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Numerical analysis and experimental validation
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Abstract

Aided by the computational fluid dynamics package CFX-4 a transient flow model has been used to simulate the process of hig
gas quenching of a large H13 die. The predicted temperature distributions, obtained under steady and transient flow conditions, to
experimental data have been compared, and a good agreement was obtained. This suggests that a steady state simulation can
used in this type of study to achieve accurate simulated data with reduced computational time. This series of studies is seen as th
to the development of an overall simulation procedure for simultaneous distortion and heat transfer characterisation of the die
optimum heat treatment control.
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

High pressure gas quenching is a form of heat treatm
process used frequently in various industries such as
aerospace the automotive, machine tool and other adva
manufacturing processes. The use of gas quenching
significantly affect the mechanical and physical propertie
a material, for obtaining near net shape of metal compone
Although the purpose of this process is to improve
performance of components, degrading or destroying
products may occur if improper quenching processes
performed.

Heat treatment of large single metal components m
cause a number of deficiencies and problems during the
duction of complex geometry products. Recently, howe
with the availability of progressive faster and more powe
computers it is now possible for numerical modelling to s
ulate heat treatment processes including gas quenchin
a vacuum heat treatment furnace. To date, many nume
schemes to simulate various heat treatment processes
been used to predict heat and fluid the flow characteris
within the furnace as well as the temperature distribution
the metallic components [1–6].
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On recognizing the importance of using computatio
procedures for simulation of heat treatment processes
authors and co-workers have developed a three-dimens
computational model to analyse the heat transfer and
flow phenomena in a high-pressure gas quenching vac
furnace under steady state condition [7]. However, a t
sient flow model is believed to better represent the flow c
acteristics and heat transfer in high-pressure gas quenc
furnaces. Two studies were carried out; a numerical sim
tion of the quenching and marquenching processes bas
the steady state and transient flow behaviour develope
side a furnace hot zone during the quenching process,
experimental work to validate the numerical simulation.

2. Experimental set-up and procedure

The vacuum heat treatment furnace used in this w
was an Abar Ipsen Tool Treater model VTTC-K-524. T
working dimensions of the furnace are 750× 600× 900 mm
with a recommended load of up to 800 kg. A convect
fan operating at 2 bar pressure of nitrogen provide
uniform heating up to 860◦C followed by radiant heating
for temperatures up to 1315◦C.

Quenching is accomplished using nitrogen gas circula
through oscillating gas nozzles at the top and bottom
Elsevier SAS. All rights reserved.
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Fig. 1. Photograph an H13 die block for vacuum heat treatment.

the furnace. The gas is diverted from the top to the bot
nozzles in every 20 seconds. Quenching pressure ca
varied from 1 to 6 bars absolute. During quenching
recirculating gas is driven by a 200 HP fan through a la
heat exchanger capable of maintaining the gas at a con
temperature of 20◦C and a velocity of 60 m·s−1 on entry
into the hot zone.

A die made from H13 hot work tool steel, weighin
385 kg, was used for both the heat treatment and si
lation processes. H13 tool steel is a versatile chromi
molybdenum hot work steel that is widely used in hot wo
and cold work tooling applications. The hot hardness (
strength) of H13 resists thermal fatigue cracking which
curs as a result of cyclic heating and cooling cycles in
work tooling applications. Because of its excellent com
nation of high toughness and resistance to thermal fat
cracking (also known as heat checking) H13 is used for m
hot work tooling applications than any other tool steel.

The die, as shown in Fig. 1, had been previously h
treated and used in service with overall dimensions
360× 360× 560 mm. The die block was annealed in an
annealing pit furnace. A hardness level of 195 HB over
working surface of the die was obtained. This low hardn
indicates a good response to annealing, since 200–230
is considered to be acceptable. Prior to vacuum harde
and tempering, the die was treated as follows: holes w
drilled into the die for positioning a number of surfa
and core work thermocouples (TS and TC). These h
were 4 mm in diameter and 5 mm deep (sub-surface)
170 mm deep (core), aluminium pick-up and oxide sc
were removed from the die surface by wet blasting. Th
two thermocouples were used to control the heat treatm
cycle and, in particular during the quenching stage, s
they provide information for the direction of the quenchi
gas and the temperature of the die.

