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Kinematic behavior of melted glass for hot-extrusion
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This study uses fused-deposition modeling (FDM) to produce thin melted glass for 3D printing at 1,300 °C. A melt-extrusion
module by the authors [Wei, 2014, 2016] has been used to produce 3D structure of alumina/polymer mixtures and Cu-Zn key
parts. In this work, we determined the extrusion characteristics of various feedstocks (one borosilicate glass and simulating
fluids) and to determine the kinematic behavior of the fluids. PVB-solvent mixtures were synthesized for simulating the viscous
characteristics of melted glasses and extruded through ceramic nozzles of 0.1~0.4 mm diameter at room temperature to
simulate an oxide glass that was extruded at 1,000 - 1,300 °C. The air-pressure, the die-diameter, the extrusion rate, the
viscosity of the melts and the friction between the wall and the container was calibrated and measurement. Five major forces
acting on the module were discussed in order to reveal the extrusion behavior of continuous glass fiber.
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Introduction FDM [3]: cost-effective wire is offered for the FDM,
and using easy-operated melt extrusion (ME) module.
Fused Deposition Modeling (FDM) using rod-shape The detailed design of the process is shown in Fig.

feeding materials is one of facile methods for additive 1(a).
manufacturing [2] to produce 3-dimensional (3D) parts One hot-extrusion device combined with heating
with reasonable complexity. There are two major issues elements was patented in a previous work by the author
for the efficient production of complex parts using [1]. The ME module consisted of a wire feeder, a SiC-
a R
(@) Feeding (b) TR

glass bar,
metal or
Plastic wires.

Fig. 1. Schematic diagrams of (a) a typical FDM setup consisted of feeder and feeding wire, a hot nozzle, 3D control platform. (b) A melt
extrusion (ME) device, which includes a heating element combined with Si-based heating elements and Fe-Cr-Al wires, a ceramic tube as
nozzle, and a refractory support as thermal insulation layers [5].
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FeSi, heating element, a high purity Al,O; (AlO) or
stainless steel (SS) tube with a small hole at the lower
end (called a nozzle), a thermal insulation layer and an
Al-alloy housing. A diagram of the module is shown in
Fig. 1(b). A wire (e.g. glass rod) feeding into the top of
the nozzle is melted in the tube and flows through the
nozzle. When the melted fluid has sufficient downward
driving force, a viscous fluid of molten glass, a mixture
of Al,Os/plastics [4] or melted Cu-Zn alloys [5] has
been extruded out from the nozzle. The ME module is
potentially operated at temperatures as high as 1,300 °C.

Glass becomes viscous when it is melted at temperatures
slightly high than its meting temperature [6-9]. It was
demonstrated flowing out from the nozzle at a very
slowly rate [6], and reported behaved pseudo-plastically.
Previous studies by the authors reported the viscosity
and activation energy of one melted glass and Cu-Zn
alloys [5, 7] (Fig. 2). The viscosity of a typical boron-
silicate glass, 32Na,0-34Si0,-5B,05-29TiO, (called
TNOS) ranges from 1,000 mPas to 100,000 mPas
between 900-1,100 °C. This glass can be slowly extruded
through a 0.4 mm nozzle at a very low rate at 1,200 °C
[7]. It was not practical to manufacture 3D parts if the
extrusion rate was slower than 20 s

Pure plastics, such as Acrylonitrile Butadiene Styrene
(ABS), have been fused and deposited at ca. 200 °C.
Several factors determine the performance of the extruded
material: the melting temperature and the viscosity of
the melted material, the dimensions of the nozzle and
the friction between the fluid and the surface of the
tube.

The flow characteristics of the extruded material at
high temperature are important for successful melt-
extrusion. However, no studies are reported on the
kinematic behavior of melted glasses during 3D HE.
This study synthesizes two series of fluids to simulate
melted glass/metal alloys: ethanol and 1-pentanol with
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Fig. 2. Arrhenius plot of three materials tested by viscosity and 1/
T. Activation energy and shear rate of the tests are calculated by
the best fitted lines. The data of borosilicate glass and Cu-based
alloy are from our previous work [5, 10], respectively.
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polyvinyl butanol (PVB). The changes in the pressure
and velocity in the ME module are measured and the
kinematic properties of hot melted fluid extrusion are
determined.

