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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 high pressure
gas quenching of a large H13 die. The predicted temperature distributions, obtained under steady and transient flow conditions, together witt
experimental data have been compared, and a good agreement was obtained. This suggests that a steady state simulation can be effectiv
used in this type of study to achieve accurate simulated data with reduced computational time. This series of studies is seen as the precursc
to the development of an overall simulation procedure for simultaneous distortion and heat transfer characterisation of the die leading to
optimum heat treatment control.
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1. Introduction On recognizing the importance of using computational
procedures for simulation of heat treatment processes, the
High pressure gas quenching is a form of heat treatmentauthors and co-workers have developed a three-dimensional
process used frequently in various industries such as thecomputational model to analyse the heat transfer and fluid
aerospace the automotive, machine tool and other advancedlow phenomena in a high-pressure gas quenching vacuum
manufacturing processes. The use of gas quenching carfurnace under steady state condition [7]. However, a tran-
significantly affect the mechanical and physical properties of sient flow model is believed to better represent the flow char-
a material, for obtaining near net shape of metal components.acteristics and heat transfer in high-pressure gas quenching
Although the purpose of this process is to improve the furnaces. Two studies were carried out; a numerical simula-
performance of components, degrading or destroying of tion of the quenching and marquenching processes based on
products may occur if improper quenching processes arethe steady state and transient flow behaviour developed in-
performed. side a furnace hot zone during the quenching process, and
Heat treatment of large single metal components may experimental work to validate the numerical simulation.
cause a number of deficiencies and problems during the pro-
duction of complex geometry products. Recently, however
with the availability of progressive faster and more powerful 2. Experimental set-up and procedure
computers it is now possible for numerical modelling to sim-
ulate heat treatment processes including gas quenching in The vacuum heat treatment furnace used in this work
a vacuum heat treatment furnace. To date, many numericalyas an Abar Ipsen Tool Treater model VTTC-K-524. The
schemes to simulate various heat treatment processes havgorking dimensions of the furnace are 76@00x 900 mm

been used to predict heat and fluid the flow characteristicsyith a recommended load of up to 800 kg. A convection
within the furnace as well as the temperature distributions of 3y gperating at 2 bar pressure of nitrogen provides a

the metallic components [1-6]. uniform heating up to 868C followed by radiant heating
for temperatures up to 132E.
* Corresponding author. Quenching is accomplished using nitrogen gas circulated
E-mail address. ymorsi@swin.edu.au (Y. Morsi). through oscillating gas nozzles at the top and bottom of
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Fig. 1. Photograph an H13 die block for vacuum heat treatment. Fig. 2. Chart recording of the heating and marquenching cycle of the H13
die.

the furnace. The gas is diverted from the top to the bottom o 500°C in less than 20 minutes. The following two stage

nozzles in every 20 seconds. Quenching pressure can beeating cycle (depicted in Fig. 2) was carried out:

varied from 1 to 6 bars absolute. During quenching the

recirculating gas is driven by a 200 HP fan through a large Heating stage. Two-bar convection heating was employed

heat exchanger capable of maintaining the gas at a constantip to 86(°C. It can be seen that the die was heated at a low

temperature of 20C and a velocity of 60 ns™* on entry  ramp rate of 3C-minute"? and held at this preheating tem-

into the hot zone. peratures until the core and surface temperatures were within
A die made from H13 hot work tool steel, weighing 30°C. The ramp rate was then reduced t6C3minute!

385 kg, was used for both the heat treatment and simu-from 860°C to the austenitising temperature of 1020

lation processes. H13 tool steel is a versatile chromium- This relatively low ramp rate was required to minimise the

molybdenum hot work steel that is widely used in hot work  thermal gradient between the core and the surface. The die

and cold work tooling applications. The hot hardness (hot was held at this austenitising temperature of 102or

strength) of H13 resists thermal fatigue cracking which oc- about 30 minutes. This was measured from the point at

curs as a result of cyclic heating and cooling cycles in hot which the die core temperature reached 1020The total
work tooling applications. Because of its excellent combi- heating stage was 8 hours.

nation of high toughness and resistance to thermal fatigue
cracking (also known as heat checking) H13 is used for more Quenching stage. For this purpose the isothermal hold
hot work tooling applications than any other tool steel. temperature was set at 370 with the quenching pressure

The die, as shown in Fig. 1, had been previously heat initially set at 4 bar absolute and reduced to 2 bar pressure
treated and used in service with overall dimensions of close to the isothermal hold set-point.

