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Simplied Modeling of Brazing Furnaces
E. Martín1, A. S. Nayak2 and F. Varas3

Abstract

This work tackles dierent modeling approaches to describe the brazing
process of automotive stainless steel pieces inside continuous furnaces
with controlled (reducing) atmosphere.

In particular, three dierent

models, which are complementary between them, are described.

The

rst one, a global zone model, describes the mass ow exchanges and
simplied energy balances between the dierent zones present in this
type of furnaces.

The second one is a (more) detailed zone model,

where each zone is decomposed in various sub-zones (control volumes)
for which dierent energy balances (for the gases, pieces and furnace
walls) and mass conservation equations of gaseous species (H2 and
are imposed.

H2 O)

Finally, the third method presented consists on a CFD

numerical model of the mue region of the furnace. After the necessary
validation process, these approaches can lead to a good understanding of
the thermal conditions and local atmosphere present inside the dierent
regions of the furnace and can potentially be used to predict the eects
caused by any change in an operational parameter (e.g. the mass ow
injection of

H2 ,

injection location, conveyor velocity, ...) of the furnace.

However, prediction of the quality of the brazing process along specic
regions of the pieces would require much more detailed models that are
out of the scope of this work.
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1. Introduction to the brazing process
The use of controlled atmosphere continuous furnaces for brazing of stainless
steel pieces is increasing with rising demand of stainless steel parts by manufacturers of aerospace and automotive industries.
The brazing process (see [1] for a complete reference) is a joining manufacturing process between metal parts that uses a lling metal (paste, ring or foils
of copper alloy, nickel-chromium-boron alloys etc.). The lling is deposited on
the metal junction and the set is then submitted to a high temperature in a
furnace in order to melt the lling material. By capillary eect on the walls of
the narrow gap between the parts to be joined, the lling enters the junction
and a metal alloy is formed in the process of solidication and, consequently,
the metals pieces

are joined, as described in gure 1. The ller metal must

have a lower melting temperature than the materials it is joining and must be
of a similar base to them.

Figure 1: Simplied diagram of the brazing process.

The key to a successful brazing is the preparation of the surface. Contaminant elements and metal oxides prevent the ller metal from forming an alloy
with the metals of the parts to be processed. Also, in case of little oxidation,
the pores of the surface to be processed will be closed by the oxide, preventing
the capillary action and the brazing itself. This is why the furnace atmosphere
needs to be reducing in the brazing process and maintained so in a controlled
fashion. Keeping the surface of the parts in the furnace reduced is much more
dicult for brazing of stainless steel parts than for brazing of mild steel parts.
In particular, the chromium in the stainless steel creates a much more stable
oxide at an oxygen level much lower than that of carbon steel.
The oxide on the surface must be reduced before reaching the melting
temperature of the ller. Usually this reduction is made through a reaction of
hydrogen with the oxygen present in the metal oxide, forming water vapor (1).

f

Mx Oy + yH2  xM + yH2 O

(1)

b

Too much water vapor (or oxygen) in the system prevent the reaction from
continuing and, therefore, from reducing the oxide.
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vapor levels inside the furnace atmosphere the dew point is used. The dew point
is the temperature at which a quantity of water vapor in the system saturates
the atmosphere and condenses, forming little water drops.

Usually the dew

point required for brazing of stainless steel junctions in a high concentration
hydrogen atmosphere is very low, which requires very high furnace temperatures
at the brazing zone [1]. As an example, for AISI 300 series stainless steel, the
required dew point is

−50◦ C

and the brazing temperature is usually between

◦
1040 and 1100 C in atmosphere with high concentration of hydrogen (∼

75-80%)

if the brazing is performed with copper or nickel-chromiumphosphorus, and
pure hydrogen (100%) if nickel-chromium-boron ller or silicon are used.
The continuous furnace with controlled atmosphere is the economically best
way for brazing

of high quantity of pieces in stainless steel. An sketch of a

typical brazing furnace and its main regions is shown in gure 2 along with
their corresponding temperature-time diagram.

Figure 2: Sketch of a continuous brazing furnace and its common parts: pieces
inlet (with curtain), inlet hood, preheating zone, mue, cooling zone, outlet
hood, and pieces outlet (with curtain).

