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Nomenclature
A, B, Cb, K = equation constant
/ = liquid puddle length
Q = volumetric flow rate
<2jet = volumetric jet flow
t = ribbon thickness
£/oo = liquid velocity
V = substrate velocity
w = ribbon width
a = ejection angle, measured from vertical axis
81 ' = boundary-layer displacement thickness
v = kinematic viscosity

Introduction

A MORPHOUS metallic alloys, sometimes called glassy al-
loys, are useful materials that have attractive properties

that include good corrosion resistance and high fracture
strength. Methods that are utilized in producing amorphous
metals include vapor condensation, sputtering, ion implanta-
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tion, and chill-block melt spinning. Chill-block melt spinning
is a relatively simple process whose origin dates back into the
1800s. It is widely used in the mass production of a variety of
products (i.e., amorphous superalloy brazing alloys, solders,
glassy transformer core alloys, and other ferromagnetic prod-
ucts). Pond1 patented a process that involved ejecting a jet of
liquid metal onto the surface of a rotating drum. In chill-block
spinning, the material is melted in a crucible and a stream of
melt is ejected by pressure through a small orifice onto the
circumferential surface of a rotating drum. A liquid puddle
forms at the base of the jet and the ribbon is extracted from
its underside. Kavesh2 analyzed the melt puddle in a chill-
block melt spinning process by assuming that the viscosity of
the liquid outside the solidified layer is constant and that no
thermal resistance exists at the liquid melt/substrate interface.
He showed that the thermal boundary-layer thickness was three
to nine times thicker than the momentum thickness. Hillmann
and Hilzinger3 studied Fe^Ni^PuBe and found that at a con-
stant ejection pressure the height of the puddle was of second-
ary importance and that the dimensions of the ribbon could be
determined by the length and width of the puddle. Liebermann4

developed an experimental relation and found no significant
effect of melt superheat on the geometry of ribbons produced
from Fe^i^io and Fe83B15Si2. Vincent et al.5 calculated the
rate of the propagation of the solid front by assuming a heat
transfer coefficient and found that the solid front velocity was
too low to account for the final ribbon thickness. They con-
cluded that the solid ribbon thickness is related primarily to
the propagation of the momentum. Vincent et al. presents a
discussion supporting momentum control as being dominant
in the chill-block melt spinning process.

Pavuna6 experimentally studied chill-block melt spinning
over a wide range of volumetric flow rates for a melt with an
approximate dynamic viscosity of 965 mm2/s. For flow rates
up to 4 cm3/s Liebermann's4 relation is supported, whereas for
higher flow rates (from 4 to 7 cnrVs) the data agree with the
relations of Kavesh.2 Pavuna6 concludes that ribbon width is
primarily controlled by the normal component of the volu-
metric flow rate and that the injection angle may influence both
ribbon width and thickness.

Anestiev and Russeo7 proposed a relationship between the
puddle length, volumetric flow rate, surface velocity, impinge-
ment angle, and nozzle diameter. Anestiev8 presented a system
of equations that uses casting parameters and several physical
properties of the melt to predict ribbon thickness. These results
show good agreement with experimental data, but require the
use of a series of equations to obtain results. In a later study,
Anestiev9 considered the existence of a heat transfer resistance
on the puddle-substrate contact area and the latent heat of fu-
sion separation on the liquid-solid interface. Finally, Taha et
al.10 graphically investigated the variation of ribbon geometry
as a function of substrate velocity, injection pressure, substrate
thermal conductivity, melt superheat, nozzle/substrate height,
and nozzle diameter.

Proposed Relations
The present study proposes two empirical relations that pre-

dict ribbon thickness for a wide range of volumetric flow rates
(where Q = Vwt). The first relation is based on experimental
data, whereas the second uses a momentum transport control
analysis. Since ribbon formation is complex in nature, it is
difficult for a simple relation to describe a wide range of con-
ditions. Based on the form of previous works, the general form
of the proposed relations can be taken as

(1)

(2)

Pavuna6 reported that both Kavesh's2 and Liebermann's4 re-
lations could not describe the entire range of his experimental
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Table 1 Values of B for various
materials and flow rates

