left-hand side 
represents the energy change in transient state. The second term on the left-hand side represents the 
energy transfer due to convection. The two terms on the right-hand side represent the net energy 
transfer around the control surface due to conduction heat transfer and species diffusion. The last 
term is a source term that includes chemical reaction, radiation, and so on.  

For a multi-component mixing flow, the transport of enthalpy due to species diffusion can have 
a significant effect on the enthalpy field and should not be neglected. 

Figure 2. Three-dimensional gas torch model.

2.3. Numerical Simulation

2.3.1. Mathematical Model

The governing equations include the continuity, momentum, energy, and species conservation
equations, which were solved by ANSYS FLUENT 18.2 [37]. Multiple simultaneous chemical reactions
can be modeled with reactions occurring in the bulk phase (volumetric reactions). To solve these
conservation equations for chemical species, ANSYS FLUENT predicts the local mass fraction of each
species, Yi, through the solution of a convection and diffusion equation for the ith species.

Continuity equation:
∂ρ
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Momentum equation:
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Equation (3) shows the energy transfer in a control volume. The first term on the left-hand side
represents the energy change in transient state. The second term on the left-hand side represents the
energy transfer due to convection. The two terms on the right-hand side represent the net energy
transfer around the control surface due to conduction heat transfer and species diffusion. The last term
is a source term that includes chemical reaction, radiation, and so on.

For a multi-component mixing flow, the transport of enthalpy due to species diffusion can have a
significant effect on the enthalpy field and should not be neglected.

∇.

[
n

∑
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hj
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]
(4)

The turbulence kinetic energy k and the rate of its dissipation ε are obtained from the following
transport equations:
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The turbulent viscosity is modeled as

µt = ρCµ
k2

ε
(7)

The production of the turbulence kinetic energy is defined as

Gk = −ρu′iu
′
j
∂uj

∂xi
(8)

The model constants C1ε, C2ε, Cµ, σk, and σε have default values of C1ε = 1.44, C2ε = 1.92, Cµ = 0.09,
σk = 1.0, and σε = 1.3.

The species conservation equation is

∂

∂t
(ρYi) +∇.

(
ρ
→
uYi

)
= −∇.

→
J i + Ri (9)

where Ri is the net rate of production of each chemical species. In turbulent flows, the mass diffusion
is computed as follows:

→
J i = −

(
ρDi,m +

µt

Sct

)
∇Yi − DT,i

∇T
T

(10)

where Sct is the turbulent Schmidt number, and the default value is 0.7. Turbulent diffusion generally
overwhelms laminar diffusion, and it is generally not necessary to specify the detailed laminar diffusion
properties in turbulent flows. The turbulent–chemistry interaction model combines turbulent flow and
complex chemical kinetics. Turbulence enhances the mixing of the reactants. The chemical reaction
involves the temperature rise, changes the density, and affects the flow itself. Therefore, the coupling
between turbulence and chemical reactions plays a crucial role in turbulent reactive flows.

ANSYS FLUENT provides a turbulence–chemistry interaction model called the eddy-dissipation
model (EDM), which is based on the work of Magnussen and Hjertager. The net rate Ri,r of the
production of species i due to reaction r is given by the smaller of the results of the two equations below:

Ri,r = v′i,r Mw,i Aρ
ε

k
YR

v′R,r Mw,R
(11)

Ri,r = v′i,r Mw,i ABρ
ε

k

∑
P

YP

N
∑
j

v′′j,r Mw,j

(12)

where:

v′i,r is the stoichiometric coefficients for reactant i in reaction r
v”j,r is the stoichiometric coefficients for product i in reaction r

Mw is the molecular weight (kg/kmol)
k is the turbulence kinetic energy rate (J/kg)
ε is the turbulent dissipation rate (m2/s3)
YP is the mass fraction of product species, P
YR is the mass fraction of a particular reactant, R
A is an empirical constant equal to 4.0
B is an empirical constant equal to 0.5
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The reaction rates were assumed to be controlled by the turbulence, so the Arrhenius chemical
kinetic calculations can be neglected.

