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A Thermal System Model for a Radiant-Tube 
Continuous Reheating Furnace 

H. Ramamurthy, S. Ramadhyani, and R. Viskanta 

A thermal system mathematical model developed for a gas-fired radiant-tube continuous reheating fur- 
nace is discussed. The mathematical model of the furnace integrates submodels for combustion and heat 
transfer within the radiant tube with models for the furnace enclosure. The transport processes occurring 
in the radiant tube are treated using a one-dimensional scheme, and the radiation exchange between the 
load, the radiant-tube surfaces, and the furnace refractories are analyzed using the radiosity method. 
The continuous furnace operation is simulated under steady-state conditions. Model simulations of load 
surface temperature variation compare well with measurements in an industrial gaivannealing furnace. 
The scope and flexibility of the model are assessed by performing extensive parametric studies using fur- 
nace geometry, material properties, and operating conditions as input parameters in the model and pre- 
dicting the thermal performance of the furnace. The various parameters studied include the effects of 
load and refractory emissivities, load velocities, properties of the stock material, and variations in the ra- 
diant-tube designs. 
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I .  Introduction 

INDIRECTLY fired radiant-tube furnaces are widely used in 
metal heat-treating applications where the quality of the final 
heated product is a major concern (Ref 1). A typical radiant- 
tube continuous furnace employed for such applications is 
shown schematically in Fig. 1. In this type of furnace, the corn- 
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bustion of fuel and air takes place within the radiant tubes, and 
the high-temperature products of combustion are kept isolated 
from the stock material being heated (the load in Fig. 1). The 
energy released due to combustion is transferred to the radiant- 
tube wall, and the heating of the stock material is accomplished 
via radiative heat transfer from the heated walls of the radiant 
tubes and from other surfaces of the furnace enclosure. Further- 
more, the furnace enclosure may be filled with an inert radia- 
tively nonparticipating atmosphere, such as nitrogen or argon, 
to prevent scaling or decarburization of the load during the 
heating process (Ref 1). 

A continuous furnace is typically equipped with several ra- 
diant tubes, and the stock material is transported through the 
furnace on conveyor belts or rollers (Fig. 1). The load in the fur- 
nace may be heated symmetrically from above and below by an 
identical set of radiant tubes, although Fig. 1 shows only the up- 
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Fig. 1 Physical model of a radiant-tube continuous furnace 
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per half of the furnace. The primary objectives in the operation 
of a continuous furnace are to maximize the mass throughput of 
stock material and to maximize the heat transfer to the load due 
to the combustion of fuel in the radiant tubes. However, at- 
tempts to maximize the throughput may adversely affect the 
maximum heat transfer to the load, and vice versa. Therefore, it 
becomes necessary to optimize the furnace operation for the 
most efficient heat transfer and greatest throughput. This can be 
accomplished by conducting numerical experiments using a 
thermal system mathematical model of the furnace. The mathe- 
matical model developed in this study provides for detailed 
simulations of the heat-transfer processes occurring in the fur- 
nace and uses design, operating conditions, and material prop- 
erties of the furnace as inputs to examine their effects on 
furnace operation. A detailed parametric analysis of the furnace 
is then performed to reveal important trends and design condi- 
tions for the furnace and to identify means of optimizing fur- 
nace performance. 

Before discussing the mathematical model of the furnace, 
we will outline the details of the heat-transfer processes occur- 
ring within the furnace. The various modes of heat transfer in a 
radiant-tube continuous furnace are depicted schematically in 
Fig. 2. Fuel (natural gas) and air enter the radiant tube through 
a coaxial-diffusion flame burner installed at one end of the 
tube. The two streams mix with each other by turbulent diffu- 
sion; combustion occurs in the mixing zone, leading to the for- 
mation of a flame. The high-temperature products of 
combustion transfer a portion of their energy to the radiant-tube 
wall by convection and radiation, and a portion of the energy 
leaving the radiant-tube exhaust is recovered in a recuperator. 
Radiation is the primary mode of heat transfer from the com- 
bustion products to the tube wall (Ref 2, 3). The products of 
combustion of natural gas include strongly radiating species, 
such as CO 2 and H20, that are spectrally selective absorbers 
and emitters of thermal radiation (Ref 4, 5). The high-tempera- 
ture radiant-tube wall then transfers heat to the load, the refrac- 
tory walls, and the adjacent radiant tubes in the furnace. A 
portion of the energy incident on these surfaces is absorbed, 
and the remainder is reflected back into the furnace enclosure. 
The absorbed energy raises the temperature of the surface, 
which then reradiates to the other surfaces of the enclosure. Ad- 
ditionally, the motion of the load through the furnace induces 
circulation of the furnace gases; this helps to transfer heat by 
convection to the various surfaces of the enclosure. The heat 
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Fig. 2 Modes of heat transfer in a radiant-tube continuous fur- 
nace 

transferred to the refractory walls is then conducted through the 
wall material and lost to the ambient atmosphere by convection 
and radiation. The heat incident on the load is redistributed 
within the load by conduction as well as advection caused by 
the movement of the load within the furnace. 

2. Mathematical Model 

The thermal system model for the radiant-tube continuous 
furnace involves integration of the mathematical models of the 
furnace enclosure and of the radiant tube (Ref 6). The furnace- 
enclosure model calculates the heat transfer and the tempera- 
ture distribution in the load, the refractory walls, and the 
furnace gas. The radiant-tube model simulates the turbulent 
transport processes, the combustion of fuel and air, and the con- 
vective and radiative heat transfer from the combustion prod- 
ucts to the tube wall in order to calculate the local radiant-tube 
wall and gas temperatures. Integration of the furnace-enclosure 
model and the radiant-tube model is achieved using the radios- 
ity method (Ref 5). Brief discussions of the individual sub- 
models that constitute the furnace-enclosure and the 
radiant-tube models and their integration into a thermal system 
mathematical model are presented in the following sections. 

