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CFD in design of gas quenching furnaces.

Olivier Macchion
Faxénlaboratoriet
Department of Mechanics, Royal Institute of Technology
SE-100 44 Stockholm, Sweden.

Abstract
This thesis focus on the numerical study of gas quenching within industrial fur-
naces. Gas quenching is the rapid cooling of metal pieces, aiming at performing
a transformation of the metal structure to improve its mechanical properties.
In the present study, several aspects of the factors influencing the performance
of a gas quenching furnace have been studied. A first study focused on the
flow and heat transfer fields both in an empty furnace and in a furnace loaded
with different charges. The objective was to study the influence of the charge
configuration on the flow and heat transfer uniformity. This study led to the
identification of several possible improvements, and these improvements are
currently being implemented by the industrial partners of this project. As ear-
lier studies had shown the importance of flow uniformity on the quality of the
heat treatment, a second work focused solely on the flow uniformity upstream
of the quenching zone. This led to the writing of design recommendations for
this particular type of furnace. Investigations of the dependence of the perfor-
mance of the coolant on gas composition were performed. Improved knowledge
of the effect of gas mixture composition on heat transfer was added to the body
of knowledge already available. Further studies of the factors suspected to be of
influence have been performed, leading to the identification of several avenues
for future research.

Descriptors: Gas quenching, modeling, CFD, gas mixtures, uniformity.
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Preface

This thesis treats hydrodynamics and heat transfer within gas quenching fur-
naces, both from an economical point of view through the estimation of the
pressure drop occurring during such processes, and from a quality point of
view through the estimation of the heat treatment uniformity. The research
was conducted within the framework of Faxénlaboratoriet, a centre of excel-
lence located at the Royal Institute of Technology in Stockholm, Sweden. The
thesis is divided in two main sections. In the first of these, an introduction is
given to the science of metal hardening, called quenching. A summary of the
research conducted by the thesis author and his co-workers is also given, with
the objective to clarify its context. The second part consists of the appended
scientific papers. When necessary, these have been reset in the format of this
thesis.

Stockholm, June 2005.
Olivier Macchion
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Paper 1. Macchion, O. and Zahrai, S. and Bouwman, J. 2004 ‘On hydrody-
namics within gas quenching furnace’
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distribution for designing some gas quench chamber and furnace ducts’
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CHAPTER 1

Introduction

This thesis is concerned with flow and heat transfer modeling for the hardening
of metal pieces by gases. To set the stage for the presentation of the work that
has been undertaken, I therefore think it is appropriate to dedicate the first
chapter of this thesis to an introduction to the science of phase transformation
within metals. As will become evident, the cooling process is given a more
lengthy presentation, since it has been the main focus area of the conducted
research.

1.1. Heat treatment of steels

Most carbon, low-alloy, high-alloy steel and ceramic parts produced today are
heat treated, both to enhance particular properties, such as hardness, tough-
ness, and corrosion resistance, and to improve uniformity properties. The treat-
ment depends on both the type of alloy and the intended service consitions. In
general heat treatment is an operation involving heating to an elevated temper-
ature followed by controlled cooling to obtain particular microstructures and
combinations of properties. The utility of steel lies largely in the relative ease
with which properties can be altered by controlling the way parts are heated
and then cooled. The changes in properties occur principally because different
microstructural constituents are achieved with different cooling rates. A good
description of the operations performed during heat treating of steel is available
in Totten et al. (1993).

1.1.1. Heating temperatures and phase transformation

Most carbon and low-alloy steels contain less than 0.83 % C. As a consequence
the microstructure is a two-phase mixture consisting of α iron, also called
ferrite, and perlite. Ferrite is a body-centered cubic (bcc) phase, and perlite is
a mixture of ferrite and cementite, Fe3C, existing as alternating lamellae. If
such a steel is heated to a moderate temperature of about 425 to 650 oC (800
to 1200oF), internal stresses may be relieved without substantially altering the
microstructure or physical properties.

The iron-carbon phase diagram is shown in figure 1.1. The iron-carbon
diagram is a map that depicts the phases present as a function of carbon
concentration and temperature. At carbon concentrations below about 0.83
% and temperatures below the eutectoid value of 720 oC (1330oF), the stable
phases are ferrite and perlite. At carbon concentrations above about 0.83

1
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2 1. INTRODUCTION

Figure 1.1. Iron-carbon phase diagram

% and below 2 %, the stable phases below 720oC (1330oF) are perlite and
cementite. At carbon concentrations above 2 %, the metal is called cast-iron,
and its structure and phases change.

If a steel containing less than the eutectoid carbon concentration is heated
to a temperature just above the eutectoid temperature, perlite decomposes to
produce face-centered cubic austenite, called γ iron, resulting in a mixture of
ferrite and austenite phases. If heating is continued to higher temperatures, the
ferrite progressively decomposes to form more austenite. At a sufficiently high
temperature, the ferrite and any carbides present are completely decomposed
to produce a homogeneous austenitic microstructure. This heating process is
called solution heating or austenitizing. The upper critical temperature for a
steel containing less than 0.83 % C is represented by the line G-S on figure 1.1.

Heating a carbon steel containing more than about 0.83 % C to a temper-
ature above the eutectoid value again results in decomposition of the perlite
to form austenite and produces a structure containing both austenite and ce-
mentite. At higher temperatures, the cementite is progressively decomposed
until, at a sufficiently high temperature, the structure consists of homogeneous
austenite. The upper critical temperature for a steel containing more than 0.83
% C is represented by the line S-E in figure 1.1. The lower critical temper-
ature for both hypoeutectoid and hypereutectoid steels is represented by the
line P-S-K.
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1.1. HEAT TREATMENT OF STEELS 3

Figure 1.2. Microscopic structure called austenite magni-
fied 500 times.

Induction heating and radiation heating are two of the most used heating
methods. Induction heating is the process of heating a metal object by placing
a wound coil carrying high alternating current at close proximity to the object
to be heated. This technology is being adopted into the domestic kitchen
heating in the form of the induction cooker. This process can also be used
for eliminating unwanted oxygen gas in vacuum tubes and for high volume
industrial welding.

Radiation heating consists in using the propagation of heat through in-
frared waves to heat up the metal pieces from within the quenching chamber.
Other methods include flame heating, laser beam heating, and electron beam
heating.

1.1.2. Cooling rate and phase transformations

If a solution-treated steel, also called austenitized steel, containing less than
about 0.83 % C is slowly cooled from the austenite temperature region, the first
phase to precipate from the austenite is ferrite. This transformation results in a
change in the atomic arrangement from the fcc austenite to bcc ferrite. Because
ferrite can dissolve only a small amount of carbon, the concentration of carbon
in austenite increases during cooling, until at the eutectoid temperature of
about of about 720 oC (1330oF), the remaining austenite transforms to perlite.
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4 1. INTRODUCTION

Figure 1.3. Microscopic structure called martensite magni-
fied 2500 times.

Slow cooling a hypereutectoid steel containing more than 0.83 % C is sim-
ilar to cooling a lower-carbon steel, except that the first constituent to precip-
itate from austenite is cementite. Cementite usually forms at austenite grain
boundaries and forms a network structure that can be observed in the steel at
room temperature after the transformation is complete. At exactly the eutec-
toid composition, austenite decomposes into pearlite without the formation of
either primary ferrite or primary cementite.

Because both ferrite and perlite formation requires some diffusion of car-
bon, higher cooling rates reduce the thickness of the ferrite and cementite
phases in perlite. In general, higher cooling rates produce thinner lamellae,
which in turn produce a progressive increase in hardness and strength.

At even higher cooling rates, it is possible to avoid the transformation
of austenite to ferrite and perlite in many carbon and low-alloy steels. The
transformation of austenite at temperatures below 540 oC (1000oF), but above
about 200oC (400oF), produces a structure composed of ferrite and cementite,
but the phases are not arranged in a lamellar form. Instead the ferrite and
cementitehave a feathery or acicular appearance, and neither constituent can
be clearly resolved with an optical microscope. These structures are known as
bainite.

Transformation of austenite at even lower temperatures, below about 200oC
(400oF), produces a body-centered tetragonal (bct) structure called marten-
site, which is found in fully hardened steels. Microstruturally, martensite has
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1.2. QUENCHING 5

a needlelike appearance, as illustrated in figure 1.3. The formation of marten-
site necessitates severe quench, and suppresses the formation of ferrite, perlite,
and bainite. Because martensite occupies a greater volume than austenite,
steel expands when martensite forms and results in dimensional changes that
may cause distortion. In severe situations, distortion may cause parts to crack
during quenching.