2.3.2. Boundary Conditions and Numerical Simulation

One quarter of the computational domain from the gas torch outlet to the steel plate is shown
in Figure 3a. The boundary conditions and numerical simulation method are shown in Figure 3 and
Table 1. Due to the symmetry of the full model, the quarter model was used for the simulation to
reduce the computation time, as shown in Figure 3a. Symmetric boundary conditions were selected
at the two inner surfaces for both the fluid and steel domains. The two outer faces were set to the
pressure outlet boundary conditions. The velocity boundary conditions of the jet holes were used for
the LPG/air inlet. The other top surfaces were treated as ambient air inlets except at the LPG/air inlet.
No-slip conditions were selected for the wall boundary conditions imposed on the impinging jet.

Transient and steady-state numerical simulations were performed using ANSYS FLUENT based
on finite volume discretization. Double precision was used to improve the accuracy of the results.
For more accuracy, the second-order upwind scheme was selected for the discretization of non-linear
equations such as the mass, momentum, energy, and species transport equations. The SIMPLE
algorithm was adopted for coupling the pressure and velocity. A convergence criterion of 10−4 was set
for the momentum, continuity, turbulence, and species equations, and a criterion of 10−6 was used for
the energy equation.

The high flame temperature during the combustion process was associated with radiation heat
transfer to the environment, which is considered significant [38,39]. The discrete ordinates (DO)
radiation model was used to examine the effect of radiation. The DO model covers the entire range of
optical thickness and can solve problems ranging from surface-to-surface radiation to the radiation in
combustion problems. The boundary conditions for the DO radiation model are selected by default
in ANSYS FLUENT 18.2 [37]. The absorption coefficient is modeled using the weighted sum of gray
gases model (WSGGM). The DO equation has the following form:

∇ ·
(

I
(→

r ,
→
s
)→

s
)
+ (a + σs)I

(→
r ,
→
s
)
= an2 σT4

π
+

σs

4π

4π∫
0

I
(→

r ,
→
s ′
)

φ
(→

s ,
→
s ′
)

dΩ′ (13)

where:
→
r is the position vector
→
s is the direction vector
→
s ′ is the scattering direction vector
a is the absorption coefficient
n is the refractive index
σs is the scattering coefficient
σ is the Stefan–Boltzmann constant (5.669 × 10−8 W.m−2.K−4)
I is the radiation intensity
T is the local temperature
φ is the phase function
Ω′ is the solid angle

Equation (13) shows that the net radiation intensity around a control volume (the first term on the
left-hand side) is equal to the sum of the extinction (the second term on the left-hand side), emission
(the first term on the right-hand side), and the scattering term (the second term on the right-hand side).
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impinged steel plate; (b) mesh model.

Table 1. Boundary conditions and numerical simulation method.

Parameters/Method Value/Range Numerical Simulation Method

LPG/air mixture velocity inlet 17–35 m/s -
Inlet temperature 27 ◦C (300 K)

Outlet 0 Pa -
Wall No-slip -

Process time 30 minutes -
Equivalence ratio 0.8–1.2 -
Reynolds number 2368–4876 -

Dimensionless distance between the gas torch outlet and the steel plate (H/d) 25–75 -
Turbulence model - Standard k-ε

Combustion model - Eddy dissipation model (EDM)
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2.3.3. Grid Independence Check

The grid independence of the solution was checked for three numbers of elements: 808,045,
1,829,319, and 3,792,625. The inlet temperature of the fuel/air mixture was 27 ◦C (300 K). A gauge
pressure outlet of 0 Pa was set as the ambient air pressure. The grid independence was checked for
using Φ = 1, Re = 3483, and Y/d = 50. A convergence criterion of 10−4 was set for the momentum,
continuity, turbulence, and species equations, and a criterion of 10−6 was used for the energy equation.

