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Numerical investigation of multiple-slot jets in air-knife wiping
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Abstract Gas-jet wiping using an air knife is an
effective hydrodynamic method to control the coating
thickness of zinc on a moving steel substrate in the
continuous hot-dip galvanizing process. The current
generation of single-slot air knives is widely used in the
galvanizing industry but has limitations in producing
low coating weights at the higher line speeds desired
for the current generation of automotive sheet steel
products. In this work, a novel configuration of a
multiple-slot jet (multijet) air knife is investigated
through numerical simulations as an alternative to the
traditional single-slot air knife. The aim of this study is
to investigate the sensitivity of the coating weight to
the pressure and shear stress profiles in order to
determine whether there are operating regions that are
more robust to air-knife geometry changes. A modified
geometry for the multislot air knife is proposed based
on computational fluid dynamics results obtained from
a parametric study. The effects of different operating
conditions such as the main jet Reynolds number
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(Ren,), auxiliary jet Reynolds number (Re,), and jet-to-
wall distances (Z/D) on the final coating thickness were
investigated. The results of the modeling showed that
by setting the auxiliary jet Reynolds number at a
fraction (25%) of the main jet Reynolds number,
lighter coating weights can be achieved for higher strip
velocities and higher wall-to-jet distances as compared
to the single-slot jet design. It is believed that this
geometry will provide a robust operating window to
enable the prototype design to be employed in the
industrial setting.

Keywords Film coating thickness, Multiple-slot jets,
Air knives, Continuous hot-dip galvanizing, CFD
simulation

List of symbols

Ce Skin friction coefficient

D, Auxiliary jet width (mm)

D Main jet width (mm)
Gravitational acceleration (m/s?)

G Nondimensional pressure gradient
he Final film thickness (pum)

p Static pressure (Pa)

q Withdrawal flux (1/m?)

o) Nondimensional withdrawal flux
Re, Auxiliary jet Reynolds number
Re, Main jet Reynolds number

s Auxiliary jet offset (mm)

S Nondimensional shear stress

u Fluid velocity (m/s)

Vswip  Strip velocity (m/s)

Local film thickness (um)
Nondimensional film thickness
Main jet exit-to-wall distance (mm)
Fluid dynamic viscosity (kg/m s)
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0 Fluid density (kg/m3)

T Shear stress (Pa)

0 Aucxiliary jet tilt angle relative to main jet
centerline

0 Density of gas

R Universal gas constant (J/mol K)

M,, Molecular weight of the gas (g/mol)

T Temperature (K)

Introduction

Continuous hot-dip galvanizing is a coating technique
which is widely used in the steel industry. In this
process, a steel strip is continuously immersed in a bath
of molten liquid zinc, usually at 460°C, during which
the 11qu1d metal alloy reactlvely wets the moving sheet
substrate." When the substrate emerges from the bath,
it carries out a relatively thick layer of liquid zinc due
to viscous drag. The molten zinc coating thickness on
the sheet substrate is usually controlled just above the
bath through the use of a planar turbulent gas jet or air
knife, typically in a single-slot configuration (Fig. 1).
The pressure gradient and shear stress applied to the
liquid film by the jet control the film thickness above
the air knife, and the majorl ;/ of the liquid returns to
the bath as a runback flow.”” The film thickness after
wiping (h;) depends on the substrate velocity Vip, the
nozzle pressure P, the nozzle-to-substrate standoff
distance Z, the nozzle slot w1dth D, and the physical
properties of the liquid zinc.*’ In 1ndustry, the general
ranges of 08 < D < 15 8 <Z/D < 12 and
5000 £ Re < 25,000 are commonly used.

Thornton and Graff® proposed a model for calcu-
lating the final liquid film thickness by assuming that
the reduction of film thickness was due solely to the
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Fig. 1: Schematic of the gas-jet wiping process

pressure gradient created by the impinging jet. Tuck®
used a similar approach and checked the stability of the
solutlons for long-wavelength perturbations. Ellen and
Tu* subsequently incorporated the effect of wall shear
stress distribution into the coating weight model. Tu
and Wood® experimentally measured the wall pressure
and shear stress distribution beneath an impinging jet
for a wide range of plate-to-nozzle ratios of 2 < Z/
D <20 and Reynolds numbers 3000 < Re, <

11,000. Guo and Wood® measured the wall shear
stress for a jet with a free stream turbulence intensity
of approximately 0.35% at the ]et exit. They compared
their results with Tu and Wood,® where their turbu-
lence level was approximately 4%. By comparing these
results, they concluded that the turbulence intensity
had only a second-order influence on the wall shear
stress within the ]et stagnation region.

