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Abstract

The proper choice of nozzle in a twin-roll strip casting process is important to obtain the stabilization of the
molten steel and free surface and a stable temperature distribution in a wedge-shaped pool. In this study, a
numerical investigation of the coupled turbulent flow and heat transfer in a twin-roll strip casting process was
performed for two patterns of melt-feed through a nozzle. In addition, the patterns for the removal of superheat for
different gap thicknesses were analyzed using a local Nusselt number along the roll surface. The flow turbulence was
examined using the low-Reynolds-number k—¢ turbulence model of Launder and Sharma. The results show that the
use of a submerged nozzle may have a beneficial impact on the stabilization of the free-surface zone. The increased
gap thickness yields an increased local Nusselt number in the downstream section of the wedge-shaped pool where
the cross-sectional flow area is reduced. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Facing stiff competition in the international market,
steel manufacturers have been driven to simplify con-
ventional operational procedures, increase pro-
ductivity, and reduce energy consumption in their
primary manufacturing processes. There has been con-
siderable interest in the development of a new gener-
ation of casting equipment, which would economically
produce near-net-shaped casts such as thin slab, strip,
and thin strip [1-5]. The twin-roll strip caster is one of
these near-net-shaped casters that has received
increased attention in the steel industry. The twin-roll
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strip caster produces a thin strip through the rapid
solidification of molten steel as it is fed through a noz-
zle from a tundish into a wedge-shaped pool, com-
posed of a couple of cooling rolls and two side-dams.

In the direct production of a thin strip from molten
steel, the melt fed through the nozzle from the tundish
affects the flow patterns and the characteristics of heat
transfer in the pool. The various defects associated
with this transport phenomena in the pool, such as
break-out, free-surface waves, ripple marks, etc., can
reduce casting process efficiency and adversely impact
product functionality.

Another problem is that the flow of molten steel in
twin-roll strip casting processes can be turbulent; thus
the selection of the appropriate process conditions and
parameters requires a fundamental understanding and
application of the transport phenomena of fluid flow
and heat transfer in these processes.
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Nomenclature

¢y specific heat

D width of inlet nozzle

h time-averaged enthalpy (c,7) or averaged

heat transfer coefficient
he, hy geometrical coefficients, h; = (x? + yq?)l/ 2 hy
=(x, +y)"?
Jacobian
turbulent kinetic energy
conductivity
pm meter per minute
time-averaged pressure
Re,  turbulent Reynolds number (pk?/ue)

SRR

K distance along the roll surface from free sur-
face

S total contact length between melt and roll or
source term

t gap thickness

T time-averaged temperature

u; time-averaged velocity in the i direction

u, v time-averaged velocities in the x, y directions
ue, u, covariant velocity components

U, V' contravariant velocity components
X; coordinate in the i direction

Greek symbols
¢, transformed coordinates

. i i . — h:h?
ae, o geometrical coefficients, oz = hehy/J, oy

hyhZ|J

Be, B, geometrical coeflicients, f: = Ah;/J, B, =
/Uli/l]

& rate of dissipation of turbulent kinetic energy

r diffussion coefficient of ¢

u laminar viscosity

) general dependent variable

p density

oy turbulent Prandtl number

Subscripts

in inlet of nozzle

liq liquidus line

r surface of roll

t turbulence

Most of the previous work on rapid solidification
has used a one-dimensional solidification analysis [6]
(based on an analytical approach) or an investigation
of the solidification and flow of molten steel with con-
sideration for the flow of the liquid and solid state
melt [7-14]. The majority of work on the flow analysis
for molten steel has been carried out with the assump-
tion of laminar flow. Although recent work reported
by Seyedein and Hasan [15] considered the turbulent
characteristics of the flow, the analysis was carried out
for the unrealistic strip thicknesses of 20-40 mm.
These thicknesses are much thicker than those formed
in the actual strip casting processes. Thus, the corre-
sponding results of the process conditions used in
these previous studies tend to be unrealistic.

Although the investigations of twin-roll casting pro-
cesses with the ability of continuous, direct production
of near-net-shaped strip from melt have been performed,
the quantitative relationships between process par-
ameters, such as the feeding temperature of the melt, the
casting speed, the gap thicknesses, the melt-feed types,
etc., have not been examined carefully. In particular, few
studies of the characteristics of fluid flow and heat trans-
fer in conjunction with the feed patterns of the melt
through a submerged nozzle have appeared in open lit-
erature. Moreover, the corresponding control techniques
for these characteristics have yet to be established.