Kinematic Equation of Extrusion

The extrusion behavior of a fluid can be simplified
when the Reynolds number (Re) is less than 2100 [8].
A laminar flow with either Newtonian or pseudo-plastic
behavior is considered in this study. The simulation of
the fluid behavior of molten materials involves some
preliminary steps and some assumptions.

(1) Solutions with a viscosity similar to that of typical
glass are prepared. The glass - TNOS - is selected as the
example of viscosity. This is a highly viscous fluid that
melts at 1 000-1 200 °C;

(2) The range of the shear rates is determined from
the printing speed of commercial 3D printers. FDM
printers are currently operated at a flow rate of 20-250
mms . The shear rate (y) for a flow in tube is
calculated using the average flow rate (V) as y = V/4r.
Therefore, the range of the shear rate used to test the
ME module is 25-313 s7'.

Five forces acting on a fluid are noted when a fluid is
extruded through a tube with one small nozzle. Fig.
3(a) shows that the thrust (P;) and hydrostatic pressure
(Py) are the two downward driving forces. In the
opposite direction, friction with the wall (f), reduction
of the cross section due to necking (A¢/A;) in the tube
and surface tension (P;) of a liquid drop are the three
upward forces. When the net force is downward, the
fluid flows continuously out of the nozzle. The
decrease in pressure (APj), the cross sectional area of
the tube and nozzle, and the velocity of the fluid at
different positions are defined in Fig. 3(b).

Pressure drop due to wall friction

The flow rate for a viscous fluid in a tube is reduced
by friction between the fluid and the surface of the
wall. The decrease in pressure (AP),) between positions
1 and 2 is:

_ ot

AP 12 do 2 bl (1)
where / and d|, are the length and diameter of the barrel
(inner dimensions of the tube), p is the density of the
fluid, and fis a combined coefficient of friction. For a
laminar flow, this combined coefficient of friction is
given by [8]:

64 pVD
=— as Re= 2
/=gy s Re o @
where p is the viscosity of the fluid and D is inner

diameter of the tube (=2r). Egs. (1) and (2) are
combined to give:
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Fig. 3. Schematic drawing of an extrusion tube with a nozzle. (a) Positions and reverse forces, (b) the pressure drop causing by the friction
of wall, necking of the tube, and the surface tension of the liquid, (c) the outer diameter and nozzle size of a 99.5% pure Al,O; ceramic tube

used in this study.
AP, =84yt 3)
P

For a Newtonian fluid, the exponent of the velocity
term (V) is equal to 1.0; i.e. m-1=1 [8,9]. The
exponent value changes if the fluid is not Newtonian.

Pressure drop due to necking

An additional decrease in pressure occurs if the cross
section of the tube is reduced, as shown between
positions 2 and 3 in Fig. 3(a). This decrease in pressure
is described as below [9].

=(aK.p) V"ln—3 4)

where K is the geometric coefficient of the neck and
(aKyp) is a combined coefficient. V; and V; are related
as V3 = Vi(A41/45), where A, is the cross sectional area
of the tube and A; is the area of the nozzle with a
diameter of 0.1~0.4 mm.

Decrease in pressure due to surface tension

If a drop of fluid forms at the tip of the extrusion, the
decrease in pressure due to the surface tension (o, in a
unit of Nem™) acts against the initial stage of the
extrusion and the pressure drop is given as below.

=29 5)

P
However, this factor can be ignored when the
extrusion of the fluid is continuous.

Driving force for the extrusion

Two forces are active when a fluid is extruded from a
tube: gas thrust (Pr) and hydrostatic pressure (Py). The
thrust is given by the gas pressure in a pressure tank

and results in a loss of dynamic pressure (Pp=rV?/2) for
a fluid that flows at velocity V;. If a force is used to
push fluid through the tube, the decrease APy, due to
gravity and the flow of the glass melt is shown as
below.