Naphade et al.” proposed a model to estimate the
coating weight as a function of strip velocity, jet nozzle
pressure, plate-to-nozzle distance, and nozzle gap
width. The proposed correlatlon was validated with
industrial line data. Gosset et al.” presented a model to
predict the gas-jet wiping performance at small stand-
off distances and showed that the final coating thick-
ness did not change significantly for Z/D <7 for a
given jet velocity. Elsaadawy et al.'’ developed a
coating weight model as a function of operating
parameters for Z/D < 8. By combining experimental
and computational methods, they improved the pres-
sure and shear stress correlations using the k — ¢
turbulence model in the FLUENT code. The model
showed good agreement with industrial data, particu-
larly at lower coating weights, where the maximum
deviation was 8% between the predlcted coating
weight and measured data. Lacanette et al.'' used a
LES turbulence model in order to obtain the mean
pressure gradient and shear stress distribution induced
by a single-slot jet on a dry wall. The obtained profiles
were then applied in a knife model. The authors also
used VOF method coupled with LES model in order to
study the effect of turbulent jet on a moving wall
containing a layer of liquid film. By comparing the
decoupled lubrication model and the two-phase model,
they concluded that the knife model is demonstrated to
be a good estimator for the final film thickness.

In order to obtain lighter coating weights at reason-
able strip velocities, the usual practice would be to
increase the wiping pressure (i.e., increase the jet
velocity) significantly. However, increasing the wiping
pressure can result in increased noise, an industrial
hygiene issue, or splashing. Splashing is characterized by
the ejection of zinc droplets from the strip which can be
deposited on or around the jet nozzle or on the strip
itself, resulting in defects. Dubois'? showed that full
splashing occurs for a zinc coating thickness of 20 um
produced at line speeds of 160-170 m/min when Z/
D < 6. Splashing is initiated at the edge of the strip and
spreads toward the center of the strip. Therefore, full
splashing occurs throughout the whole sheet width and
makes the running back flow to detach from the
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substrate and causes defects on the final product. Kim
etal.”? proposed a multiple-slot air-knife design which
comprised a main jet and four inclined auxiliary jets
discharging air at lower velocity in comparison with the
main slot jet. In this design, the gas discharging from the
main and auxiliary jets provided the necessary force for
wiping the excess molten zinc from the sheet. It was
claimed that the second auxiliary jets prevented splash-
ing where the auxiliary jets restrained zinc droplets from
splashing by mixing the gas particles of the main jet and
lower speed auxiliary jets such that the wall shear stress
was reduced, thereby preventing splashing.

In this study, a novel multljet configuration based on
the proposal of Kim et al.'® was studied through
numerical simulations as the zinc wiping apparatus in
the continuous hot-dip galvanizing (CHDG) process.
In particular, the objective of this paper is to investi-
gate the sensitivity of the coating weight to the
pressure and shear stress profiles to determine whether
there are operating regions that are robust to the
prototype air knife operating parameter changes and to
also determine whether lower coating weights at high
line speeds can be obtained through the use of the
proposed multislot air knife.

Analytical model of film thickness

Calculation of the liquid zinc volumetric flux on the steel
strip, g, 1s the first step in the modeling of coatmg
thickness."” A condensed summary of the analysis is
provided below to demonstrate the assumptions applied
to calculating the thickness of the liquid film. A simplified
form of the Navier—Stokes equation can be used for
calculating g based on the assumptions of steady-state,
isothermal, incompressible flow of the liquid film, where
it is assumed that surface tension can be neglected and
that the no-slip condition of the liquid on the steel strip is
valid.* Fluid properties, such as viscosity and density,
were assumed to be constant. By considering the above
assumptions, the two-dimensional Navier-Stokes equa-
tion for a thin film on a flat plate reduces to:

d2

u dp
/Jd—yz—(l?g‘f'a)—o (1)