An investigation of the submerged nozzle is necessary
because the appropriate choice of a submerged nozzle

type, related to the characteristics of the flow and heat
transfer in the pool, plays a critical role in the twin-roll
strip casting process.

The present work is a numerical investigation of the
characteristics of the fluid flow and heat transfer in a
wedge-shaped pool during the strip casting process. The
purpose of this study is to develop a fundamental under-
standing of how to design a twin-roll casting system that
will produce a near-net-shaped strip, in connection with
the melt-feed type through a submerged nozzle. A pri-
mary goal of this study is to investigate the character-
istics of the turbulent flow and heat transfer in a system
that feeds the melt through a submerged nozzle into a
wedge-shaped pool. Furthermore, the effects of roll gap
thicknesses on the flow pattern of melt and on the tem-
perature distribution are investigated for this numerical
model. Then, based on the corresponding results, the
patterns of superheat removal are estimated.

2. Theory
2.1. Mathematical model

A schematic diagram of a twin-roll strip casting sys-
tem is shown in Fig. 1. Molten steel is supplied continu-
ously, with a constant mass flow rate, through a nozzle
from a tundish into a wedge-shaped pool. The molten
steel is quenched by a couple of cooling rolls which rotate
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in opposing directions. The tangential velocities of these
roll surfaces are equal to the casting speed. In general, the
Reynolds number of the melt flow fed through the nozzle
into the pool is of the order of 10°~10%. The roll surface
temperature is assumed to be the liquidus temperature.
This allows for the estimation of the amount of super-
heat removed by the cooling rolls. The estimation of
the superheat removal for the liquid-state steel is valid
because the solidified shell and mushy layers which
form on the roll surface during the strip casting pro-
cess are very thin [15]. In considering the complex flow
patterns in the twin-roll strip casting processes, the
transport equation should include the effects of the tur-
bulence. The turbulent effects were considered [15]
using the low-Reynolds-number k—¢ turbulence model
of Launder and Sharma [16]. The following time-aver-
aged governing equations are utilized in this study:

Continuity equation

Bu,-
Bxi

=0 1M

Energy equation

d(pwh) 9 (K /1‘) ah
=—|[(=+=2)—
ax; ax;j| \¢p 0y )0x;

Kinetic energy equation

d(pwk) 8 [(u I

BX/' :8_x,

Dissipation rate of kinetic energy equation

a(puje) a u\ oe &
R BNy cafiPs
8)6‘/' an (,U.‘f‘ O'n) an + eLfI lk
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Momentum equation where
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Fig. 1. Schematic diagram of a twin-roll strip caster.
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D=2 avk 0k 60)
ox; 0x;
2,uu[ 3214,' 82141'
E, = 6d
‘ p 0x;0x; 0x;0x) 6d)
fi=1, fr=1-03 exp(—Re})
pk?
fu=exp(=34/(1 + Ra/50)), Ra=E (60)
ue

C,=009,Ci=144,Cp=192,04,=1.0,0, =13, 0,

=09 ij=1or2

2.2. Transformation of coordinates

Because of the complexity of the domain of interest,
the governing equations are transformed into general
curvilinear coordinates (&, ). The following transform-
ation of coordinates is introduced:

x=x(&n), y=x&n) N
Upon the transformation of coordinates, the govern-
ing equations with the general dependent variable, ¢,
defined in the computational domain, become:
3 a:T 3¢ 3 o, 0
Up— — —| oV — —
('D he 36) + an ('D ¢ hy on

¢

s 2 (BT99\ o (BT

= IS ) aé(hﬂ 3,1) an(,% 32 ®)
where

U =azus — Beuy V = oyuy — Bu;

ug = (xeu 4 yev)/he uy = (Xqu+yyv)/hy )

Other geometrical coefficients are defined in the
nomenclature. In Eq. (8), ¢ represents wue, u,, h, k, and
¢, defined in new general coordinates.

2.3. Boundary conditions

Only the right half of the region was chosen as the
computational domain in the present study because the
pool of the twin-roll strip caster, shown in Fig. 1, is
assumed to be symmetric with respect to the x-axis
(casting direction).

