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Abstract  This study aims to design a novel modified hot mixing chamber (HMC) with high
performance and light weight by improving the existing basic model with high surface tempera-
ture, heavy weight, and nonuniform flow and temperature distribution at the outlet. The basic
and modified HMC models were simulated and compared, and an experiment was performed
on the modified model for validation. Results showed that the HMC surface temperature of the 
modified model was reduced by 289 °C compared with that of the basic model. Numerical 
simulations for the centerline and surface temperatures of the modified HMC model exhibited
good agreement with the experimental results. The highest combustion temperature was 
achieved with a stoichiometric reaction within a range of equivalent ratios of 0.8-1.2. The modi-
fied HMC model that adopted the aforementioned design and configurations reduced surface 
temperature, extended operating life, and significantly decreased HMC weight.  

 

1. Introduction   

A hot mixing chamber (HMC) is a device that supplies heated air at a specified temperature 
to an annealing furnace to perform a steel annealing process or other heat treatment applica-
tions. The temperature of the hot mixing flow at the outlet of an HMC can be adjusted by vary-
ing the flow rates of the cold air flow and the hot combustion gas flow to meet the temperature 
requirements of the annealing furnace. However, several problems must be addressed in the 
traditional basic HMC. First, the surface temperature of an HMC is too high, approximately 
700 °C, to maintain its life. Second, the basic HMC with a heavy refractory material cover is too 
heavy for workers to deal with easily. Third, the nonuniform wall temperature, pulsating flow, 
and temperature distribution at the outlet shorten HMC life and deteriorate the quality of the 
annealed steel structure. To solve these basic HMC problems, we presented the concept of 
inserting a perforated inner cylinder with a vortex generator. To avoid high HMC surface tem-
perature that occurs during combustion, a portion of the cold air stream can cool the HMC’s 
surface by continuously exposing the surface to the cold air stream. 

In previous studies, mixed and internal coolant flows were investigated to improve model per-
formance. The hot gas mixing structure of a high-temperature gas-cooled reactor pebble-bed 
model (HTR-PM) was studied by Zhou et al. [1-3]. The radial temperature difference at the 
outlet of the hot gas duct increased as bypass flow rate increased, and the simulation and ex-
perimental results exhibited good agreement. Sun et al. [4] conducted simulations to investigate 
bypass flow in HTR-PM. They determined that the bypass flow rate ranged from 0.33 % to 
1.94 % of the total helium flow rate when the gap of full-power operation had a width of 1.6 mm. 
Zhao et al. [5] studied the heat transfer process in a reactor cavity via numerical simulation, and 
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they found that the maximum temperature of the air occurred at 
the top of the reactor pressure vessel. Many studies have been 
conducted on film-cooling performance to protect a model’s 
surface. Sun et al. [6] investigated the effect of hole shapes on 
film-cooling effect and suggested that fan-shaped, double-
spray, and sister holes exhibit higher cooling performance than 
cylindrical holes. Kim et al. [7] proposed a converged inlet hole 
shape and reported that the maximum spatially averaged film-
cooling effectiveness occurred at an injection angle of 40°. T-
type impinging film cooling was investigated in terms of overall 
cooling effectiveness [8], and overall cooling effectiveness 
increased monotonically with increasing blowing ratio. Bayrak-
tar et al. [9] studied various parameters that affect film-cooling 
effectiveness. The maximum cooling efficiency occurred at an 
inclination angle of 30° and a blowing ratio of 2.0. The inlet 
geometry optimization of a fan-shaped hole for enhancing film-
cooling effectiveness was also examined [10, 11]. The optimi-
zation results showed that film-cooling effectiveness was im-
proved on the optimized geometry compared with the refer-
ence one.  

Souflas et al. [12] investigated the non-reacting flow and mix-
ing fields of an axisymmetric disk stabilizer. The maximum 
velocity of the reverse zone was enhanced by approximately 
50 %, whereas the length and width of the stabilizer were not 
affected at each level of increase in the inlet preheating zone. 
Ye et al. [13] conducted experiments on spray cooling for high-
temperature exhaust gas by using a nozzle array in a confined 
space. The position of the nozzle array exerted a significant 
effect on cooling performance near the exhaust outlet. 