Using the coordinate system in Fig. 1, the boundary
conditions can be written as:

u="Vs

u@y) —c aty=w G)

where 7 is the shear stress imposed by the turbulent
impinging slot jet on the strip, Vip is the strip velocity,
and w is the local film thickness. Integrating
equation (1) and applying the boundary conditions in
equations (2) and (3) yields:

aty=0 (2)

(4)

V[H sw-2 (2 W)GY]

W=w,/E& is the
uvs

thickness, S =—=

\/ puVsg
stress, and G =1 +Ld—§ is the effective gravitational

acceleration. The liquid volumetric flux, g, can then be
calculated as:

i SW  GW?
q:/o udy:VSw<1+T— 3 ) (5)

The nondimensional withdrawal flux, Q = “,’ :{;’S can

be derived from equation (5) by substitution and
rearrangement as:

where nondimensional film

is the nondimensional shear

W3 SW?
G +S—+W (6)

C=""317

From Elsaadawy et al.,'” the nondimensional film
thickness W, corresponding to the maximum
withdrawal flux, Omax, can be determined by solving

49 _ () and employing the quadratic formula such that:

aw ~
/2
W:Si 2LS‘G—i—4G 0

Using the above formalism, the nondimensional film
thickness is a function of dp/dx and t at any coordinate
x. Due to mass continuity, the minimum value of Qp.x
corresponding to every x value is the physically
available withdrawal flux, Q. The final film velocity is
assumed equal to the substrate velocity and the final
coating thickness, /¢, is given by

hf _ i _ (QmaX)min (8)

Vs ra
uVs

The distribution of shear stress and pressure gradi-
ent along the wall can be used in equations (7) and (8)
to estimate the final coating thickness on a moving
substrate. Higher values for the dp/dx and 7 distribu-
tions in the vicinity of wiping region can lead to a lower
coating thickness according to equations (6) through
(8). In this study, the pressure gradient and shear stress
distributions induced by both the single and multiple
jet geometries on a dry, fixed surface were determined
through numerical simulations.

Numerical modeling

A computational approach was used to model the
pressure distribution and shear stress on the wall. The



J. Coat. Technol. Res.

computations were carried out using FLUENT 14.0
commercial software. The solver was pressure based, and
all of the simulations were run in steady mode. The
SIMPLE method was used for pressure-velocity cou-
pling. Fluid flow can be represented by the Navier—
Stokes equations which contain the mass and momentum
balance equations. In Cartesian form, they are as follows:

9p | O(pwi) _

o oy O ®)
8pu,~ 6pu,~u,- _8_]) 0 % %

ot + ox; 8x,+8x, 8x,~+8x,~ (10)

The well-known two-equation model was used to
capture turbulence properties. One of the transport
equations solved for the turbulent kinetic energy (k)
and the other solved for the turbulent dissipation rate
(¢). The turbulence model which was used in this study
for all cases was the standard (k — &) model, which
includes the following two equations:

Opk | Opku; _ 0 {( L

Ok

ot + ox; _5‘xj

ok
) a—x]] + Gy — pe (11)

0 Opeu; 0 0
e o0 [(, ) 0],y

ot ox;  0x; 0x; k(
€
- CZSP E (12)
where the turbulent viscosity for the standard k-¢
turbulence model is written as:

Table 1: Standard k—: turbulence model constants
C C1s CZs Ok g

"

0.09 1.44 1.92 1 1.3

M= pCukz/S (13)

where C, is a model constant. Table 1 provides the
standard k-¢ model constants for eauatlons (11)
through (13) from Launder and Sharma.'