2.3.1. Inlet of the nozzle
The dependent variables at the nozzle inlet are
assumed to be constant. The values of k and ¢ are
based on the following semi-empirical expressions
suggested by Lai et al. [17], and used in [15]:
U=, v=0, h=hpy k=0.0lu,
(10a)
e = C,k"/0.05/D

2.3.2. Symmetric line

The velocity component normal to the symmetric
line, y = 0, is zero and the normal gradients of the
dependent variables, except for the velocity, are zero.
Hence:

9 oh 9k g
w_om_9%_% _,_p (10b)
ay dy dy 9y

2.3.3. Free surface
The same boundary conditions that are used along

the symmetry line are utilized at the free-surface, x =

0. The surface tension effect is not considered on the

basis of previous literature [15].

av  dh 9k  0e

= 1
Jdx odx Jdx Ox u=0 (10c)

2.3.4. Roll surface

The no-slip condition is utilized at the roll surface
using the casting speed. It was assumed that the turbu-
lent kinetic energy, k, and the rate of dissipation of
turbulent kinetic energy, &, are zero and that the liqui-
dus temperature is maintained on the roll surface [15].
Hence:

U=—(=yo)o, v=(X=x0)o, h=hig,

(10d)
k=e=0

2.3.5. Outlet (nip)

The outlet is selected to be 0.385 m from the free
surface. The melt flow and temperature at the outlet
are assumed to be fully developed. All of the depen-
dent variables have the zero normal gradient as fol-
lows:
ou av

oh 0k 0
ou_ov._on_ ok _ 0 _ (10e)
ax ax ox dx ax

2.4. Numerical procedure

In conjunction with the feed of molten steel through
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a submerged nozzle, the nozzles of the vertical slit
entry (Type A) and bifurcated slit entry (Type B) are
considered in order to investigate the characteristics of
fluid flow and heat transfer in the wedge-shaped pool.
The computational domain and the grid system, gener-
ated by the algebraic grid generation method, including
the shape of the nozzle Type A and Type B, are shown
in Fig. 2. The non-uniform mesh systems with 65 x 53
and 65 x 65 grids, based on previous work [15], are
used for nozzle Types A and B, respectively.

The control-volume-based finite difference method is
used to discretize the general governing Eq. (8) with
general dependent variables. The hybrid scheme for
the discretization of convective terms is used and the
SIMPLER algorithm of Patankar [18] is used to solve
the discrete equations. The general form of the al-
gebraic equation after the discretization of Eq. (8) is as
follows:

app = APy + aw Py + andy + ases + by (11)

where the subscript, P, represents the nodal point at
which the computation of physical quantity, ¢, is
done. E, W, N, and S represent the nodal points
around the nodal point, P. ag, aw, an, and as represent
the link coefficients, and by is the local source term.
The algebraic equation obtained by the discretization
of the governing equation with the specified boundary
conditions is solved, iteratively, using the TDMA
approach based on the line-by-line method. The fol-

(a) Type A

lowing convergence criteria is used in this study:

m+1 m
Ri — Ri

RY <e (12)

where the superscripts, m + 1 and m, represent the
step of iterative computation, and the subscript, 7, rep-
resents the nodal point at which the physical amount
is calculated. R is a residual and ¢ is a convergence cri-
terion. The value of ¢ in this study is taken to be 107>,
The computation is terminated when Eq. (12) is satis-
fied for all the computed values of the variables. The
underrelaxation factors, 0.4 and 0.25, are used for the
velocities and scalar quantities, respectively.

3. Results and discussion

The geometrical data for the physical domain of
interest and the thermophysical properties of the melt,
used in the present simulation, are listed in Table 1. In
general, the casting speeds for the twin-roll strip cast-
ing processes may be chosen on the basis of the var-
ious process parameters such as roll gap thickness, the
material of roll, the feed temperature of the melt, the
depth of the pool, the amount of cooling water to the
roll, and so on. Among those parameters, the range of
speeds of 20-110 mpm (0.3-1.8 m/s) was chosen,
depending mainly on the roll gap thickness and the

(b) Type B

Fig. 2. Computational domain with grid configuration and nozzle shape: (a) Type A: 65 x 53 grid, (b) Type B: 65 x 65 grid.
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amount of the cooling water to the roll. By selecting a
casting speed of 60 mpm (1 m/s), the effects of the
various roll gap thicknesses on the melt flow pattern
and temperature field in the pool and the character-
istics of heat transfer at the roll surface are investi-
gated. The inlet velocity of the nozzle is calculated on
the basis of the mass balance between inlet and outlet.
The superheat of the melt is 20°C.