Cooling effectiveness in a combustion chamber has been in-
vestigated in published papers. Zeng et al. [14] performed nu-
merical simulations to study the flow characteristics of an ad-
vance vortex combustor (AVC) with guide vanes. The AVC 
with guide vanes exhibited better performance than the AVC 
without guide vanes. Regenerative cooling in the nonuniform 
channels of a combustion chamber was studied in Ref. [15]. A 
scaling factor of 0.9 achieved the best flow uniformity and tem-
perature distribution. Zhang et al. [16] investigated liquid film 
cooling in a rocket combustion chamber. They found that liquid 
film length increased with increasing external cooling intensity 
but decreased with increasing coolant inlet temperature. The 
cooling characteristics and overall effectiveness of the annular 
combustion liner were also examined [17, 18]. The change in 
equivalent ratio induced the changes in the flame structure, 
flow field, and temperature field and affected liner effusion cool-
ing. Jiang et al. [19] investigated the hydrocarbon fuel flow rate 
distribution and cooling effect in nonuniformly heated parallel 
cooling channels. The optimized geometry improved flow dis-
tribution and reduced wall temperature. Yu et al. [20] studied a 
gaseous oxygen/hydrogen vortex cooling thrust chamber. A 
specific impulse was obtained when the oxidizer/fuel ratio was 
near the stoichiometric ratio, but the radiation effect of the 
chamber’s sidewall and the effect of combustion gas flow on 
the chamber were disregarded. Ngo et al. [21, 22] examined 
the flow and temperature uniformity of a gas torch by modifying 

the inner and outer sections of the gas torch. Higher flow and 
temperature uniformity can be achieved by placing a perforated 
guide vane or a diffuser downstream from the inlet and a suit-
able guide vane at the outlet. 

However, the literature that studied or designed a high-
performance lightweight HMC to solve the problems of existing 
basic HMCs (e.g., high surface temperature, heavy weight, and 
nonuniform pulsating flow and temperature distribution at the 
outlet) is rare. In the current study, a new modified HMC model 
is proposed to solve problems that occur in conventional basic 
HMCs. The new HMC consists of a perforated inner cylinder, 
three circumferentially symmetrical split cold air inlets, and a 
vortex generator in front of the outlet. The perforated inner cyl-
inder can solve the problem of using heavy refractory materials 
by cooling the surface of the HMC through convection and im-
pingement cooling as a part of the cold air drawn into the HMC. 
The three circumferentially symmetrical evenly split cold air 
inlets can prevent nonuniform pulsating flow from occurring. The 
vortex generator in front of the outlet is expected to keep outlet 
temperature distribution uniform by thoroughly mixing hot and 
cold flows. To verify the aforementioned expected features of 
the new modified HMC, the remainder of this paper is organized 
as follows. First, the working principles of an HMC, basic HMC, 
and modified HMC model are described in detail. Second, we 
provide the mathematical models of the two HMCs. Third, we 
introduce the experiment setup for the modified HMC model. 
Fourth, we present the flow and temperature fields obtained 
from the simulations of the basic and modified HMCs in the 
results and discussion section. Fifth, the simulation and experi-
mental results of the temperature field for the modified HMC 
model are compared for validation. The effects of cold air inlet 
velocity and equivalent ratio on the temperature distribution of 
the mixed gas in the longitudinal direction are also investigated. 
Finally, the conclusions drawn from this study are summarized. 

 

2. Description of the operating principle of 
an HMC  

An HMC is a device that mixes hot combustion gas and cold 
air flow to obtain a designed gas temperature at the outlet sec-
tion that can meet industry requirements. Fig. 1 shows the 
overall design of the annealing furnace and application of an 
HMC as a heat source. The mixed gas at the outlet of the HMC 
is supplied to the annealing furnace for the annealing process. 