A double precision solver was used for all simula-
tions. A segregated solver was used for the governing
equations. The standard method was used for the
pressure term with a first-order up-winding scheme for
the turbulent kinetic energy (k), turbulent dissipation
rate (&), and momentum. The governing equations
were solved until the root-mean-square (RMS) res1d-
uals for all governing equat10ns fell below 107°°. A
constant viscosity for the air was assumed, and the air
density was computed as a function of pressure and
temperature based on the ideal gas law:

P
ET

Ky

p= (14)

Boundary conditions and grid generation

Schematics of the two nozzle geometries are illustrated
in Fig. 2. For the initial numerical simulations and for
validation purpose, the auxiliary jet width (D,),
distance between the exit of the main and auxiliary
jets (s), and the main jet slot width (D) were fixed at 3,
20, and 1.5 mm, respectively. The inclination of the
auxiliary jets relative to the main jet centerline was 20°.
The boundary conditions were the no-slip condition at
the impingement and nozzle walls, a pressure inlet at
the nozzle inlets, and a pressure outlet at the exit of the
computational domain. The mesh used for the imping-
ing jets comprised a mixture of quadrilaterals and
triangles. The full physical domain was solved, not
taking into account geometric symmetry. Grid cluster-

Fig. 2: Schematic of the single-slot jet and multiple-slot jet geometries used (D, = 1.5 mm, s = 20 mm, D = 1.5 mm, 0 = 20°,

a=3 mm)
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Fig. 3: Comparison of numerical pressure distribution and pressure gradient vs the experimental measurements of
Alibeigi'® for a single-slot jet
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Fig. 4: Comparison of wall shear stress profiles predicted by numerical simulations vs the experimental measurements of
Ritcey'® for a single-slot jet for ZD =4 and Z/ID =8
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Fig. 5: Comparison of numerically predicted wall pressure distribution vs the experimental measurements of Alibeigi'® for
the multislot jet geometry where D = 1.5 mm, D, = 3 mm, and s = 19.7 mm

tested to verify mesh independence of the numerical
results. In order to capture the severe pressure gradi-
ents and rapid changes of flow in the near-wall region,
the mesh was refined such that the first node located in

ing was used adjacent to the wall and around the
centerline where large gradients in the velocity field,
pressure field, and turbulent parameters were present.
Four grids with differing numbers of nodal points were
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Fig. 6: Comparison of numerical results for the pressure gradient and wall shear stress for the single- and multislot air-
knife geometries where Re,, = Re, = 11,000, D = 2.5 mm, D, = 3 mm, s = 19.7 mm, and 6 = 20° for Z/D = 8
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Fig. 7: Coating weight as a function of strip velocity for the
single- and multislot jet air knives for Re, = 11,000,
Re, = 11,000, and Z/D = 8

the viscous sub-layer (y"~1) and the mesh size near the
wall is approximately 4 um. The computational domain
size was L/D = —85 to L/D = 85.

Validation

Numerical simulations vs experimental wall pressure
distribution and pressure gradient data for different
wall-to-jet distances at Re,,, = 11,000 are presented in this
section. Figure 3 presents a comparison of numerical
nondimensional wall pressure profiles vs the experimental
data of Alibeigi"® for a short nozzle single-slot planar
impinging jet as function of Z/D. It can be seen that the
value of the predicted maximum nondimensional pressure
and pressure distribution was in good agreement with the
experimental data. Figure 4 compares the numerical and
experimental results for the wall skin friction
Cr =14,/(0.5pU?). From this, it can be seen that the
numerical skin friction results compare very well with the
corresponding experimental measurements of Ritcey.'® It
can also be seen that the maximum C; value decreased

= Single
' Multiple

0.00
x (m)

002  -001

Fig. 8: Comparison of the typical pressure profiles for the
single- and multiple-slot jets for Re, = 11,000, Re, =
11,000, and Z/D= 8

with increasing Z/D. The decreasing skin friction can be
attributed to the decaying velocity of the jet and momen-
tum losses due to fluid entrainment. Figure 5 shows a
comparison of the numerical wall pressure profile vs the
experimental data of Alibeigi'” for the multislot impinging
jet where Re,, = Re, = 11,000. From Fig. 5, it can be seen
that the numerical models of the multislot jet geometry
also agree well with the experimental measurements.
From the above, it can be concluded that the numerical
models for both the single- and multislot geometries have
been experimentally verified.

Results and discussion

Figure 6 illustrates the wall pressure gradient and wall
shear stress distribution for both the single- and multiple-
slot air-knife geometries. According to this figure, lower
values of the pressure gradient and shear stress are
distributed in the vicinity of the wiping point for the
multislot air-knife design. This leads to a higher coating
liquid flow rate Q from the bath which remains on the



J. Coat. Technol. Res.

substrate after wiping, as described by equation (6).
Accordingly, in Fig. 7, which shows the variation of
coating weight as a function of strip velocities between
0.5 m/s and 2.5 m/s, the single-slot air knife has a better
performance in terms of coating weight reduction vs the
examined configuration of multislot air knife. The same
results were obtained for a wide range of operating
conditions.