In Fig. 3, the flow patterns are shown for the sub-
merged entry nozzle with the slit-shaped nozzle exit in
different directions. For the typical melt-feed-types
applied to the twin-roll strip caster, the case of the
single nozzle exit (Type A) toward the outlet is shown
in Fig. 3(a), and the case of the bifurcated entry (Type
B) toward the cooling roll is shown in Fig. 3(b). The
right part of the symmetric line shows the velocity vec-
tors and the left one shows the streamlines.

As shown in Fig. 3(a) for the single exit nozzle, the
melt flow injected from the nozzle is weakening during
the approach to the outlet as the cross-sectional area
of the flow reduces. It also forms the flow exiting the
outlet and the flow toward the free surface. A part of
the flow toward the free surface gradually moves
toward the roll due to the influence of the shear flow
formed by the rotating roll [15]. The flow which
approaches the free surface forms both the flow
toward the nozzle and the roll. As can be seen from
Fig. 3(a), the forced flow of the melt through the noz-
zle and the shear flow formed by the rotating rolls
form strongly counter-rotating recirculating flows by
their interactions. Fig. 3(b) for the bifurcated entry
shows that the jet flow from the nozzle impinges on
the roll surface and thereafter forms a flow upstream
and downstream toward the free surface and the out-
let, respectively. In contrast with Fig. 3(a), the recircu-
lating flows shown in the upper and lower part of

Table 1
Physical properties of stainless steel and the geometric data
used for the simulation

Variables Value

Viscosity 0.007 kg/m/s

Density 0.007 kg/m?
Specific heat 700 J/kg/K
Thermal conductivity 31 W/m/K
Liquidus temperature 1454°C
Inlet temperature 1474°C

Roll diameter 1.2 m

Pool depth (H) 0.385 m

Gap thickness 6-10 mm

Inlet width (D) 0.034 m

Casting speed 60 mpm (1 m/s )
Nozzle depth (H,) 0.055 m

Height of nozzle exit (H>) 0.0184 m

nozzle exit are generated mainly by the forced flow of
the molten liquid, while the recirculating flow due to
the rotating roll is formed around the roll surface,
close to the free surface.

As can be observed from the velocity vectors in
Fig. 3(a) and (b), the free surface region between the
nozzle and the roll is characterized by small flow vel-
ocities as compared to the rest of computational
domain. The momentum boundary layer thickness
developed along the roll surface is shown to be thin in
the upper region and thick in the lower region. These
results show a contrast to those of Seyedein and
Hasan [15] who investigated the case of a direct feed
of melt onto the free surface with a non-submerged
nozzle. Although a figure for an explicit comparison of
the present velocity vectors for a submerged nozzle
with those of Seyedein and Hasan [15] is not given in
this paper, it was noticed that near the free surface,
the velocity vectors with respect to the overall velocity
field were shown to be small, compared to those of
Seyedein and Hasan [15].

The temperature distribution for the nozzle dis-
played in Fig. 3 is shown in Fig. 4. The isotherms are
plotted in increments of 1°C between 1464 and
1473°C. Fig. 4 shows that the isotherms in the shear
flow region have a one-dimensional distribution paral-
lel to the rotational direction of roll. Fig. 4(a) shows
that the isotherms are nearly vertical and as can be
seen from the velocity vectors in Fig. 3(a), the weak-
forced-convection effects appear in the upper region
between the nozzle and roll. It is also shown by the
streamlines in Fig. 3(a) that as a result of the shear
flow due to the roll, a relatively high temperature
gradient (circular symbol, P in Fig. 4(a)) appears near
the roll surface. Fig. 4(b) shows that in the upper
region, the temperature distribution is heavily influ-
enced by the forced convection.