1.2. Quenching

The most common method of hardening steel involves continuously cooling
from the solution treating (austenitizing) temperature in a liquid that rapidly
extracts heat. The rate of cooling in the part depends on the heat removal char-
acteristics of the cooling medium, the thermal characteristics of the alloy, and
the section thickness of the part. At a sufficiently high rate of cooling, trans-
formation does not occur until the MS temperature is reached and martensite
formation begins 1. Such cooling conditions will produce a fully hardened steel,
and is called the critical cooling rate. A cooling rate slower than the critical
value will allow formation of some bainite or perlite and thus will not produce
full hardening.

Air cooling, gas quenching, oil quenching, water quenching, and spray
quenching are different means of obtaining cooling rates of different magni-
tude. It is generally admitted, as expressed by de Oliveira et al. (2002), that
oil quenching and water quenching lead to the development of high residual
stresses in the component. These in turn can cause distortion during the final
machining operations or after the quenched part is put into service. As an
alternative, if the part are sufficiently thin, forced convective gas cooling can
be used to provide an appropriate cooling rate. For thicker parts, pressurized
gas quenching is a solution of choice.

Figure 1.4 show some metal parts that have first been carburized, and then
gas quenched. Use of gas as quenching medium has been suggested, investigated
and used during the past years. Gas quenching has a number of advantages
in comparison with conventional methods. The elimination of quenching oils
makes gas quenching an environmentally friendly process with no emissions to
air and water and, in addition, without any need for post-washing or systems for
oil disposal. Eliminating oil and salt baths also improves the working conditions
with regard to safety, since it eliminates fire hazards and toxic gases. Compared
to oil quenching, the controlled cooling rate for a gas quenching system improves
the product quality with better controlled and reduced distortions, see e.g.
Troell & Segerberg (1995). This all leads to better process economics, since
the cost of washing is eliminated, the amount of grinding is reduced and the
associated costs for handling waste are decreased.

Gas quenching furnaces can be grouped into two main types: single cham-
ber vacuum furnaces and double chamber vacuum furnaces. In the former one
the charge is heated and cooled in the same chamber, while in the latter one

1The MS temperature is defined as the temperature where martensite formation begins.
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6 1. INTRODUCTION

(a) Automotive ring gears vacuum
carburized at 1230 K in 114 min

cycle with 15 bar nitrogen quench

(b) Helical shafts carburized at
1230 K in 114 min cycle with 8 bar

nitrogen quench

(c) Helical gears carburized at 1230
K in 114 min cycle with 12 bar ni-

trogen quench

(d) Vacuum carburized ring gears

Figure 1.4. Examples of carburized and gas quenched metal pieces.

the charge is heated in the first chamber, and cooled in the second, thus provid-
ing potentially higher cooling rates. The gas quenching furnace uses usually a
closed loop system where a fan pumps the gas through the quenching chamber
where the hot parts to quench are placed. The gas flows after the quenching
chamber through a water-cooled heat exchanger, and back to the fan inlet. An
example of single chamber vacuum furnace is the VUTK furnace discribed in
Bless & Edenhofer (1997), a schematic skiss of which is presented in figure 2.6.

Usually, a large number of metal parts are simultaneously cooled in a gas
quenching furnace. To achieve a high quality of the quenched products, the
heat removal must be uniform both accross the whole charge and around each
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1.2. QUENCHING 7

part. These two issues must be considered in both design of the furnace and
the arrangement of the parts relative to each other in the charge basket.

Thuvander et al Thuvander et al. (1998) studied the gas quenching process
and showed how flow homogeneity influences the uniformity of the mechanical
properties, in particular the hardness, of gas-quenched metal parts. Two main
factors can contribute to the lack of flow uniformity in a gas quenching fur-
nace. Firstly, the design of the furnace must insure a uniform distribution of
flow around the charge. The design of the furnace usually reflects consideration
of a large number of factors such as cost, weight and size. Strong optimization
with respect to other factors can sometimes result in complex flow paths giving
rise to strong variations in the gas velocity. Secondly, as most bodies to quench
are bluff bodies, occurance of flow separations results in local varition of heat
transfer properties. See e.g. Igarashi (1981), Roshko (1955), Roshko (1993),
and Koenig & Roshko (1985).

The aim of this thesis is to present a review of the phenomena taking place
within a gas quenching chamber, from a fluid dynamics and heat transfer per-
spective. For a start one considers the hydrodynamics and heat transfer within
a gas quenching chamber, with a focus on the emergence of non uniformities
both within the flow and heat transfer fields. Then the focus is put on how gas
mixtures may affect the global performance of a gas quenching furnace, both
in terms of mean and uniform heat transfer.

In the present chapter, chapter 1, the process of gas quenching has been
introduced. In chapter 2 the fundamentals of the gas quenching process and of
the design of a gas quenching chamber are presented. Chapter 3 presents the
mathematical models that underlines the study of such flows numerically. In
chapter 4, a summary of papers 1 to 8 is performed, with a focus on the flow and
heat transfer around bluff bodies, the flow and heat transfer in a gas quenching
chamber, and the influence of the design of the entrance to the furnace on the
flow homogeneity at its exit plane. Finally, chapter 5 summarizes the studies
that were performed in the course of this thesis, and gives a perspective on
future research on the topic of gas quenching. Aspects of the applicability
of the work performed here to the more general industry of gas cooling are
considered.
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CHAPTER 2

Quenching chamber and performance parameters

2.1. Gas quenching furnaces

The metal pieces to quench are characterized by a large diversity of shapes and
dimensions. As it can be seen on figures 2.1(a), 2.1(b), 2.1(c), and 2.1(d), the
dimensions and number of pieces to quench can vary a lot, going from a few
centimeters to the order of the meter. Quenching furnace manufacturers solve
this problem by making available different furnace architectures specifically
manufactured for a kind of metal pieces, and for different cooling rates. To
help the reader in following the discussion presented in this work, a few terms
proper to quenching manufacturer jargon are defined. The term single-chamber
furnace refers to furnaces where the heating to solution-treating temperature
and quenching occur in the same chamber. The term two-chambers furnaces
refers to furnaces where heating and quenching take place in two adjoining
chambers, as in the VAK furnace presented in figure 2.2.

On figure 2.3, two examples of furnace construction are presented. The
furnaces presented in figure 2.3 have the specific features of all single-chamber
quenching furnaces, and which are (1) a fan, (2) a heat exchanger, (3) an inner
chamber. The heating and quenching processes take place in the inner chamber,
where heating resistances will provide the electromagnetic energy necessary to
the heating process. The differences between the two architectures presented
in figure 2.3 lie in the cooling apparatus. In the VUTK furnace presented in
figure 2.3(a), the cooling is performed by a column of high velocity flow driven
from the top to the bottom of the quenching chamber by the fan. In the VRK
furnace presented in figure 2.3(b), the cooling is performed by a series of nozzles
placed on the periphery of the quenching chamber, also called heating zone.

The different types of furnaces are manufactured for specific needs and
piece shapes. For instance the VUTK furnace, presented in schematic form
on figure 2.3(a), is specifically well suited for long pieces like the cylinders
presented in figure 2.4. While the furnace of the type presented in figure 2.5
are specially well suited for quenching of large metal pieces, as the flow comes
from different directions through directing nozzles.

In this work, the focus was set on the VUTK furnace. The VUTK furnace
is a single chamber furnace, which is a concept that IPSEN International GmbH
has found to be of great interest as it involves reduced size and weight compared
to the other types of furnaces presented earlier. At the same time it presents a

8
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2.1. GAS QUENCHING FURNACES 9

(a) Bearings. (b) Casseroles.

(c) Chains (d) Large object.

Figure 2.1. Charges of different dimensions and shapes.

Figure 2.2. Two-chamber VAK furnace.
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10 2. QUENCHING CHAMBER AND PERFORMANCE PARAMETERS

(a) VUTK furnace. (b) VRK furnace, based on the use
of multi-directional nozzles.

Figure 2.3. Charges of different dimensions and shapes.

Figure 2.4. Cylinders.

challenge due to the numerous constraints that its design must satisfy. In the
following section the purpose and constraints set on the design of the VUTK
furnace are presented.