2.1 F u r n a c e  Z o n i n g  

In order to simplify the complex heat-transfer processes oc- 
curring within the furnace, the surface areas of the furnace en- 
closure are subdivided into smaller zones that are assumed to 
be isothermal (Ref 4). Energy balances are then applied to each 
zone, resulting in a set of simultaneous equations that are 
solved to determine the temperature and heat fluxes in each 
zone,  

For the zonal analysis of the furnace, the enclosure is di- 
vided into N major zones, where N represents the number of ra- 
diant tubes in the furnace. The furnace gas within the enclosure 
is thus subdivided into N gas volume zones. The furnace roof 
(or crown), the front wall, and the back wall are each subdi- 
vided into Nisothermal surface zones, and each end wall of the 
furnace is modeled as a single isothermal surface zone. Al- 
though the radiant-tube wall temperature varies axially along 
the length of the tube, the exterior surface of each radiant tube 
is treated as an isothermal surface zone at an average tube wall 
temperature. The zonal analysis thus results in 5 x N + 2 major 
surface zones and N gas volume zones. The load zones are fur- 
ther subdivided into smaller control volumes (Fig. 2) to resolve 
more accurately the temperature variations in the load. 

2.2 R a d i o s i t y  M e t h o d  

All surfaces of the furnace enclosure are assumed to be diffuse 
and gray emitters and reflectors of radiation. For an enclosure con- 
sisting of M surface zones with known surface temperatures, the 
radiosity equation for each surface zone k is written as (Ref5): 

M 

[Ski -- (1 - Ek) Fk-j]Jj = Ek ~ 4 

j=l 

1 < k < M  ( E q  1)  
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where Jj represents the radiosity at surface j ,  Tk represents the 
average surface temperature of zone k, and Fk_ j represents the 
view factor between surfaces k andj .  

The foregoing set of radiosity equations can be readily 
solved for the unknown radiosities using a matrix inversion 
procedure (Ref 5). The net average heat flux leaving each sur- 
face zone is then obtained from the radiosities as: 

Ek [~5~1" 4 _ Jk] + hk (Tk - Tg,k) 
qtot,k - (1 - Ek) 

1 < k < M  (Eq2) 

where hk is the average convective heat-transfer coefficient at 
surface k, and Tg,k is the average gas temperature in the furnace 
gas zone with which the kth surface zone is in contact. This tem- 
perature is obtained from the furnace gas model. As noted ear- 
lier, the radiant-tube wall temperature varies axially along the 
length of the tube, but an average tube wall temperature is used 
for the solution of  the radiosity equations. The computation of 
the average tube wall temperature is discussed in section 2.5. 

2.3 Furnace-Enclosure Model  

The furnace-enclosure model mathematically models the 
heat transfer in the load, the refractory walls, and the furnace 
gas. 

2.3.1 Load  M o d e l  

The two-dimensional steady-state energy equation of the 
load is written as (Ref 7, 8): 

~x (PL CL VL TL ) = ~ k oTL  (LW) (Eq 3) 

where V L is the velocity of the load (Fig. 2). In deriving Eq 3, 
conduction along the x-direction is neglected in comparison to 
that along the y-direction due to the large length-to-thickness 
ratio of  the load (LL/t L -~ 500). 

The boundary condition at the inner (top) surface of the load 
zones exposed to the heat flux from the radiant tubes and the 
furnace walls is 

k ~TL inner 0,=0) -- L ~-"~- =--qtot (Eq 4) 

where qtot is the average heat flux in each load zone obtained 
from Eq 2. Due to symmetric heating of  the load from above 
and below, the midplane of the load is considered a plane of 
symmetry, and the boundary condition is expressed as: 

~y midplane = 0 (Eq 5) 

The temperature of the load entering the furnace is known and 
is used as an initial condition for the x-direction: 

TL (x:0) = Tknown (Eq 6) 

2.3 .2  R e f r a c t o r y  Wal l  M o d e l  

The energy equation for the furnace refractory wall zones is 
similar to that for the load zones, except for the advection term. 
The one-dimensional steady-state heat conduction equation for 
the furnace walls is written as (Ref 7, 8): 

(k w 3Tw ~---~ - ~ n  ) :  0 (Eq 7) 

where n represents the direction of the exterior normal to the 
walls (Fig. 2). The boundary condition on the inner surface of 
the refractory wall zones is the imposed heat flux condition, ex- 
pressed as: 

~)Tw inner = -qtot -kw (Eq 8) 

and the boundary condition on the outer surface of  the furnace 
walls exposed to the ambient surroundings is given by: 

~)Tw outer = ~(Tw.outer -kw ~ - Tamb) (Eq 9) 

where 71 is an effective (convective plus radiative) heat-transfer 
coefficient, and Tam b is the ambient temperature. 

2.3,3 Fu rna c e  Gas  M o d e l  

The furnace gas in each gas zone is assumed to be radia- 
tively nonparticipating and to be "well stirred"0that is, to have 
a uniform gas composition and temperature. The energy equa- 
tion for the furnace gas in the kth gas zone is written as: 

s 

h~at [?g,k - ? 3  = 0 

1=1 

(Eq 10) 

where s is the total number of surface zones with which the kth 
gas zone is in contact, and ht represents the corresponding aver- 
age convective heat-transfer coefficient specified along the in- 
ner surfaces of the furnace enclosure. 

2.4 Radiant-Tube Model 

The mathematical model of a radiant tube entails detailed 
numerical modeling of  combustion, radiation, and the turbu- 
lent transport of mass, momentum, chemical species, and en- 
ergy within the tube. Such a task, using a two-dimensional, 
axisymmetric model for the radiant tube is computationally in- 
tensive, requiring the simultaneous solution of  several coupled 
nonlinear partial differential equations (Ref 8, 9). Conse- 
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quently, for the purposes of the thermal system model of the 
furnace, the basic transport processes within the radiant tube 
are treated in a plug-flow fashion using a one-dimensional 
scheme. A one-dimensional radiant-tube model, similar to 
those employed by Lisienko et al. (Ref 10) and Harder et al. 
(Ref 3), which takes into account turbulence, flow relaminari- 
zation, combustion, and radiation occurring within the radiant 
tube, is used in the present study for the furnace thermal system 
model. 

