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Abstract

Gas wiping is a decisive operation in the hot-dip galvanizing process. Especially, it has a crucial influence on the
thickness and uniformity of coating film, but may be subsequently responsible for splashing. To date, the number of
fundamental studies on the jet structure impinging on a vertical moving strip for various nozzle systems has not been
sufficient to draw any meaningful conclusion. In this connection, at first, to confirm the validation of numerical analy-
sis, the impinging jet pressure on the surface of a vertical strip by experiment is compared with the results by numerical
analysis. Next, after confirming for the superiority of a constant expansion rate nozzle in splashing, the relationship
between the stagnation pressure and the impinging jet pressure distribution issuing from the nozzle system of constant
expansion rate is investigated. Finally, by using the calculated wall shear stress, the relationships among the coating
thickness, strip speed and nozzle stagnation pressures are clarified. It is found that the impinging wall pressure for the
case of constant expansion rate nozzle is more favorable for the problem of splashing to the case of the conventional
one. Furthermore, from the point of view of energy conservation, it is advisable to use a constant expansion rate nozzle

as a gas-wiping nozzle.
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1. Introduction

It has been known from early days that an advan-
tage of gas wiping in the hot-dip galvanizing process
is the ease of controlling the film coating thickness
and guaranteeing the uniformity in coating thickness
with a fast galvanizing speed [1, 2].

In general, the key issue in the continuous hot-dip
galvanizing process is the ability to produce steel strip
with the coating weight specified by a customer at the
highest possible line speed. Nowadays, a typical fur-
nace allows the production of about 65 tons of steel
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per hour, which implies 3.3 m/s. in a maximum line
speed for a 0.7 mm thick/1m width of strip [3]. So, to
cope with the demands of the speed-up of a galvaniz-
ing line obtaining the same film thickness with a con-
ventional system, it is inevitable that the stagnation
settling chamber pressure of the nozzle is increased or
the gap from the nozzle lip to the strip surface is
shortened. However, the increase of nozzle stagnation
pressure and the shortening of the impinging gap
between the nozzle lip and the strip surface may
cause a problem of splashing for certain line speeds
typically above 2.5 m/s [4].

Since the splashing phenomenon is a physical limi-
tation of the gas wiping process, it cannot be thor-
oughly suppressed, but it has been revealed that it can
be diminished to some extent by the optimal design of
the air-knife nozzle [5]. Because the splashing is



3472 S.-B. Kwon et al. / Journal of Mechanical Science and Technology 23 (2009) 3471~3478

caused intrinsically by the separation of the running
back liquid film, it is very important to know exactly
the distribution of impinging pressure and the jet
structure at the junction of the strip surface.

In general, the flow expanded through a conven-
tional nozzle may lead to undulations in the pressure
distribution [6]. And such a parasitic undulation of the
flow can stir up the onset of splashing, and can cause
the deterioration of coating quality and can also lead
to the larger consumption of energy in the gas wiping
process. With respect to these connections, in the
present study, three kinds of nozzles having a con-
stant expansion rate [6] for galvanizing gas wiping
were designed, and the results through the constant
expansion rate nozzle are compared with the results
through the conventional one. In comparison, to cope
effectively with the harmful problem of splashing, the
distribution of impinging wall jet pressure with the
variations of stagnation settling chamber pressure(py)
was investigated, and also by using the results of cal-
culated wall shear stress the distribution of zinc coat-
ing thickness with p, for each nozzle system was
calculated.

2. Experimental set-up

To confirm the validation of the numerical method
used, the distribution of the impinging wall jet pres-
sure on a vertical plate by experiment is compared
with the results by numerical analysis. In the current
experiment, the wall impinging pressures along the
center-plane of the vertical plate are measured by a
16-channel scanning valve system(model;DSA-3017)
connected to semi-conductor pressure transducers
with intervals of 1 mm in zigzagging as shown in Fig.
1. Also, to measure more densely the impinging wall
pressure along the jet center-plane, a 3 axis auto-
traverse unit whose measuring interval is 0.25 mm
was used. Here, to minimize the fluttering of the ver-
tical plate caused by impingement of the jet, the
thickness of the steel plate is 10 mm, and the out di-
ameter of the static hole to measure the static pressure
is 0.8 mm, respectively. Fig. 1 shows the schematic of
the experimental set-up. And Fig. 2 shows the details of
the new designed nozzles whose expansion rate of the

nozzle(that is,fl%) is constant at 88,000 s and a
p
conventional nozzle used in the actual field. Here, since

the nozzle inlet and exit areas for all of the stagnation
conditions are the same as those of the conventional
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Fig. 1. Schematic of experimental set-up used in impinging
wall jet pressure experiments.
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Fig. 2. Specification of nozzle system.

case, the differences in nozzle contour for various
stagnation settling chamber conditions show up at the
length between the inlet and exit of the nozzle and the
contour of the nozzle inner wall, and the expansion
rate of the nozzle corresponds to the case when an air
of the stagnation condition of 55 kPa, 66 kPa or 70
kPa with the temperature of 300 K expands through
the nozzle equipped with a perforated plate to the
standard atmospheric condition.