360x 360x 560 mm. The die block was annealed in an air ~ Referring to Fig. 2, it can be seen that the surface

annealing pit furnace. A hardness level of 195 HB over the thermocouple, positioned 4 mm below the die surface,

working surface of the die was obtained. This low hardness recorded 1 minute to quench to 70D and 3 minutes to

indicates a good response to annealing, since 200-230 HBquench through the temperature range 80@ 500°C. The

is considered to be acceptable. Prior to vacuum hardeningcore thermocouple, positioned 170 mm below the surface of

and tempering, the die was treated as follows: holes werethe 350 mm thick section die, recorded 25 minutes to quench

drilled into the die for positioning a number of surface to 700°C and 45 minutes to quench through the temperature

and core work thermocouples (TS and TC). These holesrange 800C to 500°C.

were 4 mm in diameter and 5 mm deep (sub-surface) and

170 mm deep (core), aluminium pick-up and oxide scale

were removed from the die surface by wet blasting. These 3. Numerical modelling

two thermocouples were used to control the heat treatment

cycle and, in particular during the quenching stage, since In this study, the computational fluid dynamics package

they provide information for the direction of the quenching CFX [10] (develops and licenses software for fluid flow

gas and the temperature of the die. analysis) is used to simulate the quenching process inside
The heat treatment process has been followed accord-a typical vacuum heat treatment furnace. Twenty-five thou-

ing to the published guidelines [8,9], for heat treatment of sand cells were used to describe the heating chamber where

H13 die steel, where a satisfactory microstructure (contain- large volumes of gas are directed through nozzles to im-

ing no pearlite and minimal pro-eutectoid carbides) can be pinge on the load. After the gas absorbs the heat from the

achieved by quenching H13 steel to below 7Q0in less hot load, a recirculation fan is designed to direct the gas

than 20 minutes. Further the die steel suppliers (Udder- back to the nozzle through the heat exchanger. In this pa-

holm) recommend that a satisfactory microstructure can beper our aim is to investigate the affect of various parameters

achieved when cooled through the temperature rangé®00 such as quenching pressure, gas velocity, impact angle and
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(a) horizontal
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Fig. 3. Schematic diagram showing the hot zone and gas inlet and outlet for

quenching in relation to the die configuration.
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Fig. 4. Schematic diagram showing the location of points at which
temperatures were monitored in the simulation.

load configurations on the fluid flow and heat transfer inside
the furnace as well as the temperature distribution within the
treated load. Moreover, the predicted cooling cycle is to be
validated against experimental data obtained previously [7].

4., Mathematical model of heat transfer

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

Continuity equation

ad
% L Ve(pU)=0 )
at
Momentum equation
aplU
W‘FV.(I)U@U)—V.(ILeﬁVU)
=-Vp' +Ve(ueg(VU)') + B 2)

wherep andU are mean fluid density and velocity, the
pressuret the time, B body force andu is the effective
VisScosity: e = 1 + up andur is the turbulent viscosity.
K2
=Cyup—
it up e

The energy equation is

opH a

P YV e(pUH)—VeavT)=22 ®)
at at

whereT is the temperature, is the thermal conductivity

andH is the total enthalpy.

419
Table 1
Constants used in the RNG model
Cu C1 C2 C3 o O B no
0.085 1.42 1.68 0 0.7179 0.7179 0.015 4.38

CFX-4 solves the heat conduction equation for the
temperature in the solid region as follows;
d(ps H)
at

—Ve(-VT)=0 (4)

where:H = CsT, andp;, Cy, As are density, specific heat,
and the thermal conductivity of the solid.