The one-dimensional model allows for the calculation of the 
convective and radiative heat flux from the radiant tube as well 
as the local variations in the tube wall and the combustion gas 
temperatures in the tube. For steady plug-flow through the ra- 
diant tube, the basic conservation equations representing the 
transport of  mass, momentum, and energy of the radiant tube 
gases are, respectively (Ref 3): 

d(p V) _ 0 (Eq 11) 
dz 

dV dp 2 
pV--s- + + "r=0 

o z  
(Eq 12) 

d " a drnfu 
(mh) = hiPi(Ttw - Tcg) - AHfu ~ - Piqrad,i (Eq 13) 

where h a is the sensible enthalpy of  the mixture, AHfu is the heat 
of reaction between fuel and oxidant, and "c is the shear stress 
expressed in terms of  the Darcy friction factor, fD, as: 

(pv2)~, 
(Eq 14) 

The radiant-tube gases at any axial location z are assumed to 
consist of a combination of  three species: fuel, air, and combus- 
tion products�9 The proportions of each of these species can be 
determined from a fuel burnup coefficient, which represents 
the fraction of  the initial fuel consumed during the combustion 
process (Ref 10). The mass flow rates of the three species--  
fuel, air, and combustion products--at  any axial location z can 
then be obtained from: 

mfu(Z ) = r t / fu(0)[  1 - If(z)]  (Eq 15) 

ma(Z) = ma(0)[l - e~(z)] (Eq 16) 

mpr(Z) = rna(0  ) + m f u ( 0 )  - mfu(Z ) - ma(Z ) (Eq 17) 

The sensible enthalpy of  the mixture, which is a function of the 
local gas temperature, is determined from: 

�9 r . fL~ rnh a = mfu jTg Cp,fu(T)dT + ma J Cp, a(T)dT + 
Tref Tref 

�9 S L ~  
mpr Cp,pr(T)dT 

r f 
(Eq 18) 

where temperature-dependent specific heat values are used for 
fuel, air, and combustion products (Ref 1). 

A correlation for the fuel burnup coefficient, ~, was devel- 
oped by Lisienko et al. (Ref 10) based on the results of  a two-di- 
mensional flow and combustion analysis in a straight-through 
type of  radiant tube. The fuel burnup coefficient was obtained 
as a function of axial position, tube diameter, and the Reynolds 
number of  flow and is given by: 

1 (Eq 19) 

This correlation, however, did not take into account the ef- 
fect of  operating conditions--such as burner geometry, air-fuel 
ratio, and combustion air preheat temperature----on fuel burn- 
up. Ramamurthy (Ref 8) recently developed correlations for 
fuel burnup and wall heat transfer based on the two-dimen- 
sional analysis of long diffusion flames in radiant tubes for 
varying tube operating conditions. The fuel burnup coefficient 
(Ref 8) was expressed as: 

I 1.6 
AR~ POr .4, ( z_._ ] Re-O.08] 

~:(z) = 1 - exp -8.24 • 10 -4 ~1.53 ~,O) FT J 

(Eq 20) 

where ReFT represents the Reynolds number of  flow evaluated 
at the stoichiometric adiabatic flame temperature of  the fuel, 
and Pr represents the momentum ratio between the air and fuel 
streams at the burner inlet. A comparison of the two fuel burnup 
correlations revealed that despite the simplicity of  the Lisienko 
et al. (Ref 10) correlation, it modeled short flames generated by 
high-intensity diffusion flame burners in straight-through radi- 
ant tubes fairly well (Ref 8). Therefore, for consistency in the 
comparison of flames generated by different radiant-tube burn- 
ers, the Lisienko et al. (Ref 10) fuel burnup correlation is 
adopted in the present modeling study. 

For predicting convective heat transfer from the combust- 
ing, reacting, and developing flow in the radiant tube, a modi- 
fied form of the convective correlation proposed by Gnielinski 
(Ref 11) is used. The convective heat-transfer coefficient, writ- 
ten in terms of Nusselt number, is expressed as: 

ccOCD / 8)(Re D - 1000) Pr 
hiD'r/keg= NUD= (Pr 2/s- 1) ' 1 + 12.70CD/8) '/2 

(Eq 21) 

where 

fo = (0.79 In Re D - 1.64) -2 (Eq 22) 
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and C c represents a suitable multiplication factor that modifies 
the Gnielinski correlation to account for effects of flow devel- 
opment and combustion (for details, see Ref 8). 

For predicting radiative heat transfer, the combustion gases 
are treated as an absorbing-emitting and nonscattering me- 
dium, and gas emittance and absorptance are taken to be de- 
pendent on both temperature and the pressure-path length 
product as discussed by Hottel (Ref 12). The radiant heat flux 
from the combustion products to the inner tube wall was ob- 
tained by modifying Hottel 's  correlation and is given by: 

Crs ~ (Ccg~cg -- GCcg~tw ) 

qrad,i  = 1 - (1 - Etw.i ) (1 - O~cg ) 
(Eq 23) 

where Tc~ represents the local mean combustion gas tempera- 
ture, Ttw ~s the local tube wall temperature, and C r is a suitable 
multiplication factor to account for the nonuniformity of the 
combustion gas temperature (Ref 8). 

Heat transfer to the tube wall is assumed to occur only in the 
radial direction, as expressed by Eq 13. Because the radiant 
tube wall is relatively thin compared to the tube length (tt/L t < 
0.02), axial heat conduction along the tube wall is neglected. 
Thus, for each control volume, an energy balance on the tube 
wall yields: 

R o 
hi(Tcg- Ttw) + qracl,i=-~i [ho (Ttw- Tg,k) + qrad.o I (Eq 24) 

where Tg,k is the gas temperature in the furnace gas zone that is 
in contact with the radiant tube. 