By comparing the wall pressure profiles for the two
air-knife geometries, as shown in Fig. 8, it can be seen
that the auxiliary jets not only increased the maximum
impingement pressure, but they can broaden the
pressure distribution along the wall, resulting in a
lowering of the pressure gradient (dp/dx) distribution.

Subsequent simulations investigated the effects of
changing various geometric parameters such as D, a, s,

- - Single jet
6000 = = Multiple jets d3=1.5 mm
5000 - —— Multiple jets dz=2 mm

- = Multiple jets d3=3 mm

P (Pa)

001 000  0.01 0.02
X (m)

Fig. 9: Effect of D, on wall pressure profile for Z/D = 8,
Re,, = 11,000, Re, = 6000, a=3 mm, and s =5 mm

Velocity magnitude: 10 20 30 40 50 60 70 80 90 100

z/D

M VR S SRR SR S SR S |

6 -4 -2 0 =2 4 6 8
X/D
(a)

and 0 per Fig. 2 in order to modify the multislot air-knife
geometry such that the pressure profile and pressure
gradient conformed more closely to the single-slot air-
knife shape without losses in (dp/dx), the results of
which are discussed in the following sections.

Effect of D,

The effect of the auxiliary jet gap, D,, on the wall
pressure distribution was studied numerically. The
main slot jet Reynolds number was fixed at 11,000,
which corresponds to an air velocity of 110 m/s. Three
different values of D, = 1.5, 2, and 3 mm were exam-
ined while a and s were fixed at 3 mm and 5 mm,
respectively.

Single jet
3x 106_ = = = Multiple jets d3=1.5 mm
. —— Multiple jets dg=2 mm
2 x 10%4 N = = Multiple jets dg=3 mm
£ 1x10°%
©
o
= 0 4
3
~ _ 6 |
% 1x10
-2 x 10°%4
-3x10° T T T T T ,
—0.009-0.006-0.003 0.000 0.003 0.006 0.009
X (m)

Fig. 11: Effect of D, on wall pressure gradient for Z/D = 8,
Re,, = 11,000, Re, = 6000, a=3 mm, and s =5 mm

Velocity magnitude: 10 20 30 40 50 60 70 80 90 100

Fig. 10: Velocity contour and streamlines with Z/D =8, Re, = 11,000, Re,=6000, a=3 mm, and s=5mm for (a)

D, =1.5 mm and (b) D, = 3 mm
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Fig. 12: Effect of 6 on wall pressure profile and wall pressure gradient for Z/D = 12, Re,, = 11,000, Re, = 6000, a = 3 mm,

s=5mm,and D= D,=1.5 mm
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Fig. 13: Effect of a on wall pressure profile and wall pressure gradient for Z/D = 12, Re,, = 11,000, Re, = 6000, s = 5 mm,

and D= D, =1.5 mm
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Fig. 14: Effect of s on the wall pressure gradient for Z/
D =12, Re,, = 11,000, Re, = 6000, a=2 mm, and D= D, =
1.5 mm

Figure 9 shows the wall pressure distribution as a
function of the auxiliary jet gap width, D,, where Z/D,
Rey,, Re,, a, and s were held constant as documented in

the figure caption. It can be seen that adding auxiliary
jets to the main jet changed the wall pressure profile
distribution as compared to the single-slot impinging jet
wall pressure. The secondary peak that was observed for
higher D, values disappeared by decreasing D, and
pressure profile became sharper. According to Fig. 10,
for high D, values, the auxiliary jet flow could not be
merged effectively with the main jet flow in the vicinity
of the wiping region. Instead, the auxiliary nozzles gas
particles, which have the lower speed compared to the
main nozzle, collide with the main jet gas particles
downstream of the impinging point and it results in the
overall gas speed decrease along the length of the steel
substrate. However, for lower D, the streamlines of the
auxiliary jet merged with the main jet flow, and there-
fore, more momentum has been added in vicinity of the
main jet centerline. This leads to a higher pressure
gradient in the impingement region.