2.2. Architecture of the VUTK furnace

In this section we focus on the architecture of the VUTK furnace as presented
by Bless & Edenhofer (1997). This furnace is found to be representative of a
type of furnaces that have been recognized as particularly interesting from a
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2.2. ARCHITECTURE OF THE VUTK FURNACE 11

Figure 2.5. Relative dimensions of the charge and the furnace.

commercial point of view, namely single chamber furnaces, even if double cham-
ber furnaces have been shown to lead to better quenching behavior. Figure 2.6
presents the flow path from the fan exit to the fan inlet, i.e. the physical domain
considered in this thesis. The gas flowing out from the chamber is cooled off
by an external heat exchanger and is pumped back into the external chamber
by a fan. This external chamber separates the pressurized fluid from the outer
atmosphere. The quenching chamber, i.e. the chamber where the quenching
process takes place, has a parallelepipedic shape with two rectangular open-
ings opposing each other. The one through which the gas enters the chamber
is usually called the entrance box and the other is called the exit trap.

The advantages of quenching in furnaces like the VUTK furnace are two-
fold: (1) a single batch can contain many elements, (2) the architecture is
favorable to the execution of pre-treatments like carburizing, followed by gas
quenching.

The heat treatment process as performed today consists in the following
stages:

1. The load is placed within the chamber, and both entrance and exit traps
are closed.

2. The air is pumped out and vacuum is provided.
3. Heating by radiation is performed until the solution treating tempera-

ture is reached.
4. The entrance box containing the tube bundle aiming at straightening

the flow is lowered over the entrance trap, and at the same time the fan
is put into rotation.

5. The coolant fills the furnace. This operation takes only a few seconds.
6. The coolant flows from the entrance box through the charge and exits

through the exit trap for 20 seconds.
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12 2. QUENCHING CHAMBER AND PERFORMANCE PARAMETERS

Figure 2.6. Quenching chamber and its surroundings - the
gas coming from the fan enters the furnace through a circular
vent, moves through the whole external chamber, goes through
the entrance box, goes through the charge, and finally exists
through the exit trap to get back to the fan.

7. After 20 seconds, the tube bundle is retracted, the entrance is connected
to the inlet to the fan and thus becomes the exit trap, while the former
exit trap becomes the entrance trap for this cycle as the opposite tube
bundle is lowered.

8. This alternating cycle is repeated for five to ten minutes, depending on
the type of steel and load.

In the following the flow and heat transfer in the VUTK furnace architec-
ture that was presented here are studied.

2.3. Heat transfer modes in a gas quenching furnace

Practitioners of the thermal arts and sciences generally deal with four basic
thermal transport modes: conduction, convection, and radiation. The process
by which heat diffuses through a solid or a stationary fluid is termed heat
conduction. Situations in which heat transfer from a wetted surface is as-
sisted by the motion of the fluid give rise to heat convection. The exchange
of heat between surfaces, or between a surface and a surrounding fluid, by
long-wavelength electromagnetic radiation is termed thermal heat radiation.

In a gas quenching furnace, the application of interest in this thesis, the
domain of temperatures is such that heat transfer by radiation is of importance
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2.3. HEAT TRANSFER MODES IN A GAS QUENCHING FURNACE 13

only in an early stage of the quenching process. Only heat transfer by conduc-
tion within the metal and by convection between the metal to be quenched and
the quenching fluid is of interest in the present study.

Thermal conduction within a solid body to quench is governed by Fourier’s
law of conduction,

q = −k∇T, (2.1)
where q is the heat flux, expressed in W·m−2, k is the thermal conductivity of
the material, and T is the temperature, expressed in Kelvins, K.

Convective thermal transport from a surface to a fluid in motion can be
related to the heat transfer coefficient h, the surface-to-fluid temperature dif-
ference, and the wetted surface area S in the form

q = hS(Ts − Tf ). (2.2)

The differences between convection to a rapidly moving fluid, a slowly
flowing fluid, or a stagnant fluid, as well as variations in the convective heat
transfer rate among various fluids, are reflected in the values of h. For a
particular geometry and flow regime, h may be found from available empirical
correlations, theoretical relations, or, as it has been done in this study, by
solution of the equations of motion and energy presented in chapter 3.

Common dimensionless quantities that are used in the correlation of heat
transfer data are the Nusselt number Nu, which relates the convective heat
transfer coefficient to the conduction in the fluid:

Nu ≡ h

k/L
=
hL

k
(2.3)

The Prandtl number Pr, which is a fluid property parameter:

Pr ≡ Cpµ

k
=
ν

α
(2.4)

and the Reynolds number Re, which relates the momentum in the flow to the
viscous dissipation:

Re ≡ ρUbL

µ
(2.5)

All thermal properties in the foregoing dimensionless groups apply to the fluid
at its bulk temperature. The quantity L is a characteristic dimension of the
system under consideration, and Ub is the bulk velocity of the fluid in motion.

Other numbers, like the Grashof number Gr, which accounts for the buoy-
ancy effect:

Gr ≡ ρ2βgL3∆T
µ2

(2.6)

have been introduced to characterize systems where no fan is forcing the flow.
In gas quenching furnaces, flow velocities are within the range 15-30 m·s−1,
which lead to Reynolds numbers of the order Re = 106 for air and at high
pressure, P = 10 bar for instance. This means that the buoyancy effects can
be safely neglected. This affirmation can be shortly demonstrated by taking
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the ratio of the buoyancy and inertia forces, which are of equal magnitude in
the case of a vertical wall if

− (ρ0 − ρ∞) g
ρ∞U2

∞/L
∼ 1. (2.7)

In terms of Grashof and Reynolds number, this translates into
Gr

Re2
∼ 1 (2.8)

Therefore, if Gr/Re2 � 1, then the buoyancy forces will be much smaller than
the inertia forces. The flow will be determined by the inertia and friction forces.
In the case of free convection, Gr/Re2 � 1, and the buoyancy forces are much
larger than the inertia forces. The flow is determined by the buoyancy and
friction forces. In gas quenching furnaces, the typical Reynolds number is Re
= 106, while the Grashof number is of order unity.

Laminar flows are structured, ordered flows, where the direction of motion
at any point remains constant as if the fluid were moving in a series of layers
sliding over one another without mixing. Beyond a critical Reynolds number,
usually of order 103, the flow begins to lose its organized structure and becomes
turbulent. The structure of a turbulent flow, its behavior, and its effects on
heat and mass transfer change drastically when compared to a laminar flow in
the same geometrical set-up. As written earlier, the typical Reynolds number
in a gas quenching furnace is Re = 106.

According to Tennekes & Lumley (1972) , the main features of turbulence
are

1. Randomness of the turbulent fluctuations.
2. Diffusivity that causes mixing and improves the momentum, mass and

heat exchange.
3. The large Reynolds number range where such turbulence occurs.
4. The three dimensional characteristic of the fluctuations with transfer of

turbulence between the directions.
5. The dissipation which occurs at the end of the turbulent cascade and

which smoothes the fluctuations under the turbulent ultimate length
scale.

6. The continuum characteristics of this ultimate length scale is higher
than a molecular mean free path and allows a treatment through the
general continuum mechanics equations.

7. Turbulence is induced by the flow configurations and not by by a physi-
cal property of the fluid. This feature should be kept in mind as it gives
rise to the underlying hypothesis of the different turbulence models.

One of the main features pointed out by Tennekes & Lumley (1972) is the
fact that turbulence should improve the heat exchange between the fluid used as
quenchant and the metal pieces to quench. Numerous experimental evidence
of such phenomenon has been given. Some good references are the works
performed by Hunt (1973) , Arts et al. (1990), Hancock & Bradshaw (1983),
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2.5. HEAT TRANSFER UNIFORMITY 15

Van Fossen & Ching (1994), Van Fossen & Simoneau (1994), Van Fossen et al.
(1995), and Butler et al. (2001). The studies reviewed evidenced the influence
of turbulence on heat transfer and the influence that surfaces and strain fields
have on turbulence.

2.4. Convective heat transfer and fluid properties

Table 2.1. Mean heat transfer coefficient at 10 bar, 15 m·s−1,
cross-flow of cylinders with diameter 28 mm.

Properties Argon Nitrogen Helium Hydrogen
ρ 1.669 1.170 0.167 0.084
Cp 523 1040 5190 14300
k 0.0173 0.0255 0.1536 0.1750
µ 23·10−6 18·10−6 20·10−6 9·10−6

Re
h 360 500 775 950

Table 2.1 presents the heat transfer coefficients calculated using the relation
presented by Zukauskas (1987), for tube bundles in cross-flow. ρ is the density,
kg·m−3, Cp the specific heat capacity, J·kg−1·K−1, k the thermal conductivity,
W·m−1·K−1, µ the dynamic viscosity, N·s·m−2, and h, W·m−2·K−1, the heat
transfer coefficient, as said earlier in this chapter. From this table, it is obvious
that the choice of the gas has a strong influence on the performance of the
quenching process. Studies of this dependence are presented in chapter 4 and
in the work by Macchion et al. (2004b) (Paper 5).