Assuming that the forced circulation of the furnace gases is 
relatively feeble, the flow around the radiant tube will be domi- 
nated by natural convection. The external convective heat- 
transfer coefficient, h o, was obtained via an expression by 
Morgan (Ref 13) and is written as: 

hoD o 
kg = Nuoo = CnRa~o (Eq 25) 

where kg is the thermal conductivity of the furnace gas calcu- 
lated at the mean film temperature, Raoo is the Rayleigh num- 
ber based on the tube outer diameter, and C n and n are constants 
over a range of Rayleigh number values (Ref 14). 

Radiant heat-transfer rate from the outer surface of the tube 
to the furnace enclosure is calculated by treating the tube as a 
small object in a large isothermal enclosure and for each con- 
trol volume in the radiant tube is expressed as (Ref4): 

qrad,o = ~tw,o ~ (7~tw - '~en) (Eq 26) 

where Ten is the mean enclosure temperature. Calculation of the 
mean enclosure temperature is discussed later in this paper. 

2.5 Method of  Solution 

The first step in the solution procedure involves  the zon- 
ing of  the furnace into isothermal surface and volume zones. 
The next step involves the calculation of  the configuration 
factors (Fk_j) between various isothermal surface zones of  
the furnace. These are evaluated using analytical expressions 
provided by Siegel and Howell (Ref 5) for generic surface con- 
figurations and employing integral expressions given by Spar- 
row and Cess (Ref 15) for more complicated geometries. The 
expressions for configuration factors are evaluated using nu- 
merical integration techniques. 

The initial temperatures of  all surface and gas volume 
zones of  the furnace, including the outer surface of  the radi- 
ant tubes, are specified.  The convective heat- transfer  coeffi-  
cient on each surface of the enclosure is est imated using 
empir ical  expressions for flow over flat vert ical  and hori- 
zontal  plates and for flow over a bundle of  tubes (Ref 14). 
The furnace gas model  (Eq 10) is first solved to obtain the 
average gas temperature,  ~T~. k, !n each gas volume zone. For 
specif ied radiat ive propernes  m each surface zone, the ra- 
diosi ty equation (Eq 1) is then solved using a matrix inver- 
sion routine, and the average radiative and convect ive heat 
f luxes leaving each surface zone are obtained from Eq 2. The 
net average heat flux, qtot ,  s e r v e s  as the boundary condit ion 
in the solution of  the respective energy equations for the 
load and the furnace refractory walls (Eq 3 and 7). The heat 
flux in Eq 2 is a nonlinear function of  the surface tempera- 
ture; therefore, in the solution of  the energy equations,  it is 
l inearized using a f i rs t-order  Taylor series expansion of  the 
heat  flux about the surface temperature.  The energy equa- 
tions are then solved for the temperature distr ibution in the 
load and refractory walls using the t r idiagonal  matrix algo- 
ri thm (TDMA) with l inearized source terms (Ref  16). 

Equations 11 to 13 along with the ideal gas equation of  state 
are solved using a predictor-corrector routine for radiant-tube 
gas temperature, velocity, pressure, and density. Employing an 
underrelaxed Newton-Raphson technique, Eq 24 can be solved 
for the local tube wall temperature during each predictor-cor- 
rector step, provided that the mean enclosure temperature, Ten, 
and hence the radiative heat flux from the outer surface of the 
tube in Eq 26 are known. 

Radiation is the dominant mode of heat transfer from the ra- 
diant tubes to the different surfaces of the furnace enclosure 
(Ref 3). Thus, from the specified average surface temperature 
of  the tube and the average radiative heat flux from the tube, 
qrad,t, obtained from Eq 1, the enclosure temperature for each 
radiant tube is determined from: 

qrad,t = s (3 (~tw - ~en) (Eq 27) 

Using the enclosure temperatures, the solution of the radi- 
ant-tube model yields the local gas and tube wall temperatures 
and the net local heat flux at the radiant-tube surface. The heat 
flux obtained from the radiant-tube model has to be consistent 
with the heat flux determined from the radiosity method for the 
specified average tube wall temperature. Therefore, the sum of 
the local radiative heat fluxes from each control volume should 
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equate to the net radiative heat flux from the tube obtained from 
the radiosity method. Thus, 

Z qrad,o Azi = qrad,tLt (Eq 28) 
i 

where L t is the axial length of the radiant tube and Az i is the ax- 
ial step size. Upon substituting for qrad,o from Eq 26 and qrad,t 
from Eq 27, the relationship between the average tube wall 
temperature and the local tube wall temperatures is 

1 
~w : ~t ~ ~tw,i AZi (Eq 29) 

1 

The calculation of the average tube wall temperature using Eq 
29 ensures consistency between the radiative heat fluxes from 
each radiant tube obtained from the radiant-tube model and 
from the radiosity method. 

The temperature distributions in all the surface zones and 
gas volume zones are thus obtained. In the continuous furnace, 
each load zone is subdivided into smaller control volumes (Fig. 
2); therefore, an average temperature for the load zone is ob- 
tained by averaging the surface temperatures of each control 
volume in a load zone. The new average values of furnace gas 
temperature, radiant-tube wall, furnace wall, and load surface 
temperatures are used in Eq 1 to recalculate the surface radiosi- 
ties and hence the heat fluxes. This procedure is repeated until 
a converged steady-state solution for the continuous furnace is 
obtained. The thermophysical properties, such as thermal con- 
ductivity, volumetric heat capacity (pC), and emissivity, for 
these materials are listed in Table 1. The model uses tempera- 

ture-dependent thermal conductivity for all materials, but as- 
sumes volumetric heat capacity and emissivity of the surfaces 
to be constants and independent of temperature. Table 2 lists 
furnace operating conditions and dimensions. 