Figure 11 illustrates the wall pressure gradient for
the pressure profiles presented in Fig. 9. According to
this figure, the pressure gradient distribution in the
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Fig. 15: Wall pressure distribution of the modified multi-
slot air knives for different Z/D, where Re,, = 11,000 and
Re, =3000 for D,=1.5mmD=15mm,a=1mm,s=0
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vicinity of the wiping region remained significantly
higher for the single-slot jet relative to the multislot air
knife. From this result, the multislot air-knife geometry
needs to be modified in order to obtain a thinner
coating when using the multiple jet design.

Effect of auxiliary jet tilt angle (0)

In this section, the effect of the auxiliary jet tilt angle
(0) on the wall pressure distribution and wall pressure
gradient was investigated. The main and auxiliary jet
Reynolds numbers were fixed at Rey, = 11,000 and
Re, = 6000, respectively, and D =D, =15 mm,
a =3 mm,s =5 mm, and Z/D = 12. The main jet was
perpendicular to the impingement plate, and the

Z/D=12 — Single

Multiple

5000

4000+

30001

P (Pa)

20004

1000+

~0.008 -0.004 0000 0.004 0.008
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Fig. 16: Comparison of wall pressure distribution for ZZD=6 and Z/D =12, where Re, = 11,000 and Re, = 3000 for

D,=1.5mmD=15mm,a=1mm,s=0
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Fig. 17: Pressure contour and streamlines for Z/D = 12, for (a) single-slot jet, (b) multislot jets where Re,, = 11,000 and

Re,=3000 for D,=1.5mm D=15mm,a=1mm,s=0
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Fig. 18: Comparison of maximum (a) wall pressure gradient and (b) shear stress for different Z/D ratios for D, = 1.5 mm
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Fig. 19: Comparison of coating weight for a single-slot jet
and modified multiple-siot jets for different Z/D ratios, with
Vstrip = 0.5 m/s, Ren, = 11,000 and Re, = 3000, for D, = 1.5
mmD=15mm,a=1mm,s=0

auxiliary jets were inclined at 6 =0° 8°, and 15°
relative to the main jet centerline as defined in Fig. 2
(please recall that 6 = 20° in the computations docu-
mented above). In order to compare the results, mesh
was reset to keep similar refinement near the wall and
jet centerlines for each of the case studies. Figure 12
shows the resultant wall pressure distributions and wall
pressure gradients for the various 0 documented above.

According to Fig. 12a, the maximum pressure value
was sensitive to the auxiliary jet tilt angle and, by
inclining the auxiliary jet toward the main jet center-
line, a higher maximum pressure could be achieved.
For Z/D =12 and a = 3 mm, the highest maximum
pressure and maximum pressure gradient distribution
were obtained for 0 = 15° in which the main and
auxiliary jet centerlines were coincident at a same
point on the impingement wall. In this arrangement for
the multislot air knife, the auxiliary jet flows merged
with the main jet flow and formed a single flow field.
Thus, the additional momentum from the auxiliary jets
aided in increasing the main jet flow field momentum

and a higher (dp/dx),,,, could be achieved, as is shown
in Fig. 12b. However, it can also be seen that the
maximum pressure gradient value continued to be
lower for the multislot air-knife design as compared to
the single-slot jet under these operating conditions.

Effect of a

Figure 13 illustrates the effect of main jet-to-auxiliary
jet distance (a, Fig. 2) on the wall pressure profile and
wall pressure gradient. The main and auxiliary jet
Reynolds numbers were fixed at Re, = 11,000 and
Re, = 6000, respectively, the jet-to-wall distance was
fixed at Z/D = 12, and “a’ varied between a = 1 mm
and a = 3 mm while s and D, were fixed at 5 mm and
1.5 mm, respectively, where 0 was varied between 8°
and 15° in a way that the jet centerlines were
coincident at a same point on the wall.