APy, = Py— Pp = pgh — pV?%/2. (6)
Experimental

Preparation of standard fluids

Two series of simulation fluids are used at room
temperature. Their compositions are shown in Table 1.
The number xx in suffix means that xx wt% PVB
(polyvinyl butyral) is dissolved in ethanol solution. The
viscosity of the ethanol (S02) and the 1-pentanol (S03)
containing various PVB contents are plotted against
shear rate in Fig. 4. For this range of viscosity, S02-20
solution is pseudo-plastic and behaves similarly to that
of the molten glass (Fig. 2). S03-0.5 solution is nearly
Newtonian and is used to simulate the behavior of a
low-viscosity fluid (called a “thin fluid” in this study).

Calibration of thrust

In order to maintain a constant hydraulic pressure (a
water head, h), the decrease in pressure (APy;) of water
supply was measured. A 3 mm hole was drilled in the
bottom of two plastic bottles with diameter of 75.0 and
47.0 mm respectively, as shown in Fig. 5. Water flows

Table 1. Symbols of PVB solutions

Concentration
Symbol Solute Solvent (Wi%)
S02-XX PVB Ethanol XX
S03-XX PVB 1-Pentanol XX
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Fig. 4. Viscosity of ethanol (S02) and 1-pentanol (S03) solutions
containing PVB (xx wt%) plotted against shear rate.

M:m

Fig. 5. Schematic diagram of the experimental connection of
liquid container for supplying addition air/liquid thrust. The
bottom of the container (pressure tank) connects with a flowing
nozzle.

through the neck of each bottle at a different pressures
and the decrease in pressure and flow rate (Vi) of the
solution were measured and used to calculate APy (as
shown in Appendix Table Al) using the equation as
below.

AP()] = ((XKLp)Vln In (152TC/A3) (7)

Taking the log of both sides, a fitting line for the data
is shown in Fig. 6. The respective gradients (n) for the
75 and 47 mm-diameter bottles are 1.82 and 1.88, and
the respective intercepts for the data are 2.84 and 2.43.
The constant (aK;) for the 47 mm-diameter bottle is
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Fig. 6. Normalized pressure loss (APy;) of S03-0.5 thin solutions
flowing through pressuring container (Fig. 5) plotted against the
flowing velocity. The slope of the fitting lines is 1.87+0.01.

0.060, and for the 75 mm-bottle is 0.131. The gas
thrust is then calculated as below.

APy, = 269.65V 158, (8)

Testing procedures

Viscosity measurement

A co-axial viscosity meter (B-one, Lamy Rheology
Ins., France) was used to measure the viscosity of the
simulation fluids, TNOS glass and the Cu-Zn alloys, at
various temperatures. Both fluids behave as a Newtonian
fluid at low viscosity, but exhibit pseudo-plastic behavior
when the viscosity exceeds 1,000 mPas. Therefore,
S03-0.5 with a viscosity around 5.5 mPas is used as a
thin solution, and S02-20 is used as a viscous fluid to
simulate melted glass.

Surface morphology

SEM (JSM6510, JEOL, Japan) was used to observe
the inner surface of various tubes (Al,Os, silica glass
and SS tubes). The roughness of the surfaces was
measured using AFM (Multimode 8, Bruker AXS Pte,
Singapore)

Results and Discussion

Friction in various tubes

Three types of tubes (alumina, glass and SS tubes)
have been used for the extrusion of various extruded
materials, such as ABS or melted glass from 200 °C —
1,300 °C. Tubes of various lengths (23 mm - 250 mm)
were used to calculate the decrease in pressure per unit
length of the tube (AP;,/h). (The calculations are shown
in Appendix Table A2.) The kinematic relationship can
be shown as below.
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Log (AP;,/h) = Log(8u/dg) + (m — 1)LogV,.  (9)

The respective gradients (m-1) for the three tubes
(alumina, glass and SS tubes) are fitted (Fig. 7) to be
either 0.90, 1.04, or 1.0. Therefore, the exponent for
the velocity term in the following calculation is
considered setting at 1.0, which is consistent with our
preliminary understanding, 1.0 for the Newtonian fluid
of S03-0.5. The respective intercepts for the gradients
are 9.66, 9.22 and 9.38, respectively. This gives a
constant in the second term in Eq. (9) of 25.9 for an
alumina tube, 16.4 for a glass tube and 19.2 for a SS
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Fig. 7. Normalized pressure loss per length of tube (AP;y/h) of
S03-0.5 thin solution flowing through three different tubes made
of glass, stainless steel or Al,O; plotted against the flowing
velocity (V»).
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tube. The differences are mainly due to the differences
in the surface roughness of the tubes.

