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ABSTRACT 

The paper presents analysis of the high-pressure gas 
quenching of metal elements, after their vacuum carbonisation 
process, based on the computer simulation. The ANSYS-CFX 
code has been used for this purpose. This transient quenching 
process includes challenging problems, which requires deep 
knowledge and application of heat transfer, fluid mechanics and 
thermodynamics. The numerical simulation analysis method 
focuses on a single element contained in an elementary, 
repeatable section (usually a cuboid) of the whole batch. In this 
study quenching of a steel cylinder of diameter d = 20mm and 
length L = 150 mm is analysed. This approach allows defining 
precisely: (i) the geometries of the metal element and of the 
elementary cubical section associated with it and, also, (ii) flow 
and thermal boundary conditions on the walls of this 
elementary section. Above definition of the elementary section 
(a computing domain) allows using the whole available 
computing power for the quenching process simulation in it. 
The ratio of volumes mentioned in (i) defines a “porosity of 
batch” and the analysis covers the range from 7 to 70%. The 
number of grid points used for the elementary section varies 
from 55000 to 240000. The influence of the pressure gradient 
value (a flow “driving force” through the elementary section) 
and its direction – on temperature and quenching rate time 
distributions in a steel element – is analysed and presented. The 
use of periodicity and symmetry conditions, for the velocity 
field, on the elementary section walls, allows simulating 
different single element quenching conditions – reflecting its 
position in the batch. The transient quenching has been usually 
analysed for a fixed velocity field. However, the steel element 
body thermal properties in this transient process varied – 
appropriately to its time dependent temperature distribution. 
The initial element temperature is assumed to be equal 1300 K. 
The  influence  of  different  gases,  i.e. argon, helium,  nitrogen  

 
 
and hydrogen, and their static pressures (up to 30 bar), on the 
steel element quenching process, is analysed and presented. 
 

NOMENCLATURE 
 
   
A [m] Distance between cylinder outer walls in the r direction  
d [m] Cylinder diameter 
H [m] Distance between cylinders along the z direction 
L [m] Length of cylinder 
n [-] Number of cylinders  
p [bar] Cooling gas pressure 
∆ p [Pa] Pressure difference 
dp/dx [Pa/m] Pressure gradient component  
q [W/m2] Heat flux density 
r+ [-] Dimensionless radius 
R [m] Cylinder radius 
t [s] Time 
T [K] Temperature 
w [m/s] Velicity 
x,y, z [m] Cartesian axis direction  
r,θ , z [m] Cylindrical axis direction  
 
Special characters 
α [W/m2K] Heat transfer coefficient 
β [-] Roots of equation 
λ [W/mK] Thermal conductivity 
ε [-] Porosity of the batch  
ρ [kg/m3] Density 
ζ [-] Friction factor 

+ϑ  [-] Dimensionless temperature 
 Jo [-] Bessel function of zero order  
 J1 [-] Bessel function of first order 
 
Dimensionless numbers 
Bi [-] The Biot number 
Fo [-] The Fourier number 
Re [-] The Reynolds number 
 



 
  

a) b)

INTRODUCTION 
Vacuum furnaces for high pressure gas quenching have 

been used for almost thirty years. They have become 
increasingly favoured for hardening required thickness of some 
high strength steel elements (shown, for example, in Fig. 1). 
The quenching technology have progressed in recent years 
from furnaces with nitrogen at a pressure of 5 bars to systems 
with hydrogen and hydrogen-nitrogen mixtures at pressures up 
to 20 bars or with helium at pressures up to 40 bars. These lead 
to gas quenching intensities more attractive than those achieved 
with hot quenching oils.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Different steel elements after high-pressure gas 
                quenching. 
 

The gas flow through the furnace-quenching loop is caused 
by a blower (see Fig. 2a). The cooling effect of its load occurs 
primarily by forced convective heat transfer at the elements 
surfaces. The driving force of this effect is the temperature 
difference between the hot element outer surfaces and the 
flowing gas. Because the temperature field in this process is 
strongly dependent on the flow field – it must be precisely 
determined to ensure an accurate prediction of the real 
temperature time history of  the  whole volume  element  during  
  
  a)       b) 

 
 
 
 
 
 
 
 
 
 
 
 

 

   

  a      
Figure 2. The quenching loop (a) and the batch structure (b). 
 

quenching. The hardening response of the parts depends upon 
many factors which influence heat transfer (quenching) intensity. 
Among them there are following parameters related to the batch, 
i.e. (i) weight; (ii) shape and size of the parts, and (iii) the batch 
design.  

PARAMETERS OF THE BATCH 
In this study it is assumed that the furnace batch consists of 

many cylindrical elements. The study presented in this work 
focuses on the gas flow and the heat transfer in the cubical 
elementary section of the batch – as shown in Fig. 2a. The 
computer code ANSYS-CFX has been used to simulate flow and 
velocity fields in this section.  