, mm3/s Material
70-600
1000-3000

4000-6000

Fe4oNi4oB16P4
01166̂ 34

Cu60Zr40
Cu27Zr73
Cu27Zr73

0.83

0.80

0.78

data. Liebermann's relation could only describe the experi-
mental data for low flow rates and Kavesh's were valid only
for high flow rates.2 For flow rates larger than 4500 mnrVs the
difference between predicted and experimental values is in the
range of 30-40%. This suggests that the ribbon thickness re-
lation may not be linear and that a complex fluid flow situation
may exist. Furthermore, A and B in Eq. (1) may not be constant
over the range of flow rates considered. The results of Hill-
mann and Hilzinger3 show that for a constant volumetric flow
rate and B « 0.8, A is nearly constant. However, Pavuna6

shows that B changes significantly as the flow rate or ejection
angle varies. At constant velocity, with increasing flow rate or
ejection angle, B decreases. To account for ejection angle, a
1 — cos a term is included in the following ribbon thickness
relation:

t=K{Q/(l - cos a) (3)

where Cb is approximately 0.008 cm3/s. This relation is based
on experimental data and predicts t over a wide range of vol-
umetric flow rates. It agrees with experimental data2'4'6 to
within ±18%. Values of B are given in Table 1 for different
materials and flow rates.

In the chill-block process, liquid metal is ejected from the
nozzle and impacts the drum surface, dividing into an upstream
and downstream flow. The upstream flow counters the liquid
metal and is dragged along by the drum while the downward
momentum pulls the liquid jet. Mixing occurs in the region
where the liquid puddle is formed, whereas downstream does
not have significant mixing and a stable layer is formed. As
you reach the end of the liquid puddle the upper surface ve-
locity of the puddle increases from jet velocity to substrate
velocity.

Applying the conservation of mass and assuming steady-
state conditions, an incompressible fluid, constant properties,
and t/oo being constant yield:

81= \.12\[vxl(V - (4)

In the process, U* actually varies from less than jet velocity
to larger than jet velocity, whereas at the end of the puddle it
is equal to drum velocity. If an exact analysis is desired, each
section should be analyzed and then integrated over the puddle
length. However, this would not yield a general solution since
the jet velocity and drum velocity changes with the puddle
shape, whereas the velocity profile is changing in each section.

Pavuna6 reports that Q cos a = AjetVjet cos a. For simplicity
assume that UM « Vjet cos a, thus Eq. (4) becomes

t = \.12\[vll(V - Vjet cos a)]0'5 (5)

Vincent et al.5 suggest considering U* = 0, yielding

f = 1.721|>//V]a5 (6)

Results and Discussion
A comparison of values of t for constant ejection pressure

with constant flow rates is given in Table 2 and shows that the
proposed relation improves the accuracy of the calculated re-
sults. Therefore, the term (V — Vjet cos a) should be included

Table 2 Experimental ribbon thickness data lexp of Hillmann
and Hilzinger3 compared to calculated thickness values

Calculated thickness
V,
m/s
15
30
60

/,
mm
5.3
3.6
2.7

'exp,
Aim
56
31
16.5

a, Atm
48.0
28.3
17.0

b Lirn
53.66
29.83
17.44

c, /mi
58.78
31.00
17.76

d

56.5
29
16

Vincent et al.5
bEquation (5) with Vjet = 3 m/s.
Equation (5) with VJct = 5 m/s.
dSystem of equations.8

in the ribbon thickness relation instead of simply V. The mo-
mentum transport model gives a reasonable result, but has the
disadvantage of requiring puddle length to be measured or
known before the thickness can be computed. The general
form of the relation is t = KmQ*l(y - Vjet cos of, where Km,
A, and B are taken from experimental data. Using experimental
data,2'4'6 the relation becomes

t = 1.585Gai7/(V - Vjet cos a)0' (7)

When compared to the previously reported data of Kavesh,2
Liebermann,4 and Pavuna,6 this relation predicts the thickness
of the ribbon with an accuracy of ±15%.

Jet velocity is one of several parameters that controls the
puddle geometry. At low jet velocities and high substrate ve-
locities, the liquid jet breaks up into droplets. If the jet velocity
is increased, the liquid puddle will only form on the drum
surface underneath the nozzle. At high jet velocities and low
substrate velocities the puddle length will be extended. There-
fore, the relative velocity between jet and substrate velocity
decides on the regime and geometry of the puddle.

Equation (7) accounts for different jet velocities and it can
be shown that at the same flow rate, for higher jet velocities,
a slightly thicker ribbon will be produced than at lower veloc-
ities. The experimental results of Liebermann4 and Pavuna6

confirm that increasing the jet velocity (smaller nozzle diam-
eter) extends the puddle length and results in a thicker ribbon.
Consider (V - Vjet)B, where B is constant. If Vis constant, then
let (V — V^)5 be equal to Vc. Any reduction in Vjet will cause
an increase to V — Vjet, which results in an increase to C, and
when Vjet is increased, C will decrease. By increasing Vjet, the
puddle length will increase and at the same time the relative
velocity V — Vj&t will decrease, resulting in an increase in
displacement thickness. Regardless if momentum or thermal
transport is in control, increasing the puddle length and reduc-
ing the relative velocity will cause an increase in the residence
time underneath the puddle, thereby, resulting in a ribbon
thickness increase.