3. Continuous Furnace Model Validation 

The thermal system model developed for the radiant-tube 
continuous furnace was validated using experimental data ob- 
tained on an industrial galvannealing furnace at Inland Steel 
Corporation (East Chicago, Indiana) (Ref 17). A schematic of 
the furnace is shown in Fig. 3. A steel strip moving on top of 
rollers was initially heated to a high temperature in the direct- 
fired section of the furnace and then soaked in the indirect-fired 
section. The indirect-fired section was equipped with 64 U- 
type radiant tubes, with 32 radiant tubes above the load and 32 
below it. The furnace was approximately 27 m long, 2.9 m 
wide, and 2.4 m high. Thin steel strips (typically 0.5 to 2.5 mm 
thick) traveled through the furnace at speeds of 0.5 to 2.3 m/s. 
These strips entered the indirect-fired section at temperatures 
close to 1000 K and were further heated by about 75 to 80 K. 
The furnace temperatures were monitored using thermocou- 
pies installed at several locations within the furnace. These 
temperatures were maintained within a specified operating 
range by intermittent firing of the radiant tubes. The reported 
experimental data consisted of the overall thermal efficiency of 
the furnace and the load surface temperatures at the inlet and 
exit of the furnace for varying load dimensions and velocities. 
The measured inlet and exit load temperatures along with the 
reported thermal efficiency of the furnace helped to determine 
the experimental net heat-transfer rate to the load. 

The thermal system model for the continuous furnace was 
exercised for the two sets of operating conditions given in Table 
3. Because in the actual furnace the radiant tubes were fired in- 

Table  1 T h e r m o p h y s i c a l  p r o p e r t i e s  for  r a d i a n t - t u b e  c o n t i n u o u s  rehea t ing  fu r n a c e  

pC, k(a), 
Zone Material J/m 3 . K W/re. K E 

Load Oxidized iron 3,518,000 112(1 - 0.00118T + 6.9 • 107T 2) 0.50 
Load A1SI 347 stainless steel 3,829,400 9.1 + 0.0175T- 1.88 • 10-6T 2 0.85 
Refractory Firebrick 2,539,200 1.0 + 0.0008(T - 478) 0.75 
Radiant tube Silicon carbide 0.81 

(a) Temperatures in the curve fits for k are in degrees Kelvin. Source: Ref 14, 15 

Table  2 Operat ing c o n d i t i o n s  a n d  d i m e n s i o n s  for  r a d i a n t - t u b e  c o n t i n u o u s  reheat ing  f u r n a c e  

Condition or dimension Value Condition or dimension Value 

Ambient temperature, K 300 Furnace dimensions 
Number of radiant tubes 8 ST; 4 U; 2 W Length (L), m 5.00 
Net fuel firing rate, m3ha 80 Height (H), m 1.35 
Load velocity, m/s 0.01 Width (W), m 1.22 
Load half thickness, m 0.005 Crown, side wall thickness, m 0.34, 0.23 
External T/. W/mLK 10 Front, back wall thickness, m 0.23, 0.23 

Tube ID, m 0.20 
Tube OD, m 0.24 

Source: Ref 14, 15 
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termittently, the average fuel firing rate for use in the mathe- 
matical model was computed for a given set of operating condi- 
tions from the reported overall thermal efficiency of the 
furnace and the experimental heat transfer to the load. The av- 
erage firing rates used in the two calculations are also listed in 
Table 3. The U-type radiant tubes in the furnace were modeled 
as two straight-through tubes, with the exit conditions of the 
first tube set as the inlet conditions of the adjacent tube. Due to 
the large number of zones involved in the modeling of the en- 
tire furnace, for computational expediency the heat-transfer 
calculations were performed in steps by splitting the furnace 
into four smaller furnaces, with the exit conditions of one 
matching the inlet conditions of  the next. The predicted tem- 
perature rise in the load for the two different operating condi- 

Table 3 Operating conditions of the Inland Steel 
galvannealing furnace for validation of continuous furnace 
model 

Condition Set 1 Set 2 

Load width, m 0.94 1.1 
Load thickness, mm 1.1 1.0 
Load velocity, m/s 1.05 1.14 
Firing rate per tube(a), m3/h 0, 86 1.16 

(a) Calculated for steady firing. Source: Ref 17 

tions are compared with the measured inlet and exit tempera- 
tures in Fig. 4. Excellent agreement exists between predictions 
and measurements, with a maximum underprediction of ap- 
proximately 12 ~ for the exit temperature of the load. This un- 
derprediction may be due to the assumption of a steady firing 
condition in the mathematical model as opposed to the inter- 
mittent firing actually employed in the industrial furnace. Since 
radiation, which is the dominant mode of heat transfer from the 
radiant tubes, is a function of the fourth power of  the tempera- 
ture, intermittent firing of the tubes in the furnace raises the av- 
erage fourth power of the tube surface temperature, resulting in 
higher radiative heat transfer to the load as opposed to the 
steady firing condition employed in the model. 

4. Continuous Furnace Parametric Investigations 

The good agreement between model predictions of load sur- 
face temperature and experimental measurements in an indus- 
trial furnace provides confidence in the use of  the present 
mathematical model as a system design and optimization tool. 
The model  has been used to investigate the effects of design 
and operating parameters of the furnace on its thermal perform- 
ance. Thermal performance is evaluated in terms of  the overall 
furnace thermal efficiency and the temperature rise of the mov- 
ing load in the furnace. The important parameters investigated 
in this study include variations in the load and refractory emi~- 

Pyrometer 

r C) 

Dir(~ct-fired 
section 

Fig. 3 

27m 

zone 1 I zone 2 I 

f 
I 32 U tubes I 

zone 3 I 

32 U tubes I 

zone 4 

Pyrometer 

/ 

I Hearth ro~lls I I 

Furnace 
Cross section 

0 y , 
I 

/ 

II C)ll 
I Strip load 

Indirect-fired section 

0 

I . I 
Hearth Roll " ~  

2.90 m 

E 
o 

r 

Control  cool 
sect ion 

Schematic of the indirect-fired section of the Inland Steel galvannealing furnace 

Journal of Materials Engineering and Performance Volume 4(5) October 1995---525 



L 

._) 
L 

~q 

~..] e- 

. . . . , . '  

. . . . . . . . . ' " ' " ' "  

.,..'" o 

J 

J 
J 

/ 
j Io �9 Set-1 Meas. 