It was observed that by decreasing the distance
between the main jet and auxiliary jets (a), a higher
maximum pressure value could be achieved while
increasing the pressure profile gradient. Consequently,
in Fig. 13, the pressure gradient distribution increased
by decreasing “a’ and, for a = 1 mm, the multislot air
knives had a higher (dp/dx),,, as compared to the
single-slot jet.

max

Effect of s

In this section, the effect of the auxiliary jet offset (s,
Fig. 2) on the wall pressure gradient and wall shear
stress profiles was investigated. The main and auxil-
iary jet Reynolds numbers were fixed at Re,, = 11,000
and Re, = 6000, respectively, and the jet-to-wall
distance was fixed at Z/D =12, a=2mm, D =D, =
1.5 mm, and s ranged between 0 mm to 10 mm.
According to Fig. 14, there was no significant effect
on the pressure gradient profiles for the range of s
values investigated.
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Based on the above numerical simulation results,
the dimensions for the multiple-slot air knives were
modified such that D = D, = 1.5 mm,a =1 mm, s = 0,
and 0 varied between 8° and 16° for various Z/D ratios
to facilitate convergence of the main and auxiliary jets
at the wall along the centerline of the main jet.

Effect of jet-to-wall distance

According to Dubois,'* coating thickness reduction
through gas-jet wiping strongly depends on the nozzle-
to-strip distance in the range of line speeds of over
100 m/min and Z/D > 7. In this section, the effect of Z/
D on the wall pressure gradient and shear stress
distribution for the modified multislot air-knife design
was investigated and their resultant coating weights on
a moving substrate computed. Results of the flow field
and coating weight for the modified multislot air knife
were compared with the results of the traditional
single-slot jet air knife. In the modified design, for each

specific Z/D, 0 was set in a way that all three jet
centerlines converged on the wall at the centerline of
the main jet.

Figure 15 illustrates the wall pressure distribution
for different values of Z/D for Re, = 11,000 and
Re, = 3000. It can be seen that the maximum pressure
decreased significantly with increasing Z/D. More-
over, by comparing wall pressure distribution for the
single jet and multislot jets in Fig. 16, it can be seen
that for high Z/D ratios, higher maximum pressure
can be obtained for the multislot jets. This can be
explained by the pressure contour and streamlines in
Fig. 17. According to this figure, the flow from the
auxiliary combines with the main jet flow and
increases its momentum. This increment can compen-
sate for some part of the jet momentum loss due to
locating of the wall outside the jet potential core.
Therefore, higher stagnation pressure was observed
for the multislot jets compared to the single jet.
However, this trend was not seen for low Z/D =6
where the impingement wall was already located
within the potential core.

Figure 18 illustrates the maximum wall pressure
gradient and shear stress for different Z/D ratios for
both the single-slot jet and modified version of the
multijet geometry for Re, = 11,000 and Re, = 3000,
D,=D=15mm, a=1mm and s = 0. It is shown in
this Figure that the nondimensional maximum wall
pressure gradient for the multiple-slot jets was higher
compared to the single-slot jet for Z/D >8 and
decreased continuously with increasing Z/D where
the largest difference between the two configurations
was approximately 18% for Z/D = 12.

Figure 18b compares the maximum wall shear stress
at Re, = 11,000 and Re, = 3000. For both configura-
tions, the maximum wall shear stress decreased with
increasing Z/D ratio, where the rate of shear stress
decrement for the single-slot jet geometry was higher
than for the modified multislot design. The value of the
maximum shear stress was higher for the single jet
geometry for Z/D > 8. The largest difference between
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the maximum wall shear stress was approximately 11%
for Z/D = 12.

Figure 19 shows a comparison of the coating weights
for a single jet and the modified multislot jet as a function
of Z/D ratio with Vg, = 0.5 m/s, Rey, = 11,000, Re, =
3000, D=D,=15mm, a=1mm, and s=0. It is
shown that the coating weight for both geometries is
sensitive to the Z/D ratio and, as expected, increased
with increasing Z/D. According to Gosset et al.,” the final
coating thickness varies linearly by the jet-to-strip
distances for Z/D > 7 for the single jet. The current
study also showed the same trend for the multijet slot air
knives. According to the results in Fig. 19, the coating
weight for this configuration of the multislot geometry is
less than the single-slot jet for Z/D > 6, with the largest

difference being approximately 10% for Z/D =12 and
with no significant difference in the coating weight
between the two geometries for Z/D < 8.