In using either the momentum transport control or thermal
transport control model, the general empirical relational form
can be written as t = KQAIVB, with A being a weak function
of volumetric flow rate and substrate velocity, whereas B varies
with volumetric flow rate. This study suggests that thickness
prediction can be improved by including a (V — Vjet cos a)
term.

Two simple new relations are proposed that predict ribbon
thickness for a wide range of flow rates and they are given as

(8)

(9)

t = K{Q/(l - cos a)}

t = KQA/(V - Vjet cos a

where K, A, B, and Cb are constants obtained from experi-
mental data. They predict ribbon thickness for a wide range
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of volumetric flow rates with an accuracy of ±18% when com-
pared to previously reported data.2'4'6
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Introduction

THE liquid sheet radiator (LSR) is an external flow radiator
that uses a triangular-shaped flowing liquid sheet as the
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radiating surface. It has potentially much lower mass than solid
wall radiators such as pumped loop and heat pipe radiators,
along with being nearly immune to micrometeoroid penetra-
tion. The LSR has an added advantage of simplicity. Surface
tension causes a thin (100-300-/im) liquid sheet to coalesce
to a point, causing the sheet flow to have a triangular shape.
Such a triangular sheet is desirable since it allows for simple
collection of the flow at a single point.

A major problem for all external flow radiators is the re-
quirement that the working fluid be of very low (~10~8 torr)
vapor pressure to keep evaporative losses low. As a result,
working fluids are limited to certain oils (such as used in dif-
fusion pumps) for low temperatures (300-400 K) and liquid
metals for higher temperatures.

Previous research on the LSR has been directed at under-
standing the fluid mechanics of thin sheet flows1'2 and assess-
ing the stability of such flows, especially with regard to the
formation of holes in the sheet.3 Taylor4"6 studied extensively
the stability of thin liquid sheets both theoretically and exper-
imentally. He showed that thin sheets in a vacuum are stable.
The latest research has been directed at determining the emit-
tance of thin sheet flows. The emittance was calculated from
spectral transmittance data for the Dow Corning 705 silicone
oil. By experimentally setting up a sheet flow, the emittance
was also determined as a function of measurable quantities,
most importantly, the temperature drop between the top of the
sheet and the temperature at the coalescence point of the sheet.
Temperature fluctuations upstream of the liquid sheet were a
potential problem in the analysis and were investigated.

Analysis and Results
Sheet Emittance from Transmittance Data

The following expression is given for the spectral emittance
eA of an infinite sheet,1

(D

where fA is the spectral transmittance, aA is the extinction co-
efficient, T is the thickness of the sheet, and E3(x) is the ex-
ponential integral of order three. In obtaining Eq. (1) reflection
at the vacuum, sheet interface has been neglected. Including
all reflection results in a more complex expression for the emit-
tance.7 The major correction to Eq. (1) is that it should be
multiplied by (1 — /?), where R is the reflectance at the vac-
uum-sheet interface. Using an index of refraction, n = 1.58,8
results in a normal reflectance of R = (n — l)2/(n + I)2 = 0.05.
Therefore, to first order, the inclusion of reflectance results in
a less than 10% correction to Eq. (1). The total hemispherical
emittance is defined as follows9:

r fiA*Ab(A, T) dA
e = T4

ib*
(2)

where exb is the blackbody hemispherical spectral emissive
power, T is the temperature, A is the wavelength, and o-sb is
the Stefan-Boltzmann constant (5.67 X 10"8 W/m2 K4).

From the measured spectral transmission of the oil fA, the
extinction coefficient aA is calculated as given in Ref. 10. The
total emittance e is then calculated for any thickness r, and
any temperature 7, using Eqs. (1) and (2). Transmittance data
were taken for a sample of the Dow Corning 705 silicone oil
with a Fourier transform infrared (FTIR) spectrophotometer.
From this transmittance data, the extinction coefficient was
determined,10 and the extinction coefficient is plotted as a func-
tion of wavelength in Fig. 1. A further advantage of Dow
Corning 705 silicone oil is the extinction coefficient's maxi-
mum around 9-10 /mi. For 300-400 K, the blackbody hemi-
spherical emissive power is a maximum at 8-10 /mi. Because