3. Numerical analysis

In the gas wiping process of continuous hot-dip
galvanizing, it is known that the performance of a
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wiping system is mainly dependent on the impact
pressure gradient and shear stress distribution of the
impinging jet on the liquid surface, and both depend
principally on the stagnation settling chamber pres-
sure(py), the gap between the nozzle lip and vertical
strip(S) and the nozzle slot height(H). In the present
study, to clarify the effects of expansion rate of the
nozzle and the speed of the strip on the distributions
of impinging jet pressure and zinc coating thickness,
the values of S and H are constant as 10 mm and 1
mm, respectively. And the working fluid for gas wip-
ing is dehumidified compressed air.

Fig. 3 shows an analytical model of gas wiping. As
is shown in the figure, in the case of calculating the
coating thickness, it is necessary to calculate(or
measure) exactly the shear stress acting on the bound-
ary of the liquid film, but, since the film thickness is
so thin, and there is no alternative in this stage to ob-
tain the exact solution on shear stress, the wall shear
stress, was used, as calculated from the numerical
analysis as the shear stress acting on the boundary of
the liquid film [7].

3.1 Calculation procedure for impinging jet

In the present computational work, the commercial
code of Fluent 6.0 was used, in which the equations
of continuity, two-dimensional time dependent Na-
vier-Stokes, energy, state and so on are used as gov-
erning equations. In the calculation of dynamic vis-
cosity of working fluid, and the equation suggested
by Sutherland, the standard k-¢ turbulent model to
solve the turbulent stress was used in each case. The
schematic computational domain and each boundary
condition are shown in Fig. 4. The grid makes
densely in the region which has the large possibility
of change in pressure, velocity and so on, like the exit
of an air knife. The numbers of mesh and mesh type
are about 19 thousands and a tetragon, respectively.
The working fluid is air, and it is assumed to be ther-
mally and calorically perfect. Three kinds of settling
chamber conditions, that is, the pressures and tem-
perature at the downstream of the perforated plate, are
constant to be 55 kPa, 66 kPa, 70 kPa and 300 K,
respectively.

3.2 Calculation procedure for coating thickness

The numerical analysis to calculate the zinc coating
thickness at the center-plane of the strip is based on the
following basic assumptions: (1) it can be assumed
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that the fluid flow in the liquid coating layer is at a
steady state, two-dimensional equations of incom-
pressible, constant viscosity, creep flow, and (2) the
surface tension effect of the liquid zinc can be ne-
glected. Using the coordinate system shown in Fig. 3,
the governing equations and boundary conditions can
be summarized as follows.
Continuity and momentum equations:
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Boundary conditions:

ux,y) =V

PO s,y = Pi(X)

=7,(x) 3

y=6(x)

ou(x,y)

H oy

Here u,p,,Vs,p;and 7, represent dynamic vis-
cosity, density of the zinc liquid, strip speed, wall

impinging pressure and wall shear stress, respectively.

Since the viscosity of molten zinc is relatively insen-
sitive to temperature until the temperature falls within
approximately 5°C of the freezing point, it is assumed
that the viscosity of liquid zinc in the wiping zone is
constant [8]. Also, because of the thin thickness of
zinc liquid film(about 10 pm), it is assumed that the
impinging jet pressure without liquid zinc film is
equal to the value with liquid zinc film. In Table I,
the numerical and experimental conditions are tabu-
lated.

By using the above governing equations and
boundary conditions, the distribution of velocity in
the liquid film can be found analytically.

u(e,y) =V, + 2 i(Lp 45) | p,g) @)
H H

A dx
[&x)—g]y

So, the volume flow rate per unit width of strip be-
comes

S(x)
q=[" u(xy)dy=V.5(x) 5)

#2050 - i{—dp L) p/g}&* )

Finally, the mean film thickness §,,can be obtained
as:

Table 1. Numerical and experimental conditions.

nozzle slot gap (H) 1.0 mm
nozzle-strip distance (S) 10.0 mm
strip speed (V) 2.5,3.0 m/s
operating fluid Air (277C)
nozzle pressure (po) 50~70 kPa
density of molten zinc (p;) 6,634 kg/m’*®
viscosity of molten zinc (p) 3.04x10° Pa. s

q 7,(X) o 1
5, =L = 5(x)+ 2L 5% (x) -
Ty SO S S ©)
dp,
[ peloco

X
In which, to obtain the volume flow rate per unit
width q(thatis J,, ), the boundary condition was used

at the coordinate origin(7 =0 ), that is, %4 _. And,
00
because of excessively large differences among the

values of each flow property, it is necessary to nor-
malize the flow properties as follows [9].