The temperaturetime relation is the rst step to achieve a good product
quality.

The

thermal energy provided by the furnace is used for dierent

functions. The part to be processed has to be heated rst at a temperature
at which the surface oxide of the base metal can be reduced as a result of
the reaction of the present iron oxides and the reducing components of the
controlled atmosphere. Extra energy is necessary to melt the ller metal and
form an alloy with the base metal. As for copper and AISI 300 series stainless
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steel, the variation of the temperature for the brazing is between
and for nickel-chromium alloys it is between

1080 − 1130◦ C.

1090−1100◦ C

This temperature

depends on the shape and composition of the brazing metal, on the type of
component and its assembly, as well as on other operating conditions, such as
speed of the conveyor belt or the length of the heating zone.
The local reducing atmosphere present at the mue zone is fundamental to
achieve a correct brazing. Therefore, the optimal conguration implies working
with a furnace in positive operation pressure to avoid air inltration inside the
furnace. Taking into account the high cost of

H2 ,

controlling the eciency of

the furnace is vital. Thus, information concerning the ow along the doors as
well as internal ows between dierent parts of the furnaces and its dependency
with other operational conditions (atmospheric humidity and pressure inside
the plant,

H2

mass ow injection, ...) is crucial.

2. Simplied Modeling
1

ECOMT (A Coruña, Spain) is a leading company in monitoring data for
dierent productive industrial processes to control and improve the energy
eciency of dierent installations.

As a demand to improve the eciency

of the brazing process for their client BorgWarner Emissions Systems Spain
S.L.

2 (Vigo, Spain), a leading industry provider of automotive parts, the team

centered its objective in designing the steps needed for developing a digital
twin of the furnace which responds like a real furnace installed in the client
company (see gure 3)

Figure 3: Example of arrangement of the pieces on the conveyor at the furnace
inlet (left) and picture of a complete furnace line (right) installed at Borgwarner
Emissions Systems Spain S.L. Company.
The nal model aims to give an insight on the real distribution of the

1
2

https://ecomt.net
https://www.borgwarner.com/company/locations/vigo
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reducing atmosphere inside the furnace and its dependence on the injected
hydrogen mass ow.

2.1. Global Zone Model
The global zone model tries to capture the mean values of the ow properties
for each one of the six zones of the furnaces (as indicated in gure 2): inlet,
preheating, reduction and brazing sections of the mue, cooling and exit zones.
For each zone, balances of mass ow for each species and energy should be
solved. Therefore, the variables considered for the global zone model would be

•

Averaged temperature for each zone

•

Averaged concentration of

•

Averaged working piece temperature at each piece position

•

Concentration of trapped

H2

and

H2 O

H2 O

for each zone

inside each piece at each piece position

The last variable is relevant for the brazing process as it is has been observed
that the dew point inside the mue is sensible to the local atmospheric conditions in the plant. Thus, the

kinetics of the reduction/oxidation reaction is

aected by this parameter and, consequently, the nal quality of the brazing.
A direct approach to obtain the total mass ow exchanged between zones
would be to solve a simple hydraulic network that allows to relate mass ows
to dierences of pressure between the regions.

Once the total mass ows

are obtained, the next step would be to solve the energy balance and the

H2 , H2 O

and

Some of the parameters included in this model (e.g.

the

distribution of the mass ow between the three dierent gases

N2

for each zone.

parameters needed to congure the head losses in the hydraulic network) would
need calibration through sensors and experimental measurements extracted
from the industrial furnace.
Results of this model can be satisfactory when applied to certain control
tasks. However, the global model cannot retain all the details needed to ensure
a correct brazing process. As the model only deals with averaged temperature
and concentrations of

H2

and

H2 O

inside each zone, the information provided

by the model is clearly insucient to relate to the quality of the brazing.
Therefore, more complicated models are presented below.

The rst one,

a detailed (and more accurate) zone model, is presented in the next section
2.2.