The calculation for the combined coefficient of
friction (f) for each tube is (as shown in Table A2)
using Eq. (2). It is seen that a glass tube has the lowest
values (0.10-0.13) for the coefficient. When the
viscosity, the density of the fluid, and the diameter of
the tube are constant, the coefficient fis a function of
the flow velocity. The faster the flow, the smaller is the
coefficient. Therefore, the f value for the same tube can
differ slightly.

The ALO; tube has the largest combined coefficient
of friction (Table 2). The microstructure (Figs. 8(a) and
8(b)) of the inner surface of the Al,O; tube consists of
large and micron-size grains, which give a R, value
close to 0.92 um. The R, value for the SS tube is 2.16
pm (Table 2), which indicates a rough surface, evidence
from the SEM micrographs (Figs. 8(e) and 8(f)) of the
SS tube showing an anisotropic extruded texture. The
roughness along the length of the tube is smaller than
that at the cross section. The R, (0.62) and R, (0.39)

Table 2. Roughness and combined friction of the inner surface of
three tubes along the flowing direction

Tube R, * (um) R, * (um) Rz *(um) J

AlL,O3 0.43 0.19 092 031-034
Glass 0.10 0.01 021 0.10-0.13
Stainless steel 0.62 0.39 2.16 -0.20

*Rz is the average of 10 measured data, and
R = |Y1|+|Yz|+‘Y3|+ o +|Yn|

n
R,~R,

Fig. 8. SEM images of the inner wall surface of (a) and (b) AL,Os, (¢) and (d) glass, () and (f) stainless steel tubes.
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values for the SS tube are the largest values among the
three tubes.

Flow behavior for a Newtonian (thin) fluid

The flow for the thin solution S03-0.5 through Al,O;
tubes with a hole of 0.4 mm or 0.2 mm was measured
to calculate the decrease in pressure in the tube.
Various flow conditions were used to achieve AP;
(=P1+Py-Py-Po;1-P12) values (The calculation details are
shown in Table A3). Figs. 9 and 10 show AP,; as a
function of V;. Figs. 9(b) and 10(b) show the Ln-Ln
plots which are used to calculate the exponent values
(n) for the velocity V3 in the nozzle.

1.5°n
As
The n values are 2.03 and 1.91 and the intercepts are

1.95 and 6.71, respectively. Therefore, the constant
apKy is 1.74 for a fluid flowing through a 0.4 mm-

AP,;=(aK,p)Vin

(10)
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Fig. 9. Normalized pressure loss (AP»;) of S03-0.5 thin solutions
flowing through a 0.4 mm-nozzle Al,O; tube with a (a) in normal
scale, (b) in nature logarithm scale, plotted against flowing
velocity.
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diameter nozzle. The constant apK; is 151 for a 0.2
mm-diameter nozzle. For a density 817 kgm™ of S03-
0.5, the B (= aKy) value is 0.002 for a 0.4 mm nozzle
and 0.18 for a 0.2 mm Al,O; nozzle.

Flow behavior for a viscous fluid

Highly viscous S02-20 fluid does not flow readily.
(Table A4 in appendix shows the calculated results of
the kinematic properties (AP;y/h) of the viscous fluid,
S02-20, flowing through an Al,O; tube of 3.0 mm
diameter.) This requires an extrusion thrust (P;) of 109
kPa to create a continuous flow. The variation is shown
as the gradient of the fitting line in Fig. 11, which gives
a velocity exponent (m-1) = 0.79. However, the exponent
for the Newtonian fluid, i.e. S03-0.5, is 1.0. The decrease
in pressure between positions 1 and 2 is given as
below.

_hpht”
A . 11
APa=f75 (an

The results for the S02-20 fluid flowing through an
alumina tube with a 0.4 mm nozzle have been calculated
(as shown in Table AS5). The flow velocity (V,) is very

(a) 20000

®  S03-0.5in 0.2 mm AI203 tube -
19800 +

19600 -

19400 +

19200 -

19000

AP, (Pa)

18800 +

18600 +

18400 +

L} T 1 T 1
0279 0280 0.281 0.282 0.283 0.284
=1
V, (ms™)

(b) V, (ms™)
0.279 0.280 0.281 0.282 0.283 0.284
L L L L L L

4.300 -
" S03-0.5in 0.2 mm ALO, tube .