 
 
Fig. 1. Overall design of an annealing furnace and application of HMC as a 
heat source. 
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Then, flue gas moves out through the discharge pipes. In the 
current study, the flow field and temperature distributions of an 
HMC are investigated to lower HMC surface temperature. 

 
3. Basic and modified HMC models  

3.1 Basic HMC model 

A basic HMC model has a fuel–air mixture inlet and cold air 
inlet (Fig. 2). A mixture of liquefied petroleum gas (LPG) and air 
is supplied and ignited to generate combustion gas at the cen-
ter of the HMC. Cold air is also supplied to the HMC as secon-
dary stream, and it is mixed with the combustion gas to meet 
the specified temperature requirement at the outlet of the HMC. 
The dimensions of an HMC are provided in Table 1. 

 
3.2 Modified HMC model 

The purpose of the modified model is to reduce HMC surface 
temperature during the combustion process and produce a 
uniform flow of the specified temperature at the outlet of the 
HMC by thoroughly mixing combustion gas and cold air. The 
modified HMC model has a central fuel-air mixture inlet and 
three circumferentially symmetrical split cold air inlets (Fig. 3). 
The dimensions of the modified model are provided in Table 2. 
The fuel-air mixture inlet is located at the center of the cross 
section of the HMC. The three cold air inlets are located around 
the surface of the HMC and distributed at 120° intervals on the 
same circumferential section. The internal structure of the inner 
vessel is a perforated cylinder. Six holes are distributed in each 
circumferential direction, and 12 holes are distributed in each 
main flow direction. The diameter of each hole is 30 mm. The 
perforated inner cylinder of the HMC can increase hot and cold 
air mixing rate due to the successive discharging of cold air to 

the main flow and decrease the outside surface temperature of 
the HMC due to the colliding of the split cold flows between the 
outer vessel and the perforated inner vessel. In addition, the 
vortex generator is installed near the end of the perforated 
cylinder to enhance the mixing of combustion gas and cold air. 

 

4. Mathematical models of HMC and bound-
ary conditions  

4.1 Mathematical models 

The governing equations for the continuity, momentum, ki-
netic energy, and dissipation energy of the turbulence model 
are as follows [23]. 

Continuity equation: 
 

( ) 0uρ∇ ⋅ =


.  (1) 

 
Momentum equation: 

 

( ) ( ) ( ) 2 ( )
3

T

tuu p u u u Iρ μ μ  ∇ ⋅ = −∇ + ∇ ⋅ + ∇ + ∇ − ∇ ⋅  

     . (2) 

 
Turbulence kinetic energy k and the rate of its dissipation ε 

are obtained from the following transport equations: 

 

( )
  ∂ ∂ ∂= + + −   ∂ ∂ ∂   

t
i k

i j k j

k
ku G

x x x

μρ μ ρε
σ

,  (3) 

Table 1. Specifications of a basic HMC. 
 

Parameters Dimensions, mm 

Fuel-air inlet diameter 90 

Cold air inlet diameter 52 

Outlet diameter 250 

HMC body diameter 400 

HMC length 1300 

 

 
 
Fig. 2. 3D model of the basic HMC. 

 

Table 2. Specifications of the modified HMC. 
 

Parameters Dimensions, mm 

Fuel-air inlet diameter 90 

Cold air inlet diameter 30 

Outlet diameter 250 

HMC body diameter 400 

HMC length 1300 

Hole diameter 30 

Number of holes 72 

Vortex generator diameter 100 

 

 
 
Fig. 3. 3D model of the modified HMC. 
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Turbulent viscosity is modeled as 
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Turbulence kinetic energy production is modeled as 
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The model constants have the following default values: C1ε = 

1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, and σε = 1.3. 
 