The temperature distribution is plotted as a function of the y-directional distance between the
gas torch and the steel plate in Figure 4. The medium and largest members of elements showed
similar trends. In contrast, the temperature distribution with the fewest elements presented a larger
difference. The flow temperature deviation between the medium and largest amounts of elements was
less than 3%. Therefore, the medium number of 1,829,319 was selected to save calculation time for
the simulation.
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3. Experimental Validation

An experiment was carried out to validate the numerical simulation results. The designed
experimental apparatus is shown in Figure 5. The operating variables of the LPG/air mixture for the
experimental process included an equivalence ratio (Φ) of 1.0, Reynolds number (Re) of 3483, and H/d
of 50. Figure 5a shows that the LPG/air mixture was ignited to start the preheating process after
exiting the outlet of the gas torch. The temperature distribution of the steel plate was measured by a
TVS-200EX infrared camera, as shown in Figure 5b. The camera image of the temperature distribution
can cover a wide range of the heating region of the steel plate, but temperatures were also measured by
thermocouples and used as a reference. The TVS-200EX infrared camera was selected for its advantages
of a wide measurement range and good accuracy that are suitable for the present study.
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camera, 3: Recorder for thermocouples).

4. Results and Discussion

4.1. Comparison of Flame Structure and Steel Plate Temperature Distribution of the Models with and Without
Guide Vane

Figure 6 shows a comparison of the temperature distribution of the two models with and without
the guide vanes for the region from the gas torch outlet to the steel plate. The maximum temperatures
for the two cases were approximately the same when the reactant mixture is ignited. But the decrease
in the gas flame temperature without the guide vanes was larger (Y/d = 5–50) than that with the
guide vanes. Furthermore, the temperature with the guide vanes inside the steel plate (Y/d = 50–60)
was higher than that without the guide vanes, as shown in Figure 6. This is due to the guide vanes
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reducing the heat loss more because the two sides of the flame jets (see Figure 7a (right)) protect against
radiation and convection heat loss.
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The steel preheating process was conducted with an LPG/air mixture for combustion, and the
temperature contours of the center view and side view section are presented in Figure 7. Due to the
high speed of the outlet jet, the ambient air is entrained in the flame zone and participates in the
combustion process. The primary jet line at the center line of the gas torch is associated with the main
combustion process. On the side view, due to the guide vanes at the outlet, the two secondary jet
lines located at the two outer sides are concentrated and enhance the plate temperature when the
combustion happens. However, for the other model without guide vanes, the flame from the jet holes
directly impinges on the steel plate without being focused, as shown in Figure 7b (right).

The temperature contours at the steel plate bottom for two models (with and without guide
vane) are shown in Figure 8. Due to the focused flame, the highest temperature at the bottom of the
steel plate was 424 ◦C for the model with guide vanes and 359 ◦C for the model without guide vanes.
The temperature difference between the two models was 65 ◦C. Therefore, by using the guide vanes to
focus the flame, the temperature of the steel plate was significantly enhanced.

Figure 9 shows the simulation results of the species mole fraction and temperature variations of the
stoichiometric LPG/air mixture with respect to the main jet flow direction. Before combustion, in the
unburned mixture at 27 ◦C (300 K), the mole fractions of C3H8, C4H10, and O2 were approximately
0.01, 0.02, and 0.2, respectively. After combustion, the mole fraction of the reactants decreased quickly.
CO2 and H2O were generated as products, and their mole fractions increased quickly. The flame
temperature increased promptly for a short axial distance (Y/d = 6) when the combustion happened.
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4.2. Transient Simulation and Experiment Results During Steel Preheating

The gas torch with the guide vanes at the outlet showed higher performance than the torch
without guide vanes in the previous sections. Thus, the torch with the guide vanes was selected to
conduct a simulation from the transient state to the steady state during the steel preheating process.
Both an experiment and transient simulation were performed with a guide vane angle of 35 degrees,
and the results were compared for validation.

The time step was based on the Courant-Friedrichs-Levy (CFL) [40] number:

CFL =
U × dt

dx
< 1 (14)
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where U is the inlet velocity of 25 m/s, dt is the time step, and dx is the minimum grid size of
1.2535 × 10−4 m. According to equation (14), the initial time step in the transient simulation was
calculated as 5 × 10−6 seconds. Then, since the convergence criterion for the momentum, continuity,
turbulence, species equations, and energy equation approached, the time-step size was gradually
increased. Figure 10 shows the transient temperature contours at the back side of the steel plate from
the numerical and experimental results. At 135 seconds, a high temperature was observed at the center
area of the back side of the steel plate. This occurred because the flame impinges on the central part of
the steel plate, while the other regions are almost invariant. The steel heating process continued until
1005 seconds and then approached steady state at 1800 seconds.
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At 1005 seconds, there was clearly a high temperature distribution in the center area. The numerical
simulations are in good agreement with the experimental results. When approaching steady state at
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1800 seconds, the temperature at the center area from the numerical result was around 424 ◦C, while the
range of the experimental results was 404–429 ◦C. Consequently, the deviation of the regional temperature
at the center between the numerical simulation and the experimental results are in the range of 1.1%
to 4.9%.