Effect of main jet Reynolds number

The effect of main jet Reynolds number on the final
coating weight is investigated in this section. Re,, was
varied between 9000 and 13,000 with Z/D = 12 and
Re, = 3000. The gas flow rate is 0.16 kg/m s, 0.19 kg/
m s, and 0.24 kg/m s for Re = 9000, Re = 11,000, and
Re = 13,000, respectively. The wall pressure gradient
and wall shear stress are shown in Fig. 20. According to
this Figure, the pressure gradient distribution and
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D =12 and Re,, = 11,000

shear stress in the vicinity of the wiping region
increased with increasing Re,. Moreover, for each
Re;, the maximum pressure gradient and shear stress
were larger for the modified multijet configuration vs
the single-slot air-knife geometry.

Figure 21 shows the coating weight on a moving
substrate for various Rep, and V., with Re, = 3000
and Z/D =12, D, =15mm D =15 mm, a = 1 mm,
s =0, and 0 =8°. By increasing Re,, the coating
weight decreased for each Vi, and increased with
increasing strip velocity. The results for the multislot
design were compared with the single-slot jet coating
weights. It was concluded that the coating weight for
this configuration was lower for each Re, and Vi, in
the case of the multislot air-knife geometry.

Effect of auxiliary jet Reynolds number effect

In this section, the effect of auxiliary jet Reynolds
number on the coating weight was investigated numer-
ically, while the main slot Reynolds number was fixed
at Rep,, = 11,000. Figure 22 shows the wall pressure
gradient and wall shear stress results for Re, ranging
between 3000 and 9000 with Re,, = 11,000 and Z/
D=12, D,=D=1.5mm,a=1mm,s =0, and 0 = 8°.
It can be seen that the maximum pressure gradient was
sensitive to Re, and decreased with increasing Re, such
that the pressure gradient distribution and shear
stresses were higher than those of the single jet case
for Re, < 6000.

According to Fig. 23, for high Re, the auxiliary jet
flow particles with higher velocities collide to the main
jet flow and decrease its strength in the impingement
region. Therefore, it decreases the wiping ability of the
main jet. However, for lower Re, the low-velocity
particles of the auxiliary jet mix with the flow in the jet
centerline region and increase the speed of the flow
that imping on the substrate. This velocity increment is
a main cause in increasing the wall shear stress and

pressure gradient for this configuration in comparison
with the conventional single-impinging slot jet case.

Figure 24 shows the effect of auxiliary jets Reynolds
number on coating weight. It was observed that the
coating weight increased with increasing Re, for each
strip velocity. It can be concluded that when the
auxiliary jet Reynolds number is a fraction of the main
jet Reynolds number (i.e., 25-55%), the multislot jet
geometry can yield lighter coating weights.

Conclusion

A novel configuration for a multislot air knife which
can be applicable for the continuous hot-dip galvaniz-
ing process as an alternative for the conventional
single-slot jet was investigated numerically.

Wall pressure and wall shear stress results from the
numerical simulations were used as boundary condi-
tions in the analytical solution of the liquid film
thickness in order to estimate the final coating weight
on a moving substrate. In the current study, the
sensitivity of the wall pressure distribution to air-knife
geometry changes was investigated and a modified
arrangement for the multislot jet configuration was
obtained based on the CFD results. The parametric
study showed that for obtaining lower coating weights,
the arrangement for the multislot air knife should be in
a way that the main and auxiliary jet centerlines
coincide at a same point on the impingement wall. Also
by decreasing the distance between the main jet and
auxiliary jets and auxiliary jet width, lower coating
weight can be obtained. In the next step, the effects of
jet-to-wall distance, auxiliary jet Reynolds number,
strip velocity, and main jet Reynolds number on the
coating thickness were investigated by numerical
simulations of the modified multislot air-knife design
and compared to the traditional single jet geometry. It
was observed that for Z/D > 8, a thinner coating
thickness for higher strip velocities can be achieved by
the modified multislot air knife, particularly when the
auxiliary jet Reynolds number was set as a fraction of
the main jet Reynolds number. Also by increasing the
main jet Reynolds number, multislot air knife showed
better results in terms of coating thickness reduction
compared to the conventional single-slot air knife.
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