4.295 4

4.290 +

=
4.285

4.280 A

4.275 4

Ln{AP 23) (Pa)

n=1.91
4.270
L}
4.265

e
-1.275 -1.272 -1.269 -1.266 -1.263 -1.260 -1.257
Ln(V,) (ms”)

Fig. 10. Normalized pressure loss (AP»;) of S03-0.5 solutions

flowing through a 0.2 mm-nozzle Al,O5 tube (a) in normal scale,
(b) in nature logarithm scale, plotted against the flowing velocity.
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normal scale, (b) in nature logarithm scale, plotted against flowing
velocity of S02-20 viscous solutions flowing through 3.0 mm

Al,O; tube extruded with a thrust (P;) 108 kPa. The best fitting
slope is 0.79.

slow, at 6 - 10 mm-s™' when it is driven by a 2.0 atm
gas at Py. Therefore, additional force (Pr) is needed at
position 1 to extrude this highly viscous fluid.

The relationship between AP,3/h and the extrusion
velocity V;is shown in Fig. 12. The exponent n is 0.53
for the extrusion of this viscous fluid. This is significantly
less than the value for a thin fluid flowing through the
same nozzles because the friction acts on the fluid and
varies with the velocity (V,).

The requirement of a thrust also means that the feed
system for the filament can supply this pushing force to
allow continuous extrusion. The results for the decreases
in pressure, AP, or APy, clearly show due to a necking
is about 300 times greater than that due to friction with
the wall. Therefore, APy; is the principal cause of the
resistance for the extrusion of a fluid.

Thrust for the extrusion of a viscous fluid
Previous data show that a thrust of almost 205 kPa
(about 2 atm) is required to extrude a viscous fluid
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Fig. 12. Normalized pressure loss (AP,;) of S02-20 viscous

solutions flowing through Al,Os tube plotted against the flowing
velocity. The best fitting slope is 0.53.
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Fig. 13. Normalized pressure loss of S02-20 viscous solutions
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nature logarithm scale plotted against the flowing velocity.

through a 0.4 mm nozzle at a slow rate (V,) of 0.88
cm's!. Therefore, an additional force 1.3 N - 1.5 N is
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Fig. 14. Calculated force and total pressure of P, plotted against
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0.4 mm Al O; nozzle.

required to extrude melted glass at high temperature,
which can be seen in the video in the reference [3]. The
simulation data have been used to determine how much
thrust is required if performing a flow rate of 20 mms™
to 250 mms™' for a fluid with a pseudo-plastic viscosity
of 1,000 ~ 7,000 mPa flowing through a smaller nozzle,
e.g. 0.1 mm.

It is assumed that the decreases in pressure, AP, and
AP,; for the Al,O; tube are similar to those for the
previous tests. A flow rate V, of 0.36 mms™' to 4.44
mms ™' gives V3 of 20 to 250 mms™' and a dependence
of (m-1) = 0.79. The results are shown in Fig. 13(a). A
similar method is used for V; in Fig. 13(b) when n =
0.53, which is similar to the extrusion range for most
commercial FDM machines. When the value of 8
(= aKyp) in Eq. (10) is a constant, the thrust that is
required to extrude a fluid flowing through 0.4, 0.2 and
0.1 mm nozzles is calculated. (as shown in the Appendix
in Table A6)

The thrust is small if the viscosity is high (7,000
mPa) and the flow rate (V3) is close to 20 mm*s™'. For
the flow at a greater velocity, the viscosity decreases
and more thrust is required, as shown in Fig. 14.
Therefore, a viscous fluid, such as S02-20 or melted
glass (TNO5), flowing through a tube with a 0.4 mm
nozzle at a normal speed requires a thrust of 1.1 N - 3.3
N. If the nozzle is 0.2 mm in diameter, a thrust of 1.5 N
- 5.9 N is required for extrusion of melted glass. For a
0.1 mm-diameter nozzle, the wire feeder must supply a
force of 1.9 N - 7.4 N.