The second one, a computational uid dynamics (CFD) model of the

mue region, which uses (partially) some information extracted from the
global zone mode, will be described in section 2.3. Likewise, some information
post-processed from the CFD model can be used as inputs in the detailed zone
model, as we will see later.
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2.2. Detailed Zone Model
This model considers each of the six dierent zones (or at least the mue
region) divided into

N

number of dierent control volumes (depending on the

level of details aimed to be retained) as in gure 4. For each control volume,
energy balances are solved, having the same variables as in the global zone
model but extended along each control volume.
of

H2

and

H2 O

To determine the exchange

mass ows between adjacent control volumes (ṁi,i0 in the

equations that follow), conservation balances of mass and momentum should be
imposed. Unfortunately, this approach is not precise enough to characterize the
ows, due to the complex mechanisms involved in the thermal-uid dynamic
problem. Instead, a more accurate approach would be to approximate these
uxes with the results from the CFD model, post-processed for each control
volume. Also, additional parameters involved in the detailed zone model should
be modeled numerically or, alternatively, estimated experimentally.

Figure 4: Sketch of the dierent control volumes in the mue region.

Thus, a model with

Sw

N

control volumes (i

of solid surfaces over the furnace walls (j

dierent pieces positions (k

= 1, 2, ..., K )

= 1, 2, ..., N ), a total number
= 1, 2, ..., Sw ) and a total of K

is then considered. Each energy and

mass ow balance will be explained as follows.

2.2.1 Energy balance at each control volume
Following the work of Tan et al. [2], the energy balance for

the

ith

control

volume (see gure 5) can be expressed by the following equation (2), assuming
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a steady temperature for the gases and the furnace walls:

Sw
K
N
X
X
X
←−−−
4
4
4
4
−
− aVi σTvc(i)
+
+
G
S
σT
Gi Ŝk σTwp(k)
Gi Gi0 σTvc(i
0)
i j
wall(j)
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i6=i0

−

X

cp g ṁi,i” T

interf aces,
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Figure 5:

j=1
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)
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k=1

X

−

cwp
p

working
pieces in
control volume(k)

mwp
(T
− Twp(k−1) ) = 0
tres wp(k)

Sketch of the dierent interactions that take place in the energy

balance inside a control volume.

The rst three terms account for the thermal radiation that the gas receives
from the gas

inside the other zones, from the furnace walls and from the

pieces, respectively. The fourth term takes into account the thermal radiation
emitted from the gas in the

ith

control volume.

The fth term accounts

for the convective heat transport between control volumes, while the last term
represents the enthalpy variation of the pieces that cross the control volume.

2.2.2 Energy balance on each work piece
This balance represents the enthalpy variation of the pieces as they move across
the furnace. The pieces heating or cooling will be the result of the right hand
term of equation (3), which takes into account, respectively, the radiation
coming from the furnace walls, radiation coming from the gas of dierent
control volumes and from other positions, the heat exchanged with the gases
and the thermal radiation emitted by the piece in this position

k

(see gure
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6):

cp wp

Sw ←
N ←−−−
X
X
−−−
mwp
4
4
(Twp(k) − Twp(k−1) ) =
Ŝk Sj 0 σTwall(j
Ŝk Gi0 σTcv(i
0) +
0)+
tres
0
0
j =1

i =1

K ←−−−
X
4
4
Ŝk Ŝk0 σTwp(k
0 ) + Âk hk (Tvc(i) − Twp(k) ) − Âk k σTwp(i)

+

(3)

k0 =1,
k0 6=k

Figure 6: Interactions in the energy balance for each piece

2.2.3 Energy balance on wall surfaces
The following equation (4) shows the thermal balance for a given part

(j th

surface) of the internal furnace walls (as depicted in gure 7). This equation
describes the contributions, in a steady operational regime, to the energy
equation, where

Qj ,

which is the heat generated by the electrical resistances,

balances the radiation uxes (coming from other furnace walls, pieces and
gases as well as the outgoing ux from the wall) and the convective uxes
(from the gases inside the furnace and exchange through the exterior walls of
the furnace)

Qj =

Sw
K ←−−
N
X
X
X
←−−−
←−−
4
4
4
Sj Sj 0 σTwall(j
Sj Ŝk σTwp(k)
+
Sj Gi σTcv(i)
−
0) +
j 0 =1
j 0 6=j

4
−Aj j σTwall(j)
+

k=1

X
control volumes
in contact
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Figure 7: Interaction on a section of the furnace walls

2.2.4

H2

mass ow balance in a control volume
H2 could
The injection of H2 in this control volume, Wi , should

Over each gas control volume (see gure 8), the mass ow balance of
be given by equation (5).
be equal to the

H2

mass ow exchanged with the neighboring control volumes

and the rates of generation and consumption of

H2

in the reduction/oxidation

equation (1).