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

dpk
P Ve(pUk)—V e <<[l,+ ﬂ)w)
ot ok
=P+ G — pe (5)
and
ape R~y

—— +Ve(pUe)—Ve
O¢

((#52)ve)
[ 6‘2
=(C1—C1RNG)E(P+C3max(G’O))—CZP; (6)

Where k is turbulence kinetic energys is turbulence
dissipation rate ané is the shear production defined by:
P = pegVU - (VU + (VD))

2

— 3V e UerV o U+ pk) (1)
andG is production due to the body force defined by:
n
G="SL¢.vp (8)
PO p

C1, C2 and C3 are model constants anthrng IS given
_ 1 —n/ng) Py

through the equation:
A+ <ILT)

whereng andg are additional model constants, aAdis the
shear part of the production, that is the first term in Eq. (7).

0.5k

C1irRNG and

9
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Boundary and initial conditions. At the walls which occur

on the domain boundary adjacent to fluid cells the velocity,
the heat flux (adiabatic) and the flux of other transported
scalars (e.g., mass fractions, volume fractions etc.) are
considered to be zero. At the nozzle exit a constant gas
velocity (Nitrogen) is assumed, which is treated as a mass
source term with a corresponding source term in the axial
momentum equation. The gas inlet through the top twelve
nozzles is modeled with a temperature oPZ7 pressure of
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1 bar and velocity of 50 is~1. The gas is then leaves from  distribution from the surface to the core ¥+Y, Z—Y and

the domain through rectangular cross section at the bottomX—Z planes. This may be attributed to the flow behaviour

of the domain. The load is considered to be conduction around the die and the fact that the simulation of the flow is

solid with physical properties of H13 at 1030 as initial exclusively from the top of the hot zone.

temperature. Fig. 7 shows the cooling curves for four monitored points
inside the die. The monitored point TC at the centre of the
block attains 520C after 60 minutes of cooling. Point T1

5. Numerical modelling results and discussion is the next lower cooling rate, which is probably as a result
of the small pocket of gas re-circulation adjacent to the die

Figs. 5(a) and (b) show the predicted gas velocities inside Surface as shown in Fig. 5(a). Point T2 comes next where
the hot zone for the die in the horizontal configuration. The better gas flow around the surface is predicted as shown in
gas is injected directly into the hot zone at a pressure of 1 barFig. 5(b). T3 exhibits the highest cooling rate where heat
and an initial velocity of 50 ns~1. The X—Y cross-section  transfer from the surface occurs as a result of the direct
shown in Fig. 5(a) indicates that as the gas impinges on theimpingement of the cooling gas on the surface.
die, it spreads towards the side-walls of the hot zone creating  Figs. 8(a) and (b) show the gas velocities inside the hot
areas of gas recirculation close to the side surfaces of the diezone for the die in the vertical configuration. It is evident
Furthermore, the gas velocity drops sharply from 131h, that there is a smoother gas flow around the die in a vertical
nearer to the top surface of the die to about -Th nearer configuration compared to a horizontal configuration. How-
to the bottom surface of the die. The gas nozzles operating€ver, some gas recirculation also generated from the gas noz-
outside the dimensions of the die direct the gas downwards,zles extending beyond the dimensions of the die as shown in
creating a large areas of gas recirculation at the front andFig. 8(b). Fig. 9 shows the temperature contours inside the
back walls of the hot zone as shown in Fig. 5(b). Fig. 6 shows die in the vertical configuration after thirty minutes. It is no-
the temperature contours inside the die after thirty minutes. table that there is a relatively uniform temperature variation
It is evident that there are variations in the temperature between the surface and the core in all-planar cross-sections

(X-Y, Z-Y and X-Z). This is an interesting result, which

v VELmis suggests that one can achieve relatively uniform temperature
280 profiles within the die notwithstanding the fact that the sim-
13 ulation of the gas flow is from the top of the hot zone.
i
-0.2
0.0 TEMP
0.2 795.0
0.6 750.0
14 700.0
650.0
600.0
500.0
300.0
@
it o
1’ 283 Fig. 6. Temperature contours predicted inside the die in the horizontal
It

N

configuration at 30 minutes.