2.5. Heat transfer uniformity

Thuvander et al. (1998) studied the gas quenching process and showed how
flow homogeneity influences the uniformity of the mechanical properties, in
particular the hardness, of gas-quenched metal parts. Most of this work has
focused on determining how the quenching chamber geometry and fluid prop-
erties affect the heat transfer uniformity over the bodies to quench, and the
flow uniformity around them.

Different criteria have been developed in the literature and considered in
this work to evaluate the uniformity of a flow. Lefantzi & Knight (2002) studied
the flows in subsonic S-shaped diffusers. The measure of merit that they used
in their study is the so-called total pressure distortion index described over the
two-dimensional circular domain at the exit of the diffuser. This total pressure
distortion index can be thought of as the maximum total pressure difference
over the cross-section of interest. Anon (1978a,b) developed a criterion based
on three quantities giving the intensity, extent, and multiple-per-rev values of
the distortion. The intensity describes the magnitude of the distortion. The
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extent describes the area covered by a low-pressure region, and the multiple-
per-rev value describes the number of low-pressure regions there are in one
360-deg revolution.

These criteria were found to give a very good overview of the flow unifor-
mity, but were difficult to implement over complex geometries. Measures of
uniformity like the standard deviation, presented in equation (2.9), constitute
a sufficiently good judge of the uniformity of a flow field.

N =
1

uavg

√
1
S

∫
S

(u− uavg)
2
dS, (2.9)

The uniformity of a heat transfer field is difficult to estimate without per-
forming a calculation of the residual stresses inside the metal that is to be
quenched. However, Thuvander et al. (1998) established that a uniform flow
will result in lower residual stresses, and as such it was decided to focus the
work on finding out which parameters would influence in a beneficial way flow
uniformity.
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CHAPTER 3

Mathematical modeling of flow and heat transfer

In this thesis the turbulent flow of a viscous, incompressible fluid is considered.
The hydrodynamics of the flow field is described by the Navier-Stokes equations

ρ

(
∂ũi

∂t
+ ũj

∂ũi

∂xj

)
= − ∂p̃

∂xi
+ µ∇2ũi, (3.1)

and the continuity equation
∂ũi

∂xi
= 0, (3.2)

where ρ is the density of the fluid, µ is the kinematic viscosity of the fluid, and
xi is the spatial coordinate. Note that the Einstein notation is applied in all
equations.

The thermal field is described by the energy equation

ρCp

(
∂T

∂t
+ ũi

∂T

∂xi

)
=

∂

∂xi

(
k
∂T

∂xi

)
. (3.3)

where T is the temperature of the fluid, and k is the thermal conductivity of
the fluid.

Velocity, pressure, and temperature are decomposed into mean and fluctu-
ating parts as

φ̃ = Φ + φ, (3.4)

where Φ denotes the mean value of the flow or temperature variable. For
general turbulent flows that are neither statistically steady not homogeneous,
the mean value of any variable φ is taken to be the ensemble average

φ = φ
(E)

(x) = lim
N→∞

1
N

N∑
k=1

φ(x, t)(k), (3.5)

where the average is taken over N repeated experiments. The mean value of
a statistically steady turbulent variable φ can simply be taken to be the time
average

φ = φ
(T )

(x) = lim
T→∞

1
2T

∫ T

−T

φ(x, t)dt, (3.6)

whereas for spatially homogeneous turbulence, a volume average can be used,

φ = φ
(V )

(x) = lim
V→∞

1
V

∫
V

φ(x, t)d3x. (3.7)

17
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18 3. MATHEMATICAL MODELING OF FLOW AND HEAT TRANSFER

The ergodic hypothesis is assumed to apply, namely, that in a statistically
steady turbulent flow, it is assumed that

φ
(T )

= φ
(E)
, (3.8)

and in a homogeneous turbulent flow is is assumed that

φ
(V )

= φ
(E)
. (3.9)

The Reynolds-averaged Navier-Stokes equations, which physically corre-
sponds to the conservation of mean momentum, takes the form

ρUj
∂Ui

∂xj
= − ∂P

∂xi
+ µ∇2Ui − ρ

∂uiuj

∂xj
, (3.10)

where uiuj is the Reynolds-stress tensor. Equation 3.10 is obtained by sub-
stituting the decomposition 3.4 into the Navier-Stokes equations 3.1 and then
taking an ensemble average. The mean continuity equation is given by

∂Ui

∂xi
= 0, (3.11)

and is obtained by taking the ensemble average of equation 3.2.
The steady energy equation is given by

Cp
∂

∂xi
ρUiT =

∂

∂xi

(
k
∂T

∂xi
− CpρuiT

)
. (3.12)

Methods of determination of the dynamic viscosity and thermal conduc-
tivity of pure gases and mixtures of pure gases are presented in section 3.1.

Equations (3.10), (3.11), and (3.12) do not represent a closed system for
the determination of the mean velocity Ui, the mean pressure P , and the mean
temperature T , since there are six additional unknowns contained within the
Reynolds stress tensor which has its origin in the non-linear, advective term of
the Navier-Stokes equations. In section 3.2 several models for the Reynolds-
stress are presented, and their use is discussed in relation to the present work.

3.1. Gas properties

3.1.1. Pure gases

In the present work the calculation of the viscosity of a pure gas is obtained
with the following equation

µi =
[
26.693 · 10−5 (MT )1/2

]
/
(
σ2Ω

)
, (3.13)

where µi is the viscosity of the pure gas i, in kg · m−1 · s−1, M is the molec-
ular weight of the gas (in g/mol), T is the absolut temperature (in K), σ is
the Lennard-Jones collision diameter (in Å), and Ω is the intermolecular force
parameter or collision integral which is a function of the dimensionaless tem-
perature factor kT/ε, where k is Boltzmann’s constant, and ε is the minimum
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3.1. GAS PROPERTIES 19

of the potential energy of interaction between two like molecules as they ap-
proach each other. The theoretical background and experimental validation of
this formula can be found in the book by Bird et al. (2002).

A simple semiempirical method of accounting for the energy exchange in
polyatomic gases was developed by Eucken, and is presented in the book by
Reid et al. (1987). Eucken’s equation for thermal conductivity of a polyatomic
gas at low density reads

ki =
(
Cp +

5
4
R

M

)
µ (3.14)

where ki is the thermal conductivity of the pure gas i, in W · m−1 · K−1. µ
is the viscosity defined by equation (3.13). This Eucken formula includes the
monatomic expression k = 15Rµ/4M as a special case, because Cp = 5R/2M
for monatomic gases.

3.1.2. Mixtures of pure gases

The calculation of the transport properties of gas mixtures is a complex subject.
Thorough reviews on the subject can be found in publications by Copeland
(2003) and Monnery et al. (1995).

The viscosity of a gas mixture is calculated by the semi-empirical formula,
equation (3.15), proposed by Wilke (1950).

µ =
n∑

i=1

xiµi/

 n∑
j=1

(xjΦij)

 , (3.15)

while the thermal conductivity of a gas mixture is given by the formula, see
Mason & Saxena (1958),

k =
n∑

i=1

xiki/

 n∑
j=1

(xjΦij)

 , (3.16)

In the two formulae 3.15 and 3.16 the dimensionless quantities Φij are:

Φij =
1
8

(
1 +

Mi

Mj

)−1/2
[
1 +

(
µi

µj

)1/2(
Mj

Mi

)1/4
]2

, (3.17)

where xi is the mole fraction of the component i, µi is the viscosity of the pure
component i at the system temperature and pressure. The Φij are functions
related to the molecular weights and viscosities of each pure component in the
mixture. The previous set of formulae is valid only for non polar gases. For the
calculation of the transport properties of polar gases please refer to the work
by Copeland (2003).

In this thesis, mixtures of only hydrogen and nitrogen were considered. Fol-
lowing of Faura et al. (1998), the thermal capacity Cp of mixtures of hydrogen
and nitrogen is calculated from the relation

Cp = XH2 × CpH2
+ (1−XH2)× CpN2

, (3.18)
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where CpH2
is the thermal capacity of pure hydrogen, while CpN2

is the thermal
capacity of pure nitrogen.

3.2. Turbulence modeling

In this thesis, two kinds of turbulence models were used. These two models are
presented and discussed in detail in the following sections.

3.2.1. Shear-Stress Transport model

The Reynolds stress, −uiuj , is modelled using the Shear Stress Transport (SST)
model proposed by Menter (1993). In this model, additional transport equa-
tions are solved for the turbulent kinetic energy, k, and the turbulence fre-
quency, ω.