X

Wi =

ṁi,i0 [H2 ]i0

neighbouring
control volumes

+

X

Awp(k) [kf (Twp(k) ([H2 ]i a − kb (Twp(k) )[H2 0]i b ]

(5)

working
pieces in
control volume
For the last terms, the kinetics of the forward (reduction) reaction,
backward (oxidation) reaction,

rf

kb ,

= kf (T )[H2 ]a

(6)

rb = kb (T )[H2 O]
H2 O

and

has been taken into account:

b

2.2.5

kf ,

(7)

balance in a control volume

The water vapor mass ow balance in a control volume (as in gure 9) comes
from the exchange with neighboring regions, the net rate of generation/consumption
from the reduction/oxidation equation and the water vapor freed from the void
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Figure 8: Sketch of a control volume with injection of

H2

inside the pieces, as indicated by equation (8).

0=

X

ṁi,i0 [H2 O]i0

neighbouring
control volumes

+

X

Awp(k) [kd Twp(k) [H2 ]i a − ki Twp(k) [H2 O]i b ] +

working
pieces in
control volume

+

X

[H2˙ O]wp(k)

(8)

working
pieces in
control volume
As in the previous section, the kinetics associated to the

H2 O

release of trapped

must be also taken into account:

[H2˙ O]wp(k) = −kwr (Twp(k) )[H2 O]c wp(k)

(9)

2.3. CFD model of the mue
As in the zonal models described in the previous sections, similar hypotheses
were used to formulate a simplied model for the mue thermal simulation
(see [3] for a similar modeling in a dierent type of industrial furnace). Except
for the obvious transient character of the pieces thermal problem, it is assumed
that the furnace operates under steady conditions. Thus, temperature elds
for furnace walls in the furnace chamber are both assumed to be steady.
At the same time, the gases inside the mue were considered to be not
participating in the thermal radiation.
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Figure 9: Example of a

H2 O

mass ow balance for a control volume.

reduced to a surfacetosurface problem restricted to solid surfaces (furnace
walls, workpieces surfaces and conveyor belt surface).
The complete model will be decomposed in three submodels concerning,
respectively:

(a) heat transfer in furnace walls and radiating surfaces, (b)

thermo-uid dynamics of

H2 , H2 O

and

N2

gases inside the mue chamber,

and (c) heating of the pieces itself. In this section, each of these submodels (as
well as its coupling in order to obtain the global CFD model) will be presented.

2.3.1 Thermal model for the furnace walls
According to the previously stated hypotheses, a steady conduction problem
must be solved on the furnace walls domain. The furnace walls are formed by
some materials with specic

(non uniform) thermal conductivity

ks .

As this

material is object to degradation of its thermal properties between maintenance
periods, it seems relevant to include it in the thermal evaluation of the problem.
Electric resistances, uniformly distributed inside the furnace, generate a net
constant heat source

Q

when working under steady operational conditions.

On the external boundary, cooling by the ambient will be described using
a very simple model where heat transfer coecient
order to describe local cooling conditions (and
temperature in the industrial plant).

T∞

h

is to be adjusted in

stands for the local ambient

Also, a layer of insulation material

is expected to be present near the external surface.

In turn, heat exchange

through internal walls will be obtained by the composition of a convective
heat ux (from the gases inside the furnace)
ux

qconv

and a (net) radiation heat

qrad .
−∇ · (ks ∇Ts ) = Q

−ks

∂Ts
= h(Ts − T∞ )
∂n

(10)

on Γext

(11)
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−ks

∂Ts
= qconv + qrad
∂n

on Γint

(12)

In order to obtain the radiation heat ux on a surface element (assuming
that the total radiative surface has been decomposed into
have for the net radiation heat ux (on the

k th

Nrad

elements) we

surface element)



k
qrad


N
rad
X
1
= σk Tk4 −
Gjk Aj j Tj4 
k Ak

(13)

j=1

as a function of Gebhart factors,
areas,

Aj ,

Gjk ,

temperatures,

Tj ,

emissivities,

j ,

and

of all the radiative surfaces in the enclosure.