When considering a batch, the influence of the following 
parameters on the velocity field and on the heat transfer in the 
section have been analysed (see Fig. 3): (i) the axial spacing H 
and (ii) the radial spacing A. The simulations have been made for 
the cylinder diameter d = 20mm and length L = 150 mm and for 
combination of the axial and radial spacing values presented in 
Table 1. 
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  Figure 3. The batch structure parameters 
 

Table 1 
 

 

 
 
The comparison of the maximum and minimum volumes of 

the elementary section, i.e. computational domains in the 
simulations, is shown in Fig. 4. The number of grid points in the 
elementary section varies from 55000 to 240000. The “batch 
porosity” values analysed in the computer simulation cover the 
range from 7 to 70%. 

 

 

 

 
 

 
 

 
 
Figure 4. The comparison of the maximal (a) and minimal (b) 
batch elementary section sizes (computational domains). 
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VALIDATION OF THE ANSYS-CFX CODE 
The validation of simulation results must be carried out for 

any code, not only for the ANSYS-CFX. This procedure allows 
setting up values relevant for particular simulation case results 
accuracy. The most important ones take account of the analyzed 
heat transfer and flow types and its geometry, i.e.: 

– unsteady heat transfer; 
– turbulence model and 
– mesh size. 

The validation procedure adopted in the present work had, 
in fact, two stages. In both the solid cylinder length L >> d was 
assumed.  

The first stage concentrated on the validation related to the 
unsteady heat transfer. Only two quenching cases, described by 
the Fourier equation, for two different boundary condition sets, 
i.e. Newton’s and Dirichlet’s, are shortly described here. The 
analytical solutions, for both cases, are given in [5] and can be 
written, respectively, as:  
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         Bi  and   Fo  are Biot and Fourier numbers and 
 

         Jo(β i) and  J1(β i)  are  Bessel  functions of  zero and  first 
         order, respectively. 
 

It is well known that when Bi → ∞ the solution for the Newton 
boundary conditions becomes the one for the Dirichlet 
conditions. Both cases, for the same geometry and material 
parameter values, were calculated numerically using the 
ANSYS-CFX code. Differences between analytical and 
numerical results were negligible. They were related rather to 
the number of βi roots and grid points density. All conclusions 
resulting form this exercise were very useful in the further 
simulation work. 
The second stage concerned the simulation of the flow around 
array of parallel cylinders (with their axes on one plane) with  
pressure gradient  being perpendicular to these axes.   
The pressure drop Δp and the friction coefficient ξ can be 
predicted by the following formulas, respectively [6]: 
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where  nr – the number of cylinders and 
  x  – the distance between cylinders. 
 

The comparison of results, predicted and calculated 
numerically using the ANSYS-CFX code, with the SST (Shear 
Stress Transport) turbulence model [7], is presented in Fig. 5. 
The good agreement can be clearly seen. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Comparison of theoretical [6] and simulation results of 
the pressure drop and friction coefficient for the cylinder array 

QUENCHING MODEL AND BOUNDARY CONDITIONS  
The initial assumption in the model has been made that the 

velocity field in the elementary section is calculated first – for 
isothermal conditions. After that it is used to calculate, 
separately, the element quenching, assuming: (i) forced 
convection and (ii) neglecting radiation. The assumption (i) is 
obvious and the second one takes account that in the middle of 
the batch element is surrounded by other ones which have the 
same temperature (note also, that the initial surface temperature 
of elements is 1300 K and drops very rapidly). Since velocity 
profile at the inlet to this section is determined – it can be always 
used for simultaneous solution of the velocity and temperature 
fields in the elementary section. It requires more computing time 
but allows to progress with the calculation down the flow, even 
from the first elementary section of the batch (assuming there 
any velocity profile, for example, a uniform one). It is worth 
noting, that the most effective work at this stage, from the CPU 
time point of view, was to perform simulation based on the 
separate determination of the velocity and temperature fields. 
More details related to this method are given below.  

Specification of the pressure gradient direction and the 
velocity boundary conditions on all elementary section surfaces 
is necessary and crucially important to the heat transfer.  

It is possible to obtain a ”fully developed flow” in the 
elementary section which is positioned in the middle of the batch 
rather than at the inlet, outlet or on its sides. In this case one can 
state that: (i) the pressure gradient direction is aligned with the 
cylinder axis direction x (see Figs 2 and 3); (ii) the gas velocity 
field is periodic in the x-direction (profiles repeat on inlet and 
outlet z-y elementary section surfaces – they are perpendicular to 
the pressure gradient direction), and (iii) the gas velocity field is 
symmetrical in z and y directions, i.e. all its derivatives are zero 
on the x-z and x-y elementary section side parallel surfaces.  