Energy equation: 
 

( )( )E j j h
j

u p k T h J Sρ
 

∇ ⋅ + = ∇ ⋅ ∇ − + 
 


 

. (8) 

 
In Eq. (8), the total energy flux (enthalpy flux) due to mass 

flows into and out of the control volume is represented on the 
left side. The first term on the right side represents heat trans-
fer around the control surface due to conduction heat transfer, 
while the second term denotes species diffusion. The last term 
represents source terms, including chemical reaction and ra-
diation, i.e., the discrete ordinates (DO) radiation source term in 
the current study. 

The species conservation equation is 
 

( )i i iuY J Rρ∇ ⋅ = −∇ ⋅ +
 

, (9) 

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

 

, ,

  ∇= − + ∇ −  
 


t

i i m i T i

t

T
J D Y D

Sc T

μρ , (10) 

 
where Sct is the turbulent Schmidt number, which has a default 
value of 0.7. For a multicomponent mixing flow, the transport of 
enthalpy due to species diffusion can exert a significant effect 
on the enthalpy field. 

 

1

n

i i
i

h J
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. (11) 

 
The turbulence-chemistry interaction model is based on the 

work of Magnussen and Hjertager, called the eddy dissipation 

model. The net rate Ri,r of the production of species i due to 
reaction r is selected from the smaller of the two equations as 
follows: 
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4.2 Boundary conditions and numerical simu-

lation 

In the current study, ANSYS FLUENT 18.2 software is used 
in the simulation of the basic and modified models. The bound-
ary conditions and present simulation method are provided in 
Table 3. The DO radiation model is used to investigate the 
effect of radiation. The absorption coefficient is modeled using 
the weighted sum of gray gases model. A no-slip condition is 
selected for the wall boundary condition. Fig. 4 shows the fluid 
domain with the mesh grid for the basic and modified HMC 
models. Tetrahedral grids are used in this simulation. The grid 
independence of the solution for the average outlet tempera-
ture is checked for three numbers of elements: 636793; 
982070; and 1600911. The average outlet temperature for the 
cases of 636793; 982070; and 1600911 is 495.8 °C, 514.1 °C, 
and 513.7 °C, respectively. The results show that the medium 
and largest element amounts have similar results. Therefore, 
the number of grids selected for the HMC in the current study is 
982070 elements. 

 

5. Experiment setup 

For verification, experiments are conducted and the results 
are compared with the results of the numerical simulations in 
ANSYS FLUENT software. The experiment setup of the HMC 
is shown in Fig. 5. The LPG-air mixture is supplied to the 
burner and then ignited using an auto-ignition device. Cold air 
velocity was automatically adjusted and supplied by the cen-
trifugal blower to the HMC. Temperature distribution is meas-
ured using K-type thermocouples, and the results are displayed 
on a Yokogawa temperature recorder.  

Table 3. Boundary conditions and calculation method of HMC. 
 

Parameters Values/method 

Fuel–air mixture velocity inlet 1 m/s 

Cold air velocity inlet 13-33 m/s 

Gauge pressure outlet 0 Pa 

Equivalent ratio 0.8–1.2 

Cold air inlet temperature 10 °C (283 K) 

Turbulent model Standard k–ε 

Radiation model DO 
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6. Results and discussion 

6.1 Comparison of flow field and temperature 
distribution between the basic and modi-
fied HMC models 

To compare the flow field and temperature distribution of the 
basic and modified models, the mass flow rates of the fuel–air 
mixture inlet and cold air inlet are kept the same in both models. 
The velocity streamline distributions inside the basic and modi-
fied models are shown in Fig. 6. For the basic model, the flow 

 

(a) 
 

(b) 
 
Fig. 4. 3D mesh model of HMC: (a) basic model; (b) modified model. 

 

 

 

(a) 
 

 

(b) 
 
Fig. 5. HMC experimental apparatus setup: (a) front view; (b) side view. 