The set of radiative surfaces is composed by all the interior walls of the
furnace, including the conveyor belt and the workpieces surfaces. In order to
compute the radiation heat ux, the workpieces surface temperature will be
obtained from the corresponding submodel (see below).

2.3.2 Thermal model for the furnace gases
A second submodel corresponding to the gases domain inside the furnace must
be solved to describe heat transfer from gases in the mued chamber in order
to obtain the Reynolds-averaged density,

ρg ,

velocity,

~,
U

and temperature,

Tg ,

of the gases. The thermohydrodynamical (steady) model for the mixture of
gases is described by Reynoldsaveraged compressible NavierStokes equations
and the energy conservation equation (for nonreactive gases), for which the

τ R is described


~ =0
∇ · ρg U

turbulent Reynolds stress tensor
follows

by a standard

k−

model as

(14)





~ ⊗U
~ + ∇P − ∇ · µg (∇U
~ + (∇U
~ )T = ∇ · τ R
∇ · ρg U
k2


(16)




νT
~
∇ · ρg cg U Tg − ∇ · (kg + ρg cg
)∇Tg = 0
P rt

(17)




νT
~
~ − ρg 
∇ · ρg U k − ∇ · (µg + ρg )∇k = τ R : ∇U
σk

(18)



~ + (∇U
~ )T
τ R = ρg νT ∇U

with

νT = Cµ








2
ρg νT

~
~ − C2 ρg  ρg 
∇ · ρg U  − ∇ · (µg +
)∇ = C1 τ R : ∇U
σ
k
k
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P rt

where

was chosen equal to 0.9 while the rest of the constants involved in

the turbulent model (Cµ ,

µg , k g

cg

and

σk , σ , C1

C2 ) were equal to the standard ones.

and

stand for gases viscosity, thermal conductivity and specic heat,

respectively.

N (= 3)

The gases mixture will be formed by

species:

N2 , H2

and

H2 O .

The latter two are driven by the reduction (forward) or oxidation (backward)
reaction (1) that takes place at the piece surface. For inox steels, the metal
more prone to form oxides is

Cr.

The ideal gas relationship for the mixture (of molecular weight

P =

W)

ρg
Ru Tg
W

(20)

should be completed with the mass fraction equations

Yi

for each species

i,

such that:

ρg =

N
X

ρi Yi

(21)

i

W

=

1
PN
i

(22)

Yi
Wi

N − 1 mass fraction transport equations need to be computed (due
Yi = 1 mass conservation property):




νT
~
∇ · ρg U Yi − ∇ · ρg (Di +
)∇Yi = 0
(23)
Sct

where only
to

PN
i

being the turbulent Schmidt number

Sct

commonly taken equal to

P rt .

Equations (17) and (23) represent the energy and mass transport equation
for nonreactive species in the gases domain (right-hand terms in the equations
equal to 0).

However, the numerical model might take into account the

production and consumption terms for

H2

and

H2 O

boundary conditions at the surfaces of the pieces.

with the appropriate

As an example, the cells

in contact with the pieces have a source term for the transport equation of

H2

equal to:


SH2 = −ρg WH2
where

kf

and

kb



ρg YH2
kf (Tg )
WH 2

y



ρg YH2 O
− kb (Tg )
WH 2 O

y 
(24)

stand for the constants of the forward and backward reaction

given by eq. (1).
Standard wall laws can be applied for furnace internal walls and workpieces
surfaces boundary conditions where the wall temperature is obtained from the
solution of the corresponding submodels.

At the mass ow injection inlets,

temperature, composition and velocity of the gases mixture are to be imposed.
Inlet turbulent parameters should also be specied.
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Boundary conditions of temperature, composition, velocity of the gases
mixture and/or pressure at the pieces inlet and outlet

zones are critical as

they account for the global gas ow inside the complete furnace. A good idea
seems to combine the information given by the global zone model with the
CFD model through the boundary conditions in these sections.