.............. Set- i  Pred. 
o Set-2 Meas. 

. - -  Set-2 Pred. 

1 ~5 2'0 2~5 3 0 

D i s t a n c e  (m) 

Fig. 4 Comparison of predicted load surface temperatures with 
measurements in the Inland Steel furnace 

o 

~ .  

r 

o 
0 

c~.o~.~ ............................................................................. 
" . . . . . . . . . . .  : . L ~ ' = ~  

_ _ _ . _ _ ,  - -  

,,6., ..-"" ............. 
Decreasing e L ~.~/,j,-~.~ ................ Load 

l 2 3 4 5 

D i s t a n c e  (m) 

Fig. 5 Variations in the load and crown surface temperatures 
with distance for varying load emissivities 

sivities (E L and ER) and variations in the load velocity for con- 
stant mass throughput of the load through the furnace and for 
constant load thickness. The parametric studies were con- 
ducted by varying each of these parameters from the baseline 
conditions listed in Table 2. For the numerical experiments, the 
load in the furnace was assumed to be oxidized iron, the ther- 
mophysical properties of which are listed in Table 1. The fur- 
nace geometry selected for the model simulations was based on 
the Sifco pusher-forge furnace located in Cleveland, Ohio (Ref 
18). The furnace was assumed to be 5 m long and 1.22 m wide, 
and to consist of eight straight-through radiant tubes. The over- 
all dimensions of the furnace and the thickness of the load and 
refractory walls are given in Table 2. 

4.1 Effect of Load Emissivity 

To study the effect of load emissivity on furnace thermal 
performance, simulations were performed by varying the load 
emissivity (EL) in the model from 0.1 (almost reflective) to 0.9 
(nearly black). All other furnace parameters were maintained at 
the baseline values listed in Tables 1 and 2. The variations in the 
load surface temperature and the crown surface temperature 
along the length of the furnace for different values of load emis- 
sivity are plotted in Fig. 5. The load surface temperature in- 
creases with increasing load emissivities, whereas the crown 
surface temperature decreases. The increase in load surface 
temperature can be attributed to the increased absorption of ra- 
diant energy at the load surface with increasing load emissivi- 
ties. Because the additional radiant energy at the load surface is 
absorbed from the crown surface, it results in a corresponding 
decrease in the crown temperature. For low values ofE L the in- 
crease in load surface temperature is almost linear, whereas at 
higher values the load appears to asymptotically approach a 
maximum temperature at the exit of the furnace. The maximum 

temperature attainable by the moving load is governed primar- 
ily by the firing conditions in the radiant tubes and the thermo- 
physical properties of the load. Although substantial increases 
in load surface temperatures are obtained by raising the load 
emissivity at nearly reflective conditions, the increase becomes 
less pronounced as the load surface approaches a nearly black 
condition. This implies that the furnace thermal efficiency, 
which is defined as 

Net heat input to load 
~overall = Net heat released due to combustion 

(Eq 30) 

increases substantially with load emissivity for nearly reflec- 
tive surfaces and increases only slightly for near-black sur- 
faces. 

Figure 5 also shows that the crown surface temperature is a 
minimum at the point where the load enters the furnace and pro- 
gressively increases toward the exit. This arises due to large 
amounts of energy being transferred from the crown to the cold 
load at the furnace entrance. From the point of view of furnace 
operation, the decreased crown surface temperature is advanta- 
geous, reducing furnace heat losses and improving furnace 
service life. 

4.2 Effect of Refractory Emissivity 

The effect of refractory emissivities on furnace thermal per- 
formance was simulated by varying eR from 0.1 to 0.9 and 
maintaining the rest of the furnace parameters at the values 
listed in Tables 1 and 2. The variations in the load and the crown 
surface temperatures for varying values of c R are shown in Fig. 
6. Although the variations in E R seem to have negligible effect 
on the load surface temperature, the crown surface temperature 
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difference between the enclosure and overall efficiencies is 
noteworthy. 

4.3 Effect of Load Velocity 

The rate of throughput of stock material in a furnace is very 
important in terms of  productivity. Although a decrease in load 
velocity (increased residence tim e in the furnace) may improve 
heating of the load, it may also increase production time and 
costs. Therefore, the effects of varying the load velocity were 
studied for a constant as well as a varying mass throughput of 
the load in the furnace. For the first set of simulations, the ther- 
mal performance of the furnace was evaluated by maintaining 
the load throughput at a constant value of  0.96 kg/s, while the 
load velocities were varied from 0.001 to 0.5 m/s. The constant 
mass throughput for varying load velocities was achieved by 
adjusting the thickness of  the stock material accordingly. Thus, 
at higher load velocities the thickness of the stock material was 
correspondingly reduced. 

The effect of varying load velocities on the load and crown 
surface temperatures for constant load throughput in the fur- 
nace is plotted in Fig. 8. Varying the load velocities at constant 
mass throughput has little effect on the load and crown surface 
temperatures and hence on the thermal performance of the fur- 
nace. The net heat-transfer rate to the load can be expressed in 
terms of the load temperature rise as: 

increases with increasing refractory emissivities. As the refrac- 
tory emissivity increases, radiant energy absorbed by the 
crown increases, resulting in the rise in crown surface tempera- 
ture. From Fig. 6, it is again evident that substantial increases in 
the crown surface temperature are obtained by increasing E R for 
nearly reflective refractories. 

The refractory surfaces transfer radiant energy to the load 
via two processes: (1) reflection of the incoming radiant energy 
from the other surfaces of  the enclosure and (2) absorption of  
the incoming energy and reradiation to the load. Thus, highly 
reflective refractories transfer energy to the load by reflection 
of  incident radiation, while black refractories absorb incident 
energy and reradiate to the load. Thus, as shown in Fig. 6, vari- 
ations in refractory emissivity do not significantly alter the load 
temperatures. Since the net heat transfer to the load is nearly in- 
dependent of eR, the overall thermal efficiency of the furnace 
(Eq 30) is not expected to vary with changes in refractory emis- 
sivities. 