The SST model is a further advancement of the baseline (BSL) k-ω model
by Menter (1993). The BSL model is identical to the k-ω model of Wilcox
(1988) for the inner region of a boundary layer, up to y+ = 11.02, and gradually
changes to the standard k-ε model in the outer wake region. The addition of
a limiter on the value of the turbulent viscosity νt gives the SST model. The
structure of the model is outlined in the following and for a more detailed
discussion the reader is refered to the original paper by Menter (1993) and the
one by Vieser et al. (2001).

In order to be able to perform the computations with one set of equation,
the k-ε model is first transformed into a k-ω formulation, presented in equations
3.19 and 3.20.

∂ρk

∂t
+
∂ρUjk

∂xj
= τij

∂ρUi

∂xj
− β∗ρωk +

∂

∂xj

(
(µ+ σkµt)

∂k

∂xj

)
(3.19)

∂ρω

∂t
+
∂ρUjω

∂xj
=

γ

νt
τij
∂Ui

∂xj
− βρω2 +

∂

∂xj

(
(µ+ σωµt)

∂ω

∂xj

)
+2 (1− F1) ρσω2

1
ω

∂k

∂xj

∂ω

∂xj
. (3.20)

where µt is the eddy viscosity defined by equation 3.24. The function F1 is
defined as

F1 = tanh
(
A4

1

)
(3.21)

with

A1 = min

(
max

( √
k

β∗ωy
,
500ν
y2ω

)
,

4ρσω2k

CDkωy2

)
, (3.22)

where y is the distance to the nearest solid wall and CDkω is the cross-diffusion
term of equation 3.20

CDkω = max
(

2ρσω2

1
ω

∂k

∂xj

∂ω

∂xj
, 1.0e−10

)
, (3.23)
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The eddy-viscosity is defined as

µt = ρ
a1k

max (a1ω;SF2)
, (3.24)

where a1 = 0.31 and S =
√

SijSij is the absolute value of the strain rate Sij

= 1
2

(
∂ui
∂xj

+ ∂uj

∂xi

)
. Note that Menter (1993) proposed to use the absolute value

of the vorticity, Ω. F2 is given by

F2 = tanh(A2
2), (3.25)

with

A2 = max

(
2
√

k

β∗ωy
,

500ν

y2ω

)
, (3.26)

All the coefficients in the above equations are functions of F1 according to

φ = F1φ1 + (1− F1)φ2, (3.27)

where φ1 and φ2 stand for the coefficients of k-ω and k-ε. The first set of
constants (SST - inner) consists of σk1 = 0.5, σω1 = 0.5, β1 = 0.0750, β∗ =
0.09, κ = 0.41, γ1 = β1/β∗- σω1κ2/

√
β∗. The second set of constants (SST -

outer) consists of σk2 = 1.0, σω2 = 0.0828, β2 = 0.0828, β∗ = 0.09, κ = 0.41,
γ2 = β2/β∗-σω2κ2/

√
β∗.

The turbulent stress tensor τij = −ujui is

τij =
µt

ρ

(
∂ui

∂xj
+

∂uj

∂xi
− 2

3
∂uk

∂xk
δij

)
. (3.28)

The SST turbulence model outlined above has been used in many industrial
and academic investigations. Data about validation of the model for aerody-
namic applications can be found in Menter (1993), Bardina et al. (1997), and
Menter (1994).

Automatic wall treatment as described in Vieser et al. (2001) and ANSYS
(2004) is used for treatment of solid walls. That gives a relation between wall
shear stress and the value of the velocity component parallel to the wall at
the nearest wall mesh node. The method is based on an interpolation between
the formulation valid for the viscous sublayer and logarithmic wall functions
depending on the size of the grid and the character of the flow near the wall.

As the ω equation provides analytical solutions, both for the sublayer and
the logarithmic region, a blending function depending on the dimensionless wall
distance y+ = ρy

√
τw/ρ/µ can be defined, τw being the wall shear stress and

y the wall distance. The solutions for ω in the linear, ωvis, and logarithmic,
ωlog, near-wall regions are

ωvis =
6µ

ρ0.075y2
, (3.29)

ωlog =
1

0.3κ

uτ

y
, (3.30)
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which can be reformulated in terms of y+ and a smooth blending function as

ω(y+) =
(
ω2

vis(y
+) + ω2

log(y
+)
)0.5

, (3.31)

can be defined. It is of importance to notice that no explicit reference to the
limiting y+ = 11.02 is made. A similar formulation is used for the velocity
profile near the wall, as stated in equations 3.32, 3.33, and 3.34.

uvis
τ =

Ut

y+
, (3.32)

ulog
τ =

Ut
1
κ ln(y+) + C

, (3.33)

uτ =
[(
uvis

τ

)4
+
(
ulog

τ

)4]0.25

(3.34)

where C = 5.0. This formulation gives the relation between the velocity at the
first node near the wall, Ut, and the wall shear stress. For the k-equation 3.19
a zero flux boundary condition is applied, as this is correct both for the low
Reynolds number and the logarithmic limit.

3.2.2. Differential Reynolds Stress model

The RSM model used in the study performed by Macchion et al. (2004a) is
the commonly used LLR QI, developed by Launder & Rodi (1975), where the
transport of the Reynolds stresses is expressed as

∂

∂t
(ρuiuj) +

∂

∂xk
(Ukρuiuj) = Pij + φij +Dij −

2
3
δijρε. (3.35)

where Pij is the stress production term and φij is the pressure-strain correla-
tion. The third term is the diffusion term and the last term is the dissipation
term. The constant σk has a value of 0.82. Except in the vicinity of the
wall boundaries, k is determined from the Reynolds stresses as k = 1

2uiui.
Terms that require additional modelling are the pressure-strain correlation,
φij , and the dissipation term, ε. The scalar dissipation rate ε-equation is de-
fined similarly to the k-ε model. The pressure-strain term can be written as
the summation of two different terms

φij = φ1
ij + φ2

ij (3.36)

where φ1
ij is the return-to-isotropy term and φ2

ij , the rapid pressure-strain term.
An additional wall reflection term, φij,ω, could be included. It redistributes the
Reynolds stresses near the wall to dampen the terms perpendicular to the wall
and to enhance the terms parallel to the wall. Preliminary results indicated
that it did not produce marked difference in the solutions and therefore it was
excluded. φ1

ij and φ2
ij are formulated as
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φ1
ij = −C1ρ

ε

k

[
uiuj −

2
3
δijk

]
, (3.37)

where C1 is 1.8, and

φ2
ij = −C2

[
(Pij − Cij)−

1
3
δij (Pkk − Ckk)

]
, (3.38)

where C2 is 0.60. Cij is the convection term defined as the second term on the
left hand side of equation (3.35).

3.3. Solution methodology

To solve the above equations, a commercially available code, CFX 5 was used
in its successive versions, CFX 5.5, 5.6, and finally 5.7. The equations are
discretized on an unstructured, non-staggered mesh by a finite volume formu-
lation. The continuity equation is approximated using a second order central
difference approximation to the first order derivative in velocity, modified by
a fourth order derivative in pressure based on the Rhie-Chow interpolation
method. The advection scheme used in this study is the high resolution scheme,
a form of total variation diminishing scheme, proposed by Barth & Jesperson
(1989). If the cell-centred value of a variable is φ, then the face value φf can
be expressed as

φf = φ+ β∇φ · δ~s (3.39)

where ∇φ is the gradient of φ in the upstream cell, δ~s is the displacement
vector from the upstream cell to the face centroid and β is the blending factor.
When β is 1, the scheme becomes a second-order upwind scheme. In the high
resolution scheme, β is set to be as close to 1 as possible, without causing
numerical problems.

A coupled solver is used to solve the set of discretized equations. Details of
the numerical method used in the code CFX-5 can be found in ANSYS (2004).
To take full advantage of the turbulence modeling that was used in this thesis,
most computations were performed with very fine meshes near walls. In most
cases, y+ values were below 2.
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CHAPTER 4

Summary of results

In this chapter a summary of the results directly applicable to gas quenching
furnace design is presented. In addition to the work summarized here, the large
eddy simulation methodology has been evaluated as a tool for investigation of
turbulence fluctuations. The result of that study is only discussed in the work
by Macchion (2005) (Paper 7).

The factors influencing the heat transfer around a bluff body are discussed
starting with the difficulty of modeling flows around blunt bodies in section 4.1.
Section 4.2 presents some features of the axial flow and heat transfer around a
cylinder placed in a periodic stack. In section 4.3 the influence of gas mixture
composition is presented. These sections summarize the work presented in
Macchion & Zahrai (2004) (Paper 3) and Macchion et al. (2004b) (Paper 5).