The heat treatment process has been followed acc
ing to the published guidelines [8,9], for heat treatmen
H13 die steel, where a satisfactory microstructure (cont
ing no pearlite and minimal pro-eutectoid carbides) can
achieved by quenching H13 steel to below 700◦C in less
than 20 minutes. Further the die steel suppliers (Ud
holm) recommend that a satisfactory microstructure can
achieved when cooled through the temperature range 80◦C
e

t

t

-

Fig. 2. Chart recording of the heating and marquenching cycle of the
die.

to 500◦C in less than 20 minutes. The following two sta
heating cycle (depicted in Fig. 2) was carried out:

Heating stage. Two-bar convection heating was employ
up to 860◦C. It can be seen that the die was heated at a
ramp rate of 5◦C·minute−1 and held at this preheating tem
peratures until the core and surface temperatures were w
30◦C. The ramp rate was then reduced to 3◦C·minute−1

from 860◦C to the austenitising temperature of 1020◦C.
This relatively low ramp rate was required to minimise
thermal gradient between the core and the surface. Th
was held at this austenitising temperature of 1020◦C for
about 30 minutes. This was measured from the poin
which the die core temperature reached 1020◦C. The total
heating stage was 8 hours.

Quenching stage. For this purpose the isothermal ho
temperature was set at 370◦C with the quenching pressu
initially set at 4 bar absolute and reduced to 2 bar pres
close to the isothermal hold set-point.

Referring to Fig. 2, it can be seen that the surf
thermocouple, positioned 4 mm below the die surfa
recorded 1 minute to quench to 700◦C and 3 minutes to
quench through the temperature range 800◦C to 500◦C. The
core thermocouple, positioned 170 mm below the surfac
the 350 mm thick section die, recorded 25 minutes to que
to 700◦C and 45 minutes to quench through the tempera
range 800◦C to 500◦C.

3. Numerical modelling

In this study, the computational fluid dynamics packa
CFX [10] (develops and licenses software for fluid flo
analysis) is used to simulate the quenching process in
a typical vacuum heat treatment furnace. Twenty-five th
sand cells were used to describe the heating chamber w
large volumes of gas are directed through nozzles to
pinge on the load. After the gas absorbs the heat from
hot load, a recirculation fan is designed to direct the
back to the nozzle through the heat exchanger. In this
per our aim is to investigate the affect of various parame
such as quenching pressure, gas velocity, impact angle
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Fig. 3. Schematic diagram showing the hot zone and gas inlet and outl
quenching in relation to the die configuration.

Fig. 4. Schematic diagram showing the location of points at wh
temperatures were monitored in the simulation.

load configurations on the fluid flow and heat transfer ins
the furnace as well as the temperature distribution within
treated load. Moreover, the predicted cooling cycle is to
validated against experimental data obtained previously

4. Mathematical model of heat transfer

Governing equations. The mathematical equations for g
flow and heat transfer used by CFX-4, for high Reyno
number flow, can be described as follows;

Continuity equation

∂ρ

∂t
+ ∇ • (ρU ) = 0 (1)

Momentum equation

∂ρU

∂t
+ ∇ • (ρU ⊗ U) − ∇ • (µeff∇U )

= −∇p′ + ∇ • (
µeff(∇U )T) + B (2)

whereρ andU are mean fluid density and velocity,p the
pressure,t the time,B body force andµeff is the effective
viscosity:µeff = µ + µT andµT is the turbulent viscosity.

µT = Cµρ
k2

ε

The energy equation is

∂ρH

∂t
+ ∇ • (ρUH) − ∇ • (λ∇T ) = ∂p

∂t
(3)

whereT is the temperature,λ is the thermal conductivity
andH is the total enthalpy.
Table 1
Constants used in the RNG model

Cµ C1 C2 C3 σ k σε β η0

0.085 1.42 1.68 0 0.7179 0.7179 0.015 4.

CFX-4 solves the heat conduction equation for
temperature in the solid region as follows;

∂(ρsH)

∂t
− ∇ • (λs · ∇T ) = 0 (4)

where:H = CST , andρs , Cs , λs are density, specific hea
and the thermal conductivity of the solid.

Turbulence modelling. RNG K & ∈ turbulence model (Re-
normalization group methods) is normally recommen
where complex geometry with high Reynolds number fl
is being examined. The equations used to describe
turbulence model are:

∂ρk

∂t
+ ∇ • (ρUk) − ∇ •

((
µ + µT

σ k

)
∇k

)

= P + G − ρε (5)

and

∂ρε

∂t
+ ∇ • (ρUε) − ∇ •

((
µ + µT

σε

)
∇ε

)

= (C1 − C1RNG)
ε

k

(
P + C3 max(G,0)

) − C2ρ
ε2

k
(6)

Where k is turbulence kinetic energy,ε is turbulence
dissipation rate andP is the shear production defined by:

P = µeff∇U · (∇U + (∇U)T)
− 2

3
∇ • U(µeff∇ • U + ρk) (7)

andG is production due to the body force defined by:

G = µeff

ρσρ
g · ∇ρ (8)

C1, C2 and C3 are model constants andC1RNG is given
through the equation:

C1RNG= η(1− η/η0)

(1+ βη3)
and η =

(
Ps

µT

)0.5k

ε
(9)

whereη0 andβ are additional model constants, andPs is the
shear part of the production, that is the first term in Eq. (

Boundary and initial conditions. At the walls which occur
on the domain boundary adjacent to fluid cells the veloc
the heat flux (adiabatic) and the flux of other transpor
scalars (e.g., mass fractions, volume fractions etc.)
considered to be zero. At the nozzle exit a constant
velocity (Nitrogen) is assumed, which is treated as a m
source term with a corresponding source term in the a
momentum equation. The gas inlet through the top twe
nozzles is modeled with a temperature of 27◦C, pressure o
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1 bar and velocity of 50 m·s−1. The gas is then leaves fro
the domain through rectangular cross section at the bo
of the domain. The load is considered to be conduc
solid with physical properties of H13 at 1030◦C as initial
temperature.

5. Numerical modelling results and discussion

Figs. 5(a) and (b) show the predicted gas velocities in
the hot zone for the die in the horizontal configuration. T
gas is injected directly into the hot zone at a pressure of 1
and an initial velocity of 50 m·s−1. TheX–Y cross-section
shown in Fig. 5(a) indicates that as the gas impinges on
die, it spreads towards the side-walls of the hot zone crea
areas of gas recirculation close to the side surfaces of the
Furthermore, the gas velocity drops sharply from 13 m·s−1,
nearer to the top surface of the die to about 1 m·s−1 nearer
to the bottom surface of the die. The gas nozzles opera
outside the dimensions of the die direct the gas downwa
creating a large areas of gas recirculation at the front
back walls of the hot zone as shown in Fig. 5(b). Fig. 6 sh
the temperature contours inside the die after thirty minu
It is evident that there are variations in the tempera

(a)

(b)

Fig. 5. (a) Gas velocity contours predicted inside the hot zone in
horizontal configuration planar cross-sectionX–Y . (b) Gas velocity con-
tours predicted inside the hot zone in the horizontal configuration pl
cross-sectionZ–Y .
.

distribution from the surface to the core inX–Y , Z–Y and
X–Z planes. This may be attributed to the flow behavi
around the die and the fact that the simulation of the flow
exclusively from the top of the hot zone.

Fig. 7 shows the cooling curves for four monitored poi
inside the die. The monitored point TC at the centre of
block attains 520◦C after 60 minutes of cooling. Point T
is the next lower cooling rate, which is probably as a re
of the small pocket of gas re-circulation adjacent to the
surface as shown in Fig. 5(a). Point T2 comes next wh
better gas flow around the surface is predicted as show
Fig. 5(b). T3 exhibits the highest cooling rate where h
transfer from the surface occurs as a result of the di
impingement of the cooling gas on the surface.

Figs. 8(a) and (b) show the gas velocities inside the
zone for the die in the vertical configuration. It is evide
that there is a smoother gas flow around the die in a ver
configuration compared to a horizontal configuration. Ho
ever, some gas recirculation also generated from the gas
zles extending beyond the dimensions of the die as show
Fig. 8(b). Fig. 9 shows the temperature contours inside
die in the vertical configuration after thirty minutes. It is n
table that there is a relatively uniform temperature varia
between the surface and the core in all-planar cross-sec
(X–Y , Z–Y andX–Z). This is an interesting result, whic
suggests that one can achieve relatively uniform tempera
profiles within the die notwithstanding the fact that the s
ulation of the gas flow is from the top of the hot zone.

Fig. 6. Temperature contours predicted inside the die in the horizo
configuration at 30 minutes.

Fig. 7. Cooling curves for the monitored points inside the die in
horizontal configuration.
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Fig. 8. (a) Simulation showing the gas velocity contours predicted in
the hot zone in the vertical configuration-planar cross-sectionX–Y .
(b) Simulation showing gas velocity contours predicted inside the hot z
in the vertical configuration-planar cross-sectionZ–Y .

Fig. 9. Temperature contours predicted inside the treated die in the ve
configuration after 30 minutes of quenching.