The variations of enclosure and overall furnace efficiencies 
with load and refractory emissivities are plotted in Fig. 7. The 
other furnace parameters are held fixed at the values presented 
in Tables 1 and 2. The enclosure efficiency is defined as the ra- 
tio of  the net heat flux incident on the load to the net heat flux 
leaving the radiant-tube walls. Thus, while the enclosure effi- 
ciency quantitatively describes the percent fractional heat 
losses from the furnace enclosure alone, the overall thermal ef- 
ficiency additionally includes the heat losses via the radiant- 
tube exhaust. As discussed earlier, Fig. 7 indicates that the 
furnace efficiencies are unaffected by changes in refractory 
emissivities. However, furnace efficiencies increase progres- 
sively with increases in load emissivity, with substantial in- 
creases occurring at nearly reflective load conditions. The large 

QL = rnLCLATm (Eq 31 ) 

where ATm is the mean temperature rise of the load from the in- 
let to the exit of  the furnace. In the present simulations, the 
mass throughput rn L is maintained constant, and QL is a func- 
tion of  the unaltered surface properties of the furnace enclo- 
sure; therefore, the temperature rise for varying load velocities 
in Eq 31 remains a constant. Thus, if the throughput is main- 
tained constant, the residence time in the furnace can be signifi- 
cantly reduced by increasing the load velocities with no 
adverse effects on the thermal performance of  the furnace. 

4.4 Effect of Load Velocity for Constant Load Thickness 

The effect of varying load velocities for constant load thick- 
ness is studied by varying load velocities from 0.008 to 0.1 ntis. 
The variations in the load surface temperature and the net heat 
flux to the load for these conditions are plotted in Fig. 9 and 10, 
respectively. As expected, the load surface temperature in- 
creases with decreasing load velocity due to longer residence 
time of  the load within the furnace. This is also apparent from 
Eq 3 1 .  The net heat-transfer rate to the load remains more or 
less a constant, whereas decreasing load velocity decreases rhL, 
resulting in a corresponding increase in load temperatures. The 
decreasing load velocity, however, reduces the production rate 
in practical applications. Hence, for a specific heating situ- 
ation, the load velocity needs to be optimized in order to 
achieve a satisfactory balance between production rate and 
higher load exit temperatures or better furnace thermal per- 
formance. 

The net heat flux to the load, plotted for various load veloci- 
ties in Fig. 10, shows a highly nonuniform heating of the load at 
lower load velocities. At the furnace inlet, the load surface is 
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relatively cold, and thus a large amount of heat is transferred to 
the load by radiation. However, at lower load velocities, the 
longer residence time (LL/VL) causes the load surface tempera- 
ture to approach the temperature of the radiant tubes. At the fur- 
nace exit, therefore, the net heat flux from the radiant tubes to 
the load decreases significantly, as represented by the solid line 
for a load velocity of 0.008 m/s in Fig. 10. For higher load ve- 
locities, the load surface temperature increase between inlet 

and outlet is much smaller (by about 100 ~ for a V L of 0.1 m/s). 
Because these temperatures are much lower than the radiant- 
tube temperatures, the net heat flux to the load remains more or 
less uniform (Fig. 10). The net heat-transfer rate to the load can 
be estimated from the area enclosed beneath the heat flux 
curves in Fig. 10. A qualitative comparison of these areas indi- 
cates that the net heat-transfer rate to the load for the simula- 
tions is more or less a constant. 
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4 . 5  Effect of Stock Material 

The capabilities and flexibility of the mathematical model 
are demonstrated by comparing the results of  the furnace model 
simulations for two different stock materials in the furnace. The 
two stock materials heated in the furnace were AISI 347 stain- 
less steel and oxidized iron, the thermophysical properties of 
which are listed in Table 1 (Ref 14, 15). Temperature-depend- 
ent thermal conductivity was used for both materials, and the 
thickness and velocity of the steel and iron strips were assumed 
to be the same in the simulations. The mass throughput of the 
stainless steel strip was thus about 1.3% higher than that of 
iron. The emissivity of the steel strip in the simulations was as- 
sumed to be 0.85 (Ref 14), and that of the iron strip was 0.50 
(Ref 15). The load surface temperature and the furnace crown 
surface temperature variations during the heating of the two 
different stock materials in the furnace are plotted in Fig. 11. 
Despite the higher mass throughput and higher specific heat, 
the steel sheet heats up faster than the iron sheet. This is due to 
the higher emissivity of steel compared to that of iron, which 
causes higher heat transfer to the load in the furnace. The higher 
emissivity of steel correspondingly decreases the crown sur- 
face temperatures by about 10% compared to the heating of  
iron in the furnace. Calculations such as these can provide the 
furnace designer or operator information about the important 
furnace parameters and operating conditions necessary to 
achieve optimum thermal performance and productivity with 
different stock materials. 

4.6 Effect of Tube Designs 

To study the effect of radiant-tube designs on furnace per- 
formance, three different radiant-tube designs were considered 
in the simulations: the straight-through type, the U-type, and 
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the W-type. In U-type and W-type radiant tubes, fuel and air en- 
ter one leg of the tube via a diffusion flame burner; the products 
of combustion pass through the U- and W-shaped sections, re- 
spectively, eventually exiting via the exhaust branch of the 
tube. In the thermal system model, the different branches of  the 
U-type and W-type tubes were simulated as individual straight- 
through tubes by setting the exit conditions of  one tube as the 
inlet conditions of the next. Thus, the U-type radiant tube was 
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simulated as two straight-through tubes and the W-type radiant 
tube as four straight-through tubes. The rate of fuel burnup in 
the tubes was obtained using the fuel burnup correlation pro- 
posed by Lisienko et al. (Ref 10) (Eq 19). The net fuel firing 
rate into the furnace for each simulation was maintained at 80 
m3/h by distributing the fuel evenly to the different tubes. Thus, 
in each of the eight straight-through radiant tubes, the firing 
rate was 10 m3/h; in each of the tbur U-type tubes, 20 m3/h; and 
in each of the two W-type tubes, 40 m3/h. 