The hydrodynamics and heat transfer within the VUTK gas quenching
furnace follows in section 4.4. In section 4.4.1 the numerical method presented
in chapter 3 is validated, the case being the empty VUTK furnace. Section 4.4.2
presents summarized results of the work presented in the texts by Macchion
et al. (2004c) (Paper 1) and Macchion et al. (2005b) (Paper 2), where the flow
and heat transfer around and over two types of charges, one made of plates, the
other of cylinders, were computed. A focus on the influence of the dimensions
of the quenching chamber is performed in sectionch:quenchcorr, parts of the
results presented here being taken from Macchion et al. (2005a) (Paper 6).

Sections 4.6 and 4.7 focus on the influence of the design of the entrance to
the quenching chamber on flow uniformity. Detailed studies of such topic can
be found in the studies performed by Macchion et al. (2004a) (Paper 4) and
Macchion et al. (2004c) (Paper 1).

4.1. Heat transfer around a cylinder in axial homogeneous
flow

The prediction of the flow around a bluff body has triggered a large interest in
the past years. Lots of research has been performed on models describing with
accuracy the complex flows arising around objects like cars, buses, and trains.
In gas quenching, most metal pieces to quench are bluff bodies, giving rise
to massive flow separations, See e.g. Igarashi (1981), Roshko (1955), Roshko
(1993), and Koenig & Roshko (1985).

24
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In this work the focus has been on the use of eddy-viscosity models, rel-
atively more simple than Reynolds stress models. The choice of the eddy-
viscosity models was done both to save computational resources, and to ensure
that one obtains a converged result in a reasonable time. This ensures that the
method validated in the present section can be used in an industrial context.

In the following, numerical predictions of the flow and heat transfer around
a cylinder in axial flow are discussed. The test cylinder dimensions are D =
0.15 m, L = 0.3 m.

Table 4.1. Mesh sizes.

Mesh Size U1 [m/s] T [K]
1 1225800 -3.3 260
2 2500000 -3.3 272
3 3580000 -3.2 275

Table 2 presents the mesh specifications. Two criteria were considered,
the first being the streamwise velocity U1 at a point 50 mm behind the test
cylinder, on the axis of the cylinder, the second being the temperature at the
separation point on the cylinder. Figure 4.1 presents the mesh topology that
was used to obtain the final result.

Figure 4.1. Mesh.

Figure 4.2 shows the comparison between experimental heat transfer data
and the heat transfer coefficient calculated using the SST model presented in
chapter 3. The mesh used to perform this calculation is the mesh number 3 in
table 2. s denotes a dimensionless coordinate along the surface of the cylinder.
s = 2y/D on the front surface of the cylinder, s = 2x/D on the lateral surface of
the cylinder, and s= 2y/D on the back surface of the cylinder. Thus 0≤ s≤ 1.0
corresponds to a point on the front surface, 1.0 ≤ s ≤ 5.0 corresponds to a point
on the lateral surface, 5.0 ≤ s ≤ 6.0 corresponds to a point on the back surface.
The agreement is generally good, as qualitatively similar trends are observed
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Figure 4.2. Comparison between experimental and calcu-
lated heat transfer data over the test cylinder (D = 0.15 m, L
= 0.3 m).

in both experimental and computational results. Between s = 0 and s = 1,
the agreement is good, with an apparent overprediction of the Nusselt number
towards the edge of the cylinder at s = 1. However it is generally agreed,
see Wiberg & Lior (2003), that measurements obtained by the thermochromic
liquid crystal technique are not reliable close to edges. Between s = 1 and s
= 5, the numerical result agrees qualitatively well with the experimental data.
The length of the separation bubble is correctly predicted. The largest error
in the calculation of the Nusselt number is about 13 %. Large deviations are
observed on the back face, between s = 5 and s = 6. These deviations come
from the fact that the cylinder used during the experiment was mounted on a
rod, about 20 mm in diameter, attached to the back face of the cylinder. The
cables feeding the heating elements on the cylinder went through this rod.

Figure 4.3 shows the axisymmetric recirculation bubble formed around the
cylinder after separation at the leading edge. This picture is representative of
the flow field observed in every one of the cases that were computed in the
present paper. It has been shown experimentally, see Wiberg & Lior (2003),
that the length of the separation bubble does not depend on the Reynolds
number.

4.2. Influence of quenching basket on heat transfer

Macchion & Zahrai (2004) (Paper 3) made a summary of the results presented
by Macchion et al. (2004c) (Paper 1) and Macchion et al. (2005b) (Paper 2).
They investigated also the influence of the geometry of the quenching basket on
the uniformity of the heat transfer over a cylinder placed in a different periodic
pattern, plotted on figure 4.4.

The geometries of the quenching baskets that were tested are plotted on
figure 4.5. In figure 4.5(a) the cylinders stand alone in the quenching chamber,
with no basket to keep them in place. In figure 4.5(b), the basket is made
of bars, that are about two to three mm thick, and that are currently used
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Figure 4.3. Separation bubble over the test cylinder (D =
0.15 m, L = 0.3 m).

Figure 4.4. A bank of warm cylinders (D = 28 mm, L =
110 mm) in axial flow

in industrial gas quenching processes. In figure 4.5(c) the basket is made of
plates, three mm thick, that form a quadratic shape around the cylinder to be
cooled. In figure 4.5(d), the basket is made of round plates, three mm thick,
that espouse the shape of the metal piece to be quenched.

Figures 4.6 and 4.7 present the heat transfer contours over the lateral
surface of a cylinder placed in the four different configurations described on
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(a) Configuration A (b) Configuration B

(c) Configuration C (d) Configuration D

Figure 4.5. Four quenching basket configurations are de-
lineated. Fig. 4.5(a): No basket, the cylinders stand alone in
the quenching chamber. Fig.4.5(b): Basket made of bars, cur-
rently used in industrial gas quenching processes. Fig. 4.5(c):
Basket made of thick walls. Fig. 4.5(d): Basket made of round
walls.

figure 4.5. Figure 4.6(a) shows the heat transfer contours over the cylinder
placed in a stack of cylinders without any holding device. The heat transfer
distribution appears to be varying close to the leading edge of the cylinder,
between x = 0 and x = 40. Beyond x = 40, the heat transfer distribution is
uniform.

Figure 4.5(b) shows the heat transfer contours over the cylinder in the
Ipsen basket, made of cylindrical bars. The heat transfer distribution appears
to be varying close to the leading edge of the cylinder, between x = 0 and x
= 40, mimicking the distribution obtained in the first configuration. At x =
50 and x = 100, increase in heat transfer by 25 % can be observed. These
locations correspond to the position of the holding bars.

Figures 4.7(a) and 4.7(b) present the heat transfer contours over the cylin-
der in baskets made of straight and round plates of 3 mm in thickness, respec-
tively. The heat transfer appears to be homogeneous over the whole length of
the cylinder.

The results obtained when using the configuration presented in figure 4.5(c)
have been experimentally verified during testing performed at Ipsen Interna-
tional GmbH. An adaptation of such a configuration has been tested and was
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(a) Configuration A

(b) Configuration B

Figure 4.6. Heat transfer distributions over the lateral sur-
face of the test cylinder in the configurations A and B.

found to lead to much improved results when it comes to heat transfer unifor-
mity and final product quality.

4.3. The influence of gas mixture composition

In this section a short overview of the influence of gas mixture composition
on heat transfer over a cylinder is presented. A more detailed perspective,
including the influence of gas mixture composition on heat transfer uniformity,
is available in the work by Macchion et al. (2004b) (Paper 5).

Figure 4.8 shows the variation of mean heat transfer coefficient as a function
of the hydrogen content, XH2 , on the surface facing the incoming flow and the
lateral surface of the cylinder. On the front surface the mean heat transfer
coefficient hw grows nearly linearly with the hydrogen content XH2 for XH2

≤ 0.6. For XH2 ≥ 0.6 the evolution departs from a linear behaviour and
the increase in the heat transfer coefficient is less. The maximum mean heat
transfer coefficient is found for pure hydrogen, which is in contradiction with
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(a) Configuration C

(b) Configuration D

Figure 4.7. Heat transfer distributions over the lateral sur-
face of the test cylinder in the configurations C and D.

the measurement data of Laumen Laumen et al. (1997). On the lateral surface
the mean heat transfer coefficient hw grows with the hydrogen content XH2

until XH2 = 0.8. For XH2 ≥ 0.8 hw decreases until it reaches the mean heat
transfer coefficient got for pure hydrogen, hwN2

= 130 W· m−2· K−1. An
interesting point is that all mixtures with XH2 ≥ 0.46 lead to higher mean
heat transfer coefficients than for pure hydrogen.