1100

1000

N Y= Y- PRI
2POOOSLHMLSL
rONOGHaAR®

900

TC

T
T2
W\\\\E\\\\nsﬁﬁqﬂ

(b)
Fig. 5. (a) Gas velocity contours predicted inside the hot zone in the MR NI R B ISE B R R B
horizontal configuration planar cross-secti&rY. (b) Gas velocity con- ) . _ _ o o
tours predicted inside the hot zone in the horizontal configuration planar Fig. 7. Cooling curves for the monitored points inside the die in the
cross-sectiorz—Y . horizontal configuration.

@
=
s

~
=1
5]

@
=
s

TEMPERATURE %

@
=}
o

&
=
s

W
=]
5]

s,
=
S



|. Elkatatny et al. / International Journal of Thermal Sciences 42 (2003) 417423 421

V VEL m/s 1100
-46.6
-28.3 1000
-19.0
-13.1
7.7 oo
34 £ s00
0.0 o
0.2 2 700 TC
0.6 %
21 600
% T
= 500 T2
S~
400 T3
300
200
0 1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61

TIME min

Fig. 10. Cooling curves predicted by simulation for the treated die in the
vertical configuration.
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Fig. 11. Comparison between the cooling curves predicted by simulation
for the heat treated die in vertical and horizontal configuration.

die. Similar surface temperatures were also observed for the
monitored point T3.

In an attempt to improve the gas velocity distribution
it is possible, with the type of vacuum furnace under
investigation, by oscillating the gas nozzles. In the present
study, a simulation was carried out with the gas nozzles
oscillating throught30°. The effect of such oscillation was
found to have little or no effect on the cooling rate inside
(the treated die in the vertical configuration as shown in
Fig. 12. Furthermore, the effect of converting the inlet gas
from the top to the bottom hot zone on the cooling rate of the
die in the vertical configuration was investigated. As shown

Fig. 10 shows the cooling curves for the monitored points in Fig. 13, apart from the surface facing the nozzles (T1
inside the treated die in the vertical configuration. It is and T4), similar cooling rates inside the die were predicted
evident that there is less temperature difference between(TC and T2).
the core and the surface after 60 minutes of quenching. Further, simulation was carried out to study the effect
Fig. 11 shows a comparison between the cooling cyclesof using various quenching pressures on the gas flow
for the vertical and horizontal configurations. This shows and resultant temperature distribution inside the hot zone.
that after sixty minutes of direct quenching the points T1 Similar gas flow behaviour around the treated die was
and T2 in the vertical die configuration are I’ID cooler predicted. However, by increasing the operating pressure a
than that of horizontal die configuration. This temperature significant effect on the cooling rate is predicted as shown in
difference increased to 16C toward the core of the treated  Fig. 14.

Fig. 9. Temperature contours predicted inside the treated die in the vertical
configuration after 30 minutes of quenching.
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Fig. 12. Comparison of the cooling curves predicted by simulation of the transient flows.

die in the vertical configuration under static and oscillating gas nozzles for
two monitored points TC and T3.
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Fig. 14. Cooling curves predicted by simulation of the die in vertical
configuration and under different quenching pressures.

Athree-dimensional computational model was developed
to simulate marquenching of the die as operated in the plant
[7]. For this process a 60 1! a gas velocity at quenching
pressure of 4 bar were used as inlet condition. It should be

also noted that the total time taken to generate the transient
Marquenching consists of quenching of the die in hot bath solution was approximately four weeks compared to four

and holding it in the quenching medium under isothermal days required for the steady state solutions. In order to
condition at 370C until the temperature of the work piece reduce the computational time, the numerical simulation was
is essentially uniform. This is done only to minimise the carried out under steady state conditions where the effect of
distortion, which occurs from unequal transformation rates the transient flow on the cooling rate for the first 3 minutes

normally found in conventional quenching. is minimum as shown in Fig. 15. Based on the gas velocity

6. Numerical smulation and validation of
mar quenching
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distributions predicted, a transient study was carried out die. Finally, a reasonably close agreement was obtained for
to calculate the temperature distribution inside the die at cooling curves determined experimentally for marquenching
different stages of the quenching process. with those predicted by numerical simulation.