Figure 12, which shows the variations in the load surface 
temperature for the same net fuel firing rate in the radiant tubes, 
indicates that the load surface temperatures are the highest for 

the W-type tube design, followed by the U-type and then the 
straight-through tubes. The lower load surface temperatures for 
the straight-through tubes in the furnace is due to the incom- 
plete burning of fuel in the radiant tubes. A considerable 
amount of  energy is lost in the form of unburned fuel at the ex- 
haust of the straight-through tube. However, in the U-type and 
W-type tubes, further burning of  the unburned fuel from the 
first branch takes place, resulting in a higher average tube wall 
temperature in the successive branches of the tube. 

The variations in the radiant-tube wall temperatures along 
the axial length of the tube for the straight-through, U-type, and 
W-type tubes are plotted in Fig. 13. For the purposes of corn- 

NOMENCLATURE 

AF 
AR 
C 
Cp 
D 

ID 
Fk=j 

h a 

H 

J 
k 
L 
rh 
M 
n 

air-to-fuel ratio 
area ratio 
specific heat of solid, J/kg.K 
specific heat of fluid, J/kg-K 
diameter, m 
Darcy friction factor 
configuration factor between kth andj th  
surfaces 
convective heat-transfer coefficient, W/m2.K 
external effective heat transfer coefficient 
accounting for radiative and convective heat 
transfer, W/m2.K 
sensible enthalpy, J/kg 
height, m 
heat of combustion of fuel, J/kg 
radiosity at a surface, W/m 2 
thermal conductivity, W/InK 
length, m 
mass flow rate, kg/s 
total number of surface zones 
normal direction 

N 
Nu 

P 
P 

Pr 
Pr 
q 
Q 
F 

R 
Ra 
Re 
S 

S 
t 

T 
V 
W 
X, y ,  Z 

Az 

Greek characters 

number of  radiant tubes 
Nusselt number, hD/k 
pressure, N/m 2 
perimeter, m 
momentum ratio 
Prandtl number, MCp/'k 
heat flux, W/m 2 
heat-transfer rate (Fig. 2), W 
radial coordinate, m 
radius, m 
Rayleigh number 
flow Reynolds number, pVD/Ia 
number of  surfaces in contact with a gas 
volume zone 
distance between radiant tubes (Fig. 1), m 
thickness, m 
absolute temperature, K 
velocity, m/s 
width, m 
coordinates 
axial step size, m 

absorptance 
5kj Kronecker delta: 5 = 1 when k = j ;  8 = 0 when 

kc:j 
e surface emissivity; gas emittance 
r I efficiency 

fuel burnup coefficient 

P 

Subscripts 

viscosity, N.s/m 2 
equivalence ratio, AFst/AF 
density, kg/m 3 
Stefan-Boltzmann constant, W/m4-K 
shear stress, N/m 2 

a air 
c L centerline 
cg combustion gas 
cony convection 
D diameter 
en enclosure 
fu fuel 
FF  based on stoichiometric adiabatic flame 

temperature 
g furnace gas 
i inner 
L load 

0 

OX 

pr 
r 

rad 
ref 
St 

t 

tW 

tot 
W 

Z 

outer 
oxidant 
products 
radial 
radiation 
reference 
stoichiometric 
tube 
tube wall 
total 
wall 
axial 
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parison, the radiant-tube temperatures in two adjacent straight- 
through tubes are plotted together. Figure 13 clearly indicates 
that the average tube wall temperature of the exhaust branch of 
the U-type tube is higher than that of the second straight- 
through tube. The higher average tube wall temperature in the 
exhaust branch of the U-type tube is the result of the high-tem- 
perature exhaust gases and unburned fuel of the first branch en- 
tering this section and causing further burning of the fuel. 
Overall, the tube wall temperatures of the W-type radiant tube 
are the highest, which explains the higher heat transfer to the 
load for the W-type design. The study of furnace thermal per- 
formance for different radiant-tube designs indicates the supe- 
riority of the W-type tube over U-type and straight-through 
radiant tubes for the same net fuel input into the furnace. 

5. Conclusions 

The mathematical model of the radiant-tube continuous fur- 
nace developed in this study can be conveniently used as a de- 
sign and diagnostic tool for industrial heat-treating operations. 
The detailed parametric analysis of the continuous furnace re- 
vealed important trends and design conditions for the furnace. 
The analysis indicated that load emissivity is a very important 
model parameter that affects the thermal performance of the 
furnace (see Fig. 5 and 7). 

Based on the particular furnace design and operating condi- 
tions considered in this study, the conclusions can be summa- 
rized as follows: 

�9 Increasing load emissivity enhances heat transfer to the 
load and substantially reduces crown temperatures, thereby 
reducing furnace heat losses. The furnace efficiency also 
increases with increasing load emissivity. This suggests 
that coating a low-emissivity stock with a high-emissivity 
coating that does not significantly affect the properties of 
the stock material can make the furnace heating operation 
more efficient. 

�9 Although the refractory emissivity has no adverse effect on 
overall furnace efficiency, highly reflecting refractories re- 
duce the temperature of the refractories and hence improve 
their operating life. 

�9 Varying the load velocity at constant mass throughput of 
the load does not significantly affect furnace operation. 
However, higher load velocities lead to more uniform load 
exit temperatures due to a decrease in the thickness of the 
load. 

�9 The load velocity at constant load thickness needs to be op- 
timized for best production rate and optimum heating rate 
in the furnace. 

�9 A comparison of the thermal performance of the furnace for 
two different stock materials revealed that if the thermal 
performance of the furnace is optimized for specific stock 
material, the performance may be significantly altered 
when the stock material in the furnace is changed. 

�9 Analysis of the thermal performance of the continuous fur- 
nace for three different radiant-tube designs showed the W- 
type design to be superior to the U-type and 
straight-through designs for the same net fuel firing rate in 
the tubes. 
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