é'm* — 5”1[/
MV
P14 (7)
. 5
5" () = )
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P14
. 1 dp,
P/ () =1+ —— &)
pigb, dn
e ()= )
NPV

Here, 7=x/b, and bis the half-width at the point
where p=pma/2. [7], which can be obtained from the
result of numerical analysis on the distribution of
impinging wall jet pressure.

Finally, Eq. (6) can be rewritten as

s, =5*(77){1+;Tw*(n)c?*(n)—;pf(n)c?*z(n)} ®)

As a consequence, the non-dimensional coating
thickness &, (r7) can be calculated by using the
known values of 5, ,7, and p;

4. Results and discussions

4.1 Comparison between numerical analysis and
experimental results

At first, to confirm the validation of the used nu-
merical analysis, for the experimental condition of
Po=66 kPa and T,=300K, the impinging wall pressure
at the center-plane of the vertical plate for the case of
constant expansion rate nozzle was measured by a 3-
axis auto-traverse unit equipped with a scanning
valve system, and was compared with the result by
numerical analysis; its results for impinging wall
pressure are shown in Fig. 5. Here, the solid lines
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with a closed circle and a dotted line correspond to
the cases for experiment and numerical analysis, re-
spectively. And, it can be found that the position of
the maximum impinging wall pressure is located at
the slight downward direction from the origin by
gravitational effect. As is shown in the figure, from
the good agreement between the two results, the vali-
dation of the used numerical analysis method can be
confirmed. Also, the validation of program for the
calculation of coating thickness was confirmed by the
comparison of result of numerical analysis with the
result of field works in final coating thickness. For
example, for the case of conventional air-knife sys-
tem(H=1.3 mm, S=4 mm, V=2.5 m/s and p,=61 kPa),
the final coating thicknesses by the numerical analysis
and field works are 5.3 and 5.6 pm, respectively.
Despite the small discrepancy between both results,
the coating thickness by numerical analysis well
agreed with the result of field works in general. From
this, it can be concluded that the validation of nu-
merical method for the calculation of coating thick-
ness is confirmed.

In the case of the fixed plate(that is, no moving
strip), po=66 kPa and P =88,000 s, the distributions
of impinging wall pressure for the nozzles of constant
expansion rate nozzle and conventional one are
shown in Fig. 6. As can be expected, for the same
coating conditions, because of the undulation effects
within the nozzle internal flow and the violent inter-
action between the flow and nozzle wall for the con-
ventional nozzle, the maximum impinging wall pres-
sure for the conventional nozzle is smaller than the
case of the constant expansion rate one. And, due to
the effect of gravity, the positions of the maximum
impinging wall pressure for both cases deviate from
the origin of the coordinate, that is, located at the
slight downside from the origin.

Furthermore, in general, since the length of the po-
tential core will affect directly the thickness of the
zinc coating film, the potential core lengths with p, for
the case of free jets are measured by using the nu-
merical results. Here, the potential core length defined
as the length, between the nozzle exit and the point of
99.0% of the nozzle maximum exiting velocity along
the jet centerline was used in the calculation. As
shown in Fig. 7, for the same p,, it can be found that
the length of the potential core for the constant expan-
sion rate nozzle is longer than that of the conventional
system, which will result in the larger impinging wall
pressure(that is, a larger wall shear stress). And the
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Fig. 5. Comparison between numerical analysis and experi-
mental results of impinging wall jet pressure (H=1.0 mm,
S=10 mm, py=66 kPa).
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Fig. 6. Distributions of impinging wall pressure for constant
expansion rate nozzle and conventional one (H=1.0 mm,
S=10 mm, V=0, p;=66 kPa).
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Fig. 7. Comparison of potential core lengths between con-
stant expansion rate nozzle and conventional one with p.
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higher p, is, the larger the potential core length be-
comes. On the other hand, it can be found that the
lengths of the potential core for both present nozzle
systems are comparable to the lengths by Trentacoste
etal [10].

Here, the symbols ¢ and e refer to the cases of con-
stant expansion rate nozzle and conventional one,
respectively. So, using a constant expansion rate noz-
zle system, it is possible to obtain the same coating
thickness despite the lower stagnation settling cham-
ber pressure or the higher strip speed. From the van-
tage point of energy consumption, it can be concluded
that it is recommended to use the nozzle having a
constant expansion rate for the air-knife system.