 

 

(a) 
 

 

(b) 
 
Fig. 6. Velocity streamlines of HMC for the 3D and central cross-section 
views: (a) basic model; (b) modified model. 
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field distributions at the inlet and outlet sections of the HMC are 
nonuniform because of one cold air inlet. The inclined cold air 
flow impinges on the bottom of the HMC and then leaves the 
outlet port. This phenomenon leads to the high surface tem-
perature near the flame area and the low surface temperature 
in other regions. Meanwhile, the flow field distribution of the 
modified model is different from that of the basic model be-
cause the former uses three circumferentially symmetrical split 
cold air inlets and the perforated inner cylinder. The primary 
cold air flows along the annular passage between the perfo-
rated inner cylinder and the inner surface of the HMC and then 
leaves the HMC outlet. The remaining cold air is injected into 
the main hot stream through the perforated holes and then 
mixed with it. Finally, the well-mixed uniform temperature flow 
leaves the HMC outlet. Moreover, the vortex generator en-
hances the mixing of the mixture flow before it moves out of the 
outlet. Given the unique configurations of this modified HMC, 
flow mixing is improved and HMC surface temperature is sig-
nificantly reduced compared with that of the basic HMC model. 

The temperature distributions on the y-z plane of the basic 
and modified models are shown in Fig. 7. A combustion proc-
ess is performed at an equivalent ratio (Φ) of 1.0 and the Rey-
nolds number of the fuel-air mixture inlet of 6302. For the basic 
model, the flame structure at the center was distorted due to 
the inclined cold air inlet and the absence of a perforated cylin-
der inside the HMC. This condition results in the unfavorable 
temperature distribution within the HMC and less cooling of the 
HMC surface. By contrast, the surface temperature of the 
modified model is considerably lower than that of the basic 
model because cold air passes along the annular passage 
between the perforated inner cylinder and HMC surface.  

The surface temperature contour of the basic and modified 
models is shown in Fig. 8. The surface of the basic HMC exhib-

its a surface temperature of 689 °C near the flame and 540 °C 
elsewhere due to the single unbalanced cold air inlet flow with 
higher momentum and the hot combustion gas flow entrained 
by cold air flow. By contrast, the average surface temperature 
of the modified HMC model is maintained at 400 °C along the 
HMC surface, as shown in Fig. 8(b), by using the three circum-
ferentially symmetrical split cold air inlets and the perforated 
inner cylinder. Consequently, the difference between the high-
est temperatures of the basic and modified models is 289 °C. 
Therefore, the modified HMC model can lower surface tem-
perature without using a heavy refractory material cover. 

 
6.2 Validation of the modified model 

Fig. 9 shows the temperature distributions along the z-
direction, which are obtained by conducting simulations and 
experiments at the center and on the surface of the HMC. The 
numerical simulation results of the center and surface tempera-
tures of the modified HMC model exhibit good agreements with 
the experimental results. The overestimation of HMC surface 
temperature near the exit derived from this simulation than the 
experimental one is attributed to the fact that the heat loss of 
the HMC surface in the simulation is applied only for its radia-
tive effect without the convective effect. At the center, the fuel-
air mixture leaves the burner with a low temperature, and then, 
it is ignited to set the flame. The centerline temperature rises 
sharply near the combustion zone and then decreases signifi-
cantly because of heat release to the HMC walls and the ambi-
ent cold air. Finally, the combustion gas leaves the HMC 

(a) 
 

 

(b) 
 
Fig. 7. Temperature contour at the cross section of the HMC: (a) basic 
model; (b) modified model. 

 

 

(a) 
 

(b) 
 
Fig. 8. Surface temperature of HMC: (a) basic model; (b) modified model. 
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through the outlet. The surface temperature of the modified 
HMC is reduced significantly compared with that of the basic 
model, as shown in Figs. 8(a) and (b), due to cooling air from 
the three cold air inlets. 