The pressure gradients and the flow velocity fields in 
elementary sections positioned on the batch sides are different 
from the patterns at its centre. One can obtain the velocity field 
differences and distortions related to their position in the batch, 
and influencing the heat transfer, by the appropriate specification 
of the boundary conditions. The velocity field in this situation 
has components in the y and z directions. These can be obtained 
in the elementary section on request that the total pressure 
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gradient vector has components not aligned with the cylindrical 
axis x. In this case there are possible two different sets of the 
pressure gradient direction and velocity field boundary 
conditions on the elementary section side surfaces. The first set 
is: (i) the pressure gradient has a component perpendicular to 
the x direction (for simplicity it can be assumed that it has 
component only in x or y direction); (ii) the gas velocity field is 
symmetric only in the direction where there is no pressure 
gradient, and (iii) the gas velocity field is periodic in two 
directions (where there are pressure gradient components). The 
second set of boundary conditions refers to the case where the 
pressure gradient is perpendicular to the cylindrical axis x. This 
case does not present a practical application in quenching 
furnaces. However, it has been used for the computer 
simulation results validation discussed above – for cylinder 
length L >> d – and compared to analytical solutions and reliable 
experimental data related to the heat transfer and to the pressure 
drop, respectively. 

COMPUTER SIMULATION QUENCHING RESULTS  
Only a sample of quenching results can be presented. All 

are related to the cylinder made of the 40H steel quenched in 
the nitrogen. However, the influence of the cooling gas is 
presented first. In Fig. 6 the mass flow and average velocity 
through the elementary section, for different gases, are shown, 
assuming that the pressure gradient forcing the flow has the 
same value dp/dx=350 Pa/m.  
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6. Comparison of mass flows and average velocities for 
different gases; pressure 20 bars and the same pressure gradient 
 
Figs 7 to 9 refer to the time histories of heat transfer quantities 
related to the quenching by the flow exerted in the elementary 
section by the pressure gradient aligned with the cylinder axis.  
 
 
 

 
 
 
 
 
 
 

 
Figure 7. Temperature field in the cylinder cross-sections, 

for  t=26 sec, nitrogen at  p=20 bar 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Time histories during nitrogen quenching at 20 bars: 

(a) heat transfer coefficient α;  (b)  temperature profile and 
(c) surface heat flux 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. The heat transfer coefficient α time history for range 
of axial spacing H values, during nitrogen quenching at 20 bars 
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Figs 10 to 13 show the differences in similar quantities as 
presented in Figs 7 to 9 but for the non-axial pressure gradient. 
Firstly, Fig. 10 presents this angle definition. Figs 11 and 12 
show the θ value influences on the velocity and temperature 
fields. The presence of a swirling flow component in Fig. 11 
can be clearly seen. This component effect, related to different  
θ values, can be noticed on temperature fields shown in Fig. 12, 
particularly when confronted with Fig. 7 – where θ =0o. 

 
 
 
 
 

 
 
Figure 10. Definition of the θ angle between the pressure 
gradient and the cylinder and elementary section symmetry 
axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  The angle θ=30o influence on the velocity field in 
the elementary section: A=20 mm, H=60 mm and p= 20 bar 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 
Figure 12. The θ angle value influence on the temperature field 
 
Finally, Fig. 13 shows the influence of specified θ angle values  
on the element average temperature – as a function of time. 
Although all curves in Fig. 13a are quite close – the exact value 
of the difference between average temperatures for axial and 
non-axial pressure gradients is known from the simulations and 

shown in Fig. 13b. It reaches level of about 35o C and changes 
with time. It might have negative effects on the hardening 
process final quality, but precise analysis at this stage is beyond 
the scope of work.   

a) 
 
 
 
      
 
 
 

 
 

b) 
 

 
 
 
 
 
 

 
 
 
Figure 13. The θ angle value influence on time history of: 
(a)  the averaged temperature and 
(b)  the averaged temperature difference between the axial 

       flow and non-axial one  

PRACTICAL RESULTS OF SIMULATIONS 
The results of the computer simulations give opportunity for 

deep and thorough analysis. At that stage, the main task was to 
develop the model. However, apart from a few suggestions 
already presented in this paper, there are two worth presenting. 
The first one shown in Fig. 14 is related to the CTPC-graph. It 
allows for material engineering consideration based on 
quenching parameters from the reliable computer simulation 
results. This analysis is the next stage of the work. 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 14. The steel 40H CTPC graph and quenching curves for: 
cylinder axis and the surface layer 1mm thick 
 

The other practical result of computer simulation is related 
to the possibility of new equipment parameter determinations, 
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including furnaces – predicting data useful for constructors. A 
small example is given below. 

It presents the calculation, based on discussed results of the 
heat flux time distribution, connected with 1m3 of the furnace 
load. Two cases for different batch structures are considered in 
Figs 15 and 16.  

 
a)     b) 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Figure 15. Parameters of two batch structures considered; 
       n – number of elements in the batch  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16. The heat flux time distribution extracted from 

two different batch structures defined in Fig.15. 

CONCLUSION  
 

The presented method of simulation and obtained numerical 
results compared with the experimental data indicate that this 
analysis can be used for reliable prediction of the high-pressure 
transient gas quenching rates after a vacuum carbonisation 
process. The analysis is focused on a single element of the 
furnace batch. It allows specifying the gas flow conditions on 
the elementary cubical section walls associated with this 
element. They reflect its position in the furnace batch and, 
therefore, quenching conditions of this element. Although the 
analysis presented in this work concerns cylinders, the same 
approach can be used for elements with more complex shapes.  
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