Conclusion

Two fluids are produced to simulate the flowing
behavior of highly viscous melted glass and a Newtonian
melt. The forces due to a friction from the wall of the
tube (also called a barrel) and the nozzle of a ME
module are measured and calculated in terms of the
hydraulic pressure and external air pressure from an
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outer tank. Three other forces are also considered for
the ME module using for hot extrusion.

The retarding force due to necking (reducing the
cross section of the extrusion barrel) dominates the
resistance to the flowing of fluids. When the diameter
of the nozzle is small (e.g. 0.2 mm or 0.1 mm), the
decrease in pressure in the tube, AP,; can account for
99% of the total resistance. It is necessary to apply a
greater positive thrust (Py) to allow the fluid to flow
continuously through the extrusion device.

For a fluid with a high viscosity (e.g. viscous S02-20
fluid), there is a friction force on the wall of the tube in
an order of tens of Pa. During hot-extrusion, the viscosity
of the melts decreases as the temperature and the shear
rate are increased, so it is easier to extrude the molten
materials of low viscosity at higher temperature. The
simulation results show that it is more difficult to
extrude viscous glass through very small nozzles with a
0.1 mm diameter.

The kinematic equations to describe the melt flowing
through the tube and the nozzle are capable of
describing the flow characteristics of fluids with high
or low viscosity. For alumina tubes with a small nozzle
diameter, the extrusion force that must be exerted by
the feeding filament is in a range of few Newtons. This
can be applied by a wire feeder capable of overcoming
the resistance due to a reduction in the cross-section of
the tube (the necking effect) and resistance due to the
friction by the wall.
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Appendix

Fig. A1. OM images of Al,O5 tube with a nozzle of (a) 0.4 mm, (b) 0.2 mm, and (c) 0.1 mm diameter.

Table A1l. Working sheet of kinematic properties of thin fluid S03-0.5 flowing through pressurizing bottle
(a) 75 mm diameter

V, (ms™) 0.229 0.315 0.389 0.467
Shear rate at V; (s™') = V1/4r 38.2 52.6 64.8 77.8
Re at Vi = (pV1D)/u 112 155 191 229
Dynamic pressure (Pa), Pp, = (1/2)pV? 21.5 40.7 61.8 89.0
Length of H,0O head (mm) 20 30 40 50
Hydrostatic pressure (Pa), Py = pghy 160 240 320 400
APy (Pa)=Py—Pp 131 197 258 321
(b) 47 mm diameter
Vi (ms™) 0.477 0.589 0.681 0.764
Shear rate at V, (s‘l) = V/4r 79.6 98.1 113.5 127.3
Re at V| =plDiu 234 289 334 374
Dynamic pressure (Pa), P, = (1/2)pV? 93 142 190 238
Length of H,O head (mm) 20 30 40 50
Hydrostatic pressure (Pa), Py = pghy 160 240 320 400
APy (Pa)=Py—Pp 67 99 131 162

Density of $03-0.5 is 817 kgm™.

Table A2. Working sheet of kinematic properties of thin fluid S03-0.5 flowing through three different tubes of 3.0 mm inner diameter
(a) Glass tube

Length of tube (mm) 50 100 150 200 250
V, (ms™) 0.55 0.61 0.66 0.68 0.71
Pressure drop loss of bottle necking (Pa), APy, =268.51V,! %8 88 107 123 130 140
Shear rate at V, (s™) = Vs/4r 92 102 110 113 118
Re at Vo, =pV>D/u 246 272 294 303 315
Dynamic pressure (Pa), P, = (1/2)pV3 124 153 178 188 204
Length of H,O head (mm) 60 110 160 210 260
Hydrostatic pressure (Pa), Py = pgh; 480 881 1281 1681 2082
APy, (Pa)= Py - Pp - Py 268 621 981 1363 1737

fath; = 2AP/hpV5% 0.13 0.12 0.11 0.11 0.10
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Table A2. Continued