Figure 11 shows the temperature at the center point of the back side of the steel plate as a function of
time. The temperature increases from the initial temperature and approaches the steady-state temperature
of 424 ◦C at 1800 seconds. The numerical simulation results are in good agreement with the experimental
results. The disagreement between experiments and simulation in Figure 11 may have been caused by the
unstable convection heat transfer effect due to wind velocity and buoyancy flow around the steel plate
during the experimental process. At steady state, the back-side temperature deviation of the steel plate
between the numerical simulation and experimental results was approximately 4.9%.
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the steel preheating process.

Figure 12 presents the temperature distribution on the back side of the steel plate as a function
of the longitudinal distance X/d. The central region had a higher temperature (greater than 400 ◦C).
The steel plate temperature decreased from the central region to the end. The experimental results are
in good agreement with the numerical simulation results from the center to the edge of the gas torch
after the steel preheating process reaches steady state.
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4.3. Effect of Operational Variables

4.3.1. Effect of Equivalence Ratio (Φ)

The non-dimensional temperature parameter was defined to investigate the combustion gas
temperature behavior at steady state for varying equivalent ratio and Reynolds number by numerical
simulation method:

τ =
T − Tunb

Tad − Tunb
(15)

where T is the combustion gas temperature, which varies from the gas torch outlet to the steel plate, Tad
is the adiabatic temperature of the fuel, and Tunb is the unburned temperature from the gas torch outlet,
which was selected as 27 ◦C (300 K). If τ is equal to 1, it means that the combustion gas temperature
approaches the adiabatic temperature.

Figure 13a shows the non-dimensional temperature distributions of the impinging flame jet as a
function of Y/d at various equivalence ratios (from fuel lean to fuel rich). All the mixture temperature
distributions for different equivalence ratios showed similar trends. The mixture left the torch with
low temperature and was then ignited. The temperature increased rapidly for a short distance (Y/d =
5) near the torch. After that, the temperature decreased significantly because heat was released to the
ambient air, and finally, the flame impinged on the steel plate (Y/d = 50). The highest temperature was
achieved with a stoichiometric reaction. The other cases showed lower temperatures at equivalence
ratios of 1.1, 0.9, 1.2, and finally 0.8, at which the lowest temperature distribution occurred. The heat
was transferred from the flame side to the back side of the steel plate, as shown in Figure 13b.
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Under these conditions, the line for the stoichiometric reaction also presented the highest
temperature. As a result of the heat conduction inside the steel plate, the temperature trend is
linear from the front side to the back side of the plate. The temperature difference between the front
and back sides is not very large due to the high thermal conductivity of the plate.

4.3.2. Effect of Reynolds Number (Re)

The effect of the Reynolds number on the temperature distribution was investigated from
Re = 2368 to Re = 4876 at an equivalence ratio of 1.0 and H/d = 50, as shown in Figure 14a.
The temperature of the flame side and back side of the steel plate was enhanced when Re increased from
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2368 to 4876. Increasing Re means increasing the flow rate of the mixture and hence increasing the heat
transfer rate to the steel plate. As a result, the combustion was improved by the high level of turbulence
and the high heat release rate due to the increased mixing of the fuel and air. Therefore, there was an
increase in the plate temperature on the flame side and back side. The plate temperature increases as
the Reynolds number increases.
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4.3.3. Effect of the Distance between the Torch Outlet and the Steel Plate (H/d)

Figure 15 shows the temperature distributions on the back side of the steel plate along the
x-direction from the center to the edge for various distances from the torch outlet to the steel plate
(H/d). The range of H/d was 25 to 75, the reaction was stoichiometric (Φ = 1), and the Reynolds
number was 3483. The steel plate temperature did not change much from the center to X/d = 75,
but decreased much more from X/d = 75 to the end due to the cooling effect from the ambient air.
From H/d = 25 to 75, increasing the distance between the torch outlet and the steel plate resulted in
a greater decrease in the temperature distribution on the back side of the plate. This was due to the
temperature of the combustion gas decreasing as the distance from the gas torch increased.Energies 2019, 12, x 19 of 23 
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4.4. Optimizing the Guide Vane Angle on the Gas Torch Outlet Surface