The streamline contours for the different gap thick-
nesses, in the case of nozzle Types A and B, are shown
in Figs. 5 and 6, respectively. These figures make it
possible to gain an insight into the effects of the differ-
ent gap thicknesses on the flow pattern in the pool. It
can be seen that an increased gap thickness results in
an increase in the intensity of the recirculating flow in
the pool. This is due to the fact that for a fixed inlet,
an increase in gap thickness leads to an increase in
mass flow, resulting in an increase of mass flow in the
pool. An increase in the gap thickness is also respon-
sible for the reduction of the recirculating flow zone,
due to the forced melt flow supplied through the noz-
zle, and the recirculating flow zone owing to the rotat-
ing rolls is increased. This tendency is especially
apparent in Fig. 5 for nozzle Type A. In the case of
Fig. 5(a), the recirculating flow regime, which covers
an area from the free surface near the nozzle to the
middle of the pool, decreases as the gap thickness
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increases. Fig. 5 also shows that the flow region, des-
cending from the free surface along the nozzle wall,
decreases as the gap thickness increases, especially in
the upper region near the nozzle, and in Fig. 5(c), it
hardly appears at all. In Fig. 6 for the Type B nozzle,
with the gap thicknesses increased, the variation of
recirculating flow zone is not noticeable. It is also
observed here that the recirculating flow region under
the nozzle decreases slightly, while the recirculating
flow region at the roll surface of the upper pool con-
versely increases.

The quantitative investigation of turbulence levels in
the pool was performed for each of the nozzle types
and the non-dimensional turbulent viscosity (u./u) dis-
tributions are shown in Fig. 7 for a gap thickness of
10 mm. In Fig. 7(a), the maximum value of non-
dimensional turbulent viscosity exists in the mid-pool,
and the viscosity values in the upper free-surface
region are small compared to those in the center of the
pool. In Fig. 7(b) (Type B nozzle), the center region of
pool just below the submerged nozzle has the highest
value of non-dimensional turbulent viscosity, while a
high gradient of viscosity appears in the region where
the jet flow of melt impinges on the roll. The turbulent
viscosity values in the upper free-surface region are

(a) Type A

smaller than those in the middle of the pool as in
Fig. 7(a). Although not shown in this paper, it was
known from the observation of the variation of turbu-
lent viscosity for the different gap thicknesses (6 mm, 8
mm, 10 mm) that small gap thicknesses (6 mm, 8 mm)
provides smaller predicted turbulent viscosities than
those for the large gap thickness (10 mm), though the
overall distribution pattern of turbulent viscosity is
almost similar to the one in Fig. 7. In the turbulent
viscosity distribution of the pool, the results with a
non-submerged nozzle, provided by Seyedein and
Hasan [15], show very large values of viscosity, cover-
ing a zone from the free surface to the center of pool.
Comparison of the results in Fig. 7 with those of Seye-
dein and Hasan [15] with a non-submerged nozzle (not
included in this paper) shows that the feed of melt
through a submerged nozzle provides a more stable
flow pattern in the free surface region of the upper
pool than that through a non-submerged nozzle.

The effects of different gap thicknesses on the tem-
perature profile for nozzle Types A and B are shown
in Figs. 8 and 9, respectively. The isotherms are pre-
sented in equal increments of 1°C between 1464 and
1473°C. The increase in gap thickness, which results in
an increasing mass flow into the pool, leads to the

(b) Type B

Fig. 3. Velocity vectors and streamlines for gap thickness of 6 mm: (a) Type A, (b) Type B.
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(@) Type A (b) Type B

Fig. 4. Isotherms for gap thickness of 6 mm: (a) Type A, (b)
Type B.

(@t=6mm

(b)t=8mm

movement of the isotherms of the upper mid-pool
region toward the nozzle. This results in a slight re-
duction of temperature in the upper pool. On the
other hand, there is a very slight movement of iso-
therms toward the roll surface throughout the mid-
pool and the outlet where the cross-sectional area of
flow reduces. For the Type A nozzle it is shown that
the isotherm patterns, which extend from the free sur-
face to the downstream outlet, remain almost
unchanged. The temperature distributions in Figs. 8
and 9 show that the temperature gradient along the
free surface boundary is very small. Because of this the
surface-tension effect due to the temperature gradient
may be neglected for the free surface region. Further-
more, the results for the Type B nozzle shown in Fig. 9
show a slightly higher temperature at the free surface
than for the Type A nozzle shown in Fig. 8. Therefore,
it is expected that the Type B nozzle has advantages to
the Type A nozzle for the prevention of the skull for-
mation at the free surface level. The results of Seyedein
and Hasan [15] for a non-submerged nozzle show that
the effects of the different gap thicknesses on the tem-
perature distribution are relatively small compared to
the present results.