2.3.3 Thermal model for the workpieces
Finally, a model describing heating of steel workpieces in the furnace must be
provided. This model will be given by the transient heat equation (25) for the
piece temperature eld

Tp

and the suitable boundary conditions for the heat

transfer at the pieces walls (26)

ρp cp (Tp )

∂Tp
− ∇ · (kp (Tp )∇Tp ) = 0
∂t

(25)

∂Tp
= qrad + qconv
∂n

(26)

−kp (Tp )
where

qrad

and

qconv

stand for radiation and convective, respectively, heat ow.

In order to avoid the diculties of a moving mesh problem, the pieces are
considered to occupy xed positions inside the computational domain during
a given residence time, that is, the total residence time of each piece inside the
mue divided by the number of pieces inside the mue region. For a given
piece position

(k),

the initial temperature eld of the piece will be given by

the nal temperature eld acquired from position
In this model,

(k − 1)

and so on.

qrad and qconv will be obtained from the previous submodels.
qcond (corresponding to conduction from the conveyor belt)

A conduction term

must be added if the contact surface between pieces and conveyor belt is
signicant.

2.3.4 Simplied CFD thermal model for the mue
As an example of the possibilities of the CFD model, a simplied problem
was tackled during the modeling week by the team. In particular, submodel
in section 2.3.2 for the gases for a unique-component gas was solved for the
computational domain of gure 10 with the academic version of software
Ansys/Fluent c .

Uniform temperatures for the furnace walls and for the

conveyor belt respectively were prescribed following the data provided by
EcoMT. A prescribed temperature curve for the pieces was also imposed.
Specic mass ow rates at the gases injection area were taken from real data of
the furnace operation. Concerning the pieces inlet and outlet, dierent values
of the pressure were prescribed to mimic either incoming or outgoing ows
through these boundaries. These boundary conditions represent the coupling
between the global zonal mode and the mue CFD model for the proposed
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Figure 10: Example of simplied computational domain for the mue zone.

Figure 11: Computational temperature eld in the middle plane of the mue.

approach. Some of the results for the temperature and velocity elds are shown
in gures 11 and 12, respectively. The last gure shows the complex velocity
patterns that can be found inside the mue region even for a very simplied
model.

It is to be remarked (see gure 12 right) that the injected ow is able

to provide both a cooling eect of the brazed parts near the injection and a
reducing atmosphere in the rst part of the mue.
The results of the complete CFD model, will provide the suitable mass ow
distributions to feed, with reliable data, each of the dierent control volumes
considered in the detailed zonal approach.
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Figure 12: Computational velocity vector eld over the piece for a transversal
plane located at the

H2

injection area (left). Path lines coming from the

H2

injection (right), colored by temperature.

3. Conclusions
Dierent models have been presented to mimic the behavior of the complex
thermal-uid dynamic processes involved inside a brazing furnace:

a global

zone modeling that account for all the six dierent zones of the process (inlet,
pre-heating, reducing, brazing, cooling and exit), a more detailed zone modeling
with a decomposition of (at least) the mue region in dierent sub-zones
(control volumes), and a complex CFD simulation of the mue region.
These models are complementary, that is, some outputs of the global model
are needed as boundary conditions for the CFD of the mue and, at the same
time, some (post-processed) outputs of the CFD model can be used as inputs
for the detailed zonal mode.
Some of the parameters involved in the modeling need to be calibrated
from measurements from the plant (e.g. parameters of the hydraulic network
of the global zone model). Likewise, the whole modeling should be validated
through experimental tests (using, for example, DataPaqr measurements for
working piece temperatures).
After the necessary validation process, these approaches can lead to a
well understanding of the local concentrations of the dierent gaseous species
involved in the problem under dierent conditions.

They can also help to

predict the eects generated by the change of a specic operational parameter
(e.g. the mass ow injection of

H2 , its injection location, conveyor velocity, ...)

However, the models presented are quite far from predicting the brazing
process performance in detail, as the problem involves surface tension-driven
ows (with dynamic contact lines with variable surface tension due to reactive
melting) as well as strong eects of the local thermal pattern on the reactive
(due to the allow formation) wetting process, which require much more detailed
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