4.4. Gas quenching furnace

In this section the hydrodynamics and heat transfer within the VUTK gas
quenching furnace are presented. A coordinate system is defined in the follow-
ing way. The axis Y is along the major axis and the axis Z along the minor
axis of the furnace presented in figure 2.2. The main direction of the flow from
the entrance box to the exit trap in denoted by X. Consequently, the plates
are parallel to XZ plane with the center of the middle one coinciding with the
origin of the coordinate system , i.e. x = 0, y = 0, and z = 0. The cylinders
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Figure 4.8. Variation of the mean heat transfer coefficient
over the front and lateral surfaces of the cylinder, as a function
of gas mixture composition.

are placed at three different Y Z planes with three cylinders in the direction of
Y and five cylinders in the direction of Z. The center of the cylinder in the
middle of the second plane coincides with the origin of the coordinate system.
In the first case the empty furnace is modeled as a reference for comparison
with experimental data. In the second case, the furnace is charged with 7 plates
of dimensions 500 × 500 × 70 mm, half of which included in the computational
domain. These plates are refered to as P(−3) to P(+3); P(0) will be the plate
situated in the middle of the chamber. The third case consists of the VUTK
furnace charged with 45 cylinders, of length 150 mm and diameter 120 mm,
where only 15 complete cylinders and 15 half-cylinders are included in the sim-
ulation. The cylinders are refered to by a C with three indices denoting the
location of the cylinder. As an example, C(0)(0)(0) will be the one in the middle
of the charge, C(−1)(0)(0) will be the one in the middle of the plane near the
entrance and C(+1)(+2)(+1) will be the cylinder located at the lower corner of
the charge.

4.4.1. Validation of the computational model

Two series of velocity measurements were performed in the empty furnace
presented in section 2.2, using a Pitot tube. The first set of measurements was
done just below the entrance trap, the second was performed at x = 0.1 m.
Comparison of the results presented in figure 4.9 with this set of measurements
shows that the average velocity across the core of the chamber is correctly
predicted by the numerical model, the relative error being within 10 % of the
experimental results. Large deviations observed at x = -0.3 and z = 0.35 could
be caused by eddies generated in that region as will be discussed below.
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Figure 4.9. Comparison between experimental and compu-
tational results for the streamwise velocity U along a plane
XZ at Y = 0.0 - Empty furnace

4.4.2. Multi-body charges

Macchion et al. (2004c) (Paper 1) and Macchion et al. (2005b) (Paper 2) inves-
tigated the influence of multi-body charges on the performance of the VUTK
furnace. Two different configurations are considered as examples of the charge.
The first configuration consists of 7 plates of dimensions 500 × 500 × 70 mm
and in the second configuration, the VUTK furnace is charged with 45 cylin-
ders, of length 150 mm and diameter 120 mm placed with their symmetry axis
parallel to the main flow. These cylinders are at three horizontal planes with
5×3 cylinders at each plane. See figure 4.10.

The charge in the above configurations is assumed to be quenched in nitro-
gen at the reference pressure of 10 bar at a volume flow of 42000 m3/h. This
volume flow results in an inlet velocity of 3.35 m/s. The Reynolds number was
of the order of 2·106.

Streamwise velocity contours at the inlet of the chamber are presented for
all three cases in figure 4.11. As can be seen here, the flow is at acceptable levels
of homogenity in the three cases. A measure of uniformity is the dimensionless
standard deviation, which reads 0.2, 0.09, and 0.1 respectively for the empty
furnace, the case with plates, and the case with cylinders.

Figure 4.12 presents the flow pattern in the symmetry plane (z = 0). In an
empty chamber, the flow between the inlet and the outlet in the center of the
chamber is close to uniform. This region is surrounded by two dead volumes
created by the sudden expansion and sudden contraction of the chamber, where
the gas is in relatively slow recirculating motion and forms two large circulating
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(a) Furnace charged with plates

(b) Furnace charged with cylinders

Figure 4.10. Furnace geometry with the different charges
used for investigation of charge effects

patterns. These circulating flows could make the velocity measurements more
difficult and cause the deviations observed above.

With the same total flow of mass, the presence of the charge reduces the
flow cross section area, resulting in increase of the velocity. The blockage also
forces the gas out from the basket into the side regions at a high velocity,
resulting in creation of stronger eddies and a more complex flow pattern, as
seen in figures 4.12(a), 4.12(b) and 4.12(c). As noted in this figure, qualitatively
similar behavior is observed in the case of the furnace charged with cylinders.

Figure 4.13 presents some streamwise velocity and heat transfer coefficient
profiles over six neighbouring cylinders in the case charged with cylinders. The
study by Macchion et al. (2005b) (Paper 2) gives a presentation of similar data
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(a) Empty furnace

(b) Case with plates

(c) Case with cylinders

Figure 4.11. Streamwise velocity contours at the exit of the
entrance box (X = -0.45 m)

for the case with plates. The profiles are based on curves perpendicular to the
symmetry plane at z = 0. In figure 4.13(a) the velocity profiles appear flatter on
the four last cylinders, C(0)(0)(0), C(+1)(0)(0), C(+1)(0)(+1), and C(0)(0)(+1) than
on the two first cylinders, C(−1)(0)(0) and C(−1)(0)(+1). The velocity profiles on
the first set of cylinders at x= -0.28, x= -0.21, and x= -0.14 are not symmetric.
They show that the flow is entirely separated on the cylinder C(−1)(0)(0) (Z =
0.06) while the flow is not separated on cylinder C(−1)(0)(+1). It is important
to stress that these observations are not valid for the whole circumference of
the cylinders. Figure 4.13(b) shows the heat transfer coefficient to be higher on
the first row of cylinders, C(−1)(0)(0) and C(−1)(0)(+1) than on the two following
rows, where the heat transfer coefficient displays about the same mean and
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(a) Empty furnace

(b) Case with plates

(c) Case with cylinders

Figure 4.12. Transverse velocity vectors through the work-
ing chamber

distribution. This result has been discussed with the industrial partners of the
project, and the agreement is good with what has been observed experimentally.
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(a) Velocity profiles between cylin-

ders C(−1)(0)(0) and C(−1)(0)(+1),

C(0)(0)(0) and C(0)(0)(+1),C(+1)(0)(0) and
C(+1)(0)(+1),

(b) Heat transfer coefficient distribution

on cylinders C(−1)(0)(0) and C(−1)(0)(+1),
C(0)(0)(0) and C(0)(0)(+1),C(+1)(0)(0) and

C(+1)(0)(+1)

Figure 4.13. Relation between velocity profile and heat
transfer coefficient evolution in the uniform flow region - Case
with cylinders

4.5. Chamber geometrical characteristics and chamber
performance

Macchion et al. (2005a) (Paper 6) shows that the influence of the quenching
chamber proportions both on the mean heat transfer and the heat transfer
unifomity, can be defined through relations of the type
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(a) (b)

Figure 4.14. Variations on the VUTK geometry presented
in chapter 2 .

Nu = f (R,ReD) ·Nu0, (4.1)
Nurms = g (R,ReD) ·Nu0

rms, (4.2)

where f and g are functions depending only on the distance R to the axis in the
streamwise direction X, Nu0 is the Nusselt number of a single body in axial
flow, ReD is the characteristic Reynolds number of the flow within the charge,
while Nu0

rms is the normalized standard deviation of the heat transfer over a
body in axial flow.

Figure 4.14(a) presents the general shape of the type of quenching chamber
considered here. The quenching chamber, i.e. the chamber where the quenching
process takes place, has a parallelepipedic shape with two rectangular openings
opposing each other. The one through which the gas enters the chamber is
usually called the upstream opening and the other is called the downstream
opening. The openings have length a and width b, while the chamber has length
L0, width l0, and height h. The dimensions are given in the work by Macchion
et al. (2005a) (Paper 6). Figure 4.14(b) is a particular case of the geometry
presented in figure 4.14(a), where the opening length a is equal to L0, while
the opening width b is equal to l0. The different designs are characterized by
the aspect ratio

AR =
√
a2 + b2

L2
0 + l20

(4.3)

which is the ratio between the diagonal of the openings, and the diagonal of
the chamber. When this ratio is 0, the chamber is closed, when the ratio is
1.0, the openings have the same length and width than the chamber. The last
particular case is the one presented in figure 4.14(b).
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(a) AR = 0.44, ReD = 52000 (b) AR = 0.51, ReD = 52000

(c) AR = 0.70, ReD = 52000 (d) AR = 1.0, ReD = 52000

Figure 4.15. Streamwise velocity contours on the middle
plane (x = 0) in the charged chambers (ReD = 52000).