The guide vane angle at the gas torch outlet is also important to achieve a desired temperature.
A guide vane with a certain horizontal angle is shown in Figure 16. The effect of varying the guide
vane angle from 30 to 60 degrees on the preheating performance was examined. The Reynolds number
(Re), equivalence ratio (ф), and ratio of the distance from the torch outlet to the steel plate to the nozzle
diameter (H/d) were fixed at 3483, 1.0, and 50, respectively.
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The temperature distribution is plotted as a function of Y/d for various guide vane angles in
Figure 17a. For the initial combustion, the flame temperature distributions for all angles were similar.
After approaching the highest temperature at Y/d = 5, the flame temperature decreased due to ambient
air cooling, and then the flame impinged on the steel plate. The temperatures for all the angles inside
the steel plate are presented in Figure 17b. The case with the guide vane angle of 40 degrees shows
the highest temperature of the back side of the steel plate. With the optimized guide vane angle of
40 degrees, the maximum temperature increment of the steel plate was 25 ◦C compared with the results
at other angles. Therefore, the optimal angle is considered to be approximately 40 degrees.
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5. Conclusions

Numerical simulations and experiments were performed to investigate the temperature
distribution on the back side of a steel plate during a preheating process. The temperature was
improved for the model with the guide vanes by 65 ◦C.

The transient numerical simulation and experimental results were in good agreement. At steady state,
the back-side temperature deviation of the steel plate between the numerical simulation and experimental
results was approximately 4.9%. The influences of the equivalence ratio (Φ), Reynolds number (Re),
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and downstream distance from the torch outlet plate toward the steel plate (Y/d) were investigated.
For the equivalence ratio, the highest temperature was found at the stoichiometric value. Higher Reynolds
number resulted in higher temperature distribution on the back side of the plate. The steel plate temperature
decreased monotonically as the distance between the torch outlet and the steel plate increased. To improve
the gas torch performance, the guide vane angle at the outlet of the gas torch had to be optimized. An angle
of 40 degrees resulted in the highest temperature distribution. At this angle, the temperature of the steel
plate showed a maximum increment of 25 ◦C compared with other angles.

The temperature of the steel plate to be preheated can be determined effectively by attaching
guide vanes to the outlet of the gas torch at an appropriate angle and by adjusting the appropriate
fuel-air mixing ratio (Φ), the torch outlet pressure or speed (Re), and the distance between the torch
outlet and the steel plate (H/d). In addition, guide vanes at appropriate angles may lead to energy
savings by attaining higher temperature of the steel plate and high preheating performance with a
uniform temperature distribution.
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Nomenclature

A Empirical constant equal to 4.0
B Empirical constant equal to 0.5
d Jet hole diameter (mm)
E Total energy (J)
Di,m Mass diffusion coefficient for species i
DT,i Thermal diffusion coefficient
hi Enthalpy of species i
H Distance between the torch outlet and the steel plate (m)
I Unit tensor
Ji Diffusion flux of species i
k Turbulent kinetic energy per unit mass (J/kg)
Mw,i Molecular weight of species i
p Pressure (Pa)
Ri Net rate of production of species i
Re Reynolds number
Si The rate of creation
Sct The turbulent Schmidt number
T Temperature (C)
u Velocity (m/s)
uT Transpose velocity
v′ i,r Stoichiometric coefficient for reactant i in reaction r
v”i,r Stoichiometric coefficient for product i in reaction r
Yi Local mass fraction of each species
YP Mass fraction of any product species, P
YR Mass fraction of a particular reactant, R
Y/d Non-dimensional length
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Greek symbols
ρ Density (kg/m3)
τ Non-dimensional temperature
ε Turbulent dissipation rate (m2s−3)
Φ Equivalent ratio
Abbreviations
CFD Computational fluid dynamics
LPG Liquefied petroleum gas
Subscripts
ad Adiabatic
i Species
P Products
R Reactants
unb Unburned
t Turbulent
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