 
6.3 Effects of cold air inlet velocity and equiva-

lent ratio on the temperature distribution of 
the modified model 

The surface temperature distribution of the modified HMC is 
shown in Fig. 10 as a function of the z-direction at various cold 
air inlet velocities. Surface temperature increases remarkably 
from the cold air inlet area to the flame area because the flame 
occurs at the flame area and releases high heat to the HMC 
surface and to ambient air. For example, surface temperature 
gradually rises to 450 °C at a cold air velocity of 13 m/s. Finally, 

it is reduced to 400 °C at the outlet section. The surface tem-
perature of the modified HMC decreases as cold inlet flow 
velocity increases. The surface temperature difference at the 
outlet of the HMC between the lowest and highest cold air inlet 
velocities is 45 °C. 

All the temperature distributions for different equivalent ratios 
as a function of z-direction distance exhibit similar trends in 
Fig. 11. The fuel-air mixture leaves the burner with a low tem-
perature, and then, it is ignited. Temperature increases rapidly 
for a short distance of approximately 0.3 m from the inlet. 
Thereafter, temperature decreases significantly because heat 
is released to the cold air that passes through the holes of the 
perforated cylinder inside the HMC. Finally, the mixture of hot 
combustion gas and cold air moves out through the HMC outlet. 
The highest temperature is achieved with a stoichiometric reac-
tion. The other cases exhibit lower temperatures at equivalent 
ratios of 1.1, 0.9, 0.8, and 1.2. 

 

7. Conclusions 

The present study aims to design a high-performance light-
weight HMC that solves the problems of existing basic HMC 
(e.g., high surface temperature, heavy weight, and nonuniform 
pulsating flow and temperature distribution at the outlet). We 
investigate the flow field and temperature distribution of the 
basic and modified models to reduce HMC surface tempera-
ture. Experiments for validating the modified model are also 
performed. The most important findings of this study are as 
follows. 

1) A new modified model is presented. This model has three 
cold air inlets and a perforated inner cylinder. It has a lower 
surface temperature of 400 °C, while the basic model with one 
inclined inlet exhibits a higher surface temperature of 689 °C 
during the combustion process. Therefore, the surface tem-
perature of the HMC is reduced remarkably by 289 °C. 

2) The numerical simulation and experiment results exhibit 

 
 
Fig. 9. Comparison of temperature distribution between the simulation and 
experimental results along the lengthwise HMC direction (z = 0 corre-
sponds to the starting position of the nozzle in the HMC). 

 

 
 
Fig. 10. Surface temperature distribution of the modified HMC as a function 
of the z-direction distance at various cold air inlet velocities. 

 

 
 
Fig. 11. Centerline temperature distribution as a function of z-direction 
distance for equivalent ratio variations. 
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good agreement in the lengthwise centerline and the surface 
temperature distributions of the modified HMC. 

3) The peak surface temperature decreases from 450 °C to 
400 °C as cold air velocity increases from 13 m/s to 33 m/s. 

4) The highest hot flow temperature is achieved with a stoi-
chiometric reaction of ϕ = 1.0 within a range of equivalent ratios 
(0.8 to 1.2).  

In summary, the new modified HMC model that uses three 
circumferentially symmetrical split cold air inlets, a perforated 
inner cylinder, and a vortex generator can lower the surface 
temperature, extend the operating life of the HMC, considera-
bly reduce HMC weight by removing a heavy refractory mate-
rial, and further solve the problems of nonuniform pulsating 
flow and temperature distribution at the outlet compared with 
the basic conventional HMC that uses one inclined cold air inlet 
and a heavy refractory material surface cover. 
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Nomenclature----------------------------------------------------------------------------------- 

A : Empirical constant equal to 4.0 
B : Empirical constant equal to 0.5 
Di,m : Mass diffusion coefficient for species i 
DT,i : Thermal diffusion coefficient 
E : Internal energy 
hi : Enthalpy of species i 
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 
Ri : Net rate of production of species i 
Sh : Source term  
Sct : Turbulent Schmidt number 
T : Temperature (°C) 
ui,uj : Velocity (m/s)  
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 
ε : Turbulent dissipation rate (m2s−3)  
ϕ  : Equivalent ratio 
δij : Unit tensor  

 
Subscripts 

i : Species 

P : Products 
R : Reactants 
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