The characteristics of wiping jets with the varia-
tions of p, for b:88,000 s" are shown in Fig. 8. Re-
gardless of py, the non-dimensional wall pressure
gradient and shear stress, which will play a key role
on the coating thickness, becomes maximum(or
minimum) at the vicinity of the origin of the jet( 7 =0).

For the same coating condition excepting py, it is
found that the impinging wall pressure, which will
affect directly the wall pressure gradient and shear
stress, increases with the increase of p,.

And, because of the relative velocity between the
strip and air stream for the same p,and Vj, the maxi-
mum wall shear stress acting on the downside of the
origin is slightly larger than that of the upper side of
the origin; also, the place of zero wall shear stress is
located at the slight downstream of the origin.

Fig. 9 shows the distributions of coating thickness
of zinc by using the wall shear stress from the nu-
merical analysis for the strip speed of 3.0 m/s. As can
be expected, for the same coating conditions except-
ing the expansion rate of the nozzle, it turned out that
the minimum coating thickness for the constant ex-
pansion rate nozzle was thinner than that of the con-
ventional one. Numerically, the reduction of about
10% in coating thickness for the present condition can
be materialized.

In other words, this means that it is possible to re-
duce the stagnation chamber pressure of the nozzle to
obtain the same coating thickness compared with the
case of the conventional nozzle.

As a consequence, it results in the decreases of
harmful splashing problems and energy consumption
levels to some extent.

Fig. 10 shows the effects of stagnation settling
chamber pressure on the coating thickness for the
case of the constant expansion rate nozzle of 3.0 m/s.

800
" ———P,=65kPa
= P,=66kPa
E_'; 400F P,=70kPa

-400p

6 -3 0 3 6

(a) Non-dimensional pressure gradient with p, (H=1.0 mm,
S=10 mm, Vs=3.0 m/s)

(b) Non-dimensional wall shear stress with py (H=1.0 mm,
S=10 mm, Vs=3.0 m/s)

Fig. 8. Effect of p, on characteristics of wiping jet for
p=88,000s"".
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Fig. 9. Comparison of the coating thickness between constant
expansion rate nozzle and conventional one (H=1.0 mm,
S=10 mm, p;=66 kPa, V=3.0 m/s).

For the same strip speed, the coating thickness is
thinning with an increase of p,due to the increases of
shear stress and impinging wall pressure gradient.
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Fig. 11. Coating thickness with Vg for 1'a=88,0005’1 (H=1.0
mm, S=10 mm, pe=66 kPa).

Especially, since the effect of shear stress acting at
the interface between the zinc liquid film and the
impinging jet is more dominant than the gravitational
effect, the position of the minimum coating thickness
is located at the slight upstream of the origin.

Finally, the effect of strip speed on the coating
thickness is shown in Fig. 11. For the case of the
same coating conditions excepting the strip speed,
since the larger the strip speed is, the less the influx of
impinging momentum per unit area of strip, the coat-
ing thickness is thickened in proportion to the in-
crease of strip speed.

5. Conclusions

In order to clarify the jet structure issuing from a
constant expansion rate nozzle for hot-dip galvanizing
process, the impinging wall shear stress, the imping-
ing wall pressure gradient and the coating film thick-
ness with pyand V;are obtained. And, the results can

be summarized as follows.

(1) From the viewpoint of energy saving, it is advis-
able to use a constant expansion rate nozzle. It
turns out that the coating thickness for p =88,000
s for the same Po=66 kPa and V=3.0 m/s is 10 %
thinner than that case for the conventional one.

(2) The minimum coating thickness is positioned at
the slight upstream 7 = 0.3) of the origin.

Nomenclature

b :Half-width of impinging pressure distribution
(mm)

g :Acceleration of gravity (m/s’)

H : Nozzle slot height (mm)

L,. :Potential core length (mm)

pi  :Impinging pressure (kPa)

po  : Plenum chamber pressure (kPa)

ps  : Maximum impinging pressure (kPa)

f) : Expansion rate (= L )s™)
p dt
q  :Volume flow rate per unit width of strip (m’/s)
S : Gap between nozzle lip and strip (mm)
t : Time (s)
u  : Velocity in x direction (m/s)
V, : Strip speed (m/s)
x  : Vertical coordinates (mm)
y  : Horizontal coordinates (mm)
6  : Coating thickness (mm)
1N : Non-dimensional x coordinate (=x/b)
W : Dynamic viscosity of liquid zinc (Pa. s)

pi  : Density of liquid zinc (kg/m’)
T,  : Wall shear stress (N/m°)
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