Fig. 16 shows the comparison between the numerical and
experimental data. It can be seen that during the first stage
of quenching, the surface temperature records 1.3 minute
to quench to 700C and 3 minutes to quench to 5%0.
The core reached 70C in 24 minutes and 55C in 43
minutes. The isothermal hold was set at 3ZOwith the
guench pressure reduced to 2 bar close to the isothermal hol
set point. The second stage of quenching starts when the core
temperature is within 58C of the die surface temperature.

As shown in the first stage of quenching for surface and
core temperatures, a very close agreement is evident betweeRefer ences
the numerical simulation and the experimental data. For the
second stage of quenching, both the numerical simulation [1] J. Rodic, A. Rodic, Computer aided heat treatment and predicting of
and the experimental data are in reasonable agreement __ Properties, industrial Heating 10 (1983) 36-38.

. . . [2] A. Kay, Multiflow pressure quenching in vacuum furnaces, Vac-

only _for the surface t_emperature. The numerical simulation uum 42 (17) (1991) 1103-1107.
predicts a faster cooling rate for the core when compared to [3] R. Arola, H. Martikeinen, J. Virta, Computer aided simulation of the
the experimental data. Currently, studies are being carried  temperature and distortion of components during heating up in heat
out to simulate the marquenching process based on the  treatment furnaces, Materials Science Forum 102-104 (1992) 783-

transient flow behaviour (developed inside the hot zone) with 790 _ _ _
he nozzles oscillating durina auenching. [4] AK Singh, D. Mazumdar, Mathematical modeling of thermal fields
the 9 gq 9 during heat treatment of steel, Steel Research 63 (5) (1992) 194-200.
[5] A. Mochida, K. Kudo, Y. Mizutani, M. Hattori, Y. Nakamura,
Transient heat transfer analysis in vacuum furnaces heated by radiant
7. Conclusion tube burners, Energy Conversion and Management 38 (10-13) (1997)
1169-1176.

Th tati | fluid d . K | [6] J.H. Canybear, Vacuum hardening of H13 die steels: Experience
€ computalional Tul ynamics package namely with convective assisted heating and isothermal holding in regard

CFX-4 can give important insights to the gas flow inside to distortion and metallurgical properties, Industrial Heating 60 (8)

the hot zone and temperature profiles generated in large dies  (1993) 45-48.

during quenching. It was found that transient flow simulation  [7] I. Katatny, P. Jacques, A.S. Blicblau, E.D. Doyle, Y. Morsi, Perfor-

results fit well with both experimental and simulation results ~ Mance and computer simulation of large H13 dies in vacuum heat
. . . . treatment, in: Proceedings 17th Heat Treating Society Conference, In-

carried ouF fo.r steady state flow. This numerical modelling dianapolis, ASM International, Materials Park, OH, 1997.

approach indicates that the steady state flow model can be [g] H.p. Nicholas, Standardising H13 die casting heat treatment, in:

used in place of the transient flow model. Steady state simu-  H. Berns, et al. (Eds.), New Materials Processes Experiences for Tool-

lation is an effective and efficient way to achieve satisfactory ing Materials, Proceedings of the International European Conference

data as well as to reduce computation time and save comput- on Tooling Materials, Interlaken, 7-9 September 1992, Andelgingen,

. . . . Mat. Search, 1992, pp. 450-457.
ing resources. For the large die block modelled in this study, [9] North American Die Casting Association, NADCA recommended

oscillating the gas nozzles or alternating the gas quenching ~ ~ procedures for H-13 tool steel, NADCA, Rosemont lllinois, 1997,
from the top and bottom of the hot zone was found to have 32p.

surprisingly little influence on thermal gradients within the [10] CFX-4, AEA Technology, plc, Oxfordshire, United Kingdom, 2000.
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