Fig. 10 shows the cooling curves for the monitored po
inside the treated die in the vertical configuration. It
evident that there is less temperature difference betw
the core and the surface after 60 minutes of quench
Fig. 11 shows a comparison between the cooling cy
for the vertical and horizontal configurations. This sho
that after sixty minutes of direct quenching the points
and T2 in the vertical die configuration are 110◦C cooler
than that of horizontal die configuration. This temperat
difference increased to 160◦C toward the core of the treate
Fig. 10. Cooling curves predicted by simulation for the treated die in
vertical configuration.

Fig. 11. Comparison between the cooling curves predicted by simula
for the heat treated die in vertical and horizontal configuration.

die. Similar surface temperatures were also observed fo
monitored point T3.

In an attempt to improve the gas velocity distributi
it is possible, with the type of vacuum furnace und
investigation, by oscillating the gas nozzles. In the pres
study, a simulation was carried out with the gas nozz
oscillating through±30◦. The effect of such oscillation wa
found to have little or no effect on the cooling rate ins
the treated die in the vertical configuration as shown
Fig. 12. Furthermore, the effect of converting the inlet g
from the top to the bottom hot zone on the cooling rate of
die in the vertical configuration was investigated. As sho
in Fig. 13, apart from the surface facing the nozzles
and T4), similar cooling rates inside the die were predic
(TC and T2).

Further, simulation was carried out to study the eff
of using various quenching pressures on the gas
and resultant temperature distribution inside the hot zo
Similar gas flow behaviour around the treated die w
predicted. However, by increasing the operating pressu
significant effect on the cooling rate is predicted as show
Fig. 14.
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Fig. 12. Comparison of the cooling curves predicted by simulation of
die in the vertical configuration under static and oscillating gas nozzle
two monitored points TC and T3.

Fig. 13. Comparison of cooling curves predicted by simulation of the
treated die in the vertical configuration with top and bottom gas quench

Fig. 14. Cooling curves predicted by simulation of the die in verti
configuration and under different quenching pressures.

6. Numerical simulation and validation of
marquenching

Marquenching consists of quenching of the die in hot b
and holding it in the quenching medium under isotherm
condition at 370◦C until the temperature of the work piec
is essentially uniform. This is done only to minimise t
distortion, which occurs from unequal transformation ra
normally found in conventional quenching.
Fig. 15. Comparison of the cooling curves predicted under steady
transient flows.

Fig. 16. Graph showing a comparison between the experimental dat
numerical prediction during the marquenching process.

A three-dimensional computational model was develo
to simulate marquenching of the die as operated in the p
[7]. For this process a 60 m·s−1 a gas velocity at quenchin
pressure of 4 bar were used as inlet condition. It should
also noted that the total time taken to generate the tran
solution was approximately four weeks compared to f
days required for the steady state solutions. In orde
reduce the computational time, the numerical simulation
carried out under steady state conditions where the effe
the transient flow on the cooling rate for the first 3 minu
is minimum as shown in Fig. 15. Based on the gas velo
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distributions predicted, a transient study was carried
to calculate the temperature distribution inside the die
different stages of the quenching process.

Fig. 16 shows the comparison between the numerical
experimental data. It can be seen that during the first s
of quenching, the surface temperature records 1.3 min
to quench to 700◦C and 3 minutes to quench to 550◦C.
The core reached 700◦C in 24 minutes and 550◦C in 43
minutes. The isothermal hold was set at 370◦C with the
quench pressure reduced to 2 bar close to the isotherma
set point. The second stage of quenching starts when the
temperature is within 58◦C of the die surface temperature

As shown in the first stage of quenching for surface
core temperatures, a very close agreement is evident bet
the numerical simulation and the experimental data. For
second stage of quenching, both the numerical simula
and the experimental data are in reasonable agree
only for the surface temperature. The numerical simula
predicts a faster cooling rate for the core when compare
the experimental data. Currently, studies are being ca
out to simulate the marquenching process based on
transient flow behaviour (developed inside the hot zone) w
the nozzles oscillating during quenching.

7. Conclusion

The computational fluid dynamics package nam
CFX-4 can give important insights to the gas flow ins
the hot zone and temperature profiles generated in large
during quenching. It was found that transient flow simulat
results fit well with both experimental and simulation resu
carried out for steady state flow. This numerical modell
approach indicates that the steady state flow model ca
used in place of the transient flow model. Steady state s
lation is an effective and efficient way to achieve satisfact
data as well as to reduce computation time and save com
ing resources. For the large die block modelled in this stu
oscillating the gas nozzles or alternating the gas quenc
from the top and bottom of the hot zone was found to h
surprisingly little influence on thermal gradients within t
d
e

n

t

s

-

die. Finally, a reasonably close agreement was obtaine
cooling curves determined experimentally for marquench
with those predicted by numerical simulation.
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