The influence of the quenching chamber proportions on the homogeneity
of the velocity field can be estimated from figure 4.15.

Figure 4.15 shows contours of streamwise velocity on the plane located at
x = 0, perpendicular to the main stream and to the axis X, in the four charged
chambers at ReD = 52000. In figures 4.15(a), 4.15(b), and 4.15(c), the thick
black line is the projected position of the upstream opening through which the
flow enters the quenching chamber.

Figures 4.15(a) and 4.15(b) present the streamwise velocity contours in the
chambers with AR = 0.44 and AR = 0.51. As discussed by Macchion et al.
(2004c) (Paper 1), a large recirculating motion can be observed, in both cases,
in the region of the chamber where there is no cylinders to be quenched. In
the case AR = 0.44, the intensity of the recirculating motion, measured by the
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Figure 4.16. Example of the geometry of the circular-to-
rectangular transition ducts that have been tested. Here AL
= L/D = 1.5, AR= a/b = 2.0.

minimum velocity obtained in the dead zone, is -0.3. In the case AR = 0.44
the intensity of the recirculating motion is -0.6.

Figures 4.15(c) and 4.15(d) present the streamwise velocity contours in
the chambers with AR = 0.7 and AR = 1.0. Large differences in the velocity
contours can be observed. Contrary to what is reported by Macchion et al.
(2004c), no large recirculating motion is visible. On figure 4.15(c) areas of
negative velocities, that is to say separation bubbles, are visible on the sides
of the cylinders looking away from the axis X. Such observation is not made
on figure 4.15(d). The velocity contours appear to be more uniform on figure
4.15(d) than on figure 4.15(c).

4.6. Flow uniformity and duct geometry.

The computational sensitivity analysis performed in Macchion et al. (2004a)
(Paper 4) aimed at investigating the influence of the design of circular-to-
rectangular transition ducts, see figure 4.16, on the flow uniformity upstream of
the charge, in furnaces of the type manufactured by Ipsen International GmbH
for research purposes, today installed in Bremen, Germany. Influence of length
was tested by varying the length aspect ratio AL = L/D between 0.7 and 1.5.
Influence of AL was shown by computing the flow in ducts whose exit AR= a/b
was varied from 1.0 to 4.0 (square shape to rather flat rectangle). Here L is the
length of the transition duct, while D is the inlet diameter. The parameters
a and b are the semi-major and semi-minor axis, respectively. Comparison of
flows in an expanding-contracting duct and a constant cross-sectional area duct
was performed. Influence of pressure (1, 6, and 20 bar) and Reynolds number
in the range (1.3)105 < Re < (7.8)105 (10, 20, 30 and 60 m s−1 at the inlet
plane) were studied.

Flows in several transition ducts have been studied. The transition ducts’
cross sectional shapes were designed by using a sequence of superelliptic cross
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sections, (y
a

)η

+
(z
b

)η

= 1 (4.4)

As written earlier, a and b are respectively the semi-major axis and semi-
minor axis of the superellipse, η is the exponent. Circles with a = b and η
= 2, and rectangles, with η → ∞, are included in this family of curves. The
inlet diameter of each transition duct was D = 0.204 m (dimensions of the
experimental duct), as the duct used in the work by Davis & Gessner (1992)
was taken as a reference for most computations.

Figure 4.17.

The maximum height and width of the duct cross section were represented
by cubic functions which were chosen to achieve continuity of the second de-
rivative at the end points of the ducts. These functions give the values of a
and b, parameters of the superellipse. The exponent of the superellipse was
calculated from an implicit function relating the quantities a, b, and η to the
area A of the superellipse

A =
Γ (1/η)2

Γ (1/η)
(2/η) · (4ab) (4.5)

where Γ (·) denotes the gamma function. As seen in equation , the relationship
between a, b, and η determines also the radius at the corners of the rectangular
cross section by setting the value of η. Following Davis & Gessner (1992), it
was chosen to have η = 10 for all geometries. This value corresponds to a
radius of r = 0.015 m at the corners of the rectangular cross-section. We also
note that the magnitude of r has some influence on the flow distribution and
pressure drop, with larger r tending to improve uniformity and reduce pressure
drop, but this has not been examined in this thesis.

For AL < 1.0, flow distortion at the exit plane and pressure drop are
increased respectively by 33 % and 83 % as AR decreases. Exit AR > 1.5 lead
to linearly increasing distortion and pressure drops, the pressure drop being
K=0.02 at AR = 1.5, and K=0.11 at AR = 4.0. A diverging-contracting duct
has proven to lead to less distortion, while it did not influence the pressure
drop. Increasing the inlet pressure from 1 to 20 bar led to a decrease in flow
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distortion by 11 % at the duct exit planes. At atmospheric pressure, increasing
the Reynolds number from (1.3)105 to (7.8)105 increased distortion by 8 %.
For a detailed account of the results obtained in this study, refer to Macchion
et al. (2004a) (Paper 4).

4.7. Flow uniformity upstream of the charge.

Streamwise velocity contours at the inlet of the chamber are presented for
the empty VUTK furnace in figure 4.17. As can be seen here, the flow is at
acceptable levels of homogenity. The measure of uniformity presented in section
2.5 reads 0.2. This value, compared with the sensitivity analysis performed by
Macchion et al. (2004a) (Paper 4) and briefly presented in section 4.6, shows
that the present design of the VUTK furnace leads to flow uniformity upstream
of the charge close to the best achievable uniformity.
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CHAPTER 5

Concluding remarks

Numerical predictions of the flow and heat transfer over bluff bodies and within
gas quenching chambers have been performed, using commercial codes. Good
agreement between experimental data and computational results has been ob-
tained.

The main focus has been set on one particular type of single-chamber
furnace, the VUTK furnace, commercialized by Ipsen International GmbH,
one of the industry partners of this project. It has been found that some of
the design choices that were made during the conception of the VUTK led to
non-homogeneous flow distribution, and thus non-homogeneous heat transfer
within the load area.

These observations led to suggestions for improvements, which after dis-
cussion with the industrial partners, Linde Gas and Ipsen International GmbH,
have led to the following set of recommendations regarding the future design
of single-chamber furnaces:

1. The upstream and downstream doors should be larger than the dimen-
sions of the basket containing the metal pieces to quench.

2. The distance between the quenching chamber walls and the quenching
basket should be kept to a minimum, determined by the constraints
placed on the heating apparatus located in the chamber.

On the basis of these two simple recommendations, the start of a new design
project has been initiated.

Concerning the arrangement of the metal pieces within the chamber, the
following set of recommendations could be given:

1. The use of dummies on the first row of the quenching basket arrange-
ment would seem to be beneficial, at least from the point of view of the
uniformity of the mean heat transfer through the charge.

2. As demonstrated by the work performed by Macchion et al. (2005a), the
arrangement of the metal pieces and the dimensions of the basket should
be such that the distance between objects and quenching chamber walls
be the same.

Further studies were performed on the influence of the quenching basket
holding the metal pieces to be quenched within the quenching chamber. It was
found that the geometry of the quenching basket has a strong influence on the

42



“thesisdraft” — 2005/5/9 — 8:51 — page 43 — #56i
i

i
i

i
i

i
i

5. CONCLUDING REMARKS 43

heat transfer distribution over the metal piece to be quenched. It is suggested
that the quenching basket may be used as an enhancement device.

This study has mainly focused on the influence of the furnace design pa-
rameters on the performance of the quenching process. As discussed in chapter
2, gas quenching of low-alloy steels necessitates the use of large over-pressures,
typically 20 bar, which lead to the need for expensive safety equipment. Fu-
ture research in this branch should focus on obtaining high cooling rates at
atmospheric pressure. Examples of such methods exist for the quenching of
irons, where water sprays are used. The study by de Oliveira et al. (2002) has
shown that such method leads to controlled homogeneous quenching of pieces
of complex shapes. The challenge would be to develop spray quenching using
non-corrosive coolants for steels instead of irons.

Another avenue of research would consist in developing cooling apparatus
for continuous processes, like the weld seam of steel tubes, which necessitates
high cooling rates over short times after annealing of the tubes. Studies by
other researchers, like the work performed by Su et al. (2003), have shown
that heat transfer coefficients of the order of 850 W·m−2s−1 can be obtained
at atmospheric pressure with jets of air charged with liquid nitrogen droplets.
For comparison, such high heat transfer rates can be obtained with nitrogen
gas at 20 bar over-pressure.
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