The local heat transfer coefficient on the roll surface
with a specified temperature can be expressed in terms

(©)t=10mm

Fig. 5. Streamlines for various gap thicknesses of Type A: (a) ¢ = 6 mm, (b) t = 8 mm, (¢) £ = 10 mm.
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v
-5.71544

(@)t=6mm (b)t=8mm (c)t=10mm

Fig. 6. Streamlines for various gap thicknesses of Type B: (a) r = 6 mm, (b) t = 8 mm, (¢) r = 10 mm.

(a) Type A (b) Type B

Fig. 7. Non-dimensional turbulent viscosity for gap thickness of 10 mm: (a) Type A, (b) Type B.
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(@)t=6mm (b)t=8mm (c)t=10 mm

Fig. 8. Isotherms for various gap thicknesses of Type A: (a) t = 6 mm, (b) t = 8 mm, (¢) t = 10 mm.

(@)t=6 mm (b)t=8mm (c)t=10 mm

Fig. 9. Isotherms for various gap thicknesses of Type B: (a) t = 6 mm, (b) 1 = 8 mm, (c¢) + = 10 mm.
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Fig. 10. Variation of Nusselt number along the roll surface
for different gap thicknesses: (a) Type A, (b) Type B.

of the local Nusselt number (Nu;), which is as follows:

hs s oT
Nuy = X (m%)r (13)

In order to investigate the effects of different gap
thicknesses and melt-feed-types on the characteristics
(Nuy distribution) of the heat transfer at the roll sur-
face, the effects of the different gap thicknesses on the
variation of Nu; for nozzle Types A and B at the roll
surface are shown in Fig. 10 with respect to the non-
dimensional distance from the free surface along the
roll surface. As shown in Fig. 10, the Type B nozzle
has larger values of Nu; than Type A for equal gap
thicknesses over most of the roll surface. Because of
this it is found that the temperature gradient on the
roll surface for Type B is higher than the one for Type
A. The abrupt change of Nu; observed around the
non-dimensional distance of 0.25 is due to the fact that
for Type A (Fig. 5), a part of the flow toward the free
surface from the pool center impinges on the shear
flow formed by the rotating rolls. For Type B (Fig. 6),
the melt fed from the nozzle impinges directly on the
roll surface, resulting in an increase in the temperature
gradient in this region. Up to the outlet (nip) from the

lower part of the roll surface, a slightly more rapid
increase in Nu; as compared to that around the middle
of the roll surface appears. This tendency, appearing
close to the outlet, is caused by the fact that the
strongly dominant turbulent flow, resulting from the
reduction of the cross-sectional area of flow in the
downstream section of the wedge-shaped pool, makes
the temperature boundary layer thinner, resulting in an
increase in Nu;. The average heat transfer coefficient
estimated from the local Nusselt number along the roll
surface in Fig. 10 is about 2.0 x 10* (W/m?/K).

4. Conclusions

In this study of twin-roll strip casting processes, in
conjunction with the feed of molten steel through a sub-
merged nozzle into a wedge-shaped pool using the verti-
cal slit entry and bifurcated slit entry nozzle-types,
respectively, an investigation of the coupled turbulent
flow and heat transfer has been conducted. From the
above numerical simulations, the following conclusions
can be made:

1. For the feed of melt through a submerged nozzle,
the Type A and B nozzles show two and three recir-
culating flow regions, respectively. The velocity vec-
tors obtained in this study for a submerged nozzle
were shown to be small in relation to the overall
velocity when the velocities near the free surface
were compared to those of Seyedein and Hasan [15]
for a non-submerged nozzle. Therefore, the use of a
submerged nozzle may be beneficial to the stabiliz-
ation of the free-surface zone.

2. The results for the Type B nozzle provide slightly lar-
ger velocities and higher temperatures at the free sur-
face, in comparison to those for the Type A nozzle.
Therefore, it is expected that the Type B nozzle will
have advantages over the Type A nozzle for the pre-
vention of the skull formation at the free surface level.

3. For equal gap thicknesses, the Type B nozzle has lar-
ger values of Nu; over most of the roll surface, than
those of Type A. An increase in the gap thickness
leads to the movement of the isotherms toward the
nozzle in the upper mid-pool region. In addition,
the increase of Nu; in the downstream section with
the reduction of the cross-sectional area of flow was
noticeable in comparison to the upstream section of
the wedge-shaped pool. The average heat transfer
coefficient estimated from the local Nusselt number
along the roll surface is about 2.0 x 10* (W/m?/K).
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