(b) stainless steel tube

Length of tube (mm) 50 80 150 200
V, (ms™) 0.484 0.509 0.545 0.559
Pressure drop loss of bottle necking (Pa), APy =268.51 Vv, 88 68.7 75.7 85.9 90.1
Shear rate at V, (s1) = Va/4r 80.6 84.9 90.8 93.1
Re at V, = pV>D/u 216 227 243 249
Dynamic pressure (Pa), P, = (1/2)pV? 96.0 106.3 121.6 128.0
Length of H,O head (mm) 60 90 160 210
Hydrostatic pressure (Pa), Py = pgh; 482 723 1286 1688
APy, (Pa)= Py - Pp - Py 317 541 1078 1469
fath, =2AP,/hpV3 0.20 0.20 0.18 0.18
(c) ALLO5 tube

Length of tube (mm) 23 39 47 50 62
V, (ms™) 0.392 0.409 0.415 0.417 0.424
Pressure drop loss of bottle necking (Pa), APy, =268.51V,! %8 46.3 50.1 514 51.9 53.7
Shear rate at V, (s™) = Vs/4r 65.3 68.1 69.1 69.4 70.7
Re at V,=pl,Dlu 174 182 184 185 189
Dynamic pressure (Pa), P, = (1/2)pV3 63.0 68.5 70.4 712 73.9
Length of H,O head (mm) 33 49 57 60 72
Hydrostatic pressure (Pa), Py = pgh; 265 394 458 482 579
APy, (Pa)= Py - Pp - Py 156 275 336 359 451
fath; =2AP,/hpV}° 0.34 0.32 0.32 0.31 0.31
p =817 kgm™ of S03-0.5 solution

Table A3. Working sheet of kinematic properties of thin fluid S03-0.5 flowing through Al,O5 tubes

(a) 0.4 mm diameter nozzle

Vs (ms™) 1.31 1.47 1.63 1.81 1.91 2.03 2.18
Pr (Pa) 102k 103k 103k 104k 105k 105k 106k
AP7 (Pa) 0.83k 1.38k 2.07k 2.97k 3.52k 421k 4.90k
Shear rate at Vs (s™') = V3/dr 1641 1840 2039 2268 2387 2537 2719
Re at V;=pV3D/u 46 49 52 55 56 58 60
Dynamic pressure (Pa), Pp, = (1/2),0V3 704 885 1087 1345 1490 1682 1933
Length of H,0O head (mm) 85 85 85 85 85 85 85
Hydrostatic pressure (Pa), Py = pgh 681 681 681 681 681 681 681
V, (ms™) 0.023 0.026 0.029 0.032 0.034 0.036 0.039
APy, (Pa)= 15686V 537 595 653 718 752 794 845
APy, (Pa) = 1560746 1.42 1.75 2.12 2.59 2.85 3.19 3.63
APy; (Pa) =Py + Py - Pp - Py - Ppy 265 577 1007 1580 1952 2407 2794
(b) 0.2 mm diameter nozzle

V3 (ms™) 0.279 0.281 0.282 0.284

Py (Pa) 119k 120k 120k 121k
APy (Pa) 18k 18.4k 18.8k 19.4k
Shear rate at Vs (s™) = V3/dr 349 351 353 355

Re at V3 =pV3D/u 8.06 8.11 8.15 8.21
Dynamic pressure (Pa), Pp = (1/2)0V3 31.9 322 325 329
Length of H,O head (mm) 85 85 85 85
Hydrostatic pressure (Pa), Py = pgh; 681 681 681 681

V, (ms™h) 0.00497 0.00499 0.00502 0.00505
AP, (Pa)= 15686V73° 134 135 135 136

APy, (Pa) = 1560756 0.079 0.080 0.081 0.082
APy; (Pa)=Pr+ Py - Pp- Py - Ppa 18.5k 18.9k 19.3k 19.9k
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Table A4. Working sheet of kinematic properties of viscous fluid S02-20 flowing through Al,O; tubes of 3.0 mm diameter

Y.T. Huang, W.C.J. Wei and A.B. Wang

Length of tube (mm)
Py (Pa)

AP7 (Pa)

V, (ms™)

Pressure drop loss of bottle necking (Pa), APy, = 280479 x V{97

Shear rate at V, (s™") = Va/4r

Re at V, = pl>D/u

Dynamic pressure (Pa), Pp = (1/2)pV3
Length of H,O head (mm)
Hydrostatic pressure (Pa), Py = pgh;
APy (Pa) = Py + Py - Pp - Py

23
109k
7.6k

0.0163
3.4k
3.54
0.60
0.20

33
285
4.5k

39
109k
7.6k

0.0109
2.2k
237
0.41
0.09

49
424
5.8k

47
109k
7.6k

0.0096

1.9k
2.09
0.36
0.07
57
493
6.2k

62
109k
7.6k

0.0076
1.5k
1.66
0.29
0.04

72
623
6.7k

Table A5. Working sheet of kinematic properties of viscous fluid S02-20 flowing through 3.0 mm diameter Al,O; tubes with a 0.4 mm

diameter nozzle

V3 (ms™) 0.0060 0.0064 0.0073 0.0088
Pr (Pa) 186k 190k 197k 205k
APy (Pa) 84.9k 89.0k 95.2k 104.2k
Shear rate at V5 (s™) = Vy/dr 7.51 8.01 9.11 10.94
Re at V5 =pvD/u 0.00026 0.00027 0.00031 0.00037
Dynamic pressure (Pa), Pp, = (1/2)pv 0.016 0.018 0.023 0.034
Length of H,O head (mm) 75 75 75 75
Hydrostatic pressure (Pa), Py = pgh; 649 649 649 649
V, (ms™) 0.00011 0.00011 0.00013 0.00016
APy, (Pa) = 5058247 x V7 250 262 290 335
APy, (Pa) = 280479 x 1} 15 16 19 23
AP,; (Pa)=Pr+ Py— Pp— Py — Pp» 85.3k 89.4k 95.6k 104.5k

Table A6. Working sheet of kinematic properties of viscous fluid S02-20 flowing through a 3.0 mm ALO; tubes at various flowing rates

between 20 and 250 s™!
(a) 0.4 mm diameter nozzle

V3 (mms™) 0.02 0.075 0.13 0.185 0.25
Shear rate at Vs (s1) = V3/4r 25 94 163 231 313
Dynamic pressure (Pa), Pp = (1/2)0/? 0.18 2.48 7.46 15.11 27.59
APy; (Pa) 162k 262k 336k 395k 453k
V, (mms™) 0.00036 0.00133 0.00231 0.00329 0.00444
Shear rate at V, (s™) = Va/dr 0.06 0.22 0.39 0.55 0.74
APy, (Pa) 642 1812 2792 3684 4667
Positive pressure (Pa) = Pp +AP, +APy; 163k 263k 339k 399k 458k
Force (N) 1.15 1.86 2.40 2.82 3.24
(b) 0.2 mm diameter nozzle
V3 (mms ™) 0.02 0.075 0.13 0.185 0.25
Shear rate at Vs (s1) = V3/4r 25 94 163 231 313
Dynamic pressure (Pa), Pp, = (1/2)pv* 0.18 2.48 7.46 15.11 27.59
APy (Pa) 218k 440k 589k 711k 834k
V, (mms ™) 0.00009 0.00033 0.00058 0.00082 0.00111
Shear rate at V, (s™) = Vao/dr 0.015 0.056 0.096 0.137 0.185
APy, (Pa) 216 610 940 1240 1571
Positive pressure (Pa) = Pp +AP); +AP,; 219k 441k 590k 712k 835k
Force (N) 1.54 3.12 4.17 5.03 5.90
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Table A6. Continued
(¢) 0.1 mm diameter nozzle

V3 (mms ™) 0.02 0.075 0.13 0.185 0.25
Shear rate at Vs (s1) = V3/4r 25 94 163 231 313
Dynamic pressure (Pa), Pp, = (1/2)pv* 0.18 2.48 7.46 15.11 27.59
AP»; (Pa) 274k 553k 740k 893k 1047k
V, (mms ™) 0.00002 0.00008 0.00014 0.00021 0.00028
Shear rate at V, (s™) = Vao/dr 0.0037 0.0139 0.0241 0.0343 0.0463
APy, (Pa) 73 205 316 417 529
Positive pressure (Pa) = Pp +AP); +AP,; 274k 553k 741k 893k 1048k

Force (N) 1.94 3.91 5.23 6.31 7.41




